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A STUDY OF LAMINAR FLOW PHENOMENA UTILIZING A DOUBLY 

REFRACTING LIQUID 

Progress Report l 

ABSTRACT 

Aqueous solutions of a commercial dye known as milling yellow exhibit flow 

double refraction sind, as a resuit, visual observation of liquid flow phenomena 

can be made using plane polarized lighto   This report describes the activities on 

a research project concerned with the quantitative interpretation of such optical 

patterns.   The long range objectives of the study i.iclude the development 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 financially by the Office of Naval Research, Contract 

Nonr-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 a concentric cylinder flow ceil ana i.he 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 approximately proportional to the velocity gradient.   Vis- 

cosity measurements indicate that the milling yellow solutions exhibit 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 solutions of a commercial dye, designated 

as milling yellow, exhibited flow double refraction, i. e., stresses resulting 

from the liquid motion bring about light interference patterns of plane polarized 

light passing through the moving liquid.   Such light interference patterns seemed 

to be reproducible for any arbitrary liquid flow 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 Fluid Mechanics.   Photographs and high speed motion 

pictures of various laminar and turbulent flow examples were shown 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 interferenr.p 

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 situations without the use of 

measuring probes.   The attractive features of such an experimental method 

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

* These numbers refer to the LIST OF REFERENCES, p. 48, 
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(a)  Lminar Flow Through An Of if ic« (b) Laminar Flow Through A Nozzle 

(c) Turbulent Flew Through An Orifice; 
Reynolds number Approximately 5000 

d) Turbulent Flow Through An Orifice; 
Reynolds number Approximately  10,000 

(e) Turbulent Flow Through A Nozzie (f) Turbulent Make Of An Airfoil   Section 

i 

Figure 1.    Typical polarized light interference patterns resulting from flov 
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-8Ii(04) was initiated to support 

the research program tor the period September 1,  1353„ to September 30,  1054. 

Actual notification and authorization of the work was received about November 1, 

1953. 

The specific objectives embodied in Contract Nonr 811(04) include research 

in flow visualization 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 density of such liquids, and to determine the extent of double refraction of 

milling yellow 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.   It is submitted to the Mechanics Branch 

of the Office of Naval Research.   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 properties and the viscosity of milling yellow solutions. 

In a concluding section of the report a schedule of experimental activities is 

given. 



• 

METHOD OF APPROACH 

As indicated in the previous section, it is the long range objective of this 

research project to make quantitative interpretation of light interference 

patterns produced in a moving liquid by double refraction 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 probes inserted into the stream.   Perhaps this is an optimistic objective as 

the basic mechanisms of double refraction in general are ill defined and cannot 

be described simpiy.   Further, this branch of the field of optics is 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 photoeiastic stress analysis,   The par- 

ticular application of double refraction to photoelasticity is quite analogous to 

the now 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 photoeiastic stress analysis in solids.   In the following paragraphs 

the basic phenomenon of double refraction is reviewed and the proposed method 

of application to the objectives listed will be discussed. 

A liquid which exhibits the phenomenon of flow 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 liquid at a definite velocity independent of direction.,   This 

velocity is inversely proportional to the refractive index of the liquid.   When 

such a doubly refracting liquid at rest is "iewed betwten 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.   Macroscopically, 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 each point in the moving liquid there is a characteristic direction, called 

the optic axis, in which light does move at a velocity independent of the direction 

of propagation.   A light wave which vibrates in the plane normal to the optic axis 

is called the ordinary ray and its velocity is 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, n   . 3 e 

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 described 

quantitatively by the equation 

n   - n     =   f e      o 

-1 

t %\ « 



where 

n        =    refractive index of light vibrating parallel to the optic axis 

n        »    refractive index of light vibrating normal to the optic axis 
o 

f "    functional designation 

H        «•    liquid viscosity 

dv -j—      =    local velocity gradient 

As will be shown in another section of this report, the points of zero light in- 

tensity, or the interference fringes, observed by viewing the moving doubly 

refractive liquid between crossed Dolarizers are related directly to the refrac- 

tive index difference, n   - n   .   Hence, if it is desired to analyse the light 

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 app)';u to the photoelastic stress analysis, it has been assumed that the 

corresponding functional relation was linear.   A similar linear functional re- 

lation has been found to apply for pure liquids which exhibit double refraction. 

Essentially, an experimental determination of the relationship between 

dv the refractive index difference, n   - n  , and the liquid stress, n -3—, for 

milling yeilow solutions will furnish a calibration of the liquid which can be 

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 moving double re- 

tractive liquid 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 f.ui flow double refraction in pure liquids.)   For 

milling yellow solutions this angle is 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 ? medium for the 

analysis of liquid flow cases, ii is essential to knew Lhe density and viuciiiiily 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 permitted measurements only up to velocity gradients of 60 sec.-1. 

A capillary viscometer and the necessary accessory equipment has been set up 

for the measurement of viscosities of milling yellow solutions at velocity gradients 

up to 2000 sec-1. 

It is felt that at present the scope of activities should be limited to the two 

general areas described in the preceding paragraphs, i. e... the determination 

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 unknown flow double refraction stress patterns*. 
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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 desirable 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 available 

suggests that the magnitude of double refraction for these solutions is signifi- 

cantly greater than that reported for any pure liquid in which double refraction 

results from molecular orientation.   This raises many questions concerning the 

nature of solution of milling yellow dye, that perhaps the milling yellow "solutions" 

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

has been proposed by Jury (5) that the second phase in such a suspension is not a 

solid but an intermediate "liquid crystal" phase or mesophase.   As indicated 

previously, much of the interpretation of double refraction phenomena in terms 

of basic mechanisms is conjecture and cannot be described simply at this time. 

The experimental program outlined will furnish specific i: formation on the 

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

"usstions 



OPTICAL PROPERTIES OF AQUEOUS MILLING YELLOW SOLUTIONS 

The optical properties of a liquid which exhibits How double refraction can 

be described quantitatively in terms of the difference between the extraordinary 

and ordinary refractive indices of the liquid, n   - n  , and the angle between the 

optic axis of the liquid and the flow streamline.   The quantity, r.   - n  , i« He«ig- 

nated the amount or extent of double refraction, according to Edsall (2).   The 

angle between the optic axis of the double refracting liquid and the flow stream- 

line is usually represented by the symbol  \ and is called the extinction angle (2). 

Both of these quantities are functions of the velocity gradients existing in the 

doubly refracting liquid.   In this section an optical analysis oi tiie double re- 

fraction phenomenon 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 flow case, con- 

sider the following simple case of an element of moving liquid fluid, unde^ 

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 OX is 

transmitted 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 OQ for the component vibrating parallel to the optic axis 

and OP for the other component vibrating perpendicular 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  »   a sin 2JT/X (ct - x) (2) 

where 

u =    displacement of the vibration from the axis O-O at time, i 

a        =    amplitude of the vibration 

X        •    wave length of the light vibration 

x        =    arbitrary phase retardation indicating that the displacement 

:1s not necessarily zero at   t   =   0 

c        =    velocity of light in air 

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

spectively for the light entering the doubly refracting liquid are 

Uj   =   a cos <f> sin 2JTA (ct - x) (3) 

u2  =   a sin <p sin 27r/X (ct - x) 

where 

Uj       =    displacement of the vibration component in the direction OP 

Uj       =    displacement of the vibration component in the direction OQ 

<p        =    angle made by OP with the plane of vibration of light from the 

polarizer (OX) 

Since the two components u< and u2 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 quantitatively 

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

Uj  =   a cos <f> sin 27r/X ( ct - x ) (4) 

\i'2  -   a sin <p sia 2 ff/X (ct - x - 6) 
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where 

uj. uj •    displacement of the vibration components leaving the doubly 

refracting liquid in the direction of OP and OQ respectively 

6        »    relative retardation produced by the doubly refracting liquid 

Now when uj and ui reach the analyzer, only light vibrating parallel to OY is trans- 

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

can be represented as the resultant wave obtained by adding the components c-f u« 

and U] parallel to OY.   This resultant, w, is given by 

w  =   u} sin 0 - Uj cos <b (5) 

This vector addition of u'j and u£ expressed by equation (5) is also shown diagram - 

muHciil'w in  TTitriir*-* 2. 
********        J *" —**• — 

The values of u'< and u't from equation (2) are substituted intc equation (5) 

which, after incorporating the results of basic trigonometric identities, gives 

the equation of the light vibration transmitted by the analyzer, 

w  = ja sin 20 sin HO/AJCOB (ct - x - 6/2) (6) 

where [a sin 20 sin ird/X] represents the amplitude of the vibration. 

Equation (6) indicates the conditions for the existence of the points of light 

interference, or zero light intensity, in the optical pattern transmitted by the 

JJOI«UX*-*-I .   Titu-i, oiuvc Lhe intensity of transmitted light is proportional to the 

square of the amplitude of the vibration, it is noted that the intensity will be 

zero under two conditions, i. e., 

20   = Nir, 0   =•   NJf/2 (7) 

or, 

7T6/X   =   NTT,   6 =   NX (8) 

  '•;-*•»»;-«•..,-. 
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where 

N        =    0. 1. 2. 3.  

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

a doubly refracting liquid placed between crossed polarizers is composed of 

various dark regions, or fringes.   These fringes exist at points in the liquid where 

(a) the normal to the optic axis of the liquid is oriented at an angle  <f>   =   Hit/2 

with respect to the light transmission axis of the polarizer; or (b) 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 Extinction Angle. j£ 

In order to interpret flow double refraction fringe patterns, the angle which 

the optic axis of the flowing liquid makes with the liquid streamline, of the ex- 

tinction angle, must be known*   Measurements of this angle can be made con- 

veniently in a concentric cylinder type of apparatus described by Edsall (3), 

which is being 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.   Upon 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 

• 



Axis of Rotation 

Analyzer, Set at 90* 

to Polarizer 

Doubly Refracting 

Liquid in Annular 

upacc 

Monochromatic 

Light Filter 

(wave Length. 

X * 5100 A) 

Rotating Outer Cylinder, 

with Glass Top and 

Bottom Windows, 

Connpcted by Belt and 

Pulley to Variable 

Speed Drive Motor 

^_Point Light Source 

(Tungsten Arc) 

Figure 3.   Schematic diagram showing the components 
of the concentric cylinder polariscope 
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Figure 4.    Photographs of the concentric cylinder poiariscope 
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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 concentric cylinder poiariscope. 

For laminar flow conditions the light interference pattern produced by doubly 

refracting solutions of milling yellow in the concentric cylinder poiariscope in- 

cludes four 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 poiariscope which is characteristic of the doubly refracting liquid, and 

may be a function of the particular velocity gradient.   This orientation of the cress 

of the isocline is th^ basis of the method used to measure the extinction angle.   The 

relation between the position of the cross of the isocline and the optic axis cf the 

liquid can be illustrated by means of Figure 5, which shows the appearance of the 

cross of the isocline at a typical orientation to 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 concentric, cylinder poiariscope, i. e., at    <jt = 0, 

ff/2, *, 3ir/2, , where 0 is the angle between the normal to the optic axis of 

the movinct liauid and the plane nf polarization of th<? polarizer.   Further, since 

the streamlines for flow in an annular space are concentric circles, the extinction 

angle shown as the angle x *n 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 
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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 interpretation of flow double refraction optical patterns.   The concentric 

cylinder polari scope can also be used to determine the relation between these two 

quantities for a particular liquid solution.   TtUb is done by setting up a known 

velocity gradient in the liquid, as determined by the speed of the rotating outer 

cylinder and radial distance between the two cylinders, and then measuring the 

amount of double refraction.   Measurements are made for various velocity gradients 

by changing the speed of the rotating cylinder. 

The amount of double refraction is 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 iigbt passes.   Thus,  in the case of 

the concentric cylinder polari scope used in this study, the depth of liquid in the 

annular space between the two cylinders constitutes the light path in the doubly 

refracting liquid.   The time required for light to traverse this path will be different 

for the ordinary ray vibrating normal to the optic axis and the extraordinary ray 

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

A* -    f   - £ P) 
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 

c =    velocity of light vibrating parallel to the optic axis 

c =    velocity of light vibrating normal to the optic axis 

mm - i ii wmiwwww •' WIIWWI • •• 'WBIWWWI. Hi wi n» •• 
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This time difference produces the retardation between the two transmitted rays 

which is given by 

6  «   cAt  =   c \f-   - -p (10) 
Le o_ 

where 

c        •    velocity of the transmitted rays in air 

Since c/c   and c/c   are essentially equal to n   and n  , e o e o 

ne " no  " ! <U> 

Equation (11) gives the relation needed to calculate n   - n   from a measurement 

of 6 for a particular liquid depth, S. 

The measurement of 6 can be made by two methods using the concentric 

cylinder polariscope.   The first method has its basis in the application of 

equation (8), which indicates that, when 6 is an integral number of wave lengths 

of the light being employed, a dark area or fringe should exist in the doubly 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 annul us appears dark.   This 

corresponds to the zero order fringe, N = 0 in equation (8), and indicates zeru 

retardation.   As the outer cylinder' is put into motion, the annulus becomes 

illuminated and the cross of the isocline is observed, 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.   This 

corresponds to the firet order fringe. N = 1 in equation (8), and the retardation 

is equal to X.   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 

mimwOT 
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can be calculated.   As the speed of the outer cylinder is continuously increased, 

the higher order fringes appear consecutively, corresponding to N « 2, 3, —— 

in equation (8).   At the cylinder speeds where each of the fringes appear in the 

annuluS; the upeed of the cylinder is measured and the velocity gradient calcu- 

lated.   Then, knowing the wavelength of the light and the liquid 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 liquid is determined. 

For the measurement of fractional orders of retardation, the method just 

described is 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 polaroid quarter wave plate is used as a compensator.   It is inserted into 

the optical system of th? concentric cylinder polariscope between the liquid cell 

and the analyzer with the optic axis of the quarter wave plate parallel to the plane 

of polarization of the rK?larizeri   Under these conditions sn additional .-.'4 i*star— 

dation is added between i.he two plane polarised light waves emerging from the 

doubly refracting liquid in the cell.   The insertion of the quarter wave plate does 

net affect the appearance of the cross of the isocline as long as the position of 

the analyzer is not changed.   However, upon rotation of the analyzer, the arms 

of the isocline cross are observed to move toward each other in a scissor -like 

manner until finally they collapse into only two dark areas displaced 45 degrees 

from the position of the cross before turning the analyzer.   The angle, 9. which 

the analyzer is turned to achieve this condition is related tc the retardation pro- 

**r=*e. 
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duced by the doubly refracting liquid.   This relation can be shown by means of the 

following analysis. 

Referring to Figure 6, u{, and u£ represent as before the two light waves 

leaving the doubly refracting liquid which now enter the quarter wave plate.   The 

quai ter 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 and GY re- 

spectively.   Thus the components of u[ and u£ in the direction of OX and OY as 

they enter the quarter wave plate are 

u{'   •   uj cos <p *• ui sin <f> (12) 

Ui    =   u£ sin <p «•   uj cos <f> 

where 

ui'      =    displacemont of the vibration component entering the quarter 

wave plate in the direction OX 

Uj'      =    displacement of the vibration component entering the quarter 

wave plate in the direction OY 

Substituting the values of uj and u| from equation (4) into equation (12), 

uj'   m   a cos2 <j> sin Zir/X (ct - x) + a sin* <p sin 2n/\ (ct - x - 6) (13) 

uj'   =   a sin <f> cos <f> sin 2tt/X (ct - x) - a sin <f> cos (p sin 2ir/X (ct - x - o) 

As u'i  and Uj' pass through the quarter wave plate, one is retarded with respect 

to the other by an additional retardation of X/4.   Representing the displacements 

of these two waves emerging from the quarter wave plate as u}' and u£', they 

are given by 

uj"   =   a cos2 <p sin 2ir/\ (ct - x) + a sin2 <p sin 2ir/X (ct - x - 6) (14) 

uj"   •   a sin <f> cos <f> cos 2Tr/X(ct -x) - a sin <f> cos * cos 2ir/\ (ct - x - 6) 

The transformation of u£' to u£" results owing to the trigonometric relation 

sin (a - TT/2)   =   cos a (15) 

MUMWOMMBI 
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where 

or        •    any angle measured in radians 

When uj" and uj" reach the analyzer only the component vibrating parallel 

to OY is transmitted; i. e., u|" is extinguished completely and u|" passes through 

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

same as that without the quarter w ave plate inserted, since it can be shown that 

Uj"     "    ~ Ia «in 2 * sin T6A] sin 2JT/X (ct - x - 6/2) (16) 

The amplitude, and hence the intensity, is numerically equal to that given by 

equation (6) and is subject to the same conditions for zero intensity, <f>  •   Nir/2 

and 5   =   NX,  (N  *   0,  1, 2, 3_.  -—).   Therefore, with the quarter wave plate 

inserted into the light path of the concentric cylinder polariscope and tne analyzer 

in the original orientation* the four arms of the cross of the isocline 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, 6, where the cross of the isocline collapses into two dark areas 

separated from each other by 180 degrees.   At this point the plane of polarization 

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 

w'       •    xx[" bin G T u|" cos 6 (i?) 

where 

w'       *    displacement of the vibration component transmitted by the 

analyzer in the direction OY' 

Or substituting the values of u\" and uj" from equation (14) into equation (17), 

w'       -    a sin G [cos2 <p 3in 2JT/X (ct - x) + sin2 <f> sin 2ir/X (ct - x - 6)] 

+ a cos 9 sin <f> cos <f> (COB 2ir/X (ct - x) - cos 2TT/A (ct - x - 6)] 

(18) 

»»naw: J witii mawwi 
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Now the two 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 <f> - */4 and 5*/4.   For these values of the angle, <£, 

sin <(> cos <l> • sin* <f> * cos* <p • 1/2 (19) 

Using the information expressed by equation (19) and other trigonometric identities, 

it can be shown that 

w'   »   a sin (0 - irfiA) sin 2*A (ct - x - 6/2) (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 

(G - wdA)   s   NTT (21) 

For any value of N  =   0, 1, 2, 3, , equation (21) indicates that the retardation 

is directly proportional to the angle 6, and the wave length of the light used and 

is given by 

a   -   I* (22) 

I 

I 

' 

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  <p =   3*74 and 7*/4. 

For the concentric cylinder poiariscope being used in this workt measure- 

ment of the angle 6 is limited to 6 i ir; 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 double refraction can be used.   It is recalled that this method is 

limited to the measurement of only integral orders of retardation.   For both 

methods of measurement described, equation (11) is used to calculate the extent 

of double refraction from the experimental values of 5 and S. 

i 

»*i»*r**-*',"*'»"1 
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Experimental 

The methods for measuring the amount of double refraction and the extinction 

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 

rt  •   0.460 inches and an outer cylinder r2  *   C.600 inches were used.,   The veloc- 

ity gradients were evaluated at the center of the annulus using these dimensions and 

and angular velocity of the outer cylinder by means of the well known relationship 

for the laminar flow velocity distribution cited by Edsall (2). 

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- 

sponding information for a 1.35 per cent solution.   It is noted that for both of 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- 

ents to a value near 20 degrees for the 1.30 per cent solution and near 17.5 degrees 

for the 1.35 per cent solution. 

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 

300 sec.'1. Here it is noted that the double refraction of milling yellow solution is 

of the order of 10"s.   This represents a very large double refraction in compari- 

son to the values for pure liquids, which are in the range of 10"10 to 10~?l. de- 

pending on the velocity gradients.   The double refraction found for the milling 

yellow solutions is comparable to a VJOJ colloidal solution investigated by 

Freundlich et al (4), for which double refractions of approximately 10-4 were 

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

smaller than that of the milling yellow solutions.   On the basis of these pre- 

liminary data and the comparisons cited, it is indicated that the double re- 

fraction of milling yellow is not due to molecular phenomena. 

The experiniKnia! dat- given in Figures 7-10 were determined for temper- 

atures over the range 2?-30*C.   It is felt that the scatter of the extinction angle 

results from this variation in the temperature, as the concentric cylinder 

polariscops was designed to be operated in a constant temperature laboratory. 

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 AQUEOUS MILLING YELLOW SOLUTIONS 

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 

refracting liquid.   This arises from the well known fact that the viscosity of a 

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

that, in the cs.se of a doublv refracting liquid   information on thp viscosity is 

essential for the understanding of the micro-mechanisms which bring about the 

flow double refraction.   That the viscous and optical behavior of doubly refracting 

liquids are inter-related is well known and many investigators have reported in- 

formation on borh properties of various doubly refracting liquids.   An outstanding 

example is the work of Robinson (9) who made simultaneous double refraction and 

viscosity measurements with a concentric cylinder type of flow cell. 

The nature of viscous resistance of liquids is well known and the literature 

on viscosity is voluminous giving viscosity data on various fluids, experimental 

methods and techniques, and theoretical considerations.   A review of the more 

recent literature on viscosity of liquids has been completed and will be presented 

In a future progress report,, 

In the preliminary work on the behavior of milling yellow solutions, limited 

viscosity data as determined by means of a rolling ball viscomeier 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 obtain absolute data, rather than relative vis- 

cosities which perhaps were characteristic of the viscometer being used*   The 

rolling ball viscometer is such a relative viscosity instrument and the use of 

this instrument was eliminated in favor of a concentric cylinder viscometer. 
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The merits of this latter type of viscometer for the determination of absolute vis- 

cosities have been established by many investigators. 

The viscosities of four aqueous milling yellow solutions were determined at 

26*0, 30"C, and 35^ for shear rates up to 60 sec. "* with a MacMichael concentric 

cylinder viscometer.   In the following sections, details of this experimental work 

are described and typical results are presented.   A discussion of the results and 

plans for additional experimental work is also given. 

The MacMichael Concentric Cylinder Viscometer 

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

on/1  ia  TMAA**1*J HOAM  In   4n/liiot**ia1   rvt*as»fttf*A tt\r* Krk+h   *"*<-*••»• T»/%1   wr%w\r   on/1  fnn/lfimnnfol 
MH»I    «w     «-**%»w* j     «••#••*««   ***   **•*•«•> w« *«^»   £#* c*vvA v w    *. v*     WV«M    w •»%•«. v*     IIVA am    ****w*   ittMtHMWvwHM 

measurements.   In essence it consists of a rciatable turntable, to which a 

cylindrical cup is attached, and a stationary cylinder suspended from a fixed 

support by a wire.   When liquid is placed in the annular space formed by the cup 

and the suspended   stationary cylinder, and the turntable is rotated, viscous 

shear in the liquid produces a torque on the stationary cylinder, thus twisting 

the cylinder about the axis of the supporting wire.   At equilibrium the torque in 

the liquid is balanced by the resisting torque of the twisted wire and the inner 

cylinder is moved from the zero flow position by some definite angular His- 

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 
r?T. w rj L    8 M     dv 

e    =       Z    _ 
4E8   rw       dr 

(23) 
ri 
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where 

t angular displacement of the inner cylinder 

i    radius of the inner cylinder 

•    length of supporting wire 

1    depth of liquid in the annulus 

modulus of elasticity in shear of the supporting wire 

>    radius of the supporting wire 

'    liquid viscosity 

•    radial velocity gradient at the inner cylinder 

For a particular instrument with a specific wire used to support the inner cylinder, 

A«M«MA4»%V«   .'Oil \   *»«*%  WA  HM4HWI   n0 

w 

S 

Es 

rw 

M 
dvl 
dr 

where 

K 

M 

Q 

Ck    -   v».n 
~t        *"*"•" 

an instrument constant 

liquid viscosity 

anfular velocity of the outer cylinder 

{24} 

Equation (24) was used to relate the angular displacement of the stationary inner 

cylinder of the MacMichael viscometer to the viscosity of the liquid and speed of 

the turntable. 

For all measurements, an outer cup, r2 equal to 0.592 inches, was used with 

an inner cylinder, rj  =   0.5*2 inches.   This gave an annulus of 0.050 inches thick, 

and for the speeds of the turntable available, velocity gradients up to 60 sec.-1 could be 

attained.   Wires of various sizes were used with this one cylinder arrangement in 

order to obtain measureable response over a wide viscosity range, 

wtn-jm-m-MiMu I IMHIIMI'IMW. innjmi 
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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 aqueous solutions of milling yellow 

containing 1.31, 1.47, 1.51, and 1.77 per cent milling yellow by weight at 25°C, 

30*C, and 35*C.   No precise means of thermostating the solution in the annulus of 

the viscometer was available, and a water bath adjusted to the test temperature 

was used to maintain the temperature within ± 0.5"C of the desired value. 

This method of temperature was adequate in making measurements on Bureau 

v»l ouuiuatus JICUuicuiu uuo iui   i.<uiuiauuii ^uiyuauat     iigiuc  j.*; ouuno A  «.; j*i»-n-A 

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 be linear for a Newtonian liquid whose 

viscosity is independent of the rate of shear.   This is supported by the experi- 

mental data, and plots of this type were used to 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 displacement 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., 

viscosity 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 

this solution.   Except for the 1»77 per cent solution, this behavior is represen- 

tative of the doubly refracting solutions of milling yellow tested to date. 

WHMWIWDH 
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1. Inner cylinder 
2. Outer cylinder 
3. Supporting wir« 
4. Angular displacement scale 
6. Water bath 
6. Turntable 
7* Variable speed 

motor housing 
8. Leveling screw 
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Figure 11,   Schematic diagram of the MacMichaei viicomtter 
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Figure 12.    Photographs of the HacHichael 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,   u    , is calculated from equation (24) which i? based upon the assumption 

of a constant viscosity independent of velocity gradient.   Since this assumption is 

not necessarily valid for the milling yellow solutions, the viscosity is designated 

as an apparent viscosity.   It is noted that for the 25°C and 30*C runs the apparent 

viscosity is quite high at the very low velocity gradients and decreases sharply with 

increasing velocity gradient.   Further, in the very low velocity gradient range, the 

apparent viscosity is markedly temperature dependent, exhibiting a 30 fold increase 

over the range 35*C to 25°C.   It is felt that this marked temperature dependency 

caused the variation in the data points, since with the water bath arrangement it 

was possible to maintain temperature conditions only within ± 0.5°C. 

The Capillary Viscometer 

The viscosity measurements obtained with the MacMichaei viscometer in- 

dicate clearly that some of the doubly refracting solutions of milling yellow are 

non=Newtonian in the velocity gradient range of zero to 60 sec."1 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 liquid 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 definite volume of the 

flBsi.«»n;i>mii>.,wnir»i n mwrwi 
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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 liquiii can be submersed in a thermcstated water bath and. thus, precise 

temperature control can be obtained.   Further, by employing capillary tubes of 

various diameters and using various pressures to force the liquid through the capil- 

lary tube, a wide range of velocity gradients can be obtained. 

Figure 16 pictures an experimental facility involving a capillary 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 liquid 

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 liquid viscosity at velocity gradients up to 2000 sec.-1. 

Non-Newtonian Flow in a Capillary Viscometer 

Many investigators have pointed out the use of the capillary viscometer is not 

suitable to determine the viscosity-rate of shear relationship for non-Newtonian 

liquids in that the velocity gradient varies across the tube in an unknown manner. 

An apparent viscosity can be computed from the usual experimental measure- 

ments using the familiar Poiseuille formula 

Ma "  ^ToT u<5) 

where 

R = radius of the capillary 

AP » pressure drop across the capillary 

L » length of the capillary 

Q - volumetric flow rate through the capillary 
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Figure 16.    Photographs of  the capillary uiscometer facility 
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This apparent viscosity is not equal to the tru" viscosity defined for flow in a 

circular tube by 

T   •   -11 dv/dr (26) 

where 

7        *    local shear stress 

dv/dr =    radial velocity gradient 

except when the viscosity is independent of the velocity gradient. 

Recently Kreiger and Eirod (6) suggested a method for relating the apparent 

viscosity of non-Newtonian liquids, as determined with capillary cr concentric 

cylinder viscometers, to the true viscosity.   Their method, with some modifica- 

tions, is presented below to sh«w **»e method of obtaining the true viscosity-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 encountered in the capillary viscometer. 

Since non-Newtonian flow in a circular tube involves an unknown velocity 

distribution across the tube radius which is some function of the shear stress, 

let j 

- dv/dr   =-•   g(r) (27) 

where 

g (T)   -    some unknown shear stress function characteristic of the 

non-Newtonian liquid 

This unknown function can be related to the apparent viscosity by using equation 

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

0 _R 

Q   -\       wr2 dv   =1       7rr: g (T) dr (28) 

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

pressure drop across the tube length, L 

r  = ££ r (29) 

Changing the variable in equation {28} to r through the use of equation (29), 

Q   -   ?£$ \        * g(T) dr (30) 
•'o 

where 

T ,      =    wall shear stress at r * R w 

Now combining equations (25) and (30), 

r
Tw 

~   -   4r  [ * g(T) dT (3i) 

Thus the apparent viscosity of the liquid is a single-valued function of the wall 

shear stress, T   , consequently the function g(T) can be obtained by differentialir g 

u   with respect to T   ,   Or, •a r w * 
f 1        /    T \  2 A,, 
' w * ! ' w \       '"a *<T> - £ - ?lr) ar <32> • a *^a'        w 

Equation (32) gives g(T); which is numerically equal to the velocity gradient, as a 

function of T    and n  . 

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 

AP, the pressure drop across the capillary.   Further, the experimental data 

necessary to define the non-Newtonian flow of the liquid involve measuring t for 

a wide range of AP values.   Equation (32) may be expressed in terms of these 

•'^sSsSSjjfe. 
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experimental variables by incorporating the definitions of T     and u  ; or. 

g(Tw) 
dv 
dr 

w X    d(AP» t) 
1 -TT 4t    d(AP) (33) a     L. 

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

** = [7     l   d(AP»TT 
1 " 4t    d(AP) 

(24<\ 

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 capillary vis come ter.   No experimental results from such measurements 

are available at this time, 

mmmmm 



SCHEDULE OF EXPERIMENTAL ACTIVITIES 

The furtherance oi the experimental program described in the previous 

sections is planned as follows: 

1) Measurement of the extinction angle and the amount of double refraction 

of milling yellow solutions*   The experimental methods described in this report 

for these measurements are satisfactory and yield accurate, reproducible re- 

sults.   The quarter wave compensator used to measure fractional orders of 

double refraction retardation is somewhat limited in application to milling yellow 

solutions*   However,, a Bab?net-Soliei compensator which will permit measure- 

ment of fractional orders of retardation up to six orders has been purchased and 

is to be delivered by August. 1, 19540   It is anticipated that this instrument will 

have a measuring range adequate for all the milling yellow solutions to be studied. 

It was found that thp 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 angle and the double 

refraction of milling yellow solutions can be completed by January I,  1955. 

2) Measurement of the viscosity of milling yellow solutions.   Three differ- 

ent experimental methods Iwve been employed to make viscosity measurements 

on milling yellow solutions.   The third method based upon the use of the capillary 

viscometer promises to be the most reliable and accurate of the methods used. 

Owing to the non -Newtonian characteristics of some milling yellow solutions. 
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the experimental determination of the apparent viscosity as a function of the pressure 

drop across the capillary vlscometer and the computation of the true viscosity from 

these measurements 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 analysis of laminar flow phenomena.   Upon completion of 

the double refraction measurements which essentially serve as a calibration of the 

photoviscous effects oi milling yellow 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, flow in a converging channel, etc.   This 

work will require a flow double refraction polariscope similar to the type used in 

the photceiastic stress analysis of transparent solids.   There has been no activity 

on this phase of the long range program and such activity awaits the completion of 

the double refraction measurements and the acquisition of appropriate polariscope 

equipment. 

This schedule of experimental activities projects beyond the present date of 

termination of the Office of Naval Research task order authorizing this work.   A 

proposal for extension of the task order for another one year period is being sub- 

niitted to this s^enc7 in the inun.ediH.ts future 
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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 presented in the following sections, broken down into two major 

part**-   (1)  A classification of references under several general headings, each 

concerning a specific aspect of work in the field.   These contain a listing, by 

number, of the pertinent references and a brief discussion 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 deals directly with flow double refraction. 

However, certain selected references from closely related fields have been in- 

cluded to provide background information.   Those 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 a number of references fall under 

more than one heading, and are so listed. 

Method of Classification 

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

I,     Theoretical Material 

A<  Initial Observation 

B.  Quantitative Theories of Flow Double Refraction 

II.     Experimental Measurements 

A. Pure Liquids 

B. Polymers 

TWMIIWW'WW* 
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C. Colloids 

D. Proteins 

E. Other Substances 

III. Fluid Flow Analysis with Doubly Refracting Liquids 

IV. Equipment and Procedures 

V. Background Information 

A.   General Optical Theory 

Bs   nnnhie Refraction 

C. Flow in Concentric Cylinders 

D. Relation of Molecular Form to Viscosity and Flow Behavior 

E. Electrical and Magnetic Double Refraction 

F. Dielectric Measurements 

VI. Reviews 

31 

i 
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I.     Theoretical Material 

A.   Initial Observations:  References 3. 41, 89, 90. 97.  140, 149. 

150, 151, 154, 162, 186, 212, 280, 276, 277, 278.   In the course of some 

optical experiments in 1866. J. Clerk Maxwell observed the phenomenon of 

flow double refraction in a viscous liquid (Canada Balsam), stirred by a glass 

spatula between crossed polarizing prisms.   He reported this in 1873 (151) 

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

Mach (150) reported similar observations*   In 1881 Kundt (140) repeated 

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 of double refraction 

in various liquids, and observed a relation between it and the liquid viscosity. 

Other observations in this period were made by Umlauf (259), Schwedoff (212). 

Aimy (3), Kiii (97), and Reiger (186), but none of these could advance a quan- 

titative theory as to the cause of the phenomenon.   A suggestion by Schwedoff, 

based on his observations, was used by Natanson (162) in developing an elabo- 

rate theory of viscosity which was never generally accepted.   In 1904 and 

1905, 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 

liquid.   From his results with this and other systems, he concluded that the 

extinction angle is 45° in pure liquid«s but may differ markedly from this 

value in substances of a colloidal nature.   The closest approach to a quan- 

titative theory of flow double refraction in this early period was made by 

Havelock (89, 90) in 1908, who developed expressions for the amount of 

double refraction from considerations of the molecular properties of the 

fluids, but did not derive a relationship between this and the velocity gradient. 

i£St 
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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,  96r   101. 

108,  109.  117,  125,  127c  130-139,  142-111,  148,  153,  159-161.  166, 172,  173, 

177-179,  181s  183,  185,  187,  188,  190,  193-197.  202,  203, 206, 208, 213, 215, 

216, 218. 222, 230,  234, 237, 247-249, 251, 274,  279, 280.   In 1915 Freundlich, 

Zocher, and their collaborators (46, 47, efi-^O. 279-280) began extensive studies 

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 double refraction in the sols was the result 

of the orientation of the particles by forces arising from liquid flow.   Frey (71) 

further subdivided the effect into (1) that caused by orientation of normally iso- 

tropic particles whose refractive 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 experiment all v demonstrated by Lauffer 

(142-144) in studies or. tobacco mosaic virus. 

In 1924 and 1925 Vorlander and Walter (265„ 266) measured the double 

refraction of a large number of pure organic liquids.   Their results indicated 

a somewhat different mechanism of double refraction than that for the colloids. 

Using these measurements to check their work, Raman and Krishnan (183) in 

1928 developed the first quantitative theory relating double refraction, mole- 

cular properties, and the velocity gradien1 in the flowing fluid.   They assumed 

the orientation of rigid ellipsoidal molecules to be the causa of the double re- 

fraction, and their expressions agreed well wjt.h the data of Vorlander and 

--.' mm*  32£p .-.-.• 
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Waiter.   However, their equations failed to predict the behavior cf colloidal 

sola, and solutions of very large molecules.   Further, Sadron (193, 194) 

has cast doubt as to the accuracy of the results of Vorlander and Walter, 

since some of their measurements 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 theory based on the simplified case of orientation of 

unidimensionai particles.   His work represents a limiting case encountered 

experimentally—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. 216. 

218   222*   and W* Kuhn '130-133* all advanced quantitative theories which 

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

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

to the present (134-133).   In 1839 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) amd Stuart and 

Peterlin (234) have also modified and expanded their theories in recent years; 

Several investigators have developed theories of flow double refraction 

within the last 10 years, as the result of investigations into the nature of 

polymers.   Some of the more extensive are the work of Cerf (29-33, 35-40). 

Jcly (108, 108), and Riseman and co-workers (74, 249, 251)*   Most of the 

modern theories, while assuming various models for the particles, have 

considered flow double refraction the result of a combination of two effects: 

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

Mma»«cannMHk£V)»<vai 
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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 predominates; 

in systems 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, 

Kunzle, and Katchalsky (122, 138) on polymer molecules having electrical 

charges distributed along them.   By varying the pH of the solution, they 

I have been able to induce a coiling or uncoiling of the molecular chain owing 

to varying attraction and repulson between the charges, and a corresponding 

variation in flow double refraction properties results. 

Two excellent reviews have appeared in recent years covering theory 

and experiment in the field of How double refraction.   A review by Eds all (50) 

covers work prior to 1942, and one by Cerf and Scheraga covers work from 

1942 to 1S52 (40). 

II.     Experimental Measurements 

A.   Pure Liquids:  References 1, 27, 127, 161, 194, 196, 254, 262, 263, 

265, 266, 273.   The double refraction of a large number of pure organic 

liquids has been measured by various investigators.   In one respect, these 

substances are ideally suited for fluid flow studiess since 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 double refraction is very small except in liquids 

cf extremely high viscosity; and none of the liquids tested so far, whose vis- 

cosity i« low enough to make them very useful in fluid flow experiments, 

would show any effect at all in the usual type of flow test equipment. 

•.,.  ,. ..   -i 
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Double refraction measurements on pure liquids were reported by 

Kreuger (12?) in 1924» and by Voriander and his collaborators (262, 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 effects to be most pronounced in those liquids whose molecules 

were assymetric, and zero for the more symmetric molecules.   However, 

in 1939 Buchheim. Stuart, and Menz (27) developed an apparatus for measur- 

ing extremely 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 within about 10°€ of the freezing point.   Further work 

on benzene at low temperatures was done by Tsvetkov and Kibardina (254) in 

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 contentions as to the inaccuracies in the Raman and Krishnan 

theory,   in 1952 Narasimhamurty (161) reported some measurements in 

conjunction with the development of an empirical relation for How double 

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, 214, 215, 218-224. 235, 250, 251, 

255-257, 268, 270, 271.   Much of the recent literature concerning double 

refraction of flow has concerned studies on solutions of various polymers. 
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Many of these polymer molecules are 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 solutions was conducted by Signer and his collaborators (214, 215, 

218-224).   In 1933 Signer and Gross reported double refraction studies on a 

large number of nitrocellulose and polystyrene solutions.   The effects ob- 

served were somewhat similar to those of colloidal systems though not 

usually as intense as those of such substances as vanadium pentoxide or 

bentonite.   The extinction angle usually approaches 45* at low velocity gradi- 

ents, but decreases with increasing gradient.   The amount of double refrac- 

tion may vary linearly with velocity gradient or it may increase more or less 

than linearly, depending upon the molecule under consideration.   These phe- 

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

and are discussed in a review of their work published in 1H48 (13b). 

In 1942 Kanamaru, Tanaka, and Sugiama (117-120) published the results 

of seyeral investigations on the effects of various factors such as temperature, 

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 double refraction, and Kuhn and Kuhn 

(134) developed a quantitative relationship between the degree oi polymeri- 

zation and the amount of double refraction for several 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 some work on synthetic and natural rubber solutions. 
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In 1945 their explanation for some of their results drew criticism from 

Rehner (185) who showed that certain nf their assumptions were inadmissable. 

A large number of less extensive investigations of the double refraction 

of ]x>lymer 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 whom 

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, 

66-71, 34,  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 refraction effects 

in colloids are like those in polymer solutions, i. e., not as regular as those 

in pure liquids.   Some of the earliest experimental investigations were made 

on colloidal substances, and several theories have been developed primarily 

to explain the colloidal phenomena.   Some of the most strongly doubly re- 

fracting liquids are colloids, and, for this reason, several have been used 
I 

in fluid flow studies,.   (Ref. section on fluid flow analysis.) 

From 1915 to 1930 Freundlich,  Zocher, and their co-workers (46, 47, 

66-70, 279, 280) carried on flow double refraction experiments with several 

colloids, chiefly the strongly doubly refracting vanadium pentoxide sols. 

In 1929 Bradfield and Zocher (25) and von Buzagh (28) reported on studies 

involving sols of bentonite clay.   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 Bubject of ex- 
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tensive studies.   In 1925 Kreuger (127) studied a number of colloids along with 

the pure liquids previously mentioned.   Studies on colloidal systems formed a 

basis for Boeder's (20, 21) theory.   Signer (213), in 1930, and Sadron (196, 

197) studied a number of colloidal systems and, from them, drew theoretical 

conclusions.   In iy42 Feitknecht, Signer, and Berger (58) made several particle- 

size determinations on colloidal nickel hydroxide by various methods, including 

flow double refraction, and obtained excellent 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.   Proteins:   References 10,  12, 22, 32, 36, 37, 43, 50, 51,  54-56, 

59-63, 77.  82-84,  86,  91, 98,  102,  105.  110-113,  123,  141-144,  146,  152, 
• 

153,  155,   158-160,   164-168.  176.   180,  184,  198, 205.  207,  209-211,  217, 

231,  '>3?:. 235-  23fii 260.  274.   A fourth large group of substances studied bv 

flow double refraction methods are the proteins.   The initial studies of these 

substances were described by von Muralt and Edsall.   In 1929 they published 

a preliminary report on their work (158), followed in 1930 by a complete 

description of their own work, and al3o a review of previous work in the field 
] 

of flow double refraction.   Edsall and his co-workers, notably Foster (54, 55, 

59, 63) and Mehi (56,  152,  153), have reported results on a large number of 

of protein systems.   Scheraga. another of Edsall's collaborators, together 

with Backus, used flow double refraction to actually follow the clotting of 

human blood (205) and obtained valuable information as to its mechanism^ 

Studies by these and other workers have covered size and shape determi- 

ruitions, coagulation phenomena, the effects of heat and additives in denatura- 
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lion, etc.   In 1941 Oncley (168) compared the size and shape values obtained 

by 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*, Gerf '32„ 36, 37)* and Schwander (209- 

211) have studied a number of such systems. 

Plant virus constitute an interesting sub-class of proteins studied by flow 

double refraction.   The virus causing tobacco 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 1937; Lauffer and Stanley (142-144) 

in 1938-1939; and Kausche, Guggisberg. and Wissler (123) in 1939.   Relation- 

ships between the molecular properties and the infective power of the virus 

have resulted from these experiments. 

studies.   These are listed below along with the references concerning them. 

1. Aliphatic Acids and Alcohols (252, 253) 

2. Benzopurpurin (14),  (15) 

3. Carbohydrates (229) 

4. Hexadecyltrimethylammonium Bromide (204) 

5. Chondroitinsuifuric Acid and Hyaluronic Acid (19) 

7.     Crystalline Substances p-Azoxyanisole, and Barium 

Sulfate (246),,  (248),   (261) 
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8. Liquid Emulsions (170) 

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

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

11. Pyroxylin (26) 

12*     Shellac (192) 

13.    Soaps and Detergents (2),  (5),  (9).  (76). (80),  (81), (95) 

(114),  (226),  (242),  (243).  (280) 

m.     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 

flow was described by Humphry (100) in 1923.   He used a vanadium pentoxide 

sol in his flow apparatus and obtained some simple qualitative results.   In 

1936 Alcock and Sadron (1), using sesame oil, were able to calculate local 

velocity gradients from measured values of the double refraction and 

suggested further applications.   Their results were limited by the high 

tiovuoitj u> wen   ICDI iu)uiu(     uauDci   aiiu ucwcy  (oc; in ±oov (JUUHBUCU <t 

short report on experiments then in progress, using bentonite sols, and in 

1941 Dewey gave the results in a thesis (45).   in this he described a flow 

facility, presented calibration data and photographs of flow patterns, and 

showed a method for quantitative calculations of local velocity gradients and 

streamline directions.   The same type of analysis was presented by Weller 

in 1942 (270, 271)0   He tested some 50 liquids before finally deciding on a 

solution of eihyl cellulose (kodak **Ethocei;?) in a commercial solvent 

'•Methyl Cellosolve" for use in his flow system. 

In 1952 Rosenberg (190) presented a summary and extension of 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 bentonite sol as the double re- 

fracting liquid. 

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

the doubly refracting liquid to flow analysis.   By observing the flow of a ben- 

tonite sol inside transparent models of a locomotive fire box, he was success- 

ful in determining the flow patterns of the hot gases in the prototype, and in 

recommending procedures for eliminating erosion of boiler tubes by the ash 

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- 

lence in a long circular tube.   In 1947 Ullyott (258) reported the results of 

some flow experiments using vanadium 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 attempted no quantitative 

analysis of his results.   Balint (9a) recently presented a review of a number 

of method^ of flow visualization, including double refractions 

Previous fluid flow investigators have suffered because their doubly re- 

fracting liquids have been either extremely viscous or unstable 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 aqueous 

solution of a commercial organic dye, milling yellow.   Solutions of this dye 

were found to be stable in contact with common materials of construction, 

and to give intense flow double refraction in solutions with viscosity little 

greater than that of water.    They described an apparatus then in use for 

qualitative flow observations, presented photographs of flow patterns, and 

outlined future quantitative experiments using the dye. 

:••_*. ,s9*=s*5-W..' 
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IV,     Equipment and Procedures 

References 14-16. 18, 26. 34, 40, 50-53. 64, 66, 69, 72, 74, 78, 84. 

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 dealing with experimental measurements, give descrip- 

tions of apparatus for measuring flow doubie refraction.   The majority of 

these are of the concentric cylinder type-   (See Edsall (fin-64) or Cerf and 

Scheraga (40) for details of construction on » number of these.)  However, 

a few special types and modifications, ae well as several sources dealing 

with means of eliminating errors in measurement, are given special mention 

here. 

Instead of the concentric cylinders Freundlich (66-70) ?jid Lauffer {143- 

144) merely allowed their liquids to flow through a narrow tube.   However, 

this method does not. permit a definite relationship to be established between 

the amount of double refraction and the velocity gradient, since the gradient 

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

polariscope has been described by Frisman and Tsvetkov (74)-   It involves 

three concentric cylinders, instead of the conventional two, with the middle 

one rotating.   This enables tests to be performed with either an inner or an 

outer rotating cylinder on the same apparatus. 

Cerf (34) described an optical method for measuring extinction angles 

in fluids whose double refraction is too weak to be observed by ordinary 

methods.   Buccheim. Stuart, and Menz (27). and Peterlin and Semac de- 

scribed highly sensitive optical instruments for measuring small effects. 

Zucker, Foster, and Miller (281) have accomplished similar results using 

a photoelectric measuring device. 
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Since no theoretical treatment has been developed for double refraction 

in turbulent flow, the onset of turbulence in a piece of test, apparatus may 

lead to serious errors.   G„ I. Taylor (238-242) derived expressions for a 

critical velocity gradient beyond which turbulence will occur in a concentric 

cylinder device.   Jtrrard (104) surveyed 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 by Bjornstahl (16, IS), 

Frey-Wissling and Weber (72), and Snellman (237).   These writers describe 

conditions under which given sources of error may arise along with methods 

of eliminating them. 

V.     Background Material 

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

refraction, some selected references in related fields ^.re included in this 

summary.   These are listed below grouped according to their content. 

A.   General Optical Theory:   References 41r 4i>„  190, 267. 

B«   Principles of Double Refraction (non-flow):   References 41, 45,  190, 

OOQ       OC7       OTO 

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

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

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

9fi    30    33.  6-S    81    Q9    101     ins    120    L35-137    14]     1*5    187    138 

239.  261. 

E. Electrical and Magnetic Double Refraction:   References 169, 233, 237, 

247-249, 

r 
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F.   Dielectric Measurements:   Reference 157„ 

VI.     Reviews 

Articles reviewing the field of flow double refraction arc listed in the 

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

190, 230, 

zs^mm&BMBmt&jmmMBanffmm 



65 
BIBLIOGRAPHY 

X.    Alcock, E, Dis andSadron, C. L.f Physics. 6, 92-95 (1935); II A, in. 

2.    Alexander, A. E., and Gray, V0 R.. Proe= Roy. Soc. A-20Q. 162-168 
(1950); n E. 

A 11—,,        T       ¥71 TM.I1    u.„ «3-_        C        A A        JAil     CAD    ,1QOT\,   T    A 

4.    Anselm, A. I., J. Exptl. Theoret, Phys. USSR. 17, 48-506 (1947): I B. 

&.    Arkin. L., and Singleterry. C. R.. J. Colloid Sei.. 4, 537-539 (1949); H E. 

6. Arlman, E. J., Boog, W., Ccuniou, D. J., J. Polymer Sci.. |0, 543-550 
(1953); H B, C. 

7. Aschenbrsansr, lfi„ Z. Fhj£S. Chejn., 127. 415-445 (1927); DC. 

8. Aubert. M., and Pignot, A.( Ann. Combustible Liquides. 14, 7-20 (1939); 
H E. ~ 

9. Backus, J. K.. and Scheraga, H. A., J. Colloid Sci.. 6, 508-521 (1951); 
HE. " 

9ft. Balint, K., Aircraft Engineering. 25, 161-167 (1953); DI. 

10. Balden, F. C,s and Fierie. N. W., Biochem. J.. 34, 1278-1291 (1940); II D. 

11. Berger, A., Kollold Z0. 103,  186-202 (1948). ibi$, 104, 24-38 (1944); II C* 

12. Bemal, J. D., and Fankuchen, I., J. Gen. Physiol.. ,25, 111-165 (1941); 
no, 

Binkley, F., JBiol. Chem.. 174, 385-386 (1948); II D. 

14. Binnie, A. M., Proc. Phys. Soc. 57, 380-402 (1945); H E. HL IV. 

15. Binnie, A. M., and Fowler, J. S., Proc. Roy. Soc, A-192. 32-44 (1947); 
n E, in, iv -— " 

16. BfJrnstahl, Y., J. Opt, Soc. Am., 29, 201-207 (1939); IV. 

17. Bjtfrnstahl, Y., Kollold Z., 97, 16-53 (1941); I B. 

18. BjtJrnstahl, Y0,  Z. Physik.  119, 245-264 (1942); IV. 

i»6    Blix, G,, and Sneliman, Ous Arkiv. Kerni* Mineral Gaol., A-19. Wc. 32, 
19 pp '1945); n D. 

20*     Boeder, P„, J„ Rheoiogy. 3, 494-500 (1932); IB. 

*£&_•**_ .   .. ••*-._,. '• jnim*&5*ixia 
*^^T55W»MB"'IBaBC- 



36 

21. Boeder, P., Z. Phys_% 75, 258-281 (1932); I B, II C. 

22. Boehm, G0, and Signer, R;, Helv. Chim. Acta, 14, 1370-1403 (1931); II D. 

23. Bourgoin, D„ and Joly, M., J. Chim. Phys.. 49, 427-436 (1952); n C. 

24. Bozza, G., Nuevo Cirnentc, 10, Suppi. No. 1,  i-54 (1953); II B. 

25. Bradfieid, R.# and Zocher, H.. Kolloid Z.. 47, 223 (1929); U C„ 

26. Buchheim. W.. and Philippoff, W., Naturwiss.. 26,  694-695 fl938): 
HE. V D. 

27. Buchheim,  W., Stuart, H. A,, and Menz, K., Z. Phyalk. 112. 407-419 
(1939); II A. IV. 

28. von Buzagh, A., Kolloid Z.. 47,  223-229 (1529); II C. 

29. Cerf, R„ Cornpt. Rend.. 226. 405-407 (1948); I B, II B. 

30. Cerf, R., Compt. Rend.. 226. 1586-1588 (1948); IB, V D. 

31. Cerf, R., Compt. Rend.. 227. 1221-1222, 1352-1354 (1948); I B. 

32. Cerf. R., Compt. Rend., 230. 81-83 (1950); IB, II B, D, 

33. Cerf, R., J. Chim. Phys., 47, 663-668 (1950); I B, II B. 

34. Cerf, R., Rev. Optique, 29, 200-204 (1950); IV. V A„ 

35. Cerf, R., J. Chim. Pby«..; 48, 59-105 (1951); I B, II B. 

36. Cerf, P.., J. Colloid Set.. _6, 293-303 (1951); IB, II B, D. 

37. Cerf. R., Compt. Rend,. 235. .1394-1396 (1952); I B, II B. H D. 

38* Cerf, R., J, Chem, Phys., _20, 395-402 (1952); IB, V D. 

39. Cerf, R., Compt. Rend,. 237. 652-654 (1953); I B. 

40. Cerf, R., and Scheraga,  H,, Chem. Rev.,  51,  185-261 (1952); I B, IV, 
VI. 

41. Cofcer, M. A., and Filon, L, N. G., A Treatise on Photo-Elasticity. 
Cambridge, (1931); I A, V A, B. 

42. Conner. W. P., and Donnelly, P. I., Ind. Eng. Chem.. 43, 1136-1142 
(1951); II B„ 

43. Creeth, J„ M., Gulland, J0 M0, and Jordan, D, O., _J. Chem. Soc. 
1947,  1141-1145 (1947): II D„ 

- ~ •w*— „,i ,«„„i,• www "•<•••• '        '  ••"• • mn*4mm*n,jsmMi*-w*wmmim'                                                            tt'^m^r 
Iff*.   "UMll 1— 1 ' 1 



i^^^S^SS^S^^^mmf^»a<mtmm^mmmmm9mjam,^\M^i^imM« «—»- 

t/*WV 
<ol 

44. Dervichian, D. G., Joly, M., and Tttchen, R. N., Compt, Rend. 
Reunion Ann. Avec Comm. Thermodynam., Union Intern. Phys.. 
(Paris), 1952. Changements de Phases, 152-159 (1952); II C. 

45. Dewey, D. R., Massachusetts Institute of Technology, Doctoral Thesis, 
(1941); II C, HI, V A, Bo 

*fi,     Diesselhorst, H.. and Freundlich. H., Physlk. Z., 16. 419-125 (1915); 
n Cs 

47. Diesselhorst, K., and Freundlich. H.,, Koilold Z..  18. 26 (1915); II C. 

48. Donnet, J. B., et. al., J. Chim. Phys.. 47, 52-61 (1950); II C. 

49. Dotv, P. M., and Mark   H=, Ind. Eng, Chem.. 38, 682-686 (1946); II B. 
VI. 

50. Edsall, J. T., Advance fa in Colloid Science, Voi.J, Interscience Pub- 
lishers, Inc.. N, Y.,  (1942), pp 269-316; IB, II B, C. D, IV, VI, 

51. Edsall, J. T. in Cohen, E. J.. and Edsall, J. T., Proteins, Amino 
Acids and Peptides, Keinhoid, N. Y..  (1943). OD 506-542; 1 B, II D, IV, 
VI. 

52. Edsall, J. T., et. al.. Rev. Sci. Inst..  15, 243-252 (1944); IV. 

53. Edsall, J. T., et. al.. Rev. Sci. Inst.. 23.  695-701 (1952); IV, 

54. Edsall, J. Ta, Foster, J. F., and Scheinberg. H., J,  Am. Chem. Soc.. 
69,  2731-2738 (1947); II D. 

55. Edsall, J. T., and Foster, J. F», J. Am, Chem= 5oc„ 70,  1860-1866 
(1948); II D. 

56. Edsall, J. T., and Mehl, J. W,» J. Biph Chem,,  133, 409-429 (1940); 
II D. 

57. Farwell, H. W., J0 App. Phye., J, 416-417 (1937); II C. 

$8.     Feitknecht, W., Signer, P., and Berger, A„, JKoUoid Z.« 101, 12-20 
(1942); II C, 

59. Foster, J. F.,  and Edsall, J„ T,, J. Am, Chem. 5oc»,  67,  617-625 
(1945); II D. 

60. Foster, J. F., and Lepow, I. H., J. Am, Chem. Socc. J70» 4169-4173 
(1948); II D„ 

61. Foster, J„ F„, and Sams a, E. G., Science.  112, 473-474 (1950); n D. 

i?S5w53wwt053^«i'3*»w^-- -• •* • • •      -•*•*• •--*-   -•*-.*&a>i•***..MM RCSMMIVMIMMMI ••> ^I^-**^;.-..••••«•>.;•-.. v> .... 



mmm 

62. Foster, J. F., and Sam sa, E. J., J, Am. Chenu Sot., 73. 3187-3193 
(1951); ibid., 6388-5351; II D. 

63. Foster, J. F.. and Zucker, D., J, Phys. Chem.. 56. 174-177 (1952); 
II D. 

64. Fredericq, E.. and Desreaux, V.. Bull. Soc. Chim. Belggg. 56, 208- 
222 (1947); IV. 

65. Frenkel, Y., Acta PhyBicochim. U.R.S.S.. J19, 51 76 (1944); V D. 

66. Freundiich, H., Z. Eiektrochem.. 22. 27-33 (1916); I 3. II C, IV, 

67. Freundlich, K., and Dannenberg. H., Z. Phys. Chegic, 119. 87-95 
(1926); I B, II C. 

68. Freundlich, H., Neukircher, H., and Zocher, H., Kolloid Z.. 38, 43- 
47 (1926); IB, II C. 

69. Freundlich, H., Stapelfeldt, F., and Zocher, H., Z. Phys. Chem., 114. 
161-207 (1924); I B, II C. IV. 

70. Freundlich,  H., Tarnchyna. J, V,, and Zocher, H.,  Z. wiss. Phot. 
Schaum-Festschr., 29, 102-109 (1930); I B, II C. 

71. Frey, Alb, Kolloid Beihefte. 20, 209-243 (1925); IP, TI Cs 

72. Frey-Wissiing, A., and Weber, E,, Helv. Chim. Acta, 24,  278-288 
(1941); IV. 

73. Frey-Wisslilig, A,,  and Weber,  E.,  Kolloid Z.,  101,   199-203 (1942); 
IB. 

74. Frisman. S. V.. and Tsvetkov. V= N.# Zhur. Expti. Teoret. Fiz., 23. 
690-702 (1952); I B, II B, IV. 

75. Fuoss, R. M., and Signer,, R., _J. Am. Chem. Soc.,  7jb 5872-5874 
(1951); II B. 

76. Gallsty. W.,  and Puridington, I. E., Can._J= Research. 22-B,  173-181 
(1944); HE. 

77. Gard, S., Snellman, O,, and Tyren, K., The Sveuberfe,   (Mem. Vol.), 
1944, 530-539 (1944); II D. 

78. Gerendas, M,, Enzym-ologia.  9,  123-125 (1941); IV. 

78.     Goldstein, M., J. Chem. Phys.. 20, 677-682 (1952); IB, II B. 

•*wi ' I'll* L-iiiww,Mw»aM«in>wiii' »wnwwi— ii •MWM.ninm.niwaffiSiSMaa 



B0SnMES« 

69 

80. Gray, V. R., Prog. Intern, Rheol. Congr,. 1948. E. 22-31 (IMS); HE. 

81. Gray, V. R.. and Alexander. A. E., J- Phys. and Colloid Cheni^, j>3, 
9-23 (1949); HE. 

82. Greenstein, J. P.. Phys. Rev.. 73. 1225-1226 (1948); II D. 

83. Greenstein, J. P., and Ed sail, J. T., J. Biol, Chem..  133. 397-408 
(1940): IT D? 

84. Greenstein, J. P., and Jenrette, W. V.. J. Natl. Cancer Inst.. 1. 77- 
90 (1940); II D. 

85. Gubanov, A., Uspekhi Flz. Kauk., 22, 32-57 (1339): I B. 

86. Gulland, J. M., Creeth, J, M., and Jordan, D. O., J- Chem. Soc. 
1Mb H41-1145 (1S47); II D. 

87. Halier, W., Kolloid Z., 61. 26-41 (1932); I B. 

83.     Hauser, E. A., and Dewey, D. R., fed. Eng. Chem.. 81, 786   (1939); 
J. Phys. CheTn,, 46. 212-213 (1942)J*M. 

89. Havelock, T. K,. Proc, Roy. Soc., A-77.  170-182 (1906); I A, B. 

90. Havelock, T. H,4 Proc, Roy. Soc., A-80. 28-44 (1908); I A, B. 

91. Hermans, J. J., Physica, 10, 777-789 (1943); II B. 

92. Hermans. J. J., Rec„ Tray. Chim.. 63, 25-31 (1944); I B. 

33.     Hermans, J. J., Rec. TraVc_Chim., 63; 205-210 (1944); IB, n B. 

94. Herrera. J, M., and Munoz. C. R.. Anales jnst Espa" Edafol. Ecol y 
Fisol Vegetal (Madrid), 6, 475-541 (1947); I B. II C. Tv, VI. 

95. Hess, K., Z. Ver. Deut. Ing. Verfahrenstech., No. 1.  13-16 (1941); II. 

96. Hess, K., Kiessig, H., and Philinpoff, W., Naturwiss.. 26. 184-186 
(1938); IB. 

97. Hill. B. V., Phil. Mag. Ser. 5, 48, 485-498 (1897); ibid.   3er. 6, 2 524- 
527 (1901); I A. 

98. Hocking, C. S., Laskowski, M., and Scheraga,    H. A., J„ Am, Chem. 
Soc.  74, 775-778 (1952); H D. 

99. Huggins, M. L., J. Pbys. Chem.. 42, 911-920 (1936); V D. 

?gSS?B£59f&BB^**.m<:mtiiW.,*e~'3i»i,*imwwKmi• 'a——WWM*-"!*^- ~ 



suimwim 

70 

100. Humphry, R. H., Proc, Phys. Soc; (London), -^5, 217-218 (1923); II D. 
HI. 

101. Ishihara. A., J, Poly. Sei.. J. 574-676 (1952-; I Bs V B. 

102. Jeener, R., Compt.. Fend, Soc, Blol., 140, 1138-1140 (1846); HD. 

103. Jeffery,  G. B.. Proc. Roy. 3oc, A-102, 161-179 (1923); V D. 

104. Jerrard, H, G., J. Appl. Phys.. 21, 1007-1013 (1950); IV, V A. 

105. Joly, M., Bull. Soc, CWm, Bioi.3 30, 404-409 (1948); II D. 

106. Joiy, M., Bull. Soc. Chim. Blol.. 30, 398-404 (1848); ibid., 81, 105- 
107 (1949); EC. 

107. Joly, M., Kolloid Z., 115, 83-89 (1949); II C, 

108. Joly, M., J. CWm. Phys.. 48, 542-544 (1951); I B. 

109. Joly, M,, J. Phys. Rid.. _i2, 900-911 (1851); I B. 

110. Joly. Ms, Bicchl in, Biophys. Acta.. J, 245-256 (19S2): H D. 

111. Joly, M., Trans. Faraday Soc. 48, 279-286 (1952); II D. 

112. Joly, M., andBarbu, E., Bail. Soc. Chim. Blpl., 31, 1642-1655 (194=9); 
jjid.. 32. 116-129 (1950); II D.~ 

113. Joly, M., andRybak, B., Compt. Rend.. 230. 1214-1216 (1950); n D. 

114. de Jong, H. G. B., and van den Berg, H, J,, Proc. Koninkl. Nederland 
Akad. Wetenschap.. ,51, 1197-1210 (1948); HE. 

115. Jury. S. H..  (submitted bid. Eng. Chem. 1952), II E. 

116. Kamath, P. M., Phys. Rev.. J36. 657-658 (1952); II B. 

117. Kanamaru, K., et. al., J. Soc. Chem. fad. Japan. 15.  (suppl binding), 
190-203 (1942); I B. II B, IV, VI. 

118. Kanamaru, K,, et. al., J. Soc.  Chem. Ind. Japan; 45.  (suppl binding), 
232-246 (1942); H B, 

118.     Kanamaru, K., et,. al., J. Soc. Chem. Ind. Japan, 45,  (suppl binding), 
263-269 (1942); II B. 

120.     Kanamaru, K., et. al., J. Soc, Chem. Ind. Japan. 45.  (suopl binding), 
270-273 (1942); I B, II B. 

sk**.:Mm,mi<*mm*\Kim„ wataiBfcW-A 



' z&BSamaBmamBssKmmsxxssi&ammmmimmmemi** 

71 

121. Katchalsky, A., J, Poly. Set.** 7, 393-410 (1951); n B, 

122. Katchalsky, A., Kunzle. W.. and Kuhn, W., J. Poly. Sci., J, 283-299 
.1949); I 3. II B. 

123. Kausche. G. A., GuRgtsberg. H., and Wissier, A., Naturwiss.. 27, 303- 
304 (1939); IC D. 

124. Koichi,, »•, J. Chem. Soc, Japan. 64.  197-200 (1943); II C. 

125. K6Mg, W., Kcllold, Belhefte, 23^ 110-117 (1926); H C. 

128.     Kramers, H. A., Physica. il. i-i9 (1944k J, Chem. Physe. 14, 41B 
(1945); V D. 

127*      Kreuger, E..  Z. Phys. Chem..  109, 438-452 (1924); H A, B, C. 

128. Krieger, I. M., and Elrod, H., J. Appl. Phys., .24. 134-136 (1953); V C. 

129. Krieger, I. M.» and Maron, S. H.. J. Appl. Phys.. 2S, 147-143 (1952\: 
V C. 

130. Kuhn, W.,  Z. Phys.  Chem.. A-161, 1-32 (1932); I B. 

181. Kuhn, W.8 Z. Phys. Cham,,, A^lBi, 4547-440 (1^32); I B, II B. 

132. Kuhn, W., Kollold Z„ 62, 269-285 (1933); I B. 

133. Kuhn, W.. Experentia.  1, 6-18 (1945); I B, II B. VI. 

134. Kuhn, W., and Kuhn. H., Helv. Chira. Acia. 28, 1334-1465 (1943); IB, 

135. Kuihn, W., and Kuhn, H:. Helv. CMm, Acta. 28, 1533-1579 (1945); ibid.. 
28, 71-94 (194)3); IB, VD. 

138. Kuhn. W.. and Kuhn, H.. J. Colloid Sci.. 3.  11-32 (1948); IB, n B, V D5 
VI. 

137.      Kuhn, H., and Kuhn, W., J. Poly. Sci.. 9,  1-33 (1952); IB, V D. 

139. Kuhn, W., KMnzle, O., and KatchalBky, A., Helv. Chim. Acta. 31,  1994- 
2037 (1948); IB, II B. 

139. Kuhn, H., Moning, F., and Kuhn, W., Helv. Chim. Acta. 36, 731-752 
(1953); I B, II B. 

140. Kundt, A.. Ann. Physik.. Ser. 3.  13,  110-133 (1831); I A. 

•        
tjgr- MWWUPB i<w~nr -III_IWW i • III>Ii—i II —-—nr  ••mi i •iMnnimn •    n irr-1 in.wirtr nm»m m   nmni >»mm i    wraSH^at: 



^•m^m^mg&Sl&m&g&S^^- ••        •.ssaaaBsawsss^R-j.'? 

72 

1414     Langmuir, I., J. Chem. Phys., 6, 873-»fl« (!»$&); !I n, V D. 

142. Laaffer, M. A.. J. Phys. Chem., 42, 935-944 (1933); IB, H D, IV. 

143. Lauffer, M. A., and Stanley, W, M., J. Biol. Chem., 123, 507-525 
(1938); I B, II D. IV. 

144. Lauffer.M. A,, and Stanley, W. M., Chem, Rev., 24, 303-321 (1939); I B, 
n D. 

145. Lawrence, A. S. C, Proc. Roy, Soc., A-148. 59-87 (1935); V D, 

146. Lawrence, A* S. C, Needham, J., and Shen, S. C, J. Gen, Physio!.. 
27, 201-271, 355-399 (1944); H D, IV, V D. 

147. Leaf, W., Mech. En&f. ^ 31. 586-590 (1045); il C, HI. 

148. Leontcvich, M., J. Phys. USSR. 4, 4S9-514 (1941); T B. 

249.      Lieck, A., Ann, Physik, £er. 3. 28, 6»8 (1886); I A. 

160.     Mach, E., Optisch - akustische Versuche, Prag, (1873); I A. 

151. Maxwell, J. C, Proc. Roy, Soc.. 22, 46-47 (1873): Scientific Papers, 
pp 379-80, Paris; Anju Physik, Ser. 2,  151,  154 (1874); I A. 

152. Mehl, J= W„, Cold Spring Harbor Syrap, Quant. Biol., 6, 218-227 fl938*; 
H D. 

153. Mehl, J. V\, Biol. Bull., 79, 488-497 (1940); II D. 

154. de Metz, G., Ann. Physik. Ser. 3, 35, 497-507 (1888); Comgt._Re.Md., 
134. 1353-1356 (1902); ibid,, 136, 004-606 (1903); Collection Seientia, 
No. 26, Gauthier Villars. Paris,  (1906); I A. 

155. Mommaerts, W. F. H. M.,  Nature, 156, 631-532 (1945); il D. 

iafi.      Mottsmith, H., and Langmuir, I», Phys* Rev.,, 20,  (1922); I A,, 

157. Mueller, H., and Sakmann, B. W., J. Opt. Sci. Am., 32, 309-317 .'1942); 
H C, V E. 

158. von Muralt, A. L,, and Edsail, J. T., Am. J, Physiol.. 90, 457 (1929); 
n Dt 

159. von Muralt. A* L_. and EdsaH. J= T., J. Biol. Chem.. 89, 313-386 (1930); 
I B, II D, IV, VL 

160. von Muralt, A. L., and Edsail, J. T., Trans. Faraday Soc, 26. 837-851 
(1930); I B, n D, IV. 

| HfiBMRWU" 2>9»^W«t 



73 

161. Nar&simhamurty, T. S.# Proc. Indian Acad. ScL, 35A. 126-128 (1052); 
I B, u A* 

162. Nantanson, L8, Phil. Mag.. Ser. 4. 2, 342-35'i, 469-477 (1901); Z. Pfays. 
Chem.. 39, 355-363 (1901); Bull, Acad. Set, Cracovle. lfil-171 (1901); 
268-283, 767-78? (1003); 1-22, 1G3-113 (1904); I A, 

188.     Nsals. S„ M.. Phil. Mag.. 34. 577-888 (1943); n E, 

164. Needhrm, J., and Robinson, J. R. a Compt   Bead. Soc, Biol., 126. 163- 
1AR f1Q«7\- IT rv 

165. Needham, J,, ei, at., Nature, 147, 766 (1941); IX D. 

166. Nitschmann, H.„ Hglv. €hlr.a. Acts, 21. 315-336 (1930); IB, JJ D. 

167. Nitschmann^ H., said Guggisberg, H., Eeiy.  Chim. Actg, £4, 434-458; 
574-611 (1S41); H D. 

188,     Oncley, J. L., Aim. N. Y. Acad. Set.. 41, 121-150 (iSii); U D. 

l$9t     Onciey, J. L., Ferry: J. D.s and Schaek- J., Ann. N. Y. Acad. Set., 
40^ 371 (1J540); V F. 

170,     Cstwaid, W., and Erbing, K., Koiioid g.t 64, 229-232 (1833); H E. 

17i.      PaiShia, I., NACA Tech. Not©  No* 862,  (1843); V C. 

172. Paris, A.. Acta. Comm. Univ. Tartu,. A-16, 3-7 (1S30); I B. 

173. Peebles. F. N., Garber, H. J,= a»d Jury, S, H.e Proc. Third mid- 
western Conference on Fluid Mechanics. Univ. of Minn. Press.  (1958); 
n E, m. 
»^A % *. * •»»     «* im if*.      jreiefim, A.# BIUI. POC» I'ncaa. aeigraqe.  (ixo« dugliaire l»»7-iy47h 
215-231 (1951); 1 B, U3, 

176.     Feterlin. A.f Bull. Sci,   Ccngell. Acad. RPF. You^oslav, 1, 40-41 
(1953); I B. HB.   ' 

17*. F^terlin, A*, and Semac, M„ Kollotd Z,f 109, 98-99 (1944): II D, IV. 

I??. Peteriin, A., and Stuart, *L A«, Z. Phyeik.. 112. 1-1S (1939); IE, VI, 

178. Peteriin, A., and Stuart, H. A.,   Z. Physik. 112. 129-147 (1938); I B. 

179. Pfeiffer, H. H.„ Kolloid Z., 92,  182-188 (1940); IB, HC. 

180. Pfeiffer, H. K., Kolloid Z.,   117, 52-53 (1950); II D. 

J«* 



.^nmm^sxs^fVKi^tar^mn amumtmwim i11 ««i»ii.«ug 

181. 

* An 

183. 

184. 

Avv« 

186. 

187. 

188. 

183. 

190. 

191. 

1Q9 

1a« 

194. 

195. 

196. 

197. 

198. 

IOQ 

200, 

201. 

74 

Powell, R. E., and EyriMg, H., Advances in Colloid Science, Vol. I, 
inter science Publishers, Inc., N. Y., (1942); pp 188-226; I B, HB5 

Preston, .1. M., Nature. 128. 796-797 (1931); II B. 

Raman, C» V.. and Krishnan,   K. S., Phil. Mag., J, 789-783    (1928); I B* 

Ranzi, S., Pubbl. Stas. Zool. Napoli, 23,  (Suppl), 19-46 (1961); H D. 

Rehner, J,„ J. Chera, Phys.. 13, 460 (1945); I B. 

Reiger, R., Ann. Physik. 8er. 4, J3i, 53-97 (1910); 1 A. 

Risoman, J., and Kirkwood, J,, J. Chem. Phys.. 18, 565-672 (19481: 
Ibid.. JJ. 442-446 (1949): I B, II B,  V D, 

Robinson, Js Rs, Proc. Royt Soc-r, A-170, 519-550 (IS39); IB. II B, IV, 
VD. 

Rosen, B„ Karsai!* P., and .Eirteh, F„ Disc. Faraday Soc., No.  11. 
135-147 (1951); U B. 

Rosenberg, B., U. S. Navy Dept. David Taylor Model Basin Rpt. No. 617, 
(1951); n B. 

de Roeset. A, JLS J. Chem. Phys.. 9. 786-774 (1941); II B. 

Sadhan, &., Science and Culture. 13. 508-509 (1948); II E. 

Sadron. C, Compt. Rend.. 202, 404-406 (1936); I B. 

Sadron, C, J. Phys. Rad., J7, 263-289 (1936); IB, HA, IV. 

Sadron- C„ J. Phys. Rad.. J, 481-488 (1937); I B, H B. 

Sadron, C, Schweiz. Arch. Angew. Wigs. Tech.. J, 8-21 (1937); I B. 
n   A.    C: 

Sadron, C, J. Phys. Rad.. 9^ 381-383 (1938); I B, II C. 

Sadron, C, Bonot, A., and Moismaim, H*, J. Chim. Phys., 36, 78-83 
(1939); II D. 

Sadron, C, and Moismann, H., J. Phys. Rad.. 9, 384-386 (1938); H D, 

Saito, N#, J. Physc Soc, Japan, 4, 85-88 (1949); H B, V D. 

Sato, K., J. Chem. Soc. Japan. 64,  197-200 (1943); II C, 

m^mmmmm i *»i«a 



mmfz&.m-r-yr -r>:. • ^^p^f^^s^^ma^^^^^r. 

$9 

202. Scheraga* H, Ai#, Arch- Biochim, Biophys.. 33, 277-281 (19bi); IB. 

203. Scheraga, H, A«r J. Chem. Phys.. 19, 983-964 (1951); I B. 

20*.     Scheraga, H-. A,, and Backus, J. K5i J. Am. Cham. Soc,, 73, 5108- 
5112 (1951)i H E. 

?05s     Scheragu, H. A., and Backus, J. K., J. Am. Chem. Sty.. J.4, 1979- 
1983 (1952); U D. 

206»     Scheraga, K. A., Edsall, J. T., wd Gadd, J. O., J. Chem. Phys.. 19, 
1101-1108 /lftRn: IB. 

207. Schmidt, F. O., Physlol. Rev..  19, 270-302 (1939); II D. 

208. schoenberg, M. D., Rifleman, J., and Eirich, F. R., J. Colloid Sci., j>, 
393-403 (1950); Phys. Revs, 78, 359 (1950); I B, H B."~ ' 

2C8.     Schw&nder, H., and Cerf, R., Helv. CWm, Acta. 32, 2356-2360 (1949k 
no. 

Ax\Jm       ovuwwiucx,   ri..  iuiu v>cit,  rv„.   nciv. t. mm.  rttw.   .yt.   *,jo-*to fi.yoi.K il i>. 

211. Schwander, H., and Signer, R.   Helv. Chim. Acta. _34, 1344-1350 (1951); 
HD. 

212. Schwedoff, T., J. de Physique. Ser. 3, !„ 49-53 (1892); I A. 

213. Signer, R., Z. Phys. Chem.. A-150. 257-284 (1930); I B, II C. 

214. 8i&ner. R.. Helv, Chim. Acta, 19, 897-899 (1936): II B9 

215. Signer, R., Trans. Faraday Soc.. 32, 296-307 (1936); IB, E B. 

216. Signer, R., Schweiz. Brau. Rundschau. 54^ i-7 (1943); I B, 

217. Signer. R., Caspersson. T,, and Ham mars ten, E., Nature. 141, 122 
(1938); H D. 

218. Signer, R6J and Gross. H., Z. Phys. Chem.. A-165. 161-187 (1933); I B, 
H B. 

219. Signer, R,, and Liechti, H. W., Makromol. Chem., 2, 267-270 (1948); II B. 

220. Signer, R., and Liechti, V., and Liechti, H. W., J. Chim. Phys., 44, 58- 
65 (1947); H B. 

221. Signer. R., and Meyer, W., Helv. Chim. Acta, 28, 325-332 (1945); II B. 

222. Signer, R., and Sadron, C, Helv. Chim. Acta.  19.  1324-132? (1936); IB, 
II B. 

——.-ir.—-i -iii-Kti"r—^ -rann—in —" '—-  1     i        -•          — ••••••mi _B[t 



•5-^v,: ssssss: 

76 

sils,     HifiDsr   R., anfl Schmidli. B,. J. China. Phya., 4S, 542-644 (1951); fl B. 

St4.     Signer, R., and Sttfassle, JR., Helv. China. Acte# 30, 155-152 (1947); II B. 

2S8.     Siinha, R., J. Phys, Chem.. 44, 25-34 (1940); V D. 

116.     Snellraan, O., Arkiy. Kerni. Mineral. Geol.. B-19, No, 5, 1-7 (1944); n E. 

Sf7.     Smtllman. O., Arklv. Kemi. Mineral. Geol., A-19. No. 30, 10 pp (1945); 
IV. 

32SP     Snellman, O., Arklv. Kcrni. Mineral. Geol., B-24_. No. 2. Cop (1M6): 
V Bu 

229. Snellraan, O., Acta Chem. Scand.,  1, 291-23S (1947); n E, IV. 

230. Snellraan, O., and BjtSrnB&lil. Y., Koiloid. Belhefte, 52. 403-468 (1941); 
I E„ rv. VIe 

331*     Snellman, C, and Sttverborn, 8., Koiloid. Belhefte. 52, 467-472 (1941); 

232*     Snellman* O., and Widstrtfcn, G,, Arkiv. Kemi. Minerals Geoi.. ISA. No. 
31, 5pp (1945); U D. 

233. Soainaktf, M. L., Koiloid. Zhur.. 14, 192-196 (1952); fl C. V E. 

234. Stuart, H. A., and PeterJin, A., J. Poiy. Scl., 5, 543-553 (1950); I B. 

235. Svedberg, T.. Nord. Kemibt. Lund., J, 69-91 (1947 - pub* 1948); II B, Ds 

236. Takahashi, W. N., and Rawlins, T. E., Science. 85, 103-104 (1937); H D. 

237. Taylor, A. M.,   Trans, Faraday Soc. j$2, SQ7-310 (1936); IB, V E. 

238. Taylor, G. I., Phil. Trano. Roy. Soc,, A-223. 289-343 (1923); IV5 V C. 

239. Taylor, G. I., Proc. Roy5 Soc. A-146. 501-523 (1934); IV, V D. 

240. Taylor, G. I., Proc. Roy. Joe., A-1S1. 494-512 (1935); IV, V C. 

241. Tayloi% G. I., Proc. Roy. Soc,. A-152. 546-578 (1936); IV, V C. 

242. Thiele, H., Koiloid Z., 112^ 73-79 (1949); ibid.. 113.  155-156 (1949); HE. 

243. Thiele, H.. Koiloid Z,. 125, 31-32 (1952); II E. 

244. Thieseen, P. A.,  Z. Phys- Chem.. A-156. 457-4S8 (1031); II C. 

— TMWi»«, I—IIj _••« 



KM 

77 

245. Tillman, W.. Koiiold Z.. m,   66-73 (19S3); V C. 

246. Tolstoi, N. A,, Compt, Rend. Ac&d. f.cjU UF^S. 43, 107-ill t;1944); 11 E. 

247. Tolstoi, N. A., Dokl. Aks.d. Wftuk. SSSR, 69, 1683-1566 (1948); IB, YE. 

«4B:     Tolstoi. M. A., and Fedotov, L. N., J. Exptl, Theoret. Phys. USflR. 17, 
664-67© (1947); I B, V E« 

24S.     Tsvetkov. Y„ if., Acta Physicochiaa. URS8. 16, 8G   (1944); IB, HE, VEK 

250. TsvetkoVi Vs BU-, and Frisman, E= V., A.cta Faysisoehiia. UP.SS, 20, 61= 
96 (194S); QB, 

251. Tsvetkov, V. N., and Frisman, E. V., Acta Physicochlm. URflS, 21. 978- 
1000 (1940); IB. II B. 

252. Tsvetkov, V. N... and Frisman, E. V., Dokl. Akad. Nauk. SSSR, 67, 49-62 
(1944); 0 E. 

253. Tovetkov, V. N., and Frisman, E. V., Zhur. Fig, gala.. 25, 682-687 
(2951); HE. 

254. Tsvetkov. V. N., and Kibardina, K., Dokl. Akad. Nauk. SSSR. 62, 223- 
235 (1948); HA. ._——___ 

255. Tovetkov, V. N., and Petrova, A., J. Tech. Phys. USSR, 12. 423-463 
(1942): H B, IV. 

256. Tsvetkov, V. N., and Petrova. A., J. Tech. Phys. USSR, 14, 289-313 
(1944); Rubber Chera. Tech.. 19. 260-384 (1946); II Bs 

257. Tsvetkov, V. N., and Petrova. A.. Zhur. Fis. Khhn., 23, 365-378 (1949); 
n B. " ~~ 

358,     UUyoii, pt. Trans. Am. Sec. Mech. Eagr., JS. 245-251 (1347); U C, m. 

259. Umlauf, K., Ann. Phynlk. S*r, s^_4jv 804-315 (1892): I A. 

260. Vallet, G„ and Scbwander, PL. Helv. China, Acta. 32. 2508-2509 (1949); 
n ns 

261. von Viemarn. P. P., Kolloid Z.. 44, 279-288 (1323); H Ee V D. 

262. Vorlander, D., and Fischer, J., Ber.. B-65, 1756-1762 (1932); UA, 

263. Vorlander, D., and Klrchner, U., Z. Phys. Chem., A-152, 47-86 (1931); 
n A, 

264. Vorlander, D., andSpecht, P., Z. Phys. Chem., A-178. 92-112 (i937); KE. 

Tat,<mmitm>*%<u*t —P—•»«••— w»*iiMi*i-iii>»iiiriv—n -    »• — "u.aa.^•-i-ier'^Bas?-^-;*"*«M«sua 



!SaaBSS55iZZIuI=ig«8Bg 

78 

265. Vorlander, D., and Waiter, R.f Physik. Z.. 25, 571-573 (1924); HA. 

266. Vorlander, D., and Walter. Re. Z. Phys, Chem,t 118, 1-30 (1925); II A* 

267*     Wahlfitrom, E. E., Optical Crystallography. Wiley. N. Y.,  (lCi51); V A. B. 

S>63.     Wales, M., J. Phys. and Colloid Cfaem., 52, 876-983 (1948), H B. 

269. van Wa/.er, J,, R., Goldstein,, M.. and Farber. Es- .L Am; Chegu Soc.„ 
75, 1565-1567 (1953); II E. 

270. Wiiiier. ».. J. AneL MavhSi  14^ 103-107 (1947); H B, HI, XV, 

271. W«iller, R.. Middlehurst, D. J., and Steiner, R., NACA Tech Note No. 841, 
<:'s?42); H Bs HI, IV*. 

272. Wiener, O., Abhandl. Math. Phys. Kl. Sa'chs. Akad. Wigs., 32, 507-604 
(1912); V B. 

273. Wlnkler, E„ and Kast, W.,  Z. Physik,  U»   232-249 (1941); Naturwissen.. 
.29, 208 (1941); U A, IV.   

n« WUhUseh, E„, and Belonosciikin, a.. Blochem. Z», 284, 353-364 (1936); 
IB, HD. 

275. Yurzhenko, A, I., and Kueher, R, V., Polk, Akad. Nauk. SSSR, 85, 1337- 
1340 (1952); n C. ~~~ 

276. Zakrzewski,    K., Krakow Rozpr. Akaa., 44, 83-89 (1904); I A. 

277. Zakrzewski,    K., and Kraft. K.f Krakow Rozpr. Akad. „ 45, 206 220 (1905); 
Bull. Acad. Sci. Gracovie. 508-510 (1906); I A. 

278. Zaremba, S., Bull. Acad. Sci. Cracovle. 35-93, 403-423 (1903); J. de Phy- 
sague, ser. 4, J, 606-611 (1904); ibid.. 4, 514-516 (1905); I A. 

279. Zocher, H., Z. Phys, Chem.. 98, 293-337 (1921); I B, it C, E. 

280. Zoeher, K., Kolioid Z., 37, 336-351 (1925); I B. 

281^      Zucker, D^ Foster. J. F., and Miller, G. R.. J. Phys. Chem.. 56, 166- 
170 (1952); IV. ~ 

*aBWMpP'^:^iJBasss=ww«'^^ w— I MP n—wwaawaBWMigMwg-m —»-.-- nnwimpin, •  



BS^3E?SaK9V31 

8ymbol 

a 

c 

c. 

K 

K 

v 

vi 

AP 

Q 

r 

W 

APPENDIX B 

NOMENCLATURE 

Meaning 

Amplitude of light way? transmitted by the polariser 

Velocity' of light in air 

Velocity of light vibrating parallel to the optic axis 

Velocity of light vibrating normal to the optic axis 

Modulus of elasticity in shear 

Functional designation 

Functional designation 

Instrument constant for the MacMichael viscometer 

Capillary length 

Length of wire supporting the inner cylinder of the MacMichael 

viscometer 

Refractive index of light vibrating parallel to the optic axis 

Refractive index of light vibrating normal to the optic axis 

Integer designation; of fringe order number 

Volumetric flow rate 

Radial distance 

Radius of the inner cylinder of a concentric cylinder flow cell 

Radius of the outer cylinder of a concentric cylinder flow cell 

IVS3.cMich3.pl yiscoinstsr' 

Capillary i;ube radius 
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Symbol Mf>9jr)ir,g 

8 Liquid depth 

t Time 

u Vibration displacement of light transmitted by the polarizer 

i»l Vibration displacement, normal to the optic axis, of light 

entering the doubly refracting liquid 

Uj; Vibration displacement, parallel to the optic axis, of light 

entering the doubly refracting liquid 

uj Vibration displacement, parallel to the optic axis, of light 

transmitted by the doubly refracting iieuid 

u£ Vibration displacement, normal to the optic axis, of liijht 

transmitted by the doubly refracting liquid 

U|' Vibration displacement, parallel to OX, of light entering 

the quarter wave plate 

u$' Vibration displacement, parallel to OY. of light entering 

the quarter wave plate 

u{" Vibration displacement, parallel to OX, of light transmitted 

by the quarter wave plate 

Us" Vibration displacements parallel to OY. of light transmitted 

by the quarter wave plate 

v Liquid velocity 

w Vl;h*-;jHr»n  Hi orkia/»«i Truant r»f  iiorm  trgnomittaii  K*r *V%«.  nn«lv»'>« 

with the plane of polarization parallel to OY 

w' Vibration displacement of light transmitted by the analyzer 

with the plane of polarization parallel to OY' 
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Symbol 

x 

a 

m 
9 

e 

et 

x 

M 

Ma 

JT 

T 

T 
W 

A 

Mctuiiiut 

Arbitrary phase retardation 

Arbitrary angle 

Retardation distance produced by the doubly refracting liquid 

Angle neceseary to rotate the analyzer to measure double 

refraction using the quarter wave plate compensator 

Angular displacement of the inner cylinder of the MacMichael 

viscometer 

Wave length of light used in the concentric 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 to the optic axis and the plane of 

polarization of the polarizer 

Extinction angle 

Angular velocity of the outer cylinder of a concentric cylinder 

flow cell 
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