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ABSTRACT

This technical memorandum consists of the text and vugraphs of an
invited paper presented at the Underwater Flow Noise session of the 109th
Meeting of the Acoustical Society of America held at Austin, Texas on 8-12
April 1985, The following abstract was published in the Journal of the
Acoustical Society of America, Supplement 1, Vol. 77, Spring 1985.

The objective of this paper is to develop a model for calculating the
turbulent boundary layer pressure fluctuation transmitted into a layer of
viscoelastic material. The theoretical model used here is a plane elastomer
layer backed by a rigid plane surface. The other side of the plane surface
is exposed to a turbulent flow. The transmitted flow noise received by a
rectangular hydrophone embedded in the elastomer layer was calculated for
various turbulent boundary layer forcing functions developed by Corcos, and
by Chase. The transmitted flow noise was characterized by the frequency
spectral density expressed in decibels. Wave-vector spectral densities of
various turbulent wall pressures were discussed. Effects of the elastomer
layer thickness, material properties and flow conditions on the transmitted
noise level are presented.

ADMINISTRATIVE INFORMATION

This memorandum was prepared unger NU§C Project No. D70011, Program
Element No. 62702E, "Advanced Conformafa%?gﬁgﬁ?é Sensor Program - Hydrophone
and Arrays," Principal Investigator, Dr. Sung H. Ko (Code 3233). The NUSC
ACSAS Program Manager is Dr. Charles H. Sherman (Code 3292). The sponsoring
activity is Office of Naval Research, Code 280 (James W. Webster).

The authors of this memorandum are located at New London Laboratory,
Naval Underwater Systems Center, New London, Connecticut 06320.
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FIGURE 1
Title
Name
Organization

FIGURE 2 (THEORETICAL MODEL)

The model used here is a plane elastomer layer of an infinite extent
backed by a rigid surface. The other side of the elastomer layer is exposed
to a turbulent flow. In this model the fluid medium is characterized by the
fluid density Py and the speed of sound Co- The free stream velocity is
denoted by U. The elastomer is characterized by the Lame constants A and yu,
which are expressed in terms of the Young's modulus E, the Poisson's ratio
o, and the material density Pe Both shear and compressional wave speeds
in the elastomer can be expressed in terms of these material parameters.
The thickness of the elastomer layer is denoted by h, and d is the standoff
distance from the rigid backing where the transmitted turbulent boundary
layer pressure fluctuation sensed by a hydrophone is calculated.

The main results to be presented in this paper are turbulent boundary
layer noise reductions, which are given relative to the noise level
calculated 1in the absence of the elastomer layer. Specifically, the
turbulent boundary layer noise reduction 1is the difference between the
turbulent noise level calculated in the absence of the elastomer layer and
that calculated at a standoff distance 1in the presence of the elastomer
layer.

FIGURE 3 (FREQUENCY SPECTRAL DENSITY)

This slide shows the expression for the frequency spectral density.
The capital P is the turbulent wall pressure, which is a function of the
wavenumber, frequency, and flow conditions. The capital S is the hydrophone
function, which 1is a function of the wavenumber and 1its geometrical
dimension. The capital T 1is the transfer function, which is a function of
the elastomer material property, wavenumber, and frequency. The formulation
of the problem is based on the Corcos model for turbulent boundary layer
pressure fluctuations and a theory of elasticity representation for the

1
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elastomer layer to obtain the transfer function. It 1is obvious that the
transfer function would be unity if a layer of elastomer were not present.
The capital Q is the frequency spectral density, which is the noise level
calculated in terms of decibels.

FIGURE 4 (CORCOS MODEL)

This 1is a model cross-spectrum of turbulent wall pressure, frequently
called the Corcos expression, which has been used when the convective domain
is dominant. Here, kx and ky are the wavenumbers in the flow directiaon
and in the direction normal to the flow on the same plane, kc is the con-
vective wavenumber, and u. is the convective flow velocity. v, is the
friction velocity, which is a measure of the 1intensity of turbulent eddy.
In practice, v, can be expressed as a function of Reynolds number. As
shown here, the turbulent wall pressure is characterized by a wavevector-
frequency spectrum.

FIGURE 5 (BASELINE DATA)
These are the baseline data used in this study. Before discussing the

major results, we would like to go over the parameters needed for their
calculations. Note the two columns on the right side of this slide: one is
for the point hydrophone and the other is for a finite hydrophone. The
stand-of f distance is denoted by d and is egqual to zero, which means the
hydrophone 1is embedded at the bottom of the layer. The elastomer layer
thickness h is 3 in. for the point hydrophone and 1-in. for the 2-in. square
hydrophone. Lx and L represent the dimension of a rectangular
hydrophone in the flow direction and that in the direction normal to the
flow, respectively. The elastomer density Pe is 1200 kg/m3, which is
the value for a natural rubber. The loss factor of the elastomer associated
with the shear wave speed {S is 0.3, and 10 percent of this value is used
for the loss factor associated with the compressional wave speed. The shear
wave speed Cto is 16.66 m/secé whi;h is obtained for the natur3a1 rubber

N/m=, the density of 1200 kg/m~ and the
Poisson's ratio of 0.5. The compressional wave speed is 2000 m/sec, which
is obtained in a similar way for the natural rubber. The water density

having the Young's modulus 10
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Po? the speed of sound in water o and the free stream velocity U are
self-explanatory. The convective flow velocity used here is 0.6 times the
free stream velocity. This number is acceptable only for a relatively high
frequency when the displacement thickness s fixed. In general, the
convective flow speed increased toward low frequency. The friction velocity
is 0.035 times the free stream velocity.

FIGURE & (TBL AT 100 Hz)

These are the calculated results of the Corcos model for the turbulent
boundary layer power spectrum as a function of the wavenumber at 100 Hz. 1In
this figure, we can see three different curves. The first curve having a
peak value at the center, is the turbulent boundary layer power spectrum as
a function of the wavenumber kx in the positive direction with the
wavenumber k = 0. The peak level is observed where the wavenumber kx
is equal to the convective wavenumber kc' Beyond this peak the 1level
falls off rapidly. The second curve is the wavenumber response in the
negative direction of the wavenumber kx with ky = 0. As can be seen
here, this curve decreases very slowly as the wavenumber kx increases
negatively. The third curve 1is the wavenumber response as a function of
ky with kX = 0. The reason for having the absolute value of k  is
that the Corcos expression is symmetrical in the wavenumber ky. Note that
these three curves describe the Corcos model in a two-dimensional domain.

FIGURE 7 (TBL AT 500 Hz)

These are the results of the Corcos model similar to those shown in the
previous slide. Now, this is the result for 500 Hz instead of 100 Hz. Note
that the convective ridge has moved to a higher wavenumber kx’ General
behavior of the Corcos expression at 500 Hz appears to be similar to that at
100 Hz.

FIGURE 8 (TBL AT 1000 Hz)
These are the results for 1000 Hz. Again, the convective ridge has
moved further to a higher wavenumber kx’
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FIGURE 9 (TBL CURVES FOR COMPARISON)

These are the calculated results of the Corcos expression as a function
of the axial wavenumber kx for different frequencies. Note that as the
frequency increases, the level decreases and the peak level shifts to a
higher wavenumber kx'

FIGURE 10 (CONTOUR PLOT OF TBL AT 500 Hz)

This is a contour plot of the Corcos model for the normalized turbulent
boundary layer power spectrum as a function of the wavenumbers kx and ky
at 500 Hz. These results are the values of contours normalized with respect
to the turbulent boundary layer power spectrum at the convective wavenumber
kc with ky = 0, As can be seen in the figure the peak occurs at the
wavenumber kx equal to 5.0, which is the convective wavenumber. The
interval of contour lines is 5 dB. This type of the contour plot is very
useful to estimate a maximum contribution for the calculating of the
frequency spectral density. These curves describe the Corcos model
completely in the two-dimensional domain, where contour 1lines are relative
turbulent boundary layer power spectrum levels.

FIGURE 11 (CONTOUR PLOT OF TBL AT 1000 Hz)

These are the calculated results for the Corcos model at 1000 Hz, which
are similar to those presented in the previous slide. The peak Tlevel is
shown at the wavenumber kx equal to 10, which 1is the value of the
convective wavenumber kc'

FIGURE 12 (COMPARISON BETWEEN CORCOS AND CHASE MODELS)

The objective of this slide is to present a comparison between the
calculated results based on two different models. The turbulent boundary
layer power spectrum calculated at 100 Hz using the Corcos model is compared
with that calculated at 100 Hz using the Chase convective model. The result
of the Corcos model and that of the Chase convective model is denoted by the
solid 1ine and the dashed 1ine, respectively. As 1is shown in the figure,
the result of the Corcos model gives a higher level than that of the Chase
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convective model. The Chase convective model falls off rapidly toward low
wavenumbers. Therefore, Chase has developed a subconvective model, which is
a wavenumber white model that defines the level of the turbulent boundary
layer power spectrum for low wavenumber region. The wavenumber white model
is not discussed here. Remember that this paper is not to discuss the
modeling aspect of the turbulent boundary layer power spectrum, but to use a
reasonable one for the theoretical calculation of the frequency spectral
density, in which case the model chosen here is the one developed by Corcos.

FIGURE 13 (COMPARISON OF TBL AT 500 Hz)

These are the calculated results of both Corcos and Chase convective
models similar to those shown in the previous slide. Now, these are the
results for 500 Hz instead of 100 Hz. It is shown that general behaviors
for both results for 500 Hz are similar to those for 100 Hz.

FIGURE 14 (COMPARISON OF TBL AT 1000 Hz)
This is another comparison between the calculated results of the Corcos
model and the Chase convective model.

FIGURE 15 (TRANSFER FUNCTION)

The transfer function for a 3-in. thick layer at three frequencies is
shown in this slide. The transfer function is a measure of the wavenumber
filtering, and it is a function‘ of the material property, the layer
thickness, and the standoff distance. The tFansfer function will not be
discussed here 1in detail. However, we would like to indicate how it was
obtained. The boundary conditions used here are based on the following
assumptions. The fluctuating shear stress exerted by the turbulent boundary
layer is assumed to be negligible; and thus the tangential stress vanishes
at the interface between the fluid flow and the elastomer layer. At this
interface the force acting in the normal direction must be balanced. The
elastomer Tlayer 1is perfectly bonded to the rigid backing, and thus no
particle motions are allowed in both normal and tangential directions at the
interface between the elastomer layer and the backing material. That is,
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both normal and tangential displacements of the particle become zero at this
interface. 1In this figure the peak values are observed at the corresponding
shear wavenumbers for different frequencies. The wave propagates in the
elastomer layer below the shear wavenumber, and decays in the direction
normal to the 1layer surface toward the rigid backing above the shear
wavenumber. These decaying waves are called evanescent waves. It is shown
in the figure that these evanescent waves fall off very rapidly, as the
wavenumber increases.

FIGURE 16 (HYDROPHONE FUNCTION)

An averaged sensitivity for the rectangular hydrophone 1is shown on
top. The sensitivity for the circular hydrophone 1is shown at the bottom.
Here, J1(ka) is the Bessel function of the order one with argument ka. k
is the wavenumber in the radial direction. Remember that the sensitivity of
the point hydrophone is equal to one. That 1is, both the rectangular
hydrophone function and the circular hydrophone function approach unity as
kaX and kyLy, and ka approach zero.

FIGURE 17 (VARIOUS HYDROPHONE FUNCTIONS)
This slide shows a comparison between three different sensitivity

curves. The solid 1line dis the 2-in. square hydrophone sensitivity
calculated using the formula shown in the previous slide. The dashed line
is the hydrophone sensitivity calculated for a 2-in. diameter circular
hydrophone. The broken 1line is the sensitivity for the square hydrophone
having the same area as the circular hydrophone.

FIGURE 18 (FREQUENCY SPECTRAL DENSITY)

In this figure the solid 1ine 1is the frequency spectral density
calculated using the square hydrophone, the transfer function for a 1-in.
thick layer of the natural rubber and the turbulent boundary layer power
spectrum developed by Corcos. The frequency spectral density calculated for
the flush-mounted point hydrophone is given by the dashed line. That is,
the dashed 1line is the +turbulent boundary Tlayer pressure fluctuation
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calculated on the rigid surface in the absence of the elastomer layer using
the Corcos model. The difference between these two results is the reduction
of the turbulent boundary layer pressure fluctuations, which may be simply
called the turbulent boundary layer noise reduction. The power spectral
level shown here is expressed in decibels based on uPaZ/Hz.

FIGURE 19 (VARIATION OF LAYER THICKNESS; h)

These are the results of the turbulent boundary layer noise reductions
calculated for various layer thickness using a point hydrophone. The top
horizontal line represents the case of flush mounted point hydrophone. As
can be seen here, more noise reduction 1is achieved as the layer thickness
increases. At this point, we would 1like you to keep 1in mind that the
results to be presented in the forthcoming five slides are also calculated
for the point hydrophone.

FIGURE 20 (VARIATION OFJSTANDOFF DISTANCE; d)

We now see the effect of the standoff distance on the noise reduction.
The elastomer layer thickness here is 3 in. If the standoff distance is 3
in., no noise reduction is achieved. However, if we look at a point which
is 1-in. away from the flow surface; that is, d=2 in., we see some noise
reduction. It 1is shown 1in the figure that as the standoff distance
decreases, more noise is attenuated for a given layer thickness.

FIGURE 21 (EFFECT.OF LOSS FACTOR; fs)

These are the results for various loss factors. As seen in the figure
more noise is attenuated as the loss factor fs increases except for low
frequency. Note that the noise reduction approaches an asymptotic value for
high frequency as the value of {S increases.

FIGURE 22 (EFFECT OF SHEAR WAVE SPEED; Cto)
This is the effect of the shear wave speed on the noise reduction. As
seen in the figure, more noise is attenuated for high frequency, as the
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shear wave speed decreases. However, for low frequency, noise is attenuated

less as the value of cto decreases.

FIGURE 23 (EFFECT OF FREE STREAM VELOCITY; U)

We now see the calculated results for various free stream velocities.
As seen in the figure, noise is attenuated less as the free stream velocity
of the fluid flow becomes larger.

FIGURE 24 (EFFECT OF LAYER THICKNESS; h)

These are the noise reduction curves plotted as a function of the
elastomer layer thickness for four different frequencies at 20 knots. The
noise is reduced more as the thickness increases for a given frequency or as
the frequency increases for a given layer thickness.

FIGURE 25 (RELEVANT FUNCTIONS AT 500 Hz)

These are the functions to be used for the calculation of the turbulent
boundary Tlayer pressure fluctuations sensed by a 2-in. square hydrophone
embedded 1in the elastomer Tlayer. In this figure the solid Tine is the
hydrophone function, the dashed line is the transfer function at 500 Hz, and
the broken 1line is the turbulent boundary layer power spectrum at 500 Hz
calculated using the Corcos model. Finally, the remaining 1line 1is the
product of these three functions, which is the integrand to be used for
calculations.

FIGURE 26 (RELEVANT FUNCTIONS AT 1000 Hz)
Theses are similar results for 1000 Hz. The product 1line of three
functions at 1000 Hz is much lower than that at 500 Hz.

FIGURE 27 (EFFECT OF HYDROPHONE SIZE; LX = Ly)
These are the calculated results of the turbulent boundary layer noise
reduction for various sizes of square hydrophones embedded in a 1-in. thick

8
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layer. The dashed line is the result of the point hydrophone. As can be
seen in this figure the noise is attenuated more as the size of the square
hydrophone increases.

FIGURE 28 (EFFECT OF LAYER THICKNESS; h)

This slide shows the effect of the layer thickness for the 2-in. square
hydrophone on the noise reduction. The solid line is the result for 500 Hz,
and the dashed line is the result for 1000 Hz. As shown in this figure, as
the thickness increases more noise is reduced for both frequencies. It is
also shown that for a given thickness more noise is attenuated as the
frequency increases. Note that substantial reductions are observed at zero
elastomer layer thickness for both frequencies. These noise reductions are
mainly due to the spatial averaging of the 2-in. square hydrophone. Also
note that theArate of change of the noise reduction is significant up to the
layer thickness of 2 in. However, beyond the layer thickness of 2 1in., the
noise reduction is less noticeable.

FIGURE 29 (EFFECT OF Lx FOR Ly = 0.5 in.)

This slide shows the effect of the hydrophone dimension in the flow
direction for a fixed hydrophone dimension in the direction normal to the
flow direction. For a one inch thick layer the noise is reduced more as the
Lx— dimension dincreases for a given value of Ly, and as the frequency
increases for given values of Lx and L . Notice that for the case where
the dimensioh of Ly is less than the dimension of Lx noise is Tless
reduced. Therefore, it is advantageous to use a rectangular hydrophone such
that the dimension of Lx be 1larger than that of Ly. Specifically, more
noise is reduced using a rectangular hydrophone than using a square
hydrophone if the area of the hydrophone is given equal.

FIGURE 30 (CONCLUSION....POINT HYDROPHONE)
Based on a 1limited number of calculations, the following conclusions
are drawn:
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The turbulent boundary Tlayer noise reduction is controlled by the
elastomer material property, the elastomer layer thickness, the standoff
distance, and the free steam velocity.

The turbulent boundary Tlayer noise reductions 1increase when the
elastomer layer thickness h and the loss factor {S are increased, and when
the standoff distance d and the free stream velocity U are decreased.

As the shear wave speed ¢ increases, the turbulent boundary layer

to
noise reduction increases for low frequency and decreases for high frequency.

FIGURE 31 (CONCLUSION....FINITE HYDROPHONE)

This slide shows a 1list of conclusions pertinent to finite
hydrophones. The turbulent boundary layer noise decreases as the size of
the square hydrophone increases, which is mainly attributed to the spatial
averaging of the hydrophone. If the area of a rectangular hydrophone is
equal to the area of a square hydrophone, greater noise reduction is
obtained when the rectangular hydrophone is used provided the dimension of
Lx is greater than Ly. The conclusions drawn for the point hydrophone
are also valid for finite hydrophones.

10
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FREQUENCY SPECTRAL DENSITY
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BASELINE DATA

POINT FINITE
PHONE PHONE

STAND-OFF DISTANCE d=0 in. o
ELASTOMER LAYER THICKNESS h=3 in. h=1 in.
HYDROPHONE SIZE Lxy=Ly=0 Lxy=Ly=2 in.
ELASTOMER DENSITY P = 1200 kg/m® o
LOSS FACTOR OF ELASTOMER {s=0.3
SHEAR WAVE SPEED Cio=16.66 mls
COMPRESSIONAL WAVE SPEED ¢y, =2000 mis
WATER DENSITY Do = 1000 kg/m?
SOUND SPEED IN WATER Co = 1500 mis
FREE STREAM VELOCITY U =20 kts
CONVECTIVE FLOW VELOCITY Ue=0.6U
FRICTION VELOCITY v, =0.035U
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TBL POWER SPECTRUM

(dB//(dynes/cm2)2.cm2.sec)

L4873IP

WAVE NUMBER RESPONSE AT 100 Hz

(ky =0, kx>>0)

(ky =0, kx<0)

(kX = 0! |ky| > 0)

lllllllJ 1 llllllll i lllllLl

0.1 1.0 10
WAVE NUMBER (cm-1)

FIGURE 6

£0L1LS8 "ON WL



)
=
0
o3
-
O E
w 9
O «
S
c £
W G
o
=2
>
o o
3‘:’
-3

L4873hP

1 |
N
o

w
(=}
T T

=Y

WAVE NUMBER RESPONSE AT 500 Hz

30

10

40
20

0

—h
(=
1

(ky =0, kx <0)

(ky =0, kx >0)

(kX=0,| kY| > O)

11111“1 ] lllllll'

1 lLlllll

L1 &t 1 ti}

0.1 1.0

10

WAVE NUMBER (cm-1)

FIGURE 7

100

€0L1G8 'ON WL



=
>
o
-
O
w
o
n
o
w
=
O
o
- |
m
-

—
O
o
»n
®
N
£
O
°
N
—
N
£
O
—
72}
o
c
>
e
=
-~
m
=3

L4873kP

30

20

10

0

|
-t
(=]

|
N
(=]

|
w
=]

|
Y
=]

|
0
=)

WAVE NUMBER RESPONSE AT 1000 Hz

1

1 Lllllll

(ky=0, kx<0)

i i lllllll

(ky =0, kx>0)

(kX = 0! |ky| >0)

i IIIIllI

0.1

1.0

10

WAVE NUMBER (cm~1)

FIGURE 8

€0LLS8 'ON WL



WAVE NUMBER RESPONSES AT
DIFFERENT FREQUENCIES
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