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NOMENCLATURE

English
A law of The wall constant, slope = 1/k
A+ constant in eddy diffusivity expresslon
B law of the wall constanty intercept
B! constant in AB predictor ef van DriesT
C buffer reglon velocity profile constant, . slope
D buffer regioﬁ veloclty profile constant, Intercept
DR ~drag reduction, % v
Ox hydraulic diameter, ft
D! consTaﬁT in AB predictor of Rudd, D' = [1+k36uT/u]%
d diameter, inches
E eddy diffusivity, E.= e/v
o [Qopp ler frequency,-:Hz
L calculated low frequency bound, Hz
fH calculated high frequency bound, Hz
Ky,K,  constants in fThe AB predictor of Tomlta
k von Karman constant, k = 0,41
K1 modifled mixing length constant in AB predlicfor of van Driest
k3 constant in the AB predictor of Rudd 
Lt buffer reglen constant in AB predicfbr of van Driest
N number of individual velocity realizations
P non-dimensional pressure gradient, P= Ty
P pressure, psl PUave
p(u) probablllfy densITy function



Re

| ps

=
w

Reynold number, Re = Upye Dy/[ulgg;

Reynold number based on channel half width, R = géiﬁﬂ
. v

period, sec

mean Doppler period, sec

average time between bursts, sec

polymer relaxation time, sec

Time, sec

instantaneous streamwise velocity, U =T + u
streamwise mean velocity, ft/sec
non-dimenslonal streamwise velocity, U' = U/Upyg
bulk average velocity, ft/sec

channe!l centerline velocity, ft/sec

shear velocity, u; = [Tw/p]%, ft/sec

critical or onset wall shear velocity, ft/sec
streamwise turbulent intensity, u' = Yo% -
streamwise velocity fluctuation, ft/sec
non-dimensional velocity, U+ = U/uT

individual realization of the streamwise component of the
velocity vector

individual realization of the velocity vector
turbulent intensity normal to the wall v' = "
channel width, inches

streamwise coordinate direction, inches
coordinate direction normal to wall, inches
non—dimenslonal‘disfance, y' = 2y/wW

non-dimensional distance normal to wall, y+'= yu/v

% i



AX
AY
JiVA

AB

SOL
DPS
AVG

MAX

dummy variable

spanwise coordinate direction, inches
Greek

beam intersection dimension In streamwlse dlrection, inches
beam intersection dimension normal to the wall, inches

beam intersection in the spanwise direction, inches
additive constant in law of The wall

weighting function

geometric function relating the projected area of the probe
volume fo V;

streak spacing, inches

non-dimensional streak spacing, At = kuT/u
wavelength of light, A

beam intersectTion angle, degrees

kinematic viscosity, ft2/sec

wall shearing stress, psi

fluid density, Ib/ft3

energy density function

turbulent diffusivity, ffz/sec

‘proportionallity consTanf in AB predictors

| Subscripts.
solvent equivalent
dilute polymer solution
average

max imum

xii



W wall

I buffer region

Abbreviations

mw milliwatts

gpm gal lons per minute
mg milligrams

I liter

wppm parts per million by weight

xiii



CHAPTER |
INTRODUCT I ON

The general characteristics of drag-reduction can best be under-
stood in terms of the precise definition offered by Lumiey (1). He
deflines ﬁrag-reduc+ion as the "reduction of skin friction in furbulent
flow below that of the solvent alone". The "reduction in skin friction"
refers to a !owering of the wall shearing stress when small amounts,
less than 250 wppm. (parts per million by weight), of a high molecular
weight polymer are added to a Newtonian solvent. The drag-reduction
(friction=reduction) is greater than that obtained due to the change
in Reynolds number caused by the minor changes in the solvent viscosity
or density. As the definitlon points out, the addition of polymer addi=-
tives results in drag-reduction only when the flow is turbulent.. Recent
survey articles, such as those by Hoyt (2) and Lumley (1), provide ~
excel lent commentary on additlional aspects of the drag-reduction phenom-
enon and its application.

Drag-reduction has been studied by various techniques. Pressure
drop-flow rate experiments have shown only tThe magnitude and scope of
The phenoﬁenonn For example, a maximum drag=-reduction asymptote of
approximately 80% exists and drag-reducing additives include soap solu=
tions, algae, plant derivatives and high ﬁolecu!ar weight polymers.

Flow visualization experiments have given some insight into the drag-

reduction mechanism and have provided the basis for qualitative inter-



pretations. about various aspects of a drag-reducing flow.. Numerous
velocity measurements.have been made in an attempt to quantify the
effect of polymer additives. Due to the ambigulties .in the measure=-
ment technique and confusing features of the flow facilltles, these

past works are contradictory and difficult fto Interpret.
Purpose

The major purpose was to accurately measure the mean and fluctuat-
ing velocities of a drag-reducing flow in:a fully=developed, Two-dimen=
sional turbulent channel flow.. The inftention was to make velocity
measurements which are sufficlént to, 1) describe the mean turbulent
transport of momentum, 2) test theoretical models of past and future
investigators and 3) make inferences about The drag-reduction mechanism.

Inherent in the above purpose.is fThe fundamental desire to measure
the effects of the polymer additives on only the turbulent processes.
Consequently, the simplest experimental apparatus which possesses all
the essential features of a turbulent shear flow, namely, production,
conveéfion and dissipation, was .chosen. Thls apparatus yields a fufly-
developed, two-dimenslional channel flow. An apparatus of this fype is
sultable to glve results leading to a better understanding of the drag-
reduction mechanism and to provide the test case for medeling techniques.

The deslred accuracy of the véloclty measurements required the use
of a laser Doppler anemometer. A laser anemometer measuring individual
realizations was used because it was the only present day laser anemo-.
meter technigue which would yield accurate measurements in the high
fluctuation, near-wall region. The technique also has the advantages

of straightforward and unambiguous data analysis.



Review of Previous [nvestigat!lons

Twenty of the prev}ous investlgations .which have measured veloci-
tles :in drag-reducling flows are listed In Table I. The number of
these Investlgations and the centlinulng attempts te conduct the defi-
nitive experiment indlcates the interest In the problem and the lack of
faith that the scientific community has In the bulk of . these measure-
ments. The reasons that none of these experiments have been conclusive
has.varied. |In most cases the problem has been the méasurement device,
but in others the difficulty has been the flow apparatus.

The experimental techniques can be divided into four groups:.
bubble Tréclng, laser Doppler anemometers, hot-element probes and
pltot probes, The largest group is the pitot probe investigations.
Pltot probes are subject to error and Metzner and Astarita (23) attri-
bute these errers to the influence of additional viscoelastic normal
stress terms. Consequently, the time-average of fluctuating stresses
are not simply related to the time-averaged vétocity fluctuations.
For example, Smith, et al. (24) have demonstrated +ha+~measurémen+s in
- ldentical flow situations made by various size pitot probes vield
different results. Corrections for pitet probe techniques are complex
and in most cases are omitted. . A nofable‘excep+ion'is Tomita (19),
who has.applied vlscoelasf?c corrections to his pitot probe measurements.

Hot=fiIm and hot-wire sensors depend upon the heat +ransfer char=-
acteristics of the medium, - Friehe and Schwartz (25) have shown. That
hot-element sensors are difficult fo calibrate since the polymer. addi-
tives ‘alter the heat transfer characteristics of the selvent. Moreover,

the calibrations drift unpredictably as :contaminates colléct on the



TABLE - |

SUMMARY -OF PAST “INVESTIGAT]ONS

Investigatoer

Experimental Facllity

Measurement Type

Chung & Graebe! (3)

Elata, ef al. (4)

Ernst (5)

Giles (6)

Coldstein, et al, (7)

Goren, Norbury (8)
Killen & Alme (9)
Kumer & Sylvester (10)

Logan (11)

Nicodemo, .et al, (12)

47" plpe, gpravity drain, approximately 400
diameter downstream

2" plipe, probe dlameter = ,12"

=, 75", 1.50" pipes, 400, 125 diameters dewn-

stream, . blowdown operation, 07" pitot probe

1.25" pipe, .021" probe diameter, 133 diameters
downstream, pumped

55" glass tube, 65 diameter deownstream, gravity
feed

2" pipe, gravity drain
Rotating concentric cylinders
8" square duct with splitter plate, pumped

3" square duct, 65 diameters downstream, gravity
feed, gravity drain

79", 1,21" pipes, probe diameter of .3", towing
tank

Laser Doppler Anememeter
(LDA)
Pitot Probe
Pitot Probe

Pitot Probe

LDA
Pitot Probe
Pitot Probe

LDA
LDA

Pitot Proebe



Patterson & Florez (13)

Rotlln & Seyer (14)

Rudd (15)

Seyer & Metzner (16)
Shankar (17)
Spangler (18)

Tomita (19)

Wetzel & Tsai (20)

Virk, et al. (21)

Wells, et al.(22)

TABLE | (Centinued)

iI" pipe, 200 diameter downstream, pumped

M, 2.75" plpes; 187, 117 diameters dewn-
stream, pumped flow

+" square duct, 120 widths downstream, pumped

1" pipe
1.25" pipe, sample slze of 8~10, pumped flow
. 761" plipe

1" pipe, 180 diameters dewnstream, probe
diameter = ,040

Gravity flow water, 6" tunnel U=4-8 ft/sec

1.26" pipe, blowdown, 010" and .066" probe
dl ameter

.76" plpe, 400 diameter downstream, probe
dlameter =-0,20"

Hot Film Anémemeter and
Pitot Probe

Bubble Tracing
LDA
Bubble Tracing
LDA (Individual Realization)

Pitot Proebe

Pitot Probe

Pitet Probe

Pitot Prebe & Hot Film

Pitot Probe




sensorsqg—ﬁhis drifting problem is particularly severe in dilute polymer.
solutions where the sensitivity of ‘the probe to velocity changes is
fower than it Is in water alone."

Bubble Traping is-an extremely tedious process, and consequently
sample sizes are generally small. . For accurate results large samples
are required, particularly in the near-wall reglon (see Donohue, et al..
[26]1). For thls reason bubble tracing results have been hampered by
Iargewuncerfainfies. |

THe fourth group of workers have used the laser.Doppler anemometer,
which is a non-interfering Instrument that does not depend on the rhe-
ologicatl or intensive properties of the working fluld. - Properly applied
1T is generally belleved that it will yield excellent results in a
dilute polymer flow. The laser anemometer was first used in drag-reduc-
ing flows by four investigators almost simultaneously: Chung and
Graebel (3), Goldstein, et _al. (7), Rudd (15) and Shankar (17). . The
measurements of Shankar.(17) have insufficient sample sizes for accurate
results, Meanwhile, Goldstein, et al. (7) made measurements only on
The tube centerllne. Chung and Graebel (3) were operating in a small
plpe where the spatial resolution of their laser anemometer was very.
poor because the longest dimensien of their probe volume was oriented
normal to the wall,

There i1s a group which appears fo have made acceptable laser velo=-
clty measurements in drag-reducing flows. This group censists of Rudd
(15), Logan (11) and Kumor-and Sylvester (10). - Rudd's measurements
were by far the most comprehensive, and his results were the first to
quantify the so-called viscous "sublayer.thickening" and fo shoﬁ,ih—

creased streamwise intensities and decreased spanwise infensities.



Logan (11) verified Rudd's findings in the streamwise direction and

made measurements of the turbulent Intensities normal To the wall, as
well as Reynolds stress distribution for a drag-reducing flow. The

most recent work Is that of Kumor and Sylvester (10), which was designed
to characterize the mean and fluctuating velocity components of a dilute
polymer solution undergoing progressive degradation. Thelr méasuremenfs
extend to a y* of three and are the most detalled in that aspect. These
last researchers, Rudd, Logan, Kumor and Sylvester, present the best
aval lable data but all were conducted in a square apparatus.

Rudd (15} and Logan (11) both utilized a one-half inch square duct
for their measurements. Whitelaw (27) has recen+ly shown that non-sym-.
metric secondary flows are significant in square-duct flows. In-fact,
Logan recognized part of the problem of operating in a small square and
measured the secondary flow. He then calculafed that u¢ values based
upon pressure drop were 30% to 40% low compared to two-dimensional
values of u,. This ambiguity is evident in the abnormally high results
for the normalized solvent turbulent intensities, u'/u;, shown by both
Rudd and Logan. : However, there is still the problem that the flow field
is three-dimensional. Kumor and Sylvester used an eight=inch square
duct with a submerged off-=center flat plate. Boundary layer measure-
ments were made by fraversing the laser anemometer normal fo the plate.
Secondary flows and the pressure gradient in this type configuration
are not known. Kumor and Sylvester have offered no water data results
that allows verification of the suitabiltity of this facility. In all
cases the experimental apparatus yielded secondary flows or unknown
pressure gradients which confuse the issue about the effect of the

polymer additive on the furbulence.



In additlon fto Inconsistencies in the flow facility, the type of
laser anemometry used Is @f concern. All three, lLogan, Kumor.and
Sy lvester and Rudd used continuous-wave systems. Continuous-wave l|aser
anemometers are susceptible to the Doppler ambiguity and signal "drop
out", both of which are fundamental IImitatlons.. A spectrum analyzer
was used In all three cases and the effect of signal drop«ouT‘on a
spectrum analyzer Is.not fully understood.

Polymer solution degradatien is the last [ftem of.coencern., It has
not been established that a 40% drag-reducing degraded solution will
yleld the same velocity profile as a fresh selution at 40% drag-reduc-
Tion. Kumor and Sylvester closely documented their drag-reduction, buf
There is no assurance that their velocity profiles ére valuable in a
comparative sense. Rudd's pumped system, no doubt, had some polymer
degradation, but 1T was .not outlined nor its importance mentioned.

fn -summary, previous results from all four groups have failed fo
yield accurate veloclty measurements which can be used to |) test The-
oretical models, 2) provide calculation schemes.for engineering predic-
Tilons, and 3) determine how.polymer additives effect the fTurbulent

mechanisms.
Scope of the Present Study

The concept was fo build a Two=dimensional turbulent flow channel
which, due To a slight bowing of The side walls, permi++ed laser anemo-
meter measurements of both mean and. fluctuating components of velocity
To be made with good spatial resolufion. A one- inch channel width was
chosen such That.shear velocities on the order of 0.20 ft/sec could be

attained at flow rates of 200 gallons per minute. Velocity measurements



were made as systematic variatlons in the polymerATypes and flow rates
were being made. The polymer types -were varled in an effort fo examine
the effect of molecular weights, and flow rates were varied for.each
polymer fto examine the effect of the change In drag-reductien. The

variations empioyed In these ftwo parameters are outlined In Table 11,

TABLE .11

POLYMER CHARACTER]JSTICS .

Molecular % Drag-Reduction
Polymer Weight* Manufacturer Emp [ oyed
Magnlfloc 837-A 15 x 108 Amerlican Cyanimid 23.8, 35.4, 39.9
(polyacrylamide)
Separan AP273 7.5 x 108 Dow 31.3, 34.5, 40.4
(polyacrylamide)
Polyox WSR-301 4 x 108 Union Carblde 37.8

(polyethylene oxide)

*¥advertised

All tests were conducted at a polymer concentration of 100 wppm.
The shear raTé dependence of viscosity of each drag=reducing solution
was obtained over a wide range of shear rates (15 sec™! to 1000 sec™1).
Drag-reduction characteristics were obtained for each dilute polymer
solution by conducting pressure drop-flow ‘rate tests. However, drag-
reductloen In the channel was determined by cafculating the shear velo-

city from the slope of the velocity profile near the wall and cemparing
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it with the wall shear.velocity for an equivalent solvent flow rate.

Veloclty measurements were made with a laser anemometer measuring
individual reallzations (LAMIR) at from seven to nine locations in the
Two-dimensional channel. The veloclity data Is naturally free from the
ambiguities of continuous-wave laser anemometer systems, and was.cor-.
rected for the errors due to beth statlstlical biasing of the realiza-
tlons and the velocity gradient. The sample slze of the individual
reallzations were, with the exception of two locations, large enough
to Insure (at the 95% confldence level) that the measurements were
within 5%.  The bulk of the measurements were with!n 2,/5% to 3%. ~The
experimental apparatus, peripheral components and data handling equip--
ment are described in Chapter 11,

Chapter Il contains the results and comparisons derived from the
experimental measurements. The experimental data was.utilized in estab-
ITshing a mean veloclty prediction technique for seven drag-reducing
flows wherein three different polymers were used. Thenfurbulen+ trans-
port properties were predicted using the mean velocity profile infor-
matlon for the same flows., The furbulent intensity data provided a
basis by which cemparisons could be made and possible -structure infor-
mation could be implied. The fluctuatien data was also used in the
calculation of energy denslty functions, which permits data presenta-
tlon-1n The energy domain,

The discussion of the results and how they may be interpreted in
f1ght of previous investigations is the subject of Chapter [V. The

results are summarized and some ceonclusions are drawn in Chapter V.



CHAPTER 11
EXPERIMENTAL TECHN.IQUES

This -chapter presents fthe detalls of the turbulent channel flow
facility, Its peripheral compbnen+s and the Individual reallzation
laser anemometer used for veloclty measurements. The data collection,
reduction and correction techniques aré discussed, as well as the ex-
perimental procedures used for charac+ériza+1on of the dilute polymer

solutions. .
Water Channel and Flow System

The flow facility Is basically a two-dimensional channel suff{—.
clently long such that veloclty profile measurements could be made at
a location where the flow is fully-developed. The unique feature of
the channel 1s that the slde walls are bowed inward very slightly.,
This allows tThe spatial resolutlon of the laser anememeter to be maxi-
mlised i{n the near=wall region.

The flow channel was constructed (see Figure 1) with clear plastic,
seamless walls. The uniform bowing was accomplished by means of a
steel rod which, when forced inward at its support points, caused the

channel walls to bow inward along their entire length. A machined

nylon gauge block was used to set a predetermined channe! centerline

width of 1.020 Inches after bowing. The channel shape and dimensions
were checked on a milllng machine to ensure uniformity and symmetry in

the bowing over the entire length. Each wall was bowed 0.047 inches.

11
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The channel is 12 Inches tall, has a cross-sectional area of 0.089 ft+2
and a hydraullic diamefer of 0.164 feet. The channel dimensions were
checked at various flowrates and found to be constant within #0001
inéhes from the above values,

The entlre turbulent flow channe! is constructed of z inch plexi=
glas, and can be seen In Flgures 2 and 3. Water enters the upstream
settling chamber (see Figure 2), which is [5 inches long, [5 inches
high and 117 inches wide, through a three-inch PVC pipe. The first
baffle plate primérily redistributes the fthree-inch inlet flow from a
Jet=11ke configuration to one more uniform over the cross section of
- The upstream chamber. Three remaining baffle plates (two 64 mesh
stalnless steel screens and one uniformly drilled baffle plate using
L inch holes) serve to cut down the disturbance size and hence insure
a unlform low disturbance flow near the channel entrance.

The entrance to the channel from the settiing chamber is a Borda
type entrance, which is located approximately three Inches inside the
upstream settling chamber (see Figure 2). The channel is 70 inches
long, and the center of the test section is. located 55 inches downstream
of the entrance. The flow leaves the channel through a twelve inch x
twelve Inch overflow, constant head tank., The 600 gallon catch tank
may be used fTo catch and recycle.the working fiuld, to route the fluid
to the drain, or fto serve as a reservoir ftank for the pumped operation,
Figure 4 shows the turbulent flow channel and its circuléfion system.
The overall flow system can be operated in any one of Three modes:
cbnTinuously pumped, 600 gallion blowdown or. 3700 gallon blowdown. The
pumped flow mode is capablie of a 200 gpm continuous. flow by isolating

the circulation system from the drain and by using the catch tank as



an inlet reservoir for the pump. The flow channel is isolated from
any vibrations associated with the pump or its hardware. The pumped
clrculation system was utilized for laser anemometer setup and the
solvent (water) data runs described later.

The blowdown flow modes are utilized when the working fluid is a
di lute polymer solution, thereby minimizing polymer degradation and
flow disfﬁrbances. By monitering the pressure and amount of air flow=
ing into elther-tank a constant flow rate through the flow channel is
maintained. Flow rates up to 400 gpm may be achieved in the blowdown
modes. All piping, valves and fittings common te the three flow moades
are either.stainless stee!l, PVC, or plexiglas. Run Times varied from
16 miﬁufes to a maximum of approximately 40 minutes. All blowdown
runs were routed to the drain after the solution had passed Through
the test section. All make-up water was filtered with a 0.5 micron
woven filter and the entire flow loop was thoroughly flushed after each
polymer run. Multiple flushes were also performed before each data

run in order to remove impurities and check out the various systems.
90° Side-Scatter Laser Anemometer

The basic principle of the laser Doppler anemometer is to measure
the Doppler shift of laser radiation scattered by small particles which
are moving with the fluid. The frequency of the Doppler shift is dir-
ectly proportional to the particle velocity.

The laser Doppler anemometer used here was of the individual reali=
zation type, which measures the period for 10 cycles of a Doppler burs+t
scattered from a single particle. The essential points about a laser

anemometer measuring individual realizations (LAMIR) are that the signal
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is not continuous and that veloclty realizatlons occur only when a
scattering center is in the probe volume. The appearance of a scatter
center in probe volume is a random event with a probability of occur-
rence proportional to the volume of fluid swept through the probe
volume, The LAMIR output is in a form that can be processed with well-
known statistical techniques. That is, if a number-of independent
realizations are recorded, the mean and standard deviation of the indi-
vidual realizations.yield estimates of the mean and root mean square
velocities,

in contrast, if there are a large number of scattering centers in
the probe volume,.the output of fthe laser anemometer is essehTially
continuous. The continuous-wave anemometers frequently employ a fre-:
quency tracker which converts Doppler frequency to an analog s{énal
proportional fto the instantaneous velocity. Trackers are, however,
limited by their electronics, and the measurement of turbulence levels
above 15% - 20% have questionable accuracy. In addition, continuous-
wave systems are fundamentally limited due fto the Doppler ambiguity
and signal drop-out.

A schematic of the basic optical setup, which is a dual-scatter
or fringe anemometer system, is shown in Figure 5, The system shown
uses a Spectra-Physics Mode! 130 5mw helium=neon (6328 %) laser and a
RCA mode! 7326 photomultiplier.

Figure 6 shows that the optical portion of the LAMIR is mounted on
a Traversing mechanism which in turn is mounted on a sturdy base. The
base Is mechanically isolated from the flow channel. The beam splitter,
mirrors and transmitting lens yield fwo focused, intersecting,  tempor-

ally and spatially coherent, plane polarized beams. The intersecting
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beams form a beam crossing within which the [lght waves -constructively
and destructively interfere, forming a fringe pattern. The beam cross-
ing is located such that it can be traversed across the vertical center
of the flow channel. Figure 7 shows how the bowed flow channel walls
and laser optics are used to give the best possible spatial resolution,
that.ls, the maximum dimension of the beam crossing is parallel to the
wall, and the smallest dimenston is -normal to the wall. .

As -shown tn.Figure 7, the photomultiplier receives light from the
collecting lens that was scattered In a conical pattern at 90° to the
plane of the Incldent beams. The Intensity of [1ght scattered at this
angle Is noT,opTImaI - but three distinct advantages are present. First,
the mechanlsm used to traverse the laser optlcs Is mechanically simple.
and can be Isolated from the flow channel. Second, there is very little
optically generated nelse present since the majority of the sources of
stray . light are not in the field of view of the photemultiplier.
Finally, the 90° orientation provides an opportunity to optically re-
duce the beam intersection's long dimension by simply adding an aper-
ture in front of the photomultiplier,

In water the configuration shown here ylelds a beam intersection
angle of 5.59° and the beams are. focused To a resoiutlon |Imit of
0,0048 inches at thelr 1/e? intenslty point. The Doppler frequency,
fD; Is:a function of the wavelength of .incident. light, fthe index of
refraction of the medium and.the beam intersection angle.. Thus, for
the configuration shown, fp was 62.56 KHz for a veloecity of one foot
per -second., The beam intersection dimensions are AY.= AX = 0,0048
Inches and AZ = 0,105 Inches. Due to The collecting lens and aperture

the onty focused light reaching the photomultiplier comes from the
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center 0,025 Inches of the beam Intersection. Thus, the probe volume
may be considered a cylinder of 0.0048 inches diameter and 0.025 Inches.
tength., These distances are to be compared with the calculated smallest
disturbance .size. The Kolmogoroff microscale is an Indication of the
minimum eddy slze possible for speclific flow conditions. For -the flow
rates and velocitles employed here, the micrescale is calculated to be
0.100 inches, which Is much larger than the LAM|R probe volume.. There -
are about 40 usable frilnges In The probe volume spaced at 0.000132
inches. This Is an imporfant consideration slnce It means that the

Dopp ler frequency and the pedestal frequency. (the IQw frequency pro-
portional to the particles translt time through the probe velume) are
separated by a factor of about 40. .

The calculation of probe volume dlameter based on the ]/ez!fn+ensi+y
polnt ylelded a dlameter of 0,0048 inches, This dimenslon Is critical
In locating the exact posltion of the center of the probe volume rela-
tlve to the wall, thus.a verification Is necessary. The beam. inter-
section edge was brought info contact with the wall using visual methods.
The beam Intersection was then traversed across the channel and brought
into contact with the opposite wall. . The distance fraversed plus one
beam intersection diameter was compared to a micrometer measurement of
the same dlstance and found to agree within 0.001 inches. Thus, cal=-
culated and observed beam intersection diameters for alliprac+ica| pur-
poses aré equal. Further verification of the calculated values stems
from a cemparison of the maximum number of fringes.observed.in Doppler
bursTS and the value computed using the known fringe spacing and the
calculated 1/e? diameter. The observations. indicated a maximum of

approximately 40 fringes, whereas the calculated value was 37. Agree-



ment is. good, however a further restriction must be placed on the
"effective" size of the probe volume normal to the wall. The minimum.
number of acceptable Doppler cycles coming from the probe veolume is

I3 since It is required that the period for 10 cycles be counted. - Thus,
as shown In Figure 8, only the central 0.00453 inches of the probe
volume has |13 or more fringes. Consequently, the effective sensing
diameter of the probe velume Is 0.00453 Inches. -

Fortunately, the bowlng of the channel wall provided reproducible
methods for experimentally fixing the location of the channel wall,
With the overhead |iIghts out, the beam intersection and its reflections
in the plexiglas wall could be brought into contact with one another.
!t was this location that placed the center of the probe volume one-
half the width of the beam intersection from the wall. Two other
methods were also used fto verify the wall location., First, when seen
from the photomultiplier side, microscopic scratches in the channel
walls scattered light when the beams were in contact with the walls;
the scattered |ight ceased when the laser beams were entirely in the
flow. Secondly, the diffraction pattern of the laser beams on the
ceillng could be noted. These three observations were used each time
and found to agree. It is estimated that the wall of the channe! could
be located within *0,0005 inches. The channe! width can be obtained
by simply fTraversing the LAMIR optics across the flow channel and
noting the distance travelled by the LAMIR on the traverse screw thread.
The traverse mechanism has a sixteen threads per inch drive and its

indicator can be read within £0.0002 inches,
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LAMIR Data Processing

Data Acquisition

The purpose of the data acquisition elecfronics is to condition
and record the electrical signals that result from the bursts of light .
scattered by particles in the flow. The photomultipiler converts the
scattered l|ight Info an elecfrical current. The signal oufput from
the photomultiplier has.two components. There Is a Doppler portion,.
which has.a constant period and a Gaussian envelope.  There is also a
longer period component, called the pedestal, which Is proportional fo
the scattering particles transit time across the prébe volume, = This
composite wave form is shown, after 20 dB of amplification, in Figure
9, (For demonstrative purposes the number of Doppler cycles is much
less than the 40 which are, in reality, typically present.) The pur-
pose of the band pass filfer is to remeve the pedestal component from
tThe composite signal, In addition.to removing random noise outside the
frequency.range of interest. The band pass filter is a Multimetrics
mode! AF-120, whlch, when operated in the band pass mede, has a filfter=-
Ing siope of 24 dB/octave. The ratio of Doppler fo pedestal frequencies
can.be as great as 40 and.as low as 13, since 13 fringes are necessary.
to yield a useful signal. Thus the lower [Imit of the band pass filter
can . readl ly bevseT between the lowest expected Doppler fregquency.and
the highest expected pedestal frequency. (See Figure 10).- The general
procedure used here was to calculate a lower frequency bound of the
mean velocity measurement based upon the expected furbulent intensity.
The band pass filter's. lower setting was then set at 1/2 to 1/5 of that

value, For example, for an expected mean veloclty which gives fy = 31
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KHz and a 30% fluctuatlion level, the fow frequency bound,.fL, was cal-=
culated to be 21 KHz (using a conservative estimate of 33% for fluc-
tuation level). The filter 3 dB point was actually set at 6 KHz and
the results later showed no frequencles below 15 KHz. ~ The upper fre-
quency bound was calculated similarly. For the example sited here the
upper frequency bound, f,, was calculated to be 41 KHz. The fllter
.3 dB point was set at 200 KHz and the highest recorded frequency was
65 KHz. =~ The filter settings and the measured maximum and minimum fre-
quencies were compared for each data point and no overlap was noted.
The absolute gap between Doppler and pedestal frequencies narrows
as the probe volume approaches the wall. Band pass filtering becomes
a fundamental! limltation if the probe volume lies on The wall because
frequencies near zero are present and the Doppler and pedestal spec-
trums are impossible to electronically separate. This fundamental
limitation placed a restriction on the near-wal! measurements and limited
our measurements at no closer than 0.004 inches from the wall,
Amplification of the signal in the data acquisition system was accom-
plished by one C=COR Wideband Video Amplifier (model 4376 A) and two
Hewlett-Packard instrumentation Amplifiers (mode! 405 A).,  All ampli-
flers were operated at a gain setting of 20 dB. The amplified and band=-
pass flltered signal (as shown in Figure 9) was next routed to a mag-
netic tape recorder, an Ampex model 1300. The Ampex is a double-band-
width recorder and can record signals up to 300 KHz when operating in
the direct recording mode and at a tape speed of 60 inches per second.
The highest frequency recorded during the research was 219 KHz.  The
signal generator shown In Flgure 9 was used to provide identification

marks on the magnetic tape recording.
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Data Reduction

The purpose of the data reduction scheme was to measure, verify and
record the Doppler period of an indlvidual reallzation from a particle
passing through the probe volume. A verification of the individual
realization was necessary because Doppler bursts will occasionally have
single or multiple cycles missing or suppressed. The specific reasons
for these missing cycles are not completely understood but can seriously
affect the accuracy of the data. Also noise present within the fre-
quency range of iInterest can cause the counter fo start erroneously.
These two sources of error must be taken into account and consequently -
the data reduction system used here. The lower half of Figure 9 shows
The block diagram for the data reduction process. The data tapes were
played back at 73 Inches per second. This time expansion of 8 fimes
gave the human operator time to make decisions concerning the validify
of each velocity realization,

The amplifler in the data reduction block diagram, a Hewlett-
Packard model 405 A, was not used in the majority of the data reduction
runs, but Is shown for completeness. The Multimetrics model AF=120
band pass filter was séT at values which were 1/8 of those used during
data recording. The band péss fitter was used primarily during play-
back to . reduce the effect of magnetic tape noise and broad band noise
from the recording amplifiers.

The visual verification of a Doppler burst was achieved by checking
each individual realization whose Doppler period was counted to insure
that 10 consecutive Doppler cycles from a single realization were being

counted, It was for this reason that the crucial elements of the data



21

reduction scheme were the Schmitt trigger and the storage oscilloscope.
The Schmitt trigger fransformed each cycle of a Doppler burst which
had an amplitude above a preset level into a pulse. Thus, the Schmitt
trigger output was a constant amplitude pulse train and the occurrence
of an extraneous or missing pulse was immedlately obvious. (See Figure
9.) Its output slmultaneously triggered a Tektronix fype 564 B Storage
Oscli|loscope and a General Radlo model 1192 B digital counter which was
operating in the "period times ten" mode. Then the operator visually
verified a realization on the storage scope, the counter reading was.
recorded for later processing. ‘The verification consisted of a visual
inspection of the pulse frain that triggers the counter to make certain
that 10 consecutive pulses (Doppler cycles) were counted. Only pulse
tralns which represent valid indlvidual realizations were recorded -
the remainder were neglected.

A second operator transferred the Doppler periods thus collected
to computer cards via an IBM 026 key punch. An IBM 360/65 was then
used to calculate the means, reot mean squares, and other properties

of the recorded data,

Data Corrections

Statlstical Blasing

The measurement of mean veloclties with a LAMIR is not absolute.
The desired quantity, mean velocity, is in fact the time-averaged mean

veloclty, that is, ’

U’=]_fUd'I'
T

[
The LAMIR does not measure the time-averaged mean, it measures .a value

[arger.than the true time-averaged mean. Recall that the occurrence of
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a scattering source In the probe volume is a random event. |f the
scattering particles are distributed uniformly. throughout the flow the
number of particies In a fluld volume is proportional to the size of
the volume. There Is a larger volume of flow, and hence a larger num-
ber of scatter centers, flowing through the probe volume when the velo-
clty is faster than the time-averaged mean than when the velocity is
lower than the tlIme-averaged mean, . Thls .can be seen In Figure 11,
where the segment under any portion of the veloclty trace is propor-
tlonal to the volume flow tThrough the prebe volume. . Figure 12 (from
McLaughlin and Tiederman [28]) shows how a typical probability density
distribution of the axial velocity component Is blased. - |t is impor-
tant To note that the spread of the distribution does not change sig-
nificantly. In fact, Mclaughlin and Tiederman.(28) Indicate that the
uncorrected value of the root mean square of this velocity fluctuation
Is 'a good estimate of the true value.

The correct method for calculating the time-average velocity is fo
weight each veloclty realization with a function which is proportional
to the volume flow through the probe volume (28).

Thus the corrected mean veloclty estimate is,

y
U___ X ‘UJ"U.
T‘ET_J_ (2.1)

N

= 1

where ws =
The simplest approach to the correction, however, is to use a one-
dimensional welghting function instead of the true three-dimensional

one.
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Thus, assume:
Wy = ———— (2.2)

By substituting fquatlon (2.2) into Equation (2.1) a substantial simpli-

fication may be obtained. Namely,

T = N | (2.3)

YN 1/

Equation (2.3) may be rewritten as:

U = A T, (2.4)
[ 2 Sin 8/2 ]// D

t
i

where TBJIE,THe average Doppler. period.
The Doppler period Is measured directly with The system outlined here,
and, in fact, the computer routine Input data is in Doppler period form.
Thus, The biasing correction is accomplished by simply computing the
velocity based on the mean Doppler period. This one-dimensional cor-

rection was applied to all data reduced here,

Velocity Gradient Biasing

The second correction to the data is needed fTo account for the
presence of significant velocity gradients within the probe volume.
The error involved here is due to basically the same principle as the
blasing error. That is, the probe volume has finite extent and its
outer locations on the average have a larger amount of volume flow,
Hence, more particles are passing through that portion of the probe
volume, The correction in this case is made to the effective location
of the probe volume. The probe location is shifted from the center of

the probe volume location to the centroid of the swept volume as shown
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in Figure 13. The velocity gradient correctlon has been made to all
data presented herein,
Thus, after both corrections have been made the results will appear

as.a corrected velocity U at an effective probe location, y.
Seed Injection

The laser anemometer measuring individual realizations measures
the veloclty of the particles entrained In the fluid motion, Therefore
It is crucial that these particles be of optimum size such that the
intensity of radiation at the Doppler frequency is maximal. [+ is also
important that the seeding particles follow the turbulent motions.

Thus the following particle size considerations were made.

Due to the inlet filtering the fluid was essentially free of par-
ticles larger than 0.5 microns. For the laser optical system used
here, the results of Durst & Whitelaw (29) indicate that the size of
the most efficient scattering center is approximately 2 microns, The
flow was careful ly seeded with a dilute concentration (1 mg/Il) of
5-10 micron diameter particles classified from AC Fine Test Dust
(ACFTD). ACFTD is primarily sand and is used widely in contamination
testing. The distinction between the seeded and non-seeded flow could
easlly be noted by simply viewing the ouftput of the photomultiplier as
seed was being added. When no seed was present the Doppler bursts
from partlicles were on the same -level aé The background noise. However,
when the 5-10 micron ACFTD was added, the Doppler signal levels in=-
creased markedly, and in most cases the pedestal excursion was 80% to

100% "filled" with the Doppler frequency signal,
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From the results of Hjelmfelt and Mockros (30), a 10 micron dia-
meter sand particle should follow a 2500 Hz fluctuation with an ampli-
tude ratioiof 0,95, Most turbulent fluctuations in the low speed water
flow described are below 250 Hz, and thus it is felt that the seed
chosen Is adequate for marking the fluid velocities.

The dilute polymer solutions were always mixed and allowed to sit
for 6 o 8 hours before use. The 5=10 micron dlameter ACFTD used for
seeding purposes would not remain suspended in the fluid for this amount
of time = thus a seed=injection system was used (see Figure 14). A
concentrated seed slurry (about 250 mg/l|) was mixed and injected into
the flow loop piping at a rate which would give the desired seed con=
centration (1 mg/l). The injection flow rates were less that 0.3% of
the channe!l flow rate - thus dilution of the dilute polymer solution
was not a problem. The reservoir containing the seed slurry was kept
well mixed by jetting the bypass flow of the injection pump into the
bottom of the reservoir. The seed slurry was injected into the piping
at a tee in the line through a 3/32 inch copper tube placed at right
angles to the flow. To Insure a uniformity of seed the injection was
started prior to the data run.

When pumped operation was used, as in The solvent (waTer) data
rung, seed was sprinkled onto the water surface in the 600 gallon
catch tank. The concentration was kept dilute (<1 mg/l) and the con-

tinuous recycling of the working fluld kept the partlicles suspended.
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Polymer Solution Characterization

Pressure Drop

A careful characterization of the drag-reducing solutions was per=
formed after each data run. Such a characterization yields an inde-
pendent verlflcation that the solution did reduce the frictional losses
In the channel. [n addltlon, when compared from experiment to exper-
Iment, the drag-reduction characteristics give an excelfent check on.
the consistancy of mixing Techniques for the dilute polymer solutions.

A prime method of dilute polymer:-solution characterization is to
relate the drag-reducing capability of the solution to the stress
encountered in a particular flow. This can be done by conducting
pressure drop and flow rate tests for the flow of the solution in a
pipe. The pipe pressure drop apparatus used in this.study is shown

in Figure 15,

The 70 gallon reservoir was filled from the channel piping immedi-
ately after the data run. The filling was carefully controlled such
that no ngorous agitation, pouring, or splashing of the dilute polymer
solution occurred - thus alleviating the possibility of polymer-solu-
tlon degradation. The entire apparatus was constructed of stainless
steel, glass and plexiglas. The system contains no pumps. and.only
blowdown flow control was used. The two pipes used were nominally one

inch (0,835 inches) and z inch (.425 inches) pipes with test section
tengths of 113.5 inches and 57 inches respectively. The dashed lines

in Figure 15 iindfcate the plumbing for flow in the one inch pipe, while

solid lines denote flow in the z inch pipe., The flow meter is accurate

to the nearest 1% (0.06 gpm) and the manometer fluid level could be

read to within z0.02 Inches of deflection,
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Viscosity

General ly people have assumed that the viscosity of.dilute polymer
solutions were constant, that Is, independent of shear rate. This is
a particularly poor assumpfion for the high molecular weight poly-
acrylamides, Viscoslty iIs used in the deferminatlion of the wall-layer:
variables and.In order fo mainfain a high accuracy measurement, the
local value of the kinematic viscosiTy mugfvbe used.

The viscosity of dilute polymer so}uflon used in These experiments
was measured as a function of shear rate. Solution samples were taken
from the downstream head tank immediately after fthe data run. Two
Couette viscometers (a Brookfield Synchro-Electric Model LVF with the
UL adapter and a Fann Mode! V=G) were used to obtaln the shear rate
dependence of viscosity. The Brookfield gave shear rates of 14.7,
36.7 and 73.4 sec™!, while the Fann provided shear rates of 170, 340,
511 and 1022 sec™!. In most cases multiple readings were taken at a
specific rate of shear. These readings were then averaged. The
small dial indlicatlion on the Fann viscometer made the readings taken

on 1t susceptible to significant errors - on the order of *10%.



CHAPTER 111
EXPERIMENTAL DATA

This chapter presents the mean.and fluctuating velocity data taken
with the LAMIR for both solvent and dilute polymer.solution flows. Also
presented Is the polymer solution characterization data.

Generally, the experiments can be classified into two categories:
solvent and dilute polymer solution flows. The LAMIR data from the
solvent flows was taken in.order to demonstrate the standard character
of the two-dimensional furbulen+ flow channel and to illustrate ‘The
accuracy of the anemometer used in this research. The veloclty data
for the dilute polymer solutions, in-additlon to.the polymer solution
characterization results is presented in order o provide the basis
for a number of developments. Namely, 1) the examination of mean velo-
city prediction techniques; 2) the inference of.the turbulent transport
mechanism in.difute polymer flows and 3) a qualitative examination of
the effect of the polymer upon a two-dimenslional furbulent wall flow.

The general scope of the ekperimen+s conducted here is shown in
Table 111, There are a total of four experiments which used water as.
+he‘working fluid, and seven wherein a dilute polymer solution was .
used. The general characteristics of the polymer solutions used are
also outlined. The experimental uncertaintles present -In the data

presented are discussed in detail in Appendix A..
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TABLE {1

SUMMARY OF - EXPERIMENTAL SCOPE

Polymer -Characteristics .

Run Re U U, (ft/sec) F(oc) DR Date
Deslignation : AVG ' ) N . (%)
ame Concentration
(wppm)
SOL-14 17,700 1.055 10,065 26 None 0 0.0 5 Jun 73
SOL=15- 18,500 1,055 0.065 27.5 None 0 0.0 13 Jul 73
SOL~12 24,700 1.457 0.085 26 None 0 ~0.0 >5 May 73
SOL-13" 55,200 3,350 0.175 23-26 None. | 0 0.0 30 May 73
DPS~ 5- 20,196 1,239 0.0614 \ 24 AP273 100 31.3 9 Jun 73
DPS~ 6 26,373 1.618 0.0750 24 " " 34,5 21 Jun 73
DPS=~ -7 44,516 2:676 0.1103 25 " " 40.4 26 Jun 73
DPS-10 20,582 1,200 0.0625 26.5 837=A " 23.8 9 Jul 73
DPS-11" 37,490 2,185 — 0.0957 27 " " 35.4- 13 Jul 73
DPS-12 46,037 2,683 0.1105 26.5 " " 39;9 17 Jul 73
DPS~-9 52,449 3,089 0.1277 267 WSR-BO?i " 37.8 6 Jul 73

62
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Veloclty Measurements in Water

Measurements were made in turbulent channel flow of water in order
to establish the "standard" character of the channel. LAMIR measure-
ments were made at four Reynolds numbers (Re); 17,700, 18,500, 24,700
and 55,200. Reynolds number is calculated using the bulk average.velo-
city, UAVG, and the channel hydraulic diameter, D, Which is 0.164 feet.
The velocity measurements at Re = 18,500 were concentrated in the near-
wall region with one data point taken at the centerline. The Re=24,700
data represented a traverse of the entire channel width, whereas the
other traverses were made only between one wall and the centerline.

Figure 16 shows the measurements made at a Reynolds number of
24,700 in both the east and west side of the channel. In this figure
the y coordinate Is non-dimensionalized with the channel half-width,
W/2, and the velocities are normalized using the channel centerline
velocity, UMAXO The data confirms the symmetry of the flow and it is
In good agreement with the channel data of Hussain and Reynolds (31),
which was taken In air at a Reynolds number of 35,400. The velocity
data has been corrected for the biasing and velocity gradients errors
discussed earlier. The brackets indicate the 95% confidence interval
on the mean velocity measurements, while the experimental error in vy
l[ccation Is within the data poInT_symbol=

in addition to examining the symmetric character of the channel,
the two=dimensionality was also tested. Figure 17 shows the results
of these tests., The channel centerline velocity, UMAX” is plotted as
a function of distance below the channel centerline, z, for two
Reynolds numbers, 16,600 and. 24,400, Figures 16 and 17 indicate that

the channe! flow investigated here is a symmetrlic, two-dimensional,
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fully-developed turbulent chahne! flow,

The mean velocity data for all solvent flows is shown in the non-
dimensional wall layer coordinates in Figure 18. The Re = 24,700 data
in this and subsequent figures were the average values of the data
taken on the east and west sides. Except for the Re = 18,500 run the
value of the wall shear velocity u_, was found by forcing the data at

y+ > 30 fo fit the expresslion,

U = A log y" + B (3.1)

where A = 5,63, B = 5.0, ut = U'/uT and y* = yuT/u° The shear velocity
s defined by u, = [Tw/p]%n Previous investigations; Hussain and
Reynolds (31), Clark (32), Eckelmann and Relchardt (33) and Laufer (34)
suggest that the best values for the constants A and B for a two-
dimensional channel at the Reynolds number range of interest are those
shown. The data for Re = 18,500 was taken as a duplicate of the
Re = 17,700 data, however, since no data was taken for y+ > 30 the
u. from the Re = 17,700 run was used to form the normalized variables.
The data runs Re = 17,700 and Re = 18,500 were taken approximately
six weeks apart and provide some indication of long fTerm repeatability
of the measurements.

Particular attention should be given to two points in Figure 18,
The first Is the data point at a y+ = 3 and a Reynolds number of 18,500.
This point falls above the ut = yt curve ‘even after corrections and
confidence intervals have been applied. The reason for this is not
totally understood. |1 is known, however, that the three-dimensional
effect of the spanwise velocity fluctuations are most apparent in the

near-wall region. The one-dimensional statistical biasing correction
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applied o this data polnt may be insufflcient.

The second.point in question is the one at y+ = 5 for Re = 55,200.
Thts data was taken using a probe.volume whose edge was on the wall
and whose center was 0,0023 inches.from the wall. The experimental
error in y location for this data polnt Is 18% and the confldence
In+ervél shown In Figure 18 does include the UT = y+ curve. In addi-
tlon, since the probe is located on the wall, frequencies near zero
are to be expected. The band pass filter used in dafta acquisition
had to fllter out some of the lower velocity fluctuations. This
flltering does not seem to have affected the value of U; but later
figures will show that the turbulent intensity is lowered at this toca-
tion.

In addition to determining the shear veloclty, U, from "forcing"
the data to flt a universal profile, (Equation 3.1), it may be computed
from the slope of the velocity profile in the near-wall region.  Using
a y+ value of approximately six and the fluid properties as they were
measured during the run, a "wall slope u." was establlshed. These

values, in addition to the "log fit u¢" values, are shown in Table IV,

TABLE [V

SHEAR VELOCITY COMPARISON=WALL SLOPE AND LOG FIT

Re Wall Slope ug Log Fit u,
(ft/sec) (ft+/sec)
17,700 .0.065 0,069
18,500 0.066 0.069
24,700 0,081 0,085

55,200 0.178 0.175
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Both estimates of u, are compared with the data of Hussaln and Reynolds
(31) In Flgure 19. |t Is Important to note the goed agreement between
the two up estimation methods, The:polymer data shown later will have
a single method of uTideTermInafion, namely the "wall slope method".
The method's valldlty is conslidered establlished by fthe above comparison.
All meédn velocity data presented is corrected for beoth velocity
grad!en+ and biésing errors, - Flgure 20 shows the magnittude of these
corrections. - The dafa shgwn Is the biased and corrected velocity
measurement in the near-wall region for the three Reynolds numbers
.shown. ~ Recall that the bias correction moves the data on the U axis
while the velocity gradient correction moves it on the y=-axis.  The
normalized results of these cerrections are shown in Figure 21 for the
‘near-wall region, These figures show that the veloclty gradient cor-
rection is significant only when the mean velocity is near zero and/or
The probe volume Is very close to the walt. The blasing cerrection is
more pronounced and is dependent on the root mean square of the fluc-
tuation level. The blasing correction shown here varies from 16% for
a fluctuation level of about 50% to Insignificant levels when the fluc-
tuation levels fall below 5%. Figure 21 demonstrates the necessity
fer corrections to be applied. The data ih this region must fit the
linear curve U = y" and this is accompllshed only after the statis-
tical biasing and veloclty gradient corrections. have been made.

The root mean square (rms) estimates of the sfreamwise’velocifyb
ffﬁcfuafions for the four solvent flows are presented in the next
three figures. Figure 22 shows these rms values, u', normalized with
the local mean velocity plotted as a functien of y non-dimensionalized

with channel half-width. Figure 23 shows the furbulent intensities as
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a function of the wall layer coordinates. The intensities have been
normalized with the ugr obtained when the mean velocity data was "forced"
to fit Equation 3.1. The relevant data of Hussain and Reynolds (31)
and Eckelmann and Reichardt (33) are shown for comparison.’

The two points discussed earlier should be noted again in Figures
22 and 23, The y+ = 5 data point for Re = 55,200 had some lower fre-
quency fluctuations electronically filtered out and the overall tur-
bulent intensity is, thus, reduced. The data at y+ =~ 3 for Re = 18,500
has a 95% confidence Interval of |1% but remains slightly high. The
probe volume size permits measurement of velocity fluctuations over a
finite distance normal to the wall. This effect ié most pronounced at
low y+ values and high intensity levels, and is most probably the effect

seen here,

Velocity Measurements in Drag=-

Reducing Solutions

Velocity measurements were made in seven drag~reducing flows:
three with Separan AP273 as the additive, three with Magnifloc 837-A,
and one with Polyox WSR-301, The general parameters for the seven
di lute polymer flows and.the four solvent flows were presented in Table
[1l. The Reynolds number (Re) is again based on hydraulic diameter
and mass-average velocity, but for friction=reducing flows the solution
viscosity is replaced by the solvent viscosity at the same ftemperature.
The mass-average velocity, UAVG' was obtained by integrating the mean
velocity profile and u;p for the di lute polymer solutions was calculated
from the velocity gradient in the viscous sublayer. As seen in Figure

18, the experimental solvent data fits the ut = y+ curve in the range
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6 <yt< 8, For this reason all calculations of ur from velocity gradient
:(wall slope u.) were based on data In thls y+ range. .

The experimental program was planned and executed such that a vari-
ety of parameters could be employed when comparisons between drag-
reducing and solvenf-flows were belng made, For example, with reference
to Table |Il, 1f one desires a comparison of flow characteristics at
a commen percentage of drag-reductiens, DPS~6, DPS=11 and DPS=9 can
be compared; or if Reynold number is the parameter of interest, SOL-12,
DPS-6 and DPS-10 can be compatéd.

The mean veloclity profiles for seven drag-reducing flews are pre-.
sented In F}gure 24, One of fThe most striking dlfferences between
varlous.flows can be noted here; that is, tThe general shape of the
profiles for Separan AP273 Is qulte different than Those:for Polyox.
WSR-301 or Magnifloc 837-A,. Both 837-A and WSR-301 have a more claséi—
cal appearance, that is, a lower velocity slope near the wall and a
larger flow In the channel center regiens (see Rudd [15]).  This differ-
ence |s best demonstrated In the ratio UAVG/UMAX: shown in Figure 2b.

The mean velocity data Is plofted in non-dimensional wall layer
coordlnates In Figures 26, 27 and 28. The solid curves representing
the locus of solvent velecity measurements are shown for comparative
purposes, = In all cases, the calculation of y+ uses a kinematic vis=-
cosity based upon the lecal shear rate. The log portien of the velo-
city profile appears identical to the solvent data except for a vertical

shift. This.portion of the mean preflle can be described by,

U¥ = A log y* +B + aB (3.2)

where A = 5,63, B = 5,0 and AB is the additlive constant. A buffer

region exists between a y+ of approximately 10 and the beglinning of
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the log region. The data suggests a third curve,

U" = C log yt + D (3.3)

can be used to describe the |Imiting values on U™ and y+ in this region.
This 1imiting function .has been named. by many as the "ultimate profile",
and can be described as fthe Ilne aleng which all data fits until it
assumes the form of Equatien 3,2. - The Intersection of Equations 3.2
‘and 3,3 depends upon the speclflc flow, being Investigated. |t is
Important te note that C and D vary from polymer type to polymer type
and the slope, C, is less sensitive to change than the intercept D.
Also, it :1s difficult to determine C and D until a sufficient AB shift:
has taken place, thus allowing enough data within the buffer region to
clearly define Equatlon 3.3. The constants C and D which were deter-
mlined from a "best fit" curve drawn fthrough the data for the highest.
amount of drag reduction are summarized in Table V:

The veloclty data in the near-wall region (y<8) can best be seen
in Figure 29, which 1s linear plot of U" as a function y+n\ The data
for y+ less than 8 fits the Ut = y* curve well. The most important
aspect of the data presented in Figure 29 is the departure of the
mean veloclty data frem the ut = y+ curve for values of y* > 8-10.
This observation is in direct centrast to virtually all previous data,
which is best typifled by the work.of Rudd (15), also shown in Figure
29, However, it should be recalled that all previous laser anemometer
measurements have been made in square ducts. The lower dashed curve.
represents the locus of peints representing the solvent velocity measure-

ments and.ls included for comparative purposes.
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TABLE V

SUMMARY OF LAW OF THE WALL CONSTANTS

Run Deslgnation A B AB C D
SOL-12,13,14,15 5.63 5.00 0 - -
DPS--5 " " 7.19 17.70 -8.20
"6 - " 8.09 " "
"a7 " " 9,20 " "
" 10 " " 4,41 '+ 16.60 -7.30
"Ll " " 7,03 " "
" -12 " " 8.28 " "
-9 " " 6,98 17.80 -8.30

The Intenslty of the furbulent velocity fluctuations in .the drag-.
reducing flows examined here are shown in Figures 30 through 33, Fig-
ure 30 shows the root mean square (rms) estimates of the velocity's
fluctuation normalized with the local mean velocity as.a function of
‘ the distance normal to the wall non-dimensionalized with the channel
half-wldth, The Intensitles fer both polyacrylamides show an inflec-
tional behavior at approximately 2y/W = 0,05, in-additlon to displaying
distinct differences from the selvent.data in the outer regions of the
flow, This Is a real effect and not one that can be attributed to
- experimental or .statistical uncertalnty.

The final and most commonly employed method.of presenting fturbulent

Intensity information is shown.in Figures 31 through 33, In these
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figures, ut Is normallzed wlth U, and. s plotted as é function of y+°‘
The data presented here is.shown cempared to typlical solvent data and
the square-~duct data of Rudd (15), [t can be seen that the data pre=-
sented here differs signiflicantly from that of Rudd.. The distinct peak
present In the solvent data has dlsappeared and the maximum values for
u'/u; are distributed over a much wlder range of y+° There dees not
appear to be elther an extended |lnear curve up to.a distinct peak or

a distinct peak In turbulent intensities = as shown.by Rudd, lagan,

and Kumer and Sylvester,
Comparisons.

The histogram and the energy denslty function are not widely used
methods of data presentation and coemparison. However, the laser ane-
mometer measuring individual realizations yields data of a form such
that these presentatiens are formed with litTle effort.

Typical mean velocity data is presented in histegram form in
Figure 34 for solvent and dilute polymer flows, . This method of pre-
sentation allows a‘qualTTaTTvQ comparison to be made at a common non-
dimenslonal distance from the wall. The velocity histograms shown
extend over the Important preductive region of the wall layer and were
formed using a large number of individual veloclty realizations, N,
as:shown in Table VI, It Is belleved that these hlstograms are repre-
sentative of those In all solvent and frictien=-reducing flows., The
histogram compariseons were made on.a Reynelds number baslss The
distinct differences In the drag-reducing and solvent data at low
values of y+ and the merging of the histograms at higher y+ should be

noted. -
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TABLE VI

HISTOGRAM SAMPLE SI1ZES

RUN y* N POLYMER
soL - 13- 9.2 1001 -
" 17.9 1028 -
" 35,4 1014 -
DPS - 9 8.4 816 WSR=301
" 19,0 1019 "
" 29.4 951 "
DPS = 7 8.5 1001 AP273

The energy density function may-be defined as,
ECu) = u?p(uw) (3.4)

where p(u) is the probability density functien., Uzkan and Reynolds (35)
have polinted out that a plot of Z(u) as a function of u identifies the
contributions of specific fluctuation magnitudes to the energy . of the
Turbulence,

In order to obtaln a detailed representation of.the energy density
function one must have a samplie size of sufficlent number such that the
outermost parts of hte histodgram and. energy density functionh are well
defined.. |T-is -estimated that sample sizes on the order of 5000 -
10,000 would be sufficient o give such detail.  The manual data reduc-
tion :used here precludes extensive documentation of energy density
results = but some qualitative resulfs are presented to show the value
of this type of data presentation. The results shown in Figures 35,

36 -and 37 are for the velocity measurements outlined in Table VI, It
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is estimated that sample sizes on the order of those of Table VI are
sufficient to give qualitative results. The regions which would suffer
greatest would be those furthest from the origin.

Desplte the small sample size one should note that differences in
the dilute polymer and solvent data can be seen through the productive
region of the flow (5 < y© < 50). (See Figures 35, 36 and 37.) The
results for the solvent flow are in agreement wilth those of Uzkan and
Reynolds (35). The comparison is made here on The basis of common
Reynolds number. The Polyox WSR-301 curves are seen to continue rising
Through a y+ of 35, whereas the solvent energy dens!ty functions have

reached a maximum and are fallling,
Eddy Diffusivity

A natural computational extension using mean veloc!ty profile data
Is the determination of the eddy diffusivity. An expression for eddy
diffusivity characterizes the momentum transport properties of the
flow. These properties, or the amount of turbualent mixing, are use-
ful in the analysis of turbulent heat ftransfer. The concept is fo use
the experimental velocity proflle and tThe equations of motion to
determine free constants in an assumed model for the eddy diffusivity
of momentum, Then the temperature proflle and the heat transfer
coefficient can be predicted using tThe energy equation and equating
the eddy diffusivities of heat and momentum.

The eddy diffusivity models provide an expression That replaces
the non-|inear Reynolds stress term in The equations of motion.

Consequently, the eddy diffusivity of momentum is defined as,
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E(y) = &= _zulv! (3.5)

C
Q.
(e

and the noen-dimensional, time-average equation of motion for fully=
developed, two-dImenslenal channel flow becomes

- . Tt
P=%-£;{(]+E) %3-,] (3.6) -

The non-dimensionailzatlon was performed using the mass-average velo-
city, UAVG' and the channe! half~width, W/2, - P Is defined as
P =‘Tw/9UAVG and the Reynelds number is R =W UAVG/Z[U]SOL. Equation

(3.6) may be integrated once to yleld,

Ut (y") = RP[ ._..]:_\L:._.._ dy; (3:7)
]+E(yl

and the normalization requires that,

,

I

= T (! ' = RP __l_XL_. '
1 fu (y')dy'! = RP [“'E(Yl) yl] dy (3.8)

R
Equation (3.7) demonstrates that the velocity profile may.be calculated
from a simple integration If the eddy diffusivity distribution is known. .
Most eddy diffusivity models contaln some free constants which are
determined by requiring U'(y') from Equation (3.7) to agree with the
experimental data.

The model used here was flrst recommended by Cess (36) fer turbu-
lent pipe flow. The Cess mode! has:the advantages of being a contin=-
uous. functien which yields non-zero velocity fluctuation levels at the

center of the channel (or pipe) flow. When the Cess expression has
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been adapted for channel flow it appears as (see Tiederman & Reynolds.

370,

9

1
z
E = ‘!2_ k #P[Zy -Y'éj 3 4Y —2y'2] [1 + ex[_)('%R_.‘/lp.—)]2 - 1/2 A(3.,9)

The free constants.are A+ and k.

In order to compute E(y) and U'(y") for solvent flows one must
know the Reynolds number (R) of the flow. The values of A+ and k are
plcked (see Hussaln and Reynolds [31]) and the starting value of P
must be calculated. The initial value of P is approximated from an
expression for turbulent pipe flow (see Kays [38]), which when modified,
appears as

B = 0.0177 [R]0:2 (3.10)

The values R, A+, k and P are the input parameters to an iterative
computer scheme., Within the iterative program, E(y') and U“(y') are
computed from Equations (3.9) and (3.7) respectively. Equation (3.8)
is then used to compute an updated P which is used to restart the cal-
culation of E(y) and U'(y'). The updating (Iteration) of P continues
until the normalization condition yiélds a P which has a sufficiently
small error when compared fo fhe previous P iteration. The mean velo-
city profile generated in this manner may now be compared with The
experimental data. [f the agreement is poor The values of AT and/or
k.are adjusted and the entire procedure must be repeated. Here the
numerical integrations were performed using a Simpson's 1/3 rule with
400 integrational increments.. 400 Intervals proved satisfactory since
an increase to 1000 intervals gave no significant changes.

This scheme was implemented for the solvent flows in order to test
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the model and to verify the computer routine. Various values of At
and k were used to determine a family of E(y") and U“(y”,‘whlch were
compared to the experimental velocity profliles. The values of At = 29
and k =.0,45 were. found to yield-a U'(y) which best fit the experimen-
tal data.  These results are ldentlcal fo these found by Hussain and
Reynolds .(31) for a.similar channel flow.

Figure 38 shows.the comparison between the solvent dafavgnd the
calculated mean velocifyfprofiles using the Cess model and A4 =29,

k = 0,45, The agreement is gooed at all Reynelds numbers. Figure 39.
then -displays tThe non-dimensional eddy diffuslvity glven by fthe Cess
model. These results are in agreement with those of Tiederman and
Reynolds (37) and Hussain and Reynolds (31),

The form of the model employed here for the determination of the
tunbulent transport properties for drag-reducing flows is the same as
that for solvent flows, that is; the Cess model.  However, fthe itera-
tion scheme is changed because a single value of P from the experiment
must be used for each flow.

The Inputs are agaln R, E} k and A+, but some very important dif-
ferences exist in thelr assignment. The viscoslty of the dilute poly=-
mer.solution is used In .calculating the Reynelds number, R. The value
of k''ls.set at 0.45 and not allowed to vary because 1/k is proportional
to the slope of the log portien of. the universal law of the wall. Recall
That in a drag-reduéing flow 1t has been established that the slope of
the log portion Is the same as the solvent slope, P cannot be evaluated
from Equation (3.10) for dilute polymer flows, but the definition of P

yields a working eguation directly. Namely, .

L}
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2

F =l = [,;i;..] (3.11)
PUave Uave -

Thus, for drag=reducing flows P Is calculated using pressure=drop.and

flow rate data and It remains constant for the entlire analysis. A+'is

the énly tnput parameter which Is determined by iteration.

The computatlonal scheme begins wlth R and P fixed by the experi-
mental condltions, k = 0.45, and an initlal value of AT,

The distributions of E(yh and Eﬁ(yﬁ.afe computed using Equations
(3.9) and (3,7). The value of P obtalned by using Equation (3.8) is
combared to Thé experimental value from Equation (3,11). " If the error
is large,. The value of A+ is changed and The'en#ire process is repeated.
The cycle continues until the value of.3; which satisfies the normali=~
zation conditlon (Equation [3.8]), is the same as the experimental
value, The velocity profile generajed in This manner is then compared
to the experimental data. HoweveF, note that there are no free para-
meters unless the conditien K = 0.45 1s refaxed. This is Important
because 1f the calculated profiles agree with +hevexperTmen#al data
the computational scheme becomes a prediction technlque for drag-
reducTion)velociTy;profIIes,

" Mean velocity profiles were predicted for all seven drag-reducing
flows discussed In this research. The actual experimental parameters
were used In the determination of Reynolds number:and P. The results
of these predlictlons are compared to the experimental data In Figures
40, ‘41 and 42, The agreement is excellent. The values of A+ which
resulted from the calculations are shown in Table VIl. It should be

noted that the values of A' for each run.are comparable to the y*
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values at the intersection of the log and buffer reglons for that

corresponding run (see Figures 26, 27 and 28),

TABLE VIt

CONSTANT FOR DRAG-REDUCED EDDY DJFFUSIVITY

Run A+
DPS- 5 72.8
DPS~ 6 76.0
DPS~ 7 92.2
DPS=10 54,6
DPS-11 71,4
DPS~12 80.0
DPS- 9 71,3

The €ddy diffusivity model outlined here and applled to the dilute
polymer flows is plotted In Figures 43 and 44, The eddy dlffusivity
of the Polyex WSR=-301 has the greatest magnitude, whi:le the diffusivity
for Magnifloc 837-A is suppressed semewhat and the Separan AP273 diffu=-
sivity Is the lowest of all drag-reducing polymer -results, In addition,
it should be noted that the eddy diffusivlity data for the AP273 reaches
a maximum at the channel| center, which is different than the behavior
for elther the solvent or the other dilute polymer flows.

The diffusivity distributlions at comparable Reynolds numbers for

selvent and drag-reducing flows are compared In Figure 45,
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Polymer Solution Characterlzation

Drag Reduction

A careful characterization of the drag=reducing solution was per-
formed after each data run. Pressure drop and flow rates tests were
conducted and the drag-reducing capabilities of the solution were
obtained. These measurements are an excellent indication of the degra-
dation (if any) of the dilute polymer solution. In addition, they can
be used as an Indlcation of the repeatibility of polymer solution
Tlging techniques. The drag-reduction data Is more fully documented

and presented in Appendix B.

ViséosiTx

In mosf of the previous dilute polymer experiments the viseosity of
the solution was assumed to be independent of the shear?raTeo The
physical appearance of the 100 wppm solutions of Separan AP273 sug-
gested that a more extensive examination of the viscosity of the
ditute poiymer solutions was needed. As mentloned previously, the
viscosity of the dilute polymer solutions was measured over a shear
rate range of 15 sec™? to 1000 sec™! by using ftwo Couette viscometers,
a Brookfleld Synchro-Electric Mode! LVF and a Fann model V=G. The
maximum possible shear rate for each viscometer ylelds the most accu-
rate data, thus more emphasis is placed on the readings at 1022, 73.4
and 36,7 sec™l,

The viscometric data is shown in Figure 46. For the 31,3% drag-
reducing solution for AP273 (the first data run), only a single vis—

cometer reading was taken. More careful documentation of later AP273
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polymer solutlons .Indicated that a "family" of curves described the
shear rate dependence of the viscosity for 100 wppm solutions. A
curve belonging to this family was constructed for the single data
point mentioned above. Thus the viscometric curve for the 31.3%
drag-reducling solution of AP273 is an approximation.

It is Inferesting to note the degree of non=Newfonian properties
for these fluids. The pelyacylamides are most pseudoplastic while
+H§ polyethlene oxlde is more Newtonian in its behavior. . All solutions
approach Newtonian behavior at lower shear rates (<100sec™!), but most

f lows have shear rates above this value.



CHAPTER IV
DISCUSSION

The Interpretation and dlscussion of the results can be divided
In%o two general sections, namely, the mean veleclty results and the
turbulent veloclity fluctuation results.. The mean velocity results in
the drag-reducing flows and their relationship to previous results will
be dlscussed In two general ways. First, the veloclty proflle will be
dlvided Into the three characteristic regioens, and each region will be
dlscussed. - The reglons .are the vlscous subléyer, the buffer region
and the log portion. Secondly, the predictive technique for the cal-.

culation of the veloclty profile and the TurbulenT transport mechanisms

In the drag=reducing flews wl!!l be dlscussed.
The turbulent Intenslty information will be compared fto previous
results and will be used to demonstrate the Importance of the buffer

reglien In drag-reducling flews. * In addition, some qualitative Jjudge-
ments will be made about the structure of a drag-reducing flow from

the energy .density representatlion of the velocity fluctuation results.

Mean Velocity

The purpose of this section is to examine and Interpret the mean
veloclty measurements for the dilute polymer flows. References to
previous investigations will be made when necessary and possible, but

I+ must be recalled that such cemparlseons are between the data from a

48
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two-dImensional turbulent channel flow and that of an experiment con-
ducted in a square duct.

The results of this study generally show the exlstence of the
three regions In a drag-reducing turbulent boundary layer. The three-
reglon concept constitutes an apparently rather widely accepted (not
necessarl!ly proven) picture of drag-reducing flows. A general descrip- .
tlon of these three reglons follows:

1. ~Vlscous Sublayer: The near-wall portion of the boundary
layer, where viscous forces predominate and the velocity
profile Is linear. The non-dimensional velocity proflle
In this region is.described by the linear relationship
Ut = y* (see Figure 47).

2. - Log Region: The outer portion of the furbulent wall
layer. The log region. for drig—reducing flows has been
shown to fIt the expression U = A In y '+ B + AB (see
Flgure 47)., AB is an additive constant and represents
a vertical shift in the log portion of the velocity pro-
file. The constants A and B, (A = 1/k) are equlvalent
to those for a solvent flow, The mean veloclty in this
portion of .the flow appears to be equivalent to a New-
tonian flow. This reglon is apparentiy outside the
maJor dynamlc Influence of the polymer addltives.

3, - Buffer Region (Elastic Sublayer): The region Joining
the viscous sublayer and an elevated log reglon. A
typlcal curve, Ut = C In y + D, (see Figure 47), des-
cribes the buffer reglon. At high amounts .of drag-
reduction the velocity curve wlthin the buffer region
describes what some researchers refer to as the
"ultimate proflle" (see Virk (21), Tomlita (19)). The
buffer region Is the zone in which the effect of the
polymer addliflves is seen most dramatically. The
shape of the proflle wlithln the buffer region and itfs
Junction with the viscous sublayer are areas of wide
data scatter.

The measuremenfs»madé here allow a detalled examinatlion of each of
these.reglons,
The extent of the linear curve, Ut = y+, in the near-wall region .

Is the flrst area of discussion. A controversy exists concerning so-

called "sublayer thickening" which is represented by the velocity
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profile remaining |lInear to a y+ = 15 to 20 instead of The solvent

value of 8 to 9. Four .investigations, including this one, have made
velocity measurements at y+ < 10. For convenience, Table VIIl indicates
The extent of the linear curve and the [owest y+ l[ocation at which

velocity measurements were made In each of these investligations.

TABLE VIl

COMPAR|SON OF NEAR-WALL LASER ANEMOMETER
MEASUREMENTS [N DRAG=-REDUCING FLOWS

Author Max imum y+ LowestT y+

for which U+=y Measurements
Logan (11) 10 10
Rudd (15) 19 8
Kumor & Sylvester (10) 16 3

Present Work 9 3

Past efforts show considerable scatter which may be a result of their
experimental facilities. Recall that these investigators utilized

square ducts. The present work demonstrates that the |lnear portion

of a drag-reducing velocity proflile has the same non-dimensional extent
as That of a solvent profile, and that the veloclty proflles leave the
+_F

U =y curve at a different slope Than the companion solvent data

(see Figure 29), It must be concluded from this study that the linear
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portton of the velocity proflle extends to a'y+ of about 9, which
determines the extend of the viscous sublayer. Thus, the non-dimen-
sional mean velocity data for a drag-reducing and selvent flow in the
near-wall region are equal and the polymer additlives do not yield a
thickened vlscous sublayer,

The buffer reglon of the veloclty profllés shown .in Figures 26
through .28 .have been described by the equatien uF=c log y+ +.D
where C and D are tabulated in Tahle.V. The formulation of an equation
which is desligned to describe an "ultimate profile" using these values
Is not Justl!fled because the range of drag-reductions was insufficient.
However, seme gqualitative characteristics can be noted. The slopes .of
the fitted proflles withln the buffer .reglon agree to within 7%, which
Implies that there exlsts a constant C = 1/k', which describes the
slope of a universal profile in the buffer regime. . A more extensive
serles of experiments at high drag-reductions would provide a crucial
input to the characterization of a so-called "ultimate profite'",

The buffer reglon Is obvliously a region wherein the polymers have
a strong Influence on the mean veloclty profile. ~ In fact, Figures 26,
27 and 28 show that the log reglen and viscous sublayer of the dilute
polymer flows are simllar to those of water, but the buffer regions
vary wldely., The mean flow characteristics are altered.ln the buffer
reglon., -

The logarithmlc.regien of the mean velocity profile for a drag-
reducing flow Is shifted by an.amount AB due to the change in the
buffer region profile (see Figure 47)., The results presented herein
made [T peossible to directly measure AB and consequently to test the

avali lable AB predictive schemes. The experimental values of AB were
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shown In Table V.  The varlous methods of AB prediction and their
origin are shown 1n Table IX,

The basis for the predicttve methods.can be divided inte three
general categeries. First, the length-scale medels, wherein van Driest
(39) and Meyer (40) use characteristlc lengths such as sublayer thick-
ness, buffer region thickness, pipe diameter, etc, " The time-scale
models form a second group-of AB predictors. These models are typically
the .ratio of a polymer characteristic Time (relaxation time, critical
shear rate, etc.) and a characteristic flow tTime based on wall para=-
meters. They form the basis for the works of Elata (4), Temita (19),
Seyer and Metzner (16), and Rudd (15). The predictor of Virk, ef al.
(21) 1s composed of general flow parameters, such as UAVG and ug.

In the case of Elata, AB cannot be obtalned from experimental data
because The value of a.is unknewn. ' Hewever, It has been hypothesized
by Elata that o is a function of polymer species and concentratlion,
and thus o would be a censtant for each polymer species tested here,
This feature can be examined with the experiments. Figure 46 demon-

stiates that the predicted a . Is @ strong functien of AB and not a
constant,

For the remaining schemes, predicted value of AB can be found
based upon the experimental condltlens; this value may then be compared
to the actual AB determined. from the measured velocity profiles. These
comparlisoens, .In addition to the a results of Elata's model (4), are
the subject of Table X. Table X Is graphlcally presenfted in Figures

48 and 49, It can be seen from these fTwe flgures that the predicted
and actual values are wldely scattered and not In good agreement. They

are, at times, consistant within a limited scope.(e.g. a single polymer,
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AB PRED!CTORS
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Author Predlctor
2
Eltata, et:al. (4) ‘ a In _Ilﬂl;_
v
Meyer (40) Uavs - 2,5 - 5,66 log dug
Ur 20y
Tomita (19) K, Iyl = K
Virk, et al. (21) ([Uavelpps = [Uavelso) / U
Rudd - (15) : {2 D' - 2,44 In D' = 11.5

van Driest (39) - &. In L™ + B' - 5,0

L
K1

Seyer & Metzner (16) AB (ty) = yT - A In.yT




COMPAR{SON OF ACTUAL TO PREDICTED VALUES OF AB

TABLE

X

AB o

Run Re Actual Tomita Virk Rudd van Driest Meyer Seyer Elata
DPS- 5 20,196 7.2 4.4 4.2~ 7.7 4,6 5.7 7.7 24.0
DPS- 6 26,373 8.1 5.0 4.9 10.5 5.2 6.3 8.9 17.1
Dé8—17 44,516 _ 9.2 6.0 4.5 18.4 6.2 8.4 14,3 11.4
DPS~10 20,582 4.4 1.3 3.0 4.8 1;4 4.3 7.8 13,6
DPS-11 37,490 7.0 3.6 3.7 15.1 3.8 6.4 1.8 10.1
DPS-12 46,037 8.2 4.7 4.5 18.6 4.9 7.5 4.5 10.1
DPS- 9 52,449 7.0 3.4 5.8 8.4 5.6 6.9 7.9 20.2

14°]
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a single flow rate, etc.). - Of the seven methods of AB prediction
reviewed, the one of Meyer Is superior, even though 1+ has discrepancies
on the order of 25%. The applicabllity of any of these aforementioned-
predictors to a wide range of flows and polymer species is not practical.

Fur*hér attempts haye been made to simply .correlate (not predict)
AB using the characteristic ttme based on wall parameters, and funda-
mental flow time-scales, such as polymer relaxaTion-Time,v+1, or the
+ime between bursts, TB. (See Donohue, et al.(41)). These two char-
acteristic times are fundamental measures of the identity of a specific
flow, The ratlos v/u2 TE, v/u2 1y, v/u¥?. Ty and v/u¥? +;, were com-
puted and plotted as a function of AB and drag reduction percentage.
No correlation was present.

The predlctors, based upon length-scales used thus far, namely .
those of van Driest and Meyer, have not used the fundamental wall=
region length in an attempt to collapse.the AB data. This fundamental
length is the low=-speed streak spacing, A, and the normalized spacing
I's A+=AuT/u. For the correlation attempts made here AT was obtained
from Donohue, et al. (41), A was then calculated using experimental
values of u; and v, The parameters A and AT were plotted versus AB.
A-correlation was not present - thus.a wall-layer length scale does
not appear to be the basis for AB prediction.  The radius of gyration
of the polymer molecule is an attractive correlation parameter, but
the complexity of The molecules makes experimental determination of
the radlus of gyﬁaflon Inaccurate, .

In lleu of a time or length scale correlation there exists the
ppssibilify of AB cofrelaTlon‘on flow parameters (e.g. UAVG' per cent

drag-reduction, -etc,). - At the onset of this work‘i+ was .thought that
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AB data would collapse to a single curve when plotted as a function
of percent drag-reduction. This is not the case. The data does
col lapse - Into a family of parallel curves (see Figure 50) if one
assumes .that the single data polnt for Polyox WSR=301 indicates a
curve, - Thus, drag-reduction -only partlially correlates the AB para-
meter.

The correlatlve attempts here have shown that AB may be predicted
nicely when a single polymer type is considered. Prewlous workers
have Implled universal correlations based upon single polymer.species
Investlgations and impliclt assumptions about %ow the polymer mole=-
cules affect the flow, [T has been shown that these predictors are
inadequate. A sound englineering approach would be development of a
model which predicts the entlire mean velocity profile even if the
model ylelded |Ittle insight into mechanism., -

Using the calculation -scheme outlined In Chapter (1], the use of
the Cess (36) model for furbulent diffusivity allows a prediction of-
tThe mean veloclty profile for a drag-reduclng flow to be made. These
predictions are based upon'knowlédge of ur, Upyg and v,

The velocity profile calculations were made herein (see Flgures'@o,
41, for examp.le) for seven drag-reducing flows with three polymer
specles and a range of drag-reductions from 24 to 40%. It cannot
be implied tThat this type of prédicTion technique will withstand the
tests of universality, but it does appear to have Important engineer-
ing usage. - The AB deflved from the mean velocity profilé predictions
Is compared to the experlimental values in Table Xl.  The agreement
is excellent. Table VI| shows the values of AT which are obtained for

each calculated mean velocity profile. These values Indicate that At
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TABLE XI

RESULTS OF AB PREDICTION USING CESS MODEL

Run Experimental AB Mode| AB AT /8B
DPS- 5 7.2 7.3 10.2
DPS- 6 8. 1 8.0 9.4
DPS= 7 9.2 9.4 10.0
DPS~10 4.4 4.8 12.5
DPS~11 7.0 7.2 10,2
DPS-12 8.2 8.4 9.8
DPS~ 9 7.0 6.9 10, 1

Is, In general, an indlcation of the non-dimensional extent of the
combined buffer region and viscous sublayer. The ratioc of AT to

the experimental value of AB is shown in Table XI|., Excluding one
value the ratio Is constant to within 6%. The reasons for the ratio
being constant are not understood, but they are undoubtedly related
to the non-dimensional mean velocity slope in the buffer regionu;

[t should be relterated that a predictive scheme for the mean
velocity proflle has been shown to be valld for a variety of drag-
reducing flows, The AB parameter may be found directly from the
predicted mean velocity profile. In addition, the constant A+ gives
a reasonable estimate of the buffer region's thickness.

The original inftent in using the expression of Cess (36) was to
determine !ts vallidity In predicting the turbulent ftransport properties
of drag=~reducing flows. The disTrfbuTIon of eddy diffusivity is cri-
Tical in the determination of the momentum, heat and mass ftransfer

through a shear flow. Tbe Cess expression is extremely practical in



58

that it is a continuous expression and ylelds the correct velocity
gradient and a finite fluctuation tevel in the outer stream.

Useful interpretations can be made from The*fesulfs of the diffu-
sivity calculations. Figure 45 compares the caléulafed gddy diffusi=
vitles for water and dilute polymer flows with equivalent Reynolds
number, The major point of interest here 1s the reduced turbulent
mixing in the ditute polymer flows. The reduced mixing has been noted
by others, in the form of reduced heat transfer coefficients (see
Gupta et _al. (42) and Latto and Shen (43)). This should be expected
because for moderate Prandt| number fluids the eddy diffusivity of
heat is equal to fthe eddy diffusivity of heat. Thls single input
(eddy diffusivity) coupled with the energy equation and appropriate
boundary conditions would be sufficiént for calculafiné the decreased

heat transfer rates,
Turbulent Intensities

The use of the LAMIR and.experimental facility described earlier
permltted unambiguous measurements.of streamwise turbulent intensities
to be made. The results shown here are believed to be Indicative of
the effect of polymer additives on the furbulent intensities in a
general two-dimensional tfurbulent boundary layer. The resulfs differ
quite widely from those presented by Rudd (15), Kumor and Sylvester (10)
and Logan (11), and due to the experimental differences in these works,
only -qualitative comparisons can be made.

Figures 31, 32 and 33 most dramatically present the differences
In the intensity measurements. Rudd's data is shown and it is typical

of Logan's and Kumor and Sylvester's measurements. The data from this



59

study shows the general effect of polymer addition (as shown by Figures
31, 32 and 33) is a loss of the distinct peak of the solvent case and

a redistribution of the primary turbulent activity intfo a broad band.
Note that the turbulent intenslitles In the near-wall region (y+ < 9)
are reduced, The motion pictures of Donohue anthiederman (44) confirm
this change In the near-wall region of a drag-reducing flow. The dye
injecjed at the wall showed a suppression of activity in the turbulent
structure - that is, the dye was distributed much more evenly and the
distinct- features (such as low speed streaks) became less identifiable
and blended better Into their surroundings. |

The energy density function is another method of visualizing the
viewpoint offered here. Recall that Figures 35, 36 and 37 are repre-
sentative of the turbulent kinetic energy at varlous y+ locations of
both solvent and drag-reducing flows. The curves -themselves indicate
the amount of energy contributed to the total from a specific magnitude
of velocity fluctuation. The redlstribution of turbulent activity is
again seen by noting that as one moves away from the wall the energy
content gradually Increases, peaks at about y™ = 40, and gradually
decreases as the outer flow regions are approached. Whereas energy
content of the water flow peaks at y+ = 10 to 30, in accordance with
the results of Uzkan and Reynolds (35),

Kline,.ef al. (45) have shown that the buffer region is a narrow
region (8 < y+ < 30) of Intense turbulent action in.a non-drag=-reducing
flow. The largest values of furbulent kinéfic energy .production occur
at y+ =.12 as shown by Kim, et al. (46). The peak in the turbulent
intensity plot u'/u, occurs at the same location. Thus the buffer

region and turbulent production are intImately related. For a drag-
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reducing flow the peak which represents maximum shergy production has-
moved away from the wall and has beceme much broader, which implies

a "buffer layer thickening", Recall that the viscous sublayer was not
thickened, The log region of the proflle has been shown to remain
essentlally the same In both the mean and fluctuating sense. [t
appears then that the alteration to the flow by polymer-addition is

In +ﬁe productlive regien, or the buffer reglen,

It Is now established that the polymer addITiQes‘serve to reduce
the production of turbulence (see Denohue, ef als (41)) and to broaden
the buffer region which is the turbulence product!ve regien of the flow,
How the polymer addltlves make .thelr presence felt so strengly in the
buffer region is not known at this time. |t 1s clear, hewever, that.
the region of cencern should be the buffer reglon. The changes. fo
turbulent production are being made in this region, and further.probing

should be concentrated there,



CHAPTER V
SUMMARY AND CONCLUSIONS
Summary

The laser anemometer measurements conducted here yielded accurate
mean and fluctuating velocity proff%es for seven drag-reducing flows.
This data was sufficient for 1) developing a prediction scheme for the
turbulent transport of momentum and consequently prediction of the
mean velocity profile, 2) providing an experimental datum for testing
phenomenological models of drag-reductlon, and 3) providing a further:
understanding of the drag-reduction mechanism,

A large amount of data was taken wlth a laser Doppler anemometer -
in both solvent and dilute polymer flows. The data obtalned in water
verified the standard character, fwo-dimensionality and symmetry of the
flow channel constructed for these measurements. Velocity measurements.
were made in drag-reducing flows In which parametric changes. were
systematically made in both the polymer properties (molecular weight)
and flow conditions (drag-reduction). Extreme care was taken in The
documentation -of The experimental facillity and in the data collection
and reduction, |In additlon, corrections were applied to the data to
account for both statlistical and velocity gradient biasing.

The data. for the drag-reducing flows.can be compared to previous
drag~reducing Fesul+s and to the equivalent solvent flowso' The summaries

of the comparison made for each of the objectives follows. -

A1
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Mean Veloclty and Transport Property Calculations

For the range of drag-reductions encountered here, the mean velocity
measurements confirm the concept of three zones within the turbulent
wall layer. The use of a Cess (36) model and the knowledge of basic
flow parameters permits the prediction of the mean velocity profile
and consequenTIy the turbufent transport propehTieS¢ The -calculation
procedure can be outlined as follows.

The flow parameters needed are u., v, and Upyg. The kinematic
vlscoslty may be obtained using standard vlscometric techniques. The
quantity UAVG can be obtained by simply knowing the flow rate. The
shear velocity, u., is obtalned using pressure drop measurements and
a momentum analysis. The actual calculation procedure is discussed
In Chapter |1l. The numerical analysls results in a predicted mean
velocity profile, Eﬂy'), and an eddy diffusivity distribution E(y'). "
The calculated Ut(y') is in good agreement with the experimental data
and the final value of AT in the Cess expression is an indication of
the buffer region thickness. The eddy diffusivities for drag-reducing
flows showed a lower magnltude.and a maximum point shifted slightly
away from the wall. The ftechnique is of engineering usefulness and
should be tested at higher amounts of drag-reduction and over a more

exhaustive sample of polymer species.

AB Predlction

The ability of seven models to predict the AB parameter was tested
and shown to fail. The plotted mean velocity profile generated using

the predictive scheme developed in thls thesis yields a AB that is
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In excellent agreement with the experimental values. It must be noted
that the prediction of AB when given the entire velocity profile from

the above prediction is straightforward.

Mean Flow and Turbulent Intensities

Consliderable velocity measurements were made In the near-wall
region of the dilute polymer flows, The results indicate that the
. viscous sublayer (y+ < 10) has mean velocity characteristics very
similar to that of a solvent flow. |In -additleon, for the drag-reduc-

tions encountered here (% DR < 40) no linear sublayer thickening is

shown, Instead, the thickening effect takes place In the buffer region.
Finally, the log region appears to have the same slope as the solvent
flows but is displaced upward. innlng the individual parfs, one
obtalns a mean veloclty profile wah a Thickened buffer region which
Joins a subtayer.to an elevated log region,

The turbulent intensities measured herein are in agreement with
the past visual observations. Both indicate a loss of distinct
features in the flow. For example, the distinct peak present in the
solvent intensity profiles is not present. The drag=-reduced intensity
profile has a broad peak which is displaced outward from the wall. The
Intensity measurements also compliment the eddy diffusivity predictions,
that is, the reduced eddy diffusivity impllies reduced turbulent activity
and the reduced intensities of the furbulent fluctuations confirm this
finding. Furthermore, the limited results obtained from the energy
density representation of the velocity support the finding that the

flow lacks distinct features,
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Conclusions

The major conclusions of this study can be stated as follows:

1.

The model proposed by Cess (36) for the turbulent
transport of momentum (eddy dliffuslvity) can be
utiltlzed In the prediction of turbulent diffusi-
vitles for dilute polymer flows, The model may
also be utilized in the prediction of the mean
velocity proflle for a drag-reducing flow. The
model is simple, stralghftforward and requlres only
Information about the general flow parameters,

- The eddy diffusivity for a drag-reducing flow is

reduced from that of a comparable selvent flow. "
This implles reduced furbulent mixing and reduced
heat ‘transfer coefficients.

The methods previously proposed for prediction of the
mean velocity profile shift tack unlversality, This
defliclency is apparent in their inabllity to predict

the AB shift for dilufe polymer-flows where the polymer:
specles and drag-reduction were varled. The prediction
technlque outlined here does predict AB well, as well

as the remainder of the mean velocity proflle,

- The near-wall velocity measurements have shown that, at

least for drag-reduction of 40% or less, the viscous
sublayer,  Indicated by a linear velocity profile, Is

of the same extent as a comparable solvent flow. There
exlsts no evlidence of a thickened sublayer.

- The effect of the polymer additlives is to redistribute

the turbulent motion into a broader buffer region. The
Intensity .of the turbulent velocity fluctuations are
decreased when compared to a solvent flow of equiva-

lent Re, - There are indlcatlons that the reglon of
maximum kinetlc energy production 1s meved outward and

Is distributed more evenly than it Is In a solvent flow.,
This phenomenon was .present regardless of polymer species
or amount of drag-reduction.:
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APPENDIX A
UNCERTAINTY ESTIMATES AND DATA TABULATION

The desire to provide accurate velocity measurements in drag-
reducing flows prompted a complete examlnatlon of the uncertalnties.,
The sources of error which may be considered significant are the
1) probe volume location, y, 2) kinematic viscosity, v, 3) mean velo-
city, U, and 4) turbulent intensities, u'. The errors in the last two
quantities are largely random and are calculated based on a 95% level
of confidence for each sample set. The calculations were performed
using "student 1" and "chi-squared" distributions.

The confidence intervals of 95% in the value of U are larger than
The errors induced by systematic experimental inaccuracies, which are
estimated to be 1%. The 95% confidence intervals for all of the mean
velocity and the furbulent intensity measurements are shown in Table Xil.

It should be recalled that the estimated accuracy in locating the
probe volume position Is y = 0.0005 inches. The error in kinematic
viscosity measurement at high shear rates (the Fann viscomefér) was
approximately 10%. The estimated error in the viscosity measurement
using the Brookfield viscometer is 3%. Thus, when moderate shear rates
(< 100 sec™!) are present the accuracy of the kinematic viscosity
changes from 10% to 3%.

The basic errcor scurces and the amount of error present has now

been identified and enumerated, and an uncertainty analysis fo!llows.
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VELOCITY DATA TABULAT ION

ut % Error vy % Error y* % Error UY % Error

U ¢ Error

Run
Designation

NOSTMNMN

s 8 & & o & 0
O O IO IO IO I I

OO OO0
e o & o e o
™ O O IO IO 1IN D

VDO~ NO
e o o e o o »
<TMN — OO OO

MM Sy
0,7,7,9VQ,AVAV

24]9596
VA N

— 1 e e

SOL-14
(Re=17,700)

O O Oy —
e o = =
N O WO I

0 OO O
o MO

10.7
9.4
4

3

7.5
4.7

0 N

173
223
179

52

3.7
6.2

2.7
6.1
9
8

SOL-15
(Re=18,500)

M~ — O0V0 M —
o o o o e & o
™ O O I NN N

N <t — O 0 0 ©
© o & o e o @
™ O O IO IO IO N

7799320
4210000

0178858
88807)64

—— — —

WO N DO —
14 o o o L) °
O M N = —

— — — — — —

DOWTE — OO0
e © o o L
~ M OYSY O M S
—— MO N M~
— (N M
(@]
. (@]
~N ™~
— -
I <
— o~
(@) 1l
w [¢)]
oc
—t

71

™~ O O
LI
[faTaNTe)

°

6.7
0.9
7.8

I O
O O

4,5

™~ O
NN

276
458
1001

8
8
8.6

9.2

SOL-13
(Re=55,200)



(Continued)

TABLE X1

MOANN—— MO NMNON OO NMNOO—O—
. L L4 . L e L4 o o L] * . o L] © L e . ° L] ° L]
NI SO OVONVOY ™SOMSOONSNSOO

— (N ®® O 0D MWD T.OVRV7.7.7.7,7,7,
e s o e s .
NOIInn Ne e VO OBOO MA - c— 18000

— — — — — — r— —

—— < NO OV~ — O <+ NO DO —oOomr~inmMmNO

. L R L4 . - L] L] . L] L] L4 < o L] L] o o © ° <
T NO OO ITN—— OO0 LMMN—OOOOO

S NN NN VOMMSS M0 — NS — NN
e e . e o o o o e
<t —0 anuQJQJanu,o,b —O—ONOVOOO

—— —— —— —— o o — — — (N —

NOMOO ——<TOOO—r WVIOOMWV®D®DM
M e o s o o s e e
—_—O— O SRS NN e SRR A e

A<t OO NI~ OOO; S — M AN M MN S—
2]257 VO e— O — =™~ O N 0O <t OV~ I <F 0
oo N— — — NNNe—— e — —
™~ AN MO O NNNOWW— IO <t ~MINWO— OO
e o 9 - e & © e @& @ o 0o e @ o e & o o ©
—_ <t~ O MYWONMSN <+ T OOMINNOYN <IN
—_——— —— e NN —_—— — NN N
AT OOO N e MO OO O~ O~ OO O
e e o @ ® © e e© o e o 9 e ' € e e e e e 2
™~ Oy — © M WO O M~ MNP~ < MO MONNOO

o o o

M (@} 0y (@} O Q
[} - I - r -
1 0 w (@] w O
O 0y o N o N
x o x

~ S S



(Continued)

TABLE X1

N e— TN O~ —
e e & e & o 2 s @
O O OO W\WOWOWOWWY

= QOSSN

321116666

—_——r— — —

OO —NMINMNO
*» e e e & o o s
NMN—OO0OO0O0O

— <O — MY ©
® e o 9 = e s« o =
W — OO = MM~~~

NN e— INMOOON—
s & e o ‘o e o @
Ne— NANNNMEN —

N — — O N Y — < —

OO —MINO WO

MOMN— —

M— OO0 —OINON

e ¢ & o 0o o o o @

N O O~ <O~
— = NNNN

DPS~ 7
(Re=44,500)

—— < <M N — M
® & & © @ 2 & s o
O OO WOYWWOWWOWOYWOWW

= Mo O

3211]6666

— — — — —

DO N OO MN O
e e © e @ e © & e
NTN—OOOOO

6454641..]0
111923878

- — = — M

NNONMOMS—O;
« © @& & o e o o
—_ — = (NN — — — —

OO — MMOO ™M
== N NN O IO —
OO0 N—— .

40—/320652
o °

814813456

—_—— — NN NNN

TOOTOTOOO
¢ o o & e 0o o o o
DO ~—O0OOVviN < O M
—— N < ™~ <O

— N <

DPS- 9
(Re=52,400)

2766—/5521
766666666

© OV O P~ P~
Ne e 0w wooo

— — — —

85—/285220
421..]00000

FTNOMT N — — 1IN
® & e o © e e o o
O OM~0ONWOVOYUN

— — o — —

008804460
o

43223221.]

DPS=10
(Re=20,600)

73



(Continued)

TABLE XIt

O~ oS N —
* . L] . L . . . -
M~ 10O WVWWWYWOWO

OVN O @ s

322111666

—_—— — — — —

677826320
732]10000

VOO MPM™ WO

— — — — —

7898]225]
3222332]]

265
256
252
246
195
104

64

DPS-11
(Re=37,500)

M 0 0 0 O~ — —
‘e e - e ‘s s °o e e
™~ O WO OV OWYWOWWOWWO

NI O O~~~
L] . L] . ® a . e L]
MONNON~MNYWOO

— —— — — —

6499]6320
7421]0000

O— OO\ O M < OO
s e o e« 8 o 8 o o
OO+~ NT OO

— e N — —

———M -0 M~ N
. e+ o o o o
SM MMM NN — —

— — — o~ —

DPS-~12
(Re=46,00)

74



75

The calculation of u., ut, v, UAVG’ u' /U and UT/UAVG 1s dependent
upon experimental quantities and errors in these derived quantities was
calculated using the methods outiined in Barry (47).

The errors in u., UkVG’ “T/UAVG are constant for each flow and they
do not very signiflcantly from flow to flow, The wall shear velocity is’

computed from
!
a7z
u. = v du (A-1)
T dy

Only near-wall data Is used fo determine u,. and In this reglon the errors
are large. In general, The errors prevalen+ in The computation are

v+ 10%, y 5% and U = 5%, The resulting error in u; is

The mass-average velocity is determined by a velocity profile integra-

tion and 1s accurate to within
Uavg * 4%
Thus, the error In uT/UAVG is

The non-dimensional coordinates U' and y+ have errors that are a func-

Tion of the local uncertainties. That is, for drag=-reducing flows

(u, + 6% L (A-2)

~
1

and

c
§

= Ufu, * 6%) (A=3)
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The errors In U, v and y were discussed earller and the resultant error
in y+ and U+ calculafed from Equations A-2 and A-=3 are shown in Table
Xhl. The value of u_. for the solvent flows obtained by "fitting" the
data to the universal velocity profile, The uncertainty present in
this type of fltting procedure Is estimated at 5%.

The uncertainty in the turbulent intensities, u', is a function of
the sample size from which u' was calculated and must be determined for
each data point measured. These values are also shown in Table XIl.
The aexpectmd uncertainty of the ratios u'/uT and u'/U can be calculated
at each measuring location, Excluding a single data point the error in
u'/uT has a maximum of 21% and a minimum of 9%. The bulk of the measure-

ments are.on the order of
t
[u /uT]i 12%.

The error in the ratlo u'/U may also be calculated from Table XI1. The
range - of error Is found to be from 7% to 20%, with the bulk of the

measurements being accurate to

b'/fﬂi 10% .



APPENDIX B
DRAG~-REDUCT ION RESULTS

This Appendix presents the results of the pressure drop-flow rate
tests performed on the drag-reducing polymer solutlions. These measure-
ments were made in an effort to obtain independent verification of the
drag-reducing properties of the dilute polymer solutions. [In addition,
the results give an Indication of the conslstancy wlth which the poly-
mer solutlons were mixed.

Since The_pressure drop in the two~dimensional channel was foo
small to be measured accurately, two nine-foot stainless steel pipes
(0.835 and 0.425 inches diameter) that operate from a blowdown reser-
voir were used. The solutions were removed from the plping upstream
of the entrance channel and, thus, the solutions were the same unde-
graded solutions used for the velocity measurements. Two pipes were
used In an effort to give a broad range of data.

The amount of friction reduction was calculated by measuring the
pressure drop In the pipes for a flow with and without the polymer

addH‘ives° Percent drag-reduction can be found from

% DR =_[|:AF’]§()L"‘ [APIops | x 100 (B=1)

[APTgoL

Here the pressure drop comparison [s.made at the same flow rate. The

polymer solution characterization data for the three mixes of Separan

7.
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AP273 and the three mixes of Magnifloc 837-A, and the single mix of
Polyox WSR-301, are shown in Figures 51;;52 and 53 respectively. . There
are two important items to note. First, the data scatter appear very
wide, but consulting the data for a specific run indicates that the
scatter is relatively small for each run.

Secondly, the slight but conslstant effect of pipe diameter should
be noted. There are effectively three dIameTérs represented here: a
0.835 inch pipe, a 0.425 inch pipe and a 1.956 Inch (hydraullc diameter)
channel. The amount of drag-reduction in the channel was determined
by first obtaining fthe solvent wall shear velocity, [u_lgoL from a
velocity profile integration and use of Figure 21, The percent drag-

reduction- was then obtained from

2 . 2 '
g pr = |LYrdsor—Curd s | x 100 (B-2)
2

The pipe diameter effect appears greater at lower shearing sfresses
for each pipe, and the slope of the drag-reductlion curve appears to
lessen for increasing flow diameters. Thus the shear rate indepen-
dence of drag=-reduction as put forth by Whitsi+t+ (48) was not assumed,
and the pipe pressure drop resulfts are to be used for verification and

consistancy tests alone.



APPENDIX C

FIGURES AND I LLUSTRATIONS

This Appendix contains the Figures and lllustrations referred to

in the text of fhis theslis.
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Figure 6.

Photograph of LAMIR and Turbulent Flow Channel
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