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Abstract. Problematic aspects of the system “hydroacoustic station — surface ship”, with the
station equipped with the arrays of variable depth, have been discussed. The aim of the paper
is to study the physical fields of the considered system when their linear flexible long-length
arrays are towed near the sea surface. Using the image method in the system “plane solid
bound — electroelastic cylindrical piezoceramic shell” to solve the differential equations that
describe the motion of elastic media in the inner and outer space of the transducers of the
array, as well as the motion of the thin piezoceramic shell with thickness polarization and
forced electrostatics for piezoceramics, enabled obtaining analytical equations of the physical
fields created by the linear arrays in the process of their operation near the sea surface. These
equations are initial for obtaining numerical data on the properties of acoustical, mechanical
and electrical fields of the array depending on the towing conditions. The study results can be
applied for assessment of the changes of the effectiveness of the system “hydroacoustic sta-
tion — surface ship” when operating conditions are changing and are the basis for the decision
to change the array towing conditions, if required.

Keywords: hydroacoustic station; flexible long-length towed array; cylindrical piezoceramic
shell.

AnHoTauus. Vcxoms w3 3agaud CHCTEMaTH3MPOBAHHOTO HCCIEIOBAHUS XapaKTEPHCTHK
THIPOAKyCTUIECKHUX CTAHIINN B YCIIOBHSIX, MOJICITUPYIOIIUX peaTbHbIE, B pad0Te paCCMOTPEHO
MOJICTTFHOE TIPE/ICTABICHUE JIMHCHHON MPOTSKCHHOW OyKCHPOBAHHON aHTCHHBI TaKOH
CTaHIUU B IPUCYTCTBUU MOPCKOH MOBEPXHOCTH U MOJIYUYESHBI aHATUTHUECKUE COOTHOILIEHHUS,
MO3BOJISIFOIIUE OMKUCATh (PU3MYCCKUE MTOJISI AHTCHHBI.

KaroueBnie cioBa: TUAPOAKYCTHYCCKAsA CTaHIUA, ruoKas OpOTSAXKCHHAA 6chnpyeMa>1
AHTCHHA,; MbE30KECpaMHUYICCKas HUJINHAPUICCKaA 000710UKa.

AHoTanisi. Buxonsuu i3 3aBJaHHS CHCTEMAaTH30BAaHOTO JOCIHIHKCHHS XapaKTEPUCTHK
TiAPOaKyCTUIHMX CTAHIII B yMOBaX, III0 MOJIEITIOIOTH peallbHi, B pOOOTI PO3IITHYTO MOJICTHHE
VSIBIICHHS JIHIHHOT MPOTSHKHOT OYKCHPYBAaHOI aHTEHU TaKO1 CTAHIIIT B MPUCYTHOCTI MOPCHKOT
MOBEPXHI Ta OJICPKaHI aHATITHYHI CITiBBiTHOIICHHS, [0 JI03BOJISIOTH OMHUCATH (Di3WYHI OIS
AQHTEHHU.

KurouoBi ciioBa: rigpoakyCTHYHa CTaHLs; THydYKa HOpOTsHKHA OyKCHpyBaHa aHTCHA;
I’ €30KepaMivHa [IIHIpUYHa 000I0HKA.
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Problem statement. As it has been already noted in ITocranoska npobaembl. Kak yxe ormedarnocs [7],

[7], the effectiveness of the system “hydroacoustic sta- | Ha 9((heKTHBHOCTE PAOOTHI CHCTEMBI «THAPOAKYCTHYE-
cKas CTaHIusS — HaaBOAHEIH Kopadie» (FAC—HK) ¢ an-

TeHHaMH TiepeMeHHo# rmyomnsl (AIIl) B Buae ruOkmux
npoTsokeHHBIX Oykcupyembix anTeHH (I'TIBA) cymre-
CTBEHHOE BIIMSIHUE MOTYT OKa3bIBaTh MOPCKasl MTOBEPX-
HOCTB MO0 MOpPCKOE€ JTHO, BOJM3M KOTOPHIX B MpOIIECcCe
to be in the process of towing. From physical consider- 6ykcuposku TTIBA MoxeT okasatbest. M3 (usHueckix
ations, it is qualitatively clear that the presence of media | coo6parenuii KadecTBEHHO SCHO, YTO HATHYHE TPAHHIL
interfaces near the array should lead to distortion of its | pasmena cpex BONW3M aHTEHHBI JOJDKHO IIPUBECTH K HC-
characteristics and, thus, to distortion of the parameters | KaXE€HHIO €€ XapaKTEPHCTHK H, CII€I0BATEIbHO, K MCKa-
of the HAS with these FLTA compared to those which it | »eHuto napamerpos I'AC ¢ sroii I'TIBA 1o cpaBHeHHO
C TeMH, KOTOpble OHa Obl MMeNa B OTCYTCTBHE yKa3aH-
HBIX TPAHUIL.

3aMeTUM IpH ATOM, Y4TO OOBIYHO MPHU MPOEKTUPO-
BaHnM ['AC, TpeOOBaHUS K HUM 33al0TCS Ul YCIOBHH
0e3rpaHUYHOM Cpe/ibl, TIOCKOJIBKY Ha ATaIe MPOEKTHPO-
BaHMSI CTAHIMM HEBO3MOXKHO IPEAYCMOTPETh BECh TOT
range of changes in acoustic conditions which will take | npanason usmenenus aKyCTHYECKHX YCIOBHH, KOTOPbIi
place during the operation of the HAS with FLTA. At 6y};[eT HMETh MECTO B IPOLIECCE IKCILIyaTaluu TAC
the same time, when assessing the effectiveness of the | ¢ I'TIBA. B to e Bpewmsi, nipu orneHke dp(eKTHBHOCTH
operation of the HAS with FLTA in actual sea conditions, | dkcrutyaraunn IAC ¢ ['TIBA B peanbHBIX MOPCKHX YCIIO-

one should take into account their transition to infra- | BWAX, TeM Oonee ¢ y4eTOM HX Iepexoza B 001acTh MH-
q)paSByKOBI)IX U HU3KUX SByKOBI)IX 4acToT, JJId KOTOprX

OOJIBIIHHCTBO Mopeﬁ B BOJIHOBOM OTHOLICHHH CTaJIl
MCJIKOBOAHBIMU M BJIMAHHUE HX T'paHUIl HA HapaMETpbI
I'AC ¢ TakuM# aHTEHHaMH CYIIECTBEHHO BO3POCIIO, BO3-

HUKJIa HEOOXOZMMOCTh B IMOJTYYEHHH KOJIMYECTBEHHBIX
of obtaining the quantitative values of such impact. SHAYEHHUIE HTOrO BJIMSHHUSL

tion—surface ship” (HAS —SS) with the arrays of variable
depth (AVD) in the form of flexible long-length towed
arrays (FLTA) can be sufficiently affected by the sea sur-
face or the sea floor, near which the FLTA may happen

would have at the absence of the mentioned interfaces.
In this context, let us point out that when a HAS is
being designed, its requirements are usually specified
for the conditions of infinite medium, since at the stage
of the station design it is impossible to cover the whole

sound and bass frequencies, for which most seas became
wave-wise shallow, and the impact of their boundaries
on the parameters of the HAS with such arrays signifi-
cantly increased. Therefore, there appeared the necessity

The assessments allow for the following: first, evalu- Hannupe TakuX OLCHOK IO3BONSET: BO-TIEPBBIX,
ating the degree of loss in effectiveness of the HAS with | onenurs crenens norepu spdexrusnoctu FTAC ¢ TTIBA
FLTA in certain operating conditions and thus obtaining | B TéX WM MHBIX KOHKPETHBIX YCIOBHSAX JKCILTyaTalluy
a realistic forecast of the probability of performing the | ¥ 0Onaromaps 5ToMy MMETb PeabHbIH NPOrHO3 OTHOCH-
TEJILHO BEPOSITHOCTH BBITIOJIHEHUS IOCTABJICHHBIX 3a/1a4;
BO-BTOPBIX, MPEIOKUTH BO3MOXKHBIE ITyTH MOBBIIICHHS
a¢pdexrusaoctn [AC ¢ I'TIBA npu pabote B Takux ycio-
BUSIX.

AHaJIH3 NOCTCIHUX HCCICOBAHUNH M IMYOIHKA-
nmii. Criexyer oTMETHTh, 4TO (DPU3MYECKHE CBOWCTBA
ficiently complete studies of the physical properties of | rynpoaxycTuueckux npeo6pasosarencii, koTopsie pas-
hydroacoustic transducers placed in an infinite medium | memensl B Ge3rpaHUYHOl Cpejie M BBHIIONHEHBI B BUIE
and made in the form of the cylindrical piezoceramic | IWIMHIPUYECKUX MbE30KEPAMUYECKUX KOHCTPYKLHUH

tasks; second, suggesting the ways to improve the effec-
tiveness of the HAS with FLTA at its operation in such
conditions.

Latest research and publications analysis. It
should be noted that the publications [5, 6] contain suf-
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structures of the power or compensated type with the use
of the lateral or longitudinal piezoelectric effect. At the
same time, virtually no attention in hydroacoustics has
been paid to the study of the physical fields of individual
transducers or their systems in the presence of plane in-
terfaces of different media. This is due to the fact that
the solution of the problem for a circular shell is greatly
complicated by its presence near the boundary surface,
because it necessitates simultaneous fulfillment of the
boundary conditions on the surfaces of different shapes,
namely the plane and circular cylindrical boundaries.
The performed studies of oscillations of the cylindrical
shells near a plane media interface [2, 3] have shown that
in many cases the interaction of the reflecting surfaces
has a significant qualitative and quantitative effect on the
nature of the ongoing processes and on the shell’s recep-
tion of the signal in particular.

THE ARTICLE AIM is the study of the physical
fields of the systems of the considered type with regard
to the HAS with arrays of variable depth in the form of
linear FLTA at their operation near the sea surface.

Basic material. At the solution of the set problems,
the initial point is to obtain the analytical correlations
describing the sound fields generated by the FLTA at the
presence of the media interfaces. The special feature of
the problems, which significantly complicates their math-
ematical formulation and solution, is that the system in-
cludes bodies with different surface configurations, them
being the plane media interface and the circular cylindri-
cal transducer.

Let us consider the problem of receiving audio sig-
nals from/by the ship HAS with the array of variable
depth, which is towed behind the carrier ship at the depth
of H,, from the sea surface (Fig. 1).

Sea surface / TloBepxHOCTH MOPSI
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CHJIOBOTO MJIM KOMIICHCHPOBAHHOTO THIIOB C HCIIONB30-
BaHHEM IOTIEPEYHOTO HITH POIOJILHOTO MThe303(D(hEeKTOB,
JIOCTAaTOYHO ITOJTHO OBIIM M3y4YeHbI B podoTax [5, 6]. B To
)K€ BPEMsI MCCIICOBAaHMIO (pU3NYECKUX TIOJIei OT/eNb-
HBIX TTpeoOpa3oBaTeneil Wiu CUCTEM HUX B MPUCYTCTBUH
TUTOCKHX T'PaHUI] Pa3ziena pa3HbIX Cpell B THIPOAKyCTHKE
MPAaKTUYECKH HE OTBOIMIIOCH CYILIECTBEHHOTO BHUMAHUSI.
OTO CBA3aHO C TeM, YTO MPH PEIIEHHH paccMaTpuBae-
MBIX 3aj1a4 JIs KpYyTOBOH 000I0YKH, IPUCYTCTBHE BOIU-
3M HEEe OTPAHMYMBAIONICH MOBEPXHOCTH CYIIECTBEHHO
YCIIOKHSIET PEIICHHUE 3a/1ad, MOCKOJIbKY IPHU 3TOM He-
00XOMMO OJHOBPEMEHHO Y/IOBIETBOPSTH T'PAaHHUYHBIM
YCIIOBUSIM Ha TIOBEPXHOCTSIX Pa3HOW (POPMBbI — IIOCKOM
Y KPYTroBOW HMJIMHAPUYIECKUX TPaHULAX. BbIoIHeHHbIE
JKE€ HCCIICJOBAHMS KOJIEOAaHMH HUIMHIPUYECKUX 000-
JoueK BOJIM3M IUIOCKOHM TpaHuIpl pasnena cpen [2, 3]
MOKAa3bIBAIOT, YTO BO MHOTHX CITy4yasX B3aUMOAEHCTBHE
OTpaKAIOIMINX MOBEPXHOCTEH OKAa3bIBACT 3HAYUTEIBHOE
KaueCTBEHHOE M KOJIMYECTBEHHOE BIMSHHUE Ha XapakTep
MIPOTEKAOIHX MPOIIECCOB, B YACTHOCTH, XapaKTEepUCTH-
Ky NpUeMa CUTHaJ1a 000JI0UKOH.

HEJIBIO PABOTDI siBnsieTcst npoBeaeHue Ucce-
JIOBaHMs (PU3NYECKHUX IOJIeH CUCTEM PacCMaTpUBAEMOI0o
Tuna npuMeHnTensHo K 'AC ¢ aHTeHHaMH NepeMeHHO
m1younsl B Buae muHeiHbIX I TIBA npu padore ux BOIM-
31 MOPCKOH IIOBEPXHOCTH.

H3no:xeHue OCHOBHOro Marepuana. lcxomasimu
TIPU PEIICHUH TIOCTABIICHHBIX 3a]1a4 SBISICTCS TIOyYCHUE
AQHAJIMTUYECKUX COOTHOLIEHUH, OMUCHIBAIOIIUX 3BYKOBbIE
nostst, popmupyemsbie [ TIBA mpu Hanmumm rpanun pasaesa
cpen. OcoOEHHOCTSAMH ATUX 3a/1ad, CYIIECTBEHHO OCTIOXK-
HSIOIIIMHU WX MaTeMaTHIeCKyIO MOCTAHOBKY U PEIICHHE,
SIBJISICTCSL HAJTMYKE B CHCTEME TeJl C Pa3lIMIHON KOHPUTY-
panueil ux MoBepXHOCTEH — IUIOCKOM TpaHUIbl paszeria
Cpel ¥ KPYTOBOTO LIMJIMHAPHUYECKOTO TPeoOpa3zoBaTessl.

PaccmoTpuM 3amady o mpueMe 3BYKOBBIX CHTHAJIOB
kopabensHOl 'AC ¢ aHTEHHOW TEpEeMEHHOW TITyOWHEI,
KOTOpast OyKCHpyeTCs 3a KOpadJieM-HOCHTEIIEM Ha YIITy-

Onenmu H,, OT MOPCKOM MOBEPXHOCTH (pHC. 1).

Seabed / JIno

Fig. 1. Diagram of the operation of the HAS with FLTA:
Puc. 1. Cxema skcmnyarauuu 'AC ¢ I'TIBA:

1 — FLTA / TTIBA ; 2 — carrier ship / xopabiab-HOcuTenb; 3 — hydrodynamic depressor /| THIpOIMHAMIYECKIN 3arTyOUTENb; 4 —

FLTA receiving element / npuemnsiii anement [ TIBA.
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The array is a linear discrete multi-element equidis-
tant grid, each receiving element of which is executed as
a thin-walled piezoceramic cylindrical shell of the power
or compensated design.

In terms of its acoustic properties, the sea surface is
characterized by two physical factors: the presence of the
“water—air” interface and the sea surface disturbances.

Taking into account the current level of knowledge,
the following calculation model can be accepted for the
presented physical statement of the problem of the op-
eration of the HAS with the linear array towed near the
sea surface at the determination of the acoustic fields
being used in these circumstances. Let us assume that
the array is basically an infinitely thin cylindrical piezo-
ceramic shell I, with the average radius of r ; and the
thickness /4. This statement is close to reality, since the
distance between the array elements is not that big, and
its operating frequency range is infrasound and bass fre-
quencies. Cylindrical surfaces of the shell are equipped
with electrodes, and the electric signal of the voltage vy,
is taken from them. The piezoceramic shell itself is po-
larized over its thickness. Structurally, the shell is sealed,
and its inner cavity can be vacuumized, filled with air
at normal atmospheric pressure or with a liquid medium
of the density p, and the sound velocity c,. The array is
placed into a liquid with the density p and the sound ve-
locity ¢ and is located at the distance /7, from the plane

surface /', parallel to it. The plane surface /', is perfectly

1

pliant and can serve as a calculation model of the con-
sidered disturbed sea surface for the range of infrasound
and bass frequencies. The normal section of the system
“shell —plane surface” and the orthogonal and cylindrical
coordinate systems introduced for the problem solution

are shown in Fig. 2.

A plane sound wave cDél) of the unit amplitude ar-
rives onto this system of bodies from the medium in the
direction of the unit vector 7 which forms the angle 0
with the axis O. The sound wave front is parallel to the
longitudinal axis of the shell.

For the accepted calculation model, the physical
fields, which are generated by the linear antenna formed
from the circular cylindrical transducers in the receive
mode in the presence of the sea surface, can be deter-
mined by means of solving the following differential
equations:

the wave equation describing the motion of elas-
tic media (gas or liquid) inside and outside of the array

transducers for the time dependency e "’

AD+ED=0; (1)
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AHTeHHa [pe/ICTaBIIET COO0M TIMHEHHYIO TUCKPETHYIO
MHOI'O2JIEMEHTHYIO 3KBUJUCTAHTHYIO DEIICTKY, KaXIbli
MPUEMHBIA JIEMEHT KOTOPOH BBINONHEH B BUJE TOHKO-
CTEHHOH IThE30KePAMITIECKOH IIFTHHAPUIECKON 000TOUKH
CWJIOBOM MJIM KOMIIEHCUPOBAHHON KOHCTPYKLIMU.

Mopckasi TOBEpXHOCTb, C TOUKH 3PEHUS aKyCTHUe-
CKHX OCOOCHHOCTEH, XapaKTepu3yeTcss IBYyMs (QH3mye-
ckuMu ¢axTtopamu. [IepBrlil U3 HUX CBSI3aH C HATMYUEM
TpaHUIIBI pa3jiesa Cpel] «Boja—BO31yX», BTOPON — ¢ Ha-
JMYMEM BOJTHEHHUSI MOPCKOH ITOBEPXHOCTH.

W3noxxeHHON (hU3UUECKON MOCTAHOBKE 3a1a4M JKC-
wiyaranuu [AC ¢ JHMHEHHON aHTCHHOW, OyKCHpyeMOi
BOJII3H MOPCKOH MTOBEPXHOCTH, MOXET OBITH ITOCTaBIIE-
Ha, C yYETOM CYIIECTBYIOLIETO YPOBHS 3HAHUI, B COOT-
BETCTBHE MpPU ONPEJCICHUH HUCHONb3YEMbIX MPU HTOM
aKyCTHYECKHX TIOJICH Cliemyiomas pacdeTHas MOJEIb.
Bynem monarars, 4T0 aHTEHHA MPECTaBIsET cOO0i Oec-
KOHEUHO TOHKYI0 LMIMHIPUYECKYIO Ibe30KepamMHue-

CKyI0 000J104KY /) CO CPEJIHAM PaJiiycOM 7, TOJIIMHOM
h. DTO yTBepXKIeHHNE OIHM3KO K PearbHOCTH, MOCKOIBKY
pacCToOAHNUE MEXKIAY DJJICMCHTAMHM AHTCHHBI HEBEJIMKO,
a ee paboUNM JMana30HOM YacTOT SIBJISIOTCS HH(pa3By-
KOBBIE ¥ HU3KHE 3BYKOBBIE 4acTOTHI. LlMmmHIpHueckue
MOBEPXHOCTU O0OJIOYKK DJIEKTPOIUPOBAHBI M C HHUX
CHUMAETCS DJIEKTPUYECKUM CHIHAT HANPSHKCHUEM .
Cama mpe30KepaMudecKast 000I0dKa MOISIPU30BaHA 10
TONIIMHE. B KOHCTPYKTMBHOM OTHOIIEHHH 00OJI0YKA
TepMETU3UPOBAHA, 4 €€ BHYTPEHHSSI MOJOCTb MOXKET
OBITH BaKyyMHpOBaHa, 3aMOJHEHA BO3AYXOM IIPU HOp-
MaJIbHOM aTMOC(EpHOM JIaBJICHUU WIIH )KUAKOW Cpenoit
C TJIOTHOCTBIO P, U CKOPOCTBIO 3BYKA C,. AHTEHHA MOME-
IMIeHa B XHUJKOCTb C TJIOTHOCTBIO P M CKOPOCTBIO 3ByKa
¢ ¥ HaXO[MTCs Ha paccTostiud H,, OT IUIOCKOH IoBepX-

HOCTH [, TIapaJuIesIbHO 9TOM MoBepXHOCTHU. Ilnockas mo-

BEPXHOCTD /| SIBJIAETCS UIEAIBHO OJATIIMBON U MOKET
CIYXHUTb Pacue€THOM MOJAENbI0 paccMaTpuBaeMoOW BOJI-
HyIOLIEHCcS MOPCKOM MOBEPXHOCTHU JIJIsl IMana3oHa HU3-
KHX 3BYKOBBIX U MH(Pa3BYKOBbIX yacToT. HopmanbHoe
CCUCHHE PACCMaTPHUBAEMON CHCTEMBI «00OJIOYKA—ILIO-
CKasl IOBEPXHOCTb» U BBEJECHHBIE JJISl PELICHUS 3aJauu
OpTOFOHaJ'H)HBIe u HI/IJ'II/IH}Z[pI/I‘IeCKI/Ie CUCTEMBI KOOp)Z[I/I-
HAaT Mpe/ICTaBIeHbl Ha puC. 2.

Ha sty cucremy Ten U3 okpysKarolei cpeasl B Ha-

MpaBICHUH EAMHUYHOTO BEeKTOpa 7 00pa3yroliero
yron 0 ¢ ockto O TPUXOIUT IUIOCKAsT 3ByKOBasi BOJIHA

(D(()l) eIMHUYHON aMIUTUTY/IbI, PPOHT KOTOPOil napasuie-
JICH TIPOJIOJILHON 0CH 000JIOUKH.

Jns mpuHATON pacueTHOH Moxmenn (U3HIEeCKHe
moJist, GopMuUpyeMbie JTMHEHHON aHTECHHOH, 00pa3oBaH-
HOHM M3 KPYTOBBIX LWJIMHIPUYECKUX ITpeoOpa3oBareei,
B PEXHMME NpPHUEMA B MPUCYTCTBUM MOPCKON MOBEPXHO-
CTHU, MOT'YT 6I>ITI:- OIMPCACIICHBI MYTEM COBMECTHOTO PC-
HICHUS CleyomuX A epeHInaTbHbIX YPaBHEHUH:

BOJIHOBOTO YpPaBHEHHMs, OMMCBHIBAIOLIETO JBU)KEHHE
YOpYrux cpen (raza Win KUAKOCTH) BHYTPH U BHE Ipe-
oOpazoBareneil aHTeHHBI /ISl BDEMEHHOW 3aBUCHMOCTH

—int,
e .

AD+ D =0; (1)
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Fig. 2. Normal section of the system of bodies “sea surface—transducer” and the introduced coordinate systems

Puc. 2. HOpMaJ’IBHOC CCYCHHUC CUCTEMBI TCJI «KMOPCKasd HOBCpXHOCTI)—HpCO6pa30BaT6JIL» 1 BBCJICHHBIC CUCTEMbI KOOPpAWHAT

the equations of motion of thin shells with radial polar-
ization in displacements:
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the equations of forced electrostatics for piezoceramics:
A3)

where A — the Laplace operator; @ — the potential of
the acoustic field velocity;

k, — is the wave number of the external (k, = k) and in-
ternal (k, = k_ ) media; u and w — the circular and normal

E =—grady; divD =0,

components of the vector of the displacements of the me-
chanical field of the shell; y — the piezoceramics density;
CIEI, e, 8§3 — the piezoceramics constants: the elastic-
ity modulus at zero electric intensity, the piezoconstant
and dielectric permittivities at zero deformation; £ and
D — the vectors of the electric field intensity and induc-
tion; ¢, — the external load of the piezoceramic shell:

g, =—(P—Pay) )

r=rnt—
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YpaBHEHHH BBIHYXXJICHHON 3JIEKTPOCTATHKU ISl ITHE30-
KepaMHKH:

E =—gradvy; divD =0, 3)

rne A — oneparop Jlamnaca; @ — noTeHIMal CKOPOCTH
aKyCTHYECKOTO IIOJIS;

k, — BONHOBOE YHMCIO BHEIWHEH (k, = k) n BHyTpeHHel
(k, = k,) cpen; u m w — KpyroBas ¥ HOpMaJbHas CO-
CTaBIIIONIME BEKTOpa CMEIICHHIT MEXaHHYECKOTO IO
0GOMOUKH; Y — IUIOTHOCTH mbe3okepamuku; Cjj, ey,
£33 — MOCTOSHHBIE THEe30KEPAMIKH: MOJLYJIb YIPYTOCTH
IIPY HYJICBOH 2JIEKTPUYECKOI HANPSKEHHOCTH, IIbE30I10-
CTOSHHBIC U IMAJICKTPUYCCKHE IPOHNIIAEMOCTH IIPH HY-
neBoit nepopmanuu; E U D — BEKTOPHI HAMPSKEHHO-
CTH ¥ MHIYKLIMH SJIEKTPHYECKOTO TIONS; ¢, — BHELIHAS
Harpyska nbe30KepaMnieckoil 000JI0UKH:

“)



Ne1 (7) 2017

where p and p, — the hydrodynamic loads in the exter-
nal and internal media of the array receivers; y — the
electrostatic potential.

The given equations are supplemented by the bound-
ary conditions, which include two components as for this
problem. The first component is associated with the pres-
ence of the plane interface, while the second one deals
with the presence of piezoceramic cylindrical shell.

The boundary condition at the acoustically soft plane
interface has the following form:

D =0atx=0, 5)
where @_ — the potential of the velocity of the complete
acoustic field diffracted on the system “shell — plane sur-
face”.

On the surface of the cylindrical shell, some kine-
matic conditions should be fulfilled. They reside in the
equality of the velocities of the normal displacements of
the points of the shell surface and the velocities of the
oscillations of adjacent particles of internal and external
media of the receivers:

0Dy ow h
_ ===, F=pr+—, 0<@ <2m, (6
o o 1=0™y @
0D, ow h
— 6H_ :_’ r”: 1 - OS S 2Tt, 7
on o VT TE® ?

where @ — the potential of the velocity of the acoustic
field inside the piezoceramic shell of the receiver.

As for the acoustic field in the external medium,
these conditions are supplemented by the conditions of
radiation at infinity.

Electrical boundary conditions of the considered
sound reception problem may be selected in the form of
two variants of electric load for the array receiver: idle
operation and operation at the actual electrical load z .

In case of idle operation, when the displacement cur-
rent in the piezoceramics is equal to zero, the equations
of forced electrostatics for piezoceramics can be present-
ed as follows:

2n 1
£ [pOndoa: =0, ®)
0 0

Expression (8) is formulated for the piezoceramic
shell with the height being equal to one.

When the piezoceramic shell electrodes of the unit
height are closed by the outer circuit of the known com-
plex impedance z , the following expression should be

used:
a271 1
21 | DOndedz =L, 9
atj.[ = )
0 0
(0) l1ou w S (0)
where DI =, | ——+— |+e5E, [1].
hop n
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i€ p ¥ p, — THAPOAMHAMUYECKHE HATPY3KH BO BHEII-
HEl ¥ BHYTPEHHEH CpejlaX MPUEMHUKOB aHTEHHBI, | —
AIEKTPOCTATHUCCKU TTOTCHITHAIL.

IlpuBeneHHbIE YPAaBHEHUS JIOMOJHSIOTCS TPAHUY-
HbIMM YCJIOBHUSMM, KOTOPBIE JJIs YCIIOBUH PAacCMaTpu-
BaeMOM 3a7auM BKJIIOYAIOT B ce0sl JBE COCTABIAIOLLINE.
[MepBast U3 HUX CBsI3aHA ¢ HATMYKEM IUIOCKOW TPAHUIIBI,
BTOpast — C HAJIMYHUEM MHC30KePAMUICCKON IIHITHH/IPHU-
YECKOU 000I0UYKH.

I'paHn4HOE yCJIOBHME Ha TUIOCKON I'PAHHMIE, KOTOpast
SIBJIICTCS AKYCTHUECKH MATKOM, MIMEET BHI:

@, =0mpux =0, 5
re @, — MOTEHIMaJ CKOPOCTH TIONHOTO 3BYKOBOTO
0TS, TUPPAruPOBAHHOTO HA CHCTEME «000I0UKa—ILIO-
CKast HOBEPXHOCTHY.

Ha noBepXHOCTH HMIMHAPUYIESCKON 000IOUKH JIOIIK-
HBI BBITOJHATHCS KHHEMATHYECKHE YCIIOBUSI, COCTOSIINE
B PaBEHCTBE CKOPOCTEH HOPMAJIbHBIX CMEICHUI TOYEK
TTOBEPXHOCTEH 0OOJIOYKH U CKOpOCTel KojeOaHwid mpH-
JIETAlOIMX K HUM YacTHL BHYTPEHHEH M BHEIIHEH cpen
IIPUEMHHUKOB:

oDy ow h

- =—, K=ry+=, 0<@ <2n, (6)
on ot 10T i
oD ow h

_ 6H =—, 7"”=7" -, OS SZTC, 7
on o TT0TyRE® @

rjie @ — MOTEHIUAN CKOPOCTH 3BYKOBOTO MOJIsl BHYTPH
MbE30KePaMUYECKON 000JI0UKH IPHEMHHUKA.

[To 3BykOBOMY HOJIIO BO BHEILHEH CPENE 3TU YCIIO-
BUSL JIOTIOJHSIOTCSI YCIIOBUSIMU M3JTyUeHHs1 Ha OECKOHEeU-
HOCTH.

DneKTpuYeCcKre rpaHUYHbIE YCIOBUS pacCMaTpUBae-
MO 3a/1a41 TIpreMa 3ByKa MOTYT ObITh BHIOPAaHBI B BUJIC
JIBYX BapHaHTOB JIEKTPUUECKON HArpy3KH MPHEMHHKOB
AQHTEHHBI: PEKUMa XOJIOCTOTO XOJ1a ¥ peKHMa peanbHOU
SIIEKTPUYECKOM HATPY3KH Z_ .

B ciryuae xonocroro xofa, Korna TOK CMEHICHHUS B
[1bE30KEPAMUKE PABEH HYJIIO, YPABHEHUS BbIHYKICHHOU
AMEKTPOCTATUKH JUIS TTIbE30KEPAMHUKH MOTYT OBITH TIpeI-
CTaBJICHHBIC B BUJIE:

2n 1
£ [pOndoa:=o ®)
0 0

Bripaxenue (8) 3ammcaHo Ui Te30KePAMUIECKOM
000JI0YKH, BBICOTA KOTOPOW paBHA eIHHUIIC.

B BapuanTe, xorna 31eKTpobl Mbe30KepaMuyeCcKon
00OJIOYKH EeTMHUYHOW BBICOTHI 3aMKHYTHI BHEIIHUM
KOHTYPOM C M3BECTHBIM KOMILJIEKCHBIM COMPOTHBICHU-
€M z_, HEOOXOIMMO HCIIOJIB30BATh BHIPAKEHHE:

2t 1
5J‘ I (0 Vi
— D rdodz =——, 9
o r HaQ Z. ©)
0 0
e D = e, (l%+2j+s§3Ef°) [1].
5 0Q 7
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The accepted assumptions allow reducing the prob-
lem of determining the physical fields of the linear an-
tenna towed near the sea surface to the plane boundary
problem.

Solution of the set problem will be carried out with
the use of the image method [2, 3]. Within this method,
the imaginary shell (Fig. 2) is introduced into consider-
ation in such a way that when being superimposed on
the main solution, it enables fulfilling certain boundary
conditions.

Let us introduce into consideration the auxiliary co-
ordinate system (X, Y,) associated with the imaginary
shell and place it in such a way that the poles O, and
O, (Fig. 2) would be located symmetrically to the plane
X = 0. The complete diffracted field will be presented as
follows:

Oy = DY) + 0 +BF) + P, (10)
where @(01) — the plane wave arriving on the system;

@Q) — the plane wave that would reflect from the plane
interface /', at the absence of the shell 7' d3(02) — the
wave scattered by the shell I, at the incidence of the
plane wave arriving on it; <D§2) — the wave scattered by
the shell I, and reflected from the plane interface /7.

Let us express all the fields in cylindrical coordinate
systems. The field CDS), which is a superposition of the
plane waves CD(OI) arriving and CDS) reflected from the
plane interface /7, can be presented as follows:

O =0 + 0 =" a,J, (k"™ +

n

+ Z 6n']n (k7’2 )ein(pz ’

n

(1)

where a = i"e”"; J — the Bessel function; k — the
wave number of the external medium.

The field @éz), which is a superposition of the plane
wave CD(OZ) scattered from the boundary I, and the wave
@fgz) reflected from the plane boundary 7', will be rep-
resented in the form of expansions in cylindrical wave
functions fulfilling the condition of radiation at infinity:

o 0 <0 =3 4+
n

£ B,HP ()™, (12)
n

where 4 and B, — unknown coefficients; H{" — the

Hankel function of the first kind.

Let us express the field @_ inside the piezoceramic
shell of the receiver as a series expansion in cylindrical
wave functions, which do not have any special features
inside the shell:

@,y =D Cod, Ky, 1), (13)
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[IpunHsTEIE HOMYyIIEHNS MO3BOJSIIOT CBECTH 3ajady
omperneneHus (pU3MYECKUX TONCH TUHEWHOW aHTEHHEI,
pu OyKCHPOBAaHWH €€ BOJHM3H MOPCKOH MOBEPXHOCTH,
K PELICHHUIO IJIOCKON KpaeBoM 3a1auH.

Pemenne chopmynmupoBaHHOH 3amaun Oyzmem ocCy-
IMIECTBISITh C HCIOJB30BAaHUA METOAA HM300paKeHUH
[2, 3]. CyTp ero cOCTOHUT B TOM, YTO PEIICHHE CTPOUT-
Csl C yUETOM BBEICHHS B PACCMOTPEHHE BOOOpPAKaeMOH
obomouku (puc. 2) Takum 00pa3om, 4ToOBI, OymTydu Ha-
JIO)KCHHBIM Ha OCHOBHOE PEIICHHE, OHO TTO3BOJIAIO Y0~
BJIETBOPATH ONPECICHHBIM IPAHNYHBIM YCIOBHUSIM.

BBeznem B paccMOTpeHHE BCIIOMOTATEIbHYIO CHCTeE-
My KoopauHaT (X, Y)), CBA3aHHYIO C BOOOpa)kaeMon
00OJIOYKOH, M Pa3MECTHM €€ Tak, 4To0bI mommoca O, u O,
(puc. 2) ObITH pa3MENIeHBl CHMMETPUYHO OTHOCHTEIh-
Ho tuiockoctu X = 0. [TomHoe mudparupoBanHoe mose
MMpeaACTaBUM B BUIC!

Oy =0 + 0 +@F) + DY, (10)
rae @8) — HOpUxXoadAIas Ha CUCTEMY IUIOCKas BOJIHA,

@él) — IUIOCKasi BOJIHA, KOTOpas OTpa3wiach ObI OT
TUTOCKOH TpaHuIbl /' TIPH OTCYTCTBUH 000I0uKH [;
(Dg) — BOJIHA, paccessHHas 000104Kol /), IpH NaeHHH
Ha Hee MPUXOASIIEH MIOCKOH BOJIHBIL; <D§2) — BOJIHA,
paccessHHas 000JI04KOM /), ¥ OTPAXKEHHAs OT IUIOCKOM
rpanunpl 1.

Beipazum Bce nons B IMIMHIPHYECKUX CUCTEMAax

koopauHat. [Tone @g), npeacTapisoniee codoil cymnep-
MO3ULINIO MPUXOASIIEH @8) U OTpaXEHHOU @gl) OT ILJIO-
CKOW TpaHMIbl /| TNIOCKMX BOJIH MOYKHO HPE/ICTAaBUTH
B BHJIC:

O =00 + D) =" a,J, ()" +
n

+ Z 6,J, (kr,)e" ",

n
rae a = i"e ", J — dynxuus beccens; k — BonHoBoe
YKCJIO BHEIHEW CPEJIBI.

(11)

TMone @, spnsromeecs CYINEpHO3ULMEN paccesH-
HOH (D(()z) OT IpaHullbl I, IIIOCKOM BOJIHBI U OTPaKEHHOM
@éz) OT TUIOCKOM IPaHuLlbl [, 9TON PaCCESHHOM BOJIHBI,
IpPEACTaBUM B BUJE PA3IOKEHUN MO0 LUIMHIPUYECKUM
BOJIHOBBIM (DYHKIIMSIM, YIOBJIETBOPSIIOIINM yCIOBHIO U3~
Jy4eHHs Ha OECKOHEYHOCTH:

@éz) — @(02) +d)§(,2) — ZA,,H,SI) (krl )ein(pl +

n

£ B,HD ()™, (12)
n

e A u B, — Heu3BeCTHble KODPHUUMEHTEI; /1 ,gl) —

¢yHKImsa XaHKens epBoro poja.

[lone @, BHYTpH NbE30KEPAMHYECKOH OOOIOUKH
MPUEMHHUKA BBIPA3UM Pa3JIOKEHUEM B PsIJI MO LIMIIHH/IPHU-
YECKHM BOJIHOBBIM (DYHKIIHSIM, HE IMEIOIIM 0COOEHHO-
CTell BHyTPH OOOJIOUKH:

Z Cn Jn (kGH rl )ein(pl >

(13)
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where C — unknown coefficients; k  — the wave num-
ber of the medium inside the receiver.

The complete diffracted field @, should fulfill bound-
ary condition (5) at the plane interface /',. Then, similarly
to the conclusions made in publications [2 3], in case of
the perfectly pliant surface I, the correlation between
the coefficients in expressions (11) and (12) should be
selected as follows:

6 =(1)y"a ;B =(1)y"4,. (14)

Let us assess the performance of the piezoceramic
shell of the receiver. For that purpose, let us present the
tangential # and the normal w components of the shell
displacements in the form of series by the eigenmode of
the shells in vacuum:

_ ney, L, inQ;
u= E u,e"™; w= E w,e
n n

where u and w — unknown coefficients of expansion.

(15)

To find the coefficients u, and w , one should use
equation (2) and condition of the fields conjugation (6)
and (7) on the curved interface I,. From the first equation
of system (2) on the basis of the properties of complete-
ness and orthogonality of the ¢”* function systems on the
interval [0, 2xt] follows the correlation between the coef-
ficients u and w

(16)

u=Fw, n=-m,0,ow0
n n n

3 2 2
+
where £, =i P g Iy G
1+B)n” —o oy 127; Cliess
= fio
G

Let us consider the element Eﬁo) of the second equa-
tion of system (2); for that purpose, let us apply the elec-
trical boundary conditions in the form of (8) and (9).

It is stated in [1] that the normal components of
the electric induction D_ and the electric field intensity
E, =E'? +m E" of the cylindrical piezoceramic shell
with radial polarization are characterized by the follow-
ing approximate correlations:

D, =D =¢,, [——-i—lj +e5E9, (17)
o 0P Tig
where E,(,O) — the electric field intensity component not
depending on the radial coordinate 7.
Substituting correlation (15) into boundary condi-
tions (8) and (9) with account for (17), one obtains such
expression for boundary condition (8):

2n
ot . )

e J- E inu,e"? +
n

0

4

"o

€3 ing, S (0) _
+_§ w,e e B rgde =0.
No
n
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e C — HEW3BECTHBIE K03 UTHCHTHI; kw — BOJIHOBOE
YKCJIO CPEIbl BHYTPH NMPHEMHHKA.

[TonHoe mudparuposanHoe none D JOJKHO YI0-
BJIIETBOPATH TPAHUYHOMY YCJIOBHIO (5) Ha TUIOCKOI Tpa-
nuue /. Torna, o aHagoruu ¢ BeiBogamMu pabot [2 3],
B Cllydae MJealbHO IMOJATINBOM MOBEPXHOCTH [ CBA3b
Mexay kKoddduunuenramu B BoipakeHmsx (11) u (12)
CJIeAyeT BBIOpATh B BHIC:

6 =(-1y"la ;B =(-1y"14_. (14)

OrneHnM TOBEICHUE TThEe30KEPAMHUIECKON 000I0UKH
npueMHHKa. i 3TOro mpencTaBuM TaHTCHIUAIBHBIC U
U HOpMaJbHbIE W COCTABISIIOIIME MEepeMeIleHnii 000-
JIOYKU B BUJE PSIOB MO COOCTBEHHBIM (hopMaM Koneda-
HUI 000JI0YEK B BaKyyMe:

_ l'}’l(pl. _ in(pl
u—Eune ,W—Ewne
n n

TIE U, ¥ W, — HEN3BECTHBIE KOOP(HUIMEHTHI pasnoxKe-
HUHA.

Jliist oTbIcKaHUS KOA(PHUIHCHTOB umnw, HEOOXOIH-
MO BOCIIOJIb30BaThLCS ypaBHEHUEM (2) U YCIIOBHEM COTIPSI-
JKeHus nojiei (6) u (7) Ha KpUBOIMHEWHHOH rpanwuie /.
W3 mepBoro ypaBHEHHS CHCTEMBI (2) Ha OCHOBE CBOHCTB
MOJTHOTHI U OPTOTOHAIBHOCTH CHUCTeM (DYyHKIMH " Ha
uaTepBane [0, 27] BRITEKAET TaKas CBS3b MEKIY KOA(]-
(buuuentamu u, uw

(15)

(16)

u=Fw,n=-m0,0,0w0
n n n

3 2 2
+
e £, —i— P g hZ(H 25 }
(1+P)n” —o ay 127 Clie53

2

_ N0
-

Cll

PaccmoTpuM BXOAsIUi BO BTOPOE YpaBHEHHE CHU-
cTeMsl (2) wieH Efo), JUTSL 9€TO BOCITOIB3YEMCSI JTICKTPH-
YECKUMH IPaHUYHBIMHU YCIOBUSMH B Buze (8) u (9).

W3BectHO [1], 4TO [Isi HOPMAIBHBIX KOMIIOHEHT
OJIEKTPUYECKON UHIYKIMK D U HANPSKEHHOCTH DIIEK-
TPUYECKOTO NoJist E, = Efo) +n Eﬁl) B LMJIMHIIPUYECKOM
MTEE30KEePAMHYECKOI 000JI0UKE C paAHaIbHOM OIIpH3a-
[IUCH CIPaBEIIMBBI PUOTMIKCHHBIC COOTHOIICHHMS:

rae E,(,O) — COCTaBJISIIONIAsT HAMPSHKEHHOCTH 3JIEKTPH-
YEeCKOTO I10JIs1, HE 3aBUCAIIAsl OT paJuabHON KOOPIHHA-
THI 7).

IToncraBuB cooTHomeHue (15) B rpaHuYHbBIE YyCIIO-
Bus (8) u (9) ¢ yuerom (17), momydum Uit TPAaHUIHOTO
ycioBus (8) BeIpakeHHe:

2n
Zinunei”(”‘ +
n

e—imt J‘
0

€3 ing; S (0) _
+—= E w,e" +enE hode, = 0.
"o
n

&1

No
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Hence,
0

O ot (931
No

Ot

moreover, the electric field intensity in the piezoceramic
shell and the electric potential on the electrodes of the

Wy +e5,E JrIOZn =0;

receiver only depend on the amplitude w, of the pulsative
oscillations of the shell:

(18)

—e
EfO) _ "4

10€33

Wy

Considering that there is correlation [1] E}{O) =¥

between the constant component of the electric intensity
Eﬁo) and the difference of the electric potentials y on the
electrodes of the receiver’s transducer, we will obtain the
following expression:

_eyh

Wq -
S 0
No€33

For electrical boundary condition (9), we will have

the following:
5 2n
. . e .
E inu, e + 3L E w,e" "+
n
n 10 n

&)

a_ efimt J
t r
0 10

S (0 v
+833E£ ) 0d ¢ =——.

o7

Then,
__ loeywy 2nZ,, . (19)
; N ZO'I
(zm}102n833 ht —lj
At that,
pO) _V __ iweywe2n  Z,,  (20)
' z
(icorlo2n8§3 ;‘7—1j h

Let us now apply the dynamic and kinematic condi-
tions of the fields conjugation at the curved interface 7', to
determine the coefficients of the expansions of the acous-
tic fields (11)—(13). To do this, all acoustic fields should
be presented in the local coordinates of the array receiver.
The shift of the coordinate system is carried out with the
help of the addition theorems for cylindrical wave func-
tions [4]. In our case, they take the following form:

T, (kry)e™ %2 =

n

HY (kry)e™® =

- Z HY. (2KH 7)J, (k)& 0021 01,
n
where @, — polar coordinates of the origin O, in the
system with the origin O,.
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Otcrona ciemayer, 94To

0

O piot [631
No

ot

Y HaINpPSHKEHHOCTH JJEKTPUYECKOTO TOJsI B TTE30Kepa-
MUYeCKOr 000JI0UKe, W AJIEKTPUISCKUN TOTEHIUAT Ha
ANEKTPOIaX MpeoOpa3oBaTeNs 3aBUCAT TONBKO OT aM-
TUTATYJIBI W, TTYJbCUPYIOIIMX KoJeOaHni 000MI0KH:

wy + 8§3E£0)jr102n =0

—€3

E? = (18)

WO-
No€33
YuuthiBasg, 4TO MEXJIYy IOCTOSIHHOW COCTaBIISIIO-

Hiel AIEKTPUUECKON HaNpsKeHHOCTH Er(o) U pazHULen
UEKTPUUECKHUX MMOTEHIIMANIOB Y Ha 3JIEKTPOJax Mpeoo-
pa3oBaTens IMpUEMHHKa CYIIECTBYeT CBsi3b [1] B BHae

ESO) = —% , IOJTY4HM:

ey h

Wa -
S 0
M0€33

JInist 3NeKTpUUYecKoro rpaHndyHoro yciosus (9) Oy-

JIeM UMETb:
2n
ﬁef"“”J. 63—121'rzuneimpl +e3—12wneimp1 +i
ot o o 5 T “
S (0) _ Vv
+enE ) hodo = 7
on
Torma
_ imeywy2nZ,, . (19)
(im1102n8§3 21 —lj
IIpu sToM
O _V _ ioeyWo2n  Z,,  (20)
N
h

ZaJ _ lj
h

[Ipumenum Tenepr AMHAMUYECKHE W KUHEMaTHye-
CKHE YCIIOBHUSI COMpPSDKEHUSI TIOJIe Ha KPUBOJUHEHHON
rpanuue /7, 1715 onpesieieHust Ko3(pGUIMEHTOB pasnioxke-
HUH 3ByKOBBIX TIonel (11)—(13). s aToro HeoOxoaumMo
BCE€ 3BYKOBBIE TOJISI IPEJICTABUTH B JIOKAJIBHBIX KOOPAU-
HaTax MPUEMHHKAa aHTEHHBI. [lepeHoc cucTeMbl KOop-
JUHAT OCYIIECTBISACTCS C TIOMOIIBIO TEOPEM CIIOKEHUS
JUTS BOJTHOBBIX IIJTHHAPUYECKHX (GyHKIui [4]. B Hammem
cllydae OHU IMPHOOPETAIOT BUJI:

(io)rmZTcsf3

S (kry)e™? =
:ZJM (2kH ;) J, (kry e "%
HD (kry )™ =

=D HY, QkH ), (e "0
n

e @, — TMOJAPHBIE KOOPJWHATEI Havana O, B CHCTEME
¢ Hayanom O,.
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Then, in the local coordinates O XY, of the array re-
ceiver, acoustic fields (11) and (12), which are connected
with the plane /', and the curved I, interfaces respectively,
take the following form with account for expression (4):

O =" a,J, (kn)e™ +

n

ED N A, D, QkH ) G
m n
O =" 4, H (k)™ +

+ z (-4, Z HY (2kH ;) T, (ke 0921 01
m n

Algebraization of functional equation (6) on the ba-
sis of the properties of completeness and orthogonality
of the ™1 function systems on the interval [@, 2x] al-
lows obtaining the following equation:

iCWn - AnHr(Ll)' (krl) -

=3 AL HUY, (QKH ) () =

m

= +{anJ,§ (kn') +

N, QRH ) e } ,
m

n=-—0,0,00.

21

A similar procedure with functional equation (7)
leads to such correlation:

Iy (keger) =0, m=—0,0,00.  (22)

Upon that, let us use boundary condition (6) and the
second equation of system (2). Their algebraization en-
ables obtaining the following expression:

w, R

n-'n

&1’ 0) OO "
+LEIOE£ )_Tplcn‘]n (kBHI’i )+
11

+ 229 4 HO () +
n

i®
+

ap Z(_l)mH A_er(nlzn (2an )Jn (krl/)ei(m—n)(pz' _
" m

—_ 1wap aan (krl,)_
n

SN )", (2K ) e
n

n=-0,0,00.

(23)

where
G W)’ — (148} -0 ap)| 1+ By’ - w’ay |

n

>

1+ [?))n2 - (nzocy

and Er(o) is determined by correlations (18) and (20).
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Torzna B JIOKaJbHBIX KOOpJAMHATAaX OlX | Y | IpHEMHU-
Ka aHTeHHbI 3ByKoBble noist (11) u (12), cBsi3anHbIe co-
OTBETCTBEHHO C IJIOCKOH [, M KPUBOJIMHEUHOH I, rpaHu-
L[aMH, C Y4€TOM BbIpaxkeHUs (4) npuoOpeTyT B

o) =Y a1

n

+ Z )" Z J.(2kH ) T, (k)& 02 g

m n

O =" A,H (o)™ +

+ Z (_ 1)”’*1 A—m Z H,(,B,, (ZkHH) ‘]n (krl )ei(m—n)q)m eimp‘ .
m n

AnreOpan3zanusi (yHKIMOHAIBHOTO ypaBHEHHS (0)
Ha OCHOBE CBOMCTB IOJIHOTBI M OPTOTOHAJIBHOCTH CH-
creM (yHKIMI e"?1 Ha nHTepBate [P, 21| Mo3BOIISET TO-
JY4UTH CIIEAYIOIIEee YPaBHEHNUE:

iCWn - AnHtgl), (krl ) -

- Z (1" A, HY QQKH )T (kr))e' %21 =
=+, (k) +

D N, QRH ) e } ,

m

n=-m,0,00,

ey

Amnanoruynas onepanys ¢ QyHKIHOHAIBHBIM YPaB-
HeHneM (7) IPUBOIUT K COOTHOIICHUIO:

icw,, —C,J 7, (kgr) =0, m=-00,0,00. (22)

Jlanee Bocmonb3yeMcsi TpaHUYHBIM ycioBueM (0)
1 BTOPBIM YpaBHEHHEM cHcTeMHI (2). Fx anrebpaunzanms
MIO3BOJISIET TTOJIYYHUTh BBIPasKCHNUE:

e h o) oo "
W, R, + =B ===, C, Uy 1)+
11

+ R A HD ) +
n
FEEERN 1AL HY, QRH M, (R
n
(O
n

ioop

R D (QKH ) T, (R

n=-00,0,0. (23)
rac
(n+mB)* = (1+Bf — o’oy) (14 By’ — 0oty |

1+ [3)n2 - 0)200{

n 2

a Er(o) ompenensercs: cootHomeHusmu (18) u (20).

93



§HIPBUILDIN

MARINE INFRASTRUCTURE

The system of equations (21) and (23) for determining
unknown coefficients of expansion w , 4 , C is basically
an infinite system of linear algebraic equations. Substitu-
tion of the coefficients 4 and C, with new unknowns
by the formulae 4, =4 H“)(krl) and C, =C,J. (k")
enables transforming this infinite system of equations to
the quasi-regular type and applying the successive ap-
proximation method and the truncation method for its
solution.

All the elements of expressions (21)—(23) have a clear
physical meaning. The free elements of expressions (21)
and (23) describe the diffraction of a plane wave on a hard
cylinder located near a plane interface. Unitary sums in
correlations (21) and (23) describe the interaction between
the FLTA transducers and the sea interface. It includes the
multiplier H, W (2kH ), which depends on the distance
between the transducers and the interface; the increase of
the distance reduces the multiplier and makes the impact
of their interaction weaker. The element of system (23)
containing the multiplier Eﬁo) reflects the procedure of
transformation of the mechanical oscillations of the FLTA
transducers at their disturbance by the arriving plane wave,
piezoceramic shells of the transducers at their radial polar-
ization into electrical oscillations.

CONCLUSIONS. The coefficients of expansion of
acoustic and mechanical fields, which were obtained from
the solution of infinite systems of equations (21)—(23),
allows calculating the electrical and acoustic fields gen-
erated by the FLTA when it is towed near the sea surface.
Comparing them with the fields generated by the FLTA
in the deep sea without interfaces allows determining the
changes in the FLTA fields which are caused by its op-
eration near the sea surface. Knowing these changes, one
can perform a quantitative assessment of the loss in the
effectiveness of the system “HAS-SS” with FLTA and
identify possible ways to neutralize the impact of the sea
surface.

Cnucok JuTeparypbl
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Cucrema ypasHernit (21) u (23) mans onpeneneHus
HEM3BECTHBIX KOd(QdHUIMEHTOB pasznoxenus w, 4, C
TIPEACTaBIsIET CO0OW OCCKOHEUHYIO CHCTEMY JIHHEH-
HBIX anreOpandeckux ypaBHEHHWH. 3ameHa Kod(Quiu-
entoB A u C HOBBIMH HEW3BECTHBIMHU TI0 (hopmymam
4, = 4,1 (k) m C, =
pa3oBaTh 9Ty OECKOHEUHYIO CHCTEMY ypaBHEHHUI K BULY
KBa3UPETYISIPHOI U NPUMEHHTH ISl €€ PEIISHUS] METOJ
MOCJIE/I0BATENbHBIX TPUOIMIKEHUI WIIM METOJ] yCEUCHUSL.

Bce unens! Beipakenuii (21)—(23) umerot sicHbIi ¢u-
314ecKui cMbIca. CBOOO/IHBIE WICHBI B BRIpakeHHUsX (21)
u (23) onmchIBaOT ANGPPAKINIO TUIOCKOH BOJIHBI HA JKECT-
KOM LMJIMH/PE, PAacIOJIOKeHHOM BOJIM3M IUIOCKOM TI'pa-
Huibl. OJUHAPHBIC CYMMBI B cOOTHOMICHUX (21) u (23)
XapaKTepu3yIoT B3aUMOJICHCTBUE MEX Ty TIpeoOpasoBare-

C,J, (k,nr") TO3BOJSIET IIPEO0-

nsimu TTIBA m Mopcko#i rpanuiieii. B Hee BXOAUT MHO-

sxuarens H ,(,flm (2kH }7), 3aBUCAIINIT OT PACCTOSIHHS MEWKITY
peo0pa3zoBaTeIsIMU U TPaHUIICH, TIPH YBEITMYCHUH KOTO-
POT0 ATOT MHOYKHTEITh YMEHBINIACTCS, U BIMSIHHAE B3aNMO-
neiicTBrs ocadmnsaercs. YieH cuctemsl (23), comeprkarmit
MHOXXHTEITh Er(O), OTpaXkaeT OIEPAIIHIO TPEOOPA3OBAHUS
MeXaHW4YeCKHUX Koyiebanuii mpeodpasosarerneii [ TIBA npu
BO30Y)KICHUH WX TIPUXOMAAIICH TIOCKOH BOIHOH, IhE30-
KepaMHYCCKIMHU 000I0YKaMH TIpeoOpa3oBaTeliei Mpu ux
pamuanbHON MOISIPU3AINHA B AIICKTPHUCCKIE KOJICOAHMS.

BbIBO/IbI. IlomyueHHbie B pe3yibTaTe peIIeHUS
OeckoHeYHBIX cucteM ypaBHeHuit (21)—(23) xoaddu-
IIUCHTHl PA3/IOKCHNUS aKyCTHYECKUX M MEXaHHMYECKUX
MOJIeH MO3BOJISIET PACCUNUTATD AEKTPUICCKUE U aKyCTHU-
yeckue noisi, popmupyembie ['TIBA npu OykcupoBanuu
ee BOJMM3U MOPCKOH moBepXxHOCTU. COMOCTABICHUE HX
¢ mossimu, Kotopble nuneitHas [TIBA ¢opmupyer B my-
60KOM Mope, He UMEIOIEM I'paHHIl, TO3BOJISET YCTaHO-
BUTH Te u3MeHenus noneit ['TIBA, kotopsie 00ycosiie-
HBI JKCIUIyaTallueil ee BOJM3M MOPCKOW MOBEPXHOCTH.
3HaHUe ATUX U3MEHEHUH JJaeT BO3MOXHOCTH BBITTOJIHUTD
KOJIMYECTBEHHBIE OLEHKU yXyAUIeHUs! 3()(PEKTUBHOCTH
cucteMsl «TAC-HK» ¢ I'TIBA u onpenenuts BO3MOXKHBIE
MyTU HEWTpaIU3alUuy BIUSHUS MOPCKOM ITOBEPXHOCTH.
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