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ABSTRACT

A study was made to determine the anomalous
flow behaviour of very dilute solutions of polyethylene
oxide, which is a very effective drag reducing agent in
turbulent flow. A capillary tube viscometer was used to
determine the rheological properties over low and
intermediate shear stress region. Stainless steel and
glass capillary tubes were used. For the tubes having
L/D <950, three different tube lengths were used to
account for the entrance losses. Mathematical models
were used to analyze the data. An attempt was made
to study the influence of tube wall material on
surface effects. Furthermore, the purpose of the
presenf study was also to explain the mechanism

underlying the}phenomenon of turbulent drag reduction.

| Both positive and negative wall effects were obtained
in case of above drag reducing system. Flow curves obtained
using stainless steel and glass tubes matched very closely.
Anomalov:xs layer thickness was found to be more in case of

stainless steel tubes than for glass tubes.



e
fete
[

ACKNOWLEDGEMENTS

The author is deeply indebted to his supervisor
Professor W. Kozicki for his advice, guidance and constant
encouragement during the course of this work. He also
wishes to acknowledge other faculty members of the
department, particularly Dr. F.D.F. Talbot, for permitting
the use of Nova computer for the computation work. He
further wishes to express his gratitude to Dr. A.R.K. Rao
for his valuable assistance in conducting the experimental
work.

The author is sincerely thankful to Mr. H.S. Harish
for typing the manuscript and Mr. C.P. Khulbe for lettering
the drawings. Author is also indebted to Mr. M.K. Dosi for

his willing assistance from time to time.



i1V

TABLE OF CONTENTS

No. Title Page '
I INTRODUCTION 1
11 LITERATURE SURVEY _ L
III ANALYSIS . 10
(a) Evaluation of shear stress 10
(b) Evaluation of 8;u> 13
(¢) Evaluation of §ﬁHu 17
(d) Determination of Non-Newtonian Viscosity 21
(e) Estimation of Anomalous Layer Thickness 23
1v EXPERIMENTAL 24
(a) Capillary Tube Viscometer ‘ 24
(b) Fluids and their preparation 30
(c) Experimental procedure 30
\'/ RESULTS 32
vl DISCUSSION ‘ 97
VII CONCLUSIONS & RECOMMENDATIONS 3 103
VIII REFERENCES 105
IX APPENDICES 108
(a) Summary of Viscometric data 108
(b) Sample calculations using computer 139

programs



'NO .

v

LIST OF TABLES

8 Uy 8(<u> - Uy)
__Tr_.and 5

Calcﬁlation of

la. For stainless steel tubes (40 ppm)
1b. For glass tubes (40 ppm)
lc. For stainless steel tubes (30 ppm)
1d. For glass tubes (30 pPpm)
le. For stainless steel tubes (20 ppm)

1f. For glass tubes (20 ppm)

Calculation of 8(<u>- Uy)

at a given shear

stress for stainless steel and glass tubes

2a. For 40 ppm solution
2b. For 30 ppm solution

2c. For 20 ppm solution

Values of Uw, §, and n, at a given shear
stress for stainless steel and glass tubes
3a,., For 40 ppm solution

3b. For 30 ppm solution

3c. For 20 ppm solution

‘Page

45
49
52
55
58
61

72
73
4

83
86
89

......contd/...



.No.

Ila
ITb
IIc

IId
IIe
IIf
11T

IVa

IVb

IVe

VIiIa

VIb

LIST OF TABLES

Capillary tube specifications

Data for stainless steel tubes (40 ppm)

Data for glass tubes (40 ppm)

Data for stainless steel tubes (30 ppm)

Data for glass tubes (30 ppm)

Data for stainless steel tubes (20 ppm)

Data for glass tubes (20 ppm)

Coefficients in

Coefficients in
40 ppm solution

Coefficients in
30 ppm solution

Coefficients in
20 ppm solution

Coefficients in

the
the
the
the

the

3.B.17 and 3.B.10

equations 3.B.11 & 3.B;10

equation 3.B.1l5 for

equation 3.B.15 for

equation 3.B.1l5 for

equations 3.B.16,

Values of n for stainless éteel tubes

g8<u>

at a given )

Values of n for glass tubes at a given

8<u>
D

Page

lo08
108

113
117
121
125
129
132

133

134

135

- 136

137

138



"10.

vii

LIST OF FIGURES

Schematic diagram of the experimental set-up.....

Shear stress vs. shear rate curve for water
at 25°C for different capillary tubes .c.. ocoec..

(a) Pressure drop vs. mass flow rate for

40 ppm. polyox solution at 25°C in case of

#1 stainless steel capillary tubes of different
lengths cese ceee Tesee cene

(b) Pressure drop vs. mass flow rate for 40
pPpm. polyox solution at 25°C in case of #1
glass capillary tubes of different lengths .....

Coefficients Ap, and By vs. L for 40 ppm.
polyox solution at 250C in case of #1 stainless

steel and glass capillary tubes ...... coeesan

n vs. 85Y> for #1 stainless steel and glass

capillary tubes for different polyox solutions
at 250C- e 6 & o 0 e & & & o - ® & & oo . . o 00

Shear stress vs. 8<u> or 8(<u> - Uydfor 4o ppm.

D D
polyox solution at 25°C in case of stainless
Steel 'tLIbeS (Linear plot) PR oo o0 e e e 00

Shear stress vs. 85u> op 8(<U>-Uy)for 40 ppm.

polyox solutions at 25°C in case of stainless
Steel 'tubeS (Log"log PlO‘t) 2 e - o‘o [ I ) . ® e e

Shear stress vs. Q%Bi.or 8(<u5- Uu) For 10 ppm.

polyox solutions at 25°C in case of glass tubes..

Shear stress vs. 85U> op 8(<u> - Uy) £op

. D
30 ppm. polyox solution at 25°C in case of
stainless steel tubes e nse D cecn

Shear stress vs. §%EZ or 8(<U>D‘ Uy) for

30 ppm. polyox solution at 25°9C in case of
glass tubes e @0 e e & o0 e e & o ® ® & 0 0

PAGE

27

28

33

3L

35

37

38

39

40

41

42



FIGURES PAGE
11. Shear stress vs. 8;u> or 8(<u>D- Uy for

20 ppm. polyox solution at 25°C in case of

-stainless steel tubes ..... cescss cccee 43
12. Shear stress vs. 85U> op 8(<u> - Uy) fop

20 ppm. polyox solutions at 25°C in case

Of glaSS tU.beS LI I I ) s e 00 e e o 00 o e s a0 '-I-Ll»
13. (a) Pressure drop vs. length of the

capillary tube for 40 ppm. polyox solution
in case of #1 and 2 stainless steel
capillary tubes (Average mass flow rate = 1)..... 66

(b) Pressure drop vs. length of the
capillary tube for 40 ppm. polyox solution
in case of #1 glass capillary tube (Average

mass flow rate = 1 & 1.5) ceseses secsee 67
1k, 8 Bu> vs. 1/D for 40 ppm. polyox solution in

case of stainless steel tubes with shear

Stress as a Parameter e @& O o @ ® & 8 o o O ® e & o 0 68
15. 8<u> wvs. 1/D for 40 ppm. polyox solution in

cgse of glass tubes with shear stress as a _

Parameter ® & @ ¢ ¢ O o & @ 0 0 o @ & o 0 0 * & & 9 O 69
16. (a) 3(8<Y>) vs. 1/D for 4O ppm. polyox

9 1/D s
solution in case of stainless steel tubes
with shear stress as a parameter ....cce¢ oceceoee 70

(b) a(-8-%—133) vs. 1/D for 40 ppm. polyox

9 1/D .
solution in case of glass tubes with shear
stress as a parameter ..... cecses cscoe 71
17. Shear stress vs. 8(<u>D— Uw) for 40 ppm.
polyox solution in case of stainless steel
and glaSS 'tU.beS e o 0 o 0 ¢ 00 o e e o000 e e e o0 76
18, Shear stress vs. 8(<u> - Uy) for 30 ppm.

polyox solution in case of stainless steel
and glass tubes ... cs e e cesase cenes 77



ix
FIGURES PAGE

19. Shear stress vs. 8(<u% = Uu) for 20 PpPmM.

polyox solution in case of stainless steel
and glass tubes ® o & & 0 @ ® @ o0 00 o ® & o &9 78

20. Shear stress vs. 8(<u> - Uy) for stainless

steel tubes with concentration as a variable.. 79

21. Shear stress vs. 8(<u% = UW) for glass

tubes with concentration as a parameter..... 80

22. Effective velocity at the wall vs. shear
stress for stainless steel tubes in case )
of 40 ppm. polyox solution ..cc.. cecsoe 81

23.. Effective velocity at the wall vs. shear
stress for glass tubes in case of 40 ppm.
polyox solution ..... cesccs coecee 82

24, Non~-Newtonian viscosity vs. shear stress
for stainless steel and glass tubes in case
of 40 ppm. polyox solution at 25°C. cesces 93

25. Anomalous layer thickness vs. shear stress
for stainless steel tubes in case of 40 ppm.
polyox solution ... cesese cecccn 94

26. Anomalous layer thickness vs. shear stress
: for glass tubes in case of 40 ppm. polyox o
solution ceese eceses cecsse ceesse 95

27. Comparison of anomalous layer thickness for
#1 and # glass and stainless steel tubes for
'-I»O ppm. p°1yox 801uti°no [ eeo s 0 o0 . e e e e ee 96



X

LIST OF COMPUTER PROGRAMS

No. Page
1 Program to evaluate coefficients Ay & Bp
in the equation 3.B.1l5 (using the method of
‘ least square curve fitting) 139
2 . .Program to evaluate coefficients Aj,A3,B,

and B3 in the equations 3.B.16 and 3.B.17
(using the method of least square curve fitting) 142

3 Program to evaluate coefficients A and B
- in the equation 3.B.10 knowing Ay &€ B, and
to evaluate 8<u> for a given T, . 145 .
5 :
g8<u>

4. Program to evaluate AP, and Ty, for

tubes with high 1/D ratio 147
5 Program to evdluate A & B, coefficients in

the equation 3.B.11 (using the method of

least square curve fitting) 149
6 Program to evaluate coefficient A § B in

' the equation 3.B.10 knowing A; & By and t

evaluate §%U_>. for a given Ty | 151
7 Progrém-to evaluate coefficients e,f in the

equation 3.C.10 and to recalculate ', for

a given 8““; = Uy) | | 153
8 Program to calculate n for various 83U

at a given shear stress, knowing A,8§ B,,& A &€ B 156

9 Program to evaluate of Uy, § and N, for a
- given shear stress, knowinga,p ,ASB. 158



Coefficient
Area of the

Coefficient

- Coefficient

Coefficient
Coefficient
Coefficient
Coefficient
Coefficient
Coefficient
Coefficient
Coefficient
Coefficient
Coefficient

Diameter of

X1

NOMENCLATURE

in the equation 3.B.11,

capillary tube,

in the equation 3.B.15,

s

n

e e e o e e (=0 e
S B B8 B B b= = B |

e
=]

in

the
the
the
the
the
the
the
the
the
the

the

equation
equation
equation
equation
equation
equation
equation
equation
equation
equation

equation

sz

3.B.11,
3.B.16,
3.B.16,
3.B.11,
3.B.15,
3.B.11,
3.B.17,
3.B.17,
3.B.1

3.B.3

3.B.3

the capillary tube, cm.

Average mass flow rate, gm/sec

Acceleration due to gravity, cm/sec?
Newton's law conversion factor, gm.cm/gmf.sec

Height of the inlet of the capillary tube from the datum,c

Entrance losses correction factor

Length of the capillary tube, cm

dynes.sec/cm

dynes.sec/cm
dynes.sec?2/cm
dynes.seqz/cm .gm
dynes.sec2/cm
dynes.sec?/cm .gm

dynes.sec2/cm”.gnm

3

dynes.sec/cmz.gm“
dynes.sec/cmz.gm

dynes.sec/cm3.gm

2 L ] gm
3
2

2
2
3 2
2 2

2

" Height of the exit of the capillary tube from the datum,cm

Liquid head above the capillary tube inlet, cm

Entrance length, cm

Entrance length correction factor, dimensionless




xii

Dimensionless factor for circular conduits

Atmospheric pressure, dynes/cm2

Pressure at the inlet of the capillary tube, dynes/cm2

Pressure applied by gas, dynes/cm2

Pressure drop across the capillary tube, dynes/(:m2
Radius of the capillary tube, cm

Hydraulic radius, cm |

Average velocity, cm/sec

Effective slip velocity at the wall, cm/sec .
Coefficient in the equation 3.C.10, dynes.sec/cm2
Slip coefficient, cm3/dynes.sec

Modified slip coefficient cmu/dynes.sec

Angle between the tube and the vertical Axis
Kinetic energy correction factor, dimensionless
Coefficient in the equation 3.C.10, dynes.sec?/cm?
Slip coefficient, cm3/dynes.sec

Non-Newtonian viscosity, gm/cm.sec

Non-Newtonian viscosity at the wall gm/cm.sec
Density, gm/cm3

Anomalous layer thickness, cm
Solvent viscosity, gm/cm.sec
2

Shear stress, dynes/cm

Critical shear stress, dynes/cm2

Shear stress at the wall, dynes/cm2
2(%u> - Uyg) . 8(<u> - Uyl = 01

rh . D



xiii

w'. -Difference between the shear stress in the developing flow region

and the shear stress in fully developed flow region.



CHAPTER I

INTRODUCTION

Reduction of drag and the power required to
overcome the resistance to flow arising from the solid
boundaries in contact with the fluid stream, has been
the main concern in many practical fluid flow problems.
‘Several means have been studied to reduce drag, but of
these, the use of dilute polymer solutions has been the
most effective and most widely investigated one. Toms
(1,2) in 1948 observed considerable reduction in the
frictional losses in turbulent pipe flow of dilute
solutions of.polymethyl methacrylate in monochlorobenzene.
He also reported the presence of wall effects in laminar
flow of these solutions. In spite of numerous studies, no
acceptable explanation of the mechanism of drag reduction
has yet been agreed upon.

The purpose of the present work was to determine
anomalous flow behaviour near the solid surface using
dilute solutions of a drag reducing polymer. The study
was conducted on stainless steel and glass tubes using
very dilute solutions of polyethylene oxide (polyox), which

is a most effective drag reducing agent. Experimental



measurements were confined to 1amihar flow regime. The
entrance losses were accounted experimentaliy for each
solutior* and valuable data was obtained by applying all
corrections necessary in a capillary tube viscometer.

It was found that different flow curves résult for different
diameters of capillary tubes on account of anomalous
behaviour in the vicinity of the wall of the tube. Due
to the presence of the wall effects, the values of shear
rate calculated in the normal manner are erroneous and
hence a correction was necessary. This involved the
determination of the effeétive velocity, Uw of the fluid
at the wall, which is caused by the interaction between
the wall of the capillary tube and the polymer molecules
in the solution. In the present work a comparitively
simple and entirely new procedure was used to determine
the true rheological curve.

The problem undertaken becomes particularly
cﬂallenging when the comparitive study of flow curves for
glass and steel tubes is made. A comparison of anomalous
layer thickness was made for tubes of approximately the
same diameter for the two tube materials. The values of
the non-Newtonian viscosity were also compared using both
glass and steel tubes for é given concentration.

It was further hoped that this study might

* Except for 20 ppm polyox solution (glass tubes)



furnish some additional information which could help in

obtaining an understanding of the phenomena responsible

- for drag reduction.
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CHAPTER II

LITERATURE SURVEY

The phenomenon of "slippage" has long been
recognized (3,4,5,6,7), but relatively little work has
‘been done which provides information on the distinct
behaviour exhibited by the fluids in the vicinity of the
solid surfaces. Schofield and Scott Blair (8) and
Oldroyd (9) tried to detect the anomalous behaviour near
the tube wall and have received considerable attention.
Toms measurements indicated the existence of a thin layer
with anisotropic rheological properties near the tube
wall whose overall effect could be chéracterized by a
positive effective velocity of slip at the wall.
Subsequently Maude and Whitmore (10) and Jastrzebski (11),
who studied characteristics of concentrated suspensions
and Astarita (12), who studied gravity flow of CIiC
solutions along the inclined plane surfaces, also detected
a wall effect represented by an effective velocity of
slip at the wall. Morrison and Harper (13) reported direct
visual measurements of slip velocity with a coaxial cylindef
viscometer for fibrous suspensions.

On the other hand Luce and Robertson (14) and
Koral, Ullmand and Eirich (15) reporfed adsorption of
pPolyvinyl acetate from solutions by water swollen bleached

sulphite pulps and metallic powders respectively. Similar



studies have been made by Hobden and Jellinek (16), Frish,
Hellman and Lundberg (17) and Yurzhenko and Maleyev (18). |
At the same time Sadowski (19,20) and Kozicki et al. (21)
in packed bed studies and Ohrn (22), Kozicki et al.(23),
and Arunachalam and Fulford (24) in capillary flow studies
of polymer solutions reported evidence of polymer adsorp-
tion on the solid surface. By an extension of Oldroyds
analysis Kozicki et al. further showed that polymer
édsorption or gel-formation leads to a negative effective
velocity on the surface. - They have demonstrated the appii—
cability of the analysis to their data (25) and have also
proposed a model which explains polymer adsorption and
transition to the separation phenomena observed in tubes

of different diameters under varying shear stress. It

was postulated that polymer molecules adsorbed on the tube
wall give rise to a less mobile, more viscous layer in

the vicinity of the solid surface which results in decreased
flow rates (22). Polymer adsorption seems to be more
prominent in the lower shear stress region. As the shear
stress is increased, the polymer molecules tend to uncoil
and hence the molecules are distorted to elongated
ellipsoids. These molecules then tend to align in the
direction of flow near the solid boundary. This gradual
change in structure to rod-like particles results in a

less viscous layer near the solid boundary, as a result

of which the flow rate increases. This separation



Phenomenon results in a positive effective velocity of slip.
A direct consequence of separation or gel-
formation in the vicinity of wall is the observed change
in flow rate through the tube compared to that which would
occur i€ the wall effects were absent. Hence a correction
must be applied to obtain the true shear rate. This
involves determihation of anamolous flow behaviour of
the fluid near the wall. The problem becomes more interest-
ing with the use of polyox, which is an excellent drag
reducing polymer. After the discovery of the Toms
phenomenon numerous papers have been published reporting
the phenomenon of dfag reduction, and several mechanisms
have been proposed to explain it. As already mentioned
Oldroyd attributed the drag reduction simply to positive
wall effects. Kozicki et al. (26) investigated some
aspects of wall effects and postulated that the cause of
drag reduction was the increased laminar sublayer in
t&rbulent flow attributable directly to the presence of
long polymer molecules. Savins (27) suggested that the
drag reduction might be a result of delayed laminar to
turbulent transition,which possibility was also considered
by Kozicki et al. (26). Lumley (28) on the other hand
defined drag reduction as a pfoperty of fully developed
turbulent flow only, completely rejecting the hypothesis
of delayed transition. Shin (29) recognized the possibility

of anisotropic viscosity in a flowing polymer solution.
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However at present no direct experimental evidence of
anisotropic viscosities in very dilute polymer solutions
exists. Metzner and Park (30) attributed drag reduction
to viscoelasticity. Arunachalam and Fulford (24)
posfulated that drag reduction is due to free hanging
loops of adsorbed molecules which damp turbulent eddies
originating at the wall. In spite of a very large number
of attempts to understand the mechanism underlying the
Toms. phenomenag, it is not yet understood. »However, some
properties of drag reducing polymers are found to be of
importance to understand the phenomena of drag reduction.
A brief review of these properties is given below.

Hoyt and Fabula (31) and many others have
established that most effective polymers are those with
a linear chain structure having no side chains. ~Merri11
et al. (32) found that the number of monomer units in the
main chain rather than the molecular weight itself, is the
important factor. The drag reduction effect ié a direct
function of the individual molecule and not of the mean
value. From the work of Shin (33) it appears that the
additive effect is monotone in chain flexibility. Hershey
and Zakin (34) established that polyisobutylene was found
to be more effective in reducing drag in a good solvent
than in a poor solvent. A good solvent is the one in
which polymer-solvent interactions are favoured over

polymef—polymer interactions so that the polymer chain is



relatively extended in solution (35). “Most of the polymer-
solvent combinations that display drag reduction in very
dilute solutions also display viscoelastic effects at

much higher concentrations and solutions such as carbopol
that do not display viscoelastic effects at any concen-
tration do not produce drag reduction either. It is often
assumed that elasticity is essential for drag reduction.
However it does not mean that existence of viscoelasticity
is a sufficient condition for drag reduction. On the
contrary, in view of some investigators it is not even

a necessary condition. For the concentration ranges
involved in drag reduction studies, the solution viscosity
never exceeds the solvent value by more than a few percent.
These polymer solutions are commonly observed to have a
soapy feeling which might notalways be felt, specially at
very low concentrations. There is no clear evidence as

to what property of the polymgr causes this. It has been
suggested that some sort of lubricating phenomenon takes
place when distance between the fingers is of the order

of the effective molecular diameter.

Very dilute solutions of polyox in distilled
water were used as the drag reducing polymer solutions.
Ethylene oxide polymers of high molecular weight probably
have the simplest étructure among water soluble polymers,

yet their water solutions exhibit this unusual behaviour.



The chemical structure of this flexible, high molecular
weight linear, thermoplastic polymer can be represented by

(36)

-©H, - CH, - 0]

Although polyethyleneoxide is completely soluble
in water at room temperature, it exhibits an inverse
solubility temperature relation in water (37). Dilute
solutions of high molecular weight polyox display con-
siderable structural and molecular interaction, and an

enormous dependence of viscosity on shear rate.
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CHAPTER III

-

ANALYSIS

(A) Evaluation of Shear Stress

The capillary tube data consists of flow rates
for given imposed pressure gradients collected for
different values of the tube diameter as a parameter.
This information is utilized to determine the flow
curve of the fluid i.e. shear stress vs. shear rate
behaviour. This necessitates consideration apd'allow-
ance for the following effects (38).

1. Head of fluid above the tube exit.

2. Kinetic energy effects.

3. Tube entrance effects.

4, Effective slip near the tube wall..

A simplification of the mechanical energy
balance equation for flow in the reservoir and.
cappilary tube results in the following expression
for the frictional pressure drop across the capillary
tube in fully developed flow

. |
Ap = (p - py) + (L+L') .p. . - pa<u>(l_ %g) ... 3.A.1.

gas g‘c 8o ' 2012

In the case of Newtonian fluids uéhas the value
of 1/2. The scraping of the cut ends of the capillary

tube was done with the help of a very Sharpnedged?round
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smooth file to remove the burr at the inside edge.
This results in a slightly rounded entrance and for
such cases Foust et al. (39) have suggested a value
of 0.23 for Kc for Newtonian materials. The net
expression for the pressure gradient for Newtonian

fluids in a capillary tube would therefore be

2

Ap _ Pgas—Pa + (L*Lj, g _ 1.12 p <u>
L L L gc L.g,

coes 3.A.2
For time independent no;-Newtonian fluids it

has been indicated (40,41) that the combined correction

for kinetic energy effects and entrance effects is

the same as that for Newtonian materials. Equation

3.A.2 is therefore suggested (42) to obtain true

pressure gradient. Uncertainties in the correction
2
term - 1.12.p. _<U> "are reduced by having L/D as
. .

large as possible. Equation 3.A.2 was used for the
tubes of small diameters for which L/D was larger than
QSO%A In this case Ty»> the shear stress at the wall

was determined using the expression

T, = F_%Q_E teeee eeee eee. 3.A.3

For the tubes of large diameters for which L/D was
less than 950, a correction for an entrance region

of undeveloped flow was applied as follows. Writing

* Except for capillary tube 3S
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the force balance across the ends of the capillary tube,

we get .
Le L
t - 1 = U .
[AtL.p.g.cos oy + (pl pa).AS 7.DL {(Tw+Tw)dx + ST ,.dx]
Le
where A'= i D2 L.cos .= h_ - h
l+ * , . 1 l a
L
m

.2 . €
- . + - = +
. D°[p.g.cos Oy (p1 pgl 7D [ {T& dx L.TWJ

substituting P = p + pgh ’ we get

D Le Tu:!
- = w X
L (Py-P,) [ L.t, + 7 . R { — d(™]
Tw R
R Le Ty x
-— - w -
> AP Tee [L+R { - d(R)]
T
w
'Le'T' x .
substituting n = { W 4a¢3) . eeees cee 3.A.4
Ty R
R Ap = 1_ (L + nR).
5 w
T = R.AP ® @ o & ¢ o ® & o o @ ® @& o 9 3‘A.5
W 2 (L+nR)

This is the modified form of equation 3.A.3
for the evaluation of the shear stress in the region of
fully developed flow. A correction for an entrance length
effect is made by assuming an effective capillary length,

(L+nR). The same equation was suggested by Bagley (43).
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Equation 3.A.5 can be rewritten as _

AP = 2.7 (& + n)
Y R

® & e 0 3.A.6

Thié equation suggests that the pressure drop
required to produce a particular shear stress for a
tube of given diameter should be a linear function
of length of the tube. The slope of this straight
line gives the value of T, and the intercept gives
the value of n. Three tube lengths were used for a
particular tube diameter.

(B) Evaluation of'g%E?

In the present analysis, we assume that Ap,
the pressure drop across the tube can be expressed
as a polynomial in the average velocity <u>, in the

tube i.e.
3

2

where the coefficients ci(L,R) are functions of the
length and the radius of the tube. Comparing the

equations 3.A.s and 3.B.1l we obtain
2 3 _
<u> cl(L,R)+ <u> c2(L,R) + <u> ‘cs(L,R) + ——- =

L
2.1:w(- + n) 00030B02
R
If the velocity in a tube of radius R is fixed

at a constant value <u>, then the shear stress in the
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region of fully developed flow, T. under these condi-
tions will be constant and the R.H.S. of this equation
will be a linear function of L. The L.H.S. can also

be made a linear function of L by expressing the

c; (L,R) as follows

C;(L,R) = C; (R) + L C;3(R) .... 3.B.3

io
giving

2 3
L(<u>Cll(R)+<u>021(R)+<u>csl(R)+ ————) +

2 3
(<u>C10(R)+<u>020(R)+<u>C30(R))

= 2L+ 2 Th .... 3.B.4
R

Equating coefficients of like terms yields

.
g— = <u>Cqyq(R)+ <u>C (R)+ <u>C31(R) + ——— ... 3.B.5
and 2.Tn = <u>ClO(R)+<u>C20(R)+<u>C30(R) + -== ,.. 3.B.6

combining the later equations yields the following

explicit relation for n

AR = <u>Clo(R)+<u>090(R)+<u>Can(R) + ——- . 3.B.7
<u>Cll(R)+<u>Czl(R)+<u>031(R) + -

It was found that P could very satisfactorily

be expressed as a quadratic function of velocity. There-
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fore, from equation 3.B.5 we get

21T  _ 2 '
= ° <u>C11(R)+<u>C2l(R) e ... 3.B.8
2T _ 8<u> C. . (R) D +(8<u5’2 C.- (R) (D)2 3.B.9
or R D . 11 § T . 21 §. * & o L ] L ]
setting D cyyR) = A
8 11
2
D
(§) Czl(R) = B
we obtain
2T _ 8<u> L 8<u 2
= AT +B (_ﬁHb .o eees.. 3.B.10

A'S B are constants for a given tube.
For the tubes of small diameter, where the
entrance length corrections were not necessary because
of high L/D ratio {(»950), values of §§E>at a given
shear stress were calculated directly from the experimentai

data. A quadratic equation of the following form was

found to represent the data with a very good accuracy

2

T =Al.G + Bl.G * & & o * o v o LI 3.B.ll

This equation was further modified to the following form

which is analogous to the equation 3.B.10.

2
2
= [ 2. A (T p2p.Ryy 8<u>+p2B1 (Tp? oDy%y(EXu3.. 3.B.12
R L D R '8 D 4

2T
R 8 L

comparing equations 3.B.10 and 3.B.12 we get
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- |
A - Z . A (M) o’-ooo o e 00 e 3.B-13
1 32
R .
3 2 :
B = g . B ('"Dp) e s 0 s 0 e o o0 3.Boll"’

R 1 32

For the tubes of large diameter where the
entrance length corrections were néceésary due to low
L/D ratio (<950), P, the pressure drop was expressed

a function of G, the mass flow rate as follows:

2

Ap = A[.G + B .G" ceees cesese 3.B.15

L

This relation is similar to the equation 3.B.8.
In the equation 3.B.15 the variable is G, the mass
rate of flow instead of <u> , the average velocity.
Analogous to 3.B.3,AL and BL are further expressed as

linear functions of L as given below:

AL A2L + A3 o-oobo LI I 3.B016

B,L + B

BL 2 3 e & & 0 0 * ® & 0o 0

3.B.17

Variable G in the equation 3.B.15 was changed

to Q%Ei as indicated in the equation 3.B.12 and an
equation'analogous to the equation 3.B.10 was obtained.
Knowing A and B, g-BP-?canbe obtained for' any

given T, and the value is given by the relation

8<us - A+ /A% + 4B. %1

= > o0 * o0 3. L]
D =5 B.18

-A+ /A% 2%1

2B o0 [ 3.Bolg
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The values of n were calculated at a given shear
stress and Q%EP with the help of following equation, which
is analogous to the equation 3.B.7, obtained from the -
equations 3.A.6, 3.B.15, 3.B.16 and 3.B.1l7.

A.[ T.p2 ,. D7 (8<u> T n2 o Dq2,8<u>,2
3l D% p. g1 (557 + B4l {.D° p.21 (5°7)

_ D .. 3.B.20
n = 27T

Evaluation of 8 Uy
D

Several attempts have been made to explain clearly
the cause of slippage at the wall associated with interaction
between the wall of the capillary and the polymer molecules
in the solutions. The mathematical expression derived by
Oldroyd (9,44) can be expressed as |

8 U, (Tw) W oo
8<u> = —]-) W + Tus { T f(T) dt ces o, co e e 3.C.1

w

Oldroyd (9) defined the velocity of slip by the

following relation

Uy, = 7. £ (1) ceee cene cee. 3.C.2

where £(T) 1is effective slip coefficient.
Similar results have been reported by Mocney (45),

Schofield and Scott Blair (7). Kozicki et al. (21) have

used a plot of 85u> vs. 1/D to evaluate Uy, for a given shear

stress, of course the inherent assumption in this method is
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that Uw is independent of diameter being only a function of
Tw. Toms successfully used equivalent methods (8,9) of
detecting wall effects in the laminar flow of linear polymer
solutions. However Oldroyds method did ﬁot work satisfac-
torily for Jastrzébski's data on capillary tube viscometer.
His data on concentrated suspensions indicated that slip
coefficient is not only a function of shear stress but also
varied inversely with tube radius. A careful‘study by Kozicki
et al. (23) on a Natrosol 250G solution in a capillary tube
viscometer indicated that.slip coefficient is not only a
function of shear stress and the tube diameter but there also
exists a critical shear stresst, which marks the transition
from a negative effective velocity at the wall to a positive
effective velocity of slip at the wall for values of wall

shear stress greater than critical shear stress. According

to this analysis slip coefficient was defined as

?
U
T = W
a('w.D) T = Ta (DY cees oo 3.C.3
' 1ty T
where a =a_ﬁ<__ﬂ eee. 3.C.4

Tc, the critical shear stress in the above equation
is a new parameter, and is a function of tube diameter.
Physically it determines the behaviour of the polymer
molecules in the vicinity of the tube. 'Polymer adsorption'’

or 'Gel-Formation' takes place when the shear stress at the
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wall is less than critical shear stress.and 'separation
phenomena' or possible polymer alignment takes place when
the applied shear stress is greater than critical shear
stress. Using above equations the expression for effective
velocity can be writteh as

U o't (W) [Tw - Tc (D)]

- e s oo o000 30005
w D

Using this analysis the equation 3.C.1 derived by

Oldroyd can be rewritten as

w , : -
8<u> = 8 Uy (Tw,D) . 4%  » % () dr ... .... 3.C.5
D D .3 0 : ‘
w

It has been observed that distinct curves are
obtained when ﬁ%&z is plotted against Tw for different
tube diameters. This is attributed to the wall effects.
According to the equation 3.C.6 a unique relationship exists

between 8(<u>- Uy) and Tw which is independent of the tube
D M

diameter.

In the present analysis an entirely new mathematical
approach has been used to determine the effect slip velocity.
Differenciating the equation 3.C.6 partially w.r.t. 1/D for

a given value of Tw, we obtain

9(8_u_) a(s_ﬁy.w. (Tw,D))
[ty w ° L 3 (1/D) Jr;'o e 3-C-7
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or [ EEEEJTW 1/p - L T - =JL ] 1/
, 5 w,o 30 3 1, d(1/D) ..

8 U
L ) wJTw 0 tends to zero when 1/D tends to zero i.e. when
?

D tends to infinity. The equation 3.C.8 then reduces to

8 Uy, 1/p {8 u )

8 Yy i N
5 te,am - § eIt 4D ... 3

. . . 8 U
The equation 3.C.9 is used to determine w__ for
q —— ¢

a given Ty.

A plot of 85u> vs. 1/D is first constructed with

shear stress as a parameter. The slope of this curve i.e.

385112
L Jt.. at different values of 1/D is determined. Now
oC(1/D w
LD 5 (8342,
another plot of [ D ]T vs. 1/D is constructed. The area
1/D W

under this curve is then determined with 1/D varying from 0

to the value of 1/D corresponding to that particular tube

diameter for which 8 Uy is to be determined. It.is to be noted

that [ b(8‘<_u>/D),/b(1/D)]17D=0:‘¢0 at all the shear stresses. Thus,

for each tube, the value of E_HE is determined at different
D

values of shear stress. One can now correct the average

‘velocity and calculate the quantity a(ﬁgzﬁl—gﬂl for each

tube. These corrected values of 8<us> - Uy ) gop each tube at
D

" a given shear stress must now coincide according to the

equation 3.C.6.

3.C.8

.C.9
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An attempt was made here to relate shear stress

as a function of 8(<E%' Uy) as it was done for E%EZ. Once

again it was found that a quadratic relationship does

exist as shown below

- 2
8(w> - Uy )1% ... 3.c.10

8(<u> - Uul]
D

=G.[ D

+ B [

Tw

Determination of Non-Newtonian Viscosity

For inelastic time independent non—Newtonian'liquids
Kozicki et al. (46) modified Rabinoﬁitsch and Mooney equation
(47) to include the effective velocity of slip and further
rearranged it in the following form which is analogous to

the equation given by Metzner and Reed (48)

2(<u> ~U.,)

d 2(<u> - U..) Wl ~2(<u> = U.) d 1ln _—
- (G =8/ oot B ATy T ]
w Th d 1n Tw

® o 9 0 3.D.l

If the derivative in the above equation is dengted

by 1/n' then one obtains

: du, 3n' + 1 [ 2(<u> - U.,)
= - - __1_ w -I s 0o 0 0 3.D02
£(Ty) (Fr'w = 4n T
- dlnlL ) ® ® o o *® o o ¢ ® o 3.D.3
where n' = 2(<u> = U
d In [ ™ o]

As suggested by the equation, n' can be evaluated

as the slope of the logarithmic plot of Tw vs. 8(<u%7- U)




- 22 -

at a given wall shear stress.
8(<u> -~ Uy) _  2(<u> - U)

D rh ® o o 3.D.l+

Setting w =

equations 3.C.10, 3.D.2 & 3.D.3 can be reduced respectively

to:
Tw = aw +B . coes eee. 3.D.5
'y
f(Tw) = __g&rn'_l. w * o e e e o0 3.D.6
' - d 1In T
and n' = '——"_“'—L e o o LR ) . .

Differentiation of the equation 3.D.5 yields

d Ty = (o + 28 w) qw

or d In T = =W -
W Tw ( aw +Bw2 ) dw
_ 0+ 2B w dw
- 0 + B W @ W
o + 2 B W
e T B W . d1ln w
d lIn T o+ 2B w
Therefore n' =m‘w—‘a+sm ... 3.D.8

Now substituting the value of n' in the equation

3.D.6, we get

o + 2B w
3 + 1
£(Ty) I . w
y (2 28 w )
o+ B w
Lo + 7 B w
_(qa+88w)'w CRC I ) o o 0o @ 3-D.g

For non-Newtonian materials f (1) is related to
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non-Newtonian viscosity as follows

£(t) = L
n
or n = T cens oo 3.D.10
(O ‘

Substituting the values of T and f(T) one obtains

w2

0w+ B w
T (ot 7B w
bt ofr 8 8w’ -9
_ (a +B8 w) (4o + 8 B w)
= (e ¥ 7 B @) ces e 3.D.11

Knowing o and B, the non-Newtonian viscosity can be
- U..)

easily evaluated at any given value of w i.e. 8(<u;

Estimation of Anomalous Layer Thickness

The method of estimation of anomalous layer has
already been reported in literature (23,25).

Following equation is used for the estimation of
anolamous layer thickness when the phenomenon of separation

takes place

Uw = 6. Tw [l - l J ¢ & & O ..'.. 3.El1
Hs Ny

In case of polymer adorption, the expression for

anomalous layer thickness is giveﬁ by

6::' ——'_ﬂl_nv_]— e s o e oo o 3-E-2
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CHAPTER IV

EXPERIMENTAL

(A) Capillary tube Viscometers

The purpose of a capillary tube viscometer is
to méasure the frictional pressure drop associated
with steady laminar isothermal flow of a fluid through
a smooth, long, cylindrical’ = tube of known dimensions.
Knowing the pressure gradient and volumetric flow
rate one can find the pelafionship between shear
stress and shear rate indirectly. The capillary tube
viscometer used in the present study was prepared in
the laboratory, which is a very common practice (49,50).
The viscometer consists of the following main units.

1. Jacketed fluid reservoir.

2. Means of applying known driving force on

the fluid.

3. A thermoregulating device.

4, Capillary tubes.

1. The viscometer in figure 1, consists of two
plexiglass concentric pipes laid horizontally, and
closed at the sides with the help of plexiglass flanges.
The inner pipe acts as a reservoir for the experimental
fluid and the annulii between the two pipe acts as the
jacket for the reservoir. The fluid from the constant

temperature bath B, is circulated through this jackgt.
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Plexiglass was chosen as the material of construction
because of the obvious property of transparency, low
cost and ease of machining and fabrication. The
reservoir is 19 cms in diameter 60.5 cms long and

.65 cems thick. The outer jacket is 34 cms in diameter
60.5 ems long and .32 cms thick. Since the reservoir; ﬁ
was to be pressurized a thicker pipe was chosen for

the reservoir than for the jacket. The bottom portion
of the reservoir was connected with the help of a
Plexiglass tube to the outer jacket and a circular

disc with an internal bore was glued at the lower end
of the tube so that the capillary tubes of different
lengths and diameters could be faétened. 3rass connec-
tions (made in workshop), rubber o-rings standard
sleeves and male glands for ermeto connections were
used. The left hand side plexiglass flange held
connections necessary for introducing compressed air,
experimental fluid, and the liquid from the constant
temperature bath and the flange on the right hand side
had the connections leading to manometer, and the
constaht temperature bath. The cylinderical reservoir
was kept in horizontal position to minimize the varia-
tion of 1liquid level in it. The size of the reservoir
was chosen on the basis that even with the largest tube
the fall in the fluid level was less than 1.00 cm for

a complete run. This was verified from time to time
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during the runs with the help of cathetometer. The
liquid head above the tube entrance was measured |
accurately with the help of the cathetometer.

2. The pressure was applied by means of a compressed
air cylinder C, fitted with a line regulator, Ly (range
0-60 psi). A by-pass valve was fitted on this line

to release pressure from the reservoir. The pressure

(p -p5) was measured with the help of a mercury

gas
manometer, M.

3. A constant temperature bath (D.W. Brookfield
Ltd. Cooksville, Ont.) was used to control the tem-
perature of the fluid in the reservoir. Water from

the constant temperature bath was circulated through

the head tank H, and the jacket around the reservoir

of the viscometer. A magnetic thermo regulator provided
with the bath was capable of controlling the temperature

of the circulating fluid to within * 0.01 C.

L., Several glass and stainless steel capillary
[ 4

*

tubes were used in thé'present study. Glass tubes
obtained from Wilmad Glass Co. Inc., New Jersy and
special hyperdermic needle tubings of type 304 austenitic .
chromium nickel stainless steel,.supplied by Superior
Tube, Norristown, Pa., were used. For large diameter
tubes, three tube lengths were used so that the entrance
length corrections could also be evaluated experimen-
tally. Since the stainless steel tubes were flexible

because of the large lengths used, they were encloseq
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by protective stainless steel tubes. These were soldered
near the end of the capillary tubes. The lengths varied
from 28.9 cms to 84.4 cms for glass tubes and 25.3 cms
to 84.4 cms for stainless steel tubes. The diameters
varied_from'0.02515 cms to 0.11887 cms for glass tubes
and 0.03028 cms to 0.11227 cms for stainless steel tubes.
Specifications of the capillary tubes used in the present
study are given in Table I. The tubes were calibrated using
water. The deviations of_calibrated diameters from the
diameters reported by manufacturers ranged from - 2.5% to
0.7% in case of glass tubes and a maximum of 6.2% invthe
case of stainless steel tubes. The L/D ratios employed
were kept in the range of 250 to 2200 for the glass tubes
and about 300 to 1050 for the stainless steel tubes.

The liquid resides in the capillary tube for
a very short time and due to this continuous replenishment,
the accumulation of heat due to viscous energy dissipation
is reduced. This helps in achieving isothermal flow.
Toors (51) has shown that the temperature rise due to
viscous heating is negligible in this kind of viscometer.

Shear stress vs. shear rate relationship for
watef is shown in fig. 2. As expected this relation is
linear with a slope of unity. The experimental points
fall perfectly on the line. This indicates a very good
reproducibility of the data and reliability of the

viscometer.
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Fluids and their preparation

All solutions were made up in distilled water
and measurements were conducted immediately (within
two days) after the solutions were prepared. Solutions
of polyox compounds deteriorate on standing for extended
periods of time, possibily due to bacterial action.
Solutions were also preserved from sunlight due to
possible photo degradation. The method of mixing
solutions is important for reproducible results and
hence a standard procedure was used. For polyox,
cold mixing was found to be most suitable and most
effective for drag reducing effects (52).

To prepare a standard solution a known amount
of water weighed into a container. Mixing was started
with the help of a magnetic stirrer set at a proper
speed. A corresponding quantity of polymer was then
slowly sifted at regular intervals onto the liquid
surface in the container. Extreme care was taken to
avoid lump formation on the surface. A constant speed
of mixing was maintained and a rigorous mixing was avoided
which could lead to the breakdown of molecules. This
master solution was later diluted to the required con-
centration.

Experimental Procedure

The reservoir, fig. 1, was first filled with

the polyox solution. Water was then circulated from
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the constant temperature bath to the head tank and the
jacket surrounding the reservoir. The temperature of
the constant temperature bath was maintained at 25°¢C
with the help of an adjustable microset magnetic
thermoregulator which gives a control sensitivity of
+ 0.01°C. Three different concentrations 20, 30 and
40 ppm of polyox solutions were studied. Data was
taken using five different diameters with glass and
stainless steel tubes. The volume rate of flow was
obtained by'weighing the liquid collected in a bottle
of known weight over é measured time interval. Pressure
drop was measured by means of a mercury manometer.
Densities were determined by weighing known volumes

of solutions in a pycnometer. However the densities
were found to differ insignificantly from that of |

distilled water at all the three concentrations.
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CHAPTER V

RESULTS

From the experimental data for polymer solutions
G, the average mass rate of flow and corresponding pfessure
drop in the capillary tube were determined. For the tubes

of small diameter, where entrance length corrections were

not applied, the values of 85u> for a given shear stress
were calculated directly from the experimental data. The
data was then expressed in the form of the equation 3.B.11
using the method of least square curve fitting and values
of A and B, the coefficients of the equation 3.B.10, were
determined. These coefficients are tabulated in Table III.
For the tubes of large diameter AP, the pressure
drop was expressed as a function of G, the mass flow rate
as given by the equation 3;B.15. A plot of AP vs. G for
40 ppm. polyox solution is given in fig. 3(a) &€ 3(b) for
#1 stainless steel and gléss tubes respectively. As can
be seen from the plot, the equation 3.B.1l5 expfessed data
with a very good accuracy. Summary of the viscometric
results for all the three concentrations is given in
Table II.
Fig. 4 shows a plot of Ap, vs. L and Bp, vs. L
for both stainless steel and glass tubes in case of 40 ppm.
polyox solution. These are found to be linear as indicated

by the equations 3.B.16 and 3.B.1l7. The coefficients
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Fig. 3(a). Pressure drop vs mass flow rate for 40 ppm

polyox solution at 25°C in case of #1

stainless steel capillary tubes of different

lengths.
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3(a). Pressure drop vs mass flow rate for 40 ppm
polyox solution at 25°C in case of #1
stainless steel capillary tubes of different
lengths. '
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Fig. 3(b). Pressure drop vs mass flow rate for

40 ppm polyox solution at 25°C in case
of #1 glass capillary tubes of different
lengths. '
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Aps B A2, Ag, By, Bz and A and B are listed in Table IV.& V.

Knowing A and B the values of 8;u> at & given shear stress

for a particular tube were calculated using equation 3.B.19.

These results are presented in Table 1.
Based on the analysis in chapter 3 the values
of n were evaluated using the equation 3.B.20. The values

are given in Table VI.

A plot of n vs.”8'1<)'u> was constructed for #1
glass and stainless steel tubes as shown in fig. 5 with
concentration as a parameter. For stainless steel tubes

values of n were found to be positive with an increasing

trend with increasing‘8;u>. However, for glass tube n

decreased with increasing 8;u> and in some cases the values

were even found to be negative.

8<u>

Fig. 6 shows the plot of Ty vs. for 40 ppm.

polyox solution in case of stainless steel tubes. Consider-
able separation is observed in the high shear stress
region, however curves for different tubes tend to merge

into the flow curve for water in low shear stress region.

T 8<u>

Logarithmic plots of Ty vs. were constructed
separately for glass and stainless steel tubes at all the
three concentrations as shown in figs. 7 to 12. Separate
curves were obtained for each tube, however the curves

merge into a line at low shear stresses. The curves also

have a tendency to intersect each other. Dotted line indicates

the final curve, which shall be explained later.
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Fig. 6. Shear stress vs '8‘1<)u>' or ’8‘(<u1>) = Uu) for 40 ppm

polyox solution at 259C (Stainless Steel tubes)
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40 PPM (25°C)

STAINLESS STEEL TUBES
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JAY 0.122269 cm
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00 0.058750 cm
v 0.041819 cm
O 0.030276 cm
L 1 11l L |
104

8<u/D OR 8(uw-Uy)/D (SEC™H

8<u> 8(<u> - U.)

Shear stress vs -5 r for u0 ppm

polyox solution at 25°C (Stainless Steel tubes)
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Fig. 8. Shear stress vs §%33 or 8(<u> - Uw)
| )

polyox solutions at 25°C (Glass tubes)

for 40 ppm
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30 PPM (25°C)
STAINLESS STEEL TUBES

102
p
7
£/
Y O 0.122269
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ol Ll I
{0} 104 |
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Fig. 9. Shear stress vs 8;u> or 8(<u>D- Yu) for 30 ppm

polyox solution at 25°C (Stainless steel tubes)
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30 PPM (25°¢C)

GLASS TUBES
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0.088630 cm

0.061379 cm

0.037888 cm

©C « 0o b

0.025149

L1l

103 | 104
" 8<u)D OR 8Ku-U,/D (SEC™
Fig. 10. Shear stress vs 8;u> or'8(<ug = Uy) for 30 ppm.

polyox solution at 25°C (Glass tubes)
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Fig. 11. Shear stress vs 8542 or - 8lcu> — Uy) for 20 ppm

D D
polyox solution at 25°C (Stainless Steel tubes)
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A plot of frictional pressure drop, AP vs. length
of the capillary tube L is found to be linear as shown in

fig. 13(a) and 13(b).

Figs. 14 and 15 show the plot of 8;u> vs. 1/D
for stainless steel and glass tubes respectively for 40 ppm.
"polyox solution with shear stress as a parameter. The
slopes of the tangents to the curve were determined in
the range of 1/D where the experimental data was available.
This was necessary because the nature of the extrapolated
curve was not reliable. The values of'the slope of the
tangents to these curves for a given value of 1/D and shear
stress are listed in the Table 1. |

Figs. 16(a) and 16(b) show the plots of the
slope gggig_ vs. 1/D for stainless steel and glass tubes
respectively for 40 ppm. polyox solution with shear stress
as a parameter. At a given shear stress, the area under

the curve was determined ' from 1/D = 0 to the value of 1/D

corresponding to the particular tube, with the help of

planimeter. This gives the value of SDUW for that particular
tube at a given shear stress. This procedure was repeated
for all the tubes for various values of shear stress.

These values areAtabulated in Table 1. Knowing gﬁgﬂ the
experimental points were corrected to give the true curve

as shown by dotted lines in figs. 6 to 12. The values used

to determine the final curve are given in table 2. Critical

shear stress for a tube is the point of intersection of

8( <u> - Uy)

5 Jwith the flow curve

this final curve [Ty vs.
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Fig. 13(a). Pressure drop vs length of the capillary tube for
40 ppm polyox solution (1 and 2 stainless steel
tubes )
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Fig. 13(b). Pressure drop vs length of the capillary
tube for 40 ppm polyox solution (glass tubes)
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Fig. 1k. E%gz vs 1/D for 40 ppm. polyox solution in case

of stainless steel tubes.
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Fig. 15. 8;u> vs. 1/D for 40 ppm polyox solution in case of

~glass tubes.
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of that particular tube. Flow curve for water was also
plotted in the figs. 6 to 12 as shown. @ and B the
coefficients of the equation 3.C.10 are also listed in
Table 2.

‘ For the purpose of comparison, the final curves
for glgsé and stainless steel tubes were plotted on the
same graph paper at a given concentration. The final
curves match fairly well for all the three concentration
as éhown in figs. 17, 18 and 19.

No definite trend was observed when final
curves, Ty vs. 8(<u> "Umi, were plotted together with con-

D
centration as a parameter. TFigs. 20 and 21 show these

plots for stainless steel and glass tubes respectively.

Knowing’E_Eﬂ at a given shear stress, the values
of Uy were determineg for all the tubes at different con-
centr;tions. The calculated values of effective slip
velocity are given in Table 3. Variation of U, with Tws
the shear stress for stainless steel and glass tubes
respectively is shown in fig. 22 and 23 for 40 ppm. polyox
solution. There is no definite pattern of how Uy varies
with Ty, for different tubes.

Non-Newtonian viscosity nw was determined using
both glass and stainless steel tubes for a given concen-
tration with the help of equation 3.D.11. Table 3 gives

+he results for all the three concentrations.
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40 PPM

ol
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Z 102
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10
103 104

8(Ku>-Uy)/D (SEC™H

Fig. 17. Shear stress vs 8(cu> w) for 40 ppm polyox
‘ solution in case of sRainless steel and glass

tubes.
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30 PPM

L

AN Stainless Steel

O Glass
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103 104

8(<w-Uy)/D (sec!

Fig. 18. Shear stress vs‘8(<u;" Uu) for 30 ppm polyox

solution in case of stainless steel and glass

tubes.
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N
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103 104
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Fig. 19. Shear stress vs‘8(<u;”"'Uw)for 20 ppm polyox
solution in case of stainless steel and glass

tubes.
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STAINLESS STEEL TUBES

102
40 PPM
A 30 PPM
O 20 PPM
10 3 3 1 'Y T I W W | : 1 g |
103 104

8(Cu>-Uy /D (SEC™)

Fig. 20. Shear stress vs‘8(<u>'i Uy ) for stainless steel

tubes with concentration as a parameter.
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GLASS TUBES

40 PPM
A 30 PPM

O 20 PPM

1 1 Lt 1 11 A

Fig.

21.

T
8(<ud- Uw)/D  (SECT)

8(<u;-~ UW) for glass tubes

with concentration as a parameter.

Shear stress Vvs.
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TABLE 3

. 3a
Values of ‘Uy and § for different tubes at a given shear stress
for 40 ppm. polyox solution.
_Capi- Stainless Steel Glass :
. 1lary T U, & x 10t T U, & x 10%
dyng;é cm/sec. cm. dynz;é cm/sec. cm.

310 36.3346 25,9956 310 23,0753 16.9007
250 24,0216 23,9158 250 l6.4483 16.7270
190 12.1212 18.8731 190 9.8853 15.6257
1 130 1.4216  4.3779 130 3.7218° 11.4075
100 -2.9390 3.1647 100 1.0304 5.2366
70 -6.0269 8.5638 70 -1.1128 1.60u49
30 -6.2770 18.0997 30 -2.2142 6.5927
10 -3.1112 24,4573 10 .~1.2200 10.0550
310 48.4329 -34,6513 310 52.0193 38.0998
250 32.4746 32.3316 250 - 37,1485 37.7781
190 17.4536 27.1759 190 22.8482 36.1161
130 4.,3650 13.u4419 130 9.8977 30.3185
2 100 -0.8527 0.9182 ldO 4.3982 22.3510
70 -4.5574 6.4758 70 0.0595 0.6618
30 -5.4120 15.6055 30 -2.5784 7.6772
10 -2.7016 21.2381 10 -1.5178 12.5086

* & 9 " ..contd/ L J



Capi- Stainless Steel Glass
llary
Tw Uy, & x 1lo* Tw U, § x 10"
‘ dynesé cm/sec, cm. dynesé cm/sec. cm.
cm . cm
310 48.9704 35.0359 310 54.9371 40.2369
250 34.4157 34.26u42 250 38.6746 39.3300
190 20.6571 32.1624 190 23.5116- 37.1648
130 8.4565 é6.0413 130 10.2684 31.4733
> 100 3.3941 17.8372 100 4.8290 24,5402
70 -0.5217 7.4132 70 6.6150 6.8430
30 -2.7173 7.8354 30 -1.9937  5.9362
10 -1l.5446 12.1429 10 -1.2076 9.9525
310 yy.4979 31.8360 310 '40.4688 29.6400
250 30.5508 30.4162 250 28.1387 28,6155
1390 17.8168 27.7414 190 16.8890 26.6964
. 130 6.9855 21.5114 130 7.3000 22.37u48
* 100 2.6617 13.9881 100 3.4413 17.4880
70 -0.5749 8.1683 70 0.4938 5.u94Yy
30 -2.2587 6.5131 30 -1.3086 3.8995
10 -1.2520 9.8422 10 -0.7940

6.5u437

..eescontd/...

A |



Capi- Stainless Steel Glass
llary Ty Uw 5 x 10” Ty Uw § x 104
dyniié cm/sec. o dyg;g/ cm/sec. .
310 34.7633 24,8714 310 22.9789 16.8301
250 - 23.9124 23.8072 250 l16.60u40 16.8853
130 14.0532 21.8814 190 10.5453 16.6690
130 5.6949 17.5371 130 5.1035 15.6424
> 100 2.3563 12,3831 100 2.7869 14.1627
70 -0.1625 0.2308 70 0.9092. 10.1170
30 -1.5523 b, 4762 30 ~-0.4767 1.4193
10 10 -0.3708 3.0564

-0.8826

6.9384

Values of n,ata given shear stress for 40 ppm. solution

Tw Stainless Steel Glass
d;vnes/cm2 Nw ¥ 10° ;%%%EEC) ,nw x 10° (%%%EEE)
310 14.9686 14,7382

- 250 13.9436 13.7815
190 12.8054 12.7230
130 11.5055 11.5211
100 10.7682 10.8u440

70 9.9465 10.0953

30 8.6505 8.9325

10 7.8612 8.2416




'Values of U, and § for different tubes at a givén shear

stress for 30 ppm. polyox solution.

- 86 -

TABLE 3b

-1.7021

" Capi- Stainless Steel Glass
llary. :
Tw U, s x 10" Tw U s x 10"
dynesé cm/sec. cm. dynesé cm/sec. cm.
cm cm
310 55.3962 36.364L4 310 31.6705 19.9106
250 40.9762 36.8283 250 23.7325 20.2527
190 26.5731 36.3u4u8 190 15.6836 20.0759
130 12.7762 32.6193 130 7.8001 18.09u46
' 100 6.5351.‘26.6899 100 4,1431 14.9038
70 l.2492 10.3776 70 0.9633 6.5850
30 -2.6644  8.1u433 30 1.5419 4.9178
10 -1.7977 1.4956 10 -1.0961 9.5406
310 77.9429 51.16u49 310 78.7564 49.5231
250 56.3306 50.628uL 250 59.1712 50.5088
190 35.6297 48.7318 190 39.8689 51.0537
. 130 '16.8512 43.0233 130 21.5890 50.1130
2 100 8.7878 35.8900 100 13.3109 47.9251
70 2.2327 18.5478 70 6.1304 41.9662
30 -2.45639 7.4980 30 -0.2493 0.7948
10 14,1612 10 -0.8498 7.3930

c....contd/....



- 87 -

Capi- - Stainless Steel Glass
" llary.
Tw U, sx 10" Tw U <
dynesé cm/sec. cm. dynesé cm/sec s x 10"
cm cm cm.
310 - 58,8709 38.6u453 310 75.3146 47,3488
250 43.1861 38.81ub 250 .55.4679 47.33Hé
190 28.0591 38.3773 190 36.51u47 46.7407
130 14,1669 36.1700 130 19.2468 Ly,6u489
° 100 8.0928 33.0516 100 11.7006 42,0904
70 3.0224 25.1086 70 5.3296 36.4329
30 -1.0147  3.1013 30 ~0.1442  50.4600 "
10 -0.9392 7.8137 10 -0.6631 5.7715
310 52.2992 34,3313 310 54,8437 34,4479
250 37.3795 33.5857 250 38.9503 33.2391
190 23.4961 32.1363 190 24,4813 31.3374
130 11.2861 28.8149l 130 11.9755 27.78C9'
100 6.1635 25.1724 100 6.7856 24.4100
70 2.0344 16.9009 70 2.6079 17.8273
30 -1.0242 3.1302 .30 -0.6206 1.9793
10 -0.8156 6.7854 10 -0.6578 5.7261

QQQQOOCOn-tdq.-oo
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Capi- Stainless Steel Glass
llary T U, 5 x 10 Tw U, §x.10"
dynes/ cm. dynesé - cm.
em? cm/sec cm cm/sec.
310 39.1675 25.7112 310 33.3765 20.9831
250 27.7819 24.9697 250 23.9835 20.4669
190 17.2894 23.6u473 190 15.2668  19.5423
130 8.1650 20.8ublL 130 7.6034 17.6383
5 100 4.3763 17.8732 100 4,.,3708  15.7231
70 1.3565 11.2691 70 1.7355 11.8638
. 30 -0.8267 2.5267 30 -0.3444  10.9852
5.2016 10 ~0.3830  3.3339

10 -0.6252

Ty _‘Stainless Steel Glass
Dyneé/cm2 n x 103 (&8R- __ ) n x 103 {EEh__)
W © cem.sec W “cm.sel
310 15.9354 16.5061
250 14.8392 15.3795
180 13.6215 14.1287
130 12,2301 12.7008
100 11.4405 11.8912
70 10.5599 10.9894
30 9.1689 9.5684
10 . 8.3199 8.70u4u4
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TABLE 3c
Values of U, and § for different tubes at a given shear

_stress for 20 ppm. polyox solution

" capi- Stainless steel Glass
llary
Tw U, § x 10" Tw Uy 8 x 107
dynesé cm/sec. cm, dynesé cm/sec. cm.
cm cm
310 40.7529 30.3387 310 46.6591 - 33.6146
250 29.8416 30.7u486 250 - 34,9951 34,9169
190 19.1289 30.4133 190 23,3183 36.0170
130 9.1229 27,5540 130 12.0741 35.8732
' 100 4;7240 23.0302 100 6.9380 33.8932
70 1.0985 10.8216 70 2,5036 26.2683
30 -1.4837 4,5488 30 -1.1408 3.4179
10 -0.9961 8.5478 10 -0.9877 8.1801
310 76.9814% 57.3081 310 63.1375 45.4768
250 55.3283 57.0101 250 47.3016 47,1831
190 35.0021 55.6503 190 31.6830 48,9180
.130 17.0171 51.3971 130 16.9091 50.2058
2 100. 9.4662 u46.1u481 100 10.248%4 50.0165
70 3.3990 33.7941 70 4,5183 47.3248
30 -1.1147 3.4173 30 -0.4272 1.2804
10 ~-0.9709 8.3316 10 -0.7561 6.2637

eesesscontd/...
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Capi- Stainless steel Glass
llary Tw U, ¢ x 10% Tw U 8§ x 10t
dynesé cm. dynes/ cm. Jsec. cm.
cm cm/sec. cm?
310 54,7083 40.7245 3i0 61.9947 44,6537
250 '40.1546 41,3752 250 44,9388 44,8263
1390 ‘26.2806 b1,7839 190 '28.7603 u4.,4055
130 13.7149 41.4234 130 14,2379  42.2745
’ 100 8.2782 40.3576 100 8.0371 39.2245
70 3.7u479 37.2628 70 2.9705 31.1128
30 f0.0502. 0.1538 30 -0.9252 2.7729
10 -0.4071 3.4932 10 ~-0.8u452 7.0021
310 45,9986 34,2439 310 45.9165 33.0729
250 32.8108 33.8081 250 32.3569 32.2759
190 20.6422 32.8194 190 19.9u484 30.8000
130 10.0755 '30.4315 130 9.2815 27.5583
* 100 5.6976 .27.7766 100 4;9159 £ 23.9915
70 2.2007 21.8797 70 1.4800 15.5020
30 -0.u4453 1.3651 30 -0.9183 2.7521
10 -0.4654 3.9942 10 ~-0.67u49 5.5914

eesss.contd/....
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Capillary Stainless Steel Glass

Tw u § x 10% T U, s x 10%
dyneg/ cmysecl cm. dynesé cm/sec. cm.
cm cm

310 36.1096 26.8819 310 29.3953 21.1729
250 25.8716 26.6580 250 20.9025 20.8502
190 16.4329 26.1267 190 13.0u482 20.1462
5 130 8.2213 24.8310 130 6.2079 18.4323
100 b,7994 23.3978 100 3.3714 16.4536
.70- 2.0367 20.2491 70 1.114u46 11.67u44
30 -0.1501 0.0460 30 -0.5217 1.5635
10 -0.2826 2.4251 10 3.4101

-0.4116

Values of n

W
Tw ... Stainless Steel Glass
’ 3 'gm-b 103 gm.,

dynes/cm2 . 3.;9..(cm-sec2. nw X (cmwsecz
310 14,5851 14.9011
250 13.68u47 - 13.9287
"190 12.6918 12.8524
130 11.5706 11.6297
100 10.943 10.9404

70 10.2537 10.1776

30 9.1973 8.9912

10 8.5816 8.28u6
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The curves of n, vs. T, for 4O ppm polyox
solution obtained with stainless steel*and glass tubes
match very closely as shown in fig. 24. Non-Newtonian
viscosity is found to increase with shear stress.

Depending on whether separation phenomenon or
the polymer adsorption takes place, the \(alues of & were
calculated with equation 3.E.1l or 3.E.2.

Figs. 25 and 26 show the variation of § with
the shear stress for stainless steel ana glass tubes
respectively for 40 ppm polyox solution. Table 3 gives
the results for all the tubes at all the three concentrations.

A comparison of §with shear stress for glass and
stainless steel tubes of approximately the'same diameter
is made as shown in fig. 27. Tubes 1 & 5 were compared.
Anomalous layer thickness for” steel tubes is found to be
more than that for glass tubes both in separation and
adsorption region however the difference is not of a very

high order.
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25. Anomalous layer thickness vs shear stress for stainless
steel tubes in case of 40 ppm polyox solution.
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Fig. 26. Anomalous layer thickness vs shear stress for '‘Glass

tubes in case of 40 ppm polyox solution
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40 PPM

TUBE #5 O A A

O Stainless Steel

o Glass
~ 0
0 )
= ® 40 PPM y
o [
=~ TUBE #1
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o
<
o 20 )
]
10 O Stainless Steel
®
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(o) 100 200 300

%, (DYNES /7CM?)

Fig. 27. Comparison of Anomalous layer thickness for #1 & #5
~glass and stainless steel tubes for 40 ppm polyox

solution. ‘
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CHAPTER VI

DISCUSSION

The data obtained in the present work was treated
in an entirely new fashion, with the help of mathematical
equations, which represented the data with a very good
accuracy.

In the above process of calculation of E%Ei for
a given Tw.for a particular tube using equation 3.B.19, the
entrance losses, which are accounted by an extra length
of capillary tube or by an additional pressure drop to
overcome the abrupt changes in the velocity profile’ when
the polymer solution enters the tube from the reservoir,
are taken care of. The variable n is always supposed to
be positive (11, 43, 53) because T} in the equétion 3.A.4
is positive. For stainless steel tubes the values of n
were found to be positive but surprisingly for glass tubes,
in some cases, n.was even found to be negative. An unknown
' phenomenon appears to be taking place in the case of the

glass tubes.

8<u>
D

tubes in the figs. 6 to 12 was attributed to the anomalous

curve for different

&>
Separation in the T, vs.

surface effects at the tube wall; The possibility that the
separation is due to time dependency of fluids was reﬁected
because aiplot of AP vs. L was found to be linear with
points falling on the line as shown in f}g. 13(a) & 13(b).

The curves also had a tendency to intersect each other
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suggesting presence of critical shear stress which marks
the transition from a positive slip veibcity to a negative
effective velocity at the wall. To find the-finai curve,
evaluation of the velocity at the wall was necessary for

all the tubes.

In the present work data was taken for 1/D > 8

and hence the nature of E%EZ vs. 1/D and j EEEZ vs. 1/D

3 1/D
curves was not known for 1/D £ 8 . To evaluate the surface
g8<u>
effects it was necessary to extrapolate 9~ — Vs. 1/D curve
3 1/D

+to 1/D = o, for all the shear stresses and hence the values

of area under the curﬁe i.e. 8 gw at a given shear stress
for all the tubes had some uncertainty. This uncertainty
was maximum for the largest diameter tube and least for the
smallest dia tube because the extrapolated area ijs largest
percentage of the ‘total area to be considered for the largest
diameter tube and least percentage of the total area to be
considered for the smallest diameter tube as can be seen
from the fig. 16(a) and 16(b). Due to this uncertainty.

in the value of ——Hﬂ— sllght deviation was found in the
calculated values of 55523_:_Hnl at a given shear stress

D
for different tubes. The final curve [ty Vs. 8(<u%f'—gﬂl]

was decided on the basis of the values of 8(<u; -~ Uy) obtained

for the smallest diameter tube because the uncertainty was
minimum for the smallest tube. pDotted line on the figs. 6 to

12 indicates the final curve for each set. It was noted



that at low shear stresses the flow curve of solutions was
very close to the flow curve for water but as the shear
stress increases the flow curve for solutions moves upward
consequently for a given shear stress the flow is comparitively
slower for solutions than that for water. This behaviour
.of dilute polymer solutions could possibly be due to dilat-
ency. Forame, Hansen & Little (54) have tried to explain
this behaviour of drag reducing polymer solutions on the
basis of early turbulence. In such a case, the analysis
which is valid for laminar flow would not be applicable
over the entire range over which experimental data was-.
collected. This could offer an explanation for the shift
of the final curves to the left in the figures 6 to 12.
However, it should be noted that no direct experimental
evidence of early turbulence has yet been reported.

Figs. 17, 18 and 19 show that for a given
concentration the final cﬁrve obtained with stainless steel
and glass tubes match fairly well. This is because the
final curve is a function of the property of the main stream
fluid and is independent of the tube material. The
independence of the non-Newtonian viscosity for a given
solution of tube material is indicated by fig. 24 for
40 ppm polyox solutiqn.

' Increase in viécosity with shear stress could be
because of dilatent behaviour of the fluid. However,

increasing viscosity.at high shear stress could also be
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_expected if the data falls in turbulent region due to early
turbulence. The calculaf;d values of non-Newtonian viscosity
at high shear étress in that case will not be correct,
because the analysis is valid only for laminar flow.

< Since the final curves obtained with glass and
stainlqsé steel have no relation with the polymer concen-
tration as shown by figs. 20 and 21, it shows that the flow
behaviour of diluté,polyox solution is quite compiicated.
Normally one would expect the flow curve of the most dilute
solution to be closest tb.the.flow curve of water and as
the conceﬁtration increases the separation from watef line
would increase. However this is not found to be true for
drag reducing polymers.

The variation of Uy with shear stress is
independent of +tube diameter. for a given concentration of
polyox solution for both glass and stainless steel tubes
as shown in fig. 22 & 23. However the most important thing
to note is that even with polyox which is a very effective
drag reducing agent, both negative and positive effective
velocities are obtained at the tube wall within the anomalous
sublayer.

Drag reduction in turbulent flow of viscoelastic
polymer solutions is a purely viscous flow property that
is attributed to anomalous behaviour observed in the vicinity
of the tube wall (26). Combined effects of the anomalous

behaviour observed under laminar flow conditions in the
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anomalous layer (i.e. polymer adsorption on thé tube wall
or "separation phenomenon"), and in the 1aminar sublayer
of increased thickness (thickness greater than that applicéble
to the purely viscous fluids) cause drag reduction.

Adsorption of the polymer molecules on the surface
‘causes a negative effective velocity at the wall however
this also increases the thickness of the laminar sublayer
near the wall. It is postulated that inspite of the
negative effective velocity at the wall drag reduction in
turbulent flow of polyox solution is obtained mainly due. to
increased laminar sublayer thickness. Results indicating
increased 1aminér and transition region have been reporfed (55).

The variation of anomaloué layer thickness §,
with shear stress for a given concentration is indicated by
figs. 25 & 26 for stainless steel and glass tubes respectively.
At low shear stress in adsorption region § increases with
the tuﬁe diameter however for a given tube the anomalous
layer thickness reduces with increasing shear stress. At
the critical shear stress 8 is zero. At shear stress larger
than critical shear stress (i.e. in separation region)
increases with shear stress however no definite trend is
found for the vafiation of § with tube diameter in this
region. This could be because the dafa in the high shear
stress region shows the presence of 'early turbulence'

where the results are doubtful as the analysis is restricted

to laminar flow only.
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Variation of 6 with shear stress for glass and
.stainless steel tubes of approximately the same diameter is
shown in fig. 27. Anomalous layer thickness for stainless
steel tubes is found to be more than that for glass tubes.
both in 'adsorpticn' and 'separation' region. The exact
reason for this behaviour could not be determined. Probably
metailic nature of steel is the answer. Surface roughness
could also be an important factor. Further investigations

are needed to understand the phenomenon.
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CHAPTER VII.

* CONCLUSION AND RECOMMENDATIONS

This work was conducted to determine the anomalous
behaviour of drag reducing polyox solutions in laminar flow
region. An attempt was made to use some aspects of this
study to explain the phenomenon of turbulent drag reduction.
Though nothing conclusive could be obtained, an attempt
was also made to compare the effect of stain}ess steel and
- glass as tube wall material on the anomalous behayiour. The
conclusions of this study can be summarized as follows:

1. No conclusion.could be drawn about the mechanism
underlying the phenomenon of turbulent drag reduction,
however it was found that in the laminar flow regime, both
positive and negative wall effects were observed with the
drag reducing polyox solutions. |

2, Greater wall effects are observed with tubes

of small diameter as compéred to tubes of larger because
comparitively greater amount of fluid is under the influence
of wall in small diameter tubes. Similar results have‘been
- reported by mahy other workers (25, 55, 9). For this reason
the true rheological curve is closest to the curve for the
largest diameter tube.

3. The wall effects are comparitively large at high
shear stress with very dilute polyox solution than at low
shear stress. Jastrzebski (11l) reported greater discrepancies

in the region of low shear stress than at high shear stress
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for concentrated suspensions. Pasari (25) rebgrted comparable-
discrepancies in the two regions with aqueous solutions of
.high molecular weight polymers. '
h. Final curves obtained with glass and stainless
steel tubes for a given concentration matched very closely.
"This is reflected in the non-Newtonian viscosity based on
the data taken with stainless steel and glass tubes for a
given concentration which was found to be very close for
both case.
5. The anomalous layer thickness was found to be.
slightly greater for stainless steel tube than for glass
tube, for a given tube diameter. |
6. Some results were consistent with the possibility
of early turbulence at the higher shear stresses.

The accuracy of tﬂis method of calculation can be
improved by taking data with larger tubes. If nature of

g<u>
D

be obtained with better accuracy.

vs. 1/D curve is known for 1/D < 11 final curves can

In order to establish the influence of wali'
'material on surface effect it is recommended that data be

taken with tubes of several other wall materials.
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CHAPTER IX

APPENDIX (a)

SUMMARY OF VISCOMETRIC RESULTS*

FOR POLYOX SOLUTIONS

# A1l the measurements were taken at 25°C.
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TABLE I

Capillary tube specifications

Capillary Calibrated dia- 1/D Lengfh,L L/D
meter D -1 (in cms)
(in cms.) cms
- 1S1 84.364 689.987
IS2 0.122269 8.1787 61.513 503.096
1S3 35.943 293.967
2S1 79.479 927.605
252 0.085682 11.6711 45.291 528.594
2S3 25.337 295.710
3S 0.05865 17.0504 41.415 706.141
us 0.041819 23.9126 u4l.432 990.756
5S 0.030276 33.029Y4 31.735 lou8.189
Glass tubeé
Capillary Calibrated dia- 1/D Length,L L/D
meter D .1 (in cms)
(in cms.) cms
161 84.389 709.912
1G2 0.118872 8.u124u 54.304 456.826
1G3 30.008 252.439
2G1 : ) 84.059 g48.426
2G2 0.088630 1l1.2829 55.914 630.870
- 2G3 28.89Y4 326.007
3G 0.061379 16.2922 67.938 1106.859
e 0.037888 26.3933 83.957 2215.899
5G 0.025149 39.7626 503859 2022.289




- 109 -

TABLE II
. IIa
Solution: 40 ppm (by wt.) polyox
Density: 0.897 g/cm? at 25°C

Data for stainless steel tubes

Capi~- Head above Pg G AP AP

llary tube inlet cms .of gms/sec exp. cal.
ems.of solP*  Hg. Dynes/cm? dynes/cm?

6.00 0.547570 84886.5 sug2n., 2

3.90 0.837706_ 133622.0 133554,0

181 4.958 7.10 1.060890 172845.0 172822,0
10.3q 1.273720 211470.0 211714,0

14,75 1.550120 264454, 0 264328,0

0.0 0.56u4579 64L483. 4 63603.0

3.9 0.965002 111508.0 112081.0

152 7.105 7.6 1.302291 154617.0 155083.0
10.9 1.578164 192148.0 191730.0

0.0 0.566005 39835.7 40068.9

1S3 7.473 3.7 1.087320 82152.4 81906.4
. 7.9 1.594582 127071.0 1271566.0

seess.contd...
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Capillary Head above Pg G . AP AP

: tube inlet cms.of gms/sec exp. cal
cms.of sol . Hg dynes/cm? dynes/cm

0.0 0.141363 83287 82716

8.0 0.308897 187432 186398

- 15.8 0.464539 287389 288213

251 6.397

23.8 0.610696 388770 388641

31.6 0.748328 486472 487476

| - u0.0 0.885605 590916 590177

0.0 0.148282 50737 4961

8.5 0.452170 157930 159010

252 7'.363 16.0 0.682269 249129 248746

24 .4 0.920612 348238 347969

32.2 1.125284 438103 1438269

.0 0.158029 31109 29355
7.9 0.591210 125494 126768

2S3 7.345
15.6 0.901733 212508 211879
24.2  1.201045 305918 305996

ooocvcontd/-o.

X



Data for capillary tube 3S

Head above the tube inlet = 7.098cms of sol®-

Pg G Ap 5 8<u> Tw
cms.of gms/sec dynes/cm D exp. Tw

Hg -1 o cal.,

sec. dynes/cm dynes/cm

0.15 0.034625 49248 1754.35 17.436 16.353
15.10 0.175683 244066 8901.37 86.408 86.04YL
30.00 0.303939 433310 15399.70 153.408 153.608
43.20 0.u408939 597827 20719.80 211.653 211.905
60.40 0.536677 808613 27191.90 286.279 286.u446
74.1 0.631987 974170 32021.00 344,892 344,655
Data for capillary tube u4S
Head above the tube inlet = 7.313 cms. of solution

Pg G AP B<u>

2 ™ ™
cm;éof gms/sec dynes/cm D-l exp. cal.
sec. dynes/cm dynes/cm

15.4 0.047755 251690 6674.58 63.510 64.293
27.8 0.077337 414864 10809.20 104.685 104.79S
42.3 0.111111 60457 15529.70 152.526 151.666
56.L4 0.1uu548 784140 20203.00 198.692 198.732
71.3 0.178713 979552 24978.20 247.175 247.505
85.7 0.210634 1164200 29439.70 293.768 293.€E96
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Data for capillary tube 5S -

Head above the tube inlet = 7.022 cms. of solution
Pg G AP 8<u> ™ Tw

~cms.of gms/sec dynes/cm2 D expé cal

_Hg -1 dynes/cm dynes/cm
sec.

13.9 0.015446 222761 5689.,.25 .53.130 54.259
29.0 0.028826 422865 10617.30 100.856 101.761
42.7 0.040509 603824 14920.60 144,016 143.623
57.2 0.052886 794704 19479(30 189.542 188.358
70.7 0.064709 971737 23834.10 231.765 231.465
84.8 0.076937 1156030 28337.80 275.721 276.429
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TABLE IIb
Data for Glass tubes (40 ppm)

Capillary Head above Pg G AP AP
tube inlet cms.of gms/sec exp cal.
cms .of solP- Hg dynes/cm2 dynes/cm

0.175 0.534018 86332 85373
3.450 0.773428 127153 126918
16l 4.186 '
7.100 1.023360 171733 172450
9.900 1.201559 205457 206261
14.800 1.488599 263759 263084
0.0 0.546130 : .58333 57048
3.7 0.950122 102161 102873
1G2 8.141 6.3 1.200890 131913 132869
. 9.3 1.458360 165673 164902
0.00  0.57317 33812 33545
1G3 7.642 3.85 1.20586 74881 75181

7.30 1.668115 108767 108642

OIIQOICOn‘td/OOO

N
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Capillary Head above Pg G AP AP
tube inlet cms.of gms/sec exp, cal.
cms.of soll- Hg dynes/cm® dynes/cm?

c.0 0.166884 85783 85711
8.5 0.368388 195961 194098
16.8 0.560988 301370 302704
261 4,520
24 .4 0.722200 396620 397372
32.2 0.879122 493225 492815
39.8 1.027438 586233 586009
0.125 0.1731L46 61177 .- 58904
7.900 0.u52552 159708 159560
2G2 5.858
16.100 0.716227 259967 260895
24,000 0.947134 353982 354698
31.700 1.15464 443793 4433026
0.00 0.180418 34226 -.33152"
2G3 7.208
0.50 0.719718 133359 134038
16.35 1.100830 214890 214632

.;...contd/....

A
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Data for capillary tube 3G

Head above the tube inlet = 6.116 cms. of sol®:

Pg G AP 5 8<u> Tw ™w
cms «of gms/sec dynes/cm D exp. cal2

Hg - -1 dynes/cm2 dynes/cm

. sec.

0.0 0.039166 72207 1731.30 16.309 16.261

8.8 0.155832 301187 7065.25 68.028 67.671
16.1 0.257092 490700 11364.50 110.832 110.550
23.9 0.357235 689522 15791.30 155.739 156.046
32.8 0.465979 914090 20598.20 206.u460 206.994
41.1 0.560614 1120340 24781.50 253.0u5 252.641
Data for capillary tube 4G
Head above the tube inlet 6.766 cms. of sol™*

Pg G AP 8<u> ™w ™
cms.of gms/sec dynes/cm2 D exp. cal.2

Hg -1 dynes/cm? dynes/cm

. sec. '

4.6 0.018042 283135 3390.69 31.9435 32.196
28.6 0.029758 © 469358 5592.51 52.9534 53.288
42.2 0.040800 650052 7667.76 73.3396 73.300
56.2 0.052154 835837 9801.49 94,3000 94,011
70. 4 0.063672 1024040 11966.10 115.5340 115.161
85.9 0.076571 1229170 14390.10 138.6760 139.013
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Data for capillary tube 5G

Head above the tube inlet = 7.627 cms. of sol™.

Pg G AP 8<u> Tw Tw
cms.of gms/sec ‘dynes/cm? D exp. cal.

Hg -1 dynes/cm dynes/cm2

sec. '

21.0 0.007053 337034 4532.189 41.66u49 41.4375
36.8 0.011351 547399 7294.51 67.6707 67.9110
50.9 0.015013 735011 9647 .73 90.8638 90.828L
65.5 0.018730 929160 12036.10 114.8650 114.5920
85.3 0.023754 1192260 15264.60 147.3900 147.5210




TABLE IIc

Solution: 30 ppm (by wt.) polyox
Density: 0.997 gm/cm3

Data for Stainless Steel tubes

Capi- Head above Pg G AP AP
llary. +tube inlet cms. of Hg gms./sec eXD, cal.
(ems.of sol®) dynes/cm“ dynes/cm
\
0.00 .553513 857541 83676.3
3.05 .799357 123719.0 124138.0
6.10 1.014761 161210.0 161256.0
1s1 5.900
9.10 1.221590 197u48.0 198362.0
. 12.20 1.426460 234368.0 236531.0
15.10 1.584762 269157.0 2663988.0
0.00 565713 64965.8 63156.5
2.05 .786106 89876.6 90011.5
4.05 .987217 113642.0 115618.0
182 7.603 "
6.05 1.149536 137487.0 137052.0
7.90 1.311994 158898.0 159189.0
) 10.05 1.481967 183699.0 183084.0
0.00 .587954 141382.1 40143.3
1.95 .901737 63576.5 64285.8
1S3 9.266
4.10 1.192000 8729%u4.1 88303.2
6.10 1.420200 109106.0 108322.0
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Capi- 'Head above Pg G AP AP
llary. +tube inlet cms .of gms./sec exp., cal2
(cms.of Hg. dynes/cm dynes/cm
sol™) ' ' .
0.00 .140669. sueuy .8 82231.5
8.30 .3198778 192553.0 192322.0
) 15.50 462999 28L4787.0 284697.0
281 7.779
23.90 .622695 390954.0 392249.0
31.60 75944y 487256.0 488161.0
39.80 .896452 588946.0 587782.0
0.00 .151706 51453. 4 49881.0.
6.20 .379662 l130046.0 1295661.0
12.15 .575416 203078.0 202516.0
17.80 .753013 270452.0 272325.0
2852 8.131 :
23.80 .920498 340994.0 341317.0
30.00 1.084170 412585.0 411698.0
6.00 .154738 32452.2 30319.7
4.95 .430289 93017.9 91661.2
283 8.683 10.10 .680430 152306.0 155498.0
15.10 .865509 209196.0 208311.0
1.038520 260855.0 260883.0

-19.80
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Data for capillary tube 3S

Head above the tube inlet = 7.302 cms. of sol®-
Pg G Ap g<u> Tw Tw
cms .of gms/sec dynes/cm? D exp. cal.
Hg. sec™t dynes/cm” dynes/cm
0.00 0.03u781 Lb7us5,.3 1762.27 16.794 16.261
14.55 0.171960 237130.0 8712.73 83.953 83.u49Y4
27.75 0.285998 405132.0 14490.70 143.4?2 143.149
41.25 0.396409 537574 .0 20084.90 203.066 204.163
56.40 0.507u08 760173.0 25708.90 269.130 268.732
69.50 0.600339 919028.0 30417.50 325.370 325.280
Data for capillary tube UuS
Head above the tube inlet = 7.317 cms. of sol®*
G
Pg gms/sec AP 8<u> Tw Tw
cms .of dynes/cm2 D exp. cal.
Hg. sec™1 dynes/cm2 dynes/cm

0.00 0.008961 47615.1 1252.51 12.015 11.821
13.50 0.043171 .226602.0 6033.94 57.180 57.u446
28.00 0.078572 417420.0 10981.70 105.330 105.493
43.30 0.110235 591239.0 15u407.20 149,180 i49.187
55.80 0.143970 779515.0 20122.30 196.699 196.487
70.30 0.177084 966565.0 24750.50 243.898 243.665
83.40 0.206718 1134500.0 28892.40 286.274 286.515

eeesscontd/....

X
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Data for capillary tube 58

Head above the tube inlet =

8.368 cms. of sol™:

Pg G AP g<u> Tw Tw
cms .of gms/sec dynes/cm? D exp cal.

Hg. sec—l dynes/cm dynes/cm
4.1 0.015505 226740.0 5710.68 54.079 54.631
28.2 0.028002 413613.0 10313.70 98.650 99.181
ul.7 0.039598 591962.0 14584.90 141.187 140.932
56.5 0.052326 786812.0 19272.90 187.660 187.212
71.2 0.06u4871 979676.0 23893.30 233.660 233.292
85.6 0.077192 1167930.0 28431.40 278.559 279.002
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TABLE IId

Data for Glass tubes (30 ppm)

Capi- Head above G APexp.z Ap
llary tube inlet Pg gms/sec. dynes/cm cal.2
(cms. of cms .of dynes/cm
solll.) Hg.

0.00 0.497516 84519.9 81819.3

.3.30 0.749540 125663.0 126805.0

| 3.u45 0.755913 127576.0 127974.0

16l 4,368 7.30 1.010530 17u817.0 175900.0
9.95 1.174550 206888.0 208061.0

12.50 1.311300 237794.0 235642.0

14,75 1.451420 264268.,0 26L4634.0

0.00 0.502173 54470.1 52979.9

2.10 0.738921 79795.3 79731.1

4.10 0.947180 103263.0 104203.0

1G2 3.762 6.10 1.140277 126258.0 127679.0
6.55 1.170783 131616.0 131457.0

. 8.25 1.318210 150939.0 1498981.0
10.20 1.491510 172500.0 172320.0

0.00 0.486816 29456.9 27959.6

2.20 0.912310 53363.2 54071.3

1G3 2.333 4.10 1.,219643 72721.6 73903.0
5.95 1.466u422 91343.3 90417.0

ceses.contd/...
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AP

Capi- Head above Pg G exp AP
llary tube inlet cms.of gms/sec. dynes/cmé cal,
‘ (cms.of Hg. dynes/cm?
sol™)
0.00 0.161829 839u40.1 83320.6
8.50 0.365560 1943131.0 193276.0
16.25 0.542095 292759.0 293117.0
2G1 2.585 24,10 0.709181 391278.0 391514.0
32.40 0.878659 494025.0 495197.0
39.80 1.018830 584861.0 583902.0
0.00 0.169688 56973.8 56194.0
5.70 0.375251 129685.0 127877.0
11.70 0.584067 203790.0 204741.0
2G2 3.228 17.90 0.77641k 278748.0 279153.0
23.80 0.951261 348512.0 349798.0
30.60 1.134260 427929.0 426799.0
0.00 0.169967 30575.4 29718.6
5.15 0.504157 92605.4 92543.4
2G3 3.251 5.30 0.510386 9u419.3 893769.6
10.05 0ﬂ781600 147418.0 149124.0
14.85 1.009350 199385.0 198568.0

cees.contd/...
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Data for cabillary tube 3G

Heéd above the tube inlet

3.416 cms. of sol®

" Pg. G AP 8<u> Tw Tw

cms .of gms/sec dynes/cm? D exp cal.
Hg. . sec™l dynes/cm2 dynes/cm

0.00 0.037877 69571.3 1713.86 15.714 15.973
13.60 0.133548 248857.0 5903.40 © 56.208 55.839
28.60 0.236261 Luyuo3u.0 10443.70 100.291 100.356
41.70 0.321488 6126u44.0 14211.10 138.37h4 ' 138.330.
56.00 0.412370 794797.0 18228.40 179.516 179.861
69.60 0.494106 966665.0 21841.50 218.335 218.125
Data for capillary tube 4G
Head above the tube inlet 2.978 cms. of soll:

Pg. o] Ap Tw Tw
cms . of gms/sec dynes/cm? g8<u> 'exp2 cal.2

Hg. D -1 @ynes/cm dynes/cm
sec

0.00 0.005262 84973.8 988,94 9.587 9,572
14.80 0.017654 282111.0 3317.81 31.828 32.160
30.20 0.030304 48696u4.0 5695.1u 54.940 5§5.135
43,30 0.040962 661007.0 7698.17 74.576 74.533
61.u45 0.0556u46 901820.0 10457.70 101.74y 101.265
82.80 0.073554 1184520.0 13823.20 133.639 133.876

esessscontd/ . ...

N



Data for capillary tube 5G

Head above the tube inlet = 4.516 cms. of sol®*
Pg. .G AP 8<u> Tw , Tw

cms. of gms/sec, dynes/cm2 D exp. cal.
Hg. - sec—1 dynes/cm? dynes/cm2

15.60 0;005251 262073.0 3374.64 32.398 32.551

30.30 0.009172 457870.0 ‘5894 .11 56.603 . 57.043

45.95 0.013194 666185.0 8u78.74 82.355 82.337

61.50 0.017196 873021.0 11050.30 107.925 107.672

75.60 0.020765 l060460.0 133u44,10 131.096 130.413

86.u0 0.023732 1203890.0 15250.70 148.828 149,417




Solution:

Density:

' TABLE ITe

20 ppm.

0.997 gm/cm
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3

" Data for stainless steel tubes

(by wt.) polyox

Capillary Head -above Pg e Ap AP
tube inlet  cms. gms/sec. exp. Cal,
cms.of so1l™ of Hg. : ..dynes/cm2 dynes/cm

0.0 0.578790 85559, 7 84385.5
T 0.917u67 138776.0 139119.0
1S1 5.940

‘ A" 1.143620 176318.0 177870.0
10.9 1.364628  218L76.0 217442.0
0.00 0.593410 63671.5 63320.14
4.40 1.050278  116229.0 '116751.0

IS2 6.547 |
6.70 1.260671  142938.0 142725.0
10.35 1.582390  184158.0 184113.0
0.0 0.599710 39229.7 38998.7
1S3 7.181 4.0 1.183633 84083.9 814385.5
7.1 1.554455  117147-0 117007.0

vesesscontd/...
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Capillary Head above Pg. G AP AP
tube inlet cms. gms/sec. exp. Cal.
cms.of sol” of Hg l'dypes/pm?v dynes/cm?
0.0 .155893 83633.6 88039.3
7.9 .320048 186354,0 185066.0
14.5 456785 270785.0 269271.0
281 6.901
22.6 .620000 372871.0 373807.0
30.5 .7651u45 471433.0 470452.0
40.6 .946740 595622.0 . 596246.0
0.0 .1541686 50110.0 49739.9
6.9 0.406N36 137363.0 136227.0
282 6.783 15.2 0.680u470 237975.0 237842,.0
22.4 0.899460 322299,0 324448.0
30.6 1.117610  416779.0 415594.0
' 0.0 .164358 31267.1 30294 .4
2S3 7.577 6.7 .541889 111607.0 112175.0
16.3 0.946992 219241.0 219086.0

ceesss.contd/...
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Data for capillary tube 3S.

Head above the tube inlet

7.334 cms. of soln

Pg G AP 8<u> ™ ™
cms.of gms/sec dynes/cm? _5:1 exp. cal,
Hg ‘ secv dynes/cm“ dynes/cm

0.0 0.036722 bL7455.2 1860.60 16.8009 16.6889
4.9 0.180976 2431339.0 9169.52 85.u429 85.1956
'80.2 0.316587 435000.0 16040.60 154.0060 ;53.8860
42.6 0.419251 588739.0 21242.30 208.4360 208.6500
61.4 0.563585 817620.0 28555.30 289.4680 289.6700
80.3 0.697913 1043580.0 35361.30 369.4670 369.3010

Data for capillary tube uS
Head above the tube inlet = 7.43 cms of solution

Pg G AP 8<u> Tw Tw
éms.of gms/sec dynes/cm D exp cal.

Hg segl dynes/cm dynes/cm

0.00 0.009353 47721.3 1307.24 12.0u418 12.0468
14,10 0.045683 234582.0 8384.98 59.1932 59.4543
29.90 0.08u4775 4Ly2267.0 11848.80 111.5990 111.5570
4y .65 0.12034l 634640.0 16819.70 160.1420 l59.9410
61.80 0.160876 856576.0 22485.20 216.1u440 216.2260
82.80 0.208686 1126120.0 29167.40 284.1600 284.,17u0

i e...contd/...



- 128 -

Data for capillary tube §S

,Head.above the tube inlet = 6.64 cms. of sol™’
Pg G AP 8<u> Tw Tw
cmsﬁof gms/sec dynes/cm D _, exp., cal.2
g. sec. dynes/cm dynes/cm
.00 0.002731 37503.9 1005.89 8.9449 9.1421
10.70 0.013064 179859.0 4789.62 42,8976 43.8060
27.40 0.028140 401237.0 10364.70 95.6975 95.6738
48.15 0.046712 674864.0 17205.00 160.9830 160.6050
65.20 0.061727 898828.0 22735.60 214,3760 21u4.1440
83.20 0.077333 1134190.0 28483;80 270.5110

270.7740
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TABLE IIf.

Data for Glass tubes (20 ppm)

Data for glass capillary tube 16

Head above the tube inlet = 4.516 cms. of solPl*

Pg. G AP 8<u> Tw Tw
cms.of gms/sec dynes/cm2 D 1 exp. cal.
Hg. , .. sec” ~ dynes/cm? dynes/cm?
6.0 0.552090 85539.7 3359.64 . 30.1233 30.1858
4.3 0.864561 138u48.0 5261.13 48.8960 48.6670
8.1 1.132690 184639.0 6892.78 65.0218 65.3304L
12.4 1.401880 235759.0 8530.89 83.0241 82.8075
14.8 1.552855 263695.0 9Luu9.62 92.8620 b92.937l

Data for capillary tube 2G

Head above the tube inlet =

Pg G ’ AP TW A T w

cms.of gms/sec dynes/cm2 8<u> 1
Hg . s N exp. a 07 * 9
sec”l dynes/cmZ_A ynes/cm

0.0 0.174800 85288.u 2566.u41 22.4816 :22.6202
7.4 0.357710 181105.0 5251.88 47.7383 4L7.4928
.14.8 0.533271 275178.0 7829.46 72.5353 72.5218
22.8 0.710040 375381.0 10u424.80 98.948Y4 98.8673
30.7 0.878576 u472834.0 12899.20 124.6360 125.0550
39.4 1.048106 579216.0 15388.20 152.678 152.4510

.....contd/...



- 130 -~

Data for capillary tube 3G

Head above the tube inlet =

4.356 cms. of sol®"

Pg G Ap 8<u>
cms.of gms/sec dynes/cm? D Tw Tw

Hg -1 exp cal.
L sec. dynes/cm dynes/cn
0.00 0.039678 70481.2 1753.92 15.9192 15.8655
15.20 0.148708 270566.0 6573.51 61.1112 60.6665
24.90 0.215546 396808.0 9528.02 89.6249 89.0035
41.05 0.325473 604563.0 14387.30 136.5490 137.0520
53.30 0.404160 760567.0 17865.60 171.7850 172.5u490
71.80 0.514848 994237.0 22758.40 2?4.5630 224.0380
Data for capillary tube 4G
Head above the tube inlet = 8.85 cms of soll

Pg G Ap - 8<u> ™ ™
cms.of gms/sec dynes/cm2 D . eXp, cal2
Hg ‘ -1 dynes/cm dynes/cm

sec. . . :

0.0 0.005805 ' 90709.7 1090.88 10.2340 10.1301
16.7 0.020290 31310”-0 3813.16 35.3247 35.5252
33.0 0.034136 529831.0 6415.28 59.7761 59.9535
ug.4 0.0u47830 747565,0 8988.83 8y ,3411 - 84,2619
6L4.3 0.060175 945107.0 11308.30 106.6280 106.3020
84.6 137.1180

0.077324

1213760.0 14531.70 136.9380

otooocontd/ool



Data for capillary tube 5G

131 -

~Head above the tube inlet = 9.082 cms. of Hg
Pg G P 8<u> Tw Tw
cms. of gms/sec dynes/cm?2 D 1 exp. cal.2
HE sec” | dynes/cm2 dynes/cm
15.30 0.005501 262524 3535.02 32.u4539 32.6490
30.10 0.009795 471616 6294.08 58.3023 58.4384
b6.25 0.013874 674566 8915.62 83.3915 83.1917
62.75 0.018314 893976 11768.80 110.5150 ©110.4090
83.00 0.023710 1163020 15236.u40 143.7750 143.8730
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TABLE IITI
Coefficients of the equations 3.B.11 & 3.B.1l0

Concen-

tration - Capi~- A By A B x 10°

ppm. llary 1
38 468.369 121.810 0.630u56 3.23613
us 1335.230 294.899 0.911718 1.44395
5S 3492.590 1304.130 1.252790 1.27007

40
3G 412.513 68.030 0.608155 2.26890
4G 1774.960 529.31k4 0.997101 1.58221
5G 5774.250 18359.600 1.429160 7.07138
3s 462.945 131.397 0.623155 3.49082
4s 1316.040 338.532 0.900639 1.65759

20 58 3500.710 1473.070 1.255710 1.43460
3G 409.u474 6u4.724 0.603675 2.15865
4G 1818.870 16.883 1.021770 0.050%7
5G 6170.870 5269.650 1.52733b 2.02966
3S 450.317 112.956 0.605158 3.00090
us 1284,560 369.801 0.879095 1.81070
58 3341.890 2062.430 1.198730 2.,00855

20
1G 51.821 5.170 0.286552 4.69780
2G 126.197 18.372 0.387922 3.84653
3G 396.911 74.278 0.585153 2.47729
nG 1742.900 392.994 0.979091 1.17u473
5G 1.459040 2.81179

589L4.940"

7300.330




- 133 -

TABLE IV
Solution: 40 ppm (by ézé) Polyox
Coefficients of the equation 3.B.15
Concené
tration Capillary Length A, BL
ppm. cms .
1S1 84,364 146384 15571.10
182 61.513 107735 8715.48
1S3 35.943 65867 8701.56
251 79.479 569696 109209.0
252 45.291 326259 56177.3
283 25.337 175299 66171.6
40
161 84,389 15043k 17666.70
1G2 54,304 99300 9uuy .80
1G3 30.008 55069 6030.65
261 84.059 502585  65964.8
262 ~ 55.91u 332522 44316. 4

2G3 28.894L 169738 22922.8
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TABLE IVb
" Solution : 30 ppm (by wt.) polyox

Coefficients of the equation 3.B.15

Concen- _

tration Capillary Length A B

PpmM. cms. L L
1S1 8l4.364 141888 16775.4
152 61.513 104293 12988.3
1S3 35.943 62627 9608, 2
251 79.479 571340 94078. 2
282 45.291 320515 54623.3
283 25.337 186350 61987.8

30
161 8L4.389 155135 18735.0
162 54.30L 100409 10141.0
163 30.008 55334 3312.1
2G1 84.059 503872 67957.4
2G2 55.91L 323224 46776. 8

2G3 28.894 170419 26067.2




‘Solution:

TABLE IVc
20 ppm. (by wt.) polyox

Concen-~

tration Capillary Length A B

eppm. cms. b L
1s1 84.364 135820 17236.6
1S2 61.513 100918 9753.1
183 39.943 58596 10728.1.

20 .
281 79.479 551923 82246.1
282 45.291 314761 51089.4
283 25.337 17447 60086.9
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TABLE VI
... Via
Value. .o.f. n .f_o'r. .S‘t.a‘i'nll'e.s.s: .S‘tAe.eA.l: ,.'t.u.b-e.s'. .a.-t_ .ai 'g.i.v_en ‘%E>
Concen- Tw 18 2S _
tration dyneil 8<u> n 8<u> n
cm Do D
secC sec ’
310 24865.6 124,264 26964,8". 130.5u45
250 20947.8 116.336 22380.4 108.462
190 16724.9 106.960 17548.9 83.752
40 ppm. 130 12111.9 95.570 12425.4 55.775
100 9620.5 88.8u48 9735.9 40.294
70 6975.6 81l.214 6949.2 23.633
30 3152.8 69.161 3062.2 -0.731
310 24757.9 158.579 - 28410.7 191.785
250 20896.4 44,439 23474.9 163.558
190 16723;5 127.599 18311.5 132.507
30 ppm. 130 12148.6  106.957 12886.0 98.063
100 9668.7 94,666 10061.6 79.343
70 7027.2 80.601 7154.,0 59.472
30 3189.0 58.135 3134,2 30.950
310 25531.1 153.070 30052.3 222.890
250 21503.0 134,198 24716.4 186.080
190 17162.8 ‘111.896 19179.2 146.305
20 ppm. 130 12u24.0 84,841 13415.9 103.089
| 100 9865.8 68.889 iou40.7 80.017
70 7151.3 50.794 7396.9 55.8u6
30 3230.6  37.255 3223.6 21.740
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TABLE VIb
Value of n for Glass tubes at a given 83u>
Concern- T, 16 Capillary tube oe
" tration dynes/ B<u> n BIU> n
em2 D1 D 1
sec sec
310 24279,2 -8.653 27421.6 -11.362
250 20608.5 -4,550 22854,6 -12.214
190 16612.2 ' 0.436 18009.3 -13.182
40 ppm. 130 12185.0 " 6.178 12827.4 -14,.300
100 9758.4 10.561 10085.9 ~14.930
70 7147.0 15.065 | 7227.2 -15.615
30 3287.8 22.54]1 3204.1 -16.639
P
310 22518.5 -85.274 27500.0 0.010
250 19158.3 ~-76.104 22906.0‘ -4;197
190 15489.9 -64.869 18036.7 -8.843
30 ppm. 130 11408.7 -50.554 12835.5 -14.183
100 9161.6 -41.798 10087.1 -17.196 .
70 6732.9 —31.205- 7223.8 -20.466
30 3117.0 -13.491 3199.6. ~-25.326



APPENDIX (b)

SAMPLE CALCULATIONS USING

COMPUTER PROGRAMS
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Program 1

Program to evaluate coefficients Aj, & B; in the

equation 3.B.15 (using the method of least square
curve fitting)

L}

NOTATIONS

B&cC - AL € Bj,coefficients in the equation 3.B.15

B(rn) - APcal’ dynes/gm2
D - AP , dynes/cm?
exp.
P - Pgas - P,, cms of Hg.
U - <u> , Average velocity,cm/sec
'} - Volumetric flow rate, cc/sec
W . - G, Average mass rate of flow, gms/sec
X - 8;u>’ sec™t
Y - Tyws dynes/cm?

Ly - Length of the tube, cm

L - Head above the tube inlet, cm

Sample calculations for #1 Stainless steel tube
(84,364 cms)
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16 DIM W[lﬂ]:P[lG] Q[l@]:UCl@J;D[l@]:V[IEJ,X[IGJ,YCIGJ;BEIQJ,T[l@]
20 READ.Ns>R1,D1,L1,L2

3@ FOR I=1 TO N

40 READ WL1I1]

SO NEXT 1

6 FOR I=1 TO N
70 READ PL11]
80 NEXT. I

99 FOR I=1_TO. N.

95 LET VLIJI=WLI1/R1

100 LET ULX1=4%WLI1/(3.14%¥R1%D1t2)

110 NEXT 1

1260 FOR I=1 TO. N

130 LET @[I] (((13.6*P[IJ)/L1)+((L1+L2)*R1/Ll))

- 140 LET DLIJ=(OCII~-CC1.12%¥R1%xULTI1t2)/(L1%x980. 66532 )% (L1%980. 665)
150 NEXT. I

1680 FOR I=1. TO.N .

179 LET. XLId= S*U[I]/Dl

188 NEXT.1I

190 FOR I=1_TO.N .

200 LET Y[Il= Dl*D[I]/(A*Ll)

210 NEXT X

220 FOR I=1 TO N

240 NEXT I..
258 LET Si=
260 LET Sa=
279 LET S3=
2880 LET SS=
290 LET Sé=
398 FOR I=1 TO N

(S EOEORO RN

310 LET S1=S1+CCWLI112)%DLII)
320 LET S2=S2+WLIJ4%WLIJ
330 LET S3=S3+CWLIJt4)

340 LET S5=S5+¢WLI1t3)

350 LET S6=S6+WLI3%DLI]

360 NEXT I

370 LETB-—(SS*Sé S1%S5)/(S3%xS2-S5%S5)
380 LET(C =(SS5#S6-S2%S1)/(S5%S5-53%52)
399 LET R2= @

439 LET R3= @ , :

435 PRINT. "PCId","WCId", "DCIX","BCID"
41@ FOR I=1_TO. N ..

420 LET BLI)= Bk WCII+Ck CWEIIT2)

430 LET TCI)=DCI)-BLI1)

440 PRINT PIIJ,WEI],D[IJ,B[IJ

459 LET R2=R2+TC11

460 LET R3=R3+TCLIJI%*TCI)

470 NEXT 1.

4806 LET R2=R2/N

490 LET R3=CCR3/N)>*t(1/2))

495 PRINT llBli, IICII

508 PRINT BsC

510 END



- 141 -

520 DATA 5549975122269, 84. 364, 4,958
S39 DATA «54757,.8377865,1.86089,1.27372,51.55012
549 DATA B53¢957¢15103514.75

RUN
PCI) Weld DCI) BCI)

@ 54757 84886.5 84824, 2
3.9 « 837706 133622 133554
7.1 1. 66089 - 172845 172822
10.3 1.27372 211479 211714
14.75 1.55012 264454 264328
B = A c = BL

146384 15571.3

*READY
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Program'Z

Program to evaluate coefficients Ay, A3,By and B
in the equations 3.B.16 and 3.B.17 (using the method
of least square curve fitting)

NOTATIONS
X - L, Length, cm
Y - A or BLcoefficients in the equation 3.B.15
C(l) - A3 or B3

Coefficients in the equations 3.B.1l6

c(2) A, or B, & 3.B.17

Sample calculations for #1 Stainless steel tubes



16
20
39
40
50
60
70
80
90 .
180
110
120
130
140
150
160
170
"180
190
200
210
220
230
240
250
260
279
280
290
300
310
320
330
340
350
360
370
380
390
400
419
420
430
440
450
460
479
480
490
500
510
520
530

« 143 «

DIM X[(2001,Y(2001,AL11,5,113,BL113,CL111,PC(201
READ M»2Z,0Q
FOR I=1 TO 2
READ Y[1)
NEXT I
FOR I=1 TO @
READ. XC11
IF XfI1l=s @ GOTO 1789
IF X[11=99999 GOTO 11@
NEXT 1.,
LET N9=I-1
LET M2=M%2
FOR 1I=1_ TO M2
LET PLI1)= O
FOR J=1_TO.N9. .
LET P[IJ P[IJ+X[J3?I
NEXT J
NEXT I
LET N=M+1
FOR I=1 TO N
FOR J=1.TO N
LET K=1+J-2
IF K<=.8 GOTO 260
LET AL1,J1=PLCK]

GOTO 270 .
LET AL1511=N9
NEXT J
NEXT I

LET BL1l= 0O
FOR J=1_ TO N9
LET B[lJ B[13+Y[J]
NEXT.J
FOR I=2_TO.N
LET BL1Il= O .
FOR J=1_TO. N9 .
LET B[I] B[IJ+Y[JJ*X[JJ?(I -1
NEXT J
NEXT I..
LET Ni=N-1
FOR K=1 TO N1.
LET Ki=K+1
LET L=K
FOR I=K1 TO N.
IF ¢.ABS (A[IaKJ)- ABS (A[L:KJ))<— g GOTO
LET,L I
NEXT. I —-
IF C(L-K)<= @ GOTO 560
FOR J=K TO.N
LET T1=ALK,J].
LET AfK»JI1=ALL,J]
LET AfL,JI=TI1
NEXT J.. .
LET T)=BL[K1l.

460
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540 LET BLK1=BIL]

556  LET BLLI=TI

S606 . FOR I=Kl. TO N .

570 LET F9=ALI1,K1/ALK,»K]

580 LET A[LI,K1l= 0

590 FOR J=K]1 TO N |

600 _ LET ALI,JI=AL1,J1- -F9%ALK>JI
610 NEXT J . .

620 LET BCI3=BLI]- FO%BLK 3

630 NEXT I

640 NEXT K ..

650 LET CINI= BIN1/ALN,N1

6680 LET I=NI1

670 LET 11=1+1

6890 LET S=.0

69@ FOR J= I1 TO.N

700 LET S= S+A[I:JJ*C[JJ

718 NEXT J. ..

720 LET C[IJ’(BEIJ -S)/ALI,11

7386 LET I=I1-1 :

748 IF (I>> @ GOTO 6790

750 FOR I=1 TO N..

760 PRINT "C("‘I"')"'"C[IJ

765 NEXT I

776 GOTO 69

780 END

799 DATA 1, 35 S

800 DATA 146384, 107735, 65867.4
810 DATA 84.364, 61.513, 35.943, 99999, O

RUN .
Cc 1 3= 5913.1
CC 2 )= 1662.35

*READY
8008 DATA 15571.158715.48,8701.56
RUN

CC 1 )= 2566.86
CC 2 )= 139.0@81

*READY
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Program 3

Program to evaluate coefficients A and B in the
ggugtion 3.B.10 knowing A2 g B2 and to evaluate
u

5 for a given Ty

NOTATIONS

Coefficients in the equations 3.B.16 & 3.B.17

By, - By

D - Diameter, cm

Ry - P, Density gms/c.c
T - Ty dynes/cm2

X - 8<u>,‘sec’l

Sample calculations for #1 Stainless Steel tube
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19 DIM TL[2531,X[251
23 READ N»Al,B1,D,RI

3% FOR. I=1 TO N
40 READ TC11
50 NEXT I

68 LET A=(A1%3.14%x(D*t3)>%R1)/32
79  LET B=(B1%x((3.14%(D*3)%R1/32)%2))
88 PRINT. A15sBl1,D,A,B

9@ FOR.I=1 TO N

*READY

166 LET XLI1=C-A+(CA%A+C16%TLI1%B/DY>1C1/25))/(2%B)
118 PRINT TLIJ,XL[I]
120 NEXT I
130 END | |
14 DATA 12, 1662.35, 139.081, 122269, 997
190 DATA 30, 58, 70, 100, 138, 160, 198, 228, 250, 280, 310
RUN & , D A B
1662.35 139.081 _8<u> 122269 .297266 4. 44T48E-6
10 = 7, 1082.97 =~ D
30 3152, 81
50 S111. 63
70 6975. 63
100 9620. 52
130 12111.9
160 14474
190 16724.9
220 18879
250 20947.8
280 22940. 8
310 24865. 6
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Program 4

Program to evaluate AP"8BU> and 'y for tubes with

high 1/D ratio

NOTATIONS
D - APexp.’ dynes/cm2
Lq - Length of the tube, cm
Lo - Head above the tube inlet, cm
Ry - p, Density, gm/c.c

- <u> , Average velocity, cm/sec

- @, Average mass rate of flow, gms/sec

- §%EZ, s;ec"1

Y - Tus dynés/cm2

Sample calculations for #5 Stainless Steel tube
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DIM w[101,Pt1@3,@t1@J,Ut1zJ,Dt103,vt1®3,xt103,Yt1a3,8t1e],7t1ei

10

o9 READ Ns>R1,Di,L1,L2

30 FOR I=1 TO N

40 READ WLIJ]

S@ NEXT I

6 FOR I=1 TO N

70 READ PLI1]

82 NEXT. I

9@ FOR I=1.TO. N

95 LET VILII=WL[IJ1/R1

100 LET_U[I]=4*W[I]/(3o14*R1*D1?2)

119 NEXT. 1

120 FOR I=1 TO.N . . . ; .

130 LET @[I]F(((13o6*P[I])/Ll)f((Ll+L2)*Rl/L1)) )

140 LET,D[I]=(Q[I]-((1-lQ*Rl*U[I]*Q)/(Ll*980.665)))*(Ll*98ﬁo665)

150 NEXT.1I ’

169 FOR I=1 TO.N

170 LET X{131=8%ULI1/D1

180 NEXT 1

199 FOR I=1 TO.N ..

269 LET YLI1=D1%DLI1/C4%xL1)

218 NEXT 1 . ) . )

215 PRINT. "PCI)" "UW(I 3, DCINS TXCINS Y (C n-

o2 FOR I=1 TO N . .. ; .

239 PRINT P[IJ:W[IJ:D[I]:X[I]:Y[I]

240 NEXT I '

5190 END .

s2g DATA 65 <997 0302765 31.735» 7.022 : :

530 DATA 815446, . 0288265, «040509, . 0528865 +064709» e BT76937

s4p DATA 13.9, 29, 42¢Ts S5Te2s T0eTs 8448

RUN . L )

PCID WCId DCI) XCI) YCI)
13.9 « 315446 222761 5689.14 53.1298
29 « 328826 422865 106173 1006.856
42.7 « 040539 6833825 149205 144.016
57.2 « 352886 794704 19479.2 189. 542
107 « 364709 971737 23833.9 231.765

+READY



Program 5

Program to evaluate Aj & B; coefficients in the
equation 3.B.11 (using the method of least square
curve fitting)

" NOTATIONS
B(I) - T . dynes/cm2
cal.
B - Aq
Coefficients in the equation 3.B.11l

C - By .
T(I) - Ty - Ty s dynes/cm2

exp. cal.
Ry - Standard deviation

Sample calculations for #5 Stainless Steel tube
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16 DIM XC[1063,Y[1801,BL1001, TL100]

20 READ N

25 FOR I=1 TO N

30 READ YL1I1

42 NEXT I .
. 58 FOR I=1 TO N

69 READ X[11]

79 WNEXT I.

80 LET Si1= 0

99 LET S2= 0

109 LET S3= 0

116 LET SS

= 0

120 LET Sé6= 0

150 FOR I=1 TO N ..

170 LET Si= Sl+((XCIJ?2)*Y[IJ)
- 180 LET 52_S2+X[I]*X[IJ

190 LET S3=S3+(X[I1t4)

200 LET S5=S5+((X{11*3)

210 LET S6=S6+XLI3xYLI]

240 NEXT I

349 LET B=(S3%S6-S1%S5)/(S3%S2-S5%S5)
358 LET C=(¢S5%S56-5S2%S1)/(S5%S5-53%52)

360 LET Ri= 0

378 LET Re=

375 PRINT. "XCId)"s*YC(I)"> CBCIILUTCIN

o

388 FOR 1I=1 TO.N .

385 LET BEI]-B*X[I]+C#(X[IJ?2)
390 LET TCI3=YL[IJ-BLI]

395 PRINT X[I],Y[IJ:B[IJ:T[IJ
480 LET R1=R1+TC1]

410 LET R2=R2+TLI1x*TLI]

420 NEXT 1.

430 LET Rl=s

R1/N

449 LET R2=((R2/N)>t(1/2))

445 PRINT "B": ncn, llRll!, uRzu

450 PRINT
460 END

479 DATA
488 DATA
499 DATA

RUN
XCI)
1¢54463E-2
-« 028826

4, 95095E-2
5.28862E-2
6. 47995E-2
«B76937

B .
3492459

*READY

l 890 542,
4.0509S5E~-2,

B>CsR1,R2

6

53.1289, 100.856> 144.016,
1.54463E~-2, .028826,

YCID , B(I) .
53.1289 S54.2587
100.856 101.761
144.016 143. 623
189. 542 188. 357
231.765 231. 465
275.721 2764 429

R1
1304.25 © -e 144276

TCI)
-1.1298
-.9050814
. 392822
1.18451
-« 3006201
-+ 708374
R2
« 841107

231. 765,
5.28862E~2,

275.721

6. 4T095E~2,

<078
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Program 6

Program to evaluate coefficient A & B in the equation
.3.B.10 knowing A; & By and to evaluate 8<u> for a
given Ty '

NOTATIONS

Coefficients in the eguation 3.B.1ll
B - B
2

1
D - Diameter, cm
R4y - p, Density gms/c.c
T - Tus dynes/cm2
X - 8;u>’ sec_l

Sample calculations for #5 Stainless Steel tube



NEW

10
20
30
40
S50
s2
54
69
79
76
80
1%
109
110
120
130
140
190
RUN .
349
461
10
30
50
70
100
130
160
190
220
259
280
310

DIM TL251,XL25]
READ N,»A2,B2,DsR1
FOR. I=1 TO N
READ TL1I1]
NEXT I.
LET Al=A2%4/D
LET B1=B2%4/D
LET A= (Al*3ol4*(073)+Rl)/32
LET B—(Bl*((3ol4*(D?3)*Rl/3
PRINT A2,B2
PRINT Al1,Bl1,D,A,B
FOR. I=1 TO N

LET XLIl=(- A+((A*A+(16*T[I]*B/D))f(1/2)))/(2*B)

PRINT TLIJLXLI]
NEXT I
END ) -
DATA 12, 3492.59, 1304.13
DATA 10, 30, S@, 70, 100,
Ay, By
2459 1304.13
433 172299
1953. 12
3153. 45
S5244. 67
7327.36
10435
13524. 1
16593. 6
19645. 3
22678+ 8
25694. 3
28693. 2
31674.1

*READY
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2312

s 030276,
130, 160,

D

«B30276

220, 250>

A
1.25279

310

B
1.27006E~-6
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Program 7

Program to evaluate coefficients in the equation

3.C.10 and to recalculate T, for a given )
" NOTATIONS
<u> - -
XCI) - 8 ( uD Um), sec™ 1
2
Y(I) - T,, dynes/cm
B - @

, coefficients in the equation 3.C.10

c - P

Sample calculations for #1 Stainless Steel tube



10
2o
a5
39

60

10

72

74

76

80

99

100
110
120
150
170
189
199
200
210
240
340
350
360
370
380
385
390
395
490
410
420
421
422
424
426
439
440
450
460
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DIM XC1083,Y[1063,TC1001,KL1601,PL1601,QL[1060)
READ NsM
FOR.I=1 TO N

READ YLI3

NEXT I

FOR I=1 TO N
READ X[I)

NEXT I

FOR J=1 TO M
READ P[J]

NEXT J..

LET Si= 0

LET S2=.0

LET S3= 0

LET S5= ©

LET S6= 9

FOR I=1 TO N L.
LET Sli= Sl+((X[IJt2)*Y[I])
LET S2=S2+X[1J)%X[I)
LET S3=S3+(X[{11t4)
LET S5=SS+(¢(X[11t3)
LET S6=S6+XL11xY[I]
NEXT 1
LET B=(S3%S6- S1%55)/ ¢S3%S2-55%S5)
LET C=(S5%S6-5S2%5S1)/(S5%S55-S3%532)
LET R1= 0
LET R2= 0@
FOR I=1 TO. N .
LET KCIJ B*X[IJ+C*(X[1312)
LET TCIl=YLIJI-KLI]
PRINT X[IJ:Y[IJ;K[IJ,T[IJ
LET R1=RI1+T[11] .
LET R2=R2+TCI)*TL1]
NEXT I
FOR J=1.TO. M .
LET Q[JJ B*P[JJ+C*(P[J312)
PRINT PLJJ,QLJ)
NEXT J.
LET Ri=R1/N
LET R2=C(R2/N)t 1723
PRINT B»CsR1sR2
END

....Olcontd/....
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478 DATA 8, 10

480 DATA. 310, 258, 100, 70s 30

490 DATA 22389.4s 19406.4, 16129.4, 12185.4, 972165 727107
sp@ DATA 5387.42, 3442.93

51@ DATA 1100, 1500, 35008, 5000, 7008, 10000
seg DATA _ 30000

RUN 45?;U> - Uyt "Woal, |
22389.4 D 310 308. 008 1.99158
194064 4 . 250 25@. 558 -.558167
16129. 4 190 193,261 -3.26114
12105. 4 130 131.233 -1.23288
9721. 6 100 98.8192 1.18085
7271.07 10 68. 8572 1.14281
5387. 42 50 48.1415 1.85848
3442.93 30 28.8674 1.1326
1100 8. 49221

1500 11.7504

2200 17. 6706

3500 29, 4925

S@o0 44.1303

1000 65. 7521

10000 102. 438

14000 159.293

20000 261.588

30000 477. 447 |

7. 43828E-3 2. 83559E~7 «281765 1. 72735

B C

*READY
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Program 8

. g8<u> .
Program to calculate n for various U7 at a given

shear stress,knowing A2, Bo, A, & B.

NOTATIONS

Ay - A :
Coefficients in the equations 3.B.16 & 3.B.17
Bl - B2
A - A
Coefficients in the equation 3.B.1l0
B - B ‘
D - Diameter, cm
Ry - p, Density, gm/c.c
T(I) - ,° Dynes/cm2
X(I) - 8<u> gee™?t
M(I) - n, entrance length correction factor

Sample calculations for #1 Stainless Steel tube



10
e
39
40
1)
60

- 1587 -

DIM TL253,XL[2515ML25]
READ N»Al,Bl1,DsR1,A2,B2
FOR I=1 TO N

READ TLI]

NEXT I
LET A=CA1%3.14%x(D*3)%R1)/32

79 LET B=(Bl%((3.14%(Dt33%R1/32)t2))
72 LET A3=AL%3.14%(Dt3)*%R1/32
74 LET B3=B2%((3:14%(Dt3>%R1/323t2)

4. A4T748E~-6

83 PRINT.A1,Bl1,DsAs B»A3,5B3
99 FOR.I=1 TO N ..

100 LET XLI1=C-A+CCA*A+C16xTLII=B/DI>1C1/2)))/(2%B)

105 LET MLIJI=CA3%XLIJI+B3%x(XC[I1t2))/¢2%xTLI1)

110 PRINT TL{IJ,XCIJ,MLI]

120 NEXT I

136 END

14¢ DATA 12, 1662.35, 139.081, e 1222695 «¢997> 5913.1, 2566486
19¢ DATA 10, 38, 58, 70, 100, 13@, 160, 190, 2208, 250, 280, 310
RUN Ay B. D A B
1662555 139.é%1 . 122269 « 297266

1.05739 - A3 8. 20821E~5- B3

10 ' 1082.97 62.0699

30 3152.81 69.1613

50 5111.63 75. 4968

70 6975+ 63 81.2143

188 T 9620, 52 g<u> 88.8483 M(I)=n

1390 - 12111.9 D 95.5704

160 14474 191.563

190 16724.9 106.96

220 . 18879 111.858

250 20947.8 116.336

280 229 40. 8 120, 455

310 24865. 6 124.264

*READY
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Program 9

Program to evaluate of U_, 6 and Ny for a given
shear stress, knowing ¢ ,f,A, &EB.

Sample

NOTATIONS

o
Coefficients in the eguation 3.C.10
B
A .
Coefficients in the equation 3.B.10
B .
Diameter, cm
Tys dynes/cm2
Non—Newtonian viscosity gm/cm.sec
,Anomalous layer thickness, cm
Uy cm/sec
-1
8Uy,, sec
D -1
8 (<u>-U,)/D, sec
g<u>/D, sec’l

calculations for #1 Stainless Steel tube



10

20 READ N»D>V,A>B>A1,B1
33 FOR I=1 TO N
40 READ TLI3J
5S¢ NEXT. I
60 FOR I=1 TO.N ..
79 LET X[IJ=C~A+CCAXA+4%B+TLI11)1C1/2)))/(2%B) o
75 LETAZ[IJ;(A+B*th])*(4*A+8*B*X[IJ)/(A*A+7*B*X[IJ)
80 LET YLIJ=C-A1+CCAl%A1+(16+B1%TII1/D))>1C1/2)))/(2%B1)
90 LET WCIJ=YCIJ-X[I]
100 LET UCIJ=CUWCLI3I*D)>/8
192 IF ULIl<= 6. GOTO 106 . .
184 LET DCIJ=CULII*VXZLIID/CTLII*C(ZLII-VI)
105 GOTO . 110 ) . .
196 LET DLIJ=-CULTII*ZLII/TLIIY . . _
110 PRINT TCIJ>YCLIJsX[IJsWLIIsULII,ZLTI1,DLI]
1280 NEXT 1
138 END _ _
140 DATA 8» «122269, .008937, T.40828E-3, 2.83559E-7, < 2972665 4.44T4B
158 DATA 310, 250, 190, 130, 108, 70, 30, 10
RUN ."8<w>/D <u> ~Uy) 8Uy/D
318 W 24865. 6 22238, 2 2377.36
1.49686E-2 ~N , 2.59956E-3 é
250 20947.8 19376 1571.72
1.39436E-2 2.39158E~-3
190 16724.9 15931.8 793.082
1.28054E~2 1.88731E-3
130 12111.9 12018.9 93.0176
1.15055E-2 4.37789E-4 - .
100 962@.5 9812479 -192.295
1.07682E-2 3.16472E-4
79 6975 62 7369.95 -394.334
9.,94654E~3 8.56376E-4
30 3152.82 3563. 52 -410.702
8. 6505E-3 1.8@997E-3
10 1082.96 1286. 52 -203.561
7.86118E~3 2. 44573E-3
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DIM X(283,TC(201,Y[201,W[201,Ul201,Z(201,DL20)

*READY

UW
36.3346

24,0216
12.1212
1.42165
-2.93896
-6.02685
-6.27701

-3.,11115





