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Experimental studies are made on fully developed turbulent flows

of water in a pipe of circular cross section by employing two different

measuring techniques, flow visualization by trace particles, and hot-film

anemometry. The two techniques demonstrate different descriptive ap-

proaches to self-preserving wall turbulence. By hot-film anemometry the

flow field is explored point by point and the turbulence described in

terms of average velocities and velocity correlations measured at these

points, whereas by the trace-particle flow visualization the instan-

taneous three-dimensional velocity field is mapped out in space and time.

Hot-film calibrations are carried out for a velocity range of 1

to 100 mm/s. The calibration curve is found to exhibit a minimum velo-

city (1* 4 mm/s) below which the hot-film sensor does not respond. The

hot-film anemometer measurements concern the average velocity U and the

turbulence intensities u'
,
v' ,

and w' along a pipe diameter for flows

of Reynolds numbers 9,000, 6,500, and 4,000. At these low Reynolds number

flows the shape of the average velocity profile is found to change signi-

ficantly with Reynolds number. Measurements of the turbulence intensities

xv



show a wide spread in values at these low Reynolds number flows, and the

peak in the radial intensity profile reduces with decreasing Reynolds

number and is expected to disappear at the Reynolds number of transition.

The trace-particle flow visualization technique is developed to

obtain three-dimensional quantitative measurements of velocities in tur-

bulent flow fields. Neutrally buoyant particles are added to the flow

and their motions cinematographically recorded by viewing the flow through

two faces of a glass prism. The glass prism affords a stereoscopic view

of the flow field and permits the three-dimensional location of the il-

luminated particles viewed. The velocities are computed by measuring

the change of particle positions from one cinematographic frame to the

next and dividing by the time interval.

Utilizing the trace-particle method^ measurements are made of the

total instantaneous velocity vector field (U + u, v, w) in space and

time for a Reynolds number flow of 6,500. The turbulent fluctuations in

the wall near region are studied in detail and a sequence of four con-

secutive types of motion identified: the lifting of a low speed streak

away from the pipe wall; the formation and rapid growth of a streamwise

vortex; the sudden and strong radial velocity away from the wall region,

followed almost immediately by a more chaotic but weaker motion; and an

axial acceleration of the low speed streak near the wall.

xvi



CHAPTER I

THE STUDY OF TURBULENCE

Introduction

There has long been interest in the study of turbulence and its

phenomenology. Experimental studies on the transition process and on

self-preserving turbulence such as those by Hagen (1839) and Reynolds

(1883) show this early interest. While extensive research has been done

since then, there is still no consistent theoretical or physical de-

scription which clearly answers certain fundamental questions. Questions

such as: why, where, and how is turbulence exactly generated? by what

mechanisms is turbulent energy created, transferred, and dissipated

simultaneously? The difficulties in providing such answers are enormous.

Experimental measurement of the appropriate flow quantities in their

three-dimensional setting requires a record in space and time. The

measuring instrument needs to be sensitive, fast responding, small, and

rugged enough while not interfering with the flow pattern. Theoretically,

there are not enough equations specified to solve for the numerous un-

known quantities, and these equations are in addition partly non-linear.

The combined difficulties have encouraged the growth of a symbiotic

relationship between experimental and theoretical investigations. Exper-

imental observations supply ideas for the theoretical analyses which in

turn may indicate which measurements would be most useful.

Presently, the most extensively used instrument for the measure-

ment of turbulent flows is the hot-wire or hot-film anemometer. Its

1
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sensor is small, versatile, has a short response time, and operates over

a wide range of velocities. It is well suited for obtaining time averaged

quantities found in the statistical theories of turbulence and has sup-

plied many of the present data on flow features. Hot-film anemometry,

however, as all other techniques, has a limit to its capabilities. It

cannot record data throughout a flow space simultaneously, nor can it

function predictably in the regions extremely close to a boundary, where

velocities are low and the calibration unclear. Several of the more re-

cent theories and models of turbulent shear structure, such as the wave

theory of M. Landahl (1967), the contrarotating vortex pair model of

Bakewell & Lumley (1967) and the vortex stretching model of Kline, Rey-

nolds, Schraub & Runstadler (1967) are concerned with the region very

close to the boundary, and require information at many positions at the

same time. The need for comprehensive and detailed data has led to the

reconsideration of various flow visualization techniques during the course

of the present study.

A detailed knowledge of the structure of non-isotropic wall tur-

bulence of pipe flow is of vital importance to the understanding of the

self-preservation mechanisms involved in bounded turbulent flows. Al-

though turbulence is often defined as being irregular, as by Hinze (1959),

it is the discernibility of statistically distinct average values of

this irregular phenomenon that has formed the basis for most studies on

turbulent structure. This discernibility has given some insight into

the mechanisms involved. It is clear, however, that until both the re-

lation between selected short and long time averages and the nature of

repeated irregular motions are understood, there will not be a clear de-

scriptive model of all features and events.
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The importance of measurements of the detailed shear structure of

turbulence is of more than academic interest in describing turbulence pro-

cesses. Such processes and features are seen in many flow situations,

and with more insight may be modified to allow for turbulence control or

prediction. The drag reduction induced by the addition of polymers to

turbulent flows is intimately connected with the turbulent shear struc-

ture, as is the prediction of the onset of transition or the criteria

distinguishing between self-preserving and decaying turbulence.

During the course of the research presented in this dissertation

a measuring technique was developed which was useful in obtaining numerous

detailed data for turbulence structure evaluation. Initially , measurements

were done with the hot-film anemometer. After recognition of the limita-

tions involved, a visualization approach was adopted and developed. The

three-dimensional motions of neutrally buoyant particles in the wall re-

gion of fully developed turbulent flow of water in a pipe of circular

cross section were studied. The experiments were carried out at low

Reynolds numbers, 3,500 Re 9,000, in a pipe of 12.7 cm diameter, so

as to have the turbulent events of a suitable size, strength, and dura-

tion, in order to show the continuity of concepts from the very first

evidence of turbulence to turbulence of very high intensity.

General Background

Many descriptions of turbulence have been proposed. These des-

criptions usually fall into one of two categories. Either the model is

explained in terms of the instantaneous values or in terms of time averages.

For stability considerations, the Navier-Stokes equations are often ap-

plied directly. For fully developed turbulence, however, a time average

of the Navier-Stokes equations is used. The averaging procedure first
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indicated by Reynolds (1883) introduces additional time averaged correla-

tion quantities, some of which are the familiar Reynolds stresses. There

are two approaches for relating these Reynolds or eddy stresses to other

flow parameters: the phenomenological and the statistical. The first

seeks to establish some functional dependency for the Reynolds stress,

usually by the assumption of some mechanism for generation of turbulence.

Statistical theories consider the turbulent fluctuations as being random

and are therefore suitable for an averaged description of flow fields.

Early studies on the nature of the structure close to the boun-

daries in self-preserving turbulence were mostly phenomenological. In

order to explain the results of a series of heat conductivity experiments

,

Peclet & Masson (1860) hypothesized that the heat transferred between a

body of fluid in violent motion and a bounding solid has to be Conducted

through a fluid film at the boundary. But it was Prandtl (1910) and then,

independently, Taylor (1916) who proposed the laminar sub-layer hypothesis,

maintaining that there was a thin layer of luid between the wall and the

turbulent core, in which the fluid motion was smooth.

In a paper describing heat transfer measurements in pipe flow

Eagle & Ferguson (1930) concluded that the laminar-film model alone was

incomplete. They suggested that there was an intermediate layer in-

between the laminar film and the turbulence. This middle layer was to

have the properties of both the viscous wall layer and the turbulent

core. The three zone concept was also given by von Karman (1934)

.

The expression describing the velocity profile in the assumed

laminar film is obtained directly by setting all turbulence terms to

zero. In the turbulent region, however, the relationship between the

Reynolds stresses and other flow variables must be established before
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analysis is possible. To do this, Prandtl (1933) introduced the mixing-

length theory which expressed the Reynolds stresses in terms of a length

characteristic of the turbulent velocity fluctuations. As the name sug-

gests the mixing-length may be described as the average length travelled

by a small packet of fluid before it loses its identity by mixing with the

flow. Prandtl then assumed that the mixing length was directly propor-

tional to the distance from the wall. Von Karman assumed that in the

average, the local flow conditions at each point were similar, except for

scale.

The statistical approach also attempts to supply extra relation-

ships involving Reynolds stresses. These relationships provide a more

complete averaged picture of turbulence. Taylor (1935) in a description

of his statistical theory for turbulent flow suggested that a certain

form of statistical correlation could be applied to the fluctuating

velocities. These correlations are the time averaged product of two

velocity components separated by some distance in space, or separated

by some interval in time. For zero separation the correlations are

identical with the Reynolds stresses and are known as autocorrelations.

The development of hot-film anemometry as a velocity measuring

technique made correlation measurements, such as those by Dryden (1939)

feasible. The statistical approach grew in prominence and stimulated

analytical work on turbulent flows which were either isotropic or homo-

geneous, as for example the studies of von Karman & Howarth (1938),

Batchelor (1953) and Deissler (1958).

By applying the Fourier transform to the velocity correlation

tensor, Taylor (1938) introduced the important concept of energy spectra

for turbulence. The transform represents the velocity fluctuations as
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a sum of sine waves of different amplitudes and frequencies. The trans-

formed correlations appear as an energy spectrum in which the distribu-

tion of energy in turbulent flow fields is specified as a function of the

frequencies contained in the velocity fluctuations. Taylor's considera-

tion of the one-dimensional energy spectrum was extended to three dimensions

by Heisenberg (1948) . Because of the complexity of the three-dimensional

spectrum, most studies such as those by Lin (1948), Townsend (1956) and

Batchelor (1953) consider the one-dimensional spectrum in isotropic tur-

bulence. In a comprehensive experimental study Laufer (1951; 1954)

measured energy spectra for turbulent flows in two-dimensional channels

and in circular pipes. These measurements were used by Hinze (1959) in

his monograph on the structure of turbulence.

Both the phenomenological and statistical theories of turbulence

are applied to the Navier-Stokes equations as modified by Reynolds. Un-

like the turbulence structure studies, theoretical investigations on

laminar instabilities do not employ averages, but rather the Navier-

Stokes equations directly. The idea is to introduce small perturbations

into the variables in these equations and see if the perturbations die

out or grow. Rayleigh (1880) showed that the flow is unstable if the

velocity profile possesses an inflexion point. Theoretical instability

studies on laminar flow have been continued, among others, by Tollmien

(1926), Taylor (1936), and Lin (1948), while experimental studies have

been done by Schubauer & Skramstad (1949), Schubauer & Klebanoff (1956),

Klebanoff & Tidstrom (1959) as well as Kovasznay et al . (1962) . Theoreti-

cal studies on the transition process are conspicuously absent except for

one work by Lindgren (1969) , while experimental studies on the same sub-

ject are numerous, starting with Hagen (1839), Reynolds (1883), and
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Schiller (1921). More recent studies have been presented, among others,

by Lindgren (1954; 1957; 1959a, b,c; 1960a, b; 1962; 1963), Peters (1970),

Wygnanski & Champagne (1973), and Wygnanski, Sokolov & Friedman (1974).

More recently the trend has been to integrate the ideas on insta-

bilities with those of correlations and energy spectra in the study of

fully developed turbulent flow. As this study expressly concerns the

turbulence structure in self-preserving flow in pipes it is necessary

to more fully review these recent trends.

The Structure of Turbulence

The classical investigations on the structure of self-preserving

flows of air through two-dimensional channels and pipes of circular cross

section by Laufer (1951; 1954) have been extended by Compte-Bellot (1965)

and Coantic (1962; 1967a, b) to include more completely the viscous sub-

layer.^ The trend in recent years has been to concentrate more and

more on the structure of the sublayer in order to obtain more insight

into the mechanism of self-preservation of turbulence. This is exhibited

in a series of papers by Kline and co-workers (1959, 1965, and 1967).

These investigations together with other important contributions by Popo-

vitch & Hummel (1967), Willmarth & Tu (1967), and Bakewell & Lumley (1967)

show that the sublayer connot be a passive region dominated by viscosity

(1 )

The smooth layer of Prandtl's (1910) laminar-film hypothesis

became known as the viscous sublayer after it was convincingly shown not

to be laminar (Fage & Townend (1932), Laufer (1951), and Nedderman(1961) )

.

There is some question as to the usefulness of talking of a viscous sub-

layer when considering instantaneous values as in this study. Here the

name viscous sublayer will be used for the zone 0 < y+ < 10 with the

understanding that it defines only a flow region and not a flow structure.

Similarly, the buffer zone which was proposed by Eagle & Ferguson (1930)

will be taken as the zone 10 < y
+ < 40. The wall Reynolds number y+ is

defined as y+ = u** y/v, where u* = wall friction velocity; y = the radial

distance from the wall; and V = kinematic viscosity.
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but plays an active role in generation and preservation of turbulent shear

flow. This thinking is not new, and was pointed out seventeen years ago

by Lindgren (1957 ; 1959a) when referring to observations by Fage & Townend

(1932), but has become popular only recently.

Both theoretical and experimental advances have been made regarding

the process of self-preservation and structure of turbulence. In pro-

posing a linear model of turbulence, Schubert & Corcos (1967) assume that

"the rest of the boundary layer is assumed to drive motion in the layer

(in and somewhat outside the viscous sublayer) by means of a fluctuating

pressure which is independent of distance from the wall." They used the

ideas on turbulent pressure given by Corcos (1964). However, based on

the conclusions of a spectral analysis, carried out on the wall pressure

fluctuation correlations of Willmarth & Wooldridge (1962) by Corcos (1964)

,

Landahl (1967) proposed a wave-guide model for turbulent shear flow. Waves

of the kind suggested by Landahl (1967) were detected by Morrison &

Kronauer (1969). Bakewell & Lumley (1967), using their own correlation

measurements on turbulent flows of glycerin, performed an eigenfunction

decompostion of the streamwise fluctuating velocity. The resulting domi-

nant eigenfunction and a mixing length approximation were used in an analy-

sis to present the dominant large scale structure in the viscous sublayer

as "consisting of randomly distributed counterrotating eddy pairs of elon-

gated streamwise extent" (Bakewell & Lumley, 1967). Maybe the most signi-

ficant advance though, was the recognition by Kline, Reynolds, Schraub &

Runstadler (1967) of well organized but intermittent sets of motions de-

veloping in the viscous sublayer and finally bursting strongly out away

from the boundary.
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From visual observations of a turbulent boundary layer Kline, Rey-

nolds, Schraub & Ranstadler (1967) and Kim, Kline & Reynolds (1971)

have described the sequence of events associated with a burst. In their

description they see a low-speed streak "lifting" up from the wall. This

lifting carries low momentum fluid into a faster moving zone and distorts

the mean forward velocity profile until it produces a local inflexion

point. The unstable profile (see Rayleigh, 1880) is followed by a sud-

den oscillation (most commonly a streamwise spiral as reported by Kline

et al . (1971) and then "bursting" and "ejection"). The suggestion was

that the oscillation was the result of a primary linear instability, and

that bursting was a secondary instability. Corino & Brodkey (1969) also

made visual observations, but in a pipe. They observed that: "the sub-

layer was continuously disturbed by small-scale velocity fluctuations

of low magnitude and periodically disturbed by fluid elements which

penetrated into the region from positions further removed from the wall.

From a thin region adjacent to the sublayer, fluid elements were period-

ically ejected outward toward the centreline." The subsequent motion

toward the boundary was called a "sweep".

Because long time averages would tend to obscure the detailed

turbulence structure associated with these intermittent events, many

investigations now consider either sampled or instantaneous velocity data.

By taking two fluctuating velocity components u and v and classifying

them according to their signs Wallace, Eckelmann & Brodkey (1972) were

able to estimate the contributions of the ejection and sweep type motions

to the Reynolds stress term. They found that both of the motions each

contributed about 70% to the total shear stress. The negative contri-

bution of 40% is attributed to interaction between the ejection and sweep
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motions. Willmarth & Lu (1973) did similar measurements but with addi-

tional classification. Extending his original wave-guide model of 1967

,

Landah1 (197 2a, b and 1973) defined "wave breakdown" as "the onset of a

violent small-scale secondary instability developing on a large-scale

primary disturbance of wave-like travelling type," and then proposes

that the breakdown may be a key element in a burst regeneration mechanism.

These mechanisms have mainly been seen in turbulent flows at lower Rey-

nolds numbers. Morrison, Bullock & Kronauer (1971) suggest that these

events may not occur for Re > 30,000.

Measurements of Turbulence

Measurement of turbulence may at best be described as difficult.

The varied spatial and temporal dependence of the variables, the three-

dimensionality, and the requirement of minimum interference between

measuring probes and flow structure make turbulence measurement a science

of its own. The complexity involved has stimulated a wide range of mea-

suring techniques, from the simple but very informative types of quali-

tative methods such as the trace-dye observations by Reynolds (1883) on

transition, to the application of sophisticated quantitative techniques,

such as the hot-wire measurements of Laufer (1951; 1954).

The history of turbulence measurement goes hand in hand with the

development of the theories of turbulence. Sometimes the observations in-

spire an analysis and sometimes a theory initiates a, particular type of

measurement. Stanton (1916) noted that the laminar-film models of Prandtl

(1910) and Taylor (1916) arose from heat transfer considerations, but

could be best verified by velocity measurement. Stanton, Marshall &

Bryant (1920) published the results of velocity measurements done with a

Pitot-static tube on the flows of air in a pipe. After applying a
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correction term they concluded that the experiments confirmed the ex-

istence of a laminar film; however, the skin friction factor calculated

from the corrected profiles did not agree with the measured values.

Probably the best known pipe-flow measurements done with a pitot-

tube are those of Nikuradse. Nikuradse (1930) described the results

of experiments performed on the flow of water through brass pipes. The

more complete report of these experiments was published in 1932 and was

used extensively in texts on heat transfer. However, as Lindgren (1957)

points out, the reports of 1930 and 1932 do not agree. The data of the

measurements were all adjusted in the final report by a constant amount,

which substantially changed the values closer to the boundary.

Hot-wire anemometry brought a new tool to the field of measurement

in turbulence. The technique is based on the observation that the amount

of heat transferred from a heated wire is a calculable function of the

local mass flow rate. The operation of such hot-wire anemometers is

given a lengthy description by Hinze (1959). There have been a large

number of studies concerning hot-wire and hot-film anemometry, such as

King (1914); Dryden & Kuethe (1929); Kovasznay (1947); Ling & Hubbard

(1956) ;
and Wood (1968) ,

and at present it is the most common instrument

for studying turbulence. As recently as 1971, however, Perry & Morrison

(1971a, b) concluded that errors of up to 20% may be involved in the usual

static calibration procedures, and that there may be up to 20% difference

in intensity indicated when using different anemometer systems on the

same flow.

Ibt-wires were used very successfully by Laufer (1951; 1954) in his

measurements near the boundary in channel and pipe flows. From correla-

tion measurements he was able to estimate the terms constituting the
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energy balance within the buffer zone. Bakewell & Lumley (1967) did

measurements much closer to the wall, extending them into the viscous

sublayer. Their experiments were carried out on the turbulent flows of

glycerin in a cylindrical pipe.

The idea of visualization of flow patterns is not new. The dye

experiments of Reynolds (1883) to show transition, are well known. Marey

(1893) mixed wax and resin into small neutrally buoyant beads to be used

as trace particles in water, whereas Eden (1912) mixed aniline and toluene

together to form neutrally buoyant droplets. As early as 1902 Ahlborn

sprinkled aluminum powder on water for studying surface flows, a technique

which was also very successfully used by Prandtl & Tietjens (1925) in

their visualization experiments of the flow around cylinders and airfoils.

All visualization techniques, however, are not old. Baker (1966) des-

cribes an electrochemical method where the colour change in a pH indica-

tor (thymol blue) is triggered by the local proton transfer reaction

around the positive electrode of a d-c voltage supply. Also using elec-

trodes and a voltage supply Kolin (1953) describes measurements made using

the hydrogen bubbles generated at the cathode. Kolin (1944) also con-

sidered the method of electromagnetic velocimetry. The method is based on

the induction of a potential gradient in the flow when a magnetic field is

applied normal to the flow direction. Popovitch & Hummel (1967b) showed

that electromagnetic radiation of appropriate wavelengths could be used

to activate colour changes in certain dyes, and would therefore be suita-

ble for flow visualization without introducing probes into the field.

The hydrogen bubble technique is of particular interest because

of its use in the recent boundary layer studies by Kline
,
Reynolds &
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Schraub (1967) and Kim, Kline & Reynolds (1971). The method was first

described by Kolin (1953) and then again by Geller (1955). Cutter &

Smith (1961) extended the ideas to study the flow around aircraft models

in a tow tank, and by kinking the cathode wire they were able to generate

filament lines of bubbles which originated at the kinks. Schraub,

Kline, Henry, Runstadler & Littell (1965) made a major improvement by

generating both "timelines" and streaklines simultaneously, thus pro-

ducing the "combined-time-streak marker". A detailed error analysis of

the hydrogen bubble technique was carried out by Schraub et al . (1965).

Later Kline et al . (1967), and Kim et al . (1971) made excellent use of

the technique in observing the "bursty" nature of the wall-near region

in turbulent shear flow. They pulsed the cathode so as to produce lines

of time-streak markers normal to the mean flow direction and were able

to follow subsequent motions.

The use of trace particles in flow visualization has been known

for a long time. In their ultramicroscope measurements, Fage & Townend

(1932) describe in detail the motions very close to a wall, by observing

tiny particles already present in the water. This type of approach was

also used by Vogelpohl & Mannesmann (1946) and Bock (1963) . Nedderman

(1961) applied the concept of stereoscopic photography to measure three-

dimensional velocities in the wall region of turbulent pipe flow. The

trace particles considered were very small air bubbles and these were photo-

graphed simultaneously by two cameras placed at an angle to one another

.

An alternative method for obtaining three-dimensional perspective is that

of van Meel & Vermij (1961). They illuminated the flow field with a sys-

tem of parallel bundles of light of different colours and took colour

photographs of the particle motions. The colour then defined the third
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co-ordinate. Caffyn & Underwood (1952) and Nieuwenhuizen (1964) both

describe rather novel, but different arrangements or mirrors so as to

project two orthogonal veiws of a particle onto one camera frame. The

recent pipe flow observations of Corino & Brodkey (1969) in which they

followed colloidal sized particles (magnesium oxide) flowing in a liquid

(trichloroethylene) show the usefulness of the trace-particle method

even in modern investigations. However, care is needed in interpretation,

as is well demonstrated by Hama (1962) and in particle selection, as is

shown by the investigations of Roberson (1955).



CHAPTER 2

EXPERIMENTAL ARRANGEMENT

Experimental Pipe Flow Facility

Central to all the experiments performed in this study is the

major pipe facility of Lindgren (described by Lindgren & Chao, 1969).

The constant head, closed circuit arrangement is shown in figure 2.1.

Distilled water from the constant-head tank F passes through the honey-

comb straightener in the settling chamber G and into the sharp-edged

entrance of the 23.6 m long, 0.127 m inner diameter plexiglass pipe A.

From the test pipe A the water discharges into the 0.46 m diameter plexi-

glass access chamber B and on through the plexiglass return pipe C to

O
the glassed centrifugal pump. This 0.8 m /min. Goulds pump supplies

the water back into the head tank via the vertical pipe I. The overflow

from the constant head tank flows down pipe J into the mixing tank E

before feeding back into the pump. Tank E is also fed from storage tank

K, which helps to maintain a steady supply pressure on the pump so as

to avoid cavitation, and to ensure that the pressure drop in test pipe A

remains steady.

The pump is flexibly attached to the return pipe C in order to

insulate the main flow pipe A from the mechanical vibrations of the pump.

Mixing tank E and the constant head tank F contain cooling coils to allow

for water temperature control. Two thermometers are positioned in the

water, one upstream of pipe A and the other in chamber B just downstream

of A.

15
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FIGURE 2.1 Pipe flow apparatus with a close-up view of test section B.

FIGURE 2.2 Details of the canopy
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Two Ramaco (Instrument Co., Inc. models V-3-SP and V-l-SP) flow-

meters and two control valves, one in each branch of the return circuit

C, are used to monitor and control the flow rate. The flowmeters are

of a strain gauge type and record the turbulent drag on a thick nylon

disc as a measure of the flow rate. The strain gauge is connected with

a Wheatstone bridge and a voltage supply, and the output is recorded on

a Honeywell Electronik 94 strip chart recorder. One of the flowmeters

has a range of 0.008 to 0.08 m^/min. while the other spans 0.08 to 0.8

mJ /min. , thus allowing for close determination of the flow rate over a

wide range of values.

The pipe A is very carefully aligned longitudinally with level and

transit and is cradled by 1.2 m long angle-iron sections supported at

each 1.3 m interval by steel pipe legs. The pipe of 0.635 cm wall thick-

ness is made up of eleven pipe lengths with five permanent and five

flange joints. The flanged couplings have locational spigots and are 0-

ring sealed. The inner diameter was checked to vary less than ± 0.5 mm

over the pipe length.

Details of the test section B are shown in figure 2.1. Measure-

ments employing the constant temperature hot-film anemometer were made

in section B at the outlet end of pipe A. The pipe cross-section is

traversed with the hot-film probe along a vertical diameter by means of

a hand-operated traversing mechanism. The mechanism is mounted outside

and on top of section B (sometimes placed in the horizontal position for

horizontal traversing) and carries the probe holder on the end of a shaft

passing through the wall of section B. For probe settings closer to the

wall than 5.8 mm there is a micrometer built into the mechanism which

can be adjusted to allow a positional accuracy of ± 0.01 mm. For probe
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positions larger than 5.8 mm from the one inside surface of the pipe to

within 5 mm of the opposite surface the distance may be set in 0.25 mm

increments along a scale graduated in divisions of 0.1 inch and equipped

with a vernier.

As shown in figure 2.2, the test pipe outlet end in the measur-

ing section B is equipped with a canopy containing a slot in order to

allow the traversing of the probe to zero distance from the tube wall,

while at the same time jet diffusion effects of the flow are suppressed

after it emerges from the test pipe. The 6.4 mm by 3.2 mm slot is just

large enough to accommodate the probe and support ,
while the canopy ex-

tends the pipe by 22.2 mm and spansl52.4 mm circumference. The canopy

is carefully matched to the pipe inside diameter.

Other special features of the pipe facility include deaerating

pipes connected to the tops of the settling chamber G and the mixing

tank E to allow the escape of entrained air. A Precision Scientific Co.

water still supplies the distilled water utilized for the present ex-

periments. No surfaces of system components in contact with the fluid

flow are made of metal except for the Ramaco velocity meters which are

made of stainless steel. In order to avoid fluid contamination the pump

is glassed on the inside and the settling tank of steel is glass fiber

lined

.

Hot-Film Anemometer

The hot-film equipment consists of two model 1010 Thermo Systems

Incorporated (T.S.I.) constant temperature anemometers, two model 1005B

T.S.I. linearizers and an assortment of probes. The anemometer units

supply the feedback control for constant temperature operation and moni-

tor the primary output from the hot-film. The linearizers condition the
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primary signal by squaring, balancing, and again squaring the signal so

that the final output is directly proportional to the velocity (within

some limits). Also included in the apparatus are two model 1060 T.S.I.

Root Mean Square (RMS) voltmeters, a T.S.I. model 1015C correlator and

two Honeywell Electronik 94 strip chart recorders. The typical arrange-

ment for an x-probe experiment is shown schematically in figure 2.3.

The various probes employed include a T.S.I. model 1210-10W single

probe and a T.S.I. model 1241-10W x-probe. The cross or x-probe has two

independently mounted films which are each arranged to be 45° to the main-

flow direction, but normal to one another. mhe cross probe thus measures

two velocity components, one in the mean flow direction and the other

normal to the mean flow, depending on the probe orientation. The leads

from the hot-film connections to the anemometers are of matched length

and resistance.

Prism, Trace-Particle Cinemometry for Three-Dimensional Flow Studies

For the flow visualization experiments only a few pieces of equip-

ment other than the pipe facility are used. These include a Kodak carou-

sel slide projector, a mirror, a glass prism, and a Bell and Howell Model

71 35 mm movie camera. The projector is utilized as a light source for

illuminating the flow region with the help of the mirror by which the

light beam from the projector may be properly directed inside the pipe.

Trace particles of neutrally buoyant pliolite (supplied by Firestone Rub-

ber Co.) are carried in the water while a Hewlett-Packard Model 5243L

digital counter acts as a film timer.

The prism is employed so as to obtain the three-dimensional posi-

tion of each trace particle. A stereoscopic view of the flow field under

consideration is given by simultaneously observing views through two of
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FIGURE 2.3 Schematic layout for the hot-film anemometer.
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the faces of a prism as shown in figure 2.4. Thus a particle in the

flow field is seen as an image in each of the prism faces. The distance

of the images apart (a^ + is some measure of the distance d^ of the

particle from the third face of the prism. The distance (a^ - a^)l2 of

the two images from the prism-camera axis is a measure of the distance

d
2

of the particle itself from the same axis. The third co-ordinate of

the particle is given by the axial distance of the two images from either

prism end.

For the prism mounted on the pipe the relationships between the

image co-ordinates in the prism and the particle co-ordinates are com-

plicated by the curvature of the pipe, but may be derived as is done in

Appendix A. Figure 2.5 shows the layout with the camera, the prism, and

the pipe. The gap between the prism and the pipe is filled with glycerin

(refractive index 1.474) which closely matches that of the glass (n =

1.475) and the plexiglass (n - 1.49). In the analysis the prism, gly-

cerin, and pipe wall are assumed to possess the same refractive index.

A cartesian co-ordinate system (x, y, z) with the origin at the

pipe center and with the x-direction along the pipe axis is used. If

subscripts are used to distinguish various points in the analysis (see

figure 2.5), the results of the derivation of Appendix A may be sum-

marized as:

cf>
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FIGURE 2.4 Stereoscopic view with a prism.
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FIGURE 2.5 Glass prism mounted on a plexiglass pipe, with glycerine

filling the space in between.
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for an image point located at any positive co-ordinate position z D . Each
•D

particle has two associated images, one at positive z = a, and one at

negative Zp_ = ~&2‘ The a
2
value is treated as positive in the relations

above and it is recalled that z + z , 0 = 0 , and v = v . By inter-D C, L) D C—

secting lines PC and PD the co-ordinates of P are given as
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= axial distance from prism end of both images.

Thus the three-dimensional particle position (x, y, z) is given

in terms of the measured values z
, z

, and x of the image position

in the prism faces, the refractive indices n
,
n and h

, and the geo-a P w °

metry as given by d, h, and fl. Details of this analysis as well as an

analysis applied to a square pipe are given in Appendix A.



CHAPTER 3

METHODS AND TECHNIQUES

The following descriptions give in some detail the various methods

used and the different techniques employed. The careful explanations of

the experimental procedures are essential for evaluation of results pre-

sented later. The discussion concerns the operation of the pipe flow

facility, the velocity measurements, and the computational procedures.

Three velocity measuring techniques have been used: hot-film anemo-

metry, microscope observation, and cinematographic recording of trace-

particle motions.

The Flow Apparatus and Its Operation

The operation of the pipe flow apparatus is straightforward. Pro-

viding there was enough distilled water in the storage tank the pipe was

filled and the pump started. The entrapped air in the tank was exhausted

through the deaerating tube, while the air bubbles trapped in the pipe

itself were released through two pressure taps. The flow rate was ad-

justed by means of the control valve to give the desired value of the

flowmeter output. The water coolers were switched on and the water

temperature checked every ten minutes. The temperature in the laboratory

is thermostatically regulated for 20 ± 0.5°C and the amount of cooling

was adjusted to keep the temperature of the fluid flow constant. The

velocity measurements were usually performed one hour after starting the

pump, when stable temperature conditions prevailed.

25
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Certain elementary precautions were observed. The pump was not

run unless there was enough supply pressure from the storage tank to

avoid cavitation. All air was purged from the system. The overflow was

always checked before making flow rate, or velocity measurements. The

temperature variation had to be less than 0.10 C over 30 minutes before

performing measurements, and the flow was never reversed when filters

were in use in the flow circuit.

Calibration of the two flowmeters was done by the bucket and

stopwatch method. The return flow was diverted by a valve immediately

upstream of the pump, leading the water to a collecting bucket, the

pump being supplied by water from the storage tank. For lower flow rates,

measurements were performed with the pump both on and off to check for

pump vibration effects. There were none. Only the smaller flowmeter

was used in the present study.

The Hot-Film Anemometer

Standard operation procedures as indicated in the Thermo Systems,

Inc. (T.S.I.) manuals were observed. A schematic of the typical x-probe

arrangement is shown in figure 2.3. After allowing the appropriate warm-up

time for each piece of electronic equipment and after allowing the water

to reach operating temperature the "cold" resistance of each film was

measured. The overheat ratio, or ratio of the hot-film operating re-

sistance to the cold-film resistance was set at 1.04 for x-probe or 1.08

for single film probes. The low values of overheat ratio made the system

very sensitive to temperature changes in the water, but reduced wall

proximity effects when the probe was near the boundary. The low ratio

also prevented bubble formation on the hot film.
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The anemometer bridge was balanced with the flow at rest, and

the probe positioned well away from any boundary. The output from the

anemometer was carried to the linearizer, where it was squared, and

then zeroed by subtracting out the full "at rest" signal. The Root

Mean Square (R.M.S.) voltmeters and the strip chart recorders were all

zeroed and balanced for the no-flow condition.

To run the system for velocity measurements, the flow was set

to the desired value and the probe positioned at the desired location.

Then, with no change in electronics, the output signal, after a second

squaring in the linearizer, was regarded as being the measure of velo-

city. The relationship between velocity and linearizer output was not

quite linear at the lower velocities as reported in detail below. The

time constant on the R.M.S. voltmeters was set at 100 seconds. In order

to insure a good average when recording turbulence, a time record of 15

minutes was taken for each location.

Hot-Film Calibrations

Calibration of the hot-film anemometer was done by several techniques

in the very low velocity range 1 to 100 mm/s. The first was to tow the

submerged hot-film sensor along a 3.5 m tank filled with water. The probe

was suspended from the underside of a platform, and could be lowered into

the water in the tank of 0.14 m^ square cross section. The platform ran

on a set of rails mounted on the tank sides and was towed by a constant

speed motor. There was a variety of pulley ratios available for the motor,

thus allowing different platform speeds. Stopwatch measurements were

made as the sensor travelled over a distance of 0.6 m near the mid-section

of the tank. The hot-film output was recorded on the strip chart recorder.

Persistent vibration problems with the carriage and water contamination

led to inconsistent results for low velocities.
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The tow tank was the only moving sensor arrangement. In other

techniques the sensor was held still and the fluid velocity over the

sensor was recorded. Several configurations were attempted, but the

most successful was to utilize the test pipe itself. It was hoped

that under laminar flow conditions simple center-line hot-film measure-

ments could be compared with average flow values assuming parabolic

velocity profiles. However, very small temperature gradients in the

fluid as caused by air currents in the laboratory, coupled with the low

flow velocities, caused the velocity profile to be asymmetric in the

vertical plane. Therefore, it became necessary to integrate hot-film

calibration readings over the whole diameter and compare with each flow

rate. Initially, a 63.5 mm diameter sharp edged orifice plate was placed

inside the pipe just upstream of the sensor so as to produce nearly slug

flow for calibration purposes. Subsequently, the orifice was removed

and calibration readings were performed for laminar pipe flow.

For the calibration in the laminar flow range, the actual average

velocity was obtained from the flowmeter readings of flow rate. At the

same time, a complete traverse of the vertical pipe diameter was made

using the hot-film anemometer, taking measurements every 3.5 mm. The

velocity profile was integrated over the pipe cross section to obtain an

estimate of the flow rate Q in terms of the hot-film output. The hori-

zontal velocity-profiles were also measured and were found to be uniform

for the orifice, or symmetrically parabolic for the fully developed

laminar flow in the pipe. Therefore, for the orifice the volume flow

rate was estimated from the hot-film measurements by applying a stepwise

summation procedure. Each element was a cylindrical shell truncated at
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a height corresponding to the velocity profile at that radius. The pro-

cedure yields

where r = radius, Ar = radius increment between readings, U
r = velocity

at radius r above the orifice centerline (in hot-film output) and U_r =

velocity at radius r below the centerline. For the measurements at the

pipe outlet the summation was performed by adding together elements of

parabolic shape. The height of each element was equal to the hot-film

voltage output at each measurement station on a vertical diameter, while

the base was equal to the horizontal measure of the pipe at that station

From this

where R - pipe radius, y - radial distance from the wall, and Ay - the

increment in y.

Both of these integrating configurations are shown in figure 3.1.

Also shown in figure 3.1 is the case of choosing a linear rather than

parabolic horizontal velocity profile. It underestimates the flow rate

while a direct average of the measured profile multiplied by the cross-

sectional area overestimates the flow rate. This gives an upper and

lower bound to the possible error involved.

Another approach was to obtain the velocity of the fluid in the

neighborhood of the hot-film by flow visualization. Minute particles

already present in the distilled water were made quite clear by strong

illumination. The hot-wire sensor was placed at the pipe centerline.

A 500 watt slide projector was used to project a plane of light 3 mm

thick and 75 mm wide; the arrangement is seen in figure 3.2. The il-

luminating plane was made to lie parallel with the laminar flow, and

Q = E 7TV(Ur + U_
r
)Ar
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FIGURE 3.

parabolic

uniform

Integration configurations for hot-film anemometer cali-

brations .
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FIGURE 3.2 Configuration for the trace- particle calibration of the

hot-film sensor.



32

to include the hot-film sensors. For higher velocities (above 6 mm/s)

the illuminated plane was photographed with a Tetronix Polaroid camera.

The streak exposures were taken on a one second speed setting, which

was itself checked against an oscilloscope time base. For the lower

velocities the particles were timed over a central span with a stop-

watch while observing the plane with the naked eye. A 75 mm measuring

length was marked in the light beam by two lines on a transparent slide

in the projector. Measurements were made both above and below the hot-

film probe, and for each flow setting the profile in the probe neigh-

borhood was plotted. The velocity at the sensor itself was estimated

from the profile. This technique was successful and laid some of the

groundwork for the trace-particle measurements that were done later.

The calibrations described were not quite sufficient to fully

interpret the hot-film measurements. Calibrations were not made under

turbulent conditions, and were not influenced by the effects of a nearby

boundary. The effect of the boundary on the sensor was carefully re-

corded for "zero flow" conditions. With the flow at rest, the probe

was moved closer and closer to the boundary, and the output recorded.

Thereafter, the near-boundary zone was similarly traversed under laminar

flow conditions. It is assumed that in the region close to the boundary

(less than 5 mm from the wall) the velocity profile is approximately

linear and that the velocity at 5 mm from the wall may be obtained from

the regular calibration curve, allowing calibration for specified wall

near positions. This was done at several laminar flow rates. The

method does not solve the problem of calibration under turbulent condi-

tions and its velocity range is less than that for the turbulent flow.
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Hot-Film Measurements

By using a constant temperature hot-film anemometer, extensive velo-

city measurements were performed on fully developed turbulent flows of

water in the 12.7 cm test pipe. The hot-film probe was mounted at the

outlet end of the pipe and could be traversed along a diameter as de-

scribed in Chapter 2. The water was drained from the system, and either

a cross or single sensor probe was placed in the holder and moved to the

wall position. The horizontal distance d
Q
between the pipe outlet plane

and the hot-film sensor was approximately set and the probe clamped. The

distance was then measured with an optical cathetometer as shown in

figure 3.3 which determined the setting to within ± 0.03 mm. The ref-

erence setting of the probe relative to the inner tube surface was also

done with the cathetometer with the help of an arrangement of mirrors

as shown in figure 3.3. For the x-probe these settings were made with

respect to the center of the cross, and the probe was oriented as re-

quired by the velocity components to be measured.

The centerline position, and intermediate stations y/R =0.7,

0.5, 0.4, 0.3, 0.25, 0.20, 0.15, 0.10, 0.07, 0.05, 0.04, 0.03, 0.025,

0.020, 0.017, 0.015, 0.012, 0.010, 0.007, 0.005, and -0.005 were cal-

culated in terms of readings on the traversing mechanism relative to

the wall reference settings. Here y = distance from the inner surface

of the pipe, and R = radius of the pipe = 63.5 mm. For cases of measure-

ments taken upstream of the outlet end of the pipe, location of the

probe tip was possible only to a wall near position of y/R not less than

0.02. The order in which these positions were traversed was randomized,

in order not to interpret a systematic drift as a radial dependency.
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FIGURE 3.3 Arrangement for locating the hot-film probe.
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Repeated checks on both flow and anemometer conditions were done

by locating the probe at the centerline of the pipe for every fourth set

of turbulent flow data readings. The water temperature at the pipe

outlet was read on the thermometer located in the settling chamber B,

for every hot—film reading. The flow rate was recorded for every probe

location.

Measurements of the mean axial velocity U and the axial turbu-

lence intensity u' were made with single sensor probes. With the cross

probe it was possible by subtracting and adding the signals from each

of the two hot-film sensors to obtain v' and uv or w' in addition to U

and u'. Here v = the fluctuating radial velocity and w = the fluctuating

circumferential (or azimuthal) velocity. The combination depends on

the probe orientation.

Studies Using a Microscope

For the zone very close to the pipe wall the hot-film anemometer

is not altogether successful because of boundary effects and low velo-

cities encountered. In order to supplement the average velocity measure-

ments in the immediate neighborhood of the boundary, and in order to es-

tablish by measurement the condition of "no-slip" at the wall some

readings were taken using a microscope. The flow region close to the

boundary was strongly illuminated showing particles similar to those

utilized for the hot-film calibrations. Their size was later estimated

to be between 5 and 20 microns. The microscope was mounted normal to

the pipe axis and focused on the inner surface of the pipe as is shown

in figure 3.4.

The microscope focuses on a 5.6 mm diameter area, and has a 2.5 mm

scale with 0.025 mm divisions in the view. The microscope was mounted on
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FIGURE 3.4 Layout of the microscope, projector, and pipe.
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a threaded collar for focusing and advancing the microscope 0.51 mm

per turn. The depth of view was approximately equivalent to 1/16 turn

(0.03 mm). When using the microscope the reference point for focusing

on the inner pipe surface was noted, then the collar was advanced 1/8

turn. This corresponds to a microscope difference in distance of a 0.06 mm

increment. For each increment the new focal plane then increased a dis-

tance y from the inner pipe surface. Distance y is equal to the distance

moved by the microscope multiplied by the refractive index of water.

The illuminated particles were seen through the microscope and

the hairline scale was aligned parallel to the pipe axis. With a stop-

watch the particles were timed over a 2.54 mm or 5.08 mm span. Because

the flow was turbulent, 20 such readings were made at each setting, and

the average velocity computed. The highest recorded velocity was 3.2 mm/s

and the method was only useful within a 1.3 mm distance from the wall.

Trace-Particle Flow Visualization

The use of particles already present in the distilled water,

and the incompleteness of the hot-film measurements stimulated an in-

terest in the trace particle technique. After some difficulties and

trial and error work, the technique was successfully employed. Neu-

trally buoyant particles of 48 to 63 microns in size were added to the

flow. The material used was "pliolite", and it is supplied in large pea-

sized kernels by Firestone Rubber Co. The pliolite was ground in a

colloidal mill and then sieved. The particles of a given size range

were vigorously mixed with distilled water and then allowed to stand

for 1 hour. The floating particles were scooped off and thrown away,

the decanted water containing the neutrally buoyant particles was then

added to the main flow circuit through the supply tank. The size of the
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neutrally buoyant particles (48-63 microns) was chosen to be small

enough to closely follow the fluid motion, but yet be large enough to

be conveniently photographed. The response of the particles to the

turbulent velocity fluctuations can only be estimated . Hinze (1959)

comments: "Theoretically very little is known about the fluid dyna-

mics of a mixture of discrete particles of arbitrary size and concen-

tration with a fluid, where both are in turbulent motion."

By considering the equations and assumptions for particle motion

made by Tchen (1947) and modified by Corrsin & Lumley (1956) (as cited

in Hinze (1959)) it may be shown that for homogeneous turbulence the

ratio of the mean square of the particle-velocity fluctuations to the

mean square of the fluid-velocity fluctuations may be written as:

u 'p o-
7
- = (aT + g

2)/(aT
T
+ 1)u L L

o
where a = 36 y/ (2 + p)d

, 8 = 3 p/(2 Pp + p) and T^ = Lagrangian
•O

time scale = /r (x)dx. For the case considered here the particle den-
is L

sity Pp closely equals the fluid density p, d is the diameter of the

particle, and y the fluid viscosity. This ratio only strictly applies

to situations where (see Hinze (1959)): (1) the turbulence is homogeneous,

(2) the domain of turbulence is infinite in extent, (3) the particle is

spherical and so small that its motion relative to the ambient fluid

follows Stokes' law of resistance, (4) the particle is small compared

with the smallest wavelength present in the turbulence, and (5) during

the motion of the particle the neighborhood will be formed by the same

fluid particles. The Lagrangian time correlation here is assumed an ex-

ponential function of the Lagrangian time scale T^ for short times, namely

R^x) = exp (-t/T
L )

for time t.
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The condition of flow homogenity is here satisfied in only one

direction, and the second condition limits discussion to the core re-

gion of flow. The particles are not spherical but are considered small

enough to respond according to the Stokes law of resistance for a possi-

ble relative velocity between particle and fluid. Condition five is de-

scribed by Hinze (1959) as being the difficult one to satisfy because

of the deformable property of a fluid packet as compared with the solid

particle
, and is only satisfactorily approximated by small particles of

density close to that of the fluid, as in the present case. The low

velocities encountered (less than 65 mm/s) and the low Reynolds number

of 6,500 ensure that the particles are able to closely follow the average

motions of flow.

The quantity 3 = 3p/ (2p
p + p) is very close to one for the al-

most zero density-difference between particle and fluid. Also, the

quantity aTL = 36 pTL /(2 pp + p)d 2 - 12 T
p v/d

2 - 4,800 T
±

is quite

large even for a small Lagrangian time scale T^. Brodkey (1967) gives

a parameter to be added to the particle-to-fluid intensity ratio for

the wall effect, if the particle is near a boundary. The parameter is

(8/32) (d/y)
, where y is the distance of the particle from the wal]

.

Even for y = d the parameter is only 1/32. Therefore, the particle

may be expected to follow not only the average motions closely, but

also the fluctuations.

An illuminated flow region 0.5 m from the outlet end of the pipe

was viewed through the glass prism. Enough particles were added so as to

ensure that there were always more than sixty within the flow region

behind the prism shown in figure 3.6. As already described, the illumin-

ation of the particles was done by means of a light beam from a 500 W
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projector directed along the inside of the pipe through a mirror placed

in the work section B (see figure 3.5). The particle motions were re-

corded cinematographically through both the prism faces simultaneously.

Initially, an attempt was made to obtain streak pictures (approximately

5 frames per second). Because of the short time spans desired and the

focusing difficulty, however, it was found preferable to make a cinema-

tographic record at some higher speed (about 40 frames per second) and

measure the change in particle position from one frame to the next. The

particle positions are given in three dimensions by the two images seen

in the prism faces as exp ined in Chapter 2. The camera was mounted

55.8 cm from the center of pipe, and the 150 mm telephoto lens with a

close-up attachment allowed for suitable focus.

In order to transfer the film records, each frame of the film

was fixed in a slide mount, projected, enlarged, and copied onto graph

paper. The image pairs were identified and each particle path was

traced on another sheet of graph paper. This procedure checked the

continuity from one frame to the next and ensured that image pairs were

correctly identified. The three co-ordinates associated with each image

pair were written down for each time frame. These co-ordinates were

then used in the prism analysis equations (2.1) and (2.2). The reading

accuracy on the graph sheet is estimated at ± 0.12 mm which approximately

corresponds to a ± 0.02 mm accuracy in the flow field itself.

Calibration of the Prism for Three-Dimensional Flow Studies

Equations (1.1) and (1.2) derived in the prism analysis, and

used in the evaluation of the trace-particle data were checked by a

calibration procedure. A grid of known cylindrical co-ordinates (x, r,

0) was placed in the pipe, as is shown in figure 3.7. The grid was

scribed onto the edge of a plexiglass plate, which was machined to form
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FIGURE 3.7 Grid placed in the pipe for calibration of the prism.
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part of a straight conical surface. With the grid in place the pipe was

filled with water and the grid photographed through the prism with

exactly the same camera arrangement as used for the flow measurements.

The photograph was projected and copied on a piece of graph

paper. Each of the grid points was identified in the two prism views

on each frame. The co-ordinates of these grid points were read off

from the graph sheet and used in equations (2.1) and (2.2) to predict

the pipe positions (x, r, 0) of the grid points in the pipe. The

predictions then could be compared with the known pipe positions of

the grid points.

Computational Methods

Evaluation programs were written in Fortran IV and computations

performed on an International Business Machines 370 housed at the North-

east Regional Data Center located at the University of Florida. For

the purposes of this study the computer was used extensively to help

evaluate the vast amount of data collected, involving some numerical

techniques

.

The experimental data collected from both the hot-film and trace-

particle measurements on the turbulent flows needed to be processed in

certain elementary ways in order to be useful. Numerical values had to

be non-dimensionalized by the appropriate flow field quantities and put

into suitable form for comparison.

The hot-film anemometer calibration curve relating hot-film output

voltage to velocity was non-linear for velocities less than 31 mm/s.

The following expressions were used to model the calibration: (see

Chapter 4 for a detailed description of how they were derived)
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U = -18.05 E
2 + 47.2 E + 1.25 0 < E < 0.06

U = -1.69 E2 + 17.83 E + 3.03 0.06 < E < 0.59

U = -0.46 E
2 + 15.44 E + 3.72 0.59 < E < 1.79

U = 12.76 E + 7.05 1.79 < E

where U = velocity; and E = voltage output of the x-probe.

The hot-film voltage outputs of the average velocities were

substituted directly into the calibration equations to calculate the

velocity U. For the root mean square (R.M.S.) measurements of the

fluctuations, the slopes from the calibration curve were used to ob-

tain the turbulence intensities. The resulting quantities were non-

dimensionalized to the following forms: distance from the wall y/R

and y* = u*y/v; average velocity U/U
Q

and U
+ = U/u*; and turbulence in-

tensities u'/U
q , v'/U0 ,

w'/U
, or u'/u*, v'/u*, w'/u*. Here y =

distance from the inner pipe wall; R = pipe radius; U = average axial

velocity at some position y; U
Q = average velocity at pipe center; V =

kinematic viscosity; u* = wall friction velocity =
;

u' = tur-

bulence intensity =
;
while u, v, and w are the fluctuating velo-

city components in the axial, radial and circumferential (azimuthal)

directions, respectively.

For close wall positions where the boundary influenced the hot-

film, an estimate of this effect was obtained from static measurements.

Before each experimental run the hot-film was tranversed along a pipe

diameter with the flow at rest. Near to the wall there was a negative

signal. The negative signal was assumed to be due to the influence of

the boundary (for lack of a better estimate) and was subsequently added

to the near-wall measurements.
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The temperature was kept nearly constant and change was jointly

accounted for along with an output drift from probe contamination. In

the cases where there was a drift over the seven hours it took for a

complete experimental run, the drift was well monitored by the hourly

centerline measurements. The hourly readings were plotted as U hourly/

U
Q

against time, and the intermediate readings multiplied by the ap-

propriate ratio. The ratio never fell below 0.94.

Checking the calibration analysis of the prism also required

some computation. The photograph of the grid through the prism gave a

set of prism co-ordinates for each of the grid points. These co-ordinate

sets were made up of the three values: the distance of either image

from the prism end x^, the distance of the image in the positive prism

face from the prism axis z
,
and the distance of the image in the nega-

tive prism face from the prism axis z . These three values were used
B-

in prism equations (2.1) and (2.2) to evaluate the co-ordinates (x
p

>

yp, Zp) for each grid point.

The particle co-ordinates read from each frame of the cine film

of the turbulence were used in the same way. For each particle in each

frame the measurements x
,

z
,
and z were used in equations (2.1) and

B B B -

(2.2) to obtain Xp, yp, and Zp. The procedure was carried out frame by

frame and by identifying a particle from one frame to the next, its

change in position was calculated. In order to obtain the velocity three

frames were considered, and the velocity at the mid-frame given by

u =
(xt, 3

~ x i) / (t - t )

3 1-P3 V'
V = (r n - r -,) / (t - t )

P
1

3 1

W = r (0 - - 0 1
) / (t - t )

p2 pJ pi 3 1
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where U, V, and W are the instantaneous velocities in the axial, radial

and circumferential directions, respectively; and (x^, rp> is the

particle position in cylindrical co-ordinates; while t^, t^, and t^ are

the instants at which the particle was in positions 1, 2, and 3. The

use of three frames rather than two effectively approximates the parti-

cle path from time t^ to time t^ by the portion of a parabola.

There were always more than sixty particles in the studied flow

region. Therefore, the velocity was always known at more than sixty

points in the flow field. However, these positions were arbitrarily

distributed throughout the region. In order to interpret the recorded

data with some confidence the velocities were evaluated by two approaches.

In the first approach the data were grouped in order to form averages.

In the second approach an interpolation procedure was used to evaluate

the velocities at a given set of positions in the flow field.

In order to formulate the averages, the flow region was divided

into thin shell-like sections as shown in figure 3.6. Assuming that

the averages in fully developed turbulent pipe flow show only a radial

dependency, the values on each shell were summed for a spatial average.

These spatial averages were then summed over time to obtain a combined

space-time average. For the small volume viewed, and for the compara-

tively short time-record neither space nor time averages alone were com-

plete, and therefore could not be compared. The average velocities U,

V, W were computed, and then the intensities were evaluated as

u' = [Z (U - U)
2
J/n

o i

where n = total number of measured velocity data utilized in the summation.

Similar relationships are used for v' and w'

.
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The interpolation procedure required more computation. The

flow field was divided into a lattice as is shown in figure 3.8. Then

to find the interpolated velocity at each of the grid points (x^, y^,

z .) of the lattice, the velocities within a 4 mm radius were considered.

Each velocity then made a contribution which was weighted according to

its distance from the grid point. Thus, the grid point velocities were

given by

U. = ? (U • F) ./? F
1

1 1 1

with similar expressions for and W_^. Here n = number of points within

4 mm of the lattice point i, and F = the weighting factor. Initially,

F was chosen as a linear function of distance

F = (4 - b)/4

where b = distance from lattice point to known-velocity point. This

choice stemmed from the idea that the function F whould look something

like the correlation function, where b would be approximately the macro-

scale of turbulence. With the linear choice of F it was hoped to get a

first approximation to the velocities at the grid points. With these

grid point velocities a first approximation of the correlation function

was possible, which then would serve as an improvement for F. Computa-

tion time limited this procedure to a linear function of F.

For the positions closer than 4 mm to the boundary, the wall posi-

tion (y = 0 and U = V = W = 0) was considered to contribute one velocity

value just as any other particle would. Also, closer than 4 mm to the

wall the sphere of interpolation is broken by the boundary. The correct

way to counteract this would be to define a different function F. This

was planned to automatically appear in the correlations after the first

approximation. However, as this was not obtained, another procedure was



FIGURE 3.8 Lattice for interpolation of velocity.
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adopted. For every velocity point (xp , vp , zp ) more than a distance yi

from the lattice point an equivalent velocity point of zero magnitude

was placed at point (x , y , z ) where y = (y, - y ). The contribution
x 3. ir cl 1 ir

of this point to the lattice point velocity was then weighted by F =

(* - yp
).

With these restrictions the velocities were interpolated at the

lattice points for each time frame giving both a space and time record

of the velocity field. The computer programs used are given in Appendix

B with some few explanations.



CHAPTER 4

FLOW STUDIES BY THE HOT-FILM ANEMOMETER

The results of the hot-film measurements presented in this

chapter concern experiments made on fully developed turbulent flows

at the outlet end of the 12.7 cm diameter pipe. The Thermo Systems,

Inc. (T.S.I.) constant temperature hot-film anemometer arrangement

described previously was used throughout. The experiments were per-

formed prior to those described in the next chapter and do not attempt

to measure the bursty nature of the region near the wall. They do in-

clude a calibration of the hot-film sensor to very low velocities, and

extensive mean velocity and turbulence intensity measurements over the

whole pipe diameter. As will be shown, the wall near measurements are

not very reliable, and are difficult to interpret.

Calibration of the Hot-Film Anemometer

In order to be able to make velocity measurements close to a

boundary in turbulent flow, it is essential to have an accurate and

reliable calibration curve for the hot-film sensor. Preferably this

calibration should also include the characteristic heat transfer ef-

fects of a nearby boundary and of the turbulent fluctuations. The

calibrations described here cover a velocity range of 1.2 to 100 mm/s,

and attempts are made to incorporate the boundary effects into the

measurements. The calibrations are not done under non-steady or turbu-

lent flow conditions.

51
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The calibration values obtained by traversing the hot-film

sensor along the vertical pipe diameter and integrating the resultant

laminar profile are given in table 4.1. The average velocity, U
ave ,

is

found from the flowmeter measurements of flow rate. The average voltage

E or hot-film output is calculated by the method of integration as
ave

described in Chapter 3. Assuming a parabolic horizontal profile

where R = pipe radius = 6.35 cm, r = radius to point of measurement, and

Ar = increment in r between readings. The sample set of data for one

such calibration value in table 4.2 shows this summation performed for

r = 5.08 mm, R = 6.35 cm, and hot-film output values E.

= 0.864 volts

and the average velocity from measuring the flow rate is

U = 16.5 mm/s
ave

Very similar results were obtained for the calibration procedure

in which the velocity profile at a sharp edged orifice is measured. The

calibration values are shown in table 4.3, while table 4.4 shows a sample

laminar velocity profile for the 61 mm diameter orifice. The flow is

fairly uniform for the main portion of the diameter and the following

Qe = £(A
p
Ar)

Qe
= 2 |

2 ^
(40.323 - r )7 • 2E

= E M 2E

For the example given in table 4.2, Q = 107.8, and therefore:
£

E = () divided by the cross sectional area of the pipe
ave X

E
3

summation is considered
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TABLE 4.1 Calibration values obtained by integration of the hot-
film outputs from laminar velocity profiles in the pipe.

U E
ave

mm/

s

u/u
20

ave
volts E /E

ave'

1.57 .079 .005 .005
1.59 .080 .005 .005
1.84 .092 .008 .008
1.97 .099 .015 .015
1.94 .097 .017 .016
2.13 .107 .022 .021
2.14 .107 .021 .020
2.44 .122 .026 .024
2.66 .133 .031 .029
3.14 .157 .023 .021
3.27 .164 .035 .033
3.91 .196 .043 .040
4.15 .208 .067 .063
4.47 .224 .070 .066
4.71 .236 .060 .057
5.14 .257 .098 .092
5.21 .260 .084 .079
5.33 .267 .110 .103
5.40 .270 .127 .120
5.77 .288 .152 .143
6.97 .348 .165 .155
7.12 .356 .159 .153
7.95 .398 .240 .226
8.40 .420 .326 .308
8.55 .428 .332 .312

10.52 .526 .337 .316
11.40 .570 .550 .518
11.68 .584 .460 .433
12.19 .609 .528 .496
12.70 .635 .578 .544
16.50 .825 .864 .813
17.36 .868 .863 .812
19.70 .985 1.04 .980
35.0 1.75 2.06 1.94
37.2 1.86 2.33 2.19
44.0 2.20 2.87 2.70
49.2 2.46 3.25 3.06
59.4 2.97 4.05 3.81
71.1 3.56 5.10 4.80
54.9 2.75 3.75 3.53
64.0 3.20 4.45 4.18
78.1 3.90 5.50 5.18

U
ave

=
Qn/^

= measured flow rate/pipe area
Eave

=
Qe/a = integrated hot-film output/pipe area

®20 = va ^-ue ®
aVe at ^20 = ^0 mm/s
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TABLE 4.2 Sample laminar velocity profile for the pipe.

Hot-film
Position output E Multiplier
inches volts M 2*E*M

1.2 .12 .94 .22
1.4 .30 1.23 .74
1.6 .52 1.45 1.50
1.8 .78 1.62 2.54
2.0 1.00 1.75 3.50
2.2 1.22 1.86 4.54
2.4 1.42 1.95 5.54
2.6 1.59 2.02 6.42
2.8 1.72 2.07 7.10
3.0 1.78 2.11 7.50
3.2 1.80 2.13 7.68
3.4 1.80 2.15 7.74
3.6 1.78 2.14 7.60
3.8 1.76 2.13 7.50
4.0 1.74 2.10 7.30
4.2 1.66 2.05 6.80
4.4 1.56 2.00 6.24
4.6 1.42 1.92 5.46
4.8 1.24 1.81 4.48
5.0 1.06 1.69 3.58
5.2 .84 1.54 2.58
5.4 .58 1.35 1.56
5.6 .30 1.10 . 66

107.78
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TABLE 4.3 Calibration values obtained by integration of the hot

film outputs from laminar velocity profiles in the orifice

Uave
mm/s

Eave

U/U 20
volts Eave^E 20

5.20
6.65
8.10
3.12
5.82
8.72
12.2
18.0
22.1

23.5
25.7

32.5
46.2

11.3

18.7
15.7

33.5
53.6

.260

.333

.405

.156

.291

.436

.61

.90

1.11
1.18
1.29
1.63
2.31

.57

.94

.79

1.68
2.68

.109

.168

.196

.023

.130

.262

.373

.705

.99

1.06
1.37
2.01
3.15

.31

.56

.44

1.12
2.03

.122

.188

.219

.026

.145

.293

.416

.79

1.11
1.18
1.53
2.24
3.52

.51

.92

.71

1.84
3.34



TABLE 4.4 Sample laminar velocity profile for the orifice.

Hot-film
Position output E

inches volts E • r TrAr (E»r)

2.0 zero zero zero
2.2 zero zero zero
2.4 .74 .78 3.15
2.6 1.79 1.52 6.14
2.8 1.82 1.18 4.76
3.0 1.84 .83 3.35
3.2 1.83 .46 1.86
3.4 1.84 .09 .36

3.6 1.86 .28 1.13
3.8 1.90 .67 2.71
4.0 1.97 1.08 4.36
4.2 2.03 1.52 6.15
4.4 2.13 2.01 8.10
4.6 0.19 .22 .89

4.8 zero zero
5.0 zero zero

total = 10.64

Pipe center at position = 3.5
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Q
e

= I (A
c

Ar)

= Z TTrEAr
2r

where = the area of a cylindrical shell of height E and radius r.

For the example considered Q = 10.6 TrAr = 43.0 cm^V
E

^ave
=

^E
divide by the cross sectional area of the orifice

= 1.37 volts

while U = 25.7 mm/s.
ave

Neither of these techniques of averaging the values over the

pipe nor over the orifice, is entirely satisfactory because they in-

volve a range of values over which the calibration is not linear (see

figure 4.4). However, the similarity in the results, shown later in

figure 4.4, indicates some agreement with the true calibration curve.

The two techniques differ quite sharply as to which of the hot-film

outputs contribute most heavily to the evaluation of E
vg

. Figure 4.1

shows the values of the terms contributing to for the orifice (E*r)

and the pipe (2*E*M)
,
respectively. It is noticed that, for the pipe

flow, the measurements over the whole central region contribute fairly

evenly whereas for the orifice the center contribution is zero. The

different assumptions as to the shape of the horizontal velocity-

profile are somewhat questionable. However, the final calibration

curves are in good agreement with each other.

The data from the pipe flow calibrations are used in a curve fit-

ting procedure. The values are plotted as shown in figure 4.2 and the

best fitting straight line U = 12.76 E + 7.05 drawn through the data

points within the higher velocity range. The straight line is a least

squares fit to the data with U > 30 mm/s. For the values of U < 30 mm/s
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Position along a pipe diameter (center at 3.5)

FIGURE 4.1 Distribution of summation terms q for the orifice, q

IIAr(E-r), and for the pipe, q = 2*E-M.
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there is a significant deviation from the linear relationship. This de-

viation is plotted in figure 4.3 as the difference AU between the

straight line and actual values of U, against the difference AE =

(1.79 - E) between the voltage at 30 mm/s and the actual voltage. The

resulting plot is approximated by the straight line sections

E = 0.0554 AU/AE + 1.61 0 < E < 0.6

E = 0.535 AU/AE + 0.59 0.6 £ E < 0.59

E = 2.20 AU/AE - 2.3 0.59 < E < 1.79

Solving these for AU and adding them to the straight line U - 12.76E +

7.05 yields the calibration curve over the whole range

U = + 12.76E + 7.05

U = .46 E
2 + 15.44E + 3.72

U = - 1.69 E
2 + 17.83 + 3.03

U = -18.05 E
2 + 47.26E + 1.25

E > 1.79

1.79 > E > 0.59

0.59 > E £ 0.06

0.06 > E > 0

The calibration curve is then made up of a collection of para-

bolas. It may be noted that neither a least square fit of a quadratic

or cubic expression was able to fit the values very satisfactorily.

The hot-film calibration curve is also determined by timing the

motion of minute particles as described in Chapter 3. Table 4.5 con-

tains these calibrations made by the trace-particle visualization tech-

nique illustrated in figure 3.2. The results for the three methods re-

corded in tables 4.1, 4.3, and 4.5 are plotted in figure 4.4. The data

are normalized with respect to a velocity of 20 mm/s in order to be

directly comparable with one another. Also drawn in figure 4.4 is the

calibration curve fitted to the integrated data of the flow cross section.

The calibration data from the orifice and pipe flows, and from

trace-particle visualization of the flow agree well with each other.



.055

AU/AE

+1.61

61

FIGURE
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FIGURE 4.4 Calibration curve for the hot-film sensor.
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TABLE 4.5 Calibration of the hot-film anemometer by timing the
motion of minute particles in the flow.

u
ave

mm/s Uave/U20

E
ave

volts Eave/ E

3.9 .195 .036 .055
1.57 .078 zero zero
3.14 .157 .024 .037
3.39 .169 .029 .045
2.45 .123 .010 .015
4.85 .243 .064 .099
5.35 .268 .080 .123
8.68 .434 .19 .29
5.78 .289 .086 .13
7.39 .369 .144 .22
9.32 . 466 .21 .32

12.0 .60 .32 .49
14.5 .73 .42 .65
16.8 .84 .56 .80
20.5 1.03 .71 1.09
23.3 1.17 .78 1.20
21.8 1.09 .73 1.12
27.0 1.35 .82 1.26
18.4 .92 .57 .88
8.04 .402 .12 .184
3.32 . 166 .024 .037
3.64 .182 .05 .047
4.79 .239 .10 .093
6.52 .326 .20 .186
8.22 .411 .30 .279

11.51 .58 .50 .466
12.81 .64 .60 .559
18.70 .94 1.00 .93

20
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For the higher velocity range the hot-film output is well represented

by a linear relation of the flow velocity. There is a lower limit, U =

1.4 mm/s below which the hot-film does not respond to the flow velocity.

This limit depends somewhat on the overheat ratio used for the hot-film,

and indicates a dominance of free convectional heat transfer over forced.

This feature is not all that unexpected when the free convection velocity

Uf is included in the analysis. A typical hot-film configuration is

shown in figure 4.5, and if the free convection velocity is greater

than the flow velocity U, then the hot-film output, A + B, from the two

sensors A and B of the x-probe, will be

(A + B) = constant [ (Uf + v - U - u) cos 45° + (U
f + v + U + u)sin 45°

]

= constant ^2 (U^ + v)

under which circumstances the output should be independent of U.

The effect of the boundary upon the calibration values is notice-

able only when the probe is located near the boundary. Figure 4.6 shows

the hot-film output for the probe in positions close to the wall and

for different flow velocities. From the curve for zero flow it can be

seen that the apparent negative effect of the hot-film response is notice-

able for positions closer to the wall than 10 mm. The boundary has the

effect of reducing the total heat loss from the hot—film. Whether the

reduced loss is due to restricted free convection or possibly due to the

heat reflection by the boundary is not clear. These readings were taken

at the upper inner surface of the pipe by a single sensor hot-film probe.

Readings at the bottom inner surface showed similar effects only not so

pronounced, implying that some of these effects, but not all, are due to

free convection. Conduction of heat towards the boundary may also be
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U + v

/w

FIGURE 4.5 Hot-film sensor showing free convection.
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present because of the difference between the specific heat of the wall

and that of the water.

One disturbing feature of the graphs in figure 4.6 is the ob-

servation that the readings within 1 mm of the boundary do not discri-

minate between flows of different lower flow rates and hence velocity

differences. This insensitivity is not detected for measurements within

the same region near the wall at higher Reynolds number, turbulent flows,

but its existence at low Reynolds numbers remove any confidence in the

interpretation of near-wall readings. Close to the boundary there is an

additional problem with the x-probe, due to its size. For measurements

performed outside the outlet end of the pipe parts of the probe are

shielded from the primary flow field when its radial distance from the

pipe wall is less than 1.4 mm.

The combination of poor low velocity response, uncertain boundary

effects and geometric constraints make it clear that the hot-film sensor

is not suited to measurements in the immediate boundary zone. Therefore,

although turbulence measurements are made all the way to the wall, va-

lues taken closer to the wall than 1.5 mm (or y/R = 0.025) should not be

considered reliable. In the present experiments the thickness of the

viscous sublayer would be 2.3, 3.0, and 4.9 mm for flows of Reynolds

numbers 9,000, 6,500, and 4,000, respectively. It should also be noted

that the calibrations performed here are for laminar flow conditions, i.e.,

static calibrations. As Perry & Morrison (1971b) clearly show, there

may be a considerable difference between static and dynamic calibrations.

Dynamic calibration measurements are made under fluctuating or unsteady

flow conditions and are thus more suited to turbulent flows.
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Hot-Film Turbulence Measurements

Turbulence measurements were made with the hot-film sensor at

the outlet end of the 0.127 m diameter, 23.6 m long pipe described in

Chapter 3. The probes used are the T.S.I. model 1241 - 10W cross-film

probes mounted on the pipe-traversing mechanism. The probe location

is determined by its radial position y from the pipe wall, and its dis-

tance d from the pipe-outlet plane. The distance d is defined to be
o r o

positive for positions outside the pipe, and negative for positions in-

side. The axial velocity component is measured for every data point,

together with one of either the radial or circumferential velocity com-

ponents, as determined by the probe orientation.

Table 4.6 gives a summary of the sets of measurements made. The

Reynolds number, Re = UD/v,is based on the average pipe velocity cal-

culated from the flow rate. Each set of measurements was done for a

constant value of d
Q

and for a specified probe orientation as indicated

in table 4.6. A sample set of data obtained at a Reynolds number of

6,500 for one value of d
Q

is shown in table 4.7.

By traversing the probe outside of the pipe end it is possible

to make measurements all the way out to the boundary, but with the dis-

advantage of experiencing the effects of the jet diffusion character-

istics. The jet diffusion should decrease with decreasing distance d
Q ,

and it was hop ecj that the data obtained at different d values could be
o

extrapolated to d^ = 0, as was done by Lindgren & Chao (1969). The re-

sults of the mean forward velocity profiles given in figures 4.7 through

4.9 show, however, that there is no clear trend to be extrapolated in the

variation with d^. The success with which Lindgren & Chao (1969) employed

the extrapolation technique may lie in their use of single sensor probes
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TABLE 4.6

Run name

Jan 20
Jan 22

Jan 18

Feb 19

Feb 20

Feb 16

Feb 15
Feb 15

Feb 15
Jan 25

Jan 23

Jan 24

Feb 1

Jan 27

Jan 30
Feb 12
Feb 13

Feb 3

Summary of measurements made with the hot-film anemometer.

Reynolds
number

Probe
orientation

Probe
position d

Q

Plotting
symbol

9000 radial 2.3 O
6500 radial 2.3 O
4000 radial 2.3 O
9000 radial 1.4 3
6500 radial 1.4 3
4000 radial 1.4 3
9000 radial -2.6 +
6500 radial -2.6 -f

4000 radial -2.6 +
9000 circum. 2.6 •
6500 circum. 2.6 •
4000 circum. 2.6 •
9000 circum. 1.3 €
6500 circum. 1.3 C
4000 circum. 1.3 €
9000 circum. -1.8 X
6500 circum. -1.8 X
4000 circum. -1.8 X
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TABLE 4.7 Sample set of velocity data measured with the hot-film

anemometer for a Reynolds number of 6,500 and a distance

d =1.4 mm.
o

y/R u/uG u'/U
c

v7u
o

1.000 1.00 0.036 0.029

0.050 0.50 0.124 0.020

0.120 0.72 0.093 0.031

0.150 0.76 0.085 0.032

0.015 0.17 0.052 0.024

0.010 0.13 0.030 0.015

0.080 0.64 0.111 0.024

1.000 1.00

0.013 0.15 0.037 0.019

0.005 0.10 0.018 0.010

0.030 0.31 0.101 0.021

0.020 0.21 0.074 0.024

0.100 0.67 0.106 0.025

0.040 0.41 0.113 0.016

1.000 1.00

0.035 0.79 0.096 0.018

0.0 0.07 0.016 0.011

0.200 0.80 0.076 0.036

0.060 0.56 0.105 0.021

0.045 0.44 0.114 0.021

0.018 0.20 0.068 0.026

0.025 0.28 0.084 0.023

1.000 1.00 0.035 0.028



71

and consequently smaller values for d
Q

. The geometric size of the cross

probe used here excluded readings for d
Q

< 1.2 mm, and y < 2.0 mm.

The mean velocities are plotted in figures 4.7, 4.8, and 4.9, in

co-ordinates of the universal logarithmic velocity profile. The vari-

ables ^are expressed in terms of wall-friction velocity u*. By definition

* _ / 9IJ _
u Where y = radial distance from the wall, and U = local axial

velocity. The velocity ratio is defined as u = U/u , and the distance

parameter is defined as y
+

= u*y/v. The curves for u
+

= y
+

and u
+ =

5.5 + 2.5 In y = 5.5 + 5.75 log.^ y are shown for reference. For very

small y
+

values the experimental data for each of the Reynolds numbers

show a deviation from the curve u = y . This, however, is the region

where the boundary effects and hot-film performance are at their worst.

Microscope measurements presented later, probe the zone y
+

< 3 more effec-

tively.

An interesting feature seen in figures 4.7, 4.8, and 4.9 is the

variation of velocity with Reynolds number in the "wall region", the wall

region being located outside the viscous sublayer, but not extending

into the core-region. Townsend (1956) indicates that for lower Reynolds

numbers the mean-velocity distribution changes with the Reynolds number,

but that the variation is negligibly small. For the results shown here

the variation is quite sizeable, in fact for Re = 4,000 it seems quite

different from the universal logarithmic velocity distribution. Townsend

(1956) also showed that the outer region in boundary flow became smaller

with lower Reynolds number. The same effect should be expected for the

core region in pipe turbulence. The curve for Re = 9,000 shows little

or no apparent core region.
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The turbulence intensity measurements for the three velocity com-

ponents are shown in figure 4.10 through 4.21. The data show consider-

able scatter, especially for positions close to the boundary. The

scatter is noticeably greater for flows at a lower Reynolds number

and the variations seem to be larger than would be expected in a sta-

tistical description of turbulent velocity fluctuations. Although quite

random in occurrence, there appear certain distinct sets of violent mo-

tions of highly variable events, which take place particularly in the

wall region. Long time averaging over these events not only serves to

obscure them but translates their importance into apparent scatter. Ex-

perimental observations reported in the next chapter will enhance such

interpretations and will explain events giving rise to the scatter

of the hot-film measurements at low Reynolds numbers.

Measurements of mean velocity profiles and turbulence intensity

distributions are summarized in figures 4.22 through 4.26. The curves

for the different Reynolds numbers are drawn to best fit the data points

plotted in figures 4.7 through 4.21. A variation in the shape of the

mean velocity profile with Reynolds number is seen in figure 4.22. It

is known that universal velocity distributions and universal shear stress

distributions have not been attained simultaneously for turbulent boundary

layer flows. Clauser (1956), however, concluded that the dissimilarity

was small and could mostly be neglected. From the results presented

here it is clear that, at least within low Reynolds number ranges, this

variation is neither small nor negligible. The differences may be very

important in analyzing the continuity of the mechanisms involved in the

transition and self-preserving processes in turbulence.
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Possibly another important "self-preserving" criterion is seen

in the variation of the radial turbulence intensity v' profile near

the boundary. The peak so clearly defined for the higher Reynolds

number flows is hardly detectable for Re = 4,000, at which Re value

the slight peak has moved well away from the wall. The Reynolds number

at which this peak disappears altogether may be related to the critical

Reynolds number for self-preservation of turbulence. The axial turbulence

intensity u' also shows a peak which moves toward the boundary with

higher Reynolds number as may be expected. The peak in the circumferen-

tial turbulence intensity w' shows a smaller, but similar shift.

In the hot-film turbulence measurements presented, uncertainties

in calibrations and measurements are recognized. The boundary effects

are recognized in the same way, and for that reason no interpretations

are made for readings closer to the boundary than 2 mm. The measure-

ments, however, do give information about fully developed turbulent

pipe flows of water at low Reynolds numbers, where turbulence charac-

teristics are difficult to measure in average, but should be clearer

in detail. The long time averaged hot-film measurements do not supply

insight into the detailed mechanisms involved and do not describe the

structure satisfactorily. The detailed structure is studied by the

trace-particle technique, the results of which are reported in Chapter

5. In order to settle the question of the shape of the mean velocity

profile for positions closer to the wall than 1 mm, microscope studies

described in Chapter 3 are presented next, supplementing results already

presented

.
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Measurements With a Microscope

The experimental arrangement for the microscope studies are des-

cribed in Chapter 3. The data from these measurements are given in

tables 4.8, 4.9, and 4.10 and then plotted in figures 4.27, 4.28, and

4.29. At all three Reynolds numbers, certain features seem clear.

There is no evidence of slip at the wall. The profile in the immediate

neighborhood of the wall appears linear. The hot-film data differ quite

markedly from those of the microscope measurements at distances less

than 1 mm from the boundary, but match well both in value and slope

outside of the 1 mm zone. The matching occurs at slightly different

positions for the different Reynolds numbers.

The accuracy of the microscope measurements is limited by the

focusing depth on the microscope (0.03 mm), the field of view (5.5 mm),

and the stopwatch time scale (0.1 s). Even with these limitations the

simple microscope technique is quite useful and the conclusions presented

appear reliable. Fluctuations in the velocity were observed even in

positions in the immediate neighborhood of the wall, confirming the ob-

servations of Fage & Townend (1932). No estimate has been made of the

strength of fluctuations observed by means of the microscope.
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FIGURE

4.8

Mean-velocity

distribution
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a

flow
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Reynolds

number

6,500.
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FIGURE

4.9

Mean-velocity

profile

for

a

flow

of

Reynolds

number

4,000.
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TABLE 4.

TABLE 4.

Microscope measurements at a Reynolds
number of 9,000.

Microscope
position Particle Velocity

turn position y/R ratio U/U
o

1/8 .0013 .013
1/4 .0027 .034
3/8 .0040 .052
1/2 .0054 .068
5/8 .0067 .085
3/4 .0080 .097

1 .0107 .136

Microscope measurements at a Reynolds
number of 6,500.

Microscope
position Particle Velocity

turn position y/R ratio U/U
Q

1/16 .0006 .004
1/8 .0013 .010
1/4 .0027 .019
3/8 .0040 .039
1/2 .0054 .052
3/4 .0080 .078
7/8 .0094 .089
1 .0107 .103
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TABLE 4.10 Microscope measurements at a Reynolds number of 4,000.

Microscope
position

turn

Particle
position y Particle Veloci_ty_

mm position y/R ratio U/U
Q

1/8 .085 .0013 .006

1/4 .17 .0027 .014

1/2 .34 .0054 .033

1 .68 .0107 .052

1/4 .846 .0133 .080

1/2 1.02 ..0161 .089

1/2 1.02 .0161 .089

3/4 1.19 .0187 .103

2 1.36 .0214 .130

2 1.36 .0214 .120
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CHAPTER 5

FLOW STUDIES BY THE PRISM, TRACE-PARTICLE METHOD

Flow visualization by trace particles has on several occasions

proven both an informative and convenient tool for obtaining quali-

tative measurements. For steady flows where pathlines, streamlines,

and streaklines coincide there is little ambiguity as to the interpre-

tation of the observations. In turbulent flows however, the path,

stream, and streaklines differ from one another, and knowledge of any

one alone does not satisfactorily describe the flow. The observation

of pathlines alone can lead to misleading interpretations as was shown

by Hama (1962) . For a more complete picture of the flow characteristics

additional information is required.

Working with hydrogen bubbles Schraub et al . (1965) overcame the

interpretation problem by using "combined-time-streak markers". Employ-

ing a timeline made up of discrete bubbles they observed both the motion

of the individual bubbles (pathlines) and the line connecting all bubbles

initially generated at a given time (timeline)

.

Flow visualization naturally lends itself to unrecorded qualita-

tive observations. Such qualitative observations have been made here in

addition to the quantitative measurements, and serve as a valuable com-

plement in some of the descriptions. However, these descriptions are

clearly distinguished from the vast bulk of quantitative records. The

presented flow patterns show the flow field velocities at each location

100



101

in both magnitude and direction. The prism-cine combination facilitated

the detailed measurements of three-component velocity distributions in

three-dimensional space.

Prism Calibration

The relationship between image separation and the distance of a

particle from the prism is not quite linear because of the curved pipe

wall and the different refractive indices of water, glass, and plexi-

glass. An analytical relationship is derived for the distance between

the two particle images and particle distance from the tube wall, as

shown in Appendix A, and the analytical expression is checked by cali-

brations described in Chapter 3. The spacings on the grid placed inside

the pipe are Ar = 0.895 mm and A0= 3.35°. The axial spacing is the

same as the radial and is used to estimate the overall scale factor.

The calibration readings are shown in table 5.1. In the table

the true radius" and "true angle" are the known values from the grid,

while the other values are calculated using equations 2.1 and 2.2 and

the co-ordinates read from the photograph. The calculated values show

good agreement with The given co-ordiantes with only some noticeable

difference in values at large angle 0 and small radius r. These

differences may be caused by the assumption that the refractive indices

of glass, glycerin, and plexiglass are the same, and by the difficulty

in accurately measuring the distance between the pipe and the focus

point of the camera.

Trace-Particle Flow Measurements

The experimental results presented here were determined for the

fully developed turbulent flows of water in the 12.7 cm test pipe at a
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TABLE 5.1 Calibration values for the prism analysis.

True radius

63.50
62.60
61.71
60.81
59.92
59.02
58.12
57.23
56.33
55.44
54.54
53.64
52.75
51.85
50.96
50.06
49.16
48.27
47.37
46.48
45.58
44.68
43.79

True angle

Radius Angle

63.5 0.0
62.6 0.0
61.6 0.0
60.8 0.0
59.8 0.0
58.9 0.0
57.9 0.0
57.0 0.0
56.1 0.0
55.0 0.0
54.1 0.0
53.2 0.0
52.1 0.0
51.3 0.0
50.2 0.0
49.3 0.0
48.3 0.0
47.4 0.0
46.5 0.0
45.6 0.0
44.7 0.0
43.7 0.0
42.9 0.0

0.00

Radius Angle

63.5 3.2
62.5 3.2
61.5 3.3

60.6 3.3

59.5 3.3
58.7 3.4

57.7 3.3

56.9 3.4

56.0 3.3

55.0 3.3
54.0 3.3
53.1 3.4

52.3 3.4

51.5 3.3
50.6 3.4
49.5 3.3
48.5 3.3

47.6 3.3

46.5 3.4

45.7 3.4

44.6 3.4

43.5 3.4

42.4 3.3

3.35

Radius Angle

63.6 6.6

62.6 6.6
61.7 6 .

6

60.7 6.7

59.7 6.7

59.1 6.6

58.0 6.7

56.9 6.7

56.0 6.7

55.2 6.7

54.3 6.7

53.6 6.8

52.7 6.8

51.7 6.7

50.6 6.7

49.6 6.8
48.6 6.9

47.9 6.8

47.0 6.9

45.4 6.9

44.5 6.8

43.6 6.9

42.4 6.9

6.70
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Reynolds number of 6,500. This flow rate corresponds to an average

centerline velocity of 54.6 mm/s and a wall-friction velocity of 3.2

mm/ s

.

The flow studies concern a region near the wall of thickness 15

mm, width 13 mm, and length 24 mm as shown in figure 3.6, within which

flow volume the three velocity components for each particle have been

determined. The motions investigated do not occur in any one co-ordinate

plane alone. Therefore, for better understanding of the three-dimensional

velocity fluctuations, several two-dimensional, two-component velocity

plots need to be viewed simultaneously.

As described in the discussion on computation, the velocity

measurements are analyzed in two ways : one in which the measurements

are used directly to obtain quantities such as mean velocities and

turbulence intensities, and the other using an interpolating procedure

by which the resulting flow patterns for the turbulent shear structure

are recorded.

Mean velocities and turbulence intensities of the flow are given

in table 5.2 and plotted in figures 5.1 and 5.2. The reference profiles

given in these figures are those obtained using the hot-film anemometer

with x-type probes, and the optical microscope arrangement for near-wall

positions, as described in Chapter 4. Mean velocity values and fluctua-

tion intensities have been averaged over the spatial domain as previously

described (see figure 3.6) and over a relatively short time interval of

one second. As is shown later, this time interval is not long enough

to eliminate considerable fluctuation or scatter of the recorded values.

The agreement between the mean axial velocity of the trace-particle

studies compared with the previously reported hot—film measurements in



104

TABLE 5.2 Averaged velocities obtained from the trace-particle

measurements

.

y/R U/D
0

|s°

l>

W/U
O

u'/U
o

v7U
q

0.01 0.12 0.002 0.018 0.034 0.069 0.032

0.03 0.25 0.017 0.020 0.187 0.030 0.040

0.05 0.49 0.001 0.027 0.207 0.061 0.061

0.07 0.59 0.010 0.023 0.149 0.075 0 . 062

0.09 0.71 0.015 0.030 0.132 0.080 0.062

0.11 0.69 -0.020 0.030 0.188 0.082 0.081

0.13 0.79 0.003 0.030 0.124 0.090 0.064

0.15 0.77 -0.030 0.003 0.084 0.115 0.051
0.17 0.77 -0.027 -0.027 0.061 0.107 0.057
0.19 0.79 -0.009 -0.011 0.083 0.096 0.061
0.21 0.78 -0.0 -0.056 0.085 0.102 0.083
0.23 0.81 -0.025 -0.071 0.067 0.132 0.091

0.25 0.82 -0.009 -0.059 0.059 0.114 0.085
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FIGURE 5.2 Relative turbulence intensities.
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the core region of the flow, confirms the reliability of the trace-particle

technique and allows for a study over the whole flow field, especially

close to the boundary. The mean radial and circumferential velocities

are found to be two orders of magnitude smaller than the average axial

velocity, whereas instantaneous velocities show only one order of magni-

tude difference. The fact that the averaged velocity fluctuations are

not zero is attributed again to the short averaging time, see table 5.2

The turbulence intensity measurements are still more sensitive to

the length of the averaging time than are the averaged velocities, as

is evident from the recorded results. The buffer zone, between the "vis-

cous sublayer" and "logarithmic region" is one in which the anemometer

records also show enormous scatter in intensities as can be seen in

figures 4.10 through 4.21. The evaluation of intensity values from

digitized data rather than continuous functional data may, in part, explain

some of the scatter.

The non-zero averages of the radial and circumferential velocity

fluctuations indicate that their intensities will be somewhat high, but

they would be expected to reduce with a longer time record. As may be

seen in the data for the structure of turbulent shear presented in the

next section, one third of the time record of one second is involved in

"bursting phenomena" in the near-wall and buffer regions. This "bursting"

period is characterized by strong activity in the velocity field, which

contributes to the overall high turbulence intensity values, particularly

in the radial direction. In a more extended time record this "bursting"

period would occupy less of the total time.

Despite the short time record and digitized discrete data the aver-

ages are good enough to check the reliability of the current measurements.
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It is emphasized that averaged data are used as confirmation of the re-

liability of the applied techniques. Averaged data do not seem to give

any new insight into the details of the structure of turbulence. They

do, however, clearly indicate no slip at the boundary, and a maximum

fluctuation intensity very close to the boundary.

Much effort has been devoted to interpretation of the records

in order to describe details of the turbulent shear structure and velo-

city activity in the near-wall regions. Motions within the fluid near

the wall appear to be crucial with regard to the mechanisms and details

of turbulence generation, growth, and maintenance. In order to obtain

these detailed velocity patterns, the necessary interpolation procedure

possibly sacrifices up to 15% of the accuracy in the instantaneous values

of the flow field velocity structure. Interpretation of the recorded

data requires a time history of the instantaneous velocity values for

each of the three components at many three-dimensional locations through-

out the flow region under consideration.

Figures 5.6 through 5.26 show the three-dimensional velocity

fields as they vary in space, and in time. The spatial measurements

of the flow region studied are specified in Chapter 3 together with

sketches of the shape and measurement of the chosen lattice for inter-

polation, as given in figure 3.8 and again in figure 5.3. In the velo-

city plots usually two components of velocity are plotted together so as

to present the flow pattern in a plane. The radial-circumferential, axial-

circumferential, and axial-radial plots are made using the same scale

on each of twelve surfaces of constant radius, eleven planes of constant

axial position, and seven planes of constant circumferential (aximuthal)

angle. A view of one of each of these planes is shown in figure 5.4.
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FIGURE 5.3 Lattice for interpolation
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FIGURE 5.4 The axial radial, and circumferential planes.
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For convenience the surface of constant radius will here be referred to

as the radial plane, the plane of constant axial position as axial

plane, and the plane of constant azimuthal angle as the circumferential

plane. The non-dimensional distance from the wall y/R may be easily

converted to the local wall Reynolds number by y* = u*y/v = 203 y/R,

where u* = 3.2 mm/s, and R = 63.5 mm.

The arrangement for presenting the variation of the flow pattern

in both time and three-dimensional space is shown in figure 5.5, where

a summary shows which of the results appear in each of the figures 5.6

through 5.26. A sample set of data at one instant in time is given in

table 5.3.

The following paragraphs describe the results presented in fi-

gures 5.6 through 5.26, but do not interpret their implications. In-

terpretation and comparison with prevailing ideas on the structure of

turbulence will be discussed in Chapter 6.

Figure 5.6 shows the instantaneous velocity field in axial planes

located at positions x = 10, 14, 18, and 22 mm at time t = 0.025 s . The

motion in position x = 10 is largely one of circumferential sweeping

with a change of sweep direction between y/R = 12 (y
+ = 24) and y/R = 16

(y
+ = 32). At x = 14 and 18, there is a strong and pronounced flow

toward the wall except within a small local zone at 0 = 0°. The motion

away from the wall for this very wall- close position can also be seen in

figure 5.9. Figure 5.9 shows the axial and radial velocity components

plotted together. There are two plots, one which shows the total axial

velocity U = U + u plotted together with the radial component v, and the

other which shows just the fluctuating components u and v together. Both



Time Plot of v,w
in the axial
plane

Plot of U + u,v
and u,v in the
circumferential

Plot of U + u

A set of

radial planes
plane

0.025 figure 5.6 figure 5.7

0.025 figure 5.8

0.025 figure 5.9

0.025 figure 5.10

0.025 figure 5.11 figure 5.12

0.050 figure 5.14 figure 5.15 figure 5.13

0.075 figure 5.18 figure 5.16 figure 5.17

0.125 figure 5.19
0.275 figure 5.20
0.300 figure 5.21

0.325 figure 5.22
0.375 figure 5.23 figure 5.24

0.425 figure 5.25

0.475 figure 5.26

FIGURE 5.5 Summary sheet for figures of velocity field

patterns

.
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plots are presented in order to give a clear picture of the fluctuating

motion, and at the same time to demonstrate the scale of the velocity

fluctuations relative to the averaged velocities.

Figure 5.9 not only indicates a fluid motion away from the wall

at positions very close to the wall, but it also shows what appears to

be a rotational motion normal to both the axial and radial direction.

The rotation is centered on y/R =0.09 (y
+ = 18) and the vortex center-

line is at an axial position of x = 13.5 mm.

The length of the rotational motion may be seen by looking at

figures 5.7, 5.8, 5.10, and 5.11, which contain similar plots to figure

5.9, but for different circumferential positions 0 = -4°, -2°, 2°, and

4°, respectively. The rotational motion is clearly visible in each of

these figures, but is perhaps most pronounced at 0 = -2°. The center

of rotation is located at approximately the same radial and axial posi-

tion in each circumferential plane. For figures 5.10 and 5.11 correspon-

ding to angular positions 0=2° and 0=4° the motion toward the boun-

dary at the leading edge of the rotation appears to be much stronger

than the motion away from the boundary at the trailing edge. Thus,

this rotational motion appears to be something like a transverse vortex

of at least 8 mm length. The plots in the same figures 5.7 through 5.11

also show that the motion is carried downstream by the mean flow, retard-

ing the forward velocity near the wall, especially for 0 = 0 as shown in

figure 5.9.

The effects of the local motion away from the wall at x = 14 and

0=0° are not evident in the axial velocity plot of figure 5.12. However,

such effects are noticeable a short time later at t = 0.05 s . Figure 5.13
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which shows the axial velocity variation with circumferential position

and distance from the wall y/R, clearly indicates a locally retarded

flow zone at 0 = 0°. At an axial position of x 14 mm the slow zone

extends to a distance of y/R = 0.08 (5 mm) from the wall. At this time

there is also a noticeable rotation in the axial plane at x = 14, as

shown in figure 5.14. The new rotational motion is centered at 0 = -1°

and y/R = 0.11 (y
+ = 22) and is observable at x = 14 mm and maybe x =

18 mm. A look at the circumferential plane for 0 = -2° in figure 5.15

shows that the "transverse vortex" center has moved downstream to x =

16 and outward from the wall to y/R = 0.10 (y
+ = 20). This indicates

that the eddy disturbance is travelling along the pipe about 100 mm/s

(almost double the centerline velocity) and radially about 25 mm/s.

At time t = 0.075 s the transverse vortex center can be seen in

figure 5.16 to have moved forward to x = 18 and outward from the wall

to y/R = 0.12 (y
+ = 24), again showing a high axial propagation velocity

of about 80 mm/s and a high radial velocity of about 25 mm/s. In figure

5.17 the "local slow zone" at x = 14 can also be seen to have moved to

0 = -1° and to have spread outward from the wall to include the axial

velocity at y/R = 0.10 (y
+ = 20). The zone has expanded somewhat in

the circumferential direction.

The flow patterns in the axial planes are shown in figure 5.18.

The rotational motion previously seen only in plane x = 14 is still

clearly visible at x = 14, but has also grown downstream and is notice-

able at both x = 18 and x = 22. This suggests a rapid extension of this

"streamwise vortex", the front end of the vortex disturbance propagating

forward much faster than the average axial velocity. The vortex axis is

inclined relative to the wall with its center at x = 14 located at 0 =
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-1° and y/R = .12 (y
+ = 24) and its center x = 22 located at 0 = -1° and

y/R = . 16 (y
+ = 32)

.

By time t = .125 s the streamwise vortex has travelled further

downstream as may be seen ir. figure 5.19. The length of the vortex is

not well defined, but the front end is certainly not propagating down-

stream as fast as it did before and the rotational motion can only be seen

at x = 18 and 22.

Figure 5.20 at time t = .275 s shows the streamwise vortex after

it has travelled further downstream and the portion showing rotation has

expanded. The rotational motion or streamwise vortex is now seen at x =

22, 26, and 30. The estimated forward speed of the trailing end of the

vortex is then about 36 mm/s and very close to the average forward speed

of the flow at y/R = .12 (U = 40 mm/s). The front end of the vortex is

moving forward faster, but not by a large amount.

Only .025 seconds later at t = .300 s ,
the pattern has changed

altogether. As is seen in figure 5.21 the streamwise vortex no longer

exists. Figure 5.22 at time t = .325 s shows that the vortex motion is

replaced by a strong radial motion directed outwards from the wall, as

is seen at x = 22, 26, and 30. The motion is almost directly radial at

.10 _< y/R .20, the same zone that previously contained the axis of the

vortex.

The radial motion is at its strongest a short time later at t =

.375 s . In figure 5.23 at x = 30 the radial flow is seen to be "ejecting"

outward at a distance from the wall of y/R = .12 corresponding to (y
+ =

24). The radial component can also be seen in figure 5.25 in which the

radial and axial velocities are plotted for the circumferential plane 0 =

4°. The axial velocity profiles show a depletion of the axial velocity
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close to the boundary as was seen prior to and during the vortex motion,

but does not exhibit the same inflexion profile.

The strong radial "ejection" only lasts for a short time interval,

and by t = .425 s there is little evidence of it left as shown in figure

5.25. The motions recorded in figure 5.25 and later at t = .475 s in

figure 5.26 show chaotic and non-distinctive patterns except perhaps for

some fluid motion back towards the boundary in figure 5.26.
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CHAPTER 6

CONCLUSIONS

Discussion of Recorded Features of Wall Turbulence

The presented records ror the three-dimensional velocity field

variations in time and space are again sketched in figures 6.1, 6.2

and 6.3. From these figures it can be seen that there appear to be

four consecutive types of motion involved; an axial flow retardation

in the region adjacent to the wall; formation and growth of a stream-

wise vortex; a strong radial movement away from the wall; and a subse-

quent acceleration of the region adjacent to the wall. These motions

are very similar to those described by Kline et al . (1967), Corino &

Brodkey (1969), and Kim et al . (1971) and will be discussed in detail.

Figure 6.2 shows that there is initially a thin s low-speed zone

close to the boundary. The axial velocity in this circumferentially-

narrow zone is less than that of the average velocity at the same radius

This slower moving region lies within a distance y
+

= 16 (y = 5 mm)

from the pipe wall. It has an axial extent of approximately x
+

= 40

and a shorter circumferential extent of approximately 0
+

= 10. Upstream

of the slow-speed zone the axial velocity is very much the same as that

of the mean velocity, and can be expected to overtake the low speed zone

The chasing of fluid in the thin slow moving region, by a higher speed

145
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x = 22 x = 26 x = 30

t = .025 —

t = .050

t = .075
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t = .475

FIGURE 6.1 Summary of the velocity field in the axial planes.
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FIGURE 6.2 Summary of the axial velocity field.
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FIGURE 6.3 Summary of axial-radial velocity field.
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zone just upstream, is clearly shown in figures 6.2 and 6.3. The graph

of figure 6.3 may be interpreted as a transverse vortex being carried

downstream by the average velocity or as a small slow speed streak being

overtaken from the rear by a higher speed region.

Low and high speed streaks, first observed by Kline & Runstadler

(1959), exist in the wall-near regions of more generally disturbed flow

and consist alternately of regions of high and low forward velocities

travelling side by side. The streaks are possibly formed by the

stretching and compression of the spanwise vorticity component by the

motion to or from the wall as described by Kline et al . (1967). Motion

away from the boundary carries slow moving fluid into an otherwise

faster moving region, and at the same time compresses the spanwise vor-

ticity component thus producing a narrow low speed streak. The slow

speed streaks have been observed by many authors to grow outwards from

the wall as the streaks are carried downstream. Kline et al . (1967)

attribute the "lifting" of the low speed streak to the streamwise vor-

ticity. Corino & Brodkey (1969) describe the formation of a low-speed

or "decelerated" region as the gradual replacement of fluid possessing

the local mean velocity with fluid from upstream possessing a lower

velocity. Corino & Brodkey (1969) also describe a faster moving or

"accelerated" region upstream of the decelerated region. The acceler-

ated region was observed by them to usually be moving toward the wall,

just as in this study.

The low velocities in the low speed streak cause the instantane-

ous velocity profile to differ substantially from the mean velocity



150

profile (see figure 6.3). The instantaneous velocity profile possesses

a narrow inflexion zone, at about y
+

= 8. The instantaneous inflexional

profile seems to be associated with a rapidly growing streamwise vortex

as seen in figure 6.1. An inflexional zone also occurs in the circumfer-

ential variation of the axial velocity but there is not a mean shear

gradient as there is for the radial variation of the axial velocity.

Therefore the circumferential variation is not thought to initiate the

instability, but the presence of these local shear layers to either side

of the inflected velocity profile is important to the growth of the

subsequent motion.

The streamwise vortex, originating at the inflexional zone, ap-

pears to grow rapidly downstream in length and diameter. Figure 6.1

shows this growth while the motion is being transported downstream by

the average motion. The vortical nature of this oscillatory growth may

be related to the variation in the radial velocity with circumferential

position of the higher speed region overtaking the low speed streak.

Figure 5.6 shows that upstream of the low speed streak, at x = 10, the

motion is radially outward from the wall to one side of the streak and

toward the wall on the other. This change in radial velocity in the

circumferential direction applies a "twist" to the disturbance growing

out from the inflexional zone.

Kim et al . (1971) observed both the inflexional instantaneous

profiles and subsequent streamwise vortices. Corino & Brodkey (1969)

observing a much smaller region of flow, did not detect the vortical
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nature of the disturbance, but described the motion in terms of the

accelerated or high speed region interacting with the decelerated re-

gion. They describe an ejection of fluid from the decelerated region

by action of the high shear region produced between the high and low

speed zones. Their description of "ejection" includes also the next

stage after the vortex formation and growth.

During the growth of the streamwise vortex there is little change

in the retarded nature of axial velocity profile. After some time, how-

ever, the streamwise vortex suddenly loses identity and is replaced by

a strong radial motion directed away from the boundary; see figure 6.1.

This radial efflux carries with it the low velocities near the wall and

extends the slow moving region outwards from the boundary. Although the

axial velocity profile is further depleted, it no longer contains the in-

flexional character.

The cause of the sudden and strong motion originating in the same

regions as occupied by the streamwise vortex and directed radially away

from the boundary is not quite clear. Corino & Brodkey (1969) view the

radial motion as part of the process of ejection already mentioned and

caused by the interaction of the fast and slow moving regions producing

a high shear zone. Kim et al . (1971) describe the chaotic motion follow-

ing the termination of the oscillatory motion as "break-up". They sug-

gest that the chaotic motions may arise from some secondary instability.

Figure 6.1 shows that the streamwise vortex changes character over

its entire length simultaneously. The strong radial outward motion is

almost immediately followed by chaotic set of motions. Finally, after

some time the axial velocity near the boundary is accelerated. Since
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there does not appear to be a strong enough radial component carrying the

higher velocity into the wall region, the fluid must enter the region

from a fast moving upstream region. Corino & Brodkey (1969) call this

stage the "sweep".

Thus, the fluid motions observed here closely match the "burst"

sequence of Kim et al . (1971) and the "ejection" process of Corino &

Brodkey (1969). Because of the randomness of the phenomena studied,

the very beginning of the burst sequence happened not to be included

in the record, and due to the time consuming and cumbersome processes

for evaluation of the film records it has not been possible at present

to search the records for a second sequence.

Concluding Remarks

Only recently has it become a more popular view that self-preserv-

ing wall turbulence is not an entirely random process and cannot be ade-

quately described in terms of averaged quantities alone, although such

suggestions were advanced by Lindgren as long ago as 1957 . According to

the observations reported in this study, there appear to be certain dis-

tinctive patterns of motion in the high shear stress zone adjacent to

the wall in fully developed turbulent pipe flow or turbulent boundary

la>er flow. These motions have been described in some detail before by

Kline et al . (1967) and Kim et al . (1971) as "bursts", and by Corino &

Brodkey (1969) as "ejections and sweeps".

The bursty nature of the wall turbulence must be of some importance

in understanding the mechanisms involved in self-preserving turbulent

flows. Kim et al. (1971) show that nearly all the turbulence production
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in the region near the wall takes place during periods of bursting.

Wallace, Eckelmann & Brodkey (1972) classify the turbulent velocity com-

ponents and show that the ejection type motion (u negative and v posi-

tive) contributes 70% of the Reynolds stress term -puv, while the sweep

type motion (u positive and v negative) also contributes 70%. The excess

of 40% is accounted for by the interaction between the ejection and

sweep motions.

The existence of such motions highlights the failing of the sta-

tistical theory to predict or describe the true nature of the structure

of turbulent shear. Statistical averaging needs to take into account

the special features of the turbulent flow.

The work presented in this study was initiated as an investiga-

tion into the wall region of fully developed turbulent pipe flow using

hot-film anemometry to measure turbulent velocities under the critical

conditions of energy balance found at lower Reynolds number flows. The

averaged values of velocity and of turbulence intensity recorded, how-

ever, did not yield any new information regarding the mechanisms in-

volved in the turbulent flow. Subsequent work utilizing trace particles

was performed in order to better describe the detailed occurrence of

velocity events.

The hot-film measurements of turbulent flow fields in pipe flow

confirm certain well documented results. At the Reynolds numbers in

question (Re = 4,000; 6,500; 9,000) the turbulence intensity is largest

near the pipe wall, and the average velocity profile for the highest

Reynolds number flow agrees with the universal velocity profile. How-

ever, certain other features are also clear, the velocity ratio in the
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wall region varies with Reynolds number and the peak in the radial turbu-

lence intensity is almost nonexistent at the lowest Reynolds number flow

Re = 4,000.

The three-dimensional velocity field patterns obtained by measur-

ing the velocity of trace particles in the viscous sublayer and buffer

region of turbulent pipe flow show the bursty nature of wall turbulence.

The important works of Kline et al . (1967), Kim et al . (1971), and Corino

& Brodkey (1969) are essentially two-dimensional views of a three-dimen-

sional motion. A special feature of the present study is that it deter-

mines the three-dimensional velocity pattern in a volumetric flow re-

gion, and therefore makes much clearer the details of the bursting pro-

cess. This is accomplished at the price of some error introduced by

the interpolation procedure.

From the work presented the following conclusions may be drawn:

1. The bursting motion close to the wall for fully developed turbulent

pipe flow of Reynolds number 6,500 consists of four consecutive

stages: the lifting of a slow speed streak to a distance of y"*~ =

16 from the wall; the formation and rapid growth of a streamwise

vortex; the sudden and strong radial velocity away from the boundary,

followed almost immediately by a more chaotic but weaker motion; and

finally the acceleration of the low speed streak near the wall.

These stages are in essential agreement with those described by Kline

et__al. (1967) and Kim et al . (1971) for turbulent boundary layer

flows and by Corino & Brodkey (1969) for turbulent pipe flow. Stage

three is previously described as chaotic, without mention of the es-

pecially strong radial velocities recorded here. The streamwise
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vortex of stage two may perhaps result from the inflexion of the

instantaneous velocity profile produced by the lifted low speed

streak. The prime cause for the sudden change of flow pattern from a

vortex to some radial ejection between stages two and three is not

clear, and that it takes place over the whole length of the vortex

at one and the same instant does not seem to have been observed by

other authors.

2. The bursting motion is three-dimensional. All three velocity com-

ponents are actively involved in each of the first three stages of

bursting. The fourth stage involves only the axial and radial com-

ponents of velocity where faster moving fluid moves toward the wall

and subsequently overtakes the slow speed streak.

3. There is no evidence of slip at the wall for fully developed turbu-

lent pipe flow. Measurements of the average velocity were made to

within a distance of 0.06 mm (y/R = 0.001) from the pipe wall for

three Reynolds numbers of flow; 4,000; 6,500 and 9,000 ( for Reynolds

number 6,500 the distance ratio y/R = 0.001 is equivalent to y
+

=

0.2). The average profiles were linear in the neighborhood of the

wall and the least squares fit to the data passed through the origin

for each Reynolds number flow.

4. The hot-film calibration data indicate the existence of a critical

velocity value, below which the hot-film probe is insensitive to

velocity change. With the present arrangement this critical value

was measured to be 1.4 mm/s and is thought to be related to the

free convection velocity from the heated film. For low velocities

the square root of the velocity is found not to be proportional to

the square of the hot-film anemometer output and the calibration
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curve is therefore non-linear.

5. Turbulent velocity measurements made with the hot-film sensors were

not reliable closer to the wall than 1 mm. Hot-film measurements

of the velocity within 1 mm of the wall do not discriminate between

flows of different low flow rates (Reynolds number less than 4,000).

This insensitivity is not detected for measurements within the same

wall near region at higher Reynolds number turbulent flows, but its

existence at low Reynolds numbers removes any confidence in the in-

terpretation of wall-near readings. The poor response characteris-

tics of the hot-film sensor to low velocities, combined with wall

interferences contribute to the uncertain response of the sensor

in the wall-near region.

6. For turbulent pipe flows in which the Reynolds number is less than

9,000 there is a sizeable variation of velocity ratio u
+

= U/u*

with Reynolds number, in the "wall region". The wall region being

located outside of the "viscous sublayer", but not extending into

the core region. This variation does not appear to have been noted

at higher Reynolds number flows.

Of the work presented the following items may be considered as

new contributions to the study of turbulence:

1. A measuring technique is developed to measure three-dimensional tur-

bulence velocities. The motions of a {article travelling with the

fluid are recorded cinematographically through a glass prism. The

glass prism affords a stereoscopic view of the flow field and in

turn the three-dimensional location of each particle.
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2. All three components of velocity are measured simultaneously at many

locations throughout a volumetric flow region near the wall in fully

developed turbulent pipe flow.

3. A velocity interpolation procedure is proposed for turbulent flows

in which the velocity is known at many arbitrary positions. The

procedure involves repeated interpolation using a weighting function

which is improved on each cycle by comparison with the computed

spatial correlation function.

4. A three-dimensional record of the detailed velocity field for a

"burst" near the wall in self-preserving, fully developed turbulent

flow is presented.

5. During "bursting" a particularly strong radial motion directed away

from the wall is found to replace the streamwise vortex motion.

This radial motion precedes the more chaotic motion of the third

stage in the "bursting" sequence.

6. Prior to the formation of the streamwise vortex of the bursting se-

quence there exists a transverse vortex with its axis parallel to

the wall and normal to the pipe axis. This vortex propagates at a

velocity significantly faster than that of the average flow.

7. It is suggested that the shape of the radial turbulence intensity

profile may be a criterion in determining whether the turbulence is

self-preserving or not. The peak in the radial turbulence intensity

profile near the wall, so clearly defined at higher Reynolds number

flows, diminishes with decreasing Reynolds number. The Reynolds num-

ber at which this peak disappears may be related to the critical

Reynolds number for self-preservation of turbulence.



APPENDIX A
ANALYSIS OF THE RELATIONSHIP BETWEEN PARTICLE POSITION IN THE FLOW

AND PARTICLE POSITION AS SEEN IN THE PRISM

A glass prism can be used to observe simultaneously two views

of the flow field. The technique is shown in figure A-l for a prism

and pipe combination. A point P in the flow field is seen at both posi-

tion B and E in the two prism faces. The locations of B and E are then

related to the co-ordinate position of point P. This relation is de-

rived by expressing the co-ordinates of positions C and D in terms of

known geometric quantities and the co-ordinate positions of B and E,

and then intersecting lines PC and PD to find the co-ordinate position

of point P.

The refractive indices of the glass prism, glycerin, and plexi-

glass wall are assumed to be the same. With the origin of a set of

rectangular co-ordinates (y,z) lie at the center of the pipe as shown

in figure A-l the equations describing the line AB, line FB, line BC,

line PC, and circle CD may be written as

line AB y = -tan(^ -ft) z + h

line FB

line BC

line PC

y = -tan(^_- <j>) z + d

y = tan (ft +6) z + yc - tan (ft +6) z
D B

y = cot(0£ + y) z + yQ
- cot(0£ + y) z^

circle CD y
2 = R2 - z

2

where angles ft, cp, 6, y, and 0 are defined in figure A-l and R is the

radius of the pipe.

158
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FIGURE A - 1 Prism mounted on the pipe
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From Snell's law for refractive indices

sin i/sin 6 = n /n
g a

sin y/sin j = n /ngw
where i = (2. - ft) +

<J>
and n

g
, na ,

and are the refractive indices of

glass, air, and water, respectively. Solving for 6 and for y in terms

of ft and (p yields

5 = sin
1

(na sin (2- - ft + <j))/n (A-l)

and y = sin
-1

(n^ sin (— - ft + d>)/n )
g 2 w

(A- 2)

Intersecting lines AB and FB to find angle
<j> gives

<f>
= tan

-1
Zg/ (d - h + tan (90 - ft) z

g (A- 3)

Intersecting line BC and circle CD to find the co-ordinates of C gives

z + (- a + Vb 2 - 4 ac) /

2

and yc = a/r
2 ~ z

2
c

'

(A-4)

where a = 1 + tan2
(ft + 6)

b = 2 tan (12 + 6)y_ - 2 tan2 (ft + 6) z
B B

C = y2
fi

“ r2 + tan2 (A + 5) z
2

B ~ 2 tan (ft + 6) z^y (A-5)

Equations A-l through A-5 express the co-ordinates of point C in terms

of the co-ordinates of the image B in the prism face, the geometric

quantities d, h, and ft, and the refractive indices n , n , and n . The
a’ g’ w

co-ordinates of the point D can be similarly expressed in terms of the

co-ordinates of image E in the other prism face. For calculation pur-

poses (Zq, y^) is calculated by using Zg for Zg in equations A-l through

A-5 and afterwards setting z^ = -z^, yQ = y^
and

y^
= y .

Intersecting lines PD and PC for the co-ordinates of point P gives

z = (cot (0n +
Yr>)

zp + cot (0C - Yc) zr - Vr2 - z
2
c + VR

2 - z
2
p

P cot (0^, + yc ) + cot (0^ + y )
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z
2

C
(A- 6)

and 0„ = tan 1 - z^
D D

/ Vr2 - z
2

D

Thus the position of particle P is expressed in terms of the

co-ordinates of the images B and E in the two prism faces, the geometric

n =1.0, n =1.49 and n =1.33.
a g w

A similar technique may be employed to simultaneously obtain two

views of the flow field in a square pipe or tank, by utilizing the pipe

or tank walls. The arrangement is shown in figure A-2. Following an

analysis similar to that shown for the pipe-prism combination, the posi-

tion of a. point P may be expressed as a function of z^, Zg, h, d, n^, n^,

and n
w>

The results of such an analysis yield

<$

B
= sin 1

(na sin (y
- ft + /n

p
)

yr = sin-1 (n sin (1 - ft + (p )/n )c d
2 B w

4>
b = tan

-1
[z

g
/(d - h + tan (90 - ft) z

g
)]

z
c = (k - yB + tan (ft + fig) z

g
)/(tan (ft + 6

C
) + cot ft)

y^,
= -cot (ft) Zq + k (A- 7 )

— 1 TT

and 6_ = sin (n sin (-~ - ft + d>„) /n_)
H a £ Ej r

Yd
= sin

-1
(n
a

sin (y
- ft + 4>E

)/n
w )

())|
= tan

-
^ [Zg/ (h - d + tan (90 - ft) z

g ) ]

z
D

= (yg
- k + tan (ft + 6g) Zg)/(tan (ft + 6g) + cot ft)

yD
= cot (ft) z

Q + k (A- 8)
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FIGURE A-2 Stereoscopic effect for square pipe.
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Intersecting lines PC and PD gives

z _ (tan (ft + yD ) - cot ft) zD + (tan (ft + yc ) - cot ft) z^

tan (ft + yD ) + tan (ft + y )

yp
= tan (ft + Yc ) (z

p
- z ) - tan (90 - ft) z

Q + k (A-9)

Thus co-ordinates of point P (yp ,
z
p

) may be expressed in terms

of the co-ordinates of image positions B and E, the geometry, and the

material properties.
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