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LOW WAVENUMBER LEVELS OF TURBULENT BOUNDARY LAYER WALL

PRESSURE FLUCTUATIONS IN ZERO AND ADVERSE GRADIENTS

by

M. Moeller , P. Leehey , and N. C. Martin

\
~~ ABSTRACT

I

The low wavenumber components of the turbulent boundary
layer wavenumber frequency spectrum of wall pressure fluctua-
tions were measured with two flush-mounted rectangular plates
having approximately clamped boundary conditions. The plates
were designed to provide low wavenumber measurements at )
higher frequencies and wavenumbers than previous plate experi-
ments in order to provide data comparable with measurements
made by Farabee and Geib [7] with an array of flush-mounted
microphones. The low wavenuntber measurements were made in
the M.I.T. low noise low turbulence subsonic wind tunnel
under zero and adverse pressure gradient conditions. When
nondimensionalized on outer boundary layer variables the
adverse pressure gradient data do not exhibit increased levels
from those of the zero pressure gradient data. The zero
pressure gradient data are in good agreement with the levels
reported by Farabee and Geib [7] for the same nondimensional
frequency and wavenumber range.
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1. INTRODUCTION

Structural vibration induced by the wall pressure

fluctuations beneath a turbulent boundary layer is an area of

concern in marine and aircraft structures. This paper is

primarily concerned with marine structures.

The wall pressure fluctuation beneath a turbulent

boundary layer is a random phenomenon and it is necessary to

describe it statistically. In the case of zero freestream

pressure gradient, the boundary layer can be assumed time-

stationary and spatially homogeneous. With these assumptions,

the wall pressure can be described by its cross-spectral

density, •~ (r1~r3~w). The wall pressure can also be described

by its wavenumber-frequency spectrum, $~ (k11k3~w). The

wavenumber-frequency spectrum is the Fourier transform of the

cross-spectral density, and is defined by

1 00 i(k1r1+k3r3)4 (k1,k3,w) = 
(2~)

2 ~ f~0(r1,r3,w)e dr1dr3 (1.1)

The behavior of the wavenumber-frequency spectrum is governed

by the decay and convection of eddies in the turbulent boundary

layer. The convection of eddies leads to high values of the

wavenunther-frequency spectrum along a convective ridge defined

by k
~ 

— w/U
~ 
Cu), where Uc Cu) is the convection velocity, which

is a function of frequency.

• S..

4,

— w— — —-— 
~~~

— 
— i • ~~• .• -
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In most marine applications the frequencies of interest

• are relatively high and the freestream velocity is low. As

a result of this the convected pressure disturbances have a

spatial scale much smaller# than the wavelength of the free

bending waves of most marine structures and are therefore

inefficient at producing structural vibration. Sources of

excitation better coupled to the free bending waves of most

• marine structures are the low wavenumber (i.e., larqe wave-

length) components of the turbulent boundary layer wall pressure

spectrum.

The wall pressure spectrum of a turbulent boundary layer

is dominated by the convective pressure fluctuations. Cross—

spectral density measurements of the convective ridge have

been made by various experimenters using pairs of flush-mounted

pressure transducers. Some investigators who have used this

technique are Blake Il) and Burton [2]. Wills [3) took cross-

spectral density data and then transformed them into wavenumber

frequency space. Unfortunately, the low wavenumber components

do not contribute significantly to the single ~i~~tflt wall

pressure spectrum. Because of the extremely low levels of

the low wavenumber components of the turbulent boundary layer,

it is necessary to construct spatial filters to measure them.

Maidanik and Jorgensen [4] have demonstrated that an array of

• flush-mounted pressure transducers can be used as a spatial

filter. Blake and Chase [5], Jameson [63, and Farabee and

A — .• — —~—. • —-~.•. -. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
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Geib [7] have used this method to measure the low wavenumber

levels of a turbulent boundary layer. Another approach is

to utilize the spatial filtering characteristics of continuous

mechanical strurctures. Aupperle and Lambert [8] described

analytically how a beam could be used as a spatial filter.

I . Martin and Leehey [9] used a membrane, and Jameson [10] and

Martin [11] used plates as spatial filters.

Up to this point in time the use of plates as spatial

fil ters and the use of microphone arrays have yielded data in

different ranges of nondirnensional frequency we’, where
• 

= w6*/U
00 

(
~ is the displacement thickness of the boundary

• layer and U00 is the freestream velocity). 
• Figure (1.1) shows

the existing data as a function of nondimensional frequency.

The data of Martin [11], Martin and Leehey [9], and Jameson [10]

taken using plates and membranes were in the nondimensional

• frequency range of 0.8 < c~6*/U~,, < 4.0. The microphone array

data of Farabee and Geib 15] were in the ranges 5.0 < wd */U00

< 10.0 and 1O.° < wt5*/U
00 

< 30.0; there was some concern about 7
the data in the range 5.0 < wô*/U00 

< 10.0 being contaminated

by either acoustic or convective contamination. The zero-

gradient work in this paper was carried out to provide a region

of direct comparison between microphone array data and data

taken using the spatial filtering characteristics of plates.

• 
I
.. The experimental technique used in this paper was to utilize

IL 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _~~~~~~~~~~~~ .. 

- 

• ~~~~~~~~ •~~~ - A.EL -i~~~.. ~~~ —~~~- ~~~~~~~~~~~~~~~~~ ~~~~~-
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the spatial filtering of fully clamped plates. The nondimensional

frequency range of interest was 5.0 < w~ */U 00 
< 10.0. Two new

wavenumber filters were designed and constructed and then used to

measure the low wavenumber levels in the region 5.0 < w~*/U00 
<

• 10.0.

The effect of flow inhomogeneity on the low wavenumber

levels of a turbulent boundary layer was also investigated.

The flow inhomogeneity was accomplished by imposing an adverse

pressure gradient on the mean flow. In the region of the

adverse gradient the boundary layer was rapidly thickening

• towards separation and so the inhomogeneity was quite severe.

Over what ranges of the variables the low-wavenumber

levels can be presented, approximately, in terms of just the

outer or just the inner boundary—layer parameters is not yet

evident. Measuring the low wavenumber levels of the adverse

gradient boundary layer may provide some information because

the mean wall shear stress was greatly reduced by the adverse

gradient and so there was a significant variation of the inner

• flow parameters. Similarly the adverse gradient significantly

increases the boundary layer thickness so that outer parameter

scalings will also be changed. However, the adverse gradient

also introduces an inhomogeneity in the flow field (i.e.: the

boundary layer thickness and wall shear stress are changing

rapidly in the downstream direction). Thus, it may be

________________________________

. . • • • ~~~~~~~-~~~~~~
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difficult to distinguish between effects resulting from the

variations in inner or outer parameters and the effects of the

flow inhoinogeneity.

_1_
~i~~

.- 
~~~~~~~ -~ - - ~~~~~~~ .~~~~ - .~~~~ • ~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ .- .- —
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2. THE RESPONSE OF A PLATE TO A RANDOM PRESSURE FIELD

In this chapter the response of a plate to a normal

random pressure field is reviewed. Only the results pertinent

to this study are presented; a detailed derivation can be

found in “Wavenumber Filtering by Mechanical Structures”

by N. C. Martin [11].

2.1 Plate Response

The plates are characterized by dimensions L1 and L3,

by a uniform mass per unit area , a , and by their flexura].

• rigidity, D. The modal damping factor, T
~m’ 

is the total

damping of the plate including both radiation damping and

structural damping.

For the undaniped free vibration of a plate, there exist

a set of normal modes, f~~ (x,z), with eigenvalues, Wma~ which

satisfy the governing partial differential equation subject to

the appropriate boundary conditions. In many cases the normal

mode shape, f~~ (x, z) can be separated into an x-dependent term

and a z-dependent term. For clamped plates this does not yield

an exact solution, but the use of clamped beam functions as

mode shapes is a reasonable approximation. The mode shape of

the plates is therefore expressed in separable form as

f~~ (x,z) = g~ (x) h~ (z). (2.1)

• ~~~ 

•
-
~~~~~~

• 
• :: i.~I.~~~:’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ _ i . :1. T —_~~~
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The two-dimensional spatial transform of the normal mode shape

is defined by

L1 L3 i(k1x+k3z)F~~(k1,k3)=f0 f,,, f~~ (x,z)e dx dz (2.2)

Using Equation (2.1) one can define one-dimensional spatial

transforms as :

A~~(k1) = /‘l g~ (x) e
l~

C 
dx (2.3a)

A~ (k3) = ~~3 h~ (z) e
i1
~3~ dz. (2.3b)

Note that the normalization of the mode shapes is here defined

as: •

/~l ~IJ3 f~~(x,z) fjk(~
c
~~
) dx dz = 6mj ~nk

• where is the Kronecker delta function. As a result the

one—dimensional mode shapes h~ (z) and g~ (x) have dimensions of

L3
1’~
2 and L1~

112, respectively. The transforms A..~(k3) and

Am (ki) thus have dimensions of L3
112 and L1

112, respectively.

The wavenumber filter shape, lF~~ (k1,k3) ~
2 is the

squared magnitude of the two-dimensional spatial transform of

the normal mode shape defined in Equation (2.2). This wavenumber

filter shape can now be expressed in terms of the one-dimensional

wavenumber filter shapes,

_____ 
( _._ • •~~;~~~ ~~~~~~~~~~~~ • -~-~~ ~~—~~~-~

•
~~ • ~~ •~~ • --- 

—pi.~—- 
,• ~~~~~~ ~~~~~~~~~~~~~~~ 

—
~
.- • T~

_:•- ~
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fF~~(k1,k3)I
2 

= IAm (k 1)1
2 IA n (k 3)1

2
• (2.4)

The wavenumber filter shape is a modal characteristic and is

different for each mode. Since the mode shape depends on the

boundary conditions of the plate, so does the wavenumber fi lter

shape. The wavenumber filter shape is important in determining

the plate response to a random pressure field.

The acceleration spectral density of the plate,

5a Z
~~mn

)
~ 

can be expressed in terms of the wavenuniber

frequency spectrum of the turbulent boundary layer ~~(k11k3~w);

the wavenumber filter shape, I F~~ (k1,k3) 
2; the normal mode

shape , f~~ (x,z); the modal frequency, w~~ ; the modal damping

factor, ~~~~~~~ and the modal mass, a~~ . The result is (see

Martin [11]). 

2 . • •

f (x z) 2Sa (X
~ Z~ u~~ ) =  2 ~ ~~ 

lF~~(k1,k3)l •~~(k1~k 3~ w~~ )dk1dk 3

(2.5)

This equation is valid only at the resonant frequencies of the

plate. It is significant to note that all that is required to

evaluate this expression are the modal mass, the modal damping,

and the modal frequency, all of which can be experimentally

determined, and the wavenuinber filter shape, which is determined

analytically from clamped beam mode shapes.
- 4 .

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U1~~~~~ -r~~~~~~~~ ~~~~~ 

•
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2.2 Sources of Excitation

The plate in the wind tunnel responds to the low wave-

number levels , to the convective ridge, and also to the acoustic

background noise. Figure (2.1) is a schematic of the variation

of magnitude of the wavenumber-frequency spectrum at a particu-

lar frequency as a function of streantwise wavenumber. From

Figure (2.1) it can be seen that there is a great deal of

energy in the convective ridge region . The wavenumber filter

shape must therefore discriminate against high wavenumber

excitation . Also it is important that the wavenumber filter

shape discriminate against acoustic excitation.

A sample wavenumber fi l ter shape is plotted in

Figure ( 2 . 2 ) .  The wavenunther filter shape is symmetric in

k1 and so is plotted only for k1 > 0. The wavenuinber filter

• shape is characterized by major lobes centered at k1 = ±km s

km (m + 1/2) ir/L1. The side lobes of the wavenumber filter

shape determine how the plate will respond to excitation at

lower, k1 < km i and higher , k1 > km~ 
wavenumbers. For a

fully clamped plate the high wavenumber behavior goes as

l/k~ , so the greater the separation of the modal wavenimther

from the convective ridge , the lower the convective contamin-

ating levels. This is also true to some extent for separation

in wavenumber between the modal wavenumber and acoustic
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wavenumber , k 1 = u/c0. Figure (2 .3)  illustrates the location

of the modes in wavenuniber—frequency space . The frequency

and wavenumber parameters have been non—dimensionalized on

outer boundary layer parameters; 6~~, displacement thickness;

and U00
, the freestream velocity, so that

= w6*/U00 
(2.6a)

= k16* (2.6b)

The low wavenumber region lies well below the convective ridge

region , k1 = w/Uc ( u )  and above the acoustic region, k = u/c0.

The plate responds to three separate sources of

excitation. It is reasonable to assume that they are statistically

independent and that the wavenumber—frequency spectrum can be

described as an incoherent sum of the three sources : low

wavenuinber , acoustic , and convective ridge . Hence,

• (k1,k31w) = (k1,k 3 ,w )  +p ~l k (2.7)

• (k 1,k3,~~) + • (k 11k 3 ,w )
~acoustic 

pconv.

Equation (2.5) can be used to evaluate the contribution of the

three separate sourc~~of excitation. Careful evaluation of the

contaminating levels is important to guarantee that the low

wavenumber levels are actually measured. •

— - —--~~~~~~~~~
-.- -~~~~ -~~~~~~~~~~

—--- ------
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2 . 3  Structural Response to Low Wavenumber Excitation

The plates were used as sens ing devices to measure the

low wavenumber levels of the turbulent boundary layer. The

plate acceleration spectral density was measured at the center

of the plates. Because the acceleration response was measured

at the center of the plate , only the odd-odd modes were

measured . Any even mode would have a node at the center of

plate . In particular , the useful modes of the plate were the

n=l , m odd modes. The lateral wavenumber filter shape of

interest is for n=l , and is symmetric about k 3=0. The longi-

tudinal wavenumber filter shapes of interest are for the m

odd modes. These filter shapes are characterized by the major

lobes centered at k1 = +km where km (m + 1/2) ir/L1.

If the excitation •~~(k 11k3~w) is reasonably constant

with respect to k1,k3 in the low wavenumber region, then the

integral of equation (2.5) will be dominated by the major

lobes of the wavenumber filter shape . The wavenumber bandwidths

of the wavenumber filter shape are narrow enough to allow

an approximation of the wavenumber filter shape by Dirac delta

functions at k3 = 0 and k1 = +km• The result is

—
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IA~
(k 3)I

2 =2w 6(k3) (2.8a)

A~ (k 1)I 2 = w[6(k1 + km) + 6(k1 
— 1cm)] (2.8b)

The substitution of equations (2.8) into (2.5) yields

2 22w f (x,z) (2.9)
[
~p

(km~
O
~
wmm) +

Since the measured acceleration spectral response was made at

the center of the plate, the quantity f~~~(L1/2, L3/2,u~~ ) needs

to be calculated from the odd clamped beam mode shapes. The

result is

2 1”l L3 5.044
f~~ 1
—, —, . (2.10)

2 L1 L3

The acceleration spectral response in equation (2.9)

includes terms of both •~ (km~O~Wmm) and •~ (~km~O~w~~)•
Unfortunately , it is not possible to separate the two. On

physical grounds , it is likely that •o(~km,O ,u
~~
) << •p(km c O~

wmrt) ••

for kiS* sufficiently large. Both terms will be retained by

defining

P(km~
OiW

~~
) = •p(kmiO iWmm) + •p(~

km~
OiWmm)~ (2.11)

Using equatior~ (2.11), (2.10) and (2.9), the low waventmtber

levels can be expressed by

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _  —
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P ( k m ,O t W ~~~
) = 

1 3
2 ( an )~~~ Sa[_•!~ 

~~~~~~~~ 
~~~ (2.12)

2 .4 Structural Response to Convective Excitation

To estimate the response of the plate to convective

excitation, it is necessary to have a model of the convective

wavenumber-frecjuency spectrum. A model for this purpose was

constructed by Martin [11]. The simi larity form assumed for

0~~(r 11r 3 1w) was

ur 3 -iwr 1/U~• Cr 1 ,r~ ,w) = • (w ) . 
A — B — e (2.13)

~ U UC

Blake ’s data [10] were fitted to this similarity form with

exponentials and then transformed analytically to wavenumber- fre-

quency space by using equation (1.1). The model used by Martin [11]

to estimate the convective contamination of the plate is

. 6 n w
A. For fk 3 l < ~k3 = 

U
00 

• 

-••

$
~~
(ki,k3,w) = .l2B :~~(u) (—~2 

} 

exP [_23.7[1(1
U0 — 

1]]

B. For ~k 3 $ > ~k3 = (2.14)
U

00

= 0.

I.

-k 
-
~~~~ 

•
~ 

- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
-

• - —~~•-
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equation (2.14) can now be used with equation (2.5) to calculate

a plate displacement spectral response. The clamped plate

acceleration response is

S —i, —~~, w = 115.5 1- 
00 f_

~
_) 

~r (2.15)a 2 2 
~~ cony. lumm L3 ~~ 

(afl ) n~n

2.5 Plate Response to Acoustic Excitation

To evaluate possible acoustic contamination, a model

based on the measured acoustic spectrum in the wind tunnel was

developed. The model is conservative because it assumes the

acoustic field is concentrated at its highest wavenumber instead

of spread out in wavenumber. The plates are acoustically slow

so that the plate response is governed by the lower side lobes

of the wavenumber filter shape. Since in reality a spread of

wavenuinbers is encountered, an average value of the wavenumber

filter shape in the vicinity of u/c0 is used in equation (2.5)

to calculate the plate response due to the acoustic levels. From

Martin [11], the result for a fully clamped plate is

H L1 L35a 7’ 7~ 
=

acoustic (2.16)

+ r E2 12 • (w~~ )
2 7 9  :i—zij 2

m (~ m~~~A ~°~~mn

with = Cm + 1/2) w and — w~~ L1/c0. 
•

-~~~~~~~ 

- 

~~~~~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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3. THE EXPERI MENTAL FACILITY AND PROGRAMS

The last chapter related the low wavenumber levels of a

turbulent boundary layer to the acceleration spectral response

of a plate. In this chapter the experimental facility, the

design of the n~w wavenurnber filters, and the measurement

programs are described .

3.1 The Experimental Facility

The experiments were conducted in the M.I.T. low-noise ,

low-turbulence wind tunnel using the equipment of the M.I.T .

Acoustic and Vibration Laboratory. A detailed description of

this facility has been given by Hanson [12], and it is shown in

Figure (3.1). The wind tunnel consists of an intake, a flow

straightening and settling chamber , a contraction , a test section

enclosed in an airtight blockhouse , a muffler diffuser, and a

variable speed centrifugal blower.

Boundary layer properties have been measured in this

facility by Blake [1] and by Burton [2] . Martin and Leehey (9]

and Martin [11] used this facility for their low wavenumber

measurements. The wind tunnel has been modified since their

work was completed. The settling chamber was lengthened and

more screens were added to the settling chamber . This was done -
•

to further reduce the freestreain turbulence. These modifications

- - • - —  
—•~~ —n•-• • ••a _• _—_ _ — •  •_ • •-•-•• •_cj_’•_—•n__•’•_•• __ :_ — ~~- -•--—- ----••



C

—26—

are not expected to have any effect on the measurement of the

low wavenumber components of the turbulent boundary layer.

The test configuration for the zero gradient work is

shown in Figure (3.2). Because the test section is enclosed

in an airtight blockhouse , a free jet configuration can be

used . One of the major sources of noise was believed to be

sound generated by unsteady flow in the diffuser, so the ducting

• be tween the test section and the diffuser was removed to allow

• some of the sound to propagate into the blockhouse . A foam—

covered collector was placed on the entrance to the diffuser.

The blockhouse was made as absorptive as possible by covering

the walls , floor , and ceiling with two inches of polyurethane

foam. To further quiet the tunnel , damping material was

placed on the blower housing and on the bellmouth of the blower .

One of the problems encountered early in the test

program was the excitation of the first order longitudinal room

mode of the blockhouse at a frequency of 40 Hz. At some free—

stream velocities , the scund pressure level in the blockhouse

in a third octave band around 40 Hz would be as high as 117 dB 
4

relative to 20 ~Pa ( .0002 iibar) . One possible source of

excitation was eddies being shed from the rear of the test

section and impinging on the diffuser . This was reduced by

• adding triangular splitter plates to the rear of the test

section . To add damping to the room at low frequencies , lead-
• vinyl sheeting was hung in the blockhouse . This treatmeant

_ _ _ _• ----_ _ _ _ _ _ _

— ~~~~~~~~~~~~~~~~~~~~~~
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reduced the aforesaid sound pressure level in the blockhouse

in the third octave band around 40 Hz to 85 dB.

The ducting was 15 inches by 15 inches in cross

section. Inside the blockhouse there were two sections of

ducting, a six-foot section of sand-loaded ducting and then a

three—foot test section. For the zero gradient tests, the

boundary layer was allowed to develop naturally on the bottom

wall of the ducting . The plates were flush-mounted in the

center of the test section . The test speeds were 20 , 25 , 30 ,

and 35 meters per second.

The boundary layer profiles were measured at the

center of the plate using a United Sensor .040” total head

tube and a static tap in the test section floor. The pressure

differences were read on a Betz microinanometer . The boundary

layer parameters displacement thickness, 6*. and momentum

thickness, ~0 , were calculated by integrating the boundary layer

profiles and the shape factor, H = 6*/e, was then determined.
By fi t t ing the boundary layer profile data to a law of the wall,

• the friction velocity , U1, was determined from the slope of

the logarithmic overlap region of the law of the wall. Single-

point wall pressure spectra were also measured . The results

of the single point wall pressure spectrum measurements are

shown in Figure (3.3) along with Burton ’s (2] and Blake ’s El]

• measurements . All of the data taken were reasonable for a

turbulent boundary layer on a flat plate with a zero pressure

gradient and are summarized in Table (3.1) .

— ___ _~~~~~~~~
;___ -

~~~~
-• 

-
• -

—- 
-
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~~~~~~~~~~~~~~~~~~~~~~~~ _ _  -
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The configuration for the adverse gradient work was

made similar to the one used by Burton [2] and is shown in

Figure (3 .4) .  Burton [2] made cross-spectral density

measurements in an adverse gradient in the same facility.

In order to permit utilization of Burton ’s cross—spectral

density data, the adverse gradient and test section parameters

were made to correspond closely with those of Burton [2).

The setup in the blockhouse was simi lar to that

used for the zero gradient measurements in that there was

upstream ducting , a test section , and then the air was allowed

to jet freely to a foam—covered collector . The adverse

• gradient was created by spline-fitting a damped piece of

aluminum between the bottom wall of the upstream ducting and

the bottom wall of the test section. The bottom wall of the

test section was set at an angle of 140 to the horizontal .

The proper angle was determined experimentally by applying the

criterion that the desired gradient was the most severe

gradient that would not cause separation on the tested

surf ace . The flow speed for the tests was 30 meters per

second. -

The plates were flush-mounted in the bottom of the

test section . The test section of Burton [2], as well as the

one used in the adverse gradient tests , was 12 inches long.

The wavenumber filters are 7 inches long and were mounted in
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two separate positions in the test section, as shown in

Figure (3.5) .

Boundary layer profiles were measured every two inches

along the test section. The displacement thickness, momentum

thickness, and shape factor were calculated from the boundary

layer profiles and are listed in Table (3.2). They are

plotted in Figure (3.6) along with Burton’s [2] as a function

of downstream distance. The nondimensional pressure gradient

(~ */Q) (dp/dx ) is plotted against downstream distance in

Figure (3.7). The outer boundary layer parameters for the adverse

gradient tests were similar to those obtained by Burton [2]

in the same facility, as can be seen from Figure (3.6).

3.2 The Wavenumber Filters

The two new wavenumber filters were designed and

constructed by using guidelines given by Martin [11) and clamped

plate eigenvalues from Leissa [13]. One of the new wavenumber

filters was made of brass and the other from steel; both were

designád for studying the same nondimensional frequency range.

The two filters have the same surface dimensions, L1 and L3
and so the modal wavenuxnbers are identical for the same mode

numbers. The corresponding resonant frequencies are slightly

different. Hence on a k1, w plot the two filters increase the

data along lines of constant 11, as can be seen in Figure (2.3) .

________________- _  — 
-

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The modal damping factors were dete
~~jfl d e

~~erjment for

each niode of both Plates . The fact that the modal damping
factors are different adds desirabi red~~dan to the data
because it ~5 dif ~~~~1~ to get repeat~~j  damp~~ 9 measureme t

The flond~~~~5. 
~~~~~~~~ range of interest was

¶ 
5.~ < w~~*~~j  
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a. Surface 
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~ 
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c. Surface Density : 3.32 kg/~2

a. Surface 
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~~~~~~~~~
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levels of convective ridge contamination, and no modal overlap

in the frequency range of interest. In order to reduce the

acoustic contamination , the plates ’ modal wavenumbers were

made almost twice the acoustic wavenumber. The plates were

rigidly epoxied to the steel frames , thus approximating

• clamped boundary conditions. One of the results of Martin [11]

is that clamped boundary conditions are superior to simple

supports for reduction of convective response of the plate .

The use of a plate elongated in the flow direction also reduces

convective ridge contamination. In addition , the use of an

elongated plate reduces the chance of modal overlap in the

frequency range of interest because the frequencies of the n=2

- . modes are much higher than the frequencies of the n l  modes

of interest.

3 . 3  • Determination of Modal Characteristics

The modal characteristics needed -to relate the wave-

number frequency spectrum to the plate acceleration response

are the modal mass, the modal frequencies, and the modal

damping factors. These quantities were determined experimentally.

The plate’s surface density was determined by measuring •

accurately the dimensions of the plate and then measuring

carefully the plate’s mass.

The modes of the plate were identified by exciting

- the plate over a small area with an acoustic driver and observing

‘

~ 
__~~~~~~~

_
- 

-~~~ 

- 

~~~~~~~~ T :~~~~~J~~-i ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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the Chiadni patterns that were formed . The odd/odd modes of

the plates with unity lateral index from the 3 ,1 mode to the

5 ,1 mode were identified. The modal frequencies were deter-

mined at the same time.

The modal damping factors, ~~~~~~ were determined

experimentally by measuring decay rates. The experimental

setup is shown in Figure (3.7). The plates were excited

with an acoustic driver at resonance; the driver was shut off

and the decaying transient was recorded. The plate acceleration

was monitored at the center of the plate with a 0.2 gram

Wilcoxon model 91 acce lerometer. All o~ the damping measure-

ments were made with the plates mounted in the bottom of the

test section. The decay of the sound field was measured to

insure that the measured decay rate was due to structural and

radiation damping and not due to the decaying sound field .

When the acoustic driver was turned off, the decaying

acceleration transient was recorded on a B & K model 7502

digital event recorder. The signal was played back at a lower

speed into a B & K model 2305 graphic level recorder. The

graphic level recorder gave a record of the rms level of the

transient signal. The transient signal decayed very rapidly

so it was necessary to record it and then play it back at a

lower speed to get repeatable results. This procedure was

considered more accurate than measuring the 3 dB down points
.4-

-~~~~ _
~. - - — 

_
- — 

_ • • • _ — • ~~~~~~~~~~~ ~~~~~~ _ _  ~~~~~~~~~~~~~~~~~~~ I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -•
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from resonant response. The damping factors were determined

from the decay records for each mode of interest (Figure 3 .8) .

The equivalent rectangular bandwidths of each mode were then

determined from

A f~~ = ~~~ f~~ (3. 4)

Table (3.3)  is a compilation of modal frequencies, damping

factors , and equivalent rectangular bandwidths .

3.4 Measurement of Plate Response

The acceleration response of each plate was measured

at the center of the plate. The equipment setup was the same

for both the zero-gradient and adverse gradient experiments.

The plate’s acceleration was measured with a Wilcoxon

model 91 accelerometer. The signal from the accelerometer went

into an Ithaco model 432 low noise preamplifier and then into

an Ithaco model 4213 band pass filter. A Federal Scientific

model UA15A spectrum analyzer was used to measure the acceler-

ation spectra. A Federal Scientific model 1015 spectrum

averager was used to average the sample spectra 512 times.

This was done to increase the statistical accuracy of the data.

The spectra were then recorded on a Varian model F—50 x—y

plotter.

The noise bandwidth of the spectrum analyzer was 32 Hz
I

for the 10 kHz analysis range. It is customary to report data

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _• 4
—~ - -  ~~~~~~~~~~~~~~~~~~~~~~~~ 7 —_
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in terms of spectrum level, i .e.,  the one Hertz band level. For

broadband signals this is done by dividing the analyzer output

by the bandwidth of the analyzer . However , the equivalent

modal bandwidths are sometimes smaller than the noise bandwidth

of the analyzer . For example , consider the (9 ,1) mode of the

brass plate with an equivalent modal bandwidth of 12.6 Hz and

the 10 kHz analysis range with a bandwidth of 32 Hz. It would

be inappropriate to calculate the measured acceleration spectral

level based on the 32 Hz analyzer bandwidth because most of

the measured mean square acceleration response is in the 12.6 Hz

equivalent modal bandwidth . In order to correctly determine

the spectral density at the resonant peaks , it is necessary to

compare the plate ’s modal bandwidth with the analyzer bandwidth

and use the smaller one . On the 10 kHz analysis range, the

plate ’s modal bandwidths were generally smaller , but on the

5 kHz analysis range the analyzer bandwidth tended to be smaller.

When the appropriate bandwidths were used to obtain spectral

density levels, there was good agreement between the data taken

on the 10 kHz analysis ragne and the data taken on the 5 kflz

analysis range .

Two sample plate acceleration spectra are shown in

Figures (3.9) and (3.10). Figure (3.9) is a sample spectrum

for the brass plate and Figure (3.10) is a sample spectrum for

the steel plate. For illustrative purposes the spectra were •

• — — ~~-—,~~~~~~~ --~~~~~ • •
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determined from the analyzer bandwidth in the figures. Only

the resonant peaks are useful in determining low wavenumber

levels . From Figures ( 3 . 9 )  and (3 . 1 0) ,  the resonant peaks

can easily be identified. The odd-odd modes are well

separated in frequency and are considerably above the noise

floor .
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4. EVALUATION OF ZERO GRADIENT RESULTS

The plate in the wind tunnel responds to three separate

sources of excitation: acoustic , convective and low wave-

number. In order to be sure that the low wavenumber components

are actually measured, careful evaluation of possible contamin-

ation by the other two sources is important. In section 4.1

and 4.2 the plate acceleration response is compared with

acoustic and convective contaminating levels.

If the data are not contaminated the results of the

last two chapters can be used to obtain the low wavenumber

levels from the plate acceleration spectral levels. These

low wavenumber levels can then be compared with the results of

other investigations. Farabee and Geib [7] have microphone

array data in the same nondimensional frequency range . There

is also a small region of overlap with Martin ’ s [11] data .

4.1 Comparison with Estimated Acoustic Response

An analytic method for making estimates of the plate

response to acoustic excitation was presented in Section 2.5.

The result is expressed in Equation (2. 16) and depends on the

acoustic level in the blockhouse , $A (w~~
). The acoustic level

in the blockhouse was determined experimentally. The experi-

mental acoustic levels , •A~~~ ’ are related to the theoretical

acoustic levels , •A
( W )  by

- -
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~~~~ 
= 4~~ A (w ) . (4.1)

The acoustic levels in the blockhouse were measured at three

locations inside the blockhouse using a one inch Bruel &

Kjaer microphone. A microphone could not be placed directly

in the flow because its response would be dominated by self

• noise and not be an accurate representation of the acoustic

levels in the b lockhouse . There was a small variation in

levels between microphone positions. The data used to

estimate the acoustic levels at the plate were taken halfway

between the test section and the collector . Figure (4.1 ) is

a sample spectrum of the background noise . It is believed

that one of the major sources of noise in the wind tunnel is

un steady flow in the diffuser .  If this is actually the case

then the acoustic levels at the plate should be lower than

the acoustic levels measured farther downstream. In order

to be conservative , i.e. to give a high estimate , the measured 
-. 

I

acoustic levels were used to estimate the plate response . The

measured acceleration levels are plotted with the estimated

acoustic response in Figures (4 .2 )  and (4 .3)  for the brass

• plate at 20 m/sec and 35 m/sec , respectively . In these plots

on ly the points shown are valid data points , the lines were

drawn between the points to indicate trends in the data .

Only two data points were within 5 dE of the estimated

acoustic response. Both points were corrected for their near-

ness to the estimated acoustic levels. There were no points
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eliminated because of acoustic contamination for the zero

gradient data .

4 .2 Comparison with Estimated Convective Response

The convective response of the plates were evaluated

by using the model developed for this purpose by Martin [11]

and the experimentally determined plate parameters. The

response was calculated from Equation (2.15), which depends

on the single point wall pressure spectrum of the turbulent

boundary layer. Both Blake [1] and Burton [2] measured the

single point spectrum in this facility. In the nondimensional

frequency range of interest Blake ’s [1] data are slightly

higher and agree with current measurements of the single point

wall pressure spectrum and so are used to evaluate Equation

(2.15). The value of convection velocity, Uc~ 
used to evaluate

the convective response was .0.6U~,. If this value, 0.6U~ , is

substituted into Equation (2.15) it can be shown that the

convective ridge levels are proportional to U~~ for a fully

clamped plate, assuming that the single point wall pressure

spectrum is proportional to U~.

Convective contamination becomes increasingly signi-

ficant with increasing free stream velocity. The estimated

convective contaminating levels are plotted along with the

_ _ _ _ _  • - -  ~
_
1_ -—_ •-_ - - 

. - -  ~~1 ~~ ~~~~~ —~~~~~~~ 7 •. - -  -~~~~~~ -~~
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measured plate acceleration levels for the brass plate in

Figures ( 4 . 2 )  and (4 .3)  for 20m/sec arLd 35m/sec , respectively .

For the flow velocities used in this study the convective

levels were well be low the measured plate acceleration levels.

4 .3  Measured Low Wavenumber Levels, P (kl *,o ,w *)

In order to make comparisons with other investigators’

data , the measured low wavenumber levels , P(k1,o ,w)  were

nondimensiorialized on outer boundary layer parameters. The

nondimensionalization used was q2a * 3/ tJ ~,~, where q is the dynamic

pressure ( ½pU~ ) ,  ~~ is the boundary layer displacement thick-

ness, and Un,, is the free stream velocity. The wavenumber

and frequency are also nondimensionalized as- in Equation ( 2 . 6 ) .

The result is 
-

t 2 3• p* (k 1*,o,w *)  = P(k1*,o,w*)/(q ~5* /U~,). (4.2)

The measured low wavenumber levels are presented in Tables (4.1)

and (4.2) for the brass and steel plates , respectively. - •

• In interpreting the data it is important to recognize

what is actually measured. Each spectrum level in Tables (4.1)

j and (4.2) should be interpreted as a level of P (k 1*,o ,w *)

I 
~ averaged over the wavenumber-frequency domain of the corres-

ponding resonant mode. The frequency domain of each measured



—40—

level is defined by the resonance frequency of the mode and its

• corresponding equivalent rectangular bandwidth. The wavenumber

domain is characterized by both a k1 and k 3 bandwidth . The k1
bandwidth Ak 1 is 2 rr/L1, which for this study is 35.5 (me ters)~~~
and the k3 bandwidth Ak3 is approximately 9.09/L3 which f or

this study is 340.8 (meters ) 1. Since only the f i rs t  order

lateral modes were considered , each wavenunther region is

centered on k 3 = 0 and k1 = km (m + ½hr/L1. The value of

km and locate the measured low wavenumber levels in wave-

number-frequency space .

In an effort  to ascertain the dependence of the low

wavenumber levels on k1* and w~ , Figure (4.4) was prepared as

a plot of contours of P*(K1*,o,w*) = const. in k1*,w * space .

The numbers beside the points indicate the level of p*(k1*,o,w*)

in Figure (4.4). There is a great deal of scatter in the data

and only general trends can be observed from Figure (4.4). The

low wavenuinber levels are decreasing with increasing w~ . The 
—

trend in k1* is not as clear. Careful inspection of Figure (4.4)

tends to show the low wavenumber levels decreasing with

H increasing k1*. This result is physically unrealistic because

increasing k1* moves one closer to the convective ridge and

so the expected dependence is the opposite of the observed.

— 
- -• TTT T 1 1
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Martin [ii] observea only a very small positive k1* dependence.

Therefore the real dependence on k1* may be obscured by the

overall scatter of the data.

It was possible to quantify the w~ dependence of

the two plates assuming a negligible k1* dependence. The

- 

least squares model used was

10 Log {p*(k 1*,o,w *) }  = C1{l0 Log w’~] + C2 (4 .3 )

Standard least square techniques were used , and the coefficients

were evaluated as C1 = - 3.87 and C2 = - 80.9. The resulting

nondimensional frequency dependence is (w *) 3 8 7 . The data

• points, P*(k1*,o ,w *) and the least squares fit to the data are

shown in Figure (4.5). The brass and steel plates are in

excellent agreement, as can be seen in Figure (4.5).

4 .4 Comparison with Other Investigators

The results of other investigators are shown in

Figure (4.6) along with the current results. Figure (4.6)

shows only w~ dependence under the assumption that the spectrum

is independent of k1* for small values of k1*. The data of

Farabee and Geib [7] in the region 5 < wô*/U~ < 10 are directly

comparable with the current data . The wavenumber range of the

current data is 0.56 < k1 6~ < 1.80 and k 3 6* = 0 and the

7 - 
• ~~— 

-- . - :  -- -- - 
~~~~~~~~~~~ - • - • • -a--



—42—

wavenumber range of the data of Farabee and Geib is 1.34 < k16*

< 1.38 and k 3w * = 0. The data of Farabee and Geib [7] were taken

using an array of microphones as a spatial filter. In the

region of direct comparison , the data of Farabee and Geib were

from 1 to 5 dB above the average of the current data but within

the scatter of the current data. In the range 5 < w6*/U < 10,

Farabee and Geib report an w~ dependence of (w*) 5 compared with

the w~ dependence of (w *) 3
~’87 observed in the current results.

In the region 10 < ~~ */U ,~ < 30 , k16* = 1.72 , k 3w* = 0 , Farabee

• and Geib report an w~ dependence of (w *) 4 which agrees well with

current results. There are a few data points in the region

10 < w6*/U~ < 30 to compare with the data of Farabee and Geib.

These points lie about 7 dB above the microphone data of

Farabee and Geib .

There is also a small region of direct overlap in

wavenumber-frequency space with Martin [11]. Some points from

Martin as well as the least squares fit to Martin ’s data

are shown in Figure (4.6). In the region of- direct comparison

the current data lie about 5 dB above Martin’s data.

Jameson [10] also reported low wavenumber data in the same

nondizneneional frequency range as Martin but a different wave-

number range .

Both Jameson [10 ] and Martin [11] used the spatial

filtering of plates to obtain their data. Martin ’s plates were

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 
- -
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.508m by .0762m wi th the long dimension oriented with the flow.

Martin used the (3 , 1) mode to the (21 , 1) mode , which corresponds

to a wavenumber range of 0 .2  < k1 5~ < 1.0 and k 3 6* = 0.

Jaxnesons ’ plates were .27m by .18m with the long dimensions

oriented with the f low. Jameson identified several distinct

modes that correspond to a wavenumber range of .12 < k1 6~ < .28

and 0 < k 3 6~ < .24.  The levels reported by Jameson tended to

be 10 dB lower than the levels reported by Martin. This

discrepancy has not been adequately explained . The w~ dependence

of Martin; (~~*) 3.~~~ is very similar to the (w *) 3 ’87 dependence

of the current results and seem to agree with the w~ dependence

of Jaineson .

The current data behave similarly to the data of Martin

and Jameson in that there is a large amount of scatter in the

data . This imperfect collapse on outer boundary layer parameters 4
in typical of measurements using a plate as a spatial filter.

- ‘~~~~~‘— -
~~~~~~~

- -- -- - 
~~~~~~~~~• - - - • -~~~~~-~~-~~~~~~-~--- -~~~-~~~~~~~~~~~~~~~~ -
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5. ADVERSE GRADIENT RESULTS

As reported in Sections 5.2 and 5.3 below, the adverse

gradient data were checked for contamination by both acoustic

levels in the blockhouse and convective ridge levels. Where

the data were not contaminated , they could then be analyzed for

the effect  of flow inhomogeneity on the low wavenumber levels.

This is discussed in Sections 5.1 and 5.4.

5.1 Anticipated Effects  of the Adverse Gradient

The adverse gradient experiments were conducted to

study the effect of flow inhomogeneity upon the response of-

structures at low wavenumbers. A severe inhomogeneity in the

direction of flow was caused by a strong adverse gradient which

forced the boundary layer to thicken rapidly towards separation .

When the flow lacks homogeneity the wall pressure spectrum

is a function of two vector wavenumbers , viz . ,

The wall pressure spectrum still has a maximum along a con-

vective ridge where k1 = w/Uc and k 3 = 0. However , another

maximum should occur for E very small where the E dependence

is characterized by the scale of the inhomogeneity. The

expected result was that the streamwise inhomogeneity would

contribute to the low wavenumber levels of the turbulent

boundary layer. This did not occur and the levels tend to

___________  

—

• • • - 
•i_ - 
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agree with the zero gradient levels based on the analysis of

Section 5.4.

5.2 Comparison With Estimated Acoustic Response

In order to evaluate the acous.tic response of the plate

it is necessary to know accurately the acoustic level in the

- blockhouse . The acoustic levels in the blockhouse were deter-

mined experimentally with a Bruel and Kjaer one inch micro-

phone placed halfway between the test section and the collector.

In the final  tested configuration shown in Figure

(3.4), there were some problems in determining the acoustic

levels in the blockhouse . The signal from the microphone had

a very large transient component that limited the amplification
• of the signal and caused analyzer noise floor proolems.

The cause of the transient was believed to be

buffet ing of the microphone . This was caused by the divergence

of the flow due to the adverse gradient configuration . The •

collector did not lie in line with the mean flow , and there

was some flow reversal under the collector . As a result, the

microphone might have been limited by its own self noise.

In Figure (5.1) the measured noise levels are shown along with

earlier noise levels measured with a divergence angle in the

test section 120. This earlier measurement did not have a

problem with large transients. Also shown is.a zero gradient

- • — — — - —  ~~~~••— ~~~~ —~- - - ____ _
~_~r_~~I-__ • - .-.-~ _--~~ -*— — —

~
——-

~~~~~~~~~~
- • -a~~ ~~~—
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noise spectrum for the same flow speed. In Figure (5 .1) ,  it

can be observed that the noise spectrum measured for the

final configuration does not exhibit the same character as

the other two spectra. Although the noise spectrum measured

for the final configuration is believed to be high, it is used

to evaluate the acoustic contamination so that the estimated

acoustic levels are conservative, i.e. high estimates of

acoustic contamination.

• In Figure (5.2) and (5.3) the measured levels are

plotted along with the estimated acoustic response based on

the final configuration noise levels for the brass and steel

plates. If the acoustic levels measured for the final config-

uration are indeed representative of the true acoustic levels

in the blockhouse then much of the adverse gradient data are

acoustically limited. If the levels measured for the 12 degree

divergence angle are more typical of the true acoustic levels

in the blockhouse, then most of the data are useful. In .
~~~-- .

either case further analysis is justified if only to establish

a noise floor for the low wavenumber response in an adverse

gradient. - 

- -  ~~~~~~~~~~~~~~~~~~~ 
• — ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
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- 5.3 Comparison to Estimated Convective Response

The convective response of the plates can be estimated

by using the data for cross spectral density of an adverse

gradient boundary layer and convection velocities provided by

Burton [2] and a model to estimate convective response.

At thirty meters per second for the test configuration

for zero gradient, the convective ridge levels are consider-

ably lower than the measured levels. For the adverse gradient

configuration of the same upstream tunnel velocity the

convection velocity is decreasing, thus increasing the

separation in wavenumber of the convective ridge and the model

wavenumbers of the plates. The adverse gradient does cause

some spreading of the convective ridge in k1* and this effect

could be important.

A crude model for this purpose was developed by

using experimental f i ts  to Burton ’s [2] data. The model is

r~i2a. $ (k 1,k3w) = 2.25 $ (w) I—
~~~~!p p LwJ

(A) (A)

for k1 — —  < .15 i i—

Uc Uc

IA)

and k 3 < .3w —
Uc

b. O~~(k 1.k 3~ w) = 0 , elsewhere. (5.1)

• -~~~~~~~-~~~~ 
—
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This model is used to evaluate equation (2 .5)  along with an

asysmptotic form for the wavenumber filter shape. The estimated

acceleration spectral response of the plates to convective

excitation can be expressed by

(L L3 85.75 k 4 w —7
S

1
—1,— , ~ = ~~~~ $

p
(~~~~~~~) [_ ~~~~ l ( 5 .2 )

This predicts levels 12 dB higher than the similar expression

for the zero gradient case. This rough analysis predicts that

the convective ridge levels a~e still well below the measured

acceleration levels.

5.4 Analysis of the Adverse Gradient Response

In our analysis of the adverse gradient response,

the flow inhomogeneity was neglected and the data were reduced

using center-ot-tne-pJ.ate values for the boundary layer

parameters , and the results of chapter 2.

The low wavenumber levels measured for the adverse

gradient case were nondimensionalized on outer boundary layer

parameters with center-of-the—plate values. The results are

listed in Tables (5.1) and (5 .2 )  and are shown graphically

in Figure ( 5 . 4 ) .  The data ‘exhibit the scatter typical of

other low wavenumber measurements using the spatial filtering

_
_ _ _ _~

j_ _
~ • _
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characteristics of fu l ly  clamped plates. In Figure ( 5 . 4 )  the

circled points are those that are acoustically limited when

the acoustic levels measured for the f inal  test configuration

are used. The levels that are apparently contaminated agree

with and tend to lie below the uncontaminated data. This

suggests that there was undetermined circuit or flow noise
- 

in the measured acoustic levels used to evaluate the acoustic

contamination and perhaps the acoustic levels for the 120

divergence angle of the test section are more representative.

In Figure (5.5) the adverse gradient results are

shown along with the zero gradient results. The adverse

gradient results seem to agree quite well with the zero

gradient results.

Even if only an upper bound was determined for the

adverse gradient case; it. is evident that the severe

inhomogeneity in the mean flow did not considerably increase F

the low waventmtber levels. A more detailed analysis was not

performed because the expected increase in low wavenumber

levels due to the adverse gradient did not occur.



—5 0—

6. CONCLUSION S -.

6.1 Conclusions Regarding Zero Gradient Measurements

1) Low wavenumber measurements were made in the non-

dimensional frequency and wavenumber region:

0.56 < 6 * < 1.80, k36* = 0 , and 3 < w6 */U~ < 10.

The data exhibit an (w6 */U~ ) 3 8 7  frequency

dependence but no significant k16 * dependence.

2) The measured plate accleration levels were too

high to be accounted for by either acoustic or

convective ridge excitation, therefore the data would

appear to be a representation of the low wavenumber

components of the turbulent boundary layer.

3) Farabee and Geib [7] have taken microphone array

data in the same nondimensional frequency and wave-

number region as the current data. The current data

compare well with the levels measured by Farabee and

Geib but show a different frequency dependence . In

the region of nondimensional freauency and wavenumber

overlap with Martin’s [11] data , the current data are

slightly higher but show the same frequency dependence.

6.2 Conclusions Regarding Adverse Gradient Measurements

1) There is an indication that the levels measured

for the advance gradient case might be acoustically

-

~

- - ~~~ -~~~~
- - 
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limited. The convective ridge levels are well below

the measured levels.

2) The imposition of a severe inhomogeneity on the

mean flow did not significantly increase the low-

wavenumber levels.

.4
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Equivalent
Frequency Damping Factor Bandwidth

Plate Mode f~~/Hz ~f~~/Hz

5.1 2322 .00555 20.2

7.1 2716 .00266 11.4

- 

Brass 9.1 3300 .00243 12.6

11.1 4072 .00474 30.3

13.1 5024 .00245 19.3

15.1 6130 .00237 22.8

5.1 2250 .00552 19.5

7.1 2588 .00346 14.1

Steel 9.1 3117 .00356 17.4

11.1 3833 .00363 21.9

13.]. 4725 .0034 2 25.4

1511 5786 .00402 36.5

I

Table 3.3 Experimentally Determined Plate Characteristics

-
~~~~~~~~~~~~

:
~~~ • ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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U01,
(m/sec) W6*/Urn k16* p* (k 1*,o ,w *)

4.58 0.60 — 102.5
5.39 0.82 — 107.2

• 20 6.55 1.03 —11 1.4
8.06 1.25 —114.0

9.94 1.47 —115.4
12 .17 1.68 —126.0

3.79 0.62 — 99.6
4.45 0.84 —103.5

25 5.41 1.07 —108.3
6.66 1.29 —111.0
8.22 1.52 —111.3

10.05 1.74 —119.8

2.87 0.56 — 95.4 .

3.37 0.76 
• 

— 98.9
30 4.10 0.97 —104.0

5.04 1.17 —107.2
6.22 1.38 —107.3
7.61 1.58 —114.7

• 2.80 0.64 — 99.1
3.30 0.87 —10 2.6

35 4.01 1.10 —107.7
4.93 1.34 —110.9
6.08 1.57 —111.0
7.44 1.80 —118.4

• Table 4.1 Measured Levels of P (k *,O ,~~~, P* (k *,o,w*) =

10 Log10 {P (k 1*,0 ,w *) U~/q ~~* ) , Obtained with a
Brass Plate in Zero Gradient Boundary Layer.

— - ~ ‘—~~ - 
- -  _ •~

._ .~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
-
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U

(m/sec) w6*U k16* p* (k 1*,0,~ *)

4.33 0.60 —102.8
5.00 / 0.82 —110.0

20 6.02 1.03 —112.5
7 . 3 9  • 1.25 

- 

—112.1
9.10 1.47 —122.4

- 11.10 1.68 —126.1

3.58 0.62 —100.9
4.13 0.84 —106.5

25 4.97 • 1.07 —109.0
6.11 1.29 • —109.4
7.52 1.52 —117.2
9.18 1.74 —118.7

2.71 0.56 — 97.7

3.13 0.76 —101.7
30 3.76 0.97 —107.1

4.62 1.17 
- 

—106.2
5.69 1.38 —113.4
6.94 1.56 —115.0

2.65 0.64 — 97.9
3.06 0.87 —102.4

35 3.68 1.10 —105.6
4.52 1.34 —105.7

H 5.57 1.57 —112.5
6.74 1.80 —114.3

Table 4.2  Measured Levels of P ( k  * ,o,w*), p *( k * ,o,w *)_
10 Log20 {P(k 1*,o,w *) U~/q 6 * } ,  Obtained with a
Steel Plate in Zero Gradient Boundary Layer.

_ _ _ _ _ _ _ _ _ _ _  -~~~~~~~~~~~~~~
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Position wô*/U k 16*

4.76 0.95 —101.8

Brass Plate 5.57 1130 — 111.4

Position $ 1 6.77 1.64 —110.1

8.35 1.99 —110.7

10.30 2.33 —116.4

12.57 2 .66 
• 

—122.4

- 8.36 1.63 —107.4

• Brass Plate 10.09 2.22 • 

—116.9

Position * 2 12.26 2.81 —118.6

15.13 3.40 —118.1

18.67 3.99 —125.6

22.77 4.58 —126.6

Tab Le 5.1 Measurement of P(k ,o,w) in an Adverse Gradient
Using Center of thá Plate Values, p*(k *,o,w*)
10 Log {P(k 1*~ o~ tA)*) U,~,/q 6*3

}

L
~~t - - - - - - - _ _ _ _ _ _ _ _

—I — ~~~~~_~~_ —. —••~-- - 
- - -  

—-— -‘•-~~~~~~.~~ ~::~—
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Position W6*/U k16* p*(k1*,o,w*)

4.61 0.95 —106.5

Steel Plate 5.31 1.30 —111.8

• Position * 1 6.40 1.64 —107.8

7.86 1.99 —112.7

9.68 2.33 —119.4

11.86 • 2 .66 120.2

8.36 1.63 —111.2

Steel Plate 9.62 2.22 —120.0

Position * 2 11.58 2.81 —114.9

14.24 
- 

3.40 —121.4

4 17.55 3.99 —123.0

21.50 4.58 —123.4

• Table 5.2 Measurements of P(k1*,o,w*) in an Adverse Graident
- •. Using Center of the Plate Valves, P*(k1*,o,w*)~

10 Log {p(k1*,o,w*u
~,.~q26*3} 1:1) .,

_ _ _ _ _ _ _ _ _ _ _  

(
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• Sonic Low Wove Number Convected
Region Region Region

3

,
Possible Extraneous 

-

Acoustic Spectrum -:

Co k-,
FIGURE 2.1 Schematic of the Variation of Magnitude of the

Wavenumber Frequency Spectrum at a Particular
Frequency, w’.
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x Measured Data
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FIGURE 4.3 Comparison of Measured Acceleration Spectrum Level
with Predicted Acoustic and Convective Spectrum F

Levels, Brass Plate, Zero Gradient, U1~, = 35m/sec
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BRASS PLAT E

• Estimated Acoust ic Response
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FIGURE 5.2 Comparison of Measured Acceleration Spectrum Levels
for the Brass Plate in Two Different Positions with
the Predicted Acoustic Levels
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FIGURE 5.3 Comparison of Measured Acceleration Spectrum Levels
for the Steel Plate in Two Different Positions with
the Predicted Acoustic Spectrum Level

~• i



1-I
0L 

4)
‘0 -.
C U )

F 
4 ) 4 )

—

‘U

• ‘C 

-

~~~~~~~~

F 

- Q

•
~~~~~~

• ~~~~~~~~~~~O 8
4) 10

W3~~
~~~~

• •~~ . 4 4 1..~~~ $ 4 4 1 0
S

e g’ili
2 ~~~~

<

4 ) 4 )  • - oz~~,
0 0  41

- 
Ø4J ’~
P 4 ) 0

— 
--1 .-I

- ‘ M 1 0 0
04) 0 4 1 1 4

1 4-I-f

cxi u)
C O r n

I x  • 1~.I
U0
41 w

V 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _I I I I I
o o o o o cP

0 = 
I”

T T T
boi Ol

S - _ • • •~~~~~ • -  • -- —~~~~~~ -~~~~~~~~~~~~~ ~~~~~~~~~~~~



- ~~~~~~~~- -~~- -

U
11 •,~ *‘~:
+ • g.! 

+ 
60

• 

~~~~~~~~~~~~~! ~~~~~~~~_ C .~ ,I+
+y •

.f. 
-

• 174.4- 4- 0•
—j + 4)• ++

+++ - (.02 ~~~U)+1- 
-

4- ~- U)+ -

+J. 
~~ 4-~ ’0 3-U

++ 0 (4~

C O
0 0 1 4

~~~-r4 Q)

(U
4 - 4 1 4 4 1

14

H - ( ‘sj 0 3 1 4
.r4 4)

4 1 1 0 5 - iIS
I I I I 

o0 0 0 0 0 0
• CD 0) 0 = C’J r()I T 1 T T~(O0fl/~~~~b),(m bo ’4~ )d 16o-~ oI •

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~• - - ~~~~~ S



—84—

REFERENCES

1. Blake, W. K., “Turbulent-Boundary—Layer Wall-Pressure
Fluctuations on Smooth and Rough Walls ” , J. Fluid Mech.,
44 , pp 637—660 , (1970)

2. Burton , T. E . ,  “Wall Pressure Fluctuations at Smooth and
Rough Surfaces Under Turbulent Boundary Layers with
Favorable and Adverse Pressure Bradients” , M~ I .T . Acous-
tics and Vibration Laboratory Report No. 70208-9 , ( 1973)

3. Wills , J. A. B . ,  “ Measurements of the Wavenuxnber/
Phase Velocity Spectrum for Wall Pressure Beneath a Turbu-
lent Boundary Layer ” , J. Fluid Mech ., 45, pp 65-90, (1971)

• 4. Maidanik , G. ,  and Jorgensen , D. W . ,  “Boundary Wave-
Vector Filters for the Study of the Pressure Field in a
Turbulent Boundary Layer” , J.A.S.A., 42, pp494-5Ol, (1967)

5. Blake , W. K . ,  and Chase , D. M. ,  “Wavenumber-Frequency• Spectra of Turbulent-Boundary-Layer Pressure Measured by
Microphone Arrays” , J.A.S.A.,89, pp 862-877, (1971)

6. Jameson , P. W., “Measurement of Low—Wavenumber Component
of T’irbulent Boundary Layer Wall Pressure Spectrum” , Bolt

4 Beranck and Newman Report No. 1937 , (1970)

7. Farabee, T. M. and Geib, F. E. Jr., “Measurement of
Boundary Layer Pressure ‘Fields with an Array of Pressure
Transducers in Subsonic Flow ’, D.W.T. Naval Ship Research
and Developement Center Report No. 76—0031 , ( 1976)

8. Aupperle , F. A . ,  and Laznbert R. F . ,  “On the Utilization
of a Flexible Beam as a Spatial Filter” , J. Sound Vib.,
29 , pp 259 — 267 , (1977) •

9. Martin , N. C . ,  and Leehey , P . ,  “Low Wavenumber Wall
Pressure Measurements Using a Rectangular Membrane as a
Spatial Filter” , J. Sound Vib., 52 , pp 95— 120 , ( 1977)

10. Jameson, P. W., “Measurement of the Low Wavenumber Com-
ponent of Turbulent Boundary Layer Pressure Spectral

L - Density” , 4th Symposium on Turbulence in Liquids , Univ.
of Missouri- Rolla, (September 1975)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-. ~~~r— -- - - -

—85—

11. Martin , N. C . ,  “Wavenumber Filtering by Mechanical
Structures”. Ph.D. Thesis, Mass. Inst. of Tech.,

(January 1976)

12. Hanson, C. E., “The Design and Construction of a Low-
Noise Low-Turbulence Wind Tunnel” , M .I .T .  Acoustics and
Vibration Laboratory Report No. 79611 - 1 (1969)

13. Leissa, W. W. “Vibration of Plates” , NASA SP-160, (1967)

I

• I

-
- •: _ 

.~~~~ ~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ -



I

~~~~~
• I ~~~~~ 

~f 
I;

~~~~~~~~ 
~~~~ h ih

~~~~~~~~~~~~~~~~~~

$ 3 —  I ~ - 

~
.
1 ~ 

1
k 3 • 5~~ L V $ ’ $  • -

~~~ 4c. w~~j _ • ~ Ui ~~1 I I-  
~bi~~

1 ~~~~~~~~~~~~ 
Li ~ d3~~

~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~g3 .-
~ ~~~~~~~~~~~ °

.~~~. °I~ I~ I~~3~a I“~~.&~ s L ~~ iL  

~
!j h,iph

~
• 5 04k  •

• ~~~xJ I : I . ~ i ’-  ~a

3 . ~~~~~>h~~. —h r..a g
• 

:~~~~~~~ 1~~~~~~ 

2~~~~~~~~~~~~~~~~~°~ 1E~ c~~~:~~ z

~~~~~~~~~~~~~ ~~r_ !:~uP’~.~ ~~•. ~~) ) *~~~~d8

11

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _

Si

J3 ~ii
~~~~~~~~ g 3

.5- 
I ~ ~li !~~‘U

$ 52 -. I

~~
I
~~~”

’z’ ”~~~ 
~~ c .• ’- 4

1h!~ 
~~~~~

I L
~~~~III J L~~ 

~~ ‘~~~~~
i
’~
jh ~~r ••~~~~~~ t~~~~Iw ~i

r 1!~ !I!~J ~~~It

j I~!~l~~ d~ 1 ~ I~IUhIh~ ~1~~1~IL~.Ii~~~ 

~~
I I a i i ~~~J i!1~~~

h1; 111 1 IIvL~1 ~~~~~~~~~~~~~~ f i ’1t1 1~hI~hiIiIiiIii
~~~~~i~~~~ I ! b i~

I. :1~P3
~~~I 

i* .~ —

a .~ 
. . i , ... 1LulIh III ~-‘I1j I aIHI1H!~~~I

- : m~~~~~~~~-~~~~~ - -


