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SUMMARY

A powerful theoretical method has been developed which predicts the response of
simply-supported panels to turbulent boundary layer pressure fluctuations. This
method, in conjunction with the digital computer program presented, can also be
used to predict full scale structural response to turbulence, and for this case novel
methods have been developed to describe the empirical expressions for the narrow
band wall pressure space correlations, necessary for the computations. Experimental
success has also been achieved in setting up repeatable separated flow with small
longitudinal wall pressure gradients.

The basic experimental techniques for measuring panel response were developed.
Unfortunately, difficulty was experienced in constructing a sufficiently uniform
panel. Results for the panel actually used are given, but are thought to be
unrepresentative. Recommendations for further tests are put forward.
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1.0

INTRODUCTION

As a typical space vehicle ascends through the atmosphere it is subjected to severe
fluctuating surface pressures which act as the major source of excitation for struc-
tural vibrations of the vehicle (Reference 1). Except for the first ten or twenty
seconds of flight, when the exhaust noise predominates, the dominant source of
unsteady pressure loading on the vehicle is due to pressure fluctuations in the
turbulent boundary layer of the flow. This turbulent boundary layer is mostly
attached to the vehicle but in some regions, in the vicinity of flares and steps,
the flow is separated. Other sources of fluctuating loads are due to oscillating
shocks and wake and base pressure fluctuations. These other sources often interact
or couple with the turbulent boundary layer flow; however, an estimate of struc-
tural response, at least to a first order, can most easily be made by neglecting
such interaction and coupling. The total structural response can finally be esti-
mated by summing the responses to each source of loading.

Work is available on experimental and theoretical studies of panel response to
attached boundary layer flow pressure fluctuations (References 3, 4, and 5; also
see Bibliography, Appendix B). However, in general the agreement between
theory and experiment is not too good and is more qualitative than quantitative

in nature. It appears at present that no theoretical or experimental work has been
published on panel response due to pressure fluctuations caused by separated tur-
bulent boundary layers. Separated supersonic flows are usually accompanied by
oscillating shocks. However the response of panels to sinusoidally oscillating
shocks has been analyzed in detail in Reference 2 and therefore is not considered
in this report.

The purpose of the work described here is to compare theoretically predicted panel
response to boundary layer pressure fluctuations with panel response measured in a
carefully controlled experiment. The intention is to initially confine the experi-
ment to attached turbulent boundary layers and then extend it to cover the case

of separated turbulent boundary layer flow. The total program of work has not
been completed and some of the experimental results measured are unsatisfactory;
however, considerable success has been achieved with the theoretical prediction
of panel response. Thus, it is felt valuable at this time to present a review of the
work to date indicating what has been achieved in the program both experimentally
and theoretically and also where improvement can be made in the theory and ex-
periments to bring the program to a satisfactory conclusion.

In Section 2 of this report, details of the aerodynamic measurements of separated
flow and of turbulent boundary layer pressure fluctuations, as well as structural
measurements of panel response to acoustic waves and to turbulence, are given.
In Section 3 of this report, theory is developed which predicts panel response to
turbulent boundary layer pressure fluctuations; discussion is also given as to the
parameters of the pressure field which must be determined for the theoretical



calculations. In Section 4, the theoretical computations of panel response using
the theory given in Section 3 and the computer program given in Appendix A are
discussed. The report is concluded with a Bibliography in Appendix B and @
discussion of the acoustic damping problem of a panel mounted in the wall of a
wind tunnel, in Appendix C.
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2.1

EXPERIMENTAL APPARATUS AND PROCEDURE

General Discussion

The experimental measurements were made with the use of Wyle Laboratories' Low
Speed Wind Tunnel . This tunnel is capable of operating at speeds of up to 150 fps
with a rectangular working section of 10 in. by 32 in. The tunnel is powered by
a 12 blade centrifugal fan mounted at the tunnel exit, and has a bell mouth intake
with a honeycomb to reduce free-stream turbulence. It was designed to be a low
noise tunnel in that the section of the tunnel, downstream of the working section,
as far as the expansion before the fan, was lined with foam rubber to absorb com-
pressor noise. A view of the working section of the wind tunnel, which was con-
structed from masonite and plexiglass, is given in Figure 1.

The measurements made in the tunnel can be divided into aerodynamic, and structural
response measurements and are discussed in the following two sections of the report,
respectively.

The aerodynamic measurements consisted firstly of mean velocity profiles and wall
static pressure patterns measured in the separated flow which was established in the
special adjustable section, constructed especially for the task. These measurements
were necessary, since mean separated flow measurements are sparse, unlike similar
attached flow measurements, and the response of a panel will depend upon the
parameters of the separated flow to which it is subjected. Secondly the aerodynamic
measurements included the overall level and frequency spectrum of the wall pressure
fluctuations for both the attached and separated turbulent boundary layer flow. The
other statistical properties of attached boundary layer flow which must be known
before panel response can be computed, namely the spatial narrow-band wall pres-
sure correlations and the turbulence convection velocity were not measured, since
these have been extensively studied by other workers (References 3, 5, and 6) and
are discussed in Section 3.1.1 of this report. However, this is not the case for
separated flow, and before panel response can be calculated theoretically for a
separated turbulent boundary layer it will be necessary to measure the longitudinal
and latera! narrow-band spatial wall pressure correlations and the velocity of con-
vection of the turbulence in the flow. These measurements have not yet been
completed.

The structural response measurements include measurements of the panel response to
grazing incidence and to normal incidence acoustic waves in order to determine the
resonance frequencies of the panel. Also the measurements covered the panel res-
ponse to attached turbulent boundary layer flow . Panel response to separated
turbulent boundary layer flow has yet to be measured.

The aerodynamic and structural measurements are now discussed in some detail in
the following Sections, 2.2, and 2.3.



2.2

2.2.1

Aerodynamic Considerations

Aerodynamic Measurements of Separated Turbulent
Boundary Layer Flow”

The structure of the separated flow was first measured by using special adjustable
separated flow section shown in Figures 1 and 2. It was possible to adjust the
depth of the floor of the section, the angle of the floor to the horizonal and also
the height of the step at the rear of the section. At the beginning of the section
a small aluminum flap was fitted, as shown in Figure 1.

Before each set of wall static pressure readings was taken, the separated flow section
was sealed off with tape as shown in Figure 2. The whole underside of the separated
flow section was covered by a pressure equalization box which was vented to the
tunnel static pressure, about 18 inches downstream of the rear of the section, by a
series of holes cut in the flexible aluminum floor at this point in the tunnel. The
purpose of this pressure equalization box was to eliminate a static pressure differ-
ential across the panel whose response was being measured, and also to reduce the
severe loads imposed on the adjustable parts of the separated flow section.

A series of static pressure holes were drilled in the floor of the separated flow
section, and connected to a multi-tube manometer as shown in Figure 1. Initially
the floor of the section was kept horizontal and the rear step adjusted so that the
cross-sectional area before and after the separated flow section was the same. With
the floor height as the variable, a series of measurements of the floor static pressure
were made by photographing the fluid levels in the tubes of the manometer (which
was tilted to 25 degrees from the horizontal). Mean curves drawn through these
readings are presented in Figures 3 and 4.

These readings suggested two types of separation. For small separated flow floor
depths (z) (see Figure 3) there was an appreciable pressure rise at separation and
a large pressure drop at the reattachment step. However, as the separated flow
floor depth (z) was increased (see Figure 4) the pressure rise at separation was
reduced and eventually became a small pressure drop; and the pressure drop at
reattachment persisted although it was reduced in magnitude.

The configuration with z = 3 1/2 in. (see Figure 4) was chosen for further study
since this configuration exhibited almost zero pressure gradient (3 p/dx), over most

* Measurements reported in Section 2.2.1 were performed under contract
NAS8-11308, and are included here because of their relevance to the
overall study.
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of the separated flow section floor, (at least where it was planned to place the
panel under investigation). The choice of this configuration was made for two
reasons: first it removed a variable (3 p/3x) in the study of the separated flow
itself, and second it removed the necessity of having a non-uniform static load
over the panel.

It was found that if a small protuberance of about 0.1 in. height was positioned

at the beginning of the separated flow section as shown in Figure 5, the static
pressure pattern was changed considerably for the same depth, z. The pressure
pattern with this step is shown in Figure 5 for z= 3 1/2in. This may be compared
with Run 7 of Figure 4. 1t is seen that there is now a pressure drop at separation
and a much reduced pressure drop at reattachment. The static pressure between
these two points is also lower, although the general shape is maintained. 1t is
interesting to note that such a protuberance also changed the velocity of the
reversed flow (this is discussed below).

Measurements of the velocity profile at five stations (see Figure 3) in the separated
flow were made with a United Sensor Probe, Type x - 125, for z = 3 1/2 in. This
pitot-static probe is sensitive to both pitch and yaw and is shown in the upper part
of Figure 2. Three of the five traverses carried out are given in Figure 6. The
traverses (which were made with no initial protuberance present) indicate that the
reverse flow increases from about 20 fps at the beginning of the separated flow
section to about 50 fps at the rear of the section. The rate of shear is seen to
decrease from the front to the rear of the separated flow section and the mixing
region likewise becomes thicker in the same direction. In fact the flow is reminis-
cent of the mixing flow from a slot jet. Figures 7 and 8 show the velocity profiles
of the reverse flow at Station 5 (see Figure 3) measured with the Boundary Layer
Pitot Tube shown in the lower part of Figure 2. This pitot tube was constructed
from hypodermic tubing which was flattened to an outer dimension of 0.025 in .,
and an inner dimension of about 0.008 in. In Figure 7, the velocity profiles
(with and without an initial protuberance at the beginning of the separated flow
section) are shown for the flow immediately next to the floor of the section. The
flow was traversed from the floor to point 5 approximately one inch away from the
floor. It is interesting to notice that the effect of the protuberance is to consider-
ably increase the velocity of the reverse flow. Figure 8 shows the same velocity
profiles for the first one inch from the floor and thus show the reversed flow floor
boundary layer.

Measurements of Wall Pressure Fluctuations for Attached and
Separated Turbulent Boundary Layer Flow

A 1/4 in. condenser microphone was flush-mounted in the center of the floor of
the separated flow working section. The boundary layer pressure fluctuations were
measured first with the separated flow section floor in the flush position, so thot
the flow was not separated and was a simple turbulent boundary layer flow. Figure
9 shows the power spectrum of the pressure fluctuations in one third octave bands.

5



Figure 10 shows the spectral density of the pressure fluctuations (measured with a
2 Hz. bandwidth filter and a total sweep time of 60 minutes).

In Figures 11 and 12, the power spectrum in one third octave band levels and the
spectral density of the pressure fluctuations (measured in the same way as above)
are presented, respectively, for separated flow with the separated flow floor depth
(z) equal to 3 1/2 inches.

It is observed that in Figures 9 and 10 the curves are not smooth and that there
appears to be a large low frequency content to the flow and also "discrete" fre-
quency peaks at 21, 37, and 59 Hz. This is not typical of a normal turbulent
boundary layer pressure spectrum and the discrete peaks at first might be suspected
to be produced by the centrifugal fan. However, for a fan the fundamental tone f
is given by:

_ NQ
f = %0 Hz. Mm

where N is the number of blades,

Q is the rotational speed in r.p.m.

For the tests described in this report, the fan was always run at high speed, i.e.,
Q = 1305, (21.75 Hz.) and was 12 bladed, i.e., N= 12,

- 12 _
Thus f = 1305 x o - 261 Hz.
It is seen that this fundamental frequency is much greater than discrete frequencies
observed in Figures 9 and 10.

The frequency peak at 59 Hz. is probably due to the main power supply, and that

at 37 Hz. is coincident with the fundamental tone of Wyle main compressor facility.
The peak at 21 Hz. is at the rotational frequency of the wind tunnel blower. Thus

it appears that all frequency peaks observable in Figures 9 and 10 can be disregarded.

The pressure spectrum presented in Figures 11 and 12 for the separated flow is relatively
smooth and typical, exhibiting only one small peak at about 23 Hz .- presumably again
the fan rotational frequency.

Measurements, made by other investigators, of the longitudinal and lateral spatial
pressure correlations and of the convection velocity for the attached boundary layer
case will suffice, however; for the case of the separated boundary layer, such work
still needs to be carried out, since it is unavailable in the literature.
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Flow

Panel Response

A panel mount was machined from a rectangular piece of aluminum measuring
18 1/2 in. by 32 in. by 3/8 in thick. The panel mount was stiffened by the

addition on its undersurface of four 1 inch angle sections. A 1/2 inch layer

of "Vibrodamper" damping compound was also applied to the undersurface of
the mount to further reduce vibration.

0.02"

/ 0.005 Steel Panel
/

L= L =
S =<

Resin Cement

0.015 in.Shim

P

Panel Mount.

A 4 inch by 8 inch hole was cut in the panel mount, as shown in Figures 13 and
14, Bordering this hole a 0.020 inch recess of 1 inch width was cut into the panel
mount. By using appropriate thickness shims, 6 inch by 10 inch pieces of metal
could be let in to this recess, producing effective panels, 4 inch by 8 inch as
shown in the above sketch. The steel panels were glued in position with epoxy
resin cement and, finally, to guard against catastropic failure, held in place with
a few small screws. It was intended that this method of fixture would closely
simulate fully-fixed edge conditions. Several non-uniformities were observed in
the panels which had a tendency to "oil-cen". Several panels were constructed

in an attempt to correct this fault, both 0.02 inch aluminum and 0.005 inch steel
panels being tried. Although later panels were improvements over the initial efforts,
surface wrinkling was still observable and "oil-canning" still occurred. The results
given in this report were eventually taken on the 0.005 inch steel, in spite of its
faults, as this was, at the time, the best available.

The vibration of the panel support, originally thought to be a problem, was reduced
by making it massively stiffer and treating it with “Vibrodamper” damping compound.
The fundamental resonance frequency for an unstiffened sheet of aluminum with the
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dimensions of the support (18.5 in. by 32.0 in. by 0.375 in.) calculates from
Equation (2) to be = 134 Hz. The stiffened support would have a higher funda-
mental frequency.

Panel Response to Acoustic Waves Generated by a Loudspeaker

The response of a 0.005 in. thich steel panel to acoustic waves arriving at both
normal and grazing incidence was measured. Figure 14 shows the apparatus for

a normal incidence test. Figures 15 and 16 show block diagrams of the electronic
apparatus used. The purpose of the tests was to determine the resonant frequencies
of the panel for comparison with theoretical predictions and with the response mea-
sured to boundary layer excitation.

Figure 17 and 18 show typical displacement/frequency curves obtained using the
apparatus of Figure 15 for normal and grazing incidence acoustic excitation re-
spectively. The Photocon PT-5 displacement transducer was positioned 0.010 in.
away from the quiescent panel to obtain these results. A static calibration (adjusting
the distance of the pick-up from the panel) showed that the instrument was linear
over t 0.002 in.; the displacement was thus limited to this range. This in turn
dictated an SPL of approximately 89 dB for the test setup, (see Figure 14) which

level was maintained constant over the range of 30 to 1,000 Hz. (by use of a com-
pressor system). No measurements were possible below 30 Hz ., due to the inability
of the speaker system to produce sine waves below this frequency.

In all panel response measurements it was necessary to restrict panel displacement

to less than 0.005 in. ( the panel thickness). If the displacement of a panel exceeds
its thickness it may begin to behave as a membrane instead of a plate thus introducing
non-linearities which lead to theoretical difficulty.

It was found that the measurements of panel response to acoustic excitation were not
readily repeatable for supposedly identical panels and even repeated tests. This may
be attributed to several factors: possible "oil-canning” of the panel; possible poor
edge fixity; and temperature effects. Because of the relatively short period avail -
able for this whole project all these problems have not, as yet, been solved.

Further work is required in this area to ensure repeatability of the results and
resonance frequencies of the panel.
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2.3.1.2

Simply-Supported Panel

For a simply-supported panel, the undamped resonance circular frequency for the
mn mode is given by:

where:

> m T Q

and taking the following values for the steel panel under investigation:

< o o m O Q0

panel width

panel length

Young's modulus of elasticity

panel thickness

number of elastic half waves in x-direction
number of elastic half waves in y-direction
panel density

Poisson's ratio

4 in.

8 in.

4.07 x 10° th./ft.2
0.005 in.

480 Ib./ft .}

0.28

the panel fundamental resonance frequency is given by Equation (2):

fll

u”/21r = 36.1 Hz,

Clamped-Clamped Panel

For a clamped-clamped panel, the undamped angular resonance frequency for the
mn mode is given by:
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h E
W =  __ R 3)
mn iz ¥ mo \/lzpa V9

(see References 7 and 8)

where:
R = (_b)‘.a‘ + a2 (L) S (4)

where a_ and ¥_ are resonance frequency parameters, for the m-th mode (see
definitions in Reference 8), and taking the values above for the steel panel under
investigation (and the following parameter values from Reference 8):

4.,73004

N

Y

12.302

then the fundamental resonance frequency is given by Equation (3):

F“ = w”/21r = 73.7 Hz.

It is seen that in Figures 17 and 18, the fundamental resonance frequency seems to
be about 60 Hz. Thus, although, the panel was designed to be clamped-clamped,
from the above calculations it would appear that these edge conditions were not
quite achieved in practice.

Panel Response to Attached Turbulent Boundary Layer
Pressure Fluctuations

Figures 19 and 20 show the spectral density of the displacement of the center of the
panel subjected to pressure fluctuations caused by an attached turbulent boundary
layer (U0 = 144 fps). These measurements were made using the apparatus shown
in Figures 15 and 16, respectively, with the exception that the microphone and
thus oscillator and "compressor" parts of the circuits were eliminated.

These two measurements were made with different panels (of the same dimensions)
and it is seen that the results are not repeatable. In particular, it is observed that
one resonance which appears at approximately 125 Hz. in one measurement does
not appear in the other. A two Hz. bandwidth filter was used for these measure-
ments and a sweep time of greater than 30 minutes was employed. Due to non-
repeatability of measurements further effort will have to be expended in determining
the reasons and eliminating them in future experiments.
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3.0

3.1

THEORETICAL PANEL RESPONSE

In this section of the report, the equations necessary to determine the response

of panels to boundary layer pressure fluctuations are derived from first principles.
These equations are given, in part, in Reference 3; however, for the sake of
completeness they are also included herein, parts of the derivations being given
more extended treatment to aid in clarity. In section 3.1, the equations giving
panel response to random pressure fluctuations are derived, the method followed

is in part similar to that of Reference 9, and the equations derived are identical
to those obtained by Powell in Reference 10, [see Equations (4.3) and (5.4)] .
However, in this section the equations are believed to be derived in a manner
which is simpler to follow, although perhaps a little less rigorous. A more
rigorous treatment may also be found in Appendix D of Reference 11. In section
3.1.1 the statistical properties of the boundary layer pressure field which must

be determined in order to determine panel response are discussed and defined.
Finally in section 3.1,2 the response of panels to boundary layer pressure fluctu-
ations is discussed and the quantity, panel "joint-acceptance with the pressure
field," is given. This joint acceptance has already been derived and is given in
Reference 3; however, a much simpler derivation is given in full in Reference 11.

Response of Panels to Unsteady Pressure Fluctuations

When studying the response of panels to oscillatory loads it is customary to express
the total response of the panel as a summation of the response of the individual
modes of the panel. Provided the structural damping is small the modes can be
assumed to respond independently to the pressure field and cross-coupling of
modes can be neglected. Thus once the resonance frequencies and mode shapes
have been determined, the problem is reduced to determining the responses of o
set of single degree of freedom systems. The equation of motion defining the
response of each mode is:

mnqmn(t) ¥ Cmnqmn(f) * Kmnqmn(t) - an(f) (3)
where: qmn(t) = generalized displacement coordinate of the mn mode
— : — 2
an = generalized mass = phff fmn(x, y) dxdy
4

C = generalized damping coefficient = 2M o )

mn mn Omn mn
K = generalized stiffness = M w?

mn mn-o_

11



F () = generalized force at time t

mn
fmn(x,y) = normalized mn mode shape of the panel
h = panel thickness
) = critical damping ratio for the mn mode = _
mn 2an
w = undamped resonance circular frequency of mn mode
and the subscripts:
m = number of elastic half waves in panel in x-direction
n = number of elastic half waves in panel in y-direction

The displacement of any point x, y on the panel at time t, may be expressed
by the sum:

Q0

Uby, D= ) 0 a0 - F () (©

m=1
n=1

For sinusoidal excitation of the form:
F @ = F & (7)

where: Fo is the amplitude of the generalized force (a real quantity), assume
mn

a solution of the form:

_ iut-Blo/v_ )
qmn(f) - qo " @ omn (8)
mn
where: 9% is the amplitude of the generalized displacement (a real quantity),
mn

and B(u/wo ) is the phase angle between force and displacement.
mn

12



On substituting Equations (7) and (8) into (5) and using the definitions for
generalized quantities given above, the following is obtained:

. eiB(u/wo )
i o mn
% - ) 2 ) (9)
mn anwo [] B (w/wo ) * l(u/uo )/an
mn mn mn
but for the amplitudes q, - F0 to be real quantities:

mn mn

e iB(w/womn) [l - (u/womn)2 - i(w/(oOmn)/an} must be a real

quantity, and by expanding the exponential term into sine and cosine terms
it may be shown that:

tan B (WL = (u/womn)/an (10)
( c’mn) ] - (w/wo )2

mn

on substituting Equation (10) into (9):

F

(o]

9 = Kmn . H(u/momn) (an

mn mn

where: H (w/wo ) is the single degree of freedom dynamic magnification
mn
factor

= {[1- (Q/(.,o >2]2 + (w/wo )Z/Qr?m :'% (12)

and thus from Equations (7), (8) and (11)

13



qg (t) = -%itl- H(w/wo )eiﬂ(u/womn> (13)

mn
mn

However, the actual displacement at a point x,y on a panel due to a force of
frequency w isgiven by:

an(tru)
Wmn(x,y,f;w) = an(x,y) K H(u/wo

mn

)e‘B(“’/“’omn) (14)

mn

Now the generalized force is defined as:

a rb
Foa(tiw =/ f Plx,y, tiw)f  (x,y,) dxdy (15)
x=0 y=0
where:  P(x,y,t;w) = the sinusoidal pressure acting at the point x, y.

The mean-square value of the actual modal displacement is from (14):

frznn(x,y) . m (t;w) H (m/w )

2 ) _
Wmn(xIYlflw) (]6)

mn

where the mean-square value of the generalized force is:

Frzn / / / [ IYIt U P(X Yl Iw m (xl)')' fmn(x',)")dxd)’

x=0 y=0 x'=0 y'=0
(17)

where x, y and x', y' are two independent points on the panel.
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If the applied pressures contain several discrete frequency components, then the
total mean=-square displacement due to all frequency components is the summation
of the mean-square displacement due to each frequency component. Furthermore,
assume that the frequency content of the fluctuating pressures is limited to a very
narrow band Aw, so that w-Aw <w < w + Aw, then the dynamic magnification
factor H (w/wo ) may be assumed to be the same and a constant for all compo-
mn
nents in this narrow frequency band Aw. With this assumption, only the mean-

square displacement Wrznn(x,y,f;w) and the pressure cross correlation

Pix,y, t;w) - P(x',y',t;uw) will vary with frequency in this band. Neglecting a
rigorous mathematical proof, these two discrete frequency quantities are now
replaced by their narrow band random equivalents which contain all frequency
components in the Aw band, their equivalents having the form:

W’znn(x,y,f;m,Aw) and P(x,y,t;u,Aw) « P(x',y', t;0, Aw)

Assuming now that the magnitudes of these quantities are proportional to Aw, so

that spectral densities may be assumed to exist then these narrow band quantities

can be replaced by the displacement power spectral density Sw (x,y;w) and by
mn

the pressure cross power spectral density Sp(x,y,x',y';m) respectively, (see for

instance p. 12 of Reference 12). Thus, using Equation (17), Equation (16)
can be written in the form to give the displacement power spectral density of
the mn mode:

2 (x,y) - Hz(w/wo )
mn

wmn(x,y;w) K'zm

a _b a b

. / / / / Sp(x,y,x',y' ;w) fmn(x,y) fmn(x',y')dxdydx'dy'

x=0 y=0 x'=0 y'=0 (18)

Now it is convenient to express the pressure cross power spectral density as the
product of a pressure spectrum level Sp(w) and a normalized to unity cross-

correlation function Rp(x,y,x',y';w) where it must now also be assumed that the
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pressure spectrum level is uniform over the panel surface. Making this substi-
tution in Equation (18) and normalizing the range of integration gives:

frznn(x,y) Hz(w/wo ) « S (w) - Jrznn(w) . a? b?
s _ mn P 19
w (Xeyiw) = (19)
mn K?

where: ann(w) (the joint acceptance for the mn mode):
1 1 1 ]
=/ / f / Rp()’(,y,i',y';w) fmn(i,y)- fmn(x ,y) dxdydx'dy (20)
%0 30 x'=0 §'=0

where: % = x/a, y =y/b, etc.

However, from previous definitions:

- 2 — 2
Kmn B anwo = (b Emn “ (21)
mn mn
where: gmn = generalized mass fraction for mn mode
p = srface density of panel.

Thus from (21) and (19):

Sw (x,y;w) frznn(x,y) . Hz(w/wo ) . Jrznn(u)

mn — mn (22)

S (w)
3 o

and summing expressions of the form of Equation (22) for all the panel modes
gives the total power spectral density of the panel displacement at a point (x,y):

16



3.1.

1

© ffﬂn(x,y) . Hz(c.o/mo ). Jrznn(u)

SW(X,Y;U) —Z mn (23)
Sp(w) 2 g2 4
m=1 H mn mn
n=1

The power spectral density of the acceleration response SW (x,y;w) can be
mn
obtained from the corresponding displacement by:

. - 4 .
Sw(x,y,w) W Sw(x, y;w) (24)

Definition of Statistical Properties of the Turbulent Boundary Layer Forcing Field

Turbulent Boundary Layer Pressure Fluctuations

To calculate the response of a panel to turbulence it is seen from Equations (20)
and (23) that it isfirst necessary to determine the following properties of the
turbulent boundary layer pressure fluctuations:

i)  The overall noise level
ii)  The frequency spectrum
iii)  The spatial correlation pattern and thus the convection velocity
of the turbulent pressure field.

In the theoretical calculations made in this report, the ratio of the power spectral
density of the response of the panel to the power spectral density of the pressure
field is calculated (see Equation (23) ). Thus in order to calculate this panel
response ratio, it is first only necessary to determine the spatial correlation
pattern and the convection velocity of the turbulent pressure field. Finally the
actual panel response power spectral density may be obtained by multiplying by
the power spectral density of the pressure field.

The Spatial Correlation Pattern and Convection Velocity
The spatial correlation pattern of the turbulent boundary layer describes the way
in which the fluctuating pressures at different points in the pressure field are

phased in relationship to each other. For structural response calculations, it has
been shown by Wilby (Reference 3) that it is sufficient to determine the narrow

17



band space correlation functions in the longitudinal (flow) and lateral (normal to
flow) directions separately. The product of these correlation functions then
describes the spatial correlation field.

The narrow band longitudinal and lateral space correlation functions have been
measured in wind tunnels at subsonic speeds by Bull (Reference 3) and other
investigators (References 5, 13, 14, and 15). There is fair agreement between
the measurements particularly the longitudinal correlations; the lateral correla-
tions are not in such good agreement. Typical correlation curves are presented
in Figures 21 and 22,

It is seen that the data in these curves have been collapsed on correlation
Strouhal numbers of gu/Uc and C(.)/UC where ¢ and { are the longitudinal
and lateral separation distances, respectively, w isthe angular frequency, and

Uc is the convection velocity of the pressure field.

It is possible to obtain good empirical fits for the experimental data and for the
calculations in this report, these have been taken as:

Rp(g,0,0;u) = e-O.l (le] ("/Uc) cos (gw/Uc) (25)

and

R (0,8,0;6) = o~ 0-715 (I8l w/U) (26)

where Rp in Equations (25) and (26) are the longitudinal and lateral narrow

band space correlation coefficients (with time delay zero).

Agreement between different measurements of Rp(g,0,0;w) is good, and

Figure 21 shows a typical result extracted from Reference 5. In Reference 15,
Bakewell obtains the same result as Equation (25) with the coefficient of the
exponential changed from -0.1to -0.112. However, using a slightly different
method Bull, in Reference 3, obtains an identical result to Equation (25) as
follows:

The narrow band correlation coefficient is

18



Qp (£,8,70)
Rp(glgllr;w) = Qp(ololo;w) (27)

where Q () signifies the double pressure space-time covariance for a

homogeneous wall pressure field. However, Equation (27) can be rewritten as:

|4>p(£_,C,w)| cos (0t + a)

RP(E ’ CI T ;U) = <Pp(olol (J) (28)

where ¢p( ) isthe cross spectral density of the pressre fluctuationsand a is

the phase angle of the cross spectral density.
It may also be shown that:
a = - &

U

C

which gives, on substituting into Equation (28), andfor { = 0 and +=0:

|q>p(g,0,w) |cos (@£ /U_)

0,0;w) = 29
RP(EI ,0;0) ¢p(0,0,w) (29)
but from Equation (28):
¢ _(£,0,0)
RP(EIOI T ;w) = ¢’p(ololm) (30)

Bull has made measurements of the amplitude of the correlation coefficient given
by Equation (30) (see F-gure 23). He also shows that a good assymptotic fit to
the data at high frequency is given by:
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]RP(E,O,T;w)l= e-O.lwlgl/Uc (31)

On substituting Equation (31) into (30) and then into Equation (29), it is
observed that Equation (25) is again obtained.

In Figure 22 data from three separate experimental subsonic studies for lateral
narrow band space correlations are given; a theoretical curve is also given. It
is noticed that there is considerable scatter. However, two investigators find
that

R (0, 80 e 0-78w/U_

is a good fit to the data and the fit which Bull obtains (in Reference 3), namely
Equation (26), is used in this Report.

It should be noticed that the narrow band data presented in Reference 5 have
not been measured at values of US*/UC less than 0.2. There will be a lower

cut-off frequency (w), associated with an eddy diameter comparable with the
boundary layer thickness, below which the empirical relations given in Equations
(25) and (26) will become inaccurate. Thus, it is necessary to apply a weight-
ing function to Equations (25) and (26) to prevent longitudinal and lateral
correlation lengths and eddy diameters, associated with low frequencies, being
predicted by Equations (25) and (26) to be much greater than the boundary
layer thickness.

In Reference 3, Bull has measured the asymptotic values of the narrow band
longitudinal and lateral correlation functions at which the narrow band longitu-
dinal and lateral correlation Strouhal numbers w g/UC and mC/Uc , respectively,

approach zero, and these are shown in Figures 25 and 26. From these figures
empirical fits were obtained and correction-factors applied which change
Equations (25) and (26) into Equations (32) and (33) respectively:

R (£,0,0;0) = [e‘o'"lff"’/ Uc>cos(su/uc)]e'°-265 g1 /6 (32
Rp(olglo;w) = [8'0-715(,CIQ/UC)} e_2'0 IC' /8 (33)
where & = boundary layer thickness.
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It is seen both from Figures 23 and 24 and the empirical fits to these curves
[given by Equations (33) and (34)] that for eddies associated with low frequen-
cies, the lateral and longitudinal correlation functions are independent of
frequency, while for eddies associated with high frequencies the correlation
functions are frequency dependent. The demarcation between frequency
independence and frequency dependence may easily be determined from Equations

(33) and (34).

Longitudinal Correlation Demarcation Frequency :

This may easily be determined from Equation (33) by putting:

0.265 |¢| /8

0.1 |¢| wu_

€
1l

2.65 U_/s

or eddy wavelength (in stream direction):

. 2= -
N =5 8= 2378
A= 258

Lateral Correlation Demarcation Frequency:

Similarly this is determined from Equation (33) by putting:

0.715 ICIw/UC 2.0 |¢| /s

€
Il

2.80 UC/S

or eddy wavelength (in stream direction):

A = =L U /s = 2.24 8

2
2.8 "¢

2%

>
Q



Bull obtains the same result in Reference 3, although by a slightly different
argument, From this result and some other experimental measurements Bull
suggests (in Reference 3) that the turbulent boundary layer pressure field consists
of two families of pressure eddies. One family comprises small scale fluctuation
components convected near to the wall which lose coherence in the time taken
for them to be convected about 4 wavelengths. Their longitudinal and lateral
narrow band correlations are functions of wg/Uc and wC/UC respectively.

The other family comprises large scale fluctuations (associated with motion at
distances greater than 0.1 to 0.15 8§ from the wall) which lose coherence as
a group. The rate of loss of coherence is independent of wavelength and these
eddies persist for much longer times than the small scale fluctuations .

The demarcation between large and small pressure eddies occurs at a longitudinal
convection wavelength of about 2§; the fact that both narrow band longitudinal
and lateral correlation measurements (Figures 23 and 24) and empirical fits
[Equations (32) and (33)] give this result adds confidence in the consistency
of these results.

For calculations of panel response at supersonic speeds, narrow band space
correlation data for supersonic turbulent boundary layers are not readily avail-
able at the present time; however, some broad band longitudinal and lateral
space correlation functions have been measured (Reference 17). It is observed
(Figure 27) that the longitudinal space correlation functions at Mach numbers
of 0.59 and 3.45 (when the data from Reference 17 are corrected for momen-
tum thickness and convection velocities—see Figure 28) collapse well on the
parameter E/UC . This suggests that Equations (25) and (26) are probably
good empirical expressions for the correlation functions at supersonic as well as
subsonic speeds.

The turbulent boundary layer may be regarded (Figure 29) as a gradually
decaying pressure field convected downstream with a velocity (U ) somewhat
less than that of free-stream (U ) . The convection velocity is hlcgher for large
eddies (associated with low freqSencies (w) and is about 0.9 U, for subsonic
flow; for small eddies (associated with high frequencies w) the convection
velocity is lower and is asymptotic to Uc = 0.6 Uo’ for subsonic flow. This

is because the large eddies are situated near the edge of the boundary layer and
the small eddies near to the wall (Figure 30). The mean (or wide-band) con-
vection velocity is about 0.8 for subsonic flow. Figure 28 extracted from
Reference 6, shows the variation of mean convection velocity with Mach
number and this mean velocity is used in the structural calculations. It should
be noted that more recent results (Reference 17) demonstrate an increase in

Uc from 0.6 Uo at subsonic speeds to 0.95 Uo at supersonic speeds. Also,

convection velocity has been shown (Reference 3) to depend also upon frequency
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3.1.2

and spatial separation of the measuring transducers. There is therefore, some
doubt as to the correct value of U_ to use. Further experimental study is
required of this phenomenon and awaiting this, the results of Figure 28 have
been utilized.

Response of Panels to Turbulent Boundary Layer Pressure Fluctuations

For a turbulent boundary layer the cross correlation function Rp(x,y,x',y';m)

which may be written as a product of Equations (32) and (33) may be written
in the form:

Rp(x,y,x',y';w) = o % IEI - cos (ng). e-SY 'El cos (yy &) (34)
where: & = O.IOwo/Uc + 0.265 a/6 8), = 2ub/Uc + 2b/§ 3\
y. = wa/U y. = 0
X c 7 ‘> (35)
E = t/a = %x-x' ¢ =8 =y-¥% ‘
x = x/a y = y/b )

For a cross correlation function of the form of Equation (34) Wilby shows in
Reference 3 that Equation (20) integrates to give (for a simply-supported panel):

mn

2 () = 4®x¢y/(mmr2)2 (36)

where;
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and & , A ,p,q, and r are given by Equations (37) above where
y y p)’ q)’ y g Y &q
x isreplaced by y and m by n.

The method used by Wilby involves a rather long tedious algebraic manipulation
and Crocker and White derive the same results, by a much simpler method in
Reference 11. However, the results are presented in Equations (36) and (37)
in the form given by Wilby for convenience of digital computer evaluation. The
computer program which was used to compute Equations (23) and (24) , making
use of Equations (35), (36) and (37), isgiven in Appendix A.

Evaluations of Equations (23) and (24) , by the computer program discussed in
Appendix A, were made for the panel and flow conditions used in the experiment
(although the panel had to be assumed simply supported). The theoretical com-
putations and comparisons between theoretical predictions and experimental
measurements are discussed in Section 4.0 of this report.
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4.0

4.1

DISCUSSION

Theoretical Computations of Panel Response

Using the theory developed in Section 3.0 of this report (Equations (23), (24), and
(35) through (37) ) and the computer program (Appendix A) designed to evaluate
this theory, calculations were made which should be representative of the response
of the panel to the turbulent boundary layer flow of the experimental setup. How-
ever, it should be noted that in the experiment, the panel was designed to have
fully-fixed edges, while the theory assumes simply-supported edges.

The inputs which were assumed for the experiment, and hence the computer program,
were:

a = 4in. = 1/3ft.

b = 8in. = 2/3ft.

E = 4.07x 10 Ib/ft.2

h = 0.005in. = 0.000417 ft.

| - —115 (1) (0.0058 = 10.42x 10™" in.?

U, = 144x0.8 = 115.2fps = 1382.4 ips
. 1

Q = 5§ = %

p = 480 1b./ft.3 = 0.278 Ib./in.}

" = 0.200 Ib./ft.2 = 0.00139 Ib./in.2 = ph

v = 0.28

x/a = 0.5

y/b = 0.5

5 = 12in.

Using these inputs Equation (2) may be written (after some rearrangement) to give
the resonance frequencies for the panel used in the experiment (assuming simple-
supported edges); thus,

2 2 2 El 1
A LA A T LR A A {_9__ (38)
2 a m b p(l-vz)
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2
f = 29.2 m? [1 + —“1— () ] (39)

mn m
Thus:
f = 36.5Hz.; f = 1025Hz.; f = 10,540 Hz.
11 641 19,
f = 1040 Hz.; f = 10,170 Hz.
12 1,38

The computer program was run twice, once to calculate panel displacement and
acceleration up to 1,000 Hz. and second to calculate response up to 10,000 Hz.
The second run was mainly to study the effects of longitudinal coincidence which
was expected to occur at about 1,000 Hz . (see discussion below). Since the
center of the panel was chosen (x/a = y/b = 0.5) only odd modes were included
in the computer calculation. From the frequencies calculated above, for the first
computer run, m was allowed to assume values of 1, 3, and 5, and n, values of
1,3,5,7,9, and 11, a total of 18 modes only. In this first computer run, since
the number of modes summed was small the frequency increments were kept small
in order to increase the accuracy of calculations (0.25 Hz. up to 250 Hz, and

1 Hz. from 250 to 1,000 Hz.). In the second computer run, m was allowed to
assume valvesof 1, 3,5, . .. .17, 19, and n, valuesof 1, 3, 5, .... 35,
37, a total of 171 modes being summed for each response point against frequency
calculated. In order to reduce computation time the frequency increments were
increased, particularly at high frequencies, (1 Hz. up to 250 Hz., 2 Hz. from
250 Hz. to 1,000 Hz. and 10 Hz. from 1,000 Hz. to 10,000 Hz.). It was found,
however, that the two computer runs gave identical plots (over the same frequency
ranges covered) except for the first made which was predicted more accurately by
the first computer run. Thus the two computer runs have been combined into the
two figures showing displacement and acceleration response (in Figures 31 and 32
respectively).

It is noticed that the programs were run with a value of boundary layer thickness
& = 12 in. This was an error, as it was intended to run the program with a more
representative value of § =1, or 2 in. This error probably results in a small
increase in the estimated response of the first few panel modes and will be eliminated
in future runs.

The panel response at the first resonance was checked by a hand calculation and
agreed closely with the response calculated by the computer program .

Longitudinal Coincidence

The most striking aspect of panel response to turbulent boundary layer pressure
fluctuations is longitudinal coincidence. This occurs when the longitudinal

26



bending wave propagation velocity in the panel equals the velocity of convection
of the pressure disturbances.

Using the notation and panel dimensions used above and in Appendix C, the reson-
ance frequencies of the panel (assumed simply-supported) are (see above):

2 [ 2 2
P = 1‘! El m 1+<_”_ a’ (38)
mn 2 p(]-vz) a ] m b
1 27
fo= 292 m? [1 + (%) | (39)

But for coincidence, the convection velocity (see Reference 9):

Uc = Cm = )\m fm (40)
UC = (2 o/m) f 41)
where
A = bending wave length of the m-th longitudinal mode of the
m panel .
fm = resonance frequency of the m-th longitudinal mode of the
panel
= 29.2 m?.

With a convection velocity of 144 x 0.8 = 115.2 fps

U = (2 a/m) f_ (41)

Cc

115.2x 12 = 2x 4/m) (29.2m?), m=x 6

~ 29.2(6) 1050 Hz.

coinc.

The two computer plots of panel response shown in Figures 31 and 32 do indeed
show that the acceleration and displacement power spectral density drop off con-
siderably after this frequency.

One feature of the panel response not included in the present theory was the effect

of non-linearities due to membrane stiffness. This effect becomes significant when
the displacement of the panel exceeds the panel thickness. Typically the panel
displacement was about 6 times the thickness for the first mode response. Approximate
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4.2

calculations suggest that the displacement of the first mode will be reduced by a
factor of about 2 over that predicted. Higher order modes are relatively unaffected.

Comparison of Experimental Results with Theoretical Predictions

Figures 19 and 20 present the raw experimental data on panel displacement spectrum
without normalization by the acoustic pressure spectrum given in Figures 9 and 10.
When the data are normalized and compared to the theoretical results given in
Figure 31, the latter are found to be appreciably higher. A number of reasons exist
for this discrepancy which may be summarized as follows:

e The pane! response was very likely nonlinear due to the very
small thickness-to-span ratio.

e Buckling or "oil canning" of the panel is expected to contribute

to a reduced response.

® The experimental data in Figures 19 and 20 indicate that the panel
resonance corresponded more nearly to a simply supported panel than
a clamped panel as intended. Although this is the same boundary
condition used for the theoretical plots, the effect of radiation
damping, calculated in Appendix C for the simply supported panel,
indicates that the panel Q should be no more than about 8 instead
of 50 as assumed for the theory.

® The validity of the acoustic spectrum is in question as discussed in
Section 2.3 so that the effective acoustic pressure spectrum on the
panel is in doubt.

® [t is also seen (in Figures 9 and 10) that the pressure frequency
spectrum achieved in the experiment was not typical of a nomal
turbulent boundary layer, and it is probable that the pressure
spatial correlation patterns set up in the experiment were dissimilar
to those assumed in the theoretical analysis. This fact will obviously
affect panel response and attention will have to be given to investi-
gating the boundary layer pressure fluctuation spectrum and pressure
correlation pattern, in more detail, in future work.

Clearly, there are several important disagreements between the theory and the
experiment. Unfortunately, there has not been sufficient time available to eliminate
all the problems associated with the experimental measurements. A more detailed
study is recommended based on a knowledge of the difficulties found in the work to
date.
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5.0

CONCLUSIONS

A powerful theoretical method has been developed which predicts simply-supported
panel response to turbulent boundary layer pressure fluctuations. The analysis has
been programmed for computation by a digital computer and computer plots of panel
response and a listing of the program are presented in this report. Considerable
progress has been made in understanding the statistical properties of the turbulent
boundary pressure fluctuations which must be determined for theoretically predicting
panel response to turbulence (Section 3). For full scale structures, it is now realized
that it is necessary to apply a weighting function to the empirical expressions for the
narrow band pressure space correlations, in order to prevent correlation lengths much
greater than the boundary layer thickness being predicted (a physically unlikely
situation).

Considerable success has been achieved in setting up suitable repeatable separated
flow which will be required for later panel response measurements and the basic

flow patterns have been externally examined. However, some difficulties have

been experienced in panel response measurements. These difficulties are associated
with the non-uniformities of the panel tested, and the results are not typical of
uniform panels. However, the experimental techniques required have been developed
successfully during the present work. Repetition of the experiments with a more
uniform panel can be expected to give useful data. The theoretical analysis is now
highly developed, and confirmation of the theoretical results by an experiment will
be of much value.
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APPENDIX A

LOGIC FOR THE DIGITAL COMPUTER PROGRAM TO CALCULATE STRUCTURAL
RESPONSE TO TURBULENT BOUNDARY LAYER PRESSURE FLUCTUATIONS

A computer program was written to calculate the ratio of displacement power spectral density
to pressure spectral density, and acceleration power spectral density to pressure spectral
density, for any point on the panel, as given by Equations (23) and (24), respectively. The
subroutine JMN (Omega) given on the last page of the computer listing calculates the joint-
acceptance as given by Equations (35) through (37). A Flow Chart of the computer program
is given in Figure A1. A listing of the computer program is given in Figure A2,
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!
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!
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[

3200 FORTRAN (2,1)

PROGRAM TyURB

PAnEL RESPONSE TO TURBULENT ROUNDARY LAYFR PRESSURF FLUCTUATIONS,
ANALYSIS BY MALCOLM CROCKER.,.,....PRNGRAMMING RY DAVE WARGROVE,

COMMAN AJ(20,40), AX2AY BX,RY,PN,H,PLX,PLY,¥X,Y
IM)N.E:pllGJO
CcOMMNN Swt1&00),0Mat160n)
P123,14159265
AK3=z,3575 & PITWO=P]«P! § P1200=p1wdqd,
CALL OVERFL(1)
1TWg = O
6G=386,0
Fz?,82F 07
READ (60,1010) gNyM,DEL
NFL=42,
READ(6N,1001) M,N
WRITEF (61+1010) RNUM+DEL
VRITFE (59,1010 RNUM,DEL
WRTTE (61,1001) M,N
WRITE (59,1001) M,N
CAL.L RFANCON
READ(60,1000) UC,TMU.TIaX,Y,NOMA,OMAMAX,PLYX,PLY,. "
ITWO = [ TN+
CUT3=0MAMAYZ20000,«P] $ Ms19 § N=z39
NEILLz7.%wP]
NE( 224, 4P
PELI=2n,»pP1
ruT1=500,#P]
CUT2z2000, *p ]
WRITE(AL,1000)UC, TMULTT,.X, ¥, NOMA, OMAMAX,PLY,PLY,"
AK1zAK 21,1
AK4zN,
AMA(1Y=1.0
Kz N
PlxznRl«x % PlYzpIseyY $P12zpleP] $02:20+Q $G2=z0w0
XI1zv]t=1, N42E=QR
TMU2 =T T}
SORXTI=SURTFEXTITY $  SORYIT2QQRTF(YIT)
Py-_-l" R
K=K+l
AXz 1#NMa(W)/UC+,2A5/DNFL
RX=zA42«OMA(K) /UIC
AY22  #AK3enMA(K) /UC +2,/DE
NOMFGA = NMA(K)
CALL J¥NIQOMETA)
Qwiky=n,0
YH:-t'
np 110 1=1,mM,2
XMeXMe?,
XNz=1,
np 170 J=1,Nn,2
XNa XN+,
WwzP 12« SORTF(G*E/TMU)
TEMPS({XMeXM)/(PLX*PL_X))*SNRXIT! +XNa*XN*SNRY[!/(PI YePLY}
WzWaTEMP
W22Wwaw & dzw2ep?
PSI=SIN(XM*PIX/PLX)*SIN(XNaPIY/PLY)
PS12zPS-73] % TEMP=zOMA(K) /W
H221,/0(1.=(OMA(K)/W)*22)na2 & TEMP*TEMP/QD)

Figure A2 Listing of Computer Program
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GO TO (87,88) 1TWO
BY TEMP=G2*PS12*AJ(T2 ) *H2/{TMU2?Y 0625%W4)
6o 70 91
BB TEMP=PSI2#«AJ(1,J)wH2 /7 (TMU2 » W4 » ,0625)
TEMP=TEMP « OMA(K) wed
91 GO TN ($0,100) ,SSWTCHF(1)
90 WRITE (61,1002) TEMP,1,J.0MA(K)
100 SW(K)ZSW(K)+TEMP
1F (OMA(K),LE,CUT1)Y 110,120
110 OMA(K+1)®20OMA(K)+«DELL § GO TO 10
120 I1F (OMA(K),LE,CUT2) 130,140
130 OMA(K+1)=OMALK) » NEL2 $ Gn YO 1n
140 I1F (OMA(K),LE,CUT3) 142,144
142 OMA(X+1)s0MA(K) & DELI $ GA TO 10
146 CONTINUE
CALL PRINTCON ,
WRITE (61,1005) (SW(l),1=1,K)
WRITE(61,1003) SW(K),OMA(K)
WRITE (61,1005) (OMAC(I),139,K)
DO 150 l=1sK
OMA(1)=ALOG(OMA(1)#5,00/P1y#2,0«, 43420448
150 SW(1)sALOG(SW(1)#1,0E=-02)« 43429444
WRITE(61,1003) SW(K).,OMALIK)
CALL PLOTCON
CALL LOGAX1S¢t0,0,6,0,1,0,1,0,0)
CALL PLOT(0,0,6,0,=3)
CALL LOGAX1S¢0.0,6.0,1.0,1.0,0)
CALL LOGAX1St8,0+0,04+2,042,0:0)
no 170 Jg=1,K
IF (OMA(CJ)Y,LT,RANUMY 170,160
170 CONTINUE
160 XcsOMA(J)=BNUM
CALL PLOT (X,SW(J),3)
No 165 KKzJ,X
YzOMA(KK)BNUM
168 CALL PLOT (XaSW(KK)Y+2)
CALL PLOT(0,0,8,0,3)
fALL PRINTCON
IF (1TWO,GF,2) 300,1
300 CONTINUE
WRITE(59,1004)
STAP
1000 FORMAT(5E16,8)
1001 FORMAT(513)
1002 FORMAT(SX21HTHE VALUE OF WNn/wWP 1SE16.8,8H, FOR M212,YH AND N312,
15X,11H AND OMEGAZ,1X,E16,8)
1003 FORMAT(SX,6HSW/SPeF16.8,5X4HOMEGASELS,AR/)
1004 FORMAT(SX,7HTHE END/)
100% FORMAY (10X,7E16,8,/)
1010 FORMAT (2F10,0)
END

3200 FORTRAN DIAGNOSTIC RESULTS =~ FOR TURB
NP ERRQORS

Figure A2 (Continued)
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5

10

15
20

25
30

1000
1004
1002
1003

SUBRNAUTINE JMNIOMEGA) )

COMMON AJ(20+140) 2 AXsAY2BXaRYsPNsHIPLXsPLY s XY
1,M,N,E,P1.,G,0

DIMENSION XX(20),YY(40)

DIMENSION NMa(1)

Kzt $ OMA(K)=OMEGA

AXLX3AX#PLYX

RXLXaBX#PLX

XMaal,$ AXLX23AXLX®AXLX $ PRLX2=z RXLXeBXLX
no 10 1zt,M,?2

XMEXM*2,

ROTaXM+*P1 $ BOT2=ROT«BOT

A22AXLX2/80T?

R2aBLX2/B0OT2

TEMP=1,+A2+B?

TEMP2=2TEMPe TREMP

DXaTEMP2e4 , 482

TEMP1s1,4A2sR2

TEMP3IaTEMPL*TEMPY

PXaTEMP3we4q,»A2+B2

GXeAXLX¥BXLX+TEMP1/B0T2

VXeAXLX*TEMP/B0OT

GO TN (5,10) ,SSWTCHF(1)

WRITE(61,1001) DX,PX,GXsVX,1

WRITFE (61:4003) OMFGA

XX{1)2L 0/ (DXww2) e (PX%(1,0m(=l,0)**]oEXP(=AXLXI*EOS(RXLX))
144, 00GX* (el 0)er[#EXP(=AXLYX)*SINC(BXLX)*BOT/2,00VNwDX)
AYLYSAY*PLY

BYLY=BY*PLY

YN:ti.

po 29 !:1,”,2

XN=XN+2,

J=1

ROT3XN+P!

A2a(AYLY/BOT)##2

R22 (IYLY/BOT)ww2

NYa(1,0¢A24B2)ww2.4 neR2
PYs(1,0+A2=82) %24 N*A2*BD
GYR(AYLY/BOT)#(BYLY/ROT)*(4.n*A2=B2)
VYSAYLY/BOT#»(1,0+A2¢R2)

B0 TO (15,20) LSSWTICHF (1)

WRITR(61,1000) DY,PY,GY,VY,1]

WRITE (61,1003) OMEGA
YY([Y2L,0/(DY*w2)a(PY*(1,0a(=1,0)ee joEXPlaAYLY)*rOS(RYLY))
1e4 ,0eGY (el N)ex JREXP(mAYLY)*SINC(BYLY)*BOT/2,0%VYeNY)
AMBet,

no 3N 1a1,M,2

AMBAMS 2,

ANSwl,

DO 3” J315N12

ANZAN#2,

AJCT J)s 4, 0%XX(T)eYY(J)/((AMPAN®P I **2)aw2)
60 Tn (25,30) ,SSWTCHFI(1)

WRITF(61,1002) AJ(1.J),lsd

CONTINUE

RETURN

FORMAT(S5X19HDY,PY.GY,VY/(4F16,R:13))
FORMAT(SX11HDX . PX,GX,VX/(4E14,8,13))
FORMAT(SX,12HJIMN(OMAY , 1, J/(E16,8,213))
FORMAT (5X,6HOMEGAz,1X,E16.8)

END

Figure A2 (Concluded)
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APPENDIX C

RADIATION DAMPING FOR A PANEL MOUNTED IN THE WALL OF A WIND TUNNEL

It has been observed experimentally when panels are mounted in one wall of a wind tunnel

or of a progressive wave section of an acoustic testing facility that the first mode of the panel
is highly damped if the ratio of the area of the panel to the duct cross-sectional area becomes
appreciable.

Bozich (in Reference 18) has studied this phenomenon theoretically by considering the radiation
impedance of a "modal" piston mounted in the wall of a semi-infinitely long duct of constant
cross-sectional area. The result is found that the magnitude of the acoustic radiation critical
damping ratio is proportional to the ratio of panel area to the duct cross-sectional area, in-
versely proportional to the square of panel thickness, and decreases rapidly with increasing
mode number.

In the design of this experiment, it was decided that the acoustic damping experienced by the
pane! mounted in the wall of the wind tunnel should not exceed the range of normal structural
damping. The critical damping ratio normally experienced by structure is in the range of
0.005 to 0.02. For the purposes of the analysis the wind tunnel was assumed to be a semi-
infinite duct (the impedance of the fan end being assumed infinite).

For a simply-supported panel Bozich derives the following theoretical result for the acoustic

radiation critical damping ratio &
'mn

32p ¢ ab 12 (1-v2)
8 = —° [k ] . - (C1)
r 6 mn S

mn ™ r Ep

where k the non-dimensional parameter is given by:

22
K = o’ b (C2)

h2 m2 n2 (b2 m2 + 02 n2)

and where:
a = length of panel
b = width of panel
c = speed of sound in air
E = Young's modulus of elasticity
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h = thickness of panel

m = panel mode number in length direction (x-direction)
n = panel mode number in width direction (y-direction)
Sr = cross-sectional area of duct

P = density of panel

Py = density of air

v = Poisson's ratio.

For a clamped-clamped panel Bozich derives the following approximate theoretical result for
the acoustic radiation critical damping ratio Sr” (for the first mode):

P € ab JlZ(l—vz) '
T [k”] : [S ] T (C3)

11 r

where the symbols used are as defined above. It is observed that on comparing Equations
(C1) and (C3), the acoustic damping is appreciably less for a clamped-clamped panel than
for a simply-supported pane! of the same dimensions. This is mainly due to the increase in
frequency which results when the panel is clamped instead of simply-supported. In fact, if
simply-supported and clamped-clamped panels of the same material are chosen having the
same length and width, but with different thicknesses, so that their fundamental frequencies
are the same, then Equations (C 1) and (C 3) show that the predicted acoustic damping is
approximately the same for the two panels.

Numerical Evaluation:

Equations (C 1) and (C3) were evaluated using the following values for a steel panel mounted
in the tunnel wall:

a = 4in. = 1/3 ft.

b = 8in. = 2/3 ft.

c = 1120 fps

E = 4.08 x 10° Ib./ft.2

h = 0.005 in. = 0.000417 ft.
m = 1

n = 1
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S = 32x 10 = 320 in.2

p = 480 Ib. /st .}
P, = 0.0766 Ib./ft.3
v = 0.28

Pinned-Pinned Panel:

Using the values given above
(a b/Sr) = 0.1

k,, = 0.512x10  [from Equation (C2)]

and thus from Equation (C1):

) = 0.0613
KR

Clamped-Clamped Panel:

Again using the above values from Equation (C3)

CH = 0.01825.
1

The value of acoustic damping calculated for a clamped-clamped panel was thought to be

acceptable since it is within the range of structural damping (0.005 to 0.02) discussed above .
Thus it was decided to make the test panel 4 by 8 by 0.005 in. in dimensions.

42



Figure 1.

View of Working Section of Wind Tunnel, Showing Bell Mouth
Intake, Multitube Manometer and Adjustable Separated Flow
Working Section Installed.
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Figure 2.

Adjustable Separated Flow Working Section, Showing Reverse
Flow Boundary-Layer Pitot Tube and Pitch and Yaw Sensitive
Pitot Tube and Also Pressure Equalization Box .
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Frequency f - Hz.

phone at

= 144 fps).

Attached Turbulent Boundary Layer with 1/4 in. Micro

Figure 9. Third Octave Levels of Wall Pressure Fluctuations Measured for
Center of Working Section (U,
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Frequency f - Hz.

Third Octave Levels of Wall Pressure Fluctuations Measured
for Separated Turbulent Boundary Layer (z = 3 1/2 in.) with

Figure 11,

1/4 in. Microphone at Center of Separated Flow Section Floor

144 fps).

u,
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Figure 13.

Four in. by 8in. by 0.005 in. Steel Panel Mounted in 18 1/2in. by 32 in.
by 3/8 in. Stiffened Aluminum Panel Mount in Working Section of Tunnel.
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—

Figure 14.

Steel Panel Mounted in Aluminum Panel Mount (Showing L-Section Stiffeners).
Panel Undergoing Normal Incidence Acoustic Test to Determine Resonance

Frequencies.
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a Spectral Density of Panel Displacement

l 1|||Illl l lllllll

10 20 50 100 200 500 | 1000

Frequency f - Hz.

Figure 17. Spectral Density (2 Hz. Bandwidth) of Panel Displacement at Panel
Center of Panel Subjected to Acoustic Waves Arriving at Normal
Incidence.
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Spectral Density of Panel Displacement

a

1 ] 1 !

10 50 100 200 500 | 1000

Frequency f - Hz.

Figure 18. Spectral Density (2 Hz. Bandwidth) of Panel Displacement at Panel
Center of Panel Subjected to Acoustic Waves Arriving at Grazing

Incidence.
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of Panel Displacement = in.%/Hz.

Spectral Density

—1 x 107

L5
- 4
~3

1 x 10°

1x 10710

Figure 19.

Spectral Density

Frequency f - Hz.

61

(2 Hz. Bandwidth Measurement) of Displacement
of Center of Panel Subjected to Attached Turbulent Boundary Layer
Pressure Fluctuations Measured with Capacitance Pick-up. (U°= 144 fps).

10,000



Spectral Density of Panel Displacement in.2/Hz,

-5x 10
—4 x 10~
—3x 10~
]

-2 x 10°
—1x 10

5% 107 \
~4x 107
r3x 10 l

L2 x 1077

1 x 1077

E
=

10 100 10,000
Frequency f - Hz.

Figure 20. Spectral Density (2 Hz. Bandwidth Measurement) of Displacement of
Center of Panel Subjected to Attached Turbulent Boundary Layer
Pressure Fluctuations Measured with Wyle Velocity Pick-up. (Ugy = 144 fps)
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Rp(gl 0' 0, U)

R 0, % w)

1.0

0.8

0.6

0.4

0.2

M= 0.52. Center Frequency Hz: 1200; 2400; 3600; 4800; 6000
(Reference 5)

-0.1 w/U.) - cos (§w/U.)

e

£ w/U,

Figure 21. Longitudinal Narrow Band Wall Pressure Space Correlation
for Subsonic Flow, (from Reference 5).

— — — - (Gardner, Theoretical,

-.715¢ U/Uc Reference 16)
e
(Maestrello, Center Frequencies
CA> 1200, 2400, 3600 Hz. Reference
-2¢ l..)/Uc o 5)
€ e (Willmarth and Wooldridge Center

Frequency 500 Hz., Reference 15)
+ (Bull, Center Frequencies 1260, 2000, 3200,

5000 Hz . Reference 3)

Cm/Uc

Figure 22. Lateral Narrow Band Wall Pressure Space Correlation
for Subsonic Flow (from References 3, 5, and 15).
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Figure 26. Asymptotic Values of Narrow-Band Lateral Pressure Correlation
Amplitudes at @ §/Uc @)= 0 (from Reference 3)
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Willmarth Data
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Fiéﬁre 28. The convection Speed Ratio (from Reference 18)
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Mach Number M

Figure 29. Convected Correlation Pressure Pattern of a Turbulent Boundary Layer

U
@
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Eddy 0.9 U
Small
Eddy 0.6 Uoo
77777 Wall

Figure 30. Boundary Layer Profile Showing Eddies and Convection Velocities
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Ratio of Displacement and Pressure Power Spectra ~ Sw/ Sp in.2 (psiy?

[
10%F
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]04-\—
10°F
102. ++} 4t +——t +—+++1 + ——
1 10 100 Frequency 1,000 f-Hz, 10,000
1
10]1:
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10"?;
TR 3
\0'3-;
r x/a = 0.5
-4 4 Y/b = 0.5
10 50
F U, - 144 fps
r

e b A+

Figure 31. Theoretical Displacement Response of Center of Simply-Supported
Panel to Turbulent Boundary Layer Pressure Fluctuations (Uo = 144 fps)
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Ratio of Acceleration and Pressure Power Spectra - S /S
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Figure 32. Theoretical Acceleration Response of Center of Simply-Supported
) Panel to Turbulent Boundary Layer Pressure Fluctuations (Ug = 144 fps)
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