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A STUDY OF LAMINAR FLOW PHENOMENA UTILIZING A DOUBLY

REFRACTING LIQUID
Pregress Repert 1
ABSTRACT

Acgueous solutions of a commercial dye known as milling yellow exhibit flow
double refraction and, as a resuit, visuat observation of liquid flow phenomena
can be made using plane polarized light, This report describes the activities on
a researcn project (oncerned with the guantitative interpretation of sucli optical
patierns, The long range objectives of the study include the deveiopment of an
experimental method for the determination of liquid velocity distribution and flow
direction based upon the optical behavior of milling yellow solutions. Presently,
the work is supported tinancially by the Office of Naval Research, Contract
Nenr-811 (04).

The method of approach to the problem and the experimental methods being
employed to measure the optical and viscous properties of milling yellow solutions
are described. The optical properties are being determined with a polariscope
which includes 4 concentric cylinder flow ceil aind tize necessary optical com-
ponents. A concentric cylinder viscometer and a capillary viscometer are being
used to make viscosity measurements,

Typical experimental results show that the double refraction of milling
yellow solutions is approximatelv proportional to the velecity gradient, Vis-
cosity measurements indicate that the miiling yellow solutions exhibii non-
Newtonian behavior in the low velocity gradient range,

A schedule for further experimental activities is presented.




A STUDY OF LAMINAR FLOW PHENOMENA UTILIZING A DOUBLY

REFRACTING LIQUID

Progress Report 1

INTRODUCTION

In 1953 it was found that aqueous solutiona of a commercial dye, designated
as milling yeilow, exhibited flow double refraction, i. e., stresses resulting
from the liquid motion bring about light intertference patterns of plane polarized
light paasging through the moving liquid. Such light interference patterns seemed
to be reproducible for any arbitrary liquid fiow condition. A brief description
of this phenomenon as exhibited by milling yellow solutions and the experimental
techniques involved was presented by Peebles, Garber, and Jury (8)* at the Third
Midwestern Conference on Fiuid Mechanics., Photographs and high speed motion
pictures of various laminar and turbulent flow examples were showii at that time.
Typical light interference patterns are shown in Figure 1.

The preliminary work with the doubly refracting solutions of milling yellow
indicated that such solutions could be utilized effectively as a means of liquid

- flow visualization and even quantitative interpretation of the light interference
patterns might be possible. This latter aspect would permit the determination
of velocity distribution and flow direction in wholly laminar flow cases and
within laminar boundary layers of turbulent flow situaticns without the use of
measuring probes. The attractive features of such an experimental method

are obvioue. With this long range objective in mind, a research proposal was

* These numbers refer to the L.iST OF REFERENCES, p. 48,




(2) Laminar Flow Through An Orifice (b) Laminar Flow Through A Nozzla

(c) Turbulent Flow Through An Orifice: {d) Turbulent Fiow Through An Orifics:
Reynolds Mumber Anproximately 5000 Reynolds Number Approximately 10,000

(2) Turbuient Flow Throuah A Nozzie (f) Turbulent Kake Of An Airfoil Section

Figure 1. Typical polarized light interference patterns resulting from flow
double refraction of aqueous milling yellow solutions
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submitted by the Engineering Experiment Station and the Department of Chemical
Engineering of the University of Tennessee to the Office of Naval Research for
financial support in carrying out such a project, This proposal was accepted by
the Office of Naval Research and Contract Nonr-81i{04) was initiated to support
the research program for the period Sepiember i, 1553, to Septem
Actual notificaticn and authorization of the work was received abcut November 1,
1953,

The specific objectives embodied in Contract Nonr 811(04) include research
in flow visualizaticn: along these two directions:

1) To investigate in detail the method of preparing doubly refractive aqueous
solutions of milling yellow or other suitable materials, to determine the viscosity
and densiiy of such liquids, and to determine the extent of double refraction of
milling yeliow solutions as a function of velocity gradient.

2) To investigate the quantitative interpretation of simple laminar flow
stress patterns using the procedures of photoelastic stress analysis with appro-
priate modifications.

This report describes the progress on this research project for the period
November 1, 1953, to June 30, 1954. 't is submitted to the Mechanics Branch
of the Office of Naval Researchi., Additional distribution to other agencies and
interested individuals is indicated by the Distribution List.

The report includes an outline of the method of approach toward the long
range objectives and a description of experimental methods and preliminary
results of the optical preperties and the viscosity of milling vellow solutions,

In a ccncluding seciion of the report a schedule of experimental activities is

given,
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METHOD OF APPROACH

As indiczted in the previous section, it is the long range objective of this
rescarch project to make quantitative interpretation of iight interference
patterns produced in a moving liquid by double refractica of plane polarized
light. Such a quantitative interpretation would permit the determination of
liquid velocity at various points in the flowing stream without the use of measur-
ing probee inserted into the stream. Perhaps this is an optimistic o
the bacic mechanisms of double refraction in general are ill defined and cannot
be described simply. Further, this branch cf the field of optice ir an unfamiliar
one to the engineers who have the need for such a method of measurement. How-
ever, engineers have made effective use of double refraction in another well
known application, i, e., the method of photoclastic strese analysis, The par-
ticular application of double refraction to photoelasticity is quite analogous to
the fiow double refraction of liquids and it is felt that perhaps the same degree
of success can be attained in the analysis of flow stress in moving liquids as in
the case of photuelasiic siress analysis in solids. In the following paragraphs
the hasic phenomenon of double refraction is reviewed and the proposed method
of application to the objectives listed will be discussed.

A liguid which exhibits the phenomenon of fiow double refraction or stream-
ing birefringence behaves optically no differently from other liquids when at
rest. It is isotropic with respect to the passage of light through it, and light
travels through the iiquid at a definite velocity independent of direction. This
velocity is inversely proportional to the refractive index of the liquid. When
guch a doubly refracting liouid at rest is viewed between crossed polarizing

prisms or plates, no light is transmitted since the plane polarized light from
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the polarizer is unchanged during its passage through the liquid and is extinguished
by the analyser.

When a doubly refracting liquid such as a milling yellow solution is set into
motion, changes in the optical properties occur. Macrescopically, these changes
can be detected in that the velocity of light through the liquid now varies with
direction, i. e., the liquid is temporarily anisotropic, Furthermore, it is found
that at ezach point in the moving liquid there is a characteristic direction, called
the optic axis, in which light does move at a velocity independeni of the uirccticn
of propagation., A light wave which vibrates in the plane normal to the optic axis
is called the ordinary ray and its velocity ia related to the ordinary index of re-
fraction, n, . Any light wave passing through the liquid which vibrates in a
plane parallel to the optic axis is called the extraordinary ray and its velocity
is related to the extraordinary index of refraction, ng .

Effectively, a stressed doubly refracting liquid divides plane polarized
light wave vibrations into two components, one parallel to the optic axis and
the other perpendicular to the optic axis., Since these two waves move at differ-
ent velocities proportional to n, and n,, one is retarded relative to the other
and at various points in the liquid the intensity of the resultant wave is zero
owing to destructive addition of the two components, In this case, when the
moving doubly refracting liquid is viewed between crossed polarizing plates,

a light interference pattern is produced similar to those pictured in Figure 1.
Previous investigators have found that the phenomenon can be deacribed

quantitatively by the equation

!
- dv
n_-n, = f E; -ﬁ_l (1)




where

n, = refractive index of light vibrating parallei to the optic axis
n, = refractive index of light vibrating normal to the optic axis
f = functional designation

u = liquid viscosity

dv

ar local velocity gradient

As will be shown in another section of this reporti, the points of zero light in-
tensity, or the interference fringes, observed by viewing the moving doubly
reiracdve liquid between crossad polarizers are related directiy to the reirac-
tive index difference, n,-n . Hence, if it is desired to analyse the lighi
interference patterns resulting from double refraction of polarized light and
thus determine the velocity gradient at various points in the moving liquid, it
is necessary to know the functional relation, f, expressed by equation (1) for
the particular liquid being employed. In the case of double refraction in solids
as appi’ .4 t¢ tae photoelastic stress analysis, it has been assuined that the
corresponding functional relation was linear., A similar linear functional re-

iation has been found to apply for pure liquids which exhibit double refraction,

Essentially, an experimental determination of the relationship between

dv
dr
miiling yeilow solutions will furnish a calibration of the liquid which can be

the reiractive index difference, n, =N, and the liquid stress, u , for

used in the determination of unknown velocity gradients. Before proceeding
with the description of the method being employed to determine this calibration,
it is appropriate to indicate that it is also possible to determine flow direction
from the light interference pattern obtained by viewing a inoving double re-

tractive liguid between crossed polarizers.
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The determination of flow direction in the moving liquid results from the fact
that the angle between the optic axis of the double refractive liquid and and local
flow stream line in the moving liquid is, in some cases, a characteristic property
of the liquid. (This is the case fur flow double refraction in pure liquids.) For
milling yellow solutions this angle 18 a function of the velocity gradient for low
values of the velocity gradient and the relationship between these variables must
be determined experimentally.

Since it is anticipated to use milling yellow solutions as a medium for the
anaiysis of iiquid fiow cases, it is esseniial ic “now ihe dengiiy and viscusiiy of
these solutions, Previous work and this present work indicate that the determi-
nation of the viscosities of milling yellow solutions is a task of significant mag-
nitude. This is borne out in that data on the apparent viscosity of some milling
yellow solutions show non-Newtonian behavior at the low velocity gradients, The
preliminary viscosity data were measured with a concentric cylinder type of
viscometer which permiited measurements only up to velocity gradients of 60 sec. ~1.
A capillary viscometer and the necessary accessory equipmeni has been sei up
for the measurement of viscosities of milling yeliow solutions at velocity gradients
up to 2000 sec™1,

it is felt that at present the scopz of activities should be limited to the two
general areas described in the preceding paragraphs, i. e.. the detzrmination
of the basic optical properties and the viscosity of milling yellow solutions.

Then, depending on the nature of the experimental results, analytical procedures
similar to those employed in photoelastic stress analysis can be devised for the

quantitative interpretation of unkrown flow double refractior stress patterus.
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This type of approach furnishes basic flow information for various solutions
of milling yellow from which the solution having the most decirahle properties
can be selected for the photoviscous flow analysis. Such information perhaps
will shed some light on the basic micro-mechanisms which are responsible for
the double refraction of milling yellow solutions. The information avaiizhlz
suggeste that the magnitude of double refractioi for these solutions is signifi-
cantly greater than that reported for any pure liquid it which double refraction
results from molecular orientation. This raises manv gucstions concerning the
nature of sociution of milling yellow dye, that perhaps the milling yellow ‘‘solutions’’

are really suspensions or dispersions of the soluie in colloidal form in water. It

solid but an intermediate ‘‘liquid crystal’’ phase or mesophase. As indicated
previously, much of the interpretation of double refraction phenomena ir terms
of basic mechanisms is conjecture and cannot be described simply at this time,
The experimental program outlined will furnish specific ir formation on the

aqueous milling yellow system which will permit the arswering of some of these




OPTICAL PROPERTIES OF AQUEOUS MILLING YELLOW SOLUTIONS

The optical properties of a liquid which exhibits {low double refraction can
be described quantitativcly in terms of the difference between the extraocdinary
and ordinary refractive indices of the liquid, ne ~Ny» and the angle between the

, 18 degig-

optic axis of the liquid and the flow streamline. The auantity, n, =N

nated the amount or extent of doubie reiraction, according to Edsall (2). The

angle between the optic axis of the double refracting liguid and the flow stream-
iine is usually represenied by the symbol x and is called the extinction angle (2).
doubiy refraciing liguid. In this section an optical analysis of the double re-
fraction ptenomenon is presented in order to explain the method employed in

this work for the measurement of double refraction and the extinction angle. The

details of the apparatus used and typical experimental data are also given.

Passage of Plane Polarized Light Through a Doubly Refracting Liquid

In order to describe how a doubly refracting liquid produces the optical
interference pattern which is characteristic of the particular flocw case, con-
sider the following simple case of an element of moving liquid fluid, under
constant stress throughout, and illuminated by parallel rays of light through
crossed polarizing plates. Schematically this arrangement is shown as Figure 2.

Thus, when plane polarized light vibrating in a direction parallel to O¥ is
transmiited by the polarizer and then passes through the doubly refracting
material, it is broken into two plane polarized components. These are indi-
cated in Figure 2 as 0OQ for the component vibrating parallel to the optic axis

and OP for the other component vibrating perpendicuiar to the optic axis,
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If the equation for periodic motion of the plane polarized light vibration trans-

mitted by the polarizer is expressed as a function of time by

u = asin 27/A (ct - x) (2)
where
u = displacement of the vibration from the axis 0O-0 at time, ¢
a = amelitude of the vibration

A = wave length of the light vibration

b'¢ = arbitrary phase retardation indicating that the displacement
18 not necessarily zercat t = 0
c = velocity of light in air

then the equations of vibration for the components parallei to OP and OQ re-

spectively for the light entering the doubly refracting liquid are

u; = acos ¢ sin 27/A (ct - x) 3)
u, = a sin ¢ 8in 27/X (ct - x)
where
Q4 = displacement of the vibration component in the direction OP
u. = digplacement of the vibratiocn component in the direciion OQ
b = angle made by OP with the plane of vibration of light from the

polarizer (OX;
8ince the twe componerts u; and u, do not travel with the same velocity
through the doubly refracting liquid, the slower will emerge some distance, 6,
behind the faster. This relative retardation can be expressed quantitativeiy

by the equation of vibration for the light leaving the liquid as

uj a cos ¢ sin 27/x (ct - x ) 4)

u a sin ¢ siu 27/ (ct - x - §)
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uj, uy= displacement of the vibration components leaving the doubly

refracting liquid in the direction of OP and OQ respectively

é = relative retardaticn produced by the doubly refracting liquid
Now when uf and uj reach the analvzer, only light vibrating paralie! to OY is trans-

mitted. Thus, the vibration equation cf the light transmitted through the analyzer

can be reoresented as the resultan
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and uj parallel to OY, This resuitant, w, is given by
w = ujsin¢ -ujcos o (5)
This vector addition of uj and u; expressed by equation (5) is also shown diagram-

Snaes v w

which, after incorporating the results of basic trigonometric identities, gives
the equation of the light vibration transmitted by the analyzer,

w = [a sin 2¢ sin ﬂd/'?\]cos {ct - x - 6/2) (6)
where [2 sin 2¢ =sin 78/A) represents the ampiitude of the vibration.

Eguation (8) indicates the conditions for the existence of the points of light
interference, or zero iight intensity, in the optical pattern transmitted by the
pulasizcss  1uuo, ocauce Ji€ intensity of transmitted light is proportional to the
square of the amplitude of the vikration, it is noted that the intensity will be
zero under two conditicns, i. e.,

2¢ = Nm, ¢ = Nu/2 M
or,

m6/A = Nw, 6 = NA (8)



where

N 0, 1 2 3 ------

Eguations (7) and (8) indicate that the light interference pattern produced by

a doubly refracting liquid placed beiween crossed polarizers is composed of

various dark regions, or fri

exist at points in the liquid where
(a) the normal to the optic axis of the liquid is oriented at an angle ¢ = Nn/2

th respect to the light transmission axis of the polarizer, or () the relative re-
tardation, 6, produced by the passage of plane polarized light through the doubly
refracting liquid is a distance equal to an integral number of wavelengths of the

incident light.

Measurement of the Exiinction angle, y

In crder to interpret flow double refraction fringe patierns, the angle which
the optic axis of the flowing liquid makes with the liquid streamline, of the ex-
tinction angle, must be knowii. Measurements of this angie can be made con-
veniently in a concentric cylinder type of apparatus described by Edsall (3),
used in this present work. In this apparatus the liquid under in-
vestigation is placed in the annular space between a fixed inner cylinder and a
rotating, glass bottomed outer cylinder, and the entire cell is mounted between
crossed polarizing plates. Unon illumination of the annular space between the
two cylinders by parallel rays from a monochromatic light source, a double re-
fraction light pattern is obtained characteristic of the flow in the annulus., A
variable speed drive for the outer cylinder permits a wide variation of velocity

gradients to be used in determining the dependence of the extinction angle on the

velocity gradient. Figure 3 shows the assembly of the various components
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Figure 4. FPhotographs of the concentric cylinder polariscope
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schematically and Figure 4 shows two photographs of the unit, For the remainder
of this report this instrument is referred to as the roncentric cyiinder poiariscope.

For laminar flow conditions the light interference pattern produced by doubly
reiracting solutions of miiling yeiiow in the concentric cylinder polariscope in-
cludes foir dark areas each separated by 90 degrees extending radially across the
annulus. This optical pattern, usually designated as the cross of the isocline, is
oriented at some definite position relative to the plane of polarization of the polar-
izer of the polariscone which is characteristic of the doubly refracting liguid, and
may be a function of the particuiar velocity gradient. This orientation of the cress
of the isocline is th~ hasis of the method used to measure the extinction angle. The
relation between the position of the cross of the isocline and the optic axis of the
iiquid can ve illustrated by means of Figure 5, which shows the appearance of the

3 N g

cross of the isociine ai a lypical orientation ic the plane of polarization of the

polarizer. On the basis of equation (7) there should be four areas of zero light

intensity in the annulus of the conceniric cvlinder polarizscope, i, e., at ¢ = 0,

x/2, 7, 37/2, ----- , where ¢ is the angle between the normal to the optic axis of
the moving liquid and the piane of polarization of the nolarizer, Further,
the streamlines for flow in an annular space are concentric circles, the extinction
angle shown as the angle x in Figure 5, is equal to the smaller acute angle be-
tween the arms of the cross and the plane of polarization, OX.

Measurement of the extinction angle is made by aligning a set of 90 degree

cross hairs with the arms of the cross of the isocline, and then reading the corre-

sponding angle on a circular scale as indicated by an index on the cross hairs holder.

Measurement of the Amount of Double Refraction

The second basic optical property of aqueous milling yellow solutions that is

A g it a0 . 5 " —— —

e
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19
needed is the amount of double refraction, n,-n . It was pointed out previously
in this report that the quantitative relation between the amount of double refrac-
tion and the velocity gradient in the moving liquid must be known in order to pur-
sue interpretatizn of flow double refraction optical patterns, The concentric
cylinder polariscope can also be used to determine the relation between these two
guantities for a parti~uizr liquid solution, Tn:s i¢8 done by setting up a known
velocity gradient in the liquid, as determined by the speed of the rotating outer
cylinder aad radial distance between the two cylinders, and then measuring the
amount of double refraction, Measurements are made for various velocity gradients
by changing the spesd of the rotaving cyiinder,

The amount of double refraction s related to the relative retardation, 5, be-
tween the two plane polarized light waves produced by the doubly refracting liquid,
and the thickness of liquid through which the light passes. Thus, in the case of
the concentric cylinder polariscope used in this study, the depth of liquid in the
annular space between the two cylindera constitutes the light path in th
refracting iiquid. The time required for light to traverse this path will be different

for the ordinary rayv vibrating normal to th

D

ontic axig and th.

vibrating parallel to the optic axis. This time difference is given by

At = S .8
at = e (3
e o
where
At = difference in time required for the extraordinary and the
ordinary rays to pass through the doubly refracting liquid
S = depth of liquid traversed
Ceo = velocity of light vibrating parallel to the optic axis
<, = velocily of light vibrating normal to the optic axis

.
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This time difference produces the retardation between the two trans mitted rays

which is given by

9
6=cAt=c|:-s—-»-S— (10)
[ c
e ol
where
c = velocity of the transmitted rays in air

Since c/c e and c,/co are essentially equai to n, and n.s
n,-n, =g (11)

Equation (11) gives the relation needed to calculate n, -ng from a measurement
of 5 for a particular liquid depth, S.

The measurement of &4 can be made by two methods using the concentric
cylinder polarizccope. The firgt methad hag its baeig in the application of
equation (8), which indicates that, when § is an integral number of wave lengths
of the light being employed, a dark area or fringe should exist in the doubiy re-
fracting liquid as observed in the polariscope. Thus, when monochromatic
light is passed through the doubly refracting liquid in the concentric cylinder
polariscope with the outer cylinder at rest, the annulus appears dark. This
corresponds to the zero order fringe, N = 0 in eguation (8), =nd indicates zerc
retardation. As the cuter cylinder is put intc motion, the annulus becomes
illuminated and the cross of the isocline ic ocbserved, and as the speed of the
outer cylinder is gradually increased, a dark circle appears in the annulus,
superimposed on the cross of the isocline at some definite cylinder speed, Thiis

corresponds to the firet order fringe, N = 1 in equaticn {8}, and the retardation

is equal to A, The speed of the outer cylinder is measured at this condition,

and from this speed and the gap thickness of the annulus, the velocity gradient
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can be calculated. As the speed of the outer cylinder is continuously increased,
the higher order fringes appear consecutively, corresponding io N = 2, 3, --=--~
in equatdon (8}, At the cylinder speeds where each of the fringes appear in the
annuwlus, ihe speed of the cylinder is measured and the velocity gradient calcu-
lated. Then, knowing the wavelangth of the light and the liaui2 depth used. equa-
tion (11) can be used to compute the amount of double refraction for each fringe
order observed, By measurements of this type, the relation n,-n, and velocity
gradient for the doubly refracting liguid is determined.

For the measurement of fractional ordere oi retardation, the method just
described i3 not suitable and an optical compensator must be used, Generally,
measurement of double refraction by a compensator involves inserting into the
optical system a known thickness of a doubly refracting material in order to
compensate for the amount of double refraction being measured. In this present
work a po.irold quarter wave plate is used as a compensator, It is inserted into
the optical syatem of the concentric cviinder polariscope betweon the liquid cel?
and the analyzer with the optic axis of the quarter wave plate parallel to the plane
of polarization of the nolarizer, '
dation is added betwcen itiie two plane polarized ligh: waves cmerging from the
doubly refracting liquid in the ceii. The insertion of ihe guarter wave plate does
nct affect the appearance of the cross of the isocline as long as the position of
the analyzer is not changed, Howcver, upon rotation of ihe analyzer, the arms
of the 1socline cross are ohserved to move toward each other in a scissor-like
manner until finally they collapse into oniy two dark areas displaced 45 degrees
from the positiocn of the cross before turning the analyzer, The angle, 6, which

the analyzer is turned to achieve this condition is relared tc the reiardation pro-
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duced by the doubly refracting liquid. This relation can be showr: by means of the
following analysis,

Referring to Figure 6, uf{, 2nd uj represent as before the two light waves
leaving the dcubly refracting liquid whick now enter the quarter wave plate, The
quaiter wave plate transmits two light waves vibrating in the directions parallel
and normal to the optic axis of the quarter wave plate, which are OX ana OY re-
spectively, Thus the components of uf and uj in the direction of OX and OY as

they enter the quarter wave plate are

u{’ = ujcos ¢+ u;sing¢ (12)
uy’ = uf sin ¢ » uj cos ¢
~ where
iy’ = displacement of ths vibration component entering the quarter
wave plate in the direction OX
uy’ = displacement of the vibration component entering the quarter

wave plate in the direction OY

Subsgtituting the values of uj and uj from equation (4) into equation (12),

ui’ = acos? ¢ sin 2m/A (ct - x) + a sin? ¢ sin 27/A (ct - X - ) (13)

uy = as8in ¢ cos ¢ s8in 27/A (ct - x) - a 8in ¢ cos ¢ 8in 27/A (ct - x - §)
As uj’ and v}’ pass through the quarter wave plate, one is reiarded with respect
to the other by =n additional retardation of A/4. Representing the displacements
of these two waves emerging from the quarter wave plate as uj’ and uj’, they
are given by

uj’’ = acos? ¢ sin 27/ (ct - x) + a sin? ¢ 8in 27/A (ct - x - §) (14)

uy’’ = a sin ¢ cos ¢ cos 27/A(ct-Xx)-2a 8in ¢ cos ¢ cos 27/A (ct - x - 0)
The transformation of uj’ to uj’’ results owing to the trigonometric relation

sin (@ - 7/2) = cos «a (15)
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where
a = any angle measured in radians
When uf’’ and uj’’ reach the analyzer only the component vibrating parallel
to OY is transmitted; i. e., u}’’ is extinguished completely and v}’ passes through

tlie analyzer unchanged. This light wave transmitted by the analyzer is really the

-game as that without the quarter wave plate inserted, since it can be shown that

uy’ = - (asin2 ¢ sin 76/A) 8in 27/A (Ct - x - 5/2) (16)
The amplitude, 2nd hence the intensity, is numerically equal io that given by
equation (6) and is subject to the same condiiions for zero intensity, ¢ = Nw/2
and 6 = NA, (N = 0, 1, 2, 3. ----), Therefore, with the quarter wave plate
ingerted into the lighi path of the conceniric cylinder poiariscope and the analyzer
in the original orientation, the four arms of the cross of the iscc¢line and the
occurence of the various fringe orders are observed unchanged.

For the measurement of the retardation the analyzer is rotated clockwise to
some angle, ©, where the cross of the isocline collapses into two dark areas
separated from each other by 180 degrees. At this point the plane of pclarization
of the analyzer lies along OY’ as shown in Figure 6. In this position the vibration

equation of the light transmitted by the analyzer is

’ ree

w = 4’ sln 6 + vy’ cos © (17)
w’ = displacement of the vibration comvponent transmitted by the
analyzer in ihe direction OY’
Or substituiing the vaiues of uj’’ and uy’’ from equation (14) into equation (17),
w’ = asin 6 [cos? ¢ zin 27/X (ct - x) + sin? ¢ 8in 27/A (ct - X - §)]

+ a cos O sin ¢ cos ¢ [cos 27/A (ct - X) - cos8 27/A (Ct - X - §))

{18)
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Now the tvo dark areas of the pattern transmitted by the analyzer occur at points
in the liquid displaced #/4 radians from the arms of the cross of the isocline, or
at ¢ = #/4 and 57/4. For these values of the angle, ¢,

8in ¢ cos ¢ = sin? ¢ = cos? = 1/2 (18)
Using the information expressed by equation (19) and other trigonometric identities,
it can he shown that

w’ = agin (© - 76/A) 8in 27/A (ct - x - §/2) (20)
Since at these two points in the rotating liquid the intensity of the light trans-

mitted by the analyzer is zero, this means that the amplitude of w’ is zero, which
in turn indicates that

(O - ¥6/A) = N« (21)
For any valueof N = 0, i, 2, 3, ---, eguation (21) indicatces that the retardation
is directly proportional io the angle ©, and the wave length of the light used and

is given by
oA

6 B

4 P (22)
It can be shown that for the rotation of the analyzer in the counter-clockwise
direction equation (22) also applies and that the two dark areas resulting from
the collapse of the cross of the isocline are positioned at ¢ = 3n/4 and 7r/4,
For the concentric cylinder polariscope being used in this work, measure-
ment of the angle © is limited to © £ ; or fractional orders of retardation can
be measured up to and including the first order with the quarter wave plate com-
pensator. For retardations greater than the first order, the first method of
measuring doubie refraction can be used. It is recalled that this method is
limited to the measurement of only integral orders of retardaiion. For both
methods of measurement described, equation (11) is used to calculate the exient

of double refraction from the experimental values of § and S.

ARSI TS T D

| RS e &

S

TR e 5 ARSI 0 o i R Bk




Experimental

The methods for measuring the amount of double refraction and the extinctlion
angle which were described in the preceding sections have been used for milling
yellow solutions, and seem to give satisfactory results. Typical results are
shown in Figures 7, 8, 9, and 10, For the results shown, an inner cylinder

ry = 0,460 inches and an outer cylinder r; = §.5600 inches were used. The veloc-

ity gradients were evaluated at the ceater of the annulus using these dimensions and g
and angular velocity of the outer cylinder by means of the well known relationship §
for the laminar flow velocity distribution cited by Edsall (2). 4

Figure 7 shows the extinction angle for a 1.30 per cent by weight milling
yellow solution as a function of the velocity gradient, and Figure 8 gives the corre- d
sponding information for a 1,36 per cent solution. It is noted that for both cf these
solutions, the extinction angle approaches a value of 45 degrees for low velocity {
gradients, and then the extinction angle decreases with increasing velocity gradi-
eats tc a value near 20 degrees for the 1,30 per cent solution and near 17.5 degrees
for the 1.35 per cent soilution,
Figures 9 and 10 show the extinction angle and the amount of double refraction
of 1.30 and 1.35 per cent milling yellow solutions for velocity gradients up to
200 gec. -1, Here it is noted that the double refraction of milling yellow solution is
of the order of 1075, This represents a very large double refraction in compari-
son to the values for pure licuids, which are in the range of i071° to 10-'2, de-
pending on the velocity gradicnts. The double refraction found for the milling
yellow 3olutions is comparable to 2 V,05 colloidal solution investigated by
Freundlich et al (4), for which double refractions of approximately 16~4 were

found. In a classic work by von Muralt and Edsall (7), the double reiraction of
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rabbit mvosin solutions was found to be approximately 10-%, which is considerably

smaller than that of the milling yellow solutions. On the basis of these pre-
liininary data and the comparisons cited, it is indicated that the double re-
fraction of milling vellow ‘e not due to molacular phenomena,

The exparimental dz'z given in Figures 7-10 were determined for temper-
atures over the range 27-30°C, It is felt that the scatter of the extinction angle
results from this variation in the temperature, as the concentric cylinder
polariscope was designed to be operated in a constant temperature laboratery,
The necessary modifications are being made to thermostat the laboratory in
which this double refraction work is being conducted, and this should improve

the precision of the double refraction measurements,
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VISCOUS PROPERTIES OF AQUEQUE MILLING

N:

ELLOW SCLUTIONS

The viscous properties of doubly refracting liquids as well as the optical
properties are of importance in this study of flow phenomena utilizing a doubly
rafzacting liquid. This arises from the well known iact that the viscosity of a

liguid is a basic property needed to describe the flow behavior of the liguid, and

that. in the caze of a douhlv refracting

iguid, information on the viacosity is
essential for the understanding of the micro-mechaniams which bring about the
flow double refraction. That the viscous and optical behavior of doubly refracting
liquids are inter-related ig well known and many Investigators have reported in-
fermaticn on boih properties of various doubly refracting liquids. An outstanding
example is the work of Robinson (9) who made simultaneous double refracticn and
viscosity measurements with a concentric cylinder type of flow cell.

The nature of viscous resistance of iiguids is well known and the literature
on viacosity ig veluminous giving viscosity data on various fluids, experimenial
methods and techniques, and theoreiical considerations. A review of the more
recent literature on viscosity of liquids has been completed and will be presented
1n a future progress report,

In the preliminary work cn the behavior of milling yellow solutions, limited
viscosity data as determined by means of a rolling ball viscometer were re-
ported (8). With the initiation of this present study it was decided that a viscom-
eter of a type that would permit viscosity determination for well defined velocity
gradients was needed in order to obiain absolute data, rather than relative vis-
cosities which perhans were characteristic of inhe viscometer being used, The
rolling ball viscometer is such a relative viscoaity instrument and the use of

tiis instrument was eliminated in favor of a concentric cylinder viscometer.

S TN B

ot SRS Lt

[ .u.«m.i b

1
R,

-

B L S LR A RN SN S e R T Ll G AT

RO AT B T SR e R R S



31
The merits of this laiter type of viscometer for the determination of absolute vis-
cosities have been established by many investigators.

The viscosities of four aqueous milling yellow soiutions were determined at
25°C, 30°C, and 35°C for shear rates up to 60 sec, ! with a MacMichael concentric
cylinder viscometer. In the following sections, details of this experimental werk
are described and typical results are presented. A discussion of the results and

plans for additional experimental work is aiso given.

The MacMichael Concentric Cylinder Viscometer

As indicated, the MacMichael viecometer is of the concentric cylinder type

cylindrical cup is attached, and a stationary cylinder suspended from a fixed
support by a wire, When liquid is placed in the annular space fcrmed by the cup
and the suspended stationary cylinder, and the turntable is rotased, viscous
shear in the liquid produces a torque on the stationary cylinder, thus twisting
the cylinder about the axis of the supporting wire. At cquilibrium the torgus in
the liquid is balanced by the resisting torque of the twisted wire and the inner
cylinder is movec from the zero flow pcsition by some definite angular dis-
placement. This angular displacement, as indicated by an index pointer on a
circular scale, is related to the viscosity of the liquid and the angular speed of
the rotating cup. For laminar flow conditions in the annulus and negligible end

effects, this relation is
rf LySu dv

et = ——r— —_ (23)
4E; 1y, dr r,
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where
1<) = angular displacement of the inner cylinder
b 7 = radius of the inner cylinder
L = length of supporting wire
= depth of liquid in the annulus

E = moduius oi eiasticity in shear of the supporting wire

s
IR radius of the supporting wire
B = liquid viscosity
%%i = radial velocity gradient at the inner cylinder
ry

For a par#cular instrument with a specific wire used to support the inner cylinder,
squation {24) can be written as

= KpQ (24)

K = an instrument constant

W = liquid viscosity

Q = angular velocity of the cuter cylinder
Equation (24) was used to relate the angular displacement of the stationary inner
cylinder of tie MacMichael viscometer to the viscosity of the liquid and speed of

< the turntable.
For all measurements, an outer cup, ry equal to 0.592 inches, was used with

an inner cylinder, ry = (.542 inches. This gave an annulus of 0.050 .inches thick,
and for the speeds of the turntable available, velocity gradients up to 60 sec, ~! could be
attained. Wires of various sizes were used with this cne cylinder arrangement in

order to obtain measureable response over a wide viscosity range.
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Figure 11 shows schematically an assembly of the MacMichael viscometer as

used, and Figure 12 shows two photographs of the unit,

Experimental

Viscosity determinations were made for anueous solutions of milling yellow
containing 1,31, 1.47, 1.51, and 1.77 per cent milling yellow by weight at 25°C,
80*C, and 35°C. HNo precise means of thermostating the solution in the annulus of
the viscometer was available, and a water bath adiusted to the test temperature
was uzad to maintain the temperature within x 0,5°C of the desired value,

This method of temperature was adequate in making measuremente on Bureau

-~ O -_.I -—

owaiiuaras pcti“ cui il

O

set of calibration data. Here the angular displacement of the inner cylinder
measured in MacMichael degrees (based on an arbitrary circular scale containing
300 units) is plotted versus the turntable speed in revolutions per minute. On the
basis of equation (24), these plots should te linear for a Newtoniar liquid whose
viscosity is independent of the rate of shear. This is supported by the experi-
mentai data. and plots of this type were used tv evaluate the instrument constant
for each wire used in the viscometer at each of the test temperatures.

Figure 14 shows a typical plot of the angular dispiacement of the inner
cylinder versus turntable speed for the 1.47 per cent milling yellow solution at
the three temperatures. Here it is noted that a non-linear curve is obtained
at 25°C and 30°C. This indicates that this solution is non-Newtonian, i. e.,
vigcosity is a function of the shear rate at these temperatures and at the shear
rates used in the tests, At 35°C the non-Newtonian behavior is not exhibited by
tnis solution, Except for the 1,77 per cent sclution, this behavior is represen-

tative of the doubly refracting solutions of milling yellow tested io date,
y
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1. Inner cylinder
2. Outer cylinder
3. Supportiug wire

§

-

4. Angular displacement scale
8. Water bath
8. Turntable
7. Variable speed
motor housing
8. Leveiing screw
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Pigura 11, Schematlc diagram of the MachMichael viacometer
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Figure 12.

Photographs of the MacMichael viscometer
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Figure 15 shows the apparent viscosities as a function of the shear rate, or
velocity gradient, for the 1.47 per cent milling yellow solution. Here, the apparent
viscosity, By is calculated from equation (24) which s based upon the assumption
of a constant viacosity independent of velocity gradient. 8ince this assumption is
not necessarily valid for the milling yellow solutions, the viscoeity is designated
as an apparent viscosity., It is noted that for the 25°C and 30°C runs the apparent
viscosity i8 quite high at the very low velocity gradients and decreases sharply wita
increasing velocity gradient, Further, in the very low velocity gradient range, the
apparent viecegity ig markedly temperature dependent, exhibiting a 30 fold increase
over the range 35°C to 25°C. It is felt that this mzarked temperature dependency
caused the variation in the data points, since with the water bath arrangement it

was possible to maintain temperature conditiens only within + 0.5°C.

The Capillary Viscometer

The viscosity measurements obtained with the MacMichael viscometer in-
dicate clearly that some of the doubly refracting solutions of milling yellow are
non-Newtconian in the velocity gradient range of zero to 60 gec. ™ and that the
variation in viscosity with temperature in this velocity gradient range is quite
pronounced., On the basis of these results, it was decided to change the method
of measurement to permit better control of the liquia temperature under the test
conditions and to obtain viscosity data over a greater range cf velocity gradients.

From the review of the literature on experimental methods of measuring
the viscosity of non-Newtonian liquids, it seemed that a capillary viscometer
described by Bingham (1) satisfied the two requirements specified. This type

of viscometer involves measuring the time required for a definiie volume of the

o
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test liquid to flow through a glass capillary tube of known diameter and length under
a definite pressure drop across the capillary tube, Such a capillary tube containing
the test liguid can be submersed in a thermostated water bath and, thus, precise
temperature control can be obtained., Further, by employing capillary tubes of
various diameters and using varicus pressures to force the liquid through the capil-
lary tube, a wide range of velocity gradients can L& obtained,

Figure 16 pictures an experimental facility involving a capiilary viscometer
which has just been assembled., As indicated in Figure 17, which shows a sche-
matic diagram of this equipment, compressed nitrogen is used to blow the liguid
through the capillary tube. The pressure drop across the capillary tube is measured
with either of two manometers; one a mercury manometer, the other a water mano-
meter. The range of pressure drop, which can be measured with the manometers,

permits the determination of the ligitid viscosity at velocity gradienis up tc 2000 sec, -1,

Non-Newtonian Flow in a Capillary Vizcometer

Many investigators have pointed out the use of the capillary viscometer is not
suitabie to determine the viecosity-rate of shear relaticnship for non-Newtonian
liquids in that the velocity gradient varies across the tube in an unknown manner.
An apparent viscosity can be computed irom the usual experimental mcasure-

ments using the familiar Poiseuille formuia

X w R A P 19
- ‘= \.’45)
R - wan dina ﬁf thn _nqnil]a!'y

AP = pressure drop across tie capillary

Q = volumeiric flow rate through the capiliary
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Photograpns of the capiliiary v

Figure 16
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This apparent viscosity is not egual to the tru~ viscosity defined for flow in a

circular wube by

T = -udv/dr (26)
where
T = local shear stress

dv/dr = radial velocity gradient
except when the viscosity iz independent of the velocity gradient,

Recently Kreiger and Eirod (8) suggested a method ior relaling ihwe apparent
viscosity of non-Newtonian liquids, as determined with capillary cr concentric
cylinder viscometers, tc the true viscosity. Their method, with some modifica-
tions, is prescnted halow tn show the method of obtaining the true viscocsity-rate
of shear relationship from experimental measurements of the apparent viscosity
of milling yellow solutions. The analysis, as presented, is limited to laminar
flow in a circular tube enccuntered in the capillary viscometer.

Since non-Newtonian flow in a circular tube involves an unknown velocity
distribution across the tube radiue which is some function of the shear stress,
let

-dv/dr = g(7) 27)
where
g () = some unknown shear stress function characteristic of the
non-Newtonian liquid
This unknown function can be related to the apparent viscesity by using equation

(27) to compute the total flow ir the circular cross-section. Thus,

0 R

”
Q =\ ar? dv =g wré g (1) dr (28)
“R 0




g4
The shear stress is a linear function of the.radial position in the tube, r, and the

pressure drop across the tube length, L

= &P
T a5 T (29)

Changing the variable in equativii {28) to 7 through the use of equation (29),

8n’L’ (w
where
Tw = wall shear stress at r = R

Now combining equations {25) and (30),

1

= 72 g(1) d1 (31)
"a

("
J

iﬂ'l’“

Thus the apparent viscosity of the liquid is a single-valued function of the wall
shear stress, Tw® consequently the function g(7) can be obtained by differentialing

B, with respect to Tw® Or,

T L
= W ._'1 = o
g(7) 'u 4 \“a dTw (32)

Equation (32) gives g(1). which is numerically equal to the velocity gradient, as a
function of A and K, -

In the use of the capillary viscometer the experimental variables are t, the
time necessary for a fixed volume of liquid to flow through the capillary, and
rop across the capiliary. Further; the experimental data
necessary to define the non-Nawicnian flow of the liquid involve measuring t for

a wide range of AP values. Equation {32) may be expressed in terms of these
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experimental variables by incorporating the definitions of Tw and p a’ O

v T, I’ 1 d(\Pet)
By = "& T a | "% @

33)
Combining equations (26) and (32), the true viscosity of the non-Newtonian liquid is

ha

i = — 57T 134)
&t d@aP)

These lact two equations are to be used to compute the true viscosity-rate of

shear relationship for milling yellow solutions from experimental data obtained
with the capiilary viscometer. No experimental results from such measurements

are available at this time,
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SCHEDULE OF EXPERIMENTAL ACTIVITIES

The furtherance of the experimental nrogram described in the previous
sections is planned as follows:

1) Measurement of the extinction angle and the amount of double reiraction
of milling yellow solutions. The experimental methods described in this report
for these measuremenis are satisfactory and vield accurate, rcproducible re-
sulte, The guarter wave compensaior used to meagure fractional orders of
double refraction retardation is somewhat limited in application tc milling yellows
solutions. However, a Babinet-Soliel compensator which will permit measure-
ment of fractional orders of retardation up to six orders hae been purchased and
is to be delivered by August 1, 1954. It is anticipated that this instrument wiil
have a measuring range adeguate for all the milling yellow solutions to he gtudied

It was found that the double refraction of milling yellow solutions is tempera-
ture dependent. In order to make measurements under controlled temperature
conditions, it has been necessary to thermostat the laboratory being used for
this work. The necessary sir cooling equipment was received recently and now
the laboratory temperature can be controlled within + 0,3° C of a specified tem-
perature.

It is anticipated that the measurements on the extinction angie and the doubie
refraction of milling vellow solutions can be compieied by January 1, 1955,

2) Measurement of the viscosity of milling vellow solutions, Three differ-
ent experimental methods have been employed to make viscosity measurements
on milling vellow solutions, The third method based upon the use of the capillary
viscometer promises to be the maost reliable and accurate of the methods used.

Owing to the non-Newtonian characieristics of some milling yellow solutions,
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the experimental deiermination of the apparent viscosity as a function of the pressure
drop across the capillary viscometer and the computation of the true viscosity from
these measurementz involves many experimental observations and a moderate amount
of computational time to treat the data. The completion of this work is scheduled for
March, 1955.

3) Photoviscous flow aralysis of laminar flow phenomena. Upon completion of
the double refraction measurements which essentially serve as a calibration of the
photoviscous effects oi milling yeilow solutions, it is planned to attempt a quantita-
tive flow analysis of simple laminar flow cases such as two dimensional flow in a
rectangular tube, flow past a cylinder, fiow in a converging channel, etc. This
work will require a flow double refraction polariscope similar to ihe type used in
the photoclastic stress analysis of transparent solids, There has bheen no activity
on this phase of the long range program and such activity awaits the completion of
the doubie refraction measurements and the acquisition of appropriate polariscope
equipment,

Thds schedule of experimental activities projects beyond the present date of
termination of the Office of Naval Research tazk crder authorizing this work, A

proposal for extension of the task order for another one year period is being sub-
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APPENDIX A
LITERATURE SURVEY ON FLOW DOUBLE REFRACTION

A survey has been made of the literature pertaining to flow double refraction,
The results are presenied in the following sections, broken down into two major
parta. (1) A classification of references under several general headings, each
concerning a specific aspect of work in the field, These coitain a listing, by
number, of the pertinent references and a brief discuseion of them. (2) An alpha-

betical listing of references by authors, giving also the headings and sub-headings

under which each reference is classified.

Most of the work considered here deais directly with flow doukle refraction.
However, certain selected references from closely related fields have been in-
cluded to provide background information. Tuose articles which include reviews
of the field of flow double refraction have been listed under a separate heading for
convenience in location. It will be noted that 2 number of references fall under

more than one heading, and are so listed.

Method of Classification

The reference material i8 grouped under the following headings and sub-

I Theoretical Material

A. Initial Ohservation

E. Quantitative Theories of Flow Double Refraction
II. Experimental Measurements

A, Pure Liguids

B, Poliymers
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VI.

C.
D.

E.

Colloids
Proteins

Other Substances

Fluid Flow Analysis with Doubly Refraciing Liquids

Equipment and Procedures

Background Information

Reviews

A.
B.
C.
D.
E.

F,

ot

General Optical Theory

Double Refraction

Flow in Concentric Cylinders
Relation of Molecular Form to Viscosity and Flow Behavior
Electrical and Magnetic Double Refraction

Dielectric Measurcments

60

Nl BRI BT d e

iy

VTN S

oAb



R

A s

-

L

51

eretﬂcal Material

A. Initial Observations: References 3, 41, 85, 90, S7, 140, 149,

1580, 151, 154, 162, 186, 212, 260, 278, 277, 278. In the course of some
optical experiments in 18A8, J. Clerk Maxwell observed the phenomenon of
flow double refraction in a viscous liquid {Canada Balsam), stirred by a glass
apatula between crossed polarizing prisms. He repcrted this in 1873 (161)

together with some qualitative theories as to its cause; in the same year,

»

Mach (150) reported similar observations. In 1881 Kundt
Maxwell’s experiments on a number of liquids and Lieck (149) in 1886 studied
the double refraction of gelatin, The first quantitative measurements were

made in 1888 by de Metz (154) who measured the amount cf double refracticn

P

n varjous liquids, and ocbserved a relation between it and the liquid viscosity.
Other observaticns in this period were made by Umlauf (259), Schwedoff (212).
Almy (3), Hiil (97), and Reiger (186), but none of these could advance a guan-
titative theory as to the caus‘e”—(‘)f the phenomenon. A suggestion by Schwedoff,
bascd on his observations, was used by Natanson (162) in developing an elabo-
rate theory of viscosity which was never generaily accepied. In 1904 and
1505, Zakrzewski (276, 277), in studies on colloidon, noticed that the extinc-
tion angle was not always 45° but decreased as he increased the stress on the
lquid. From his results with this and other systems, he concluded that the
extinction angle i8 45° in pure liquids, but may differ markedly from this
value in substances of a colloidal nature. The closest approach ivo a quan-
titative thecry of flow double refraction in this early period was made by
Havelock (89, 90) in 1308, who developed expressions for the amount of

double refraction {rom considerations of ithe molecular properties of the

fluids, but did not derive a relationship between this and the velocity gradient.
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B. Quantitative Theories of Flow Double Refraction: References 4, 17,

20, 21, 23, 29-33, 35-41, 50, 51, 66-71, 72, 73, 79, 85, 89, 91-94, 96, 101,

177-179, 181, 183, 185, 187, 188, 190, 193-197, 202, 203, 206, 208, 213, 215,
216, 218, 222, 230, 234, 237, 247-249, 251, 274, 279, 286, In 1915 Freundlich,
Zccher, and their collaborators (46, 47, 66-70, 279-280) began extensive siudies
on vanadium pentoxide sols which were already known to consist of long rod-like
micelles which increased in length on standing, From the results of these in-
vestigations they concluded that the dcuble refraction in the sols was the result
of the orientation of the particles by forces aris:ng from liquid flow. Frey (71)
further subdivided the effect into (1) that caused by orientation of normally iso-
tropic particles whose reiractive index differs from that of the surrounding
fluid, (This ““form’’ double refraction does not exist, therefore, if the solvent
has the same refractive index as the particles): (2) that due to anisotropy of the
particles themselves, This idea is based on a theory developed by Wiener (272}
for the non-flow case, and has been experimentally demonstrated by Lauffer
(142-~144) in studies on tobacco mosaic virus,

In 1924 and 1925 Vorlander and Walter (265, 266) measured the doubie
refraction of a large number of pure organic liquids, Their results indicated
a somewhat different mechanism of double refraction than that for the coiloids.
Using these measuremants to check their work, Raman and Krishnan (183) in
1928 developed the first quantitative theorv relating double refraction, mole-
cular properties, and the velocity gradient in the flowing fluid. They assumed
the orientation of rigid ellipsoidal molecules to be the causz of the double re-

fraction, and their expres:zions azreed well with the data of Vorlander and

i
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Walter, However, their equations failed to precdict the behavior cf colioidal
sola, and solutions of very large molecules. Further, Sadron (193, 184)
has cast doubt as to the accuracy of the results of Vorlander and Walter,
since some of their measurzments were taken in a range where turbulent
flow would occur in their apparatus, At present no quantitative theory has
been developed for the turbulent region. In 1932 Boeder (20, 21) developed
a second quantitative theorv based on the simplified case of orientation of
unidimensional particles, Hie work represents a limiting case encountered
experimenially--systems of long rigid rod shaped particles--and data on
these agree well with hie expressions.

During the next 10 years Sadrcn (193-137, 199), Signer (213, 215, 218,

gave good results on a number of systems. W. Kuhn, in conjunction with

H, Kuhr;. has continued to develop refinements on his original theories up

to the present (124-135). In 1939 Peterlin and Stuart (177, 178), after a
critical survey of existing theories, derived expressions of a more general
nature than those previously advanced. Peterlin (174, 175) and Stuart and
Peterlin (234) have also modified and expanded their theories in recent years.
fiow doubie rTeiraction

Several investigators have developed theories o
within the 12st 10 years, as the resuit of investigations into the nature of
polymers. Some of the more extensive are the work of Cerf (29-33, 35-40).
Joly (108, 109), and Riseman and co-workers {74, 245, 251). Most of the
modern theories, while assuraing various modeis for the particies, have
considered flow double refraction the resulit of a combination of two effects;

(1) deformation of the particle by forces present in the flow, (2) orientation

O i
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of the particle due to the fact that its ends lie in fluid moving at different
velocities. In systems of elastic particles the first effect predominaies;
in aystems of long rigid particles the second effect is responsible. In
systems of coiled polymer molecules both effects may play an important
role, Some very informative measurements have been made by W. Kuhn,
Kunzie, and Katchalsky (122, 138) on polymer molecules having electrical
charges distributed aiong them. By varying the pH of tne soiution, they
have been able to induce a coiling or uncoiling of the molecular chain owing
to varying attraction and repuison between the charges, and a corresponding
variation in flow double refraction properties results.

*

Two excelient reviews have appeared in receint years covering theory

anc: experimenti in ihe {ieid of flow doubie refraciion., A review by Edsall GO)

€L

covers work prior to 1542, and one by Cerf and Scheraga covers work from
1942 to 1562 (49).

Experimental Measurements

A, Pure Liquids: References 1, 27, 127, 161, 194, 156, 254, 262, 263,

265, 266, 273. The double refraction of a large number of pure organic
liquids has been measured by vurious investigators. In one respect, these
subatances are ideally suited for fluid flow studies, szince their extinction
directions make a constant angle (45*) to the streamlines, and most of them

show a linear variation of the amount of double refraction with velocity gradi-

ent. However, this amount of doubie refraction is very small except in liquids

of extremely high viscosity; and none of the liquids tested so far, whose vis-
cosity is low enough to miake them very useful in fluid flow experiments,

would show any effect at all in the usual type of flow test equipment
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Double refraction measuremente on pure liquids were reported oy
Kreuger {iZ7) in 1924, and by Voriander and his coilaborators (282, 263,
265, 266) from 1924 to 1932. Vorlander’s measurements covered a very
large number of doubly refracting and non-doubly refracting liquids. He
found the effecte to be most pronounced in those liquids whose molecuies
were assymetric, and zero for the more symmetric moiecules. However,
in 1939 Buchheim, Stuart, and Menz (Z7) deveicpaed an apparatus ior measur-
ing extremelv small effects, with which they studied benzene derivatives:; and
in 1941 Winkler and Kast (273) measured the flow double refraction of benzene
itself, They found a sharp increase in the double refraction when the temper-
ature was decreased to withir aboul 10°C of the freezing point. Further work
1948,

In 1935 Alcock and Sadron (1) actually used a pure liquid (sesame oil)
in a fluid flow study. The high viscosity of the fluid limited the range of
their results, Sadron (194, 197) also performed tests on pure liquids to
support his contenticas as to the inaccuracies in the Raman and Krishran
theory. In 1952 Narasimhamaurty (161) reported some measurements in
conjunction with the development of an empirical relation for flow doubie
refraction in pure liquids.

B. Polymers: References 6, 29, 32, 33, 35-37, 39, 42, 49, 50, 74,
75, 79, 91, 93, 95, 116-122, 127, 131, 133, 134, 136, 138, 139, 174, 175,
181, 182, 187, 189, 191, 195, 200, 208, 2i4, 215, 218-224, 235, 250, 251,
2556-257, 288, 270, 271. Much of the recent literature concerning double

refraction of flow has concerned studies on sclutionz of varicus polymers.

Sl it
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Many of these polymer molecules arc of colloidal dimensions and are so
considered by the investigators; however, these are considered with the
polymers, rather than the colloids,

Some of the earliest and most extensive work on double refraction of
polymer soluticns was conducted by Signer and his collaborators (214, 215,
218-224), In 1933 Signer and Grose rcported double refraction studies on a
large number of nitrocellulose and polystyrene solutions. The effects ob-
served were somewhat similar io those of collcidal systems though not
usually as intense as those of such substances as vanadium penioxide or
bentonite, The extincticn angle usually approaches 45° at low velocity gradi-
ents, but decreases with increasing gradient, The amcunt of double refrac-
tion may vary linearly with velocity gradient or it may increase more or less i
than linearly, depending upon the molecule under consideration. These phe-

nomena have been studied by Kuhn and Kuhn (131, 133, 134, 136, 138, 139)

44 ol bidedn B3 34 [ S

and are discussed in a review of their work published in 1448 (136).

In 1942 Kanamaru, Tanaka, and Sugiama (117-120) published the results i
of several investigations on the effects of various factors such as temperatiire, :
type of solvent, additives, etc. upon the flow double refraction of polymer
solutions, Kuhn and Kuhn, and others., have actually studied the course of
polymerization reactions by means of doubie refraction, and Kuhn and Kuhn
(134) developed a quantitative relationship between the degree of polymeri--
zation and the amount of doubie refraction for severali systems. Since 1942
Tsvetkov and his collaborators (74, 250, 251, 255-257; considered this
application, and conducted a number of double refraction experiments on

various polymers, including son.e work on synthetic and natural rubber solutions.
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In 1945 their explanation for some of their results drew criticiam from
Rehner (185) who showed that certain of their assumptions were inadmissable,

A large number of less extensive investigations of the double refraction
of polymer solutions have been made in recent years., These will not be dis~
cussed individually here, but references to all of them are listed at the be-
ginning of this section, The review by Cerf and Scheraga (40), both of waoem
are active in polymer studies, gives an excellent summary of their own work
in the field and that of others,

C. <Colloids: References 6, 7, 11, 21, 23, 25, 28, 44-47, 50, 57, 58,
66-71i, 54, 100, 106, 107, 124, 125, 127, 147, 156, 157, 179, 188, 190, 196,
197, 199, 201, 213, 233, 2.4, 258, 275, 279, The double refraciion effects
in colloids are like those in polymer solutiors, i. e., not as regular as those
in pure liquide. Some of the earliest experiiaental investigations were made
on cciloidal substances, and several theories have been developed primarily
to explain the colloidal phenomena. Some cof the most strongly doubly re-
fraciing liguids are colloids, and, for this reason, several have been used
in fluid flow studies, (Ref. section on fluid flow anzlysis,)

From 1915 to 19230 Freundlich, Zocher, and their co~-workers (46, 47,
66-70, 279, 280) carried on fiow double refraction experiments with several
colloids, chiefly the strongly doubly refracting vanadium pentoxide sois,

In 1929 Bradfield and Zocher (25) and von Buzagh (28) reported on studies
involving sols of bentoniie ciay. Here, as in vanadium pentoxide, the effect
observed is very strong,

Other colloids, while not usually exhibiting the extremely strong double

refraction of bentonite and vanadium pentoxide, have been the subject of ex-
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tensive studies, In 1925 Kreuger (127) studied a number of cclleids along with
the pure liguids previously mentioned. Studies on colloidal systerns formed a
basis ior Boeder’s (20, 21) theory. Signer (213), in 1930, and Sadron (196,
197) studied 2 number of colloidal systems and, from them, drew theoretical
conclusions. In 1942 Feitknecht, Signer, and Berger (58) made several particle-
size determinations on colloidal nickel hydroxide by varicus methods, including
flow double refraction, and obtained excelient agreement between it and the
other methods. The double refraction results were calculated from the ex-
pressions of Peterlin and Stuart.

A number of other experimental investigations have been made on various
colloidal systems. These references will be found listed at the beginning of
this section,

D, DProteins: References 10, 12, 22, 32, §6, 37, 43, 50, 51, 54-56,

59-63, 77, 82-84, 86, 94, 98, 102, 105, 110-113, 123, 141-144, 146, 152,

ot

53, 155, 158-160, 164-168, 176, 180, 184, 198, 205, 207, 209-211, 217,
231, 232, 235, 226, 260, 274. A fourth large group of substances studied by
flow double refraction methods are the proteins, The initial studies of these
substances were described by von Muralt and Edsall, In 1929 theyv publishe

a preliminary report on their work (158), followed in 1930 by a complete
description of their own work, and also a review of previous work in the field
of flow double refraction. Edsall and his co-workers, notably Foster {54, 55,
59, 63) and Metl:l (56, 152, 153}, have reported results on a large number of
of nrotein systems. Scheraga, another of Edsall’s collaborators, together
with Backus, used fiow double refraction to actually follow the clotting of
human blcod (205) and obtained valuable information as to its mechanism.
Studies by these and other workers have covered gize and shape delermi--

nztions, coaguiation phenomena, the effects of heat and additives in denatura-
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tion, etc. In 1941 Oncley (188) compared the size and shape values obtained
vy flow double refraction with those from other methods (including ultra-
centrifugation, viscosity, diffusion, etc.). His results were quite reproduc-
ible and consistent. Along with his other work, Signer (217) studied proteins

and more recently Joly {105, 110-113), Cerf (32, 3§,

______ 13 -

(74}

7), and fchwander (209~
211) have studied a number of such systems,

Plant virus constitute an interesting sub-class of proteins studied by flow
double reiraction, The virus causing iobacco mosaic disease gives intense
flow double refraction, thought to be caused by orientation of long rod-shaped
particles as in vanadium pentoxide. Studies on tobacco mosaic virus include
those of Takahashi and Rawlins (236) in 1987; Lauffer and Stanley (142-144)
in 1938-1539; and Kausche, Guggisberg, and Wissler (123) in 1839. Reilation-
ships between the molecular propexties and the infective power of the virus

have resuited from these experiments.

2 ach + e, - =
E. QCther Substances: A number of other substancas beside those men-
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studies. These are listed below along with the referencee concerning them,
1. Aliphatic Acids and Alcohols (252, 253)
2. Benzopurpurin (14), (15)
3. Carbohydrates (228)
4. Hexadecyltrimethylammonium Bromide (204)
5. Chondroitinsulfuric Acid and Hyaluronic Acid (19)
8., Condensed Phosphates (289)
7. Crystalline Substances p-Azoxyaniscle, and Barium

Sulfate (246), (248), (261)

v =
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8. Liouid Emulaions (179)

9. Milling Yellow Dye (115), (173)

10. Oils (8), (163), (264)

11. Pyroxylin (26)

i2. Shellac (192)

13. Soaps and Detergents (2), (5), (9), (76), (80), (81), (95)
(114), (226), (242), (243), (289)

Fluid Flow Analysis with Doubly Refracting Liquids

References 1, 9a, 14, 15, 45, 88, 100. 147, 173, 190, 270, 271, The
earliest recorded use of a doubly refracting liquid in the analysis of fluid
fiow was described by Humphry (100) in 1923, He used a vanadium pentoxide
sol in his flow apparatus and obtained some simple qualitative results. In
1935 Aicock and Sadron (1), using sesame oil, were able to calculate local
veiccity gradients from measured values of the double refraction and
suggested further applications, Their results were limited by the high
viscosity of their test liguid, Hauser and Dewey (88) inm 1835 publis
short report on experiments then in progress, using bentonite gols, and in
1941 Dewey gave the results in a thesis (45). In this he described a flow
facility, presenied calibration data and photographs of flow patterns, and
showed a method for quantitative calculations of local velocity gradients and
streamiine directions. The same type of analysis was presented by Weller
in 1942 (270, 271), He teated some 50 liquids before finally deciding on a

& 2w

solution of ethyl celiulose (kodak ‘“Ethocel’’) in a commerciai soivent
‘“Methyl Cellosolve’® for use in his flow system,
In 1952 Rosenberg (190) presented a summary and extension ¢f the work

oi Dewey and Weller together with a survey of literature pertaining to flow
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double refraction. He also described a flow test apparatus, then under con-
struction, which was designed to utilize a bertonite sol as the double re-
fracting liquid,

In 1945, Leaf (147) described an interesting qualitative application of

refracting Hauid (o flow analvsis. By obaerving the flow of a ben=

ful in determining the flow patterns of the hot gases in the prototyps, and in
recommending procedures for eliminating ercsion of boiler tubes by the asn
suspended in these gases. In 1945 and 1947 Binnie (14, 15) described the
use of a doubly refracting benzopurpurin sol to observe the onset or turbu-
ience in a long circular tube, In 1947 Ullyott (258) reported the results of
some flow experiments using vanzdium pentoxide carried out during World
War II without knowledge of Dewey’s work. Much of Ullyott’s work paralleled
that of Dewey and Weller, although he seems to have attemipted no quantitative
analysis of his results. Balint (9a) recently presented a review of a number
of methada of flow visuaiization, including double refraction
Previous fluid flow investigators have suffered because their doubly re-
fracting liquids have been either extremely viscous or unsiable in contact
with common materials of construction. In 1953 Peebles, Garber, and Jury
(173) reported a new substance for use in fluid flow test facilities, an aqu=ous
solution of a commercial organic dye, milling yellow. Solutions of this dye
were fouiid to be stable in contact with common materials of construction.
ve intense flow double refraction ir golutions with vigcosity little

greater than that of water, They described an apparatus then in us

A faw
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qualitative flow observatiors, presented photographs of flow patterns, and

cutlined future quantitative experiments using the dve.
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IV, Eguipment and Procedures

References 14-16, 18, 26, 34, 40, 50-5%, 64, 66, 69, 72, 74, 78, 54,
100, 104, 117, 142, 143, 146, 157, 159, 160, i76, 188, 194, 218, 227, 229,
230, 255, 270-272, 281. A number of the references previously cited,

| particularly those deaiing with experimental measurements, give descrip-

2 tions of apparatus for measuring flow double refraction. The majority oif

these are of the concentric cylinder type. (See Edsall (A0-54) or Cerf and
8cheraga (40) for details of construction on a numter of theze,) However,
a few special types and modifications, ac well as several gources dealing
with means of eliminating errors in measurement, are given special mention
here,

Instead of the concentric cylinders Freundlich i66-70) and Lauffer (143~
144) merely allowed their liquids to flow through a narrow tube. However,
this method does noi permit a definite reiationship to be establisied between
the amount of double refraciion and the velocity gradient. since the gradient

is not constant across the tube. A modification of the concentric cyiinder

pelariscope has been described by Frisman and Tavetkov (74). it involves

three concentri

(p}
3]
«2
[
[
3
23
o
&

1dersg, instead of the conventional twe, with the middle

one rotating, Thig enables tests to be performed with either an inner or an

outer rotating cylinder c¢n the same apparatus,

Cerf (34) described an optica! method for measuring extinction angles
in fluids whose duible refraction is too weak to be observed by ordinary
methods. Buccheim, Stuart, and Menz (27), and Peterlin and Semac de-
scribed highiv sensitive optical instruments for measuring small effects.
Zucker, Foster, and Miller (281) have accomplished simiiar resuits using

a photoeleciric mecisuring device,
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Since no ihecreiical ireatment has been developed for double refraction

in turbulent flow, the onsct of turbulence in a piece of test apparatus may
lead to serious errors. G. I. Taylor (238-242) derived expressione for a
critical velocity gradient beyond which turbulence will eccur in a concentric
cevlinder device. Jerrard (104) surveycd the apparatus of some 30 investigators
and presented a convenient tabulation of the results of Taylor’s work so that the
critical gradient for any concentric cylinder polariscope may be easily calcu-
lated from its dimensions and the viscosity of the liquid being tested. Turbu-
ience and other sources of error have been considered hy Bj°6rns€ahl (16, 18),
Frey-Wissling and Weber (72), and Snellman (237). These writers describe
conditicns under which given sources of error may arise along with methods

of eliminating them,

Background Material

in order to provide information on the underlying principles of flow double

refraction, some selected references in relatad fields are included in this
summary. These are listed below grouped according te their content.

A, General Optical Theory: Refercnces 41, 45, 190, 287.

B. Principles of Double Refraction (non-flow): Refereaces 41, 45, 196,

C. Flow of Fluids between Concentric Cylinders: Relerences 104, 128,

129, 171, 238, 240, 241, 261,

D. Relation of Molecular Form to Vigcosity and Flow Behavior: References

26, 30, 33, 65, 81, 99 181, 103, 12¢

239, 261,

E. Electrical and Magnetic Double Refraction: References 169, 233, 237,
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F. Dielectric Measurements: Reference 157,

Reviews
Articles reviewing the field of flow double refraction are listed in the

Biblicgraphy as follows: 40, 49, 50, 51, 94, 96, 117, 133, 136, 159, 177,

190, 232,
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APPENDIX B :
2
:
NOMENCLATURE i
]
-
8ymbol Meaning 1
% & Amglitude of light wave transmitied by the polarizer §
¢ Velocity of light in air %
c_ Velocity of light vibi-ating parallel to the optic axis ;5
<, Velocity of light vibrating normal to ine opiic axis s
E s Modulus of elasticity in shear 3
£ Functional designation i
£ Functional designation :
K Instrument constant for the MacMichael viscometer g
L Capillary length ;
Lw Length of wire supporting the inner cylinder of the MacMichael i
viscometer i%
n, Refractive index of light vibrating parailel to the optic axis ;l%
-
n Refractive index of light vibrating normal to the optic axis <
i
- w inieger designaiion, or iringe order number F
3
A0 Dregaura dron ncoraas the capillary viscometer -5:‘
= i
Q Volumetric flow raie ;ﬁ
r Radiel distance i
=
EA
r; Radius of the inner cylinder of a concentric cylinder flow cell g
T3 Radius of the cuter cylinder of a concentric cylinder flow cell s
'@
rW Radius of the wire supporting the inner cylinder of the §
MacMichael viscometer -

R Capillary {ube radius
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Meaning
SApReals - B

Liquiad depth

Time

Vibration displacewment of light transmitted by the polarizer
Vibration displacement, normal tc the optic axis, of light
entering the doubl; refracting liquid

Vibration displacement, parallci to the optic axis, of light
entering the doubly refracting liguid

Vibration displacement, parallel to the optic axis, of light
transmitted by the doubly reiracting liquid

Vibration displacement, normal to the optic axis, of lijzht
transmitted by the doubly refracting liquid

Vibration displacement, parallel to OX, of light entering
the quarter wave plate

Vibration displacement, parallel to OY. of light entering
the quarter wave plate

Vibration displacement, paraliel to OX, of light transmitted
by the quarter wave plate

Vibraticn disaplacement. parallel to OY. of iight tranamitted
by the quarter wave plate

Liquid velocity

with the plane of polarizaticin parallel to OY




Symbol
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Arbitrary phase retardation

rhbitrary angle
Retardation distance produced by the doubly refracting iiquid
Angle neceseary to rotate the analyzer to measure double
refraction using the quarter wave plate compenegator
Angular displacement of the inner cyiinder of the MacMichael
viscometer
Wave length of light used in the cencentric cylinder polariscope
Liquid viscosity
Apparent liquid viscosity
Ratio of circumference to the diameter of a circle
Local shear stress in a moving liquid
Wall shear stress
Angle between the normal o the optic axis and the plane of
poiarization of the polarizer

Extinction angle

flow cell
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