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ABSTRACT

The potential of passive "manipulators® for altering
the large-scale turbulent structures in boundary layers
was investigated. Utilizing‘smoke-wire visualiza<ticn and
‘multi-sensor probes, the experiment verified that the
outer scales, defined by the intermittent excursicns of
potential fluid into the boundary layer coulésbé
suppressed by simple arrangements of parallel-plates. A
parametric investigation of different types of
parallel-glate devices verified that optimum designs
existed for the different configurations of stacked and
tandem plate arrangements. A final optimized design
consisting of two single plates residing at a height of
0.8: in the boundary layer and spaced 8: apart in the
streamwise direction was chosen for the final set af
measurements to document the characteristics of the
"manipulated"” layers.

As a result of suppressing the outer scales in the
turbulent layers, a decrease in the streamwise growth of
the boundary layer thickness was achieved and was coupled
with a 30 percent decrease in the local wall-friction
coefficient, After accounting for the drag on the
manipulator plates, the net drag reducticn reachec a
_value of 20 percent within 55 boundary layer thicknesses

downstream of the device, No evidence fcr the
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reoccurrenée of the outér scales was present at this -
streamwise distance thereby suggesting that further
reductions in the net drag are attainable. The
manipulated layers also exhibited a 17 percent thickening
of the wall sublayer., In turn, the frequency of the wall
"burst” process was reduced by a comparable amount.
Utilizing new techniques, many of them introduced
in this investigation, the objective detection anéi
description of the two-dimensional velocity field near
the wall was achieved. These included match filtering,
two-dimensional velocity reconstructicn as well as |
digital image processing and pattern recoqnition. The
results of these established that the frequency of
occurrence of the wall events is simultaneously dependent
on the two parameters, Reéz and Rex. The correlation of
the inner layer Strouhal frequency for these events with
the two parameters resulted in a simple relation which
correlates wall-laver event (or "burst®) results of this
investigation as well as those in the literature,
covering a range of Reynolds numbers from 600 to 38000.
As a result of being able to independently ccntrol the
inner and outer boundary layer charécteristics with these
manipulators, a new view of these layers emerged. It now
appears that the large outer scales in laboratory
turﬁulent boundary layers are remnants of the transition

process, i.e., slowly decaving turbulent spots that are
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CHAPTER 1

INTRCDUCTION

The use of screens, grids and honeycombs for
"managing"'turbulence has been an ongoing interest at
1.I.T7. for some time. The application of such devices
for controlling free séream turbulence in wind tunnels is
best summarized in the publications by Loehrke and Nag%E
(1972 and 1976) and Tan-atichat et al. (1982). Through
careful scaling of mesh sizes and in-depth appreciation
of the various suppression and generation mechanisms that
control the turbulent flow, these techniques have been
quite successful in this application.

Recently, a growing enersy consciousness has
generated interest in developing techniques for reducing
viscous drzg on aerodynamic bodies. Recent work
conducted by NASA's Langley Research Center by D.
Bushnell and J. Hefner and their colleagues has focused
on this subject, Their work Es best summarized in the
reference by Bushnell (1978). 1In a majority of
applications, this would involve removing or altering, in
some way, the turbulent boundafy léyers that exist on
their surfaces. Tt was the latter of these tv¥O
alternatives that was of interest to us and which lends
itself as a natural extension to surbulence management
techniques. To be most effective, however, it is

essential that these "turbulence nanipulators” be



tailored to the particular mechanisms governing the
flowfield of interest. Devices such as screens and
honeycombs are not necessarily the suitable ones here.
This warranted a review of the current exgerimental and
theoretical informaticn on wall-boundedftu:bulent shear

flows.

Relevant Literature i

In' the last 20 years, the research cn turbulent
boundary layers has transformed the picture given by
earlier long-time average statistics. Ornce perceived as
guasi-steady turbulent eddies transported by a mean
shear, such flows now appear, as a result of space-time
velocity correlations and short-time conditioned
measurements, to be highly unsteady coherent motions of
strongly interacting scales, This revolttion in thinking
was primarily set forth by Townsend (1956) and Grant
(1958) who, while being primarily interested in turbulent
wake flows, viewed the turbulent flowfielé as one where
turbulent fluid is moved about by the motions of a systen
of large coherent eddies whose dimensions scaled with the
width of the flow. The motions of these large scales
carried eddies of smaller comparative size but which
contained most of the turbulent energy. Townsend in
particular inferred from velocity correlation
reasurements, the presence of characteristic eddies of

finite lencth with a structure inclined in the flow

(2]



direction. He surmised that these large eddies in
turbulent shear flows form coherent and identifiable
groups and control the overall rate of spreading by
contorting the laver between the turbu%lent and the
non-turbulent fluid and by affecting the bulk convec+ion
of turbulence energy from regions cf maximum production.
Later Townsend (1970) described these structures as an
inclined pair of double-roller eddies, a picture which was
consistent with the eddy pattern perceived by CGrant
(1958) .

At about the same time, Kline and others at Stanford
University were studying turbulent boundary layers with
the then new hydrogen bubble visualization technique.

The culmination of that work was the 1967 paper by Kline
et al. which revealed the presence of surprisingly
well-organized motions in the near-wall region of a
turbulent boundary layer. These motiocns lead to the
formation of low-speed wall "streaks™ which eventually
interacted with the outer portions of the flow throuch a
process "of gradual lift-up, suddern oscillation, bursting
and ejection”. This secuence of events later became
known as "bursting". It was felt that this process
rlayed an imporfant and decminant rele in the producticn
of new turbulence and the transport of turbulence away
from the wall.

The turbulent boundary layer it uniquely different

from any of the other turbulent flcwfields in that its
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mean velocity prcfile can be divided into four main

parts., The first of these is the wall region in which

the flcw processes are dominated by the presence of the
wall. Within the wall region in the near vicinity of the
wall is the viscous sublayer (0 < v+ < 7). In this
reqgion, viscosity plays a dominant role, however
turbulent fluctuations are still larcge relative to the
local mean velocity. Scaling analysis in that region
yields the result that u+ = y+ in the sublayer and
subsequently is also used fg define it., Further from the
wall, 50 < y+ < 200, there is a region of nearly
homogeneous ;urbulent flow which is often referrcd to as
the constant stress layer. In this region the velocity
is found to vary with height in a logarithmic manner
defined by ut o= % in y+ + B. The viscous suklayer

and constant stress layer are smoothly matched by the
buffer layer which can take a number of implicit forms to
define the velocity distribution (Whitfield, 1979;
Spalding, 198l1). The buffer layer'typically exhibits the
greatest amount cf turbulence production. Measurements by
Klebanoff (1954) showed that th- peak production occurred
in that region just at the edge of the sublaver., Beyond
the constant stress layer, the . -.L.lence is.bound:d by
the potential flcw outside the ~Jary layer. Coles
(1956) cesignated this as the wake recion because of its

similarity to flow characteristics exhibited in a wake

flcw. FEe further developed an empirical formulation of
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the mean velocity distribution in that region which was
found to work well for a variety of boundary layer flows
with pressure gradients. At the outer edge of the wake
region, there exists a thin interfacial region separating
the turbulent and the non-turbulent flow. This interface
was termed the superlayver by Corrsin and Kistler (1955).
It is across this region that vorticity is acquired by
the potential flow and eventually is incorporated into
the wake flow.

Each of these regions has & characteristic length
scale. In the viscous sublayer that length is V/u:. The
wake region has a characteristic length on the order of-
the boundary layer thickness. FRovasznay (1°67) estimatcs
the thickness of the superlayer to be 10\/\'p whete Vp is
the entrainment velocity.

The fact that the maximum tuibulence production
coircided with the region of large coherent activity,
-discoverod by Kline et al., prompted more investigations
of this ncar wall phenomena. For example, Corino and
Brcdkey (1969) visualized the near wall motions in a
turbulent pipe flew. In their paper they reported that
the most important and distinguishing characteristic of
the wall region was the intermittent ejection of discrete
fluid elements away from the wall. They catagorized the
process as a local decelératicn of the fluid near the
wall fcllowed by the appearance of faster moving fluid

which apprcached from the outer parts upstrean resualting
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in eruptions of low velocity fluid away from the wall.
The ejection of low velocity fluid was always found to be
followed by a sweep of upstream fluid from the previous
ejection event. They also investigated the Reynolds
number dependence of these events and found that their
frequency of occurrence increased like the 1.7 power of
Rex. Corino and Brodkey (1969) further estimated that
the wall ejections accounted for 70 percent of the uv
Reynolas stress in the boundary layer. This amount was
substantiated by the visual study made by Kim et al.
{1971). The "hurst" process examined by that reference
may be somewhat altered in boundary layer flows over
large roughness elements as pointed out by Grass (1971).
Using a Uv quadrant discrimination Willmarth and Lu
(1972) deterninea that 60 percent of the UV Reynolds
stress is produced wher the sublayer velocily is less
than the mean and that the largest contribution occurs
when u<0 and u>0.

A growing issue at that time was how the frequency
of occurrence of these events scaled with the boundary
layer characteristic lengths and velocities. 1In the
initial studies by Kline et al,{1967) the "bursting"” was
associated with the wall streaks and, therefore, thought
to scale with the inner variables u, and v, The results
of Rao et al. (1971), which utilized narrow band-pass
filtering of a differentiated velocity time series to

detect the intermittent turbulent fluctuations associated

[ea]
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with these events, indicated that their frequency scaled
with the outer variables, U, and §. Kim et al. (1971)
tried to reconcile the difference in their proposed
mechanism by suggesting that the low-speed streak lifting
was triggered by large scale disturbances. There was,
however, no explanation for the clear dependence of the
burst period on the wall friction velocity in that
reference. Through some dimensional arguments and
assumptions about the boundary layer profile shape,
Lauféc and Narayanan (1971) suggested that the
nondimensional burst freguency U,.T/2 = 5, was
approximately 5, which is in near agreement with the
value cof 6 obtained by Rac et al.(1971). They further
pointed out that the average wavelength of the
turbulent-laminar interface is approximately 2¢/U,
suggesting an interaction between this outer flow
structure and the inner layer regqular events.

In a recent review article by Cantwell (1681) he
states that "it appears fairly well estaklished that the
mean time between bursts scales with outer variables™.
However, he prefaces his statement by saying that the
interaction process that creates conditions uﬁder which
the bursts occur is far from understood. Blackwelder and
Haritonidis (198l1), however, in their recent paper in
which they utilize a locally high variance as a burst
discrirminator (see also Blackwelder and Kaplan, 1976),

claim that the burscting period scales with inner



variables which is in support of the Rline et al. (1967)
concept based on the lift up of the low-speed wall
streaks, A more detailed investigation of this aspect
was performed by Blackwelder and Eckelmann (1979), where
they identifiéd the low-speed streaks as the regions
between pairs of counter-rotating streamwise vortices.
This veri}ied an earlier result obtained by Bakewell and
Lumley (1967) who performed an eigenfunction
decomposition of space-time correlations of streamwise
velocity fluctuations in the wall region arnd obtained a
dominant eigenfunctior structure consisting of
counter-rotating eddy pairs of elongated streamvige
extent, |

In order to form a conceptualized view which would
lead us to distingquish between inner and outer variable
dependence of the wall "bursting® process, we must review
the available data on the organized motions in the outer
part of the turbulent boundary layer. Since the
measurements of Corrsin and Kistler (1955) of
intermittency in the outer parts of the boundary layer,
it became clear that the turbulent/non-turbulent
interface extends well into the boundary layer. The
stuales of intermittency by Fiedler and Head (1966) gave
visual evidence of this. This region is of interést
because it is the interface for energy transfer from the
external flow into the turbulence producing region.

Kaplan and Laufer (1969%) utilized a rake of hot-wires



spanning the whole boundary layer and came to the
conclusion that the non-turbulent intermittent regions
did not appear to be surrounded by turbulent £luid but
were connected to the free-stream fluid. The interface
also seemed to be highly corrugated. Kowvasznay (1870),
utilizing conditional sampling techniques, defined
"fronts"” and "backs"™ to these turbulent "bulges". He
found that the "front" velocity was approximately 5
percent faster than that for the ;back'. The average
velocity of the turbulent bulges was of the order of 0.93T«
which suggested that the outer flow rides over these
ctructwres. From velocity correlations Blackwelder and .
Kovasznay (1972) later defined a mean motion inside a
turbulent "bulge” which was rotaticnal with a mean
vorticity component in the same direction as the mean
strain rate. Furthermore, they gave these features a
travel life-time, estimated from a 1/e correiation
decay, to be from 5 to 10 boundary layer thicknesses.
From their measurements they estimetec thaﬁ these larcae
eddies contribute as much as 80 percent of the R:ynolds
stress for y>0.22. The conditioned measurements of
Antonia (1972) were in substantial agreement with them.
In addition he determined that the maxiﬁum v
distribution within the turbulent bulges represents
approximately 45 percent of the wall shear value. This
provided support to the Bradshaw et al. (1967) theory

that the strength of the large scale eddies ic closely



related to the wall shear stress, T

On the trailing edge or "back" of the large scale
eddies, Falco (1977) noticed predominant smell-scale
eddies, with sizes on the crder of 100 to 203 v/u:, which
he associated with Revnoléds-stress-producing motions.
Head and Bandyopadhyay (1951) preseat a picture of the
larce eédy structures as beinc an amelcamation of
elongated hairpin vortices. 1It was sugaested by them
that Falco's (1977) small scale edéies are é&ctually
tips of these hairpin structures.

In spite of the well established existence of these
large scale motions and their obvious importance to the
entrainnent of potential fliuid, turbulence energy
transfer and wall friction, the mechanisms for their
generation are still in guestion. zilbermann et al.
(1977) and wégnanski (197&} generated turbulent spots
(Emmons, 1951) in a transitional bcundary layer flow and
followved their developmen: downstream. They concluded
that the turbulent spots were related to the larce scale
motion in a turbulent boundary laver. Schraub and Kline
(1965) suggested that these bulges are the same as or at
least fcrmed from the ejected wall streaks. This was
similarly conjectured in the results of Kovasznay et
al.(1970). Later Offen ard Kline (1975) sugcested that
the large-scale outer bulces might be a consequence of
vortex pairing between the vertices associated with two

or more wall bursts. Ther crefaced this concept by
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stating that it was related to data taken at fairly low
Reynolds numbers. However, they suggested that the basic
structure should be the same at high and low Rermolds
numbers. Taneda (1981) proposes that the large scale
bulges might be a preferred eigenmode of the outer flow.

The sugcestion by Offen and Kline (1975) that the
large outer scales are a result of the pairirg of old
bursts is only part of their hypothesis. They Zurther
say that the circulatory flow or vortex in a "burst” c=-
impose an adverse pressure gradient at the wall as it is
convected downstream, thereby resulting in the ZIft-up
of a newly formed wall streak. This defined a
regenerative process for the wall bursts. Coles (1978)
discussed and evaluated a large volume of boundary layer
and ducted flow data based on a Gértler-like instability
mechanism. This mechanism would lead to the streaks and
may be trigcered by the flow curvature associated with
the large scales.

Theoretical mpdels for a regenerative bursting
process based on the instability of the sublayer were
proposed by Hanratty (1956), Finstein and Li {1957) ané
Biack (1966). According to theil analysis the bursting
frequency should scale with the inner variatles V/ui.
This view cannot, however, be easily reconciled with tke
findings of Rao et al. (1971) which indicate tkat the
bursting period shows heynolds rumber indeperdence when

scaled with outer variables. This sugcests the influe=nce
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of the outer large-scale eddy motions, The dependence of
the semi-recular wall events on the passage of an outer
large-scale eddy was also supported by Piaturi and
Brodkey (1978), based on their interpretation of
visualizaticn results. Doligalski et al. (198C) proposed
a model for the lift up of low-speed fluid from the wall
which was based on the interaction with an edéw éttucture
which originated in the outer part of the flow.
Blackwelder and Woo (1974) investigated the bursting
process while applying a pressure perturbatiorn on the fiow
of a type exhibited by a passing large scale eddy. Those
results indicated-no changes in the wall bursts as a
result of the pressure excitation. Chen and
Blackwelcer's (1978) temperature measurements above a
heatea wall highlicht an internal shear layer by which
the large scale outer structure may be relateé to the
wall bursting. Brown and Thomas (1977) suggest that an
organized structure, inclined in the flow direction at an
angle of 18 degrees and is on the order of 2% long,
relates the outer flow to the wall bursts. This
structure, they believe, may be connecﬁed with the
interaction of turbulent spots.

f we summarize these results into one picture for
the process governing the Eurbulent boundary layer, we
can point to the existence of two types of coherent
motions, one associated with the wall layer.and the other

with the ou*er flow. Each of these has been c¢bserved to
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contribute a large percentage of the Reynolds stress in
the boundary layer. The wall layer is associated with
the generation of low-speed streaks which lift away from
the wall, irteract with faster movirg £fluid and
eventually break-up. This prccess has been associated
wvith the generation of as much as 70 percent of the net
turbulence production. Away from the wall, the outer
turbulent bulges maintain a net circulation which plays
an important role in the entrainment of potential fluid
and the extraction of turbulence enercv from the mean
flow. The strength of these large scale eddies has been
found to be related to the wall shear stress; although
the mechanism for their generation is not clear. Through
2 conceptualized view it has been thought that these two
coherent motions should interact, however, the method by
vhich this occurs is again not clear. Of primary
importance to this is the manner in which these events
scale, From an intuitive standpoint, it would seem that
the period of these wall layer events or "bursts®™ should
scale with wall units. The data in this regard seem to
bEe contradictory, although it is safe to say that no
clear trend has been put forth. There is aiso little
agreement in the literature as to the source of the
large-scale ocuter eddies. 1t is undeniable, however,
that these features of the flow are important'in
sustaining the generation of new turbulence and in the

crowth of the boundary layer.



Objectives

In light of the fundamental gquestions that remain
unanswered about %the coherent processes which have bean
cbserved to play a2 major role in the growth and evoluticn
of a turbulent boundary layer, we undertook an experiment
which would separate the two classes of ¢oherent features
and point to the mechanisms of their interrelations.
Loehrke and Nagib (1976) and Tan-atichat et al. (1982)
had a great deal of success with this approach. This
involved altering the outer part of the turbulent
boundary layer by suppressing the large-scale
intermittent turbulen* bulges. Based on some of the
conjectures previously cited, the absence of this feature
in the outer part of the flow would either interrupt or
impede the "bursting” process. On the ther hand,
another view may sugcest that these wall layer events
would continue undisturbed and their outer interacticn
would generate new large scale bulges, or some new
equilibrium woulé be established and remain throughout
the lifetime of the bcundary layer. Also of extreme
importance from a technological point of view is the
prospect of reducing skin-friction drag peneath turbulent
boundary layers by rezoving the intermittent excursion cf
higher velocity potertial fluid near the wall. We

proposed to use two-cimensional "boundary layer
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manipulators” formed from thin, stacked parallel plates
which would be suspended in the boundary layer parallel
to the wall. .This.concept to reduce drag was first
proposed by H. M. ¥agib in 1977 (see Bushnell, 1978) .
These plates would present a minimum obstruction to the
flow and provide us with the greatest amount of desicn
freedon for matching the device to the scales of
interest. Other cevices for altering the 1arge‘sca1e
turbulence in a b;undafy layer are summarized by Hefner
et al. (1580). A parametric study was first plannec in
order to pinpuint the important criteria for controlling
the larce scale motions. A

To aid as toocls for understanding this complex
prccess we initiated our research intent on utilizing
advanced flow visualization and velocity measurement
techniques, These included digital processing technigues
which could provice consistent detection and statistical
analysis of these coherent events. The technigues would
include one- and tvd-dimensioﬁal analysis of single
velocity sensors and rakes of sensors, along with tke
simultaneous acgquisition of digitized images of the
smoke-wire visualized flowfield. Signal processing
technigues such as one-dimensional match filtering and
two-dimensional reconstruction and match £iltering would
be ermployed to isclate cohgrest features in the velccity
time series and dicital imacges.

The results cf this study are azimed at documenting 2
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method by which net drag reduction could be obtained in
fully turbulent boundary layer flows. We further
intended to document the coherent features in the
turbulent boundary layer and to try to answer sone of the
outstanding questionsvabout their interaction.

Many thanks are due to John L. Way for his ready
advice on the signal processing aspects as well as the
expert work he has done in building the data processing
system. The expert craftsmanchip of Edward D. Nieman
exhibited in the modification of the wind tunnel and in
+he other fabrications needed throughout the experiment
is alszo acknowledced. The careful work cof Jeffrey A.
Corke in helpinc to fabricate the analog preprocessing
circuitry is appreciated. Special thanks to Amy K. Lee
and Dennis J. Koga for helping to prepare the final figures.
Finally, special arpreciation is cdue to Roberta J. Corke and
Thelma T. Grymes for their help in typina the maruscript.

It is obvious that wo.. sich as this is built on and
shaped by +he efforts anéd accomplishments of others wh
have preceded us. To them we extend a special thanks. The

authors would like o especially acknowledge the efforts

and stimulatinc discussions with Dennis Bushnell and Jerry

Eefner, the technical monitor of the ¢grant, of the NASA

Langley Research Center.
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CHAPTER II

EXPERIMENTAL FACILITIES AND TECHNIQUES

Facilities

The experiment was performed in the high-speed test
section of the 1.I.T. Environmental Wind Tunnel. The
tunnel runs in a closed return configuration with the
return leg being used as a low-speed test-section for
atmospheric boundary layer simulations. 1In the
high-speed section, honeycombs and screens upstream of a
4:1 contraction give a turbulence intenéity level of 0.03
percent over a ranqge of velocities from 1 to 30 m/s. The
rectangﬁlar test section is 0.61 m wide and 0.91 m high
with plexiglass back andé front walls to allow for easy
flow viscalization. 1In addition, the front walls are
hinged in two sections to allow easy access to the test

section.

wind Tunnel Modificationc. During the experiment,
between the preliminary and final data runs,
modifications were made in the high-speed leg of the wind
tunnel to accommodate the adéition of 1.83 m. to the
streamwise dimension of the test-section. To accomplish
this, a 2.44 m. long section from the 4.88 wn. long
diffuser, downs£ream of the test section, was removed.
The existing 3.05 m. long instrumented test section was
moved back toward the remaining diffuser and a 1.83 no.

long parallel-wall section made the connection to the
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contraction. A remecvable 0.5 by 1.3 m. plexiglass
window was incorporatec¢ into the new section and all of
the other walls were painted black to aid in flow
visualization. v

A 0.58 m. long square éiffuser secticn was made t2
connect the test secticn to the remaining diffuser
section. This "quick™ diffuser was boltec to the test

section. A 2.54 cm. cap was left between the two

“diffuser sections tc allow air to enter trke tunnel and

maintain its internal pressure above the rocom atmospheric
pressure. A schematic of the wind tunnel and the new
4.88 m. long high-speed test secticn is shown in Figures
1 and 2.

Without the boundary layver plate inside the test
section, measurements were made to detecrmine if these
modifications uad any detrimental etfects on the tunnel
performance. Using a digital, real-time spectruﬁ
anélfzer, special attention was oiven to the free-stream
turbulence level and especially its low fregquency
content, whére we felt the effects of any diffuser
separation would appear. These measurements indicated
tha£ the tunnel modifications had nc adverse effect on
its performance and actually appear to have :nproved the
tunnel efficiency as indicated by a lower cper%ting air
temperature rise and aerodynamic noise levels.

The reason for these improvements may be in the

diffuser design. Before the modification, air entered
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the turnel through a 0.6 cm. slot in the wall perimeter
just Jownstream of the test section. It now appears that
the air was jetting sufficiently enough to have caused
the flow in the long diffuser to separate. Since this
flow ieads directly irto the fan assembly,
non-uniformities in the flow could result in inefficient
farn operation. 1In the present case, the combination of
the "quick" diffuser and the four times wider slot
results in lower velocity air to enter in a direction

more tangent to the "slow" diffuser wall.

Traversing Mechanism. The downstream 3 m. length of

the tunnel test-section is equipped with a motorized
traversing mechanism. Using this, two probes can be
moved to any position in a plane 0.6 m. high and 3 m.
long respectively along the(test-section vertical
centerplane. The two-dimensional probe positions are
monitored through thc lincar outputs of two 10 turn poten-
tiometers acting as voltage dividers. The poterntiometers
are mounted on the movable beds carrying the probes ané
their translational motion is transferred through rack
and pinion gears. This ensures that the outputs are
proportional only te the relative locations of the probes
and not sensitive tc the tolerances in the traversing
drive mecharism. In the vertical direction, a probe can

be repeatably positioned with 0.03 mm. accuracy.



Boundary Layer Plate. A 5.16 m. long, 0.57 m. wide
flat plate served as the boundary layer plate for the

experiment. To be able to place the plate inside the
test-section, it was broken up into three parts with
lengths 1,68, 1.85 anéd 1.63 m. respectively,'from the .
leading edge. This arrangement is shown in the schematic
of the plate inuFigure 3.

The first plate was fabricated from a 1.6 cm. thick

aluminum plate. The 1e§ding edge of the plate is

~machinea to a razor edge. In addition, the noise is

sloped downward so as to fix the stagnation point on the
measurement side of the plate., The other two pPlates are
made from 1.3 cm. thick clear plexiglass which were
mounted to a metal frame made from 2.5 cm. square
aluminum channel to maintain a flat surface. Each-plate
section was suspended on four independently adjustable
legs.  The vertical placement of the plates partitioned
the test section so that 0.61 m. by 0.€1 m. szuare
cfdss-éection was formed above the plate., - The seams :
between the three plates were glued together with epoxy
and drawn tight by threadeq rods attached to each end of
adjoining plates. To guarantes a smooth surface across
the seams, they were covered with a plastic filling
compound and wet-sanded to provide a smooth, flush
surface.

With the boundary layer plate inside the test
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section, the flow at its leading edge was observed using

smoke-wire visualization, As a result of the greater

blockage below the plate due to the support legs, the

stagnation point was observed tn occur on the underside
of the plate which resulted in flow separation on the top
measurement side. In order to equalize the blockage, a
number of perforated plates were tested at the exit of

the test-section across the part of the cross-section

above the plate. A 40 percent solidity plate Qas found

to give the best results, With this plate, a slightly
higher pressure was maintained oé the measurement side of
the test-section so that the stagnation streamline
impinged on the downward sloping leading edge. This
slight pressure difference was further utilized by
leaving a .16 cm. gap along the intersection of the
boundary layer plate and side walls. This resulted in a
very slight flow from this intersection to the underside
of the plate. As observed by injecting smoke into the
corner, the influence of this downflow only extended out
to approximately 1 cm. from the side walls. Since the
corners are likely sites for the generation of
longitudinal vorticity from the merging of the plate and
side-wall boundary laycrs, we wanted to draw off as much
of the boundary layer there as possible,vwithout
interrupting the two-dimensionality of the test boundary

layer.,
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Surface Plug. A 6.03 cm. circular hole was machined

through one of the plexiglass Plates to accommedate a
removable plexiglass flush-surface-plug. The
instrumented plug shown in the photcgraph of Figure 4 was
made up of a larger plug which fit snugly the hole in the
plate and a smaller, 1.27 cm. diameter removable plug

placed off-center, C.16 cn. from the edge of the larger

qug. An O-rinc filled a croove cut into the

circumference of each plug‘to ensure an air-tight fit
when they were in place.

The smaller plug was designed to hold -the siarface
wire. 1In order to minimize heat conductivity through its
surface, it was constructed of wocd. Two gold plated
terminals were imbedded in its surface, 1.3 cm. apart,
and connected to copperrleads which extended ocut through
the underside of the plug. The surface wire, designed to
measur; wall shear velocity, consisted of a 10 micron
diameter tungsten wire which was ‘copper plated on both
ends and soldered to the terminals. Care was taken here
to ensure that the wire was taught and that it rested on
the Surface. The unpléted rortion of the wire was
epproximately 1 mm. long. T?is reéults in a maximunm
non-dimensional sensor lencth, 1t =1ut/x, for the rahge of
shear velocities encountered approximately 20. This
value is approximately half of the width of the

wall-streak structures (Blackwelder and Eckelmann, 1979),

The larger plug was designed to hold a rake of 10



.

hot-wires so that their sensors were aligned in a
vertical plane on top of the shear wirn. The rake was
made by soldering the ends of jeweler's broaches to a
double-sided, copper clad p.c. board. Separate
conduction lines were etched into both sides of the board
by expesing the photo-sensitized surfaces to ultraviolet
light thrcugh a photo-negative mask 6f the network. The
broaches have a minimun length of 3.1 cm. and their
diameters tapered from 0.3 mm. to 0.08 mm. at the sensor.

The sensor spacing was selected for specific
non-dimensional heights in the low Reynolds number
boundary layer case at that downstream station. Because
of the high mean shear near the floor, the wires are more
closely spaced there, The non-dimensional heights of the
sensors vary slightly from the design values in the other
boundary layer, because of the change in the wall shear
velocity. However, there wis always a minimum cf six
wires below y+ of 100 in all cases.

The exact alignment of the broaches for soldering
onto the r.c. board was accomplished on a specially made
51g. The jig held the sensor ends of the broaches at the
precise spacing and angles so that the opposite ends
could pbe soldered to the p.c. board. After moun=inc the
broaches, thin glass fibers were glued across broaci.
pairs to r=duce vibration which could result in
strain-gaging of the velocity sensors. Ten micren,

copper-plated tungsten wire was soldered onto the tips of
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the broaches. As with the shear sensor, the unplated
portion of the vires gave a maxipum sensor lepgth, lé,of
approximately 20. '

Tha p.c. board carrying the probes extended up
through the plug in a 2.9 cn. long; 0.15 cm. wide slot
cut in the side diagonally opposite to the shear-wire
plug. With the sensors on the top of the plug, the
bottom of the board was fixed to a micrometer mounted to
the underside of the plug. when the plug was placecd in
the boundary lavyer plpge in the test section, the
micrometer was used to lower the wire rake into position
near the floor. In all cases, the lowest wire was
positioned to be at y+ = 7. A twenty two conductor
ribbon cable and connector carried the power to the
eleven hot wires ir the plug. AS with the boundary layer
plate, the- seams around the plug were filled wiéh'plastic

filler and wet-sanded smooth.

Boundary Laver Manipulator. In the course of this

study, a number of boundary laver manipulators were
studied. All of these were configured from thin, flat
plates which were suspended above the boundary laver
plate and spanned the tunnel test section. The plates
were used singly. vertically sgacked cr placed in tandex
in the streamwise direction. B;bause of the number 6f
parareters involved in the conf}guration of these

manipulators (namely, the chord length and thickness cf



the plates, the vertical spacing between them, their
angle of attack and the distance between tandez plates as
well as the relationship of all of these to the boundary

layer.characteristic length scales) a method wzs needed

to "optimizg' their design. This was accomplished by
holding the piates of various dimensions in a low
disturbance rig inside the tunnel test sectigh. The rig
consisted of two sets of vertizal, slotted rods which
were supported on either side of the test section in &
rail on the test section ceiling and in the szall gap
5etween the boundary layer plate and the side wall. Each
manipulator piate was_clamped in a streamlineé holder
which could slide in the slotted rods. The plates were
positioned and tightened in place so that they were
tensioned to remove any sagging or ripples. Varicus
sizes of_manipulator plates were placed in the rig for
different spacings in three different turbulent bouncary
layers. Using a smoke-wire to visualize the £low, we
adjusted the parameters for four different besic plate
configqurations to obtain a %aximum vicible reduction in
therlarge—scale, inte:miftent structures.
The final design for *the manipulator useid in the

guancitative measurements was optimized in tke manner
previously desc;ibed, The. placement along tze bouncary

laver plate was chosen so that the minimun Reynolds'

number Re_, , Was sufficiently large (2000) so that the

layer is fully turbulent past the transition stage znd
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containing a full spectrum of scaleé. The streamwise
chosen location aiso provided a sﬁfficient number of
boundary layer “hicknesses (approximately 60) £from the
start of the manipulator along whiéh we could observe any
regeneration of the large scaie structures, Also, since
measurement station 1 of Figure 3 was the farthest
upstream location that could be conveniently méasdred
from the traversing mechanism, it was necessary that the
manipulator be placed at a point where the approaching
flow field was well dccumented.

The final manipulator consisted of two, 0.2 mm.
thick brass plates. The chord of each of the plates and
its elevation above the floor was equal to 80 percent of
the boundary layer thickness at the location of thé
upstream most plate, i.e., equal to 3.2 cm. In the high
Reynolds number case the boundary layer thickness at that
station did not change sufficiently enough to chanée any-
of the design values. The two plates were spaced 25.4
cm, apart or eight times the boundary layer thickness at
the upstream plate, The manipulator plates were helé at
one end by a 3.2 cm. wide, 0.7 mm. thick'steel bracket
which wrapped around the end of the plexiglass boundary
layer ﬁlate, and was secured-to the alum{gum frame below.
On that end the brass manipulator plates were bent over
the brackets and fixed by three small machine screws. The

opposite end of each manipulator plate was attached to a

0.7 mm. thick steel bracket which pivoted on a small
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threaded fdd: The rod protruded through the back wall of
the test section and a nut on the outside was used to
draw up the slack on the plates and put them under
tension. Special care was taken to make sure that the
manipulator plates were not sagging, twisted or under an
angle of attack. In addition they were observed under a
strobe {%gh; to ensure that they were not vibratihg
under the operating'conditions. A phetograph of the two
tandem manipulators mounted in the winé tunnel for the
final set of measurements is shown in tﬁé top portion of

Figure 4.

Instrumeitation

A variety of analog and digital instrumentation was
used in the investigation. In general, the analog
instrumentatign was used to pre-process the data before
the digital acguisition by a PDP-11/10 mini~computer
con* »lling an A/D convefter and other peripherals.

Pr ssing of the data was performed later on a variety
of computer systems including a larger UNIVAC 11/08. The
analog iQ§trumentaticn and peripherals used in the data
acquisition and processing will be described in the

following.

Multi-channel Anemometers. To control the rake of

11 hot wires, a system of 12 constant temperature
anemometers based on a variation of the design first

introduced by Kreider (1973) was constructed. The



. fircuit diagram for the anemometer is shown ir Figure 5, -

The system represents a low cost alternative to
commercially availahle CTA's while aiving comparable
rerformance to a DISA 55701 anemometer (Wlezien,1981).
The anemometers were grouped into two sets of six
channels each. Two 15 volt,*1 Armpere power supplies,
whose circuit dizgram is shown in Figure 6, pfoyided
azple power for the anemometer operation. The circuits
utilized CA3140 high-precision operational amplifiers
which are pin for pin replacementsvfor more traditional
741 op-amps, but which reguire only a few milliamps to
power and prcvide a near ideal input impedance of 109
ohms and freguency responseuhandwidth of 1MHz. To quarg
acainst cross—talklketween crannels, all of the power
inputs were AC ccuplted with 0.1 uF capacitors to ground.
Each set of six znemcmeters also utilized a built in
sqﬁare wave generator which was used to adjust the
feedback in the ssrve loop.

The operation of the anemometers involved measuring
the resistPnce o0f the nst-wire and adjusting the overheat
resistance to equai RH tires the overheat ratio times 20,
where the 20 accounts for the 20:1 bridge ratio. With
the switch set to the +15 volt side, the 10 ohm
resistance is adjusted to provide an output vcltage of
acproximately 10 volts. Wwith the servo loop closed and

the square wave supplied to the bridge, the 10 ohm

resistance is adjustec to give a slightly underdamped
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response., The square wave generater was turned off

during the normal operation of the anemometer channels.

Multi-channel Sigcnal Conditioners. - Prior to

digitization of the analog outputs, the signals were é&.c.
biased, amplified and lcw-pass filtered by the circuit
shown in Figure 7. The bias and amplification was
necessary to minimize the quantization error in the
analog to digital conversion, The low-pass filtering was
necessary to gemove the amplitvde energy in the signals
above the Nvaguist freguency for spectral énalysis.

The bias and gain are accomplished in the first two
stages of the op-amp circuit. The gain in each stage is
set by plug-in feed-back resistors. In this experiment,
the first stage operated as a unity gain amplifier so as
not to saturate tge op-anp, and a majority of the d.c.
was cubtracted from the signazl. The second stage
amplification was normally 10 or 15 and any remaining
d.c. was suﬁseéuehtly subtracted from the signal. The .
exact amplification was determined by applying a
precisely khown d.c. voltage into the,channel and
measuring the output value., The last two stages of the
circuit are two second-order low-pass butterworth
filters. In series £hey give the fourth order response
showh in Figufe 8 wi:h'an amglitude decay rate. of '
60dr/decade for frequencies above the filter cutcff. The

damping values for these filters were fixed by the
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capacitors in the circuit to give the dééited amplitude
response with frequency, The‘cutoff frequency was
changed by switching in dual pairs of precision resistors
to give nominal cutof f values of 2.5, 5.0, 8. 0 and 15,0 K
hertz., The resistance values cerresponding to these
ffequency cutcff values are given in the table of Figure
7. Provisicns were made in the design to allow for

setting cf other cutoff values through the equation

fc = 1/27RC

16

Digital Acquisition and Processing Systex

Tre digital system (D.A.P.S.) for acquiring analog
data and performing digital processing consists of three
systeme: The Fast Acquisition System (F,A.S.), the
Processing and Development System {P.D.S.), and the
Special Purpose Module (s.P.M.). Each of these systems,
schematically shewn in Figures 9, 10, and 11 was used in
the experiment tc develop software, to perform the
digital acquisition, to process the data or in many
cases, to display or plot results. For some of the
tzs5ults, processing was also perfogmed on a UNIVAC 11CS.
The FAS'and PDS systems are based around PDP-11/10 and
PDP~-11/04 mini—comﬁuters, respectively. Information
could be passed between the three systems through
external PDP-11 bus lines, but typically ‘the SPM was
connected to either the FAS or PDS at one time. All

these systems are portable, theréby allowing them to be
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moved to *he laboratory during data acquisition. . These

systems will be described in the follow.ng with more

detailed attention being given to those devices which are

an integral part of this experiment,

Fast Acquisition %ystem. The FaS, schematically
shown in Figure 9, was used along with the Special
Purpose Module to acquf;; éhe data during ghe experiment,
It consists of a POP-11/10 processor with 28 K, 16 bit
words of RAM memé;f. The analog signals are acquired by
a micro-processor controlled, 16 channel, 100 kHz
analog~to-digital converter which is designated as the
MIP. This device features its own 4K words of dual
ported memory. The memory is double buffered so that one
of the 2K buffers can‘be written to tape by the PDP-11
processor while the MIP microprocessor fills the other
buffer, thereby allowing cogtinuous, uninterrupted
acquisition of data, The high speed digital magnetic
tapz drive in the FASrallon fast; continuous storage of

8 mega-wdrds of data..

Special Purpose Module. The SoM, scheﬁ%tically

shown in Figure 10, is made up of a number of special
Purpose pericherals which are used toth in data
acquisition and pProcessing. Data from and control of
these peripherals are handled by one of the PDP-11
processors through the bus. Dicital acquisition of

analog signals is done in this module by a 100 kxz, 16
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‘channel, 12 bit, A/D converter, Unlike tre

-

micro-computer controlled MIP, acguisition here is
controllcd by the PDP-11 prccesscr. Acgquisition rates
are set with the programmable clock in the SPM. The
acquisiticn software is written in comp:tztionally
efficient PDP-11 assembly languace which hzandles the A/D
control, clock interrupts and-faz2 conversicn at a'rate
which makes full use-of the 100 x¥z A/D. s in the case
of the. other assembly language softwate written.for this.
experiment, the macro acquisition software was configured
as subroutines which were called frem less efficient but
more 1/0 compatible Fortran programs, Computer control
of analog devices is made throuch the 3 ckznnels of 12
bit b/A cnaversion in the SPM, Again tﬁe D/A converter
is controlled through Fortran callable, assembly language
subroutines.

''he other three peripherals in the r¥, i.e., the
digital camera, color display precesser anc array
proccésor, performed very important functions in this
“éxpefiment. Because of their unique nature and .
importance, they will be civen 2 more detziled discussion

in the following.

Digital Camera. A model 659F optical data digitizer
mich is interfaced to the PDZ-11 tus was used to
dicitize the smoke-wire visualized flowfields. The

camera incorpcrates a Vidicon imaging tube which stores
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-an electron Eharge pattern proportional to the luminous
energy of an image focused on the fubé. VAs contrasted
with a scanning type video tube in which the image data
is retficved by sequential sweeps, the vidicon tube has
4096 x 4096 randomly addressable picture elements
(pixels) from which intensity information can be
retrieved. As a result of s;me spatial averaging of
adjacent pixels, the number of resolvable point; for the
tube is 512 x 512. The anadog intensity information.is
converted to an 8 bit paraliel binary intensity word
through an A/D converter in the camera. This gives 256
resolvable levels of intensity. Since the PDP-11 word is
two 8 bit bytes, the image data was packed into double
bytes to reduce storage requirements. The vidicon tube
is sensitive to light energy in the range of 10_6 to J.O"4
footcandle-seconds which gives it an equivalent ASA
rating of approximatel{ 3000. The exposure time is
program controllable from 15 ms to 60 s. .

The camera also has an analog video and position D/A
output and a 30 frame/sec sweep generator so that the
image can be viewed on a black and white monitor. This
feature is useful for setting up the camera before
digitizing runs, The camera is equipped with a Nikon
lens mount so that a compiement of conventional lenses
can be;used.r The camera data and control lines are

interfaced to the PDP-11 bus through a DR-11C camera

interface and a merging logic unit. Carera control and
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data transfer were handied by a Fortran callable,

' assembl§ language subroutine. The image data is stored

on digital magnetic tape for processing later,

Display Processor. An MDP/3 display processor is

used to display the image data retrieved from the digital
camera. The MDP is a micro-processor controlled image
processor having 64K x 18'bits words of refresh memory-
with 1% bits for graphics display and 2 bits for 2
graphic overlays in each érocéggor wofd, as well as 1K by
16 bit RAM memory and 4K by 16 bit EPROM memory. Image
data is stored in the graphics memory, assigned a gray
level intensity value or a pseudo color through
programmable look-up tables and displayed on a color
monitor. The monitor screen formats are 512 x 512 pixels
X 4 bits to give 16 levels of intensity or colors and 256
X 256 x 8 bits to give 255 levels of intensity or colors.’
In addition, special firmware allows rapid manipulation
of displayed data such as level windowing, zoom and
linear interpolation to%128 x 128 or 64 x 64 as well as
animation. .

A library of Fortran callable, assembly language
subroutines-was written in order to load up the MDP

processor registers and to execute the desired firmware

‘Pregrams. In addition, programs were written in MDP

micro assembly language and loaded into the MDP membry to

allow data to be written directiy into and retrieved from
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the MDP graphics memory. Thus we were able to utilize
the 65K words of MDP memory as a tempbrary storage media
or "scratch pad"™. This was especially important because
the pPDP-11/04 and }q can support only 28K words of

memory.

Array Processor., An MSP-3X array processor was Jsed

to perform the floating point arithmetic on the digital
image and ﬁot-wire signal arrays. The MSP is a
block-fioating dedicated array procesgor with 4K wééas of
24 bit data memory which is controlled by a high speed
microprocessor, As with the MDP, 4K x 16 bit EPROMS
contain firmware to support the execution of a
comprehensive array function library. These functions
include real and complex number addition, multiplication,
magnitudes and forward and inverse fast Fourier
transforms. As an indication of the processing speed of
the MSP, it can perform a 1024 complex FFT in 26
milliseconds. This is extremely important since it
requires 512 256-point one-dimensional row and column
FFT's to transform a typical 256 x256 image into the
spatial fregquency domain for filtering and péttern
recognition. As with the MDP, a library of Fortran
callable, PDP-11 assembly language subroutines were
writtéﬁ to transfer data into the MSP memory and to

execute the array arithmetic.
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Procecsing and Development System. The PDS system

shown in Figure 11 was used to develop programs and
process‘image and hot-wire data. This system is
controlled by a ?DP-ll/nd mini-ccemputer with 28 K words
of—16 bit memory. Efficient use of the processor, hard
and flopéy disks, maénetic tape drive and input/output
devices is made through the DEC RT-11 cperating system.
ﬁnder this system programs can béacréated, edited,

compiled, linked with subroutine libraries and executed.

Flow Visualizaticn

A "smoke-wire” was used to visualize the boundary
layer flow at the lower freestream speeé of approximately
6 m/s in this investigation. The smoke-wire, described
by Corke, et al. (1977), consists of 3 0.1 mm. diameter
stainless steel wire which is coated with oil by letting
a drop run down the wire. As a result-of a capillary
instability, the 0il forms drépiets along the wire so
that when the wire is resistively heated the vaporized
droplets generate discrete streaklinés of smoke. The
heating of the "smoke-wire" and triggering of a camera
and strcbe light are controlled by a syncﬁronization
circuit, Digital logic in the circuit allows
visualization reco;ds to be taken which are congitioned
on an 5event"'in the floy. ‘

In this experiment a smoke wire, orienteé normal to

the boundary layer plate, was placed midway between
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"stations 6 and 7. The upper support arm was placed well
into the free-stream-.-so as not to disturb any part of the
flow in the boundary layer. The stainless steel
"smoke—wi;e“ was connected to the upper support arm and
passed through a-small'hole drilled through the boundary
layer plagg to its underside. That end of the wire was
clamped and eart% grounded through a connection to the
metal frame of the wind tunnel. When the smoke wire was
not ih the.tunnel, the small hole in the boundary layer
pla;§ was filled and wet-sanded smooth so that it‘would
not create any disturbance to the flow.. |

The streamwise position of the smoke-wire allowed us
to visuélize approximately the last 15 boundarf layer
thickresses of the flcw. Also, the smoke wire was

sufficiently upstream of the plug station so as not to

influence the hot-wire rake by its thermal wake.
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CHAPTER III

PATA ACQUISITION

The digital data acquisiticen of the analog signals
for this experiment can he broken up into dhe relatively
“;traiéhtforward process used in the calibration of the'
hot-wires and time-mean measurements in the boundary
layer, and into the much more complié;téd acquisition for
the instantaneous unsteady measurements and digital image
retrieval. All cf the déta aeqﬁisition software was
written for this experiment in 2 manner to make the most
use of the computer core aveailable and to optimize the
use of the various peripherals described in the previous

chapter. These experimental setups and methods will be

described in the follcwing sections of this chapter.

Bot-wire Calibration

The calibration cf the sirgle hot-wire used in ;he
mean measurement runs and the rzke ef 11 wires used in
the.unsteady measurement was done in the wind tunnel
test-sectign. A scheretic of the hot-wire rake is shown
in the corner of Figure 3. Even though the tunnel
heating préblem was irproved by the test section
modifications, the test section air temperature would
still increase by approximately 4CC for the low Reynolcds
nurber runs and arproximately 6-8°C during the high

Reynolds number runs, The absolute tunnel temperature
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was,however,'aépendent on the laboratory rooﬁ'tempe:ature
which could vary.about 3 to 4°C from day to day. For
this reason, all calibration and data runs required that
the hot-wire outputs be compensated for low ﬁrequency
temperaturg variations.

For the single-sen&or measurements, the hot-wire,
sensitive to the streamwise velocity, U, was operated in
a constant temperature mode by a'DISA 55D01 anemcmeter.
In this case and in the multiple wire case, a 1.8
overheat was used to provide the minimum amount of
arbient temperature sensitivity of the output voltaze
proportional to velocity. Two éeparaLe calibration runs
were made for the low an? high Reynolds number cases so
as to calibrate over each range of velocities with the
two different mean operating temperatures. The overheat
temperature was set after the tunnel téemperature had
reached 1its equilibrium value. Since the ;bsolute
temperature varied from day to day, the calibration
temperatu;e as referenced to an average long term
temperature from which the compensated, true velccity
could be determined.

puring the calibration run for a single hot-wire,
three channels of analog signals were digitized. One wes
the anaiég output of a Dicatec 5810 temperature
transducer proportional to the wind-tunnel air
temperature., This signal was pre-processed through the

bias/filter/gain circuitry to obtain an ocutput egual to



the temperature in degrees Celsius divided by.lo . A
minimum, pre—des1gned cutoff Lrequency of 2.5 KBrL. was
used to low-pass filter the signal prior tc dxgltlzat on,
_ With the minimum resolution of 4 nv, for the A/D,
converter, an accuracy of ,1°C was obtained. .

The absolute tes-—sectlon velocity was measu'ed by &
pitot-static probe connected to a Validyne DP103 pressure
transducer. This transducer has a gensitivity of 2.65
v/kg/m in pressure, thereby giving it a sensitivity of
2.52 V /m/s in velocity. This signal was directly
digitized to give a resolut jon of approximately .002 1/s
over the range of operating velocities.

The output of the anemometer was d.C. biased,
amplified nominally by 15 times and low-pass filterec at
5 KBz prior to being input to the A/D conventer. The
exact bias voltage and amplification factors wvere
determined with a test signal to account for'tole:ance
1imits of the op-amp'circuitry. These three sensor
probes were placed at the same streamwise lpcation aiong
the mid-span of the tunnel test section for calibration.
The three signals were simultaneouslv sampled ané simplg
sta¥fistics were computed on iine during the calibration
run. |

wWith the tunnel 'pre-hgate@' to one of the cperating
temperatures, the fan_speed;was controlied to give 2

rance of steady velocity readings. + each of ttese

gettings, acquisition was initiated and a sampling of
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points was taken until the voltage values converged to
steady means., This typically involved 1024 points taken
over 4 seconds. Along with the mean values, the maximum
and minimum values in the sample were ouptut to give an
indication of the sample distribution., Each of the
'digitized voltages, proportional to temperature, was
converted to temperature through the calibration and the
average temperature was computed. "Given the average
téﬁperature, the digitized voltages proportional to the
pitot-static pressure weére converted to velocity and;the
average free-stream velocity was compuéed.

From each of the voltages preportional to the
streamwise velocity, the gain and bias were removed to
give the actual bridge voltage. The temperature

corrected voltage was then computed from the relation

given by Bearman (1971). .
a -1/2
g = [1--S (TT)y BT
corr To-1
where h
I, = overheat ratio at thé reference tempefature
oc = resistance sensitivity to temperature of
tungsten (QC)“l
T = actual temperature
T = :eferencevté:perature

The value for a, was experimentally determined by
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allowing the tunnel to he€at up at a fixed velocity. A

- typical value was approxizmately .0034°C., The average

corrected bridge voltage was computed for each veloccity
setting to generate voltage-velocity data paiés.

Given the data pairs, a sguared, third order
colynomial least-squares curve fit was performed to find
the "best-fit" coefficients. This fit had beén
demonstrated by Drubka andé Wlezien (1979) to begg;{
represent the output from a hot-wire than Xing's an and
to be combutationally moré efficient, A typical average
error in the fit was 0.005% m/s.

In the case of the rake of hct wires, the 10 wires
zounted to the p.c. board were held in the freé-étream
for calibration. The hot-wires were cperated by 10 of
the 12 CTA channels built for the experiment, The 10
2nalog outputs Qere d.c. biased, amplified nominally Wy
i0 times and lcw-pass filzereé at 5 KHz. These 10
cbannelg were simuitanebusly sampied with the signals
croportional to temperzture and rressure as with the
single wire calibraticn. The bricge voltage outputs were
temperature compen;ated and 10 sets of velocity-voltage
cata pairs were fit to determine tbeir calibration

celynominal-ccefficients,

‘Shear-wire Calibration. A single hot-wire mountecd

to the tunnel flcor was calibrated to measure the

streamwise component of the surfece shear stress, The

Fey
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wire, which<§as operated in a constant temperature mode,r
;as calibrated 'in a turbulent boundary-iayerfat different
Reynolds numbers. An estimate cf the mean wall shear was
inferred from a single wire placed in the sg?layer above
the shear wire, which measured the slope of the velocity
distributfon néar the wall. Although there is evidence
from measurements in the thick sublayers of turbulent

e -
bcundary layers in oil (Ekelmann,1974) thai the sublayef
velscity distribution is not linear, for sufficiertly
small non-dimensignal heights, the error in assuming a
linear distribution is small. For this reason the
calibration was performed in the manipulated béunéary
layer which, as a result of its lower wall-fricticn
velocity, has a thicker sublayer in which a probe can be
placed at 2 smalle- non-dimensicnal distance from’the
wzll. The height of the prote was carefully measuted
using a cathatometer. Tre results of thg_calibration are
shown in Ficure 12. This calibration was consicdered
satisfactory for the present study, since the main
vuroose for using the shear wire was tc obtain
information on the fluctuating shear stresses at the
wall. High reliability fo# absolute values of the shear

stress was not a primary requ1remen» for this me*hod

The analysis of heat transfer from a heated strxp ih

-

a linear velocity distribution which was removed by

amdborn (1972), sugieésts a 1/3 power relaticn TEtween

-

n

+re shear stiress anéd heat less, Or

da
LYY



ORIGINAL PAGE IS
OF POOR QUALITY

B VE

© = Ag + B

where B is related to the energy lost into the surface
substrate on which the sensor is mounted. For constant
temperature operation, the isz heatid; equals EZ/R%
wgich eguals CE? since Rw is constant., Therefore,

.S

141/3 = ce® + B

- , Was used to normalize the axis of Ficure 12. Sandborn
(1981) points out through a zerturbaticn analwsis thax -

) is a function not only of E but also of the moments of
fluctuations up to ;6_ Therefore, the mean value of the
anemometer output voltage is composed of a mean value
from conditions when no fluctuztions are present plus

- higher order mean terms due to fluctuations in the shear
as in the case of the turbulent boundary layer. These
conclusions point to the fact that the calibration must
be done where the conditions, such as the turbulence
lévels and scales, are similar to those in which
measurements are to he téken,
| Tt is obvious in Figure 1Z that *%e calikbration
would not be best fit by a straight line, and as in the

case of the velocity sensing wires, a squared thiré-order

polynomizal was found to providg the best fit tc the

voltage-shear distribution. The average error in the

calibraticn fit was 0,8 percent,
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Acquisition for Mean Heasurements
H—_u___ﬁ_

The digital acquisition of data for time-mean
results was broken uo into profile runs which ctilizeg
relatively Slow’acquisition rates for t*he calculaticn of
the first and second noments of the strear-jge velocity

fluctuations, and into relatively high acquisition rztes

for the calculation of one-dimensional Dower spectrel

density, auto correlations and integral time scales,

Profile Data Runs, The instrumentation schematic

for the acquisition of the boundary layer profile data is
shown in Figure 13. As in the case for the single-wire
calibration, the voltaces proportional te¢ thpe tunnel
temperature,rfree—streem velocity and instantaneous
veiocity from the hot-wire were digitally sampled. 1In
addition to these, the voltace propbrtional to the
vertical posi*ion of the hot-vwire was aiso simultanecusly
samplied, This voltage was Pre-processed to give an
cutout of 1V/1é,5 mM. sS¢ as Lo give a resoluticn of 0.05
mm. through the A/p conversien,

Since the prnfile Iuns were intended to calculate
only the mean and Ins velocity values, it was necessary
only to have enough samples:taken over a sufficiently

long period of time, eguivalent to the passage of a

-

sufficient number of the integral scales of interest, fnr
the quantities to reach steady values, As contrzstec

with the Spectra, the mcrents are not aliased ir any wZv

-

B4
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by the sampling rate. For these data runs. a sequence of
foﬁr channels. sampled 64 times a second for 30 seconds
was found to be sufficient,

Profile data was taken Ly starting at e fi-st
upstream station and digitally acquiring ar . storing on
digital magnetic tape the 5012 values cermprising a tape
record for each of 30 vertical heighis from the surface
.of the boundary laver plate, Nearer o the plate, in
that region of greater mean shear, the vertical samplingr

intervals were more closely spaced. 1In a2ll but the first

-and last profiles, the streamwise irtervals between the

data stztions was 0.3 m.,as shoewn in Figure 3.

To ensure that the voltage corresponding to the
vertical position of the prcbe accurately indicated the
relative distance frcm the plate surface at each station,
the lewest roint was alweys set to ke at x=0.5 mm. and to
correspend to zero volts output., This was dene by
csighting the probe and its reflecticn in the plate in a
graticuled cathetometer., By this technigue, the probe

censor cculd be positioned o an accuracv of ,01 mm.

Spectra Runs. The data runs fcr scectra

calculations were cene2 for half of.the streamwise
stations. 1In order tovbe aEle to ﬁake ccmparisons
between the regular and manipuléfed becuncdary layers at',
the diffétent staficns, the cdat2 were taken a2t the same
self similer heights of y+ = 8, 15, 33, 50, 75, 100, 2%%.
400 and 80C.

a6 . . . -



‘The h’ghest-frequency of interest in the velocity
fluctuations was 5 KHz so that a sampling frequency of 10
KHz was necessary to ensure that the spectra would not be
aliased. To further ensure no aliasing the sigral was
low-pass filtered at 5 KHz. For each height at each
station, 100 records of 2052 pts/record wer?aagquired and
s;ored on digital magnetic tape. Each record ccntained
0.21 seconds of continuous data so that scales zs large
as 0.7 m. (a minimum of 9 boundary iayer thicknesses)
being convected at 70 percent of the free~strea-
velocity could be resclved. In regards to the turbulence,
the 100 records were statistically independent, however,
tie acquisition program was written so that the data be
acquired in phase with the 60 Hz clock. In this way any
60 cycle line ncise and all of its harmonics could be

removed if necessary as demonstrated by Way (1973).

Simultaneous Hct-Wire Rake and Digital Image Acguicition

The simultaneous acquisition of the rake of 10
wires, the shear wire and the digitized image of the
smoke-wire visualized flowfield was designed to look in
detail at the relationship between the large-scale outer
structures and the wall "burst” mecharnism in the -
turbulent boundary layers. The design of the probe
concentrated as many as 7 sensors belcw y+=100 which has

been observed tc bound the influence c¢f the wall events.

Although other sensors as high as y+=800 would provide

a2



some information about the large_ scale turbulehce; the
digital images, viewing the whole boundéry layer over a
number of boundary layer thicknesses, would be primarily
used for that information.

The method by which the data was acqﬁired reflects
the type of information we wanted to extract and theB

limitations of the equipment. For example, we wanted the

sampling rate to be fast enough to give sufficient

‘resolution of innts during a "burst"™ event and to be

continuous for a sufficient amount of time to ensure more
than one event per sampling record. For a number of

statistically independent samples, the second criterion

was necessary to compute frequency of events. The first

Ccriterion was limited only by the speed of the A/D

converter and controlling assembly language software.

For 13 input channels a maximum sequence sampling rate of |

approximately 2000 Hz could be attained. The secend

criterion was limited by sarmpling rate and the amount of

computer memories available. Since the 65 K bytes of
image data could not be retrieved from thé digital camera
fast enough to keep pace with the hot-wire acquisition,
only one image per sampling was possible. . Therefore, the
images 'had to be "conditioned" on the évent. Since we
wanted the images and hot-wire data to coincide, the
detection ot the event had to also initiate the hot-wire
acquisition, However. we wefe also interested in the

pre-event history of the flow. The acquisition strategy
48



was designed to allow for all these requirements,

_The results of Rao et.al. (1971), Laufer and
Narayanan (1971), Blackwelder and Raplan (1976) and
others have suggested that in the range of Reynolés
numbers of this investigation the non-dimensional period
between "burst™ events is TU./§ = 5. In the cise of the
low Reynolds number regular boundary layer, a sampling
frequency of approximately 1800 Hz would resolve tgfg
period into 100 points, Approximately 400 words of
memory were available to store each of the 11 channéls of
anemometer outputs, temperature and pressure so éhat at
this sampling rate an average of 4 events could be
detected. The acquisition rate was adjusted to maintain
this resolution over the ;ange.cf boundary layer
parameters, Table 1 lists the acquisition rates for ali
of the boundary layer cases. i

The analog and digital instrumentation setup for the
simultaneous acquisition is shown in Figure 14. The 11
channels of anemometer outputs are d.c, biased, amplified
nominally by 10 and low-pass filtereﬁ at 5 KHz before
being input to channels 1 - 11 of the A/D converter in s
the support processing module. The analog signal
proportional to the free-stream pitot-static prescure
difference Qas input to channel 13 of the A/D.

The analog signal output of channel 10 of the
anemometer was used to detect the "burst" events. This

signal, which was proportional to the instantaneous

S e im - = e —
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Table 1. Sampling Rate Farameters for Simultanepus Acgui-

sition .
i/\

- !

e

58 /U ————2=t

B. L. Case Uo(m/s) :{cm) T (s} £ (Hz) SSR PTS, T
Reagular 6.71 §.08 .0590 16.96 1634 100
Regular 10.36  7.42  .0356  28.10 2000** 71
Manipulated 6.71 7.18 .0536 18.66 1865 10C
Manipulated 10.36 6.71 .0323 30.92 2000* 63

*Upper acguisition rate limit for 13 channels

velocity at y+=7 in the boundary laver, would be

examined for cccurrences of high variance compared to the

long~-time kackground values, Althouch it has been commen

for investigators to use a sensor a% v+ = 15, the results
of Blackwelder and Kaplan (1976) show that the velocity
signature of these evenis remains ccherent in the whole
portion of‘the boundary layer below y+ = 100. The signal
at y: = 15, being near the peak in the vertical
distribution of turbulence intensity, has consiceratly
more turbulence fluctueaticns thereb? making the detecticn

- 1 rT~

more difficult, The (Zlzckwelder and Kaplan, 1976) VITZ

technique in effect low-vass fiiters the velocity data tc

perform the detection., However in this case, analcg

58 »



filtering would be undesirable since it Qould introduce a
phase shift in the detection signal. The sigmal from the
y+ = 7 sensor allowed easy detection without Iow-pass
filtering. In all of the boundary layer cases, with the
changing free-stream velocities and the additZon of the

manipulator, the vertical position of the hot-wire rake

was adjusted to compensate for the different wzlues of .

the wall shear velocity so as to always locate the lowest
wire (channel #10) at y+ = 7. .

The aﬁgmometer cutput of the de?ection wire was
linearized with a DISA 55D10 linearizer and ircput to a
DISA 55D35 rms meter to measure the long-time average rms
and to output a signal proportional to the instantaneous
variance. The analecg signal was fed to the variable
threshold level detgction circuit schematically shown in
Figure 15a. The output from the ! detection circuit
consisted cf a TTL logic status cc .onding. to
{ o
§

]

: u'l
(1: u'

2
CONDITION = 0 °
Ip < ku’
where k is an adjustable threshold coefficient. The
legic output was connected to the condition lagic in the
smoke-wire control. .

The smoké-wire circuit is made up of timi=zg chips
which ccntrol thevduration of heating of the wire and the
delay needed for the smoke to be cenvected into the fielé

of view befcre triggering a camera and/or strcde light,



In addition, digital logic in the circuit allows
photographs to be taken when the smoke is in view and
when an external condition is satisfied, The ccnditioned
photographs are necessary to do ensemble image averaging.
The timing diagram for the smoke~wire control circuit is
shown in part in Fiqure 16é. The sequence is initiated by
a positive pulse which can be manually applied cr, as in
this case, was software controlled through the output of
* channel 0 of the D/A converter.

The experiment was run in a darkened lab so that the
image was recorded at the instant of the strobe flash
The flash is approximately 1 ms, in duration which was
sufficiently short to "freeze" the motion of the smoke
image. 1In ocder to be able to mark that instant on the
sequence of data, the trigger output pulse was
nultiplexed onto the slowly varying signal proportional
to the wind tunnel air temperature. Before this cculd be
done’however, it was necessary to "shape" the pulse using,
the circuit schematically shown in Figure 15b. This
circuit was designed to transform the syncing pulse from
the strobe light into a -ifv amplitude, 10 ms. duration -
square wéve pulse., The 10 ms. cuaranteed a miﬁimum of 20
detection points at the A/D conversicn rates useé in the
acquisition. The shaped cpuise Qas added to the

- temperatur2 signal thrcuch the second stage of the op-amp

arplifier section of the bias/filter/gain circuit. The’

combined signal was fed to channel 12 of the A/D




converter,

The. digital camera, which was mounted on a tripog,
was connected t3 the PDP-11 busg through txe rerging l:zciz
unit and DR1l-C interface. Under software ccatrol, tr=

camera was operated in the 30 Hz scanring mofe while ==e

D/A outputs of the camera were viewed on a Tectronix £-4:

black/white moritor which sat on top of tke camera,
During this operafion, the camera perforzed like a
conventional television camera which rade it zasy to
position and focus. For both of the low §eynslds nurkt=sr
boundary layer cases the camera was set uvp to record tvo
views of the flow. One view (zoomed cut view) which
encompassed approximately 8 boundary layer thizknesses
utilized a 50 mm., f:1.4 lens. The other (zocmed in
view) encompassed approximately 2 boundary thizknesses
and utilized a 210 mm., f:3.5 macro/zcem lens., In bot:
cases, the rake of hot wires was visiblé'in the image.
The camera was not movegd throuchout this Enhase of the
acquisition. To be able tc compare the ir=ge results
with future datz runs, the camera always viewes two LE™
lamps whzch were precisely spaced to previce a scalr,
During the retrieval and sé tage of the irage Z2ata, the
digital numbers were copied into the MDPP-3 dis;:af
processor graphics memory and displayed on the Confac
5211C color diéplay monifor. The MDP-3 gragchics memory
was also uvsed for temporary storage of the €icitized 1:

channels of data,.

1)
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The acquisition wéé directed by the PDP-11/04
processor in the fast acquisition system as~éontrolled by
the acquisition software. The timing diagram for the
simultaneous acquisition is shown in Figure 16. After

the smoke-wire is coated with o0il, the sequance is.
initiated by a keyboard command. Prior to this, the
digital camera is in a prime mode which erases any
previous images. After initiation, the camera expcse

lines are enabled awg}ting a flash from the strobe to

" store an image. A stait pulse is sent to the scoke-wire

control circuit to begin the generaticn of the smdke
streak-lines, The duration of the smoke and the delay
time to allow for the smoke to be convected had been
preset in the ;moke—ﬁire control. It is within this
"window” of time that the smoke is in the field of view
and during which we search for a condition., Tre "window"
was typically 1-2 secands wide. The condition is only
valid if it occurs when the smoke is in view.

Since we do rot know a priéri where in =lis “i:dow
an event will cccur, the aczuisition of the 13 cranreils
began at the initiation of the sequence énd the cata were

-

stored ifh computer memory. For the sarpling rates used,
the amount of available data storage was too small to
accom%odate the time interval wifhin our conditicnal

window,. The;efore, the software configureéd the space

into a "circular”® buffer so that old data were

overwritten. Between each scquence of 13 channels, and

- 54
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before the next interrupt of the programmable clock, the
data value of chwznnel 12 of'the A/D was checked to see if
the éondition, marked by a -10V pulse, had cccurred. 1If
the condition was detected, 50 points, or one half of an
average "burst" c&cle,.preceding the event were kept and
the remainiﬁg 350 points follcwing the event ;e:e
acquired to fill the buffer. Also at the instant the
condition occurred, the strobe flashed and the smoke
image was stored on the digital camera. The 13 channels
of data were then copied into 2 file on diéﬁtql magnetic
tare. The-digital image was retrieved from the camera
and copied to the next file on the digital magnetic tape.
The camera was subsequently put in the prire mode
awaiting the next sequence.

bepending on the delay tire allowed for the
convection of the smcke, it was possible that 50 points
were not acquired before an event was detected. In such
a case, the data set was discarded. It was also possible
that no events be detected insiée the "window". Iﬁ this
case, the acguisition loop was halted by manually
applyina a -10V sigral from the pulse shaping circuit
into the channel 12 A/D input 'to> terminate the
acquisition cycle. Again the data set was discarded.

The threshold for the detection was set using an HP
digital Spectrum Analyzer. The output of the threshold
detector ciréuit was cornecteé tc the extefsal trigger

input of the spectrum analyzer to conditionally sample
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the events. The threshold was raised unti} the educted
ensemble average resezbled the signature for the "burst”
process, The ratio of the instantaneous threshold
variance level to the long-time average varfance used in
the reqgular and manipslated boundary layers was 3.5,

This number is not to be confused with the threshold used
in the VITA technique since thcsc¢ values are the. local
éverage over 10Tuf/v points.

For the high Refnolds number boundary layer cases,
the ve%ocity.was too high~£o operate the smcke wire, 1In
those cases, where the digital camera was not used, the
acquisition was nct initiated by the detection of a
"burst*® event. Rather, 256 statistically independent
records of 400 poirts per channel for the 13 digitized
analog signals were sequentially acquired and stored on
digital magnetic tape.

Acquisition runs were also made for use in ccaputing
the power spectrum, auvto-correlation and probability
density of the sicnals from the 10 rake sensors and shear
wire. -in this case, the output of each wire was
independently acquiréd at 2 10 RHz sampling rate and
stored on digital =agnetic tape. The methods and
acquisition scftware were ide;tical;to those described

earlier in this chapter.



CHAPTER IV

DIGITAL PROCESSING OF TRANSDUCER OUTPUTS .

This chapter is intended to describe the various
types of digital processing performed on the hot-wire
data. These include the methods for the boundary layar
profile calculations, and for determining integral
boundary layer properties, as well as the approach used
in calculating the momentum balance for obtaining the
wall friction'of the boundary layer. Special
one-dimensional time seduence processing is next
examined. This includes one-dimensional power spectrum,

auto-correlation, probability density and integral length

scale calculations, Also included is one-dimensional

match filtering for pattern recognition of the signatczre
associated with the regular wall phenomena. The latter
will provide information about the frequency of their
occurrence, i.e., their distribution in time. The

two-dirensional processing will demonstrate

two-dirensional sampling and reconstruction techniques

which allowed comparisons to be made betweasn the hot-wire

rake data and the digital images. Technigues for

processing of the images based on smcke-wire

visualization are described in the next chapter.

. Boundary Layer Profile Calculations

The boundary .ayer profile data were made up of 30

discrete data points, spaced in the vertical directicno
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normal to the flat plate, taken at 10 (or 9 in the

- manipulated boundary layers) streamwise stations.® The

data were stored in raw form on four channels of digitel
magnetic tape as time series of unlinearized anemometer
.output and values proportional to the vertical probe
position, tunnel air temperéture and free-st;eam velocity
for each of the discrete profile points. The first step
in pegforming the profile calculations was to put the e
data in a more manageable form. For each profile point,
this involved computing thé mean air temperature,
free-strean velociéy and vertical probe position throuch
their respective calibration equations, The anemometer
output was compensated for any drift in tunnel
tempera%uré.from the calibration temperature, in the
mznner described in Chapter III, and the mean and rms
velocities were coﬁputed. These five values were written
on another digital magnetic tape where they would be used
for further prccessing. Since this processing, as weli .-
as the other prccessing on the profile data and raw daEa
czlibration for the hot-wire rake, required many floating
point cperations and tape-to-tape cata transfers, they
were petformed ocn a large main frame UNIVAC 11/08
ccmputer which handled these more efficienély than our
FDP-11 systems., VWith the average profile valués stored
on digital tape, the integral characteristics of the
teundary layers were calcula;eq. Since we were

particularly interested in the friction ccefficient, a

w
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number .0of these integral quantities were calculated in
the same program which computed Cf.
A number of empirical relations exist for
— determining the wall shear from velccity profile data in
a turbulent boundary layer; One of the most ccmmonly
used involves fittinc the "log law" relation

e ' ’ + +
u = A logy + B

A Here A and B are gxperirentally determined-.and
%

‘universally accepted constants. A number cf values for

these coefficients have been reported, and there is some
evidence that they may he weakly dependent on pressure
- gradient (Hinze, 1975). The values of 2.339 for A and
5.0 for B have been recommended by Coles (1969) and are
most commonly uéed.
E—— In a zero pressure gradient turbulent boundary layer

— fiow, Coles' "Law of thre Wake™ (1960, 1569) relations

— e 1 ¥ -
q-—-}zloq( ) '-‘E'!'-—:{-‘
; and .
51U - 65
v _ 1+ T
&u T Tk

‘can be combined to remove the effect cf boundary layer

thickness to cbtain

@ 1 "1 o
— = + loeo —— + B + 24
u X - v k
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Given 61 and U, from-the velocity profile, and using the
value for I given by Coles (1960), the wali shear.
velocity u. can be obtained. The value for k and B are
those given by the log relation. The value of = has been
obserﬁed (Hinze, 1976) to be strongly depencent on the ’
streamwise pressure gradient.

* . The empirical relation of Ludwig and Tillmann (1945)

-.268 -.5678 H i

£ . 246 Reéz 10

C 12

has also bgen used to inter the friction ccefficient from
the integral profile properties. This relation was
derived by correlating the experimental results from
boundary layer measurements of different investigators.

aAlthough these relations could be used to infer the
friction velocity from the nrofiles of the boundary
layers without the manipulator, there is no reason to
expect that the empiricél constants used in any ot these
formclations would take the same values in the
m.nioulated boundary layer. Rather than usinc any of
these, we undertook to measure the balance of nomentum
from which we could obtain the shear force on the plate.
This was done for botn the rmanipulated aﬁd

n n—manipulated boundary layers with the erpirical

relations being used cnly for comparison purpcses.

If we solve the mementunm equation for a
two-dimensional, incompressible turbulent beundary layer

we can obtair the integral form
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d 27 w_v‘w
dx (U? &) - $ Vo ax = %

which was first formulated by von Karman in 1921 (see
Hinze, 1975). The contribution of turbulent fluctuations
to the balance are trivial and neglected in this
formulation., The terms 51 and 52 are the integral
displacement and momentum thicknesses

& = fa - ulyNay
Uao
and‘
_ (uly) 1 -uly) -
§, = o T ey

The computational method for solving this eguation with
the prescribed profile data is given in the flow-chart of
Figure 17 and described in the following.

For each particular boundary layer case, the mean
velocity and turbulence intensity values corresponding to
ihe vertical y positions at each streanwise station were
read from digital magnetic tape into a computer array.
For use in comparing T values to those dete.mined by the
momentum balance, the U,y data pajrs were least-squares
curve fit to the lcg relation over the range from y+ = 50
to 200 to determine T (X) for the profiles. This was
dorie in an iterative manner by initially guessing a value
for u_ and computing the average deviation of the points

from the equation

61



u' = 2.44 log y* + 5.0

A correction to the ﬁrevious u, was computed antl the
solution continued to loop until a "best fit" was
obtained.

The free-stream velocity, U, r at each station was
computed from the top portion of each profile. Since the
value for U, appears incide the integral for 51 and 62,
small errors in measuring that quantity are summed up in
the area under the distribution. We therefore formulated
an accurate general method for determining the
free-stream velocity, which used the fact that at the top
of the profile the slope is a constant, This involved
computing the cumulative average velocity starting from
the top most point of the profile which is well into the
free-stream, The contribution of each point to the
cumulative average ic determined and compared to a
tolerance. 1If the contribution is less than the
tolerance, the contribution of the next point down the
profile-is computed and the tolerance is reduced by an
amount proportional to the number of points in the
cumulative averaée. When a point's contribution exceeds
the tolerance, the value of the cumulative averace taken
two points previous to that one was assigred the value of
U.. The sensitivity cf the final result to the choice of

the two parameters, namely, the initial tolerance and

number of points to be stepped back after the tolerance

62
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had been exceeded was investigated and used to provide
consistent results. The values of U, from each
- neasurement station constituted the streamwise
distribution of Umix); | | |
For a particular boundary layer case, the
acquisition of the profiles, starting at the upstream
most station, rquired data runs which lasted
approximately six hours. During those runs, a very slow
- free stream velocity drift was detected. This resulted
in the free-stream velocity for the last profiles being
slightly lower than that for the first profiles. To
compensate for this, so that it would not be interpreted
as pressure gradient effect, the free—streém velocity
S time dependence was computed from the digitized output of
the free-stream reference pitot-static probe and used to
correct the free-stream velocity values., This involved
increasing the U, values by an amount equal to the
difference between the free-stream velocity read by the
pitot-probe at the beginning of the data run and the
average value over the time when each set of profile
points was taken., The velocity values of the profile
points were suitably increased by an amount proportional
to their percentage of the free-stream speed so as’ to
preserve the profile shape.
-1f one is to use the mcmentum balance for
determining the wall-shear stress, it is very important

that any time dependent changes in the tunnel operating
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conditions be accounted for. A great deal of effort has
been spent over the last ten years quantifying the wind
tunnel used in this investigation. Additional hpt-wire
diagnestics and flow visualiation experiments were
conducted early in this study. The excellent aéreement
achieved in recular boundary layers between this approach
and several well accepted fofmulas, as discussed in
Chapter VII, was a prerequisite to proceeding with this
method in the zanipulated boundary layers.

To obtain a functional representaticn of the U_(x)
distribution, the values obtained from the above technigue
were fit with 2 least sguares cﬁbic spline fit with
weighting and éamping. The advantage of the cubic spline
is that it fits a smooth function through the data points
rather than fitting the points tc¢ some pre-described
functicn. In the limits, a zero damped spiine function
will pass throutah all of the data points, while an
infinitely damped spline will fit a straight line through
the data. In its application here, all of the points
were equally weighted and the damping was adjusted to
obtain a smooth distribution through the data values,
After smoothinc, the velocity values of the protile
points were raised or lowered by a proporticnal amount so
that the free-stream value equaled the spline smoothed
value at th;t'streamwise pésition. The streamwise
distribution of the dU_./dx was obtained from the direct

differentieztion of the spline function. The local de/Qx
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values were further sﬁodthed byra spline fit for use in
the momentum computation,

Since we placed less confidence on the accuracy of
the points taken closest to the floor we developed an

iterative method for computing the quantities needed in

the solution of the momentum equation. Initially, for
eacn velocity pfofile, the datum point closest to the
surface of the flat plate was chosen as an "initial
guess®” for y corresponding to y+ = 10, The velocity
profile was subsequently taken to ke linear +o that heicht
‘and to pass through the déta points at all highef

. elevations, The profiles were then integrated@ to obtain
5l(x), 52(x) ard the energy thickness 63(x). In the
process of integration, the profiles were smoothed by
fitting a paratola through successive groups of three
data points., Two data points of each group were
overlapping. The integral values of the parabolic
profiles taken across the overlapping regions were

subsequently averaged and summed to obtain the total

integral value for the complete mean profile, Given

values for ez(x),'the Ludwig-Tillmann relation was

computed at this point to be used later for comparison to
the u. values obtained by the momentum balance.

For use in the momentur equation, a functional

relation for 52(x) was obtained from a least squares
. . cubic spline fit, Discrete values of dfz(x)/dx were

obtained from direct differentiaticn of the cubic spline
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function. - The déz(x)/dx values were further smoothed by
fitting the values with a cubic spline.

The values taken from the "initial quess® wegre
substituted into the momentum equation to generate new
values of 1 _(x). The values of T were used to'compute
new values of y at y+ = 10 and the corresponding velocity
values at that height taken from the linear velocity

distribution

Using these values the profiles containing new bottom
points were again integrated to compute 8,(x) and df,(x}/dx
and used to solve the nmomentum equation for Tw(x). The
solution continued to loop until consecutive T values
differ by 1less than 10_8. Convergence typically occurred
after th-ee iterations,

To substantiate this methed for determining the wall
shear stress from the romentum equation, the boundary
layer data taken by Wieghardt (1951) were used and the
results compared to those obtained from other empirical
formelas. The results of this comparison are discussed
in Chapier VIII.

In order to determine the wake component, 1, for <he

outer part of the boundary layers, the transcencdental

equation
&, 0
. 1 17w 27
s = = (e} { - + —_—
£(T) 5 loa ! S 65)k] B + .
1 + 7
was solved using a New:on-Rarhscn iteration methecd. Now
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k and C were determined from the log portion of the
velocity profile. 1In the case cf the ncn-manipulated
boundary layers the standard values of X and C, 2.44 and
5.0 respectively, were found to represect the data well
and were used in the "law of the wake" solution. 1In the
manipulated boundary layers, a least-squares curve fit
was performed on the u+ vs. log y+ data to deterxzine the
*pest® k and C values. These coefficiects, which
differed from the non-manipulated case, were then used in

the solution for I,

One-dimensional Processing

1n order to obtain a statistical csscripticn of the
digitally acquired turbulent velocity fluctuaticns,
one-dimensional time-series digital processing vas
performed on the data. The preccessing included
calculation of the first four zomenté, orobability
density, one-dimensional Fouvrier transforms, energy
spectrum, auto correlation and integral length zcale. In
regard to studying the wall layer phercmena,
one-dimensional detection usinc the average local
variance as a discriminator ;s presentsd along with
one-dimensional match filtering methods for the
velocity signature pattern recocnition. Thg
one-dimensional processing was rerforxs3d on the time
series velocity data of the si;gle hot—w;:e sarpled at 1C

REz and of the individual rake senscres as well as the



data from the shear wire.

In the case of the 10 KHz sampled data, the tonnel
air temperature was not digitized along with the
anemometer output. In order to compensate for
temperature differences from the calibration reference
temperature, the hand-recorded temperatures were used to
correct the vcltage values. Since the change in
temrperature results in an apparent changé in the c.c.
offset and gain in the anemometer voltage, the
temperature differences were compensated for by modifying
these two values which were input for the digital
calibration of each datarfile, In order to recover the
actual anemometer voltage value from the digitizeé value,
the equation

Sample value = (E - OFFSET}) x GAIN x ADGAIN
is solved where

OFFSET = Analog &.c., bias

GAIN

hnalog emplifier gain

ADGAIN Analcg-Digital conversion factor.

In correcting fcr terperzture changes which result in
chances in E, the processed, correrted voltage is =C
where,

E(C,T)

EC = (gz7v x AoGaTR

+ OFFSET) /¥ (1)

and ' ' oL
) K(Ty = [ 1 - T =1 (T - To)]
o]

If we put the eguation into the original fcrm we citain
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Sample value = (EC - OFFSET') GAIN' x ADGAIN
where

OFFSET” = OFFSET/K(T)

and

GAIN™ = GAIN x K(T)
Therefore the gain and offset values could be adjusted
file by file to account for changes ia temperature away
from the reference,

The one-dimensional spectra were obtained bv taking
the discrete real valued forward FFT of the 2048 point
time series and'constructing the onejsided power spectral
density by multiplying the values in the frequency domain
by their complex conjugate and summing symmetric points,
The power spectra were normalized by the area under their
distribution, which is the variance. The
auto-correlation is obtained by taking the inverse FFT of
the one-sided spectral function. The integral length
scale was calculatec from the area under the.
auto-correlation function, where it is defined as the
time lag intercept of a rectangle of equal area with a
height equal to the zero lag correlation value, or

variance. Since each time series constituted a number of

integral time scales, their correlation functions should

approach zero for long time delays. As pointed out by -~
Wigelqnd (1979), very low freéuenéy fluctuations, whickh
are not related to the flow characteristics, but rather

to quasi-steady changes in the laboratory environment,
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can cause the correlation functions to not asymptote
toward zero. Since the integral time is computed from
the area under the curve, this can cause significant
errors, To remedy this, the method detailed by Wigeland
(1979) was used to calculate the contribution of these
very low frequencies and remove these effects from the
determina*tion of the integral time scale and variance.
The probability density calculations are actually

the number density distribution where
Pj = SAMPLE probability that [ dj-l <u < dj]

and dj specifies’the width of a bin. Before sorting th~
numbers, the values were scaled by a iriable amount
corresponding to 10/rms(u) in order to increase their
significanée and to make the bin width a function of the
rms of the velocity fluctuations. In the distribution
for the wall shear for each boundary layer case, 200K
data values were sorted into 300 bins of width 1/10

ros{s).

"Burst”™ Sicnatvre Detection., 1In order to determine
the velocity signatvre for the wall events, so0 callecd
"bursts™, the variatle-interval tire-averaging (VITA)
technique introduceé by Blackwelder and Kaplan (1976) was
erplcyed. This technique utilized the localized

short-time variance defined as
VAR(x.,t,T) = ul(x.,t,T) - [u(x.,t,T)1?
i, . i, 7 - i' !’ F

as a discriminator, where T is an averaging time which is
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on the order of thLe event duration. The detection

function ié defined as

Tl if var < k.42

i rms
D(t) = |

{0 Otherwise

.~

where k is a threshclé level and U, g is the
long-time-average root mean square of the record of the
series, namely,

o = Iim VAR
T + =

In essence we are Searching for corrclated events which
stand out above the backgreund (Blackwelder, 1977;
Antonia, 1972}, Except for éetectibn purposes, the
method has serious flaws. The first of these is that tre
frequency of occurrence of events detected by this
technique is dependent on the threshold and local
averaging time, 1In additicn the technigue does not
always detect the same "class" of events, The "burst"
event has been classified as a local deceleration
(ejection) of the streamwice velocity followed by a rapic
acceleration (sweep). The large local variance results
from the large deceleration to acceleration sequence.
Nishicka et al. (1980) show that although some of the
latter cléss of events cccur, the majority are of the
deceleration/acceleration type. Therefore, the VITZ
technique only yields the signature of the most coherent
event linked tc a iatge local variance, It is with this

application in mind that the technique was utilized here.
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In keeping with the results of Blackweiﬂer and
Xaplan (1976), a threshold value, k, of 1.2 and a
non-dimensional averaging tirme, Tuf/u=lo was used.
Also, the detecticn was made at a non-dimensional height
cof y+ = 1%, )

The cdetecticn was performed on the outputs fro: the
rake of hot-wires. 1In order to determine any Reynglds
number effect on the frequency of events, the technigue
was also applied to the 10 KHz acguired ocutputs of the
traversec single wire, The raw anemometer outputs were
calibrateé on the.UNIVAC 11/08 computer and written to
digital tape. These tapes, containing the instantareous
velocity values Qere then processed on the PDP-11/03%
mini-compute;. The precessing involved scanning each
record of 400 points for a local variance greater tkan
the threchold. The locations of the detected points were
subsequently stored on flcppgy disks for later processing.
The educted enserntle averace of the velccity distributicn
at the tize of the event was constructed kty averagin
each velccity time series centered arounc the detection
coint. 1In the case c¢f the rake of wirez, the pattern was
educted not only at the detecticn wire et also for the
cther sensors. In this manner, the ensecbled signature
cf the. events for all of the boundary layef cases an
Reynolds nﬁmbers were gene;ated for use as'a "pattern" in
the one-cdimensional maetch filtering which is descriked in

the follewing section,



One—dimensional Pattern Rzcognition. Given the most

coherent velocity signzture which was linked to a high
local variance, one-dimensional pattern recoganition
processing was done to obtain unbiased statistics fo:- the
freguency cf occurrence of these events., This is
contrasted to other "pattern recognition®™ schemes such as
used by Wallace et al. {1972), vhich do not have the same
statistical basis. The pattern recognition was
accomplished by match filtering the time series of the
detection wire with the educted velocity signatﬁre. The
maFch fiiter has an impulse response equal to the
tire-reverse version ¢f the sigral waveform to which it
is matched so that the response is identical to an
attocorrelation functicn. The gzeak in the
autocorrelztion, marking the match, occurs at a zero lag
tice and is proportional to the total energy of the
signal waveforms. It can be éhown theoretically (Lynn,
1573) that the improvezent in signal-to-noise ratic
caused by a match filter is the best possiltle.

The match filter was constructed by centerinc the
one-dimensional educted time series, cbtaired from the
method of the previous section, ir. 2 64 point array. 1In
order to eliminate the circular effect in the tire
‘lirited autocorrelation functioh, the time series was
extended@ to twice its criginal length with zeros. The

real 128 point FFT of the time series was taken andé
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stq;ed in the resulting 128 point complex array. In
order to :orm the correlation functions, the imaginary
part of thevcomplex fiiter function was rmultiplied by -:
to form the complex ccnjugate,

The velocity time serier of each record was broken
into six 64 point segments which were each time extended
with zeros to 128 roints. The real YFT was tzken of ezch
segment and the real and imaginary parts of the filter
function and data were multiplied (convolved) in the
freqﬁency domain. The inverse complex FPT was taken of
each of the cgnvolved segments to cbtain the correlaticn
function. 1In order that the zero time Jag would
correspond to the center of the 128 point correlation
functiqn, the two 64 point secticns were interchanged.
The match filtered output was constructec from th=
filtered segments by the so-called cverlap~add methcd
which accounts for the fact that the linear convolutic:z
of each section with the sample response ic larger tha=x
the section length. As illustfated in Figure 18,
adjacent segments were overlapped by an amount ejual t-<
the filter width and the autocorrelation values in thisz
region were summeé to generate a smooth transition
hétween segments. Th= first and last half filter wict3
of points in the correlation functicn are filled with
zeros and therefore discarded., The oglginal record
length'of points was then retrieved.

Each rcecord was analvzed to locate tne positive



correlation peaks corresponding to a match with the
pattern for the "burst"™ event, The match locations for
each time series were storéd and the dlff°rence in time
between peaks, computed using the sequence sampling rate,

was used to compute the freguency statistics.

Two-dimensional Processing

The two-dimensional space-time processing of the
outputs from the hot-wire réke was iritiated to allow a
conparison between the flow structures deduced from the
velocity field and thcse marked by smoke and stored as
digital images., A number of‘the processing techniques
described here are similar to those used in the
processing of the two-cimensional image cdata (see Chapter
V) and, therefore, some overlap will be encountered in
the discussion. ‘

I1f we consider the digital acquisition of the analocg
outputs of the rake c¢f hot-wires they can be represented

by the sample function

u(y,t) = uly + g¥(y}, t + rT)

<

where g and r are arbitrary pesitive integers. Here the
data are sampled simultaneously in time at the A/D
acquisition rate with a constant pericd, T, énd in space
by the variably sp@céd, Y(y), sensor wires, We would
like to reconstruct the discreetly sampled ve1§city date
into the low-frequency wave number distribution analcgous

to the digital image. As will be explained,
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low-frequency is a relativ; Quan;ity thch depends on the
sampling rate, 7
“If we'considér the sampling the;re; for the discrete
sampling of continuous data, which can be found in any
number of texts on digital processing, (Lynn (1973)),
Bendat and Piersol (1971 and 1980), Oppenheim and
Schafer (1875), it states that for data sampled at a
frequepcy 1/T,_the highest frequencies that‘can be

realized in processing is half of that value or

fc = 1/2T = 1/wg

Here fc‘is the well-known Nyquis£ frequency or folding
fregquency. Furthermore, the sampling theorem guarantees
that a properly sampled band-limited signal can be
reconstructed by a properly designed reconstituting
filter. The reconstituting filter must have the

frequency response F(w) such that

v

s
2
= [
e .0 le j?
cr in other words the filter response must guarantee no
aliasing in the spectrum. In the time domain,'this

function would have an impulse response equal to the

inverse transform of F(.) or,

I(t)

-

1 . Fu
3= ;F(]u)e“ t é

: |
- «t
1t) = 7= el au
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sin w
= . Ot

I{t) = .
uot

If'we convcive this function with our samplé function,

ug(t) = u (t) , sin wot

wet

it can be shown (Lynn (1973)) that an exact
reconstruction of the continuous time series is obtained.
In practice we can reconstruct the continuous data
functicdn for a range of fregquencies below the Nyguist
frequency by choosing a low-pass filter which band-limits
above that frequency. Although a sin(tf/t function was
used in this analysis, in practice it cannot be applied.
In this application a finite impulse response filter was
specifically designed to reconstruct the two-dimensional

data space.

Two-dimensional Filter Design. 1In the case for the

space-time analysis of the rake of hot-wires, the
sampling frequencies of irnterest are the A/D rate and

wire spacings. 1If‘we consider first the A/D rate, we can

‘choose an integral convection velocity to convert that

frequercy to a spétial passage of a coherent eddy. A
typical value based on the acquisition rates which was
used in the experiment is 2.8 mm./samplf. The largest
spacing between sensbrs was 11.8 mm, so that the latter

is the limiting value for the design of a two—dimensional_

low-pass spatial filter,
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?he two-dimensionél FIﬁ filter was‘generated from a
64 point sﬁe-diﬁensional low-pass filter whose impulse
response was symmetrically expanded inéo a 64 x 64 .
two-dimensional plane. In the 64 point array, the
maximum sensor spacing corresponded to 12 points so that
for .5f/fc equal to the total 64 points, the maximum
cutoff frequency for proper reconstruction was 0.05f.

The linear phase FIR filter was designed using the
program written by Mcleilan et al, which was one of a
number of programs-for the processing of digital signals
(IEEE Press, 19?9). This program allows the design of up
to 128 point, multiple stop-band filters with multiple |
weighting of ideal response characteristics. 1In this
case the 64 point filter had a pass band from 0 to 0.0Sf;fc
and a stopband from 0.08 to O.Sf/fC with an egual '
weighting of 5 for both bands. The weighting and edce
cutoff frequencies of the bands were designed to give a
minimum amount of ripple and the greatest amount of
amplitude cutoff. 1In this design the amplitude in the
stopband is reduced by 60dB.

The program returns the impulse response which was
subsequently used to generate a two-dimensional symmetric
response by R(x,y) = R(x) * R{y). The 64 x 64 array was
time extended to 128 x 128 by adding zeros to the "top and
right to ensure linear coﬁvolution filtering and the 12€
point two-dimensional FFT was taken., The frequency

domain representation of the filter was stored for later
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use in the reccnstructive processing. The one- and

two-dimencional spectral function of the low-pass filter

i{s shown in Figures 19 and 20. In the two-dimensionral

representation, only the positive frequency guadrant of

the digital filter is shown.

Two-dimensicnal Discrete Fourier Transform. Tre

—= discrete Fourier transform representation of
two-dimensional secuences is of consicderable

computational importance in the digital processing cf .

two-dimensionzl signals such as the digital photographs
and in the reconstructicn of the space-time'velocity
features in the beoundary layer. In two dimensions, the
Fourier transform is arplied over a finite area
corresponding to a block of data or part of an image.
Beéause of the separable nature of the Fourier transform,

(set Oppenheim and Schafer, 1975) the two-dimensional DFT

can be implerented by using a cne-dimensional DFT on the

rows and then on the columns or vice versa.

In its apolication, as shewn in Ficure 21, the 64 x

54 blocks of data were time extended by adding zeros to

form a 128 x 128 real array of which the two~dimensional

FFT was taken. The 12§ x 128 real-valued array requires

32K words of storagg and its transform at the worst cacse

requires 65K words. Even with the 65K words . of. MDP |
display memory, this woulé only allow one transform to be

stored in RAY at one time and furthermere leave no rocm for
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irntermediate and final results of the processing
segtence. If the. transforms were stored on disk, tke
time required for disk access would increase the
processing time by an order of magnitdde. Therefore, we
utilized the.symmetry properties of the Fourier trarsfcoa
to reduce the storage requirements. The real part cf tte
transform is conjugate symmetric and the imaginary part
ig donjugate antisymmetric, Therefore, we need only
store half of the transform and the pthér half can ke
reconstructed. The redundant transform domain sanples

resulting from the symmetry properties are shown in Fig-

n

ure 21. It must be noted that these symmetrv prepertie
only apply to the Fourier transforﬁs of reél functicas
(Oppenﬁeim and Schafer, 1975). 1In the case of the
two-diﬁensional transform the first transform ic done on
a real valued data, the second is done on the result of
that transform which is complex-valued so that the
symmetry onlyvapplies in the first direction. The
savings¢ however, réduce the storage from GSK‘worés to
32K words so that both the transformed two-dimensionz1l
filter function and the data block being transformed can
be stored in the fast access MDP memory. In terms of
computations, we also reduce the number of FFTs taker ir
the second direction by a factor of two.

The 128 x 128 real array of data to be transformed

initially resided in the upper or lower half of the ¥TP

display memory. The irst transform was done in rows by
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reading thgr;pdividua} fsticks' of data iﬁto the MSP
array p;oceséor anéd taking the real one-dimensional 128
point FFTs. The transfgrmé'were pécked into 64 complex
values by taking the symmetric half and placing the
symmetry point into the complex part of the d.c. bin.
They were subsequently stored in nonibitreversed form in.
place in the MDP memory. The 64 cclumns of 128 word long
complex: values were each transformed by reading in those
"sticks™ of daxa and perfcrming the coﬁplex 128 poinf
FFTs. "~ The 128 point transforms were written back in
place in nén-bitreversed form in the MDP memory.

The inverse two-édimensional transform was performed
by inverting the procedure in the forward transform. The
64 columns of complex valued numbers were read into the
MSP array processor, put into bitreversed order, and the
complex i?vefse FFTs were taken., The columns were then
replaced by their bitreversed transform, in place, in the
MDP graphics memory. The 123 rowsrof'complex values were
each read from the graphics memory into a one-dimensional
PDP array. The symmetric half was tnen reconstructed and
the 128 point array was complex inverse transformed in
the MSP. The rezal ;alues of the result were taken and
optimally scaled to an integer format where they were
written for storage and display purposes in the display
processor memory.

In order to reduce execution time, any.processing

which was repeated a number of times, for example the
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syﬁmefric reconstructicn, was handled by specifically
written assembly language subroutines. Also, whenever
possible, the PDP, MDP and MSP processors were allowed to
run in parallel. fhe total execution time for a forward
or reverse 128 x 128 point FFT was approximately 30

seconds.

Two~dimensional Reconstruction. As with the

one-dimensional analysis of the rake data, the continuous
time series was broken up irnto six'segments, each 64
points long. 1In the space directicn the simultaneous
data from the nine sensors furthest from the wzll were
§1aced in the array rows 0, 1, 2, 3, 4, 6, 12, 19, and

31. The spacings in the array represent their

proportional spacing in the rake. Any further spacing of

the sensors to accommodate more of the 64 point space
dimension was not possible because a suitably lecw ripple,
low-pass filter could not be designed. The array was not
reduced 'to 32 x 32 because the reduction in points used
in the design of the impulse response for the digital
filter degraded the performance. Thke shear wire and hot
wire at y+'= 7 were not used in the reconstruction,
However, ‘since the data is over-specified in that region
of the array for the lcw-pass filter cutoff designed by
the largest spacing; their influence would have been

minimal. Zero values filled the space btetween the rows

where data values were swecified. The arrangersnt is
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shown in Figure 21.

Since we wished o highlight flow‘structu:es,‘the
velocity data for the two-édimensional teconstéuctior were
normalized by rezoving the ensemble mean value and
dividinc by the ensemble rms of each of the sensors. We
therefore intended to give emphasis to parts of the flow
whi;g gtood out above the background turbulence Or
"noise”. These structures were assumed to remain
reasonably intact as they were being convected past the
probe. Furthermore, we expected that these structures
would be the sare as the coherent features visualized by
smoke and stored as digital images.

Each segment of data was read into the MDP memory
ans the two-dimensional FFT was taken with the spacial
frequency representation being stored in place in memory.
The convolution was perfoimed by multiplying the realland
imaginary paris of the column values of the transformed
data block and filter funrction. The result then replaced
thé transformed data. The inverse two-dimensional FFT
was taken of the convolved data and the result was sto;ed
away. As with the one-dimensional match filter, the
segmented data were smcothly connected using the
overlap—add'method.

The‘resuit of the convoluticn is left in the center
of the 128 x 128 array. Since thLese are segmeﬂts in the

time series, the overlap-add is done in that direction
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only. As illustrated in Figqure 21, the segments are

overlapped by an amount equal to the filter width in the

time direction where the values were added. The top and
bottom half filter widths of the two-dimensional arrays
were discarded along with the first and last half filter
widths of each 400 point long continusus realization.
Using the match points from the cne-dimensional
analysis, the two~dimensional represeatations were
ensembled about those instants in tiﬁe to cbtain an
"average® view of the "burst” sequencs. Also the “e
two-dimensional.spectral function was calculated for the
reconstructec data. In that case the spectra were fecrmed
by taking the two-dimensional FFT cof z reconstructed
segment of data. The transformed datz columns were

multiplied by their complex conjugate and the real valued

function formed tge positive and negative frequency

stectra. The spectrum was normalized by the volume under

the distribution, i.e., its two-dimensional variance.
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PROCESSING OF IMAGES

The methods documented in-this chapter describe- the
two-dimgnsional processing technigques which Qere applied
toward Systematically extracting information from the
digitally acguired images of the smoke-wire visualizes
flowfield. These images, whose acquisition was
conditiéned ONn a seo-called “"byrst" event,'are intended to
provide visual information about any coheren£ flow
Structures linked %o the pProcess. This chapter will
first discuss the methods used for the visual enhancerent
of the images and the Special Processing techniques te
convert the images to a form hetter suited to machine
analysis. Later, two-dimensional pPattern recognition
using match filtefing will be discussed in order to
extract and mark coherent features appearing in the

images,

Image Enhancerent and Processing

The image enhancément process consisted of methods
that sought to improve the visual appearance of an imace
or to cenvert the irage to a form better suited to human
interpretation or ﬁachine analysis. 1In terms of visual
appearance, cne method of enhancement copsisted of the
PPlication of pseudc-colors to an othérQise gray level

image, Another application of irage enhancerment was te

m
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emphasize salient features of the original image in order
to simplify the processing task. - For example, the images
covld be high-pass filtered in order to emphasize the
smoke-wire streaklines thereby simplifying streakline
following'routlnes like those used by Nagib et al.
(1978) .

The digital images were storeé on a digital magnetic
tape for post procg251ng after acqulsltlon. In o;der to
reduce storage space, each pair of 8 bit pixel intensity
values were paéked into a sincle double byte PDP word.
During processing, the images were "unpackec™ and the
pixel values were read into the display memory for
viewing on the color monitor. The images consisted of
white smoke on a black backgrouné ané were recorded in a
maximum of 256 gray lévéls. ~herefore, an exact black
and white reconstruction® was acconplished by loading the
red, green and blue cclor loockup tables in the displeay
processor with identical coler intensity rarps from 0 to
255, In this way, a pixel value is translated into a
gray level intensity proporticnal to its originel )
luminance. After'processing for imzcge detection it was
often helpful to display the results in pceudo-color
which were designed to enhance the Getectability of
features in the image. The pseu do—:olcrﬁma;piﬁq of the
origiral image is not a color image but rathor a

two-dimensional array of valnes tha; is conver.ed te a

color plane. In this application a c:lor table consisting
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of 16 bands of cclor hues and saturation lebels'was
generated to represent the data.

Although the digital-camera output values ranged
over 8 bits, the display processor was capatle of
displaying unsigred integer values of up to 15 bits,
Therefore we often would rescale the pixel values to
occupy the full 32K integer range. The easijest way of

e

doing this is to compute the maximum and minimam pixel -

values and to do a linear rescaling so tkat

<L F_.
F(3.%) = Eij.kl - min
max min

x 32767

o)

This in elfect performs a histogram expansicen <f the
original image and thereby increases its contrast.
Becausé of tre extreme light sensitivity cf the
digital camera, the images were very sensitive to slight
differences in backgrcund illumination, Differences from
image to image could come about as a result of
non-consistent flzsh. intensities from the strobe light or
non~uniform vaporization of o0il from the smoke-wire.
Within an image, low-frequency variations in lighting
arising from shadcws or reflections or slight
non-uniformities in the sensitivity of the Viticon tube,
were impercceptible in a single realizatien but they were
brought out aé strongly coherent featm:e.E in the ensenble
averaged images._ Therefore, before applving pattern
(recogniéion £echn igques to these images it was necessar}

to remove any non-Lnlformltles which were not related to
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the flow structures,

In order to remove any stationary v.riations in the
image luminance the pixél'values'were corrected by
aJjusting their values by an amount proportional to the
"average" background values. The average backgrocund
illumination was obtained by ensemble averaging all of
the digital images. The random nature c¢f the smoke in
the images canceled their contribution to the average so
that only the average stationary background features
remained. The:yvalue of each pixel in an image array was
changed by an amount corresponding to the average
background pixel value at that array point. This can be
written as

F(3.10
where K is a coefficient of adjustment used to expand the
result over a large usable ra.ge. In effect, this
procedure digitally "dodges" the images in a more
systematic way than can be done by hand in the dark room.
This process was performed on all of tne images before
pattern recognition procaessing.

In some cases it was beneficial to remove a dominant
feature from tﬁe images, such as the hot-wire rake, in
order to bettar see the smoke around an otherwise hidden
region. In the case of the sensor rake, ﬁhis was
accomplished by recording an image of the probe alone

without smcke. It was necessary that this image was
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perfectly scaled and its position was perfectly
registered with that in the standard images. The
two:dimensional FFT was taken of the rake image alone to
obtain its spacial freguency representation. A
corresponding portion of a smoke plus‘the probe image was
similarly transformed to the two-dimensional spacial
frequency domain. The two arrays were then subtracted on
a point by poiﬁg basis to remove the frequency content
associated with the probe. The inverse two-dimensional
FFT was taken of the result to leave the smoke image |
without the probe.

Another method for removing or highlighting image
features which are oriented with some directional
coherence was a digital implementation of another dark
room technigue. The pixel values of a digital image are
linearly rescaled tos.utilize the full 15 bits available
in the display processor cnd then a "negative” of the
image was generated by the transfef function:

g(j,k) = 327€7 - F(3.,k)

The necative image was translated in a direction normal
to the oriented feature of interest and the pixel values
were averaged and rescaled to obtain a new pixel value

F(j,k) = F(3,k) + F(3 + B3, k + &k)
The resulting image'brought out the edges of tﬁé features
in the translation direction and everything else not
coherent in that direction was left as a uniform gray

background.
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Two-dimensional high-pass and low-pass filtering of

the images was performed by convolving the images with a

digital filter function. This was done either by a

discrete convolution of the form

- i .
nl_nz 2) H (ml nl + 1, mz--n2 + 1)

or by array multiplication in the spatial frequency

Q(ml,mz) =v F(nl, n

domain. The criteria for the choice of methods was based

on the size of the_iégulse response array, HK{(i,j). 1In

our case, if the dimensions of the filter array exceeded
3 x 3, it beéﬁme ﬁ;re computationally efficient to do the
convolution in the frequency domain., The low-pass filter

masks (taken from Pratt, 197R) that were implemented here

are
11 1.
H =341 1
11 1!
and ) .
(1 S
1
RSB 1
1 1!

! 1 ]
These are essentially noise cleaning mask:z with
normalized weighting so that they would not introduce a
brightness bias into the processed image,

The high-pass filter masks were utilized to
highliqht edges in the images. The masks utilized in the

discrete convolution were

o -1 03
H =,-1 5 =1
! .
{0 -1 0j

andé

a0



;-1 -1 —1‘
s H = -1 9 -1

{—l -1 -1
These possess the property that the sum of their elements
is unity. The filter masks were implemented in an
interactive way to enhance visual interpretation of the
images after processing.

Another form of edgé énhancemént that wag used to
highlight features of the match filtered results is
called statistical differencing (Rqsénféid, 1969). This
involves the generation of an.image by accountiné for its
statistical deviation from its neighbors. The transfer
function implemented in the processing was suggested by
Wallis (1976) |

AcC

. ®
y = ) - Fr4 o
G{(j.k) F(3.,k) F(j,k) ATORY F 5 +

[ﬂmD + (1 -a) F(j,k)]
This furcticn enhances the image by foréing a form on the
first and second order centrzl moments. In this case Mg
and <4 arte the desired mean and standard deviation
factors. The coefficient A is a gain factor which

prevents overly large values when :(3j,k) is small, ard a

is a proportionality factor controlling the edge

’ enhancement. To app1§ this function, the proceséed image

was divided into non-overlapping pixel blocks in which
the block mean and standard deviation were computed.
Bilinear interpclation of the four nearest block values

was used to compute the mean and standard deviation at

a1
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each point. Along the image border, the mirror image of
the blocks was used in the, interpolation. The block size
influenced the size of features that were enhanced. 1In
the case of the zoomed images in which wé viewed
approximately two boundary layer thicknesses in 128 x 256

points,; we utilized a bleck size of 16 x 16.

Ensemble Averaging. Since the images were

conditioned on the detection of a "burst" event, the
first processiné that was performéd‘waé ko ensemble
average the images. 1In this case not only the average
image was computed, but also the rms of the differences
between the images. Regions of low rms signified
features that were coherent between realizations. The
same procedure had been done for the phase conditioned
images of the visualized wake of a cylinder'(Nagib et

al., 1978). The mean and variance of N related digital

images was formed in the usual way through the relations

N
1 < . .02
5= [rpG.x - MGk
n=1
and N
1 « . _ .
5 = Fn(J:k) =.M(3,k)

n=1
where Fn(j,k) is the pixel intensity at point (3j,k) in
realization a.

As indicated in Chapter IV, the detection method
used to acquire the imaces was baséd on a high local
variance and was not always a reliable indicator. .In
order to make the averages converge more quickly, we
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included in the ensemble only those images which
corresponded to an evént detected By the more reliable-
match filtering technique applied to the hot-wire sensor

outputs acquired at the same instant.

-

Two-dimensional Spatial Filtering, As in the case

of the two-dimensional Fourier processing for the
hot-wire rake signals, spacial fjltering was employed in
the processipg of the digital irages., Just as the
individual hot-wires spatially sampled the velocity field
in the Poundary layer, the digital image is a ’
two-dimensional spatial sampling of points of a physical
image. In its application with smoke visualization, each
sample point or pixel is a measure of the image intensity

only. The pixel intensity is related in some

non-linear fashion to the density or concentration of

.

smoke particles which eranate from a line source and are

convected downstream. In the boundary layer, the
transport capability of the turbulence is represented
(see Tennekes and Lurley, 1972) by the momentum flux --uv.

In a turbulent boundary laver, the three-dimensional

~eddies maintain a good correlation between the u and v

velocity fluctuations. 1Indeed, the largest uv
correlation valyes are associated with the wall "burst*™
events (Lu and Willmarth, 1973). Since the transport cf

the smcke is related to the relative distribution and

energy of the turbulent scales, we might expect that the
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spacial distribution of smoke is an indication of these
scales. Therefore, rather than looking at the relative -
intensities of the picture elements, we proposed to look

at their relative groupings tec infer information abcut
the turbulence structures, This was be done using
Fourier filtering techniques. |

In the discretely sampled images, the sampling
frequency is the spacing betweé; pixels. In line with
the sampling theorem, the szallest scales that could be
sﬁectorally resolved are two pixels'on edge; inthe case
of the zoomed view, the images corresponing to two
boundary layer thicknesses are made up cf 256 x 128
pixels, so that scales as sma2ll as .02 are resolvable,
In these images, however, we were mainly interested in
lafger scales so that in ordef to séeed the computations,
the images were bilinearly interpclated to 64 x 128
pixels thereby cutting our resolution in half.

In the case of the ensexble averaced images, in
order to remove the streaklines and enhance the large
scales, the images were lcw-pass filtered., A number of
64 x 64 ooint'two—dimensinal low-pass filters were
designed from a set of one-dimensional filter impulse
response functions which were symmetrically developed
over a twc-dimensional rectarqular area. The design of
the impulse response utilized the same computer program
develored by McClellan and used in the two-dimensional

velocity reconstructions.
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The filtering was implemented by*diviéiﬁg the 64 x j
128 images into two 64 x 64 blocks which were stored in
MDP graphics memory. The area to the tcp and right of
the 64 x 64 image blocks was zero filled in order that
the circular convolution will be identical to the desired
linear convolution. The 128 x 128 two-¢éimensional FFT
was taken of the two image halves and stored in place in
the display memory. The FFT subroutine was identical to

. ve .

that used in the velocity reconstruction so that the
reader is directed to that section of Crapzer IV for a
detailed description. The filter function which was
already transformed and cstored, was convolved with the
image halves by complex multiplying coltmrs. The
convolved parts replaced the originals ané the inverse
FFT was perfocrmed to return the imnhges to the spatial
domain. The two image halves werersmocthly connected
using the overlap-add method described in the previous
chapter.

In order to increase the dynamic range cf the image
domain upon recon;truction, the generalized Cepstrum was
formed. This is a methed of nornlinear transform image
enhancement which consists of taking the logarithm of
each real transiornm coesficient. The Imaginary part of
the transform cdomain datus points were left untouched so
as not tc destroy the phase informgtion.‘ Qualitatively,
this procescsing ;educes the dynaric range'within the

transform domain and provides a stretching of the
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resultant dynamic range in the reconstructed image.

The two-dimensional spectrum of the images was
computed by taking the FFT of the 64 x 128 images and
multiplying the Fourier coefficients by their complex
conjugates. The real valued spectrum functicns were
normalized by their volume, ensemble arranged and plotted
as two-dimensional level contours with positive and
negative“spatial frequencies. The véfhmé under the
spectra corresponded to the statistical variance of

: L]
scales in the image and were saved fcr comparison.
- <4

Pattern Recognition

In order to séarch for structures in the visualized
flowfield which were associated with the wall layer events
and to obtain the frequency of these events from the
images;viewing 10 boundary layer thicknesses,
two—diménsional match filtering was perfor;ed on these
zoomed out records. The patterns used for the match
were the ensemble averaged two-dimensional structure
shapes obtained from the zoomed in images conditionec¢ on
the wall layer events. These two sizes of images were
scaled propérly to the same physical size by expanding
the zoomed back views by padding eack pixel with
neighboring zego value points and low-pass filtering
these images to reconstruct the intermediatel points. As

in the one-dimensional pattern recognition cescribed in

the previous chapter, the two-dimensional applicaticn.
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utilized a correlation match technique to determine if
and where a2 match occurred.

The ccmputaticnal procedure consisted of
transforming the 64 x 228 images into wave-number spage
as aescribed in the previous seftion on spatial
filtering. A 64 x 64 representation of the
two-dimensional structares was similggly.transformed.
The imaginary part cf the Fourier coefficients of the
matcPing function was nultipligd by -1 to form the
complex ccrnjugate and the columns were compiex multipligd
with those of the transformed image to form the trans-
fcrred correlation function. An inverse transform was
taken of thé result tc obtain the two-dimensional spatial
correlaticn functicn. Any peaks in the distributicn
correspornded to location where a match occurred. The
pattern recognized images were later ensemble averaged to
obtain the average vicual representation of tne flowfield

approachifc the poirt where a wall layer event has been

detected.
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CHAPTER VI

PAXAMETRIC INVESTIGATION OF MAKRIPULATORS

In the preliminary stages of this study we chose tc
move towarZ our objectives in a number of steps. The
first of t=ese was to verify that the outer intermittenc
structure cof a turbulent boundary layer could be

substantizlly removed. In this aspect we were concerned

prirarily with altering specific scales of turbulence 1i=n

the boundary layer. Initially, we were not overly
concerned with the device drag. However, minimizing tre
drac was pzrt of the overall objective, so we chose a
device which potentially coulc provide & minimum
obstruction, when compared to the screens of Yajnik and
Acharya (1:77), various types of honeyccnbs or even
perforated plates. )

Tarly cn it was recognized that the initial design
should allcw some flexibiiity besed on a sufficient
number of carameters sc that one can to natch the device
to the turtulence scales of interest. This is important
for trying to sort out the complex interaction between
the ianer znd outer scales of turbulence in the boundary
layer. Ve were also interested in how turbulence
generation nea; the wall is influenced by the outer

scales, or lack of them. Therefore, the device had to te

capable of directly modifying, in a controlled way, a
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narrow spectrum of scales, An arrangement of stacked -
parallel plates suspended above tre wall of the toundzsy
layer at different elevations satisfied these design

criteria.

Four-Plate Manipulator: Preliminzry Results

Qur first attempt at removing the large-scale
- [ - Al
intermittent structures in a turttlent boundary layer was

.

reported by Corke et al. {(1980). The turbulence

. -
~

manipulator utilized in that study consisted of four
plates, vertically stacked in a pa2raliel arrangexzent znd
spanning the tunnel test section. All cf the plates vere
0.5 mm. thick and had a streamwise choré of 75 mm. TEi
manipulator was designed to remove a wide range cf thre
scales in the turbulent boundary laye:; 'Therefbré, tre
manipulator plates were spaced succéssively closer at
lower y values. The dimensions of this device relative
to the bounéary layer thicknéss at the streamwise staticn
where it was placed it shown in the top line of the tzble
of Figure 22. Here the fcur-plate manipulator, being the
first tested, is designated M-1.

The effects of placing M-1 in the turbulent bouncarw
layer was recorded by photographs of the smoke-wire
visualized flowfield and éiditally pacguired velocity
prefiles taken with a traversing hot;wire’probe. The
photographs revealed the lack of the large-scale

- 1 -
intermittent structure and a redistributing of fine

W
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scales of turbulence in thé manipulated boundary iéyéf;:
As will be described later in txis chapfér, these
photographs will be used as a standard to judge the

- effectiveness of other simpler devices in removing large
scale, ’

The.velocity surveys of this studf recorded an
approximate 10 percent reducticn in-the value of u'/v,
below y+ = 100 when the M-1 device wés introduced. The
streamwise distribution of the f;iction coefficient, Cf,

was determined from a momentum balance similar to that
used in the current study. There were, however, several
kev differences between the corputational procedures used
in the preliminary stuéy and thcse used in the present
studv.

As described in Chapter IV, the solution of the

-momentum equation required cbtaining functional

expressions for the st

"~

eamwige céistribution of U.(x) and
5,(x). In the previcus stucdy, valuez ¢f U, were "fitte@"
with a second order polvncomial. }ts Cerivative weas
subsequently fit by a linear function which was necessary
to "smooth" the values of dG/dx. The values of 52(x) in

the preliminary work were fitteé with a power-law

eguation as suggested from *wo-éimensional boundzary laver

nalvsis (Schlichting, 1968). The derivative of the

[V}

cwer-law functicn, which is used in the momentum balance

o]

is ever decreasing for increasing streamwise distances.

In the simplified case ¢f a zer: streamwise pressure
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§0 that the strearmwisce distribution of T directly
follows the powsr-law distribution which the data
prescribe. 1In the case of the reqular beoundary “"layers
the use of the power-law recresentation for the srcwth of
the momentum thickness provided good acreement with the
accepted fricticn coefficients at comparable Reynolds’
numbers, however, for the manipulated boundary layers
the limitaticns of the power-law fit resulted in an
erroneous shear distribution from the romentum balance
calculatioun. The main reason for this error is the local
influence of the rznipulator which results in an

initially hicher mo

i}

entum thickness. The resulting
streamwise distributicn is not well represented by a
poewer-law funciien in this case.

In the present results, the functional
representations of U,.(x) and 32(x) vere ottained by
fitting the ﬁata with a cubic spline with weighting and
damping. The formula=ion of *he spline is given hy
Greville (1969). The splint - -cvimztesS a2 continuous
and differentiatle function over an intervel in a
piecewise fashion using *hird order polvnomials in

non-overlapping sutintervals formed by the data pairs.

The spline functicn possesses continuous first and seconé
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order derivatives over ‘the full interval. In

the limits
of very high damping the cubic spline will "best fit" the
data by a straight line. Conﬁrastq@ with a standard
least-squures fit, which fits the data to a prescribed
function, the cubic spline formulation fits the function
to the data. 1In its application here, the damping was
adjusted to smooth the variaticns in the Etreamwise
values cf U.{x) and 62(x) and their derivatives. The
smoothed values were then used in the momentum balance
corputation.

The resclts of this preliminary study gave visual
evidence that the large intermittent turbulent scales in
the boundary layer were removed by the four-plate
mariipulator. Near the wall (y+ < 100) the streamwise
turbulence intensity was reduced by approximately 10
percent. However, as a result of the large momentum
Geficit prcduced by the device, no net reduction im the
friction drac was observed. We therefore undertook a
parametric study of a family of parallel-plate
manipulators'which could comparatively suppress ‘the large

scale while exhibiting a lower device drag.

Farily of Parzllel-Plate Manipulators

Having documented the eflectiveness of a four-plate

"turbulence manipulator”™ €or removing the interrittent

large-scale eddies in a turbulent boundary layer (alkteit
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with an excessive device drag) we documented, primarily
through visualization records, the effects of a family of
such Q¢vices that require a fewer number of plates to
suppress the large scale to the same degree as that
exhibited by M-1. This parametric investigation was
aimed at developing a better understanding of the
mechanisms by which the manipulators work and hence
schemes for minimizing the device drag. This is an
essential ingredient in the performance of ‘such -
manipulatoré since our ultimaﬁe goal 1is to obtain net
drag reduction for the turbulent boundary iayers. The
summary of results from this investigation is présented
in the following. These experiments were performed prior
to the extension of the wind-tunnel test section

discussed in Chapter II.

Parametric Study. The manipulators utilized in this

study were made up of one, two or four plates in parallel

or series configurations as shown in Figure 23. 1In the
single plate condition, plate angle of attack was also
taken into consideration., The different parameters for
each cenfiguration, such as manipulator plate elevation
in the boundary layer, streamwise spacing, plate chord
length and angle of attack were adjusted to optimize the
device effectiveness. This was done while observing the
smoke-wire visualization in the boundary layer downstrearm

of the manipulater. The relevernt parameters were
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systematically varied to obtain a flow which exhibited
the least amount of large-scéle turbulence. The finél
values cbtained for this set of devices is tabulated in
Figure 22. The flow conditions from these optimum
configurations are recorded by smoke-wire visualization
photograpks and mean velocity and turbulence intensity
prefiles in Figures 24 through 28. It should be pcinted
out that for the sake cf clarity, the scales of the
photographic records and the velocity profiles in th
conbined figures are nct the same. 1In these figures, the
distance y on the velocity profiles is approximately
three times the geometric scale of the photographs.

The results presented here represent the visually
observed changes in the large-scale turbulent structure
of the boundary laver, and the differences in some of the
mean quantities of the flow caused by the addition of
each of the manipulators. FExcept for the cases with
parametric variation of angle of attack, these results
are for the devices which have been optimized with
respect to the downstream boundary layer conditione,

The results presented in Figures 24 through 26

demcnstrate the effectiveness of each of the devices in

‘controlling the intermittant large-scale turbulence. Tc

., ailé as a reference, these figures include at the top, a

typical rezlization of the visualized boundary layer

before the addition of = manipulator. The right pcrtion

4]

of these figures contzins a schematic representation of
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the different device tyres with manipulator plates shown
at their relative heights with respect to the mean
boundary layer profile, The boundary layer profiles
shown are those obtained in the unmanipulated boundary
layer at the two positicns where the devices are
installed anc where the comparison is carried out
downstream. The visualized flow resulting from these
devices is presented in the opposite left part of Fpege
figures. It should be noted that the streamwise
dimensions of the device in the schematics of these
figures are not drawn to scale so as not to obscure the
profiles.

In Figure 24, a comparison is made between
manipulators having one, two or four vertically stacked
plates. The fcur plate zmanipulator is the same device
used in our early work. The boundary layer within which
this family of devices was studied, however, had somewhat
different cheracteristics from that previously used.
Device M-1 was found to tehave in an identical manner.

If we conpare the results from the two-plated (M-3)
and single-plate (M-2) Qevices, in Figqure 24, with those
of M-1, we observe that the introduction of a single
plate has sore effect on the large scale eddies.
However, at least two plates are necessary to approach
the effectiveress of M-1. As expected, we found that
these plates should reside in the outer portion of the

boundary laver, where the larger scales are being
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convected.

In Figure 25 , the result of spacing two single
plates in the streamwise direction is presented. 1In this
case, a quite comparable reduction of the intermittant
eddies, as with M-1, is cbserved. This configquraticn is
quite appealing since the drag on the downstream plate is
reduced by being in the wake of its upstream partner.
Also, in terms of stucdying the effects of the lack ¢f the
large-scales on turbulence production and the so called
"bursting™ phenomenon, the placement of this device high
in the boundary layer limics any direct influence of
their wakes on the flow near the wall. .

Figure 26 demonstrates the effect of the angle of
attack of a single plate on the intermittant large-séale.
Depending on the sign of the angle used, the plate
generates a wake dominated by eddies which rotate in the
same sense (negative angle of attack) or opposite sense
of direction to the large structures in the boundary
layer. 1In the former case this tends to augment the
large scales, instead of suppressing them. Ancther
mechanism of large scale suppression is similar to that
active in honeycombs and documented in earlier studies at
IIT {Loehrke and Kacgib, 1976); i.e., the inviscid

inhibition of the transverse velocity fluctuations by the

solid boundaries.

As was demonstrated with manipulator M-1, a measured

reduction in the streamwise turbulence intensity in the
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boundary layer is found below y+ = 100, In Figure 27,
the turbulence intensity profiles for devices M-1, -3 and
-4 exhibit the same characteristic reduction in that
'quantity near the wall. Also included in this figure are
the mean velocity profiles for the same cases. The
velocity defects in the profiles with the devices give an
indication of the device drag when compared to the
profile of the unmanipulated boundary layer. Both
manipulators with only two plates, either in parallel or™"’
in series, Tesult in less device drag compared to the
case of M-1.

In order to extend our measurements to farther
downstream distances from the manipulator in the same
fetch of wind tunnel test section, we generated a
turbulent boundary layer approximately one-third as thick
as that used in previous cases. Using a properly scaled
two-plate manipulator of the M-2 design, we observed the
flcw to approximately 7C boundary layer thicknesses
downstream of the device, The result of that experiment
are summarized in Figure 28. As far as we can judge with
the visualization and the u' profiles, the effectiveness
of the manipulator seems to persist for the entire
downstream fetch,

As a result of this simple parametric study of
various flat-plate manipulator configurations, we have
verified that an optimum exists for the placement cf

sincle or multiple plates in parallel or series
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arrangements. The optimum is based on minimum device
drag for the comparable effectiveness in suppressing the
large-scale turbulent structures in the boundary layer.
The results suggest that two plates spaced in the
streamwise direction, i.e., in.tandem, giveva reduction
in large-scale intermittant eddies in a turbulent
boundary layer which is comparable to a stacked,
four-plate manipulator with a much less cost in device -
drag. With the newly extended wind-tunnel test section,
we utilized these conclusions to establish the decree of.
net drag reduction that may be afhieved by such pzssive
devices in turbulent boundary lavers as well as '
documented some changes in the mechaniscms of turbulence

production in the wall region,



CHAPTER VII

MEAN CHARACTERISTICS OF TURBULEKRT BOUNDARY LAYERS

In order to demonstrate the changes which occurrec
in the boundary layers as a result of the suppression cZ
the intermittent outer scales, the time-mezn and unsteacCy
characteristics of the naturally develcpeé turbulent

.
boundary layers, into which the manipulatcr was placeid,
were' first documented., These measurements not only serv
for coﬁparison to the manipulated boundary layers, but
also act as a bench mark for comparisons to the classical
literature and as a reference for the reacer to judge the
guality of the present measurements,

This chapter depicts the mean and turbulent veloccity

distributions of these boundary layers for the range of

momentum thickness Revrnolds numbers from 2000 to 53500.

147)

This range was achleveZ by oterating &t two

different free-stream speeds of 6.7 and 1C.4 m/s. The
"burst™ conditioned measurements for these layers will be
presented in Chapter IX where a more direct ccmparisen
with the "manipulated” boundary layers is made. For the.
figures to be referenced in the following chapters, we
used a Cartesian cocrdinate system that has its origin at
the leading edge of the boundary layer plate on the

center plane of the test section. The x, ¥ and z axis

are in the strearwise, wertical and transverse cirecticns,

resrectively. The cate were taxen at 10 s<rearvwise, :u,
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stations along the plate zenterline (z equals zero) as
depicted in the schematic of Figure 3. The figures in
this chapter wiil typically show data from 2lternating
stations for clarity purposes, althouch the processed
data exists for all of the measurement locaticns.
Furthermore, all of the digitized raw data tire series as
well as the prccessed results are stored on digital
magnetic tape to be useé for any further processing.

[ ]

The non-dirensionalized mean velccity ané turbulence
intensity profiles for the bounéary layers at different
streamwise stations for the two free-stream speeds is
shown in Figures 28-32. The vertical, y, distribution of
the mean velocity in Ficures 29 and 3C is |
non-dimensiocnalized with the local free-streax velocity,
U., and the mormentum thickness 52. We chose the outer
variable 52 to rnon-dimensionalize the vertical distance
rather than the boundary laver thickness, 7, tecause the
former is an easily determined physical characteristic of
the flcw unlike the somewhat vague définition for the
boundary layer thickness. Whenever possible,
non-dirmensionalization with outer varizbles will be in
terms of the mozentum thickness. Exceptions will be
those cases where comgparisons are made to the restlts of
other investigators which involve the boundary layerv
thickness as a pzrameter. Far the reacers refererce,
the ratio cfi the boundarv layer thickness to mormentun

thickness is aprroximately 10, The rms of the

110



fluctuatiﬁg velocisy éigtribution for the boundary lavers,
presented in Figures 31 and 32, is non-dimensionalized
with the local wall-friction velocity u, - The vzlues
for u_ were determined from the momentum balance and will
be discussed later in this chapter. The friction
velocity was chosen to non-dimensionalize the fluctuating
streanwice velocity dcistributions because it provided a
collapse for the full vertical extent of fhe boundary
layer. Non-dimensionalizing this quantity with the outer
free-stream velocity would only provide a collapse of the
downstrean developzent of the fluctuating velocity at the
outer porticn of the wvertical distributicn. This was
expected since the turbulence stresses are linked to the
production at the wall and proportional to the friction
velccity u..

Utilizing these non-dimensional forms, the
streamwise develorzent of the mean velocity and
turbulence intensity for the two ranges of Reynolds
numbers show a highk degree of collapse that demonstrates
their self-similar behavior., 1Included for reference in
Figures 31 and 32 is the turbulence intensity
distribution taken from= the results of Klebanoff (1954)
for 2 Reynolds number of 7500. Comparing the turbulence

distributions in these two figures we observe that the

"higher Reynolds nucber flow case results in a slightly

greater distributicn cf£ turbulent stress fluctuations

away from the wall ancé thereby a better comparison to the
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higher Reynolds number flow case cf Rlebanoff (1954).

The values for the wall-shear velocity used in the
previous figures were obtained by a balance of the
momentum flux alcng the boundary plate. BAs a result of
the extremely mild streamwise pressure gradient, which is
shown in non-dimensional form in Ficure 33, the
functional form for the momentum balance included the
strearwise rate of change of the tctal pressure., The
pressure gradient is mainly a resulit of the pressure
field generatec by the perforated plate at the end of the
test section which maintained the slightly Lkigher pressure
on the measurement side of the plate and enstred parallel
flow at the leading edge. In this respect the perforated
plate acted like the flap often usecd to contzol the
circulation on test boundary layver glaées. The reduced
streamwise growth exhibited in the oanipulated boundary
layers had no measuratle effect on the streamwice
pressure ¢radient for the two operzting free-stream
velocities. The consistent agreement and calculation
approach allowed us to maintain corrarable accuracy in
using the momentum balance for the Zetermination of sxiIn
friction in regular and manipulatec boundary layers.

In order to test the scftware prccram for
calculating the values of wall-shear stress from the
mormentum balance, the data of wWieghardt (1944}, as
presented by Coles and Hirst (1968j, were utilized.

Since in the latter reference a nucber of the parameters
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for this data were calculated, including the wall-shear
stress, this offered a gooa comparison of the results
from different computational techniques. In particulear,
for the determination of the friction velocity, the
values obtazined from the empirical log-relation ané the
Ludwig-Tillmann relation were compared with the results
from the mermentum balance. The number of profiles and
their streamwise spacing was chosen from the Wieghardt
data so as to be representative of the two parameters in
this study. In the momentum balance the darnping oI tre
spline fits to the distributions of &Us/dx and déz/dx
were acdijusted tc cbtain the "hest" correlaticn of Irictich
coefficient values with those provided by Coles and Hirst
(1968). The poirnt of best agreement was also founé tc
coincice with the best collapse of the mean velocity
profile values ir the lcg-lirear region. Varying the
spline darpings also provided us with a measurs fcr tze
dependence of the results on these parameters.,

The results for the :alculation of the frictien,
coefficients for Wvieghardt's data (1944) are shown 1in
Figure 34. The cistribution of the friction coefficient
values for the raznge of Reynolds numbers in thié £€igure
show a gocd collapse of the results from the
Ludwieg-Tillmann relation and the momentum calculaticn.

Below a Reynolds number of 6000 the comparison is not as .

I3
satisfactcry. EHewever less emphasis was placed on

results from the the fit of the log portion of the
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profile because the smal. number of data values taken in
that region (typically 2 to 3) added to the uncertainty
of the fit. Furthermore, since the data of Wieghardt
(1944) was used in part to obtain the Ludwieg-Tillman
form for the fricticn velccity, the degree of agreement
between their relaticn and the mozmenturm balance was taken
as a more satisfactory indication of the performance of
the program. 1In addition to the fricticen velocity, the
irntegral properties cf the boundary layer cf Wieghardt
were compared to the results published by Coles and Hirst
(1968) and found to be in close acreement,

After satisfactorily exercising the momentum
calculation with the Wieghardt data (1944), the profile
data from the present experimen: were analyzed. The
results for the distribution of the local friction
coefficient versus Reynolds number are presented in
Ficure 35. The values for C. presented in this figure

were cbtained in three manners:

i
(]

east squares curve
fit cf the log portion of the profile from y+ equal to 50
to 200, the Ludwiec¢-Tillmann relztion, and the solution
cf the momentum eguation. Alsc shewn on this figure the
cerresponding distriéution {rom wieghardt's (1944) datzs
cver a conparable Reynolds number range. The date is
Fresentec with individual syrmbols correspondinc tc ezch
cf the 10 streamwise stations for the two ranges of
Reynolés numkters,

An important feature of the cata is that three of
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the stations have coverlapping Reynclds number valuec
based on the momentum thickness. In the lower
free-stream velocity. this corresponds to stativas at the
downstream end of the plate and in the higher free-stream
velocity case to points at the upstream end, Any
property of the flcw which exhibits only a Reynolds
number dependence should present a smooth distribution
through this overlapping range In the Cf distribution of
Ficure 35, all three methods cave values within 5 |
percent of a mean éistribution drawn through the points.
As a result of the scatter of pcints in this figure that
average was chosen to represent t.e results.

The values of the friction velccity taken the
results in Figure 35 were used in tfre
non-dimensi -alization with inner variables of the mean
velocity distributicns presented in Ficures 36 and 27 for
the two Reynolés number ranges. Drawn for comparison in
these figures is the log-law relation using the
coefficient values suggested by Ccles {1963). 1In both
figures, the collapse cf the data in the log region,
50§y+i200, is guite goecd. It shouil be pcinted out that in
this acproach we have determined the value. of th .
von Karman cons=anz anc¢ the log-linear intercept constant
from the momentum balance. This in contrast to the often
used agproach of cetermining the skin friction velocity from

these two constants, i.e., by £i+ of tre log-linear

o]

cant 1in tnat i<

R

clt is sicgnif

u
\e]

profile. This re
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substantiates our application of a careful momentum
balance for cdeterminina the wall shear stress. The
agreement with the law-of-the-wall relation is, however,
not very satisfactory in these figu;es. The lack of
similarity in this range is most likely a result of the
accuracy of positioning the traversing probe in the thin
sublayers of these boundary layer flows ir air,

The wall-unit non-dimensionalization of the
fluctuating velocity'distributions is shown in Figures 38
and 39 for the two ranges of Reynolds numbers. As
indicated by these figures the approximate similarity in
wall units of the rms values of the streamwise velocity
fluctuations is maintained only out to an y+ equal to 15.
A similar trend with Reynolds number was presented by
Purtell, Klebanoff and Buckley (1981), They suggest that
the decrease in the u7u1 values at lower Reynoldés numbers
ie a result of the suppression of all but the largest
scales of turbulence. The maximum in the distribution
occurs at y+ values between 15 and 20, t was at y+ of
15 that Blackwelder and Kaplan (1976) observed the
largest effect on their "burst" conditioned averages.
This region of the flow field has been pinpointed by
Corino and Brodkey (1969) as the site for the ejection of
low-speed fluid near the wall during a "burst" event, and
as contributing as much as 60 percent of the total uv
Reynolds stress (Willmarth and Lu, 1972) in the boundary

layer.
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We focus on the wake portion of the boundary layer
profile in Figures 40 and 41. 1In this figure the wake

component

ut - (}l, log y' ~B)

W(y/8) =

=

is plotted versus the non-dimensional boundary thickness
v/ . The respective valﬁes 0of K and B of 0.41 and 5.0C
presented in the log distributions of Figures 36 and 37,
were used in this formulation. For reference purposes
wake distribution suggested by Coles (1956) is included

in these figures. At the lower Reynolés number range the

agreement with Coles' wake distribution is very
satisfactory. At higher Reynolds numbers in Figure 41,
- the agreement is not as good below half the boundary
layer thickness. Close inspection of the wake function,

‘w(y/3), reveals that it is not entirely antisymmetric

with respect to y/¢= 0.5, Actually we expect (see Hinze,
- ‘ 1975), deviations from the sin® distribution at the top
- and bottom of the profiles. 1In the representation of
— Figures 40 and 41, the deviaticn from the antisymmetric
distribution appears to display some Reynolds number

dependence.

Normalized one-dimensional spectra of the streamwice
o 'velocity comporent at different self-similar heights

, along aiternating measurement stations is shown in-

- Ficures 42 to 47 for both Reynclds number ranges. The

pPower spectral energy in these distributions is
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non-dimensionalized by the area under them which is equal
to the variance of the instantaneous velocity
fluctuations. The frequency 2xis 1S normalized by the
local mean velocity at each respective height in the
boundary layer to obtain the wave number, k. Also
included in these figures for reference purposes are the
lines with slopes of -1 and -5/3 corresponding to the
viscous-convective and inertial subranges, respectivély,
for one-cimensinal velocity spectra. The spectral
distributions exist fgr the non-dimensional héights
tetween those shown on these figures but were omitted for
clarity purposes. However, they dié reinforce the trends
exhibited in these figures.

At any of the étreamwise stations, the changes in
the energy spectrum with non-dimensional height reveals
that the contribution to the turbulence energy in the
low-wave-number range, which is made up by larger eddies,
decreases as the wall is approached. However the spectra

‘indicate that the large scale, low-wave-number energy
decreases only slightly down to y+ equal to 30, thereby
indicating the influence of the large eddy structure very
near to the wall. 1In a compatible way, as the wall is
approached, the contribution to the turbulence energy in
the high-wave-number range.is increased.

In the outer part of éhe pboundary layer, yt+ greater
than 200, the -5/3 law is followed rather closely over 2

discernable wave-number range. In the case for the
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lowest Reynolds number in Figure 42 the wave-number range
having a -5/3 distribution corresponQance extends
from approximately k egqual to 50 to 200 m-l. With
increasing Reynolds number we observe a growth in the
extent of the inertial subrange to encompass a wave
number range between 5 and 200 m_l. Nearer to the wall,
y+ less than 200, the spectrum shows a range where E(k)
varies nearly according to k-l, indicating 'a strong
interaction between the mean and turbulent flow. It is
at these heights in the boundary layer where we also have
strong production of turbulent eneréy. Comparing the
extent of the viscous-convective subrange in these

spectra indicates no discernable Reynolds number

" dependence.

The vertical distribution of the integral length
scale at alternating streamwise stations for the range of
Reynolds numbers is shown in Fiqures 48 and 49. The
length scales were determined by multiplying the integral
tire scales, obtained from the one-dimensional
autocorrelations, by the local mean velocity at each
respective streamwise locatior and height in the boundary
layer. That is, obtaining these from a local application
of Taylor's hypothesis. 1In Figures 48 aﬁd 49 the
inteqgral scales and vertical y positions are
non-dimensionalized with the outer characteristic length,
52. These distributions show that the maximum lencth
scales occur at a height approximately 20 percent of the
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boundary layer thickness. This suggests the presence of
turbulence structures which are elongatec in the
streamwise direction and which reside fairly rear the
wall. This interpretation is consistent with the
space-time correlation meacurements of Grant (1958) and
Blackwelder (1970). Near the wall, the streamwise extent
of the turbulence structures is observed to lengthen with
increasing Reynolds numbers. ) )

The integral length scales are not observed to
behave in a self-similar manner with Reynolds number when
non-cirencionalizes vith ocutey variables as in Ficures 48
and 49. To evaluate the c¢rcwth with Reynolds number of
the scales at different self similar heights in the
boundary layers, the data are presented in the manner of
Figure 50, In this figure the integral length scales,
which were non-dirmensionalized with the momentum
thickness, are piotted versus Revnolds number &along
constant y+ lines., The actual data were "best fit" by a
linear Gistribution and for clarity purposes only these
lines are presented on the figure to show the trends.

The typical correlation for the fit was approximately .6
- .7, where 1.0 represents a perfectly correlated
numerical fit of the function to the data, The data as
presented in Figure 50 can be interpreted aé the
streamwice grcwth éf the average scales along self

similar paths in the bouncdary layer.

with increasing Reynolds number, near the wall below
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y+ equal to 30, the turbulent scales are observed to
decrease with streamwise position, Between y+ values of
50 to 200 the scales are not growing appreciably with
increasing Reynolds number. This corresponds tec thre
log-region in the mean velocity distribution. At ¥+
equal to 400 we see a rapid growth of thé streamwise
scales with Reynolds number. This most likely reflects
the growth of the constant stress layer, At higher
elevations, y+ = 800, there is a continued growth ¢£f the
streamwise scale although at a less sapid rate than in
the initial wake region of the mean profile.

To summarize this chapter, these botndary layers,
developed over two ranges of Reynolds nurbers, exhibit
mean and turbulent characteristics which are comparable
to similar flows reported in the literature. The
streamwise development of these quantities also
demonstrates the desired self—similar'behavior.
Importantly, they display a full spectrum of turbulent
scales which follow the expected wave nurber
distributions. Other statistical quantities providing
further documéntation of these turbulent boundary lavers
will be presented in Chapter VIII whgre they will be
directly compared to the results from the manipulateld

boundary layers,



CYAPTER VIII

MEAN CHARACTERISTICS OF MANIPULATED BCUNDARY LAYERS

The time-mean velocity measurements in the
manipulated boundary layers are presenteé in this chapter
so as to document the effects of suppressing the
intermittent outer structures on the mear characteristics
of the flow. Thif chapter depicts their mean and
turbulent velocity distributions for the range cf
momentum thickness Reynolds numbers from 2400 to 49CD
corresponding to the two free-streem speeds of 6.7 znd
10.4 m/s. In addition to the Cartesian coordinate systen
utilized in the results presented in Charter VII,
additional laboratory coordinates, which are relatec tc
the position of the manipulator, are introduced in this
chapter. The coorédinate length xO is the streanwise
distance between the manipulator and the leading edce of
the boundary-layer plate anéd % denotec the cdownstrez=m
distance of a measurement station from tke trailing edce
of the manipulator. The data were taken at nine
streamwise, x,'s£ations along the plate centerline, =z
eqguals zero, This is in contrast to the data runs
without the manipulator in which neasurecZents were
recorded at 10 streamwise locations. For the resul<s in
the bourndary leyer with the turbulence manipulator,hthe
first measurement staticn falls between stations 2 and 2

cf the data runs without the device. 1In the manipulated
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layers data station 2 corresponds to station 3 cf the
other case and the remaining streamwise station;
correspond to their N + 1 equivalents, As in tke
previous chapter, the data will typically be presented zt
alternating stations although the processed datz exist
for all of the measurement locations.

The turbulence manipulator utilizeé in this final
set of measurements was oriented in the series
arrangement, M-4 of Figure 23, and optimized for the
boundary layer characteristics depicted in Chapter VII.
As described in Chapter VI, the optimization involved
varying the different parameters to obtain the maximum
suppression of the inte}mittent outer scales in the
boundacy layer. The degree of large-scale removal was
judged visually with the aid of the smoke-wire technique.
In this final set of results, the manipulator wzs placeé
at the streanmwlice distance, x0=2.25 m., correspcnding tc
the x-location of measurement staticrn 1 in the regular
boundary layer case. The manipulator plates were made
from 0.2 mm. thick brass shim stock and each was placed
at a height from the wall of 80 percent cf the toundary
thickness in the regqular boundary layer a2t station 1.

The streamwice chord length was equal to their Eistance
from the wail vhich was O.é. The strear?ise szacing ¢cf
the manipulator plates was 8: at that lccaticn. The
arrangerent of the manipulator plates is represented in

the schematic of Fiqure 3 and shown in the photcgraph of

-2_)
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Figure 4.
The boundary layer characteristics, visualized using
- the smoke-wire, before and after use of this series
manipulator are shown in the photographs in Figure 51.
The top two photographs correspond to the regular
boundary layer and the bottom two ccrrespond to the
boundary layer with the final series manipulator., The
free-stream velocity at which these photographs were
taken corresponds to the low Reynolés number range with -
Re6: ranging from approximately 28CC to 3700 over their
streamwise extent. Although these photograrhs represent
one instant in the turbulent flowfields, their overzll
characteristice are representative of features of the
boundary layer with and without the manipulzator.
Quantitative analvsis of digitized image records of the
visualize~ flow for the two types cZf boundzry layers will
— » be pres¢ ed in Chapter IX. The pheotographs in Figure 51
allow compariscn to the visualized flows presented in

Chapter VI, which were obtainecd in =2 boundary layer with

different characteristics than that utilized in this
final set of results., The photograghs of Figure 51, &as
well as those discussed in Chapter VI indicate that if
i ’ the large scales are being reformed downstrean of the
7 ranipulator, their return process is extremely slow. 1In
Ficure 51 no strong evidence cf their rebirtﬁ is found as
far as far as mcre than 40 boundary layer thicxznesces

downstream.
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Qualitative examinaticn of the photographs in Figure
51 clearly reveals tﬁe suppression of the larger outer
bulges in the turbulent/non-turbulent interface with the
addition of the series manipulator. Close inspection of
the top two photographs in this figure and other related
photographs reveals regions of potential flow, visible as
intact streaklines, extending well into the bulk of the
boundary layer and marking the inﬁermittent non-turbulent
portions of the flqu. This mechanism is clearly
inhibited by the removal of the outer scaies as evidenced
in the bottom two photograp&s. As will be deﬁonstrated
later in this chapter, this effect reduces the
entrainment of ‘rrotaticnal fluid into the boundary
layer.

The non-dimensionalized streamwise mean velocity
distributions over a range of momentum thickness Reynolds
numbers from 2400 toc 4900 are presented for the
manipulated layers in Figures 52 and 53. For comparison,
a line corresponding to the non—dimensidnaiized velocity
distributions of the boundary layer without the"
manipulator is also included in these figures. Also, the
manipulator height, normzlized with the characteristic
length of the boundary layer at the first.streamwise
station} is shown for reference in thé'figures.

The wake of the manipuliator plates is evident in the
profiles approximately 26 momentum thicknesses downstreax

of the device in Figures 52 and 53. At the next
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downstream station, 5/52 approximately equal to 136, the

. turbulent velocity fluctuations have smeared out the mean

wake profile of the device.

In the lower 50 percent of the mean profile taken
closest to the device, the non-dimensional distributicen
1ocks like that for the regular boundary layer. In the
outer part cf the distribution, y/£2 > 6, the lack of the
larger scale is immediately evicent by 36 momentum
thicknesses downstream,. as indicated by the higher
velocities at the edge of the layer with the device. The
jack of the large scales is felt in the lower 50 percent
of the boundary layer by 136 momentum thicknesses
downstream where we observe a self-similar distributicn
having lower mean velocities than in the regular bouncéary
layer.

The distribution of the rms of the streamwise
component of the velocity fluctuation, non-éimensionalized
with the friction velccity u_ . is shown in Figures 54 and
335 for the manipulated layers. T-oe streanwise
distributicn for u_ was obtained fror the mcmentum
balance in the manner described in the previous chapter.
That distribution will be presented later in this
chapter. Included.in these figures 1is the distributicn

taken from Klebancff (1954) which was shown, in Figures
31 and 32, to represent guite well tle fluctuating
velecity profiles in the regular boundary layer.

Clearly, the streamwise turbulence fluctuations do not
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display the self similar behavior exhibited by tge
regular boundary layer.- Nearer to the device, up to 135
momentum thicknesses downstream, we observe a reduction
in the streamwise velocity fluctuations except in the
vicinity of the wake where higher fluctuations,
suggestive of a vortex street, result ir locally kigher
rms values. Furthe: downstream, higher turbulent
stresses are observed to be filling the boundary Zayer up
to approxirately 6C percent of its thickness. This
redistribution of turbulence stresses away from tZe wall
is reminiscent of the Reynclds number dependence cbserved
in the low Reynolés number range of the regular boundary
layer. In that case, the distributicns in Ficure 31
demonstrated lower u'/u_ values in the constant stress
layer portion of the profile when corpared to the higher
Reynolds number case of Klebanoff (1954). Near tte
floor, at the edce of the sublayer, the maximum
values are approximately 16 percent hicher in the
manipulated boundary layer than in the regular bectndary
layer. The maximum u'/U, values in the manipulated
boundary layers are, however, reduced as presented in the
preliminary wo:k on these manipulated boundary lawvers ty
Corke et 21. (198C). This is also demonstrated in the
results frcm a parallel study which is pr;senteé in
Appendix 8 of this manuscript.

A comparison of the streamwise growth of the
integral thicknesses, 61,52 and 63 between the regular
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and manipulated boundary layers for both Reyholds number
ranges is presented in Figures 56 and 57. Included for
the momentum thickness distribution, fz(x), are the lines
corresponding to the spline function fit used in the
momenty . calculation for the friction velocity, u.. The
figures dermonstrate an initial thickening of the boundary
layer with the manipulator. However, the streamwisce rate
of change cf those quantities is less than in the regular
bolndary laver case. After epproximately 259 momeﬁtum
thicknesses, based on 52 at staticn 1 which corresponds
to the leéding edge of the rmanipulator, the momentum and
energy thickness distributions cross their counterparts
in-the recular boundary layer. The &isplacemen%
thickness requires somewhat farther distance for the
distributions to cross.
Tne rztio valucs of the integral lencthz are shown
in Figures 538 and 59. In Yicure 3%, =hs ratio of the
displacerment tc mementum thicknesses, is presented
fcr a rarnce cf rosentum thickness Reynolds numbers

in the regular and manipulass

t2

DOUAGLYT larvers.

As demonstrated by Purtell et al. (198!}, the shape
factor for the regular boundary layer is solely dependent
on Revnolcs number,_Reé:. This, howevel, is not the czse
for the houndary layer with the manipulator, As
evidenced by the . distributions in Figures 56 and 57,
the displacement thickness is disproportionately larger
t.an the romentum thickness in the manipulated layers.
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This is opposite to the effect of adding large suzféce
roughness which resulcs in a reduction in the
displacement thickness (see Hin;e, 1980. Figures 7-15).
As will be further supported in the following parts of
this chapter, this has led us to ccnceptualize these
manipulated layers as toundary layers with "negative”
roughness.

The ratioc ofp}he energy thickness to momentum
thickness, 63/;25 }s plotted versus the thape factor in
Figure 59, Incl;ded are the data from Wieghardt with the
integral values given by Coles and Hirst (1968) arad
obtained from the present cemputational scheme. Aliso
included in Figure 59 are the lines corresponding to the
analytic expression relating H32 with le and giver by

Wieghardt ard Tillmann (1941)

Fag = € Hp/(H), - o)

which was obtained from the velocity law Z/U_ = iy/v)l/n.
These distributions are presented for'thc ccnstants, given
b; Wieghardt ard Tillmann (1941), which they had adjusted
to give agreement t§ their data, ac well as constarts
obtained by a "best fit" of the relation to Wieghkardt's
as well as the pfésent data; The shape factors clearly
follew a2 unigque relationship of the form cbtained frop
the énalysis, inclucding the ranipulated bourdary lavers,
However, over this range of values, new constants were

necessary to best represent the present data as well as
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Wieghardt's data which was, in part, the basis for the
Wieghardt-Tillmann (1941) constants.

The Reynolds number distribution of the wall
friction coefficients, cf, for the manipulated boundary
layers is shown in Figurc A0. The line in the figure
designates the corresponding distribution for the reqular
bouncary layer. The open symbols in the figure indicate
the values obtained from the momentum balance and the
half-open symbols indicate the values of Ce obtained from
ihe log-linear and Ludwig-Tillmann relations. 1In the
latter two cases, the same coefficients as those
presented for the analysis of the regular boundary layer,
were used to calculate the streamkisc distributicn of the
wall-shear stress.

It is clear from Ficure 60 that the shear stress
distributions obtained from the analytic expressions are
not valid since neither demonstrates the necessary smooth
Reynolds number dependence. This behavicr was, however,
anticipated and prompted the use of the momentum
calculation to determine the wall shear stress. As was
stated earlier, there is no reason to expect that either
of the methods used in Figure 60 other than the mcmentum
talance work in the ranipulateé iayer. They have been
ihcluded here only for purpose of comparison and=
illustrations. In the manipulated case, the lest point
from the low Reynolds number range ic the furthest

streamwise station from the manipulator while its
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neighboring datum point éorresponds to the streamwise
station closest to the manipulator in- the high
free-stream velocity experiment.

Comparing the local Cf(x) distributions between the
regular and manipulated boundary layers in Figure 60 we
observe an approximate 30 percent reduction in the local
drag on the wall as a result of the suppression of the
large intermittent outer scales. This reduction in drag
is evident in the momentum thickness growth which was
shown in Figures 56 and 57. Here we observed a decrease
in the rate of change of 62(x)vwhich, in absence of a
pressure gradient, is proportional to the local
values., That decrease in the slope is approximately 30
percent, which compares well to the reduction in the
magnitudes of u; obtained from the momentum balance which
had included the contribution of the extremely mild
pressure gracient,

The net reduction in the drac must include the
device drag of the manipulator. This can be obtained by
calculating the net loss of momentum which, because of
our near zero pressure gradient, is

(¢
(s

2,9'm ~ &5 1003

Percent Reduction = 7
2,10 ~ ‘2,1'R

By this definition, we obtain a net reduction in the wall

drag of 21 percent., The iz(x) éistributions, however,

are still diverging at the last streamwise station so
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that greater net reductions may be achievable at larger x
dimensions. ‘ -

The values of u?(x) were obtained from the momentum
calculation and tused in the non-dimensionalization with
inner variables of the mean velocity profiles which are
shown in Figures 61 and 52 for both Reynolds number
ranges in the manipulated boundary layers. It is evident
from these figures that a log-linear region exists in
these profiles. However, the coefficients of Fhe
.analytic expression have changed. Drawn for comparison
is the solid line in the figure which corresponds to the
log-linear relation with the coefficients, 1/K = 2.44 and
B = 5,0, which were given by Coles (1968) and found to
represent the beoundery layer profiles without the
manipulator. The dashed line is the "best fit" of the

+
log-linear relation to the data over the range 50<y <200.

(BT

This £fit yielcés <the coceilicient valu

1t}

SI
1/k = 2.87
B = €.53 and 7.56
over the range of Reynolds numbers for the manipulated
layers. g
1f we draw on the analogy of the increasing wall
roughness which results in a downward shift in the log
linear distribution corresponding to a reduiction in the
value of the coefficient B, the boundary layers without
tne large outer scales emulate the qualities of a

hypothetical "negative™ roughness flow. Rotta (1850)

132



CrIZ AL 2
S, o o J
OF PCCR iy
connected the value of B with the thickness of the

viscous sublaver for large values of uTy/v to obtain the
form

uT6£
v

to
I
x| -

(leg 4k -1) +

where €, is the sublayer thickness. Therefore, an
increase in the value of B can be associated with a
thickening of the stblayver, Using the values for k, B
ané'ut for the regular and manipulated boundary(layets
the sublayer thickness is estimated to have increased by
aprroximately 17 percent in the manipulated boundary
layers. The value of y+ corresponding to ¢é; is 6.6,

The thickening of the sublayer has also been
observed in boundary layver flows with drag reducing
pelyrmers (Donohue et al., 1972; Achia and Thompson, 1377;
Hanratty et &l., 1977). The mechanisms, however, are
clearly different since the drag reducing polymers work
by inhibitinc momentum transport through viscoelastic
action near the wall.

To account for the change in the value of the
von-Karman constant in the manipulated boundary layers we
consider the Reynolds number dependence of that gquantity
which was exarined by Ternnekes (196&) in turbulent pipe
flow, In that reference, Tennekes obtains a second-order
friction law and a Revnolds number dependent correction
to the "universal™ slope of the logarithmic velocity

profile. This correcticn tazkes the form
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1/K = 2.95 - 4.4 re /3

1f we take R, to be 5uT/v we obtain values of l/K of 2.55
and 2.87 for the middle ranges of Reynolds numbers in the
regulaf and manipulated boundary layers respectively.
Although this theory has generally been unaccepted by
nthers (see Yaglcem, 1979) it predicts the observed change
in the value for k in thits case with surprising accuracy.
It is important to realize that the log-linear
portion of the velocity profile and its coefficients were
verified and presented in all cases with vaiues of
taken from a momentum balance. Therefore, no a priori
bias was applied to the results except that momentum must
be conserved. Thus the logarithric region was found tec
exist in the boundary layers both with and in the absence
of large outer turbulent structures, Based on the
persistence of the logarithmic recion down to momentum
thickness Reynolds numbers of at least 465, where the
larger scales of the turbulent fluctuations become
increasingly dominant, Purtell, Klebanoff and Buckley
(1981) suggest scme form of Reynolds number -independence
of the large-scale structures. The results of the |
present investigation do not appear to support this
conclusion since the manipulated boundary lavers lack
these large intermittent scales. Another explanétion is
that the larce sczles are a result of the transition
process to turbulent flow and are actually composed of

other smaller scales such as inclined hairpin eddies
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{(Klebanoff, 1962) which are>generated through a wall
Ainégabiiity process and which are sustained even in the
fully turbuleﬁt flow. The iogar{thmic region wculd
reflect the character of these eddies and, because they
are related to a wall instability, would display some
Reynclds number dependence. Further evidence toward
this concept will be presented in results to fcllow.

The wall-unit non-dimensionalization of the
fluctuating velocity distributions for the manipulated
boundary layers is shown in Figures 63 and 64. Comparing
these figures to the distributions for the regular
boﬁndary layer in Figures 38 and 39 indicates that the
peak in the fluctuations in the streamwise velccity is at
a lower wall unit in the manipulated layers. In the cuter
part of the prcfile'there also appears to be a much
sharper cutoff of the streamnwise fluctuations near the
edge of the boundary layer in Figures 63 and 64. The
wake function for these manipulated layers is presented
in Figures 65 and 66. For this case, the "best fit"
values of k arnd B taken from log-linear distributions in
Figures 61 and 62 were used in the determination of ¥.
Included in tnese figures is the sinz distribution
suggested by Coles (1940). Although the wake strength,
7, was determined by prescribing that W(y/&)=2 at y=I,
the peak in those values is observed to occur at y/:

approximately equal to 0.8. This would indicate that the

(N3]
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wake in the manipulated boundary layers is associatec
with structures which scale with an_ intermediate Iength .
smaller than the boundary layer thickness,

The Reynblds number dependence of the wake sirength

-

parameter, T, is shown in Figure 67 for regular z=d
manipulated boundary layers, Besides the dependence on
Re62 displayed in ths figure, it is also a functisg cZ ths
streamwise pressuie gradient, It was proposeé by Coles
(1968) that the strength cf the wake component is “U_y
and thatrit might be an indicator of the local rate cf
production of large-scale turbulent energy. Thic
quantity, non-dimensionalized with the free-streax

velocity, is plotted varsus momentum thickness Revrnolés

number in Figure 638. In this figure we oktserve a

reduction in this guantity in the manipulated boundary

slayers. There 1s, however, a discontinuity in the
distribution between tbe two Reynolds number rancss in
the manipulateé case indicating a dependence on txe
initial conditions imposed by the device on the flcw.

Another indication of the strength ¢f the lzrge
outer scales is tc consider the velocity of entraineé
fluid into the boundary layer. 1In a self-preserving
boundary layer, the velocity of propogation of turbulent
fluid into the free-stream, namely the entrainment
velocity, Vp, is

v_o= S y(e-s

P dx 1)

which was shown by Eradshaw in his 1967 paper. 1I: was
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also found empirically by Bradshaw et al. (1967), thaz
the quantity, Vp/Us is very nearlg proportional to Txax/:UZ
both in equilibrium and non-equilibrium boundary layerTs.
In that reference, they also imply that the ratio of the
large-eddy velocity fluctuation to the small-scale vslocIty
fluctuations in the central part of the bouncary layer is
proportional to (Tmax/éuz)%. Furthermore, the ratic of
advection or diffusicn to production in the outer part c3
the laYer is shown to be proportional té 6V§/1 and therezy
%rﬁpéréiénal} by the previous form, to Tmax/igz'

In Figure 69, the ratio, Vp/Um is plotted versus Re:
for the regular and manipulated boundary layers. The tcp
most dashed line represents the distribution of the

friction coefficient, C. = T/%SUZ, for the reguler

‘boundary liayer. This distribution was fit to the daza to

cbtain the proportionality constant between the entrainnernt
velocity and the non-dimensional shear at the wall. 1In
this figure
Vo x 102 = 0.86 (C, x 10%) -1.2

[SF
is found to provide a smooth distribution through tke
data values.

In the manipulated boundary layers, the suppressic:
of the large outer scales results in lower propcrticnal
entrainment velocities. The solid line in this ficzre
corresponds to thé Cf distribution for the manigulazead

layers when scalec with the same proportionality cczstent
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as in the regular layers. In this case the line does not
represent a best fit to the Vp/Ux values indicating the
proportionality constant is not exactly the same for both:

cases. In the case of the manipulated boundary layer,

the relation

‘2 x 10° = 1.16 (cx10%) -1.6

best represenis the data values. The average Vp/Ux
difference between the latter distribution arnd that

obtained using the coefficient values for the regular
boundary leyer is apprcximnately 20 percert. "he average
reduction in the entrainment velocity in tne manipulzted
- boundary layers ic observedé to be approximately 4C
percent.

The recultrs of Figure 69 show scre interesting
t;Ends. The first of these is that the entrzinment
velocity is becoming smaller with increasing Reynolds
nunber. This woulé indicate that the strencth of the
iarge-outer scale turbulence structures is decreasing
with increasing Reé:' The ratio ¢f diffusion to
production in the outer part of the layer is decreasing
like T/:Ug = 2Cf in the figqure. This is a result of the
decrease in the ratio cf the lazrge-eddy velocity

fluctuations to the small-scale velocity fluctuations

1
prcportional tc (2C.)?. Thus the outer part cf the

boundary layer is filling with smaller scale turbulence

at higher Reynbolds numbers that are more guickly
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dissipatgd by viscosity. By removing the large outer
scales in the boundary layer we have hastened this
érocess. This is evident in the visualization records of
the manipulated boundary layers which appear to be fillied
with finer scales of turbulerce than in the corresponding
regular boundary layer cases. This gives some evidence
that the manipulated boundary layers emulate higher
Reynolds number lavers.

The wave-number distribution of energy in the
manipulated boundary layers is shown in Figures 70 to 78,
In Figures 70 and 71, the development of the frequency
associated with the vortex street generated by the
manipulator plates is presented. At the closest
Strearmwise station, a peak ccrresponding to a strouhal
freguency of approximately ft, UG.= 0.03 is evident for
both Reynolds number ranges. The scale of eddies
associated with this peak is approximately 0.5 cm. The
peak 1s observed tc be less Gominant at the higher
Reynolds number. =2y the next measurement station,
approximately 17 plate heights or approximately 10:
downstream of the device, we cbserve no spectral peak,
corresponding to a recular vortex pattern, in the
one-dimensional spectra. Other differences in the
Spectral distributions are a result of taking the spectra
at a2 constant y-value equal tc the device height rather
than along self-similar y-values in the boundary 1layer.

The normalized one-32; iengional spectra of the

[
(€]
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streamwise velocity component at different self-similar

heights along alternating measurement stations is shown
in Figures 72-7¢. Included in these figures are the

lines with slopes of -1 and -5/3 corresponding to the

ot

viscous convectiwe and inertizl subranzes, resctectivelw,
for orne-dimensicnal velocity scectra. The correspcndéincs
spectrel distribcticons for the regular boundary layers
wers-presented in Figures 42 to 47.

For both Rernolds number ranges in the manipulatec

boundary layer we observe a better ccilapse of the

staticn just downstream of the device (Figures 72 and
75). This woulé indicate more even cistribution of
turbulence scales across the bcundary lever., Furthermcre
we observe that each c¢f the precfiles has a range of wave
nurbers over which theyv follew 2 -1 distribution., 1In the
regular toundary laver, c¢nly the sTec4ra taken very nears
to the wzll (belzw y+ = 30) exhibited =z -1 distributicn.
This weuld indicate that the viscous-convective
interaction, ané therefore greater turbulence producticn,
is occurring cver a greater portien c¢f the boundary laver
close ts the man ipﬁlato:. indication of the inerticl

. . - . - s
subrance is conly evident irn these figures at y < 6

[}
(@]
.

In the regular boundary laver the -5/3 portion in the
spectral distritutiorn cculd be cbserved down te y+ = 2CC.
At the farthest dewnstream staticn from the

manipulztor for the low Revnolds nurter range in Ficure

1490



74, we still observe a fairly good collapse of the
spectral,distributibns:fqr wave nuxbers great€r than 10C
at y+ values less than200. 2t a comparable Revnolis
number in the reqular boundary layer, the inertizl
subrange was evident in the sspectrz taken at y+ wvalctes
greater than 200, whére it ranged tetween wave numbers c=
50 to 200 m~ % 1In Figure 74, the spectral distrituticns
demonstrate a -5/3 slope down to y+.= 75. The wave
number range corresponding to the irertial subrange in

. .
this case is a much lower 5 to 50 = % A k™% distritatjicn
is observéd in this fiqure for a range of wave nombers
between approximately 8 to 100 at y+ = 30,

At the highest Reynolds number, shown in Ficure 77,
the inertial subrange is observed tc expand to enCOorzTass
wa&e nurters between 5 and 100 m-{ Tnis is stilX an
order of magnitude lower in wave nuzbers comparec€ to the
regular boundary laver at a comparetle Reynolds numbter,
This woulc indicate that the constant stress layer hzs
extended over a2 larcger pertion of tre boundary levyer.
There is still evidence ¢f the visccus-convective
interaction near the wall, below §+ of 75 at the hicRer
Revnolds number. This would indicate that the events
occurring near the wall in regard Ec turbulence
productioﬁ are reasonably unchanged in the bounédary
layers without the large outer scales.

The one-dimensional spectra cf the wall shezsr, T

for the recular ard manipulated bourdary layers &t two
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Reynolds numbers are shown in Figure 78. The
wave-numbers are computed in this figdre b& using the
average value of the shear velocity, u_y for each case,
These dis:*ributions show a small range of wave numbaers
over which a k—l energy change is evident. The emaining
distribution exhibits a k behavior indicating strorg
viscous disgipation of turbulent energy. In the
manipulated boundary layer, which corresponds tc the
lowest Reynolds number in Pigure‘77, the wave-number
distribction of the normalized spectra follows more
closely the high Reynolds ntmber distribution. This is
especially more evident for lower wave-numbers, less than

1000 m~ !

in this fiqure.

A ccmparison of the ncrmalized probability
distributions of the instantaneous shear stress for the
manipulated and }egular boundary lavers is shown in
Figures 79 and 80 for both Reynolds number ranges. 1In
these figures, the distributions are normalized by
reroving the sample mean and dividing the distribution
axis by (.1 times the sample rms., Therefore every 10
bins correspond to one rms increment from the mean. This.
normalization prbvides an excellent ccllapse of the
distributions even though thre mean shear at the wal} and
the rms of its fluctuations are significantly reduced in
the manipulateé boundary layers. As is evident from

these ficures, the distribution of the surface shear

fluctuations is skewed so that the most probable value is
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less that the mean., & similarly skewed shear stress
distribution was Fresented by Sandborn (1981) for a fully
developed open channel flow., The Probability '
distribution is, however, Reynolds numbe lependent, asg .
shown in Figure 80 where the skewness ha decreased by

approximately 50 percent for an increase in Reé of

<

approximately 30 percent. Also with increasing Reynolds
number, the {‘/? shear stress intensity is observed to
decrease by approximately 17 percent., 1In the manipulated
bounéa;y iayefs.at a comparable Reynolds number, t'‘F is
higher by 22 percent over the regqrlar boundary layer
case. This was similarly true for the U'/uT Qalues near
the wall in the distributions in Figure 54. However, it
should be pointed ocut that the absolute value of the
wall-sheur fluc;uatzons is recuced when the bouncary
laver is manipulated. As the Reynolds numker is
increased in the manipulated layers we observe a 25
percent decrease in this valte, which is about half of
the decrease demonstrated for the reqular boundary layer.
The shape of the distribution, indicated by the
kurtosis, is also Revnolds number dependént. 1In the case
of the regular boundary layer, the kurtosis is observed
to decrease by approximately 20 percernt. More
importantly, it has-moved from a value higher than that
fcor gaussian tc crne less than for gaussian noice,
Therefore the shear-stress distribution is becoming

rarrower at higher Reynolds numbers indicating a more
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spiked time series f~r the shéar. There is no significant
change in the kurtosis values for the manipulated '
boundary layers.

The sfreamwise—velocity skewness and kurtosis
distributions across the boundary layer for manipulated
and regular boundary layers are shown in Figures 81 and
82. The_skowness distrioution in Figure 81 shows a
maximum positive value hetween y+ of 1 and 7. This
corresponds to most probably velocities less than the
distribution mean, which would be associated with fluid
moving away from the wall. Between y+ of 50 to 200, the
ckewness 1s approximately constant ana near zero
{(gaussian). This corresponds to the constant stress
region associated with the log-linear velocity profile.
In the outer part of the boundary laver, y+ > 200, the
skewneés béco;es largely negative., This indicates that
the mos:t probable velocities are greater than the mean.
Similar statistics were presented by Gupta and Kaplan
(1872).

Near the wall ir the kurtosis distribution of Figure
82, we observe a peak kurtosis value in the sublayer
between y+ of 1 and 7. In this region the kurtosis is
greater than three indicating a probability distribution
which is narrower than gaussian and a velocity time
series which is more spiked in nature. This could be
catagorized as indicating rapid parcels of low velocity

(S greater than 0) fluid moving away from the wall., This
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type of motion has been classified as the ejection phase
of the bursting process.

In the buffer region between y+ of 20 to 50 we
observe the minimum Kurtosis values in the velocity
distribution., The values correspond to a broader
distribution than in a gaussian function. These
statistics indicate that relatively large (less spiked
signal) parcels of fluid are moving through this region.
The near zero average skewness indicates that these
parcels are an even distribution of locally low and high
velocity regions.

Betweer y+ values of 50 to 200 we observe a nearly
constant average kurtosis with a magnitude slightly less
than for a gaussian signal. Again this corresponds to
the region in the velocity distribution of constant
stress. In the outer part of the boundary layer, the
kurtosis distribution azelin attains values craater than
that for a caussian signal. This is associated with the
spiked signal indicative of rapid, streamwise narrow
regions cof higher velocity fluid approaching from tre

outer regions of the boundary layer.,

The areatest Gifferences that occur in these
statistics between the regular and manipulated layers is
in the regions belcw y+ of 50 and above y+ of 200. 1In
other words, statistic similarities in the streaﬁwise

velocity fluctuvations are only unaltered in the
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log-linear region of the velocity profil
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The vertical distribution of the integrai length
scales in the manipulated bhoundary layer at different
downstream stations is shown in Figure; 83 and 84 for
both Reynolds nurber ranges. These results can be
cemtzred to the integral length scale distributicn for
the regular bgundary layer shown in Figures 48 and 49,

Comozring the figqures reveals a growth in the streamwise

1}

cales near the walltin,the,manipulaged layers. The same
characteristic 1engthening of the streamwicse scales with
increasing Reynolcs number is exemplified in the
manisnlated layers in the lower half of the bdoundary

laver, At the first two measurement stations in the

cuter part of the manipulated boundary layer, the lower
L]
intesral scales are indicative of the vortex street

amanzting from the device.

The distrikbution of the inteagrnl lenath scales with
Rnvnelds number is shown in Figure S5 for the manipulated
heundaty layérl 7This ié comparable to the results for
“he zeocular boundarsy layer in Figure 50. Near the wall,
balaew v+ = 33, thz streamwise scale is observed to remain

-
an2aTlw

coastant with Revnolds numbe
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ve=Zary layer, the non-dimensional lencgth scele
deztzased by a factor of 4wo.  In the log-linear regicn
of %*>2 manipulated Soundary layer in Ficure 85, the
icnal streamwice scalz is observed té increase

with P2ynolds nember, In the recular bourndary layer in
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Figure 30, the streamwise scales demonstrated almost ro
growth in the log-linear part of the velocity profile.

At y+ = 400, the ncn-dimensional integrel length scale is
increasing approxizately 36 percent faster in the
manipulzted layer than in the regular case. In both
cases, the non-dimensional streamwise scale at y+ = 800
increases at a slower rate with increasing Reynolds
number, *han those at y+ = 400. In the manipulated
boundary layer, the growth rate of the scale at that
nen-dimensional height is approximately twice that in the

regslar boundary laver.

[
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CHAPTER IX

UNSTEADY CHARACTERISTICS OF WALL LAYER

The results presented in this chaoter correspcné to
the analysis of the "burst” conditioned velocity
measurements obtained from the rake of hot-wires ard the
simultaneous digitized smoke-wire images of the flecw.

The techniques»useéafér the acquisition and processing of
these data are detailed in Chapters 1I1I, IV and V. The
rake of wires, including a surface mountec shear wire,
was located at measurerent station 9 or the equivalent
station 8 in the recular or manipulated laver,
respectively. The mean characteristics of the boundary
layers at those staticns have been documented by the
results ir Chapters VZI-and VIII. The m- n
characteristics of the boundary layers - ‘8 streanwice
station are also summarized in Table 2 this cherter.
The results will inciude one-dimensional (time) anzalvsis
and "burst" detecticn, two-dimensinal {space/time)
reconstructicn of the rake outouts and analysis of <hke
digital images. 1In all cases, the results from the
reéular and manipulated boundary lavers will be ccmpared
to draw light on the physical processes occurring irn the

&

near wall region of these turbulent boundary lavers.
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Table 2. Mean Boundary Layer Characteristics at Rake
Location ¥
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M o 10.4 1.026, .732, 1.285 .316 4933 1.852 .0741 .70z

One-Dimensional Analvsis of Velocity: Time-series Cata

The outputs from the 11 hot-wire sensors can be
treateéd either as 11 individual time series or as a
two-dimensional space-time array of velocity data. 1In
this section we will fiIrst analyze the rake outputs in
the former manner, The latter case of the results of a
space-time analysis will be presented in the following
section,

Figures 86-89 display a time-zeries record cf the
digitized outputs frorm the 11 hct-wire rake sensors for
the low and high Reynolds number ranges of the requiar
and manipulated boundary layers. The time axes of these
figures are nog-dimensionalized by the outer variables U,
and 7. The spacing betweer sensors and their distance
from the wall are denoted by their self similar

coordinates based on inner-wall characteristic guantities

14
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u and v. The time—sefiésnéglueé are ﬁf;ééﬁféé-as the
instantaneous fluctuating quantities normalizeé by the
record average rms, This was equivalent to the long time
average mean since the recnrd lengths were chosen so that
the mean statistics were ergodic. The central moments
within a daté record ccrrespond to the long-tire average
moments, at least to the first four orders. Other than
for the sensor at y+ = 0, the guantity plotted in these
figures is

+

Y
rms 1y o=

(Q(y) - S{y))Y /) Q = i

.For the remaining time series at the wall, the velocity

in the above expression is replaced by the wall shear
stress, 7 .. This method of gon-dimensionalization is
necessary for presenting these tire series in this form
hecause their mear values are.increasing while the rms of
their fluctuations ar= decreasirc at creater
ncn~dimensional distances from the wall., Also, since we
are interested in focusing our attention on the coherent
"structures" in the turbulence, this quantity represents
a measure of the fluctuating intensities which stand out
above the background turbulence fluctuations., 1In
particular we were looking for the coherent "signatures”
of these structures so as to obtain statistics about
their distribution in the boeundary layers,

The time series in Figures B86-89 correspord to the

first 315 discrete cata values in one record of continuous
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data. As described in Chapter III, the data records in
the low Reynolds number range were acquired

simultaneously with the digitized images of the

smoke-wire visualized flow. The instant in time at whick

. the images were taken corresponds to point 50 of the 315
points displayed in Figures 85 and®88 ané is denctec by

. an arrow on the time axis of these fiqures. The
triggeriné was based on'; iocally high variance In the
velocity signal for the wire at y+ = 7, Inspection of
the ‘time series at that non-dimensional &istance frcm‘the
wall in Figures 86 and 88 revéals a locally high
excursien in the signal which would resul® in a kigh
variance. Inspection of the time series zt other
distances from the wall at that instant in time revezls
similar features on a time séale of apprcximately 2-33/U_.

These features appear coherent over an accreclable
vertical extent cof the boundary layer, including the
time-distribution of the wall shear stress. As a first

step in understanding the physical process f=picted by

these time series, analysis of the veloczity di§tribution
near the wall is first presented,

This phase of the experiment was designed to make
comparisons between the regqular and manipzlated boundary
layers cver a range of Reynolds numbersl In particular

we were interested in determining what effect, if any,

the suppression of the large outer scale =ad on tZe wall

"burst" process. As discussed in Chapter IV, the “burst®

it
n
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events were alsc detected using a m;téﬁ filtering
technique, In order to generate the Qélocity signaﬁure
to be used as the impulse response filter functicn
associated with the "hurst"™ process, the VITA technigue
of Blackwelder and Raplan (1878) wac utilized, 1In )
keeping with the methcd presentec in that paper, a
threshold value of 1.2 and aE gveraging tire of Tuf/v
approximately equal to 10 were used.' The conditionally
averaged time series were obtained from the data by
summing up the velocity values abcut the detection point
and dividing that total by the number cf detections,
Therefore the conditional averace of the quantity Q is

defined as

1 : .
<Qx;,T) >y = F < Qlxg, tj + T)

where x denctes the streamwise pesition at which the
sanpling was macde ~nd v+ cenotes +he vertical location of
the cdetection wire, 1In the casérof ihe rale, X was &
fixed value, However, to investigate any Reynolés number
effects on the resul=:s, the time series cata taken from
the traversable single wire probe, which was used to
obtain one-dimensional velocity spectra, was analyzed for
bursts, In this case, five streanwise pcsitions at y+=15

were used fcr the four boundarr lave

¥
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free-stream velocities, For the one-dimensicnal

analvsis, in all cases, the detection was made on the
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signal from tﬁe hct-wire at y+ = 15.7 The'quéﬁfitiés tj
in the relation are those points in the time series at
which the detecticn cccurzed. and the quantity T is a
positive or negative time delzy used to determine the
temporal behavior of J before or after detection
occurred, Because c£ the bané limited nature of the
data, events detectec within }fsg than half a wave length
of the beginning or end of a record were not included in
the ensemrle. The waziable N in the expression is the
total number of detec+ions irncluded in the ensemble.

The ensemble average of the fluctuating velccity,
non-dimensionalized %v the loccal average rms at the 11 y+
locations, which were conditioned on a VITA detection
with a threshold of 1.2 and time averaging Tui/» = 1C,
are presenteé in Ficure 20 for the regular boundary layer

with Re, = 3819. T=e horizental lines in th=z figure

correspend to the record average mean value at each
vertical height in the bouncary layer. The spacing

between these lines correspcnds to 0.54 Qrw where Q is

s
the strezamwice flucttating wzll shear, Te? for y+ = 0.
For the other non-dizensional heightf, Q is the
streamwise velocity, Y. Approximately 100 ensembles are
includeé in the averace distributions which were
conditioned on the VITA detection in Figure 90.

If we compare th;s figure to the conditioned
streamwise velocity céistributions obtaiﬁéd by Blackwelder

and Kaplan (1976) we observe the same velocity signature
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which is associated with the "burst" process, If we
focus on the normalized fluctuating velocity at y+ = 15,
the detection height, we ohserve the characteristic iccal
deceleration of the ficw, very tapid acceleration and the
subsequent slcwer deceleratior, At this Reynolds nurber,
the wavelength of the process is appreximately 4¢/U_ arnd
the maximum peak-to-peax amplituds.ic.approximately 2.2
u(rms). This compares extremely well to the
characteristics of the velocity signature at the same
non-dimensionzl height in the boundary layer of
Blackwelder and Kaplan (1975) for a scmewhat lower
momentum thickness Reynolds number of 2550. At other
distances frocm the wall we observe a characteristic
patte2rn which extends as far a2s the sensor at y+ = 500,
which is just at the lower edge of the wake region in the
boundary layer. Blackwelder and Kaplan (1976)
investigated ‘the conditiongd velocities ocut to y+ = 100,
In the velocity signatures at y+ values from 200 to 500
w2 Observe a characteristic hicher velccity bulce which
is upstream in time when conditioned on the wall events,
This would indicate a structure which is inclined ir the
streamwise direction., This. of course, is not surprisinc
since any flew structures in the boundary layers are
supjected to & mean shear. Inclined coherent structures
originating near the wall ard extending out into the bclk
of turbulent hboundary layers was first proposed by Grant

{1957) from sgace-time velocity correlation measurerents,
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At the wall, the normalized instantaneous shear str-ess is
significantly changed dutring an event. The ensemtle
average of T, in this ficure demonstrates a local
decrease in the wall shear followed by a rapid increase
which is associated with the rapicly accelerating Zlu.d
near the wall. The time scale for the event in the shear
distribution appears to be slightly smaller than that in
the scale of the coherent velocity £luctuations.

As wa2s indicated in Chapter IV, reliable and
objective "burst” freguencies cannot be obtained kv the
VITA techrnique. This was consistently demonstratec bty
Offen ané Kline {1973) who, in addition to showinc that
the number of detectidns was non-linearly related to the
‘trhreshoic¢ value for the VITA technique, also showed that
the cther commonly used methods exhibited the same
problem. In addition to the dependence of the detection
frequency on the threshold, the statistical dist;ibuticn
of events is non-linearly relateé to that threshcld.
This is demonstrated in Figure 91 in which the normalized
probability distribution of burst events detecteé with
two different thresholds are presentéd. As in tke
probability distributions presented in the results of
Chapter VII for the instantaneous wall shear stress, the
distributions in Figure 91 are plotted as number
densities at rms increments away from their respective
means. This typevof normalizaiton should collapse

related distributions. In the Gistributions of Figure 91
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for only a *10 percent deviztion away from the 1.2
th}eshold used by Blackwelder and Raplan (197€), we

— observe differences in the turst statistics which are
related to the detection threshold value,

In spite of this criticism of the VITA technigue for

measuring the burst frequency, it is valid in the sense

that it does generate the mcst cohereat verecity .
signature that is associatec with a large locally high

rms in the streamwise velocity near the wzll. Through

such visualization studies zs that of Offen and Kline
(1973), who found a majority of VITA detections
corresponded to the visual ckservance of a2 "burst”™ event,

we can relatz that average signature to that for an

average "burst" cycle, Altiough Cffen ané Kline (1973)

found, for a low Reynolds nzzber boundary layer, that a

VITA detection dié detect bursts, they observed that the

- technigue only detected 53 rercent cf those that weare
- observed o visually occur in the region of the probe. A
similar factor cof two was otserved in that study for the

other techniques that they investigated. This sare trend

o was also cbserred by Bogard and Tiederman (1981).
In light of these finéings, the velccity sigrnature
.
cbtained through the VITA technique was only used as &

pattern in the match filter detecticn which was used to

jog

obtain the freguency statistics for the occurrence of
wall events. In ali the czses considered, we utilized a

pattern that was generated frcm the cata for that case.
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As with the VITA detection, the patterns and match filter
detection were generated from the velocity time series.at
v+ = 15,

In Figures 92 to 95 we have displayed typical cases
of the raw data for velocity time series and the
corresponding'match filter correlation for regular and

manipulated boundary layers at each of the respective

- S

Reynolds numbers. The top time series is the
instantaneous velocity non-dimensionalized by the average
rms. The bottom time series in these figures is the
cross correlation between the pattern and the velocity
series. The dashed lines correspond tc zero level in
both >f the traces in these figures. As 2 reference, the
time axis is presented non-dimensionalized with outer
flow paremeters.

The peaks in the correlation correspond to locations
where a maich occurred between the average burst
signature and the time series. Inspection of pecints of

ssitive ~orrelatin peaks in these figures reveals that
they correspond to the characteristic signature of the
local deceleration of the flow follcwed by a rapid

acceleration. 'Tnes

u

{

carrelaticns are norralized by the

rr

output for a perfect correlation that correspends to
correlating the matcn filter function with itself. It is
interesting tc note that with this normalization it is

possible to have cases where the correlation is greater

rhan one. These cases are associated with detected




bursts that are spaced less *han an average wave length
apart where the positive correlations can sum up. The
negative correlations that occur in thesé figuresr
correspond to the cases pointed out by Nishioka et al.
{1980), namely the deceleration of the same magnitude and
time scale as that for a burst. Wwithout any
specification on the sign of the velocity change, the
VITA technique, as it was propesed originally, would
associate these occurrences with bursts.

The burst locations were taken as the locations of
the significant positive correlation peaks in tﬁe match
filter outputs. We chose a normalized correlation of 30
percent to be the minimum for a relevant match in the
velocity series, i.e., minimum acceptable peak amplitude.
This value corresponded to one end cf a region of

irnsensitivity of the detected bursts to the correlation

lsvel between 0.3 and 0.8.

Using the detection points obtained bv the match
filter, the ensemble averaged time series for the burst
events at the 11 heights in the boundary layers were
constructed and presented in Figures 96 - 99, The scale
for the abscissa in these figures is the same as that fcr
the ensembled time series obtained from the VITA

detection in Ficure 90. By comparing Figures 90 and 96

we observe that the main features of the ensemble
averaged velocity signatures are basically the same,

Kowever, we observe that in the caze of the match
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detection;, the velocity signéture is coherent over a
larger wave length than in the vita detection ensemb}es.
This can be.attributed to the inclusion of non-events in
the VITA ensembles. This leads us to conclude that the
VITA technique does not only miss some of the wall events
but it also includes somé nen-events, '

At the higher Reynolds number range in Figure 97, we
observe a decrease in the peak-to-peak arplitude of the
event signature below y+ = 100. Mcst cof that decrease is
a recult of the much smaller level of deceleration ir the
beginning phase of the event at the higher Reynolds
number. After the rapid acceleration in the
instantaneous velocity, the velocity signatures exhibit a
plateau which was not present at the lower Reynolds
number. It is important tc point out here that since the
average signature at the higher Reynolds number exhibits
an amplitudé which is a smaller percentage of the
turbulence fluctuating velocities, the threshold value in
the VITA detection must be reduced in order to incluce
all classes of the events. 1Insrection of the ensembles
for the manipulated boundary layers in Figures 98 and 929
shows them to resemble the higher Reynolds number case in
Figure $7. One most notable difference occurs in tke
shear stress signature. In the case cof the manipulated
layers we observe a much reduced decrease in the local

shear which is associated with the decelerating fiuid

near the wall.
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Another noticable feature at the plateau is a
consistent pattern oﬁ regular oscillations. This may
very well reflect the instability of the shear layer
developed by the "burst" cycle and obser&ed by
visualization, i.e., by Rline et al. (1967) and during
the largest stages of transition, i.e., by Nishicka et
al., (1980).

The probability distributions of the period between
burst events is shown in Figures 100 to 104. A
comparison between the protability distributions for the
events detected by the VITA and match detection is
presented in Figure 100. As with the previously
cresentec¢ probability distributions, these are normalized
by subtracting the mean period and dividing by the rms.
Comparing the statistics in this figure shows that with
the thresholé@ value recommended by Blackwelder and Kaplan
(1576), the match detection makes approximately twice as
many detections. This result is consistant with the
resulis of Offen and Kline (1976) who founé that the VITA
technigue, as well as other methods which employ a
threshold, detected only half of the events that were
observed to occur with visvalization. Comparing the
statistical distritution of events as teflected in the
skewnecss and kurtcsis yields further resultz. The match
detected events are skewed approximately twice as much as
thcse of the VITA technique. This indicates that the

YITA technigue with the given threshold is not detecting
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the events occurring with longer periods between them.

This would indicate that these events were less intense
than those occurring nearer to the mean peridd;AgThéﬂ o
kurtosis of the distribution for the VITA method

indicates a distribution which is narrower than gaussian.
In contrast, the kurtosis for the match detection is
approximately three times greater, indicating a much
breader distributicn of events,

Blackwelcer and Kaplan (1976), using the.VITA
technique, estimated that the burst events occurred
approximately 25 percent of the time in the life of the
boundary leyer. The statistics presented here for the
match detection indicate that these events are occurring
over a much creater percentage of time, The
twc-dimensional reconstruction of the velocity from the
hot-wire rake, to be presented later in this chapter,
will give more insight into this aspect. However, it is
clear frcem this figure tha*t a technique whiéﬂ reiies on
detection of events through locally large statistical
quantities may be accepting only part of the tptal
distribution of these events. 1In particular, setting a
loczl thresheld only includes events‘of a particular

class that are sufficiently energetic or otherwise pass

some biased criterion, Other events of the same class

may exist but are being ignored because they do not fall
within a narrow sampling criteria. This is not said to

criticize this method of signal detection, but rather to
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point out that results based on such an approach must be
qualified in a manner which is appropriate with the -
selection parameters,

The distributions are compared for the regular and
manipulated boundary layers at both ranges of Reynclds
numbers in Ficures 101 and 102. These results incdicate
that the distributions become less skewed and less broad
with increasing Reynolds number. This trend is
consistantly demonstrated in the manipulated layg;s which
appear to emulate higher Reynolds number boundary layers.
A direct comparison of the regular and manipulateé
boundary layers at the same free-stream velocity is
presented in Figures 103 and 104. These are the same
distributions as in the previous two figures but
replotted to zllow a direct comparison. 1In all cases,
the peak in the distribution occurs at approximately one
rms period less than the mean. The addition of the .
manipulator, which we observed earlier tc result in lower
fricticn at the wall ard a thicker sutliayer, leads to an

increased absclute pericd. at both free-stream speeds.,

Two-dimensional Znalysis of Velccity: Space/Time Data

As described in Chapter III, space-tire analvsis of
the output cf the rake of 11 hoi-wires was done by
performing reconstructive two-dimensional low-pass
filtering, The one-dimensional filter'function was shown

in Figure 19 and the generzted two-dimensional filter
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function was shown in Figure 20. Typical records of
two~dimensional reconstructed velocities are presented in
Figures 105 and 106 for all four boundary layer cases.
The velocity data are presented as contours of constant
normalized velocity, Ul(y) - ﬁ(y)/u(y)rms. The dashed
line contours correspond to "structures™ having negative
normalized velocities. or velocities less than the mean.
The soiid line contours correspond to structures
containing velocities greater than the mean. .~

Structures corresponding to the wall bursts are
designated by their one-dimensional signature to be the
deceleration of the fluid near the wall followed by the
rapid acceleration. - By this definition, the burst cycle
will correspond to a dashed line structure followed by a
solid-lined structure for the notation of Figqures 105 and
105. In the contours 6f Figure 105, the acquisition was
initiated by the detection of a burst event which is
visible as the dashed-solid pair centered about TU,/v
approximately equal to 1 in the time sequences in that
figure, The high velocity éata were not acquired based
on a "burst" deteciion and the same comparison cannot be
made at the non-dimensionalized time of 1. Inspection of
Figures 105 and 106 strongly suggests that the velocity '
field near the wall is in a constant state of
acceleration and deceleration., 1In fact it almost looks
like an bistable mode. This is reminiscent of the

behavior of the wall layer proposed by Black (1966},
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Einstein and Li (1956) and Hanratty (1956) which modeled

the flow to be in a constant state of dissipation and
e regeneration, Another way to intgrp:et the
quasi-periodic low and high velocity structures near the
wall would be in terms of a bulk instability of the wall
layer. This aspect will be explored more, later in this
chapter.

These two-dimensional velocity reccnstructions

lso

v

| bring out another startling result. -In the bottom pzit °
of Figures 105 and 106. there appears to be sore coherent
eddy structure reminiscent of the vecrtex street emanating
from the manipulator plates. The presence of these Iis
clearly missing in the one-dimensional velocity spectre
taken at this height in the boundary layer. However, the
-wvo-dizensional deta indicate that the edlies zre
sparsely coherent, theleby resultinc in a broaé bané
cdistribution cf their one-dirensiona’ sgectral snercy.

The ensemble averaged reconstructéd velocity
profiles conditioneé at the time-instant whern the digital
images were acquired are shown in Ficures 1€7 and 1C8 for
"the regular and manipulated boundary layers,
respectively. These indicate that most ¢f the digital
images were triggered on a bhurst event, althouch the
detection is observed to be more sensitive to the high

. velocity sweep of fluid near the wall. This information
will be used in the interpretation of the ensecbled

digital images.

AT Re—
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The ensemble averaged reconstructed velocity N
profiles conditioned at the match filter detecteé time cI
an event are presented in Fiqures 109 - 112 for the
reqular and manipuléted boundary layers at the two
free-stream velocities., The range of contour levels In
these figures is the éame as that for the previous twec
figures. The features depicted by the contours about ths
detection point, TU./¢ = 0, cnrrespend te the average
"burst” structure. If we compare the average structﬁ:e
between Figures 109 and 110 we observe a strezmwise
extension with increasing Reynolds number. 1In the
manipulated lavers in Figqures 111 and 112 we cbserve zhat
the structure has a longer streamwise extent_compa;ed to
the regular boundary layer, This is consistarnt withA:he
idea of the manipuléted layers emulating higher Reynolds
number boundary lavers, The fact that some ccherence is
evident away from the detection point is indicating ¢
thz quasi-pericdic nature of the pfoces;.

In order to hetter understand the mechanisms of zh
wall layer events, the average structure associated with
burst periods greater than 3: away frem the mean periczé
was investigated. This was done so as to pinpoint wkat
differences, if any, exis*ed in these structures for
which the nearest event occurred 37 time scales tefore.
These are presenteé in Figures 113 and 114 fecr the
recular boundary layer at the low and hich

free-stream speeds, respectively. The non-matcrning cf-

wn

h



ORIGINAL PAGE i3
OF POOR QUALITY

some contcurs is a result of having to form the ensembles
in separate 64 point segments so as *o maximize the
number of realizations in the ensexmble average for these
doubly restrictive conditions in the band-limited tize
sequences, The 3¢ burst time scale corresponds to
approximately one-third of the cortinuous samrling time
and as seen in Figure 99, only accroximately cne percent
of the total events occur at pericds greater than 3:- away
from the mean., As a result of these limitaticns, the
ensembles in Ficgures 113 and 114 ccntain enly
approximately six realizations. Eowever, certzin
conclusions can be drawn from the results. 1In particular
these figures indicate that when zn event has noé
happenec¢ for a previcusly "long" time, the wall structure
remains at a low velocity state, ccmpared to the mean
flcw,which is observed to extend well up irto the
constant stress layer. A high velocity shear layer ics
observed to form above the low velccity structure prior
tc the foeormation of the hich velocity wall str-ucture.
This is evident in the ensemble averages shown in besh cf
the figures.

In order to lock at the wave—number distributicn of
the structures near the wall, two-dimensicnal spectra
were computed of the two-dimensional reconstructed
velccity distributions of the type shewn in Ficures 105
and 166. The two-dimensional spectra are precentec in

Figures 115 - 118 for the regular and manipulated
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boundary layers at the two free-stream speeds. The
spectra are normalized by the volume under their
distributions which corresponds to the two-dimensional
variance and plotted as centours of constant spectral
levels, 1In édditicn, the two-dimensional spectra are
plotted as all four quaérants of positive and negative
wave numbers,

At the low frse-stream speed for the regular

boundary layer in Tigqure 115, we observe narrow band

peaks at f:/U, equal to acproximately 2 and 0.5, along a

spatial frequency xy/§ equal to approximately 0.005. The

higher frequency corresponés to : .aon-dimensional period
of 0.5, which is evident as the smaller scales observed
at the lower Reynclds numter in the top part of Figure

105. The other pezk corresponds to an approximate

ron-dimensional period of 2 U./¢, which is the

acproximate mean bturst oeriod determined from the
one-dimensicrnal mztch filter analvsis. The peak in the
scatial freguency coordinate corresponds to a vertical
scale cof aprroximately 8.2: which is the aprroximate
scale of the structures with velocities greater than the
‘aean in Figure 195. The cther spatial peak corresponds
to a vertical scale of 0.CS3 which is the approximate
scale of the wall structures having velocities less than
the mean, |

At the higher Reynolés number, the two-dimensional

spectrum in Figure 116 does not shcw a peak at fi/U, = 2
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and the other peaks are Observed at lower wavenumbers.
The peak at approximately {£/Ue = 0.25 corresoponds to a
structure period of approximately N.328 seconds which is
approximately the burst period for the regular boundary
layer at the higher free-stream speed. These structures
have a spatial wave number of approximatsly ky/é=0.004

which corresponds to vertical scales of zppreximately

0 0.16Z. Thus the wall structures zre ckbserved to increase
thelr streamwise extent and decrease their vertical extent
- with increasiag Reynolds number.

The twc-dimensional spectral distributicns for the
manipulated boundary lavers exhibit the same trends as
broucht cut by the match filter aralwsis, in that we see
an increase 1in the streamwlise extent of the wall struqturesr
with the adcéition of the manipulator. In adédition, the

spectra alsc indicate that the vertical scale of the wall

or

ructures is increasing. Thls 1s ccnsistent with the

cbhserved crowth of the sublaver in the —znimilated toundary

Two-dimensicnzl Imace Analvsis

The r2Xxe of hot-wires provided infcrmation about the
soetial features of the boundary laver In a region
crizarily telow the mid-point cf the boundary laver
thizkness. 1In oréer to view the cohéren: structures
azrcss the whole bulk of the boundarw lzver, the

éicitized images cf the smokz-wire visuzlized flowfield
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were analyzed. Grey-level representations of typical
digitized images are shown in the top half of Figures 119
ané 120 for the régular and manipulated boundary lavyers.
These are photographs taken from the color television
monitor as output f£rom the MDP display processor with a
black and white cclor table which gives an increasinc
grey intensity corresponding to the digitized luminance
levels in the smoke image. In these representz*tions,
black ccrresponds to the lowest intensity and -/hite
corresponds to the maximum intensity value. The images
in these figures corresbond to the zoomed-in view of the
flow in the near vicinity (arproxirately 25) o7 the
hot-wire razke, which is visible in the left bottom cecrner
of the phoctograph.

In crder to distinguish the coherent features in the
visualized flow, the images were match filtered utilizinc
the same two-dimensional filter useé in the velccity
reconstructions presented in the previcus figures. This
was appropriate since the physical scalings were
identical in both of the processes, The details of the
match filtering for the digitized images were p:esented
in Chapter V. The results o¢f that process yields
enhanced images consisting of features whose spatial
variations in luminance correlated well with the spatial
characteristics of the two-cdimensional filter responsé.
We therefore are searching for particular scales of

features in these images which are consistent with those
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brought out in the velocity distributicns of tne
two-dimensional reconstructiens.,

The bottom photographs in Figure 119 and 120 are the
corresponding match filter reconstructions of the
respective digitized images in thcse figures. 1In these
cases, the black/white color table was loaded with a step
function sc as to distinguish distinct levels and form
contours of constant match ccrrelation. Black
corresponds to a negative correlation and white
corresponds to a maximum positive match. CompAaring the
digital images and their ccrresponding match-filter

representations points out the features that this

processing highlights. The hot-wire rake, which yields a

strong correlation, was left in the processed images to
aid as a reference to the photograrhs.
Compariscn cf the imaces for the regular and

119 and 120 reveals some

"
in

manipulated lavers in Figure
differences. It is important to remember that the
acquisiticn of these images was initiated by the
detecticn of a "burst" event., This was indicated by a
large local variance in the velocity signal at y+ = 7 in
the boundary layer. At that instant In the regular
boundary layer, the match-filter enhancement in Ficure
119 reveals some coherent f:atures near the wall and in
the outer part of the flow that extend toward the wall,

In the manipulated layer in Figure 120, we observe a

larger feature near the wzil and what appears to be a
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regular ~ddy pattern in the outer part of the flow. 7
These, hcwever, correspond to one realization only of the
"hurst® event. In Figure 121, the enszmble-averaged
ernhanced-images of these events are presented., As was
indicated earlier in this chézter, the detection of wall
everits based on a locally high variance is not always
reliable. Therefo-e, the image realizations included in
the ensemble were those which ccrrespornded to a
match-filter detection ét that instant in the velocity
signal, which was acquired simultaneously. The
acceptance rate ir this case was approximately one out of
th-ee.

The ensemble average of the images withcut any

enhancement tended to smear the details, but
condiﬁionally averaged match filtered images which

are presented irn Figure 121 revealed scme features.

4

If we focus cn the result for thes recgu!

u
H

boundary

}

layer, in the tcp of the figure, we onkszrve what

1ooks to be a relatively large slender feature wrich is
inclined in the flcw direction. This shape is
reminiscent of the Townsend (197C) inclined eddies or the
Brown and Thomas (1977) descrigtion of :he'oute: inclined
structures they associated with the wall "bursting”. The
Iocel maximum at the outer %ip of the feature indicates
that the smoke was rolled-up ir that region suggesting a
possible eddy structure. This may very well te a visdal

ensemble of the hairpin-like vortices.

TS

~
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In the ensemble averaged images for the manipulated
boundary layer in the bottom half of Figure 121, we see a
similar feature, However we find it fesiding in a region
below approximately 60 percent of the boundary layer
! : thickness. Above that we observe the alternating light

and dark regions that are indicative of the ed”y pattern

in a vortex street, most likely emanating frcm the

manipulator plates. If we compare these images to the

ensemble-averaged reconstructed velocity distributions in

. Figures 107 and 108 we see some similarities. The

velocity distributions were normalized so as to bring out

features that stood out against the nackground
non-coherent turbulence. For the regular boundary layer
the normalized velocity contours in Ficure 107 reveal a
lifted structure which is inclined at an angle similar to-
~hat of the feature in the image. In the manipulated
lzyer, the structure implied f£rom the velocity contours

in Figure 108 is cobserved o exhibit less of a vertical

extent than in the regular laver. This was alsc evident

in the ensemble image for the manipulated layers.

In order to view a greater streamwise portion of the

boundary layer, the images viewing approximately 10¢ in

.the flow were analyzed. These are chown in Figures 122
and 123 for the regular and manipulated boundary layers.
Again the match filter enhanced images were generated for
these realizations which also were acquired upon the

detection of a wall event. These are compatable}
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although not the exact same realizations, to the
two-dimensional reconstructed velocity time series in
Ffigure 105. There are clear and identifiable differences
in the enhanced images for the two cases. The regular
boundary layer exhibits locng coherent features that
extend across the bulk of the boundary layer and which
are inclined along the mean chear. In the manipulated
boundary layer these-features are not evident. Rather,
the outer part of the boundary layer flow appears to be
dominated by a stream of alternating vortex patterns.
This feature was peinted out in the discussion of the
features for the two~dimensional reconstructions of
earlier in this chapter.

Considerably more analysis is needed to interpret
these images. However, they do bring out coherent
features which are linked with the burst events and which
are consistent with the ricture we obtained from the
simultaneous velocity surveys. We hope that they will
also provide us with the time secquerce of events from an
objective and gquantitative assessment of flow

visualization records.
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CHAPTER X

DNIRCUSSION

in the previous two chapters, the conseqguences of
suppressing the large-scale intermittent outer structures
in turbulent boundéry iavers were presented.,, In this
chapter these results will be tied together so as to
pinpeint the physical mechanisms involved in these
manipulated boundary lavers. 1In doing this, emphasis
will be placed on the role of the intermittent outer
corrugations on the boundary layer growth as well as on
the production and distribution of the turbulence scales
of metion. Next,the cuter flow processes in the boundary
layer will be tied to the mechanism for turbulence
generation in the wall layer through their interaction
with the coherent motions near the wall. This analysis
will attempt to lead to a unified phenomenological
rerresentation for the mutual interaction of inner and
outer fluid lavers in boundary laver flows. Whenever
possible, the results of other investigators will be
drawn upon for comparison and te¢ reinforce the

conclusions arrived at in this investigation.

Mechanisms Governing Cgeration

~cf Parallel-Plate Manipulators

The manipulated boundary layers were observed to
have marked differences in their mean and unsteady

characteristics when ccmpared to the regular turbulent
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boundary layers over a comparable Reynolds number range.
The major differences occurring in the manipulated

boundary layers are characterized by the following:

a visual evidence of the suppression of large
outer turbulent scales that leads to a lack
of intermittent excursicns of high speed

potential fluid into the boundary layer,

a decrease in the streamwise growth of the
boundary layer thickness and integral

thicknesses él’ 62, and 63,

a disproportionately larger shape factor le,

a 30 percent decrease in the local skin-friction
coefficient over the regular boundary layer at

comparable Reynolds numbers,

a growth in the sublayer by approximately 17
percent which is refleced in an upward
translation of the log-linear velocity

distribution,

a 17 percent decrease in the von Farman
constant reflected in a more sloped log-linear
velocity distribution for the manipulated

layers,

a decrease in the entrainment velocity which is

PR -
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also observed to decrease with increasing

Reynolds numbers,

§) a reduction in the wake strength coefficient,
I, in the manipulated boundary layers at

comparable Reynolds numbers,

9) a lower level of u/U. in the manipulated
bourdary layers below y. = 100 and an increase
in u'/uT in the wall layer up through the

constant stress layer, «

10) gqgrowth of the constant stress layer and an
increase in the rate of growth of the
streamwise length scale of turbulent eddies,

and

11) a reduction in the absolute frequency of
occurrence of the so-called "burst” events in
the manipulated boundary layers.

We look to these documented changes in the
manipulated bouhdary layers in order to ascertain the
mechanisms governing the operation of the parallel plate
manipulators in a turbulent boundary layer. It should be
kept in mind that these cited effects appear to persist
. for appreciable distances (at least 70 boundary layer
thicknesses) downstream of the manipulator.

If we consider the results of the parametric stucy of

this class of devices in Chapter VI, we note that an
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optimum exists for the different parameters in the
different manipulator plate configurations. The table in
Figqure 22, for which the optimum parameters are scaled
with the characteristic boundary layer lengths, indicates
that the maximum reduction in the outer intermittent
scales is produced by devices which have dimensions and
are placed at heights that are comparable to the average
size of the eddies which are to be suppressed. The fact
that two-plate parallel and series manipulators worked as
well as the four plate manipulator suggests that the
lower plates in M-1 had little effect on the large scale
turbulence., What is extremely interesting in the
parametric study is that the optimum spacing between the
streamwise oriented plates of M-4 is 6§ to 8 boundary
layer thicknesses which correspond to the average life of
a large scale eddy estimated from the velocity
correlation measurements of Blackwelder and Rovasznay
(1972).

There appears to be four key mechanisms for the
observed suppression of the outer scales in the turbulent
boundary layer. Any oné or all of these mechanisms may
be acting at once although scme are most likely nore
dominant than others. The first explanation for the
effectiveness of these simple devices is that the
manipulator plates restrict the vertical velocity
components associated with the large scale motions

(Rovasznay, 197 in very much the same way as a
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honeycomb supresses the iatetal velocity components of
grid turbulence within eight mesh lengths {Loehrke and
Nagib, 1976). The fact that these scales dissipate so

rapidly may be an indicaticn that they are felatively
inactive motions.

The unsteady circulation generated by the flat plate
in the fluctuating turbulent flow leads to the second
mechanism. A flat plate at zero incidence in an unsteady
shear flow similar to the boundary layer will generate
circulation in the same and opposite sense to that of the
large scale structures. The exercise carried out with a
one-plate manipulator at varicus positive and negative
angles of attack in Chapter VI was aimed at demonstrating
this mechanism. In those experiments we observed‘both
suppression as well as augmentation of the large scales
depending on the angle of attack being negative (or zero)
or positive,resrectively. The augmentation of the large
scale motions is an appealiﬁg idea for improved heat
transfer applications.

The third mechanism is based on generation of new
scales in the outer part of the turbulent boundary layer
as a result of the vortices being formed in the wakes of
the plates. Although the one-dimensional velocity
spectra taken at the height of the manipulator plates at
downstream stations indicate that these vortices rapidly
lose their identity through the turbulence velocity

fluctuvations, the two-dimensional velocity
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reconstructions and imagz processing records indicate
that some coherent remnants may exist in intermittent
packs far downstream cf the device. These eddies, which
are of a smaller scale than the larger outer bulges in
the boundary layef may act to redistribute small scale
turbulence. Through visualization of the outer flow of a
turbulent boundary layer, Taneda (1981) and Taneda et al.
(1981) have demonstrated that a most amplified mode may
exist for the passage of large outer flow structures.
The generation of a vortex street with passage
frequencies away from the most amplified case may disrupt
this process. .

The last mechanism, which may have a tole in
suppressing the large outer scales and in redistributing
the fine scale turbulence through a greater bart of the
boundary layer, results from having a wake profile
embedded in the mild mean velocity shear in the outer
part of the boundary layer. The turbulent energy
equation for a two-dimensional incompressible mean flow,
outside the viscous sublayer (Townsend, 1956) takes the

following form

-2 9 =2
1 . 3g T | —3W_ 5 = .,1 72 _
5 (U T + Vv 3y ) pu FI% + Iy {Pv + ! v} + pe = 0
advection '’ production diffusioﬁ dissipation

Normally in the outer wake part of the boundary layer, :U
is small, as well as the uv correlation, thereby
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resulting in a near zero turbulence production. 1In the
wake of the manipulator plates, we have a locally large
du/dy. This is evident just downstream of the device as
shown in Pigure 52, On the wall side of the manipulator
plate we might expect that du/dy would be negative but
because of the mean shear the U(y) distribution directly
below the plate is nearly constant as shown in Fiqure 52,
On the potential flow side of the manipulator plate, we
observe a substantially larger positive velocity
gradient. As a result of the unsteady vorticity
genqgated by the manipulator plates, we also might expect
t»at the uv correlation would increase. Therefore, the
wake of the plates is a likely site for turbulence
production in the manipulated boundary layers. Additional
evidence and discussion of this is presented in Appendix
B.

The lcst mechanism may explain why the Qanipulated
boundary layers are filled with fine-scale turbulence as
depicted in the photographs in Figure 51. Furthermore
this would explain why the u'/uT distributions in the
manipulated layers in Figures 54 and 55 have higher
values than their reqular boundary layer counterpar's.

In the regular case, the streanwise velocity stress was

found to be related at all heights in the boundary layer
to the wall shear velocity, u_, as was shown in Figures

31 and 32. This was not the case in the manipulated

boundary layers. However, since u_ is a measure of the
1y

180



O N
Rl T
=~
e}
“)

[
i
‘N

turbulence production at the wall, it would not account
for other sources which contribete to the turbulent
stresses away from the wall. With the added turbulence
production in the wake of the manipulator plate, we would
expect a thickening of the constant stress layer which

indeed was observed in the one-dimensional velocity ’

I
K

spectra.

Although this concept is very appealing for
explaining one of the turbulence control mechanisms, the
mean velocity distributions indicate a fairly rapid decay
T of the wake of the plﬁtes. Therefeore, the turbulence

production must be localized to the near wake cf these
plates, However, once the fine scale turbulence is
generated, it might be convected for long streamwise
distances.
- Each of these mechanisms that may govern the
effectiveness pf thes= large scale turbulence
manipulators in the'bounda:y layer have jucstifyving
asvects., Most likely, all of *her. are acting to
suppress the large-scale outer structures and to
redistribute turbulence thronghout the boundary layer.
The fact that an ootirnnm exists for this process
indicates that thes2 dzvices are acting on some
fundamental proverties of the turbulence in the boundary

layer.
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Drag Reduction and Reynolds Number
Effects on Boundary Layer
Large Scales

In Chapter IX we dorumented a 30 percent reduction
in the local skin friction in the manipulated boundary
layers. Accounting for the drag of the device, this
resulted a net reduction in the friction ccefficient of
21 percent by the last streamwise station at the end of
the tunnel test section, i.e., about S5 boundary layer
thicknesses downstream of the manipulator. This part of
the chaoter will address the physics behind this behavior
and make some judgments as to how long this effect may
nersice,

In the phctograchs of Figure 51, along with those in
Figures 24 and 25 from the parametric study, we observed
A lack n{ “he intermitlent excursions of high speed
ootential Zluid into the recesses in the boundary layer
vith “bh2 nanioulztor. As a result of this we measured a
decreaz2 in th2 streerwise crowth of the boundary layer
anZ all of its irtegral thicknesses as evicenced by
Ticures 56 and 57. By irmveding the high speed fluid from
rzacting close to the wall we would expect to -educe the
hich local instantaneous wall shear stresses and thereby
the time averaged value. The reduction in the growth of
the Doundary layer and reduction in the local average

wall shear stress are a result of the lower rates of
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entrained potential fluid into the boundary layer. This
vas demonstrated in Figure 69 which ﬁresented the mean
rate of propesgation of turbulent fluid into the
free-stream or the entrainment velocity, vp' as a
function of Reynolds number in the regular and
manipulated boundary layers. In this figqure we observe
an approximately 40 percent reduction in the entrainment
velocity with the iarge scale manipulators. Bradshaw
(1967) found that the gquantity vp/Ucn was very nearly
proportional to 1'/QU2 in equilibrium and

non-eguilibrium boundary layers., Furthermore that ratio
of the large-eddy velocity fluctuations to the
small—scéle velocity fluctuaticns in the central part of
the boundary layer is proporticnal to (T/CUZ)%.

Moreover, the ratio of advecticn or diffusion to
production in the outer part of the layer is proportional
to Cf.
Figure 69 demonstrates that the Reynolds number
distribution of friction coefficient is related, within a
proportionality constant, to the ratio of the énttainment
velocity to free-stream velocity. Therefore, removing
the large outer scales leads tc a reduction in the
entrainment rate in the manipualateld boundary layers
which then results in a subseguent reduction in the local
friction coefffcient.

Considering the regular boundary layer case in this

figure we find that the entrainment velocity is
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decreasing with increasing Reynolds number in a marner

oroportional to Cf(Reﬁz)- This indicates that the large

~outer scales, defined by the regions of interimittency in

the turbulent boundary layer, are bgcoming less coherent.
In a similar fashion the ration of diffusion to production
in the oute: part of the layer is decreasing like 2C¢ (x).
This is a result o the decrease in the ratic of the

large-eddy velocity fluctuations tc the small-scale

1
" yelocity fluctuaticns prerortional to (2C.)°. Thus the

cuter part of the bound: y laver is filling with smaller
. )
scale turbulence like (Re. } . The preccess has been

observed through visualizaticn records of turbulent
noundary layers cver a range of Reynolds numbers
including transitional values by Nacib et al. (1978).

In the manipulated boundary layers we are hastening
this oreccess by removing the intermittent outer scales
and theIesby "aging”™ the broundary layer in a Reynolds
numb2r sense. These mani;uiated beundary layers
therefore emulate higher Revnolds number flews. By this
sams argument, hcowever, %= are implying that the large
nuter scaless are associated with "voung" boundary layers.
Extending this argument cne s%ep further leads to the
hvoothesis that these larce outet scalesvare the remnants
of the turbulence transition process. This rzasoning is
reinforced by the fact that we have not cbserved a
recurrence of these large outer bulg23 in the manipulated

boundary layers withan the 70 bournday layer thickness
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available to us downstream of the device,

Given the relationship betwsen the cntrainment aﬁd
friction coefficients, we examined the Reynolds number
dependence of Cf for the regqular and manipulated boundary
layers in Figure 124. This figure demonstrates that a
power law relation exists between the friction
coefficient and Reynolds nutmber. In particular, the Cf
values for the regular boundary layer are observed to
decrease like the -1/4 power of Reéz. This is predicted
by the Ludwig—Tillmann relation for a constant shape

factor H In the ranipulated boundary layers, the C

12° £
dependence on Reynolds number falls on a higher slope of
-3/7. The fact that the Cf(Reé:) distribution is not only
shifted but also diverging from the regqular case
indicates that the boundary layer is not only "aged™ by
the manipulator, but that it is "aging" faster with
increasing Reynolds numbers.

We can estimate the eguivalent Reynolds number
corresponding to the manipulated boundary layers by
translating the Cf distribution in Figure 124 so that the
values fall on the -1/4 distribution of the reqular
layer. This is equivalent to multiplying those values by
a coefficient which corresponds to a translation on the
log axis. The coefficient value, however, increases with
increasing Reynolds nbﬁbers in the manipulated boundary

layer to account for the greater slope. This process

yields a range of eguivalent Reynolds numbers for the
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-manipulated boundary layers from 7,000 to 22,000.

Based on the above arguments and, in particular, the
hypothesis that the large scales are remnants of the
transition process, one may expect that the effects of
the manipulator on the wall fricticn would persist for
very long distances. Only if the large scales would be
regenerated by a truly turbulent boundary layer, one may
expect a return toward the reqular boundary layer
correlation, Additional evidence on this matter is
presented in the next section. However, if the return of
the large seales is not likely or is very slow, the
manipulators investigated here may present a very
attractive tool for reducing drag over bodies with

turbulent boundary layers.

Wall Layer Instability

The one- and two-dimensional analysis of the
therent features in the wall region in turbulent
boundary layers indicated that the s¢c-called wall
"bursts™ which were determined by other investigators to
occur apvproximately 25 percent of the time (Blackwelder
and Kaplan, 1976) actually occur in a continuous
guasi-periodic process, The random nature associated
with these events is a result of their extremely broad
distribution of wavelengths. It is this behavior which
has prompted us to associate these events with a bulk

instability mechanism in the wall layer. In thir section
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of the chapter we will address this issue and relate the
frequency of occurrence of these events to the boundary
layer parameters so as to identify the physical process
governing these important features in the wall layer.

In the results in Chapter IX, we demonstrated that -
the one-dimensional match filter detection of the wall
events gave the same results as those oﬁtained from
two-dimensional spectral analysis of the reconstructed
velocity distributions. Given the consistency of both
approaches, the results from the travefsing single wire
probe ard stationary rake of wires were used to establish
the Reynolds number dependence for the frequency of the
wall events. In line with an instability approach we
formeé a Strouhal number based on a wall layer velocity,
U., anc length, &, to non-dimensionalize the wall event

frequency. That Strouhal number is

U,;
This can be put in terms of quantities characteristic of
the stblayer, where we take an arbitrary value for y+
which is near the edge of the sublayer to obtain
st’ = fy+\'/u, = fv_
This vields the traditional inner variable non-

dirmernszionalization of the burst period or
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The quantity 1/St+ is plotted versus Reynolds number
in Figure 125 for the regqular and manipulated boundary
layers. In this form the event frequencies show some
very interesting trends., If we concentrate on the
frequencies obtained from the rake of wires, shown as
half filled symbols, for which the change in Re62 was
obtained by changing Ux, we find the trend denoted by the
dashed line in the figure. The slope cof this line, both
for the reqular and manipulated boundary layers, is 1.5.
I1f, however, we measure the burst frequency at one
free-stream velocity and increase 385: by increasing the
downstream x location, we obtain a different trend as
denoted by the solid lines in Ficure 125. 'In the regular

boundary layer for both free-stream velocities, the slope

of the line is ~3/8. The manipulated boundary layers

"show a slightly steeper slope, however, This is a result

of the differences in the Cf distributions, which were
shown in Figure 124, and wiil be accounted for in the
next fiqure. It is clear that both trends must intersect
at the x station for the hét—wire rake. The two data
values at that station are an indication of the
repeatability, albeit from two different probes and two
diﬁferent experimental runs.

The results in Figure 125 clearly indicate that in
order to collapse the nondimensionalized burst period we
need to introduce two parameters, namely, Re . and Rex.

-

Without introducing this second parameter we cannot
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collapse the data which occur over an overlapping range

of momentum thickness Reynolds numbers. Given this
insight as to this two parameter system, we can reexamine
the data taken by other investigators and look for

. 3
similar trends.

Figure 126 preéents the data from this experiment
along with the "burst™ frequency data of other
investigators who employed a number of detection
techniques. The solid symbols, corrééponding to the
manipulated boundary layers, have been shifted out to
their equivalent higher Reynolés number values in this

figure (see last section for more details). The scatter

of values in this figure is typical of what has been

observed in the past. However, if we focus on the data
) taken with flow visualization by Kim et al. (1971)
“corresyonding to the flagged circles and by Schraub and
¥line [(1263) correspending to the flagged squares, in the
lowcr left corner cf the figure, we observe consistent

trends. The cited data of Kim et al. (1971)was taken

with increasing free-stream velocities at a constant x

station and it demonstrates the expected upward trend.

The data of Schraub and Kline (1965)'was obtained at a
constant free-stream speed and increasing x locations and
it demonstrates the'expected downward trend, The consist-
ert trend is observed in the visually detected burst
frequency results of Corino and Brodkey (1969) in a

turbulent pipe flew. There they obtained an approximate
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1.5 power dependence on Reynolds number with irncreasing
velocity. They, however, ‘could not explain the opposite
trend exhibited by Schraub and Kline (1965). It is clear
from this that early investigators were compounding the
probler by indiscriminately changing both of these
parameters so as to obtain a range in one of them.

e Based on these fesults, we used our data to obtain

the dependence on Re reguiced to collapsé the curves for

the recgular boundary layer. That dependence is plotted

in the log-log distribution in Figure 127 versus Re, .

In collapsing the data for the regular boundary layer we )

have also succeeded in collapsing all of the data values

in the previous figure on the same line with a slope of

5. From this we conclude that
+
St (? ) = CONSTANT

The implicationg of this result are that in a
bouﬁdéif layer flow which is self-similar by all
para—etric cdefirnitions, the wall laver bulk instabilitv j:s
devendent not ornly on the characteristics of the layer (&)
but also on how you reached these characteristics (x).

The relatively large power (5) on these parameters is a
result of the near parallel nature of their growth in the
boundary layer. In that regard it ma; be thought of as a
non-parallel flew correction to the instability process,

The fact that this correlates the results taken over a
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range of Reynolds numbers where the boundary layer is
fully turbulent and down to Reg; = 600, where the flow is
transitional, indicates that the mechanisms ate the same
in both of these flow regimes.

It is only simple to conclude at this point that the
large scale structures, which have been studied in great

detail over the last 20 to 30 years ‘n laboratory

boundary layers, are remnants of the transition process.

The turbulent spots observed and documented again in
detaglvdﬁring the transition of boundary layer and
cﬁanﬁei fldws must persist well into the turbulent
regime. The hairpin-like vortices observed within them
must be the same ones that have been captured recently by
various technigques in laboratory turbulent boundary
layers. However, there is no strong reason to expect
these spots to pe regenerzted In & terprlent boundary
laver if they are suppressed by a manipulator.

In presence of these spots or large scales, the wall
layer reacts to them by undergoing some violent wall
events or "bursts". However, this reaction to the
"external™ forcing is only part of the sensitivity of the
viscous sublayer. The instability of the same viscous
sublayer appears to be a continually ongoing process
which scales with the inner variables and is dependent on

Re_ as well as Re . . Tae ReX dependence is not surprisingc
3 a

when one considers tne instability of this layer

dominated by viscous effects from the wall,



The manipulaters may then be viewed as a way of
"aging" tle bdundary layer past its post-transition
state. This of course leads to the attractive lower C.
values of high Reynoids number boundary layers. IZ the
wall layer instability would lead to Yarge scales like
those of the "spots" the return to the original behkhavicr
ray §e fortﬂcdming. Even so, this return may te very
slow and ret gain for technological devices may be
feasible. 1If the wall generated scales would not lead to
such larce scales, better performance may be even

available to us,



CHAPTER XI

CONCLUSION

The conclusions address two separate bgt
interrelated subjects that were experimentally
investigated. First, the main results dealing with the
management of turbulent boundary leyers with the
o?jective of reducing their drag are summarized. In the
second part, the main conclusions describing the naow view
of turbulent boundary layers which emerged from the
detailed measurements are put forth. An extensive
discussion of the findings ofvthe experiments is
available to the reader in Chapter X and the details of
facilities, techniques, flowfields and restlts are
contained in earlier chapters,

The following section will adéress the various
conclusions in detail. However, the major findings can
be summarized by the three statements: (i) Turbulent
boundary layers can be manipulated by suppressing their
large scales and net drag reduction can be achieved, (ii;
These large scales, which have been the subject of many
recent laboratory investigations, turn out to be remnants
of the transition process, i.e., slowly decaying
tnrbulent spots that are imbedded in the boondary layer,
and (iii) The wall layer events leading to thé production
near the surface, which have been termed "bursts", appear

to be a result of an instability of the viscous sublayer.
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It was then not surprising to find that they are
correlated by the two combined parameters Re:, and Re,,
ratzer than by the first one alone, as has been assumed

for many years.

Corclusions

The experiment verified that large-scale outer
structures defined by the intermittent excursions of
hich~speed potential fluid into the boundary layer can be
surpressed by simple parallel-plate "manipulators®™. A
parametric investigation of the different types of
parallel plate devices verified that cptimum designs
existed for the different configurations of stacked and
tardem plate arrangements. A final design consisting of
twc single plates residinc at a height of 0.8% and spaced
8: apart in the streamwise direction was chosen for the
firal set of measurements. This manipulator was selected
because it provided the minimur device drag among the
arrangements considered and because the plates were well
away from the wall layer. The latter criterion was
irportant so that the effect of suppressing the large
outer scales on the wall layer events can be examined
without the added inrluence of the plate wakes. Several
mechanisms have been identified to explain the operation.
of these manipulators and are discussed in Chapter X.

As a result of suppressing the cuter scales in the

turbulent boundary layer with the manipulator, over the



range of Re52 frez 2000 to 5800, we obtained a decrease
in the streamwise growth cf the layer and its integral
thicknesses. The entrainment velocity was decreased by
approximatlely 40 péréént in the manipulated boundary
layers. Consistent with the reduction in the entrainment
was 1 30 percent decrease in the local friction
coeffig}eqt.. AfEer accounting for the drag on the
manipulater plates, the net drag reducﬁion in the
manipulated boundary layers reached a value of
approximately 20 percent within 55 boundary layer
thicknesses downstream of the device. Further net drag
reduction is likely at farther downstream distances since
we see no evidence for recurrence of the large scale at
the>farthes: downstream distance in the test section, -

In the absence of the intermittent outer scales, the
manipulated iayers exhibit a 17 percent thickening of the
wall sublayer. Consistent with the this was a vertical
translaticn of the iog-linear distribution which has also
been observéd iﬁ toundary layers with drag reducing
additives. 1In addition, the frequency of bursts at the
same X location is reduced by a comparable amount. The
manipulated layers consistently exhibit a 19% lower u'/U_
turbulence intensity in the region below y+ = 100
although they display a higher u'/uT distribution over a
bulk of the layer, primarily because of their low skin
friction.

Various features of the manipulated layers are
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consistent with the idea that'they.emulate higher
Reynolds number boundary layers. The wall fricticn
distribufion for the manipulated layers is equivalent to
that for regqular boundary layers in the Reynolds number
range from 7000 to 22000 based on the momentum thickness.
This concept suggests that by removing the large-scale
turbulence, Yi hasten the "aging®” of the flow in a
Reynolds numﬁer sense and that at higher Reynoids
nucbers, the large intermittent outer scales are
diminished.

With the aid of the manipulators we were able to
isclate and focus on boundary layers with comparable
outer characteristics and 3 lower wall fricticn, i.e.,
smaller wall variables. Thic led to a better insight
into the mechanisms of the wall layer. 1Introducing new
techniques for objective detection and descripticn of the
twe-dimensional velocity field near the wall, these
mechanisms were documented.' These technigques included
match filtering, two-dimensional velocity reconstruction
as well as digital image processing and pattern .,
recognition.

Correlation of the results established that the
freguency of occurrence of coherent wall structures is
simultaneously dependent on twé paramefers, namely cn

Re. and Rew. By forming a Strouhal number, St+, based

on & sublayer thickness and velocity we obtaired the

fariliar inner scaling nondimensionalization of the event
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frequency. A correlation between this Strouhal number
and the two parameters was formed and used to collapse
the results of this investization for both reqular and
manipulated boundary layers. For the first time, results
of other investigators, over a range of momentum

thickness Reynolds numbers from 600 to 38000, are

correlated by the resulting relation, i.e.,

-6

+ -
St (x_): = constant

The ratio multiplying the Strouhal number can be thought
of as a non-parallel flow correction for the wall layer
bulk instability frequency. It further points out that
the mechanism governing the coherent motions near the
wall must include informaticn about the history or
initial conditions of the boundary layer. The fact that
this relation correlates tke data over the Reynolds
numberrrange for fuily turbrlent flow, and down to
transition Reynolds numbers below 1000, confirms that the
physical processes near the wall ére similar for both of
these flow regimes.

Based on the above conclusions, there is little
reason to expect these spot-like large scale structures
to be regenerated from a turbylent boundary layer after
they are suppressed by a manipulator. As pointed out
earlier during the discussien, one may view the

manipulator as means of "aging" the boundary layer past
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its post-transition state. 1If the wall-layer
instabilities would lead to large scales like these
"spots™, a return tc the original trends, including the
skin friction-coefZicient, may be forthcoming. Even so,
this return is likely to be very slow and net gain for
technclogical devices may be within our reach., Better
performance may materialize if wall generated scales in
an “aged” turbulen;sbéundary layer wouléd not lead to such
large structures. While in free shear layers, wakes and
jets, the mean velocity profiles may provide continuously
unstable modes, the outef boundary layer velocity profile
is most likely not to do the same, It is conjecture’. '
that the main source of instability léading to
exponential growth and rapid production of turbulence
would continue to be thé wall layer, i.e., smaller

scales.

Recommendations

The recommendations for further work must include
surveys with multiple sensor rakes oriented in the
transverse direction and placed close to the wall in
order to study the so called "streaky” structure in
reqular and manipulated boundary lav~rs, Two-direncsional
velecity reconstructions and patte: - :ognition would
give an altogéther new view of these Z_uw structures and
yield quantitative statistics cf their spacing with

changing wall layer parameters., In particular we can
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determine if they scale in accordance with the results

for the wall events.

The experiment should also be extended to higher

Reynolds numbers and greater distances downstream of the
manipulator. Preferably, the Reynolds numbers should
fall in the range or exceed the proposed equivalent
Reynolds numbers of the manipulated layer so that direct
compirisons can be made. In this work, additional
velocityasgrveys farther out in the boundary layer should
be conducted in order to calculate the intermittency
distribution and determine its Reynolds number
dependence, In the present investigation, that data was
not available. Pattern recognition may be quite useful
in detecting the turbulent/non-turbulent interface at the
edge of the boundary layer. It may also be very
interesting to subject the manipulated boundary layer
flows to strongly adverse pressure gradients in order to
see if the large scales reemerge.

In terms of the image processing, a great deal more
analysis can be done on the present images. fhis
includes two?diménsional pattern recognition of bursts
from the long-view images. 1In future measurements,
however, images more analagous to the Eulerian velocity
acquisition of the hot-wire rake can be obtained through
the illumination of the smoke along a line by a laser
beam and scanning the image across the digital camera

with a rotating mirror. This would give the needed time
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aspect to the digital images and should yield some very
interesting results after digital enhancement and

frequency analysis.
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INSTRUMENTATION DESIGN CONFIGURATION

As indicated in Chapter II, a rake of 1] hot-wires
was used to spatially sample the velocity field in the
turbulent boundary lavers. It was cost and space
prohibitive to utilize commercially available constant
temperature anemometers, o operate the hot-wires or
amplifiegs and low-pass filters, to pre-cordition the

e -
analog sicnals before diqitization and acquisition. We
therefore designed and built constant temperature
anemometers and analog signal conditioners which were low
in cost and compact in size. The latter criterion was
important because we wanted to place the anemometer
Circuitry relatively close to the sensors in order to
minimize electronic noise and provide ftequéncy

compensation for the cables which connected the

anemoneters.
The circuit diagram for the CTA was shown in Figure 5.

The etch pattern for that circuit is shown on the top

of Figure 128. This was designed for single-sided,

copper-clad printed circuit board. The photo negatives

of this pattern were placed together, in line, in groups

of three so that the parallel lines formeg a continuous

connection., These lines carried the $15 volt supply to

the individual circuits. This arrangement was used as

the patrern on a 6 x 22 cm photo-negative printed circuit

board from which the copper was etched to leave the
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conducting lines indicated by the black regions in this
figure. Two of these boards, containing-six anemometers,
were stacked in an 8 x 8 x 28 cm component box which
contajined the required BNC connectors and switches. A
total of 3 complete sets, corresponding to 18 channels,
were built during this experiment,

Included with each group of six anemometers was a
square wave generator bgieq on a 7405, Hex-inverter. The
etch pattern for that simple circuit is shown in the
middle of Figure 128. This was sucessively connected to
each anemometer bridge through a rotary switch, which
also connected the anemometer output to a common BNC for
monitoring the response during feedback adjustments to
the anemometer bridge. The square wave generator was
turned off after adjustments were completed.

The pre-conditioning of the analog outputs from the
anemometers was done by the bfas/gain/filter circuit
shown in Figure 7. The etch pattern for each channel of
that circuit is shown on the bottom of Figure 128, 1Ip
this case, six channels were compactly fit into a 15x8x25
cm. component box. Each channel utilized external
connectors to allow for different feedback resistors to
set the gain of each amplifier stage. Alsc, each channel
incorporated a single rotary switch which simultaneously
connected two sets of matched precision resistors to
change the cut-off frequency of the low-pass filter. The

phase and frequency characteristics of all of the filters
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designed in this experiment were gdjgg;gd;;o give the
identical response to that shown in Fiqure 7. External
connectors wére also available on the component box to
allow for the use of different resistor combinations for
different frequency cut-offs.

In all three circuits, special attention was placed
on keeping electronic noise to a minimum. In this
regard, all power inputs &e the generator amplifiers were
DC coupled with .01 .f capacitors. Also, all external
leads were properly shielded so as not to be sources of

power line noise.
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SUMMARY OF RESULTS FROM A PARALLEL EXPERIMENT

A parallel experiment on the control of the large-
sczle intermittency in a turbulent boundary layer was
pe-formed by H. Nagib, in collaberation with R,
Weztphall, during the period from December 1980 to
Fezruary 1961, while on sabbatical leave at the HTTM
Lz=oratory of the Mechanical Engineering Department of
Stznford University. In that Qgrﬁ, a turbulent boundary

zver was developed on one wall of a 2.4 m long
wizd-tunnel test section which had been aéjﬁsted to cive
a —ear zero streamwise pressure gradient. The

rsss-sectional dimensions of the tunnel were 0.2 m by
0.2 m with the measurements being performed on the longer
dimensioned side. The point of transition to turbuolent
ficw was fixed at the entrance by sandpapér in a manrner
similar to that used in this irvestigation. The
tzrbulent manipulator consisted of two 0.25 mm thick
plztes which were suspended in the tunnel irn an
arrangement of the ﬁ-4 type,i.e., very similar
cznfiguration as that of the final results of the present
izvestigaticn. The streamwise chord of the plates was
zrproximately equal to the boundary layer thickness, 3,
2z their distance from the wall was approximately 0.52.
T-e streamwise spacing between the plates corresponded to
£: as in the present investigation. Therefore, tZe zain

G:-fference in the design of the manipulator in tke two
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investigations is the elevation of the two tandem plates
from the wall. Here we used 0.85 while Nagib used 0.5z.

The manipulator was placed in the boundary layer at
the streamwise location x = 1.3 m where the Reynolds
number based on the momentum thickness was approximately
1700. The free-stream velocity was 10.6 m/s and the
turbulence intensityv at that speed was approximately 0.5
percent. The free-stream velocity fluctuations were
mainly a result of low freéﬁeﬁcy contributions.

The measurements consisted of mean velokity and
turbulence intensity profiles which were analvzed to
provide the mean properties of the flow including the
integral thicknesses, shape factors, and friction
coefficients. These were obtained for 9 stations along
the streamwise centerline as well as 2 off center
stations. 1In addition to the mean profiles,  pulsed-wire
probe measurements were made near the wall at each of
these locations to evaluate the mean wall-friction
coefficients, their rms and probability density
functions. The hot-wire and pulsed-wire Jdata were
acquired digitally and stored on floppy disks. The data
presented here are based only on the hot-wire data and
were processed at IIT using the same routines developed
for this investication. Various problems were encountered
with the acquisition and interpretaticn of the
pulsed-wire data and, therefore, they are not summarized

here.
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Smoke-wire visualization was also employed to give
visual evidence of the performance of the turbulehce
maznipulator and to aid in optimizing the device. The
results to follow are intended to summarize the work of
that study. Additional details may be published later on
this parallel effort. 1In particular, the evidence from
te smoke wire visuvalization in the form of photographs
igs very similar to that presented here.

Figure 129 documents the mean velocity and

trbulence intensity profiles just upstream of the
streamwise location of the device. The dashed and solid
lines in the figures correspond to the distributions with
ard without the manipulator in place, respectively. 1In
all these figures, the mean and rms velocities are
nea-dimensionalized with the local free-stream velocity.
Tris independence of the initial condition. from the
presence c¢f the manipulator is amply vérified by this
fisure, -

The éistributions just downstream of the device
{(x,/h=2.3) are shown in Figure 130. These clearly show
the wake <f the manipulator plates. Also evident is the
lewer u'/G values in the manipulated boundary layers,
which was also observed by Corke et al. {(1980) for the
fcur-plate manipulator. The velocity defect in the
rmanipulateor wakes was larger in this work by Nagib
because of the somewhat thicker plates and larger chord

lengths. As will be seen, this will result in a somewhat
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smaller net drag reduction in this investigation for a
distance from the device comparable to that for the
present work. This added drag is also evident in the
larger increase in Redzfor the manipulated boundary
layer at the same free-stream speed, i.e.} larger
increase in momentum thickness due to the device.

Parther downstream of the device in Figures 131 and
132, the wake of the device ?g dissipated by the
turbulence in the bourdary layer. By 2i éevice heights
downstream of the manipulator in Figure 131, the momentum
thickness in the manipulated layer is still somewhat
larger than in the regqular case but it clearly is not
growing as quickly. By the last station, 90 device
heights downstream, the mean velocity profile
demonstrates the same characteristic differences as saown
in Fiqures 25 and 26 of the present work. The lower
turbulence intensity in the outer éaft of the boundary
layer indicates a reduction in the velocity fluctuations
associated with the large scale excursions of turbulent
fluid away from the wall., By this station, the momentum
thickness is less than that exhibited at the same
x-location in the rejular layer; i.e., without tbe
device,

The Reynolds number distribution of the local
wall-friction coefficients is shown in ?igure 133 for the
reqular and manipulaéed boundary layers. The results of

Nagib are plotted along with the C_ distributions
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obtained from the present investigation. The values for
Cf for Nagib’'s data were obtained from the same momentum
balance software written for the present .nvestigation
ard summarized in Chapter fV. The values for the reqular
boundary layer fall in close agreement with aQe?age
values cbtained for the present results. The error bars
for those data points correspond to the rangs of values
obtained from the momentum balance, the Clauser log:fit
and the Ludwieg-Tillmann correlation,

The results in the manipulated toundary layer
dermcnstrate a comparable recduction in the local friction
cocefficient to the results of the present work. The
error bars in these data points are a result of
uncertainty in meaéuring dP/dx along the test secticn.

In ore limit, the C; distribution was calculated
utilizing the momentum balance with the streamwise
pressure difference of zero set to an accuracy of 0.03 mm
of wzter by Nagib over the entire length of test section.
The other 1lirit of the error bars was obtained for the
dU/cx distribution which was returned from the analysis
and is based on the hot-wire readings in the free stream.
Both values show approximately 30 percent reduction in
the local friction coefficient, 1I1f we i-clude the added
drag of the device, based on its momentum defect, the
resﬁlts of Nagib indicate a net drag reducticn of
appreximately 15 percent with a fetch of less than 60

boundary laver thicknesses.
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The results of this experiment by Nagib demonstrate,
in a separate facility, the effectiveness of the series ’
type manipulator in reducing the drag in turbulent
boundary layers. They further substantiate the findings
of the present work and docurent the effects of altering
the intermittent scales in a turbulent boundary layer.
Finally, they clearly identify one of the mechanisms of
this type. The reduction in turbulence level beneath and
in the lower part of the plate wake, deéicted in Figure
130, is very important to the operation of these devices.
Here we can see that the transfer of energy to the mean
flow in that part of the wake is partly balanced by a
transfer back into the turbulence from_the mean flow
above the plate elevation. The change in the sign of
across the perturbation introcduced to the equilibricm
boundary layer flow in the form of the wzke is a very
importanz ingredient to this two-way transfe!. While the
reducticn of turbulence near thre wall is the important
ingredienp, this two-way transfer may make its

implementation very efficient.
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