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NCCIEJOBAHUE JJIEKTPOAKYCTHYECKHUX XAPAKTEPUCTHUK
KOMITAKTHOI'O 3D HYY1 — HU3KOYACTOTHOI'O
I'MAPOAKYCTHYECKOI'O ITPEOBPA3OBATEJIA
MPOJOJIbHO-U3TUEHOI'O THUIIA CJIOXHOW ®OPMBI

ITpuBeneHsl pe3ynbTaThl HCCACIOBAHUN B BO3/1yXE PE30HAHCHBIX XapaKTEPUCTUK KOMITAKTHOTO I'MIPOaKyCTHYECKO-
ro mpeoOpazoBaTelsl MPOAOITHHO-U3THOHOIO THIIA C IETHPHOMETAIUTUYECKOW H3ITyJaromel 000JI0YKOH CIOKHOM
¢dopmbl — 3D HUM — u aHanu3 ero sJIeKTpoakyCTUUECKUX XapaKTEePUCTHK B Boze. MccrnemoBanue pacipeaeneHust
10 IOBEPXHOCTH NPeo0pa3oBaTelist aMILIUTYAbI KOJIeOaHUH B BO3AyXE M MIEKTPOAKYCTHUECKHUX NTapaMETPOB B BOJE,
MIOJTYYEHHBIX B XOJ€ HATYPHBIX HCTIBITAHUHN, TIOATBEP)KIAET, YTO NMPEACTABICHHBIH B paboTe N3IydaTesb ¢ rabapur-
HBIMHU pa3mepamu MeHee 120 MM 1 Maccoif 1o 1.2 KT MpeBOCXOAUT M3ITydaTelId MOAOOHBIX pa3MepoB I0 Ay mapa-
METpPOB, B YaCTHOCTH, obyiaiaeT Goee BEICOKUMHU 3HAaYEHHAMH KOd(P(UIMEHTa MEXaHHYECKOH TpaHC(OpMaluy 1
UCTIONB30BAHMA MIPUCOEANHEHHON Macchl BOAbl. HecMOTpsi Ha KOMIIAKTHBIE pa3Mepsl, MPEACTaBICHHbBIN B padore
3D HYU umeer B BoJie 1yBCTBUTENBHOCTD 110 HampshkeHuro 1.6 Tla-M/B Ha yactore ocHOBHOrO pe3oHanca 1.6 kI'iy
IIPU OTHOCHUTENBHOH IHPHHE MOJI0Ckl yacToT He MeHee 16% u KIIJI B paboueii moioce gacror g0 90%. IlokasaHo,
YTO TPH MOMOIIM YCTAHOBKH IOTOJHHUTENBHBIX 3JIEMEHTOB NMPOMCXOAUT ToBbimeHne 3¢gdexrtusroctn 3D HUU
3a CYET CHIDKEHHS YPOBHS KoJIeOaHUH TOPLEBHIX (hIaHIEB 3a MpeeaMi OCHOBHOW MosIock! yacToT. CoracHo pac-
4yeram, u3nydaemasi akyctudeckas MoiiHocTh Takoro 3D HUU B pexume nepenaun OUHApHBIX (pa3oMaHUITYIHPO-
BaHHBIX CHUTHAJIOB MO)KeT gocturatbk 50 Bt n Gomee, 4To MO3BOJISIET ¢ y4E€TOM BBICOKOH HaJeKHOCTH (HMOATBEp-
KIEHHBIH pecypc Gomee 10'' IMKIOB) M TEXHONOrMYHOCTH W3rOTOBJIECHWS YCIEUIHO MPHMEHATH MOJOOHbIE
THAPOaKyCTHYECKHE PeoOpa3oBaTeny Al IIHPOKOro CHEKTpa 3a/a4d MOABOIHOM TMAPOaKYCTHKH, HABUTAIIMU U Te-

JICKOMM YHUKAIIAU.

Kn. ca.: 3ByKOnOIBOJIHAS CBSI3b, THAPOAKYCTHUECKUI MOZIEM, 3JIEKTPOMEXaHHYECKHI TpaHchopMarTop,
HHU3KOYaCTOTHBIA THAPOAKyCTUIECKUH N3TydaTenb, alJUTHBHbBIEC TEXHOJIOTHUH, aKyCTHIECKasi MOIIIHOCTb, JIa3epHas

BHOpOMETpHUs

BBEJIEHUE

OO6nacTh TpUMEHEHHS HHU3KOYaCTOTHBIX THIIPO-
akyctnyecknx wusnydarenedt (HUM) moBomsHO 00-
LIMPHA U BKJIIOYAET Pa3HOOOpa3Hble HAIIPABICHUS —
OT JaJIbHEW 3BYKOIIOABOJHOM CBSI3H, TEICYIPaBICHUS
¥ OCBEIIEHUS MTOIBOAHON 0OCTAaHOBKH JI0 CEHCMOaKy-
CTUYECKOW pa3BEAKH, AKYCTHYECKOH TEpMOMETPHUU
W W3y4YeHHs BIMSIHMS BO3AEHCTBHUSA LIYMOBOTO 3a-
rpsi3HeHHns Ha sKocucreMbl. Ilpu paspaborke Kom-
MaKTHBIX TIpeoOpa3oBaTeNeil BBHICOKOH  yAEIbHOMN
MOIIHOCTH pacyer TIeOMETPUH H3IIydyaroluX »Jie-
MEHTOB W Hu3rortopiieHue kopnyca HYUU sBnsroTcs
OIIPENEISIOIMMH [IPOLIEAYPAaMH, MOCKOJIbKY Malible
rabapuThl W3IENHs 3aTPYIHSIOT BO3MOXXHOCTH CO-
BMEILIEHUS PE30HAHCOB AKTHBHOI'O 3JIEMEHTa M Me-
xaHW4IecKor KonebaTenbHou cucreMbl. C Ipyroit cTo-
POHBI, KBaJpaTH4YHas NPONOPLUOHAIBHOCTh BEIUYHU-
Hbl M31y4aeMOWd aKyCTUYECKOM MOIIHOCTU YaCTOTE
Koie0aHUi JOMOTHUTEIHHO OCIOXKHSAET pa3paboTKy
MomHblx HYW. Msnyuaromme 37€MEHTHI MepenaroT
Kone0aHMsl aKTHBHOTO 3JIEMEHTa BO BHEIIHIOK Cpeny,
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BCJIEACTBUE Yero usrorosieHue kopmyca HUU sBuser-
Cs1 OTBETCTBEHHOW TEXHOJIOTUIECKOH TIporenypoi [1].

C pasBuTHEM aJIUTHBHBIX TEXHOJIOTHI mep-
CIeKTHBHBIM HampaBieHneM B pa3padorke HYU
MPOIOJIBHO-U3TMOHOTO THIA SBJISIETCSI M3TOTOBJICHUE
3D-koprycoB mpeoOpaszoBareneld U3 MeTaNTHIeCKUX
MOPOIIKOB METOAOM IIOCJIOWHOI'0 JIA3€PHOI'0 CIIJIaB-
neanst [2]. [lo pamy 3KCIUTyaTallMOHHBIX M TEXHO-
jJornyeckux mapamerpoB Takue 3D HUU mnpeso-
CXOIAT W3IeNusl NOINOOHBIX PpPa3MEpOB, H3rOTOB-
JICHHBIE IO JIPYTUM TEXHOJIOIHUSAM, OIJHAKO TPeOyIOT
BCECTOPOHHUX HCIBITAHUM U YTOUHEHHS Ipenelib-
HBIX PEKUMOB M BBIOOpa HAIPABJIEHUS! KOHCTPYKTOP-
CKOTI'O TTIOHCKA.

B pamkax mposepku paspaboranHoro B UI1d PAH
koMmmakTHoro 3D HUM mnpoBeneHsl wHccieqoBaHUA
€ro PEe30HAHCHBIX XapaKTEPUCTUK B BO3/AYXE, a TAKKE
WU3MEPEHMsI  INEKTPOAKYCTHUECKHX XapaKTEPUCTHK
B Boje. l3mepeHuss B BO3LyXe IPOBOIMIINCH
OECKOHTAaKTHBIM METOJOM IIPM IIOMOLIM CKaHH-
pyromero JIa3epHOT0 BHOpOMeTpa. 3amaya
WCCIICIOBAHNH 3aKJI0Yallach B IPOBEPKE 3SKCILTya-
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TAIMOHHBIX M 3JIEKTPOAKYCTHUYECKHX IapaMeTpoB
3D HYU wu noucke myTed yIydlIEHHUS TEXHUYECKUX
nokazartenell usgenus. HoBu3Ha uccnenoBaHuWil 3a-
KJIFOYaJiach B MOCTPOSHUH MOTHOW KApTUHBI MOAOBOM
CTPYKTYpPBI KOJI€OaHWIl H3ITydalomed IMMOBEpPXHOCTH
npeoOpazoBaTens U aHanu3e Koddduinrenta MexaHu-
4eCcKOM TpaHc(hOpMaLMi U XapakTepa CIEKTPaIbHOTO
cocrasa 3D HUN.

KOMITAKTHBIE THIPOAKYCTHYECKHUE
ITPEOBPA3OBATEJIN

I'uppoakyctryeckuii mpeoOpazoBaTenb MPEICTaB-
nsieT co00M COBOKYITHOCTh MEXAaHHMYECKHX M JJIEK-
TPUYECKUX  ILened, B  KOTOPBIX  IPOUCXOIUT
npeoOdpa3oBaHKUEe JIEKTPUUECKOW ISHEPTUU B aKyCTH-
YECKYI0 DHEPrUI0 H3IY4YEHHUS 3BYKOBBIX BOJH B OK-
pyxatoriyto cpeny [3]. HU3KO9acTOTHBIM TMPUHATO
CUMTAaTh MH3JydarTellb, BEPXHsSS TIpaHuLa pabdodero
Jyana3oHa 4YacTOT KOToporo He mnpesbimaer 1.0-
1.5 k', a pa3mep yoOBIETBOPSIET YCIOBUIO

27D, )

rie A — JuIMHA 3BYKOBOW BONHBI, D — pa3mep
m3nydarens.  Jnod  MOIIHOM — HM3KOYaCTOTHOM
THIPOAKyCTUKHA HpeoOpa3oBaTeny pa3MepoM MeHee
MoJIyMeTpa CUHTAIOTCSA KOMITAaKTHBIMH ~ WJIH
MajorabapuTHBIMU.

[IpeoOpa3oBaTens ¢ KOPIYCOM OTHOCHUTEIBHO Ma-
JIOTO pa3Mepa MOXKET H3JIy4aThb B HU3KOYACTOTHOM
IMana3oHe B Y3KOM I10JI0ce YacTOT, OXHAKO 3(-
(EeKTHBHOCTE W YYBCTBHTEIBHOCTH TAaKOI'O Ipe-
o0pa3oBatess HEIOCTATOUHBI Ul CO3JAHMS BBICOKHX
YpOBHEH aKyCTHYecKoro nasieHus [2]. OrpaHuYeHnus
Ha MAaKCHUMaJIbHBI ypOBEHb H3Jy4aeMOM aKycTu-
YECKOW MOIIHOCTH CBSI3aHBI KaK C KaBUTALWEH, Tak
1 ¢ 00paTHON 3aBUCHMOCTHIO A((EKTUBHONW BEITUIH-
HBI 3BYKOBOT'O JJaBJICHHS OT YaCTOTHI KOJIeOaHUH @

2 2 2 2
(p )=pc O pox”, (2)
rie p — IUJIOTHOCTh CPEAbl, ¢ — CKOPOCTh 3BYKa,
Po — aMIDIUTyAa KolebaTenbHOH COCTaBISIONIEH

3BYKOBOTO JIaBJICHUS aKyCTHUECKOH BOJHBI, X — aM-
IINTYyAa cMmemiennst 9actull cpensl [4]. Kpome Toro,
mpu Gonpmux MomtHOcTsSX B HUM Bo3MOXXHBI Henmwn-
HeitHple A((eKThl, Korga MPOUCXOAWUT IepeKadKka
SHEPTUH U3 padoyell MoI0Ck YacTOT B OOIee BHICOKO-
4aCTOTHBIE JUANa30HbI.

Pe3zonaHcHass wacroTta COOCTBEHHBIX KosieOaHUI
IUI OCHOBHOM I10JIOCHI YaCTOT B BO3AYXE fs03; OIIPEIE-
JIIeTCST MAaccor KonebaTenbHON CHCTEMBI M3TyqaTeNs,
3aBHUCHIIEH OT €ro ycTpoHcTBa, M Kod(duimeHToM
YIOPYrocTy k, CBSI3aHHBIM C KOHCTPYKTUBHOMN >KECTKO-
cTeio [5]. B Bome k& He MeHseTcs, HO JacToTa coOCT-
BEHHBIX KoieOaHuW mpeoOpa3oBaTens MPOAOIHHO-
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M3ruOHOrO THIA M3-3a IPUCOEIUHEHHOW MacChl Cy-
LIECTBEHHO CHIDKACTCS:
1 k

P T PP
2r\\m, +n"M,

ion )

rle My — Macca KonebaTenbHOU cucteMsl, My, —
MpUCOeNWHEHHAas. Macca BOJIBI, # — MEXaHWYEeCKUH
koo durmenT Tpanchopmaruu. B ympomieHHO#M
KHHEMATHYECKOH MOJEIH KOoJIeOaTEeIbHOM CHCTEMBI

HYUY, mpusenenHoit B pabore [5], rae pac-
NpeeNeHHble  MacChl M JKeCTKOCTh — 3aMEHEHBI
COCpPEJOTOYEHHBIMH, MOKa3aHO, YTO Uil TpyOoi

OLEHKM 4YacTOThl cOOCTBeHHbIX KoneOanuit HYU
B OCHOBHOH TIIOJIOCE B BOAE fhoy VIS H3ITydaTelNs
MPOJOIBEHO-U3THOHOTO THIIA ONPEEISIONIAM  Tapa-
METpOM BhICTymaeT kodddunmeHT Tpanchopmaiyu n,
€CIM  U3BECTHA fu0; — 4YacTOTa COOCTBEHHBIX
konebanuit HUU B Bo3myxe. Takum oOpazom, BEIOOp
TAMa TpeoOpaszoBatens [6] W TOWUCK HaWITydIIen
TeOMETPHHN U3ITydaroniell MOBEPXHOCTH CYIIECTBEHHO
ONPENENSAIOT ero AIEKTPOaKyCTHYECKHE ITapaMerphbl
1 3P HEKTUBHOCTB.

3D HUM — MAJIOTABAPUTHBIN .
HNPEOBPA3OBATEJIb C U3JIYYAIOUIEAU
OBOJIOYKOHU CJIOKHOU ®OPMBbI

Hcnonp3oBanue aqiUTUBHBIX TEXHOJOTHH IS
n3rorosiieHus: koprnycos HUM mpomonbHO-U3ruOHOTO
Tma [2] W3 METaUTMYeCKUX IOPOIIKOB TIO3BOJISET
peanan30BaTh H3IYYAIOUIYI0 ITOBEPXHOCTh CIOXKHOU
(OpMBI, CONPSDKEHHYI0 C KOHCTPYKTUBHBIMHU DJle-
MeHTamu TipeoOpa3oBarens. CHIDKEHHE TOMEepeTHOi
AKECTKOCTH LIEIbHOMETAJUINYECKOr0 KOpIyca TaKoro
3D HYM [7] mocturaercs myTteM TodpupoBaHUs
M3Mydaronield 00O0J0YKH MapajyielbHO OCHOBHON OCH
cummerpun (puc. 1).

[lomoOHass KOHCTPYKIMS WCKIIIOYaeT IMPOOIeMbl
repMeTH3all M YMEHbIIAaeT paz0dpoc MapaMeTpoB
u3Iydatenss — IpH CEepUMHOM  HM3rOTOBJICHHUH.
lobpupoanre 000T0YKH JOMOTHUTENHHO YBEIH-
YMBAaeT IUIOIIA[b W3JIy4arouled IOBEPXHOCTH, YTO
HECKOJIBKO ~ CHMXKaeT  pabodyr0  9acTrory IpH
COXpPaHEHHH KOMIAKTHBIX TrabapuTHBIX pa3MepoB
mpeobpazoBaTens.

Kopnyc uccnenyemoro 3D HUU wusroroBieH npu
nomom SLM-texnonorun (Selective laser melting,
JIa3€pHOr0 IJIABJIEHUS] METAJUIMYECKOro IIOpOIIKa)
n3 TutaHoBoro mopomka Ti-6Al-4V. Xapak-
TEPUCTUKH ITOJIYYEHHOI'O TAKMM CIIOCOOOM MaTepuaia
uccienoBansl B pabdore [8], rae mokasaHo, 4TO OHHU
NPAaKTUYECKd MIOCHTHYHBl M3AENMAM M CIUIABaM,
MOTy4aeMbIM MO TPAIUIMOHHBIM TEXHOJIOTHSM, & II0
HEKOTOPBIM I10Ka3aTelsiM IPEBOCXOIAT IIOCIEIHUE.
Buewnnit Bua 3D HYM npuBenen Ha puc. 1, B.
OcHoBHbIE MapaMerpsl KOplyca M H3Iy4arelns
B cOope mpuBeneHbI B TaoII.
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Puc. 1. STL-monens xopmyca
(daiin-npoexr mis 3D-meva-
1) (a), UerpHOMeTaIHYe-
ckuii koprnyc (0) ¥ BHEIIHHI
. Bux cobpannoro 3D HUU (B)

Taou. [Tapamerps! koprryca 3D HUU u npeodpazoBatens B cOope

[apamerp 3HaueHne, XapaKTePUCTHKA
Pa3smep xopmyca (nnaMerp* uinHa), MM 102x92
MaxkcruManbHas TONIIWHA CTEHKHA KOpITyca, MM 1.46
MuHrMalTbHAS TOJMIMHA CTEHKH KOpITyca, MM 0.55
UYwcno BoTH ToprUpOBaHUS 16
Awmmutyna rohpupoBaHUs, MM 6.0
Twun roppupoBanus CuHyc nepeMeHHOH aMIUTUTYIbI
Tonmmaa ToprieBoro ¢urania, MM 18
Macca kopmyca, Kr 0.61
OCHOBHOI1 pe30HaHC KopIryca B Bo3ayxe, ['1g 3120
MaxkcuManbHbIH K03 QUITHEHT MeXaHW4IeCKOH TpaHchopMaIinm 6.0
Kopiryca (BO BIIainHE)
MuHUMaNBHBIA KO3QOHUITNEHT MEXaHUIECKOW TpaHCPOopMaIuu 44
Kopiryca (Ha TpedeHe)
KommaecTBo komer; mpe30kepaMruiecKkoro cronda, ImirT. 8
Pa3mep akTuBHOTO 2iIeMeHTa (AITHHAX AMAMETP), MM 75.6%34.3
Macca akTHBHOT'O JIEMEHTA, KT 0.39
Macca coOpaHHOTO H3ITydaTens, KT 1.20
Pe3zonanc cobpanHoro m3mydarens B Bozayxe, Kl 3.7
Koadpdurmment mexanndeckoii TpanchopMmanmu n3mydarens B cOope 26+28
CXEMA U3MEPEHUM anekTpoakycTrdeckux napamerpos HUU. Ilposenenue
JIEKTPOMEXAHUYECKUX XAPAKTEPUCTHK  narypueix wucneitannii HUW  noctaTodHO — CITOXHO,
3D HYM B BO3JYXE M03TOMY H3MEPEHHsI KOIeOaTebHBIX XapaKTEePUCTHK

mpeoOpa3oBarens B BO3AyXe (J4acTOTa PE30HAHCA froun
PabGouas yacrora B Boze U YyBCTBUTCIBHOCTB 11O HA- KOB(i)(i)I/ILII/ICHT MeXaHmuecKou Tpch(bopMauHH n)
HIPSOKEHUIO  SIBJIAFOTCA  ONPEACILIIOMMMHI  BEJIMYMHAMH  MOT'YT UCIIONB30BaThCA [UI TPEABAPUTENBHON OLEHKH
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Oemndupyrowmia
anacTW4HbIN NoaBec |
Yeunutens [ |

MOLLHOCTH Wanyyatens

eHepaTop

S

Ckanupyowmin
nasepHbIn L
BubpomeTp

CnekTpoaHanuaarop

Puc. 2. Cxema ycranoBku peructpammu konebanuii 3D HUM mpu momMomy CKaHHUPYIOMIETO JIa3epHOTo

BHOpoMeTpa (a).

Ha Bpe3ke (6) — m3mydarens, 3aKpeIyIeHHBI B BUOPOPA3BA3BIBAIONIEM ITACTUYHOM MOABECE

4acTOTHl pe30HaHca MpeoOpa3oBaTelss B BOAE fuon
mo meronauke, npusenerHoil B [5]. CoorHomenue (3)
MO3BOJSIET  MPOAHAIM3UPOBATh  BIMSHHE IIPHCOE-
TUHEHHOW Macchl Ha A(PQEeKTHBHOCTh HU3TydaTems

c y4eToM MEXaHHYECKOTO kod(dunreHTa
TpaHCOPMAIIHH A.
HccnenoBanne BHOpPOMEXaHHYECKHX  XapakTe-

puctuk 3D HUUM B BO3myxe memecooOpa3zHO IIPOBO-
IUTh OECKOHTAKTHBIM METOAOM [9] mpu momomy Jia-
3epHOro BHOpomerpa (puc. 2). Jas wuckiIroueHus
BITUSHUS BHEITHEH BUOpallié BO BpeMs H3MEpEeHUH
W3IydaTeNb PacHoiarajicsi Ha 3JaCTUYHOM IOJBece
(puc. 2, 6) mpu BO3OY)KACHWH AKTHBHOTO AJIEMEHTa
CUTHAJIOM C BHEIIHEro reHepaTopa.

OCHOBHBIE TOTPENIHOCTH TPY BEIOPAHHOM CITOCO-
0e W3MEpeHWH ONPEAENAIOTCS WHCTPYMEHTAIbHOMN
omuOKOH, KOTOopast I UCTIOIh30BAHHOTO BUOPOMET-
pa He mnpesbimaer (2.0-4.0)x10° mxm/cTi' mnpu
HOPMAaJIbHOM MAJEHUH JIa3€pHOro Jiyya Ha IOBEpPX-
HOCTh M3iydaTens. C ydyeToM mepeBoja 3TUX 3Haue-
HUI B IlepeMelleHne IOrpellHoCTh Ipubopa okasza-
J1ach Ha HECKOJIBKO ITOPSAKOB MEHbBILE 3apEeruCTPUpPO-
BaHHBIX B IPOLIECCE U3MEPEHUH BEIIMYUH, IOCKOIbKY
MaKCHUMaJIbHasl aMIUIMTYyAa KoyieOaHWH IOBEPXHOCTU
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(pu BO30YXIEHWW ITYMOBBIM CHTHAJIOM) HE IIPEBHI-
mana 2 HM. PazpemieHue mo 4acToTe COCTaBISET
He MeHee 1% myist konebarenbHON ckopocty 10 20 Mm/c
u nonocel yactor Ao 0.2 MI'n mpu COOTHOUIEHUH
curHan/mym Gomee 90 nb, uTo BmomHE mocTaTodHO
IUIl KOPPEKTHOTO IIOCTPOEHMs pacIlpelesieHus aM-
IJIUTYJl OPU UCHOJIB30BaHUM TOHAIBHBIX Win JIYM-
CUTHAJIOB BO30OYXKIEHUS U3TydaTes.

SJIEKTPOMEXAHUYECKHUE XAPAKTEPUCTUKHN
3D HUN

HccnenoBanrs 4acTOTHBIX XapaKTEPUCTUK H3IY-
qaTens B BO3IAYXE fuoy (PHC. 3) TOKa3aln Hamudne
HECKOJIBKHX PE30HAHCOB M3-32 0OCOOEHHOCTEH reoMer-
puUM  Kopmyca M B3aUMOJCWCTBHUSL  CBS3aHHBIX
KoJe0aTeIbHBIX CHCTEM.

He3nauuTtenbHblil ypoBEHb PE30HAHCOB 3a IIpe-
JelaMi  OCHOBHOW moiocel vacror ana 3D HUU
TaKKe CBS3aH C O0CO0OW TeoMeTpuell Kopmyca
(uepemoBaHHE aMILUIATYIBI TOGPUPOBAHUA), YTO TT03-
BOJIIET caenate BBIBOA 00 dddexktuBHOCTH TIpe-
o0pa3oBaress B OCHOBHOH I0JIOCE 4aCTOT.
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Puc. 3. CnekrpansHoe pacmpeenenne aMIDITYa6pI KoJebaHuii Ha Topiie mpeodpazoBaTens
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PaccTosiHHe OT ocH CHMMETPHH H3IY4YaTCIIsa, MM

s onpeneneHns MeXaHU4YecKoro KodQuienTa
TpaHc(hOpMaLUU MPOBEAECHBI U3MEPEHHS aAMIUINTYIbI
KomeOaHWil JUId HECKONbKHX TrpeOHell W BHaaWH,
a TaKKe TOPLEBBIX (IIAHIEB H3IydaTeds IO Iie-
peceKaroyMCs paauaibHbIM HAIPaBICHUSM C [1aroM
or 2 g0 5 MM Tpu BO3OYXACHWHW TOHAIBHBIM
CUTHAJIOM HAa YacTOTE OCHOBHOI'O PE30HAHCAa B BO3-
nyxe. M3amepeHns mokaszand, 4To pazMax KoleOaHwid
MOBEPXHOCTH CYLIECTBEHHO pa3IM4aeTcss Ha Kpasx
Y B IIEHTpE TopIia usnydarens (puc. 4).

YBenuuenne aMIUIMTYIBl KOIeOaHW OT IeHTpa
K KpasM TOpLa CBSI3aHO C  BJIACTHYHOCTBIO
COCWHEHWH W YIOPYIHMH CBoicTBamu (praHIia,
OrPaHUYEHHOTO pa3MepaMu KOpIyca H3JIydaTens.
Pa3mephl Kopityca Hak/IagpIBalOT OrpaHUYEHUS] U Ha
IUIMHY aKTHBHOIO 3j1eMeHTa. C y4yeroM MakCHMAaJbHO

BO3MOXKHOM JUIMHBI aKTUBHOT'O 2JIEMEHTA, COCTOSLIEr0
n3 nee3okepamudecknx konerl L[TBC-3 n uzonsropon
pasmepom 34x14x7 mm [10], rabaputbl mpeobpa-
30BaTeNs HE IO3BOJIAIOT OOECIIEYHUTH BBICOKYIO
KECTKOCTh TOPIEBBIX Taek (12 MM), Kak U BCero ysina
pe3rboBOro coeHEHUs (IaHIA B IETIOM.

®OPMA KOJIEBAHUI TOPIIEBOT'O ®JIAHIIA
3D HYU

Uccnenosanne xonedanmit 3D HUU mpu momomn
CKaHWpyIOIero  nasepHoro  BuOpomerpa  [11]
MIOKA3aJI0 HAJIMYME HECKOJIBKUX U3TMOHBIX MOJ HA TOP-
max mpeoOpaszoBarens. Ha puc. 5 mpuBenena cerka
pazomenns nosepxHoctu (manma 3D HUU s wuc-
ClIeZlOBaHUS  Kolle0aHWid  TpH  BO3OYKIEHUH
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Puc. 5. Cerka KOHTPOJBHBIX TOYEK Il (DUKCAIMH CMe-
LieHui moBepxHocTel Topresoro ¢uania 3D HUU

W3IydaTensl IIyMOBBIM CHTH&JIOM C DPaBHOMEPHOH
CIIEKTPaJIbHOM XapaKTEPUCTUKOM B MOJOCE YacTOT
o 1 MI'm.

B Ilpunoxennn, puc. [11, mnpuBenensr mpodumn
n3ruda Topua U3yvarens Ha Pe30HAHCHBIX 4acTOTaXx.
Xapaxkrep koneOaHW TOpIEBOT0 (IaHIA WIACHTHYECH
OpoQUII0 aMIUIMTYJHO-4aCTOTHOW XapaKTEPUCTHKH
3D HYHM u sBnserca WUIOCTpauuedl 3aBUCHMOCTH
pasMaxa konebaHWI MOBEpXHOCTH (praHIla OT pac-
CTOSHUSA A0 TeHTpa (puc. 4), TOCTPOSHHOI 1Mo pe-
30HAHCHBIM KPUBBIM B BO3/yXE.

Kpome mpuBeneHHBIX mpuMepoB KojeOaHUN
TopieBbX (uannes, B cuekrpe 3D HUU comepkarcs
KOMITOHEHTB! M3IMOHBIX MO M Ha 0ojee BBICOKHX
yacTorax, Hanpumep Ha 19.5 kl'u. Hamuume Takux
MOJl KonebaHuil OOBACHSETCS CIOKHOH TreomeTpueit
W3ITy4yaTensi, BIMSIOMIEH W Ha YacTOTHBIE CBOMCTBA
KaK TOPLEBBIX ()JIAHIIEB, TAK U KOPILYCOB B LIETIOM.

KOJIEBAHUS TOPIEBBIX ®JIAHIIEB
C J1ONOJIHUTEJbHBIMHU 3JIEMEHTAMUAX

Jis  yBenW4eHusT JKECTKOCTH U YIIyYIIEHHS
repMeTH3alii Ha 00a TOpIEBbIX (hIaHIa W3TydaTens
Ha TEpPMETHU3MpYIOLlee MOJIMYPETAHOBOE IIOKPBITHE
OBUTH yCTaHOBIIEHBI JOMOTHUTEIbHBIC dJ1eMEHTHI [12]
(THTaHOBBIC IMAMOBI TONIIMHOW 16 MM), TOCIE Yero
MOBTOPHO IPOBEIECHBl HCCIIEAOBAaHMS  XapakTepa
Koie0aHUil TMOBEPXHOCTEW. AHAIOTUYHO TPEIBIIY-
LIUM K3MEPEHUSAM MO NMPUBEAECHHOW Ha pHUC. 2 cXeMme
n3IydaTenb BO30yXKAajcs LIYMOBBIM  CHTHAJIOM

HAVYYHOE ITPUBOPOCTPOEHUE, 2023, Tom 33, Ne 4

C PpaBHOMEPHOW CHEKTPaJIbHOW XapaKTEPUCTUKOU
B niostoce 9actot 1o 1 MI'm.

BBuny wusMeHeHMsT MaccoraOapUTHBIX — Xapak-
tepuctuk 3D HYUYUM [13], 9acTOoTBI OCHOBHBIX MOI
HE3HAYUTENbHO HW3MEHWJINCh IPU  COXPaHEHHH
OCHOBHOTO pE30HaHca B BO3AyXe, a pa3Max
pacnipeneneHus aMIUIMTYIObl KojleO0aHWH TOPLEBBIX
(nanmeB cHusmicT Oonee ueM B 2.5 pasa (puc. 4).

C yCTaHOBKOW JONOJIHUTENBHBIX 3JIEMEHTOB
Ha YacTOTE€ OCHOBHOIO PpE30HAaHCa  XapakTep
pacnpeneneHus aMIUIMTYZAbl Ha TOPLEBBIX (raHIax
MOMEHSUICSL Ha MPOTHUBOMOJIOXKHBIE — Ha Kpasx
(bmanIa aMIMTYAa KoeOaHui okasaiach HUXKE, 9eM
B 00JacTM KOHTAaKTa C AaKTHBHBIM 3JIEMEHTOM.
C yuerom pasauuuii B CHEKTPAJbHOM COCTaBe
xapaktep nedopManuu  JI0paOOTaHHBIX TOPIIEBBIX
Y3JIOB TIPaKTHYECKHU MIEHTHYEH KosebaHusM (haHua
0e3 JOIMOIHUTENBHBIX 3JIeMeHTOB (cM. [Ipmnoxenue,
puc. 112).

Takum 06pa3om, C y4eToM YBEIUYECHUS KECTKOCTH
y3na ¢manna 3D HUYUM myrem yCTaHOBKH JIOIMOIN-
HUTEIBHBIX  OJJIEMEHTOB,  CHIKEHUS  pa3Maxa
pacnpeneneHus aMIUINTYZA KojleOaHUil MOBEpXHOCTH
W WU3MEHEHMs XapakTepa paclpefesieHHs Ha Mpo-
THUBOIIOJIOXKHBIN BUJ (aMIIJIMTYy1a KOJIeOaHUH Ha Kpasix
B 1.6-1.8 pa3za HmKe, 4eM B I[EHTpPE) COOTHOIIEHHE
3aBUCUMOCTEd Ha pHC. 4 TO3BOJSAET ONPENEIUTH
HEOOXOAMMYIO TOJIIWHY IHai® M TIOBBIIIEHHUS
a¢dexruBHOCTH KOoMImakTHOTrO 3D HUM.

SJIEKTPOAKYCTHYECKHUE XAPAKTEPUCTUKH
3D HY4 C AONNOJIHUTEJIbHBIMHA
SJIEMEHTAMHU

Nzrubnpie konebaHus TOPUEBHIX (hIaHIEB HAPSIAY
C KOMIIAKTHOCTBIO AKTUBHOI'O 3JIEMEHTA OOBSACHSIOT
OTHOCUTENIBHO HHU3KYI0 UyBCTBUTEIBHOCTH aHAJO-
ruaaoro 3D HUU, mompobHO ommcanHOTO B pabore
[14]. [dna mpoBepKHM W CpaBHEHUS C OIHMCAHHBIM
B 9oToH paloTe wu3AenNMeM MpH HU3MEPEHUsIX
WCIOJIB30BAJIaCh TaKasl JK€ ammaparypa M CpeicTBa
u3MepeHud. [ns mpoBeneHuss HU3MEpeHH B BOAE
W3IydaTeNb 3aKpeluisjics B OCHACTKE Ha THIpPO-
aKyCTHMUYECKOM INTaHre ¢ 3ariyOisiomuM Ipy30oM
u  mMeputenbHbIM  THApodorom I['61H, pac-
MOJIOKEHHBIM Ha paccTosiHUM 1.8 M OT u3iydartens
(puc. 6).

DJEeKTPOAaKyCTHUECKHUE H3MEPEHHUs] Ha OTKPBITOH
Bore 3D HUM c OONMOMHUTENBHBIMH 3JIEMEHTaMU
[12], mpoBenennsie mo Meroauke [14, 15], mokazamnm,
YTO KOMIIGHCALUsl M3IMOHBIX KOJIIEOAaHUI TOPLEBBIX
(aHIIeB TIOBBICHJIA YYBCTBHUTEIBHOCTH IpeoOpa-
30BaTeNs IO HalpsbkeHHto Oosee demM Ha 50%

(puc. 7).
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i

Puc. 6. IIpeodpazosarens 3D HUU (1), 3akpernieHHbIiH B TEXHOIOTHYECKONW OCHACTKE € 3arTyOIIsIONM
rpy3om (2), BuOpopassszkoii (3) u u3MepuTenbHbM runpodonom (4)

25

= = [
o N (=]

UyBCTBUTEIBHOCT 10 HanpsxkerHo, [1a x /B
e
>

0.0

1000 1200 1400 1600 1800 2000
YacroTta, ['

Puc. 7. 3aBHCHMOCTh 9yBCTBUTENBHOCTH 10 HampspkeHuto 3D HUM ot gacToTsI
Ha ryouHe 14 m

Kax BugHO U3 puc. 7, nopaboTaHHBIA W3NMydaTedb HO 0€3 JOMONHUTENBHBIX dyeMeHToB [14], Bo3pocna
JEMOHCTPHPYET YYyBCTBUTEIBHOCTH MO HANPSHKEHHWIO  ITTOYTH B 2.5 pasa: mociie yCTAaHOBKH JIOMOJTHUTENBHBIX
Ha 4YacTOT€ OCHOBHOI'O pe30HaHca Ha YypoBHe dieMeHToB MakcuMmanbHblii KIIJ[ mpesbimaer 90%
1.75 Tlaxm/B. 3ddexktuBHOCT, Takoro mnpeodpa- IpH OTHOCUTEIBHOM MIMPHHE pabodeil MoIockl YacToT
30BaTeNs IO CPAaBHEHMIO C aHAJIOTMYHBIM m3zenueM, 14—-16% (puc. 8).

OCHALIICHHBIM TAaKUM JK€ aKTHBHBIM DIIEMEHTOM,
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Puc. 8. 3asucumocts KIIJ] 3D HUUM ot gacToTh! Ha riryonae 14 M

JlokanmbHBIE MAKCUMYMBI Ha rpaduke 3aBHCHMOCTH
a¢exTuBHOCTH OT YacTOThl Jopaborannoro 3D HUU
(puc. 8) mHa wacrorax 1745, 1820, 1900 I'm u T.1.
BBI3BAaHBI peBepOepanueil OT MOBEPXHOCTH H JHA U B IIe-
JIOM HE MEHSIOT XapaKTepa KpUBOH.

3AK/IIOYEHHUE

[IpoBeneHHble  HCCENOBaHMS  MOATBEPXKIAIOT
3¢ (EeKTUBHOCTh KOHCTPYKIMH W II€JIecO00pa3HOCTh
TEXHHYECKHX pEIIeHUI 1Mo opaboTKe KOMIIAKTHBIX
3D HYM, mnpaxTtuyeckun WCKIIOYAOIINX MPoOIeMy
repMEeTH3al1H U TOBBILIAIONINX HAZEKHOCTh U YCTOM-
YMBOCTh K THMIPOCTATHYECKOMY JIaBieHuto. Mccie-
noBaHne xapakrtepa komeOammii 3D HYM mocme
YCTAaHOBKHU JOMOJTHUTEIbHBIX 2JIEMEHTOB Ha TOPLIEBHIE
(1aHIBl TOKA3aJI0 CHIDKEHHE aMILIMTYIbl U3TMOHBIX
MOJl Ha TopIax mpeoOpasoBarens Ooinee yeM Ha 25—
30%. CHwkeHne YpOBHS W3rHMOHBIX KoJIeOaHMM
nmonoxutensHo Biuser Ha KIIJ mpeoOpasoBatens,
YTO TOATBEPKAAIOT 3JIEKTPOAKYCTUUYECKUE H3MeEpe-
Hus. llpeanoxeHHble KOHCTPYKTHUBHBIE pPELICHUS
o0ecrieunBalOT YYBCTBUTEIBHOCTh I10 HANPSKEHUIO
B OCHOBHOW momnoce uactor Oomee 1.6 Ilaxm/B

Y OCHOBHOM pE30HAHC B uamnas3oHe 10 2 kl'1, a Takxke
naror 3D HUM psag npeuMylnecTB MO CpPaBHEHUIO
C aHAJIOTMYHBIMU pa3pabOTKaMH, B TOM YHCIIE U C U3-
BECTHBIMH ITPEOOpPa30BATENSIMH  MIPOJOIBHO-M3THO-
Horo Tuma [16].

Komnakrabie n3mydaTenyt o jo00HOH KOHCTPYKIIUH
Ha OCHOBE aKTMBHBIX 3JIEMEHTOB U3 IEPCIIEKTUBHBIX
mbe3omarepranoB [167] MoOryT HalTH TpUMEHEHHE
B MayorabapuTHBIX M MUHHUATIOPHBIX THAPOAKYCTH-
gecknx cucremax [18], momemax, ycTpoiicTBax
yIpaBIeHus, THAPOIOKAIUN U cBsi3M [19] mig wacror
oT coreH 'l no necaTkos Kl 'm.

Asmopul  svipadxcarom brazo0apHocms  3a8edyrouiemy
aabopamopueil npukiaoHou eudpoaxycmuxku b.H. Bozo-
0608y, 3agedyoujemy Jaabopamopueli 8UOPOAKYCIMUKU
M.E. Canuny, 3a6edyioujemy cekmopom aKyCmuyeckux
mexnonoeuti  M.C. /lepabuny,  HayuHoMy — COMpPYOHUKY
B.®. @apgheno, mnaowemy nayunomy compyonuxy B.K. Bax-
muny u  3aeedyiouemy OmoeioM aKyCMuKu —OKeaud
I A. Kacbanogy 3a nomowp 8 nposedeHuu ucciedo8anuti
U 0b6cysHcoeHuU pe3yrbmamos.

Paboma evinonnena 6 pamkax 2ocy0apcmeeHno20 3a0a-
nua UI1P PAH "Pacnpocmpanenue 38yKa 8 MOPCKOIL cpeode
u 3emHoti kope" (npoexm Ne 0030-2021-0018).

IMPUJIOKEHUE

IIpumeuanue. Ha puc. I11, 12 uudpamu obo3nauensl: 1 — pecdopmariys 6e3 yCTaHOBKH [JOTIOJHUTENBHBIX 3/71EMEHTOB,

2— ,Z[ECbOpMaL[I/IH C 10TTIO/THUTE/IbHBIMU 3/7IEMEHTaMM.
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B T
Puc. II1. ledpopmarms Ha yacrorax 3.5 k' (a), 9.4 k[ (6), 10.5 k['1x (B), 14.4 x['11 (T) TOpLIEBOTrO
¢nanna 3D HUYU npu Bo3OYKeHUHM aKTHBHOT'O 3JIeMEeHTa [IyMOM, OejibiM B nonoce J0 1 MI'n

Puc. I12. [ledbopmanust Ha yacrorax 3.7 k[ (a), 8.5 k[ (6), 12.1 k['u (B), 14.6 k['1 (1)
TopreBoit moBepxHoctd 3D HUYM mocne ycTaHOBKH IOTIONHUTEIHHBIX 3JIEMEHTOB IPU BO3-
Oy)XIeHUHM aKTUBHOTO 3JIEMEHTa Ha BO3IyXe IIyMoM, OemnbiM B nosoce 10 1 MI'n
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STUDY OF THE ELECTROACOUSTIC CHARACTERISTICS
OF THE COMPACT LOW-FREQUENCY HYDROACOUSTIC
TRANSDUCER (3D LFHE) OF A LONGITUDINAL-BENDING TYPE
AND A COMPLEX SHAPE

A. K. Britenkov, M. S. Norkin, A. V. Stulenkov, R. V. Travin

A.V. Gaponov-Grekhov Institute of Applied Physics of the RAS, Nizhny Novgorod, Russia

The results of studies of the resonant characteristics of a compact longitudinal-bending hydroacoustic trans-
ducer with an all-metal radiating shell of a complex shape — 3D LFHE —in air and an analysis of its electroac-
oustic characteristics in water are presented. An analysis of the distribution of the amplitude of vibrations over
the device surface in air and electroacoustic parameters in water, obtained during full-scale tests, confirms that
the radiator presented in the work with overall dimensions less than 120 mm and a weight of up to 1.2 kg is su-
perior in a number of parameters to radiators of similar sizes, in particular, it has a higher values of the coeffi-
cient of mechanical transformation and the use of the added mass of water. Despite its compact size, the 3D
LFHE presented in the paper has a voltage sensitivity of 1.6 Paxm/V in water at a fundamental resonance fre-
quency of 1.6 kHz, a relative bandwidth of at least 16%, and an efficiency in the operating frequency band of up
to 90%. It is shown that after installing additional elements, the efficiency of 3D LFHE is increased due to re-
ducing the level of vibrations of the end flanges outside the main frequency band. According to the calculations,
the radiated acoustic power of such a 3D LFHE in the mode of transmission of binary phase-shift keyed signals
can reach 50 W or more, which allows, taking into account the high reliability (confirmed service life of more
than 1011 cycles) and manufacturability, to successfully use such hydroacoustic transducers for a wide range of
problems in underwater hydroacoustics, navigation, and telecommunications.

Keywords: underwater communication, hydroacoustic modem, electromechanical transformer, low-frequency
hydroacoustic emitter, additive technologies, acoustic power, laser vibrometry
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INTRODUCTION

The field of application of low-frequency hydro-
acoustic emitters (LFHEs) is quite extensive and in-
cludes a variety of areas — from long-range underwa-
ter sound communication, telecontrol, and illumina-
tion of the underwater location to seismo-acoustic re-
connaissance, acoustic thermometry, and studying the
impact of noise pollution on ecosystems. In the devel-
opment of compact transducers of high power density,
the calculation of the geometry of the emitting ele-
ments and the manufacture of the LFHE housing are
the crucial procedures, since the small dimensions of
the product make it difficult to combine the reson-
ances of the active element and the mechanical oscil-
latory system. On the other hand, the quadratic pro-
portionality of the emitted acoustic power to the oscil-
lation frequency further complicates the development
of high-power LFHEs. The emitting elements transmit
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the vibrations of the active element to the external en-
vironment, as a result of which the manufacture of the
LFHE body is an important technological procedure

[1].

In the development of LFHEs of longitudinal-
bending type, an advance in additive technologies
leads to a promising direction of the manufacture of
3D transducer cases from metal powders by layer-by-
layer laser alloying [2]. In terms of a number of opera-
tional and technological parameters, such 3D LFHEs
surpass products of similar sizes manufactured using
other technologies, but they require comprehensive
tests to clarify the limiting modes and select the direc-
tion of design research.

As part of the verification of the compact 3D
LFHE developed at the A.V. Gaponov-Grekhov Insti-
tute of Applied Physics of the Russian Academy of
Sciences, studies of its resonant characteristics in air,
as well as measurements of electroacoustic characte-
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ristics in water were carried out. Air measurements
were taken using a scanning laser vibrometer without
a contact. The task of the research was to check the
operational and electro-acoustic parameters of the 3D
LFHE and find ways to improve the technical perfor-
mance of the product. The novelty of the research lies
in the construction of a complete picture of the mode
structure of the oscillations of the emitting surface of
the transducer, and the analysis of the mechanical
transformation coefficient and the nature of the spec-
tral composition of the 3D LFHE.

COMPACT HYDRO-ACOUSTIC
TRANSDUCERS

A hydroacoustic transducer is a combination of
mechanical and electrical circuits in which electrical
energy is converted into acoustic energy of sound
waves emitted into the environment [3]. An emitter is
considered low-frequency if the upper limit of the op-
erating frequency range does not exceed 1.0-1.5 kHz,
and the size satisfies the condition

2D
A

where 4 is the length of the sound wave, D is the emit-
ter dimension. For powerful low-frequency hydroac-
oustics, transducers less than half a meter in size are
considered compact or small-sized.

A transducer with a relatively small housing can
emit in the low-frequency range in a narrow frequency
band, however, the efficiency and sensitivity of such
a transducer are insufficient to create high levels of
acoustic pressure [2]. Limitations on the maximum
level of emitted acoustic power are associated both
with cavitation and with the inverse dependence of the
effective value of the sound pressure on the oscillation
frequency

<1, (1)

(p7)=pc’e’pyx’, )

where p is the density of the medium, c is the speed of
sound, p, is the amplitude of the vibrational compo-
nent of the sound pressure of the acoustic wave, x is
the amplitude of displacement of the particles of the
medium [4]. In addition, when a large amount of
power is applied to the LFHE, nonlinear effects are
possible when energy is transferred from the operating
frequency band to higher frequency bands.

The resonant frequency of normal vibrations for
the main frequency band in air £, is set by the mass
of the oscillatory system of the emitter, which de-
pends on its device, and the coefficient of elasticity £,
associated with structural rigidity [5]. In water, £ does
not change, but the frequency of normal vibrations of

the transducer of the longitudinal-bending type de-
creases significantly due to the added mass:
1 k

PN N TV
2r\\m_ +n an

Joon )

where m, is the mass of the oscillatory system, M, is
the added mass of water, n is the mechanical trans-
formation ratio. In the simplified kinematic model of
the oscillatory system of the LFHE, given in [5],
where the distributed masses and stiffness are re-
placed by lumped ones, it is shown that for a rough es-
timate of the normal vibrations of the LFHE in the
main band in water f,,, for a longitudinal-bending type
emitter, the defining parameter is the transformation
coefficient n, if the frequency of the LFHE normal vi-
brations in air f,.,; is known. Thus, the choice of the
transducer type [6] and the search for the best geome-
try of the emitting surface significantly determine its
electroacoustic parameters and efficiency.

3D LFHE - SMALL-SIZED TRANSDUCER WITH
A RADIANT SHELL OF A COMPLEX SHAPE

An emitting surface with a complicated shape can
be used in conjunction with the structural components
of the transducer when longitudinal-bending type
LFHE cases [2] are manufactured using additive tech-
nologies. A decrease in the transverse rigidity of the
all-metal body of such a 3D LFHE [7] is achieved by
corrugating the emitting shell parallel to the main
symmetry axis (Fig. 1).

Fig. 1. STL-model of the body (project file for 3D
printing) (a), full metal body (0) and appearance of the
assembled 3D LFHE ()

This design eliminates sealing problems and re-
duces the spread of the emitter parameters in serial
production. The corrugation of the shell additionally
increases the area of the emitting surface, which
somewhat reduces the operating frequency while
maintaining the compact overall dimensions of the
transducer.

The case of the investigated 3D LFHE is made us-
ing SLM (Selective laser melting of metal powder)
technology from titanium powder Ti-6Al-4V. The
characteristics of the material obtained in this way are
studied in [8], where it is shown that they are almost
identical to products and alloys obtained according to
traditional technologies, and surpass the latter by
some indicators. The appearance of the 3D LFHE is
shown in Fig. 1, B.

The main parameters of the body and emitter as-
sembled are given in the Table.
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Table. Parameters of 3D LFHE housing and trans-
ducer assembly

SCHEME OF MEASUREMENT
OF 3D LFHE ELECTROMECHANICAL
CHARACTERISTICS IN AIR

Operating frequency in water and voltage sensitivi-
ty are the determining electroacoustic factors of
LFHE. Conducting full-scale tests of LFHEs is rather
complicated, therefore, measurements of the vibra-
tional characteristics of the transducer in air (reson-
ance frequency f,.,; and mechanical transformation
coefficient n) can be used for a preliminary assess-
ment of the resonance frequency of the transducer in
water f,, according to the method given in [5]. Rela-
tion (3) allows us to analyze the effect of the added
mass on the efficiency of the emitter, taking into ac-
count the mechanical transformation ratio #.

It is advisable to study the vibromechanical charac-
teristics of 3D LFHE in air using a laser vibrometer
(Fig. 2) without a contact [9]. To eliminate the influ-
ence of external vibration during measurements, the
emitter was placed on an elastic suspension (Fig. 2, 6)
when the active element was excited by a signal from
an external generator.

Fig. 2. Scheme of the setup for recording 3D LFHE
oscillations using a scanning laser vibrometer (a).
Inset (6) shows an emitter fixed in a vibration-
decoupling elastic suspension

The main errors in the chosen measurement me-
thod are related to the instrumental error, which for
the used vibrometer does not exceed (2.0-
4.0)x10"®* um/sxHz ' in the case of normal incidence
of the laser beam on the emitter surface. Taking into
account the conversion of these values into displace-
ment, the error of the device turned out to be several
orders of magnitude smaller than the values recorded
in the measurement process, since the maximum am-
plitude of surface oscillations (when excited by
a noise signal) did not exceed 2 nm. Frequency resolu-
tion is at least 1% for vibrational velocity up to
20 mm/s and bandwidth up to 0.2 MHz with a signal-
to-noise ratio of more than 90 dB, which is quite suf-
ficient for the correct construction of the amplitude
distribution when using tonal or chirp excitation sig-
nals of the emitter.
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3D LFHE ELECTROMECHANICAL
CHARACTERISTICS

Studies of the frequency characteristics of the
emitter in air f,.,; (Fig. 3) showed the presence of sev-
eral resonances due to the geometry of the housing
and the interaction of coupled oscillatory systems.

Fig. 3. Spectral distribution of oscillation amplitude
at the transducer end

The unique geometry of the housing (alteration of
the corrugation amplitude) is likewise related with
a negligible level of resonances beyond the baseband
for 3D LFHE, allowing us to draw the conclusion that
the transducer is effective in the baseband.

To determine the mechanical transformation ratio,
measurements of the oscillation amplitude were car-
ried out for several ridges and troughs, as well as the
end flanges of the emitter along intersecting radial di-
rections with a step of 2 to 5 mm when excited by
a tone signal at the frequency of the fundamental re-
sonance in the air. Measurements have shown that the
range of surface oscillations differs significantly at the
edges and in the center of the emitter end (Fig. 4).

Fig. 4. Oscillation amplitude distribution at the emit-
ter end.

The solid line is the 3D LFHE flange, the dotted line
is the vibrations of the surface of the additional ele-
ment on the 3D LFHE flange

Increasing the amplitude of vibrations from the
center to the edges of the end is associated with the
elasticity of the joints and the elastic properties of the
flange, limited by the size of the emitter housing. The
body dimensions also impose restrictions on the
length of the active element. Taking into account the
maximum possible length of the active element, con-
sisting of piezoceramic rings IITBC-3 and insulators
34x14x7 mm in size [10], the dimensions of the
transducer do not allow for high rigidity of the end
nuts (12 mm), as well as of the entire threaded flange
assembly as a whole.

SHAPE OF OSCILLATIONS
OF 3D LFHE END FLANGE

The study of 3D LFHE oscillations using a scan-
ning laser vibrometer [11] showed the presence of
several bending modes at the ends of the transducer.
Fig. 5 shows the grid of the 3D LFHE flange surface
for the study of oscillations when the emitter is ex-
cited by a noise signal with a uniform spectral charac-
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teristic in the frequency band up to 1 MHz.

Fig. 5. Grid of control points for fixing displacements
of the surfaces of the end flange of 3D LFHE

In the Appendix, Fig. I11, the profiles of the emit-
ter end bending at resonant frequencies are given. The
nature of the oscillations of the end flange is identical
to the profile of the amplitude-frequency characteristic
of the 3D LFHE and is an illustration of the depen-
dence of the amplitude of the oscillations of the flange
surface on the distance to the center (Fig. 4), con-
structed from resonance curves in air.

In addition to the above examples of vibrations of
the end flanges, the 3D LFHE spectrum also contains
bending mode components at higher frequencies, for
example, at 19.5 kHz. The presence of such oscilla-
tion modes is explained by the complex geometry of
the emitter, which also affects the frequency proper-
ties of both the end flanges and the housing as
a whole.

OSCILLATIONS OF END FLANGS
WITH ADDITIONAL ELEMENTS

To increase rigidity and improve sealing, addition-
al elements [12] (titanium washers 16 mm thick) were
installed on a sealing polyurethane coating on both
end flanges of the emitter. Then the properties of sur-
face vibrations were re-investigated. Similar to the
previous measurements, according to the one shown
in Fig. 2, the emitter was excited by a noise signal
with a uniform spectral response in the frequency
band up to 1 MHz.

Due to the change in the weight and size characte-
ristics of the 3D LFHE [13], the frequencies of the
principal modes changed slightly while maintaining
the fundamental resonance in air, and the amplitude of
the oscillation of the end flanges decreased by more
than 2.5 times (Fig. 4).

After the installation of additional elements at the
frequency of the fundamental resonance, the nature of
the amplitude distribution on the end flanges reversed:
the oscillation amplitude turned out to be lower at the
edges of the flange than in the area of contact with the
active element.

Taking into account the differences in the spectral
composition, the nature of the deformation of the
modified end assemblies is almost identical to the os-
cillations of the flange without additional elements
(see Appendix, Fig. I12).

Thus, taking into account the increase in the rigidi-
ty of the 3D LFHE flange assembly by installing addi-
tional elements, the reduction in the range of distribu-
tion of the amplitudes of surface oscillations, and the

change in the nature of the distribution to the opposite
form (the amplitude of oscillations at the edges is 1.6—
1.8 times lower than in the center); the ratio of depen-
dences in Fig. 4 allows you to determine the required
thickness of the washers to improve the efficiency of
the compact 3D LFHE.

ELECTRIC ACOUSTIC CHARACTERISTICS
OF 3D LFHE WITH ADDITIONAL ELEMENTS

The bending oscillations of the end flanges, along
with the compactness of the active element, explain
the relatively low sensitivity of a similar 3D LFHE,
described in detail in [14]. For verification and com-
parison with the device described in this work, we
used the same equipment and measuring instruments.
To carry out measurements in water, the emitter was
fixed in a tooling on a hydro-acoustic rod with a dee-
pening weight and a measuring hydrophone I'61H, lo-
cated at a distance of 1.8 m from the emitter (Fig. 6).

Fig. 6. 3D LFHE transducer (1) fixed in the tooling
with a deepening weight (2), vibration decoupling
(3), and a measuring hydrophone (4)

According to the methodology described in [14,
15], electroacoustic measurements of a 3D LFHE with
additional elements [12] performed in open water re-
vealed that compensating for end flange bending vi-
brations increased the voltage sensitivity of the trans-
ducer by more than 50% (Fig. 7).

Fig. 7. 3D LFHE voltage sensitivity versus frequen-
cy at a depth of 14 m

As can be seen in Fig. 7, the modified transducer
demonstrates sensitivity at a fundamental resonance
frequency of 1.75 Paxm/V. The efficiency of such
a transducer, as compared with a product equipped
with the same active element, but without additional
elements [14], increased by almost 2.5 times: after in-
stalling additional elements, the maximum efficiency
exceeds 90% with an operating frequency band of 14—
16% (Fig. 8).

Fig. 8. Frequency dependence of 3D LFHE efficien-
cy at a depth of 14 m

The improved 3D LFHE efficiency vs frequency
graph (Fig. 8) shows additional maxima at frequencies
of 1745, 1820, 1900 Hz, etc. that are brought on by
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reverberation from the surface and bottom but do not
typically alter the shape of the curve.

CONCLUSION

The conducted studies confirm the effectiveness of
the design and the feasibility of technical solutions for
the refinement of compact 3D LFHEs, which practi-
cally eliminate the problem of sealing and increase re-
liability and resistance to hydrostatic pressure. A
study of the nature of oscillations in the 3D LFHE af-
ter installing additional elements on the end flanges
showed a decrease in the amplitude of bending modes
at the ends of the transducer by more than 25-30%.
Reducing the level of bending vibrations has a posi-
tive effect on the transducer efficiency, which is con-
firmed by electroacoustic measurements. The pro-
posed design solutions provide voltage sensitivity in
the baseband of more than 1.6 Paxm/V and funda-
mental resonance in the range up to 2 kHz, and also
provide 3D LFHE with a number of advantages over
similar developments, including well-known trans-
ducers of the longitudinal-bending type [16].

Compact emitters of a similar design based on ac-
tive elements made of advanced piezomaterials [17]
can be used in small-sized and miniature hydroacous-
tic systems [18], modems, control devices, sonar, and
communication [19] for frequencies from hundreds of
Hz to tens of kHz.
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APPENDIX

Note. In Fig. 11, I12 numbers indicate: 1 — deformation
without installation of additional elements, 2 — deforma-
tion with additional elements.

Fig. I11. Deformation of the 3D LFHE end flange at
frequencies of 3.5 kHz (a), 9.4 kHz (6), 10.5 kHz (8),
14.4 kHz (r) when the active element is excited by
noise, white in the band up to 1 MHz

Fig. I12. Deformation of the 3D LFHE end surface
at frequencies of 3.7 kHz (a), 8.5 kHz (6), 12.1 kHz
(), 14.6 kHz (1) after installing additional elements
when the active element is excited in the air by
noise, white in the band up to 1 MHz




