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ABSTRACT

The theory of steady, laminar, one-dimensional Poiseu-
ille flow of high molecular weight polymers in aqueous solu-
tions is presented for the general case of the fluid exhibi-
ting anomalous surface effects at the solid wall. A capillary
viscometer was used to determine the rheological properties
over intermediate and high shear rates. Polymer adsorption
and separation phenomena account for the different flow curves
obtained for various calillary diameters. A mathematical
model correlated the experimental data and explained the.
polymer behavior. The analysis showed the importance of capi-
llary diameter and applied shear stress in explaining the

anomalous flow behavior.
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CHAPTER I
INTRODUCTION

The behavior of high molecular weight polymers in solu-
tions and melts has been studied extensively for many scien-
tific and engineering applications. When used as additive,
the physico-chemical properties of polymer molecules affect
the viscometric characteristics of the mineral oils, Poly-
mers have also received extensive use in thickening hydrau-
lic fluids and lubricants. Certain areas of polymer behavior
are complex and controversy exists concerning tﬁe nature of
these complex systems.' Nevertheless, the viscometry of po-
lymer solutions has contributed sﬁbstantially to the under-
standing of the physical characteristics of macromolecules.

The purpose of present workwas to develop theoretical
relationships for the generél case of polymer fluids exhi-
biting anomalous flow behavior near the solid surface. The
physical phenomena observed for aqueous Natrosol solutions
are best e#plained in the light of a slip phenomnenon. The
study was conducted o?er intermediate and high shear rates.
Following assumptions were made:

(1) Steady, one dimensional laminar flow takes place.
Hence, visco-elasticity has no effect whatsoever on the
flow pattern and the shear stress is a unique although uﬁ—

specified function of the shear rate.




(2) The effective velocity of slip at the solid sur-
face is either zero or some finite positive or negative

value, Uy,
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CHAPTER II

RHEOLOGY OF NON-NEWTONIAN

MATERIALS

The discovery by Bingham and Green (5) in 1919 that oil
paint is a plastic solid and not a liquid ga?e birth to the
science of modern rheology. Since then, Rheology as "the
science of flow and deformation of matter" has progressed
steadily. The primary aim of rheology' has been to formulate
constitutive equations capable of describing many observed.
phenomena on 'various fluids of interest to engineers. The
fgilure to exhibit Newtonian properties, i.e. strict propor-
tionality between stress and strain rate; by high viscoéity
liquids, polymers, colloids, sols, gels, concentrated slur-
ries, biological fluids, solutions of macromolecules etc. has
necessitated the formulation of many constitutive equétions

and rheological models.

Generalized Newtonian Fluids

A most useful and practical constitutive equation is

provided by the '"generalized Newtonian Model" (43).

F e o (IDT e e (a=D)

where n is a function of the second invariant of the rate of

strain tensor. This invariant can be expressed as a function

of the following scalar invariants:

e BT
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The equation (A-1) describes a viscous incompressible fluid
for which the effects of cross viscosity and of the third in-

variant are not taken into consideration.

Other Rheological Models:

It is desirable that any proposed rheological model
should represent the actual behavior of a fluid with accuracy
in low as well as hlgh shear rates, Bogue and Doughty (7)
have listed a number of desirable properties of a theory to
adequately de§cribe the behavior of rheological“materials.
The theory should
(1) be co-ordinate invariant,

(2) predict shear dependent viséosities,

(3) predict normal stresses in steady shear,

(4) reconcile the dynamic experiments of linear visco-
elasticityg

(5)° explaip stress—rélaxation phenomenon and

(6) be exblicit, with definite constants to be fitted to

experimental data.

It is, however, difficult to formulate one constitutive
equation capable of describing all the fluid properties. So,
non~-Newtonian fluids are classified into various categories.

Pseudoplastics are the commonest non-Newtonian fluids. There

are several useful constitutive equations (6) for pseudoplas-

tics, even though they are not universally applicable. The




most common omne that is widely used is the Power law (Ost-

wald-de Waele) model:

Tig=-{m (3 11) 7} Ais  eeeiereeiiiiio. (B-1)
where m and n are two positive flui@-parameters déterminable
from viscometric measurements. This simple equation fits
the flow curves of almost all pseudoplastic materials over
at least one decade of shear rate and also fits many com-
mércially important‘polymerié matérials over shear réte
ranges up to three or four decades. This model; however,
does not describe either the_lower limiting viscosity or the
upper limiting viscosity. Recently, a four constant model

in which there are both, a lower limiting viscosity and an

upper limiting viscosity, has been proposed by Meter (33,34):

T no—nm

}oa,, b......... (B-2)

ij = - { noo‘."' ij

Virr*

2

L+(————£ )4
T

where Nos> News 4 and‘.'rm are the fluid parameters.

Models for Viscoelastic Materials:

In the previous section, discussion was limited to those

fluids which could be characterized by a knowledge of the

%* -
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state of stress in a fluid and the reiationship between stress
and rate of strain. For manylfluids such a characterization
is not possible. .The behavior of many fluids at g given in-
stant of time depends not only on the state of stress but also
on'the way in which the Stress and rate of strain are changing
with time. The Viscoelastic nature of a fluid is also impor-

tant in viscometric flow. Here it produces "normal stress"
effects,

In attempting to solve the problem of elastic response
in many fluids, several theories of viscoelasticity have re-
sulted. Viscoelastic theories due to Oldroyd (46),.Rivlin
and Ericksen (44), Noll (38), Coleman and Noll (13), Green
and Rivlin (22), Ericksen (lY)Ietc; have received considera-
ble attention. The treatment by Oldroyd is the only one to
-have received significant engineering application. Recently

Spriggs and Bird (50) have proposed a model capable of giving

8 reasonable description of non-Newtonian viscosity and nor-

mal stresses, This model includes some results from mole-

cular theories (45, 57) to provide a link with the structural
aspects of polymer §oiutions. More recently, Carreau and
Bird (11) have pProposed a rheological model for polymeric
fluids. Thi; model can describe non-Newtonian viscosity,
shear-rate-dependent normal stresses, frequency-dependent

complex viscosity, Stress-relaxation after large-deformation

flow, recoil and hysteresis loops. Their model takes the

form:

JFORN S
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One must be prepared to sacrifice mathematical complete~-
ness'for.practical utili;y and in many instances, this recourse
appears possible when viscoelastic‘effects are not of éerious
consequence. In simple shear flow, a power 1§w description
of the viscous characteristics is adequate for polymer solu-

tions,
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CHAPTER III

TUBE FLOW OF NON-NEWTONIAN FLUIDS

Iﬁtroduction

The ﬁechanical behavior of many real fluids, particular-
ly those of low mol. wt. has been described by the theory of
Navier-Stokes fluids over a wide range of circumstances. This

theory is based upon the following equations:

= N o .2

r=-p1+2no£ e e (A-1)
e :

Trace A = 0 €t e e et veceenes (A-2)

wheré A is the rate of strain tensor, T is the stress tensor,
P is the isotropic pressure and no is the viscosity. For
Navier-Stokes fluids, such as water, equations (A-1) and
(A-2) predict that the volumetric flow rate will be propor-
tional to the driving force and to the fourth power of the
radius R of the pipe in steady Poiseuille flow. This simple
relation does not hold for solutions of high polymers in sim-
ple shear flow. For polymer solutions, the viscosity is a
function of shear rate. Many rheological models, discussed
in Chapter II,have been proposed to épproximate the flow be-

havior of the non-Newtonian fluids.

Flow Through Tubes

For steady, laminar, isothermal flow through tubes, ex-

pressions for flow rate and velocity distribution as functions




The effective slip velocity, U

of pressure drop may be derived by substituting the appro-
priate coﬁstitutive equations, relating shear stress and
shear rate, in general equations of motién and continuity.
In the tube flow of solutions of high polymeric materials,
however, the wall may introduce a preferred  direction.

This anomalous surface effect has been treated mathematical-
ly by Schofield and Scott Blair (47) and also by Oldroyd
(39). They have outlined procedures to detect this effect
near the solid boundary. Their methods were used success-
fully by Toms (51, 52) for his data on solutions of poly-
methyl methacrylate both in the laminar as well as turbulent
flow. The»mathematical expression developed by 0Oldroyd (16,
39) takes the form:

T

w
2
8<U> = 8 Uw(r ) + 4 I T f(t)dT R (B-1)
D D TW5
o}

» accounting for the anomalous

w

flow behavior, has been found to be a function of shear stress

at the wali. Equation (B-1) can be further written as

T
. w
8<U> _ 8 Uy(tw) 4 ( T2E(T)AT wvunn... (B-2)
D Ty D T Twi )o
8 Tw ,
or 1 _ = E(Tw) + © T E(T)AT s, (B-3)
/v = D .
: el
0

Here l/ is called the apparent fluidity and E(Tw) is called




. the effective velocity of'slip per unit shear stress at the

wall. This analysis for tube flow has been extended to the
case of flow between rotating coaxial chipders by Oldroyd
(16)3 Morrison and Harper (37) experimentally observed the
wall effect in such flow for suspensions of fibrous parti-
cies. This analysis has been extended further by Kozicki et
al (27) for the prediction of the flow rate and maximum ve-
locity versus pressure drop relationships in the isothermal,
steady, uniform, laminar flow of incompressible time-inde-
pendent non—New;oﬁian fluids in complex-shaped flow channels.
Jastrzebski (25) found that for his data on concentrated sus-
pensions of kaolinite PD-10, the 0Oldroyd method:did not givé
satisfactory results. It was foun& that the slip coefficient
wés not only a function of the sheér stress but also varied
inversely with the tube radius. This dependence on tube ra-
dius enabled satisfactory correlation of the data.

For the flow of aqueous polymer solutions in the inter—
mediate and high shear rate range, another parémeter, the
critical shéar stress; haS-ﬁeen found to contribute to the
peculiar séparation observed in the flow curves. 1In the

present analysis, a new slip coefficient is defined as

follows£
U
a(t , D) = w N, Ceee (B-4)
w Ty~ T (D)
1
with a(r&, D) = _E_ﬁlul_ et ettt e e (B-5)
. D
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where the critical shear stress T 1is assumed to be some
c
function of the tube diameter. The effective slip velocity .

thus can be written as:
U, =21 (Ty) {r, - 1M} v, (B-6)
D ,

Substituting this value of U . in the equation (B-1), one
w

obtains :

T
w
8;U> _ 80LI;§TW){TW -1c(D)} + 1_4" J T2£(1t)dT .. (B-7)
' W
o

Now, the slip coefficient o' can be obtained as' the slope of
the plot of ;§§EZ versus §; {TW—TC(D)}L This slip coefficienﬁ
is then used to calculateDthe effective slip velocity which
manifests the physical phenomenon teaking place.

The pélymer molecules are adsorbed on the tube wall‘at
multiple points of attachment. Due.to this adsorption, the
effective tube qiameter will be less and hence there will be
decreased f;ow rate. This could be corrected by calculating
the effective slip velocity from équation (B-6). Hence the
true shear rate can be obtained after making this correction.
This phenomena has been investigatéd experimentally and the-

cretically by many other workers. Luce and Robertson (31)

studied the adsorption of polyvinyl acetate from solution

by water-swollen bleached sulfite pulps. "Koral, Ullman and

Eirich (26) also investigated the adsorption of polyvinyl

acetate by metallic powders. The adsorption phenomenon has




been similarly studied by Hobden and Jellinék (24), Frish,
Hellman and Lundberg (19) and Yurzhenko and Maleyey (56).

Sadowski (46) also observed this phenomenon in his packed

bed experiments on Natrosol solutions. Many other workers
have studied the phenomena theoretically by a statistical

mechanical approach . (46) .

Polymer adsorption seems to be prominent in the lower
shgar rate region. As the shear stress is increased, the
polymer molecules uncoil. This has been described as a
central feature of polymer molecules by Merrill (1). Hence
under shear stress, the molecules are distorted into in-
creasingly.elongated ellipsoids. These moleculeés will then
tend to align in the direction of flow near the solid boun-
dary. The molecular configuration'also changes. This gradual
change in structure to rod-like particles results in a less
viscous layer near the solid boundary. As a result, the
flow rate increases. Again, the correction has to be made
to obtain the true shear rate. This separation phenomenon
results in ; positive effective slip velocity. The true

shear rate, 8(<U> - U can be obtained after calculating

),
/b
the effective.slip velocity. In summary, the proposed mo-
del should explain polymer adsorption and then the transition

to the separation phenomenon observed in tubes of different

diameters under varying shear stress,

Prediction of Transition from Laminar to Turbulent Flow

The mathematical model, discussed in the previous section,
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could be used to describe the laminar flow of aqueous poly-
mer solutions. Therefore, it is necessary to ensure that
the flow condition is laminar. The correlation of the la-
minar, transition and turbulent flow regions for the flow
of non-Newtonian fluids was given by Metzner and Reed (35).
Théy defined a generalized Reynolds number and based on
this a friction factor. The correlation of thé data on the
flow of non-Newtonian fluids in pipes was made on the con-
ventional friction factor-Reynolds number plot. In their
analysis, it was assumed that there was no slip at the wall,
It was, howeﬁer, necessary to incorporate the slip because
of the increased evidence of its occurrence in fﬁe tube
flow. Kozicki et al (28) redefined the Reynolds-number-
friction factor relationships accqﬁnting for the anomalous
wall effects. As a result of this, the point of transitign
from laminar to turbulent flow of a fluid exhibiting anoma-
lous behavior in laminar flow will be different from one
which exhibits no anomalous effects. Meter (34) has pre-
sentéd a cofrelation sgheme for polymers and polymer solu-
tions to pfedict the point of tranmsition into turbulent
flow. His analysis ﬁses the Ellis fluid model and does not
take into account the anom;lous flow behavior; Subsequently,
Kozicki and Tia (29) applied the Ryan-Johnson stability
theory to predict the point of transition for anomalous
flow. The ekpressions for the critical values of the fricf

tion factor, fc’ and the Reynolds number Rec, are given by

the following relationships:




pEp o e
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|

n+1 l/
£ - L {3L+1- (1-) ) & -—U—W———-——} 3o+l CUD N (c-1)
c 404 n+1l c <U> - U, n c
1\ 1 U 2+ |
and — —-——n'%h n+ W. b3 -
’ ;\C (n+2) 3n+1 <U>—Uw} - (6-2)
Re _ 19y e e e, e eeeeae. (C=3)
c fc
n' 2-n" .
Re = D (<U>" Uy ) p Y (o
gn'-1 g

For power law fluids, the critical friction factor is given
as a function of the flow behavior index with the ratio of
slip velocity to bulk velocity as the parameter. This me-~

thod will be used to check thgse data.

D. Estimation of Anomalous Layer Thickness:

Polymer adsorption and separation play an important role

in polymer behavior over a long range of shear rates and tube

diameters. The anomalous layer thickness for these phenomena
can be calculated based on Oldroyd's analysis. For tube flow,
the velocity gradient in the anomalous layer within a radial

distance § from the solid boundary can be represented by:

QU ECT) 4 g(8,THY) cveriiiiaeninnnnn. (D-1)

dy
where f£(T) is the velocity gradient depending on the fluid
model and g (§,T,y) is a term accounting for the anomalous
behavior in Ehe vicinity of the wall. Integrating equation

(D-1) within the limits O to y greater than §, one obtains:




- 15 - '
U= £(T )y + 7 85, T ,7)dY  tiieinninranans. (D=2)
w w
) .
or U—Uw (5,Tw) = .f(Tw)y ce s it i et ateesaaneseas (D=-3)

8
whére UW(G,TW) = J g(ﬁiTw’Y)dy

0

From equilion (D-3), it is clear that when y=0, U — UW(G,TW).
This is referred to as the effective velocity of slip at the
wall. When g(S,.Tw,y) is positive, the anomalous layer is
less viscous than the fluid in the main stream giving rise
to a positive effective velocity of slip. On the other hand
when g(G,Tw,y) is negative, the presence of the wall gives
rise to a more viscous layer than the main stream,resulting
in negative effective velocity at the wall. In the present
étudy, both kinds of phenomena are observed and it is éeén
that the transition also takes place.

An estimate of.the thickness of the anomalous layer
can be easily aone. When the layer adjacent to the wall is
pure solvéﬁt, the so called "separation phenomenon" (2),

the velocity gradient in the anomalous layer is given by

Tw/ + Thus equation (D-1) can be written as:
Hg ’
—_ Iw _ -
Uw(d,rw) d{us f(TW)} e eeveee. (D-4&)

This can be solved for 6 if the effective slip velocity and

the constitutive equations are known. Similarly, when the




~effective velocity at the tube wall is negative, accounting

for polymer adsorption, the velocity gradient can be assumed

to be zero in the vicinity of the wall and the layer thick-

ness can be computed from the relation:

C U (6,1 ) = -8 £(1) e (Des)
w w w .

The shear rate f(Tw), required to calculate the anomalous

layer thickness, is found from the following relationship

(28):
(- 2 gy =30 (BGU-UYy L (plgy
dr w 4n’ D .

w

Determination of Flow Curve:

Rabinowitsch and Mooney (36, 42) developed an expres-
sion for the rate of shear of a flﬁid which is entirely in-
dependent of the fluid properties, provided thixotropy and
rheopexy are eliminated. Their final expression can be

written in the -form:

. 5 (
(- duy 3 (8<u>y , 1papr . a0 gy,
dr ¥ — 4 D 4 4L pDAP
d (Z—)
L

In this analysis by Rabinowitsch and Mooney, the ef-
fect of anomalous flow behavior was not taken into account.

Kozicki et al (27) modified the equation (E-1) which now

"includes the effective slip velocity and also the geometric

parameters:
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2(<U>-U_)

) = a1 d{T Ty }ooop 2(<U>-U )

d T T
w . H
Here the geometric parameters take the values, a_¢z,

b=3 for circular Cross section. It is evident from equation

(E-2) that f(Tw) is a functibn_of the shear stress at the

wall and depends upon the fluid model. The equation (E-1)

) was further rearranged by Metzner and Reed (35) to give:

8<U> 8<U>

(- duy _ 3 (8<U>) L 1 (8<U> a1 ) ) ve.. (E-3)
dr' w 4 D 4 D ;  DAP DAP
A=)/ (=)
4L 4L
( <11>
=3 ,8<Uu> 1 . 8<u> din{ D ) veeeees (E-4)
s Cp )+ g (5 d1n (DAE,
4L,

The following expression analogous to equation (E-4),

incorporating the effective slip velocity can be written as

_ 2(<U>-U_) -
(— gg) _ 3 {2'<U>—U } o+ 1 {2(<U>—Um)} dln ry ..
dr w4 Ty 4 Ty dln T,

If the derivative in equation (E-5) is denoted by l/n*’ one

.obtains:

' * -
| (__d_Ll)w — 3n*+1 {2(<U> UW) ¥
| dr 4n* r

seseencsece.. (E-6)
H

ag ) w w 3 { A }.... (E—Z)

(E-5)
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where n* — d{lnTW} -.o.-.;.........-... (E"’7)
' 2(<U>-U,)
d {lp——¥~
Ty

The equation (E-7) can be written in the form:

‘ " n* ’
2%9 - T, - Kk {2(<U>—UH)} N ¢ 2D

TH

When the effective velocity of slip is zero, this expression

yields the expression given by Metzner and Reed (35):

8<y>

n' . .
K' ( ) s e et et et e e et e e e e enna (E-8)

A
f

This expression is superficially similar to the power law

-relation which for pipe flow may be written:

T =K (=) T, (E-9)
r .

K* and n* are closely related to K and n. For power law

.fluids, K* and K' are the same and are related to K by

K*¥ = K' = K (é—zlii)n ettt eieeneneeee. (E-10)
. n

K*¥ is a measure of the consistency of the material and is

~ known as the consistency index and n* is that physical pro-

“perty of the fluid which characterizes its degree of non-

Newtonian behavior and is known as flow behavior index. IFf




the logarithmic plot of 2%? versus 8SU> or 8(<U;‘Um)

/
‘straight line, n becomes equal to n' or n*, Equation (E-7)

is a

is of practical importance, It can be used in pipe line
design provided K* and n* values applicable to the shear
Stress under consideration are used,

The raw experimenéal viscometer data consist of flow
rate versus applied pressure. These can be converted into
shear stress and shear rate data. Before doing so, some
corrections must be made to obtain the true pressure gra-
dient. . Thé corrections are for the following effects (49).

. (1) Head of fluid above the tube exit.

(2) Kinetic energy effects.

(3) Tube entrance effects.

A fotal mechanical energy balance yields the expression.
for the frictional pressure drop across the capillary tube

in fully developed flow

dP - Pgas-Pa L + L' <y>?2 1 'K
- = = 18 +(_L ) og-—-p——-—(-—*—c) cee (E-11)
dx L . . - 8¢ gel 2¢ 2

For Newtonian fluids in fully developed laminar flow, a has
the value of 3. The cut end of the cabillary tube is usuélly
trimmed to result in a slighted rounded entrance. For such
cases, Foust et al (18) quote a value of 0.23 for Kc for New-
tonian materials. Hence, one obtains the final expression

"for Newtonian fluids

2 . -
_ig =PoaS-Pa+ (L""L’) p% - 1.12 p<V) D S (E 12)

dx i L Sc Lgec




For non-Newtonian fluids,.uncertainties exist regarding
these corrections. In the present experimental work,,L/D
has. been taken very large so that the entrance correction is
negligible. Bagley (4) has suggested the empirical method
fof eliminating entrance effects. However, the procedure
Tequires the assumétion of a zero slip velocity at the tube

wall. Equation (E-12) is used to obtain the true pressure

gradient and equivalent shear stress.



" CHAPTER IV

FLUIDS AND THEIR PREPARATION

Most high molecular wt. polymers in aqueous solution

are pseudoplastic or shear thinning non-Newtonian fluids,

T £ R T BT R S

characterized by absence of yield value. These polymers
exhibit many interesting phenomena because of diversified
polymer behavior in solution.

When polymer solutions are viscometrically examined
at low shear rate and high dilution, each dissolved macro-
molecule (which occupies an enormous volume reiative to_
its unsolvated size) approaches the ideal state of complete
hydrodynamic independence of other macromolecules and negli-

gible perturbation of its configuration in the solvent under

zero flow. But in polymer solutions of industrial and en-
gineering interest, the shear rate and level of concentra-
tion are large_enough to preclude hydrodynamié independence
~and unper@urbed configuration. Several polymér solutions-.have
Heeniexéﬁined and interesting facts have been presented by

Merrill (32).

In the present investigation, Natrosol solutions were
studied at high shear rates. Natroscl has been described
as a linear polymer with only a slight degree of chain
branching but with a more restricted rotation about thé
éonnecéing bonds (46). Natrosol is a nonionic water soluble

polymer derived frem cellulose. Like Na-CMC, it is a cellu-
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lose ether, but it differs in being nonionic and its solu-

tions are unaffected by cations. Natrosol has been used as

~a thickener, protective colloid, binder, stabilizer and

suspending agent.in a variety of industrial applications,
including pharmaceuticals, textilés, paper, adhesives, de-
corative, and protective coatings, emulsion polymerisation,
ceramics etc. Natrosol is produced in three degrees of
éubstitution, designated as Natrosol 180, Natrosol 250,
Natrosol 300. Natrosol 250 in two grades (G and HR) was

used in the present experimental work. The possible mole-

"cular structure of Natrosol 250 is shown in the following

diagram.

It is believed (21) that ce;lulose derivatives.do not
possess a spherical symmetry in solution but rather a
slightly extended rod configuration due to the stiffness
of the chain. There is no definite information about the
molecular wt. of these polymers. According to Goring (21)
the.molepular'wt. éhquld be  comparable to that of CMC which
4 4

is in the 'range of 15x10° to 35x10°, So, the high molecular

wt. Natrosol solutions will extend the 'degree of non-New-
tonianess". |

‘Natrosol solutions were prepa;ed by dissolving the
polymers in water. The procedure used was the one recom-
mended by the manufacturer*. Natrosol was sifted slowly

into the vortex of vigorously agitated water. The

*Hercules Powder Co.
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rate of addition was kept low enough for the particles to
separate in water without lump formation. The agitation was
continued until all of the swollen particles were dissolvéd

to yield a clear solution. The time required was usually

about one hour to two hours. Four concentrations of Natro-
301;250 G and HR each were prepared to study the flow be-
havior of_the polymers in aqueous solution. The concentrations
for Natrosol-250 G were 0.67, 0.8Z, 1.07 and 1.2% by weight

and for Natrosol-250 HR 0.1%, 0.2Z, 0.3% and 0.4% by wt.




CHAPTER V

VISCOMETRIC EXPERIMENTS

" In order to carry .out meaningful engineering calcula-
tions for non—Newﬁonian fluid systems, it is essential that
the appropriate rheological properties be known. In Chap-
ter III, a description of éome of the parameters and equa-
tions.suitable for representing the tube-flow of non-New-
tonian fluids was given. .

There are several types of viscometers (8), used for
characterization of non-Newtonian fluids. The.Qiscometers
(49) used in the laboratory experimental work are:

. (1) the Capillary Viscometef or Extrusion Rheometer.

(2) the Concentric Cylinder.Rotary Viscometer.

(3) the Rotating Cylinder in an Infinite Medium.

(4) the Cone and Plate Type Rotary Viscometer.

The commercial versions of the viscometers have been

described extensively by Van Wazer, et al (54).

Capillary Viscometer

This is a device by means of which the relationship
between shear rate and shear stress is inferred indirectly

from measurements of the pressure gradient and volumetric

flow rate in a cylindrical tube of precisely known dimen-

sions. The most common features of the Capillary Viscometer

are:




(1) Fluid Reservoir '

(2) Capillary Tube

(3) Means for applying a driving force on the fluid

(4) A thermoregulating device
It is a common practice to construct this viscometer in the
laboratory (8, 48). 1In the. present study, a laboratory de-
signed viscometer was used in determination of the flow
curves of aqueous polymer solutions. The viscometer con-
sists of a reservoir, 7.30 cm. in diameter and about 35 cm.
high. The material of construction was stainless steel
pipe of thickness 0.78 ecm. The lower portionwas welded to
a standardbflange joint making it easy to take Ehe equip-
ment apagt for cleaning. A hexagonal nut with internal bore
was welded to the lower flange so fhat capillary tubes of
different diameters and lengtﬁs can be fastened. Standard
sleeves and male glands for Ermeto connectionswere used.‘
The upper portion of the rheometer held connections neces-
sary for introducing: the gas and the fluid and a connection
leading to'a pressure gauge and for releasing the pressure.
Tangential.entrancg of the gas prevented its mixing with the
fluid and formation.of gas bubbles.

- An important advantage of the extrusion rheometer over
other types of viscometric equipment lies in the fact that
the liquid resides in the tube only for very short tiﬁes.
The continuous fluid replenishment feduces thé accumulatiqn

of heat due to viscous energy dissipation in the fluid. 1In

other types of viscometric equipmentj all the energy must




Bé conducted out of the fiuid sample to avoid errors due
to non-isothermal flow conditions. Further, it has been
shown by Toors (53) that in this kind of viscometer, the
temp., rise due to possible viscous heat dissipation is ne-
gligible. For example,. for a fluid having a viscosity of
1,600 Cp at a shear rate of lO4 seg._l flowing through a
0.025" dia. tube with an L/D of 500, the maximum temp.
rise anywhere in the fluid would be less than.lo F. These
flow conditions, requiring a pressure drop of about 3,000
psi. per ff. of tube length are obviausly extreme so that
the temp. rise may usually be neglected ‘in solutions and
slurries. |

Several capillary tubes over a wide range of iengths
and diameters were employed in thé present study. Hypo-
dermic needlevtubings of type 304 austenitic chromium
nickel stainless steel, supplied by Superior Tube, Norris-
town, Pa., were used. The range‘of lengths of the differ-
ent dia. tubes varied from 17 cms. to 46 c¢ms. The lengths
were measufed by a micrometer. -The diameter range used in
ﬁﬁe presen£ work was from 0.0578 cm. to 0.0184 cm. The de-
viations in diameter; provided by the manufacturer, were re-
ported as -10.50% to +5.26%. Two Newtonian fluids, distil-
led water and ethylene glycol* (99.93% pure), were used to
calibrate the tubes. Two seté of experimental data with

different tﬁbes were taken on each fluid.  In the distilled

*Supplied by Fiséher Scientific Co.




wéter calibration, the deviations obtained from the manu-
facturer's reported diameters ranged from +3.88% to -2.35%.
With ethylene glycol, the deviations obtained were from
+9.367Z to +0.77Z. Some of the tubes were also calibrated
by Filled Microscope Probes Method. The deviation from the
repbrted value found by this methoq was about the same as
that for gistilled water and ethylene glycol. All deviations
were within the range given by the manufacturer. It was
decided to use the calibrated diameters obtained with dis-
tilled watér since they appeared to be most accurate. These
are tabulated in the Appendix. Since thg tubes were flexi-
ble because of the lengths ﬁsed,~they were encldéed by pro-
tective stainless steel tubes. These were welded near one
end of the capillary tube. The L/b ratios employed were in
the range of 400 to 1,100.

A‘schematic diagram of the experimental set up is shown
in figure (l). The capillary tube is fastened to the base
of the reservoir by a hand tightened cap. The major portion
of the tube was kept inside the viscometer (8) to obtain uni-
form temp..throughout the capillaryvlength. Water was cir-
culated from a const; temp. bath through a reservoir holding
the fluid and through a water jacket, surrounding the visco-
meter assembly. The const. temp. circulating system was ob-
tained from Precision Scientific Co., Chicago, I11. This
was fitted with an adjustable Micro-Set Thermoregulator |

; RS o ,
which gave a control sensitivity of £ 0.01° C, over the




entire range.

The equipment was standardized with two Newtonian fluids,
di§tilled water and ethylene glycol (99.93%) before taking
runs on experimental fluids. The shear rate versus shear
sfreSS-curve showﬁ in the figure (2) indicates no wall ef-
fects for ethylene glycol and a slope of unity far the curve
gives n = 1 for Newtonian fluid. The non-Newtonian fluids
employed were solutions of Natrosol-250 G and Natrosol 250
HR in distilled water. Each polymer was studied at four
different.concentrations to cover a wide rahge of the flow
behavior index. For each concentration, dafa were.taken
with tubes of different diameters and lengths..lReproduci-
bility of the data was within 5.0%. Densities were deter-
mined by weighing known volumes of the solutions in a pycno-
meter. The volume rate of flow was obtained by weighing_the
liquid collected over a measured time interval. Pressure
drop was measured by means of a USC test gauge with an ac-
curacy of (a) 0.27 of scale range for first 20%Z of the
range (b) 0.5% of indicated readipg for remainder of the

dial range in the pressure ranges employed (10-350 p sig).
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Figure 2,

Shear Stress versus Shear Rate Curve

for Ethylene Glycol at 25°C for Dif-.

ferent Tube Diameters




" CHAPTER VI

RESULTS OF ANATLYSTS

In the year 1949% Toms (52) successfully used the two
methods (39, 47) of detecting wall effects in laminar flow
of linear polymer solutions. Later, Jastrzebski(25) exten-
ded 0Oldroyd's method to the flow of concentrated suspensions.
Presently, the anomalous flow behavior of polymer solutions
was studiéd in intermediate and high shear stress regions.
Four different conéentratidns of Natrosol-250 G and HR so-
lutions were investigated. The experimental viscometric
results are given in Appendix I.

.The analysis of the data is based on the theoretical
development given in Chapter III.> Flow curves for 0.67%,
0.8%7, 1.07 and 1.27 Natrosol.-250 G are given in figurés
(3, 4, 5, 6) respectively. Except for 0.6%Z Natrosol-250 G
solution, sepgrate.8<U>/D versus T curve wés obtained for
each tubé diameter suggesting the existence of anomalous
surface'effects. It is seen that the flow curves for these
concentrations tend to intersect. This suggests the pre-
sence of a critical shear stress which marks the transition
from a positive effective velocity to a negative effective
velocity at the wall. Physically, the critical shear stress
determines the behavior of polymer macromolecules in the
vicinity of the tube wall When the applied shear stresé is

smaller than the critical shear stress, polymer adsorption
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ér gel formation is postﬁlated to occur. TIf the applied
éhear stress is greater than the critical shear streés, a
separation phenomenon or a possible polymer alignment oc-
curs. A careful analysis indicates that Tc is some function
of the tube diameter for a particular concentration. The
trend of the curves on shear stress-shear rate plot sug-
gests that the critical shear stress decreases with a de-
crease in tube diameter. A trial and error procedure gave
a series of values for Tc for different diameters which fit
the data to a single flow curve. The final values of Te
are given in Table (1). Figure (7) shows the variation of
To with concentration, with the tube diameter és parameter.

The broken lines in figures (3, 4, 5, 6) indicate the
final curves of 8(<U>-Uw)/D versﬁs Ty determined for the
various concentrations. When the.values of the effective
slip velocities are calculated, the corrections are applied
to the experimental points. The calculated values for the
effective yelocity'of slip are given in Tables (3, 4, 5, 6,
7).for vafious concentrations and tﬁbe diameters. In figure
(11), the data points for different tube diameters merge
into a single curvé characteristic of Natrosol concentration.
These curves correspond to the broken lines in figures (4,
5, 6).

In figure (3), the separation between the data points
obtained Qith different tube diameters for 0.67 NatroséleSO
G solution is not completely evident except for capillary

tube E. However, the possibility of surface effects cannot




"TABLE I

Values of Critical Shear Stress

T , gm /cm2
Capillary ¢ £
0.67% + 0.87 1.07 1.27
Natrosol-gG Natrosol-G | Natrosol-G | Natrosol-¢
A 5.50 6.80 8.00 9.00
B 3.90 4.80 6.20 7.30
C 2.55 3.40 4.00 5.00
D 1.65 é.lO 2.50 3.00
E 0.10 0.30 0.40 0.60

' Values of Tc for 0.67 Natrosol-G were obtained by extra-

polation from higher. concentrations (Fig. 7).
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be ruled out. It is probéble that the magnitude of the slip
velocities involved for this concentration is so small that
the separation of the individual curvesWas not discernible.
One expects that as the conéentration decreases, the beha-
vior approaches that of the solvent. An alignment of the
molecules.along the tube axis seems to be prominent iﬁ the
tube E, which is responsible for the separation in curve ob-
tained. One can obtain the final shear rate versus shear
stress curve by obtaining the critical shear stress values
by extrapolation from the higher concentration shown in fig-
ure (7). The broken line in figure (3) represents the final
flow curve based on T; values obtained by extraﬁolation of
the data in figure (7) to. lower concentration.

A slight curvature in the shéar rate-shear stress curves
depicting the fluid behavior is evident. Table (8) gives
the parameters representing the viscous flow behavior of
four Natrosol-250 G solutions in various shear stress ranges.,
The flow behavior index n' varies from about 0.70 to 0.96.
No definité.treﬁd could be established for the variation of
the flow behavior index with concentration. Generally spea-
king, as the concenfration increases, the non-Newtonian be-
havior is more pronounced. The variation in the value of
n' over the shear stress range is typical for pseudoplastic
fluids. The flow behavior index approaches unity, indicating
that the Up#er Newtonian regime will be obtained at higﬁ

shear stress. It was, however, not possible to obtain the




SOLUTION: O,

TABLE 3.

Results for Capillary A

8% NATROSOL-250 ¢

Ty s gmf/cm2 U, Ch/sec - §£§§%:Hul X 10 *, sec !lgx 10%, cm
0.4630 -11.18 0.7220 14.38
0.7248 -16.80 1.3490 11.57
0.8967 -20.15 1.8500 10.11
.1.1538 -24.80 2.4870 9.32
1.4083 -28.85 3.2450 8.40
1.7358 -33.50 4.3330 7.32

SOLUTION: 1.0%Z NATROSOL-250 ¢

Tws gmf/cm2 U, M/ sec §i§2%:2ﬂl X 10-*, sec~! [§ x 10%, cm
L4636 - 9.77 0.5460 16.52
.7274 -14.50" 0.9510 14.07 :
..9021 -17.40 1.2770 12.58
1.1631 -21.90 1.7800 11.36
1.4211 -25.60 2.3700 9.97
1.7656 ~30.1903 3.1670 8.800




TABLE 3 (cont'

SOLUTION: 1.27 NATROSOL-250 G

d)

Tors gmf/cm2 U, ®M/sec ESEE%:HEl X 10_4, sec”l | § x 104, cm
L4641 - 7.06 0.3470 18.40
0.7287 -10.74 0.6180 15.74
0.9046 -13.05 0.8160 14.48
1.1681 -16.30 1.1650 12.67
. 1.4300 -19.29 1.5950 10.95
1.7777 -22.88 2.1520 9.62

i
l
1
| .
i

|
i
i
1
i
i
i




TABLE 4

Results for Capillary B

SOLUTION: 0.8% NATROSOL-250 ¢

0 3.0177

8(<U>-u. -4 -
Tos gmf/cm2 U,, “M/sec —l;~5—2ﬂl X 10 , sec § X 104, cm
.6212 -14.50 1.1570 11.65
1.2237 —24.40 2.6550 8.58
1.5217 -27.80 3.5740 7.36
1.8177 -30.10 4.5030 6.34
2.4017 -32.10 6.4960 4.70
2.9752 -30.20 8.4640 3.41
SOLUTION: 1.0%7 NATROSOL-250 G
. _ -4 -
Tys gmf/cm2 U, s Cl/sec fﬁiﬂi_ﬂnl X 10 , sec § X 104, cm
: D
.6218 -14.00 0.8350 15.48
1.2269 -24.,55 1.9510 11.62
1.5277 -28.60 2.6240 10.06
1.8276 -32.00 3.3220 8.93
2.4244 -36.80 4.6990 7.37
-38.60 5.9790 . 6.17




TABLE 4 (cont'd)

SOLUTION: 1.27 NATROSOL-250 G

Ty gmf/cm2 U, > CM/sec Eﬁ:E%:EKl X 10_4, sec™l |5 x 104, cm
.6220 -10.84 0.5500 17.84
1.2284 -19.40 1.3160 13.36
1.5306 -23.05 1.8250 11.40
1.8322 -26.20 2.3570 10.08
2.4508 -31.00 3.6100 7.77
3.0291 -33.89 4.9010 6.25




TABLE 5

Results for Capillary €

SOLUTION: 0.87 NATROSOL-250 G

: 8 (<U>-U —4 -
i Ty s gmf/cm2 LI €M/ sec ———_———El X 10 ', sec 1 § X 104, cm
; D .
: 1.0991 -19.52 2.4060 7.55
1.7485 -22.29 4.2520 . 4.96
2.6070 -15.96 6.9550 2.19 |
3.2443 - 3.91 8.9700 . 0.42
4.2920 +29.55 12.2440 0.86
5.3216 +78.96 15.1810 1.84
SOLUTION: 1.0Z NATROSOL-250 G
8(<U>-U_) -4 |
Tws gmf/cm2 U, “M/sec 5 *- % 10 , Sec 1 6 X 104, cm
1.1000 -17.80 +1.6950 9.69
1.7517 -22.02 3.0860 6.59
2.6169 ~20.08 5.1260 3.70
3.2613 ~13.46 6.8080 1.90
4.3267 + 7.94 9.5270 0.21
5.3787 - 441.70 12,1630 0.89
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TABLE 5 (cont'd)

SOLUTION: 1.2% NATROSOL-250 G

Ty s gmf/cm2 U,, “®/sec 8(<u>-uy) X 10_4, sec™t| s x 104, cm
1.1004 -15.50 Ul.2310 11.40
1.7532 ° -20,57 2.2720 8.20
2.6210 -22.53 3.9210 5.20
3.2701 -20.43 5.2870 3.50
3.9159 -15.33 6.7400 2.06
4,3449 -10.27 7.6810 1.21
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TABLE 6

Results for Capillary D

SOLUTION: 0.87 NATROSOL-250 ¢

8(<U>-U_) - _

Tews gmf/cm2 U CM/sec ————B——E— X 10 4, sec 1 § X 104, cm
1.9791 - 2.10 4.9390 0.40
2.7572 +£15.94 7.4180 0.71
3.5275 +44,33 9.8300 1.55
4.2890 +82.62 12.1120 2.38
4.7960 +113.78 13.7030 2.94

SOLUTION: 1.0%Z NATROSOL-250 G

Ty gmf/cm2 U,, cm/sec Eﬁigilgﬂl X 10-4, sec” ] s x 104, cm

D
1.9831 - 6.68 3.5470 1.75
2.9626 + 8.70 5.9710 0.33
3.9332 +35.80 8.5830 1.05
4.8953 +74.80 10.9020 1.77
5.8457 +125.20 13.0940 2.47
6.7825 +186.00 15.4100 3.17




TABLE 6 (cont'd)

SOLUTION: 1.2% NATROSOL-250 G

Tor gmf/cm2 U CM/sec 8(<U;_Uw) X 1077, sec™l| s x 104, cm
1.5903 - 9.23 1.9?20 4.35
2.7722 - 2,59 4,1080 0.57
3.5563 + 8.14 5.8050 0.25
44,3363 +23.86 7.6070 0.61
4.7241 +33.54 8.5830 0.79




Results for Capillary E

TABLE 7

SOLUTION: 0.87 NATROSOL-250 G

8(<U>-U )
w? gmf/cm2 U,» €M/ sec — ¥ _x 10 § X 104,
D
1.5718 + 23,90 3.9426 .83
2.1935 + 49,68 5.9340 .79
2.8118 + 84.46 7.7770 .72
3.2733 +116.34 8.9950 .38
3.7322 +153.14 10.1222 .01
SOLUTION: 1.07%7 NATROSOL-250 G
8 (<U>-U_)
ws 8mg/cm U, cm/sec 5 ¥ x 10'4, § X 104,
2.6648 + 52,20 5.3970 .23
3.1321 + 73.90 6.7500 .72
3.9002 +118.00 8.8200 .53
4,.6663 +173.00 10.5000 .31
5.4248 +238.00 12.2190 .08
6.1796 +311.00 13.3290 .75




TABLE 7 (cont'd)

SOLUTION: 1.27%Z NATROSOL-250 G

Tw? gmf/cm2 U.s “Mrsec Eﬁigglgﬂl X-lO_a, sec™t| § x 104,
1.5745 + 8.59 ‘ 1.8480 : 0.56
2.2002 +19.70 3.0030 0.95
2.8245 +35.17 4.3520 1.34
3.4472 +54.92 5.7620 1.75
3.7580 +66.42 6.3670 1.94




TABLE 8

53 -

Fluid Parameters

of Natrosol-250 G Solution

‘Concentration Shear Stress Range n' max. K
wt. 7% gmf/cm2 gmf—secn'/cm
0.6 0.461 - 4.641 0.739 - 0.921 4.50 x 1074
0.8 0.463 - 5.322  0.736 - 0.893 6.13 x 10°%4
1.0 0.464 - 6.783  0.751 - 0.959 7.11 x 1074
1.2 0.464 - 4.724 0.706 13.98 x 1074




lower Newtonian regime. Values of the fluid consistency in-
dex K' are different as the slope of the curve changes. In
Table (8), the maximum value for K' is §hown which is obtained
at the lowest shear stress for the present experimental data.

According to equation (B-7) in Chapter 3, the slope of
the straight line obtained in a plot of 8<U>/D versus 8(TW—TC)
/D2 for a particular concentrétion and value of Ty should give
the value of the modified slip coefficient a'(Tw). Figures
(8, 9) show these plots for 1.0Z and 1.27Z Natrosol-250 G solu-
tions. As expected, these plotswere straight lines giving a
constant o' for a particular value of Tt The points or lines
located to.the left of the origin (i.e. a negative 8(Tw—Tc)/D2)
correspond to the polymer adsorption-gel formation phenomenon,
whereas those located on the right side of the origin denote
the separation phenomenon. For some T,» the transition points
are also shown. The modified slip coefficient o' was found to
increase linearly with the shear stress at the wall as shown
in figure (10). The relatioﬁship between o' and T, can be
represented bf the simple equation a' = a'' T where the
slopes a''were found to be equal to 0.22, 0.16 and 0.105
cm6/gmfz—sec for 0.87Z, 1.0Z and 1.2% Natrosol-250 G solutions
respectively.

An attempt was made to relate the critical shear stress
to the diameter of the tube for different concentrations as
. shown in figure (12). It was found.that the équare of the
critical shear stress might be approximated by a linear |

function of diameter. It is, however, interesting to note
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that all the straight lines representing Tcz versus D for
various éoncentrations pass through a common intercept at a
diameter of about-0.018 cm. This could be the value of the
critical diameter below which the anomalous behavior of the
flgid inside the tube could be mainly because of the poly-
mer alignment, In other words, when the diameter of the
capillary tube is smaller than this critical diameter, the
size of the elongated molecule is significant in relation to
the magnitude of the tube diameter. Therefore, the proba-
bility of the random orientation, as determined by the mag-
nitude of the shear stress, of the polymer molecule inside
the tube is reduced. The ﬁolecules tend to aiign themselves
along éhe axis of the tube in order to pass through the
capillary tube.

The anoﬁalous layer thickness was calculated by means
of equations (D-4, D-5) given in Chapter III. The results
obtained for 0.87 Natrosol-250 G are shown in figure (13),
plotted as a function of the shear stress. In the case of

polymer adsorption-gel formation, the anomalous layer thick-

ness decreases as the shear stress increases. The curves

are extrapolated to intersect at the critical shear stresses
on the abscissa where the anomalous layer thickness is zero.
A thin layer of pure solvent is postulated to form near the
tube wall when the applied shear stress.is'greater than the
critical value, corresponding to the so-called Separation

phenomenon (1, 2). In this case, the anomalous layer thick-

ness increases linearly with the shear stress and should

m..ﬂ.Eff




~~— - 61 -

[ l” RS

16 I i
o o,
L e ~ - . o8,
o o
W\ ® D,
12 \l . o E,

0.8% NATROSOL - G

!
0.0578 cm
0.03295 cm
0.0285 cm

0. 0250 cm

0.0I184 cm

2 4

Tw gmf/'cmz

lFigUfe 13. The Anomalous Layer Thickness § versus Shear Stress Ty
: 0 8% Natrosol 250 G Solution for Tubes of leferent ’

Diameters




-
65x107, cm

TUBE DIA. = 0.0578 cm

?

=— 12% NATROSOL - G

1.0% NATROSOL- G

0.8% NATROSOL - 6 —=

d L 1 l
' 1.O | - 2.0

Ty, gme/cm?

Figure 14. The Anomalous Layer Thickness § versus Shear Stress Ty
for Natrosol-250 ¢ Solutions of Different Concentrations for a
Tube of 0.0578 cm. Diameter

-




approach a limiting value. The computed values of anomalous
layer tﬁickness are shown in the Tables (3, 4, 5, 6, 7). 1It
is Interesting to note that the maximum ;nomalous layef thick-
ness attributable to polymer adsorption was obtained at the
lowest shear stress and‘that attributable to separation at

the highest shear stress. Ho&evér, in both cases, the maximum
/D ratid was always less than 5%. This is in conformity

with the values of § given by Astarita et al (2) for CMC so-
lutions. Finally, figure (14) shows a plot of & versus T

for polymer adsorption for three different Natrosol solutions
in a2 particular tube A. As expected, the anomalous layer
thickness is bigger for the solution of higher concentration
at the same shear stress.

The data for the viscoelastic Natrosol-250 HR solutions
"which are presented remain to be analysed. The trend of the
curves for various concentrations indicates that the same
theory could be extended to explain the flow Behavior of
these solutionsl For these solutions, time dependency was
checked in.Tubes A and C. For each tube diameter, two tubes
of different lengths were taken keeping the L/D ratio above
400, A single cur§e resulted for different lengths of the
same diameter as'shown in the figure (15). Some data points
for these solutions suggested the occurrence of premature
~turbulence -which is found to be independen; of concentration.
.This ‘has also been reported by Sadowski ;nd many other workers

(46). No definite theoretical explanation could bekgiven

but it might be tentatively explained as a result of the
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“local vibrations and unsteady flow conditions.




CHAPTER VII

DISCUSSION

The pPresentation of.fundamental data usually requires
-a physical explanatién of the 6bserved phenomenon. In the
present experimental work and subsequent anélysis, signi-
ficant information concerning the physical behavior of &dqueous
polymer solutions is deduced.

The flow behavior of aqueous polymer solutions has been
the subject of both experimental and theoretical investiga-
tions by many workers. Most of the polymer solutions come
under a broader class of fluias, namely pseudoplastics,
;haracterized by the absence of a yield stress and continuous
decrease of T/Y with increase of shear stress. The behavior
of aqueous polymer solutioms can be‘discussed separately under
zero and low shear rates and under high shear fates. Certain
polymer behavior.can also be attributed to the transition
region. Thrée main theories have- been put forward to ex-
plain the béhavior of polymer solutions at zero and low shear
rates: .

(a)- Lodge and Goodeve (30, 20) have proposed that the network
association of macromolecules predominates over the hydro-

dynamic effects of individual macromolecu;es. These theories
necessarily predict the existence of a iower Newtonian regime.

Studying the behavior of CMC and polyisobutylene solutions




in the lo&er shear range, Lodge (30) observed this Newtonian
regime, .His conclusions are further documented by the re-
sults of Phillipoff and others (9) on conéentrated PIB solu-
tions. 1In the present work, Natrosol solutions have a high
degree of substitution. 'The molecules are non-electrolytic
and are comprised of a large number of hydroxyl groups.
Hence association into networks by hydrogen bending is high-
ly probable. But this may not be the only explanation for
non-Newtonian behavior of these solutions, Another theory
by Bueche (10) predicts ﬁhat the pseudoplgsticity in dilute
-so0lutions under moderate shear stress is éue to ;he pertur-

bation of the molecular configuration.

(b) Another qualitative theory, sﬁggested by Merrill (1),
‘postulates a random coil model to explain the behavior of
macromolecules, non-electrolytic in solution, under iow

shear rates. His theory does not predict the first New-
tonian regime. Molécular entanglement and interpenetration
involving the solvent are predicted to takg place at low
.shear rates. Molecular entanglements have also been reported

by several other workers (23, 15).

(c) The third theory is based on polymer adsorption on the
tube wall at multiple points of attachment. This phenomenon
of polymer adsorption-gel formation has beén reported by Sa-
éowski and many other workers, Statistical mechanical ap-
proaches have been developed to explain the phenomeﬁon the-

oretically. This adsorption gives rise to anomalous flow




Sehavior. This effect has been reported by Kozicki et al
(28) in packed bed experiments involving CMC solutiomns. They
have given quantitative values for the effective slip veloci-
ty at the solid surface to account for this adsorption pheno-
menon.

In the present work, the analysis, based on Oldroyd's
theory, explains the behavior of flow curves aetermined for
Natrosol solutions. The proposed theory does not rule out
the possibility of the occurrence of polymer association and
entanglement. The model takes into account all possible
polymer behaviors in low shear rate regio; as evidenced by
its successful use. A single flow curve resultg when cor-
rgctions are applied based on this concept.

In an earlier chapter, the critical shear stressAwas
introduced to determine the transition from adsorption to.
separation. The value for this.critical shear decreases as
the tube diameter decreases. For larger diameter tubes and
low shear rate, adsofption is more likely to occur. For
certain capillary diameters. there is a transition taking
place from polymer adsorption to separation phenomenon, when
the applied shear stress exceeds the critical shear stress.
With .an increase in shear rate and decrease in capillary
diameter, molecules may uncoil and start orienting in the
direction of flow. A pure solvent layer near the solid
Boundary st;rts to build up. The polymer behavior at high

shear rate has been ascribed to similar causes by many workers.

The separation phenomenon has been observed by many




workers. Astarita (2) reported the formation of pure sol-
vent layer near the solid wall for CMC solutions. Ihe for-
mation of clear water annulus in the pipé flow of pulp slur-
ry has been demonstrated by Dail; (14). Jastrzebski (25) ob-
téined'the same results for the flow of concentrated suspen-
sions. An annulus solvent layer supposed to exist for Natro-

sol solutions is the possible cause of anomalous flow behavior

at high shear rates. Furthermore, as the shear stress increases, |

the molecules are aligned more and more in the direction of
flow. Supporting evidence has been fut forward by many workers
(12, 41, 55). Staudinger (55) postulates that the shear cou-
Ples caused by the flow tend to orignt the particles with thgir
long axis parallel to the direction of flow in contrast to

the completely random positions existing under static condi-
tions. The tendency towards orientation increases with the
rate of shear. The present experimental evidence also con-
firms the theoretical predictions-of Peterlin (4l), describing
ultimate complete eﬁfension of the macromolecules in the di-
rection of flow.

It is seen that all these effects could be easily accoun-
ted for by calculating an effecﬁive slip velocity. Furthermore,
a.single rheological curve is obtained after applying this cor-
rection. The present work also shows that the second Newtonian
regime couldAbegin around a shear rate value of 2X10% to 109

1

sec” ~. This has been earlier predicted by Merrill and other

workers (1).




CHAPTER VIII

CONCLUSION )

An explanation of the behavior of high molecular weight

aquedus polymer solutions has been offered. This study is
by no means exhaustive. Significant work has been conducted
on low molecular weight polymers elsewhere. The behavior of

concentrated polymer solutions and molten polymers has also
been interpreted and explained by several workers. Imn the
present study of aqueduspolymer solutiomns, some of the re-
sults are in agreement with the previous work. It is felt

the additional findings provide an important contribution in

the understanding of the flow behavior of aqueous polymer solu-

tions. The conclusions can be summarized in general as fol-

lows:
(a) The results indicate a greater wall effect with

smaller tube diameter because of the proportionally greater

'.amount of fiuid under the influence of thé wall. This has

also been predicted by other workers (25, 55, 39). So the
true rheological curve is closer to the curve for the lar-
gest diameter cafillary tube in high as well as low shear
rates. Harfer and Morrison (37) noticed similar effects in
Couette flow,.

(b) The discrepancies between the.flow curves are also
functions of the shear rate. According to JastrzeBski (25),

for concentrated suspensions the discrepancies are greater




in the region of low shea?'rate than at high shear rates.

In the present study, however, these discrepancies in both
regions were found to be comparable. The flow characteris~
tics. are attributable to different flow behavior in the two
regions. In thevlower éhear rate ‘region, the separation of
the flow curves is ascribed to polymer adsorption and entan-
glement. In the high shear rate region, forﬁation of a sol-
vent layer near the solid wall and orientation of molecules
in the direction of flow has been proposed.

(¢) The present study,prediqts the existence of a cri-
tical shear stress which marks the transitio; in the fluid
behavior fromw polymer adsorption ;6 the sepération phenomenon
at the wall. This critical shear stress decreases Qith de-
crease in the diameter of tube.

(d) The possibility of the existence of a critical
tube diameter below which only polymer alignment is the cause
of the anomalous flow behavior is suggested. The value of
the critical tube diameter is independent of the concentration
of £he polymer solution.

(e) Depending on the moiecular structure, several em-
pirical relations (3) have been suggested to predict the .
viscosity of polymer solutions. These do not account for
the anomalous flow behavior. It is reasonable to suggest
that if this behavior is considered, more reliable viscosity
values will.be determined from viscometric measurements. The

dependence of viscosity on molecular weight and structure is

of significance. Therefore the viscometric measurements
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NOMENCLATURE -

geometric coefficients, dimensionless.

Diameter of the Capillary Tube, cm,

-1
Jaumann derivative, sec .

Critical friction factor, dimensionless.
Acceleration due to gravity, cm/sec

. 2
Newton's law conversion factor, gm-cm/gmf-sec

Fluid consistency index for Power-law £fluid,

n 2
gmf sec /em .

. n' 2.
Fluid consistency index, gmf sec /ecm'.

%
Generalized fluid consistency index, gmf sec” /cmz.

"Entrance losses correction factor.

Length of the capillary tube, cm.
Liquid head above the capillary exit, cm.

Constant in the Power-law model, gm/cm-sec.

Flow behavior index for Power-law fluid, dimensionless.

Dimensionless index for circular conduits.
Generalized flow behavior index, dimensionless.
Outward nsrmal, cm,

Atmospheric pressure, gmf/cm2

Pressure applied by gas; gmf/cm2

Pressure drop across the capillary tube, gmf/cm2
Constant in the Meter model, dimensionless.
Hydraulic radius, cm.

Reynolds number, dimensionless.




Ir

Critical ReynoldS'number dlmen51onless.

Radial distance from the wall, cm.

S U 1

Local point velocity in axial direction, cm/sec,

Average velocity, cm/sec.

Effective slip velocity at the wall, cm/sec,

Kinetic é€nergy correction factor, dimensionless.

Slip coefficient, cmé/gmf-sec.
2
Modified slip coefficientnm cm6/gmf -sec.

Normal stressg function associated with T22 -

Rate of strain tensor, sec la
Slip coefficient, cm /gmf—sec.

. . . 2
Non-Newtonian Vlscosity, gmf-sec/cm

Lower limiting Viscosity, gmf—sec/cm2

Upper limiting viscosity, gmf-sec/cm

Normal stress function associated with Tll -
Stability parameter, dimensionless

Density, gm/cm3.

Anomalops layer thickness, cm.

Soivent vis;osity, gmf«sec/cmz.

Shear stress, gmf/cm2

Critical shear Stress, gmf/c'm2

Constant in the.Meter model, gmf/cmz.

Shear stress at the wall, gmf/cmz.

133"

T22.'
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APPENDIX I

SUMMARY OF VISCOMETRIC RESULTS*

FOR NATROSOL-250 G AND HR SOLUTIONS

e O
* All the measurements were taken at 25° C.




TABLE: 1

CAPILLARY TUBE SPECIFICATIONS

CAPILLARY LENGTE, CALI. DIAM. D, L/D
IN CM N cn
A 22.96 .0578 397.23
AT 45.40 _.0578 785.47
B 22.90 .0395 579.74
c 23.00 .0285 807.01
cI 17.95 .0285 629.82
D 20.37 .0250 §14.80
DI 22.28 L0250 891.20
E 20.66 .0184 1,122.82

SR SR S
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TABLE: 2

SOLUTION: 0.67% (BY WT.) NATROSOL-250 G

DENSITY OF SOLUTION: 1.0159 gm/cm3 at 256C

DATA FOR CAPILLARY A

e BT

- ) -1 2

AP, PSIG W, gm/sec. 8<u> X 10 4, sec T, gmf/cm
10 .1783 .9219 L4610
16 .3333 1.7237 L7175
20 L4392 2.2710 .8851
26 .5999 3.1023 1.1365
32 .7666 T 3.9641 1.3778
40 .9852 5.0944 1.6919

DATA FOR CAPILLARY B
8<U> -
AP, PSIG W, gm/sec. D X 10 é, sec™l T _, gm /cm2
W, £

20 .0878 1.4206 L6197
40 .2098 3.3931 1.2149
50 .2791 4.5133 1.5070
60 .3617 5.8483" 1.7930
80 .5208 8.4208 2.3583
100 L6753 10.9186 2.9059




DATA FOR CAPILLARY C

AP, PSIG W, gm/sec. D X 10 7, sec T s gmf/cm
50 .0653 2.8196 1.0970
80 ° .1225 5.2895 1.7417
120 .2103 9.0845 2.5886
150 .2786 12.0330 3.2140
170 .3271 14,1278 3.6247
200 .3993 - 17.2445 . 4.2338
.DATA FOR CAPILLARY D
8<U> -4 -1 2
AP, PSIG W, gm/sec. D X 10 , sec T , gmf/cm
50 0466 2.9691 1.0882
80 .0876 - 5.5793 1.7292
100 L1154 7.3434 2.1536
150 .1897 12.0755 3.2030
200 .2665 16.9616 4.2348
220 . .2989 19.0205 4.6413
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I-5
DATA FOR CAPILLARY E
8<U> -4 2
Ap, PSIG W, gm/sec. D 10 , sec , gmf/cm
60 .0223 3.5775 .9%461
100 .0439 7.0332 1.5681
150 .0757 12,1222 2.3386
180 .0958 15.3414 2.7967
220 .1236_ 19.7876 3.4023
242 .1398 22.3947 3.7320
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TABLE: 3
SOLUTION: 0.8Z NATROSOL-250 ¢
DENSITY OF SOLUTION: 1.01633 gm/cm3
DATA FOR CAPILLARY A
AP, PSIG W, gm/sec. 8<U> 4 10—4; sec™ ! Tys gmf/cm2
D
10 .1099 .5682 L4630
16 L2161 1.1174 L7248
20 .3041 . 1.5720 .8967
26 L4147 2.1438 '1.1538
32 .5503 2.8446 1.4083
40 .7485 3.8693 1.7358
DATA FOR CAPILLARY B
' 8<U> -4 -1 2
AP, PSIG | .W, gm/sec 5 X.10 , sec T,» gmf/cm
20 ' .0534 - .8637 L6212
40 .1337 2.1612 1.2237
50 .1864 3.0124 1.5217
60 .2408 3.8931 1.8177
80 L3617 5.8461 o 2.4Q017
100 .4858 7.8516 2.9752




I-7
DATA FOR CAPILLARY C
: 8<U> -4 - '
AP, PSIG W, gm/sec. X 10 , sec 1 » gm_/cm
D w £
" 50 .0430 1.8578 1.0991
80 .0839 3.6262 1.7485
120 .1507 6.5065 2.6070
150 .2052 8.8595 3.2443
200 .3028 13.0727 4.2920
250 .4029 17.3966 5.3216
DATA FOR CAPILLARY D
<U> - -

AP, PSIG W, gm/sec 8<U X 10 4, sec™? . gmf/cm2
100 .0766 4,8719 1.9791
140 .1246 7.9275 2,7572
180 .1768 11.2487 3.5275
220 .2320 14.7560 4$.2890
247 2727 17.3444 4.7960
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- DATA FOR CAPILLARY E:
<U> - -
AP, PSIG W, gm/sec. ’S‘DL X 10 4, sec1 Tys gmf/cm2
100 .0311 : 4.9811. 1.5718
140 .0505 8.0935 2.1935
180 .0715 11.4488 ©2.8118
210 ,0877 14.0529 3.2733
240 . .1049 16.7966 3.7322




TABLE: 4

SOLUTION: 1.0% (BY WT.) NATROSOL-250 G

DENSITY OF SOLUTION: 1.01695 gm/cm3

DATA FOR CAPILLARY A:

AP, PSIG W, gm/sec. 8<U> X 10_4, sec”1 Ters gmf/;:m2
10 .0795 .4109 4636
16 L1453 .7507 L7274
20 .2005 1.0361 <9021
26 .2858 1.4767 : 1.1631
32 .3903 2.0163 1.4211
40 .5321 2.7590 _ 1.7656
DATA ‘FOR CAPILLARY B:
’ 8<U> - 1 2
AP, PSIG W, gm/sec. b X 1077, .sec™ _ Ty gmf/cm
20 L0341 .5517 .6218
40 .0900 1.4537 1.2269
50 L1271 2.0536 1.5277
60 ©.1655 2.6736 1.8276
80 L2448 3.9540 - 2.4244
100 .3218 5.1983 3.0177




DATA FOR CAPILLARY C:

AP, PS1IG W, gm/sec 8;U> X 10 R sec™ 1 T gmf/cm
50 .0277 1.1947 1.1000
80 .0572 2.4672 1.7517
120 .1057 4.5617 2.6169
150 .1490 6.4298 3.2613
200 .2259 9.7497 4.3267
250 .3091 13.3383 5.3787

DATA FOR CAPILLARY D:

AP ,PSIG W, gm/sec, 8<u> X 10_4, sec™1 Tes gmf/cm2
100 0524 3.3326 1.9831
150 .0983 6.2500 2.9626
200 .1530 9.7286 3.9332
250 .2092 13.2970 4.8953
300 .2705° 17.1935 5.8457
350 .3362 21.3695 6.7825
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. DATA FOR CAPILLARY E:

AP, PSIG W, gm/sec. ‘8—;& X 10-4, sec”1 T, gmf/cm2
170 L0479 , 7.6670 2.6648
200 .0623 9.9664 3.1321
250 .0872 13.9595 ©3.9002
300 .1126 18.0207 4,6663
350 L1411 22.5688 5.4248
400 .1678 26.8392 ] 6.1796




.TABLE: 5

SOLUTION: 1.27 NATROSOL-250 G

DENSITY OF SOLUTION: 1.0175 gm/cm>

DATA FOR CAPILLARY A:

8<U -4 -

AP, PSIG W, gm/sec. p X 10 4, sec™ ! LI gmf/cm2
10 . 0481 2486 0.4641
16 .0908 L4692 0.7287
20 .1229 .6348 0.9046
26 .1818 .9388 1.1681
32 .2571 1.3277 1.4300
40 .3555 1.8353 1.7777

DATA FOR CAPILLARY B:

AP, PSIG | .W, gm/sec. 8—]§£—>- X 1007, sec” T, gmf/cm2
20 .0204 .3304 0.6220
40 .0571 .9226 1.2284
50 .0840 1.3569 1.5306
60 L1131 1.8266 1.8322
80 .1847 2.9815 2.4508
100 L2612 4.2165 3.0291
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DATA FOR CAPILLARY C:
AP,PSIG W, gm/sec. 8<U> X 10_4, sec 1 Ters gmf/cm2
50 .0184 0.7964 1.1004
80 .0393 1.6951 1.7532
120 .0762 3.2882 2.621
150 .1093 4.7128 3.2701
180 L1463 6.3098 3.9159
200 .1714 7.3932 4.3449
DATA FOR CAPILLARY D:
AP, PSIG |W, gm/sec. 8;U> X 1074, sec-1 T, gmf/sz'
80 .0256 1.6265 1.5903
. 140 .0633 4.,0248 2.7722
180 .0954 6.0645 3.5563
220 L1317 8.3712 4.3363
240 .1520 9.6561 4,7241




. DATA FOR CAPILLARY E:

AP, PsSiG W, gm/sec. —§H> 10” sec™ ! Tys gmf/cm2
100 .0139 2.2215 1.5745
140 .0241 3.8603 2.2002
180 .0367 5.8814 2.8245
220 .0509 8.1500 3.4472
240 .0579 9.2549 3.7580




TABLE: 6

SOLUTION: 0.17 NATROSOL-250 HR

DENSITY OF SOLUTION: 1.01438 gm/cm>

DATA FOR CAPILLARY A:

AP, PsIG W, gm/sec. §§HZ X lO_z*,-sec_l T, gmf/cm2
10 L5422 2.8079 L4341
16 .8365 4.3324 L6571
20 1.0479 5.4270 .7923
26 1.3271 6.8731 19927
32 1.5734 8.1487 1.1841
40 1.8898 9.7874 1.4250
DATA FOR CAPILLARY ATI:
- _ 2
AP, PSIG W, gm/sec. §§EZ X 10 4, sec” 1 Ty gmf/cm
10 .2613 - 1.3533 .2385
16 L4402 2.2798 .3648
20 .5410 2.8019 .4509
26 - .7128 3.6918 .5736
32 " .8877 4.5973 . .6929
40 1.1311 5.8582 . 8461




DATA FOR CAPILLARY B:

> - -

AP, PSIG W, gm/sec. §§H_ X 10 4, sec” ! Tw’ gmf/cm2
20 L2427 3.9304 .6032
40 .4853 7.8584 1.1533
50 .6084 9.8520 1.4130
60 L7191 11. 6444 1.6688
80 .9456 15.3129 2.1580
100 1.1157 18.0672 ' 2.6522

DATA FOR CAPILLARY C:
<yu> - -

AP, PSIG W, gm/sec. 8DU X 10 4, sec” 1 Ty gmf/cm
50 L2140 9.2572 - 1.3596
80 .3452 .. 14.9308 2.1165
120 | .5074 21.9474 3.0818

150 .6229 26.9434 3.7762
180 L7465 32.2920 4.4283
200 L7748 33.5142 . 4.9391




-

DATA FOR CAPILLARY CI:

- 2

AP, PSIG W, gm/sec. 8—;U—> X 10 4, sec™ 1 T, > gmf/cm
50 .1728 7.4762 1.0751
80 .2795 12,0897 1.6877
120 4132 17.8720 2.4804
150 .5303 22.9379 3.0398
180 .6172 26.6993 3.6097
200 .6738 29,1454 3.9830

DATA FOR CAPILLARY D:

AP, PSIG W, gm/sec. 8<U> X 10—4, sec™l Ty gmf/cm2
80 L1914 12,1970 1.5436
100 2476 15.7788 1.9067
150 .3706 23.6185 2.7964
200 .4969 31.6724 3.6423
250 .3054 19.4650 4.8316
300 .3281 20,9097 5.8014
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DATA FOR CAPILLARY E:

AP, PSIG W, gm/sec. 8<U> ¢ 10—4, sec™l T, gmf/cm2
100 .0989 15.8646 1.5406
150 .1489 23.8799 2.2808
180 .1833 29.4068 2.7106
200 .2008 32.2063 3.0004
250 .2470 39.6192 3.7113
300 .2928 46.9654 4.4079
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"TABLE: 7

SOLUTION: 0.2Z NATROSOL- 250 HR

DENSITY OF SOLUTION:

DATA FOR CAPILLARY A:

1.01494 gm/cm3

8<U> " _

AP, PSIG W, gm/sec. o X 10 4, sec L gmf/cm2
10 .3579 1.8529 . 4509
16 .6068 3.1410 .6892
20 .7815 4.0449 . 8447
26 .9981 5.1662 1.0681
32 1.2401 6.4186 1.2815
40 1.5734 8.1438 1.5370

DATA FOR CAPILLARY B:

. . 8<U - - 2

AP, PSIG | W, gm/sec. —— X 10 4, sec T , gn_J/cm
: D W £
20 L1573 2.5460 L6144
40 .3507 5.6757 1.1892
50 L4663 7.5472 1.4614
60 .5563 9.0036 1.7384
80 .7718 12.4920 2.2529
100. L9644 15.6076 2.7894
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s I-20
DATA FOR CAPILLARY C:
% AP, PSIG W, gm/sec. 8<U> ¢ 10_4, sec™? Tys gmf/cm2
i D .
50 .1189 5.1427 ' 1.0887
80 .2076 8.9778 1.7178
120 .3294 14.2399 | 2.5338
150 L4137 17.8839 3.1342
203 .5608 24.2459 4.1801
250 1 .6898 29.8210 5.0554
DATA FOR CAPILLARY D:
8<u> A -1 2
AP, PSIG W, gm/sec. 5 X 10 7, sec Ty s gmf/cm
80 L1492 9.5006 1.7088
150 .3058 19.4776 ' 3.1215
200 ’ .4107 - " 26.1612 4.,0959
260 .5366 34,1783 5.2240
320 .6611" 42.1078 6.3592
350 L7224 46.0132 6.8402




I - 21.

DATA FOR CAPILLARY E:

AP, PSIG W, gm/sec. 8;U> X 10_4, seé_l T’ gmf/cm2
100 .0665 ' 10.6684 1.4415
150 .1053 16.8843 . 2.1440
200 .1484 23.7959 2.8327
250 .1883 30.1811 3.5134
300 .2280 36.5536 4.1839
-350 L2643 42.3625 4.8501




I-22

TABLE: 38

SOLUTION: 0.37 NATROSOL-250 HR

DENSITY OF SOLUTION: 1.01507 gm/cm3

DATA FOR CAPILLARY A:

100 - .7586

’ <y> - -
AP, PSIG |W, gm/sec. 8DU X 107%, sec~! Ty» gmg/cm?
10 L1949 .9977 0.4617
16 .3794 1.9418° 0.7175
20 .5255 2.6896 0.8818
26 L7144 3.6561 1.1246
32 .9429 4.8256 1.3528
40 1.1042 5.6511 1.6749
DATA FOR CAPILLARY B:
14aP, Psic W, gm/sec. 8<U> o 107%, sec™?t T&, gmf/cm2
20 .0925 1.4916 .6204
40 .2448 3.9453 l1.2123
50 .3270 5.2705 1.5014
60 L4125 6.6485 1.7852
80 .5773 9.3043 2.3414
12.2259 2.8723




DATA FOR CAPILLARY C:

AP, PsSIG W, gm/sec. §§HZ X lO"4 sec Tws gmf/cm2
50 .0722 3.1141 1.0973
- 80 .1355 5.8420 1.7407
120 L2175 9.3799 . 2.5889
150 .2586 11.1474 3.2268
200 L4031 17.3788 4.2365
250 .5083 21.9130 5.2459

DATA FOR CAPILLARY D:

AP, PSIG W, gm/sec. 8<U> X 10_4, sec Ty s gmf/cm2
80 .0906 5.7991 1.5582
150 .2029 12.9893 2.8803
200 L2846 18.2153 3.8036
260 .3737 23.9231 4.8975
320 L4633 29.6521 5.9705
350 .5089 32.5750 6.4980




TABLE: 9

SOLUTION: 0.4% NATROSOL-250 HR

| DENSITY OF SOLUTION: 1.0153 gm/cm3

DA?A FOR CAPILLARY A:
_ - 2
AP, PSIG W, gm/sec. 8<U> 10 4,_sec 1 T gmf/cm
D
10 L1236 .6394 L4623
16 .2708 1.4013 L7216
© 20 .3714 1.9216 .8916
26 .5356 2.7714 1.1416
32 .7258 3.7555 1.3823
40 .9537 4.9345. 1.6970
DATA FOR CAPILLARY B:
AP, PsIG W, gm/sec. §§EZ X 10_4, sec™1 Ty, gmf/cm2
20 . 0.0639 1.0352 .6210
40 0.1835 2.9696 1.2188
50 0.2458 3.9763 1.5137
60 0.3108 5.0277 1.8055
80 L4794 7.7556 2.3700
. 100 6122 9.9035 ' 2.9308




DATA FOR CAPILLARY C:

<U> - _ .
AP, PSIG W, gm/sec. 8<U X 10 ', sec 1 T , gm /em?
: D : w £
50 .0562 2.4273 1.0981
' 80 L1112 4.8063 1.7441
120 1747 7.5502 2.6005
150 .2126 9.1876 3.2418
200 .2602 11.2436. 4.3126
DATA FOR CAPILLARY D:
- - 2
AP, PSIG W, gm/sec. 8<U> X 10 4, sec T , gn _/cm
D . w f
80 0.0798 5.0855 1.7314
150 .1623 10.3348 3.2173
200 .1999 12.7319 4,2795
260 .2138 13.6099 5.5693
320 .2272 14.4647 6.8588




" DATA FOR CAPILLARY E:

AP, PSIG W, gm/sec. §';U—> X 10—4, sec” T gmf/cm2
100 .0343 5.4914 1.4519
150 .0572 9.1662 2.1690
200 .0759 12.1632 .2.8848
260 0946 15.1644 3.7444
350 - .1398 22,4001 5.0103




APPENDIX II

SAMPLE CALCULATIONS

f

! : '

! A. The calculation of shear stress versus shear rate for
i

the flow of 1.07Z Natrosol-250 G Solution.

Density of the solution at 25° C = 1.0169 gm/c.c.
The diameter of the capillary tube = 0.0578 cm.
Pressure drop across the capillary tube = 40.0 p sig.

Flow rate of the solution = 0.5321 gm/sec.

Shear Rate = 8<U> - 32 g
D mpD
= 32 x 0.5321 -3

3.1428 x 1.0169 x (0.0578)2% °°€

2.7590 x 10% sec~1

Shear Stress = ry (_dE )

From Equation (E-~11l) in Chapter IITI,

(_dp') _ 40.0 x 70.3324 _ 5.5+22.96 _ 1.12x1.0169x3.9542x10"

dx 22.96 22.96 22.96 x 980

(122.5303 + 1.2395 - 2.0012) gmf/cm3

121.7686 gmf/cm3

- - 2
T = ry (_jE') = 0.0145 x 121.7675 gmg/cm
< . .

1.7656 gmf/cm2




II-2

(3

Calculation of the effective slip velocity at a shear

stress of 1.7656 gmf/cm2

The diameter of the capillary tube =.0.0578 cm
The critical shear stress for 1.0Z Natroscl-250 G
(Figure 7) = 8.0 gmf/cm2

From the equation (B-6) in Chapter III

D

o' is obtained from the figure 10.

Therefore, U = 2799 (1.7656-8.0) cm/sec
Y 0.0578

- 30.1903 cm/sec.

Calculation of the anomalous layer thickness for 1.07

Natrosol-250 G Solution at a Shear Stress of 1.7656

gmf/cmz.
From Equation (D-5) in Chapter III

§ — _ Uy

fZTwi

From Equation (D-6) in Chapter III

_ .l+3n' 8 (<U>-U_)
f(t.) = ———— {——F—u=}
¢ w 4n'’' D

The flow behavior index n' is obtained from the 1.0%

Natrosol-250 G Solution Curve in Figure 11.



I1-3

1+3n' _ 1#3x0.75 _
4n' 4x0.75

Therefore,

£(r,) = 1.0833 x 3.1670 x 104 sec”?

= 3.4319 x 104 sec"l

. The true shear rate value is also obtained from the

figure 11.

So, § = . Uy = _30.1903 .,

f(Tw) 3.4319x%10"

'8.7969 x 10~% cm.




