SOME MEASUREMENTS
IN
SYNTHETIC TURBULENT BOUNDARY LAYERS
| Thesis by

61ner Savas

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1979

(Submitted May 21, 1979)



ii

PERSONAL ACKNOWLEDGEMENTS
Many have contributed.
My advisor, Prof. Donald Coles, has been the prime mover.

Central Engineering Services personnel, Aero Shop personnel,
Aero Services personnel, Kathy Franson, Marcia Clark, the Inmates,

and GALCIT will be vividly remembered.

I thank all.



iii

I am very grateful to my mentorns and protectons,

Coles and Liepmann.



iv

ACKNOWLEDGEMENTS

Tﬁe research described in this thesis was supported by the
National Science Foundation under Grants ENG 75-03694 and-
ENG 77-23541. Dﬁring the I;;eriod from September, 1974 to
September, 1978, the author W‘as the recipient of a NATO Fellow"ship

through the Scientific and Technical Research Council of Turkey.



v

ABSTRACT

Syﬁthetic’ turbulent boundary layers were constructed on a flat
plate by generating systematic moving patterns of turbulent spots in a
laminar flow. Thé experiments were cagrrie‘d‘ out in a wind tunnel at a
Reynolds number based on plate length of 1.7 x 106. Spo‘ts were
generated periodically in space and time near the leading edge to form
a regular hexagonal pattern. The disturbance mechanism was a
camshaft which displaced small pins momentarily into the laminar flow
at frequencies up to 80 Hz. The main instrumentation was a rake of
24 hot wires placed across the flow in a line parallel to the surface.
The main measured variable was local intermittenc,;y; i.e., the prob-
ability of observing turbulent flow at a particular point in space and
time. The results are reported in numerous x-t diagrams showing
the evolution of various synthetic flows along the plate. The celerity
or phase velocity of the large eddies was found to be 0.88, independent
of eddy scale. All patterns with sufficiently small scales eventually
showed loss of coherence as they moved downstream. A novel
phenomenon called eddy transposition was observed in several flows
which contained appreciable laminar regions. The large eddies
shifted in formation to new positions, intermediate to their original
ones, while preserving their hexagonal pattern. The presént resuits,
together with some empirical properties of a turbulent spot, were used
to estimate the best choice of scales for constructing a synthetic
boundary layer suitable for detailed study. The values recommended

are: spanwise period/thickness ® 3.2, streamwise period/thickness ~11.
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LIST OF SYMBOLS

celerity of coherent structures in boundary layer;
dx/dt at constant phase

pressure coefficient, (p—pref)/qm
frequeﬁcy of disturbance cycle (Hz)

divisor for 2 MHz clock signal, set by thumbwheel switches
on preset counter

pressure

dimensionless -pressure difference Ap for surface tube
(defined on p. 9 of text)

reference pressure used in claculation of Cp; taken from
pitot-static probe for Figure 4, from plate surface for
Figures 28 and 29

local dynarnig pressure, %pum2
streamwise Reynolds number, Ux/v
nominal tunnel velocity (1000 cm/s)

local free-stream velocity (1013 cm/s)

streamwise coordinate, measured from plate leading edge
at upstream end of test section (cm)

normal coordinate, measured from plate surface (cm)
spanwise coordinate, measured from plate centerline (cm)

polar angle centered at leading edge of flow shield (degrees)
(see Figure 2)

intermittency (0 or 1); <y > is probability of turbulent flow

boundary layer thickness (cm)

value of y corresponding to standard intermittency; taken
as distance of hot-wire rake from plate surface (cm)

boundary layer displacement thickness, ‘_(‘ (1—1—19— ydy
Lo}
. )

spanwise period of disturbance pattern (cm)



kinematic viscosity (0,161 cmz/s at 27°C and 74,3 cm Hg)
density (1.19 x-10;3gr/cm3) | o |
temporal period of disturbance pattern (s)

ensemble average
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I INTRODUCTION

The contemporary view of turbulent fluid motion is that turbulent
shear flowé are not as random as was once thought, but contain
organized eddy structureé which represent characteristic concentra-
tions of vorticity at the largest scale of the flow. In any attempt to
find and study such coherent motions in the turbulent boundary layer,
it is a serious difficulty that the eddies occur in various stages of
development at random places and times. Presumably the eddies have
a typical signature in terms (say) of surface pressure, surface friction,
local turbulent intensity, interface geometry, large-scale vorticity,
and the like. However, this signature cannot be determined until the
eddy has been found, and the eddy cannot readily be found unless its
signature is known,

Another difficulty is that many measurements of structure in
boundary layers have been made using single fixed pfobes. Such
measurements are not well suited for describing the properties of an
irregular pattern of three-dimensional large eddies being convected
past the probe, because no information is available about the lateral
position of these eddies, Hence their properties cannot be sharply

defined.

As a possible means for bypassing these difficulties, Coles and
Barker (1975) proposed the concept of a synthetic turbulent boundary
layer and maae a few preliminary measurements in one such flow.
Their point of departure was the fact that transition from laminar to

turbulent flow in a boundary layer is characterized by the appearance
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of turbulent spots., The turbulent spot, first discovered by Emmons
(1951) and fir st documented experimentally by Schubauer and Klebanoff
(1955), is an arrowhead-shaped region of turbulence which appears in
a laminar boundary 1ayerv (when there is a suitable natural or artificial
disturbance) and moves downstream, growing in size nearly linearly
in all directions. The spot has been identified as essentially a large
horseshoe vortex by the work of Coles and Barker (1975), Wygnanski,
Sokolov, and Friedman (1976), and Cantwell, Coles and Di:rﬁotakis
(1978). Consequently, in the context of the coherent-structure formu-
lation, the spot suggests itself as a possible prototype large eddy for the
turbulent'boundary layer. Cantwell et al. end by viewing the spot not
as a prototype large eddy, but as an alternative flow to the boundary
layer, primarily because of the eventual discrepancy in scale. Never-
theless, they expect the isolated spot to have important structural
features in common with characteristic large-~scale vortic.:ity concen-
trations in the turbulent boundary layer. Zilberman, Wygnanski, and
Kaplan (1977) and Haritonidis, Kaplan, and Wygnanski (1977) have
recently followed an artificially generated spot into a turbulent boundary
layer for very large distances, They find that the growth of the spot

is severely inhibited in the streamwise and spanwise directions, but
not in the normal direction. The characteristic celerity of the spot

in the boundary layer is found to be about 0, 9u_. Onthe

basis of these experiments, Wygnanski (1978) refers to the turbulent

spot as an orderly structure which may be viewed as the basic module

for the turbulent boundary layer.
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The first major investigatidn of outer structure in the turbulent
boundary layer was carried out by Kovasznay, Kibens, and Bléckwelder
(1970) and‘by Blackwelder and Kovasznay (1972). Their results of
greatest interest for the iaresent research include space-time corre-
lations which suggest a célerity of 0.93 {1& for the outer turbulent
regions, There is strong persistence of the large eddies over
distances Ax/6 of 15 or more, A set of correlation maps in (z, t)
have zero-correlation contours indicating a streamwise scale uxlt/5
of about 2,5 and a spanwise scale Az/5 of about 1,2 for the typical
large eddy at the half-intermittency level. Later triple-correlation
measurel;nents by Fulachier, Arzoumanian, and Dumas (1977), using
heat as a passive contaminant, support these estimates of scale.
Blackwelder and Kovasznay (1972) infer a qualitative picture of the
mean motion in a moving reference frame which shows large-scale
rotation in the same sense as the general vorticity in the flow. These
authors approach, but do not quite reach, the conclusion that the
large-scale mean motion is a transverse vortex, Praturi and Brodkey
(1978), using a combination of dye and tracer particles and a moving
camera for flow visualization, frequently observe large, persistent
transverse vortices, but do not observe the swept-back structure
which would be characteristic of the main vortex in a turbulent spot.
Finally, Brown and Thomas (1977) find that the active region at the
rear of a lafge eddy is oriented at an angle of about 18 degrees to the
wall and terminates at the wall in a zone where both friction and

fluctuations in friction are larger than the average. The scale of the
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large eddy is estimated to be about 26,

The experiment carried out by Coles and Barker (1975) ‘Was to
generate a' regular hexagonal pattern of turbulent spots in the laminar
boundary layer near the ieading edge of a flat plate and to sample the
flow farther downstream at times locked to the phase of the disturbance
generator. They found that periodicity in space and time persisted
downstream, and that the average velocity profile was close to that
which would be expected in a natural turbulent boundary layer at the
same Reynolds number. Figure 1 (courtesy of D, Coles) shows a
photograph of a single spot in water, using surface dye for flow
visualizétion, together with a photograph of a synthetic turbulent
boundary layer unc’ier the same conditions in the same channel,

The present research continues the work begun by Coles and
Barker. Their measurements were made in water, using momentary
jets to create the turbulent spots and using a single-channel laser-
Doppler velocimeter as main instrumentation, Because of insufficient
width for the channel and insufficient flow rate for the pump, the
Reynolds number was relatively low, and the useful region of the plate
surface was severely limited by transverse contamination from the
side walls. There was also a substantial acceleration of the free
stream along the plate.

The p'resent‘experirnents were carried out under conditions which
avoid these problems, particularly the problem of transverse contami-
ﬁation. The main difference is that the present measurements were
made in a wind tunnel, r.equiring a shift to the hot-wire anemometer

as main instrumentation, and requiring also a shift to a disturbance
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mechanism capable of operating at much higher frequencies, A
relatively large range of scales in space and time is explored; in an
attempt to determine which patterns are most comfortable at certain
stations in the flow. A féw measurements are also reported for the
turbulent spot, for completeness and to connect the present study with
earlier work on transition, The emphasis is on pattern and scale, as
revealed by measurements of intermittency in the outer part of the
layer. Except for some preliminary work with surface pressure, there
are as yet no measurements of velocity, surface stress, turbulence
intensity, or other variables involved in the problem of signatures
and evenﬁually in the problem of dynamics. The task of the present
exploratory research is to define one or more synthetic flows which
are best in some sense, and detailed measurements are not required

for this purpose.
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II MODEL AND INSTRUMENTATION

2.1 Wind Tunnel

The éxperiments were carried out in the Merrill wind tunnel at
GALCIT (Graduate Aeron‘autical Laboratories, California Institute of
Technology). The test section is 265 cm long. The width increases
from 114.5 cm at the entrance to 117.4 cm at the exit, and the height
increases from 81.6 cm to 82.8 cm. The contraction ratio is 9:1. The
tunnel is of closed-circui’crtype, with a vent to atmosphere around the
entire perimeter at the exit of the test section. Two screens are
provided, but no honeycomb. A 75-Hp 1200-rpm synchronous electric
motor drives a three-bladed variable-pitch propellor. Rotation is
removed by an eight-bladed stator. With the present model installed,
free stream speeds up to 50 m/s could be achieved for short periods.
However, there is no provision for cooling, and the experirnents were
conducted at 10 m/s to avoid overheating as well as fo obtain a maxi-
mum region of laminar flow. For continuous operation at this speed,
the temperature increased at a rate of about 3. 5° C per hour. ..

' In several recent experiments carried out in the Merrill tunnel,
vibration of the tunnel structure has sometimes been a problem, Before
the present experiments were begun, therefore, an existing structural
connection between the test-section frame and the diffuser was cut,
and the test-section frame was braced to the building, The model
supports were also located so that low-order vibration modes of the
flat -plate model would be inhibited.

The tunnel was carefully cleaned before the experiments began.
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Experience with numerous hot wires was that the life expectancy was

at least several hundred hours of tunnel opefa.tion.

2.2 TFlat-Plate Model

The flat-plate model was made from two sections of aluminum -
alloy plate, as shown in Figure 2, The front section is 30.5 cm long,
114,0 cm wide, and 1,9 cm thick, The rear section is 233, 7 cm long
and 1,27 cm thick; the width increases from 114, O' cm at the joint to
117.2 cm at the trailing edge. Both sections were heat treated to
improve dimensional stability during manufacture. The working
surface of the assembled model was smoothed and polished.

Two 12. 7-cm diameter plugs are provided on the centerline of
the plate at x = 57.8 cm ‘and x =114,9 cm, and one 20, 3-cm diameter
plug is provided at x = 187.3 ecm. These plugs are intended for
eventual installation of surface insti'urnentation.

The leading edge of the plate is a 10:1 ellipse, chosen to prevent
large positive pressure gradients which could cause separation and/or
premature transition near the leading edge.

The plate was installed in the test section with the working (top)
surface approximately 41 cm from the tunnel ceiling, The leading
edge was located at the beginning of the test section, which was
partitioned by the flat plate model é.long its entire length, The plate
was supported from below by six streamlined struts whose height
qould be individually adjusted. Narrow gaps between the plate and the
side walls of the tunnel were sealed by inflated latex tubing.

Throughout this paper, a right-handed rectangular coordinate
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system, oriented as shown in Figtire 2, is used., The streamwise

coordinate x is measured from the leading edge of the plate; the

spanwise coordinate z is measured from the plate centerline; and the

normal coordinate y is measured from the plate surface,

2.3 Flow Control

Figure 3 is a photograph of the test section looking downstream.

To obtain a good approximation to uniform flow, various flow-control

techniques were used, These included:

(1)

(2)

(3)

(4)

Six individually adjustable supports capable of bending the

~ plate substantially.

Two extruded-angle metal shields extending from x = 31 cm
to x = 275 cm at z = +48,.3 cm. These shields were 12.7cm
high and were intended to isolate the flow over the plate
from the boundary layer s developing on the tunnel side walls,
The shields were also used to locate and support the hot-
wire rake,

A two-dimensional blister to modify the ceiling contour of
the tunnel at the entrance to the test secfion. The maximum
thickness of the blister was about 0.8 cm at x ~ 20 cm.

A screen of 20-percent solidity installed across the upper
half of the test section at the trailing edge of the plate, just
Bgfore fhe peripheral vent. The purpose was to match the

pressure loss caused by the presence of the supporting

‘struts and other excrescences under the plate, The test

section pressure at a speed of 10 m/s was about 0.08 mm

Hg above atmospheric pressure.
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Various types of small trailing-edge flaps were also tried for
positioning the leading-edge stagnation line, but were abandoned in
favor of thé screen,

The final pressure aistribution over the plate is shown in Figure
4, The pressure coefficient was constant within +, 01 over most of
the working surface. These measureinents were taken when the hot
wire rake was not in the tunnel, Later measurements, alsq shown
in the figure, established that the presence of the rake had no signif-

icant upstream effect on the pressure distribution.

2.4 Undisturbed Flow

With no artificial disturbances, the boundary layer on the plate
centerline was laminar ailong the total length of the plate (ReX =1.7x
106 at 10 m/s at the trailing edge). The edge-contamination regions
emanating from the two boundary layer shields were mapped by
surface-tube measurements, The pressure differential Ap between
a surface tube (1.65 mm OD x 1.19 mm ID) and a static-pressure

tap located 2.5 cm upstream was used to deduce the regime of flow,

The difference Ap was made dimensionless in the particular form

Pzpllav . =X Ap
d= qila

which is expected to be constant in a laminar (Blasius) bouhdary layer,
In Figure 5, P is plotted against polar angle (centered at the

leading edge of the shields) to demonstrate that the edge contamination

regions Wére growing conically at the accepted angle of about 10

degrees. The edge of the contaminated region is indicated by the
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dashed lines in Figure 2 above,

2.5 Dis'turbance-Generating Mechanism

Disturbance-gener;ting mechanisms used by previous investi-
gators include electrical, fluidic, and mechanical methods, The
electrical method (spark) has usually beén employed when working
in air and the fluidic method (jet) when working in water, The
mechanical method has previously been used only for qualitative
experiments in water (Elder 1960).

The objectives of the present research required a disturbance
generatox_" capable of operating reliably over a range of frequencies
from a few Hz to 100 Hz or more. Multiple spark gaps were not
considered suitable because of probable severe electrical interference
with the data-acquisition system. Fluidic methods were not considered
suitable because of unavoidable freqﬁency limitations for solenoid
devices. A mechanical method was therefore adopted.

The disturbances were generated by momentarily displacing
small cylindrical pins into the laminar boundary layer. Figure 6 shows
some geometrical details of the mechanism, The Easic element is a
nylon pin which is embedded in the front section of the plate, Normally,
a compression spring keeps the pin retracted and in contact with a
retaining plate, as shown at the left, so that the plate surface is
uninterrup’céd. ‘ Thé pin is displaced into the boundary layer, as shown
at the right, by a i‘otating nylon cam (impregnated with molybdenum
d‘isulfide to reduce friction). A beryllium -copper leaf spring between

each pin and the associated cam guarantees smooth and non-destructive
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contact betyveen the two moving elements and also removes heat
generated during operation,

The éamshaft is 127 cm long and is mounted on the lower side
of the front section of the‘ plate, as shown in Figure 7. It is supported
at seven locations in needle bearings. One end of the camshaft is
clémped in a ball-bearing assembly td prevent axial motion. The
other end extends out of the wind tunnel (through a 2. 5-cm diameter
hole in the side wall) and is connected to an electric motor by a flexible
coupling, The camshaft assembly is shielded from the air flow by a
curved shield which extends from side wall to side wall. Cooling air
introduced into the camshaft cavity is discharged through the clearance
gap around the shaft at the motor end. The life of the cam-pin
assembly was found to be critically dependent on the afnount of cooling
provided,

The cam mechanism has a 1. 2—.cm diameter steel shaft fitted
with six nylon cam sleeves separated by needle bearings. The sleeves
were carefully aligned, with an individual four-lobe cam corresponding
to each pin in the plate. Any cam lobes which were not wanted were
machined off the sleeves. Figure 8 shows the appearance of a cam
sleeve before and after final machining, Normally two lobes, 180
degrees apart, were retained at each pin location. Alternate cams
along the 1éngth of the camshaft were displaced by 90 degrees. Thus,
the disturbaﬁce generator produced a close-packed hexagonal pattern
in a (z,t) plane when the shaft was rotating, as indicated in Figure 9,

The period ¢ in the z direction was fixed by the cam in use. The
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period T in time was half the period of shaft rotation. For convenience,
the temporal frequency f, where fT = 1, will sometimes be cited
instead of the corresponding period T.

A total of 201 pins é,re installed in the model at a station 22.9 cm
from the leading edge. The pins are spaced 0,508 cm (0.2 in) apart,
At several lateral positions, two adjacent pins are omitted to make
room for the bearings used to support the camshaft, The minimum
uniform pin spacing is thei’efore 1.524 cm (0.6 in). This spacing can
be increased in increments of 0,508 cm (0. 2 in) up to the full width
of the plate. With a hexagonal disturbance pattern, the minimum span-
wise pitch or wave length ( is therefore 3,048 cm (1.2 in); The
three values actuallly used in the present tests were 6,10, 9.14 and
12,19 cm (2.4, 3.6, and 4. 8 in),

Considerable development work was required to settle various
details of the cam mechanism, During bench tests, the thickness of
the leaf spring and the clearances of the cam-spring-pin geometry
were varied, and strobe lighting was used to observe the motion of
the various elements. Satisfactory smooth, bounce-free operation on
the bench was achieved at pin frequencies up to 200 Hz (6000 rpm for
the cam shaft, with two cam lobes 180 degrees apart). A life test
was discontinued after about seventy million cycles (270 hours at
70 Hz) when no problems were encountered except for slight wear of
the pins and bcam lobes.

In the tunnel, one factor limiting maximum speed was heat

removal; another was bandwidth and maximum voltage available in the
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servo amplifier driving the cam shaft, One failure occurred early in
the experiﬁlents when high temperature for a few of the leaf sprihgs
led to premature fatigue fracture. The leaf thickness was increased
from 0, 025 cm to 0.038 cm, and a procedure was adopted of running
the disturbance generator for the minimum possible time required
to achieve lock and record data, |
Figure 10 shows typical records of static pin displacement
plotted against camshaft ahéle (measured from the encoder ‘index
pulse). There were slight inadvertent variations in cam radius and
pin length, amounting to * 0,005 cm; these variations were sometimes
detectablé in the data as variations in size and strength of the

turbulent spots.

Figure 10 also shows pin position at maximum displacement
relative to the estimated (not measured) laminar boundary layer profile

at the pin station.

2.6 Cam Drive Sy stem

The phase-locked loop servo system built by Cantwell (1‘975)
was modified to drive the camshaft, In the preéenf: application, the
feedback signal originated at a 200-line optical encoder (Renco Cor -
poration Model KT -23A-200-3D). The inertial load was 11, 000 gr-cm?2,
At speeds in the range of 120-2400 rpm, the required torque varied
between eséentialiy zero and one Newton-meter four times per

revolution,

The pulse train from the encoder was divided by 4 before it was

fed into the phase-frequency comparator, in order to remain within
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the bandwidth of the power amplifier (Control Systems Research, Inc.
Model 800 PRA ) at all cam-rotation rates, without having to make any
adjustment's except for loop gain. The command frequency was also
divided by 4 before being.fed into the camparator. To the instrumenta-
tion, therefore, the phase-locked servo system appeared to be running
on a 200 lines/revolution encoder.

The cam drive system performed satisfactorily at all running
conditions., Some minor gain adjustments were necessary f;o maintain
lock at extreme shaft speeds, It was found that if the system were
simply switched on, the.servo would hunt for a time before locking to
the comrﬁand pulse train, To avoid possible damage to mechanical
components of the éystem at high speeds, therefore, systerﬁ gain was
first set to zero and then increased to a suitable value, thus allowing

smooth locking to the command signal.

. 2.7 Hot-Wire Rake

Twenty four hot-wire probes .(TSI—1276V-T1. 0) were mounted in
a rake configuration transverse to the flow and parallel to the plate
surface. The rake was suspended from a full-s'paﬁ bridge by three
struts, as shown in Figui‘é 3 and in a closer view in Figure 11. The
rake and struts were made from streamlined brass tubing (0. 66 cm
chord, 0.33 cm thick). The-bridge' itself was made from elliptical
stainless stleel tub.ing (3.00 cm chord, 0.84 cm thick), The rake was
14. 5 cm below the bridge. All electrical wiring except for connections
é,t the probes was contained within the rake, struts and bridge. The

probes had no common electrical connection. The entire rake and
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bridge structure was filled with epoxy resin (Stycast 1264) for increased
stiffness. When the tunnel was running, there was some vibration of
the bridge in the vertical direction in the fundamental mode at a
frequency of about 11 Hz.. The amplitude was not large, and vibration
was not a problem during the intermittency measurements in steady
flow. I—IowAever,r the transient motion when the tunnel was started was
large enough so that it has so far prevented mounting the rake very
close to the pla.te.surface.v

A slotted end plate at each end of the bridge tied the rake
assembly to the two boundary layer shields. FEach end plate had a
carefullyr machined horizontal reference plate, These reference plates
were used to position the sensors in the flow, as indicated in Figure 12,
The vertical distance between the reference plates and the hot wire
sensors was known. By stacking shims, the rake could be located at
any specified distance from the plate surface up to aftj)out 8 cm, After
positioning, the slotted end plates were bolted to the shields to secure
the bridge. Slots on the end plates provided contiﬁuous variability in
vertical rake position. Holes in the shields were located 7,62 cm
(3.0 in) apart. These holes are sometimes referred to by station
number; the relation between station nﬁmber and the location x of the
hot wires in cm is given by

x(cm) = 26.4 + 7.62 (STA)
Six of the available stations (4, 8, 12, 16, 20, 24) were used in the
present experiments (see Table I).

Temperature rise during the experiments introduced a slight
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uncertainty in the vertical position of the rake, The use of different
materials for the plate, the bridge and the filling (aluminum alloy,
stainless sfeel, and epoxy resin, respectively) led to thermal stresses
in the bridge structure when the tunnel temperature changed. The
extreme vertical displacement of the rake from this cause was '
estimated to be less than 0.1 cm.

The 24 hot-wire probes were located symmetrically about the
plate center and were spaced 0,762 cm (0. 3 in) apart. The span of the
rake was therefore 17.5 cm (6.9 in). The hot-wire sensors were
parallel to the plate surface and hence responded mainly to the stream-
wise comiaonent of velocity., The sensors were 2.5 um in diameter and
about 0.15 cm in length. They were made of platinum -plated tungsten
wire and were operated at a constant temperature of 250°C, All of
the results reported here have been obtained from the same 24 wires.
No wire failure occurred during the experiments, Which required

several hundred hours of tunnel running time.

2,8 Pressure Instrumentation

The tunnel dynamic head'was constantly monitored by a pitot-
static probe (United Sensor PDC-12-G-10-KL) mounted from the
tunnel ceiling (this probe is visible in Figure 3), The tip of the probe
was at x =61 cm, y =21 cm, z = 0. The probe was connected to a
100-mm Hg differéntial electronic manometer (Datametrics Barocel
Pressure Sensor 511-11 and Electronic Manometer 1014A), To
rﬁeasure the free—stream velocity near the hot wires, a second pitot-

static probe (modified United Sensor PDA-12-F-~10-KL) was installed
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on the hot-wire rake. This probe was connected to a 10-mm Hg
differential electr_oniq manometer (Datametrics Barocel Preséure
Sensor 51 1’—10 and Electronic Manometer 1015-5S2), The tip of this
pitot -static probe was abéut 8.7 cm above the sensors of the hot-wire
probes,

Altogether, 44 surface-pressure taps were provided on the flat
plate. Of these, 16 were on the centerline and 14 were on each of the
lines z = £30.5 cm. Static pressure at these taps was also measured

using a 10-mm Hg differential electronic manometer,

2.9 Hot-Wire Anemometers

Twenty four constant -temperature hot-wire anemometer circuits
were fabricated for thesé experiments, The design was based on that
of Perry and Morrison (1971). Each circuit included an intermittency
meter consisting of a passive bandp;a,ss filter, a rectifier, a level
detector, and a retriggerable monostable multivibrator, or one-‘shot.'
A circuit diagram is shown in Figure 13. FEach anemometer with its
associated intermittency meter was contained on a single printed-
circuit board. In the same enclosure was provided a-digital multi-
plexer for coding of the 24 bits of intermittency data. The multiplexer
was interfaced to the data-acquisition system as an input device on
channel 228. The 24 bits of intermittency information were latched at
read time and latef transferred to the computer in two 12-bit sections.
Two other bits identified the section and the occurrence, once per

revolution, of the encoder index pulse.
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2.10 Intermittency

Intermittency was the primary measured variable in thelpr‘esent
research. vTurbulent flow was distinguished from laminar flow in
terms of energy content ét high frequencies. After some preliminary
measurements, the cut-off frequencies of the single-pole RC band-pass
filter in Figure 13 were set at 2,7 KHz and 7. 0 KHz and were left
fixed throughout the course of the experiments. The threshold levels
on individual channels varied slightly with differences in the particular
wires and components in the units, The pulse lengths of the one-shots
were set to 1 ms; no attempt was made to correct the data for the
associatéd time lag at the end of a turbulent region.

Adjustment of the intermittency meters was essentially a sub-
jective process. All twenty-four circuits were tuned in a turbulent
boundary layer flow generated by taping the tripping 'devi;:e shown in
Figure 14 onto the plate surface at x ~ 23 cm (slightly upsfream of
pins, pins retracted). The trip extended from wall to wall. The rake
was placed well downstream at a suitable distance from the plate
surface., After considerable adjustment of probe height and circuit
parameters, the average intermittency factor seen by the 24 wires
at x =118 cm, y =2.02 cm, U =10m/s was 0.50, with extreme
individual readings being 0.48 and 0. 53. Figure 15 shows some typical
analog outbuts from the anemometers under these conditions, together
with the as séciated intermittency signals. The intermittency function
*;xzas also measured at a few points across the tripped boundary layer,

with the result shown in Figure 16. The data seem entirely compatible
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with similar curves previously reported in the literature (e.g.,

Klebanoff 1954),
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III DATA PROCESSING

3.1 Solo System .

The éxperiments used the GALCIT mobile computer -controlled
data-acquisition system, ‘known as the Solo System. The main system
component is an HP-2100 computer haviﬁg 32K (32, 768) 16-bit words of
core memory, As of March, 1979, peripherals include CRT terminal,ﬁ
cartridge disc, phase-encoded magnetic tape trans'port, line printer,
plotter, and analog-to-digital converter. A general-purpose 16-bit
digital I/O channel (channel 22g) is also available. The operating
system is the real-time executive RTE-II. |

The data system includes a preset counter used as a master clock,
The output, called ?A CER, is a 2-MHz crystal-controlled pulse train
which can be divided by any desired integer N set on front-panel
switches. By coincidence, the number N had a special significance
for the present data, The reason is that the pulse frequency 2, 000, 000/N
was again divided by 200 in a 200-line encoder which controlled the
phase-lock camshaft drive, Hence the period of the camshaft was
N/10, 000 sec. Since the nominal free-stream veloAci’cy in the present
experiments was 10 m/s or 10, 000 mm/s (actually 10, 130 mm/s,
on the average), the number N was for practical purposes the distance
in millimeters travelled by the free-stream flow during two cycles of
the periodi’c; distufbance pattern, or during one camshaft revolution.

3.2 Timing
The time base for the experiment was the PACER pulse train, The

PLL camshaft drive was locked to this pulse train (with both command
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and feedback frequencies divided by 4). The‘motor rotation speed was
10, 000/N fevolutions/sec, and the pin frequency in the synthetic
boundary—layef experiments was 20, 000/N Hz, The timing of data
acvquisition is explained in Figure 17. An index pulse @ was provided
once per revolution by the optical encoder, A stretched copy @ of
this index pulse waé generated at the leading edge of the first PA CER
pulse following the true index pulse, The stretched pulse was 125 ps
long and was monitored byv the data system as the least sigrﬁficant bit
of input 22g. The data-acquisition program detected the leading edge
of the stretched index pulse, cleared the intermittency multiplexer,
and initiated data acquisition at the next PACER pulse, "FIRST' and
"LLAST!' on signal trace @ in Figure 17 indicate the relative positions
of the first and last samples of a run,

Intermittency data were recorded as a continuous time series on
magnetic tape. One data file was written for each‘r.u'_.t‘l. Files were
numbered in chronological order throughout the experiments, A
typical file contains one identification record and 400 data records, each
of which corresponds to 5 camshaft revolutions, Data were recorded
at each PACER pulse on trace @ in Figure 17. At each pulse, 5
16-bit words were read into the computer. The first two words were
intermittency data on channel 223 and were transferred automatically
under DMA (direct memory access) control, The first WOI‘Id contained
the intermittency bits for wires 1-12, the second for wires 13-24, All
24 intermittency readings were simultaneous, having been previously

latched by the clock pulse @ that commanded the multiplexer, The
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remaining three words were three analog signals digitized by the AD
converter.‘ The first was a general-purpose signal (used, for example,
for surface-prés sure measurements) and the other two were the ceiling
and rake pitot-static readings. After some processing, a 3020-word
record was written on magnetic tape. The first 2000 words were
intermittency data; the next 1000 words were the general—purpoée
signal; and the last 20 words were the two channels of pitot-static data
in the form of averages over each of the 10 cycles of the rercord.

The index pulse was checked by the data system after every 200
samples (every other pin cycle)., Absence of the index pulse, presum-
ably due to loss of lock in the camshaft drive, caused the run to be
aborted, In effect, a position control was the requirement, not a

speed control, A phase-locked servo system was a tailored answer to

this requirement.

3.3 Filtering

A filtering operation was applied to the intermittency data before
ensemble averages at constant phase were computed. There were two
reasons. One Was to sharpen the classification of the flow into laminar
and turbulent regimes. The other was to provide a means for
communication between adjacent wires, which sometimes had slightly
different responseé in the same flow.

After' some éxperirnenting, the filtering method chosen was to
center a rectangular window, 3 wires wide and 5 samples long, over
éach bit of the pattern, If the sum of the 15 bits was 8 or more, the

center bit was replaced by a one; if the sum of the 15 bits was 7 or
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less, the center bit was replaced by a zero, The data from wires 1
and 24, at éhe ends of the rake, retained their original values. 4
Because the same 3 x 5 filter window was used for all of the data
processing, the effect of ‘filtering was uniform for different probe
stations but not for different cam speeds. The time interval corre-
sponding to 5 samples was directly proportional to N,’ so that the
affected frequencies in the signal 4 (t) varied inversely with N.
This non-uniformity is nof considered important for the pufposes
of the present research,

Figure 18 shows short segments of typical intermittency data,
before anﬁ after filtering, for three flows. These are the turbulent
spot (Run 538), the synthetic boundary layer (Run 117), and the natural
boundary layer (i.e., a flowtripped by the serrated tape trip shown
in Figure 14 above).

The filtered data were ensemble averaged over the 4000 cycles
of a file as a 24 x 200 array, covering one camshaft revolution., In
principle, the two cycles of a revolution should be identical and could
be combined. In practice, however, slight variations in maximum pin
displacement were sometimes detectable as variations in peak inter-
mittency within a turbulent region. ZFor this reason, the fundamental
period of the experiments was usually taken as one revolution rather
than one cyéle.

Two characteristic values for overall intermittency were also
calculated and can be found listed in Table IV below. One is the global

mean intermittency; i. e., the value obtained by averaging over one
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revolution and over the number of wires corresponding to one spanwise
period of the pin disturbance., This value is usually a little lower than
the global fnean value chosen during the experiment to set the probe
height (the target value \&as a global mean of 0.40 for N = 800). The
reason is that the probe was set with the aid of a quick-look program
(IBALL) which did not filter the interfnittency data, The second
characteristic overall intermittency was the value midway between the
largest and smallest values occurring in the filtered 24 x 200 array.
This value, called the median value in Table IV, identifies the contour
which is shaded to indicate regions of turbulence in Figures 21-23 and
33-63 beiow. The median was preferable to the mean for this purpose
because it did not aecrease toward zero in flows with low inherent

intermittency, such as the low-frequency spot data of Figure 21,



25
IV TURBULENT SPOT

4.1 Disturbance Margin

The disturbance mechanism described in Section I was designed
on the premise that it coﬁld always be made to work by increasing the
tunnel speed sufficiently. Higher speed increases the Reynolds number
at the disturbance station (i.e., increases the margin with respect to
the small-disturbance stability boundary), and also thins the boundary
layer, so that the pins seeﬁ to be larger and to extend farther ipto
the flow. The normal pin displacement was 0,165 cm, although it
could be increased if necessary to 0.2 cm at the cost of a substantial
increase Vin the loads on the cam mechanism.

A test was carried out to determine experimentally the relation
between free-stream speed and the probability of generating a spot,
One single-lobe cam was used to drive the center pin, Which was
displaced into the laminar boundary layer every 80 ms (N = 800). A
close-up photograph of the pin at maximum displacement is shown in
Figure 19. The duty cycle was about 20 percent (cf. Figure 10). The
hot wire rake was at x = 148,3 cm, y = 1.57 cm. . Figure 20 shows
the maximum ensemble-averaged intermittency seen by the rake, the
value plotted being typical of data near the center of the spot and the
center of the rake. That this value was in fact the probability of
generating.'a spot was checked by an examination of raw intermittency
records. All spots were found to be essentially the same size. Only
the number of spots seen at the rake was changing. Virtually no spots

were generated for speeds less than about 9 m/s. The normal tunnel
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speed of 10 m/s is indicated by the arrow in Figure 20; the operating
’margin for'the dis_’curbance generator is small but probably sufficient.
Factors which argued strongly for the lowest possible tunnel speed
were the lower plate Reyholds number, the lower operating speed for
the disturbance-generating mechanism (for a given eddy spacing in the

streamwise direction), and the lower heating rate for the tunnel,

4.2 Celerity

Turbulent spots were studied during the present experiments
mostly for the purpose of proving the instrumentation.. Spots were
generated once per camshaft revolution by the center pin of the disturb-
ance-generating mechanis‘m, as in the test just described. Three
camshaft speeds wére uséd; N = 1991, 800, and 386; thus spots were
produced at intervals of 199.1 ms, 80.0 ms, and 38, 6 ms, respectively,
Intermittency measurements were made at six equally-spaced down-
stream stations, with the Reynolds number based on distance from the

6 to 1,32 x 106. At each station,

leading edge varying from 0.36 x 10
the rake was first positioned at a distance from the wall such that
spots would only occasionally register at the rake (1 e., very small
but non-zero maximum intermittency) for N = 800. The rake was
then lowered half way to the wall, and intermittency measurements
were made at the three cam speeds mentioned,

The i‘lesults of the -spot measurements at half-height are displayed
in Figures Zi, 22, and 23 for N = 1991, 800, and 386. These figures

anticipate and illustrate the problem of presenting measurements of

one dependent variable, which is here <y > (ensemble-averaged
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intermittency) as a: function of four independent variables, which are
here N,. x,' z, and t (disturbance period, streamwise distance, span-
wise distance, | and time, or more properly phase). The synthetic
boundary layer also involves the spanwise period, (, and if the
objective were a more complete study of a single flow, rather than a
survey, the quantity y (distance from the wall) would become aﬁ
additional independent variable.

The main c,oordinate‘s in each figure define the (x,t) ialane. The
origin in time is the index pulse, which for these spot measurements
very nearly coincides with the point of maximum pin displacement. At
each x cdrresponding to‘ one of the six probe stations, a centered strip
of data shows contours of constant ensemble-averaged intermittency
<y > in coordinates (z,t); i.e., in coordinates representing a plan
view of activity in a narrow strip symmetrical about the plate center-
line. These are filtered data, so that the two end wires a‘re not used
directly. The effective width of the rake is 16.0 cm (6.3 in). The
contour interval in <y > ié 0.1. The pattern in each strip is periodic
with period Ut = 2UT, where 27 is the time required for one camshaft
revolution. The figures therefore depict the progress downstream of
an average spot., To assist in visualization, the region inside the
median contour (see Section 3, 3) is shaded for the particular spot which
was generated at t = 0 at the pin station. The solid horizontal line
and the small circle at the pin station indicate the time during which
the flow is disturbed and the moment when the pin is at top dead center.

In Figure 21, at the lowest frequency (N = 1991), the spot shape
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is distorted at least at the first two stations, presumably because of
the relatively longer time the pin is displé.ced into the flow. In Figure
23, at the highest frequency (N = 386), the spots interact rapidly in the
streamwise direction andvsoon cease to be recognizable as individual
spots. In Figure 22 (N = 800), there is some interaction at the last
stafion, but the behavior of the spot elsewhere is unexceptionable. In
particular, the nearly identical intermittency data at the first two
stations for N = 800 and N = 386 suggest that the spot shape is no
longer dependent on details of the driving disturbance.

The celeritiesrof the leading and trailing edges of the spot in-
Figure 22 can be determined by measuring the time of arrival and
departure of the median contour (usually <y> = 0,5) at the various
rake stations, These times are shown in Figure 24. The growth of
the spot is closely linear, at least in the range of x-Reynolds numbers
from 0.4 to 1,3 million, The celerities of the 1eading and trailing
¢dges are 0.82u_ and 0,69u,, respectively,

The virtual origin of the spot in x and t is marked in Figure 24
at x, = -30 cm and t, = -63 ms. Since the distance of the rake from
the wall is a measure of spot thickness in the plane of symmetry, a
plot of y against x should also admit %, = -30 cm as virtual origin.
That this is indeed the case is shown in Figure 25,

The results just obtained support the similarity argument made
by Cantwell et al., (1978). To compare the two sets of data directly,
it is necessary to consider conical similarity coordinates

£ = (x-%0)/u(t-t,), N = y/u_(t-ty), where from Figure 24 x, = -30 cm
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and t; = -63 ms. Figure 26,taken from Cantwell et al., shows the
spot cross section inferred by a different method, using ensemble-
averaged vélocity traces. Provided that turbulent‘fluctuations define
the same boundary, the 1§cation of the };ot -wire rake can be marked
on the figure by the two rays through the origin in the (£,T) plane.
The upper ray represents the trajectory of the rake at the crest of
the spot. The lower ray represents the trajectory of the rake during
the intermittency measurements of Figure 22, at half height in the
spot. The rake should enter the spot studied by Cantwell et al. at
(E,m) = (0.83, 0.0064) and leave at (£, ) = (0.62, 0.0047). Now in
Figure 25, the straight line is y/(x-xo) = 0.,0088 = n/£. Hence the
present measureménts have the rake entering the spot at (£, mn) =

(0. 82, 0.0072) and leaving at (£,m) = (0.69, 0.0060).

4,3 Pressure Signature

The long-range task of the present research program is first to
prove and eventually to exploit the concept of a synthetic turbulent
boundary layer by measﬁring various interesting, ;iseful, and
accessible properties of large or coherent. eddies iﬁ a suitable
synthetic layer. So far, one such measurement has been atterﬂpted,
but only in a preliminary way, and only for the turbulent spot. This is
measurement of the pressure signature at the wall in the plane of
symmetry of the spot. The low free-stream velocity in the present
experiments makes such a measurement an extremely delicate
operation which depends critically on the use of ensemble averaging to

improve the signal-to-noise ratio. The sensor used was a Pitran
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pressure transducer (Stow Laboratories Iﬁc. Model PT-M2MO01). The |
Pitran - is. a silicon NPN planar transistor whose emitter -base
junction is mechanically coupled to a diaphragm. A differential
pressure applied to the diaphragm produces a large, reversible change
in the gain of the transistor. The sensor was calibrated against a
10-mm Hg differential electronic manometer and\lfoﬁnd“to hafre a
sensitivity (with 2.0 volts bias) of 220 mV/mm Hg:

The signal port of thé Pitran was connected to Ya surface-
pressure tap on the plate centerline at x = 86.4 cm, z = 0,0 cm. The
reference port was conn»ec’ced to an off-center surface-pressure tap
at x = 86; 4 cm, z = 30.5 cm, where the boundary layer was always
laminar even when spots were being generated along the centerline
of the plate., The sensor assembly was suspended underneath the
plate by a soft helical spring, as shown in Figure 27,‘ and was not
shielded against the air flow,

The most difficult step was tuning the sensor to minimize the
effect of speed changes and substantial acoustic disturbances in the
tunnel. A differential transducer can be considered as two transducers
in tandem. In order to measure differential pressure, both transducers
must have the same time constant and hence the same phase response,
If the sensor is idealized é.s a large cavity of volume V connected to
a tap by thin tubing of length I, the time constant of the unit should
be proportiohal to LLV. The sensor was mounted with matched values
for I.. The volume on the reference side was fixed, but the volume on

the signal side could be adjusted using the piston and syringe which are
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visible in Figure 27. Final tuning was done with the tunnel running at
10 m/s and the spot generating mechanism turned off, The volume
ahead of thé diaphragm was adjusted until the sensor output was
reasonably quiet, |

Figure 28 displays a typical ensemble-averaged pressure .
signature in the plane of symmetry of the turbulent spot, The data
are an average for 2000 spots, generated every 80 msec (N = 800;
one lobe on the camshaft). Intermittency data at half height obtained
at the second station in Figure 22, with the hot-wire rake at x = 87. 3cm,
y = 1.02 cm, are also shown in Figure 28 (the spot at half height is
considerébly smaller than at the wall). A small pressure rise at the
leading edge of the ’spot is followed by a low pressure region (where
the vortex is thought to be), by a subsequent sharp pressure rise, and
finally by a decay in the wake of the spot. Note that the peak-to-peak
amplitude is about 0.03 in Cp, corresponding to a pressure amplitude
of about 12 ym Hg, or 0.17 mm H,0, or 2.7 mV of electrical signal.

Figure 29 uses similarity coordinates to compare the present
measurement with an indirect measurement by Cantwell et al., who
inferred the pressure signature in the free stream from the conical
property of the spot, the nonsteady Bernoulli equation, and the
measured velocity perturbation in the free stream caused by passage
of the spot.' If both measurements are correct, there is a noticeable
pressure difference across the spot. In fact, because the spot is
r‘elatively thin, values of dp/dx at the surface (ACp ~ 0.030 in 20 cm

in Figure 28) are appreciably smaller than values of dp/dy
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(ACp ~ 0,015 in 2 cm in Figure 295.

The shape of the pressure signature in Figure 28 does not agree
with the exéerience of DeMetz and Casarella (1973)., These investi-
gators were interested in. natural transition, and their surface-pressure
signals were ordinarily high-pass filtered and interpreted in terms of
intermittency, Their Figure 26 is a brief record of unfiltered signals
obtained in a flow with a substantial negative pressure gradient (made
necessary by an unfortunate leading-edge geometry), at an unknown
distance from the spot centerline, using instrumentation with highly
non-uniform system gain in the important frequency range. The cause
of the disvcrepancy is unclear; we can say only that we have considerable
confidence in our own measurements,

Two investigations have recently been published concerning
pressure signatures in natural turbulent boundary 1ay‘ers.. Dinkelacker,
Hessel, Meier, and Schewe (1977) have manually reduced a small
fraction of data obtained by an ingenious and ambitious interferometric
technique involving multiple elastic surface membranes. Both the
scale and the celerity of the observed patterns seem too small to be
characteristic of large-eddy structure. Thomas (1978) has obtained
time correlations of surface pressure centered on the local occurrence
of large, high-frequency fluctuations in surface pressure or surface
shearing sti'ess. The typical result is an anti-symmetric pressure
correlation thich is first positive and then negative; i.e., opposite
to the signature for a spot in Figure 28, The scale is large enough,

but the celerity seems low. The only hope of reconciling his result
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with the present one is the possibiiity (suggested by the location of
Thomas' detection event with respect to his picture of the la.rgAe
structure) fhat Thomas may be associating the last half of the pressure
signature from one structure with the first half of the pressure

signature from the next.
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V SYNTHETIC BOUNDARY LAYERS

5.1 Scope of Experiments

The main parameters of the various synthetic flows studied
during the present reseafch are listed in several tables. Table I
gives the distance from the leading edge of the plate to the pin station
and to the six rake stations. Table II gives the rake height from the
surface for the various measurements., Table III fra.nslates the cam-
speed parameter N into disturbance period T and lists the various
combinations of spanwise and streamwise periods which were studied.
A number entered into Table III indicates the figure in which the
intermitténcy data‘ may be found; an asterisk indicates that data were
obtained at all six stations but are not presented in a figure. Finally,
Table IV summarizes most of the parameters of interest for all runs
involved in either preliminary or final measurements,

For the synthetic flows, a systematic method was wanted for
setting the hot-wire rake at a suitable distance from the plate surface,.
During some preliminary runs with the 12, 2-cm cam, it became
apparent that a disturbance frequency of 25 Hz (N = 800) produced a
very regular, coherent flow over the full length of the plate (see
Figure 39). Some experimenting showed that a good rake position for
this flow was one where th>e global intermittency (for unfiltered data
averaged over all 24 wires; IBALL program) was about 0.4, This
value was thérefore adopted as a standard to be set at each station-
for the particular cam speed N = 800 for each cam, and the probe

position was left unchanged for all other runs with the same cam, As
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an example of the experimental experience, Figure 30 shows analog
signals obtained from two of the hot wires (13 and 21), with théir‘
associated‘intermittency signals, when the rake was at the most up-
stream station and the 12‘. 2-cm cam was running at N = 1991 (Run 190),

Because of changes in spot size and density with frequency, and
a,ls‘o'changes in apparent origin for spot growth, one consequence of
the method just described was that the global interrnittency changed
significantly with x for fi#ed N (for N # 800), as shown in Figure 31,
and also changed with N for fixed x, as shown in Figure 32, The
values plotted in these figures are mean intermittency for filtered
data, avéraged over one revolution and one spanwise period, and are
taken from Table IV,

The primary experimental results of the present research are
shown in Figures 33-63. The presentation is the same as in Figures
21-23 for the turbulent spot, and all of the remarks in Section 4, 2
apply to Figures 33-63 alsp. The scheme used at the pin station to
indicate pin displacement is the same, and the shaded regions are
again the regions inside the median contour line for intermittency,
half way from the smallest to the largest value of <y > . The unit of
data is one camshaft revolution, repeated as many times as necessary
to fill the figures. Note that the coordinates x, z, and Ut are all in
cm and have the same scales, so that the intermittency data in Figures
33-63 show the various flow patterns without distortion except for the

small difference between celerity and reference velocity.
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5.2 General Conclusions

During the study of synthetic boundary layers, the two main
parameteré, pin spacing and cam speed, were varied over a range
which we hoped would inciude one or more synthetic flows giving good
cause for eventual closer study. This hope was realized in full,.

Figure 33, which is not part of the main sequence of experiments
(cf. Table III), shows the result obtained when the 6.1-cm cam was
run at quite slow speed, the object being to investigate the feasibiltiy
of generating turbulent strips, or two-dimensional spots., The result
is inconclusive, since the intermittency data in the figure retain a
slight spénwise modulation even at the most downstream station.
Another attempt should perhaps be maae with the closest possible pin
spacing, which is four times smaller than the one used here.

Figures 34-63, taken as a whole, establish the important con-
clusion that the downstream large-eddy structure alv;rays develops
directly from the original disturbance pattern, with an explicit
correspondence between spots and large eddies. In this sense, at
least, the turbulent spot can certainly serve as a prototype large eddy.
The data also confirm a related finding by Zilberman et al. (1977).
There is an enormous reduction in the growth rate of each spot, in
both the spanwise and streamwise directions, as it moves downstream
in a crowd of neighboring spots, The growth rate normal to the surface,
. however, is'alynost unaffected (cf. Table II). The data do not support
the conclusion by Elder (1960) that spots grow independently of each

other and can be treated by superposition. Elder studied only the case
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of two spots side by side, andthen only at an x-Reynolds number of about
0.4 x ,10‘6. The present data deal with large arrays of spots and with the
range of x-Reynolds numbers from 0.4 x 106 to 1.3 x 106.

Another important fesult, apparently new, concerns an interaction

phenomenon which we propose to call eddy transposition. - This

phenomenon is conspicuous in Figures 34-36, 44-47, and 54-59., It
involves the appearance and rapid growth of regions of new turbulence
to the rear of the original vspots and in the gaps between them. The
original spots then decay and disappear. In the middle of the trans- -
position process (for exa_rnple, at the last station in Figure 36), the
number of large eddies is twice the normal value, and these eddies
form a honeycomb pattern of hexagons with empty centers. When the
tra;lsposﬁlon process is complete,‘. the original hexagonal pattern is
restored with a substantial phase shift,

It may be that eddy tfansposition in thef synthetic bouﬁdaryrlayver -
is connected with the appearance of wave packets and new breakdowns
to turbulence at the wings of a single spot, as observed by Wygnanski,
Haritonidis, and Kaplan (1979). The evidence is not clear, In most
but not all cases (cf. Figure 59), at least the early stages of the trans-
position process involve configurations with substantial regions
free or almost free of turbulence (see in particular the strip pattern in
Figure 33,”Which shows evidence of transposition)., If so, transposition

should probably be classified as part of the transition process and
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should not be expected to be conspicuous in a fully turbulent flow.
Examina‘cic;n of the raw intermittency data of the present experiments
might shed more light on the matter, and should be undertaken,

Another question is raised by the disappearance of the original
eddies in the late stages of transposition. Our conjecture at the moment
is Based on the position taken by Cantwell et al. (1977) regarding the
process which supplies energy to a turbulent spot.  In their view, free-
stream fluid overtakes thel spot and is entrained and slowedr by friction
on the Wall at the rear of the spot, where the surface friction is large
(the large friction may be thought of as either a cause or an effect of
the decelération). The rear of the spot, incidentally, is also the region
of high surface prevssure in Figure 28, It may be that during trans-
position the rear eddies shield the front ones and reduce their energy
supply to such a level that they are obliged to decay and disappear.

This conjecture, if it is correct, implies that a configuration with
large eddies following in line, one behind the other, might be quite
unstable, Hence a rectangular pattern would be a poor choice for a
synthetic flow, whereas a hexagonal pattern would be a good one.

It should be admitted that our original reasons for choosing a hexagonal
pattern, following Coles and Barker, were aesthetic rather than
scientific., In any event, an experimental test of the conjecture in
these terms is clearly feasible.

5.3 Celerity

| In any flow conﬁgu'ration where the large eddies remain intact as

they move downstream, their celerity can be easily measured as the

slope Udx/dUt in Figures 34-63, Such a measurement, corrected
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for the small difference between U = 1000 cm/s and u, = 1013 cm/s,
and with st'rong emphasis on the data at the more downstream stations,
shows a constant celerity of 0.88 (*+0.02) u, . The dispersionisa
measure of exper'unentalvscatter rather than of any systematic depend-
ence of celerity on veither of the two scales of the hexagonal eddy
pattern, The phenomenon of eddy transposition, in particula‘r, affects

- the position but not the celerity of the large eddies.

5.4 Coherence Diagram

A study of the results in Figures 34-63 suggests that there might
be a way to collapse the results for different cams, different cam speeds,‘
and different stations into a map or diagram showing the kinds of
interactions and ev}olutiohs which can occur. On the reasonable
assumption that the flow is not much affected by viscosity, variables
which suggest themselves for this pﬁrpose are the spanwise and stream-
wise periods normalized by the local layer thickness. Because the
patterns vary from open and highly regular (Figure 34) to closed and
nearly incoherent (Figufe 63), it is not a simple matter to define a
layer thickness consistently. The nearest availablé variable is the
rake height, which was adjusted at each station to obtain a global
unfiltered intermittency close to 0.4 for the particular cam speed
N = 800, and was left unchanged for other cam speeds. Values
obtained fo:é' giobai or mean‘ intermittency for the filtered data are
listed in Table IV and have been plotted for part of the data in
figures 31 and 32, The v'alues in question vary from 0,2 to 0,7
for the last five data stations. The variation could have been

avoided by adjusting the probe height for each x and N, but the
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additional experimental effort would have been enormous and the
additional ’benefit small, For the present, we have chosen simply to
ignore variatiéns in intermittency and to make the periods nondimen-
sional using the probe height, now denoted by A, directly.

The results are shown in Figure 64, &hich is the main product
of the present research., The various data strips in Fig‘ures‘ 34;63
were first classified, more or less subjectively, into various cate-
gories;v e.g., coherent paftern, transposing pattern, é.nd disintegrating
pattern, (i.e., a pattern showing marked loss of coherence)., These:
categories are indicated by open, slashed, and solid symbols,
respecti\}ely, in Figure 64, There is also a further differentiation by
symbol shape for the various cams; squares, circles, and triangles
are used for the 12,2-, 9.1-, and 6,1-cm cams respectively,

- Logarithmic scales have been used for both coordinates in Figure
64, Consequently, the trajectory of a given synthetié ﬂon as the
layer thickness increases is downward and to the left along a line of
slope + 1, Several regioﬁs and processes can be identified in the
figure, For large pin spacing (large () and fast cam speed (small 7),
evolution of the flow is uneventful until the pattern eventually begins to
lose coherence., For the same pin spacing but for slower cam speeds,
the flow can pass into or through the transposition region and emerge
as a displaced but still coherent pattern,

The séaling in Figure 64 is successful in establishing a
connection between flows which are formally quite different, For

example, the group of three points near Ur/A =14, (/A =4.2 rep-
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resents Runs 163,. 446,: and 253 (Figure 39, station 24; Figure 51,
station 16; -a.nd Figure 63, station 8), The flow patterns are géc;metri-
cally quite similar. The group of two points near U'r/AV:: 33, ¢/A = 5,
in the transposition regio.ﬁ, represents Runs 148 and 389 (Figure 35,
station 20 and Figure 47, station 12), Again there is reasonableﬁ
similarity; both flows show the honeycomb pattern already mentioned,

The original synthetic flow studied by Coles and Barker (1975)
can be placed in Figure 64’once an estimate is made for the boundary
layer thickness. The flow apparently falls in the late transposition
region, as indicated by the star at the point (/A = 3,8, Ur/A =24, The
present iﬁdication of transposition may account for the observation by
Coles and Barker that the region of ensemble-averaged velocity defect

passed the probe with its blunt end forward, rather than its narrow

end,

5.5 Scales

It is now possible to reconsider the question of scales raised in
the Introduction, The correlation measurements by Kovasznay et al,
(1970) revealed an average large eddy about 1,2 § wide and 2.5 6 long
at the half-intermittency level. Such an eddy would command an area
about 1.5 6 wide and 3.0 & long. Other investigators have used
counting methods, measuring the frequency of various events which
are believed to be felated to the large-scale motion, For example,
Kovasznay et al. (1970) counted interface crossings and found a

maximum frequency u_/f6 of about 1.3 at the half-intermittency
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level, This value was later confirmed by Chen and Blackwelder (1978),
who used heat as a passive contaminant and counted temperatufe-inter—
face crossihgs. Various results obtained from the position of zero
crossings in time correlafions have been summarized, with new data at
higher Reynolds numbers, by Badri Nareyanan and Marvin (1978). They
reeommend the value u,7/6 =5 to 6.

These experimental estimates of scale give vé.lue_s which are at
variance with each other and are all appreciably smaller than the scales
which characterize the coherent region in Figure 64. We now propose a
coﬁceptualwe'stiﬁiate 7based on a return to the idea, discus sed at
some length in the Introduction, that the large eddy can be explicitly
identified with the turbulent spot.

In dye photographs of spots (see Figure 4 of Cantwell et al. 1978),
the vortex position is usually quite well defined by a strong concentra-
tion of dye. The included angle between the two legs ‘of the vortex in
a plan view is close to 40 degrees, The same angle can be inferred
from the angle of the dye concentrations in the regions of transverse
contamination, as well as from the aluminum photo'graphs‘in the same
paper.  Consider therefore the hexagonal cross-hatched pattern shown
in the sketch, in which the diagonal lines represent vortex cores
aligned in a regular way. The geometry of the sketch implies tan /2 =
C/cT. For 8 =40 degrees and ¢ = 0.88u_, it follows that {/u,T = 0. 32,
This conditioh is shown in Figure 64 by the dashed line. For u_ =
1013 cm/s and for ( = 12.; 2, 9.1, and 6.1 cm, the appropriate values

for T are 0.038, 0.028, and 0.019 seconds. The corresponding flows,



according to Table III, are those described by Figures 39, 51, and 63,
These flows show loss of coherence in Figure 64 at about (/A =4.0,

UT/A =13,5, If 4/6 =0.8, therefore, the flow in the sketch should be

marginally stable when
€ ~ ~
T 3.2 , 11

Both values are close to ’the scales reported by Zilberman et al, (1977)
and Haritonides et al., (1977) for a spot immersed iﬁ a natural (i.e.,
tripped) turbulent boundary layer., Their streamwise scale, however,
should properly be doubled before the comparison is made.

At this point, a combination of scales can be specified for con-
structing a synthet;lc boundary layer suitable for work on the signature
problem discussed in the Introduction, To operate in a marginal state
at a given station and a given speed, it is only necessary to know (or

guess) the layer thickness. The required cam spacing and cam speed
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then follow from the numerical estimates just derived, Because the
boundary of the disintegration region in the left center of Figufe 64
has a negative slope, slightly different combinations of cam spacing
and cam speed might also' serve, within limits, as long as an increase

in one is compensated by a decrease in the other.

5.6 Eddy Coalescence

What is missing from the measurements so fé,r is any. quantitativé
measure of the dispersion or loss of coherence which is observed to
occur as the synthetic flows move downstream, It is reasonable to
suppose that this loss of coherence is associated with an insupportable
geometrical distortion of the three-dimensional 1arge—eddy structure,
As a synthetic flow develbps in what we have called the coherent
region, the spanwise andb streamwise scales do not change, but the
thickness increases almost’ lin:early.with time or distance. Eventually,
a phénomenon like the vortex pairing or coalescence observed in the
plane mixing layer by Brown and Roshko (1974) and Winant and Browand
(1974) must occur, To fix the ideas, suppose that eddies in thélboundarvy
layer normallry coalesce in pairs, and coalesce rap;ldly enough so that .
the volume of turbulent fluid does not change, * During the pairing
process, the spanwise and streamwise scales must then increase by
a factor 42 , while the thickness rémains unchanged. The main effect
of the pairing procéss must therefore be to reduce the relative thickness
of the large eddies, and the situation should remain stable until the
*That the volume of turbulent fluid is almost constant during pairing
in the mixing layer has been established by computer analysis of high-

speed shadowgraph movies taken by L. Bernal in the Brown-Roshko
apparatus at GALCIT (J. Jimenez, private communication),
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thickness has again grown by a factor »/ 2. This argument implies that
the most comfortable synthetic eddy for a given combination of spanwise
ana streamﬁise scales is one for which the thickness A or 6 is about
20 percent less than the vvalue at which loss of coherence becomes
apparent in Figure 64, This conclusion should be taken into account
in é.ny selection of scales for a synthetic boundary layer, as should
the likely proposition that coalescence might occur more naturally for
vortex fours than for vortex pairs.

The present data have not yet been examined in detail on the
question of eddy coalescence. Whatever the results may be, it is
interestiﬁg to speculate about the properties of a hypothetical
synthetic flow so pérfectly constructed that loss of coherence is itself
a deterministic process, What should happen, once the flow réaches
the boundary of the shaded region in Figure 64, deserves to be called
planned coalescence. The trajectory should reverse direction and then
resume its normal evolution with new scales., Since there is considerable
design freedom in the method used for generating disturbances during

the present research, such an experiment is probably within reach.
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TABLE I

STREAMWISE STATIONS (cm)

Leading Edge . 0
Pins 22.9
Station ™ 4 56.9
| 8 87.3
12 117.8
16 148. 3
20 178.8
24 209.3

Trailing Edge 264.2
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~ TABLE I
DISTANCE OF HOT-WIRE RAKE

FROM PLATE SURFACE (cm)

Station 4 8 12 16 20_ 24

% (cm) 56.9 87.3 117.8  148.3 178.8 209.3
Crest of spot 1,34 2.03 2,57  3.13 3.68 4,10
Center of spot .67 | 1.02 1.29 1,57 1,84 2.06
12.2-cm cam .63 1.36 1.76 2.18 2.52 2.89
9.1-cm cam .73 1.36 1,78 2.18 2.52 2.89

6.1-cm cam . 89 1.43 - 1,86 2.25 2.57 2.95,
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TABLE 1III
SCOPE OF EXPERIMENTS

N, " 7(s) {(cm)

12.2 9.1 6.1

See Figure:
4953 .248 * 33
2867 . 143 % % %
2389 .119 *
1991 100 34 44 54
1659 . 083 35 45 55
1382 . 069 36 46 56
1152 . 058 37 47 57
960 . 048 38 48 58
800  .040 39 49 59
667 .033 40 50 60
556 .028 41 51 61
463 .023 42 52 62
386 .019 43 53 63
322 .0l6 s s

268 .013 %



RUN
NO

191
102
183
104
165

126
1e7
ies
1889
110

111
112
113
114
115

116
117
118
119
12@

121
122
123
124
125

126
127
128
129
130

CAM.

4,8%
48"
4,81
4,8"
4,8"

4,8¢

4,81
4,8"
4,8"

,4‘8ﬁ

4,81
4,8”
4,8"
4,8"%

‘4.8*

448"
4,8"
4,8"
4,8!!
448"

4,8"
4,8"
4.3"
4.8"0
4,81

4,8"

448"
4,8"
4.5n
4,8"

ZETA
(CM)

12,19
12,19

12,49

12,19
12,19

12,19
12,19
12,19
12,19
12,19

12,19

12,18
12,19
12,19
12,19

12,19
12,19
12,19
12,19
12,19

12,19
12,19
12,19
12,19
12,19

12,19

12,19

12,19
12,19
12,19

N

800

8age
808
8p0
386

1981
556
1152
463
1659

667

1382°

968
808
gaa

811
8p8

386

1994
556

1659
463
1152
667
1382

968
828
8240
Bap

809

TAU

(s)

642
840

284D

, 048
219

,100
,028
, 058
e 823
, 283

B33
, 869
048
040
s 040

L840

240
819
. 100
, 028

,083
823
058
$ 833
«B69

,048
040
,040
,040
L 040

52

TABL

16
16
16
16
16

i6
16
16
16
16

i6
16
16
16

@0 o 0 o

o0 00>

12
i2
12

E Iv

87,3

87,3

87,3

87,3
87,3
117.8
117,8
117,8

Y
{CM)

2,10
2,28
2,18
2,18
2,18

2918

2'18
2,18
2,18
2,18

Ry18
2418
2,18
2418
1,38

1,36
1,36
1,36
1,36
1,36

1,36
1,396

1,36

1,36
1,36

1,36
1,36
1,78
1,76

U
(CM/8)

189
1812
1014
1019
1819

1020
1216
121
1229
@2

12y
18214
1823
1020
18¢8

1014
1913
ir1d
10193

1812

1912
1812
1012
1012
1213

1813
1213
1018
1812
1812

MEAN MEDIAN

INT

4456
,342

, 3402
1502

2162

487

242
1451
p 182

335
1215
2275
2316
346

3714
368
,662

2229

+452

12414
522
02714
,366

0291
,339
334
¢ 355
4361

INT

500
, 342

0442

1439
e 516

, 396
457
. 393
, 467
335

, 396
338
482
. 580

508
4499

2614

528

, 492

, 508
517
499
0499

(499
,498
,482
1476
469
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131
132
133
134
135

136
137
138
139
148

141
142
143
144
145

146
147
148
149
is5e

151
152
163
154
1565

156
157
158
159
160

CAM.

ZETA

- (CM)

4,8"
4,87
4,8"
4,8"
4,8"

4,8%

4,8"
4,8%

4,8"
4,8"

4;8"
4,8"
4,8"
4,8"
4,80

4,8“

4,8"
448"
4,8"

448"
48"
4,.8"
d.8"
d4e8"

4,8"

448"
4,80
4,8"
4,8"

12.15
12,49

12,19

12,19
12,19

12,19
12,419
12,19
12,19
12,19

12,19

12,19
12,19
12,19
12,19

12,19
12,19
12,19
12,19
12,49

12,19
12,19
12,19
12,19
12,19

12,19

12,19
12,19
12,19
12,19

N

1991
386
1152
463
960

667

1659
956
1382

tee

2867

322

Bawv
soe
386

1991

667
1658
950
1382

556
1132
463
8ep
2867

2389
8o
8ge
oo

82

TAU

(s)

, 120
019
258
823
848

, 083
,028
069
040

0143
2016
s 240
: 040
2019

190
,833
283
,848
069

,028
258
,823
L840
$143

119
L840
L0408
, 048
YT

53

TABLE IV

12
i2
12

12

12
12
12
12
12

12
12
28
20
20

20
20
20
29
20

2@
20
20
2@
2@

20
24
24
24
24

Y
(M)

1,76
1,76

1.75
1,76
1.75

1,76
1,76
1,76

1.76

1,76

1,76
1,76
2,52
2,52
2,52

2,52

2,52
2,52
2,52
2,52

2,52
2,52
2,52
2,52

2,52

2,52
2,89
2,89
2,89
2,89

U

1032
iey2
1812
1813

1813

1843
1013
1013
1813
1813

1014
1012
1812
1812
1042

1e12
1812
1812
1012
1e12

ie12
1e13
1015
1615
1015

1e14d
1812
1012
1813
fey2

(cM/s)

MEAN MEDIAN

INT

,228
» 267

, 522
301

4368

,223
441
,243

¢948

., 228
. 585
,344
, 334
1470

2176
344
, 202
»288
,234

,388
, 430
,334
, 135

145
, 359
374
,380
373

INT

4445
596
473
,545
2476

o447

434
482
2437
L 467

2491
569
488
£ 413
484

371
2376
, 330
2369
282

) 485
. 347
434
393
s 442

,414
430
396
412
, 468
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161

162 "4,8"
’4.&"

163
164
165

166
167
168

169
170

171

172

173

174
175

177
178
179
188
181

ig2
183
184
185
186

187
188
189
lse
191

CAM

4,87
4,87

4,8"

4,87

4,8“‘

4,8"

4,8"
4,8
4'8"
4,8"

ZETA
(cM)

12,19
12,19

12,49

12419
12,19

12,19
12,19

12,19

12,19
12,19

12,19

12,19
12,19
12,19
12,18

12,19
12,19
12449
12,19
12,19

12,19

12,19
12,19
12,19
12,19

12,19
12,149
12,189
12,19
12,19

N

800
800
800
386
1994

463

667
968
1659
1152

256

1382

386
8@
2867

4953

800
2867
2389
4953

80w
2867
2389
8pu
Bo®

800
802
386
1991
556

TAU STA
(s)

(040
040
L840
,019
102

, 023
, 033
048
, 083

2858

,028
069
,019
040
143

2482
0143
119
248

84D
,143
»119
., 040
0402

040
040
019
L1008
,028

54

TABLE IV

24
24
24
24
24

24
24
24

24

24

DD A Db D

X
(CM)

209,3
209,3
209,3
209,3

2@89,3

209,3
209,3

209,3

209,3

209,3

209,3
209,3
209,3
209,3
209,3

209,3

87,3

87,3
87,3
87,3

148,3

148,3
148,3
56,9
56,9

56,9
56,9
56,9
56,9
56,9

Y
(cM)

2,88

2,89

2,89
2,89

2,89

2,89

2,89
2,89
2,89
2,89

2,89
2,89
2,89
2,89
2,89

2,89
1,36
1,36
1,36
1,36

2,18
2,18
2,18

83
V’?I

,63
.63
,63

,63

)
(CM/8)

1012
1012
1014
1012
1013

1013
1813
1013

1014

1813

1043
1213
1012
1214
1014

19014
1011
1813
1012
1013

1201
1000
1602
1215
1815

1914
1814
1015
1815
1814

MEAN MEDIAN

INT

4375

"353,
, 362
462

12085

4441

2371
324
2234

. 282

2 395
261
464
, 341
e 141

» 148
345

e 181

,280

p 127

311
151
. 140
2275
344

. 380
361
,869
, 465

INT

, 484
384
, 390
,484
, 380

,460
390
358
. 336
0337

2 406

9912

1470
379
489

2478
, 498
2500
,500
. 508

,433
, 485
s 447
, 500
, 500

,508
508
, 682
, 500
., 508
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192
193
194
195
196

197
198
198
2ee
201

231
232
233
234
235

237
238
239
240
241

242
243
244
245
246

247
248
249
25¢
254

CAM.

4,8"
4,87
4,8%
4,8"
4,87

4,8"

2,4"

2,4"
2,40

ZETA

(CM)

12,19
12,19
12,19
12,19
12,19

12,19
12,19
12,19

12,19
'12@19

6410

6,40
6,10
6,10
6,10

6,10
6,12
Bo10
6,10
6,10

6,10
6,10
6,10
6,10
6,10

6,18

6410

6,10
6,10
6,10

N

96@
667

1659
1152
463

1382

8ee
2867
2389
4953

809

Bgeg

soe
BR¥
J86

1991
463
968

1659
056

1382
667
1152
322
sep

2867
2389
4953

BOQ

800

55

TABLE 1v

TAU STA X

(s) (M)
048 4 56,9
833 4 56,9
.83 4 56,9
858 4 56,9
823 4 56,89
,269 4 56,9
L0480 4 56,9
143 4 56,9
,248 4 56,9
o840 12 117,8
240 12 1178
242 12 117,8
840 12 117,8
219 12 117,8
108 12 117,8
,023 12 117,8
(048 12 117,8
,083 12 117,8
,028 12 117,8
269 12 117,8
B33 12 117,8
L858 12 117,8
,016 12 117,8
,240 12 117,8
w143 12 117,8
L1159 12 117,8
,248 12 117,8
040 8 87,3
048 8 87,3

1,86

1,86

1,86
1,86

1,86
1,86

1,86
1,86
1,86
1,86
1,86

1,86
1,86
1,86
1,46
1,414

u
(CM/8)

1015
1015
1215
1015
1215

1815
1015
1016
10817
1037

1808
1087
1824
1910
leje

i211}
1210
1011
1014
1014

10114
1011
iey2
iei2
1014

1ej2
1812
iet2
1019
1014

MEAN MEDIAN

INT

2302

21897

2229

585

223
,278
2149

2155

2 119

4067
. 522
215
, 350
1552

218
0479
289
2217
418

,228
. 340
245
577
317

227
208
» 304
484

INT

500
500
. 500
50D
501

. 500
, 499
, 508
508

150
2550

1412
9916

468
455

#5984

. 451
. 426

p412
0371
2371
570
384

»499
495
461
398
,464
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252
253
254
255

256

257
258
259
260
261

262
263
264
265
266

267
268
269
e7e
271

272
273
274
275
276

277
278
279
2880
281

CAM.

2,4"
244"
2,4"
2,40
2,4"

2,4"

2,4"
2'4“
2,4"

244"

2,4"
2,4"
2,4"
2,4"
2,4"

2e4"
2e4"
2,4"
2y4n
244"

244"
244"
2,47
2,4"
2,47

204"

244"
2,40
244"
244"

ZETA
(CM)

6,10
6,18
6,10
5410
6,10

6,10
6,10
6,10
6,10

6,10

6,10
6,10
6,10
6q18

6,40
6,12
6,10
6,10
6,10

6,1

5.12
.10
6,10
6,10

6,10
6,10
6,1@
6‘16

N

8pe
386
19914
667
968

463
1659
1152

556
1382

322

gow

2867
2389
4953

800
8ea
386

1891

556

961
667
1659
1152
463

1382
3a2
8pw

2867

2389

TAU STA
(s)

, 040
019
., 100
,033
,048

923
083
, 258

016
240
143
s119
y248

2040

e 040
1019
100
2028

, 848
L8033
083
, 058
,023

, 069
016
240
(143

119

56

TABLE IV

™ ® o oo

(R e eI M.

16
16
16

16

16
16
16
16
16

o0 o0 o 00 oo

X
(cM)

87,3
87,3
87,3
87,3
87,3

87,3
87,3
87,3
87,3
87,3

87,3

87,3

87,3
87,3
87,3

148,3
148,3
148,3

148,3
148,3
148,3
148,3
148,3

148,3
148,3
148,3
148,3
148,3

Y
(cM)

1,43
1,43
1,43

1,43

1,43

1,43
1,43
1,43
1.4

1,43
1,43
1,43
1,43
1,43

2,25
2,25
2,25
2,25

2,25
2,25
2,25
2,25
2,25

2,25
2,25
2,25
2,25
2,25

U
(CM/8)

1010
1009
1219
1018
ioje

1210
1010
{e19
10192
1011

1011
1010
1611
1e32
1212

1213
iee8
10¢9
1089
ieos

18e9
jees
1g09
10e9
128

1009
1009
1009
1909
1229

MEAN MEDIAN

INT

,347

. 2277

2368
294

,564

,288
2814

p478

2279

677
3314
243
$274
. 188

,278
, 336
, 475
, 178
393

2306
338
,195
2253
,429

,227
481
,308
. 181
2176

INT

, 441
552
498
448
444

4515
4494
1444
481

4481

594
0454
499
499

, 330
4,376
,484
2359
, 398

,352
347
359
,329
429

319
<484
364
p432
414



RUN
ND

282
283
264
285
286

287
288
289
299
291

292
293
294
295
296

287
298
299
K117
381

de2
363
dp4
305
366

387
Je8
309
318
311

CAM  ZETA

~(CM)
244" 6,10
2,47 6,18
2.,4" 6,10
2,4% 6,10
2,47 6,10
2,4" 6,10
2,4" 6410
2.,4" 6,10
2,47 6,10
2,47 6,10
2,4" 6,18
2,4" 6,10
2,47 6,10
2,4% 6,10
2'4” 5.1@
2,47 6,10
2'4“‘ 6,10
2,4" 6,10
2,4% 6,10
2,4" 6,10
2,4" 6,10
2,4" 6,10
2,4 6,10
2,4? 6,18
2,4 6,10
2edh 6,10
2,47 6,10
2,47 6,10
2,4" 6,18

N

4953 .
8go
8@p
31"
808

386
1991
969
556
556

1382
463
463

1152
667

1659
322
gew

2867

2867

4953
800
8o
8oy

1991

322
386
960
5866
1382

TAU

(s)

. 248
,040
,040
, 040
042

. 019

,048
, 028
028

$269
823
, 858
. 033

, 283
2816
2 040
p 143
e 143

,248
,040
,040
, 840
,108

,016
2019
L 048
028
069

57
TABLE IV

STA

i6
24
24
24
24

24
24
24
24
24

24

24
24
24

24
24
24
24
24

24
20
29
29
29

28
2P
2@
29

X
(CM)

148,3
209,3
209,3
209,3
209,3

209,3
209,3
209,3
209,3

209,3

209,3
209,3
209,3
209,3
209,3

209,3
209,3
209,3
289,3
209,3

209,3
178,8
178,8
178,8

178,8
178,8
178,8
178,8
178,8

Y
(CH)

2,25
3,05
3,014

2,93

2,95

2,95
2,95

2,95

2,95

2,95
2,95
2,95
2,95
2,95

2,95
2,95
2,95
2,95
2,95

2,95
2,61
2,57

2,457

2,57

2,57
2,57
2,57
2,57
2,57

U
(CM/8)

je1e
1010
1814
1912
1013

1913
1213
1913
1013
1219

1213
1014
1214
1013
1814

1014
1914
1014
1014
1014

1015
1013
1014
1214
1014

1814
1014
1014
1014
1014

MEAN MEDIAN

INT

,207

- p274.
307

, 382

4362

2222
,345

y292
435
, 436
363

257
WA76
160

1179
316
. 364
, 378
216

, 502
, 493
348
1415
281

INT

1479
,284
326
381

4381

, 467
285
. 359
, 407

2 AB7

, 330
s 443
2438
4326
. 363

477
,352
294
290

,288
. 324
,396
400

,496
,500
0393
,419
311



RUN
NO

312
313
314
3135
316

317
318
318
320
821

322
323
324
325
326

327
328
329
330
331

332
333
334
335
336

337
338
339
340
341

CAM. - ZETA

(CM)
2:.4" 6,10
2,4 6,10
2,4" 6,10
2.4" 6,10
244" 6,10
2.,4" 6,10
2,4" 6,418
2.4% 6,18
2.,4" 6,18
2,4" 6,10
2,4" 6,18
2,4" 6,10
2,4" 6,10
2,4" 6,10
244" 6,10
2,4" 6,10
234" slla
2.4% 6,10
2,4" 6,10
2,4" 6,10
244" 6,10
2,4" 6,18
2,47 6,18
2.,4" 6,10
2,4" 6,10
2,4 6,10
2,4" 6,14
2,4" 6,10
2.4" 6,10

244"

6,10

N

667

1152
1659
463
8oe

2867
4953
268
g
820

800
8@d
808
322
463

1991
960
- 667
1382
1152

556
1659
386
268
. 268

800
2867
4953
2389

8o

TAU

(8)

,833
858
,883
823
840

0143
,248
,213
,048
, 048

. 042
848
040
816
223

w1080

048
2833
, 069
, 858

2028
2283
2219
813
2243

040
143
,248
119
(040

TABL

STA

29
20
20
20
20

2e
20
22

BB

BB D E_NS A N N .Y DD B DS

B DD

58
E Iv

X
(CM)

178,8
178,8
178,8
178,8
178,8

178,8
178,8
178,8
56,9
56,9

- 56,9
56,9
56,9
56,9
56,9

56,9
56,9
56'9
56,9
56,9

56,9
56,9
56,9

56,9

56,9
56,9
56,9
56,9
56,9

Y
(CM)

2,57

2,57

2,57

2,57

2457

Y
(CM/S)

1214
1014
1814
1214
1814

je14
1015
1015
1907
1209

1010
inie
1214
1215
1845

1014

1015

1845
1915

1015

1015
1045
1246
1816
1217

1016
1017
1047
1017
1207

MEAN MEDIAN

INT

2246

,452

179
,206
500
2677
, 604

2373
2357
. 385
27316

4,235

, 330
, 483
278

2513
,238
841
2893
883

,290
170
144
198
.423

INT

,386
,323
»339
, 458
.392

,398
373
500
,508

500
,508
, 508
718
504

1499
500
,498
, 498
. 499

,500
500
,538
, 837

, 493
, 497
, 438
, 497
500



RUN
NO

383
384
385
386
387

388
389
390
391
392

393
394
395
396
397

398
399
400
401
482

483
404
495
426
407

408
469
410
411
412

CAM.

36"
3,6"

‘3.6#'

346"

3,6"

3,6"
3,6"
J.6"
3;6"
3‘60

346"
3,6
3,6
3,6"
3,6"

3,6“
36"

3,6
3,6
3,6"

ZETA
(cH)

9,14

9,14

N

8pp
8o

11

386
322

960
1152
1691
1659

556

463

1382

667
gee
2867

2389
4953
268
Boe
889

600
8o
J86
322
1991

1659
463
556
968

1152

TAU

(s)

, 042
040
019
4816

,848
, 658
100
083
. 028

,023
069
L 833
, 240
, 143

$813
, 040
, 040

P40
040
s 218
2016
2100

083
L0823
,028
,048
.58

TABL

i2
12
12
12
12

i2

i2
12
i2

12
12
i2
2p
20

28
22
20
2¢
28

29
20
20
2¢
2a

59
E IV

Y
(cM)

1,78
1,78
1,78
1,78

'10?8

1,78
1,78
1,78

1,78

1,78
1.,78
1.78
1,78
1.78

1,78
1,78
1,78
2,53

2,53
2,52

2,52
2,52
2,52
2,52
2,52

U
(CM/S)

1097
iei1l
eyl
1014
iel}

81}
1911
1912
ieg2
1e32

1612
1612
1011
112
1812

1213
1813
1812
1041

1213

1013
1017
1817
iey7
1017

1018
1018
1617
1a17
1218

MEAN MEDIAN

INT

2306

4377,

374

543
4586

386

2261
,233
2229
. 386

482
,252
358
348
,238

237

207
372
334
. 349

. 346
, 473
, 477
,203

,235
443
,401
»324
,283

INT

p424
c464

1450

;535
1564

2439

2355
474
, 440

¢ 454

4498

418
, 437
, 446
500

4496

, 356
358

4,370
2397
(474
486
, 359

. 368
447
,354
. 344



RUN
ND

413
414
445
416
437

418

419
429
421
422

423
424
426
A27
A28

429
434
432
433
434

435
436
437
438
439

440
441
442
443
444

3,6

‘CAM. ZETA

(CH)
346" 9,14
3‘5” 9;14
5:5” ’9;14
3,6" 9,44
3,6" 9,14
3,6" 9,14
36" 9,14
3.6" 9,14
3,6" 9,14
3,6" 9,14
3,6" 9,14
3,6" 9,14
3,6" 9,14
3.6" 9,14
3,6" 9,14
3,6" 9,14
3.6" 9,14
3.6" 9,14
3.6" 9:14
3,6" 9,14
3,6" 9,14
3,6" 9,14
36" 9,14
3,6 9,14
3160 9,14
3,6" 9,14
36" 9,14
3,6" 9,14
3,6" 9,14

9,14

N

667
1382
8eeg
2867
4953

268

2389
8p0
geo
80e

386

322

1994
1659
667

556
960
1152
463
1382

B9
2867
4953
2389

268

8oe
828
386
322

1991

60

TABLE 1V

TAU STA X

(S) (cMm)
2033 20 178,8
. 069 20 178,8
840 20 178,8
(143 20 178,8
2248 29 178,8
,013 20 178,8
.119 26 178,8
,042 B8 87,3
,240 8 B7,3
4048 8 87,3
(@19 B 87,3
,@16 8 87,3
«108 8 87,3
083 8 B7,3
,233 8 87,3
4228 8 87,3
1848 B8 87,3
,858 8 87,3
{223 8 87,3
4069 8 87,3
,042 8 87,3
W143 B 87,3
$248 8 87,3
W119 8 87,3
,213 8 87,3
(040 16 148,3
2040 16 148,3
2019 16 148,3
,816 16 148,3
100 16 148,3

Y
(cM)

2,52
2,52

2,52

2,52

2,52

2,52
1,40
1,36
1,36

1,36
1,36
1,36
1,36
1,36

1,36
1,36
1,36
1,36
1,36

1,36
1,36
1,36
1,36
1,36

2,18
2,18
2,18
2,18
2,18

U
(Ch/8)

1018
je18
1017
1218
1819

1849
1e4s
1e41
1e13
1812

1012
{911
1212
1012
ie12

1912
1913
1212
1012
112

18413
1913
1014
1014
1013

1209
1069
1029
1099
1009

MEAN MEDIAN

INT

;372

- 4272
4367

0172
2196

,498
2186
, 343
. 368

4368

628
, 660
e2714
,282
344

397
,266

501

. 286

2348
,229
,165
251
, 648

,356
,353
, 486
506
.195

INT

379
, 383
389
, 437
451

0342
398
494
, 496
492

598
591
499
493
, 486

,484
, 481
, 482
,488
,492

,489
580
, 500
499
594

394
405
514
,529
, 446



RUN
NO

445
446
447
448
449

450
451
452
453
454

455
456
457
458
459

460
461
462
463
464

- 465
467
469
478
471

472
473
474
475
476

CAM ZETA

. (CM)
3,6" 9,14
J.6" 9,14
36" 9,14
3.6% 9,14
36" 9,14
3,6% 9,14
36" 9,14
S:6" 9,14
346" 9,14
3.6" 9,14
3.6" 9,14
36" 9,14
3.,6" 9,14
Js6" 89,14
J3¢6" 5,14
36" 9,14
3.6" 9,14
36" 9,14
36" 9,14
3¢6" 9,14
3,6" 9,14
6" 9,14
3.6" 9,14
3.6" 9,14
3.,6" 9,14
3,6" 9,14
36" 9,14
3,6" 9,14
3.6" 9,14
3,6" 9,14

N

1659
556
463

1152
960

1382:
667
8ee

2867

4953

2389

268
8de-
80w
322

386
1659
1981

968
1152

667
556
1382
463
8ew

2867
2389
4953
268
8p¢

TAU

(8)

083
. 828
823
, 858
,848

869
833
040
143
2248

(119
813
040
84D
816

@19
. 883
,108
, 248

B33
,228
, 069
823
L B4

. 143
119
, 248
L B13
040

61
TABLE IV

STA

16
i6
i6
16
i6

16
16
16
16
i6

16
16
24
24
24

24
24
24
24
24

24
24
24
24
24

24
24
24
24

4

X
(CH)

148,3
148,3
148.3
148,3

148,3

148,3

148,3
148,3
148,3
148,3

148,3
148,3
209,3
209,3

209,3

209,3
209,3
209,3
209,3
209,3

209,3
209,3
209,3
209,3

209,3

209,3
209,3
209,3
209,3

56,9

Y
(cM)

2,18

2,18
2,18

2,18
2,18

2,18
2,18
2,18

2,18
2,18
2,89
2,89
2,89

2,89
2,89
2,89
2,89

2,89
2,89
2,89
2,89
2,89

2,89
2,89
2,89
2,89

.76

U
(CM/8)

1009
1209
jeps
1eas
18e9

i0e9
1009
ieie
igie
1011

10402
1919
1210
jaas
iges

1908
10a9
18089
j1eas
10a9

1088
1089
1oe9
1009
1209

ig10
{210
1811
1210
1044

MEAN MEDIAN

INT

,216

Ty
463

262

2312

4,246

;345
0345
177
204

,184
. 505
9373
2 373
2475

L4641

INT

428
438
2475
2347
371

3914
. 399
404
, 479
2495

1441
e 512
, 380
375
1474

L4682
351
347
, 363
367

367
, 436
,342
, 430
, 382

373
, 357
492
. 500



RUN
ND

477
478
479
480
481

482
483
484
485
486

487
488
489
498
491

492
493
494
495
496

497
498
499
See@
Sei

592
523
504
565
5p6

CAM.

ZETA

- (cM)

3,6"

3!5ﬁ
346"

3.6"
3,6"
346"
3.6"
3,6"

3,6"
3!6" v

sPoT
SPOT
SPOT

9,14
9,14

9,14

9,14
9,14

9.4
9,‘4
9,14
9,14
9,14

9,14

9,14
9,14
9,14
9,14

9,14
9,14
9,14
Q.14

9,14
9,14
9,14
9,14
9,14

9,14
9,14

N

80
gen
386
322
1659

1991
667
463
969

1382

556

1152

80@
2867
2389

49353
268
8pe

1382

1382

1382
1382
j%82
1382

800

1382
8o
B@®o
8o
386

62

TABLE 1v

TAU STA X

(8) (CM)
«048 4 56,9
0048 4 56,9
819 4 56,9
216 4 56,9
«283 4 56,9
108 4 56,9
1833 4 56,9
223 4 56,9
,248 4 56,9
1069 4 56,9
2028 4 56,9
1858 4 56,9
2846 4 56,9
1143 4 56,9
119 4 56,9
1248 4 56,9
$813 4 56,9
1040 16 148,3
W69 16 148,3
1669 16 148,3
269 16 148,3
£069 16 148,3
1269 16 148,3
$#69 16 148,3
»048 16 148,3
(069 16 148,3
1040 16 148,3
2040 16 148,3
1040 16 148,3
\219 16 148,3

2,18

2,18
2,18

2,18
2,18
2,18
1,94
1,94

U
(CM/S)

ioyt
1213
1813
1913
1043

1013
1643
1043
1013
1813

1013
1213
1013
1814
1813

1014
1814
1030
1813
1217

817
1422
920
15214
1521

ig2e
1820
12414
1911
1et1

MEAN MEDIAN

INT

,388

4356
746

2918

4257

225
, 370
586
, 368
275

420
279
L1412
, 162
, 185

2140

877
, 353

4258

2338

,038
2971
»143
378
,514

,248
»329

INT

, 500
,500

4579

776
,500

508
,500
,505
,508
,5080

496
. 520
., 500
508
500

,500
2778

L422

418
474

1114
,488
362
2494
,548

1416
,379
, 2086
0381
, 382



RUN
NO

587
508
509
510
511

512
513
514
515
516

517
518
519
528
521

522
523
524
525
526

527
528
529
238
531

532
333
534
535
536

CAM.

SPOT
SPOT
sPOT
SPOT
SPOY

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT

SPOT

SPOT
SPOT
SPOT

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT
SPOT
SPOT

SPOT
SPOT

ZETA
(CM)

N

1991
8ev
8ae
386

1981

8ag
8ae
386
1991
v

-1
386"

1991
80
386

1991
809
386

1991
800

80e
386
1991
268
1991

1991

386
8oy
19931

1991

63

TABLE 1y

TAU STA X

(S) (CM)
:100 16 148,323
B840 24 209,3
2840 24 289,33
0219 24 2089,3
128 24 2089,3
1048 12 117,8
2040 12 117,8
019 12 147,8
2100 12 117,8
1242 20 178,8
1048 20 178,8
019 206 178,8
2180 20 178,8
J242 8 87,3
819 8 87,3
102 8 87,3
1248 8 87,3
1219 8 87,3
120 8 87,3
2048 4 56,9
1242 4 56,9
+219 4 56,9
108 4 56,9
1913 4 56,9
(100 4 56,9
,108 4 56,9
819 4 56,9
040 4 56,9
100 8 87,3
1206 8 87,3

Y
(CM)

1,94
2.67
2,67
2,67

1,76

1,59
1,59
1,59
2,! 52

2,29
2,29
2,29
1,36
1,36

1,36
1,14
1,14
1,14

.63

U

1811
1012
1016
1847
1817

1813
1812
1e12
1814
10e7

1889
1689
1008
1010
{e12

1210
1044
1918
1015
1814

1018
1019
1818
1018
1011

1014
1214
1614
1016
1816

(cM/8)

MEAN MEDIAN
INT INT

488
169
320
0346
0327

4276
431
405
499
1179

, 339
;358
2425
.449
,389

, 498
1485
, 500
499

. 500
1499
499
004

568
,498
499
, 086
500



RUN
NO

537
538
539
540
541

542
543
544
545
546

547
548
549
550
551

552
953
554
555
556

557
558
559
560
561

562
563
564
565
566

CAM. ZETA

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT

SPOT
SPOT
SPOT
SPOT

SPoT
SPOT
SPOT
SPOT
SPoT

SPOT
SPOT .

SPOT
SPOT
SPOT

(cM)

N

386
8oe

1994

1994
386

8g@-

1991
1991
386
8op

1991
1994

oBb6
802
1991

386
8o
1991
860
809

8o
8ow
301"
Bow
8ew

600
gpe
gae
8pyd
8ag

TAV
(8)

019
,240
. 109
. 180

18402
, 108
019
040

., 100
, 100
019
, 040
,100

219
040
100
040
048

049
1040
(040
040
,040

240
L0402
L0407
248
D40

TABL

STA

8
8
24
24
24

24
29
20
28
28

12
12
12
12
16

16
16
16
16
16

16
16
16
16
16

16
i6
i6
16
i6

64
E IV

X
(CM)

87,3
87,3
209,3

209,3

209,3

209,3
178,8
178,8

Y
(CM)

1,02
1,02
4,10

2,086
2,06

1,84
1,84
1,84

2,57
1,29
1,29
1,29
3,43

1,57
1,57

1,57

U
(CM/8)

1816
1016
1847
1816
1915

1216
1916
1016
1016
1016

1013
1043
1812
1812
1016

1017
1017
1018
1017
1817

1245
849
1483
923
8a7

i01@
8979
911
862
961

MEAN MEDIAN

INT

INT

588

500
218
, 500
,896

4526

018
500
, 886
497

LB17

, 560
581
. 500

,015

658
500
, 500
500
, 500

,5008
, 046
509
) 508
0082

500
499
, 358
(B34
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NO

567
568
569
578

121

572
573
574
575
576

577
578
579
58@
581

CAM.  ZETA

SPOT
SPOT
SPOT
SPOT
SPOT

SPOT

SPOT
SPOT

SPOT

SPOT

‘SPOT

SPOT
SPOT
SPOT
SPoT

(cM)

N

8oe
e

11

see
8oe

B8R

2@
8ee

80@
808

Blu

e

80w
8ae
809

TAU S8TA
(&)

.24
, 240
040
048

1040
240
,040
040
,048

840
, 840
, 048
040
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TABLE 1V

i6
i6
16
16
i6

16
16
16
16
16

16
16
16
16
16

X
(CM)

148,3
148,3
148,3
148,3

148,3

148,3

148,3
148,3
148,3

148,3
148,3
148,3
148,3
148,3

Y

(CM) (CM/S)

1,57
1,57
1,57

1,57

1,57

1,57
1,57
1,57
1,57

1,57

1,57
1,57
1,57
1457

U

807
912
887
9351

922

895
942
822

iég0
836

1110
1286
956
Sge
1e27

MEAN MEDIAN

INT

INT

804
228

,@50

484
1272

2 @39

1464
1479
. 508

229

, 500
, 500
., 499
:415
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(a)

(b)

Figure 1. Dye visualization in water channel, from flow
studies by Coles and Barker (Coles, private communication),
(a) turbulent spot;
(b) synthetic turbulent boundary layer,
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(b)

Figure 15, Two samples of hot-wire anemometer analog

outputs and associated intermittency signals for boundary

layer tripped by device shown in Figure 14, Sweep time =
2 ms/division, U =10m/s, x =117,8 cm, y = 2.02 cm.
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Timing of data acquisition,
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Figure 30, Examples of hot-wire analog outputs and
associated intermittency signals in synthetic turbulent
boundary layer, Flow is for 12,2-cm cam, N=1991,
x=56,9 cm, y=0.63 cm (Run 190, Figure 34), Oscil-
loscope triggered at index pulse. Upper traces: hot-
wire 13 (z = 0,38 cm), Lower traces: hot-wire 21 (z =
6.48 cm). One camshaft revolution is shown, at sweep

rate of 20 ms/div.
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Figure 41, Synthetic turbulent boundary layer, 12,2-cm cam, N = 556,
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Figure 48, Synthetic turbulent boundary layer, 9.l-cm cam, N
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Synthetic turbulent boundary layer, 6.1l-cm cam, N = 667,

Figure 60.
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