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PROGRESS SUMMARY

A description of the technical work performed, and the results ob-
tained during the fourth year of Grant No. AFOSR-76-2497 is convained for
the most part in the two attached papers. One is a presentation made at
the International Congress on Instrumentation in Aerospace Simulation
Facilities held on September 24-26, 1979 in Monterey, California, It
describes in some detail the level of sophistication that has been
achieved thus far in terms cof instrumentation and data analysis for our
investigation. The second paper, presented at the AGARD Conference on
Turbulent Boundary Layers held at The Hague on September 24-26, 1979,
summarizes the major results and conclusicns which have been deduced
from our measurements, This paper includes our first results from
measurements of the coherent sgtructure in the lateral direction. In
addition, the following events have also taken place during the past
vear:

- Publication in the April, 1979 issue of the AIAA

Journal of our paper '"The Nature of Boundary lLayer
Turbulence at High Subsonic Speed.,"

- Oral presentation of "Coherent Structure of Turb =..e

at a High Subsonic Speed,'" at the ASME Gas Turbine

on For
Conference in San Diego, California, March 12-15, 1979. ::\&I"‘“~E§7ﬁ-‘
. A 3
- Presentation of the paper (referred to above in creed ’j
cataoun ‘
connection with the ICIASF) describing our instrumenta- e
i
tion at the mceting of the Supersonic Tunnel Associatiou ';;;“ 7‘" !
bution

[
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at Notre Dame University on September 13-14, 1979,

Since the preparation of these papers several important steps have

been taken toward expanding our diagnostic capabilities and clarifying

our understanding of the turbulent structure at high subsonic speeds.
They are as follows:
- Construction, testing and utilization of 5 simple
anemometer channels based on a circuit developed by i
Weidman and Browand at U,S.C, We have greatly improved
the frequency response of the basic circuit by replacing
the operativnal amplifier with one that has recently
become available from Motorola, Five additional channels
are about to be completed and our immediate goal is to
have 15 of these units in operation. The advantage of the

units lies in their relatively low-cost, the ease with

which they can be set-up, and the improvement they allow
in matching frequency response characteristics of different
channels,

- At the present time, signal conditioning for the five work-
ing anemometer units have been provided for by the acqui-
sition of a set of simple ac amplifiers, As more anemometer
units become available, the additional signal conditioners
required will have to be either purchased or constructed.

- With the five anamometer units operating five flush

mounted hot-film shear sensors, recordings have been made




for a lateral grid which also includes five pressure
transducers just upstream of the shear semnsors and two
streamwise velocity probes at a fixed height directly
above two of the shear sensors (the original anemometer
systems are still being used for the velocity probes).
The obvious goal here would be to have five velocity
probes in the grid bgt we are currently limited to

12 data channels on our Honeywell tape recorder. We
are in the process of reactivating the Phillips tape
recorder we were using in our early measurements which
will make available five additional data channels.
With the capacity to record up to 17 fluctuations in
the flow it seems advisable to repeat the measurements
with the previous streamwise - normal grid and use the
additional channels to improve the resolution of the

boundary laver velocity profile.
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New York University
Department of Applied Science
26-36 Stuyvesant Street
New York, N.Y. 10003

Abstract

Results of similtanecus measurements of velocity, wall pressure, and wall-shear fluctuations in a
turbulent boundary layer are presented. The measurements were performed in a range of velocities from
40-700 ft/sec, and a range of Reg from 104 to 105, The results are analyzed in an attempt to obtaio a
description of the coherent or quasi-ordered structure of the boundary layer turbulence. On a large scale,
the boundary layer is dominated by vortical astructures which extend to the viscid-inviscid region. The
wall region is dowinated by the so called "bursting" process., The relationship or interaction between
the large scale outer structure and the turbulent "bursts" {s still not clearly defined. The present
experiments were particularly performed in order to understand how these processes develop and how their
relationship changes with increasing Reynolds number. The results of this fnvestigation at high speed,
while confirming sowe of the previous results with regard to the mesn period betrween coherent events,
and their geometrical configuration, did not yet resolve the question as to whether at high subsonic
speeds there is, besides the outer flow processes, a distinct inner region. With the limited {nstrumenta-
tion aveilable it was not possible at the high subsonic speed to resolve any inner sublayer region,
although {t was found that the outer flow structures exert a strong influence on the wall. The experi-
mental results at low subasonic apeeds,on the other hand, did indeed {dentify an inner and outer regiom,
and duplicated some of the results obtained at low subsonic speed by other investigations.

Introduction

The discovery, by means of visyal observations (Refs. 1-7) of an organized structure in turbulent
shear flows has led to a proliferation of new measurement and data analysis procedures for the investiga-
tion of the fluctvating properties of such flows (Ref, 8-19). Questions have been raised concerning the
adequacy of measurements which utilize instrumentation and analyses not suited to the ccherent, quasi-
periodic nature of the flow structures. It has been found that the size of the transducers used in the
measurements and the frequency reaponse of the associated electronics is an i{mportant conasideration in
terms of the varied scales of the flow structures; and that single point measurements and conventional
time averaged analyses cannot reveal ruch useful information about coherence or intermittency both of
which are {mportant aspects of the flow processes involved.

To overcome these problems, modern research efforts have turmed to wminituarized {(nstrumentation and
multiple measurements to obtain spatial resolution of the coherent flow structures, and to digitization of
the measurements 80 88 to allow various time series analyses to be performed on high speed computers.

With respect to the latter, {t has become increasingly popular to apply various conditional sampling
procedures to the digitized fluctuations {n order to {solate tewmporal sequences associated with the coherent
structurea., This type of analysis has revealed, among other things, that significant contributions to the
long time average Reynolds stress occur during intervals when coherent structures are present in the flov,
thus indicating that the modelling of turbulence and the develapment of drag and noise reduction mechanisms
might benefit greatly from a better understanding of these structures.

Visual observations of turbulent boundary layer flows seeded with various tracers have indicated the
presence of several different processes involving repetitive flow structurea, The wall region
(y* = y ur/v < 100) 1s characterized by streamise streaks of low s;peed fluid which 1{ft up frem the wall
resulting in locally inflex{onal velocity profiles. The lift-up 18 followed by some sort of oscillatory
potion and then a sudden breakup into small scale turbulence. The ejection of low speed fluid from the
wvall {s accompanied by sweeps of high speed fluid from the outer regions toward the wall, This overall
process has been referred to as a "burst' (Refs. 20-21), On a larger scale, the boundary layer ia
dominated by vortical structures which extend to the viecid-inviascid region (Refs. 6, 14, 16). The
relationship or {nteraction between this large-scale outer structure (LSOS) and the turbulent "bursts" is
still not clearly defined. In particular, how these processes and their relationship change with in-
creasing Reynolds number has not been fully explored. On the basis of observations and measurements over
s limited range of Reynolds numbers, it has become commonly accepted that the 'bursting' process is
strictly a sublayer phenomenon that scales with wall varisbles, while the large-scale outer structure is
basically Reynolds nuwber independent. A possible 1l{nk between the two processes may exist in the fact
that the frequency of occurrence of the turbulent '"bursts’ has been found to scale with outer flow
variables and seems to be related to the period of passage of the outer structures (Refs. 22-23).

The primary goal of this {nvestigation has been directed to study these phenomena at a high subsonic
speed, and to specifically determine the possible role or {nfluence of pressure fluctuationa on the
processes involved. Whereas most studies in this area tend to be at relatively low free stream velocities
(typically, U, < 100 ft/sec) and Reynolds numbers (Reg < 104), the present results are for & turbulent
boundary layer with U, = 675 ft/sec and Reg = 108,000. 1In addition, simultaneous measurements of three
propercies of the turbulent flow, nsmely, the streamvise velocity, the wall shear and the vall pressure

<

t Chairman, Department of Applied Science, and Director of the Antonio Ferr{ Laboratories, New York
University.

t+ Research Scientist, Antonio Ferr{ laboratories, New York University.




vere made. ['reliminary resulte Lrow medsurements at U, = “ 5> ft/sec led to the conclusfon that 1t would
be of some value to have comparitive measurements at lower .elocities. Therefore measurements for
boundsry layers with Uy, = 73 ft/sec and U, = 37 ft/sec werc also made, and are presented for cowparcfson,

-Experimental Facilities and Procedures

The New York University one foot diameter induction tunnel was used for this research., The facilicy
has been described {n detafl in Refs. 19 and 24. The capability of varying the velocity from 30 to 700
“ft/sec has since been added to the wind tunnel. 1In addition the wind tunnel was wodi{fied so a3 to allow
the test section to be located at several distances frow the inlet of the tunnel. This allowed the
weasurements to be made at various distances from the inlet depending on the boundary layer thicikness
required (at the lowest velocity, a boundary layer thickness of 3" was reached within 15 ft of the tunnel !
inlet).

The development of the data gathering system and the analyais programs has been a major part of the .
present research program (see Ref., 19). The aystem has been greatly improved by the acquisition of & !
PDP-11/34 mini-computer and a 14 channel tape recorder. The mini-computer system includes 64K bytes of }
memory, two terminals - one of which i{s an interaction CRT graphics terminal, floppy and cartridge disk
wass storage, and wmost significantlv, a 64 channel A/D converter with two programmable clocks. Programas
have been developed on this system which are capable of performing the following analysis on a production
tun hasis:

1 Long-time average auto and cross correlations,

2) Conditional sampling using the variable f{nterval time average (VITA) variance (see :
Kaplan and Laufer (Ref. 25) or Blackwelder and Kaplan (Ref. 8)). ‘

k)] Pattern recognition aralysis to ccmpensate for i1andowm phase "jitter' in conditional
samples (see Blackwelder (Ref. 26)).

4) Short-time, condi{tfonally sampled auto and cross correlations (see Brown and
Thomas (Ref. 14)),

These analyses can be applied directly to the original digitized data or to the data after it has been

filtered using the Fast Fourler Transform to {nclude only components within a chosen bandpass. In this

way {t should be possible to determine the {(mportance or influence of different frequency ranges on )
particular results, From the use of the different analvses {t should also be possible to detercine {if

different approaches to conditional sampling produce comparable results vhen applied to the sawme data,

Test Conditions

In Ref, 19 experimental results were presented for U, = 675 ft/sec., Since that time the measurements
have been repeated for two new sengor arrays and more extensive analvses have been performed. In add{tion,
extensive mean and flucruating flow measurements at Uy ay 75 ft/sec and Us o 30 ft/sec have also been made,

~ The zmean flcw properties of the boundary layer at several stations along the tunnel for these three flow
conditions are summarized in Table I, Similraneous mecasurements of the fluctuations have been made
primarily with the sensor srray shown in Fig. 1 and more recently with that shown in Fig. 2, 1In the
latter, six wall-shear measurements are oriented so as to yleld information about the turbulent structure
in the lateral dfrectfona. The present results are for data from the following test conditions:

- u_ = 675 fr/sec, X/0 = 31, Zoth arrays ({.e., Figs. 1 and 2)
- U = 73 ft/sec, X/D = 15.5, Fig. 1 array only

- U = 75 fr/sec, X/D = 20.5, Fig. 2 array only

- U = 32.6 ft/sec, X/D = 20.5, Both arrays
The aim of these tests is to yleld data over a wide range of Reynolds numbers ({.e., from approximately
5000 to 100,000) while maintaining the boundary layer thickness in the nefghborhood of 3 to 4 i{nches. The
friction veloc{ty, an {mportant parameter {n terms of the wall layer, 2lso takes on a wide range of values |
for these tests, that is, from 1.8 ft/sec to 18 ft/sec.

Discussion of Measurements

AL Veloctity, wall-Shear and Wall-Presaure (Fig, 1)

Spectral analyses of the measured fluctuations have ahown basic agreement with previous measurements
except {n the case of the pressure fluctuations {n the two low speed cases (Un = 73 ft/sec and Us = 32_6
ft/sec), As the result of many previous measurements it {8 to be ecpected that the rma level of the wall-
pressure fluctuations will fall somewhere betveen 0.5% and 17 of the dynamic pressure, qm. In the case of
Uo = 675 ft/sec a reasonable level of 0.008 g, was measured, But at U, = 73 ft/sec and 32.6 ft/sec the
measured levels were equivalent to approximately 0,23 q, and 0,65 q,, respectively, The explanation for
this 1s that, for the low speed teats, the vall-pressure fluctuations due to the turbulent boundary layer
become so weak cthat they drop below the nofse "floor" of the measuring devices. The nolse "floor" i{s made
up primarily of tunnel noise, although other sourcea such as trarsducer vibration response and mia-
all{gnment wich the tunnel wall may aleo contribute to {t.

Research performed by other {nvestigators, determined that the level ofetunnel notse could be lowered
wvith extensive acoustic trearment of the sonic throat section of the tunnel }vhere the flow undergoes

. rapid accelerstion) and by {mproving the suspension system of the tunnel. These modifications vere not
undertaken for several reasons. First, In the high subsonic regime where the primary interest lies, the
vall-pressure fluctuations due to the turbulent boundary layer are found to be sufficiently above the nofse
"floor” to sllow for accurate measurements. Secondly, {n the low speed case the main inceresc (s {n looking
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much gRrester sensitivity than the ones trhat are prerently being used,

Sections of the dsta are digitized for all three free stream velocities and for both of the measure-

- ment arrave shown in Fiwe. | and 2. Various combinations of the anslyses listed previously sre spplied tc
the digitired dats ir attempt to obtain results cowpsrable to those found by other investigatore end tc
compare certain prop:- es of the quasi-ordered turbulent struccure at the varied flov conditions. 1t 18
becoming more evident .:om continued use of the VITA variance analysis that one must be carefull when

looking at the mean period between events detected with this scheme. The number of times that the analysis
will indicate the occurrence of an event in & fluctuating quancity used as & trigger will depend strongly
on the threshold level applied to the VITA variance of that quantity. The results indicate that for all
three free-stream velocities a threshold level equal to approximately one-half the long time rms of the
fluctusting quantity in most csses yields a mean period betveen events given by TU,/8 & 5, although this
will vary depending on the measurement used as the trigger. However, this period does not seem to be any
more significant than eny other that {s obtained from thie analysis with a different threshold, Sowe

other criteris vould have to be used to determine the threehold which has physical meaning in terms of a
specific type of organized structure,

Although care must be taken when interpreting the mean period between events obtained in this way, an
ensemble average of a set of events detected using the VITA variance can be helpful in depicting average
or typical characteristice of coherent structures in the flow. Such a set of ensemble averages of the
velocity and wall-shear fluctuations are shown in Figs. 3-5 for the three flow conditions and for the
array shown in Fig, 1. They were obtained by applying the VITA vsriance analysis to the velocity fluctua-
tions at y = .075"(0) to obtain a set of times where the fluctustions at this point indicate the
occurrence of flow processes with certain repetitive characteristics., An ensemble average {s then taken
of 512 dats points centered about these times for eacn of the six velocity and one wall-shear measurement.
1t can be seen frow Fig. 3, that for Uy = 675 ft/sec there is 8 definmite correlation across all seven
messutr ements; that is, the average structure that the analysis triggers on encompasses, or &t least has a
strong influence on, all meven messurements. That is not the case for the two low speed flows. Figures %
and 5 ahow that, for the trigger at y = .075"(0) (i.e., in the vall region), the average structure extends
or correlates only over the three or four measurements nearest the wall, The fact that this correlation
seems to extend almost twice aes far from the wall (i.e., to y = .275'"(K)) for U, = 32.6 ft/esec (Fig. 5)
than for Uy = 73 ft/sec (Fig. 4) may be an indication that this inner region ehrinks towvard the wall with
increasing flow velocity, or alternatively, that it scales with wall variables.

To see whether a simflar coherence exfsts in the ocuter wmeasurements for the low speed flows, the
analysis was repeated using the measurement at y = .375"(J) as 8 trigger. The results, shown in Figs. 6
and 7, {ndicate that there {8 a correlated structure in the outer region which does not seem to extend

further down than y = .275"(K) from the wvall., How far up in the boundary layer this coherence extends
cannot be deduced from the present measurements.

- An attempt has been made to determine 1f the loss of coherence with distance is due to ncise that
enters into the ensemble averages because of random varistions in the phase between the events at the
trigger and that at the measurewment being averaged (see Blackwelder (Ref. 26))., A pattern recogniticn
analysis was applied to adjust the phase, with respect to the trigger at y = .075'(0), of each event in

the ensexmrle averages. The results shown in Figs, 8 and 9 are to be compared to Figs. & and 5, respec-
tivelv. Since each event in the ensemble averages has been shifted to zero time delay, the averaged
events are centered about t = 0 in all cases, The actual phase relationship of each average to the trigger

at y = .075"(0) is given by the average shift of all the events in the ensemble, This is shown for each
measurement position on both figures. It can be seen that for Us = 73 ft/sec (Fi{fs. 4 and 8) this phase
correction procedure has little effect in {mproving the ensemble averages, tlus indicating that the loss cf
coherence in the outer measurements 18 nor due to random phase "jitter" but rather to the fact that the flc
structures in the wall region do not, on the average, extend beyond y & .075" - 175" (y? a 112-261), On
the other hand, the phase correction procedure does result in a definite improvement in some of the
averages for Up = 32.6 ft/sec (Figs. 5 and 8). This is particularly evident aty = ,175"(L) and to &
significantly lesser degree at y = .275"(K). Thus, after correction for phase 'jitter” it becomes more
clear that as the velocity is lowered the coherence of the inner structure extends further from the wall
({.e., to Y o .175" - ,275" for U, = 32.6 ft/sec) or perhaps that the inner region scales with wvall
variables (y* «100-252). The results of Fig. 3 for U, = 675 £t/sec are not inconsistent with this con-
clusion since all the measurements except the wall-shear are cutside the wall region and the high degree
of correlation of this measurement with the outer region may be only in terms of the low frequency com-
ponents mesociated with the outer structure. This will be discussed further in the folloving paragraphs.

The ensemble averaged velocity and wall-shear fluctuations shown in Fig. 3 for Us = 675 ft/sec can be
plotted to yield a sequence of fluctuating velocity profiles which are presented in Figure 10. The
{nstantaneous total velocity profiles corresponding to this sequence are gshown in Fig. 1ll. These profiles
show a great many similarities to those which have been measured in the wall region of low speed boundary
layer flows, {n particular, to those obtained by Blackwelder and Kaplan (Ref., 8), Attempts to depict the
profiles in the low speed cases {s hindered by the limited number of measurements in a given region, but
indications are that the flow structures {n both the inner and outer regions show the sawme type of
coherence. (A similar conclusion was reached by Chen and Blackwelder (Ref. 16) frow measurements of
velocity and temperature in a boundary layer over a slightly heated wall), 1t is not possible to say
whether these similarities are a result of the fact that the wall region "bursts' possess the same type
of time signatures in terms of the streamwise velocity as the large scale outer structure or that they are
a consequence of the detection scheme being used, that is to say, the detection scheme triggers on sowe
"typical' structure which exists in both regions.

On the assumption that the former is the case, the available data will be analyzed further to de-
termine what relatfonship exists between measurements in the inner and outer regions. From this, some
{nsight may be gained into a possible interaction mechanism between the wall region 'bursts’ and the large




. o

A es 4t muy b pessibic tc teoleate the comporents asscciated with the ‘'bursting” process sné to de- *
termine vt reistionsnt; erxfoste Letweer tticee ond ¢ larpe scsle {low structures, The succese of such 8-

anslysie will depend strerply or the abtlity 1¢ sccurately resulve the very amall scsles sssocisted vwith

turvulent “"bursts™, In this rexarc, & commercialsv aveilable pressure transducer having a diameter of

0.010" will be tested and {ts outpul compared to thet fromw the transducers nov being used (4 = 0.040"),

Some preliminary results have been obtained concerning the behavier of the wall pressure fluctustions
from the measurements and data dipcussed ir Ref. 1Y for U, = 675 ft/sec. The measurement grid was similar
te taat shown in Fig, 1 except thht fewer sensors were available at that time and the streapwise velocity
vas measured at slightly different positions, Figure 12 shows the result of taking the ensemble average
of 60 events detected over an interval of TUs/L™ = 2000 using the veloctity flucruations at y/b‘- 0.088 oo
the trigger. The velocity and shear fluctuations are basically the same as those in Fig. 3 since the
trigger is at approximately the ssme position in both cases. From Fig, 12 the wall pressure fluctuations
can be seen to be characterized by a well defined per{fod cf overpressure during the passage of the flov
structures in the outer region, An examination of the wall pressure fluctuations during individual events
consistently showe the superposition of large amplitude high frequency components on the more slovwly
varving period of overpressure. The fact tha* these high frequency components do not appear on the average
would indicate that they are efther 8 random phenomenon or that they occur at 8 random phase with respect
to the process which trigpers the detecticn scheme, 1t should be possible to determine which 18 the case
bv filtering the pressure fluctuations to ohtain some representation of the high frequency components and
then applying a det=ction scheme to see {f{ coherence also exists in this aspect of the data, A dominant

phase relationship between the low and high frequency components of the fluctuati{one could also be de-
termined by cross-correlating the tvo,

B. wall-Shear Measurements {n the lateral Direction (Fig. 2)

Measurements with the wall-shear arrav shown in Fig. 2 have been analyzed for U_ = 675, 75, and 31.¢
ft/sec, Figures 13-15 show the results of taking ensemble averages at each posftion using the measurerment
at C as the trigrer for detecting the occurrence of events. It can be seen that except for the high speed
case (Fig, 13) there {8 no discernible correlarion in the lateral direction, vhereas a definite correlation
exists for the measurement (F) oriented directly downs'ream of the trigger position, This 1is to be ex-
pected since previcus measurerents as well as visual cbeervations have indicated that both the wall regtion
"bursts' and the large scale outer structures maintain a high degree of coherence for large digtances in
the streamstise direction. The extent and spread of these structures in the lateral direction {8 much more
1tmited. In the case of the wall region processes, for example, the peparation becrween the streamwise
grreaks is estimated to be on the corder of 2% o 100, while each {ndividual streak is confined to a fraction
of this distance.

lt {8 not clear from the results of Figs., 13-15 whether the detection acheme we 8sre using triggers on
the wall region sfZructures or on the responae of the wall shear to the psssage of the large scale outer
RIruUcLuUTES, it car be sven frem the ren-direr {onal distances in Fig, 2 that, at least i{n the case of
_F ftsec, the slze and sreparation of the wall shear senscrs sheuld be adequate for discerning some
aepecrs cf the wall revtcer processes. Hewever, several factors would seem to indicate that the tyvpical
wall shear responee seer in the ceaeure=ents at C and F I{n Figs., 13-15 is a8 result of the large scale
cuter structure. First, the typical respense histories in the low speed cases (Figs., 14 and 15) con-
gistentlv «how that what appears to be an cvershoot or auperimposed hich frequency component at the top of
the rapid change in the wall shear. A similar phencmenon was cobserved by Brown and Thomas (Ref. 14) in
their wall shear measurements and led them to speculate that the superimposed high frequency component waa
a manifestaticon cf the "

ureting’” preocess.,  The high frequercy component was seen to occur at 8 well de-
termined phase with respect to the lew frequency component attributable to the large scale outer structure,
specifically, it occurred near positive maxima of the fluctuating shear. A similar conclusion concerning
the present results would seen to be supperted by the fact that this effect appears to be wore pronounced
{n Flg. 19, f.e,, Ur = 32.6 ft/sec (-here better resolution is possible of the wall region processes) than
trn Flg. 14 for U, = 75 ft/sec, and does not appear at all in Fig. 13 for Uy = 675 ft/sec where the in-
strumentation is not capable of resclving anv processes on the scale of the vall region,

A second indication that the well defired time signatures in Figs, 13-15 are basically the response
of the wall shear to the outer mtructure comes from the results of a phase correction analvsis shown in
Figs. 16 and 17 for Lm = 675 ft/sec, in Figs. 18 and 19 for U, = 75 ft/sec and in Figs. 20 and 21 for
Uy, = 32.6 ft/fse . e met of events which are detected by using T'(C) as a trigper are divided into twe
greups depending on the phase relationship hetween each event at C and any similar ewant found at B bv the
pattern recognition analysis referred to earlier, The search for a similar event was restricted to time
delays approzrimatelv in the range -5 < t'U,/%°< 5. The ensemble averages obtained for the set of events
where a match was found at a later time in 7'(B) (positive delay) are shown in Figs. 16, 18, and 20 and at
an earlier time (regative delay) in Figs, 17, 19 and 21. The average time delay by which the events in each
ensemble average were shifted is also tndicated in these figures. The marked improvement, particularly for
the two lowv speed cases, in the ensemble averapes (compared to Figs, 13-15) shows that a coherence exists
{n the lateral direction vhich was previously obscured bv random phase "jitter" and which extends sacross
three or four of the measurements, i.e., 2% o 500-5000. Thias could not be as a result of wall region
processes which have been observed to be confined to lateral distances on the order of Z*% o 50.

The fact that the events can be separated into twc groups with opposite phase relationships across
the lateral measurements is thought to be an indication of the "arrowhead' or "horseshow' type shape
(see Fig. 2) that has been bypothesized for the large scale outer structure vhen looked at frow above the
wall of the boundary layer. It is clear that the phase relationship one would obtain among a set of
lateral measurements would depend on which "leg" of the structure crosses the measurements, From the
results of Figs. 16-21 it is possible to eatimate the angles @ and p- in Fig. 2 that each "leg" makes
with the X-axis, 7Taking the average time delay between the measurements at C and F one obtains a stream-

wise convection velocity of Uc/Us = 0.70 for U, = 675 ft/sec, U./U, = 0.69 for U, = 75 ft/sec and U./U.= 0.6
fmr 1t = A F Ftleer Pedor rhrcm cooe ook LR .- C 1 EANER y :
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a° and 6§~ are due to errors in the estimates, since by symmetry they should be equal. The results in the
twvc low speed cases compare favorablv with the angle of 22° estimated by Thowas (Ref. 15) frow similar
messurements 8t Uo e 100 ft/sec. ° r ruch smaller angle obteined {n the high speed case could be sn
indication thet the flow structur., - wme more confined in the lateral direction ss the free stresm
velocity is increased.

Conclusions

Measurements of the fluctusting properties of a turbulent boundary layer for a wide range of free
stream conditions have been analyzed to obtain {nformation concerning coherent or quasi-ordered structures
in the flow. The primary interest of the investigation i8 for free stream velocities in the high subsooic
regime (specifically, U, = 675 ft/sec), although comparative messurements have been made at two lower
veloc.ties, f.e. Uy o 75 ft/sec and U, , 30 ft/sec. The Reynolds number, Reg, ranges from 105 down to
approximately 104, while the boundary layer tnickness {s maintained relatively constant at between 3 to &
inches.

Recordings of the fluctuating streamwise velocity, wall-shear, and wall-pressure in the boundary layer
are digitized to obtain simultaneous time histories of the fluctuations. These are analyzed on a mini-
computer using vario.s conditional sampling procedures to isolate tewporal sequences associated with the
coherent structures. From this the mean period between occurrences of the flow structures is estimated
and ensemble averages found. These ensemble averages and cross-correlations betveen measurements at
different positions during the occurrence of events are used to deduce information concerning the geometry
of the flow structures.

Measurements for two arravs of sensors have been analyzed in this way. 1In one, vall-shear and vall-
pressure sensors are aligned in the streamwise direction upstream of a rake of six streamwise velocity
probes. 1In the other, vall-ahear measurements are aligned so as to yield information about the flow
structutes {n the lateral direction. Using a variable-interval time-average (VITA) variance analysis to
detect the occurrence of events in the data, the mean period between events (T) 18 found to be approxi-
mately gtven bv TU,/%mS, although some variation is found depending on the measurement used as the trigger
for detection. The number of events detected uaing this technique, however, is strongly dependent on the
threshold chosen {n the analvsis. The e~-imate given here was obtained with thresholds {n the neighbor-
hood of one-half the overall rms of the fluctuations under consideration. But this choice seems rather
arbitrary and the resulting mean period between events should be judged accordingly.

Irregardless of these question- about the number of events detected, a normalized ensechle average of
all the events is useful in depicting certain characteristics of the flow structures. In the case of the
streacwise velocity measurements normal to the wall for Ue = 675 ft/sec, it was found that the average
structure correlates well over all the measurements incluiing the wall-shear. This was not the case for the
two low speed flows. If a measurement near the wall {s used as a trigger the resulting ensemble averages
display coherence only up to a certaln distance from the wall (fi.e., up to y* o 100-200). A similar
- ccherence exists in the outer measurements when one of these {s used as a trigger. 1In addition, the

boundary tetween the inner and outer reglons seems to be further frcm che wall for Uo = 326 ft/sec than for

Uw = 73 fr/sec. This mav be an indication that the inner region scales with wall variables.

The sizilatity of the coherence in the inner and outer regions as well as the similarity between the
present measurements in the high speed case (which, except for the wall measurements, are in the outer
region) and the results obtailned by others in the wall region of low speed flows may be due to one of two
reasons. Efther the detectton scheme being used triggers on some "typical” structure existing in various
regicns of the boundary layer, or the wall region "burst” process exhibits the same fime signature in terms
cf the streamvise velocity aa certain aspects of the large scale outer structure. It is not possible to
determine from the present results which of these is actually the case.

Of particular interest in the high speed results is the fact that the coherence seen in the outer
reasurements extends to the wall. Both the wall-shear and the wall-pressure show a definite correlation
to the passage of the outer structure. This 1is not the case, at least on the average, for the two low speed
flows. By looking at individual events i{n the low speed measurements more carefully it should be possible
to determine {f there are events which exhib{t some correlation between the inner and outer regions. To
determine wvhether the stfong correlation seen in the high speed measurements {8 due to the inability of the
sersora to resolve the amall scales associated with the wall region processes, a pressuce transducer which
{s % the size of those now being used will be tested. With regards to this question of the interaction
berween wall region processes and the large scale outer structure, an attempt will also be made to look at
the measurements in various frequency ranges and to see what relationahip exists between them.

Two i{mportant results were obtained from the wall-shear measurrments which concentrated on the lateral
aspects of these flow structure, or to be more precise, of their "footprint”. From two measurements
aligned {n the streamwise direction, the average convection velocity of the flow structures was found to be
in the range Us = 0.6 - 0.7 Un. This result combined with the phase relationship found between the same
event as measured at two adjacent lateral position, was used to determine the angle that the sides of the
flow structure makes with the streamvwise direction. This angle was found to be approximately 20° for
Us = 32.6 ft/sec and 18° for Ue = 75 ft/sec. 1In the high speed case (Up ~ 675 ft/sec) a much smaller angle
of about 60 was estimated. This would seem to indicate that the flow structures tend to become more
confined in the lateral direction as the flow velocity increases.
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Fig.3 Ensemble averaged velocity and wallshear fluctuations Ue, = 675 ft/sec, trigger: u'(0)

Fie 4 Fnsemble averared velocity and wall<hear fluctuations UL = 73 ft/cec. trieger: u'(Q)
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MEASUREMENTS OF THE COHERENT STRUCTURE OF éOUNDARY LAYER TURBULENCE AT A HIGH SUBSONIC

SPEED

V, Barra and K, Hozumi

New York University - Antonio Ferri Laboratories

Westbury, N.Y.

Abstract

The instrumentation and data analysis pro-
cedures utilized to study the organized nature of
boundary layer turbulence are described, Measure-
ments in the boundary layer consist of the stream-
wise velocity and vall-shear usirg miniature hot-
film sensors and constant tezperature anemometers,
and vall-pressure using pfezoreaistive transducers
and lov-noise differential awmplifiers. Procedures
for recording, digitizing, and analyzing the
fluctuating components of these measurements with
the afd of 2 mini-computer system are outlined.

The digital analyses performed include conventicnal
Fourier transform and time-averaged correlation, as
vell as conditional sazpling to obtain ensemble
averaged time signatures and correlations of the
fluctuations for coherent events {n the flow.
Representative results obtained from these analyses
for three free stream conditions are presented.

1. INTRODUCTION

The d{scovery, “y weans of visual observations
(Refs. 1-7), of an organized structure {n turbulent
shear flows has led to a prolifersntion of new
wmeasurewent and data analysis procedures for the
investigation of the fluctuating peoperti{es of such
flows (Refs. 8-19), Questions have been ra{sed
concerning the adequacy of measurements which uti-
lize {nstrumentation and analyses not suited to the
smlti-scale, quasi-periodic nature of the flow
structures that have been observed. It has been
found that the size of the transducers used {n the
measurements and the frequency response of the
sssoctiated electronics is an {mportant considera-
tion in terws of the varied scales of the flow
structures; and that single point measurcments and
conventional time averaged analyses cannot reveal
ouch useful {nformation about coherence or inter-
mittency, both of which are lwportant aspects of
the flow processes {nvolved,

To overcome these problews, modern research
efforcs have turned to minf{tuarized {nastrumentation
and mult{ple measurements to obtain some sort of
spatial resolution of the coherent flow structures,
snd to digf{tization of the measurewments so as to
allov various time series snalyses to be performed
on high speed computers. With respect to the
letter, Lt has become increasingly popular to
apply varfous conditional sampling procedures to
the digit{zed fluctuations in order to {solate
temporal sequences sssociated with the coherent
structures, This type of snalysie hae revealed,

among other things, that significanc contributi:
to the long time average Reynolds stress occur
duting intervals when coherent structures are
present in the flow, thus indicating that the
modelling of turbuience and the developwent of ¢
and noise reduction mechanisms might benefit
greatly from a better underastanding of these
structures,

Visual cbservatfons of turbulent boundary
layer flows seeded with various tracers have in-
dicated the presence of several different pro-
cesses involving repetitive flow structures., Th
wall region (y* <« 100) is characterized by strea
vise streaks of low speed fluid which lift up fr
the wall resulting in locally inflexional veloci
profiles. The lift-up {8 followed by some sort
oscillatory wmotion and then a sudden breakup int
small scale turbulence, The ejection of low spe
fluid from the wall {s accompanied by sweeps of
high speed flu{d from the outer regioms toward t°
wall., This overall process has been referred to
a 'bursc" (Refs. 20-21), On a larger scale, the
boundary layer i{s dominated by vortical structur
which extend to the viscid-inviscid region (Refs
14, 16). The relationship or {nteraction betwee
this large-acale outer structure (LS0S) and the
turbulent 'bursts' {s still not clearly defined.
In particular, how these processes and their
relationshi{p change vith increasing Reynolds nugh
has not been fully explored. On the basis of ob-
servations and measurements over 8 lim{ted range
Reynolds ruwbers, it has becowe cormonly accepte
cthat the "bursting' process is strictly a sublays
phenomenon that acales with wall var{ables, whilr
the large-scale outer structure {s basically
Reynolds number {ndependent., A posaible link
betveen the two processes may exist in the fact
that the frequency of occurrence of the turbulen:
"buracs' has been found to scaie with outer flow
varfables and seems to be related to the perf{od ¢
passage of the outer atructures (Refs, 22-23),

The primary objective of the present {nvesti
gatior has been to obtain tnformation concerning
these phenomena at high subsonic speeds, and to
spec{fically determine the possible role or in-
fluence of pressure fluctuationa on the processes
involved, The experiments discussed here vere
therefore performed {n & boundary layer with a
relatively high (cowpared to other {nvestigations
in this area) free stream velocity (U, = 675 ft/a
and Reynolds rumber (Reg -~ 105). In additfon, an
instrumentation and data acquisition system was
developed that allows simultaneocus omeasurements t
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be made of three properties of the turbulent f{lov,
namely, the streamwise velocity, the wall-ahear and
the wall-pressure. Up to twelve such messurements
have been snalyred digitally on 8 minf-computer
using procedures sitmilar to those developed to
study these plenomens in low speed flows (Refs. 8,
14, 24, and 25), For the purpose of comparison,
the wessurements and snalyses have also been per-
formed for free stream velocities of 75 and 32.6
ft/sec,

2, INSTRUMENTATION AND DATA RECORDING

The measurements vescribed here were made onor
near the wall of & 12 inch diameter i{nduction wind
tunnel, & sketch of which {s shown in Fig. 1. The
details of the construction and calibration of this
facility can be found in Refs, 19 &nd 26. The
original design of the tunnel included a sonic
throat section wvhich allowed the speed in the test
section to be varied from M = 0.6 to 0.8, Modify-
cations were made to the throat section centerbody
that now allowv the apeed to be set as low as
30 ft/sec, Arrangements were also made to sllow
the test section to be placed at various distances
from the {nlet depending on the boundary layer
thickness required for the measurementsa,

The types of sensors used for the measurements
and the general method of placement in the tunnel
are aketched in Fig, 2. The test sectirn is fitred
with four windows, two of which ca» be used to
mount the plug containing the vall-shear and vall-
pressure sensors and the rake of five strearwise
velocity probes. A sixth velocity wmeasurement is
wade very near the wall with & special sub-
mi{nisture ~rope mounted directly in the tunpel
vindow, The electronice associated with recording
the fluctuating output signal of esch sensor &re
shown in Fig. 3. The mean and rms levels of the
signals are wonitored during tests either visually
on meters or on & chart recorder, The specifics of
the instrumentation for each type of measurement
are as follows:

a) Wall-FPressure

The wall-pressure is measured using flush-
mounted Kulite type MIC-080-5 piezoresistive trans-
ducers which are rated for a pressure difference of
5 psi. The pressure sensitive area of these trans-
ducers has a dismeter of 0,040 (see Fig. 2). The
sensitivity of each transducer was checked and
found to be constant up to the rated pressure and
to be on the order of 0.6 mV/pai/V(input), With &
bridge excitation of 9 volts, a dynamic calibration
of these transducers using & pistonphone yielded an
equivalent sensitivity of 142 dB below 1.0V/ubar.
The manufacturer specified natural frequency of
200 kHz {nsures that this sensitivity is accurate
up to approximately 40 kHz,

The output signal from these transducers ia
conditioned by Princeton Applied Research type 113
low-noise amplifiers. Because of the high gain
required (typically on the order of 2000), the"
amplifiers were operated in a differential mode so
as to alleviate the problem of {nduced electronic.
poise. (Proper shielding and grounding wvere also -
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found to be helpful {n this regard), TFiltering
provided for on the amplifiers by s set of lov s
high frequency, bdB/octave, roll-off filters.

typtcal bandpass used wae 10-100,000 He, althous
1t wag scometimes necessary to lower the upper er
to 30,000 Hr to help eliminate high frequency nc

b) Wall-Shear

A Thermo-Systems type 1237 flush-mounted hc
film sensor together with a DISA 55A01 constant
tempersture anemoweter are used to measure the
shear on the wall beneath the boundary layer.
wall-shear is determined from the bridge output
voltage according to the well established relat!
ship (see, for example, Thomas (Ref. 15)):

Ei - AT 1/3 + B
v

The applicability of this relationship in the
present case will be dipcussed in a subsequent
section,

The dynamic characteristics of the wsensor
depend on how the coefficients A and B in the a!
relation vary with frequency and on the time re-
sponse characteristics of the anewmoweter feedbac
circuit, The later wvas adjusted using the stand
square wave calibration procedure to give s flat
response curve up to approximately 20 kHz, The
range of frequencies for which the relationship
between the output voltage and wall-shear remair
unchanged will depend on the hot-filw dimensions
and substrate material and on the flow conditior
8s discussed by Thomas (Ref, 15). For the case
Uy = 675 ft/smec, these considerations lesd to
frequency limits of

190 Hz < f « 21 kHz
which should not be of serious consequence in t:
of the frequencies of interest in the present

weasurements.,

c) Streamvwise Velocity

The streamwise velocity in the boundary la:
is measured with Thermo-Systems type 1260 and 12
hot-film probes and varifocus types of constant
teoperature anemometer systems (Fig. 3). The
sensing element on these probes is an alumina
coated cylindrical quartz rod having a diaweter
0.001" and & lateral width of 0.040" for the 12¢
type probes and 0.010" for the single 1297 sub-
miniature probe, Calibration of the five prober
the rake is accomplished in a small induction
tunnel built specifically for this purpose. The
flov speed in the tunnel can be varied continuo:
from zero to approximately 600 ft/sec and can be
kept steady for long periods of time. The flow
speed {8 determined from the ratio of static to
stagnation pressure as measured with & precise 5
of manowmeters. The bridge output voltage-veloct
relationship obtained from the calibration is us
to set-up the analog linearizers shown in Fig. 3
or to linearize the data representing the streac
vise velocity after it has been digitized.




The frequency response of these systems is
checked uaing a square wave calibration sfgnal and
adjusted to give a flat response up to about 20 kHz
although sowe varfation existed from one system to
another, The bamipass on the signal conditioners
vas typically set at 5-50,000 Hz.

Recording of the analog fluctuation signals from
these various sensors i{s provided for by a Honeywell
5600 tape recorder which has 13 available data
channels, To achieve the most suitable data band-
width, recording {s done in FM mode at s speed of
60 IPS. In this configuration the ava{lable band-
width is DC-40 kHz. Two signals whkich serva to
synchronize the different data channels on play-
back are recorded along with the sensor signals
during each test, One is a pulse train with a
period of about 1.5 seconds which serves to sepa-
rate the test {nto several sections., The other {s
& 200 kHz sine wvave which acts as & tape-time clock
in the A{gitlzing procedure. Since oniy 13 data
channels are available on the tape recorder, the
pulse train had to be added to one of the mensor
signals vhen 12 wessurewents were made in the flow,

3. DATA ACQUISITION AND ANALYSIS SYSTEMS

The recorded data {s analyzed with the systems
shown schematically (n Fig. 4. Conventional
spectral and correlation analyses of the analog
data are performed using a General Radio 1900 vave
analyzer and a Saicor 42 correlation and probability
analyzer, The bulk of the data analysis, however,
{s performed on digitized sections of the record-
{ngs obtasined with the use of a PDP-11/34 mini-
computer system., This syatem includes the 11/34
processor with 64K bytes of mewory, one RLOI
cartridge disk drive and dual floppy disk drives
for mass storage, two terminals-one of which has a
CRT with graphics and hard-copy capasbility, and,
most signiticantly for the present application, a
64 channel A/D converter with two progracmable
clocks. The softwvare avai{lable on the system
{ncludes the RT-1l operating system, a Fortran IV
compiler, and several scientific subroutine and
laboratory applications packages.

Several considerations led to the development
of the digitizing procedure being used in this ex-
periment. The requirement that fluctuation
frequencies as high as 40 kHz be accurately re-
solved (particularly for the wall-pressure) implied
the need for sampling rates on the order of 100 kHz
or preferably 200 kHz. To achieve such a high
sampling rate and still matntatn the simultaneity
of 12 dats channels would requfire, even with the
procedure of slowing down the tape recorder on
playback, & very specialized A/D system with multi-
ple sample-and-hold circuits and fast settling and
conversion times. With the procedure described
here, an effective sampling rate of 200 kHz/channsel
can be eastly achieved for any number of channels
even vith the relatively tfnexpensive and l{m{ited
A/D systew available on the min{-computer ({.e.,
the ADLIK), Ome of the limftations of this system
1s that {t has s single sample-and-hold circuit,
thereby making it {mpossible to achieve strict
s{miltaneity vhen sampling more than one channel
under normal procedures, The requirement that the

measurements be simultaneous {s very fmpcrtant ir
terms of the analyses to be performed on the dats

The procedure used to achieve these require-
ments involves digitizing & single data channel a-
a time in order to relax the need for very high

-overall sampling rates, and employing the recorded

200 kHz sine wave to deterwine when samples are tc
be taken thereby preserving the simultaneity of ti
group of channels digitized. The data is played
back at 1/64 the speed at which it vas recorded
(.e., 15/16 1PS) starting at a point just before
one of the pulses on the pulse train channel
(indicated as 1 {n Fig., 4)., Sampling begina on ti
occurrence of this pulse and {s repeated at each
occurrence of an appropriate signal on the Exterma
A/D-Start {nput of the A/D systew. This is provi:
by a pulse generator driven by the 200 kHz

(3.12 kHz in real-time) sine wave on the recorder
(indicated as 2 in Fig. 4). Due to the limited
wemory available, a maximum of approximaiely 10,00
samples can be made with one pass through the con-
version program., This data is written on disk an
the process repeated for each data channel on the
recorder.

It can be seen that the sine vave becomes &
clock (for time on the tape) having a resolution ¢
S usec. As such it can be used to precisely locat
information on the tape., For example, {f more the
10,000 samples are required the clock can be used
to measure a 10,000 {nterval delay between the
occurrence of the pulse and the start of the next
set of 10,000 samples. This process can be re-
peated almoat i{ndefinitely {f the sine wvave {s
sufficiently free of noise so that timing errors
do not accumulate. It is also possible {(n the cor
version program to make the timing interval any
integer multiple of the basic 5 usec, thus allov-
{ng the data to be sempled at any rate that i{s an
integer fraction of 200 kHz,

As with the digitizing procedure, the re-
quired analyses of the data had to be adapted to
the constraints of the 11/34 system, The problem
of the limited memory available wvas overcome
through the use of overlays in the analyses pro-
grams and by analyzing the long data records
(typically 30,000 points) in blocks of 512 points
at a time, To minimize data access time {n this
procedure, the RLOl disk drive is used as the
primary or direct mass storage device. The slow
speed of the 11/34 processor is an unavoidable dir
advantage of the system, the solution of which
would be to transfer the digitized daca to &
faster machine., The possibility of doing this wi®
a8 CDC-6600 s being {nvestigated,

The analyses that can now be performed on a
production run basis on the 11/34 {nclude the
following:

- Long time average auto and cross
correlations

- Conditional sampling of the data
using the var{able {nterval time
average (VITA) variance to i{solate
temporal sequences associsted with



coherent events in the flov ( see
Kaplan and Laufer (Ref., 24) or
Blackvelder and Kaplan (Ref{, 8)).
Ensemble averages can be formed from
a set of events.

- Pattern recognition analysis to com-
pensate for random phase "jitter' io
conditional sawples (see Blackvelder
(Ref. 25))

- Short-time, conditionally sampled
suto and cross correlations (see
Brown and Thomas (Ref, 14)),

These analyses can ue applied to the original data
or to the dats sfter 1t has been filtered using a
Fast Fourier Transform (FFT) algorittm to include
only fluctuation components in a chosen frequency
range, 1n addition an attewpt has been made to see
vhat henefits could be gained by incorporating
certain aspects of one type of analysis into
another.

4., MEASUREMENTS

The mean flow parameters at several stations
in the tunnel for the three flow conditions for
wvhich measurements have been made are sumxnarized 4n
Table 1. Details on the measurement of the mean
velocity and turbulent intensity profiles can be
found {n Refs,., 19 and 26. It should be noted that
the boundary laver thickness is on the order of 4"
ip all cases, while the Reynolds rmuober ranges from
approximately 5,000 to 100,000,

Once the mean properties of the flove were
deterxined, simultanecus reasurements vere made of
the fluctuations in the flow with the sensor array
shown ip Fig, 2, A more detailed lay-out of this
array is presented in Fig. 5. The six hot-film
velocity weasurezents (I,J,K,L,0,M) are wade within
a distance of approximately 1/2" frow the tunnel
vall, The hot-film at y = .025" (M) {e the type
1279 subminiature probe described previously, A
table of the various non-dimensional distances from
the wvall for the different flow conditicns 18 slso
included in Fig. 5. The measurement of the wall-
shear with the flush mounted hot-f{lm sensor (F) i»
made directly below the velocity measurewents, Five
of the Kulite preseure transducers (T,5,R,Q,P) are
aligned in the stresowise direction directly up-
stream of the wvall-ghear sensor, The spacing of
the peasurements was determined strictly on the
basis of placing the sensors as close as physically
possible., The primary effort of the present ex-
periment has been directed tovard measurewents with
this array, although more recently efforts have
also been made to set-up and make measurements with
& lateral array of sensors.

The first analysi{s performed on the weasure-
ments with this array was to obtain the spectral
distributions of the fluctuationa. This vas done
directly from the recorded analog data. An early .
conclusion reached from this analysis was that the
Jevels of the wall-pressure fluctuationa for the
tvo low-speed cases vere much higher thap expected,
As a result of many previocus measurements it is
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to be expected thst the rms level of the wall-
pressure fluctuations vill fall sowevhere between
0.5% and 1% of the dynsmic pressure, Q.. In the
case of U_ = 675 ft/sec ve measured s reasonsble
level of 0.008 ¢, But at lw = 73 ft/sec and 32,6
ft/sec the weasured levels vere equivslent to
approximately 0,23 q. and 0,65 , respectively,
The explanstion for this {s that, for the lov speed
tests, the wall-pressure fluctuations due to the
turbulent boundary layer become so veak that they
drop belov the noise "floor" of the weasuring
devices. The notse “floor” (s wade up primarily of
tunnel noise, although other sources such as trans-
ducer vibration response and misallignment with the
tunnel wall may also contribute to {t.

It is thought that the level of tunnel noise
could be lovered with extensive acoustic treatment
of the sonic throat section of the tunnel (where
the flow undergoes rapid acceleration) and by
fmproving the suspension system of the tunnel.
Beaides the time involved, several factors in-
fluenced the decision not to undertake these wodi-
fications. First, in the high subsonic regime,
where primary interest lies, the wall-pressure
fluctuations due to the turbulent boundary layer
are thought to be sufficiently above the noise
“floor" to allow for accurate messurements, Secondly,
in the lov speed cases the main interest is in
looking at the wall-shear and fluctustion velocity
profiles (for comparison to those obtained at high
speed), the measurement of which should not be
significantly affected by tunnel noise. And lastly,
the measurement of very low pressure levels would
require much more sensitive transducers than are
now being used,

Typical povwer spectra obtained for the wali-
pressure fluctuations are shown in Fig. 6, Those
measured by Serafini (Ref. 27) and Wooldridge and
Willmarth (Ref, 28) are also shown for comparison,
It can clearly be seen that for the two low speed
flows the noise 'floor" is anywhere frow 20 to 40
dB above the expected wall-pressure fluctuations
over the entire range of pertinent frequencies, In
the high speed case the messured fluctuations have
a spectral distribution which agrees wore favor-
ably with previous measurements., The lover levels
obtained above uB*/U, ay .3 could be due to the size
of the transducer nnt allowving accurate resolution
of small-gcale fluctuations,

A comparison of previous messurewents seems to
indicate that i{f the transducer diaweter is too
large, a loss of resolution of small-scale pressure
fluctuations will occur. This manifests itself as
consistently lower weasured spectral densities at
high frequencies, that 1s, above uf™/U_ o 1.
Ezmerliag (Ref, 11) has summarized the available
results io terms of the non-dimensional paraweter
du. /v, vhere d is the transducer diameter. For
values of this parsweter above approximately 100
the overall rms level of the wall-pressure fluctua-
tions is alvays wessured to be around 0.005q_.
Below this value, the messured rms level increases
linearly as du,/v 18 lovered, This iocrease is
attributed to the increased resolution of intense
small-scale fluctuations, or equivalently of high
frequency spectral components, by the smaller




transducers. (More recent results seem to indicate
that & good part of thia {ncrease can be attributed
to errors {ntroduced by the use of pinhole micro-
phones (see Ref. 29)). For the transducer used
here, duy/v e 300 (for U, = 675 ft/sec) thus in-_
dicating that some loss of resolution probably
exists in the present measurements, The reasons
for the high overall level of 0,008 q_ have not
been determined,

An add{tional question concerning sensor size
arises for the flush mounted hot-f{lm sensor. It
has been found (see Thowas (Ref. 15)) that the
bridge output voltage-wvall shear relationship
given in Secttion 2 holds only {f

u
e T

7.8 <

< 46

vhere L, {s the effective length of the sensor in
the streamwise direction, For a sensor width, W,
of about twice the length, Thomas finds that

Le/Ln as 2.6. Using this ratio in the present case
(L, = 0.005") would yield an Lgu./Vv of about 100,
20 and 12 for U, =~ 675, 73 and 32.6 ft/sec, re-
spectively. But since W/L, is larger than 2

(i.e., o 8), the ratio L,/L; will also be smaller
than 2,6, thereby giving a more acceptable value of
Leur/v for U, = 675 ft/sec.

Power spectra for the velocity fluctuations at
two points in the boundary layer are presenced, to-
gether with similar data obtained by Wooldridge and
Willmarth (Ref. 29), in Figs. 7,8 and 9 for the
three free-stream velocities, In all three cases
there {8 reasonable agreement in the overall shape
and level of the apectral distributions. This
confi{rms the assumption that unlike the wall-
pressure fluctuat{ons, the velocity fluctuation
measurements are not aignificantly affected by
tunnel noise in the lower speed flows., The
di{fferences {n the spectra at the two measurewent
positions, particularly for U, = 675 ft/sec
(Fig. 7), 1s most likely due to the difficulty {n
matching the frequency response characteri{stics of

the different anemowmecters used for the measurements,

1t should be noted that for the velocity fluctua-
tion ¢ ectra, the local mean velocity and not the
free-stream velocity has been used to non-
dimensional{ze frequency,

Representative of the type of results ob-
tained frow conditional sampling of the digitized
data are the ensemble averages shown in Figs. 10a
and b and the sequence of fluctuation and total
velocity profiles shown in Figs, 11 and 12, These
results are for U, = 675 ft/sec and vere obtai{ned
by applying the VITA variance analysis to the
velocity fluctuations at y = ,075"(0) to detect
the occurrence of flov processes with certain
repetitive characteristics. An ensemble average
ts then taken of a short {nterval of data centered
about these detect{on points for each of che
mesasurements in the flow, The results, presented
in Figs, 108 and b, shov that the flov structures
triggering the detection schewe are, on the
average, highly coherent over the entire set of
messurements. These flow structures are obviously
some aspect of the large scale outer structure
since the detector is located in the outer region

({.e., y* = 568). The high degree of correlat
of the wall measurements to the passage of the
outer structures may be due to the fact that t
wall sensors, due to their size, are biased to-
the large scales associated vith the outer
structures. The typical sensor dimension of 0.
represents approximately 300 viscous lengths a:
U, = 675 ft/sec, thereby making it impossible
resolve vall region processes such as 'bursts”
vhich are thought to have lateral scales on th:
order of 50 V/u,. Irregardless of this argume:
however, {t vouId seen that the strong and dir:
influence of the outer structure on the fluctu.
at the wall in this high apeed flov may have
practical importance and should be studied fur:

From the ensemble averages shown i{a Flg.
{t is possible to depict the behavior of the {-
stantaneous fluctuation (Fig. 1l) and total (F!
velocity profiles during the passage of the av
flow structure., The similarities between the
sequence of profiles shown in Figs, 1l and 12
those obtained by Blackwelder and Kaplan (Ref.
{o the wall region of a low speed (14 ft/sec)
have been noted in Ref. 19, The ensexmble aver
obtained {n the present inveatigation for the
speed floews (U, = 73 and 32.6 ft/sec) seem to
indicate that these similarities can be accoun
for {n one of two ways. Either, as has also b
suggested by Chen and Blackwelder (Ref. 16), t
wall region "burats' display the same type of
signatures in terms of the streamwise velocity
certain aspects of the large scale outer struc-
or the detection scheme being used fo all thes:
cases triggers on sowe "'typical' structure whi
can be found {n various regions of the boundar
layer.

Without going into great detail, sowe of
other analyses performed on the data are as
follows:

- Ibp the ensemble averages {t 18 sowe-
times necessary, particularly when
the separation between the detector
and the measurement being averaged
{8 large, to compensate for random
var{ations {n the arr{val times of
events at the two poaitions, This
{8 done by a pattern recognition
analysis which corrects for this
phase "jitter" (see Blackwelder
(Ref, 25)). Without this procedure
it i{s possible for any coherence
that exists to be lost in the noise
that results from the randocmess in
phase,

Long-time average croes correlations
have been used to infer {nformation
concerning overall convection
veloc{t{es and spatial representa-
tions of the turbulence., By looking
at short-time correlations over
conditionally sampled sections of
data, this type of {nformation can
also be obtained for particular flow
structures,
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- Filtering of the dats {n all the
snalyses discussed thus far using
the FFT can be useful in determining
the foportance or influence of
d{fferent frequency ranges on part{-
cular results. By correlating the
lov frequency part of s measurewent
vith some representation of the high
frequency components some {nformation
could be obtained concerning the
relat{onship betrween the large scale
structures and small scale phenowena
such as '"bursts’ (see Brown and
Thomas (Ref., 14)). This would be
particularly applicable to the wall
measur ements,

Future plans include the expansion of &
lateral array of sensors for which some measure-
ments have already been made., These measurements
have thus far cnly involved wvall-shear sensors in
an attempt to obtain some information concerning
the lateral gecmetry of the flow mtructures, it is
planned that this array wi'! be expanded to include
vall-pressure and streaowise velocity measurements
aligned in the lateral direction, To accezplish
this it will be necessary to expand the nuzber of
snemometer channels available., This {s being done
by the construction of as many as 20 simple
anemometer sets similar in principle to the circuit
discussed by Weidman and Browand (Ref, 30), and
also to one developed by R E, Kaplan &t U.S,C. The
use of these anemometer sets will greatly sicplify
calibration and frequency matching procedures, but
vill reguire additional processing, e.g., linear-
{zing, of the digitized data,

S. CONCLUSIONS

A facility has been established for studving
the coherent structure of boundary laver turbulence
at high subsonic speeds. This includes an in-
duction wind tunnel wvith a 12" diapeter test
section, an instrumentation package for weasuring
the velocity, wall-shear and vall-pressure in the
boundary layer developed on the wall of the tunnel,
and a date analysis system capable of digitizing
the measurewents and perforwing relevant condi-
tional processing of the data,

Although primary interest lies in the high
subsonic regime (U, o 700 ft/sec), measurements can
and have been made in turbulent boundary layers
vith free stream velocities as low as 30 ft/sec,
The boundary layer thickness {s typically betwveen
3 to 4", although again the wind tunnel has the
flexibility to allow measurements to be made at
varifous positions in the development of the flow,
The instrumentation package gathered for the
weasuremente includeshot-film velocity probes,
flush mounted hot-film wall-shear sensors and flush
wounted plezoresistive wall-pressure transducers,
Calibration procedures have been established for
the velocity probes and pressure transducers while
a8 standard output voltage-shear relationship is
used to reduce the signal from the vall-shear
sensors, The {nstrumentation and associated signal
conditioning and recording electronics allow for
bandvidths of up to 20 kHz for the velocity and
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shear {luctustions and 40 kHz for the pressure
fluctuations,

Dats analysis equipwent is ava{lable for
performing standard spectral and correlstion
analyses of the analog dasta and s specialized
digitization procedure has been developed to
produce discrete time sequences of the fluctuastions.
With this procedure, sampling rates as high ss
200 kHz/channel can be schieved while maintaining
the simultaneity of 12 recorded dats channels. This
is accomplished using a relatively unsophisticated
A/D conversion system that is part of a PDP-11/34
laboratory mini~computer system,

All the analysis of the digirized data is
performed on this minl-computer sysrem. This in-
cludes the use of 8 ahort-time average variance
technique to locate the cccurience of coherent
events in the data and then forming ensemble
averages of these events, A pattern recognition
analysis can be performed to improve the ensemble
averages by compensating for random varifations in
the arrival time of the events at different points
i{n the flow, A different approach to conditional
sampling {nvolving short-time cross-correlations
can also be spplied to the data, 1In addition, all
these analyses can be performed after appropriate
filtering of the data using a Fast Fourier Trans-
form subroutine,

Heasurements have been made for three free
stream velocities (i.e,, U, = 675, 73, 32.6 ft/sec)
wvith an array of sensors vhich attempts to resolve
the velocity profile at a station normal to the
wall, the wall-shear directly below, and the wall-
pressure in the streamvise direction directly up-
stream. Typical spectra of the fluctustions agree
favorably with previous measurements except for the
wall-pressure in the two low speed flows. 1In these
cases the pressure fluctuations due to the tur-
bulent boundary layer appear to be well below a
noise "floor" which 18 thought to be made up
primarily of tunnel noise. In the high speed flow
a problem exists with the resolution of the very
small-scale phenomena associated with the wall
layer by the relatively large pressure and shear
sensors. The benefits that could be gained in this
regard by using a compercially available transducer
wvith 8 sensitive area having a diameter 0.010" will
be investigated,

The application of the conditional sampling
analyses to the measurements has led to several
{nteresting results particularly in the high speed
case where investigations of this type are scarce.
The analysis of this data is continuing while plans
are being made to expand the total number of
measurements in the grid and to set-up a lateral
array of measurcments to obtain information about
the flow structures in this direction.
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