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NMCCNEAOOBAHUE CTABUJIBHOCTU YACTOTbl BUXPEOBPA3OBAHUA
B BUXPEAKYCTUYECKOM PACXOOOMEPE

A.ll. JlanuH, A.M. [Jpyxkoe

PaccmarpuBaeTcst THIIOBasI CTPYKTypHasl CXeMa BUXPEAKYCTHUECKOTO pacxoiomepa ¢
MOAPOOHBIM ONMCAaHUEM CHUTHAJIOB HA BXOJIC M BBIXO/IE OCHOBHBIX (DYHKI[HOHAJIBHBIX KOM-
TIOHEHTOB.

[IpuBeneH 1uaH 3KcHEpUMEHTa, NMPEJHA3HAYEHHOTO IS M3Y4YEeHUS CTaOMIBHOCTH
4acTOThl BUXpeoOpa3oBaHus 3a TeJIoM oOTekaHus. Takke MpeicTaBleHbl PE3yIbTaThl UC-
CJIeIOBaHMS CTAOMIIBHOCTH pacxojia Ha IPOIMBOYHON ycTaHOBKe. [lokazaHo, 4To K03(-
(¢unueHT BapHalMi MIHOBEHHBIX 3HAUCHHWH 3TAJOHHOTO pacxoja NPH WCIBITAHWW BHX-
peakycTuueckux pacxogpomepos u3Mmensercs ot 0,13 1o 0,3 % B 3aBUCUMOCTH OT pexnMa
nponuBkd. Koadduiment Bapuanuy 4acToThl BUXpeoOpa3oBaHUs IMPU Pa3IHYHBIX PEKU-
Max pacxopa coctamiseT oT 3 10 9 %. IIpoBepka mo kputepuro Dmrca—[lanu nokaszana,
YTO BBIOOPOYHBIC JaHHBIE HE MPOTHBOpEYaT HOPMAaJbHOMY 3aKOHY paclpeneeHHus Be-
pOsITHOCTEHA.

Crenano mpearnoiokeHHe O HEeIeIeco00pa3sHOCTH Pacu€ToB Pe3yABTHPYIONIET0 00heM-
HOTO pacxo/ia Ha OCHOBAaHHWH MIHOBEHHOTO 3HAYCHMS YacTOTHI BUXpeoOpa3oBaHus. [loka-
3aHO, YTO NP pacyeTe pacxoja 11eIecoo0pa3Ho HCHONIB30BaTh OLIEHKY YacTOThl BUXPE00-
pa30BaHus, MOTYYCHHYIO HAa OCHOBE 00pab0TKM M30BITOUHBIX H3MEPEHHH.

Kniouesvie cnosa: suxpesvle pacxooomepwl, 8UXpeaxycmuyeckue pacxooomepul, 4ac-
moma 8uxpeodpaz06aHus.

BBenenne

IlIupokoe pacrpoCTpaHEHUE B CUCTEMaX YIPABICHUS TEXHOJIOIMYSCKUMH MPOLIECCaMu, e TpeOy-
eTCs M3MepeHHe pacxona (HaKOIUICHHOTO 00beMa) KHUIKOCTH, TIONYYHIN BHXPEaKyCTHIECKIE PacXolo-
Mepbl. OTHAKO TOYHOCTh U3MEPEHHS TAKUX PACXOJAOMEPOB Ha JHara3oHe MaJibIX PacXol0B HIDKE, 4eM Ha
JATIa30HE CPETHUX U OOJBIINX PACXOIOB.

[ToBbImeHNE TOYHOCTH U3MEPEHUST BUXPEAKYCTUIECKUX PACXOJOMEPOB Ha MAIIbIX PACXOAaX MOXKET
OBITh IOCTUTHYTO ITyTE€M MPAaBUIBHOTO BEIOOpa M 000CHOBaHUs Mojieny (DyHKIIMHU TpeoOpazosanus [ 1, 2].
g neyxdakTopHO# Moaear QyHKIIMU IpeoOpa30BaHus BUXPEAKYCTHUSCKUX PACXOOMEPOB BXOIHBIMU
(hakTopamMu SBJISIOTCS 4acTOTa BUXPEOOPa30BaHUS U TeMIlepaTypa usmepseMoit cpensl [1]. Eciau ¢ Tou-
HOCTBIO M3MEPEHHS TIOCIIeNHEH He BOZHHKAET 0COOBIX MpolieM, TO 3ajjada N3MEPEHHS 9aCTOThI BUXpPe-
o0Opa3oBaHus TpeOyeT BHUMATEILHOTO U3YUCHHUSI.

B nmaHHOI cTaThe MPUBOIATCS PE3y/IbTaThl HCCIICAOBAHU, MPOBEACHHBIX C LIEIbI0 OLIEHKHA CTA0MIIb-
HOCTH IpOoIecca BUXPeoOpa3oBaHusl B BUXPEAKYCTHUECKHUX PacXogoMepax.

1. TunoBasi cxema BUXpPEBOIo pacxoaoMmepa

Ha puc. 1 n3o6pakena ¢pyHKIHMOHAIBHAS cXeMa BUXpEaKyCTHUECKOTo pacxogomepa. Ha puc. 2 mpu-
BE€/ICHBI BPEMEHHBIC JHAarpaMMbl CUTHAJIOB B ONPEICIICHHBIX TOUKaX (QYHKIIHOHAIHLHON CXEMBI.

Jns m3mepenust pacxona KUAKOCTH WIIM Ta3a B MPOTOYHOM YacTH BUXPEBOTO pacxogoMepa ycra-
HOBJICHO TeJIO OOTEKaHHUsI, 32 KOTOPBIM 00pa3ytoTcst BUXpH. CTPyKTypa yCTOWYHBOTO BUXPEOOpa3oBaHUS
3a TeJIOM 00TeKaHHs Ha3biBaeTcs Hopoxkkoil Kapmana [3, 4].

Bo3z0ykaeHue nepearolero mbe303JIeMeHTa, YCTaHOBJICHHOTO B NMPOTOYHON YacTH PacxoloMepa,
MIPOUCXOIUT C TIOMOIIBIO BRICOKOYACTOTHOTO CHTHAJA, IIOAaBAEMOT0 C OTIOPHOTO reHeparopa (puc. 2, a).
Curnan nmpeoOpasyercsi B MEXaHUUECKUE KOJeOaHMsI, U3IIy4aeTcsl B U3MEPSIEMYIO Cpelly U MOLYIHPYETCs
no ¢asze ¢ 4acToTol BUXpeH, 00pa3oBaHHBIX 3a TeaoM oOTekanus. [Ipuémublil mbe303meMeHT npeodpa-
3yeT MEXaHH4YEeCKHE KolieOaTeIbHbIe BO3ACHCTBHS B DICKTPUYECKUN BHICOKOYACTOTHBIN MOMYIHPOBAH-
HBIW curHai (puc. 2, 6), KOTOPBI YCHIMBAETCS U BMECTE C CHTHAJIOM C OIIOPHOTO TeHeparopa MoaeTcs
Ha BXoz (azoBoro nerekropa. Ha Beixone ¢azoBoro nerekropa BbLAETAETCS CHHYCOUAAIBHBIN CUTHAI,
4acToTa KOTOPOrO paBHA YacToTe 0Opa3oBaHMsl BUXpeW 3a TelioM oOTekaHus (puc. 2, B). DTOT CUTHAI
noaBepraeTcs 00paboTKe B KoMmaparope (puc. 2, T) U MoJaeTcsl Ha BXOJl MUKPOKOHTPOJUIEpa, TJe Mpo-
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W3BOJIUTCS] U3MEPEHHUE UIMTEIBHOCTH MEpUOAA CUTHana. B pesynsrare mpUMEHEHMs OIMMCAHHOTO ajro-
puT™Ma 00pabOTKK CUTHAlIa TIOJTyYaeTcsi BRLIOOPKA MIHOBEHHBIX 3HAYEHUI 4acTOThI BUXPEOOpPA30BaHUSL.
Ora 4acToTa KUCHOJB3YeTCsl Al pacueTa pacxola U3MepseMON XMIKOCTH WJIM ra3a B COOTBETCTBUU
¢ 1Byx(akTOpHOI Mozaembio QPyHKINHU npeodpa3oBaHus pacxomomepa [1].

Y
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Puc. 1. ®DyHKUMOHamNbHasA cXxeMa BUXPeaKyCTUYeCKOro pacxogomepa
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Puc. 2. BpemeHHasa gnarpamma paboTbl BUXpeaKyCTUHECKOro pacxogomepa: a — BbICOKOYAaCTOTHbIM BO30OyXaatoLwmm

CUrHan c onopHoro reHepaTtopa; 6 — MoAynMpoBaHHbINA NO (ha3e BbICOKOYACTOTHbIN CUrHan Ha NPMEMHOM Mbe3o-

aneMeHTe; B — BbleNIeHHOe MoAynupylollee BO3AeNCTBUE BUXPel, 06pa3yoLMXcs 3a TernoM o6TeKaHus, Ha Bbl-

xoae ¢pa3oBoOro AeTekropa (4acToTa 3TOro CMrHana nponopLuoHarnbHa YacToTe BUXPeN); I — CUrHan, NocTynaroLwmi
Ha BXOA4 MUKPOKOHTponnepa

2. Onucanue IKCNEPUMEHTA M0 U3YYeHHIO CTA0MJIBHOCTH YacTOTHI BUXpeoOpa3oBaHusA

HecTaOuipHOCTE 4acTOTHI BUXpeoOpa3zoBaHus sBseTcs GyHAaMEHTaIbHOM mpobiemMoii [5] mpu uc-
CJICZIOBaHMHU BHUXPEBBIX pacxonoMepoB. B paborax [6, 7] maHHBII BOOpOC paccMaTpUBaETCs C TOUKU 3pe-
HUSI ONTHMHU3AIMH T'€OMETPUU Tella oO0TekaHWs. B maHHOW crarbe CTaOMIBHOCTh BHUXPEOOpa3oBaHUS
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UccnedoeaHue cmabunsHOCMU Yacmomal 8UXpeo6pa3oeaHusi
8 suxpeakycmu4eckoM pacxodomepe

U3y4aeTcs ¢ LeJbI0 CO3MaHMs aJlfOPUTMa OLICHKH YaCTOThl BUXPeoOpa30BaHMs HA OCHOBE M30BITOUHBIX
nu3Mepenuid. [ist uccenoBanus cTabMIIBHOCTH BUXPEOOPA30BaHUs B BUXPEAKYCTHUECKOM PacXoioMepe
OBUIM TIPOBENEHBI JTa0OpaTOpPHBIE WCIBITAHUS HA pacxoJoMepHOM creHje. s ucmbITaHuii ObUTH HC-
noJb30BaHbl udpoBoil ocimutorpad Agilent DSO6012a [8] m ycTaHOBKa A1 HOBEPKH CUETUYHUKOB
xunkoctd YIICXK-15/50 (manee — mponuBoYHAs yCTAaHOBKA), BKIIIOYAIOIIAs B €0 M3MEPUTEIIBHYIO JIH-
HUIO, 3allOPHYIO apMaTypy W STaJIOHHBIE PacXoloMephbl. B kadecTBe OOBEKTOB HCHBITAHUN OBLIM WC-
MOJIb30BAaHbl JIBA BHUXPEAKYCTHUECKHX pacxojoMepa C JHaMETPOM YCIOBHOTO mpoxofa 25 u 32 MM
(y25 u JTy32).

OKCIepUMEeHT IpeaHa3HavdalICcs AN pelIeHns AByX 3a/]1a4:

a) McciIe0BaHre CTA0MIIBHOCTH Pacxo/ia B IPOJIMBOYHON YCTaHOBKE;

0) uccienoBaHue CTAOMIBHOCTH YacTOTHI BUXPEeOOpa3oBaHus 3a TEIOM O0TeKaHuUsI.

a) HMccnenyemble pacxogoMepsl ObLIM MOCIEAOBATENbHO HCIIBITAHBI IPH PEXXUMaX pacxona B COOT-
BeTCTBUU ¢ Tabin. 1. B xone akcriepuMenTa pUKCUPOBAINCH TIOKA3aHHUSI MTHOBEHHBIX PAcXOJIOB ATaJIOH-
HBIX PacxoIOMEpPOB MPOIUBOYHOH YCTaHOBKH. [laHHBIC, TOyYeHHBIE B XO[€ 3KCIEPUMEHTA, IPUBEACHBI
B Tabm. 2 u 3.

Ta6bnuua 1
PexumMbl NpoBeAeHUs UCNbITaHUA pacxogoMepoB

Oy PexuMEI pacxoa, M>/d
25 9,0 5,0 3,0 1,5 1,0 0,8 0,6 0,40 | 0,20 | 0,18 | 0,15
32 15,0 | 10,0 7,0 5,0 3,0 1,5 1,0 0,6 0,40 | 0,25 | 0,20

Ta6nuua 2
Moka3aHusa 3TanoHHbIX PacXo40OMepPOB Ha NPONUBOYHOM YCTAaHOBKE NPM UCNbITaHUU pacxoaomepa Ay32

PexuMBI pacxoa, M>/d
150 | 100 | 70 | 50 | 30 | 1,5 | 1,0 0,6 040 | 025 | 020
MrHoBeHHEIE 3HAYCHUS pacxona I/I3M6p$IeMOI\/'I KHUAKOCTH, M3/ q
14,73 | 9,82 | 696 | 491 [ 2,979 [ 1,487 [ 0,998 | 0,597 | 0401 [ 02472 | 0,1990
14,72 | 9,80 | 694 | 491 | 2,980 | 1,494 | 1,002 | 0,599 | 0,400 | 02481 | 0,1986
14,70 | 981 | 694 | 491 [ 2,977 [ 1,491 | 1,001 | 0,597 | 0401 | 02478 | 0,1994
14,72 | 983 | 695 | 4,93 [ 2,976 | 1,487 | 0,999 | 0,597 | 0,400 [ 02477 | 0,1992
14,70 | 9,80 | 6,95 | 4,92 | 2,980 | 1,492 | 1,002 | 0,598 | 0,400 | 02479 | 0,1988
14,68 | 9,82 | 694 | 494 | 2,982 | 1,493 | 0,997 | 0,595 | 0401 | 02477 | 0,1984
14,73 | 9,80 | 693 | 4,92 [ 2,981 | 1,492 | 1,002 | 0,598 | 0,401 | 02479 | 0,1985
1477 | 9,82 | 694 | 4,92 [ 2,978 | 1,488 | 1,003 | 0,597 | 0,403 [ 02478 | 0,1986
14,76 | 9,84 | 6,93 | 4,91 [ 2,970 | 1,498 | 1,001 | 0,597 | 0401 [ 02467 | 0,1987
1477 | 985 | 692 | 492 [ 2,979 | 1,495 | 0,997 | 0,595 | 0,402 | 0,2485 | 0,1986
1473 | 981 | 691 | 492 [ 2,982 [ 1,496 | 0993 | 0,597 | 0402 | 02475 | 0,1987
1471 | 9,82 | 692 | 4,91 [ 2,993 | 1,493 | 0,996 | 0,599 | 0401 [ 02466 | 0,1989
14,76 | 9,85 | 6,92 | 4,92 | 2,989 | 1,497 | 0,997 | 0,596 | 0,400 | 02474 | 0,1984
1479 | 9.82 | 690 | 493 | 2985 | 1,495 | 1,001 | 0,596 | 0,399 | 02468 | 0,1988
14,80 | 9.84 | 692 | 494 [ 2979 | 1,491 | 0,995 | 0,595 | 0,399 | 0,2480 | 0,1989
14,76 | 9,82 | 6,93 | 4,93 [ 2,984 | 1,497 | 0996 | 0,597 | 0,401 | 02472 | 0,1985
Cpenuuii pacxon, M*/d
14,739 | 9,821 | 6,931 | 4,921 | 2,980 | 1,492 | 0,9988 | 0,5969 | 0,4008 | 0,2476 | 0,1988
CKO
345 | 1,64 | 1,59 [ 1,04 | 529 [ 348 | 3,02 [ 126 [ 1,06 | 534 | 280
E-02 | E-02 | E-02 | E-02 | E-03 | E-03 | E-03 | E-03 | E-03 | E-04 | E-04
Kosdduuument Bapuanuu, V, %
023 | 0,17 | 023 | 021 | 0,18 [ 023 | 030 | 021 | 027 | 022 | 0,14
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Ta6bnuua 3
MokasaHuA 3aTanoHHbIX Pacxo4OMepoB Ha NPONIMBOYHOMN YCTaHOBKE NPU UCNbITaHUK pacxogomepa [y25

PexuMbI pacxoa, M/4
90 [ 50 30 | 1,5 | 1,0 | o8 | 06 [ 040 | 020 | 018 | 0,15
MrHoBeHHbIE 3HAYEHUS PACX0/la U3MEPAEMON KUJKOCTH, M /a
8,88 | 4,98 | 3,02 | 1,498 | 1,001 | 0,801 | 0,597 | 0,401 | 0,2095 | 0,1785 | 0,1495
8,87 | 4,98 | 3,000 | 1,501 | 0997 | 0,796 | 0,597 | 0,401 | 0,2083 | 0,1788 | 0,1492
8,86 | 4,97 | 3,019 | 1,496 [ 0,999 | 0,799 | 0,598 | 0,401 | 0,2087 | 0,1794 | 0,1494
8,84 | 4,97 | 3,015 | 1,494 | 1,000 | 0,799 | 0,598 | 0,400 | 0,2081 | 0,1794 | 0,1495
8,85 | 4,98 | 3,017 | 1,497 [ 0999 | 0,801 | 0,599 | 0,401 | 0,2092 | 0,1787 | 0,1490
8,85 | 4,97 | 3,018 | 1,499 | 1,000 | 0,800 | 0,600 | 0,400 | 0,2080 | 0,1782 | 0,1490
8,84 | 4,97 | 3,016 | 1,497 | 0999 | 0,800 | 0,600 | 0,399 | 0,2097 | 0,1792 | 0,1492
8,85 | 4,99 | 3,015 | 1,494 | 1,000 | 0,798 | 0,597 | 0,401 | 0,2096 | 0,1798 | 0,1482
8,86 | 4,98 | 3,012 | 1,496 | 0999 | 0,799 | 0,599 | 0,400 | 0,2089 | 0,1801 | 0,1490
8,85 | 4,97 | 3,016 | 1,501 | 1,001 | 0,801 | 0,597 | 0,400 | 0,2093 | 0,1791 | 0,1491
8,85 | 4,98 | 3,004 | 1,501 | 1,000 | 0,800 | 0,598 | 0,400 | 0,2096 | 0,1796 | 0,1494
8,85 | 4,99 | 3,015 | 1,497 [ 0,997 | 0,801 | 0,598 | 0,400 | 0,2097 | 0,1786 | 0,1499
8,84 | 4,96 | 3,000 | 1,495 | 0998 | 0,800 | 0,600 | 0,400 | 0,2088 | 0,1785 | 0,1489
8,86 | 4,97 | 3,005 | 1,494 | 0999 | 0,800 | 0,600 | 0,401 | 0,2094 | 0,1790 | 0,1491
8,83 | 4,97 | 3,009 | 1,495 | 1,000 | 0,802 | 0,597 | 0,402 | 0,2086 | 0,1792 | 0,1483
8,85 | 4,98 | 3,013 | 1,489 | 0999 | 0,801 | 0,598 | 0,398 | 0,2087 | 0,1786 | 0,1490
8,85 | 4,99 | 3,022 | 1,497 | 1,001 | 0,801 | 0,600 | 0,399 | 0,2086 | 0,1780 | 0,1490
8,86 | 4,97 | 3,016 | 1,492 | 1,000 | 0,802 | 0,599 | 0,401 | 0,2079 | 0,1787 | 0,1487
Cpenuuii pacxox, M/4
8,852 14,976 | 3,013 | 1,4963 | 0,9994 | 0,8001 | 0,5984 | 0,4000 |0,20892 | 0,17897 | 0,14908
CKO
1,17 [ 850 [ 500 | 3,16 | 120 | 1,47 | 120 | 958 | 6,03 | 557 | 410
E-02 | E-03 | E-03 | E-03 | E03 | E-03 | E-03 | E-04 | E-04 | E-04 | E-04
Kosdduuuent Bapuanuu V, %
0,13 017 | 017 | 021 | 012 | 018 | 020 | 024 | 029 | 031 | 027

ITo pesynapraram u3aMepeHuil OB pacCUMTAHBL: cpeaHeKkBaaparndeckoe otkioneHue (CKO), cpen-
HHUH pacxofl B X0JI€ SKCTIEPUMEHTA U KOI(D(PUIIMEHT BapHaLIIH:

v =2.100%,

X
rae V — xoadduuent Bapuanum, ¢ — cpegHEKBaIpaTHIECKOE OTKJIOHEHHE, X — CPEIHUHI pacxo.

B pesynbrare uccnenoBaHus cTaOMIBHOCTH YCTaHOBIICHHS pacxofa Ha NPOJIMBOYHON YCTaHOBKE
YCTaHOBJICHO, YTO KO3()(UIMEHT BapHalMi MICHOBEHHBIX 3HAYCHUH 3TAJIOHHOTO PAacXoAa MpU HCIBITa-
HUM BUXpeaKycTuueckoro pacxogomepa y25 usmensercs ot 0,13 no 0,31 %, a mpu ncneiranuu Jy32 —
o1 0,17 o 0,30 %.

[Nony4eHHble JaHHBIE O MTHOBEHHBIX pacxonax ObLIHM IOIBEPrHYTH MPOBEPKE Ha OTKIOHEHUE pac-
NpEAETICHUS] BEPOSTHOCTEH OT HOPMaJbHOTO 3aKOHA pacmpeneseHus. st peanusanuy NpOBEPKH CO-
m1acHo kpuTepHio Omrica—[lannu pazpaborana mporpaMma, peaau3yronas alropuT™ pacyeTa KpuTuie-
ckoi ctaructuku kpurepus, onucanHelii B OCT P MCO 5479-2002. Kputnueckue CTaTUCTHKH, pac-
CYHMTaHHBIE B COOTBETCTBUH C KpuTepueM Onica—[lammm, npuBeaeHs! B Ta0. 4.

ComacHO HCIIONB30BaHHOMY KpPUTEPHIO, BHIOOpKAa HE MPOTHBOPEYHUT HOPMAJBHOMY pacipeese-
HUIO, €CTIM PacCUUTAHHOE 3HAaYCHHE KPUTHUYECKOH CTATHCTHKH HE MPEBBILIACT p-KBAaHTWIIb MPU 3aJaH-
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UccnedoeaHue cmabunsHOCMU Yacmomsl eUxXpeobpa3oeaHust
8 suxpeaKkycmu4eckom pacxodomepe

HOM YPOBHE 3HaUUMOCTH U 00beMe BBIOOPKH. J{JIsl nccieayeMpIx BEIOOPOK p-KBaHTWIb paBeH 0,367 u
0,366 mna 1y25 n [ly32 cOOTBETCTBEHHO.

B pesynbraTe mpoBepkd ObLIO yCTAHOBJIEHO, YTO MOJTYYEHHBIE BHIOOPKHM 3HAYEHWH MTHOBEHHBIX
pacxofoB He MPOTUBOpPEUAT HOPMAILHOMY 3aKOHY paclpeiesieHus] BEpOsSTHOCTEH MpU YPOBHE 3HAUNMO-
ctu o = 0,05.

Tabnuua 4
PaccuuTaHHble 3Ha4eHUsA KPUTUYECKoOn cTaTucTukmn dnnca—Mannu

3HaYCHHUS KPUTHUECKOM CTaTUCTUKHU Dmrica— [ayu 1y BeIOOpOK MIHOBEHHBIX pacxonoB Jly25
0,095 | 0,099 | 0,168 | 0,026 | 0,132 [ 0,264 [ 0,236 | 0,096 | 0,153 | 0,051 | 0,140

3HaueHus KpUTHUYecKor cratructuky Onmnca—lamim 11 BBI0OpOK MrHOBEHHBIX pacxonoB Jy32
0,071 [ 0,103 | 0,012 | 0,150 | 0,195 | 0,094 | 0,155 | 0,021 | 0,015 | 0,137 [ 0,199

6) [Ipu ucnbITaHUAX, TPOBOAUMBIX C LIETBIO MCCIEI0BAaHHUS CTAaOMIBHOCTH YacTOThI BHXpeoOpazo-
BaHMsI 32 TEJIOM OOTEKaHMS, HA Ka)JIOM M3 PEXKHMOB pacxosa (CM. Tadi. 1) JUIs KaXJI0ro HCIBITYeMOTO
pacxogomepa ¢ nomouipio udpoBoro ocuuuiorpada GUKCHPOBaICA CUrHAN (IPUMEPHBINA BUJ CHTHAJa
MpUBE/ICH Ha pHC. 3) Ha BeIxoJe (a30BOro JeTEKTOpa M (GUIBTPa HU3KUX YACTOT (TOYKA «B)» Ha pHC. 1,
najnee — KOHTpoJIbHAs Touka). CheM JAaHHBIX OCHMILIOrpad)oM IMPOU3BOAMIICS MOCHE BBIXOJA MPOJIMBOY-
HOW YCTaHOBKH Ha 3aJlaHHBI YCTaHOBHMBILIHMICS PEKUM NPOJIMBKH. B pesynbrare momydeHbl MacCHBBI
OTCYETOB CHTHAJIa B KOHTPOJIBbHOU Touke. [lanee, 11t TOro 4To0bl MOTYYNUTh 3HAYEHUS] MTHOBEHHBIX Yac-
TOT (MEPUOAOB), TMPOBOAMIACE OOpaOOTKA TONYYEHHBIX JAHHBIX IO OIPEICICHHOMY aJITOPUTMY.
Jist 3TOro OBIIO pa3paboTaHo clieUaIbHOE MPOrpaMMHOe odecrieueHue B cpene Matlab.

2,0

1,5

<o —_
w o

AmIunTyaa cursana, B
L2
=]

Bpewms, ¢
0,000 0,005 0,010 0,015 0,020 0,025

Puc. 3. MpumMepHbIN BUA curHana B KOHTPONbHOW TOYke

Tabnuua 5
Mpumep paHHbIX, NONYYEHHbIX NPU UCNbITaHUU pacxogomepa [y32

Pexxumel pacxona, Mg
Ne 150 [ 100 | 70 | 50 | 30 | 1,5 ] 1,0 | 06 [ 040 [ 0,25 | 0,20
MrHOBEHHEIEC YaCTOTHI BI/IXpCO6pa3OBaHI/I${ IIpU pa3IMYHBIX PCIKUMAX pacxoda f, T o

253,16] 172,41 | 126,58 | 92,59 | 54,05 [ 27,03 | 20,00 [ 11,63 | 8,62 | 521 | 4,59
303,03] 192,31 [ 136,99 | 92,59 | 55,56 | 30,30 | 18,87 [ 11,76 | 7,81 | 5,88 | 4,67
250,00] 178,57 | 125,00 | 92,59 | 58,82 | 28,17 | 19,23 [ 11,63 | 8,20 | 526 | 4,55
259,74] 185,19 [ 135,14 | 92,59 | 57,14 | 28,17 | 19,23 | 11,90 | 8,20 | 5,32 | 4,76
307,69 204,08 | 136,99 | 96,15 | 52,63 | 27,78 | 18,87 | 11,49 | 8,20 | 532 | 4,63
277,781 192,31 [ 123,46 | 86,21 | 60,61 | 28,99 | 20,41 | 12,50 | 8,20 | 5,32 | 4,72

AN |W|N|—

0 281,69]212,77] 136,99 | 89,29 | 62,50 | 27,78 | 1923 [ 1124 | 7,94 | 532 | 472
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OKOHuYaHue Tabn. 5

Pexxumel pacxona, Mg

Ne 150 [ 100 | 70 [ 50 [ 30 [ 1,5 [ 1,0 | 06 | 040 | 025 | 020
MrHOBEHHBIE YaCTOTHI BUXPEOOpa30BaHus MPU Pa3IMIHbBIX pexkuMax pacxona f, [
fmax  [327,87[212,77 [ 142,86 [ 102,04 | 62,50 | 30,30 | 20,41 [ 13,33 | 9,09 | 6,17 | 521
fmin  [229,89] 161,29 [ 113,64 | 83,33 | 50,00 | 25,97 [ 17,54 | 10,87 | 6,94 | 4,81 | 4,00
Cpenmee |273,87] 186,78 | 132,03 | 92,20 | 56,19 | 28,48 | 19,26 | 11,87 | 8,23 | 5,37 | 4,53
CKO [20,77 | 11,27 | 10,89 | 492 | 2,64 | 097 | 0,75 | 0,51 | 0,48 [ 0,31 | 0,23
V,% | 7,58 | 6,03 | 507 | 479 [ 4,69 | 3,42 | 3,64 | 432 | 584 | 58 | 5,11
OO1miee KOJIMYEeCTBO MITHOBEHHBIX YaCTOT B UCCIIElyeMOl BBIOOPKE, IIT.

n 52 [ 71 ] 48 | 72 | 109 | 54 | 74 | 44 | 63 | 60 | 58

B pesynsraTe 00paboTKM MacCHBOB JTaHHBIX OBLIM HAWJEHBI 3HAYCHUS MTEPHOIOB CHHYCOHJATHBHOTO
CUTHaJa JUIA KaXIIOro pexuma pacxona (tabmn. 5, 6). [lepuon curnama (7) cBsi3aH ¢ 9aCTOTOW BUXPEOO-
pa3oBanus (f) 3a Tenom ootekanus — T = 1/f.

Tabnuua 6
Mpumep OaHHLIX, NONYYeHHbIX NPU UCNbITaHUKU pacxogomepa Ody25

Pexxumel pacxona, Mg
Ne 90 | 50 | 30 | 1,5 ] 1,0 [ 08 | 06 [ 040 ] 020 ] 0,18 ] 0,15
MrHOBEHHBIE YaCTOTHI BUXPEOOpa30BaHUsI TPH Pa3IHMYHBIX pexkuMax pacxona f, [

357,14 [ 192,31 [ 131,58 | 64,10 | 40,00 [ 35,09 [ 25,64 [ 1923 [ 9,62 [ 9,71 [ 7,87
307,69 | 206,19 | 120,48 | 64,10 | 41,67 | 33,33 [ 25,97 [ 19,23 [ 9,52 | 8,93 | 8,06
425,53 [ 210,53 | 128,21 | 64,94 | 42,02 | 33,33 [ 26,32 | 18,87 | 9,09 [ 10,20 | 7,35
416,67 | 210,53 | 125,00 | 58,82 | 45,87 | 32,79 | 25,64 | 17,86 | 9,01 [ 943 | 7,52
350,88 | 217,39 | 133,33 | 63,29 | 44,25 | 34,48 | 25,00 | 17,54 | 9,01 [ 10,00 | 6,67
350,88 | 202,02 | 131,58 | 64,94 | 40,65 | 32,26 | 26,67 | 17,86 | 8,47 | 8,85 | 8,00

AN N[ |W[N|—

n 377,36 | 200,00 | 116,28 | 59,52 | 41,67 | 36,36 | 24,39 | 17,54 | 10,42 | 9,17 | 7,81
fmax | 444,44 | 253,16 | 149,25 | 70,42 | 45,87 | 37,04 | 29,85 | 19,23 | 10,42 | 10,75 | 8,93
fmin | 294,12 | 181,82 | 112,36 | 57,47 | 38,76 | 30,77 | 23,26 | 15,63 | 8,40 | 7,87 | 6,62

Cpennee | 367,25 | 209,64 | 128,23 | 62,75 | 41,92 | 33,57 | 26,03 | 17,44 | 9,31 | 8,90 | 7,42
CKO 31,17 | 14,71 8,55 2,75 | 1,62 | 1,33 | 1,29 | 0,81 | 0,52 | 0,69 | 0,52
V, % 8,49 7,02 6,67 438 | 3,87 | 3,97 | 497 | 4,66 | 557 | 7,80 | 7,01

O011ee KOMMYeCTBO MTHOBEHHBIX YaCTOT B UCCIIEyeMOl BBIOOPKE, IIIT.

n 70 | 40 | 48 | 48 | 32 | 64 | 48 | 66 | 35 | 40 | 54

C 1enpl0 yCTaHOBIICHHUS 3aKOHA pacIpelelieHUs] TOJYUYCHHBIE JaHHbIe OBUIM TOJBEPTHYTHI
MPOBEpPKE HA OTKJIOHEHHE paclpeleleHUs BEPOATHOCTEH OT HOPMAaJbHOTO pacHpeneleHus
('OCT P UCO 5479-2002). dia npoBepku ObUT MCIONB30BaH KpuTepuid Dnmnca—[lamnmu. Yeranos-
JIEHO, YTO TOJIyYeHHbIE JaHHbIe HE MPOTHBOpEYaT HOPMAJbHOMY 3aKOHY paclpeeseHUus MpH YpPOB-
He 3HaunMoctu o = 0,05.

C penpto oOHapy>KeHHs IPOMAaxXOB B MOTYUYEHHBIX BBIOOPKAX HMCIOIB30BAJICS KPUTEPHUI, ONMUCAH-
Hell B M 2091-90. IIpeanocbuikoii MpUMEHEHHS JaHHOTO KPUTEPHUS SBISIETCS. HE MPOTHBOPEUNE HC-
CJIelyeMBIX BBIOOPOK HOPMajbHOMY 3aKOHY paclpeleicHHs. BbIIo YCTaHOBIEHO, YTO MPHU HCIBITA-
HUSX Ha HEKOTOPBIX PEKHMMax MPOJIUBKY B MOIYYEHHBIX PE3YAbTaTaX U3MEPEHUHN NMPUCYTCTBYIOT NPO-
Max# (Tadim. 7).

J1J1st IOJTy4eHHBIX BHIOOPOK C MCKITIOUEHHBIMH MTPpOMaxaMH ObLITH HaliIeHbl 3HAYCHUST MAKCUMAaIIbHO-
r'0 ¥ MUHHEMAJIBHOTO 3JIeMEeHTOB, cpeinee 3HadeHune, CKO u xoadduiment Bapuanum.

Ha puc. 4 npencrasiens! 3aBUCUMOCTH K03 duiinenTa Bapuauy 4acTOThl BUXpeoOpa3oBaHUs IpU
Pa3IMYHBIX PacXoAax.
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Tabnuua 7
KonuuectBo npomaxoB nNpu ncnbiTaHUM pacxogomepoB
PexuMbI pacxoia Ipu ucnertanum Jy25, m*/a
90 | 50 | 30 | 1,5 | 1,0 | 08 | 06 | 040 | 020 | 0,18 [ 0,15
KonruecTBo MpoMaxoB B MOMYYSHHBIX BEIOOpKAX NpH HcnbiTaHuu Jy25
o | o | o | o | o | 1 ] o | o | o | o | o
OO11ee KOMMYEeCTBO MIHOBEHHBIX YacTOT B HCCIIEAYyEeMOW BBIOOPKE Npu HctibiTaHuu Jy25
70 | 40 | 48 | 48 | 32 | 64 | 48 | 66 | 35 | 40 | 54

PexuMbl pacxosa pu ucnbiranun Jy32, M>/4
150 | 100 | 70 | 50 | 30 | 1,5 | 1,0 | 06 | 040 | 025 [ 020
KonnuecTBo npomMaxoB B MOJy4YEHHBIX BEIOOpKaxX Npu ucnbitanuu Jy32

o | o | 3 | vt ] o | o | 1 ] o | 1 | o | o
O611ee KOMUYeCTBO MTHOBEHHBIX YacTOT B UCCIIEAyeMON BIOOpKe Tipy uctbITanuu Jly32
52 | 711 | 48 | 712 ] 109 | 54 | 74 | 44 | 63 | 60 | 58
9
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Puc. 4. 3aBucnmocTb KoachcuumeHTa Bapuaumm ot BesindMHbI pacxoga

B pesynbrare mpoBeeHHBIX KCIIEPUMEHTOB ITOKAa3aHO, YTO pacyeT 00bEeMHOr0 pacxofa 1o Kaxao-
My M3MEPEHHOMY 3HAYCHHUIO YacTOTHl BHXpeoOpa3oBaHUs CIEOyeT NPU3HATh HELeIecOoO00pa3HbIM, TaK
Kak KO3(QQHIMEHT BapHallil MOXKET JoCTUTaTh oT 3 10 9 %. Pacuer pacxona ciemyet mpou3BOJUTh Ha
OCHOBE OIIEHKH YacTOThI BUXPE0oOpa30BaHuUs MO pe3ylbTaTaM M30BITOYHBIX U3MepeHui. [Ipu atom anro-
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PUTM TIOWCKA TaHHOW OLIEHKU JTOJKEeH OBITh pabOTOCIIOCOOHBIM Ha BCEM JTMANa30HE U3MEPEHHS BUXpe-
BOTO PacxojioMepa.

[Ipn M3MepeHHH pacxola Ha pexuMe 9 M/d4 BHXpeaKyCTHUecKnM pacxomomepoM Jly25 cpemmee
BpeMsl TIOCTYIUICHUs] MHPOPMALUK O YacTOTe BUXpeoOpa3oBaHusi cocTaBiseT 2,7 mc. lpu n3mepennn
pacxona Ha pexxume 0,15 M’/4 Bpemst MOCTyIUIeHHs HHMOPMALIMH O YAaCTOTE BUXPEOOPA30BAHHS COCTAB-
nset yxe 133 mc.

[Ipu yBenmuueHNH HOMUHAILHOTO JHAMETPa BUXPEBOTO pacxojoMepa JUara3oH 4acToT BUXpeoopa-
30BaHUS, COOTBETCTBYIOIINN H3MEPSEMOMY PACXOy, CMEIIaeTCs B CTOPOHY yMeHbIeHus. Hampumep,
st pacxomomepa Jly100 guamasoH u3MepseMbIX pacxonoB coctasisier ot 200 1o 1 M/, 4To cOOTBET-
CTBYET BPEMEHH IMOCTYIUICHUsI MHPOPMAIMH O YacToTe BUxpeodpazoBanus ot 8§ mMc 10 1,6 ¢. OueBuaHoO,
YTO TIpH pa3paboTKe aaropuTMa OIICHKH YaCTOThI BUXPeoOpa3oBaHU HEOOXOAMMO YUECTh TOT (PakKT, 4To
nHpOpMAIIHSI O YacTOTE BUXPEOOPa30BaHUS BO BCEM JHANa30HE M3MEPEHUs IOCTYIaeT KpaiHe HepaB-
HOMEPHO.

B ciydae n3mepenus B 00macTi OONBIINX PACXOOB AITOPUTM MOXKET TPEACTaBIATh COOOW yCpe/I-
HEHHME JIOCTaTOYHO OOJBIIOTO KONUYECTBA JAHHBIX, YTO TO3BOJHT MOIYYUTHh TOUYHYIO OIEHKY YaCTOTHI
BI/IXpeO6pa3OBaHI/I$[ 1 HC OKaXXET CYIIECTBCHHOI'O BJIMAHUA Ha YyBCTBUTCIBHOCTL pacxogoMEpa K U3Me-
HEHUIO pacxona. B To ke BpeMsl NPUMEHEHHE YCPEIHEHUS K OTCUETaM, IOJyYEHHBIM IIPU U3MEPEHUU
MaJIBIX PacXOfOB, MPUBENET K 3HAUYNUTEIILHOMY CHI)KEHHUIO CKOPOCTH OTKJIIMKAa Ha W3MEHEHHE Pacxoja.
3TO ABJSIETCS OTIIMYUTEILHON 0COOCHHOCTBIO BUXPEBBIX PACXOJJOMEPOB M YCIOXKHSET 3a/1ady pa3padoT-
KM aJITOpUTMa HAXO0KACHHA OICHKHN 4YaCTOThI BI/IXpeO6pa3OBaHI/I$[.

3akiaouenne

B pesynbrare mpoBeieHHBIX HCCIEOBAHMIM OBUTH W3y4YeHBI BOMPOCHI, CBSI3aHHBIE CO CTAO0MIBHO-
CTBIO BUXPEOOPa30BaHuUs 3a TEJIOM OOTEKaHHUs. YCTaHOBJICHO, YTO CTA0MIBHOCTD 3aJaHHs pacxofa C Io-
MOIIBI0 YCTAHOBKY JUIS TOBEpKU c4E€TYNKOB kuakocTu YIICXK-15/50 Becbma Boicoka. Koaddumment
BapHaIliy MTHOBEHHBIX PaCcXO0JI0B 3TAJIOHHBIX pacXomnoMepoB Haxoautes B npezaenax ot 0,13 mo 0,30 %.

[Ipu uccnenoBannm CTAOWILHOCTH BUXPEOOpa3OBaHUS 32 TEIOM OOTEKaHHs BUXPEAKYCTHYECKHX
pacxomomepoB ¢ y25 u [Iy32 moka3aHo, 4TO 3aKOH pacHpeAeiCHNs JaHHBIX O MTHOBEHHBIX YacTOTaX
BUXpeoOpa3oBaHKsl HE MPOTHBOPEUUT HOPMAIBHOMY pactpeeneHuto. KonmnuecTBo 0OHAPYKEHHBIX BbI-
OpocoB MuHHMaNbHO. Ko3(hduimeHT Bapuaiii MrHOBEHHBIX YacTOT BHXPe0oOpa3oBaHUsI HAXOJHTCS B
npenenax ot 3 10 9 %.

Pesynbrarel nccnenoBaHusl MO3BOJSIIOT CAENaTh BHIBOI O HEONPABIAHHOCTH PACUETOB PE3YJbTHU-
pytomiero 00beMHOTO pacxojia Ha OCHOBaHMHM MTHOBEHHOTO 3HAYCHHUS YacTOTHI BUXPeoOpa3oBaHus, UTO
NPUBOANT K HEOOXOIUMOCTH Pa3pabOTKH aJrOpUTMa OIEHKH YacTOTHl BHUXPEOOpa30BaHUS HA OCHOBE
00pabOTKH N30BITOYHBIX U3MEPEHHH.
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STUDY OF STABILITY SHEDDING FREQUENCY
IN VORTEX SONIC FLOWMETERS
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The typical block diagram with detailed description signals at the input and output of
major functional components is discussed.

Plan of experiment for research of stability of vortex shedding frequency beyond
bluff body are showed. Results of flow stability research in test lab are given. It is shown,
that the variation coefficient of the instantaneous values of the reference flow rate varies
from 0.13 % to 0.3 % during the vortex sonic flowmeters test depending on the flow re-
gimes. The vortex frequency variation coefficient is 3 % to 9 % at various flow regimes.
Check for Epps-Pally criterion has showed that the sample data is not in conflict with a
normal distribution law of probabilities.

An assumption was made about inexpediency of calculations of the result volume
flow on the basis of the vortex shedding instantaneous frequency. It is shown that the es-
timate of the vortex shedding frequency derived from the processing of the measurements
sequence should be used in flow calculation.

Keywords: vortex flowmeters, vortex sonic flowmeters, vortex shedding frequency.
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