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NOMENCLATURE 

Ac cross sectional area of flow channel 

D pipe diameter or channe 1 width 

Dh hydraulic diameter of flow channel, 4Ac/WP 

ds dye slat length trans verse to fl ow di rec ti on 

%D.R. precent drag reduction, at constant velocity 

F spatially averaged bursting rate, burst count/(time x ds) 

M 

p 

ratio of the mass flow rate through the 
rate through the dye slot, m/md 

mass flow rate. through the sublayer, 

mass flow rate through the dye 

number of-events counted/sec 

number of ejections/cm2sec 

static pressure 

slot 

. 
ms 

sublayer to mass flow 

y=Bv/u 
1: 

= dsp J udy = 32ds pv 
y=O 

Reynolds number based on momentum thickness, Ule/v. 

temperature, °C 

initial time of a bursting event disturbing a point near the 
wall 

final time of a bursting event disturbing a point near the 
wall 

time between bursting events, sec/burst 

bursting duration at a point, sec 

time between ejections, sec/ejection 

mass averaged velocity 

centerline average velocity 
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u. wall shear velocity (•w/p) 1/ 2 

u velocity fluctuation component in the flow direction 

v velocity fluctuation component in the direction normal to 
the wall 

WP wetter perimeter 
+ x nondimensional coordinate in the streamwise direction, XU /v 

T 

+ y nondime.nsional coordinate normal to the flow channel wan, 
YU /v 

T 

Greek Letters 

~ difference 

A average spacing between two adjacent low-speed streaks 
+ 

A nondimensional streak spacing, AU /v 
T 

p density of the fluid 

e momentum thickness 

o boundary layer thickness 

* o displacement thickness 

Subscripts 

p 

s 
drag reducing fl ow 

solvent flow 
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GLOSSARY OF SPECIAL TERMS 

A glossary of special terms used throughout the text is provided 

at this point to make clear the discussion of physical processes. The 

meaning of some terms are self-explanatory. This glossary does not 

include definitions of commonly accepted terms used in turbulent flows. 

These definitions are designed with respect to dye visualization of 

fluid motions. 

Wal.l Layer Structure. The distinct and quasi-regular flow structure 

found in the near-wall region of bounded shear layers. This consists 

of alternating regions in the transverse direction of low- and high

speed streaks. 

Low-Speed Streak. A long, narrow, low-speed region of fluid in the 

near-wall region. Marking mediums tend to collect in these regions. 

Ejection, A single filament of dye which is ejected from the near-wall 

region. 

Bursting. Bursting consists of an overall process in which: 

l, The low-speed streak is lifted up away from the wall. 

2. The lifted streak undergoes an oscillatory growth motion. 

3. A chaotic breakup of the streak in which one or more filaments 

are ejected. 

The bursting process is continual in nature and is only separated 

into three parts for descriptive purposes only. The fact that bursts 

from a streak are observed as groups of spatially and temporally sepa

rated filaments reaffirms the hypothesis that distinct elements of 

x 



marked fluid are parts of one overall fluid motion. It is the overall 

process of these filaments ejecting themselves out into the flow that 

is used in this study to define a burst. 

Sweep. A relatively large fluid eddy that has a streamwise velocity 

component greater than the local mean velocity, and that is moving 

toward the wall. 

xi 



CHAPTER I 

INTRODUCTION 

Turbulent drag reduction by the addition of small amounts of long 

chain polymer molecules is defined as the reduction in viscous friction 

below that observed in an equal solvent flow. 

This phenomenon has important engineering applications. For 

example, polymers have been added to water to increase the capacity of 

storm sewer systems during peak flow rates and to reduce power consump

tion in high pressure, high friction flows encountered in the servicing 

of oil fields. The drag reduction principle has application wherever 

frictional drag is a problem in liquid flows. Despite these successful 

applications, the phenomenon is not well understood and consequently, 

its potential may not have been fully exploited. The basic purpose of 

this thesis is to gain a better basic understanding of how the polymers 

affect the flow process. 

The portion of the flow that needs to be studied is the wall 

region, because drag reduction is a wall phenomenon. As Wells and 

Spa,ngler (28) seeped polymer into the wall layer through a slot in the 

wall of a pipe flow, they observed drag reduction just downstream of the 

slot. When they injected polymer (}.long the centerline, drag reduction 

did not occur until the polymer had diffused to the wall from the center· 

of the flow. This demonstrated that drag reduction is a phenomenon 

which occurs only when polymer is near the wall. 
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Drag reduction is a phenomenon which also occurs only when the flow 

is turbulent. A major feature of turbulent wall flows is the turbulent 

wall structure. This structure has been observed by many investigators~ 

Kline et al, (13) reported the effect of the wall on the viscous sub-

layer when they observed semi-coherent variations in the spanwise 

velocity. ·These variations were intermittent high-speed and low-speed 

regions. In visualization studies, the marking medium collects into the 

low-speed regions and forms long streaks. These streaks were first 

reported by Runstadler et al. (24). Visual investigations which have 

observed these streaks and measured their spacing in Newtonian flows 

include those of Donohue et al. (5), Oldaker (20), and Achia (1). 

Fortuna and Hanratty (6) measured th.e spacing of these streaks using an 

electro-chemical technique. Gupta et al. (10) formed autocorrelations 

from the velocity measurements of an array of hot wire sensors. The 

spacing of the resulting pea~s in the short time averaged autocorrela-

tions was an indication of a coherent structure existing in the sublayer. 

The results of all these techniques have confirmed that the nondimension..., 

al spacing of these. streaks, ;>,.+, is approximately 100 in solvent flows. 

Kline et al , ( 13) ·reported that these streaks teno to drift s 1 owly 

outward away from the wall. When the streak reaches a y+ of approxi

mately 12, it begins to oscillate, This oscillation amplifies itself 

and terminate.s in the abrupt breakup of the oscillating streak, with most 

of the breakups occurring in the buffer region, 10 < y+ < 30. Kline 

et al. (13) proposed that the time between bursts of a streak can be 

calculated from Tb = l/F;>,.. Here F is the number of bursts counted/(time 

x ds)' or N/ds. Donohue et al, (5) as well as Achia (1) have measured 

the bursting period in water flows using this equation for bursting 
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period. Kim et al. (11) visually measured the bursting period of water 

flows using a horizontal hydorgen bubble wire and also autocorrelations 

from hot wire measurements. Bursting periods from conditionally sampled 

hot wire measurements have been measured by Lu and Willmarth (16). 

Offen and Kline (19) h~ve recently measured the bursting period in 

water using an experimental method similar to the method used by Kim 

et al. (11). The difference in Offen and Kline's measurements was that 

they required bursts to be spatially separated from each other.* This 

is a new conceptual addition to the definition of a burst. Offen ob

served that a single burst could be composed of several ejections of 

fluid. 

Kim et al. (11), Lu and Willmarth (16), and Wallace et al. (27) 

have shown that 70% of the total lpuvl Reynold's stress is produced by 

the bursting process. This is 70% of the total production of turbulent 

kinetic energy. This production is also visually verified by the 

violence of the bursting process. 

There are also other important production processes. Corino and 

Brodkey (3), Lu and Willmarth (16), Nychas et aL (18), and Wallace 

et al. (27) have observed sweeps of fluid traveling toward the wall at 

a velocity greater than the local mean. These "sweeps" are also major 

contributors to the total production of turbulent kinetic energy. Offen 

and Kline (19) observed an interaction between fluid from former bursts 

and the flow in the logarithmic region which results in sweeps. These 

new sweeps were observed to influence bursting further downstream. 

* See bursting definition in "Glossary of Special Terms. 11 
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The universality of this structure was observed by Grass (9). He 

reported that bursts and sweeps are present in all bounded flows, inde

pendent of surface roughnesso Gordon (8) has reported intermittent 

periods of high momentum transport in natural marine boundary layers as 

manifestations of the bursting process on a geophysical scale. 

The overall picture these results present is a cycle of events in 

the wall regiono Fluid collects into low-speed streaks, the streaks 

migrate away from the wall, the streaks become unsteady, begin to 

oscillate, and burst away from the wall, the bursts interact with fluid 

in the logarithmic region causing more swee,ps, and the new sweeps return 

to the wall. These results focus the emphasis of this study of drag 

reducing flows toward the wall structure. 

Streak spacing in drag reducing flows has been measured by Fortuna 

and Hanratty (6), Donohue et al. (5), Oldaker (20), and Achia (1). 

Fortuna and -Hanratty (6) made the.ir streak spacing measurements using 

an electro-chemical technique. The measurements of Donohue et al. (5), 

Oldaker {20), and Achia (1) were visua'l o A conflict. existed between the 

measurements of Donohue et al. (5) and those of Fortuna and Hanratty 

(6). However, the recent measurements of Oldaker (20) and the measure

ments of Achia (1) have explained the differences in these earlier 

measurements. 

Bursting period measurements in drag reducing flows have been made 

by Donohue et al. (5) and Achia (1). Both of these investigations used 

the relation for bursting period developed by Kline et al. (13), that 

Tb = ds/Ax. But while the author was assisting Oldaker (20) with his 

streak spacing experiments, it was observed that all the streaks marked 

at the dye slot were not bursting in the camera's field of view. To 
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count all bursts from streaks marked at the dye slot, the observer 

needed to see a much larger downstream distance than for water flows. 

Bursts from all streaks marked at the dye slot must be included in the 

total burst count to properly make the Tb = ds/rh. measurement. This 

observation prompted the need for this series of experiments, as there 

was a question as to whether the measurements of Donohue et al. and the 

measurements of Achia were properly made. 

A ta.ble which summarizes the previous bursting investigators and 

the type of measurements which each has mad.e is provided in Table I, 

Appendix C. 

Objectives 

The objec;tives of this study were: 

1. Develop a flow visualization technique capable of measuring 

the bursting period of turbulent channel flows. The flow visualization 

technique used marked fluid motions with dye which seeped into the flow 

through a slot in the channel wall. 

2. Make measurements of this bursting period in solven~ and drag 

reducing flows. The bursting periods, obtained in this study by two 

methods of measurement in both drag reducing flows and sol vent flows, 

are reported in Chapter III and discussed in Chapter IV. 

3. Observe how these measurements correlate with previous measure

ments which have been made. Discussion on how bursting periods measured 

in this study correlate with previous measurements, when scaled with 

inner and outer flow variables, and by themselves, appears in Chapter IV.· 

4. Observe structural changes in the drag reducing flows as they 

rel ate to the bursting process. Structura 1 changes during the bursting 



6 

process are reported and discussed in Chapter IV. 

From side-view motion pictures of dye motions, two types of mea

surements will potentially yield the bursting period of the flow. Con

ceptually, these two methods are: 

1. Method I is based on counting all the bursting events from 

streaks which are marked very~ the dye slot. Practically, one must 

have a field of view which is long enough in the streamwise direction 

that one can see all of these streaks burst. Then Tb= d/NA. This 

type of measurement is physically th.e bursting period of a streak. 

2. Method II yields the bursting period in a small incremental 

area of the flow. In this method, there must be sufficient dye at that 

small area to mark all the bursting events which occ.ur. In thi,s case, 

discrete samples of Tb are obtained from the temporal record of the 

occurrence of bursts. 

The essential differences of the two me.thods a re the extent of the 

field of view in the downstream direction and the criteria for choosing 

these fields of view. In method I, the. field of view is large because 

one must count all bursts from streaks marked at the dye slot. In 

method II, the field of view is small but the location must be chosen 

so as to ensure that a 11 the events which are occurring are marked by 

the dye. In both methods, the spanwise dye slot length should be less 

than or equal to A, so that the probability of one burst obscuring 

another burst is minimized. 



CHAPTER I I 

EXPERIMENTAL PROCEDURE 

In this study, a fluorescent orange dye was used to mark the fluid 

motions ·near the wall and therefore measure the bursting period in tur

bulent channel flows. Moderate speed r:notion pictures were taken of the 

dye motions. The fluorescent dye provided excellent filming contrast 

between the bursting events and the surrounding background fluid moti ans. 

The fluids used in these experiments were dilute polymer solutions an.d 

tap water. A procedure for counting bursts was developed which success

fully discriminated between pursts and ejections of fluid away from the 

wall. 

Experimental Apparatus 

These experiments were conducted in the Basic Fluid Dynamics Labora

tory, School of Mechanical and Aerospace Engineering, Oklahoma State 

University, Stillwater, Oklahoma. The flow system used in these experi

ments is shown in Figure 4. The flow channe.l was constructed by 

Donohue et a 1. ( 5) and modified by 01 daker (20). The fl ow sys tern was 

c.onstructed by Reischman (23). 

The flow channel is nominally 38 mm wide, 454 mm tall, and 2.54 m 

long. The flow cross sectional area is 175.82 cm2 and the hydraulic 

diameter is 71.67 mm. The upstream settling chamber is equipped with 

two screens to redistribute the flow evenly across the cross section, 

7 
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and the entrance to the channel is rounded. The fl ow in the channel is 

two-dimensional. The channel is equipped with two 0"127 mm dye slots 

milled into the wall 44 and 51 channel widths downstream of the entranceq 

The system is equipped with three Matheson rotometers capable of measur-

ing dye flow rates through the slot from 0.001 ml/s to 3 rnl/s. The 

chann.el is equipped with two 3.175 mm diameter pressure taps. The first 

tap is 46.8 channel widths downstream of the entrance. The second tap 

is an additional 12 channel widths downstream. A more detailed descrip

tion of this flow facility is available in Olqaker (20). 

Experiments were conducted in this flow facility using both dilute 

polymer solutions and tap water. The centrifugal pump shown in Figure 4 

was not used as neither the polymer nor the water were reused or recir

culated. This procedure kept mech.anical degradation of the polymer to 

an absolute minimum and maintained good clarity for photography purposes. 

The solutions were collected in the 13.63 m3 tank and then blown through 

the flow system. The entire flow facility has been constructed of 

acrylic, PVC, and stainless steel to minimize contamination from the 

system itself. 

Polymer Solutions 

The interesting quality of the drag reduction phenomenon is that 

large drag reductions are possible at very low concentrations. Paterson 

and Abernathy (21) report drag reductions of around 15% with concentra

tions as·low as 1 wppm and Red= 12,000. This type of solution is 

thermodynamically dilute, that is, the average distance between the 

polymer molecules is greater than the diameter of the molecules. 
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The polymer solutions used in this study were thermodynamically 

dilute. The polymers themselves were high molecular weight polyacryla-

mides. Their brand names were Separan AP 273, a product of the Dow 

Chemical Company, and Calgon TRO 323, a product of Calgon Corporation. 

Vi rk et a 1 . (26) has pointed out that thermodynamically dilute solutions 

have viscosity ratios of approximately two. The viscosity ratio is the 

ratio of the viscosity of the solution to the viscosity of water at the 

solution temperature. Viscosity ratios for the sol uti ans used here were 

measured at a shear rate of 73 sec-1 and are shown in Table II, Appendix 

C. The measurements were made using a Brookfield Model LV Synchro

Lectri c Viscometer with UL adapter, O.S.U.-M.E. #351. By Vi.rk 1 s criteri

on, all the solutions can be classified as dilute. 

Preparation of Polymer Solutions 

The polymer solutions used in these experiments were prepared by 

first mixing a concentrated solution (1000 to 2000 wppm) and then 

diluting the concentrated solution to the desired concentration, 50 or 

100 wppm. 

The first step in the mixing process was heating the water in an 

open 0.38 m3 stainless steel t.ank to approximately 30°C using an immer

sion heater. Either 681 grams or 1362 grams of polymer crystals were 

then added to approximately 3 liters of isopropanol and suspended in a 

slurry by continuous stirring. The mixing tank was stirred thoroughly, 

as quickly as possible, to prevent the forming of agglomerations or so

called 11 fish-eyes. 11 This process was essential in obtaining a homogenou~ 

mixture. The polymer solutions were stirred occasionally during a 

minimum hydration period of 1.5 hours. After the hydration period, the 



10 

concentrated solution was diluted to the appropriate concentration. 

Dilution was accomplished by gently stirring the proper amount of polymer 

concentrate and water, 

Drag Reduction 

The reduction in frictional drag, which is observed in dilute poly~ 

mer flows, is defined as the percent reduction in pressure drop, compared 

to the pressure drop of a solven~ at the same flow rate, In symbols: 

liP s - liP p 
Percent Drag Reduction = liP - x 100. 

s 

This is evaluated at UAVG = constant for polymer and solvent, The sol

vent viscosity is evaluated at the temperature of the polymer solution. 

Channel Wall Shear Stress and Mass Averaged 

Velocity Measurements 

The wall shear.stress during each experiment was calculated from 

the pressure difference measured between two 3.18 mm diameter pressure 

taps located 83 mm above the bottom of the channel and spaced 12 channel 

widths apart. A two f1 ui d mi cromanometer using carbon tetra ch 1 ori d.e and 

water was used to measure the pressure difference between the two ports, 

The micromanometer dial was marked in 0,05 mm divisions and was capable 

of being read to 0,025 mm. Its pointer was a stainless steel needle 

milled on a lathe to a very sharp point. Pressure drop equilibrium was 

obtained before and after each measurement" 

Accurate flow rates were obtained by timing a measured volume of 

fluid caught in a 0.152 m3 rectangular stainless steel bucket. The 

bucket was mounted on wheels and placed in the 2.27 m3 open top catch 
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tank. It could then be quickly rolled under the weir tank for filling 

and be quickly removed when full. The collection time was obtained 

through the use of a stop clock and was accurate to 0.2 seconds, which 

included the reaction time of the observer watching the bucket. The 

mass averaged velocity was calculated from the flow rate measurements. 

The wall shear stress was obtained from the pressure drop measurements, 

using a.force balance on a bounded control volume of fluid. 

Flow Visualization 

The flow visualization techniques used in this study are similar to 

techniques used by Oldaker (20). A 0.12% solution of water soluble 

Rhodamine B Base, available through the Eastman Kodak Company, was used 

as the means of marking the flow. The dye was chosen because of its 

brilliant fluorescent·orange color when it is observed at 90° to its 

lighting source. This dye mixed well with polymer as well as water. 

The brilliant orange color produced by the Rhodamine B dye when it 

fluoresceses is needed to achieve good contrast in the motion pictures. 

This means that all unnecessary glare must be eliminated. The lighting 

required is similar to that required by hydrogen bubble experiments. 

The lighting technique which worked the best was a high intensity light 

source, in our case, a 600 watt overhead projector, pointing at a very 

shallow angle with the flow channel wall (see Figures 5 and 6). An 

angle greater than 45° significantly increased the glare in the picture. 

The flow was viewed through the top of the channel by means of a 

single front surface mirror~ The mirror was tilted at 45° for ease of· 

viewing (see Figure 5). 
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Movies were filmed of the flow as events occurred too fast to 

analyze them as they occurred.. Initially, movies were filmed with Kodak 

4-X Super 8 black and white film in a Beaulieu 4008 Zm II Super 8 movie 

camera and analyzed with a Kodak Ektagraphic MSF-8 projector. During 

the analysis of the initial experiment this projector suffered a mechan

ical failure. Since a replacement projector was not available, there 

was a change to 16 mm film because better film analysis facilities were 

available. The remainder of the films used were 16 mm Kodak 4-X black 

and white film and were taken with a Bolex Hl6 movie camera. The 16 mm 

movies were analyzed frame by frame using a Bell and Howell time and 

motion projector. All movies were filmed with either a 75 mm fl.9 lens 

or a 75 mm fl,4 lens. 

Data Reduction 

Each technique for measuring the' characteristic. period of a burst 

required a different technique for data reduction. 

Measurement Method I 

To correctly make measurement method I, it was necessary to simul

taneously see both the side and top views of the flow to be certain that 

only bursts from streaks marked at the dye slot were counted, and that 

all the streaks mark.ed at the dye slot burst in the field of view, The 

fluorescent dye used in these experiments only allowed a top view due 

to tremendous glare problems on the channel wall. To make sure that 

all bursts were observed, filming was done over several 12.75 cm segments 

downstream of the dye slot. This procedure was repeated so that the 

entire length of the potential viewing area downstream of the dye slot, 



13 

45 cm, was analyzed for drag reducing flows. Only one segment was 

necessary in water flows. As a test to check the possibility of one 

burst being obscured by previous upstream bursts, film records were 

made at equal flow conditions for ds = A, and ds = A/9. The shorter 

dye slot significantly reduced all background clutter due to dye fila

ments from previous bursts. The total number of bursts in the entire 

viewing field was counted to determine N as the films were viewed in 

reverse motion. This type of viewing permitted accurate determination 

of the bursting origin. Tb = d5 /NA was then calculated. 

Measurement Method II 

As previously discussed, method II required that sufficient dye was 

present at the measurement point to mark all of the events which were 

occurring at that point. Consequently, some experiments were conducted 

to show that it is feasible to get sufficient dye into the wall layer. 

These are described in Chapter III, 11 Test to Demonstrate Feasibility 

of Method II. 11 As in method I, the movies were viewed in reverse to 

obtain accurate bursting origins. 

While viewing these films, it was observed that the bursting event 

occurs over a period of time rather than at a specific instant. To 

account for this 11 active 11 period, a time T1 was recorded when the mea

surement point was first disturbed by an ejection from the burst return~ 

ing to the wall. A time T2 was recorded when the last ejection of the 

burst disturbed the measurement point. An average time (T1 + T2)/2 was 

used as a reference time to compare with the previous burst 1 s reference 

time. The difference between these two reference times is,by definition, 



the bursting period. An ejection disturbance within ~0.6 cm from the 

measurement point was considered a disturbance at the point. 
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CHAPTER III 

EXPERIMENTAL RESULTS 

Test to Demonstrate Feasibility of Method II 

The desire to know the area of the flow where there was sufficient 

dye to mark all the events that are occurring in a small area motivated 

an experiment where the dye flow rate was varied, the flow conditions 

remained constant, and the ejection rate per unit area was measured from 

the motion picture records as a. function of downstream di stance. The 

hypothesis for this experiment was,that there would be a region where 

ejection rate per unit area would be constant, independent of dye fl ow 

rate, if sufficient dye was in the flow. This region would move forward 

with inc re as ed fl ow rate of dye. 

The experimental apparatus was modified such that the total field 

of view was now approximately 56 cm downstream of the dye sloL The 

experiment to determine where sufficient dye was present was conducted 

with 50 wppm AP 273 at 17 .. 25% drag reduction. The experiment was design-

* ed to vary the dye flow parameter, M , with values of M = 150, 28.8, 12, 

9, and 6. The result desired from the set of experiments was the down

stream location, with respect to the. dye slot, where the ejection rate 

per unit area was constant. 

* See definition of M in "Nomenclature. 11 
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Histograms which resulted from these measurements, when 9 2.. M ~ 150, 

are presented in Figures 7 through 10. The fact that the maximum magni

tude is essentially constant at N~ .. = 3.5 ~ 0.5, for values of M = 28.8, 

12, and 9, demonstrates that there is sufficient dye in these plateau 

regions. One factor which coulq account for the variance of the magni

tudes in the plateau regions was that the maximum analysis time for an 

increment was approximately 40 seconds o Fi ft.een to twenty ejecti ans. 

were counted during this period in each increment of the plateau. It is 

believed that this number of samples is only suffici.ent to show the 

trend in the data and a large spread in the data can be expected. 

Another factor which accounts for some variance in magnitude was that 

ejections counted in the farthest right increment of each film segment 

were always less in number than the ejection counts obtaineq from the 

rest of the increments in the film segment. Each increment was 2.54 cm 

wide ~nd each segment consisted of four or five increments. It was very 

difficult to observe an ejection without a path to foll ow to the surface 

of the wall. The area used to normalize the number of ejections counted 

in each segment was the product of the downstream observation increment· 

and the transverse length of the dye slot. 

The histograms illustrate the movement of the constant magnitude 

ar~a forward with increased dye flow rate. For a value of M = 150, th.e 

plateau was never reached. There simply was not sufficient dye to mark 

all the events in the near-wall 1 ayer. At a value of M = 6, the near

wa 11 1 ayer was observed to be disturbed by the dye fl ow rate i tse 1 f. 

It was essentially flooded with dye from the dye slot. 

Histograms for water flows are shown in Figures 11 and 12. The 

histograms take the. same form as those of the drag reducing fl ow, except 



they rise faster, have a shorter plateau, and then drop off more 

quickly. 

Bursting Period Measurements 

Water Flows 

17 

Measurement Method I. With ds = ;.. , measurement method I essentially 

measures the bursting period of a streak. The bursting measurements 

made using method I are recorded in Table VII, Appendix C These results 

indicate that the bursting event size is of order A.. Two dye slot widths 

were used to determine the possibility of a streak's burst being obscured 

by a previous burst. By reducing the dye slot width from), to A/9, back

ground noise from previous bursts was substantially reduced. Without 

the noise, the initial and final portions of a burst were more definable. 

Comparing burst counts from two similar water flows, wall shear veloch 

ties of-0.02078 m/s and 0.02048 m/s, the burst counts were approximately 

the same for ;.. and A/9 sye slot lengths. The burst counts for water 

flows at wall shear velocities of 0.0173 m/s and 0.01725 m/s are differ

ent for the two slot lengths, but the observation times are also differ

ent. The net result is that the bursts per unit time is about the same. 

Since the two slot lengths yield approximately the same bursting rates 

both must have the same capability of marking a burst. Therefore, 

bursting events must be relatively large size events, of order/... 

The method I, Tb= ds/N;.., bursting period measurements at ds = /../9 

disagree with those obtained for essentially equal flow conditions at 

ds =;..(see Figure 13). However, as the bursting event size is on the 

order of ;.., it would be more appropriate to use ds = A in the bursting 



18 

period equation; even when ds is much less than A.. With this substitu

tion, the periods calculated for the same. flow conditions using both 

slot widths are the same order of magnitude. Figure 13 suggests that 

present method I measurements extend the trend esta.b l i shed by bursting 

measurements of Donohue et al. (5). However, a much better comparison 

with other data can be made on nondimensional plots. 

In this thesis, nondi-mensional bursting periods are plotted as a 

function of Re 6 so that the boundary layer data may be included on the 

figures. For ch.annel flows, momentum thickness, e, and displacement 

* thickness, o , were obtained using a .computer model developed by 

Reischman (23), which predicted the entire mean velocity profile. This 

computer model uses the Cess (2) model for turbulent diffusivity. The. 

predictions are based upon knowledge of u,, UAVG' and v. Reischman 

tested the mode 1 for seven drag reducing flows with three different 

polymer type~ and a range of drag reductions of 24% to 40%. Over this 

range of parameters, the model does an excellent job of predicting the 

mean velocity profile. 

In pipe flows, a computer program developed by Ghajar (7) was us.ed 

to predict the velocity profiles of the flow. The program used the Gess 

(2) model for.turbulent diffusivity, and exactly predicted velocity 

measurements made by Virk et al. (26}. 

The assumption was made that the boundary layer at the observation · 

point was fully developed and that o = one half the channel width or 

pipe width. The predicted velocity profiles were numerically integrated 

to obtain the displacement thickness and the momentum thickness, where 

at constant densit,y: 
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* y=o u 
o = f y=O (1 - ~) dy 

t 
y=o u u 

e = J y=o u<t.. ( 1 - u~ dy 

The burst.ing periods are normalized a,nd plotted nondimensionally, 

so that they may be compared to other investigator 1 s mea_surements as 

well as to observe which variables form a nondimensional bursting period, 

indepenc;lent of Ree, In Figure 14, the bursting periods are normalized_ 

with inner flow variables, uT and v. The methocl I points lie close_ to 

the line proposed from data correlated by Rao e.t al. (22), which is a 

direct function of .Re6 . This was the most critical test of the bursting 

period-measurements, as only one preclicted parameter, e, was involved in 

the plot. The water clata does not scale independen~ of -Ree; ~herefore, 

other normalizing variables were used. 

The method I bursting periods are normalized with two sets of outer 

* (UCf.' o ) flow variables, 

the data normalized with 

The data normalized with 

and (Ul, o), in Figures 15 and 16. The bulk of 

* U'h_ and o is independent of Ree in Figure 15. 

UCf. and o in Figure 16 is slightly dependent on 

Ree. As o is represented by D/2 in channel and pipe flows, (U<t.., o) are 

the normalizing variables used in the remainder of this study. In each 

figure, periods measured at Ree less than 500 tend to rise steeply with 

decreasing Ree. This behavior might be, expected as the flow approaches 

transition to laminar flow. 

Measurement. Method I I. This method physically measures the burst-

ing period at a very small area in the flow. It is based on the decisi_on 

that sufficient dye is available at the measurement point to mark all the -

events which occur. The_ availability of a sufficient amount of dye was -



based on the existence of a plateau region of the N~,.(/) histograms, 

Histograms for t,he remainder of the flows analyzed in this study are 

available in Appendix A. 
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Method II bursting measurements also show that the bursting event 

size is of order A. This was confirmed by checking the burst counts for 

two essentially equal water flows, but two different values of ds. At 

0.02078 m/s and 0.02048 m/s, as well as 0.0173 m/s and 0.01725 m/s, the 

burst counts at ds ::::. A and ds = A./9 are very similar, These. values are 

available in Table VIII, Appendix C. 

The water values obtained through the method II technique are com

pared to other water bursting periods measured in this experimental 

facility in Figure 13. They are definitely higher values than previously 

measured bursting periods, including those deduced in this study using 

the method I technique. This is an expected result as the burst counts 

were taken over a much smaller area than used in the method I measure

ments. These method II bursting periods are normalized wi.th outer flow 

variables and plotted in Figures 15 and 16. 

Method II periods are higher, when compared to previously measured 

bursting periods. The hydrogen bubble time line measurements of Offen 

and Kline (19) were probably taken over an area of length similar to the 

plateau region of the water histograms in Figures 11 and 12. Their 

burst count would be similar to the count obtained in method I, not 

method II. 

Hot wire measurements, similar to those by Rao et al. (22) or Lu 

and Wilmarth (16) are not point measurements. The hot wire probe, situ

ated at possibly y+ = 15, is sensitive to fluid events that originate 

upstream of the measuring point. This upstream distance or "coherence 
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length 11 of the flow, is unknown. If it we.re approximately equal to the 

plateau region of the water histograms of Figures 11 and 12, the hot 

wire results woul.d be expected to be similar to method I measurements, 

and they would not be expected to agree with method U measurements, 

which were made over a much smaller area, 

When normalized with inner flow variables in Figure 14, the method 

II periods are higher than the periods measured with method I or with 

hot wire probes. 

Drag Reducing Flows 

A 11 of the present bursting peri ad measurements that have been made 

in drag reducing flows are presented in Figure 17. The bursting periods 

are nondimens1onalized using outer flow variables, U'l and D/2. 

Measurement Method I. The normalized bursting periods of a streak 

from present measurements continue the trend initiated by measurements 

of Donohue et al. (5.) and Achia (1). A much longer observation dist.ance 

was used in this study, than was used in the experiments of Achia (l) or 

Donohue et al. (5). These downstream distances are noted in Table IX, 

Appendix C. The drag reduction occurring in each of the studies was 

simi'lar. In the present study, a defi.nite distinction between bursts 

and ejections was made. 

Agreement between measurement method I and measurements by Donohue 

et al. (5) is reasonable because Donohue used a high dye flow rate, and 

the major part of the plateau region was probably included in his count-

ing area, Also, when an unbiased observer is asked to count bursts, and 

no discrimination between bursts and ejections is used, bursts, not 

ejections, are usually counted. Donohue did not make a direct 
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distinction between bursts and ejectionso The spread between Donohue 1 s 

d.ata and the points obtained from method I may be sufficiently small to 

go unnoticed on Figure 17" Insufficient information is available about 

the counting method used by Achia to comment on his measurements, 

The bursting counts obtained for method I measurements in drag 

reducing flows reaffirm the idea that the bursting event size is on the 

order of A. These counts may be obtained in Table VII, Appendix C. For 

values of ds = A and ds ~ A/9, the burst counts are essentially equal in 

experiment set R-11, 

Insufficient statistical data is available to observe how nondimen

sional method I bursting periods scale with drag reduction. Two experi-. 

mental data points are plotted in Figure 18. 

Measurement Method II. This measurement is the bursting period at 

a small area in the flow. From Figure 17, these values of Tb in drag 

reducing flows increase as Re 6 increases. This nondimensional bursting 

period does not scale on drag requction, as observed in Figure 18. 

Bursting Period Durations 

With measurement method II it is possible to simultaneously measure 

the duration of a burst in the measurement area, as well as the bursting 

period. The duration of the bursting event is longer in drag reducing 

flows than in sol vent flows. T d, the duration of a burst, was normalized 

with outer flow variables and plotted in Figure 19. The present measure

ments reflect the trend of bursting data reported by Lu and Willmarth 

(16). Although the hot wire measurements were taken over a much differ

ent area than method II, the bursting duration is still statistically 
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comparable to method II measurements of Td. This is because the burst

ing duration from any population of data should be comparable to the 

duration from any other, 



CHAPTER IV 

DIS~USSION 

The objectives of this study were to: 

1. Develop a flow visualization technique capable of measuring the 

bursting period of turbulent channel flow. 

2. Make the measurements of the bursting period in solvent and 

drag reducing flows. 

3. Observe how these measurements correlate with previous measure

ments which. have been made. 

4. Observe structural . changes in the drag reducing flows as they 

relate to the bursting process. 

Measurement Technique 

This study has observeH three types of bursting period measurements. 

Each is essentially different. 

Measurement method I evaluates the bursting period of streaks 

marked at the dye slot, with ds = A. With ds = A./9, the total burst 

count is very similar to the count obtained with ds = A. This suggests 

that the bursting event size is of order A.. When ds is less than A., a 

more meaningful result is obtained by evaluating the bursting period of 

a streak with ds = A. rather than the shorter ds used in the experiment. 

The smaller dye marker could miss a few events, but this substitution 

yields a more meani,ngful number because the size of the bursting events 
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is of order A. and ther:efore they are usually detected with a 11 dye slots 

where ds is less than or equal to A.. 

The measurements made using method II are measurements of the 

bursting period at a very small. area in the flow. In this technique, 

only dye filaments affecting the immediate area surrounding the measure

ment point are included in the burst count. With this technique, the 

direct burst counts are unbiased by any other parameter in obtaining 

the bursting period. This type of measurement has direct application 

in current surface renewal models. 

The conditionally sampled hot wire measurements, with which present 

measurements are compared; are bursting periods measured over the 

coherence length of the flow upstream of the hot wire probe. In Newtoni

an flows, the conditionally sampled hot wire burst counts could be 

expected to agree with method I burst counts, as they could be made 

over approximately the same measurement area. 

Bursting Period Correlations 

The object of correlating bursting periods with different sets of 

variables is to determine which variables independently control the 

* bursting period. The bulk of the data indicates that (U~, o ), and to 

a large extent (Ul, o), form a constant, nondimensional period,' indepen

dent of Re 6 , for Newtonian flows. The most useable nondimensional 
T U 

period presented in this study is T+ = ~12l. This is observed in 

Figure 16 for Newtonian flows and Figure 17 for drag reducing flows. 

The period is s 1 i ght ly dependent upon Re 6 for Newtonian flows measured 

by method I and conditionally sampled hot wire measurements. For pipe 

and for channel flows, the period involves one less calculation, as D/2 
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is the pipe radius or one half the channel width. Only a rough estimate 

of Ree is required to predict the bursting period. The bursting periods 

of Ki~ et al. (11) yield T+ = 6.3 at Ree= 666 and T+ = 4.6 at Ree= 

1100. The periods agree with present hot wire, present method I, and 

hydrogen bubble bursting period measurements. Although Kim did not 

place the requirement of spatially separation on his burst data, he 

must have used this criterion while actually making his burst counts. 

Motion pictures filmed during experiments of Donohue et al~ (5) suggest 

that bursts, rather than single ejections, were counted in his data. 

Donahue's normalized bursting periods are located in a region of Ree 

very close to transition to laminar.flow. In th·is region, T+ appears 

to rise steeply with increasing Ree. 

All previous dye visualization bursting periods have been obtained 

with ds = A. At high values of Ree , a tremendous amount of kinetic 

energy production occurs in the marked regions of the flow. With ds = A, 

it is very difficult to make a definite distinction between bursting 

events. This may account for the tremendous spread in the bursting 

periods of water flows presented in Figures 14, 15 and 16. 

In Figure 17, it is observed that the additional downstream length 

as well as the definite distinction between bursts and ejections did 

not make a significant difference in the reported bursting period. 
+ Beyond an x = 2000, bursts from the wall could have been obscured by 

lateral motion from previous bursts' filaments in the buffer region. 

From movies of Donahue's experiments, the majority of the plateau region 

was probably included in Donahue's counting area. 

The bursting period at a small area in the flow, method II, is the 

type of measurement paten ti ally useful in surface renewal models. In 
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each comparison, the T+ formed from method II periods is a direct func-

tion of Ree. Therefore, an accurate prediction of Ree is necessary for 

an accurate pre diction of T+ (method II). This is observed in Figures 

14 through 17. 

The ratio of bursting duration to bursting period is shown in 

Figure 20. Conditionally sampled hot wire periods and the average 

bursting period of a streak are included in the figure. 

Structural Changes Occurring in 

Drag Reducing Flows 

With increasing drag reduction, the spacing of the streaks in the 

flow increases. There are fewer streaks; therefore, fewer bursts. 

Method I measures the bursting period of a s'!;reak. If no structural 

changes were occurring, the ratio of Tb in polymer to Tb in water at an 

equal wall shear stress would be equal to one. The present data,as well 

as the bulk of the data from previous investigators, indicate an increas

ing ratio with increasing drag reduction (see Figure 21). The streaks 

are becoming more stable with increasing drag reductiono 

The ratio of Tb in polymer and water for method II measurements is 

always greater than one (see Figure 22). The ratios at 16% D.R. and 

33% D.R. were obtained with Calgon TRO 323 polymer. Separan AP 273 was 

the polymer used for '!;he two points at approximately 40% DoR. The drop 

in the ratio at 40% D.R. is taken as an indication of polymer type 

rather than a structural change occurring in the flow. If a structural 

change were occurring in the 40% D.R. region, an indication of it would 

be expected on Figure 21. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the reported results and observations made in this study, 

the following conclusions and recommendations have been reachedo 

Conclusions 

1. The average bursting period of a streak measured in this study 

agrees with the measurements of previous investigators in both solvent 

and drag reducing flows. 

2. The bursting event size is of order A. 

3. When using Tb = ds/NA to obtain the average bursting period of 

a streak and ds is less than A, A should be substituted for the actual 

value of ds used in the experiment. 

4. Sufficient dye is present in the flow near the wall to mark all 

the events which are occurring, when N~~ becomes independent of distance 

downstream of the dye slot. 

5. Present measurements of the bursting period at a small area in 

the flow increase with increasing Re 6 in drag reducing and solvent flows. 

This type of measurement has a direct application to surface renewal 

models. 

6. Structural changes observed indicate that there is decreased 

bursting in drag reducing flows due to the increased spacing of the 
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streaks. All of the bursting measurements indicate th.at the streaks 

become more stable with increased drag reduction. 

Recommendations 

Based on the conclusions reached in t~is study, the following 

recommendations for.further research are made: 

29 

1. Measurements of the. bursting period in drag reducing fl ow are 

necessary using either a conditionally sampled hot wire probe systei:n, 

or laser doppler anemometry. The conditionally sampled hot w·ire system 

would verify the bursting period of a streak, while the laser doppler 

anemometry system would mak~ a bursting period measurement at a single 

point in the flow. 

In further visual studies: 

2, Perform a series of experimen~s using dye visualization and 

conditionally sample hot wire measurements to try and observe the size 

oft.he 11 coherence length 11 in solvent; and drag reducing flows. 

3. A series of experiments are necessary to determine the burst 

count dependence on ds. 

4. Extend the present dye visualization technique to higher drag 

reductions, and higher Re 6 in solvent flow, 

5. Observe i.f an N~ .. plateau is formed in the N; .. plateau region, 
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APPENDIX A 

HISTOGRAMS USED IN METHOD II MEA$UREMENTS 

This appendix contains histograms used, in addition to those present 

in the ftgures, to determine that sufficient dye was present at the mea

suring point for accurate method II measurements. 
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APPENDIX B 

UNCERTAINTY ESTIMATES 

The experimental uncertainty estimates used in this study were made 

using the method developed by Kline and McClintock (12). The major 

sources of uncertainty in this study are in the measurement of: 

1. Mass averaged channel velocity. 

2o Average channel wall shear velocity. 

3. Momentum and displacement thicknesses. 

4. Viscosity measurements. 

5. Bursting measurement periods. 

Mass Averaged Ghannel Velocity 

The mass averaged flow rate, Q, equals a collected volume, V, 

divided by the GOllection time, T. 

. 2 2 ~ 
ti~ = [(ti~) + (ti~) ] . 

Q 

The calculated uncertainties range from+ 1% to+ 1.8%. 

Average Channel Wall Shear Velocity 

From a force balance on a bounded volume of fluid: 

u2 = - _Q ~ 
T 4p dz 
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t.u 

-· = u 
'"C 
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The computed wall shear velocity uncertainties ranged from 0.6% to 1.2%. 

Momentum and Displacement Thicknesses 

U and U~ were estimated using a computer velocity profile program 

success.fully developed by Reischman (23). His estimates in the uncer

tainty of U and U~ are approximately 5,5% in flows of similar Reynolds 

number and composition. This would result in 

* M-+174%· 9-.;__ .• o, ~ = + 7 8% * - 0 • 

0 

Viscosity Measurements 

The smallest reading on the Brookfield Viscom~ter scale was 0.1. 

Us.ing this number as a reference ~o calculate uncertainty: 

t.v = + O 5% · v - • o, 

Bursting Measurement Periods 

The uncertainty calculated in the method II bursting period measure

ments resulted from using a 95% confidenc;e interval of a test statistic 

from either a student t distribution or a normal distribution. The dis

tribution choice was based on the number of burst periods sampled and 

the sample mean and variance. 



APPENDIX C 

TABLES 

This appendix contains the tables referred to in the text of this 

thesis. 
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Ejection 
Period~ 

(T = d /N t.) e s e 

Achta ( l) 

Donohue 
et al . ( 5) 

Kline 
et al. (13) 

TABLE I 

PREVIOUS INVESTIGATIONS RELATED TO THE BURSTING PROCESS 

Bursting 
Period~ 

(Tb = d/NbA) 

Present 
Measurements 

Ejection 
Periods 

(Visual) 

Kim 
et al. (11) 

Bursting 
Periods 

(Visual) 

Of fen and 
Kline (19) 

Conditional Sampling 
Hot-Wire Periods 

Kim et al. (11) 

Lu and 
Willmarth (16) 

Meek (17) 

Rao et al. (22) 

Wallace et al. (27) 

Present Measure
ments 
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TABLE II 

POLYMER VISCOSITY RATIOS 

Experiment 
Set Solution Ratio Shear Rate 

R-6 50 wppm AP 273 L30 73 sec-l 

R-9 100 wppm TRO 323 1.54 73 sec-l 

R-11 50 wppm AP 273 1.40 73 sec-l 



TABLE II I 

FLOW CONDITIONS UNCERTAINTIES: 19:1 ODDS 

Wall Mass Kinematic 
Shear Averaged Vis~sity Momentum Displacement 

Film Velocity Velocity < isa Thickness Thickness 
Set (m/s) (m/s) x 10- (cm) (cm) 

R-8 0.0173 0.3139 1.310 0.2173 0.335 
+.00017 +.0024 +.01 +.0169 +.058 

R-12 0.01725 0.3079 1. 352 0.219 0.344 
+.00017 +.00244 +.01 +.017 +.060 

R-12 0.02048 0.3493 1. 352 0.222 0.335 
+.00015 +.0052 +.01 +.017 +.059 -

R-12 0.02078 0.3627 1. 352 0.219 0.322 
+.00016 +.0052 +.01 +.017 +.058 -

R-6 0.01581 0.2887 1. 799 
+.00019 +.0035 +.01 

R-9 0.0234 0.4075 2. 127 0.212 0.369 
+.00014 +.0091 +.01 +.017 +.064 -

R-9 0.02078 0.4075 2. 127 0.222 0.379 
+.00015 +.0064 +.01 +.017 +.066 -

R-11 0.01683 0.3780 1. 778 0.225 0.402 
+.00019 +.0055 +.01 +.018 +.070 -

R-11 0.01661 0.3688 1. 778 0.226 0.403 
+.00018 +.0055 +.01 +.018 +.070 



TABLE IV 

FLOW CONDITIONS UNCERTAINTIES: 19:1 ODDS 

Wall Center 
Shear Line Percent 

Film Velocity Velocity Temperature Drag 
Set (m/s) (m/s) oc Reduction Solution 

R-8 0.0173 0.3627 10 .0 0 Water 
+ .0017 +.0046 +.3 

R-12 0 .01725 0. 3563 8.9 0 Water 
+.00017 +.0046 +.3 -

R-12 0.02048 0 .4030 8.9 0 Water 
+.00015 +.0073 +.3 

R-12 0.02078 0. 4179 8.9 0 Water 
+.00016 +.0073 +.3 -

R...:6 0.01581 8.9 17.25 50 wppm 
+.00019 +.3 AP 273 

R-9 0.0234 0.6032 8.3 33.00 100 wppm 
+.00014 +.0122 +.3 TRO 323 

R-9 0.02078 0.4795 8.3 16.60 100 wppm 
+.00015 +.0088 +.3 TRO 323 

R-11 0.01683 0.4500 9.4 40.90 50 wppm 
+.00019 +.0076 +.3 AP 273 

R-11 0.01661 0.4389 9.4 39. 70 50 wppm 
+.00018 +.0079 +.3 AP 273 



TABLE V 

FLOW DATA USED IN EVALUATING BURSTING MEASUREMENTS BY ACHIA 

Wall 
Shear Centerline Displacement Momentum 

Run Drag Velocity Velocity Thickness Thickness 
No. Reduction (m/s) (m/s) (cm) (cm) 

Wl 0% .0152 .326 . 196 . 120 

W2 0% .0239 .524 . 175 .116 

W3 0% .0325 .689 . 171 .118 

Sl 20% .0218 .533 . 198 . 117 

S2 32% .0256 .695 . 189 .112 

S3 44% .0343 1.020 . 169 . 150 



TABLE VI 

FLOW DATA USED IN EVALUATING DONOHUE ET AL. BURSTING MEASUREMENTS 

Wall 
Shear Centerline Displacement 

Drag Velocity Velocity Thickness 
Reduction (m/s) (m/s} (cm) 

0% .0073 .168 .. 402 

0% .0011 .243 . 343 

0% .0011 .241 . 358 

16% .0067 . 169 . .528 

28% .0095 .256 .454 

33% .0092 .259 .509 

Momentum 
Thickness 

(cm) 

.231 

.216 

.221 

.262 

. 241 

.256 

..j::::.. 
U1 



TABLE VII 

BURSTING MEASUREMENT METHOD I 

Wall Dye Downstream 
Shear Percent Slot Observation Total Observation 

Tb = d/lb Fi.lm Velocity Drag Width Time Bursts Distance 
Set (m/s) Reduction (cm) (sec) Counted (cm) (sec) 

R-8 0.01730 0 0.889 16.8 76 17 .80 0.2600 
l.2A. 

R-12 0.01725 0 0.076 129.3 370 15.25 0.0340 
A/10 

R-12 0.02079 0 0.660 64.7 350 15.25 0. 1870 
0.98A. 

R-12 0.02048 0 0.076 64.6 240 15.25 0.0311 
A/8.7 

R-9 0.02340 33.0 1.651 30.7 154 38.10 0.2240 
0.96A. 

R-11 0.01660 39. 7 2.235 38.5 86 53.30 0.5260 
l.19A. 

R-11 0.01680 40.9 0.254 45.5 75 12.7 to 40.6 0. 1290 
Af 9 



TABLE VUI 

BURSTING MEASUREMENT METHOD II 

Wall Downstream 
Shear Percent Dye Real TQtal Observation· 

Tb Td Film Velocity Drag Slot Time Bursts Point 
Set (m/s) Reduction Width (sec) Counted (cm) (sec) (sec) 

R-8 0.01730 0 L2A. 34.6 32 4.45 1.010 0.930 
+.250 +.32 

R-12 0.01725 0 A/10 129 135 3.81 l .030 0.410 
+. 180 +.074 

R.-12 0.02048 0 A/8. 7 64.5 92 3. 81 0.694 0.350 
:!:_.075 +.066 

R-12 0.02078 0 0.98/t 64.4 101 3.81 0.638 0.397 
+. 101 +. 109 

R-9 0.02340 33.0 0.96/t 32.2 24 13.97 l 0 310 1.140 
+.331 +.483 

R-9 0.02078 16.6 A/6.3 47~4 47 13.97 0.973 0.530 
+.153 +.160 

R-11 0.01660 39.7 0.98/t 36.9 27 13.97 1. 320 0.780 
+.310 +.310 

R-11 0.01680 40.9 A/9 69.6 55 13.97 1.260 0.930 
+.140 +.220 

A 11 Uncertainties at 19: l Odds 



TABLE IX 

DOWNSTREAM VIEWING LENGTHS USED IN DYE VISUALIZATION EXPERIMENTS 

Maximum Field of View 
(x+) Type of Flow Investigator 

1945 to 2343 Water Present Measurements 

972 to 2569 Water Donohue et al . (5) 

1064 to 2275 Water Achia (l) 

4191 (33% D.R.) to 5045 ( 39. 7% D.R. ) Polymer Present Measurements 

1086 (16% D.R.) to 1298 ( 33% D. Ro) Polymer Donohue et alo (5) 

1090 ( 20% D.R.) to 1725 (44% D.R.) Polymer· Achia (1) 



APPENDIX D 

FIGURES AND ILLUSTRATIONS 

This appendix contains the figures and illustrations referred to 

in the text of this thesis. 
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Figure 8. Histogram of Ejection Rate/Unit Area as a Function 
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