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CHA PTER I

INTRODU CTION

1.1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Most na tu ra l  and a r t i f ic ia l  fluid f lows  are charac4 erized

by tu rbu lence  tha t  causes large energy losses due to the  rap id

mixing of the fluid’s momen tum (Tennekes and Lumley , 1972).

These energy losses can increase the power requirement and the

operating cost in a fluid system. For example , mos t of th e power

required to propel a ship through the ocean (at speeds well

below the hull design speed) is dissipated by the excessive

transport of momen tum in the tur bulent boundary layer that

exists next to the ship ’s hull (Lumley, 19614a). This power loss

¶ limits the range and payload capabilities of the vessel.

Similarly, the pressure drop along a pipe through which a

turbulent flow occurs is much greater than it would be if the

flow were maintained in a smoo th, or lam inar, condition. ‘his

pressure drop increases the pumping cost and limits the pressure

and rate of flow in the system. Until 19L48, little could be done

to reduce these energy losses. However , at that t i m e , B. A. Toms

observed that when he measured the friction coefficient of a

dilute solution of poly(methyl inethacrylate) in

monochlorobenzene (0.25% by weight) in turbulent flow through a

pipe (see Figure 1), at a crit ical shear stress (same as

_  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -_
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Reynolds number in Figure 1), friction was reduced to 50%

compared to the pure solvent. This anomalous “phenom enon

observed only in non—laminar flows” (Tons , 1948) has come to be

known as the Tons Phenomenon . Since 1948, many other

com binations of polymers and solvents at trace concentrations

hav e been found to produce appreciable reductions in turbulen t

drag (see lis ts in Hoyt and ?abula, 1964) . These polymer syst=nls

are generally inexpensive , nontoxic , and biodegradable , making

them extremely attractive for military and commercial use. In

particular , full—scale trial runs of a 140—foot coastal

mineswee per , H.M.S. HIGHBTJBTON, showed a 12.7% reduction in

ship resistence to the water when polyme rs we re ejected from

slots in the ship ’s hull near its bow (Canha m , et al., 1971). In

like manner , the New York city Fire Department has also taken

advantage of the drag—reducing property of poly(ethylene oxide)

in its Rapid Water Development Program . By injecting the polymer

in the discharge side of a fire pump, the flow ra te in a 2 1/2-

inch hose has approached that in a 3 1/2-inch hose. In this way

the polymer additive has enabled firefighters to use fire hoses

that are lighter , more mobile , and smaller in diameter than

usual (d ough , 1973). Different polyme r additives have also been

extensively used in oil pipeline technology as well (Pam , et

al,, 1967, Melton and Malone , 1964). The most important result ,

howe ver, from these different polymer additives that demonstrate

the Toms Phenomenon has been a source of much interesting
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scientific research regarding the nature and structure of

tur bulence , itself .

1.2 Surve! of Research

The study of the reduction of dra g by polymer additives in

turbulent fluid flow that spans almost three decades (Hoyt ,

1972; Lumley, 1969 ; both have extensive reference lists) has

greatly added to a deeper understanding of the fundamental

principles of turbulent flows and polymer additives in nature

and in their industrial applications. A joint effort of chemists

and hydrodynamicists has been necessary to begin to explain the

comple x interaction between macromolecules and turbulent flows .

These efforts have led to many explanations of this phenomenon.

B. A. Tons (1948) and J. G. Oldroyd (1948) , bo1~h suggested

that reduction in drag was caused by a “wall effect” . They

postulated that a shear-thinning wall layer of fluid near the

wall caused low viscosity and allowed lower friction

coefficients than in the pure solvent in similar flows. Later

ex per iments have shown (Hoyt and Pa bula , 1964; P:uitt and

Crawford , 1963), however , that the viscosity of the solution

remains essentially constant in solutions of concentration where

reduction of friction occurs. Also, rheograms of solution of

p o l y ( e t h y l e ne ox~. ’e) and of guar showed by conventional

measurement that these solutions were not shear-thinning but

were (in this respect) Newtonian and yet still good drag-
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reducing agents. Lumley (1964b) further demonstrated that

turbulence cannot be appreciably affected by shear-induced

cha nges in viscosity because inertia would dominate any viscous

changes.

Elata and Poreh (1966) proposed that differences in normal

stresses due to nonisotropic viscosity reduced the transfer of

momentum in the turbulent boundary layer and could be a

mechanism for re ducing frictional drag . Differ ences in norm al

stresses have been measured (Metzner and Park , 19614; Gadd , 1965)

in some polymer solutions, but Gadd (1966) has shown that

solutions of polyacrylamide and of guar d o not have mea su~eable

norma l stress di ~e~~ nces although the additives reduce friction

in turbulent flows. Gadd concluded that there is no obvious

correlation between normal stress differences and drag-reducing

effects in polymer solutions.

One of the most promising of the ex p lanations, howe ver , has

been to consider the macromolecule s as being able to change

shape elastically in the flow. Tulin (1966) postulated that the

molecules would extend in the shear direction , thus, providing a

stiffening effe ct to the flow and absorbing ener gy from the

turbulent eddies; the energy would be radiated awa y in elastic

shear waves that are damped by the solution ’s vi scosity. Tulin

suggested that the ability of the polymer molecules to dissipate

energy could account for the decrease in turbulent intensity

and , hence, the reduct ion in drag. Gadd (1965) , likewise 

--.~~~-—--- .~~~~ --., .--— . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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conceived the macromolecules as relat ively flex ib le chains

having a spring—like nature that would make the fluid

viscoelastic and thus affect the turbulence. Gadd , how ever ,

hypothesized that the mechanism of drag reduction doe s not

dissipate turbulence but reduces turbulent production.

Experiments, in fac t, have shown (Bilgen , 1971) that there is a

decrease in the population of small eddies in polymer solutions.

Most importantly, however , Lumley (1969) and Peterlin (1970)

have suggested that the most relevant mechanism is the actual

change in relative size of the molecules in a fluc tua ting strain

rate field of a turbulent flow. This extension of the molecules

would provide a mechanism of the correct order of magnitude to

account for the large effects of drag reduct ion (of order one)

observed at dimensionaless concentrations many orders of

magnitude less than unity. Lumley (1973) postulated that a’ a

threshold shear stress, the rapidly changing rates of strain

would cause the macromolecules to become extended , depending on

concentration. The expanded molecules would then increase -he

effective viscosity of the solution and damp out the small

eddies. This would lessen the Reynolds stress in the turbulent

buffer layer and delay the reduction of the mean profile slope ,

causing an overall thickening of the sublayer. These changes

would then account for the large anomalous reductions in

turbulent frictional drag. As yet , however , there have been no
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direct observations of the molecules as expanded to the extent

predicted by Lumle y ’s explanation of the drag—reduction process.

1.3. ~u~2ose of the Investi9ation

Direct measurements of changes of molecular size of

polymers in dilute solutions in simple shear flow have show n

only a disappointingly small amount of stretching (Cottrell , et

al., 1968 , 1969, and 1970). However , Lumley (1972) has shown

that no significant expansions of the polymer molecule should

occur because in sim p le shear flow the vor ticity and stra in ra te

are equal and the molecules tend to rotate too fast past the

princi pal axis of strain rate for the molecules to stretch. In

general, howeve r , tur bulent flow contains all com binations of

vorticity and strain rate so that a significant portion of the

flow will be sufficiently rotation-free, to allow molecular

stretching (Lumley, 1973, 1976) . Based on this fact , the presen t

investigaticn was to determine the elongations of the polymer

molecules in a relatively rotation—free , pure straining flow a’

a strain rate abov e the threshold value to confirm the existence

of molecular stretching as a possible drag-reducing mechanis m

The investigation consisted of measuring the intensity and angle

of light scattered by the polyme r molecules in ~n aqueous

solution as they passed through a thin bean of light normal 4-o

the centerline of a two—dimensional contraction used to produce

the irrotational , pure straining flow. The intensity and angle 
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of diffracted light from the molecules in the strained and

unstrained state were measured by a recording goniophotometer at

five different positions along the centerline of the

contraction. The rate of change of intensity with angle was then

used to determine graphically the elonga tions of the polymer

molecules. The poly (ethylene oxide) molecule was used

exclusively as the polyme r agent and was assumed to obey ‘he

Oldroyd equation (Oldroyd , 1950; Giesekus, 1962; Lualey , 1971;

Gatski , 1976) to a first approximation for a theoretical

com parison. 

- . . -~~ ~~~~~~~~~~~~ ~~~~-~~~~ ---



CHAPTER II

THE ADDITIVE , THE CONTRACTION , AND THE GONIOPHOTOMETEP

2.1 ~~~~~~~~~~~~~~~~~
There are many polymer—solvent systems that demonstrate

app reciable reduction in the ef fects of friction; however , on ly

aqueous solutions of poly (ethylene oxide) were considered in

this  inves t igat ion because f r ic t ion  reductions of up to 75% h ave

bean measured (Fabula, 1965) in such solu tions, making

poly(ethylene oxide) one of the most effective drag-reducing

agents known to date and a standard material for studies of

reduced turbulen ce. This high—molecular weight , nonionic

molecule has a sim ple linear structure (see Figure 2) that is

ex tremely flexible, and is comple tely soluble in wa ter and many

other solvents.. Poly(ethylene oxide) is also biodegradable ,

making it easily disposable. For this study, the polymer was

obtained from the Union Carbide Corporation Chemical and

Plastics Division, N ew York , under the trade name POLYOX WSF3O1 ,

as a white granular powder. Only small amounts (about 25 pounds)

were purchase d at any one time to eliminate any degrad at ion or

contamination of the polymer sample.

The polymer was carefully mixed (see Chapter 3) wit h water

to form a solution in which the isolated , unstrained

poly (ethylene oxide) molecules were assumed to take a random-

walk configuration ; that is, the molecules form tangled ,

_ _ _ _ _ _ _ _  _ _
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“cotton-like ” balls (see sketch (a) in Figure 3; an effective

mo lecular diameter can be assigned fr om the li ght-scattering

data) . Under the straining action of turbulent flow , these

“cotton-like ” balls (filled mostly with solvent) tend to be

stretched along the axis of principal strain rate because they

are elastic and in general  do not fol low the  f l u id  mot ion  (see

sketch (b) in Figure 3) . As the  molecules e x p a n d , two forces

begin to ac t on them (Lumley, 1976) : a drag force, produced by

F the relative flow of the medium over various parts of the

molecule , and a restoring force, due to thermal aaitation of the

mclecule. The latter acts like an internal spring force that

tries to return the molecule to its original spherical shape.

When the strain ra te is large enough, the dra g force overcome s

the restoring force, an d the molecule ex pands.

The restoring forc e is measur ed b y the term inal relaxa tion

time , T, which is the time constant for the molecule to return

exponentially to spherical symmetry. If S is the strain rate,

complete expansion in a steady flow takes place when 2ST first

€xceeds unity (Lumley , 1972) . This strain rate is called the

critical straii. rate.

The drag force , due to the relative motion of the fluid

past the moiecules, represents a source of energy dissipation.

Th is fric tional ener gy loss appear s as an increa se in the

effective viscosity of the solution (Debye , 1946) . This change

in viscosity of the solution alters the ene rgy balance of the
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turbulent flow such that there is a reduct ion in drag (Lumley ,

1973)

2.2 The Contraction

The degree of strain experienced by the polymer molecu les

in a given flow field depend s upon the relation between the

molecular relaxation time and the characteristic strain rate of

the flow field (Peterlin, 1966) . It is essential that ~he time

scale of the flow an d the internal time scale of the mo lecules

~e of the same order of magnitude to allow interaction and leave

the molecules aligned long enot~gh with the axis of principal

strain rate to produce sufficient stretching to account for the

large drag-reducing effects.

Lumley (1972) has shown that significant molecular

expansions should occur in a two—dimensional laminar flow if the

molecules remain aligned with the principal axi s of strain rate

for a period of the order of the relaxation time. Such a flow ,

however , requires the fluid to be sufficiently free of rotation

to allow the molecules to experience the strain long enough for

extensthns to occur. Figure 14 shows the criterion for molecular

expansions in such a two-dimensiona l flow. The hyberbola ,

± 
/s2 — ~~ = ~~~~~, is the threshold permitting an infinile

ex pansion of the molecule in a steady, two-dimensional flow

field. Unbounded expansion can only occur above the upper , or

be low the lower , branch of the hyberbola. Between its branches, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the vorticity is too great and the molecules rotate ~oo quickly

past the direction of maximum strain rate to allow unbounded

stretching of the molecules.

To confirm the existence of sizable elongations of the

m olecules it is therefore necessary to have a flow field that

can approach the criterion. The simplest flow field is one where

the fluid is irrotational and the fluid particles only

experience a pure straining motion. Such a flow field is

pro duced in lamina r flow along the center line of a symm etric,

two-dimensional contraction with the boundary co-ordinates

derived by XY = constant. The strain rate is also constant , and

the velocities are linearly proportional to the distance from

the origin. Figure 5 shows the flow contraction used in this

investigation . The contraction boundary is given by XY = 0.08,

and the flow area is divided into three regions: a four-inch

inf low re g ion, a one—inch contraction region , and a three-inch

out flow region. The inflow and outflow regions are nece ssary to

insure uniform entrance and exit conditions. The entire flow

appa ratus is made of 3/16—inch thick , anodized aluminum clamped

by plexiglass strips to two , 1/14—inch pyrex glass plat~ s

selected to withstand the pressure and allow clear passage of

the diffracted light beam. The aluminum was anodized to

eliminate any reac t ion wi th the polyme r solution and also ~o

provide a smooth surface at the walls. One pyrex plate was glue-~

to the aluminum by a commercial epoxy to maintain the shape of
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the  contract ion.  The othe r pyrex glass plate was s imply c lamped

by plexiglass st rips and could be easily removed f o r  c l e a n i n g

the contraction between test runs . The glued pyrex glass plate,

however , cracked due to out—of-the—plane stresses, so that it

was necessary to glue a thin aluminum plate to the outside of

the glass for support. A slot was machined in the plate in the

area of the contraction to allow passage of the scattered

optical beam. The plate was finally painted flat black to reduce

any background scatter or secondary reflect ions (see Figure 5).

2.3 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The d irect measure ment of th e size of the polymer molecu le

in the strained and unstrained state presents a challenging

task. The task consists of measuring extremely small particles

that have a relatively low refrac tive index , occur at tra ce

concentrations, and are moving at relatively high flow

velocities. In such a system , th e suspended molecules canno t he

clearly resolved. However , there is a simple light-scattering

technique , based on established principles of light diffraction ,

that is well adapted for the characterization of such a

difficult system (Sloan, 1953) . The method has an important

advan tage for this study because the information that is

obtained is relatively independent of both the refractive index

and the concentration. It is also able to give size and size

distributions over the important range of radii from 0.1 microns
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to 100 microns in either a flowing or static system. The

technique is an application of a theory proposed in 1908 by G.

Mie that describes the angular refraction of light from

nonconducting spheres in a medium. The method employs the

principle that a given rate of change in intensity occurs with

angle of scattered light from a given particle size. Figure 6

shows a schematic plot of intensity versus angle of scattered 
I

light for different relative particle sizes. If a particle is

much smaller than 0.1 microns (marked “sma ll” on the graph) the

scattering of light is independent of angle of scatter , except

for the polarization effect near 9G °. At about 0 1 mircrons and

lar ger , the scattering of light varies inversely with the

particle size so that the rate at which the light intensity

changes with angle can be used to determine its size. To

illustrate this effect further , Figure 7 shows the effect of

size and size distribution on the light—scattering curve. The

figure schematically shows the scattering behavior to be

expected of spheres of different sizes by using the Rayleight-

Gans scattering equations, which are a useful approximation for

the complete Nie theory treatment (Sloan , 19514; Arrington ,

19514). For a particle of 1.0 micron radius , the drop in the

logarithmic intensity curve becomes shar p at about 10 0 . For j
lar ger par ticles , this characteristic drop-off occurs at smaller

and smaller angles; e.g., at 1° for 10 micron particles , 0.1°

for 100-micron particles. The difference in the heights of the

_ _ _  —--rn-~~~~- ~~~~~~ -
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intensity plateaus for the different particles serve to

illustrate schema t ically the d ifference in a bsolute intensity of

the scattered light produced by particles of different sizes.

The most impor tant fact is that the angular position of the

characteristically steepening slope is determined by the size of

the scattering particles (Sloan , 195U) . The effect of a marked

change in the concentration of the scattering particles is also

illustrated by the brcken lines showing the scattering obtained

from lower concent rations of the same size pa rticle.

While information about size can be obtained from the

angular position of the knee in the log I versus log 0 curve of

Figure 7, the curve is ev en more informative if th e constant

intensity lines are g iven a pronounce d negative slo pe, such as
2-2~ 0 (Sloan , 1954). This is done by plotting log 10 versus

log B , giving a maxi m um in the curve at the angular position

charac t e r i s t i c  of the size. Hosem an (1950) sugges ted  this  me thod

of p l o t t i n g  the  da ta  for  a n a l y z i n g  X — r a y  expe r imen t s .  Since

then , A r r i n g t o n  (195 14)  has shown t h a t  the  ie 2 cu rve is

propor ional to the weight percent of the sample in a given size

range and has concluded that Hose ma n ’s me thod is also a useful

approximation method of analyzing light-scattering data to

obtain particle size and size distributions,. Figure 8

illustrates this advantage by plotting the information of Figure

7 in this manner. The curves of all of the different size

particles now have the same sha pe rega rdless of size. The 

--~~~ -- - - -
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positicn of the respective main maxima on the log ie 2 plo ts can 1:

be used to introduce a scale of sphere sizes along the abscissa

(note the inverse relation between size and angle). Further

experimental evidence (Arrington , 1954) has also shown that this

approach to interpreting the light—sc attering data is

satisfac tory f or not only mono disperse systems but also

polydisperse samples. This makes the method suitable for the

chara cteriz ation of the polymer molecules in so lutions used in

this study.

The development of a special semi—automatic , high-

resolution light-scattering instrument , produced by Leeds and

Northrup, Philadel phia , called a goniophotometer , great ly aids

the application of this method. The instrument is able ~o give

an accur ate, continu ous recording of intensity of the scattered

light from a given test sample at angles between 0.05 ° and 140 °

to the axis of the illuminating beam. A schematic diagram of the

instrument and optical system is given in Figure 9. A narrow ,

well-defined optical beam , produced by a Spectra Physics 50 mw

laser, is direct ed through a series of filters and slits where

the beam impinges upon the test specimen , which causes the light

beam to be diffracted and scatters light throughout the device.

The intensity of scattered light is then measured by a photo-

multiplier tube attached to a rotating arm that continuously

scans the pattern of scattered light at various angles and at

variou s scanning rates. Small angle light—scattering
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measuremen ts are ma de using slow scaning spee ds and narrow slits

for high resolution , while intermediat e and large-angle

scattering measuremen ts are ma de with progre ssively higher

scanning rates and wider slit wid ths. The intensities are

recorded and corrected for the solvent, then plotted on the log

lB 2 plots. From the plots, the data can be readily analyzed for

particle size and size distribution .

Ii ~~~~~~~~~~
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CHAP TER III

EXPERIMENTAL SET—UP , PROCEDUR E, AND RESULTS

3.1 
~~~~~~~~~~~~~~~~~

The experimental set—up for this investigation was a system

in which the polymer solution could be thoroughly mixed and

allowed to flow at a constant flow rate throug h the two-

dimensional contraction where light scattering was continuously

measured by a recording goniophotoineter surrounding the

contraction . The system consisted of a mixing tank , a

pressurized test tank , a smooth connecting pipe , a two-

d imensional contraction, and a goniophotometer , which includes a

high impe dance rec order and a laser li ght source (See Figure

10)

The 120—gallon , wooden mixing tank (see Figure 11) was

lined with a water—proof plastic lin er , which was replaceable in

case of a leak or excessive build—up of undissolved waste

polymer. All solutions used in the test runs were mixed in this

tank by a mechanical stirring unit located on top of the mixin g

tank. The mixer had a paddle made of two thin , metal blades

(18.0—inches by 2.5 inches) connected in parallel. The paddles

were designed to stir the solution at a rate (22 r.p.m .) that

woul d not break the large polymer chains. The mixing tank was

connected to the 120—gallon pressurized test tank directly below 

~~~~~~~--~~- -~~- -~~~~~- . .. - -—~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -~~~- -~~~---- -
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by a short length of 2 .0—inch  (I .D . )  galvanized pipe and a 2 .0-

inch gate valve .

The aluminum pressurized test tank (2.0 feet x 2.0 feet x

4.5 feet) had a reinforced plexiglass front that allowed

observation of the solution level at all times during the test

runs ~see Figure 12). The inside of the tank was painted to

eliminate corrosion of the tank by the polymer solution. The

(4.5 feet) height of the solution in the test tank and (2.5 psi)

pressurizat ion by a regulated nitrogen gas syste m combined to

give a total head large enough to produce the desired flow rate

through the two—dimensional contraction. The solution exited

from the tank under pressure through a smooth entrance piece

(see Figure 13) machined to follow the streamlines of a ~~~~

~~~~~~~ (Lamb, 19145). The smooth entrance piece was connected

to the lower face of the reinforced plexiglass front. A 2.0-inch

(I. D,,) ball value, attached to the smooth entrance piece, opened

and closed the system (see Figure 14). Both the entrance piece

and the ball valu e allowed the solution to remain laminar as it

flowed from the test -tank into the two—dimensional contraction .

A 5—foot long , 2.0 inch diameter (I.D.) plexiglass tube

connected the ball valve to the two-dimensional test =

contraction. The Reynolds number in the tube was about 680. This

value was based on the diameter of the tube and a solution

viscosi ty obtained from the definition of the intrinsic

viscosity of a pol ymer solution:

u = i.i~~(1 + c [n])

-----“--

~
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where c is the concentration ,p~ is the viscosity of the solvent,

p is the viscosity of the solution and [ni is the intrinsic

viscosity (taken as 20.0 d u g  for WSP 301 , see Virk , et al.

1967). At this Reynolds number , the short length of the tube

permitted the flow to enter the test contraction with a fairly

flat mean velocity profile.

A round-to-rectangular smooth transition piece (2.0-inch to

2.0 x 0.2 inches) connected the plexiglass tube to the test

contraction (see Figure 15). The contracting of the flow by the

transition piece occurred in a plane normal to the plane of the

two—dimensional test contraction.

The two-dimensional test contraction was bolted to the

smooth connecting tube by the transition piece and was

positioned inside the goniophotometer (see Figure 16) at 90° to

the light source (a He—Ne laser) . The test contract ion could be

adjusted slightly up or down to allow the light beam to strike

the centerline of the contraction (see Figure 17). However , to

move the beam along the centerline of the contraction , the whole

goniophotometer had to be repositioned for each location. The

downstrea m end of the contraction was flanged to a short length

of plexiglass pipe that extended through a hole in the wall of

the goniophotometer and emptied into an open drain .

The goniophotometer that surrounded the two—dimensional

contraction was extensively modified for the flow-through set-

up. The stationary test cell was removed and replaced by the 
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pyrex glass contraction. An adjustable mountin g table was

constructed to allow proper posit ioning of the test contraction

over the axis of rotation of the scanning arm and perpendicular

to the light beam (see Figure 18) . Holes were cut in the font

and bac k walls of the apparatus to permit the use of the flow-

through system. These holes were made light—tight by covering

the pipes with black paper and using black rubber flanges that

fit tightly to both the pipes and the wall of the

goniophotometer. The light source of the goniophotometer was

changed from a mercury—arc lamp to a Spectra -Physics model 125A

(50 mw ) He-Ne gas laser (see Figure 19) because the laser

produced a sharper , more intense beam of light han the lamp.

Finally, additional modifications were made to the recor d ing

system of the goniophotometer by replacing the origina l Leeds

and Northrup Speedomax Type G recorder wit h a high impedance

Briiel and !cjaer level recorder Type 2305 (see Figure 20). The

performance capabilities of the goniophotomete r were also

limited by the flow—through system. With the contraction and

connecting tubes in place, the scanning ran ge was reduced to 0
0

to 90°. However , scattering data was needed only from light

scattere d between 2 ° to 30°. The goniophotomneter was also

equipp ed with a series of neutral density fil ter s (see Figure 9

and 2 1) which coul d be used to control the intensi t y of the

incident light reaching the photomultipler tube by steps of two

over a range of as much as 73,000 but these filters were not

_ _  
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needed over the scanning range of 2° to 30° since the in tensi ty

of scattered light was low enough so that the necessary signal

attenuation could be done by the recording unit itself. These

filters were only used to measure the main beam intensity at 0 0

(see Section 3.3).

3.2 oced e

The procedure for this experiment was in two phases: the

solution preparation and the recording of the light-scattering

data. The same procedure was followed for five different

positions (.4 , . 6, .66, .75,. 85) measured in inches from the

origin (see Figure 5) along the centerline of the contraction.

Tw o com plete test runs were done at each position to con firm the

reliability of the light— scattering data. A complet e test run

included a water- control run , a still polymer solution run , and

a movin g po lymer s olution run. The moving runs we re perform ed at

an exit bulk velocity of 19.2 feet per second , giving a 2ST

value close to unity for the poly (ethylene oxide) molecule and

this contraction. Two complete test runs required 100 gallons of

polymer sclution.

The preparation of the polymer so lution consisted of mixing

two, 120-gallon batches of tap water and polymer at a

concentration of 1600 ppmw . These batches were mixed one at a

time in the mixing tank with the stirring unit. The

concentration for the two mixtures were determined as follows :

c = .2 lO
_ 6 

- - - -- ~ -- - --
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where , c is the concentration per million, w~, is the weight of

the polymer , and w
~ 

is the weight of the water . The proper

amount of poly (ethylene oxide) powder was weighed out and

all owe d to fall through a fine screen , a proc edure whic h

produced a small cloud of polymer particles inside the mixing

tank. The cloud was then dispersed and mixed into solution by a

fine but forceful spray of water before the polymer particles

reache d the surface of the wa ter in the mixing tank. In this way

the polymer partic les were comple tely d issolved , resulting in a

fairly consistent mixture each time. The solution was then

lightly stirred for two hours by the stirring unit. After

st i rr ing was comple ted, the first batch was allowe d to drain

into the test tank so that a second batch at the same

concentration cou ld be prepared in the same manner. After both

batches had been stirred, they were left to stand overnight so

that the polymer was thoroughly hydrolized . The resulting

solution had an opacity close to that of water.

Whe n the polyme r solution was ready , measurements of light

scattering were made with the goniophotomneter. The first

measur ements were taken for a still polymer solution . The ball

valve was slow ly opene d , which allowed the contraction to fill.

A butter-fly valve in the exit pipe was closed to keep the

- 

- 
solution fr om esca ping while a b leeder v a lve on the contract ion

was opened to allow the air to be pushed out of the system as

the contraction and connecting tubes filled with the polymer

~~~ 



_ _ _ _ _ _  --

23

solution. Once the system was full (ball valve closed) and all

motion within the system had damped out , the goniophotometer was

sealed and light scattering measure ments were taken by scanning

the patter n of light scattered by the still polymer solution

f rom 00 to 30°. Two scanning rates we re used to make this

measureme nt: a ra te of 4°/minute from O~ to 15 ° and a rate of

20°/minute from 15° to 30°.

The signal from the photomultiplier tube was recorded at a

constant rate (1.0 mm/sec) on a strip chart in real time. (For

more details see Section 3.3 and Figure 22.) The recorder

attenuated the signal at the sa me set ang les for all runs to

allow easy compari son of signal changes. The angle as well as

the intensity were recorded on the strip chart. The solution was

scanned twice to insure reliable results, and a third run was

made if ther e were large differences in the first two recor ded

patterns of scattered light .

Af ter the still polymer runs were comple ted da ta were

gathered for the moving polymer solution . For this run the test

tank was filled to the top and pressurized with 2.5 psi of

nitrogen gas. After pressurization was completed the ball valve

and the butter-fly valve of the exit tube were opened to allow

the polyme r solution to flow through the contraction with an

exit velocity of 19.2 feet per second (average bulk velocity) .

Air bubbles were released from the bleeder valve on the

contraction . The goniophotomete r was sealed and measurements of

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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light scattering were taken for two runs in the same manner as

for the still polymer solution. The second run was made by

refillin g the test tank and re pressurizing it to maintain -the

sam e bulk ve locity for both runs.

Once runs were com pleted for the still and moving polymer

solutions , the system was drained and washe d with clear ta p

water. The contraction was then disconnected from the system at

the flanges to the connecting tube and the exi t tube. The

disconnected test contraction was dismantled and was thoroughly

cleaned. After cleaning the contraction was plugged at both ends

and filled with clear tap wat.er. The filled con traction was then

sealed and reconnected to the system and measurements of light

scattering were taken with only still water in the contraction.

This water control run was made in the same manner as those with

the still polymer. When all the runs were completed for one

position, the goniophotometer was repositioned at the next

location and the entire procedure was repeated.

3.3 Results

Figure 22 shows a ty pical pattern of light scattering for a

still pclymer solution . The peak at 0° is the intensity of the

main beam maximally attenuated by the neutral density light

filters cf the goniophotometer. These filters reduce the

intensity by a fac tion of about 73,000 so that the

photomultiplier tube can record the full intensity of the main
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beam , a measuremen t necessary to determ ine the percent

transmission of the sample (this concept will be discussed

later). The rest of the pattern of light scattering was recorded

between 2° and 30°; this pattern was recorded without any

attenuating filters in the path of the main beam so that only

the recor der ’s attenuation was used to keep the signal in the

operational range of the recorder. Each step of attenuation in

Figure 22 is a reduct ion in the signal by 10 db . The range of

scan was chosen to give data only in the size range of the

poly (ethylene oxide) molecules (i.e., 0.2 microns to 5.0

microns) . Two scanning rates were used in making the

measuremen ts: 4°/minute between 0° and 15° and 20°/minute

between 15° and 30°. Also in Figure 22, the scattering pattern

for the water control solution (pure solvent) was traced on the

same chart to demonstrate the effect the polyme r molecules have

on the pattern of light scattering. The higher intensity of

light for any give n angle for the polymer solution compared to

the pure solvent is due to the presence of the poly(ethylene

oxi de) mole cules. The relative d ifferenc e between the tw o

signals is affected by the concentration of the polymer

sciution. Beca use the scattering cross section for a given

polymer molecule is small , a rather high concentration of 1600

ppmw was required to give a reliable difference in signals

between the two solutions. Such a high concentration would

--- —
- . 
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affect the behavior of the polymer in a drag—reducing turbulent

flow, but here there should be relatively little effect.

Once the patterns of light scattering for the water

control, still polymer solution, and moving polymer solution

were obtained for a given position along the centerline of the

two—dimensional contraction , the elongation of the polymer

molecules was determined by plotting the intensity of light with

angle of scatter on Log IO 2 charts (see Section 2.3) and then

comparing the size distribution for the still polymer solution

to that of the moving polymers solution. To convert intensity

values from the recordings to the Log ie 2 plots involved

correcting for light scattered from the solvent. The correction

is ma de by first calculating the transmission of the sample ,

which is the ratio of the intensity of the main beam transmitted

by the polymer solution to the intensity of the main beam

transmitted by the water control (pure solvent) . This

transmis sion is the basis for determining the ex tent to wh ich

correction for the solvent must be app lied to the polymer

solution so that only the scatter due to the polyme r molecules

is obtained. This is done by multiplying the water-control

intensity at a particular angle by the transmission and

substrac ting this value from the intensity for the polymer

solution at the same angle. The corrected intensity, due now

only to the polymer molecules , can be direct ly plotted with

hi~ ~~~~ . . .
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angle on the Log ie
2 

charts so that particular sizes can be

readily determined .

Figures 23 through 27 show the data reduced in this way for

all five positions (.4 ,.6, .66, .75,. 85) measured in inches

from the origin (see Figure 5) along the centerline of the two-

dimensional contraction. Both still and moving polymer solutions

are plotted on the same graph to determin e the shift in

distributions of size between the two solutions (i.e. unstrained

state and strained state) due to the irrota tional straining

action of the contraction. The Log i~~2 plots all show

characteristically the same shape. There is definitely a

d istribution of size (polydispersion) for any g iven samp le, but

all the samples are within the same distribution of relative

size for a given mix~ ure. To determine changes in size, the

largest possible size is used; this size is determined by the

position of the point where the intensity distributions tend to

go parallel to a constant intensity line (i.e., where the slope

of the data curve approaches —2.0) with the magnitude of the

ra~3ius of the molecules being read from the scale for

determining spher ical shapes (i.e. , first scale on abscissa) .

All five plots show the largest still (unstrained) polymer

molecules to be approximately 0.8 microns in diameter , while the

size of the largest moving (strained) polymer molecules varies

according  tc the position along t h e  cen te r l ine  of the  t wo-

dimensional contraction. Table 1 lists the molecular sizes
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(strained and unstrained) and the corresponding elongations

determined from the Log io 2 plots for the five positions .

Table 1

Nolecular Ext ension Data

Centerl l
(
ne LMolecular Size (microns) Molecula r

Position in) [tjnstrained I Strained Elongation

0.4 0.85 1.60 1.88

0.6 0.85 2.00 2.35

0.66 0.90 2.60 2.89

0.75 0.85 3.20 3.76

0.85 0.95 1.65 1.74

Figure 28 shows a plot of elongation versu s distance along

the centerline. In order to make a comparison between the

measured elongations and predicted elongation s for the same

estimated 2ST value, the solid line in Figure 28 represents the

calculated va lues of the molecular size from th e Old roy d

equation, wh ich is known to be a fir st approx ima tion of the

constitutive relation for a polymer solution and is generally

used to determine molecular size (Lumley, 1971; Gatski , 1976).

These value s were calculated by a finite element method usino a

- . -
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relaxation time that gave the best fit to the data (see Appendix

A for details). This relaxation time is of the order of the

largest times measured for this polymer by Berman et al. (1973)

making the ex perimental values in good agreemen t with the

Oldroyd equation. The measured values are within the range of

deviation expected for light scattering measurements. However,

some of the deviations are pro bably due to geome tric

imper fections in the construction of the nozzle. These

inaccuracies effect the flow field which in turn effects the

elongation of the polymer molecules .

~
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CHAPTEB IV

SUNMABY AND CONCLUSION

As pre viously mentioned, extreme stretching of polymer

molecules has been postulated as the basic drag-reducing

mechanism in turbulent flows of dilute polymer solutions. The

stretching is predicted to occur in significant portions of the

turbulent flow where the strain rate field is suff iciently

rotation—free and above the threshold for the particular polymer

additive. The relative flow over the extended molecules would

increase the effective viscosity, which in turn woul d alter the

turbulent boundary layer and cause a large reduction in drag. To

provide support for these predictions, the explicit purpose of

this investigation was to determine experimentally the

streamwise extensions of poly (ethylene oxide) molecules in such

an isolated strain rate field. This was done by obtaining

distributions of molecular size from measuring the pattern of

light scattered by i l lumina ted  polyme r molec ule s f lowing  along

the centerline of a two—dimensional , irrotational contraction. - 
-

The actual experiment consisted of using a modified

goniophotometer to recor d the li ght scattering pattern and ,

then , graphically determining the distribution of molecular size

for the poly (eth ylene ox ide) test solutions using basic

principles of optical physics. Elongations of up to 

~~~~~ - - -~~~~~~~~~~~ -~~~~
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approximately four times the orig inal molecular size w ere

measured in this way.

These elongations were approximately those predicted by the

Oldroyd equation. The extensions were not large , due to the low

2ST value, but the good agreement indicates that the Oldroyd

model gives an accurate description of the stretching behavior

of the mc].ecules, suggesting that large ex tensions can be

expected at higher 2ST values. These measurements verify for the

first time the actual existence of molecular stretching lar ge

enough to account for the anomalous reductions in turbulent drag

experienced by flowing dilute polymer solutions. 
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AP PENDIX A

FINITE ELE MENT FORM OF THE OLDROYD EQUATION FOR

DETERMINING MOLECULAR EXTENSIONS

3
A dumbell model consisting of two masses held together by

an elastic restoring force has been gene rally used to model the

pclymer molecules in dilute solution. On the basis of this

simple model and the assumption that the inertia of the molecule

can be neglected , a theore tical estima te has been f ormu lated

(Lumley , 1971) for the deforma tion of polymer molecules in

turbulence in a form relating to Oldroyd ’s constitutive

eguation. Lumley (1972) has shown that such an estimate is

obtained by considering in an arbitrary flow the equation

governing the moment—of—inertia tensor of the probability

density of the molecule ’s end-to-end location. The appropriate

equation relative to a fixed reference frame is:

I ~ r2

+ 
~p q , kUk 

— Ip U
q 

— I
q j

U
pJ  

+ = (1)

w here , ~~~ is the local velocity gra d ient, T is the terminal

relaxa tion time, an d r2 is the equilibrium mean-square radius of

the molecule. The moment-of-inertia tensor of position , ‘p q ’
represen ts the mean square location of mass relative to the

center of mass for the dumbell model, so that the square root of

the d iagonal elements gives a measure of the molecular 
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extension. A finite element me thod of solution of Equation (1)

for the two—dimensional flow field used in this study (see

Section 2.2) was applied to give the predicted value s shown in

Figure 28.

From Equation 1 , an equation describing the deformation of

the polymer molecule undergoing steady axi-symmetri c strain

along the centerline of the two-dimensional contraction is

obtained by considering the time independent , streamwise

componen t 
~
1ii~ 

distribution along the principle axis of strain-

rate:
dl  211 1 r

U
i ~~~~~~~~~~~ 

- (2S - ~ ) ~~~ = -
~~~~~~ (2)

where S is the local strain rate in the streamwise di rec tion

along the centerline. Equation 2 can now be readily applied to a

finite element method of solution since Gatski (1976) has

provided ~ theoretica l estimate for the velocity field through

the same two-dimensiona l contraction used in this experimental

study. Figure 7 in Gatsk i gives the plot of the streanwise non-

dimensional strain rate S~~ which was used to determine u1 and S

in Equation 2.

To apply the method of finite elements in order to obtain a

distribution of molecular extensions along the centerline of the

contraction , the solution to Equation 2 must first be

determined. This can easily be done by using a simple

transformation by letting:
dx 1
— = dx , ( 3 )

U 1
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Equation 2 now tra nsforms into a readily soluab le form:

dl 211 — (2S — 4) I
~ i 

= 
~~

-
~~

- ( 4 )
dx 1

The solution to Eguation (U) is therefore in non-dimensional

form (for constant S)

31 31° 111 
— 

1 11 (2S — — ) x
2 1 — 2ST + 2 e T 1 (5)

r r

where 2 is any initial shape distortion from equilibrium. The
r

method of fini te elemen ts was then applied by dividing the

contract ion into eight separate element s(L~x) in each of which

the strain rate was considered constant. A velocity distribution

• across each element was determined as:

u~ = u~ + Sx1 
(6)

where u~ is the velocity entering the element. Substituting

Equation 6 into Equation 3 and integrating across an element the

non—dimensicnal deforma tion of a polymer molecule across an

element is given from Equation 5 as:

— 
0 13111 2 i. 31 ii S1~x 2e 

r2 
= 

— 2ST + 
r 2 (1 + —s-—) ST) (7)

.4
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Element by element calculation with Equation 7 using the data

supplied by Figure 7 in Gataki generated the curve found in

- Figure 28 by matching each element at their corresponding end

• points.
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Fi~~re 2. Powder Sample and Chemical  Formula of P o l v ( e t h y lene oxidej
WSR 301 (Molecular Weight (Approx.): 4,000 ,000).
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Figure 3. Sketches of the iinstrained (a) and Strained (b) State of the
Polymer Molecules in Solution,
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Figure 4. The Criterion for Molecular Expansion in a Two-Dimensiona1
Flow (Lumley, 1972).
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Figure 11. Photograph of the Mixing Tank and Stirring Unit.
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Figure 12. Photograph of the Test Tank Situated Below the Mixing Tank. 
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Figure 13. Diagram of the Smooth Streaml ined Entrance Piece.
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Figure 14. Photograph of the Smooth Entrance Piece Connected Between
the Test Tank and the Ball Value (Handle in the Open
Position).
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Figure 15. Diagram and Photograph of the Transition Piece.
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Figure 16. Photograph of the Test Contraction in Position Inside of
the C~oniophotometer .
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Figure 17. Photograph of the Light Beam Striking the Centerline of the
Test Contraction . 
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Figure 18. Photograph of the Adjustable Mounting Table.
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Figure 19. Photograph of the Spectra-Physics Model 125A (50 mw) lie -Ne
Gas Laser . 
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Fi gure 20. Photograph of the Recorder and Power Suppl y.
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Figure 21. Photograph of the Neutral Density Filters Inside the
Goniophotometer. 

--~~-~~~~~~~~~~~ -~~ ~~~~~~~~~ 0~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~ 0~~~~~~~~~~~



_

~~~~~~~~~
-

~~~~~~~
_J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

- _ - _ — _ _

60

7/ H
_ _ _ _ _  • 

1’ 17) -
~~~~ LU

/1’ <

~~

~~

~~~ 

- ‘
~

,

0~~ ‘2~-’T.”17 -

~~~~~~

0)

i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
i

0

A.LISN3J.NI

LI



r 
_-

~~~~~~~~~~~~

_

~~~~

- 

T: =~~~~~ 

- --•-- 

~~~~

-

~~~~~~~~~~~~~~~~~~~~
—--

~~
-_ - • 

~~~~~~~~~~~ 
• • • - •~~~~~~

61

I ‘ rrr~~. .

- ,

~ ~0

~ ~~-

~‘ 
,

~ i’
‘ ‘ ‘ 

_ \

‘ 
I ~~ 

- ‘h ~~~ ‘

\ 
.

-
~ 

-
~~~~~~‘ ~

\ ~~~- 
T i ~ ~ . 

I
~ ~ ~ ~ ~I’ ‘ 

I
~ ‘~~

~ ~ ~ ‘ U

~ ~ 
- 

~ 
~b ~ I

I., ~ ~ ~ ~ ~

~ ~ 
‘ 

- 
‘

~~- 
‘ 

‘
b~. ~J I .\ . -~~~

~ .~ ~ ~ ~ 
t\ ~~ 

STILL’ ~ ~ ~ -

~ k’ t 1 l -
~~ \~

~ II ~ ~ ‘ , 
~ ~~% 

‘‘ 
. ~g ~~~~ ~ ; ~‘~~: ~ 0 ~ ‘ ~ ~ ~

~2 ~
t-’1~~ L ~ ~ ~

-
~: . . ~ ~ 

. 

~ ~ I ‘

~ ~~~~ 
. 

~ ~~ ~~ . ~~~~~~~ ~ 
~~ 

L ~

~~ ~~~~ ~~~ ~ ~~~~ 
- ;

~~; t~ ~ ~ ‘I’ ~~ ‘~~(n ~ 
0~ ~~~~ • ~ h -~ 

} , 
~ ~

~ 
‘ ~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~ 0, ~

{ -
z ~ ~4 l I  . .~~~~ . - ;  ‘ i h - . 

~~ . ~ ‘

~ 
I 

~~~ ~

‘ 

~~~~ ~~~~~~~~~ 

‘

~~~~ 
0

:~ - 
~~ ~~~ 

- 
~ 

~~~ h -
~ ~ ‘ ~,

a I 
• ni t .  . . ~ 1 ~ ~ ‘ ~~ ~

-
‘ 

0

~~ 
I 

~~~~ 
~~~~~~~~ 

• ‘
, ~~~~~ ~ ~~ 

1$ ~

~ ~ 

‘ 

~~ ~~~~~~~~~~~ ~ Ii-1~ ~ ~ ~ ~~ ~~

‘ 

~ i ~ ~ ~.
~~ 

0 ~ ~~ ~ ~ ~ ~ ~ ~ 
.
~ ~ 

- 
~ ~ ‘ ~~~ t - :-

— 
- 

~~‘ ~ 
~‘: ~ ~~ ~ ~ ~~ ~ ~ ~~~ ~~

, 
‘~ ~~~~~~~~ ~ ~~ !- :~ ~ ~~~~

,
~ ~ ij !~~ $ - k ~ ~~

.

~ 
~: ~ ~ ~ 

~ ~ ~~ ~~~~~~~ ~~~ ~ ~ ~~~~

~ f~~ ~ ‘ ~~~~~ 
L1 ~ , ~

~ tr . ‘ 
~~ 

} )
• ~ \i ~

~ I 
‘ 

i
~ i ~ ~ ~ ~ ~ ~i 

, 
\

I ~ j 
~ 

; i ~ ~~
I
~ 

‘ I ~ ~ 
? I 

~~~~ ~~

~ 
1 ‘ I 

~0 ~
~~~~~~~~~ ~ L. .~~~~9.4~’4~~E —~4O 100 50 20 10 5 2 ~O 05  02

RADIJ S ~ 01 0 2  0 5  I 2 5 0 20 50
,~ ~IcR0NS — --  — 

~~~~~~~~~~ 
—-_ - 0 ~ ~ • • ~~~~~~~ . .

- 
_ 

~~~~~~~~~~ - - - _

Figure 23. Scattered Light rntensity Times the Square of the Angle of
Scatter Versus Angle of Scatter . Velocity = 19.2 fps.,
Concentration = 1600 ppmw ., Position = 0.40.
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Figure 24. Scattered Light Intensity Times the Square of the Angle of
Scatter Versus Angle of Scatter . Velocity = 19.2 fps.,
Concentration = 1600 ppmw., Position = 0.60.
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Figure 25. Scattered Light Intensity Times the Square of the Angle of
Scatter Versus Angle of Scatter . Velocity = 19 .2 fps ., =Concentration = 1600 ppmw. , Position 0,66.

~~~~~ 0~~• • • •



r~~ 

- ----- •-.- -— --- -- .- --_ -

~~~

--- _ -.. - --• - - --• - •—------- -— • • _ -  ---- “_

~~~~~

._- • -- - • _---— -

64 5

T
\ I ~ ~ ~~~~

‘ ~

~ 
\_

\~ ~ I

I 
S 

~

~ 
\ I 

I

• ~~ 
1 

I ~~~~~ 

) 
- 

‘ 

I ~ ~ 
‘

0 ~ ~~

‘ ~ 
‘ 

~ i~~ I
’

,. ~‘ 

0 
‘1

~ ~t~c ~

‘ 

~ 

STILL ~
- 

~‘ 
I 1~~ .

~ 
I
i~E E ‘I I 

~ ~ ‘

~ r ~ 1~ ~ ~ 
OVING ~ 

~~
~~ 

1~ ~~~ 
1 ~ ‘~~ :: - , 

~ -

~ III~t I ’ ~~ ‘ -

~ 
I I I’ ;I - 

~ I Itt 1

I-. ~ ~ i’i~ 
t 1~’ ~ 

‘
~ 

‘
I I ~~ ~ ~ ~ ‘

~~ ~~~~~~~~~ 
I~~~~~~ ~

‘ 
~
‘
~ I ~ 

‘
~~

~ 

, 
i t~i~i~ ~ ~\ k 

~~ 

‘ ~ ~ ~ ‘ ‘

~ ~~
t
~~ l ~ t ~ I 

~ 
‘ .

~~ 
I - i~• 

—
~~ \ ~~ 

~~~~~~ II 
‘- .

~ 
: ~ ~ h’ ~ 

‘ ~ ~~~~ :- - !
~... ‘ - 

t~~~ I ~ 
~ i~ ‘ ‘ ~l

I $ 1
I ~~~ I~~~~~~~~) lII~~~~

’

~ I ~ ~ ~ 
‘ 

~ ~~ - ‘ I ~ ~ 1 1  I
~I ‘ 

~ ~~~~ 
I

‘~ ~ I ~ ~ ~~~~ ~~~ 
0 1;’

~ S 1 \ j  411 ’ \ ~~~~~ ~~I 

~ ~~~~~ 

~ 
-s 

~~ ~~~~~~ ~ ~) 
I 

~~~

I ~ 
-
‘ ‘~k’ ~~~:‘i:i\ 

~f J \  ~~~~~~~~~~~~~

I ‘ i~1 •
~ :~ ~ ~ ? ~ 

\ \ ~

~ I ~ ~~ I j II

’ 

~ 
t ~; 

~ 

$ ~~

0- ANGLE — 40 tOO 50 20 0 5 2 I 0 0 5 02

RAD0)S ~ 01 02 05 I 2 5 10 20 50
p4 MICRONS —-—-— - -  — ~ 0 ~S_ __~_ SPI€RE

0~0 ~ ~ ~  ~~~~~~~~~~—-~~~~~~
_0 00 ~~~~ 0 ~ r~~A~~~~~

Figure 26. Scattered Light Intensity Times the Square of the Ang le of
Scatter Versus Angle of Scatter . Velocity = 19.2 fps. 0

Concentration = 1600 ppmw., Position = 0.75.
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Figure 27. Scattered Light Intensity Times the Square of the Ang le of
Scatter Versus Angle of Scatter. Velocity = 19.2 fps.,
Concentration = 1600 ppniw., Position = 0.85.

~

_- -—_

~

-- •- —- -• - - - ~~~~ - _ —— .---- - -



rip,. 
~~~~~ ~~~~~~~~~~~~~~~~ 

-

~~

---

~

--• --- -- — - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-.-— • --- • --
- 

— -_ --.- - • •—_ • - -_ -—— ---.- • -.--.--.- • •_— •-_-—.• • --
~~~

--

66

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0
U) -

~~

• I I.-

• I

>-
0

0 4-’I 00 _j

LU
• I >

I 0I
4-’

—

0

I Z ~‘1
H E1 z 0

0 1 0)0 u

I ‘ I
0 ~z
4

- 1  I H
(I) It) (1) ~z \  E 0 0
N

~~~~~~ i~)w 2 ~~~ .
~~~~Q)

~ I ~~-- a
Z H  I~

I C’.’
I’)I . . 4)

I

‘a-

I I I

0 Q 0
—

NOIIVONO 13

_ _  ------ ~~ •- - - • • - • -•


