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ABSTRACT
Noise generation by a moving shell with small ratio of length to width at

high Reynolds number in water were studied. The interaction between the
moving shell and surrounding fluid results in pressure fluctuations over
the shell surface. The frequency spectra of the fluctuating pressure are
different over the front part, the middle part and the rear of the shell,

The main sources of noise of the moving shell are velocity fluctuatlions
generated by turbulent boundary layers and flow separations. The noise in-
tensity outside the sh2ll results from the reaction of the rigid shell to
the fluctuating velocity and the snelli vibration excited by it.

The cross - power spectral density of the noise inside the shell is pro-
portional to the moving speed and the resistance coefficient.

The results of model experiment show that the power spectral demsity of
the noise inside the iwo shells have differences of the order of 5 db. 1In
order to reduce interior noise, the shell should have a proper shape.

LIST OF SYMBOLS

Tf, Tr frictional and form resistance on a unit area, respectively
Cs, Cp frictional and form resistance coefficient, respectively
Uy onset flow speed

Ur, Ug fluctuating velocity

p - water density

Fi fluctuating pressure

p(f,t) sound pressure

T distance between origin and observation point
X distaiice between source and observation point
Un normal vibration velocity of shell

s surface area of shell

c sound velocity in water

Ac, Ap correlation area

t ’ time

T time interval

<{p(x,t)}%> mean - square pressure

1 sound intensity

w(n, g, t) displacement of shell

Hpn (@) function of frequency respounse

Re Reynolds number

M Mach number

E, n, ¢ generalized coordinates

gﬁ:g?ﬂg)’ﬁn(n) eigen functions

m,n,p,q integer

Cp total resistance coefficient



Wnn eigen frequency of shell =

Kz=w/Ug wavenumber

Sf(AEO,An,AC,w) cross-power spectral density of pressure
Sw(Ago,An,AL,w) cross-power spectral density of displacement
Sp(AE;An,AC,w) cross-power spectral density of noise inside shell

1. INTRODUCTION o

The sound generation of a moving shell with small length to width ratio
in water was studied in t?is paper. The shell diffets from a flat plateor
a slender column shell ( in air or a buoyant body ) with no longitudi-
nal-pressure gradient in water. Th ffect of some kinds of housing on
flow noise was measured by Dittman Taf. The pressure fluctuati 8 on a
plate in the region of flow separation was studied by Fricke “T?

The present author has measured fluctuating pressures over the surface of
closed shells and has analysed their correlation characteristics. By using
Curle's theory on aerodynamic ndoise, the relation of noise field outside
the shell and its resistance coefficient is obtained. The power spectral
density of the noise inside the shell is estimated by taking account of the
acoustic pressure coupled with the vibration of the shell.

The present paper comparcs the levels of power spectral density of fioise
inside the shell and their resistance by using two shells of different
shape. Noise measurements on another she’l of revolution with a projected
ring wac also carried out.

2. I’RESSURE FLUCTUATIUN OVER THE SHELL SURFACL

The interaction between the moving shell and the surrounding fluid results
i the pressure fluctuation over the shell surface. Even though the flow
field is uniform, the turbulent boundary layer with pressure fluctuatio%s
is generated at the surfaces, when the Reynolds number approaches to 10°.
The fluctuating pressure is greater than that in the laminar region. Because
the shells discussed are blunt, the pressure gradient not only changes the
speed profile of ,the turbulent region LSJ. but also introduces the separa-
tion phenomenon ( around the rear of the shell. Distinction of flow re-
gimes as shown in-fig. 1=1 is taken from a wind tunnel experiment. It is
shown that there is obviously flow separation behind position 13 (the wind
speed is 40 m/sec). The pressure fluctuation and shell vibration excited
by it generate noise field outside and inside the shell.

The fluctuating pressures over different parts of the surface were mea-
sured in the towing tank. Fig. 2 shows the schematic diagram of the ex-
periment. The measurements were performed by micro - hydrophones with pre-
amplifiers. A tape recorder, model TEAC - SR30, was used. The results
show that a laminar boundary layer with small pressure fluctuations is gene-
rated at the front part of the shell, while a turbulent boundary layer ac-
companied by maximum pressure fluctuation is observed at the middle of the
shell. Large pressure fluctuations appear around the rear part of the shely
with frequencies lower than 5 kHZ. The local Reynolds number at position 8
is about 3X106, while at position 1: about 1.4X105 for an onset flow of 6.5
m/sec. Fig. 3 shows that fluctuating pressures at position 8 (in the tur-
bulent region) are greater than at position 1 (in laminar region). Position
8 is in the region of the maximum adverse gradient. However, flow separa-
tion only occurs at position 15.

Results of signal processing show that the cross-power spectral demnsity
of pressures between two points spaced longitudinally decrease with fre-
quency more slowly than that of two points spaced laterally. Namely, the
coefficients of cross-correlation between pressures measured lengthwise are
higher than those measured sectionwise.
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3. RADIATION FI1ELD OF SOUND INSIDE/OUTSIDE THE SHELL

Fluctuating pressures at the surface of the shell give only small con-
tributions to the total resistance. However, they play an important role
in the generation of moise. Fluctugting pressures consist of both normal
surface pressure ancd shear - stress?7'87.

The total frictional resistance acting on a unit area of the shell sur-
face consists of both the mean resistance Tf and the fluctuating resistance
Fr, writing:

Tg = $CsUo* = Te+Fg (1)

The frictional resistance coefficient éf is actually a function of relative
fluctuating velocity Uf/U,. Simce fluctuating velocity Uf is much smaller
than the onset flow Uy, Cr may be expressed in a power series: C = Cf{ao +

al—gl— + az(—%ﬁ—) + *e-eec }  But the constant part of éf does not gener
o

ate any noise, therefore the fluctuating pressure of resistance Pr is to
the first order of approximation:

Ff = p CsUgUg 2)

From [9), it is seen that it is impossible to produce a uniform force
without also producing 4 fluctuating component. By similar dimensional
analysis, the fluctuating form resistance can also be given to the first
order of approximation by following form:

Fr « p ColUgls 3)

Starting with equations (2) and (3), the radiation fields of the sound
inside and outside the shell can be discussed.

3.1. Radiation field of the sound outside the shell

Since the velocity of the moving shell is much smaller than the sound
velocity, the Mach number is very small.

The sound field outside the ,shell can be described generally at low Mach
numbers using Curle's theory (10 for aerodynamic noise.

1.3 1 (3(pUn)y_
4n Bxi T ( }tds (4

p(x,t) = at

1 ) ol
"Z r (Fl)? 52 41\‘%
where sguare brackets ( ) denote evaluation at the retarded time t = t-r/c.
We assume that pressure fluctuations are statiomary random variables.
Hence, the sound pressure and its cross~correlation in the far-field can be
written in the following form:
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Hence, the sound intensity I(;,t) can be expressed as:

2.2 :
4 — PUo™Ci 9T 12 o (Y2, 448
gy 16m4rlc3 'g( x4 ) ( ot ) =
pCilg or 2 aUj oUn 5

'-‘T--"‘— © ds 6
8m12r2e2 s 9xj ) ot ot (6)
4 _9Up y2 ,
Vo el (=307% >Aaas

For a flat plate, if the size of the source Ssnvery small compared with r,

then a;%— = cos®. For rigid walls, we have e - 0, hence,
it
2.2 2
_PUo“Ci“cos®8 . ( 3AUj y2,
Tx,t) = 16 nlric2 JL ( ot ) agls D

As seen from equation (6), ithe sound intensity outside the shell cau be
divided into three parts. The first part is due to the reaction of the ri-
gid shell to the fluctuating velocity, and is proportional to the square of
the speed and square of the resistance coefficient of the shell. The second
part is from interaction between the fluctuating velocity and the shell vi-
bration and the third part is outside the shell vibration excited by the
fluctuating velocity. o

The fluctuating velocity Uj differs from the normal vibration velocity of
the shell Un here, and Ui can be expressed by its normal and tangential com
ponents.

3.2. Power spectral density of the sound inside thin shells

In general, shell vibration can be éxpressed in generalized coordinates
(§, n, ¢) and their eigenfunctions are Rp(rpn&), ¢,(n) and Hp(Z).

The displacement equation of the shell neglecting tangential forces can be
written as (it is assumed that the F(f,,t) is uniform):

MW + RW + DW = F(E,,t) + p1(Eo,t) - p2(Eo,t) l (&)

The wave equations oi the sound inside and outside the shell are:

2
TR
VP2 - o T2 T 0
/]
VP c2 at2 4

with boundary conditions at the surfaces:

1

W= wlp

vp (10)

The Fourier transfowation of the displacement in frequency and time domain
gives:

1 e =i
W(Eg,w) = = [0 W(Eo, e “tat (11)

The displacement W, the sound pressure Pj and the fluctuating pressure F
can be expanded by generalized coordinates:

W(Eo.n,l,w) = mzn wmn(w)Qn(n)Hm(C)
{ pygn,g,w = ninPimn (@) Ro (roné€) ¥n (N Hg(3) £12)

F(Eo,ﬂanm) = mzn an(m)"’n(ﬂ)ﬂm(l;)
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Using equation (10) and (11), we obtain

1 (3Rn(rmp€) )

Y3 le=to

o ulp¥ap(w) a4
ORin (Rmn&)

1 le=to

The displacement equation of the shell using eigenfrequencies is:

W(E,n,5,w) = I

m,n wép P mn (W) 0 (M) Hx (L)

(M(wgp2-w?) +iwR) Wyn (w) = Fun (0)+P 10 (W) R1n (fméo)

. (14)
- Popn(w)R2n (rpp &o)
The receptance of the shell excited by the fluctuating pressure can be
B written in the following form 2 '
Wmn ( -
Vmn (W)
H w) = -
B mn (W) F g ()
1 =
= A S T AN ; 15
M (Wpp2-w?) +iwR-_w’pRin (rpng) + w“pR2n{rmn) ey

OR1pn (rmnf) » 9R2n (rpp &)
13 ) E=Eo og [€=E4

From the fluctwating pressure F({o,t) and eross-correlation function, we
can find the cross-power spectral density of the pressure:

1 -]
SF(Ago,An,AC,WJ = 27 trm CF(EO,'H,L,t)F(éo*’AE,O,
nedn, AL, tedt)ve tat -
ny Dol AR e -
nin piq P €17Vo & GpHgHg X
. 17 <UgyUpg> & tat (16)
Similarly, the cross-power spectra& density of the displacement can be ex
_pressed as: ' 3
E
SW(AEJO'A“;A; ,(.U) 5 mzn pzq Hm(w)Hm*(U)SF(AEO,AQ.A;,W)
. | o0y Hplq (17)
The cross-power spectral density of the noise inside the shell is:
2 2
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In order to reduce cross-power spectral demnsity of the noise insidg the
shell, proper shapinyg of the surface and small responsc functions of the
shell seem to be very important.

4. EXPERIMENTAL RESULT AND ANALYSIS

Fig. 4 shows the hurizontal section shape of model I and II. The ratio
of length to width is 3 for model I and 2 for mogdel II1.Fig. 1 shows that at
the rear part of the model I1 flow separatioam starts for wind spced beyond
20 m/sec. The pressure distribution at the surface of model I 1s measured
in a wind tunnel test, as depicted in fig. 5. The pressure coefficienl eq-
uals to approximately 0.1 at the rear of the shell, i.e. the resistance of
the shell results-in form resistance.

Total resistance can be separated into frictional and -form resistance.

Fp = 3pUo“CpS = 3pUXCrS1 + C1S2) . (20)

The frictional resistance coefficient can be calculated approximately by
formula (11) for the resistance of a flat plate:

O - e i (i)

Substituting measured values of total resistance and the Reynoids number
of the shell into equation (20) and (21), we are able to calculate the form
resistance, ftrictional resistance, and the resistance coefficient fur dil
ferent models. The form resistances of both model I and Il are hléher tnan
their frictional resistances. Moreover, the frictional resistance increases L
when the ratio of length to widtk increases, as depicted in Fig. 6.

Both models were made of glass-reinforced plastic. The levels of noise
power spectral densities inside the shell are about 5 dB higher for modes |
than for model II (see Fig. 8). The coefficients of frictional resistance ,
are nearly similar for the two models but the form resistance coefficient
for model Il is a factor 2 higher than for model I, which explains the dif-
ference between the nouise levels inside the two shells.

When a projected ring was attached to the head surface of a shell, the i
shape of the shell is not changed very much, but its form resistance and thc
noise power épectral density inside the shell are increased. The noise

Jlevels can be increased by 4 or 5 dB, as shown in Fig. 9. This experiment
testifies the fact that the cross-correlation coefficient is higher in the
region of flow separtion. _ '

We_have studied cross-correlations between the fluctuating pressures over'
different parts of the shell surfaces on the one side and noise received by
hydrophone inside shell at position 2* on the other. Results illustratc
that the maximum coefficient of cross-correlation between positions 15 and
2* is 0.95 and that between positions 9 and 2* is 0.6 in thc {frequency re-
gion 300-400 HZ. Thée same coefficient becomes 0.38 between positions 15 and
2* and 0.2 between positions 9 and 2* in the frequency region 3-4 kHZ. All
are refierred to an onsct [low speed of 6.5 m/sec (see Fig. 10-1, 10-2).

The abovec results show that the sound radiation generated by separation of
flow is very important. The noise inside the shell can be decreased by pro-
per design of the surface shape of the shell to reduce flow separation aid .
pressure fluctuations. .

5. CONCLUSIONS
By analysing fluctuating pressures. acting on the surfaces of closed shells




and the noise inside and outside of the shells, we have found:

1.

%y

3.

4.

Turbulent boundary layer and flow separations appeared at the surface of
shells having small ratios of length to width and high Reynolds numbers.
The frequency spectra of the fluctuating pressure are differemt for the
front part, the middle or the rear part of the shell, especially in lower
frequency region. ;

The coefficient of corss-correlation of the fluctuating pressure due to

, flow separation is higher than due to turbulent boundary layer. The
cross-power spectral densities between two positions decrease with in-
creasing frequency 1less pronouced when caused by flow separation than by
turbulent boundary layers.

The main sources of noise of the moving shell are velocity fluctuation
generated by turbulent boundary layer and flow separation. The noise in-
tensity outside the shell results from 1) the reaction of the rigid shell
to the fluctuating velocity, 2) interaction between the fluctuating pres-
sure and the shell vibration, and 3) the vibration of the shell excited
by the fluctuating velocity.

The cross-correlation spectral density of the noise inside the shell is
propotional to the-resistancc coefficient. The fluctuating pressure
caused by flow separation is the .main cause of noise. In order to reduce
interior noise, proper attention should be paid to the shape of the shell
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FIGURE 1-1. Distinction of flow regimes in wind tunnel.
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FIGURE 1-2. Schematic diagram of

naise sources at a moving shell.
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FIGURE 2.

Diagram of experiment.
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