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PA3PABOTKA METOJIA BECKOHTAKTHOI'O H3SMEPEHHS KOHIIEHTPAITHH
TBEPJAOM ®A3EI B BBICTPOM CABUI'OBOM INOTOKE 3EPHHCTOHU CPEJBI

© B.A. Bopuwes, B.H. Joarynun, IL.A. Heanos

Borshchov V.Y ., Dolgunin V.N., Ivanov P.A. The development of an experimental method of non-contact measurement of
solid phase concentration in rapid gravity flow of grainy medium. The article proposes an experimental method of non-
contact measurement of concentration profiles during rapid gravity flow of grainy medium. The solid phase concentration
is determined by means of X-ray photography. In order to increase its accuracy the method provides simultaneous X-ray
examination of both particulate solids distribution in the flow and control samples fixing the concentration of particles by
means common X-ray radiogram. This approach allows obtaining a correct correlation function between the solid phase

concentration and the light permeability of the radiogram.

BhicTpble rpaBHUTALMOHHBIE TEYEHMs 3ePHHCTBIX MaTte-
PHAIOB SBJISOTCH YPE3BbIMAHHO CI0KHBIMM 00BEKTaMK ISt
M3YUEHHsL, YTO CBSI3AaHO, B IIEPBYIO ouepe/lb, ¢ OTCYTCTBHEM
JIOCTATOMHO HAJISKHBIX METOJIOB JKCHEPUMEHTAILHOIO HC-
ciejioBaHus. HM3BecTHbIE METO/BI MCCIEI0BAHUS JIMHAMHKH
GLICTPLIX TPABMTALMOHHBIX TEUEHMIl 3ePHMCTBIX MaTepHa-
JIOB MOKHO Pa3/IelIuTh YCJIOBHO Ha JIB€ IPYITILE ¢ NPHMEHe-
HHMeM 30H/I0B U Ge330H/10Bble MeTo/hI [1]. Benencrsue Toro,
YTO IPaBHTAL[MOHHBIN IOTOK 3€PHMCTOI0 MATEPHAIIA Xapak-
TEPU3YETCs aKTHBHOH peakiMedl Ha Maleillee BHeEIlHee
BO3MYILIEHHUE, HCIIOJIL30BAHUE 30H/IOBBIX METO/IOB TIPHBO/UT
K CYIECTBEHHOMY MCKaKEHHIO Pe3y/IbTaToB. DTO CBA3AHO C
TeM, YTO KOHTAKT 30H/I0B WIH IPoGo0TGOPHHKOB, Jlake ¢
OTJE/IbHBIMH YACTHLIAMM TIOTOKA, BBI3HIBAET 3HAUMTE/ILHbIE
HApyIllIeHHs! €ro CTPYKTYpPhI M0 aHAIOTHH ¢ MEXaHH3MOM
uenHoi peaki. Oco0eHHO 3TO KacaeTcs TOHKHX CIIOEB,
TOJIIMHOM B 5-15 IMaMeTpoB YacTHIL

Bess3onjioBble METO/bl, B OCHOBHOM, 3aKIIOHAIOTCH B
HaOINoJIeHUH C/IBUTOBOTO ITOTOKA uepes IpospavHble Go-
KOBbIE CTeHKH KaHana. [Ipu 3ToM perucrpaliio pesyinTa-
TOB HaGJIIOJICHUIT OCYIIECTBISIOT MO0 BU3yalbHO, OO C
TIOMOMILIO CKOPOCTHOM KMHOCHEMKHM, JIMGO ¢ TOMOILBIO
BOJIOKOHHO-ONTHYecKoi TeXHukH [1]. D1 MeTo/bl 110380~
JBIOT MOJNYMUTL HH(OPMALHMIO O CTPYKTYPE TOTOKA 3epHH-
CTOr0 MaTepuala B Herocpe/cTBeHHOH Oau30cTH K GoKo-
BBIM CTeHKaM KaHala. OuYeBHIHO, YTO MOJYYEHHBIE B pe-
3yILTATE JIAHHbIE 0 CTPYKTYPHBIM W KHHEMATHUECKHM
XapaKTepUCTHKaM 3EPHUCTOH cpe/ibl Hellb3sl CHHTaTh CIIpa-
BEJUIMBBIMH IS [TOTOKA B LEMOM. D10 o0bACHAETCA Hapy-
MIEHHEM CTPYKTYPbl NOTOKa Y GOKOBBIX CTEHOK KaHAJIOB
BCJIE/ICTRUE TPOSIBIIEHHS B 5TOi 00/1aCTH MPHUCTEHHBIX A()-
(exToR. B CBA3M ¢ 5THM TpajMIMOHHbLIe Oe330HI0BbIE Me-
TOJbl HE IMMO3BOJAIOT TOJIYYMTE JIOCTATOYHO aJEKBATHYIO
HH(pOPMAlHIO O NapaMeTpax M0ToKa 3ePHHUCTON Cpeibl.

CpeM METO/IOB HMCCNIE/IOBAHMA JIMHAMMKM OBICTPBIX
C/IBMI'OBBIX [I0TOKOB JIOCTOHHOE MECTO 3aHUMAIOT METO/IbI,
OCHOBaHHblEe Ha aHalM3e (asbl cBOGOIHOrO MMaJieHHs Yac-
THIL JlaHHble METO/ibl OTIMYAKOTCH IPOCTOTOH SKCIIEPH-
MEHTa U JIOCTaTO4HO BBLICOKOH TOMHOCTBLIO OIIpE/ICIICHHA
NapamMeTpoB CTPYKTYpPBI 1I0TOKa 3epHMCTON cpejpl. Kom-
IUIEKCHYIO MH(OPMAIMIO 0 JMHAMHKE TEUEHHs! 3€PHHUCTOH
cpe/ibl 03BOJBIET MOJIYUUThL OTHOCAIIMIACSA K OTO# rpyrimie
DKcHepUMeHTaIbHO-aHaMTHYeckuit  Metolt [2]. Ojxako
TaKoro poja MeTojIbl NMpeIoNaraloT MCIOJIb30BaHHE [10-
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CTYJIATOB, KAcaloIMXCs B3aHMOCBSA3H CTPYKTYPHBIX M KH-
HEMarH4eCKUX I1apaMETpoB C/JBHUIOBOro [I1OTOKa. I'Ipu
9TOM, OYEBMJTHO, OCTAETCs HEOOXOMMOCTh TTPAMOM JKCIIe-
PUMEHTAILHOM TPOBEPKH a/IEKBATHOCTH IIPHHATHIX B I10-
cTyzaTe JIOMyIIeHHH.

B nocneHee Bpems IpeIIPUHMMAIOTCS TIONBITKH paspa-
GOTKM METO/I0B MPSAMOro W3MepeHus MapamMeTpoB CIBHUIOBOIO
TOTOKA 3ePHUCTOH Cpe/ibl ¢ MCIONb30BAHMEM PasIMYHBIX
BMJIOB MlydeHMit. B jMTeparype NpUBOIATCS JiaHHBIE T10
MCIIOJL30BAHMIO JUIS 9THX 1iefel YIbTpasByKosoro Jjy4a [3],
ramma-jryuesoii Tomorpaduu [4] u CBY—uwnyuenms [5]. Op-
HAKO JI0 HACTOAILEr0 BPEMEHH HU OJMH M3 IIPEUIOKEHHbIX
METOJIOB He TO3BOJISET MOIYMHTh Ha/IEKHBIX H JIOCTOBEPHBIX
JIAHHBIX O NapamMeTpax IM0TOKa 3ePHHCTOH Cpe/ibl.

Hacrosimas paGota rnocBsilieHa pa3spaloTKe MeTojia
OeCKOHTAKTHONO MCC/IC/IOBAHMA  pacipelie/ieHns 4acTHIL
TBep/loif (pasbl B OLICTPOM CJBHUIOBOM IOTOKE 3€PHMCTOH
cpeibl M HSKCIEePUMEHTAILHOMY HCCIIEJI0OBAHUIO KOHIIEH-
TPalMOHHBIX TpouiIeii pacnpe/ieieHHs YacTHL], 3epHHCTO-
ro Marepvasia MpH ero rpaBUTAlMOHHOM TEYEHHH IO [le-
pOXOBATOMY CKaTy.

[IpemoskeHHEI# MeTO/L NPAMOro GECKOHTAKTHOIO M3-

MEepEeHHsl KOHLIEHTPaLK TBepoit (hasbl 110 BLICOTE MOTOKA
3EPHUCTOH cpe/ibl OCHOBBIBAETCA HA IPUMEHEHHMH ITPOHH-
IAIOMIEro0 PeHTTeHOBCKOIro M3IYMeHHs M (PUKCHpOBaHMH
€ro Ha peHITeHOBCKoM Iulenke. OTiIMuUMTeNbHOH ocobeH-
HOCTBIO METOJA SABJIAETCH MCITOJIL30BAHHE e,deOﬁ PpeHITE-
HOTpaMMBl /U1 OLCHKH PEHITEHOBCKOM IMPOHMI[AeMOCTH
[I0TOKA 3EPHUCTON Cpe/Ibl M €e KOHTPOJILHBIX 00pa3lioB.
Takoiif nojxoj; 103BOJISAET CYIIECTBEHHO TMOBBLICHTE TOY-
HOCTh PEHTTEHOBCKOTO AaHalM3d, BCIEJCTBHE CHMMEHMH
CIYYaHHBIX TOrPeNmHocTel, KOTOpble HMMEIOT MECTO [0
IPHYHMHE Pas/IHHbIN CBOMCTB TUIEHKH, BPEMEHH DKCIIOHH-
POBaHMA H YCIIOBHH ITPOABKH.
[Ipe/y10MeHHbIH METO/] PEAIM30BaH Ha SKCICPUMEHTAILHOM
YCTAHOBKE, CXeMa KOTOpOii [puBe/ieHa Ha puc. |. Dkcnepu-
MEHTIbHAS YCTaHOBKA COCTOMT M3 HAKJIOHHOI'O KaHala
npaMoyToinbHOro ceveHuss 1 M OyHKepa Uis 3epHHCTOro
Marepuia 2, BBIXOJHOE OTBEPCTHE KOTOPOIO 3aKpbIBaeT
mmbep 3. Ha jxe kaHwia sakpervleHa ckaTHas Jocka 4. B
CTeHKaxX KaHala B HENoCpe/CTBEHHOH GJIM30CTH OT ropora
CCHIITAHHUS UMEHOTCH OKHa 5, 3AKPLITHIE OPraHH4CCKHM CTCK-
JIOM — MATEpPHAJIOM, SBJISIOLMMCS TPAKTHHECKH abCOIOTHO
[IPO3PAHBIM JUIsl PEHTTEHOBCKOIO H3JIyUEHHS.
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Puc. 1. Cxema 9KCHIEpUMEHTAILHOH YCTAHOBKH

Co CTOPOHBI OJJHOI'O M3 OKOH YCTAHOBJIEH HMCTOUHMK
PEHTTEHOBCKOro M3Ty4deHHs 6 (B HallleM ciydae — peHIre-
HOBCKMit MMITy/IbeHBIM armapat MUPA - 2]1), a nanporus
JIPYroro okHa — Kaccera 7 ¢ peHTTeHOBCKOM IUIEHKOM.

Meroji SKCHIEPUMEHTAILHOIO M3MEPEHUS KOHLIEHTpa-
LMY TBepoi (asbl B GHICTPOM C/IBUIOBOM TOTOKE 3€pPHH-
CTOH cpejibl COCTOMT W3 HECKOIbKMX sranos. [lepsoHa-
YaJILHO MPOBOJMTCS HACTPOHKA DKCIIEPUMEHTAILHON yCTa-
HOBKM C LIENIbIO OIpejie/ieHHs. BPEMEHH JOCTHXEHHs CcTa-
IIMOHAPHOI'0 PelKMMa TeueHHs 3epHUCTOMN cpe/ibl Ha Iopore
CCBITAHUS OT MOMEHTa Hayala JIO3MPOBaHMA MCCIIEyeMo-
ro Mareprana B KaHaie. [locie 3Toro ocyiecTBisieTcs
IIO/I'OTOBKA PEHTTEHOBCKOM YCTAHOBKM K pabote, 3aKiio-
Yalomadgcsa B OnpejieleHHH ONTHMAILHOI0 BPeMeHH DKc-
MOHMPOBAHUSA € LIEbIO TMOJYYEHHS KOHTPacTHOTO CHMMKa
MOTOKa 3€PHHCTON Cpejibl.

3arTeM BBINOJIHAETCA OCHOBHOM 3Tall 3KCIepyMeHTaIb-
HBIX MCC/IE/IOBAHMI — PEHTTEHOCKOIMYECKHI aHaIM3 0TO-
Ka 3epHMCTOTO MaTepHala M KOHTPOJIBHBIX 0OpasioB C
(puKcHpoBaHHOI KoHUEeHTpalueit TBep1oii (a3bl.

Hamepenus KoHIeHTpalMy TBep/oi (asbl B OblCTpoM

C/IBUTOBOM TIOTOKE 3epHHMCTON cpejibl NMPOBOJATCS Clle-
JIYIOIIMM 00pa3oM.
Kanan 1 ycranapnusaeTcs Mojl yIJIioM K TOpH3oHTY, GiM3-
KUM K YIJIy €CTECTBEHHOI'0 OTKOCA 3€PHUCTOr0 Marepuala
(/s yCTaHOBHMBIIErocs Pa3BUTOrO I'PABMTALIMOHHOIO Te-
yeHus). BHYTpH kaHa/la Ha CTeK1e O CTOPOHBI MCTOUHMKA
PEHTTEHOBCKOI'0 H3/IyueHHst 6 IoMeIaoT oGpasiibl Hecie-
Jyemoro marepHana 8 (cM. puc. 1), umeronme Quxcupo-
BaHHYIO KOHILIEHTpaIMIo TBep/oi dasbl. B OyHkep 2 B He-
00XO0/IMMOM KOJIMYECTBE 3aChIIAlOT HCCIEYEMBIH 3epHH-
CTHIi MaTepual. 3ateM HMGep, 3aKPbIBAIONIMI Bbl X0/~
HOe OTBepcTHe OyHKepa, aBTOMATHYECKHM OTKPBIBAETCH,
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Puc. 2. Tapuposounas KpHpas

M HcelelyeMblif Matepual B HEoOXOJAMMOM KOJIMYECTBE
noctynaet B KaHaj. Cryctst onpejeiieHHoe Bpem:, Heol-
XO/MMOE ISl JIOCTHXKEHUS CTAlMOHAPHOIO peuMa Teve-
HMS 3ePHHCTON cpejibl, BKIOYaeTcss Ha 1-2 ¢ MCTOMHMK
PeHITeHOBCKOro Mydenus. [TpoHMIialonmee M3TyueHHUE,
HPOXO/sIlee CKBO3b TOTOK 3€PHUCTOr0 Marepuaia, (hux-
CHPYIOT Ha PeHTTeHOBCKOM IUIeHKe. 3aTeM PeHTTEHOBCKYIO
IUICHKY MpPOSBIIAIOT, MOAYYEHHYIO PEHTTeHOrpaMMy CKa-
HUPYIOT M NEPEBOJAT MMEIOIIYIOCH Ha Hel CBETOBYIO MH-
(opmaipio B 1 poByio.

CHauasia oGpaGarbiBaeTcs peHITEHOrpaMMa KOHTPOJIb-
HBIX 06pa3LoB ¢ (PMKCHPOBAHHOM KOHLEHTpalMen TBepIoH
¢asbl. Ilo pesymsratom ee o0pabOTKM CTPOMTCS Tapupo-
BOYHas KpMBas B BHJIE KOPPEILILIMOHHOH  3aBHCH-
MOCTH MeX/Iy CBETOBOMH IUIOTHOCTBIO CHUMKa M H00 00b-
eMHOI KoHLleHTpalueit TBep/lo¥ (asbl, JTMGO MOPO3HOCTHIO
(e, M*>M7) (pc. 2).

Jlanee B pesynbraTe o0paGoTKH PEHITEHOrPaMMBI [10-
TOKa 3ePHUCTOI cpe/ibl onpejiensiercs (PYHKIMS H3MEeHEeHHA
CBETOBOH IUIOTHOCTH CHMMKA I10 BBICOTE JIBMKYIIEIOCH
cios. C NoMONIBIO TAPHPOBOYHONM KPHBOH Ha OCHOBE I10-
Jy4eHHOH (PYHKLMH OnpejleNigercsd H3MeHeHHE JIOKABHBIX
3Ha4YeHHH MOPO3HOCTH (KOHLIEHTPALMHU) 110 BbICOTE IOTOKa
3epPHHMCTOr0 MaTepHala.

IIpu peasaipu MeTo/la oOHapyXMIach rpodiema us-
FOTOBJIEHHS JIOCTATOYHO OJHOPO/HBIX KOHTPOJIBLHLIX 00-
PasLoB ¢ PHKCHPOBAHHOI KOHLIeHTpalMeit TRep/ioit (asbl.

B cBa3M ¢ 5THM IpW H3roTOBJIeHMM o0pasuoB GbLIO
C/IENTaHo JIOMYTIEHHE, YTO MHTEHCHBHOCTH IPOHMLIAIOIIETO
PEHITEHOBCKOT0 HITYHEHHs OJIMHAKOBA JUIs CIIyYaeB PEHT-
I'EHOCKOIMU CJI0A 3EPHUCTOr0 MaTepHaia M MOHOJIMTHOIO
ofpa3sLa coOTBETCTBYIOIIEH TOIIMHEI, H3rOTOBJIEHHOIO H3
TOro e Marepuala. B COOTBETCTBHM C 3THM TOJIIMHA
MOHOJIMTHOrO o0pasiia ollpe/ie/ieHa, HCXO[ H3 YCIIOBMA,
YyTO TBepfad (aza 3aHUMAaeT YacTh CJIof 3EPHUCTOro0 Mare-
pHaia, paBHYIO 0GbeMHOI KOHLIEHTpaLMK TBEpP/Ioi (asbl.

[IpaBOMEpPHOCTE  CHAETAHHOIO JIOMYIEHHUS [IPOBEPEHA
IKCIIEPUMEHTATBHBIM ITyTeM. Jl1st 5TOro Ha o/IHO# U TO# Ke
PEHITeHOBCKO# IUIeHKE 110J1y4eHbl PEHITEHOrPaMMBI HETIOJI-
BIDKHOTO CJ10S U MOHOJIMTHOro ofpasiia, UMeloIMe 0/IMHa-
KOBYIO KOHLIEHTpalMio TBep/oii Qasel (B Hamem ciyvae
0,58 M’/p). B pesynbtate oGpaGOTKM PEHITEHOTPAMM CIIOS
W ofpa3la YCTAHOBJIEHO, YTO HX CBETOBYIO IUIOTHOCTH MOM-
HO CUMTATh OJIMHAKOBO# ¢ IOrPEILHOCTHIO £3 Y0,

PazpaGoranibiii MeTo/| M3MEPEHHsl KOHLICHTPAaLMK B 110~
TOKE 3ePHHMCTOH Cpe/ibl HCMOIB30BaH Jyls TeCTHPOBAHMA ITPO-
FHOCTHYECKHX CBOHCTB 3KCIEPUMEHTATBHO-aHATTMTH-YECKOT0
MeTO/Ia MCCIIE/IOBAHMS TapaMETPOB IPABUTALHOHHOIO Teue-
HUsl 3ePHUCTOrO MaTepHaia Ha IIEPOXOBATOM CKATe,

429



Bectuuxk TI'Y, 1.6, Brin.4, 2001

h, m

0,04

0,035

0,03 ‘: |

0,025

0,02 +—1

0,015

0,01

0,005

E, mim?
0 - T ,
0.4 0,6 0,8 1

Puc. 3. Tlpouan nokadbHbIX KOHUEHTpaLHi TBep/oi dazbl no
BBICOTE MOTOKA 3ePHHCTOrO MaTepHala

B kayecTBe MOJIEIHHOIO MaTepudalia UCIIONb30BaHbl Ke-
paMHueckue chpepHyuecKre YacTHLBI JMaMEeTPOM 6,6-107 m.
B pesyabrare NMpoBeJeHHOIO MCCIEA0BAHMA C HMCIIONb30-
BaHHEM TIpe/UI0KEHHOr0 MeTojla IoJyHeHbl Mpo(KIM 1o-
PO3HOCTH JUIsl PekMMa YCTaHOBHBIIErOCH Pa3BUTOrO Ipa-
BUTALMOHHOTO TeMeHMs! 3ePHMCTOH cpefbl (KpuBas |,
puc. 3). CpaBHeHHe MOJMYYEHHBIX Ipoduiiel ¢ pesyibTa-
TamM, [POrHO3UPYEMBIMH SKCIEPHMEHTAILHO-AHAIHTH-
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YeCcKUM MeToioM [2] (kpuBas 2, puc. 3), CBHETEILCTBYET
00 y/I0BJIETBOPHTEIILHOH MX 8JICKBATHOCTH.

Kpome Toro, pesyIbTaThl M3MEpEHHs, I0JIYHEHHbIE C
HCIIOJIL30BAHHEM TIPe/UI0KEeHHOr o CI‘IOCOG&, MOXHO pac-
CcMaTpUBaTh Kak JIOCTATOMHO YOEMTelbHOEe DKCIIepUMEH-
TAILHOE [O/TBEPK/ICHHE HEOP/IMHAPHOIO CBOMCTBA I'PaBH-
TaIMOHHOTO MOTOKA, COCTOSALLEr0 B HAJIMYHH pa3peikeHHOH
30HBI BONM3M HIDKHeH rpaHMipl cilos. CyllecTBOBaHHe
TAKOi 30Hbl B IPABHUTALMOHHOM TOTOKE IMOATBEPXKIANOChH,
B OCHOBHOM, KOCBEHHLIMH METO/IAMH.

Takum oGpazoM, paspaGoTaH MeTo/1 MpAMOro GecKoH-
TAKTHOTO H3MEPEHHS JIOKAILHBIX 3HAYEHWH KOHLEHTpaLii
TBep/oii (asbl B GBICTPOM CJBHIOBOM IOTOKE 3€PHHUCTOMH
cpe/ibl, MO3BOJIAIONIMI T0IYYHTh COOTBETCTBYIONIME MPO-
(WM pacripe/ie/IeHHs YacTHIL.
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