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SCATTERING OF FREQUENCY-MODULATED SOUND PULSE ON
CIRCULAR CYLINDRICAL THIN ELASTIC SHELL WITH A SLIT

The non-stationary problem of scattering of the plane sound wave by the elastic
ctrcular cylindrical shell empty inside and weakened by an infinitely long linear
slit is studied. It is known that in this case the secondary components of the echo-
pulse re-radiated by the circumferential waves of the Lamb type are very weak in
comparison with the first, geometrically reflected pulse. At the same time the
secondary pulses carry information about the material of shell and place location
of defect in it. The sinusoidal frequency-modulated pulse of the finite duration in
the incident wave and cross-correlation function are used for amplifying of the
amplitudes of these components of echo-signal. The classification of arrival times
of pulses re-radiated by circumferential waves after their reflection from the edges
of slit in the shell is performed. The numerical calculations are carried out for the
case of the stainless steel shell immersed in the sea water.

Introduction. The previous paper [10] on the plane sound pulse wave
scattering from the thin circular cylindrical elastic shell empty inside and
weakened by an infinite long linear slit has been concerned with the analysis
of slit influence on the structure of echo-signals. The numerical results
obtained for the case of stainless steel shell immersed in water showed that
the pulses re-radiated by circumferential waves of the Lamb type are very
weak in comparison with geometrically reflected pulse. In the case of shell
with slit the new additional pulses caused circumferential waves reflection
from defect are also small and therefore their identification in the practical
echo-ranging applications may be very difficult. In the work [6] the linear
frequency-modulated incident sound pulses was proposed for the echo
location of spherical elastic shells of arbitrary thickness and cross-correlation
techniques was introduced for the analysis of complicate echo structure. This
method [12] allowed to define time intervals between pulses in echo primarily
due to the elastic response of the shell object that resemble incident pulse.

Proposed paper is concerned with the investigation of the linear
frequency-modulated echo pulses from a thin cylindrical empty shell wea-
kened by infinite long linear slit.

1. Mathematical modeling. The mathematical statement of the problem
considered here was filed in the work [10]. That is, we study 2-D scattering of
a plane acoustic wave which incidences on the thin circular cylindrical elastic
shell empty inside and containing the straight infinitely long slit. Dynamics of
the elastic shell is described by the Kirchhoff — Love theory. The shell free
from loading on the edges of slit.

The form of the acoustic pressure in the incident wave signal is described
as in work [6]

Pine (X;,t) = Dy €XP [— zj o'(t)dt’ }[H(t1 +At) - H(t, — At)], (1)
0

where p, is the constant pressure, H(t) is the Heaviside step-function,

t; =t—(x; +a)/c, t is the time, x; = rcos0; r, 0 are the polar coordinates
with origin at the axis of cylindrical shell symmetry, a is the radius of shell
which thickness is h, 2At is the duration of signal with the circular
frequency o' linearly modulated on time:

o'(t) = %[(@1 + )+ (0, - co”é]. (2)
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Here o, and o, are the frequencies, respectively, at the beginning and

the end of signal.
Let us introduce the dimensionless parameters and variables [6]

2
1 a 1 a a a 1
=>(0, -0y L] = = a0t L= Ak - Az ——
=3 “’2)(cj At CP%¢ 2cAt et ~ oA’

T, =1 (& +1), & =—, T:;, (3)

where ® = (®; + ©,)/2 is the middle frequency, k = o/c is the middle wave-

number in outer fluid, x = ka is the middle wave radius of shell,
Ao = 0; — o, is the difference frequency, Ak = Aw/c is the difference wave-

number in outer fluid, Ax = Aka is the difference wave radius of shell,
2At = 2cAt/a is the dimensionless time of incident pulse duration. Then from
the Eq. (1) we obtain

. 1
Dine (X1,1) = Py €xXp [— 1(0(11 + Eﬁtfﬂ[H(rl + At)—H(t, — A1) = DPoP;(1y).
(4)
Application of the integral Fourier transform over time t to this function
gives
PE(51,0) = py LG (z), ®)

where

G(x) = | 2{C(X)+ C(Y) - isgnB[S(X) + S(Y)]}ex [ﬁ(x_a)z}
= |[3| g p 5 5 ,

X = M(m-%), Y = %(mﬂ—g“j. (6)

T

Here x =ka is the wave radius of shell, k = ®/c is the wave-number in
outer fluid, C(u) and S(u) are the Fresnel integrals [1].

The spectral representation of incident wave (5) gives the solution of
problem for plane wave diffraction on the cylindrical shell with a slit in the
following form:

PL(1,6,0) = PG(@) L 3L f(0,k)e™ T, v > a, (7

where f(0,k) is the scattering amplitude as function of the scattering angle 0

and wave-number in fluid k, as also of the material and geometrical parame-
ters of the system (density of fluid p and sound velocity c in fluid, density of

shell material p,, longitudinal c¢; and shear c; velocities in shell material,

radius of shell middle surface a and thickness of shell h, and also angular
coordinate 6, of slit) [10].

Then, using the inverse integral Fourier transform to the Eq. (7), the
acoustical pressure in scattered non-stationary wave is obtained in the form

p,.(r,0,t) = po‘/gi T G(x)f(e,k)exp[— ix(r —%—lﬂdx _
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Epm/%Psc(e,T—g—lj, r>a. (8)

If the incident signal equals only real part of the Eq. (4):

Proc(t) = Re P

inc

(1) = cos (arl + %Brfj[H(rl + A1) — H(t; — A1)], 9)
also only the real part of complex signal (8) in the scattered pulse is obtained:

P.ox(0,9) = ReP,(0,1) = Res- [ G(x)f(0,k)e ™ dz. (10)

Because the scattering amplitude f£(0,k) satisfies the symmetry condition

f(0,—k) = f*(0,k) [3], where asterisk denotes complex conjugation, then Eq.
(10) can be transformed to the expression

P r(6,7) = iI[CO(G, x)cos(xt) +5,(0,x)sin (x1)]da, (11)
0

where
Co(e,x) = NR(x)fR(G,k) - Nl(x)fl(e,k) ’

Sy(0,x) = Ng () £;(6,k) + Ny (x) f (6,k),

Ng(x) = Gg(x) + Gg (=), Ny(x) = Gy(x) = Gy (= x),

Gg(x) = ReG(x), Gi(x) = ImG(x),

fr(6,k) = Re f(8,k), £1(0,k) =Im f(8,k). (12)
Hence, the acoustic pressure in echo-signal is described by formula

psc,R(r,G,t) =Rep,(r,0,t) = po\/gPscyR (9,1—5—1), r>a. (13)
To analyze the components in scattered pulse we use the method of cross-

correlation function [6, 8, 9, 11]. In this study the cross-correlation function is
chosen in the form

|1,(0,7)]

c(0,1) = ——, 14
0.0 = s (14)
where
At
Iy = [ Plp()dr,
—-At
At
1,(0,7) = J PSZQR(G,I +7)dt
—At
At
1,(0,7) = j P r(0,7+ )P, p(t)dT. (15)
—-At

In function c¢(6,t) the incident pulse and scanned section of echo-pulse are
every normalized by the root mean square of its amplitude.
With using the formula (9) the integral I is calculated as

9 2
s o5 s s ().

(16)
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where

X, = @(Aw%},

Y, = @(m-%}. (17)

Similarly, taking into consideration the Eq. (10), the integral I,(0,t) can be
found in form

1,(6,7) =

N | —

[ING (@) + NE(@)][£(0,F) cos () + £;(0, k) sin (xv)]dx . (18)
0

2. The results of numerical calculation. The calculations were made for
the case of stainless steel shell (pg=7900 kg/m3, ¢, =5240m/s,

cr =2978m/s [4], h/a=0.025) immersed in water (p=1000kg/m3,
c=1410m/s, ¢y =2978m/s [6]). The plots of form-function |f(6,k)| for the

back scattering (6 =180°) in the non-higher range of x, 0<x <30, and
various slit placement in the shell were represented in [10]. It was shown that
in the case of shell without defect this function contains the series of quasi-
periodical resonances generated by circumferential acoustic waves of the
Lamb symmetrical and asymmetrical, bending (for 2kh ~ 1) types. When the
shell is weakened by a slit, the curve of form-function is changed and
characterized by very complicated irregularities. These irregularities arise as
the result of circumferential waves reflection on the slit and excitation of
tangential, angular and radial vibrations of the free edges of the shell

These effects are represented in the structure of echo-signals with
constant carrier frequency [10] by the secondary echo-pulses significantly
weaker compared to the first, geometrically reflected pulse. Therefore the
surface acoustic pulses can be unnoticeable on the background of noises. For
determination of these secondary echo-pulses the frequency-modulated
incidence pulse is applied with the central frequency x = o =20, the
frequency sweep Ax =20, and the half-pulse duration At =1 (all values are
dimensionless). The frequency of pulses is linearly increasing with time.

The Figs. 1 illustrate the incident frequency-modulated pulse (Fig. la),
echo (Fig. 1b), and cross-correlation function (Fig. 1¢) for x_ ,, =20, At =1,

Ax =20 for the shell without slit and for frequency increasing with time
(B=10, I,=0.93295. The Fourier integral (11) for the acoustical pressure in

the echo-pulses and the integrals Ij(e, 1), j=1,2, (15) in the cross-correlation

function were calculated using the Romberg's method in Fortran-90 program
[7]. In particular, for the integrals over dimensionless frequency x the infinite
top limit of integration was reduced to x =100. For the numerical calculation
of the Fresnel integrals and the Bessel functions containing in the scattering
amplitude f(6,k) [10] the computation of special functions from the Fortran-

library [13] was used.
The Figs. 2 show results for the same parameters, but for frequency de-

creasing with time B =-10, I;=0.99987. The starting point of reference is

the time when the incident pulse achieves the axial of symmetry of cylindri-
cal shell. The peaks of the cross-correlation function are plotted on the same
abscissa as the middle of the individual echo-pulses, i. e. the pulse directly
reflected from the outer surface of the cylindrical shell and the echo-pulses
re-radiated by the circumferential waves propagating on the surface of shell.
The locations of these peaks indicate the time delays between individual
pulses.
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Next, the information about these time delays allows to identify the
velocities of circumferential waves. It must be note that width of these peaks

156



is inversed to the frequency sweep Ax [10]. As seen the cross-correlation
function with increasing frequency (p > 0) more precisely indicates the echo-
pulses time locations than the cross-correlation function with decreasing
frequency (B <0). In both cases the incident pulse half-length At =1 is
sufficient for insignificant mutual superposition between the individual echo-
pulses.

The results of numerical calculations of echo-pulses waves and cross-
correlation functions with increasing frequency (p =10) for the shell with slit

location 6, =0, 45, 90, 135, 180° are displayed, respectively, on the Figs. 3—7.

In this case overlap between individual echo-pulses occurs and the peaks of
the cross-correlation function diminish. But in these conditions the method of
cross-correlation function becomes more effective for the identification of
individual echo-pulses types.
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From the theory of surface acoustic waves is known that circumferential
waves are excite by incident sound rays in the critical points 6 =t 6, and
propagate from these points on surface of shell, respectively, clockwise and

counter-clockwise with the phase velocity Con = . In the case of shell

c
neCI‘
without slit the individual circumferential pulses of the clockwise and coun-
ter-clockwise types arrive to point in acoustic medium in the back direction
0 = n simultaneously. The dimensionless times of runs of the individual pulses

to point of observation in acoustic medium are obtained from formula

T; :2(Tcr—t'cr)—2+2njsin6cr, j=0,1,2,...,

where 1, =1-cos0 T'cr =(r-0,)sin0_ . From the locations of the cross-

cr?
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correlation peaks on the Fig. 2 can see that the delays between individual

echo-pulses are approximately equal Aty =1, - 1;=2nsin 0,~178+1.79,1ie

phase velocity Con 4949 +4977m/s is less than the phase velocity of the

Lamb circumferential acoustic wave of symmetric type in steel plate (circum-

2
c
ferential wave pulses of plate type) c¢;p=cp, /1~ (C—T) =5531m/s [2].
L
If the shell is weakened by a slit, the circumferential waves reflecting
from the edges of slit change their direction of propagation to opposite. The

first circumferential pulse excited on the shell in the point 6 =n -0, runs
with the phase velocity c,, over arc (% - Ocr)a to the slit and back from it,

and then re-radiates wave from the critical point 6 =n-0_ in the outer
acoustical medium on receiver (r>a, ©0=mn). Similarly, the second
circumferential pulse excited in the point 6 = n+0_ on the shell runs over

arc (37“— Ocr)a with the phase velocity Con tO slit and back, and re-radiated

wave from the critical point 6 =n+6_, in the acoustical medium in the
direction 6 = n. The dimensionless times of arrivals of the first and second

"

pulses are, respectively, equal 1,, =2(t,, +1..)—2 and T,, = 2(1,, +T..) — 2,

where Tgr = (%—Ocr)sinecr and TZ'P = (%—Gcr)sinecr.
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The next three series of echo-pulses are re-radiated from the critical
points by the circumferential waves, reflected from one edge of the shell, run
whole circle around the shell and reflected from the other edge of the shell
The dimensionless times of arrivals of these series are, respectively,

Tigsr = 10 T 4nksin®,,, Toks1 = Top + 4nksin® Tygs1 = Too + 6nksin0,,,

k=0,1,2,.... It should be noted that a similar analysis was performed in [5].
The analysis of positions of the peaks of the cross-correlation functions on
Figs. 3—7 shows two classes of circumferential pulses.

Each of these classes consists three series of individual echo-pulses with
the dimensionless times, which are presented in Table 1 for the case of
0, =90° The time delay of individual echo-pulses in the first and second
classes are approximately At; =3.11 and At, =5.20. The calculation of cir-

c

cumferential wave velocity from the expression At, = 4nsin0, , =4n ,
' c
phn

n =1,2, gives the following values: Con1 = 5697 m/s and Con2 = 3407m/s. The
first from these values is very closed to the circumferential wave pulses of
plate type c;,, and the second value corresponds to the circumferential wave
pulses generated by bending vibration of the shell c¢,;, = cT\/k_T =3433m/s
where k., =6/5 is the numerical coefficient of shear in theory of the Timo-

shenko type [2].

Table 1. The times of individual echo-pulses arrival from the cylindrical
shell with a slot (8, = 90 °).

Series Positions of peaks
Classes of cross-correlation function
of pulses
. . Seria 1 2.25 5.36 8.43
circumferential
wave pulses of Seria 2 1.64 476 7.88
plate type ;
Seria 3 0.77 3.87 7.02
. . Seria 1 —0.780 4315 9.51
circumferential
wave pulses of Seria 2 1.86 6.88 -
bending type ;
Seria 3 2.91 8.12 -
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Conclusions. The application of frequency-modulated incident pulse of
finite length allows using the effect of passing through resonance to excite
surface acoustic waves of a certain type and consequently detection of the
components of echo signals coming after the specularly reflected first pulse. In
the case of thin cylindrical shell such waves are surface waves of symmetric
and asymmetric (bending) types. The presence of slit in the cylindrical shell
and the emergence of peripheral wave reflection at the edges of the defect
considerably complicate structure of the echo-signal. Moreover, in the case of
an empty shell the amplitudes of the secondary echo-pulses are very small.
Application of cross-correlation function allows to localize these weak signals,
identify of circumferential wave types and calculate the time delay between
successive pulses of established types of circumferential waves. This method
also helps to classify the trajectory paths of circumferential waves from the
critical points of their excitation to the edges of slit in the shell and from the
edges of slit to the critical points of re-radiation of waves in the surrounding
medium. Thus, based on the placement of the cross-correlation peaks can be
seen on the availability and location of slit in the shell
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PO3CIAHHA YACTOTHO-MOAYIIbOBAHOIO 3BYKOBOI'O IMMNYIIbCY HA KPYroBIA
LUNIHAPUYHIX TOHKIX NPYXXHIM OBOJTIOHUI 3 LWJTUHOKO

Pozeasadaemvea HecmayioHapHa 3a0aua PO3CIAHHA MAOCKOT 38YKO080T X8UAL MOHKOM
NPYACHOI KPY208010 YUATHOPUUHOIO 0DOAOHKOI0, NOPOHCHBOMW 8CepeduHi i nocaabaenoro
6e3medcHo 0082010 NTHIUHOMO WiruHow. Bidomo, wo y yvomy eunadky emopuHHi KOMNO-
HEHMU exXo-CUuzHaNY, nepesunpomineni nepugepiinumu reussmu muny Jlemba, 0ysice
caabxi 3a amnaimyooro NOPIEHAHO 3 MePuUM, 2e0MeMPUUHO 8I0OUMUM  TMNYADCOM.
Pazom 3 mum 6mopurti imnyasscu Hecymsv iHHOPMAYIO NPO mamepidr 000L0HKU T MicC-
ye posmawyeanns depexmy 6 wil. Jas nidcurenns amnaimyod yux KomnorHenmis exo-
CUZHAAY BUKOPUCTMAHO CUHYCOTOAABHUL UACTOMHO-MOOYALOBAHUU LMNYALC CKIHUEHHOT
mpusarocmi 8 Hadieatouill xeuai i PYHKYito Kpoc-kopeasyii. IIposedeno raacugivayiio
yacig NPpurody IMNYAsbCi8, NePesuNnPOMIiHeHUX nepuPepiiiHumu réULAMU NICASL TLHBLO20
ei0dummas 810 Gepezig Po3pPi3y 8 00040HYL. UCA08] PO3PALYHKU BUKOHAHO Oai 8UNAOKY
CMAaAbHOT 000AOHKU, 3AHYPEHOT 8 MOPCHKY 800Y.

PACCEAHUE YACTOTHO-MOAYJIIMPOBAHHOI'O 3BYKOBOI'O UMIYJIbCA HA KPYroBom
LMNUHOPUYECKOU TOHKOW YMNPYIrOM OBOJIOYKE CO LWENbIO

Paccmampueaemcs HecmayuonapHas 3a0aua paccesHus MAOCKOU 368YKOB0OU B0AHbL
MOHKOU YNPY20U KPY20801U Yuauropureckoti 060404k, NYcmoti 8HYMPU U ocaadbaeH-
HOU HeoZPaHUUEeHHO OAUHHOU AUHEUHOU Ueavto. Jzeecmuo, ¥mo 8 amom cayuae 8mo-
PUUHDBLE KOMNOHEHMDBL IXO-CUSHAAL, NePeUusLYyuenHble nepuPeputeckumMy 80AHAMU MUNA
Jlamba, ouendv caabvie no amnaumyode NO CPABHEHUIO C NePEbLM, 2e0MeMmPUYECKU OMPa-
HCEHHBLM UMNYALCOM. Bmecme ¢ mem emopuuHvie UMNYAbCHL HeCym UHPOPMAYUIO O
mamepuane 060404KU U Mecmopachosoxceruu Oegexma 8 Hel. Jas ycurerus amnau-
myd amuxr KOMNOHEHM 3JXO0-CUSHAAL UCTOAB30BAHDBL CUHYCOUOAALHBLY UACTOMHO-MO-
OYAUPOBAHHBIL UMNYALC KOHEUHOU OdaumenrvHocmu U PYHKYUS Kpocc-Koppersyuu. Boi-
NOAHEHA KAACCUPUKAYUSL 8PeMeH NPUOLIMUA UMNYABCOS8, NePeusryueHnvlr nepugdepu-
YeCKUMU BOAHAMU NOCAE UX OMPadxcenus om Oepezoé paspeda 8 oboaouke. JucarenHvle
pacuemsl 8bINOAHEHDBL 0N CAYUASL CMAABHOU 000A0UKU, NOZPYHCEHHOU 8 MOPCKYIO 800Y.

Lodz Univ. of Technology, Lodz, Poland, Received
Lviv Polytechnic National Univ., Lviv 18.06.17

161



