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HEPCIIEKTUBbI IPUMEHEHUA IS U3MEPEHUSA
XAPAKTEPUCTHUK MOPCKOI'O BOJIHEHUA TNAPOAKYCTHUYECKHUX
CUCTEM C UCHOJIB3OBAHUEM PEXHNMA IHHAPAMETPUYECKOI' O
N3JITYYEHUA

[MpoBenen ananu3 ynpTpa3sBYKOBBIX (Y3) COCOOOB JUIsi M3MEPEHHUS TTAPAMETPOB MOPCKOTO BOJHEHUSI M TEXHHYE-
CKHUX XapaKTepUCTHK peaTu3yloluX UX ycTpoiicTB. OCHOBHOE BHMMAHHE YJEJIEHO MEPCHEKTHBE HCIOIb30BAHUSL
"OecTenecHoi" mapamerpuieckor nanyyatomei anteHHsl (IIMA) B HOBOM KadecTBe — Kak MHCTPYMEHTa JIJIsl KOC-
BEHHOW OILIEHKU CTENEHH HEPOBHOCTU MOBEPXHOCTH MOpS MpH MPOBEACHUH U3MEPEHMH T'MAPOYCIOBUI Ha MpHU-
OpexHoil akBaTopuu. BpIOpaHbl cxemMa M METOAMKa U3MEPEHHUIA, anmnaparypa U3MEpUTEIbHOW yCTAaHOBKH, YTO IO-
3BOJIMJIO TIPOBECTH KaTHOpOBKY ucmoib3dyemoil IIMMA B numamazoHe TeHEpUPYEMBIX BOJH Pa3HOCTHOW YacCTOTHI,
a TaKKe OCYIIECTBUTH MOJEIBHBIEC SKCIIEPIMEHTHI 110 M3YYEHHIO 3aKOHOMEPHOCTEH paccesHus Y 3-1oi1s pHu 00iTy-
YEHWH HECKOJIBKHX aKyCTHYECKM MATKHX IUIACTHH-OTpa)kaTesled, UMEIOIINX PAa3IMYHbIe apaMeTpbl CHHYCOHIANb-
Horo npoduist HepoBHOCTEeH. Ha ocHOBe aHaiM3a MOMyYeHHBIX PE3yJIbTaTOB MPEATIOKEH COco0 M3MEpeHus mapa-
METPOB B3BOJHOBAaHHOW MOPCKOH IOBEPXHOCTH, HANPHMEP, AJISI pEKUMa MINPOKOMOIOCHOTO OMCTaTHYECKOTro 00-
Jy4eHust (M37ydarTellb 1 IPUEMHHK Pa3HECEHBI B IPOCTPAHCTBE) Y 3-CUIHAIIAMH CO CTOPOHBI JTHA.

K. cn.: mapaMeTpHuuecKas U3Jydarolias aHTCHHA, paccesHie Y 3-BOJIH Ha B3BOJIHOBAaHHOM IpaHulle paszerna

BO/Ia-BO3/IyX

BBEAEHUE

[lomydenne wH(pOpMAIMK O BETPOBBIX BOJIHAX
W TCUCHHUSX B BOJHOM cpejie SIBISETCS] OCHOBHOH Iie-
JIBI0 OCYIIECTBIISIEMBIX MOPCKHX HAOIOJICHUI Ha aK-
BaTOPUSX IMOPTOB, FaBaHed M 3alIMBOB. JTO Tpedyer
pa3paboTKK HOBBIX METOJIOB HCCIICJOBAHHM, MPOBeE-
JeHusl 7a0opaTOpHBIX M MOPCKHUX HCIBITAaHWH pas-
JUYHBIX TPUOOPOB M OCYIICCTBICHUS TEJICMETPUHU
JTAHHBIX B peaJbHOM BpeMeHH. V3MepeHus ToBEepXHO-
CTHOTO BOJIHEHHUSI HA MecTe (in Sifu) SBISIOTCS CO-
CTaBHOW YaCThIO MPOTPAMM IKOJIOTUIECKOTO0 MOHUTO-
pHHTa, YTO aKTYaJIbHO JJIsl KaJHMOPOBKH U TPOBEPKH
YCOBEPIICHCTBOBAHHBIX MOJICECH MPHOPEKHOTO BOJI-
HOOOpa30BaHMs, IPU NPOCKTUPOBAHUH, CTPOUTEIIHCT-
B€ M ONEPATUBHOM ILIAHWPOBAHHWU TIOPTOB W TaBaHen
U T.J., TpeOys HaKOIUIEHHUsI OOJIBIIOTO KOJUYECTBA
HaJIe)KHBIX M TOYHBIX DKCIIEPHUMEHTAJIBHBIX JaHHBIX
W3MEpPEeHHH BBICOTHI, NEpUOJia W HalpaBieHUs Oera
BoJH [1].

CyIiecTByeT HECKOJIBKO CIIOCOOOB W PEaTu3yIo-
HIMX UX YCTPOMCTB JUISL M3MEPEHHS 3THUX MapaMeTpoB
MOpPCKO#l BOJHBI [2—5], cpeau KOTOPBIX TPaJWIIHOH-
HBIM HMHCTPYMEHTOM SIBJISIIOTCSI THIIPOAKyCTHYECKHE
9XOHMMITYJIbCHBIE JIOKATOPHI B MOHOCTATHUECKOM pe-
XKHUMe oOparieHHoro xojora (upward uimu up-looking
sonar) [6]. [Ipu 3TOM 3JeKTpOaKyCTHUECKHIA Tpeodpa-
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3oBatenb (DAII) ycraHOBIeH Ha JOHHOW MOBEPXHO-
CTH, W3JIy4yaeT BEPTUKAJIbHO BBEPX Y3-HMITYJIECHI,
KOTOpBIE OTPaKAIOTCSl OT TPaHUIIBl pasjena Boja —
BO3/[yX, PACCTOSIHUE /10 KOTOPOM HENpepbIBHO M3Me-
HSETCS M0 3aKOHYy, XapaKTepU3YIOIIEMy BOJHEHHE
MOpsi. DTO TO3BOJISIET PErUCTPUPOBATH B IIpoLEcce
W3MEpEeHH BOJIHOBOM Mpodmib Oerymieil moBepxHO-
CTHOM BETPOBOM BOJIHBI, OIIPEIEIIUTE €€ Mepuo, Gopmy
u BbICOTY. Tak, JaHHBIM CIOCOOOM 3ajady pelraer
npubop Wavesonar ¢upmer ASL  Environmental
Sciences (B ocHoBe pa3zpabotku kotoporo Upward
looking instrument, the Ice Profiling Sonar — IPS,
"BBEpPXCMOTpSAIIMI"  coHap-tipodmiiorpad HUKHEH
KpoMkH npaa) [7]. DAII ycTaHOBIEH Ha KpBIIIKE 1IH-
JUHIPUYECKOro KOpIyca, U3JIy4aeT B BOLy B Halpas-
JIEHUW HOpPMaJIM K TpaHMLE pa3Jiesia BoJa — BO3AyX KO-
POTKHE MMITYJIECHI Y 3-CHUTHAJIOB C YaCTOTOW 3aIOJHe-
Hust 420 x['n. DALl nopmHeBoro THia odecrneynuBaeT
yrinoBoil pactBop 6,, =1.8° mo yposHto (-3 nb) oc-
HOBHOTO JIETIECTKA XapaKTEPUCTUKH HAIIPaBICHHOCTH
(XH), uro mo3BosiseT O0OECHEUUTh HA IMOBEPXHOCTH
MOps KaK MaJblii muametp rmsatHa oOmyqerns (0.9, 3.1
n 6.3 m g guctadnmii 30, 100 m 200 M cooTBeTCT-
BEHHO), TaK U BBICOKOE MPOCTPAHCTBEHHOE paspelie-
HHe 1o yriy. Ilpubop ycranaBnuBaioT B cocTaBe NpH-
TOIUICHHONH OyHKOBO#M CTaHIIMM Ha Hecyliem Oye
C MOIUIaBKaMH, 3ariayOJICHHOM OT MOBEPXHOCTH BOJIBI
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Ha JUCTAHIUIO 10 225/55 M U 3aKperieHHOM B HE00-
XOIMMOM TOYKE IMOJBOJHOIO O0BEMAa C IMOMOIILIO
Tpoca W JOHHOTO sAKOps (TIyOMHAa aKBaTOpHH
10 2000 m). BricoTa BOIHBI U3MepSAETCS NMPSAMBIM Me-
TOAOM TI0 BPEMEHHOW 3a7ep)KKe OTPaKCHHOTO
MMIIYJIbCHOTO CUTHaja OT IOBEPXHOCTH BOJBI, YEM
JIOCTUTACTCS TOCTATOYHO BBEICOKAS TOYHOCTH M JOCTO-
BEpPHOCTh Hu3MepeHui. llepuon BoOJHBI H3MepsAeTCS
B pe3yJibTaTe 00pa0dOTKU CEpUU IKCIEPUMEHTAIBHBIX
HAOIIOJICHHIA, TIOYYEHHBIX dX030HAUPOBAHUEM C TIE-
PHUOJUYHOCTBIO HE MEHEE JIBYX UBMEPEHUHN B CEKYHAY.
Jns u3mepeHus CreKTpa HaIpaBICHHOCTH BOJHEHUS
TpeOyeTcss OAHOBPEMEHHO WCIOIb30BaTh TPH CHH-
XPOHU3UPOBAHHEIX TMPUOOpa, PA3HECEHHBIX 10 IHY
Ha HEKOTOpOW 0a3e M yCTaHOBIICHHBIX B BEpPIIMHAX
TPEyroJIbHUKA.

ITOCTAHOBKA 3AJAYHN

B Hacrosiee BpeMsi HaMETHIIACh TCHJCHIIHS 00b-
€JMHEHUSI W3MEpPEHMH XapaKTepUCTHUK IOBEPXHOCT-
HBIX BOJIH M TeueHuil [8§—10] npu ocyliecTBIeHUN pe-
TYJSIPHOTO MOHHUTOpPUHTAa Ha MEJIKOBOJHOW aKBaToO-
pHH, 4TO MOTPEOOBAIO Pa3pabOTKH HOBBIX KaK TEXHO-
soruii, Tak u npudopos. B [11] mpencranensr pe-
3yJbTaThl TOJOOHBIX W3MEPEHWH C TOMOIIBIO yCT-
porictB Acoustic Doppler Current Profiler (ADCP),
YCTaHOBJICHHBIX Ha JOHHOM MOBEPXHOCTH, OTIUYHEM
KOTOPBIX SIBJISIETCS MPUMEHEHUE CHCTEM HAKJIOHHBIX
OTHOCHUTEJILHO BepTHKanu jgydet — "Janus" (uersipe
Jyda o cTopoHam cBeta) u "Bugeye" (3+1: Tpu myuda,
pasHecenHble Ha 120° B TOpPU30HTAIBHON MIOCKOCTH,
TUTIOC OJTMH BEPTUKAIBHBIN, KaK y BOJTHOTpada).

Crnenyer OTMETHTB, YTO, KPOME BBIIIIE OTMEYCHHO-
ro, TPEIIOKEHO B KOHKPETHBIX pealu3alusax ycT-
poiicte ADCP wucronp3oBath ¥Y3-CHUTHaI HEOOXOIH-
MOM YacTOTHI, HApUMEpP OOJIbIICH BEINYUHBI — JUIS
MEJIKOBOJHBIX YYacTKOB, U Ha00OpPOT, YTO IMO3BOJIUT
MoJiyyaTh MH(OPMAIMIO O TOJBOJHOW 00OCTaHOBKE
¢ HEOOXOJANMOH CTENeHbI0 ACTaTH3alNA. JTO TOCTH-
raercs 3a CueT JalbHEWIIed MOJEpHHM3alUU KOHCT-
pyxmmii DAII, ocHOBHOW TOAX0A K KOTOPOI OmmcaH

B [12, 13]. M3navanpHO pemanach npodiema pwioo-
MOMCKa — HUCKJIIOUYeHUE Y3-1IoMeX B3aWMHOTO BIIHSA-
HUSl OT THIIPOJOKATOPOB, YCTAHOBJIIEHHBIX Ha COCEJ-
HUX TIPOMBICIOBBIX cyJax. MHOrOpe30HaHCHOCTh
koHCTpyKImH DAIl obecrieunBaerca 3a cyeT mocie-
JOBAaTEIbHOTO  OOBEJMHEHHSI IHbE303JICKTPUUECKUX
JIVICKOB OJTMHAKOBOTO/Pa3NUYHOTO THAMETpa, COCTaB-
JICHHBIX COOCHO TOPLIAMHU M CKPETUICHHBIX Yepe3 IeH-
TpaJbHbIE OTBEpPCTUSl OONTOM-CTSHKKOH. B Mectax
COCIMHEHNN BBIBEJCHBI DIIEKTPHUYECKHE KOHTAKTHI,
pacrosoxeHre KOTOPBIX OT OJHOTO W3 €ro KpaeB Co-
CTaBJISIET COOTBETCTBEHHO BOCHEMYIO, YETBEPTYIO U TIO-
JIOBUHY OT PE30HaHCHOH umHBI coOpannoro DAIL
[lo MHEHHMIO TPOEKTHUPOBIIMKOB, TAaHHBIE KOHCTPYK-
UMY TpPU Pa3IMYHBIX BapHUaHTaX KOMMYTAI[UU DJCK-
TPUYECKUX KOHTAKTOB OOJIAZaf0T HECKONBKIMH Pe30-
HAaHCHBIMH YaCTOTaMH, JOCTATOYHO PAaBHOMEPHO pac-
npexeneHHbIMU B nmuamnazone 15-200 xl'm [12, 13]
MpH TPUEMIIEMBIX 3HAYEHHUSX YyBCTBUTEIHHOCTEH
B peXuMax Kak H3iaydyeHus, Tak u npuema. K Hemoc-
TaTKaM JaHHBIX cTepkHEeBBIX DAII criemyer oTHecTH
0oypllie BecOrabapUTHBIC XapaKTEPUCTHKH, CIIOXK-
HOCTh KOHCTPYKIIMH. B KadecTBe WIITIOCTpAIlliMl BBI-
LICONHUCAHHOIO ynomsiHeM [14], B kKoTopoM paccMoT-
penbl koppemsinuonHbie arn Consilium SAL (Speed
Automatic Log) co cIoXHBIMH KOHCTPYKIMSIMH IIH-
JUHIPUYECKUX aHTEHHBIX OJIOKOB M3 MOPIIHEBBIX pe-
3oHaHcHBIX OJAIl. Hampmmep, TRU R1 (mmamerp
0.032 ™M, Beicota 0.16 M u macca 3.7 Kr) UMeeT JiBa
OAII ¢ pezonancabpME dactotamu 3.84 1 4.196 MI.
Awnrennsiii 61ok TRU (quametp 0.12 M, Boicota 0.144 m
u Macca 23 Kr) ycTpoeH cioxnee: msatb JAII ¢ peso-
HaHCHOM wactotodl 150 kI'm anms m3Mepenus abco-
JIIOTHOW CKOPOCTH CyJlHA B JMAna3oHE PEerucTpupye-
MbIX TiryonH 0-250 m (3 u3mydarot, Bce MATh MPHHH-
maroT), naBa DAIl c pezonHancHoii yactoToil 4 MI'It
JUTT M3MEPEHNsT OTHOCHUTENBHOW CKOPOCTH Ha CHTHa-
Jax o0beMHOW peBepOepanuyd MPH MUHHUMAIBHOU
riryouHe 3 M IMoj KUJIeM.

YBenuueHne KoJudecTBa pabodmx Y3-CHTHAIOB
g ycrpoiictB ADCP 3a cueT TeXHOJIOTHYECKHX OCO-
6ennocreit usrorosnenus DALl npennoxeno B [15].

Taobu. 1. Taktuko-rexHudeckue xapakrepuctuku Tunosbix JAII qns ADCP [16]

f, k' A, M d,m 6, Agr, 1b a, nb/M M Wy, Bt
76.8 0.02 0.28 5 (-36) 0.022-0.028 700 250
153.6 0.01 0.165 4 (-36) 0.039-0.050 400 250
307.2 0.005 0.133 2.2 (—41) 0.062—-0.084 120 80
614.4 0.0025 0.1 1.5 (-42) 0.14-0.20 60 30
1228.8 0.0013 0.054 1.4 (—42) 0.44-0.66 25 15
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CyTh TEXHHYECKOTO pEIIeHHs 3aKII04aeTcsl B UC-
MOJIb30BAaHNH HEOOXOAMMOTO KOJHYECTBA WMIIEHAAHC-
HBIX aHU30TPOITHBIX COTJIACYIOIINX CJIOEB B BUJE JHC-
KOBBIX HAaKJIAJOK, O0JIafaromuX 3aJaHHBIMU BEJHYH-
HaMH KO3((HUIHMEHTOB TEIIOBOTO PACHIMPEHUs NpU
MaTPUIHO-BOJIOKHICTOM MCKYCCTBEHHOM 3aIOJHEHUN
uX 00beMOB. TaKTUKO-TEXHUYECKHE XapaKTEPUCTUKU
tunoBbix DAIIl mst yerpoiicte ADCP npencraBieHs
B Ta0u. 1 [16].

[IpoBenem ananu3 3amvMCaHHBIX B Tabn. 1 JaHHBIX.
JeiicTBuTENBHO, IPUBEICHHBIE ITU(PPHI COOTBETCTBY-
IOT U3BECTHOMY COOTHOILICHHUIO Ui MPHUOIMKEHHBIX
pacyeToB yriIOBOM IMIMPUHBI OCHOBHOIO Jienectka XH

0,, Ha yposue 0.7 (B rpagycax) s IUIOCKOIO
noprraeBoro DAIl  nauamerpom d B 3aBUCHMOCTH OT
€ero BOJHOBOrO pasmepa d/A, rtme A =
=c¢o/ f — nnauHA BONHBI M yactora f Y3-CcUrHana,
PACIPOCTPAHSIOIIETOCS CO CKOPOCTbIO C, B BOAHOMU

cpene. Kak u ciemoBaiio okuaath (CM. MPaBylo 4acTh
Tabn. 1), pexumsl skcruyaranuu JAIl paznuyssr:
kakaeii ADCP mpu 3agaHHBIX YpOBHSX Kak H3IIY-
yaeMoil aKycTuueckoil Mommuoct W,, Tak m kod3d-

¢umnente 3aTyxanusd @ Y3 B MOPCKOU Boxe, obec-
HeynBaeT TpeOyeMylo NalbHOCTb JeHcTBUA 7. 3asB-
JICHHBIH ypoBeHb OOkoBoro monst Ay, or (-36 nb)

1o (—42 nb) ykazan mig obnacreir Y3-mons (cMm. [16,
¢ur. 23]), HaxomAUIMXCA 3a npeaenaMu 4-ro O0KOBO-
ro MHTEP(EPEHITMOHHOTO JICMIECTKA, T.€. TPU OTKJIIO-
HEHUHA TOYKHA HAOJIIOAeHUs Ha ~ +15° OTHOCHUTEIIBLHO
akyctudeckoit ocu DAIL. BHyTpu e TenecHOro cex-
topa (~ 30°), kKak W moNOXKeHo, ectb 1-H, 2-U, 3-i
U T.1. OOKOBBIE JemecTku ¢ ypoBHsMu —18 nb (mo
teopuu, 13% ot ocHoBHOro), —24 b (1o Teopuu, 6%
OoT OCHOBHOTO0), —28 1B (10 Teopuu, 4% OT OCHOBHO-
T0) u T.JI., 9TO MOXKET CO31aTh B TOUYKE IMpHUEMa HEXKe-
JATeNBHYI0 TIOMeXy. YTOYHHM, YTO HAa TIPAKTUKE
B yctpoiictBax ADCP npu peanusanum u3mMepuTenb-
HBIX KaHAJIOB C HCITOJIb30BAaHUEM JIy4el pa3InIHON
KoHurypauun — xak "Janus", Tak u "Bugeye"
[11] — Bce paBHO mpeamnoaracTcsi IPUMEHEHUE OJIH-
HakOBBIX DAIL, 4TO OorpaHMYMBAECT YHUBEPCAIHLHOCTh
WX TIPUMEHEHUs, HalpuMmep, NpU OOJyUYeHUU CHU3Y
BBEepX ¢ npuaoHHOW (Tayousbl g0 700 M) / mpuno-
BEPXHOCTHOU (ryiyOuHBI 710 25 M) obyactu mienbda.
OTO HanpsAMyl BHJIHO U3 IHM(p, NPUBEICHHBIX
B Ta0n. 1. Tax, ana nanpHOCTH 7 = 700 M IPUMEHSIOT-
cs DAII ¢ paboueii yacroTor 76.8 kIl mpu 3aTyxa-
Huu Y3 okoino 0.022-0.028 nb/M u u3nydaemoit aky-
ctuyeckoil momuoctu W, = 250 Br, a ans panbHO-

ctu r =120 m — DAII ¢ paboueit wactoroit 307.2 kI'1t
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npu 3aryxanuu Y3 okojio 0.062—0.084 nb/m u uzny-
yaeMo# akycTuiyeckoit mourHoctu W, = 80 Br.

OTMeTHM, 4TO B Mpollecce MPOEKTHPOBAHHS TH-
POaKyCTUYECKOW ammapaTypbl pa3paboTUUKU 3a CUET
YBEJIMYEHHSI SHEPTeTUYECKOro MOTEHIHala JIoKaTopa
craparoTcsi monyduTh oT JAIl makcuManbHO BO3-
MOJKHYIO M3JIy4aeMyl0 MOIIHOCTh. OHaKo BOJHAs
cpena o0sajaeT HENWHEHHOCTBIO CBOMX YIPYTHX
CBOKMCTB, YTO MPHUBOJUT K BO3HUKHOBEHHIO "HOBBIX"
CHEKTPAIBHBIX COCTABISIONINX IIPH PACIIPOCTPAHECHUN
WHTEHCUBHOW Y3-BOJHBI C 4acTOTOH f (camMOBO3.eH-
ctBue) [17], HanpuMep TeHepanny BBICIINX TapMOHHU-
YeCKUX COoCTaBisiiomux ¢ yacrotamu 2,31, ..., nf.

OLeHUM C TOYKH 3pEHUSI TUHEHHOCTH M HEIHMHEHHO-
cTH pexumbl paboTel DAIl mpoMsblIeHHBIX 00pa3-
oB ADCP, paGoune xapakTepUCTHKH KOTOPBIX MpeJ-
craBieHbsl B [16]. PacuerHble jnaHHBIC IJId aHAIHM3a
CBEJICHBI B Ta0JI. 2, B KOTOPOH TpH BEpPXHHUE CTPOU-
ku — misa DAII ycrpoiicte ADCP, a uerBepras —
st DAIL sxonora "Ileckaps”" [18] B pexume napa-
Metpudeckoro wusnyuenus (PIIM), dyro mo3Bonut
OCYILIECTBUTh OOBEKTUBHOE COIOCTAaBICHHE M Hame-
TUTH TCHJCHLIUIO PA3BUTHSL.

B3anMoBnusiHEE HENMMHEHHBIX M AU(PPAKIMOHHBIX
saddexroB Ha Y3-mone DAIl ¢ mbe3osneMeHTOM pa-
Jyca @ MOXeT OBITh 0XapaKTEpPH30BaHO C TIOMOLIBIO
napamerpa  Xoxnoa N =1[, /[ [19], rme

I, = p,cy | €w,p, — paccTosiHue (M) 0OpazoBaHus pas-
pBIBa IUTIOCKOH BOJIHBI C 4acTOTOM @, =27 - f, (pan/c)

W aMIUIMTYAOH 3ByKoBoro nasnenus po (Ila) y mo-
BEPXHOCTU H3IIydaTeis; po, Co — PAaBHOBECHBIE 3Ha-
YeHHs IUIOTHOCTH U CKOPOCTH 3BYKa JUISl BOABL; € =

=3.5 — HeIMHCHHBIA TapameTp BOABL, [ =

= a2w0 /2¢,, — nnmuHa (M) obmacth JUQPaKIUH
®peHens I BOJHBI HAKAYKH C [EHTPAIBHOM 4acTo-
TOl @y (pan/c). B [19] mpu uncineHHOM MozaenupoBa-
HUU TIpoIlecca pPacIpOCTPaHEHHsS 3BYKOBOTO ITydKa
B BOJHOH Cpeflec COOTHOIIEHHE HEIMHEWHBIX W JIH-
¢pakroHHBIX 3¢ deKToB, T.e. mapaMmerp N, 3amaBa-
JOCh ClenyrmuM obpazoM: N = 2.5 — HenuHei-
HOCTh CPaBHUTENHHO ciiada, HO J0cTaTouHa Juist (op-
MUPOBaHUS yJAapHOU BOJIHBI B UA€albHOU cpene; N =
= 1.6 — cpeanss HenuHetHOCTh U N = 0.8 — cuiib-
Has HeJuHelHocTh. M3 Tabi. 2 BHAHO, YTO TOJIBKO
st DAIL ¢ pe3onancHoi yactoToit f = 76.8 kI’ He-
JUHEHHOCTRIO BOJHOW Cpeabl MOXKHO TpeHeOpedsb,
B TO BpeMst Kak Juist DAII ¢ pe30HaHCHBIMU YacTOTaMU
f=153.6 xI'm u f=307.2 kI'nl HeIWMHEHHBIA PEKUM
paboThl TPAKTUYECKH OCYIIECTBICH W TeHepanus
BBICIIUX TapMOHWUK MMEET MecTO (HelWHEeHHBIH 3¢-
(hexT caMOBO3CHCTBHUA).
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Taoa. 2. PacueTHnle JaHHEIE

Ccpinka; f, kI’ Wx,Br | I,Briem® | 6,, L™ d, M IbM | po-10°,Tla | N
[16]; f =76.8 250 0.4 5 3.1 0.28 32.4 0.77 8.18
[16]; f =153.6 250 1.2 4 2.1 0.165 9.6 1.353 3.53
[16]; £ =307.2 80 0.6 22 2.8 0.133 | 5.34 0.94 1.91
[18]; fo = 275;
fi2 =250, 300; 70 2.1 5 0.6 0.065 1.2 2.5 2.0
F=50

OTOT BBIBOJ] MOIKPEIUIIOT pacUETHBIC U IKCIIEPH-
MeHTallbHbIe 3HaueHus s DAIIL sxomnora "Tleckapp”
[18] B pexxrMe reHepaiuu BOJIHBI pa3HOCTHOM YacTo-

et (BPY) F =|f, - f;|= 50 x['m B Bommoii cpene
(HIDKHAS CTPOKa TaOi. 2) NpPU W3JIyYEHHH CUTHAJIOB
HaKa4yk® ¢ gactotamu f,, f, = 250, 300 k['n (wenwu-

HEHHBIN d(P(EKT B3aMMONCHCTBUSA), HAXOMIAIIAXCS
B mpejiesiax mosockl npomyckanus (~ 60 k['1) storo
DAIl, mpuyeM WMEHHO 3TO TO3BOJISET TUIABHO Tepe-
crpauBaTh BenuunHy BPY u, COOTBETCTBEHHO, JJIUHY
€€ BOJIHBI.

Takum o00pa3oMm, M3 [aHHBIX, IPEICTABICHHBIX
BO BTOPOW CHHU3Y CTpoke Talil. 2, MOXHO cZenarb
BEIBOA 0 ToM, uro ADCP, ucnonssyrommii 4 DAII
¢ yacroramu f = 307.2 k['11, MO)KHO OTHECTH K CHCTe-
Me aKTUBHOM JIOKalH, QYHKIMOHUPYIOMIEH B paMKax
HEJIMHEHHONW aKyCTHUKH, B YACTHOCTH, T'€HEPUPYIOLIEH
BBICIIIME TAPMOHNYECKHE COCTABIISAIONINE C YACTOTAMHU
21,3f,...,nf. llpoBenem aHaJU3 pacuETHO-3KCIIC-

PUMCHTAJIBHON CIIEKTPOIPaMMBbI U3IYYCHHS 3XO0JIOTa
"ITeckapp" [18], oToOpaxkaromeil YpOBHH 3BYKOBBIX

P, nb N L

90 2 f+ 2%

JABJICHUH TSI KOMITOHEHT MTOJIMTaPMOHUYECKOTO CHT-
HaJla Ha aKyCTHYecKoW ocHu c(HOpMHUPOBaHHOW mMmapa-
MeTpudeckod — mamywatomed — anteHHsl  (ITMA)
quts quctaniuu 10 M (puc. 1).

Buano, yTo HenWHEHHOE B3aMMOJCHCTBHE CHTHA-
JIOB HaKauKy ¢ yacTotamu f, f, = 250, 300 xI'1y mo-

3BOJIMJIO PACIIMPUTh YAaCTOTHBIN AMANa30H U3JTy4eHUs
He TOJIFKO BHU3, HO U BBEpX, HANPUMEp, MIPHU HCIIOJNb-
30BaHUM TpeThuX rapMoHuk 10 900 kI'1, 4To mpakTu-
YEeCKH MEePEKphIBAET JHANa30H paboduX YacTOT BCeX
ity DAIT gag ADCP u3 ta6a. 1.

Mopckasi TOBEPXHOCTh SBJISAETCS MOABWXHOM M He-
POBHOI TpaHUIIEH pa3fena, MepeusiIydacMoe e Y3-
M0JIe COCTOMT M3 JBYX KOMIIOHEHT — pEryJsipHOH,
copMHpoBaHHOW BOJIM3M 3EPKAIBHOTO HATpaBJICHUS,
U CcllydaliHOU, 00pa3yIoliel pacCcessHHOE T0JI€ B HIK-
Hell monycdepe, MpuYeM COOTHOLICHUE PeTyJISIpHOM
U CJIy4ailHOW KOMIIOHEHT NEPEU3IYUYEHHOTO MO Oll-
penensieTcst copa3MEepHOCTBIO  JJTMHBI BOJNHBI A Y3
U pacctosiHus A oT "BepmmH" u "momomB" Oerymiei
MOBEPXHOCTHOU BOJHEI [20]. YKa3zaHHas BBIIIE OCO-
OCHHOCTh HIMPOKOIIOJIOCHOTO H3IIyueHHs "Oecrelec-

noi" IIMA, B yacTHOCTH Ha "IuHHOBOIHOBOK" BPY-

70 3fi R} Puc. 1. PacuerHo-3Kcmepu-
MEHTaJbHas CHEeKTporpaMma
mnydennss sxomnora "Ilec-

501 TE ‘ ot

200 400 600 800 £ «lu
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CHEKTPaJbHOH KOMIIOHEHTE, TII03BOJISIET  CJENaTh
MIPENOI0KEHHE O TOM, YTO HCIIOJIb30BaHUE B YCT-
poiictBax ADCP »QdexToB HennHEeHHOW aKyCTHKH
MOYET OBbITb IEPCIIEKTUBHBIM.

BbIGOP MOJIEJIN HAPAMETPUYECKOM
N3JIYYAIOINEU AHTEHHBI U CXEMbI
IKCIIEPUMEHTAJIBHOU YCTAHOBKHA

YMeHne NpakTUYeCKOro NMPUMEHEHHS BBICOKOMH-
TCHCHUBHBIX Y3-BOJH, T.€. HEJIMHEUHBIX 3(P(HEKTOB,
BAXHO IJIsl pa3padOTKH COBPEMEHHBIX HPUIIOKEHHUH
B CHUCTEMax MHTPOCKOIHH, MEAULIMHCKON TUArHOCTH-
KM, IOJBOJHON aKyCTHKH M T.1. B cemmaecsaTsix ro-
Jax mpouutoro Beka B Taranpore [21] ocHOBHO#M Te-
MO HENMHEMHON aKyCTHKM B HMHTEpECcax Kak Ipa-
JTAHCKOTO, TaK M BOEHHOTO MPUJIOKEHUH SBUWINCH
uccienoBanus [IMA, o0ycloBIeHHBIE 0COOCHHOCTS-
Mu Y3-noas BPU — mnocTosiHHO-BBICOKasi Hampas-
JICHHOCTh OCHOBHOI'O JiemecTka 0e3 OOKOBOrO MOJI
B 3HAYUTEJIBHON I0JIOCE YAaCTOT MPU HEOOJNBIINX Be-
co-rabaputHbIX Xxapakrepuctukax DAL Tak, B MeT-
poyoruu OOJNIBIIIOE BHUMAaHHE YAENSIIOCH yMEHBIIe-
HUIO rabapuTOB anmapaTypbl, NOBBILICHUIO €€ MPOH3-
BOJIUTEBHOCTH, a TaKX€ MPOEKTHPOBAHHIO CPEICTB
U3MEpeHHu, O00JaJaroIuX H3JIyYarolluM TPaKTOM
C MaJOM3MEHSIOIMMHCS B IIHPOKOM TOJIOCE YacTOT
aKyCTUYECKUMU mapameTpamu [22]. B 3T0il cBs3u mpo-
BOJJMJIACH PabOTHI 1O pa3paboTKe W3MEPUTENBHBIX IIH-
pokononocHbix IIMA BMecTe ¢ KOMIUIEKTOM pPaguo-
anekTpoHHoi ammapartypbl (PDA) tumoB HAII (nenu-
HEWHBIA aKyCTHUecKui mpeoOpaszoBatens), HAU
(HeNMMHEHHBI aKyCTUYeCKUH H3IIydaTellb) KaK CTaH-
JMApTHBIX M3TydaTeieid JUId W3MEpPEeHHs XapaKTepH-
CTHK TUAPOAKYCTUYECKUX aHTEHH U 0Opa3LOBBIX TUI-
podoHOB B OacceiiHax 3aBOJCKUX HCIBITATEIBHBIX
naboparopuit [21]. YcnoBus mpocTpaHCTBEHHOW OT-
PaHUYEHHOCTH M3MEPHUTENbHBIX 0acCEHHOB U ompene-
e psn TpeboBaHmit kKak kK PDA, Tak u x DAIl ms
IINA B pexxume renepanuu BPY. D10 B 1ienom coot-
BETCTBYET M yCIIOBHIM HAIIETO TUTAHUPYEMOTO JKCIIe-
PUMEHTa, B KOTOPOM HeoOxoaumo copmuposats Y 3-
W3Iy4YeHHE B MaJIOM M MOCTOSITHHOM TI0 BEIMYHHE Te-
JIECHOM yrjie ajsi OOJBLIOro AMana3oHa IJIMH BOJH

BPUY A=c¢y/ | - f1| npu  ucnonb3oBanuu  OAII

C BBICOKOYACTOTHOW HaKaukoil f|, f, ¥ HeOOIbIIMMHU

10 BEJIMYWHAM JJIMHAMH KakK ONVXHEH 30HBI [, M,
TaK ¥ 30HBI B3aUMOJCHCTBUA /5, M.

[Ipoananu3upyeM TEXHUYECKHE XapaKTEPUCTHKU
HekoTopbix 3 HUX — HAII (3, 4) u HAU (5, 6, 8, 9),
nepeuncieHHsie B [21, Tabmuma 2].

Huamazon yactot / giaud BonH BPY, kI’ / m, —
o1 0.3 /5 10 300/0.005;
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yIJI0oBasl MIMpUHAa OCHOBHOTO Jieriectka XH B aua-
naszone yactoT — ot (1.5 £0.5)° mo (5.0 £ 0.5)°;

JUIsl iepekpbiBaHus auanazona BPY npumensnuceh
mo aByx OAIl ¢ 1uIoCKUMU/CIIa00MCKPUBICHHBIMU
mbe3odJieMeHTaMu auaMeTpoB ot 20 1o 50 mm ¢ pe-
30HaHCHBIMH YacToTaMu OoT 0.5 MI'1t 1o 4.75 MI'11;

JUIMHBI OJivbkHEH 30Hb1, M, — 0T 0.04 10 0.65;

30Ha Cc(epuYecKoro pacupoCTpaHCHUs, M, —
ot 0.3 1o 3;

JUTHHA
ot 0.8 no 15;

HENPEPBIBHBIA/UMITYIbCHBIA PEKUM PaOOTHI;

JUIMTENILHOCTh UMITyJIbca, Mc, — 0.06—12.0;

gacToTa CJIEAOBaHHUS HMMIYyJIbcoB, I'm, — 0.5—
400.0.

OTMeTHM, JaHHBIE YCTpOMCTBa OOecleunBaIn He-
00JBIIION, HO CTAaOWJIBHBIN ypOBEHb 3BYKOBOTO J1aB-
snenns — okono 10 ITa mva mucranuuu 3 M mist BPU
10 kI'1r / 0.15 M, 9yTO BXOAUIIO B TpeOyeMbIe IapameT-
PBI TEXHUYECKUX 3aJlaHUil W perrajo mpobiemMy pas-
pabOTKM HOBBIX KOMIAKTHBIX OOpPa3lOBBIX CPEICTB
W3MEpPEeHHH, TO3BOJIIONINX MPOBOAUTE J1IabopaTop-
HYIO TPaAyHUPOBKY, OJM3KYIO K YCIOBHUSIM CBOOOIHOTO
TOJISI.

Cxema M3MEpUTENBHON YCTaHOBKHM JUI HCCIENO-
BaHUS TIPOCTPAHCTBEHHBIX xapakTtepuctuk [IUA,
00BeIMHSIONAs CIIEKTPAIBHBIA METOJ, OCHOBAaHHBIN
Ha BBIJICJIGHHH TapMOHHUYECKHX  COCTaBIISIOIIMX
c(hopMHUPOBABIIETOCS TOJIUTAPMOHHMYECKOTO CHUTHAINA,
u HaOmoneHne HopMbl MHOTOKOMIIOHEHTHOM BOJIHBI,
mpejacTaBiieHa Ha puc. 2. POA-snemMeHTH M3MepH-
TETIBHOM YCTAaHOBKH CTPYKTYPHUPOBAHBI IO TpaKTaM
W3Iy4YeHHsI, TpuemMa, HamOoiiee MOAPOOHO BBIIENECH
aKyCTHUYECKUH TpakT. PaccMOTpuM mociieioBaTeNbHO
(YHKUMOHUPOBAHWUE  YCTAHOBKH.  JJIEKTPHUYCCKHI
CHIHaJI OMEHHMI 4acToT Hakayku f,, f, ¢ Oinoka ¢op-

MupoBaHus | (TeHepaTOphl CHUTHAJIOB CHEIHAIbHON
¢dopmer AKUIT I'CC-05, GW Instek MFG-72120MA,
CyMMATOp, PeXEKTOPHBIE (UIBTPHI IS TOJABICHUS
Ha 40-50 n1b KOMOWHAIIMOHHBIX CHTHAIIOB, 00pa3yro-
IIMXCS B DJIEKTPOHHOM TpPAaKTe) MOJIAETCS Yepe3 yCH-
mutens MomHocTH 2 (FRANKONIA VLC-220)
Ha DAII 4. C HomoIHATENBHBIX BBIXOIOB OJIOKOB 1 1 2
OCYIIECTBISIETCA CHHXpPOHM3aNus (PyHKIIMOHHUPOBa-
HUs OJIOKOB B TpakTax H3ilydeHus M npuema. C mo-
momeio ocummtorpadga 3 (GW Instek GOS-6103C)
OCYILECTBISIETCA KOHTPOJIb HapaMeTpOB 3JIEKTpHUe-
CKOTO CHUTHaia, mocrynaromero Ha DAII 4, koTopsrit
Ha MMOBOPOTHO-BBLABMXHOM ycTpotictee (I[IBY) 7 yc-
TaHOBJIEH B 33/IaHHOW yacTh OacceiiHa 5 (mwHA 6 M,
mupuHa 3 M, riryouHa 2 Mm). Ero BHyTpeHHHE TOBEpX-
HOCTHU CHAa0XEHBI MOTJIOMIAIOIINM MOKPBITHEM 6.

30HbI B3aHMOZ[eﬁCTBPIS[, M, —
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Puc. 2. CtpykrypHas cxema U3MEPUTENBHON YCTaHOBKU.

1 — Onok GopMUpOBaHUs CHTHANA, 2 — YCHJIWTENbh MOIIHOCTH CUrHana; 3 — ocipuuiorpad; 4 — DAIT;
5 — OacceiiH; 6 — BHYTPCHHEE MOTJIOIIAOIICE MOKPHITHE; 7 — MOBOPOTHO-BBIIBUKHOE YCTPOUCTBO; 8 —
npecHast Boaa; 9 — chopmuposannas [TMA; 10 — mnactuna-otpaxarens; 11 — ruapodon; 12 — corna-
cyromuit kackam; 13 — ocruutorpad; 14 — mepectpanBaeMblil PE30HAHCHBIA YCUIIUTENb;, 15 — aHanu3atop
criektpa; 16 — cTpobupyromee ycTpoicTBo; 17 — ocmmmiorpad; 18 — merextop; 19 — camomnmcer ypos-

us1; 20 — ALIL; 21 — xoMmbroTep

Bacceiin 5 3amonmHeH npecHoit BoJoW 8, 4TO U 00-
pa3yeT aKyCTHYECKHUH TpaKT YCTaHOBKH, OCHOBHBIM
9JIEMEHTOM KOTOpOTro sBJsieTcs  c(hopMupoBaHHAs
IIMA 9, pacnionoxeHHas B CpelHEH YacTH BOAHOTO
o0npema Oacceifaa 5. K akycTraeckoMy TpakTy MOXKHO
OTHECTH M AaKyCTHYECKH MSATKYI0 [EHOIUIACTOBYIO
IIacTuHy-oTpaxkatesnb 10 ¢ cHMHycOMZANbHBIM IPO-
¢ueM HEpOBHOCTEW Ha OIHOW W3 TpaHed, KoTopas
pasMelicHa Ha TOH ke TIIyOHHE C IMOMOIIBIO CBOETO
[IBY 7 BOnw3u 0IHO¥ 3arIyIIICHHON CTEHKH OacceiHa
5 (puc. 2) u O6yzaer obOxyvaThest Y3-cUTHaNaMH B IU1a-
HUPYEMOM MO/IEITEHOM KCIIEPHMEHTE.

OTMeTHM, 4YTO LENbI0 JaHHOW PabOTHI SIBISETCS
OIIEHKA MEPCTEeKTUB MPUMEHEHUs IS U3MEePEeHUs Xa-
PaAKTEPUCTUK MOPCKOTO BOJHEHHUS THAPOAKyCTHYe-
CKHX CHUCTEM C HCIOJIb30BAaHHEM PEXUMa MapaMeTpH-

YEeCKOro M3ITydeHHus. B 3TOH CBS3M B KayecTBE YNpo-
LIIEHHOM MOJlend B3BOJIHOBAaHHOM, HO CTaTU4YHON
B JAaHHBIH MOMEHT BPEMEHU MOPCKOH IMOBEPXHOCTH
C 33JlaHHBIMM IapaMeTpPaMH BOJIHEHHUS MCIIOJIb30Ba-
J1aCh aKyCTUYECKH MSTKas MEHOIJIACTOBAs TUTaCTHHA-
orpaxarenb 10 ¢ cuHycomIaIbHBIM HpoduiaeM He-
poBHOCTEH Ha opHOW u3 rpa”eil. IleHomnact nus mo-
JENUPOBAHUS aKYCTUYECKH MATKOW I'paHUIBI MOXHO
WCIOJIb30BaTh, T.K. AaKyCTHUYECKOE COIPOTHUBIECHUE
neromacta 0.048-10° kr/mM°c << aKyCTHYECKOTO CO-
MPOTHUBJICHUS] BOJBI 15-10° KF/Mzc, YTO OIpEIETsAET
yCIIOBHE TPOTHBO(MAZHOCTH MAJAIOIINX M OTPaXKEH-
HBIX Y 3-BOJH.

[Ipu pacuere nmepuOAMYHOCTH pacIpe/ieNeHns He-
POBHOCTEH Ha IUIacTHHaX-oTpaxkarensax 10 ObuT WC-
MOJIb30BaH TPUHIMIN MaclTabupoBaHus. Tak, eciu
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B HATypHBIX YCIOBUAX Imenbpa mnpu oOIydeHUH
¢ tinyOounsl 100 M B MATHO 3aCBETKH pazMepoMm 15 M
MOIIa1aeT TPH 3JIEMEHTa IOBEPXHOCTHOI'O BOJIHEHHUS
JUTMHOW BOJIHBI 5 M M pa3MaxoMm 1 M Kaxabld, TO s
a00paTOPHOTO IKCIEPUMEHTa — JUCTAHIUA ~ 1 M
U 1naTHO yMmeHbmaercs 1o 0.15 M, Ha KOTOpoM pas-
MEIIeHbl TE€ >X€ TPH OJJIEMEHTa C MJIMHON BOJHBI
no 0.05 m u pazmaxom 0.01 M. Mcxoas u3 3Tux cooob-
paKEHUH, ISl TPOBEICHUSI KCICPHUMEHTOB OBUIA BBI-
OpaHbl CieAyIOIHe IPOCTPAHCTBEHHBIE XapaKTEPUCTUKI
CHHYCOWJIAIBHOTO  MpoQuisi  HEpOBHOCTEH Ia-
cTuH-oTpaxarened 10: paccTosiHUE MEXIY MaKCUMY-
MaMH (MHHUMYMaMH) Ha OTpPakalolied MOBEPXHOCTH
Anos = 0.03, 0.05, 0.06 M mipu pa3zmaxe (IBoWHAs am-
wmryna) -7 = 0.002, 0.005, 0.010, 0.015, 0.02 M, yro
pu 00paTHOM TiepecdeTe I Ienbda OyIeT cocTas-
JSITh — JUIMHBI BOJIH TIOBEPXHOCTHOTO BOJIHEHHUS 3, 5,
6 M ipu aBorHoM ammuutyzae 0.2, 0.5, 1, 1.5, 2 m.
Hcxons U3 mpelncTaBICHHOrO BBILIE aHAIN3A IS
¢dopmupoBanus [IMA, ucnonszoBaincs oguH U3 Bapu-
anToB DAII, xoropsrit ObuT paspadoran mist HAM-9:
¢dopma mpe3031eMeHTa — IUIOCKUH ANCK JHaMETPOM
d = 21 MM, 3aKperuieHHBIH 10 TePUMETPYy 3a CUeT
BKJICKM B T€pMETHYHBIH KOPIYC; PE30HAHCHAs yac-
tora f,=2.12 MI'n, mmHa BomHel A, =c¢,/ f, =

=0.708 MM, Toe ¢y — CKOPOCTh 3ByKa B BOJE
(1500 ™/c); pacueTHOe 3HAYE€HWE MJIUHBI OJVKHEH
30HBI (OOyiactu mudpakiuu dpenens) [, = 0.45 m.

3Ha4yeHUs 4acToT f,, f, BBIOMpaNHCh M3 pacuera
YMCHBIICHHS (YBEINYCHHS) BEIMYMH OTHOCHTEIBHO
/fy» nanpumep, s BPU F_ =|f, — /| = 100 Iy vac-

TOTHI JIsl BOJIH HAKAYKH PaBHEI f, =(2120—50)kI 1,

f, =(2120+50) kI'u. Takum oOpa3zoM, B aKycTHue-
CKOM TPaKTe H3MEPUTEILHOW yCTAHOBKH MOXHO OBLIO
ocymiecTBiIATh u3MeHeHue BPY B nuanasoHe JiuH
BoJIH A, MM / yactoT F , kI'11;

A=214 mm/ F =70 xI'm;
A=15mm/ F =100 kI
A=10mm/ F =150 kI
A=75vmm/ F = 200 I,

TpakT nznydeHus NO3BOJSI M3MEHATH AJIUTEIb-
HOCTb  MMIIyJIbCa  M3JIydeHHs B  JlUala3oHeE:
Tpun = 0.06+0.1 MC H, COOTBETCTBEHHO, IPOCTPAHCT-
BEHHYI0O  IIPOTSHXKEHHOCTh  IOCBUIKM B BOJE
[, =0.09+0.15m. PacueTHOe 3HAUYEHHWE YIJIIOBOU

mupuHel ®,, 10 ypoBHI0 0.7 g Y3-mydka Hakad-

KA C PE30HAHCHOW 4acToTod f,  cocraBmio

0, =60% = 2.023°. Ecau OKpYININTh BEIHYHHY

MIPUHBI ITyYKa 10 ~ 3°, TO IpU HOpPMaJIbHOM OOIy-
YeHnH ¢ auctaHmmii 1M / 2 M / 3 M pa3mep msATHA
Ha TOBEPXHOCTH IUTaCTHUHBI-OTpaxkaTens 10 ¢ cunHy-
COUIATIbHBIM NPO(QUIEM HEPOBHOCTEH COCTABIISUI
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okoi0 5 cm / 10 cm / 16 cm. B 3T0# cBsI3M pa3zmepsl
mIacTuHBI-oTpaxarens 10 ¢ CHHYyCOMTAIBHBIM TIPO-
¢unem HepoBHOcTed ObUIM BBIOpaHbl 20 X 30 cM,
NpUYeM MOJCIHUPYEMBIH CHHYCOUAANBHBIA MPOdUIIb
"OCTaHOBIIEHHOW" TOBEPXHOCTHOI BOJHBI BBITIOJHEH
BIOJNb OoJiee IJIMHHOM CTOPOHBI, a €€ BOJHOBHIC
(POHTH — TMapauIeTbHEI 60JIee KOPOTKOW CTOPOHE.

Kak crnegyer u3 puc. 2, pesynbTupyrouiee Moju-
rapmonudeckoe Y3-mosie [TMA (BblaeneHHass cepbiM
IPOCTPAHCTBEHHAsl 00JacTh 9 Ha aKyCTHYeCKOH ocu
DAII) perucrpupoBanoch ruapodoHom 11 (Bruel &
Kjaer 8103 ¢ pabounm nmana3zoHoMm 4dacTtoT oT 4 kl'1y
no 200 xI'm), ¢ BeIX0oJa KOTOPOTO 3JIEKTPUYECKHH
CHUTHAJI 4Yepe3 COTJIacyIonuii kackam 12 mocTyman
Ha BXOJ] IEPECTPANBAEMOr0 PE30HAHCHOTO yCHUIIUTENS
14 (ceneKkTUBHBIE MUKPOBOIBTMETPHI B6-1 mmn B6-2).
C BbIXOJa TEPECTPauBAEMOI0 PE30HAHCHOTO YCHIIH-
Tenst 14 cHUMAETCs AIEKTPUUECKHH CUTHAJ, MPOIOp-
LUOHAJIBHBIN aMIUIMTYIE BBIACISIEMOM CIIEKTPaIbHOM
KOMIIOHEHTBI, KOTOPBIM MOCTYMaeT Ha BXOJ OCLMIIIO-
rpada 13 (GW Instek GOS-6103C), pa3BepTka KOTO-
pOro 3amycKaeTcss CHHXPOHMMITYJIBCOM OT OJoka (op-
mupoBanus 1. Kpome storo, m3meputenpHas ycra-
HOBKa I103BOJISIET B IIUPOKOHN I10JIOCE YaCTOT OLIEHUTH
aMIUTATY/IHBIE COOTHOIICHUSI KOMITOHEHT MOJUTapMo-
HHYECKOI'O 3JIEKTPUUYECKOTO CHUTHala 3a c4eT HOA-
KITIIoYeHns aHanuzatopa cnekrpa 15 (C 4-25). Dkene-
pUMEHTAJIbHBIE  W3MEPEHHS  IPOCTPAHCTBEHHBIX
XapaKTepUCTUK Y3-mojel CHEeKTPalbHBIX COCTaB-
nsonmx, reaepupyeMeix [IMA 9 B BomHOM cpere 8,
MIPOBOJATCS B MUMITYJIbCHOM PEXHME C UCIIOIb30BAHU-
€M CTpOOMpPYIOIIEro ycTpoiicTBa 16, 4TO MO3BOJIET
BBIICJIUTh BO BPEMEHH HMMEHHO HH()OpMalMOHHBINA
CUrHall, yOpaB MacKupymoomue noMmexu. [lapamerps
BBIJIEJICHHOTO CHTHaJla M3MEPSAIOTCS C TIOMOIIBIO OC-
mwmorpada 17 (GW Instek GOS-6103C), a takxke
MOTYT TIOcie AeTeKkTopa 18 perncTpupoBaThCs C TO-
Motieio camonucia yposast 19 (Bruel & Kjaer 2307),
npuuem gepe3 AL 20 (moxymns E20-10) momydennas
uHpopmanmst moctymaer Ha OBM 21 (IIO
"PowerGraph 3.3 Professional").

Onucanuseie B [21, 23] cTpyKTypHBIE CXEMBI UCIIBI-
TaTEeNIbHBIX CTEHJOB OTJIMYAIOTCA OT PacCMOTPEHHOU
BBIIE TEM, YTO B akyctuyeckom Tpakrte IIMA wuc-
MOJIB3YIOTCS TUTACTHHBI, 00pa3yole Kak OT/ACIbHbIC
PE30HAHCHBIE aKyCTHUYECKHE (MIBTPHI, TaK U CHUCTe-
MBI MOTJIOIIAIOMINX CJIOEB Pa3lNu4YHON (OPMBI U pas-
MEpOB. OTH D3IIEMEHTHI, MOJEIHPYIOIINE COBOKYII-
HOCTb TPaHUI] pa3zena pa3uuHbIX Cpell, pacroiaraiy
Ha akyctuyeckoi ocu DAII B obmacTu HETMHEHHOTO
B3aUMOJICHCTBHSI BBICOKOYACTOTHBIX BOJH HaKauKu
JUISL €e KaK OTpaHUYCHUsI, TaK U U3MEHEHUS (HOPMBI.
OTMeTHM, YTO B IIeJIM ONFCHIBAEMOT0 SKCIIEPHMEHTA
MCKYCCTBEHHOE OrpaHHYeHue OONacTH B3aUMOACUCT-
BHS HE BXOIHUT, HA00OPOT, MPEIIoiaracTcst ecTecT-
BeHHOEe (popmupoBanue [IMA B ruppoakycTuuecKoM
KaHaje, YTO COOTBETCTBYET PEKUMY HM3MEpPEHHs Xa-
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PaKTEpPUCTHK MOPCKOTO BOJIHEHUS THUIpPOaKycTHYe-
CKMMH cucTeMamu ¢ ucnoib3oBanueMm PIIN Ha miesnb-
(e MpU 30HAMPOBAHWU CO CTOPOHBI THA. B Hamem
SKCIIEPUMEHTE IIIacTHHa-oTpaxkarens 10 ¢ cuHyco-
WAATBHBIM  TIPOQWIEeM HEPOBHOCTEH MOJEIHPYET
B3BOJTHOBAHHYIO TpaHMIly pasjieia BOJa-BO3IYyX, T.C.
"OCTaHOBIICHHYIO" TOBEPXHOCTHYIO BOJIHY, KOTOpAs,
pacceuBas onpezeneHHbIM oOpazom BPU, moxer mo-
3BOJINTH TpU 00paboTKe MONyYyuTh HHOOPMALHNIO
0 MOBEPXHOCTHOM BOJIHEHUU.

B [24, 25] uznoxeHsl © 00OOILIEHBI PE3YJIBTATHI
paspabotok [TMA ¢ oTHOCHTENNFHO HU3KOYaCTOTHBIMH
1 BBICOKOMHTEHCUBHBIMU BOJIHAMHU HaKayKH, KOTOPHIE
WCTIOJB30BAIINCH B THAPOAKYCTHUECKHX CHCTeMax
JlaJIbHEHN JIOKAllMU, B YaCTHOCTH, PACCMOTPEHBI Xapak-
Tepuctuku BPUY B cnoMCTBIX cpelax U IpU HaIUYUU
TpaHUI] pasjiena B MPOTHKEHHON 001acTH B3aMMO/IeH-
crBud. Tak, ecinu rpaHWlia paslenia Monajaaer B 00-
JacTh B3auMoeicTeus [IMA, To, TOMHMO HCKaKCHHS
ee KOH(UTrypaluH, TOSBISIETCS 4acTh MPOCTPAHCTBA,
T7Ie B3aWMOJEHCTBYIOT HE TOJIBKO TaJaloniue, HO
U OTpaXKCHHBbIE BOJHBI, YTO BIHMSET Ha MPOCTPAHCT-
BEHHBIE XapaKTEPUCTUKU PE3YIbTHPYIOMIETO TIOJS
u3nydeHus BPU. O1o MOeT OCIOXHUTh, HAapUMeEp,
00HapyKCHUE MAJOPa3MEPHBIX OOBEKTOB, HAXOJs-
LIUXCSl Ha JHE WM NOTPYKEHHBIX B JOHHBIN TPYHT,
KOTOpOE OCYLIECTBIISIETCSI Ha JOHE CIIOKHON MOMEXO-
BOIl OOCTaHOBKM TpH 30HAMPOBAHWU CBEPXy BHH3
C HAJIBOJHOTO CyAHAa MJIHM HMOABOAHOTO OYKCHPYEMOTO
Hocutens [TNA [24].

SKCHHEPUMEHTAJIBHBIE PE3YJIBTATHI
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Kanuoposka IIMA kak cpeacTBa usmepeHust

Jnig onleHKn OCHOBHBIX XapakTepucTtuk [TMA 9 kak
MPENoJIaraéMoro CpelcTBa U3MEpeHus, odIagaromie-
r0 M3JIYyYaOUUM TPAKTOM C MaOM3MEHSIOMINMUCS
B IIMPOKOW TOJIOCE YaCTOT aKyCTHYECKUMH ITapaMeT-
pamu, ObUIM NIPOBENICHBI CEPUM M3MEPEHUH MpOCTpaH-
CTBEHHBIX paclpeieleHnid aMIUIATY I 3BYKOBOTO JIaB-
nenus BPY B ykazaHHOM Bblle auanasose. s sTo-
ro DAIl 4 wu ruapodpon 11 ObUIM yCTaHOBJIEHBI
B CpelHEeH 4acTH BOAHOrO 00beMa 8 U3MEPHUTENbHOTO
OacceiiHa 5 TpU YETHIPEXMETPOBOM YIAJICHUU IPYT
ot npyra. ToHKass OKOHYATENNbHAs FOCTHPOBKA UX B3a-
MMHOTO pa3MEILEHUs] Ha TOPU3OHTANIBHON aKycTH4e-
ckoif ocm OAIl 4 pocturamace mepeMemeHueM
"BBepx-BHU3" M "BieBo-BmpaBo" rumapodona 11, pe-
3yJBTaTOM YEro SBISUIOCH MOTydeHHEe MaKCHMaJbHO-
rO ypOBHS CHUTHajla MO HaKayke Ha HKpaHe OCLHIIIO-
rpacga 13.

Tunuunsle pe3yabTarsl 15 [IMA, renepupyromeit
B BOJIHOM cpene 8 V3-curnan BPY
F = | fH— f1| =150 xI'u, npencrasnexsl Ha puc. 3.

B pesynbrare naMepennii ObUI0 YCTaHOBIIEHO:

1) U3 puc. 3 cuexyer, 4T0 MaKCUMYM 3BYKOBOTO
nasienuss BPY nHaxoaurtcs mpuOIM3KTENBHO Ha pac-
ctosiiuu 0.2 M, KOTOPOE ABJISCTCS MPAaHUICH OJvKHEH
30HbI DAII 4 ns BonH Hakauku. Panee Oblna paccunm-
TaHa BelW4MHA OmkHEH 30HBI 0.45 M, yMEHbIIe-
HUE €€ JUTHHBI 00YCIIOBJICHO YCIOBUSIMH 3aKPETUICHHUS
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Puc. 3. DxcniepuMeHTaNbHBIE OCEBOE (@) M YIIIOBOE HOPMUPOBaHHOE (0) pacnpeesieHust aMILIUTY/] 3ByKOBOTO JaBJICHHS
st [TUA, renepupytoieit B BosHoit cpene Y3-curnan BPU F = | fH- f]| =150 kI’
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375 25 15 075 Ax107Mm
0, ° P, nb Puc. 4. Ob6benunenHsle 3apucumoctn ITHA
- y KaK CpelICTBa U3MEPCHUS B BOJHOM cpere.
4 / 50 - - - YyIJoBas MIMPHUHA OCHOBHOTO JICTIECTKA
v~ ~ XH (neBas BeprukanbHas ock O ,,°);
e aMIUIUTYa 3ByKoBoro aaBineHus BPY
~e-
3 40 (mpaBasi BepTHKaNbHAsA ock P, b, oTHOCH-
tenbHo 1 Tla, mpuBemeHHas K PacCTOSHHUIO
/ 1 m).
4 I'paduku maner g quamasoHa 9actoT (k') /
2 30 e BoyH (M) BPU (HIKHSS/BEpXHSS TOPH-
30HTaJIFHASI OCh COOTBETCTBEHHO)
40 60 100 200 F,xI'n

mee30oseMenTa B kopmyce DALl 4. Haumnas ¢ pac-
cTosgHusA | M, amMImIuTyJa 3ByKoBoro naasineHus BPY
IUIABHO YOBIBA€T IO 3aKOHY C(EpUUECKOro pacmpo-
cTpanenusi, curiasn BPY copmupoBan u MoxeT ObITh
UCIIONB30BaH A U3MEPEHHi, T.e. OOIydeHHs ILIa-
cTuHBI-oTpaxkatens 10.

2) Hlupuna myuka Ha BPY cooTBercTByeT pacuer-

HoMy 3Hauemmio B XH mo maBmemmio R, (o),

Ha BPUY oTCcyTCTBYIOT OOKOBBIE JIETIECTKH, YTIJIOBas
LIMpPUHA OCHOBHOro nenecrka XH cocraBuser s
F_ =150 xI'n ~ 3°, 4TO TakXe COOTBETCTBYET yCIIO-
BUSIM TIPOBEACHHUS HCCIENOBaHUN MO OOJIyueHHIO
mIacTHHBI-oTpaxaTes 10.

3) U3 puc. 4 BumHO, uTO JUIa Muana3ona ot 50 k['1
(30 mm) mo 200 xI'rr (7.5 Mm) yrioBas mupwHA OC-
HoBHoro jnenectka XH IIMA na BPY mpaxtuuecku
MOCTOSIHHA; 3(PPEKTUBHOCTh MPOIECCa HETUHEHHOTO
B3aHMOJIEHCTBUSA, T.€. YPOBEHb T€HEPUPYEMOW aM-
IUIUTY /16l 3ByKOBOTO AasieHus BPUY ¢ poctoMm 3Haue-
HUs [ yBenM4uBaeTCs.

Kak oTmeuanoch Bblllle, pacueTHOE B3aWMOBIIHS-
HUE HEJIWHEWHBIX H AUQPaKUMOHHBIX 3((PeKToB
Ha Y3-nonie Hakauku DAIl 4 MOXHO OLIEHUTH C IIO-
Molplo mapamerpa XoxmnoBa N =/, /[, BeauuuHa

KOTOpOTO cOoCTaBmia ~ 2.4; T.e. HENMMHEHHOCTH CpPaB-
HUTENBHO ciaba. PacueTHsle 3HaYeHUA p, ,, aMILIU-

Ty 3BYKOBOTO IaBJICHHS CHUTHAJIOB HAKadykKd y TIO-
BepxHocti DAIT 4 cocrasnsmm okono 0.075-10° Tla
U1 Kakmoro. TeopeTndyeckoe 3HAYCHHWE JTUHBI 00-
JIACTH B3aUMOJICHCTBUS CHUTHAJIOB HAKayK{d COMOCTa-
BHMO C MAaKCHMaJIbHBIM pa3Me€pOM BOJHOTO oObeMa
OacceliHa M COCTaBJISIO OKOJIO 5 M, OTIpeneNsisich KaKk
KX 4acTOTOM, TaK U CBONCTBAMHM BOJIHOW Cpelibl pac-
npoctpaHeHusi. OTMETHM, YTO TIPEICTABICHHBIC JTaH-
Hble B LEJIOM CIEAYIOT HM3BECTHBIM pE3yJbTaTaM,
omyOnukoBaHHBIM B [21]. Takum oOpa3om, akycTude-
CKAW TPaKT o0JiafjaeT HEOOXOMUMBIMU KayeCTBAMU,

3TO: MIMPOKOIOJIOCHOCTh 30HAMPYIOMIETO CHUrHaJa
W TIOCTOSIHCTBO ILIOMIAJM OOJyUYCHHsI Ha MOJIEIBHOMN
TpaHulle pasjesia, a Tak)ke MUHUMAaJIbHOCTh MAacKH-
PYIOILEro BIMSHUS PeBepOepalu MpH H3MEPEHUSIX
B OacceifHe OrpaHUYeHHOr0 00beMa, — YTO [TO3BOJISA-
€T clIenaTh BBIBOJ O BO3MOXKHOCTH HCIOJL30BaHUS
[MUA nns mpoBeneHUs MOJCIBHOTO JSKCIIEPUMEHTA
M0 M3YYEHUIO paccesiHusi Y3 Ha TIpaHuULE paslaena
C CHHYCOUJAIIbHBIM MTPO(QUIIEM HEPOBHOCTEH.

Paccesinue nuiactuHoii-orpakaresaem Y3-nmous
BPY, cpopmupoBannoro [INA

B mactosimee Bpemst monens u teopus [IMA pas-
BUTA ISl yCIIOBHH 9XOIOMCKAa 0OBEKTOB BOIH3H TIajI-
KOW TpaHWIBl pasnena BoAa-Bo3ayx [24, 25]
C HCIIOJIb30BaHWEM METOJIa MHMMOT'O MCTOYHHMKa. Ero
CyTh — BIUSHUE IJIOCKON TpaHHIBl pa3jesia BoJa-
BO3IIyX Ha paccesHrue Y3 3aMEHSIOT BO3ACHCTBHEM
MHHMMOTO UCTOYHHKA BOJIH HAKAYKH C OJU3KMMHM Yac-

Totamu f,, f,, T.e. MEuMoi [IUA, ¢dukcupoBanHoe

MOJIOKEHUE KOTOPOM B BO3JYUIHOM cpejie omnpenens-
10T U3 3aKOHOB reoMeTpudeckoil onTuku. OTpaxeH-
HbI€ aKyCTHYECKH MSTKON HEB3BOJHOBAaHHON I'paHU-
el BONa-BO3AYX BOJIHBI HAaKauKW HMEIOT JIONOJIHH-
TeNbHBIN (Da30BBIN CABHT Ha T pajvaH, B CBS3U C YeM
cuutaercs, uro MHuMas [IMA renepupyer B BOIHOMI
cpeae "nporuBodasznyro" BPU orHocuTenbHO panee
cthopmupoBanHoro peanpHOM [IMA (o oTpaskeHus)
curnana. Mcxoas uz storo, popmuposanue [TNUA "pe-
synpTUpytomero” curHaia BPY npu  oTtpaxeHuun
OT TJIaJKOM CBOOOJHOH MOBEPXHOCTH IMPEACTABIISIOT
Kak pe3yJibTaT HallokeHus curHaioB BPY ot aByx
[MNA, nMeronux oOIIyI0 aKyCTHYECKYIO0 OCh B BOJI-
HOHU cpele, HO U3NYYalolmUX NPOTUBO(A3HBIE BOJHBI
Hakauku. llepyio IIMA ¢ orpaHudeHHOW 30HOMN
B3auMoiericTBusl oopasyer DAIl 4 u yyacTok BogHOMH
cpenbl 10 TIaAKol oTpakaromied rpaHuubl. Bropas

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3
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ITUA npencrasnsier co0oil U3ryyaTeib B BUAE y4acT-
Ka TJaJKOM TpaHHIBI pa3jenia, OTPAa3HBILErO BOJHBI
HakKayku, U 00J1acTh BOABI, B KOTOPOH Aajee pacupo-
crpansiercss my4yok. Cyneprnosunms n8yx [TMA u 06-
pasyer Y3-mose, B KOTOPOM HaOIIOIAIOTCS HCKaKe-
HUS TUIABHOCTU HM3MEHEHMs aMIUIUTYIbl 3BYKOBOTO
naenenust BPY kak Bosib, Tak ¥ MOIEPEK IydyKa: Ha-
MpUMeEp, NOCIIe OTPAKEHHUS B IOMEPEUHOM pacIpesie-
JIEHWM Ha aKyCTMYECKOW OCH 00pa3zyeTrcs MHUHUMYM,
BEJIMYMHA KOTOPOIO YBEIMYMBAETCS MpPH yJAJICHUU
OT rpaHuIlsl pasaena [24, 25].

B nameM cmydae rpaHuna pasgena BOAa-BO3LYX
BO3MYILIEHa, TOBEPXHOCTHAsA BOJIHA PacHpOCTpaHseT-
Csl B HaNpaBJICHUU T€HEPAIHLHOTO Oera CO CKOPOCTHIO
V, B pe3ynbTare yero B o0iactd oONydeHHs HAaKIOH
oM TOBEPXHOCTHOW BOJIHBI OTHOCHUTENHFHO HOP-
MaJIi MePUOJUYECKH MEHSETCS. DTO NMPUBOJIUT K IIe-
PUOINYECKOMY CMEIIEHHIO BBEPX M BHU3 MHHUMOH
"BoznymHoi" IIMA no HOpmanu, KoTopas ee coeau-
et ¢ "moneomHou" IIMA. DT0 M3MeHHT mporecc
dbopmupoBanus pe3ynpTUpyomero Y3-mons BPY,
B YAacTHOCTH, 3a CYET MEPEMEILICHMS aKyCTHYECKOH
ocu mEIMON "Bo3aymmHOU" [IMA "B TakT" co cmere-
HUEM €€ B BEPTHKAIBHOW IIIOCKOCTH OTHOCHTEIBHO
HEMOJABMXHOU aKycTudeckoit ocu "monBoaHoit" [TNA.
Takum 00pa3oM, B3BOJIHOBaHHAss MOBEPXHOCTb B Te-

Axkyerngeckas ock LHHUA 9

Axyeruueekas och [THA 9

YeHHE TICPUOJIOB Koliebanuil "mepepacnpenensetr” Y 3-
SHEPTUI0  OTpakeHHOW  mportuBodazHod  BPY
B IIpeJesiax HEKOTOPOro YIJIOBOTO CEKTOpa, YTO MO-
KET CHHU3UTb CTENEeHb HCKAKEHUS aMIUIMTYIHBIX
XapaKTEePUCTUK Pe3ybTUPYIONIETO CHTHAJa B THAPO-
aKycTHYecKoM KaHane. HemocpencTBeHHbIE SKCIEpH-
MEHTAJIbHBIE W3MEPEHHS TakuX NIUHAMHYHO-H3MeE-
HAoUMXcA" mapamMeTpoB Y3-mosiell NpefCcTaBIsIOT
OTIpe/ieJIeHHbIE CIOXKHOCTH, HApUMeEp, 3a cUeT HeoO-
XOOUMOCTH HPHUMEHEHUs TPEXMEPHBIX PEIIETOK
W3 MaJoOpa3MEpHbIX U OJHOTUIHBIX THAPO(QOHOB.
B sT0ii cBs13u 1lenecoo0pa3HbIM IpU IPOBEJCHUHN DKC-
MIEPUMEHTOB SIBJISIETCSl OCYLIECTBIICHHE (DPU3NUECKOTO
MOJIeTMpoBaHusa paccessaus Y 3-monerd BPY mpu pas-
JIMYHBIX 3HAUEHUSIX YIVIOB CKOJBKEHHUS HA CTaTHYHOU
BO BPEMEHHU U aKyCTHUYECKH MSTKOM IEHOIUIACTOBOM
IUTACTHHE-OTPaXkaTelle ¢ CHHYCOMIAIBHBIM MPOQuiIeM
HEPOBHOCTEH.

CxeMaTH4HO TeOMETPUS IKCIEPUMEHTA MPEICTaB-
JieHa Ha puc. 5. Ha puc. 5, a:

— BOJIHHCTAs JIMHHA B CEpeIMHE PUCYHKA — CHHY-
COMAAIBbHBINA MPoQWIb 00 Ty4aeMOli T'paHH MJIaCTHHBI-

orpakarenst 10 ¢ AIMHOI MOBEPXHOCTHOM BOJHBI A,

(0B

W BBICOTOH HEPOBHOCTEW /1 (BBEpXy — IITPHXOBKA
neromacta 10, BHU3y — IITPUXOBKA BOAEKI 8);

Puc. 5. 'eomeTpust sKCTIepuMeHTa IO PHC. 2, BU CBEPXY (@), IKCIIepUMEHTAIbHbIE HOPMUPOBAHHbIE PACIIpe/IeICHNS
aMILTUTY/]] 3BYKOBBIX naBiieHnit BPU nnst nByx mozeneii HepoBHocteit (0).

Ha rpadukax (0): 1 — rpaduk s Mozenu Manbix HepoBHocTel 2 /A =2 mm / 10.7 mm = 0.19, F = 140 x['w;
2 — rpaduk i Mojeny 0onbpIux HepoBHOCTEH A /A =20 MM/ 7.5 Mm = 2.7, F =200 kI'1;

X — YTOIl CKONbXeHus, yo = 20° — yron obmydenus, M.M. — MHuMBII uctounuk, J[.M. — nelicTBUTENBHBIA UC-

TOYHHK
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— cneBa BHU3Y — DAIl 4 (neiicTBUTEIBHBIN HC-
tounuk, [.1.), popmupyromuii peasbHyr0 "MOABO-
Hyto" IIMA 9;

— cneBa BBepxy — nBa DAIl 4 (MHUMEBIE UCTOYHU-
ki, M.U., HWKHUA ¥ BepXHUH, paccesHue Y3 OT Tro-
PUBOHTANBHBIX M HAKJIOHHBIX YYAaCTKOB CHHYCOH-
JATBHOTO TPO(MUIST COOTBETCTBEHHO) 'BO3MYIIHBIX'
IINA, akycTudyeckne ocu KOTOPBIX MPOCTPAHCTBEHHO
pa3HeceHsl.

Ha puc. 5, 6, — 1Be HOPMUPOBAHHBIE 3aBUCUMO-
CTH aMIUTUTY]] 3ByKOBBIX naBierunii BPY (rpaduxu 1
U 2 COOTBETCTBYIOT Pa3jIMYHBIM 3HA4YCHHSIM A/ 1),
3apETUCTPUPOBAHHBIE 3KCIIEPUMEHTAIBHO TPH MEpe-
MernieHnd rupodona 11 nmomnepex pe3ynbTHPYIOLIETO
Y3-no51s1, KOTOpOE ONPEneNAeTCs] HAI0KEHUEM IBYX
BPUY: 3epkasbHO OTpaskeHHOW (A7l peasbHOW MOA-
Boxnoit [IMA 9, JI.N) u paccesnHoi (J1si MHUMOUN
"Bo3mymHOK" TIMA, T.e. "mpotuBodasznoit" IIHA,
M.I).

Kpurepnii akycTnyeckoil poBHOCTH
B3BOJIHOBAHHOI MOBEPXHOCTH U (puznyeckoe
MO/IeTMPOBaHUe MPOLECCOB paccesiHus
HA aKYCTHYeCKH MSATKOMH NMeHOoIIacTOBOMi
IJIACTHHe-0TpaXkaTese

Kak yxe oTmeuasnoch paHee, OCYIIECTBIEHUE pe-
TYJISIPHOTO MOHHTOpPHHTA BOJHOTO O0beMa MpHOpexk-
HOIl aKBaTOpHUM M, B YACTHOCTH, B3BOJIHOBAHHOH Ipa-
HUIIBI pa3jieia BoJa-BO3AyX, 00yCIOBIMBaeT HE00XO-
JIUMOCTh pa3pabOTKM HOBBIX KaK TEXHOIJOTHH, Tak
U pUOOPOB, B TOM YHUCIIE C UCMOIb30BaHUEM d(PQeK-
TOB HEIMHEWHOW aKycTWkH. OUeBHUAHO, YTO MOXKHO
BBIJICIIUTh TPU PEXKHUMA IIUPOKOIOJIOCHOTO 00Iyye-
HUs Y 3-CUTHAIaMH CO CTOPOHBI JHA:

— 00pallleHHOTO MOHOCTAaTHYECKOTO 3X0J0Ta [27];

— HaKJIOHHOT'O MOHOCTaTUYECKOT0 o0ydeHust [28];

— OucraTHyecKkoro OONMy4YeHHs, TPUYEeM eClld
B IEPBBIX ABYX CIyyasX H3Iydareiab U NPUEMHHUK Y3
HAXOASTCSA PSIIOM, TO B TPEThEM — OHHM Pa3HECEHBI
B IIPOCTPAHCTBE.

Kak u3BectHO, my4ok Y3-BoiH, magas Ha Jr00yI0
HEPOBHYIO MTOBEPXHOCTbH, OT BCEX €€ 00JIyuyaeMbIX TO-
YeK OTpaKaeTcsi MO 3aKOHAM TI'eOMETPUYECKOH aKy-
CTHKM — YTOJ IaJeHus paBeH YINIy OTpPaKEHHS.
[IpueM oTpaskeHHBIE BOJHBI, CYMMHPYSCh B TOUYKE
HaOmroIeHns, 00pa3yloT B COOTBETCTBUH C IMPUHIH-
IOM CyINepHno3unuu Y3-moine, XapakTep KOTOpPOTO
Oymer 3aBHceTh OT pa3HOocTH a3 A@=

=4r(h/A)siny  sneMeHTapHBIX BOJIH, OJHOBpE-

MEHHO MpPHIIEANINX B pacCMaTpUBAeMylo TOUYKy. Hu-
e 00CYAMM COOTHOILEHHE JUIA KPUTEpHUsl aKycTH4e-
CKOH POBHOCTM IIOBEPXHOCTH MOPS, B COOTBETCTBUU
C KOTOPBIM Pa3HOCTh X0/a Ar MeXIy JydaMmH, OTpa-
KEHHBIMM OT BEPXHEW M HM)KHEH IpaHUL] IOBEPXHO-
CTHBIX HEpeTyJSIPHOCTEH, IOIKHA OBITh MEHBIIE

A14 [20].
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Paccmorpum nBa nmywa 1 um 3, majaromue Ha He-
POBHYIO MOBEPXHOCTH TOA yriioM 6 (puc. 6) u Haiinem
pasHoCTh (ha3 MeXIy STHMH JIydaMH II0CJIe UX OTpa-
JKEHHUs1 OT pa3IMYHbIX TOYEK MoBepxHOCTU. [IpoBenem
wiockoctb z=0 wu nyu 3 mepeHeceM B Touky D,
o0o3naumB ero 2. [Tockonbky pasHocTh (a3 mydeid 2
1 3 mocne oTpakeHus OT IIockocTH z = () paBHa HYIIIO,
JOCTATOYHO HAWTH pa3HOCTh (a3 Mexay Jydamu 1 u 2.
PasHocTh X012 MEXy STUMU Jiydamu Ar paBHa:

Ar=BC+CD=2CD-AB, CD=—"—

cos®
AB=AD sin0 =2h tg6 sinf.

CrnemoBartensHO,
Ar = 2h —2h tg6 sin@ =2h cos@, u pasHocts a3
cosf
uepes yron CKOJTB/KEHHS: 2 =(90°-0),

A@ = kAr =2kh sin y. BunHo, 4TO TpH OTpaXeHUH

Y3 0T HEpPOBHOW MOBEPXHOCTH BAXKHYIO POJIb MMEET
COOTHOILICHHE MEXAY AJIUMHON majaromeil Y3 BOJIHBI
A ¥ pa3MepaMu HEPOBHOCTEH /s 3TOW MOBEPXHOCTH,
a yCJOBHE, IPU KOTOPOM OTPaKAromIasi MOBEPXHOCTH
MOJKET CYHTAThCS aKyCTHYECKH POBHOH, T.e. OTpa-
JKarollel 3epKaibHO, UMeeT Bun [26]:

h/A<1/(8siny).

310 U 00yCIOBHIIO TEOMETPHUIO (pPHUC. 5) MpoBeEe-
HUSL (PU3MUECKOI0 MOJEIMPOBAHUS IPOLECCOB pac-
CesHUS Ha aKyCTHYECKH MSTKOH IEeHOIJIacTOBOM Iuia-
cTuHe-oTpaxkatene 10 ¢ cuHyconaaiabHbIM HpoduiaeM
HEpOBHOCTEH, HampuMep, MpH OMCTATUYECKOM OO0ITy-
YEHUH.

Jnst mpoBeAeHHsT IKCIIEPUMEHTOB ObLIM BBIOpPAHBI
CIIe/TyTOIIINE TIPOCTPAHCTBEHHBIE XapaKTEPUCTHKU ILIa-
cTuH-oTpaxareneid 10: paccTosHUE MEXAYy MaKCUMY-
MaMH (MUHUMyMaMm#) Ha OTpPa)Karomleil MOBEPXHOCTU

Puc. 6. K BbIBOAY COOTHOIIEHUS Ul KPUTEPUS aKyCTH-
YEeCKOM POBHOCTH B3BOJHOBAHHOMN MOBEPXHOCTH [26].
IIITprxoBka: BBEpXY — Ul MEHOMJIACTOBON IJIACTHUHBI-
otpaxarens 10, BHU3y — JJIsl BOJBI 8
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Aws = 0.05 M npu pa3maxe (aBOWHAs aMILUIUTYJa)

h=2wvMm u h= 20 mm (puc. 5). Eciu ydects, uTo
AKyCTUYECKUN TPaKT U3MEPUTEIBHOM YyCTAHOBKH I10O-
3BOJISLI OCYILIECTBIATD HU3MEHEHUE BPY
B AuamnazoHe umH BoaH A or A=214 wMm 10
A =7.5 MM, O4E€BHJHO, YTO NPU HEOOJIBIIUX YIiax
ckokxkeHus y (1o 30°) MOXKHO peanu30BaTh pazind-
HBbIE BapHaHTHI 00JIy4YeHHs TUIacTUH-oTpaxateneit 10,
MOTAIAIOIINX B PaMKUA MOJENeH KaK MajbIX (IEepPBEIi
BapHaHT), TaK W OOJIBIINX HEPOBHOCTEW (BTOpOil Ba-
pHaHT).

AHAJIN3 PE3YJIBTATOB DKCIHEPUMEHTA

[lenonnacroBas miacTuHa-oTpaxkareiasb 10 ¢ cuny-
COUAaTbHBIM TNpOo(QUIEM HEPOBHOCTEH Ha pabodei
MMOBEPXHOCTH (pHC. 2) pacrmoyio)keHa B THAPOAKYCTH-
yeckoM OacceliHe 5 B BoJHOH cpene 8 u oOmydaeTcs
BPY ot [IMA 9 o yriioM CKOJBXKEHHS yo. [macTHa
3aKpeIuieHa B JepaKarese, IorpykeHa B BOJy U Haxo-
JUTCSI B BEPTHUKAIBHOM TOJIOKEHHUH 32 CUET MPUKPETI-
JICHHBIX CHHU3Y TPY30B, UMEET BO3MOXXHOCTh (PHKCH-
POBAHHOTO TIOBOPOTa OTHOCHUTENIBHO BEPTHUKAIBHOU
ocu ¢ nomouisto IIBY 7, Haxoaurcs Ha paccTOSTHUU
okouo 1.4 M no akyctuueckoit ocu ITUA 9.

Cnemyer  OTMETWUTh, 4YTO  TIPEACTABJICHHBIC
Ha puc. 5, 6, 1 puc. 7 SIKCHEpUMEHTaIIbHBIE Pe3yJIbTa-
Thl SBIIAIOTCA THUMWYHBIMH B TPOBENEHHBIX CEpHsX,
Mpu4YeM YIOOCTBO WX TOCIEAYIOMETO COIMOCTaBH-
TEJILHOT'O aHalin3a OOYCIIOBIICHO HCIIOIb30BAHUEM
B U3MEPEHUSAX OJMHAKOBOW BEIMYUHBI KaKOTO-THOO
napaMeTpa, Hampumep, yria obmydeHus y, = 20°,

HO aByX pasznmmunbix BPY F =140 kI'u u 200 x['1g

E. B. BOJIOIIEHKO

(puc. 5, 6) wm BPU F_ =180 kI, HO ABYX pasimud-

HBIX BeIMYMH yrina oOmyuenus y,=30° u 16°
(puc. 7).

Wrak, u3 puc. 5, 0, cnexyer no rpaduxy 1 mms mome-
nu Maneix HepoBHocTel (A4/A=2wmm/10.7Mm=0.19;
F =140 xI'r):

1) ¢popma 1 yrioBasi mipuHA OCHOBHOTO JIETIECTKA
I[MNA 9 npakTHdecku He W3MEHWINCh, HalpaBJIeHUE
OCHOBHOTO JieriecTka Ha BPY nipu otpaxkennn (~ 20°)
MOJYMHSIETCS 3aKOHOMEPHOCTH T'€OMETPUUECKOM aKy-
CTHKH, T.€. HCIOJIb3YEMYI0 MOJEIb MaJbIX HEPOBHO-
CTEH MOXHO CUYMTATh aKyCTUYECKH POBHOM U OTpa-
JKaOIIEH 3epKabHO;

2) B cekTope ~ 22°+28° (HampaBlIeHHE aKyCTHYe-
ckoii ocu MHUMOH "mporuBodaznoii" IIMA oxomo
24°)  mabmomaercs QopMupyromascs uHTepdepeH-
nuoHHas kaptuHa nius BPY npu cpengneit Hopmupo-
BaHHOW aMIuIATy 1€ 0KOJ0 (.2;

3) "mpoTtuBodazHOCTH/CPazupoBaHHOCTE" JAHHOTO
curHasia BPY OTHOCUTENIBHO 3€pKaJIBHO OTPAKEHHOMN
BPY ne ycraHoBneHa, T.K. B BOJHOU Cpelie aKyCTHYe-
ckue ocu obeux [IMA pasnecens! (~ 4°) B mpocTpan-
CTBE, OTHAKO MOYKHO OTMETHUTh, YTO I HAIIPaBIICHU
~ 23° gaOmrogaeTcss MCKaKEHUE W3BECTHOW 3aBUCH-
MOCTH JAMHAMUKHU crnaga amrumtyisl BPU nns BHe-
OCEBBIX HaIPAaBICHUM.

U3 puc. 5, 6, cneayer no rpaduky 2 Ans MOAEIH
Oonpmux HepoBHOCcTel (/A =20MMm/T7.5MmMm =27,
F =200 xI'm ):

1) ocnoBHo#t nenectok 1IMA 9 cymecTBeHHO H3-

MEHEH B pe3yJIbTaTe PacCesiHus, B YaCTHOCTH, U3Me-
HWINCh €r0 aMIUINTyJa, (opMa | yrioBas IMIHpHHA,

a 0
A A
ll .o'
P tosg. 0,8
. .
.« T06 & T0.6
. . o |0 o
‘. .. L IY = .' '.. " 9 .I
. - * b M &
s —-04 4 Y504 . :
: . F o 04 2 e
B -.. . ‘e A * . .
.'."{_‘ +0.2 Tt e Tete 2 ‘-U".’? %
. o . ® il .
., s - .- ;
2 24 2 28 30 32 34 36 38 X 10 12 14 16 18 20 22 x°

Puc. 7. DxcnepuMeHTanbHbIE HOPMUPOBAHHBIE PACHPEACICHNS aMIUIUTY 3BYKOBBIX naBieHudl BPY nns nByx
Mojenelt HepoBHocTel mpu F- = 180 xI'm.

a — MOJieNb MabIX HepoBHOCTeH: £/ A =2 MM/ 8.3 mm = 0.23, v, =30°;
06 — mopens Oonpmmx HepoBHOCTEH: £/ A =20 MM / 8.3 MM = 2.4, yo = 16°
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9YTO MOXXHO OOBsICHUTH pacazupoBkoit BPU ot pe-
anpHOM "monBomHoU" IIMA 9, T.e. ucmonbp3yemyro
MOJEeNb OONBLUINX HEPOBHOCTEH HEJB3SI CUUTAThH AKY-
CTHYECKH POBHOW M OTpakalollel 3epKabHO;

2) B cekTope ~ 16°+26° (HampaBlieHUE aKyCcTHUeE-
ckoii ocm MHUMOH "mportuBodaznoii" IIMA oxomno
24°) mabiromaercs mHTEpEPEHIIMOHHAS KapTHHA IS
BPY npu cpegHeil HOpMUPOBAHHOM aMILIIUTY 1€ OKOJIO
0.5, B KOTOpOI MPOUCXOAT 3HAUUTENBHBIE (IIIOKTYa-
1M

3) MOXHO TpPEnIoOKUTh, YTO B BOJHOHM cpere
akyctrueckue ocu obemx [IMA pasHeceHsl B Ipo-
cTpaHcTBe (~ 5°), npu4eM BUAHO, YTO MIPU pacCessHUH
V3 naHHOW MOJENBIO B3aMMHOE BJIMSHEE 'pa3zHodas-
Heix" BPY ot o6eux [TMA nmpuBogut K pa3pymieHUIO
IINA kak caMOro MHCTpyMEHTa HCCIIECOBaHUS.

W3 puc. 7, a, cnenyer nis MOJEIN MaJIbIX HEPOB-
Hoctert (h/A=2mm/83mm=0.23, F =180 I,
yroia obiyuyenust y, =30°):

1) dopma u yrinosas IIMPHUHA OCHOBHOTI'O JICTIECTKA
[MNA 9 He U3MEHWITUCH, HATTPABIICHUE OCHOBHOTO Jie-
nectka Ha BPY nipu otpaxkenun ( ~ 30°) mogunHseTcs
3aKOHOMEPHOCTH F€OMETPUUECKON aKyCTHKH, T.€. HC-
MOJTB3YEMYI0 MOJENIb MaJlbIX HEPOBHOCTEH MOXKHO
CYMTATh aKyCTHYECKM POBHOM M OTpakarouieil 3ep-
KaJIbHO;

2) B cexTope ~ 32°+38° (HampaBleHHE aKyCTHYe-
ckoii ocu MHUMOH "mpotuBodaznoi" IIMA oxomno
35°) mnabmogaercs ¢opMupoBaHue WHTephepeHIIH-
oHHOU KapTuHbl M BPY npu cpeaneil HopMupoBaH-
HO ammuATyAe 0koio 0.2;

3) "mpotuBodazHoCcTh/CPasupOBaHHOCTD" JaHHOTO
curHasia BPY OTHOCUTENBHO 3€pKaJIBHO OTPAKEHHOMN
BPY He ycraHoBneHa, T.K. B BOJHOU Cpelie aKyCTHYe-
ckue ocu obenx [NMA paszHeceHBI B MPOCTPAHCTBE,
OJITHAKO MOXHO OTMETHTb, 4YTO Uil HAarpaBJICHHS
~ 32° gaOmronaeTcss UCKaKEHUE W3BECTHOW 3aBUCH-
MOCTH JAMHAMUKHK crnaga amrumtyasl BPU nns BHe-
OCEBBIX HaIPABJICHUI.

W3 puc. 7, 6, ciemyer i MOJIENU OOJBIINX HEPOB-
Hocrerr (h/A=20mm/83mm=24, F =180 kI,
yroi obimyuyenus y, =16°):

1) ocnoBHo#t nenectok I1MA 9 cymecTBeHHO H3-
MEHEH B pe3yJIbTaTe paccesiHus, B YaCTHOCTH, U3Me-
HUIUCHh €ro aMIUIUTyja, (GopMa W YIioBas IIWpPUHA,
YTO MOXKHO OOBSACHUTH pacdasupoBkoit BPU ot pe-
anpHOM "monmBomHou" IIMA 9, T.e. ucnonblyemyro
MOJIeTh OONBIINX HEPOBHOCTEW HEB3S CUMTATH aKy-
CTHYECKH POBHOM M OTpakarollel 3epKajbHO;

2) B cexTope ~ 12°+22° (HampaBleHHE aKyCTHYe-
ckoii ocm MHMMOH "mpotmBodasznoit" I[IMA okomno
19°) nabnromaeTcss MHTEPPEPEHIIMOHHAS KapTUHA JIJIs
BPY nipu cpenHeil HOpMUPOBAHHON aMILIUTY 1€ OKOJIO
0.6, B KOTOpOil MMEIOTCSI 3HAYUTENbHBIC (IIOKTYya-
01H;
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3) MOXHO MpPENIOJIOKUTh, YTO B BOJHOH Cpere
akyctuueckue ocu obOeux [IMA pasHeceHsl B Ipo-
cTpaHcTBe (~ 5°), mpu4eM BHIIHO, YTO MPHU PacCeTHUU
V3 naHHOW MOJEIbI0 B3aUMHOE BIIMsiHUE "pa3HO(das-
HeIX" BPY ot o6eux [IMA npuBOIUT K pa3pyIICHUIO
[TNA kakx caMOro HHCTpyMEHTa HUCCICOBaHMUSI.

BaxHO OTMETHTB, YTO NMPHU MPOUYUX PABHBIX YCJIO-
BHSX OCYIIECTBICHUS OJKCIEPUMEHTa TPHUMEHEHNE
MOJENBHON TMOBEPXHOCTH € OOJIBIIMMHU pa3Mepamu
HepoBHOcTed (20 mMM) mpuBeno K "pacdazupoBke"
nepeoTpakeHHoro  Y3-curHana BPY,  koropsrit
0 oTpaxkeHus: Obu1 copmupoBan (puc. 5, 7) I[THA.
Takum obpasom, u mms BPY, renepupyemoit 1TUA,
crpaBeyiuB BbIBOA u3 [20]: mepensimydaemoe MoO-
JISBHOM MOBEPXHOCTBIO Y3-TI0JIe COCTOMT M3 JIBYX
KOMIIOHEHT — PeryJIsIpHO#, chOpMHUPOBaHHOH BOIH-
3W 3epKaJbHOTO HAIIPaBIICHUS, W CIlydaifHOW, oOpa-
3ylOlled paccesHHOe Noje B HIKHEH mnoiycdepe,
MIPUYEM UX COOTHOILIEHHE OIPEENIeTCs COpa3MepHO-
CTBIO JUIMHBI BOJIHBI Y3 U BBICOTHI A Oerymieit mo-
BEPXHOCTHOM BOJIHBI.

3AKJIIOYEHHUE

AHanu3 TOJyYeHHBIX pe3yJbTaTOB IO3BOJIET
NPEJIOKUTh HOBBIA CIIOCOO M3MEpPEHHs MapaMeTpoB
B3BOJIHOBAHHOW MOPCKOH IOBEPXHOCTH, HamNpUMeEp,
JUTSL peXXMMa ITHUPOKOTIOIOCHOTO OMCTaTHYECKOTo 00-
JydeHus (M3J1ydaTeib U MPUEMHUK Pa3HECEHBI B IIPO-
CTpaHCTBe) Y3-CHUTHaIaMH CO CTOpoHBI nHa. HambGo-
Jiee HarJIAOHO CYTh HPEATIOKEHHUS] MOKHO YBUAETh W3
aHanmu3a puc. 5. OueBHIHO, YTO TNpEACTaBICHHBIC
Ha pHC. 5 monepeyHble HOPMUPOBAHHBIE pacIpesese-
HUSI UMEIOT HarJISAHBIE OTJIMYUS OPYT OT Apyra, MpH-
YeM €CITd B OKCIIEPUMEHTE Il MOJICH OOJIBIINX He-
POBHOCTEH HCIIOIB30BaTh MIMPOKOMOJIOCHOCTh H3ITYy-
gyeaua I[IMA 9 u mnepecrpouts wusmyuenue BPY
Ha F =20.25xl1u, A=74.07 MM, TO SKCIIEPHUMEHT

MOJKHO IIEPEBECTH B PEXKUM MOJEIN MaJbIX HEPOBHO-
credl. JIaHHBIM IIpHEM — BO3MOXKHOCTb IOJCTPOMKH
JUIMHBI BOJIHBI 30HAMPYIOLIEr0 CUTHAJIA IOl XapaKTe-
PUCTUKHA HMMEIOIEr0oCsl MOPCKOIO BOJIHEHMS IIPHU Ha-
JUYUKM PETUCTPALMM HPOCTPAHCTBEHHOIO paclpesie-
JICHUsI PACCEIHHOro Y3-mojas — JaeT OCHOBAaHHE
MPEANOIOKUTE NPUMEHUMOCTb THIPOAKYCTUYECKUX
CHCTEM C HCIIOJIB30BAHUEM PEKUMa apaMeTPUIECKO-
o W3JIy4eHHs JUIS U3YyYEHHMs [1apaMeTPOB B3BOJIHO-
BAHHOM [TOBEPXHOCTH, B YACTHOCTH, KOCBEHHON OLIE€H-
K pa3MepoB HepoBHOCTel /I Ha Heil. CremyeT oTMe-
TUTh, 4TO B [31] mpeacraBieH aHaNU3 NMPUMEHEHUS
TUAPOAKYCTUYECKUX CHCTEM AaKTUBHOM  JIOKAl[UU
¢ IPUEMOU3IIYYAOIIMMH AHTEHHBIMHU YCTpOMCTBAMU
OpPUTMHAJIBHOM  KOHCTPYKLIMH, KOTOpPHIE MOXHO
pa3MelaTe Ha JHE MEJIKOBOAHOW aKBaTOPUU M HC-
MOJIb30BaTh Kak JUIA U3IY4YEHMs, TaK W pErucTpa-
LUM  pacmpelencHus  paccesHHoro mnonst BPY,
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T.e. Ul TOJXy4eHUs MHGOpPMaLUU O TUAPOYCIOBUSAX
B COOTBETCTBUU C TpeAioKeHHbIM criocobom. Hemoc-
tatkoM [IMA ¢ OurapMoHHYECKOW HAKa4KOH SBIISETCS
cHmkenue 3¢ dektuBHocTH TeHepanuu BPU (puc. 4)
MIpH TIepexo/ie B JUTMHHOBOJHOBBIN JWAana3oH, COOT-
BETCTBYIOIIMI 3HAYEHUSAM MapaMEeTpOB PpPEalbHOTO
Pa3BUTOrO0 MOPCKOTO BOJHEHWsI, oqHako B [32] pac-
CMOTPEHA BO3MOYKHOCTh M3MEHEHUS 3KCILTyaTallMOH-
HBIX xapaktepucTuk IIMA ¢ MHOrOKOMIOHEHTHBIM
CUTHAJIOM HAaKayKd, B YaCTHOCTH, AJI MOBBILICHUS
SHEPreTHYECKOro MOTEHIMalla Ha (OPMUPYIOMINXCS
HU3KOYACTOTHBIX CUTHAJIaX KPaTHBIX YacTOT MpPU He-
W3MEHHOW HIMPUHE OCHOBHOIO JIETIECTKA XapaKTepH-
ctuku HampaiaeHHocTH (XH).

Temartuka ucCCIEAOBaHUN, ONHMCAHHBIX B JIaHHOU
cTaTthe, SBISETCA TPOAOIDKEHHMeM pabor [27-32],
U COOTBETCTBYET HANPABJICHUIO MCCICAOBAaHUN —
pa3paboTKa TEXHUYECKUX OCHOB NMPHUOOPOB, WHCTPY-
MEHTOB, CHUCTEM WM METOJIOB M3MEpPEeHHS B 00JacTH
aKyCTUKM BOJAHBIX Cpel: M3Jy4YeHUE, IpueM u obpa-
00TKa 3BYKOBBIX CHTHAJOB, aKyCTHYECKHH MOHHUTO-
PHUHT BOJIOEMOB.
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PROSPECTS FOR THE APPLICATION OF HYDROACOUSTIC
SYSTEMS USING PARAMETRIC RADIATION MODE
TO MEASURE SEA WAVE CHARACTERISTICS

E. V. Voloshchenko

Southern Federal University, Taganrog, Russia

The analysis of ultrasonic methods for measuring the parameters of sea waves and the technical characteris-
tics of the devices implementing them is carried out. Among the devices, the main attention is paid to the pros-
pect of using a "virtual" parametric transmitting array (PTA) in a new way — as a tool for indirectly assessing
the degree of sea surface roughness when measuring hydro conditions in coastal waters. The measurement
scheme and methodology, the instrumentation of the measuring installation were opted to calibrate the em-
ployed PTA in the range of generated difference frequency waves, as well as to carry out model experiments to
study the patterns of ultrasonic field scattering when irradiating several acoustically soft reflector plates with
different parameters of the sinusoidal profile of irregularities. Based on the analysis of the results obtained,
a method for measuring the parameters of rough sea surface is proposed, for example, for the mode of broad-
band bistatic irradiation (the oscillator and receiver are spaced apart) with ultrasonic signals from the bottom.

Keywords: parametric transmitting array, nonlinear acoustics, scattering of ultrasonic waves at rough water-air interface
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INTRODUCTION

Obtaining information about wind waves and cur-
rents in the aquatic environment is the main purpose
of marine observations in the waters of ports, harbors,
and bays. This requires the development of new re-
search methods, laboratory and marine testing of vari-
ous instruments, and real-time data telemetry. In situ
surface wave measurements are an integral part of
environmental monitoring programs, which are rele-
vant for the calibration and verification of improved
coastal wave models, in the design, construction, and
operational planning of ports and harbors, etc., requir-
ing the accumulation of a large amount of reliable and
accurate experimental measuring data on the height,
period, and direction of wave travel [1].

There are several methods and devices that imple-
ment them for measuring sea wave parameters [2—5],
among which the traditional instrument is hydro-
acoustic pulse echo locators in the mono-static mode
of an inverted echo sounder (up-ward or up-looking
sonar) [6]. In this case, an electroacoustic transducer
(EAT) is installed on the bottom surface and emits
vertically upward ultrasonic pulses that are reflected
from the water-air interface, the distance to which
continuously changes according to the law characte-
rizing sea disturbance. This makes it possible to
record the wave profile of a traveling surface wind
wave during measurements and determine its period,
shape, and height. Thus, in this way, the problem is
solved by the Wave Sonar of ASL Environmental
Sciences (based on the development of Ice Profiling
Sonar (IPS), an upward-looking sonar-profiler of the
lower edge of the ice) [7]. The EAT is installed on the
cover of a cylindrical body and emits short pulses of
ultrasonic signals with a filling frequency of 420 kHz
into the water in the direction normal to the water-air
interface. The piston-type EAT provides an angular
span 6,, =1.8°at the level (-3 dB) of the main lobe of

the directivity characteristic (DC), which allows for
both a small irradiation spot diameter on the sea sur-
face (0.9, 3.1 and 6.3 m for distances of 30, 100 and
200 m, respectively), and a high spatial angular span.
The device is installed as part of a submerged buoy
station on a supporting buoy with floats, buried from
the water surface at a distance of up to 225/55 m and
secured at the required point of the underwater vo-
lume using a cable and a bottom anchor (depth of the
water area up to 2000 m). The wave height is meas-
ured by a direct method based on the time delay of the
pulse signal reflected from the surface of the water,
which enables fairly high accuracy and reliability of
measurements. The wave period is measured as a re-
sult of processing a series of experimental observa-
tions obtained by echo sounding with a frequency of
at least two measurements per second. To measure the
directional spectrum of waves, it is necessary to si-

multaneously use three synchronized instruments
spaced along the bottom on some base and installed at
the vertices of the triangle.

PROBLEM STATEMENT

Currently, there is a tendency to combine mea-
surements of the characteristics of surface waves and
currents [8—10] when carrying out regular monitoring
in shallow waters, which requires the development of
new technologies and instruments. In [11], the results
of similar measurements are presented using Acoustic
Doppler Current Profiler (ADCP) devices installed on
the bottom surface, the feature of which is the use of
systems of beams inclined relative to the vertical: Ja-
nus (four beams on the cardinal points) and Bugeye
(3+1: three beams spaced 120° apart in the horizontal
plane, plus one vertical, like a waveograph).

It should be noted that, in addition to the above, it
is proposed in specific implementations of ADCP de-
vices to use an ultrasonic signal of the required fre-
quency, for example, a higher value for shallow water
areas and vice versa, which allows obtaining informa-
tion about the underwater situation with the required
level of detail. This is achieved through further mod-
ernization of EAT designs, the main approach to
which is described in [12, 13]. Initially, the problem
of fish searching was solved by eliminating ultrasonic
interference from the mutual influence of sonars in-
stalled on neighboring fishing vessels. The multi-
resonance design of the EAT is ensured by the se-
quential combination of piezoelectric disks of the
same/different diameters, arranged coaxially with
their ends, and fastened through the central holes with
a tie bolt. Electrical contacts are installed at the con-
nection points, the location of which from one of its
edges is, respectively, an eighth, a fourth, and a half of
the resonant length of the assembled EAT.

According to designers, these devices, having vari-
ous options for electrical connections, use several re-
sonant frequencies, fairly evenly distributed in the
range (15-200) kHz [12, 13] with acceptable sensitivi-
ty values in both emission and reception modes. The
disadvantages of these rod EATs include large weight
and dimensions, and design complexity. As an illu-
stration of the above, we mention [14], which consid-
ers correlation logs of Consilium SAL (Speed Auto-
matic Log) with complex structures of cylindrical an-
tenna blocks made of piston resonant EATs. For ex-
ample, TRU R1 (diameter 0.032 m, height 0.16 m and
weight 3.7 kg) has two EATs with resonant frequen-
cies of 3.84 and 4.196 MHz. The TRU antenna unit
(diameter 0.12 m, height 0.144 m and weight 23 kg) is
more complex: five EATs with a resonant frequency
of 150 kHz for measuring the absolute speed of the
vessel in the range of recorded depths (0-250) m (3
radiate, all five receive), two EATs with a resonant



frequency of 4 MHz for measuring the relative veloci-
ty via volumetric reverberation signals at a minimum
depth of 3 m under the keel.

Increasing the number of working ultrasonic sig-
nals for ADCP devices due to the technological fea-
tures of EAT manufacturing was proposed in [15].

The essence of the technical solution is to use the
required number of impedance anisotropic matching
layers in the form of disk pads that have specified val-
ues of thermal expansion coefficients when their vo-
lumes are artificially filled with matrix-fiber. The per-
formance characteristics of typical EAT for ADCP
devices are presented in Tab. 1 [16]:

Tab. 1. Technical characteristics of typical EAT for
ADSP [16]

Let's analyze the data in Tab. 1. Indeed, the given
figures correspond to the known relationship for ap-
proximate calculations of the angular width of the DC
main lobe 6, at the level of 0.7 (in degrees) for a flat

piston EAT with a diameter d depending on its wave
size d/ A, where 1 = ¢o/ f — wavelength and fre-
quency f of the ultrasonic signal propagating at speed
¢, in the aquatic environment. As one would expect

(see the right side of Tab. 1), the EAT operating mod-
es differ: each ADCP provides the required range r at

given levels of both emitted acoustic power W, and

the ultrasonic attenuation coefficient « in sea water.
Claimed side field level 4, from (-36 dB) up to

(42 dB) is indicated for areas of the ultrasonic field
(see [16, Fig. 23]) outside the 4th side interference
lobe, i.e., when the observation point deviates by
~ +15° relative to the EAT acoustic axis. Inside the
solid sector (~ 30°), as expected, there are 1st, 2nd,
3rd etc. side lobes with levels of —18 dB (according to
theory, 13% of the main one), —24 dB (according to
theory, 6% of the main one), —28 dB (according to
theory, 4% of the main one), etc., which may create
unwanted interference at the receiving point. Let us
clarify that in practice, in ADCP devices, when im-
plementing measuring channels using beams of differ-
ent configurations — both Janus and Bugeye [11] —
it is still assumed that the same EATs are used, which
limits the versatility of their use, for example, in irra-
diation from bottom to top from the bottom (depths up
to 700 m) / near-surface (depths up to 25 m) shelf
area. This is directly evident from the figures given in
Tab. 1. Thus, for a range » = 700 m, they use an EAT
with an operating frequency of 76.8 kHz with an ul-
trasonic attenuation of about 0.022—0.028 dB/m and
radiating acoustic power W, =250 W, for a range r =

=120 m, they use an EAT with an operating frequen-

cy of 307.2 kHz with an ultrasonic attenuation of
about 0.062—0.084 dB/m and radiating acoustic power
W,=80W.

Note that in the process of designing hydroacoustic
equipment, developers, by increasing the energy po-
tential of the locator, try to obtain the maximum poss-
ible radiated power from the EAT. However, the
aqueous medium has a nonlinearity in its elastic prop-
erties, which leads to the emergence of "new" spectral
components during the propagation of an intense ul-
trasonic wave with frequency f (self-action) [17], for
example, the generation of higher harmonic compo-
nents with frequencies 2f,3f,...,nf. Let’s estimate

the operating modes of EAT in industrial ADCP sam-
ples in terms of linearity and nonlinearity. The per-
formance characteristics are presented in [16]. The
calculated data for the analysis are summarized in
Tab. 2, in which the top three lines are for the EAT of
ADCEP devices, and the fourth is for the EAT of the
Peskar echo sounder [18] in parametric emission
mode (REM), which will allow for an objective com-
parison and outline a development trend.

Tab. 2. Calculation data

The mutual influence of nonlinear and diffraction
effects in the ultrasonic field of an EAT using a pie-
zoelectric element with radius @ can be characterized
by means of the Khokhlov parameter N =1, /1, [19],

where [, = p,ci / €w,p, is the distance (m) of the
formation of discontinuity of a plane wave with fre-
quency @, =2r- f, (rad/s) and amplitude of sound

pressure p, (Pa) at the surface of the emitter; po, ¢y are
the equilibrium values of density and speed of sound
for water; ¢ = 3.5 is the nonlinear water parameter;

I, = =a’w,/2c, is the length (m) of the Fresnel dif-

fraction region for a pump wave with a central fre-
quency @y (rad/s). In [19], when numerically model-
ing the process of propagation of a sound beam in the
aquatic environment, the ratio of nonlinear and dif-
fraction effects, i.e., parameter N was set as follows:
N = 2.5 — the nonlinearity is relatively weak, but suf-
ficient for the formation of a shock wave in an ideal
medium; N = 1.6 — medium nonlinearity and N =
= 0.8 — strong nonlinearity. From the Tab. 2 it can be
seen that only for the EAT with a resonant frequency
f=76.8 kHz the nonlinearity of the aqueous medium
can be neglected, while for the EAT with resonant
frequencies f'= 153.6 kHz and f = 307.2 kHz, the non-
linear operating mode is practically realized and the
generation of higher harmonics takes place (nonlinear
self-action effect).



This conclusion is supported by the calculated and
experimental values for the Peskar echo sounder EAT
[18] in the mode of generating a difference frequency

wave (DFW) F. :| |- f1|= 50 kHz in the aquatic
environment (bottom line of Tab. 2) when emitting
pump signals with frequencies f,, f, =250, 300 kHz

(nonlinear interaction effect), located within the pass-
band (~ 60 kHz) of this EAT, and this is precisely
what allows one to smoothly adjust the value of the
DFW and, accordingly, its wavelength.

Thus, from the data presented in the second row
from the bottom in Tab. 2, we can conclude that
ADCP using EAT 4 with frequencies /= 307.2 kHz,
can be attributed to an active location system operat-
ing within the framework of nonlinear acoustics, in
particular, generating higher harmonic components
with frequencies 2f,3f,...,nf. Let us analyze the

calculated and experimental Peskar echo sounder
emission spectrogram [18], displaying sound pressure
levels for the components of the polyharmonic signal
on the acoustic axis of the formed parametric
transmitting array (PTA) for a distance of 10 m

(Fig. 1).

Fig. 1. Calculated and experimental spectrogram of
the Peskar echo sounder emission

It can be seen that the nonlinear interaction of
pump signals with frequencies f;, f, =250, 300 kHz

made it possible to expand the frequency range of the
radiation not only downwards, but also upwards, for
example, when using third harmonics up to 900 kHz,
which practically covers the range of operating fre-
quencies of all five EATs for ADCP from Tab. 1.

The sea surface is a moving and uneven interface
and re-emits the ultrasonic field consisting of two
components: a regular one, formed near the mirror
direction, and a random one, forming a scattered field
in the lower hemisphere. The ratio of the regular and
random components of the re-emitted field is deter-
mined by the proportionality of the ultrasound wave-
length A and the distance 4 from the "tops" and "bot-
toms" of the traveling surface wave [20]. The above-
mentioned feature of the broadband radiation of the
virtual PTA, in particular using the "long-wave"
DFW-spectral component, allows us to assume that
the use of nonlinear acoustic effects in ADCP devices
may be promising.

SELECTION OF PARAMETRIC
EMISSION ANTENNA MODEL
AND EXPERIMENTAL SETUP LAYOUT

The ability to practically use high-intensity ultra-
sonic waves, i.e., nonlinear effects, is important for
the development of modern applications in introscopy
systems, medical diagnostics, underwater acoustics,
etc. In the seventies of the last century in Taganrog
[21], the main topic of nonlinear acoustics in the in-
terests of both civil and military applications was the
study of PTA, caused by the peculiarity of the DFW
ultrasonic field — a constantly high directivity of the
main lobe without a side lobe in significant band fre-
quencies paired with the small weight and dimension-
al characteristics of the EAT. Thus, in metrology,
much attention was paid to reducing the dimensions of
equipment, increasing its productivity, and designing
measuring instruments with a radiating path with
acoustic parameters that vary little over a wide fre-
quency band [22]. In this regard, work was carried out
to develop a measuring wide-band PTA together with
a set of radio-electronic equipment (REE) of the NAT
(Nonlinear Acoustic Transducer), NAE (Nonlinear
Acoustic Emitter) types as standard emitters for mea-
suring the characteristics of hydroacoustic antennas
and model hydrophones in pools of industrial testing
laboratories [21]. The conditions of spatial limitation
of measuring basins determined a number of require-
ments for both REE and EAT for PTA in the DFW
generation mode. It generally corresponds to the con-
ditions of our planned experiment to generate ultra-
sonic emission in a small and constant solid angle for

a wide range of DFW wavelengths A=c,/ |f, — f,|

using EAT with high-frequency f,, f, pumping and
small ranges of both the near zone /;, m, and the inte-
raction zone /,, m.

Let's analyze the technical characteristics of some
of them — NAT (3, 4) and NAE (5, 6, 8, 9), listed in
[21, Tab. 2].

DFW wave frequency/ length range, kHz/m, —
from 0.3/5 to 300/0.005;

angular width of the DC main lobe in the frequen-
cy range — from (1.5 + 0.5)° to (5.0 £ 0.5)°;

to cover the DFW range, up to two EATs with
flat/slightly curved piezoelectric elements with diame-
ters from 20 to 50 mm and resonant frequencies from
0.5 MHz to 4.75 MHz were used;

length of the near zone, m, — from 0.04 to 0.65;

spherical distribution zone, m, — from 0.3 to 3;

length of interaction zone, m, — from 0.8 to 15;

continuous/pulse operating mode;

pulse duration, ms, — (0.06—12.0);

pulse repetition frequency, Hz, — (0.5—400.0).



Note that these devices provided a small but stable
sound pressure level — about 10 Pa at a distance of
3 m for DFW 10 kHz / 0.15 m, matching the required
parameters of the technical specifications and solving
the problem of developing new compact standard
measuring instruments that allow laboratory calibra-
tion close to free-field conditions.

The diagram of the measuring setup for studying
the PTA spatial characteristics, combining a spectral
method based on the selection of the harmonic com-
ponents of the generated polyharmonic signal, and
observation of the shape of a multicomponent wave, is
presented in Fig. 2. REE elements of the measuring
setup are structured according to emission and recep-
tion paths, the acoustic path is highlighted in the most
detail. Let's consider the operation of the setup. The
electrical signal of the pump frequency f,f, beats

from generation unit 1 (signal generators of special
form AKIP GSS-05, GW Instek MFG-72120MA, ad-
der, notch filters for suppressing the combination sig-
nals generated in the electronic path by 40-50 dB) is
fed through power amplifier 2 (FRANKONIA VLC-
220) to EAT 4. The additional outputs of blocks 1 and
2 enable synchronization of the functioning of the
blocks in the emission and reception paths. An oscil-
loscope 3 (GW Instek GOS-6103C) makes it possible
to monitor the parameters of the electrical signal sup-
plied to the EAT 4, which is installed on a rotary-
retractable unit (RRU) 7 in a specified part of the pool
5 (length 6 m, width 3 m, depth 2 m). Its internal sur-
faces are equipped with an absorbent coating 6.

Fig. 2. Block diagram of the measuring setup.

1 — signal conditioning block; 2 — signal power
amplifier; 3 — oscilloscope; 4 — EAT; 5 — pool;
6 — internal absorbent coating; 7 — rotary-

retractable unit; 8 — fresh water; 9 — formed PTA;
10 — reflector plate; 11 — hydrophone; 12 —
matching cascade; 13 — oscilloscope; 14 — tunable
resonant amplifier; 15 — spectrum analyzer; 16 —
strobe unit; 17 — oscilloscope; 18 — detector; 19 —
level recorder; 20 — ADC; 21 — computer

The pool 5 is filled with fresh water 8, which
forms the acoustic path of the setup, the main element
of which is the formed PTA 9, located in the middle
part of the water volume of the pool 5. The acoustic
path also includes an acoustically soft foam plastic
reflector plate 10 that has a sinusoidal profile of irre-
gularities on one of the faces and is placed at the same
depth with the help of its RRU 7 near one absorptive
wall of pool 5 (Fig. 2). Plate 10 is irradiated with ul-
trasonic signals in the planned model experiment.

Note that the purpose of this work is to assess the
prospects for using hydroacoustic systems to measure
the characteristics of sea waves using the parametric

emission mode. In this regard, as a simplified model
of a wavy but static sea surface with given wave pa-
rameters, an acoustically soft foam plastic reflector
plate 10 with a sinusoidal profile of irregularities on
one of the faces was used. Foam plastic can be used to
simulate an acoustically soft boundary, because the
acoustic resistance of foam plastic is 0.048-10° kg/m’s
<< the acoustic resistance of water 15-10° kg/m’s,
which determines the condition of the antiphase of
incident and reflected ultrasonic waves.

When calculating the periodicity of the distribution
of irregularities on the reflector plates 10, the prin-
ciple of scaling was used. So, if in natural shelf condi-
tions under irradiation from a depth of 100 m, three
elements of surface waves with a wavelength of 5 m
and a span of 1 m each fall into an illumination spot of
15 m in size, then for a laboratory experiment, a dis-
tance of ~ 1 m and the spot is reduced to 0.15 m, on
which the same three elements with a wavelength
0.05 m each and a span of 0.01 m are placed.

Based on these considerations, the following spa-
tial characteristics of the sinusoidal profile of the ref-
lector plates 10 irregularities were chosen for the ex-
periments: the distance between the maxima (mini-
mum) on the reflecting surface A,,; = 0.03, 0.05,
0.06 m, a span of (double amplitude) # = 0.002, 0.005,
0.010, 0.015, 0.02 m, which, when recalculated for the
shelf, are 3, 5, 6 m surface wavelengths, double am-
plitude 0.2,0.5, 1, 1.5, 2 m .

Based on the analysis presented above, to form the
PTA, one of the EAT options was used, which was
developed for NAE-9: the shape of the piezoelectric
element is a flat disk with a diameter of d = 21 mm,
fixed along the perimeter by gluing into a sealed hous-

ing; resonant frequency f, =2.12 MHz/wavelength =
= A =c¢,/ f, = 0.708 mm, where ¢, is the speed of

sound in water (1500 m/s); the calculated value of the
length of the near zone (Fresnel diffraction region)

[, = 0.45 m. The values of frequencies f,, f, were
chosen based on the decrease (increase) of values rela-
tive to f,, for example, for a DFW
F =|f,- /=100 kHz, the frequencies for pump
waves are equal to  f =(2120-50)kHz,
f, =(2120+50)kHz . Thus, in the acoustic path of the

measuring setup, it was possible to change the DFW
in the range of wavelengths A, mm, / frequencies
F ,kHz:

A=214 mm/ F =70 kHz;
A=15mm/ F =100 kHz;
A=10mm/ F =150 kHz;
A=75mm/ F = 200 kHz.

The emission path made it possible to change the
duration of the emission pulse in the range:



T =(0.06+0.1) ms and, accordingly, the spatial
extent of the emission in water / = (0.09 +0.15) M.

HUMIT

The calculated value of the angular width ®,, at the
level of 0.7 for the ultrasonic pump beam with a reso-

nant frequency f, was @, = 60% =2.023°. If we

round the value of the beam width to ~ 3°, then, with
normal irradiation from distances of Il m /2 m /3 m,
the size of the spot on the surface of the reflector plate
10 with a sinusoidal profile of irregularities was about
S5cm/ 10 cm / 16 cm. In this regard, the dimensions
of the reflector plate 10 with a sinusoidal profile of
irregularities were opted 20 x 30 cm, and the simu-
lated sinusoidal profile of a "stopped" surface wave is
made along the longer side, and its wave fronts are
parallel to the shorter side.

As follows from Fig. 2, the resulting polyharmonic
ultrasonic field of the PTA (spatial region 9 hig-
hlighted in gray on the acoustic axis of the EAT) was
recorded by hydrophone 11 (Bruel & Kjaer 8103 with
an operating frequency range from 4 kHz to 200 kHz),
from the output of which the electrical signal through
the matching stage 12 entered the input of a tunable
resonant amplifier 14 (selective microvoltmeters V6-1
or V6-2). The output of the tunable resonant amplifier
14 yields an electrical signal, proportional to the am-
plitude of the isolated spectral component, which is
supplied to the input of oscilloscope 13 (GW Instek
GOS-6103C), the sweep of which is triggered by
a clock pulse from generation unit 1. In addition, the
measuring setup allows you to evaluate the amplitude
ratios of the components of a polyharmonic electrical
signal in a wide frequency band by connecting a spec-
trum analyzer 15 (C 4-25). Experimental measure-
ments of the spatial characteristics of the ultrasonic
fields of spectral components generated by the PTA 9
in the aquatic environment 8 are carried out in pulsed
mode using a strobe device 16, which makes it possi-
ble to isolate the information signal in time, removing
masking interference. The parameters of the selected
signal are measured using oscilloscope 17 (GW Instek
GOS-6103C), and can also be recorded after detector
18 using level recorder 19 (Bruel & Kjaer 2307).
Through ADC 20 (module E20-10) the obtained in-
formation goes to computer 21 (software "Power-
Graph 3.3 Professional").

The structural diagrams of test benches described
in [21, 23] differ from the one discussed above in that
the acoustic path of the PTA uses plates that form
both individual resonant acoustic filters and systems
of absorbing layers of various shapes and sizes. These
elements, simulating a set of interfaces between dif-
ferent media, were placed on the acoustic axis of the
EAT in the region of nonlinear interaction of high-

frequency pump waves to both limit it and change its
shape. Note that the purpose of the described experi-
ment does not include artificial limitation of the inte-
raction area; on the contrary, the natural formation of
PTA in the hydroacoustic channel is assumed, which
corresponds to the mode of measuring the characteris-
tics of sea waves by hydroacoustic systems using
PEM on the shelf when sounding from the side bot-
tom. In our experiment, the reflector plate 10 with
a sinusoidal profile of irregularities simulates an agi-
tated water-air interface, i.e., a "stopped" surface
wave, which scatters the DFW in a certain way and
can make it possible to obtain information about sur-
face disturbance during processing.

In [24, 25], the results of the development of PTAs
with relatively low-frequency and high-intensity
pump waves, which were used in long-range hydroac-
oustic systems, are presented and generalized; in par-
ticular, the DFW characteristics in layered media and
in the presence of interfaces of extended length are
considered. Thus, if the interface falls into the PTA
interaction region, then, in addition to the distortion of
its configuration, a part of the space appears where not
only incident but also reflected waves interact, which
affects the spatial characteristics of the resulting DFW
emission field. This can complicate, for example, the
detection of small objects located at the bottom or
immersed in bottom soil, which is carried out against
the background of a complex noise environment dur-
ing top-down sounding from a surface vessel or an
underwater towed carrier of the PTA [24].

EXPERIMENTAL RESULTS

Calibration of PTA as a measurement tool

To assess the main characteristics of PTA 9 as
a proposed measuring instrument, which has an emis-
sion path with acoustic parameters little changing in
a wide frequency band, a series of measurements of
the spatial distributions of the amplitudes of the sound
pressure of the DFW were carried out in the above
range. For this purpose, EAT 4 and hydrophone 11
were installed in the middle part of the water volume
8 of the measuring pool 5 at a four-meter distance
from each other. Final adjustment of their mutual
placement on the horizontal acoustic axis of the EAT
4 was achieved by moving the hydrophone 11 "up-
down" and "left-right", which resulted in obtaining the
maximum pump signal level on the screen of the os-
cilloscope 13.

Typical results for a PTA generating ultrasonic
DFW signal F_=|f, - f;| =150 kHz in an aquatic en-

vironment 8 are presented in Fig. 3.



Fig. 3. Experimental axial (a) and angular norma-
lized (6) distributions of sound pressure amplitudes
for a PTA generating an ultrasonic DWF signal
F_=|f, - f;|=150 kHz in an aquatic environment

As a result of measurements, it was found:

1) It follows from Fig. 3 that the maximum DFW
sound pressure is located approximately at a distance
of 0.2 m, which is the boundary of the near zone of
EAT 4 for pump waves. Previously, the value of the
near zone was calculated to be 0.45 m; the decrease in
its length is due to the conditions of fastening piezoe-
lectric element in the EAT housing 4. Starting from
a distance of 1 m, the amplitude of the sound pressure
of the DFW smoothly decreases according to the law
of spherical propagation, the DFW signal is formed
and can be used for measurements, i.e., irradiation of
the reflector plate 10.

2) The width of the DFW beam corresponds to the

calculated DC value for pressure R, (), there are no

side lobes on the DFW; the angular width of the HF
main lobe is ~ 3 for F~ = 150 kHz, it also corresponds
to the conditions for conducting research on the irrad-
iation of reflector plate 10.

3) From Fig. 4, it can be seen that for the range
from 50 kHz (30 mm) to 200 kHz (7.5 mm), the angu-
lar width of the main lobe of the PTA DC on the DFW
is almost constant; the efficiency of the non-linear
interaction process, i.e. the level of the generated am-
plitude of the sound pressure of the DFW increases
with increasing value of F_

Fig. 4. Combined dependences of PTA as a means of
measurement in an aquatic environment.

- - - angular width of the DC main lobe (left ver-
tical axis);

— DFW sound pressure amplitude (right vertical
axis P, dB relative to 1 Pa, reduced to distance 1m).

The graphs are given for the frequency range
(kHz) / wavelengths (m) of the DFW (lower/upper
horizontal axes, respectively)

As noted above, the calculated mutual influence of
nonlinear and diffraction effects in the ultrasonic
pump field of EAT 4 can be estimated using the
Khokhlov parameter N =1, /1, the value of which
was ~ 2.4; i.e., nonlinearity is relatively weak. The
calculated values p,, ,, of the amplitudes of the sound
pressure of the pump signals at the surface of EAT 4

were about 0.075-10° Pa for each. The theoretical val-
ue of the length of the interaction region of the pump

signals is comparable to the maximum size of the wa-
ter volume of the pool and was about 5 m, determined
both by their frequency and the properties of the water
propagation medium. Note that the presented data
generally follow the known results published in [21].
Thus, the acoustic path has the necessary qualities,
these are: the broadband probing signal, constancy of
the irradiation area at the model interface, and the mi-
nimal masking effect of reverberation during mea-
surements in a pool of limited volume, which allows
us to conclude that it is possible to use PTA to con-
duct a model experiment on the study of ultrasound
scattering at the interface with a sinusoidal profile of
irregularities.

Scattering of the ultrasonic PTA-generated DFW
field by a plate-reflector

By now, the model and theory of PTA have been
developed for conditions of echo search for objects
near a smooth water-air interface [24, 25] using the
virtual source method. Its essence is that the influence
of a flat water-air interface on ultrasound scattering is
replaced by the influence of a virtual source of pump

waves with similar frequencies f,,f,, i.e., a virtual

PTA, which fixed position in the air is determined by
the laws of geometric optics. The pump waves reflect-
ed by the acoustically soft, unexcited water-air boun-
dary have an additional phase shift by = radians, and,
therefore, it is believed that the virtual PTA generates
an “anti-phase” DFW relative to the signal previously
formed by the real PTA (before reflection) in the aq-
uatic medium. Based on this, the formation of a DFW
"resulting" signal by the PTA upon reflection from
a smooth free surface is presented as a result of the
superposition of DFW signals from two PTAs that
have a common acoustic axis in an aqueous environ-
ment but emit antiphase pump waves. The first PTA
with a limited interaction zone is formed by EAT 4
and the section of the aquatic environment up to the
smooth reflecting boundary. The second PTA is an
emitter in the form of a section of a smooth interface
that reflects the pump waves, and a region of water in
which the beam further propagates. The superposition
of two PTAs forms an ultrasonic field in which distor-
tions in the smoothness of the change in the amplitude
of the DFW sound pressure are observed both along
and across the beam: for example, after reflection,
a minimum is formed on the acoustic axis in the
transverse distribution, the value of the minimum in-
creases with distance from the interface [24, 25].

In our case, the water-air interface is disturbed, the
surface wave propagates in the general travel direction
with speed V, as a result, the slope of the surface wave
profile relative to the normal in the irradiation region
periodically changes. This leads to a periodic upward
and downward displacement of the virtual "air" PTA



along the normal that connects it with the "underwa-
ter" PTA. This changes the process of formation of the
resulting ultrasound field DFW, in particular, due to
the shift of the acoustic axis of the virtual "air" PTA
"in tact" with its displacement in the vertical plane
relative to the stationary acoustic axis of the "under-
water" PIA. Thus, during periods of oscillation, the
agitated surface "redistributes" the ultrasonic energy
of the reflected antiphase TRF within a certain angular
sector, which can reduce the degree of amplitude dis-
tortion characteristics of the resulting signal in the
hydroacoustic channel. Direct experimental measure-
ments of such "dynamically changing" parameters of
ultrasonic fields can be tied to certain difficulties, for
example, due to the need to use three-dimensional
gratings made of small-sized and similar hydro-
phones. In this regard, when conducting experiments,
it is advisable to carry out physical modeling of the
scattering of DFW ultrasonic fields at various values
of grazing angles on a time-static and acoustically soft
foam plastic reflector plate with a sinusoidal profile of
irregularities.

The geometry of the experiment is shown schemat-
ically in Fig. 5.

Fig. 5. Geometry of the experiment according to
Fig. 2: top view (a), experimental normalized distri-
butions of the amplitudes of the DWF sound pressure
for two models of irregularities (0).

On the graphs (6): 1 — graph for the model of small
irregularities # / A = 2 mm/10.7 mm = 0.19, F =
=140 kHz;

2 — graph for the model of large irregularities 4 /1 =
=20 mm/7.5mm=2.7, F =200 kHz;

x — the sliding angle, yo = 20° is the irradiation an-
gle, M.. — virtual source, JI.11. — actual source

In Fig. 5, a:

— the wavy line in the middle of the figure is the
sinusoidal profile of the irradiated face of the reflector
plate 10 with the surface wave length A . and the

height 2 of the irregularities 4 (above — foam plastic
hatching 10, below — water hatching 8);

— bottom left — EAT 4 (actual source, /I.1.),
forming the real "underwater" PTA 9;

— at the top left — two EAT 4 (virtual sources,
M.U., lower and upper ones, ultrasound scattering
from horizontal and inclined sections of a sinusoidal
profile, respectively) of "air" PTA, which acoustic
axes are spatially separated.

In Fig. 5, 6, — two normalized dependences of the
amplitudes of the DFW sound pressure (graphs 1 and
2 correspond to various values 4/ A ), recorded expe-
rimentally when moving the hydrophone 11 across the
resulting ultrasonic field, which is set by the superpo-
sition of two DFWs: mirror-reflected (for real under-

water PTA 9, II.11.) and scattered (for a virtual "air"
PTA, i.e., "anti-phase" PTA, M.I1.).

Criterion of acoustic flatness
of rough surface and physical modeling of scattering
processes on acoustically soft foam plastic
reflector plate

As noted earlier, the implementation of regular
monitoring of the water volume of the coastal water
area and, in particular, the agitated water-air interface,
necessitates the development of new technologies and
devices, including the use of nonlinear acoustic ef-
fects. It is obvious that three modes of ultrasonic
broadband irradiation from the bottom can be distin-
guished:

— inverted monostatic echo sounder [27];

— inclined monostatic irradiation [28];

— bistatic irradiation (in the first two cases, the ul-
trasound emitter and receiver are located nearby, in
the third — they are separated in space).

As it is known, a beam of ultrasonic waves, falling
on any uneven surface, is reflected from all its irra-
diated points according to the laws of geometric
acoustics — the angle of incidence is equal to the an-
gle of reflection. The reflected waves, summed up at
the observation point, form, in accordance with the
principle of superposition, an ultrasonic field, the na-
ture of which will depend on the phase difference
Ap=4n(h/A)siny of the elementary waves that

simultaneously arrived at the point under considera-
tion. Below, we will discuss the relationship for the
criterion of acoustic flatness of the sea surface, in ac-
cordance with which the path difference Ar between
the beams reflected from the upper and lower bounda-
ries of surface irregularities should be less than A/4
[20].

Fig. 6. To a conclusion about a relationship for the
criterion of acoustic evenness of a rough surface [26].
Hatching: at the top — for the foam plastic reflector
plate 10, at the bottom — for water 8

Let's consider two beams 1 and 3, incident on an
uneven surface at an angle 6 (Fig. 6) and find the
phase difference between these beams after their ref-
lection from different points on the surface. Let's draw
a plane z=0 and move beam 3 to point D, denoting
it 2. Since the phase difference between the beams 2
and 3 after reflection from the plane z =0 is zero, it is
enough to find the phase difference between beams 1
and 2. The path difference between these beams Ar is
equal to:

Ar=BC+CD=2CD-AB, CD= h ,
cosO




AB=AD sin0 =2h tgf sinf.

Consequently,
2 .
Ar = U —2htgO sin@ =2h cosf, and the phase
cos@
difference  through the grazing angle is:

X =(90°—0), A@p =kAr =2kh sin y. It can be seen

that when ultrasound is reflected from an uneven sur-
face, the relationship between the length of the inci-
dent ultrasonic wave A and the size of the irregulari-
ties 4 of this surface plays an important role, and the
condition under which the reflecting surface can be
considered acoustically smooth, i.e., reflecting specu-
larly, has the form [26]:

h/A<1/(8siny).

This determined the geometry (Fig. 5) of the phys-
ical modeling of scattering processes on an acoustical-
ly foam plastic reflector plate 10 with a sinusoidal
profile of irregularities, for example, during bistatic
irradiation.

For the experiments, the following spatial charac-
teristics of reflector plates 10 were chosen: the dis-
tance between the maxima (minimum) on the reflect-
ing surface A, = 0.05 m with a span (double ampli-

tude) of #=2 mm and 4= 20 mm (Fig. 5). If we take
into account that the acoustic path of the measuring
setup made it possible to change the DFW in the range
of wavelengths A from A=21.4mm to A=7.5mm,
it is obvious that at small grazing angles y (up to 30°)
it is possible to implement various options for irradiat-
ing reflector plates 10 within the models of both small
(first option) and large irregularities (second option).

ANALYSIS OF EXPERIMENTAL RESULTS

A foam plastic plate-reflector 10 with a sinusoidal
profile of irregularities on the working surface (Fig. 2)
is located in a hydroacoustic pool 5 in an aquatic envi-
ronment 8 and is DFW-irradiated at a sliding angle yo.
from the PIA 9. The plate is fixed in a holder, im-
mersed in water and is in a vertical position due to the
weights attached below, has the ability to be fixedly
rotated relative to the vertical axis using the RRU 7,
and is located at a distance of about 1.4 m along the
acoustic axis of the PTA 9.

It should be noted that the experimental results
presented in Figs. 5, 6, and 7 are typical in the series
conducted, and the convenience of their subsequent
comparative analysis is due to the use of the same
value of any parameter in measurements, for example,
an irradiation angle of y, =20° with two different

DFWs F_ =140 kHzand 200 kHz (Fig. 5, 0) or

DFW F_ =180 kHz with two different values of irrad-
iation angle y, = 30° and 16° (Fig. 7).

So, it follows from Fig. 5, 6, graph 1 for the model
of small irregularities (/#/A=2mm/10.7mm=0.19;
F =140 kHz):

1) the shape and angular width of the main lobe of
PTA 9 have practically not changed, the direction of
the DFW main lobe during reflection (~ 20°) obeys
the laws of geometric acoustics, i.e., the model of
small irregularities used can be considered acoustical-
ly smooth and specularly reflective;

2) in the sector ~ 22°+28° (the direction of the
acoustic axis of the virtual "anti-phase" PTA is about
24°), an emerging interference pattern for the DFW is
observed with an average normalized amplitude of
about 0.2;

3) "anti-phase/co-phase" of this DFW signal rela-
tive to the mirrored DFW has not been found because,
in the aquatic environment, the acoustic axes of both
PTAs are spaced apart (~ 4°), however, it can be noted
that for the direction ~ 23° there is a distortion of the
known dependence of the dynamics of the decay of
the DFW amplitude for off-axis directions.

It follows from Fig. 5, 6, graph 2 for the model of
large irregularities (A/A=20mm/7.5mm=2.7,
F =200 kHz ):

1) the main lobe of PTA 9 is significantly changed
as a result of scattering, in particular, its amplitude,
shape, and angular width have changed, which can be
explained by the dephasing of the DFW from the real
"underwater" PTA 9, i.e., the used model of large ir-
regularities cannot be considered acoustically smooth
and specularly reflective;

2) in the sector ~ 16°+26° (the direction of the
acoustic axis of the virtual "anti-phase" PTA is about
24°) an interference pattern is observed for the DFW
with an average normalized amplitude of about 0.5, in
which significant fluctuations are present;

3) it can be assumed that in an aquatic environ-
ment, the acoustic axes of both PTAs are separated in
space (~ 5°), and it is clear that when ultrasound is
scattered by this model, the mutual influence of "dif-
ferent-phase" DFWs from both PTAs leads to the de-
struction of the PTA as a research tool.

Fig. 7. Experimental normalized distributions of
DFW sound pressure amplitudes for two models of
irregularities at F~ = 180 kHz.

a — model of small irregularities: 4 /A =2 mm / 8.3
mm = 0.23, yo = 30°;

6 — model of large irregularities: #/ A =20 mm/ 8.3
mm = 2.4, yo=16°




It follows from Fig. 7, a, for the model of small ir-
regularities (£/ A =2mm/8.3mm = 0.23,

F =180 kHz ,irradiation angle y, =30°):

1) the shape and angular width of the main lobe of
PTA 9 have not changed, the direction of the main
lobe on the DFW during reflection (~ 30°) obeys the
laws of geometric acoustics, i.e., the model of small
irregularities used can be considered acoustically
smooth and specularly reflective;

2) in the sector ~ 32°+38° (the direction of the
acoustic axis of the virtual "anti-phase" PTA is about
35°), the formation of an interference pattern for the
DFW is observed at an average normalized amplitude
of about 0.2;

3) "anti-phase/co-phase" of this DFW signal rela-
tive to the mirrored DFW has not been found because,
in an aquatic environment, the acoustic axes of both
PTAs are separated in space, however, it can be noted
that for the direction ~ 32° there is a distortion of the
known dependence of the dynamics of the decay of
the DFW amplitude for off-axis directions.

It follows from Fig. 7, 6, for the model of large ir-
regularities (h/2=20mm/83mm=2.4,
F =180 kHz, irradiation angle y, =16°):

1) the main lobe of PTA 9 is significantly changed
as a result of scattering, in particular, its amplitude,
shape, and angular width have changed, which can be
explained by the dephasing of the DFW from the real
“underwater” PTA 9, i.e., the used model of large ir-
regularities cannot be considered acoustically smooth
and specularly reflective;

2) in the sector ~ 12°+22° (the direction of the
acoustic axis of the virtual "anti-phase" PTA is about
19°) an interference pattern is observed for the DFW
at an average normalized amplitude of about 0.6, in
which significant fluctuations are present;

3) it can be assumed that in an aquatic environ-
ment, the acoustic axes of both PTAs are separated in
space (~ 5°), and it is clear that when ultrasound is
scattered by this model, the mutual influence of "dif-
ferent-phase” DFWs from both PTAs leads to the de-
struction of the PTA as a research tool.

It is important to note that, other things being
equal, the use of a model surface with large irregulari-
ties (20 mm) led to "dephasing" of the reflected DFW
ultrasonic signal, which before reflection, was formed
by a PTA (Figs. 5, 7). Thus, for the PTA-generated
DFW, the conclusion from [20] is valid: the ultrasonic
field re-emitted by the model surface consists of two
components — a regular one, formed near the mirror
direction, and a random one, forming a scattered field
in the lower hemisphere; their ratio is determined by
the proportionality of the ultrasonic wavelength and
the height 4 of the traveling surface wave.

CONCLUSION

Analysis of the results obtained allows us to pro-
pose a new method for measuring the parameters of
a rough sea surface, for example, for the mode of
broadband bistatic irradiation (the emitter and receiver
are spaced apart) with ultrasonic signals from the bot-
tom. The essence of the proposal can be seen most
clearly from the analysis of Fig. 5. It is obvious that,
as presented in Fig. 5, the transverse normalized dis-
tributions have clear differences from each other, and
if in the experiment for the model of large irregulari-
ties we use the broadband emission of PTA 9 and
rearrange the DFW emission to F_ =20.25 kHz,

A =74.07mm, then the experiment can be switched
to the mode of small irregularities model. This tech-
nique — the possibility of adjusting the wavelength of
the sounding signal to the characteristics of the exist-
ing sea waves if the spatial distribution of the scat-
tered ultrasonic field is recorded — gives grounds to
assume the applicability of hydroacoustic systems
using the parametric emission mode for studying the
parameters of the rough surface, in particular, indirect
assessment of the size of irregularities 4 on it. It
should be noted that in [31] an analysis of the use of
hydroacoustic active location systems with receiver-
emitting antennas of an original design is presented.
They can be placed on the bottom of a shallow water
area and used both for emission and recording the dis-
tribution of the DFW scattered field, i.e., to obtain
information about hydraulic conditions in accordance
with the proposed method. The disadvantage of PTA
with biharmonic pumping is the decrease in the effi-
ciency of DFW generation (Fig. 4) upon transition to
the long-wavelength range, corresponding to the pa-
rameters of real rough sea waves, however, in [32] the
possibility of changing the operational characteristics
of PTA with multi-component pump signal is consi-
dered, in particular, to increase the energy potential of
the emerging low-frequency signals of multiple fre-
quencies in the event of a constant width of the main
lobe of the directivity characteristics (DC).

The topic of research described in this article is
a continuation of the works [27-32], and corresponds
to the direction of research — the development of
technical fundamentals of devices, instruments, sys-
tems and measurement methods in the field of acous-
tics of aquatic environments: emission, reception and
processing of sound signals, acoustic monitoring of
water bodies.
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