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The flow noise pressure produced in a turbulent boundary layer is
proportional tothe square ofthe fluctuations inturbulent velocity; conse-
quently, it is also proportional to the coefficient of the drag and to the
square of the free-stream velocity of the fluid. For aturbulent boundary
layer, the coefficient of drag is practically independent of the Reynolds
number and of the shape of the body. This property makes possible a
general investigation of the boundary layer noise, without consideration
of the shape of the body.

The flow noise turns out to consist of two components; one being
due to the ordinary turbulence in the boundary layer, the other due to
the small-scale turbulence generated by the surface roughnesses. At
higher frequencies, the regular boundary layer noise seems to increase
ata rate of 18 db, the roughness noise ata rate of 18 to 35 db per speed
octave according tothe density ofthe roughnesses. For plainly machined
surfaces, roughness noise and boundary layer noise are equal at a fre-
quency of 20 kc at about a speed of 20 knots. At higher speeds the rough-
ness noise predominates over the boundarylayer noise. If the diameter
ofthe receiving hydrophone is halved, its flow noise sensitivityincreases
by approximately 12 db. A hydrophone mounted in the stagnation region
of a streamlined body reads less flow noise at higher frequencies but
more flow noise at lower frequencies than one mounted flush with the
side walls of a streamlined body.

# * % * *

INTRODUCTION

all other components of noise.

Acoustic communication throughthe water medium is greatly handicapped by the
noise produced by the moving vehicle and its machinery. Atlow speeds,the machinery
noise seems to predominate over all other disturbances. But as the speedincreases,
the flow noise becomes greater until finally, at very high speeds, it seems to mask
The flow noise seems to be generated mainly in the

boundary layer and in a turbulent boundary sublayer of the moving vehicle.

paper represents a first attempt to investigate theoretically and experimentally the
component of flow noise produced by the surface roughnesses and the turbulence in

the boundary layer of a body moving in water.
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EXPERIMENTAL EQUIPMENT

To ensure well-defined experimental conditions, a boundary layer of constant
thickness had to be generated. This regularity could be obtained with a rotating
cylinder. There were reasons to believe that the finite length of the cylinder had
little effect on the inner part of the boundary layer, which is known to be responsible
for most of the flow noise, and that the results could be generalized later for any
other curved surfaces.

The first experiments were made in the Ordnance Research Laboratory. It was
certain that the properties of the cylinder walls would play an active part in the
experiments. The fluctuating pressure could be expected to excite resonant modes;
and the resonating modes would, in turn, excite the sound receiver, whether it was
attached tothe shell or placed far away from it. This complexbehavior tobe expected
in any practical situation was the reason for leaving purely theoretical ground, for
using the same hydrophones as are used with some in-service torpedoes, and for
making up a cylinder of 1/8-inch steel, 17.9 inches outer diameter, and 24 inches
long, with aluminum domes fastened on each end. The overall length was 42-3/4
inches (Fig. 1). It was driven by an 11.5-hp motor utilizing V-belts. Figure 2 shows
the cylinder mounted in the acoustic water tank wherein all the measurements were
taken. The sound receivers were two magnetostrictive hydrophones, one 2.5 inches
in diameter, the other 5 inches in diameter. The hydrophones were mounted 180
degrees apart at the midpoint on the inside wall. Figure 3 shows the frequency
responses of these hydrophones. The external-noise measurements were made with
a similar receiver, a 24.5-kc hydrophone located one yard from the surface of the
cylinder and at the same depth as the center of the cylinder.

The machinery noise is very small at high froquencies (as can be deduced from
the curves for a smoothmetal surface) - tobe discussed later. Thebackground noise
may therefore be attributed to the structure-borne noise transmitted into the water
tank, and to the thermal-noise level of the transducers. For small speeds the noise
level equals the background noise level (-80 db below 1 dyne).

Other equipment was used in additional measurements performed in the Garfield
Thomas Water Tunnel. The test section has a diameter of 48 inches. Each hydro-
phone was made up of two barium titanate discs, one inch in diameter, each 0.27
inches thick. One disc was fitted with a small hole in the middle of its face, that
served to take up the lead tothe hot electrode, whichwas at the interface between the
two crystals. The unit was enclosed in a rigid brass box with a 1/16-inch thick
membrane in front. Great care was taken to ensure perfect contact with the casing
and between the crystals by using castor oil as a coupling agent. The unit was cali-
brated at the Black Moshannon Calibration Station. On the average its sensitivity was
the same asthe theoretical value of -100 dbper bar re 1 volt. A second setof hydro-
phones of similar construction had a diameter of 1/2 inch, a thickness of 0.1 inch.
Hydrophones were also mounted at the nose and at the side of a streamlined body
having a maximum diameter of 4-1/8 inches and a length of 20 inches. This body
was held in position in the middle of the test section of the channel by a strut. The
frequency analysis was performed over the bands 250 to 500 cps, 500 cps to 1 ke,
1 ke to 2 ke, 2 ke to 4 ke, 4 ke to 8 ke, 8 ke to 10 ke, 10 ke to 15 ke, 20 ke to 25 ke,
30 kc to 40 ke, 60 ke to 80 kc, 80 kc to 100 kc, except for the results plotted in Fig.
16, which were obtained by a 5-cycle-band analysis.

THE VELOCITY DISTRIBUTION NEAR THE ROTATING CYLINDER AND
IN THE TEST SECTION OF THE GARFIELD THOMAS WATER TUNNEL

The pressure distribution in the boundary layer of the rotating cylinder was
measured with a multiple-rake manometer from a distance of 1/8 inch to about 6
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Fig. 2 - Rotating cylinder and tank

inches. The velocity distribution could then be computed. The measurements were
in good agreement with the Prandtl von Kdrman logarithmic-velocity formula (1) as
shown in Fig. 4. For the plane of symmetry of the cylinder the following result was
obtained:

T;D = 575 logy, 960 y t 25.
This unexpected result seems to be due to the fact that the shear velocity was very
nearly constant over the whole boundary layer. It varied only bya factor of two from
the innermost part of the boundary layer to the regions a few inches distant from the
surfaceof the cylinder. This could bededuced from the drag measurements published
by Theordorsen (2) and the value determined from the results represented in Fig. 4.
A graph of the time variation of the pressure distribution (Fig. 5) proved that there
was practically notime lapse between the surface speed of the cylinder and the build-
ing up of the inner regions of the boundary layer.

The velocity distribution over the major part of the cross section of the tunnel
was uniform. Figure 6 shows the variation of the velocity over the boundary layer
at sections 10 feet from the front end of the test section.

DERIVATION OF THE THEORY ON THE
BASIS OF THE EXPERIMENTAL RESULTS

Whenever the Reynolds number of flow exceeds alimiting value,the flowbecomes
unstable and turbulent. This instability is caused by a predominance of the kinetic
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forces over the viscous forces. The kinetic forces such as the Kutta Jonkovsky lift
and the Coriolis force are all proportional to the square of the velocity, whereas the
frictional forces increase withonly the first power of the velocity. Atsmall Reynolds
numbers, the velocity v is large in comparison to v2? and friction governs the motion.
Any disturbance in the velocity field therefore decreases rapidly to zero. At high
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speeds, v? is greater than v, and the
kinetic forces determine the flow.
Friction then becomes almost
entirely negligible and the fluid
behaves similar to an ideal gas or
to a collection of ideal elastic balls.
A disturbance introduced into the
flow no longer decreases but per-
sists or even increases with time,
because of the production of mechan-
ical energy by the surface drag.

The Reynolds number for which
the kinetic forces become larger
than the viscous forces can be
crudely estimated. If we identify
the disturbances with a cylindrical
or, better, a spherical particle, a
value of 50 to 100 is obtained, which
agrees well with the experimental
value 60 observed for the generation
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of turbulence in a wake. The corresponding Reynolds number for the onset of turbu-
lence in the boundary layer of the rigid body is at least 40 times as large. This
signifies that the turbulence in the boundary layer of a rigid body is completely dif-
ferent in nature from the turbulence in a wake. This fact may be interpreted as fol-
lows: Because of the attractive forces exerted by the wall and the increased internal
friction owing to the proximity of the wall, turbulence is much harder to start.
Recent research (3) shows that turbulence is initiated by a phenomenon thatis similar
to a series of internal explosions of the fluid. But the moment turbulent patches or
vortices have been formed, they possess so much kinetic energy that they may split
up into smaller and smaller ones of less than 1/50th of the original diameter; and all
these patches or vortices will still possess sufficient energy to have an appreciable
lifetime ahead of them. The diameters of the vortices in the boundary layer of a
rigid body therefore vary between a diameter equal to the thickness of the boundary
layer and adiameter at least40 times smaller; and the space-wave-number spectrum
of this turbulence is continuously distributed over a fairly large volume in wave-number
space. Under this condition, equilibrium laws such as the Kolmogorov laws (see
Appendix A) for homogeneous turbulence may be expected to apply. In fact, it is pos-
sible to estimate the root-mean-square velocity fluctuation of the turbulence on the
basis of this law, the result having at least the same order of magnitude as the
measured values. Kraichnan (4a) has recently improved the Kolmogorov theory on
the basis of statistical mechanics and has derived a slightly different wave-number
dependency.

The velocity fluctuations caused by the turbulent patches increase the transpor-
tation of momentum and generate the drag. Our first task isto compute the magnitude
of the velocity fluctuations, assuming the drag to be known. This computation can be
performed in two different ways. We may start with the Stokes Navier equations. If
the mean values of the components of the velocity are denoted by u_, v_, w,, and the
fluctuating velocity components are denoted by u’, v’, w’, this equation becomes

_ R
3 = T2y = O Yo _ .07
3y (p +pv'e) 3y (;L Sy pu’'v )

The expression inthe parentheses onthe right-hand side representsthe drag. Outside
the laminar sublayer, the first termx 3u_/3y is negligible; and the drag becomes

T=pu v .

The second method is based on the gas-kinetic considerations. Since friction is
negligible at high Reynolds numbers, computing the drag in a similar manner is per-
missible, as the viscous force is gas-kinetics. The above expression is then
re-obtained. If the flow is homogeneous, u’ and v’ are the same; but the turbulence
in the boundary layer is not homogeneous. We may, however, define an effective
velocity by the equation

This velocity v* represents the geometric average of the fluctuating velocities, in the
direction of the flow and perpendicular to the wall in the innermost part of the tur-
bulent boundary layer at a distance from the wall, where the viscous forces just
become negligible. According tothe classical Prandtl theory of turbulence, v* should
be practically constant; according to the von Kirman theory, v*? should decrease
proportionally to the distance from the laminar sublayer to zero at the outer limit
of the boundarylayer, an assumption that agrees well with Laufer's (7) measurements.
The magnitude of v* determines the shear force near the wall, the so-called surface
drag; it is known as the shear velocity.
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The surface drag has been thoroughly studied for pipes (1,5) and channels (1,6) as
wellas for flat plates (1,6) and rotating cylinders (2). The experimental results show
that the surface drag is approximately proportional to the square of the free-stream
velocity u,. The surface drag canthereforebe expressedas the productof the coeffi-
cient of drag cp and the square of the free-stream velocity:

7=Cp %pv*z

o denoting the density of the fluid.

This coefficient of drag proves to be practically a constant and to be equal to
3 x 10-3 whenever the flow is turbulent. It changes by only a factor of 3 when the
velocity is changed by as much as a factor of 5000 (Ref. 1). Since this surface drag
is generated in the inner part of the boundary layer, we may expect that it will not
greatly depend onthe curvature of the surface nor on the size of the body that gener-
ated it. This conclusion has been verified by Theodorsen (2) for a series of rotating
cylinders. The ratio of the height to the diameter has been varied by as much as a
factor of 20. Nevertheless, all the measured points seem to lie on the same curve
(Fig. 7). We may therefore assume that the coefficient of drag is independent of the
curvature and of the size and shape of the body. This approach means a considerable
simplification in the study of flow noise.

The fluctuating velocity v* can be computed by equating the theoretical and
experimental results.

pv+? :—;—CD pu°2 = 15.10-4 p”02 or v* =10.04 u,.
The effective velocity then turns out to be very nearly equal to 4 percent of the free-
stream velocity.

This result is in good agreement with Laufer's channel measurements (7). The
shear velocity reaches 4 percent at the outside of the laminar sublayer, and then
decreases linearly with the distance until it becomes zero at the outer side of the
boundary layer. Laufer's measurements also show that u’ is about 8 percent of u_,
and v’ slightlyless than4 percent of u_; because of theimperfect correlationbetween
these two, u’ v’ is only 4 percent of u,.

The next task is to derive the connection between the fluctuating velocity v* and
the pressure at a point in the boundary layer. The boundary layer is usually thin and
the scale of the turbulence we are interested in small in comparison to the acoustic
wavelength. Because of this fact the pressure fluctuations in the boundary layer will
be primarilykinetic. They are generated by the centrifugal and similar forces of the
rotating vortices; they represent the near field of the dipole, quadrupole, and octupole
sources that mathematically describe the turbulence. To distinguish these pressure
fluctuations from a true sound field, they are usually summarized under the name
quasi sound. In additionto this quasi sound,true sound that is radiated off to greater
distance is produced because of the unsteadiness of the flow. But this true sound
seems to be negligible in the boundary layer in comparison to the internal near field
generated by the rotating vortices. This fact makes it possible to establish the con-
nection between the fluctuating velocity and the sound pressure by an equation of the
type of the Bernoulli equation (Appendix B) with a slightly modified constant

p=apv+?,
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where « is a constant of the order of magnitude one. This quasi sound pressure would
be actually measured, if the sound receiver were infinitely small.

A receiver of finite size measures the average value of the pressure over its
sensitive area. This average value is the smaller, the larger the area, since the
pressure maxima and minima compensate one another. If the hydrophone area is
very large in comparison tothe scale ofthe turbulence, the average quasi sound pres-
sure will be very small, and the hydrophone reading will be mainly determined by the
true radiation field generated in the whole space that surrounds the hydrophone. The
above formula will then no longer apply.

Let us consider a practical case, such as a vehicle traveling with a velocity of
20 knots or 10 meters per second. The effective fluctuating velocity would be 40
centimeters, and the noise pressure as given by the above equation would be 1600
dynes/cm?2. This result is very interesting, but it does not yet give any information
about the flow noise actually produced by the moving body. The frequency spectrum
is still unknown. The flow noise spectrum may be centered at extremely low fre-
quencies and be inaudible, or may be in the audible or supersonic range.

First of all, we have to find the connection between the frequency spectrum of
the noise pressure and the scale of the turbulence. We may identify the patches with
the maxima and minima in a progressive wave that moves with the local mean speed
G of the flow along the surface of the receiving hydrophone. This local speed G varies
according to how far away from the laminar sublayer the patches are between u, and
v*. The pressure fluctuations as recorded by the hydrophone will then have a
frequency

f =us,

where s is the distance between successive vortices or is the scale (the effective
diameter) of the turbulent patches. For low-frequency noise, this local velocity a will
have to be assumed to be roughly equal to the free-stream velocity of the fluid.

There are two possible ways to compute the frequency spectrum of the flow noise.
Kraichnan (4c) assumed a Gaussian correlation function for the velocity correlation,
his supposition being equivalent to assuming a Gaussian energy spectrum of the tur-
bulence. The pressure spectrum is then derived by a series of integrations. The
result still resembles a Gaussian spectral distribution in its sharp cutoff at fre-
quencies above a limiting frequency represented by

f=u/8,

where $ is the thickness of the boundary layer. I we substitute numerical values and
assume a speed of 20 knots or 10 meters per second and a thickness of 1 centimeter
for the boundary layer, this frequency will be 1 kc.

The second procedure is as follows: We may divide the spectrum into a low-
frequency spectrum and a high-frequency spectrum. For the derivation of the low-
frequency spectrum, the patch of turbulence may be considered as equivalent to a
pulse of a width equal to the diameter of this patch. If we assume this diameter to
be roughly equal to the thickness of the boundary layer, the spectrum then turns out to be
constant up to a space wavelength equal to the diameter of the patchor to the thickness of
the boundary layer. From there onit decreasesas (sin x)/x. Forthe derivationof the
high-frequency partof the spectrum, the detailsare furnishedat leastapproximately by
the equilibrium laws of turbulence. The Kolmogorov law, for instance, predicts that
at high frequencies the energy spectrum decreases inversely as the 3/2 power of
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the space wavelength. The spectral density of the turbulence noise may thus be
expected to be approximately constant at lower frequencies. up to the frequency u /3
determined by the ratio of the free-stream velocity to the thickness of the boundary
layer. From there on, it may be expected to decrease approximately inversely as
the 3/2 power of the scale of the turbulence or the space-wave number.*

Figure 8 shows some measurements performed in the Garfield Thomas Water
Tunnel at State College. The method used in making these measurements will be
described later. The noise level is shown as a function of frequency for several flow
speeds. Up to a certain frequency, which in this particular case should be about 400
cycles per second, the noise level should be constant; and from there on should
approximately decrease inversely as the 5/3 power of the frequency.

The experimental results show that we must distinguish between two types of
flow noise. The first type is the one we just discussed: it is the flow noise produced
by the velocity fluctuation in the turbulent boundary layer that has been studied
thoroughly, in great detail,and very ingeniously by R. H. Kraichnan (4b). M. Harrison
(8) verified the predictions of the Kraichnan theory experimentally in air-channel
flow and proved that the assumptions in Kraichnan's work are indeed very
reasonable.

The second component of flow noise is produced by the surface roughness. With
an increasing speed of flow, the laminar boundary layer becomes continuously
thinner. When the velocity reaches a certain value, the roughnesses become greater
than the thickness of the laminar boundary sublayer and penetrate thelaminar boundary
sublayer. Theythenbecome capable of shedding vortices or of producing a von Kirmén
vortex street (9). The vortices generated this way increase the surface drag and
create a turbulent sublayer on top of the laminar boundary sublayer. Because of its
small scale and its great energy content, this turbulence may be expected to create
a high noise level with an essentially high-frequency spectrum. Before going more
into detail,let us prove that this '"'roughness noise' does indeed exist. Figure 9 shows
measurements that have been performed with the aid of a rotating cylinder 42 inches
high and about 23 inches in diameter, and with a microphone mounted flush with the
wall of thecylinder. The abscissain this figure represents the surface velocity of the
cylinder; the ordinate represents the noise level. Let us first concentrate on the
measurements performed with a smooth painted cylinder surface,a surface as smooth
as possible. Until the speed exceeds a certain value, the noise level is that of the
ambient noise; from there on, it increases at a rate of roughly 18 db per speed
octave,as for true boundary layer noise. Now let us consider a second measurement
that has been performed under the same conditions except that the surface of the
cylinder has been roughened (grit 180). The noise level now exceeds that of the
ambient noise at a much slower speed than in the previous case. For the same
velocities the flow noise produced by the rough surface is 20 to 50 db greater than
that produced by the smooth painted surface. Since nothing else has been changed,
this greater noise must be attributed to the effect of the surface roughnesses. There
is thus no doubt that roughnesses generate flow noise.

The effect of surface roughnesses on the drag has been thoroughly studied in the
literature for flat plates (1), pipes (1,5,6),and a rotating cylinder (2). The results are
always the same. Whenever the surface roughnesses penetrate the laminar boundary
sublayer, they increase the surface drag. The theory shows that the roughnesses

*It can be shown that the high-frequency part of the spectrum of the squared function
is approximately proportional to the spectrum of the original function at half the
frequency, if the latter is a randomlyvarying statistical function, and that it is accu-
rately proportional to it, if the original function has a Kolmogorov-type spectrum.
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become larger than the thickness of the boundary sublayer if their Reynolds number
becomes greater than 5:

hv*
5<— .
The velocity in the immediate vicinity of thelaminar sublayer is approximately equal
to the shear velocity. The above Reynolds number had therefore to be formed with
the height of the roughnesses and the shear velocity.

With the aid of the previous results, the above Reynolds number of 5 can be
expressed as a function of the free-stream velocity. The roughnesses are then found
to become effective when the speed is greater than the critical value given by

v = 10-2/h (knots) ,

crit
where h is the height of the roughnesses in inches. An analogous condition can be
derived for the shedding of vortices by roughnesses in a nonturbulent boundary layer;
the Reynolds number then has to be formed, with the height of the roughnesses and
the laminar velocity at a distance h from the walls. This Reynolds number increases
toward the stagnation point, as would be expected because of the greater velocity
gradients. For roughnesses of 10-2 inch and a distance from the edge of the body
greater than a few centimeters numerically, very nearly the same results are derived
for the roughness noise; and it should make little difference whether the bulk of the
boundary layer is turbulent or laminar. However, the regular boundary layer noise
will not be generated in the stagnation region because of its predominant laminar
nature. It is hard to predict the reduction of flow noise that could be expected in such
a case because flow noise will alsobe radiated back from the other parts of the mov-
ing surface into the stagnated area.

Figure 10 illustrates the above results for rotating cylinders covered with rough-
ness of various grain sizes. Whenever the Reynolds number of the roughnesses
exceeds 5, the drag becomes greater than that for a smooth surface. The speed at
which theseincreases are observed is thusa function of the height of the roughnesses
only, but the magnitude of the increase of the drag is a function of the density of the
roughnesses. This is illustrated in Fig. 11, which represents measurements where
the density of the roughnesses has been varied.

The noise pressure has been shown to be proportional to the drag. The increase
in drag because of the small-scale surface roughnesses may therefore be expected
to show up in a corresponding increase of high-frequency flow noise. That this
assumption is essentially correct is illustrated in Fig. 9. No flow noise can be
observed at lesser speeds. At the critical Reynolds number, flow noise may be
expected to be generated, but the intensity of this noise is still so small that it is
completely masked by the ambient noise. From a certain speed onwards, a speed
that depends on the size and density distribution of the surface roughnesses, the level
of the flow noise exceeds that of the ambient noise; it increases at a rate of 18 to 35
db per speed octave, according to whether the surface is rough or smooth.

For grit 180, 80 percent of the particles have a height of about 5 x 10-3 inch.
The critical speed is therefore 2 knots or 1.08 m/sec. If we extrapolate the curve
for this kind of grit down to a speed of 2 knots, from whence the roughnesses would
be expected to become acoustically effective, the noise level turns out to be -158 db.
This value may be considered as the equivalent of zero flow noise level for the con-
dition of the experiment. The other curves should then intersect with the ""zero flow
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Noise Production in a Turbulent Boundary Layer

noise' level - 158 db at speeds equal to the corresponding critical values; and this
indeed seems to be what happens if we allow for a small experimental error and for
the fact that the energy of the background and that of the flow noise add up to the
resultant noise level and change the shape of the curves at lower noise levels. Grit
60 exhibits maximum dimensions of 10-2 inch (v__,, = 1 knot). The corresponding
critical speed is therefore 0.54 m/sec. The measured line intersects very nearly at
the point v = v__, 0,70 m/sec with the equivalent zero flow-noise level at -159 db.
For a smooth machine-polished metal surface, v_,;, = 0.75 m/sec (1.5 knots). Paint
seems to cover the smaller roughnesses and appears to increase the larger-size
roughnesses with paint streaks so that the corresponding v_ ;. is 0.5 m/sec (1 knot).
The extrapolation of the measurements to levels considerably below the ambient
noise level is, of course, thoroughly hypothetical; and the assumption of a zero effec-
tive or equivalent flow noise level is likewise tenuous.* But this assumption seems
to represent a working assumption that is borne out by the experimental results, at
least as long as no detailed theory is available.

Like the slope of the curves for the drag, the slope of the noise curves is also a
function of the density distribution of the roughnesses. The noise level increases
linearly with the logarithm of the speed by 18 db per octave of increase in speed if
the surface is very smooth and by up to 35 db per octave increase in speed if the
surface is rough. The flow noise generated by a surface with small but densely dis-
tributed roughnesses may thus exceed the ambient noise level at much slower speeds
than that generated by a surface with large roughnesses if the density of the large
roughness is sufficiently small. The noise levels have been measured simultaneously
with two hydrophones, one 2.5 inches in diameter, the other 5 inches. The results
are identical except for a constant difference in level, the smaller hydrophone being
more sensitive by 10 - 13 db (Fig. 12). These results show the average pressure
over the hydrophone area that determines the hydrophone reading and the compensa-
tion of the pressure maxima and minima over the area of the hydrophone. This
average pressure is greater, the smaller the diameter of the hydrophone.

One of the most puzzling results of these investigations wasthe fact that the noise
level measured with a similar hydrophone outside the boundary layer at a distance of
one yard proved to be approximately the same as that measured in the boundary
layer (Fig. 13). This result can be explained again as a consequence of the compen-
sation of the pressure maxima and minima. The hydrophone used did not indicate the
true pressure fluctuations in the boundary layer, but the average value over an area
of a diameter of about the magnitude of the acoustical wavelength. On the basis of
diffraction theory, it can be shown that the pressure at a certain distance from the
source distribution can be computed as a function of the pressure at the boundary
surface. In this computation the average value of the pressure for an area roughly
equal to the square of the wavelengths determines the result, and this is exactly the
quantity that was responsible for the hydrophone reading inside the boundary layer.
This result shows that in the presence of flow noise a small hydrophone will always
be a poorer sound receiver than a large one.

Damping the shell by coating it internally with a damping varnish had only a small
effect on the measured levels (Fig. 12). This result might be expected. At high fre-
quencies, the resonances of the shell overlap to a continuous background, and individual
resonances do not greatly contribute to the result.

*It is hardly worthwhile to try to improve the quality of the extrapolation by assuming
the noise level to be proportional to a power of the velocity difference (v ~ v
since vc‘: usually is small in comparison to v.
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Fig. 12 - Internal noise level as measured with the five-inch-diameter hydrophone
and the effect of damping and of alarge elliptical projection onthe internal noise level

Figure 14 shows some measurements performed in the Garfield Thomas Water
Tunnel* with a microphone mounted on a very smooth laminar-flow-noise head. The
roughnesses are relatively large, but not numerous. The slope is 18 db per octave
speed change, as would be expected for true boundary layer noise.

A number of flow noise measurements on ships have been reported for which the
slopes are 18 to 22 db per speed octave, but the absolute levels are larger by 10 to
20 db than those found in the measurements obtained by using the cylinder. This
means that in practical cases the roughnesses generating the flow noise are usually
relatively large, but few in number.

The c&linder measurements leadto a rough estimate of the noise level as a func-
tion of the speed, the size, and the density of the roughnesses. The experimental
results can be expressed as

*This curve has been measured by J. H. McGinly, ORL
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Fig. 13 - External noise at one meter from the cylinder surface for differently
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p = -158 + aQ decibels

for the 2.5-inch-diameter hydrophone as receiver, where o is a factor varying
between 20 and 25 db per octave of speed change,according to whether the surface is
smooth and painted and the roughnesses scarce, or completely rough as when treated
with grit. Since Q represents the number of octaves above the critical speed, )

v
Q lng Verit )

The experimental results can then be summarized. The flow noise level at 25 kc
measured with a hydrophone of a diameter of 2.5 inches and a bandwidth of 2 ke attains
-80 db below 1 dyne per centimeter square (spectral level, per cycle), when the speed
is 20 times the critical speed if the surface is smooth (carefully painted) or 5 times
the critical speed if the surface roughnesses are densely distributed (as for instance
in the case of a grit-covered surface). The noise level then increases at a rate of .20
db per octave of increase in speed if the surface is smooth (roughnesses widely dis-
tributed) or at 35 db per octave of increase in speed if the surface is completely
covered with roughnesses. This means that for a vehicle traveling at a speed of 50
knots, the critical speed has to be at least 8 knots. The roughnesses then have
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Fig. 14 - Flow noise level in the Garfield Thomas
Water Tunnel

to be smaller than 1.25 x 10-3 inch. Such a vehicle will then generate no audible
roughness noise.

To gain additional information about flow noise, measurements were performed
in the boundary layer at the Garfield Thomas Water Tunnel. Four hydrophones were
mounted flush with the walls of the Tunnel and two hydrophones were mounted in the
streamlined body in the middle of the tunnel, one hydrophone at its nose and the other
at its side. Figure 8 which shows the results measured with the hydrophone flush with
the wall of the Tunnel has already been discussed in connection with the speed fre-
quency spectrum of flow noise. Figure 15 shows the measurements with the hydro-
phones mounted on the streamlined body. The noise level received by the nose
hydrophone at frequencies between 500 cps and 20 kc is 5 to 20 db smaller than that
recorded by the side hydrophone. But at low frequencies the picture reverses. The
nose hydrophone receives considerably more flow noise than the side hydrophone.
This is very apparent when listening to tape recordings. The noise received with the
stagnating hydrophone sounds bubbly and seems to be very rich in low frequencies;
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the higher frequencies are almost completely masked. The noisereceived by the side
hydrophone resembles more a hissing sound with very small low-frequency contents.
This phenomenon can be traced through all recordings. This low-frequencysound
received by the stagnating hydrophone seems to be due to the stagnation pressure
generated by the larger-scale turbulence that hits its sensitive area. The smaller-
scale turbulence does not seem to produce a similar effect; it is very likely that this
turbulence is damped out entirely by the stagnation of the flow. Figure 16 shows a
narrowband analysis of a second series of such measurements.

The boundary layer noise in the Garfield Thomas Water Tunnel is relatively
large. But the effect of different shapes of test vehicles and of the position of the
hydrophones could still be investigated if these objects were densely covered with
coarse grit and if the speed of the flow were sufficiently high. Preliminary measure-
ments performed on grit-covered surfaces (grit 180) and surfaces covered with a
resilient coating did not yet lead to new results (Fig. 17), since the grain size of the
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Fig. 16 - Narrow-Band frequencyanalysis fornose and side hydrophone
on streamlined body
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grit and the speed of the flow (50 ft/sec) still were too low. But there seems to be
little doubt that proper treatment of the surfaces and theuse of greater flow velocities
will make possible detailed flow-noise studies in such a channel.

RELIABILITY OF THE MEASUREMENTS

To test the reliability of the results, all the measurements were repeated five
months later. Identical results were obtained. Special tests have beenmade to ensure
that cavitation did not interfere with the measurements.

Cavitation usually starts at a certain speed, increases the noise almost abruptly
to a high value, and then for a time remains almost constant;later, it even decreases
again. The dashed curve in Fig. 13 is an example of a case where cavitation was
produced intentionally by welding a projection shapedas a semi-ellipse (6 inches long,
4 inches high, and 1/4 inch thick) to the cylinder surface at the height of the hydro-
phone. The moment cavitation starts, the noise intensity jumps quite suddenly by
almost 60 db. In spite of the relatively large size of the projection, cavitation is seen
to take place only at speeds above 7 meters per second. Typical for the measurement
was a continuous fluctuation of the noise level around a mean value.

Another proof that cavitation did not interfere with the measurements is given by
a curve in Fig. 12 for which the area of the larger hydrophone was covered with grit.
The noise level is much greater than that of the painted surface,beingalmost exactly
the sameat the untreated hydrophone area, if its 10-db greater sensitivity to incoherent
flow noise is taken into account. Cavitation would have affected the response of the
first hydrophone to a much greater extent than that of the second, 17 inches distant
from the first and in the sound shadow.

During the measurements performed in the water tunnel, cavitation could be
easily identified by increasing the pressure. The unsteadiness of the noise (like a
series of explosions) makes recognition of this phenomenon very easy.

The noise level owing to extraneous noise would be expected to increase continu-
ously with a relatively low power of the speed; and it would be independent of the
conditions of the surface of the cylinder. Extraneous noise could not have affected
the rough-surface measurements of the cylinder, but very likely it also had no effect
on the results for the smooth and the painted surfaces.

SUPPLEMENTARY WORK

The study described above represents an attemptto derive a general understand-
ing of the features of flow noise. The measurements in the Water Tunnel will be
repeated in the near future with more sensitive hydrophones and with hydrophones of
variable area. Work with buoyant units has been taken up, and the field program has
just started at Key West to supplement and to verify the previous conclusions. A
paper submitted to the Journal of the Acoustical Society contains the experimental
data described above and theoretical derivations performed since the Flow Noise
Symposium. This paper contains a quantitative analysis of the near-field component
and of the flow-noise component radiated to greater distances. The high-frequency
boundary-layer noise pressureturns out to beinversely proportional to the thickness
of the boundary layer,a relation which is inagreement with the derivations published
in the literature and the experimental results of M. Harrison (8). Because of the
largethickness ofthe boundarylayer of the rotating cylinder, the boundary-layer com-
ponent of flow noise is relatively weak, and roughness noise shows up at considerably
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lower velocities inthe case of the rotating cylinder thanin other cases. Inthe Garfield
Thomas Water Tunnel, the boundary layer noise is so intense that roughness noise
shows up only at speeds above 40 ft/sec. This situation seems to indicate that in the
case of ships and similar vehicles, boundary layer noise will be predominant, on the
average, at speeds below 20 knots, whereas at speeds above 20 knots, the noise pro-
duced by the surface roughnesses will usually determine the noise level.
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Appendix A

THE EQUILIBRIUM LAW AND THE STATISTICAL BEHAVIOR
OF DYNAMIC DISTRIBUTION

Many of the statistical phenomena that nature exhibits are produced by or have
originally been produced by reservoirs of energy feeding into a dynamic system that
redistributes and eventually absorbs the energy store by increasingthe entropy of the
system. This is the course followed by the turbulence generated in the boundary layer
of a moving body, where the original energy is given by the kinetic energy of the flow.
The same course accounts for the turbulent motion of water in thesea or the air above
the ground, where the primary energy is supplied by the radiation of the sun, and for
the surface waves of the sea, where the wind furnishes this energy.

This equilibrium law can be derived on the basis of simple dimensional consid-
erations. Let the energy supplied per unit time per unit mass of the system be D_.
The dimensions of this quantity will be

2 2
Do:ﬂv_ - | ,
mt t3

where m = mass, t = time, 1 = length.

The spectral-energy density of the system must be a function of this energy
inflow and of some other variables. I the system does not exhibit any typical dimen-
sions and if its extension in all directions is assumed to be infinite (as holds for the
sea or the air abovethe ground, or for the boundarylayer in comparisonto the small-
scale turbulence), the only general variable that can be introduced is the space-
Fourier wave-number « of the property (temperature, velocity, density, or height of
the sea waves) we are interested in. We may therefore assume that the spectral
energy density E(«) referred to unit wave-number interval is given by a function of
the energy in flow and the space-wave-number: E(«) has the dimensions

2 13
E(x) = 277/1 - [F]

100



Noise Production in a Turbulent Boundary Layer

If this function is written in the form

¢ nom_ (12 -m
(Dg.x) = D &™ = (=5} L7,

the following dimensional equation results:

12n-m

13
E(D ,x) = = = )
o t2 t3m

Comparison of the components left and right yields m = 2/3, m = -5/3. E(D_,«) is
therefore necessarily of the form

E(D,, k) = D2/3 «-5/3 . constant.

Since the energy flow D_ is independent of the properties of the system and in
particular of the space-wave lengths in this system, the spectral intensity decreases
as «"5/3 with increasing wave-number (decreasing patch size). For the case of
homogeneous turbulence, this law was derived by Kolmogorov in 1941 and by von
Weizsdckor independently in 1948. The derivation shows that the nature of this law
is very general and that it applies to many other phenomena that have no relation to
turbulence.

Kraichnan (4) has shown that this classical derivation of the Kolmogorov equilib-
rium law is not rigorous; and he has derived an improved distribution law on the
ground of statistical mechanics. His result is

E(x) = const - k=372,

In practical cases, the difference between the two laws is very small; and which of
the two is used makes very little difference. )
Appendix B
THE BERNOULLI EQUATION FOR SMALL-SCALE MOTION -
The Euler equation
v
t

1 1 2 = -
- =Y 4+ = -
grad p 3 2 grad v curl v x v

can be integrated along any given path as follows:
2 ~
—2+sz const. - g—‘t]dE -/curl v xvds.
We now introduce the very plausible assumptions that thedecay time of theturbulence
is large in comparisonto the period of the frequency of interest and that the building-up
time of the turbulence is small in comparison to the decay time. The flow may then
be considered to besteady (3v/3t = 0) whenviewed from a coordinate system carried

along by the mean flow (¥ = ¥, + %' = ¥". since v, = 0), and the above equation
simplifies to

2
%‘r——v—z—: const—/curl? x v ds.
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Curl v can be expressed by the angular velocity curl ¥ = 2«; and, since we are
interested only in patches of turbulence,

~
v = aw,

where a is the patch radius (or the correlation distance of the velocity fluctuation).
To find the acoustic effect of the noise of the pressure fluctuations, we are interested
only in small-scale turbulence distributed over a very small region. For a small region
the flow may be considered always to be two-dimensional. For a two-dimensional
flow, v is perpendicular to curl v and

.2

2

%+v =const-2a/w2ds.

The maximum value of the integral will result when ds is equal to the patch radius a;
this maximum is therefore of the same order of magnitude as

t2aw2 = £2v' 2% 2y* 2,
where v’ = v* is the fluctuating velocity because of the turbulence. On the average,
therefore,
p/p T 122 + ye/2 T 2¢*2,
and theresult reduces to the standardized Bernoulli equation except that the numerical
factor is slightly different

p/p = 2v*2 + const.

The above estimate gives anindication of the order of magnitude of the maximum
pressure fluctuation. The average pressure fluctuations will probably be about ten
times smaller. In this estimate the effect of the velocity gradient in the boundary
layer has been neglected. Because of this gradient, the patches are continuously
deformed and the motion is no longer stationary. Additional forces are set up that
produce considerable fluctuations in pressure. Kraichnan (4b,c) derived the theory
for this case on the assumption of a Gaussian velocity correlation. He obtained a
similar equation; but the numerical constant now is of the order of magnitude 7:

p/o =7 v*2,
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DISCUSSION

R. H. Kraichnan (New York University)

I should like to ask if when you go through the transition in which the roughnesses
push up through the laminar sublayer you observe the same proportionality between
drag and noise. Also, I should like to express a doubt that the k~5/3 behavior which

-
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you observe has much relevance to inertial range phenomena. Actually, the inertial
range law for pressure which might reasonably be expected on the basis of the
Kolmogorov theory is approximately k-2, or steeper. My guess would be that the
pressure fluctuations which you observe at high frequencies arise not from the fine
structure of the outer part of the boundary-layer (where an inertial range might
perhaps be expected) but from the intensely-sheared dissipation layer just above the
laminar sublayer.

E. Meyer (Physikalisches Institiit der Universitat Gottingen)

In connection with the very interesting statements of Dr. Skudrzyk I would like
to report on some experiments dealing with '"noise of streaming water' which were
carried out in our institute in Go6ttingen by Mr. Dinkelacker.

The characteristic feature of the experiments is the simplicity of the apparatus
(Fig. 1), Water from the water mains streams through the test tube with an adjust-
able velocity. The walls of the test tube may consist of different materials (in Fig.
D1 a glass tube is shown). The inner surface of the tubes can be treated to give dif-
ferent degrees of roughness. Having passed the test tubes, the water is collected in
a storage tank. The test tube is connected to the water mains by means of a long
rubber tube. This rubber tube works as an acoustic wave guide below its cut-off
frequency, thus separating the test tube from the mains with respect to structure-
borne sound. The measurements are carried out with a structure-borne sound
microphone attached to the outside of the test tube. The frequency response of the
set-up including the test tube can be determined.

WATER
SUPPLIES

GLASS TUBE

,/// (L3m x 3.5mm)

|
OCTAVE Fig. Dl - Noise of streaming water
MICROPHONE ~ BANDPASS in a tube (arrangement)

RUBBER
TuBE

In Fig. D2 the sound level of octave bands is plotted against the frequency with
the stream velocity as a parameter, Itis obviousfromthe diagram that the maximum
of the sound intensity shifts to higher frequencies with rising stream velocity.

These relations are more clearly visible in Fig. D3, where the same results are
plotted, but with the stream velocity as abscissa and the octave ranges as parameter.,
The onset of the noise is given when, with rising streaming velocity the Reynolds
number is approximately reached. Inthe beginning, most of the noise is concentrated
on the lowest octave band. For the higher octave bands the point of onset shifts to
higher stream velocities.
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These preliminary results seem to indicate that the turbulence patches have
smaller dimensions at higher velocity.

E. Skudrzyk

With regard to the drag-noise ratio: the extrapolation is veryhypothetical but is
somewhat in agreement with experimental results, As long as nothing better is
available we feel we should stick to that.

Of course the spectrum interpolation is again highly hypothetical and the only
thing I am really allowed to admit is that the experimental results do not contradict
our theoretical concept at the moment,
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