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MATIONAL ADVISORY COMHITTEE FOR AEROIFAUTICS
TECHNICAL NOTE NO, 841

THE PHOTOVISCOUS PROPERTIES OF FLUIDS

By R, Weller, D J. Mié&dlehurst, and Ri stelusy
SUMMARY

A method has been developed that permits the exten~
sion of the methods of photoelasticity to include the
measurement of velocity distribution in a moving fluid.

The method is based on the fact that viscous shear in cer-
tain liquids gives rise to double refraction, which may be
linearly related to the shear stresses. The optical sen-
sitivity of numerous liguids has been measured in suitable
calibrating apparatus. Subsequently a closed circulating
system was constructed and the velocity distribution was
studied around certain simple shapes. The results indi-
cate that the method may be profitably used to investigate
problems in fluid flow not easily attacked in other ways.

INTRODUCTION

The developnent of double refraction in a liquid as
a result of viscous shear will be termed "photoviscosity."
The degree to which a liquid develops photoviscosity for
a 1ven rate of shear will be ‘called its photoviscous sen—
31t1v1ty. This property has been studied fronm time to
time since it was reported by laxwell (reference 1) cdn
1874 although this report does not seem to have been the
first record of its existence. HMost of these studies have
been concerned with the mneasurement of photoviscous sen-
sitivity for a given group of liguids, ‘and-a literafurc o
the effect has been built up. A large nunber of refer-
ences on the subject are.included in the bibliography at
the end of this report. A very complete bibliography on
the subject of photoelasticity is included in referencc 2.
A few of the observers have attempted to explain the ef-
fect in terms of assumed optical and mechanical anisotro=~
pies present in the mediums. Raman and Krischnan (refer-
ence 3) in 1928 published the nost elaborate of the theories
in this direction. The first attempts to apply the phenon-—
enon to the solution of enginsering problems seen to have
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been reported by Sadron and Alcock (references 4 and 5).

A great number of organic compounds having unusual op-
tical properties have been developed within recent years.
It seemed probable that some of these might have a higher
photoviscous sensitivity than the liguids previously in-
vestigated., TFor example, wherecas cellulose nitrate 10
years ago was themnost satisfactory material for photoelas-
tic analysis of solid models, the development of the phenol-
formaldehyde and similar plastics made possi ble a new and
improved photoelastic technique. The present paper covers
an investigation of several of these newer compounds as
well as certain other materials not previously reported.
The investigation was undertaken primarily to discover a
suitable liquid for optical fluid-flow determinations and
Dot for the purpose of accurately measuring the photo-~
Viscous sensitivity of a large number of liguids. The ap-
paratus and the method employed were such as to yield very
littl e data regarding materials of low sensitivity, which
were discarded without much attention. ZEmphasis was laid
on the convenient measurement of large effects.

The assistance of the following orzanigations is
gratefully acknowledged in providing materials for this
work and information concerning these matcecrianls: Eastman
Kodak Company, Bakelite Corporation, E. I. duPont de
Hemours & Company, lHonsanto Chemical Company, The B. F.
Goodrich Company, and Rescarch Foundation of the Armour
Institute of Technology.

PHOTOVISCOSITY

The phenomenon of photoviscosity involves the develop—
ment of directional optical properties in a liquid in which
a velocity gradient is precsent. Such a velocity gradicnt
sets up stresses in .the liquid as a result of viscous shear,
These shearing stresses are proportional to the gradient
and to the viscosity (absolute). By analogy with the photo—
elastic effect, a tension and a compression at right an-~
gles to each other and at 45° on cither side of the shcars
may be substituted for these shearing stresses. (See fig.
1l.) These may be taken as the "principle stress direc-—
tdone' in the liguid. In many llquids the directions of
the minimum and maximum refraction indices are found to
1ie along these princlpal stress directioms, Where these
directions do not coincide, the theory will probadbly re-—
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guire rather specific assumptions as to the character of
the liquid.

A liguid which develops birefringence in such a way
that the index of refraction is reduced for light in which
the electric vector vibrates in the direction of "princi-
pal tension' and ig increased in the direction of "prineci=-
pal compression" is said to be positively birefringent and
vice versa, Both positive and negative liquids have been
observed, In some cases the sign of the birefringence
reverses as the rate of shearing increases. (See refer-
ence 6.,)

METHODS OF MEASUREMENT

Maxwell (reference 1) suggested that photoviscous bi-
refringence be measured by placing the liguid bectween an
outer stationary hollow cylinder and a concentric inner
rotating cylinder. This apparatus was to be placed in a
polariscope and theo interference patterns worc to be obw-
served, Figzure 2 shows such an arrangement schematically.
Here the velocity of the liguid at a given radius. R var-
ies according to the relationship

3
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in which V, is the veripheral velocity of the inner cyl-
indery, R, is the radius of the inner eylinder, and - Rg
the inner radius of the outer cylinder, The accompanying
velocity gradient on which the optical effect depends is
found by differentiation to be

- LS s 2
dr R gy By -~ L10gg. Ba) R
where
4 = i
Iog W, = logg Ry

It will be observed that this gradient is not constant over
the gap between the two cylinders and therefore a reference
point must be :chosen in the gap at which neasurerments are

to be made. It is convenient to measure the velocity gradi-
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ent at the midpoint of the zap between the two cylinders,
this point being very close to the average value.

The method by which the calibration is made depends
on the sensitivity of the liquid being tested., One way is
simply to count the fringes that pass the center of the
ap as the speed of the inner cylinder is slowly increased.
If the order of interference is more than three or four,
monochromatic light must be used in order to maintain
sharply defined fringes. The effect is also proportional
to the length of light path through the liquid; the num-
ber of fringes may be doubled by doubling the length of
the path, The sensitivity of the apparatus therefore cde-
pends on this dimension,

Inasmuch as counting fringes is an inaccurate process,
it is better to introduce a Babinet Soleil compensator at
the point indicated in figure 2. With the polariger and
the analyszer crossed and the compensator set at zero, the
field will be dark when the inner cylinder is stationary.
If the inmer cylinder is now rotated,light will be re-
stored and the compensator may be employed to return the
field to Dblackness, The anpount of birefringence may then
be rcad directly on the compensator scale., It is better
to use white light because.in this instance the zero-order
fringe is the only one thit appears black; all others are
colored and confusion, therefore, does not exist as to the
degree of compensation obtained.,

Two types of Babinet Soleil compensators are availa-
ble. If the ordinary compensator is used, a series of

‘parallel fringes appear in the field, the center one being

black when compensation is complete, If the Babinet
Soliel type of compensator is used, the entire field is
compensated by a constant amount, any variation over the
field being due to the variation in the velocity gradient
of the liquid., The Babinet Soleil type of compensator
was employed in the present investigation,

When the effect is small, as it has been in all prew-
viously reported data, SPectrosconlc methods may be used,
Here the 1light emerging from the polariscope is projected
into a spectrometer, - As the birefringence of the fluid
increascs, certain of the spectral colors will be restored
and will be visible in the spectrometer, If additional
birefringent material is introduced into the polariscope
(such as a mica plate about 0,01 cm thick), there will be
several dark bands in the spectral field, The motion of
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these bands as the birefringence is varied is a rather
sensitive test for double refraction.

The photoviscous sensitivity of a given material mnay
be measured in terms of the llaxwell constant (reference
3). This constant is defined by the equation

oo A
n, - = Iy —
2 n, W

dnswhleh  mny 1s the refractive index in the directien B
the i prineipal tension, n; 1is the refractive ifidex in

the direction of compression, M 1s the Maxwell constant,
g 1is the viscosity of the liquid, and dV/ds 4is the
velocity gradient. When the value of the Maxwell constant
PgSeciomputeod for known liguidsy it is found tiocontainva
factor of the order of 10~ %', which renders it inconven-
ient to handle. In the present report this sensitivity is
discussed in terms of (a) the fringe value and (b) the
spocifiec fringe value., The first of these walucs 1s dee
fined as the velocity gradicnt that will produce a rela-
tiWe retardation of ohe ‘wave length of 1light in 'a unzd
thickness of the liquid., The valuc of this comstant will
depend on the units used And on the wave length of the
light selected, no significance being attached to this
cenlsban for white light. The specific fringce Vvaluo™as
defined as the fringe valuc nmultiplied by the absolute
viscosity (in poiscs).

CALIBRATING APPARATUS

The various types of apparatus employed by other cox-
perimenters . in this 1d were considercd and equipment

of the same gencral naturc was constructecd. This appara-
tus is shown in figures 3 and 4 and was used to measure
the photoviscous sensitivity of the liquids tested. The
inner diameter of the outer fixed cylinder was 6.988 cen-
tigetiers 'and that of the inner rotating eylinder' oLU86
centimeters, The gap betwecn the two cylinders was there-
Tewe OESIe centimeter, Tho. inner cylinder was 9.60ccr=
timeters long, and a clearance of 0,05 centimeter was al-
lowed at the top and the bottom, :

The range of speed for the inner cylinder extended.
from approximately 100 rpm to 2000 rpm, making possible
veloeity gradients of from 30 centimeters per second per
centimeter to 600 centimeters per second per centimeter,
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A Babinet Boleil compensator was introduced between
the two sheets of Polaroid in the polarizer and analyszer.
Forty~five degree reflecting prisms were added to direct
the light beam, - Light was supplied By a 2l-candle-power
automobile headlight bulby this light was diffused by a
sheet of opal glass preceding the polariger.

There are two technigues
of birefringence with this app

using white light, the entire field will be dblack with

the polarizer and the analyzocr crossed, the liquid station-
aryhiantl klie icempensgator -set at zerqg. The inner cylinder
etan be sct in motion and the double refraction ncutralized
with the compensator., This procoss involves an estimate
on the part of the observer as to the degree of compensa-
tion obtained, and various observers do not always exactly
agree, A second possibility involves the introduction of
birefringence before the liguid is set in motion. The bi~
refringence in this case may be obtained by varying the
compensator setting until the so—~called sensitive tint is
obtaineds  This tint. represents .the transition of .the in-
terference color from red to blue, which takes place

gaite suddenly on n snall motion of the compensator. When
the liguid is set in motion, its birefringence may bgc mcas~
ured by restoring the scunsltive tint. Observations tead

to agree nore celosely when this procedurc is used.,

possible for the measurement
aratus, Since ome ls -

The norc sensitive liquids thoen wore tested by the
following method: The liguid was placed in the cali-
brator and readings werc takecn at various spceds so that
8 cprve of doublc refraction. against-velocity gradient
egould be plotted. The viscosity of the liguid was azpproxi-
nately ncasured by the falling-ball ncthod. Where densi-
ties werec not available in handbooks, they were neasured,

SENSITIVE iIATERIALS

Previous investigators have discovercd in studying
photoviscous sonsitivity that liquids nay be divided ac-
copdine..to two general classes of behavior. in jope. 0T
these classes the amount of birefringcnce produced is
closely proportional to the rate of shear., ILiquids re-
pexrted, in this: elass dnclude nmany-oils such ag olive oil,
cotton-~seel oil, sesamne oil, etc, The. second class of
liguids contains the liquids that tend to saturate quite
rapidly as the rate of shear increases, that is, the curve
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in which rate of shear is plotted on the abscissa scale
and sensitivity on the ordinate scale is convex upward

and dis nowhere a. straicght Iine. .In this clasé belong

such materials as the vanadium pentoxide sols, tobacco
mosaic virus, and other suspensions that are probably long
thin particles. Ordinary gelatin was investigated (refer-
ence 6) and was found to reverse the sign of its birefrin-
gence beyond a certaln rate of shear so that, while it is
relatively very sensitive, the relation between birefrin-
gence and rate of shear is quite complex, The variation
in photoviscous sensitivity with temperature has also been
studied, It is found that, in general, this sensitivity
decreases with a decrease in temperature and the resulting
reduction in the viscosity and in the magnitude of the
shearing stresses. It is, of course, desirable, if photo~-
viscous phenomens are to be used as the basis of engineer-
ing measurements, to have a liquid in which the rate of
shear and birefringence are linearly related.

It seemed desirable first to investigate those mate-
rials related to photoelastically sensitive solids. These
materials included the phenol formaldehydes, cellulose ni-
trate and acetate, the vinyl resins, such as vinyl acetate,
polyvinyl butyral, polystyrene, etc., Many of these prod-
uetis' are ligqulds in the primary stages of manufacture.
Some are of the polymerizing type and the possibility ex-
isted of investigating various degrees of polymerization.
Various plastic manufacturers were asked to contribute
samples of materials that seemed promising. To these sam-
ples were added a group of oils and various random materi-
als that occurred to the experimenters from time to time,

RESULTS

The results of this investigation are shown in table

I and flgureg 5 and 6. Table I lists materials tested.
The optical response is indicated in figures 5 and 6 in
terms of the motion of the Babinet Soliel compensator.
Approximately 540 divisions is the equivalent of 1 wave
length of green light, The speed of the inner cylinder is
given in revolutions per minute but may be converted to
other units by considering the diameter of the cylinder,
which is 5,956 centimeters. The curves show the variation
in double refraction with the speed of rotation of the in-
ner cylinder. TFor each liquid for which a curve was drawn,
the fringe value is listed with the curve, The fringe
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value is given by

inner-cylinder speed, rpm

conpensator shift

Jone of the desirable liquids mainteined a straight-
line relationship between the rate of shear and the anount
of double refraction as the rate of shear increased, This
result is largely due to the rise in tenperaturc accompany-
ing viscous shear. This risc in tecmperature could have beon
prevented by the use of a water Jjacket on the calibrator.
In nany cases additional data indicate that a straighte-
line relationship can be naintained if the temperature is
neld constant, Various investigators have ncasurcd the
relationship between tenmperature and photoviscous sensitive
ity and have found that it varies in a conplicated way.

The conplexity is probably chiefly due to the relation be-
twveen temperature and viscosity rather than to the rela-
tion between viscosity and optical response, It is naturel
to expect a reduction in optical response with a reduction
in viscosity if the stress is directly involved because
the stress is dircctly proportional to the viscosity. Rew=
frigeration nay thercfore bc enployed in photoviscous
experinents or the experinents nay be held up until ten-

| perature cquilibrium is established, In any event a cali-

| bration of the sensitive mediun should be nade at the

\ wvorking tenperature. ' '

In certain cases the 1
priate solvents and the sen
by an anount proportional t
snall anounts of solvent,

guids were diluted with appro-
ivity was found to decrease
he viscosity change for

The liguids that arc considered useful in engincer-
ing applications of photoviscosity are given in table II
in order of increasing fringe value (dececrcasing sensitive
ity). Table II indicates the mest fringe value for mato-
rigl B0 as well. as-tho: best spocifie fringe.wvalwe, In
additiony tho cffeet of the incroase in tenperature as the
apparatus was operated scens loss for this liguid. ZReduec~
tien in-viscoslity by the additidn of diluents dis ocasily
acconplished..
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TURBULEVCE

When the photoviscous effects in liguids of low Vis=
cosity were observed, a new phenomenon appeared, which
consisted of the development of a dark band in the center
of the gap between the cylinders when the speed of the
cylinders was increased above a certain amount. The ap-
pearance of the dark band was interpretocd as due to the
prescnce of turbulence in this region., The ligquid between
the dark band and the cylinder walls retained its bircefringe
encc, but the birefringence was not of the same order as
would. be expeccted in the absencc of turbulence. As the
specd was slowly increcased, thc point at which turbulence
appeared could be dotermined with reasonable accuracy.
Values of the order of 40 werc obtaincd for Roynolds number
at the onset of turbulence. The linecar dimension was taken
to be the gap between the cylinders and the velocity was
taken as half the peripheral velocity of the innor eyline
der, In order to c¢stablish clcecarly the argument that the
dark band was duc to turbulence, the viscosity of the
fluid was changecd by the addition of a diluting agont and
the Reynolds number was found to be substantially constant,

It thereforc appears that the methods of this report
may be useful in studies of fluid flow which are not ene
tirely laminar, the boundarics of turbulent regions being
easily established.

Some of the liguids measured are far more sensitive
than any previously reported* and there are a number thet
night be chosen for use in enginecering applications, It
is felt that these working mediunms now nnke it practicable
to employ the fringe-counting tochnique of the photoelas~
tic method in the detcrnination of velocity distributions
in flowing fluids, whereas proviously it was necessary to
emplioy spectroscopic anglysis - -in order to obtain results.

THE EXPERIMUEINTAL LIQUID TUNHEL

The linitations of the project made it necessary to
construct a rather small ecxperinental flow system and for

*Ho liquid previously rcported in the litcerature on the
subjoect of photoviscous scnsitivity would have given a
neasurable indication of sensitivity with the present appa-
ratus except golatin,
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this reason conplex shapes could not be treated. The fol-
lowing cases will now be discussed:

(l) Bl ow 1n a rectangular ‘chafnel

(2) Flow around a cylindrical obstruction in the
channel

(3) Flow around a streamlined strut section in the
channel g

The nethods applied to these cases are quite general and
ngy be used in connection with any two-dimensional-flow
systen.

The apparatus consisted of a closed liquid systen
having a eirculating pump and a test section through which
observations were made, This eguipment is shown schemat-
lieailtls in freure 7.  Plgure 8 showsg'bhe eguipment proper,
ang ficure 9 shows o detail of thae test seetion. ‘The tun-
nel was constructed of 4-inch pipe, having a cross-
seebionail ares of 12.7 square inches, or 82 sguare centi-
mobers, Gireulation in figure-7 is to be taken as cloeck-
wise, the ligquid discharging direetly from the test sec~
tion into the pump and thence ground the circuit before
again entering the test section, It was thought that. this
type of circulation would elimingte any disturbances in
bhew fluid due e the action of the pump. bwt- it i=s now con-—
sidered that these precautions were not necessary.

The pump was of the positivc-displacement type made
by the Kinney Hlanufacturing Company.: It operates by the
rotation of an eecentric roller against a sealing vane.
The rated capacity at 600 rpm is 60 galloas per minute or
227 liters per minute. This type of pump construction
results in a slightly pulsating discharge that is undesir-
able because the pulsations appear in the optical obser-—
vations.

The pump was driven by a direct—-current motor that
was capable of a variagtion in speed up to double the rated
Speed Jof  the ‘punp, The motor was Tated at 12 horsepower
at 1200 rpm, but for most runs less than 1 horsepower was
consumed. Pressure measurements made on opposite sides of
the pump lndicabted that a differential .of up . 50 .0+2 kiloe..
gram per square centimeter was sufficient to.circulate
the fluids
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The pipe system'was first plated horizontally, but
the .removal of air after npening the system was difficult
and the vertical position was adopted. 'The vertical posie-
tion possesses the-advantage of a-horizontal light bean
and consequently greatér easc of observation. .

In order to maintain the ligquid in the system at a
pressurc above atmospheric at all times, it became neces—
sary to provide a standpipe, at the top of which was placed
an air valve through which compressed air could be intro-
duced, Leakage of fluid from the system was negligible
but air intake at the pump packing and around Jjoints be-
came objectionable unless the air pressure was maintained
at about 5 pounds, As will be noted later, this air tend-
ed .to collect on the downstream side of certain test spec-—
imens and disturbed the flow pattern in the neighborhooc.

Inasmuch as the fluid enployed is an excellent sol-
vent for many materials, it was necessary to take precau~
tions to prevent contamination. Paint presents a hazard
in this connection as does graphited packing in the punp
bearings,, ‘When contanination results, 1t 'is necessaryito
resort to distillation bocause filtration is not adequate,
Purification therefore results in the loss of the solute
and a-egignificant amount of solwent.

ASdicibail of the test section is shown 1un fisure 83
I consigtied of a . channel 1 dinch wide and § iInchestideep,
having quadrant-shaped entrance walls. The channel main-
tains its width for a space of about 3 inches and then
slowly diverges. The observation windows on opposite
sides of the section are made of %—inch glass cenented in

place with Sauereisen cenent. The various rnodels were
supported by spring-loaded pins that seated in holes
drilled part way through the glass. This procedure eclin-
inated the necessity of removing the windows when it be~
camne necessary to change nodels, access to the test sec-—
tion being obtaincd by remnoving the adjacent pipe clbow,

The glass windows exhibited a slight doubdle refrac-
tion after drilling, which was evident as a slight light-
ening of the field in the neighborhoocd of the holes when
the test fluid was at rest. The cffecct was not sufficient
to cause appreciable distortion in the fringe patterns.

The optical arrangement, which is the conventional
layout for two-~dinensional photoelastic analysis, is shown
schemgtically in figure ¥I0. It involved a 100=watt, high-
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infensity nercury vapor lanp, the light becam fron which
was collinated by a lO~inch-diameter condensing lons., The
Fieht\ pagsed thirough .2 ‘polarizoer colsisting of a disk of
Polaroid and a quarter-wave plate, each 8% inches in dian-
eter, The energent circularly polarigzed light then trave
ersed the test section and was subsequently analyzed and
projected .into a camera., The problem of photography dif-
fers from that encountered in stress analysis in that a
thicker layer of sensitive naterial is being observed,
This fact renders difficult the use of an optical systen
having a large numerical aperturée with the acconpanying
shallowness of field:; for exanple, the best fringe photo-
raphs were taken with the systen focus‘d on the nedian
plane of bthe test section, For this setting, however,
the boundaries of both channel and nodel -werc blurred.
When the side of the teost scection ncarest the canera was
in foeusy the fringes were not eclear. This condition is
Pllvestraved in figure 11, The renody is obviously a field
lens of wery long focal length,  Such 'a lens nust be nade
biotlorder and was nobt available. 1In the present report a
conpronise was adopteds in most cases the sharpness in the
fringes was obtained at the expense of well—defined bound—
aries,

THE FLUID

As previously nentioned, the fluid enployed was a so-
lution of ethyl cellulose (Ethocel fron The Dow Cheniecal
Conpany) in ethylenc glycol nethyl ether acetate (Hethyl
Cellosolve Acetate from the Carbide & Carbon Chen. Corp.).
In quantities such as those enployed (15 gal or 45 liters)
the cost approxinated 50 cents per liter. An anount of
the solute necessary to raise the viscosity at roon ten-
perature to about 30 poises was added, The significant
nroperties of the fluild as actually used are as followss

Concentration, grams per liter 60
Speciflc gravity 0T
Absolute viscosity at 19° € 4 Dodises 30
Kinenatic viscosity 29 .4
Fringe value . 1,200

Specifiec fringe value © 36,000
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The heat generated by stirring action did not notice-
ably increase the tenperature of the fluid during oper-
ation, The roon-tenmperature fringe value (1200) is there=-
fore given, Because the sensitivity depends on the vis-
cosity, it decreases rapidly with rising teuperature and
at 60° C is approxinmately one-half its value at 260" g

Al ond ficant feature of fthis Hilkuid iis thak Btidees
netidevelap its principal axes of birefringence at 45° %o
the dircetion of flow., (See fig. 1l.) For infinitesinal
defornations the principal tension and principal conpres-—
gion direcctions make angles of 457 to the direction of
flow, This condition would be expected because such direc-
tions lie at 45° to tho dircction of naxinun shear, which
ds Ghe direction of flows, The test £luvid did nod jdeweiliop
its prinelipal axes of bircfringence in these directions
butb in dircetions corresponding tio a rotation of apprbxiss
nately 12° in the dircection indicated by the shcaring-
foree voctors.

The direction of tension therefore nakes an angle of
33° to the direcction of flow and the dircction of conpres—
sion nmakes an angle of 570 t'o the direction of- flow.  Reie
@remeéo to this effect will be nade later in connecetion
with sgome of the interference patterns.

5|

THE RECTAIIGULAR CHANNEL

k

Measurenents were first made using the test section
alones, ZFringe patterns of this condition are shown in
thsures k2 to 14, TFigure 12 represents the flew at a. puEp
speed of 165 rpn, the flow being at the rate of 62.5 liters
per ninute. Figures 13 and 14 were taken at the rate of
142 and 234 liters per ninute, respectively. It will be
observed that the fringes tend to becone equally spaced a
short distance down the channel. This spacing indicates
8 manERern. rete of variation in. the velocity gradient lamd
hence a uniform acceleration of the velocity fromn the cen~
ter of the channel to the walls, which is the well~known
parabolic velocity distribution., Since the maxinun veloc—
Toye sy b B  tines the awerage velocibyy it J& cacyibogecoiis
pute the sensitivity of the fluid as a check against the
original. ealibrator datag for exanple,

2y

Let i

bhe the discharge in cublie cenbineficrs ped
second
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Letw a i1be the halfewidth of the channel in
centineters

Let t ©De the channel depth in centimeters
Then the average velocity will be
Vggoom Hiadt
The maximum velocity will then be

Vioax = 3W/4at

The equation representing the velocity distribution can
be written

V = 3W/4at - 3Wx~/4a°%

The maxinun velocity gradient will occur at the boundary
where X = a and is given by

2
dv/dx = ~3W/2a° ¢
The basic equation of the photoviscous effect is
dv/dx = CN/t

where C 1g the photoviscous scnsitivity and N is the
fringe order, Hence at the boundaries

3W/2a°t = CH/t
or

C = 3W/2a°N

For exanple, in figure 14 the value of W is 4860
cubic centineters per second, the value of a is 1,27
centineters, and the value of N appears to be approxi-
EaGie iy '8 BNt Ast g result € ‘has a velue of 1200, A dore
accurate deternination mnay be nade by subjecting the nege-
ative to exanination in a-microphotoneter, which accurate-
ly neasures the position of the fringes. Such a record
is showa in figure 15, Fringe positions from this record
are shown in figure 16, OCalculations based on this spac—
Tng imdleate a wvalue of 1180 for O©.

The open channel illustrates the anofalous behavior
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f the test medium with regard to the direction of polariz-
ation. If the principal axes of polarization developed
within the fluid lie at 45° to the direction of flow, then
no light would be expected to be transmitted if the plane
polarizer and the plane analyzer are placed in correspond-
ing positions. TFigure 17 shows the fringe pattern for
this case, it being evident that light is transmitted. If
the polarizers are rotated so that one or the other lies
at 33° to the direction of flow, however, the condition
for extinction is satisfactory for a part of the flow,
Figure 18 shows this situation. It is impossible to ex-
tinguish both sides of the channel at once because oppo-
site rotations are necessary. A rotation of 12" from the
45° position in the opposite direction would have caused
extinction over the other half of the channel,

THE CYLINDER

Figures 19 to 21 show the pattern resulting from the
presence of a cylindrical obstruction to the flow. These
photographs were taken with circularly polarized light,
the rate of flow being 60.5, 91, and 147 liters per min-
ute, respectively. The compromise between sharp fringes
and sharp boundaries is here quite evident, sharp bound-
arics having been sacrificed to obtain sharp fringes.

Figure 22 shows a tracing of figure 20 in whichthe
fringe order is indicated. It will be observed that a
zero fringe occurs at five points within the pattern,

The region of highest fringe order is, of course, that
where the viscous drag is highest; thesc regions arc nat-
urally found on the sides of the cylinder and on the walls
sppositc the cylinder, It is intcresting to notice that
the effect extends over a length of the channel well equal
to approximately twice the cylinder diamcter.

With this «cylindrical model there was a tendency for
air circulating in thc system as bubbles to become at-
tached to the trailing edge of the cylinder, The tiny
black space having the shape of an arrowhead is this ac-
cretion of air., After prolonged operation at high speeds
the size of the air space approached that of the model
itself, The effect could have becen avoided by the elimi-
nation of air from the system; but the elimination of air
would have required better methods of sealing than were
enplleyedss  The flow pattern around the cylinder is, of
coumsc) affected by this factors.



W NACA Tocanical Fote No. 841
THE STRUT SECTION

Hisnpes 285 torn 26 ' show: the results of subsbituting o
section of a streamlined strut for .the cylinder. The
sequence of phenomena is the same as before; the rates of
discharge are, however, 56.7, 89, and 182 liters per min-
ute. As would be expected in this instance, there is
less total disturbance in the flow.: - For g more detailed
analysis of the flow figure 22 may be compared with fig-
ure 26, both of which are tracings of the fringe pat-
terns at practically the same rate of discharsge.

CALCULATION OF DRAG

The viscous drag forces.on an immersed body depend
upon its area, the velocity gradients over its surface,
and the viscosity p of the fluid in whick the body is
immersed,

Total forcc = p j/)grad V cos 6 dA

where cos 6 is the angle betwoen the drag force at a
particular point on the.surfacc and the total force ex-
erted on the shape,

A deveclopment of the boundary of the scction shown
in figure 23, starting at the leading cdge, is shown in
figure 27. The upper curve in the figurc represcnts the
fringe order, and thercfore the velocity gradient, at all
points, The lower curve takes into account the anglc besw
tween the tangent to the boundary and the resultant drag
forces The velocity gradionts plotted as ordinates are
tho products of the gradicnt and cos 8, The integral
around the shape gives thec arca under the curve and,. when
multiplied by the viscosity, gives thée drag. The values
arc as follows:

Length of developcd boundary,
centimeters 6.04

S &rad V cos 0 dA, sqguare conti-

meters per second ) . 7040
Viscosity, poises : SO
Drag (frictional), grans 215
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The gradient is obtained simply as the product of the
franse order at each point and the fringe constant .of the
fluld fox. the thickness employed. In this-case :a veloc
ity gradient of 93 centimeters per second per centimeter

‘corresponds -te a fringe order of unity.

VELOCITY CALCULATIONS

In order to determine the actual velocities present
in various parts of the flow, the following procedure
may be adopted. OConsgider figure 16, which represents the
fringes in the central part of the .channel for the situa-
tion of figure 14, Assume -that.the velocity is zero at
2ll boundaries. Choose a path along which to integrate,
such as A-B. Divide this path into sections represented
by the intersections with the fringes. The velocity gradi-

. ent at the boundary is 371 centimeters per second per cen-

timeiticry A% The first interscction with zn innex fringel
the velocity gradient. becomes 279 centimeters per second
per centimeter. Over the first section of the path it has
an agverage value, therefore, of 325 centimeters per second
per centimeter. If this average value igs multiplied by
the length of the section, the result is the change in ve-
locity over the section., Since the velocity at the bound-
ary is zero, this change (added to zero) gives the veloc—
Ity at the end of the first section. 3By taking the aver-
age gradient over the second section, multiplying by the
length of the section, and adding the result to the first
veloeity, the veclocity at the end of the second secction

is obtained., Table III -shows the values obtainecd in this
waye. A check is provided by the requirement that, when
the opposite boundary is reached, the velocity must return
to zeroe Such integrations may be performcd over any
enrvediliine In the veloejity fleld. - If a closed eurveids
selccted that cencloses the model, the result will be the
circulation around thec model, an important factor dynam-
ieallim,

CORRE CTION FACTORS

Aside from the causes of error usually associated
with photoelastic experiments, there arc cortain effects
Peculiar to the use of fluid mecdiums of the type employed.
Whether thesc corrections are large or small depcnds
on the particular case under discussion, It might De
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suggested, however, that onec source of difficulty cncoun-
tered in clastic systcms is absent in fluid-flow mcasuro-
ments, namely, thc existencc of initial stresses. Whercas
these initial stresses oxist to a certain extent in all
photoelastic models, therc is no birefringence in a fluid
ab | Beistly

The anomaly in the polarization directions associated
with the use of certain test fluids has already been noted.
This irregularity actually introduces two types of correc-
tilote | Thesifdret is the 'simple rotation o; polarigzation
axes, which makes it necessary to add 8 Loer Istbrraich
57 from the polariger directions instead of the expected
45° in order to obtain the dircctions of flow. This rota-
tion of axes is not a significant feature and the angles
that mnust bPe used are always obvious,. :

The second correction arises from the same source but
rmust be considered more csrefully., With solid photoelas-
tie nodels it is comnmon to assume that the double .refrac-
tion observed along ahy particular direction of observa-
tion arises solely fron stresses lying in planes nornal
to this direction. The same is not true .of fluids as the
following example will illustrate, It is obvious that,
in the channel enployed in these tests, the velocity is
not constant throughout the depth of the section but must
becone zero at the inner surface of the glass .,windows.
Since the channel is decp as conparcd with its width, it
is probable that variations of velocity with depth are
confined to regions necar the windows, Consider figure 28l
Here the flow is shown from the side and an elenent of the
fluid| is showa lying in the rvbion wherein such a velocity
variation ig taking placc., This clement deforns into the
shape shown by the dott ed lines in the figure and the ro-—
sulting directions of polarization are indicatcd. . Be-
cause this is a purc shear, thc tension and the conpros-
sion are nunecrically equal; ang if the tension and con-—
pression directions wore at 45 to the direction of flow,
their projections normal to the light bean would cancel
each other., Inasnuch as the conpression will actually
pro ject shorter than the tension, the projections do not
cancel and a roesidual tension renains. This residual ten-
sion introduccs an additional doublec refraction, which
is added to that produced by the velecity gradients nornal
to the light direction. This effect is illustrated in
figure 29, which shows the factors producing double re-
fraction along the light bean,
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This correction will alter the interpretation of the
fringe patterns to a certain cxtent, For exanple, in the
casc of the cylinder and strut when photographed with cir-
cularly polarigzed light, the channel nay be crosscd with-
out encountering a zero fringe, Thig condition is in-
posgible for obvious reasons, If proper .correcction is
nade, the zcro fringe should extend throughout the chan-
nel, dividing to pass the obstruction, This situation
has becen found to be truc,

Several nethods may be used to overcome the difficulty
nentioned., Two fluid systemns having the same velocities
and shapes but different depths night be superinposed.

If the two flows are in opposite directions the end effects
will cancel, leaving 2 single effect due to 2z channel of a
depth equal to the difference of the two, Probably the
best solution is to utilize the scattering nethod of analy-
g1 (See reference 7.) Here it seens nost convenient

to introduce a source of polarized light within the nodel,
This source nay be obtained by projecting a bean of un-
polarized light throuzh a slit into the test section so

as to illuninate a planc scction notrmal to the direction

of observation, If this plane scction were so chosen

that it lay above the region in which the difficulty
arisesy a part of the disturbance would be reneoved,

CONCLUSIONS

The investigations carricd out on the photoviscous
propertics of flulds scen to indicate that it is entirely
practicable to carry over into fluid-flow studics the
techniques of photoclasticity. The nost satisfactory flu-~
ids found to date are solutions of certain organic natc-
rialss Thesge natieriels sccn to be Hhoseor characterized
by a comnplex molecular structurc, which is not rigid but
which is capable of considerable distortion in viscous
shear., The high viscosity of the wresent fluids leads to
abnornally low values of Reynolds nunber for mnodels of
roasonable size, but this difficulty can be corrected if
bettor working nediuns arc found., Work ig being continued
in ghdel direction,

The necasurencnt of velocity gradients is carried out
by precisely the sane toechniques as arc enployed in the
photoelastic procedure, The deveclopuent of polarizing
axes at angles other than 45° to the dircction of flow
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introduces end corrections that are reduced as the aspect
ratio of the test channel is increased. It is probable
that these end corrections can be completely evaluated by
the use of scattered-light sources,

The investigation of three—~dimensional-~flow problems
apparently offers no special difficulties and will be
studied at An early date.

State College of Washington,
Puildiman oifllaishe o April 7941,
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TABLE

1

MATERIALS TESTED FOR PHOTOVISCOUS SENSITIVITY
Material Sensitivity

Cottonseed oil

Halowax oil

Gelatin (Knox) 0.035 gram/cc
Gelatin (Knox) 0.07 gram/cc
Egg albumen

Sodium silicate

Gum acacla in water

011 of sassafras

¢1l of ciltronella

0il of anise

011 of eucalyptus

01l of amber

011 of pine

Sperm oil

01l of cedar

5> 011 of Juniper

0il of almonds

Neat's=-foot oil

Cod-liver oil

011 of balsam

Fish oil

Resin BV-10360 (Bakelite)

Resin BR-thO Bakelite)

Resin BR-48-306 (Bakellte)

Resin BR-41-001 (Bakelite)

Resin B-l (XR-7L28) (Bakelite)

Beta glucose penta-acetate

Vinyl acetate polymer 1ln monomer

Styrene polymer in monomer

Resin L-1111-39 (XR-13936)

Acrawax B in mineral turpentine

Diglycol laurate (Glycol)

Diglycol stearate in ethamol (Glycol)

Abopon (Glycol)

Polyvynal butyral resin in
ethanol (duPont)

Polyvynal butyral sheetins in
ethanol (duPont)

Negligible 3
Neg. 9
Good
Good 9
Neg. 0
Neg. L1
Neg. 2
Neg. i
Nee. UL
Neg.
Neg.
Neg. L5
Neg.
Neg.
Neg. L6
Neg.
Neg. L7
Neg.
Neg. L8
Neg.
Neg.
Cloudy L9
Fair
Not tested
Neg. 50
Falr
Neg. 51
Poor
Good be
Neg: 2
leg. P,
Neg. 52
Neg. P,
Neg. 5
5
Fair
59
Fair

Material Sensitivity
Vinyl acetate in ethanol(duPont)Negligible

Methyl methacrylate 1ln ethanol
(duPont)

Polyvinyl alcchdl In water (duPont)

Resin R-3525 (duPont)

Zein in carbitol

Korolac (Goodrich)

Sesame o1l

Methyl cellosolve acetate with
cellulose acetate and butyr-
ate 160 (Kodak)

Methyl cellosolve acetate with
cellulose acetate and butyr-
ate 381 (Kodak)

Methyl cellosolve acetate with
cellulose acetate (Kodak)

Dimethyl phthalate with
cellulose acetate (Kodak)

Dimethyl phthalate with cellu-
lose acetate and butyrate
160 (Kodak)

Dimethyl phthalate with cellu-
lose acetate and butyrate
3281 (Kodak)

Methyl cellosolve acetate with
cellulose ether (Kodak!

Dimethyl phthalate with
cellulose ether (Kodak)

Polyvinyl acetate (Monsanto)

Polyvinyl formal (Monsanto)

Polyvinyl butyral (Monsanto)

Cellulose acetate (Monsanto)

Cellulose nitrate (Monsanto)

Polystyrene (Monaantod)

Phenol=-formaldehyde syrup
(Monsanto)

Ethyl cellulose (Monsanto)

Poor
Neg.
Neg.
Neg.
Falr
Neg.

Fair

Good
Good
Good

Good

Good
Good

Good
Good
Poor
Good
Good
Good
Good

Fair
Good
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TABLE II
FRINGE VALUES OF LIQUIDS USEFUL IN ENGINEERING
APPLICATIONS OF PHOTOVISCOSITY

Fringe “Viscosity at Specific
Material value room temperature | fringe value
(poises) gz
50 O:1 methyl cellosolve acetatewith 550 o7 56,0600
cellulose ether (Kodak)
51 16:1 dimethyl phthalate with 560 7% 40,000
cellulose ether (Kodak)
L7 12:1 dimethyl phthalate with 1500 79 118,000
cellulose acetate (Kodak)
with
48  1l:1 dimethyl phthalate/cellulose| 2700 Iy 118,000
acetate butyrate 160 (Kodak)
29 Polystyrene in styrene monomer 4J;00 23.l 10l,000
(Bakelite)
TABLE III
VELOCITY CALCULATIONS
Average fringe Average Length of Velocity Velocity at end
Section order over velocity section change of section
section gradient (em) (cm/sec) (cm/sec)
: (cm/sec/cm)
1 3. 325 0.3%6 109 109
2 2.% 232 <336 779 186.9
1.5 1&9.5 .306 uz.z 229.6
ﬁ 5 6.5 <336 15. 2l5.2
5 5 -146.5 <336 -15.6 229.6
6 1.5 ~139.5 o5 % -%9.& 180.2
2.5 -252 03 = 005 3909
g 3.25 -502 ol 8 -5607 5.2
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Figure 2.- Device for measuring photoviscous birefringence.
Windows in the outer cylinder permit the light

to pass through.




Figure 3.-
Apparatus
for

measuring
the
photoviscous
sensitivity
of lioguids.
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Figure 4.- Apparatus for measuring the photoviscous
sensitivity of liquids and liquids tested.

Fig. 4
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Figure 7.-
S8chematic
diagram of
photoviscous
test
equipment.
Circulation
of the
fluid is
clockwise.

Standpipe

Test| |section

v

Pump

ik
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Condensing 1lens
Polaroid

Quarter-wave plate

Test section

Quarter-wave plate
Polaroid

Projection lens
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Figure 10.- Schematic diagram of the optical system.
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Figure 8.~ General view

of apparatus.

Figure 9.- View of test section in which models
were placed, the strut model is in
the channel.
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Figure 1l.- Fringe photograph taken with

the camera focused on the
near side of the test section showing
blurred fringe pattern.

Figure 12.- Flow pattern in the unobstructed
channel. Discharge rate, 62.5
liters per minute.
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Figure 13.-
Flow pattern
in the
unobstructed
channel.
Discharge
rate,

142 liters
per minute.,

SR B T

Figure 1l4.-
Flow pattern
in the
unobstructed
channel.
Discharge
rate,

234 liters
per minute.
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Figure 15.- Photomicrographic trace of the negative of fig. 14, which
represents the variations in the density of the image across

the uniform portion of the flow. Increasing ordinates represent 1ncrasing

transmission, that is, dark fringes in the channel.
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Figure 16.- A tracing of the center lines of the fringes
of fig. 14, showing nearly uniform spacing
resulting from a parabolic velocity distribution.




Figure 17.-
Fringes in the
unobstructed
channel

taken with
plane-polarized
light. The
polarizer

and the
analyzer

are placed
with their
axes at 45°

to the
direction

of flow.
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Figure 18.-
Darkening

of half

the channel,
resulting
from placing
the polarizer
at 33° to
the vertical
and the
analyzer at
339 to the
horizontal.
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Figure 19.- Fringe pattern resulting from the

placing of a cylindbical obstruction
in the channel. Discharge rate, 60.5 liters per
minute.

Figure 20.-~ Fringe pattern resulting from the

placing of a cylindrical obstruction
in the channel. Discharge rate, 91 liters per
minute.
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Figure 23.~
Fringe
pattern
due to the
atreamlined
strut
section.
Discharge
rate, 56.7
liters per
minute.

Figure 21.- Fringe pattern resulting from

the placing of a cylindrical
obstruction in the channel. Discharge rate,
147 liters per minute.
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Figure 24.-
Fringe
pattern
due to the
streamlined
strut
section.
Discharge
rate, 89
liters per
minute.
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Figure 25.-
Fringe
pattern
due to the
streamlined
strut
gsection.
Discharge
rate, 182
liters per
minute.
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Developed contour

Figure 27.- Development of the boundary of the strut section shown
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Figure 28.- Velocity distribution through the
depth of the channel showing
the decrease to zero at the windows.
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Fig. 29
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Figure 29.- Sources of double refraction in the channel.




