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[\BymepHasi neprnojnyeckas KOMnosuTHasa CTpyKTypa
4SS aKYCTNYECKOro AaTunka 06 beMHbIX CBOMCTB XUAKOCT'

AHHomayusa. Onucelgaemcs KOMNO3UMHAsA CMPYKMypa, npedcmasaaowas cobol cmaasbHyro Mampuyy ¢
nepuoduyeckoli d8ymepHol cucmemoll YuauHopu4eckux omeepcmudl, 30n0/HeHHbIX y2/1e8000p00HOU CMeCsHo.
U3yyeHsl ynpyaue konebaHus makoli nepuoduyeckoli Cmpykmypsl 048 NPUMeHeHUs 8 aKyCmu4yeckux dam4yukax
HUAKo20 monauea. Teopemuyeckue Ucc1e008aHUS KOMNO3UMHOU CMpPyKmypel NOKA3aGU 803MOXCHOCMb 8036y4(-
dame 8 Hell aKCUAbHO-CUMMEMPUYHbIE U KPYMU/AbHbIE Pe30HAHCHbLIE MOOb! 8 YACMOMHOM OUANG30HE C 8bICOKUM
Ko3¢puyUeHMoM ompaxeHus CMpyKkmypel, KOmopele npoAeaaoMCca KaK OKHA C y3kol noaocol nponyckaHus.
kcnepumeHmansHsie ucciedo8aHUs N0OmMeepOUAU CylwecmaosaHue makux pe3oHAHCHbIX Yacmom ¢ Xxapakmep-
HbIMU CMPYKMYypamu aKyCmu4yeckux 80/H, Npu4em aKcuaasHO-CUMMEeMPUYHAs pe30HAHCHAA M0Od 0Ka3a41ack 60-
/1ee gblpadeHHOU. V3mepeHus pasaudHeix cmecell 6eH3UHA U 3MAHOAA NOKA3bIBArOM, Ymo 0amyuK umeem 3Ha-
YumMenbHy YyecmeumeabHOCMb 05 PaA3UYeHUS 06bIYHbIX 8UOO8 MONAUBA, CMecell Ha 0CHoge 6eH3UHa U npu-
cymcmeusi 006080k 8 CMAHOAPMHbIX 8UOAX MONAUSA.

KntoueBble cNnoBa: Nepnogmnyeckrie KOMNo3nTHbIe CTPYKTYpPbl, QOHOHHbIE KPUCTasbl, CTPYKTYPHbIA Pe30HaHC,
JaTUMK COCTaBa XMAKOCTA
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Two-Dimensional Periodic Composite Structure for Acoustic Sensor of Volumetric Properties
of Liquids
Abstract. The object of the study is acoustic metamaterial, which is a steel matrix with a periodic two-dimensional sys-

tem of cylindrical cavities filled with hydrocarbon mixture. The induced resonances of fluid in cylindrical cavities of the pe-
riodic structure are studied for application in liquid fuel sensors. Theoretical studies of the structure show the possibility of
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exciting axisymmetric and spinning resonance modes in it in the frequency range with a high reflection coefficient of the
structure, which manifest themselves as windows with a narrow bandwidth. Experimental studies confirm the existence of
such resonances, and the asymmetric resonance mode is more evident. Measurements of various mixtures of gasoline and
ethanol show that the sensor has significant sensitivity for distinguishing between conventional fuels, gasoline-based mix-
tures and the presence of additives in standard fuels.

Key words: periodic composite structures, phononic crystals, structural resonance, liquid composition sensor.

For citation: Mukhin N. V., Redka D. N., Tarasov S. A., Oseev Yu., Hirsch S. A. Two-Dimensional Periodic Composite Struc-
ture for Acoustic Sensor of Volumetric Properties of Liquids. lzvestiya Vysshikh Uchebnykh Zavedenii Rossii. Radioelektronika
[Journal of the Russian Universities. Radioelectronics]. 2018, no. 1, pp. 56—63. (In Russian)

BBenenne. Pa3paboTka  CTPyKTYpHO-OpraHH30-
BAHHBIX CpEJl, IPEICTABISIIONINX COO0H MePHOIIIECKUe
KOMIIO3UTHI U3 IBYX MATCpHAJIOB C JOCTATOYHBIM aKy-
CTHYECKMM KOHTPACTOM, MO3BOJIIET CO3IABATH KOMIIO-
3WUTHBIC MaTeprajbl ¢ HCKyCCTBEHHBIMHI aKyCTHICCKUMUI
CBOWCTBAMH, 3aBUCSIIFIMH HE TOIBKO OT CBOMCTB CO-
CTaBJIIONMX KOMIIO3WT BEIECCTB, HO M OT TCOMETPHH,
CUMMETPHHU | TiepruoandHocTH cTpykTyp [1], [2]. Takue
MaTepHaIbl Ha3bIBAIOT (POHOHHBIMU KPHUCTAIIIAMH.

PacmipocTpanenne depes Takue CTPYKTYpPHI aKy-
CTHYECKIX BOJH XapaKTCpU3YyeTCsl HATHIMEM Haria-
30HOB 4acTOT (TaK Ha3bIBACMBIX 3allpEIICHHBIX 30H),
B IIpefenaXx KOTOPBIX 3BYK HE MOXET pacIlpocTpa-
HATBCS 9epe3 CTPYKTYPY, TaK KaK MPOUCXOTUT ITOYTH
MIOJTHOE OTPAKCHHE WM PACCESHUC MANaIONINX aKy-
CTHYCCKHX BOJNH. IlOCKONBEKY Hapsimy ¢ OpyrHMHA
mapamMeTpaMy aKyCTHYECKHE CBOMCTBA KOMITO3UTHOU
CTPYKTYPBI 3aBHCAT OT CBOWCTB MAaTEPHAJIOB, CO-
CTaBILIOIINX KOMITO3HUT, MX H3MEHCHHE BEI3BIBACT
U3MCHEHHE pEaKIMH CTPYKTYpPHl Ha BO3ICHUCTBHE
aKyCTHYECKUX BOJH. DTa OCOOCHHOCTH IIO3BOJIIET
MPUMCHATh MTEPUOANICCKIE KOMITO3UTHBIC CHCTEMBI
""TBep0e TENO — >KUJKOCTH" TPU CO3/IaHUU aKyCTH-
YeCKMX JaTYAKOB JETEKTHPOBAHHSI  OOBEMHBIX
CBOUCTB JKUIKOCTH, HPUHIHIBI KOTOPBIX JIEMOH-
CTPUPOBAJIMCH B HECKOIBKUX MPEIBIAYINNX paboTax
[3]1-[5]. Kak Obuto moka3zaHO paHee, yNpaBiATh MO-
JIOKEHHUEM M30JMPOBAHHBIX Y3KUX IOJIOC MPOITyCKa-
HUS Ha IIKajJe 4YacToT ynoOHee, YeM CMELICHHEM
MOJIOXKEHUSI KpaeB 3ampelieHHod 30HbL. [lo sToM
MpUYUHE HAesd JAaTYUKOB Ha OCHOBE aKyCTHYECKHX
MEPUOJUYECKUX KOMIIO3UTHBIX CHUCTEM Obllla OCHO-
BaHAa Ha IOJYYCHUU H30JIUPOBAHHBIX MAKCHMYMOB
WIM MHUHHMYMOB Ha YacTOTHBIX 3aBHCUMOCTSAX KO-
3¢ PUIHEHTOB MPOMYCKAHUS WM OTPaKEHHsI, KOTO-
pble  COOTBETCTBYIOT MaTepHAIbHBIM CBOHCTBAM
JKUJIKOTO KOMIIOHEHTa. B oTiinume oT Xxopoio paspa-
OOTaHHBIX MHKPOAKyCTHYECKHX CEHCOPOB >KHUIKO-
CTel MOAXOA K YCTPOMCTBY JaT4yMKa Ha OCHOBE Iie-
PUOAMYECKUX KOMIIOBUTHBIX CTPYKTYp '"TBepaoe
TEJO — >KUJKOCTh" MO3BOJISIET ONMPENeNsATh CKOPOCTh
3ByKa B JKHJIKOM aHAJIM3UPYEMOM BEIIECTBE.

[TonoOHO yMBTPa3BYKOBOMY METOLY, HCIIOJb3ye-
MOMY B JIaTYHKE CKOPOCTH, JAaTYMKH Ha OCHOBE (o-
HOHHBIX KPHCTAJJIOB MO3BOJISIIOT OLEHUBATh TEPMO-
JUHAMUYECKUE CBOMCTBA JKHJIKOCTH, aHAIHU3ZUPYS
CKOPOCTb 3ByKa B OIPEAEIEHHOM Juara3oHe JaBiie-
HUN. MeXMONEKyIsApHbIE B3aUMOAEHUCTBUS OTpaka-
IOTCSl B UBMEHEHUH CKMMAEMOCTH KUIKOCTH, KOTOPOE
MOXeET OBITh 0OHAPYKEHO TIPH 30HIUPOBAHUH aHAJIH-
3UPYEMON KHUIKOCTH METOaMH YJIBTPa3ByKOBOH Be-
JocuMMeTpuH. 1IpennoxeHHbIl B HACTOSIILEN CTaThe
MIOAXOJl MO3BOJISIET COXPAHUTh NPEUMYILIECTBA METO-
JIOB BEJIOCUMMETPUU M B TO K€ BpPEMsI NPUMEHUTH
MPUHIMIT U3MEPEHHs, OCHOBAaHHBI Ha YHpaBICHUU
CTPYKTYPHBIMH pPE30HAHCAMH, MOAOOHO MHKPOAKY-
CTHYECKHM CEHCOPHBIM ycTpoicTBaM [6]. B HEKkoTO-
PBIX W3 TPEABIAYNINX Pa0dOT aBTOPOB CTaTbU yXKe
JIEMOHCTPUPOBAJIMCH JIU3aiHBI TaTYUKOB Ha OCHOBE
(OHOHHOTO KpHUCTAIUIA, I7ie OblIa MOKa3aHa mpsMasi
KOppEeJSILMS PEeaKUUU MEePUOAUYECKOH CTPYKTYpHI €
0ObEMHBIMH CBOWCTBAMU aHAIM3UPYEMOU IKHIKOCTU
(TouHee, cKOpOCThIO 3ByKa B Heil) [7], [8].

B 3aBucumocTn OT 00nacTH MPUMEHEHUST MOXKHO
MOAYEPKHYTh HEKOTOPbIE MPEUMYILECTBA CEHCOPHOTO
yCTpOWCTBa Ha OCHOBE (pOHOHHOTO KpHcTamuia. B [9],
[10] moxa3aHo, YTO MPUMEHEHHE TMEPHOIUIECCKUX
CTPYKTYp U1 JETEKTUPOBAaHUs CBOICTB YIJIEBOJO-
POIHBIX CMecel UMeeT MPEUMYLIECTBA B HECKOJIbKUX
aCTeKTaX. YCTaHOBJICHO, YTO CKOPOCTH 3ByKa B 00-
paslax cMecel 3aBUCUT OT MX COCTaBa, a pa3juiue B
CKOPOCTSIX 3ByKa MEXIy Pa3IMYHBIMH CMECSMH SIB-
JSIETCSI JOCTATOYHO OOJIBINM JIJIsl OOHAPY KEHUSI.

OnHoli n3 HauOojee MHOJIE3HBIX 0COOEHHOCTEHN
KOHIICTIIINH JaT4YNKa, OCHOBAaHHOH Ha (OHOHHBIX
CTPYKTYpax, SBISETCS BOBMOXHOCTh OTACTATH DJIEK-
TPUYECKYI0 H3MEPUTENLHYIO IIelb OT aHaJnu3upye-
MO KuIKOCTH. B cBA3M ¢ TeM, YTO 30HAUPOBAHUE
MIPOBOJUTCS C MOMOILBIO BHEIIHUX MbE303JIEKTpHYe-
CKHX TpeoOpazoBareield, aHaIu3upyeMas >KUJIKOCTh
TOJIBKO aKyCTHYECKH CBsA3aHa C BHEIIHEH u3Mepu-
TEJIFHOH IIEeTIBI0, KOTOpast 00ecreunBaeT 6e30nacHyIo
paboTy cxembl U3MEpEeHHs B aBapHiiHOM ciydae. Ilo
CPaBHEHUIO C METOAAMHU CHEKTPOCKOIIMHM UMIIEaHCa,
KOTJla aHaJu3upyeMas >KUIKOCTh SIBJIAETCS YacTbIO
anextpuueckoit uenu [11], [12], cuctema pasBszan-
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HBIX JaT4MKOB, OCHOBaHHAas Ha MEPUOINYECKHX
CTPYKTypax, IO3BOJSIET MUHHUMM3UPOBATh PHUCK
B3pbIBa, a TaKKe NPUMEHSTh TaKWe IaTYUKH ISt
JMHEWHOIO aHajlu3a HEMOCPEACTBEHHO KaK MHTETPU-
poBaHHAasT YacThb TPYOONpOBONOB. AHamm3 HedTe-
MPOAYKTOB Ha pa3HBIX JTamax MpOM3BOACTBA U
TPAHCTIOPTUPOBKHU — ITUPOKasi WHKEHEPHast 00acTh,
B paMKaXx KOTOPOW MO-NIPEKHEMY IPUXOAUTCS pe-
IaTh pPa3fUYHbIE 3alladyd, Hampumep O0e30MacHOro
KOHTPOJISI CBOMCTB TOIUIMBA C TIOMOIIBI0 HEUMHBA3HB-
HBIX IIOTOYHBIX MeTOnoB. Pa3paboTka BCTPOEHHBIX
AQHAJIUTUYECKUX CHUCTEM CBf3aHA C IPSAMBIM KOHTPO-
JIeM HaJl B3PBIBOONIACHBIMU M BOCIIIIAMEHSIOLIUMHUCS
MOTOKAMHM, YTO 3HAYUTEIBHO CY)KAaeT YUCIIO MpHUMe-
HUMBIX ITOJXOOB.

Lenpto paboThl, OMUCHIBAEMOW B HacTOALICH
cTartbe, SBISUIOCH HCCIENOBaHHE BO3MOXKHOCTEH
UCIOJBb30BaHUSI  AKyCTUYECKHX  MEPUOTUYECKHX
CTPYKTYp B JaT4HKaxX 0ObEMHBIX CBOMCTB KHIKOCTH.

Teopus. OObEKTOM HCCIEOBaHUS B OIMMCHIBAE-
Moii pabote siBsgeTcss GOHOHHBII KpUCTaILT "TBEpAOe
TENO — >KUJIKOCTH", TPEACTABIISIONINNA COOOM CTab-
HYI0 MaTpHUILly C MEPUOJUYECKOM CTPYKTYpOH OTBEp-
CTUH IUIUHApHYECKOH (POPMBI, 3arMoNHEHHBIX aHa-
Tu3upyeMoil  xuakoctbro. Teopernyeckas 4YacTb
paboThl CBsi3aHA C M3YYEHHEM aKyCTHUYECKUX PE30-
HAHCOB B J>KHUIKOCTH B OTBEPCTUAX NEPUOAMYECKON
KOMIIO3UTHOM CTPYKTYypbl. AHaju3 CHEKTPOB IpO-
MyCKaHUS TEPUOJUYECKUX KOMIIO3UTHBIX CTPYKTYP
MPOBOJIUIICS. HA OCHOBE YHCIICHHOTO MOJICITMPOBAaHUS
C UCHOJNB30BAaHUEM MPOTPAMMHOTO OOECIIeUeHUS
COMSOL Multiphysics [13].

PacmpocTpaHeHue aKkyCcTUYeCKHX BOJIH B YIIPY-
rOH cpelie OIpeNesieTCsl ypaBHEHUEM

2 2
poitret) (zr’t)= L gy niEl) unz(r, ),
ot j.m,n dx; 0%y,

IIe p — IUIOTHOCTH; ui(r,t) — KOMITOHEHTHI MOJIs
YIIPYroro CMEIICHUS; r=(x, ¥, Z) — BEKTOp KOOp-

JOUHATBI, ¢ — BpeMs; Cljmn_ KOMITOHCHTBI TCEH30pa

YIIPYTOCTH.

Y4uTHIBas, YTO KOMITO3HUT MPEACTABISET cOOOH
MEPUOANIECKYIO CTPYKTYpY, A HAXOKICHUS COO-
CTBCHHBIX PE30HAHCHBIX PCEUICHUH HCIIOIH30BAIN
TeopeMmy bnoxa, cormacHO KOTOpOH BEKTOp cMelle-
HUSI MOXKET OBITH MIPEACTABICH B BHIC MPOU3BEICHIS
pacnpoCTpaHsIoIIEHcss BOJHBI M NEPUOJUYECKOU
¢byHKUIKMU (POHOHHOTO KPUCTAJLIA:

u(r, k) =uy (r)exp(-ikr),
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e uy (r) — mepuomuueckas Gpyukims r; k — Boj-
HOBOM BEKTOP.

IMpomyckanue CTPYKTYphI Ha ONPEICICHHBIX Ya-
CTOTaX B TIpelenax 3ampelleHHON 30HBI CBS3AHO C
pEe30HAHCAMH JABIICHUS KMIKOCTH B IIMJIMHJIPHYC-
CKHX OTBepCTI/ISIX. I/ISMGHGHI/IH JaBJICHUS MOXHO
OTHCATh B BHE BOJHOBOTO yPaBHEHMS JUIS 3a/aH-
HBIX TPAHMYHBIX YCIOBHil. PE30HAHCHBIC PEKHMMBI
MOTYT OBITh HAWJCHBI PEUICHHEM 3a]adl MOHCKa
COOCTBEHHBIX YacTOT ISl aKyCTHUECKHX MOJ B IIH-
JHHAPUYECKOM OTBepcTHH. OCHOBHBIM YPaBHEHHEM
JUUIA BOJIHBI OAaBJICHUSA C FapMOHI/IquKI/IMI/I peLHeHI/IH—
MH SIBIISIETCS ypaBHEHHe | enbMromnblia, KOTOpoe B
IMTHHIPUYECKOH CHCTEME KOOPJMHAT MOXET OBITH
TIPEICTABIEHO CEIyIONUM 00pa3zoM:

2 2 2
d* 1d 1 d* d
dr= rdr 2 doc  dz
rac kh — BOJIHOBOC 4YHUCIIO pacnpez[eneHHﬂ h—MOI[;
pj, — AaBleHUe. PemeHns A pacnpeneiaeHus 1aB-

JIeHWsI Ha JII00O0W 3alaHHON aKyCTHYECKON pe30HaHC-
HOM dYacToTe BHYTPU UWIMHAPUYECKOH MOJOCTU
MOTYT OBITH MOTYYEHBI OOBbESIMHEHUEM PEIICHUH ISt
MOJIIPHOTO yria 0, paauaabHOrO BEKTOpa F U pac-
MpeAeIeHUs] aKyCTHYECKOTO IaBICHHS IO OCH Z.
Bonee mompoOHOE aHAMUTHYECKOE OIMMCAHHE PE30-
HAHCHBIX MOJI TABJICHUS B IMIMHIPUIECCKUX PE30Ha-
TOopax copepxurcs B [14].

VcnoBust Ha rpaHMIax paszzaena "TBepAoe TEIo —
KUAKOCTh'" UMEIOT CIEAYIONUI BU:

F=-ngp,

rae F — cuma Harpysku, nMpuxoasmiascs Ha eIUHUILY
IUIOIAAY CTEHKH LMIUHAPA; Ng — BEKTOP HOpMAaIH,
HaIpaBJICHHKIN U3 TBepAoro Tena. [Ipu 3ToM JOmKHO
COONIONAThCS PABEHCTBO HOPMAIBHBIX KOMITOHCHT
BEKTOpa YCKOPEHUS Ha TpaHUIle pas3lieNa JBYX Cpel
""TBEp/I0E TEJIO — KUJIKOCTh'":

(nf-u)co2 =-Dg| - iVP"‘q )

IA€ Ny — BEKTOP HOPMaJM, HAalPaBICHHBIH U3 00be-

Ma JKUAKOCTU; U — BEKTOP MEXaHHUYECKOIo cMelle-
HUSL B TBEPIOM Teje; ® — KPyropas 4acToTa; p —
IUIOTHOCTB; ( — BEKTOpP YCKOPEHHS, COOOIECHHBIH
JKUJIKOCTH.

Jnst pacdera CTPYKTYpBI PE30HAHCHBIX MOJ IIPO-
BEJCH aHAIN3 COOCTBEHHBIX YacTOT MEPHOANYECKOM
KOMIIO3UTHOM CTPYKTYphL. Jljisl ompesneneHus: 4acToT-
HOM 3aBUCHMOCTH KO3(UIHEHTa MpPOIYCKaHUs Ha
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OTHOW CTOPOHE KOHEYHOW CTPYKTYpPhI CTaBHIICS HC-
TOYHHK TIPONOJNBHBIX TAPMOHUYECKHX aKyCTHUECCKHX
BOJTH, & Ha MTPOTHUBOIOJIOKHON — BBIYUCIISIICS OTKIIUK.
Pe3yabrarsl MogenupoBanusi. Pesymsrar Moze-
JUPOBAHUS TIPOXOXKICHUS aKyCTHIECKAX BOJH Yepe3
MIEPUOIUYECKYIO CTPYKTYpY UMIHMHIPUYECKUX OT-
BEpPCTHIl B CTaJbHOW Marpuile MpPUBEICH Ha puc. .
3nmech TpeACTaBICHB 3aBUCUMOCTH KOA((UITECHTA
MpornyckaHusi 7 CTPYKTYpbI, COCTOSIIIIEM U3 BOCHBMHU
PAIOB MYCTHIX HWIMHAPHYECKUX OTBEPCTHH, OT Ha-
CTOTBI aKyCTHYECKHUX BOJIH. BUHO, YTO MpH MyCThIX
orBepcTUsAx (KpuBas /) CTPYKTypa HMEET IOJIOCY
YacToT, B IIpeZienax KOTOPO MPOITyCKaHHUE 0CIabIeHO.
[Ipeononenne NaHHOTO OTPaHUYEHHS MEPHOIU-
YECKOH CTPYKTYpbl OCYIIECTBIISCTCS BBEICHHEM B
ITHHIPUYIECKAE OTBEPCTHS KUIKOCTH C PE30HAHC-
HBIMU YacTOTaMH B IpejesiaX JAuana3zoHa yacToT, I1e
CTPYKTypa UMeeT HM3KHH KOA(QUIMEHT MpoIycKa-
HUA akycTtudyeckux BoiH. Ha puc. 1 kpuBas 2 mpen-
CTaBJIAET MPOITyCKaHUS TPHU 3alOJIHEHHUH OTBEPCTHUS
JKUJIKOCTBIO CO CKOPOCTBIO PACIPOCTPAHEHUS 3BYyKa
1100 m/c, kpuBas 3 — KUJAKOCTBIO CO CKOPOCTBIO
1110 m/c. Kak BHIHO, 3aIOTHEHUE ITUITHHAPUICCKHX
OTBEPCTUH KHUIKOCTHIO OTKPBHIBACT Y3KHE TOJIOCHI
MPOITYCKAaHUS, COOTBETCTBYIOIINE PE30HAHCHBIM
4acTOTaM LWJIMHAPOB € KHUIKOCTHIO. Bapuanus cko-
pOCTH 3BYKa B JKHUJKOCTH BBI3bIBAE€T CIBUT YacTOT

T

0.8
0.6

0.4%4

0.2

PE30HAHCOB, B TO BpeMs Kak OO0mas KapTHHa Ipo-
MyCKaHUS CTPYKTYPhI OCTAETCS OYTH HEM3MEHHOM.

Kaxnpiif u3 HUIMHAPUYECKUX PE30HATOPOB C
KUAKOCTHIO OKPY>KEH MEPHOAUYECKON CTPYKTYPOH,
KoTopasi 00eCIeunBacT BHICOKUI aKyCTHYECKUI KOH-
TpacT Ha TpaHHIAaX pe3oHaropa. Kak pesynbrar, Mo-
XKeT OBITh JOCTUTHYTa BBICOKas JOOPOTHOCTH PE30-
HAHCHBIX THKOB. HeHyneBble 3HaYCHHS KOAPQUIIH-
€HTa MPOITYCKaHUsI CTPYKTYPHI Ha OTUX YacTOTax HE
MPUBOIAT K 3HAYUTEILHOMY OCJIA0IEHUIO CUTHAIA Ha
PE30HAHCHBIX YacTOTaX MWIMHAPHYSCKUX OTBEp-
CTI/Iﬁ, 3aIllOJIHECHHBIX XUIAKOCTBIO.

AHanmu3 pachpeieieHusl TaBICHUS B JKUAKOCTH
Ha PE30HAHCHBIX YaCTOTaxX B IMpeeiax IMOJOCHl Ya-
CTOT C HU3KUM KO3((HUINEHTOM MPOIyCKaHUS MepH-
OIMYECKOH CTPYKTYpHI IIOKa3adl BO3MOXKHOCTH Ha-
OJTIOIEHUST HECKOJIBKUX PE30HAHCHBIX MOJ (pHC. 2):
BTOPOM KPYTHJIBHOM MOJBI (@); BTOPOM aKCHaJIbHO-
CUMMETPUYHOW MOJBI (6) M TpeTbed KpYyTHIBHON
MOJEBI (6). DTH PE30HAHCHI OTKPBIBAIOT yY3KUE MOJIOCHI
IIPOIIyCKaHUS B aMIUIUTYHO-4aCTOTHOM XapaKTepHU-
CTUKE MEPUOANIECKON KOMITO3UTHOW CTPYKTYPBI, UTO
MO3BOJISIET MCIONB30BATh ATOT APQPEKT I CO3MaHUS
CEHCOPHOI'0 YCTpOIiCTBa.

JKCIepUMEHTAJIbHbIE Pe3yJbTaTbl. JKCIIEPH-
MEHTaJbHas MPOBEPKa CEHCOPHOTO YCTpOiicTBa Ha
OCHOBE PAacCCMOTPEHHON MEePUOAMYECKONH KOMIO3UT-
HOUM CTPYKTYpHI "TBEpIIOE TEIIO — KUIAKOCTH' TpoBe-
JieHa ¢ oOpa3uamMu HeTH pa3IHYHOro cocrtapa. ben-
3uH 63-80 u staHON 99.5% OBUTH IperOCTaBIEHBI
s ucenenoanuit Carl Roth GmbH wu Sigma-
Aldrich Chemie GmbH. O0pa3siisl ObUTH TPUTOTOB-
neHsl ¢ o0beMHOU noner C sTaHoida, paBHoH 0, 5 u
10 %. JlaTunk OBII W3TOTOBJICH B BHIE KBaJPaTHOM
pelIeTKd UWIMHIPUYECKUX OTBEPCTUM auameTpoM 1.5
MM, PacIOJIOKEHHBIX C IIaroM 2.5 MM, BBITOJTHEHHON
Ha o0paslie M3 HEp)KaBeIOIIeW CTald TOJIIUHOW 15
MM (puc. 3, a). MakeT (QOHOHHOTO KpHUCTaIa, a

Puc. 2
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Puc. 3

TaKKe IMapaMeTpsl U pa3Mephl OBUIH ONpENeIICHBI B
pe3yabTare 4YHCIACHHBIX pacyeToB. [IpodHOCTH KOH-
CTPYKIWH IaT4wKa, ero (opMa H IIPUMEHEHHBIE Ma-
TepUaNbl OMpENeNeHB C YYeToM TpeOOBaHMA IpH
IMPOMBIIIIJICHHOM TPUMCHCHUU. ITo MMPaKTUICCKUM
CO00paXEHUSIM TapaMeTpbl U pasMephl CTPYKTYPHI
JaTYMKa PAacCUYUTAaHBl Ha PaboOTy C IUIMHOW BOJHEI,
COOTBETCTBYIOIICH YacTOTEe 30HAMPOBAHUS OKOJIO |
MTI'11, KoTOpasi yIOBJIETBOPSET OOJBIIOMY Pa3HOOOpa-
3MI0 BHEITHUX YIBTPa3BYKOBBIX IIpeoOpa3oBaTeieid.
DKCneprUMeHTalbHas YCTaHOBKA, BKJIFOYAIONIAsT CEH-
COPHYIO KOHCTPYKIIUIO, CUCTEMY TIOBOZA KUIAKOCTU
U CONpPSDKCHHBIC BHEIIHUE IbE303JIEKTPHICCKHE
npeobpa3oBateny, okazaHa Ha puc. 3, 6. Couetanue
Jaryrka (POHOHHOTO KPHCTaJUIa ¢ BHEIIHEH M3MepH-
TEJILHON CXEMOW BBIITOJHEHO aKyCTHYECKH C UCIIOINb-
30BaHMEM BHEIIHUX YIbTPa3BYKOBBIX H3IIydarelei.
Panametrics V103-RB 3akxuMHBIE KOHTaKTHBIC ITbe-
303JIEKTPHYECKHE TPeoOpa3oBaTey ¢ IEHTPATBHOU
gactoroii 1 MI'1 6buTH pUBeIeHBI B KOHTAKT C JaT-
YUKOM, HCIONB3YIONMM B KaueCTBE CBS3YIOIIETO
areHTa ruiepuH (puc. 3, 0).

[IpeoOpazoBarenu BO30YKAAIOT U MOJIYYarOT
MIPOJOBHBIE aKyCTHUECKUE BOJHBI TEPICHANKYIAP-
HO OCSM IWJIMHAPHYCCKUX OTBEPCTHH. AHaIH3HUPY-
eMast KHJKOCTh 3aloiHseT oTBepcTHsi. Cxema u3Me-
peHHsI He BKIIOYaeT B ceOs Kakue-TMOO cormacyro-
IIMe YCTPOWCTBA; CIEIOBATENBHO, YIBTPa3BYKOBBIC
npeobpa3oBaTey HANpPSMYI0 CBS3aHBI KOAKCHAIb-
HBIMHU KaOeJsIMU ¢ CEeTeBBIM aHaim3aTopoM. V3zmepe-
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HUS TIApaMETPOB TMEPHOAMYECKON KOMIIO3UTHOMN
CTPYKTYpBI, 3allOJJHEHHOW aHalU3UPYyEeMbIM TOIUIH-
BOM, OCyILIeCTBISIMCh npubopamu Agilent4395A u
Agilent 87511A (100 kI'1...500 MI'm). JlanHBIe O
CIEKTPax MPOMYCKaHUS U OTPaKEHHs ObUIM TOTyde-
HBl U3 PE3YIBTAaTOB M3MEPEHUs MapaMeTpOB CTPYK-
TYpHI B IpeoOpa3oBareneii B KOHTAKTE.

YacToTHBIE 3aBUCHMOCTH KOA(PPHUIUCHTOB MpPO-
nmyckaHus T U oTpakeHHs R MepHOIUYecKOd KOMIIO-
3UTHOM CTPYKTYphl misi cMeced OcH3mHa 63-80 ¢
9TaHOJIOM B 00beMHBIX 00X 0, 5 u 10 % mokazaHbl
Ha puc. 4, @ U 6 COOTBETCTBEHHO. 3aBUCUMOCTbH pe-
30HAHCHOM 4YacTOThl OT OOBEMHOM [OJIM 3TaHOJIA
MoKa3aHa Ha puc. 4, 6.

DKclepUMeHTalbHAs TPOBEpKa MEPUOTUIECKOM
CTPYKTYpPBI, 3allOJHEHHOM JKHIKOCTBHIO, BBISBHIIA
Hauboliee OTYETIIMBBIM CTPYKTYPHBIH pE30HaHC Ha
94acTOTE, COOTBETCTBYIOLIEH BTOPON aKCHAIBHO-CHUM-
METpUYHOH Mozme. KpyTrinbHBIE MOIBI 3HAYUTENHEHO
ocJ1abJeHbl 0 CPAaBHEHMIO C 3TOM MOAOM M He paz-

T

/Ml

0.86

0.79

0.72

0.65 | | | |
0.80  0.84 0.88 0.92 0.96

1, MI'u

f, x['n

896

894

892
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nnyarorcs. IlpuunmHa BBICOKOrO NOAABIEHUS KpY-
THJIBHBIX MOJ OOBSCHSAETCS OTHOCHTENHHO HEeOOINb-
ot TonmuHOM cTpyKTyps! (15 MM), KoTOpast HCKa-
’KaeT KPyTHIBbHbIE PE30HAHCHBIE MOJIBI HA OTKPBITBIX
rpaHuLaxX HUIMHIPOB.

3akaroueHue. B Hacrosmiell crarbe NpecTaB-
JIEHBI PE3YIbTAThl U3yYEHUSI PACIIPOCTPAHEHHS YIIPY-
IUX KoleOaHWH M Pe30HAHCHBIX YacTOT Ui HEepHO-
JINYECKON KOMITO3UTHON CTPYKTYpHI ""TBEeproe Teno —
KHUIKOCTB" C LENbI0 NPUMEHEHHs B JATYUKAX KH[-
koro TomnuBa. [IponeMOHCTpUPOBaHBI TeopeTHYE-
CKHE pE3yNbTaThl UCCIEAOBAHUI IByMEPHBIX MEpHO-
JUYECKUX CTPYKTYp IpPU MPOEKTUPOBAHHU aKyCTH-
YECKHUX JATUUKOB OOBEMHBIX CBOMCTB KHJKOCTEH Ha
ux ocHoBe. CeHCOpHOE yCTPOMCTBO COCTOUT U3 CH-
CTEMbl MEPUOANYECKH DPACIOJIOKEHHBIX 3allOIHEH-
HBIX SKUAKOCTBIO LWJIMHAPUYECKUX OTBEPCTHH B
CTaJIbHOM Marpulle, KOTOpbIE, C OJHOH CTOPOHBI,
CIly)KaT pACCEHBAIOIIMMH HEHTpaMH (OHOHHOTO
KpHCTalIa, a ¢ APYrod — MPOCTPAHCTBEHHO pacIpe-
JICICHHBIMU pe30HaTopaMu. TeopeTndeckue Hcciie-
JIOBaHHs CTPYKTYpbl IIOKa3aad BO3MOXKHOCTb BO3-
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OyXmaTb B HEW aKCHAIbHO-CHMMETPHYHBIC H KpY-
TWIBHBIE PE30HAHCHBIE MOIBI B YaCTOTHOM [HaIia-
30HE HU3KUX 3HAUCHUH KOA(dUIHEeHTa NPOIyCKaHUs
CTPYKTYPBI, KOTOPEIE MPOSIBISIIOTCS KaK OKHA C Y3KOU
MOJIOCOH TPOITyCKaHMsL. JKCIEePHUMEHTAJIbHBIE WC-
CIJIS/IOBAHUS JJAHHOW CEHCOPHOH CHCTEMBI IOITBEp-
VTN CYIIECTBOBAHHE PE30HAHCOB, COOTBETCTBYIO-
MUX TEOPETHYECKUM TIPOTHO3aM. AKCHAJIbHO-
CUMMeTpUYHas Moja OblUia OOHapy)XeHa 3KCIepH-
MEHTAJILHO M OKa3ajach Oosiee BbIpaxxeHHOW. OOHA-
PY’KEHO, UTO KPYTHJIBHBIC PE30HAHCHBIC MOJBI CHIIb-
HO ocia0JieHbl U3-32 KOHEYHOH TOJILMHBI HCCIIEeNO-
BaHHOUM CTPYKTypbl. MI3MepeHust pa3indHbIX cMeceil
OCH3MHA U ATAaHOJNA MOKA3BIBAIOT, YTO NATYHK MMEET
SHAYUTCJIIbHYO YYBCTBHUTCJIBHOCTbL JISI PA3JIMYUCHUSA
OOBIYHBEIX BHIOB TOIUIMBA, CMECEH HAa OCHOBE OEH3H-
Ha M MPHUCYTCTBHUSA NO0OABOK B CTaHIAPTHBIX BHIAX
toruBa. IIponeMoHCTpUpPOBaHHBIE TEOPETUYECKUE U
OKCTIEPUMEHTAIBHBIE PE3YABTaThl MOTYT OBITH IIEH-
HBIMU 11 HETSIHOH MPOMBINUICHHOCTH W IPYTUX
IIPUIIOKEHUH.
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