BeBeneHue B 60/bLLUMHCTBE TEXHOIOMMYECKMX NPOLLECCOB B Ka4eCTBE KOHTaKTHbIX
YCTPOMNCTB UCMNOJIb3YyeTCS CJZION HAaCcaf04HbIX 2/IEMEHTOB Pa3/INYHbIX BULAOB U
pa3mepoBs [1-5]. B He(hbTAHON, XNMUYECKON N JpYrnx o61acTax npoMbILLIEHHOCTH
LIMPOKOEe pacnpocTpaHeHne noayymnam konbua Pawmra. OHM NPOCTbl B U3rOTOBJIEHUN
n 0bnafatoT BbICOKON CTOMKOCTBIO K XMMNYECKOMY BO3AENCTBUIO XXUAKOCTU U rasa, Ho
MMEIT BbICOKOE rmapaBamnyeckoe conpoTmeieHue. Kosbua Pawmra noctaToyHO
XOPOLIO N3YYeHbl, 04HAKO0 3KCMepuMeHTallbHble faHHble, KOTOPbIE MOXXHO HAaWTWN B
nuTepaType, NnoJsiydeHbl gasi CUCTEM ra3->XUAKOCTb B HAaCafO4YHbIX KOJIOHHaX. [1oaToMy
Lenblo AaHHOM CTaTbN BbISI0 SKCMEPUMEHTAIbHOE U3yYeHne rmgpoanHaMmn4ecKmnx
XapaKTePUCTUK CTaTUYECKOro CMeCcUTens ¢ Hacafo4YHbIM CJI0EM U3 KEpaMUYECKNX
Kosieu Pawunra ansa Xuakow cpefbl. IKCrnepuMeHTasibHaa YacTb Hanbosee noaHyto
MHGOPMaLMIO O TMAPOANHAMMNYECKON CTPYKTYpPE NOTOKOB B anmnapate MOXHO
MoslYY4NTb U3 NOSA CKOPOCTU. OAHAKO O4HOBPEMEHHOE N3MEPEHNE BESINYNHBLI BEKTOPA
CKOPOCTU BO MHOXKECTBE ToYeK npeacTtasnaseT cobon 3HaYNTENIbHYIO TEXHUYECKYIO
CJ/IOXKHOCTb, KOTOpas TpebyeT NnpMMeHeHMa [OPOroCTOALMNX KOMMJIEKCOB
n3MepuTenbHOro obopynosaHus. Nos3ToMy A5 3KCNEPUMEHTaIbHOIrO NCCNef0BaHNA
4aCTO NCMOJIb3YEeTCHA TakK Ha3blBaeMblh MeTo “Me4vyeHbiX 06beMoB”, OCHOBaHHbIN Ha
N3yvyeHun pyHKLUN pacnpeneneHns BpemMmeHn npebbiBaHNS 3/1eMEHTOB NOTOKa B
annapaTe (KpmBown oTKNKa, C-kpueon). 114 3TOro B OCHOBHOW NOTOK NPOMU3BOAUTCSA
MMNYNbCHbLIA BBOL MHEPTHOIO MHAMKATOPA C nocseaytowen perncrpaumnen KpmMsown
OTKJ/IMKa Ha BbIX0A4e U3 annapaTa. [pyron BaXXHOW XapaKTepUCTUKOW, KOTopas
CBsi3aHa C 3PPeKTNUBHOCTbIO PaboTbl CTAaTUYECKNX CMEeCcUTeNIen N xapakTepusyeT
3aTpaTbl SHEPIrUMN Ha NPOBEAEHNE TEXHOJIOMMYECKOro npoLuecca ABNSeTCa Besin4YnHa
nageHnsa gasneHuns. iccnegoBaHue rmapoanHaMU4ecKnx XxapakTepucTumk
NPOBOAMIIOCH HA dKCMEepMMeHTalbHOW YCTaHOBKe, noapobHoe onncaHmne KoTopomn
MO>XHO HanTu B [1]. E€é npuHUMNnanbHaa cxeMma npeacrtassieHa Ha puc. 1. lMNMepepg
Ha4aJZIOM 3KCMepuMEeHTOB YCTaHOBKa Oblsla MogepHM3npoBaHa: paspaboTaHa u
yCTaHOBJ/IEHa CUCTEeMa BMpbICKa MHAMKATOpaA; cobpaHa U CMOHTMPOBaHa CUCTeEMa
perncTpaumm KpuBom oTkanka. Puc. 1 - NpuHumMnuanbHasa cxema ycTaHoBKU: 1 -
y4acToK HabnoaeHmnsa (oprctekso); 2 - cnon Hacagku; 3 - y3en nogBoaa
KOMMOHEHTOB; 4 - pacnpenennTtesnb NOTOKAa; 5 - npobooTbopHUK; 6 - y3en BbiBOAA
cMecu; 7 - nepBuYHbIA NpeobpasoBaTesb pacxona; 8 - U3sMepuTesibHbIN
npeobpaszoBaTenb pacxona; 9 - patyuk guddepeHunanbHoro gasnenms; 10 - Hacoc;
11 - 6ak; 12, 13, 14, 18 - BeHTUAKN; 15 - cnmB; 16 - EMKOCTb C UHOUKATOPOM; 17 -
MaHoMeTp; 19 - xuknép; 20 - KOHOYKTOMEeTpU4YeCKn gatymk; 21 - umndgposon
ocumnnorpad B xone akcrnepmMmeHTa C NOMOLLbIO BEHTUNSA 13 3agaBancsa pacxon Boabl
B CTAaTM4YE€CKOM CcMecuTene, 3anosiIHeHHOM 6eCcrnopsaao04YHO YI0XKEHHbLIMUK (HaBaoM)
KepaMn4yeCKMMn KosbLamMm Pawmra. XapakTepUCTUKN Hacagku npencTassieHbl B Tabn.
1, BbICOTa HacaoO4YHOro CJ104 BO BCEX 3KCNepuMeHTax pasHsanack 0,5 M. Nocne
BbIX0[a YCTAHOBKWN Ha CTaUMOHAPHbLIN peXXnm paboTbl, OTKPbITUEM BEHTUASA 17
npon3BoanCcs BrpbiCK nHanKaTopa (10%-Horo BogHoro pacteopa NaCl) ns émkocTun



16 B paboyylo 4acTb cMecnTens, BpeMs BrpbiCKa COCTaBNAN0 MeHee 1 ceKyHAabl. [ns
ObICTPOro n TOYHOIro BBOA4A MHAMKATOPa B annapaT, B EMKOCTU 16 C NOMOLLbIO
BO34YLLUHOIO KOMMpeccopa co3faBanocb n3bbiToyHoe aasneHue pasHoe 0,5 MMMa.
KonnyecTBo nHonkKaTopa, nogaBaeMoro 3a o4HO OTKPbITUE, KOHTPOJIMPOBaIOCh C
NMOMOLLbIO YCTAHOBJIEHHOIr0 B TpybonpoBoae Xukniepa ¢ guameTpom npoxoaHoro
OTBEPCTUSA 2 MM. PaccTossHME Mexay TOYKOMN BBOOA MHONKATOpPa U Hacado4YHbIM
cnoem 6bin1o BbIbpaHO TakmM obpa3om, 4Tobbl obecnevynTb BbipaBHUBaHME
KOHLIEHTpaLMKM Nno BCEMY cevyeHuto annapaTa. Tabnanua 1 - XapakTepnCTUKN Hacaakm
Hacanka Pa3mepbl anemeHTa, MM YaenbHas NOBepXHOCTb, M2/M3 CBob6oAHbIN 06beM,
M3/M3 DKBUBaAJIEHTHbIN gnameTp, M Bec 1 M3 Hacagku, kr Kepamuieckue Kosbua
Pawwnra 25x25x3 190-200 0,68-0,74 0,015 530-670 KpuByto OTKJIMKa perncTtpmpoBanm
C NOMOLLbIO /IEKTPONPOBOAHON A4YENKN, YCTAHOBJIEHHOW Ha BbIXO4E U3 CMecuTens.
flyenKa cocTosAa N3 OBYX LUTbIPEBbIX 3/1IEKTPOL0B AMAaMEeTPOM 4 MM, U3rOTOBJIEHHbIX
N3 21IeKTPONOJIMPOBaHHOW Hepy)KaBewen cTann. IameHeHne 31eKTPonpoBOAHOCTH
BOAbl hUKCMpPOBANN C NOMOLLbLIO Lnudposoro ocumnnorpadga Owon PDS7102T ¢
rnonocomn nponyckaHma 100 MIu. 3a oAWH 3KCNepUMEHT ocuunnorpad coxpaHsan 6000
3HAa4YEeHNN KPUBOW OTKJIMKA B 3aaHHOM AMana3oHe BpeMeHW. Nosly4eHHble faHHble No
nHTepdency USB nepenaBasncb B KOMMNbIOTEP, FAe COXPaHAINCL B popMmaTe MS
Excel. KoppeKTUPOBKY MOJIOXXEHUSA HYNSA NPOU3BOONAN Nepel KaXKaAbIM
3KCMNepuMMEeHTOM NyTeM NoLCTPONKK ocumnnorpada. BennynHy nageHnsa nasneHus
pPerncTpupoBanm Npu pasIMyHbIX CKOPOCTAX Te4YeHMA B annapaTte C NOMOLLbIO
haTuynka gudpdepeHumnansHoOro gasneHus, 9. B pesynbTaTe 3KCNEpUMEHTOB bblnn
MoJly4eHbl KpMBbIE OTKJIMKA, @ TakK)XXe 3Ha4YeHns nepenaga gaBleHNSa Npu pa3inyHbIX
CKOPOCTAX TEYEHUNA XUAKOCTK B cMecuTene. ObpaboTKa pe3y/ibTaTOB 3KCMEPUMEHTA
Ona onncaHusa rmapoanHaMmMYecKonm CTPYKTYpPbl MOTOKOB pa3paboTaHo 6onbluoe
KOJINYEeCTBO TeopeTudecknx mogenen (anddysnoHHasa, sHee4yHas,
peunpkKynaumnoHHasa, KombmnHuposaHHasa 1 T1.4.) [3-6]. Hanbonbluee pacnpocTpaHeHue,
BC/1IeACTBME AOCTATOYHOM NPOCTOThl U CPaBHUTENIbHO HEDObLLIMM TpeboBaHUAM K
NpPOBenEHMNIO SKCNEPUMEHTA, NOAYYUIN ANPPY3NOHHASA U pa3sINYHble MOANDNKaALNN
A4ee4yHon mopenun. MNMapameTp anddysmoHHon Mmogenun - kputepun MNMekne (Pel)
HaxXo4W/IN MYyTEM YUCNIEHHOI O peLleHNs HeJIMHENHOr 0 YPaBHEHUSA, OTpa katoLiero
M3BECTHOE COOTHOLUEeHMe MexX 4y Kputepuem Pel n gucnepcmein pacnpeneneHns
BpeMeHu npebbiBaHna 02: (1) O0na HaxoXOeHUs napaMeTpa s4eevyHon Moaenn - Yncna
A4eek (M) NCNosib30BaNloCh COOTHOLWeEHME: (2) Aucnepcnto QyHKUMK pacnpeneneHus
BpeMeHun npebbiBaHUA 371eMEHTOB MNOTOKa B anmnapaTe pacCyMTbiBaAN NyTem
06paboTKKM MOYYEHHbIX 3KCNEPUMEHTAJIbHO TOYEK KPUBOM OTKNMKaA: , (3) roe u -
be3pa3mMepHbie BpeMs npebbiBaHUA 1 War no BpeMeHu; - 6espasmepHasn QyHKLNS
pacnpeneneHus; - cpegHee Bpems npeboiBaHns, KOTOpPOe onpenensanocs B
3aBMCUMOCTM OT pacxoda XNOKOCTU B CTaTUYECKOM cMmecuTene no gopmyne: , (4) roe
- 06BbeMHBbIN pacxon XMakKocTu, M3/c; - obbem annapaTa, M3. MNpu peweHnn
NMPakKTMYeCKUX 3a4a4 4aCTO UCMOJIb3YIOT He napaMeTpbl TOW UK MHOW MoLenu, a



Ko3(hpnumeHT NpofonbHOro (obpaTHOro) nepemMeLllmBaHuns, 3Ha4eHne KoToporo
3aBUCUT OT Yncna Pel:, (5) roe - cpegHAs CKOPOCTb TedeHus, M/c; L - anvHa
annapata, M. lpoBepKa afleKBaTHOCTN NpoBoAUIaCb NyTEeM CpPaBHEHNS
3KCNepuMeHTasIbHOMN N MOAEeNbHbIX PYHKUUW pacnpeneneHus [4], KoTopble
pacCcYUTbIBaANCb NO HAaNOEHHbIM NapaMeTpamM Mogenen: - ana andpdysnoHHom
Mozenu ; (6) - onga a4eeyHom mogenu . (7) Ana Toro 4Tobbl n3bexxaTb PYTUHHbBIX
OENCTBMN N MaKCUMaJibHO YNPOCTUTb Npouecc 06paboTKM Nosy4eHHOro B pesysbTaTte
JKCMEepMMEHTOB MacCMBa AaHHbIX Bblsla HanucaHa crneunanbHasa NporpaMMa Ha A3blke
nporpammmposaHusa Visual Basic (VBA) nHTerpmnposaHHoro B cpeny MS Excel. Eé
NHTepdenc npeactassieH Ha puc. 2. B pesynbTaTe 4518 KaXX40MN MNOoJIly4EHHOW KPUBON
OTKJIMKA pacCYUTaHbl: YNCN0 A4eekK, Yncno lNekne, cpegHmne pacxoXxaeHus
3KCMNepMMeEHTasIbHON KPUBOW OT ANPPY3UOHHON N A4eeYHOW Moaenun, KoappuuneHT
NMPOAOJILHOIrO NepemMewnBaHus. MN'mapasanyeckoe CONpoTUBIEHME CNOA HacaaKu
06bI4HO BbIpaXkatloT C NOMOLLbIO KO3(hdnumMeHTa rmapaBanyeckoro ConpoTUBAEHNS ,
KOTOPbIN 3aBUCUT OT (DOPMbl HACaZlKN N XapaKTepa ABMKeHU:A cpenbl. Ero 3HavyeHne
019 Hacafo4HbIX annapaToB MOXXHO HanTu no gopmyne: (8) roe H - BbicoTa cnos
Hacagku, M; d3 - SKBMBaJIEHTHbIV MaMeTp KaHaNoB Hacaakn, M. (9) roem n -
SMNNPUYECKNE KOHCTaHTbl; Re - yncno PenHonbpca: (10) roe - KnHemaTmnyeckas
BA3KOCTb XXNUAKOCTU, M2/C. Puc. 2 - NHTepdenc nporpamMmmbl ans obpaboTtkn
3KCMNepuMeHTasIbHbIX KPUBbIX OTKJIMKa Pe3ysibTaThl UCcCnenoBaHusa Pe3ynbTaThl
3KCMNEepPMMEHTOB MO U3YYEHUIO TMAPABINYECKUX XapaKTEPUCTUK B CTaTUYECKOM
cMecuTene npenctasseHbl B Tabn. 2 v Ha puc. 3-4. SMnupunyeckme popmynibl HanaeHsbl
C NOMOLLbIO pErpeccuoHHOro aHaan3a Nno MeToay HaMMeHbLINX KBaapaToB. Beibop
TNNa perpeccCMoHHON 3aBUCUMOCTM OCYLLLECTBAICA Ha OCHOBE MaKCUMaJlbHOW
611M30CTN NHAEKCa Koppensauun K 1. NonyyYyeHHble 3aBUCMMOCTU CNpaBeasinBbI B
Anana3oHe ckopocten - ot 0,1 no 1,5 m/c, yncen PenHonbpaca ot 2500 go 25000.
CpaBHeHVe BesIMYMHbI CpefHero pacxoXXgeHns sKCnepnMeHTaIbHbIX U MOLESIbHbIX
hyHKLMIN pacnpeneneHns rnokasasno, 4To rmapoAnHaMNYeckKyo CTPYKTYpPY NOTOKOB B
CTaTUYEeCKOM cMecuTene Hanbosnee TOYHO ONUCbIBAET A4eevyHasa MoLesb. 3Ha4YeHne eé
CpefHero pacxoXgeHus Bo BCeX C/y4asax NoYTuM BABOE MeHbLUe cpefHero
pacxoxaeHuns ¢ anddPy3moHHoON moaenbto. NosToMy nocneaytouwme rpadunkm byayt
MOCTPOEHbl OTHOCUTESILHO MapaMeTpa A4eeyHon Moaesin - YuCsa A4eek m. 34ecb
HabngaeTca HEKOTOPOe HECOOTBETCTBME, T.K., COrIaCcHO MnTepaTypHbIM
NCTOYHMKaM, ONg NPOTO4YHbIX annapaTos 6e3 cekumoHmnposaHusa Hanbonee
npuMmeHnma gndpdysmoHHasa Mmogesb. ODbACHUTL 3TO MOXKHO TEM, YTO Bblpa>keHue
ans pyHKumnm pacnpegneneHuns (6) nonydvyeHo Ansa annapaToB 3HAYUTENIbHON OJINHBLI U
MaJsioro cevyeHus (C OTHOLIEHMEM ), B TO BPEMS KaK OTHOLLUEHME BbICOTblI Hacago4HOro
CJ/109 K AuaMeTpy CTaTUYeCKOro cCMecuTesnsa BO BCeX IKCMepumMeHTax He npesbilano 5.
Tabnuua 2 - IkcnepMeHTasibHble 3aBUCMMOCTU A5 KepaMnyecKnx konew, Pawmnra
25x25x3 3aBucumocTb ®opmyna CpenHee oTkoHeHUe, % lMepenana gasneHusa oT
ckopocTu TevyeHuna 4,0 Koad. conpoTmeneHns ot Yncna PenHonbpaca 3,2 Yncna ayeek



OT CKOPOCTU TevyeHusa 12,9 Koadh. NpoLosibHOro nepemMeLlumnBaHns oT 4ymcsa
PenHonbaca 10,5 Takxe 661210 3aMeyeHo, 4TO A5 BCEX MPOBEAEHHbIX SKCMEPUMEHTOB
BbIMOJIHAETCS U3BECTHOE CooTHoweHune [5-6]: (11) Puc. 3 - 3aBMcMMOCTK NapamMeTpa
a4Yee4yHoOW MoAesi, M OT CKOPOCTU TeYyeHns w A4 anrnapaTta co C/IoeM n3
KepamMmmyeckmnx koneu Pawmnra 25x25x3 n annapaTta 6e3 c/1049 Hacagku, pacCci4nTaHHbIE
no oopmynam Tabn. 2 Ha puc. 3 nokasaHa 3aBUCMMOCTb NMapaMeTpa a4eevyHomn
MoLesin, M OT CKOPOCTWN Te4yeHud B annapaTte w. 3 pucyHKa BUOHO, 4TO AOCTATO4YHO
B6osiblUME 31eMEHTbI HAacaAKK () NpaKTUYECKN HE OKa3biBalOT 3aMEeTHOIro BO34ENCTBUSA
Ha rMOpoOoNHaMMNYeCcKylo CTPYKTYpPY NMOTOKOB B annapaTe. [1pn 3ToM KpuBasd nmeet
HUCXOAALWMNIA XapaKTep, KOTOPbIN MOXKHO 00bACHUTbL yBENNYeHneM apdhekTa
TypbyneHTHOro nepemMelinBaHnsa C pOCTOM CKOPOCTU TeYeHUs XXngkoctun. Ha puc. 4
n3obpa>keHa 3aBMCUMOCTb BeJIM4YMHbI Nepenaga faBJIeHNs Ha OAHOM MeTpe C/los
Hacagku AP/H OoT CKOpPOCTW Te4YeHUsA XNOKOCTU w. Puc. 4 - 3aBUCMMOCTb Nepenaga
nasneHnsa AP/H OT CKOPOCTU Te4YeHUa XXUOAKOCTU W O19 KepaMudecknx koser, Pawwnra
25x25x3 BbiBoAbl N5 npoBeaeHnNs nccnenoBaHns dbiia MogepHM3npoBaHa
yCTaHOBKa MO U3Yy4YEeHUNI0 TMAPOaNHAMNYECKNX XapaKTePUCTUK NPOTOYHOro
cMecuTens, BolbpaHa MeToAMKa nNpoBeneHusa n 06paboTku pesynbLTaToB
3KCMepuMeHTa. IKCNepuMeHTasibHble AaHHble 06paboTaHbl MO NpUBEeAEHHON
MeTOoAMKe C NOMOLLbIO CrneynasibHO CO34aHHOM NporpaMmMsl, HanMcaHHom B cpene MS
Excel. B pe3ynbTaTte 6b1sI NONYyYeHbl PYHKLMOHAIbHbIE 3aBUCUMOCTN
rMmOopaBNYeCcKNX XapakTePUCTUK CTAaTUYECKOro CMeCcUTenNs Co C/IoeM KepaMniecknx
Koneu Pawwura 25x25x3, cpegHne OTKJIOHEHUS paCYeTHbIX 3aBUCUMOCTEN OT
3KCNepuMeHTasIbHbIX AaHHbIX He npeBbicuio 12,9%. lNpoBeaeHHbIe NCCNenoBaHNA
rMokKasaJsin, 4TO KepaMmnmyeckme Kosbla Pawinra npakTnyeCcky He okasbiBatoT
BO34ENCTBUA Ha rMOAPOANHAMUYECKYIO CTPYKTYPY MOTOKOB B CTaTUYECKOM CMecuTerne.
Mpn 3TOM 3Heprusa NOToka B OCHOBHOM pacxoAyeTCs Ha npeofosieHne
rMAOpaB/NYeCcKoro CONpoOTUBAEHNS C/I0S HAaCaO04YHbIX 3/IEMEHTOB NpPU X obTekaHuu.



