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ABSTRACT

The flow structure of the turbulent boundary layer with
and without arbitrary streamwise pressure gradients has been
studied experimentally. The structure picture for the
dp/dx = O case found by Runstadler, Kline and Reynolds [1963]
has been (1) confirmed, (11i) further verified using improved
experimental techniques, and (i111) extended to pressure gradi-
ent cases,

The existence of three regions of the turbulent boundary
layer, each correlating with a distinct part of the non-
dimensional mean velocity profile, was confirmed; these are:

(a) wake or intermittent region
(b) fully turbulent region
(c) wall layer region.

Detalls of the flow structure of these regions were
further verified using a new hot-wire anemometer and an
improved combined-time-streak marker hydrogen-bubble tech-
nique. Instantaneous spanwise velocity profiles over a large
extent of the flow at many fixed y-positions across the layer
have been obtained. The wall-layer region streaky pattern is
thus shown beyond any reasonable doubt to be due to spanwise
variations in the x-component of velocity. Spatial spectral
analyses of these spanwise proflles verify the existence of
a fundamental structural scale in the wall layer; it corre-
sponds to that observed by viewing dye patterns by eye.

The study of the flow structure was extended to include
both positive and negative pressure gradient flows, including
a relaminarization flow. The basic turbulent flow structure
under moderate pressure gradients is not significantly changed

from the zero pressure gradient cases. For example, the non-
Au

T
v » Wwas

found to be constant for all the turbulent flows studied,

Relaminarization was shown to occur for values of the
., du
pressure gradient parameter, K = L?'HEE' » greater than

u
o

dimensional sublayer structure parameter, N

iv
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3 x 10 " . An essential feature of the relaminarization pro-
cess 1s the cessation of turbulent bursting from the low-
speed streaks of the sublayer region. This reduction in
turbulence production helps to explain the reduction in heat
transfer at the same value of K observed by other inde-
pendent investigators.

The hot-wire anemometer provided a means of obtaining
detailed mean velocity profiles well within the sublayer
region. The existence of a linear mean velocity profile in
the sublayer i1s clearly shown. When the wall shear is
determined by the slope of the linear profile near the wall,
non-universal profile behavior is observed in the logarithmic
region for pressure gradient flows., Thus, reasonable doubt
1s ralsed as to the true universality of "the law of the
wall" in pressure gradients.

The hydrogen-bubble combined-time Streak marker visualiza-
tion technique was shown to be a useful tool for quantitative
measurement of time-dependent velocity fields.' It is an
excellent supplement to the hot wire,
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GLOSSARY

Flow Structure - The mechanics of the 1"luid motion; the flow
patterns or types of fluid motions that comprise the
flow fileld.

Laminar-like - The rectilinear motion of fluid particles.
The term as used 1n thils text refers to such particle
motions very near the wall over distances of the order
of the boundary layer thickness.

Fully Turbulent - Fully turbulent is used to denote the
pattern of the flow over a specified region of space
where the flow structure is completely turbulent. The
term 1s also used to describe that state of bcundary
layer development sufficiently far downstream of the
boundary layer transition region where the fluctuation
quantities (as usually measured experimentally) agree
with the values generally accepted as being character-

istic of tne type of boundary layer development called
turbulent.

Turbulent Eddy Structure - A somewhat unclearly defined turbu-
lent reg! . in which the turbulent motions bear some

relation t¢ each other; a reglon of more or less coherent
motion.

Viscous Stiresses - The ordinary viscous stress terms associated
with laminar flow.t

Reynolds Stress=s, Turbulent Stresses - Apparent additional
stress2s which appear in the time-averaged Navier-Stokes
equations when fluctuation quanti:ies are conslidered and

the equaticns are reduced to the same form as those satis-
fied by lzminar flow.?t

The viscous terms under consideraticn here are those appear-
ingin the Navicr-Stokes equations, whlich involve certain
Pasic assumptions regarding the nature of the fluid. These
assumptions and the derivation of the Navler-Stokes equations

are adequately considered elsewhere (see Schlichting ([1960]
and Hinze [1959]).
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Wall

Layers - The layers of fluld within the constant stress

Wall

region (immediately adjacent to the wall). The region is
not sharply defined but can be taken to be the region
within which the mean viscous stress 1s nearly constant,
i.e., what is generally referred to as the "laminar sub-
layer", y =y u./v < 10,

Layer Structure or Pattern - The distinct and relatively

regular flow structure found in the wall layers of the
boundary layer.

Longitudinal Streaks - That part of the wall layer structure

consisting of alternating regions 1in the transverse direc-
tion of fast and slow meving fluid. Tracer particles
introduced into the fluld to visualize the flow accentuate
the slow moving regions of fluld and these regions are
called low veloclity streaks cr dye concentrations. The
term streaks refers to both high and low velocity regilons
whereas low velocity streaks and dye concentrations refer
only to the low speed regions.

Ejection, Burst - The expulsion of part or all of the wavy part

of the strraks away frcm the wall 1in a swirling or chaotic
eddy motloi..

Intermittency - T'he phenomenon occurring in some turbulent

flows where the flow 1s non-turbulent for a portion of
the time and for the rest of the time 1is turbulent. The
ratio of the portion of the time the flow 1is turbulent to
the total time is termed the intermittency factor. (See
Hinze [1959]).

Longitudinal - In the stream or x-dir=ction.

Normal - Aw=y from the plate or in the y-direction.

Transverse - Across the plate perpendicular to the flow; in

the span or z-direction.

Relaminarization - Thie process of reverse-transition of a

boundary layer from a fully turbulent boundary layer to
a laminar voundary layer.

XX



Laminarescent - A boundary layer in the process of relaminar-
ization.

Relaminar - The laminar condition of a boundary layer which
has undergone the relaminarization process.
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I. INTRODUCTION

Turbulent boundary layer flow under arbitrary flow
boundary conditions of pressure gradient and wall surface
condltions 1s one of the most important unsolved problems of
fluid mechanics. Boundary layer properties control such
important phenomena as heat transfer and mass transfer coeffi-
cients as well as drag and separation characteristics in both
internal and external flow. The rate of boundary layer growth
controls entirely the performance of most short ducts, nozzles
and diffusers. Proper design in innumerable applications thus
requires ability to predict boundary layer properties including
both thickness parameters and the flow conditions very close
to the wall.

Boundary layer flow without turbulence (laminar flow) 1is
well understood. There is also a great deal of knowledge of
turbulence for the special case of homogeneous, isotropic
turbulence where there is no mean rate of shear such as is
present with the turbulent boundary layer. However, the fully
developed turbulent boundary layer cannot be successfully
analyzed by simply combining the laminar boundary layer solu-
tions with the present understanding of homogeneous, isotropic
turbulence. What is apparently missing 1s a physical model
which correctly describes the generation and hence the main-
tenance of turbulence in a boundary layer flow.

A significant contribution toward understanding of this
underlying physical structure was made by Runstadler, et al,
[1963). Using both visual and quantitative techniques,
Runstadler gzve a new, descriptive physical picture of the
turbulent boundary layer flow on a smooth, flat plate.
Runstadler, et al, [1963) describe the boundary layer as
consisting of three zones, each having distinctive physical
characteristics; each zone has a one-to-one correspondence
with the well known regions of the ut R non-dimensional
mean velocity profile. A wall-layer region 1is shown to




)
-

exist below yt =8 . A fully turbulent region exists corre-
sponding to the logarithmic "law of the wall", i.e., y+

from about 8 to 300 (the latter value depending upon the
Reynolds number). An intermittent zone appeared to correspond
to the "wake" or deviation region. Figures 1la through 1d
(from Runstadler, et al, [1963]) show the relationship of the
different structural zones to the ut » Yyt plot; also shown
are photographs of hydrogen bubble sheets which are distorted
by the flow to give visual pictures of the structure in the
different regions.

The delineation of structural details in the wall layer
reglon 1s particularly important because this is the region -of
highest mean shear and most wall influence. The only observa-
tions availlable for this zone prior to the study of Runstadler
were a few point measurements of mean veloclity and in direct
data such as mass transfer, heat transfer, and shear coeffi-
clents at the wall. This wall region was shown to consist of
a relatively regular structure of low and high velocity fluid
streaks alternating in the span direction. For the flat plate
case studled by Runstadler, the averaged distance between low
speed streaks was shown to_correlate with wall shear velocity
such that A% = 80 (A" € —=T) (rigure 1.2), where A is
average distance between low speed streaks, u_ friction
velocity, and v 1s the kinematic viscosity. The most
observable interaction between the wall layers and the rest
of the boundary layer was the ejection of low momentum fluid
from the slow speed streaks of the wall layers into theé outer
flow regions. The trajectories of this eJected fluid and the
frequency of ejection were observed; the non-dimensional
results are shown in figures 1.3 and 1.4. Much additional
quantitative description of the flow structure in the wall
layer region and the other regions are also given by Runstadler,
et al.

Runstadler's experimental study provides much valuable
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information about the physics of the turbulent boundary layer
which was not previously available. However, the picture of
the flow details is not yet complete enough to build a mathe-
matical model linking the turbulent motions to the gross
mean-flow parameters nor to fully explain the creation and
maintenance of the turbulence in a bound shear layer,

However, after careful study of these flow structure
detalls Runstadler, et al, proposed the "wall layer hypothesdis":
the wall layer structure and its interaction with the outer
flow play a dominant role in creating and maintaining the
structure of the entire turbulent shear layer. This study
beglins with the belief that this hypothesis 1s correct. 1Its
primary objective 1s to gain more knowledge of the structure
details, and to extend the type of observation reported by
Runstadler, et al, to a wider range of flow conditions.

The main purpose of this study, then, 1is to extend the
physical picture of the flow mechanics of the turbulent
boundary layer given by Runstadler, et al, [1963].

In parvicular, the present work is an experimental
investligation of the flow structure details of the turbulent
boundary layer over a smooth plate under the influence of
five different streamwise pressure gradlients. The pressure
gradlent flows range from a strong favorable gradient which
caused "relaminarization" to a relatively strong adverse
gradient (with no local separation) and includes a zero pres-
sure gradient case. Using both improved hot-wire anemometry and
new hydrocgen-bubble flow visualization tecnniques, additional
details of the zero pressure gradient or "basic" flow structure
were disclosed, and the effects of non-zero pressure gradients
upon this structure were investigated.

The applicatlon of non-zero pressure gradients did not
drastlically change the basic nature of the structure from
that observed in the zero pressure gradient flow as long as
the layer remained a steady, two dimensionally, fully developed
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turbulent boundary layer. : In fact, clarification of the
zero pressure wake structure was obtained as a result of
observation of the thick wake regions of adverse pressure
gradient cases.

However, deviations from fully developed turbulent
boundary layer behavior (such as relaminarization) were
accompanied by drastic changes in the flow model details.

Thls correlation between the flow structure details observed

and the overall behavior of the layer adds new support to the
belief that the observed flow models are an essential part of
a turbulent boundary layer (and to the wall layer hypothesis).

Much of the discussions and interpretations found here
are necessarlly based upon detalled descriptions or similar
discusslons given by Runstadler, et al, [1963]. A familiarity
with this earlier work and with the descriptive terms defined
there 1s suggested before proceeding with what follows here.

A description of the experimental techniques and equip-
ment appears in Chapter 2. Particular emphasis is given to
the comblined time-streak-line hydrogen bubble technique for
quantitative determination of time-dependent velocity fields.
The experimental flows and data obtailned are then described;
the resulting data are interpreted generally in two ways:
clarification and extension of the "basic" zero pressure
gradient flow structure details; and new features or distinct
changes 1in the basic structure assoclated with pressure
gradlient effects.

The present study is a portion of a longer range research
program in the mechanics of turbulent boundary layers in the
Thermosclences Laboratory, Department of Mechanical Engineering,
Stanford University under joint financial support of 1J.S. Air -
Force Office of Scilentific Research and the National Science
Foundation. The ultimate objective of this program is. the
constructlion of improved prediction theories based upon the
observed flow models. The present study does not reach this
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final goal. However, parameters which appear to govern the
pressure gradlent effect are established, and a mathematical
expression constructed for the probabllity density of tra-
Jectories of outgoing eddies from the wall layers. Correla-
tlons of some of the important statistical propertles of eddy
formation and streak spacing within the wall layers are also
established. A relation gilving the effect of velocity on eddy
burst frequency 1s found and verified. With these data in
hand, 1t should be possible to design experiments that will
give in much clearer form the underlying equilibrium properties
of turbulent shear layers and the rate of relaxation toward
these local dynamic equilibrium states. It should also be
possible to begin attempts to construct improved predictive

treatment of the turbulent boundary layer under general flow
condltilons.
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II. APPARATUS, INSTRUMENTATION, DATA REDUCTION PROCEDURES

In order to carry out the experimental objectives,
boundary layer flows under arbitrary streamwise pressure
gradlients were established in a low-speed (0.2 - 0.8 ft/sec)
recirculating water channel system. The system 1s located in
the Thermosclences Laboratory, Department of Mechanical Engi-
neering, Stanford Unilversity.

A combination of quantitative and visual techniques were
used to obtain data on the flow structure. This study incor-
porates several new techniques. The most important are the
use of a comblned time-streak-marker hydrogen-bubble technique
to obtain instantaneous velocity profiles in the z(or span-
wise) direction and the application of spectral analysis
procedures to 1lnvestigate fundamental spatial frequencies of
the spanwise velocity nrofiles.

In this chapter, procedures are described for obtaining
the following information:

1. Mean velocity profiles normal tc the wall and mean
velocity distribution in the flow direction.

2. Qualitative pictures of the physical structure.

3. Instantaneous velocity profiles across the flow
(spanwise) at fixed x and y positions.

4. Statistical data on velocity variation:

a. velocity prcbability density distributions
b. higher moments of the velocity distribution:
rms, skewness, flatness.

N

. Average spacing between low speed streaks (A) in
sublayer.

6. Rate of turbulent bursting (F) from sublayer.

7. Velocity, average trajectory path, and downstream
distribution of ejected (burst) fluid.

A. Water Channel System and Flow Conditions

Low speed water-flow 1s used for this study in order to
obtain very thick fully turbulent boundary layers which make
possible good resolution of structural details using the

la



vlisual techniques to be discussed below. For example, viscous
sublayer thicknesses of 0.050 - 0.100" are obtained s thus,
thelr structure can be examined in considerable detail using
0.001" diameter hot wire or hydrogen-bubble generation wire.

The water channel system used in these investigations
has been previously described in detail by Runstadler [1963]
and by Abbott [1961]. The following description will, there-
fore, emphasize only the modifications made for the purpose
of obtaining the necessary pressure gradient flows for this
study.

The water channel shown in figures 2.1 and 2.2 is part
of the Stanford reclrculating water system. It uses domestic
water softened by a commercial ion exchange unit as a working
fluld. Deaeration of the water to 80% of saturation is
obtained by a by-pass loop containing a deaerator. Water
depth and flow rate in the channel are controlled by valves
in the recirculation system and by screens at the end of the
channel which act as porous weirs, Vibrational disturbances
in the flow system were shown by Runstadler [1963] to be
unimportant for this type of study.

The boundary layers lnvestigated were developed on a
straight vertical side-plate placed inside the water channel,
The plate is a smooth, 18' long, 10" wide, 1/2"-lucite sheet,
which has a rubber seal along the bottom to eliminate leakage
between it and the channel floor. Ten 0.003 inch dye slots
for dye marker investigation have been placed in the plate at
one foot 1ntervals along the test section.

The streamwise pressure gradient is controlled by adjust-
ment of the opposing vertical wall which 1s flexible. This
second control-wall is 1/8" thick lucite and 1is designed so
that the distance between it and the test wall can be varied
smoothly in any manner along the fiow direction. Thus the
flow cross-sectional area can be made an arbitrary smooth
functlion of the streamwise coordinate, x . The free stream
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velocity can then be made any function of x by trial and
error adjustment of the wall shapes. The boundary layers are
thin compared to the channel width so that there 1s a well-
defined free-stream in the center of the channel. The pressure
gradient on the flat wall 1s a unique function of the free-

stream velocity gradient as given by Bernoulli's equation:
dp du
ax -~ " P Ve ax

Two-dimensionality of the mean flow was ascertained by
hot-wire measurements of the mean velocity profiles. These
profiles are presented 1in figures 3.5-3.9. The flow over
the test plate is not two dimensional over its entire width‘
due to the growth of a floor boundary layer and to open water
surface effects. Data were considered only over that portion
of the test plate where the flow was two dimensional; 1i.e.,
where profiles at different span stations differed (at any
y-height) by less than 5 percent. This region of acceptable
two-dimensionality was usually from 3 to 9 inches from the
channel floor when the water depth was 10.5 inches.

Inlet free-stream turbulence intensities of below 1%
were obtalned by using a combination of screens, vanes,
honeycomb and a converging nozzle in the entrance region.
Careful adjustment of the turning vanes and the use of the
honeycomb secticn were necessary in order to avoid introduction
of large scale disturbances by the entrance section.

Lamlnar tc turbulent boundary layer transition was
effected by placling a 0.125 inch diameter wire across the
test plate at x-station 3.5 as a tripping device. X-stations
refer to the distance 1n feet measured arbitrarily from the
honeycomb secicn in the entrance section.

The temperature of the recirculating water was kept
relatively ccnstant by bleeding in a small amount of cold tap
water. Kinematic viscosity as a function of temperature was
taken from Schlichting [1955].
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B. Data Gathering Techniques

1. Hot-wire and hot-film anemometer systems

Two constant temperature anemometers were used for
measuring mean and fluctuating velocity. A commercially
available Lintronic Laboratories' hot-film anemometer with
a wedge probe was used to take mean veloclty data for the
zero pressure gradient flow. This unit is described in detail
by Ling [1955]; problems associated with 1ts use in low-speed
water flows are discussed by Runstadler [1962].

All other flow setups were studied with the use of a
hot-wire anemometer which was built by C. M. Sabin at Stanford
University as the result of experlence with a modified hot-
wlre anemometer from Lewis Flight Propulsion Laboratory; see
Sabin [1963] for a description of this anemometer. The new
Stanford water hot-wire anemometer will be described in
detail 1n a later paper by Sabin, Schraub, et al.

Both anemometers consist of electronic feedback circuitry
which supplied current to the sensing probe and maintains the
probe at a fixed temperature above the temperature of the
water. The operation is similar to the familiar hot-wire
anemometers used in air except for several modifications
required to cbtain usable results in water flows. Both units
provide a voltage output which is linearized to be directly
propcrtioral to the fluid veloclity. This censtant-temperature
linearized operation is required for measurements where large
velcelty fluctuations occur as in wall shear flows., These
instruments have been shown to have virtuallx flat response
curves from O to about 1,000 cps 1n the velocity range of
interest (see Ling [1955] and Appendix A).

The hot-wire anemometer was used for all data except the
Zerc pressure gradient flow. The hot wire unit is somewhat
superior to the hot-film unit in its ease of operatlion, lower
scatter, and lesser calibration drift. The scatter of the two
systems are 1llustrated in figure 2.3 by a comparison of data
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for a laminar boundary layer on a flat plate taken by each
of the two instruments with the theoretical solution due to
Blasius as tabulated by Schlichting [1955].

The hot-film probe used is a commercially available wedge
probe wilth a 1 mm by 0.2 mm platinum film as a sensing film.
Its characteristics are described by Ling [1955] or Runstadler
[1963].

The hot-wire probe 1s a specially designed hot-wire for
low-speed water flow. An 0.0008 inch diameter platinum wire
about 0.2 inches long 1s resistance welded to pure platinum
leads 0.025 inches in dlameter which are enclosed in a holder
of glass and epoxy resin. See Sabin [1963].

The probes are rigidly held and accurately positioned
with respect to the test wall by means of the traversing
apparatus. A probe 1s mounted on an airfoil-shaped holder.
This 1s held by a microscope stand mounted on a compound-head
from a lathe which 1s mounted on a cross bar bolted to the
channel. Usilng thls mechanism, six degrees of freedom are
avallable for placement of the wire perpendicular to the flow
directlon and parallel to the wall. 1Initial placement of the
wire with respect to the wall 1s measured using a magnifiled
optical-comparison to feeler guages of known dimension. In
this manner, the zero position is determined to + 0.0015
inches. Relative movement perpendicular to the wall is shown
by a dlal indicator-guage which reads to + 0.00025 1inches.

The anemometers were calibrated from determination of the
Strouhal number of a stable K4rmé&n-vortex street behind a
circular cylinder in a uniform low turbulence flow. This
method which 1s based upon the empirical relationship between
Strouhal ruumber and Reynolds number given by Roshko [1954]
1s believed to be accurate to 1%4. A detailed description of
the calibration procedure is given by Runstadler [1963].

Both anemometers suffer from some long-term calibration
drift. A discussion of the factors effecting this drift is
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given by Runstadler [1962] and Sabln, Schraub, et al [to be
published]. The calibration was checked 1n detaill before and
after each data run and against a known veloclty point during
the run in order to avoid errors due to drift.

The hot-wire anemometer calibrations are reproducible
within about 3%. A typical calibration curve is shown by
figure 2.4,

The output of the anemometer was processed in two ways,
The primary scheme for determining the mean-veloclty profiles
was to pass the signal into an analog-computer circuit which
computed the time-integral of the signal. At the low velocities
employed in this study, integration times of three to five
minutes were necessary to obtain stable mean velocity values
in the boundary layer flows.

A second scheme was to record the veloclity data on a
Sanborn strip-chart recorder whose frequency response is flat
from zero to 50 cps. Mean and rms velocities are then deter-
mined by sampling the record at discrete time intervals and
processing with a digital computer. The permanent velocity
record is useful for qualitative study as well,

2. Hydrogen-bubble techniques

A significant contribution was made to the development
of the hydrogen-bubble flow visuallzation technique as a part
of this work. This development arose because an instrument
capable of quantitative measurement of the instantaneous
veloclity field in a plane as a function of time was needed.
The dye-slot injection techniques used successfully 1in earlier
discovery of the complicated wall-flow structures of the
turbulent boundary layer (Kline and Runstadler [1959]) gave
primarily qualitative results., Extraction of quantitative
features of the flow structure such as low speed streak
spacing in the sublayer from the dye patterns necessarily
involved some subjective bias of the observer. Neither
single-point probe instruments nor any other previously

17



existing visual techniques were satisfactory.

The comblned-time-streak marker hydrogen-bubble technique
allows simultaneous determination of the velocity fileld over
the silx inch center span of the flow in planes at any distance
from the wall. A permanent movie-film record of the flow
structure allows both detalled qualitative ar.d quantitative
study of the flow structure using special film analyzing
projectors such as the L-W PhotoOptics!' Model 224-aA.

A detalled description of several hydrogen-bubble techniques
and of some operating experience with them as well as an
extenslve consideration of the uncertainties of the method are
given in a separate paper by Schraub, Kline, et al [1964].

The basic method of visuallization 1s shown in figure 2.5. A
fine wire, usually of the order 0.0005 - 0.002" diameter, is
employed as an electrode of a direct current circuit in the
water tunnel. Hydrogen bubbles, formed at the wire are swept
off and follow the flow. The bubbles are made visible by intense
lighting at an oblique angle (65°) to the view direction. The
wires have short sections coated with insulation at regular
intervals; these insulation marks provide dark streaklines when
the rest of the wire 1s producing bubbles. The wire is then
pulsed at regular intervals of time %o provide time lines.
Motion picture photography of the combined-time-streak markers
thus produced, allows nearly instantaneous determination of the
streamlines and veloclty patterns over the finite spatial
extent of the boundary layer.

Figure 2.6 illustrates the determination of velocity at
an instant over a large extent of the flow in the complicated
flow of the sublayer of the turbulent boundary. Another example
of combined-time-streak markers shown in figure 2.7 is taken
from a teaching movie entitled "Flow Visualization".?t

fMade under auspices of Natlonal Committee for Fluid Mechanics
Films with Grant funds by Natilonal Science Foundation. Copiles
obtalnable from Educational Services, Inc., 47 Galen Street,
Watertown 72, Massachusetts.
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Two film reading procedures were used to transfer the
veloclty data from movie film to IBM cards where it could be
analyzed with digital computer facilities. At first, discrete
data points were written by hand from the dial readout of a
Vanguard Film Reader. This system 1is tedious and too slow for
the quantity of data required. A more efficient system was
deslgned and built speclifically for this data reduction pro-
cess: the projected film image is scanned (manually) with a
device which produces a frequency propdrtional o welocits;
the time of span 1s proportional to the spanwise spatial
coordlnate. This signal was then recorded on magnetic tape
and sampled electrcnically as often as deslired.

Filgure 2.8 presents a direct comparison of mean velocity
data (for a turbulent boundary layer) taken by the hot-wire
anemometer and data obtained by the H2-bubb1e technique and
reduced using the specially designed film-reading system.

3. Wall-slot dye-injection technique

Slde views of the flow patterns near the wall are made
visible by seeping small quantities of food-coloring dye into
the flow through 0.003 inch slots placed at one-foot intervals
in the walls. Runstadler [1963) describes this technique in
detall and has shown that the basic flow patterns are not
disturbed by the visualization technique.

Dye marked at the wall in fully turbulent boundary layers
1s seen to move away from the wall in intermittent bursts
which carry disfinguishable fllaments of lower momentum fluid
well out into the logarithmic region. The bursting frequency
and the actual trajJectories and velocities of the tops of the
marked fllaments are determined by the analysis of movie

records of this process. Data of this type are described in
Chapter II1I, section B2,
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C. Statistical Data Analyses
1. Averaging procedures

Turbulent fluld motion is an irregular condition of flow
in which the velocity is a random function of both time and

space. For an ensemble of experiments with the same boundary

condltions, the trace of any veloclity component will be a
different function of space and time for each realization.
So statistical averages must be defined in turbulence studies

which have the same values for identical experiments.

Probably the most fundamental average 1s the '"ensemble"
average taken at the same relative time and position over an
ensemble of 1identical experiments. When a flow 1s stationary,

ensemble averages are independent of time; and when the flow
1s homogeneous in a gilven dlrectlion the ensemble average is

independent of that direction.

For the steady, two-dimensional boundary liayers of this
study, the flow 1s statlonary and 1s homogeneous in the z-
or spanwlse direction parallel to the wall. For this case,
it 1s normally assumed that the time average at a point 1is
the same as the ensemble average (an ergodic hypothesis) and
that space averages in the z-direction are the same as the
ensemble averages (another ergodic hypothesis). Thus, time
averages and averages 1n the z-direction are assumed to be
identical. This assumption 1s shown to be correct for the
two-dimensional boundary layer by experimental verification
of the equality of the time-averaged and space-averaged
moments of the veloclty distributlion. For example, for the
zero pressure gradient flow at the x-station of 13 feet and

yt of 12, using H,-bubble technique:

0 % = 0.203 ft/sec

Tt =0.19 rt/sec

The veloclty at this point determined by the hot-film was 0.20

ft/sec. 50



The experimental apparatus has a finite flow width of
only 10 inches in the z-dlrection; thus averages in the
z-direction could not be well defined at an instant by Just
one data sample. To provide Z2-averages, several data samples
taken at long time separations were combined. The time
separation was long enough so that any two samples were not
correlated in time. Thus a combined spatlal-ensemble average
1s obtailned.

Averages are represented by an overbar, i.e., T ) . For
hot-wire data this average was always taken with respect to
time. For the Hg-bubble data, averages are usually taken with
respect to z . Where necessary time averaged are denoted:

L E » and space averages: ( ) -

2. Velocity probability density function
The probability density function, B(x, y, z, t; u), of

the x-component of velocity, u » provides all the meaningful

Information about u at a point in space and time (Lumley,
[1964]).
f has the properties

B(x, ¥, 2z, t; u) >0
[0 o]
/ B(x, Yo 2} €3 U) AU =1
-00

B(x, y, z, t; u) may be interpreted as the probabllity that
the velocity at x, Yy, 2, t has a value betweern u and

U + du . All the mean vowers (or central moments) of u are
given by B

0o

n
e ( Yy 2, t) = funﬂ(x, Y, 2, t; U) du
-0
For the two-dimenslonal, steady turbulent boundary layer

at fixed x_ and Yo » B = B(xo, Vo u) because of stationarity

and homogeneity in the z-direction.
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Histogram approximations of B(u) for this case are
calculated by simply counting the number velocity values 1in
certain lnterval Au about u . These distributions are
compared to the Gaussian Distribution by the Chi-Squared
"Goodness of Fit" test (Craemer [1954]), and by calculation
of Skewness, S , and Kurtosis or Flatness, F .

.
=
AT7
= u

- 3/2

i =2

A
._.E. E‘
= I

F

Near the wall these probability density distributions
show significant deviations from the Gaussian distribution.

The Gaussian 1is that distribution approached by the sum of a
large number of independent, random samples. Deviations from
Gausslan are due to a correlation or statistical relation
between veloclty values: i.e., the velocity samples are not
completely independent random variables.

Skewness different from zero (see data in Chapter III,
figures 3.31 and 3.32) is indicative of the turbulent transport
of turbulent energy. (Sgg e.g., Townsend [1956] or Lumley
[1963]). 1In this case u3 represents the transfer of the
intensity of the x-component of velocity in the x-direction.
The term associated with turbulent transport in the turbulence-
energy equation (e.g., Hinze [1959]) is:

transport = 5%; ui(p/p + q2/2)

The x-component of transport of the turbulence energy portion
of thils term is thus:

> 73 a(s,;?

3/2
b L

So S 1s 1indicative of transport of ;g away from the point
of measurement.
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Flatness less than Gaussian distribution value of 3 18
indicative of a structure in which there are less velocity
values concentrated close to the mean than the Gaussian; 1i.e.,
the distribution is "flatter" than normal. The data on these
statlstical measures are given 1n figure 3.32.

3. Spagidl spectral analysis
A spatial spectral analysis was applied to the spanwise
veloclity patterns obtained using the Hg-bubble technique.
This was undertaken in order to ascertain whether or not the

structure of relatively regular patterns of low speed streaks
observed by eye in the wall layers corresponds to an underlying
spatial wavelength which can be extracted by obJjective statis-
tical means.

The spatial spectral-analysis procedures used here to
analyze the velocity patterns are an extension of the results
of time-seriles spectral analyses commonly used by workers in
communications theory and statistical turbulence theory. See,
for example: Hinze [1959], Parzen [1963], Lin [1959], Jenkins
[1961], Blackman and Tukey [1958], Lumley and Panofsky [1964].

The method of determining tne underlying spatial frequen-
cles in the spatial velocity variation is to represent the
correlation coefficient, Rll(zo) s by a Fourier integral
representation. The magnitude of the Fourier Transform
coefficient, U(v) , of this representation 1s proportional
to the relative presence of the v(cycles/inch) frequency
in the velocity pattern.

A u(z) . u(z + zo) e

(1)
—= 2
u

where u 1s the fluctuation veloclity in the x or "1"
direction.

The Fouriler representation of the velocity correlation
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coefficient 1is given by:

Rll(zo) = gw U(v) cosem v z, dv (2)

and its Fourier transform is:

Uu(v) = 4f Rll(zo) + cos2r v z_ dz (3)
o

Rll(zo) satisfies the requirements for Fourier cosine
integral representation (Sneddon [1951]). Physical intuition
and experience show that Rll(zo) is an even function, is
absolutely integrable, and will contain only a finite number
of discontinuities and maxima in a given iﬂterval of Z

It was shown by Taylor 1938 that u2 U(v) 1is the
contribution to the kinetic energyT of the turbulent u-velocity
fluctations per unit mass from the frequencies between Vv and
V+ dv ., So that:

o0 —
[ U(v) o
0
T—§ 1
u 1s interpreted as a kinetic energy per unit mass by

many authors (e.g., Hinze [1959]). They are considering u
in the Eulerian sense as the velocity at a point 1n space
and wlth averaging over time. However, this average 1is
actually performed over different fluid particles which
happen to occupy that spatial point as a function of time.
—_— 2 t
Fo:r the present case under consideration, u2 = ;g
the assumptions of stationarity, homogeneity, and the
z
ergodic hypotheses discussed above, ;g 1s averaged over
different fluld particles which happen to lie in a line in
the z-direction at a fixed time; but it may also be inter-
preted as kinetic energy of turbulence. Since turbuIlence is

a random function of time and space, the analysis of :§ into
1ts spatial frequencies is as valid an analysis as the "usual"
analysis into time frequencies (or into x-direction wave

by

numbers using Taylor's Hypothesis of x = t/u or k, = 2%3
where k, 1s wave-number).
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Rll(zo) is calculated from (1) and U(v) from (3)
using the u versus 2z data from the hydrogen-bubble tech-
nique. These functions provide information indicative of
the spatial structure of the turbulent flow, However, the
1uference of a specific flow structure from a given or cal-
culated correlation coefficient is a difficult if not impos-
sible process, since more than one flow structure can glve
the same correlation coefficient. But when the flow pattern
1tself 1s also available for detailed observation, as is the
case in this studyT, then the correlation gives very meaningful
results. For example, in the sublayer region of the turbulent
boundary layer, dye patterns and nydrogen-bubble pictures
qualitatively show a relatively regular pattern of high and
low fluld velocity streaks; when the statistical analysis
indicates the existence of dominant wave lengths at about the
streak-pattern spacing, then the existence of an ordered
structure of this wave length is established beyond reasonable
doubt. Data of this type are presented in Chapter III.

Several features of correlations are helpful in obtaining
information about turbulent structure. A definable turbulent
structure (or eddy) is the persistence of a fluid pattern over
whilch the turbulent velocity bears some relatlonship or is
correlated. The correlation at two polnts will be unaffected
by structural features with length scales smaller than the
separation distance, but positive contributions will be made
by fluld motions with scales larger than the separation dis-
tance. Thus, at the largest separation distances where the
correlation is non-zero, the behavior of the correlation
provides direct information about the structure.

It may be shown (Townsend [1956]) by continuity require-
ments that the correlation between veloclty components normal

fHere the flow pattern is available in visual form as a

function of time on movie film and also as samples of
velocity.
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to a plane containing the two points must be negative for
some values of the separation distance. Rll(zo) falls into
this category. Negative correlation infers that the veloclty
at the two points 1s on the average in opposite directions
(1.e., back flow is occurringf). Thus, where passage from
positive to negative Rll(zo) occurs at large z_  , qualita-
tive and some quantitative information about the largest
structural features 1s provided by the correlation. Coinci-
dence of such length scales with those of the visual observa-
tions lend support to the validity of both methods of
investigation and to validity of the proposed flow structure.

Such results will be presented below. U(v) will some-
times be presented U(1/v) or U(MA) where A =1/v . U(N)
1s useful for physical interpretation since A 1is a physical
length dimension (usually given in inches).

1'Her'e u 1s measured relative to the mean speed U r so that

backflow in laboratory coordinates is not necessarily implied.
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Flg. 2.4 Typical hot-wire calibration.

29



*quawdinbs Jut3zy3Tr-oTqanqg TeoTdAq ® Jo oTqeWSYOS §°Z °*STd

Kmood ._w.J_z.q_._.o

i e——

MOd -

TINNVHO
| 50 Noj33a X T
34IM . * 40014
.WNNILYd VIO

noud
U1 1000 \34IM 4Q 3ONVLSIQ

. gl . - I3NNVHO
§39040AH - ¥M31VM 40 34IsS1ino
O 1334s) Q31V201 32MNOS 1HO9IT

dAVT NOILO3rfO¥Md 11lVM O0GL

1H91T Q3193143

40 NOILO3wa ¥ n/ | AI
|

. 3028n0S
Yve 1HOddNS 380Yd 39VLI0A

SN3T VY3NVI—;

30



”

‘;.
1

BUBBLE GENERATING

Flg 2 laver
105
’ LU7

t cd - -streak
s made

1 1 1 - | 1ad

—

03

02

f.ps.
o

0.1} \

Z, inch




U/U

andad

A4
i 1

90— — S

20 77T A | STRONG + dp/dx,STATION IO

T 1 & TR SN S N —
| ' |

¢ Of—t—d- A} ] AHOT WIRE DATA

et Sk ~ OHp BUBBLE DATA
50— + 4% UNCERTAINTY - st
| INTERVAL (201 ODDS) o

40 S e S (S BN Nae s aa &

.30

.20

o MW%
¢
*
1
|
1
ﬁ
,

.10

) , i | 3 : ‘
O .20 40 60 B8O 10 12 14 16 18 20 22 24 26
Y.INCH

Fig. 2.0 Comparison of vel ity measurements by hot-
1 A anemoameter and H __-bubhle-fi1n eaddno
1 i ing



III. EXPERIMENTAL RESULTS

A. Mean Flow Déta

Five different flows were studied experimentally:
Zero pressure gradient: dp/dx = 0
. Mlld positive pressure gradient: mild + dp/dx
. Mild negative pressure gradient: mild - dp/dx
- Strong positive pressure gradient: str + dp/dx
. Strong negative pressure gradient: str - dp/dx
The various data presented below are generally given for
the different flows in the order listed above. The different
flows will be referred to as the mild - dp/dx flow, the
str + dp/dx flow, etc. for brevity.

= Ww o

1. Wall shapes and velocity distributions

The dp/dx = O flow was established experimentally by
adjusting the flexible wall to allow for the displacement
thickness effect of the growing boundary layers until constant
free-stream velocity of 0.5 + 0.01 ft/sec was attained from
Xx-station 6 to x-station 14 (feet). The velocity distributions
were determined using the constant-temperature anemometer,

The mild + dp/dx flow was obtained by fixing the flexible
wall into a straight, flat surface at 1° divergence angle to
the straight test wall. The mild - dp/dx flow was established
by fixing the flexible wall stralght and flat at 1° of con-
vergence to the test wall. These wall shapes and resulting
velocity distributions are given in figures 3.1 and 3.2,
respectively.

The flexible wall shapes for the str+ dp/dx was formed
by arbltrarily moving the wall to a steeper and steeper
veloclty gradient position until a small transitory stall (see
Kline [1959] for definition of stall regions) appeared on the
flexible wall. The flow on tne flexible wall was then tripped
with a 0.100" diameter wire, and the 1increased mixing which
resulted provided a steady, non-stalled flow with the steep
veloclty gradient i1llustrated in figure 3.3,
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The str - dp/dx flow configuration was established by
moving the flexible wall into a shape which gave a negative

pressure gradient strong enough to cause cessation of turbulent
bursting from the sub-layer region or "relaminarization".+
The wall shape and resulting velocity distribution are shown
in figure 3.4.

The mean veloclity data given in figures 3.5 through 3.9
were taken 1n conjunction with the velocity distribution data
of figures 3.1 through 3.4 and show the degree of two-dimen-

sionality of the flows at each test station.

2. Mean velocity profiles normal to wall

A veloclity profile at the entrance to the test region
(x-station 6) was taken with no trip wire in place. This

profile (figure 2.4) is of standard lamlnar boundary layer

form and agrees well with the Blasilus flat plate solution
(non-dimensionalizing with an adjusted or "effective" x-length).
The excellent agreement of the hot-wire data to the theoretical
curve (all data points are within 2% of the theoretical curve)
shows that standard flow conditions are obtained with the
channel and that the 1lnstrumentation 1is able to measure these
flows correctly.

With the boundary layer trip in place across the test
plate at x-statlion 3, mean velocity profiles were taken at
various posiltions along the length of the test section for
each of the five pressure-gradient flow setups. These profiles
are presented in figures 3.10 through 3.14.

The dp/dx = O flow profiles (figure 3.10) were measured
with the hot-film anemometer; all other data were taken with

f"Relaminarization" will be employed here as the word most

descriptive of the phenomena of the regression of a fully

turbulent boundary layer toward a layer with laminar char-
acteristlics. Other authors have used the expressions
reverse-transition or lamlnarization; see, e.g., Launder

[1963]. The terminology used here is consistent with Moretti '
and Kays [1964].
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the hot-wire.? The smaller inherent scatter of the hot-wire
unit 1s apparent in the results.

Displacement thickness, 8" , and momentum thickness, 6 ,
were calculated by integrating the velocity profiles. The
values for the selected test stations for each flow are found
in Table 3.1. From these data, the shape factor H and Re
have been determined and are presented in Table 3.1.

The values of Ree at the inlet are low compared to
much of the air tunnel data in the literature. However, they
are all above 500, and the shape of the profiles are typical
of turbulent flow; it 1s therefore felt that the results will
apply 1n general to turbulent boundary layer flows at higher
Ree . The shape factors, H, are 1.4 for the zero pressure
case and vary from 1.35 (strong negative dp/dx) to 1.66 (strong
positive dp/dx) for the entire range of pressure gradient pro-
files. These values are indicative of non-separating fully-
turbulent flows.

6

3. Wall shear and the "law of the wall"

The "law of the wall" is an hypothesis which states that
there exists a region near a smooth wall where the mean
veloclty data from all turbulent boundary layers fall on one
universal curve even when pressure gradients are present.

The law of the wall provides a method cf indirectly determining
the wall shear.

Ir ut* = f(y+) is the universal relationship where
+ 4 yuT/v » and u_ 4 (Tw/p)1/2 » then wu_
can be determined by cross-plotting the data with f . It
1s essential in what follows to note that u. 1s determined
such that the data is forced to fit the "universal" curve

over at least the "fitted" portion by this procedure.

ol uw/u. and y

TThe hot-wire unit became available after the flat plate data
had been taken. Separate tests for the flat plate using the
hot wire are under way by C. K. Liu at Stanford University.

I
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The "cross plot of log-region'" procedure used in this

study willl now be described. Using the universal function
B = f(y+) , ‘another universal function ug = g(ut . y+)‘=
g(uy/v) was formad (Figure 3.15). Then for each raw data

point, u(y) , ury/v was formed and a . ul determined from

g(uy/v) ; u/ut  then gives a (ur)g
the average ur)g should be the u_ for that profile.
(uT)g versus y will be a constant (uT) over the entire

range where the law of the wall 1s universal. Note that the

for each data point;

data need not be matched to a slope over just the logarithmic
region to determine u,.

However, if there are regions near the wall where the
data does notf have the behavior predicted by f(y*) - 1.e.,
where the law of the wall 1s not universal - then the u,_
determined by thils method depends upon which part of f(y*)
the data 1s forced to fit!

Since most data very clos< fo the wall in the sub-layer
reglon 1s subject to relatively large experimental uncertain-

ties, mosi recent 1nvestigatorsf

using thils cross-plot procedure
match only the data in the logarithmic or fully-turbulent region
to the logarithmlc portion of the universal relationship. Well
defined logarithmic regions ar= observed for most of the pro-
files of this investigation (s=ze figures 3.16 - 3.20). Thus
wall shear may be determined by the "cross-plot of log region"
procedure, using the universsl logarithmic relation given by
Clauser [1954]: u¥ = 5.6 log, y¥ = 4.9 . The method is
illustrated by figure 3.15.

This "cross-plot of log region" is the primary method of
determining U, for the data of this investigation. Non-
dimensionai ut , y+ mean veloclity profiles based upon u_

determlned by this method are given by figures 3.16a - 3.20a.

f?or6example: Clauser [1954], Launder [1963], Runstadler
1963].
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In thls form, the data have "standarg" fully turbulent
boundary layer profile shapes. There is a well defined
logarithmic region near the wall. This logarithmic profile
extends from y* of about 40 ocut to the section where the
profile deviates from the logarithmic curve and from that
point out a typical "wake" profile is seen (Coles [1956]).
The point of deviation depends upon the Reynolds number and
pressure gradient history and varies from y+ of 80 to 200.
Below yt* of 40 the data blend gradually toward a linear

(u = constant y) curve as the wall is approached.

The profile at station 12 in the str- dp/dx flow 1s an
exception. For this case, the boundary layer has no linear
region near the wall and no logarithmic region. The detailed
structure 1is, correspondingly, seen to be of g non-fully-
turbulent nature. For this case, the application of the
strong negative pressure gradient so altered the flcw that
the mean profile 1s not the stardard fully turbulent fcrm.
This "relaminarization" of the flow will be discussed in
greater d=tail below in section C.

A secondary method of wall shear determination will now
be discussed,

Using the hot-wire anemometer, considerable detg (such
as shown in figure 3.21) obtaired between y* of 1 and 8
clearly indicate the existence cf a linear mean velccity
profile region near the wall (1.e., u = cy). The presence
of this linear region very near the wall suggests that this
i1s the ut = yt region of the universal law of the wall and
that wall shear can be determined by forcing these data into
ut = y* forin. This is equivalent to determining wall shear
from the slcpe of the mean velcelty profile in this linear
ou
|y
3.21 illustrates this method of shear determination.

These data are felt to be the most complete and reliable

region nea:r a2nd at the wall, i.e., Tw = W

Figure
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so far obtained for the sub-layer region. The probe 1s very

small compared to the sublayer thickness.f The hot-wilre

diameter, nondimensionalized on a typical value of wall shear,
du

1s only dt = —% = 0,10 . The consistent linearity observed

is strong experzmental evidence 1in support of the theories of
Prandtl [1933] and others which predict linear behavior of the
mean velocity profile very near the wall.

However, these theories are based upon a completely
viscous or laminar flow model for this wall region under zero
pressure gradlent conditions. For the flows studied here,
not only are pressure gradlents present, but time-dependent
motions are always observed in this wall region whan the
boundary layer 1s turbulent (see next section). Nevertheless,
a linear profile 1s cbserved near the wall. This may be
interpreted as experimental evidence that turbulent shear¥
is negligible and that viscous shear dcminates this region.
Thus this wall-slops method of determiring wall shear rests

not only upon the assumption that the pressure gradient has

fInstruments ire cf typical size, but the sublayer is roughly
10 times thi:ker than in previous studies due to the very
low speeds cmplcyed in water flow.

*The important term in the turbulent shear is -puv . That

1s, an apparernt shear 1s caused by momentum interchange
between fluld layers by turbulent motions in the x and y
directions givirg rise to a finite -puv . The existence of
large time-dependent fluctuations in the x-component, u ,
which are observed in the sub-layer region are not necessar-
1ly indicative of large momentum interchange between ad jacent
fluld layers. The following simple experiment gave qualita-
tive (but rc nclusive) evidence that turbulent momentum
interchange is small 1n the sublayer, A H.-bubble wire was
placed perpendicular to the wall and pulse8 so that instan-
taneous velc :ity profilles in the sublayer were made visible.
The u versus y profiles at an instant were linear (within
the resolutic: ). The slope changed continuously as a function
of time, but trne profiles remained smooth; i.e., no small
scale mixing wzs observed between fluid layers which would
indicate significant "turbulent shear" at y* < 7 . This was
in contradis*inction to the motions observed in the same
experiment for vt > 10
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negligible effect upon the universal profile in this region
(as does the cross-plot method) but also upon the assumption
of negligible turbulent shear in this region. For this
reason the wall-slope method 1s considered less dependable
and 1s a secondary method.

The shear velocity obtained by the two methods (cross-
plot of log region and wall-slope) do not coincide in general,
Table 3-1 and figure 3.22a present a summary of the shear
velocities determined by the two methods. Differences of up
to 20% exist vetween u. determined by the two methods. The
uncertainty of determining the shear velocity for each method
separately 1s estimated to be + 7% at 20:1 odds.

The differences between u. determined by each method
is 71/51z 10% .T‘Thu& whlle the magnitude of the differences
1s not known with certainty, a real difference 1s observed in
some cases,

In the ut, y* mean velocity profiles of figures 3,16a -
3.20a, the data were non-dimensicnalized using wall shear
determined by the cross-plot of logarithmic region method.
Thus, the data are "forced" to fall on: ut = 5.6 log y+ + 4.9
deviation from the ut = y+ in the sublayer 1is observed.

In figures 3.16b - 3,20b, the same data are presented in
the ut - y' form but non-dimensionalized using wall shear by
the wall-profile method. The result is agreement with the
ut = y*¥ curve near the wall and deviations from universality
in the logarithmic region.

ee

A trend 1n the direction and magnitude of deviation from
universal behavior is shown by the ut - y* data plots of
figures 3.16 - 3.20. These trends are more clearly shown by
plotting the ratio (uT wall//uT o plot) as a function of
x-station for the different pressure gradient flows; (figure
3.22b). Only if the ratio is a constant, can a universal

TMethod of estimation due to Kline and McClintock [1953].
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velocity profile for the wall and logarithmic regions exist
simultaneously.

For fully turbulent boundary layers,
Us wall slope/ur log c.p. 1s observed to increase smoothly
for positlive pressure gradients and decrease smoothly for
negative gr*adients‘r (figure 3.22b). Comparing the strong and
mild positive gradient behavior, it appears that the magnitude
of the effect 1s generally proportional to the magnitude of
the pressure gradient applied. Notice that the ratio is not
simply directly proportional to the magnitude of the local
pressure gradlent but 1s also dependent upon the pressure
gradient history; i.e., the ratio continues to rise (or fall
depending upon the sign >f the applied pressure gradient)
after the local pressur: gradient is relieved (see Table 3.1

for pressure gradient parameter as function of x ).

The shape and even the existence of a truly universal
law of the wall have been questioned on theoretical grounds
by several workers (see e.g., Mellor [1963], Einstein and Li
[1956]...). Smith and Walker [1959], for example, have given
convincling evidunce of a dependence of the constants in the
logarithmic pecrtion of the correlation upon Reynolds number.
The "pressure gradient" deviations observed in this study are
not due tc a Reynolds number effect, since the Reynolds number
1s very rcarly the same for all pressure gradient flows con-
sidered. However, the value of FT wall/uT log] at the
inlet station (which is about 0.8 from figure 3.22b) depends
upon the constants in the logarithmic correlation. The con-
stants use¢d here are from Clauser [1956]; they cérrelate data
for higher Reynolds number flows very well, but are not as
satisfactory for the low Reynolds number flows of the present
study. The constants in the logarithmic correlation could be

T rhe relaminarization flow (str - dp/dx) 1is considsred

separately below since these layers are not fully turbulent.
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chosen to make [uT wall/ﬁr log] equal to one at the inlet
stations where dp/dx ~ 0 , but this was not done.

Very little experimental data have been obtaired
by previous investigators in the sub-layer region. Figure
3.23 1llustrates some of the early data of Ludweilg and Tillman
[1949] and others upon which the concepts of the law of the
wall were founded. Notice that there are no data at yt < 10
(that is closer to the wall than the region blending between
the sublayer and fully turbulent regions). More recent
Investigators have obtained some data in the wall region
(figure 3.24).

Even these later data have usually consisted of Jjust a
few points in the outer portion of the wall region usually
wilth higher uncertainty than data in the outer regions. No
clear conclusions on mean profiie In the wall layer can be
drawn from thcse older data. The present hot-wire data 1is
significant in that a large number of measurements are
avallable in the sublayer for several profiles under a variety
of flow conditions. The above mentioned lack of universality
of the "law of the wall" is observed. The data were not taken
for the purpose of investigating the "law of the wall" in
detail. And although they are much more detailed than previous
data they are still not sufficiently complete to allow general-
lzations to be made at this time as to the amount of deviations
or for the suggestion of 2 new law for the wall region., How-
ever, these results do add new evidence to the proposition
that the "law of the wall",while a reasonable first approxima-
tion, is not an accurate "universal" expression in pressure
gradient flows.

4. Non-dimensional veloclty defect profiles
Velocity profile data are given by figures 3.16 - 3,20
by the "law of the wall" (ut vs y*) type of non-dimensional
plot. Another common non-dimensionalization used to compare
turbulent boundary layer data is the veloclty defect plot.
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Flgures 3.25 - 3.28 present the data of this investigation as
u -0

= vs. . O 1s an integral boundary laye:r thickness
Y ou - W
defined by A g ) —fa—-—-dy = B* Eﬁ . The curves of constant
) T T

shape parameter, G , of Clauser [1954] are given on these
Aoou-tIE

curves for comparison; where: G = [ —26——— d(%)

An equilibrium flow is definedoby Cl;user [1956] to be
one 1n which the profiles at all x-stations have the same
profile in these non-dimensional coordinates; thus, in an
equilibrium flow, all profiles have the same value of G
G 1s, however, different for each equilibrium flow; for the
special equilibrium case of zero pressure gradient, Clauser
[1956] gives a value of G = 6.8,

The flows of this investigation are not, in general,
equllibrium flows, and G changes for each profile. Only the
zero pressure gradlent flow 1s an equilibrium case in the flows
reported. A constant value of G = 6.7 was obtained for this
flow. (The difference between the present value of G for
zero gradlent and that of Clauser may be due to Reynolds number
differences.) For the pressure gradient flows G varies in
an arbitrary manner.

A cumulatlve effect of the application of the pressure
gradlents 1s shown by examination of the velocity defect pro-
files (figures 3.25 - 3.28). The strongest gradients produce
the most deviation from zero gradient shape; and positive and
negatlive gradients have a clearly different effect. The flows
are clearly not equilibrium flows.

5. Longitudinal velocity fluctuation measurements
Accurate measurement of turbulent fluctuations is diffi-
cult for the low velocity flows of this investigation because
the low temporal frequencies involved require averaging times
of several minutes and make analecg calculation difficult.
Data obtained by sampling the velocity trace which was recorded
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on a Sanborn strip recorder and then calculating V ;g by

digital computer are presented in Flgure 3.29 as \[3§}CT
versus y' . One data profile (strong + dp/dx, sta 10)
derived by the Hz-bubble technlque 1s also given in figure
3.29.t

Data of Runstadler [1963] and Laufer [1954] for zero
pressure gradient boundary layer and pipe flows respectively
are also given for comparison. The trends in the present
data are observed to be the same as those of these other

authors: \/EE}GT increases nearly linearly from zero at the
wall to a maximum of between one and three in the vicinity
of yt of 10 to 20 (the buffer region) and then gradually
decreases with increasing y+ .

The data show that the applied pressure gradients do not

drastically alter the shape of the intensity profile from that

of the zero pressure gradient case. However, the pressure

gradlent does change the magnitude of intensity; in particular,
the positive gradient increases the intensity, an¢ the negative
gradlent decreases it. In the positive pressure gradient flow,

intensity increases from zero at yt = 0 to a maximum which

is about the same or slightly above the zero gradient data and
then decreases with yt more gradually. The negative gradient

flow (relaminarization flow) has a maximum intensity which is
considerably less than the zero case (by 50% for these data)
and the level appears generally lower for all y+

Free-stream turbulence intensity at the inlet to the test

section 1s observed to be 1-2% for all flows,

fBetter data can be obtained for this type of flow by FM
recording and playback through analog-to-digital converter

and electronic counter. Such a system hopefully will be
avallable at a later date.
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B. Flow Structure Details and Pressure Gradient Effects

This chapter contains the central results of the present
study on the structure of the turbulent shear layer in the
presence of longitudinal pressure gradients.

The fully turbulent boundary layer consists of three
distinct layers with different structural features: (a) a
sublayer or wall region, (b) a fully turbulent or core region,
(c) an outer or wake regicn. Runstadler,et al [1963] showed
the relationship of these regions to the mean velocity profile
in ut , y*¥ coordinates and presented considerable informa-
tion describing the detailed structure. Summaries of
Runstadler's previously reported structural features are
included at appropriate places below.

The flow patterns are strongly three-dimensional and
time-dependent, making observation of the structure difficult
and complete understanding of all details probably impossible.
Nevertheless, using better techniques of visualization, (see
Chapter II), considerable new structural detail has been
recognized 1n the present investigation and is presented
below.

These results are in good general agreement with
Runstadler's [1963] picture of the flat plate boundary layer
flow structures. However, new information on the details of
the bursting phenomena from the sublayer and a wider range
of observed pressure gradients make revisions of a few of
Runstadler's detailed conclusions necessary.

A major result of this study 1s that turbulent boundary
layers under pressure gradients have all the same major
structural features of the zero pressure gradient layers.
Regions across the layer defined by structural details have
the same one-to-one correspondence with the regilons defined
by the ut - yt mean velocity profile (wall, logarithmic,
wake) as in the zero gradient flows. The growth and extent
of these regions are, however, strongly dependent upon the
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applied pressure gradients.

Evldence of this general result is given by figure 3.42
where a pictorial survey at 11 y poslitlons across a layer
with posltive pressure gradient is given. The qualitative
features of the structure are identical to the zero gradient
flow 1in corresponding regions: l.e., wall, buffer, turbulent
core, and wake; these features correspond to those given by
Runstadler [1963] for zero pressure gradient flows. Figure
3.43 gives a direct comparison of pictures taken in the wall
layer region for zero, positive and negative pressure gradient
flows. The general features are identical.

1. Sublayer or wall region

The sublayer or wall region extends from the wall out to
yt = 7 . This is the region of strong wall effect; viscous
forces dominate; the mean velocity profile is linear.

The flow structure in the wall region* is a highly ordered
turbulent structure. The velocity variations in the spanwise
direction form a rather regular pattern of high and low veloc-
ity streaks. Thus, when the fluid is marked acrcss the flow
with a uniform line of dye or bubbles, the trace does not
proceed downstream in a uniform manner (such as 1t does in
truly laminar flow). Instead, the trace is observed to change
very rapldly to a rather regular "streaky" pattern of dye or
bubble concentrations stretched in the longitudinal direction.
The low-velocity streaks are the order of 10 times longer in
the flow direction than in the transverse or lateral directions

The entire flow near the wall is both spatially and time
dependent in contrast with a truly laminar'flow. Nevertheless,
the particles move in rectilinear motions (over distances the
order of the boundary layer thickness) in contrast to the
random, erratlc motion usually attributed to turbulent motions.
(This was called "laminar-like" motion by Runstadler.) The

1LMost features of this summary description are from Runstadler
[1963] but are given in the present author's wording.
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spatlal dependence arises from the relatively regular pattern
of spanwise variation over the wall surface described above.
The time dependence arises because: (1) the pattern "waves"
gently back and forth in the spanwise direction; (11) a streak
exlsts for a period of time and then washes out or breaks up
(see section on interaction of wall region and outer layer);
(111) the entire streaky wall structure moves slowly in the
downstream direction with the mean flow.

a. Instantaneous spanwise velocity profiles
The most striking feature of this wall region

(o<(y+g 8) 1s the nearly regular spanwise structural varia-
tions which cause the pattern of dye streaks or "islands of
hesitation" reported by Kline and Runstadler [1959] and
Runstadler, et al [1963]. The combined-time-and-streak
markers of the He—bubble technique provide instantaneous
veloclty images over the entire span of the flow at any
x-station. In thils manner the somewhat regular "streaky
pattern" (figure 1.la) has been conclusively? shown to be a
variation of the x-component of velocity, u , in the z-direction
(figure 2.7). The z-component, w , may also be obtained (with
greater uncertainty; see Appendix) and shows a corresponding
regular pattern of 2z dependence.

For example, in flgure 3.30 a typical wall layer pattern
and the u and w traces derived from it are shown. The u
and w are determined by the pathline or frame-to-frame
method of velocity determination (see Schraub, Kline, et al,
[1964]). There is some evidence (see footnote in section A.3)
that not only 1s the mean veloclty near the wall linear, but
that the lnstantaneous velocity profile (u vs y) 1s smooth

TWhile Runstadler, et al [1963] clearly indicates the varia-
tions in u(z) at fixed y, x and t using timelines alone,
the present study established this point beyond any reasonable
doubt using the improved combined-time-streak marker technique.
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and nearly linear. 1In this case, u vs. z gilven at an
Instant and at a fixed distance from the wall is proportional
to the local wall shear; i.e. u(z) 1s proportional to TW(Z) y
and the u(z) plots are indicative of the variation of T
with 2z at an instant. Instantaneous local wall shear is
thus both time and space dependent in a turbulent boundary
layer,

The spanwise u-velocity variations are typically observed
to be the order of 40-50% of the local mean velocity in the
wall regions. This large variation gives rise to siggificant

ou du on
= shearing components. 5 often reaches 10% of 57

w
locally; the root mean square value of g% 1s the order of

I%Of ?r; at y+=8.
W

The combined-time-streak H2-bubble technique provides a
method for obtaining instantaneous velocity profiles over a
large extent of the flow; this makes possible more systematic
statistical analysis of the flow Structure than was previously
possible.f The next several sections discuss and present some
of the results of these statistical analyses applied to these
velocity profiles. |

b. Velocity probability density histograms
The velocity probability density function of the

longitudinal component of velocity (see example in figure
3.31) resembles the Gaussian or normal distribution. However,
in the wall layer regions, the distributions differ signifi-
cantly (in statistical sense) from Gaussian as determined by
the Chi-squared "goodness of fit" test at 5% significance
level (Craemer, [1955]).

The variation of the skewness and flatness factors of the

fRunstadler used hydrogen'bubble timelines. However, timelines
alone are not sufficient to provide accurate instantaneous
spanwlse velocity profiles. The combined-time and streak

marker system used here provides this information (see Schraub,
Kline, et 2l [1964]).
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clty fluctuation probability density functions as a

tion of y-position in the region near the wall was

stigated for one profile. Figure 3.32 compares the

ent data with that of Comte-Bellot [1963] for a channel
Qualitative agreement is good.

The monotonic decrease in skewness from positive values
ugh zero to negative values across the sublayer region
be glven a simple physical interpretation in terms of
observed flow patterns. In the regions nearest the wall,
relatively low-speed regions are wider than the fast
ons; l.e., a greater extent of the flow has values less

the average velocity and these will be balanced by
r relatively higher velocity points which will produce a
tive skewness. This is the case for y+ < 10 . Further

the wall (y* > 10), the relatively low-speed streak
ons are narrow compared to the higher speed regions giving
to negative skewness. Thils correspondence between the
ltative features of the structure and the statistical
ysis of the structure is illustrated by a sketch in
re 3.33.

No conclusive pressure gradient effect 1s discernible

the velocity distributions from the limited data. How-

» all the positive pressure gradient distributions have
ness and flatness factors below those of the zero and
tive gradient flows (at the same yt) of the present data
those of Comte-Bellot [1963]. This trend corresponds to
qualitative observation of wider low-speed regions and

accentuated streaks in the wall region of the positive
ient flows (compared to the zero pressure gradlent
vior).

c. Low-veloclty streak spacing

(1) Visual streak counting
Runstadler [1963] suggested a parameter, A"
n successfully correlated the average low-speed streak
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AU
pacing in the sublayer. At = —T% » Where A\ 1s the average

listance in the span direction btheen centers of low velocity

treaks, u, 1s the local shear velocity, and v 1s kinematic

1scoslty of the fluld. Runstadler showed that for zero pres-

ure gradient flow conditions At = constant for a wide range

f free stream velocities (figure 1.2) at a fixed x-station.
was determined by measuring the distance between streaks

n a large number of still photographs of the wall structure;

he structure was made visible by dye injection through a dye

lot or by the bubble timelines. This method of finding A

s called the "visual counting" method.

The zero pressure gradient flow setup of the present
nvestigation was established in order to investigate the
ehavior of the boundary layer structure at different x-stations
t a fixed free-stream velocity. Uslng the same methcds as
unstadler, At was determined at three x-stations and was
ound to be constant. The actual value of the constant is
ependent upon the "ground rules" of the observer who counts
he streaks by eye. The difficulty 1is discussed at length by
unstadier [1963]. Using Runs*tadl=r's ground rules A1 = 80
as cbtained (Runstadler found At = 76.5), but using other
easonable counting rules i as high as 110 were obtained.
his difficulty gave the major inc=ntive toward development of
he statistical procedures for structure analysls which are
Iscussed 1in the next section.

The "ground rules" adopted for visual determination of A
or the present data are slightly different than those used
y Runstadler,et al [1963]; the present rules give consistently
lgher values of A (see figure 3.35). Runstadler "ccunteg"
treaks several inches downstream of the marking point as well
5 near the marking point; thus a streak which hag washed
Llightly downstream from the marking point was "counted" as
211 as those streaks near the wire. For the present data,

ow-velocity streaks were "counted" only when present at or
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very near the marking polnt. The reason for adopting this
procedure 1s that streaks are then counted at a discrete
x-statlon only; also, thls method 1s expectec to give results
more consistent with the statistical procedures which analyze
the actual velocity profile, u(z) , at a fixed x-station very
near the marking poin‘t:.‘r

The visual count data for the various pressure gradient
and zero-pressure-gradient flows of the present study are
plotted versus the pressure gradient parameter K 1in figure
3.34. The primary conclusion to be drawn from the data 1is
that A" 1s not a function of pressure gradient and }j;_ig
a constant: At = 102 + 10 (at 10:1 odds).

This result 1s based on the turbulent boundary layer data
of this report where: 560 < Reg ¢ 1700 and -2 < K < Y .*

In the case where relaminarization took place (strong -
dp/dx flow), the boundary layer was not a turbulent layer, and
this results in values of At very much larger than 100 (see
figure 3.34).

The results of the visual streak counting are generally
borne out by the statistical analysis which 1s described in
the next secticn. However, the visual count data has the
advantage of simpler physical interpretation since A 1is
simply the average distance between low u-velocity streaks in
the wall layer region. The statistical results, while more
elegant 1n principle, have no such obvicus physical meaning
and, in addition, have larger uncertain:ies: A is

visual
in general about 20% less than A determined by the

fFor the H,-bubb.- marking technique, v-loclty measurements 1in
the sublager are of least uncertalnty when taken from about
40d to 240d, whe:= d 1s the Ho-bubbl - generating wire and

d = 0.001 1inch=s; see Schraub, Kline, =t al [1964].

du
tK 9 z§ 622 ; K 1s the pressure gradie'.t parameter used in
u

this gtudy; it 1s developed and discuss-d in detail in section
C of this chapter. - ‘
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statlstical procedures; a direct comparison of AV to XR 1
is glven by figure 3.35. X

(2) Correlation coefficients and spatial analysis
Definitions and discussions of Rll(zo) , U(v)
and U(k) are found in Chapter II, section C3. A discussion
of the interpretation of these results is also found there.

A discussion of the uncertainty and resolution is given in
the Appendix.

When spectral analysis procedures are applied to a singile
realization of u(z) (i.e., one frame of motion picture of the
flow) very striking results are obtained. (See figure 3.36.)
The veloclty trace shown in figure 3.36 has been obtained

using the Vanguard film reader from a single frame of a motion
picture. The flow structure was made visible by illumination
of H2-bubbles in the wall layer of a zero pressure gradient
turbulent boundary layer.

The near-periodicity of the u(z) trace (streaky struc-
ture) 1s reflected as near pericdicity in Rll(zo) The
transform function U(A) shows a corresponding peak at the
domlinant wavelength of this periodicity. This wavelength,

AU » corresponds closely to the average spacing between low-
speed streaks as determined by the visual method. This
kvisual (or Av) is 0.67 inches whereas Ay 1s 0.73 inches,
The agreement 1is encouraging since it shows that completely
objective statistical methods indicate the existence of a
dominant wavelength which corresponds quite closely to the
average spacing the subjective human viewer perceives The

) .
peak at U\AO) implies that the largest contributior to ue

1s made by spatial wavelengths near AO . A

Expanding the analysis to include six different u(z)

traces taken at different times from the same flow, Rll(zo)

1XR 1s the distance (1in inches) of the wavelength where

11
Rll(zo) peaks; (see next section),

Dl
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and U(v) were calculated by ensemble-averaging over the
individual results of the six frames (figure 3.37). The
traces analyzed were separated in time by intervals which
are long compared to the maximum correlation time (at fixed
z ). Again the analysis indicates a dominant wavelength
approximately equal to the visual estimate of average low-
speed streak spacing. However, each of the six traces of
this example were hand-picked for better-than-average uni-
formity of streak spacing.

Figure 3.38 shows the results of analysis of 31 frames
of another data film (str + dp/dx , sta. 10) which was
sampled at regular time intervals in the film; 1i.e., the
frames were not chosen for analysis because they "looked"
well ordered. The ensemble-averaged spectrum (figure 3.38c)
shows a much less pronounced peak for this more general
example - but a peak nevertheless. Six samples of individual
frame spectrums are shown in figure 3.38a. The six samples
of figure 3.38a are carefully selected from a much larger
population of 31 frames to be a representative sampling so
that a true impression of the data can be formed by the reader
without the necessity for scanning a large number of samples,
Note that about four out of six frames show. marked periodicity,
one shows lilttle periodicity and one shows extreme periodic
characteristics. As in the example of figure 3.36, any
individual frame analysis yields well defined peaks for that
frame. However, due to the turbulent nature of the flow, the
details of the velocity patterns are constantly changing; and
SO0 each 1ndividual frame anaiysis, although showing a peak 1in

the spectrum, gives somewhat varying value in the magnltude
and location of the peak (figure 3.38a). Because of the
variation 1in the location of the peak in individual frames,
the ensemble-average result, which averages all the individual
spectrums, 1s considerably smoothed (figure 3.38¢c). So much
does the averaging smooth out the spectrum that the basic and
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striking ordered patterns seen in the veloclty patterns and
reflected in the individual frame analysis (3.38a) are masked.
If the spatial spectrum results are viewed as if they
were response characteristics, one would say the system responds
to a band of frequencies rather than a sharply defined critical
frequency or wave length. The data of figure 3.38 show again
the inherent difficulties of deducing the structure just from
total average data‘r and show the importance of direct structure
plctures for accurate interpretation.

Figure 3.38b 1llustrates an alternate procedure used to
determine underlying spatial wavelengths of the structure
without the loss of information inherent in the averaging
procedure. In figure 3.38b, a histogram of the distribution
of individual frame spectrum peaks distances are shown. Since
the distribution is relatively peaked, the mean position, xb 3
of the individual peaks gives a useful measure of the Spanwise
structural scale. (The major peaks and the secondary or
long-wavelength peaks are plotted separately on figure 3.38b;
1.e., where two peaks occur in U(A) , both the highest (major)
and second highest (secondary) are recorded.)

It 1s apparent that several different lengths can be
obtained from these spectral analysis procedures which can be
used to give statistical estimates of the spanwlse structural
scale. 1In addition to the two mentioned above (xv and xo),

AR » Which 1s defined as the distance from zero to the first
I}

major peak in Rll(zo) » 1s a useful length. (See definition
in flgure 3.35.) Since this length 1s nearing the largest
separation at which Rll(zo) is non-zero, this length bears
direct resemblance to the structure scale of the largest eddies.
(See discussion in Chapter L. )

fTownsend [1956] discussed the inherent difficulties of such
statlistical inferences.
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Flgure 3.35 compares the lengths AR » from the sta-

11
tistical analysis, to xvisual ; ARll 1s definitely the
same order of magnitude as A and exhibits the same

visual
trends but is generally higher than A , ... by up to 35%.

A typical comparison of four spanwise structure length
scales follows for station 10.13 of the strong + dp/dx

= 0.88" + 5% (at 20:1 odds)

kvisual
Av = 0.72 - 0.92" (Range gilven because of flat peak)
A = 0.70" + 10%
] =
Ao = 0.61" + 10%

(3) Streak spacing, N , versus distance from the wall
No mention has been made of the y-position in
presenting AN data in the sublayer. This is because N\ 1is
approximately constant with y* out o yt = 7 . Figure 3.39
presents visual data for dp/dx = 0 flow. Statistical data,
which can be obtained frcm data further from the wall even
where no definite streaky structure 1is seen by eye 1s also
shown for station 10 of the str + dp/dx flow.
AN 1s essentilally constant from the wall out to
y' = 6-8 . A then begins to increase sharply outside the
wall layer with increasing y+ and then a monotonic increase
in ’kﬁll with y out through the logarithmic region is

indicated by the results of this single case which was analyzed
in detail,

d. Temporal spectral analysis

For purposes of comparison to the spatial spectral
analyses results, a spectral analysis of the velocity trace
at a fixed point in space as a function of time was made
using the comblned-time-streak marker H2-bubble technique,
The correlation coefficient calculated, Rll(T) is

T

1
Ri1(7) = 5 £ U(Xos¥os255t) + ulx,y sz ,t+7)dt

54

. e emr————



This 1s the auto-correlation (at a single point in space)
calculated by many workers in turbulence using hot-wires; it
is not the same as Rll(zo) presented in the previous section.

The finite averaging times rejuired by the hydrogen bubble
technique make the effective frequency response quite low.
(See uncertalnty analysis.) The correlation results shown
(figure 3.40) are from a movie taken at 8 frames per second.
These results are for precisely the same data (1.e., the same
movie film) as that of figure 3.37 which illustrated the
spatial analysis. |

The two correlations (spatial and temporal) show distinct
differences. While the spatial correlation passes down through
zero to negative values and then rises positive again, the
temporal correlation is always posltive and approaches zero
asymptotically. This difference indicates that the temporal
veloclty fluctuations are not Simply the regular movement of
a fixed spatial velocity pattern over one point. The temporal
and spatial fluctuations are fundamentally different. Since
Rll(O,O,zO;O) and Rll(0,0,0;T) are different, it follows
from Taylor's hypothes:ls'r that Rll(O,O,zO;O) has a funda-
mentally different shape from Rll(xO,O,O;O) . This difference
has been observed by other lnvestigators: e.g., Grant [1958]
or Comte-Bellot [1963]). It is thus clear that, even aside
from spatial resolution problems that would occur with
typical hot-wire length dimensions in air, the "usual" hot-
wire autocorrelation measurements cannot reveal the actual
spatial structure in the sublayer region. Only two-point
space correlations would do so, and these have not been
avallable for the region yt* < 7 prior to this s tudy.

The knee in the temporal correlation is interpreted by
Townsend [1956] to be indicative of two distinct eddy sizes.
That is, the sharp initial slope 1ndicates a range of small

*anlor's hypothesis relating small changes in x-position to
small changes in time.
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eddles and the more gradual slope at larger separations
indlcates the existence of a larger eddy structure. This
would be consistent with the present view of the structure
in this sublayer region: the large scale being associated
with the ordered streaky structure and the small scale with
eddlies formed in the breakup process.

e. Random location of low-speed streaks

Thie positions of the low-velocity streaks in the
wall region are shown to be randomly distributed over long
times in the spanwise direction by counting the number of
streaks 1in small intervals across the flow as a function c¢f
time. A histogram of the spatial distribution of low veloc-
ity streaks 1s illustrated by figure 3.41b. The standard
deviation of the distribution is seen to approach zero
asymptotically as a function of sampling time-indicating an
even distribution of streaks across the plate (3.41a). The
structure is thus not tiled to any irregularities in the
apparatus such as uneven entrance screens or bumps on the

plate. The nearly regular structure is an inherent character-
1stic of the flow and not the result of the specific apparatus.
Notice, however, the rather long time scale over which
the flow must be observed to ascertain this random streak
distribution.t Even after one minute of observation the
standarc deviation of the distribution is still 5% of the
mean. Casual observation by an observer for a few seconds
may lead to the erroneous conclusion that streaks are fixed
in space. They are not, but the time scales for their move-
ment are relatively long compared to the other observed time
scales of the motion. This long time scale explains why very
long intégration times are required to obtain stable mean
values when taking data in the wall region.

fAn experimental curve may be fitted to the curve of sample
standard deviation. For this case the time constant is about
10 seconds., ;he curve of figure 3.41a may thus be approxi-
mated by e-t/10 |
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2. Interaction of wall layers with the outer layer

A major part of this investigation is focused upon
extending the present knowledge of the flow structure in the
sublayer or wall region. This concentration of effort was
made because the wall region is felt to be a very important,
but the least understood, region of turbulent boundary layer
flow. The present techniques allow detailed investigation
closer to the wall (in non-dimensional sense) than had pre-
viously been possible. However, the wall region 1is not an
isolated layer. 1In fact, the interaction of the sublayer
region with the rest of the layer is felt to be essentially
related to the behavior of the entire boundary layer. (See
Runstadler's "Wall Layer Hypothesis" [1963]). A brief
summary of Runstadler's [1963] observations of this interaction
follows below.

The predominant feature of the observable interaction
between the wall layer and the rest of the flow is the ejection
of low u-velocity fluid away from the wall. This ejected fluid
takes.the form of loops or long filaments which 1ift away from
the wall with a swirling motion. As the filaments move upward
into regions cf higher velocity in the buffer region, they
form a low-momentum disturbance to the higher velocity fluid.
Severe interactions occur which stretch and distort the fila-
ments tending to diffuse them as they move downstream and
outward into the turbulent core region. The trajectories of
the heads of these filaments are cbserved to varv widely but
average and "most populated" trajectcries can nevertheless be
defined (figure 1.4). Non-dimensionalizing the y-coordinate
of the trajectory path by forming a y+ vsS X successfully
brought the most populated trajectory into a single curve for
the dp/dx = 0 layers studied by Runstadler.

These ejections or bursts are observed to ocecur randomly
over the wall as a function of time and space. The ejection
rate per unit wall area was studied by Runstadler (figure 1.3

.
3
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however, the experimental uncertainty is large, and Runstadler
dld not find a conclusive correlating parameter for bursting
frequency.

The trajectory paths and ejection rate are two aspects
of the wall layer interaction which can be measured quantita-
tively. The results of such measurements will be presented
for the flows of the present study. The displacement of the
ejected fluid as a function of time 1s also studied in the
present work and the fluld 1is traced several inches further

from the poilnt of ejection than in Runstadler's study.

a. Visualization of flow structure details

Details of the interaction are observable by eye and

In motlion pictures when the flow structure is suitably 1llu-
minated. Better qualitative pictures of the flow structure
obtained with newer visualization technlques are an important
part of the present work. These qualitative descriptions are
often at least as useful in gaining understanding of the flow
model as a multitude of 1solated quantitative measurements.

Several visuallzation techniques are useful, each giving
a clearer picture of different aspects of the complicated flow
structure. Dye 1njectlon through wall slots and hypodermic
needles and H2~bubb1e generating wires oriented at various
angles to the wall were used to study various flow features.

An excellent means of observing the flow is tc produce
and 1llumlinate bubbles from a wire parallel to the plate and
to view their notion from an oblique overhead view by eye
(see sketch in tigure 3.44)., 1In the sublayer region, when
u, is less than 0.5 ft/sec, the local velocity 1s sufficiently
low that the three-dimenslonal patterns may be clearly seen by
eye when properly lighted. There 1s no substitute for viewing
the actual flow by eye from this angle. Much of the visualiza-
tlon 1s lost 1n two-dimensional photography.

End view of H2-bubble wires normal to the mean flow vector
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and parallel or perpendicular to the wall also give useful
but somewhat limited views of the bursting. The parallel
wire shows the concentration of bubbles in the low-speed
reglons and the vortex-like swirling motion of the bursts
(figure 3.44)., The perpendicular wire appears to show a
correlation between fluid movement in one z-direction at the edge
of the sublayer with fluid movement in the opposite direction
in the buffer region (figure 3.44).

An lmproved picture of the "typical" ejection process
has been obtained from these qualitative observations. The
ejection of sublayer fluid appears to be usually initiated by
the sudden spreading or wldening of a relatively high u-velocity
region. This faster fluid then "interacts" with the slower
fluid on both sides as 1t spreads. The faster fluld appears
to undermine the slower fluid. That is, faster fluld spreads
against the adjacent low u-velocity streaks and a sharp line
of high shearing (g%) 1s formed. This high velocity gradientf
1s relieved by the upward movement of the low u-velocity fluid
and a filament 1s ejected from the sublayer,

The net result is the upward movement of low-momentum
fluld on one or both sides of the fast u-velocity region.
The ejected fluid tends to swirl back in the direction of the
fast region as it is caught up in the higher velocity fluid
further from the wall. (See figure 3.44) The result is a
vortex-like motion along either side of the fast regions with
the rotation in opposite directions on each sle. The spreading
fast fluid sometimes results in the simultaneous ejection of
counter-rotating filaments, but more often this interaction
occurs first on one side and then on the other at a later time.

b. Burst trajectory data
Data on the movement of marked fluid which is ejected

f%% sometimes 1s as high as 10% of %% as determined by

v lwall
actual measurement from u versus z profiles. (See figure
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from the wall layer region are given in table 3.2 and figures
3.46 through 3.52. Figure 3.45 defines the coordinates used
and shows a typical ejection. X 1s the distance in the flow
direction between the head of the diffusing filament and the
point where the marked fluid was first observed to be moving
up out of the wall layer. Y 1s the distance from the wall
to the highest part of the filament. T (time) 1s referenced
from the time each filament first 1ifts up from the wall layer,.

The trajectory paths vary rather widely for a given flow
position as shown by the sample trajectories of figure 3.46.
The occasional upward and then downward motion 1s consistent
wlth the vortex-like motilon of ejected fluid observed in the
end views of the interaction process (figure 3.4l),

The trajectory data are obtained by recording the coor-
dirates, X and Y , at discrete time intervals from the

point of ejection. Thus, distribution curves (e.g., figure

3.44%) of x and y position are obtained at each recording
time. These distributions approximate the probability density
distributlon for the trajectory positions. The central tend-
ency of the distributions are indicated by mean positionsf .
X , Y. The dispersion of the distributions are given by
sample standard deviations, Sy » S (see table 3.2).

The Y versus T and X versus T data (such as that
of figures 3.47a and 3.47b) are combined in figure 3.48 as

¥t versus ¥ . Non-dimensionalizing Y into YT

brings the
curves from 3 x-positions into near coincidence. (The wide
distributlon of trajectory paths about these mean paths should
be recalled when comparing curves from different positions and
different flows.)

The typical trajectory can be divided into two parts: an

TRunstadler [1963] used the mode or most populated trajectory
as an indicator of central tendency. Due to the finite
skewness of the distributions the mean and mode do not coin-
clde; however, the discrepancy 1s small. The means gave
better statlstical correlations, i.e., smoother trajectory
curves for the present data.
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"acceleration" region nearest the wall (12 < yt < 50) where
the trajectory has a parabollic shape - concave toward the wall;
and an outer "linear" portion (y* > 50) where the average path
(Y, X) 1s linear within the uncertainty. The acceleration
reglon corresponds approximately with the buffer region of
the u+ 5 y+ mean velocity correlation, and the linear average
trajectory region with the logarithmic correlation region.

The acceleration portion of the trajectory is the com-
bination of an initially high upward velocity (dY/dt 1in
figure 3.47a) compared to the upward velocity further out and
an initially low downstream velocity (dX/dt in figure 3.47b),
Thus, the typical ejection is pictured as fluid given* an
initlal upward velocity component away from the sublayer which
1s then accelerated downstream as a result of the forces
arising from the interaction with the higher x-velocity flow
in the buffer 1layer.

The acceleration of the low-momentum filaments in the
flow direction is clearly shown by plotting u

filament ulocal

+ & 3 , .
versus y' (figure 3.49). ufilament/ulocal increases from a

low value upon ejection up to nearly unity at y+ = 50 , then
decreases with y+ » apparently approaching an asymptotic

value of about 0.80. Since afil 1s approximately constant,
e .

the decrease of :Eilé— in the logarithmic region is given by
u
ufil/uT local
< s where for the dp/dx = 0 data of this study,
A+B log Y
a-'fil
= - = 13.85 . That 1is, with the single experimental constant,

T
afil /uT » determined by one data point all other data in the

log region are well represented by the above relation (see
figure 3.49),

1LSee discussion on further details of ejection process in
first part of sectiqn B2, Chapter III.
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The observation that the ejected fluld approaches
0.8 ﬁlocal (figure 3.49) is entirely consistent with the
hot-wire observations of Klebanoff [1954] in the wake region.
Klebanoff observed that in the intermittent region: "The
turbulent regions travel with a velocity lower than that of
the free-stream." This connection with Klebanoff's observa-
tions 1s useful for two reasons. First 1t suggests that the
flow at the rather low unit Reynolds numbers necessary for the
present type of study have at least some of the same quantlta-
tive properties as turbulent flows at higher unit Reynolds
numbers. Second, if the association with Klebanoff'!s observa-
tions are accepted, and there seems to be no reason why they
should not be, then supporting evidence 1is given for the wall
layer hypothesis of Runstadler, et al [1963]. One of the
hardest questions to answer regarding this hypothesis is
whether the eddies in the outer flow are in part or in whole
the observed low speed ejected filaments. The agreement of
the asymptotic speed of these filaments with the eddy measure-
ments of Klebanoff lends conslderable credence to the 1dea
that the eddies and the low speed ejected filaments are 1ndeed
the same.

For the flows studied, the effect of pressure gradient
upon the trajectory is indicated by figures 3.50 and 3.51.
Figure 3.50 shows that the bulk of the pressure gradlent tra-
jectory data fall within the limits of the zero pressure
gradient results (figure 3.48) and the tra jectory shapes are
similar. The notable exception 1s the strong - dp/dx flow
where relaminarization occurs. For thls latter case, the
trajectories arc challower than the others.

" The plot of Ffil./aiocal (figure 3.51) shows con-
siderably more variation from station to station for the
pressure gradient flows than for the zero gradient data of
figure 3.49. The general trends are similar, but for
dp/dx > 0 the difference between Efil. and u appears
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larger and for dp/dx < 0 the peak in afilJ/G occurs at
larger y+ . The uncertainty in these data is unfortunately
large; no highly accurate concluslons seem possible without
additional data on the exact effect of pressure gradient on
trajectory.

The Sx and Sy data which indicate the dispersion of
the distribution of trajectory position show the following
behavior: Sy/Y versus Y shows no definite trends with Y

and can best be represented for all flows studied by
S

< 0.35 + 0.10 at 10:1 odds. (The zero pressure gradient
b | — S

alone data are better represented by =L = 0.4 .)

g L &

= = 0.30 (Yfi/e gives best correlation of - Sx for all flow
X S

X
d

ata, whereas = 0.325 (f)'l/e 1s best for zero pressure

><ll><

gradient alone.

These dispersion correlations can now be used to form
analytical models for the distributions which incorporate the
major trends of the data,

The distribution of trajectory paths across the layer in
the y-direction is of most interest. Figure 3.52 shows the
analytical model for dp/dx = 0 flow compared to data. Con-
sidering the limited number of trajectories observed which
results in a ragged histogram, the agreement between model
and data 1s excellent, Y-T|°

The model 1s a Gaussian Distribution: e~1/2 S;_

s

T\ 2
modified by [1 - e'u(Y/Y) ] to account for the presence of
the wall by making the distribution g0 to zero at the wall,

Sy 1s replaced by 0.40 ¥ (above result) and the resulting
distribution is

-\ 2 _ o

o(Y) = O;& [1 2 e"*(Y/Y)] e~3.13(Y/¥-1)
Y

where the constants are chosen so that f ¢(Y) s 1

0
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The distribution has the simllarity feature that
Yo(Y) 1is a universal function of Y/Y (given in figure 3.52).
Thus, for zero pressure gradient flows (and to good approxi-
mation for the pressure gradient flows studied, as well) where
Y 1is a known function of X , the distribution may be given
as ¢(X) . For example, the mean trajectories can be approxi-
mated by a straight line over most of the observed motion;
figure 3.52 1llustrates this approximation by example.

#(Y) represents the frequency distribution of y-position
of ejected fluid after it has proceeded a definite time, T
However, X and T are nearly linear and so ¢(Y) 1is a good
approximation to the distribution over y of bursts after
having procecded downstream a fixed x-distance as well,.

So ¢(X) (where Y vs X 1s approximated by straight
line, for example) provides a statistical prediction of the
downstream poslitlion of fluid ejected from the wall at anv
x-station. T!ls information should we useful for studying

the influeticc of bursting from the siblayer on boundary layer
history phciioiona.

The d:stribution of X abcut X 1s modeled by the
Gaussian distribution; but no unive:i'sal distribution function
can be given since Sx = 0.30 XT/2 .

The approximate zero
pressure girocient representation is:

_=1/2]x ,\2
Jx) o 1:23 e.4.72.. )%-1)
- =15

¢c. Bu:rst rate

The 1requency of ejectinon o1 low velocity filaments
away from the wall layer (bursts) per unit area per unit
time was investigated by examining the side view motion
plctures of the ejection process. The procedure was to
introduce dye through a wall slot over a known width of
injection (one inch) and then count the number of ejections
per second over a glven downstream distance (about 10 inches).
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The ejJection process 1s an intermittent process; but
when viewed for a time long compared to the time for forma-
tion and breakdown of streaks the bursts occur uniformly over
the plate, i.e., at random locations.

However, the introduction of dye -at a discrete x-station
and 1ts subsequent diffusion into the sublayer necessarily
gives non-uniform observation with respect to the x-direction;
that 1s, upstream of the dye slot no bursts are observed, and
far downstream (12 inches) of the slot the dye 1is sufficiently
diffused that the bursts which occur cannot be observed.
Between these limits the percentage of actual bursts which
are observed varles in some unknown manner with x . This
"marking distribution" probably depends upon dye injection
flow rate and to some degree upon flow conditions as well,
Unfortunately, no better technique for measuring burst ratec
1s currently kncwn.

For this reason the burst ratc data are given as total
number of bursts per inch of Spanwise dye ejection; the
number 1s not divided by some ill-defiied X-dimension. For
observing the trends in the data, the effect of non-uniform
marking distribution is removed by referencing the burst
rate, F , to F at the inlet station, By

The ejection rate magnitudes (ce= Table 3.3 for tabular
 presentation) should be considercd as 'nly approximate esti-
mates of the actual bursts/sec over about 6 1n® of plite ¢rea.
However, val!'d indications of the f'unc{ional dependence of the
burst rate witn X-position, frees: r~am veloclty, and applied
pressure gradleant are given by figures 3.53 and 3.54, Tre
dependence of burst rate upon known sublayer-model variables
1s given by the following plausible argument: Assume that for
dp/dx = O lows, the volume of fluid <Jected per square inch

of plate area is constant; moreover, vol _ _vol x durst
in burst 1n2
and volume/burst is assumed proportinnal to k3 . But
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e 331 = constant (see figure 3.34); hence A\ 1is proportional
to %: and bxg;f ~ iB . So for fﬁ% to be constant, burst/in®
must be proportional zo ug ; or since for dp/dx =0 ,
u, ~ u2710 , burst/in® must be proportional to u§'7 .

F versus u_ and u_ are plotted in figure 3.53; the burst
data for the zero pressure gradlent are seen to correlate very
well with u3 or u§'7 independent of the x-station.

T
The effect of pressure gradient upon the burst rate is
: 2.7
‘ F [Y=in
shown by plotting 5 g (figure 3.54) against K ,
in L
v du
where K = _2'__2 .* On this plot all zero pressure gradient
u_ dx p o @7
data fall at one point: K = 0 , =1 . Deviatilons
Fin u_

from 1 for K # 0 are duec to pressure gradient effects. It
1s shown that positive gradients increase the bursting rate
over that of zero gradlents at the same velocity, and negative
gradlients accordingly decrease the bursting. In ract, strong
enough negative pressure gradients (such as the strong - dp/dx
flow of this study) can cause complete cessation of

bursting from the sublayer. The bursting phencmena is felt

to be the essential feuature of turbulence production in the
boundary layer, and 1ts cessation quickly leads to a marked
departure from vyplcal turbulent boundary layer characteristics.
This change in behavior 1s called "relaminarization" in this
report and 1is dlscussed more fully in the separate section on
relaminarization (Chapter III, section Bl).

3. Outer flow regions

The flow structure of a turbulent boundary layer has been
conveniently divided into three distinct regions: (a) sublayer

fSee section on relaminarization for a discussion on the use
of K as pressure gradlent parameter.
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or wall region, (b) fully turbulent region, (c) wake or
intermittent region.

The major effort of this investigation 1is spent studying
flow details in the sublayer region (section Bl) and the
interaction region between the sublayer and the outer regions
(B2).

However, visual images of the structure in the fully
turbulent and wake regions have also been obtalned for each
Ilow test station using the hydrogen bubble technique. For
the fully turbulent pressure gradlent flows studied, the
qualitative structural features observed are those expected
from many prior investigations, particularly Runstadler, et
al [1963].

The fully turbulent region extends from y+ = 40 out to
a value which depends upon the Reynolds number and pressure
gradient history; 1t is characterized by a very complicated
pattern of random turbulent motions over the entire plane of
the rflow (for example, see photograph in figure 3.42-F). The
turbulent motions have no zpparent order. Erratic lateral
turbulent motions are seen; these lateral motions become more
intense in the presence of positive pressure gradients, and
they are diminished in negative pressure gradients.

The fully turbulent region gradually blends into the
intermittent region as y* increases. This latter region is
Characterized by filaments of turtulent fluild which project
up out of the fully turbulent reg-on causing intermi:itent
turbulent-ard-potential velocity m=asurements in time at any
fixed polnt in this reglon of th: flow. Runstadler =t al
[1963] observed a one-to-ore corr:=spondence between :he extent
of the logzrithmic portion of th: ut , y* velocityv profile
and the extent of fully turbulen- gstructure. Runstadler
reported that the intermittent =gion began at the y-position
where the profile deviates from the log region, and that
intermittency extends out to y/86 ~ 1.2 » when & 1s taken
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as the point at which Uy 50a1 = 0.99 u_

The present pressure gradient studles indicate that the
structure is fully turbulent beyond the point where the pro-
file deviates from logarithmic dependence and that the
inflection point in the profile - the point in the wake region
where the curve becomes concave downward - 1s where inter-
mittency begins. See, for example, positions G, H, and I
in figure 3.42,

Since this behavior was observed in both positive and

negative pressure gradient profiles, the zero pressure gradient
case was reexamined. For the zero pressure gradient flows at
the relatively low Ree of this and Runstadler's investigation,
the point of deviation from the logarithmic region and the
point of 1Inflection in the wake-like outer profile are very
nearly the same. In the hot-film data profiles of Runstadler,
et al [1963) the two distances are indistinguishable due to

the scatter. Thus, in Runstadler's data 1t is difficult to
dlstinguish the difference between the point of deviation from
the log curve and the point of inflection, let alone to
determine at wiilch point the intermittency factor begins to

be less than ovne,

In view of the pressure gradient results and after closer
examination of the zero pressurc gradient results of this and
Runstadler's [1963] study, it now appears that a fully turbu-
lent structure (with intermittency factor of one) exists not
only in the poyrtion of the layer corresponding to the log-
arithmic portion of the profile but also « it to the peilht of
inflection in the wake profile,

§. Relaminarization

Relamlnarization 1is the "reverse-transition" of a fully
turbulent layer to a laminar boundary layer. Just as natural
transition from laminar to turbulent flow 1s a gradual
succession of stages (Meyer and Kline, [1961]), relaminarization
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occurs gradually rather than suddenly. However, the details

of this relaminarization process are not yet fully understood
in spite of significant recent contributions by Launder [1963],
Moretti and Kays [1964], Steinberg [1954], Sergienko and
Gretsov [1959], Sebulkin [1962] and others. To avoid con-
fuslon a boundary layer undergoing relaminarization will be
called "laminarescent"; and it will be called "relaminar"

when the transition is complete - 1.e., when the flow has
entirely laminar characteristics except for, perhaps, a high
residual fluctuation level.

The "point" of relaminarization is arbitrary since it is
a gradual process and it must be carefully defined. 1In this
report the "point" of relaminarization will mean the position
where the production of turbulent kinetic energy becomes
zero., As wlll be discussed below, this point does not
colncide either with the beginning of relaminarization or with
the point of reaching a relaminar state (both of these latter
deflnitions are difficult to define accurately and unambig-
uously.)

The strong negative pressure gradient flow of the present
study produces laminarescent boundary layers.f The accompanying
structure studies add significant understanding to the relaminar-
ization process. However, this aspect of the study was under-
taken to investigate the behavior of turbulent boundary layers
under negative pressure gradlents, and a relaminarization
study, per se, was not originally intended. Just one
laminarescent flow is considered and 1t does not carry the flow
completely to a relaminar state. ‘More complete relaminariza-
tion structure studies are contemplated as future work at
Stanford University. |

The point of relaminarization probably depends upon most

TLaminarescent boundary layers may be formed by other means
than application of severe negative pressure gradients (see

discussion by Moretti and Kays [1964]), but this means alone
is considered here,
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of the same things as the point of natural (forward) transi-
tion: Reynolds number, pressure gradient, free-stream turbu-
lence, Mach number, wall curvature, etc. This study does not

§ encompass all these effects. The only variable which undergoes
significant variation in the present study is the pressure
gradlent. A non-dimensional parameter which predicts the
effect of pressure gradient upon relaminarization under the
gilven limitations of incompressible, subsonic, moderate

1 turbulence freestream flow over a flat plate for Ree around
600 was sought.

Since the point of relaminarization has been arbitrarily
deflned as the point where the production of turbulent energy
becomes zero, a reasonable parameter may be obtailned by setting
the prcduction terms in the turbulent energy differential
equation equal to zero.f

In Cartesian coordinate the turbulence production* term
1s (for exa pie see Hinze [1959]):

Ju

= UiUJ 5;1

i

This teim may be expanded using the continuity equation,

yilelding (:.. x, y, u, v coordinates) for a two-dimensional,
steady mean .low:

ou - i -
— 771 [=2 2] du , — [du ., OV
: hill rxi = ( -V 5—}-{- + uv 37 + 'Sf
For the production to be zero, where Tyx - + oV
(¥ L p ) 9 = a}_ &
;§ = ;§ L _ du - -1
S Tyx ox

1'A more generai argument can be given since the same parameter
will also be obtalned if the production terms are set equal to
any non-zero value,

*or destruction if negative.
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This grouping may be put into a more useful form by

. ' 2 BE
arguing that s

uv

1s a function only of y+ ; also

Tyx = Twallx(function of y+). Now the region just outside
the wall layer (i.e., yt 2 15) is known to be the region of

highest turbulent production (Klebanoff [1954]).

Further,

the present study shows that the laminarization phenomena

caused rapid changes in the mean veloclty profile and dimin-
ishing of turbulent bursting in the same yt reglon. (See
helow.) Thus, consideration of the pressure gradient param-
eter at a fixed y+ should not 1limit 1its usefulness for

predicting relaminarization. Thus,

du

o - +y o
T 3% = f(yo) = constant

W

2
Since Tw - Cf 1/2 pu, (defines Cf),

du

manner:

ou

X

l— constant

8CN4<
Q

du £

s 0
3x ™may be expressed in terms of T in the following

aa au

Therefore, 3% = 6xT f(y+)

Ce

auT =Ff' du_ . u_ 1
ox 2 dx 2\/5!\/0—; dx

For large applied pressure gradients such as are required

for relaminari~ation this 1s a falr assumption (e.g., at

x-statlion 12, “‘r - dp/dx flow,

1 du . s 1 de
o, & <30 |Impe )

Substituting 'his simplification th constant grouping becomes:

du
Vl/Cf|- X§-3§3-= K//VCP' (defines KX )
[ i
oo
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K alone or K 1n some other combination with Cf or
Reynolds number has been suggested by several other workers.
Back, et. al [1964] using nearly the same argument as above
suggests the parameter K/Cf

Back [1962] in an earlier analysis of'ﬁhe momentum inte-
gral equation suggests: K/Cf.z’/2 . '

Moretti and Kays [1964] suggest K alone based upon a
consideration of the momentum integral ecuation. A common
prediction df pressure gradient effect upon the critical
Reynolds number for natural transition (laminar-to-turbulent)

(gcg&ichting [1960]) correlates Re .it1cq) @&ainst
b

ol el K(Re6)2

Thus, 1t appears that K 1s a useful parameter, but in
what combination with C, or Re 1is "best" 1s not clear.

In veiw of the conflict, K alone will be used to represent
pressure gradient magnitude in the present report. K 1is
simple and correlates the present results adequately. More-
over, since Cf is a slowly varying function which normally
does not vary as much as a factor of 2 for turbulent boundary
layers, \/6;1 1s almost a constant factor, and-its omission
in correlations has a slight effect.

In a logical but not strictly rigorous mariner, a non-
dimensional parzmeter, expected to be useful for predicting
relaminarization, has been derived. The parameter should also
be useful for correlating pressure gradient results different
from the relaminarization flow. The basic assumption in the
derlvatlon was that turbulent energy production by the mean
velocity gradients in the flow directions was set equal and
opposite to the production arising from the gradient normal
to the wall. 1In cases other than relaminarization, the ratio
of these terms will have some value other than -1, but the
parameter should still be a generally useful one.
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1. Structure results

The most striking structural feature of laminarescent
flow 1is a decrease in turbulent bursting from the wall layer
region. Figure 3.57 shows the channel shape and the burst
rate and pressure gradient parameter, K , as functions of
x-statlon down the channel (the free-stream veloedity distri-
butlon 1s given by figure 3.4, and Table 3.1 gives other
pertinent data).

As the flow accelerates downstream and K increases,
the bursting rate decreases to a minimum of nearly zero for
K above about 3.5 x 10'6 » and then the bursting begins
again as K decreases below about 1 x lO'6 . The region
where K > 1 x lO-6 (9 < x-station < 12), where the bursting
1s lessened is a region of laminarescent flow. From x-station
13 downstream, the flow changes back from the partially
laminarized state toward turbulent flow; in this region one
observes 1isolatzd "spots" of turbulsznce typical of the later
stages of natural transition (Meyer and Kline [1961]), Emmons

[1951]).
F u, in
The burst ijzta are plotted as
Fin u_

in figure 3.54. These coordinates Separate changes in the
burst rate due tc¢ pressure gradlent from those due to veloclty
variations alons, since in a zero pressure gradilent

F=c u§’7 flgure 3.53). The high positive K data shown
i1s for the relaminarizing flow. The decrease in bursting for
large positive K 1is approximately linear with K for the
laminarescent fliow (upper linear curve in figure 3.54). The
apparent hysterc:zis and low burst values as K approaches
Zzero cn lower curve is explained by the retransiticn of the
flow. That 1s, vrily 1solated areas of the wall layer are
turbulent and altlough the burst ra ¢ from these patches is
very high, the {ctal burst rate appears low because only a
portion of the flow contains turbulent spots 1n time and
space. Unfortunately the test secticn was not long enough to

2.7
) versus K
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actually observe whether the burst rate further downstream
returns to the higher value predicted by the zero gradient
correlation, but there seems to be no reason why it should
not. A special study to further define these effects is
needed.

Corresponding to the drastic reductions in burst rate,
other structural changes were observed. Figures 3.55 and
3.56 show still photographs taken from plan-view hydrogen
bubble movies of the flow at several y-positions across the
lamlnarescent layers at x-stations 10.25 and 12.18 feet.
Smoothed curves of the respective velocity profile data in
u+,y+ coordinates are also shown.

At x-station 10.25 (figure 3.55), where the flow has
begun to accelerate (K = 2.8 x 10~ ) changes away from the
typical fully turbulent veloclty profiles occur in the wake

region and in the wall layers. The mean profile near the
wall becomes nonlinear. When plotted in ut,yt coordinates
based upon wall shear determined by the wall slope method,
the deviation from lilnearity shows as a deviation from the
ut = y+ curve (figures 3.20 and 3.55).

While the sublayer structure at station 10.25 has the
general appearance of the typical turbulent streaky structure
(picture A, figure 3.55), several changes have occurred.
Occasional spots of laminar-like (quiescent) flow are observed
in the wall layer region. Picture B, y+ = 9.9 , shows an
example of the laminar-like spot of wall flow which occurs
intermittently 2t this point in the wall layers a2t this
x-station. The right-center part of picture B (figure 3.55)
1s the laminar-like spot; the letf't side 1is typically turbulent.

The spacing, N , between the streaks at x-station 10.25
1s not correlated by i » constant for laminarescent flow.

A high value of AT = 170 (figure 3.34) is obtalned whereas
all the turbulent layers have Ao 105 . The spacing between
streaks does not decrease in proportion to the increase of u.
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for this flow to keep W
gradient region.

105 1n the strong pressure

Q

A clearly defined logarithmic proflle region still
exlsts and the flow structure is accordingly unchanged, 1i.e.
fully turbulent. Picture C, figure 3.55, at y+ = 33 shows
the typically fully turbulent eddy structure of this reglon
for x-station 10.25,

The acceleration of the free-stream tends to Quickly
eliminate the "defect" portion of the pr'ofile.'r However,
that the outer profile nearly coincides with the logarithmic
curve of the turbulent core is a coincidence, From y+ = 130
outward, typical wake-intermittency structure is observed
(see picture D, figure 3.55).

Transferring attention now to x-station 12.2 feet (refer
to figure 3.56), all characteristics of fully turbulent bound-
ary layer profile and structure have vanished; no ejections
or burst from the wall layers are seen; the wall layer profile
1s not linear; no logarithmic section exists in the mean pro-
file; no part of the mean profile obeys the "law of the wake",
The flow structure pictures show Spanwise variations in the
X-component of velocity which extend from the wall outward
nearly tv the outer edge of the layer. But note that no fully
turbulen® core region exists; the spanwise pattern simply
extends «211 out into the layer (see picture C a< yT = 66 ).
The outermost portions (picture D) show an esser.tlally laminar
structur= with some residual fluctuations.* hie spanwise

T Phe Bernculll equation shows why: since dp/dx 1s the same
for all gtreamlinis (for negligible streamline curvature)
then du/dx = (- 5 dp/dx) 1 . That is, fluid with lowerp

u
velocity 1s given proporticnately higher acceleration, tending
to flatten the outer prcfils,

*We distinguish here between zoherent (1L.s., laminar-like)

fluctuations and "usual" turbulence which 1is unsteadiness
contalning all sizes of eddies (wave numbers). The distinc-
tion 1s qualitative but nevertheless very clear and signif-
lcant 1n hoth direct observation and movies.
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velocity patterns are much more fixed in space than turbulent
"streaks" and these patterns extend for 106 or more downstream,
whereas turbulent streaks break up in about one & . This
structure near the wall 1s strongly reminiscent of the peak-
valley structure (stage III) described by Meyer and Kline
[1961] in an investigation of the later stages of natural
transition on a flat plate. Tre spacing between these span-
wise velocity variations yields a N = 240 (figure 3.34)

which 1s measurably different from the turbulent layer corre-
lation of AT = 100 ,

The sudden change (in terms of x-length) from typilcal
turbulent profiles at x-station 10.25 makes the determination
of wall shear by the cross-plot-of-the-wall-region invalid.

On the other hand, determination by the slope of the mean
veloclty profile at the wall is inaccurate because no well-
defined linear profile exists. Figure 3.20 plots the data

in ut,yt coordinates using both methods. The wall slope
method 1s felt to be the better evsluation of wall shear for
this strong - dp/dx flow. The degre= of discrepancy befween
wall shear determined by the cross-plot method and the wall
slope method 1s shown by figures 3.22a and 3.22b. The
relaminarization data are seer to b not only quite different
but also to e¢xhibit a trend contrary to that found in the

fully turbulent data. The 50% discrepancy between

T(cross plot or log region) 2Md "(wall profile slope)
(figure 3.22t) 1s indicative o the possible error if the
cross-plot method 1s used to determine wall shear in a region
of relaminariz=tion.

Distributions of the longitudinal (x) component of
veloclity rluctuztion for laminaresceat flow (str - dp/dx)
(figure 3.29) show values of\[:57uT of 40-50% .ess than the
zero pressure gradient values over the entire profile. These
results are conslstent with the observations of decreased
bursting and l:ssened mixing descrived above.
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In summary, the flow undergoes the followilng succession
of stages in relaminarization. At the entrance (x-station 8)
the boundary layer has a typical zero-pressure-gradient, fully-
developed turbulent structure. As the walls converge and the
flow begins to accelerate, the first stages of laminarescence
are observed as K rises to about 8.5 x lO'6 at x-station 9.
The bursting rate drops some 20% from the zero gradient
correlation (figure 3.54) at this point,but very little
structural or profile changes. are expected (no profiles were
actually taken at this x-station). Relaminarization continues
to progress in the direction of relaminar flow. At x-station
10, where K = 2.8 x lO'6 » the defect region is eradicated.
At thls station the burst rate is down to 40% of the zero
gradient correlation, and the wall layer region is non-linear.
Spots of laminar-like flow are observed, and A1 1s 60%
higher than the typical turbulent correlation (figure 3.34).
The "point of relaminarization", defined as the point where
the production of turbulent energy reaches zero, 1is apparently
reached at about x-station 11, or at K = 3.5 x 10-6 . The
profiles at x-station 12 where K 1is about 3.25 x lO'6 ;
show no characteristics of the earlier turbulent condition;
the laminarescent profile is in transition between turbulent and
laminar. A moderate fluctuation le®1 remains (figure 3.29),
bul the character of the structure is 3-dimensional-laminar-
unsteady rather than turbulent (see figure 3.56). At x-station
13.5, K drops back below 0.5 x lO_6 (figure 3.57) and
turbulent bursting begins again from isolated spots of wall
turbulence. As K drops to zero the flow apparently returns
to turbulent flow by the usual mechanisms observed in natural
transition,

The respcrise of the boundary layer to local changeg in
uOO

Vv
pressure gradi<:rt as measured by the parameter K é 5 =
dx

are surprisingly rapid in this flow. However, certain
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"delays" are known to exist which make the description of the
stages of relamlnarization by a local pressure gradient paramefer
incomplete. For example, the viscous damping of small scale
turbulence during relaminarization, and the movement of
eJected turbulent fluild outward during the retransition involve
delays of several boundary layer thicknesses at least. Never-
theless, during the initial relaminarization stages of this
FITow, flgure 3.57 i1ndicates that K provides good correlation
of the decrease in bursting and the onset of retransition.
Within these limitations and with due respect for the
lack of experimental variation of variables other than pres-
sure gradient (note, for example, (Table 3.1) that Ree was
very nearly constant during relaminarization), the following
stages of relaminarization are tentatively suggested as func-
tions of K :

6 Turbulent flow

0.5 <K < 3 x lO-6 lst Stage: Laminarescent;

lessening of burst rate from

K < 0.5 x 10~

sublayer and lower turbulence
intensity; sublayer becomes
quiescent, streak spacing param-
eter, %+ s rises rapidly; defect
reglon disappears; slow decay of
turbulence core.

K =3 x 10 Point of Relaminarization: As

evldenced by cessation of bursting
and low turbulence activity, pro-
ductlion of turbulent energy is
presumed zero or very near zero.

K>3 x 10 2nd Stage: Bursting has ceased,
layer 1s in transition from
turbulent to laminar with char-
acteristics of nelther.
(laminarescent boundary layer)
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K>3 x 10~ 3rd Stage: Continuing
K>3 x 10'6 willl result in a
relaminar boundary layer with
high turbulence level which will
bé damped out, finally resulting
in a true laminar boundary layer,.

This relaminarization structure study provides consider-
able physical insight into the mechanism. The results, while
they are limited to just one flow of short pressure gradient
application (layer just reached stage 2 before retransition),
generally agree with more detailed relaminarization studles of
Launder [1963] and Moretti and Kays [1964]. Figure 2.58,
taken from Moretti and Kays [1964] shows the reduction in
heat transfer from that predicted for turbulent flow due to
relaminarization of the boundary layers. A gradual relamin-
arization process such as suggested by the present results,
1s shown by the gradual reduction of heat transfer with
increasing K . Moretti also suggests the point of laminar-
lzation occurs at K = 3 x 16-6 . The coincidence of this

value and the similarity of conclusions reached as a result

of heat transfer studies on the one hand and the present
structure studies on the other, gives more confidence in botn
results. Many applications of relaminarization including
predictlon of heat transfer coefi'iclients, and hence also

estimates of Ce » are given by Moretti and Kays [1964] and
are not repeated here.
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Fig. 3.10 Mean velocity profiles (u vs. y)
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dp/dx = 0 flow
Station 13
y+ = 12

u?

u
0.34
2.65

0.050

TI = = 0.3l

dlg WY,

-0.20 -0.10 0.0 0.10' 0.20 T ft/sec

Fig. 3.31 Distribution of velocity values

0.80 P O Comte-Bellot [1963] Channel Flow - ReD = 120,000
' 4O <« x/D < 122
A Boundary layer flow Reg = 6900
0.60 strong + dp/dx flow - Station 10
® strong + dp/dx flow - Station 7
V¥ strong + dp/dx flow - Station 12
0.Lko | & dp/dx = 0 flow - Station 13
0, @ streng - dp/dx flow - Station 10
@ mild + dp/dx flow
0.20
0
A
-0.20 11
120 1oyt
b ~
N
u
(1)
A
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Fig. 3.32 Skewness and flatness distributions with y+ i
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u yT >10

S

S 0

A

positive skewness

u‘ yt <10 s>o0
~
J U V—AJ
z negative skewness z
- >

Fig. 3.33 Sketch illustrating the relative extent of low-speed regions

corresponding to positive and negative skewness of the velocity
fluctuation distribution in the wall region.

—

Legend |
Symbol Flow
L}’ dp/dx =0 )\+ - ‘B
ko v v
(¢ mild + dp/dx 290 +
1
.4 mild - dp/dx Structure
A strong + dp/dx 200 T not turbulent
® stroug - dp/dx | oL
(Relaminariz=ticn ®
€ Runstadl-r [1963 ]160 R
dp/dx =
]' Typical 05} 140 L
. confideice interval|
A 220 % %
A e %
80
Based on different
60-L counting procedure
Lo 4~
v du_
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-2.0 -1.0 0 1.0 2.0 3.0 4.0
l ’
Fig. 3.34 visual Versus K (Pressure gradient parameter)
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Visual Correlation Flow
Cc}\unt Peak )\R
\Y 11
z-structure lengths O dp/dx = 0
A ® O str + dp/dx
(inches) A A ————— str - dp/dx
| (re-laminarization)
1’6% ') » O mild - dp/dx
v \v/ 10 converger
1.)47_ \méld + dp/dx
A dii:n::r
1.2— G
: Ii[:u
1.0
1.0 A
0.8— ‘ F a8
NPT g |
0.6} Runstadler [ 1963 ] .
dp/dx = O o
O b}~ Visual counting \
0 ——
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: | | | n | : | |
o) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
e Uo ft/sec
Fig. 3.35 visual YETSUS ux
0.10_ (u - W) ft/sec
O
-0.10 z( inchek)
R,.(z
11( o) dp/dx = O flow
U = 0.5 ft/sec
| vt = 12
u = 0.20 ft/sec
l.LP o
W z.‘
/ | | .
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——
| |
1.0 .
-0 A(inches)
Fig. 3.3F Spatial spectral analysis results of a single movie frame,
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a. Correlation b. Weighted correlation

\ U( 7‘) U( V)

l.b inches A 1 e 3

Y inches

c. Fourier transform of R11 versus A d. 'Fourier transform of R11 versus V

Fig. 3.37 Spatial spectral analysis results from 6 frames;
; dp/dx = O, station 13, ue, = 0.5 flow at y"' - 12 .
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Fig. 3.38a Typical samples of individual frame spectrums
str + dp/dx, Station 10

l
N u() \
]
0.8 v
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Sggtion 10 Station 10
y* = 1.62 0. L
" | 'D f_ I. | i
. 2 18 2.0 2. O 0.5 .0 1.5 2.0 2.5
Ny = 0.61 Ain) A(in)
Fig. 3.38b Distribution of peaks Fig. 3.38¢c Ensemble-spectrums
from 31 individual from 31 frames:
frame spectrums: str + dp/dx, Station 10
str + dp/dx, Station 10
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3.40 Temporal correlation coefficient versus time lag
for dp/dx = 0 flow; u_= .5 ft/sec, Y' = 12 .,
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Number of low-speed streaks

o\
o
|

n
(©)
I

(@)

0O

O

10 20 30

(stnd.deviatia /mean)x 100
=
o
l

Lo

50 60

70

seconds

Total time of data sample

Fig. 3.4la Standard deviation of spatial distribution
of low-fluid-velocity streaks versus sample time.
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Fig. 3.41b Histogram of spatiél distribution of
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low-speed streaks - zero pressure gradient
Uue = 0.5 ft/sec
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Fig. 3.42 Pictorial structure survey: str + dp/dx, x-station 10.
(concluded).
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Fig. 3.43 Comparison of structure in wall layers
for zero, positive, and negative pressure
gradient flows. Field of view is 5" x 4",
flow 1s top to bottom.
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Horizontal bubble wire Flow out of paper

Flow out of paper
Fig. 3.44 Sketches of ejection process as illuminated

with various He-bubble techniques.
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Fig. 3.45 Side view photograph of dye streaks

ejected away from the wall layer flow.
u_ = 0.291 ft/sec., y' scale shown on
f¥gure. dp/dx = O ; Runstadler [1963].
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1,00 \ .
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V Averages ; /
0.75I O Maximums k‘
: 2 a0
, 4 5 i
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0.2 >V 5 ! /
2 5 > B 7 .'
= > g7 1
0 1 (1 7 | | |
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Fig. 3.47a Trajectory: Y-position vs. time; dp/dx = 0, X-Station 10.
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Fig. 3.47b Trajectory: X-position vs. time; dp/dx = 0, X-Station 10,
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Fig. 3.49 Average c¢jected filament x-component of velocity vs y+ .
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Fig. 3.51 Ejected filament average x-component of velec Vs, Y+
pressure gradient flows.
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Fig. 3.50 Trajectory data Y vs. X for Pressure gradient flows.
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Fig. 3.52b Trajectory distribution: comparison of data to model
"dp/dx = O'flow, x-station 10,1 ft,
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Uy,
* 2
Based on viewing area of 9 in
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logarithmic region method.
0.10 : i |
0.01 0.1 10

1'%‘bursts/sec/in :

Fig. 3.53 Burst rate data for zero pressure gradient flow:
Fvs.um,Fvs.u.r
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Fig. 3.54 Effect of pressure gradient on burst frequency
from wall layer,
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Fig. 3.57 Burst rate and K as functions of x ;
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Fig. 3.58 Effect of severe negative pressure gradients
on turbulent heat transfer.
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Table 3.1 Summary of Parameters which Describe Experimental
Flow Conditions at Each Test Station.

Plow
Type

dp/dx = 0

ni1d+dp/dx

®11d-4p/dx

str+dp/dx

str-dp/4x

Runstadler
dp/dx =0

Plow
Type

dp/dx = 0

uild+dp/dx

mild-dp/ax

stredp/dx

str-dp/dx

Runstadler
dp/dx = O

X=

ata

rt
6.30
10.30
13.50
6.15
8.25
11.24
15,24

8.33
11.33
15.33

7.25
10.15
12.23

8,14
10.25
12.18

19

X-

sta

£t
6.30
10,30
13.50

6.15
8.2%
11,24
15.28

8.33
11.33
15.33

7.2%
10,15
12,23

8.1
10.25
12,18

19

Yy

ft/sec

0.50
0.50
0.50
R
43
.bo
.36
5
49
4
0.39
.36
.32
.38
.
.57

0.430

ft/sec

0.50
0.50
0,50
"
A3
40
.36
A5
N9
.54
0.39
.36
.32
.38
M
.57

0,430

8,99
inch

2,175
2.25
2.75

1.38
1.58
2,20
&,20

2.05
2,17
2.42

1.53
2.30
3.40

1.48
1.60
1.60

5.0

5.99
inch

2.175
2,25
2.75

1.38
1.58
2.20
4,20

2.05
2.17
2.82

1.53
2.30
3.40

1.48
1.60
1.60

5.0

8 (]
inches inches
.337 .233
.362 .263
42 .320
.248 172
.294 .201
.398 . 264
.798 M2
.362 Jou2
.362 224
.346 246
0.287 0.173
0.518 0.319
0.898 0,540
0.259 0.176
0.252 0.171
0.159 0.11%
0.70 .505
> )

inches inches

337
.362
Ab2

.248
294
.398
.758

.362
.362
346

0.287
0.518
0.698

0.25%9
0.252
0.15%9

0.70

.233
. 263
.320
172
.201
.26h
52
242
Lo2u
. 246
0.173
0.319
0.540
0.176
0.171
0.11%

505

u

<
profile

near wall
ft/sec

insuffioient
d.tl
L)

.0195
.0188
.0168
L0154

.0202
.0202
.0217

0.0167
.0148
.0124

.0209
.0268
.040

0157

Yy

profile
near wall
ft/sec

insufficient
d.ta

0195
.0188
.0168
L0154

.0202
.0202
0217

0.0167
,0148
L0124

-0209
.0268
040

L0157

%

ocross plot
log region

ft/se0

.0233
.0231
.0228

.0223
.0205
.0185
0157

0215
.0237
026k

.0193
.0150
.0120

.0198
.0216
.033

.0190

i

cross plot

log region

ft/sec
0233
0231
.0228

0223
.0205
0185
0157

.0215
.0237
<0264

.0193
0150
.0120
,0198
.0216
.033

.01%0

121

x 106

3.2

-,83

0.21
0.79
0.75

-2.0
-1.05

778
1680

885
920
1160

588
957
1560

586
615
567

778
1630

885
920
1160

588
957
1560

586
615
561

1.45
1.43
1.38
1.8
1.46
1.5
1.47
1.%0
1,46
1.40

1.65
1.63
1.66

1.47
1.47
1.35

1.38

1,45
1.43
1.38
1.84
1.46
1,5
1.47
1.50
1.86
1.80
1.65

1.6
1,66

1.47
1.487
1.35

1.38

oo.p.

6.67
6.63
6.76

7.02
6.56
7.98
7.65

7.0
6.5
5.8

8.1
9.2

10.6
g, [+]

p. pro

6.17 5.80
6.08 4.9
4.5 3.0

1
00.
6.1

6.2

oe.p.

6,67
6.63
6.76

7.02
6.56
7.98
7.65

7.0
6.5
$.8

8.1
9.2
0.6

p. Yro

7 5.80

6.08 4.9

L)

3.70
6.2

x100 & é°3 0

c

{4
wall log., w gg
pro. c.p. pro
4,34 o
4,26 0

- 4,15 0
3.92 5.1 106
3.82 4,56 ,238
3.54 b1 547
3.66 3.80 .85
4,04 4,57 -.139
3.48 4,78 -.612
3.23 4,78 -.829
3.66 4,90 0
3.38 3.48 1,76
3.00 2.82 1.9%
6.03 5.42 (o}
8.53 5.56 -.576
9.64 6.70 -.5.2
x é°’ x é°3 d

()

r r =
wall log. Tw §§
pro. c.p. pro
- h.34 o
| 4,26 0
- A.15 [0}

3.92 5.18  ,106
3.82 4,6 .238
3.54 b7 A7
3.66 3.80 485
4,08 4,57 -,139
3.48 4,78 -.612
3.23 4,78 -.829
3.66 4,90 0
3.38 3.48 1,76
3.00 2.82 1.95
6.03 542 )
8.53 5.56 -.576
9,64 €.70 -.5%2




i

x-sta(ft)

6.1

10.1

13.1

T, sec

N M - M O O H 2 H F O O O

N = =2 O O

o)

.25
.50
.75
.00
.25
.50
.75

375
.750
.125
.500
.875
.250

375
.750
.125
.500
.875
.250

dp/dx = O flow

X,1n

~N O\ WD O O\ F W D K O

o O\ W O

0
677
.502
JLo2
410
A2
450
.568

.935
.183
.565
.026
-394
.993

877

(] 080

450

. 057

£
L] o -

.143

OO O O O O O O

O O O O O o

O O O O O O

y,1in

0

.107
.192
.270
.339
.394
459
.556

149
. 266
.371
U477
.585
.T706

.151
.289
409
.562
.658
.833

122

O O O O O O

O O O O O O

O O O O O O

Table 3.2 Trajectory Data

sx/x

.380
.276
.208
.191
172
TTE

276
.229
.188
174
.128
.113

.301
.231
.189
.163
.118
111

O O O O O O

©O O O O O O

o O O O O O

S
=4

405
.3U6
342
.362
.394
.394

.380
.387
.370
Lol
.38
403

.380
400
400
401
.360
.312

88
88
88
88
86
43
43
14

gl

84

8l
83
70
50
21

18
73
73
70
63
a7
11

no.counted



Table 3.2 Trajectory Data (continued)
mild + dp/dx flow: 1° diffuser

e ———

x-sta(ft) T,sec X,in ¥,1in sx/i sy/§ no.counted

0 0 0 - - 52

.375 1.23 .304 0.312 0.455 52

.750 2.80 U430 0,195 0.324 52

8.1 1.125 4,52 577 0.160 0.292 52
1.50 6.39 .715 0.147 0.288 U9

1.875 8.04 .810 0.109 0.314 35

2.250 9.4 1.065 0.114 0.267 12

2.625 10.38 1.061 4

0 0 0 - - 50

.38 .858 .205 0.312 0.367 50

.75 1.95 377 0.248 0.357 50

I D 1.13 3.31 .530 0.179 0.351 50
1.50 L.73 .653 0.166 0.311 4g

1.48 6.31 .752 0.129 0.280 31

2.25 T.76 .833 0.151 0.213 13

2.63 8.38 .883 0.164 0.193 5

0 0 0 - 27

.38 0.77 0.27 0.338 0.337 27

.75 1.83 0.43 0.250 0.340 27

15.1 1.13 3.03 0.57 0.203 0.294 27
1.50 4, 23 0.69 0.187 0.271 25

1.88 5.39 0.79 0.152 0.284 20

2.25 6.92 0.93 0.111 0.210 16

2.62 8.14 1.03 0.110 0.210 8
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Table 3.2 TrajJectory Data (continued)

mild - dp/dx flow: 1° converger

x-sta(ft) T,sec X,in ¥,1in sx/f : sy/? no.counted
0 0 0 - - 29
.392 .910 147 0.276 0.445 29
784 2,17 .280 0.166 0.425 29
1.176  3.57 402 0.138  0.337 29
8.1 1.57 5.12 .513 0.108 0.362 29
1.96 6.74 642  0.098 0.280 25
- 2.35 8.23 TO4  0.065 0.345 20
2.74 9 167 .733 0.036 0.340 11
0 0 0 - - 30
.392 1.03 0.147 0.290 0.336 30
784  2.40 0.252 0.191 0.384 30
11.1 1.176 3.84 0.355 0.170 0.452 30
1.57 5.37 o.448 0.152 0.420 28
1.96 6.94 0.563 0.132 0.411 23
2.35 8.83 0.659 0.104 0.446 21
2.74 9.98 0.758 0.091 0.416 12
0 0 0 2 = 25
0.392 1.662 .216  0.212 0.266 25
151 0.784 3.62 .374  0.138 0.302 25
1.176 5,63 491 0.123 0.367 25
1.96 7.65 .587 0.094 0.340 23
2.35 9.58 .068 0.094 0,337 17
2.74 11.80 .790 - Yy
- - 0
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x-sta(i't)

10,

12,

1

1

Table 3.2 Trajectory Data (continued)

T, eeE

w w P v+ O w w N D -+ O

U Fw Ww o

o)

a0
.00
.50
.00
+ 518
.00

.50

.50
.00
.50
.00
. 0
.00

» 90

.T5
0]
.25
.00
LT5
.50
.25

str + dp/dx flow

X,1in

o O E D O

~N O\ WD = O

0 N & Ww - O

O

.34
.93
.15
ST
.88
10.

50

.70
.61
.68
.84
.03
.06
.00

.80

.85
.06
.38
.88
, 52
.76

H O O O O O O O O O O © O

= = = O O O O

y,1in

o)

.228
.394
15T
.622
. 730
.80

.170
.329
488
.653
.850
. 956
.150

.234
435
630
.812
.018
.145
342

125

S
X

O O O © O O

©O O ©O O O O ©

/X

. 266
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377
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.225
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. 266
.304
.294
.301
.326
.290

.160
. 20
.225
.296

255
.250

513
439
446
23515
.506
22
.521

no.counted

42
b2
4o
42
ho
28

9

32
32
32
38
31
22

4y
4y
Ly
Ly

37
21



Table 3.2 Trajectory Data (concluded)
str - dp/dx flow

x-sta(ft) T,sec X,in ¥,1in sx/f sy/§ no.counted
0 0 0 - : 26
0.375 0.98 0.179 .281 .311 26
8.1 0.750 2.01 0.336 .190 .309 26
1.125 3.30 0.476 172 .285 26
1.500 4,64 0.583 .128 .323 ol
1.875 6.10 0.T740 111 .250 22
2.250 7.58 0.842 .108 .311 18
2,625 8.30 1.082 2 2 I
o 0 0 19
0.375 0.86 0.130 (not determined) 19
0.750 1.84 0.229 19
9.1 1.125 3.03 0.314 19
1.500 4,32 0.368 ' 19
1.875 5.78 0.433 18
2,250 6.89 0.549 ' 10
2,625 8.23 0.632 5
o) o) 0 - 37
0.375 1.08 0.140 . 266 .310 37
0.750 2.34 0.241 .179 .334 37
10.1 1.125 3.76 0.336 .147 377 37
1.500 5.30 0.407 122 427 36
1.875 7.07 0.458 .108 39T 33
2,250 8.37 0.557 .093 .354 15
2.625 8.55 0. 559 - - 2
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Table 3.3 Burst Rate Data

Flow X-sta u, K u. F
ft ft/sec - ft/sec  burst/sec/in
dp/dx = 0
Runstadler [1963] 19  0.197 0  0.00918 0.0652"
19  0.434 0  0.0188 0.530 '
19  0.750 0 0.0311 2.48
dp/dx = 0 flow 6 0.50 0 0.0233 1.00
10  0.50 0 0.0231 0.99
13 0.50 0 0.0228 0.98
mild + dp/dx flow 6 0.440 -0.25 0.0223 1.02
8  0.425 -0.53 0.0205 1.04
1l 0.396 -0.83 0.0185 0.70
15 0.361 -0.36 0.0157 0.61
mild - dp/dx flow 8 0.450 0.21 0.0215 0.66
11 0.485 0.79 0.0237 0.71
15  0.536 0.75 0.0264 0.96
str + dp/dx flow T 0.390 0 0.0193 0.84
10  0.341 -2,00 0.0150 0.73
12 0.308 -1.05 0.0120 0.57
str - dp/dx flow 8 0.382 0 0.0198 1.07
Relaminarization 9 0.386 0.50 0.020 ‘ 0.86
10  0.427 2.75 0.0216 0.58
11 0.507 3.85 0.626 ¥ 0.18
12 0.602 3.25 0.633 0.19
13.5 0.272  0.56 0.037 ¥ 1.05
14 0.683 0 0.038 1.42

TBased on estimated view area of 9 1n2 -
1:Ext:rnapolat:ed; based on smooth Cf variation with x .
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IV. SUMMARY AND CONCLUSIONS
A, Summarz

The summary falls naturally into four categories:

1. The influence of moderate pressure gradients upon
the flow structure of a turbulent boundary layer.

2. New information on the "basic" turbulent structure.
3. Relaminarization of turbulent boundary layers.

i, New experimental techniques.

1. The influence of moderate pressure gradients upon the

flow structure of turbulent boundary layers

a. Similarities to zero gradient structure

For moderate streamwise pressure gradients:
2 x 107° <K <0.5x 1070 *, no changes in the gualitative
appearance of the flow structure occur from that observed
for zero gradient flow (Runstadler [1963]). The flow struc-
ture consists of three distinct reglons: wall layer, fully turbu-

lent core, and outer or wake region; and these structural regions

coinclde with distinct parts of the mean velocity profile in

u+, yt coordinates: linear sublayer, logarithmic, and defect

or wake.t For example, still photographs at 11 y-positions
across a layer under a positive pressure gradient (figure
3.42) show the same qualitative features in each profile region
as slmilar structure surveys in zero pressure gradient flows.
(Runstadler [1963]) These results are typical of many observed
in thils study, but not exhibited in detail.

The spanwlse spacing between low u-velocity streaks in
the sublayer indicate that At 1s constant for moderate pres-
sure gradient as well as zero gradient flows (figure 3.34). The
average trajectories of ejected fluid from the wall layer bursts
falls within the scatter of the zero gradient data (figure 3.50)

TK is pressure gradient parameter,

*Phe extent (% of layer thickness) of the logarithmic and wake
regions are pressure gradient dependent; but this dependence
was not studied in detail here. The wall region extends

O<Lytgs8.
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when the y coordinate is normalized as a y+ (y+ = yuT/v). That
1s, streak spacing and burst trajectory correlate on the wall
parameter, U rather than on external parameters such as

u, for example.

b. Points of difference between pressure gradient struc-

ture and zero gradient structure

While the qualitative similarity between the structures
1s pronounced, some details of the flow structure appear to be
pressure gradient dependent.

The present data indicates that the so-called "law of the

wall" ls pressure gradient dependent and not completely uni-
versal (as shown in profiles in figure 3.16 - 3.20). With
wall shear determined by matching the linear profile near the
wall to u+ = y+ ; ho single (universal) curve correlates the
present data. The degree and direction of deviation from the
universal relation proposed by Clauser [1956] is pressure
gradient dependent (figure 3.22b).

The rate of turbulent bursting from the Sublayer region
1s somewhat pressure gradient dependent (figure 3.54), a
rise in bursting rate (over that expected by the zero gradient
correlation) 1s observed for g% > 0 . Conversely, %% <0
flows show decreases in bursting; i1f the applied negative
gradient 1s severe, the burst rate will be decreased to Zero--
indicating relaminarization.

2. New information on basic flow structure
The great similarity between the moderate pressure-
gradient flow and zero-gradient flow turbulent boundary layers
makes discussion of a common "basic" flow structure expedient.
In the course of investigating the effects of pressure gradi-

ents, some new information was revealed about the basic struc-
ture,

The improved H,-bubble technique (see Schraub, et al
[1964]) made instantaneous u-velocity traces across the flow
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(z-direction) available as a function of time at discrete
y-positions (figure 3.30). This profile data made possible
varlous statistical analyses of the structure. Velocity
probability density distributions (figure 3.31) were evalu-
ated. The second, third, and fourth moments were evaluated
(figure 3.32) and shown to be consistent with those evaluated
by other investigators.? For example, the non-dimensional
third moment, skewness, 1s positive in the sublayér and
negative in the buffer and log regions (figure 3.32). This
statistical result collaborates the physical flow patterns
observed in these regions (figure 3.33).

Spatial spectral analysis procedures are applied to the
u versus z data. The shape of the resulting correlation
coefficients (figure 3.36) show the well-ordered structure of
the sublayer region. Peaks in the Fourier transforms of the
two-point veloclty correlation coefficients are compared to
xvisual The agreement (to about 20%) between the objective
statistlcal procedures and the somewhat subjective visual
countling procedures strongly supports the proposition that
A 1s a fundamental structural scale of the wall layer region.
The flat distribution of spacing indicates the scale is best
consldered as a band of spatial wave lengths rather than a
single value for A

The spectral analysis could also be applied to velocity
profiles (u versus z) outside the wall region where the
underlying structural scales are not obvious to the human
eye. N versus y (figure 3.39) shows a sharp rise in A 1in
the buffer region and then suggests a more gradual increase
in scale proportional to the distance from the wall in the
logarithmic region.

A simple model for the rate of sublayer bursting based

"The uncertainty in the bubble data is higher, but a greater
range of information and improved understanding is obtained.
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on the assumption that the volume ejected per unit

area 1s a constant, for the dp/dx =0 case, predicts that
3

the burst rate should be proportional to uz . For dp/dx = 0 ,
U,y 1s proportional to u8‘9 » 80 F should be proportional
to u2'7 . Thls relation was shown to correlate the zero

00

gradient burst data very well (figure 3.53).

The shape of the trajectory path of ejected low-momentum
fluid was investigated in greater detail than heretofore.
The average path (y vs X) 1s shown to consist of two parts:
a parabolic path (initlal acceleration in the buffer region)

Just after ejection; and then a linear relation for the
remainder of the path which could be observed (figures 3.47
and 3.48). The distribution of ejected fluid as a function
of y at points downstream from the ejectlion station are

well represented by a proposed universal analytical model
(figure 3.52).

The present data (for example see figure 3.42) indicates
that the y-position at which the mean veloclty profile deviates
from the log portion of the profile (u+ versus log y+ co-
ordinates) 1s not the point where intermittency begins.
Intermittency appears to begin at the point of inflection in
the s-shaped wake profile instead. In the dp/dx = 0 flow,
these two points are so close together, that a distinction
was not possible in the data of Runstadler, et al [1963].

3. Relaminarization of turbulent boundary layers

For severe negative pressure gradlent flows a fundamental

change in the turbulent boundary layer structure away from

the "basic structure" occurs. A "laminarescent" structure
develops: the mean profiles are distorted (figure 3.20); the
burst rate decreases below the turbulent correlation (figure
8.570h3 At rises rapidly above the turbulent correlation
(figure 3.34); and the structure generally takes on a non-
turbulent appearance (figure 3.50). A three-stage relaminar-

1zation process is suggested which somewhat parallels the

131



stages of natural transition. These results are consistent
with the heat transfer studies of Moretti and Kays [1964],
but further studies of relaminarization are still needed for
complete understanding.

4, New experimental techniques

a. He-bubble development

A contribution to the development of the H2-bubble
combined-time-streak marker method of flow visualization was
made as part of this work (see also: Schraub, Kline, et al
[1964]). Th> method makes possible continuous quantitative
determlnaticn of velocity over a large area for any surface
which contains the velocity vector at the marking station.
Either steady or time-dependent velocity filelds can be
studied. Nc other known method provides equivalent infcrma-
tion. The statistical analyses of this investigation are made
possible by the success of the comblned-time-streak marker

hydrogen bubtle method and the associated data reduction
techniques.,

B. Conclusions

THE STRUCTURE PICTURE FOUND BY RUNSTADLER, ET AL [1963]
FOR dp/dx = O FLOW HAS BEEN CONFIRMED, FURTHER VERIFIED AND
EXTENDED.

This general conclusion 1s reached as the result of a
study of turbulent flow in a turbulent boundary layer on a
flat plate with and without longitudinal pressure gradients.
Flow Reynclds numbers (based on momentum thickness) ranged
from 56g to 1700 and the pressure gradient parameter

u
6

E = fg EEE' ranged from -2.0 x 1070 to 4.0 x 10°
o0
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CONFIRMED
(a) Turbulent boundary layer consists of three zones:

wall, fully turbulent, and wake regions.
(b) Structure of each zone agrees wlth descriptions of
Runstadler.

(c) One to one correspondence exlsts between each zone

and the distinct portions of mean velocity profile

+

in u’, y+ coordinates.

(d) Average wall layer streak spacing A ylelds a constant

value of At = AuT/v .

(e) No evidence in contradiction to the "Hypothesis and
Description” of Runstadler was found.

FURTHER VERIFIED

(a) Wall layer streaky pattern is shown beyond any rea-
sonable doubt to be due to somewhat regular spanwise
variations of the x-component of velocity.

(b) The wall streaks are conclusively shown to be ran-
domly positioned over the wall and not fixed in
Space when viewed for long times.

(c) Statistical analysis of spanwise wall layer velocity
profiles verify the existence of A as fundamental
structural scale, but indicate a band of spacings
better describes the structure than a single spatial
wave length.

(d) The bursts from the wall layer region arise from
spreading of high speed regions in the wall layer
wlth concomittant ejection of fluid from the low-
speed regions in the form of filaments stretched in
the longltudinal direction. The cause of this action
is still not known.

(e) The bursting is an essential feature for the exlstence
of turbulent flow; the absence of bursting indicates
non-turbulent flow.
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EXTENDED

(a)

(b)

The structure under moderate pressure gradients 1is
not significantly changed from the Zero pressure
gradlent case as long as the layer is turbulent.

Relaminarization occurs for strong negative pressure
gradients; K > 3 x 10-6 . A laminarescent layer
does not exhibit the features of a turbulent layer.

The most obvious change 1s the cessation of turbulent

bursting from the sublayer region upon relaminariza-
tion, maklng burst rate a means of detecting reléminar-
ization. '

True universality of the "law of the wall" 1is doubted
for pressure gradient flows. Systematic differences
from a single u+, y+ mean veloclity profile are
observed as a function of applied pressure gradient.
A linear (u+ = y+) region in time average mean flow
is always observed at the wall, but the constants in
the logarithmic relation outside the linear region
are pressure gradlient dependent when the wall shear
is determined from the linear region (wall slope
method ).

The mean trajectory path of ejected fluid (bursts) is
typically made up of a parabolic acceleration path
near the wall and a very nearly linear path further
from the wall. '

The distribution of position of ejected fluid about
the mean path is given by a universal function for the
dp/dx = 0 case,

The burst rate is proportional to u? or to u§'7

for dp/dx = O flow. A marked influence of pressure
gradient on the correlation is shown although a general
correlation was not obtained.

The hydrogen-bubble combined-time-streak marker
visuallzation method is very useful for quantitative
measurement and an excellent supplement to the hot

wire anemometer.
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APPENDIX A
HOT-WIRE ANEMOMETER DYNAMIC FREQUENCY RESPONSE TEST

The hot-wire anemometer used for this study 1s a new
instrument and a test of the frequency response was appropriate,
An estimate of the dynamic frequency response of the
entire anemometer-probe system is obtained uslng a simple test
of the transient response suggested by Lumley [1962]. A step

4 |_wire length Eprobe 2
wire dlameter kfluid

was obtalned by plunging the probe through the interface between

change in Peclet number [Peclet No.

kkerosene

kwater
Figure A.l shows the apparatus used and typical results obtained

by photographing the anemometer output on a CRT oscllloscope.
The platinum wire was 0.0008 inches in dlameter, 0.2 inches
long, and was moving 31.3 inches/sec as it passed through the
interface,

kerosene and water at the same temperature.

= 0.25

The "break-off frequency", w, s 1s defined as that fre-
quency at which the output of the anemometer first drops 2.5 db
below the DC response when subjected to a sinusoidal input.

An estimate of w, 1s given by W, = 1/2mt where 1 1is
defined by figure A.2. This expression 1s exact for a first
order system - 1i.e., one governed by the 1lst order differ-
ential equation:‘ T g%-+ y =Y, > where y 1s output, t 1is
time, and Yo is an g}gct-step forcing function (see eq.,
Raven [1961]). However, this value is not exact because

(1) the system is not simply first order; (2) the forcing
function or change in Kfluid around the wire is not a perfect
step function. This 1s because the wire takes a finite time
to pass through the interface (about 0.13 T) and there is 3
boundary layer transient time or fluid entrainment which also
tends to make the step less sharp.

These effects dnd the fact that the probe 1s still accel-
erating at the interface are all felt to give a high value for
T and thus a conservatively low value of W,
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The break-off frequency, I thus determined was 800 cps,
and so "flat" frequency response is expected from this hot-

wire system up to at least 800 cps. See sample respcnse curve
in figure A.3.

The upper limit for W, is 1000 cps; it is determined by

the'frequency response of the plug-in operational amplifiers
used in the anemometer amplifier.
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APPENDIX B
CORRECTIONS TO HOT-WIRE MEASUREMENTS

The following possible sources of error’ in veloclty
measurements are considered:
A. Velocity Fluctuations of Large Amplitude

1. Fluctuations normal to wire and normal to stream-
wlise direction

2. Fluctuations along the finite wire length

B. Wall Effects

1. Thermal conduction to wall
2. Flow fileld distortion by wire near wall,

The hot-wire probe is calibrated in the free-stream exter-
nai to the boundary layer where turbulence intensity 1s approx-
imately 1%. The calibration thus accounts for probe geometry
and all constants of the circultry but does not include the
factors mentioned above which are encountered in measurements
in turbulent boundary layer flows.

A.  Velocity Fluctuations of Large Amplitude
1. Fluctuations normal to wire

The hot-wire 1s sensitive to the absolute value of
the total velocity vector ﬁormal to the wire. Thus when
large velocity components in directions other than the direc-
tion of the mean component being measured are present, the
probe output 1is not entirely due to the component being
measured,

The absolute value of the total velocity vector i1s P
and

2

P=[(T+uw2+ (T+v)24 (74 w22 (A-1)

where u, V, W are the x, Ys 2z mean velocity components

and u, v, w the corresponding fluctuating components,
Consider the common situation for thils study: in order

to measure u , the wire is placed perpendicular to the x-flow

direction and parallel to the wall and to the z2-direction;
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for a two-dimensional boundary layer, V and w are zero and
the effect of w may be neglected compared to v and u
because the heat transfer coefficient for flow parallel to the
wire 1s small in comparison to that perpendicular to the wire
and so the anemometer is not sensitive to the v and w
veloclty components.

With these assumptions,

P =[(u+ u)2 + v2]1/2

or

2 2 |1/2
= [1 T 57 (A-2)
u

ciiro

Now for finite u and for fluctuations which are not

2

excessively large, so that Eu + 2 _; = € 1, E is

u u u
approximately given by

2 3
P_ . lau , viv®|  1]2u u2+v2] 1 |2u . uPev®
= = +—_+ > -—_—_—+ - +—_—+ =5 - .
u 2lu u 8|u u J 16 {u u
(A-3)

expanding and neglecting terms of 4th order or higher in
fluctuations,

2
P u \' u
== l+=+-—= 1 -= (A-%)
u u 2u u)

The mean velocity determined by the anemometer is P .
Averaging lhe above expression,

e ' veu
P = u+ — neglecting —= (A-5)
2u 2u

Therefore, a better estimate of the true mean X-component
of velocity 1s given by subtracting a correction of ;?726

from the velocity given by the anemometer output calibration
curve, 1i.e.,,

144



- - vl
Ytrue = Fanenm. T o5 (a-6)
calibration
Turbulence Intensity may be calculated by
1/2
i1 _ % (52
100 B
Applicatlon of the above expressions for P yleld:
Ttrue 1+ v 2u° 1 =7
TI —
anem. 2,5.2]2 2 /0 2
calib. 1 - |v5/2u ) 1 - vS/2u

as the approximate relation between the true TI of
X-component and the value calculated when y-components are
present. |
The precent error in mean veloclty in the x-direction

due to y-direction velocity fluctuations as a function of
(;?)1/2

—— X 100 is given in figure A.4,
u

For the data of this study, the correction may be approxi-
mated using the data of Klebanoff [1954] for (;?)1/5/%
across a turbulent boundary layer on a flat plate. For the
region of hi~hest y-fluctuations, 0 < y+ < 50 , Klcbanoff

shows a nearly constant value of (;E)l/i/t = 0.06 . The pipe
data of Laufer [1953] confirms this value. Thus, the mean
veloclty c¢ata in this region as dctermined by the znemometer
1s at most 0.4% high due to this c¢ffect. Since this correc-
tion s 1less than 1/5 of the basic uncertainty in the mean
velocity neasurements, no correction of this tyoe %ill be made
to the data,
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c. Velocity fluctuations along finite hot-wire length
Uzkan [1964]% has estimated the errors introduced into
hot-wire mean velocity measurements in water due to the tem-

perature fluctuations along'the finite length of the wire
( assocliated with local velocity fluctuations. The results of
this analysis are applied here to the hot-wire and flow con-
ditlions used in this study.

Where the hot-wire has been calibrated under low turbu-

lence conditions, but measurements are desired for high
turbulence levels, a correction factor Kg gives the ratio

(5]
:EEEE— = Kg where
ucalib. —
_ 1
l/KO =1 + %E [- g, + 8, £ (1 - z/Z)Rll(z/z)d Z/%] (A-8)
u

33/52 1s the turbulence intensity squared at the point of
measuregept;_issuﬂing the wire 1is not ‘sensitive to w .

"I.e., q2 =u®+ ve , Rll(z/z) 1s the correlation coeffi-
clent 1in the direction of the wire. 1I.e.,

R11(2/2)~é u(i—') :T

(A-9)

; £ 1s the wire length, d = wire diameter. g » &, are con-
stants dependent upon wire diameter, wire material, overheat
temperature difference and local mean velocity.

A sample correction will be calculated for conditions
typlcal for the measurements of this study, e.g., for
y+ = 10 - 15 1n buffer layer where such a correction is

expected to be maximum.
For f = 0.20 inch, d = 0.0008 inch, platinum wire,

— o — L] -— — >,
AToverheat = 30°F, u = 0,20 ft/sec: g = 0.143 and g, = 0.123

YSimilar (but different) error estimates are given in the
literature; see e.g. Dryden [1937].
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Rll(z) has been determined in this study by H,-bubble tech-

niques 1in the outer sublayer and may be approximated by:

'2_22

A

Rll(z) = e

Py 2Tz

where A 1s the characteristic length of the sublayer struc-
ture in the z-direction. A = 0.4 - 1.0" for the velocity
range of this study so that a conservatively small value of

A = 2/ will be chosen to give a conservatively small value

2
N . = (z/2) : TZ
of I for A = 24 : Rll(z) = e cos = and the

value of the integral expression in l/Ko is 0.37. So that:

o
/K =1+ 3 (- 0.097)
- )
u
and
) . 1 — T (A-10)
true —5 calib.
1 = .0.097 &
( F)

—5 1/2 ~
Typical highest values of q //u in the buffer region

are 40%'£Klebanoff [1954]) which gives Ut ge = 1.03 Usalib.
or the u determined by the hot-wire procedure determines a
mean value which 1s, at most, 3.0% too low when measuring in
a flow with 40% turbulence intensity.
Figure A.5 shows the per cent error in mean veloclty due
-5 1/2 N
q B
So a conservative estimate of this type of error in the
mean velocity under the most extreme conditions shows that
the error is no higher than thne inherent uncertainty of the

hot-wire system. No such corrections have been applled to
the data.

to fluctuations alonz the wire as a function of

147




B. Wall Effects
The effects of thermal conduction to a lucite wall from
a hot-film probe are discussed by Runstadler [1963] and
assumed small (less than 3%) because the thermal conductivity
of luclte 1s very nearly that of water (K

1ucite/Kwater ~ 0.31
while by comparison for air flow over steel plates,

K /K 1670). The same very small effect is expected

steel’ Mair ¥

. for hot wires. If there were an effect, it would present a

reduction in heat transfer over that where no wall is present
and hence indicate too low a velocilty.

When a probe 1is brought very near a solid wall the probe
produces a flow disturbance which tends to increase the heat
transfer and indicate too high a velocity. The hot-film pro-
duces a larger disturbance than the hot-wire due to its
larger size. Hot-film data further than 0.025 inches from
the wall are felt to be not influenced by flow blockage (this
corresponds to y+ ~ 5 for data taken with hot-film). For
hot-wire data no flow blockage effect 1s expected since the
wire 1is never closer than 10 wire diameters from the wall.

In summary, none of the corrections discussed and approxi-
mated above indicate the need for corrections which are greater
than the inherent scatter of the systems (+ 5% for hot-film
and + 2.5% for hot-wire). Since different corrections require
corrections in opposite directions and since all corrections
are just approximations indicating order of magnitude, no
correctlons wlll be applied to the velocity data.

In some cases a correction to the zero-position of the
hot-wire 1s made where the mean velocity clearly indicates a
linear trend near the wall but does not pass through y =0 .
Where this correction is made, it will be clearly indicated;
no such correction greater than + 0.003 inches was' made.

This correction 1is made necessary because the wire could be
placed with reference to the wall to only + 0.002 inches.
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APPENDIX C
UNCERTAINTY CONSIDERATIONS

When a large number of samples of a given experimental
varlable may be obtalned, the expectéd value of that variable
1s given by the sample mean. The "uncertainty" in the sample
mean 1s due to the finiteness of the data sample. This uncer-
tainty 1s expressed by a confidence interval calculated at a
certaln significance level using a standard statistical dis-
tribution test; (see standard statistics book, such as Parzen
[1960]).

Such "usual" statistical procedures were employed where
possible in thils study. For example, in the estimate of mean
velocity using the H2-bubble method, several thousand samples
of velocity could be taken and then the uncertalnty between
the sample mean and the "true" mean was calculated as above.

However, where an estimate of the uncertailnty in any
single sample (e.g., a single specific velocity sample out of
a thousand samples) is desired, the usual statistics are not
applicable.

The procedure for estimating single sample uncertainties
to be used here is that given by Kline and McClintoch [1963].
When the uncertainty in a result, R, is desired where

R = R(Vl, Vo ... Vn) » then a very good approximation of the
uncertainty in R may be expressed as:'r
' 1/2
Wy = |[SR- . w " ¢ C TN - N
R Vl 1 V2 2 | BVh n

where wl, w2 08 o wn are the uncertainty intervals 1n'

V1 ’ V2 E oo Vn . The uncertainty intervals~-are the estimated
confidence intervals about the expected value of each variable
given at some specific odds such as 20:1.

TProvided Vs V5, ... V_  are independent and the experiment
is under co%trog such Qhat the statistical distributions of

Vi, Vo ... V, have a single peak. If the distributions are
normal in V; V2 ... Vh then the expression given is exact.

l’
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The results of uncertainty estimates, as well as the
sources of the uncertainty, are summarized below for the
various measured and calculated variables of this study.

A. Veloclity by H2-Bubble Combined-time~-streak Marker
Technique

Since the use of combined-time-streak markers for quanti-

tative veloclty measurements is a new technique, a very
detalled uncertainty analysis has been made. This analysis
was of sufficlent general interest to warrant separate publi-
cation (see Schraub, et al [1964]). General formulae are
worked out using the single sample procedures and the numeri-
cal example chosen is the determination of veloclty in the
sublayer region of the turbulent boundary layer from the
present study;
For local mean velocity of 0.20 + ft/sec, with near

T measurement interval of 0,083 seconds, the various
sources of uncertainty considered gave the followilng result
at 20:1 odds:

1. Measurement 2.5%

2. Averaging (due to Eulerian velocity
determination using a LaGrangian
method. Value depends on data
reduction method.) 1.1 or 2.2%

3. Bubble displacement out of measure-
ment plane 1including that due to
bubble rise. 2.5%

Response of bubbles to fluctuations., Negligible

Resolution restricts observable
fluctuations to about 50 ¢ps and
below.

6. Velocity defect behind generating
wire negligible where "proper" pro-
cedures employed.

1PThe criterion for optimum measurement interval is one resuilt
of the uncertainty analyses (see Schraub, et al [1964])

optimum
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Total uncertainty is obtained by combining these inde-
pendent sources of uncertainty by the square propagation law
yielding 3.8 to 4.3% uncertainty at 20:1 odds depending on
the exact method cf data reduction (see Schraub, et al [1964]
for details). Thus, any single vélocity determination by the
H2-bubb1e method 1s felt ot be accurate within about + 4q.

B. Mean Velocity by Constant Temperature Anemometer
Mean velocigy i; given by: u(y,) = E3O(T) _ uCE3O)
_ 30 1
where E3O(T) = é €.neq. 9t and u(E3O) 1s the (linear)

calibration functlon obtained for 30 second integration time.
8 e 1s the voltage output from the anemometer.

The uncertainty in E3O(T) was kept less than 1/2% by
making lntegratlicn times as long as necessary. For mean

velocity profiles integration times varied from 2 minutes to

5 minutes.
Wu(E,~)
gl 4

R

U(E3p) fhot riim

Wu(E, )
T_3£. 2.5%
u(E3O) Jhot wire

R

So the estimate of uncertainty in mean velocity by hot-
wire is 2.5% and by hot-film, 44 at 20:1 odds.

C. Y-Position in Boundary Layer

Zero (wall) location of measurement probes was ascer-
talned uslng an optical-comparison system to + 0.0015 inches.
Thereafter, movement with respect to this zero point was
determined by a dial indicator which read to + 0.0002 inches.

FURS wy/y]uncorrected ~ 0.0015/y

However, very near the wall a correction was sometimes
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applled to the zero point by requlring tlie linear mean veloc-
ity profile near the wall to intersec’ y =0 for us=20.

wy/y]corrected ~ 0.0005/y

D. Wall Shear
1. By veloclty profile at the wall:

~RT | (-
T E?]w =

W <1/5Ww and is neglected.
o Sw
S is actually determined not just at the wall but over

the linear portion of the velocity profile of the sublayer
which extends over about 0.025 to 0.040 inches depending on
the flow conditions.

W
S _ (2 1/2
5 = (Way + Wyy)

WTW

v
W

wAu must be glven a larger estimate than that given in
Sectlon B because for the low velocities in this region at
the wall, no method of calibration is avallable and an
extrapolation 1s necessary between the lowest calibration
points and u = 0 (the hot-wire anemometer is calibrated
such that e =0 at u =0 ),

wu/G ~ 5% 1s estimated for this region.
Therefore

Wy /0u =V2' 5% = 5,7%

I
WAy/Ay e X2 (053002) = 1.4% for typical Ay = 0.033",

Therefore

=

12
¥ o |(5.7)2 + (1.4)2] ~ 6%

g}
=
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2. By the cross-plot of logarithmic region
This method (see Chapter II for details) consists of
forcing the mean velocity data points in the logarithmic part

of the u+, y+ non-dimensional velocity profile to fit a
specific "universal" ut = A log y* + B curve. The primary
uncertalnty 1s that associated with the applicability of the
"universal" curve to the experimental data. If the data
could be shown by some other information to exactly fit the
universal curve used, then the technique for finding Tw
will yleld uncertainties of just 4% (estimate).

See Chapter III for discussion of extent to which the
data of this study are felt to obey a single "universal" mean
velocity profile.

E. Integral Profile Parameters

Displacement thickness: & 1is evaluated by a numerical
integration scheme:

*

5 =
1

™M=

y (1 - uw/u,) dy, Ay, = B/N

Since only a single velocity profile is available for
the ©&* determination, the single sample uncertainty pro-
cedure yilelds:

] o)1/2
W6* _Véjﬁ_l g u_i Wui
* * N u uy

5 5 1=1 -

For Wui/ui ~ 2.5 and 6 /6 = 0.20 , a typical inte-
gration yields W6™/6* = + 6.6% at 20:1 odds.

Momentum thickness: similarly for momentum thickness:

2)1/z
w9=\/_2'16y-“-)l g[u—i 1-2u—1H
) 8/{u | N 1=1 LY u_
we WUi
g~ =+ 8.28 at 20:1 odds for —= = const = 2.5% at 20:1 odds.
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¥, Streak Spacing by Visual Countilng
The uncertainty is of three types:

1. Counting rules: The decision of the observer in deciding

what are "low-speed streaks" and what are not is based upon a
set of "rules" used for interpreting the structure pictures,
Without careful consultation, different observers count some -
what differently and differences of up to 50% in A\ are somet
times obtailned. It is absolutely necessary in comparing
structure spacing data of different observers- to have a common
set of rules. With well-defined "rules", different observers
are able to obtain N to within 10% of each other.

2. Reading, accldental, scale factor, and other inherent
uncertainties in visual counting account for about ¥ 9%
uncertainty.

3. The finiteness of the data sample accounts for addlitional
uncertalnty in the sample mean A\ which is estimated by the
usual statistical procedures. The distribution of sample
spacings about AN was shown to be very nearly normally dis-
tributed with standard deviation of about 30%. 450 samples

then make AN within e 5% of the true mean at 5% significance
level,

These uncertainties combine to make the total uncertainty

sl Avisual about + 11% for a specified set of counting rules,

G Burst Trajectory

Sources of uncertainty in trajectory data: (at 20:1 odds)
1. Scale factors: + 1%
2. Film reading equipment: + 2%

3. Finiteness of data sample: for 50 samples, where
standard deviation is about 30%, the uncertainty

in ? and/or X will be about + 7% (t-statistic
test). N

4. Framing rate: + 0.6%
Total uncertainty is thus about 8% (at 20:1 odds) .
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H. Burst Rate: F
Sources:

1. As with visual counting of low-speed streaks, a well-
defined set of rules must be adopted for consistent
results; different rules account for + 25% variations.

2. Inability of observer to distinguish individual
bursts: + 6% .

3. Framing rate: 0.6% .

4, Inc;nsistency in counting even with consistent rules:
+ 5% .

Total uncertainty + 8% at 20:1 odds with a consistent
set of counting rules.

i Turbulence Intensity

Turbulence intenslty uncertainty when determined from
velocity values from hydrogen bubble combined-time-streak
marker technique arises from:

1. Single sample uncertainty (uncertainty in single veloclty
determination 1is evaluated using methods of Kline and
McClintock [1953]. Where evaluated numerically

2 1/2

1 N (ui )

T ={2 = -
N2 \&2

Wui

1
(11)% VN ( o,

) for large N

so that (typically) for dp/dx = O flow station 13:

W
1= 1934, T = 0.192 ft/sec, TI = 0.31 2 = 4%

Wpr 1%
T °

2. Finite data sample: at 20:1 odds TI calculated (using
x° test statistic test) for above example i1s 5% at 5% signif-
icance level. (Craemer {1961].)

So total uncertainty is about 5.5% to 20:1 odds.
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J. Uncertalnty in Spectral Analysis

The following approximate formula (Blackman and Tukey
[1958]) was employed in estimating the resolution and uncer-
tainty bands in the spatial spectral analyses,

Where P separate pleces of data (e.g., u(z)) are
analyzed:

EBW = 1/LM

1 /L..' wh L' = L. - L
C I

LN 1s total length of all data samples. Ly 1s the lag
length over which the correlation coefficient is calculated

prior to determining its Fourier transform (the spectrum). !
EBW 1s the "equivalent band-width" which is a measure of the
extent to which the spectrum is "smeared" over a ranfe of

frequencies near the frequency of interest. VAR[U(V is

2
(U(v)]
the estimated variance in the distribution of magnitude of

U(v).

-
'
J
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