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ABSTRACT, 

, This thesis is concerned with the flow ~henomena 

associated with the hydraulio transport of spherical and 

cylindrical capsijles in a 7.6 cm-diameter ~rtical pipeline. 

In the experiments, spherical capsules of steel, 

aluminum and nylon of capsule/pipe diameter ratio diD = 0.57, 

0.65 and 0.82 were investigated. ~lso, right circular 

cylinders of aluminum and nylon of diD = 0.49, 0.65, 0.82, 

and capsule length/diameter ratio L/d = 4, 7, 10, 14 were 

investigated. Th~ __ stea:dy-state capsule velocity Yc and the 

pressure gradi ent associ !lted wi th the capsul es were"measured. 

Based on the measured results the velocity ratio Rv ' the 

pressure gradient Rp and the unit energy requirements t,f~r 

the capsules were calculated. The effects of the individual 

pertinent variabl~s which affect Rv ' ~p and P as indicated 

by the experiments were discussed. 

Furthermore, theoreti cal and 'semi -empi ri cal corre

lations between Vc ' (~P/L)c and the pertinent variables of 

the systems were derived. 
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CHAPTER 1 

'I NTRODUCTI ON 

two decad~s there has been an increas-' 

transport of material,in pipelines 

as an alterative to more conventional methods. The transport 

of capsules has some attractivi features in that a specific 

material can 'be 'separated from the transporting fluid. 

In the mid 1960's the majority of research on capsule 

pipelining was being primarly done at the Research Council 

of Alberta (ARC). In the 1 ate 1960' s and 1970's considerable 

exploratory studies have been underway at McMaster University. 

The work done at the Research Council of Alberta 

were mainly concerned with horizonta.L pipeline while that 

carried out at McMaster was concerned with stationary capsules 

either rigidly mounted or freely suspended in vertical pipe

line's' using water or aqueous polymer solu.tion 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 

and/or regular body pipelining. 

1 
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Capsule flow in a vertical pipeline could have a wide 

range of applications in areas such as deep sea or under

ground mining and chemical processes~in general. It is 

expected th-at capsule flow in a nrtical pipel i ne behaves 

considerab1y diff~rently from tha.t in hOrizontaljPeline. 

There'fore, in .Qrder to supplement the eXisting knowledge of 

capsule pipelining and provide necessary information for the 

design of future capsule pipeline systems, extensive research 

on vertical pipeline ca~sule flow is needed~ This is the. 

purpose,of the study reported in this thesis. 

In the present study, 

some specific variables such 

the hyd~namic effects of 

as fluid~ocity, capsule 

diameter, lengtb and density on the capsule velocity and 

pressure gradient across the capsule were studied. Attempts 

were also made to corre~ate the afromentioned variables to 

capsule velocity and pres~ure gradient for both cylindrical 

and spherical capsules. . , 

The present.investigation was' carried out in a 11-

meter vertical length of 7.6 cm diameter 40-schedule steel 

pipe using water as. the carrier fluid. Spherical capsules 

of steel, aluminum and nylon of capsule/pipe diameter ratio 

of 0.57, 0.65 and 0.82 we~ 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 velocity 

covered e range from 0.3. to 5.5 m/s. 

, 
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CHAPTER 2 

LITERATURE SURVEY 

3 

I 

The idea of transport of material tn pipeline in 

the form of capsules ~as 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 region of 

the pipe where the linear velocity i laminar and tur-

bulent flow was significantly greater than the average 

velocity for the pipe flow as a whole. Secondly, they 

observed that the pressure gradient in turbulent flow was 

somewhat less tha~ that with the carrier liquid flowing 

alone. Therefore, a favourable velocity and pressure gra

dient might be anticipated if the oil slugs were substituted 

by solid bodies which were subsquent.ly called capsules. 

These findings led to the proposal of practical 

capsule pipelining which resulted in extensive theoretical 

and experimental studies over a fifteen year period at the 

Research Council of Alberta (ARC). A series of papers 

concerning these resear.che.swas published (3-13, 26, 28, 

30-32, 35-37) during the period from 1963 to 1975. 
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In the second part of the series of articles, , 
Charles (4), presented a theoretical analysis of the con

centric flow of long cylindrical ~apsu1e carried in equi

density liquid tn'both laminar and turbulent· motion. The . / . . 
following analytical solutions for the capsule velocity' 

I 

and pressure gradient' across the capsule were obtained: 

= _2_ V 
1 +K2 a v (Laminarl (2.1 ) 

(Turbulent) (2.2): 

= 

(For laminar flow in both 
. annulus and free-stream) 

( 2 .3) 

[ .82 ]1.75(lIP) 

(1_K)l/7(T/4K(1_K)+49/60(1_K)2+K2) L f-t 

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

(2.5) = ' 202 (liP) 
(1_K)4(Re

D
)3/4 L f-t 

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

pV D 
(For Re = AV. > 2000) 

D J.I 

where (lIrl = pressure gradient with subscripts, c stands for 

capsule, f for fluid, l for laminar and t for turbulent 

respectively. 

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

(2.4) 
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greater than Vav for" 

(2.3) and (2~4) show . 

equidensity capsule flow. Equation 

that (~r)c is always greater than 

(~r)f while for the case of lami,nar flow in an annulus 

with a turbulent free-stream, i.e. Equation (2.5), indicates 

that (~r) c does 'not necessari lY exceed (~r) f-t and therefore 

that the presence of a capsule in an eQuidensity fluid does 

not necessarily increase the pressure gradient. 

Experiments were then carried out in the ARC to 

verify the viability of the models set out by this analysis. 

Since the flow considered 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 discrepancy were unsatisfactory until 

Kennedy (14) introduced another 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-
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lent-turbulent case: 

the 

and 

V = Vav+VL[7/4 (1-K}+49/60(1-K)2] 

c [7/4K(1-K)+ 9/60(1-K} +K2] 

where 
( Ire IlIPI 

B "2 L f 
VL = P 

1.22(1-K) 1/7 [.k(1-K}+ ~(1_K)2+K2]+ BK2 l~lIp) 
/I" • 60 VAV 2p' L f 

and B is a constaht with value between 11-13. 
2 VL 0.B2(1-K }r 1 7S 

( LIP) = [ . av '] . ( LIP) 
L c Ii K(l-K}+ :; (1_K}2+K2J{1_K

'
;7 L f-t 

(2.6) 

(2.7) 

(2.8 ) 

Compari son of Equation ( 2 . 6 ) with ( 2 .2) show s that 

" value of Vc is higher from the former than the latter, 

Equation ( 2 . 8) predicts a decrease of (~) with L c an 

increase in K, the' reverse of the original crediction by 

Charles neglecting VL. Comparison of (2.6) to Ellis' 

experimental result and (2.8) to the observation made in 

plug flow supported Kennedy's cohtention. 

~-------Nevertheless Charles' analysis, 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. 

/ 
\ 
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\ 
The parameters us~, in dimensionless form, were namely: 

£.:£. ( Re, p' diD, Lid, end shapes, '1. cld, and '1.plD . see 

Nomenclature 

understandings of the effect of each of the 

above param ters on the ve,locity ratio (~v) and the 

capsule pre~su~e gradient w~re obtained fr~m th~ ARC, 

reseJrch and the results may be classified as follows: 

1) The Reynol ds number: Several different forms-,-

.. 

of Reynolds 

used in the 

number incl~ding the pipe 

e~erimental results. 

Reynolds number were 

The form of 

on the annulus space.and velocity i.e. Re'= ann 

the Re based 
pVann,(D-d) 

}J. 
was employed'in a correlation with the friction factor, 

which in effect aetermines the shear force exerted by the 

fluid on the side of the ca~sule. Satisfactory results 

were obtained by using Re ann in the correlation of 

(fRem)ann = C to predict fann (12, 31) 

For practical convenience the Reynolds number is 

usually based on the conditions in the pipe upstream of the 

~apsule and was consequ~ntly used for correlation involving, 

Vc/Vav and (AP/L)c' 

The general trend was that the velocity ratio Vc/Vav 

increased with an increase of ReO' Hpwever the pressure .. 
gradient, (AP/L)c might decrease or increase with increase 

of ReO depending on the flow in the annulus around the 

capsule. 
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2) The apparent density ratio - (cr~p) or (Sc-l) 

Solid and hollow capsules of differint specific 
< • 

. 'gravity ranging from 1 to 8 were used in the irwestigations. 

It was found that Vc/Vav decrea~ed with increase of 

density ratio but the effect was not so marked for spheres. 

as for cylinders and (~P/L)c increased with increase of 

( £..:..E.) • 
p 

3) The capsule to pipe diameter ratio (diD): 

Apparently Vc/Vav increased with increase of diD 

for both spherical and cylindrical capsu\es of density 

greater than the carrier fluid. But the opposite was the 

cas e for e qui den sit ~a p s u 1 e s (5, 9).. The rea son was t hat 

in the case where capsule was denser than the ·fluid, the 

capsule 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 travelling 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 observed that Vc/Vav increased with a 

decre~se of L/d when 

Vc/Vav > 1 (5, 6, 9, 

V /V < 1. but the reverse when c av 
1 0) . 

5) The end shape 

An ellipsoidal nose was found to increase velocity 

rati~ and to decrease pressure g~adientfor capsules of 
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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 ~ of 

the capsule c,ould be calculated from the equation 

~ = l-K-2C 

where ~ is the eccentricity. 

predict the values for the velocity 

ratio Rp by iubstitutlng ~ into the 

R = 
P 

= 

. 
{~P/L)c 

(~P/L)f 

and 

= 

( 2 .9) 

It is then possible to 

rat~ RV and pressure 
/' 

fo)-l owi n-;g equa t ions 
- ..... ~ , 

where QC = B{~P/L)c fl{k,E) .(volumetric flowrate of capsule) 

QA = B{~P/L)c f2(K,E) (volumetric flowrate of annulus) 

Qp = B{~P/L)f 

and B is a constant. 

(volumetric flowrate of pipe) 

Although the developments of both analyses were of 

significance for some of the flow phenomena in laminar flow, 

the fact that they were not generalized and lacked simpli

city had limited their applications to more general cases. 

After clarifying the effects of the more pertinerit 

parameters on capsule 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 gener~ting ~nformation or equations for the design 

of capsule pipeline systems (28, 30-32, 35-37) .. They claimed 

t hat cap s u 1 e pip eli n e sys terns co u 1 d bed e s i g ned and b u i It 

with complete confidence (26). 

The present study is concerned with capsule flow in 

a vertical pipeline, for which no information was available. 

Consequently, any data related to vertical pipelines was 

considered, such as that of stationary bodies in vertical 

tubes or pipes. The following part of this chapter is a 

. review on this aspect but is confined to research which 

used high Reynolds number flow. 

The earliest study co~Cerning the variation of drag 

coefficie~t for stationary spheres in fluid flow in a bound 

medium ~t high Reynolds number was that of McNown and 

Newlin (1). The spheres that they used ~ere rigidly 

mounted in a tube with uniform air flow with a Re in the 
4 5 range 10 - 10 They arrived at the following analytical 

relationship: 

= ( 2 .9) 

which neglects the viscous effect, but still closely related 

to their experimental data especially at diD > .80. 

Following McNown and Newlin, Young (2) Richhorn and 

Sma 11 (45) carried out simi 1 ar studi es. 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 in water and in air in 

tubes of various diameters and in various ~ngles of incli-

nation. The angle of inclination of the tubes to the 

horizontal was varied from 00 to 90 0
. Measurements were 

made to determine the liquid velocities required to sup~ort 

the spheres and the pressure drops associated with these 

velocities. In both experiments they observed that at an 

angle of inclination between 20-65 0
, the spheres became 

still at suspension, but at an angle near to 90 0 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: 

( V ) 2 
av = 23K d/D[1-(d/D)2] ':e'tl{o-p)/p sin 6 

b) The pressure fu~ction: 

(o-p)D sin 6 = 

(2.10) 

(2.11) 

' . . " where K is a modified form of the ~rag coefficient 

which was determined by substituting 0.54 for the L.H.S. 

and diD = 0.47 into Equation (2.10). These values correspond 

• 
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to the maximum condition in t~e plot of the non-dimensional 

velocity function versus diD. 

Since 1969, the department of Mechanical Engineering 

at McMaster University has been actively· involved on the 

rese~rch of stationary and dynamic capsule~ in pipelines. 

The initial research was that of Tawo (19) who 

studied the pressure gradient for sphere trains rigidly 

fixed to the inside wall of a horizontal pipe with water 

flowing at Reynolds number ranging from 10 4 to 105 . The 

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 as the working fluid. 

The use of polymer solution w~s to study the pheno-

menon of drag reduction additives on the system. 
~. 

Latto et al (20, 21) carried out the first experlment 

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 diD 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 
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, . . 
diameter ratios dID> 0.7. They established a semi-empirical 

equation for the pressure drop associated with the capsule 

at hydrodynamic suspension as a function of dID in the form 

(AP m - AP L) 

(a-p)D sin. e = a .633( dID) 2 .94 (2.12) 

which was in good ag~eement with the data for air 

and water. 

The next work in the series was that of Aly (22), 

Latta et al (38) who extended the study to include cylinder 

train with diameter ratios ranging from 0.45 to 0.9. They 

showed that for nylon spheres and cylinders the drag coeffi-
• 

cients approached a constant value as LId ·was increased, 

and. that the drag coefficient per (L/d) for cylinder train 

was smaller than that per unit sphere of an equivalent 

sphere train. Semi-empirical equations similar to that of 

Latta's (Eqn. 2.12) were derived. 

ClPm-lIP L 
0(0- plg 

AP m- lIP L 
D(a-p)g 

= 

= 

0.79(d/D)3.572 nl . 003 (sphere train) (2.l3a) 

a 933(d/D)3.438(L/d)1.099 (cylinder train) 
. (2. l3b) 

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 reduction was achieved by the addition of a hemisphere 

nose cape. 

Alnakeeb (41) performed the study on the drag coeff;· 

.-,':f~ .,~ __ . 
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ci ent for tettrered spheres in the same .,.erti ca'lpi pel i ne 

wi·th andwith.out pofymer addition. The diameter ratios , 
were ranged from 0.439 to 0.87,Semj-empirical correlations 

were obtained for the drag coefficient and· the ~res~ure,~ 

function in the range of.tube Reynolds number of' 3.9xlO ~ 

to 9.2xl0 4 . In the experiments using Reten 423 polymer 

solution, it was found that a maximi~ed drag reduction 

. occurred at concentration of about 24 wppm for sphere of 

dID> Q.74, and that higher drag reduction was ~chieved for 

tethered spheres than for untethered ones. 
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CHAPTER 3 

THEORY 

In order to model the capsule-pip~line system, it 

is necessary to obtain relationships between capsule 

velocity, the pressure gradients across the capsules and 

the physical variables of the system. The following 

approaches were adopted to ~chieve this ~ . 

I Dimensional Analysis: 

One of the main objects of the research was an 

investigation of the individual effects of various nOR

dimensional parameters on the variation of capsule v.elocity 

and pressure gradient. These dimensionless parameters can 

be established using the following dimensional analysi~. 

Considering a rigid cylindrical capsule of any size 

and density flowing under the influence of a liquid carrier 

in a pipeline, it is possib,le to write: 

Vc or ( PILl c = Fl (Vav '}!' p,a,L,d, D, ec' ep' endshape) (3.1 ) 

If M, L, Tare chosen as the fundamental dimensions and 

Vav ' p, D are as the repeating variables, then the variables 

in Eq~ation (3.1) may be related by 8 dimensionless groups 

or 1T .terms as follows: 

1Tl = (V aD b c)V av p c or (AP/L)c 

abc 
1T2 = (VavDp)).! 

16 ,. 
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• 
'lr3 .. (V aDbp~)O' 

av 

'lr4 .. (V aDb c)d av p 

'IrS 
.. ( abc .VavDP)L 

'lr6 = (V aDb c)i. j . 
av P c , 

'lr7 .. (V aDb c)i. 
. - av P p 

'Ira = end shape 

For dimensional homogenity the solutions are: 

'lr l = Vc/Vav or (tlP/L)c D 
pV av 

2 

'lr2 .. pVavD 
I.l 

'lr3 = ~ p 

'Ir diD 4 = 

'IrS = LID 

'lr6 = i. Id c 

'Ir 
7 

.. i.p/D 

." 
'Ira = end shape 

where (tlP/L)c 0 can be written as 
pV av 

2 

(tlP/L)c[ 1 
21 or (tlP/L)c/(tlP/L)L' pV av f(L/D)(l/L) 

2 
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which is the ratio of pressure gradi~nt across the capsule 

to that of t~e free pipe. 

Equation (3.1) then becomes: 

pV D . i 
= r' (AV £:.£.. d. 1. ..E. -1!. endshape) 

r 2 }l • p ti· d' d' D 

The analysis for the case of a spherical capsu)e 

would give the same dimensionless groups except that 

TIS = Lid = 1 for a single sphere of which the significant 

length would be d. 

Since the present experiments are limited 

liquid in one pipe diameter, the Reynolds number. 

to a single 
pV a D 
_::;.;-.v _ i s 

).l 

proport\onal tn VaV • and ip/D could 

relative roughness ic/d for all the 

not be varied. If the 

capsul~s was maintained 

constant throughout the experiments then the independent 

variables that could be investigated are: 
(lIP/L)"C 

Vc/Vav or = F (V £.:..!2. diD, Lid) (lIP/L)L 2 av' p' 
1 

(cylinders) (3.2) 

( £.:..!2. F2 VaV ' p' diD) 

(spheres) ( 3 • 3) 

II General Analysis 

1) Overall Cont~nuity Considerations: 

Consider the control volume as depicted in Figure 

(3.1). Mass continuity requires that: 



,1 

Q
C 

+ Q
N 

• 

1T(02_d2) 
or YN 4 

YN(1-K2) 

Y --V N c c 
\ 

+ K2y = 
c 

Y -Y 
= av c 

1-1(2 
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(3.4) .. 

FIG.(3.p:SCHEMATIC OF 
THE CONTROL VOLUME 
IN THE TEST SECTION 

2) . Capsule Flow Mechanism: 
. . 

Consider a free cylindrical capsule at rest or in 

steady motion in a vertical pipeline with a flowing carrier ,. 
fluid. The free flow of the capsule is governed by the 

various forces acting on it. These forces are summ~ized 

in Figure 0.1) as: 

i) The buoyed weight of the capsule acting verti

cally downward, WS' 

ii) The pressure forces in the liquid acting ~erpen

dicular to the capsule surface at every point, Fp' 

iii) The shear force due to the liquid acting at each 

point 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 
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j 
in contact with the pipe wall. There is also 

shear force in the fluid due to fri~tion of the 

pipe wall; this force might not dire6tly affect 

the capsule velocity but it would affect the 

pressure gradient. 

All these forces may be resolved into transverse and 

longitudin~ components with respect to the axis of the pi~e. 

The longitudinal component of the forces consists of 

a pressure force acting at the ends of the capsule and the 

shear force acting at t~e side of the capsule. The pres~ure 

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 (ontacf of 

the capsule with the pipe wall should not affect',the general 

analysis since for a 

generally in contact 

vertical PiPelin~h~ cylinder is not 

with the pipe wall. 

The transverse component-of the forces consists 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 

each side is equal. The shear forces on the ends 

capsule will be small compared with those on the sides, and 

in any case will tend to cancel out as regards to their 

parallel and perpendicular components. 



21 

'. 

• Therefore~'t fs the lorigftudfnal component of the 

pressure force and the shear force that contribute to the 

motion of the capiule. The summation of these forces is 

a,lways equal to~fle buoyed weight of the capsule 

capsule is hydraulically suspended or travelling 

velocity, that is, 

+ 

when )he 

at Iteady 

(3.5) 

where Fp is the thrust due to the parallel component 

of the pressure force. 

Fs is the thrust due to the parallel component of 

the shear force. 

Ws is the buoyed weight of the capsule. 

The liquid velocity which is just sufficient to 

suspend the capsule is called the ·suspension velocity", 

~o· If the liquid velocity is increased above that of Vo 

the capsule begins to move at a constant velocity. after an 

init~al acceleration. When the capsule is at steady motion, 

the total thrust can be no greater than before the increase 

of liquid velocity since t~e buoyed weight of the capsule 

is constant. However, the pressure forces will have 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 ~he annulus relative to the 

capsule, i.e. (VN-V C), since the shear force increases or 
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decreases with this quantity. ,. 

given Vav means an increase of 

A.decrease of (VN-V C) for a 

VC' Therefore, the effect 

of increasing Vav is to increase VC' 

When the ~ater velocity is further raised to a value 

such that (VN-V C) < D, the shear force is ~hen opposing the 

capsule mqtion and acting as a negative component of the 

thrust force. According to Equation (3.4). a negative 

v~lue of (VN-V C) will give a value of VC/Vav greater than 

unity. H~nce, a negative sign to the absolute value of Fs 

in Equation (3.5) is added to take into account of the case 

where VC/Vav > 1. 

3) Force and Momentum Balance: 

In conjunction with the ana)ysis just described,two 

considerations, which are pr05ably more use'ful in practical(, 

applications, based upon simple overall force balance and 

momentum balance may be established as follows: 

control 

on the 

3 • a ) Force Balance: 

For Ca(!sules at Sus(!ension: 

volume as depicted in Fi gu re (3.1). 

capsule is given by Equation (3.5) • , 
total th ru s t = buoyed weight 

For a cylindrical capsule it is 
2 

* pV d 2 d 2 
Cd ~o ~ = (cr-p)gL ~ 

" 

Considering the 

the force balance 

that i s 

(3 .6) 

= (cylinder) ( 3 . 7 ) 
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For a single sph~ical capsule it is 

* (S-l)i~ , 
Cd = .( 5 phere) (3.8) • c 3 y 

0 

* where Cd is the overall drag coefficient 

V 
0 

is the suspension liquid velocity 

If the average local liquid velocity in the annular 

spacing between the capsule and the pipe wall is used 

instead of the average liquid velo~ty in the free pipe, 

then according to Equation (3.4) .ith Yc = a 

= 

al ternati ve forms of the drag coefficient can be defined by: 

C** = (5 -1) W (1_K2)2 
d c ~ 

C** 
d ' 

= 

o 

i ~ (1_K 2 )2 
3 y----Z 

o 
Rearranging Equation (3.9) and (3.10) gives 

v 0 = [2 g D (5 c - 1 ) ( L / d )( d / D) 1 ~ ( 1 - K 
2 

) /!Cd ** 

( 3 .9) 

(3.10) . 

(cylinder) (3.11) 

Yo =. [~(5c-l) {d/D)1~{1-K2)/ICd** 
(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 calculate~ if the drag co\fficient Cd** CO~d be 
\ 

i 

J 
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determined~ Theoretically, for a capsule of given material, 

C~* varies with LId, dID and' Vav ' But since Vav varies 

implicitly with LId and dID, C** is in d turn a function of L/d 

and dID on 1 y. Henee, Equations (3.11) and ( 3 . 1 2) may be 

written as: 

Vo = (2g[j(~c-') (1_K2)(L/d)a(d/D)b (cyl inder) . (3.13) 

V = ~(\-l) (l-~)(d/D)c (sphere) (3.14) 
0 

where a, b or c are empirically determined 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 (Va v - V ) c is used, then 

Cd = (Sc- l ) 2gL 
(V av -V c )2 2 

or • ~ [1 1 Cd = (S -1) 
2 c V (l_V c 2 

av -) 
Vav , , , 

1 , 
Cd = Cd [ 1 

2 1 (l-v/vai (3.15) 

where Cd (Sc- l ) 2gL/V av 
2 = 

1 
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If the annular average water velocity relative to 

the capsule velocity, (VN-Vcl, is used then according to 

Equation (3.4) 

Cd = (Sc- l ) 2!1 L 
3 (V N- V C)l 

. 2 2 
or Cd = (S c -1 I 2gL [{1-K 1 1 

3 (Vav-V c ) 

Cd " Cd (1_K2)2 (3.16) 3 2 

Equations (3.15) and (3.16) are both applicable to 

·spheres except that for spheres Cd = (S -l)i ~ 
1 c 3 V 

. av 
3.b) Momentum Balance: 

Again the control volume in Figur~ (3.1) is considered, 

For steady-state incompressible"flow in one-diameter 

pipe, 

Al = A2 ; Ul = U2; Pl = P2 

Hence Equation (3.17) becomes 

t:.P m 
4-r pL 

(d/D)2 L(o-p)g pLg (3.1B) = --+ + 
0 

Now consider the same control volume with no 

capsule present in it but with fluid alone flowing at the 

same velocity, the same consideration will give 

= (3.19) 
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Subtracting fquation (3.18) from Equation (3.19) 

gives 

(3.20) 

Here "Cp is not necessarily equal to"C p' 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 

"C = "C' is assumed to get the following relationship: p p 
. 2 

6Pm - 6PL = LCd/D) Ca-p)g (3.21) 

Because it is assumed that = "C' the resul ts "C p p' 

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: 

or 

6Pm-6P L 
l{a-p)g 

(t.P/L)c 
(\7-p)g 

= 

= 

C(d/D)P 

(cylinder) (3.22) 

the pressure 

gradient across the capsule due to the capsule alone .• and 

C. P are universal constants. 

Similar correlation can be obtained for spherical 

capsules i.e. 

or 

6Pm - t.P L 

t.P m-6PL 

d(o-p)g 

= 

= 

2 2/3 d(d/D) (o-p) g 

2/3 Cd/D)2 (3.23) 

• 



27 

or· 
(~Po/d)c .. C~(K)P~ (sphere) ( 3 • 24) (cr-p)g 

The above pressure analysis can be applied to both 

cases where Vc .. 0 or Vc ~ O. 
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CHAPTER 4 

APPARATUS AND EXPERIMENTAL PROCEDURE 

PART 1 APPARATUS 
• 

The apparatus was specifically designed for the 

present study such that it satisfies the following special 

req~irements for the study of moving capsul~s. 
, 

1) The overal'l system: should be relatively simple 

such that it can be controlled oy a single operator. .. . 

2) The flow system: should be sufficiently rigid 

to withstand impacts and vioration produced oy the pump and 
• the moving capsule, and provide a'range of flow velocities 

from 0 to 6 m/s with sufficient pressure head for the 

transport of aluminum capsules of diD ~p to 0.85 and L/d=14. 

3) Measurement systems: All the measurement 

devices sho~ld have relatively high preci~ion and fast 

response with continuous recording where necessary. to give 

an overall accuracy of approximately 5%. 

Detailed discussion of various aspects of the system 

are presented under separated headings as follows: 

4.1 The Flow System 

A schematic of tne entire system is shown in Figure 

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

28 
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city water 
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. drain ..... 

• 
SCHEMATIC OF PIPELINE. SYSTEM 

FOR TRANSPORT OF CAPSULES 

<D RESERVOIR: Capachy: 900 liters 

@ ~ capacity: 30 V. Head: 380 kPa 

• , 

Typel centrifugal. vertical line-mounted 

Molora 15 kw. 80/3/575. 3500 rpm 

@ CONTROL VALVE: globe type 

@ SURGE TANK: Capacity: 15 liters 

® 5_cm PIPE LOOP: for tlowrate Ie .. than 12 .11. 

® FLOWMETER 1: for flow rate" 0- 12 lIS 

(i) F~~ETER 2: lor flow rate 12-;J0 1/. 

2.74 m 

c:=============~ 

20 locallons along the test 
'ectlon at .56 meter apart 

@ COMPRESSED AIR SUPPLY. 

@ PRESSURE GAUGE' 

., 

FiQure (4.i) 

• 
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3.61 m 

3.61 m 

3.00 m 
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at the left lower corner • . 
4.la) the Flow Path: This apparatus is b'asically 

a recirculating flow system with the flow direction as shown 

by the arrows in Figure (4.1). The water in the reservoir 

is discharged to a horizontal pipe section by the centri-

fuga 1 

lated 

pump. Upon leaving the 

to t~desired flowrate 

pu~p the flow is first regu

by the globe valve, ana then 

passes by a surge tank which dampens ariy f\ow fluctuations. 

The flow then passes through either the 5 cm I.O. by-pass 

loop or continues along the horizontal line to a 9 meter 

long vertical section. A 1.82 meter diameter circular 

bend at the basem'ent redi rects the flow upward through the 

vertical test se'ction back to the reservoir. 

4.1 b ) 
1 

The Pipework: The entire pipe loop is of' 

40-schedule steel pipe of 7.6 cm I.D. for the main l~op and 

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

the necessary rigidity and strength to the system to with

stand the stress created by the pump and the impact of the 

moving capsules. The vertical sections consisting of various 

lengths of pipe' are assembled together with Victaulic couplings 

to provide smooth and flexible connections which were necessary 

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

'. when passing through a floor, is supported by a pipe bracket 

'resting o~ the'floor, su~h that individual assembly or dis

assembly of any of these ~ections is permitted~ 

;'-
\ 
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4.1cl The Rese~voi~: The reservoir is made of ' 

aluminum and has a capacity of 900 litres (dimension of 
\ 

.61xl.22x1.22 ml. A 2.54 cm I.D. city water SUPPR,ne 

and a drain line, both equipped with a gate valve a e 

installed respectively on top and at the bottom 0 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 tfte reservoir. 

4.1d) The Pump: The centrifugal pump powered by 

a 15Kw and 3500 RPM electric motor can deliver a flowrate 

up to 30 litre/sec at 360 iPa pressure head.' The corres-

ponding maximum flow velocity and Reynolds number 
o 

5xl0 5 respectively. 

in the 

pi~.re 6.4 m/s and 

r 4.1e) The Surge Tank: The surge tank, having an 

effective volume of 15 litres" is fitted with two globe 

valves which are located in tne connections to the main 

loop and to the compressed air supply line respectively. 

Fluctuations associated with the flow are damped by adjusting 

these two valves. '-. 

4.1f) The By-Pass Loop: A by-pass loop is needed 

because the flowmeter located at the main loop has a limited 

range of 12-30 1itres. For a f10wrate less than 12 l/s, 

the flow is passed through the smaller flowmeter located 

in the by-pass, loop. Two gate valves located at the entrance 

to each of these loops can be adjusted to direct the flow 
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through an appropriate path in accordance with the flow 

range. At the entra~ce to the by-pass loop a fine honeycomb 
, 

filter i~ fixed to homogenize the flow and reduce the effects 

of the oend. 

4.1g) The Test Section: The 11 meters long vert~cal 

portion on the return side of the flow system. starti,ng from 

the first pneumatic plunger located just after the main bend. 

is designated as the "Test Section". At the top of the test 

section. the pipe Is capped., which permits the insertion and 

removal of a capsule. A "Tee" piece. which has a perforated 

sleeve in it, located just 1/2 meter below the cap allows 

the flow to return to the reservoir. 

Twenty pairs of adjacent holes having pipe threads 

to fit 1.27 cm standard crass nipples are located at equal 

distance up the pipe wall on opposite sides along the test 

section. These are the locations of phototransistors and 

light sources for measuring the capsule velocities. 

4.lh} The Pneumatic Plungers: Two pneumatically' 

actuated plungers (see Figure (4.2) for detail construction), 

located at the entrance to the test s~ction and a short 

distance below the outlet tee, are ~sed to restrain the capsules. 

The top plunger, which was later replaced by a steel rod in 

,a swagelock 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 
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or flow equilibrium is being established. 

4.lif, Miscellaneous: (1) Back pressure gate valve: 

This i's installed in the horizontal return pipe 

above the reservoir to regulate the flow and consequently 

the back pressure to the sytem and ensure that it is higher 

than the atmospheric pressure. A back pressure of 5 p;i was 

usually maintained for every flowrate .• (2), Pressure 

gauges: Two pressure gauges, one located immed~ately after 

the pump and the other in the return pipe before the back 

pressure gate valve, are 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.Bl m-diameter cir~lar 
loop for draining the pipeline. 

4.2 Measurement System 

The 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 MK315 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 lis and in the main loop to c~er the range 

of 12-30 lis, 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 channels each of which is 

pre-calibrated for a particular flowsensor. By selecting 

one channel at a time, the signals from the corresponding 

flowsensor are converted into USGPM and the result is 

displayed by the readout. The signals are pre-amplified } 

into recordable voltage using a signet MK3l4 signal condi

tioner. Hence it is possible to obtain a continuous flow 

diagram for each test run by using a chart 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 curve (see Appendix [A 1) for the corres

ponding flow range. All the flowrates which were used to 

calculate the average velocities (V ) were determined in av 
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 measurement of the time required for a 

capsule to pass through an individual station or between 

any two stations. Hence the local velocities of th~ 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 shown in Figure 

(4.3).· The phototransistor and the light source, being 

contained separately inside two brass nipples, ·are in~t~lled 

adjacently to one another in the holes provided in the test 

section. When two of these PL units are connected to a 

time counter as shown in Figure (4.4), a measuring circuit 

is formed. 

With this circuit both of the transistors are able 

to cause a voltage change across the individual resistors 

by di~ruption of their light sources. The change of voltage 

can either be used to start or stop the counter. 

LIG-HT 
SoURCE 

p.T. 

TIME 
COUNTER. 

FIG. (4.4): CIRCUIT USED TO MEASURE Vc 

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 water 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 

"Rika~enki" chart recorder, also used for recording the 

flowrates, was used to record the pressure variation. Th~ 

recorder was calibrated such that the reading from the 

chart was the value 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 due 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 to pipe 

friction is shown by a rise in ~PL wh~ch is a function of 

the flow velocity. Furthermore when the capsule is present 

in the section between the pressure taps, a corresponding 

pressure drop of ma;nitude of ~PO is measure~. This pressure 

drop is a combinatio~ of the capsule buoyant weight, capsule 

friction loss and,the pipe frictional loss. 

From the pressure diagram, the pressure drops due 

to the capsule or the fluid or both are able to be determined. 

.. 
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Figure (4.5) Flow and pressure diagram: 

4.dl Temperature Measurement System: 

Due to the internal friction the watpr temperature 

could rise oy as much as 50 C/hr when the system was in 

operation. Consequently, in order to achieve isothermal 

water conditlons in the system it was necessary to, in most 

! 
I 

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 160 C 

was used throughout the experiments. 

4.3 Capsules: 

The following capsules were used in the experiments: 
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4.3a) Spheres: Single spheres oT nylon, a~uminum 

and steel were investigated. Their spe-cific gravity, slze 

together with dID ratio are listed in Table (4.1). 

TABLE 4.1: Specifications of Spheres 

Material 

Nylon 
Aluminium 
Steel 

Specific 
Gravity 

S 

Diameter 

(em) 
+ 4.445 - .01 

+ 5.0B - .01 
6.35 :: .01 

dID 

.57 

.652 

.815 

• 

I ., 

4.3b) Cylinders: Only nylon and aluminum cylinders were 

used. The investigated diameter ratio (dID) and aspect 

ratio (LId) for both materials were: 0.489, 0.652, 0.815 

and 4, 7, 10, 14 respectively, and 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. 

1--T 8d 

Figure (4.6) Cylinder sections for varying the length of a cylinder. 
J • 

, 
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PART 2 EXPERIMENTAL PROCEDURE 

1) Preparation: 

a) The Flow System: The reservoir was filled 

to two-thirds of its capacity with city water. Since the 

temperature was usually at 5 to 80 C, hot water was added 

to raise the temperature to about 16 0 C, the arbitary temper

ature set for these experim~nts. The pump was then.started 

to circulate water in the pipeline for approximately 15 

minutes to allow the system to reach thermal equilibrium. 

Since the water temperature rose gradually while the pump 

was running, both cold main water supply rate and the drain

age rate from the reservoir were constantly adjusted to 

maintain the water ~n the system at 16 0 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. If" 

was necessary to measure the local velocities of~~ capsule 

as it pro~ed up the test section for each flowrate, 

therefore each set of experimental runs for a given diD and 

.. 

.. 
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: 

LId were done starting with the time measurement for the 

capsule to pass between the first two.consecutive stations 

(i.e. #4 and #6). T~en the experiment proceeded .with the 

time between #6 and #8 and so forth. 

c) Insertion of the Capsule: ~nsertion (or 

removal) of a capsule was done, with the pump stopped, 

through the top end of the test section. After removing the 

. end cap located at the 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 cap was replaced, the 

capsule was released oy withdrawing the plunger and allowed 

to drop to the bottom of the test section. Care was taken 

at this stage when using heavy capsules because system 

damage could be incurred in the free fall o.f 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 by the lower pneumatic pl~ng~r, 
~ . 

experiment was rea,dy 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 section and was held by the top plunger. With the 

• 

'. 

• 
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p~mpsto~ped and the pipe cap removedithe cylindrical 

,capsule was removed oy.means of a threa~ed, rod which was 

inserted into the threaded hole' on t!lJLtop end of the 

cylinder. .The spheres were removed by means of a string 

trap. 
. , 

'2) Testing Procedure: 
. 

While the cipsule ~as held at the bottom of the 

test section, the pump was started and the flow was regula1;ed 

to a desired flowrate." The flowrates used were usually in 

the range from 5 to 22 &/s wit~ increme~ts of 3.2 !/s. - ' 

T"he' appropriate flow path was selected in accordanc'e with 

the flowrate. For fl!w less than" 12 !/s, the by-pass loop ., 

was used, otherwise it was closed. 

Once a flowrate was set an~ the flow stibilized, the 

capsule was released from the bottom of the test section 

and was al~owed to pass to the top of the test section. 

The travelling t~me of the capsule, measured by the couriter, 
'~ , 

~etween two selected stations was recorded. 

When the capsule reached the top of the test section 
• 

and was stopped at the outlet tee by the sudden change of . 

. ..., flow direction, the pump was switched off and the capsule 

was allowed to' fa~l b~ck to the botto~ of the 'test section 

, llsing the previo\lsl'y described procedure. Once the ,capsule 

was back to position a "run" was completed • 
• 

Usually five runs were repeated, for a given capsule, 
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for the time ~easurement for a given set of stations. However 

for .the measurement ;of flowr~t. a~d pressure. only approxi

m~tely five data records.were taken for all the stat{ons for . .{. . -' . 

the given capsule and flowrate. 

Once the time measurements between all the sets of 

stations were ·completed. the. procedure was repeated for the 

same capsule at a new flowrate. Usually 5 or more different 

flowrates· were used for each capsule. 

\ 

., 
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CHAPTER 5 

RESULTS, CALCULATIONS ANO DATA REDUCTION 

Results: 

The entire experimental data and calculated results 

are present~d in tabular ~orm in Appendix (D), The graphs 

based on tnese data and results are displayed in appropriate 

places with a" general discussion in Chapter 6 • 

Calculation and Data Reduction: 

l. Th Vav 

Vav as calculated accordinQ to the "f 011 ow in g equa-

ti.on: flow rate 
V = 

4i pe av, cross-sectional area 

1 1 3 
7 481x60xO.0283 GPM x m /s 

Q(USGPM) [ . 1 
(0.078)2 rr/4 m2 

:. Va v = 0.01 32 x Q (m /s ) (5. U 

where Q is in USGPM and was calculated from either 

one of the following equations which were obtained from 

the calib~ation curv.s for the two flowsensors (see Appendix 

(A) for th e cal i bra t ion cur v e s) . 

Q(USGPM) = 8+83.5 V 

Q(USGPM) = 3.75+86 V 

(for 18Cd, "GPMl 

~for 30-180 GPMl 

where V is the average voltage indicated on the , 
., 

\ 

(5. 2a) 

(5. 2b) 
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.individu~lf10wratediagram fo~ the perio~ being considered. 

In'tlie experiments the water f10wrate 'was adjusted 

whilst the capsule w'as held st.ationar11y 'oy the lower. 

plunger. In most.cases the f10wrates remained constant 

regardless of whether the capsule was in motion or stationary. 

However for high f10wrates and/or when using larger capsules, 

it was found tliat the'water flowrate, measured when the cap-
,. 

su 1 e· wa $ movi ng, wa s larger than the s ta·t i ona ry capsu 1 e 

value. This variation in flowrate for .1arger capsules wa~ 

expected since the system's hydraulic resistance was diffe

rent thus affecting the pump output, For smaller capsules 

this effect was neg1etta51e since 'the hydraulic resistance 

was not markedly chang~d. In order to calibrate the flow 
" 

sensors,tests were carried"out prior to the experiments to 

compare the f10wrates with or without a capsule in the 

pipeline., It was fo~nd that, under t~e same v~lve setting, 

the measured water f10wrate for a moving capsule was almost 

the same as that for no capsu1 e present. Therefore the 

measured water f10wrate for a moving capsule in the test 

'section was considered to. be the true flowrate and used 

when calculating the average water velocity for all the 

2. The Capsule Ve10cit~ 
experiments. 

2:1) The Local Capsule Velocity: The velocity. a 
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capsule had attained when passing two stations was referred 

to as ~he local capsule ve10c1tyat that pipe section between 

the two stations, and was calculated according to· the follow-
"" 

ing equation: 

v > = 
c 

Distance between two stations 

'Capsu1e passage time (Average of 5 readings) 

(n 2-n 1)xO.559 
--='--"----( m Is) 

t > 

(5 .3) 

where 0.559 m is the dis~ance between two cQnsecutive 

stations and n1' 

station numoe;"s. 

n2 are the pertinent upstream and downstream 

Tne capsule passage time used in Equation 

(5.31 was tne ayerage value of five measurements from five 
• 

repeat.d test runs for tne same .two stations. The time 

measurements were taken starting from station No.4 and up 

>·a10ng the test section at intervals of 1.118 meters. Usually. 

six or more of such local velocity measurements were taken 

to obtain the velocity d+stribution along the test sectio~ 

for a given capsule at a given average water velocity. 

2.2) The Average Capsul e Vel oci ty '. Vc: A capsul e 

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 fluctuation pf 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 . . 
+ -2%, was taken as tne average capsule velocity. , 

3; The Pressure Gradient Across Capsule: 

As mentioned in the secti~n on "Pressure measurement 

system" in the previous chapter, all ~ressure drops were 

recorded in the form of pressure diagrams each 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: 

The pressure gradient due to the capsule 

The pressure gradient due to the fluid 
alone. 

The sum of these two gradi~nts is the total pressure 

gradient across the capsule, that is 

CaP/LIe = (aPo/Lc) + (aPL/L p) 

where Lc and Lp are the length of the capsule and 

the distance between 

different values of 

Lp = 2.79 m 

Lp = 1. 68 m 

the pressure 

Lp were used, 

for capsules 

for capsules 

taps respectively. Two 

they are: 

of Lid < 14 

of Lid = 14 

As mentioned in the section on the "Average water 

velocity", the true water flowrate was that.which was measured 

when a moving capsule was present. Hence the true pressure 
-

drop due to the fluid alone, aP L was the value corresponding 

the true flowrate. 
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4. Others: The ~alculation of other variables such 

as diD, Lid', 'V/V av ' Reynolds numbers etc., were in accordance 

with the individual definitibn listed in the Nomenclature. 

Sample Calculation: 

A copy of a work sheet t0gether with the corresponding 

flowrate and pressure drop d~agrams is shown on Table (5.1). 

The general information concerning the specific test 

are given below: 

Material of the capsule: Aluminum 

Specific gravity: S=2.7 

Diameter: d=5.08 diD = 5.08 = 0.652 cm 7.79 
Length: L=50.8 cm L/d=50.8 = 10 5.08 

Measurements from diagrams: 

Voltage for flowrate: V = 2.65 V 

Pressure drop due to capsule: llP O = 0.66 psi 

Pressure drop que to fluid: llP L = 0.42 psi 

Calculations: 

1) Local capsule velocity: 

For example consider ~tations 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 = 1.2994 mls = 4.2631 ftlsec 
0.8604 

2) Average capsule velocity: 

By inspection all the local velocities it is found 

that the capsule attained a c~tant velocity after reaching 
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DATE '5- D4 - 79 

TYPE CyI.lHO!ll. ' FLOW- 2" 
,/" DONE 

CAPSULE· MATERIAL AWMINUM RATE LOOP BY 
DIAMETER :2.0" Q 3 M 

.J41f~~ LId /0 <US GPM) LOOP k. eH.W 

VAV = r.~ I if!> 

TIME C tauNTER READING) 
AVG. Vc PRESS. TEMP. 

STAT'N DROP . 
l SEC.) (SEC> Fl./SEC ( PSI.) ( °c ) 

I 2 3 4 5 

4-6 0, gS5 11,874 lI,88tf 1,870 4,KBO I.S7'fJ. 4./~ Af!.=.42 16 

6-8 P, ~/,c ,,~60 1).854- ~,s67 1,861 ~.86D ,,", '26:1. Afa = .", 

8-10 P, 'iSS 0.8& "flI4 ~,S</-~ .P,?4} I,4S"4 4.~j 15 

10-12 ',83z p.842 f),83,! D.835 ",837 '.837 4-';81 

12-14 ,.834- ',S44- IJ,S37 f!),B4-2 4,8.),8 0.&' ~·~7o 
Vc: ::. 

'>"'.375 
16 

14-16 D,3),j D. gJ'1 $.J35 ~.838 0.337 O,S)b 1.3~4 
( priSK 

16-\9 /. ~jl I. ~7" /.~74 /.~/ /' :..i..., I .. ~ 4,,,6) 16 

Rv=o,44 

6-(9 s.'I-.l2 s./,u, S'.:¥5 5.532 5.6j2 s.~93 4. "'1 16 

TABLEC5.1 ): SAMPLE WORK SHEET 

, 
FL.:OWRATE "VOLTAGE L I : i 

, ' . 
t·"" i ' I' i . , . / 

, 
i , 

I 
! 1 I I ~ , I 

~, 
I ,i ! i ! , 

i i I ; 

I 
, I -=---:..j ':> 9 ! I r-API. ~ - APo 

I .1""O/S~T~.::! COl, 230 GPM , I I 
i CtpsCJLE. : ALu",.NUM C!y!tHO~ ; i : 

I OfA~~~# 
, , > 

, 

. 
~ : , 

I 

i ' 'd;:to i , 

! S 
I , , , ; i 
i , , , 

I ; I ...;...->. . 
I- ! 1 b .\ r J 

• 

I. I i -I i 

PRESSURE &. FLOWRATE DIAGRAM 
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station No. 10. The differences between each velocity in 
+ the. section between 10 and 19 do n·ot exceed -2%. lience the 

average capsule velocity is 

Yc = (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 f10wrate is 230 GPM, Equation 

(5.2a) is used with the vo1tag~ V=2.65 (volts). 

:. Q = 8+83.5x2.65 = 229.28 (USGPM) 

From Equation (5.1) 

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

4) The Velocity Ratio: 

Yc 1.335 = = 0.4398 ~ 3'.032 

5) The Pressure Gradient Due to the Fluid Alone: 

Since Lid = 10 < 14 • Lp = 2.79 m is used 

0.42(psi) x 6.895 (KPa/psi) 
6PL/Lp = = 1 .0380 KP aim 

2.79 m 

6) The Pressure Gradi ent due to the Capsul e Alone: 

Lc = 20" = 0.508 m 

0.66x6.895 
6P o/L c = 0.508 = 8.958l(KP a/m) 

7) The Pressure Gradient across the Capsule: 



CHAPTER 6 

·DISCUSS ION 

A dimensiona.l analysis of the system showed that for 

a given vertical pipenne with water.,. the capsule to average 
V 

water velocity ratio RV(=~) and the pressure gradient ratio 
av 

Rp are ea~h a function of four independent varia~les: aver-

age water velocity .(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 on Rv and 

Rp on the basis of the experimental results. 

6.1 The Variation of Velocity RatioR~ 

6.1.1 Cylindrical Capsules 

Figures (6.1) and (6.2) show plots of Rv versus Vav 

respectively for nylon and aluminum cylinders. Such plots 

may be regarded as characteristic curves for capsule flow 

since they illustrate the effects of the 

variables on the velocity ratio over the 

different independen t 
/' 

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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6.1.1.1 The Effect of v.av on Ry 

Figur.e (6.3) shows the representa.tiYe curves of Rv ' , 

ve,rsus Vav f.or the largest and the smaller capsules of the 

same LId ratio. From Figures (6.11to·C6.3) the following 

observations were obtained: 

(i) The chara~teristic curye~ are qualitively Df 

the same general shape for both nylon and- al uminum cyl i~ders. 

This imp~ies that a ge~eral correlation between Rv or Vc 

and the other independent variables may exi~t. 

_ .. --.---:.-.-~ 

(ii) Each ofth~ curves when extrapolated intersects 

the Vav axis. The inte'rsection represents the ,minimum aver

age water ve]ocity needed to suspend the particular capsule. 

The value of the suspension velocity is directly proportional 

to the capsule's length'and density but is inversely propor

tional to the diameter of the capsule. 

(iii) Once th~ capsule begins to move, Ry increases 

with increase of Vav ' This is a result of the increase of 

the pressu're forces on the capsule, (Cf.,Equation (3.5)). It 

must be born in mind that the velocity ratio is based on 

.. the aver~ge c'apsul e velocity and water vel oci ty _ Hence the 

curve of Rv versus Vav for a given capsule represents the 

equilibrium state at each water velocity. At the equilibrium 

state the total .thrust force, wni_is equal to the buoyed 

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

forces. The pressure force will increaie with increase of 
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Vav' so tha.t t_be-thrust 'due to -the shear force.will have -to 

de.c,rease. Thfs.latter result can -only De -b;ought about by 

a Ciecrease of tlie a veragewa te-r' vel ~c i ty in the an'nula r 

space-since th~ shear force is dependent on it. Fr9m , ' 

Equation {3.4}. which can De r,ewritten as: 

( 6 • 1 ) 

It'is seen that a de-crease of (VN-V c) with an increase of 

Vav will lea9 

(vi) 

tq an in~rease -of Rv' 

Over the entire rang~ 

for a given capsule . 
• of Vav employed, Rv for 

the ~yloncylinders reach maximum values ranging from 1.15_ 
, ' 
. to 1-.25i while those for alumimu~ cylinders neger reached 

, . 
a v~lue greater than unity. This is due to the effect of 

the density of the capsule and will be dealt in detail in 

the ~iscussipnof density effects, 

~or nylon cylinders the Ry ratio tends. to become 

'constant-after they have attained Rv > 1.0. The reason 

appears to be that under thi~ condition a capsule behaves 

as though it had neutral buoyancy. A neutral buoyancy 

capsule wo~ld be carried along ihe pipeline at the same 

velocity as th,t of ihe carrier fluid which immediately , , 
-' follows it-, - In o'ther words t~velocity of the capsule 

is' dependent o~ i~s position with respect to the flow 

• velocity _profile ~~ the region of the pipe cross section 

.it occupies. Hence' the maximum velocity which a capsule 

, 

" 
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'could possibly attain is the average value of the part of 

the profile at which the capsule'is situated.' Hence,if' 

the capsul~",reache~ maximum velo'city, the velocity 

~atio is invariant with Vav but dependent on K only. 

6.1 .1 .2 The. Effect of LId. on Rv "-

. ' 

~ Figures (6.4) and (6.5) are the representative plots 

,of Rv versus l/dresp~ctively for nylon and alumimum cylin

ders for three K at two different Vay's. Data for these 

curves were derived from Figures (6.11 and (6.2). 

Both Fi gu res (6..4.). a,n,d ,(.6.5) show that, w,hen' Rv < 1.0, 

for the same material and K, the longer capsules move slower 

tha.t1 the shorter ones at a const.ant V av' However thi s 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 lie 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 LId ra~io 

on Rv at low and high Vav is thought to De due to the fact 

that eddies formed at the ends of the capsule change ends 

thereby changing the direction of the force arising from 

t~e eddies on the c~psule. Normally eddies are formed after 
• .1 'I 

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

as capsule-pi,peline flow, this phenomenon can be revers~d 

since the fluid in the annular space may o!-~at a velocity 

greater t~an the oody, thus producing a situation where 

.: -_ . 
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, 

the eddies are create'd at tac. of the body~ 

Similar situation can be happe capsule since th~ .' . 
direction of the annular fluid velocity relative to the 

" 
capsule (VN-V c) , or ttte relative elocity of Vav with respect 

to Vc ' (Vav-Vc); can be reVerse . enceif Vc < V'av the eddies 

are formed on the nose, however, if Vc > Vav they are formed 

at the tail. Thus the force a ising from th~_eddies exerts 

a thrust force- on the capsul e i V c'< Vav ' and .a.- drag force 

if Vc > 

lighter 

Yay. In both horter, andtherefor~ the 

of the capsules that were used,were more affected 

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

constant regardless of the c~psule Jength .. Therefore at . . -

low Vav the shorter capsules' move faster lnd at high .Vav 
~ 

move slower than the longer ones. 

The effect'of increasing Lid ra,t,io on Rv when Rv < 1.0 

is more pronounced as Vc is decreased .. This is shown in , , 
Figures (6.1) and (6.21; in which the·curves for the c~~sules 

I 

of constant K tend to be more divergent as the suspension 

velocity is approached. This may be explained by the fact 

that the eddies effect on the capsule is at its greatest 

at the suspe~sion velocity because (Vav-Vcl is then at its 

greatest value, causing the largest difference in Rv between 

the differen~ lengths of capsules. As the capsule starts 

to move the value of (Vav-V c ) ~ecreases and so does the 

effect of the eddies, hence causing a smaller difference 
• 

• 
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in Rv' This indicates a dec-rease in the importa'nce of 

variation of the length of a long capsule of constant K 
, > . 

as.the length is increased especially when K -0.65. This 

point is signific~nt in r~g~rd to the use of long trains of 

capsule. 

(iii) The Effect of K on Rv 

Fig'ures (6.6) and (6.7) give plots of Rv versus K 

for both nylon and aluminum cylinders for all Lid ratios 

investigated at various Vav ' 

At constant Lid and Vav ' Ry increases with increase 

of K at all water velocities. The reason, which also explains , 

the variation of suspension velocity with diameter, is that 

the increase of base pressure force due to the increase of 
.,,-

base area of the capsule is larger than the corresponding ~ 

increase of weight. The effect of the diameter ritio can be 
~~ 

explained by referring Equation (3.5) which can be written, 
"<. 

in terms of the total pressure drop LIP across the capsule 

and the wall sheaT stress 'c on the capsule, as 

lId 2 . d 2 
LIP -- + lIdL, = (o-p)g\ L 4 - c 

or 
LIP + 4,~ 

[(L/d)K ]- -K- = (o-p)gD • 0 (6.2) 

In which (o-p)gDis 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 constant Vav ' In fact it increases with an 

increase of K and in such a way that it always produces a 

net increase 'n the pressure drag, so that the first term 

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

The 'c/K term also changes with K. The change ~ue toK, 

however, is insufficient to compe.nsate for theiltcrease of 

the pressure term, because the shear force is usually much 

smaller than the pressure force for a capsule with K approach

ing 1.0. Hence 'c may decrease or increase to satisfy ~qua

tion (6.2). ~ince Vav is kept constant, ,the decrease or 

increase of 'c can only be brought about by an ,increase or 

decrease i·n Vc' Therefore with an incrE!\ase of K, Vc has to 

increase for R < 1.0 and decrease for R > 1.0. Although 
v v ' 

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 larger ones at high Vav ' 

The effect of varying K on nylon cylinders at cons

tant Lid and Vav is much less than that on aluminum cylinders. 

This is evidently due to the lower density ratio of the nylon 

cylinders. 

(iv) ,The effect of (O';p) on Rv 

The effect of increasing 0', other parameters being 

constant, is to decrease Rv ' but the effect gradually decreases 

as Vav increases. Figure (6.8) shows data for nylon and 
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aluminU&1 cylinders of K = 0.815 and LId = 14 for various 

Vav's. At low Vav ' e.g. S 2m/s,.Rv for the nylon cylinder 

is 2.44 times that for the aluminum cylinders, but at a higher 

V av' e.g~. Vav = 4 mIs, Rv for ny;on cylinder is only 1.33 

times great"er than that fO.r the aluminum one. The reason 

for decreasing Rv by increasing cr is obvious since an 

increase in cr, other parameters being constant, means an 

increase in weight of the capsule, arid·a heavier capsule 

requires a higher suspension velocity than the lighter ones 

do. In a latter section (6.2.1) we will introduce a new 

velocity term, (Vav-V o)' which is the net increase of water 

velocity above the suspension velocity. It is found that 
, 

Rv is directly proportional to (Vav-V o). Hence a heavier 

capsule will.be subjected to a smaller value of (Vav-V o) 

than the lighter ones will,-and hence having a lower Ry at 

a fixed vav . 

The phenomenon of decreasing effect of cr on Rv with an 

increase of Vav indicates that the importance of cr becomes 

less at high Yay. This point is significant in regard to 

the transport of high density of capsules. 

6.1.2 Spherical Capsules 

A dimensional anal~sis showed that the velocity ratio, 

Rv ' of a single sphere being carried by water in a given 

pipeline is a function of three independent variables: Vav ' 

K, and (£:.E.). The effect of the individual variables as 
p 
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indicated in the experi~ent will now be discussed: . .., . 

6.1.2.1 The effect of Vav on Rv 

Figure (6.91 ,shows a plot of Rv versus Vav for 

single spheres of three different materials and diameter 

ratios. As was observed for cylindrical capsules, the 

'curves may be'c~nsidered as characteristic plots for 

capsule flow of single spheres. 

In general, f\y for any diameter. spheres increases 

with an inc~ease of Vav ' the same trend as that of cylin-
, ~ 

drical, capsules. It'has been previously stated in connection 

with the cylindrical capsules that the increase of V causes . a~ 

the pressure force to increase in Equation (3.~), resulting 

in an increase of capsule velocity. The same reasoning is 

followed for spherical capsul~s 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 nylon spheres reach Rv greater than unity. Alumi

num and steel sphere~ had neve~ reached Rv > 1.0 for the 

range 9f Vav's. 

At a Vav of about 2.5 mIs, Vc > Vav for all the nylon 

'spheres. With Vav greater than that, the largest diameter 

ratio (e.g. 0.815) nylon sphere attains a constant R, of 

1.02, -but for other diameter ratios (0.652 and 0.51) Rv still 

increases and becomes larger than that for K = 0.815 when 

Vav : 3 m/s. The phenomenon, that the larger. capsules would 

" eventually be overtaken by the' smaller ones at high Vav's. 
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has been p,ointed out for the 'case ofcyli'ndrical capsules ,~, 
\' i: 

to be.the result 'of increasing the diameter ratio in ~ccor-

dance with Equati~n (j.5}. T~e reason that this p~enomenon . 

was not observed for cylindricalcaps~les~utwas:so for 

spheres i~ thoupht ~o be the conse.q.uence of the difference' 

in the capsule ~~onfigUrations. The spherical capsules 
. 

have more- streaml ined .noses than cyl indrical capsule~ and 

the· effects of the nose geometry ar~ more pronounced on 

the Rv ratio as K 

expected that th.e 

. 
approaches zero. Therefore it may be 

tendency for small capsul es to overtake,---

large oles would be more pronounced for spheric~l .than 

cylindrical capsu~es. Studies of the effects of capsule 

and configuratio~s have been made by Ellies (6), Round et 

al (.10) and Lee (231. They reported that the ef,fect,s of 

modifying the noses of capsules on Rv increased as diameter 

ratio K approached to zero. 

Comparison of t~e curves for nylon capsules in Figures 

(6.1) through (6.9) sh~ws that the spherical capsules have a 

higher Rv than that for cylinders for ,low Vav (i.e. Rv < LO) 

but is the revers~ for high Vav (Rv > 1.0)., For instance, 

the nylon sphere of K = 0.652 and the nylon ~ylinder of the 

same K at Lid = 4 have Rv's of 0.86 and 0.75 respectively 

when Vav = 1 m/s', and Rv's of 1.06 and 1.16 when Vav. = 4 m/s. 

This difference is evidently due to the length or viscous 

effects of the capsule, since tlie spheres hav"e in effect an 
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Lid = 1.0 and, are therefoTe the shortest capsules that were 

studied. It has been pointed out in conn~ction with the 

cy;indrical capsules that a shorter capsule moves 'faster at 

low 'Vav'S but is ,slower at high,Vav's than the longer capsule 

of the same K and material at a given Yay' , The same reason

ing expla,ins why the al umi num" sph'eres always move faster 

than the aluminum cylinders for ,the same Yay' 

6.1.2.2 The effect of K on Rv 

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

aluminum and steel spheres having K's of 0.57, 0.652 and 

0.815 at various Yay' 

In general the effect'of increasing K is to increase 
" 

Rv at a decrea'ing rate for constant Yay' This is evidenced 

by the de~reasing slope of each curve as Vav increases in 

the regi on of Rv < 1.0 on Fi gure e.6. 10)" However, in the 

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

on the Rv ratio. The 1atte~ phenomenon suggests the possi

bi1ityof using a more streamlin~d nose to increase the Rv 

~atio for smaller diameter capsules at high Yay's. 

During the experiments with spheres, noise was created 

by the sphere violent1,y knocking against the pipe wall as it 

progressed up the test section. Unfortunately, it w~s not 

possible to observe the motion of the spheres. Howe~er, it 

is believed that the sphere was travelling in a ,spiral 

eccentric path and colliding w'~th the pipe wall. As Vav and 

\ 

~'I, 
" 

I 

" .' 
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K were increas-ed the noise level increased. This meant that 

the frequen~y of contact between the 
, , 

. waly increased, which resulted in an 

~apsul. and the pipe 

in"crease of dr1~;r"ce 

on/the sphere due totne erratic motio.n and impacts.- As .,a 

result ill rate of increase in Rv. for 1:fli" hrqer spheres 

decreases with increase of Vav ' This might be considered 

as one of the reasons why the larger spheres moved sl O-we r 

than the smaller ones at high V v's. . a 

6.1.2.3 The effect of (0;°1 on Rv 

-rigure 6.11 is a plot of Rv against the density 

ratio Co- o) for nylon. aluminum and steel spheres of the 

° samecK (i.e. O.~15) at various V~v's. The effects of 

increasing the density ratio at any particular Vav ' as for 
. . 

the case of cyl indrical capsiJ,les. is' to decrease Rv' The 

density effect is much more pronounced. at low than at high 

Vav's. the same trend as seen in the case of cylinders. 

6.2 
, One 

Correlations for the Pr~ediction 6f Vc 

" important part of the 
. \" 

study was to fi nd the" I , . 
cQrrelations between Vc ~nd the pertinent parameters so 

that the'value of Vc can be predicted for a given capsul.

pipeline system. Much effort was put into this aspect and 

empirical correlations bas,d on the experimental data were 

established. The correlati~ns for both cylindrical an4 

spherical capsules are presented as follows: 
~ 

) 

\ .' 
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Graphs of V~ versus Va, are preserite~ 'on Figures 

,6.·12 to 6.16. The curves for e,ach capsule 'is a straight 

line and the intersection o,f w.hich with'the Vay .axis gi~es 

the suspension velocity Vo .fo~ the capsule. However,the' 
. . 

most useful graphs in correlating Vc to Vav are those with 

Vc plotting against the net increase of water velocity. above 

the suspension velocity,. (Vav-V o)' as shown in Figures 6.17 

to 6.19. These graphs show that:' (1) The curves, for most 

of the range of Vav inv~stigated, are straight li~es passing 

through the origin; (2) Most of the data points of nylon • 

and aluminum cylinders of the same K and Lid ratio fallon 

the same line. This indicates that the slope of the line 

_is independent of capsule density; (3) The slopes of the 

straight lines iDcrease with an increase of L/d and decrease 
,; 

with increasing K ratio. An equation for the straight lines 

with the slope, m, is hence obtained as: 

• 
Vc = m(Vav-V o) 

wnere m a (L/d)/(K) 

or m = 

6.3a 

6.3b 

B1 means of 1 og-~ og pl otti ng both constant A and B ' 

were found to have a value of 0.128. TheG"rore Equation 

" (6. 3a) becomes 

= 
(L/d)0.128 

• (K)0.128 
6.3c 
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In order to find ~~e suspens)on velocity, Vo ' 

t~uation(3.13) is used, which is 

= (3.13) 

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

mental values of obtained from .Figures 6.12 to 6.16 

were fitted into ion (3.13) using a mini-computer . 
. ~ 

The final e~uation for Vo is found to have the following 

form: 

v = /2g0(5 -1) (1_K2)(L/d)0.37 (1- _1 r0
5 

o c 5c 
(6.4) 

The addition of the term (1.- t-)0:05 to EqUatio~.f. 
- c ., ,. 

(6.4) is intended to take account of the surface 
.!.~ i. 

roughness effe~which was found to increase with density 

in the experiments. Good agreement between the experimental 
, 

and the predicted values given by Equation, (6.4) was found. 

In order to verify Equation (6.4),data from Lee's work 

(23) have been ~sed. It was found that the predicted values 

were 15 - 20% larger than the measured values. This devia

tion may be due to the fact that the.values of Vo ~sed in 

establishing Equation (6.4) were larger than the actual 

suspension ve.locitie.s. Close examination of the data 

points.presented in Figures 6.12 1:0 6'.16 for very low Vc 

has revealed that the slopes of the curves are usually 

smaller in low Vav than that in medium and ~igh Vav ' 

consequently, the ext.rapo1ated values which gave the su~pen-
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'. sion veTocities, were larger than the actual val ues. 

By sUb.stituting Equation (6.4) il)to Equation, (6:3c) 

and after rearranging,the following semi-empirical corre

latio~ for Vc is 06tained. 

v '" c 
1 '0 1 2 B tJ>-:P1'Tl"'"-,.,.-rT""T.lT' ' 2 1 0 . 0 5 . 

KO•128 [(LId)' Vav- (2gD(Sc -1 HLld) (l-K )( 1- ~) ] (6.5) 

Figure (6.20) shows the percehtagetdi screpancy 

between the experimental values and the, valu~s predicted 

by Equation (6.5). ~ Figures (6.21) to (6.23) show graphs 

of the e~perimental data together'with Equation (6.5} These 

graphs show that Equation (6.51 is especi~lly good in the 

range of medium and high Vav's. 

' .... 
6.2.2 Spheres 

The procedure employed to establish the correlation . . ' 

between Vc and Vav for spheres is similar to ~hat used .for 

cylinders. Again, a linear relationship between Vc and 

(Vav-V o) is obt~ined, (Figure 6.24), i.e. 

= (6.6) 

The slope m of the Vc versus (Vav-V o) curves was 

found to obey the following relationship: 

m " 
1 ( 6 .7l 

The value of the constant C in Equation (3.14) 

, " 

which is the equation for the suspension velocity for 

spheres, is found to have the value of-0.5; EQuation (3.141 
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" 
then is re-written as: 

" 

Vo " I~O(S-l I/K (1_K2) 

. 
The empirical correlation for p r,e d i c tin g 

spheres was found to be 

Vc = KO~J4 [Vav-{~D(Sc-l)/K (1-K2)(1_ ~~)O.05] 
c 

:85 

( 6 .8) 
\ 

Vc for 

(6.9) 

It i-s interesting to note.the 'striking resemblence 

between Equations (6.9) and (6.5). 

The values of Vc predicted by Equation (6. g) 

together with the experimental data are plotted in figure 

~.25 agains~ VaV ' and the pe~centage deviation of the exper

imental results from Equation (6.91 is shown in Figure 

'(6.26). Good agreement between the experimerttal and 

generated data is shown by th~se graphs. 

6.~. The Variation of Pressure Ratio, Rp 

The pressure ratio, Rp' which is defined as the 

ratio of the capsule pressure gradient, C~P/Llc' to the 

pressure gradient, (~P/L)L' required in the free pipe for 

the same average velocity, is a convenient comparison of 

the energy consumption for the capsule flow to that for 

the free pipe flow of the same flow rate. 

A dimensional ,analysis shows that Rp is a fu~ction 

off 0 uri n de p-e n den t va ria b 1 e s : Va v' K, Lid an c' (cr -;l 1 I p , 

which are the same variables as those used for the velocity 

ratio. The individual effects of these four variables on 
\ 
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Rp are discussed in the followin~ lections.· 

6.3.1 Cylindrical Capsules 

The variation of Rp with Vav for cylinders is 

presented in ·Fi.gure (6.27). The resulting :CUrves may be 

regarded as· characteristic for capsule flow since they 

illustrate the effects of the different. independent variables 

on Rp. It is apparent that, as Vav i~creases, Rp decreases 

at a faster rate initial"'; bui: tends to· become constant 

later at high Vav's for nylon cylinders, although for 

aluminum cylinders Rp continues to decrease at the highest 
-

Vav investigated. A decrease in R with an increase in • p 

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

Vav is small resulting in a small (llP/L)L which is much 

smaller than the required (llP/L)c for the particular cap.sule. 

As Vav is increased, however, (llP/L)L increases in propor

tion to the applied (llP/L)c thereby reducing. Rp. The ten-

·dency of Rp·to become constant at high Va~ is also to be 

expected, because if Equation (5.4), which defines that 
~/ 

(llP/L)c is the sum of (llPo)L and (llP/L)L' is divided by 

(llP/L)c' it becomes 

= (6.10) 

Experimental results have shown that (llPo/L) is 

relatively invariant with Vav (Figure 6.28). (llP/L)L' 

however, is proportional to the square of Yay. Hence the 
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significance of (4P o/L)/(4P/L)L decreases as Vav increases, 

resulting in Rp approaching a constant value. \ 

Figure 6.27 indicates there is almost no effect of 

Lid ratio on Rp ' and most of the data for a given diameter 

capsule may be c6rrelated with a single curve irrespective 

of Lid. The same res~lt is 05served on a plot of Rp versus 

Lid (Figure 6.29), in which the curve for any given diameter 

9apsule at any Vav is a horizontal line. This indicates 

that the end effects Cif there are any) are negligibly 

small for the Lid range used in the experiments. 

The effect of the diameter ratio, K, on R is shown • p 

in Figure 6.30 for various Vav's. As may be expected, Rp 

inc~eases with an increase of K at any particular Vav ' 

Obviously the capsule pressure gradient (6P/L)c increases 

as K is increased because of the increase of capsule base 

area. However, since the pressure gradient, (uP/L)L' 

required for the same flow rate through a free pipe is 

independent of K, Rp increases with an increase 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 

mis, the variation of Rp is from 4.0 to 9.0 which represents 

an increa~e in Rp of 225 S. While at Vav = 5.0 m/s th~ 

increase in Rp is only 36%. The reason for the decreasing 

effect of i~creasin~ K on Rp as Vav increases, is again 
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related to th.e fact that the .ignificant· term (aPo/L)(ap/L)L 

in Equation (6.10) 'approaches zero as Vav ...... 

Figur,. 6.27 also shows the effect 'of density'on Rp' 

.An increase in Rwith an increase of (Sc-l) is to be ,p 

expected sinc'e a ·dens.er or heavier capsule requires a. larger 

(ap/L)c at any pa~ti~ular Vav ' 

The effects of the four ind.~endent variables on Rp 

may be summarized as fo110ws: Rp'decreases with an increase 

in Vav but increases with an increase. in K and eSc-I), and 

there is es~e.ntially no effect of Ll90n R. p 
5.3.2 ,spfieric.al. Capsules 

Since only sipgle spheres were used"in the experi-. . . 
ments, it was ~irt~.lly·impossible to accurately measare 

(aplc across a sphere other than the steel ones ~ecause it 
, 

was very small for nylon and aluminum spheres . .. . 
Figure 5.31 gives aplo·of R ver~us V for the . . ~ p a v 

steel spheres for K's of 0.57, 0.552 and 0.815. From which 

it can be observed that R decreases with an increase in . p . 

Vav and increases with increasing K, .the same trend as in 

the case of 'cyli~drical capsules. 

5.4 Correlati6n~ for the Prediction'of (ap/Ll c 
Due t.o the fact.that only a 1 imitedamount of data 

for spherical caosul~s was obtained, the correlations for 
'. \. . 

predicting (6P/Ll c pr~s~nted a~e only for the cylindrical 

capsules'. 
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'The variation of the total pressure grad,ient across 

the cylinders, (AP/l)c' with Vav ' K and lId is presented in 

Figure 6.32. It can be seen that all the curves have the 

same shape and that (AP/l)c increases with Vav and K but is 

virtually independent of lId. This jmplies that a single 

equation for correlating the data of (AP/l)c as a function 

of K and Vav ~ay exist. , 

) It has been mentioneq in Chapter 5 that (AP/l)c 

conslsts of two components: (APo/l) - the increase in pressure 

gradient due to the presence of the capsule in t,e test sec

tion and (AP/l)l - the free pipe pressure gradient due to 

the fluid alo~e. That is 

= (5 .4) 

These two components have been separately plotted 

against Vav in Figure 6.28 which shows that (APo/l) is a 

function of K only and that (AP/l)l at any particular Vav 

is the same for every capsule. Based on thi5 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 standar~ procedures for pipe flow. 

a) Correlation of (APo/l) 

In Chapter 3, an empirical correlation was pr~sented' 

for the prediction of the pressure gradient due to the cap

sule alone, of the form 

(APa'l) 
= 

( 0- p) g (3.19) 
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or (6.11) 

where C and q are universal constants to be determined 

empirically. 

In logarithm form Equation (6.11)-is written as 

ln p* = lnC + qlnK (6.12) 

Equation (6.11) expresses the linear relation 

between the preS"sure function P* and K. hence a straight 1 ine 

is obtained when P* is plotted against K on a logarithmic 

plot as shown in Figure (6.33) for both nylon and aluminum 

cylinders. Since (6Po/L) is virtually invariant with Vav 

(c~ Figure 6.28) a single point is obtained in the graph· 

for a given cylinder of constant Lid and K. Figure 6.33 

reveals that a single line is adequate to express Equation 

(6.12) and the same values of C and q are for both the nylon 

and aluminum cylinders. 

Using linear regression the present data for cylin

ders were fitted with Equation (6.12) and the constant C 

and q were found. 

The resulting fitted equation for cylinders is 

(6Po/L) = 1.15 (K)1.84 (o-p)g (6.13) 

b) Correlation of (6P/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 
2 pV av = f 2D 

equation: 

(6.14) 

wh~re f is the friction factor of the pipe wall. 
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There are a number of empirical corr~lations avail

able. in the o~en literature for the ca1cu~ation of f~ Among 

them the one developed by Colebrook (44) for flow in commer

cial pipes was chosen for the present purpose, i.e. 

",_1_ = (0.86 R.n [E/D + 2.5.1] (6.15) 
, If 3.i Relf 

where ~ is the ratio·of the roughness of the pipe 

wall to the p~e diameter. In the present experiment 

E/D = 0.0002 was adopted. 

With f calculated from EqUation (6.15), (6P/L)Lfor 

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

By means of Equations (6.13) and (6.14) the pressure 

gradient across a capsule can be predicted . 

. A complete calculation of (6P/L)c by using Equations 

(6.13J and (6.14) together with the.experimenta1 results is 

listed in Appendix (D). A comparison of the resGits.indi

cates't~at the majority of the calculated values of .(6P/L)c 

do not deviate from the experimental 'resu1ts more than 

:tS% . 

Lastly the percentage deviation of the experimental 

results from Equation (6.13) for the cylinders is shown in 

Figure 6.34 which indicates that the majority of the data 
+ are within the range of ~S% of the fitted equati~n 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 
~ .. 

by the relation 

E· = (lIP/L)c Qw (6.16) 
" 

p.!'!·r met" where E is in kilowatt (KW/m), (lIP/L)c .. .. 

and Qw are in KN/m 3 and m3/sre~pectivelY. 

The unit energy- re·qui rement b.ased on the vol umetric 

rate of capsule is 

E/¥ = K~/m 
~ Is. 

(6.17) 

The unit energy requlrement based on the mass rate 

of the capsule is 
2 V 

= (lIP/L) (Q.) (...2.Y.)1 Kw7m 
c d V c cr kg s P = Elm (6.18) 

Figure 6.35 present.:" a graph of P versus Vav to show 

the variation o! t with Va~; K and Lid for nylon cylinders, 

in which,for clearity, only the curves for Lid = 7 are 
, 

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

at val~es of Vav for which Rv is unity. and then increases 

with increasing Vav ' The reason for this behaviour is that 
V 

at low Vav the ratio (/v) .... "'; Vc being very small. However 
. . c 
a finite and relatively large (lIP/L)c is required even at 

very low Vav for any cylindrical ;;apsules, consequently a 

very high value of t resul~s U~d~ th1s condition. As 

Vav increases, the ratio (Vavl dec~~ses at a faster rate 
c 

than.the increase in (lIP/L)c .when Rv < 1.0 (cf Figures 
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6.1, 2, and 32), therefore, th~' required P decreases with 

increaase of Vav in this velocity range. On the other hand. 
Vc 

when Rv > 1.0, -V- tends to become constant so does the 
av 

ratio .of (Vav/Vc). Howev'er (t:.P/l)c continuously increases 
I 

as Vav increases, thereb'y 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 decreases with 

increasing Vav for these cylinders. 

The effect of lId on t is also shown in Figure 6.35 

and 6.36. Figure 6.35 shows that as lId is increased! 

increases when Rv < 1.0, but it is the reverse when Rv > 1.0, 

i.e. P decreases. The reason for such behaviour is due to 

the fact that (t:.P/l) is constant for constant K capsules, 
V c, 

but the ratio (v av ) for a longer capsule is lower when 
c 

Rv > 1.0 and is higher when Rv < 1.0 than that for the 

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 K on P. In general! decreases as K i~ increased. The 

reasons for this are obvious if we refer to Equation (6.18). 

As K increases, the slight increase in (lIP/l)c is offset by 
V 

a decrease in (v av ) and (Old) itself. Thus the energy 
c. 

requirements per unit capsule discharge may be minimized 

by transporting a capsule of nearly the same diameter as 
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the pipeline. Practicallj, of ~ourse, physical· consider-
. . 

ations such as the maneuverab~lity of the capsule through 

the bends in the pipeline will limit the capsule diameter. 

As may be expected a heavier capsule requires more 
, 

P than the lighter ones, since (6P/L)~ in~reases as the, 

capsule weight increases. 

To 'conclude ttlis section the effects of the various 

variables on E. may be summarized as: when Rv < 1.0, P 

decreases with increasing Vav and increases with LId ratio; 

when Rv > La, E. increases· with Vav and decreases with 

increasing Lid; and the effe~t of increasing K is always ~ 

to decrease E. at any Vav ' 

./ 

I 



• 

CHAPTER 7 

CONCLUSIONS 

. . h .. 

103 

On the basis ~f 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 vel"ocity ratio Rv is dependent upon four indepen

dent variables: Vav (or Reo)' Lid, K and (Sc-l); 

(b) Rv increases as Vav increases and the rate of incr~~se 

i·n Rv is large at low Vav but is small at high Vav·s. Only 

nylon capsules (Sc = 1.15) were observed to reach ~he state 

of Rv > 1.0. Al so when Rv>1.0, Rv 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 Lid and a at a fixed Vav . But when 

R > 1.0, the smaller K capsules tend to have a higher V v c 

than the larger K ones of the same Lid and a. 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 streamlined noses, 

at high Vav's. 
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(d) An increase of (Sc-l) for a capsule of constant K and 

lid always decreases the Rv ratio at a decreasing rate wi~h 

increasing Yay' 

(e) The steady-state Vc at any given Vav can be predicted ... 
'by the following semi-empirical formulas: 

For cylinders: 

v = 1 [V (l/d)0.128 - 12gD(Sc-1)(l/d) c KO .128 av . 
2 1 0.05 

(l-K )(1- s) ] 
c 

For spheres: 

Vc = i34 [Vav-I~D(Sc-l )/K(l-K2)(1- t-)0.05] 
c 

(6.5) 

(5.9) 

Both of which are found to be especially good for the median 

and high Rv ranges. 

(f) The pres.sure gradient ratio Rp ' is a function of four 

independent variables: Vav (or ReO)' K, lid and (Sc-l). 

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 lid on Rp' 

(2) For the cylindrical capsules: 

(a) For a cylinder of the same 0 and K at a constant Vav ' 

R . decreases wi th increase in lid when Rv < 1.0, but increases v . 

with increase in L/d when Rv > 1.0. The effect of varying 

lid on Rv decreases as Vav is increased. Furthermore due 

to the fact that the spheres have in effect a lid = 1.0 and 

therefore are the shortest capsules that were studied, the 

spheres have a higher Rv than the cylinders of the same K 

) 

, 
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and cr when Rv i 1.0, and a lower value when Rv > 1.0. 

(b)· The total pressure gradient (6P/l)c associated with 

a cylinderican 
. I 

be expressed by the equation of 
I 

(6P/l)c = 

The component C6Po/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 

= l.l5Ck)l.84 (cr-p)g (6.13) 

Th~ component (6P/l)L' which is the free pipe 

pressure gradient due to the fluid alone, can be calculated 

by the Oarcy-Weisbach equation 
pV av 

2 
(6P/l)l = f (6.14) 0 .. 
where f can be determined by using standard proce-

dures for pipe flow. 

(6P/L)c for a given cylinder at any Vav can be pre

dicted by means of Equations (6.13) and (6.14) with a pre

cision of better than !S%. 

(d) The unit energy requirements based on the mass flow 

rate of a cylinder, ~, is a function of four independent 

variables, and their individual effects on P are: When 

Rv < 1.0 ~ decreases with increasing Vav and increases with 

increasing Lid; When R > 1.0 P increases with increasing v 

Vav and decreases with increasing lid; and the effect of 

increasing K or decreasing cr is always to decrease P at any 
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',-. 
( 3) Finally; in order to obtairi universal corre1a-

tions of t~e flow of capsule in a vertical pi~e1ine. it is 

apparent that there is a n~ed for more res~arch on spherical 

and irregular geometry capsules as well as on the effects of 

the physical properties of the carrier fluid. 

> 
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APPENDIX A 

ERROR ANALYSIS 

Listed in Table (A-l) are the estimates of relative 

uncertainty of the primary 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 relative 

errbr of each of the important vari ables used in thi s study 

are determined as follows: 

(1) Error in Vav 

For a given variaBle M. which is a function of x. y ...• 

the relative error in M may be expressed by the equation 

dM = {. 1 [(.§!! dx)2 + C.§!! d )2 + ]}V2 g- ~ ox oy y ... 

or EM = [(Ex)2 + CEy)2 + .,.]1/2 (A- 1 ) 

where Ex. Ey .. , are the relative uncertainty in x. y •... 

Since Vav is calculated from 

v = ~ = f.Q. where 0 is the flowrate av lTD 02 

dM {(!ill.)2 + (2 dO)2} 
1/2 

M- 0 0 

Hence. from Table (A-l). the relative error in Vav is 

EV = [(E
O

)2+(2EO)2 ]1/2 = [42+(2xl)2 ]1/2 ; :4.5% 
av 

107 
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TABLE (A-l) 

Uncertainty estimates in the measured primary quantities. 

DESCRIPTION SYMBOL UNCERTAINTY 
+ % -

. 
Pipe inside diameter D 1 ; 0 

Capsule diameter d 1.0 

Length between pressure Lt 1.0 
taps 

Lenqth between PL units Lp 1.0 

Length of capsules. L c 1.0 

Flow rate measurement Q 4.0 

Pressure drop measurements liP 
0 

6.0 

, II P 
L 4.0 

Capsule passage time t 3.0 
measurement 

Capsule density 0 1 .0 
~~';'J Water temperature T 6.0 

." 



(2) Error in Vc • 

Since V = L It c. p 

The relative error in Vc is 

(3) Error in Rv 

. Since Rv 

. The relative error in Rv is 

(4) Error in (lIPo/L) 

Since (lIPo/L) = 

.'. E(lIP/L) = [(ElIP )2+(E
L 

)2J 1/ 2 = [62+1J1/ 2 - :!:6.1% 
o c 

( 5 ) Error in (lIP/L)L 

Since (lIP/L)L 

. E (liP /L) = [( E ) 2 + (E ) 2J 1/2 = [(4) 2+1 J 1/2 ;; :!:4.1 % 
L lIPL Lt 

(6) Error in (lIP/L)c 

Since (lIP/L)c = (lIP o/L) + (lIP/L)L 

The r e 1 at i vee r r 0 r i n (ll P / L ) i 5 c 

E ,d(lIP/L) 
(lIP/L) = c = 

c (lIP/L)c 

d(lIP
o

/L) 2 d(lIP/L) 2 1/2 
{[ -...:::.-- J + [ L]} 

(lIP/L)c (lIP/L)L 

109 
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Since the un.'l::ertainty in lIP o is larger than that in 

PL, it is expected that the maximum relative error in 

(ll P/L)c would occur at a capsule for which (lIPo/L) is the 

maximum and (lIP/L)L is the minimum. The capsule which is 

under such condition is an aluminum cylinder of K = .815 

and L/d = 4 at Vav = 1.074 m/s. For this capsule the 

pressure components are: (lIPo/L) = 13.027 and (lIP/L)L=O.l&O~ 

KPa. 

Hence the maximum relative error in (lIP/L)c is: 

2 {CO.06x13.027] 
13.187 

(7) Error in K and Lid. 

2 1/2 
+ C O. 04xO. 1604] } 

13.187 
,t 

Since K = diD and Lid 

+ - , 
x 100 " -5.9% 

" .. -:--

+ 1.4% 
- -

-, 

.- . 

.": , 
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APPENDIX B 

CALIBRATION CURVES 

(B-1). Calibration of Flowmeter 

There were two flow-:sensors- us'ed for t-he measurement 
• • 

of the water flowrate in the pipeline. The one located 

in the 5 cm by.-pass 'loop is good for the range of 0-12 
, . 

litres/s, (O-lBO USGPM) and the other one located in the 

main ~i~e is good for 12-30 litres/s (lBO-500 USGPM). 

Prior to th~ experiment; these two flow sensors were 

calibrated by comparing the indicated GPM by the readout 

device to those obtained by the pi tot-tube measurement. 

The results are listed in Table (B-1) and the cali~ 

bration curves are presented in Figures (B-1) and (B-2). 

These curves show excellent agreement between the indicated . } , 

and the calculated (true) GPM. 

Since the flowrate measurements 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, 

Tabl e (B-2). 

The two equat~on~, established from the data~on 
Figure (B-3),which represent the two calibration curves 

of the flowmeters were used for the calculation of the 

flowrates throughout the experiments. 

111 
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Tabl e (B-1) 

Calibration data for MK 315 flowsensors 

.. 

FLO~SENSOR #1 FLO -SENSOR #2 
(BY-.pass loop) . (main line) 

INDICATED MANOMETER CALCULATED* INDICATED MANOMETER CALCULATED* 
GPM READING GPM GPM READING GPM 

llh(cm) llh(cm) 

47 0.25 48 148 2.2 143 
.' 

" 59 0.4 61 163 2.7 158 . .;. ., 
" 97 1 .0 96 176 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 3.2 172 278 8.4 279 

184 3.5 180 305 10.2 308, 

201 4.1 195 329 11 .~ 331 '. 

367 14.7 369 

385 15.9 384 

423 19.5 425 

430 19.6 426 

* Calculated GPM = 96.284 Illhlcm) 
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Table (B-2) 

Calibration data for .flowsensor with recorder 

FLO-SENSOR #1 FLO-SENSOR #2 
-

CORRESPONDING CORRESPONDING 
VOLTS USGPM VOLTS USGPM 

. 

0.40 36 , 2.05 . 182 

0.63 58 2.98 257 

~ 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 witr a !S psiD 

diaphramwas done using a dead-weight tester with a set-up as 

shown in Figure (B-4). 
\.-

,-' 

Patm o READ-OUT , 

DEAD-WEIGHT 
____ SH9=13.6 TESTER 

FI G. ( 8.4 ): CALI BR A T ION OF PRES S. TRANSDUCER 

By varying the pressure inside the tester, a corres

ponding variation of the manometer f~uid column and a direct 

pressure reading from the pressure transducer were obtained. 

The true pressures calculated from Equation (B-1) were 

plotted against the transducer reading to obtain the cali-

bration curve of the transducer with the particular diaphram 

(Figure (B-5)). 
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APPENDI XC· 

)he Velocity Profile of the Test Se6tion 

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 statio~#6 and #19 along the test section were 

determined by using the pitot-tube traverse nethod. 

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

the velocity profiles are shown in Figu~e (C-l). 

Table (C-l) 

Cross-sectional Velocity Distribution of the Test Section 

STATION #6 STATION #19 

r/R Pi tot-tube .u u r/R Pitot-tube Measurement umax 
u u 

(em) (m/s) Measurement (m/s) umax ( em) 

.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 4.69 .94 .50 9 4.72 .95 

.33 9.3 4.80 .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 1.00 

-.17 9.9 4.95 .99 - .17 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 J 8.6 4.61 .92 -.67 7.8 4.39 .88 

-.83 " 7.2 4.22 .84 -.83 6.8 4.10 .82 
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(D. 1) 

<D. 2) 
(D. :n 
(D. 4) 
(D. 5) 
<D. 6) 
<D.n 
(D. 8) 
<D. ~) 
<D. 11'» 
<D. 11) 
(D. 12) 
(D. 13) 
(D. H) 
<D. 15) 
(D. 16) 

(D. In 

(D. 18) 

(D. 19) 

<D. 28) 

(D. 21) 

<D. 22) 
<D. 23) 
<D. 24) 
<D. 25) 
<D. 26) 
<D. 27> 

APPENDIX D 

DATA TABLES 

LIST OF TABLES 

EXPERIMENTAL DATA - NYLON CVLINDERS K=. 489 
EXPERIMEN.T£lL DATA - N~'LON C~'LINDERS K=. 652 
EXPERIMENTAL DATA - N~'LON CVLINDERS K=.815 
El\'PERIMENTAL DATA - ALUMINU~l CVLINDERS K,". 489 
Elo.'PERIMENTAL DATA - ALUMINU~l CVLINDERS K=. 652 

. EXPERIMENTAL DATA - ALUmNU~l C~'LINDERS K=.815 
PREDICTION OF VC (EQN. 6. 5)- N~'LON CYLINDERS K=. 489 
PREDICTION OF ~'C (EQN. 6. 5)- NYLON .CYLINDERS K=. 652 
PREDICTION OF \lC (EQN. 6. 5)- N~'LON C~'LINDERS K=. 815 
PREDICTION OF VC (EQN. 6. 5)- ALUMINUM CV\...INDERS K=. 4S~ 
PREDICTION OF 'IC (EQN. 6. 5)- ALUMINUM CVLINDERS K=. ·652 
PREDICTION OF VC (EQN. 6. 5)- ALUNINU~l C~'LINDERS K=. S15 
PREDICTION OF \lC (EQN. 6. 9)- NVLON SPHERES 
PREDICTION OF \lC (EQN. 6. 9)- ALUmNU~l SPHERES 
PREDICTION OF \lC (EQN. 6. 9)- STEEL SPHERES 
PREDICTION SF (DP/UC (EQNS. 6. 13 & 6. H) 

N~~ON CVLINDERS K=. 48~ 
PREDICTION OF (DP/UC (EQNS. 6. 13 & 6 14) 

NVLON CYLINDERS K=. 652 
PREDICTION SF (DP/UC (EQNS. 6. 13 & 6.14) 

NVLON C~~INDERS K=. 815 
PREDICTION SF (DP/UC (EQNS. 6. 13 .s. 6. H) 

ALUMINU~l C~'LINDERS K=.489 
PREDICTION 8F (DP/UC (EQNS. 6. 13 & 6. 14) 

ALUMINU~l ~'LINDERS K=. 652 
PREDICTION 8F (DP/UC (EQNS. 6. 13 & 6. 14) 

ALUMINU~l CVLINDERS K=. 815 
PRESS. RATIO & UNIT ENERG~' - NYLON CVLINDERS K=. 489 
PRESS. RATIO & UNIT ENERGV - N~'LON CVLINDERS K=. 652 
PRESS. RATIO & UNIT ENERG'r' - NVLON CVLINDERS K=. 815 
PRESS. RATIO & UNIT ENERGV - ALU~l.rNU~l C~'LINDERS K=. 48~ 
PRESS. RATIO & UNIT ENERGV - ALUmNU~l C'r'LINDERS K=. 652 
PRESS. RATIO & UNIT ENERGY - ALlII'lINUM C~'LINDERS K=.315 
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(D. 1) EXPERI~NTAL DATA - NYLON CYLINDERS 

K= 489 5= 1. 15 

---------------------------------------------
IIAII \Ie RII DPO DPl (DPO/U (DP/UL RE(D) 

-----------------------------------------------------------
(MIS) (MIS) (-) (KPA) (KPA) (KPAlM) (KPAl~1) (-) 

----------------- ---------------------------------------
(L/D= 4) 

1. 658 769 .7268 6689 4138 4523 1481 7~7e0 
1. 728 1. 636 .9468 13689 ~~-? _"'0_ 4523 3458 1283613 
~ 
"-. 463 2. 51 1. 13445 9689 :1. 8273 4523 654 1674136 
3. 996 3. 34 -1. 1111 6689 2. 758 4523 987'1 2e94e8 
3. -Q-"'_0 4. 196 1. 1353 13689 4. 8681 4523 1. 456 2574eo 
4. 386 5. 03 1. 1468 0689 5. 7221 4523 2. 948 30550e 
5. 97'7 5. 892 1. 1665 .6689 7. 5857 . 4S2~ 2 . 7'15 3536ge 

(L/D= 7) 

1. 945 665 5789 131 4345 4911 1555 728GB 
1. -~? , .. ,- 1. 454 8444 131 965:; 4911 3455 119ge8 ., 

<.. --~( 2. 4 1. 9127 131 1. -Q .... -1.-Gt'I 4911 6416 165188 ,., 
<.. 95 3. 234 1. 8963 131 2. 5512 4911 9131 285588 

3. -Q-"'-" 4. 23 1. 1445 131 4. 1-"'<> -'. - 4911 1. 481 257488 
4. 383 5. 863 1. 1766 131 5. 7277 4911 , 85 29~70D .::.. 
4. 988 5. 919 1. 1866 131 ( . 5857 4911 2. 715 3~740Q 

(L/D= 18) 

1. 998 519 4727 . .1723 . '4138 4523 1481 76500 
1. 711 1. 49? .8223 1723 930;'- 4523 3331 119200 
2. 371 -, ~66 9979 1-"'- 1_ 7583 4523 6293 165188 ~. ( .:..~ 

3_ e:n -'- 347 1. 1835 1-'-'-._-' ,., 
<.- 6889 4523 9624 2112013 

3_ 696 4. 29 1_ 1607 1723 4_ 13681 .4523 1. 456 2574013 
4_ 386 5_ 288 1. 2657 1723 5_ 171? 4523 1_ 851 3955e9 

5_ e2 6_ 232 1. 2414 1-......... .... Q..,- 4523 " 61 349668 (G~ ( - ,,-.,:,,~ ~-

(L/D= 14) 

1_ 1398 34? 316 224 4599 42 1646 765ee 
1_ 728 1. 316 7616 224 9771 42 3497 12e3e6 
2. ]71 2_ 34 .9869 224 1. 7815 42 15376 1651813 
3_ 13136 3_ 33 1. 11378 224 ,., 9686 42 1_ 041 2e94€,13 ~-

3_ 694 4_ 325 1. 1798 .- 224 4_ 1379 42 1_ 481 2573136 
4_ 414 5_ 439 1. 2:52~ 224 5_ 9764 42 ~ 1-Q :;874lJ8 "-- ~-
5_ 922 6_ ~t>~ 1. 267 224 7_ 8159 42 ~ 7974 ::;";::8ee ,,-

DPO $. (DPO/U: PRESSURE DROP 8. PRESSljRE GRAD lENT D1.JE TO CAPSlILE 
DPL $. (DP/UL: PRESSURE DROP ~< PRESSLIRE GPADIENT DUE TO WATER 
RE(D): PREE PIPE REYNOLDS Ne_ M=METER S=SECOND PA=PASCAL 
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I 
,,(0.2) EXPER I MENTAL DATA - N'r'LON C'r'l I NDERS I) 

------_._--- ----
RY DPO DPl (DPOlU (DPlUL RE(D) 

--------------~-
(M/S) . Ol/S) (-) 

._--------------

.619 
1. 074 
1. 73~ 
2. 315 
3.066 
3. 696 
4. 392 
5. 076 

.. 
(L/D= () 

.676 
1. 045 
1.768 
2. 371 
3. 006 
3. 641 
4. 331 

. :;:45 . 5~4 

.824 .7672 
1.694 .9775 
2. S02 1. eses 
3. 424 1. 1168 
4. ~2 1. 1504 
5.116 1. 1694 
5.995 1.181 

.243 

.729 
1. 654 

2. 49 
3. :)S5 

4.22 
5. 16 

.3S9S 

.6976 

. 93S5 
1.0502 
1. 1261 

1.159 
1.1914 

(L/D= 113) 

1.045 
1. ;:;:; 
2. 427 
3. 033 
3. 706 
4. 386 

. 664 . 6354 
1. 603 . 925 

2. 53 1. 0424 
3. 412 1. 125 

4. 36 1. 1765 
5,34 1. 217'5 

(L/D= 14) 

1. 1374 
1.711 

.., ~
c... ~( 

3. e54 
]. 752 
4. 3~ 

.587 .5466 
1. 52 . 8884 

2. 466 1. 0405 
3. 458 1. 1323 
4. 453 1. 1868 
5. 401 i. 2332 

(KPA) 

· 1SS!5 
.15SS 
· 1SS!5 
.1585 
.1~ 

.1654 

.1654 

.1654 

.2757 

.2757 

.2757 

.2757 

.2964 

.2%4 

.2964 

.3791 
· 3791 
· 37~1 
.3791 
.:\929 
.3929 

.5169 

.5169 

.5169 

.5169 

.5169 

.5514 

(I(PA) 

.1724 

.46S8 
1. 0343 
1.7926 
2. 9644 
4. 27018 
5. 5154 
7. SSS7' 

.1724 

.4138 
1. 0894 
1. 7926 
2. S946 
4. 0681 
5. 1717 

. 3791 

. 9653 
1. 7236 
2. 6199 
:;. 9982 
5. 3785 

.5172 
1. 0919 
1. 7242 

2. 875 
4. 0234 
5. 8613 

(KPA/t1) (KPAlt1) 

.7803 

.7803 

.7003 

.7Se} 

.8142 

.. 8142 

.8142 

.8142 

.7754 
· 7'(54 
.7754 
.77S4 
'. 8336 
.8336 
· 8336 

.7464 

.7464 

.7464 

.7464 

.7735 
· 77~ 

.727 .,..,

. '" ~t -..,-. (c. ( 

727 
.727 

.7754 

· 061;: 
.1678 
· J7e2 
.6416 
1. 061 

1. 53 
1. 974 
2. 715 

0617 
.1481 
· 3899 
.6416 
1. 036 
1. 456 
1. 851 

.1357 
· 3455 
.6169 
.9377 
1. 431 
1. ~25 

.lS51 
· :;908 
.6171 
1.029 
1.44 

2. 098 

(-) 

43100 
74S00 

1207e0 
161200 
213see 
2~4ee 

305900 
353S00 

47100 
72SeO 

123100 
165HIO 
209400 
253600 
301600 

72S0e 
120700 
169000 
2.112eO, 
2581130 
305500 

74800 
1192013 
1651013 
212700 
261300 
:;03800 

-----------------------
DPO $, (DPO/U: PRESSURE DROP & PRESSURE GRADIENT DUE TO CAPSUlE 
DPL & (OPrUL: PRESSURE DROP & PRESSURE GPADIENT DUE TO WATER 
RE(D): PREE PIPE REYNOLDS NO. 1'I=I1ETER 5--sECOND PA=PASCAL 



• 
]'23 

~-

• 
<0: 3) EXPERHlENTAL DATA - NYLON CYLINDERS 

K= . S15 S= 1. 15 

--------------------------------------------------------------------r-
YAY .. YC RY DPO DPL (DPO/U (DPlUL RE\D) 

----------------------------------------------------------------------, 
(MIS) (~l/S) (-) (KPA) (KPA) (KPA/M) (KPA/m (-) 

._------------------------------------------------------------------
. (L/D= 4) 

-Q-. '~-' ( .208 .5239 .2931 .8861 1. 154 .8308 27600 
.661 .5.22 7897 .2931 .2414 1. 154 .0864 469139 

1.045 .994 .9512 .2931 .4482 1. 154 .1694 7280e 
1.711 1.761 1. 8292 .2931 .9824 1.154 .3516 1192QfJ 
2.453 2. 685 1. 8946 .2931 1. 9857 1. 154 .7187 1708013 
3. 143 3. 527 1. 1222 .2931 3. 0343 1. 154 1. eS6 218900 
3.834 4. 433 1. 1562 · 31fJl 4. 3447 1. 221 1. 555 267088 

(LlD= 7) .' 

.419 .16 .3819 .5169 .8897 1. 163 . fJ321 292(1('1 

. 675 .472 .-QQ .... 
. b .... ·~ .5169 . 1724 1. 163 .8617 4713138 

1. 944 .954 .9138 .5169 .4482 1. 163 .16134 7270(1 
1. 651 1.702 1. 8309 · 511n .930;'- 1.132 .3331 1151388 
2. 3~2 2. 613 1. 8924 .5831 .1. 7926 1. 1-.... ~.::. .6416 166688 
3.143 3. 664 1. 1658 5169 3. 81388 1. 163 1. 1374 2189013 
3, S96 4. 492 1. lSB2 5169 4. 4816 1. 1'-1:1..$ 1.684 265WfJ 

(LiD= 18) \ 

.662 .45 6891 · 7218 1931 1.14 .13691 46WfJ 
1. 839 . 9fJ3 .8691 .7238 .3998 1. 14 .1431 72498 
1. 688 1. 796 1. 1364 · 72~S .879 1. 14 .3146 117698 
2.598 2. 853 1. 1376 .6991 1. 7937 1.087 .642 174798 
3. 171 3. 777 1.1911 .7499 2. 8946 1. 167 1. 1336 221381313 
3. 861 4. 793 1. 2414 74139 4. 4117 1.167 1. 579 2689138 

(L/D= 14) 

.661 .487 .6154 .9991 .1724 1. 124 .13617 46108 
1. 1339 .89 .8566 .9991 3736 1. 124 1337 72488 
1. 668 1. 781 1. 13677 .9653 .9195 1. 886 3291 1162813 
2.5138 2. 853 1.1376 .93136 1. 8966 1. 1347 .6788 174788 
3. 171 3. 829 1. 2975 .9653 3. 1841 1. 886 1. 111 2213898 
3. 972 4. 98 1. 2538 1. 9337 5. 9599 1. 163 1. 811 2766fJa 

DPO 8. (DPO/U: PRESSURE DROP 8. PRESSURE GRADIENT DUE TO CAPSULE 
DPL & (DPiUL: PRESSURE DROP & PRESSURE GPADIENT DUE TO ~lATER 

RE(D): PREE PIPE REYNOLDS N9. M=METER S=SECOND PA=PASCAL 

' . ..! 

/ 

) 

I 

\ 
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(D. 4) '. EXPERIMENTAL DATA - ALUMINUM CYLINDERS 

K;' .489' S= 2.7 

------------- --------------------------------------
VAV VC RV DPO DPL (DPO/L) (DP/L.)L RE(D) 

« ----------- ----------------------------
. , (MlS) (MlS) (-) (KPA) (KPA) (KPA/m (KPAlm (-) 

. ---1------------ ---------- -----------------

~L/D= 4) 

2. 381 .471 . 1975 '.7926 1. 7915 5.292 .6412 165S89 
3. 954 1. 282 .4198 .7926 2.8946 5. 2(12 1. 1336 212799 . 
3. 696 2.182 .5687 '.7926 4. 0681 '5.292 1. 456 257489 
4. 362 3. 135 .7187 .7926 5. 5154 5.292 1. 974 31nS99 
5. 978 4.19S .899 .7926 7. 446 5. 292 2. 665 353780 

(L/D= 7) . 

2. 778 .44, ',.1699 1. 3895 2. 3377 4. 911 .8367 1935138 
3. 942 .796 .2617 1. 3M2 2. 93139 5. 941 1. 849 211999 
3. 347 1. 171 .3499· 1. 3783 3. 7915 5.169. 1. 357 233199 
3. 784 1. 664 .4492 1. 3783 4. 2748 5. 169 . 1. 53 2588138 
4. 258 2. 451 .57:;;6 1. 3783 5.5681 5. 169 1. 99 29661313 
4. 696 3. 087 .6574 1. 3783 6. 7559 5.169 2.418 32711313 

(L/t)= 113) 

2.978 .199 .. 13668 1. 8955 ~ . .s275 -4. 976 1. 1312 207400 
3.641' 1.156 .3175 1.8955, 3. 9312 4. 976 1.407 253688 
4.)31 2. 238 .5167 1. 8955 5. 1717 4. 976 1.851 3016813 
'~. 9~4 3.129 .6266 :'1.8955 7. 7925 4. 976 2.789 3478013 

(L/D= 14) 

3.',696 .723 .1956, 2. 5849 4. 1379 4. 847 1. 481 25741313 
4.331 . 1. 792 .393 2. 5849 6. 035 4. 847 2. 16 3131688 
5. 822 2. 744 .5464 2. 5849 7. 1834 4. 847 2.571 ' 349899 

" ---------------..:.----------------:-----------~--------------

DPO & (DPOlL): PRESSURE DROP So PRESSURE. GRADIENT DUE TO CAPSULE 
DPL So (DP/L)L: PRESSURE DROP So PRESSURE GPADIENT DUE TO WATER 
RE(D): PREE PIPE REYNOLDS N8. M=METER S=SECOND PA=PASCAL 

• 

',. , 

, 
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(D. 5) EXPERIMENTAL DATA - ALUMINUM CYLINDERS 
• 

K= . 652 S= 2. 7 

VAl' VC Rl' OPO DPL (DPOlU ~DP/UL RE(D) 
------------------------------- ._------------------

(MlS) (MIS) . (-), (KPA) (KPA) . (KPAlm (KPAlM) 
-----------------------------------~---------------------~-------

(LlD= 4) 

1. 756 
2. 343' 

3. 86 
3.729 
4. 436 
5.898 

(LlD= () 

2. 183 
2. 47 

2. 729 
2. 922 

3. 42 
3. 74 

4 .. 358 

.335 
1. 876 
2.883 
2. 852 
3. 77J 
4. 626 

.269 

.623 

.983 
::. 426 
2. 825 
2. 498 
3.281 

(LlD= 18) 

2. 37 
3.833 
3. 673 
4. 359 
5. 876 

.485 
1. 334 
2.252 
3. 249 
4. 211 

(LlD= 14) 

3. 833 
3. 696 
4. 414 
5. 954 

.943 
1.932 
2: 968 
4.921 

.1988 

.- 4592 

.6546 

.7648 

.8585 

.9874 

.1232 

.2522 

.3692 
.488 

.5921 

.6679 

.7529 

.1789 

.4398 

.6131 

.7454 

.8296 

.31139 

.5227 

.6724 

.7956 

1. 8264 
1. 8264 
1.8264 
1. 8264 

1. 861 
1. 861 

3. 1707 
3. 1787 
3.1787 
3. 1787 
3'. 1787 
3. 2393 
3. 2393 

4. 5488 
4. 5488 
4. 5488 
4. 5488 
4. 5488 

6. 3755 
6. 4183 
6. 5475 
6. 5475 

.9653 
1. 7239 
2.5856 
4. 1379 
5.6886. 
8. 8998 

1. 4836 
1.9387 
2. 3442 
2. 7577 
3. 5847 
4. 3447 
6. 89139 

1. 7239 
2. 8946 
4. 1379 
5. 6886 
7. 7226 

2.~75 
4. 3111 

6. 935 
8.9467 

-------------------------------

, 
8. 99 
8. 99 
8. 99 
8.99-
9.16 
9.16 

So 918 
S. 918 
S. 918 
8. 918 
8. 918 
9. 111 
91111 

8. 956 
8.956 
.8.956 

.8.956 
8. 956 

8. 966 
9. 815 
9. 2e8 
9. 288 

.3455 
.617 

.9254 
1. 481 
2. 936 
2. 899 

I 

122399 
163298 
213Hl8 
259788 
388988 
355188 

.531 152999 

.691 1?2999 

.839 199109 

. 987 203580 
1. 283 238209 
1. 555 269599 

2. 18 383580 

.617 
1.036 
1. 481 
2. 836 
2. 764 

165198 
2112913 
2558139 
3836139 
353599 

1. 829 2112138 
1. 543 257498 

2. 16 3a7409 
2. 88 3521300 

DPO & (DPOlU: PRESSLIRE DROP & PRESSURE GRADIENT DUE TO CAPSULE 
DPL & (DPIL)L: PRESSURE DROP & PRESSURE GIADIENT DUE TO WATER 
RE(D): PREE PIPE REYNOLDS Ne. ~l=METER S=SECOND PA=PASCAL 

' . 



(D. 6) EXPERrMENTAL DATA - ALUMINUM CYLINDERS 
\ 

K= . 815 S=. 2. 7 
__________ ~ ____ .L. __________________________ ::... ______________ _ 

'VAV VC RY DPO DPL (DPO/L) (OP/L)L RE(D) 
----------------.----------------------------------

(M/S) 

(l/1)= 4) 

1. 874 
1. 699 
2.458 
3. 116 
3. 861 

(L/D= 7) 

1.:n 
1. 643 
2. 812 
2. 481 
2. 779 
3. 389 

(MIS) 

.256 

.986 
1. 812 

2.73 
3. 716 

.392 

.781 
1.161 
i. 783 
2. 163 
2. 888 

(-) (KPA) 

· 2384 3. 3<183 
· 5883 3. 3883 
.7372 3.274 
.8761 3.274 
.9624 3.274 

.2947 

.4267 
.577 

.7187 
· 77~3 
.8728 

5. 6863 
5. 6863 
5. 6863 
5. 6863 
5. 6863 
5. 7296 

(LlD= 18) 

1,756 
2. 453 
3. 171 
3. 972 

. 714 . 4866 8. 2786 
1. 623 . 6616 8. 27<16 
2. 592 . 8174 8. 2786 
3. 745 . 9428 8. 2786 

(Lt'I?= 14) 

(KPA) 

.4482 
1. 11331 
1.\8273 
3.8343 
4. 4816 

.5515 

.8619 
1. 31<11 

1. 896 
2. 4132 
3. 3444 

.9997 
1. 896 

2. 9644 
4. 7582 

(KPA/m (KPA/~1) 

13. 927 
13. 1327 
12. 892 
12. 892 
12. 892 .. 

12. 795 
12.795 
12.795· 
12.795 
12.795 
12. 872 

13. 1327 
13. 1327 
13. 827 
13. 827 

.1684 

.3948 
.654 

1.886 
1. 684 

.1974 

.3885 

.4689 

.6786 

.8637 
1. 197 

.3578 

.6786 
1. 861 
1. 783 

(-) 

74888 
11838<1 
1712813 
217888 
2689813 

926813 
1144138 
14811:)13 
172888 
1935138 
23851313 

1223138 
1788813 
22888e 
2766813 

126. 

1. 728 
2.583 
3. 171 
4. 849 
4. 524 

.682 
1. 524 
2.527 
3. 811 
4. 511 

.3484 

.6889 

.7969 

.9412 

.9971 

11.5451 ' 
11. 5451 
11.5451 
11. 7167 
11. 5451 

1. 8343 
1. 9541 
3. 1841 

'5.3449 
6.4374 

12. 989 
12. 989 
12. 989 
13. 182 
12. 989 

.3782 

.6994 
1.111 
1. 913 
2. 384 

12133138 
1743813 
2213888 
282888 
315188 '. 

DPO & (DPO/U: PRESSURE DROP & PRESSURE GRADIENT DUE TO CAPSULE 
DPL & (DPIL)L: PRESSURE DROP & PRESSURE GPADIENT DUE TO WATER 
RE(D): PREE PIPE REYNOLDS Ne. t'l=METER S=SECOND PA=PASCAL 



(0.7) PREDICTION OF IIC (EQN. 6. 5)- N."LON C~'LlNDERS 

• K= .4S9 S=·1.15 

------------------------------------------------------------------
VAV IIC RV IICl RVl E RE(D) 

------------------------------------------------------------------
(~1/S) (~t/S) (-) (M/S) (-) (-) (-) 

------------------------------------------------------------------
(L/D= 4) 

1. 058 .769 .7268 .6634- -~-.0'::'1' .1592 71790 
1.7'2S 1. 636 .9468 1. 5492 . S91~ · 8622 129399 
2. 493 2. 505 1. 9424 2.4235 1. 0085 · tG36 167400 
3. 096 3.34 1.1111 3. 2127 1. 968S O-Q·· · . ..50_·0 209400 
3. 696 .4.196 1. 1353 4. 1157 1. 1135 .0195 257400 
4. 3S6 5. 033 1. 1475 5. 01S6 1. 1442 2. 9E-e3 305500 
5.0;:'(. 5. S92 1. 1605 5. 9229 1.1666 -5. 2E-03 353600 .. ~ 

. (L/D= (') 

1. 045 .605 .5789 .5151 .4929 .1,46 72800 
1. 722 1. 454 .8444 1. 4668 .8518' -8. 7E-03 1199139 

..... -~ .::.. ~( 2. 4 1. 912, 2. ]778 1. 0033 9. :;E-03 165100 
2. 95 3. 234 1.13963 3. 1932 1. 0824 0128 205500 

3. 696 4.23· 1.1445. 4. 242 1. 1477 -2.8E-('3 257400 
4. 303 5. 063 1.1,66 5. 9953 1. 1841 -6. 3E-03 2997ee 
4. 986 5. 919 1. 1866 6. 0583 1. 2146 -. 823 3474130 

(L/D= 10) 

1. 098 .519 .4727 .4754 .4:;:3 .0917 76500 
1. ,11 1.407 .8223 1.3775.' .8951 .0214 119290 

2. 37 .., .......... 
c... ,jobb .9983 2. ~4r2 .9904 8E-03 165108 

3.033 . 3. 34, 1. 1035 ~. 3228' 1.'0956 7. 3E-03 211290 
3.696 4. 286 1. 1596 4. 2984 :\,.163 -2. 9E-03 257400 

. 4.386 5. 288 1.2057 5. 3138 1.:2115 -4. 9E-03 30SS90 
5. 022 6. 232 1. 2409 6. 2497 1. 2445 -2. 8E-0:> 349800 

(L/D= 14) 

1. 098 .347 .316 .3376 . :>075 .0279 76500 
1. 728 1. 316 .7616 1. :>055 .7555 8. lE-03 120398 
" --c.. • .s ( 2. 34 .9873 2. 2918 .96, .0211 165100 
3. 01 3. 33 1.1063 3. 275 1. 088 .9168 299690 

3. 694 4. 325 1. 17~8 4. 3258 1. 171 -2E-94 2573e8 
4.414 5. 439 1. 2322 5. 4319 1. 2306 1. 3E-93 39,400 
5. 922 6. 363 1. 267 6. 366 1. 2676 -5E-04 349800 

VC 8. RII: EXPERIMENTAL IICl 8. RII1: EI1PERICAL<EQUATION(6. 5) 
RE(D): FREE PIPE REYNOLDS NU~lBER E: DEVIATION OF VCl FRO~l lie 
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(D. 8) . PRED I CTI ON OF VC (EQN. 6.,5)- NYLON C~'LINDERS . . 
K= . 652 S= 1..15 

--------:-------~------------' -------------------
VFN VC RV YC1 RV1 E RE(D) 

----------------------------------------------
(MIS) (MIS) (-) (MIS) (-) (-) <-) 

--------------------------------------------------
<LlD= 4) 

.619 .345 .5574 .2556 .4129 .3499 4310a 
1. 074 .824 .7672 .8295 .7723 -6. 6E-03 74800 
1. 733 1.694 .9775 1. 6607 .9583 .02 120700 
2. 315 2. 502 1. 0808 2. 394S 1. 0345 .0447 161200 
3. 066 3. 424 1. 1168 3. 3421 1.9981 . ~245 213500 
3. 696 4.252, 1. 1504 4. 1368 1: 1193 .0279 257400 
4. 392 5.136· 1. 1694 5. 0147 1. 1418 .0242 305900 
5. 076 5. 995 1. 181 5. 8775 1. 1579 .02 35350e 

(L/D= 7) 

.676 .243 .3595 .2212 .3272 .8985 47100 
1. 045 .729 .6976 .7212 .6902 . e10S. . 72800 
1. 771 1. 654 .9339 1. 705 .9627 -.02..qs 123300 

2. 37 2. 49 1. 0586 2. 5166 1. 8619 -. 8186 165188 
3.88g, 3. 385 1. 1261 3. 3784 1. 1239 1. 9E-83 209408 
3. 641 4. 214 1. 1574 4. 2389 1. 1642 -5. 9E-8:;: 253608 
4. :>31 5. 16 1:1914 5.1738. 1. 1946 -2. 7E-03 3131608 
4. 966 5. 98 1.2842' 6. 0343 1. 2151 -9E-83 345900 

li 

<L/D= 18) i 

II 
1. 045 .664 .6354 \1 

\\ .6517 .6236 .0189 na00 
1. 733 1. 603 .925 \ 1. 6275 .9391 -. 8151 128700 
2. 426 2. 53 1. 0429 ":2.6104 1. 876 -. 0388 169080 
3: 933 3. 412 1. 125 3. 4713 1.1445 -. 8171 21128£1 
3. 787 4. 36 1. 1762 4. 4273 1. 1943 -. 8152 2582130 
4. 386 5. 34 1. 2175 5. 3ge3 1. 229 -9. 3E-e3 385588 

(L/D= 14) 

1.874 .587 .5466 .6877 .5659 -. 0341 74888 
1. 711 1. 52 .8884 1.551 .9065 -. 82 119280 

2. 37 2. 466 1. 8485 2. 5268 1. 8662 -. 9241 1651£18 
3. 054 3. 458 1. 1323 3. 5396 1. 159 -. 8231 212700 
3. 752 4. 453 1. ,1868 4. 5732 1.2189 -. 8263 261388 
4. 362 5. 481 1. 2382 5. 4764 1. 2555 -. 8138 383800 

--------------------------------------------------------
VC & RV: EXPERIMENTAL VCl & RV1: EMPERICAL<EGlUATION(6.5» 
RHD) : FREE PIPE REYNOLDS NUMBE;R E: DEVIATION OF VC1 FRO~l VC 
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(D. 9) PREDICTION OF VC (EQN. 6. 5)- NYLON CYLINDERS 

K= . a15 S= 1. 15 

---------------------------------------------- --------
VAY VC RY VCl RVl E RE(D) 

-------------------...,.---------------------------------
(M/S) (MIS) (-) (MIS) (-) (-) (-) 

-----------------------------------------------------------------
(LID,. 4) 

.397 . 28a2 .5244 .1885 .4749 .1843 276e8 

.661 .5224 .7983 .5122 .7748 .82 468813 
1.845 .994 .9512 .9829 .9406 .8113 72800 
1. 711 1.761 1. 8292 1. 7993 1. 8516 -. 8213 119288 
2. 453 2. 685 1.8946 2. 7889 1. 1843 -8. 8E-03 178888 
3.143 3. 527 1. 1222 3. 5547 1.131 -7. 8E-83 2189813 
3.843 4 .. 433 1. 1535 4. 4128 1.1483 4. bE-83 26768e 

(LiD= 7) 

.419 .16 .3819 .1574 .3756 .8166 29288 

.675 .472 .6993 .4945 .7326 -. 8455 47888 
1. 844 .9543 .9141 .9884 .9391 -. 8267 727e8 
1.651 1.782 1. 8389 1. 7.798 1. 078 -. 0437 115eoe 
2. 392 2. 613 1. 8924 2. 7556 1.152 -. 8517 166688 
3.143 3.664 1. 16S8 3. 7446 1. 1914 -. 8215 218988 
3.886 4.492 1. 1882 4.6176 1. 2133 -, 0272 26511313 

(L/D= 1(3) 

.661 .45 .6808 .4397 .6653 .8233 46ee8 
1. 839 .983 .8691 .96138 .9247 -. 8681 72400 
1.688 1.796 1. 864 1. 8553 1. 8991 -. 832 117608 
2. 588 2. a53 1. 1376 2. 9856 1. 1984 -. 8444 1747ee 
3. 171 3.777 1.1911 3. 8995 1. 2297 -. 8314 2288138 
3. 861 4.793 1. 2414 4. 8586 1, 2563 -. 13119 26898e 

(LiD= 14) 

.661 .487 .6157 .3935 .5953 .8344 4688a 
1. 839 .89 .8566 .9374 : 9823 -. re86 724813 
1. 668 1. 781 1.8677 1. 8426 1.1a47 -. 13334 1162aa 
2.588 2. 859 1. 14 3. €ISH 1. 2167 -. 8631 174788 
3. 171 3. 829 1. 2875 4. B8SS 1. 2632 -. 8441 22a8a8 
3. 972 4.98 1. 2538 5. 1582 ,\2986 -. a345 276688 

VC & RY: EXPERIMENTAL VCl & Rill: EMPERICAL(EQUATIOtH6.5» 
RE<D): FREE PIPE REYNOLDS NUt'1BER E :DEVIATION OF VCl FROM ve 
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(D. 19> PREDICTION OF YC' (EQN. 6. 5)- ALUMINUM C'fLI NDERS 

K= .489 5= 2. (" 

------------------------------------ -----------------
VAY YC RV VCl RV1 E RE(D) 

------------------------------------------------------------------
(~VS) (1'1/5) (-) (~1/S) (-) (-) (-) 

------------------------------------------------------------------
} 

(L/D= 4) 

2. 381 4,69 .19,8 .4892 .2655 -. 83,4 16581313 
3. 1355 1.282 .4196 1. 37'12 .4489 -. 8651 212866 
3, 696 2. 11316 .5686 2. 2181 .598 -. 9491 25,4813 
4. :;62 3. 135 . (18, 3. eS17 · ,665 .81,3 36381313 
5. 8,6 4. H18 . S693 4. 9161 · ,912 .8229 353589 

(L/D= 7) 

2.778 .4465 .166(' .43136 .155 .937 1935138 
:;, 843 . ,964 .261(' S631 ....... _(;1 

· .::.b.)"" -So 4E-93 2119813 
3. 347 1. 171 .3439 1. 2365 .36('6 -.134$4 2:;:;1(l8 
3. 7134 1. 664 .4492 1. 7324 .4677 -.IE95 25S6(18 
4. 258 2.451 .5,56 2. 5113 .5898 -. 924 296613(1 
4. 696 3. 8S(, .65,4 3, 127 .6659 -. 13128 32('1(1(1 

(L/D= 113) 

2.9('8 198(' .13667 .2289 .13('69 -. 132 28,48(1 
3. 641 1. 156 .31('5 1. 2945 .3308 -.94€G 2536813 
4. 331 2.238 .5167 2. 2199 .5126 8. 2E-83 39161313 .. 4. 994 3. 129 .6266 3. 1955 .6399 -.92138 347888 

(L/D= 14) 

3. 696 .7233 .195, 76~9 .2136, - 8531 25,488 
4. 331 1. ,82 .393 1. ,394 .4816 -. 13215 38168(1 
5. 922 2. ('44 .5464 2. S81 .5577 -. 9284 349889 

YC ~< RV: EXPERIM!::NTAL VCl & VR1: EMPERICAL<EQUATION(6. 5» 
RE(D): FREE PIPE RE'T'NOLDS NUMBER E: DEVIATION OF .... Cl FROI'1 VC 
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(D. 11) PREDICTION OF VC (EQN. 6. 5)- ALlIl'1INllM CYLINDERS 

-K:= 652 s= 2.7 

---------------------_________ ""'t _______________________ ---

VAV VC RV VCl RV1 E RE(D) 
-------------------------------------------------------------

(M/$) (M/S) (-) (~1/S) (-) (-) (-) 

-------------------------------------------------------------

(LlD= 4) 

1. 756 335 1988 3(12 .172 1893 12238(1' 
2. 343 1. 976 4592 1. 8424 4449 e-.......... 

~.::..::. lf532(t(l 
3. 06 ~ 903 6546 "-. ~. 9468 .-- ....... 

t'l~b.::. 828~ 21::180 
.>. - .... q 

( .::. . 2. a52 ,648 ~ 79t1, 7484 022 259,88 <.. 

4. 436 3. 77':) 8595 .>. 6825 83m 0246 ::;08980 
5. €ISS .......... -

. b.::.b 90,4 4. 51,5 8861 024 355188 

(VD= '() 

2. 18:> 2697 1235 4274 .1~5S - ._" 
~t:o ... 152000 

~ <.. 47 6233 2523 816:> :>:>95 - 2365 172eeo 
2. -~" «.- 98::;3 :;6€(; 1. 1---C;:I(~ 4~--.:. ( ( - 15,6 1981013 
2. 923 1. 426 4879 1. 4:>132 .4893 -2. 9E-e:> 2036130 

3. 42 .~ 825 5921 ., 
G.. .::.. 1836 6151 - 0374 238200 

3. ,4 2. 498 6679 2. 5372 6784 - 8155 260588 
4. 358 .>. 281 7529 :>. 3746 ,744 - £1277 3e3580 
4. 988 4. 241 85e2 4. 2283 .84;;:- 3E-e3 34,400 

(L/D= 18) 

~ .- .4051 1789 ::;::;68 1421 2028 165180 <.. .>( 

3. 933 1. 334 4398 1. 2771 4211 e445 2112eo 
3 .. 673 2. 252 6131 2. 1849 5948 e397 255800 
4. :>59 3. 249 7454 :>. 1579 7244 0289 30:>600 
5. 076 4.211 8296 4. 1748 .8225 8. ,E-,,\:> 35350e 

(L/D= 14) 

3. 0::;3 942, 31e8 912:> :>088 033::; 211200 
3. 696 1. 932 5227 1. 894 5125 02 2574eo 
4. 414 ., 968 6724 ~ :=:tS72 67 .>. 6E-e3 3974ee <.. "-. 

5. e54 4. 021 7956 3. 9849 --....... ( ( .::.to e.,q---" ( 
352eoo 

---------------------------------------------------------
VC & RV: E" .... 'PERHIENTAL VC1.& VR1: E~1PERICAl(EQlIATION(6. 5» 
RE (D): FREE PIPE REYNOLDS NlI~ISER E: DEV I ATI ON OF VCl FRot1 VC 
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(D. 12) PREDICTION OF VC (EQN. 6. 5)- ALUMINUM CYLINDERS 

K= .815 s= ~ ... 7' 

------------------------------------ ------------------------
YAII YC RY VCl RYl E RE(D) 

----------------------------------------------------------------
(~1/S) (WS) (-) (M/S) (-) (-) (-) 

------------------------------------------------------------------
(LlD= .p 

1.07'4 .256 · 2384 .2397 .2148 .1095 7'4800 
1. 7' .9863 .5802 .9981 .587'1 -. 13118 118400 

2. 459 1.812 .7369 1. 9285 .7843 -. 0604 1,1.>"'00 
3. 116 " -- .8,61 .., ---q .87'N -1. 4E-e3 217'OeO ~. (~ ,-, (~~-' 

3. 861 3.716 .9624 3. 64'(2 9446 .8189 268900 

(L/D= 7) 

1. 33 -q .... -. ~-,~ .295 .315 .2369 .2452 92680 
. 1. 643 .7'01 .4267 -.... -..... · .. .:;.(, .4426 -. 13361 1144eO 
2. 012 1. 161 .577 1. 2131 .603 -. 1:l43 140188 
2. 481 1. ,a3 · ,18, 1. S3e8 ---ClI (~( ." -. e261 17'2888 
2.779 2. 163 77'S3 2. 2232 .8 -. e271 193500 
3.389 2. 8aa · S72S 2.9211 .8828 -. 81E 23e5ee 

(L/D= 10) 

1.7'56 7'141 496, · 7'('16 .490, .9149 12238e 
2. 4S~ 1.623 .6616 1. 6644 .6,85 -. 9248 17'9a99 
3. 17'1 2. 592 .81,4 2. 654 8--. ~( -. 8234 220S0e 
- q-..... .J . .., .. ,::;. 3. 745 .9428 3. 7'581 .9462 -3. 5E-03 2,66eo 

(L/D= 14) 

1. 728 .692 .3484 · 4553 .2635 . ~222 1293013 
C) 2. S83 1.524 .6089. 1. 57'96 .6275 -. 0296 1,43eo 

3. 171 2. 527 7969 2.5318 ,984 -1. 9E-e:;: 220S0e 
4. 049 3. 811 9412 3. 7953 .93,4 4. iE-03 282000 
4. 524 4. 511 .997'1 4. 4,89 .99 7'. 2E-e3 315100 

ve 0\ RV. EXPER Ir'lENTAL VCl $, VR1: EMPER I CAl( EQUATI ON< 6. 5») 
RE ([»: FREE PIPE RE~'NOLDS NUr1BER E: DEY I ATI ON OF VCl FROM IIC 
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PREDICTION OF\VC <EQN. 6. 9'>- NYLON SPHERES <0.13) 

~ 1. 15 

------------,------------------------------\ 

VR VCl VRl E RE(D) 

-----------,----- .----------------------------------
(1'1/5) 0'1/5) (-) (M/S) (-) (-) (-) 

----------------r----------' ---------------
(K= .51> 

• .3968 . H;l · 3455 · 09~1 .2473 · 3~(1 276(l(l 
1. ass3 .SS19 · 8333 · S9~ .8494 -. 019 ,3780 
'1. ;461 1. 632, .9351 1.7316 .991, - 0571 121600 
2.3811 2. 3942 . 1. BBE 2. 50113 1. 0501 , - 0464 165800 
3. B425 3. 2:>27 1. 9625 3. :;al 1. <.185; -, 0287 211908 
3. re~ 4. 94S 1. 9929 4. 101, 1. 1874' -,9131 25S000 
4. 36...~ 4. 86;7 1.1151 4. 9924 1. 123 -"lE-IE ::;0400<.1 

(K= .652) 

.4365 ."' ....... -. .:;..!.tH · 5194 · 2141 . 49<.14 . 859 ::;0400 
1. ass3 .9372 .8856 q--.... · - .,:..,:..::. . S81S 4. 3E-03 737ee 
1. ;461 1. 6935 .9699 1. 7287 .99 -.tlze:; 121609 
2. 3811 2. 4365 1. 933 2. 4631 1. 0344 -. (llas 165S00 
3.0198 3. 1711 1. 0532 3. 1913 1. 86 -6.3E-€G 209'((10 
3. 6(36 3. 9164 1. 0661 3. 9579 1. 9(74 -.9105 255900 
4. 3584 4. 8046 1. lB24 4. ,499 1. e89S · e115 393508 

(K= .815) 

.3968 .2869 . 723 . 2846 .7172 S . lE-03 2768e 
1. as4, 1. B52, .9105 1. en .9422 .03 75500 
1. ;'594 1.1951 1.9203 1. ;453 Q<l~ 

..... '.c:. .9285 122500 
2. 424 2. 526, 1. 0424 2.4578 1. e:G~ .828 168800 
3. 122 3. 333 1.96;6 3.2961 1. 0269 · El396 21,499 

3. 9262 4. 1546 1. 0582 4. 9682 1. 8362 .0212 273499 
4. 611 4. 996 1.9696 4. 8667 1.0419 .9266 :;2S:;ee 

------------------------------------------
\lC & RV: 8\PERUtENTAL VCl & Rill: EMPERICAL<EQUATION(6. g» 
RE(D): FREE PIPE REYNOLDS NUMBER E: DE~'IATION OF VCl FRO~t ,,'C 
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(D. 14) PREDICTION OF VC (ECIN. 6. 9)- ALLlI'lINUM SPHERES 

S= 2., 

----- ------
VI'! ~'C VR VCl VRl E RE(D) 

-------
(1'1/5) (1'1/5) (-) (1'1/5) (-) (-) (-) 

---------------- ------------------

(K= .57) 

1. iS61 · iS16 · 4451 ,;:;:;8 .41,13 · 9055.2 12230(1 
2. :)9("8 1. 4962 ,624 1. 51a6 . 6~ -9. SE-tl:> 16ie00 
:>. t16e5 2. 26S · ,-lel 2.3129 · ,55( -. 92(1, 213200 
3. 6957 :>.9,89 · S:>89 :>. tlS19 · 8:;39 -:>.66-1:13 25,4(1t1 
4. 41:>6 4. 13, ,,9221 :>. 9589 · S~52 · a:>al :>8,4813 
5. 1316 4 .. 8613 .9486 4. 82132 · 9393 9. 9E-tl:> 3574(18 

(K= . 652) 

.9597 · 1829 · L<>e6 .051 .05:>1 2. 5S9S 6&.'ll"l6 
1. 4,17 · 6685 .4542 . 6431 .437 · a:>95 1(125(18 
2. 13-W5 1. 2925 · 6:;34 1. :>13139 .6376 -6. 5E-8:> 14211:113 
2. 3811 1. 665 · 6993 1.6948 · 7118 -. a176 16SS(l13 
2. 756S 2. (3$,1 .7S71 2.1293 .7724 -. 819$ 192tlOO 
:l, 1936 2. 54:;2 .7963 2.6345 .8249 -. EG47 222400 
:;. 6113 :>. 11S · 86:>4 3. 1176 · 863:; lE-1:14 251500 
4. 0023 3. 7'152 .9191 :;. 6623 · S971 .9144 2S4300 
4. 5793 4. 2797 · 9346 4. 2371 · 925:> · 91fl.l :>18909 

4. 966 4. S943 .9674 4.684:> .9433 .9256 345999 

(K= .815) 

1. 9318 .5829 .5649 . 5933 .575 -. 8176 7198S 
1. 7276 1. 1932 · 69El7 1.:;392 .7752 -. 1891 120300 
2. 4254 1. 901 · 7838 2.8873 .86e6 -. 9893 168999 
3. 14:>4 2. 7976 .89 2.857 .9989 -. fl29S 218999 
3. 96~ 3. 8127 q-~ .• 0.:: :>. ,:>59 .9426 .9296 2,6989 
4.8598 4. 7:>2 .9737 4.6971 .9665 ,. 4E-8: :>::;8500 

----------------------------------------------------------
VC & RV: EXPERIMENTAl.. VCl & RV1. EHF'ERICAUEQUATION(6. 9» 
RE(D): FREE PIPE RE'r'NOLDS NliI'lBER E: DEVIATION OF VCl FROM VC 
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(D. 15) PREDICTION OF VC (EQN. 6. 9)- STEEL SPHERES 

S= 7. 82 

-------------------------------
'V11 ~'C VR VCl VRl 'E RE(o) 

------------------------- --------------------
(I1/S) (I1/S) (-) (WS) (-) (-) (-) 

-------------~--------------------------------------

(K= .57) 

:>. €ISS .895 .2898 .9841 · 2~28 -, 8181 21518e 
3. 44(~ 1. 229 · :>565 1. :>:>91 · :>884 -. e822 24e1e8 
:>. 9167 1. 8826 .4S87 1. 9873 ,48;:- -. 813 272800 
4.3~89 2.~~(" · ~{( 2.4988 .~ -. 9:>:>.2 :>916ee 
4. 8555 :> .6179 3. 8438 ~"''''Q 

· t"c:.t'I • -.8144 3382e8 

(K= . 652) 

2. 315 . 58:>;:- .21,6 .5215 · 22~ -. 8:>41 1612ge 
2.6818 .8222 · :>866 .9457 .3526 -.1:>86 18688e 
2. 9('64 1.2386 · 41:>5 1. 2864 .4?22 -. e4:>4 2973ee 
:>. 4,4;:- 1. 8612 · 5:>56 1. 8627 · 5361 -BE-801 242ese 

:>. 889 2.3798 .6119 2. 3418 .6922 . S1b2 2;:-8gee 
4. :>915 2.9443 .67135 ..., Q'-'-" ... ""~ ,6656 7 3E-e3 :>95see 
4.8555 3. 4S8S ,7168 :>. 4596 .7125 ';E-93 3:>8288 

(K= . S15) 

1. 9842 .89 .4485 1. e8:>2 .5459 -. 178:> E82ee 
2.4254 1. :>492 · 556:> 1. 5561 ,6416 -, 133 168gee 

2.812 1. 7ge4 · 6:;67 1.97£16 · 7008 -. 13914 1958138 
:>. 1796 2. 19~6 .6899 2. :>647 .7437 -, 9723 221489 
:>. 5854 2. (e2~ .7537 2. 7997 , ,889 -. 8:>43 249,99 
3.9718 3. 147 · ,923 3. 2139 .8992 - 8288 2766ee 
4. 4136 3. 5616 . S87 3.6876 .8355 -. e:>42 ~e7488 

~'C & RV: E).;FERINENTAL VCl & RV1: EMPERICAL<EQUATION(6.9» 
RE (0): FREE PIPE REYNOLDS NUI1BER E. DE~' I ATI ON OF VCl FRO~l YC 
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(D .. 16) PREDICTION eF (DP/I..)C (EQN5. 6. ~ & 6. 14) 

NYLC»l C'/lIN>ER 

K- . 4S9 Sa 1. 1~ 
"r:;. 

VfN (I>POI\.:) (OPtUL (DP/L>C F (DPOIL). 

(M/S) (KPA/M) (KPA/M) (KPA/!1) (-) (KPfVI1) 

(L/D= 4) 

1. BSB .4523 .148"1 .6994 .921 .4536 
1.728 .4523 .3458 .798"1 · elSS .4536 
2. 483 .4523 .654 1. 186:> . EliB .4536 

:>.81 · 452:> .9Si'i 1. 4:>94 .8174 · 45"'~ 
:>. 696 .4523 1.456 1. 98B3 .917 .4536 
4. 386 .4523 2.948 2. 5083 .8166 .4536 
5. El77 · 4523 2. i'i5 3.1673 · 9-163 · 45"'~ 

(L/D= 7) 

1. 945 .4911 .1555 . oS4&; .921 .4536 
1.722 .4911 .3455 . B366 . 81SB .4536 

.., --<.. :,( .4911 .6416 1. 1327 .81B · 45"'~ 
2.95 .4911 .9131 '1.4942 · El174 .4536 

3. 696 .4911 1. 481 1.9721 .817 .4536 
4. 3\33 .4911 2. BS 2.5411 .8166 .4536 
4. 988 .4911 2.715 3. 2861 .8163 .4536 

(L/D= lEl) 

1. 898 .4523 .1481 .6894 .8283 .4536 
1.711 · 452:> .3331 .7B54 .81SS .4536 
2.371 .4523 .6293 1. 0016 .8179 .4536 
3. 933 .4523 .9624 1. 4147 .8174 .4536 
3. 696 .4523 1. 456 1. 98B3 .918 · 4536 
4. 386 .4523 1.851 2.313:>:> .8166 · 4536 

5:82 .4523 2. 61 3. 8623 .8163 .4536 

(UD= 14) 

1.898 .42 .1646 .5846 .8285 .4536 
1. 728 .42 .3497 .7697 .EliSS .4536 
2.371 .42 .6376 1. 9576 . Eli8 · 45"'~ 
3.886 .42 1. 841 1. 461 .8174 · 4536 
~.694 .42 1. 481 1. 981 .8169 .4536 
4. 4i-> .42 2. 139 2. 559 .13"166 · 45"'~ 
S. 822 .42 2. 797 3.217 · 13163 .4536 

----------
(OP/UC: TOTAL PRESS. GRADIENT ACROSS CAPSULE 
*: EMPERICAL VALUES (BY EGUAT I ONS (6. 13) & (6.14» 
E: DEVIATION OF EI1PERICAL VALUE FROI1 EXPERIMENT 

(DP/L>L· (DP/L>C. E 

(KPA/!1) (KPA/!1) (-) 

.1589 .6844 -6. fE-e3 
· 3683 . B139 -. 8:194 
· &>'71 1. 14"97 -.8129 

1. 9"118 1. 4654 -.817B 
1.4995 1. 9441 -.8184 
2.9496 2. 5B32 -1. 2E-83 
2.6967 3. !SB~ 5.4E-e3 

. 1472 .600S .8762 . 

.357S . B114 . 831 

.64S9 1.1925 .9274 

.9719 1. 4255 -. 1315 
1. 4985 1.9441 .8144 
1.9728 2. 4264 .8473 

2. 683 3. BS66 .9489 

.1571 .6197 -.8168 
· 3533 .8869 -. 8266 
.6459 1. 999S -. 8163 

1. 9274 1. 481 -. 8447 
1. 5782 2. 8318 -. 8600 
2. 8496 2. 5832 -. 8799 
2. 6365 3. 8981 -9E-e3 

.1SB6 .6122 -. 9451 

.36e3 .~ -. f.\543 

.6495 1. 1133.1 -.9412 
1.~2 1. 4628 -1. 2E-83' ,. 
1. 4892 1. 9338 -. 817 
2.8759 2. S295 .8117 
2. 6386 3.8922 .8494 

F: PIPE FRICTION FACTOR 
M=11ETER 
S=SECOI{) PA=PASCAL 
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(D. 17) PREDICTION 6F (DP/L)C (EGNS. 6. 13 & 6. 14) 

NYLON CYLINDER 

K~ .652 S= 1.15 

.:.---------------- ----------
I/fW (DPO/U (DPIL)L (DP,l.)C F (DPO/U* (DPIL>L* '(OP/UC* E 

(HIS) (KPRIM) (KPAt'M) (KPA/M) (-) (KPA/M) (KPA/M) (KPA/M) (-) 

(L/IP 4) 

.619 
1. 874 
1. 73:> 
2. 315 
3.066 
3. 696 
4. :>92 
5.676 . 

(L/O= 7) 

.676 
1.645 
1. 768 
2.371 
3. 006 

3. 64 
4. 331 

.7863 

.7883 

.7863 

.7893 

.8142 

.8142 

.8142 

.8142 

.7754 

.7754 

.7754 

.7754 
· 83:>6 
.8336 
· 8:;:>6 

.8617 

.1678 

.3782 

.6416 
1. 861 
1.53 

1. 974 
2.715 

.9617 

.1481 
.39 

.6416 
1.84 

1. 456 
1. 851 

(L/O= 16) 

1. 845 
1. 733 
2. '427 
3. 633 
:>. 766 
4. :>86 

· 7464 
.7464 
.7464 
.7464 
.7735 
.7735 

.1357 

.3455 

.6169 

.9377 
1.431 
1.925 

(LIO= H) 

1. S74 
1.711 

2. 37 
3. 854 
3. 752 
4. 362 

.727· .1851 

.727 .3988 

.727 .6171 

.727 1. B29 

. 1:27 1. 44 
.7754 2. 898 

.842 
.9481 

1. 1595 
1. 4219 
1. 8752 
2.3442 
2.7882 
3. 5292 

. B2:> 
.82B5 
.61SS 
.818 

· (117:> 
.8169 
.6166 
.8163 

'. 

.8371 .. B2:> 

.9235 .821 
1. 1654 . 81SS 

1. 417 . 618 
1. 87:>6 . 0174 
2.2896 .817 
2. 6846 . 8166 

.8821 
1. 8919 
1.3633 
1. 6841 

.'-2. 2845 
2. 6985 

.9121 
1. 1178 
1. 3441 

1. 756 
2. 167 

2.8734 

.8295 
.819 
.618 

· (1174 
.817 

.13166 

.82(15 

.61SS 
.818 

· a173 
.13168 
.6166 

.ml 

.7781 

.7781 

.7781 

.7781 

.7761 

.7031 

.7761 

.7761 

.7781 . 

.7781 

.7761 

.7781 

.7781 

.77lfl 

.7781 

.7781 

.7781 

.7781 

.7781 

.7781 

.7781 

.7781 

.77'31 

. 77Bj. 

.7761 

.7781 

-----_._-

· e566 
.1518 
.3624 
.6192 

1.8438 
1. 4818 
2. 8553 
2. 6957 

.8675 

.1472 
... --., · S( (_ 

.6495 
1.e892 
L 4457 
1. 9986 

.1437 
· :;60~ 
.6885 

1. (1274 
1. 4986 
2. 8496 

.1:;;18 

.3533 

.6489 
1. 8357 

1. 518 
2.8273 

.. 

.8266 

.9219 
1. 1:>25 
1. 3893 
1.8139 
2. 2519 
2. B254 
3. 4658 

~'. ~ 

.8376 

.9173 
1.1473 
1. 4LQ6 
1. 7793 
2.2158 
i' r6S7 

,9;!,~8 
1. ~64 
1.4586 
1. 7975 
2.2687 
2. 8197 

. .9219 
1. 1234 
.1. 419 
1.8958 
2. 2881 
2. 7974 

.8186 
· B.:."84 
· 8159 
· 8235 
· 8338 

. 041 
-, 8132 

.8183 

-e;E-:-f)4 
6. 8E-83 

.8158 
-1 .. 8E-8" 

... 853 
: eTI:; 

-. 0304 

-. 834,7 
~. 8391 
-. 06(12 
-. ~631 
-;: ~28? 
~. (143 

-. 8186 
:. '-4.9£-03 

-. 0528 
-. 0276 
-. 8529 

· 8272 • 

. _--- ,---- ._-----------------------_._---------
(OP/UC: TOTAL PRESS. GRADIENT ACROSS CAPSULE 
*: El'1PERICAL VALUES (BY EQUATIONS(6. 13) 8. (6. 14» 
E: DEVIATION OF El'1PERICAL '.'ALUE FROM EXPERIMENT 

F: PIPE FRICTION FACTOR 
M=tlETER 
S=SECOND PA=PASCAL 

. . 
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(D. 1~> PRED I CTlON eF <DP/L>C (EQNS.~. 13 & • .6-14) , 
, .' 

NVLON C'r'LINDER 

----'"--- K=,.815 s.. 1.15 

YfN (DPOII..) . (DPIL)L (DPIL)C F (DPOIL)* (DPIL)L* (DPIL)C* E· 

(1'115) (!<PAlM) (!<PAlM) (!<PAlM). (-) (KPMl) (!<PAlM) (KPMl) \-) 

(LID= 4') 

.397 1.154 .0398 . 1. 1848 .024 ' 1. 161 .02~ 1.185:> -4E-94 

.661 1.154 .. 0864 . 1. 2494 .92J 1. 161 .9645 1. 2255 .'0122 
1. 945 1.154 .1694' 1. 3144 .9285 1.161 .1437 1. 3947 7. 4E-93 
1. 711 1.154 .3516 1. 5956 .. 0188 1.161 .3533 1. 5143 -5. 7E-93 
2.453 1.154 .7197 1. 8647 .9179 1.161 .69D 1. 8523 6.7E-93 
3.143 1.154 1.'986 2. 24 .0173 1. 161 1. 9969 . 2. 2579 -7, 9E-:93 
3. 834 1.221 1.:555 2. 776 .9168 1. 161 1. 5851 2. 7461 .9199 

(LID= 7) 

.419 1.163 · 9m 1.1951' • . 024 1. 161 .927 1.188 5. 9E-93 

.675 .1. 163 · '6 ( ,1. 2247 .92J 1.'161 .0673 1.2283 -2. 9E-93 
1.044 .1. 163 · 1 1. ::>234 .0295 1.161 ,1434' 1.3944 :9146 
1. 651 1. 132 ,3331 1. 4651 9189 1. 161 . ls'"e7· 1. 4917 -. 9178 
2.392 1.132 ,6416 1. 7736 .018 1. 161 .661 1.822 -. 0266' 
3. 143 1.163 L 074 2. 237 .0173 1.161 1.9969 2.2579 -9.lE-03 
3.896 1.163 1.694 2. 767 .0168 1.161 1. ~2 2. 7-23 .,0162 

(LiD=10) 

:662 1. 14 ,0691 1. 2991 .92J 1. 161 ,0646 1. 2256 -. 0D5 
1.039' 1. 14 ,1431 ,1. 2831 ,02a5 1. 161 '.142 1.393 ' -. 0153 
1.688 1.14 .3146 1.4546 .0188 1.161 ,3438 1.5948 -. 9334 

, 2. 51 1.087 ,642 1.729 .018 ~,161 .7279 1.8889 -. 0846 
3.171 1. 167 1. 036 2. 293 .0173 ' 1:161 1. 1165 2. 2775 -. 9327 
3.861 1.167 1.57 2. 737 .8166 1. J.61 1.5883 2. 7493 -4. SE-03 

• 
(LiIF 14) 

.661 1.124 ,0617 1.1857 .92J 1.161 .0646 1. 2256 -. 0325 
1.039 1. 124 .1337 1.2577 .0295 1. 161 ,142 1.303 -. 0348 
1.668 1.086 , S291 1. 4151 .8199' 1. 161 •. 3375 1. 4985 -,95:;;7 
2.508 1. 947 ,678S 1.7258 .8178 1.161 ,7186 1. 8796 -, 0818 

. 3.171 1.086 1.111 2.197 .0173 1. 161 1. 1165 2. 2775 -. 9354 
3. 972 1.163 1.811 2. 374 .0168 1. 161 1. 7012 2. 8622 ,0391 

(DPIL)C: TOTAL PRES~ GRADIENT ACROSS CAPSULE 
*: EI1>ERICAL VALUES (BY EQUATIONS(6. D) & (6.14» 
Eo: DEVIATION OF EMPERICAL Yfl.UE FRO'! EXPERIMENT 

F: PIPE FRICTION FACTOR 
M=METER 
S--sECOND PA=PASCAL 
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(D. 19) PREDICTION 0F (DP/UC (EGNS. 6. 13 & 6.14) 

ALUMINUM CYLINDER 

K= . 4S9 S= 2. 7 
.' -----_._----------_._-

YAY (OPOIL) (OP/UL (OP/UC F' (DPOIL). (OP/UL. <DPlUC* E 
--------

(HIS) (KPAltl) (KPAItI) (KPAlM) (-) (KPAIM) (KPAIM) (KPAlm (-) 
.-~------------------

(l.IIP- 4) 

2. ~1 
3, 954 
3. 696 
4. 362 
5.-978 

(LII)= 7) 

2. 778 
,3. 942 
3.347 
3.,794 
4.258 

5.292 
5.202 
5.292 
5.292 
5.292 

4. 911 
5. 941 
5. 169 
5. 169 
5.169 

. 4. 696 ,.,5.169 

-(LiD= 19) 

,978 
3. 641 
4.331 
4.994 

4. 976 
4.976 -
4. 976 
4. 976 

(LlD= 14) 

3.696 
4. 331 
5. B22 

4.847 
4.847 
4. 847 

.6412 
1.936 
1.456 
1.974 
2.665 

. .8367 
1. 949 
1. 357 

1. 53 
1. 99 

2. 418 

1. 912 
1. 497 
1. 851 
2. 789 

1. 481 
2.16 

2. 571 

, 
I 

5. 8432 . 9179 
'6. 238 . 9173 
6.658 .9169 
7.176 .9166 
7.867 .9163 

5.7477 .9175 
6. E,19 .9"173 

6.526 .E,1171 
6. 699 . 9169 • 
7.159 .81.66 
7.587 .8165 

5. 98$ 
6. 383 
6. S27 
7. 765 

.818 
.9176 
.9175 
.9171 

6.328 .8169 
. 7. 987 . 9166 
7.418 .9163 

5. 1484 
5.1494 
5.1484 
5.1494 
5. 1494 

5. 1494 
5. 1494 
5. 1484 
5.1494 
5. 1494 
5.1494 

5. 1494 
5.1494 
5.1494 
5. 1494 

5.1494 
5.1484 
5.1494 

.6513 
1. 8357 
1. 4S1S 
2. 8273 
2. 6978 

.8668 
1.9275 
1. 2295 
1. 4882 
1. 9318 

.2.3355 

1. E,1246 
1.4976 
2.1869 
2.7373 

1.4918 
1. 9986 
2. 6386 

S. 7917 
6. 1761 
6. 6222 
7. 1677 
7.8382 

6. E,1E,172 
6. 1679 
6. 3699 
6. 6286 
7. E,1722 
7. 4759 

6. 165 
6.638 

7.2473 
7.8u'( 

6. 6222 
7. 139 
7.779 

8.9E-83 
.91 

5. 4E-83 
1. 2E-83 
3.7E-E.G 

. ---
-. 9432 
-. 13126 
. E,1245 
.9186 
.8123 
.8149 

-.8287 
-. E,1384 ' 
-.ass 

-. E,1143 

-.8444 
-. E,1185 
-. 8464 

----..,---------_._---------------_._--
(DPlL)C; TOTAL PRESS. GRADIENT ACROSS CAPSULE 
.; EMPERICAL VALUES (B'r' EGUATION(6. B) & (6. 14» 
E; DEVIATION OF EMPERICAL YALUE FROM EXPERIMENT 

F; PIPE FRICTION FACTOR 
M=~lETER 

S=5ECOND PA=PASCAL 
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(0:29) PREOICTIO~ 9F (OP/UC (EQNS:6.13 & 6.14) 

ALUMINUM CVLINDER 

K= . 652 S= 2. 7 

.' . ---
YAY (OPOlU (OP/UL (OP/DC F (DPO/L)* (OP/UL* (OP/UC'" E 

-. (MIS) (KPAlM) . (KPA/M) (KPAlM) (-) (KPA/J'1) (KPAlM) (KPAIM) (~) 
---- ------- (L/D= 4) 

1.756 B. 99 .3455 9. 3355 . 91BB S. ,274 .3721 9. 9995 .9259 
2. 343 B. 99 .61, 9. 697 . 131B B. 7274 .6342 9. 3616 .9262 
3.96 B.99 .9254 9.9"154 .9173 8.7274 1.8397 9. 7671 .9152 

3. 729 ,8.99 1. 481 19. 471 .9169 S. 7274 1. 5984 19. 235S .823 
4.436 9.16 2. 916 11.196 .8166 8. 7274 2. 9966 18. 824 .6344 
5. 898 9. 16 2. 899 12. 959 .. a163 8. 7274 2. 7191 11. 4465 · 13535 

(L/D= 7) 

2. 183 ' 8. 918 .531 9. 449 .9182 8.{:274 .5567 9, 2841 .617B 
2. 47 8.91B .691 9. 699 .. 8178 8. 7274 .697 9. 4244 .9L'l6 

2. -"Q { .::.." 8. 918 . B39 9. 757 .8176 B. 7274 .B413 9. 5687 ,8197 
2.922 B. 91B .9B7 9.965 · a174 8. 7274 .9535 9. 6889 .6231 
3.42 8. 918 1;2~ 18. 281 · e171 8. 7274 1. 2838 19. 8112 .919 
;>. 74 9. 111 1.5 19. 666 · e169 8. 7274 1. 5173 la. 2447 .6411 

4.358 9.111 2.1B 11. 291 .6166 8. 7274 2.9236 19. 751 .9562 

(L/D= 16) 

2. 37 B.956 . .617 9. 573 . alB 8. 7274 .6489 9. 3763 .821 
3.633 B. 956 1. 836 9. 992 · a1n 8. 7274 1. 6215 9.74B9 · (1249 
l. 673 ,8.956 1. 4Bl 18. 437 · a169 B. 7274 1.4634 le.1998 · a242 
4. :>59 8.956 2. 636 19. 992 .9166 B. 7274 2.6245 la. 7519 .8223 . 
5. a76 8. 956 2.764 11. 72 .8163 B. 7274 2. 6957 11. 4231 .926 

(l/D= 14) . 
3.833 8. 966 1. a29 9.995 .' a173 8. 7274 1. 9215 9. 7489 

" 
.6252 

3.696 9. 815 1.543 18. 558 · a169 8. 7274 1. 481B lB. 2892 · B342 
4. 414 9.2BB 2. 16 11. 368 · B166 8.7274' 2. B759 la.se33 .9523 
5.854 9.2B8 2.BB 12. 8BB .6163 8.7274 2. 6723 11. 3997 .8684 

--------- --------------------
(DP/DC: TOTAL PRESS. GRADIENT ACROSS CAPSULE F: PIPE FRICTION FACTOR 
*: EMPERICAL VALUES (BY EQUATION(6. 13) & (6.14» M=I'lETER r 
E: DEVIATION OF E}~ICAL VALUE FROM EXPERIMENT S=SECOND PA=~AL I 

, 



(D. 21) PREDICTION 8F (DP!L)C <EQNS. 6. 13 & 6. 14) 

ALUMINUM CYlINDER 

K= . 815 S= 2. 7 

._-----------------.----'-----------------------
IlAV (DPO...1.) 'tDP!UL (DP!l.)C F E -----,--_._---------------------------------

(M/S) (KPAlM) (KPA/M) (KPAIM) (-) (KPA/M) (KPAlM) (KPA/M) (-) 

-------------------------------------
(L/D= 4)· 

1. 874 :13. 827 : 1684 :13. 1874 .0295 :13. :1583 
1.699 13.827 .3948 13.4218 .019 D. 1583 
2. 458 12. 892 .654 13 .. 546 .018 U 1583 
3. 116 :12. 892 1.986 :13. 978 .8173 13. 1583 
3. 861 12. 892 1.684 14. 496 .8168 U1583 

<L/D= 7) 

1. :>3 :12. 795 .1974 12. 9924 .13197 n,1583 
1.643 12. 795 .3esS n,1835 .819 E1S83 
2. 812 12. 795 .4689 13. 2639· . 8184 U 1583 
2. 481 12. 795 .6786 n, 4736 . Eli78 13. 15S3 
2. 779 12. 795 .8637 n, 6587 .0175 13.1583 
3. 389 12. 872 1. 197 14. 969 . . 13172 13.1583 . 

<liD= 113) 

1. 756 n, 027 .3578 13. 3848 . £1188 U 1583 
2. 453 13. 827 : 6786 n, 7856 .8179 E 15S~ 
3'.171 13.827 1. 061 14. 888 .13172 n, 1583 
3.972 n, 027 1. 793 14. 73 .8168 U 1583 

<llD= 14) 

1. 728 12. 9S9 .3792 13. 3592 .8188 U 1583 
2. 583 :12. 989 . .6994 13. 6884 .8178 n, 1583 
3.171 :12. 989 1. 111 14. 1 .8172 U 1583 
4. 849 :13. 182 1.913 15. 895 .0167 n, :1583 
4 .. 524 12. 989 2. 384 15. 293 .1316S U 1583 

<DPt1.)C: TOTAL PRESS. GRADIENT ACROSS CAPSULE 
+: EMPERICAl YRLUES (BY EQUATION (6. 13) & (6.14» 
E: DEY I ATI ON OF EMPER I CAL VALLIE FROM EXPER IMENT 

. :1518 
, .352 

.698 
1. 8781 
1.69rs 

?':~--
.~,j.( 

. 3292 

.4781 

.7832 

.8675 
1. 2088 

.3721 

.6913 
1. 1181 
1.7812 

.3683 

.7158 
1. 11131 
1. rs73 
2. 16rs 

13. 31£11 .-9.2E-e3 
13.5183 . -6. 6E-83 
13. 850~ • -. 8224 
14. 2364 -. 8182 
14.76S8 -.8183 

• 

13. 382 -. 0291 
13.t$875 -. 0285 

_ J3.6364 -. e273 
13.8615 -. 82S 
14. 9258 -. 8262 
i4. 367'1 -.8287 

:13. 5384 -. (li8S 
n, 8496 -. 8;1.84 
14. 2684 -. 8126 
14. 8595 -8.7E-In 

n, 5186 -.8118 
U 8741 -.13134 
14. 26S4 -. 8118 
i4. 9156 .1312 
15. 3258 -2. 1E-e3 

.F: PIPE FRICTION FACTOR 
t1=t1ETER 
S=SECOND PA=PASCAl 



.' 

(D. 22) PRESS. RATIO & UNIT ENERGY - NYLON CYLINDERS 
.', . 

K= .489 S= 1.15 

VAil VC RII (DPO/!') (OP/!')L (OP/!')C RP P -_._-------------
(Mr'S) (tllS) (-) (KPAitf) (KPAt'I1) (KPAr'M) (-) KW-St'KG-N 
-------------~---

(LiD= 4) 

1.858 
i. 728 
2.483 
3. 996 
3. 696 
4.386 
5.977 

(Lt'D= () 

1.845 
1. 722 

2. 37 
2. 95 

3.696 
4. 393 
4. 988 

.769 
1. 636 

2. 51 
:>. :>4 

4.196 
S.e3 

5. 892 

.695 
1.454 

2. 4 
:;. 2~4 

4. 23 
5.963 
5. 919 

.7268 

.9468 
1. 9445 
1.1111 
1.1:>53 
1. 1468 
1.1695 

.5789 

. 8444 
1.9127 
1.9963 
1. 1445 
1. 1766 
1. 1866 

(L/D= 19) 

1. 998 
1.711 
2. 371 
3. 933 
:>. 696 ' 
4. 386 
. 5.82 

.519 .4727 
1.497 .8223 
2. :>66 . 9979 
3. 347 1. 19:>5 

4. 29 1. 1697 
5.288 1.2957 
6.232 1.241-:1 

(L/D=· 14) 

. 1. 998 
1. 728 

. 2. 371 
:>. 8e6 
:>. 694 
4.414 
S. 922 

. :>47 
1. :>16 

2. 34 

- --..). .).,) 

4. :>25 
5. 439 
6. 'J£;3 

.316 
.7616 
.9869 

1. 1978 
1. 179S 
1.2322 
1.267 

.4523 
· 452:> 
.4523 
· 452.3 . 
· 4523 
· 452:> 
· 4523 

.4911 

.4911 

.4911 

.4911 

.4911 

.4911 
.. 4911 

.4523 

.4523 
'. 4523 
· 452:> 
· 4523 
· 452:> 
.4523 

.42 

.42 
. 42 
:42 
.42 
.42 
. 42 

.1481 
· :>458 

.654 
.9871 

.1. 456 
2.948 
2. 715 

.1555 
· :>455 

' .. 6416 
.9131 . 
1. 481 . 

.. 2. as 
2. 715 

.1481 
· :n:u 
, 629:> 

·.9624 
1. 456 
1. 851 

2.61 

· 1646 
· ~49~ 
.~76 

1. 941 
1. 481 
2. 139 

2.7974 

· 6994 • 4, 8S4 
.7981 

1. 1963 
1. 4394 
1, 9983 
2.5993 
3. 1673 

· 6466 
· 8:>66 

1. 1327 
1. 4942 
1. 9721 
2. 50Hl 
3.2961 

· 6994 
· 7854' 

1. 9816' 
1. 4147 
1.9983 
2. 3e:;::; 
3.'8623 

· 5846 
'.7697 

1.9576 
1. 461 
1. 991 
2. 559 

3. 2174 

2. 398 
1.6916 
1.4582 
1. 3196 
1,2298 
1.1666 

4. 1582 
2. 4214 
1. 7654 
1. 5378 
1. ~316, 
1.2396 
1. 1899 

4. 9lS4 
2: 3579 
1. 7187 

1. 47 
J.. 3196 
1.2444 
1.1n3 

3.5516 
2. 281 

1. 6587 
1.4935 
'1. 28:>6 
1. 1964 
1. 1581 

3. 00:>9 
:>. 9655 
:>. 8516 
4. 7199 
6.1126 
7. 9282 
9. 9247 

4. 8614 
:>. 6831 
4. 9676 
4. 658 

6.2662 
7. 85:>6 
9. 8252 

4. 6191 
3. 4732 
3. 9416 
4. 6619 
5. 9787 
6. 9472 
8.97£13 

6. 7269 
3. 6753 
:>. 8969 

4. 796 
5. 9£144 
7.5521 
9.2343 

---------_. ------------------------------,.--
(OPO,L) & (OP/L)L: PRESS. GRAOIENT DUE TO CAPSULE & WATER RESPECTIVELY 
(OPt'!')C. TOTAL flRESS. GRADIENT ACROSS CAPSULE (=(CPO,.'U+(OP/L;'!.) 
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RP. PRESS. RATIO(=(DPt'!.)c",(CPt'!.)!.). P: UNIT ENERGY FOR 'CAPSULE(EQN. (6.18) . 
M=METER S=SECOND PA=PA~CAL W=WATT KG=KILOGRAI'l 

" 



(D. 23) PRESS. RATIO & UNIT ENERGY - NYLON CVLINDERS 

K= .652 S= 1.15 

------------------------------------------------------------------------
\lC R\I <DPtvu. <DP/UL CDP/DC RP P 

-----------------------------------------------'" 
<M/S) (MiS) (-) ("'PAlM) (KPAlM) (KPA/N) (-) KW-S/KG-~t 

(L/D= 4) 

.619 
1.a74 
1. 7:>:> 

•. 2. 315 
3. e66 
3.696 
4. 392 
5.876 

(L/D= 7) 

.676 
1. 84;; 
1. 768 
2.371 
3. aa6 
3. 641 
4.331 

.345 .5574 

.824 .7672 
1.694 .9775 
2.592 1.88es 
:s. 424 1. 1168 
4.252 1.1584 
5. 136 1. 1694 
5.995 1. 181 

. 243 . 3595 

.729 .6976 
1.654 .9355 

2.49 1.9582 
3.385 1.1261 
4.22 .. 1: 159 
5. 16 1. 1914 

<L/D= 18) 

1. 845 
1. ;:;3 
2. 427 
3. 833 
3. 786 
4. 386 

.664 .6354 
1. 683 .925 

2. 53 . 1. 8424 
:S. 412 1. 125 

4.36 1.1765 
5.34 1.2175 

(L/D= 14) 

1. 874 
1.'711 

2. 37 
3. 854 
3.752 
4. 362 

.587 .5466 
1. 52 . 8884 

2. 466 1. 8495 
3. 458 1. E23 
4. 453 1. 1868 
~. 481 1. 2382 

.7893 .8617 

.7893 .1678 
· 78a3 . 3782 
.7883 .6416 
.8142 1.861 
.8142 1.53 
.8142 1.974 
.8142 2. 715 

.7754 

.7754 
.7754 
.7754 
· 8336 
.8336 
· 8:)36 

.\ 7464 
.7464 
.7464 
.7464 
· 7735 
.7735 

.72i 

.727 

.727 

.727 

.7754 

.8617 

.1481 
· :;899 
.6416 
1. 836 
1. 456 
1. 851 

: 1357 
· 3455 
.6169 
q---· -.~( ( 

1. 431 
1. 925 

.1851 

.3988 

.6171 
1.' 829 
1.44 

2. 898 

---------------------

.842 B.6467 
· 9481 5. 65a2 

1.1585 3.1878 
1. 421-'1 . 2. 2162 
1. 8752 1. 7674 
~ 3442 1. 5322 
2. 7882 1. 4125 
3. 5292 1. 2999 

· 8371 13. 5673 
· 92.>-S 6. 2357 

1. 1653 2. 9887 
1.417 2.2985 

1. 8696 1. S946 
2. 2896 1. 5725 
2. 6846 1. 4584 

.8821 
1. 8919 
1. :;63] 
1.6841 
2. 2945 
2. 6985 

.9121 
1. 1178 
1.3441 

1. ,56 
2. 167 

., 8--" .... ~ ..s.Cf' 

6. 5884 
3. 1683 
2. 21399 

1. 796 
1. 5485 
1. 4Et18 

4. 9276 
2.86133 
2. 1781 
1. 7865 
1. 5849 
1. 3696 

:S. 8982 
2. 5278 
2.4876 
2. 6912 
3. 4347 
4. 1681 
4. 8('72 
6. 1125 

4. 7635 
2. 7979 

2. 548 

:S. 3961 
4. 0489 
4. 6892 

2. 8:;9,/ 
2. 414, 
,2.6,51 
3. 8622 

3. 833 
4. 5:;:;7 

:S.4E6 
2. 5738 
2.642.4 
3. 1723 
3. 7349 
4. 7469 

----?---------------------------------------------------
(QPo/U & (DPtUL; PRESS. GRADIENT DUE TO CAPSULE & WATER RESPECTIVELY 
(DP/UC: TOTAL PRESS. GRADIENT ACROSS CAPSULE (=(DPO/U+(DP/UU 
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RP: PRESS. RATIO(=(DP/UC/(DPtUU P: UNIT ENERGV FOR CAPSULE (EQN. (6. 18) 
M=METER S=SECOND PA=PASCAL W=WATI KG=KILOGRA~t 



------------------------------
(DPO/U & (CPr'Ul; PRESS. GRADIENT DUE TO CAPSULE & I~ATER RESPECTIVELY 
(DP/UC: TOTAL PRESS. GRADIENT ACROSS CAPSULE (=(DPO/U+(CP/UU 
RP. PRESS. RATIO(=(CPt1.)C/<DP/UU P: UNIT ENERG','. FOR CAPSULE(EQN. (6. 18) 
.~l=METER S=SECOND PA=~ W=WATI ~G=KILOGR~l 
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(D. 2:5) F'RESS. RATiO $. UNIT ENERGY - ALUMINUM C'r'L I NDERS 

K= .489 S= 2.7 

------------------------------------------------------
VAV IIC RII (DPO/U (DP/UL (DP/UC RP P 

--------------------------------------------------
(MIS) (MIS) (-) (KPAIM) (KPA/M) (KPA/M) (-) KW-S/KG-M 

------------------------------------------------------------
(L/D= 4) 

2. 381 .471 .1978 5. 292 .. 6412 5. 8432 9. 1129 45. 7518 
3. 954 1. 282 .4198 5. 292 1. 936 6. 238 6. 9212 15. 5363 
3. 696 2. 1B2 .5687 S. 282 1. 456 6. 658 4. 5728 12. 2~95 
4. 362 :... 3.135 .7187 5. 282 1. 974 7. 176 3. 6:;53 19. 4389 
5. 978 4. 198 .899 5. 292 2. 665 7.867 2.952 19. 167 

(LiD= 7) 

'2.778 .447 .1699 4. 911 .8367 5. 7477 6. 8695 29. 8'(66 
3. 942 .796 . .2617 5. 941 1.949 6. 99 5. 8955 24. 3324 
3. 347' 1. 171 .3499 5. 169 1.357 6: 526 4. 8991 19. 5915 
3. 794 1. 664 .4492 5. 169 1. 53 6. 699 4. 3784 15. 5991 
4. 258 2. 451 .5756 5.169 . 1. 99 7. 159 3. 5975 n 9928 
4. 696 3. 987 .6574 5. 169 2.418 7. 587 3. 1377 12. 9666 

(L/D= 19) 

2. 978 .199 .9668 4. 976 1 .. 1312 5. 988 5. 917 93. 6862 
3. 641 1. 156 .3175 4. 976 1. 497 6. 383 4. 5366 16. 8151 
4. 331 2. 238 .5167 4. 976 1. 851 6. 827 3. 6883 13. 8128 
4. 994 3. 129 .6?66 4. 976 2. 789 7. 765 2. 7842 12. 9571 

(L/D= 14) 

3. 696 .723 .1956 4.847 1. 481 6. 328 4. 2728 33. 8297 
4. 331 1. 792 .393 4. 847 2. 16 7. 997 3. 244 18. 6416 
5. 922 2.744 .5464 4. 847 2. 571 7. 418 r 2. 8853 11. 3551 

(OPO/U $. (DP/UL: PRESS. GRADIENT DUE TO CAPSULE $. WATER RESPECTIVELY 
(OP/UC: TOTAL PRESS. GRADIENT ACROSS CAPSULE (=(DPOlU+(DP/UU 
RP: PRESS. RATIO( <DP/UC/<DP/UU P: UNIT ENERG'r' FOR CAPSULE (EGN. 6. 18) 
M=MEJER S=SECOND PA=PASCAL W=WATT KG=KILOGRAM 

,. . 

• 
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(D. 26) . PRESS. RATIO & UNIT ENERGY - ALUM I NU/'1 CYLINDERS 

K'" ,6:52 5= 2. 7 

---- --------- --------------- ------
VFN VC Rio' (DPO.--l.) (DP/UL (DP/UC RP P 

----------- ---------------------------------
(MIS) (MIS) (-) (KPAlM) (KPA/M) (KPAlM) (-) K\oj-S/KG-M 

------------- -----------------------------------
(L/D= 4) 

1. 756 .335 .1938 8. 99 .3455 9. 3355 27. 0203 42. 6342 
2.343 1. 076 .4592 8. 99 .617 9. 607 15. 5785 16. 4033 

3. 06 2.883 .6546 8. 99 .9254 9.9154 10. 7147 11. 8778 
3. 729 2. 852 .7648 8. 99 1. 481 18. 471 7. 8,02 10.7353 
4. 436 3. 773 .8585 9. 16 2. 036 11. 196 5.499 ,. 7413 
5. 898 4. 626 .9074 9. 16 2. 899 12. 059 4. 1597 6. 2523 

(L/D= 7) 

2. 183 .269 .1232 8. 918 .531 9. 449 17. 7947 45. 8954 
2. 47 .623 .2522 8. 918 .691 9. 689 13. 9859 29. 8724 

2. 729 .983 .3682 8. 918 .839 9. 757 11. 6293 21. 2398 
2. 922 1.426 .488 8. 918 .987 9.985 18.8355 15. 9147 

3. 42 2. 825 .5921 8. 918 1. 283 10. 281 7. 9589 13. 5891 
3. 74 2. 498 .6679 9. 111 1. 555 18. 666 6. 8592 9. 3913 

4. 358 3. 281 .7529 9. 111 2.18 U. 291 5. 1794 8. 8198 

(L/D= 18) 

2. 37 .4a5 .1789 8. 956 .617 9. 573 15. 5154 32. 9447 
3. 833 1. 334 .4398 8. 956 1. 836 9. 992 9. 6448 17. 8136 
3. 673 2. 252 .6131 8. 956 1. 481 18. 437 7. 0473 10. 8189 
4. 359 3. 249 .7454 8. 956 2. 836 18.992 5.3988 8. 6728 
5. 876 4. 2U .8296 8. 956 2. 764 11. 72 4. 2482 8. 3882 

(L/Dd 14) 

3. 833 .943 .3189 8. 966 1. 929 9. 995 9. 7133 18. 9055 
3. 696 1. 932 .5227 9.815 1. 543 la. 55a 6. 8425 U. 8782 
4. 414 2. 968 .6724 9. 2a8 2.16 11. 368 5.263 9. 9425 
5. 854 4. 821 .7956 9. 288 2. 88 12. 088 4. 1972 7. 1481 

-------------------------------------------------------------. . 

(DPO/U & (DP/UL: PRESS. GRADIENT DUE TO CAPSULE & WATER RESPECTIVELY 
(DP/UC: TOTAL PRESS. GRADIENT ACROSS CAPSULE (=(DPO/U+<DP,UU 
RP: PRESS. RATIO«DP/UCt'(DP;UU P: UNIT ENERGY FOR CAPSULE(EQN. 6. 18) 
M=METER S=SECOND PA=PASCAL W=WATT KG=KI LOGRAM 



<D.27> PRESS. RATIO & UNIT ENERGY - ALUMINUM CYLINDERS 

K= . 815 5= 2. 7 

YAY YC RY <DPO/U (DP/UL (DP/UC RP 
----------------_ . 

. (MIS) <11/5) (-) (KPAlM) (KPA/N) (KPA/M) 

(L/D= 4) 

1.974 
1. 699 

. 2. 458 
:>. 116 
:>. 861 

(LiD= 7) 

1. :;:; 
.1.643 
2. 812 
2. 481 
2. 779 
3. :>99 

.256 

.986 
1. 812 

2. 73 
3. 716 

.392 

.781 
1. 161 
1. 783 
2. 163 
2. 8SS 

(L/D= 19) 

1.756 
2. 453 
3. 171 
3.,972 

.714 
1. 623 
2.592 
3. 745 

(L/D= 14) 

1.728 .692 
2. 593 1. 524 
3. 171 2. 527 
4. 949 :>. 8U 
4. 524 4. 511 

· 2384 13. 927 
· 5893 13. 027 
· 7372 12. 892 
· S761 12. 892 
· 9624 12. 892 

· 2947 12. 795 
· 4267 12. 795 

.577 12.795 
· 7187 12. 795 
· 7783 12. 795 
· 872S 12. 872 

· 4066 
'.6616 

.8174 

.9428 

13. 927 
13. 827 
13. 027 
13. 827 

:>484 12. 989 
· 6889 12. 989 
· 7969 12. 989 
· 9412 13. 182 
· 9971 12. 989 

----------_._--

.1684 
· :>948. 
.654 

1.8S6 
1. 684 

.1974 
· :;:£185 
.4689 
.6786 
· 86:>7 
1.197 

.3578 

.6786 
1. £161 
1. 78:;: 

.3702 

.6994 
1.111 
1. 913 
2. :>84 

13. 1874 
13. 4218 

13. 546 
13.978 
14. 496 

12. 9924 
13. 18:>5 
13,.2639 
13. 4736 
E. 6587 

14. £169 

1< :;:848 
13.7£156 

14. ess 
14.73 

82. 2157 
~3. 9965 
20. 7125 
12.8711 

9. 8374 

65. 8176 
42. 4749 
2S. 287:> 
19. S55 

15 .. 8142 
11. 75:>6 

37. 4886 
29. 1969 

13. 27'8 
S. 6494 

13. 3592 :>6. eS64 
13. 6884 19. 5716 

14. 1 12. 6913 
15. e95 7. 8987 
1S. 293: 6. 6376 

147 

P 

30. 8492 
11.6862 

9. 2214 
8. eeGS 
7. 55S5 

16.5913 
15.4124 
11. 5:>5:> 

9. 41385 
6. 6£149 
8. 0896 

16. 5197 
1£1. 3954 

8. 6492 
5. 8881 

14. 4:>2.9 
11. 2822 

8. 8792 
S. 8483 
5. 7725 

(DPO/U & (DP/UL: PRESS. GRADIENT DUE TO CAPSULE & WATER RESPECTIVELY 
(DP /U C: TOTAL PRESS. GRAD I ENT ACROSS CAPSULE (= (DPO/U + (DP /U U 
RP: PRESS. RATIO«.DP/UC/(DPIUU P: UNIT ENERG~' FOR CAPSULE(EQN. 6. 18) 
M=tETER S=SECOND PA=PASCAL W=WATT KG=KILOGRAM 
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