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ABSTRACT

This study presgents quantitative experimental data
on the various stress-optical characteristics of polymer
1iquids, specifically, polyisobutylene. Through the use
of a concentric cylinder rheogoniometer and a rotational
viscometer, the temperature effects of a newtonian poly-
isobutjien@ liquid was studied and was found to have a
stress-optical coefficient independent of shear stress
and minor temperature chenges. The experiments confirm
that the birefringence 1s a known function of the ex-
tinction angle and the shear stress. Various polylsobuty-
lene liguids were used in & simple flow device to ob-
serve the birefringence in the 1-3 plane and the 2-3
" plane. The results indicat@“that the 1~3 bBirefringence
is proportional to the molecular weight oOf the material.
Contrary to theory, bireffingence effects are observed
in the 2-3 plane, The study also included the transient
behavior of a highly non-newtonian polyisobutylene sol-
ution, The most notable aspect of this behavior was:
that of an t'overshoot'! effect, whose occurence and mag-

nitude is a8 function of the shesr rate.
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INTRODUCTION

The development of the field of rheo-optics has been
quite different from that of other sclentific flelds. While
many have remained an art rather than a science due to the
lack of theories, the field of rheowoptics has suffered
from the opposite effect, namely an over abundance of the—
ories with little experimental data for support. The appar-
ent scarcity of raw data is perhaps due to the high preci-
sion and expense of the instruments invoiv&d. It isthe in-
tention of this study to present pertinent data to help
support or disprove the many mathematical theorles that

have been proposed throughout the years.

Although the field has been slow in developing, much
interest has been generated in it in the recent years. This
is due to 1ts impprtance as a method for measuring stresses
and flow without disturbing the medium. Often referred to
as photoelasticity or in specifiec, birefringence, the field
1s of great i&portance to design work where it 1s necessary
to know flow and stress pfofiles of the model. The birefrin-
gence effect is actually a measurement of the refractive
index difference in the various planes of orientation in
space., The refractive index, which i1s the ratio of the vel-
ocity of light in vacuum to its velocity in a transparent
material, where it is always slower. One theory of the re-

fractive index assumes that an electric field 1s generated
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by~the electrons in the atom which retards the movement of

the light wave} A difference in the refractive index occurs
when more électrons are aligned on one direction than in
another. This occurs when a materlal is stressed by either
mechanical means or subjected to flow when it is a liquid.
Studies have shown that these pressures or stresses are
propértinnal to the refractive index difference. These
small dlfferences are measured with the use of polarized
light. When the light passes through the stressed material,
it is di&ided into two component waves, each with its pléne
of polarization parallel to one of the principal planes?
Sihce one beam will be retarded a little more than the other,
an interference pattern can be generated in the polariscope.
Theae interference patterns-appear as black bands where the
two beams completely cancel one another. Fractions of a band

can be measured with a compensator.

]

R.Feynman,R.Leighton and M.Sands, The Feynman Lectures
on Physics,Vol.l (Addison-Wesley Pub.Co., 1963)chap.31

2

D.Post, "Photoelasticity",ed. Society of Experimental
Stress Analysis ‘



HISTORICAL DEVELOPMENT OF BIREFRINGENCE THEORIES

Although double refraction or birefringence of liquids
is considered to be a very new field, its early beginnings

3

date back over a century. Mach” was the first to observe

double refraction in very viscous materials such as Canada
balsam whan'poured (transient birefringence), but failed to
observe any for less viscous materials. Mach first published

these findings in 1873,

‘In 1874 Clerk Maxweil described the transient results
obtained from a concentric cylinder apperatus he built in
1866, where he subjected Canada balsam to shearing? Similar
results were obtained by Quincke in 1880 by immersing a

heated wire in various liquids.

Kundt5improved on Maxwell's instrument by observing
the movement of an interference band produced with a gypsunm
rlate using a nitrocellulose solution; these were the first
quantitative measurements to be done. Kundt then proposed
that the incompressible liquid in the annular gap is sub-
jected'to compressive and tensile stresses perpendicular to

3

*H.G.Jerrard,"Theories of Streaming Double Refraction'
Chemical Reviews,59 (1959) p.345

Wayland,"Streaming Birefringence as a Rheological
Research Tool", Rheo-optics of Polymers,ed.R.Stein (New
York: Interscience pub.,l1964)

A.Kundt, Wied. Ann. 13 (1881) p.110



diie another and oriented 45° to the direction of flow.These
stresses were’proportional torlj, where n is the dynamic
viscosity and j is the velocity gradient or shear rate.
Kundt, using Maxwell's cohccpts expressed the decay bire-

fringence as an = KtJ where t is the relaxation time.

In the 1890's DeMetz and Umlauf elaborated upon Kundt's
experiments by using a Babinet compensator and varying the
temperature, noting that the birefringence decreased with
increasing temperatureé Schwedoff,7noting the departure of
the extinction angle X from 45° and using Maxwell's relax-
ation theory and Hooke's law, derived an-equafion for X in
terms of the finite recoverable shear of the liquid. In 1904
Natanson8 derived the equation: cot 2}f='i tJ. Zakrewski

cqnfirmed'this équation through his experiments.Presently,
the recoverable shear is now defined as twice that of Natanson's
g = 2cot 2} =t
Zocher p{?posed an alternate theory in 1921 where the
birefringence is a result Qf the orientation of asymmetrical
molecules, Raman and Krishman likewise considered the bire-

fringance to be an effect of asymmetric and optically aniso-

tropic molecules which are'oriegtated with their major axis

6
~ _H.G.Jerrard, op.cit.,p.354

7T. Schwedoff, Journal of Physics (3)1,(1892)p.49

8 .
M.L. Natanson,Bull. intern. acad. scl. Cracovie 1,(1904)



[
-’

in the direction offﬁrincipal tension. This orientation is
6pposed by thermal agitation, whereby the resulting orien-
tation causes the double refraction. The theory leads to the

following expression:

é_ri - (nz-l) (n2+2) ( aq- a2) (= 11-0622)+('a2— 33) (9(22—0(33)’.4( a3=aq ) (q’33-o(11 )}
nnj 10n'4 No k T (a1+a2+a3) (9‘1 1+“22+“335?

where n=index of refraction,No=number of particles/cmB, T=
‘absolute ﬁemperature in OK, k=Boltzmannt's gconstant, a=geo-
metrical axes of the triaxial ellipsoid and X =principal
polarizabilities of the triaxial ellipsoids. By assuming
rotational symmetry where Xp= X3 and az=as and introducing
the mean polarizability from the Lorenz-Lorentz equatlon,
the gquation simplifies to:

An _ 2T (n2+2)2 (etq-t2) £
2N3 s ¥ T n

where f is a geométric fofm factor. Although'the theory of
Raman and Kfishman predicted the dispersiom of double re-
fraction and the usoextinction angle for pure liquids,this
theory did not hold for colloids, where large values of
birefringence and extinction angles less than 45°are ob~- -

served, as found by Kundt.

9

W.Philippoff, "Determination of the Anisotropy of
Bond Polarizebility of Liquids Using Flow Birefringence
Measurements", Journal of Applied Physlcs, Vol,31,No.11
(Nov.1960)pp.1899-1906
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In 1932 Haller Opublished & paper dteling with the flow
behavior of deformable particles and rigid anisodimensional
particles. The lefter were considered to be ellipsoids in
revolution which exibit precessional motion in laminar flow,
Although Haller's theory predicted why the extinction angle
changed from 45° to 0° with increasing shesr rate, many of
his constants could not be evaluated nor did they have any

physical meamning.

Boeder considered colloidal particles ﬁhich were ag-
sumed to be large ellipsoilds in revolution with a large
axial ratio in a homogenous solution, The particles are or-
lentated by flow and disoriented by Brownian motion, leading
Boeder to an expression for the distribution function F of
the majdr geometrical axes of the particlésliBoeder then
derived expressions for the effect of the interaction of the
electric fleld of the incident light wave for a partially
orientated system, Boeder assumed that the liquid was an-
isotropicdue to the anisotropic nature of the particles or

to deformation from strain.

At this time W.Kuhn also presented his theory.
- like Haller, Kuhn considered the particles to be isotropic
and flexible or anisotroplic and rigid. The rigid particles

likewise, were assumed to be orientated during flow, however,

10
H.G.Jerral‘d, OP-C‘lto ’p0355

11
H.G.Jerrard, op.cit.,p.358



Kuhn considered them to be & string of rigidly connected

spheres, which executes an irregular rotational motion

~about 1its center of'gravity in addition to translation.

& Kuhn presents several models with various geometries.
In each of these models the birefringence is presentéd as

e fuﬁction dﬁ‘the diffusion constant, however, Kuhn presents
those equations applicable to limited conditions. While
kﬁhh's_theory appears to be mathematically sound, it has
been 1mpbssib1eito verify experimentally. One must also

note that Kuhn's models were two dimensional in nature,

- Later attempts were made by Peterlin and Stuart along
with Snellman and Bjornstahl in 1939 to improve upon this
thgory.by treating it as a three dimensional model and taking
into account the effect of light absorption'by the particles.
Again, while these theories appear quite sound, the com-
plexity of the equations and the many indeterminate constants
make their‘theories all but useless to the practical resear-

cher,

By 1943 the concept of the rigid particle wasAiﬁ ques-
tioﬁ due to unexplained behavior 1nAmany liquids., Earlier
attempts by Haller and Kuhn now led to the éoncept of &
flexible chain molecule which, while normally in the colled
state, was subject to continuous change in shape due to ther-

‘mal agitation, Haller's early theory of flexible particles,



1ike that of rigid partidles, contended that it was an
ellipsoid,'bﬁ% birefringende was brought about by the de-
formation of the ellipsoids, rather than just by 1ts orien-
| tation. These ellipsolds were acted upon by external stres-
ses during flow, which in turn created internal stresses
within the parﬁicle, leading to an equilibrium orientation
which was not alvays: 45O from the direction of flow. In.
; fact, with large gradients this angle ﬁould approach some
limifing angle 1arger than zero. The flexible particle
theory meant that there would be no saturation or maximugA

birefringence due to total orientation of the particles,

W.Kuhn also con¢luded from the behavior-of polyéty-
rene and rubberlike materials that the birefringence was
due to the deformation of the particles as well as theilr
ofientation. W.Kuhn thenvattempted a mathematical treat-
ment of a deformable sphere-;héAéh éiongated particle,
Shortly after, W.Kuhn and H.Kuhn12’13proposed a "statis-
tical coil' model where the particle consisted of a num-
ber of_'statiatical stralght chain elements! which in turn
14,15

weré composed of a number of monomers, For solutions,

i2
W.Kuhn and F.Grun, Kolloid-Z. 101 (1942)p.248
13
pp.1394

W.Kuhn and H.Kuhn, Helvetica Chimica Acta, 26 (1943)

4

A W.Philippoff,"The Present Stand of Rheo-Optics of
‘Polymer Solutions", Proceedings of the Fifth International
Congress on Rheology, Vol.4 ed.Shigeharu Onogi(Tokyo:1970)




W.Kuhn and H.Kuhnlétreated the molecule as a loose struc-

ture allowing free movement of the surrounding liquid, a
tightly structured one which prevanted this flow, or more
likely, some intermediate structure which inhibited but
did not prevent this flow. The two limiting structures are
sometimes referred to as ¥free draining' and 'nondraining!
molecules, W.Kuhn and H.Kuhn, through probabilityand
entropy relationships have developed a two dimensional
equation for birefringence whereby each straight element _

1s assumed to be an ellipse in revolution:

= 2 2 5, .2 2. %
an = n_-n, = B'ﬁ‘ékﬁﬁg NL(X1-%)o'B7(8] + T1)

15n, 3
2 2
and 8q= o' fj(c'ﬁ ) : T1= fz(a'h“)
£(o'R°) £(o'h?)
-2 _ 2 -
where h°= NpAp and o's= j/16Dt

ﬁﬁ'which Dt is the translatory diffusion constant perpen-
dicular to h, Am 1s the average length of the statistical
element and N, is the number of elements per molecuie.
Since W.Kuhn and'H.Kuhh present the functions f,fl,fz as
cbmplicated integrals, their formiila has only been evaluated
for specific cases where assumptions of Sl and Tl can be
made. Similarly, W.Kuhr and H.Kuhn have derived an equation
15
16

W.Kuhn and F.Grun, Journal. of Polymer Science,Vol,1
No.3 (1946) pp.183-199

H.G.Jerrard, op.cit.,pp.394-401




for the extinction angle:
i - A._( -1 r
}(-— T /4 - § tan” "Sy/Ty

Shortly after, Hermans improved upon the theory by
treating it as a three dimensional model, The results were
similer for small gradients to that of the two dimensional
model, necessitating only minor numerical factor changes,
Similar theories were later put forth by Peterlin and Stuart,
Kramers, Copic and Tsvetkov, Kirkwood, and Zimm. One of the‘
latest attempts was that of Lodge in 195&%7Lodge treated
dilute sclutions of up to several per cent and considered
only small gradients., Unlike the previous theory, Lodge
proposed that the mdlecules were entangled with one another,
xformlng a loose network throughout the solution%gUsing a
model similar to the statistical theory of rubberlike elas-
ticity, Lodge assumes that the birefringence is caused by
‘the orientation of the deforming network of optically an-
isotroplc chain links. By evaluating some data on polysty-
rene solutions, Lodge was able to confirm that; the stress
.and the optic ellipsoids are coaxial, the orientation in-
creases'with shear rate, and the differences of the prin-

ciple axes of the opticvellipsoids increase proportionately

17 .
A,.S.Lodge, "Variation of Flow Birefringence with
Stress", Nature, 176 (1955) p.838

18

A.S.Lodge, "A Network Theory of Flow Birefringence
and Stress in Concentrated Polymer Solutions",Trans. Faraday
Soc. 52,(1956) p.120
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to the differences of the corresponding principle axes of

]
“the stress ellipsoid. By applying some well known relation-
- ships, Lodge deduced the 'stress optical coefficient', sim-

4lar to that of F.Muller and Kuhn;

AN - ApCo. Cp = 2T nit2 “(%;-of)
T 3n »

s &asC kT TEkT

similarly from equation

an _sin2X = hﬂ?(n2+2)2 (6 ~c) (n-no) J
n 5 3n kT , -

Lodge concluded that:

. AN = An sin2X _ an sin2X
ap 2] (q-1,) 2T

which is very similar td that equation derived from Raman

and Krishman,

While the equations have proved to be experimentally
valid, sone of—Lodge;s assumptions are guestionable, Lodge
assumed thé cquiality of the optical and the stress tensor
without explaining why the axes differ from 45°1n normal
liquids. If,theAcoaxiality of a third tensor for the re-
coverable deformation is assumed, its prinecipal axis changes
1ts ahgle toward the flow direction at 'finite shears'; ex-
plaining why all three tensors lgad.}'as a function of }.
This assumptinnis supported by the relationship of the
normal stresses, extinction angle‘X, and the angle deter-

mined from the recoverable shear s= 2cot2). Experimental
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data obtained from various instruments appears to check,
especially for low shear rates, This fact disagrees with
Lodge's assumption that s=(P11—P22)/27’1s distinct from
the equation for sollds in finite shear: s=(Py1-P22)/7.

This factor of two has yet to be resoclvéd theoretically.
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" DESCRIPTION OF THE APPARATUS

Optical Arrangement

All of the optical data wes obtained through the use
of a polariscope designed by W.Philippoff and built in the
Franklin Institue of Philadelphia,Pennsylvania. The light
source is a 100 watt, hlgh pressure, high intensity mer-
cury arc lamp, whose light passes through a compound pro=-
jector lens (18 mm., focal length) and is then passed through
a greén interference filter (5461 g) and limited by two sets

of variable Bjornstahl slits.

The Bjornstahl arrangement uses two sets of horizontal
slits whose images are focused oﬁ the entrance of the flow
chamber and the half wave plate. A vertical slit is used
to éontfol the width of the beam. With this arrangement a
light beam of about four times the intensity of a parallel

slit is produced.

The light then becomes a parellel beam by passing
through another compound lens, and is polarized by a Glan
Thompson prism., The light beam is now transmitted through

the sample contairier: and then through a quarter wave plate.

When using the half shadow technique (Senarmont-com-
pensator), half of the image passes through a quartz half
wave plate. The correct angle is found by matching the light

intensity of the two fields. For this to occur the image
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must be transmitted through the analyser and focused by

the eye plece,

The polarizer and the analyser may be oriented in-
dependentiy, the polarizer is capable of a 180° rotation
while the analyser-half wave plate combination 1is free to
move a complete 3600. Each of their rotations is divided
into fractions of a degree, which may be read to within a
minute of an arc with the aid of a vernier scale., Further
precisioh is unwarrented due to the limitations of the hu-
man eye. Electronic sensors have been attempted, however,
inconsistant readings result from inhonogeneities in the
sample 1iquid. When observing the 2-3 plane of flow, an
additional lens 1is plaéed between the sample and the quar-

ter wave plate to magnify the ilmage.

Concantric Cylinder Apparatus

The primary device used in obtaining the double re-~
fraction data was a concentric cylinder arrangement. This
device consists of the previously described optics and two

concentric stainless steel cylinders, in which the outer

one is stationary. The inner cylinder is rotated by a series

of timing belts and gear boxes and are in turn driven by a

synchronous constant speed motor.

Depending upon the cylinder used, the rate of shear
range is from .000793 to 31450 secleor this study cylin-

der II was used, with = radius of 2.7535 cm, and a length
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of 7.43 em. The annular gap was 1.069 mm. On each end of
the stationary cylinder is mounted a smell clrcular glass
window (12 mm., diameter by .15 mm,) through which the light

beam passes,

In order to conduct constant temperature measure-
ments, the outer cylinder contains a water jacket which is
divided into three sections. Before passing into the middle
hjacket_the water is circulated through an insulated jar
which contains & calibrated thermometer (accuracy of 1.02°F).
The entire cylinder, along with flexible tubing, 1s insulated
to minimize heat loses. A constant temperature bath, from

which the water originates, can be maintained to within .01°F,

- nig-nay Apparatus

In measuring fhe refréctive index difference n11-N33,
the fluid flows horizontaly - in a plane perpendicular to the
.1ight beam, The apparatus contains no mcving‘parts, being
a simple slit arrangement. Constructed of stainless steel,
the apparatus employs two thin glass window similar to that
used in the concentric cyiinder device. The slit is deter-
mined by steal and brass spacers of a knowm thickness
placed between a rigid stainless steel plate,.which con-
tains one window, and the main body of the apparatus, which
contains the other window. Two different slits were employed;
the first ﬁeasurcd 2.54 cm, innlength, 1.27 cm. in width

and .0635 cm, in thickness. The second one was 2,54 cm, long,
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1.27 cm. in width and .127 cm in thickness.

For this apparatus and that of the n22~n33 measure-
ments, the 1liquid is supplied from a 400 cc stainless
steel vessel which is pressurized with up to 250 psig of

nitrogen gas.

nz,-n33 Apparatus

The device used in the refractive index difference
npp-n33 is also a simple slit arrangement, In this case the
direction of flow coincides with the light beem., The ap-
paratus consists of a 2.54 cn diameter staiﬁless steel
cylinder with a length of 4.36 cm. The s1it measures 2.54 cm
in length and .8 cm in width with a thickness of ,0735 cm.
on qithér end of the cylinder is a glass window (.37 cn
thick) which is mounted within a brass holder and is in
turn clamped to the cyliﬁder. Due to the thickness of the
ﬁindows, very high shear streéses are obtainable, the limi-

tation being the pressure vessel.

Neither the njyy-ng3 device nor the npp-nyy device were
originally dcsignéd with a water Jjacket to maintain a con-
stanp temperature, For the nzg-n33 devige, however, a lucite
container, which encloses the flow chamber as well as the
pressure vessel, was‘cohstructcd. To minimize extaneous
bircfringcnce, thin glass windows like those in the concen-

tric chindcr device were used rather than the walls of the
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1uc£te container, which contains a large residual bire-
fringence. Provisions were made for a valve to start and
stop the flow of fluid. Water is circulated from a constant
temperature water bath into the bottom of the container.

It then exits from the top and is conducted to the 1insul-
ated jar, in which the thermometer resides, then back to
‘the water bath. For room temperature measurements the tem~
_perature can be maintained to within #.05°F, However, for

high temperatures (16?0F) tenmperature loses of ;SOF occur.

. Viscometer

A rotational viscometer was used to obtain the vis-
cosities, This apparatus was also designed by W.Phillppoff
and built by Esso Research and Engineering Company. It con-
sists of two concentric cylinders with an annular gap of
2 mm, The inner cylinder is driven by a welght attached to
a string, which is wound around a drum that is connected
.to the cylinder. The rate of shear is calculated from the
speed of angular rotation. This is obtained from a light .
beam that is reflécted off the mirrors mounted on the drumn.
Two photocells, placed at a given distance, activate a re-
lay which controls a timer. By knowing the distances and
the time interval, it 1s quite easy to obtain the rotational
speed., The shear rate is given by: j=.358 g/t where g is
the angle of rotation in degrees and time t is in seconds.

The shear stress is simply a multiple of the weight on the
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gtring, U=4 W. For large shear rates the drum rotation is

‘

read directiy.

The viscometer can be operated in two modes, For lérge
weights the cylinder rides on a carbide point. For small
weights, to»minimize friction, an air bearing is employed.
To obtain consfant temperatures, the lowcf half of the vis-
cometer is submerged in a constant temperature water bath
| ;hiéh cén ﬁe meintained within .02°F, Depending upon the
liquid and the care employed, accuracies of up to 1% can ~

be achleved.

Materials

With the exceptinn of the liquid used in the calibra-
tions, all of the materials chosen for this study werepoly-
" isobutylene fluids., There were five nearly newtonian liquids

of high purity and one non-newtonian polylsobutylene solution.

ORONITE N-16: This material has a relatively low viscosity
N= 23.6 polise at 25°C. Its molecular weight is M, =550.

According to thevmanufactufer, California Chemical Co., it
ﬁay be a mixture of polybutylene 'isomers', which méj-ac--

count for some optical discrepancies.

INDOPOL H-25: This material is a polyisobutylene liquid very

19
E.A.Birkhimer,"Two New Viscometers for Measuring
Viscosity at Recoverable Shear Over a Wide Range of Shear
Rate",Esso Reaearch and Engineering Co.;(0ct.1960) p,6
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similar to ORONITE N-16, Produced by AMOCO, it has a mol-
ecular welght Mn between 593 and 670, depending upon the
~batch and the method used to measure it., Ithas a viscosity

of 29.45 poise and a density of .8691 g/cc at 25°C,

ORONITE N-24: This materisl is a moderately viscous poly-
lsobutylene, 209. poise at 2500, produced by the Californisa

Chemical Company. Its molecvlar weight isaroundhmn$900.

INDOPOL H-1900: Produced by ANOCO, this material is a high
viscosity, 5049, poise at 2500, polyisobutylene exhibiting
newtonian behavior at hligh shear stresses, over 200,000
dynes/cmz. It is very temperature senzsitive, varying by e
factor of 100 for a AT= 65OC. It hes a M, between 1900

and 2560 and a density of .9224 g/cc at 25°¢.

VISTANEX LM/MS: This 1s & very high viscosity (1.15 x 106

poise) polyisobutylene produced by Enjay. Thils material
begins to exhibit non-newtonian characteristics for shear
stresses above 10,000 dynes/cmz, Its molecular welght Mn
liegs somewhere between 25,000 and_?0,000; molecular welght

determination becoming quite difficult at these ranges.

VISTANEX L-200 Solution: This is a polyisobutylene solution
composed of 4.5 weight % VISTANEX L-200 in PRIMOL 355, a
white mineral oil. The solution is produced by dissolving
the Vistanex in hexane and then mixing it with the oil., The

hexane is then dtriven off, leaving the final solution, which
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is iater filtered, The solution exhiblts very stfong non
newtonian characteristics and has a zero shear viscosity
of about 48,000 poise, VISTANEX L-200, originally produced
by Enjay but discontinued now, has & molecular welght of

about 5.5 x 106. (see Apendix for PRIMOL 355)

NBS 2-~35967 Solution: This liquid is a polystyrene solution
of 7.14 weight % NBS 235967 in a 35-65 mixture oft'Aroclor!
‘andkTPC. The solution is suplied by the National Bureau of
Standards and prbduced by the Pressure Chemlcal Company. It
has a zero shear viscosity of about 681, poise and becbdhés

guite non-newtonian beyond a shear stress of 1000 dynes/cmz.
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CALIBRATION OF THE CONCENTRIC CYLINDER INSTRUMENT

Procedure

To check the calibration of the concentric cylinder
device, a polystyrene solution from the National Bureau of
Standards was used. Shear rates from .0215 to 15.2 sec~!
-were used in the birefringence measurenments, which were all

conducted at 25°C.

To obtain the birefringence value, the analyser is
set to zero and the extinction angle X is obtained by ro-
tating the polarizer (NSO for a newtonian liquid). In this
"position the polarizef and the analyser are locked at:an
angle of 89O to one another, The difference, whlch is a1~
ready accountéd for on the scale, is to sllow for the bsl-
_ancing of the half wave plate field. This woﬁld be impos-
sible ot a 90° difference where totel cancellation causes
8 zero light intensity. The polarizer is theﬁ set at an
angle of 45~)? and the compensator angle is read from the
analyser, which when multiplied by a factor of 4,06 x 10”8
gives the birefringence. Tﬁis factor is obtained from the

relationship:

radians
an = 8 X(.01745 ~Fegree )

T1

where A is the wave length of the light, 1 is the length of

the cylinder and © is the compensator angle in degrees,
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Calibration Results

The birefringence agreed quite well with former mea-
surements of the National Bureau of Standards liquid, with
a reproducibility of about'l%. Both the birefringence and
the viscosity measurements confirmed the fact that the 1li-
- quid was non-newtonian. Extinction angles less than 45° oc-

curred for shear stresses above 100 dyn@s/cm2

decreasing to
about 250 for a shear stress of 7000 dynes/cmz. A 30% drop
in the viscosity, from 681 to 460 poise, was also observed

for this same range.

The stress-optical coefficient from the equation

1

C = sgn(sin 2X)/2T was found to be negative, as to be ex-
pccﬁed with a polystyrene, and haed a value of -4535%114
Brewéters. The coefficlient remained falirly constant for the
shear stresses measured, desplte the strong non-newtonian

behavior, confirming the coefficient!s independence of the

shear rate,

There wés a dccfease, howevér, at the hlgher shear
rates, This is caused by internal hcating from excessive
shearing. Since the heat is generated faster then the mater-
ial can conduct it away, a rise in temperature is observed
ét the center of the gap. The refractive Index also decre-
ases, causing the light beam to refract outward. The lmage

then rises out of the field of vision.



POLYSTYRENE NBS 2-35967

Temperature= 77.0°F

SHEAR RATE VISCOSITY SHEAR STRESS  EXTINCTION  COMPENSATOR — BIREFRINGENCE  STRESS-OFTICAL
) ANGLE ANGLE 5 CUEFFICIENT
j sec 7 poise T dynes/em X & min., an x 10 v C Brewsters
.0215 681 14.65 ps® 20 1.35 1620 -
.0327 680 22,2 45° 29 1.96 b420,
L0475 678 32.2 1y5° I 2.77 4310
. 0684 675 46,3 15° 66 IS . 1820
.0995 673 67.0 45° 90 6.10 . 4550
152 669 ' 101.8 15° 138 9.34 4590
.215 666 143, 44° sy 188 12,72 LU50
327 - 661 216. 14° 50 286 19.37 4510
475 657 312, 54° 101 418 28.3 4540
684 654 448, 43° 26 611 4.3 4620
.995 652 648, L2° 374 871 59.0 4560
1.52 650 988. 5% 274 1343 90.9 " 1550
2.15 648 ' 1393, 40° 00° 1896 128,2 4530
3,27 640 2095, 37° 370 2835 191.8 4430
4,75 625 2970. 35° 18 - hoh2 .273.5 1350
6.84 580 3970, 32° 08¢ 5708 386, L400%
9.95 530 5270, 28° g7 7984 540, 4350%
15,2 460 7000, 25° 171 10634 720, 3980%

* heating

L
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TEMPERATURE EFFECT ON THE STRESS-OPTICAL COEFFICIENT

Experimental Procedure

In the recent years there has been a serious debate as
to whether the stress-optical coefficient C is affected by
Brownian motion. Until recently it has been common practice

"to correct the coefficient with the equation;

C = CtT /T

where 6* is the stress-optical coefficilent at some refer-
ence temperature T!',usually 2980K. To test this equation,
‘s highly birefringent and temperature sensitive material
-was used., A highly Visoous polyisobutylene (Indopol H-~1900)

was chosen for these reassons and for its newtonian behavior.

Many of the pitfalls that plagued earliér investiga-
,tors were eliminated, one being the mismatching of visco-~
sity and birefringence data. By having available both de-
vices, it is possible to obtain the data on the same batch
of material. To eliminate any thermometer errors, the same
" thermometer was used for the viscésity and the birefrin-
gence measurements. The measurements were conducted in a
tcmperatﬁre range of 250 to 90°C. For the viscosity studies
.normally shear stressés from 10 to 1000 dynes/cmz were em-—
| ployed, although shear stresses of up to 37,000;dynes/cm2

were aschieved,
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In filling the concentric cylinder device, care must
be taken in preventing any air bubbles to be introduced
into the 1iquid. Should this occur, dispersion of the ailr
due to shearing will cause the liquid to become opaque,
and for large bubbles, inconsistant birefringence values

will be obtained.

A period of 24 hours was allowed for thermal equi-
1ibrium tcvoccur. A minimum of 10 minutes for each shear
rate is allowed for steady state conditions to be achieved,
To compensate for any optical misalignments, the material
issheared in a clockwise and then a counter clockwise di-

rection and an average of the two values is used.

Results

The viscosity, obtained by N.Zwetkow, was observed to
remain constant for the shear stress range employed in-
éluding that of 37,000 dynes/cmz, confirming the choice
65 a newtonian fluld. At 25°C the liquid had a viscosity
of 5048.7 poise, which decreased by a factor of nearly one
hundred to 52.6 poise at 90°C. The experimental error had
& mean deviation of about 1.5%. Independent measurements
conducted by the Esso Research Laboratories in an Ubbelohde
viscometer were in reasonable agreement with these values.
An empirical equation for the viscosity was derived, with

about & 1% deviation from the experimental values, and had

the form:
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POLYISOBUTYLERNE INDOPOL H-1900

Temperature= 77. 0°F

SHEAR RATE EXTINCTION COMPENSATOR BIREFRINGENCE — MAXWELL

) ANGLE ANGL.E 8 COM&TAI\g
j sec X . & min. an x10 Mx 10
00761 s° 15 1,05 138.0
L0111 us® 23 1.56 140,0
L0169 45° 33 2.23 132.0
.0215 4s© o 2.97 138.2
.0327, 45 ° 67 4,53 138.5
L0475 45° ol : 6,40 134.,8
. 0684 U5 ° 135 9.1k 133.7
.0995 - 4s° 199 13,47 135.3
152 Cou5° 309 20,9 137.5
215 45 © 426 28.8 134.0
.327 45 ° 660 iy, 7 136.7
475 L5 ° L6 e 134.8
68l b5 © 1371 92,8 135.7
.995 U5 ° 1997 135.2 135.9
1.52 uy° 52’ 3073 208. 136.8
" 2.15 44O by 4291 290, 135.0
3.27 v uh° 380 6452 436.5 133.5
4,75 3y 3y 59 640, 134.8
6.84 4h® 27+ 13521 ‘ 915. 133.8
9.95 w05t 20325 ' 1375. 138,2
15,2 43° Ly 29700 2019, 132.8
19.25 43° 27t 37670 - 2550, 132.6
29.3 42° 24 | 57750 3910, 133.3

42.8 1% 24v 83820 5680, 132.8
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POLYISGBUTYLENE INDOPCL H-1900

Temperature= 86.0°F

SHEAR RATE EXTINCTION COMPERSATOR BIREFRINGENCE  MAXWELL

ANGLE AKGLE CONSTAKT

3 sec”t X € min. an X108 M x108
.0215 15° _ 27 1.83 85.1
.0327 L5° b2 ‘ 2.84 86.9
0l75 u5° 59 3.99 84,1
. 068k 15° , 86 5.82 85.1
. 0995 L5° 130 8.80 881
«152 L5° 194 13.13 86.4
215 45° 274 18.54 86.2
. 327 45° s 28.1 85.9
475 15° 602 40,7 85.8
684 u5° 878 59.4 86.8
995 us® 1257. 85.1 85,5
1.52 45° 1933 130.8 86,1
2.15 o uu® 500 2739 - 185.3 86.2
3.27. WC 2 b1 56 281, 86.0
4,75 1L° 27¢ 6010 107, 85.6
6.84 340 350 8580 581, 84,9
9.95 4L° 20¢ 12453 843, 84,7
15,2 44° 03¢ 18960 1283. 84, L
19.25 43° ys 24150 1632. 848
1 29.3 43° 15¢ 37020 - 2504, 85.6

42.8 - 42° 35° 51900 3513. 82,0
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POLYISOBUPYLENE INDOPOL H-1900 '

Temperature= 100,0°F

 SHEAR RATE EXTINCTION COMPENSATOR BIREFRINGENCE  MAXWELL
N ANGLE  ANGLE 5 COLSTAKT
j sec > @ min. an x 10 ¥ x 10
0215 L 5° 14 cOL7 Ik, 0
.0327 - us® 21 | 1.421 3.5
0475 L5 31 2,10 by, 2
L0684 L5° - by o 3,04 hh,5
0995 b5° 66 b 47 4,9
.152 L5° 99 . 6.80 Ly, 7
.215 L5° 140 9,47 Ll g
327 L5° 212 14,30 43,8
L75 C4s5° 315 21.3 Lk, 9
684 L5° L6 30.2 hh,2
<995 bs® 669 by, 7 4,9
1.52 15° 990 68,0 b7
2.15 )52 1352 Sk, 2 43,8
3,27 L5° 2099 142.0 43,4
4,75 1y5° 3067 207. 43,7
- 6.84 ly5° Ll 299. 43,7
9.95 Bu° Lo 6320 128, 43,0
15.20 BuC 350 9540 6Ls, 42 L
19.25 W 230 12000 812, 42,2%
29.3 4L o7t 18170 1230, b2, 0%
42,8 43° B9t 25770 1745, L0,8%

* heating
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POLYISOBUTYLEKE INDUPCL H-1900

Temperature= 113. 0°F

SHEAR RATE EXTINCIION COMPENSATOR BIREFRINGENCE  MAXWELL
ANGLE ANGLE COWSTANT

3 sec™t X & min. AN X 108 Mx 10
.0327 45° 12 .812 25.2
LOU75 l45° 18 | 1.218 25,6
0684 15° 25 1.691 2k, 7
.0995 I5° .37 2051 25.2
152 15° 55 3,72 24,5
215 45° 77 | 5,22 24,3
.327 45° 125 8.45 25,7
75 us° 182 12.31 25.9
L6804 4s° 248 16.79 2L, 5
995 U5° | 369 25,0 25,1
1,52 b5° 554 37.5 24,7
2.15 45° 782 - 52,9 24,6
3.27 L5° 1190 80.5 21,6
.75 L5° 1732 117.2 24,7
6.84 l5° 2169 167,0 2L b
- 9.95 45° 3558 241, 24,3
15.2 L 5384 36k, 24,0
19.25 uu° 37 6810 162, 24,0
29.3 4° 3.0 10200 690, 23.6

42,8 Lu® 14 15010 1016. 23.8
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POLYISOBUTYLENE INDOPOL H-1900

Temperature= 130, 0°F

SHEAR RATE EXTINCTION COMPENSATOR BIREFRINGENCE MAXWELL
4 ANGLE AKGLE COKSTART
j sec X € min. sn x 10 Mx 10

.0995 4s5° | 18 1.218 12,24
152 1y5° 28 . 1.895 12,46
215 4s° 39 2.64 12,27
327 45° .59 3,99 12.21
475 15° 86 5,82 12.25
684 45° 123 8.32 12.16
.995 45° 180 12,18 12,24
1.52 15° 273 18.47 12.15
2.15 L5° 389 26.3 12,24
3.27 us® | 591 50.0 - 12.23
b.75 1450 8149 574 12,09
6,84 b 5° 1217 , 82,3 12.03
9.95 Iy5° 1785 - 120.8 12,14
15,2 L5° 2757 186.5 12.27
19.25 45° 3463 234, 12,14
29,3 45° 5296 358, 12.22
42,8 L1° 39+ 7470 506. 11.83
61.6 w25t 10620 719. 11.67*
89,7 By g 15450 1045, 11.65%

* heating
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POLYISOBUTYLERE IKDUPOL H-1900
Temperature= 149,0°F

SHEAR RATE EXTINCTTION ,COI*EPEK‘L‘:}ATCR BIREFRINGENCE  MAXWELL

-1 ANGLE ANGLE COkoTANT
j sec X ® min. am x 10 Mx10
215 45° 19 1,286 5.98
327 Iy5° 29 : 1.962 6.00
475 L5° L2 2.84 5.98
.68k 45° 60 , 4,06 5.9k
.995 45° 88 5.95 5.98
1.52 45° 133 9.00 5.92
2.15 Ls® 189 | 12.79 5.95
3.27 45° 288 19.49 5.96
b,75 L5 120 28,4 5.98
6.84 L5® 600 40,6 5,94
9.95 45° 876 59.2 5.95
15.2 L5° 1343 - 90.9 5.98
19.25 L5° 1679 113.6 5,90
29.3 45° 2551 172,6 5,89
12,8 45° 3719 252, 5.89
61.6 ui° st 5190 351. 5.70%
89,7 44° 35t 7380 500, 5,57%
137.0 By 23¢ 11400 772, 5.63%

* heating



36
POLYISOBUI'YLENE INDOPCL H-1900

Temperature= 167.,0°F

SHEAR RATE EXTINCTTION COMPENSATOR BIREFRINGENCE — MAXWELL

1 ANGLE ANGLE CONSTAKT
3 sec ® © min. 4n x 10 M x 108
.215 | 45° 10 677 3,147
327 45° 15 , 1.015 3.105
75 Iy5° 22 1.488 3.130
684 45° 32 | 2,17 3,165
0995 45° by 3.18 3.196
1.52 ly5° 71 14,80 3.161
2,15 45° 100 | 6.77 3.147
3.27 45° 155 10,49 3,207
b,75 45° 218 14,75 3,106
6 .84 o s° 313 21.2 3.096
9.95 45° 459 31.1 3,122
15,2 b5° 696 YA 3.098
19.25 . 45° 889 60,2 3.125
29.3 Ly5° 1352 91.5 3.122
42,8 L5 194 131.5 3,073
61.6 b5° 2788 188.7 3.063
89,7 us° 4095 277, 3,089

137.0 L5° 5961 k03, 2., 9lly *

¥ hsating



POLYISOBUTYLERE INLDOPOL H-1900 37

Temperature= 194, 0°F

SHEAR RATE  EXTINCTION 'COMPENSATOR ~ BIREFRIKGENCE  MAXWELL
1 ANGLE ANGLE 8 COI~4&S’J_‘AI‘§T

J sec” ?* € min. an x 10 M x 108
995 45° 19 1.285 1,292
1,52 45° 30 2,03 1.335
2.15 us® 42 2,84 1,322

© 3427 45° R o b33 1.323
4,75 45° gl ' 6.36 1.339
6.8k L5° 133 9,00 1.315
9.95 | us? 195 13.20 1,327
15,2 ly5° 300 20,3 1.337
19.25 45° - 371 25,1 1.305
29.3 Cous° A 558 37.8 1.291
42,8 45° 816 55,3 1.291
61.6 45° 1187 80.3 1.303
89.7 L5° 1703 . 118.0 1.315

137.0 u5° 2651 179.4 1.309
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logN = & (1/(B+T)=(1/(B+77))+Logllyy

where T is #n °F.

The bifefringencc an was also proportional to the fatc
of shear 3} and since 7l=77j, proportional to the shear
stress; A shear stress range from 38 to 216,000 dynes/cm2
was obtained. At high shear rates heating occurred, necessi-

tating shorter durations for steady state,

The extinction angle X was observed to depart from
450 fqr shear stresses above 7000 dyncs/cmz. However, thié
departure was still small even at 216,000 dyncs/cmz. The
Maxwell constant M = an/j behaved very much like the fis-
cosity, as would be expected. Experimental cfror was less

than 1%. An empirical equation was also derived, with

agreement to within ,.6% of the experimental data,

Being newtonlan, the-strcsé-oétical coefficient was
essentially equal to M/2N or an/2°7, Despite the large ef-’
fects of temperature, there was only a 6.7% decrease in

- the stress-optical coefficient, most of it occurring after
65°C. In the 25° to 65°C range, there was only a 1%VVar—
iation, well within the eXperimenfal error of less than 2%.

A stress-optical value of 1339 Brewsters was obtained at 25°C.

This temperature 1ndependence'effect was first'observed

. , 2 ,
by Signer and Gross Oin a polystyrene solution and later by

20 '
' R.Signer and H.Gross, Journal of Physical Chemistry,
© A165,(1933)p.161 . '




EMPIRICAL EQUATICN FOR MAXWELL CONSTANT:

POLYISOBUTYLENE INDOPOL H-1900

log M = 3350 (1/(3104T) - 1/(310477)) + log Mom

TEMPERATURE

F

77

86

100

113

130

149

167 .

194

EXPERTMENTAL
Mx 10

135.2
859
L2
24,8
12.17
5.95
3.125
1.315

CALCULATED
Mx 10
135,2000
85.9492
L, 1955
24,7895
12,2541
5.9309
3.1456
1.3227

EMPIRICAL EQUATION FER VISCOSITY:

DEVIATION

+,0000
- 0492
+. 0045
+.0105
-. 0841
+.0191
-+ 0206
- 0077

logn = 2870 (1/(2804T) - 1/(280477)) + logW or

TEMPERATURE
°p

77

86
100
113
130
149
167
194

EXPERIMENTAL
N poise

5048,66
3196.50
1663.00
931,06
459,22

225,06

120,55
52.63

CALCULATED
N poise
5048,66
3202, 51
1646.61

926,32
L61,.28
225.91
121,49

52,34

DEVIATION

+00,00
- 5,01
+16.39

+ 4.4

- 2,06
- 0,85
- 0.94
+ 0,29

b1

% DEVIATION

+,0000
-, 0572
+,0102
+.,0857

= 6860

+4 3220
-.6549
“e 5821

% DEVIATION

+.0000

4 e 187?

+. 9954
+45117
- L6
- 3763
-7737
+45€56
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POLYISOBUTYLERNE INDOPOL H-1900

STRESS-0PTICAL COEFFICIENT

b3

CALCULATED from combined empirical equations;

C = H/2n x 1012 Brewsters

THEORETICAL from temperature depemdent equation;

PEMPERATURE EXPERIMANTAL  CALCULATED
°p C Brewsters C Brewsters
77 1338.97 1338.97 +,0000
86 1343.37 1341.90 +,1095
100 1328,92 1342,01 - Q754
113 1331.82 1338.06 - L4663
130 1325,07 1328.27 -.2409
149 1321.87 1312.67 +,7062
167 1296,14 1294, £9 41197
194 1249,22 1256.53 -.5818
ESSO RESEARCH DATA
TEMPERATURE DEFSTTY KIN. VISCOSITY
OF P glce v oSt
77 L9220 5601.59
100 9113 1767.26
150 .8956 235,66
210 8643 37.35

% DEVIATICN  THEORETICAL

C Brewsters

1338.97
1316.89
1283.95
1254.80
1218.63
1180.59
1146.68
1099.32

VISCOSITY

n poise

5166.91
1610,50
211.06
32,28



PRSI

MADE IN U.S. A,

e

T

Q

he

KEUFFEL & ESSER CO,

At i

t

HREN




bs

Philippoff21on e National Bureau of Standard polyisobutylene
of about 200 poise viscosity. However, there was doubt

about the effects due to the smaller temperature range and
greater errors envolved., For practical purposes, the stress
~optical coefficient can be considered temperature indepen-
dent in the vicinity of room temperature. The inverse tem-
perature predicts a 17% decrease in the stress optical co-
efficient at 9000, which is much greater than the observed

decrease,

A series of straight lines were obtalmned at the var-
ious temperatures when the extinption angles between 450
n.and 40° were plotted against the shear rats. By correcting
for the change in viscosity by plotting the angie versus
shear stress, a single straight 1line was obtalned. By ap-

plying the relationship;

~ s = 2 cot 2X ="T/G

where s is the recoverable shear. By plotting the recover-
able shear versus the shear stress, a straight line is ob-

tained whose slope gives the shear modulus G = 822,000 dynes/cm?

21
W.Philippoff,"The Temperature Dependence of Flow
Birefringence Parameters" ,Transactions ofthe Society of
Rheology III,(1959) pp.153-160




POLYISOBUTYLENE INDOPOL H-1900

' | Temperature= 77, 0°F. Temperatures= 86,0°F
SHEAR RATE SHEAR STRESS EXTINCTION % RECOVERABLE SHEAR STRESS  BXTINCTICN % RECOVERABLE
4 ) ALGLE SHEAR ) ANGLE SHEAR
j sec “T dynes/cm X 7 dynes/cm X :
1.52 7674 1° 520 .93
2,15 10855 5h° by 2.21 6872 uu® 507 1.16
3.27 16509 uL° 38* 2,56 10453 4L 42 2.09
4.75 23981 5% 399 3.37 15183 540 27 3,84
6,80 34533 Ly® 271 3.67 21864 4u® 350 2.9
9.95 5023k 44° 05° 6,50 31805 110 201 1,66
15.20 76740 43° nhye 8.85 L8587 31° 03 6.63
19.25° 97187 3% 27 10.83 61533 43° 457 8.73
29.3 147926 32° 200 19.20 93657 43° 150 12,23
| 42,8, 216083 410 240 25.27 136810 42° 350 16.91
- Temperature= 100.0°F Temperature= 113.0°F
9,95 16547 DA " 1.75
15,20 25278 uh° 351 2,91 14152 u4° nov 2.33
19.25 - 32013 Lo 23 .31 17923 e 37 2,67
29.3 18726 u® o7 6.17 27280 i 30! 3.49
42,8 71176 43° 49 8.27 39849 wi® qh 5.35

Pl



POLYISOBUTYLENE INDOPCL H-1900

Temperature= 130.0°F Temperature= 149.0°F
' SHEAR RATE SHEAR STRESS EXTINCTION % RECOVERABLE SHEAR STHESS  EXTINCTION % RECOVERABLE
L ANGLE _ SHEAR ANGLE SHEAR
j sec . 7 dynes/em? x T dynes/cm? x
42,8 19655 44° 390 2.y
61.6 28288 4L° 258 4,13 13864 uu° Lo 1.75
89,7 41192 Bu° 110 5.70 ' 20188 uL° 350 2.91
137.0 | | 30833 LS 23 k.31

Lty
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ny,-n33 REFRACTIVE INDEX DIFFERENCE

%OR VARIOUS POLYISOBUTYLEKES

Procedure

For measuring the refractive index differences nll_nBB
five different polyisobutylene liquids were employed. Their
number average molecular weight M, ranged from 550 to about
27,000 and their respective viscosities.at 2500 varied from
23.65 ﬁoise to 1.15 x 106 poise. This large range permitted
an evaluation of viscosity and molecular weight effect uéén

the ngq-n refractive index difference.

33

‘As previously described, the device had no provisions
for constant temperature mcasﬁrcments and therefore had to
be conducted at room temperature, The apparatus is a single
paés system where the fluld is passed through the flow
chamber once and then expelled. In this manner heating ef-
fécts due to shearing can be neglected for these short di-
mensions. The liquid_is contained in a 400cc vessel which
is pressurized by nitrogen gas. The fluid flow is control-

led by a quick close valve before the flow chamber.

.To calibratc‘thc deviee, Indopol H-1900 was used. Two’
burets fashioned 1nt6“a,manomefer~werc connected ﬁo a 500cc
receiving flask, which ih turn was connected to the fluid
~exit line., By timing the flow and knowing its viscosity, it

was possible to obtain the shear stress as a function of the



TYPE

INDOPOL. 1-10

'INDOPOL L-50
INDOPOL  1-100
ORONITE N-16
INDCECL H-25
INDOPOL H-35
ORONITE N-18
INDOPOL H-50
ORORITE K20

INPOPOL H-100a

ORONITE N-24

ORCNITE h-24a

INDOPUL He100
OPP#NCL B5
OROKITE N-32

© INDOPUL H-300
INDOPCL H-1900

VISTAMEX 1M/KS

VARIOUS PGLYISCBUTYLENES AT 25°C

MOLECULAR WEIGHT

PUBLISHED

520
550
670
730
625
770
700

830

900

900
830
1190

1100

1900

(69000)visc.

EXPERIMENTAL

¥n

400
k35
549
593
594
661
665
715
782

882
911

859

1130

1046
2560

(30000)

VISCOSITY
R} poise

408
1.95
L.ls

23.6
29.45
41,3
5348
86,8
92.8
154,
207,
209.
212.5
223.7
230,

. 500,

670.
790.
5049.

1.15 x10°

52

STRESS=CPTICAL
COEFFICIENT
C Brewsters
590
915
985
1120
976
1130
984
980
995
1115
1045
1150
1095
1090
1035
1300
1285
1345
1339
1305
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gauge pressure (see Appendix). Both the .025 in, and .0501in.
gaps were used with the Indopol H-1900 measurements., Since
higher shear stresses were obtainable with the ,050 in. gap,

it was the only one used for the other liqulds.

For the optical orientétion, the flow chémber was pos-
itioned perpendicular to the light beam, The polarizer was
set at a 90° angle (450 to the direction of flow) and the
reading were obtained from the Senarmont compensator. Ex-
cept for the Indopol H-1900; all viscosity and birefrin-

- gence 4n data was obtained from Esso Research,

. nl 1"'1133 Results

Calibration of the flow apparatus yielded & shear
stréss range of 35,000 to 178,000 dynes/cm? the lower limlt
being the sensitivity of the Senarmoﬂt compensator and the
‘upper 1limit due to the pressure vessel. In all cases the
n,,-n33 refractive index difference, which was found to
have a positive value, was observed to follow the square
of the shear stress, This tends tQ terify the relationship
for newtonian ligiids that:

.
The values are calculated from the relationship
(n11‘~n33)w = 3A8,/(180 4)

where X = the wave length of the light (.546 x 10“ucm), Sn



POLYISOBUTYLENE
Gap= .050 in
PRESSURE SHEAR STRISS
1bs/in® ’7‘<:1y]m=:s/c:m2
100 71250
150 £92630
160 114000
200 142500
250 178130
POLYISCRBUTYLENE
Gap= ,050 in
PRESSURE SHEAR STRESS
lbs/in2 T dynes/cm?
200 142500
250 : 178130
POLYISOBUTYLENE
| Gap= . 050 in
PRESSURE SHEAR STRESS
' lbs/in2 T dynes/cm2
160 114000
200 142500
250 178130

ORONITE N-16

Temperature= 70.0°F

SENARMONT (n

ANGLE 11-n32)
& min. x 10
11 1.315
19 2,270
25 2,988
34 1,063
47 5.617

INDOPOL H-25

Temperature= 70.50F

SEKARMCNT (n,,-n,.)
ANGLE 1 32
& min. x 10
10 1.195

ORONITE K24

Temperature= 72.7OF

SENARMONT (n,  -n..)
ANGLE 1 32
€ min. x 10
7.5 896

18.0 20151
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Gap_:

PRESSURE

1bs/in?

80
100
120
150
170
200

. 02511’1

SHEAR STRESS
T dynes/ en?

51400
64250
77100
96380
109230
128500

Gap= .050 in

PRESSURE
1bs/ in2

80
100
120
150
170
200

SHEAR STRESS

"C dynes/cm2

55580
69470
83360
104200
118100
138900

PCLYISOBUINYLENE INDOPOL H-1900

(n

430
673

.969

1.513

1.945

2,692

(n

.503
786
1.130
1,767
2,268
3.141

11733
x 106

117733
X 106

Temperature= 73 JACF

56

SEiﬁﬁ%%mT (nll—n23)
© min x 10
L 957
6 1.435
8.2 1.958
11 2,630
snﬁég%éwT (“11'”23)
€ min x 10
L 478
6 o717
10 1.195
15 1.792
18.7 2,235
26.6 3.192



POLITSOBUTYLENE VISTAREX LM/MS

‘Temperature= 71, 0°F

Gap= .050 in

PRESSURE SHEAR STRESS SERARMCNT (n )
(Uncorrected% (Corrected) QNGLE 11 32

1bs /in® T dynes/cm Qdenes/cm & win x 10
50 35630 31920 27 3,229
80 57000 49080 56 6.692
100 71250 60330 81 9,680

130 92630 76150 119 14,22

160 114000 91000 148 17.69

180 128250 100350 174 20.79

200 142500 109600 199 23.78

220 156750 11.8280 230 27,49

250 178130 131500 276 32,98



(ﬂ,, - nm)
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is the Senarmont angle in degrees, and 4 = the gap. This

eguation can be reduced tothe simple relationship:
nyj-n33 = K Sp!

where S,' 1s the Senarmont angle in minutes and K = 23.9

8 1 8 1

x 10" "min" " for the small gap and 11.95 x 10~ min ~ for

the large gap.

. The two equations were in close agreement with one
another for the Indopol H-1900 measurements. There was
some discrepancy for the LM/MS, which exhibited a non-new-
tonian behavior of its viscosity. With a shear modulus of
"G = 105,400 dynes/cm2 obtained from the extinction angle,
agreement wa; achieved with uncorrected shear stresses but
differed by a factor of two with the corrected values, This
error increases if one attempts to use the rélationship
G = T/s, where s is the racé%erable shear obtained from re-
éoil measurements in a cone and plate viscometer., The shear

modulus could not be obtained for the lower molecular weight

" polyisobutylenes,

For all of the polyisobutylenes except one (Oronite
N-16), a rise in the molecular weight was accompanied by an

increase in the nq4-n_, values. With a closer inspectlion

33
the nll'n33 molecular weight relationship was observed to
be nearly linear. This fact agrees with the presence of the

molecular weight term in the cquatibn:
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POLYISOBUTYLENE VISTANEX LM/MS

Temperature= 25,5°C

SHEAR STRESS SHEAR RATE VISCOSITY RECOVERABL# SHEAR
5 _ . £ SHIAR NODULUS
T dynes/cm j sec 7 x10" poise 5 G dynes/cm
23.1 0000201 1.150
146 .000131 1.145 .009 16000
1300 000263 1.141 S .08 17000
608 - . 000529 1,150 - .019 32000
916 .000807 S 1.135 .023 40000
1530 .00135 1.133 . 026 59000
2150 .00188 1.143 .039 55000
3070 .00271 1.120 054 57000
4610 00415 1,111 . 066 - 20000
6150 .00563 1,092 066 93000
9230 .00910 1.014 077 120000
18200 .0180 1.011 143 127000
24300 0243 1.000 .178 136500
33600 0337 +997 W225 149000
49000 - ,0552 .888 .30k 161000
72700 . ,0872 834 432 168000
104000 133 .782 590 176000
143000 210 . 681 721 198000
213000 409 $ 521 .983 216700
282000 .795 355 1.31 215300

L22000 2,20 CW192
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G = cpRT/M

where ¢ is the concentration, o= density, R is the g@s con-
stant, T = absolute témperature, and Mw is the weilght aver-
age molecular welght. For a newtonian liquid this would
lead ﬁo :

. ' 2
- = C MyTly
(n11-n33)y, cPR T

Although this equation contalns a weight average rather

then a number average molecular weight, the two are nearly

proportional.

The discrepancy of the Oronite N-16 is most likely due
to the composition of the 1liquid. According tb.the manu-
facturer, some of the liquids are a mimturé of polybutyl-
ene isomers., These ofher isomers do not necessarily eihibit

the same optical properties as the 'iso' form,
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TEMPERATURE AND MOLECULAR WEIGHT EFFECTS UPON n22-n33

Experimental Procedure

Unlike the refractive index difference ni1-ny3, very
11ttie is known about that of the n22—n33. In fact, conven-
tional theory predicts that Np5-N7335 should be zero. Despite
this, its effects have been notéd by varioms investigators
and an attempt to correlate the effect was made by Wales
and Philippoff2°A11 that is known about it is that the ef-
fects are relatively small (5-10% of nll"ngz) and that it

occurs in nearly newtonian fluilds more often than in non

~_newtonian liquids.

The procedure for obtaining the flow rate calibrations
and the pressure-shear stress rrlationship for the Npp-ngj
apparatus is identicel ftor that of the njj-nyg device. In

this case;

' o
- = 3ASn_
M227M33 T T80 1

"
N

where 1 now equals the 1ength 6f the slit {2.54 cm), re~
ducing the final equation to n22—n33 = K Sm', where K=

1.99 x 10-8min'? The shear stress range in this case was
from 29,000 to 146,500 dynes/cm?. Similarly, Indopol H-1900

was8 used for these measurements., For this device however,

22
J.L.S.Wales and W.Philippoff,"The Amisottopy of
Simple Shearing Flow",Rheological Acta 12 {1973)pp.25-34
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a water jacket was constructed, enabling constant temper-
atures to be maintained. Varilous temperaturés from 250 to

75°C were employed to study the effects of temperature.

An additional problem with this apparatus was the ef-
fect of internal strain on the windows. Since the windows
are much thicker, these aberrations could not be ignored.
However, it was possible to position the windows so that
the effects would cancel one another out. To test the or-
ientation, the chamber was pressﬁrized without flow and
the effects were noted., Any residual birefringence was

subtracted from the measurements.

The same polyisobutylenes that were used in the pre-
vious apparatus were employed in this one. Only the Indopol

H-1900 however, was subjected to temperature changes.

Results of the Temperature and Molecular Welght Study

For all %f the poiyisobutylenes studied, the Npp=nN3s
‘refractive index difference was negative in sign. There
was also a considerable temperature effect on the n22-n33
for the Indopol H-1900; By increasing the temperature from
25° to 75°C, the nyp-ng, decreased by a factor of 30%. The
introduction of the absolute temperature into the denomlin-
ator would only account for a 14% decrease, This per cent
appeared 1ndependent of shear stress, although the effect

itself (np5-n33) was a direct function of the-shear stress.



PRESSURE
lbs/ in2

50
80
100
130
160
200
250

PRESS URE
1bs/in”

50
780
100
130
160
200
250

POLYISOBUTYLENE INDCPCL H-1900

Temperature= 77.0+. ou°F

SHEAR STRESS SENARMOKT (n33-n22)
2 ANGLE 6
’denes/cm © min ) x 10
29310 49 0975
L6890 105 +209
58610 198 394
76190 317 631
93780 k76 <947
117220 585 1.164
146530 742 1.477

Temperature= 86,0+,08°F

SHEAR STRESS SENARMOKT (n,.-n,,)
ANGLE 35 22

2 : 6
T dynes/en 8 min. x 10

29310 ‘ 50 . 0995
46890 96 .161
58610 154 ' .307
76190 320 - .637
93780 478 .951
117220 621 1.236

146530 705 1.403
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Temperature= 100,04.15°F

PRESSURE SHEAR STRESS smiigigﬁT (n33-n22)
1bs/in2 7‘dynes/cm2 @ min. x 106
50 29310 by .0935
80 L6890 115 <229
100 58610 188 | 374
130 76190 309 615
160 93780 418 .832
200 117220 555 - 1.105
250 146530 697 1.387

Temperature= 130, 03.25017

PRESSURE SHEAR STRESS SEﬁ?é?;NT- (n33-n22)
lbs/in? T dynes/cm2 6‘ min. x 106
80 L6850 66 W13t
100 58610 136 o o271
130 76190 202 402
160 93780 327 651
200 117220 Lis .886

Temperature= 167,0+.5°F

PRESS UR SHEAR STRE3S SEﬁgging (n33-n22)

lbs/ in® 7 dynes/ cn’ e nx:{n . x 1 O6
80 46890 72 <143
1.00 58610 123 ' 2U5

130 76190 200 +398
160 93780 325 6L

200 117220 403 .802
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As in the case of the n11~n33 difference, the n22—n33

appeared to increase with the square of the shear stress,
until around a shear stress of 80,000 dynes/cmz. For higher
shear stresses the rate of change decreases and becomes
proportional to the shear stress. The effect is still rel-
ativély small, ettaining a meximum of 4% of the birefrin-
gence an. This is quite similar to that observed by Wales
and Philippoff on other materials such as silicone and sty

rene,

What is surprising is‘the fact that, except for the
high viscosity LM/MS, the n22--n33 was nearly ldentical for
 the various polyisobutylenes despite the great variatioén

in their molecular weight. The Vistanex LM/MS posed a
special problem, Since the viscoslity was very high, 1t was
nearly impossible to eliminate, in a reasonable amount of
-time, any small bubbles that were introduced in filling
the reservoir. Consequently, a narrow opaque dispersion
band appeared at the center of the slit, necessitating ob-.
servations above and below it. The measurements were re-
peated with a very similar materiél Vistanex LM/MH, ﬁith

a zero shear viscosity of 1,19 xlO6 poise, These measure-
_ments agreed quite well with the lower molecular weight

polylisobutylenes,.

This 6bservation indicaeted that the nzz-n33 effect

was not uniform throughout the slit, having a maximum value



PCLYISOBUTYLLNE

PRESSURE SHEAR STRESS
1bs/:'m2 Tdynes/cm2
50 29310
80 L6890
100 58610
2130 76190
160 93780
200 117220
250 146530
POLYISOEUIYLENE
PRESSURE SHEAR STRSS
1bs/in2 ’t’dynes/cm?
5 29310
80 : L6890
100 58610
130 76190
160 93780
200 117220

69
CBONITE h-16

Temperature= 70.0°F

bbﬁﬁéﬁ;NT (néj-nzg)
6 min. x 10
53 +1055
98- «1950
161 . 3204
267 +5313
389 <77
528 1.051
62l 1.202

IKDOPOL H-25
Temperature= 70.5°F

SENARMONT

ANGLE (n33~n22>
& min. x 10

65 <1294
148 2945
194 .3861
283 45632
362 720k
LL3 .8816



POLYISOBUTYLENE  ORONITE N24

Temperature= 72,7°F

PRESSURE SHEAR STRESS SENQRMQNT (n33nn22)
0 ) ANGLE : ¢
1bs/in T dynes/cm - & min. x 10
50 29310 43 0846
80 16890 1.04 2060
+100 58610 156 3104
130 76190 296 « 589
160 93780 396 788
200 117220 196 .987
250 146530 653 1,299

POLYISCBUTYLENE VISTAKEX LM/MS

Temperature= 74,0 F

PRESSURE SHEAR STRESS SENARMOKT (n,nnss)
5 (Correcteg) ARGLE 33 22
lbs/in" T dynes/cm & min. x 10
. 50 26530 145 .2886
80 141220 363 7220
100 : 50580 575 1.144
130 64080 865 1.721
160 76900 ' 1185 : 2,358
200 93070 1435 2.856

250 111950 1875 3.731
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at the walls. Two possible expanations are that: it was
gaused by pofarization of the light reflected of the walls;
or that the effect was maximum at the walls and zero at the

center of the slit.

The first poésibllity would account for the exlstance
of the n22-n33 effect. As the shear stress increases, in-
creasing internal heating would cause more of the light to
be diffracted and reflected off of the walls, leading to a
greater nzz—n33 effect, However, a study of polarization -
~due to reflection was performed by Harrick?BThe results of
| this study indicate that angles this large would be unlikely
. for a grazing light beam. When an alr-silver interface was
employed, which gave a high degree of polarization, an in-
cident angle of 350 was necegsary to achieve a polaniged
ahgle of 250. A mercury-alr interface required an incident
angle of 45°

The other explanation assumes a linear change in the
effect, with ; maximum at the wall. The observed reading
is assumed to be a simple érithmctic average of the fleld.
Thié alternate explanation would account for the change in
the nég-nB3 as a funct;on of distance from the center of the

slit, but not for the cause of the n22-n33 effect 1itself,

A preliminary attempt to verify this hypothesis was

23 '
N.J .Harrick,"Reflection of Infrared Radiation from a
Germanium-Mercury Interface", Journal of the (ptical Soclety
of America 49,No.4 (1959)p.376
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% of Max.
100«
80+
A 66%
- 604 ’
i e—— 50%
Lo+
3uk
20 1 17%
0 $ ¢ % # ¢ %
0 200 400 600
: Microns
PELYISOBUTYLENE VISTANEX LI/MH
WIDE BEAM (735+) FPressure= 160 psi Temperature= 70.6°F
. e 6 -
1 _ LIGHT BEAM (ny,=n,, )x10
2 (735/735) = .50 p microns Calcula%éd z%xperimental
MEDIUM BEAM (500) ' ﬁ 250 406 LAu28
3 (500/735) = .34 500 -812 +955
NARROW BEAM (250) . 735+ 1.194 1.194
L (250/735) = 7 250 1.572 1,572
. (at wall)
NARRCW BLAM AT WALL : ~Q 2.388
(at wall) ’

1—(250/735) = 66
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made with the Vistanex LM/MH using diffcrent width 1light
beams at the ;enter énd at the walls of the slit. The
results tended to agree with the predicted values; how-
ever, greater precision. would be necessary tovconclusively
prove or disprove the theory. This can be accomplished by
using a narrower beam of light and measuring 1ts cxéct pos-~
“ition within the slit.‘Furthcr measurements with various
temperatures would also be necessary to see if there really
is a2 temperature effect or whethcr it was due to the pos=-

"itioning of the 1light beam within the slit.

It was also possible to obtain the nll-néz refractive
- index difference for Indopol H-1900 by using the following
relationship:

n, =Ny, = An cos 2X

With the three planes of observations it becomes quite ob-
vious that there is a serious discrepancy iIn the stress
optical relationship, where the sum of the refractive index

differences 1s equal to zero:
(nil-nzg) + (n22-n33) + (n33-nft) =0

It seems apparent that thc'n?z-n33 effect 1s actually a com-
bination of some -other effects rather than the refractive

index difference in the 2-3 plane, caused exclusively by the
flow.
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PCLYISCBUTYLENE ORCNITE N-i6 +
Temperature= 77.0°F

SHEAR RATE EXTINCTION COMPENSATCR EIREFRINGENCE  MAXWELL

4 ANGLE ANGLE CCNSTALT
Jj sec X 6 min an x 10 Mx 10
2.15 45° 18 1.22 567
3.27 L5° 25 1.69 517
4,75 45° 37 2,50 .526
6.84 u5° .5u 3.65 « 534
9.95 45° 78 5.27 . 530
15,2 | 45° 118 8,00 526
19.25 Ls° 150 10.15 .527
29.3 45° 230 15.6 .532
42,8 I5° 333 - 22,5 .526
61.6 45° 480 32.5 .528
89.7 L5° 706 47,8 .533
137. 15° | 1066" 72,1 526
192.5 45° 1507 102, . .530
293. 45° 2276 154, .526
hzs, 45° 3207 217. .507%
616. - 45° : 4419 - 299, JU85¥

* heating

*
Philippoff 12/61



POLYISOBUTYLENE INDOPOL H-25 ¥

Temperature= 77.0°F

SHEAR RATE EXTINCTION COMPENSATCR BIREFRINGENCE  MAXWELL

4 ANGLE ANGLE 5 CONST ANT
3 sec X @ min. an x 10 M x 10
2,15 45° 19 | 1.29 .600
3.27 45° 27 183 .60
b.75 a5t 41 2.78 .585
6.84 45° s 3.86 . 564
9.95 4s5° 85 5.75 .578
15.2 4y5° 135 915 .602
19.25 145° 160 10,85 564
29.3 45° 250 - 16.9 577
42,8 45° 356 2k - 563
61.6 45° 520 35.2 571
89.7 : 45° 754 51.0 569
137. ' 45° 1153 78.0 569
192.% 45° | 1626 110, 571

Philippoff 11/61



77
POLYISOBUTYLENE OROMNITE N-24 ¥

Temperature= ’,7'70 F

SHEAR RATE EXTINCTION COMPENSATOR ~ BIREFRING:NCE — MAXWELL

ANGLE ARGLE CONSTA:T

3 sec T X 6 min. an x 108 M x 108
.215 us° 16 1.08 5.02

.327 bs° 23 S oLs6 w7

475 45° . 3 | 2.30 I, 8l
- L68L 55° L7 : 3,18 4,65
.995 45° 70 Lo7h b,76
1.52 45° 107  p.em L.76
2.15 45° 150 _ 10.15 4,72
3.27 45° 226 15.3 4,68
475 t5° 346 23,4 4,93
6,84 45° 480 32,5 4,75
9.95 - ys® 720 48,7 4,89
15.2 - s 1098 24,3 4,89
19.25 4y5° 1345 91.0 4,73
29.3 bs° 2106 142.5 4,87
42,8 45° 3074 208, 4,86
61.6 . L5° _ 1286 © 290, b7

iPhilippoff 12/61
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POLYISOBUTYLENE VISTALLX Ld/¥s¥

Constant = 4,326x10"C Temperature= 77,0°F
SHEAR RATE EXTINCTTON ~ CCMPENSATOR  BIREFRINGENCE  STRESS-OPTICAL
o ALGLE ANGLE 8 COEFFICIENT
Jj sec X : € min. &n x 10 C DBrewsters
.000370 150 129 9,30 1294
000564 44° o5¢ 232 16.7 1288
.000793 Bu° uge 336 24,2 1330
00121 Ly use 504 36.3 1306
.00177 Ly 43¢ 749 54,0 1330
. 00254 u4° 20° 1004 724 1239
00370 Lo g4 1470 ©101.5 1222
" .00564 43° 38° 2040 _176. 1354
00714 u3° 21 3156 ’227. 1380
.0109 42° 31 4851 349. 1385
L0159 11° 221 6900 497, 1347
0229 41° 16 9300 670. 1261
.0333 40° 01¢ 13230 95k, 1227

*
Philippoff 8/56
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NON-NEWTONIAN BEHAVIOR OF POLYISOBUTYLENE

Experimental Method

For the following studies a polyisobutylene solution
was used, Which exhibited strong nonnncwtonian character-
istics. The solution is a 4.5 wt % mixture of Vistanex L-200
(5.5 x 106 mol.wt.) in a white mineral oil, Primol 355. The
solution is prepared by dissolving the Vistanex in hexane,
The o0il is then added to the mixture and the hexane 1ls evap-
orated off under a vaccum with moderate heatingto drive of f
any water vapor that may cloud thé solution. The solution
must also be thoroughly filtered to remove any particles

" that would hamper optical measurements.

The procedure was nearly identicalas that for the
newtonian polyisobutylenes. All the data was obtained at
temperature of 25°C., The viscosity measurements were con-
ducted in a shear stress range from 4 to 2924 dynes/omz.
All of the optical data are an average of clockwise and
counter-clockwise rotations to minimize any error arrising
from optical misalignments. Due to the presence of the Pri-
mol oil, which has some optlcally active molecules, a
fructose-water solution was inserted within the optical
field. The compensating solution had an optical.rotation of
-bo. Because of the viscoelastic behavior of this solution,
& longer peficd of time was necessary for steady state to

be achieved. Shear rates of .00239 to 13.7 sec'l were used



85

in the concentric cylinder device.

L]

Results

The viscosity mcésurements by N.Zwetkow were in-
dicative of a highly non-newtonian liquid. For the shear
stress range investigated, the viscosity decreased from
Lho,282 poise to 221.5 ?oise. By extrapolation a gero shear

viscosity of about 80,000 poise was obtained.

Some difficulties were encountered in the optical
measurements, Initial measurements ylelded birefringence
values nearly 10% greater than the latter runs, expecially
. at the higher shear rates, This might have been due to in-
homogeneities in the splution incurred by a long shelf
life. High shear rates appeared to rcmovc'them, with latter

runs having reproducible values,

The non-newtonian behavior of the solution was appar-
ent throughouiythe entire observable shear rate range. The
largest extinétion angle measured was 38? At the higher
shear rates,)X decreased to less than 39 After comparing
thevvarious relationships of shear rate, shear stress, bi-
refrihgcnce and the extinction angle, the only combination
which leads to a linear relationship is: an sin 2X versus
the shear stress. This unique relationship tends to support
the supposition that the stress optical coefficient is equél

to: n sin 2X /27T '= an/ap . The coefficient for this sol-



POLYISOBUTYLENE
4,5% VISTANEX L-200 in PRIMUL 355

Temperature= 77. 0°F

WEIGHT SHEAR STRE%S SHEAR RATE VISCOSITY

W grams T dynesjem j sec™! . R poise
1 4 .0000993 . 40282
-2 8 000217 | 36861
5 20 .000620 32263 |
10 L0 T 001455 27491
20 80 .003882 20608
50 200 .01792 11164
160 | 400 .07821 : 5114
200 800 4261 1877
400 160Q | 2.690 | -594.8
531 2124 5,94 . 357.2

731 2924 13.198 221.5
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ution was found to be 1754 + 13 brewsters, nearly the same

4
as other measurements of similar polyisobutylene solutilons.

While much of the behavior of this non-newtonian liquid
had been anticipated, some of its behavior has been unex-
plainasble, The recoverable shear, which is calculated from
the previous relationship: s= 2cot 2X , was plotted againsf
the shear stress to obtain the shear modulus G =7T/s.

The curve oscillated about a shear medulus of G = 145 dynes/
cm? The points 'coincide to accurately to be explained by
experimental scatter; This is cnnfirmed by the absence of
this fluctuation in the normal shear stress difference cal-

culated by:

P11=Prp = Ts = (an/C) sin 2X

Récovcrable shear values obtained by N.Zwetkow's recoil
measurements on the rotational viscometer 1ndicated a shear
modulus of G = 80 dynes/cm2 for shear stresses less than

‘20 dynes/cm®, increasing to G= 294 dyncs/cm2 for a shear

stress of 1000 dynes/cm? This increase is normally observed

in most polymers.

. As expected, the normal stress difference varies with
.the square of the sh@ar-stresé-for most of the rénge. However,
for shear stresses greater than 10,000 dynes/cm? P11-P,,
Increases at..a rate greater than't? which 1s quite unusual.

The more expected deviation would have been at a rate less
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- POLYISOBUTYLENE
4,54 VISTANEX L-200 in PRIMOL 355

Temperature= 77, 0°F

SHEAR RATE = EXTIKCTION COMPENSATOR  BIREFRINGENCE 4n SINE2X
) ~ ANGLE  ANGLE 8 8
J sec X € min. An x 10 x 10
.00239 38,20° 28 1.895 1.842
. 00364 - 34,70° m | 2,774 2,597
- 400528 32,70° 55 | 3.722 - 3.384
00761 30,30° n2 L,871 b, 24
L0111 28,00° 95 6.428 5.329
0169 26,65° 121 8.188 6.565
.0215 25.30° 153 10.35 8.000
.0327° 22,75° 208 14,07 10,04
L Ok75 20,75° 265 17.93 11.88
. 0684 19,25° 331 22,40 13.94
0995 17.00%- 431 29.16 16.31
152 15.65° 540 36.54 18.98
215 14 ,45° 670 45,30 21.91
.327 12,90° 845 57.18 24,88
. s 11.60° 1040 20.57 27.72
684 10.45° 1411 95.48 34.06
.995 9.30° 1839 124 4 39.70
1,520 8.15° 210 163.1 45,77,
1.925 7.45° 2992 188.9 48,58
2.93 16,20° 3770 255.1 sh77
4,28 5,20° 5438 368.0 66.43
6.16 4,30° . 7185 486,2 72,70
8.97 3.60° 9915 670.9 84,09

13.7 2.75° 15255 1032.3 98. 94



POLYISUBUTYLENE
4,5% VISTANEX L-200 in PRIMOL 355

Temperature= 77, 0°F

SHEAR RATE SHEAR STRESS RECOVERABLE (P,,~P,,)  STRESS-OPTICAL
SHEAR COEFFICIENT
3 sec™ ! Tdynes/cmz 5 TxS C Brewsters
.00239 57,84 4839 27.99 1592
.00364 76.80 .7518. 57.74 1691
.00528 98.21 9157 89.93 . 1723
00761 122.5 1.127 138.1 1721
0111 152.1 1.349 205.2 1752
.0169 1944 1.491 289.8 1689
0215 219.3 1.643 360.3 1824
0327 . 268.1 1,965 526.9 1872
. J0U75 319.2 2.261 721.6 1861
0684 3755 2,574 QL4 .1 1857
0995 W2, 8. 2,965 1313. 1842
152 529,0 3.289 1740, 1794
215 606.3 3.623 2197. 1807
$327 716.1 4,137 2963. 1737
A5 81,8 1,666 3835. 1687
684 950.8 5.237 4979. 1791
<995 1086, 5.943 645k, 1830
" 1.520 1277, 6.839 - 8733, 1792
1.925 1403. 7.517 10546, 1731
2,93 16, - 9.097 14928, 1669
4,28 1883, 10.90 20519. 1764
6.16 2150, 13.22 28432, 1691
8.97 2485, 15.83 39343, 1692

13.7 - 2946, 20,77 61191. 1679
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| than the square, which could have been cxplainéd by in-
ternal heating. Thils heating, described earlier, leads
to a smaller birefringence value, and so, to a smaller

normal stress difference.
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TRANSIENT BEHAVIOR OF NON-NEWTONIAN POLYISOBUTYLENE

Procedure

One of the most récent and perhaps the.least understood
field in polymer studies has been that of transient behavior.
Most observations have been conducted on the steady state
characteristics of fluids. This final chapter attempts to
present some experimental data in the hope thatisuitablc the-

ories may be formulated to explain transient behlavior.

The 1liquid used was the same one employed in the non
newtonian studies, 4.5 wt% Vistanex L-200 in Primol 355. As
in the previous measurements the temperature was held con-
stant at 25OC. For the relaxation measurements it was neces-
sary to run the instrument until steady state was achleved,

A braking device was attached to the shaft of the motor.

The compensator was positined on zero and the polarizer left
free to rotate. To obtaln the extinction angle, the power

to the motor was shut off and the motion stopped in about

.01 seconds, Simultaneously, & timer was started and the pol-
arizer was moved to maintain balanced fields., The angles

were recorded as a function of time, For the first ten sec-
onds, the extinction angle was usually preset and the tine
Aof balanne recorded. This required meny runs to obtain a sat-
isfactory curve. Once the extinction angle was known, it was
possible to set the polarizer and repeat the procedure, this

time recording the compensator angle for that time to which
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the extinction angle corresponds.

The procedure was quite similar for obtalning the
starting or delay traﬁsients. The only difference was that
instead of stopping the motor, the measurements were taken
from the time of its starting. Care was employed in taking
up any slack in the drive belts before starting the motor.
This entire procedure was repeated for various rates of
éhear. This method could be used because of the very large
relaxation time of the solution, giving times in the tcns“of

seconds for the effects.

~Discussion of Results

The results of the transient experiments were quite
informative., The shear rate range was between ,0215 and
6.16 sech The change in the angle was too small to ob-
"serve for smaller shear rates,and for greater shear rates
theiéhahge was‘too fast to be recorded with this procedure;
‘ﬁhe greatest cﬁangc occuring within one second., Shorter

ﬁimcs could be observed if a photoelectric cell were used

to observe the change in the birefringence.

Fbr the relaxation transients, the extinction angle
decayed in the order of their magnitude; the lowest shear
rate requiring the most time. The cxtiﬁction angle was ob-
servcd to decrease to zero, rather than return to a h5o or-~

lentation. Since the decay was aSymptotic tozero, it was
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POLYISOBUI'YLENE
4,5% VISTANEX L-200 in PRIMOL 355

1

Shear rate= ,0215 sec” Temperature= 77,0°F

RELAXATION EXTINCTION  RELAXATION COMPERSATOR  BIREFRINGENCE

TIME ANGLE TIME ANGLE 8
t sec X t sec 8 an x 10
0.0 21° 30" 0.0 3° 15* 13.20
6.5 20° 00 3.8 2°30'  10.15
31.0 17° 00'  10.5 2% oot 8.12
64,0 13° 06° 230 1° 300 6,09
93.0 12° 421 60.0 1° 00 .06
100,0 13° oo* 120,0 0° 15! 3.05
125,0 12° 30° 200,0 0° 26+ 1.75
170.0 ®° 300 300.0 0° 28 1,91
189.0 11° 30°
'225,0 ‘ 8° 12

450,0 1° 30
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' POLYISOBUTYLENE
4,5% VISTANEX L-200 in PRIMOL 355

Shear rate= .0684 sec"1 Temperature= 7?.0°F

RELAXATION EXTINCTION RELAXATICN COMPEESATCR ~ BIREFRINGENCE

TIME ANGLE - TIME ANGLE 5
t sec. X t sec. & An x 10
6.1 13° 30° 2.5 2300 22,33
13.8 12° 00t 5.7 5% 00! © 20,30

22,0 10° 00*- 11.5 14° 00 16.24
100.0 5% 00*: 22,0 “ 3° 00" 12.18
170.0 3° 18" 50.0 2° oo 8.12
2300 1° 30¢ 115.0 - 1% o0° L, 06
300.,0 0° 30! 160,0 0° 50¢ 3.37
220,0 0° 350 2,35

300,0 0° 30° 2,03



Shear rate= .215 sec

RELAXATION
' TIME
t sec
1.3
3.0 _
5.6
9.6
16.5
36.0
75.0
120.0
160.0
200,0

240.,0

POLYISOBUTYLENE

L4,5% VISTANEX L-200 in PRIMOL 355

EXTINCTION RELAXATION

ANGLE TIME
X t sec

10° oo 1.17
8° 00 2.5
7° 00° L.3
6° 00* 10,6

5% 00¢ 22,5
4° o0 49,0
2° 241 86.0
1° 30*, 180.0
0° L8* 270.0
0° 12°
0° 00

Temperature= 77.0°F

COMPERSATOR

AKGLE

No wo \Ao

00!
0o
00"
00°*
oo
co*
00*
oo!

e

100

BIREFRINGENCE

8

an x 10

L4 66
40,60

36.54 -

28,42
20.30
12.18
8.12
4,06
2,76



101

POLYISOBUTYLEKE
L,5% VISTANEX L-200 in PRIMOL 355

1

' Shear rate= 684 sec” Temperature= 77.0°F

RELAXATION EXTINCTION RELAXATION  COMPENSATOR  BIREFRINGENCE

TIME ANGLE . TIME ANGLE 8
t sec X t sec e an x 10
0.0 9° 30° | 1.8 20° 00! 81.20
0.8 8 00° 5.5 15° go* 60,90
1.3 6° 00 9.6 12° 00" . LB.72
52 4° 00¢ --12,8 10° 00" 40,60
17.0 3° oo 22.7 7° 00" 28,42
35.0 2° 2u1 46,0 4° got 16.24
80,0 1° 18! 85,0 2° 300 10.15
150,0 0° 12* 140,0 1% 30 6.09
240,0 0° &7° | 3.17
280.0 0° 41 2.76
310.0 0° 331 2.23

" 1475.0 ﬁ 0° 17¢ 1.8



POLYISOBUTYLENE
4,5% VISTANEX L-200 in PRIMOL 355

Shear rate= 1.925 sec”

RELAXATION
- TIME
t sec.

0.0
1.0
19
4,0
10.0
10.1
20,0
30.0
) 40.0
60,0
80,0
100.0

150,0

EXTINCTION
ANGLE
x

6° 00°
° 3
3° 00t
2° 30¢
2° 241
2° 00°
1° 421
1° 06"
1° 061
0° 24
0° 18¢
0° 12°

. 0° 06

1

102

Temperature= 77.0°F

RELAXATION
TIME
t sec.
0.0
1.5
2.6
5.0
7.0
20,0
30.0
50,0
100,0
150.0
200,0
250,0
300,0
400.0
600.0

800,0

COMPENSATOR
AN
-8

64°

50

(¢}

50°

30
24

10

(o
(o]
14°

O

50

OA

2

R

o

o

[o)

(e}
<]

S

[=]

%

<

G

LE .

00"
00+
00!
36"
14,8'
00"
18¢
30!

30

30
11
51

Lot

33!
20"

10!

BIREFRINGENCE
an x 108
259.8
203.0
162.4
124,2
100.7
56,84
41.82
22,33
10.15
6.09
4.83
3.45
2,72
2.23
1.35
69
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POLYISOBUTYLENE :
4,5% VISTANEX L-200 in PRIMOL 355

Shear rate= 6.16 sec. Temperature= 77.,0°F

RELAXATION EXTINCTION RELAXATION COMPENSATOR  BIREFRINGENCE
TIME ANGLE TIME ANGLE

1; sec. X t sec. ’ © an x 108
0.0 3° 18! 1.1 ~100° 00*  406.0
1.0 1° 541 3ok 70° 00* . 284,2
1.3 1% 481 7.5 50° 00* 203.0
2,0 1° 36 15.1 30° 00° 121.8
5.3 1° 18¢ 23,5 20° 00° 81.20
8.0 1° 00! 48,5 10° o0? 40,60

12,0 0° 48° 84,5 5° 00" 20,30
40,0 0° 20°*. 125,0 3° 00¢ 12,18
200,0 1° 30¢ 6.09
300.0 0° s51° 3.45
430,0 0° 26 1.75
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impossible to determine the exact time of total decay.

However, for angles less than 6'y relaxation times of 50

-1 while

1

seconds were necessary for a shear rate of 6,16 sec

520 seconds were required for a shear rate of .0215 sec?

The relaxation of the compensator angle was slightly
différent than that of the extinction angle, Instead of
decaying as a funotién of the shear rate, the curves tended
to merge into a common decay rate. Angles less than 6' were
achieved at about 1000 seconds for each of the shear ratés.
As with the extinction angle, the curve was asymptotic to
zero, making the exact time of total decay inpossible to
A determiﬁe. Any correlations would have to be made on a per

cent basis,

The starting or delay transients exhibited a more un- .
usuel behavior than that of the rélaxation transients. The
Shcar rates involved were the same as before. The extinc-
tion angle was- observed to decrease from &50 to 1ts steady
state value., This rate of change increased with increasing
shear rates, What is unusual is that the extinction angle
undershoots its steady state value before ecoming to equi-
1librium. The degree of undershoot increased with increasing
shear rates while the time of its 6§curancc decreased, The
compensator angle was found fo have nearly the same behavior
as that of the extinction angle, By plotting the effect as

a function of the delay time and shear rate, it was possible



- Shear rate= ,0215 sec”

DELAY TIME

t S8C.

10
20
30
10
50
60
70
80
90
120
140
160
180

200
250

300
400
500

1000

POLYISOBUTYLENE

L,5% VISTANEX L-200 in PRIMOL 355

EXTINCTION

ANGLE

X
43°
41°
38°
377
35°

L
32°
31°
29°
27°
26°
25°

§24°
23°
23°
22°
22°
22°

22°

1

00t

30"

Skt

12¢

48"
12t
Lg*
18°

48t

48"
20
489

48"

48"
18'

Oélv

30t

30!

30¢

DELAY TIME

t sec.

10
20
4o
60
80

120

140

180

200

250

300

350

400

500

1000

107

Temperature= 77.OOF

COMPENSATOR
ANGLE
&

0° s8¢
1° 31°
2° ope
20 25+

2° 38¢

BIREFRINGENCE

arnr x 108

3.92
6.16
8.59
9.81
10,01
11,57
12.18
12.25
12.59
12,65
12,18
12,04
11.8%
11.77
11,64
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POLYISCBUTYLEKE ..
4,5% VISTANEX L-200 in PRIMOL 355

" Shear rate= ,0684 sec-1 Temperature= 77.0°F

DELAY TIME EXTINCTICN DELAY TIME COMPENSATOR BIREFRINGENCE
ANGLE ANGLE

t sec. X t sec. © an x 10°
5 - 43° 06 5 1° K50 ] 7.11

10 1° 18' 10 3% 30" 14.21
15 38° 36° 20 : 4° 418 | 17.L46

20 30 ugr 30. 5% 0o 20.30
V25 31° 420 40 50 391 22,80
30 ‘ 29° 181 50 6° 00° 24,36
40 26° 36¢ 60 6° 10° 25,04
45 24° 18¢ 80 6° 38¢ 26.93
50 23° 30° 90 6° 33¢ 26.59
60 21° 301 100 6° 221 25,85
70 - 20° 30° 150 €° 30° 26.39
80 19° ug¢ 200 6° 20" 25.71
90 "18° syt 250 6° 00* 24,36
100 18° 241 350 5% g6t 24,09
150 17° 48+ 500 50 55 24,02
200 17° 30°

250 17° n21

350 17° 30°

500 17° 361



POLYISOBUTYLENE

4, 5% VISTANEX L-200 in PRIMOL 355

. Shear rate= .215 sec”

DELAY TIME

t

sec,

2
I
.
8

10
15
20
25
30
35
40
50
60
100

200

500

EXTINCTICN

ANGLE

X
10°
36°
32°

o

26°

30!
30°

VA

1

121.

36"
00°
Lg*
24t
124
36!
182
48
361
48"
00"

30°

DELAY TIME

t

Sec,

2
I
10
15
20
25
30
35
Lo
L5
50
80
100
150
200
350°
500

109

Temperature= 77.0°F

COMPEESATOR
ANGLE
&
20 281
4° 30+
90
11

201
° 001
12° 10v
13° 07"
13°
13° 30°

20"

13° 48"
- 13° 09¢
12° 56°
12° s0¢
12° 19°
12°% o2
11° 59¢
11% 39°
11° 35

BIREFRINGENCE

An x 108-

10.01
18.27
37.89
66
49,40
53.25
st.13
5h.81
56.03
53.39
52,51
52,10
50.01
8.6
18,65
47.30
47,03
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POLYISOBUTYLENE
4,5% VISTANEX L-200 in' PRIMOL 355

1

Shear rate= ,684 sec” Temperature= 77,0°F

DELAY TIME EXTINCTION DELAY TIME COMPENSATGR ~ BIREFRINGENCE

ANGLE . ANGLE 8
t sec. X t sec. 6 an x 10
2 38° 30° 2 300 38,57
L 21° 48" L 17° o5° 69.36
6 15° 48! 6 2% 530 88.85
8 13° 30° 8 24° 321 99.61
10 - 12° 06! 10 26° 48+ 108,8
15 10° 06° 15 28° Lo* 116.4
20 8° 36¢ 20 29° 10° q18.4.
25 8° u2* 25 27° wor 112.3
30 59 00* 35 26° 53¢ 109.1
Lo g° 48t 50 25° 43¢ 1024
50 g% 24+ . 70 22° b3t 92.23
100 . 10° 00* 100 - 22° 38 91.89
250 10° 06* 150 220 28 91,21
500. | 10° 30° 200 S L5 92,37
250 22° 481 92,57

500 _ 22° 450 92,37
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POLYISOBUTYLERE
4,5% VISTANEX L-200 in PRIMOL 355

1

 Shear rate= 1.925 sec Temperature= 77.0°F'

DELAY TIME EXTINCTION DELAY. TIME COMPENSATOR  BIREFRINGENCE
ANGLE ANGLE

t sec. X t sec. e An x 10°
2 18° 247 2 - 29° oot 117.7
3 12° 06¢ 3 g 30° ’ 172.6

4 o° 24t iy 52° 4o 2138
5 7° uzs 5 57° 10¢ 232.1
8 6° 06° 6 61° 30° 249,7
10 '5° 00° 8 63° 07° 256,3
20 5% 00° 10 63° o7¢ 256:3
30 a1 54° 10+ 219.9
40 6° 06 20 5° 300 2172
60 6° siy 30 50° 05* 203,3
150 7° 121 40 47° 300 192,9
60 - ug° 20t 188.1
80 Lg° 22+ 188.2
100 46° 20¢ 188.1

150 16° 230 188.3
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to derivc an approximate empiribal equation for the degree
of tovershoot!(compensator angle) and its time:

A -"An
Dpax S8 _ 30 4+33

-1/1.4
ANgs : tmax = 14037 j

where angg and an is the birefringence at steady state

max

and at maximum 'overshogt!, respectively; ¢ is the tlme

max
of maximum 'overshoot! and j is the shear rate, The moment
of 'overshoot! for the birefringence was nearly the same as

the tundershoot! for the extinctlion angle.

A similar overshoot effect was observed by Den Otterzn

when plotting the recoverable shear versus the preceding
total shear deformation for a polydimethyl silohexanc. Short-
ly afterWard, Zapas and PhillipszSpublished gimilar findings
for a suddenly applied shear rate on a polyisobutylene sol-
ution. Experiments similar to Den Otter's are now being
conducted on this material (4.5% Vistanex). Although the

. results have not been completely correlated, preliminary
indications are that the two effects occur within the sanme

instant of one another and to similar degrees.

As previously stated, it was impossible to obtain the

24 ,
H.Janeschitz-Kriegal,"Flow Birefringence of Elastico
Viscous Polymer Systems", Adv.Polymer Science,Vol.6 (1969),
pp.170-318, _ , ,

25
L.J.Zapas and J.C.Phlllips,"Simple Shearing Flows in

Polyisobufylene Solutlons", Journal of Research of the National
Bureau of Standards,Vol,?75A,No.1 (Jan-Feb 1971)
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POLYISOBUTYLENE
4, 5% VISTANLX L-200 in PRIMOL 355

Temperature= 77.0°F

EMPIRICAL EQUATIONS FOR THE OVERSHOOT PHENCMENGCK:

Time of maximum overshoot:

_ 0732
tmax = 1437 3
Per cent overshoot:
% = 30.6 3'33 = Enax-6
. @q
SHEAR RATE TIME TIME % OVERSHOOT % OVERSHOOT.
' (experimental)(calculated)(experimental) (calculated)
j sec” t sec. t sec, '
max max max’
.0215 240 238.8 ‘8.7, 8.6
0684 105 102.38 12.1 12,6
0215 L,'O . ‘,-iwoz'? 1901 18.14’

1.925 8.8 8.90  36.5 38.0
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exact time of equilibrium; therefore, the exact 'relaxation
fimes' t are not known. Howcvcr, i1t is quite apparent from
the time of 'overshoot!, which occurs before equilibriunm,
that the relaxation time calculated from Natanson's rela-
tionship will be much smaller than any observed one. While
they differ greatly, the oalbulated t is nearly proportional
fo the tovershoot! tmax' Assuming that the true relaxation
.time is nearly proportinnal to tmax’ then Hatanson's equa-
tion for the recoverable shear should be modifled to read;

s = +ktj , where k 1s some constant, t is the true relaxat'ion

time, and J 1s the shear rate,.
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CONCLUSIONS AND RECOMMENDATIONS

In summary the following can be sald about the pfe-
vious experiments, All observations indicate that the equa-

tion of the stress-opiical coefficient 1s correct as:
C = an/ap = (an sin 2X)/27T

This coefficient applies both to newtonian and non-newtonian
polymers as well as solids although the latter usually have

) smalier stress-optical coefficlent than a liquid. The co-
efficient 1s a functlion of the shear stress and not of the
shear rate, The coefficlent can be considered independent

of temperature for moderate temperature changes (25—6500).
Further studies are needed onntemperature effects ¢on other
materials to determine whether the small changes in the coéf-
ficient for extreme temperature variations is charactefistic
of the material or is due to experimental error. The former
bossibility is of particular interest since according to one
molecular theory,polyisobutylene should not exhibit any bire-
fringence. However, it is known to exhibit a very large effect.
The polymer investigated should have a 1érge stress-optical
coefficient (>11000l Brewsters) and. high viscosity (>1000
poise at 25°C).

Echriméntal evidence also confirms the dependence of
the n11—n33’refraotive index difference on the molecular

weight as glven by the relationship:
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2
faepinn = S NT
117733 " CpR T
P
Provisions for constant temperature measurements should be
conducted to determine whether there is a temperature effedt
and if so, whether it agrees with that predicted by the pre-

vious relationship.

Investigations into the nature of the n,,-n refrac-

tive index difference have so far been 1ncanclusfie.,What

is known is that the effect occurs only at high shear stresses
and not necessarily at highAn values, Its exlistance 1s also
contrary to all stress-optical laws. Greater preciszéntwill

* be needed to determine whether the effect is éafunction of

the distance from the wall, polarization due to multiple
reflections or to some other unexplained éause. Temperature
measurements should be repeated to determine whether fhe de-

creasing effect was due to the temperature change and not

from a variation in the light beam's position.

s

Finally, the cxperiménts indicate that an overshoot
phenomenon exists in the starting of delay transients. This
overshoot appears to be a functin of the shear rate, Since
this éffect was first notiééd nearly ten years ago, it has
occurred in a variety of rheological devices., Further studiles
are now being conducted with ﬁhe hope of correlating the

overshoot with the recoverable shear,
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ESSO RESEARCH AND ENGINEERING COMPANY
(FORMERLY STANDARD OIL DEVELOPMENT COMPANY)
P.O.Box 51, LINDEN., N. J.

VISCOSITY~-TEMPERATURE RELATION FOR
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PRIMOL 355 '
Density Viscosity
Temp. Temp. Kim. Vis. : ad 7
°F. °C. v ¢St g/cc cp
32 0 1256.6 (0.8954) 1125
" 59 15.00 - 3%0.46 0.8853 301.5
77 25.00 166.81 0.8788 146.6
_1oo 37.78 T7.49 0.8704 67.5
130 Sk, 45 34.65 (0.8580) 29.75
210 98.89 8.202 (0.8275) 6.80

(Interpolated Values)

W. Philippoff/dm
1/29/62
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PRIMOL 355 Batch #10608

Temperature= 77.001?

SHEAR RATE EXTINCTION COMPENSATOR ~ BIREFRINGENCE  MAXWELL
3 sec™! AﬁgLE eANgiﬁ. an,xA108 §c§§287m
19.25 45° 6 406 .02109
29.3 u5° 9 609 02079
42,8 - 45° 13 .880 .02055
61.6 b5 19 1,286 | .02087
89.7 45° 30 2,030 02263
137.0 b5° 43 2,910 02124
192.5 45° 59 3.992 .0207k
293. 15° 89 6.022 02055
428, 45 130 8.797 .02055
616. e 590 187. 12,65 02054
897. 44 551 272 18.41 .02052
1370, u4° 381 413 27.95 02040

G = 678 + 6 Brewsters
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CALCULATIONS FOR FLOW RATE MEASUREMERTS

GAS LAW:
POV.O = (V.o- AV + q 4P/2) (P0+ AP) .

PV = ViPg- AVPo+ qB, AP/2 + WAP + q 4P?/2 - aVaP

AV(P, +4P) = qAP(PO/ 2 +4P) + VOAP

W) (gF,/2 + 8Pg + Vo)

_ Paf2 2(aPq + V)
AV = 1+ &P/ B (1+ —alb °~)

Since Pq/2 = displacement in cc. on one buret

Then:
AV = (1+AP/P0) (1+2(PﬂQ + ==

Assuming é%“’ << 1
0

Then AVﬂ-cc(1+F_~)

= 1/1.54 = 64935 cm? = Area of buret tube

By = 764(13.534)/1.044 = 978cm Butyl pthalate = 1 Atm.

v

o = 530 cc. = Flask volume (empty)

AV = cec. 2,67
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CALCULATED PRESSURE CORRECTIONS

, nn-n33 DEVICE

.025 in, Gap:

Dimensions: a= 0635 em. b= 1,27 cm. 1= 2.54 om.

Equivalent diameter: 1 1
i 3

Dy = (32 a2b/31 )" = 1.357 a (b/a)*=.182cn

Small tube: D= 458 om. L = 12.7 —

B/R = (De/Di)L* Ly/1 = .125
Large tube: Dy= 78 om. LZ: 10.2 em.

5 o
B/R = (Dy/Dy)" Lo/l = .012k4
Total pressure drop:
4P = 125 + 0124 = 1374

Pait™ 1/1.1374 = .88 (Psig)

2050 in. Gap:
E&mensionsﬁ a= .127 em. b= 1.27 em. 1= 2.54 om.

Equivaient diamater: 1
: Dy = 1.357 a (bfa)* = .306 cm.

Small tube: D= A58 em. L= 12.7 en.
%’Pi = (De/Dl)u' L1/1 = 1.00
Large tube: D2= 774 em. L2= 10.2 onm.
I
Pz/Pl = (De/Dz) Lo/1 = .0996

Total pressure drop:
AP = 1,000 + .0996 = 1,0996

P qs4= 1/2.0996 = 477 (Psig)
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FLOW RATE . CALIBRATIONS
Indopol H-1900
Temp.= 72.9°F Temp.=72.7°F Temp .= 72.9\°F
+025 in Gap .050 in Gap nzz—n33 device
PRESSURE . TIME/ce. TIME/ cc. TIME/ cc.
P psig sec., sec. : sec,
80 425,26 90.37
100 337.04 70,00 o
120 263,94 60457 337,34
150 198.08 47.38 - 267,76
170 172,04 » 232,42
200 210, 52
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n 1 1--n33 DEVICE
025 in. Gap:

j= Sggg = 1172 @ sec™! Q in cc/sec

T = 68930 é‘i@ = 862 (Pslit)

Jgp= 1172 (2.355).00229/60 = 1053 (Psi) sec™

. XP V 430ce

S "C
= Ty 8190 poise

nexp= 6264,7 poise

Pressure correction= 6264,7/8190 = ,765 -

'Tcom; 765(862)(Psi) = 659(Psi) dynes/mz

0050 in, Gap:
j = %—Q~ = 293 Q sec™!

T= 68930 ﬁi@)— = 1725(Pg14¢)

Jexp.. 293 (2.733).00846/60 = ,1129(Psi) sec™ ‘
3 old buret

= T = 15330 poise

n;xp= 6331.83 poise

Pressure correction= 6331.8/15330 = 413

T 413(1725)(Psi) = 713(Psi) dynes/em®

corr
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nzz-n33 DEVICE

Dimensions: a= 0735 cm, b= 800 am. c= 2.54 onm.
Ji= SZQE = 1388 Q sesc-1

Q = 2,67 av/t = 2.67(,00151)= .00403 ce/min/psi

Sexp™ 1388(.00403)/60 = .0933(Psi) sec™1

?7éxp= 6264.,7 poise

T = .0933(6264.7)Psi = 58L.4(Psi) dynes/cn
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