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THE INFLUENCE OF SOUND UPON

LAMINAR BOUNDARY LAYER INSTABILITY

by

Paul J. Shapiro

ABSTRACT
h

N

This paper presents the results of an experimental
investigation into the effects of pure-tone acoustic excita-
tion on Tollmien-Schlichting waves in a subsonic Blasius
boundary layer. Longitudinal growth rates were measured for
naturally-existing waves in a low-noise, low~turbulence wind
tunnel, and for waves excited by an externally imposed sound
field. The results were compared to numerical results from
the standard Orr-Sommerfeld equation. The excited Tollmien-
Schlichting waves matched the theory well in most respects,
and it was concluded that the acoustic excitation merely
generated a larger initial wave amplitude, ahead of Branch I
of the neutral stability curve. For excitation levels larger
than the residual tunnel disturbances, this initial ampli-
tude was constant and equal to the disturbance velocity of
the sound wave. The naturally-existing waves showed growth
rates smaller than theory predicted. This leads to the
conclusion that natural waves are not initially two-
dimensional. _Both cases showed spatial oscillations of
the measurej‘%iflitude and phase, with a wavelength equal
to the Tollmien-Schlichting wavelength. Since these
oscillations were much more pronounced for the excited case,
they may be related to the unknown coupling mechanism
between the sound waves and the Tollmien-Schlichting waves.
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CHAPTER 1

INTRODUCTION

The modern investigation of the process of boundary
layer transition from laminar to turbulent flow was begun
by Schubauer and Skramstad (1948). Making use of an
excellent, low-turbulence wind tunnel, they were able to
demonstrate experimentally all of the important features
of the Tollmien-Schlichting instability theory. They also
made the first quantitative measurements of the effect of
free-stream turbulence on the transition Reynolds number.
Their measurements showed that the transition Reynolds
number with no static pressure gradient reached a constant

value of 2.8 x 106

for free-stream turbulence levels
below u'/U, = .1%. They noted that at these very low
turbulence levels, the measured turbulence appeared to be
due primarily to acoustic disturbances, and suggested that
this might be an important fact. They further reported
that they could excite the Tollmien-Schlichting waves with
sound, thereby reducing the transition Reynolds number.
Investigations subsequent to those of Schubauer
and Skramstad focused on the nonlinear stages of boundary
layer transition. More recently, however, Wells (1967)

and Spangler and Wells (1968) have re-examined the effect

of free-stream turbulence on transition Reynolds number.
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Their tunnel, in addition to having low turbulence, was

designed to have a low level of background acoustic noise.
They reported a value of 5.2 x 10® for the transition
Reynolds number at low turbulence levels and, presumably,
at zero pressure gradient. They attributed the difference
between their results and those of Schubauer and Skramstad
to the fact that the acoustic levels in their tunnel
represented only a small fraction, estimated at less than
20%, of the measured free-stream turbulence. Thus, they
implied that an acoustic disturbance with a given RMS
velocity level is somehow more destabilizing to the
boundary layer than a free-strear turbulence field of the
same velocity. They went on to show that different sound
fields had different effects on transition (Figure 1). At
the present time, the Spangler and Wells experiment is

the only one to have reached a transition Reynolds number

as high as 5 x 106.

The purpose of this investigation was not to repeat
the Spangler and Wells measurements, but rather to look
at the detailed effects of acoustic excitation on the first
stage of transition, the Tollmien-Schlichting waves. It
has been shown by Morkovin and Paranjape (1971), Sato (1960),
Sato and Kuriki (1961), Brown (1935) and Miksad (1970)

that sound fields can have a large adverse effect on the
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stability of free jets, free shear layers, and wakes.
Grosch and Salwen (1968) have developed a theory which
predicts that incompressible plane Poiseuille flow can

be either stabilized or destabilized by oscillating
pressure gradients, as shown experimentally by Miller and
Fejer (1964) and Obremski and Fejer (1967). Several
investigators in addition to those previously mentioned
have suggested that sound has a significant effect on

the transition of a laminar boundary layer. See, for
example, Pfenninger and Reed (1966), Vlasov and Ginevskii
(1971), Knapp and Roach (1968), von W. Schilz (1965) and
Boltz,Kenyon and Allen (1960). The only theoretical
treatment of this problem was published by Mack (1975)
for the case of supersonic flow.

The subsonic theoretical problem differs substantially
from the supersonic case, in that it is no longer clear how to
represent the acoustic excitation. The theoretical solution
for incompressible Poiseuille flow was possible because the
Navier-Stokes equations in this case are truly linear, result-
ing in an exact, analytical solution for the disturbed mean
flow. The Blasius boundary layer is not a parallel mean flow,
although most stability calculations treat it as such and give
results which compare well to experiments and to more rigorous
calculations. The boundary layer equation is not even valid
at the extreme leading edge of a plate. Thus, at the present

time, an experimental approach seemed more likely to succeed
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in describing the effects of sound on laminar boundary layer
instability than a theoretical one.

The objective of this study was to determine the
effects of sound excitation on the linear disturbance
growth stage of transition on a flat plate at zero pressure
gradient in subsonic flow. These conditions were chosen
since they are the most commonly and easily studied and
best understood. The first question raised is whether
the response to sound excitation is still of the same
nature as the unexcited boundary layer transition process.
Does the sound excite only Tollmien-Schlichting waves, or
is some other mode of the boundary layer involved? The theory
which predicts the Tollmien-Schlichting waves certainly
permits other modes of response. Both discrete modes, one
of which is the Tollmien-Schlichting wave, and continuous
modes have been identified by Mack (1976) and Grosch (1977)
although the Tollmien~Schlichting wave is the only unstable
infinitesimal mode, and hence is the most likely one to be
seen experimentally.

If the response is principally described by a
Tollmien-Schlichting wave, what effect does the sound
have? The possibilities include a simple change in the
initial conditions and a change in the rate of growth of

the waves. A change in the initial conditions could
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manifest itself in at least two ways. There could be a

straightforward increase in the initial disturbance

velocity ahead of Branch I (see Figure 2), or there could be

a more complete channeling of the disturbance energy into the
Tollmien-Schlichting waves and larger apparent growth rates {

without any change in the Tollmien-Schlichting mechanism.

When the system is approximately linear, we would
expect the response to a pure tone excitation to be
primarily a Tollmien-Schlichting wave of the same frequency.
Tollmien-Schlichting waves have a phase speed which is
typically one-third the free stream velocity while the
phase speed of acoustic waves is the speed of sound in air,
345 m/sec. For a fixed frequency, the wavelength is
directly proportional to the phase speed. Thus, at a
typical test condition of 35 m/sec, the acoustic wavelength

is 30 times larger than the appropriate Tollmien-Schlichting

wavelength. Given this very poor match, how does the acoustic

excitation couple to the Tollmien-Schlichting waves?
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CHAPTER 2

BOUNDARY LAYER TRANSITION

The general nature of the process of boundary layer
transition is fairly well understood today, although there
is still much work to be done before theoretical
descriptions of transition on arbitrary bodies in various
environments can be calculated accurately. We present here
a description of the transition process at subsonic speeds
on a smooth, flat plate in a low-turbulence, quiet,
constant-temperature fluid with zero static-pressure
gradient over the plate. The steps remain qualitatively
similar even when most of these restrictions are relaxed.

Transition is a process which is conveniently
described using a body-fixed coordinate system. The
beginning of the plate has a purely laminar boundary layer,
described as a Blasius boundary layer except in the
immediate vicinity of the leading edge, where the Blasius
solution is not valid. The stability of this flow can be
investigated mathematically by assuming the flow to be a
Blasius flow plus an infinitesimal harmonic disturbance
wave of arbitrary frequency or wavenumber. The flow is

unstable if there is any disturbance which will grow

once it is excited. If the flow is stable to all
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infinitesimal disturbances, it must also be proven to be
stable to finite disturbances. The case of an infinit-
esimal disturbance is a linear problem, whereas a finite
disturbance by definition results in a nonlinear problem.

The linear stability of Blasius flow was first
computed by Tollmien (1931) and Schlichting (1933),
although the equations were first discussed by Lord
Rayleigh (1887). A detailed description is given in
Schlichting (1968), but the basis will be presented here.
We are examining the stability of two dimensional Blasius
flow. Squire (1933) proved that the most amplified
disturbances in this case are also two dimensional, so we
can neglect the spanwise dimension. The plate lies in
the y = 0 plane, with x representing the distance down-
stream frcm the leading edge, y being the distance normal
to the surface of the plate, and U, being the free stream
velocity in the x direction. The perturbation wave has a

wave number k = 27/)\, where A is the wavelength, and a

circular frequency w. In non-dimensional form, the perturba-

tion is represented by the real part of a stream function,

)
% x Us?t
v = ¢(y/8 ) exp ila g: b=

* . . .
where a = kg 1is the complex, dimensionless wave number

and g = yy/U_? is the complex, dimensionless frequency,

praSeraepe—
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with the Blasius boundary layer displacement thickness,

§* = 1.72 AX/U_. Since x/6* = (U_s*/v) (1/1.72°21/(1.72) 2

Rgx, we can use Rgx, the displacement thickness Reynolds
number, as the non-dimensional x parameter.

These variables and parameters are then inserted into
the dimensionless Navier-Stokes equations for
the perturbation field, resultirg, after some manipulation
{see Schlichting (1968)}, the assumption of parallel mean
flow, and linearization, in the Orr-Sommerfeld stability equa-
tion. The parallel flow assumption neglects the boundary
layer growth in x.

o™ - 20%" + ¥ = iR[(aU-8) (6" - a9) - au"e)

This is a fourth order, ordinary differential equation for
¢ (y/8*), with the parameters U(y/S§*) /Uy, the unperturbed
boundary layer velocity profile at a given Rgx, o and B.
The boundary conditions stipulate that the perturbation
velocities must go to zero at the plate and as y ** . This
equation represents an eigenvalue problem.

There are two methods of proceeding. If a is
chosen as real and given, the problem involves solving for
the complex eigenvalue B which will permit ¢ to satisfy the
boundary conditions and the equation. The real part of B

represents the required frequency of the perturbation for
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the given wave-number while the imaginary part, Bir

represents exponential growth or decay in time. For stabil-

ity calculations we are interested only in the first mode,

oy

which is the least stable one. This is known as the temporal
problem, since the result gives a temporal growth rate. The
opposite problem, that of spatial growth, is the case studied
experimentally. A real frequency, By is assumed and the
complex wavenumber g = Sy + i“i is solved for, with aj

giving the exponential growth or decay, for a single value

of Rgy,. Most commonly, the temporal problem is the one for

which solutions have been given, even though spatial

characteristics are necessary for comparison with experiments.
Gaster (1962) proved that for small amplification rates, which
is the case in the boundary layer, the spatial growth is

related to the temporal growth by

|

Q)|
w0

i
)

b
l
Wy IBi

QJI

r

where - asr/aar is the group velocity of the wave. Briggs
(1964) discusses a more general form of this relation.

The results of these various calculations can be
presented in several ways. The neutral stability curve,

along which there is neither growth nor decay, can be

s ———
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plotted as shown in Figure 2, taken from Shen (1954). The

easiest result to compare with an experimental measure-
ment is a plot of the growth and decay of a single

frequency as a function of R5*r shown in Figure 3, from

Ross, Barnes, Burns, and Ross (1970). The derivatives of these

curves would be proportional to o the spatial amplification

rate. Figure 4, from the same source, shows scme typical

Tollmien-Schlichting wave velocity profiles across the
boundary layer.

Returning to the flat plate transition process, the
first stage of transition involves the growth of two-
dimensional Tollmien-Schlichting waves. When these waves
become sufficiently large, non-linear mechanisms cause the
perturbation velocities to grow much more rapidly, leading
to the formation of turbulent bursts. The intermittency,
vy, of the boundary layer at any point is defined as the
percentage of time the flow is turbulent. The most common
definition of transition Reynolds number is the Reynolds
number based on the x location where the maximum value

of vy within the boundary layer is 50%. The importance of

the Tollmien-~-Schlichting waves is due to the fact that the non-

linear breakdown to turbulence occurs over a very short
distance compared to the length of plate required for

linear Tollmien-Schlichting growth, so that the transition

R rd v

R A
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Reynolds number is primarily determined by the Tollmien-

Schlichting amplification process. Further details of
the non-linear aspects of transition may be found in
Klebanoff and Tidstrom (1959), Klebanoff, Tidstrom and
Sargent (1962), Hama and Nutant (1963), Kovasznay, Komoda
and Vasudeva (1962), Landahl (1972), Tani (1969), and
Reshotko (1976).

There are a large number of variables which can
offect the transition process. The stability characteristics
of the Tollmien-Schlichting waves are very sensitive to
the exact shape of the velocity profile, U(y). "Fuller"
velocity profiles, such as those associated with a favorable
pressure gradient, are more stable, while any inflected
profile, with U'" (y) = 0, is rendered less stable.
Obremski, Morkovin and Landahl (1969) give tables to permit
stability calculations for a wide range of profiles.
Velocity profiles are affected by an external pressure
gradient, boundary layer suction or blowing, large, two-
dimensional roughness, as shown by Klebanoff and Tidstrom
(1972), polymer injection and heating or cooling of the
plate relative to the fluid. Figure 5 shows the neutral
stability curve and the value of the maximum growth rate

for several pressure gradients.

T ————
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Since stability theory only indicates the growth

rate of a disturbance, the transition Reynolds number
is strongly affected by the initial levels of the Tollmien-

Schlichting waves as they enter Branch I of the neutral

stability curve shown in Figure 2. Presumably this is

how free-stream turbulence and small-scale surface roughness
affect transition, although this is not certain. Mack (1977)
presents an excellent discussion, and an empirical approach,
of this problem.

Sound, as well as plate vibration, is a different
sort of excitation because it is correlated over large
distances, both longitudinally and spanwise, in general.

It is therefore conceivable that the effects of sound on
the boundary layer may be more complex than the effects of
free-stream turbulence or roughness. Sound excitation
probably increases initial Tollmien-Schlichting levels,
but it may also change the stability characteristics.

Any discussion of tle coupling of an excitation

field to the boundary layer disturbances must include

the question of the excitation spectrum. Previously
mentioned experiments with sound excitation of the Blasius
boundary layer have shown that excitation is only
effective when it contains energy in the unstable

Tollmien-Schlichting frequency range. Obremski and
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Fejer (1967) have shown that for plane Poiseuille flow

subjected to an oscillating pressure gradient there is a
limiting frequency, for a given disturbance amplitude,
above which there is no effect on transition. To be most
meaningful, therefore, disturbances such as free-stream
turbulence should be characterized by a power spectral
density rather than by an overall RMS amplitude. Perhaps
the more detailed description will eventually provide an
explanation of the variations in transition Reynolds
number as observed at different test facilities, and in
the same facility at different test speeds (the

unit Reynolds number effect ). The unit Reynolds number
is defined as the dimensional quantity U_/v. Mack (1975)
has had some success using this approach to treat super-

sonic boundary layer transition.
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CHAPTER 3

EXPERIMENTAL FACILITY

WIND TUNNEL AND TEST APPARATUS

These experiments were performed in the M.I.T.
Acoustics and Vibration Laboratory's wind tunnel (Figure 6).
This was a low-turbulence, low-noise, open-circuit wind
tunnel. The contraction ratio was 20:1, leading to a
square test section 38 cm x 38 cm, 4 meters long. Tunnel
speeds ranged from 11 m/sec to 50 m/sec. A special test
section duct was built for this program. The inside walls
were lined with an acoustically absorbing material, which
presented a very smooth surface to the flow. These inner
walls were false walls, not structural ones, and could
be adjusted to control the pressure gradient. The
measurements were made on a test plate which was mounted
horizontally, and was supported on two longitudinal rails.
The rails could be adjusted to control the angle of attack
of the plate, and they also allowed the plate to be
installed in different longitudinal locations within the
test section.

The plate spanned the full 38 cm test section
width, and was 170 cm long. It was fabricated as a
composite sandwich, as shown in Figure 7. The top test

surface was a piece of 0.25 inch thick aluminum tool and

W SR = - ot S
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jig plate. Beneath this surface was a 0.125 inch thick

sheet of viscoelastic vibration-damping material (E-A-R
C-1002, from E-A-R Corp., Westwood, Massachusetts), followed
by a 0.125 inch thick aluminum sheet. The sandwich was
bonded together with a two-part polyurethane adhesive,
chosen for its high peel strength. This configuration

was chosen to give very high levels of vibration damping.
The calculated damping from Beranek (1971) depends on
frequency and temperature, but ranged from 11% of critical
damping at 2000 Hz and 25°C to 40% of critical at 500 Hz
and 20°c. cCritical damping is defined as the minimum
amount of damping required to result in

no oscillation when the system is given an initial
displacement from its equilibrium. A thin splitter plate
was mounted at the trailing edge to prevent coherent
vortex shedding from creating plate vibrations.

The most difficult decision in the plate design
was the shape of the leading edge. This had to be chosen
to prevent flow separation, which would give rapid
(almost instant) transition. A computer program for
calculating inviscid flow near the leading edge of an

airfoil was used to test several shapes.l From each of

1The computer program was kindly loaned by Professor Jerome
Milgram, M.I.T., Department of Ocean Engineering. The
calculations were performed by Dr. Michael Davis, a
visiting professor from the University of New South Wales,
Sydney, Australia.

PGS S — = v
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the calculated pressure profiles, the most severe local
adverse gradient was measured. This was used to calculate
a local Pohlhausen parameter, which indicates the tendency
towards boundary layer separation. Semi-elliptical shapes
gave the best Pohlhausen values, with the largest axis
ratio giving the best result. A compromise had to be made,
however, because a larger axis ratio moved the region of
adverse gradient farther back on the plate, where the boundary
layer was less stable, since RG* was larger. We selected
a 6:1 axis ratio, so the leading edge of the .5 inch thick
composite plate was 1.5 inches long, giving an Ré* at the end

of the leading edge of 555 at 41 m/sec test speed.

The surface of the test plate, used for testing, had
an RMS roughness of .6 um, which is the same test surface
roughness as the plate used by Schubauer and Skramstad
(1948) . We further polished and buffed the surface to a
measured RMS roughness of .3 um.

The primary measurements made in this experiment
were the velocities near the plate. The measurements
were made using a miniature hot-wire anemometer probe
(Thermo-Systems, Inc. probe model 1261-T1.5) with a DISA
55D05 battery powered, constant temperature anemometer

and 555D15 linearizer.

) e e




-23-
A traverse was built by Charles Stark Draper Labs

to move the probe over the plate surface. The traverse
was remotely controlled, driven by two small motors, since
access to the test section while the tunnel was running

was very inconvenient. The two degrees of freedom were

PEOT—

longitudinally (along the plate) and vertically, (normal

to the plate surface). The probe was always located on
the spanwise centerline of the plate. The longitudinal
positioning of the traverse was accurate to .1l inch,
the vertical to .001 inch. The vertical zero location
could be easily reset at each local position along the
plate to account for any irregularities in the traverse
mechanism. A static pressure tube could also be mounted
in the traverse to permit measurement of the static pressure
gradient.

The traverse mechanism was located on top of the
test section, out of the flow. The probe was mounted in
a thin, airfoil-shaped support which passed through a
long slot in the test-section roof. The slot was sealed
airtight along its length by two pieces of foam which were

butted together at the slot (Figure 8).

One set of tests was performed using a vibrating ribbon
similar to that employed by Schubauer-Skramstad (1948). A piece

of 6.4 mm wide by 0.04 mm thick plastic ribbon was stretched
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across the plate and extended through small slits in the
sides of the test section. Tension was maintained by a

weight hanging from one side of the ribbon, while the other

side was excited at the desired frequency by a small shaker.




B o
MODIFICATION OF THE WIND TUNNEL

Previous measurements of the free-stream turbulence
level in the wind tunnel indicated an RMS disturbance
velocity of about .15% of the free-stream velocity. This
was felt to be too high a level to permit the study of
boundary layer transition, since measurements such as
Schubauer and Skramstad (1948) have shown that turbulence
levels above .08 - .10% have an adverse effect on
transition Reynolds number. We added additional damping
screens and a settling section ahead of the contraction,
intending to reach a level of .05% turbulence. Subsequent
measurements showed turbulence levels ranging from .05%
at 11 m/sec to .06% at 53 m/sec. These measurements were
made with the wind tunnel in a closed-duct configuration.
This configuration has continuous ducting from the tunnel
entrance to the blower fan. For reasons to be discussed
later, this program was carried out in an open-duct
configuration (Fig. 6). The blockhouse surrounding the
test section was sealed shut, so that several sections
of ducting could be removed, leaving a two meter long test
section, a 2 meter length of open jet, and a collector
nozzle at the downstream blockhouse wall. This configuration
showed a much higher free-stream turbulence of about

.16%. Measurement of the frequency spectrum of the
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free-stream turbulence velocity (Fig. 9) showed a broad

peak at 2.5 Hz. This frequency is identical to the

calculated Helmholtz resonance frequency of the blockhouse,

with the test section and the muffler constituting the

resonator necks. Therefore, measured turbulence values
é were highly dependent on the frequency range used in the

measurement. At 41 m/sec with a low frequency cutoff

of 10 Hz, the turbulence was .04%. With a 4 Hz cutoff,

the level was .07%, and with a 1 Hz cutoff we had .16%

turbulence. It was our belief that the low frequency

energy did not affect the transition process, since it

was well below the significant Tollmien-Schlichting

frequency range. Spangler and Wells (1968) performed

some experiments to measure the change due to a similar

low frequency resonance in their tunnel, and found no

change in the transition Reynolds number when the level

was reduced 10 dB.

Appendix I has a further discussion of free-stream

turbulence in the tunnel.
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ACOUSTIC NATURE OF THE WIND TUNNEL

It was felt that the background tunnel noise levels
were low enough for the tests planned. From a pragmatic
point of view, the levels were already as low as could be
achieved by any practical means. The tunnel structure
was isolated from all external sources of vibration,
including the fan and motor. The fan housing was covered
with vibration damping material and had a foam lining.
There was a muffler between the test section and the
blower fan to reduce the sound propagating directly up-
stream. The open-jet configuration, with foam lining
on the blockhouse walls, further reduced the noise entering
the test section from the downstream end. The test section
itself had a foam lining and the tunnel entrance faced a
fiberglass barrier designed to prevent noise from being
reflected or transmitted into the tunnel. The resulting
test section noise spectra are shown in Figure 10.

Since we wished to study the effects of sound
excitation, we also had to study the excited acoustic
field in the test section. Early tests showed a very poor
field, with large variations in sound pressure level
throughout the test section, but subsequent modifications
resulted in maximum overall variations of the order of

5 dB. A longitudinal profile is shown in Figure 11, and
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3 details are given in Appendix II. The detailed testing
: described was necessary to ensure that our experimental
results would not be related to the specific nature of

the acoustic field generated, and would therefore not

be test facility dependent.
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TRANSVERSE CONTAMINATION OF THE LAMINAR FLOW FIELD

The first test of the experimental facility was the
measurement of the transition Reynolds number as a function
of test speed, using the hot wire. The result (Figure 12)
showed acceptable values at higher test speeds, but below
50 m/sec the transition location seemed to be fixed near
67 cm. We then used a flow visualization paint to study the
transition pattern over the entire span of the plate. The
flow visualization technique, described by Maltby (1962),
gave results shown in Figure 13.

The transition on the centerline was caused by the trans-
verse spread of the turbulent wedges. The wedges beginning
at the corners of the plate were expected, and were first
described by Charters (1943). The inner set of wedges,
beginning at points A and B of Figure 13, were the cause of
the observed geometrical fixing of transition. Measurements
showed that these wedges were caused by areas of increased
turbulence intensity (Figure 14) in the wind tunnel. These
areas were present even when the plate was not in the tunnel.

The cause of these peaks was unknown, but the solution
was to avoid the problem. The plate was lowered 6.3 cm
below the test section centerline where there were not any
abnormal disturbances. Flow visualizations then showed that
transition occurred naturally, unaffected by any transverse

contamination, at all test speeds above about 35 m/sec.
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There was still a unit Reynolds number effect, meaning that

the transition Reynolds number was a function of test speed

(Figure 15), but it was not due to transverse contamination.




EXPERIMENTAL CONDITIONS

The experiments were conducted with essentially zero
longitudinal static pressure gradient (Figure 16). Free-
stream turbulence spectra at 29 m/sec and 41 m/sec mean flow
speed are shown in Figure 9. The flat spectral levels seen
at the higher frequencies are due to electrical noise in the
anemometer, which made it impossible to accurately measure
these levels. The background acoustic levels are shown in
Figure 10, which is calibrated both in sound pressure level
and in the equivalent velocity. The acoustic plane wave
relationship, p =pcu, was used to relate the measured sound
pressure, p, to the acoustic velocity, u, using the density
of air, p, and the acoustic phase speed, ¢, as in Morse
and Ingard (1968).

The test plate vibration levels were measured with the
tunnel running at test speed, with and without the exciting
sound field present. The vibratory velocity of the plate
in the quiet tunnel was less than .005 mm/sec at all test
speeds and frequencies, while the velocity in the presence
of a sound pressure level of 95 dB was less than .015 mm/sec.
The disturbance velocity of a 95 4B SPL acoustic wave, for
comparison, is 3 mm/sec. Thus, the vibration levels of the
test plate were believed to be sufficiently low for this

experiment.
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INSTRUMENTATION

Since this was the first attempt made to measure
naturally occurring Tollmien-Schlichting waves, we had to
be able to extract the small portion of the hot-wire E

anemometer signal in which we were interested. This involved E

measuring velocities as small as 0.1 mm/sec in a 40 m/sec
mean flow with an RMS turbulence velocity of 70 mm/sec. The
problem was further compounded by the fact that the hot-
wire probes used had a strong vibration resonance around
750 Hz, which was in the frequency range of our data.
Figure 17 shows a frequency spectrum of the hot-wire signal
at one measurement point in the boundary layer. Data could
be read from spectra such as this, but it was very slow,
accuracy was at best + 1 dB, and signal to noise ratio was
not very large.

Therefore, we used a narrow band filter to take the
data. The instrument chain is shown in Figure 18. The
B & K frequency analyzer had an extremely large dynamic
range, so it was used to precondition the signal before
going into the 5 Hz Spectral Dynamics filter. The overall
system, excluding the anemometer and linearizer, had a
signal to noise ratio of at least 20 dB for the smallest
signals analyzed.

The weakest points in the instrumentation were the

anemometer and linearizer. As mentioned earlier, they were

A | _ w
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unable to measure the free-stream turbulence levels at the
higher frequencies, due to a background noise level of
approximately 3uv/vHz. A Thermo-Systems, Inc. Model 1050
anemometer was tried, but its noise level was also too

high to make the desired measurements.

Tests were made to ensure that the previously mentioned
vibration resonance of the hot-wire probe did not have any
effect on the measured data. Spectra, such as that shown
in Figure 17, were taken with several probes having
different resonance frequencies. All of the spectra taken
at the same location were identical, except for the

location of the resonance spike.
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CHAPTER 4

EXPERIMENTS

The basic data desired was the Tollmien-Schlichting
amplitude spatial growth curves, such as those shown in
Figure 3. These were measured for the natural Blasius
boundary layer, with the lowest disturbance level attainable,
and for the Blasius boundary layer excited by sound. This
involved measuring the RMS disturbance velocities as a
function of x. A comparison of the results for the two dif-
ferent cases would indicate whether or not there was a change
in the growth rates.

The procedure for taking data had to insure that
measurements were always made at the y-value where the
Tollmien-Schlichting wave amplitude was a maximum (see Figure
4). We took measurements at several y~-values centered around
the one where the maximum occurred, to be certain that we
had indeed measured the maximum amplitude at that x-position.
This test was not made for every data point, but was repeated
often enough to ensure that no errors occurred.

For each data run, measurements started near the be-
ginning of the plate. Data was taken at each probe position
for the natural case and the excited case in immediate
succession. This allowed us to compare the two results

without the possibility of an artifact due to gradual changes

s G
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in the hot-wire sensitivity. Such a change could occur,
for instance, due to ambient temperature changes during
the course of a six hour data run. The probe was then
moved to the next x-position, and the measurements were
repeated. Measurements were taken at successive positions
until a value of x was reached where the Tollmien-Schlichting
wave had grown and then decayed to a constant background
level. if turbulent bursts began tc form before this point
was reached, the measurements were stopped at the onset of
bursting, preventing transverse contamination of the data.
An intermittency of y=.0002 was sufficient for the time-
averaged RMS velocity of the bursts to be greater than the
Tollmien-Schlichting amplitude, making it impossible to
measure the Tollmien-Schlichting amplitude.

The measurements described above gave Tollmien-
Schlichting growth curves (&n A/Ag5 vs. Rg,). We decided
that the growth rates, aiS*, would be the most useful final
result. To get the values of oy, we had to differentiate
the growth curves. This was done by drawing a smooth line
through the experimental data (hand fairing), and taking
derivatives by picking three points at a time from the faired
curve. The three points were used to describe a least-
squares-fit straight line, whose slope was taken as the
value of a, at the center point of the three. Since a,

is the derivative of an experimental result, we would expect
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to see larger variations in s than we would see in the
growth curves themselves. For this reason, some previous
investigators have presented growth curves rather than
growth rates.

In additinn to thie primary data, which will be discussed
later, several measurements of the Tollmien-Schlichting
wave properties were made for comparison to the theory.
Velocity spectra, suoh as that shown in Figure.17, were
taken at a series of positions along the plate. From each

of these, the frequency of the largest Tollmien-Schlichting

wave was selected (1540 Hz in Figure 17), and plotted versus

Rgx. These points should fall just inside Branch II of the ]
neutral stability curve, since they represent the frequency
of the most amplified disturbance at that point on the plate.
Figure 19 shows that they do indeed match previous results
very closely. |
The Tollmien-Schlichting amplitude as a function of y 1
was measured at seviral x~locations. Some of the results
are shown in Figure 20, along with the theoretical curves,
and again the agreement is quite reasonable. The discrepancies T
seen for the profiles at Res = 760 and 930 may be due to
several factors. The constant amplitudes for y/§>.8 are due
to the acoustic disturbances in the excited case, and to
free-stream turbulence or anemometer noise in the natural

case. The shift relative to the theory in the location of
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the maximum amplitude may be due in part to the pressure
gradient which existed so near the plate leading edge
(5-8 cm). The shift may also be due to a slight error in
the vertical positioning of the probe, since § was only
1 mm for R6*==760. The good match of the location of the
peaks for the excited and unexcited cases is due to the
fact that both sets of data were measured during the same
traverse. This good match further precludes the possibility
that the peak was due to the excitation field, assuring us
that we were measuring Tollmien-Schlichting waves.
Measurements of the Tollmien-Schlichting wavelength were
also made. This was only feasible for the excited case, in
which the excitation signal could be used as a reference for
phase measurements. The distance required for a 360° phase
increase was one wavelength. All results were within 2% of
the theoretical values.
While these measurements were not intended as tests of
the Tollmien-Schlichting theory, the agreewent was certainly
good, and showed conclusively that we were measuring

Tollmien-Schlichting waves.
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CHAPTER 5

DATA EVALUATION AND CONCLUSIONS

The two different test conditions discussed will be the
tests performed while the boundary layer was subjected to
a sound field generated by a loudspeaker at the front of
the wind tunnel (referred to as the excited case), and the
tests made with the minimum possible disturbances in the
wind tunnel environment (the unexcited, or natural, case).
It was impossible, of course, to create an experimental
situation that was truly unexcited, since there were always
residual disturbances in the wind tunnel. The free-stream
turbulence and acoustic background spectra were discussed
earlier, (p. 31), and are shown in Figures 9 and 10.

All theoretical calculations presented for comparison
to the data were performed by Professor S. A. Orszag,
Department of Mathematics, Massachusetts Institute of
Technology, using his numerical computer program described
in Report Number NASA CR 2910, June, 1977.

One important conclusion reached was that it was
possible to measure naturally-occurring Tollmien-Schlichting
waves with a good degree of repeatability. Figure 24, to
be discussed later, gives an indication of the variation
observed. This implies that at a given test speed there

was a constant level of background disturbances existing in
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this wind tunnel. Presumably, other wind tunnels have

dif ferent background disturbance levels, and it is these
background levels which determine the flat plate transition
Reynolds number in each tunnel. The similarity of the
results measured in most tunnels is probably due to the
similarity of the background disturbance levels existing in
most wind tunnels used for transition research. Further
quantitative conclusions cannot be drawn because disturbance
spectra have rarely been published in detail.

A second conclusion was that for both the excited and
unexcited cases, there was an approximately constant dis-
turbance amplitude ahead of Branch I of the neutral stability
curve (Figure 2). This constant level will be defined as
the initial Tollmien-Schlichting amplitude. Figure 21 shows
some faired growth curve plots to demonstrate this. Figure
20 shows some amplitude distributions normal to the plate
surface taken ahead of Branch I (R, less than 950), to
show that the disturbance velocities actually were Tollmien-
Schlichting waves. Tollmien-Schlichting waves existed even
in this region of the plate where they were stable, excited
either acoustically or by residual disturbances. The
amplitude remained constant simply because the excitation
remained constant as the waves progressed down the plate.

If the excitation had been spatially localized, like a

vibrating ribbon, the Tollmien-Schlichting amplitudes would
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have decayed away from the source, until Branch I was reached,
as shown by Schubauer and Skramstad (1948). In the excited
case, the initial Tollmien-Schlichting amplitude corresponded
very well to the velocity created by the acoustic excitation,
once the exciting sound was loud enough to exceed the
residual exciting disturbances. Figure 22 presents data
which demonstrates that the initial Tollmien-Schlichting
amplitude and the exciting acoustic velocity were proportional
to one another, with a proportionality factor (or "coupling
factor") equal to one, regardless of test speed or frequency.
We have not, however, succeeded in identifying the coupling
mechanism involved.

The next region to be examined is the Tollmien-Schlichting
growth region, between Branch I and Branch II of the neutral

stability curve. One can present either the growth curves

*
(1n %ovs. Roxs Figure 21) or growth rate curves (aié VS. Rgous
Figure 23). Examination of either shows that there was

significantly more growth in the excited case than in the
unexcited. This difference was strongest over the first half
of the growth region. Before the Tollmien-Schlichting waves
reached Branch II, where the amplitudes began to decay, the
growth rates for the two cases became equal. The decay
rates, beyond Branch II, remained equal as far downstream as

measurements could be made.

AT
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As the exciting sound pressure level was increased,
the entire growth curve just shifted position (on a logarith-
mic scale) while the growth rates remained exactly the same.
When measurements were made during the same data run with
sound levels differing by 10.0 dB, all data points shifted
10.0 dB, within the 0.1 dB resolution of the measuring
instrumentation. Thus, the excited growth rates reached a
constant value once the sound was loud enough to overcome
the residual disturbances. The question of which case, if
either, matched the theory will be postponed, since there is
another issue to be discussed first.

Data taken at different tunnel speeds should be
identical when presented in the appropriate non-dimensional
form. For growth rates, the correct variables are aié* and
Rou- Systematic variations in the data represent the so-
called "unit Reynolds number effect". The unit Reynolds
number is the dimensional quantity, Reynolds number/unit
length, 2?—. Figure 24 shows data taken at two tunnel
speeds. It is immediately apparent that the results are
not identical, even within the limits of experimental
repeatability.

Figure 25 shows a comparison of the static pressure
distribution for the two test speeds, plotted as a function

of R The region of adverse pressure gradient near the

s
beginning of the plate occurred at different R 5 * for the
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two speeds, although, as expected, it was at the same x-
position (Figure 16). The magnitude of the adverse gradient
was worse at 41 m/sec (Falkner-Skan g= -.07) than at 29 m/sec
(B=-.03). These values are only approximate, but the
differences in magnitude and location of the adverse gradient
agree qualitatively with the observed unit Reynolds number
effect. Growth began earlier at 29 m/sec than at 41 m/sec
because the adverse gradient began at a slightly lower Ré*.
However, the maximum growth rates at 41 m/sec were larger
because there was a stronger adverse pressure gradient, which
aso persisted to a higher Roxe
The problems created by the pressure gradient make it
more difficult to decide whether tlie excited case showed
larger than theoretical growth, or the natural case showed
less than theoretical growth. At the beginning of the plate,
the effect of the pressure gradient was to increase the
measured growth rates above the values which would have been
observed in a true zero pressure gradient. The unit Reynolds
number effect should have disappeared at an RG* of about
1500, as seen from Figure 25. Figure 24 shows that the
results did converge at this Rgw-
Figures 26 and 27 summarize the data by presenting the
average of the results obtained in several runs at each of

the two test speeds. Figure 27 shows three curves -- the

theory for zero pressure gradient, the excited results, ancd
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the natural case. Figure 26 has one additional curve,
presenting data obtained in several runs using a vibrating
ribbon similar to that employed by Schubauer-Skramstad (1948).
Unfortunately, the ribbon would not sustain enough tension

to raise its resonance frequency to the test frequency, so

it was not a very good pure-tone exciter.

An attempt was made to cake data with the ribbon
positioned before Branch I, but the ribbon was too much of
an obstructicn in the thin boundary layer (8* = 0.42 mm), and
caused transition to occur immediately. Thus, only limited
data of questionable reliability was obtained. It does,
however, seem to agree somewhat more closely with the excited
data than the unexcited data (Figure 26).

Based on the sum total of the above evidence and dis-
cussion, we conclude that the excited growth rates match
the theoretical predictions of the Orr-Sommerfeld equation.
We have previously seen that the phase velocity and normal
mode shapes for the excited case also match the theory.
Since the complex eigenvalue and the eigenmode measured
agree with the Tollmien-Schlichting theory, the obvious
conclusion is that acoustic excitation generates Tollmien-
Schlichting waves of the same frequency as the excitation.

It remains to explain why the natural case shows less
growth than the theory would predict. The theory applies

to a two-dimensional Tollmien-Schlichting wave propagating
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in the free-stream direction. It appears that naturally
excited Tollmien-Schlichting waves are not two-dimensional,
but are made up of waves having varying propagation
directions. Thus, some portions of the disturbance velocity
would grow more slowly than predicted, since until the
point of maximum growth rate is reached, the: two~dimensional
Tollmien-Schlichting waves are the most unstable. Therefore,
the initial growth rates of natural disturbances, averaged
over all propagation directions, will be less than the
theoretical and excited growth rates, both of which represent
plane disturbances propagating in the free-stream direction.
The most unstable Tollmien~Schlichting waves should eventually
dominate the observed disturbances, in both the natural and
excited cases. Therefore, the growth rates for the two cases
should become identical for large enough Reyr as shown in
Figures 26 and 27. Very recently, Mack (1977) used a similar
concept to develop an empirical method of predicting tran-
sition Reynolds numbers.

Before continuing, another possible interpretation of
the data should be mentioned. It is quite possible that
the different results obtained for the natural case at the
two test speeds could be due to different disturbance

environments. Figure 10 shows that the background sound

levels increased by approximately 10 dB (a factor of 3.2)
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when the test speed increased from 29 m/sec to 41 m/sec

( a factor of 1.4). This change in environment may well
contribute to the observed unit Reynolds number effect,
and does not contradict our previous conclusions. There
is, however, a contradictory hypothesis for the difference
seen in the excited case. For Br==56 X 10_6, the ratio of
the acoustic wavelength to the Tollmien-Schlichting wave-
length at 41 m/sec is 25, while at 29 m/sec and the same
B s the ratio is 36. Attempts to investigate the significance
of this scale parameter by taking data at a wider range of
tunnel speeds failed. At lower speeds we were limited by
transverse contamination and low signal levels, while higher
speeds necessitated working on the curved portion of the plate
leading edge, with strong pressure gradients and extrehely
thin boundary layers. While the hypothesis of scale effects
cannot be completely eliminated by the present.experiments,
Figure 22 shows that the measured coupling factor betwecn
the excitation and the Tollmien-Schlichting response is
independent of this scale parameter. The previous conclusion,
attributing the variation to a unit Reynolds number effect,
seems much more logical.

The last item to be discussed involves a persistent

peculiarity seen in the data. The growth curves shown in

Figure 21 were identified as smoothed curves. The actual
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data is shown in Figure 28. The peculiarity observed is
that the measured amplitudes show spatial oscillations.
While these oscillations were much larger for the excited
data than the unexcited data, they were clearly present in
all data. Oscillations of the same wavelength were observed
when the excited Tollmien-Schlichting phase was measured as
a function of x (Figure 29). Before Branch I was reached,
the phase did not grow at all, it merely oscillated at the
same wavelength. After Branch I, the phase grew regularly,
as it should for a travelling wave, but when the steady,
linear growth was subtracted from the data, the reduced
phase showed the same oscillations.

These oscillations were purely spatial, since a 30 second
averaging time was used for all measurements. The most
noticeable property of the oscillations was that the wave-
length always matched the Tollmien-Schlichting wavelength
for that test condition. The first thought was thiat these
oscillations were due to some sort of standing wave effect,
but this seems unlikely since a standing wave has an observed
wavelength equal to one-half the wavelength of the travelling
wave. In addition, a standing Tollmien-Schlichting wave
would imply that there were upstream-travelling waves, not
a very likely possibility. No other measurements provided

an explanation for these observed oscillations, which have
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not been reported in the previous literature. They appear
to be connected with the sound excitation, because the
oscillation amplitude increases when the sound level
increases. Furthermore, their presence has never been
noted when a vibrating ribbon was used as the excitation
source. Perhaps the oscillations are related to the
coupling mechanism between the sound waves and the Tollmien-
Schlichting waves. This is certainly one area which

deserves further investigation.
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APPENDIX I

FREE-STREAM TURBULENCE

At a later stage of the investigation, portions of
the entrance section of the tunnel were sequentially
removed in an attempt to increase the free-stream turbulence
level. With just the soda-straw honeycomb, one damping
screen, and the .6 meter long settling section ahead of
the contraction, the turbulence levels were unchanged.

This measurement was supported by the fact that the
transition Reynolds number was also unaffected by the
removal of the eight screens and duct sections.

These results deserve some comment, since it is
generally felt that a large number of damping screens is
necessary to achieve low turbulence levels. This wind
tunnel had a 20:1 contraction ratio, which was larger
than most. This helped reduce relative turbulence levels
by increasing the mean flow speed by a factor of twenty
while leaving the overall turbulence velocities essentially
unchanged. Another feature of this tunnel which might
have been relevant was the open circuit design. This may
result in much lower levels of turbulence entering the
tunnel than a more common closed circuit tunnel, which

continuously recirculates any eddies generated.

RIS CR—
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In further attempts to increase turbulence, the
honeycomb section was removed. The honeycomb was composed
of soda straws, 0.25 inch in diameter and 12 inches long,
giving a very large length to diameter ratio of 48.
Removal of this section led to a pronounced increase in
free-stream turbulence. With four screens on the front of
the tunnel, at 41 m/sec, with a 10 Hz high pass filter, the
level went from .04% to .16%. Transition Reynolds number
dropped from 2.2 x 106 te 1.5 x 106. It appears, therefore,
that the honeycomb was a much better turbulence damping

mechanism than screens, with many screens being required

to give the same reduction in turbulence as one honeycomb.




=54~

APPENDIX IT

ACOUSTICS OF THE TEST SECTION

We wished to generate two-dimensional, plane,
progressive sound waves in the test section, since this
was both a simple sound field and one which was likely
to occur in actual practice. Unfortunately, it was very
difficult to generate plane progressive waves in a finite
length duct, and some compromise had to be accepted. The
two major sources of problems were reflections from the
open end of the duct and reflections from the side walls
of the duct. The former resulted in standing waves,
giving longitudinal sound pressure variations, while the
latter generated transverse and vertical variations by
exciting higher order modes of the duct, as described in

Morse and Ingard (1968).

The cutoff frequency for a rectangular cross-section

duct is given by f = ¢/2%, where c is the speed of sound
and 2 is the duct width. The cutoff frequency is that
frequency below which no transverse, higher order modes
of sound propagation exist, so that only plane waves

will propagate in the duct. Our duct had a 450 Hz cutoff

and we were working in the frequency range from 500 Hz

to 2000 Hz, so there were transverse modes of propagation
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and therefore transverse variations in sound pressure.

Iongitudinal reflections from the open end of the duct
occurred because of the change in acoustic impedance,

exactly analogous to the reflections occurring in electrical

circuits when theres are impedance mismatches. Reflections
would occur unless the sound wavelength was several times
smaller than the duct dimension. The test section width
was 38 cm, corresponding to the wavelength of a 900 Hz
sound wave, so longitudinal reflections were also
significant in the frequency range of interest, and testing
was required.

The first test procedure used was to place a speaker
in front of the wind tunnel entrance. The speaker was
driven by white noise, with a flat frequency spectrum, and
the response was picked up by a microphone in the test
section. A spectrum analysis was done on the microphone
signal using a real-time analyzer. This was a rapid test
procedure which gave information over a wide frequency
range. The first condition evaluated was a closed duct
configuration, with the existing formica duct walls. This
showed tremendous peaks and nulls of frequency response,
with similarly large variation of up to 20 dB as the
microphone position was varied. These early tests were

done with and without flow through the tunnel, and showed

—
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very little qualitative change, so subsequent tests were
done without flow to simplify the procedure. The first
modification was to change to an open~duct test configuration.
This was somewhat improved, but still far from suitable.
The test section walls were then lined with a thick
fiberglass blanket material to prevent transverse reflections.
This worked very well at reducing transverse pressure
variations, but introduced a longitudinal attenuation of
the order of 35 dB/meter. A scale model of the tunnel was
built using an existing fiberglass model of the contraction.
This was tested to further confirm the results, and dismiss
the possibility of structural contributions to the problem.
An open-duct test section was built with an
acoustic lining on the walls. The foam used (an energy
absorbing foam, donated by E-A--R Corp, Westwood, Mass.)
was selected because it had only a moderate acoustic
absorption coefficient, to reduce the longitudinal
attenuation discussed above, and because its surface was
extremely smooth, to avoid flow disturbances and noise
generation.

This test section generally worked well. As the
actual experiments progressed, however, it became clear
that pure-tone excitation would be the dominant test

condition rather than white noise. At this point, very

Bl ————— .
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careful measurements were made. A loud pure tone was
generated by the speaker in front of the tunnel while

the tunnel was running at test speed, and the hot wire
anemometer was used to measure the sound velocity levels,
which were converted to sound pressure levels using the
plane wave assumption (p. 31). A microphone was used to
examine transverse variations, and as a check of the hot
wire calibration. Loud sound, over 100 dB SPL, was used
to overcome the wind noise on the microphone. The levels

measured by the hot wire and the microphone agreed within

+2 dB. Typical results gave amaximum variation of 4 dB
in the sound pressure level at various test section
locations, with a noticeable longitudinal standing wave.
The reflection coefficient from the open end of the duct
was estimated at 0.2, meaning that the reflected wave
traveling upstream had an amplitude which was 0.2 of the
amplitude of the downstream traveling incident wave. An
"acoustic impedance transformer" was then added to the
downstream end of the duct. This consisted of tapered

wedges extending each wall of the duct, so that the walls

to 0.1, considered an acceptable level. Figure 11 shows

the typical longitudinal variation in sound pressure level.

ended more gradually. This reduced the re flection coefficient
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careful measurements were made. A loud pure tone was

generated by the speaker in front of the tunnel while
the tunnel was running at test speed, and the hot wire

anemometer was used to measure the sound velocity levels.

A microphone was used to examine transverse variations,

and as a check of the hot wire calibration. Typical

results gave a maximum variation of 4 dB in the sound
pressure level at various test section locations, with

a noticeable longitudinal standing wave. The reflection

coefficient from the open end of the duct was estimated
at 0.2, meaning that the reflected wave traveling up-
stream had an amplitude which was 0.2 of the amplitude

of the downstream traveling incident wave. An "acoustic

impedance transformer" was then added to the downstream
end of the duct. This consisted of tapered wedges
extending each wall of the duct, so that the walls
ended more gradually. This reduced the reflection
coefficient to 0.1, considered an acceptable level.
Figure 11 shows the typical longitudinal variation in

sound pressure level.
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