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This thesis describes an experimental study of hydrodynamically

suspended spheres and sphere trains in a vertical pipe, using water and

polymer solution as the suspending medium.

The experiments involved hydrodynamically suspending single
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Drag coefficients were found from a force balance which involved measuring

the average velocity of flow approaching the spheres while the pressure

drops were found by direct measurement. The experiments on single steel and

plastic spheres were carried out in both water and dilute aqueous polymer

solution, while the tests on trains of spheres were carried out in water

only on train lengths of up to twelve spheres.

From the correlations for drag coefficients and "pressure drops

of this data, comparison with other authors, especially with data obtained by

McNown and Newlin(2), Round and Kruyer(2l), and Tawo(28) were made.
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flow pattern is changed by the presence of the spheres
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spheres but not including the end effects
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I INTRODUCTION

The behaviour of a sphere moving through a viscous fluid has been

the subject of research since 1851, when Stokes first considered a sphere

settling in air at a very low Reynolds number. Fonowing Stokes, there have

been a success i on of authors advanci ng and refi ni ng the theory of settl i ng

for both single and agglo 1erations of spheres.

Recently the need to transport material that cannot be

contaminated by the transporting fluid of the pipeline has become

apparent. These transportation systems enclose the material to be trans-

Dorted within a spherical or cylindrical capsule whqse diameter

approaches that of the pipe. The information presently available on the

dynamics of dense fields of particles has pemitted slurry pioelines to be

designed, however this data is not sufficient for the design of capsule

pipelines and research had to be carried out to determine what effect the

constraining walls had on the motion of the capsules.

The earliest work carried out on this subject was an experimental

study performed by NcNown and Newlin(2) in 1951 in whid. they measured the

drag coefficient of a sphere rigidly fixed in a uniform flow f~eld constrained

within a tube. This work was further extended in 1967 by Round and Kruyer(21)

by an experimental study which determined the effect of specific gravity ratio

and diameter ratio on spheres suspended in fully developed turbulent flow in

inclined tubes. Other authors have studied related top~cs, such as the move-

ment of capsules through pipelines and the pressure drop along sphere trains

rigidly fixed to the pipe wall. Much remains to be done on these studies but

an aspect that cannot be neglected is the effect of drag reducing compounds.

1
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The behaviour of a sphere settling in an unbounded drag reducing

fluid was studied by A. White(15), (24) in 1966 and 1967, and by Chenard(19)

in 1967. The results of these experiments were consistent, and indicated

that with a laminar boundary layer the drag on a sphere is reduced, but that

with a turbulent boundary layer the drag was increased. This is approximately

the rever$e of -what happens when a drag reducing solution flows through a

pipe. In laminar pipe flow, polymer increases the drag while with turbulent

flow the drag is reduced. The result of combining these two systems, that

is a sphere suspended in a pol~ner solution within a cylindrical boundary,

was studied by Stow and Elliot (32) in 1970, however, their results did not

differ' from water, and are questionable because of the experimental method

used. More will be said regarding these experiments by Stow and Elliot

later in chapter II.

The dilute aqueous pol~er solution experiments were therefore

conceived to determine what effect a drag reducing solution would have on a

suspended sphere within cylindrical boundaries. The behaviour of single

spheres fixed to the wall of a pipe, and also capsules moving through pipe

lines have been studied by other authors. To unify these experiments the

behaviour of suspended trains of spheres in pure water was included in this

study, although time did not permit the experiments to be extended to polymer

solutions. In order to make comparison with others the apparatus and

procedure had certain similarities to that of other workers.
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II LITERATURE SURVEY

The initial part of this study was to obtain data on the flow

of water past spheres and sphere trains in a vertical pipe. The earliest

work that is related to this subject was that of McNown and Newlin(2) who

studied the drag coefficient variation of a sphere rigidly mounted in a

tube, as a function of the sphere to tube diameter ratio. Their tests were

carried out in air at a fixed Reynolds number and with a uniform velocity

distribution across the test section upstream of the sphere,in order to

relate their work to the extensive data available on the settling of spheres

in an unbounded medium.

As a result of their work they developed the equation for Cd in

(2.1)

which neglects the effects of viscosity but still correlates the data for

diD> .82 very well.

Closely related to the topic of spheres and sphere trains suspended

in pipes is the subject of the transport of capsules through pipelines. An

extensive study, l"ef. (3) to (10), and (20) on the subject of capsule pipe

lines was published between the years 1963 and 1967. This series began with

a consideration of the concept of capsule pipelining and proceeded to develop

and test analytical equations for the velocity and pressure gradient of

capsules moving through pipelines.

This analysis brought out the importance of several parameters or
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groups of parameters in pipeline flow that are similar or closely related

to those found in the support of spheres in pipes. For capsule pipelines

a dimensional analysis indicates that;

a p d L k kn[Re ,· ;, D' D' end sl\ape, C, t-, 0-]

where

k
c

= capsule surface roughness

kp = pipe surface roughness

C = capsule to pipe friction

These are much the same groups that would be expected to influence

tin:: SLiPPOi-t ·..·-10cit:y uf (.( 5i.1S\.J8ih':t::u sp:le'I't: Oi' ~1J;ll:~re train. Ii cu:.lJiUuii
2

to the above groups,·the pipe Froude number VAV , which is the ratio of
Dg

the inertia forces to the gravity forces, could also be considered. While

references (3) to (10) and (20) extensively investigated the above parameters

it is difficult to relate their work directly to the present study in that

they deal chieflywith capsules moving at a velocity in excess of the average

fluid velocity, whereas for a suspended sphere the situation is the exact

ppposite.

The next work to be considered is that which was done by Round

and Kruyer(21), who studied the variation of the drag coefficient and the

pressure drop across a sphere as a function of diameter ratio and specific

gl~avity ratio in an inclined tube. It was found that when the quantity
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was plotted as a function of In{djD) a straight line resulted.

FurthermOl~e, the drag coefti ci ents obtai ned by Round and Kruyer (21 )

agreed with those of McNown and Newlin despite the differences in the

exper·imenta1 methods. Contrary to what mi ght be expected, a sphere free

to move in a fully developed turbulent flow does not exhibit very large

drag coefficient differences to that of a rigidly mounted sphere in a uniform

flow field. This subject will be further discussed in chapter VII.

References (3) to (10) and (20) and (21) have dealt with the

pipeline flow of capsules and the flow around single spheres. The first

consideration of flow around trains of spheres not moving with the liquid

was done by Tawo(28), in his study of the pressure drops across a train of

spheres fixed rigidly to the inside of a pipe. Pressure drop measurements

were made as a function of diameter ratio and Reynolds number. Tawo also

developed two pressure ratio terms by which the sphere train pressure drops

Ceill ut: r't:la"L8u ~o Lft()::>e of the pipe free of the sphere train. These

expressions were defined as;

which does not include the end effects, and PR2 defined as;

which does take into account the end effects.

The phenomenon of drag reduction through the addition of trace

amounts of long chain polymer molecules to turbulent flow past solid

boundaries has been well established for twenty years or more. It has been

found that amounts as small as 0.001% by weight or less, can in certain
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cases reduce the drag by as much as 70%.
("I)In 1948, B. A. Toms discovered that a solution of polymethyl

methacrylate in monochlorobenzene gave drag reductions of up to 50% in

turbulent flo\'JS through a 0.202 em. diameter tube. In the ensuing interval

the number of papers published on this phenomenon have become too numerous

to allow indi idual mention, however, in general the experimental data fall

within the range shown in figure 1. (See also reference (42)).

While experimental data are numerous, a complete explanation of

the physical process causing the phenomenon is lacking. It is known that

concentrated solutions of polymer are distinctly non-Newtonian, and for

certain types of pol~ners, even dilute solutions exhibit non-Newtonian

behaviour, but in general, weak solutions, such as 0.001% by weight, from

a viscosity point of view are effectively Newtonian. Experiments by

Gadd(13), (14), and White(15), (24) have shown the polymer solutions have

unequal normal stresses, in other words in a simple shear flow pressure

does not act equally in all directions. Other experiments have shown that

the effect of adding polymer is primarily concentrated in the buffer region,

the region extending fron y + =11.6 to Y + =70. It has been observed

by Carino and Brodkey(26) that the dissipation of energy takes place

through the formation of small scale eddies in the region 11.6 <y + < 70

and it has further been observed that the injection of polymer in the region

y + > 70 produces negligible drag reduction until the polymer diffuses to

the wall region. The addition of polymer appears to suppress these eddies

resulting in a decrease in friction compared to that for a pure solvent.

Partial differential equations describing the momentum transfer

of flow through a boundary layer have been developed, but cannot be solved

because of their complexity. Existing mathematical solutions generally make

use of a similarity variable which reduces the non linear partial differential
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equations to ordinary ones. For velocity this new variable depends only on

a single position parameter which characterises both distance from the wall

and the distance in the direction of the flow. In this way the dimensionless

velocity u + now depends only on the dimensionless distance y +.

Prandtl and von Kar~n were the first to develop such equations.

For the turbulent flow of pure solvent Prandtl has determined a universal

velocity defect law;

u - u 1 <5--=-.Q.,n-
u*O k y

and similarly the universal velocity distribution law;

u 1 Y u*O 1
u + = - = - in ( U )- -k .Q.,n 13

u*O k

(2.2)

(2.3)

for y + 11.6

for y+ < 11.6
u Y u*O
-=---
u*O U

(2.4)

Equation 2.3 can be converted to a form containing the friction

factor by letting;

8 u 2
C _. TO 8 (. *0)

f - pu2 = U

therefore

~l_ =0.868 £'n (Re JC';) - 0.8rc;- (2.5)
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The work of many authors htis been directed towards obtaining an

equation similar to equation 2.5, that is applicable to drag reducing

solutions. It can be expected that equation 2.5 for a solvent must form

the lower asymptote of drag reduction. Virk et. al. (34), have deduced the

upper asymptote of drag reduction as;

_1_ = 4.125 in (Re JCf ) - 16.2

r;-
(2.6)

Relationships such as the above must be used with caution, because

for polymer flows the extent of drag reduction depends upon the thickness

of the shear layer. If the shear layer is too thin, as in a pipe of very

small diameter, the viscous sUblayer and the interactive, or buffer layer

remain, but the turbulent portion of the shear layer is either greatly

reduced or non existent, and hence the flow becomes that for maximum drag

reduction very easily. The result is that greater drag reducti on is apparent

at lower Reynolds numbers and lower concentrations of polymers than would

normally occur where the shear layer is sufficiently thick.

Granville(19), (35) has investigated the limitations of

similarity law type solutions applied to polymer flows, and bearing these

in mind, several such solutions will be discussed briefly. F. M. White(25)

combine·d the law of the wall developedby Meyer for polymer flows;

u + = kl in y+ + 5.5 + Ct in (u ,+)
u*O

(2.7)

where a lS a property of the polymer and its concentration and u~O is a

threshold friction velocity below which the flow behaves as a pure solvent

~rould, with the two dimensional bounary layer equations to derive an
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effective Reynolds number relationship for external flows;

(2.8)

The Reynolds number of the Newtonian fluid is calculated as before but it

is then modified according to equation ·2.8. Using this effective Reynolds

number the friction factor can then be calculated from some Newtonian corre-

lation such as;

Cf (NEWTONIAN) = [2 log (ReN ) - 0.65J-2. 3

Since the free stream velocity for a flat plate remains constant~

the shear stress must decrease as the Reynolds number increases. Therefore~

thl" tprm lJ. =IT must. flle:;o dpCTpfle:;E' (Ie:; till". Rpynnlrle:; nllmhpr inrrp(le:;es. Th~
,. \l 0 -

result is that for a flat plate~ polymer addition reduces friction~ starting

at the threshold Reynolds number but proceeding with decreasing effective-

ness as the Reynolds number increases.

Apart from Meyer, there have been many authors who have studied

the similarity laws applicable to polymer flows, both theoretically, and

experimentally. Granville(19), (35) has published an interesting derivation

of these similarity laws~ along with a summary of their limitations.

Granville begins his analysis with a statement of the inner

ve10city 1aw ;

m, ml , m2, .... , t, t l , t 2, .J
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with the boundary conditi ons;

u = 0 at y = 0

The variables are then grouped by a dimensional analysis and by considering

the region of overlap between the outer velocity law and the inner velocity

law, a functional f rm of the inner velocity law has been derived;

~ := A Q,n y+ + B, [Q,*, C, PJ
u*

\'Ihere

(2.9)

Q,* =

Pp = polymer concentrati on (density units)

p = density of solvent

is a form of polymer concentration, where;

P = . . . . )

m
--3
Po Q,

m m,
, m' m '

1 2

. . . . ,
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These relationships indicate what the similarity laws for polymer

must be like, unfortunately the exact form can only be determined by experi-

ment.

While considerable data exists on the unhindered settling of

spheres in air or water, the subject of unhindered settling in polymer has

only recently been studied. In 1967, White(24) showed that the addition

of polymer to the flow past a sphere in an unbounded medium caused ~he drag

coefficient to decrease when the boundary layer was laminar and increase

when it was turbulent.

This observation is somewhat unexpected because for internal flows

in the laminar region the addition of polymer slightly increases the drag

while in the turbulent region it produces a marked decrease in drag. White

has attributed this occurence in external flows to the delayed separation

He postulated that the delay in separation is caused by the inequality of

normal stresses in the shear flow, resulting in a higher pressure normal to

the direction of shear than would be found in a flow of the pure solvent.

This would then cause the boundary layer to adhere to the sphere longer than

usual. The inequality of normal stresses was first suggested by Gadd(13), (14)

and demonstrated by him by the impact of a free jet on an inclined plane.

In 1967, Chenard(16) pUblished a thesis reporting essentially

the same results as White(24), however, when these results are compared with

those of McNown and Newlin(2) and others wh~ did work on the flow around

spheres in tubes, it can be seen that Chenard's drag coefficients should

differ by as much as +10 to +15% when compared to those ina truly unbounded

medium.

The final paper of immediate interest is one by Stow and Elliot(32)

reporting their work on the measurement of drag forces and hence drag
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coefficients on a tethered sphere in a polymer solution. The results they

obtained indicates that the drag coefficient is not altered by the addition

of polymer to the solvent. This disagrees with the results of the present

study which indicates that the drag coefficient increases.

An examination of their experimental method suggests a possible

explanation. The polymer used was Po1yox WSR 301, a polymer that is highly

susceptible to shear degradation, and rather than using an open circuit

system they used a closed circuit in which the polymer was continually

recirculated using a centrifugal pump. To obtain results at different

concentrations this original polymer was then diluted. Because of the

sensitivity of Polyox to shear degradation it is probable that over the

period of the experiment the actual concentration was not accurately known

and the polymer was totally degraded.
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III THEORY

Referring to figure 2, when the sphere(s) are in stable equili

bri um thei r wei ght ; s balanced by the; r buoyancy and the drag force exerted

on them by the fluid. Assuming fully developed turbulent flow upstream of

the spheres and neglecting the exact location or motion of the spheres, a

drag coefficient can be postulated that encompasses all the effects encountered,

and can be distinguished from the drag coefficient occuring in an unhindered

configuration.

For the spheres at equilibrium we may write the force balance as,

(referring to figure 2).

F3 = Fl + F2

or

A V 2
C * S P AV ~

W= d 29
c
-- + n Ys P gc

therefore

collecting terms and transposing we have,

(3.1)
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Hence for a given fluid and sphere material

(3.2)

In order to understand better the phenomenon and how the variables·

relate to each other, a dimensional analysis, using Buckinghams TI theorem has

been performed for the system.

It may be assumed that the variables involved may be written:

(3.3)

The uni ts are;

b.P = F!...
u2

d = L

0 = L

p = ML-3

= ML-3

\) = L2T-l

VAV = L2T-l

gc = MLF-1T- 2

Arranging these into four dimensionless groups;
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TI 1 = V aOb c9 d f1 P
AV P c

1T = V aOb c d d
2 AV P 9c

1T V anb c d= a3 AV P 9c

1T = V aDb c d V
4 AV P 9c

By satisfying the requirement of dimensional homogeneity for each 1T group

we can solve for a~ b, c and d. Hence;

which can be rearranged without altering the requirement of dimensional homo

geneity into a friction factor type of term;

and

and

1T 6P
Cf= =

1 2
(l).e:L
D 29c

1T
2 = diD

1T
3

a a - p= - or
P P

TI
4

\)
1T

4

VAV 0
R= V

AV
0 or = --=

\) e

(3.5)

(3.6)

(3.7)

(3.8)

We can then write that;
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.;

(3.9)

Referring back to the derivation of the drag coefficient Cd* the RHS of

equation 3.2 is a form of the Froude number, that is, the ratio of the

gravity forces to inertia forces. Two other quantities not considered in

the dimensional analysis but which should be included are the number of

spheres in the train, and their location in the pipe. Considering the

geomet~ of the test section in cylindrical polar co-ordinates centered on

the centerline of the pipe, and letting the eccentricity be represented

by the radius vector stretching from the origin to the center of the sphere,

it is apparent that for an oscillating sphere or sphere train the time

average of the eccentricity will be some finite value.

The resulting effect is a buffeting of the spheres, which is

caused by the f.urhlJ'jpnc:e 'l1hf>n~nr ·In th~ t!0W; al1d th~ shedding Of vortices

from the spheres. Above certain limiting diameter ratios, diD> 0.75 the

manner in which the wake vortices are produced is altered, causing the sphere

to spin or roll rapidly about the inside of the test section. The

combination of these effects then renders the concept of a stable symmetri

cally located sphere invalid. However, since the theory is not dependant

upon the spheres being centered but is sufficiently general to encompass these

effects the numerical values should be generally valid for all systems where

spheres .are hydrodynamically supported within a vertical pipe.

Returning to the system of figure 2, the pressure drop across the

sphere or spheres will in general consist of four quantities.

(1) The pressure drop ~PT associated with the support of the sphere

or sphere train, and caused by a combination of form drag and skin

friction acting on the spheres only.
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(2) The pl~essure drop b.PL caused by the frict"ion between the pipe and

fluid, flowing at the velocity required to suspend the spheres.

(3) A pressure drop b.PLI due to the additional shear imposed on the

flow by the presence of the sphere, over and above b. PL due to

the friction between the walls and the fluid in the absence of

the sphere.

(4) Leading and trailing end effects of the sphere(s)b.P E1 , andb.P E2 ;

b. PE = b. PEl + b. PE2 ,

The pressure b.Pm is measured at the positions along the tube where

the end effects caused by the spheres are negligible, and consists of;

(3.10)

pressure drops of the leading and trailing ends of the sphere train. These

quantities can only be obtained empirically becuase of the complex nature of

the flo. The flow being turbulent results in a continual buffeting of the

spheres~ furthermore, vortices are being shed from the trailing end of the

sphere tt'ai n.

An express i on 6. PS can be defi ned if the constant press ure

gradient terms of the total gradient along the section (n - l)d of the

sphere train (see figure 2), are considered. The total pressure gradient

is not constant along this entire section, however the deviation from

constancy at the beginning and end of the sphere train is incl~ded in the end

effects. !l PS then is,

!l Ps - [(~) + (~) + (~) I] (n - 1) d
dZ T dZ L dZ L

(3.11)
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(n - l)d is used rather than nd for the train length because this provides a

more realistic approach to the problem of allowing for end effects.

The measured pressure can then be written as;

dP
i\Pm =llPS + (~PEl +~PE2) +(dZ)L(9-1 + 9-2)

where

Substituting for II PS;

l:I P = [(.QE.) + (dP) + (dP) 'J (n - l)d + ~ PEl + l:I PE2 )
m dZ T dZ L dZ L

and grouping the terms we have;

l:IP = [(ddzP) (n-1)d+(~)'(n-l)dJ
m T dZ L

(3.12)

(3.13)

The quantity (dP/dZ)L cannot be measured independantly of the term (dP/dZ)T'

therefore they have been combined into the single term (l:IPs/L). Therefore,

l:I Ps l:I P
t. Pln .= (-L-) (n - l)d + (--f-) (L) + l:I PE (3.14)
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and transposing we have;

Ll PS
= (-L-) (n - 1) d + Ll PE (3.15)

Once a section of developed flow has been achieved along the sphere train,

it shall be assumed that regardless of the length of the train~ the end

effects remain constant. It is then a simple matter to determine (6. PS/L)

from a graph of LlPm - Ll PL against n~ and from these to determine Ll PE.

Tawo(28) in his thesis on fluid flow in pipes containing sphere

trains~ has developed a pressure ratio PR1, which compared the pressure

gradient in a tube containing a sphere train to that of a free tUbe. Such

a ratio could be used to predict the pressure gradient in a pipe containing

a sphere train if the pressure gradient of the free tube is known. The

pressure ratio PRl ~ is defined as;

where (Pln - P2n )/L is the pressure gradient along the train, excluding end

effects.

For the purpose of comparison~ an expression similar to PRl will

be developed in the present work. From equation (3.12);

LlP =6.P - LlP - (dP) [L - (n - l)d]
S m E dZ L

the gradient then is;

(3.16)

LlPS 6. Pm LlPE
{n -ncr,= (n - l)d - (n -l)d

(dP) [L - (n - ') d]
dZ L (n - 1) d (3.17)
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defining;

PRl (3.18)

and substituting) we have;

PRl

On collecting the terms together we have;

PRl (3.19)

Once a graph of flPm - flP L has been plotted and flPE is known)

equation (3.i9) can be useci to caicuiate PRi) however) shouldl1PE not be

known) a close approximation to PRl can be made ifflPE is included inflPm)

this would then make)

PRl =
L ~ P

+ - [~- 1]nd 6. PL
(3.20)

where (n - l)d has been changed to nd to facilitate calculation.

A major portion of the experiments presented in this work deal

with the effects of polymer on single spheresdynamically suspended in a

vertical pipe. For these situations a developed (dP/dZ)r cannot exist) since

a single sphere does not provide sufficient length in the direction of flow.

Furthermore) the pressure drop across the single sphere is not equivalent to

the end effects observed for the sphere trains) since these effects may extend

for several diameters along the sphere train.



23

When dealing with polymer it is assumed that low solution con

centrations « 100 Wppm) produce solutions that are equivalent to Newtonian

fluids, except that they produce less drag.

For unbounded external flows, such as flows around a sphere"

White(15), (24) and Chenard(l6) have observed that the addition of polymer

causes the drag coefficient in the laminar region to decrease, and in the

turbulent region to increase; however for confined flows, that is where a

sphere is suspended within a tube, the effect on the drag coefficient cannot

be predicted. For these reasons the results of the polymer experiments

were not compared with theory, but rather simply with the results of the

water experiments.
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IV EXPERIMENTAL APPARATUS

IV-l The Flow System

The experimental apparatus consists of a vertical loop of 2" ID

pipe approximately eighty feet in length, assembled as shown in figure 3.

The fluid is circulated using a Worthington model 2CN-32 single stage

centrifugal pump po lered by a General Electric three horsepower 3600 RPM

induction motor.

(Since the system can be, but is generally not intended to be used

as a recirculating system. two sources of water have been used; the city

mains for open circuit flovl. and an eighty gallon reservoir for recirculating

flow.J

Upon bei nq di scharged from the r"mr> thp l!Ji'ltpr tr;:wp15 1')~~J:_a. 904

G.LlQlC inch variable volume surge chamber, which dampens· pressure fluctua

ti ons. Immediately after the surge tank are located tIt/o "Brooks II rotameter

type flowmeters. The rotameters are installed in such a manner that the

flow can be directed through either one. independent of the other. During

the course of the experiments it was found that the original two rotameters

did not adequately cover the entire flow range, and for this reason one of

the existing rotameters was replaced by a third low flow rate rotameter.

After leaving the rotameters the flow passed along the pipework

down to the level of the first floor, then back through a vertical section

twenty feet long. to the second floor. The last ten feet of this vertical

secti on is a gl ass tube whi ch viaS used as a test secti on. A fi ne honeycomb

filter is located at the entrance to the test section to homogenize and

reduce the turbulence. Two ports for inserting the spheres were located

-.1
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immediately above the test section.

A number of pressure taps are located along the entire length of

the metal pipe below the test section, while the init.ial test section had

pressure taps located twelve inches apart along its entire length. Two

later versions of the test section, on which the majority of the tests were

performed had pressure taps on the midsection, located four feet (five

feet for the second one) apart.

Because the glass test section was extremely fragile, and subject

to considerable mechanical and thermally induced stresses it was necessary

to brace it at 2.5 foot intervals using rubber lined clamps. It was also

necessary to isolate the tube at the bottom flange by a thick rubber gasket

and at the top by a flexible tygon bellows piece to prevent the tube from

breaking.

After leaving the test section the water passed along pipework

1 nto el ther the reservo; r or the dra; ns, dependi ng upon the requ i r'elllell~.

In order to recover the single spheres a gate valve was located in the .

vertical section above the reservoir, which when opened allowed the water

and the sphere to be pumped into the reservoir. The trains of spheres

were retrieved by hooking a metal eye located at the end of the train.

IV-2 The Polymer System

The circulation system used throughout these experiments was an

open circuit system. This was done because in a recirculating system polymer

rapidly becomes mechanically degraded.

The polymer injection apparatus consisted of a 40 gallon

reservoir which held the concentrated aqueous polymer solution (2000 Wppm).

The polymer from this reservoir was injected into the main stream using

compressed air, controlled by a precision air line regulator, while the
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injection l~ate was monitored using a "Brooks" flowmeter.

The polymer was injected into the flow of the main stream through

a chamber located approximately thirty feet upstream of the test section.

Immediately follO\'Jing this injection chamber was a turbulence prom.eter in

the form of a centrally located sphere, occupying approximately 50% of

the area of the pipe. It was expected that this sphere combined with the

existing turbulence in the interval between the turbulence promoter and the

test section would provide sufficient agitation to uniformly distribute

the polymer throughout the flow. Visual inspection of poorly mixed polymer

batches passing through the test section ~onfirmed this.

During the course of the experiments it was found to be difficult

to maintain a steady flow of polymer because of fluctuating main line

pressures. Consequently, the system was modified to incorporate a diff

erential manometer which measured the pressure difference between the air

chamber. This permitted continuous monitoring of the "driVing" pressure

and thus better control over the injection rate.

Preparation of the stock solution of polymer took place in plastic

lined bins, using a "Hercules Standard Eductor" (manufactured by Hercules

Inc.). The solution was later transferred to the reservoir using a hand

operated positive displacement pump, which reduced polymer degradation in

transfer, and permitted inspection of the batches to check for evidence of

poor mi xi ng.

IV-3 The Pressure Measuring System

Two manometer arrangements were used to measure the pressures

during these experiments. The first method used ~ bank of inclined manometers

to check the pressure gradient along the glass section of the pipe and
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enabled the selection of the actual test section. The second arrangement

used a single inclined manometer which was used to measure the pressure

drops across the test section with and without the spheres.

Because of the short test section (four to five feet) and the

relatively low velocities encountered in the experiments a very accurate

device was required to measure the pressure. The manometer eventually

used was a water jacketed carbon tetrachloride-in-glass inclined U tube

manometer. (see figure 26 and plate4). The manometer could be inclined

from 60 to 30° from the horizontal, and was provided with a level to

measure the angle of inclination. It was found that because of the

temperature difference between the test section and the manometer that an

apparent manometer reading was created when there was no flow through the

test section. To minimize this reading the entire thirty inches of each

ma~ometer leg. as well as the connActinq tijbes WAre enclosed in a water

jacket.

IV-4 The Spheres

The steel and plastic spheres used in this study had specific

gravities of approximately 8.1, and 1.1 respectively.*

During the tests they were hydrodynamically suspended in four

configurations ego

(1) single spheres,

(ii' unattached sphere trains,

(iii) flexibly attached sphere trains, and

(iv) rigidly attached sphere trains.

For cases (iii) and (iv), the spheres were drilled and connecting

hooks fitted into the cavities. The change in specific gravity caused by

the installation of these devices was negligible ..

* For exact value see Appendix VII - Data Tables.
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V EXPERIMENTAL PROCEDURE

V-l Tests Using Water Only

Experiments using water as the working fluid were carried out

using all the sphere configurations, ego single spheres, non attached sphere

trains, flexibly attached trains, and rigidly attached trains. The

resulting data had two fold value in that it provided data that could be

compared to that of other experimenters as well as providing original data,

as in the case of the sphere trains.

The procedure for single spheres and trains of spheres was similar.

The flow of water would be started at least several hours prior to the actual

testing to allow the temperature of the water and that of the apparatus in

gp.nerol to stabilize. Whe:>n the:> ~nrar;lttls ~·';:jS 2t: thprJ11ill p"lIilihr111m the flo"'j

was stopped and the manometer no flow reading, as well as the water and room

temperature recorded. The flow was then restarted and adjusted to stabilize

the spheres in the center of the test section. When it was evident that the

spheres were stable the flowrate and pressure drop, in addition to the mode

of oscillation of the spheres, was recorded and the flow shut off and again

the no flow manometer reading noted. This procedure was repeated for all

the different diameters of steel and plastic spheres available. The diameter

and weight of the spheres was also measured and recorded.

For the case of the steel sphere trains only one diameter ratio was

comprehensively investigated because of the violent motion of the steel spheres.

The rotating steel spheres had sufficient momentum to cause the test section

to vibrate very Violently which sometimes resulted in the' spheres striking the inside

entrance to a pressure tap. On one occasion the steel spheres actually broke
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the test section~ and after this the testing of steel sphere trains was

discontinued.

V-2 Polymer Tests

The polymer experiments were carried out in much the same m~nner

as those involving water, however, they were performed on single steel

spheres only. Again the water flow was started and the water and apparatus

allowed to come to thermal equilibrium. The flow of water was then stopped

and the manometer zero reading as well as the water and room temperature

recorded, and a sphere then inserted into the tube. The water flow was

then restarted to raise the sphere to the center of the test section. When

the system had stabilized the polymer injection was commenced and the

appropriate concentration established in the test section. During the

experiments requiring polymer additions it was required that the flowrates

test section, and the required polymer concentration. When it was apparent

that the sphere was stationary in the direction of the flow, the flowrates

and pressure drops were noted. The foregoing procedure was repeated for

concentrations of 25 Wppm and 50 Wppm. After the 50 Wppm tests the spheres

were removed, and the system flushed for several minutes.

As a check, all the readings were repeated at least twice.
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Plate #1 Overall view of apparatu~ s.econd floor
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Plate #2 Apparatus on first floor, showing injection chamber and turbulence
promoter



Plate #3 Polymer injector controls and .flowmeter
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Plate #4 Water jacket"c. c;1.rlt01Ltet't;achlod..d.a.-.in _gJass_ manomete.r_, used for
most mea~urements



SECTION VI

RESULTS

The graphs displayed in this section are based upon the

measured data presented in tabular form in Appendix VII.
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VII DISCUSSION

One important portion of these experiments dealt with the study of

the hydrodynamic suspension of single spheres in water and polymer solution.

Referring to figure 4, a graph of the drag coefficient as a function of the

diameter ratio for single steel spheres in water and polymer, it can be seen

that the anticipated trend is followed. That is, at diD = 0 for both water

and polymer the curve extrapolates to an unbounded settling value of Cd
WATER

0.44 or Cd = 0.56while asymptotically approaching Cd* = 00 as diD approaches
POLY.

unity. The region between these limits is described by equation (3.1),

chapter III where

(7.1)

This equation emphasises the dependence of the drag coefficient on the

Froude number.

For water the data presented in figure 4 compares favourably to

that of cNown and Newlin(2) and Round and Kruyer(2l) although the tests by

McNown and Newlin were performed at a constant Reynolds number with the sphere

rigidly fixed in the center of the pipe, whereas the results of Round and

Kruyer were determined using a freely suspended sphere in an inclined tube.

When tests are performed using freely suspended spheres, which can absorb

energy by movement in addition to the usual manner through skin friction and

pressure change, an increase in the drag coefficient can be expected, as

shown by the results of Round and Kruyer when compared to those of McNown

and Newlin. The results of this study generally follow the same trend as those
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of Round and Kruyer, but have more scatter because of the less accurate

support velocity measurements.

There is, of course, a great discrepancy between the equation;

C *d
diD 2

= [1 - (d/D)2 ]
(7.2)

and experimental results below diD = 0.82; since this equation does not

conside~ the effects of viscosity which are apparently predominant at the

lower diameter ratios. At the higher diameter ratios the results of this

study and those of references (2) and (21) agree. Figure 4 does not show

results beyond a diameter ratio of 0.775 although tests were performed for

diameter ratios up to 0.956. This is becuase the results in that range are

adequately represented by equation (7.2).

When spheres are suspended in a dilute aqueous polymer solution

the drag coefficients are similar to those obtained in water, as figure 4

shows, however, below a diD ratio of 0.72 they are slightly greater than

those for water. Equation (7.1) indicates that for Cd* to increase in value,

the supporting velocity VAV must decrease, since for a given diameter ratio,

all other factors remain constant.

It has been generally observed by other authors that the addition

of polymer to turbulent pipe and flat plate flow decreases the skin friction.

It is reasonable then to assume that along with the usual decrease in pressure

drop accompanying a decrease in velocity, the polymer would further decrease

the pressure drop due to skin friction along the wall of the pipe, as well

as along the surface of the sphere. However, the weight of the sphere remains

unchanged, therefore, the sum of the skin friction, and form drag components

as well as buoyancy must still equal the weight of the sphere. This means

that the form drag component must increase if the sphere skin friction decreases.
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From figure 13, which shows the measured pressure drop across the sphere

less the tube skin friction pressure drop, it can be seen that the pressure

drop for polymer is less than that for water. Since it appears that the

form pressure drop component is increased by the presence of polymer, then

the pipe skin friction loss caused by the disturbance of flow around the

sphere, and the skin friction component along the sphere, must have been

greatly decreased to account for the net decrease.

For the case of a sphere settling in a unbounded polymer solution,

White(15) explained the increased drag, when the boundary layer was turbulent,

as being due to an increased wake diameter. For this case, of confined flow

past a sphere, it would appear that the same situation exists, provided the

diameter ratio is less than 0.72.

It is interesting to note that polymer effects become noticeable

as viscous effects become predominant in the system; since it is apparently

because of viscous effects that equation (7.2) becomes invalid at approxi

mately the same diameter ratio as polymer effects become apparent.

A question that has been raised is, what effects can the addition

of drag reducing polymer have on the dynamics of the transport of capsules through

pipelines? Since the precise physical characteristics, such as the ratio of

the capsule specific gravity to fluid specific gravity, and the capsule shape

and dimensions, playa very important part (references (3) to (10) and (20))

in determining the flow characteristics of a sphere through a pipeline, a

rigorous answer cannot be made on the basis of this study. However, it can be

postulated from the data presented in figure 4 and figure 12 that at high

diameter ratios (where most capsule pipelines operate) the addition of polymer

would reduce the drag of the transporting flu'id passing through the pipework,

thereby speeding the transfer of capsules in addition to lowering the energy
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requirements. Furthel~more, if the pipelines were to be operated at lower

diamet~r ratios, where the addition of polymer has increased the drag

coefficient, it might be expected that a further increase in the speed of

capsule transfer would ocuur.

Since the drag coefficient is calculated from the support velocity

it is to be expected that graphs of VAV show the same trend as those of Cd*·

This is evident in figures 6 and 8, where the use of polymer produces a

reduced supporting velocity; the velocity decreasing with increasing

polymer concentration up to 50 Wppm at which point the maximum effect is

observed.

In figuy'es 6 and 8 the data of this study is also compared to that

obtained by Round and Kruyer under similar circumstances. It can be seen

that the support velocities obtained by Round and Kruyer(2l) are above those

of this study. The reason for this is that spheres freely suspended in an

illLI illeu Luue uu nuL have i..he saine degree of freedom that spheres suspended

in a vertical tube have. In an inclined tube the spheres would rest on the

wall, partly restricting their motion and ability to absorb energy through

modes other than skin friction and pressure change. This would result in a

decreased drag coefficient and increased support velocity, compared to that

observed for a sphere suspended in a vertical tube. This type of effect was

observed earlier, when the results of Round and Kruyer were compared to those

of McNown and Newl in .. The 1atter's res ults were for a sphere ri gi dly fi xed

in a tube, and showed a drag coefficient that was slightly less than that

observed by Round and Kruyer for their freely suspended spheres.

In figure 8 an attempt has been made to correlate all available

data to a single set of curves by taking into account the specific gravity

ratio and the diameter of the test section. The resulting grouping of

variables then is VAV)/[D(a - p)jp]. The justification for this particular
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grouping is that the drag coefficient analysis (see chapter III) indicated

that the drag coefficient was a function of the Froude Number, and the above

group is a form of the Froude Number. The diameter of the pipe has been

used, rather than that of the sphere to allow data from different diameter

test sections to be compared.

A sinlilar type of correlation has been attempted with the pressure

drops, as was done with the support velocities. The term (l1Pm - 6PL) was

divided by [DCo - pip)] and plotted against diD, logarithmically. By doing

this it appears that the data can be correlated using straight lines, as

shown in figures 11 and 12. The resulting equations are, for water;

(7.3)

dno fur pu1ymer ~

(7.4)

The val ues for steel sph~res in water agree very we 11 wi th equa

t.ion, (7.3), and the results of Round and K~Uyer(2l). - The polymer results

display a greater scatter than do those for water, but this_ can be expected

because of the difficulties encountered in maintaining sphere stability

while at the same time maintaining the appropriate polymer concentration. It

is possible that this scatter conceals two separate lines, one for 25 and
2one for 50 Wpprn polymer as was the case for the support velocity (VAV vs

diD) . OViever, the graph of(llPm -llPL) as a function of diD for single spheres

supported in a polymer solution, also had only a single line for both polymer

concentrations. It is therefore possible that the effects on the pressure drop
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of increasing the polymer concentration beyond 25 Wppm are so slight as to

be negl"gible.

The results for plastic spheres in water however show considerable

scatter. From the Error Analysis, Appendix I, the estimated error in this

range of measurement was about ~ 200%. The reason for this is that the

manometer no flow reading is considerably larger than the actual pressure

drop reading.

From a consideration of single spheres we now turn to the con

siderat-jon of trains of spheres. Figure 5 shows the variation of "drag

coefficient per sphere", as a function of the number of spheres in the

train, for both rigidly and flexibly attached trains of plastic and steel

spheres. It can be seen that elln becomes virtually independ'ent of the number

spheres in the train, once the length is beyond approximately eight or nine

spheres. This trend is also evident in figure 13, a graph of sphere train

pressure drop ({i P - D. PLJiO[C! - PJ as a tunction ot n, the number of spheresm p

in the train.

From figure 5 it can be seen that the drag coefficients for

unattached and flexibly attached sphere trains are greater than those for

rigidly attached trains. The reason for this is that being less restricted

the flexible sphere trains were able to absorb energy by movement, in addi-

tion to the usual manner, through skin friction and pressure change.

The single spheres had extremely complex modes of oscillation,

which were partly carried over to the sphere· trains. The very small single

spheres alternated between clinging to the wall of the test section and

bouncing back and forth on the wall. As the diameter ratio increased the

excursion distance from the wall increased, until at a diameter ratio of

approximately 0.5 the spheres were centalized in the flow, and rocked gently

back and forth. As the diameter ratio approached 0.7 the rocking decreased,
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and occasionally changed to violent spinning about the inside wall of the

test section. This spinning action restricted the degrees of freedom of

the spheres and consequently decreased the drag coefficient. The above

described modes of oscillation of single spheres were also evident in the

trains of both flexible and rigidly attached spheres. The motion of the

unattached spheres was in every respect identical to that of the single

spheres, while the motions of the flexibly attached trains were slightly

restricted by the connections. The flexibly attached spheres tended to

rotate in the free stream~ or roll about the inside wall of the test section.

For both these motions the centers of the individual spheres were approxi

mately 120 to 180 degrees out of phase with those of the adjacent ones (ie. ~

a spiralling motion). The rigidly attached trains were centered in the

free stream~ and moved with a pitching or rocking motion~ or rolled or

transgressed about the inside wall of the pipe.

A graph of vAv
2/[D(a ~ p)] similar to that for the single spheres~

has been plotted for the trains of spheres and is shown in figure 9. As

expected the same trend that was evident in figure 5 and 13 is evident in

this graph; that is~ the support velocity increases with increasing numbers

of spheres until the train is seven or eight spheres long. At this point

however the behaviour deviates from the expected. Rather than the support

velocity becoming constant it decreases, then starts to increase again,

when four or five more spheres have been added. Apparently this effect is

related to the end effects. and the length of developed flow achieved along

the spheres, although the precise mechanism cannot be postulated.

It was stated in the chapter on theory (chapter III) that the sphere

train end effects could be

Figure 13 is such a graph~

determined from a graph of liPm -liPL against n.

showing (liP - 1\ PL)/[D(a - p) as a function of n.m p
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It was shown in chapter III, that the end effects, pressure drops, and the

nu ber of spheres could be related by the following equation;

liPS
= (-L-) (n - l)d + Li PE (3.15)

By obtaining the value of LiPm - lIPL from figure 13 for two different values

of n, ·it is possible using equiption (3.15) to compute values forLiPS/L

and LiPE" Substituting for the sphere train having diD = 0.898, for n = 4,

and n = 5, (plastic);

LIP
60 x 0.043 :; (_S) (3)( 1.74) + II P

EL 12

qnd

AP- - -,
195 x 0.043 = ('~)(7)(~) PL 12 +Li E

solving;

liPS _ 2
-L- - 10.05 lbFlft 1ft

The negative sign in II PE indicating that it fs a pressure decrease. For a

sphere train having diD = 0.763, for n = 4, and n = 8, (plastic);
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l\P
129 x 0.0394 = (--2-)(7)(-1'i~8) +L\PE

therefore

For a sphere train having diD = 0.763, for n = 4, and n = 6, (steel);

(l\PS)(3)(1.497) + APE79. x 1.169 = L 12 u

therefore

l\P
~ = 305 1b F/ft2/ft

For a sphere train having diD = 0.637, for n =4, and n = 8, (plastic);

l\ PS 1.235
85.0 x 0.0465 = (-L-)(3)( 12) +6.P E

55
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therefore

l1 PS 2
(-L-) = 5.1 lbF/ft 1ft

It is evident that as the diameter ratio decreases the pressure gradient

l1PS/L and the end effects also decrease.

The final quantity of interest is the pressure ratio PRl which is

shown in figure 14 plotted as a function of n, the number of spheres. The

quantity PRl is a ratio of the pressure gradient in the free tube, to that

in the tube occuplied by the sphere train and is a function of the diameter

ratio and Reynolds number also. Knowing this ratio, and the pressure

gradient in the free tube, would, if PRl is sufficiently general, allow the

ph:::::,Sun::: gi'duiell~ ill d tube conLaining a stationary sphere train to be

predicted. To detennine hO\'I general this ratio is, a comparison of PRl

obtained under two slightly different conditions has been made. The data

obtained by Tawo(28) for a train rigidly fixed to the tube wall was compared

to the data of this pl~esent study v/herein the train was freely suspended in

a vertical tube.

The data of this study, presented in-·figure .14 can be described

by equation.(3.20) (chapter III), however, to compare it to that obtained

by Tawo requires that the end effects be eliminated as in equation (3.19)

(chapter II I) .

PRl (3.19)
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Substituting into equation (3.19), for the plastic spheres having

diD = 0.763 at the point where n = 10, which is the point at which this

data can best be compared to that of Tawo.

therefore

PRl = 63.5

which compares favourably with the result PRl = 68 achieved by Tawo.
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VIII CONCLUSIONS

On the basis of analysis and experimental results presented earlier,

the following conclusions can be made;

(1) For steel spheres dynamically suspended in a dilute aqueous

polymer solution within a cylindrical boundarYt the drag coefficient

in the range a < diD < 0.7 is i nCl~eased over that observed in

water. Apparently this increase in drag coefficient is accompanied

by a decrease in skin friction pressure drop along the pipe wall

and along the sphere surface, and an increase in form pressure drop

across the sphere.

pressure drop can be expressed by the implicit equation;

(3) For a single sphere suspended in dilute aqueous polymer solutions

the pressure drop can be expressed by the implicit equation;

(4) For sphere trains dynamically suspended in water, within a cylnind

~i ca1 .·boundary, the drag coeffi ci ent per sphere is a functi on of

the diameter ratio, the specific gravity ratio, and the method of

connecting the spheres. For rigidly connected spheres the drag
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coefficient per sphere is less than for flexibly attached ones.

The drag coefficient per sphere in the rigidly attached trains

decreased to an approximately constant value as the number of

spheres approached nine.

(5) For trains of rigidly attached spheres dynamically suspended in

water, the pressure drop (6.P -IJ.PL)/[D(Q.--P)] is a linear. m P

function of the number of spheres in the train, and a function of

the diameter ratio and specific gravity ratio of the spheres,

pro'jded the number of spheres in the train is greater than five.

(6) For trains of spheres the ratio of the pressure gradient along

the sphere train to the pressure gradient in the free pipe, becomes

a constant value once the number of spheres in the train is greater

than nine. This final value of PRl is a function of the diameter

rdtiu and specific g~avity ratio of the suspended spheres as well

as the pipe Reynolds number. The values for PRl obtained in this

study are in agreement with those obtained by Tawo.
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APPENDIX I

ERROR ANALYSIS

It is. difficult to exactly specify the error in any given measure-

ment or calculatibn, usually however a range can be specified. It is

customary when a large number of readings are taken to specify the measure-

ment as being within a given number of standard deviations from the mean

of the readings. Such a measure gives the degree of reproducibility, or

precision of a measurement.

The accuracy of a measurement however is a measure of how close

the value is to the Iltrue ll value; it is .obvious that a measurement can have

good precision but poor accuracy. In this chapter an attempt will be made

tv e:;timal.t: tilt:: dcl.ur'cll.. y VI Lne results.

In table 1 are listed estimates of the accuracy of the primary

measurements made in this experiment. They are based on the type of instru

ment they were recorded with and the experience gained in using them.

1-1 Error in VAV - Without Polymer

The accuracy of the measurement VAV is based on the accuracy of

the component measurements using the "most probable" method to estimate the

errors. Now,

where

4
K = ---:::-=-=------::=

1T X ·6.229 x 60

then
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ERROR ESTIMATES IN MEASURED QUANTITIES
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Description Symbol Error

Tube diameter 0 + 1.0%-

Sphere di ameter Steel d + 0.1%-
Plastic + 0.9%

Rotameter reading GPM #1 (15-40 GPM) + + 1%- 5 -+ -

#2 (1-14 GP~1) + 7 -+ ~ 1%

#3 (0-5 GP~~) + 5· + 1%-+ -

. Polymer flowmeter mp + 10 -+ ~ 4%

Distance between pressure taps L + .1%-

Error in manometer reading hm
+ 20 :+ ~ 1% (Bothlegs

combined)

Error in manometer inclination
(sin 0)

SG of manometer fluid

~ 0.05%

+ .08%

Error in weighing spheres Steel + .5%

Plastic

Variation in weight of polymer
pow der

Error in water in polymer mix

Error in water temperature

~ 1.0%

+- 2%

~ 0.3%
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Dividing by VAV we have;

67

I From table 1 using the estimatederror in the rotameters at low flow rates;

Rotameter #1

+

Rotameter #2

d(V ) r . ( 1/2
V:~ = i[7J2

+ [2(1)J5 = ! 7.3%

Rotameter #3

d(V ) ) ( 1/2
v~~ =L[5J

2
+ [2(1)]J = ~ 5.9%

II Similarly from table 1 at high flow rates we have;
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+- - 2.2%

1-2 Error in fAY with Polymer

With po"lymer VAV is;

I At low flow rates; (using rotameter #2)

I\GPM1~ATER = 0.07 x 4.2 = 0.294

A,.. rHI - n ,,, " n ,., - " ,..,.,
~..\. -'t I 'i.>nl v oJ. l.., i.. V _ I ~ \" ...... ..J

therefore;

1\ GPM = (0.294 + 0.013) x 100 = ~7.08%
4.2 + 0.13

It is apparent that injecting polymer does not appreciably alter

the accuracy with which VAV is measured in spite of the relatively large

fluctuations i the polymer flowrate.

1-3 Error in Pressure Drop Measurements

The pressure drop is calculated from the equation;

(1.1)
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h is the manometer reading including density effects, while hACT is the
m

true manometer reading, corrected for density effects;

hence the error in hACT is;

(1 .2)

and at low flow rates as (hm - hO) -+ 0, ~hACT -+""

I At low flow rates; (Re = 2600)

There is considerable scatter in the Cf vs Re data obtained in

this experiment but it seems to be consistently below the Blasius line,

and

R \)
= e

D = 0.28 ft/sec

therefore

A typical value of hO at this flow rate is hO = .75 em. using equation (1.1);
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Using equJtion (1.2) the error in the manometer reading is;

6hACT
= [0.2 x (.258 + .565)) + [.2 x .258J x 100

.056 - ~ 200%

Combining this with the error in manometer fluid density, and angle of

inclination measurements the error in the pressure measurement is;

- + 200%

The value at first seems very large, however it must be remembered

that this is in a region where the pressure drops are very small, and the

reading. It is to be expected that the results in this region would be poor.

At low flow rates therefore the pressure drops were obtained from the

theoretical correlation Cf = ~4. At higher flow rates, where the no flow
e

manometer reading (which remains relatively constant) is a smaller percent-

age of the total reading, the error in the pressure measurement becomes less.

II For the high flow rates (Re ~ 50,000)

As before,

VAV = 5.38 ft/sec

and
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Again for

therefore

~h = 10.01 x (15.2 x .258)J + [.2 x .258J x 100 _ ~ 1.36%
ACT 15.2

and similarly

1-4 Error in the Friction Factor

The f~ict~0~ fact0r ~a~ calcu1atea from the equation;

c =f

where the various conversion constants are fluid density (assumed completely

accurate compared to the other measurements) have been lumped into K.

then;

The variation in the accuracy of ~Cf with Reynolds number must be

expected to be highly non linear because of the non-linearity of the component

terms, and since the friction factor Reynolds number results are so important,
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it was deci ded to cal cul ate the accuracy of Cf for a complete range of

Reynolds numbers. The listing of the computer program to do this is in

table 2. Figure 15 shows the variation of the accuracy of the friction

factor with the Reynolds number and figure 16 shows the percent deviation

of the experimental results from the theoretically expected value of the

fri cti on factor.

1-5 Error in Polymer Concentration

The error in the concentration of polymer in the test section

consists of two basic components, firstly the error in the concentration of

the stock solution, and secondly the error caused by the mixing of the

solution with the main flow of water to the test section.

I The Concentration Error in Mixing of the Stock Solution at 2000 Wppm:

Concentration

b, (CONC.) = fA POLY. + b, WATER) = (2.0 + 0.3) - 2%

The polymer powder can be weighed to a much better accuracy than

~ 2%s however in mixing some of it clings to the walls of the eductor.

II Error in the Concentration in the Test Section:

r - -- -,
I -- m2+ mpI ---I-Jl-

tm, FIGURE 18
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TABLE 2

c

330

340

305

' ..

DO 7:10 1=1 21
V(I)=(fLOAt (I-U""(VF-VO)/2(l.O)t-VO
GPH (D =V (1) "'1)"'0"'3.14159"'6. 229 ~60. 0/4. 0

P~OGPAtl 1ST <INPUT,OUTPUT,TAPE5=INFUT,TAPE6=OUTPUT>
REAL ~IU
9 I Mf t-.IS ION I r- c1 0 ') ) , I X (1 0 0) I y (1 0 O) RRE (5 j ') 0 ) , 0 0 P T (5 1. 1 0 0) ,V ( 3 0) ,

1 GPl1 (30) ,f)GP~1(30),XE(30),DPA(30) ,DEL (3D} ,DOP(30) ,DCF (30) ,XRE (30)
2 ,CP(3(1)

CC1111 Otu 1111 PC: ( 5, 1 t) 0) , 0 PT (5 , 100) , 0, NU , R0 , N
CCM~j r.t) / 2 22/ IS U 8 (5 )
R-O=62.4
0= O. 1G 15
NU= 1. 744 E- 0 5
VF=5.:J
VO= 0.05
GPMF =1. (l
GPM(l=5.0
OPF=f'}.fl7
OPI=O.01
OOPO=O.258

P~AO DIGITIZER DATA

K=1
NN=500
I)') 3 no 1=1, ~l~l

IF (1Itl.EC'.1) GO TO 310
R~AO (5,~nr.;) ID(I),IX(I),IY(I)
FOR~lAT (311(1)
TF (IX (1) .:: o. O} GO TO 320
~ ':( E ( K, I) =F L 011. T CI x <I) ) /10 a. 0
Df1PT (K, I )=FLOAT <IY (I) )/100.0
CO~lTHI UE
K=K+i
ISU8(K-1)=I-1
IF (K.Gf..5) GO TO 330
GO TO ~40

N=1r""" TI". •• , ""I:
.J ...; j \" v"',,,
KtAO(', to 2i X;:;L,f?L,XACT,YACT
FORf'Af'T (4F20.2)

CONVE~T DIGITIZE~ DATA TO ACTUAL V~LUES

SFX1=XPl/(ALOG(XACT)-ALOG(1000.0})
SF Y 1 =y P L I ( A LOG (Y ACT) - ALOG ( 0 • rJ 0 1) )a2I i € 1~ 17~) , - - -- --- u. .. __ --..----------.-...------~.....--- ••.• - .. ~-

70 FOR~lAT (6f)X,~PE.. ,20X, ..CF""i/)
KK= I SU 8 ( I)
00 43 J=1,KK
~E (I 1 J ) = EX [1 ( (P P c: (I , J ) / SF X1) +AlOG <1 0 0 O. 0) ) ...-. - -- .-- .-- ..
nPT(J,J)=EX[1(DODT(I~J}/SFY1)+ALOG(O.001»

W~ITE (c,4f,) t:>E(I,1J),DPTCI,J)
4f: FORI~llT (4SX,?E21J.?)
43 CCNTHIUE ., ., --.-.--------.--._.

~oo

320

.~ 1 0
42

c '
C
C

c
__ C

C

ooon3
000(13

{1(1 (1?1
00(122or, ('123
00 ('125
00 n?7
00 ilL. I)
P. f) n 4('\
0(1{'42
00 nc. f>
nO(lt:;3
O{){151)
00 nc; 7
011 06!
001"63
0(1061.
,...,,... "",. r
U\,' . f., #'

on(1f)3
01"0('3
00(1[13
(H' (1" 5
OOrnE
on 01 n
00011
O(lr1~

001114
00(115
OQfl16
OOf'2lJ

IHI (1 to b
00102

00102
OC 111
011117
0012'1
CO 123
on 123
no 125
or 127
001£.3
(1(11~6

OQj7f)
00170

or 17 5
00176
00205

i -, .,....

• ", - -"~-. - ",..- '" #.

"
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TABLE 2 continued __ __ __ . 74

~ ••.•• ~ •. _. -------_._--_...._-----,._...-----......-----_. --- •• #.

000210
onr?tG
0l10??1
OOO?2?
CJon225
oDO ?34
C0f1:'37
000('42
000253
C0'1255
001" (,GO

001]260
oon?n?
OO(1~nc;

OOO~05
OOr~r)7

o00 ~13
OCO~13
oon~17

OGGZ17
QOf)~21.

OOO?~O
OOfl33r'l
O{'(l332
000334

UNU Sc: n
006700

OGPM CI}= (FLOAT CI-1).l:' (GPMF-GFMO)/20.0) +GFMO
XE (I )=V (I) "DIN!)
L=1

8~k1JY~11~r6Xi1i~i)2~~~~~6~li;1~.O)+OPI).OP(I)
DEL ( J) =0 P A( J) ... DO PO
OOP (I) =([JeL (I) Jf.1QO. 0) lOP (I)
DC F ( 1> =S CP.. T ( (0 CD rr ) ~ J;f. 2) +1. 0" ( ( 2. 0" CG PM <I) ) 2) .. 16.0 )

700 CONTINUE ..... .- - .
\~1Tf. (o,70j) .

701 FOR~l[l.T (?QX~"'V':L.. ,11X,.RE.. ,13X,·GPMJ;f.,12X'''OGPM ... ,10X,J;f.OP·,10X,
1 .OPA",12X, nfL",12X,.ODP.//)

DO 7051=1,21
WRI T F (f" 7 (1 2 ) V(I) , XE (1) ,G P M<I ) , 0 GPM( I ) , 0P ( I) , 0 PA <I ) ,DE L <I) , DO P I

7 n2 FOP r·1 AT (HI X, ~F 1 5 • 3 / / )
7Q5 CONTINUE

W~ITE{o,746)

746 FO~MAT (H1J~5X,"'ESTIMATED ERROR IN FRICTION FACTOR"·I/)
Wi<ITF: (6 748)

748 FORtHT c46X,~PE·,14X,·CF.//)
DO 747 1=1,21
W~IT[ (E:,,7Q~) X~(I),OCF(I>

71J:'i FOPt-1j1T (40X,2F15."3)
747 CO~lTHIUE

STOP
END

COl1PIl.ER SPACE

......

.. - "--'--- ._~--._-----_._-------------_._._-------_._----_..•._---' -------- - ---

._--_.__ . -_.

-------- -_._._------ --- ._--- .....-- . -- ._-.

-_. ~ '- --.- -' - - .. - . .~ - - - - -, . - - - - .' - - - - • - ~ - - -' - ... -. _' ••••••r- u
:'_ .--- • _ _ .-

I

i ,
.1. ;



TABLE 2 continued _... - 75

WRITE (6,12Q) L
FORtHT (10X,"'OATA NOT IN RANGE"',5X,·SET 'NUM9ER·,5X,I211>
OH=(\.IJl)
GO TO 500

1=1-1
CF= ( DP T ( K, 1) - 0 P T CK , I+- 1) ) ... { ( CLR- RE (K , I) ) / CRE ( K, I t1 ) - RE (K, I ) ) ) to P 1

1 I to j)
. 11 H=(CF :If- DL Jf- ». r Jf- V" V)/ ( D:If- 2. 0" 3 2 • 17 )

GO TO 5[10
DH=(32.0Jf-OL"'~0·V·V)/{32.17"D·CLR)

GO TO 500

'7"" r-1"'\ .... I. .. r-r
,J •.t ~. '''''' ". I j H I

51!) ~ETURN

END

CO"1PILER SPACE

----_._ .._- ._ _-_ _ -_.-...._._--_. ------

IF (L.GE.10) GO TO 200
OL=5.0
Q= o. 1615
CLR= V:If- Cli t-JU
I F (CL P.. LE. 2 S (l O. J) GOT 0 1 3 0
IF (CL P. • LT. 940 0 • D) K=1
IF (CLR.LT.9400.0) GO TO 230

IF (L-5) 210,210,220
K=3 _
GO TO 230
K=4
J =I S U:3 ( K)
DO 1 ill) 1=1, J
IF (CLP •. LE.P.E(K,D) GO TO 110
CONTINUE

SUBROUTINE I~TERP (V,L,OH,CLR)

REAL NU
C() Mt-1 ON I 111 I r~ E ( 5 , 10 0) , 0 PT (5 , 1 00) , 0 , NU , R0 , t\
CCMt-1 eN I 2 2. 2 I I SUB (5 )

?r)f't PDT"!:" It.. "'lf1I'"

,2X, ·cr uHiH E~CEEDED;;'ln

130

C

c

C

50

C

210

220
230

100
C

120

C
11£1

~JNUSEO
010100

nnn ~ -4 ?

~CCi15
000116
000117

(joonn?
0000'17
OOO(lf)7

0(1n~07

OOOlJ11.
000!"13
000f114
ooori?
000[121
OOOP24

000(\26
000 n3 n
000(\"31
000f132
000(133
Q(l{1!i;;-5
OOGD:?7
000 n4 3

Q(lCf:145
001)(152
ono f15?
000('155

OO{'£156
000n60

00(1('174
0001112
000103
000112

- • __•• .,. .. • ••_---_._-_••__• .0••__-

-- - " -- __ --- ---- .------ _.._------------._--

·l
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ESTIMATED ERROR II' FRICTION FACTOR
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RE

463.016
2754.946

_." . ._ _ 5 04 f:. 875
733£:.804
963C.734

1:1.922.6E3
__._ •• _. • __ • • __ • 0 _ • _ •• _. 0" .__ _ _ 14 2 14. 59 3

If:50f. S22
18798.452
21090.381

.. 23382.311._0_-_- .·u .._-- -:-------:---- 2567l.j. 240

27966.170
30258.099

... '0 _"'. • . ._,_,.0. n_ 0_'_ . • .3 255 O. 029
34841.958
37133.888
39425.817

" •• _ " __.0_' '._"_ . ..__ .. 41 71 7. 747
4400S.E76
46301. E06

CF

2487.560
407.689
124.708

54.435
36.813
32.003
27.872
24. 686
22.453
20.362
19.028
17.985
17.035
16.426
15.499
14.759
14.234
14.123
13.697
13.788
13.271

<.

___••_ _ .~. • _A ....._ Q ~. __~._._k_. ~ ~ .. .' . ~~_~ .. .......__ .~ ~._._ .,, __. 'A .. ._______ _ ~ __

----.._.__.----_. 0_-- ----_.----_·__._- ._. . ...._._...

_ .. n." _ •••. _.' •• .• . _ ------------
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therefore

m
CONe. ~ _2.

m, + mw

(i)- at low flow rates;

~ m1 = O. 04 x 8. 5 = O. 34

tl mw = 0.2 x O. 1 = 0.002

therefore

1/2

HONe. of (20)2 + [.3~5\·~~2 x 100J21 = + 20.4%

Most of this error is due to the error in measuring the polymer

flow rate which was observed at times to fluctuate as much as + 20% at very

low fl ow rates.

(ii) at high flow rates;

tl m, - 0.01 x 38 = .38
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6 m
W

:: O. 04 x 0.5 :: 0.02

and CONGo

1/2

:: f (4) 2 + [.38 + .02 x 100/ ( :: + 4.1 %L 38 + .5 5

1-6 Error in Reynolds Number

The Reynolds number is calculated us i ng;

R :: VfW~_
e 1)

The value of the kinematic viscosity is a direct function of the

temperature of the water, which could be measured to within 1°C. This would

cause a variation in 1) of;

.i~(. -5 ?
1\ :: ./43') )( I i) rt"; sec

4°C 1)
_. 1.6885 x 10-5 ft 2/sec

5°C 1) :: 1.0364 x 10-5 ft 2/sec

( -5
61) = [ 1.7435 - 1 .6~64) x 10 ] x 100 :: + 6.32%

1.6885 x 10-

I /H 10\'1 fl 0\" ra tes ;

II At high flow rates;



1-7 Error in Diameter Ratio

For steel spheres (from table 1);

(1/2
6 (diD) = f(1. 0)

2
+ (. 1)

2
) ~ ~ 1%

For plastic spheres (from table 1);

) ( 1/2 _ + 0

6 (diD) = L(1.0)2 + (.5)2 S = - 1%

1-8 Error in the Combined Pressure Drop Terms

I For low pressure drop values; for

. and diD = 0.763 (Plastic)~ from figure 6~

2VAV = .075

therefore

R ;: 2500
e

Since this value is in the laminar region the error in

81
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is essentially that in6Pm which \</as earlier found to be about ~ 200%.

II For the Region Where6Pm -tlPL is larger; from figure 9 fat' diD = 0.563,

and fAp -6P,) = lO,and from figure 6m L.

2VAV = 22.8

therefore

Re - 44,000

From fi gure 27

Cf = 0.0175

therefore

It was calculated in section 1-3 that at high flow rates the error in the

+pressure drop measurement was about - 1.5%. Therefore
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= (0.015 x 21.98) + (0.015 x 11.98) x 100 +
10.0 = - 5.1%

1-9 Error in the Specific Gravity of the Spheres

SG = _m_
TId

3
-6-

where m is in gm and d is in em.

For steel (from table 1);

For· /Jld:>Lic (trom table I);

II SG

1-10 Error in the Drag Coefficient

In chapter III (Theory),it was shown that,

C * = i (0 - p) ~
d 3 p V 2

AV

It will be assumed that p and 9 are exaet compared to the other variables;

therefore



For steel a typical accuracy is;

For plastic a typical accuracy is;

84
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APPENDIX II

MIXING THE POLYMER

The polymer us~d throughout this experiment was Reten 423, a

polyacrylamide drag reducing polymer manufactured and supplied by

Hercules Inc., and having an approximate molecular weight of 1010 . All

the polymer used in these experiments came from one batch to minimize

variation in polymer properties.

Before mixing, it was necessary to determine the moisture content

of the polymer powder. This was done by taking three samples of approxi-

mately six grams each and heating them in an oven at 140°C for several

hours. The results are shown in table 3.

,

Sample Initial Wt. Final Wt. %moisture

1 7.276 gm 7.0135 gm 3.21%

2 3.035 gm 3.8479 gm 2.74%

3 5.500 gm 5.264 gm 4.29%

TABLE 3

An average moisture content being about 3.75%, or say 4% for convenience .

. The polymer used in the experiments was mixed in bins lined with

disposable plastic liners. Bins #4, #5, and #6 contained 149.6 lbm, and

bin #3 contained 136.4 lbm of water when filled to a predetermined mark.



86

A stock solution having a concentration of 2000 Wppm of polymer

was required; the appropriate water polymer amounts are; (say for bin #4)

therefore

m = m x 2 x 10-3
P \'/

= 149.6 x 2 x 10-3

= 0.299 lbm

allowing for 4% moisture;

mp = 1.04 x 0.299 = 0.311 lbm

The polymer was mixed with the water using a Hercules Standard

Eductor, and allowed to stand undisturbed for several hours before being

gently and very briefly stirred, and again several hours before use. All

the polymer batches were allowed to stand at least eighteen hours before use.

When the polymer was required it was transferred from the bins

to the reservoir by a hand operated positive displacement pump.
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APPENDIX III

CALIBRATION CURVES

The average velocity of the water flowing through the test

section was measured using rotameters. Only one of the four incorporated

in the apparatus had a calibration curve available that could be used.

Two of the remaining three did not have reliable cuves and the third one

was used to ~onitor the polymer injection rate, and so required special

recalibration.

The calibration of the water rotameters was carried out by

measuring the change in the volume of water in a tank of known dimensions

while recording the elapsed time. The tank used, was the reservoir of the

main flow ~vs~em.

The dimensions of the tank are;

L = 47.75 + 0.125 inches

W= 24.0 + 0.0625 inches

h = h, - h2 + 0.1 cm.

The height (or depth of water) is measured in centimeters for

convenience. Therefore

Y = 1.628 h imperial gallons.
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+The maximum possible error in reading the stop watch was - 0.1

sec. Some typical results for the large rotameter (#1) are shown in Table 4.

'-;-r----- I
I

(cm) ! Time (sec) GPM Flowmetertt h, - h2 1
"

1 20 58.4 33.4 130

2 I 22 I 72.0 29.8 120I
I

3 20 77.8 25.1 '09

4 20 I 91.4 21.4 99

5 20 109.4 17.8 90

6 20 139.8 14.0 80

7 20 189.4 10.3 69

8 7 100.0 6.8 59

9

10 1.5

131 .9

166.5

TABLE 4

3.7

.88

'50

, 41

The error in the flow rate is;

For reading #1;
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1
1/2

) 125 2 0625 2 .1 2 . 1 2
L1GPM = ((47-.7-5) + (24.00) + (2.0) + (58.4) + .64%

For readi ng #9;

f
2 2 2 J1/2

L1GPt~ = (~125) + ("0025) + (.:.1) + (_._1 )
4/.75 24.00 5 131.9 ! 2.0%

The smallest rotameter was also calibrated using this tank and

typical results are summarized in table 5. Since the same tank was used

to calibrate both flowmeters the errors can be expected to be similar. For

reading #1, in table 5;

1
- 2 2 2

L1GPM = (_.125) + (.0025) + ("0625) +
47.75 24.00 2.875

For reading #10;

( .1 )£(2 • + 2.21%
350 i

L1GPM =)( .125)2 + (.0625)2 +L47.75 24.00

1/2

(O~~6~)2 + (18~)Jt • + 12.5%
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.IS Gallons Time U~i !lutes) GPM FlowmeterTI

--- -I

1 2.065 5.83 .35 1.1

2 4.131 5.82 .71 3. 1

3 4.647 4.32 1. 07 4.95

4 7.229 4.86 1.48 7.03

5 6.713 3.59 1. 87 9.05

6 10.844 4.79 2.26 11 .1

7 8.262 3.08 2.68 13.15

8 10.327 3.33 3.10 15.0

9 6.713 2.90 2.31 16.95

10 11 .877 2.93 4.05 19.45

11 11 .877 2.57 4.62 22.20

12 11 .360 2.15

TABLE 5

5.27 24.50

The third rotameter came with a calibration curve supplied by the

manufacturer. The calibration curves for all the rotameters are shown in

fig ures 17 ~ 18 and 19.

It was necessary to recalibrate a ·flowmeter for use with the

polymer solution. This was done by preparing a stock solution of 2000 Wppm

of the polymer that would be used in experiments under exactly the same

conditions as would be found in the experiments. The apparatus was assembled

exactly as it would be when the experiments would be performed except that
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the discharge from the rotameters was hooked into a tank calibrated in

inlperial gallons. A series of measurements of volume discharged against

time were taken as with the other rotameters and the results are shown in

figure 20.

During the course of the calibration it was found that both aging

and mixing of the polymers had a profound effect on the accuracy of the

results, and therefore great care was taken during the calibration procedure

to ensure that the results were truly representative of 2000 Wppm polymer

used.

An estimate of the error in the calibration of the flowmeter is

not presented because the errors caused by reading the stop watch and the

tank volume are far less than the error caused by variation in the polymer

properties. Hence the error in the rotameter is taken as being represented

by the scatter in the points.

Once all the rotameters were calibrated it was necessary to make

a cross reference chart that showed the appropriate flow meter settings for

. a given concentration.

Referring to figure 21; for 10 Wppm in the test section.

therefore

- stock solution

- desired concentration

ml + n1 2----=m2
= 200



therefore
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and

r--- .,
I

t

FIGURE 21

For 25 Wppm;

=
2 x 10-3

2.5 x 10-5 = 80

For the pertinent concentrations;
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,.......

I
I \

1

Cone. (Wpprn) 10 25 50 75 100

ml + m2/m2
I 200 80 40 26.75 20

I 1 1 1 1 1m2 in terms of ml 200 - 1 80 - 1 40 - 1 26.75 - 1 20 - 1
:
>,
i

I ~

TABLE 6

Table 7 summarizes the necessary calculations to obtain a cross reference

chart. Figures 22 and 23 show the flow meter setting for the required concen

trations as calculated in Toble 7.



I I

I
1

MainmFlowmeter 10 Wppm 25 Wppm
J

50 Wppm 75 Wppm 100 YJppm
I1

I
I GPM(m

2
) 1 IGPM (m2)

1 I
Rot. GPM(m1) GPM(m2) Rot. GPM(m2) Rot. Rot. GPM(m2) Rot. IRot.

II I
I I

I

I
140 38.2 .192 33.5 .484 49. :~ .98 67.8 1.48 82.4 2.01 95.7

I
130 33.9 .170 34.5 .429 76.9 .869 64.0 1.315 78.0 I 1.782 ,90 I
120 29.69 .149 33.5 .376 44.13 .760 60.0 1.151 73.0 1.562 84.5 I
110 25.50 .128 32.5 .323 42 .., .654 56.0 .99 68.0 1.341 78.6

100 21.55 .272 39.5 .551 52.0 .835 I 63.0 1. 131 72.4
!

90 17.80 .225 37. !j .456 48.1 .69 57.3 .936
1
66

.
0

80 14.25 . 181 35.0 .365 44.3 .554 52.0 .75
1
59

.
6

70 10.75 .136 33.0 .276 39.3 .417 76.2 .569
1
52

.
8

I I 40.0 I
60 J 7.25 .186 35.5 .282 .382 144 .8

I
50 3.65 .142 33.0 .192 35.6

i

TABLE I
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r~PPENDIX IV

DETERMINATION OF THE INSIDE DIAMETER OF THE TEST SECTION

From the error analysis performed in Appendix I it can be seen

that the diameter of the test section enters into the friction factor

calculations to the fifth power. It is therefore important that an accurate

value for the diameter be known. To determine this, the test section

was filled with water to approximately 80% of its length, the length noted,

and the volume of water discharged measured using a graduated cylinder.

This procedure was repeated twice.

Because of their relatively small size it was obvious that the

bell shaped entrances to the pressures taps had negligible effect on the

measur~ments. hence theY Wf>re f1P0lp.ctpd. Table 8 slJmmarizes the results.

TABLE 8

l:ll l:l2 -
Ll:l D

(l itres) (1 it res) (1 itres) (inches) (ft)

4.452 4.453 4.453 80.94 0.1634 TUBE 1

4.063 4.061 4.062 84.00 O. 1615 TUBE 2
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APPENDIX V

PRESSURE GRADIEIT WITHIN THE TEST SECTION

It was demonstrated in the chapter on theory (chapter III) that

the pressure gradient due to the liquid alone is an important part of the

calculation of pressure drop across the spheres or sphere trains. Further

more the measurement itself provides an indication of the kind of accuracy

that can be expected from the equipment.

When the polymer is injected it would also be expected that the

pressure gradient would change, since the polymer is a friction reducing

agent. The ammount of change being an indication of the polymer's effective

ness.

Ihe first ph~se of this study was to determine if the flo~ in the

test section was developed. This was done by measuring the pressure gradient

along the length of pipe. Where the flow is developed that pressure gradient

becomes constant. To determine this, the vertical section of the apparatus

had pressure taps fitted at frequent intervals, and a bank of inclined mano

meters were used to measure a continuous pressure gradient between the taps.

Figure 24 shows the manometer used, and figure 25 shows the pressure

at each station. From these figures it can be seen that flow in the test

section is fully developed. but that the flange and the change in diameter

at the entrance to the test section causes a slight disturbance. For sub

sequent tests the bank of manometers and the series of readings were dis

carded and only two pressure taps, located four and five feet apart

depending on the tube,were used to make the measurements.
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From the chapter on errors, Appendix I, it can be seen that

very large errors are to be expected at low Reynolds numbers, decreasing

exponentially as the Reynolds number increases. The three main sources

of this error are the error in the average velocity, the error in the

diameter of the pipe. and the error in the pressure drop.

The first error, by careful calibration was reduced to a minimum,

and the error in the pipe diameter was simiarly reduced to virtually a

negligible amount. However, the error in the pressure drop was difficult

to reduce. A special manometer was developed, and is shown in figure 26.

The inside diameter of this manometer was three millimeters to ensure that

at low angles of inclination the meniscus would not deform, and would main

tain the same shape as it had at higher angles. It was found that the

temperature difference between the test section and manometer could cause

a reading on the manometer when there was no flow. To overcome this the

entire manometer assembly, that is manometer plus connecting tubes were

enclosed in a water jacket that maintained the temperature close to that

found in the test section. However even with these precautions the initial

reading could not be eliminated entirely.

To estimate the magnitude of the temperature effects, consider

the situation shown in figure 28.
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Applying the Bernoul1is equation between points 1 and 2~

v2
P V~ P2_1 + _1 + Z = - + - + Z2 + h

f2g . YT ' 2g YT

and assuming that Vl = V2~ then;

P1 - Pzh = + (Z, - Z2)
f YT

(5.1)

Consider now the closed loop, st~rting from point 1 and going around the

manometer to point 2.
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Therefore

(5.2)

Substituting these results into equation (5.1);

and 1etti ng Zl - Z2 = 6. Z, then;

Yc Y Y
h =6. Z (- - 1) + h (m - c)
f YT m YT

(5.3)

(5.4)

In order to determine what the no flow manometer reading is, put hf = 0;

and let the reading be represented by (hm) ;
o

(5.5)

For a test section length of five feet, and assuming that the manometer and

connecting tubes are at room temperature while the test section is at 5°C,

then;

Y = 0.99707c

Y = .99999T
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y .- 1.5934
m

therefot'e

= 0.0268 ft of water

Converting this to a manometer reading;

h 30. 48 ~ P f fl .d
m = 162•4)(Ym - Yc) sin e cm. 0 u1

•

For the zero reading calculated above

2
~p- 0.0268 x 62.4 = 1.673 lbF/ft

therefore

30.48 x 1.673(h) = = 4 98 cmm 0 (62. 4.)(1.5934 - .99707)(.275) . .

Thus at a manometer inclination of 16° (the usual value thoughout the test)

and for carbon tetrachloride under water, a zero reading as large as 5 em.

could be expected.

By adding the water jacket the temperature of the connecting tubes

and manometer could be maintained close to that of the test section, and

the zero reading could be reduced to approximately 1 to 2 em., but could

not be eliminated entirely because of the heat loss from the water jacket.
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To obtain the form of the equation to calculate the pressure drop

which incorporates this zero reading, consider the following equation;

or

'YT - 'Y
(h) = f}. Z [ cJ

m 0 'Y - 'Ym C
(5.6)

(5.7)

Substituting equation (5.7) into equation (5.4);

'Y - 'Y 'Ym - 'Ych
f

= (c m) . h + h ( )
YT rna m YT

or

h 
"f

To calculate the friction factor, the head loss from points 1 to 2 is

required; then

and substituting;

62.4
(h - h )

m rna si n 8
30.48
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where hand h are in centimeters. This equation has been used to
m rnO

calculate the friction factor as a function of the Reynolds number. Figure

27 shows the results obtained for this apparatus.

Using the relationships

Cf
64= Re

and Cf
0.3164=

Re
1/4

a deviation plot has been obtained and is compared with the predicted error

of Appendix 1, (see figure 16).

It can be seen that for laminar flow the results are very poor.

However in this region

is known to hold rigorously and thus for the purpose of further calculations

the pressure drop can be obtained exactly.

At a Reynolds number of 44~000 where because of the large values to be

measured the accuracy would be expected to be better than for the low Reynolds

number range, the friction factor is still below the expected value. In

fact it appears to be about 10% consistently low with a scatter comensurate

with the error analysis. This possibly indicates that the flow is somehow

altered resulting in a decreased friction factor. In fact the measurements

of the diameter of the test section indicate that the test section is barrel-

shaped to a slight degree; it is possible that this slight divergence of

flow as it enters the test section is responsible for the decreased friction
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factor. Because the results appear consistently low it was decided to use

the experimental results rather than the Blasius correlation.

Since part of the tests were to be carried out using polymer

rather than pur'e water, and since polymer alters the pressure gradient it

was important that a good friction factor, Reynolds number curve for polymer

be obtained.

The tests for polymer were carried out in the same manner as those

for water, and the friction factor was calculated using the same computer

program. The tests were performed for polymer concentrations of 10, 25, 50,

75, and 100 Wppm. The results are shown in figure 29.

Perhaps because the polymer tests were performed at higher

Reynolds numbers the error was less, but the scatter in the polymer data

appears less than that for water. It is also evident that maximum drag

reduction occurs at a concentration of about 50 Wppm.
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APPENDIX VI

PROPERTIES OF THE POLYMER

Part of this experimental study was devoted to the examination

of the effects a drag reducing solution has on a sphere hydrodynamically

supported within a pipe. The substance used to achieve drag reduction was

a polyacrylamide having a trade name Reten 423, and produced by Hercules

Inc. This polymer has only recently been developed and therefore some

effort was devoted to a study of its properties.

There are many tests that can be performed on the polymer, however

those of a chemical nature are exceedingly difficult and tiresome to perform.

For the purposes of this study only simple tests that reveal the physical

rrorp.rtie<:; of thp rol~/mpr will hp flprforl11p.d. Thpse incllde firstly

determining the change of physical properties of the polymer with time and

secondly its rheological categorization, and finally its drag reducing

properties in tubes of different sizes.

The instruments used to perform the tests are: a Brookfield cone

and plate viscometer model LVT-CP, a capillary tube viscometer (sometimes

referred to as a Hoyt Rheometer), and the two inch diameter main test

section.

The first property studied was that of variation of drag reducing

properties with time. According to that manufacturer several hours should

be allo\~ed to elapse between the time the polymer is mixed and used, to allow

the polymer molecules to "re l ax". If the polymer is used immediately after

it is mixed it has been observed that its drag reducing properties are not

nearly as great as when it has been allowed to stand for several hours.
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In order to know how long the polymer must be allowed to "re l ax "

a batch was mixed under the usual conditions and samples taken atregular

time intervals and the apparent viscosity of each sample measured using

the cone and plate viscometer.

This instrument measures the proportionality constant in the

equation

T = du
).!dy (6.1)

which makes the results of the polymer tests somewhat qualitative, in that

the above equation is applicable only to laminar flow in Newtonian fluids.

However, concentrated polymer solutions are non-Newtonian, that is ~ is

not a constant. Nevertheless it was felt that if ~were measured at a given

shear rate (~~) = 11.5 sec')its values would be an indication of the state
UJ

of relaxation of the polymer.

Many such tests were performed, and a typical result is shown

plotted in figure 31. Different batches varied widely, although the trend

indicated in figure 3/ was evident in most. In all cases the apparent

viscosity dropped sharply in the first hour, climbed again briefly, then

dropped and resumed its climb. The peak was generally reached after about

six hours after the time of mixing, and maintained. Occasionally the

apparent viscosity dropped some time after reaching the peak, although this

was not a phenomenon that was always observed. Consequently no batch was

used before being aged at least eighteen hours.

The next step was to categorize the rheological character of the

concentrated 2000 Wppm polymer solution. To do this the Brookfield cone and

plate viscometer was used. A single sample of the solution was taken and its

viscosity measured 'at different shear rates.
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The results are shown in figure 32. It is apparent that concen-

trated Reten 423 is a pseudo-plastic fluid. At a shear rate of between 35

and 45 sec- l , its shear stress becomes proportional to its shearing rate,

but below this value it decreases with increasing shear rate. The viscosity

beyond this value becomes )J= 0.25 lb F sec/ft2 compared to a water value

-5 2of j.J = 2 x 10 1bF sec/ft

It has been observed by other authors that polymer solutions

exhibit a "diameter-effect" in the·ir drag reducing pl~operties. To determine

if this effect occurs with Reten 423 a series of tests were performed using

a Hoyt Rheometer similar to the one described in references (33) and (39)

and shown in figure 30. The data measured using this instrument is presented

in tabular form in tables 9, 10 and 11, and in graphical form in figure 33.

It has been postulated that this diameter effect occurs because

of the thinness of the shear layer in capillary tubes, and is therefore

completely independent of polymer properties. The results shown in figure

33 seem to bear this out. In figure 33 a comparison between data obtained

in a 0.08 inch tube and a 2.0 inch tube show that in the smaller tube, drag

reduction commences at lower concentrations and with greater effectiveness

and at lower Reynolds numbers than for the much larger tubes. However

beyond certain Reynolds numbers the drag reduction in the capillary tube

becomes less than that in the test section. This occurence is consistent

with an exp1anati on of a thi n shear 1ayer that a11 ows the polymer to alter

the velocity profile to a greater extent than would occur with a large

shear layer.

The final property of interest is one to be derived from the drag

reduction data obtained in the two inch diameter test section. Meyer has
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TABLE 10

MEASURED DATA

4.0

6.7 8.5 5.6

5.6 11.614.6

, 4.8 16.6 I 4.0

4.4' I? 5' ':it! t::
v. I L.. f • .J

3.3 28.0

4.31 19.8 i4.2 24.3 I

9.6 7.9 11.6

13.6 5.8115.6

17.0 15.1 119.6 I 3 nlln h I...) I' -' .'"
23.0 4.3 22.8 4.2 24.8 3.8 28.3 3.2 24.0 4.4 23.0

L.-_..L.--+.-

2

_

5

'_2-+-_4_'O--,I~27_',5_--,1_
3
_'6-l.--_-l.1_--L_27

_.7--1..._
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._
2
L-

2
_
7
_.4--L.1_3.~11--_..L.-.-----L~

K-"-" #2 1(-r-3 _-4-1 ·_.f.!-#4!:----1_--!.#,..5 1-_~#~~_~#~7,__.--i-]-..2:..,#8r--.

I--....:..p-l T P T piT I P T P T P T P T P T

PSIG SEC PSIG I SEC PSIG 1SEC PSIG I SEC PSIG SEC PSIG I SEC PSIG SEC I PSIG SEC

0.0 27.0 0.~27.3 0.0 I ~2~7~.8~1~0~.~0~~28~.~0~0~.0~~2~&~.3~0~.~0+1~2~8~.~5~0=.0~~2=5.~9~0=.~O+~=9.~5

2. 4 16. 2 2.1 15. 6 2. 5 I 13. 01 2. 3 11. 8 2.1 16. 1 2. 4 I 12. 7
1

2.6 14.0 2. 7111 . 6

4.211.2 3.2 12.0 3.5 10.0 5.1 7.813.2 12.8 3.51 9.1 3.6 11.8 3.8/1 8.7

7.0 8.7 5.2 9.2 5.5 8.2 8.4 6.01 5.5 9.4 5.8' 7.2 6.0 9.5 5.5 7.4

6.5 9.0 8.0 7.2 8.3 6.6 12.0 5.0 8.5 7.7 8.8 5.6 10.5

5.7 12.3 5.611.2 4.211.4 6.612.1 4.9 15.7

5.2 16.6 4.7 20.6 3.8 16.4 5.2 15.9 4.0 20.2
I

4.8120.8 I

The equation for use with the capillary tube viscometer is;

P1
V2 D V 2 K V 2 2 f V/ L1 '2 2 2-+t.Z=-+-+ 2g +----

Y 2g . y 2g Dg

where K = 0.5

Tube diameter D = 0.080 inches

Length L = 1. 25 ft. .

Temperature T = 21°C

Viscosity of water at 21°C u = 1.06 x 10-5 ft 2/sec



TABLE 11

FRICTION FACTOR"REYNOLOS NUMBER DATA

RE
CF

DATA SET NUMBER 1

2.36E+O~ 3.93£+03 5.06E+03 7.31£+03 7.~7E+03
3.17£-02 5.50E-02 3.96E-02 3.71£-02 3.7: E-02

DATA S~T NUMBER 2

Water
8000E+03 1010E+04 1025E+04 1048E+04 o.
3.57E-02 2.92E-02 2.76E-02 2.59E-02 Q~

1 Wppm

1.14E"04 1.33E~04 1.45E"04 1.59E+-04 o.
3.18E-02 2.93E-02 2.97E-02 2 .. 75E- 02 00

lD Wppm

1.38 E +- 04 1059£+-04 o. o. 00
1.21E-02 1.34E-02 o. o. o•

RE
CF

RE
CF

RE
CF

RE
CF

-----RE'-----2-.--33 E+ 03- (F. 0 8E.. 0 3 - 5. 30 E" 0 3 - 6.~ 2E +0 3-13-. ~ I~E'+ 03-1.1Z-E" 04'-1'e 2 2 E': 0~-3tFO4-te52~tr"!-;~~~--
CF 3.26E-02 4.48E-02 3.55E-02 3.07E-02 2.1)9E-02 Z.Z9E-02 2.61E-Q2 2.82£-02 2.41E-02 2.41E-02

DATA SET NUMBER 3 2 Wppm

2.29E4-03 4.89E+-03 6036E+03 7.76E+03 9. :;;E+03 1 .. 14Ev-04 1.35E70£. 1.52E+·04 1.67Et04 1.77E"O~
3.41£-02 3.39E-02 2.45E-02 2.43E-02 2•.:::.(-02 2.35[-02 2.16E-02 2.13E-02 2.05£-02 2.0·... E-02

----.--- ----.-.---- DATA '-SET' NUMBER -4----- '-5 Wppm .__.

2.27E+03 5.39E+-03 8.16E+-03 1.06E+04 1.;~·IE+04 1052E+01+ 1067E+'04 1.87E+04 1.99E:tQ4 o.
3047E-02 2.44E-02 1.93E-02 1.74E-02 106~E-02 1.51E-02 1.58E-02 1.44E-02 1.50E-D2 o.

DATA SET NUMBER 5 Water

RE 2.~2E+03 3.95E+03 4.97E+03 6.17E+03 8.2~E+03 9.64E+03 1.22E+04 1.33E.04 1.45E+04 1052E.O~
>----CF--·2o 97 E- 02-4. 8 2E-0 2 --4.15 E- 0 2-3. 44E-0 2 -3. li,~E-02-3i28 £-02 -2.78 E- 02-2.8 OE--O 2-2-.'9 OE.- oZ--3-rll8 E--1rf--

DATA SET NUMBER 6. 7 Wppm

2 0 2 3 E+ 03 5 • 0 1 E.. 0 3 6. 99 E+-O 3 8. 8 It E.. 0 3 1.:l-:E.. 04 1 fl 30 E .. 04 1. 59 E 04 1. 77E .. 04 1.9 3E+0 4 2. 05 E~ Cl.t ..
3.62E-02 3.07E-02 1 G 89E-02 1.81E-02 105~E-02 1.58E-02 1026E-02 1.26E-02 1.20[-02 1.29E-02

OAT A SET NUM 8ER 7 Water._._._.__. ._n__ - -----.,.. _
2.~6E+03 4.55E+-03 5.39E+03 6.70E+03 9.5"E+03
2.85E-02 ~.21E-02 3.84E-02 3.88E-02 3. 'H-02

DATA SET NUMBER 8

RE 2.16E+03 5.4~E+-03 7.31Et-03 8.60E+03 1.1hE+04
CF 3.94E-02 2.74E-02 1.84E-02 j.83E-02 1.~~E-02

, .

. . ._.. __.. .. _.__.__._._..... _._u . _. . ._._. _
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proposed a law of the wall applicable to polymer such that;

u + = t 9.n y+ (6.2)

where ex is a property of the polymer dependant upon concentration and species.

Meyer has derived the following modified friction factor relation for

Reynolds number large enough that the wall friction exceeds u*O';

r1- =(4 +~) log (R rn -0.394 - ~ log (
~f 2 e 2 1J

(6.3)

F. M. White(25) has collected data for Guar Gum and PJlyox WSR 301 showing

the variation of ex with concentration.

To calculate ex it is first necessary to determine u*O' the thres-

hvld fl'1Ctiui1 VE:loc.H.j. From iigur'e 29 ~he ~hr'eshoIJ vcllLle Ul..l..Ur:> at;

Re = 9750

Cf = 0.023

or f = 0.00515

Now u*O'

or

r:r;
=~ p at onset;

J6 PRgI _ c
u*O - 2Lp (6.4)

By definition

(6.5)
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. At onset;

VD
Re = u:: 9750

therefore

u =
9750 X 1.6885 X 10-5

6.1615

= 1.019 ft./sec.

and substituting into (6.5) we have;

5 0 62.4 X (1.019)2
6P = 0.023 X (.1615) 2 X 32.2

Thus on substituting into equation (6.4) we can write;

~ ~
~/2

= 0.717 ('1~15) (32.2)

[ 2 X 5.0 X 62.4

= 0.05466 ft/sec

The value of a can be determined from equation (6.4) by substituting at any

value of Reynolds number greater than the threshold value. Letting

Re = 20,500

Cf = 0.010

or f = 0.0025
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and substituting into equation (6.3) we have;

_1_ = (4 + ~) log [(20,500) J.0025J - .394
J.0025 2

_~ log [ 2( .0546) (. 1615 )J
2 1.6845 X 10-5

Collecting tel~S and dividing we finally have;

a = 83.24

This value seems extremely high when compared to the data of

White(25) who calculated a maximum value of a = 11 for both polyox and Guar

for Reten 423 is extremely low, 0.055ft/sec compared to 0.23 ft/sec for

Guar Gum and 0.08 ft/sec for Polyox WSR 301.
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,..
v

OQrf1fJ3
COO OJ

C
C
C
C

QO(1~:3
0r.rn13
00001 S
OOOr.16
00(1(117
00 n02
UOf') fi? 1
oon n2 ~

oOC 02 h
O(lPf')1
0f1[11134
OOf"\(13F.l
oon n~ 3
00[1/14 c:;
01'11 04 6
non '14 7
OOOr62
ocn PS ~
0(1(\ f,f1 ?
0(10 ("7 2
oorf'!76
000114
00£1 12 4
OOfi4L.
000147
OOO:1~1
00(1j75
OOf117S
00(1 2-) fl
00('2J8
0(1 r ?fJ r.
or n 2) ,...
o0 fl ?J (1
oon 2J n
0(1 n2'1 1
01107(1 ~

ocr ('') 4
OflQ,>16
001 211 7

C
C

~..~
v

001)(\'1 3
00'301 3

OOil (11) 3
C

0,< 0 GRI'd1 1ST <I NPUT , 0 UTPUT, TAP E :3 =I NPUT , TAFEe =0 U T PUT)
~r::Al tJU
PHESEP SETS

01 11 PI S ION Z A (h C, 10) , ZR01 (1+ 0 110 ) , ZR 0 2 ('+ 0 , 1 0) , v ( 4 0110) ,S PN (4 0 , 10) ,
1 THT ( 1+ G, 1'J) f)" ( Ii n) ,S I G ( 4 0) , UDP T ( 1 0 (l) , ~ Rt: (1 0 ') , 0 P UI F (4 0 , 1 0) ,
2 VSeA V (L. (1 1 t) Co va ( 40 ) , 8 U ( ( 40) ,G M ( 4 I] , 10) A ( 40 1 0 2), 0 PL ( 4 0, 1 0)
3 fJ r t-, ( 4 0 , 1 0) ,rC T (t.:J , 1 a) , c~x (it 0 1 1 Q) , CIJ (4 0 , 1. 0) , 0 pC (~ (1 , 1 0) , 8 U0 1 ( 40 J ,
'+ vPr (4 0 , 10) , XL ( ( 40 , 1 0 ) , L JC T (40 ) , XRE ( 4 0 , 1'1) , BL 0 L (1+ 0 , 10) , DP Z ( 4 0, 10 )

C0 I-W rm / 1 11 / P[ ( 1 'J 1) , QP T <1 [) 0 } , D, NU (4 O) , L , R0 , NP TS
CO tH'i J I J / 2 221 l HI E (40 , 7 )

DATA 1t~PUT (qFAO)

P::AD (5,:1> ~f:'TS,N
I)!) 'is L= 1, S [" T S
SIG(L)=O.O
DS(L)=O.O
DOVO(L)=Q.O
9UO(l)={'.(1
00 75 1=1 N
V(L,r>=P.&
G'1 (l, I) = rj. f)
SDN(L,1)=O.O
THT(L,r>=O.O

75 CONTINUE
DO if) L =1, SETS
DO j1 I=1,N
I)') 12 K=1,2
~::Ar.(S,2} (ZA(K,J) ,J=1,2)
IF (ZA (1,1) .EO.O.OJ GO TO 13

12 COI'ITItJUL
Z~Ot(L,I)=ZA(1,2)-ZA(1,1)

Z~02(L I)=ZA(?,Z)-ZA(Z,l)
READ d,z) (A(L,I,J),J=l,Z)
qEAO (S,3) V(l,I>
PEAO (5,4) P1<L,I} ,SPN('-,I) ,THT(L,I)

11 COrJTHIUF
i 3 0 [ A0 (~, 5) S I G (L ) ,OS ( L) , NU ( L )

~EA[J (5,£:) (LINE(L,J),J=1,7)
IS FOPt 1 AT (7A1C)

10 CONTHIUF.
1 FOPlll1T (212)
2 FOO!lt\T (2Ff).Z)
3 FOOt-AT (Fo.?)
L FORt:lIT (3F10. u )
5 FOP~1f1T (2Fl0. 4 ,El0.4i

1)=0,16343
qO=f-?4
GC=O.g9707
GT=O. 9SC?gg
OL=4.0
DO Z 11] 1=1, N

N
~



c
C CORPECT FOR THER~AL NON ZERO
C

f) 0 21 L = 1 , C; [TS
00 21 1=1 rJ
IF (VCL.I~.r'rl.o,o) GO TO 21
CRX (L, I) =(ZF~Oj CL,I) +ZR02 (L, 1) 12.0

21 CONTI~JUf

200 LJCTCI>=I
~:AO (~,,72) tJrTS

72 r:'O~t·lt'.T C12)
')041 1=1 ~IPTc:

41 Q?:A[J (5, ~~) q,:JE CD ,OOPT<I)
~t:ll('1 (S,42) XDL,YPL,XACT,YACT

4Q FOr.MAT (?FG,?)
42 FOPflAT C4FZr,?)

CONVFRT OI~ITJZE~ DATA TO ACTUAL VAL~:S

SFX1=X P L/(ALOG{XACT)-ALOG(1000.0»
SF Y1 =y P L I ( :\ l I) G ( YAC T) - ALOG ( 0 • 0U1) )
w~ITr. a·,71J)

7(1 FOP1 1AT (23X 1 .... i"EYtIOLOS NUt1f3Ep·,5X,.IfFRrCTION FliCTOR.lf/1)
no 43 I=1,~~PTC:

~E(I>=EXPC (I',-=?r. (I)/SFX1) tALOG<10IJO. 0)
OPT CI ) =f XP CCf)rj P T (r ) 1 S FY 1 ) +ALOG ( 0 • 001) ,
WKIT:: (1--,44) °E(T>,DPT(I)

44 FOPt</lT CZOX,2F15.5)
43 CO ~iT IN LIE'

no 20 L=1,SET
OS(L)=IJS(L) 112.(')
IF c...GT.2F» n=o.1615
r) 0 2C I =1 , ~~
FCT(L,I>=J.C
C~XCL,I>=o.n
CO(L,I)=f1,O
DPOI F CL1 I,) =0 • "
OPC (L, IJ =IJ. 0
VSOI\V(L 1 1) =0.
OPLCL,IJ=n.(1
OPM(L,I)=Il.C
VPR{L,I)=O.O
XLG{L,I)=IJ.O
X::[ (L., J) =£), (1
OPZ{L,I)=O. f)
BL 0 L( L , I )=1 • a
IF (VCL I),Erl.O.r]) GO TO 20
FCTC_ d=«G'1(L I)-GC)/GT)"'THT(L,I)/"3J.48
v (L , 1 ~ = v (L , I) >J. (0, 1 6 0 5 • 4. 0) 1 ( ~. 14 1 5 <;.If fJ .' 0 of. E': O. 0)

2(1 CC~lTH'U[

0= 0 .1 0 ~ lj 3

00021 1
00r.?~ 4
00 {1 (>?

, 00r222
) 0 (1 ('224

~" n(1 (i ?1 F
a0(1 ?S
0002::> 1

o"(1 2c;
00(' ?f'") n
00(1 2b 6
00 r 27 1.oQ0 ?7 1.
o on 27 "3
oor?') 3
00 () 31 4
orrn 4
oon 32 4

00(1'?~7

00(1:'t3 (1
OO(l~~?

onn3'36
OOQ'3-'tO
OOrJ3'· ~oOf' ~4 6
00(' :~

00 (l 35 3
000356
00 r. '2S n
oor :~ ~
00 f1 ?::' t::;

oor 37 0
00 (l ?? ?
or,!1 7-7 5
00 f1 37 7

OOOL.O 2
00(' 4 n 4
00041 S

o0(; 42 C;
OOQ 4 3?

00 r 43 4
00 n435
OOf) 43 6
o0 r. L.~~ 1
00 C4:> I}

c
C

,...
v
C
C
C
C

C

C

INITIALIZE P~OGR/l,M PRELI~INARY CALC~LATIONS

--'
w
C>



1 (i r 4::; 5
'.' 0 r. 43 7
~ Cr i.~ j
QQIJL.:)~

C
C C4lCJLATE ~p~SSU~~ ORCP ACROSS CAPSULE ETC
C

00 :0 L=i2..SfIS
IF'(L.LF.c6) GO TO 310
D=Q.161~
OL =5. n

onr 4S 4
on0467
norL7~.

f) on 474

Ci!)('l475
OOOSJn
on~:-12
r: efl 51. u
(} 0 0 ~2 1
GCt ~ 5.,
OfJr,S43
00153 n
0005'54
o(1 r 56 7
D00572

Dr 574
ni' :-7 6
r r fl 0
L1Cft L..

) 00 C1 4
000£24

oor. 62 4
100F32
DOnf32
J0f 6'+ n
1 U f,'<."
JOCJ(~r)

Jr r (4 ~

JCflf54
J O:J 65 L.
)C('F')O
ni r (... 1") "

HlP f) ?
1L.IJ'lS
1 'i~' 7'l5
10 r 71
J 00722
) r r 72 2
1nr17~7

~cr'T~7
) 0 f' 73 4
JO[175u

C

C

c
C
C
C
C

C

318 nOVOCl)=nS(L)/D
GUO (L) =(SIG (Ll -Rn) IRO
r) U0 j (L ) ::: (S I G (L ) - ':;0 ) I S I G ( L)
DO 31 I=1,t\1

IF CI}CL,Il.flJ.C.l> Gn TO 31
f) PC (L , I J = C( ACL , I ,2 ) - A CL , I, 1 ) ) - CR X CL , I) ) ~ RO ~ FCT CL , I}
VSCf,V(L J)=V{L,I)'I-'j(L,J)
CuLL Itltr::~~ (V CL,I) ,L,'JPMCL,I) ,BLDLCL,:} ,XRECL,I»
f)DJI=-(L,I)=rpCCL I)-I)P~i(L I)
CJ {L , I } ::: (4. (/::. • ., ) -\< {'J S {L } 'f 32 • 1 7 I V SQ f>. V CL : ] )} Jf C (S I G ( L) - R0) / R 0 )
VP;~ (L, I> =VC::;(1~V CL ,I> I (PUO CL) ~D)
Xl G (l , I ) =0 P [! I F CL , I ) / CBU0 (l ) J1. 0 )
DO Z (L , T ) =1. (1 .. COL I ( SP N ( L, I ) Jf DS ( L) ) } Jf ( (D~'C(L , I ) / BLDl ( L, I ) ) - 1. 0 )

3j CaNT TiJUE
30 CONTINUE

OUTPUT PORTION OF PROGRAM

1)0 SO L=l,C)FT"
')S(L):::DS(L) ';'12.
vJ~ITE CE,SU (lIr:::CL,J),J=l,7)

51 FOR~l\T (1-'1,2 I1 X,7 1':.1(')

W'~ I T[ ( 6 , 5 2) 0 S ( L) , S I G(L )
52 FO~MAT (Hn,1~x,·SPHERE DIAMETER·,F10.5,25X,.SPHERE DENSITY lB PER

lFT .. 3-1l-,F1l).S//J
W~ITE (6,~2) DOVnll)

62 FORt'1AT (1 fl X,'>'<n OIjE~ 0 ~ATIOJF.,5X,Fl0.5)

W~IT: (E"S') ~1l:(U

f) 5 FOR lIe. T {10 X , ~ V I Sr; J SIT Y"', i 0 X , E1 O. 3)
W~ITr 10,61) OUnIL)

S? FrPt1!\T 11,)X1'f(SIr.~fl-~O)/RO.,6X,Fl0.5}

eI~IE {~,80J ~U(-'t(L)

S 0 F f) ;;> t·1:\ T (1" X , ... S I G~. A- ~ 0 / S I G~l A... , 5 X, F1 0 • 5/ /)
WqrTE If,4'1C')

40C FOr::t-1AT (HiJ, 21x,·t'A'JOMETER REt.DING (CM) ~'110X,·ZERO 1. 7 10X,.ZERO 2'4')
f).) 4 "1 J::1 , ~.I
\.J n TE ((., 4 :J ?) ( () I L , I , J) , J = j , 2) , ZRC1 (l , 1 ) , ZR0 2 ( l , !>

4 a2 F () r, r' CI T 1 2S X , Fe; • 2 , '5 x, F'5. 2 ,1 :3 X, F '5. 2, 11 X, F~; .2 )
4 n:1. C') I 1T It IUr

W,~IH' (f ,')1j) (LJr.TCI),I=1,N)
'H1 FOP~'llT IH:J,j7X,1~I9)

Ii ~ IT:: (~, S 3 ) ( (;j 1 L , I ) I =1 , !'!}
t:;~ FOC:I·1~T (lf1V,t-tI,AN. G'1'1-,SX,10F9,2)

I1'1E (f ,~)~) (SP:l (L, 1>,1:::1 ,N)
55 F,)?~~T (l~X ,;<S Phc:P,::: ~Jq",.:S~ ~ 10E9. 2)

v! ;;> I I:. 1( ,~) 4 J (V (L, I) , I = 1 ,N J

w
-'

-:



OOfl771 5t..
nr,n 77 t
i)01P~E- t:;9
r rt fn ~

Uf11 n?:) 61
001f123
001 (i4 f) 203
Ofl1flt..f'I
001 (15 S 58
001 [1.") 5
001 O?? 60
001 f'I? ?
001 j '1 7 114
001 jQ 7on1 j? 4 85
'J 01 j 24
0('1 ::ltt 1 56
001 oj 4- 1
QQ1 j S 6 S7
1J 01 j:5 6
oC1i? 3 350
001 j7 ~

OfJ121iJ 20 j
0(11?10
!} (')1 21 4 403
!)f)~?14 50

C
C

00121 7
ot'1.. 221

FOP. 111\ T (111 X , '1- ( V- fI. V ) 0\< f) X , 1 0E 9 • 2)
vrn Tr~ (f., 5 'n (\J S '.J i'I V ( L , I> ,I =oj ~ )
F r: .) I I AT (1 nX , ~ ( V-'. V ) - S :! '1 , 3X , 1 bE9. 2)
J~ IT:: ( f (, 1 l (C n (L , I l , I = 1, i'J l

FOP f ! T ({ 11 X1 ~ I) q D. I.~ . COt FF -\'- z. 2 X , 1 0 E'3 • 2 )
;...JRITE (c-,Z'L:) (X~f{L,1) 1=1 N)
F 0 c:: Jl AT (lOX, 1frx E'i' ,1 n X , 10 t 9. 2 j
¥J~JT[ (( ,58) (OPS(L 1) ,I=1,N)
F() ~ t ,II T (1 q X 1 ~ 0 E L T A- P11 ¥ , 4 X, 1 QE9 • 2 )
W·~JTE (6,h')) (fJ P 'IIF{L,Il,I=1,Nl
Fr)Dj AT (lr)X'l-OPt~-C;?L~·,5X,10::::9.2)

WR:r T~ ( f , ~ u. ) ( I} '1'~ (L I), 1= 1 , I J l
FIJP.t~c,T (11)( >:OV.V/KJf,7X,lJE9.2)
"'F~ J TE «(, F\!) j (XLG ( L , I) , 1= 1 , N )
Fo;::r'AT (10X 1 .l1-nPf1-')PL/K.lI-, 3X,10E9. 2)
vi ~ J TE ((, :5 6) (T f- T( L , I) I =1 , N)
FOPiiAT (1fJX,'HIAtJ. THCTA.>f,2X,10C9.2)
WRIF" (E,"?) (crnz(l.,Il,I=1,N)
F'JRt'fIT (lnX,¥(ZRHZ~2)/2"f.,1X,10C:9.2)

w;UT~ (f ,35() (JPZ (L,I), I=1,N)
F () ;-;>! j ,'IT (1 !] X , Jf P R1 -+ , g X , 10 E9. 2 )
~J ;~ IT:: (t·, 2 ') 1 l ( f3 L I) L (L , I ) , I =1, N)
FOi")jlAT (lOX ,Y,-OPL-ElLASIUS"",1X,10E9. 2)
WRITe- (c,4rj~)

FOi-lt1,n (Hr),h'1X,~J<=O. (SIG-RO)/RO"l-)
COil TH' Uf

STOPnw
UNus~n CO~PIlER SPACE
a1~::' 70 0

W
N

,....



r. nr. 01
001018
000010
(l on 01 t
eo fl P1 2
COO 01 S
oonil16
,:fl1i120
i'10) 02 2

00'](125
Onnr?6
noa031
Q00033
of) :: 04 n
00 i'l ('(~ n
GOO ('14 4

(1"0 (144
oC'" fl4 6
00<103 S
ocr "';1?
on'" no 7
00'1 il7 6
oon 07 f)
DOilj.Q4

1001 fJ5
o081f1 6

c

C

c

C

C

C

SU[l PnUT PIE I i'JT E RD ( V , LX, 0 H, 0 H1 , CL R)

~':Al ~lU
C() IH 1J N/ 1 111 PE ( 1 0 '1) , 0 P T ( 1 0a) ,D, NU (4 0) , L j F~ 0 , NP TS

DL=4.0
0= 0 .1 t) :,t, 3
IF (LX.U:.?fJ) GO TO 50
DL=S.O
0=0.1615

50 CLP=V"'" DnJI) (LX)
IF (Ct.P.U=':.2snc.'J) GO TO 130

08 110 1=1, NPT S
IF (CLP.U::.Pt(1» GO TO 110

1 0 0 C0 ~lT HI UE

W;<IT~ (G,12() LX
120 FCp,I"ClT (:!.ox,~nATA NOT IN RANGE.,5X,·SC· NUMBER"',5X,I2/IJ

DH=:.OO
GO TO 500

110 1=1-1
CF=() P T ( D - llf"l T II +1 ) ) "'" ( ( Cl R- RE ( 1) ) / ( RE ( :: i· 1) - RE ( I ) ) ) +0 PT <I +1)
OH= (~F~QLJJ-~O~'V·I'V}I (O·\<2.0.lf32.17)
CF 1=0 0 3 J 6/ ( r LR ) .If "0 • 2 l;
Il f11 =(CF:1 -\> i) L... ~O ... V>;-1/ ) i ( 0 -'I- 2 • 0 >1- 32. 17 )
GO Tn 500

130 DH~(~2.0"'OL"'RO~V"'V)/(32.17"'O'fCLR)

OH1 = DH

500 ~ETURf\I

END

JNllS=':O CO"1PILER SPACe
n2320 Q

w
w

.,-:'1



S~T 1 1.875 STEll SINGLE SPHERE

SP HF P:: 0 I Cll1 ET ER

') OVFP 0 RATIO
VISCOSITY
(SIGjv1A-'~O)/~O

SIGMA-'<O/SIGMA

1.8 7 580

.95607
l.S39E-OS

7.00497
.87508

SPHERE DENSITY LB PER FT •• 3 499.51000

1 2 :3 4
MliN. Gt1 1.')9r+-CO 1. 5 9 E +-0 0 1.:; 9C: +- 0 0 O.
S P4 c- C>~ ~JO 1.f]'1F.+-Gf! 1.00':"001.nOE+-lJu O.
(V-fl,Vl 7.1:t r - r 1 7.141:-814.59t-Ol O.
(\l-AVl-SO S.1i1f-01 5.1~~-Ol 2.11E-01 O.
')")gG COc:FF q • 2 ::. r l- n:1 g. 2 1 t HJ 1 2. 2 3 Et 0 £: O.
':> ,-

7.5~[+-n3 7.58E+03 4.83C+03 O.,I:
O~LTA-PM '-+.OSr+-C1 ~. 04E+-01 4. (,~E+-01 O.
OPH-OPL L..O~[+01 4.01EtOl 4.02E+Ol O.
V.V/K 4.45E-I1:1 4.45E-01 1.84E-01 O.
f) P t1-DPl/K :<.t:;lF+n1 5.50E+-Q1 3.51E+01 (1.
"lAN. TH:::TA 6.r'l~F-r::1 S.02E-Ol 6.02E-01 O.
(ZRlt-ZR2)/2 1.o4rt-OQ 1.89[+00 1. 77t::HO O.
DIU 2.51E+O~ :2. 5 0 E+-O 3 5. 4 3 E +- 'J 3 O.
DPL-BLASIUS L. .10r-0:1 4.10E-Ol 1.89E-01 O.

K=D. <SIG-RO)/RO

1'1 MI O~1!: T [':>
B. '18
8.05
8. '1(1

J
I
J
I
I
I
r

q=:ACIt~G (CM)
65.~Q

65.38
65.10

I
I
I
I
I
I
I

ZERO 1
1.43
1.86
1.93

I
I
I
I
I
I
I

ZERO 2
1.86
1.93
1.62

I
I
I
I
I
I
I

5 6 7 8 9 10
o• O. O. O. o• O.
O. O. O. O. o• O.
O. O. O. O. o. O.
O. O. O. O. o• O.
O. O. O. O. o. O.
O. O. O. o. o. O.
O. O. O. O. O. O.
O. O. O. o. o. O.
O. O. o. o. o• O.
o. O. O. O. o. O.
O. O. O. O. G. O.
O. O. O. O. O. Q.
O. O. O. O. O. O.
O. O. O. O. O. O.

W
+>0

~



SET 2 1.7~9 STEEL SINGLE SPHERE

SPHER:=: OI!',11fTER

o OVER 0 RATIO
VISCOSITY
(SIGMA-RO)/RO
S I G'1 A- R0 I S I Gt I fI

1.74=30 11

.89182
l.G37E-05

7.06891
.1376G7

5 FHERE 0ENS ITY LB PER FT •• 3 503. 500 00

~1 t.tW:~E TE~ R!::AOING (eM) ZERO 1 ZERO 2
13. 70 56.80 • g6 .96

I I I I
J I I I
J I I I
J I I I
I I I I
I I I I
T I I I
I I I I
T I I I

1 2 3 4 ~ 6 7 8 9 10..
MAN. GM l.SgFt-(1f] n. o• o. o. o. o. o. o. O.
C:;PHt:RE NO :l.O.lF+-"D ,J. o• o. o. o. o. o. o. O.
(V-/\V) f..69F-()1 O. o• o. o. o. o. o• G• O.
(V-AV)-SC L.t.Bf- n 1 'J. o• o. O. o. o. o. o. O.
'1PAG COEFF 9.8Gr+-Qi o. o• o. o. O. o. o. o. O.
RE t, • n 13 f .. n 3 O. o• o. o. o. o. o. o. O.
1JEL TA-Pt1 3.10[+-"'1 O. o• o. o. o. o. o. o. 0.
')P'1-DPl 3.07[""H1 r'l o• o. o. o. o. o. o. O.'.1 •

V.V/I( 3.8 13(--01 (1. n• o. o• o. o. o. o• O.
[)P~1-DPl/K 2.6GF+-01 0. o. o. o. o. o. o. o• O.
MAN. TH::TA E.09f-Q1 1.1 • o• o. o. o. o. o. o. O.
(ZR1+ZR2)/2 9.6 iJf-(l1 O. o. o. o. o. o. o. o. O.
PRl 2.2G[H 3 O. o. o. o. o. o. o. o. O.
O?L-ALASIUS 3.72f:-f)1 O. o• o. o. o. o. o. o. O.

K=O. (SIG-RO)/RO

w
<.n

r'



SET 3 1.E23 STEEL UP TO 2 IN LINE

SPHfRE DI~~1[T FR

fJ OVeR D RATIO
VISCOSITY
(SIG~1A-qO)/R()

C; I Gf1 A- ~ 0 / S I Gt1A

1.62::> 0 0

.e2859
1. 'i39E-(I5

7.12179
.87687

~;PHERE DENSITY LB PER FT •• 3 506.80000

MAl" G1 r: TED ~EAf)ING (eM) ZERO 1 ZERO 2
1 ~ .31 56.3 7 .87 1. 52
29 • 5') 36.60 .10 .10

r I I I
I I I I
J I I I
I I I I
J I I I
r I I I
I I I I
I I I I

1 2 3 4 !> 6 7 8 9 10
/-1/\ N• GM 1.S9F+-(11) 1.33Et01 o• o. O. o. o. o. o. o.
C;PH;::RE NO 1.(1'3Ft(lO 2. OOE+')fi o• o. o. o. o. o. a• o.
(V-AV) 1 • 1)1 F +- I) 0 2.35E+tl ll o. 0. o. o. o. o• o. o.
(V-AV)-SO 2.2SH·'lQ S.S1EtO:' o• o. o. o. o. o. o. o.
fiQ!\G COEFF :1.84Ft~;1 7.51E+-or; o• o. o• o. o. o. o. o.
::> '" 1.Sgrtry 2.49[+04 o. o. o. o. o. o. o• o." :.
JEt Ttl-P'1 2.7JFtf'Jl 5.67E+01 o• (l. o. o. o. o. o. O.
OP!1-DPl 2.59rH1 S.41E+0: o. o. o. o. o. o. o. O.
V.V/K :1 .93ft n Q 4. 7~E+-Ol O. o. O. O. O. O. O. O.
lP:-.l-OPL /K 2.22Ftr.1 4.6SE+01 o• O. O. o. O. O. o• O.
'1 AN. THETA b .05 r - (; 1 3.17E-01 o• o. O. O. O. o• O. O.
(ZD1+Z~2)/2 i.2'lF+on 1.00E-f)1 o. (1. O. O. O. O. O. O.
D~1 S.11E-f-f\2 2.41E+02 O. O. O. O. O. O. O. O.
DPL-:;lASIUS :1.• 51[+-00 3. Z9E+tJO O. o. O. O. o. o• q• o.

K=O. <SIG-RO) IRO

w
0)

,-



SET 4 1.497 STEEL UP TO 5 IN LINE

I) OVFP D R.'.ITIO
VJSCOSTTY
(SIG~A-~C)/~O

S I G:-' A- ,"{ 0 IS JG 11 t.

.76332
1.716E-05

7.22917
.87848

~;PHERE DENSITY lB PER FT .. 3 513.50000

~1 M.I cr1 [: T EP ~EADING (eM) ZERO 1 ZERO 2
17.70 55.6S 1. 70 1.40
3 J • 1 S 36.00 .10 .10
3"1 • ~ = 35.911 .10 .10
3,1.1 r .36.J·~ .10 .10
2l3.3f1 37.35 .10 .10
23.S" 37. 3::> • 07 • 1 027. lu 38.80 • 08 .10
27.'38 38.7R • (7 • 082s.gn 40.2'.> .06 • 062s.gn 41. 90 • 08 • 03

1 2 3 4 ) 6 7 8 9 10
'1MJ. GM 1.5CJrHl} 1. ~5E+01. 1.35[+-\)1 1, 35E+01 1 •. ; l) E +- 01 1.35Et01 1. 35E+-0 1 1.35E+01 1.35EtOl 1.35E+01
SPHE:P ·10 1 • fj '1 f- l- l) C ". OOE+,]', 2.00E+OO 2.00[+l)() ~. llEtOO 3.00E+OO 4. OOEI-O 0 4.00E+OO 5.00E;.00 5.eGEl-00
(V-t),V) :- • 2 I) f +- r ~ .6ZEl-aG 3.52E+00 3.62E+1)0 3. ,'1EtOO 3.57E+00 3.~5E+OO ~.95EtOO 4.38E+00 4.38EtOO
(V-AV)-SQ 1.fJ?F+Ol 1.31E+01 1.24E+Ol 1.31£+01 1.35£+01 1.27E+01 1.56E+01 1.56£+01 1.92E+01 1.92E+01
O~AG COt:FF 3.-'8F'+OO 2.95E+OU 3.12Et00 2.95EtfJO 2.1'7E+00 3.03[+00 2.48E+0 0 2.48[+00 2.01£+00 2.01:::+00or 3.nr,rt n 4 :).45E+-04 3.35E+-04 3.45E+-04 3.'; 1E+-04 3.40E+04 3.77E+-04 3.771:+04 4.18E.04 4.18E!-(j/+
rJC'L Ttl- D "1 ?F>SFtl')1. It. ooE l- i 4.5L.El-al 4.70EI-11 6. ,) ) E +-0 i 6.86Et01 9.22E1-01 9.18E+Ol 1.16E+-02 1.29E+02
Q~:1-DPl 2.2(lfH11 4.Q9E4·O L 4.80[+)1 I.. 13Et "1 6. :>G[ t 01 6.30Et-01 8.55001 8.52Et01 1.08E+02 1. 21E~02
V.V/K 8.E.[HO 1.11C't('1 1.05t:+01 1.11Et-01 1.' ''I E+ 01 1.08E+-01 1.32E+-01 1.32E+01 1.63£t01 1.63E+01
,jP"'1-DPl/K 1.%rfofll 3.4')E+-01 3 38E+Jl <.491::+01 5. ;'E+-Ol 5.34E+01 7.24EI-Ol 7.21E+01 9.10E+01 1. 02E .. 02
I'; AN. THET C .O~f-r11 3. l6E-a!. 3.jf=,E-Ol ~. 16E- 01 3.·~liE-Ol 3.16E-01 3.16E-Ol 3.16E-01 3.16E-01 3.16E-01
(ZR "ZR2)/,? 1.55[+-00 1. iJOE-O: 1.00E-01 1.00E-Jl 1. 'J ) E- 01 8.50E-02 9.00E-02 7.50E-02 6.00E-02 5.50E-02

R1 1.15[+-n2 ,q.85Et01 9. 1 OJ.:" t f) 1 8 94 E +- 01 8. q l+ Eto 1 9.45E+01 8.08Et01 8.05£+01 6.83E+-01 7.68E+Ol
PL-8LASIUS ~~ 82fHO 7.22E+-08 6.87E+JO 7.22E+00 7 • ~$ '3 E tOO 7.04E+OO 8.41E+-00 8.41£tOO 1.01EtOl 1.01E"01

K=O. (SIG-F<O)/RO



srT :> 1.497 STEEL A CONTINUATION OF SET If

SP H!:RE 0 H t~ [T ER

I) OilER D RATIO
VISCOSIT
(ST 0" A-cH) Ic:0
~IG:vlA-RO/SIGtIA

1.4970'1

• 76 3 ~2
1. 7 16::-Ll5

7.22917
.87848

~;PHERE DENSITY LB PER FT .. 3 513.50000

HAt'O'1CTEP ~EA 0 I NG (CM) ZERO 1 ZERO 2
21. SS 44.65 • 05 • 05
21.5'1 44.5S • 09 • 05
21. gs 44.1 4 .11 .09

I ~ I I
T I I I
I I I I
J I I I
I I I I
I I I I
J I I I

1 2 3 4 c- o 7 8 9 10.,
1AN. G'1 1.3';[+-01 1.35E+-01 1.35E+010. O. O. o. O. o• O.
SDI-jERE NO (..'1,J[+tlO G.OOFHiU 6. (10 E+-O fJ O. O. o. O. O. O. O.
(V··AV) L.14f+- n n 4.1'.E+-0" 4. OlE+-8 0 O. O. O. O. O. O. O.
(V-AV)-Sn 1.7?f+f'1 1.72E+01 1. 65t:+-01 O. O. O. O. O. G• O.
QRAG COEFF 2.25[+-[10 2.25EtO r 2.34E+OO O. O. O. O. O. o• O.
:~f ? • gr:; r +- ,', 4 3. 95 E +- OJ if 3.87E+04 O. O. O. O. O. O. O.
I)~l TA -P'1 :1 • f3 7 f +r, :? 1.86E~0? 1.79[+)2 c. O. O~ O. o• O. O.
]l=-M-OPl 1.5'1[+12 1.79~+02 1.72E+J2 O. O. O. O. O. o• O.
'.I • V/'r( 1.4:;[+' 1 1.45EtGl 1.40t:+-LJ1 O. Ij • O. O. O. O. C.
)PI~-DPL/K 1.52f+ n Z 1.51[+-07 1.46E+02 O. O. O. O. O. O. O.
t1 AN. THETA ~~.1E)E-rl ~.1oE-Ol 3.16E-01 O. O. O. O. O. O. O.
(ZP1+ZRZ)/2 5.00[-[12 7.00E-0? 1. (IOE-01 O. O. O. O. o• O. O.
PR1 1.05F .. f1Z 1.05E+-01. 1. (4E"02 o• O. O. O. O. o• O~
JPL-BLASIUS 9.14 [trj 0 9.14E+00 8.84Etl0 O. O. O. O. O. O. O.

K=O. (SIG-RO)/RO

0.)
0:>

r



seT 6 1.~75 STEEL SI~GLE SPHERES

SPH~RE DIll,tlt::T Ei~

o OVER 0 PATIO
I1ISCOS1TY
(SIGf"lA-QO) IRO
S I G:1 A- R0 I S I G11 A

1.37500

.70112
1.S39E-OS

7.31+135
• 8~012

Sf)HERE DENSITY LB PER FT •• 3 520.50000

f1AtiC' 1::: TE::> READING ( eM) zeRO 1 ZERO 2
19.78 54. r}[o 1. E3 1.39
19.5f"l 54.0D 1. 39 2.08
19.~r 53.9S 2. 08 2.10

T T I I.L

J T I I
I I I I
I 1 I I
I I I I
J I I I
I I I I

1 2 3 4 I" 6 7 8 9 10.>
"1l\N. GM :IoSqr .. na 1.59E-I-OO 1 • 5 9E +'J (l O. O. O. O. O. O. O.SPf-!EPE NO :1 • J :1 F +- Q 1. lj'JE+01J 1 • C(, E+,) (- O. O. O. O. O. O. O.
(V-AV) 3.g3r+[1~ 3.93E+f)(; 3.93E+OO O. O. O. O. O. O. O.
(V-AV)-SI1 1.54r .. r , :1 1.5I+E+Ol 1.?YE+Jl O. G. O. O. O. O. O.
,)~AG COEFF 2.34f+-OO 2.34E+O'J 2.34E+00 O. O. O. O. O. O. U.OF i..17[,J ~ 4. 17F.+O·· 4.17E+·J4 O. O. O. O. O. o• O.
.)q T1\- P,'1 2.)~[+(1 2.39E+0:1. 2.37E+01. O. O. O. O. O. o• O.
'lP;'~-DPl j.71FH'1 1.72Et·011.70e+]1 O. o• O. O. O. O. O.
'.}.V/K 1.2gl=' .. n:1 1.29EHJ11.29E+al O. O. O. O. O. O. O.ijD"1-DPL/K j.42[H 1 1. ldE+Jl 1.4~E+\)1 O. O. O. o. O. G• O.
'1 AN. THETA G.02[-1)1 n.02E-Ql 6.G2E-al O. O. O. O. O. O. O.
(ZR1+ZRZ)/2 1.61f+f10 1.74E+08 2.0-3E+-)O o. O. O. O. O. O. O.
P~1 f-.R4[+-()1 G.89E+01 6.83c t J1 O. O. O. O. O. O. O.

PL-8LASIUS 8.1t[+r)1) 8.11E+OO 8.ilEt-OO O. O. O. O. O. o• O.
K=O. (SIG-RO)/RO

w
~

;>



SET 7 1.251 STEEL SINGLE SPHERE

SPHERE DIAM[TER

f") O\fFR 0 PATIO
VISCOSITY
(SIGMA-QC)/PO
') I Gf'1 A- R0/ S I Gt·1 A

1.25000

.63733
1.539E-05

7.58654
.88354

SP:,ERE DENSITY LB PER FT.. 3 535.80000

~1 A ~J (1~1 F: T ::: D ~EADING ( Ct1 ) ZERO 1 ZERO 2
20. gc:; 52.3~ 1.79 1.13
2 n • 913 52.33 1.13 1.23

I I I I
I I I I
T I I I
I I I I
I I I I
I I I I
I I I I
I I I I

1 2 3 4 ; 6 7 8 9 10
.~ l:I ~J • GM 1.59F~qO 1.59E+-OO o• o. O. o. o. o• o• o.
S"'HEDE NO 1.Qnr+- r '1 1.00E+-OO o• O. O. o. o. O. O. G.
(V-A\!) it • "3 fl E I- (1 0 4.41E+-OO O. o. o. o. O. O. O. O.

V-AV)-SO 1.92f+-01 1.95EHI10. o. o. o. o. O. O. O.
fJP£\G COEFF 1.76[+'111 to 74EHJ(1 o• o. o• O. O. o. G. o.
DC' L..6::JFQ4 4.69[;+-04 O. o. o• o. o. O. o. o.
DEL TI\-::J 1'1 {'.19FH1 2.20EH1 o• O. o. O. o. o. o• O.
r~r-:l'140~tiPl 1.37f+-01 1.38f+-Ol o• o. o. o. O. o. o. O.
i/.V/t< 1.55FHj1 1.57E+-01 G. o. O. O. O. O. O. O.
f)PM-OPL/K 1 .11[+-01 1.11E+01 o• o. O. o. o. O. O. O.
"1AN. THE Tt. f.03f-i I 1 G.03E-01 o• O. O. O. O. O. O. o.
(ZR1tZR2)/2 1.4G[+-(lC 1.18E+OO o• o. O. o. o. o. O. O.
PR1 4.82[+-01 4.78Ft-01 o• O. O. O. O. O. O. O.
OPL-BlnSIUS 9 .81 F +[. 0 9.93E+OO I) • O. O. o. o. O. G. o.

K=D. (SIG-RO)/RO

~

a

~



SET 8 j.00 ST:~L SINGLE SPHERES

.,

SPHER::: OIA~IETER

i} OVE~ 0 RATIO
VISCOSITY
(SIGr"A-~O) IRO
SIGMA-RO/SIGtlA

1.'LGOo

.50g9il
loS39E-OS

7.22917
.87e48

SPHERE DENSITY LB PER FT •• 3 513.50000

i1 Cl r ! 0'1:: T CY PEAOING eM) ZERO 1 ZERO 2
?~)'6~ 49.5D 1.62 1. 20
2 -, c; ~ 49.60 1.16 1.77..). ;.

T I I I
T I I I
I T I I
T I I I
T I I I
J I I I
I I I I
I I I I

1 2 3 4 :> 6 7 8 9 10
"1 AN. G'·I :l..S9rH'1 1.59Etr'):1 • O• o• o. o. o. o. O.
~PriERE NO 1.n!)[~o 1. aOEtQ" o• o. O. O. O. O. O. o.
( }-l),V) 4.9")[l-'i) 4.9ZF.+Q-' e • O. Q. O. O. o• C. o.
~ v- A' }-s C 2.44F+~!1 2.42[+01 Q• O. o. o. o. o. o. O.
1·~ CC, - '" ~- - r- 1,'1(")[+-' 'to 07E+11 o• G. O. O. o. o. O. O.v\.,_r
;::.r- !:'.2 L F+i"4 5. 22 E + fl-f o• O. O. o. O. o• o• 0, '.-
J ~ L rA- p r1 1.76r+-r1 1.77E+01 o• O. O. O. O. O. O. O.
1 OJ'1-D PL 7.3SF+-,1) 7.53E+-'10 O. O. o. O. O. O. o. O.
V.V/K 2. ()Ft01 2.0SEtr:J: O. O. O. O. O. O. o. O.
rpt-l-0PL/1t {j .22ft" Q r1.37EtJ:J O. O. O. o. O. O. o. O.
'·1 A 4• Tf,::T A 5.9Zf-"'1 5.92F-1)1 o• Q. 1J • O. O. O. O. O.
(Z;::'1+Z~2)/2 1 .41 F .. \, (1 1. 47E+tH o. O. O. o. O. O. O. O.
DP1 ?2'3~r(\1 2.36E+ill o• Q. o. O. O. o. O. o.
f)p ~oLASIUS j 2 F ... 01 1.20Et 1 o• o. O. O. O. o. O. 0

K=D. {SIG-RO)/RO



SET 9 7/8 STEEL SINGLE SPHERES

..

c:; PHER:: DI £'.I 1'1 L.. TE~

DOVER 0 P~TIO
VISCOSITY
( SI G~! A- ~ 0) / R 0
S I Gt1:' - R0/ S I G1'1 f)

• R75 (1 0

• 44616
1.S8/+E-05

6.73237
.87067

SP;;"RE DENSITY LB PER FT •• 3 482.50000

MAIJOtl£:r::" P~AOING <eM) ZERO 1 ZERO 2
25 •. S 47.60 1.62 1.30
25. 3'5 47.75 1.31 1.63

T I I I
I I I I
T I I I
J I I I
T I I I
T I I I
I I I I
I I I I

1 2 3 4 1- 6 7 8 9 10)

'1 AN. GM 1.sgFtr,O 1.59E+-OO o• o. o. o. o• O. o. o.
SPH::~~ 110 1 • I) 'J F 1-', ~ 1.00E+-QO 00 O. 0 o. o. O. G. O.
(1.1-14\1) L.Sg::tra 1.... 88[+-OJ o• Q. O. o. o. o. o. o.
• \.' - A V} - so L.39rt"~1 ?381::+-(11 " O. o. 0 o. O• o• o.U G

1 ~:\ G CO_FF e.f\1[- Ii 1 3.35E-01 o• c. o. o. o. o. O. G.
::>c- ~ .0 14 rti 4 f).fJ~E+-04 IJ • o. o. o. o. o• o• o."

J:L TA- 011 1.5Q[+-<il 1.51E+-01 o• o. o. o. o. o. o. O.
JPM-OPL '-.93f+-'-:0 5.13E+-00 11 • O. I). O. o. o• o. O.
V.V/K 2.17[+-01 2.16E+-01 o• o. I) • O. o. O. o. o.
'Jp"'l-nPL/K L!.5~r l-iO 4.6&EH10 O. O. o. o. o. O. O. O.
'1 ,.N • THETA f..09F-rl f. 09E-01 /) . o. o. o. o. o. o. O.
(l~1+2.R2) /2 1.46rH 0 1.47EtOO o• c. " Q. O. o. o• O.lJ •

P~1 1~4~F+-1l1 1.55E+81 O. O. 0 o. o. 0 .. o. O.
!)PL-PLA-IU 1.21f~\1 1.19EtOl 0 0 0 o. o. o. ~. o.

K=D. (SIG-RO)/RO



S t. T 1 Q )/ 4 Sr EEL S r NG L E ~ PH [R ES

SP HER t: 0 11\ t·; ET E, ,

f) OVfR 0 ~ATIO
VISCOSITY
(SIGMA-~O)/RO

S I Gr1 Ii - RO IS r Gil A

.7'3080

.38243
1.:i84E-(15

6.72436
.87054

:;)HERE DENSITY L8 PER FT .. 3 482.0UOOO

HAt! UIE T::Q READING ( CM) Z ER 0 1 ZERO 2
26. g; 46.37 1.27 1.19
27. rJ5 46.48 1.1 9 1. 59

T I I r
J I I I
1 I I I
J J I I
J I I I
I I I I
J I I r
J I I I

1 2 3 4 ? 6 7 8 9 10
~ A~. G~l 1.r;gfHlQ 1.59[+")0 u• O. O. O. O. O. O. O.
Sr:lHERE tW 1.rjlfHO 1. QuEtl)~1 o• O. O. O. O. O. O. O.
(\J-:~V) L..81[t fl l) 4. 81 t:" to i"J o• o. O. O. O. O. o• O.
(V-AV)-SO 2."32fH!1 2.32F.HJ1 o• D. O. o. O. O. O. O.
f)l:(t<G COEFF 7.78r-r>t 7.78E-f)1 O. o. o. O. o. a• o. o.
-:;~ L..9nt'14 4. 97 E +O!f O. O. o. o. o. o. o. O.
17l H -Pt-1 1.:) I. E Hll 1.33Etf)1 o• o. o. o. O. O. o. O.
fJ P\l-DP l 3.76Ft f1 iJ ~.64[tI)1 o• o. o. O. o. O. o. O•

• V/K 2.U.f+J1 2.11E+C1. o• o. o• o. o. o. o• 00
QP~'j-OPL/K 3.43Ftf1rJ 3.31E+l1'1 o• 00 O. o. O. o. o• O.
'1 AN. THETA E- • 0 9 [- 01 6. 1)9[-01 O. 0 0 I) • O. o. o. O. O.
(Z~1tZR2)/2 1.23ftOf) 1.39E+DIJ O. O. o. O. O. o• o. O.
PRl 1.0I3F+;J1 1.01E+(11 o• o• o. o. o. o. o. O.
DPL-GLASIUS 1.1n[t01 1.16E+01 o• o. o. o. o. o. o• O.

K =D. (S I G- RO ) / RO

.j::lo
w



SF-T 11 ~/8 STEEL

SPHFRE DIM1[TER .6250')

SINGLE SPI-ERrs

SPrlERE DENSITY LB PER FT •• 3 482.3UOOO

----- -- ----

f1 OVER 0 P~TI()

VISCOSITY
(SIG~~A-~O) IRO
S I G~'1 A- ~ 0 I S I GI'~ P.

• 31869
1.53g[-Q5

6.72917
.87062

1At·1 0/1 E "T :: P READING ( e'l) ZERO 1 ZERO 2
2 7 • 8:~ 45.4n 1.27 1.23
27.9' 45.4:> 1. 23 1.88

I I I I
T I I I
I I I I
I I I I
r I I I
I I I I
I I I I
I I I I

1 2 3 4 ') 6 7 8 9 10
~1 AN. GM 1.5gft~IQ i.59E+on o. 0 o. O. o. O. O. o.
::oHE?E ~10 1 • f) n F +- j, G 1. DOE+OO O. O. O. O. O. O. o• O.
(V-AV) L.7?r+- 'J !~. 72 E l- a 1 o• o. 0. o. o. O. L. O.
(1!-!1V)-SO 2.22FH.1 ;::. 22 t: .. 0 J. o• o• o. o. o. o. o• O.
~ '~AG CO:-:FF t- 7Sf-'1 6.76E-01 O. o. o. O. o. o. o. O.
:JC:- 5.l1ir,.'-4 ::>.01EH4 o• 0 n o. o. o. O. G.
r~ :: L T A- P'1 1.2'l[ 1-"1 1.18Et01 o• o. o. o. 0 o. o. O.
DP~'1-0PL c.74Ft ~ 2.51E+00 o• O. O. O. O. O. o• •V.V/K .')2fHj1 2a 02E+01 O. O. O. O. O. O. O. o.

Pt'i-f)PL/K c.4':1[+'1C 2.29[+00 O. o• O. O. O. O. O. O.
t1 At~ • TH:,Tt- f • l'\ 9 F-r, i G.09[-01 f) • o. O. O. O. O. O. O.
(ZR1tZ~2)/2 1.2Srt'ln 1..Sf)EtOO o• O. o. 00 O. O. O. O.
:>R1 f.g6[trIO S.41F.:H)() o• c. O. o. O. O. (j • O.
DPl-BLASIUS :1 •1 ;' F +- i) 1 1.12E+01 O. O. O. O. O. O. O. O.

K=O. (SIG-RO)/RO



SET 12 1/2 STEEL

SO HER E DI "d-l [T J:R • :5 f) 0 01)

S ItJGL E SPHE RE S

SPHERE DENSITY LB PER FT •• 3 484.00000

IJ OVE~ I) PATIO
VISCOSITY
(S1 GMA-~O) IF',O
SIG~1A-RO/SIGl':A

.25495
1.(:)39E-05

6.75641
.87107

t1M I en [ 1 :: p READING ( Cf1 ) ZERO 1 ZERO 2
2Q. 10 44.23 1. 45 1.25
29. F 44.15 1.25 1.44

I I I I
r I I I
I I I I
I r I I
I I I I
J I I I
I I I I
T I I I

1 2 3 4 c- o 7 8 9 10-''1 t. t\l • GM 1 • C) g :: l- '1) 1.• 59[+-00 n• o. I) • O. O. O. O. O.
SPH~R[ NO 1.QflCHll] 1.00EtOC; O. O. O. O. O. O. lJ • O.
(v- u.. V) 4. /-t3fl- f o() 4.38EI-OC o• O. O. O. O. O. O. O.
tv-td)-SO 1. gf:> [I- 1", 1 1.92E+Oj o• o. O. O. O. O. O. O.
1)~tl.G CO:::FF f .1G[--,1 6.29r::-Oj o• O. O. O. O. O. O. O.
~~ u.71f1-Q4 4.63EtQu o• O. O. O. O. O. O. O.
) :~L TA- P'1 1.,)~ftl 1 1. Q1Etl.J1 G• O. O. O. O. O. O. O.
DO:1-0PL 1.gr,[I-U:] 1.94Etor o• O. O. O. O. O. O. O.
J.V/K j.7RFl- f l 1.74EtO~_ O. O. O. O. O. O. O. O.
QPM-OPL/K 1.76[="1-(10 1.76EI-OO o• O. O. O. o. o. o• O.
MAN. THETA 6.0sr-~·1 (~. 09E-01- o• o. o. o. o. o. o• O.
(Z~1+Z~2)/2 1.35[1-1)1) 1.35Ef-OC O. Q. O. O. o. o. o• O.
PR1 ~.58Ft~1J 3.51Eti)r O. o. o. o. o. o. o. O.
!)PL-!3LASIUS 1.00rl- n 1 9.81EtOO o• o. o. o. o. o. o. O.

K=o. (S I G- R0) / R0

~
U1

f\



seT 13 3/8 STEEL SI~GL~ SPHERES

SPHER: OInM[TER .37500 S~HERE DENSITY l8 PER FT •• 3 485.00000

11 OVfR 0 rATIO
VISCOSITY
(SIG!'~A-~O)/PO

S I G~j A- RC/ ~ I Gt.1 to.

.19121
t. 53 9 t: - 0 '5

6.77244
.87134

MA~I Ct1 E T EI:? READING (eM) ZERC 1 ZERO 2
33. :111 42.70 1.19 1.38

T I I I
T I I I
J I I I
T I I I
J I I I
I I I I
I I I I
T I I I
T I I I

1 2 3 4 :? 6 7 8 9 10
~1 ~ N. GM i.59r+- f jO I). o• o. o. o. o. o. o• O.
SPHEPE NO j .O'lr+-'lQ J. o• o. o. o. o. o. o. o.
(V-AV) L'.11f1-1i0 n. o• o. a• o. o. o• o. C.
(v-AV)-SO 1.~grt"1 o. o• o. O. o. o. o. o. O.
'~:J~G CO>.:FF 5.37 r -'. 1 " . o• o. 0. o. o. o• G. O.

L.':7F H~/" 8. o• o. o. o. o. o. o. 0
'y:.. r:1-'p~ t- .2" r +-1, 'J O. o• D. O. o. o. o. o. O.
;) W ',1 •• f! P L -f! .. 91[-I"11 11. O. o. o. o. o. o. o. O.
'J tV / K :1.53rt01 " o• o. O. o. o. o. o. o.';.) .
r)PN-OPl/K -5.05r-01 0. o. o. o. o. o. o. o. O.
!I1AN. TH=:TII E-.l')9[-(l1 o. o• o. o. o. o. o. o. O.
(ZP,1+-ZR2>12 1.28[HO 1. o• o. o. o. o. o. o. O.
PRj -3.65f+- n 1 o. o• o. o. O. O. O. O. O.
I)Pl-BLASIUS 8.78H·OC O. O. O. o• O. O. O. O. O.

K=D. (SIG-RO)/RO

-.
...J ,-
~ y

0'1



SET 14 1.740 PLASTIC UP TO S Itl LINE FF~EE FLOATING

SPHERE DIAt1ETER

o OVFR RATIO
VISCOSITY
CSIGMA-RC)/RO
SIGMA-RO/SIGt1A

.813723
1. r13 7 F.: - 05

.18093
• 15321

SPHERE DENSITY LB FER FT •• 3 73.69000

11 AIi 0'1 E T:=-- ~~nDI.IG ( Ci1 ) ZERO 1 ZERO 2
32. '17 40. 00 6.43 6.67
:32.7g 40.17 6.t7 7.08
31. 12 41. 98 8. 90 9.48
27 .If C' 45.71 10 63 10.70
2 It. 4'~ 48.70 9.62 10. SO
24 g7 48.17 10. 5 J 11. 0 u
21, S'': 49.0': 11. 1 G 10062
21. IF 52.03 10.62 12.30

I I I I
J I I I

1 2 3 I.. -) 6 7 8 9 10
'1 A I. GM j.C)f)fl-nr, 1..59[+-:)8 1.S9Et- IJO 1.59Et-OO 1.53:::1-00 1.59E+-OO 1.59Et-00 1.5C::Et-OO O. o.
SPH:::PF: NO 1. __ 'H'",I' Q 1.00[+-3:1 2.C!J':HO 3. aOCt- i 4.00E+OO 4.00E+00 4.00E+-00 5.00Et-OO O. O.
(V-AV) 1.17[_rl1 1.20E-G1 1.2bE-L1 1.3;)E-01 1.5~E-Ol 1.42E-(Jl 1.;i::E-01 1.53E-01 (" a•
(V-AV)-S j .:;~ f-C' 2 1.44E-02 LS·9E-02 2.34[-]2 2.5-+E-02 2.00E-02 2.3 E- 02 2.34E-02 O. O.
IJ=<AG COEFF 5 .1'H +-I~ 1 7.83f+-Ol 7. (toE +-i) 1 4.i:l1EI-01 4.43EI-Ol 5.62E+01 4.89Et-Ol 4.81EHll O. O.
;z:: ~.17rl-n~ 1. 20E+-0:5 1.26EtJ3 1.53E+-03 1.59EI-03 1.41E+-03 1.~2E~03 1.53Et03 G. O.
It:.L Tn-PM 7.f18f- r1 2 7. 45f='-02 2.54[-01 1.1£ EtOO 2.04E+-00 1.79E+-00 2.19E+-OO 2.81E+-00 O. O.
'):;:) "'-Q'JL 5.3')f-;'2 '3.62E.-02 2.35E-Ql 1.07E+')0 2.02 <- 00 1.76E+00 2.10EtOO 2.79EtOu o. O.
Ii. V!'r( /" • G? ~ -.1 1 4.o,S::-01 5.39[-)1 7. S2E-Ol 3 53E-01 6.78E-01 7.79E-01 7.92E-Ol • O.
OP:'1- PL/K j .7grtrt C 1 gO~HF! 7.93;:::1-)0 3.n3!::t-]1 6.8~Et01 5.96Et01 7.31E~01 9.~4E+01 o• D.
i-'t Ar1 • TH:::TA 1.22[-Gl i.22C:-01 1.1 Hi -. 1 1.18E-(1 1.1SE-Ol 1.18E-01 1.18E-01 1.18E-01 o• O.
(ZRl ZI<2)/2 t-. • 5 '5 E +-\1 D 6.87i:+-00 9.19E~ 0 1.07E+-01 1.01E+Ol 1.07E+01 1.09E+-01 1.15EtOl O. O.
p C?1 8 • 2 R f +- (.1 1 8.61E+-Ol 1.69t,tC2 4.34E+-Ol 5.73E+02 5.66E+02 6.47E+-02 E:.E:2E+-02 O. O•.
OPL-BLASIUS 1.79F-r·2 1.82E-.2 1.92E-02 2.33E-02 2.43E-02 2 15E-02 2.31E-02 2.33E-02 O. o.

K=D. (S I G- RO) / RO



S[T lS 1.475 PLASTIC UP TO 4 IN LINE FREE FLOATING

SPHERE DIM'IET ER

r) OVE~ 0 RATIO
VISCOSITY
(SIGt"'A-~O) IRO
S I G/1 A- R0/ SJ G1'1 A

1.47500

.75211
1.637E-05

.1750:.1

.14894

SPHERE DENSITY LA PER FT •• 3 73.32000

t1 AN Ct1 r.:: 1 :: t)

32. ~g

3~.q1

34. E;L
~ 3. 71
33.92
33. gil
~ \ • 1 ('\
33. ')L,
33.1

J

REA 0 I NG (Ct1)
40.fJ2
4 (] • Q1
36.2~

36.7::
~n. 09
37.12
38.00
38.00
37.9('

I

ZERO 1
6.~6
4.60

.65

.91

.68
1.17

• 84
1.09

.49
I

ZERO 2
4.60
5.76
1. 08
1. 10
1. 17
1. 30
1.18
3. 60
1.15

I

2 "Z 4 c: 6 7 8 9 10v

/'1 AN. GM :1.S<J[-'l-on 1.59FHlL· 1.5YE+-OO 1.5q~taO 1. : (I E+ 00 1.S9E+00 1.59[+-00 1.59E+00 1.59E+00 O.
Sr:1HC::PE NO 1.'1)[1-:10 i.OOF.+')U 1. O!~E+OO 2.00[+[0 2.[rE+-(ju 2.00E+00 4.00E+-00 4.00E+-00 4.00E+-00 O.
( V- AV) 2.01t-01 2.49E-01 2.74E-u1 2. 9 6 E- 01 4. r i' E- 01 4.04E-014.2uE-Ol 4.21E-01 3.19E-01 O.
(V-AV)-SO E' • 8 '3 r - I' 2 G."1. 8 E- 0 2 7. 5 2E- 0 2 8. 7:3 E- C2 1. f S E- 01 1.63E-Ol1.76E-01 1.77E-01 1.02E-01 O.
~RAG COEFF 1.3S[-"Cl 1.49E+Ol 1.23E+-01 :1.05Et01 5. c'LEtOO 5.65E+00 5.24E+-00 5.21E+00 9.08E+-00 O.
~c:: 2.61r+r3 2.48E+-83 2.74EI-03 2.95E+03 4.(6E+03 4.04E+034.19E+03 4.20E+03 3.18E+03 O.
')Fl TA~P 1 2.n1[-C1 2.75r-~j 2.81,.[-1)1 7.69E-1)1 8.t ZE-Ol 7.62E-Ol 1.::>2EtOO S.98E-01 1.51E+00 O.
.) ?rl-r. PL :l..61r--O 1 2.37E-O! ? • 41 c: - () 1 7. 23 E- 01 7. 1 i' E- 01 6.88E-01 1.44E+00 9.18E-Ol 1.46E+00 O.
iJ.V/K c:.39F+.H] 2.1oEtflC 2 • £ 3E t u 0 3. 0t E+ lJ 0 5.', ~t E+0a 5.71E+00 6.15E+00 6.1SE+-00 3.55E+00 O.
JD:1-DPL/K S.62r+t'O 8.30E:+-CJr ~.41E+U(' 2.53[+-]1 2." :IE+01 2.40Et01 5.0~EI-01 3.21E1-01 5.10E+01 G.
'1 AN. TH:;:T A 1.1BF-n1 1.1gE-01 3.:16E-Ql 3.16E-Ol 3.:1.7E-01 3.17E-01 3.16E-01 3.16E-01 3.16E-01 O.
(ZR1+ZR2)/2 5.73ftOn 5.18E+00 8.65[-~1 1.00E+00 9.(5E-Ol 1.24E+00 1.01E+00 2.35E+00 8.20E-01 O.
PR1 ~i • 9 r;; f .. 0 1 2. 0 5 F. I- 02 8. 72Eta 1 1. 25 E+-O 2 7. l ~J E+-O 1 6.53E+Ol 6.84E+-01 4.21E+Ol 1.14Et02 O.
I)PL-BlASIUS 7.17E-02 3.78E-02 7.79E::-02 8.91E-02 1.~5E-01 1.54E-01 1.64E-01 1.65E-01 1.01E-Ol O.

K=O. (SIG-RO)/RO

.+::>
co

f'
I



seT 1~) 1. 74"1 PLASTIC UP TO 4 IN LINE BIG DIAMETERS APART

S P HER:: f} III t'1 ETER

o OV~R ') PI\TIO
VISCOSITY
(SIGMA-RO)/RO
S I G',1 A- R0 / S I G 1,l\

1 • 740 0 0

.88723
1.689E-05

.18093

.15321

SPHER[ DENSITY LB PER FT •• 3 73.69UOO

M.lit j O~l i:: T~::P. ~r:ADING (Ci~ ) ZERO 1 ZERO 2
32. g? 40.00 6.43 6.67
12. 7 g 40.17 6.67 7.08
33. 7') 37.62 1.GO 1.65'-") ~. ,::p 37.77 1. 61 1. 65
:n. on 37.71 loSS 1.60
~ ~ • '::3 37.7? 1.S0 1. E6
32.29 38.9 1~83 1.87
32 • 2r, 39.0d 1.87 -1.20
02.~:? 39.JO 1. 38 1.64
31.50 39.62 1. 26 1.43

1 2 3 4 ? 6 7 8 9 trJ
'1!1\J. ( .... f J • 5 C) F ~ fi 0 1.59[tOO 1.59[+-JO L 59f+- 0 LS:lE+OO 1.59[+00 1.59E+-00 1.5<;[+-00 1.59EtOO 1.::'9EtOOv";

SPW'R.: 'W 1.r"J'1rt- il o 1. GOEI-·J!) 2.foOEt-80 2.'10E+-OO 2.CiJEtOO 2.i)OEtOC 3.00ftOC 3.00Et00 3.00EtOO 4. CJ'::tOO
(V-.~\f) 1.17["-01 1.2J!::-01 1. 22E-01 1.17E-J1 1.20E-Ul 1.1.3E-01 1.1YE-Ol 1.19E-01 1.19E-01 1.21..E-01
(V-!l.V)-SO j .38[-"12 1.44E-02 1.50t.::-J2 1.38 E-:) 2 1.Y!.jE-02 1.29E-02 1.41E-02 1.l.tlE-02 1.41E-02 1.47E:-02
)'~AG COEFF P.1SCH1 7. 83E~01 7.51E+01 e.18E+01 7.83EtOl 8.74Et01 8. OOEtO 1 8.00E"01 8.00EtOl 7.67t:t01,r-

1.14r+-n~ 1.16E+03 1.t8E+-J3 1.1'"E"03 1.16E"03 1.10E"03 1.15E"03 1.15E"03 1.15E"03 1.17Et03c.
f) ~L H - PI1 7.'1RF-fl2 7 .1+5E-~2 13.7:3E-01 S.75E-01 9.23[-01 9.25E-01 1.86EtOO 2.51E+OO 1.98E+OO 2.6UC:hlO
IP\1-0 PL :".24F-;2 1).57E-J2 13.54[-01 <:.56E--)1 9.Q4E-01 9.07E-01 1.84EtOO 2.4SE+OU 1.97E+00 2.5t3C+OO
Ij.V/lt L, • ~? r - r"J 1 ,+.86E-01 5.07(-,)1 Y. 65 ~ - .J 1 4. ,E)E-G1 4.36E-01 4.76E-01 4.76E-01 4.76E-01 4.90::-01
1 P '·1 - CP L I K 1.77Fl-1 1.68:::"'31 2.89E1-11 3.23EI-0:1. 3.[5E+-01 3.\)7E"01 6.22E+-01 e.4~E"01 6.6 5E +- 01 8.73t:l-ul
I~ t. ~~ • TH::::T A 1.22r-01 1.22f- 1 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01
(ZR1tZ~2)/2 b.55F.H] b.87E+-00 1.6 3E +~ 0 1.63E+CO 1.63EtOO 1.63E+00 1.85E"'00 3.35E-01 1.51E+00 1.33E+00
PR1 7.g5r+f11 g.26E+-01 6.14Et02 i.17E+02 6.64E+-02 7.03E+02 9.09E ... 02 1.23E+03 9.72E+-02 9.37E'-02
OPL-BLASIUS 1.84[-fl2 1.88E-02 1.92E-02 1.84E-02 1.88E-02 1.78E-02 1.86E-02 1.86E-02 1.86E-02 1. 90E-02

K=D. (SIG-RO)/RO

i'



SFT 17 1. 74~1 PLi\STIC A CC~lT:UJLATION OF SET 16

SPHERE DJi\j·1ETER

n OVFR 0 Ri\.TIO
VISCOSITY
(SIGl'-lA-RO) IRO
') I GMA- R0 I S I Gi'l A

1.74000

.83723
1.689E-05

.18093

.15321

SFHERE DENSITY L6 PER FT •• 3 73.69000

i1 Ai' 0'1 C T ~rJ

:51.1r,
1. 7t'

-=)1. 77
3 ) • 7g
~ r] • gq
3 ~J • 9>:
2'1.3?
2'3.35
29.4:\

T

R. EADI I\l G (C t1 )
39,39
3g.1~8

39.43
40.6 11
40.4f1
4G.LtS
42.0f,
42.07
42.G0

r

ZERO 1
1. 34
1. 20
1. 30
1.41
1. L.5
1.28

.E:4
1.79
1.82

I

. ZERO 2
1. 30
1.34
1.34
1. 45
1. 77
1. EO
1. 79
1. 82
1.83

I

!'1 AN. Gt1
SPHE.>"'[ ~.iO

(V-I\ V)
(V-i\V) -SO
")C't,G COEFT
OF
)CL T,Cl-Pt1
)PI1-0PL
V.V/K

°M-OPLI
H~:. THE:TA
(ZR1+-Z~2)/
o~1

ClPL-BLASIUS

1
1.SQ:-H]lJ
/ • 'J "} (' +- - :J
1.'lC'lE- l 1
'j 0 if t r~ - f' 2
H.O'1[t-l.l

.15FH:3
2.41[+-(1)
2.39rHiO
LI.7hF-r·i
t\.·~:j~-H1

3.17[<1
1~3;:ft-n~
8.8(")[ .. 02
1.86f-02

2
1. S9F.+-fJr
4. r,!:.Jf:: t ,L·
1.21[-01
1. 1+ 4 E- {l 2

.83E+01
1.16E+0:~

2.50E+O!l
? 48E+f)'1
If. 8 S E- 01
13.3<JE+111
~.17f-O
1.2lEf-GO
9.iOEl-02
1 0 88E-02

3
1 • 5 gE t u0
4.(1"·~t)O

1.2C;::-Ul
1.l.l-1t::-U2
7.8~Eta1

1.16Et113
2.43E+OO
2.41EtJO
4.l'r)E-01
8.17c t )'l
3.17f.-01
1.~2::t-Q[I

8.8nt:+-02
1.88E-02

~

1.5<3E+00
S. ;lO[tOfJ
10 17 E-·11
1.38E-02
8.18E+G1
1.1[IE+03
3.22E+CO
3.2IJE+-OO
4.55E-31
1, (i8 [i' 0 2
3.17r:-01
1,43E-I-10
9.59Et02
1.84[-02

5
1.". <::E+OG
5.rrE+OlJ
1.~~r:-01
1,/j[-02
B.[(E~01

1.1 :,E+O~

3.( fE+OO
2.(f'E+00
4.7fE-01
1.(1E+0;
3.~7E-01
l.E:jE+OO
8.I)LE+02
1. e (, E- 0

6
1.59E+00
5.00E+00
1.17E-01
1.38E-02
8.18Et01
1014Et03
3.10EtOO
3.08E+00
4.65E-01
1.04f.f-02
3.17E-Ol
1.44EtOO
9.24E+1)2
1.84E-02

7
1.59E+00
6.00E+-00
1.17E-01
1.38E-02
8.18Er01
1.14Et03
4.42E1-00
4.40E+0 a
4.65E-Ol
1,49E+02
3.1/E'-O 1
1. 21E"0 C
1.10E+03
1.84E.. 02

8
1.~9EH10

6.COE+00
1.j CJE-fJ1
1.41E-02
8.00E+01
1.15E+03
4.19(tOO
4.17E+-00
4.7EE-Ol
1.41[t02
3.17E-(11
1.8DE+GO
1.03£+03
1.86E-02

9
1.59EtOO
6.00EtOO
1.17E-Ol
1.38E-02
8.18E+Ql
1.14Et03
4.14E~00

4.12EtOO
4.65E-01
1.39E+-02
3.17E-01
1.83E+-00
1.03E+03
1.84E-02

10
o.
r.u.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.u.

K=D. (SIG-RO)/RO

(Jl

o
r



seT 18 1.1;75 PLASTIC UP TO 5 IN LINE AT lilO DIAMETERS APART

SPH f R;:: 0 I A'~ [T Er.

i) OVI="R 0 rATIC
VISCOSITY
(SIGt-'A-~O) IRO
SIGMA-RO/SIGI"1A

1 .4 7S 0 Q

.75211
1.689E-05

.175' 0

.14894

SPHERE OENSITV lB PER FT •• 3 73.32000

~1AtIOM::T:::O

~2. (31
34.15
33.-:"
33. 1"·
~? Sf
32 >'8
3?.E?
32.19
3 2.17
~~. 29

READING (CM)
40.01
36.91
37.5'.1
37.211
~8.32
38.2r..
38.33
38.8g
39.00
38.94

ZERO 1
.60

1.38
1.51
1.77
1.74
1.08
1.76
1.35
1.80
1.40

ZERO 2
5.76
1. t 3
1.77
1. 79
1.92
1.91
1.84
1. 81
1.89
1.83

i 2 3 4 c' 0 7 8 9 10:J
"1 A • G"1 1 • 5 g r +- '1 '1 1.59E+-O'1 1.S9E+JO 1.59E+00 1 • YEtOO 1.59E+00 1.S9E+00 1.59EtOu 1.59E+00 1. S9E+OO
SPH:=':RE tW l.FJ[H1Q 2.00F+00 3. GOEtOO 3.00f+-00 4. OE+OO 4.00EtOO 4.00E+-00 5.00E+-('O 5.00E+00 5. r:Ot:+-OO
( v- AV) 2.4YE-Ol 2.68[-01 2.72E-01 2.75E-01 2 •. ·OE-01 2.86E-01 2.91E-01 2.93E-01 3.05E-01 2.87E-01
eV-AV)-SQ E-.113[-fi2 7.17:::-02 7.38E-U2 7.59E-J2 7., ~_ E- 02 8.16E-02 8.4~E-02 8.tOE-G2 9.29E-02 8.231::-u2
~~AG CO~FF 1.~(ntr1 1.29[+01 1.25E+Ol 1.22E+01 1 • ~ f) E + 01 1.13E+Ol 1.09E+-01 1.07EtG1 9.93E+00 1.12E+Olq:: 2.41fHi:3 2.59:+~-:; 2.E'L:+-')3 2.67ftJ3 2.f.?E+-03 2.76E+-03 2.81E+-03 2.84E+-03 2.95E+-03 2.78E+-03
, r-L T to. -0:1 ~·.62[-r i 4.84E-():<.. 9.CfiE-01 9.33E-Ol 1. ,(J E +00 1.46E+OO 1.51EtOO 1.90E+CO 1.92EtOC 1.93::tOO
lPt·1-DP L 5.23r- r'1 ~. 4DE-81 e.G t.-01 8. ,8E-Ol 1.' t)E+OU 1.41E+00 1.46EtOO 1. 5E+00 1. 8 7E +:J 0 1.8'3ctO
V.V/K 2.1oftr10 2.51EtG(, 2.5f\E+-00 2.65E+00 2.~ bE+OO 2.85E+00 2.96EtOO 3.01E+00 3.25E+00 2.88E+00
,) P t·1 - 0 P LI K 1.8.3r+-, 1 1.54EI-01 3.02E+-01 :3.11E+Ol 5.-IIE+Ol 4.94EtOl 5.10E+Ol E.46E+Ol 6.55E"01 o.59e:+-Ol
•.., AN. TH:::TA t.18E-f)1 3.19C:-01 3.19E-01 3.19E-Ol 3.:.<)E-Ol 3.19E-01 3.19E-01 3.1<:E-01 3.19E-01 3.17E-Ol
IZR1+ZR2)/2 3.1Rr+-~'1 1.50E+00 1,(:·4E+OO 1.78EtaO 1. ,:3E+00 1.79E+00 1.8UE+00 1.58EtOO 1.84E+-00 1.62E+00
o~1 4.37[+-nz J3.92E+01 1.17Et02 1.18E+1)2 1.:?E+02 1.34E+02 1.34E+02 1.34E+-02 1.27E+-02 1.42c:.+02
OPL-8LASIUS 3.90[-nz 7.54E-O? 7 • 7 3E -;) 2 7.92E-02 ?bbE-02 8.44E-02 8.71E-02 8.8LtE-02 9.45E-02 8.51E-02.

K=D. {SIG-RO)/RO



seT 19 A conTINUATION OF S~i 18 6 IN LIt\E 20

SPHERE OJIH'iET ER 1.475DO SFHERE DENSITY LB PER FT •• 3 73.32000

DOVER n PI'ITIO .75211
ISCOSITY 1.689E-D5

(SIGMA-RO)/RO .17500
SIGMA-~O/SIGMA .14894

~1AtJOMETtP READING (eM) ZERO 1 ZERO 2
31. ?A 39.80 1.71 1.92
31. 2R 39.85 1.92 1.92
31. ~i., 39.85 1. '58 1.95

I J I I
J I I I
T J I I
J T I I
J I I I
T I I I
J I I I

1 2 3 4 ? 6 7 8 9 10
MAN. GM 1.59[~~~ 1.59E+00 1.S9EtJO O. O. o. o. o. o. o.
SPHERE NO r.10[t:') 6.00EtOG 6.GGHOO O. O. o. o. O. o• O.
(V-AV) 2.g1E-[11 ~. 01E-01 3. 05E-\)1 o. o. O. o. o. o. o.
(V-AV)-SQ 8.4sr-r'l2 <:.06E-J2 9.2'3E-~2 o. o. o. o. o. o. o.

RAG COEFF j. D9FH 1 1.02ftOj 9. 93EtO 0 o. o. o. o. o• o. o.
~t 2.S1rt23 2.91E+03 2.9,E+03 O. a• o. o. o. o• o.
J EL Tt> - Dt·1 c.5 7 [ +-10 2.55E+00 2.5~E.00 o. O. o. o. O. o. o.
')P'1-0PL 2.53l HI) 2.50E+00 2.?C'EtJO O. O. o. O. O. G. o.

.V/K 2.96fl- r l'l 3.17E+00 3. 2SE +0 0 o. O. O. O. o. O. O.
)Pt-1-0PL/K R.83r+01 R.75E+Ol 8.73E+J1 O. o. O. o. O. o. o.
~AN. THETA 3.17F-ll 3.17E-01 3.17E-01 O. o. O. o. o. O. O.
(ZRltZR2)/2 1.82~+nQ 1.92E+OG 1.91E+00 O. O. o. O. O. O. O.
°R1 1.5nE~Q2 j.4Sf~O? 1.42E~02 o. o. o. o. G. o. 0.°
')PL-8L Asrus 8.711:-02 g.25E-02 9.45E-02 o. o. o. o. o. (j • o.

K=O.(SIG-RO)/RO

U1
N

~-.



SET 23 1.23G PLASTIC SINGLE SPHERES

SPHERr:: OIA~1[T::R

f) OVER D PATIO
VISCOSITY
(,)IG~~A-,<O) IRO
') I GMA- ~ 0 I 5 I G1·1 A

1. ? '000

.63024
1.637E-05

.15801

.13645

SPHERE DENSITY L8 PER FT •• 3 72.2bOOO

t·1 At 10'·1 E T::::8 Rf:AOING (C'1 ) ZERO 1 ZERO 2
32. c4 42.61) 6.':1 6.78
32.64 43 .• 30 6.78 6.32

T I I I
I 1 I I
I I I I
I I I I
T I I I
I T I I
T I I I
T I I I

1 2 3 4 t:" 6 7 8 9 10~

'1AiJ. GM 1.S'3rt,f] 1. 59E t l}:1 o• O. o• O. O. O. a• O.
snW::RE NO 1.nr.ft:1C 1.00Et8~ O. c. o. o. o. o. o. O.
( 1)-, I) 5.1'?f- 1t 1 5.1tJl=.:-01 o• o. o. o. o. o. o. O.
(V-D..V)-SC c.ose-'l1 2.60f-01 O. o. o. o. o. O. G. O.
')PAG CO~FF 2.61f+;JC 2.68E+00 O. o. o. o. o. o. o. O.
0::::- ? • 1 it f .. ' 3 S.09C::tC3 '1 [I. O. o. o. o. o• O.J •

J c- L T A- 0 t1 It.!.J.7f-"i 5. S9[-d 0 O. 0 0 o. o. o• o• o.
') 0'1-[' PL 2.'14[-',1 4.28[-01 o• o. o• o. o. o. o. O.
V.V/K j .01[+-[11 1. f) 1 E + 0 1 o• 00 o. o. o. o. o. O.
DP~~-DPL/K i.1L~rt(l1 1.66E+-fJi o• c. o. o. o. Q. o. O.
MAI\J. THETA 1.18E-fl1 1.18E-01 o• o. o. o. o. o. o. O.
(ZP1+ZR.2)/? .8 lj E +- ,) 0 6. 55 E +O~' o• o. o. o. o. o. o. O.
P~l 3.6fJ[+-"1 6.12E+01 f1 • O. o. o. o. o. o• O.
DPL-8LASIUS ,., 5 [-'11 2.31E-01 o. o. o. o. o. o. O.r •

K=D. (SIG-RO}/RO

<..n
<.oJ



seT 21 u.9Al PLASTIC SINGLE SPHERES

J
SPHfRE DIll 1 T ER

D 0 Vf R 0 RA T I 0
VISCOSITY
(S I G"-l A_.-~ 0) I R (1

S I G~'1 A- ~ 0 I S IG t I A

.98100

• so 021
10 637 E- 05

.00609

.00603

SPHERE DENSITY LB PER FT .. 3 [;2.78000

MIOI·leT ? RE4f1I JG (eM) z 1 ZERO 2
32.50 40.34 &.82 6.09
~2. 19 40,40 6.14 6.40

J I I I
I I I I
I I I I
I I I I
I I I I
J I I I
J I I I
J I I I

1 2 3 it 5 6 7 8 9 10
Mil • Gt-1 1.59F~CO 1. 59E~OO o• o. • o. o. O. O. o•
<:;PHEPE no 1.f)1)FH 1.00E+00 O. o. 0, o. o. o. O. O.
(V-AV) 7.65E-'l1 7.65E-01 O. o. o. o. o. o. o. O.
(V-~V)-SQ 5.85[-"1 5.85E-01 o• o. Of O. o. o. u. O.
f)P/l,G CO';:FF ~.65r-·:2 1.65F:-02 O. O. G. O. o. O. o. o.
0'- 7.64[~r3 7.64E+03 o• 0. O. o. O. O. O. O.',:'

'J~-l TA-pr1 :1,ggr-r:1 2.49E-01 o• o. c• O. O. O. O. O.
DPM-[1PL -1.51[-'11-1.12E-01 o• O. ~ . O. O. O. u. O.
V.V/K :: .88f+-,) 2 5.88E+02 o• O. C. O. O. O. oc O.
i)PM-OPL/K -1.63[t02-1.12E+02 o• O. c O. o• O. o• O.
ML\N. T--ETA 1.18[-r:1 1.18C:-01 o• O. C• O. O. O. O. O.
(Z~1~ZP2)/2 E.4Gr~"Ll 6.27[HO o• O. Cf O. O. O. O. O.
P~1 -2.72r~01-2.19Et01 o• O. n. O. O. O. [) . O.
f)PL-oLIlC;IUS 4.70[-"'1 4.70E-01 O. O. O. o. o. O. O.

K=D.(SIG-RO)/RO



SFT 22 0.969 PLASTIC SINGLE SPHERES

SPHERE DIAH:::TE~

) aVER r) RllTIO
VI<;;COSITY
(SIGMA-::O)/RO
SIGMA-RO/SIGM.ll.

.96900

• ;'9410
1.637E:-OS

.184£:2

.15584

SPHERE DENSITY LB PER FT •• 3 73.92000

/'1 An r)t1E T ~IJ '<[ADING (eM) ZERO 1 ZERO 2
34.S5 36.34 • 27 .69
34.66 36.28 .70 .57

T I I I
I I I I
J I I I
J I I I
J 1 I I
T I I I
T I I I
I I I I

1 2 3 Lt 6 7 8 9 10
~1 A~1 • GIvl 1.sQrHIl 1. 59[H1I"1 O. o. o. o. o. o• o. o.
SCt- ~F'E 'W j • G1 F t- r, n 1. nOE~on a• o. o. o. O. o. c. o.(v-r.-v) 7.Y7f-1'1 7.82E-01 o• o. o. o. o. o. o. o.(V- 'J)-So. 6.35[-"1 6.11E-01 C. O. o. o. o. o. o• O.
IJ RA G CO:;:FF 1. 11 1f+-r:O 1.05EHO O. o. o. o. o. o. o. O.
~E 7.96[1-13 7.80E~03 o• o. o. O. o. a• o. O.
lELTI'.-P'1 ~,.00f-Ci1 3.82E-01 o• 00 o. o. o. o. o. O.
l)P~,,( - OP L :l.24~-;'1 t.29E-:l:) O. o. O. o. o. o. (j • o.V.V/K 2011 t-!) 1 c.03::+1)1 Jl o. O. o. O. o. o. o.-- .
O°I'I-DPL/K I . • 1 " r \- r', Q &.27E-02 o• O. O. O. O. O. O. O.
~'11\ f\j • THc:TA ~ .21[-0 1 3.21E-01 O. o. O. O. O. O. O. O.
(ZR1+Z~2)/2 ~.8f)F.-~1 6.35E-01 o• O. O. O. O. O. O. O.
PR1 1.3SFtOC-9.73E~OO O. O. O. O. O. O. O. O.
OPL-8LASIUS ~.04E-[11 4.88E-1)1 O. o• O. O. O. O. o• O.

K=D. (SIG-RO)/RO

U'1
U1

.,



S f T 2:i '1. e7 ':3 D l. ASTIC S HJ GL ESPHER ES

SPHERE DIAt1[TER

I) OVF~ D RATIO
VISCOSITY
(SrSMA-RO)/RO
SIGMA- KO/S IGt 1J1

• 8790 :}

.448211
1.637E-05

.12"106

.11275

~;PHERE DENSITY LB PER FT .. 3 70.33000

MMl C'1ET':P R[ADING (C~1 ) ZERO 1 ZERO 2
32.4"1 4fJ.35 6.64 0.40
)2,~.~J 40.40 0.40 6.51

J I I I
I I I I
I I I I
I I I I
J I I I
T I I I
T J I I
J I I I

1 2 3 4 I" 6 7 8 9 10.)

MAN. Gt1 1.SgrHO 1.S9EP)r) o• !J • o. O. O. O. G. O.
SPHERE NO 1.OIl[ +-GO 1. 0 aE ~ 0 ;1 o• o. o. O. o. o. o• O.
(V-AV) (~.76E-[11 6.76E-()1 o• o. o. o. o. o. o• o.
(V-AV)-SO /.. .S7[-f)1 4.S7[-f)1 O. o. o. o. o. o. o. O.
f1RAG CO:::FF 5.74F- r'l 1'\.74E-01 o. o. o. o. o. o. o. O.:::>-

f.7')E+-~i3 b.75[+-03 o. o. o. o. o. O. o• o.' r-_

i)I="LTt-P!'1 1. g5 F-r)1 2.23E-O'1 o. o. o. o. o. o. O. o.
OP~J,-DPL -1.QGf- n l-7.79E-02 O. o. o. o. o. o. o. o.
V.lllt< ?21F+-01 ?20E+-Oi O. o. o. o. O. O. o• o.
DPM-ooL/K -5.1I)r+-··~-3.75E+-0\1 o• o. O. o. o. o. O• o.
•~ AN. THETA 1.iQF-(1 i.i8E-/)1 o. o. o. o. o. o. o. O.
(ZRHZR2)/2 6.52F+-[1iJ is.4SE+on o• O. o. o. o. O. o. O.
PRl -2.G4[+-Ol-2.14E~01 o. O. O. o. o. o. o. O.
OPL-BLASIUS 3.78[-01 3.78E-0'1 o• o• o. o. O. O. O. O.

K=O. (SIG-RO)/RO

<J1
0)

('I



SLT 24 0.71..2 PL.ASTIC SINGLE SPHERES

SPriER~ OIA~l[T ER

f) OVFR 8 RATIO
VISCOSITY
(SIGMA-~O}/P.O

S IGt1A-ROI S1 G~l,c,

.742:10

• 378~5
1.(')37E-05

.16394

.14085

~;I'HERE DENSITY La PER FT •• 3 72.63000

tlAN Ot-1C TC:;' READING (Ci"1 ) ZERO 1 ZERO 2
:34.70 36.19 .63 • 6 0
3 4.6.'\ 36.2~ .60 .60

I T I I
I I I I
T I I I
I I I I
I I I I
J I I I
I I I I
I I I I

1 2 -, 4 c- 6 7 8 9 10,) -''1 AN. GM 1 .5 g r +- il fJ 1.59E+-OO o• o. O. O. O. O. o• o.SPH!::PE: NO 1.Qr'ft-('O 1.00Et-Or, I) • O. O. o. O. O. U. O.(V-4.V) 7.'nr-01 7.18E-0: O. G. 0 .. O. o. o. o. O.(V-AV}-SC 5.381-[1 5.15E-01 o• o. o. o. o. o. O. O.]RAG CO;::FF 8.nqr-f11 8.44E-01 o. O. o. o. o. o• o• O.
~f 7.~?Ft-f'l1 7.17E~03 O. o. o. o. o. O. G. O.ll="L TA - P:1 3.-nr-Ol 3.57E-Q1 o• o. o• o. o. o• (j • O.;jPtI-[IPL (,.9Rr::-Q4 2.14E-02 o. o. o. o. o. o. o• O.V.V/K (: • ')1 f ~ r 1 1.92[+-01 O. O. o. O. o. O. O. O.f)oM-OPL/I< 1.11.f-'l2 B.110E-01 o• o. O. O. O. O. U. D.-,1 AN. TH::iA 3.2H-[:1 3.21E-01 o• o. O. O. O. O. O. O.(ZRlt-ZR2)1? f: .15 [- '; 1 6.00E-(H O. O. O. O. O. O. o• o.PR1 -:1 .TH +-C 1-Fl. 76E+00 o. O. o• o. O. O. O. O.L-CLASIUS L.36f-Ol 4.20E-Ol o• o. O. O. O. O. O. 0

K=O. (SIG-~O)/RO

<.n
........

~-?

'"



SET 25 J.E1n PLASTIC ~INGLE SPHERES

SPHCRe:: OIll 11ETER

I) OV:::P 0 PATJ:(}
VISCOSITY
{SIGt\A-r~O)/RO

SI GMA- R0 I SI G~1 A

.616110

• ~1410
1.637E-u5

.1669g

.14309

SPHERE DENSITY LB PER FT •• 3 72.82000

~1liN. Gr'1
SPHF.Pf f\j(l
{ V- AV)
{V-AV)-SO
ORAG COEFF
R':
J:::L H-P01
DP"1-DPL
V.V/K
OP~-OPl/K

t1 AN. TH!: TA
{ZQltZR.2)/2
PRl
OPL-BLASIUS

Mi'-tJO'ET[::~ ~EADHJG (C~1>

)2.~r; 39.8/
32.42 4D.2 L•

I I
I I
I I
I I
T I
T I
I I
I I

i 2
1.Sgrt'O 1.59Et0 0 O.
1.0ilFtf. I) 1.00E+')I) o.
f, .44 r- r: 1 6. 73 E- n'1 o.
L..1SF-J1 4.53(-010.
8.57F- n 1 9.11E-01 O.
b.4-jF+G3 6.721::+03 O.
j .7 H-(l1 2. ?9F.-Ol O.

-1.~5F-r1-(.5~E-Oc O.
1.5?[tr1 1.66Et01 O.

-3.85>t00-2.51E+OO O.
1.1l3r-f'1 1.15E-01 O.
~, • 8 1 F .. !l 0 E:. 2 2 E tOO O.

-3.A2Ft01-Z.93EtOl O.
3.47F-Dl 3.76E-01 O.

3
o.
o.
o.
o.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.

ZERO 1
5. E8
6. 20

I
I
I
r
I
I
I
I

It
D.
O.
o.
O.
O.
O.
O.
Q.
O.
O.
o.
O.
O.
O.

I
.?

ZERO 2
5.95
6.24

I
I
I
I
I
I
I
I

6
o.
O.
o.
O.
o.
o.
O.
O.
O.
O.
O.
O.
O.
O.

o.
o.
o.o.
o.
o.
o•
o.
o.
o.o.
o.
o.
o.

7 8 9 10
o. o• o.o. o. O.
o. o. o.
o. o. o.
o. o. o.
O. o. o.
o. O. O.
o. o• o.
o• o. o.
o. G. o.
o. u. o.
o. o. o.
O. L. o.
o. o• O.

K=D. <SIG-RO) IRO

<.n
CX>

r



SET 26 1. E09 PLASTIC SINGLE SPHERES

SPHER:: or Aivj ET ER

o OVE~ Q RATlC
VISCOSITY
(SIGMA-RO)/RO
SI GMA. - ~ 0 / SrG~1 A

t~ MJ Ot1C T~n

34- • 138
34.f3g

J
I
J
r
I
I
I
I

.6,18ll0

.31002
1.637E-05

.14311

.12519

Rt-:AOING (er1)
36.12
36.13

I
I
I
I
I
I
I
I

ZERO 1
• 63
.61

I
I
I
I
I
I
I
I

SFHERE DENSITY LB PER FT •• 3 71.33GOO

ZERO 2
.61
• cO

I
I
I
I
I
I
I
I

'1At\j. GM
')DHERE NO
(V-AV)
(V-AV)-SQ
fJP4G COEFF
'< !.:.
'EL Tr.~Pil
JDIv!-DPl
V.VIV
DP'l-DPL/K
-"IAN. TH:::TA
(ZRHZR2) /2
PR1
!JPL-BLASIUS

1 2
j.sgrtnr) 't.'9E+Oli O.
1 • n '1 F to {l Q t. DOC t ~J:' o.
b.~7f-rl 6.57[-01 O.
4.31f-Jl 4.31E-01 O.
7.21r- n l 7.21[-01 O.
~.5GF .. n3 6.'5EtO~ o.
?40F-01 2.46E-01 O.

-'.Q6E-'2-L,./tBE-G'- Q.
L>J4~""11 1.R4[+i)j O.
-~tlnrH Q-i. 91EtlJ~ O.
~.21[-Ol 3.2iE-O'i O.
6 • 2 ,) F- ') 1 6. a5 E- 0 1 O.

-2.51fH'l-2.39EHl10.
3.6Q[-~1 3.60E-01 o.

3
o.
o.
o.
O.
o.
( .
O.
O.
o.
o.
O.
o.
o.
O.

4
o.
O.
o.
O.
o.
o.
O.
o.
o.
o.
O.
O.
O.
O.

S' 6
o.
o.
o.
o.
o.
o.
o.
o.
o.
O.
O.
O.
O.
o.

o.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.

7 8 9 10
O. O. 00
O. O. O.
o. lI. O.
O. a• o.
o. o. o.
o. o. o.
o• o. o.
o. o• o.
o. o• o.
o. o. o.
o. o. o.
o. a• O.
O. O. o.
o. O. O.

K::: D. (S I G- R0 ) I RO

U1
~

rio,,<

f



SET 27 1.74~ PLASTIC UP TO 9 IN LINE D APART

SPHERE DIIl~lETER

f) OVf~ 0 PATIO
VISCOSITY
(SIG~iA-~O) IRO
SIGMA-RO/SIGMt

1 • 7 liJ C0

.89783
1. 743E-05

.26266

.20802

~)I)HERE DENSITY LB PER FT .. 3 78.79000

MMIOMETr-:-> READING ( C~1 ) ZERO 1 ZERO 2
3/... 1...2 36.53 • C? 1. 78
34. -F 36.61 1.78 1. 96
34. ~n 36.60 1. ~6 1.92
3 L+. 7 q 36.40 .79 1.65
:)4.6" 36.50 1.60 1. 73
34.;;7 :~6.62 1. 73 1.80
34.SS 36.6K 1.78 -3.16
3~.7S 37. 4 ~; 1.79 2.14
33 • 'j (J 37.65 2. 14 2.13
3~. 55 37.6/+ 2. 06 2. 21

1 2 3 '+ 1- 6 7 8 9 10)

~~ AN. GM 1.5gF+-00 1.59E+-011 1.59EtOO 1. 59Et1)O 1. l i-=lEtOO 1.59E+00 1.59EtOO 1.59E+00 1.59E+-00 1.59E+-00
C;PHC;::PE rJQ 1.')!lFH'Q 1. JOF.tiH 1.CCEtJO 1.0(IEt')0 1.'I:,E+08 1.00E+00 1.00EtOO 2.00EtOO 2.00EtOO 2. GlJEtOO
( V- AV) f.q;~r-02 F:>.92E-il? 6.9ZE-U2 9.40E-02 9. 12E-02 9.92E-029.79E-02 1.33E-01 1.33E-01 1.35E-Ol
(Ij-AV)-Sr: t.... 7C.1f-r.) 4.79[-IP 4.7':1E-03 8.8 c C:-03 9. 15E-03 9.85E-03 9.59[-03 1.77E-02 1.77E-02 1.81~-O2
'j"~Ar; CO::FF 3.41;"""+-"'2 3.41E+023.1;lEt02 1. 85E+02 1. )')E+-02 1.66E+02 1.70E+02 9.21Et01 9.21E~01 9.l3c+Ol
::l;:- b.41rf-" 2 6.41EH12 6.41E+·02 8.71EtOZ g. gEt02 9.19E+02 9.07Et02 1.23Et03 1.23E+03 1.2~E+03
') ~L TA- p t1 ~.42F-nl 1.53E-01 1.E:HE-tJ11.77E-01 l.l3E-Ol 1.09E-U1 1.08EtOO E.58E-Ol 7.73E-01 7.50E-01
')Pr"1-0PL ~.27[-f11 1.38E-fH 1.54[-01 1.S7E-01 9.~GE-02 8.88E-02 1.00EtOC 6.31E-01 7.46E-Ol 7.22E-01
'J.V/K 1.1"';[-01 1.13E-01 l.j~E-Ol 2.08E-01 2. ~?E-01 2.32E-01 2.26E-Ol 4.18E-01 4.18E-01 4.26E-Ol
OO"1-0PL/K 7.72rf-~~ :;.26E+-] 1 :s.t2EtOO ~. 7iJE+JO 2. "l ; [t 00 2.09E+00 2.50E+-01 1.49E+Ol 1.76EtOl 1.70E+01
'-1 AN • T H"~T A ?F>l-f1 3.1.6E-OJ 3.jhf-01 3.17[-1)1 3. '."7 [- 01 3.17E-01 3.17E-01 ~.17E-Ol 3.17E-01 3.17t-Ol
(Zt;?HZR2)/2 1.21[~rc 1.87EtQ1 1.S4EtQO 1.??EtlO 1.~)7EtOO 1.76E+00-6.90E-01 1.97E+00 2.14EtOO 2.13[+00
°C(1 7.137tf-'l2 ~.33Ef-O"? 3.70Et-02 2. 79[t(2 1.:;)E+02 1.50E+02 1080Et-03 3.94E+02 4.66E+02 4.47[+02
QPl-8l AS IUS 1.44[-~12 1.44[:-02 1.44E-02 1.95E-02 2.jSE-02 2.06E-02 2.03E-02 2.7tE-02 2.76[-02 2.79E-02

K=D. (SIG-RO)/RO

0">
Q

;":.



SET 2g !l C(J'JTINUtl,TION OF 27

SPHEI:<.~ OII\tlCT ~R

,i) OVER 0 RATIO
VISCOSITY
( SJ Gr·j A- ~ 0) / R
S I GMA- R0/ SI G~'i 1\.

1.74000

.89783
1.743E-(15

.26266

.238(12

SFHERE DENSITY LB PER FT •• 3 78.79000

t1 A~! 0'1 CT':: J

:-n. r.~
~2.f3('1

33,<'7
3? • Sj
~ ~ • G"
31. S1
-,.: -'! ::,..,
u ...... I

31 • ~e
~ '1,7:
31. c;n,

READING (Ct1)
37.58
38.58
38.0n
38.80
3R.7'';;
4 0 • 4:~

4 G• 5 ~J
40.4'5
41. 00
t.. 0.33

ZERO 1
1.S2
2. 09
2.2'3
2. 12
2.30
1.90
2.11
1 • .'34
1.90
2. C) 0

ZERO 2
2.14
2.29
2. 30
2. 30
2.27
2.11
2.06
1.90
2. 02
2.09

1 2 :3 4 C' 6 7 8 9 10...
t1 :. "l • Gt1 1.r,('3rl- n l 1. [;) 9 [H1I, 1.r9E+aO 1.59~.OO 1.~c;EtOO 1.59EtOO 1.5<jE+-0 0 1.59E+00 1.59EtOO 1.59EtOO
S Dl..l:~ ':: "JQ ? • ')) r t ~, j 3. OfO~tO'j 3.C r c.:tJQ ~.OOEtCO 3.(CE+OO 4.JOE+-00 4.00E+-00 4.rOE.+-00 4.00EI-QO 4.QJr.::·OO
ev-t\v) 1.12['-01 1.59E-01 1.5I1E-(ll 1.59E-01 i.SSE-Ol 1.78E-Ol 1.79E-Ol 1.70E-01 1.70E-01 1.71E-01
C'..'-AVi-SC 1.7 /,r-r2 2.54E-02 2.5UE-02 2.54E-02 2.:~E-02 3.15E-02 3.20E-02 2.88E-02 2.88E-02 2.93E-02

OC:AG C.J:;:FF 9.19rH1 6.44E+01 6.54E+-01 6.44E+-01 6.LL,Et01 5.18E+01 5.10E+-01 5.c7E+-Ol 5.67E+Ol 5.58E+01
~~ :1.??r+-r:~ 1.48E+-03 1.YSC+-03 1.48E+-03 1.~EE.03 1.65E+03 1.66E+-03 1.57E+-03 1.57E~0~ 1.58E+-03
"~cL I[;-Or1 7.iBr·- f 1 1.38E+-l)r 8.96t:-Ol 1.57E+OO l. L EE+ao 2.65E+OO 2. 7 3E +- 0 0 2.7cE+UO 3.20E+00 2.60E~00
)P!';-OPl h • S) f' - 'i 1 :!. 3 4 E+I) C 8.63[-01 1.53E+-00 1. L :E+OO 2.02E+00 2.69E+-0 0 2.73EtOO 3.17E+00 Z.57E+OO
'1. V /K L. .1 1) r - ", 1 5. 98E-'.Jl 5.e9::-01 5.98E-01 5.SFE-01 7.44E-017.54E-Ol E.79E-01 6.79E-01 6.9UE-01
OP~"1-0PL/K 1.r13[+-~1 3.17[t01 2.G4[t01 2.61E+Ol 3.42E+Ol 6.17Et01 6.35E+-Ol E.43EtOl 7.1.+6E+-01 6.06E"01
/,1 AN. THET ,ll 3.17F-Q1 3. 17 E- 01 3.17E-01 3.17E-01 3.1fE-01 3.17E-01 3.17E-Ol 3.17E-01 3.17E-01 3.17E-Ol
(ZR1tZR2)/2 2.03fH),) 2.19E+00 2. Z9E+-OO 2.21E+-l0 2.cFEtOO 2.00E+00 2.08E+00 1.87E+00 1.96E+00 2.04E+-00
PR1 L..~nr+G2 4. f)9r:+02 3. 04E +02 5.34Et02 5.G~Et02 6.13E+02 6.27E+-02 6.69E+02 7.76E+02 6.25E+02
QPL-8LASIUS 2.74F-02 3.31E-f)? 3.28E-!J2 ::.31E-02 3.3:1E-02 3.68E-02 3. 71E-0 2 3.52E-02 3.52E-02 3.55E-02,

I<=O.(SIG-f'O)/RO

(J')..... f



SLT (~q ll. CmHHIUATICN OF SET 28

SPH t RE i)I f..! ~ c: T t:f.<.

'1 OVfR i) RATIO
'JISCOSITY
(SIGMA-RO)/RO
S!P1A-ROfS rGt'A

1.74000

.8975:)
1. 716E-05

.26266

.20802

~F'HERE DENSITY l8 PER FT .. 3 78.79000

~l At! 0'1 t:: T :;:::'
2'3.1<'"1
ZCJ.5:=:
2CJ.S'"
27 • .51

7 • s~
2 7 ,\8
2.7 • 55
2S.S 7

2:5 • ") n
2S.70

R[1\ 0 HI G (C '1}
42.2 r:
42.0'.
it 2.0 (;
44.1r.
43. e t~

4~.95

43.88
45.8S
46.00
1t5.60

Zi:RO 1
1.79
2.12
2.22
1.82
2.21
2. 21
2. 1 ~~

1. (8
1. I] 3
1.10

ZERO 2
2. 20
2.22
2.25
2. 21
2. 38
2. 31
2. 30
1.10
1.10
1. 00

'1. 2 3 4 :; 6 7 8 9 :l.:l
'1 AtJ • GM 1 • 5 9 c- to t) ~l 1..59EtolL 1.5<?E:+-JO 1. 59EtOO L:~lt+-OO 1.59E+00 1.59E+00 1.5SE"OO 1.59E+-00 1.59c+~0
SPf-IEPE NO ') • 'J r: l to ':' 'J 5. JOE+ H! :; • (j 0[ + 0 (1 6. (j 0 Et,) 0 6." l'E+OG 6.00E+00 6.00E+00 7.nOE+00 7.00E"00 7.00E+00
(V-AV) 1.gl)[-nl t.96E-1)1 1.SeE-Ol 2.00E-Ol 2.[LE-011.97E-Ol1.95E-01 1.80E-01 2.13E-01 2.!2t:-C1
(V-AV)-So. 3.84E-n2 3.8lti:-02 3.5!.;[-02 3.99E-02 4.15E-02 3.89E-02 3.94E-0 2 3.25E-02 4.53E-02 ~.4dE-02
O=!.AG COEFF 4.?6rtP1 4. 26 E +0 1 4." 6 E .. 0 1 4. (19 E +D1 3. (, it E + 01 4.20E+01 4.15E+01 5.03E+-01 3.61E+01 3.65E+-01
~f=" j.84fti'l~ 1.84F+O~ 1. (l. YC HJ 3 1.8£;E+03 1.( 2E+03 1.86E+-03 1.b7E+03 1.70E+03 2.00E+03 1.9~C:+03
JELTA-D~ L.1r,rl-'1f1 ~.96E+'1r ~.S2EtOO 5.S7E~·OO 5.~EiEt-0(l 5.49E+00 5.42E+Ou 7.3EE+OO 7.54E+OD 7.23E+00
lPM-OPL L.11r+rc ~.92~t-or 3.88t+JO 5. 63 E + 00 5.: it E + 00 5.45E+00 5.35E1-00 7.32E+GO 7.49F.+Qu ?19C+-OO
IJ.V/K q.04f-~1 Q. IjL+E-01 9.C4E~J1 9.41E-:11 9.-I;E-01 9.'17E-01 9.29E-01 7.t6E-01 1.07E+JO 1.C5EtOO
,)P"1-DPL/1< 9.6'llH1 9.25E+01 9.16EtJl 1.33E+-)2 1.Z(.E+02 1.29(+02 1.27E+-02 1.73E+02 1.77E+02 1,7LlE+-02
'1 AN. THETA ~.17E-n1 3.17E-1)1 3.17[-\)1 3. 17 E- f11 3.:;~· E- 01 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3 0 17E-01
(ZR1+ZR2)/2 2.00[+00 2.17[+[1[' 2.24E+-0(\ Co 01E+-00 2.;:<lEtOO 2.26E+00 2.22EtOO 1.0SE+00 1.06E+00 1.G5E+GO
PR1 7.10rt·02 6.78E+02 6.7tE+02 7.94E+02 7.:<IE+02 7.79E+02 7.64E+02 9.82E+02 8.50E+-02 B.21E+02
QPL-BLASIUS 4.00[-11 2 4.00E-0? 4.0fi[-02 Y.08E-02 4.:,EIE-02 4.02E-02 4.05E-02 3.68E-02 4.34E-02 4.32E-02

K=D. (SIG-RO) fRO

CT\
N

",



SET 30 Ace ~! THW ATI Q['J 0 F SET 29

SPHF.: R[ 0 I A11 ET E~

l) OVER f} PATIO
IIISCOSITY
( S I G1-1 A- ~ 0 ) / R0
SIGMA--W/SIGtviA

1 0 74000

.89783
1. sa 9 c: - (] S

.26266

.20802

SPHERE DENSITY LB PER FT •• 3 78.79000

11 At; 011~ T ,:p
2~1.?(~

24.48
2 4. 5f1
?? t::c-
L .•• ./ J

22. '5:;
I
I
I
I
I

~EAOING (Cf1)
45.45
46.74
46.80
48.n8
48.64

I
J
I
I
I

ZERO 1
1.09

.68

.70
• e3
• 77

I
I
I
I
I

ZERO 2
1. 06
.89

1. 04
.77
• 77

I
I
I
I
I

1 2 3 4 C) 6 7 8 9 10
'1 AI~ • Gf1 1.Sgrl-nQ 1. S9EI-OO 1.59[+J0 1.59EtOO 1.('Cl[+-00 D. o. O. o• o.
SPHFPE NO 7 • iJ' [ +- '; :} Fl. IJ 0 E of' ') r; 8.(l;EtuO '.:.'lOEt10 9.;,I}Ed)O 0. O. o• (j • O.
(V-AV) 1.02F-;1 2. 12F-n::. 2.1::3::-J1 2.23[-J1 2 ••~~3E-Ol o. o. O. O. o.
(V-c\v)-sn 3.?9f-"2 4. 4 8 E- Q? i.. S :3 t: - 0 2 4. 9 S E- J2 4. "9 E- 0 2 o. O. o. o. o.
rJt:({IG CO~FF L,.gSr"C1 ~. 65E+01 3.cEI-Ol 3.28E+-01 3.,-,~E"Ol o~ O. O. o• Go
C\r 1.74H·03 2.02E+0~3 2.CL,EH3 2.14E+-03 2 •. It E + 0 ~ O. O. O. O. O.' I..

0ElTll-PM E:.96[HO >~.24E+,orJ 8.22E+00 9.72E.00 9t "2EtOO O. O. O. O. O.
QP'''l-OPL b.Q2fHO 3.20f+O rJ 8.l8EtOO 9.08E+-(0 9.\)·'EtOO o~ (I. o• O. O.
!) • V/ K 7.77F-01 1. 05EH}~ 1.07EI-00 i.lef+OO 1. '.1\ E I- 00 O. O. O. o. o.
OPf'l-OPl/K 1.I)3[t'12 1.93E+G~ 1.S3E+u2 2.28~t02 2 • .' ,3 E t u;:: o. D. O. (j • O.
'1 tHJ • TH~TA ~ .17 t- - ~i 1 3.17f-Jl 3.17C:-Ji 3.17t:-)1 3.,-1E-01 O. Q. O. O. O.
(ZRHZ~2)/2 1.07EH,Q 7.85E-01 8.70E-01 8.00E-01 7.'/ ')E-01 O. O. O. O. O.
PC<l g.36rtP2 8.33E+-028.26Etu2 8.27E+02 8. ;~"l E + 02 O. O. o. o. O.
DPL-BlASIUS 3,65[-02 4.25E-02 4. 2'8E-0 2 4. 4 9 E- 02 4. /, ') E- 02 O. O. O. O. o.

K=O. (SIG-RO)/RO

0"1
W

,~



seT 31 1. 478 PLASTIC UP TO 10 If\! LINE 0 CiPART

SPHERE OTAI:CTER

I) OVER 0 R~TIO
I!TSCOSITY
(SIGMA-RO)/?,.O
SIGMA-~O/SIGMA

1.4"1800

.76264
1.7U·)E-05

.24087

.19411

SP~ERE DENSITY LB PER FT •• 3 77.43000

MMI()'"F.:T:::;;> REA 0 H!G ( C11 ) ZERO 1 ZERO 2
3 r; • ~r.:; 36.50 .90 .90
35.39 3 l1. 54 • e9 .98
3':) •.7, i3 36.48 .98 .98
3 (~ • "3:) 36.96 .48 1. 50
33 • ~.l 37.48 1.49 1. 90
33. 5[: 37.78 1.10 1. 90
3).Ltq 37.75 1. SO 1. /j 2
3").C)i,1 37.70 1.82 2.09
)?1C: 39.40 2. 13 2. 04
.32.11 39.59 2.04 2. 00

1 2 3 4 ') 6 7 8 9 10
r1 f\ 1\1 • GM 1.5fJfl-'10 '1.59r:+-OO 1.59t:+-OO 1.59E+-00 1.51~+-OO 1.59E+-00 1.59E1-00 1.59E+-00 1.59E+-00 1.59EtOO
SPHER~ NO 1. '1 fl F t (' '1 1. DOE+on 1. OUEtJ a 2.00E+-·)0 2.0E+00 3.00E+-00 3.UOE+-OO 3.00E+00 4.00E+00 4.00EtOO
(V-AV) ?21)f-f'1 2.17E-01 2.22E-Q1 4.36t-Ol 3.9.t:-01 4.81E-Ol 4.44E-01 4.51E-Ol 5.69E-01 5.93E-01
(V-AV)-So. :.1'f- r'2 4.70f-O? 4.~~E-02 1.90E-)1 1.5J?-01 2.31E-Ol 1.97E-01 2.03E-01 3.24E-01 3.51~-01
f)PAG CO::FF 2. I+CJr+-f1 2.71[+-01 2.5REI-Ol E.69[+10 8.11[+-08 5.51E+OO 6.46E+-00 6.27E+-00 3.93E+-00 3.62EtOO
q[ 2.13[~83 2.04E+-03 2.0gE~)3 4.11t+-03 3.71::+-03 4.52E+03 4.18E+-03 4.24E+03 5.36E~03 5.58E+-03
~r:l TA-P~1 9.6r'Jf-(,2 Q.25E-02 4.61E-02 E.41f-J1 7.6~t-Ol 1.07E+00 9.25E-01 8.62E-01 1.98E~OO 2.14E+00
OPM-CPL 4.CJ3F- n 2 3.83E-02 7.42E-04 5.32E-Q1 6.6jE-Ol 9.30E-01 8.12E-01 7.45E-01 1.69EtOO 1.82E~00
V.V/K :1.""-11[+-00 1.21E+-00 1.27E+-00 4.89E~OO 4.01::tOO 5.94E~00 5.07E+-00 5.22E+00 8.33E~00 9.04E+00
OPM-OPL/K 1.2~rtno ~.84E-01 1.S1E-02 1.37E~(1 1.7~E+-01 2.39EtOl 2.09Et01 1.92E+01 4.34E+-01 4.68Et01
~1 AN. TH::T/\ 3.17F-Cll 3.17E-01 3.17E-01 3.17F.-Ol 3.17~-O1 3.17E-01 3.17E-01 3.17E-Ol 3.17E-Ol 3. 17E:-01
(ZR1tZ~2)/2 9.1r'J[-n1' 9.35E-01 9.8GE-01 9.90[-01 1.63E+00 1.50E+00 1.56E~00 1.96E+00 2.08E~OO 2.02EtOO
PRl L.49[+-nl 3.6iEt011.66[tOO ~.84E~01 6.23E+-01 4.15E+01 4.13E~01 3.E3E+01 4.68E+01 4.71E+01
DPl-BlASIUS 4.o1F-n2 4.42E-02 4.53E-02 2.25E-01 1.8~::-01 2.67E-01 2.33E-01 2.39E-01 3.59E-01 3.86E-01

K=D. (SIG-RO)/RO

0'1
-Po

~~

i



SET 32 A CONTINUATION OF SET 31

SPHERE DlAi-~ETEP

I) OVER 0 RATIO
VISCOSITY
(SIG1'1A-RO) If"-:O
SIGMA-~O/SIGMA

'1..47800

.76264
1.~99E-G5

.24087

.19411

~PHERE DENSITY LB PER FT •• 3 77.43000

MA~! 0 '1E HOD
32. 1 '"
30.~1)

31.. 2C
31. on
:Fl • C)E.,
29.7/1
29.78
29.77
28. 7("'
28. oS

READING (Ci1)
39.5[,
4 (1. S I
40.35
4').49
40.50
41.48
41.47
!.+1.44
42.57
42.5G

ZERO 1
1.52
2. 05
2.20
2.14
2.02
1. 77
2.18
2. 16
2. 06
1.80

ZERO 2
2.12
2. 20
2.14
2.02
2.04
2. 18
2.16
2. 23
2. 10
1.95

1 2 3 4 S; 6 7 8 9 10
I1AN. GM 1.SgftOn 1.59E+on 1.5'3E+00 1.59E+OO 1. S ~I F: .- 00 1.59E+OO 1.59EtOO 1.59E+00 1.59E+OO 1.59E"00
SPHERE ~lO 4.00ft a 5.00E+or 5.0Gt:+OO 5. OOE+ (0 5. r (;E .. OO 6.00E+00 6.uOE+OO c.OOEtOO 7.00E+00 7.00E+00
( V- AV) f.llf-(·l j.54E-Oj 6.67E-01 E.70E-01 6.t ~ E-Ol 7.12E-01 6.84E-01 E.78E-01 7.09E-01 7.23E-Ol
(V-AV)-SO 3.72[-1'1 4.28E-01. 4.45E-J1 4.49E-01 4., .. E-01 5.06E-01 4.b8E-01 4.59E-(11 5.03E-01 5.23E-01
')OAG CO:: F F :'.42Ftfl') 2.97E+00 2.56E+00 2.84[+00 2.< : E+OO 2.51E+00 2.72E+00 2.77E+00 2. 5 3E + 0 0 2.43E+00
RE 5.9~r+r.3 n. 26E+O~ 6.:8t:+03 E 41E.+(3 6.:(,E+03 0.81E+03 6.54E+03 E.48EHJ3 (.78EI-03 6.92::t03
l L H-Pt"f 2.16[ .. flQ 2. 84EI-G~ 2.f-8E+OO 2.8£;.[tOO 2. t t. E" 0 0 3.73EtOO 3.65[+-00 3.E4E+OO 4. 5 3E + 0 0 4.bJc+-OO
']Prvj-DPL 1.53CH'~ 2.46Ft-Of' 2.3l,E+-OO 2.46[+-00 2. : ~. E+ 0u 3.31E+0.0 3. 25E+0 0 3.25E+0 4.10E1-00 4. 17t::+OO
V.V/K 9.56f +-Of) 1.10E+01 1.14E+01 1.15E+-01 1.:12E+01 1.30E+01 1.20E+-01 1.18[+01 1.29E+-01 1~3?E+-Oi
. P!1-DPL/K L..71E+- ro 1 6. 33 E+0 5.9?EtG1 E:.33Et01 6. L (l E" 01 8.50E+Ol 8. 37E .. 0 1 8.34Et01 1.06E1-02 1.07E+02
'U\N. THETA 3.17[-1')1 1.17E-O 3.17E-01 3.17E-01 3.:i'E-01 3.17E-01 3.17E-Ol 3.17E-01 3.17E-01 3.17[-01
(ZR1+ZR2> /2 1.R7EH) 2.13E+0 2.17E+llG 2.08E+:)0 2. r ::JEt 0 1.98E+00 2.17EtOO 2.20E+-OO c.08E+00 1.87[tOO
P~l L.52f+"1 4.33FtO 3. f9E to 1 4.14Et01 it. :.;" E + 01 4.20Et01 4.43E+01 4.49E+01 4. 51E + 01 4.42E+Ol
lPL-BLASIUS L.04E- f)1 4e57E-O 4.73E-0:1. 4.76E-01 4.E.5E-Ol 5.29E-Ol 4.94E-01 4.86E-01 5.26E-01 5.44E-01

K=D. (SIG-RO)/RO

0"1
U1

r....
i



SET 33 ~ CO TINUATION CF SET 32

SPHERE OIAfiETER

J) OVER 0 PATIO
VISCOSITY
(SIGMA- O)/RO
SIGMA-ROfS IGf';A

1.47800

.76264
1.689E-35

.24C87

.19411

SPHERE DENSITY LB PER FT •• 3 77.43000

REAiJHlG (CH)
41.69
42.5C
43.60
43 60
44.57
44.60
45.85
45.91)

I
I

ZERO 1
2. 20
1. eo
1.85
1. 83
1.81
1. eo

.95

.96
I
I

ZERO 2
2.30
1.95
1.83
1.88
1.80
1. 80
1.18
2.14

I
I

1 2 "7 4 5 6 7 8 9 10.J

~ AN. GM 1.5CJft- fl O 1.59EtOO 1.59EtOO 1.59E+00 1.59E+00 1.59E+00 1.59E+-00 1.5SE+Oi.J o• O.
SPHERE NO (, • 0 '1 F+", 8 7.00E+00 8.00[+-00 8.0(1(+;')0 9.fOE+00 9.00E+OO 1.00EtOl 1.00E+Ol O. O.
(V-AV) [,.92[-(11 7.12E-01 7.52E-G1 7.40E-01 7.12E-01 7.31E-01 7.31E-01 7.3SE-01 O. O.
(V-AV)-SO L..79E-;1 5.06[-01 5.EbE-01 5.L~8E-Cl 5.UJE-G1 5.35E-Ol 5.35E-Ol S.4EE-Ol O. 0
O~AG CO::FF 2.6t)F+C' 2.51E+-]0 2. Z5E H (t 2.32EtOO 2.51EtOO 2.38E+00 2 38E+-00 2.33E+00 O. O.
?C c.6?rt~3 u.81[+03 7 • 10t: t J 3 7.08E+83 6.81E+03 6.99E+03 6.99Et03 7.(17Et03 O. O.'" ;-

'J~L TA-p,·1 ?-.f\?FHO 4.60E+90 5.40E+-00 5.45EtOO 6.:::8E+O(1 6.26E+00 7.41E+-0 0 7.31E.+OQ (. . O.
O~il,-OPL 3.4?FJ-f'l1) 4.17Eton 5. (' 1t: I- 00 S.OOE+-OO 5.Sf;E+00 5.82E+00 6.97E+-00 6.87E+OO O. O.
\I.V/I{ L23rH'1 1.30E+01 1. 4 5E t J 1 1.41E+J1 1.30Et01 1.37E+01 1. 7Et 01 1.40E+01 O. O.
) M-DPL/K P. .8 1 r t r, 1 1.07Et02 1.29 +-02 1.Z9E+02 1.S3E+02 1.50E+02 1.79E+02 1.76E+02 O. O.
t1 AN. TH::TA :<:.17F-rl 3. i 7 E- 01 3.17E-01 :.17E-111 3.17E-01 3.17E-Ol 3.17E-01 ~.17E-Ol O. O.
(ZR1tZR.2)/2 2.2G[H1C 1.87E+-OO 1. 4E+-CC 1.85E+-00 1.80E1-00 1.BOE+00 1.06E+00 1.55E+00 O. O.
PR1 I .5:/t"~11 4.56E+01 4.34E+01 LJ.47E+ (1 5. C9 E" 01 4.73E+Ol 5.11E+01 4.94E+01 • Q.
DPL-8LASIUS 5 •(14 E-" 1 5.29E-01 5.83E-11 5.67E-Ol 5.29E-Ol 5.55E-01 5.55E-01 5.65E-01 o• o.

K=O. (SIG-RO)fRO



seT 34 1. 235 PLASTIC UP TO 12 IN LINE 0 tPART

SP 1-1 ER=- DI At-1 [ T ER.

o OVEP 0 ~~ATIO

VISCOSITY
(SrGMA-RO)/~O
SI GMA- C( 0 I SIr, t~ A

1.2330J

• 03725
1.689 E- 05

.2844·6

.22146

SPHERE DENSITY L8 FER FT •• 3 80.1~OOO

t1 At J 0:1 t: T:: R C?[AOING ( CI1 ) ZERO 1 ZERO 2
"31) • "16 36.21 • 39 .39
35. 30 36.31 .40 .40
3 r.;. 2f 36.31 .40 .40
:) 4. sn 17.2? 1. 88 1. 88
~ 4. ~r 3a.oo • 30 • 87
34. ?"l 38.04 .85 .96
33. 7 P, 38.07 • S6 1. 00
32. ~ [, 39.11 -.12 • 98
3"3.4[1 38.38 • 98 1. 00
33.4f, 38.35 1. (0 1. 02

1 2 3 4 t:. 6 7 8 9 10./

'~AN • G'-1 1.5g[tro i.5gE+-~n 1.59E+-00 1.59ErOO 1.::9E+-00 1.59E+-00 1.59E+-00 1.5SE+-OO 1.59EtOO 1.59ErOO
C::;PHf::RE NO 1 • 0 J l- I- 11 I) 1. 0 0 E+00 1. 0 0E+0 0 2. 0 QE+00 3. r (I E+0 (j 3.00E+00 3.(JUEi-OO 4.00E+00 4.00E+00 4.00E+-00
( V- AV) I.. • 5 1 f- - n 1 I~. '5 7 E- 01 4. cO E- J 1 5. 50 E- 01 8. ( c.. E- 01 8.'; 9 E- 01 8. 55 E- 0 1 1.04E+-OU 1.02E+-00 1.Q2E+-00
(V-AV)-SO 2.03r-012.09E-Oj 2.11E-Ol 3.02E-Ol 7.r9E-Ol 7.20E-Ol 7.32E-Ol 1. 09 E+00 1. 04E + 0 0 1. 04 E to 0 0
DDAG COEFF b.1gr .. n O 6.01E+00 5.94EI-OO 4.15E"~O 1.ilE1-00 1.74E1-00 1.72E1-00 1.16Et-00 1.2iEtOO 1.21E1-00
r~~ u.~1Frr3 4.37E+0: 4.4CE+03 5.26E+-03 8.(6Er03 8.12E+03 8.1HE+03 S.97E+-03 9.75Er03 9.75E+-03

n H-P I1 1.77F-01 2.3uF.-01 2.4~~-ul 2.84E-)1 1.crE+00 8.96E-Ol 1.27F+00 2.4gE+-OO 1.53E+00 1.51E+00
,)OM-DPL f' • n1 [-,., 2 1. 10 E- 01 1. 28 E- 01 2. f) 3 E- 02 4. ~ Si E- 01 3.42E-01 7.U6E-01 1.70E+00 7.83E-01 7.63E-01
IJ.V/K u.4?Ft00 4.53E+-00 4.60~I-OO E.58E+l0 1.S L Ei-01 1.57E+01 1.?9ErOl 2.3bE+01 2.26EtOl 2.26~+O1
OPM-OPL/K 1.31Et[10 2.39[+00 2.78E+-00 4.41E-1)1 1.((lE+Ol 7.45E+00 1.54E+Ol 3.70E+Ol 1.70E+Ol 1.66E+Ol
.'1 AN. THETA 3.17[-"1 3.17E-Q1 3.17E-u1 3.17E-)1 3.1([-01 3.17E-01 3.17E-01 3.17E-Ol 3.17E-Ol 3.17E-01
{Z~i+Zq2)/2 3.9'1[-01 4.00E-Ol 4.00E-01 1.88E+00 5.eSE-Oi 9.05E-Ol 9.80E-Ol 4.30E-Ol 9.90E-Ol 1.01EtOO
PRl -1.1SCl- n l-1.G8E+GO 1.65[+00-2.80[+-00 7.E&EtOO 4.96E+00 1.30[r01 1.81E+Ol 7.58E1-00 7.35E+00
OPL-BLASIUS 2.38E-01 2.44E-01 2.46E-01 3.37E-01 7.~0E-01 7.20E-01 7.30E-Ol 1.03E+00 9.93E-01 9.93E-01

K= D. (S I G- RO) / RO

O"l
-....,J

r
I



S~l 35 A CONTINUATION OF SET 34

SPHEr.:E OIilr-1[lEQ

) nVFR 0 RI1.TIO
VISCOSITY
( 5: T G~1 A- ~ a) I R0
SIG/1A-RO/S IGI1A

:1 • 2 .~5 Q 0

063725
1.659[-05

• 28'+46
.22146

SPHeRE DENSITY L8 PER FT •• 3 80.15000

11 At~ Ot1 E H:,-'
31.61f
3t.()lj
31.6t.,en. '1 '
31.7 r.'
:3 () • S?
2Q.9Z
29.92
31. 18
2()' $)'-:

READING (Cln
39.82
39.8~
39.80
40.65
4:i.64
40.80
41.50
41.50
41. 40
42.00

ZERO 1
1. 41
1.41.
1.44
1049
1. 52
1.57
1.31
1. () 0
1. S2
1.56

ZERO 2
1.44
1.44
1. £f6
1.52
1. S 2
1. EO
1.45
1. S 2
1.50
1. 70

1 234 : G 7 8 9 10
'·iMl. G'1 :l • 59 [ l- ;', il 1. 5 9 E+00 1.?9:: t-[J [I 1. 59 E+0 0 1. 5 S::: + 0 a 1.59[+00 1.59[l-00 1.59[+00 1.59[+00 1.Sgc~CO

SPrl ~P E t~O '1.')'1[ HI) r;.OQE+OO S.COE+OO 6.0f)::+QO 6.nGE+-OO 6.00E1-00 7.00EI-0(1 7.00EI-()0 7.00E1-00 8.00EI-OO
(V-I\\J) 1.1")H-(10 1.14~+-OlJ 1.13E+00 1.21E+00 1.2('[+00 1.19E+00 1.23[1-00 1.21E+-00 1.22[+00 1.27t:rOO
(V-AV)-SQ 1.27fl- P Q 1.31EI-OO 1.28E+00 1.46[+00 1.45E+-00 1.43E+00 1.52E+00 1.4tEtOO 1.50[+00 1.60E+OO
n~AG COEFF 9.8hF-~1 g.o2E-Ot 9.84~-01 e.59E-01 8.6~E-01 8.80E-01 8.28E-01 8.E1E-01 ~.37E-01 7.83E-01
;~ F 1.'"l(\Fl-f'4 1.09EtO<, 1.Q8t:t04 j.1()EI-Q4 1..1SEt-04 1.14Et04 1 Q 18E"04 jo1E.[+04- 1.17E .. 04 1.2E>D4
Ij ~ L YA - t.ll·j C' • I) J1 to n r1 ?. 5R:- .. 0"I 2,,~~~OO 3.20[+00 5.5cttOO 9.96E-01 3.91E~OO 3.9f:EHO 3.77EtOO 4. u'tctOO
'~Pt'l- OPL 1 .~qr+-no 1.65[t00 1.67E+00 2.19[+00 4.51E+-00 6.26E-03 2.89EtOO 2.9SE+Ou 2.76E+00 2.9SttOO
V.V/!< ;: .77 r H 1 2. ~ 4- Eto 1 2. 7 ElE +0 1 :3. 18 E+01 3. 1 ~ E+01 3.11E+01 3.30E+01 ~.18E+01 3.27E+01 3.4YEt01
I) p 11- 0 PL I K 3.67FHl 3.SgEt01 3.63Et01 4.76E"01 9.82Et01 1&36E-01 6.29E+01 6.42E+-01 6.00[+01 6.42Et01
~l A. N• THETA 3.17(-'11 3.17E-01 3.17E-01 3.17[-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01 3.17E-01
(ZR1tZR2)/2 1.43fHJO 1.43E+00 1.4SEI-QO 1.50E+00 1.52E+00 1.58E+00 1.38EtOO 1.26E+00 1.51E+00 1.63E+00
DR1 1.25[+-(11 1.20E+Ol 1.24Et01 1.23["01 2.66E+01-9.42E-Ol 1.37E+01 1.46E+01 1.32E+Ol 1.18[+01

PL-BlASIlJS 1.1gFtno 1.21E+OO 1.19E+00 1.34[.CO 1.33E+OO 1.31E+OO 1.38EtOO 1.34E+00 1.37EtOO 1.45EtOO

K=D. {SIG-RO)/RO

0)

co

(',

r

, -



SET 36 A GO~ITINUATION OF S;::T 35

SPHER t 0 I At1ET C:R

f) OVFR 0 PATIO
VISCOSITY
( SI GI~ A- R0) / R0
SIGl"lA-RO/ SIGMA

1 • 2 ~~5 D

.63723
l.'189E-05

.28446
• 22146

~FHERE DENSITY LB PER FT •• 3 80.15000

3
1. 59C: 1-,) 0
9 • (, '. t: t J 0
1.23c t JO
1.52E+00
8.28::-01
1.1REt04
5.1lJEt l]O
4.(1f1EtOO
3.30E+-Ci
fl • t' ~)j E t 4J 1
3.17E-(Jl
1.48EtOO
1. 55E;.o1
1038EtOO

'1 A~~. G'1
SPHEt<E NO
(V-All)
(V-O,V)-SO
f)Clll.G CO?FF
~F.
~!='"lTA-°'1
'J p~.., -Q PL
'J,V/K
;) p 11 - 0 PL / K
'-InN. TH~TA

(ZR1+-Z02)/2
Rt

DPL-8LASIUS

f1AtICf1El"::'"
2 q • ,'35
2Q.70
2 S3 • 2'1
28.?H
? R • ~ I'
2 ~ • 55
27. gn
27.f3f'l
27. gil
2 7 .4n

1
1.59~H!')

8. ') 8 r +- f'l I)
1.27F+-Il'J
1.61F"-IQ
7.fl3F-rl
1.21f.1-04
4.'J1r"C'1
?92r .. rll)
3.4gr .. n1
6.36Ft01
3.1 7 ["-f/1
1.7nF+-OO
1017rH 1.
1.45E1-00

READING (Ct1)
42.0[1
42.00
43. OS
!t3.0t
43.02
42.')1...
43.43
43.5r.
43.40
43.90

2
1. 59[+-00
8.nOEt!)Q
1.25EtOr;
1.1)7EtOO
~. 01.E-01
1.20Et04
4.07Et)0
1. OlE ton
3.41E+-Oj
6.55Et01
3.17F-Ol
1.69E+-00
1.23E+-01
1.42E+00

ZERO 1
1.70
1.70
1.12
1.36
1.45
1.44
1.iO
1.21
1.19
1.10

4
1.S9E+-1J0
9.I]OE+-00
1.25E+00
1. 56E+00
8.f)6E-f)1
1.19E+04
5.11E+00
4.06[+00
~.39Et-01
8.fl4E+-u1
~.17E-1)1

1.41E+(0
1.51Et-Ol
1.41EtOO

~,

l.~c:.IEtOO
9. ~ fJEtQU
1.'7E+00
1.f nE+OO
7.1 :~E-Ol

1.~~E+04
5,[ <;J[+-OO
4. L (I E+0a
3. L QE+-Ol
8. ( c' E+01
3.t7£-01
1. L ~; Eta 0
1. L (I Et 01
1.L~;E"OO

ZERO 2
1. 70
1.69
1.84
1. 45
1.44
1. 51
1. 30
1.19
1. 30
1. 23

6
1.59E+00
9.00EtOO
1.25E+00
1.57E+00
7.99E-Ol
1.20Et04
4.96E+00
3.89E+00
3.42E+01
8.47[+01
3.17E-Ol
1.48E+00
1.44E+Ol
1.42E+00

7
1.59E+00
1.00Et-Ol
1.24E+-00
1. ?4EtO 0
8.18E-01
1.19E+-04
5.50E+-00
4.4 bE +- 0 0
3. 34ft- 01
9.72Et01
3.17E-01
1.20EtOO
1.53Et-Ol
1.40E+-00

8
1.5SE+-00
1.00EHl
1.21E+00
1.4cE+-OO
8.SSE-01
1.16E+04
5.57E+-00
4.55EtOO
::.18E+Ol
S.90E+01
3.17E-01
1.20E+-00
1.E4E+-Ol
1.34E+00

9
1. 5 9E tOO
1. OOEtOl
1.22E+00
1.48E+-OO
8.48E-01
1.16E+04
5.47E+00
4.48E+00
3.22E+01
9.75Et01
3.17E-01
1.25E+00
1.58E+-Ol
1.3 5E +- 00

is
1.59(t-OO
1.10t+-01
1.22EtOO
1.50E"00
5.37E-01
i.17E+OLt
5.89E+00
Lf.83EtOO
3.27E+-Ol
1.06E+02
3.17E-01
1.16E"00
1.56E"-01
1.37E+OO

K=O. (SIG-RO)/RO

0'>
~



SPHER~ OItH1[TE~

i) rJVER 0 RATIO
'JISCOSITY
(SIGMA-RO)/RO
SIGMA-~O/SrGi1p,

1 • 23500

.03725
i.G89E-05

.28440

.22146

:; PH ERE 0ENS IT Y L8 PER FT •• 3 8 O. 15 0 0 0

~ 2 3 4 ~-
.l. :?

'-1 II N. Gt~ 1.59H·!'!l 1. 59Et[;Q L5gE+-JO o. O.
SPHERE NO 1.! lFI-:'o1 1.20[+-01 1.2.1[1-01 O. o.
{ - AV) 1.??FHn 1.23t:+f],J L24EtOQ Q. O.
fV~:.v}-SO 1 • 't B f r .-' i1 i.52[+O" 1.54r:hJG O. Q.
'1·~!. :~ COEFF f .4~)r-[; 1 '3. 2~[-Ol 5 :15E-01 o. o.
r-~ :. :l..17r H'4 1.18Et04 1.19[+-04 o. o•
r')>='L TA-PI1 5.~O .. no 6. :>3EtO~J 6.1..92:+00 O• O.
DP?·l-DP L 4.811'+-: 11 5. 51 E" nI' 5. 4 oEttJi) O. O.
V.V/K 3.23r+·[,'1 '3 30~tOl 3.34E+Jl [I. rJ •oP 1·1 - 0 P L / K 1.0SEHi, 1.2QEtO? 1.19ttJ2 O. O.
r1t\N. THC:TA 3.1 7 ['-1 1 3.1.7::..-01. 3.i7E-·Oi O. O.
(Z~ltZP.2)/2 1.~~3rt' 0 9. '55E-Ol 1.C7Ei-JO O. O~
DR1 1.SSf l-f'1 1.61Et-01 105eEtUl O. o•
DPl-E:LASIUS 1.36fti,O 1.38EtOJ 1.40C:tJQ O. O.

K=D. (SIG-RO)/RO

1'1 {J f\i 011 [T::::n
27. s!
26.65
26. (1)

T
I
I
r
T
I
T

R:::!l, 0 HJ G ( Ci1)
43.8~

44.03
44.fd

I,
J..

I
I
I
I
I

ZERJ 1
1. 23

• gO
1. 0 i

I
I
I
I
I
I
I

ZERO 2
1.22
1. 01
1.13

I
I
I
I
I
I
I

6 7 8 9 10
o. O. O. O. o.
O. O. O. O. o.
O. O. o• O. O.o. O. o. o. o.o. o. o• o• o.
o. o. o. o. c.
o. o. O. o. o.o. o. o. o. o.
o. O. o. o. o.o. o. o. o. o.
o. o. o. O. O.
O. O. O. o. o.o. o. O. o. o.
o. o. o. o. o.



n00003
(I () fHH\ 3- _. -

C
Of)()003

pRnGRA~ 1ST (INPUT,OUTPUT~TAFE5=INPUT,'AFF6=CUTPUT)
;:;F.o\L MJ
it"TEH:n SFT5 - - --------_.-

c
c
c
C

Onn003----- RFAr (5,1) SETS~I\ - --------..---.---.-- u

on0013 cn 75 L=I~SETS
000015 ro 75 I=l,N
nnnn16 STG (L,I)=O.O
nnnn?l CS(L.I)=n,O
n60n?4 CbVCIL,I)=O.O
Of\(lO?? plJl) a., I) =/).0
oflnn::11 1I(I,I)=08n
n() () (l -; 4 --------. (: ~.t ( L, I ) : 0 to ..
noor36 THT(L.!):IJ.o
rrcn41 75 CONTINUE
nnnr46 DO 10 L=l.SETS
on0047 DO 11 I=I,N
On(lfl50 r.n 12 K=1,~
000051 READ (5,2) (ZA (K.J) ,J=l ,{')
0000':'4 IF (2A(1.ll.£Q,('.0) Gn TO 13
nnon~5 -12 CONTINUF --
onoot'-7 ZROl(L,T)=ZA(l,?)-ZA(l,ll
000074 7R02(L.J)=7A(?,?)-ZA(2.1l
nnOJOO RFAC (5,2) (A(Lt!,J),J=l,2)
:1;)()116 RFAC (5'3) V(l..I>
o(')(1 ~ ~ 6 RFAf) ( 5 ! 4) 0 S (L • I l , THT (L , I ) ,G M (L , 1) ,51 (, ( L • I )
001': .. -2 11 (O~JTTNUF.
nil () 1~ S 13 RF b {~ ( t) , 5) ~ lJ (L )
nn[1 1 h"3 --- - f< F M; ( c:; , ~ ) ( LINE (L, J) 'J=1• 7) - -----.--- ... - _. - -
G00177 6 FOR~AT (7AIOl
000177 10 CONTlNUE
onn?o? 1 Fn~~AT (?T2)
OOO(l02 2 Fn~HI,H (?F~.?l
OOO?02 3 Fn~~AT (F~.2)
OOO?O? 4 FnIH>lLlT (4F10.S)
nnn~n2 5 Fn~~~T (F]O.4lo() n? 0 2 ----- r :dl 0 ) () \ 5
onn?03 ~O=E2.4

OOR?05 [;(:g.gq7n7
00 ?06 GT=' ~qqq99
OOO?10 r.1.=~.O
000211 DO 200 I=l,N

c

---------------------_._-----_.

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

'-J....



--'
'-J
~

__ i""

PRELIMI~ARY CALCU~ATJONS

-- --- -- ---.-. -_. __._----_.

INllIALIZE PROGRAM

CO 20 L=l,SETS
r,n 20 l=l,N
rS(L.T)=nS(L.I)/12.n
t~* ~t:n~g: ~ - - ---- --- -~--- _._--
Cf)(L,!)=O.O
CPOJF(l..!)=o.O
CP((Ld)=O.o
Vc::,QflV(L,T)=O.O
CPL(L,T)=o.O
CPI'-1(Ld)::n.o
VPR(l.,l)=O.O
XLG(LtT)=n.o
X~E(Ld)::O.O

IF (v (L,J) .FQ.0e(1) GO Tn ?o
FrT(L,I)=((G~(L,I)-Gr)/GT)aT~T(L,I)/3no4P .
v (L 9 I ) =v (I. , 1 ) * (0 .. ) 6 (l 5{~ (•• 0 ) / ( 3 • 1 4 159 ~:. 0 i~ J *(; 0 • 0 )

LJCT(I1=T
K=l
t\ ~-' =~ f) 0
cn 31'0 T=] ,NN
IF (I\N.EQ.l) GO Tn 310
J:<F/IC (s.3nS) IO!Ilt!X(!)dY(I)
Fnn~AT (3TlO)
IF (IX(!l.EQ.o) (~O Tn r20

8~r;-~~,~H~~~rBXfH·H~;f/~go~o- ----- ---- ---.-----------
(ON11NUf
K::=k.+1
ISLJ8(K-l)=I-]
IF (K.GE.S) GO TO 330
Gn ro 340
1\ /"= 1
G0 10 340
f~r/lC (t;1~,4?) XPL,YPL.XACT.,YACT
FnRWA (4F?O.2)

cnNVERT CIGITIZER DATA TO ACTUAL VALUES

SFXl=XPL/(ALOG(XACT)-ALOG(lOOOiO»
SFyl=YPl/(ALOr,lYACTl-AlOG(O.OO »co ld 1=1.4wP. 1TF. ( 6 , 7 (l ) __ _ _

FnR~nT (6nx,aREa.2nx,aCF~//)

KK:ISUH(I)
['0 /+3 J= ,KK
RF(I.J)=fXP( (RRF:(T,J)/SFXl )+ALOG<lOOO •.J»
CPT(I,J)=fXP«OOuT(T,J)/SFY1)+ALOG(O.O)1»
I>.r~nE (6.46) RF.(!.J) .OFT(T,J)
FnRtJ AT (4 5 X • 2E2 0 • 5 )
CONTINUE

C
C
C

C

C ~FAC DIGITIZER DATA
C

fl{)0?13 200
i' () i\ ? 1M _~__
nrp?i7
('l()iJ??O 340
r,{1r.??2
0002?4
000?35 305
00(l?~5

000237
OO(l?44---
oOn?S2 300
O()()?'S4 320
OO()?56
OOO?f,O
(iOO?€l?'
OOO?f.l 330o() 0i? f, I.
f) fd);2 A5------ 310
000301 42

0(1(117 /•
(l()017S
000376
O()()40
000405
000410
000413
00041;;
0004?O
()l')o4??
00(l4?1)
()()04?7
0004'12
000434

I)OO{~37

00 rlt.4 1
f,(10452

OOlO}
()()O~10
ono316
000317 _
r.nn3?2 70
nM13?2
n~01?4

00032""
000342

00355
000367 46
On03€l7----43

c
C
C
C

---_. -_.._- -.---_.---- --._._--_._--------_. -----------_.



c

{~~

r
.......
w

20 CONTINUF

CORRECT FOR THfRf'lAL ""11\ - ZfRO 

CO 21 L=l,SFTS
co 21 l=l,N
If (V(L.fl.F.Q.OoO) GO TO 21
CRX(l , r ) :: (Zf< 0 1 (L, 1 ) + ZR0 2 (l. • I ) ) 12 • 0
CONfINUE

CALCULATE PRESSURE_DROP ACROSS CAPSUlF ETC

to 3n L=l,SFTS
cn 31 I=l.N
IF (V(Ld) .[0.0.0) GO TO 31
cove (LtT)=DS(L.I)/()
HlJO(I..,I)=(SIG(L,I}-RO)/RO
P lW 1 (l • 1 ) =(S TG ( L , 1 ) - R0) / S I G ( L. , I )
r. p ( ( L • I ) :: ( (A (l , I , ? ) - A ( L , I , 1 ) ) - Cr< x (L , I ) ) <l$ R0 *F CT ( L • I )
Vsot. v (L • I ) ': V (L • TI * V (L • II
CALL INTERp (V(ld) .L,CPM(Ld) ,XRE(LtT»
~pnIF(L,ll=DPC(l.T)-OP~(L.I)

CO(L.!)=(4.0/3.0)O(OS(L,I,*32017/VSGAV(L.I))*((SIG(L.I)-RO)/RO)
VPR(L,I}=VSQAV(L.T)/(HUO(L,I)*D)
XL G(L, I 1=DPOI F (L• T) / ( RLJ 0 (l , I ) ~ 0 )

3} CnNT 1NUf - _._-- - --- - - -
3 0 C() r~ T I ~UE'

C

C
C
C
C

OUTPUT PORTION OF PROGRAM

00 50 L=l,SETS
OS(L,I)=O~(L,I)01"O

-- - - wI·n TE ( 6 , 5 1.) ( L T1\ F (L • J) • J =1 , 7) - - - -
5 1 FOR IV AT (1"11, 2 0)( , " A} (l )

WPTTF (6.65) NU(L)
FnR~AT (HO.toX.*VTscnSITY (FT •• 2)/SEC*.5X.IOEIO.311)
wn!TF: (~,40n)
FOR~hT (~n'20X'*~ANn~FTER READING (r~)G'loX,OZERO lO'lOX,*ZERO 20)
ro 4~1 J=l. N

I .~
~PTTF (6. H't?) (A(l'!.J) '.,;;.-;19') tZRO] (Ltl) .7.R02(L.I)------~_·_-~·----"
FnR~AT (~SX,F502.~X,F5.?,13X,FS.2.11X.rS.2)
C()t,1 TH~UE
~RrTl (6,?Ol) (LJCT(T),I=l'~)
FOq~AT (~O,}7X.10I9)

wRTTE (f,,6?) (OOV[)(l.I) ,i::l.N)
F 0 ~<tJ !l T (1 () X • 0 () / rp • 9 X • 10F 9 • 2 )
~RTTF (6,A) (kIJn(Ld}9T=l,l\)
FOPrvAT (1f1X,*srC::w/'l-Rnjr,(H,lX,lOE9 0 2)--
\1,RTTE (A.54) (V(I.,I).T=l,N)
FnR~AT (lnX,*(V-AV}*,AX 1 1nE9.2)
wrlrTF (6,C;Q) (VSQ/lV(L.I),T=l.N)
FOR~AT (lnx.*(V-AV) •• 2 0 ,3X.lOE9.2)
wRITE (~'nl) (CO(L'lld=l,N)
FOR~AT (10X,*DRAG CO~FFo.2X,lOE9.2)

C
----- c- --- -

C

21
C
C---- - C

0004112

000610
OOOfd~
000616
000632

C
000(,32
OOr,640 65
OOOf.40
OOG644 400
()r.Of.4'~
() (': ~: F/d) -
flOOr71 40?
nOOA?1 401
OOOn74

flO7()6 201
000706
nO"7?3 62
O(j07?3
(\ 0 () -, 4 ('l --_. 6]
oon740
00071::.5 54

007'i5
(100772 sq
()(\O77~
\')01007 61

- ---- --

Ot')(\4~7

flnn471
(J00472
OO(lu75
000 5 04

O()O~ll
000!:,}3

000514
OOOC:;J7
Oooc;?4
(\OIjS~O ----
oool;13
OOO'i42
000544
t)00C;I::.O
OooC)l:i7
000573
000nOOo() () A () 3 --
000606



-_._- - ----

wRITE:. (I',.?03) (X~F(L,I).l=hl\)

FOR~~T (lOX,~RE*.lOX,10E9.2)
W~<TTF: (0,58) (flPC(L,t),T=l,f'\)

58 FORflAT (1()X.*OPf~·:!,<.jX.l0FY=2)
t.,RITF. (".6(\) Wfr;T!- <L,I) d=19N)

60 F nRt, AT (1 nX • {, DP ~:. -II PL .~ , ~ X 9 1nE Y • 2 )
\~ P TTF ( (, , A4 ) ( V PR ( L , I ) , I::: 1 , 1\ )

84 FnR~AT (}"x.*(v-nv) •• ?/K*,lX,10E9.2)
wRJTF.: (A.AS) (XLG(LtT)t!=l,l\)
FOR t" AT (] n X , J,} DP '.1 - nPL / KU , 3 X, 1 0E9 • 2 )
WRJTF (6,S3) (Gtv(L.I),I=l,i\:)
FnR~AT (1nx,*MAN. GMD,5X,10E9.2)
~,RlTf: «("S6) (Thj(LdhI=l,l\)

56 FnRtJAT (1nX,~lMJW. lHf:.fAilo,2X,lOE9.2)
wRI 11-. ( (i , C; 7 ) ( r.r~ X( L , I ) , I =1 • " )

57 HH<f/ /\ T (1 () X, {i( zrn +LR2 )/?{~ tl Xd OE9. 2)
"',RITE (6,403)
FnR~AT (HO,40X,*K=O.(SIG-RO)/RO*)
CONT HIUE

203

STOP
om

CO~PILE~ SPACE

OOlr07
0010?4
n010?4
ooln 4 1
OOln41
nr.l(:\:;6
on}0(;;6
nOlo73
(\OJ()7~

OOt'l1g 85on 11
o0 11 ? 5---- ~ 53
0011?Ci
(j()1142
00114?
oOll~7
oOllCi7
OOl1fl3 403
00lln3 So

--c- -
C

001166
001170

UNUSED
017100

--_. ---_.._------------------------------

---- ---------- -

I?

........
+:-

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



5UARCUTI~E I~TERP (V,L.OH,CLR)
C

F<Ftd. "IU
C0 ~~ /II 0 Nil 1 1 1 RE ( S, 1 () 0) ,0 P T (5 9 1 0 0) , D , NU ( 4 0) , R0 , NP T S ( 6 )
C(i t-1_/II 0NI 3331 I SUA ( 5 )

IF (L.GF..I0) GO TO 20n
rt =S. 0
r.=O.1615
Cl ~~=V{(!J/t\:U (L)
I F ( ( I. F< • L F • 25 () n • f) G() T0 - 13 0 --- -_.- - ---------
IF (ClR.LT.94nl1.0) K=l
IF (CLR.LT.9400.0) GO TO 230

IF (l-S) 210,210,1'.20
1<=3
GO TO 230
1<=4
.J=JSLJR (K)
CO 100 I=l,J
IF (CLR.I..F..f~E(KtI») GO TO 110
CONT1NUE

tin

100

C

C
nnoo26
IHHl 0 10
nOOn)1
nonol? ??8oooo:n ---23
OOOfl15
oono37
000043

o () () II 0 7-------
onnor17
oooe07

noo007
('(Hi I' 1 1
noon13
r,it0014 50
ggg8~I-----
OOOO?4

c

-_. - - -'- ---_.- - ._-------

wR1TF.: (nd20) L
]20 F(iR~AT (lCX.~OATA NOT IN RANGEw,SX,*SET ~UM8ER*,SX,I2//)

CH::O.OO
GO TO sno ---

l' () 0 (; 4 5
rd)(1 f: ~ 3
nOOOS3
(100 n5 6-----

C
000057
000061

('1('10075
000103
000]04 130
00-113_- - 

C

110 1=1-1
CF=((J P T (K , I ) - OP T ( K , 1+ ] ) ) w ( (C U~ - RE ( K , 1) ) I (RE (K , 1+1 ) • RE (K, I) ) ) + OP T (K

ItT+l>
CH=(CFOnLoPOoV*V)/(O*?0*32.17)
GO TO 500
g~={6?~b~OLOR?*V* V_~!_( ~~ .17~?_~CLR)

000113 200 ~RTTE (6,300)
n00117 10n FnR~AT (2X,*CF DATA EXCEEnEO*/I)
000117 500 RfTuRN
n00120 ENO

UNUSEO COMPILER SPACE
0230001---

----------- ------ r
f

"-J
(Jl

_____ • •• .w __ • • ----------



ole
SIGMA-RO/RO

_{V-AV>
(V-AV) .,.2
n~AG CCEFF
RE
OPt-'
nF~-OPL
iV-AV) • • 2ft<
OP/'J-DFL/K
P '~l " GtJ
MM,. H-rTA
PRl.ZP,2)/2

I~ ?5 wPFM POLYMERLJAT/\ SFr 1 "INGl.E STF.EL SPr:E~FS

(FT •• 2)/Sf.C 1.744E-OS

MANC~F.TER REAOI~G (eM)
17.<1] 52.66
lR.A) 51.eo
lA.49 5l.98
?- J • 03 '+ g • 2n
?1.05 4q.31
:?3.3s 4h.Sl
?3.4? 4fl.CJ?
?7.59 42._H
?1.Ci2 42.61
?4.'3A 45.10

V15CCSTTY

---- -- -- - _._- ------------------------------

--------- - - - - - --- - --- ----- -----------
-;....

---------------------- ..
r



O~TA SET 2 SINGLE STEEL SPHERES
VISCOSITY (FT •• 2)/SEC 1.744E-05

----------MAt\lO~ETERREADING (01)

?6.40 43.2S
?7.PO 41.1.:;(\
29.42 40.r.2

I I
r T
I I

---- ---- -_.- --- - I ----- t
T T
I T
I I

1~ ?5 WppM pOLYMER

--- --_. ----
ZERC 1 ZERO 2

.So -.11

.~2 -.60
3.2A. -.24

r I
J I
T I
I .- -- ---------·1-----
I I
T I
I I

DID
Srr.MA-RO/RO
~ V.. AV) -
(V-t,V}oo'?
nRhG CCEFF
RF.
OPt-I
rWtv<-DPL
(I/-AVl • • ?/K
fJPtJ-OPL/K
rJA~., ·GIV
~.1 M\ 0 T r- F ,. /l.
URl+ZR2)/2

1
3.?'?E-Ol
f,.13F+(,0
4.4Sro·.. n(\
1.9PF+rll
7.(,nF-f11
4.12F ... 04
S • c:; c.:; f-~ + (l 0
1.f1'?F.+On
1.P?F+1'l1
1.4'1F+OO
1.S9F+(\O
?77F-C'll
3.95E-01

2 3
2.58E-Ol 1.93E-01 o.
6.7hF+OO A.77F+OO O.
4.3]E+on 1~87f.no O.
1.H8F+Ol 1.~OF+Ol o.
6.43~-nl 6.06F-nl n.
4.01~+04 1.5UF~n4 o.
4.6QF+OO ~.17F+OO O.
R.47F-Ol-3.55f-02 O.
1.7cF+Ol 1.3Jf+Ol O.
7a7hF-Ol-1.2~F.-n2 o.
1.59(+00 1.59F v On O~
2.A4E-Ol ?P.4F-Ol O.
1.10E-01 1.52f.+OO O.

K=D.(SIG-RO)

4 5 6 7 8 9 10
O. o. O. O. O. o.
o. o. o. 0 .. o. O.

----- O. ---- O. o. o. -0. O.
o. O. O. o. O. O.
0 .. O. O. o. O. O.
O. O. O. O. O. O.
o• O. O. O. O. O.
O. O. O. O. O. O.
O. o. O. O. O. O.
o. O. O. o. O. O.
O. ----- 0 0 ----- 0, 0, O. -0,
O. O. o. o. O. O.
O. O. O. O. O. O.

RO

- 0 • • •

'-J
'-J

.:l



9 10
3.87f-Ol 3.87E-Ol
6.7?F+00 6.72E+00

~:t~~:8£-~:~~~:8~-
8.35~ .. 01 7.8R~-ol
4 0 30f+04 4.43E+04
6.15r+oo 603?E~OO

l.97r+00 2.11E+OO
1.Q9F+Ol ?llE+Ol
1.AIF+OO 1.94F.+OO
1.59r+OO-l~59E+O~--
2.A4r-Ol 2.84E-01
7.80F-Ol 1.14E+00

ZERO 2
1.OA
1• 11

.10

.66
1.02

.51

.36

.78

.58

.86

678
3.2?E-01 3.2?£-01 3.22E-01
6.73E+OO ~.73F+OO 6,73E+00
4oS3F+80 4.38F+oo 4oS9E+80
2.05E+ 1 1.92E+01 2.11E+ 1
7.34E-01 7.R~F-01 7.13E-01
4.19E+04 4.05E+04 4.2SE+04
5.21£+00 5.22F+OO 5.52F+00

1·11E+8 0 1·45E+OO 1·47E+80
.88E+ 1 .7~f+Ol .94E+ 1

1.02E+00 1.34E+OO 1.35E+OO
1.59E+oO-l.59f+OO-l.59E+OO
2.A4E-01 2.A4f.-Ol 2.A4E-Ol
7.65E-01 4.80F-Ol 1.05E+00

.--\

2.~ £,E-01
6 •. () F + 00
4.',fF+OO
1,( l'E+(11
6.: ~'F -01
4. f f,E-<-Q4
40;' :-iE + (10
4. l ,~E .. 01
l o ';6.E+Ol
4.J'''F-01
I,! CI[+OO
?. f 'IE - (1 1
1.'::fF.+OO

ZERC 1
1.PO
l.P5

.lA
1.10
1.70

.96
- -- -- - - • f. 0

1.31
.SA

1.42

3 4
1.93£-01 2.5 RF-Ol
7on7F+Ol 6.7Af+QO
307SF+no 4,11F+OO
1,4JF+Ol 1,69E+Ol
7.30F+OO 7,14F.-01
3.4H~.04 3~8]E+n4
1.4~F+OO 4.04f+OO
2.81F-Ol 5.04E-Ol
1.14F+OO l.SCiF+Ol
2.27F-02 4,6?f.-Ol
1.59F+OO 1.59F+OO
~.A4F-01 2.A4E-Ol
1.30F-01 8.eoE-01

K=D.(SIG-RO}/RO

D~TA SET 4 25 Wpp~ POLY~ER

VISCOSITY (FT •• 2)/SEC 1.744E-05

MANO~FTER READING (eM)
?q.50 40.70
?9~7R 40.4
'10.1)4 40.1h
?8.~1 41.3(.)
?A.?9 41.91
1'7.17 43.03
?7.30 - 42.90
?n.59 43.61
?S.R] 44.3Q
?c;.lR 44.8?

1 ?
ole 1.Q1E-PI 1.93F-Ol
SIGMA-~O/RO 7.h7E+nl 7.b7E+Ol

-- (v- AV ) -, "1 • q 4 F + () () "3. H7 F. + 80
iV-Av) •• 2 1.t::it:,f:+oI 1.50F+ 1
nR~G CCfFF 6.A3F+00 ~.H5F+OO
RF 3.h~F.n4 3.59~+U4
np~ 3.17~+0n 3.1AF+on
DP~-D~L l.]~F-n2-5.09F-O?
(V-AV) • • 2/K 1.?LiF+OO 1.?lf+OO
OP~-DPl/K 1.o7f-n3-4.)OF.-Ol

-M~I\.Gt-J --1.S9F+(1C) 1.5gF+O(l
MAI\. T~F.TA ?R4F-Ol 2.A4F-Ol
(ZRl+ZR2)/2 1.44F+OO '.4PE+0

_._-

- - -- -.------ ----------_._-- -------------

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

'f
-------------.:....----.~

'-J
0:>



3 4 ~,

S.JtF-OI 6.t.li£-Ol 6."F-01
7.?3F+OO 7.59f.+oO 7.~~f+oO

~:~s~:g2 ~:~l~:89 t:~t~:g~
1.J~F+OO 1.6hf+OO l.-SF+OO
4.3c;F+04 4.1Rf+04 4.I L F+04
l,11F+Ol 1.~~F+Ol 1.t~F+Ol
h.65F+OO 1.15E+01 1.i4F+01
1.Q3F+Ol 1.(Af.+01 l,~~F+Ol
S.70F+OO 9.~?F400 9.~~F+OO
1.59E+00 l,59F:+OO -I.! SI:-:+oo
?.P4F-Ol 2.A4f-01 2.f4F-01
1.33£+00 7.40E-01 l,~0E+OO

K::D.(SIG-RO)/RO

f)/O
S!(:MA-RO/RO

. (V .. AVl -
(V-AV) •• 2
f)RAG CCEFF
RE
[JP~

DPf\''''OFl
(\/-AV> •• ?/K
DP/V-oFL/K

- MAt--. GIV
,.. til'.. n"FTA
(ZRl+ZR2l/2

DftTA SET S ?5 Wpp~ POLY~ER

VISccSITY (FT .2)/SEC 1.744c:-05

t.j At\ 0 MET F. R f.< E ft 0 I/" G (eM)
21.34 4A.eA
19.47 50.73
lR.41 ')1.79
12.12 5A.OP
12.?4 57.'1£,
9.79 60.4]

------- :n.~C) -- 36.5t;
3J.7? 36 48
] 3 • 7 8 3 f1 • II '2
33.h} 36.59

1 2
5.1fE-Ol 5.16E-Ol
7.?]F~oO 7.23F+OO
~.65F~no 4.61F+80
?.lAF+nl 2.13f+ 1
1.19F.+OO 1.?lF+OO
4.31E+04 4.?7F+04
9.0RF+00 1.03F.+01
4.P9F+OO 6.24E~OO
1.ASF+o1 1.H2F+Ol
4.1qF+nn s.3SF+OO
1.59E+ro 1.59~+00
?.P4E-nl ?.84F-OJ
1.??F.+oo f.31F.+OO

- -.---- ----
ZERO 2

.92

.98
1.00

.56

.98

.---- :R~ ----
.O?
.02

-1.85

6 7
6.45E-01 7.09E-01
7.59E+OO 7.34F+OO
4.46E+gO 4.06F+oo
1.99E+ 1 1.6SF+Ol
1.r1E+OO 2.1qF+OO
4. 3E+04 3.76F.+04
1.72F.+01 ?.10t+01
1.3?E+01 1.76f+Ol
1.62E+01 1.39f.+Ol
1.0AE+Ol 1.49F+Ol
1.59£+00·1.35£+01
2.84E-01 2.84£-01
8.80E-01 2.00E-02

8 9 10
7.09£-01 7.09E-01 7,72£-01
7.34[+00 7.34F+OO 7.23E+OO
4.1~f~oo 3. 7 3F+OO-2.34E.og--
1.73E+01 1.39F+Ol 5,46[+0
2,09E+00 2.60F+OO 7.0AE+00
3.85[+04 3.4SF+04 2.1~E+04
1.99E+01 1.91F+01 2.87E+Ol
1.63E+0\ l,nOF+Ol 2,70[+01
1.46£+01 1.17F+Ol 4.68£+00
1.37[+01 1.3SF+Ol 2,31F~Ol
1• 35 E+0 1-1 .35F... 01-1 • 3:' E: ... 01--
2.84E-01 2.84F-Ol 2,84E-01
3,OOE-02 2.50F-02-9.50E-01

-------- _. - - --- ---------------------------------
,r
If

?



nATA SET 6 pnLY~FR 25 WFPM
JISCCSITY (FT.o?l/SEC 1.744E~05

---------MA" O~AETER

33.CS33",. Ii 0
:n.?7
33.1'1
33.?3
]1.06

-- --3? .. 91
32.35

I
I

-
READING (C"..q

36.(:7
36.7n
36.93
36.99
36.Y7
3"1.14

-- 37.23
37.8S

I
I

ZERC 1
.11
.02
.09
ol1fl
.04
.10

.-. - - .04
.03

I
!

ZERO 2
.06
.o?
.06
.04
.02
.06

-. - - - - - - - - -. 02
.02

I
!

) ? 3 4
, 6 7 A 9 10-1)/0 7.7?E-nl 7.72E-01 R.3f~F-n1 A.3RE-Ol A.3tf-Ol 9.0?E-Ol 9.02F-Ol 9.67£-01 O. O.

SIGMA-RO/RO 7.;?3F+(\O 7.?3F.:"OO 7.12f+OO 7.1?F+OO 7.1if+OO ~.07E+OO 7.07E+00 7.00f+OO O. O.
(v.AVl ?93F+(H) 3.1AE+on 1.61E.+OO 2.01F+OO 1.4~E+OO • 54E-01 9.58£-01 7.16E-01 o• o.
(V-AV) •• 2 P .. t;flf+o(1 1.0JF+Ol ?.fllF+OO 4 .. 04F+OO 2.0( F'+OO 3 .. 07£-01 9.19F-Ol 5.1?f-Ol o. o.
ORAG COEFF 4.S1E+Or. 3.83F+OO 1.S9F+()1 1.0?E+01 1.9H+01 1.44E+0? 4.AIE+Ol 9.17£+01 o. O.
RF.: ?.71F+(lI+ ?.94F+C4 1.49F+04 1 .. 8f,F+04 1.3/ F'.04 5.13E+03 8"APE+03 6.61E+03 o. o.
DPIJ ??3F+n1 2.32F.::+01 ?.62F+()1 ?7?Fv01 ?7.F'+Ol 2.92E+01 3.09F+Ol 3.99F.:+Ol O. O.
OPtv-OPL ?(J(lf+ol ?07F+Ol ? .. 50E+Ol ?.SRF+Ol ?hl f'+Ol 2.A9E+Ol 3 e 02F+01 3.9St:+Ol O. O.
IV-AV) • • 2/K 7.35F+(H) R.flAF+OO ?26F+OO 3.t;lF+OO 1.Htf+OO ?69E-Ol 8.0SF.:-Ol 4.53E-Ol O. O.
i)PfoJ-DPL/K 1.71F+01 1.77F+Ol ?ll-'F+Ol 2.24F+n1 ??q'+ol 2.S3E+o1 2.64E+Ol 3.4q~+01 O. O.
MAt--. 'c: /J - - ) .3sf+()1 1.35F.+01 1.35F+Ol 1.3~-+O1 1.3~E+Ol 1.35E+01 1.35F>~Ol 1.35 -0-01-0. O.
MAl\ • Tl--t"TA ?.P4F-Ol ?H4E-Ol ?.R4F.:"ol ?.R4E-nl 2.A(E-O~ 2.A4E-gl ?.A4E-8~ ?.A4E-Ol o. 8:{ZR!+ZR2l/2 fl.so£-n2 2.00E-02 7.50F.. .. ()2 5.00f-O? 3.0(f~-O S.OOE- 2 3.00E- 2.50E-02 O.

K=O.(SIG-RO)/RO

--- - -------

00
o

------------_. -



DATA SFT 3

~!SCCSITY (~T,.2)/SEC

SINGLE STFEL SPHERES IN 50 WF~M POLYMER
1.744E~05

..

M,'lr..:OMtTfY
;.'(;.5S
?g.(':O
?9.5f1

I
T
J

. T
I
T
T

REidlIH3 i;.~'"l)
<·}2 ... ~ R
t, l) 9 4 '1
40 .. 02

t
r
1
t
I
T
I

':1n~c 1'=.11.gg
.94

I
T
T
j

I
T
1

ERO 2
- ,18
".40
3.28

I
I
1

-- I ------------------
I
I
I

1 2 ] 4 c:
DID 3.??E-nl ?S8F-Ol loS3f-Ol o. (l~

SJG~A .. RO/PO A~rlr.~o 6~7~F.on 6.77F+OO n. 0.
--(v .. flV) 4.S0F.nO 4.11F.nn 4.04E+00 O. -_._- 1)"

(V-A.V) •• 1' 2 .. 0rF +° 1 1·Y9E+Ol 1,,63F+Ol 0" o.
DR.oG CCEFF 7.4 F.-O 7. 6F-Ol 5.5~F-Ol O. O.
RF 4.17F+04 ~.8nF+O~ ~.7~E+04 O. °.OPt-! 5.59!-+()O _ .85F+O ?.g F+OO O. O.
np~-OPL 2."AF+nO p,,5RF-Ol-l.62F-nl 0" O.
(V-AV) ... ?/K 1"H7F+Ol 1 c54E+Ol 1.49F·~Ol O. O.
OP~~OPl/K I.RQF+OO 7.H7F-Ol-l.4SF-Ol O. O.
~p~~ GW 1.~qF+On 1,,~9F.00 1.59F+On 0. -- O. _____
MA~ T~FTA ~.77F-Ol 2.H4F-Ol 2.~4F-Ol o. O.
(ZRi+ZR?)/2 -1.45F.-Ol 2.95E-Ol ?llE+OO 0. O.

K=Do(SIG ... RO)/RO

._--_.__._---------_._--

6
o. o.
0.. o.
00 ---- o.
8' o.• o.o. 0,
o. o.
0 0 o.
o. 0.
0, o.
0,----. o.
0, o.
o. o.

7 8 9 10
o. 0. o.
o. o. o.
o. o. O.
o. 8: 8:o.
0, o. 8:(l. o.
o. O. 011
o. O. o~
o. o. 0 0n. -0, o•._.
o. 0, o.
0, 0, o.

.'------ - f
co
--'



9 10
3.22F-Ol 3.81E-01
6.73F+OO 6.72E+00
4.31F+80-4.70E+OO--
1.A6F+ 1 2.21E.+01
8.10E-Ol 8.15E-01
3.99F+04 4.35£+04
4.AIF+OO 5.1liE+OO
1.61F+OO I.5SE+OO
1.71F+Ol 2.04E+01
1.S3F+00 1.43f-+00
1.59E.OO-l.~9l:.+00--
2.84F-01 2.84E-01
1.23£+00 9.60E-Ol

7 8
3.22E-Ol 3.22E-01
6.73f+OO 6.13F.+OO
4.2nf+OO 4.28F+oo
1.771:+01 1.s3E+01
8.50[-01 8.20E-01
3.A9F+04 3.g7f+84
4.42f+00 4.54E+ 0
1.23F.+OO 1.45[+00
1.63[+01 1.69E+01
1.14F+00 1.34E+00
1.59E+00-l.59E+oo
~.84F.-01 2.84E-81
t:.20E-Ol 3.00E-

ZERO 2
.41
.17
.97
.14
.41
.72
.16
.22
.9?
.12

6
2.58E-Ol
6.H1E+00
3.A5E+OO
1.4Af..+01
8.15E-Ol
3.S6E+8 4
3.99E+ 0
1.29E<>00
1.36£+01
1.18E+00
1.59~+OO
2.84r:.-g 1
9.70E .. 1

S
?c;,,,F.-Ol
6.7,E+oO
4.0~F.+OO
1.fdF+01
7.3:;F.-Ol
1.7~F+n4
1.1,E+OO
9.44F-02
1.SJE+01
A.h':)F-02
1.51F+OO
?.8(.E-ol
5.60E-01

ZERO 1
.rB

1.28
1.62

.23
071

1.2?
.?H
.3A

1.=4
1.?0

2 3 4
1.93E-01 1.S3F-Ol 2.5Rf.-O]
~.77E+OO 6.77F+00 6.7AE+on
3.44F+On 3.nSf+OO 4.?4F+nn
1.1R.F+Ol 1.33F+Ol 1.pnE+Ol
7.6QE-nl 6.81F-01 6.7?F-Ol
1.lAF+04 1.38F+04 3 0 91F+04
?6~F+OO ?3PF+OO 1.5?F+OO
1.83F-Ol-] o51F-O! 2.6SF-Ol
1.0AE+Ol 1.?2F+Ol ].6~E.O\
1.6HF-Ol-l.3~F-01 2.4?F-Ol
1.59£+00 1.59£+00 1.SQE+OO
2.84E-01 ?.A4F-Ol 2.84F-O\
1.03E+OO 1.29£+00 1.85E-0\

K=D.<slG-RO)/RO

VISCCSITY

1
01C 1.q~E-n1

SIGMA-RaiMO ~.77r+on
(V .. AV) - - - -- 3.f.,9F+nn
(V-AV) •• ? 1.3r,r+nl
nRAG CCEFF n.A7F-rl
RF 3.4?F+n4
DP~ 2.7SF+OO
DP~-OPL 1.4SE-Ol
(V-AVloo?/K 1.?lif+nl
OP~-DFL/K 1.33F-nl

-t~ t./\. ·G rv- -- 1. 5 <.1 F ... nn
A~. TbFTA ?A4F-o)

<ZRl"ZR2l/2 5.45E-nl

DATA 5[T 7 50 wpp~ POLY~ER

(FT.o?)/SEC 1.744E-05
--- - - ---.- -

MANO~FTER READING (eM)
11).P4 39.3A
)l'l.7h 3g.44
ll.nn 39.20
?9.91 4().29
3f'l.22 )9.SR
?A .. P4 41.3fJ

- ? 8 • 5 q -- 4 1 • 6 1
?~.17 41.R3
?.,.~? 42.E8
27.16 43.04

--._-. -_._-------- ----- i'
~

<Xi
N

----- ------- ---------_ ....._------------------- --------



7 8 9 10
6.45E-Ol 6.45E-01 1.09F-ol 7.09E-01
1.59E+00 7.59£+00 7.34E+00 7.34£+00
4.2nE+OO 4.23F+OO 3.83F+OO-4.01f.OO--
1.AIF+Ol 1.79E+01 1.47F+01 1.61F+ol
1.A7F.+OO 1.89E+00 2.46F+00 2.24f+00
3.94F+04 3.92E+04 3.5SF+04 3.71F+04
lo4fF~Ol 1.6?E+Ol 1.h8F+Ol 1.82f+Ol
1.13F+Ol 1.29F+Ol 1.41F~01 1.52E+Ol
1.4Pf+Ol 1.4AE+Ol 1.24F+Ol lc36E~Ol
9.20F+OO 1.05£+01 1.19F+Ol 1.28E+Ol
1 • 59£ ... 00 --1 • S9£ + 00 -1 •3 5E• 01-1 • 35 t:'. 01-
2.84f-ol 2.84E-gl 2.84F-gl 2.84E-81
1,80E-01 8.80E- 1 ~.OOE- 2 8.00E- 2

ZERO 2
.86
.36

IS.3?
.82
.14
.08
.SA
.66
.02
.06

6
6.45E-01
7.S9E+oo
4.~4F+OO
2.06£+01
1.65E+OO
4.20E+04
1.S6E+Ol
1.20E+01
1.68E+01
9.79£+00
1.59E+OO
2. 84E -8 1
1.l0E- 1

.,
5.1J:"01
7.2F+OO
4.hF+OO
2.1 F+o1
1.lE+no
4.3F+04
9.9yr,; ... no
6.41:",00
1 • R l;",~ 0 1
5.4;::-0-00
1.5,F.+no
2.A.F--01
1.8E-O}

MANO~AFTF.R

?4.79
?6.Cj2
?1.79
?1.4q
20.5H
12.4h
13.6?
11 .26
:n.g4
33.Rl

1
3.B7F.-nl
6.7?F+no
4.43F+(lO
1.96E+Ol
9.1QF .. nl
4.1I'lF+04
;;.7?F+no
3 .. 14F+('O
1.81F+Ol
3.nflF+OO

-- 1. S9F. + 0 0
?A4E"O]
Ie 15E-4-00

DA1A SET A 50 wPP~ ~nLYtJFR

(FT •• ?)/SEC 1.744E-05
- --- ---'-

READING (eM) ZERC 1
45.41 1.44
4).68 .EO
48.41 26.f.2
48.71 l.~h
49.~2 .22
57.74 .14
56.SA - - _ .. - .gR
~R.94 1.10
36.2h .02
36.39 .10
234

3.87E-01 5.16F-01 5.1~E-Ol
6.7?F.+OO 7.23F+no 7.21F+no
4.S1F+OO 4.6~F*OO 4.S 0 F+OO
2.03F+Ol ?20F+01 2.03F+01
R.87F-Ol 1.17F+no 1.27F+OO
4.18F+04 4.34r+04 4.17F+04
~.·7hF.on 1~4JF.no Q o 02F+on
?22F+OO-2.1~F.no 5.49F+no
1.R7E+Ol '.8HF+Ol 1.74F+Ol
2.04F+OO-l.R4F+OO 4.71F+on
1.~9E+OO 1.59E+OO 1.59£+00
2.84E-Ol 2.84F.-Ol 2.84F-01
4.80E-01 2.25E+01 1.09E+00

K=D.(SIG-RO)/RO

D/t;
SIGMA-RO/RO

~ (V .. AV ) - --
(V-AV) •• 2
f)RAG CCEFF
RF
()F'-'
[)P~/-DPL

(V-AV) ... ?/K
DPtJ-OFL/K
~ AI'. • -Gtv -
~AA1\. T'-'FTA
(Zk'l,~Z~2)/2

VISCCSITY

--------------------_._-------------
-:l

co
w

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



DATA SET 9 ~o Wpp~ POLY~ER

VISCOSITY <FT •• ?l/SEC 1.744E w 05

M.ANOtvlF1ER
31',{-'4:n.t:;4
31. :37
33.39
3"1.:Vi
1?9A

- -- _. -------- - 32 • 4 1 
I
I
I

REA () J " G ( (1'1 ) lEHC 1
0 .. 00

el?
.10
.04

3.4R
.o?
.l?

I
I
T.

---- ._-- --------------------
ZERO 2

001100
.08
.06
.02

3.76
.01

- --.08
I
I
I

1 2 3 4 L· 6 7 8 9 10,l

D/I; 7.7?E·nl 7.7?E .. 01 A.3eF-Ol R.3 E-01 8.-·F:1f-Ol 9.02E-Ol 9.61f-Ol o. o. o.
Src;MA-Ro/RO 7.?lE+no 7 .. ?3F+OO 7.12F+OO 7.1?f+on 7.~?E+OO 7.07t.+OO 7.00F+OO o. o. o.
(V-AVl . ?.7gf.<>oO 3.o1E+on 1.79F'r!)(') l.Sc.;F+('() 1.'·lF+OO B.ISE-01 4 SeE"-Ol () .. O~ O.
( V'~::' V ••• ? 7.77F+flO 9 .. 0HF+00 3.22r· "00 2.4nF~(10 1.;lF+OO 6.64E-01 2.04F-Ol o. O. O.
nRh~ CCEFF 4.Q8r+00 4.26E+(lO l.?t:f.":-Jl 1.7?F+01 3.- ~ F+Ol 6.~6E+Ol ?3(1f+02 o. o. 8:I .• ,....

RF 2.t:i8F+f\4 ?79F+04 l.6t.,f'.n/~ 1 .. 43f+04 l.t ~F+04 7.55E+03 4.18f+03 O. O.
DP,... 2.131:+01 ?20F+Ol ?47Fo<>I')1 2.47F.+Ol-9.l~E-Ol 3.0AE+01 3.85F+Ol o. O. O.
DP/\,-l)PL 1.9SF ... rl ?onf+Ol ?3~F+01 2.17E+01-1.~1t.OO 3.03E+Ol 3,84E+01 O. O. 0,
(V-AV) .2/t< fo. t;,F+on 7.78F+OO 2.POF+OO ?OQF+on 1.QF+OO 5,8?E-01 I.HOE-Ol O. o. O.
DP,... .. OPL/K 1.67F+nl 1.71F+Ol ?05F+Ol 2.nAr:+Ol-1.~Lf+OO 2,65E+Ol 3.40F+Ol O. O~ O.

_ H t> r--. Gt-l - 1,,3SF .. nl 1.35E+Ol }.35H·rl1 1.3SF+Cl 1.:~E+O 1.35E+Ol 1 0 35E+Ol o. O. 0 .-
Mpl\'" Tf-FTA 2.84F-01 2.B4E-Ol ?84F-01 2.84F-Ol ?H ·... 01 " ~34E-Ol 2.84f-Ol O. O. O~r.
(z,:;14>2;';2,/2 O. 1,,00E-01 R.. OOF.-02 3.00E-O? 3.f~E+OO 1.50E-02 1.00E-01 O. o. oD

K=O.<SIG-RO)/RO

---- ._--_. - - ---- --_.-- ------- ------ ---_._-----------------------

--- -_..-- - - - -- ..__._---------------------------------------

:,
________. IJ


