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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 contained 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 of 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 concl.usicns which have been deduced

from our measurements. This paper includes our first results from

measurements of the coherent structure in the lateral direction. In

addition, the following events have also taken place during the past

year:

Publication in the April, 1979 issue of the AIAA

Journal of our paper "The Nature of Boundary Layer

Turbulence at High Subsonic Speed."

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

at a High Subsonic Speed," at the ASME Gas Turbine
lion For

Conference in San Diego, California, March 12-15, 1979.

- Presentation of the paper (referred to above in

connection with the ICIASF) describing our instrumenta-

tion at the meeting of the Supersonic Tunnel Association- Jut t1on/
.... ab:llity Codes

iAvai1 and/or
Dist Special

I _ LL" L _J



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

Weidman and Browand at U.S.C. We have greatly improved

the frequency response of the basic circuit by replacing

the operational 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 sensors 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 but 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 layer velocity profile.
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Abstract

Results of simultaneous measurements of velocity, wall pressure, and wall-shear fluctuations in a

turbulent boundary layer are presented. rhe 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 obtain 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 structures which extend to the viscid-inviscid region. The

wall region is dominated by the so called "bursting" process. The relationship or interaction between

the large scale outer structure and the turbulenr "bursts" is 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 Investigation at high speed,

while confirming some of the previous results with regard to the me.an period between 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 instrumenta-

tion available it was not possible at the high subsonic speed to resolve any inner sublayer region,

although it was found that the outer flow structures exert a strong influence on the wall. The experi-

mental results at low subsonic speeds,on the other hand, did indeed identify an inner and outer region,

and duplicated some of the results obtained at low subsonic speed by other investigations.

Introduction

The discovery, by means of visual 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 coherent, quasi-

periodic nature of the flow sLnct-ures. It has been found that the size of the transducers used in the

measurements and the frequency response of the associated electronics is an important consideration in

terms of the varied scales of the flow structures; and that single point measurements and conventional

time averaged analyses cannot reveal rch useful information about coherence or intermittency both of

which are important aspects of the flow processes involved.

To overcome these problems, modern research efforts have turned to minituarized instrumentation and

multiple measurements to obtain spatial resolution of the coherent flow structures, and to digitization of

the measurements so as to allow various time series analyses to be performed on high speed computers.

With respect to the latter, it has become increasingly popular to apply various conditional sampling

procedures to the digitized fluctuations in order to isolate te=poral sequences associated with the coherent

structures. 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 flow,

thus indicating that the modelling of turbulence and the development 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 structures. The wall region

(y-4 y u,/v < 100) is charicterized by streamwise streaks of low speed fluid which lift up from the wall

resulting in locally inflexional velocity profiles. The lift-up is followed by some sort of oscillatory

motion and then a sudden breakup into small scale turbulence. The ejection of low speed fluid from the

wall is 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 is

dominated by vortical structures which extend to the viscid-inviscid region (Refs. 6, 14, 16). The

relationship or interaction 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

a limited range of Reynolds numbers, it has become commonly accepted that the "bursting" process is

strictly a sublayer phenomenon that scales with wall variables, while the large-scale outer structure is

basically Reynolds number independent. A possible link 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 investigation has been directed to study these phenomena at a high subsonic

speed, and to specifically determine the possible role or influence of pressure fluctuations 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 a turbulent

boundary layer with U - 675 ft/sec and Reg - 108,000. In addition, simultaneous measurements of three

properties of the turbulent flow, namely, the stresrmwise velocity, the wall shear and the wall pressure

t Chairman, Department of Applied Science, and Director of the Antonio Ferri Laboratories, New York

University.

tt Research Scientist, Antonio Ferri Iaborstories, New York University.



were made. lreLimliary resu ts trom measuree' ts at U® - 5 it/sec led to the conclusion that It would

be of some value to have comparitive measuremients at lower ,elocities. Terefore measurements for
boundary layers with U. - 73 ft/sec and L - 32 ft/sec were also made, and are presented for comparison.

.Experimental Facilities and P'rocedures

The New York University one foot diameter induction tunnel was used for this research. The facility
has been described in detail in Refs. 19 and 24. The capability of var ying the velocity from 30 to 700

"it/sec has since been added to the wind tunnel. In addition the wind tunnel was modified so as to allow
the test section to be located at several distances from the inlet of the tunnel. This allowed the
measurements to be made at various distances from the inlet depending on the boundary layer thicknhess
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 analysis programs has been a major part of the
present research program (see Ref. 19). The system has been greatly improved by the acquisition of a
PDP-11/34 mini-computer and a 14 channel tape recorder. The mini-cormputer system includes 64K bytes of
memory, two terminals - one of which is an interaction CRT graphics terminal, floppy and cartridge disk
mass storage, and most significantlv, a 64 channel A/D converter with two prograunable clocks. Programs
have been developed on this system which arc capable of performing the following analysis on a production

run ',asis:

I) Long-time average auto and cross correlations.

2) Conditional sampling using the variable interval time average (VITA) variance (see
Kaplan and Laufer (Ref. 25) or Blackwelder and Kaplan (Ref. 8)).

3) Pattern recognition anilysis to compensate for tandom phase "jitter" in conditional
samples (see Blackwelder (Ret. 26)).

4) Short-time, conditionally sampled auto and cross correlations (see Brown and

Thomas (Ref. 14)).

T"nese analyses can be applied directly to the oriFinal digitized data or to the data after it has been
filtered using the Fast Fourier Transform to include only components within a chosen bandpass. In this
way it should be possible to deter-mine the tmportance or influence of different frequency ranges on

particular results. From the use of the different analyses it should also be possible to determine if
different approaches to conditional sampling produce comparable results when applied to the same 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 sensor arrays and more extensive analyses have been performed. In addition,
extensive mean and fluctuating flow meastre ,ents at Ut , 75 ft/sec and _ L, 30 ft/sec have also been made.
The mean flow properties of the boundary layer at several stations along the tunnel for these three flow
conditions are summ-arized In Table I. Simrltaneous measurements of the fluctuations have been made

primarily with the sensor array shcn in Fig. 1 and more recently with that shown in Fig. 2. In the
latter, six wall-shear measurements are oriented so as to yield information about the turbulent structure

in the lateral directions. The present results are for data from the following test conditions:

- U 675 ft/sec, X/D - 31, 3>th arrays (i.e., Figs. I and 2)

- U = 73 ft/sec, X!D - 15.5, Fig. I array only

- U = 75 ft/set, X/D = 20.5, Fig. 2 array only

- U - 32.6 it/sec, X/D - 20.5, Both arrays

The aim of these tests Is to yield data over A wide range of Reynolds numbers (i.e., from approximately
5000 to 100,000) while maintaining the boundary layer thickness in the neighborhood of 3 to 4 inches. Tne
friction velocity, an important parameter in terms of the wall layer, also takes on a wide range of values
for these tests, that is, from 1.8 ft/sec to 18 ft/sec.

Discussion of Measurements

A. Velocity, Wall-Shear and Wall-Presaure (Fig. 1)

Spectral analyses of the measured fluctuations have shown basic agreement with previous measurements
except in the case of the pressure fluctuations in the two low speed cases (U - 73 ft/sec and U. - 32.6
ft/sec). As the result of many previous measurements it is to be expected that the rms level of the wall-
pressure fluctuations will fall somewhere between 0.5% and 1% of the dynamic pressure, q-. In the case of
U- - 675 ft/sec a reasonable level of 0.008 q- 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 is that, for the low speed tests, the wall-pressure fluctuations due to the turbulent boundary layer
become so weak that they drop below the noise "floor" of the measuring devices. The noise "floor" is made
up primarily of tunnel noise, although other sourcea such as transducer vibration response and ms-
allignment wbih the tunnel wall may also contribute to it.

Research performed by other investigators, determined that the level of tunnel noise could be lowered
with extensive acoustic treatment of the sonic throat section of the tunnel where the flow undergoes

rapid acceleration) and by improving the suspension system of the tunnel. These modifications were not
undertaken for several reasons. First, in the high subsonic regime where the primary interest lies, the
wall-pressure fluctuations due to the turbulent boundary layer are found to be sufficiently above the noise

"floor" to allow for accurate measurements. Secondly, in the low speed case the ain interest is in looking
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much greater aeneitivitN than the orie, trt are prepently being used.

Sections of the data are digitized for all three free stream velocities end for both of the measute

ment arrays shown in Ftie. 1 and 2. Various combirations of the analyses listed previously are applied tc

the digitized data ir attempt to obtain results comparable to those found by other investigators and cc

compare certain prop, es of the quasi-ordered turbulent structure at the varied flow conditions. It is

becoming more evidenL .. am continued use of the VITA variance analysis that one must be carefull when

looking at the mean period between events detected with thia acheme. Tha number of times that the analysis

will indicate the occurrence of an event in a fluctuating quantity uaed as a 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

fluctuating quantity in most cases yields a mean period between events given by TU/6 . 5, although this

will vary depending on the measurement used as the trigger. However, this period does not aeem to be any

more significant than any other that is obtained from this analysis with a different threshold. Some

other criteria would have to be used to determine the threshold which has physical meaning in terma 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 characteristics 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 variance analysis to the velocity fluctua-

tions at y - .075"(0) to obtain a set of times where the fluctuations at this point indicate the

occurrence of flow processes with certain repetitive characteristics. An ensemble average is then taken

of 512 data points centered about tese times for eaco of the six velocity and one wall-shear measurement.

It can be seen from Fig. 3, that for 1! - 675 ft/sec there is a definite correlation across all seven

measurements; that is, the average structure that the analysis triggers on encompasses, or at leAst has a
strong influence on, all seven measurements. That is not the case for the two law speed flows. Figures L

and 5 show that, for the trigger at y - .075"(0) (i.e., in the wall 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 as far from the wall (i.e., to y - .275"(K)) for U_ - 32.6 ft/sec (Fig. 5)

than for U_ - 73 ft/sec (Fig. 4) mav be an indication that this inner region shrinks toward the wall with

increasing flow velocity, or alternatively, that it scales with wall variables.

To see whether a similar coherence exists in the outer measurements for the low speed flows, the

analysis was repeated using the measurement at y - .375"(J) as a trigger. The results, shown in Figs. 6

and 7 , indicate that there is a correlated structure in the outer region which does not seem to extend

further down than y - .275"(K) from the wall. How far up in the boundary layer this coherence extends

cannot be deduced from the present measurements.

An attempt has been made to deter=ine if the loss of coherence with distance is due to noise that

enters into the ensemble averages because of random variations in the phase between the events at the
trigger and that at the measurement being averaged (see Blackwelder (Ref. 26)). A pattern recognition

analysis was applied to adjust the phase, with respect to the trigger at y - .075"(0), of each event in

the ensem'le averages. The results shown in Figs. 8 and 9 are to be compared to Figs. 4 and 5, respec-
tivelv. Since each event in the ense ble 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 U_ = 73 ft/sec (Fifs. 4 and 8) this phase

correction procedure has little effect in improving the ensemble averages, tius indicating that the loss cf

coherence in the outer measurements is not due to random phase "Jitter" but rather to the fact that the fl

structures in the wall region do not, on the average, extend beyond y a .075" - .175" (y
4  

112-261). On

the other hand, the phase correction procedure does result in a definite improvement in some of the

averages for Ul - 32.6 ft/sec (Figs. 5 and 8). This is particularly evident at y = .175"(L) and to a

significantly lesser degree at y = .275"(K). Thus, after correction for phase "litter" it becomes more

clear that as the velocity is lowered the coherence of the inner structure extends further from the wall
(i.e., to y . .175" - .275" for ii, - 32.6 ft/sec) or perhaps that the inner region scales with wall
variables (y4 lo0-252). The results of Fig. 3 for U, = 675 ft/sec are not inconsistent with this con-

clusion since all the measurements except the wall-shear are outside the wall region and the high degree

of correlation of thin measurement with the outer region may be only in terms of the low frequency com-

ponents associated with the outer atructure. This will be discussed further in the following paragraphs.

The ensemble averaged velocity and wall-shear fluctuations shown in Fig. 3 for U - 675 ft/sec can be
plotted to yield a sequence of fluctuating velocity pro'iles which are presented in Figure 10. The

instantaneous total velocity profiles corresponding to this sequence are shown in Fig. 11. These profiles

show a great many similarities to those which have been measured in the wall region of low speed boundary

layer flows, in particular, to those obtained by Blackvelder and Kaplan (Ref. 8). Attempts to depict the
profiles in the law speed cases is hindered by the limited number of measurements in a given region, but

indications are that the flow structures in both the inner and outer regions show the same type of

coherence. (A similar conclusion was reached by Chen and Blackwelder (Ref. 16) from measurements of

velocity and temperature in a boundary layer over a slightly heated wall). It 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 atreamwise 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 some

"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-

termire what relationship exists between measurements in the inner and outer regions. From this, some

insight may be gained into a possible interaction mechanism between the wall region "bursts" and the large
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tutuulent "bursts. In t.his regard, a cummerclsLj available pressure transducer having a diameLer of

0.010" will be tested and its output compsred to that frint thu transducers now being used (d - 0.040").

Some preliminary results have been obtained concerning the behavior of the wall pressure fluctuations

from the measure-ments and data dicussed in Ref. 19 for U. - 675 ft/sec. Mhe measurement grid was similar

tc tat shown in Fig. 1 except thht eer sensors were available at that time and the streamwise velocity

was measured at slightly different positions. Figure 12 shows the result of taking the ensemble average

of 60 events detected over an interval of Tid,/t* - 2000 using the velocity fluctuations at y/6*- 0.088 as

the trigger. The velocity and shear fluctuations are basically the same as those in Fig. 3 since the

trigger is at approximately the same position in both cases. From Fig. 12 the wall pressure fluctuations

can be seen to be characterized by a well defined period of overpressure during the passage of the flow

structures in the outer region. An examination of the wall pressure fluctuations during individual events

consistently shows the superposition of large amplitude high frequency components on the more slowly

varying period of overpressure. The fact thac these high frequency components do not appear on the average

would indicate that they are either a random phenomenon or that they occur at a random phase with respect

to the process which triggers the detection scheme. It should be possible to determine which is the case

by filtering the pressure fluctuations to obtain some representation of the high frequency tcomponents and

then applying a detection scheme to see if coherence also exists in this aspect of the data. A dominant

phase relationship Oerween the low and high freauency components of the fluctuations could also be de-

termined by cross-correlating the two.

B. L;all-Shear Measurements in the Lateral Direction (Fig. 2)

"eapure-ents N'ith the wall-shear atray show-n in Fig. 2 have been analyzed for U = 675, 75, and 3.f

ft/sec. Figu res 13-15 show the results of talving ensemble averages at each position using the measureent

at C as the trigger for detecting the occurrence of events. It can be seen that except for the high speed

case tFig. 13) there is no discernible correlation in the lateral direction, whereas a definite correlation

exists for the meas-arement (F) oriente, directly downstream of the trigger position. This is to be ex-

pected since previc-s eeasuren'ents as well as visual observations have indicated that both the wall region

"bursts" and the large scale outer structures raintain a high degree of coherence for large distances in

the strearwise directIon. The extent and spread of these structures in the lateral direction is much more

limited. In the case of the wall region -rccesses, for example, the separation between the streamwise

s-reaes is estit-ated to be on the order of Z' _ 100, while each individual streak is confined to a fraction

of this distance.

i is not clear fromr the results of Figs. 13-15 whether the detection scheme we are using triggers on

the wall region str'ctures or on the reop-nse of the wall shear to the passage of the large scale outer

strdctures, it car be seen from. the :'n-dAnxr ional distances in Fig. 2 that, at least in the case of

- - ,. ftSec, the size and separato:n of the wall shear sensors should be adequate for discerning some

aepects of the wal rector pioresses. ;<--ever, several factors would seem to indicate that the typical

wail shear r,- rnse seer in the --ssur,,-e,:s at C and F in Figs. 13-15 is a result of the large scale
outer stricture. First, the typical re-ste-se histories in the low speed casees (Figs. 14 and 15) con-

sistently ,htc-w that what appears to be an overshoot or superimposed high frequency component at the top of

the rapid change in the wall shear. A similar phenc-menon was observed by Frown and Thomas (Ref. 14) in

their wail shear 7rasure'tents and led ther' to speculate that the superimposed high frequency component -as

a manifestation of the "-'rstin'" process. The high frequency component was seen to occur at a well de-

ter-mined phase with respect to the ic- frequency component attributable to the large scale outer str-ucture,

specifically, it occurred near positive maxima of the fluctuating shear. A similar conclusion concerning

the present results would seen to be supported by the fact that this effect appears to be more pronounced

in Fig. 15, i.e., U_ 
= 
32.6 ft/sec (-here better resolution is possible of the wall region processes) than

in Fig. 14 for Ut = 75 ft/set, and does not appear at all in Fig. 13 for P_ = 675 ft/sec where the in-

strumentation is not capable of resolvinganyprocesses on the scale of the wall region.

A second indication that the well defined time signatures in Figs. 13-15 are basically the response

of the wall sheAr to the outer struicture comes from the results of a phase correction analysis shown in

Fivs. lb and 17 for t, - 675 ft/set, in Figs. 18 and 19 for U = 75 ft/sec and in Figs. 20 and 21 for

:. 32.( fr/se . Me set of events which are detected by using T'(C) as a trigger are divided into two

grcups depending on the phase relationship between each event at C and any similar evant found at B by the

pattern recognition analysis referred to earlier. The search for a similar event was restricted to time

delays approximately in the range -5 < t'1i,/5< 5. The ensemble averages obtained for the set of events

where a match was found at a later tue in -'(B) (positive delay) are shown in Figs. 16, 18, and 20 and at

an earlier t-me (reyative delay) in Fips. 17, 19 and 21. The average time delay by which the events in each

ensemble average were shifted is also Indicated in these figures. The mawrked improvement, particularly for

the two low speed cases, in the ensrble averages (compared to Figs. 13-15) shows that a coherence exists

in the lateral direction which w-as previously obscured by random phase "jitter" and which extends across

three or four of the measurements, i.e., Z* 1 500-5000. This 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+ , 50.

The fact that the events can be separated into tuc 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 hypothesized for the large scale outer structure when looked at from 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 str-cture crosses the measurements. From the

results of Figs. 16-21 it is possible to estimate the angles P4 and 0- in Fig. 2 that each "leg" -makes

with the X-axis. Taking the average time delay between the measurements at C and F one obtains a stream-

wise convection velocity of Uc/L,, = 0.70 for tlm - 675 ft/set, Uc/Ua - 0.69 for 13. - 75 ft/sec and U./U.- 0.'-



A* and a- are due to errors in the estimates, since by 5ymuetry they should be equal. The results In the

t'c low speed cames compare favorably with the angle of 220 estimated by Tlomas (Ref. 15) from similar
measurements at tU . 100 ft/sec. -uch smaller angle obtained in the high speed case could be an
indication that the flow structu., -me more confined in the lateral direction as the free stream

velocity is increased.

Conclusions

Measurements of the fluctuating properties of a turbulent boundary layer for a wide range of free

stream conditions have been analyzed to obtain information concerning coherent or quasi-ordered structures

in the flow. The primary interest of the investigation is for free stream velocities in the high subsonic

regime (specifically, U. - 675 ft/se). although comparative measuremeota have been made at two lower

veloarties, i.e. U. s 75 ft/sec and U. . 30 ft/sec. The Reynolds number, Reg, ranges from 10
5 

down to

approximately 10
4
, while the boundary layer tnickness is maintained relatively constant at between 3 to 4

inches.

Recordings of the fluctuating streamrwise 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-., conditional sampling procedures to isolate temporal 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 between measurements at

different positions during the occurrence of events are used to deduce information concerning the geometry

of the flow structures.

Measurements for two arrays of sensors have been analyzed in this way. In one, wall-shear and wall-

pressure sensors are aligned in the streamrrwise direction upstream of a rake of six streamrwise velocity

probes. In the other, wall-shear measurements are aligned so as to yield information about the flow

structures in 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 (f) is found to be approxi-

mately given by TU_/!-5, although some variation is found depending on the measurement used as the trigger

for detection. The number of events detected using thii technique, however, is strongly dependent on the

threshold chosen in the analysis. The e" imate given here was obtained with thresholds in 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 ensecole average of

all the events is useful in depicting certain characteristics of the flow structures. In the case of the
streazwise velocity measurements normal to the wall for t6 - 675 ft/sec, it was found that the average
structure correlates well over all the measurements incluling the wall-shear. This was not the case for the
two low speed flows. If a measurement near the wall is used as a trigger the resulting ensemble averages
display coherence only up to a certain distance from the wall (i.e., up to y+ , 100-200). A similar
coherence exists in the outer measurements when one of these is used as a trigger. In addition, the
boundary between the inner and outer regions seems to be further frcm the wall for Uw - 326 ft/sec than for

U - 73 fr/sec. This may be an indication that the inner region scales with wall variables.

The similarity 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 obtained by others in the wall region of low speed flows may be due to one of two
reasons. Either the detection scheme being used triggers on some "typical" structure existing in various
regions of the boundary layer, or the wall region "burst" process exhibits the same rime signature in terms
of the strea.'ise velocity as 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
measurements extends to the wall. Both the wall-shear and the wall-pressure show a definite correlation
to the passage of the outer structure. This is not the case, at least on the average, for the two low speed

flows. By looking at individual events in the low speed measurements more carefully it should be possible
to detemine if there are events which exhibit some correlation between the inner and outer regions. To
determine whether the strong correlation seen in the high speed measurements is due to the inability of the

sensors to resolve the small scales associated with the wall region processes, a pressue transducer which
is t the size of those now being used will be tested. Wit'- regards to this question of the interaction
between 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 relationship exists between them.

Two important results were obtained from the wall-shear measurements which concentrated on the lateral
aspects of these flow structure, or to be more precise, of their "footprint". From two measurements

aligned in the streamwise direction, the average convection velocity of the flow structures was found to be
in the range Uc - 0.6 - 0.7 U-. 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 streamwise direction. This angle was found to be approximately 200 for
U. - 32.6 ft/sec and 180 for U. - 75 ft/sec. In the high speed case (U. - 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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MEASURM-E'NTS OF THE COHERENT STRUCTURE OF BOUNDARY LAYER TURBULENCE AT A HIGH SUBSONIC SPEED

V. Barra and K. Hozumi

New York University - Antonio Ferri Laboratories

Weatbury, N.Y.

Abstract among other things, that significant contributi,

to the long time average Reynolds stress occur
The instrumentation and data analysis pro- during intervals when coherent structures are

cedures utilized to study the organized nature of present in the flow, thus indicating that the
boundary layer turbulence are described. Measure- modelling of turbulence and the development of d
ments in the boundary layer consist of the stream- and noise reduction mechanisms might benefit
wise velocity and wall-shear using miniature hot- greatly from a better understanding of these
film sensors and constant temperature anemometers, structures.

and wall-pressure using piezoreistiive transducers
and low-noise differential amplifiers. Procedures Visual observations of turbulent boundary
for recording, digitizing, and analyzing the layer flows seeded with various tracers have in-
fluctuating components of these measurements with dicated the presence of several different pro-
the aid of a mini-computer system are outlined, ceases involving repetitive flow structures. ,h
The digital analyses performed include conventional wall region (y+ < 100) is characterized by strea
Fourier transform and time-averaged correlation, as wise streaks of low speed fluid which lift up fr
well as conditional sampling to obtain ensemble the wall resulting in locally inflexional veloci

averaged time signatures and correlations of the profiles. The lift-up is followed by some sort
fluctuations for coherent events in the flow. oscillatory motion and then a sudden breakup int
Representative results obtained from these analyses small scale turbulence. The ejection of low spe
for three free stream conditions are presented, fluid from the wall is accompanied by sweeps of

high speed fluid from the outer regions toward t'
I. INTRODUCTION wall. This overall process has been referred to

a "burst" (Refs. 20-21). On a larger scale, the
The discovery, by means of visual observations boundary layer is dominated by vortical structur

(Refs. 1-7), of an organized structure in turbulent which extend to the viscid-inviscid region (Refs
shear flows has led to a proliferltion of new 14, 16). The relationship or interaction bet-wee
measurement and data analysis procedures for the this large-scale outer structure (LSOS) and the

investigation of the fluctuating peoperties of such turbulent 'bursts" is still not clearly defined.
flows (Refs. 8-19). Questions have been raised In particular, how these processes and their

concerning the adequacy of measurements which uti- relationship change with increasing Reynolds num'
lize instrumentation and analyses not suited to the has not been fully explored. On the basis of ob-
multi-scale, quasi-periodic nature of the flow servations and measurements over a limited range
structures that have been observed. It has been Reynolds numbers, it has become cormonly accepte
found that the size of the transducers used in the that the 'bursting" process is strictly a sublay,
measurements and the frequency response of the phenomenon that scales with wall variables, whilt
associated electronics is an important considera- the large-scale outer structure is basically
tion in terms of the varied scales of the flow Reynolds number independent. A possible link
structures; and that single point measurements and between the two processes may exist in the fact
conventional time averaged analyses cannot reveal that the frequency of occurrence of the turbulen!
such useful information about coherence or inter- "bursts" has been found to scaje with outer flow
mirtency, both of which are important aspects of variables and seems to be related to the period c

the flow processes involved, passage of the outer structures (Refs. 22-23).

To overcome these problems, modern research The primary objective of the present investi
efforts have turned to minituarized instrumentation gatio has been to obtain information concerning
and multiple measurements to obtain some sort of these phenomena at high subsonic speeds, and to
spatial resolution of the coherent flow structures, specifically determine the possible role or in-
and to digitization of the measurements so as to fluence of pressure fluctuations on the processes
allow various time series analyses to be performed involved. The experiments discussed here were
on high speed computers. With respect to the therefore performed in a boundary layer with a
latter, it has become increasingly popular to relatively high (compared to other investigations
apply various conditional sampling procedures to in this area) free stream velocity (U_ - 675 ft/s
the digitized fluctuations in order to isolate and Reynolds number (Reg . 105). In addition, an
temporal sequences associated with the coherent instrumentation and data acquisition system was
structures. This type of analysts has revealed, developed that allows simaltaneous measurements t
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be made of three properties of the turbulent flow, found to be helpful in this regard). Filtering

namely, the streamwise velocity, the wall-sheAr and provided for on the amplifiers by a mat of low 0

the wall-premsure. Up to twelve such measurements high frequency, bdB/octave, roll-off filters. 7

have been analyzed digitally on a min-co-nputer typical bandpass used was 10-100,000 it, althouF

using procedures similar to those developed to it was sometimes necessary to lower the upper er

study these phenomena in low speed flows (Refs. 8, to 30,000 Hz to help elitainate high frequency nC

14, 24, and 25). For the purpose of comparison,

the measurements and analyses have also been per- b) Wall-Shear

formed for free stream velocities of 75 and 32.6

ft/sec. A Thermo-Systema type 1237 flush-mounted hr

film sensor together with a DISA 55A01 constant

2, INSTRUMENTATION AND DATA RECORDING temperature anemometer are used to measure the

shear on the wall beneath the boundary layer.

The measurements oecribed here were made on or wall-shear is determined from the bridge output

near the wall of a 12 inch diameter induction wind voltage accoiding to the yell established relati

tunnel, a sketch of which is shown in Fig. 1. The ship (see, for example, Thomas (Ref. 15)):

details of the construction and calibration of this 2 1/3
facility can be found in Refs. 19 and 26. TheE . A w + B

original design of the tunnel included a sonic

throat section which allowed the speed in the test The applicability of this relationship in the

section to be varied from H - 0.6 to 0.8. Modifi- present case will be discussed in a subsequent

cations were made to the throat section centerbody section.

that now allow the speed to be set as low as

30 ft/sec. Arrangements were also made to allow The dynamic characteristics of the sensor

the test section to be placed at various distances depend on how rhe coefficients A and B in the a!

from the inlet depending on the boundary layer relation vary with frequency and on the time re-

thickness required for the measurements. sponse characteristics of the anemometer feedhac

circuit. The later was adjusted using the stasfi

The types of sensors used for the measurements square wave calibration procedure to give a fla,

and the general method of placement in the tunnel response curve up to approximately 20 kHz. The

are sketched in Fig. 2. The test sectio-i is fitted range of frequencies for which the relationship

with four windows, two of which ca- be used to between the output voltage and wall-shear remair

mount the plug containing the vall-shear and wall- unchanged will depend on the hot-film dimensions

pressure sensors and the rake of five streamwise and substrate material and on the flow conditioi

velocity probes. A sixth velocity measurement is as discussed by Thomas (Ref. 15). For the case

made very near the wall with a special sub- U_ - 675 ft/sec, these considerations lead to

miniature "'ooe mounted directly in the tunnel frequency limits of

window. The electronics associated with recording

the fluctuating output signal of each sensor are 190 Hz < f < 21 kHz

shown in Fig. 3. The mean and ris levels of the

signals are monitored during tests either visually which should not be of serious consequence in t,

on meters or on a chart recorder. The specifics of of the frequencies of interest in the present

the instrumentation for each type of measurement measurements.
are as follows:

c) Streawise Velocity

a) Wall-Pressure
The strea-wise velocity in the boundary la

The wall-pressure is measured using flush- is measured with Thermo-System type 1260 and 12

mounted Kulite type HIC-080-5 piezoresistive trans- hot-film probes and various types of constant

ducers which are rated for a pressure difference of temperature anemometer systems (Fig. 3). The

5 psi. The pressure sensitive area of these trans- sensing element on these probes is an alumina

ducers has a diameter of 0.040" (see Fig. 2). The coated cylindrical quartz rod having a diameter

sensitivity of each transducer was checked and 0.001" and a lateral width of 0.040" for the 12(

found to be constant up to the rated pressure and type probes and 0.010" for the single 1297 sub-

to be on the order of 0.6 mV/psi/V(input). With a miniature probe. Calibration of the five probe

bridge excitation of 9 volts, a dynamic calibration the rake is accomplished in a small induction

of these transduicers using a pis'onphone yielded an tunnel built specifically for this purpose. The

equivalent sensitivity of 142 dB below l.0V/obar. flow speed in the tunnel can be varied continuo,:

The manufacturer specified natural frequency of from zero to approximately 600 ft/sec and can be

200 kI~z im.res that this sensitivity is accurate kept steady for long periods of time. The flow

up to approximately 40 kHz. speed is determined from the ratio of static to
stagnation pressure as measured with a precise 6

The output signal from these transducers is of manometers. The bridge output voltage-veloci
conditioned by Princeton Applied Research type 113 relationship obtained from the calibration is us

low-noise amplifiers. Because of the high gain to set-up the analog linearizers shown in Fig. 3

required (typically on the order of 2000), the- or to linearize the data representing the streac

amplifiers were operated in a differential mode so wise velocity after it has been digitized.

as to alleviate the problem of induced electronic,

noise. (Proper shielding and grounding were also-
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The frequency response of these systems is measurements be simultaneous is very important in

checked using a square wave calibration signal and terms of the analyses to be performed on the data

adjusted to give a flat response up to about 20 kHz

although some variation existed from one system to The procedure used to achieve these require-

another. The badpass on the signal conditioners ments involves digitizing a single data channel a'

vas typically set at 5-50,000 Hz. a time in order to relax the need for very high

-overall sampling rates, and employing the recorded

Recording of the analog fluctuation signals from 200 kHz sine wave to determine when samples are tr

these various sensors is provided for by a Honeywell be taken thereby preserving the simultaneity of t0

5600 tape recorder which has 13 available data group of channels digitized. The data is played

channels. To achieve the most suitable data band- back at 1/64 the speed at which it was recorded

w'dth, recording is done in FM mode at a speed of (i.e., 15/16 IFS) starting at a point just before

60 IPS. In this configuration the available band- oie of the pulses on the pulse train channel

width is DC-40 kHz. Two signals which serva to (indicated as 1 in Fig. 4). Sampling begins on ti

synchronize the different data channels on play- occurrence of this pulse and is repeated at each

back are recorded along with the sensor signals occurrence of an appropriate signal on the Extern

during each test. One is a pulse train with a A/D-Start input of the A/D system. This is provi,

period of about 1.5 seconds which servos to sepa- by a pulse generator driven by the 200 kHz

rate the test into several sections. The other is (3.12 kHz in real-time) sine wave on the recorder

a 200 kHz sine wave which acts as a tape-time clock (indicated as 2 in Fig. 4). Die to the limited

in the 1.giLizins procedure. Since onLy 13 data memory available, a maximum of approxima.ely l,U

channels are available on the tape recorder, the samples can be made with one pass through the con-

pulse train had to be added to one of the sensor version program. This data is written on disk an,

signals when 12 measurements were made in the flow. the process repeated for each data channel on the

recorder.

3. DATA ACOUISITION AND ANALYSIS SYSTFI-S
It can be seen that the sine wave becomes a

The recorded data is analyzed with the systems clock (for time on the tape) having a resolution

shown schematically in Fig. 4. Conventional 5 usec. As such it can be used to precisely local

spectral and correlation analyses of the analog information on the tape. For example, if more thp

data are performed using a General Radio 1900 wave 10,000 samples are required the clock can be used

analyzer and a Saicor 42 correlation and probability to measure a 10,000 interval delay between the

analyzer. The bulk of the data analysis, however, occurrence of the pulse and the start of the next

is performed on digitized sections of the record- set of 10,000 samples. This process can be re-

ings obtained with the use of a PDP-ll/34 mini- peated almost indefinitely if the sine wave is

computer system. This system includes the 11/34 sufficiently free of noise so that timing errors

processor with 64K bytes of memory, one RL01 do not accumu late. It is also possible in the coT

cartridge disk drive and dual floppy disk drives version program to make the timing interval any

for mass storage, two terminals-one of which has a integer multiple of the basic 5 usec, thus allow-

CRT with graphics and hard-copy capability, and, ing the data to be sampled at any rate that is an

most signiticantly for the present application, a integer fraction of 200 kHz.

64 channel A/D converter with two progracunable

clocks. The software available on the system As with the digitizing procedure, the re-

includes the RT-11 operating system, a Fortran IV quired analyses of the data had to be adapted to

compiler, and several scientific subroutine and the constraints of the 11/34 system. The problem

laboratory applications packages. of the limited memory available was overcome

through the use of overlays in the analyses pro-

Several considerations led to the development grams and by analyzing the long data records

of the digitizing procedure being used in this ex- (typically 30,000 points) in blocks of 512 points

periment. The requirement that fluctuation at a time. To minimize data access time in this

frequencies as high as 40 kHz be accurately re- procedure, the RLOI disk drive is used as the

solved (particularly for the wall-pressure) implied primary or direct mass storage device The slow

the need for sampling rates on the order of 100 kHz speed of the 11/34 processor is an unavoidable dir

or preferably 200 kHz. To achieve such a high advantae of the system, the solution of which

sampling rate and still maintain the simultaneity would be to transfer the digitized data to a

of 12 data channels would require, even with the faster machine. The possibility of doing this wi'

procedure of slowing down the tape recorder on a CDC-6600 is being investigated.

playback, a very specialized A/D system with multi-

ple simple-and-hold circuits and fast settling and The analyses that can now be performed on a

conversion times. With the procedure described production run basis on the 11/34 include the

here, an effective sampling rate of 200 kHz/channal following:

can be easily achieved for any number of channels

even with the relatively inexpensive and limited - Long time average auto and cross

A/D system available on the mini-computer (i.e., correlations

the AD11Y). One of the limitations of this system

is that it has a single sample-and-hold circuit, - Conditional sampling of the data

thereby making it impossible to achieve strict using the variable interval time

simultaneity when sampling more than one channel average (VITA) variance to isolate

under normal procedures. The requirement that the temporal sequences associated with



coherent events in the flow ( see to be expected that the r-ms level of the wall-

Kaplan and Laufer (Ref. 2) or pressure fluctuations will fall somewhere between

Blackwelder and Kaplan (Ref. 8)). 0.5t and 17. of the dynamic pressure. q_. In the

Ensemble averages can be formed from case of U. - 675 ft/sec we measured & resonable

a set of events, level of 0.008 q. But at U. - 73 ft/eec and 32.6

ft/sec the measured levels were equivalent to

- Psttern recognition analysi to com- approximately 0.23 U. and 0,65 q_, respectively.

pensate for random phase "Jitter" in The explanation for this is that, for the low speed

conditional samples (see Blackwelder tests, the wail-pressure fluctuations due to the

(Ref. 25)) turbulent boundary layer become to weak that they

drop below the noise "floor" of the measuring

- Short-time, conditionally sampled devices. The noise "floor" is made up primarily of

auto and cross correlations (see tunnel noise, although other sources such as trans-

Brown and Thomas (Ref. 14)). ducer vibration response and misallignment with the
tunnel well may also contribute to it.

These analyses can oe applied 
to the original data

or to the data after it has been filtered using a It is thought that the level of tunnel noise

Fast Fourier Tranaform (FFT) algorithm to include could be lowered with extensive acoustic treatment

only fluctuation components in a chosen frequency of the sonic throat section of the tunnel (where

range. In addition an attempt has been made to see the flow undergoes rapid acceleration) and by

vlopt beneflts could be gained by incorporating improving the susoension system of the tunnel.

certain aspects of one type of analysis into Besides the time involved, several factors in-

another, fluenced the decision not to undertake these modi-

fications. First, in the high subsonic regime,

4. mLASURatENTS where primary interest lies, the wall-pressure

fluctuations due to the turbulent boundary layer

The mean flow parameters at several stations are thought to be sufficiently above the noise

in the tunnel for the three flow conditions for "floor" to allow for accurate measurements. Secondly,

which measurements have been made are sumnarized in in the low speed cases the main interest is in

Table 1. Details on the measurement of the mean looking at the wall-shear and fluctuation velocity

velocity and turbulent intensity profiles can be profiles (for comparison to those obtained at high

found in Refs. 19 and 26. It should be noted that speed), the measurement of which should not be

the boundary layer thickness is on the order of 4" significantly affected by tunnel noise. And lastly,

in all cases, while the Reynolds number ranges from the measurement of very low pressure levels would

approximately 5,000 to 100,000. require much more sensitive transducers than are
now being used.

Once the mean properties of the flows were

determined, simultaneous r-easurementa were made of Typical power spectra obtained for the wall-

the fluctuations in the flow with the sensor array pressure fluctuations are shown in Fig. 6. Those

shown In Fig. 2. A more detailed lay-out of this measured by Serafini (Ref. 27) and Wooldridge and

array is presented in Fig. 5. The six hot-film Willmarth (Ref. 28) are also shown for comparison.

velocity mueaurements (l,J,K,L,0,N) are made within It can clearly be seen that for the two low speed

a distance of approximately 1/2" from the tunnel flows the noise "floor" is anywhere from 20 to 40

wall. The hot-film at y - .025"(M) is the type dB above the expected wall-pressure fluctuations
1279 subminiature probe described previously. A over the entire range of pertinent frequencies. In

table of the various non-dimensional distances from the high speed case the measured fluctuationB have

the wall for the different flow conditicrm is also a spectral distribution which agrees more favor-

included in Fig. 5. The measurement of the wall- ably with previous measurements. The lower levels

shear with the flush mounted hot-film sensor (F) is obtained above U.0*/U, . .3 could be due to the size

made directly below the velocity measurements. Five of the transducer nt allowing accurate resolution

of the Kulite pressure transducers (T,S,R,Q,P) are of small-scale fluctuations.

aligned in the streamwise direction directly up-

stream of the wall-shear sensor. The spacing of A comparison of previous measurements seems to

the measurements was determined strictly on the indicate that if the transducer diameter is too

basis of placing the sensors as close as physically large, a loss of resolution of small-scale pressure

possible. The primary effort of the present ex- fluctuations will occur. This manifests itself as

periment has been directed toward measurements with consistently lower measured spectral densities at

this array, although more recently efforts have high frequencies, that is, above .6*/U. w 1.

also been made to set-up and make measurements with Ez.erli.ag (Ref. 11) has sutmarized the available

a lateral array of sensors, results in terms of the non-dimensional parameter

du,/V, where d is the transducer diameter. For

The first analysis performed on the measure- values of this parameter above approximately 100

ments with this array was to obtain the spectral the overall rm level of the wall-pressure fluctua-

distributions of the fluctuations. This was done tiona is always measured to be around 0.005o..

directly from the recorded analog data. An early . Below this value, the measured rmas level increases

conclusion reAched from this analysis was that the linearly as duT/v is lowered. This increase is

levels of the wall-pressure fluctuations for the attributed to the increased resolution of intense

two low-speed cases were much higher than expected, small-scale fluctuations, or equivalently of high

AS a result of many previous measurements it is frequency spectral components, by the smaller

a•'"~r~ ACT- - m m



transducers. (More recent results seem to indicate (i.e., y - 568). The high degree of correlat
that a good part of this increase can be attributed of the wall measurements to the passage of th,
to errors introduced by the use of pinhole micro- outer structures may be due to the fact that t
phones (see Ref. 29)). For the transducer used wall sensors, due to their size, are biased tc'o
here, du/Vs a 300 (for U. - 675 ft/set) thus in- the large scales associated with the outer
dicating that some los of resolution probably structures. The typical sensor dimension of 0.
exists in the present measurements. The reasons represents approximately 300 viscous lengths a!
for the high overall level of 0.008 q_ have not U_ - 675 ft/sec, thereby making it impossible
been determined, resolve wall region processes such as "bursts"

which are thought to have Lateral scales on th,
An additional question concerning sensor size order of 50 /u. Irregardless of this argume-

arises for te flush mounted hot-film sensor. It however, it would seem that the strong and dir,
has been found (see Thomas (Ref. 15)) that the influence of the outer structure on the fluctu
bridge output voltage-wall shear relationship at the wall in this high speed flow may have
given in Section 2 holds only if practical impnrtance and should be studied fur'

Lu

7.8 < e=< 46 From the ensemble averages shown in Fig.
it is possible to depict the behavior of the i'

where Le is the effective length of the sensor in stantaneous fluctuation (Fig. I1) and total (F!
the streamwise direction. For a sensor width, W, velocity profiles during the passage of the av.
of about twice the length, Thomas finds that flow structure. The similarities between the
Le/La ft 2.6. Using this ratio in the present case sequence of profiles shown in Figs. 11 and 12

(La - 0.005") would yield an Leu./V of about 100, those obtained by Blackwelder and Kaplan (Ref.
20 and 12 for U_ - 675, 73 and 32.6 ft/sec, re- in the wall region of a low speed (14 ft/sec)

spectively. But since W/La is larger than 2 have been noted in Ref. 19. The enaemble aver
(i.e., t 8), the ratio Le/a will also be smaller obtained in the present investigation for the
than 2.6, thereby giving a more acceptable value of speed flows (U_ - 73 and 32.6 ft/set) seem to
Leu-i/v for U. - 675 ft/sec. indicate that these similarities can be accoun

for in one of two ways. Either, as has also b.
Power spectra for the velocity fluctuations at suggested by Chen and Blackwelder (Ref. 16), tC

two points in the boundary layer are presented, to- wall region "bursts" display the same type of

gether with similar data obtained by Wooldridge and signatures in terms of the streamwise velocity
Willmarth (Ref. 29), in Figs. 7,8 and 9 for the certain aspects of the large scale outer struc

three free-stream velocities. In all three cases or the detection scheme being used in all thes,
there is reasonable agreement in the overall shape cases triggers on some "typical" structure whl
and level of the spectral distributions. This can be found in various regions of the boundar

confirms the assumption that unlike the wall- layer.

pressure fluctuations, the velocity fluctuation

measurements are not significantly affected by Without going into great detail, some of
tunnel noise in the lower speed flows. The other analyses performed on the data are as
differences in the spectra at the two measurement follows:

positions, particularly for U_ - 675 ft/sec

(Fig. 7), is most likely due to the difficulty in In the ensemble averages it is some-
matching the frequency response characteristics of times necessary, particularly when

the different anemometers used for the measurements, the separation between the detector

It should be noted that for the velocity fluctua- and the measurement being averaged
tion o ectra, the local mean velocity and not the is large, to compensate for random

free-stream velocity has been used to non- variations in the arrival times of

dimensionalize frequency, events at the two positions. This

is done by a pattern recognition
Representative of the type of results ob- analysis which corrects for this

tained from conditional sampling of the digitized phase "Jitter" (see Black-welder

data are the ensemble averages shown in Figs. INa (Ref. 25)). Without this procedure

and b and the sequence of fluctuation and total it is possible for any coherence
velocity profiles shown in Figs. II sod 12. These that exists to be lost in the noise

results are for U. - 675 ft/sec and were obtained that results from the randomness in

by applying the VITA variance analysis to the phase.
veluLLty fluctuations at y - .075"(0) to detect

the occurrence of flow processes with certain Long-time average cross correlations

repetitive characteristics. An ensemble average have been used to infer information

is then taken of a short interval of data centered concerning overall convection

about these detection points for each of the velocities and spatial represents-
measurements in the flow. The results, presented tions of the turbulence. By looking
in Figs. los and b, show that the flow structures at short-time correlations over

triggering the detection scheme are, on the conditionally sampled sections of
average, highly coherent over the entire set of data, this type of information can
measurements. These flow structures are obviously also be obtained for particular flow

some aspect of the large scale outer structure structures.
since the detector is located in the outer region
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Filtering of the data in all the shear fluctuations and 40 khz for the pressure
analyses discussed thus far using fluctuation&.

the FFT can be useful in determining

the importance or influence of Data analysis equipment is available for
different frequency ranges on parti- performing standard spectral and correlation

cular results. By correlating the analyses of the analog data and a specialied

low frequency part of a measurement digitization procedure has been developed to

with some representation of the high produce discrete time sequences of the fluctuations.

frequency components some information With this procedure, sampling rates as high as

could be obtained concerning the 200 kHz/channel can be achieved while maintaining

relationship between the large scale the simultaneity of 12 recorded date channels. This
structures and small acale phenomena is accomplished using a relatively unsophisticated

such as "bursts" (see Brown and A/D conversion syste
- 

that is part of a PDP-11/34
Thomas (Ref. 14)). This would be laboratory mini-computer System.

particularly applicable to the wall

measurements. All the analysis of the digitized data is

performed on this mini-computer system. This in-
Future plans include the expansion of a cludes the use of a short-time average variance

lateral array of sensors for which some measure- technique to locate the rccurzence of coherent
meats have already been made. These measurements events in the data and then forming ensemble
have thus far only involved wall-shear sensors in averages of these events. A pattern recognition
an attempt to obtain some information concerning analysis can be performed to improve the ensemble
the lateral geometry of the flcrw structures. it is averages by compensating for random variations in
planned that this array wil be expanded to include the arrival time of the events at different points
wall-pressure and stream.ise velocity measurements in the flow. A different approach to conditional
aligned in the lateral direction. To accc-plish sampling involving short-time cross-correlations
this it will be necessary to expand the nu'ber of can also be applied to the data. in addition, all
anemometer channels available. This is being done these analyses can be performed after appropriate
by the construction of as many as 20 simple filtering of the data using a Fast Fourier Trans-
anemometer sets similar in principle to the circuit form subroutine.
discussed by Ueidman and Browand (Ref. 30). and
also to one developed by R.E. Kaplan at U.S.C. The Measurements have been made for three free
use of these anemometer sets will greatly simplify stream velocities (i.e., U_ - 675, 73, 32.6 ft/sec)
calibration and frequency matching procedures, but with an array of sensors which attempts to resolve
will require additional processing, e.g., linear- the velocity profile at a station normal to the
izing, of the digitized data. wall, the wall-shear directly below, and the wall-

pressure in the streamwise direction directly up-
5. CONCLUSIONS stream. Typical spectra of the fluctuations agree

favorably with previous measurements except for the
A facility has been established for studying wall-pressure in the two low speed flows. In these

the coherent structure of boundary laver turbulence cases the pressure fluctuations due to the tur-
at high subsonic speeds. This includes an In- bulent boundary layer appear to be well below a
duction wind tunnel with a 12" diameter test noise "floor" which is thought to be made up
section, an instrumentation package for measuring primarily of tunnel noise. In the high speed flow
the velocity, wall-shear and wall-pressure in the a problem exists with the resolution of the very

boundary layer developed on the wall of the tunnel, small-scale phenomena associated with the wall
and a data analysis system capable of digitizing layer by the relatively large pressure and shear

the measurements and performing relevant condi- sensors. The benEfits that could be gained in this
tional processing of the data. regard by using a commercially available transducer

with a sensitive area having a diameter 0.010" will
Although primary interest lies in the high be investigated.

subsonic regime (U_ , 700 ft/sec), measurements can
and have been made in turbulent boundary layers The application oi the conditional sampling
with free stream velocities as low as 30 ft/sec. analyses to the measurements has led to several
The boundary layer thickness is typically between interesting results particularly in the high speed
3 to 4", although again the wind tunnel has the case where investigations of this type are scarce.
flexibility to allow measurements to be made at The analysis of this data is continuing while plans

various positions in the development of the flow. are being made to expand the total number of
The instrumentation package gathered for the measurements in the grid and to set-up a lateral
measurements includeshot-film velocity probes, array of measurements to obtain information about
flush mounted hot-film wall-shear sensors and flush the flow stuctures in this direction.
mounted piezoresistive wall-pressure transducers.
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