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[lpo611e}me KalleJIb BOAOYIroJIbHOI'O TOIIJIMBA B IIOTOKE BO3yXad

C.B. Ceipogoii™, P.P. 3amanTtauHoB, A.C. [losHaxapes, B.C. AKUMOB

HayuoHasvHbll uccaedosamenvckuli Tomckuill nosumexHuveckull yHugepcumem, Poccus, e. TomMck

“ssyrodoy@yandex.ru

AHHOTanus. AKmMya/ibHOCMb. AHAJIN3 COBPEMEHHOTO COCTOSIHUSA IJ106a/bHOM 3HEPreTHYECKOM MTOBECTKU MOKa3bIBAET, YTO
npo6JsieMa aHTPOMOTEHHOT0 BO3/IeHCTBUS Ha aTMOChepy IJIaHEThl 06'bEKTAMH TEIJIOSHEPTETHKU SIBJISIETCS OJHOM U3 ca-
MBIX [VIaBHbIX /IJIs1 YeJI0BeY€eCTBa. B TO ke BpeMst poCT MOTPe6IeHUS 3JIEKTPOIHEPTHH CTUMYJIMPYET K BBEJEHHUIO BCE HOBBIX
3JIEKTPOTE€HEPUPYIOLIUX MOLIHOCTEH. JloJiroe BpeMsi CYMTAIOCh, YTO PELIeHHeM 3TOH MPOoG6JIEMbl SIBJASETCS MacuTaGHoe
BHeJpeHHE HETPaJAULMOHHBIX BO30GHOBJISIEMbIX HCTOYHUKOB 3HEPTHH (BETPOreHEepaToOpoOB U COJIHEYHbIX GaTapei) B 06-
K 6asiaHC 3JieKTporeHepanui. OJHAKO cefvac y:Ke CTaHOBUTCS 0YEBH/HO, YTO BO30GHOBJ/ISIEMbIE UCTOYHUKU SHEPTHH He
MOTYT MOJIHOCThIO MOKPBITh BCE MOTPEGHOCTH B 3JIEKTPO3Hepruu. [locsiejHee co3/4aeT CTUMYJIbI /IS BBEJIEHHUsI B SKCILIya-
TallMI0 HOBBbIX TEIJIOBBIX 3JIEKTPOCTAHLMH, pabOTaMOMIMX, KaK NPaBUJIO, HA yroJbHOM ToruuBe. Ho ocHoBHasi mpo6JieMa
YyroJIbHON 3HEPreTHKH — ee aHTPOIOreHHOe BO3JEHCTBHE — 10 CHUX MOP OCTaeTcsl HepelleHHOW. Takas cuTyanus co3faet
NPeANOChIIKH JJisl pa3pab0TKH HOBBIX «YHUCTHIX» YTOJbHBIX TEXHOJOTHH C MOJHBIM LIUKJIOM CEKBECTHPOBAHHUS MPOJYKTOB
cropanust. OHO# 13 HauboJiee NEPCHEKTUBHBIX TEXHOJIOTUI CXKUTaHHUs YIJIsl C HU3KUM YPOBHEM BbIGPOCOB SIBJISIETCS CKHU-
raHue yrijs B COCTaBe BOJAOYroJIbHOrO TOILIMBA. OJIHAKO TEXHOJIOTUSI BOJOYTOJIbHOTO TOIMJIMBA HMEET psiJi HeJJOCTATKOB.
OvH U3 HauGoJlee CyLeCTBEHHbBIX — BLICOKHE 3a/I€PIKKH 3a3KUTAHUS TUIIMYHBIX (C XapaKTepHbIM pa3MepoM 3-5 MM) Karesb
BO/IOYT'OJIbHOTO TOMaKBa. OJJHUM W3 CaMbIX NEPCHEKTHUBHBIX METOJOB PElIeHUs] 3TOH MPO6JEeMbI ABJSETCSA paclblieHHe
BO/IOYT'OJILHOTO TOIMJIMBA B YJIbTPAAUCIEPCHOM COCTOSIHUU (C XapaKTepHbIM pa3mepoM Kamesb 0,1-1 mm). HJeas. dxcnepu-
MEHTaJIbHOE UCC/Ie/JOBaHHE YCIOBUI U XapaKTEPUCTHK JPOOJeHHs Kalleb BOJAOYTOJbHOTO TOIJIMBA B BICOKOCKOPOCTHOM
NOTOKe Bo3Ayxa. 06seKkm. BozoyroyibHOe TOIJIMBO, IPUTOTOBJIEHHOE HA OCHOBe yruis Mapku T. Memod. |11 ycTaHOBJIEHHUs
OCHOBHbIX XapaKTEPUCTHK U YCJIOBUI Mpoliecca JUCIePrUpOBaHUs KaleJb BOJOYTOJIbHOTO TOMJIMBA UCII0/Ib30BAJICS CleLH-
aJIbHBIH 3KCIIEpUMEHTANTbHbIH cTeH. Pe3ybTaThl 3KCIIepUMEeHTaNbHbIX UCCIeJOBaHUH MTOKa3bIBAION, YTO JJIsl CTA6HIbHO-
ro Jpo6JsieHHus] TUITMYHBIX Kallesb BOJOYTOJIbHOTO TOIJIMBA CKOPOCTh MOC/IEeJHUX (B Mpoliecce paclblIeHHUs) A0/DKHA ObITh
He MeHee 40 M/c.
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Fragmentation of water-coal fuel droplets in the air flow
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Abstract. Relevance. An analysis of the current state of the global energy agenda shows that the problem of anthropogenic
impact on the planet’s atmosphere by thermal energy facilities is one of the most important for humanity. At the same time,
the growth in electricity consumption stimulates the introduction of ever new power generating capacities. For a long time, it
was believed that the solution to this problem was the large-scale introduction of non-traditional renewable energy sources
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(wind generators and solar panels) into the overall balance of electricity generation. However, it is now becoming obvious
that renewable energy sources cannot fully cover all electricity needs. The latter creates incentives for the commissioning of
new thermal power plants, usually operating on coal fuel. But the main problem of coal energy - its anthropogenic impact -
still remains unresolved. This situation creates the prerequisites for the development of new “clean” coal technologies with a
full cycle of sequestration of combustion products. One of the most promising technologies for burning coal with low emis-
sions is coal combustion in the composition of coal-water fuel. However, coal-water fuel technology has a number of disad-
vantages. One of the most significant is the high ignition delays of typical (with a characteristic size of 3-5 mm) droplets of
coal-water fuel. One of the most promising methods for solving this problem is spraying coal-water fuel in an ultra-fine state
(with a characteristic droplet size of 0.1-1 mm). Aim. Experimental study of the conditions and characteristics of crushing
droplets of coal-water fuel in a high-speed air flow. Object. Coal-water fuel prepared on the basis of lean coal. Method. Spe-
cial experimental stand to establish the main characteristics and conditions of dispersion of coal-water fuel droplets. Results.
The results of experimental studies show that for stable fragmentation of typical droplets of coal-water fuel, the speed of the
latter (during the spraying process) must be at least 40 m/s.

Keywords: coal-water fuel, drop, fragmentation, nozzle, Weber number
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BBegenue

IlepcrieKTUBHOCTD ~ BHEIpPEHUS  BOJOYTOJIBHOTO
toruBa (BYT) B 00muii 6amaHc TEmio- u 3JIEeKTpore-
Hepanuu 000CHOBaHA yXKe JTOCTATOYHO JaBHO (HAIPH-
mep, [1-3]). Tlokazano (o pe3ympTaTam 3KCIEPUMEH-
TaJdbHBIX [4—60] U Teoperuueckux [7-9] wucciemnosa-
HUH), 9yTO TIpu cxxkurannu BYT oOpasyeTcst 3HaUnTEINb-
HO MEHbIIIE OKCHJIOB Cephl U a3oTa. Tawke, Mo pe3yJib-
TaTaM TeopeTHUeCKuX uccienaoBanuii [10], ycraHosme-
HO, 4TO (P(HEKTUBHOCTH MEPeadn TEIUIOTHI OT TOIIOY-
HOM cpeapl K BHYTPUTPYOHOMY TEIJIOHOCHUTENIO IpU
cxurannd BYT Bblllle MO CpaBHEHUIO C IpOLECCaMU
TrOpeHHs OJHOPOJHOrO yris. Ho mpu Bcex mpemmyiie-
CTBaxX BOJOYIOJbHBIX TEXHOJIOTUH OHHU HMEIOT Pl
3HAYUMBIX HeJocTaTKOB. CaMbIM CYIIECTBEHHBIM U3
TAKOBBIX CYMTAIOTCS BBICOKHE 3aJIEP)KKU 3aKUTAHUS
(mo 15 cexkynn) tunmunbix Karenb BYT [11, 12]. Tlo
pe3ylbTaTaM MPOBEJCHHBIX paHee HKCIePUMEHTab-
HBIX uccienoBanuil [13] ycraHoBieHO, YTO MpH pac-
meuieHnH BYT 00pa3yroTcst Kamii MpernMyIecTBEHHO
C XapakTepHBIM pa3zmepoM oT 1 mo 3 MM. 3amepkku
3@KUTaHUSl TaKUX OTHOCUTENBHO KpPYMHBIX Kamelb
(maxe mpU JOCTaTOYHO BBICOKHUX TEMIIEpaTypax BHEII-
Her cpenpl Tg>1273 K) cocraBmsiror ot 5 mo 15 ce-
KyHZ (B 3aBUCUMOCTH OT Mapku yriisi). Ha Hacrosiuee
BpeMst paspaboraHsl [14] u mpoaoipKaloT pa3pabaTsl-
Barbest [15] cucremsr pacmeutenuss BYT, mo3Bossito-
e (GopMHUpPOBAaTh MENKOAUCIEPCHBIA (C XapakTep-
HBIM pa3MmepoM Karenb oT 0,05 xo 1 MM) OTOK Kanensb
BVYT. Ognako HageXHOCTh TaKUX CHCTEM HE BBICOKA
BCJIEICTBUE BBICOKOT'O 3PO3UIHOrO M3HOca (HOpCyHOU-
HbIX annaparos. Hanpumep, B [16] nokasano, 4ro pe-
Cypc pabOThI BOJOYTOJNBHBIX (OPCYHOK KOTEIBHBIX
arperatoB HoBocubupckoit TOI[-5 He mpeBbImman
40 gyacoB. Takxxe MOXHO OTMETUTH PabOTy COTPYAHHU-
koB uHcTUTyTa Temopusuku CO PAH [17], B koTO-

poii TpUBEICHBI KCIIEPUMEHTANIbHBIE JTaHHBIE O MPO-
neccax pacmbuieHuss BYT mHeBMaTHueckoil (opcyH-
KOH B KpyITHOMAcIITaOHOM DHEPreTH4EeCKOM CTeHe (C
TEIUIOBOI MOIITHOCTBIO 5 MBT).

Takxe MO)XKHO OTMETUTH cTaThio [18], B KoTOpOi
MPUBEIEHBl PE3YJIbTAaThl IKCIEPUMEHTAIBHBIX HCCIIe-
JIOBaHUW TIPOLIECCOB KBA3UTEIJIOBOTO PaCIbUICHHUS
BVT. IlokazaHo, uTo B pe3yJibTaTe pacubLIcHUs (Hop-
mupyroTces karum BYT ¢ xapakTepHBIM pa3mMepom
100200 mxm. OgHAaKO CTOWT CKa3aTh, 4yTo B [18] He
yKa3zaHa  JJIUTENBHOCTH  paboTel  (hOPCYHOUHOTO
yctporictBa. Taxke B [18] He mpuBemeHBl 3HAUEHUS
xapakTepHbIX uncen Bebepa kamems BYT, Gpopmupy-
IOLIUXCS TPU pachbuie TOIUIMBa. AHajmoruuHeie [18]
pe3ynbTatel npuBeneHsl B [19]. Hamo ckasare, 4uto B
[16—18] mpuBeneHBI pe3ynabTaThl HKCIIEPUMEHTAIBHBIX
nccienoBaHuil mpoueccoB pacnbeuieHns BYT B ycro-
BUSIX, KOTJIa IPOJIOJKUTEIBHOCTH HETIPEPBIBHOM pabo-
Thl orpanndeHa 10 munyramu. B peanbHOI mpakTuke
obecrnieueHre TaKOoro yJIbTPaTOHKOTO PaclbUICHUS MPU
JIONITOBPEMEHHOU (OKOJIO rojia) HempepblBHOW pabote
(opcyHOUHOTO ammapara Ioka HeBo3MoxHO. [locnen-
Hee OOYCIIOBJIEHO CYIIECTBEHHBIM 3PO3UHHBIM H3HO-
COM COIJIOBOTO ammapara (OpPCYHOUYHBIX YCTPOHCTB
(cpemHee Bpems paboThl (OPCYHKH HE TPEBBINIACT
120 acos [20]). IIpu 3TOM HEOOXOAWMO OTMETHTh,
yTo B pabote [20] mpuBeneHBI 3KCHEPUMEHTAIBHBIC
JaHHBIe I (POPCYHKH, BEIIONHEHHOW M3 BBICOKO-
npouHoil kepamuku (AI203/(W,Ti)). Bmecte ¢ Tem,
HampuMmep, B craThe [17] mpuBeaeHbl pe3yabTaThl IKC-
MEPUMEHTAILHBIX UCCIICJIOBAaHUH MPOIECCOB pacIbLIe-
Hus BYT dopcyHKol, BRITOJTHEHHOM U3 JICTHPOBAHHON
cranu aycteHuTHoro kiacca 12X18H10T, mo koTopoit
Ha HacTosIee BPeMs HET TOYHBIX JaHHBIX O pabouem
pecypce (mpeneibHOe BpeMsi paboThl) (OpCyHOUHBIX
YCTPOMCTB, PACHBUISIONIUX BBICOKOKOHIEHTPUPOBAH-
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Hble (C JoJeil yronpHOW KOMIOHEHTHl (¢=>0,5) BoJO-
YTOJIbHBIE CYCIIEH3UU. B Takoil cuTyauuu Heompeze-
JIEHHOCTH C PECYpcoM paboThl (POPCYHOK, BBITIOJIHEH-
HBIX W3 pa3HBIX MaTepHaJIOB, 3HAYUMOCTh 3KCIIEPHU-
MEHTAJIbHBIX JAHHBIX O Mpoleccax pacmbuieHuss BYT
nmproOpeTaeT emie OONBIIYI0 aKTyalbHOCTh. B 3THX
YCIOBUSX MMEET CMBICT pa3paboTka HOBBIX TEXHOIO-
THH, MO3BOJIAIONINX NPOBOJUTH OECKOHTAKTHOE (C TO-
BEPXHOCTBIO TOPEJIOYHOTO YCTPOMCTBa) apoOiieHue
OTHOCHUTENBHO KpyHHBIX Kamenb BYT B motoke okwuc-
JIUTES.

Ho B Hacrtosiiee BpeMs HE CO37aHO TEXHOJOTHU
YCTOWYIHMBOTO a3pOAMHAMHYIECKOTO JAPOOJICHHUS KaIlellb
BYT (MOXHO BBIICTUTH JIMIIb HECKOJIHKO MPUMEPOB
HA/IKHON OSKCIUTyaTallid BOJOYTOJBHBIX (DOPCYHOK,
Hanpumep [21, 22]). dns pa3paOoTKH TaKOW TEXHOIO-
MM HEOOXOAMMO 3HATh XapaKTEPUCTUKU U YCIOBUS
nporuecca ApoOJIeHns Kaluld BOJOYTOJBHOTO TOILIMBA
B IIOTOKE OKMCIMUTENS. MOXHO OTMETUTh Pl UCCie-
noBanuit [23-26]. Hampumep, B [23] mpuBeaeHs! pe-
3yJbTaThl MATEMATUYECKOTO MOJETUPOBAHUS TUHAMU-
KU TpaHc(hOpMaIlMK Kallelb BOAOYTOIbHON CYCIEH3UH
(BYC) B moToke Bo3ayxa. YCTaHOBIEHO, YTO HA U3MeE-
HeHue (OopMBbI Kamejb CYLIECTBEHHOE BIUSHHUE, KaK U
CJIEIOBAJIO OKUJAaTh, OKa3bIBAIOT PEOJIOTUYECKUE Xa-
pakrepuctuku. [Ipu uncieHHOM MoaenupoBaHuu [23]
MIPUMEHSETCS] METOJ], BKIIOYAIOIIUN MOJAEIMPOBAHUE
6onpmux Buxpeil (Large Eddy Simulation — LES), u
criaxeHHeli 00beM kuakocTd (Volume of fluid —
VOF), koropble HMCHOIB30BAIUCh C JAWHAMHYECKON
aganTuBHOW ceTkod. Ilo pe3ympTraTaM YHCIEHHOTO
MOJICJIMPOBAaHUS yCTaHOBIIEHa <A((EKTUBHAN) BSA3-
KOCTb, ITO3BOJIIONIAs OIUCHIBATE APOOJICHUE Kalelb
BVYT no ananornu ¢ HbIOTOHOBCKOM KUIKOCTBIO.

Taxxke MOXHO OTMETHTH paboty [24], B KOTOpoi
MIPEJICTaBJIEHBl PE3YJbTaThl KOMIIBIOTEPHOIO MOJEIH-
poBaHMA  Tpolecca  pacmaja  Kameiab  OpraHo-
BOJIOYrojibHOro ToruuBa. Mcnonbs3oBanca merong VOF
B COYETAHHH C JIWHAMUYECKOM ajanTtanued mpocTpaH-
CTBEHHOH CETKH. Y CTaHOBJIEHBI PEXHUMBI Pa3pylICHUs
Karejb B 3aBUCHMOCTH OT umciia BeOepa. Takxke wuc-
ClIeZIOBaHA CTPYKTypa TEUEHHsS BO3AyXa B 00JacTé
a’pOIMHAMHYECKON TEHU Kallelb.

B cratbe [25] mpuBeneHsl pe3ysbTaThl MaTeMaTH-
YECKOr0 MOJIEJIMPOBAaHUS IPOLIECCOB IUCIEPIHPOBa-
HUS Kamenb resieo0pasHOro KEpOCHMHOBOIO TOIUIMBA B
MOTOKE BO3Ayxa. lIpM 3TOM HCMONB30BAJICS METOJ
VOF. Tlo pe3ynprataM YHCIEHHOTO MOJEIUPOBAHUS
YCTAHOBJIEHBl THIUMYHBIE (HOPMBI Ae(hOPMHUPYIOMINXCS
B TOTOKE Kamenb ToriuBa. Iloka3aHo, 4to Ha (GopMbI
Karenb ONpe/esIsioliee BIUSAHUE OKa3bIBAET CIEKTP
BHXpeEH, (GOPMUPYIOMUXCS B a3pOAMHAMHICCKOM CJe-
Jie Karuiy.

Taxke MOXXHO OTMETHTH CTaThi0 [26], B KOTOpOit
MIpUBENEHBl PE3YJbTAThl SKCIIEPUMEHTAIBHBIX HCCIE-
JIOBaHHUM MpoIeccoB paspymeHus crpyu BYT, wucre-

katomeit u3 ¢opcynku. Ilpu stom apobieHue cTpyu
OCYIIECTBIISIIOCH B PE3YyJbTaTE€ BO3AECUCTBUS BBICOKO-
CKOPOCTHOH CTpyHW BO3[lyXa, OPUEHTUPOBAHHON B TOM
JK€ HalpaBJIEHUH, B KOTOPOM PacHbUISIETCS TOILIHBO.
B crathe [27] mpuBeneHbl pe3yJbTaTbl IKCIEPUMEH-
TAJIBHBIX UCCIICIOBAHUI MPOIIECCOB IPOOICHIS Karenb
BYT BBICOKOCKOPOCTHBIM ITOTOKOM BO3/lyXa, KOTOPBIA
MoJaBajlcd B  HampaBlICHUHW, TMEPIEHIUKYISIPHOM
HaNpaBJICHUIO JIBM)KCHUS Karlld. BuIeneHbl pexuMbl
IpoOeHusl TOIUIMBHBEIX Karenb. Ho Takoit cmoco0
a’POIMHAMHUYECKOTO APOOJICHUS B PEaIbHOW MPaKTHKE
TPYJHO MpUMEHUM. TakxKe CTOMT cKa3aTh, YTO JOCTa-
TOYHO CJIOXKHO OINPEHETUTh KpUTHIEeCKUe yncia Bebe-
pa BcleacTBUE OOJNBIIMX MOTPEIIHOCTE B ompenaee-
HUU CKOpPOCTEH NBMXkeHUs Karud. [lpu aToM KpuTHye-
CKHe 3HaveHHWs yncen Bebepa sBISAIOTCS BakHeHIeH
XapaKTepPUCTUKOM, TO3BOJIAIONIEH ONpeAeTuTh YCio-
BHUS Mpoliecca APOOJICHUs Karesb TOIJINBa U, COOTBET-
CTBCHHO, KOHCTPYKIMIO (OPCYHOUHBIX YCTPOMCTB.
Taxke HaJJo OTMETUTh, YTO paHee He MPOBOAMIICS aHa-
JU3 BIUSHUS KOHLUEHTPALMHU TOTUIMBHOW KOMITOHEHTHI
(yrysl) Ha XapaKTEpPUCTHKH U YCIOBUS APOOJICHMS Ka-
nens BYT.

Lenp nanHoil paboTBl — YCTaHOBJIEHHE KpHTHYE-
CKUX 3HaueHHUH umcia BebGepa B moToke Bo3myxa Ipu
nBwkeHnu karnenb BYT B olHOM HampaBJIeHHH C TIO-
TOKOM BO3AyXa NpU BapbUPOBaHUHM (HPAKIIHOHHOTO
COCTaBa TOIUINBA.

MeToauKa npoBeJeHMs IKCIepUMEHTa
Memooduka nodzomoeku monausa

[MoarotoBka BYT k skcnepuMeHTaM mpoBOAWIIACH
B COOTBETCTBHM C¢ MeTonukoil [28]. Ha mepBom 3tame
KPYIHOKYCKOBOH yroib Mapku T (Tomuii — siBisieTcst
OJIHUM M3 paclpOCTPaHEHHBIX dHEPreTHUUECKUX YIJIEH,
UCHOJB3YIOIUXCS B KaueCTBE OCHOBHOI'O TOIUIMBA Ha
TEIUIOBBIX DJIEKTPUYECKUX CTAHIUSAX) APOOMIICS B IIIe-
KOBOU JIpoOHIIKE 0 XapakTepHoro pazmepa d=20 mm.
3areM yrojpHas KpOIIKa 3arpy’ajach B ILApOBYIO
MENBHUILy U M3MeNbYajach A0 MBUIEBUIHOTO COCTOS-
HUs (XapakTepHbIA pa3mep dactuil ~90 Mkm). B maib-
HEeWIeM YroJbHYI0 IBUTE TOMEIATH Ha BHOpAIMOH-
HO€ CUTO C pa3MepoM sueikn 90 MKM M MPOCEUBAIH.
®pakius, OCTaBIIAsCS HA CHTE, MMOBTOPHO HM3MEbya-
nacb B MenbHMLE. [locme 3Toro mosyduBUIyIOCS
YTOJIBHYIO TBbUIb CMEIIMBAIN C BOAOH M TOBOJWIN J0
TOMOTE€HHOTO COCTOSIHHS B ToMoreHezarope. C 1eJbio
YCTAHOBJICHUSI BIUSHUA (PPaKIIMOHHOTO COCTaBa Ha
XapaKTePUCTUKN U YCIOBUA ApoOieHus kamenb BYT
MacCcOBO€ COOTHOIICHHE B CHCTEME YTOJIb/BOJa BapbU-
poBajoCh B JOCTAaTOYHO IIHPOKOM JAMamna3zoHe (Ot
0/100 o 55/45). B Taba. 1 npuBeneHBI OCHOBHBIC Xa-
PaKTEpUCTUKN KOMIIOHEHTOB TOIUTUBHOW CYCIIEH3HU.
Br10op mpuBeeHHBIX BBINIE KOHIEHTPAIUH YTOMBHON
koMrioHeHTHI B BYC o0ycnoBnen tem, uro y yrius T
(cormacHo maHHBIM [29]) B MUHEpanbHONl yacTu CO-
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nepxurca 1o 12 % CaO. Kak uzBectHo [30], okcun
KallbIUs TIPH COSJMHEHUHU C BOJOW MOXKET (OopMHpO-
BaTh IIPOYHBIE CLIEMEHTHpPOBaHHblE coeauHeHus. Ilo
STOW MPHUYMHE BHIOOP TON WM WHON KOHIICHTPaIUW
TBEpAOW TOIUIMBHOM KOMIIOHEHTHI TomumBa B BVYT
SIBJIICTCS CITO’KHOM 3a1aueii, Tpedyromield 000CHOBaHHS
COOTBETCTBYIOILIETO COOTHOILLEHHSI TBEPAOU U KUIKOU
¢a3sl cycneH3uu (IO aHAJIOTHMU C 3amadcii o BeIOOpE
MOMEHTa OCTaHOBAa HE3aBUCHMBIX HCIbITaHuid [31]).
Bribop 3HaueHmdd ¢ (HOMHM YrOJIBHOW KOMIIOHCHTHI
TOILJIMBA) 3aBUCUT OT WHAWBUIYaIbHBIX CBOWCTB YIJIS:
ruapoGoOHOCTH/THAPOGUIBHOCTH, HMOPUCTOCTH, CO-
CTaBa MUHEPAIbHON M OPraHWYECKOW 4YacTed yrIis,
TEIUIOTHI CTOPaHHUsI, TEMIIEPATYPbl TOPEHUS U JIP.

Ta6auya 1. OcHogHble xapakmepucmuku KoMnoHeHmos BYT
[32,33]

Table 1. Main characteristics of coal-water fuel (CWF)
components [32, 33]
C A QP
KoMmoHeHT P ’ P | yr, | Cr H
KT v
Component Mok | Br | KT % | % Mox
kr-K|m-K| M KT
KameHHbI# yrosb
Mapku T 1342 (0,122 | 962 | 17 | 91 | 25,12-10¢
Lean coal
Bopga/Water 4190 | 0,56 | 1000 | - - -
BYT/CWF 2683 (0,336 981 | - | - -
9KCHCpI/IMCHTaJ'IBHBIe HCCIICAOBAHUA IMPOBOAWINCH

Ha CTEHJIE, CXeMa KOTOpOro MpuBeAeHa Ha puc. 1, a.
OCHOBHOM YacThIO DKCIIEPUMEHTAIBHOTO CTEH/IA SIBJISI-

a
Puc. 1.

eTcs IUIOCKOE, CIEHUANIbHO CIPOQUIMPOBAHHOE COILIO,
CeueHHe KOTOPOTO Ha BXOJHOM Yy4YacTKE COCTaBIISIIO
350x40 mm, B BbixomHoM yuactke 40x40 mm. [[nmmna
corwtoBoro kaHaiga L=180 mm. Comio paccunThIBaIoCch
B COOTBETCTBHM C METOJIUKOM, MpuBeneHHOH B [34]. Ha
puc. 1, b mpuBeneHa cxeMa COIIOBOro KaHamia. [IpoTu-
BOJIC)KAIINE CTCHKU COIDIA OBUIH BBIOJHEHBI U3 TPOY-
HOT'O CTEKJIa, C OJHOW CTOPOHBI KOTOPOTO yCTaHaBJIM-
BaJICSl HICTOYHUK MOHOXPOMATHYECKOW IJIOCKOW CBETO-
Boil BomHBEL. C 00paTHO# CTOpOHBI OBLTA YCTaHOBIICHA
BBICOKOCKOpOCTHas Buzeokamepa (Evercam 1000-32M
¢ oowexTrBOM Sigma AF 105mm /2.8 EX DG OS HSM
Macro). CorutoBoii kaHai uepe3 kapMmaH Puxtepa mon-
KJIIo4ancs K LEeHTpoOexHoMy BeHTmsitopy BILIS. Ilo-
CJIETHUI NPUBOAMIICS B JBHKEHHE C IOMOIIBIO AJIEK-
tponsurarenss AIIM80N2Y3 momHocThio 2,2 KBT.

Kammmu BYT nogaBanmuch BepTUKANbHO —uepes
LINPHL, YCTAHOBIIEHHBI HA OCH CUMMETPHUH, B COILIO-
Boii kaHai. IlImpuir ObUT MOAKIIOYEH K HH(Y3HOHHOMY
mmpuieBoMy Hacocy Mindray BeneFusion SP3. Mac-
COBas CKOPOCTb TMOJAYd CYCIEH3UM COCTaBJsUIa
150 mur/u. C menplo onpeieneHus: CKOPOCTH MOTOKA Ha
BBIXOJIC U3 COIUIA YCTaHABIMBAIAch TpyOka IInTo, mox-
KIroueHHasd K auddepeHnuasbHOMy MHUKPOMaHOMETPY
JITA-4. CkopocTh IOTOKa BO3/IyXa pacCuMThIBalIach IO
Meroauke [35]. Kammmm BYT momaBammchk B COIIOBOM
anmapar C HUCIOJIb30BAHWMEM UINMPHILIEBOIO Hacoca
(puc. 1, a). CooTBeTcTBeHHO, 00BbeMHBII pacxon BYT
coctaBisieT G,;~150 mMn/4. OOBbeMHBII pacxo Bo3LyXa
yepe3 comio coctaBiger G,;=7,3 M/, XapakTepHbIN
pasmep kanenb BYT B skciepumenTax cocrasisut 3+0,1
MM (KaIutd, OTAMYaBIIHECS OT 3aJaHHOTO pasMepa, B
Ipolecce IKCIICPUMEHTA OTOPAKOBHIBAJIHCE ).

X cm

3 10 15 20

Jﬁ’amuf BYVT |

/ 30 35

rd
d

}

b

JkcnepumeHmasvHblll cmeHo (a) u cxema dsudsiceHust kanau BYT e consnosom annapame (b): 1 - ungy3uoHHbIil wnpu-

yeeoli Hacoc Mindray BeneFusion SP3; 2 - ucmouHuk ceema; 3 - anekmpodsueameav A/IM80H2Y3; 4 - yenmpobesic-
Hbill geHmuassmop BL]5; 5 - depacamens co wnpuyom; 6 - nepCoHAMbHLIU KOMNnblomep; 7 — 8bICOKOCKOPOCMHASI KaMe-
pa Evercam 1000-32M; 8 - consio0 BumowuHckozo (ocb X, Y — 20pu3oHmasbHas u epmukaibHas ocu)

Fig. 1.

Experimental bench (a) and the scheme of CWF droplet motion in the nozzle apparatus (b): 1 - Mindray BeneFusion

SP3 infusion syringe pump; 2 - light source, 3 - ADM8012U3 electric motor; 4 - VC5 centrifugal fan; 5 - holder with sy-
ringe; 6 — personal computer; 7 - Evercam 1000-32M high-speed camera; 8 - Vitoshinsky nozzle
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Memoduka npogedeHus
IKCnepuMeHmMa/IbHbIX UCC1ed08aAHUI

Kams BYT cOpaceiBaeTcss BEpPTHKAIBHO BHHU3 B
MOJIOCTh MOJYOTKPBITOTO COIUIOBOro ammapara. [locne
BXOJIa KaIlTd B COTUIO Ha HEe BO3JIEHCTBYET yCKOPSIO-
IIUICS TIOTOK BO3MyXa. B pesynprare aspoanHamuye-
CKOT0 BO3JEHCTBUS TOIUIMBHAs KaIUIs TakXe YCKOps-
€TCsl, TIPU 3TOM €€ CKOPOCTh MHOTO MEHBIIIE CKOPOCTH
Hecylien cpensl. B pe3ynbrate HEpaBHOMEPHOTO pac-
MpelleIeHus JaBJIeHuUs], HO MOBEPXHOCTH KaIljl Ipouc-
XOJIUT €€ CYIeCTBeHHas aedopmarusi, a Mpu JOCTH-
KEHUU KPUTHUUYECKUX YCIOBUH — pa3pyllIEHHE.

Becp kommiekc mnpoueccoB IpoOJeHHs Karenb
BYT B BBICOKOCKOPOCTHOM IIOTOKE BO31yXa pErH-
CTPHpOBAJICS  BBICOKOCKOPOCTHOM  BHIEOKaMepoi
Evercam E4 (cxopoctb Buaeochemku 3000 kan/cek). C
LETbI0 YCTAHOBJICHUS XapaKTEPUCTUK U YCIOBUU JHC-
MEPrUpOBaHUs TOIUIMBHBIX Kallelbh MPOBOAUIINCH Ce-
pYM DKCIIEPUMEHTOB, COCTOSIIINX W3 25 OMNBITOB, B
WJCHTUYHBIX YCJIOBHUSX. Takoe OTHOCHUTENBHO O0Jb-
[I0€ YHCJIO OTBITOB OOYCJIOBJICHO TEM, YTO Ha Xapak-
TEPUCTUKU Pa3pylICHUs TOIIMBHBIX Kalelb OKa3blBa-
€T CYIICCTBCHHOE BIIMSHHE OOJNBIION KOMIDICKC (hak-
TOPOB BTOPOTO YPOBHS 3HAYUMOCTH ((IIyKTyanuu
BHYTPHUKAICJIbHBIX M BHEIIHUX TEYEHUH >KHUIKOCTH,
HEPaBHOMEPHOE U AaHU3OTPOIIHOE paclpeseeHue va-
CTHII YIJIA B KarJe, ¢opma nocieqaux u ap.). O6pa-
00TKa pPe3ybTaToOB SKCIICPUMEHTOB IPOBOAUTCS B CO-
OTBETCTBHH CO CTAaTUCTHYECKUMH Metomamu [36]. Jlo-
BEPUTEIbHBIA HHTEpBaJl NpPU JIOBEPUTEIBHON BEpOST-
Hoctu P=0,95 cocraBnser 12 %.

C uenpl0 yCcTaHOBIIEHUS HEOOXOIUMBIX YCIOBUMN
IpoOneHusT BBEJCHO B PACCMOTPEHHME XapaKTEPUCTHU-
yeckoe uuciio Bebepa, KOTopoe MoKa3bIBaeT OTHOIIIE-
HUE CUJI MHEPLIMU U MIOBEPXHOCTHOIO HATSKEHUS:

We = L0V
g
re V; — ckopocTh Bo3ayxa, M/C; V; — CKOPOCTh Karum
B MOMEHT JpOONEeHUs, M/C; Py — IUIOTHOCTh BO3yXa,
Kr/M’; d — IMaMeTp Kamim, M; 0 — KO3((HIHEHT mo-
BEPXHOCTHOTO HATSDKECHUS, H/M.

g ycraHOBIEHHMS CKOPOCTH Kalyld B MOMEHT
BPEMEHH, TPEAMICCTBYIONNN  HEMOCPEACTBEHHOMY
IpoOIeHHI0, pa3paboTaH CICUANBHBIA alTOPUTM 00-
paboTKH HM300paKeHNH KaIpoB BHICOTPAMMBI, OCHO-
BaHHBIM Ha TeHeBoW Meroauke [37]. IlporpammHuas
peanzainus alropuTMa IpoBeieHa Ha S3bIKE BBICOKOTO
ypoBHs Matlab ¢ wucnonb3oBanueM ¢GyHkImiA Image
Processing Toolbox. CkopocTh BO3ayXa B CEYCHHUU
COIJIa, COOTBETCTBYIOIIEM MECTY IPOOJICHHS KAarllu,
OTIpeIeNsIach M3 ypaBHEHHs HepaspbiBHOCTH [38] B
NpUOTIKEHUH HEU3MEHHOCTH IJIOTHOCTH BO3/AyXa
(p=const):

div(V,) = 0.
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Pe3y/ibTaThl 3KCIEPUMEHTAIbHBIX UCCIEJ0BAHUA

Ha puc. 2 npuBeneHsl THIIMYHBIE KaAphl polecca
9BOJIOLUHU (OPMBI (10 Hauana apoOJeHHs) Kalid BO-
Ibl (cTONOCIl @) U BOAOYTOJBHOTO TOILIUBA (CTONOIIBI
b—j) B BBICOKOCKOPOCTHOM MOTOKE BO3AyXa. MOXKHO
OTMETHTh, YTO B PACCMATPUBACMBIX YCIOBHSX MPOIIECC
JUCTICPTUPOBAHKS Kallellb MPOTEKACT B PEIKUMAX Cy-
niecTBeHHOW TpaHchopManuu ux (opmbl. B Hauanb-
HBIA MOMEHT BpeMeHH (MOMEHT BXOJ[a KAIlIH B COILIO-
BOH KaHa) Karisi umeeT ¢opmy cdepsl. B pesysibrare
a’pOMHAMHIYECKOTO BO3CHCTBHS MPOUCXOIUT
TpaHCcopMaIms Kamm u3 chepbl B DIUTHIICOUI
(puc. 3). B ycnoBusix HpoIOJIKAIOIIErocs a’dpoJuHa-
MHYECKOTO BO3/ICHCTBUS MPOHCXOAUT MEPEXO] OT AJI-
JUICOUIATBHON (OPMBI B AHCK. 3aTeM BCIECICTBHE
pOCTa CKOPOCTU M, COOTBETCTBEHHO, KAacaTEIbHBIX W
HOPMAJBHBIX HANPSDKEHUH MPOMCXOAUT TpaHchopma-
sl KaruTl JAUCKOOOpa3HOW (OpMBI B IUCK C «IIall-
Koi» (puc. 3).

B aToM ciiydae pa3Huiia JaBiICHUN MEXIy HaBeT-
pEeHHOW ¥ TIOABETPEHHOW CTOPOHOW CTaHOBUTCS
HACTOJIBKO OOJBIION, YTO CHJIBI JaBJICHUS MPEBBIIIAIOT
CHJIbI BA3KOCTHU U MOBEPXHOCTHOT'O HATAXKCHHUSA BOIO-
YTONBHOH cycrieH3un. B pesynmpTaTe mponucxomur pas-
pymenue kammi. [Ipy 3TOM MOXXHO OTMETUTH, YTO B
OCHOBHOM pa3pyIlICHUE MPOUCXOMUT B pE3yJbTaTe
CpbIBa IUICHKH C (DOPMHPOBAHHEM LEHTPAIHHOTO BBI-
TSHYTOTO sIpa IO HANPABICHHUIO IBIDKCHUS. Taroke
aHamM3 KaIpoB IOKAa3bplBAaeT, YTO KOHIICHTPALUS
yFOHLHOﬁ KOMIIOHCHTBI B TOIIMBE OKa3bIBAC€T CYLIC-
CTBCHHOC BJIHSHUEC Ha XapPaKTCPUCTHKH W YCIOBHUS
npobnenus karnenb BYT (puc. 3). Tak, npu KOHIEH-
Tpammu yriast B mpexpenax 0 < ¢ < 50 % npuHammka
npobnenust karenb BYT moutn wmaeHTHYHA apo0dIie-
HUIO Kamenb Bonbel (puc. 2). IIpm KOHLIEHTpauuu
YTOJBHON KOMIOHEHTH ¢ = 50 % npoOrieHue kamenb
WHOE, U JJIsI JOCTIKEHNSI COOTBETCTBYIOIINX YCIIOBUH
JUCTICPTHPOBAHHUS HEOOXOIMMBI 3HAYUTEIBHO Oojee
BBICOKHE CKOPOCTH OO0TekaHus Kamenb. Ilociemnnee
MIOKA3bIBAET, YTO TPH KOHIIEHTPAIIMH YTONBHOW KOM-
MOHEHTHI BhIe 50 % YacTUIIBI YIII HAYMHAIOT UTPATh
pOJIb CBSI3YIOLIETO KOMIIOHEHTA, «KOHCOIUIUPYFOLIE-
ro» CYCIEH3UIO. 3JHAUEHUS XAPaKTEPHBIX BPEMEHHBIX
MOKAa3aTelNei 7; IPUBEICHBI B Ta0II. 2.

Ha puc. 4 npuBeneHbl 3aBUCHMOCTH CKOPOCTH TIO-
Toka (V) BO31yxa, a Takke Kamesb skuiaKoctd (Vg —
JI0 UX pa3pylIeHHs) OT PacCTOSHUS, MPOUAEHHOTO MO
COIUTOBOMY KaHay. AHaJIN3a KapoB IMOKA3BIBACT, UTO
P KOHICHTPAIUAX yFOJ’II)HOI\/‘I KOMIIOHCHTBI TOIlJIMBa
MmeHee 50 % xamu BYT u Boabl paspyiiarorcs UaeH-
TUYHO (KPUTHYCCKHE 3HAYCHUS OTHOCUTEIHHOH CKO-
POCTH IBW)KEHHSI Kareb pa3indyaroTcs He Ooyee deM
Ha 8 %). [Ipm 3TOM MOXHO BBIAEIHTH BAXKHYIO 3aKO-
HOMEPHOCTh — 4eM OOJIbIlle KOHIIEHTPAIHUs YTOJIBEHON
KOMITOHEHTBI, TeM MeHbIle yckoperue (dVy,. /dt) karm-
JIN B IIOTOKE.



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 7. P. 7-19
Syrodoy S.V. et al. Fragmentation of water-coal fuel droplets in the air flow

™"
P 2

-’

T6

T10

a b c d e f
Puc. 2. TunuyHble Kadpbl npoyecca ducnepaupogaHusi kanesab 80dul (a) u BYT (b-j). CoomHoweHue 8 cucmeme y201b/800a:
a-0/100;b-10/90; c-20/80; d - 30/70; e - 40/60; f- 50/50; j - 55/45
Fig. 2. Typical frames of dispersion of water droplets (a) and coal-water slurry (b-j). Ratio in the coal/water system: a -

0/100; b -10/90; c - 20/80; d - 30/70; e - 40/60; f - 50/50; j - 55/45

Ta6auya 2. XpoHoaozust XxapakmepHblX mo4ek npoyecca 0pobaeHust Kanau

Table 2.

Chronology of characteristic points of a droplet fragmentation

XapaKTepHbie BpeMen- 0603HaYeHUs CTOJIOL0B, COOTBETCTBYIOT 0603HAYEHHUSAM, IPUBEJIEeHbIM Ha PHUC. 2
HBIE TORKH Column designations, correspond to the designations shown in Fig. 2
Typical time points

T C a b c d e f j
1 0 0 0 0 0 0 0
2 0,0025 0,0025 0,0025 0,003 0,0025 0,004 0,01
3 0,005 0,005 0,005 0,0055 0,005 0,008 0,015
4 0,007 0,0065 0,0075 0,0085 0,0075 0,0105 0,02
5 0,0095 0,0085 0,0095 0,0125 0,01 0,013 0,025
6 - 0,012 0,0125 - 0,013 0,0155 0,029
7 - - - - - 0,018 0,034
8 - - - - - 0,0205 -
9 - - - - - 0,023 -
10 - - - - - 0,025 -
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3710, BeposiTHEE BCero, OOYCIIOBICHO TEM, YTO, Kak
BUJIHO Ha KaJpax BHACOIPaMMBI (puC. 2), Kallli CyCICH- C 53
3MM C MajblM COJICP)KAaHHEM YTOJIbHOM KOMIIOHEHTHI
obicTpo Aehopmupyrotcest U3 chepsl B muck. [Ipu 3tom U J
IUIOCKOCTh JIUCKA TICPIICHAUKYIISIPHA HATIPABICHUIO JBU- <F s
JKEHMSI TIOTOKa BO3AyXa. B aToM ciydae a’spoanHamude- 8
CKOE COIPOTHBIICHUE TAKOH KaIlId OyIeT MaKCHMaJIbHO
(Bo3HuKaeT 3ddekt «mapyca»). [locnenHee npuBoANT K * D#C
CYILECTBEHHOMY YCKOPEHHMIO TIpoIecca pa3pylIeHUS Iyl

=Fr—
i
J

kammi. B 1o ke Bpems karmm BYT ¢ BeicokuM copepixa- D S - cdepa

HUEM YIJIS 3HAYUTELHO OOJIbIIE BPEMEHH COXPAHSIOT D - guck
(opmy oOTekaeMoii cepbl, UTO CYIIECTBEHHO CHUMKAET g:s:;“e‘;am
X a9POJMHAMUYECKOE COMPOTHBIICHHUE. DHC N - oG beuHeH e

Ha puc. 5 npuBeneHsl 3aBUCHMMOCTH KPHUTHUYECKOIO @ - IyCTOE MHOXeCTBO
yrcna Bebepa (We) 1 OTHOCHTENBHOM CKOPOCTH Karlid B
MOMeHT paspymeHus (§ = |I{q - Vd|/V0; e Vg, Vg —
CKOpPOCTH BO3[yXa U KaIUI B 30HE €€ pa3pylleHus, Vgo -
CKOpPOCTh BO3[yXa Ha BXOJIE B COIUIOBOM ammapar,
I(go = 7 M/C) OT KOHILIEHTpAIUH YTOJHON KOMIIOHEHTHI B
TorBE. MOXXHO OTMETHTB, YTO 3aBUCHMOCTH We(p) u
&(p) mMeroT XapakTep THIIA «XOKKeHHas Kmomkay. [o-
cresHee 0OYCIIOBJICHO TEM, YTO, KaK YKe YKa3bIBAJIOCh BbI-
II1e, TIPH TIepexoie depe3 3HaueHs (=50 % cKauKooOpa3HO
MEHSTFOTCS XapaKTePUCTUKU Jipo0ieHust Karens BYT. [Jlan-
HBIA 3((eKT 0OYCIIOBIIEH TEM, UTO B 3THX YCIOBHAX yactH-  Puc. 3. KommymamueHas duazpamma munu4Hblx HopM
LIb! YIS B CYCHCHSHI HATHHALOT HIPATS POTIb CBISYIOMIEro Fig. 3 ZZ?::?Z%?;: n(;;nort;er:oz?yfa ical shapes of CWF
Marepuana, 4To MPUBOJUT K CYIIECTBEHHOMY DPOCTY CHII 9 droplets in the air?low yP p

BSI3KOCTH M CHJI TIOBEPXHOCTHOTO HATSDKEHUSI M K COOTBET-

CTBYIOLLEMY U3MEHEHHIO AUCIIEPIUPOBAHNS KAILIH.

D#CN{S3} = 0

Var, M/c Ve, m/c

7 80

170

1 60

150

1 40

1 30

120

110

0 0
0 0.02 0,04 0.06 0.08 0.1 0,12 0.14 0.16 0.18 0.2

L m

Puc. 4. 3asucumocmv ckopocmu 8o3dyxa (Vy - 3asucumocmv 1) u kaneav scudkocmu (Var - 3asucumocmu 2-7) om
paccmosiHusi, npoti0éHHO20 No CoN/1080My mpakmy do MoMeHma 0pobaeHus, npu pasHol KoHYyeHmpayuu (@) yeas e
cycneH3uu: 1 - 8o3dyxa; 2 - kanis 8odvet (p=0); 3 - kanas BYT (p=10); 4 - kanas BYT (p=20); 5 - kanas BYT (¢=30);
6 - kanas BYT (p=40); 7 - kanas BYT (¢=50); 8 - kanas BYT (¢=55)

Fig. 4. Dependence of velocity of air (V4 - dependence 1) and liquid droplets (Var - dependences 2-7) on the distance traveled
along the nozzle path to the moment of fragmentation, at different concentration (¢) of coal in suspension: 1 - air; 2 -
water droplet (¢=0); 3 - CWF droplet (p=10); 4 - CWF droplet (¢=20); 5 - CWF droplet (¢=30); 6 - CWF droplet
(p=40); 7 - CWF droplet (p=50); 8 - CWF droplet (¢=55)
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Puc. 5. 3asucumocms kpumuueckozo yucaa Bebepa u omHocumeavHoll ckopocmu eumaHusi kanau & = |Vg - Vd|/I/;,° (20e V),
Vq - ckopocmu 603dyxa u kanau 6 30He ee paspyweHusi; V) — ckopocmb 603dyxa Ha éxode 8 con/06oii annapam;
V) = 7 m/c) om KonyeHmpayuu y201bHoll KOMNOHEHMbI 8 MONAUGHOU Kane
Fig. 5. Dependence of the critical Weber number and relative velocity of the droplet & = |Vg -V, |/I{q° (where V, V,; - veloci-

ties of air and droplet in the zone of its destruction; I{qo - air velocity at the nozzle inlet; Vgo = 7 m/s) on coal component

concentration in the fuel droplet

Hamo oTMeTHTBh, YTO MOTyYEHHBIE PE3YJIBTaThl JO-
CTaTOYHO XOPOIIO KOPPEITHPYIOT C W3BECTHBIMH JKC-
MEePUMCHTABHBIMEA JTaHHBIMU. Tak, Hampumep, aBTO-
pamu [39] yCTaHOBJICHBI PEXUMBI APOOJICHUS Karelb
BOJBI ¥ BOJBI C TBEPABIMH BKJItOUeHHsSIMH. [loka3aHo
[39], uTo mpu BBEICHUU B COCTaB Kameyb TBEP/ABIX Ya-
CTHII KpUTHYecKoe uncio BebGepa Bo3zpacraeT 10 3Ha-
yeHU 12—14, 4TO HECKOJNBKO OTIAUYACTCS OT TOIY-
YCHHBIX  JKCICPUMCHTANBHBIX  PE3y/bTaToB (max
(We)=100). Tlocnennee 00yClOBICHO, MO-BUAMMOMY,
TEM, 9TO B dKcmepuMeHTax [39] karuist momaBaiiach B
HAaNpaBJICHUH, TEPHCHIUKYIAPHOM  HAINPaBIICHUIO
JBMOKCHHUSI OCHOBHOTO TIOTOKa Bo3ayxa. B pesyibrare
JIpoOJIeHHE TPOMCXOJMIIO HE TOJBKO 33 CUET adpOjH-
HaMUYECKOTO BO3JCHCTBHS, HO M BCICACTBUE IIEHTPO-
OCXKHBIX CHJ, BOZHHKAIOUIMX IPH BPAIICHUH KaIUH,
o0ycnoBieHHOM 3 dekToM Marnyca.

CpaBHUTe/bHBIN aHA/IU3 0JIy4YEeHHBIX
pe3yJIbTaTOB C U3BECTHBIMH JaHHBIMH

[Tonmy4yeHHbIe TIO pe3yNbTaTaM SKCIIEPUMEHTOB JIaH-
HBIC IMEIOT (PyHAaMEHTaJIbHOE 3HaUeHNe. B HacTosmee
BpeMsl B MHPOBOH HAayYHOH IMEPHUOAMKE OITyOIMKOBAH
pSi cTaThel ¢ OMUCAHUEM PEe3yJbTaTOB HCCIEIOBAHUS
MIPOIIECCOB APOOJICHHS OTICIbHBIX Kanenb BYT B moTo-
ke Bozmyxa. Hampumep, B crathsx [24, 27, 40] npuse-
JICHbl pe3yJIbTaThl TEOPETHUUYECKUX M SKCHEPUMEHTAJb-
HBIX MCCIICAOBAaHHUN TPOLIECCOB ApOoOeHNUs Kanenb BY T
B notoke okuciureist (puc. 6). OMHAKO MOXHO OTMe-
TUTh, YTO Karm BYT B HauanbHbIM nepuos BpeMEHH

14

JIBUTAJIHNCH TIEPICHAVKYSIPHO HATPABICHUIO ITOTOKA
Bo3nyxa [24, 27, 40]. B 3Tux ycioBUsSX TpU BO3ICH-
CTBHHU IIOTOKA BO3AyXa Ha KaIwll0 B TOCienHe dhopmu-
pyercsi MOMEHT Bparienus. B pesyibrare kamss BYT
paspymaercsi He TOJIBKO 3a CUET NEUCTBHUS CHII adpOIu-
HaMHYECKOTO COMPOTHUBIICHUS, HO TAKXKE U B Pe3yJIbTaTe
JIECTBUS IEHTPOOCKHBIX CHIL.

Takxe MOXHO BBIIEIHTH CTaThio [23], B KOTOpOI
MPUBEJEHBI PE3yIbTaThl MAaTEMATUYECKOTO MOJIEIUPO-
BaHMs IpoIiecca IpoOIeHNUs Karedb B IIOTOKE BO3AYyXA.
MOXHO OTMETHTB, YTO IO pe3yibTaTaM KOMIIBIOTEp-
HOTO MozenupoBaHus [23] B yCIOBHUSIX BBICOKOCKO-
POCTHOTO BO3AEHCTBHS IIOTOKAa BO3IyXa IPOIECCHI
IpoOeHNsT Ha TIEPBOM JTale BBIPAXKAIOTCS B BUJE
TpaHC(OPMAIMH KAIUTH B JHUCK, KOTOPBIA BCIECICTBHE
BBICOKOH «MapyCHOCTH» Kak Obl HajayBaeTcs, IMOcie
4ero MpOMCXOAWT Pa3phIB IUICHKH. B pesymbrare pas-
PYIICHHUS] POAUTENHCKON Karum (GpopMUpYyeTCsl MOTHO-
TOPUH M MHOXECTBO MEJKUX BTOPUYHBIX KaIlelb
(puc. 7, a). JanbHeliniee BO3ACUCTBUE NPUBOIUT K
pa3peIBy monHOTOpUs. [IpH 3TOM 1O pe3ympTaTtamMm Mo-
JISJIMPOBAHUS yCTAaHOBIIEHO, YTO B IMEPHOJ] BBICOKOCKO-
POCTHOTO BO3ICHUCTBHS IOTOKA BO3AyXa Ha KaIUIIO
TpoIIecC APOOJICHUS MPOTEKAaeT HECKOJIBKO IO JPYyTo-
My «cueHapuio». [locie GpopMupoBaHus ArucKa mpowuc-
XOAUT CPbHIB Nepu(epHiHHON MICHKH IUCKa BIONb 10
MOTOKY Bo3ayxa (puc. 7, b). B pesynbrate oOpazyercs
MePEBEPHYTHIN «TpUO», KOTOPHIA pa3phIBaeTcst B pe-
3yJbTaTe JalbHEUIIEr0 PacTATMBaHUA MO JACHCTBUEM
CHJT a9POINHAMHUYIECKOTO COIIPOTHUBIICHHS.
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) High-speed
Air bloEr camera

o 1es
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Puc. 6. (Cxema 3KchepumMeHmMa/bHO20 cmeHdAa (a) u munu4Hble Kadpbl npoyecca 0pobseHust 00UHOYHLIX kanesab BYT (b),
npugedeHHvle 8 [24, 27, 40]
Fig. 6. Schematic diagram of the experimental setup (a) and typical shots of the CWF single droplet fragmenation (b) given in
[24, 27, 40]
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I| | %
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Puc. 7. Pesyabmambl 4uc1eHH020 Modeauposanus (a - npugedeHHwvle 8 [23]) u munuuHble Kadpbl npoyecca OpobeHusi
00uHoYHbIX Kaneawb BYT (b — nosyueHHble IKcnepumMeHma/bHo, puc. 2)
Fig. 7.  Results of numerical simulation (a - given in [23]) and typical frames of CWF single droplet fragmentation (b - ob-
tained experimentally, Fig. 2)
3ak/iloueHue BUTaHMS KAIUTM IOJDKHA COCTaBIATH He MeHee 40 m/c

[To pesympTataM TPOBEACHHBIX JKCIIEPUMEHTOB
YCTaHOBJICHO, YTO CTaOMIIFHOE APOOJICHUE Kalelb BO-
JOYTOJBHOTO TOIUIMBA MPH YMEPEHHBIX 3HAYCHUSIX
gucen BebGepa (MeHee 40) mocturaercs NMpH KOHIICH-
Tpauuu yriuga ¢<50 %. VYBenauueHHe KOHICHTpaLUU
MPUBOIUT K SKCIOHCHIIMATBHOMY POCTY KPHUTHYECKUX
3HaueHmid ynciaa Bebepa (We>100). B atux ycmoBusix
IUTSL IPOOJICHUST Ja)Ke OTHOCUTEIHLHO KPYIHBIX KaIlellb
BYT (npu xapaktepHoM pa3mepe d=3 MM) CKOpOCTb
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(no ananoruu c [17]). Ilpu 3TOM 04e€BHUIHO, YTO MOCIE
JIpoOieHust HayaabHON KPYHMHOH Karumu ¢opmupyeTcs
MOTOK Menkux Kameiab BYT, mist paspyrmeHust KoTo-
pPBIX HEOOXOAMMBI 3HAYUTEIHHO OOJNBLIME CKOPOCTU
Butanus (Ug=100-150 m/c). B 3Tux ycnoBusx umeer
CMBICJI YMEHbBIIATh CUJIbI IOBEPXHOCTHOI'O HATSKEHUS
BYT nocpeactsom BBeaenus [IAB B cocta TormBa
Y TIOBBILLIEHUS Ha4yanbHOU TeMiiepaTypsl BYT.
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AHHOTanusA. AkmyaibHocms. HoBble JaHHbIE 10 COJlEPXKAHUI0 JJAHTAHOU/I0B B CUCTEME «BOJAa-IIOpOJia» UMEIOT 3HaYeHue
JlJ11 IOHMMaHUs NOBeJleHUsl pe/IKo3eMeJIbHbIX 3JIeMEHTOB B OKpYKamwlliel cpeJie, OTKPbIBAIOT BO3MOXXHOCTb HCI0JIb30Ba-
HUS WX B Ka4eCTBe UHANKATOPOB re0OXMMHUYECKHX NPOLECCOB U aHTPOIOIeHHOTO BO3JeHCTBUS C yYeTOM 0COGEHHOCTEN UX
MUTpalyu U ¢ppakunoHUpoBaHus. [Jesb. OLieHKa KOJIMYeCTBEHHOTO COJlepXKaHHs U paclpe/ie/ieHHs] pe/JKo3eMeJIbHBIX JJIe-
menTtoB (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) B NOBEpXHOCTHBIX U NOJ3EMHbIX BOJax I. XaHThbI-
MaHcuiicKa J1/1s1 BbISIBJIEHHSI OCHOBHBIX 3aKOHOMePHOCTEeN UX NnoBeZieHus. 06sekmbul. [l0BepXHOCTHbBIE U MO/[3€MHbIE BOJbI
npupojHoro nmapka CamapoBckuit Yyrac, a Takke JJOHHbIe OTJIOXKEHHUS M MPOAYKTbl BTOPUYHOTO MUHEPATIO06pA30BaAHMUS.
Memodsl. 061K aHa/IM3 BO/bI BBINOJHEH CTAaHZAPTHBIM HAabOpPOM CHEKTPAJIbHBIX U 3JIEKTPOXUMHUYECKUX MeTo/0B. Co-
JepKaHue peJiKo3eMeJIbHbIX 3JIEMEHTOB ONpee/siioCh MacC-CIEKTPOMeTPUEN ¢ UHAYKTUBHO CBSI3aHHOM IJ1Ia3MOU. XUMU-
YeCKUH COCTaB JOHHBIX OTJIOXKEHUH U MPOJYKTOB BTOPUYHOTO MUHEPAJTIO06pa30BaHUS — HEUTPOHHO-aKTHBAI[MOHHBIM aHa-
au3oM. Pezyabmamel. [lokazaHo NoBeJleHHE peJiKo3eMeJIbHbIX 3JIEMEHTOB B BOJHOM Cpejie, JIOHHBIX OTJIOKEHUSIX U MpPO-
JYyKTax BTOPUYHOTO MHUHEpPaI006pa3oBaHus. Pa3Hble M0AX0/Abl K HOPMUPOBAHUIO peKO3eMebHbBIX 3JIEMEHTOB B BOAAX U
TBEPAbIX 0CaJKaX MOKA3a/IM COIOCTABUMOCTb CIIEKTPOB pacnpe/iesieHrs JaHTAHOU/I0B MeX/ly CO60H U MO3BOJIU/IU BbISIBUTh
HEKOTOpble 0COOEHHOCTH XapaKTepa pacnpe/iesieHus peIKo3eMebHbIX 3JIEMEHTOB B Pa3HbIX cpejiax. B BoZiax ycTaHOBJIEHbI
MOJIO’KUTEJIbHbIE aHOMaJ/IMK €BPOMNHUS U FaJI0JIMHUSA U OTPULIATEbHAS aHOMAaJUS Le3Usl. B JOHHBIX 0caikax BbISIBJIEHbI aHO-
MaJIMH Ta/I0JIMHUS, 3 B IPOAYKTAX BTOPUYHOTO MUHEPATO0Opa30BaHUsl — eBPOMUS. YCTAaHOBJEHA BbICOKAs MUTpPALlMOHHAS
aKTUBHOCTb BCET0 pacCMaTpPHUBAeMOro psi/ia peJIKo3eMeJbHbIX 3JIEMEHTOB B PACTBOPE, MOCTYNAKIUX U3 BMEMIAIIIUX OT-
JIOXKEHUU. B Xo/1e moc/ieaAyoLUUX re0OXMMUYECKUX MPOLIECCOB U3 PAcTBOPA BhINAAAIT MPEUMYILECTBEHHO CpeIHUE JIAHTAHO-
uzpl (Sm, Eu, Gd, u Tb) B BUie NpoAyKTOB BTOPUYHOTO MUHEPAI006pa30BaHUsI.

Kio4yeBsblie cioBa: peaKo3eMeJibHbIe 3JIEMEHTHI, IoA3€eMHbIe BO/bl, IOHHbIEe OTJ/IOXKE€HUSA, BTOPUYIHbIE NTPOAYKTbI MUHEpa-
HOOGpaBOBaHHH, KOppeJsidsJMOHHadA CBA3b
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Abstract. Relevance. New data on the content of lanthanides in the water-rock system are important for understanding the
behavior of rare-earth elements in the environment, open up the possibility of using them as indicators of geochemical pro-
cesses and anthropogenic factor, taking into account the specialities of their migration and fractionation. Aim. Assessment of
the quantitative content and distribution of rare-earth elements (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in
the surface and underground waters of Khanty-Mansiysk to identify the main patterns of their behavior. Objects. Surface and
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underground waters of the natural reserve Samarovsky Chugas, as well as ground deposits and products of secondary mine-
ral formation. Methods. The bulk analysis of water is performed by a standard set of spectral and electrochemical methods.
The rare-earth content was determined by inductively coupled plasma mass spectrometry. Chemical composition of ground
deposits and secondary mineral formation products - by neutron activation analysis. Results. The paper demonstrates rare-
earth elements behavior in aqueous medium, ground deposits and products of secondary mineral formation. Different ap-
proaches to rare-earth elements rationing in waters and solid sediments showed comparability of lanthanide distribution
spectra to each other and made it possible to identify some features of the rare-earth elements distribution pattern in differ-
ent environments. In the waters, there are positive anomalies of europium and gadolinium and negative anomaly of cesium.
Gadolinium anomalies were detected in ground deposits, and europium in secondary mineral formation products. The high
migration activity of the entire considered series of rare-earth elements in the solution coming from the holding deposits was
established. During following geochemical processes, mainly middle lanthanides (Sm, Eu, Gd, and Tb) fall out of the solution
in the form of secondary mineral formation products.

Keywords: rare-earth elements, groundwater, ground deposits, secondary products of mineral formation, correlation rela-
tionship

For citation: Romanova T.I., Korotkov M.G., Korzhov Y.V. Prevalence of rare earth elements in natural waters of Khanty-
Mansiysk. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2024, vol. 335, no. 7, pp. 20-32. DOI:
10.18799/24131830/2024/7 /4546

BBegeHue ctpanenust P3D. brnaronaps coBeplIeHCTBOBaHUIO aHa-
Penxosemensapie amemenTsl (P3D) oTHocATCS K JuTHUYECKOW 6asbl, MCIOJIb30BAHUIO COBPEMEHHBIX Me-
MHKpO3JIEMEHTaM, KOTOpbIe IMEIOT OOJIbIIOe 3HAYEHHE  TOIOB aHAJM3a OSBUIACH BO3MOXKHOCTh M3yUYEHHS OCO-
B TCOXMMMYECKMX IIpoleccax, IPOTEKAIoIMX IIpU  OEHHOCTEH PachpOCTpaHEHHUS IIMPOKOTO CIIEKTpa MHK-
(hOpMHUPOBaHNH MarMaTHYECKUX TOPHBIX HOPO, B Pa3-  POIJICMEHTOB, MPUCYTCTBYIOIIMX B BOJAX B OUCHb HU3-
JAUYHBIX TEOJIOTHYECKUX MPOLIECCAaX, COMPOBOXKAAN-  KHUX KOHIEHTparwmsax. OCHOBHOM Ie/IbI0 pabOThI SIBIISIET-
LIMX JTalbl BOJIIOLUU KOPBl U MaHTHM. B ruzmporep- cs wuccienoBaHWe paclpoOCTPAaHEHHOCTH —OAJIEMEHTOB
MaJbHOH cpelie, a TakXkKe IpU MpoLeccax BBIBETPUBA-  PEAKO3EMEIbHON TPYMITbl JAHTAHOMIOB B HCTOYHHKAX
Hus P33 mposBisIOT BBHICOKYIO paCTBOPUMOCTb M MO-  MOA3EMHBIX BOX I'. XaHThI-MaHCHICKa.
IBWOKHOCTH [1, 2]. WMHTepnpeTanus MOBEACHUS dJie-
MEHTOB PEJIKO3eMEeIbHON TPYIIBI B MPUPOJHBIX Bogax  OO6GBbEKTBbI M METOABI HCCAeA0BAaHUS
OCIIOXKHSIeTCA TnpoueccaMu (pakIMOHUPOBAHUS 3THUX HccnenoBanusi MpoBOAMINCH HA TEPPUTOPUU TIPH-
JJIEMEHTOB B BOJHBIX PAaCTBOpax pasHOW MuHepanu3a- ponHoro mnapka Camaposckuii Yyrac B mpenenax
UK U cocTaBa [2, 3] 3a cueT POpMUPOBAHUS BOAHBIX  I. XaHTbl-MaHCHICKAa B MEXEHHBI Iepuoj (aBrycT
KOMILJIEKCOB, HOHHOTO 0OMeHa, amcopbuun u apyrux 2023 r.). OnpoOoBaHUIO MOABEPraluCh BOABI MCTOY-
TEOXUMUYECKUX MPOIIECCOB. HUKOB U MOBEPXHOCTHbIE BOAOTOKM (puc. 1). [Tomumo
B nocnennue pecstuierus uzydennem P3D B mpu-  BOJBI IPOU3BOJUICS OTOOP MPOO JOHHBIX OTIOXKEHUM
POIOHBIX BOJAX 3aHMMAIOTCA MHOTHE ydueHble [3—6], B MecTax BBIXOAA POIHUKOB, a TAKXKE B PYC/IaX pydbeB
HCIIOJIB3YS MX B KAUECTBE HHIMKATOpA FEOXMMHUYECKHX  (MecTa 0TOOpa COBMEIICHBI C MECTOM OTOOpa IOBEpX-
MPOIIECCOB, pacCMaTpUBasi OCOOCHHOCTH MHTpPAallii MU HOCTHBIX BOA). B Toukax HaOmroneHHs OTMEYaIHuCh
3aKOHBI (ppakuMoHHpOBaHMA. VIMeeTcss OOIIMPHBIA  NPOAYKTHI BTOPUYHOTO MHHEPANI000pa30BaHUs B BUAE
MaTepuai I0 paclpocTpaHeHHOCTH P3D B pasHbIX  OKHCIOB OXPHUCTOTO IIBETa WM TBEPAOTO HAJETa TEM-
00beKTaxX MPHUPOIHO-TEXHOTCHHBIX THAPOrCOXMMHUYE- HOIO (O YEpHOro) LBETA Ha BallyHaX M rajbKe B pyc-
CKHX CHCTEM, HAlPUMEpP, B TOPHBIX MOPOJAAX, MOA3eM-  JIaX BOJOTOKOB. OTOT TBEPABIN OCANOK Takxke OTOU-
HBIX Bojax [6], mouBax [1], IpoIyKTax TEXHOTEHHOTO  paycs JUId IOCIELYIOUIETO aHAIM3a.
BozjeiicTBus [7, 8]. IHOTa JaHTAaHOWIBI paccMaTpu- HccnenoBanne XMMHYECKOTO COCTaBa MPHPOTHBIX
BAlOTCSA B KAQUECTBE aHAJIOTOB aKTHHOHMIOB 10 OKHUCJIM-  BOJ, IOHHBIX OTJIOXKEHHH U TNPOAYKTOB BTOPUYHOIO
TENIbHO-BOCCTAHOBUTEIBHBIM CBOMCTBAaM, B 3TOM CIIy-  MHHEPanooOpa30BaHMs BBINONHSUIOCH B aKKPEIUTOBAH-
Yyae MX pachpe/ie/icHUe B OMpPE/ETICHHOW CTENeHH MO-  HOM HPOONIeMHOH Hay4HO-HCCIIeIoBaTeNbCKoi tabopa-
JKET OTpa)kaTh IOBEACHHE PAJNOAKTUBHBIX TpaHcypa- Topuu ruaporeoxumun HOLL «Boga» TITY (r. Tomck)
HOBBIX COCIMHCHUI [9]. CTaHAAPTHBIM HAa0OPOM METOZOB — TUTPUMETPHSA, IO-
Ha teppuropun r. XaHTel-MaHCHICKa HCCIIENOBa-  TCHIMOMETPHS, TypOUIUMETPHS, (OTOKOIOPHMETPHS,
HUSI XUMHYECKOTO COCTaBa IPUPOAHBIX BOM, B TOM YKC-  IUIAMEHHas (POTOMETpHUs, a TaKXKe HCIOJIb30BAIUCh UH-
Je BOA POTHHMKOB HPHPOAHOro mnapka CaMapoBCKHMii  CTPYMCHTAJIBHBIN HEHTPOHHO-aKTHBAIIMOHHBIM aHaIH3,
Uyrac, mpoBOauINCh HeomaHOKpaTHO [10-13], B Bomax  CHEKTpajbHBIM aHaIU3, MHBEPCUOHHAS BOJIbTaMIIEPO-
OBUTM yCTaHOBJICHBI BHICOKHE KOHIICHTpAIMK JKene3a U MeTpus. [ onpenencHus XUMUYECKOrO COCTaBa JOH-
Maprasiia, XapakTepHbIe /Ui BoJ Bcel 3anagHoi CuOu-  HBIX OTJIOKEHUI U IPOAYKTOB BTOPUYHOIO MHHEPAJIO-
pu. Ho B HEX He ObLIM 3aTPOHYTBHI BOMPOCHI pacmpo-  0Opa3oBaHHA IIPUMEHSIICS HWHCTPYMEHTAJIbHBIN
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HEHTPOHHO-aKTUBALMOHHBIN aHanu3. CozepikaHue pea-
KO3EMEJbHBIX 3JIEMEHTOB OMNpPEAEISUIOCh C UCIOIb30Ba-
HUEM MacC-CIEKTPAJbHOIO METOA ¢ MHAYKTUBHO CBS-
3anHOM a3moit B XAIL «ILmazmay.

Puc. 1. 0630pHas cxema pacno/oxceHusi poOHUKO8 U mo4ek
om6opa npo6 800bl, JOHHbIX OMJIOJNCEHUL U Npo-
dyKmos 8mopu4Ho20 MUuHepa.s006pasosaHus (e.
Xaumvwi-MaHcutick): 1 - secHoll maccus (napk Ca-
Mmaposckuii Yyzac), 2 - ceaumebHas yacmo 20poda,
3 - nosepxHocmHule 800b! (p. Hpmulw, np. I'opHasi,
o3epa), 4 - Heonpo6osaHHble pOOHUKU, 5-8 — mouku
oméopa npo6, 6ykeamu yKa3aHbl HA38AHUSI UCMOY-
HUKO8 U/AU py4bes, U3 HUX: 5 — 800bl UCMOYHUKOS,
Komopble no UOHHOMY cocmasy omHocsimes k 1 mu-
ny, 6 — 800bl UCMOYHUKO8 N0 UOHHOMY cocmasy om-
Hocsimesl Ko 2 muny, 7 - 600bl, omHocsawuecsi no
Makpococmagy k 3 muny, 8 - 800bl necmpoz2o uoH-
Ho2o cocmasa (4 muna)

Overview of springs and sampling water places loca-
tion, ground deposits and secondary mineral for-
mation products (Khanty-Mansiysk): 1 - forest (Sa-
marovsky Chugas Park), 2 - residential part of the
city, 3 - surface waters (Irtysh River, branch Moun-
tain, lakes), 4 - untested springs, 5-8 - sampling wa-
ter places, letters indicate the names of sources or
streams from them: 5 - source waters that are the 1
type of ion composition, 6 - source waters that are
the 2 type of ion composition, 7 — waters belonging
by macro composition to the 3 type, 8 - waters of
variegated ion composition (4 types)

Fig. 1.

Pe3ybTaThl icC/IeJOBaHUS U UX 0GCYXKIeHHe

B r. Xantei-Mancuiicke pacronaraetrcsi IpupOIHbIA
napk Camaposckuil Uyrac [14]. JlecHoit MaccuB oxBa-
TBIBACT OOJBIIYIO YAaCTh TOPOJa M MOKPHIBACT BOIOPA3-
JeNbl U CKIJIOHBI CaMapOBCKHUX XOJIMOB, CITyCKasiCh K MX
MOJHOXHIO CO BCEX CTOPOH. Bo Bcex KpyIHBIX Jiorax

22

(dbopMupyeTcs TIOBEPXHOCTHBIN CTOK, 00pa3yloTcs py-
YpH C OBICTPHIM TeueHHWEM. Ha pasmuuHBIX BBICOTHBIX
YPOBHAX (PUKCHPYIOTCS WCTOYHHMKH ITOJ3EMHBIX BOJ,
Kak IpaBIIO, NPHYPOUYCHHBIX K JIOraM, JIOMWHAM U
JIPYTUM OTpHLIATETBHBIM (hopMaM penbeda.

[o xuMmIgeckoMy cocTaBy BOABI OIPOOOBAHHBIX HC-
TOYHUKOB (pHUC. 1) XapakTepu3yroTCs NPEUMYIIECTBEHHO
THIPOKApOOHATHBIM KaJIbLIUEBBIM COCTABOM C HEHUTpasib-
HOH, cnabomenodHoll cpenoil. TToBepXHOCTHBIE BOJIBI
PY4YBEB [0 XUMUYECKOMY COCTaBy 0CO00 HE OTIIMYAIOTCS
OT MOJ3eMHBIX BOJ. [10 HOHHOMY cOCTaBy HCCIeIyeMbIe
BOJII YCJIIOBHO MOKHO pa3fieiuTh Ha 4 tuma (Tabm. 1).
[epBrIit THIT — TUIPOKAPOOHATHO-CYIb(DATHBIX KaJIbIIHE-
BO-MarHUEBBIX BOJI, XapaKTePU3yeTCsd HU3KMMHU 3HAYCHH-
ssmu pH u rugpokapOoHaT-noHa. Bo BTopo# Tum ruapo-
KapOOHATHBIX KaJIbIIMEBO-MarHUEBLIX BOJ OOBEIHHSIOT-
Cs1 TOJ3EMHBIE BOABI MCTOYHHMKOB YKCOBCKMH, HazbM-
ckuii, Yanaesckuii, KupoBckuil 1 YpMaHHbIN, MUHEpa-
mm3anys BoA B mpedenax 287381 MT/ILM3. Tpernii i
BBIJIEJICHHBIX BOJ (MCTOYHUK CTpenbOHIIEHCKHUH, PyY.
X0710/10K) OIU30K 10 HOHHOMY COCTaBY C IPEIbLTYIIM
U OTJIMYACTCSI OT Hero 0onee HU3KUMH KOHIICHTPALMAMU
noHOB MarHus. K yeTBepToMy TUITy OTHECEHBI BOABI pa3-
JIMYHOTO aHHMOHHO-KAaTHOHHOTO COCTaBa C OOLIel MUHe-
panmuzanueit ot 440 MF/IIMS u Boie. Ckopee Bcero, Ha
(opMHpOBaHHE XUMHIECKOTO COCTaBa BOJ JAHHOTO THUIIA
OKAa3bIBAIOT BIIMSAHHE 3arps3HSIONHE (aKTOPbL, Tak Kak
o0yacTh TUTaHHUS HUCTOYHHMKOB BojopasmensHbrid, Ken-
POBBIA, a Takke pyubs KimodeBckoil mpuxomuTcs Ha
YaCTHBIN CEKTOp roposa.

C yBenuueHneMm oOIEH MUHEpaIM3alUU MPUPOJ-
HBIX BOJ KHCJIOTHO-IIETIOYHOW OallaHC MEHSETCS CO
Ca0OoIIEeIOYHOr0, HEUTPAIFHOTO Ha CIAO0OKUCIBIN
(puc. 2), 4TO TaKKe MOXKET ObITh CBA3aHO C BIUSHHEM
PAcTBOPEHHOTO OPTaHHUYECKOTO BEIECTBA, MOCTYIA0-
LIEero ¢ YaCTHBIX XO3SIMCTB, pacClOJIOXKEHHBIX B 00JIaCTH
MUTaHUA UCTOYHHUKOB.

8
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Puc. 2. 3asucumocmb Kucn10mHo-wes04Ho20 6asamca (pH)
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2. Xaumwl-MaHcuticka
Fig. 2. Dependence of acid-base balance (pH) on total mine-

ralization in the natural waters of Khanty-Mansiysk
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Ta6auya 1. Xumuyeckuii cocmas nod3eMHbIX U NOBEPXHOCMHbBIX 800 2. XaHmul-MaHculicka (M2/0Mm3)

Table 1. Chemical composition of underground and surface waters in Khanty-Mansiysk (mg/dm3)
HasBaHue o6bekTa/Object name
= 3 %) [} =~ 3 = 3 5} :E = E >§ 8
KoMIOHeHTbI ég 23 2 2 Ei %_; éa %3 EE)S S B g2 %é’, §_§
Components EE|Ep| 82| 82| % | 52| 2p (823 25| 82| & | £
S8 | 82| »2 | g | Fs |22 | =5 (289 2| 2E| g8 =28
<2 | 55| 68| 58| 65| 62| C5E|58 | a2 |sE |85 6
Ss =8 s 5 =8 = 8 =& =5 g9 > §§ E‘g = M
=
pH, ex./pH units 7,1 7,2 7,6 7,6 7,3 7,4 7,9 7,3 7,4 7,5 7,3 6,5
MuHepasnsanysi/Mineralization 417 326 287 316 357 366 381 493 312 440 525 661
HCOs- 170 154 205 220 239 232 242 330 198 213 243 137
S042- 125,0 | 89,0 9,7 15,5 8,4 24,3 37,2 15,1 19,8 70,0 29,2 75,0
Cl- 18,7 6,9 8,3 8,3 18,0 21,4 8,3 32,5 16,6 49,5 98,0 131,0
PO43- 0,1 0,2 4,0 4,1 4,3 0,3 0,4 3,4 0,2 0,1 0,1 0,1
NOs- 1,8 0,3 0,2 0,5 1,1 1,7 2,8 1,0 1,4 2,1 4,8 141,0
NO2- 0,33 0,02 0,02 0,02 0,62 0,02 0,02 0,09 0,02 0,02 0,17 0,12
NH4* 0,29 0,11 0,12 0,09 0,50 0,10 0,17 0,11 0,20 0,09 0,07 0,02
Ca?* 65 41 42 39 52 65 62 88 55 61 83 112
Mg 27,5 24,4 13,4 18,9 14,6 14,6 18,9 17,7 9,2 20,1 12,2 47,0
Na* 8,2 7,6 6,6 10,6 13,4 53 59 6,9 10,0 20,0 49,0 15,0
K+ 0,1 31 2,0 31 4,6 1,6 3,2 2,2 1,5 3,9 5,7 3,2
Li 0,043 | 0,035 | 0,010 | 0,014 | 0,013 | 0,010 | 0,014 | 0,036 | 0,012 | 0,014 | 0,005 | 0,012
Fe 0,53 0,19 018 | 044 | 671 0,32 0,46 | 10,36 | 0,39 0,31 0,16 | <0,05
Mn 0,450 | 0,001 | 0,755 | 0,070 | 1,132 | 0,197 | 0,425 | 0,024 | 0,005 | 0,129 | 0,002 | 0,015
Si 11,1 10,8 12,2 12,6 14,3 12,9 15,8 13,1 11,1 12 7,7 13,2
Al 0,000 | 0,001 | 0,028 | 0,042 | 0,013 | 0,007 | 0,001 | 0,041 | 0,003 | 0,002 | 0,011 | 0,034
HepMaHFaHaTHaH OKHCJIAEMOCTbD,
mrOz/am3
Oxidability of permanganate, 1,3 5.2 4,7 3,2 3,04 2,8 2,2 6,2 4,6 3,5 4,6 1,6
mg0z/dm3
w | w S s
= = ) ) ) o0 o0 ) o8 ~ = &
T I - - A B = - - I I
Cocras Bog* . 3 3 Q < Q < Y S S g%ﬁ S S
Waters composition @D 2 S S S S S o & 12 & e
S S S = = = = S S | ¥ S S
T &

*[lpumeuaHue: cocmas 600 npugedeH cozaacHo kaaccupukayuu CA. Ilykapesa, m. e. Ha nepsom mecme YKA3aH
npeobadarowuli UOH; 8 CKOOKAX npugedeHbl KAMUOHbL, NPOYEHMHOoe codepHcaHue Komopwix MeHee 25 %, Ho 6o.1ee 20 %.

*Note: water composition is given according to the classification of S.A. Shchukarev, i. e. the predominant ion is indicated in the
first place; in parentheses are cations, the percentage of which is less than 25%, but more than 20%.

Cpenu aHWMOHOB B TIPECHBIX BOJax mpeobianaro-
UM SIBJISIETCS THJIPOKapOOHAT-UOH, W3 KAaTHOHOB —
kanpuil. COOTHOIIEHHE OCHOBHBIX HOHOB C POCTOM
obmeit MuHepanu3amy u3Mensercs (puc. 3). Hanpu-
Mep, YETKYI TCHICHIMIO K YBEIWYCHHUIO XJIOPHI-
WOHOB W MOHOB KaJbI[Usl MOXHO MPOCJEINUTh Ha rpa-
¢ukax (puc. 3, a, 6). Ilo apyruM moHaMm SBHOH 3aBHU-
CUMOCTH OT 00IIel MUHEpAIU3allii HEe YCTaHOBIICHO.

IIpu pemieHnn BONMPOCOB PEKOHCTPYKIIMH XapaKTe-
pa reoJoTHYeCcKUX MPOIECCOB, HICTOYHUKOB BEIECTBA,
TeOJJMHAMUYECKHX YCIOBUH (DOPMHUPOBAHUS TOPHBIX
nmopox [15] mmpoko ucnons3ytotess P33: La, Ce, Pr,
Nd, Pm, Sm, Eu, Gd, Dy, Ho, Tb, Er, Tm, Yb, Lu. B
CBOIO OYepeb 3TH 15 3IeMEHTOB MOKHO pa3/IeTuTh Ha
nee rpymmel: Jierkue (La, Ce, Pr, Nd, Pm, Sm, Eu) u
tsoxensie (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu).
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Obmiee coxepxkanue P3D B Moj3eMHBIX U MOBEPX-
HOCTHBIX Bopax CamapoBckoro YUyraca m3MeHsETCS OT
4.1 mo 602,2 HF/ILMs npu cpenHem 114,3 HF/ILMS. Makcu-
MallbHOE cojiepkanne P3D oTMedeHo B CIa0OKHCIBIX
BOJIax MCTOYHHMKA KenmpoBblii (Tab. 2), KOTOpBIA Xapak-
TEPU3YETCs TIOBBITICHHOW MUHEPATM3AIUEH U XJIOPUIHO-
HUTPATHO-TUAPOKAPOOHATHBIM  KaJIbI[MEBO-MarHUEBbIM
cocTaBoM. B apyrux mpoGax BOABI, OTHOCSIMXCS K 4
Ty (BOABI PA3HOTO AHMOHHO-KATHOHHOTO COCTaBa),
TaKKe OTMEUCHBI BBICOKHE KOHIeHTparuu P33. Hampu-
Mep, BOABI MCTOYHMKA BomopasmenbHblli UMEIOT TOBBI-
nreHHsle nokasarenn jerkux P39 (La, Ce, Pr, Nd, Eu), a
BOJIBI pyubsi KiroueBckoi — TshkenbIx lantaHouaos (HO,
Er, Tm, Yb, Lu). IIpu 3TOoM KOHIEHTpaIiu jerkux P30
MPEHUMYIICCTBEHHO B HECKOJBKO Pa3 IMPEBBIIIAIOT KOH-
LeHTpauuu Tsbkedbix P30, yTto BmosHE corjacyercst ¢
xapaktepoM pacnpenencHus P332 B ruapocdepe.
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Puc. 3. 3asucumocmb aHUoHo8 (a) u kamuoHos (6-2) om obujeli MuHepau3ayuu 8 npupodHsix 8odax 2. Xanmul-MaHculicka
Fig. 3. Dependence of anions (a) and cations (6-2) on total mineralization in the natural waters of Khanty-Mansiysk

Ta6auya 2. PacnpocmpaHeHHocmb P33 8 nod3emHbIx u nosepxHoCmHbuIx eodax 2. Xanmul-MaHculicka

Table 2. Prevalence of rare-earth elements (REE) in underground and surface waters of Khanty-Mansiysk
HaMeHoBaMMe 06beKTa Jlerkue P33 /Light REE | Tsokesble P33 /Hard REE P33 (nr/av)
Object name ur/am?/ng/dm? YREE (ng/dm?3)
La Ce | Pr [ Nd |Sm [ Eu | Gd |Tb| Dy |Ho| Er [Tm| Yb | Lu
uct. HaGepexcinii 00 |01]00| 00 |00]49] 00 |00]00]00]00][00]00]|00 4,99
Naberezhny source
uct. Kegposslii/Kedrovy source 186,5|75,4|36,0|168,3|359|11,9| 25,0 |4,2|23,7|7,0| 8,3 [1,3]16,9]| 1,8 602,23
ucr. danaesckmit 65 |165( 19 | 162 | 9,9 | 09 [107,2]|0,0( 33 |22 3,3 [0,0] 00 | 0,0 168,05
Chapaevskiy source
UCT. 3aTOoHCKHI /Zatonskiy source 21,5 (00 | 47 | 159 | 6,7 | 8,5 1,7 10,3|34 (09|00 (00]|53]0,0 68,90
uct. YkcoBckui /Uksovskiy source 9,0 7,0 123|133 | 15 | 2,0 1,7 10,0( 1,7 {0527 (0,0 0,0 | 0,0 41,80
uet. CrpenpGuienciuii 00 | 1,100 00 [00]30]| 00 |00]|00[00]|00]00]|00]|00 411
Strelbishchenskiy source
uct. HaspiMckuii/Nazymskiy source 8,3 68 |14 | 54 | 00109 0,0 |0,0| 18 |0,5]| 0,0 [0,0] 2,0 | 0,0 27,16
uct. Kuposckuii/Kirovskiy source 16,2 |30,6| 44 | 54 | 00|57 | 00 |00| 16 |0,1| 0,0 |08 0,0 |05 65,29
uct. BoaopasaebHbii 247 (33358 | 242 |57 |120] 23 |04]84 |00]|72[35|116]| 25 141,62
Vodorazdelny source
ucT. YpManHblii/Urmanny source 83 |15,7| 3,4 2,7 0,0 | 0,9 00 (00|00 ]00(|00 (00]0,01]00 31,03
py4. Xoson0k/Kholodok stream 12,5 |31,2| 4,9 0,0 0,0 | 3,0 6,2 00|56 (09|20 (13[00]05 68,06
py4. Kmouesckoi 78 |157| 44 | 11,9 | 00 | 60 | 0,0 |00/ 6,1 [83[19,1|6,5 [49,4|133 148,47
Klyuchvskoy stream
KJIAPKH STEMEHTOB MOPCKOM BOAE! 3 [12]06| 25 |05]01]| 07 |01]08]02[07]02]08]0.2 11,65
clarkes of sea water elements
KJIAPKH 3JIEMEHTOB PeYHOH BOJLI 50 | 80 7 40 8 1 8 1 5 11 4 1 4 1 211
clarkes of river water elements
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Puc. 4. PacnpocmpaHeHHocmb P33 6 npupodHblx eodax e.
Xawmoi-Mauculicka: 1 mun 600 Xxapakmepusyemcsi
HCO03-504-Ca-Mg aHUOHHO-KAMUOHHbIM — COCMABOM,
2 mun 80d - amo eodvt HCO3-Ca-Mg cocmasa, 3 mun
800 - HCO3-Ca cocmas 800, k 4 muny 600 omHocsimcsl
800bl pa3HOOOPA3HO20 AHUOHHO-KAMUOHHO20 COCMasa

Fig. 4. Prevalence of REE in the natural waters of Khanty-

Mansiysk: 1 type of water is characterized by HCO3-
S$04-Ca-Mg anion-cationic composition, 2 type of wa-
ter is HCOs-Ca-Mg composition, 3 type of HCOs-Ca
water composition, 4 type of water is various anion-
cationic composition water

CpaBHeHue KoHUeHTpaumii P3D B MOI3eMHBIX U
MMOBEPXHOCTHBIX BOJAX MPUPOAHOTO Tapka CaMapos-
ckuii Uyrac ¢ kiapkamm THIpOCc(ephbl TOKa3alo
(puc. 4) ux npeBbIlLIEHHE HAJ KJIapKaMH MOPCKUX BOJ,
¢ oxHoit croponsl. C apyroi, cymma P339 B Bogax uc-
TOYHHUKOB M PYYbCB 3HAYUTEIFHO MEHBIIIE, YeM KIIapKU
PEYHBIX BOJ, MCKIIOYEHHE COCTAaBIISIOT BOJABI MOBBI-
IIEHHOM MHHEpalu3alii C pa3jIuyHbIM aHHUOHHO-

KaTUOHHBIM cocTaBoM (Tabiu. 1). Beicokue mokazaTenu
cyMMmapHoro coaepxkanus P30 B Bogax 4 tuna (pasHo-
IO aHWOHHO-KaTHOHHOTO COCTaBa) OOYyCIIOBIICHBI, Be-
POSITHO, HanboJee OIArONPHUATHEIMU T€OXUMHUICCKIMU
YCIIOBUSIMH JJISl HAKOIUICHUS] ATHX DJIEMEHTOB, KOTO-
pBIE CKIIAIBIBAIOTCS B 30HE PACHPOCTPAaHEHUS JAHHOTO
THUIIA BOJ Ha UCCIEAYEMOM TEPPUTOPHH.

Xumudeckue cBoiictBa P3D ompenensior ux Mu-
TPallMOHHYI0 aKTHUBHOCTh B MPOIECCaX B3aMMOJICH-
CTBHUS BOJ C BMemaomumMu nopoaamu [16]. s uzy-
YeHUs paclpocTpaHeHHOCTH P32 B pa3HBIX THMax BOJ,
OTOOpaHHBIX Ha IUIOMIAAX HCCIENOBaHHS, OBUIO BBI-
MOJTHEHO HOPMHPOBAaHWE OTHOCHTENHFHO  CEBEpO-
amepukanckoro crania (North American Shale Com-
posite — NASC). Conepxanne P3D B Bomax cyiue-
CTBEHHO pa3jinyacTcs Mo THIaM Boj (puc. 5). MuHH-
MansHBIME cooTHomeHusMu P30 k NASC xapakrepu-
3YIOTCSl THAPOKApOOHATHBIE KajblIMEBbIE BOJBI, Mak-
CHUMAaJbHBIMH — BOJIBI Pa3HOTO aHHOHHO-KaTHOHHOTO
cocraBa. [Ipum sToM B Bomax 1 m 4 THUIOB BBIABICHA
OTpHIIaTeIbHAS LIepHUeBas aHOMAJIHSL.

JlaHHOE HOPMHpOBAaHWE HE SBISAETCS EIWHCTBEH-
HBIM CIIOCO0OM JIJIsl OTPasKEHHSI H3MEHEHUH U3ydaeMo-
ro cocraBa P3D [4]. Hcnons3zoBanue wiapkoB P30
MOPCKHX W PEYHBIX BOJI IMO3BOJIUT YYE€CTh OCOOEHHO-
ctu noBenenus P30 B Bomax (puc. 6). [Ipoduns pac-
npenenenuss P30 npu HOpMUPOBAaHMM Ha KIapK MOp-
CKOH BOJIBI (pUC. 6, @) UMEET HECKOJIKO APYroi BHI,
0 CPaBHEHHUIO ¢ pUC. 5 — 0oJIee CrIIaKeHHBIH, C OTCYT-
CTBUEM «BCIUIECKOBY» TSDKENBIX JIAaHTaHOMAOB. IIpu
HOPMHUpPOBKE cojepkanuit P3D Ha kiIapk pedHbIX BOJ
(puc. 6, 6) mpodWIIb MOYTH MOBTOPSIET BCE AaHOMAJIUH,
BBISIBJICHHBIC Ha pHC. 5.

Tm Yb Lu

==@==4 THII BOJ

0,000014
0,000012
0,00001
Q
% 0.000008
z
@ 0.000006
=5
0.000004
0.000002
0 —
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
wofpe= | THIO BOZ ~ === THII EO7 ==@r=3 THI BOJ
Puc. 5. [lpoguav pacnpedeserus P33 e eodax 2. Xaumvi-Maucuilicka npu HopmuposaHuu Ha NASC: 1 mun eod
xapaxkmepusyemcsi HCO3-S04-Ca-Mg aHUOHHO-KAMUOHHbIM cocmasom, 2 mun 800 — smo 80dbt HCO3-Ca-Mg cocmasa, 3
mun eod - HCO3-Ca cocmae 800, k 4 muny 600 0mHOCSAMCcs1 800bl pA3HO0OPA3HO20 AHUOHHO-KAMUOHHO20 COCMAsa
Fig. 5. Distribution profile of REE in the waters of Khanty-Mansiysk under the NASC rating: 1 type of water is characterized by

a HCO3-S04-Ca-Mg anion-cation composition, 2 type of water is HCO3-Ca-Mg water composition, 3 type of water is
HCOs-Ca water composition, 4 types of water are various anion-cation composition waters
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CornacHo aHanusy npoduineit pacupeaenenus P32
(puc. 5, 6) ycTaHOBIIEHA MTOJIOXKUTENIbHAsE aHOMaTUs EU
B Bojgax 1, 3 u 4 TtumoB. Bonel ruppokapOOHATHOTO
KaJIbIINeBO-MarHMEBOTO COCTaBa (2 THIT) UMEIOT TOJIO-
xuTenpHyt0 anomanuio Gd, Eu u Ce (o yosiBaromieit).
B runpokapOOHATHBIX KalbIUEBBIX Bojax (3 TuI) 1mo-
MHMO €BpOIUSA TMPUCYTCTBYET HEOOJbIIAs aHOMAJIHUS
Le3us MpU HOPMUPOBAHHM Ha KJIApK MOPCKOH BOIBI
Boapl pa3HOro aHMOHHO-KATHOHHOTO COCTaBa IIpU
HOPMHUPOBaHUM Ha CIIaHEIl ¥ KJIapK PEeYHOH BOJBI Xa-
PaKTepU3yIOTCsl, TOMHUMO €BPOMUS, aHOMAaIHAMU
TOJIBMUSL, TYJIHSI, UTTEPOUS U TIOTEIIHSL.

CpaBHenne npoduiieii pacnpeneiacaus P30 U BbI-
SIBIIGHHBIA XapaKTep UX pacmpesesieHus B BOJaX pas-
HOTO COCTaBa IMOKa3ajH, YTO HCIOJB30BaHUE HOPMH-
POBaHHUSA 1O KJIAPKY MOPCKOW BOJBI HE SBISETCS MOKa-
3aTebHBIM. YPOBEHb cojepkanus P3D B MoJ3eMHBIX
W TIOBEPXHOCTHBIX BOJax I. XaHThl-MaHculicka, Bepo-
SITHEH BCEro, ONpeiessieTcss KOHIICHTPAUSIMU aHAaJIH-
3UPYEMBIX 3JIEMEHTOB B MOPOJaX, ¢ KOTOPBIMH BOJa
KOHTaKTHPYET, U BPEMEHEM 3TOr0 B3aUMOICHCTBUS
[17, 18].

Gd

Ha pacnpoctpanennocts P32 u ypoBeHb UX KOH-
LUEHTPUPOBAHMSI B MPUPOTHBIX BOJAaX OKa3bIBAIOT BIIH-
stHAe pasHble (akTophl [16], B IepByI0 o4yepenb BHYT-
peHHUE (OKHCICHUE, BOCCTAHOBJICHHE, JETYyIECTh, pac-
TBOPUMOCTb M JIp.) CBOHCTBa CaMHX OJJIEMEHTOB H
TOJIBKO TIOTOM — BHEIIHHE (aKTOPHI (KIMMATHUCCKHE
YCIIOBUS, TEONIOTHYECKAs Cpella, TEOXMMUIECKUE TPO-
neccel U ap.). Bece P30 nMeErOT BBICOKYIO KOppENsu-
OHHYIO 3aBHUCHUMOCTH Jpyr oT japyra (tabm. 3). Ilpu
OILICHKE KOPPEISIIHMOHHOW CBSI3M MEXKIY 3JICMEHTaMHU
npuMeHsiach 1kana Yennoka [19], koropas otoOpa-
XKaeT KOA(PQUIMEHT KOPPeIsuU KaKk KauyeCTBEHHYIO
XapaKTePUCTUKY CHIBI CBS3U MEXKIY paccMaTphBae-
MbIMU TiepeMeHHBIMU (Ta0u1. 3). Koaddunuentsr kop-
pesmsanuu  IlupcoHa nOKa3bIBalOT BBICOKUM YpPOBEHB
CBsI3M, U3MeHsACH B ipeaenax ot 0,82—0,90 — nproTennit
co Bcemu apyrumu P39, no 0,92—-1,00 mexnay Bcemu
OCTaJIbHBIMH JIaHTaHOWJAMH. BBICOKas KOppeNsuoH-
Hasl CBSI3b, MPOSIBISIEMAast BO BCEX HMCCIEAYEMBIX BOIAX
Ha ypoBHe 0,97-1,0, yka3pIBaeT Ha BEPOSATHOCTh C/IH-
HOTO TPOUCXOXAEHUS MPUPOIHBIX BoJ CaMapoBCKOTro
Uyraca.
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Fig. 6.

Distribution profile of REE in waters of Khanty-Mansiysk under sea water (a) and river water (6) clark rating: 1 type of

water is characterized by HCO3-S04-Ca-Mg anion-cation composition, 2 type of water is HCO3-Ca-Mg composition,
3 type of water is HCO3-Ca water composition, 4 type of water is various anion-cation composition water
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Ta6auya 3. Pe3ysbmamsl KOppeAsiyUOHHO20 AHAAU3A NO XUMUYECKOMY cocmasy npupodHblx 800 2. Xanmul-MaHculicka

Table 3. Results of correlation analysis by chemical composition of natural waters in Khanty-Mansiysk
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
La 1,00
Ce 0,99 1,00
Pr 1,00 0,99 1,00
Nd 1,00 0,99 1,00 1,00
Sm 0,98 0,98 0,98 0,99 1,00
Eu 0,99 0,98 0,99 0,99 1,00 1,00
Gd 1,00 0,98 1,00 0,99 0,98 0,99 1,00
Tb 0,98 0,97 0,98 0,99 0,98 0,99 0,98 1,00
Dy 1,00 0,99 1,00 1,00 0,99 0,99 0,99 0,99 1,00
Ho 0,98 0,95 0,98 0,98 0,96 0,97 0,99 0,98 0,97 1,00
Er 0,99 0,95 0,98 0,98 0,98 0,98 0,99 0,99 0,98 0,99 1,00
Tm 0,97 0,93 0,97 0,97 0,97 0,98 0,98 0,98 0,97 0,99 1,00 1,00
Yb 0,98 0,96 0,98 0,98 0,98 0,99 0,99 1,00 0,98 0,99 1,00 1,00 1,00
Lu 0,89 0,82 0,88 0,88 0,89 0,90 0,92 0,92 0,88 0,95 0,95 0,97 0,95 1,00

YpoBeHs koHIEHTpamu P30 B TOHHBIX OTJIOXECHH-
SIX W MIPOAYKTaX BTOPUYHOTO MHHEPANIooOpa3oBaHUs Ha
HECKOJIBKO TOPSIKOB BBIIIE, Ye€M B IMOJ3EMHBIX H II0-
BEPXHOCTHBIX BOjax (Tadu. 4, 5). Cymma P33 B 1OHHBIX
OTJIOKEHUSIX MeHseTcss OoT 7,81 MI/KT B HCTOYHHKE
Habepexnsrii 10 45,41 Mr/kr B uctounuke HazpiMckui,
npu cpenHeM 3HaueHun 23,36 mr/kr. IIpomaykTsl BTO-
PHYHOTO MHHEpaNIoo0pa3oBaHMsl XapaKTepH3YIOTCs 00-
Jiee BBICOKMMH ToKazaressiMiu P33, uem JIOHHBIE OTIIO-
JKEHUS cpenHee cojmepxkanne P33 cocraBmser
42,30 mr/kr npu auanasone 3,16-131,58 mr/kr. Munu-
MaJIbHBIE KOHIeHTparuu P30 oTMedYeHBl B OKHCIax
pkaBoro IBeTa wcrouHuka HabepexHsiid, 4TO, BEpo-
SITHO, CBHUJETENBCTBYET O MEIJIEHHO MPOTEKAIOLIUX
MPOILECCax BBICAKHUBAHUS ITHX AJIEMEHTOB U3 PacTBO-

pa. MaxkcumanpHble 3HaueHUs: P33 ycraHOBIEHBI B
TBEPJOM OCajiKe, COOpaHHOM Ha BaJlyHaX B HCTOUHHUKE
YpMaHHBIH, 9TO OOYCIIOBICHO AKTUBHBIMH MHIpAIlH-
OHHBIMH TIporieccamu nepexona P332 u3 Boxabl B mpo-
IYKTBI BTOPUYHOTO MHHEpanooOpasoBanmus. K coxa-
JICHUIO, HE BO BCEX MCTOYHUKAX 1O PAa3HbIM NpUYINHAM
ObUTH O0TOOpAHBI TOHHBIE OTIIOXKCHHUS WIN HPOIYKTHI
BTOPHYHOTO MuHepanoobOpazoBanus. K Takum ucTod-
HUKaM OTHOcUTcS KeapoBblii, KOTOPBIN XapaKkTepusy-
€TCs aHOMAJIFHO BBICOKHM COZIEP)KaHHEM JIAHTaHOUIOB
B BOJAaX, HO KaNTHPOBAaHHBIA OCTOHHBIM KOIBI[AMHU B
BUJIE KOJOJIA MOJHOCTHIO MCKIIOYAET BO3MOXKHOCTh
oTOopa TBEpJOro Ocajka JJisi UCCIEAOBAaHHUMA, YTO HE
MO3BOJISIET JIETabHO H3YYHTh IPOILECCH MHUTPAIUHU
P33 Bo Bcex Toukax HaAOMIOJACHHUS.

Ta6auya 4. PacnpocmpaHeHHocmb P33 8 doHHbIX omosiceHusix 2. Xanmul-MaHculicka

Table 4.

Prevalence of REE in ground deposits in Khanty-Mansiysk

HanMeHoBaMHe 06heKTa Jlerkue P33 /Light REE | Tsikenble P33 /Hard REE P33 (vrkr)

Object name mr/xr/mg/kg Y'REE (mg/kg)
La | Ce Pr [Nd|Sm |Eu | Gd | Tb | Dy | Ho | Er Tm Yb Lu

uct. HaGepesxnubiii 12|37 03413027 |0,11]0,28 [0,04| 0,21 | 0,04 [0,11]0,016 | 0,11 | 0,016 7.8

Naberezhny source

uct. danaescmii 49 (138 1,34 |49 |1,01 (0,25 | 1,07 |0,14 | 0,76 | 0,15 |0,40 | 0,058 | 0,31 | 0,045 29,2

Chapaevskiy source

MCT. 3aTOHCKU 3,7 [10,9 [0,99 3,5 0,75 [0,17 | 0,78 |0,10 | 0,53 | 0,10 |0,27 | 0,038 | 0,20 | 0,028 22,1

Zatonskiy source

MCT. YKCOBCKHH 25| 7,0 |065 (23049 [0,10]0,46 |0,06| 0,28 | 0,05 |0,13 | 0,020 | 0,11 | 0,013 14,1

Uksovskiy source

uct. CTpesbGHIeHcKkiid |y o | 439 |1 97 149 (1,09 [0.23 | 1,02 [0,14 | 0,69 | 0,14 |037 | 0,054 | 0,31 | 0,041 28,4

Strelbishchenskiy source

uct. HagbiMckui 84193 (211 (83 (1,71 (041|196 0,251,333 | 0,23 |0,66 0,088 | 0,60 | 0,082 45,4

Nazymskiy source

ucr. Kuposckuid 31|67 0,74 (29060 (0,12 |0,61 [0,08|0,38 | 0,07 |0,18 |0,025 | 0,16 | 0,023 15,6

Kirovskiy source

uct. BopopasaebHbli 22|56 |054]21]0,38[0,08]0,40 |0,05]0,25 | 0,04 |0,12 |0,016 |0,09 | 0,013 11,9

Vodorazdelny source

MCT. YpMaHHbIH 6,6 | 14,2 | 1,53 |6,2 | 1,23 [0,28 | 1,36 0,17 | 0,90 | 0,17 |0,46 | 0,063 | 0,39 | 0,056 33,6

Urmanny source

pyd. Xon100k 51 11,9 | 1,23 [4,8 (0,96 0,22 | 1,11 |0,14 | 0,72 | 0,13 |0,33 | 0,045 | 0,27 | 0,040 27,1

Kholodok stream

py4. Kiouesckoit 40|98 [097 |4,0]081[0,17]0,77 |0,09 | 0,50 | 0,09 0,22 | 0,032 | 0,20 | 0,028 21,7

Klyuchvskoy stream
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Ta6auya 5. PacnpocmpaneHHocms P33 8 npodykmax emopuiHo2o MuHepa.006pasosaHus 2. Xanmol-MaHculicka

Table 5. Prevalence of REE in secondary mineral formation products in Khanty-Mansiysk
71 P33/Light REE T P33/Hard REE
HaumeHoBaHMe 06beKTa eriue /Lig I HHEbIE [Har >P33 (mr/kr)
Object name mr/kr/mg/kg Y'REE (mg/kg)
La | Ce | Pr | Nd | Sm | Eu | Gd Tb Dy | Ho | Er Tm Yb Lu
uct. HaGepexHbiii 05| 1,2 |015| 06 |012]0,11]0,13| 0,02 |0,10|0,02]0,06| 0,009 | 0,05 | 0,010 3.2
Naberezhny source
ucr. anaesckuii 35| 77 [086]36(094|0,28|096| 0,12 |0,65]0,14|0,35| 0,052 | 0,32 | 0,052 19,5
Chapaevskiy source
UCT. 3aTOHCKHMi 15,7 36,3 | 3,82 | 14,4|3,03|0,84|352| 044 |220]041|1,12| 0,154 | 0,93 | 0,128 82,9
Zatonskiy source
MCT. YKCOBCKHHA 62 133150 56 |1,23]0,28|131| 0,17 |0,900,15|0,44 | 0,058 | 0,38 | 0,059 31,6
Uksovskiy source
uct. CTpebGUIeHCKUid | 45 | o | el 27 [070(033]063| 009 |057]0,11]030] 0,044 | 029 | 0,043 16,2
Strelbishchenskiy source
uct. Knposckui 91 (195|211 86 |203(049|182| 0,25 |144|027|082| 0,101 | 0,58 | 0,097 47,2
Kirovskiy source
ucr. BojopazaebHbIi 42 187 |1,01]37]076|022]|082| 011 [061]0,11]|0,31| 0,041 | 026 | 0,041 20,9
Vodorazdelniy source
HCT. YpMaHHbIH 26,7| 51,6 | 6,20 [25,3]5,28(1,30|5,64| 0,72 |3,88]0,77|2,09| 0,255 | 1,57 | 0,230 131,6
Urmanniy source
py. Kmouescioi 51 125]1,31| 49 {099]0,24|1,01| 013 |0,72]0,14|0,35| 0,046 | 0,27 | 0,038 27,7
Klyuchvskoy stream

podmmu pactpenencuus P33 B TBepmoii paze npu
HopmupoBanuu Ha NASC umeror Oonee criakeHHBIN
MTOJIOTUH BHJ] C MIOABEMOM KPHBOUM B 00JIACTH E€BPOITUS
W TaJOJMHUS U1 MPOAYKTOB BTOPUYHOTO MUHEPAITO-
oOpaszoBanus. [10 TOHHBIM OTJIOXKEHHUSAM BUJA MPOQUIIL
emre Oosiee POBHBIA, ¢ mpeobiagaHueM Jerkux P30
HaJ[ TSDKEeNbIMH (puC. 7).

Koppemsiunonnast 3aBucumocts Mexay P332 Teep-
no# (hasel (JOHHBIE OTIOKEHHS W MPOLYKTHl BTOPHY-
HOTO0 MHHepagooOpa3oBaHus) (Taba. 6, 7) HECKOIBKO
HUXKe, 4eM B Bojaax (tabin. 3). Camas HHM3Kas CBsI3b
Mmexay P30 ycraHoBneHa B JTOHHBIX OTJIOKEHHSX
(Tabu. 6) Mexay JerkuMu P3D U TsKenbIMU JIAHTAHO-
unamu (Lu, Yb, Tm). Koadduuuents xoppemsiuu
[Mupcona menstotest ot ciaboit (0,43) 10 o4eHb BBICO-
koi (1,0). DTO CBHIETENLCTBYET O pPa3sHOOOPAa3HOM

COCTaBE IOHHBIX OTJIOKECHUH: OT PaCcTHUTEIBLHOIO OIla-
Jla, TIOJBEPTIIEroCs MpoIeccaM pPa3iIoKeHHs, 10 Iec-
YaHO-TPABUUHOTO MaTephalia ¢ MPUMECHIO TIIHMHUCTHIX
¢bpakmuil. B okucIax W TBEPAOM OCaIKe B3aHMMOCBS3b
MEXKIy XUMHUYECKUMHU 3JIeMEHTaMu Bbime (Tabn. 7):
KO3(p(OUITMEHTH KOppPEeNALNHN YKa3bIBalOT Ha Cpea-
HIOIO — OYEHb BBICOKYIO 3aBHCcHMOCTb (0,5<r,,<1,0).

EBponuii u nroTenuil nposBIsSIOT CpeaHUN ypOBEHB
KOppessaluu ¢ jerkuMu JjanraHounaamu (0,5<r,<0,7
o mkane Yemnnoka [19]). Ilpu B3aumonelictBuu ¢ TH-
xenbiMu P30 k03 (DUIMEHT KOppemsiiuy MOBBIIIAET-
cs1, yKa3bIBasl Ha BBICOKYIO M OYCHb BBICOKYIO B3aHMO-
CBsI3b. DTO, BEPOSTHO, OOYCIOBICHO CXOICTBOM BHYT-
PEHHHUX CBOMCTB MU MHUIPALIMOHHOM MOJBUKHOCTH JaH-
HBIX 3JIEMEHTOB B TBEpIIO# (hasze.

'

< S

Pr Nd Sm Eu

<= JOHHEIE OTIOXEHHA

Gd

Tb Dy Ho Er Tm Yb Lu

=== IpOTYKTH ETOPHYHOTO MHHEPAno00pasoBaHua

Puc. 7. Ilpogpuav pacnpedesernuss P33 8 O0OHHbIX OMUONCEHUSX U NpOdyKmMax 8mopuyvyHO20 MUHepa/006pa308aHusi npu

HopmuposaHuu Ha NASC
Fig. 7.
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Profile of REE distribution in ground deposits and secondary mineral formation products in NASC rationing
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Ta6auya 6. Pe3ysbmamsl KOppeAsiyuOHHO20 AHAAU3A NO XUMUYECKOMY cocmasgy JOHHbIX omJodxceHull . Xanmoi-MaHcuticka

Table 6.

Results of correlation analysis for chemical composition of ground deposits in Khanty-Mansiysk

La

Ce Pr Nd Sm Eu

Gd

Tb Dy Ho Er Tm Yb Lu

La

1,00

Ta6auya 7. Pezysbmambul Koppe/siyuoOHHO20 AHAIU3A NO XUMUYECKOMY cocmasy npodyKmoe emopuyHo20 MUHepan006paso-

eaHus 2. Xanmui-Mancuticka

Table 7. Results of correlation analysis for chemical composition of secondary mineral formation products in Khanty-
Mansiysk
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

3aKoyeHue

Hcxons U3 BBIMIECKa3aHHOTO BHJIHO, YTO MOA3EM-
HbI€ U MOBEPXHOCTHBIE BOABI MpUpoaHoro napka Ca-
MapoBCcKui Yyrac mo4yTu He pa3InyaroTcs 10 XUMHUYe-
ckoMy coctaBy. C MOBBILLIEHUEM MHUHEPAIU3alHUU PHU-
POIHBIX BOJ HAOMIOJAeTCAd POCT KOHIIGHTPALUU XJIO-
PUA-UOHOB, a TaKXKE MOHOB KaJbl[Usl, Mar"Hus u
Hatpus. Tawoke yBennueHue oOlIeld MUHepanu3aluu
BOJ MIPUBOAMT K CMEHE KHUCJIOTHO-IIEJIOYHOTO MMOKa3a-
TeJsl BOJHOU cpensl — pH cTaHOBUTCS CIabOKUCIION.
[To noHHOMY cOCTaBY IPUPOJHBIE BOBI YCIOBHO MOA-
pa3aensioTcs Ha YeThIpe TUIA, KOTOPBIE Pa3nvaroTcs
MEXIy COOOH HE TOJIBKO COMCpKaHHEM MaKPOKOMIIO-
HEHTOB, HO U XapakTepoM pacnpeneneHus P33. Mu-
HUMAJIBHBIM COZIep)KaHueM cyMMbl P30 xapakrepusy-
IOTCSI THAPOKapOOHATHEBIE KaNbIMeBbIe BOAB. Maxkcu-
MaJbHble KOHLEHTpPAlMd OTMEUYEHBl B XJIOPHUIHO-
HUTPATHO-TUJPOKAPOOHATHBIX KaJlbLIMEBO-MarHUEBbIX
Boaax uctoyHuka KempoBelii, cymma P39 cocraBnser
602,3 ur/om’. Takum 00pa3oM, HCCIIeIOBAHUS pactpe-
neneHust P30 B mpupoaHBIX BOAAX MOKa3ajiH, YTO MHU-
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rpalMoOHHAs MOIBXHOCTH P33 3aBUCHT OT KUCIOTHO-
LIEJIOYHOTO TMOoKazaTens cpeasl [17], yBenudyuBasich ¢
noHxkennem pH.

Konnentpauus P33 B ruapokapOOHATHBIX BOJax
pa3HOro KaTHOHHOTO cocTaBa (Boubl 1, 2 u 3 THIIOB) ¢
OJIHOW CTOPOHBI COMOCTaBHMBI C KIapKaMH MOPCKOMH
BOJIIBL, & C NPYrow, comepkanus P33 B MOA3eMHBIX U
MMOBEPXHOCTHBIX BOJIaX 3HAYMTEIILHO MEHBIIE KIIapKa
peuHbIx Box. Ilpu 3TOM B THAPOKApOOHATHBIX BOJAX
MPUCYTCTBYIOT MPEUMYIIECTBEHHO Jierkue P33, Ha ux
jgomo npuxoautcs 79-92 %, B XJIOPUAHO-HUTPATHO-
TUJIPOKapOOHATHRIX BOAax (4 TWMA) COoJepXKaHUE Ts-
JKeNbIX JIAHTAHOWJOB YyBenWuuBaerca 10 36 %, uTo
MOXET OBITh OOYCIIOBJICHO BIUSTHHEM aHTPOIIOI€HHOTO
3arps3HEHHUs, Ha BEPOATHOCTh KOTOPOTO YKa3bIBAIOT U
npyrue uccaenosarenu [20].

Pasupie momxonapl k HOpMupoBanuio P33 B Bomax
MOKA3aJIA TTOJIOKUTEIIEHBIC aHOMAIIMU EBPOIHS TIpe-
MMYIIECTBEHHO JJIs1 BCEX THIIOB BOJI, 33 UCKIIOUYCHUEM
THIPOKapOOHATHRIX KaJIbIIUCBO-MAarHUCBBIX BOJ, IS
KOTOPBIX YCTAHOBIICHA aHOMAJIHA TaJ0uHUA. B Bomax
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pasHoro aHHOHHO-KatmoHHoro cocraBa (CI-NOs-
HCO3-Ca-Mg, HCO3-(S0,4)-(CI)-Ca-Mg, HCO;-Cl-
Ca-Na) BbIsSBIICHBI AHOMAJIHMU TOJIBMESI, TYJIHS, UTTEP-
OWsl W JIFOTEIUS TP HOPMUPOBAHWH Ha KJIAPK PEUHOM
Bombl 1 NASC, 9TO TOBOPUT O BBICOKOM MHIPAIIMOH-
HOUM CIIOCOOHOCTH 3THX JJIEMEHTOB B BOJHOW cpejie.
JIoHHBIE OTIIOXKEHHSI XapaKTEePHU3YIOTCS aHOMalIhen
rajlofIvHuUs, a MPOIYKTHl BTOPHUYHOTO MHUHEpanoodpa-
30BaHUSl — €BPOIHUS MPH HOPMHUPOBAHHH K CEBEPO-
aMEPUKAHCKOMY CIIaHILy.

Bericokuit koapunuent koppemsiuuu P35 B Bomax
CBHUJICTEIBCTBYET 00 MX BBICOKOW MUTPAIIMOHHOH aK-
THBHOCTHU TIPEUMYIIECTBEHHO B XUAKOM Buze. [lommu-
MO 3TOT0, IPOUCXOIAT MPOLECCH NEpEPACIIPEACTICHUS
P33 B BoJie ¥ NOHHBIX OTJIOXKEHMSIX C MOCIEAYIOIIUM
BBICR)KMBAHUEM CPEIAHUX JIAHTAHOWIOB B COCTABE IIPO-
JIYKTOB BTOPUYHOTO MHUHEPAIIOO0pa30BaHUs, YTO He-
CKOJIBKO pacxomuTcs ¢ JaHHbiMu [21, 22] o cnaboii
MHUTPAITHOHHON CIIOCOOHOCTH JIETKUX 3JIEMEHTOB. [Ipn
3TOM aHanu3 npodwmis pacrnpenencaus P3D mokazan

HaJM4Me TIOJOKUTEIBHBIX aHOMAIIMH psijia JIEMEHTOB
MPAaKTHYECKH BO BCEX BOJAX, HE3aBHCHMO OT MAaKpoO
HOHHOTO COCTaBa, 3a MCKJIOUeHHEeM Boxa 4 tuma. J[aH-
HBIM THI BOJ XapaKTEPHU3yeTCS MECTPhIM HOHHBIM CO-
CTaBOM, MOBBILIEHHOW MHUHEpaIu3aluell U HEWTpalb-
HOW, CJIA0OKHCIION Cpeoi.

Takum obpazom, pacnpenencHrue P30 B Bogax, 10H-
HBIX OTJIOKEHUSIX W MPOAYKTaX BTOPUYHOTO MUHEPAJo-
00pa3oBaHus (OKHUCIIAX M TBEPIOM OCaIKe HA BAJTyHAX U
rajbke) OOYCIIOBJICHO OCOOCHHOCTSIMH TTOJABHKHOCTH
JIAHTAHOMJIOB M UX CIIOCOOHOCTBIO COpOMPOBaThCA Ha
TBEPJbIX YacTuax. P33 Hanboee akTHBHO MUTPUPYIOT
B pacTBOpe, MOCTyMas W3 BMEMIAIONINX OTJIOXCHHMH,
JIOHHBIX OCAaJIKOB, ¥ B MOCIEIYIOIEM, B X0O/Ie TEOXUMHU-
YEeCKHUX MPOIIECCOB, 3a CUET COPOIMOHHBIX MPOIIECCOB, B
BHJIE TIPOIYKTOB BTOPUYHOTO MUHEPATIO00pa30BaHUs 13
pacTBopa BBHINANAIOT MPEUMYIIIECTBEHHO CPETHHE JaH-
taHouns! (Sm, Eu, Gd, u Tb), xotopsie Hanbonee pac-
TBOPHUMBI B KHCIBIX cpeaax [23], He XapakTepHBIX IS
HCCIIEyEMBIX OOBEKTOB.
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dopMuUpoBaHHE HAHOPa3MePHbIX CHIHIMA0B Me AU
B BBICOKOCKOPOCTHOM CTPYye 3/IeKTPOpa3psAHO#H MI1a3Mbl
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AHHOTanus. AKmya/bHOCMb VCCeJ0BaHUsI CBsI3aHA C MOMCKOM NOJXO/SALINX MaTepHasloB JIJIsl CO3aHKs HOBOTO MOKOJIe-
HUS aHOJI0B B JIMTUH-UOHHBIX aKKYMYJIITOPaX, 00J1a1al0IIUX HE TOJBKO GOJIbIION €MKOCTbIO, HO U BbICOKOM 3JIEKTPOIpPO-
BOAHOCTBI0. C 3TOW Lie/Ibl0 MPEAIPUHUMAINCh NONBITKA HUCI0JIb30BaTh KPEMHUH Si, UMEIOIIUK BbICOKYIO YAEJbHYI eM-
KOCTb, BMecTo rpaduTa C, 0iHaKO 3TOT MaTepHas He 06/1alaeT BbICOKOH 3JIEKTPONPOBOJHOCTbI0. CUIMLU/bI MEAH, TOMHUMO
BBICOKOH yZleJIbHOM eMKOCTH, 06/1a1al0T GOJIBIIMMY 3HAYEHUSIMU 3JIEKTPONIPOBOAHOCTH, @ TAK)XKe HE BCTYIAIOT B PEAKLUHU C
JINTHEM B IpOLlecce 3KCIJIyaTalMy, O3TOMY MOTYT ObITb HCIOJIb30BaHbI /sl pelleHUs 33/ja4 N0 pa3paboTKe BhILIEYIOMSI-
HYTbIX JIMTHUH-UOHHBIX aHO/0B. I]e/1b: oy4yuTh JUCIepCHble MaTepUasibl B BHICOKOCKOPOCTHOH CTpye 3JIeKTPOpPa3psa HOH
m1a3Mbl cucteMbl Cu-Si-C. 06seKkmbl: [ucliepcHble MaTepUaJbl, oay4yeHHble B cucTeMe Cu-Si-C. Memodsl: nia3aMoHaMu-
YeCKHH CHHTE3, PEHTTeHOBCKas AudpakToMeTpusi (peHTreHo}a30Bblil aHa/NIN3); CKaHUPYIOLAs 3JEKTPOHHAs MUKPOCKO-
Nusl; NPOCBEYMBaAIOLIas 3JIeKTPOHHAsE MUKpockonusi. Pe3ybmamul. IIpoBefieHbl 3KCIIepUMEHTAIbHbIE MCCIEJOBaHUS 110
NOJIyYeHHIO JUCTIePCHBIX MaTepHuanoB cucTeMbl Cu-Si-C B BBICOKOCKOPOCTHOH CTpye 3/1eKTpopaspsAHo# mia3mbl. Ucciezo-
BaHbl MUKPOCTPYKTYpPa U COCTaB CHHTE3WPOBAHHBIX MaTepHasoOB. BLIAB/IEHO, UTO NPOJLYKT COCTOUT M3 HAaHOAMUCIEPCHBIX
YacTHL, YTO MOJTBEPXK/AAeTC pe3yJbTaTaMH CKaHUPYIOLeH U 3JIEKTPOHHOW MUKPOCKONUU. CorsiacHoO pe3y/ibTaTaM PEHT-
reHOBCKOH AUPPAKTOMETPUH, B COCTaBE CUHTE3UPOBAHHOr'0 MaTepyasa HAeHTUUIUPYIOTCA KpUCTa/IMYecKue ¢pasbl Me-
1 KyOU4eCKOH CHHIOHUU U cununuaoB Meau CusSi u CuzSi rekcaroHasibHOM CUHTOHUH.
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Abstract. Relevance. The search for suitable materials for creating a new generation of anodes in lithium-ion batteries that
have not only high capacity, but also high electrical conductivity. For this purpose, the attempts have been made to use silicon
Si, which has a high specific capacitance, instead of graphite C, but this material does not have high electrical conductivity.
Copper silicides, in addition to high specific capacity, have high electrical conductivity values, since they do not react with
lithium during operation, and therefore can be used to solve problems in the development of the above-mentioned lithium-
ion anodes. Aim. To obtain dispersed materials in a high-speed jet of electric discharge plasma in the Cu-Si-C system. Objects.
Dispersed materials obtained in the Cu-Si-C system. Methods. Plasma dynamic synthesis, X-ray diffractometry (X-ray phase
analysis), scanning electron microscopy, transmission electron microscopy. Results. The authors have carried out the exper-
imental studies to obtain dispersed materials of the Cu-Si-C system in a high-speed electric-discharge plasma jet and studied
the microstructure and composition of the synthesized materials. It was revealed that the product consists of nanodispersed
particles, which is confirmed by the results of scanning and electron microscopy. According to the results of X-ray diffractom-
etry, crystalline phases of copper of the cubic system and copper silicides CusSi and CusSi of the hexagonal system are identi-
fied in the composition of the synthesized material.

Keywords: copper silicide, plasma dynamic synthesis, electric discharge plasma, nanoparticles, scanning electron microsco-
py, X-ray diffraction
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BBeaenue MOJIb30BaHWE OWHAPHBIX COCJWHEHWA Ha OCHOBE Si,
Cunuiuasl METALIOB SIBISIIOTCS HEPCIEKTUBHBIME — KOTOPHBIE YIIYUIIAIOT 3JIEKTPOHHO-TPAHCIOPTHBIE CBOM-
(YHKIMOHATBHEIMH MaTepHaJlaMH, CYIIECTBYIOIIMMH  CTBa, HO HE YYacTBYIOT B MPOLECC JIUTHPOBAHUSI-
B KPUCTAJUIMYECKUX MOJU(PUKALUAX C PA3IMYHOM cTe-  memutupoBanus. OIHAM U3 TaKUX COCAWHCHUHN SBIIS-
XHOMETpHUEH, 9TO MO3BOJSIET PEryIHpPOBATH CBOICTBA  FOTCS CHJIMIIUABI MEAW (HAIIPUMEP, IIMPOKO W3BECTHBIN
KOHEYHBIX MPOAYKTOB B 3aBUCHUMOCTH OT cocTaBa TpuMmenu cwimiun CuzSi), MOCKONIBKY OHHM HE BCTyIa-
[1-3]. CpoiicTBeHHas CHIMLKAAM COBMECTUMOCTB C  IOT B PEAKIMIO C JMTHEM U OONAJAIOT BHICOKON TPOBO-
KpEeMHHUEM JIelaeT UX OCOOEHHO MHOAXOMSIMMU It TUMOCTBIO [9]. CTOMT OTMETHTH, YTO MIOMHMO IPUME-
psifa NOIYIpPOBOJHUKOBBIX NPUMEHEHHH, OT KOHTAKT-  HEHHs B IPOU3BOJICTBE JTUTUH-HOHHBIX OaTape, CHITH-
HBIX COCJUHEHMH 10 MaTepualoB 3aTBOPOB TPaH3WU-  [UABI MEIHM MPUMEHSIOTCSA B KaYECTBE KATaIM3aTOPOB
CTOPOB. U COCNUHHUTENBHBIX  y3JI0B  MHKPOIJIEKTPOHHBIX
[TpenmymecTBa OMHAPHBIX COCNMHEHUH Memu W ycrpoict [10—12]. IlpuMeHeHHe CHIMIUIOB MEIU B
KpEMHH: B CPaBHEHHUM C IPOCTHIM KDEMHHMEM II0Ka3a-  KayeCTBE OJIGKTPOJHBIX MaTepHuajoB IMOTEHIIUAIBHO
HBI B psijie uccnenoBanuit [4-6]. Tak, Si uccnemyercss  MokeT obecreunTh Oosee S3HepProdhPeKTHBHOE MPOH3-
KaK BO3MOJKHBII MaTepuall Uil CO3JaHHs HOBOTO MO-  BOJACTBO B TEXHOJOTHYECKUX IEMOYKAX AIEKTPOTEX-
KOJICHHS JTUTHH-MOHHBIX aHOAOB BBHJy BBICOKOM T€O-  HHUYecKoi mpombinuieHHocTH [13]. IIpousBoacteo 60-
perudeckoil yzmenbHOH eMmxocTH (4200 MA-4/r), 4TO  5ee JHEPrOEMKHX AKKYMYJSTOPOB C CHIHMIUIHBIMA
JIeTIacT ero aJeKBaTHOW anbTepHATHBOW IPaQUTOBOMY  3JIEKTPOAAMH C TOBBINIEHHBIM UKIHIECKAM PECYPCOM
anexrpony [7, 8]. OnHako Si HNpOSIBIAET MIOXME 3I€K- B CPABHEHHH C TPAIUIMOHHBIMH aKKyMYJSITOPAMHU C
TPOTPAHCIOPTHBIE CBOUCTBA (AJIEKTPONPOBOJHOCTD)  rpa)MTOBBIME IJIEKTPOJAMH MPHUBEACT K YBEIMUYCHUIO
IpY BKJIIOUCHUU B 3JIEMEHT OaTapeu, YTo NPUBOAUT K 3((EKTHBHOCTH NepepabOTKK MPUPOIHBIX PECYPCOB U
MEIJIEHHOMY 3apsfy M paspafdy. bomee Toro, B mpo-  npeoOpa3oBaHUs HEPrUU HAa UX OCHOBE, B TOM YHUCIIE
Lecce HKCILTyaTallul KpUCTANIMUECKUi Si IMpeBpala-  3a CueT MX SKOHOMHH, a TAK)KE CHU3UT OO yriie-
eTcs B aMOP(HBIi, YTO CONPOBOXKAACTCS MOBBIIIICHUEM  POAHBIN CJIe TEXHOJIOTHH U €€ BO3JICHCTBHE Ha OKPY-
ANIEKTPUIECKOro compoTuBieHns. OmHuUM #3 myTed  karomryro cpemy [14].
pemeHns mpoodIeM, CBSI3aHHBIX C IPUMEHEHHEM KpeM- W3BecTHBI pa3nuyHble METOABl MOJYYCHHUS CHIIH-
HUSI, SIBJISIETCS. €T0 MCIIOJIb30BAHKUE B BUJE CHEIU(UYIe- [HUIAOB MEAH, B TOM YHCIIE MAarHETPOHHOE PACIBbUICHHE
CKHX HAHOCTPYKTYp, B YAaCTHOCTH OBUIM IOCTHTHYTHI  NPEKYPCOPOB B MHEPTHBIX CpeJax MM BaKyyMe
MOJIOKUTENIBHBIE  Pe3YNbTaThl TPH  HCHONB30BaHUM  [5, 15], HOHHASI UMILTAHTAIMS ATOMOB MEIU B KPEMHHU-
KpEMHHMs B BUJIE HAHOIIPOBOJIOK, OJHAKO JJIEKTPOHHBIE  €BBbIC MOJJIOKKH [16], Pusmueckoe ocaxaeHue u3 ma-
CBOHCTBa Si MO-TIpE)KHEMY OTPaHHYUBAIOT €TO NMPHME-  poBOH (assl [17], 3MEKTPOXUMHUECKOE OCAKICHUE M3
HEHHUC HU3-3a HU3KHX CKOPOCTEH 3apsia M paspsaa B KOJUIOMAHBIX pacTBopoB [18], camopacmpoctpansiio-
CpPaBHEHUH C aHOJaMu Ha rpa¢uToBoil ocHoBe. Bo3-  mmiicst BeICOKOTEeMIeparypHbiii cuutes [19]. Omnako
MOXHBIM PEIICHHEM 3TOH TPOOJIEMBI SIBISICTCS MC-  BONPOCHI, CBA3AHHBIE C MOJIYYEHHEM M IPUMEHCHHEM
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CHJIMLIKJOB, B HACTOSILEE BPEeMs OCTAlOTCAd HEPELICH-
HBIMH, TaK KaK IPEACTaBICHHBIC BBIIIC MCTOMABI ITIO-
MIPEKXHEMY OCTAIOTCSI HECOBEpIICHHBIMH. Tak, pu3nue-
CKO€ OCaXXIICHHWE W3 MapoBOHl (a3bl SBISIETCS BapHaH-
TOM OJHOCTOPOHHE HANpaBJICHHOTO OCAXJICHUS, UYTO
3aTpymHSAET NOJyYeHHE IUIEHOK Ha ITOBEPXHOCTSIX
cokHOM (hopmbl. ['myOuHA MPOHUKHOBEHUS OoMOap-
JUPYIOIIMX YacTUI[ B paMKax HMOHHON HMIIIaHTaluU
KpaifHe HHU3Kas, 9TO MOXXET IPUBECTH K HEIOTHOMY
B3aUMOJICHCTBHIO 3TUX YACTHIl C 00JydaeMOW IOBEPX-
HOCTBIO U, KaK CJIEJICTBUE, MOIyYCHUIO HA BBIXOJIE Ma-
Tepuaga ¢ HEyIOBICTBOPUTEIHHBIM (Da30BBIM COCTa-
BOM.

Ha ocHOBaHUM BBIMIEU3I0KEHHOTO MOXHO CJIIeJIaTh
BBIBOJ, YTO IpoOieMa MOIydeHUs] COSUHEHUN Ha OC-
noBe Si u CU sBisieTcs akTyaapHOM. B HacTosIei pa-
00Te mpeaaraeTcsi CHHTE3 HaHOIAMCICPCHBIX CHIIHIIN-
JIOB MEAU C Pa3IM4HBIM CTEXHOMETPUYECKUM COCTa-
BOM IIOCPEACTBOM HCHOJIB30BaHUS BHICOKOCKOPOCTHOM
CTPYH JEKTPOPA3PSITHON IUIa3MBI JYTOBOTO pa3psja.
Panee Oblna moka3aHa BO3MOXKHOCTh HCIOJIB30BaHUS
IUTa3MOJUHAMHYECKOTO  CHHTE3a IS TONy4YCHUS
HAaHOMATEPUAIIOB PA3lIMYHBIX KIACCOB, B TOM YHCIIE
KkpemHuiiconepxxamux [20-22]. [ng pocTrxkeHus I1o-
CTaBJICHHOH IIEJIM MPEIarajioch pelIeHue CIeayomux
3a7a4: MPOBEICHUS CEPHUH HKCIIEPUMEHTOB IO MTOJTyde-
HUIO CHJIUIHUJIOB MEAN; aHATUTUYIECKUX HCCIeOBaHUN
CHHTE3UPOBAHHOTO MaTephaja METOJaMU PEHTTEHOB-
CKOM IU(PAKTOMETPUH, CKaHUPYIOIIEH W TPOCBEUYH-
BalolIel MUKPOCKOIIUHY.

JKcnepuMeHTa/IbHas 4acTh

CuHHTE3 AMUCIEPCHBIX CUIULMIOB MEIH OCYILIECTB-
JISUICS ¢ TIOMOIIBIO METOJIa MPSMOTO TUIA3MOJIMHAMHU-
9YEeCKOTO CHHTE3a ¢ TPa(UTOBBIMH AIIEKTPOIAMH, H3T0-
TOBJICHHBIMU W3 rpadura mapku C-7 TY-1915-001-
48534975-2014, koTOpBI OTJIMYAETCS MOBBIIIEHHON
CTOMKOCTBIO K BHEIIHUM JIMHAMUYECKHUM BO3JIEHCTBU-
sM. bosiee moapoOHOE omMcaHue YCTaHOBKU W MPHUH-
numna AeHcTBUs mpuBeaeHo B pabotax [20-21]. IIpen-
BapUTEIbHO B KaHAT (HOPMUPOBAHUS IJIa3MEHHON
CTPYKTYpHI 3aKiaabBaiack cMech Cu+SiC ¢ MaccoBBIM
coorromenueM m(Cu)/m(SiC)=9:1. Jlns monyueHus
YIOMSHYTOM CMECH WCIIOJIb30BAIMCh KOMMEPUYECKU
noctynabeie mopomku menu (OCHV, pasmep uactui
50-100 uM, gnctota 98 %) u xapbuna kpemuus (Jlut-
[IpomAGpazuB, wmmkponumdropomok SiC  F1200,
cpenHuil paszmep ~4,5 MM, uucrora >98 %). Ilnas-
MEHHBIE BBICTpEJIbl MMPOU3BOIMINCH B aprOHOBYIO at-
Mocdepy Tpu JaBleHUH p=1 aTM. W TemIeparype
=23 °C.

B nenom mpucyTcTBHE yriiepoja B CHCTEME C Tpa-
(DPUTOBBIMH BJIEKTPOJIAMH SIBTISICTCS HEMHUHYEMBIM BBU-
Iy 3HAYUTEIbHOIO JMHAMHUYECKOIO BO3ACHCTBUS B
9KCIEPUMEHTAbHOM TIPOLlecCe€ U COOTBETCTBYIOLIEH
AIEKTPUYECKOM 3p0o3uu TpadUTOBOM IEKTPOIHON CH-
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cTeMbl (IyCThb Takas 3po3HUs U He Beluka). B To xe
BpEMsl €ro IPHUCYTCTBUE SIBISIETCS BAXKHBIM, NOTOMY
9TO MU3BECTHO, YTO B HECBSI3aHHOM BHJE KPEMHHH pac-
tBOpsiercss B menu [23]. [lpucyrcTBuEe B cucreme J0-
MOJHUTEIBHOTO YIJIEPOJa B CBSI3aHHOM C KPEMHHEM
BHZE B COCTaBE XUMHYECKOTO COCOMHEHHS HAET BO3-
MOXXHOCTb (pOpMHpOBaHUS CTAOWIBHOW CHIIHIHTHOMN
¢da3el B mpolecce BBICOKOTEMIICPATYPHOIO BO3ACH-
CTBHSL.

®a3oBpIil aHANN3 00PA3OB OCYMIECTBILLICA C II0-
MOIIbI0O METOJIa PEHTTEHOBCKON Tu(pakToMeTpun (C
WCIIOJIb30BAHUEM  PEHTTEHOBCKOTO  AH(paKTOMETpa
Shimadzu XRD-7000, CuKa,-u3nyuenune, A3=1,5406
A, 20=10-90°, unentudukanus NUKOB HA PEHTTCHOB-
CKUX Iu(dpakTorpaMmMax — C IOMOIIBIO HPOTPaMMBI
Crystallographica Search-Match u 6a3b1 CTpyKTYpHBIX
nanaeix PDF4+). HccnenoBanue CTpyKTYpBI TUCTIEPC-
HBIX MaTepHAaJIOB MPOBOAMIOCH METOAAMHU KaK CKaHH-
pyromieit anekTpoHHoU Mukpockommnu (COM, mocpen-
ctBoM MukpockormoB Hitachi TM3000 u Quanta
200 3D), Tak ¥ IMpOCBEYMBAIOIIEH DIEKTPOHHON MHK-
pockormmu (I1OM, ¢ momomipio Mukpockona Phillips
CM 12).

Pe3ysbTaThl U 06CYXKAeHHE

B Ttabmuue mpuBemeHB! mapaMeTphl IMKIA JKCIIe-
PUMEHTOB TI0 HapaboTke MaTepuaina, rae (u naiee) C —
E€MKOCTh KOHJCHCATOPOB EMKOCTHOTO HAKOIIHUTENS
sHepruu, Uy, — 3apsanHoe Hanpsxenue, Ws,, — 3apan-
Has (HakomJieHHas) sHeprusa, U, — 3HaueHHus HampshKe-
HUS Ha JIEKTPOJax YCKOpUTENss B AYIOBOM cTanuy,
Imax — MaKCUMallbHOE 3HaYCHUE (aMILTUTYAa) pabodero
TOKa paspsna, Pmax — MakcHUMalbHOE 3HAYeHHE (aM-
IUINTYAa) MOITHOCTH paspsga, W — BeLaenmBIIAsCS
3Heprus, tuym — BpeMs uMITyJbca paspsna, P, — cpen-
Hee 3HAa4ueHUE MOILIHOCTU pa3psiia, My — Macca Hc-
XOJHOTO MaTepHaja, 3aKjIaJblBaeéMOro B KaHail (op-
MHPOBaHUS INIa3MEHHON CTPYKTYpBI, My, — Macca 1mpo-
JyKTa CHHTe3a. B sKkcnepuMeHTaIbHOM IMpoliecce Ipo-
UCXOAWIO TpeoOpa3oBaHME MacChl IPEKypCOpOB
Cu+SiC My, KOTOpBIE COEAMHSIIUCH C HEKOTOPHIM
KOJIMYECTBOM TpaduTa, SpOAUPOBAHHBIM C JIEKTPOJ-
HOM CHUCTEMBI YCKOPHUTENS (3pO3usl SBISIETCS TOCTOSIH-
HOM BEJIMYMHOM IpU HEU3MEHHBIX HHEPIeTUUYECKUX
napaMeTpax M COCTaBiseT mpumepHo Am,,=0,02 r), B
MPOAYKT IJIa3MOJMHAMUYECKOTO CHHTE3a, 4acTb W3
KOTOpOro coOWpanack C BHYTPEHHEH IOBEPXHOCTH
Kamepbl-peakTopa (My,). BenencTsne Hanmumanua Ko-
HEYHOT0 TMOPOIIKA HAa MOBEPXHOCTAX CUCTEMBI, pacce-
UBaHMS BBICOKOAUCIIEPCHOTO MaTepuana B OKPYXKaro-
IIeM TPOCTPAHCTBE M HECOBEPIIEHCTBA TEXHOJOTUHU
cbopa mpoayKTa He H30eXaTh MOTEPU MACCHl (Spp).
Takum oOpa3om, MaccoBbIii OajaHC B paccMaTpuBae-
MO CHCTeMEe MOXeET OBITh BhIpaXkeH B Buje (1).

Myex FAM, =M 0y

(1)
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Ta6auya. I[lapamempbsl YUKAA IKChepUMEHIMo8 N0 Hapabomke mamepuana
Table. Experiment cycle parameters for material production
C, Usap, Wap, U, Imax, Pray, w, tumn, Pep, Mucx, Mnp,
M®P/mF kB/kV k/x/K] kB/kV kA/kA MBT/MW k/x/k] | Mkc/mcs MBT/MW r/g r/g
6 3 27,0 1,65 104,4 89,6 19,2 300 63,9 0,50 | 0,34

XapakrtepHble ociuiuiorpaMmbl pabodero Toka I(t)
u Hanpsokenus: U(t), a Takxe kpuBbie MomtHocTH P(t) 1
BeImenuBIieiics suHepruu W(t) mpusenensr Ha puc. 1.
Kak BugHO U3 puc. 1, IyroBoii pa3psa MPOUCXOIHT C
HEKOTOPOH 3aJiepKKOi B HECKOJBKO MKC, 4TO 00y-
CJIOBJICHO PAacX0JIOM HAKOIMJICHHOW DHEPTUHU Ha Tepe-
BOJ B ITA3MEHHOE COCTOSIHHE TPaUTOBOTO CIIOS, 00-
nagaroniero conpotusienneM ~130 OM, 1 HaHEeCEHHO-
ro Ha MOBEPXHOCTh KaHana (GOPMHUPOBAHHS IUIA3MEH-
HOU CTPYKTYpBI BHYTpU yckoputens. IIpu atom cTout
OTMETHUTbH, YTO HA OCIIUIOTPaMME HATPSHKCHUS U, KaK
CJIEJICTBHE, KPUBOI MOILTHOCTH Ha MHTEPBAJIC BPEMEHH
~80 MKC 3aHKCHPOBaH HEKOTOPBIA  BCILIECK
(U,=1,65 kB), uro, mo-BUAAMOMY, CBSI3aHO C pa3jIoKe-
uuem SiC.

[Nonmy4ennsrii mpoaykT 6e3 Kakoi-1u00 mpeaBapu-
TENFHON TOATOTOBKH HCCIEIOBAaH METOJAMH CKaHH-
pyomei 3JeKTPOHHONM MHUKPOCKONHH, pPEe3yIbTaThl
HCCTIeIOBaHUN TIpUBeAeHbl Ha puc. 2. M3BecTHO, 4TO
OOBIYHO IYTOBBIC METOABI TEIUIOBOW IUIA3MBI JIAIOT
LIMPOKOE paclpefesieHde 4YacTULl 10  pa3Mepam
[19, 24], ogHako B HacTosiel paboTe MPEaCTaBICHBI
pe3yABTATHl CIEU()UISCKOro Mpolecca — IUIa3MOIH-
HAMHYECKOTO CHHTE3a B TpaUTOBOH JIIEKTPOIHOMN

cucreMe. B mogoOHEIX cucteMax o0pas3yroTcs ropasio
Oosee dKcTpeMalbHbIE ycIoBUA: Oojiee BBHICOKHE TEM-
neparypa M ee TpaJleHThI, a TAK)Ke CKOPOCTh KPUCTAII-
nmu3anuu [25]. Tocneanuii pakT ocoOeHHO BaXKkeH, MO-
CKOJIbKY TI03BOJISIET CYIIECTBEHHO MOBBICUTH JUCIIEPC-
HOCTh TIOJy4aeMOoT0 MaTepuaia, BIUIOTh 10 (popmupo-
BaHMsI HAHOJHMCIEPCHOTO MPOAyKTa [26]. DTO mMOA-
TBEPAWJIIOCH B MPEALIECTBYIOUIMX IHKJIAaX HCCIeN0Ba-
HHUI B Opyrux xuMmuueckux cucremax (Hf-Ta-C, Si-C
W Ip.) TIPU WCIOJNB30BAaHAU TPAPHUTOBBIX 3JIEKTPOIOB
YCKOpUTEs, TJe OKa3aHo, YTO B MPOAYKTE IMpaKTuie-
CKH OTCYTCTBYIOT MHUKpPOpa3MEpHbIe YaCTHIIbL, a pac-
IIpeJIeJIEHUE 110 pa3MepaM ABIAETCS JOCTaTOYHO Y3KUM
W He BBIXOAWT 3a Tpenenbl coreH HM [20, 21, 27].
B Hacrosmeit paboTte y3koe pacnpeaereHue Mo pa3me-
paM ¥ TPaKTUYECKH IOJHOE OTCYTCTBHE MHKpPOPa3-
MepHON (Ppakuuu MOATBEPIKAAIOT PE3YNbTAThl CKaHH-
pymomeil AMeKTpoHHONW MuKpockonuu. Habmogaercs
(dhopMupoBaHHE OYEHb MEJKUX YaCTHI], KOTOPBIE B pe-
3yJbTaTe JecTBUs cuil BaH-nep-Baanmbca, Hanbonee
CUJIBHO ce0s MpOSABISIONIMX B clyyae HaHOAMCIIEPC-
HBIX OOBEKTOB, CIEIUIAIOTCS B IUIOTHBIC W KpPYIHBIE
arjioMeparbl, YTO XapaKTepHO IUIsl MaTepUasoB, HOIy-
9aeMBIX JIEKTpopH3nIecKuMu MeToaamu [28].
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Puc. 1. Ocyuanozpammoel pabouezo moka I(t) u Hanpsixcenus U(t) Ha anekmpodax yckopumens, kpugsble mowHocmu P(t) u
svldenusuielicst sHepauu W(t)
Fig. 1.  Oscillograms of the operating current I(t) and voltage U(t) on the accelerator electrodes, curves of power P(t) and re-

leased energy W(t)
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Puc. 2. Pesyabmambl ckaHupynoujell 31eKmpoHHOU MUKpO-
CKONUU CUHMe3Upo8aHHO20 NPodyKma
Fig. 2.  Results of scanning electron microscopy of the syn-

thesized product

Bonee noapoOHO CTpyKTypa MOTYYEHHBIX HAHOIIO-
POIIKOB ObLIa M3y4eHa C HCIIOJIh30BAHHEM METOJIOB
MIPOCBEUNBAIOIICH ANEKTPOHHOU MHUKPOCKOTIHH.
Ha puc. 3, a mpuBeieHO CBETIONONBEHOE U300paXKeHHe
THUIUYHOTO CKOIUICHHUS YacTHIl B COCTaBe IPOJYKTa C
COOTBETCTBYIONIEH KapTHHOW JJICKTPOHHOU amdpak-
mud. [lpoaykT mpencraBiser co0Oif COBOKYNHOCTB
BBICOKOIUIOTHBIX, IO-BHJIMMOMY, METAJJIMYECKUX Ya-
ctull pasmepamu 10 50 HM ¥ HU3KOIUIOTHOW (ppakIuy,
PaBHOMEPHO pacHpesieNieHHON B BHIE MEJKHX YacTHIl
1o 20 um. Kaptuna snekrponnoit mudpakuunu (Selected
area electron diffraction — SAED) ¢ nonyuyeHHbIMU Ha
€e OCHOBE TEMHOIOJBHBIMH H300paKCHUSIMH TIpE]-
cTaBleHa Ha puc. 3, 6—. Hcxons u3 ocobeHHOCTEH
SAED, a nMeHHO HalU4Yus SPKO BBIPAKCHHBIX KOJICIl
JleGast ¢ MHOXKECTBOM CBETSIIMXCS TOUSUHBIX pedlIeK-
COB, TIPOAYKT, BO-TIEPBBIX, HMEET IPEUMYILECTBEHHO
KPHUCTALIMYECKYI0 CTPYKTYPY, BO-BTOPBIX, SBISIETCS
MHOTO(a3HBIM U COAEPKHUT Pa3INdHbIe COSIUHEHNS Ha
OCHOBE MEIH.

Puc. 3.

Pesyabmamol npoceevusaroujeli 31eKmpoHHOU MUKPOCKONUU CUHME3UPOBAHHO20 npodykma: a) ceem/ionoabHblll

TEM-cHumok ckonieHusi; 6) kapmuHa 31eKmpoHHOU dudpakyuu Ha 8vldeeHHOU 06aacmu; 8) meMHONo1bHoe homo-
usobpasicerue 8 ceeme pegaexca CusSi (023); 2) memHonoavHoe homousobpadceHue 8 ceeme pedaexca Cu (220)

Fig. 3.

Transmission electron microscopy results of the synthesized product: a) bright-field TEM image of the cluster; b) elec-

tron diffraction pattern on the selected area; c) dark-field photographic images in the light of CusSi (023) reflection; d)
dark-field photographic images in the light of Cu (220) reflection
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Tak, TemuononasHb [I9M-cHEMOK (pHC. 3, 6) MMO-
Jy4deH MpH CMEIIEHUH anepTypHOH nuadparMsl B CTO-
pony obusactu pedurekca cumunmaa meaud CusSi (023),
mpU9YeM pa3Mephl KPUCTAIDIUTOB HE IMPEBBIIIAIOT
50 uM. OpHako pa3Mepsl auadparMbl OONBIIE TOYEY-
HBIX pe(IeKCOB, M TMpPU CHEMKE IPOUCXOIUT 3aXBaT
cocemHuX pediaekcoB (OT OPYTUX KPUCTALTHYECKHX
(az), yem oOecrieuyuBaeTCi CBEUYEHHE COOTBETCTBYIO-
X OTPaKAIOIIUX IJIOCKOCTEeW B TeMHOM moje. [lo-
ATOMY CBETSIIHECS YaCTHIBI Ha TEMHOMOIBEHOM [1OM-
CHUMKe (pHUC. 3, 2) MOTYT MpHHAJIEKATh HE TOJBKO
meau Cu (220), HO 1 MeHee HHTEHCUBHBIM pediiekcam
CHIMIKAOB Meau, Hanpumep, Cu;Si (110).

BriBonbl 0 monudazHOM cocTaBe CHHTE3MPOBAHHO-
ro marepuana W orcyrcTBuHM SIC MOATBEpXIArOTCS
pe3yiabTaTaMi  PEHTTEHOCTPYKTYpHOTO aHaJM3a
(puc. 4). Habmromaercst peMMyIIECTBEHHOE COJepIKa-
Hue B npoaykre meau (JCPDS Card No. 00-004-0836,
mpoctpancTBeHHas rpymnmna Fm-3m {225}), ocHoBHbIE
PEHTTEHOBCKHE MAaKCUMYMBI KOTOPOH pPacroioKeHBI
Ha 20=43,3°, 50,5°, 74,1°, 89,9° u orobpaxaroT Kpu-
crautorpadudeckue miockoctu (111), (200), (220),
(311) coorBercTBeHHO. Takxe UMEETCS YIJIepol B BU-
ne rpapura gC (JCPDS Card No. 01-075-1621), mpo-
cTpaHcTBeHHas rpynma P63mc {186}, mpucyrcTtBHe
KOTOpOTO 00YCIOBIEHO €CTECTBEHHOH 3JEKTPOIPO3H-
eil rpadUTOBBIX ANMEKTPoOB. MneHTudunupyrortcs ase
Moaudukarun cuuiumos mean: CusSi (JCPDS Card
No. 01-074-5792), npoctpaHncTBeHHas rpymma P-3ml
{164}), u Cu;Si (JCPDS Card No. 01-075-1621, mpo-
cTpaHcTBeHHas rpynmna P63/mmc {194}), xotopsie
XapaKkTepH3YIOTCS HAIWYHEM CHIBHO YITUPEHHBIX
MaKCHMyMOB WHTEHCHBHOCTH, YTO SIBHO CBHICTENb-
CTBYET O BBICOKOJMCIIEPCHOM COCTOSIHUU CHHTE3UpYe-
MBIX YaCTHIL.

Kak cka3zaHo paHee, B cocTaBe MPOIYKTa OTCYT-
ctByet SiC, 4T0 CBSA3aHO, BEPOSITHO, C MEPEBOIOM 3TO-
ro TpeKypcopa B MOHU3MPOBAHHOE COCTOSIHUE M pac-
MBUICHHEM B 00BEMe KaMepHI-peakTopa ¢ JabHEHIITHM
00pa3zoBaHUEM paHee OOHAPY>KCHHBIX CHJIUIMIOB Me-
au. Beuny Toro, uto Temmeparypa miaa3sMeHHON cTpyu
moxxeT npesbimarhk 10000 K B cucteme ¢ rpaguToBbI-
MU anektpogamu [29, 30], npu UCTEUEHUHU IUIa3MEH-
HOU CTpyH KapOWJ KpeMHHS pacralacTcs Ha 3JeMEH-
TapHBI KPEeMHUH W YTIIepoia, KOTOPBIH, coriacHo da-
30BOU JUAarpaMme, IEepBBIM KPUCTAILTH3YETCS U3 JKUJ-
koi ¢azbl [31]. BnocienctBuu cBOOOJHBIN KpeMHUI
B3aMMOJICHCTBYET C MBI KaK BTOPBIM MPEKYPCOPOM
CHHTE32, CIIOCOOHBIM PaCTBOPATh KPEMHHIA, HAXOJSICH
B XKUAKO(a3HOM cocTossHHU [23]. B cBsi3u ¢ 3TuUM npu
paceuieanu  Cu-Si-C-comepxamieit  1miasMbl  Meab
MPEUMYIIECTBEHHO pearupyer ¢ KpeMHHeM, o0pasys
CWJIMITU/IBI B COOTBETCTBHH C M3BECTHOH (ha3oBOii 1ua-
rpammont coctosiHus [32]. CTOUT OTMETHTD, YTO CHIIb-
HO VIIMPEHHBIC MaKCUMyMBbI TpH yriax 20 ot 40 mo
50 rpagycoB MOTYT yKa3plBaTh Ha HAJIMYUC APYTHX
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usBecTHBIX Momupukanuii Cu-Si, Takux kax CugSi,
CusSi, Cu,Si, KOTOpBIE B I€7I0M MOTYT OBITH CHHTE3H-
pOBaHBI TOJ JEHCTBHEM YCIOBHSA CBEPXOBICTPOTO
TUIa3MEHHOTO pachbUIeHUs (>3 KM/C) W KpUCTaIN3a-
1007071 (>108 K/c) B mpomecce mia3sMoIuHAMUYECKOTO
cuaTe3a. OmHaKo 0e3 YETKO BBIPAKCHHBIX MaKCHMY-
MOB X WACHTH(UKAIMI BeChbMa 3aTPYJHHUTEIBHA Me-
TOJIOM PEHTTEHOBCKOH TU(PPAKTOMETPHH.

® Cu (JCPDS 00-004-0386)
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Puc. 4. Pe3sysaomamobl peHmezeHo8cKkolU dugppakmomempuu
CUHME3UPO8AHHO20 NPOJYKMa
Fig. 4. Results of X-ray diffractometry of the synthesized

product

Takum ob6pa3omM, B pe3yjbTaTe NMPOBEICHHBIX HC-
CJIeOBaHUN TOJYYEHbI TIOPOMIKH, COASpKaIIUe CHUIIU-
uuael Mend. B HacTosAmuit MOMEHT Macca MpOJyKTa
HEBEJIMKA, OJHAKO 3a CYET HECKOJbKUX CTpaTeruit
MacIITaOMpPOBaHUSl TPOM3BOJCTBA BO3MOXKHO YBEIIH-
YeHHe OOBEMOB CHHTE3MPYyeMOro Topomika. Bo-
NEPBbIX, ONTUMU3ALMUSA KOHCTPYKTHUBHBIX NapaMeTpoB
JKCMIEPUMEHTAIIBHONW YCTaHOBKH, KOTOpas IO3BOJIUT
MOBBICUTHh MAacCy 3aKJaJlbIBAEMOr0 MaTepualia B KaHajl
(dhopMUpoBaHMS IIA3MEHHON CTPYKTYpBl. BO-BTOpBIX,
ONTUMHU3ALUS  PEKUMHBIX [ApaMeTpoB, KoOTopas
HamnpaBJieHa, TPEeX/Ie BCETr0, HA YBEIMUEHUE JOIU BBI-
X012 TIOJIE3HBIX COSINHECHUI B MPOAYKTE U 00ECTIeUnT
MOJTy4Y€HHE BHICOKOUHCTOrO MaTepualia B OTHOM LIUKJIIE
mpolecca ¥ MojHyr 00paboTKy MCXOTHOTO ChIpbs. B-
TPEeTbUX, (PYHKIMOHUPOBAHHE HECKOJIBKUX OSKCIICPH-
MEHTANBHBIX YCTaHOBOK, PaOOTAIOIIMX B MapauIeib-
HOM pe&XHME, 4To TpeOyeT mepeobopyaoBaHHs dKCIie-
PUMEHTAJIBHOI'O CTCHAA U 3HAYUTCIIBHOTO PaCHIMPEHUA
UCIOJIb3yEMOI0 €MKOCTHOIO HAaKOIMUTENS 3Hepruu. B-
YeTBEPTHIX, OOeclevyeHne IUKINYECKOro (MHOTOUM-
MyJLCHOTO) PeKUMa PabOThI, YTO JOCTHKHMO B paM-
Kax JOINOJHUTEIbHBIX ITOMCKOBBIX HCCIIEOBaHUI U
MpU NPUMEHEHUH HOBAaTOPCKUX MHKEHEPHBIX pellle-
HUW. B-IATBHIX, yCKOpEHHE M YIPOLIEHHE IPOLIECCOB
MOJTOTOBKM M Pa300pKH KOHCTPYKIMH YCTaHOBKH H
cOopa MpoAyKTa, B TOM YMCIIE aBTOMAaTU3alUsl PyTHUH-
HBIX Omepanu.

3akyoyeHue

Ha ocHoBanuu IMOJIYYCHHBIX PE3YyJIbTATOB IIPOAC-
MOHCTPHPOBaHAa BO3MOXKHOCTb CHHTE3a HAHOJIUCIIEPC-
HBIX IPOAYKTOB, COAEPKALIUX CHIUIMUIBI MU, B BbI-
COKOCKOPOCTHOH CTpy€ 3JIEKTPOpa3psJHON IJIa3MBl.
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ITo pe3ynpraraM CKaHUPYIOUIEH JIEKTPOHHOW MHKpPO-
CKomMU OOHApY)KEHO, YTO TIOJYYCHHBIH MaTepuan B
OCHOBHOM COCTOUT W3 CHJIBHO ariioMepHUpOBaHHBIX
HaHo4YacThll. VccrmemoBaHusi METOAaMH IPOCBEUMBA-
JOIEH 3JIEKTPOHHONM MHKPOCKOIMH W PEHTTE€HOBCKOM
TU(PPAKTOMETPUH TOKA3aJId, YTO MPOJYKT COJEPIKUT
HECKOJIbKO KPUCTATHYECKUX (a3: Meb ¢ KyOnueckoi
cuHronuei u cumuuuasl Mmeau CusSi u Cu;Si ¢ rekca-

TOHANBbHOM CHHTOHHWEH, a Takke rpadut. Pa3zmepsl
KpUCTaJUIUTOB, CyJAs IO J@HHBIM IPOCBEYMBAIOIIEH
3JIEKTPOHHOW MHKPOCKOMHWH, He mpeBbmaroT 100 M.
XapakTepHOH OCOOEHHOCTBIO IMPOAEMOHCTPUPOBAH-
HBIX JIU(PAKTOTpaMM SIBISIETCS YIIMPEHHE TIIABHBIX
MaKCUMYMOB HMHTEHCUBHOCTEH, YTO CBHIETEILCTBYET
0 BBICOKOH JHUCIEPCHOCTH MPOIYKTA.
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JHepreTHYEeCKHii MOTEeHIUA/I HCI0/Ib30BaHHs 6GMOMAaCChl PACTUTEJIbHOTO
U ’)KMBOTHOT'O MPOMCX0XKAeHUS MPUMEHUTEbHO
K MIPOoILeccy ee TEPMUYECKOii mepepa6oTKH

A.B. Actadpnesl, K.T. U6paeBal™, U.[. IumuTrprok!2, E.A. Ap6ysoBal

ITromeHckull 20cydapcmeenHblil yHugepcumem, Poccus, e. TromeHb
2HayuoHanbHblll uccaedosamensckuili Tomckull noaumexHuveckull ynusepcumem, Poccus, 2. Tomck

*k.ibraeva@utmn.ru

AnHoOTanua. AKmyasHocmb Uccief0BaHUsl ONpejeseTcss Heo6X0AUMOCTbI0 3P PeKTUBHON yTUIMU3ALUU OTXOJ0B GHO-
Macchbl, 06pa3yoUXCca B 3HAUUTEJbHOM KOJIMYECTBe B Pa3/IMYHBIX OTPAC/ISAX NPOMBIIJIEHHOCTH. [lepclieKTUBHBIM CIOCO-
60M nepepaboTKH 6GMOMACCHI IBJISIETCS MUPOJIU3, KOTOPBIN CONPOBOXKJAETCs IK30TePMUYECKUMHU peakUsaMU. Ifes1s: oneHka
BO3MOXXHOCTH NOKPBITHS TeIJIOBBIX 3aTpaT MUPOJM3a GMOMacChl pPaCTUTEJBHOIO U XKUBOTHOI'O NMPOUCXOXKAEHHUSA 3a CYeT
TeNJIOBbI/leJIeHUsl B Npoliecce passoxeHusA. Memodsl TensoTexHWYecKHe XapaKTePUCTHKU OHOMAcChl OnpejiesieHbl COo-
[JIaCHO aTTeCTOBAHHBIM MeTOAUKaM. TepMUYeCcKUH aHa/M3 UCCIelyeMOoro Cbipbs MpOBeJeH Ha CHHXPOHHOM TepMOaHalu-
3atope Netzsch STA 449 F5 Jupiter ¢ nHTerpupoBaHHBIM aHanu3aTopoM ra3oB QMS 403 Aeolos; KoJIMYeCTBEHHBIN BBIXO[,
NPOJAYKTOB nuposu3a onpegeseH corsacHo 'OCT 3168-93, cocTaB 06pa3yoouiuxcsi ra30B yCTAaHOBJIEH C KCIIOJIb30BaHHEM
razoaHanusaropa TECT-1 (BOH3P, Poccus). Pe3ysasmamul u 8b1800bl1. [10 pe3ynbTaTaM TepMHUYECKOr0 aHA/IM3a YCTAaHOB-
JIEHO, YTO MUPOJIM3 GHOMACChl paCTUTENbHOIO (CKOpJIyIa KeJpOBBIX OPEX0B) U XKMBOTHOIO (HaBO3 KPYIHOI'0 POraToro CKo-
Ta) MPOUCXOXKAEHHUS CONPOBOXKAAETCA IK30TEPMUYECKUMHU PeaKLUAMH, CBA3aHHBIMU C pa3/IoKeHHeM OpraHUYecKoH 4yacTu
CbIpbd, B TeMnepaTypHoM uHTepBase 240-700 °C. BeinuvHa TensoBble/IeHUs 3K30TepMUYECKUX peaKLMi NPU JeCTpyK-
[[MH CKOPJIYIIbI KeJAPOBBIX OpexoB cocTasJisieT 1,39 M/x/Kr, aHaJIOrH4HOe 3HaUYeHNe PH Pa3/ioKeHUH HaB03a COCTaBJISET
0,31 M/Ix/xr. /laHHO€e KOJIMYeCTBO TEIJIOTHI I03BOJISIET NMOJTHOCTHIO NOKPBITh TEIJIOBbIE 3aTPaThl MUPOJUTHIECKON Iepe-
paboOTKH CKOPJIYIBI KEAPOBBIX OPEXOB, 0JIs1 MOKPLITHUS TEIVIOBBIX 3aTpaT [MPOJIM3a HaBO3a KPYITHOT0 POraToro CKOTa co-
craBssgeT ~30 %. /IOMOJHUTENBbHBIM UCTOYHHUKOM TEIJIOTHI SBJSIOTCS Ta3000pa3Hble MPOAYKThI MUPOJIN3a, 06J1a/Jat0Iue
3HepreTUYeCKUM MOTeHIMaI0oM, paBHbIM 3,28 u 1,58 M/I>k TemoBoi sHepruu Ha 1 Kr nepepabaTbIBaeMON CKOPJIYIbI KeJl-
POBBIX OPEX0OB M HaB03a KPYITHOT'0 POraToro CKOTa COOTBETCTBEHHO.

KmodyeBble cioBa: 6MoMacca, TepMUyecKass epepaboTKa, IHepreTHUYECKUHM NOoTeHIMal, TenaoBble 3¢GeKThl NMUPOJIN3a,
3K30TepMHUYECKHe peaKIuu

BiarogapHocTH: DKcllepuMeHTa/lbHasl YaCTh IPOBefieHa NpU noAjepxke Poccuiickoro HayyHoro ¢poHza, npoekT N2 23-79-
01296 (https://rscfru/project/23-79-01296/), ananuTrhyeckass 4acTb BbINOJHEHA Ha NMPUGOPHON 6a3e, NpHOOGpeTEHHOH B
pamkax ['oc3aganus (rpanTt Ne FEWZ-2024-0013).
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Energy potential of using plant and animal biomass
in relation to its thermal processing
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Abstract. Relevance. The need for effective utilization of biomass waste generated in significant quantities. Pyrolysis, ac-
companied by exothermic reactions, is a promising way of biomass processing. Aim. Assessment of the possibility of covering
the thermal costs of plant and animal biomass pyrolysis due to heat release during decomposition. Methods. Proximate and
ultimate analysis of biomass are determined according to certified methods. Thermal analysis of the studied raw materials
was carried out on a Netzsch STA 449 F5 Jupiter synchronous thermal analyzer with an integrated gas analyzer QMS 403
Aeolos; quantitative yield of pyrolysis products was determined according to SS 3168-93, gas composition was established
using the gas analyzer TEST-1 (BOH3P, Russia). Results and conclusions. According to the results of thermal analysis, it was
found that pyrolysis of plant (pine nut shells) and animal (cattle manure) biomass is accompanied by exothermic reactions
associated with the organic part decomposition in the temperature range 240-700°C. The value of heat release of exothermic
reactions during pine nut shell destruction is 1.39 M]/kg, a similar value during manure decomposition is 0.31 M]/kg. This
amount of heat allows you to fully cover the thermal costs of pine nut shell pyrolytic processing, the share of covering the
thermal costs of manure pyrolysis is ~30%. An additional source of heat is pyrolysis gaseous products with energy potential
equal to 3.28 and 1.58 M] of thermal energy per 1 kg of processed pine nut shells and manure, respectively.

Keywords: biomass, thermal processing, energy potential, pyrolysis thermal effects, exothermic reactions
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BBeaeHue [6]. K ToMy >ke mpu OHOIIOTHYECKOM Pa3JI0KEHUU Opra-
OJHO M3 OCHOBHBIX NPOOJIEM PHEPreTHKH SABIIAET-  HUYECKUX BEIIECTB GMOMACCHI MPOUCXOIUT BBIICIECHHE
Csl yCWJICHHE aHTPOIIOT€HHOTO BO3JICHCTBHUS HAa KIIMMAaT B aTMOC(epy TOKCHYHBIX COEIMHEHMH M MapHHKOBBIX
IUIAHETBL, B TOM 4YHUCIIE YBEIMYCHHME KOHIIGHTPAUMU  Ta3oB. Kak mpaBuiio, MpH €CTECTBEHHOM DPa3JIOKEeHUH
MApHUKOBBIX Ta30B B arMocdepe, CBSI3aHHOE C JIOObI-  GHOMACCHI BBIACISETCS 3HAYUTEIHLHOE KOJIMYECTBO Me-
4eld, TPaHCHOPTUPOBKOHN H MEepepabdOTKON TPaJUIMOH-  TaHa, BEIOPOCHI KOTOPOTO OKa3bIBAIOT BIIMSHHE HA TJIO-
HBIX UCKOMaeMbIX TOmuB [1-3]. B c¢Bs3u ¢ 3TuM B o-  OanbHoe moTeruicHue B 21 pa3 cuiibHEe, 4eM BBIOPOCHI
CllefIHUE TOfAbl HAOIIONAeTCs pa3BUTHE ueTBEPTOro  yruekucnoro rasa [7]. Ilo orenkam skcrepToB [8] Ha
JHEpronepexoja B MUPOBOM MCTOPUM U yBEIWYeHUE Tepputopuu Poccuiickoit demepanuu eXeroaHo Ipo-
JIOJIA BO30OHOBJISIEMBIX MCTOYHHKOB DHEPrUM B TON-  AyHUPYETCs 40 15 Mipa T 6HOMAcCEHl, U3 KOTOPBIX OKO-
JMBHO-3HEpreTHYeckoM Oanance [4, 5]. 10 10 % mosxeT OBbITh 3a1€HICTBOBAHO ISl HYXK]I JHEpre-
OmauM w3 Haubosiee 3(PQEKTUBHBIX MOAXOAOB K  THKH. IIpH 3TOM JOJIS MOJIE3HOTO MCIOJIB30BAHMS e¢ He
CMATYCHHUIO TTAPHUKOBOTO 3(h(eKTa SBIACTCS UCIONB30-  MPEBBIAET OJHOM TPETH, a OTCYTCTBHE yTHIHsALMH
BaHME JUI MPOW3BOJCTBA TEIUIO- W JIIEKTPOIHEPTHUHM  MPHUBOIUT K 00paszoBanuio 6osee 30 Mipa M° MeTaHa.
JOCTYIHOM, MecTHOH BO300HOBIsIeMOil Onomacchl. O6- [ToMEMO SKOIOTUYECKOH COCTaBIISIONICH, BHEApE-
men3BecTHO, 4ro  Omomacca  sBugercst COp-  HHe TEXHOJOTHWi Mo mepepaboTke GHOMACCHI AKTyallb-
HEUTpaIbHBIM BO30OHOBIISIEMBIM HCTOYHMKOM 3HEPTUM,  HO C TOYKH 3PEHHS BOIPOCA DHEPreTUIECKOM Ge3ormac-
MIOTOMY YTO KOJIMYECTBO YIJIEPOJA, KOTOPOE OHA MO’KET ~ HOCTH PETHOHOB, HE O0JaJalolINX CHIPhEBOH 0a30i.
BBICBOOOJUTE TIPHU CXKHTAHUM, SKBHUBAJICHTHO KOJMYE-  3a4acTyr0 MeCTa HaKOILICHHS OTXOIO0B OMOMAacCHI pac-
CTBY, KOTOPOE OHa ITOTJIONIAET B Iponecce (POTOCHHTE3a  MOJIOKEHBI B HEMOCPEACTBEHHON OJNIU30CTH OT Hace-
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JICHHBIX IYHKTOB C JCIEHTPATU30BaHHBIM YHEPro-
cHaoxenneM. COOTBETCTBEHHO, MCITOIL30BAaHHE OHO-
PECYPCOB ISk BEIPAOOTKH SHEPTUU TIO3BOJIHUT JOOUTHCS
ABTOHOMHOCTH JHEPTeTHUECKUX CHCTEM HAa MECTHOM
YpOBHE B CBSI3U C OTCYTCTBHEM 3aBHUCHMOCTH OT TIO-
CTaBOK TPAJUIINOHHBIX TOIUIUB.

3HAYHUTENBPHOE KOJNMYECTBO OTXOJOB OHOMAcCHI
(HampuMep, CKOpIYyNbI pasiUdHBIX opexoB) [9, 10]
HaKaIlUIMBAETCSl B XOJE€ JCSTCIBHOCTH arpOIpPOMBIIII-
nerHoro komiiekca. CoryacHo [11] va nomo P® npu-
xoautcsa okoio 80 % 3amacoB Cubupckoro keapa, 6ia-
rogapsi 4emy NMpOHU3BOJCTBO KEIPOBOTO OpEXa COCTAB-
nstet 10-12 Mo T exxeronno. [Ipu aTom monst ckopiy-
bl OT 001el Macchl cocrapisieT 50—60 % [12], Bcnen-
CTBHE Yero MPOUCXOJUT HaKOIJIeHHe OONMbIIMX 00Be-
MOB JIaHHOTO BH/a OTXOZOB, IPH OTCYTCTBHU YTHIJIH-
3alUM KOTOPBIX MPOHCXOAUT Pa3JIOKECHUE B TCUCHUE
HeckoNbKuX JIeT [13], compoBokaaromieecs: BHIOpocoM
MIAPHUKOBEIX Ta30B B aTMOChepy.

[loMrMO BTOPHYHBIX PECYpcOB OHOMAcCHl pacTH-
TEJNBHOTO MPOUCXOXKICHHUA OOJBIIOE KOIUYECTBO OT-
X0Z0B o0OpasyeTcs B CEKTOpe >KHBOTHOBOACTBa. Co-
rimacHo cratuctuke [14] pacuérHas macca €XeroJaHoro
00pa3oBaHus HABO3a KPYIHOT'O POraToro CKOTa AOCTHU-
raetr 372 MiH T. B cBs3u ¢ TeéM, UTO €ro TPaHCIOPTH-
POBKa Ha JalbHUE PACCTOSHUS SIBISCTCS SKOHOMHYE-
CKH HewenecooOpasHoii [15], KMBOTHOBOAYECKHE
MIPENPUATHS 3a4aCTyI0 BHOCIT HaBO3 B OJIM3JIekKAaIne
MaxoTHBIE TONA. JloNrocpoyHoe TpOBEAEHHE TaKUX
MEpOIPHUATHI MaryOHO CKa3bIBACTCS HA MOYBE M BBI-
palMBaeMbIX KyJIbTYpax B CBSI3H C COJICPXKaHUEM B
0TXO/IaX KM3HEAEATENHFHOCTH Pa3HOOOPA3HBIX XHMH-
YEeCKHUX BEIIECTB, BKIIIOYas TsHKENble MeTalbl [16].

CrepxxuBaromiuM (HakTOpoM IIUPOKOTO HCIONB30-
BaHUS OMOMAacChl B DJHEPIeTUKE «TPAIUIIMOHHBIMIDY
METOJaMH SIBJSIFOTCSL €€ CBOMCTBA, TaKUEe KaK HU3Kas
HACBIMTHAS MJIOTHOCTh, BBICOKAs BIIAXKHOCTb, HEOJHO-
POIHOCTH COCTaBa, BRICOKAS IUIAKYIOIIAst CHOCOOHOCTh
JUTSL HEKOTOPBIX BUIOB U ap. [17-19]. B cBs3u ¢ stum
AKTUBHO BEJIETCS MOUCK TEXHOJOTH Mo nepepaboTke
o6uomaccel ¢ 1enbio yBenuueHus: K1/ ucrons3oBanus
3aJI0)KEHHOH B HEe SHEPTrUH W IOBBIMICHHS IONH BO-
BJICUCHHUS B JHEPreTHUYECcKyr oTpacib. Kpome Toro,
3¢ eKTHBHAS YTHIM3aIUs BTOPUIHBIX PecypcoB Omo-
MaccChl IMO3BOJIUT CHU3UTH SKOJOTHYECCKYIO HATPY3Ky
Ha OKPYXXAIOUIYI0 CPely H TMPEIOTBPATHTH 3arps3He-
HHUE T0YB, BOJHOTO M BO3AYIIHOro OacceitHOB. OHUM
U3 TEPCIEKTHBHBIX W MIMPOKO pPacCMaTPHBAEMBIX B
auTeparype crnocoboB mnepepaboTku OuoMacchl SIBIIS-
etcs nuposus [20-22]. [Tuponutuyeckas nepepaboTka
o0ajaeT psAaoM MPEUMYIIECTB Tiepea IPYyTUMH METO-
JaM{d TEPMHUYCCKOH KOHBEPCHH, OCHOBHBIM W3 KOTO-
PBIX SBJISETCS TO, YTO BCE IOIYy4acMbIe MPOIYKTHI
(TBepable, KHUIKAE W Ta3000pa3Hbie) MOTYT OBITH HC-
MOJIb30BaHBI B DHEPTETUKE WM IPYTUX OTPACIIX IPO-
MblieHHOCTH [23-25].
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BaxxHpIM MpenMyIIecTBOM MUPOJIUTHYECKON Tepe-
paboTKH OMOMACCHI SIBJISCTCA HAJIUYUE 3K30TepMHUE-
CKHX peaknWi TpU pas3loKeHWHu Coipbs [26, 27].
Hamnbonee u3y4eHHBIM BHIOOM OHOMACCHI SBISETCS
JIpeBECHAsl — BEJIMUMHA TETIOBBIACTICHHUS TPU MHPOIH-
3¢ JpeBeCcHHbI, paBHas 1,2 MJX/Kr, moy4eHa MHOTH-
MU aBTOpamu B mpomrioMm Beke [28—31] m HaxomuT
MOJITBEP)KACHNE B COBPEMEHHBIX HCCIEIOBaHUAX [6].
CTOUT OTMETHTbH, YTO 3HAUYEHHE TEIJIOBOTO ¢ deKTa
BapbUpPYETCsl B 3aBHCUMOCTH OT MPOHCXOXKICHUS IIe-
pepabaTbiBaeMOro ChIpbsl, €r0 COCTaBa M HMCXOAHBIX
XapaKTEPUCTHK, B CBA3U C YeM JUIS KaKIOTO KOHKPET-
HOro BHWJa OHMOMAacchl TpeOyeTcs MPOBEIACHHUE HCCIIe-
noBaHuU. B mutepaType BcTpedaroTcs padoThl, IOCBS-
IICHHbIC HM3YYCHHIO TEIUIOBBIX A(P(PEKTOB MHPOJIH3a
OTICTBHBIX BHIOB CHIphs. Hampmmep, mcciemoBanne
[32] nHampaBieHO Ha W3YyYCHHE 3aBUCUMOCTH MEXKIY
BIIQXKHOCTBIO CKOPIYINbl (yHAyKa W TEMJIOTOW SK30-
TEpMHUYECKUX pEAKLIUU Ipolecca ee nuponusa. B pa-
6ote [33] mosydeHsl ypaBHEHUs, OMHMCHIBAIOIINE TEIl-
noBo# 3¢ ekt pasinoxkeHus crediiell KyKypy3bsl U pH-
COBOH COJIOMBI B 3aBUCHMOCTH OT CTEIICHH KOHBEPCUHU
OMOMacchl.

B cBsi3u ¢ 3THM aKTyaJdbHOW 3amayeil sBisieTCs
HEO00XOJAMMOCTh PACCMOTPCHUS BIUSHUSI BUIA IPOUC-
XOXJICHUST OMOMAacChl Ha 3aJI0KCHHBIA B He€ SHEPreTH-
YeCKUI MOTeHIIMAT U BO3MOXKHOCTH TOKPBITHS 3aTpaT
mporecca MUPOJN3a 3a CYET WCIOJIh30BAHUS BBIJCIIS-
IOIIeHCs TPH pPa3iIoKEHHH TEIUIOTHI, YTO IMO3BOJHUT
MOBBICUTH A(PPEKTUBHOCTDH TEXHOIOTHH.

MeToauKa uccaeA0BaHUS
0O6sexkm uccaedosaHust

OOBEKTOM HUCCIIENOBAHUS ABJISAIOTCA JBa BUIa OHO-
PECYPCOB PA3JIMYHOTO TPOMCXOXKICHUS — CKOpIyIia
kenpoBoro opexa (CKO), oTHocsmAasCcs K pacTUTEINb-
HOW OWoMacce, ¥ HAaBO3 KPYIHOTO POTaTroro CKOTa,
XapaKTepU3YIONIMKUCA Kak OMoMacca YXUBOTHOTO IMPO-
HCXOKICHUS ¥ SBJISIONIUICS TPOIYKTOM, MPOIIEIIAM
CTaUIO MUIECBAPUTENbHON (hepMEHTALIUH.

Hccnenyemoe ChIphe BBIICPKAHO JO BO3MYIIHO-
CYXOro COCTOSIHUSI B JJaOOPATOPHBIX YCIIOBHAX COTJIACHO
I'OCT P 52911-2013 u mpoaHaIM3UPOBAaHO COTIACHO
CJICYIOIM METOJIMKaM, YTBEP)KICHHBIM COOTBETCTBY-
FOIIMMH TOCYAapPCTBEHHBIMH CTAHIAPTAMHU: 30JbHOCTh —
mo 'OCT P 56881-2016, snaxxnocts — mo I'OCT P
33503-2015, BeIxonm sieryunx BemiectB — o ['OCT P
55660-2013. TemnoTa cropanusi onpejeicHa Ha 60M00-
BoMm kajopumerpe ABK-1 (POT, Poccus) cormacHo
I'OCT 147-2013, anemenTnsiii coctaB (C, H, N, S) — Ha
aHaym3atope Vario Micro Cube (Elementar, ['epmanus).

PenmeeHoscKkue Memodsl usydeHus
MUHepaabHOIl Yyacmu

CozepxaHue Makpo- ¥ MHKPODJIEMEHTOB B OHO-
Macce ONpeesUld IpU NOMOILU 3HEPTrOAUCIEPCUOH-
HOTro peHTreHodIyopeceHTHOro crnekrpomerpa EDX-
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720-p (Shimadzu, flmonHwus) cormacHoO METOAMKE, MO-
OpoOHO m3noxeHHOH B [34]. CTpyKTypy pasnudHBIX
BHIOB OMOMACCHl HM3YyYald METOIOM CKaHHPYIOIICH
AIIEKTPOHHOW MHKPOCKOIIHU C HCIONB30BAaHUEM MUK-
pockonia TESCAN Vega 3 SBU (TESCAN, Yexus).
Jns aHanm3a WCHONB30BAM TPEIBAPUTEIHHO BBICY-
HICHHBIE 00pa3ibl OHOMACCHI, KOTOPBIE IPUKPETUISUIIN K
JIBYCTOPOHHEH YTJIEpOAHOW JIEHTE W HCCIEJOBaIN B
JBYX OCHOBHBIX PEKMMaX: HU3KOBAKYYMHBIM BTOpHY-
ueiii merekrop Tescan (low vacuum secondary Tescan
detector — LVSTD) u 3JeKTpOHBI 0OpaTHOTO paccesi-
uus (back scattered electrons — BSE).

AHaiumuyeckoe uccaedogaHue
mepmuy4eckoii nepepaéomku

TepMudecknil aHANIN3 OCYMIECTBIILIA C TOMOIIBIO
CHHXpOHHOro TepmoaHnanusatopa Netzsch STA 449 F5
Jupiter ¢ WHTETpHPOBAaHHBEIM MacC-CIIEKTPOMETPOM
QMS 403 Aecolos. [Ing aHamu3a HCIOIB30BAIA 00pa-
3e1] OHOMaccChl, JOBEAECHHOH 10 BO3AYIIHO-CYXOTO CO-
CTOSIHHSI, MAacCoil 5 Mr, KOTOpBIA paBHOMEPHO pacrpe-
JeIsUTd TI0 JHY KOpyHIoBoro turis. Jlajee cucremy
JIETa3UPOBAJIH U JIBAX/Ibl 3aTIOJIHSITH apTOHOM C LIEJIbIO
CO3/IaHUSl MHEPTHOU aTMOoc(hepbl U UCKITFOUCHUS BIUS-
HUS OKUCIUTEIBHBIX PEaKnuil Ha pe3ylbTaThl HCCIe-
JNOBaHHSA. JKCIEPUMEHT IPOBOJIMIN CIEAYIOINM 00-
pazom: oOpazern mocTenmeHHO HarpeBaiu ot 30 10
700 °C co ckopocthio 10 °C/MHH B cpene aproHa co
ckopocThio motoka 50 mu/muH. [a3000pasHbie mpo-
OYKTBl JECTPYKIMH, BBIJCNSAIONIMECS U3 o0pasla,
HETPEPBIBHO TPAHCIOPTUPOBAIUCE MO TpaHC(HEpHOH
JUHAHU, 00orpeBaeMol m0 TemmepaTypel 235 °C mis

| Mamepuansren dananc |

MPEIOTBPAIICHUS X KOHACHCAIMH, K KBaJAPYIOIbHO-
MY Macc-CIeKTpoMeTpy. JIeTEeKTHPOBAHUE TPOBOIMIN
i crepyromux Macce-criektpos: 2 (Hp), 16 (CHy),
18 (H;0), 28 (CO) u 44 (COy).

dusuveckuii IkcnepumeHm -
mepmuyeckas nepepa6omka

OmnpeneneHre KOJHYSCTBEHHOTO BBIXOJa MPOIYK-
TOB MHUPOJH3a HCCIEIYEMOIO CHIPhS OCYIIECTBILSLIN
cornacHo pexomeHganusmM ['OCT 3168-93 Ha wusro-
TOBJICHHOM JlabopatopHoM cteHzae (puc. 1, a). Ilepen
MPOBENICHHEM JKCHEPHUMEHTa CBHIpbe H3MENbUaId B
naboparopHoit menpHHLe VLM-25 (Bmurek, Poccust)
n TIpoCCUBalin Ha BI/I6paHI/IOHHOM CUTOBOM TI'POXOTE
Analysette 3 SPARTAN (Fritsch, I'epmanus) ¢ menbio
otnenenus ¢pakuuu 0,2—1,0 MM, ociie Yero onpeje-
JSUTH BIIAKHOCTh HA aHAU3aTOPE BIAKHOCTH DJIBH3-
2C (Omm3a, Poccus). HaBecky maccoii 20 T U3 moaro-
TOBJICHHOTO CBIPBS 3arpy’Kallil B peakTop (2), KOTOphIi
HarpeBanu a0 600 °C co ckopocteio 10 °C/muH. B
IIpoIIecCce HarpeBa ChIphe pas3iiaraioch ¢ 00pa3oBaHUEM
JETy9uX TPOAYKTOB (TIAPOB CMOJBI M HMHPOTCHETHYE-
CKOW BOJIBI, TUPOJIM3HOTO ra3a), MOCTYMAIOIIUX B KOJI-
Oy-npuemHuK (6). [To OKOHYaHHMH KCIIEPUMEHTA yCTa-
HOBKY OXJIQKAAJIH IO KOMHATHOU TeMIIepaTypsl, TIOCIe
9ero MOJIYYEeHHBIC TPOIYKTHI B3BSIINBAIH H COCTABIIS-
JIM MaTEePHAIBHBIN OalaHC THPOIH3a.

Ou3ndecknii KCIIEPUMEHT 0 yCTAaHOBICHHIO CO-
cTaBa 00pa3ylollerocs rasza IPOBOJWIM HAa JIOOCHA-
1eHHOM JtlabopatopHoM crenje (puc. 1, 6).

(Onpedenenve cocmaba zasa|

4 Zz

8 -
Oméod ok | F ;

[Typonusmsii 2a3

[Todaqa Bodb!

9 \10 \ 77 8 anmocgepy

Puc. 1.

JlabopamopHblll cmeHO 051 onpedejeHus Mamepua/nabHO20 6aaaHca

nupo/ausa u yYcmaHosJ/ieHUsA cocmaea

nupoausHozo 2asa: 1 - uccaedyemoe cwvipve; 2 - peakmop; 3 - s1abopamopHulll asmompaHcHopmamop;
4 - 8bICOKOMOYHbIU MHO20KAHAALHYBIU UsMepumens memnepamyp TM 5104 (3aemep, Poccusi); 5 - mepmonapa XA;
6 — Ko.16a-npueMHUK 0151 1lemy4ux npodyKkmos nupoausa; 7 — pe3epgyap ¢ 800oll 0415 oxaaxcoeHusi; 8 — NpomouHbill
X0400unbHUK; 9 — purbmp co cmekasiHHbIMU mpy6kamu; 10 - eammwlii pusemp; 11 - guabmp u3z ggmoponaacma;

12 - 2azoananusamop TECT-1 (FOH3P, Poccusi)
Fig. 1.

Laboratory stand for determining the pyrolysis material balance and the gas composition: 1 - raw material; 2 - reac-

tor; 3 - laboratory autotransformer; 4 - high-precision multichannel temperature recorder TM 5104 (Elemer, Russia);
5 - Cr-Al thermocouple; 6 - receiver flask for volatile pyrolysis products; 7 - water tank for cooling; 8 - flow refrigera-
tor; 9 - filter with glass tubes; 10 - cotton filter; 11 - fluoroplastic filter; 12 - gas analyzer TEST-1 (BONER, Russia)
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[Muponu3HeIi Ta3 MPOXOIII Yepe3 CUCTEMY OXJia-
xaeHus (8—11), mocne 4yero mocTyman Ha BXOJ Ta3o-
aHamu3atopa (12), ¢ momMompo KOToporo (GpUKCHpoBa-
JM  KOHIIEHTPAl[Md OCHOBHBIX KOMIOHEHTOB (CHy,
CO,, CO, Hy) B ero cocrase. Temnocoaepxanue ra3o-
00pa3HBIX IPOMYKTOB (B Mepecyere Ha 1 KT uccliemye-
MOT'O CBIPbs1) OIPEAEIISUIH 1Mo (hopMyIIe:

Q= (%) ' (CleQOl) / Prazas MK/, 1)

rae W,,;, — KOJNMYECTBEHHBIH BBIXOA Ia3000pa3HBIX
MPOJIYKTOB MPU MHPOJIU3E HCCIELYEMOro ChIpbs, %
C; — cpenHsis KOHLEHTpALUs TOPHOYEro KOMIIOHEHTa
(CH4, CO, H,) B cocraBe ra3000pa3HbIX MPOLYKTOB,
%; Q; — TemJIoTa CropaHus ropro4Yero KOMIIOHEHTa
(CH4, CO, Hy) B cocraBe ra3000pa3HbIX MPOJYKTOB,
MJUK/M®, Prasa — IUIOTHOCTH Ta3006pasHBIX MPOLYK-
TOB, KI/M".

06cyxaeHMe pe3yIbTaTOB
Xapakmepucmuku uccs1edyemozo coipbs

ITo pesynbTaTam ompeneneHHUs TETUIOTEXHHYECKUX
XapakTepucTuK (Taba. 1) ciemyer OTMETHTb, YTO JIJIS
paccMaTpuBaeMbIX BHJOB OMOMAcChl XapaKTepeH BhI-
COKHIA BBIXOJI JIETY4YHX BemiecTB (>75 %) B oTIu4ne OT
TBEPIBIX MCKomaeMbIX TormmB (5,0-41,5 %) [35]. OT0
CBUJIETENBCTBYET O BBHICOKOM PEaKIIMOHHOHN CIIOCOOHO-
CTH OpraHMYecKoro BemecTBa W 3()(HEKTUBHOCTH Tie-
pepaboTK OHOMAcChl TEPMUYECKIMH METOIAMU.

Ta6auya 1. TennomexHuyeckue Xxapakmepucmuku U 3Je-
MEeHMHbLU cocmas ucca1e0yemozo Cbipbs

Table 1. Proximate and ultimate analysis of raw materi-
als
XapakTepuctuka/Parameter CKO Hasos
P P Pine nut shell | Manure
BaiaxkHoctb/Moisture W4, % 7,2 9,0
30JIbHOCTB Ha CyXy10 M.acq; 0,7 15,6
Ash content on dry basis A%, %
BbIx0/[] IeTy4HX BEIECTB
Volatile matter yield V%, % 765 752
Huswas Tensiora cropanus Q7 , MJ/kg 18.0 149
Low calorific value Qf, M/Lx/Kkr ! !
J1eMeHTHbBIN COCTAB Ha CYXYI0 Maccy
1t ig O
E‘ldemental composition on dry basis, % 52,31 45,05
1 5,84 4,98
Nd 0,32 2,27
Sa cnepbl/traces 0,19
04 40,83 31,91

I'maBHOW OTIMYNTENBHON OCOOEHHOCTBIO MEXKIY
paccMaTpuBaeMBIMH BUIAMH OHOMACCHI SIBISICTCS 3HA-
yerne 30ibHOCTU: CKO OTHOCHTCS K HHM3KO30JbHBIM
BuaM 6roMacchl (A4=0,7 %, 9TO 3HAYNTENBHO HIKE
CpeJHero 3Ha4yeHWs W3 Juana3oHa JJs PacTUTENbHOU
o6uomaccsl (5,4 %)) [17]). B coBokymHOCTH ¢ BEICOKUM
comepxanueM yriepona (52,31 %) u Bomopona
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(5,84 %) 3TO TIPUBOAUT K BHICOKOMY 3HAYCHHUIO TEILIO-
THI cropanus, pasHoMmy 18,0 MJDx/kr. HaBo3, sBisro-
uiAcss OMoMaccoil JKUBOTHOTO MPOUCXOXKJICHHS, B OT-
JIYUE OT PACTUTEIBHON OMOMacchl 00M1aaeT BEICOKOU
3051bHOCTBIO (15,6 %), 4TO SBISETCS CPEeIHUM 3Hade-
HUEM W3 JTMarna3oHa JUIs pa3jIndHbIX THIIOB HaBo3a [36],
3a CUET Yero ero TerioTa cropanust ke, ueM y CKO,
u cocrasisieT 14,9 MJlx/kr. B coctaBe CKO npakTuye-
CKH OTCYTCTBYET cepa, COJICp>KaHKe Cepbl B HABO3E HH-
JKe 10 CPaBHEHHIO C IPYTHMH BUAaMH HaBO32 KPYITHOTO
poratoro ckota [37] u cocrasimser 0,19 %.

[TomuMo cocTaBa OpraHMYECKOM COCTaBIIAIOIIEH
HCCIIEyeMOT0 CBHIPbsI BaYKHBIM (DaKTOM IPH TepMUUe-
CKOHl mepepaboTKe SIBIIAETCS paclpeiesieHHe KOMIIO-
HEHTOB B MUHEPAJIbHON YaCTH U CTPYKTypa OHOMACCHI.
MakpocTpyKTypa HCCIeoyeMOTO CHIPhS IIPENCTaBICHA
Ha pUC. 2, U3 KOTOPOTO CIIEAYET OTMETHTH, YTO CTPYK-
Typa CKO sBnsercs Oonee OZHOPOJHOM MO CpaBHe-
HUIO C HABO30M, CTPYKTypa KOTOPOTO OTIMYAETCS Xao-
TUYHBIM pacIpelelICHHEM Pa3HOPOJHBIX HEOpPTraHWYe-
ckux yactull [38]. OTMeueHbl pa3inuyus B COCTaBe MHU-
HEpaJIbHON YacTH HCCIIEAYyEeMBIX 00pasioB (puc. 2): B
cocraBe pactutenbHol 6momaccel (CKO) mpeoGmana-
10T IIEJIOYHBIE METaJUTbl, TaKUe KaK HAaTpUH U KaJuH,
KOTOPBIE SIBJISIFOTCS OJJHAMH W3 KJIFOUEBBIX IMHTATENb-
HBIX BEIIECTB, HEOOXOMUMBIX I POCTA PACTCHHH; B
0romMacce JKMBOTHOTO TPOMCXOXAECHUS OTMEUYEHO
HAJIMYME MICTOYHO3EMEIbHBIX METAJUIOB, TaKWX Kak
KanblUi U MarHui, a TaKKe KPEeMHUS.

Ckopayna Hagso3s
Puc. 2. C3M-u3obpasxceHusi ucciedyemozo Covlpbsi U codep-
JHAHUEe OCHOBHBIX 3/1eMEHMO8 8 MUHepa/abHOU 4a-
cmu
Fig. 2. SEM images of the studied raw materials and main

elements content in the mineral part

MamepuasibHblii 6a1aHC mepMuyveckoli nepepa6omku

CornacHo pe3ynbTaTaM MaTepHaIbHOTO OamaHca
OTMEYCHO, YTO BHE 3aBUCUMOCTH OT THIIA UCCIIETYEMO-
TO CBIPbsl MPEUMYIIECTBEHHBIH KOJIUYCCTBCHHBINH BbI-
XOJl Cpelr TMPOIYKTOB THPOIN3a XapaKTEePeH s yT-
JIEPOJUCTOTO OCTaTka W cocTaBisier okomo 40 %
(puc. 3). Hanee cienyer MUPOTU3HBIA Ta3, BBIACIIIO-
muiicss B 3HauuTeapHOM KoimuectBe (31,6-35,6 %).
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HauMeHnbmmii BBIXOJ HPUXOAUTCA HA CMONy — MpHU
nepepaborke CKO o cocraBnser 8,9 %, HaBo3a —
9,7 %.

a)

14.2%

0)
40.3% 38.8%
‘ 35.3%

8.9%

19.2%

31.6%

11.7%

I Viiepouctiit octatok, % [ Cvona, %
I [uporeneruueckas Boza, %o M TTuposusnbii ras, %

Puc. 3. Mamepuanavhbili 6aaavc nupoauza CKO (a) u
Haeo3a (6)

Fig. 3. Material balance of pine nut shell (a) and manure
(6) pyrolysis

Tepmuueckuii aHa1u3 u Macc-cnekmpomempus uc-
c/1e0yemMo20 CobIpbs

JluHaMuKa pasjoXKeHUs ChIpbi B XOJA€ HarpeBa U
COCTaB JIETyYUX MPOAYKTOB MUPOJIM3a 3aBUCHT KaK OT
COJIepKaHUsS KOMITOHGHTOB B OPTaHUYECKOH YacTH
OMOMACCHI, TaK U OT UX B3aMMOJICHCTBUS IPH TEPMU-
YecKoM pa3nokeHuH. OCHOBHBIMH KOMIIOHEHTaMH B
cOCTaBe OMOMACCHI SIBIISIOTCSI TEMHIEILIION03a, IIell-
101032 U JUrHuH. COrjlacHO MCCIIeOBAaHUAM APYTHX
astopoB [37, 39, 40] remuuemono3a ABISETCS
HalMEHEE CTOMKHM »BJIEMEHTOM II0 OTHOIICHUIO K
HarpeBy — aKTHUBHAas TOTEPS MAacChl MPOUCXOIHT JIO
300 °C. OcHoBHasg moTeps Macchl NpPU Pa3I0KEHUH
LIEJUTION03bI HaOmronaeTcs mpu Temmneparypax 260—400
°C, a TepMUYECKUH pacnaj JUCHUHA IIPOTEKaeT pas-
HOMEPHO B ITUPOKOM TeMIIepaTypHoM auana3zoHe 200—
540 °C (mo HexoTOopbIM AaHHBIM [41] — Bru1oTH 10 900
°C). MOXHO OTMETHTh HEKOTOpHIC PACXOXKICHUS B
COJIEpXKAHUM TIOJIMMEPOB B COCTAaBE MCCIELyEeMOM
O6uomaccel (Tab. 2), MpuMedaTeIbHO CX0XKee COOTHO-
menue remureiutono3sl B CKO 1 HaBo3e M HaMMEHD-
1I1€ KOHLEHTpPAlUN LEJJIF0JIO3bl U JIMTHUHA B HABO3€
(oxomo 10 %).

Ta6auya 2. KomnoHeHmHbIll cocmas 6UoMaccbl HA OCHOBA-
HUU 1umepamypHblx daHHblx [42, 43]

Table 2. Component biomass composition based on litera-
ture data [42, 43]
Femunenntonosa Llenntoso3a JIuruuH
buomacca . Lo
. Hemicellulose Cellulose Lignin
Biomass
%

CKO
Pine nut shell 25-30 25-30 30-40
Hapos 25 10 10
Manure
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OTnuuuTenbHOM OCOOCHHOCTBIO HABO3a BBUIY
MIPUPOJBI €r0 MPOUCXOXKICHUS SIBISETCA OOJee CI0X-
HBII COCTaB OPraHWYECKOW YacTH, KOTOpas MOMHMO
BBIIICTICPEIHUCICHHBIX KOMIIOHEHTOB BKIIFOUACT JKC-
TpakTuBHbIC BemecTsa [44]. [Ipu 3ToM OGOJBIIMHCTBO
OKCTPAKTHBHBIX COCJMHEHHUN SIBIIAIOTCS TEPMUYECKU
HECTAOMIBHBIMU — MAaKCUMaJbHAs MMOTEPST MAacChl TIPO-
ucxoaut npu Temneparype oxono 200 °C [45]. Kpome
TOTO, UX COZAEP’KaHHE B COCTaBE OMOMACCHI IPUBOIUT
K YBEJIIMYCHHUIO BBIXOJA MHPOTCHETHYCCKON BOABI TPU
nuponuse [46], 4TO MOATBEPKIACTCSA pe3ynbTaTaMu
MaTepHanbHOro OanaHca — BBIXOJ KUIKUX MPOTYKTOB
npu nepepaboTke HaBo3a Ha 4 % OoJbIIe aHAIIOTHIHO-
ro 3Hauenus a1 CKO (puc. 3).

CorymacHO pe3ynpTaTaM TEPMOTPABUMETPHUECKOTO
aHanmM3a U TUQQepeHITnaIbHON CKaHUPYIONIeH KaJopH-
merpuu (TI-JICK) uccnemyemoit 6uomaccsl (puc. 4, a;
5, @) HauaJ0 aKTHBHOTO PA3JIOXKEHHUS CBHIPbS IIPUXOUT-
cs Ha Temnepatypy 240 °C, He3HAUHTENbHOE YMEHBIIIe-
HHE MacChl JI0 3TOH TeMIIepaTyphl CBA3aHO C HCIAPEHH-
eM BHemHeid Bimard. [laHHbId (akT moaTBepKIaeTCs
YBEIMYECHHEM MHTCHCHBHOCTH MOHHOTO TOKA Ha Macc-
CIIEKTPaX, COOTBETCTBYIOIIMX MOJCKYISIPHONH Macce
BOJBI (puc. 4, 6; 5, 6), U SHIOTEPMUIECKUMHU «MUHUMY-
Mamu» Ha JICK-KpuBBIX B TeMIIEpaTypHOM HHTEpBalle
30-120 °C (puc. 4, a; 5, a). [locaexyromnias moreps Mac-
cBl B TeMnepatypHoM uHTtepBaie 120-240 °C cBs3aHa ¢
HaYaJbHOM CTaJvel pa3loKEeHUs HAUMEHEE CTOMKHX K
TEPMHIECKOMY HarpeBy KOMIIOHEHTOB B COCTaBE OHO-
Macchl — HalpuMmep, coryiacHo [47], AecTpyKuus Kcuia-
Ha HaunHaeTcs npu Temneparype 150 °C.

[Ipu marpese cBoimie 240 °C mpoTekaeT akTUBHAs
CTagusi NHUPONM3a OUOMAcChl, COMNPOBOXKAAIOLIASCS
00pa3oBaHUEM OCHOBHOTO KOJHMYECTBA JIETYYHX IIPO-
JIyKTOB ¥ 3aKkaHuuBaromasics mpu remmneparype 500 °C,
MOCJIE Yero MPOUCXOIUT HE3HAUUTENbHAs MOTEepsl Mac-
cel 10 okonuyanus Harpesa (700 °C). IIpu sTom pasio-
KCHUE CBHIPhSI COMPOBOXKIAETCS 3K30TEPMHUECKUMHU
pEeaKnusIMHE, 9TO MTOATBEPIKIACTCS «MaKCHMyMaMID Ha
JCK-kpussix. [Ipu paznoxenun CKO peakuuu ¢ BbI-
JICICHUEM TEIUIOTHI IIPOTEKAIOT B TEMIEPATypHBIX HH-
tepanax 240-375 u 450-700 °C (puc. 4, a), ans nu-
poaM3a HaBO3a AHAIOTMYHBIE 3HAYEHHS COCTABIISIOT
240-360 u 560—670 °C (puc. 5, a).

CTouT OTMETHTH, YTO TEPBBIM SK30TEPMUUECKHUI
«MaKCHMYyM» CONPOBOXKAAETCS aKTUBHBIM Pa3JI0KEHU-
€M CBIPbsl — CKOPOCTh IOTEpU Macchl cocTasiseT 0,34
n 0,26 % na 1 rpanyc xousepcun CKO u HaBo3a cooT-
BETCTBEHHO. J[aHHBII (aKT yKa3pIBaeT Ha pa3yioKeHHe
KCUJIaHa, LEJUTIONO03bI M TEeMHUIIEIUTION03bl B COCTaBE
Oouomaccel ¢ 00pa3oBaHHWEM OOJBIIOTO KOJMYECTBA
JETyYuX MPOAYKTOB, a TAKKe Ha MEPBYIO CTAIUIO pPa3-
noxxeHus nurauHa [48]. Ilpu sToM Tepmuueckas ne-
CTPYKIHS JAaHHBIX KOMIIOHEHTOB IPOTEKACT C BBIACIC-
HHEeM TerutoTel. Hampumep, oOpa3oBaHHe JICBOTIIIOKO-
3aHa, SIBJIAIOLIETOCS OCHOBHBIM KOMIIOHEHTOM IHPO-
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JIM3HOHI CMOJIBL, U3 LIEJIIIOJI03bI COMPOBOXKIACTCS 3HA-
YUTEJIBHBIM 3K30TCPMHUUCCKUM 3P (PEKTOM B MHTEpBAJIC
temnepatyp 320-350 °C [48]. B oOmieit ciiosxHOCTH
TEMIIEPaTyPHBI MHTEPBAJI MPOTEKAHUS YK30TepPMUIC-
CKUX PpEaKIMi pas3IOKCHUS LEIIIOJIO3bI MPUXOAUTCS
Ha 3HaueHust 270450 °C [49, 50]. OcHoBHast moTeps
Macchl MpPU JNECTPYKIMH KCHIAHA IPOUCXOIHUT 3K30-
TEPMHUYECKH Npu Temreparypax ot 220 mo 315 °C
[51], a nuk peakuuil pa3iaoXkeHUs JUTHUHA C BbLAEIIE-
HUEM TeIU1oThl npuxoautcs Ha 365 °C [41, 52].
CormacHo  pe3yibTaTaM  Macc-CHEKTPOMETPHUU
(puc. 4, 6-2; 5, 6—2) DK30TEPMHUECKUE PEAKIIUU [0
400 °C conpopoxmatorcs BeienaeaneM CO,, CO, CHy,
H,O u He3nauuTensHOro konudectsa Hy. B Temmepa-
typaoMm unHTepBaie 200400 °C mpoucxomur odpazo-
BaHHE MMUPOTCHETHYECKOH BOABI, CBA3aHHOE C Paslio-
JKEHHEM OpPraHHYECKOM YacTu ChIpbs (puc. 4, 0; 5, 0).
OO0pa3oBaHHe YITEKUCIIOTO Ta3a MPOHUCXOIUT B XOE
KpeKHHra ¥ pUGOPMHUHTA (QYHKIMOHAIHHBIX TPYIII

C=0 u COOH mpu pa3noxeHUH TeMHIICIUTFOIO3bI, a
CO — B xoxe kpekunra >¢upsbix (C—O-C) u xapbo-
HIIBHBIX Tpymn (C=0) mpu AeCTPYKIUU LEILTIOIO03HI
[40, 41], Taxxke 3HAunTEeNBHOE KOmmuecTBo CO, obpa-
3yeTcs IpH pa3inokeHuu kcuiana [51]. Beinenenue Hp
n CH4 IponcxomuT B X0Ie TEPMHUIECKOTO Ipeodpaszo-
Banwust urHuHa [41]. [Ipu 3TOM peaknuu MeTaHUPOBA-
HUSl OKCHJIOB yTiIepojia MPOTEKAT CO 3HAYUTEIbHBIM
BBIJICTICHUEM TEIUTOTHI [53]:

CO(r.)+3H(r.)=CHy(r.)+H,0(r.)+206 x/])/MOTD;
CO,(1.)+4H(r.)=CHy4(r.)+2H,0(r.)+180 k] IK/MOIb.

@akT mpoTekaHus TaHHBIX PEaKIWil IMOATBEpIKIa-
eTCs TeM, UTO Ha IOyYCHHBIX MACcCCIEKTPax JETYIHX
MPOIYKTOB MUPOJIN3a UCCIeTyeMol OHoMacchl MaKkcH-
MaJIbHOE BEIJICJICHIE METaHa M BOJBI IIPOUCXOIUT TIPH
temnepatype ~350 °C, cOOTBETCTBYIOLIEH IEpBOMY
9K30TEPMUYECKOMY «MaKCUMyMy» (puc. 4, 5).
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Puc. 4. Kpusvie TT, JCK u macc-cnekmpomempuu npu uccaedosanuu CKO: a) kpusvie mepmuueckozo aHaausa (TT" u [JCK);
6) daHHble macc-chekmpomempuu (18 a.e.m.); 8) daHHble macc-chekmpomempuu (28 u 44 a.e.m.); 2) daHHble macc-
cnekmpomempuu (2 u 16 a.e.m.)
Fig. 4. TG, DSC and mass spectrometry curves at study of pine nut shells: a) curves of thermal analysis (TG and DSC); 6) mass

spectrometry data (18 amu); 8) mass spectrometry data (28 and 44 amu); 2) mass spectrometry data (2 and 16 amu)
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Fig. 5. TG, DSC and mass spectrometry curves at study of manure: a) curves of thermal analysis (TG and DSC); 6) mass spec-

trometry data (18 amu); 8) mass spectrometry data (28 and 44 amu); 2) mass spectrometry data (2 and 16 amu)

B TemnepaTypHOM HHTEpBaJie BTOPOTO 3K30TEPMH-
Yyeckoro «MakcumyMay (450-500 °C npu mepepaboTke
CKO, 560-670 °C — HaBO3a) nmpaKkTHUECKH HE 00pasy-
€TCsl NIETYYMX MPOAYKTOB MUPOJIM3a — CKOPOCThH MOTe-
pu maccel HMxKe B 10—12 pa3 mo cpaBHEHUIO C TIEPBBHIM
9K30TEPMUYECKUM «MaKCUMyMOM» M  COCTaBJISIE€T
0,03 % na 1 rpamyc KOHBEPCHU BHE 3aBUCUMOCTH OT
TUNA ChIpbs. He3HauuTenbHOE YMEHBIIEHHE MAacChl
CBSI3aHO C Pa3JOXKEHHEM JIMTHHUHA, JeCTPYKLHUs KOTO-
poro, Kak ObIJIO OTMEUEHO paHee, mpoTekaeT 10 900 °C
[41].

Brienenre TEmIOTH MpU 3TUX TEMIIEPATypax Mo-
XKeT ObITb OOYCIOBJICHO pEaKIUIMHU TEpPecTPOUKU
CTPYKTYPBI YIJIEPOJUCTOTO OCTaTka M BTOPUYHBIMH
peaKknusIMH B3aUMOJACHCTBUS MEXIY MPOTYyKTaMH ITH-
ponusa [33, 41]. Hanpumep, obpa3zoBaHue YTiepoau-
CTOTO OCTaTKa IPH JCCTPYKIMU JINTHUHA MPOUCXOAUT
3a CcYeT pa3phlBa OTHOCHUTEIBHO CIAa0BIX CBS3EH C IMO-
cilenyommuM o0pa3oBaHueM 0ojiee CTOHKUX CTPYKTYD
[54]. Takxe CTOUT OTMETUTH, YTO, COTJIACHO MOJIy4YEH-
HBIM Macc-CIIeKTpaM, HarpeB CoIpbsi cBbime 550 °C
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COTPOBOXKIAETCS YBEIMUCHHEM KOJHYECTBA BOJOPOJA
B ra3000pa3HbIX NPOIyKTax muponusa (puc. 4, 2; 5, 2).
[Ipu 3TOM 3K30TepMUYECKHIA TEMI0BOH 3¢ deKT, mpe-
MOJIOKUTENFHO, CBSI3aH C MPOTEKaHUEM PEaKIUU B3a-
HMOJICHCTBUS OKHCH yIJIepoAa ¢ MUPOre€HETUYECKOU
BozOI [54]:

CO(g) + H,0(g) = H,(g) + CO,(g) + 41 x/Ix/MoJb.

JaHHBIN (akT MOATBEpKAAETCA TEM, YTO HA Macc-
CIIEKTPaxX, COOTBETCTBYIOIIMX MOJIEKYJIIPHOH Macce
H,0, He HabmomaeTcs «MakCHMYMOB» IpPH TeMIIepa-
typax csbiiie 400 °C (puc. 4, 6; 5, 6).

OTnUUUTENbHOW 4YepTOM paslokKeHHs OHOMAacChl
KHUBOTHOTO TPOHMCXOKICHUS SBISETCS TOT (DAKT, YTO
Ha Macc-crekTpax, cooTBeTcTByrommx CO u CO,, no-
MHMO OCHOBHOTO «ITHKa» 3apETUCTPUPOBAHBI JIBa Me-
HEe MHTEHCHUBHBIX «MaKCHUMyMa» IIpH TeMIlepaTypax
500 u 650 °C (puc. 5, ). IT0 MOKET OBITH 00YCIIOBIIE-
HO TEM, YTO SKCTPAKTHBHBIC BEIIECTBA B COCTABE HABO-
32 YBEJIMYMBAIOT aKTUBHOCTh OPIaHUYECKUX KOMIIO-
HEHTOB U CIIOCOOCTBYIOT BBIACIICHUIO OKUCH U ABYOKH-



HW3BecTust TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 7. C. 43-57
ActadbeB A.B. u 1p. JHepreTHUeCKUi NOTEHIMA UCII0Jb30BaHUSA GUOMACChl PACTUTENBHOI'O U YKUBOTHOT'O MIPOUCXOXKAEHHS ...

CH yriepoja MpH Pa3oKEHUH CTPYKTYPHBIX COeIUHe-
Huil [55]. Kpome toro, cornacuo [41], npu Temnepary-
pax ceeime 600 °C c BoigenenuemM CO mpowcxoaut
TEPMHUUYECKIHA KPEKUHT ITHPOIU3HONW CMOIBI, a 00pa3o-
Banue CO, MOXeT OBbITh CBA3aHO C MPOTEKAHUEM BTO-
PHUYHBIX pEaKIU{d B3aUMOJCUCTBUA YIIIEPOAUCTOTO
oCTaTKa ¢ JEeTY4YUMH IpoayKTamu [56].

Tenaoeoli aghdhekm nupoauza
u oyeHKa agmomepmMu4HOCMu npoyecca

Hcnonp3oBaHue TEIUIOTHI SK30TEPMUYECKHX PEaK-
LM, BBLACISIOMENCA B XOAE PA3IOKEHUS ChIPhA, JJIA
MOKPBITHS TEIUIOBBIX 3aTpaT MHPOJIH3a MO3BOJIUT T0-
OWTHCS CHUIKCHUSI KOJTMYECTBA BHEIIHEH IMOJIBEJICHHOM
SHEPTUH JJISI IPOBEACHUS TPOIIECcCa, UTO TTOJIOKHUTEb-
HO CKa)XETCS Ha CTOMMOCTH MPOAYKIHWH U, CICIOBa-
TENBbHO, €€ KOHKYpeHTOCHOocoOHOCTH. Il MUPOIUTH-
Yeckod TiepepaboTku TpeOyeTcs TOJBOJ TEILIOBOM
SHEPTUH B KOIMYECTBE, HEOOXOIUMOM ISl HCHIapSHUS
BJIaTH, COJIEpIKaIleiCsl B ChIpbe, €ro HarpeBa J0 TEeM-
MepaTypsl Hayalla akTUBHOTO PA3JIOKEHUS C MOCIEy-
IOIIMM TEPMHUYECKUM TIPeoOpa3oBaHHEM B KOHEYHBIC
mpoAyKThl. KomudecTBO MOTEHIMAIBLHO HEOOXOIUMO
SHEPrHH PaCcCUYUTAHO COTIACHO METOJMKE, MpeCcTaB-
nenHoi B [57], u coctaBuio 1,29 u 1,17 MJx mns nu-
ponu3za 1 xr CKO u HaBO3a COOTBETCTBEHHO (IPU TEM-
neparype nuponusa, papaoit 700 °C). Crnenyer otme-
TUTb, YTO JUIA TEPMHYECKOU IIepepadOTKH OTXOHOB
JKUBOTHOBOJCTBA TpeOyeTcs MeHbllIee KOJIUYECTBO
TEIUIOTHI, YeM JIJIsl TUPOJIN3a PACTUTEIBHON OHOMacChl
(CKO), 49To cBsI3aHO C BBICOKOH 30JHHOCTHIO HaBO3a
(Tabun. 1) u, KaK cleaCTBHE, MEHBIINM 3HaAYECHUEM Tell-
noemMKkocTH [58].

Cornacao pesympratam TI-JICK anammza CKO
(puc. 4, a) paccunTaHa BETMYMHA TEIUIOBBIICICHUS JK-
30TepMuUecKuX peakiid pasnoxenus (1,39 MJIx/kr),
npotekatonux Ao temneparypel 700 °C. Ananoruusoe
3Ha4Y€HHUE, MOIYYEHHOE HAa OCHOBaHUM pe3ynbTatoB T1-
JACK anammza HaBo3a (puc. 5, a), COCTaBHIJIO
0,31 MJIx/kr. Tlpu 3TOM TIpW OLIEHKE OTKIOHEHHWH Ha
JCK-KkpUBBIX BBISBICHO, YTO BEIMYMHA TEIUIOBEINEIIE-
HUS, COOTBETCTBYIOLIET0 BTOPOMY 3K30TEPMHYECKOMY
«MaKCUMyMy», OOJbIIEC aHAJIOTUYHOTO 3HAYCHUS s
MEPBOTO  IHKa». JTO CBHUACTEIBLCTBYET O OOIBIIEM
BKJIaJIe PEaKLUi, MPOTEKAIOIIUX B X0/A€ TEPMHUYECKOTO
mpeoOpa3oBaHUsl JIMTHHHA, B CYMMAapHbIH TEIUIOBOMH
addexT muponusza. JlaHHBINA (aKT MOATBEPKIAACTCS JIH-
TepaTypHbIMU JAHHBIMU — HCCIIEIOBATENISIMH B CTaThe
[33] momyueHo, 4TO TEmIOBOM 3(P(HEKT BTOPUUHBIX pe-
Ak Pa3lIoKEHUs JIMTHOIICJUTIONIO3HOH OHOMacChl
(IpeBecHHBI U COJIOMBI) MPaKTH4eCKH B 10 pa3 Gosblie
AHAJIOTUYHOTO 3HAYCHUs Ui «YUCTOW» IIEJUTFOJIO3HI,
OCHOBHOE paziiokeHue kotopoi npoucxoaut go 400 °C.

CpaBHEHHE TEIUIOBHIX 3aTpaT MUPOIU3a C BEIHYH-
HOU TEITOBBIACTICHU YK30TEPMHUUECKUX PeakLUui paz-
JIO’KEHUS] OMOMACChI TIO3BOJIACT CIIENATh BBIBOJ O TOM,
9TO TPH KOHEYHOH TeMIepaType Ipolecca, paBHOMH
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700 °C, Bo3mMoxHO ocymiectiaenue nupoiunza CKO 3a
c4yeT cOOCTBEHHOTO TeIUoBBIAeNeHus. [Ipu Tepmude-
CKOM mepepaboTKe HAaBO3a OIS MOKPHITHS TEIIOBBIX
3aTpar IMpolecca 3a CYeT TEIUIOThl IK30TEPMUUECKUX
peakuuit cocraBnsier ~30 %. ISl HOKPBITUS OCTAb-
HOW YacTH TEIUIOBBIX 3aTpaTr IpoIiecca MOXKET OBITH
WCIOJIb30BaHa MOTEHLMAIbHAS TEIUIOTA, 3aJI0KEHHAS B
BBIICTISIFOIIMECS Ta3000pa3Hble MPOAYKTHI TUPOJIN3A.

[Ipu sToM momonuuTeabHAS 3 (PEKTUBHOCTE HPO-
mm3a CKO oOecmeuwBaeTcs TeM, YTO IIENEBOH
MPOAYKT — YTIEPOAUCTHIA OCTaTOK — SIBIIETCS Tep-
CIIEKTUBHBIM MAaTEPUAIOM JUISI HCIIOJIL30BaHMs B Kade-
CTBE MeJHOpaHTa Win copOeHTa. B cirygae ¢ mepepa-
00TKOI1 HaBo3a, obianaromero IV KjiaccoM onacHOCTH
[59, 60], pemaercs mpobieMa HEOOXOJUMOCTH €ro
YTUIN3ALUH, COIIPOBOKIAIOMIEICS TaKXKe HOTydeHHEM
TBEPAOTO NPOAYKTA, MOJE3HOrO Ui PAa3JIMYHBIX OT-
paciieit mpoMbIlIeHHOCTH [58].

KonuyecmeenHoe pacnpedesnerue KomMhoHeHMo8
8 cocmage NUPo/IU3HO20 2a3a

CormnacHo pe3ylbTaTaM Macc-CIIeKTPOMETPUH Ta30-
00pa3HbIX MPOAYKTOB MUPOJIM3a UCCIETYEMBIX pecyp-
COB OMOMACCHI BBISBIICHO HaJUWe B MX COCTaBE OC-
HOBHBIX Toprounx kommoneHtoB (CHy H;, CO), a
Takke OamractHOro Heroprodero kommnoneHta COs.
Jnst ompeseneHrs KOJWYECTBEHHBIX KOHIEHTpALUN
KOMITOHEHTOB TIPOBEACHBI (PH3MUECKHE IKCIICPUMEHTEHI,
TeMIepaTypHbI JAMana3oH KOTOPBIX BBIOpaH 10
600 °C, Tak Kak COIJacHO NPOBEACHHBIM aHATUTHYE-
CcKuM uccienoBaHusm (puc. 4, a; 5, a) mpu Harpese
CBBIILIE ATOI TeMIEpaTyphl MPAKTHYECKH HE MPOUCXO-
JIUT BBIAETICHUS JIETy4uX MpoaykToB. Ilo pe3ynbraTtam
MMPOBEACHHBIX OJKCIEPHUMEHTOB ONPEACIICH Cpe}IHI/Iﬁ
COCTaB MHUPOJIM3HOIO raza B pacCMaTPUBAaEMOM TeMIIe-
patypHOM HHTepBae (puc. 6).

B cocrase nupommsnoro raza CKO ormeuena 6omnee
BBICOKAsl KOHIIEHTPALHUS TOPIOYMX KOMIIOHEHTOB IIO
CPaBHEHUIO C MMPOJIU3HBIM T'a30M HaBO3a — CyMMapHas
nonst CHy, CO u H, cocraBnster 65 u 53 % cooTBeT-
CTBCHHO. B COBOKYITHOCTH C Te€M, YTO KOJIMIECTBO 00-
pasyroiuxcs ra3000pa3HbIX NPOIYKTOB MPH MHPOIU3E
CKO B 1,4 paza 6onbliie aHAJTOTMYHOTO 3HAYCHUS IS
HaBo3a (puc. 3), 3TO MPUBOAMUT K TOMY, YTO TEIJIOTA,
3aJI0)K€HHAasg B ra3oo0pa3Hble MPOIYKTHI MepepaboTKu
CKO, B 2,1 pa3 Bsite (puc. 6, 6).

Kpome TOro, HaxomauT MeCTO KOppEsALMs MEXKIY
KOHIIEHTpalMell MeTaHa B COCTaBe raza M BEIUYMHON
TCIUIOBBIACJICHUA TIPpHU PA3JIOXKCHUU CbIPbA. KOHHGH—
Tpamus MeTaHa B COCTaBe ra3000pa3HBIX IMPOJYKTOB
rmuponuza CKO B 1,5 pasa mpeBbIliaeT aHajlOTHIHOE
3HAYCHUE AJs mepepaboTku HaBosza (puc. 6, a; 6, 6).
[Ipu sTOM, cormacHo MOXy4YeHHBIM pesynbraram T1-
JCK anamm3za (puc. 4, a; 5, a), BeTU4IHHA TEIUIOBBI/IE-
nenust npu pazioxeHun CKO 3HaYUTENbHO BBINIE 11O
CPaBHEHUIO C TEIJIOTOW HSK30TEPMUYECKUX peaKIUil
NECTPYKIMH HaBO3a.
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Fig. 6.
the raw materials (1 kg) processing (8)

Ha ocHOBaHMHM JaHHBIX 10 KOMIIOHEHTHOMY COCTaBY
raza no ¢opmyse (1) paccuMTaHO €ro TEIIOCOoAepPIKaHUE
OTHOCHTEJTBHO 1 KT 1repepabaThIBaeMOro CBIPbs (pHC. 6, 8),
kotopoe coctasuiio 3,28 u 1,58 M/x mst CKO u HaBo3a
COOTBETCTBEHHO. JlJisl HAIJSITHOTO TIPEICTABIICHUS pe-
3yJBTaTOB OOOOINCHBI JaHHBIC 1O TEIUIOBBIM 3aTparam
TpoIiecca MIPoJH3a OHOMACCHI PA3TMYHOTO MPOUCXOXKIC-
HUS, BEJIMYMHE TEIUIOBHIX 3((EKTOB SK30TEPMHUYCCKUX
peaKImii ee PasIoKEHNs, a TAKKE TEIIOCOICPIKAHHIO 00-
Pa3yIOIIMXCsI Ta3000pa3HbIX NPOnyKToB (puc. 7). Obmiee
KOJIMYECTBO TEIUIOTHI OT TEIUIOBOrO 3 {eKTa U Termioco-
JICpXKaHWS Ta3a TIO3BOJIUT TIOJHOCTBIO TIOKPHITh 3aTPaThl
SHEpruu Ha mnepepaboTKy HaBo3a. B cimydae ¢ CKO, Tak
KaK BEJIMYMHA TEIUIOBOro 3((deKTa pasioikKeHus ChIPbs
BBIIIE TETUIOBBIX 3aTpaT, MHUPOJIM3HBIA Ta3 MOXET OBbITh
peaTn30BaH IS MOMYUCHHS JISKTPOIHEPTHUH, OTOILICHYS,
MUTAHKST TEXHOJIOTMYECKOT0 000PYIOBaHMS HA TIPOU3BOI-
CTBE WITH 11 OJM3NIeKANTUX TIOTPpEOUTENEeH, YTO JOTIOTHH-
TENHHO YBEINYUT dPPEKTUBHOCTH TEXHOJIOTHH.

3aKoyeHue

Io pesynpraTam pabOTHI YCTAHOBICHO, YTO MUPO-
3 OMOMacChl PAacTUTEIBHOTO (CKOpIIyHa KeApPOBBIX
OpEXOB) M )KUBOTHOTO (HABO3 KPYITHOIO pPOraToro CKo-
Ta) MPOUCXOXKICHHS COIPOBOXKIACTCS MPOTCKAHHEM
9K30TEPMUYECKUX PEAKIUii, CBI3AHHBIX C PA3JIOKCHH-
€M OpraHMYecKOM d4acTh CbIpbi. IIpm TepMuueckoin
nepepaboTKe CKOPIYIBl KEAPOBBIX OPEXOB PEAKIUU C
BBIJICJICHUEM TEIJIOTHI MPOTEKAIOT B TEMIIEPATYPHBIX
natepBanax 240-375 u 450-700 °C, mns mupoimsa
HABO3a aHAJOTUYHBIC 3HAYCHUs cocTaBisitoT 240-360
u 560-670 °C.
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Fig. 7.  Heat distribution of the biomass pyrolysis

OTHOCHTENHFHO OMOMACCHI PACTUTELHOIO MPOUCXOMK-
JICHUSI BBISIBIICHO, YTO TEIIOBBIC A(EeKThI, IPOTEKAIOIINE
B TIPOIIECCE ACCTPYKLHU CKOPIYIIBI KEAPOBBIX OPEXOB,
MO3BOJISIIOT TOKPBITh TEIUIOBBIC 3aTPaThl, HEOOXOIUMbIC
JUISL peanM3aniy nuponusa. Kpome Toro, CorfiacHO KOM-
TIOHEHTHOMY COCTaBY T'a3a €T0 TeIUIOCOAEPKaHNe OTHOCH-
TeJbHO | KU TiepepabaThiBacMOil CKOPIYIIBI COCTABISICT
3,28 MJIx. TIuponu3Hblid a3 MOXET OBbITh peaM30BaH
UL TIOMyYEHUS DJICKTPORHEPIUH, OTOIUICHUS, IHTAHUS
TEXHOJIOTUYECKOr0 000PYJIOBAaHHUS HA TPOU3BOJICTBE WIIH
Uit ONu3Nexanyx MOTpeOUTeNel, YTO JOTOTHUTEIBHO
YBEIIIUT YPHEKTHBHOCTH TEXHOJIOTHH.
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B ciydac C OruoMaccoii KMBOTHOTO IPOUCXOXKIC- Takum o6pa30M, IMOKa3aHa BO3MOXXHOCTb MOKPBITHA

HUS (HABO30M) 5HEProdddeKTUBHOCTh TEXHOJNOTHH  TEIUIOBBIX 3aTpaT MUpOJn3a OMOMACChl PaCTUTEIHLHOTO
obecrieunBaeTcsl IByMsI MyTSIMH: B 3HAYUTENBHON CT€- W XMBOTHOTO TPOUCXOXICHHS 32 CUET TEIUIOBBIAECIC-
MEHH WCIOJBb30BAaHUEM TeIUla NHPOIHM3HBIX Ta30B  HUS B IPOIECCE PAa3IOKEHUS M TEIUIOCOICp KaHHs Ta-
(1,58 M/Tx), a Takske wactuaHo (~30 %) 3a cuer Teruia  3000pa3HBIX MPOTYKTOB.

9K30TEPMUYECKUX PEaKINi TeCTPYKIUN OMOMACCHI.
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BausiHue KOHIOECHTpAaOnun YFOJIBHOﬁ CYCIIEH3HUHU U TEMIIEPATYPbI
l"a30B03/1y1HHOﬁ cpeAabl Ha MponeccChbl COyAapeHHUA KalleJIb )KHAKOCTEﬁ

A.T. UcnamoBa™, ILII. TkayeHko, C.A. Ilysses
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AHHoOTanusa. AkmyaabHocms. [loHMMaHHe MeXaHHU3MOB B3aMMOJENUCTBUSI Kalesb XUAKOCTEH MeXJy COG0H BaKHO JJis
MHOTHMX NMPOMBILJIEHHO-TEXHUYECKHUX NMPUJIOKEHHUH, CBA3aHHBIX C pellleHHeM psfa 3aJady, HalpuMep, LIJIaKOyZajieHHue B
BBICOKOTEMIIEPATYPHOH cpejie, NOJydyeHHe KOMIIOHEHTOB HY>XHOW QPaKIMM B NUILEBOH NMPOMBIIIEHHOCTH U Ap. Leas.
YcTaHOB/IeHHEe OCHOBHBIX 3aKOHOMEPHOCTeH B3aMMO/IeHCTBUSA KaleJ/ib CyClIeH3WH B ra30BO3/yLIHOM cpe/ie IpHU BapbHUpOBa-
HUU TeMIlepaTypbl. Memodsl. [Ipy nmoMouiy TeHeBOH BbICOKOCKOPOCTHOM BU/AE0CHEMKHU ONpPEAEIsIMCh OCHOBHBIE 3aKOHO-
MEepHOCTH IIPOLeCCOB GMHAPHOI0 CTOJIKHOBEHUS KaneJsb CycrneH3ul. [I[puBesieHbl pe3ysibTaThl 3KCIIEPUMEHTAIbHbBIX HCCIe-
JIOBaHHUH XapaKTePUCTHK COyAapeHHH Kareab BOJOYTO/IbHBIX CYCIIEH3UU B ra30BO3/YLIHON cpefie IpU BapbUPOBAHUU TEM-
nepatypsl cpefibl oT 90 1o 120 °C. [lapameTpsl reHeprUpyeMbIX Karnesb: paguyc 1,0-2,2 MM, ckopocTb aBmxkeHus 0,5-2,0 m/c.
Pe3ys1bmambl U 8b1800bl. BrisiesieHbl peXXUMBI COyZapeHusl KaleJb (Koarysasiys ¥ pa3pyLIeHHe), a TaKKe ONpe/ieseHbl
OCHOBHbIE XapaKTEPUCTUKH BTOPUYHBLIX PpparMeHTOB. [locTpOeHBI KapThl PEXKUMOB B3aHMMO/JEMCTBHUS Kalesb CyCHeH3UN
MexAy co60i MpH BapbUPOBAHUHU KOHIEHTPALUY CYCIIeH3UH, TEMIEPATypPhl Ta30BO3AYIIHON Cpefbl U BpeMeHH Haxox/e-
HHUSA KallJIM-MUILIEeHU B ra30BO3/YLIHOM cpefie ¢ MOBbILIEHHOHN TeMIlepaTypoil. YCTaHOBJIEHBI YCI0BUS KOaryJ/siLiUU KaneJb, a
TaK)Xe UX UHTEHCUBHOTO BTOPUYHOT'0O U3MeJIbUeHUs C LieJ1bl0 MHTeHCUPUKALMU UX CYLIKY, 3aKUT'AaHHUS U TOPEHUs B TOTKAx
koTs10B. Onpefie/ieHO, YTO MOBBbIlIEHHEe TeMIlepaTypbl ra30BO3AYIIHONW CpeJbl MPUBOAUT K CyLeCTBEHHOMY U3MeHEeHHIOo
pa3MepoB U CBOWCTB KalleJib, a TAKXKe K BO3HUKHOBEHHIO K0JIeOGaTe/NbHbIX siBJIeHU. 06G0CHOBAHO, YTO MPOLECC COYJapeHuUs
KaIneJsb CyCclleH3WH B ra30BO3/yIIHON CpeJie C MOBBIIIEHHON TeMIepaTypo SBJISETCS CJ0KHBIM M MHOI'ONlapaMeTPUYeCKUM.
Ero xapakTepuCTHKH 3aBUCAT OT COBOKYITHOCTU GaKTOPOB (MMOBEPXHOCTHOTO HATSXKEHUS U BA3KOCTH XKUAKOCTH, pasMepa U
$opMBbI Kallesib, CKOPOCTH UX JBHXKEHUs], IVIOTHOCTH U BSI3KOCTH ra30BO3/JYLIHON cpefpl). [loslyueHbl MaTeMaTHYeCKHE BbI-
pakeHUsl AJ1S1 ONMCaHUS IPaHUL, peXXKUMOB HCCJIeJ0BAaHHBIX IPOLECCOB.

Ki4yeBsble cioBa: coyaapeHue, Kaluid, peXuMbl B3aHMOAeﬁCTBHH, BTOpPHUYHbIE ¢)paI‘MeHTbl, pa3orpeTtad ra3oBad cpena,
CyCnieH3UuHn
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Abstract. Relevance. Understanding the mechanisms of liquid droplets interaction with each other is important for many
industrial and technical applications related to solving a range of problems like slag removal in a high-temperature environ-
ment, obtaining components of the desired fraction in the food industry, etc. Aim. Establishment of the main patterns of sus-
pension droplets interaction in a gas-air environment with temperature variation. Methods. Using shadow high-speed video
recording, the main patterns of the binary collision of suspensions droplets were determined. The paper introduces the re-
sults of experimental studies of the coal-water suspensions droplets collisions characteristics in a gas-air environment with a
temperature of 90-120°C. Parameters of the generated droplets: radius 1.0-2.2 mm, velocity 0.5-2.0 m/s. Results and con-
clusions. The authors have determined the modes of suspensions droplets collision (coagulation and separation) and the main char-
acteristics of secondary fragments and constructed the maps of the modes of suspensions droplets interaction with each other when
varying the concentration of solid particles in the suspension, the temperature of the gas-air environment and the time the target drop
spent in a gas-air environment with an elevated temperature. The conditions were established for the coagulation of droplets, as
well as their intensive secondary grinding to intensify their drying, ignition and combustion in boiler furnaces. It was estab-
lished that an increase in the temperature of the gas-air environment leads to a significant change in the size and properties
of droplets, as well as to the occurrence of oscillatory phenomena in the system. It is substantiated that collision of droplets of
suspensions in a gas-air environment with elevated temperature is complex and multi-parametric. Its characteristics depend
on a combination of factors (surface tension and liquid viscosity, size and shape of droplets, speed of their movement, density
and viscosity of gas-air environment). The authors obtained mathematical expressions to describe the boundaries of the
modes of the studied processes and schemes for using the results obtained in order to increase the efficiency of the corre-
sponding technological processes.

Keywords: collision, droplet, interaction modes, secondary fragments, heated air-gas environment, suspensions
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BBegeHne B a’p0301pHBIX TOTOKAX KaIUIA CYCIIEH3UH UMEIOT

PacnblieHue >xuaxocTedl NPUMEHAETCS BO MHOTMX  pasnudHbie (opMbl U pasMepsl [21]. Tlpu coynapeHun
TEXHOJIOTHYECKUX MPUIOKEHUAX, B YACTHOCTU: IIPU  KaIUIM CIIMBAIOTCs, 00pasyst Oosiee KpYIHBbIC, WIH XKe
MIAMEHHO-a3P030JIbHOM CHHTe3¢ [1], ourCTKe ra30BbIX  OTCKAKMBAIOT OT moBepxHocTH [22]. Kpome Toro, kam-
cpell Ha OCHOBE I'MI'POCKOIMYHOCTH a3po30iis [2], o- I MOTYT IpWIMIATL K IMOBEPXHOCTU YACTHLL U 00pa-
KaJIM3alMy ¥ TOJaBJICHUM Bo3ropanuil [3, 4], moaro-  30BbIBaTh Ha HUX IUIEHKY WM KOHrJomeparsl [23].
TOBKe W Ckuranud [5, 6] TorumuB, mpHroToBieHHH  BaxHbIM (HAKTOPOM ABIAETCA KOHIEHTPALUS CYCIIEH-
MHOTOKOMITOHEHTHBIX CMECEH W pasleNeHUH KOMIIO-  3HH, KOTOpas BIHMSCT M HA IMOCICICTBUS COYIapCHHUS
HeHTOB [7, 8], B MCHapuTenbHBIX M TEIIOOOMEeHHbIX  [22]. Elle OJHMM BaKHBEIM AaCIIEKTOM CTOJIKHOBEHHM
cucremax [9, 10], B mpouecce IOHIMOOCAKICHHUS  Kallelb CYCNEH3UM C TBEPABIMHM YACTHIAMH SBJISETCS
[11, 12], B numeBoit npomsbiiuieHHocTH [13]. Bo Bcex  oTHOcUTeNbHas CKOpOCTh IBKeHMS [24]. Bricokas
MIPUIIOKEHHUAX PEAIN3YIOTCS COyNapeHus Kaleib KUA-  CKOPOCTh JBHKEHHS Karejidb MPUBOJAUT K YBEINYCHHUIO
KOCTU M TBepAbIX dacThll. IIIMpoKyro N3BECTHOCTh MO-  HMHTEHCHUBHOCTH coynapenus. OQHAKO 3TOT HapameTp
JIy4WId UCCIIEJOBAHUS, MOCBSIIECHHBIE CTOJIKHOBEHUIO  TaKKe€ MOXET YBEIMYHUBATh BEPOSATHOCTh OTCKOKA Ka-
Karejlb YHUCTBIX XKMIKOCTEH B PA3IMUYHBIX CUCTEMAaX  IMeNb OT MOBEPXHOCTH YacTuil. Kpome TOro, CKOpocTh
[14, 15]. Ix npUMEHUMOCTh K CYCIICH3HSM OTPaHUYe-  JBYOKCHUS BIMACT HA MEXAHHM3MBlI B3aMMOIEHCTBUS
Ha, TOCKONBKY IIOCIENHHE 00TagaroT yHMKadbHbIMU  [24, 25]. dopMa TBEpABIX YaCTHI[ TAK)KE OKa3bIBAET
coiictBamu [16]. CycreH3uu NOpenCTaBISIOT CMECH  BIMSHHE Ha IPOLECCH COYAapeHHs ¢ Kamiamu [26].
TBEPABIX 4YacTUL, AMCIEPrUPOBAHHBIX B JKMIAKOCTH. Hampumep, yacCTHIIBI C BBICTyIaMH Ha IMOBEPXHOCTH
Hanuuune nocnenHuX OKa3blBA€T BIMAHUE HA BA3KOCTb  MPENSATCTBYIOT KOATYJISIMH, B TO BPeMs KaK YaCTHIIBI C
KHMJKOCTH, €€ ITOBEPXHOCTHOE HATSKEHHE, TEIUIONPO-  (ojiee MIaAKON MOBEPXHOCTHIO JIyUIlle arIOMEpUPYIOT.
BOJHOCTh U T. 1. OTH (aKTOPHI OKA3bIBAIOT 3HAYM-  YaCTHIIGI C MOJOCTAMH YAEPKUBAIOT KHIKOCTh BHYTPH
TEJIBHOE BIIMSHUE HAa MEXaHU3Mbl CTOJKHOBEHHA, a  cebs, o0pasys CTpyKTyphl Tumna kKamncyhd. [loBepxHOCT-
TaKXKe Ha pe3ysbTaThl TaKUX B3auMonaencTBuil [17, 18].  Hble cBOiCTBa Kamellb M YaCTHIl CYIIECTBEHHO BIIHSIOT
INornmManmne GU3NKH CTOMTKHOBEHUH Kallelb CYyCIIEH3NH  Ha CTOJKHOBEHHsS B CyCleH3Wd. Hampumep, TUapo-
HMMEET pellalolee 3HadyeHue Ui LEJI0ro psaa npuiao-  (GoOHbIe WM THIPOQWIBHBIC CBOWCTBA MOBEPXHOCTH
JKEHUHM — OT pacHbUIMTENIBHOM CYLIKH A0 NPEAOTBPAa-  H3MCHSIOT BEPOSATHOCTh AAre3HM MU OTTAJIKHBAHHS
IIeHNs 3arpsi3HeHHs Bo3ayxa [19, 20]. B cBsA3M ¢ 3THM ~ MekAy YaCTHUI[AMH U KHIKOCTHIO [27]. DT0 mpuBOIUT
HCCJIEJOBAaHUS CTOJIKHOBEHMM Kallellb CYCIEH3UH $B- K M3MCHCHUIO MEXaHWU3MOB COYJApPCHHS M Ka4eCTBECH-
JISTFOTCS AKTYaJIbHBIMH. HBIM H3MEHECHUSM PE3yIIbTaTOB.
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OaHMM U3 OCHOBHBIX BONPOCOB, KOTOPBIH IIeneco-
00pa3HO M3YYHTh B PaMKaX MCCIEIOBAHUS CTOJIKHOBE-
HUS Kallelb CYCIIEH3UH, SABJISIETCS ONpEAETIeHUE ONTHU-
MaJbHbIX YCIOBUI Ui NOCTHIKEHHUS MaKCHUMaJbHOMN
cTerneHu cMemmBanus. [loHnMaHue (U3MKUA CTOJIKHO-
BEHUH Kalellb CyCIIeH3UU UMEET BaXKHOE 3HAUE€HUE IS
MIPOMBILIUIEHHBIX M HAYYHBIX MPUJIOKEHUH, TAKUX Kak
pacnbuieHue, GopMHUpOBaHHE IJICHOK U 0Opa3oBaHHE
HOBBIX cycreH3uil. PazpaboTka TexHOIOTHI, TO3BONIS-
IOLUX KOHTPOJIMPOBATh 3TH MPOLECCHl, UMEET 3HAUU-
TEJNbHBIM NOTEHINAN JUIA TOBbIIEHUS 3 (HEKTUBHOCTH
U DJKOJIOTMYECKOM YCTOHMYMBOCTH IPOMBIIUIEHHBIX
npoueccoB. M3ydeHue 3aKOHOMEpPHOCTEN B3aUMOJIECH-
CTBUS Kallelb CYCIIEH3MH MEXIy cOO0OW B Harperoi
ra3oBO3YITHON Cpejie TMO3BOJIUT YJIYYIIUTh CyIIe-
CTBYIOIIIME TEXHOJIOTUIECKHUE MIPOIIECCH B pa3paboTaTh
HOBBIE TEXHOJIOTHH JUIS CYIIKHA a’po30Jieil MM UX 3a-
JKUTaHUS B TONKaxX KOTJoB. Llenp paboThl — ycTaHOB-
JIEHME OCHOBHBIX 3aKOHOMEPHOCTEH B3auMOJeicTBUA
Karejb JKUJKOCTH B ra30BO3AYLIHOM Cpejie PU Bapbu-
POBaHUU TEMIIEPATYPHI MOCIIETHEH.

MeToauKa McCIeA0BaHUS

Cxema dKCHepUMEHTaIbHOTO CTEH 1A MPeICTaBIeHa
Ha puc. 1. Kapkac crenza npencraBisieT aqiOMHUHHE-
BB KOHCTPYKIIMOHHBIA Tipoduib (1) mist kpereHus
obopynoBanus. [Ipouecc coyaapeHus Kameib ¢ TBEp-
JBIME  YTJICPOAUCTHIME YAaCTHIIAMH PETHCTPUPOBAICS
BBICOKOCKOPOCTHO#M  BHaeokamepoii Photron  mini
UX100 (2) ¢ paspemienriem 1280x1000 1 06bEKTHBOM
Nikon ED AF Micro Nikkor 100 mm. CheMka Besach ¢
gactoTol 5000 kagp/c M MEXKaaApOBOH 3aJepiKKOH
1/20000 c. [yt AOMOJHHUTEILHOM MOJCBETKH HCIIOJb-
30Bajicst JUOAHBIN mpoxekTop (3). ObmacTs perucrpa-
uu (4) BeIOMpaiach ¥ HaCTpauBajiach TAKUM 00pa3oM,
9TO0BI 00ECIICUUTD CICIKEHHE 33 TTApaMeTpaMH HCXO/-
HBIX Kamenb U c(hopMHUPOBABIINXCS BTOPUUHBIX (par-
MEHTOB.

Uepes cMmeHHbIe coma (5) ¢ pa3NTU4YHbIMUA BHYTPEH-
Humu guametpamu (0,21-1,12 Mm) nogaBanachk yroib-
Has CyCIIEH3Us C BapbUPYyEMOH KOHLIEHTpaLueil TBep-
apix gactur (C,=10-60 %). Hanop >xunxocTu reHepu-
poBainicsi ¢ momoulpto mmpuna (6) oobemom 50 M,
YCTAaHOBJIEHHOTO B KaHajle IIIPHUIIEBOro Hacoca (7) u ¢
MOJICpPKAHWEM  TIOCTOSIHHOTO — pacxofia SKHUAKOCTH
60-100 mu/ga. OCHOBHBIC MapaMeTPbl TEHEPUPYEMBIX
kamens: paanyc (Rg) 1,0-2,2 MM, CKOPOCTh ABHIKCHUS
(Ug) 0,5-2,0 m/c. Tnamazon u3MeHEHHs pa3MepoB Ka-
Mesb BBIOMpAJCS TakUM 00pa3oM, YTOOBI Karuisi mpe-
TepreBaja HauMEHbBIIYIO NeOopMalMI0 U XapaKTepu-
30BaJIach CTAOMIBHOM (hOPMOIl IIpU IBIDKEHUH B ra3o-
BO3IYLIHOH cpene. BeiOop AuamnasoHa U3MEHEHHUs CKO-
POCTH JBHXXEHHS OCHOBaH Ha TOM, YTOOBI 00ECIIEYHTh
pean3annio pa3INIHbIX PEKUMOB CTOJKHOBEHHUS. Bo
BpeMsI TPOBEACHHS IKCIIEPUMEHTOB KaIllsl CYCHCH3HUU
(8) pacmomaranace Ha crenuansHOM jaepxkaterne (9).
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Jis HarpeBa Ta30BO3MYIIHOW CpPEAbl MUCIONB30BaIach
crimproBas ropeinka (10). Peructparus temMnepaTypsl B
00JTaCTH CTOJIKHOBEHUSI OCYIIECTBIISIICS C ITOMOIIBIO
XpOMeIb-aTIOMENIeBOH TepMotaphl. TeMmeparypa cpe-
IIbl BapbupoBanack B auanasone oT 90 no 120 °C. Bei-
0op Takoro aWama3oHa CBS3aH C NMPAKTUISCKUMH IPHU-
JOXEHUSIMH. B TUIIEeBOl MPOMBIIUIEHHOCTH U (apMa-
[EBTHKE BAKHBIM TapaMETPOM SIBJISETCS COXPaHCHUE
CBOMCTB IMPOAYKTOB IIOCJIC BBICBIXaHUA KallCjib CYC-
ner3uid. s OONBIIMHCTBAa IPOLECCOB ONTHUMATIbHA
Temrieparypa Bozzeictsus ot 50 1o 90 °C [28].

ala
IkcnepumeHmanbHblll cmeHd (a) u cxema npogede-
Husl skcnepumenma (6): 1 — kapkac cmeHda; 2 — 8bl-
coKockopocmHasi sudeokamepa; 3 - NpojceKkmop;
4 - obaacmb pezucmpayuu; 5 - CMeHHble conad
pazauyHozo duamempa; 6 — WNpUy ¢ HUOKOCMbIO;
7 - wnpuyesoll Hacoc; 8 - 3aKkpenieHHas Kanas cyc-
neHsuu; 9 - depycameav kanau; 10 - cnupmosas
eopenka
Experimental stand (a) and experimental scheme
(b): 1 - stand frame; 2 - high-speed video camera;
3 - spotlight; 4 - registration area; 5 - replaceable
nozzles of various diameters; 6 - syringe with liquid;
7 - syringe pump; 8 - fixed drop of suspension; 9 -
drop holder; 10 - alcohol burner

Puc. 1.

Fig. 1.

Hns GopMupoBaHUs KalIM-MHIICHH HCIIOJIH30Ba-
JIach yroNbHAsl CYyCHEH3HUs C Pa3IN4HON KOHIEHTpalH-
eit TBepabix yactul (10-60 %). Yromp mapku «K»
¢pakiueir 200 MKM IPUMEHSIICS B Ka4ECTBE TBEPIBIX
yactul. [Iponecc cmenieHus Takol CyCIIeH3UU IMPOHUC-
X0Aua1 mOpu TOMOIIU MarHuTHOM MEIIAJIKH npu
950 06/mMuH B TedeHne 10 MHUHYT, IOCIIE YEro COCTaB
MPUMEHSIICA B JKCIEPUMEHTAIBHBIX HCCIIEIOBAHUSAX.
B Takux ycnoBUsX B T€4EHHE SKCIIEPUMEHTa YaCTHII
yrjig HE€ YCICBAJIM OCaAXAATbCd U HAXOAUIIUCh BO
B3BEIICHHOM DPAaBHOBECHOM COCTOSIHUH. [loBepxHOCT-
HOE HaTsHKEHHE JKHJKOCTH OIPEJeNIeH0 METOAOM BH-
csIell KaluM C MOMOIIBI0 MpHOOpa IO HM3MEPECHUIO
kpaeBoro yriaa DSA 25S. TIoTHOCTE CycCleH3WH W3-
MepeHa apeoMeTpoM. C Lenblo ONpeAeieHus! BI3KOCTU
ucrons3oBaics Buckosumerp Brookfield DV3TLV.
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ITpu xonnenrpanuu cycrnensuu 60 % KUAKOCTH SBIISI-
JIaCh HEHBIOTOHOBCKOM, TIOATOMY BSI3KOCTh JUISI HEE HE
m3Mepsutach. DU3HYECKHE CBONCTBA HCCIIEIYyEMBIX
CYCIICH3UH MPHUBEICHBI B TaOIHIIC.

Ta6auya. Pusuueckue ceolicmsa cycneHsutl
Table. Physical properties of suspensions
Konuentpauus, | IlnoTHocTs, | BsaskocTs,
IToBepxHOCTHOE
Mmac. % Kr/m3 MMa-c
. . . . HaTsbxeHue, H/M
Concentration, Density, Viscosity, Surface tension, N/m
wt % kg/m3 Pa-s i
10 1046 0,0017 0,109
40 1095 0,0028 0,311
60 1290 - 0,488

PaccunThBayyCch 3HaYCHUST O€3pa3MEpPHOTO JIMHEH-
Horo mapamerpa B3aumozeiictBus B (B=b/(Ry1tRq2)) u
yncna Bebepa (We=2~p~Rd~Ud2/cs). IMocnennee BbIUMC-
JSUIOCHh C YYETOM Pe3yJIbTUPYIOLICH CKOPOCTH JIBHIKE-
HUS Karenb. 3HaueHus We BapbHpOBAJNCh B JAWana-
3oHE OoT 0 710 60. [lanee cTponauCh peKUMHBIE KapThl B
cucteme koopauHat B(We) mo anasnoruu ¢ [13]. 3arem
OTIPENCISUTUCh TIOTPAaHWYHBIE TOYKH, XapaKTEepH3YIo-
[IMe KaXIBIA PEKUM B3aUMOJICHCTBUS Kamenb IS Mo-
CTPOEHUS I'PaHULBI pa3zena peKUMoB. M3ydanuce xa-
PAKTEPUCTHKH BTOPHYHBIX (ParMEHTOB, (OPMHPYIO-
HIMXCS TPU APOOJCHUH HMCXOMHOW Karutk. Jlmst aToro
pEerUCTPpUPOBAINCh paguychl (Fg) BCEX BTOPUYHBIX
¢parmMeHToB 1 UX KoiaudecTBO N B obiacTH BHAEOpe-
THCTpAIHH.

Pe3ysbTaThl iCcC/IeA0BaHUS U UX 06CYXKIeHHe

Ha puc. 2—4 npuBeneHsl BUACOKAIPHI COYIAPEHUS
JBIDKYIIEHCS KaIUIU-CHapsiia C KallIel-MUIIEHBIO,
3aKperuIeHHON Ha JiepKaresie M HaxoJsuieiicss B Ta3o-
BO3JIYIIHOH cpefie ¢ TemmepaTypoit 90 °C.

)
e @

UF2.5 M/c
L MM 0.0 Mmc 1.4 mc

Puc. 2.

3.2 Mc

IIpu manoM BpeMeHH HaxOXICHUs (T=5 c) Karuu-
MHUIIEHH B Ta30BO3IYIIHOW Cpeae ¢ TeMIeparypou
90 °C (puc. 2) uakas COCTaBISIOAsA CYCIICH3HH HE
ycIleBaeT MOJIHOCTBIO Ucmaputhes. IloaTomy mpu co-
yIapeHNH KaluIi-CHapsiIa ¢ Karlel-MHIIEHBIO IIPOWC-
XOAWT HETOJHOE pa3pylleHHe IMOCIeTHed U YHOC ee
OIIPECICHHOr0 00BbeMa BMECTE C BTOPUYHBIMU (ppar-
MEHTaMH KaIUTH-CHapsiia. YCTAHOBJIEHO, YTO B3aUMO-
NEHCTBUE MEXIY JKAIKOCTSIMUA B COYIAPSIOMIAXCS
KaIUIAX CUJIbHEE, YeM B3aUMOJACHCTBUE MEXKAY KUIKO-
CTBIO W TBEPABIMU dYacTUIlaMu. Takum obpaszom, mof
IEHCTBHEM CHJI BS3KOCTH IIPOUCXOIIIIO aKTHBHOE
CMEIIICHUE CYCIIeH3Ud B MOMEHT BpemeHu oT 0 mo 4
Mc. Ilocne aToro nox AelcTBUEM CUII MHEPLMM CHaps-
J1a TIPOMCXOAMIO PacTsHKEHHE Pe3yNbTHPYIOMmen Kar-
. GopMupyromrecs: B BHIAC JaMeln (GparMeHTHl pe-
3yJNBTUPYIOLIEH KAIUIM PacTSITUBAIUCH 10 JOCTHXKEHUS
KPUTHIECKON TOJIIUHEI epemIeiika MeX Iy OCHOBHBIM
00beMOM JKUAKOCTH, HAXOMISAIIAMCS Ha JepiKaTtene, U
najaromumy JamensiMu. Ilocne qocTukeHus: KpuTude-
CKOM TOJIIUHEI Iepemreek paspymancs. Popmupoa-
JIHCh HECKOJIBKO BTOPHYHBIX ()ParMeHTOB.

BbIcoKkOCKOpOCTHAs BHJCOPErHCTpalUs IOKas3ala,
YTO YBCIMYCHNUE BPCMCHU HAXOXKACHU KaIlJId CYCIICH-
3UHU B ra30BO3AYIIHOM Cpelie C MOBBIIIEHHON TeMmepa-
TypOH MPUBOJHUT K IIOCTENCHHOMY HCIIAPEHHIO JKHIIKO-
CTH ¢ ee moBepxHocTH. Ilpm mocienoBaTeI-HOM
CTOJIKHOBEHHMH JIByX Karellb CyCIIeH3UH (CHApsAOB) C
MNOJCYIIEHHOM  Kamneidl  cycneH3uum  (MHIICHBIO)
(puc. 3, a) pacTekaHue XKHUIKOCTH Karuu-cHapsga Ne 1
CYIIECTBEHHO OTJIMYACTCS OT CIIydas CTOJKHOBEHHS
KaIJIi-CHapsAa ¢ KaIjlel-MUILEHbIo, Haxoxaduleics B
Harperoil 10 90 °C razoBo3AyuIHOM cpeae Mmpu t=5 ¢
(puc. 2). Cycnen3us kamu-cHapsiza Ne 1 monHOCTbhIO
00BOJIaKMBAET KAILIIO-MHIIEHb M CTEKaeT ¢ Hee, (hop-
MUPYS MOHOJIMTHBIM MacCUB CyCIIEH3HU.

®
é

9.0 mc 22.0 mc

Budeokadpuwi coydapenusi kanau cycnensuu Cp1=10 mac. %, Ri1=1,25 mm ¢ 3akpensenHoll Ha deprcamene Kanjel

cycnen3uu Cp2=60 mac. %, Riz=1,1 mm, Haxodsawelics 8 2a308030ywHOl cpede c memnepamypolti 90 °C 8 meueHue =5 ¢

Fig. 2.

Video frames of the impact of a droplet of suspension (Cp1=10 wt %, Ra1=1,25 mm) with a droplet of suspension (Cp2=60

wt %, Riz=1,1 mm) fixed to the holder located in a gas-air environment with a temperature of 90°C for =5 s
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Us=2.5 m/c
1 MM
0,0 mc 1.4 mc 3.0 mc ¥4 e 20,0 mc
ala
=2.5 M/c
1 Mm
0.0 mc 1.4 mc 28mMc |84 mc 18,0 mc
olb
Puc. 3. Budeokadpbsl coydapeHus kanau-cHapsoda Cpi=10 mac. %, Ra1=1,25 mm c 3akpenseHHOl Ha depiycamesne kanset-
muwenwvio Cp2=60 mac. %, Raz=1,25 mm, Haxodsauelicsa 8 2a30803dywHoll cpede ¢ memnepamypoil 90 °C e meueHue
epemeHu =10 c: a) kanas-cHapsd Ne 1; 6) kanasi-cHapsd Ne 2
Fig. 3. Video frames of the impact of a droplet-projectile Cp1=10 wt %, Ri1=1,25 mm with a target droplet Cp2=60 wt %,

Rd2=1,25 mm fixed to the holder located in a gas-air environment with a temperature of 90°C for =10 s: a) projectile

droplet no. 1; b) projectile droplet no. 2

IIpu 3TOM Ha puc. 3, a BUAHO, YTO KaIlIs-CHapsI
Ne 1 yHOCHT ¢ C000i1 yacTh TBEPABIX YACTHUI] C TIOBEPX-
HOCTH Kariu-MulieHd. [Ipu cpaBHEHHH reoMeTpuye-
CKUX pa3MepOB KaIUIM-MHILEHH NEpel COyIapeHUueM C
kareii-cHapsaaoM Ne 1 u ocraBuieiics Ha nepkaTene
JKUIKOCTH, BUAHO, 4TO Karusi-cHapsan Ne 1 ocraBmsier
4yacTh CYCHEH3MM Ha IOBEPXHOCTH KaIlJU-MULICHU.
OTO mMOATBEp)KIAeTCSd W3MEHEHHEM B3aWMOJEHCTBHS
Karau-cHapaga Ne 2 ¥ Kaliu-MUANIEHN.

[Ipouecc coynmapenus karum-cHapsina Ne 2 ¢ kar-
Je-MUIIEHBI0 3HAYUTENBHO OTJIMYAETCS OT coyaape-
Hus Kamu-cHapsaga Ne 1 ¢ xamned-mumensto. Ha
Ha4YaJlbHOM 3Tare B3auMOJCHCTBHS IMPOIECCHl MOI00-
HBI, OJIHaKO Yepe3 2,6—2,8 Mc moclie Hadanga B3auMo-
neiictBusa okoso 50 % oObeMa Kamiau-MUIIEHH YHO-
cuTcs (HPOPMUPYIOIMIMMUCS BTOPHUYHBIMU (PparMeHTaMH
Karu-cHapsiga Ne 2. B manpHelmem (GopMupyromie-
Csl BTOpUYHBIE (hparMeHTHI MO ACHCTBHEM CHJI BSI3KO-
CTH U NOBEPXHOCTHOI'O HATSKEHMsI pacTSATMBAIOT Kall-
JIO-MUIIEHb. DTO MPUBOAUT K €€ MPAKTHUYECKH MOJIHO-
My OTpbIBY OT aepxkarens. [Ipoucxomut ¢opmupoBa-
HUE HECKONBKHX (0T 3 110 8) BTOPHYHBIX (parMEeHTOB
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pamunycamu 0,3-0,9 mm. Takum oOpaszom, mocie AByX
MOCIeI0BaTENbHBIX COYNAapPEHUH OIMHAKOBBIX MO pa3-
MEPY CHApsAOB CYCIIEH3UM C MHUILEHBIO UIACHTUYHOIO
pasmepa (Ryi=1,25 MM u Ryp=1,25 mm) Ha mepxarene
ocTaercsi 00beM KUAKOCTH, paBHBIA 5—7 % OT Hayalb-
HOT0 00beMa KarTu-MUIICHU.

Ha puc. 4 mpuBeneHsl BUIEOKAAPHI B3aUMOJIEH-
CTBUS KaINIM-MHILIEHH, HaXOIAIIeHCs B ra30BO3IYIL-
HOH cpene ¢ Temneparypoir 90 °C, B teuenue 20 ce-
KyHJ C TpeMmsl IOCIeN0BaTebHO NaJalollMMU Ha Hee
KaIJIsIMU-CHapsaaMu. TBeplble YacTHULBl B CYCIIEH3UU
Karin-MUIICHHU HaXO0ATCA BO B3BCIICHHOM COCTOSAHUH
W TIOABEPKCHBI BO3JICHCTBUIO Pa3sNUYHBIX 3()(EeKToB,
BKJItOYasi TepMuyeckue u BaH-nep-BaanbcoBeie B3au-
MojelcTBus. 3a Bpems, paBHoe 20 cekyHIaMm, C MO-
BEPXHOCTH MHUIICHU, KaK 3TO OyJeT IMOKa3aHO BIIO-
CIICZICTBUH, HCHAPSCTCS OCHOBHOW OOBEM JKHUIKOCTH,
OCTaBJIsIsl TOJIBKO BBICYIICHHBIN KOHIJTIOMEPAT TBEPIBIX
yactun. [Ipy CTONKHOBEHMHM C TIEpBOM Karulei-
cHapsimoM Ne 1 (puc. 4, a) TPOUCXOIOUT JBHKEHUE
JKUIKOCTH TI0 TIOBEPXHOCTH MHILEHH, YTO BEJIET K BO3-
HUKHOBCHUIO CUJIbI TPCHHA, KOTOpAasA YMCHLIIAET CKO-
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POCTB ABM)KEHHMS CYCIIeH3HHU. TBep/ble YacTHIBI B CyC-
ICH3UU IIPU 3TOM MOoJBep:KeHB! Muddy3un, TepMude-
CKOMY ABM)KEHHMIO U KoHBekuuu. [Ipn mageHnn xarmm-
cHapsna Ne | TIPOMCXOIOMT Tarke IIEPEXOd MaccChl
TBEPJBIX YaCTHI| M3 BHYTPEHHEW YacTH KaIlUIM Ha ee
MTOBEPXHOCTh, YTO CIIOCOOCTBYET OOBEAMHCHUIO Ya-
crunl u GopMHpOBaHHIO arjaomepaToB. CKOpOCTh pac-
TeKaHus cHapsaa Ne 1 3HaUNTENbHO 3aMeIIeTcs U3-3a
HEOJTHOPOJHOCTEN IIOBEPXHOCTU MHUIIEHU. B pesyib-

00BeM KUAKOCTH cTeKaeT BHU3. Ilocie oTpsiBa OT Oc-
HOBHOW  pe3ynbpTHUpYyIOIIEH Kammm  (GopMHUpYIOTCS
2-3 BTOpWYHEIX (hparMeHTa. [Ipu 3TOM, KaKk BHUIHO U3
puc. 4, a, BO BTOPHYHOM (pparMeHTE 3HAUUTEIHHO
MEHbIIIe TBEPIBbIX YaCTHUI KalUIM-MULIeHH (10 15), uem
IIPU YCIOBHAX B3aMMOJCHCTBUS, HPEACTABICHHBIX HA
puc. 2, 3. BzaumopeiictBus cHapsina Ne 2 (puc. 4, 6) u
cHapsaga Ne 3 (puc. 4, 6) ¢ Karuiel-MHUIIEHbIO UACHTHY-
HBI ITPEJICTaBICHHBIM, COOTBETCTBEHHO, Ha pHC. 3, a, 0.

taTe cHapsaa Ne 1 oOBojakuMBaeT MHIIEHb, HEKOTOPBIN

o

Ug=2.,0 m/c
MM 0.0 me 14 mc | 2.8 mc 9.2 mc 22,0 mc
ala
Ug=2.0 M/c
L3 e 1.4 mc 2.8 mc 9.2 mc 22,0 mc
o/b
Ud=2.0 m/c
Lavilg 1.4 e 2.6 Mc 8.8 mc 22,0 mc
lc
Puc. 4. Budeokadpbl coydapeHus kanau cycneH3uu cp1=10 mac. %, Ri1=1,25 mm c 3akpenseHHoU Ha depicamese kansell
cycneHsuu cp2=60 mac. %, Riz=1,25 mm, Haxodswelicsi 8 2a30803dywiHol cpede ¢ memnepamypoti 90 °C 8 meueHue
epemenu =20 c: a) coydapeHue c nepeoli kanzeli; 6) coydapeHue co emopoli kansetl; 8) coydapeHue ¢ mpembvell
Kansei
Fig. 4. Video frames of the impact of a suspension droplet cp1=10 wt %, Ri1=1,25 mm with a suspension droplet cp2=60 wt %,

Ra42=1,25 mm fixed to the holder located in a gas-air environment with a temperature of 90°C for =20 s: a) collision
with the first droplet; b) collision with the second droplet; c) collision with the third droplet
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Koarynsiuus npoucxoauT B pe3yibTaTe nepeceueHus
3¢ GEeKTUBHBIX 00BEMOB B3aUMOJICUCTBHA MEXKAY 4Ya-
CTUIIAMH U IIPWINIIAHUS YaCTHIL IPYT K IPYTY ¢ 00pa3o-
BaHHEM BHYyTpHarjioMepaTHbIX cBsazel. Ilpu sTom mpo-
UCXOAUT 00pa30BaHUE CBS3CH MEXy YacTHULAMH. YBe-
JIMYEHUE BPEMEHU HAaXOXKIECHUS KAaIUIM-MUIIEHU B ra3o-
BO3IyIIHOU cpere ¢ Temneparypoit 90 °C o 30 u Gonee
CeKyH/I HE TPHUBEJI0 K U3MEHEHHIO Npoliecca B3auMo-
JEUCTBUA MEXIy KaluleW-MHUIIEHBI0 M KallJIsIMH-
cHapsimamu. [locne coynapeHuss ¢ KaruleH-cHapsaoM
Ne 3 Bo Bcex ciydasx MPOUCXOIWIIO TOJIHOE paspylie-
HUE KalUIM-MHUIIEHH, KaK 3TO TIOKa3aHo Ha pHUC. 4, 6.

Pe3ynbraTel MPOBEICHHBIX SKCIIEPHUMEHTOB 0000-
LIeHBI B BUJE KapT PeXKUMOB COyJapeHUil Karenb cyc-
IIEH3UH Ha pUC. 5 IIPU pa3IUyYHBIX NapaMeTpax MpoBe-
JEHUSI IKCIIEPUMEHTOB.

YcTaHOBNIEHBI TPaHULIBI PEXXUMOB B3aUMOJCHCTBUS
Kalellb Ha JaHHBIX KapTax. [Ipy 3TOM KpuUTHYECKue
3HaueHNs drcia BeGepa onmpenersioT mepexon oT OgHO-
ro pexuma K ApYromy, T. €. TpPaHULy pasfesia MEexIy
Humd. [lokazaHo, 4TO A peajm3alul pexuMa Ipoo-
JICHUSI TIPH YBEIWYCHUH TEMIIEpaTyphl Ta30BO3/YIIHOM

cpenst oT 90 mo 120 °C TpeOyroTcs MOBBIICHHBIC 3HA-
yeHusa uncen Bebepa (puc. 5, a). Kputnueckue uncna
Bebepa mpu 120 °C oka3amuch HauOOJBITUMHU, B YacT-
HocTH, Ha 50-60 % BHIIIE, YeM IS peaTu3aliuil JaHHO-
ro pexuma IpH TeMIepaType Ia30BO3AYLIHOW Cpesbl
90 °C. To ecTh 4eM BEIIIE TeMIIEpaTypa OKpPYIKarOIISH
ra30BO3MYIIHON CPeJibl, TEM BBIIIE CKOPOCTh UCTIAPEHHS
SKHJKOCTU M TEM BBIIIE IMIEPOXOBATOCTh MOBEPXHOCTU
MHIICHH. YBEJIHMUYCHHE IIEPOXOBATOCTH TPHBOIUT K
HEOOXOAMMOCTH YBEJIMYEHHS CKOPOCTEH JABIKESHHS
KaIUTU-CHapsifa B pexume apobneHus. Taxoil sddekt
OOBSCHACTCSl YBEIHMUYCHHEM HEPaBHOMEPHOCTH (HEpOB-
HOCTH TIOBEPXHOCTH) C yBEJIMUECHUEM TEMITepaTypsl Ta-
30BO3AYLIHON cpenbl. Ho B TO ke BpeMs pU KOHTAKTE
KaIUTH-CHapsAa ¢ MHOXKECTBOM HEPOBHOCTEH U OTIEIb-
HBIX Pa3HOHANPABICHHBIX TBEPABIX YAaCTHI] KallIU-
MHIIEHH WHTEHCH(OUIUPYIOT —paspylleHHe Karllu-
CHapsaaa. OKCHEPUMEHTAIBHO YCTAHOBJICHO, UYTO MpU
YBEIMUEHNN TEMIEpaTypsl Ta30BO3AYIIHOW Cpeasl |
o0beMa HCIapHuBIIeiics )KUIKOCTH KalUTH-MHIIIEHH TIPO-
UCXOAUNIO CMEIIEHHE TpaHWI[ pEeXUMa ApoONeHUs B
CTOpOHY TOBBINICHHBIX 3HaUeHMI urcen Bebepa.

1,0 l ; : ; : 1,0 ; ; : ; .
B=0,001-We?-0,074-We+1,40
08l / | 0sl B=0,001-We-0,074- We+1,40
. B=0,0004-We?-0,056-We +1,85 ’ .
/ B=0,0003-We?-0,062-We+1,81
: / B=0,0001-We?-0,033-We+1,58 .
061 LN 1 061 4 B=0,0005-We?-0,049-We+1,84 |
o @ /
oaf 1l - 041 ‘ -
0,2 —?85% 0.2 B
I e I < I =
1560 1 ——C,=40%
- ] C,=60 %
0,0 : b 0.0 : e
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 &0
We We
ala olb
Puc. 5. Kapmu! pexcumos coydapeHuli kaneab cycneH3ull npu eapb-
1,0 . . ; . ‘ ; uposaHuu  ycaos8uli  nposedeHust  3KCNEPUMEHMOS,
_B=0,001-We?-0,074-We?+1,31 Rd1=Ri2=1,25 mm: a) eapbuposaHue memnepamypul 2a30803-
o N B=0,0003-We?-0,059-We?1,40 | dywHoll cpedst om 90 do 120 °C, Cp1=10 mac. %,
’ i . . Cp2=60Mac. %, =5 c; 6) sapbuposaHue KoHYeHMpayuu
B —O,EJOOS-We -0.030-We'+1.45 meepduix wacmuy 8 cycnenauu, T=90 °C, =5 c; 8) sapbuposa-
0.6} / _ HuUe 8pemMeHU HaX0HC0eHUs Kanau-MulleHU 8 2a308030yWHOL
m cpede ¢ nosvluleHHOU memnepamypotl neped coydapeHuem ¢
kanseti-cnapsidom Ne 1, T=90 °C, Cp110 mac. %, Cp2=60 mac. %.
04+ =5¢ | I - koazyasiyusi; Il - paspywenue
=10¢ Fig. 5. Maps of collision modes of droplets of suspensions when
o0zl 1=20 ¢|| varying experimental conditions, Ri1=Rd2=1,25 mm: a) var-
’ ying the temperature of the gas-air environment from 90
to 120°C, Cp1=10 wt %, Cp2=60 wt %, =5 s; b) varying the
0,0 S : L concentration of solid particles in the suspension, T=90°C,
0 10 20 30 40 50 60 70 - B0 7=5's; ¢) varying the time of the target droplet being in a
We gas-air environment with an elevated temperature before
elc colliding with the projectile droplet no. 1, T=90°C,
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Cp1=10 wt %, Cp2=60 wt %. I - coagulation; Il - separation
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Peonornyeckue cBoicTBa CyCNEH3UHM, TaKkue Kak
BSI3KOCTH, TNIACTHYHOCTh, TEKY4YECTh U CTPYKTYypa, WT-
paroT BaXKHYIO POJIb B TIporieccax OpOOJICHHS Kareib.
Bonee Bs3kme CyCHEeH3WHM MOTYT CO3[aBaTh OOINbIIEe
COIIPOTUBIIEHHUE ISl APOOAIIEro YCTPOUCTBA, TOPMO3sI
mpoIiecc APOOIeHNUS, B TO BpeMs KaK IUTACTHIHEIE CyC-
MIEH3UH MOTYT ()OPMHPOBATH JIUITKUE 00OJIOUKH BOKPYT
Karejb, 4YTO JieNlaeT ux Oojiee yCTOMYMBBIMU K pa3py-
mIeHuto. TeKy4decTh CYCIEH3HMH ONpeAeisieT ee CIo-
COOHOCTP K IedopMaliuy, BIUss Ha mporecc apooire-
HUS, a CTPYKTypa CYCHEH3UM MOXET TaKKe HIpaTh
pPOIb B CO3JaHMU JIONOJHHUTEIHFHOTO CONPOTHBICHHUS
WM UHTEpQEpEeHINN MEXAY KalUIIMH. Y4eT 3THX Peo-
JIOTUMECKUX CBOMCTB CYCIEH3WU CYIIECTBEHEH s
ONITHMHU3AINH TIPOIIECCOB IPOOJICHUS Kameab U IMOy-
YeHUS TPeOyeMOro KOHEYHOTO MIPOIYKTa.

l3MeHeHre KOHIICHTpPAaUHd TBEPABIX YacTUI[ B
cycnensuu oT 10 no 60 mac. % BnMseT Ha XapaKTepu-
CTHKH COYJapeHWs dYepe3 pa3iudHble MEXaHU3MBL,
BKITFO4ast ((EKTHI, CBI3aHHBIC C CHIIAMH BSI3KOCTH H
MMOBEPXHOCTHOTO HATSDKEHUS, aAre3uei U KoaryJsiu-
eit vactun (puc. 5, 6). [Ipy MOHMKEHHBIX CKOPOCTSX
JIBHKEHUS Kamenb (o 1-1,5 m/c) BIMsSHHE KOHIICH-
TpPaLlUU TBEPABIX YaCTUI] HAa IpOIEecC COYAAPCHUS
orpaHu4nBaeTcs 3pQPeKTaMy, CBI3aHHBIMU C MX B3a-
AMOJIEHCTBHEM C XXHUAKOHN cpemoir. OgHaKo mpu yBe-
JUYEHUH CKOPOCTH JIBHXKEHUS Kallelb YCHUIIMBAETCS
JIEWCTBHE CUJI, CBI3aHHOE C JBM)KEHUEM >KHJIKOU cpe-
IBI, BKJTFOYAs! CHIIBI TYPOYJICHTHOCTH M WHEPIHH, YTO
MPUBOJUT K CYIIECTBEHHOMY U3MEHEHUIO XapaKTepu-
CTHK coyJapeHust kamnenab. CIeICTBHEM 3TOTO CTajo
CMEIICHUE TPAaHUIBl PeKUMa IPOOJICHHUSI B CTOPOHY
yBeNWYeHUs gucia Bebepa nmpu pocTe KOHICHTPAIUH
TBEpJBIX YacTHll B cycmeHsuu ¢ 10 mo 60 mac. %.
Wsmenenne kpuTmueckoro uymcia Bebepa mpu
Cp=40 mac. % B cpaBHeHuu ¢ C,=10 mac. % cocraBu-
70 ot 12 1o 23 % B 3aBHCUMOCTH OT 3Ha4YCHHUS O€3-
pPa3MEepHOro JHHEHHOTO MmapaMeTpa B3anMOJCHCTBHS.
[Ipu yBenmmueHNH KOHIEHTPALUH TBEPIBIX YACTHUII JI0
Cp=60 mac. % rpaHuLa pexuMa ApoOJIeHHs CMECTH-
nack emte Ha 8—17 % B cropony yBennuenns We. Ilpn
BBICOKHX KOHIICHTPALHUAX TBEPIBIX YaCTHUI[ B CYCIICH-
3UM BO3MOXKHO 00pa3oBaHHE CIOXKHBIX MO CTPYKTYpe
u ¢GopMe arioMepaToB B KaIUIIX. DTO NPHUBOIUT K
yMeHbBIICHNIO0 3(Q(OEKTUBHONW MIOTHOCTH U Pa3MepoB
CBOOOZHBIX YaCTUI M HM3MEHEHHUIO UX B3auMOAEH-
CTBUSL MeXIy co0oi. CleICTBHEM STOTO SBISETCA
YCHJICHHE WJIN OCJIAa0NeHHEe CHJI ITOBEPXHOCTHOTO
HaTSHKEHUS MEXy KalULSIMU U U3MEHEHUE MeXaHH3Ma
coymapeHus, Bkiodasi 3¢ ¢eKThl, CBSI3aHHBIE C ario-
Mepaliei 4acTHIl BHYTPH Karellb.

3HaunTEeNBPHOE BIMSHHE HAa COYIOAapeHHE ABYX Ka-
MeNlb TaKkKe OKa3blBaeT BpPEMS HAXOXICHUS Karllu-
MHUIIEHU B Ta30BO3AYIIHON cCpele ¢ TeMmeparypou
90-120 °C (puc. 5, 6). [Ipu monagaHuu Karim CyCreH-
3UM B Ta30BYyIO cpeny ¢ temmnepatypoi 90—120 °C Ha
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MOBEPXHOCTH KAaIlJIl HAYMHAIOT MPOUCXOIUTH MpoLec-
Chl UCMApPEeHUs, YTO MPUBOJUT K M3MEHEHHUIO €€ TI0-
BepxHocTH. Yepe3 5 c mocie TOMEHICHHUS Karuid B
HarpeTyIo ra3oBO3YILIHYIO Cpely Ha ee IMOBEPXHOCTH
WHTeHCU(UIUpYeETCs MpollecC UCIIAPEHHs, YTO MIPUBO-
JUT K YBEJIMUEHUIO KOHLEHTPALUU YIJIs B IIPUIIOBEPX-
HOCTHBIX cnosix. Yepe3 10 ¢ mpouecc ucnapeHus 3a-
MeJIeTCs, a Ha TMOBEPXHOCTU Karikm (GopMupyercs
CIOM TBepIBIX HYacTHIl. TpaHChOpMAIHsI NPHUIIOBEPX-
HOCTHOTO CJIOSl HECYIIECTBEHHO H3MEHsET ee (opMmy.
Takxe yckopseTcsi TepMOTpaBUTAIIMOHHAS KOHBEKIUS
BHYTPH KaIUIH, YTO MPUBOJUT K MEPEMEIIUBAHUIO CIIO-
eB cycneH3uu. CieICTBUEM ONMCAHHBIX HPOLECCOB
CTaJI0 yBEJIMYEHHE KpUTHUECKHMX uucen Bebepa mis
peanuzanuu npobnenus Ha 34-51 %. Ilpu Haxoxne-
HHUHM B Fa30BO3AYIIHOM CpeJie ¢ MOBBIICHHOW TeMIepa-
Typoii B Teuenne 20 m Oojee CEeKyH][ >KHIKOCTh W3
Kar pasmepoM Rg=1,25 MM NOJTHOCTBIO HcHapsercs,
YTO MNOATBEpPXKAaeTCsl BHUACOPErucTpalueil mnpouecca
B3aMMOJICHCTBUS W TIOCIEayromeil 00paboTKol pe-
3yJbTATOB DKCIEPUMEHTOB. XapaKTEPUCTUKU B3aUMO-
nevictusa uepes3 20, 25, 30 u 40 ¢ Bo3zaeiicTBUS Ta30-
BO3IYLIHOHM cpeabl ¢ Temmeparypoir 90-120 °C uaen-
tuuHbl. [Ipu 3Hadenun B=0 rpaHuma Hayana pexuma
IpobneHust cMectwiack Ha 78-91 % OTHOCHUTENHHO
rpanunbl it =10 ¢. OxHaKo ¢ yBenuueHueM B OTHO-
CUTENILHOE CMENICHHWE TPAHWIIBl CHIDKAIOCHh, W IS
nuanazona B=0,8-1,0 cocraBuno 3446 %. JlaHHbIH
3¢ deKT CBUAETENbCTBYET O MPeodIafaHuy CUIl UHEp-
LMY HAJl CUJIAMU TPEHHS MPU YMEHBIICHUU 3P (HEKTUB-
HBIX 00bEMOB CTAJIKUBAIOILUXCS KaIlelb.

[Ipu 00paboTKe pe3ynbTaTOB, NPEACTABICHHBIX Ha
pHUC. 5, TONYyYeHbl aNNpPOKCHUMAIMOHHbBIE BbIPAKECHUS
JUTSL TPAHUI] PSKUMOB arjioMepanuu u ApoOIeHUs Tpu
BapbUPOBAHUU TEMIIEPATYpPhl TA30BO3AYILIHONW Cpeapbl,
KOHIICHTPALUK TBEPJBIX YACTHUIl B CYCIIEH3UU U Bpe-
MEHHU HaXOXJICHHWS KalUIM B Ta30BO3IYIIHOW Cpene C
TOBBIIIICHHOM TeMIlepaTypoid. B oOmiem Buae BeIpake-
HUS UIMEIOT BUJI:

B=i-We?+j -We+k. (1)

Koa¢ddumuenTs! ypaBHeHNs, 3aBUCSAIINE OT TeMIIe-
paTypbl Ta30BO3AYIIHON CPEAbl, OMHCHIBAIOTCS CIEMY-
IOLIMMU 3aBUCUMOCTSMU:

i = 1,88 (008D, )
j = 0,11-In(T)-0,56; @)
k = 0,02-T +0,38. (4)

[Ipu moxcraHoBke BoIpakeHwid (2)—(4) B (1) momy-
YaeM HTOTOBOC ypaBHEHHE TPAHHUIIBI IEPEX0aa MEKIY
peXMMaMH arjioMepaiyy u apobeHus (puc. 5, a):

B = 1,88-eC098Dpe2 4 (0,11 - In(T) -0,56)We +
40,02 T +0,38.
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KOB(l)(i)I/IIII/IeHTI)I YpaBHCHHA, 3aBUCAIIHNE OT KOH-
HOCHTpAUU TBEPAbIX YaCTUI] B CYCIICH3WH, OIIUCHIBA-
IOTCA CIICAYIONIUMMU 3aBUCUMOCTAMMU:

[ = 1,02 e(-00801-G) . 10, ©)
j =-0,03-In(1-C,) - 0,08; (6)
k =-092-(1-C)) + 2,27. %

ITpu nmoxacranoBke Boipaskenuid (5)—(7) B (1) momy-
JaeM HTOT0BOE ypaBHeHue (puc. 5, a):

B = 1,02-e(0080-6)) . 10-4 . pre2
0,03 In(1- C,) + 0,08)We-0,92(1-C,) + 2,27.

KoaddurpenTs! ypaBHEHHUS, 3aBUCAIINE OT BpeMe-
HHU HAaXOXKICHHUS KaIUIM B TA30BO3IYIIHON cpene ¢ IMmo-
BBILICHHON TEMIIEPaTypoil, OMHUCBHIBAIOTCS CIETYOLIH-
MU 3aBUCUMOCTSIMH:

i =0,004- (t-t)C087; €))
j =-0,032-In(z-t) - 0,127; 9)
k =-0,009- (t-t) + 1,278, (10)

rme t — Bpems IBI)KCHHSI KalUIM-CHapsga OT MOMEHTa
OTpBIBa OT COILIA IO MOMEHTa COYAapeHUs C Karniei-
MHIICHBIO.

IIpu nmoncranoBke Boipaxenuid (8)—(10) B ypaBHe-
Hue (1), omMchiBaroliee Mepexoa MEXIy peKUMaMu
arJoMepanuy U IpoOJieHus P BapbUPOBAHUH T, UTO-
rOBOE BBIPAKCHUE MPUMET CIICAYIONIU# Bu (puc. 5, 6):

B = 0,004 - (t-t)%87) . We? - (0,032 - In(t-t) +
+0,127) - We-0,009 - (t-t) + 1,278.

W3 aHamm3a nomy4eHHsIX nociie 00paboTKH KCIEepU-
MCHTAJIbHBIX JaHHBIX II0 KOJMYCCTBY U pasMe€paM BTO-
PHYHBIX (PparMeHTOB CJIEYET BHIBOJ O TOM, YTO BpeMs
HaXOXKIECHUS KalUIM-MUIIEHU B Ta30BO3YyILIHON cpene ¢
temneparypoil 90-120 °C oxa3bIBaeT CYIIECTBEHHOE
BIHsHHUE Ha ()OPMHUPOBAHHE BTOPHYHBIX (PparMeHTOB. B
YaCTHOCTH, YEM BBIIIC BpEMsA T (HpI/I AHAJIOTUYHBIX
OCTAIIBHBIX YCIIOBHSIX), TEM MEHBIIIEE KOJHYIECTBO BTO-
PHUYHBIX (hparMEHTOB 00pa3yercsl B pe3ysbTaTe B3auMO-
JIEMCTBUSI KaIUTM-CHapsia C Karjiel-MuieHbto. JlaHHbIi
3¢ EKT MPoIeMOHCTPUPOBAH HA PHC. 6.

[uku pacmpeneneHuss BTOPHYHBIX (DparMeHTOB cMe-
IIAIOTCSL B CTOPOHY OOJIBIIMX Pa3MEPOB C YBEIMUYECHHUEM
BpEMEHHU HaxXOXKJCHHS KaIluld B Ta30BO3IYIIHOM Cpele ¢
TMOBBIIIEHHON TeMneparypol. Eciu npu 1=5 ¢ nuk pac-
TpeeeHus Haxoauics B oomactu 0,2 MM, To ripu =10 ¢
sKcTpeMyM cmectiics k 0,25 mm, a ipu =20 ¢ — B 00-
nmacte 0,3-0,35 mm. B mepByto ouepensp, 310 00ycioBIte-
HO TOPMOXKEHUEM JKUJIKOCTU KallIu-CHapsiia BCICACTBUE
00pa3oBaHusl OOJBIIETO KOJMYECTBA IIYCTOT MEXIY
TBEPABIMU YaCTHUIIAMH TIPH ITIOCTEIICHHOM BBICHIXaHUH
KalUll CYCHEH3WH. Y CTAaHOBJIEHO, YTO IMPU YBEITMUCHUN
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BPEMEHU HAXOXKICHUSI KAIIU-MUILECHH B [a30BO3/IyILIHON
cpeze ¢ temneparypoit 90-120 °C npu nocTosHHBIX pa3-
Mepax U CKOPOCTSX JBIKEHHS Kallellb U3MEHSETCS KOJH-
YeCTBEHHBIH W Ka9eCTBEHHBIH cOCTaB C(HOPMHUPOBAHHBIX
BTOPHYHBIX (pparMeHTOB. Takoit 3¢dekT o0ycroBieH
TEM, 9TO CYCTICH3Hs KaIUTU-CHApsA/ia MU KOHTAaKTe C I10-
BEPXHOCTBIO KAIUIM-MHIICHH C OOJbIIeH IIepoXoBaTo-
CTBIO CWJIBHEE 3aMEMIACTCS Ha Hel, MHepIMs Karulu-
CHapsila pPacXoIyeTcsi Ha MPEOJONCHHUE CHJI TPCHUSL
B pe3synbrarte 3TOr0 Ha MPEOJOJICHNUE CHIT BSI3KOCTH OCTa-
©TCsI MEHbIIIe KUHETUYECKOH 3HEpruu U Mop AeiicTBueM
CHJI IOBEPXHOCTHOTO HATSHKEHUS (POPMHpPYETCsl MCHBIIIEE
KOJIMYECTBO, HO 0oJiee KPYIHBIX BTOPHYHBIX (pparMeH-
TOB. MHOECTBO BBICTYIAIOMIUX TBEPABIX (PparMeHTOB
Ha TTOBEPXHOCTH KAIUTM-MHUILIEHH C COIIOCTABUMBIMH Pa3-
Mepy PacCTOSHHAMH MEXKTy HHUMH CO3JAl0T €CTECTBEH-
HBIA TOpMO3AIIHii Oapbep. JKUIKOCTh U TBEp/BIE YacTH-
1Bl CYCTICH3UM KaIUTU-CHApsIIA 33ePXKUBAIOTCS B ITyCTO-
Tax MEXIy BO3BBIIIEHHOCTSMH Ha MOBEPXHOCTH KaIlUIH-
MHUILICHH. YBEIMYCHWE BPEMEHH HaXOXKJICHHS Kalld-
MHIIEHH B Ta30BO3IYIIHOM cpeae ¢ Temmeparypoi
90-120 °C mpuBOIUT K OONBIIEMY HCHAPEHUIO JKUIKO-
CTH C TIOBEPXHOCTH KaIlIM-MHIIEHH. CIIEICTBHEM 3TOTO
CTaHOBUTCS (hOPMHUPOBAHUE OOJIBIIETO KOJIMYECTBA BO3-
JYLIHBIX IyCTOT MEX/Y TBEPABIMU YaCTHULIAMH, BaKaHT-
HBIMH TSI 3aTI0JTHEHUSI CycnieH3nelt karmm-caapsiaa. Co-
OTBETCTBYIOIMI 3(dekT 00ycloBIeH TeM, YTO IpU
CTOJIKHOBEHMH JIBYX Kalleslb 3JIEMEHTHI IIEPOXOBATOCTH
MOBEPXHOCTH KalUTM-MHUIIEHH HPHUBOIAT K JehopMarniu
MOBEPXHOCTHBIX CIIOEB KaIlIU-CHAPSAA.

0 A 1 1 1 L 1
0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40
Igs MM

Puc. 6. PacnpedeseHusi no pamepam 8MmMOPUYHbIX PpasmeH-
moe npu coydapeHusix kKanau-cHapsda Rai=1,25 mm,
Cp1=10 mac. % u kanau-muwieHu Raz=125 mm,
Cp2=60.Mac. % npu eapbupo8aHUU BPeMEHU ee HAXO0MiC-
deHus 8 2a308030dywHoll cpede c memnepamypoti 90 °C
Size distributions of secondary fragments during
impacts of a projectile droplet Ri1=1,25 mm, Cp1=10
wt % and target droplet Riz=1,25 mm, Cp2= 60 wt %
when varying the time of its presence in a gas-air en-
vironment with a temperature of 90°C

Fig. 6.
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Y CTaHOBIEHO, UTO NMPU CTOJIKHOBEHUU Kamelb CycC-
ICH3UU MPOUCXOAUT UX U3MEIbUCHHUE, KOTOPOE MpoTe-
KaeT Ha HECKONBKHX ypoBHsAX. Ha mepBom ypoBHe
MIPOUCXOINT CIHAHHE IBYX Kalelb B OXHYy Ooiee
KPYIHYIO KaIlTI0 32 CYET COBMEIICHHUS UX MOBEPXHO-
cTeil. DTO SBIEHUE CYIIECTBYET IMPH YCIOBHH, 4YTO
KaIlUIM JOCTaTOYHO OIM3KO HAXOMAATCS OTHOCUTEIBHO
JpyT Apyra ¥ UMEIOT OJUHAKOBBIC pa3Mepsl. Ha BTO-
POM YpOBHE HMPOMCXOAUT M3MENIbUECHHUE Kameab Ha 60-
Jee MeNKHe BTOPHYHBIE (parMeHTHl. JTOT Iporecc
CBSI3aH C 00pa30BaHUEM IPU CTOIKHOBEHUH MHOXeE-
CTBa MEJIKUX Kallellb BOKPYT LIeHTpainbHOM Karu. [Ipu
9TOM IPOUCXOJUT Pa3pyLICHUE MMOBEPXHOCTEH Kalellb
u obpaszoBaHue Oojaee Menkux ¢parmeHToB. Ha TpeTs-
€M YpOBHE 00pa3yroTcsl MelbyUaiiliie Karumy Mpy ycio-
BHUH BBICOKOW WHTEHCHUBHOCTH COYJApeHHA. JTO MpO-
UCXOJUT NIPH B3aUMOJCUCTBUU MEXAY KaIUIsIMH U ra-
30BBIM IIOTOKOM, KOTOpPbI€ IPU CTOJIKHOBCHHUHU BBI3bI-
BAaIOT HCIIApEHUE Kaleib M 00pa30BaHME MeTbUaiImx
(hparMeHTOB.

JpoGneHne kamenb CyCHEH3UU MPEACTABISET CY-
IIECTBEHHO HEOJHOPOAHBIN mponecc. Ero xapakrepu-
CTUKHU 33aBUCSIT OT COBOKYHMHOCTU (DaKTOPOB, BKIIIOUAsI
pa3Mepsl Kamenb, uX (opMmy, IUIOTHOCTh U BS3KOCTh
KHUJIKOCTH, a TAaK)KEe CKOPOCTH IBIDKECHHS U TEMIIEpaTy-
Py razoBo3xymmHO# cpensl. Kpome Toro, Ha apobieHue
Kalesb BIUAIOT U Jpyrue (pakTopsl, TAKMe KaK HaIH-
4re 100aBOK M NpPHMECEeH B JKUAKOCTH, a TAKKE B3aH-
MOJEHCTBHS MEXIY MOJIEKYJIAMHU CYCIIEH3UH U rasa.

3akji04eHue

[IpoBeneHHBIE OKCIIEPUMEHTHl  IIOKA3alld, dYTO
HarpeB ra3oBo3aymHoit cpenst 10 90-120 °C mpu co-
yIapeHUU Karejb CYCIeH3U NMPUBOAUT K 3HAYUTEIb-
HOMY YMEHBIICHHIO Pa3MEpOB Karelb. DTOT 3PQPeKT
00yCIIOBIIEH YBEIMYEHHEM CKOPOCTH JIBHKEHHS MoJie-
KyJI ra3a MpU MOBBIIICHUU TEMIIEPATyphl, YTO HMPUBO-

CIIMCOK JIMTEPATYPBI

JUT K YBEIUUCHUIO HHTCHCUBHOCTH CTOJIKHOBEHMIH
MOJIEKYJI C KaIUIAMH cycrieH3uu. Kpome toro, npu co-
yIapeHUH Kalelb CyCIICH3UH B Ta30BO3AYIIHOU cpene
¢ temnepatypoir 90-120 °C npoucxoaut obpa3oBaHue
MeNbYaiuX Kaneib, YTO 0OYyCIIOBJIECHO peanu3aiueit
MHUKPO-B3pBIBHBIX 3()()EKTOB M MHTCHCHU(HUKAIMCH ITa-
pooOpa3oBaHUs HA TIOBEPXHOCTH Karelb. JTO SBICHHE
HOCHUT KOJIEOATEeNbHBII XapakTep U COMPOBOXKIACTCS
BBICOKOYACTOTHOI BHOpanueil moBepXHOCTH Kamemb.
3HauYnTEeNFHOE BIMSHUEC Ha COyJapeHHe IBYX Ka-
HeNlb TaKXKe OKAa3bIBAET BpPEMs HAXOXKJICHUS KaIllu-
MHUIIIEHU B ra30BO31YIIHON Cpesie ¢ MOBBIIEHHOW TeM-
nepaTypoi. 3a CUeT MCTIapeHUs XUIKOCTH U3 KaIlId-
MmuieHu depe3 10 ¢ mocne Hadanga HarpeBa B Ta30BO3-
IylmHou cpene ¢ temneparypoit 120 °C 3HaueHus kpu-
THYecknx yucen Bebepa ysemmummuch Ha 34-51 %,
yepes 20 ¢ — Ha 7891 %. Ilpu nmocreneHHOM BbIChIXa-
HUM MUILIEHU SKCTPEMYMBbI paclpeeIeHUus] BTOPUIHBIX
(parMeHTOB CMENIAIUCh B CTOPOHY OOJBIINX BEIH-
yuH. [Ipu 1=5 ¢ mUK pacnpeneneHuss HaXOAUICS B 00-
mactu 0,2 MM, mpu 1=10 ¢ dKCTpeMyM CMECTHICS K
r¢=0,25 mmM, a mpu 1=20 ¢ — B obmactsb 0,3-0,35 mm.
B mepByro odepens 3TO CBA3aHO C TOPMOXKCHUEM KU~
KOCTHU KaIUIH-CHapsa 3a cdeT 00pa3oBaHMs OOJBIIETO
KOJIMYECTBA IyCTOT MEXy TBEPIBIMH YACTHLIAMH IPU
MIOCTETICHHOM BBICHIXaHUH KaIlIA-MHIICHH.

[Ipomecc coymapeHus Karenib CYCIIEH3WI B Ta3o-
BO3JYLIHOM Cpelle C IOBBIIIEHHON TEMIEPAaTypou siB-
JSIETCS. CIOKHBIM W MHOTOIIApaMeTPUIECKUM IIPOILEC-
COM, KOTOPBIIi 3aBHCHT OT COBOKYNHOCTH (haKTOPOB:
MOBEPXHOCTHOTO HATSKEHUS, pPa3MepoB U (opM Ka-
MeNlb, CKOPOCTH MX IBW)KEGHHS U BSI3KOCTH Ta30BO3-
IyIIHOH cpenbl. [lomydeHHbIe pe3yabTaThl BayKHBI LIS
ITyOOKOr0 MOHMMAHUS TPOLECCOB, MPOUCXOAAIINX B
CYCHEH3HSAX, a TAKXKE IS pa3pabOTKH HOBBIX METOJIOB
KOHTPOJISI UX CBOMCTB.
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AHHOTanusA. AKTya/1bHOCM®b. [lepCieKTUBHBIM TOIJIMBOM C TOYKH 3DeHHS 3KOJIOTHH SBJISIOTCA BOLOYTOJIbHbIE CYyCIIeH3HH.
MHoO)XecTBEeHHbIe HCCJIeJOBAHUS MOKa3alH, YTO NPU HUX CXKUTAHUH CYLIECTBEHHO CHIDKAIOTCS BBIGPOCHI aHTPONOTeHHBIX
ra3oB B aTMocdepy 3eMJin 110 CPaBHEHHUIO C BBIOPOCAMHU NPU CKUraHWM yris. Ho mumpokomacurtabHoe BHeJpeHHEe BOJO-
YTOJIBHBIX CYCIIeH3WH B 061Mi 6alaHC BIpaGOTKY 3HEPTHHU 3aTPYAHEHO B CBSI3M CO 3HAYUTEJIbHON 3aZIeP>KKOH MX 3aKHra-
HUS, AJIUTEJBbHOCTb KOTOPOH MOMKET JJOCTUTaTh HECKOJIBKUX JECATKOB CEKYH/[| IIPY OTHOCUTEJIBHO HU3KHUX TeMIlepaTypax
okucautens (Tg<1073 K). OgHUM K3 BO3MOXHBIX CIOCOGOB pelleHHsl JaHHOW NMpo6JieMbl SIBJISETCS NMPHMeHEeHHEe HOBBIX
TEXHOJIOTU NOATOTOBKU K CXKUTAHUIO, HAIIpUMeD, UCN0JIb30BaHUeE JO0NO0JHUTEJIbHOTO0 MUKPOBOJIHOBOI'O HarpeBa TOIJIMBA U
BBeJIeHHE B COCTAaB BOJOYTOJIbHBIX CyCIIEH3WH CIlelHaJbHBIX J00aBOK, YCKOPSIOIMX [IPOLeCcC UX 3aKUTraHUsl. BBeseHue B
COCTaB TOIIMBA TaKHUX J00ABOK MOXeT NPUBECTH K CyIleCTBEHHOMY M3MeHEHHUIO PeoJIOTUUeCKUX XapaKTepucTuk. Iless.
OnpesiesieHye CTeNeHU BJAUSHUSA KOHLIEHTpaLMU U BU/JA ApeBeCHOM [06aBKH B cOCTaBe BOJOYIOJbHON CyCleH3UH Ha peo-
JIOTUYeCKHe XapaKTepHUCTUKH Kalleslb BOJOYTOJIbHOI'O TOIUIMBA, a TaKKe BO3MOXHOCTHU CHMKEHMS NMPOJO0JKUTENbHOCTH
TepMHYeCKOH NOATOTOBKH MOCJAeJHUX IPU BO3JeHCTBMM Ha HUX MUKPOBOJIHOBOrO HarpeBa. 06sekm. BojoyrosbHas cyc-
MeH3Hsl Ha OCHOBe JIJIMHHOIIJIAMEHHOI0 3HEPTeTHYeCKOTo yTJis ¢ Jo6aBJeHHeM ONUJIOK U XBoU cocHbI (Buo-BYC). Memodsul.
JKcleprMeHTaIbHble MCCJIeJOBaHUS 10 ONpe/ie/IeHUI0 BpeMeHHbIX XapaKTepHUCTHUK 3aXKUTaHUsl BOJOYTOJIbHBIX CyCIeH3UuN
MPOBOJUJINCH C UCHOJb30BAaHUEM BbICOKOCKOPOCTHOM Bupaeokamepbl FASTCAM. CxxuraHue TOIJIMBA OCYIIECTBJISIJIOCH B
MPOTOYHOM KaMepe cropaHus, 060pyA0BaHHOW MarHeTpoHaMu JJs JonoJHUTenbHoro CBY-HarpeBa ToniuBa. JluHaMmuye-
CKasl BA3KOCTb OllpeZieisiach ¢ moMolbio BUcKo3uMeTpa Brookfield RVDV-II + Pro. Pe3yitemamel. YCTaHOBJIEHO, YTO J0-
6aBsieHre CBY-HarpeBa no3BoJfieT CyllecTBEHHO (0 15 %) yMeHbLUIUTD 3a[ePKKY 3a>KUTaHUS BOAOYTOJbHBIX CYCIeH3UN U
B10-BO0OYTO/IbHBIX CyCIeH3UH NMPU OTHOCUTEJbHO HU3KUX TeMIlepaTypax okucauTtens (673 K). B xoge akcnepuMeHTalb-
HBIX HCC/Ie[JOBaHUH NIOKa3aHo, YTO BUJ, 6MOMacChl OKa3blBaeT BJIMsHUEe Ha BpeMeHHble XapaKTePUCTHUKH 3aXKUTaHUs TOIIUB
NpU TeMIepaType BHelllHel cpeAbl Ao 753 K, npu jaibHelllleM NOBBIIIEHUH TeMIlepaTypbl OKUCJAUTENS BUJ, A0OaBKU He
OKa3blBaeT 3HAYMMOro0 BJMsHUA. [lokasaHo, 4TO NpU HCCIeA0BaHUU Pe0JOrMiYecKUX XapaKTepUCTHUK BOJOYTOJIbHBIX CyC-
NMeH3Uld JAMHaMUYecKasl BA3KOCTb BHO-BOJOYrOJIbHBIX CyCNleH3WH He BBIXOAMT 33 INpejiesibl XapaKTepPHOro 3HadyeHus
1200 Ia-c mpu ckopoctu caBura 100 06/MUH NIpU BBeIeHUH B BOJOYTOJIbHbBIE CYCIIeH3UH He Gosiee 2 % ONUJIOK COCHBI M He
6osiee 6 % XBOU COCHBI.

KioueBble cioBa: BOJOyroJibHas CyCIleH3Hud, MHKpOBOJ’IHOBOI‘/’I Harpes, 3KCIIepUMEHTaJIbHble HCCJI€LOBaHUSA, 3aJepiKKa
3aXKHUTIr'aHUd, JHHaMHW4YeCKad BA3KOCTb
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Impact of woody biomass in the composition of coal-water suspensions on
their transportation and combustion

D.Yu. Malyshev®, Zh.A. Kostoreva, M.S. Tamashevich

National Research Tomsk Polytechnic University, Tomsk, Russian Federation

“dmitry.mlv@gmail.com

Abstract. Relevance. A promising fuel from an environmental point of view is coal-water suspensions. Multiple studies have
shown that when they are burned, emissions of anthropogenic gases into the Earth's atmosphere are significantly reduced
compared to emissions from coal burning. But the large-scale introduction of coal-water suspensions into the overall balance
of energy production is difficult due to a significant delay in their ignition, which can reach several tens of seconds at relative-
ly low oxidizer temperatures (Tg<1073 K). One of the possible ways to solve this problem is the use of new technologies for
preparation for combustion, for example, the use of additional microwave heating of fuel and the introduction of special addi-
tives into the composition of coal-water suspensions, which accelerate their ignition. The introduction of such additives into
the fuel composition can lead to a significant change in the rheological characteristics. Aim. To determine the degree of im-
pact of the concentration and type of wood additive in the composition of the coal-water suspension on the rheological cha-
racteristics of droplets of coal-water fuel, as well as the possibility of reducing the duration of thermal preparation of the lat-
ter when exposed to microwave heating. Object. Water-coal suspension based on long-flame thermal coal and on long-flame
thermal coal with the addition of sawdust and pine needles (Bio-water-coal suspension). Methods. Experimental studies to
determine the time characteristics of water-coal suspension ignition were carried out using a high-speed video camera
FASTCAM. Fuel combustion was carried out in a flow-through combustion chamber equipped with magnetrons for additional
microwave heating of the fuel. Dynamic viscosity was determined using a Brookfield RVDV-II + Pro viscometer. Results. It has
been established that the addition of microwave heating can significantly (up to 15%) reduce the ignition delay of water-coal
suspension and Bio-water-coal suspension at relatively low oxidizer temperatures (673 K). Experimental studies shown that
the type of biomass affects the time characteristics of fuel ignition at ambient temperatures up to 753 K; with a further in-
crease in the temperature of the oxidizer, the type of additive does not have a significant effect. It is shown that when study-
ing the rheological characteristics of the water-coal suspension, the dynamic viscosity of Bio-water-coal suspension does not
go beyond the characteristic value of 1200 Pa‘s at a shear rate of 100 rpm when no more than 2% of pine sawdust and no
more than 6% of pine needles are introduced into the water-coal suspension.

Keywords: coal-water suspension, microwave heating, experimental studies, ignition delay time, dynamic viscosity
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BBegenne JIpeBecHO Omomaccel B cocrtaB BYC mpuBomut k

Hawnbounee pacripocTpaHeHHBIM TOIUIMBOM JUISl TEI-  CHIDKEHHMIO BBIOPOCOB OKCHIOB YIJIEPOJA, a30Ta M Ce-
T0BBIX 3nekTprueckux cranuuii (TOC) ocraercst yroms  psl o cpaBHernto ¢ BYC 6e3 mo6aBok. OTX0IbI jI€Co-
[1]. Ero cxuranue conmpoBOXKIAeTCs BBEIOpOCAMH, aK-  3arOTOBHTENIBLHBIX MPEANPUATHI (OMUIKH, KPOHA, KOpa
TUBHO 3arps3HAIOLIMMU OKPYXKAaIOIIyH cpely (TBep-  u Ap.), He MMEIOIINe [IEHHOCTH, IPAKTHYSCKH HE Tepe-
JIbIC YACTHILBI, OKCHJBI a30Ta M CEphl, JUOKCHJ yIjie-  pabaThIBAIOTCA W XPaHATCS B OTBajJax HA OTKPBHITOH
poma u ap. [2]). MecTHOCTH [10]. [locnenHee NpUBOIUT K BBIAECIECHUIO B

IlepcneKTUBHON TEXHOIOTUEH CKUTaHMS YITsl CUU-  OKPYIXKAMOIIYIO CPely IMaPHUKOBBIX ra30B (HAmpumep,
TAeTCsl CXKUTAaHHE IIOCIEIHEr0 B COCTaBE OPraHO-  MeTaHa) BCIAEACTBHE THHEHHS OTX0m0B. Kpome Toro,
BOJIOYTOJIBHBIX, OMO-BOJIOYTOJBHBIX M BOJNOYTOJBHBIX  TAaKO€ XpaHEHHE HEPEAKO HPUBOINT K BOSHHMKHOBEHHUIO
cycnensuit (BYC) [3-6]. YcTaHOBIEHO, UTO IPH CXU-  MOXkKApOB. VICHoONb30BaHUE OTXOOB JiecomepepadoTKu
TaHUU TIOCICIHHUX, 110 CPABHEHUIO CO CXKHTAaHUEM M JecommieHus B coctaBe BYC okakeT OiarompusT-
YTOJBHOTO TOIIIMBA CYIIECTBEHHO CHIDKAIOTCA BBIOPO-  HOE BO3JCUCTBHEC HA OKPYKAIONIYIO CPEIy W CHHU3UT
Cbl AHTPOINOIEHHBIX ra3oB, TAKUX KaK OKCUIBI a30Ta U OMAaCHOCTh BO3HUKHOBEHUS IMOYKApOB BOJU3HU JieCOIe-
ceprl [7-9]. Taxke ObUIO MOKa3aHO, YTO NOOABICHUE pepabarbiBaronmMx Opeanpusithii. CTOMMOCTh TaKHX
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nobaBok B BYC Oynmer ompenensiTbCsl 3aTpaTaMd Ha
cO0p U TPaHCTIOPTUPOBKY.

3aMelleHue 4yacTu YrOJIbHOTO TOIUIMBA PacTUTEINb-
HOM KOMIIOHEHTOH BeIeT K CHHXEHHIO TEIUIOTHI Cro-
paHus Takoro TomuBa. [103ToMy KOHLIEHTpaLus yCKO-
pAroIIel Tpoliece 3aXHWraHWs J00aBKW (IpeBecHOU
o6uomaccel) [11] nomkHa OBITH TakoM, YTOOBI oOecre-
YUTh HEOOXOJMMOE CHIDKCHHME MPOJODKUTEIBHOCTH
TEPMHUUYECKOH MOJATOTOBKH TOIUIMBA, HO B TO K€ BpPEeMs
HE OKasbIBaJla Obl CYIIECTBEHHOI'O BIUSHUS Ha CHIDKE-
HHUE PHEPreTUYECKUX XapaKTEPUCTHK BBICOKO 00BOA-
HéHHOrO TorumBa. B [10] mokaszaHo, 4To jJo0aBieHUE
o6moMaccel B coctaB BYC 10 6 % Bener K CHIKEHHIO
TEIJIOTBOPHOM cIOcOOHOCTH MeHee 4eM Ha 5 %, HO
MIPUBOJIUT K CHIDKCHHMIO MEPHOJIa TEPMHUYECKOI OATO-
toBku Ha 20-30 %.

B BYC conepxanue BOAbl BapbUpyeTCs B Juana-
3oHe oT 40 m0 60 % [12]. Beicokas 0OBOAHEHHOCTH
TOIJIMBA TNPHUBOJUT K CYLIECTBEHHOMY YBEIMUYEHHUIO
MPOJOJKUTENIBHOCTH WHAYKUMOHHOrOo nepuona. s
KpPYIHBIX Kamenb (XapakTepHbId pasMep =3 MM) 3a-
Jep)KKa 32)KUT'aHUST MOXKET COCTABIATh HECKOJIBKO Jie-
CATKOB CEKYHJ] IPU OTHOCUTEIbHO HU3KHUX TeMIlepary-
pax oxucnutensHoi cpenst [13]. TpaguunonHsie cro-
co0b1 cxxurannsa BYC cBsizaHBI C pAIOM ONpeReicH-
HBIX TEXHOJOTHYECKUX TpymHocTel. Tpebyercs cyiie-
CTBEHHass MOJAEPHU3AIMS CHCTEMbl TOIUTUBONOAUH
(TepeBoX ¢ TBEPIOrO TOIUIMBA HA JKUAKOE), OCIOXKHS-
eTcsl paboTa TOMOYHO-TOPEIOYHOr0 KOMITIeKca (B CBS-
3M C HAJIMYUEM JOCTATOYHOTO OOJIBIIOro 00beMa BOJbI
B TOIUIMBE CYIIECTBEHHO BO3PACTACT 3aJACPXKKa 3aXkU-
raHusg TakUX TOIUIUB (MOXXET COCTaBISATb HECKOJBKO
JeCATKOB cekyHn)). B pabote [14] moka3aHo, 4To mpu
cxurannu BYC B xotne TII-35 anuna ¢akena yBenu-
yyBajach B 3—4 pas3a, 10 CPAaBHEHMIO CO CIKUT'AHUEM
YronbHOW NbIIM. IIpoaoyKUTENBHBIN Mpolecc BOC-
MJJaMEHEHUS TPUBOAUT K YMEHBIICHUIO TEMIIEpaTyphl
¢dakema Ha 200-300 K m yXyAmeHHIo BBITOpaHUS
yronpHbIX "dactul, BYT (cremens BbITOpanus Oblia
Hwke 83 % [14]), NOBBIICHUIO TEMIIEPATYPHI JBIMO-
BBIX Ta30B (Ha 2—5 % BHIIIE, YeM NIPH TOPEHUH YITIST) U
COBOKYITHOMY YBEITHYCHHIO TETIOBBIX TOTEPH [ 14].

Hcnonb3oBanne BYC B HacTosiee Bpemsl COmpo-
BOXKIAETCS BBICOKUMH 3KCIUTyaTallMOHHBIMHU 3aTpaTa-
MM B CBSI3HM C YeM BcTpewaeTcs kpaiiHe peako. Ha ce-
TOAHAIIHUI JIEHb PSIIOM HccilefoBaTenei mpeanoxe-
HBI pa3IuyuHbIe cIocoOb! cxuranus BYC, nanpumep, B
LUKIOHHBIX TONKaX. JlIMTenbHOE HAaXOXKICHUE KaIUTh
TOIJIMBA B TOIMOYHOM IPOCTPAHCTBE KOTJIA MO3BOJIAET
obecrieunTh ee MoJHOoe cropaHue. [IpyruM crnocoOoM,
nmo3BoJstonM 3G deKkTHBHO cxurath BYC, sBisercs
WX TIOACBETKa Ooliee PEaKIHMOHHBIM  TOILTHBOM
(HampuMep, ra3oM WIN AW3ENbHBIM ToIuuBOM). K He-
JOCTaTKaM JIaHHOI'O0 METOJa MOXKHO OTHECTH HecTa-
OWIBHOCTh TOPEHHS MHUIMUPYEMOTO TOIUINBA, & TaK-
e 3HAUUTENIbHO 0olee CIOXKHYI CHCTEMY YIpaBie-
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HUS KOTeNbHBIM arperatoM [14]. IlepcieKTUBHBIM Me-
TOJIOM, TIO3BOJISIFOIIMM WHTCHCU(UIIUPOBATH MPOIIECC
saxuranuss BYC 0e3 cyliecTBeHHOH MOJIepHU3AINU
TOIIOYHOTO MPOCTPAHCTBA, MOXHO CUUTATh J100aBIICHHUE
MHUKPOBOJHOBOTO HAarpeBa, BO3JIEHCTBYIOLIETO Ha BOAY
B coctaBe BYC. M0OXHO MpeoioKuTh, 4To 100aBiIe-
aue CBY-mnydenus [15] Oyzer crmocoOCTBOBATh WH-
TeHcu(ukanuu npouecca 3axuranua BYC. Crout oT-
METHUTh, YTO HA CETOJHSIIHHUN JICHb HEJIOCTATOYHO HC-
CJIeZIOBaHUH, MOCBAIIEHHBIX JaHHOH TeMaTHKe.

OxnuMm u3 npeumymiects BYC sapnsieTcs To, 4TO ee
MOXXHO TPaHCIIOPTUPOBATh TPYOOTPOBOJHBIM TpaHC-
noptoM. Junamudeckas Bs3kocth (1) BYC ompenens-
€T BO3MOXKHOCTh €€ TepeKauk Mo TpyOompoBogaM U
OKa3bIBACT CYIISCTBCHHOE BJIMSHUE HAa KOHCTPYKTHB-
HbI€ XapaKTEpUCTUKH CHUCTEM TOIUIMBOINOAAYM U pac-
MBUICHUST TOIUIMBA B TONOYHBIX MPOCTPAHCTBAaX KO-
TEJbHBIX arperaTos.

Beenenue B cocraB BYC jpeBecHoit Gmomacchl
MOJKET OKa3aTh BJIMSHUE Ha BSI3KOCTb JKUAKOTO TOIUIH-
Ba. Ha ceromnsmHui AeHb HEe Tak MHOro pabot, mo-
CBAIICHHBIX BOPOCAaM BIUSHHS BHJIA U KOHIICHTPALIUU
npeBecHOi Omomacchl B coctraBe BYC Ha peomoruye-
CKHE XapaKTePUCTUKU TOIUIMBA. B oTOM CBA3M sIBIIsAET-
Csl aKTyallbHBIM OIpEICTICHUE PEOJIOTHYECKUX Xapak-
TEPUCTUK UCCIIEAYEMOI0 KOMIIO3UTHOI'O TOIUIMBA.

Henbto qanHON pabOTHI ABIAETCS ONPEAEIeHHE BIIH-
SIHUSI KOHIICHTPAIlM W BUJIA JAPEBECHOU J00aBKU B CO-
craBe BYC Ha peonornueckve xapakTepUCTUKH Karelb
TOIUJIMBA, @ TAKXKe BO3MOXKHOCTH CHIDKEHHS MPOIOIIKH-
TEJIBHOCTH TEPMUYECKOW TMOATOTOBKM TOIUIMBA MpHU
BO3/I€HCTBUM MUKPOBOJIHOBOI'O HarpeBa Ha TOILIMBO.

MeToauKa NOATOTOBKY TOIJIUBA

B kauecTtBe OCHOBHOIO KOMIIOHEHTA TOIUIMBA MC-
MOJIB30BAJICSA TUIMYHBIA SHEPreTUUECKUNA YTOJIb MapKH
[ (amuHHOTUIAMEHHBIH, JIMCTBIHCKOTO MECTOPOXKIC-
Husi HoBocuOupckoii 00i1.). B kauectBe yckopsromeit
MpoLecC 3aKUTaHusd N00aBKU NPUMEHSIUCHh OTXOMbI
necornepepaboTKu U JIECONMMIICHUS (OMUIKH COCHBI U
xBosi cocHbl). Ha Teppuropun Tomckoi obmactu, 1mo
OILICHKaM CIIEIHAINCTOB, 3aIachkl APEBECHHBI (COCHBI)
OLIeHUBAIOTCS B 28,8 % OT BCEX JIECOMOKPBITBHIX TEPPH-
topuii. Takum oOpa3oM, 3amachl PaCTUTEILHOW KOM-
MOHEHTHI, KOTOpas MOTEHLIHUAIbHO MOXXET HCII0JIb30-
BaThCA U1 WHTECHCH(UKAIIMK TpOLECcca 3a)KHTaHUs
BOJIOYTOJILHOTO TOIUIMBA, BECHbMa BEJIHKH.

Jst mpuroroBnenust BYC ornensHO moaroraBin-
BaJICh YroJib U OMoMacca (OTUIKU U XBOSI COCHBI).

[MoaroroBka yris HEOOXOAUMOUW (pakiuu MPOXO-
JTJTa CIISIYIONIM 00pa3oM:
KyCKOBOH yroiib pazmepoM 10—15 cm u3menbuancs
B IICKOBOH JIpOOHIIKE 10 pa3MepoB 2—3 MM;
MOJyYMBIIAsAcS (Ppakmus IOCTymana B IIAPOBYIO
MeJbHHUILY, TA€ APOOMIACh 0 MBUIEBUAHOTO COCTO-
STHUS,
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e Jajyiee yroJyibHas MbUIb HANpaBisUIach B BUOPOCHUTO,
IJie IpoceuBajach yepes s4eiky pazmMepoM 90 MKM.
[TpoceB mcmonB30BaNCS IS HMPUTOTOBICHHUS CYC-
TICH3H, a YToJbHAas MBLIb, Pa3Mep KOTOPOH IMpeBhIIIall
90 MKM, HalIpaBJsUIach Ha IOBTOPHOE U3MEJIbUEHUE.
[peBecHas Omomacca TakXKe ITOATOTABIMBAJIACh B
HECKOJBKO CTaJINi:
Ha HaydaJbHOM 3Talle OCYLIeCTBISUIaCh CYIIKa Mac-
cel B cynmmiibHOM 1mkady CVY 32 npu Temmeparype
376 K B Teuenne 2 4acoB, B KOHIIE MPOIIECCa CYIIKH
BJIQKHOCTh JIPEBECHON OMOMacchl cocTaBisia
=5 %);
CIICAYIOIIUM TEXHOJIOTHYSCKUM J3TAalloM OBLIO W3-
MeJIbYeHHEe OMOMacchl U €€ NPOCEB uepe3 CHUTO C
staeikoit 90 mxm [16].
[locne MONrOTOBKM KOMITOHEHTOB TOILTHBA OCY-
HIECTBJISUIOCh UX CMEIIEHHE B TOMOTEHH3aTope C 3a-
JAHHBIMH MAacCOBBIMH KOHIICHTPAILIUSMH, TPUBEICH-
HBIMH B Tabmmie. M3mepeHme Macchl KOMITOHEHTOB
MPOBOIMIOCH TIpH Tomoru BecoB aczet CY-1003 [17]
¢ TouHocThio m3mepenuii 0,001 r.

Ta6auya. Cocmas uccaedyemvix monaug
Table. Composition of the studied fuels
Yrons I, % Tun CozepxxaHue Boga,
6MOMaCChl 6uomacchel, % %
Long-flame . .
coal. % Biomass Biomass Water,
’ type concentration, % %
50 - -
48 Onuaku 2
46 COCHbI 4
Pine
44 sawdust 6 .
48 2
XBOSI COCHbI
46 Pine needles 4
44 6

MeToAUKYU NPOBEAEHUSA IKCIEPUMEHTOB

DKCMepUMEHTAIbHBIE HCCIICJIOBAHUS TPOBOIUINCH
Ha HECKOJIbKMX OJKCIMEPUMEHTaNbHBIX cTeHmaax. Jlims
ompeJieNieHns TuHaMu4eckoi Bsa3kocTH BYC ucnonb-
30BaJICSl 3KCIIEPUMEHTAIbHBIN CTEHJ], IPUBEICHHBIN Ha
puc. 1. VccnenoBanwusi IpOBOAMINCH B COOTBETCTBUU C
MeToaukoii [18].

OnpeneneHne THHAMHYECKOW BSI3KOCTH OCYLIECTB-
nsutock Ha BHcko3uMetpe Brookfield RVDV-II + Pro.
[InmuHAEns BHCKO3UMETPA TIOTPYXKAIH B MPO3PAYHYIO
CTEKJIIHHYIO €MKOCTb, 3anojHennyro BYC. Hccneno-
BaHUS TPOBOJIMIIN TIPU PA3TIMYHBIX CKOPOCTSIX C/IBHTA.

Ha BTOpoM »3Tame wHcCClenoBaHU ONpenessiach
OJIHAa U3 OCHOBHBIX XapaKTEPUCTHK JIFOOOTO TOTUINBA —
BpeMsI TEPMHUYECKON TMOJTOTOBKH (3aJiepiKKa 3a)KUTa-
HuA) (tign). Ha puc. 2 mpexncTaBneH sKkcnepHMMeHTallb-
HBII CTEHJ| 1O OIPEACIICHUI0 BPEMEHHBIX XapaKTEpH-
cTuk 3axuranusi BYC B yclnoBHUsIX CIOXKHOTO pajaua-
[IMOHHO-KOHBEKTUBHOTO MHKPOBOJHOBOTO Harpesa.
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Oxucnutenb (KUCIOPOI BO3IyXa) HATPEBAJICS B BBICO-
KOTEMIIEpaTypHOil leuu B nuanasoHe ot 673 po 783 K
W Jajiee TOAaBalCs B KaMepy CropaHus — 3 KoMIpec-
copoM — 1. Karmis TormmBa — 5 BBOIMIIACh B HATPETYIO
JI0 BBICOKHX TEMIIEPATyp OKHCIHTENBHYIO Cpeay IpH
TTOMOIIY TIOJIBIKHOTO MexaHn3ma — 4. B BepxHel ua-
CTH KaMephl CrOpaHHs YCTaHOBICHBI YETHIpe MarHe-
TpoHa — 6 TaKUM 00pa3oM, YTOOBI UX BO3AEHCTBHUE ObI-
JI0O HANpaBJICHO Ha IEHTPAILHYI 4YacTh KaMephbl CTo-
paHus, Kyga BBOMMIACH Karwisl TorutuBa. [Ipormeccs
TEPMHUYECKON TOATOTOBKA U 3Q)KUTAHHS PETHCTPUPO-
BaJla BRICOKOCKOPOCTHAas Bujeokamepa — 7. Bpemenem
3a/iepiKKH 3axkuranus (lign) cuurancs nepuoj oT Hava-
Ja TEIUIOBOrO BO3ACHCTBHA (HOMANaHWE YaCTHIBI B
(oKyc KaMepbl) 0 MEPBBIX 0YaroB TOpeHHUs (TOsBIIe-
HUS CBETSIIUXCS 00JIACTEH) UCCIIeyeMOTo TOILINBA.

IKcnepuMeHmMabHas yCMAaHo8KA NO U3MEPEHUI0
duHamuueckoli esizkocmu BYC (1 - pomayuonHbliii
guckosumemp; 2 - wnuHdeaws; 3 - yuauHopuveckuil
cmek/sIHHbILU cocyd ¢ uccaedyemoli cycneHsuell; 4 -
Buo-BY()

Experimental setup for measuring the dynamic vis-
cosity of a coal-water suspension (CWS) (1 - rota-
tional viscometer; 2 - spindle; 3 - cylindrical glass
vessel with the suspension under study; 4 - Bio-CWS)

Fig. 1.

[Ipy mmaHWpOBaHWM W TPOBEACHUU DKCICPUMCH-
TaJbHBIX HUCCIICJOBAaHUN 0c000C BHHUMAaHHUE YJENSIOCH
y4eTy pa3jMyHOro poja momMex W omubok. B yactHO-
CTH, JIJISl K&XKJIOTO COCTaBa TOIUIMBA MPOBOJIMIH CEPHIO
He MeHee yeM 13 N=10 ombITOB.
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Cxema  3KCnepuMeHMa/nbHO20 cmeHda no
onpede/sieHUl0 BpeMeHHbIX Xxapakmepucmuk: 1 -
Komnpeccop; 2 - 8bICOKOmeMnepamypHas neus; 3 —
Kamepa czopaHusi; 4 — depyicamens; 5 - kanaa BYC;
6 — mMazHempoHbl (4 wm); 7 — 8bICOKOCKOPOCMHAS
sudeokamepa

Scheme of the experimental stand for determining
time characteristics: 1 - compressor; 2 - high-
temperature furnace; 3 - combustion chamber; 4 -
holder; 5 - CWS drop; 6 - magnetrons (4 pcs.); 7 -
high-speed video camera

Fig. 2.

YCTaHOBIIEHO, YTO MOTPENIHOCTh CEPUU HM3MEPEHHN
3a/IeP)KKU 3aKUTaHUS TIPH TOBEPUTEIBFHON BEPOSITHOCTH
0=0,95 ne npepbimana 13,1 %, ans qUHAMAYECKON BA3-
KOCTH TOTPEIIHOCTb cocTaBisa 7,4 % mpu JOBEpUTEIIb-
Hoit BeposTHOcTH 0,95. Meronuka o0paboTKU SKCIIEpH-
MEHTaIIbHBIX UCCIICA0BaHMIA TOIPOOHO omrcaHa B [19].

Pe3y ibTaThl 3KCIEPUMEHTA/IbHBIX UCCIEJ0BAHUA

Ha puc. 3 mpuBeneHBl 3HAYCHUS AWHAMHUYICCKOM
BA3KOCTHU NPU Pa3IMYHBIX CKOPOCTSIX CIABHUTra UCCIETY-
€MBIX TOIUIUB.

AHanmu3 3aBHCUMOCTEH, IPUBEICHHBIX Ha pHC. 3, &,
moKasai, 4yto no0aBjieHue Jaxe 2 % XBOM COCHBI IPHU-
BOIUT K YBEIWYCHHIO BS3KOCTH IPAKTHYECKH B JIBa
pas3a 1o CpaBHEHHIO C BOIOYTONBHBIM TOIUTHBOM 0e3
BBEJICHUSI B CTPYKTYpy ToIuluBa Ouomaccel. JlobaBie-
Hue 4 % (mo macce) 6uomaccel B BYC mpuBoaut k
YBEJIMYEHUIO BA3KOCTH B 3,2 pasa, npu 6 % — nouTH B
4 pasza. Ha puc. 3, b npuBeneHbl 3aBUCMMOCTH JHHA-
MHUUECKON BSI3KOCTH IIPH pasHbIX CKOPOCTSX CIBUra
st BYC u buo-BYC ¢ no6aBiieHreM OIUIIOK COCHEI.

Hoxkazano [18], 4To mpu BeTUYMHE AUHAMUYECKOH
Bsa3kocTu MeHee 1200 Ilac (mpu ckopocTu caBsura
100 06/MuH) CyCIIEH3HIO MOXHO PACHbUISTH B TOIOY-
HOE IIPOCTPAHCTBO KOTEIHHOTO arperata ¢ MUHHMAb-
HOU BEpOATHOCTBIO 3aKyNOPUBAHUS TOILIMBHBEIX (op-
CYHOK W MHUHHMH3UPOBAThH 3aTPaThl PHEPIHU HA IIPO-
Ka4Ky TOIUTHBa 1o TpyOompoBoxam. Ha pmuc. 4 mpuse-
JICHbI 3HAUeHMs AUHAMUYECKOW BSI3KOCTH MPU CKOPO-
ctu casura 100 06/MuH.

AHanmu3 puc. 4 mokasain, 4To JIJIsl COCTaBOB TOTUIMBA
¢ nmobaBiieHHMEM XBOH COCHBI IIOKa3aHUS BSI3KOCTH
HaxoJsaTca Hibke mnoporooro 3HaueHus 1200 Ila-c.
MOXHO OTMETHTB, YTO NPH MAaKCHUMAaJIbHOM COJEpiKa-
HUU OMoMacchl (XBoM COCHBI) 6 % uMeeTcs 3amac 10
MIOPOTOBOT0O 3HAYECHUS IPAKTUYECKH B J]BA Pa3a.

3500
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3000 T * 48 % yrous, 2 % OIHIKH
b A COCHEI , 50% BoOIa
= 2500 46 % yromas. 4 % OMHIKH
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.
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Fig. 3.

position (a - pine needles, b - pine sawdust)

Dependences of the dynamic viscosity of CWS on shear rates at various mass concentrations of biomass in the fuel com-
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Puc. 4. 3HaueHue duHamu4eckoll 8a3kocmu npu ckopocmu
cdsuza 100 06/muH das cocmasos BYC: 1 - 50 %
80da/50% yzonv; 2 - 50 % eoda/2 % onuiaku
cocHbl/48 % yeonv; 3 - 50 % eoda/2 % xeos
cocHbl/48 % yeonv; 4 - 50 % eoda/4 % xeos
cocHbl/46 % yeonb; 5- 50 % eoda/6 % xeos
cocHbl/44 % yzonb; 6 - 50 % eoda/4 % onuiaku
cocHbl/46 % yzonv; 7 - 50 % eoda/6 % onuiaku
cocHbl/44 % yz2ob

Value of dynamic viscosity at a shear rate of 100 rpm
for CWS compositions: 1 - 50% water/50% coal; 2 -
50% water/2% pine sawdust/48% coal; 3 - 50%
water/2% pine needles/48% coal; 4 - 50% wa-
ter/4% pine needles/46% coal; 5 - 50% water/6%
pine needles/44% coal; 6 - 50% water/4% pine
sawdust/46% coal; 7 - 50% water/6% pine saw-
dust/44% coal

Fig. 4.

B oT0}i CBA3M MOXKHO C YBEPEHHOCTBIO CKa3aThb, YTO
JambHEHIIee yBeIHYCHNEe KOHIIEHTPAUH XBOM COCHEI
BO3MOXHO. [loO6aBieHue OMMIOK (Jaxke NMPH OTHOCH-
TEJBHO MaJIbIX MAacCOBBIX KOHIEHTpanusx (4 % u 60-
1ee)) B COCTaB TOIUIMBHOW CMECH MPUBOAWT K 3HAYH-
MOMY TMOBBIIICHUIO JUHAMUYECKOH BsA3KocTH (Ooiee
1200 ITa-c) 6uo-BogoyroiapHOro KoMmmnosuta. Ilocmen-
Hee OOYCIIOBJIGHO BBICOKOW aJICOPOIIMOHHOHN CIoco0-
HOCTBIO JPEBECHHBI. AHaJIH3 3KCIEPUMEHTAIbHBIX
JaHHBIX, MPUBCACHHBIX Ha pPHUC. 4, IIOKa3bIBACT, YTO
conepkanue 6uomaccel B bro-BYC 4 u 6 % (mo mac-
c€) MPUBOJUT K HKCHOHEHIMAIBHOMY POCTY BS3KOCTH
ToruMBa. Takoe M3MEHEHHE TUHAMUYECKOW BSI3KOCTHU
BVYC oxkaxer cymecTBeHHOE BJIHMSHHE HAa XapaKTepH-
CTHKH €€ paclblUIeHUs], TPaHCIIOPTUPOBKY U XpaHEHHE.
COOTBETCTBEHHO, MOXKHO CKa3aTh, YTO IS CTAOMIIHHO-
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TO pachbUICHHs] BOJOYTOJLHOTO TOIUTUBA B TOMKAX
KOTJIOB HEOOXOJMMO CO3aHHE HOBBIX BHIOB CIIPHH-
KIepHbIX cucteMm [20] wnM W3MEHEHHWE TEXHOJOTHH
CKHUTaHMUsI TaKUX BBICOKOBSA3KHX TOILIUB, HampuMep,
cxuraane BYC c¢ comepkaHneM ApEeBECHBIX OIMIIOK
BbIILE 2 % B IUPKYJIUPYIOLIEM KUIALIeM cioe. Mcxoas
W3 BBIIEU3JIOKEHHOT0, JallbHEHIINe 3KCIepUMEH-
TaJbHBIE UCCIIEIOBAHUS 110 U3YYCHUIO 3aJICPKKHU 3aKH-
ranus BYC nmpoBoauiKchk ¢ KOHIIEHTpaIied OnomMacchl
2 %.

Ha puc. 5 npexncraBneHa TunuuHas BUAEOTpaMMa
mporieccoB  3akuranus kanenb BYC 06e3 CBU-
uznyyeHus (puc. 5, a, ¢) ¥ 1MoJ BO3AEUCTBUEM MHUKPO-
BOJHOBOrO Harpesa (puc. 5, b, d). IIporecc Tepmude-
CKOM ITOJTOTOBKH TOIUTHBA MOKHO YCIIOBHO Pa3/ICNTh
Ha HECKOJIbKO TIOCIIEIOBATENBHBIX CTaani. B Hadamb-
HBIi MOMEHT BpeMeHHU Kaap | XapakTepusyeT Hauaio
TEIJIOBOTO  BO3ACUCTBHS, IIPOUCXOJUT HHEPTHBIN
HarpeB KaIuld TOIUIMBA, KOTOPBIH HHUIMHUPYET IIPO-
Lecc ucrnapeHus Biard. Jlanee Biiara HauMHAeT HCIa-
PATHCSI, U TOILIMBO HM3MEHSET CBOIO TEKCTypy ¢ Oue-
cramed Ha MmatoByro (kamap Il), oOpasyercs TBepablit
YIJIEpOIUCTBIN Kapkac. 3a KaIp BOCIUIAMEHEHHUS da-
crunel BYT ¢ BpemeneM tig, IpuHHMMAnCs MOMEHT
Hayala CBETHMMOCTH YaCTHUIbI, TPEBBIMIAIONICH CBETH-
MocTh kamepbl cropanus (xazap ). Crout ormeturs,
YTO 3)KUTaHUE, KaK MPABHIIO, TPOUCXOIUT Ha TIOBEPX-
Hoctu yacturpl. Kamp IV xapakrepusyer paszBuToe
ropenue yactuupl BYC. C MmoMeHTa 3akuranus (kazup
I11) mo pa3sutoro ropenus (xkaap 1V) nns buo-BYC ¢
00aBICHAEM OMIIOK COCHBI IMPOXOIUT ITOYTH CTOJb-
KO ke BpeMeHH, uTo U uid BYC ¢ nobaBneHueM XBou
COCHBI TpH Bcex BuAax HarpeBa. (CienoBaTeibHO,
MOJXKHO CJIeNIaTh BBIBOJI, YTO BHJ OMOMAcChl B COCTaBe
BYC He BiusieT Ha BpeMs MOJHOTO OXBaTa IJIaMEHEM
kanens buo-BYC mpu Temneparype oOkpysxarormeit
cpensl T=673 K.

Ha puc. 6 mpencTaBineHbl 3aBUCHMOCTH 3alICPKKH
saxuranus (tigy) BYC ¢ nobGaBnenmem B MX coOCTaB
ONMJIOK M XBOM COCHBI B YCIIOBHUSIX DaJUallMOHHO-
KOHBEKTHBHOTO W PagHallHOHHO-KOHBEKTHBHOTO MHUK-
POBOJIHOBOT'O HAIPEBOB.

Xoporo BUIHO, uTo jgobaenenne CBY-uznydyeHus
CHIDKAeT MPONOJDKUTEIFHOCTh TEPMHUYECKOH MOATO-
toBkH yactuly BYC u buo-BYC mst Bcero uccienye-
MOro Juama3oHa Temnepatyp. [Ipu oTHocuTenbHO
HU3KUX TemriepaTtypax okuciurens (673 K) puumsane
MHUKPOBOJIHOBOI'O HarpeBa MakcUMalbHO. BBenenue B
coctaB BYC 2 % no6aBok OMOMAcChl YCKOpSIET Mpo-
Iecc 3akuraHus dactul, TorumBa 0e3 CBU-narpesa
JUTSL Karesb TOIUIMBa ¢ XBoel cocHbl Ha 17 %, a yacTuil
¢ no0aBiiecHUEM OMWIOK COCHBI Ha 2 7% MpU OTHOCH-
TEJNFHO HU3KHUX TEMIIepaTypax BHEIIHEH Cpelbl.
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Puc. 5.

Fig. 5.
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Kadpvl munuyHoli eudeozpammel npoyecca eocnaameHeHus BYC c¢ dobaeseHuem OdpesecHoli 6uomaccwl npu
memnepamype 673 K: a) BYC c do6asaenuem cocHul xgou 6e3 CBY; b) BYC c dob6assieHuem cocHbl xeou ¢ CBY; ¢) BYC ¢
dobasaeHuem cocHbl onusiok 6e3 CBY; d) BYC c dobasaenuem cocHbl onuaok ¢ CBY

Frames of a typical videogram of CWS ignition with woody biomass addition at a temperature of 673 K: a) CWS with
the addition of pine needles without microwave; b) CWS with the addition of pine needles with microwave; c) CWS with
the addition of pine sawdust without microwave; d) CWS with the addition of pine sawdust with microwave
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3asucumocmu 3a0epiHcKu 3aicu2aHus
BYC om memnepamypul okucaumens-
Holi cpedsl 051 cocmasos BYC: 1 - 50
% e00da/50% yzonw; 2 - 50 % eoda/2
% x805 cocHbl/48 % yeonb; 3 - 50 %
8oda/2 % onusKu cocHbl/48 % y201b
Dependence of CWS ignition delay
times on the temperature of the oxidiz-
ing medium for CWS compositions: 1 -
50% water/50% coal; 2 - 50% wa-
ter/2% pine needles/48% coal; 3 -
50% water/2% sawdust pine/48%
coal
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IIpu paananmoHHO-KOHBEKTUBHOM MHKPOBOJIHOBOM
HarpeBe qo0aenenne B BYC 2 % XBOM COCHBI CHM)KaeT
tign 10 30 % u 1o 35 % npu nobasneHuu 2 % OMHUIOK
COCHBI TIPH TEMIIEpaType BHEIIHEH cpeabl 673 K.

CrnenoBaTenbHO, MOKHO CIeJIaTh 000OIIEHHBIA BBI-
BOJ O TOM, 4TO BBeJieHHe B coctaB BYC 2 % omunok
cocHbl (Mo Macce) W mobamienne CBY-moacBeTKH
BYC nmpuBOoAMT K CYILIECTBEHHOMY CHIDKEHHUIO
(mo 40 %) mPOAOIKUTENFHOCTH TEPMHUYECKON MOJTro-
TOBKHU (tjgn) MOCIIETHUX. Y CTaHOBJIECHHBIE NIPH IPOBE-
JEHUH SKCIEPUMEHTOB 3aKOHOMEPHOCTH WJLIIOCTPH-
PYIOT BO3MOKHOCTh pPEaNH3allii TEXHOJOTUH CHKUTA-
Hus BYC (B cocraBe KOTOpOil MpUCYTCTBYeT OnoMac-
ca) ¢ BO3CHCTBIEM MUKPOBOJIHOBOTO HarpeBa.

3akro4yeHue

1. JlomomHUTENBHBIA MHUKPOBOJTHOBBIA HAarpeB M JO-
OaBrieHre OMOMAaCChI — OMUIIOK COCHBI — MO3BOJISIIOT
YMEHBIIUTh BpeMs 3aaepkku 3axuranus BYC npu
TeMIiepatype okpyxarwmel cpenst T=673 K mo
35 %.

. Haubomnblee BIHMAHWE MHKpPOBOJHOBOTO Harpena

HaOmromaercss B OOJIACTH OTHOCHUTENBHO HHU3KHX

temmneparyp (T<700 K).

Hunamuueckas Bs3kocTh buo-BYC He mpeBbimaer

noporoBoro 3Hauenwst 1200 Tla'c mpm ckopocTtu

casura 100 o0/MUH U1 Kallelib TOIUIMBA ¢ H00aB-

neHueM He Oosiee 2 % OMWIIOK COCHBI U He OoJee

6 % XBOH COCHEI.
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OueHKa BO3MO>KHOCTH NOMCKA NOJ3€MHBIX BOJ, METOA0M
ajileKTpoToMorpa¢uy no JaHHbLIM YUCJIEHHOr0 MO/ eIUMPOBaHM S
B YCJIOBHSIX, OCJI0>KHEHHBIX MHOT'OJIETHEMEP3JIBIMU IOPOJaMHU
(Ha npuMepe TeppUTOPUHU BOCTOYHOM YacTu Pecny6iuku BypsaTus)

A.B. Jlasypuenko™, T.C. llloiixonoBa, M.C. llIkups, A.10. BestoBa, C.A. Tepemkux

Hpkymckuil HayuoHabHbL uccaedogamenvckull mexHudeckull ynusepcumem, Poccus, 2. Hpkymck

“alazurchenko@geo.istu.edu

AHHOTanusA. AkmyaasHocms. [loa3eMHbIe BOJIbI SIBJISIOTCS OCHOBHBIM UCTOYHUKOM MPOU3BO/ICTBEHHO-TEXHUYECKOTO BO-
JIOCHA6XKeHUSI TOPHOA00BIBAOIIUX 06'BEKTOB. ['e0/IornYecKre CTpoeHre UCCIelyeMbIX IJIOIA/leil ObIBAET OCJI0XKHEHO pas-
JINYHBIMH (l)aKTopaMI/I, KOTOpre 3anyLLHHI~OT IOMCK H JIOKAJIN3alHuI0 MMOA3EMHBIX BO/J. B CBdA3HU C 3TUM 4aCTO B KOMIIJIEKC
MMOMCKOBO-Pa3BeJOYHBIX PA0OT BKJIYAIT reoprsUvecKre UCCAeJ0BaHUS 3JIEKTPOPA3BEJOYHBIMUA METOAAMHU, Nepej Mpo-
BeJeHUueM KOTOprX HeO6X0,E[I/IMO O6OCHOBaTb HpI/IMeHeHI/Ie BbI6paHHOI‘O MeTo[a AJid pemel-msl IIOCTAaBJIEHHBIX 3a4a4 HyTeM
BBINIOJIHEHUST YUCJIEHHOI0 MOJieJIMpoBaHusl. IJess: 060CHOBATh NpUMEHEHHE MeTO/a 3JEKTPOTOMOrpaduu Ha MOUCK MO/ -
3eMHBIX BOJ, C yYETOM OCJOXKHAWIUX GAaKTOPOB B BH/l€ MHOI'OJIETHEMEP3JIbIX OPO/], TAJIUKOB U PAa3JIOMHOU 30HBI yTEM
YHUCJEHHOTO MOJe/MpoBaHus. O06seKmbl: reojoruyeckasi cpejia, npeAcTaBJeHHAs MOPOJaMU YeTBEPTUYHOU CHUCTEMBI U
MHOTO0JIETHEMEP3JIBIMU MOPOJIAaMHU MEJIOBBIX OTJIOXXEHUH 3a3UHCKOW MEXTOpPHOW BMAJAWHBI, pa3ioMHasi 30HA, TAaJUKOBbIe
30HbL. Memodbl: peliieHre MPsSMON 33aaud 3JEKTPOPA3BEJKH, pellleHrue 06paTHOW 33/Ja4yd 3JIeKTPOPa3Be/IKH, Ha3eMHble
reopuU3nUeCcKre UCCIeJ0BAHKUS METO/IOM ajieKTpoToMorpadun. Pezysbmamel. Ha 0CHOBaHUM BbINIOJIHEHHOTO YUCJIEHHOTO
MO/IeJIMPOBAaHUS T0OKA3aHO, YTO IPUMEHEHHE MeTO/1a 3JIEKTPOTOMOrpaduu 1esiecoo6pa3Ho NpU MOUCKe MOA3eMHbBIX BOJ Ha
IJIOLIA/IY, OCJIO)KHEHHOW pa3/IMYHbIMM (aKTOpaMHU: MHOTOJIETHEMEP3JbIMUA MOPOJAaMH, TaJUKaMU U Pa3JIOMHOU 30HOH.
I[To pe3ysibTaTaM pelieHUs1 MPSIMbIX U 00paTHBIX 33/1a4 3JIEKTPOPa3BeJKH Ha MpHUMepe BbINOJHEeHHbIX B 2020 . mpou3Boj-
CTBEHHBIX pa6oT B EpaBHUHCKOM paiioHe Pecny6/iMku BypsiTUsi MOKa3aHO, UTO 3JIeKTpOTOMOrpadudecKue HCciel0BaHUs
TPeX3JIeKTPOJHOHN YCTAaHOBKOM C IIaroM no npoduJjio 5 M, yCnelHo 3aBepeHHble 6YPOBLIMU PaboTaMH, MO3BOJISIIOT JJOCTO-
BEPHO OKOHTYPUTb MepPCNeKTUBHbIe 30HbI BOAONPUTOKA. ITH 30HbI, XapaKTepU3yollhecss HU3KUMU 3HAYeHUSIMU y/1eJIbHO-
r'0 3JIEKTPUYECKOTr'0 COMPOTUBJIEHHS, HA JAHHOH MJIOIA/JU HPUYPOYEHBI K TAJIMKOBBIM 30HaM, MUTaHUE KOTOPbIX NOCTyNaeT
3a CYeT TEIJIOBOTO MOTOKA C HeJp 3eMJIU.

KiloueBblie c/10Ba: YuCIeHHOe MoOJeJ/JIMpOBaHue, NMpsAMad 3aZiada 3JIEKTPpOpPAa3BeKH, 06paTHaﬂ 3a/a4a 3JIEKTPOpaA3BE€JKH,
SJ'IeKTpOTOMOFpa(bI/IH, yZAeJbHO€ 3JIEKTpUYeCKOe CONpOTHBJIEHUE, IOA3€MHbIE€ BObI, TAJIUKH, Pa3/IOMHAA 30HA, MHOTOJIeT-
HeMep3Jible IOPOo bl

A puTupoBaHus: OeHKa BO3MOXKHOCTH MOKCKA MO/I3€MHBIX BOJ, METO/IOM 3J1IeKTPOTOMOrpadpuu 1o JaHHBIM YUCJIEHHO-
ro MOJIeJIMPOBAaHHUS B YCJIOBHUSAX, OCJ0KHEHHBIX MHOI0JIETHEMEDP3JIBIMU NOPOAAMHU (HA NpUMepe TEPPUTOPUHU BOCTOYHOU
yactu Pecniy6simku Bypsitusi) / A.B. Jlasypuenko, T.C. lllofixoHoBa, M.C. lllkups, A.10. BenoBa, C.A. Tepemkun // U3BecTus
TOMCKOro NMOJIMTEXHHYeCKOro yHuBepcuTeTa. UHXUHUPUHT TeopecypcoB. — 2024. - T. 335. - Ne 7. - C. 81-95. DOI:
10.18799/24131830/2024/7 /4348
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Evaluation of the possibility of searching for groundwater using electrical
resistivity tomography based on the data of numerical modelling
in complicated permafrost conditions (the case of the territory
in the eastern part of the Republic of Buryatia)

A.V. Lazurchenko®, T.S. Shoikhonova, M.S. Shkiria, A.Yu. Belova, S.A. Tereshkin

Irkutsk National Research Technical University, Irkutsk, Russian Federation
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Abstract. Relevance. Groundwater is the main source of industrial and technical water supply for mining facilities. The geo-
logical structure of the studied areas can be complicated by various factors that make it difficult to search for and localize
groundwater. In this regard, electrical geophysical prospecting methods are often included in the complex of prospecting and
exploration works, before which it is necessary to justify the application of the chosen method for solving the problems by
performing numerical modelling. Aim. To substantiate the use of electrical resistivity tomography for the search for ground-
water, taking into account complicating factors, including perennially frozen rocks, taliks, and fault zone, by numerical model-
ling. Objects. Geological environment represented by Quaternary system rocks and permafrost rocks of Cretaceous sedi-
ments of the Zazinskaya intermontane area, fault zone, talik zones. Methods. Solution of the direct problem, solution of the
inverse problem, ground geophysical surveys using electrical resistivity tomography. Results. Based on the performed nu-
merical modelling, it is shown that the use of electrical resistivity tomography is expedient when searching for groundwater
in the area characterized by various factors: permafrost, talik, and a fault zone. Based on the results of solving direct and in-
verse problems of electrical survey, using field works performed in 2020 in the Eravninsky district of the Republic of Buryatia
as an example, it is shown that pole-dipole arrays in electric resistivity survey with electrode distance of 5 m, successfully
confirmed by drilling operations, allow us to reliably delineate the potential zones of water inflow. These zones, characterized
by low values of electrical resistivity, in this area, are related to talik zones, which are powered by heat flow from the bowels
of the earth.

Keywords: numerical experiment, direct problem of electrical survey, inverse problem of electrical survey, electrical resistiv-
ity tomography, electrical resistivity, groundwater, talik, fault zone, permafrost rocks

For citation: Lazurchenko A.V., Shoikhonova T.S., Shkiria M.S., Belova A.Yu., Tereshkin S.A. Evaluation of the possibility of
searching for groundwater using electrical resistivity tomography based on the data of numerical modelling in complicated
permafrost conditions (the case of the territory in the eastern part of the Republic of Buryatia). Bulletin of the Tomsk Poly-
technic University. Geo Assets Engineering, 2024, vol. 335, no. 7, pp. 81-95. DOI: 10.18799/24131830/2024/7 /4348

BBegeHue OcoOblIii HHTEPEC BBI3BIBAIOT TAJUKH, IPUYPOUEHHBIE K
B crarbe paccmarpuBaeTcs BO3MOXHOCTb IIOMCKAa  PA3JIOMHBIM 30HAM, B CBSI3U C HAJIMYHEM MOCTOSTHHOTO
MOJA3EMHBIX BOJ| METOAOM 3JEKTPOTOMOrpaguu IO  HWCTOYHHKA NHWTAHHWS 3a CYET TEIUIOBOTO IOTOKA, I0-
JaHHBIM YHUCJICHHOTO MOJCIMPOBAHMSA B YCIOBUSX,  CTYMNAIOIIETO U3 Heap 3emiu [4].
OCJIO)KHEHHBIX MHOTOJIETHEMEP3JIBIMU TTOPOAAMHU. Cpenu Bcex TeO(PU3UYECKUX METOAOB dJIEKTpHUe-
ITon3eMHbIE BOABI ABIAIOTCS OAHUM U3 OCHOBHBIX  CKHE M 3JICKTPOMArHUTHBIC METOJIbI SIBJISIOTCS Haubo-
HCTOYHNKOB BOJOCHA0)KEHMS M MPEJCTaBISAIOT COOOH  Jiee MOMyJSIPHBIMHU MPH Pa3BEJKE IMOA3EMHBIX BOJ H3-
LEHHBbIH ecTeCTBEHHbIH pecypc [1], U MOTPeGHOCTE B 3a TECHOM CBSA3M MEAY IMEKTPOIPOBOTHOCTHIO U HE-
HUX HEOCHOpHMa, 4YTO OOYCJOBJIEHO XO3SIMCTBEHHO-  KOTOPBIMH THIPOTEOJIOTMYCCKAMH CBOMCTBAMH BOJIO-
MUTHEBBIMU HYXJaMH 4esioBeka [2]. Boapl TexHHYe-  HOCHOTO rOpPH30HTA (HANPHMEDP, MOPUCTOCTHIO, TIINHU-
CKOTO Ha3HAUCHUS HEOOXOIMMBI JUIS BOJOCHAOKEHUS  CTOCThIO, MUHEPAIM3AIUEH TMOM3EMHBIX BOJ M CTEIe-
BaxTOBBIX IOCEIKOB, TOPHO-O00OTaTUTENBHBIX KOMOHM-  HBIO BOmOHAchImeHus) [5]. OmuuM u3 Hambonee H3-
HATOB U IPYTUX OOBEKTOB TOPHOJAOOBIBAIONICH HH(PA-  BECTHBIX JJIEKTPOPA3BEJOYHBIX METOIOB  SIBJISETCS
CTPYKTYpBI. MICTOYHMKaMM NUTaHHWA TaKUX BOA SABIA-  3JEKTpoToMorpadusi, MIUPOKO MpUMEHsAeMas BO BCEM
I0TCSI, TIPEXJE BCETo, aTMOC(EpHBIC OCAAKM, MOBEPX-  MHUpPE IPH PEIICHUH PA3IMYHBIX 3a1ad, OT MPOMBICIIO-
HOCTHBIE BOJbI, IOATOKU U3 APYTUX BOJOHOCHBIX I'O-  BBIX (HampuMep, MOMCK IOJIC3HBIX HMCKOMAeMBbIX) 0
PH30HTOB, a TAaKXkKe TasHHE CE30HHO-TANOro cios [3].  JKomormuecknx (MOHHTOPHHT OMOJ3HEH, Jerpanaluu
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BEYHOH Mep3noThl U ap.). Ero addextuBHOCTL ObLIa
YCIIENTHO MOATBEPKICHa MHOTOUNCIICHHBIMU HUCCIIE0-
BaHUsAMU [6—13]. Meton anekTpoToMorpaduu sBIsICT-
Csl TOOXOMISIIAM HHCTPYMEHTOM JIISI HCCIICTOBaHIII
pacnpeneneHus YACIbHOTO CONPOTHUBICHHA He3a-
MEpP3IINX OTIIOKEHUH (HAalpuMep, TAITHKa U KPUOIIITa),
a TaKkKe Ui U3YYCHUS U ONPEIEIICHHS MOJI0KEHISI
BEYHOH Mep3moThI [14].

OpHako Tiepe]] MPOBEJIEHHEM JH000TO Teopu3nye-
CKOTO HCCIICIOBaHUS TPeOyeTcs JOKA3aTenbCTBO Lee-
C000pa3HOCTH €ro MpUMEHEHHs IPU PEeIIeHUH TIOCTaB-
JIEHHBIX 33/1ad Ha PaccMaTpUBAEMOM YyYacTKe padorT.
Pemenne mnpsMol 3agadud MO3BOJSET ONPEACIIHTH,
BO3MOJKHO JIU OOHapy»XeHHe HCKOMOTro OOBeKTa B Te-
KYIIEH reoJIOTHYECKON CUTYalluy ¢ TIOMOIIBIO UCTIONb-
3yeMOro Teo(H3HUECKOr0 METOJa, a TaKXKe BBIOPATh
OINITHIMAJBHBIC TTApaMETPhl CUCTEMBI U3MEPEHHN IS ee
pelIeHus], OLEHUTh YPOBEHb CUTHAJIA M Pa3pelalonIyIo
CIIOCOOHOCTH BHIOPaHHOMN cucTeMbl HabmoaeHunit [15].

115 anpuOpHOM MOJENH UCIIOIB30BAIICh TE0JIOTH-
yeckue JaHHble Mo EpaBHuHCKOM utomanu [16] u pe-
3yJBTaThl MOMCKOBO-OIICHOYHBIX THJIPOTE€OJIOTHICCKIX
paboT, BKIIOYABIINE B ce0sI DICKTPOPA3BEIKY METO/a-
MU DIIEKTPOTOMOTpaduu, >IEKTPOMArHUTHBIX 30HAH-
poBaHMii M BBI3BaHHON moisipu3ammu (OM3-BII), a
TaKke THAPOTCOIIOTHUCSCKIE NCCIIEIOBAHMS U OypeHue,
BeInosiHeHHBIe B 2020 1. B monuHe peku 3a3bl B Epas-
HUHCKOM paifoHe PecnyOmuxu Bypsitus. Kommuiexc
paboT MPOBOIMIICS AJIs 0OECTICUCHUS TIPOU3BOJICTBCH-
HO-TEXHUYECKOTO BOJOCHAOKEHHUS 00BeKTOB O3epHO-
ro I'OKa, naxopsmerocs Ha Tepputopun PecryOmnuku
BypsiTHs, ¢ LeNpI0 BBISBICHHS NMEPCIIEKTUBHOCTH Me-
CTOPOXIEHUS HAMOPHBIX MOJIMEP3IOTHBIX BOJ MEXKIO-
pHOro apTe3naHckoro dacceiina p. 3assl [17].

T'eosiornyeckoe onucaHue

Y4acTOK MCCIICIOBAHUS PACHONOXKEH B 3a3MHCKOM
MEXTOPHOW BHagMHE, MOP(OIOTUIECKH TPEICTABIIS-
foleil co00l JIMHEHHO BBITIHYTYIO EMPECCHI0, 00-
PaMJICHHYIO HEBBICOKMMU TOPHBIMHU XpeOTamu. CTpyk-
Typa 3a3MHCKOW BIIaJWHBI MOXKET OBITH NPENCTaBICHA
KaKk DIyOOKWH TpabeH B OJOKEe KPHUCTALTUYSCKOTO
(yHIaMEHTa, CONPSHKEHHOTO C CEBepa U Iora ¢ Kpyll-
HBIMH Pa3JIOMaMH.

B reonoruueckoM CTpOEHMH TEPPUTOPUM NPUHU-
MalT y4acTHe NEPMCKHE, IOPCKUE M MEJIOBBIE OTIIO-
xeHus (puc. 1). Ux mepekprIBaioT oOpa3oBaHUS He-
OIUICICTOLIEHA U OTJIOXKEHHUA royioueHa. MHTpy3uBHbIE
00pa30BaHus Ha IIIOIAAU PAOOT NPEICTABICHBI IEPM-
CKHMH OTJIOXXEHUAMHU bruypckoro kommiekca.

Hccnenyemast TeppUTOpPHS HAXOTUTCS HA IOXKHOM
OKpauHe IUIOIAAU PACHPOCTPAHCHUSI KPHOIUTO30HBI C
MaKCHUMaJIbHON MOIIHOCTEIO 10 200 M.

B ruaporeosoruueckoM OTHOILIEHUM IIOUCKOBAast
IJIOIIA b BXOJUT B COCTaB 3a3MHCKOI0 apTE3MaHCKOTO
OacceiiHa, BBITAHYTOTO B CEBCPO-BOCTOYHOM HAIpPaB-
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neHuu. I'maporeonoruueckue ycioBust OacceifHa mo-
BOJILHO CIIOXKHBIC, OCOOCHHOCTH HX (OPMHUPOBAHUS
CBA3aHbl C HAJIWYMEM MOIIHOW TOJIIM ME3030MCKHUX
OTNIOKEHUH B 3a3MHCKOM BIaJuHE, MOBCEMECTHBIM
pacIpoCTpaHEHUEM  MHOIOJIETHEMEP3JIBIX  IIOPOJ
(MMII), mmpoKuM pa3BUTHEM Pa3pPhIBHBIX HAPyIICHHUHA
U TeKTOHUYECKHU OCIa0JIeHHBIX 30H.

IMutanne moaMep3IOTHBIX BOJ HPOUCXOTUT B OC-
HOBHOM 3a CYET PETMOHAIBHOIO CTOKA U3 KPUCTAJLIU-
YeCKUX MOpOJ TOpHOro opOpMIIEHHS M YACTHUYHO IO
TaJINKaM, IPUYPOUCHHBIM K Pa3pbIBHBIM HAPYIICHHSIM.
Pasrpy3ka 1moi3eMHBIX BOJ OCYIIECTBIISIETCS IOJ3EM-
HBIM CTOKOM II0 30HaM PErHOHAJBHBIX Pa3IOMOB U
CJIOSIM C TIOBBIIICHHBIMH KOJIJIEKTOPCKUMHU CBOHCTBAMU
B IIOJPYCIOBbIE TAIMKU. YacTUYHO pasrpys3ka Mpouc-
XOAWT B BHJE Halenell Ha MOBEPXHOCTH BOJM3H 30H
TEKTOHMYECKUX PAa3JIOMOB.

TakuMm o6pa3oM, Ha GOpPMUPOBAHUE IOJ3EMHBIX
BOJ IUIOLIAJM CYIIECTBEHHOE BIMSIHHME OKa3bIBAIOT:
criomHoe pazButue MMII, knumar, pensed u reoro-
rO-CTPYKTYpPHBIE OCOOCHHOCTH paifioHa.

MeTo/bI M TEOPHUS

CBs3b MeXTy reo(U3HUeCKUMU JaHHBIMU U CBOIi-
CTBaMHU Heap 3eMir 00ecIeynBaeTCs IPoLeccaMi Mo-
JETUPOBAHUS, TO €CTh PEHICHUEM MPSIMBIX B 00paTHBIX
3aga4 [18]. MogenupoBaHue HEOOXOIUMO JUTsl BEIOOpa
ONTUMAJIBHOM METOAWKH IIPOMU3BOJACTBA Teoduznde-
CKHX HCCICIOBAaHWH M OIIEHKHA BO3MOXKHOCTH IIpHMeE-
HEHMS JAHHBIX METOAOB AJISI PCIICHUS MOCTABICHHBIX
3amaq [19].

CyIIHOCTD MOJETHPOBAHHS CBOTUTCS K AIIIPOKCH-
MaIlM{ pPa3BeIbIBAEMBIX 00BEKTOB aPHOPHBIMHA MOE-
JSIMH, SIBISIOIIMMHCS TEJAMH TIPOCTOH TeoMeTpHde-
ckoit (hopMbI (map, cToa0, MUIMHID, IJIACT H Jp.) WU
CIOXKHOH (POPMBI C Pa3HBIMH KOHTPACTHOCTSIMH HX
(hM3MYECKNX CBOWCTB IO CPaBHEHHMIO C OKpYKaroUIeH
cpenoil. [lns BRIOpaHHBIX MOJENEH BBIONHSCTCS pe-
LIEHUE NPSAMBIX 337a4 C MOMOILBI0 YUCIECHHOTO MOJE-
nupoBanus [20].

[Ipsmas 3amaga TeoU3NKM COCTOMT B OIperele-
HUHM aHOMAJBHBIX ITapaMeTpoB (pH3NUIECKUX IOJEeH 110
U3BECTHBIM T'€OMETPUYECKUM XapPaKTEPUCTHKAM U (pu-
3WYEeCKUM CBOWCTBaM. Bepuduxanus MonenupoBaHus
BBEIMTONTHSETCS. IIyTeM pEHmIeHUs OOpaTHOW 3amadn
(onpeneneHne reOMETPUUECKUX MapaMeTpoB MO MONIY-
YEHHBIM T'eO()M3NYCCKHM JaHHBIM) Ha OCHOBE Mpeo0-
pa3oBaHMS PE3YNFTATOB PEIICHUS NPSMOH 3amadd K
BXOJHBIM JTaHHBIM NPOrpaMMbl UHBEPCHUH U B KOHEU-
HOM WTOT€ MOIYyYEHHs TEO3JEKTPUUIECKOro paspesa.
[Tomy4enHsle pe3yabTaThl HHBEPCHH HAIPSIMYIO CPaB-
HUBAIOTCSl ¢ MCXOJAHOM Monenbto [21]. Pemenue mnps-
MO 3aauyd OJHO3HAYHO, B TO BpeMs KakK pEIICHUC
o0OpaTHOi 3a7aun, Kak MPaBHIIO, MHOYKECTBCHHO U HE-
ycToituuBo [22].
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U3 MHOrOOOpa3susi reopu3NIeCKuX METOIOB B CO-
CTaB MOMCKOBO-OIICHOYHBIX PabOT Ha MOUCK I0J3EM-
HBIX BOJl B OONBIIMHCTBO TEXHHUUYCCKHUX 3aJaHUI CTaH-
JapTHO BKIIIOUCHA DJICKTPOPA3BEIKa METOIAMH COIIPO-
TUBJICHUY, OCHOBBIBAIONIMMUCS Ha AU GepeHINANNN
TOPHBIX TIOPOX IO YAETHHOMY D3JIEKTPHYECKOMY CO-
npotusienuto (YOC) [23]. OHM NO3BOJISIOT HAAEKHO
KapTUPOBaTh OOBOJHEHHBIC 30HBI, XapaKTEPU3YIOIIHE-
Cs IIOHWXCHHBIMU 3HAYCHUSIMUA COIIPOTHUBJICHU.

OnexTpoToMorpaduss — IEpeOBOM M IMIHPOKO WC-
MOJIB3YEMBIH Te0(hH3NIECKUI METOJT BU3YyalTH3alil HEp,
MPUMEHSCMBIN B 00JIaCTH TPayKIAHCKOTO CTPOHUTEIILCTBA,
9KOJIOTHYECKUX HCCIENOBAHNM, THIPOJIOTHICCKUX HC-
CIICIOBAHMH, Pa3BEIKHU IMOJIE3HBIX UCKOMAEMBIX, a TAKKe
apXEO0JIOTHUECKOTO KapTupoBaHus [24]. OTa TeXHOIOTHs,
OO0BEIMHSIONIAsT IPUHIIATIB 30HIUPOBAHUS U MPOQHIH-
POBaHWs, MO3BOJIET MOMYYUTh HanOoJIee MIOTHYIO CETh
IUTOMIATHBIX HAOIIONCHUHA W, COOTBETCTBEHHO, 3HAYH-
TETFHO YBENMYNUTH NETATbHOCTh HCCICHOBAHUS IIPUIIO-
BEPXHOCTHBIX OTJIOKCHHH MOIHOCTBIO JO JICCSATKOB
METPOB B 3aBUCHMOCTH OT HCIIONB3YyEeMOW YCTAHOBKH U
XapaKTepuCTHK paszpe3a. [lo pesynpTaTaM U3MepeHHi
9TUM METOAOM MOXKHO ITOJYYHTh TaKHE BaYKHBIC Xapak-
TEPUCTUKH PA3IOMHBIX 30H, KaK MOJOXKCHHUE M, MPEIIIIO-
JIOKUTEITHHO, HAKIIOH CMECTHUTEIS, XapaKTePHBIC UHTEP-

[Ipu BBHIMOTHEHUH MPSMOTO MOJEIMPOBAHUS IPH-
MEHsUTach KOMOMHAIUS TIPSAMOU B 0OpaTHON TpexdeK-
TPOJHOHN YCTaHOBOK, a TaKke ycraHoBka lllmombepixke.
Hcnonp3oBanne NpsSMOM W OOpaTHOW TPEXDICKTPOJI-
HOH YCTaHOBKH IO3BOJIIET OOECHECUUTh HAUOOJNBIIYIO
TIyOWHHOCTh W Pa3pelaronyl0 CIIOCOOHOCTh Cpeu
CTaHJAPTHBIX YCTAHOBOK, COBMEIIas 3TO C IOMEXO-
YCTOMUMBOCTBIO M BHICOKUM ypOBHEM CHTHana. Ycra-
HoBKa lllmomOeprke 00samaeT OAMHAKOBOW UyBCTBH-
TEJIbHOCTbIO K TOPHU3OHTAIBHBIM M BEPTUKAJIbHBIM
TpaHullaM, SBISSACH KOMIPOMHCCOM MEXIY YCTaHOB-
Kamu Bennepa u qumonbpHOH, riryOuHHOCTRIO HA 10 %
Oosnbieit, yem y BeHHepa, U cpelIHUM TOPHU30HTAIb-
HBIM TIOKpBITHEM [25].

[Ipu mpoBenennu snexTporoMorpadun B Peciy6-
nuke bypstus ucronp3oBanack 16-Tu KaHATBHAS DIIEK-
Tpopa3BenouHas craHius «Ckana-64» [26]. [Ipumens-
Jach mpsiMasi TPEXDJIEKTPOJAHAs YCTAaHOBKA C BBIHOC-
HBIM DJIEKTPOAOM TX Ha pacctosHuH 1 kM. Paccrostane
MEXIY DIEKTPOJaMHU ObLTO MPHUHATO B 5 M. OHO BBHIOH-
pajoch Kak HauOojee ONTHMalbHOE Uil TpeOyeMoi
TITyOWHHOCTH UCCIIEAOBAaHUS U pa3peliarmneii crnocod-
HoCTH [27]. BeixomHoe Hampsibkerue coctasuio 204 B.
[IpoaomkuTensHOCTS UMITYJIbCa TOKa — 80 Mc, Tay3bl —
20 mc.

BaJIbl YACJIHHOT'O COITPOTUBJICHUA.

Puc. 1. Teosozuveckoe cmpoeHue yyacmka pabom: 1 - aanrosuansvwsle (aQu) pycaosvle u nolimMeHHble omJodceHus. aabka,
necku, ea/ayHvl; 2 - 03epHble, 03epHO-6040mHble (IbQH) necku, cyeAuHKU, 2AUHbL UAbl, MOp@SAHUKY, canponeau;
3 - annrosull nepsotl (alQ*i) meppacsi pek. Ilecku, cynecu, 2a1e4HUKY, 8aayHbl; 4 — aanosull emopoti (aQ3im) meppacst
pek. Ilecku, cynecu, 2anevyHuKu, eaayHsl; 5 — 3asuHckas ceuma (Kizz). [lecuaHuku, asesposumsl, ap2uaiumst, 6umymu-
HO3Hble CAaHYbl, Mepeeau, pocghamHo-cudepumossle nopodsl. B npubopmossix wacmsix enaduxsl - EHdoduHckas ceuma
(Kien). KoHznomepamol, KoOH2/106pekyul, epaseaumst; 6 — YOuHckas ceuma He pacuieHeHHas (Jz-3ud). TpaxuaHdesuba-
3a/1bMbl, mpaxuaxHdeaumsl, mpaxumal, ux my@si, uHauMbpumbl, my@dgdumul, 2paseaumsl, NeCHaHUKU, A1e8p0AUMbL, ap-
eusaumel; Buvypckuli komnaekc 2a66po-moHoyum-zpaHumossiil (7, 8): 7 - uemeepmas ¢pasa: epaHumocueHum-
nopgupsl; 8 - mpemws gpasa (yEPzbs): epanumel u s1elikoepaHumel yMepeHHOWe104H020, MECMAMU HOPMAAbHO20 ps0a,
eparocueHumsl; 9 - Tamupckas ceuma (Pztm). Tpaxupuoaumol, mpaxupodayumsl, ux mygul, mygponecuanuku, my-
doanespoaumst; 10 — OndsviHduHckas ceuma (€10l). AHOe3umvl, aHde3u6asabmsl, 0ayUMbsl, puOAUMbL, Mpaxubazas-
mol U ux mybl, necCHaHUKU, a.1e8poauUMbl, u3secmHsku; 11 — 30Ha KOHMAKMOBbIX PO208UKO8, MOWHOCMb KOMOPOU He
evldepacusaemcst 8 macumabe kapmbl; PaspoieHbie Hapywenusi (12-15): 12 - c6pocul 21a8Hble docmosepHble;
13 - smopocmenerHble docmosepHble; 14 — emopocmeneHHble npednosazaemvle; 15 — pasAoMHaAsA 30HA; AUMOA02US
(16-19): 16 - mpaxupuoaumsi; 17 — mpaxuande3u6azaibmoul, mpaxubazaabmol; 18 — puoaumvl; 19 - KoHes10Mepambl;
npouue o6o3HaqeHus (20-25): 20 - mensi080li nomok; 21 — HaK/10HHOe 3a1e2aHue cioucmocmu (Yugdpa - y2oa nadeHust);
22 - pe2UOHAIbHOIL CMOK U3 KpUCMAAAUYECKUX NOPO0 20PHO20 06pamaeHust; 23 — 30Ha MHO20/1eMHEMEP3/bIX NOPOo;
24 - 2paHuya AUYeH3UOHHO20 yHacmka; 25 - KOHmyp 04151 NOCMpoeHusl ynpoujeHHbIX 2e0102u4eckux modesell

Geological structure of the exploration area: 1 - alluvial (aQu) channel and flood-plain deposits. Pebbles, sands, boulders;
2 - lacustrine, lacustrine-boggy (IbQu) sands, loams, clays, silts, peat beds, sapropels; 3 - alluvium of the first (alQ%u) river
terrace. Sands, sandy loams, pebbles, boulders; 4 — alluvium of the second (a2Q3ui) river terrace. Sands, sandy loams, peb-
bles, boulders; 5 - Zazinskaya suite (Kizz). Sandstones, aleurolites, argillites, bituminous shales, marls, phosphate-silerite
rocks. In the cutoff parts of the cavity, there is the Endodinskaya suite (Kien). Conglomerates, conglobreccias, gravelstones;
6 - undissected Udinsckaya suite (Jz-3ud). Trachyandesitebasalts, trachyandesites, trachytes, their tuffs, ingimbrites, tuf-
fites, gritstones, sandstones, aleurolites, argillites; Bichurskiy complex gabbro-monocyte-granite (7, 8): 7 - fourth phase:
granitosyenite-porphyry; 8 - third phase (y&Pzbs): granites and leucogranites of a moderately alkaline, sometimes normal
line, granosyenites; 9 - Tamirskaya suite (Pztm). Trachyrhyolites, trachyrodacites, their tuffs, tuff sandstones, tuff aleuro-
lites; 10 - Oldyndinskaya suite (€10l). Andesites, andesibasalts, dacites, rhyolites, trachybasalts and their tuffs, sandstones,
aleurolites, limestones; 11 - zone of contact hornfels, the thickness of which is not maintained on the scale of the map; frac-
tures (12-15): 12 - main reliable faults; 13 - minor reliable faults; 14 - minor supposed faults; 15 - fault zone; lithology
(16-19): 16 - trachyrhyolites; 17 - trachyandesitebasalts, trachybasalts; 18 - rhyolites; 19 - conglomerates; other desig-
nations (20-25): 20 - heat flow; 21 - oblique bedding (number - dip angle); 22 - regional runoff from crystalline rocks of
the mountain margins; 23 - permafrost zone; 24 - lease boundary; 25 - contour for making simplified geological models

Fig. 1.

85



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 7. P. 81-95
Lazurchenko A.V. et al. Evaluation of the possibility of searching for groundwater using electrical resistivity tomography ...

Pe3yibTaThl M MX 0GCYXKIEHHE

Ha nepBoM sTame pemieHus NpsMBIX 3a7ay dJIEK-
TPOpa3BeAKH OBLIIM COCTABIICHBI IBE YIPOLICHHBIE T€0-
JJIEKTPUYECKUE MOJENU. 3a OCHOBY (popMUpOBaHUS
YIPOLICHHBIX MOJIeNIeii ObLIT B3ST ONOPHBINA T'€0IOrHYe-
CKUil mpouib U pe3ynbTaThl paHee MPOBEACHHBIX pa-
6ot Ha EpaBHMHCKOW mmomamu. Monenu cocTosT u3
JIBYX CJIOEB: TEPBBIA CIIOH — MEJIOBBIE OTIIOKEHHS,
CIIO)KEHHBIC TIepEeCllauBaHUEM apri/UIMTOB U alieBpoO-
JIUTOB €O 3HaueHusAMu comportusieHus 200 Om'm, u
BTOPOI CJIOM — MEpEeKphIBAIOLINE UX HOPOIBI YETBEP-
TUYHOM  CHCTEMBI, IpEICTaBIIEHHbIE  T'PaBUHHO-
TaJIeYHbIMH OTJIOKEHUSMHU CO 3HAYEHUSMHU COMPOTUB-
nerust 1000 Om-Mm (puc. 2).

Monens A ocliokHeHa cIUIomHBIMH MMII, koTo-
pBIe JensATCs Ha JBa TeMIEepaTypHBIX PeXKUMa: HU3KO-
TEeMIIepaTypHas Mep3loTa (Temrieparypa KOTOpou
ommka k —2,5 °C ¢ comporusnerreM 1500 OM'Mm) u
BBICOKOTEMIIEpaTypHas (TeMreparypa KOTopoi Oim3Ka
k 0,4 °C ¢ comporusienueM 800 OmMm). Monens B
oclio)kHeHa TpepbBUCTBIME MMII, nMeromumu 3Ha-
yerns YOC 1500 Om-m.

Ilepex mpoBemeHHEM MOJCTHUPOBAHUS TpeOyeTCs
000CHOBaHHE MAPaMETPOB YACTHHOTO JICKTPHIECKOTO
conporusienus (YOC), 3afaHHBIX IS HCKOMBIX 00b-
extoB [28]. B naHHOM ucclieZIoBaHUM TaKUMH OOBEK-

TaMH SBJISIOTCS Pa3IOMHAs 30Ha M Tanuku. Mx 3Haue-
HUSI COIIPOTUBIICHUS, UCITIOIb3yEMbIE B MOJICIISX, 3a/1a-
BAIMCh Ha OCHOBE pACyeTOB 3aBHCHMOCTH Apuu—
Haxuosa [29, 30].

[o ruapOreoIOrHYecKUM JaHHBIM MHUHEpPATA3AIHS
MO/3EMHBIX BOJI HCCIIEyeMOil TEpPUTOPHU COCTABIISIET
0,6-0,7 v/n [31]. YOC BOIBI MOXKET OBITH OIICHEHO 10

dbopmyne [32]:
PB = 84/M,

rae M — muHepanusanuu Boabl (r/im). JlmamazoH co-
MIPOTUBIIEHUS MOA3EeMHBIX BoJl paBeH 10-15 Omm. Jla-
Jiee, BOCIOJIB30BaBIINCH (hopMyisoi Apun—/laxHoBa,
6510 paccuntano YOC BOJOHACKHIIICHHBIX TOPO:

Pen = Pnps
PH = akﬁm,

rae pgp. — YOC BomoBMemaromiei mopoasl; pg — YOC
BOJBI; P — mapaMeTp MOPUCTOCTH; 4 — «JIHTOJIOTHYe-
ckuit» kodpdunment, mamenstommiica or 0,8 mo 1;
kp — ko3 unmeHT nopucTocTH (A TECYaHUKOB pa-
BeH 0,5); M — K03 PUIMEHT [eMEHTAINH, 3aBUCSIINN
OT W3BMJIMCTOCTH TMOP M MPUHUMAIONIUN 3HAYCHUSA OT
1,3 1o 3 (Juis IECKOB U PBIXJIBIX MECYaHUKOB M=1,3,
IUTSL CHJIBHO CIIEMEHTHPOBAHHBIX opoa M=3).
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Puc. 2. T'eossnekmpuueckue mModeau co cniowHol mep3aomoli (A) u ¢ npepbigucmoti mep3aomoti (B): 1 - maaukoeasi 30Ha; 2 -
sbicokomemnepamypHule MMII; 3 - HuskomemnepamypHsie MMII; 4 — pazn1omHas 30Ha

Fig. 2.  Geoelectric models with continuous permafrost (A) and discontinuous permafrost (B): 1 - talik zone; 2 - high-

temperature permafrost; 3 - low-temperature permafrost; 4 - fault zone
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[Ipunse xkodpduuueHT nopucrtoct, paBHbIM 0,8
[33], 6b10 paccuntaHo YIC BomoBMEIAOLICH MOPO-
nel. [Tomyuennsie 3HaueHus conporusienus, 10 Om-m
i pasioma U 20 OM'M ISl TAJTMKOB, OBIITH HCITOJTb-
30BaHBbI MIPU MOCIEIYIOIINX pacyeTax.

YucneHHoe MOIETUPOBaHUE BBIIOJIHAIOCH B IIPO-
rpammHoM obecnieuennu ZondRes2D [34]. Bee pacue-
THl TMPOBOAMINCH JJISl JABYX THIIOB 3JIEKTPOpa3Berod-
HBIX YCTaHOBOK: COBMEIICHHOH MpPSIMOHl W 0oOpaTHOM
TpexdJeKTpoHoi U yctanoBku lllmomOepxe. B ma-
pameTpax Te€OMETPHH YCTaHOBKH 3a/1aBajMCh: KOJINYe-
CTBO 3JIEKTPOJIOB, paBHOE 64, U CIABUT AJIEKTPOpa3Be-
JIOYHOM KOChI Ha 32 anektpoja. [llar mexxy nmukeramu
Obu1 paBed 5 u 10 M, 1 uucio cABUroB, paBHoe 10 min
4 B 3aBUCUMOCTH OT mara. lHBepcHs JiIsi KOMOMHAIINN
MPSIMON B OOPAaTHOW TPEXIIEKTPOTHONW YCTAHOBKH C
maroM 5 M BBIMONHSUTACHh 10 TiyOwHBI 150 M u ms
mrara 10 M — 1o roy6uss! 200 M. ['myGUHHOCT UHBEP-
cun nipu ycranoBke IllmomOepke ¢ marom 5 u 10 M
cocrasmia 105 u 165 M cOOTBETCTBEHHO.

K daxTopaM, 0oCIOXKHSIIOMKUM MOJENb, OTHOCSTCS:
W3MEHEHHE TE€OMETPUU OOBEKTOB, B YACTHOCTH MOIII-
HOCTb TaJIMKOB, ¢ BapuaTuBHOCThIO 20-30, 40-50 u
80-90 m; HanMYKe WK OTCYTCTBUE PA3JIOMHOM 30HBI U
€e yroyl HakJIOHa; BapHaTHMBHOCTh 3HaueHHd YOIC
MMII. Bcero npuMeHsIOCh TpU BapHaHTa BEJIHYHH
3HaueHnid YOC B 3aBUCHUMOCTH OT TeMIIEpaTypHOTO
pexxuma MMII (tabmuna): Bapuant Ne 1 — 3Ha4YeHHS
[0 alpUOPHBIM JaHHBIM, IOJYYEHHBIM B pPe3yjbTaTe
MOJIEBBIX HAOMIOACHUHN; BapuaHTel Ne 2, 3 — TeopeTu-
YecKH 3aJlaHHbIe 3HaueHHs A MojenupoBaHus. Ta-
KOW IIMPOKWWA JUAana3oH 3HAYEHUH CONPOTUBICHUA
00yCIIOBIIEH TeMIIEpaTypoil, HaTMUMEM JIbJIa, a TaKXKe
reoJornyeckoi 00cTaHoBKOH [35]. CBs3b MeXay TeM-
MepaTypHBIMH PEXUMaMHU | 3HadueHHAMH Y IC 00Bsic-
HSETCSl T€M, YTO ISl BBICOKOTEMIIEpaTyPHBIX MHOIO-
JIETHEMEP3JbIX TOJNI] XapaKTepHbI MOHW)KEHHBIE 3HA-
yerns YOC, u Haobopot [36]. Jlst naHHOW TIona u
xapakTtepHbl 3HadeHust 0,4 °C nnst BBICOKMX TeMIepa-
Typ H, CIeJIOBAaTENbHO, Ui 6omnee Hu3kux —2,5 °C.

Ta6auya. 3HaueHuss conpomueseHusl 0151 pasHuIX memne-
pamypHblx pexcumos MMII
Table. Resistivity values for different temperature
regimes of permafrost
3HaueHHUs 3HaueHHd
CONPOTHBJIEHUS CONPOTHBJIEHUS
BBICOKOTEMIIEpaTyPHOH HU3KOTeMIIepaTypHOH
BapuanTt Tosu MMIT Touiy MMII
Variant Resistivity values of the Resistivity values of the
high-temperature per- low-temperature perma-
mafrost frost
Om-M/ohm'm
1 800 1500
2 2400 4500
3 8000 15000
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Bcero Obiio moctpoeno mopsinka 70 mopneneit ¢
pa3IMYHBIMH KOMOHMHAILIMSAMHU TapaMeTPOB COMPOTHB-
JICHWSI M OCITOKHSIONIMX (PaKTOPOB (HAIpUMEpP, MOJIEITh
CO CIUIOIIHOW MEP3JIOTOM, HATMYHUEM PAa3IOMHON 30HBI,
TaaukamMu MomHocThio 80-90 M u 3HaueHmsMu YIC
2400 u 4500 OmM). CpemHeKkBaIpaTHIECKOE OTKIIO-
HEHHE MEXJY CUHTETHYECKUMH JaHHBIMU U TaHHBIMHU,
MOJyYEHHBIMHU TI0 pe3yJbTaTaM MOJEIUPOBAHUS, TS
00enx monenei coctasuno 0,5 %.

Ha ocHoBe pe3ynbTaToB pelieHHs HOpSAMOM 3ajgaun
9NEeKTpOpa3BeIKN Oblila BBHIMOJIHEHA BepUHUKAIUS T10-
JMYyYEHHBIX JAHHBIX IMyTeM pelIeHUs 0OpaTHOW 3ajadn
AIIEKTPOPA3BEIKHU U CACIAHBI YeThIpe OI0Ka BEIBOAOB.

IlepBeIif paccMaTpuBaeMBblil OJIOK BBIBOJOB CBSI3aH
co 3HaueHussMH YOC MMII. Oxnoli u3 Hammx 3aaay
sBIsUIoCh auddepenmupoBanne MMII o Temmneparty-
pam. s momenmu B tomma MMII Obuia pacuneneHa
Ha JIBa PaBHBIX IO MOIIHOCTH CJIOS C BapHaHTaMH
Y3C Ne 1 u Ne 2. Hlar Mexmy 3ieKTpojamMu ObLT pa-
BeH 5 u 10 m. Ilocne mpoBefeHHs YUCIIEHHBIX pacue-
TOB IIJIs1 00€UX yCTaHOBOK OBLIO BBISBIEHO, YTO OIpe-
JIeJIUTh Hanuuue pasHoTeMieparypHelx MMII e sB-
JSeTCs BO3MOXKHBIM. DTO CBSI3aHO C HEIOCTATOYHOMN
YYBCTBUTEJIBHOCTBIO MeTOJa sl pacwieHeHns MMII
10 TeMIIEpaType B JAHHOM I€0JI0IrMYECKON CUTYalluH.

Crnenyromeld 3amadyeil SBISJIOCH PacCMOTpPEHHUE
BIUsiHUA 3HadueHul YOC Ha pe3ynpTHpYIOIIUE paspe-
3p.  [Ipm  MOJENMUpPOBAaHUHM  HCIIOIB30BAIUCH  00€
mozaenu — A u B — ¢ Tpemst BapuanTamu 3Ha4€HUN CO-
MPOTUBJIEHUS M C IIArOM MEXIY JJIEKTpoJaMH 5 U
10 m. Ha puc. 3 mpezncraBieHsl pe3yiabTaThl MOJENHU-
POBaHHUS TPEXIIEKTPOAHON YCTAaHOBKH C ILIATOM MEX-
Iy aaexkTponamu 10 M U BapuaHTaMy 3HaAYEHHUH COMPO-
TuBneHus Ne 1 u Ne 2 gna momenmu A. BunHo, uTo Ha
paspesax ¢ HU3KUMU 3HaueHussMu YOC miig BapuaHTa
Ne 1 (puc. 3, a, b) cruomiHas Mep3ora mpociexuBa-
€TCsl HeMpephIBHO, YTO COOTBETCTBYET 3aJaHHON MO-
nend. B To Bpems kak juis BapuanTa Ne 2 ¢ Gosiee BbI-
cokumu 3HaveHmsiMu YIC (puc. 3, ¢, d) mepanas To-
ja B MecTax ¢ HeOOJBIIONH MOIIHOCTHIO MPEPHIBACTCS.
BeposTHee Bcero, mpu pacroio)KeHUH BHICOKOOMHOTO
00BeKTa MEXIy NIBYMsI 00beKTaMH ¢ Ooyiee HU3KAMHU
3HayeHUAMH YOC CIUIOIIHAsS Mep3/0Ta BBIAENSAETCS
KaK TPEpBIBUCTAs, YTO HE COOTBETCTBYET 3aJaHHOMN
reOJIOTHYECKOM CHUTyaluud. Takas CHUTyalds MOXKET
MPUBECTH K HEBEPHOMY HCTOJKOBAHUIO PE3YJIbTAaTOB
MpH WHTEpOpeTallM JaHHBIX (HampuMep, JO0XKHOE
MIPEINOJIOKEHUE O HATMYMH Pa3jioMa).

Crenyrommii ONOK BBIBOJOB CBA3aH C TaJUKOBBIMHU
30HaMu. OCHOBHBIMHU 33JjauyaMHU SIBIISUTUCH OLIEHKA BO3-
MOYXHOCTH OTIPENICIICHNsI HAJMYMS TaJUKOB, MUX IIOJIO-
JKCHUSI TI0 TITyOHHE, a Takke MOIIHOCTH. [[Jis BBIONHE-
HUS YHCIICHHOT'O MOJICTIUPOBAHMS, KaK U B MPEIBIAYIIEM
0JIOKE, MCIIOIL30BANNCE Be MoAenn — A u B. Monenu-
pOBaHME NPOU3BOIMIIOCH JUIA IByX YCTAHOBOK C LIIaroM
Mexay snektpogamMu 5 u 10 M. B pesymbprare ObL1O
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YCTAHOBJICHO, YTO KPOBJISI TAJIMKOBBIX 30H OTOMBAETCS
HAJIe’)KHO TIPU CIIOUIHOM Mep3ioTe. A IpU pacrosoxke-
HUUW TAJHUKOB TIOJ] TIPEPHIBUCTON MEpP3JIOTON Ompenaee-
HUE WX HaIuuus 3aTpyaHuTessHO. HamexHoe ompene-
JIEHWE MOIIHOCTH TaJMKOB MO pe3yjibTaTaM pelIeHHs

0o0paTHOM 3aauul >ICKTPOpa3BEIKU HE SIBICTCS BO3-
MOXXHBIM. OJTHAKO TIPY YBEITMUYCHUN WX MOIIHOCTH HHU3-
KOOMHasI 00JIaCTh AHOMAJMH TAJNMKOBBIX 30H 3HAYH-
TEIBHO PACHIMPSETCS, IPH 3TOM 3aBUCHUMOCTH OT 3Hade-
Huit YOC u momHoctu Tonuu MMIT otcyTcTBYeT.
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Pe3yabmambl peweHusi npsimoli u 06pamHotl 3adavu 3,1eKkmpopaszsedku 018 mpexa1eKmpooHoU YyCMAaHO8KU € Wa2oM

10 m u apuaHma 3HaveHuli conpomussierusi Ne 1 (a u b coomeemcmeseHHo), eapuaHma N 2 (c u d coomeemcmeeHHO)
0451 modenu A: 1 - KOHMyp MaAuKo8bsIX 30H; 2 — 30Ha MMII

Fig. 3.

Results of solving the direct and inverse problems of electrical survey for a pole-dipole array with electrode distance of

10 m and resistivity values variant no. 1 (a and b respectively), variant - no. 2 (c and d respectively) for model A: 1 -

contour of talik zones; 2 - permafrost zone
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B kadecTBe mpuMepa MpeICTaBICHBI PE3YIIbTAThI Pe-
ICHUSI TIPSIMBIX U O0PATHBIX 3a/1a4 AJIEKTPOPA3BEIAKH ISt
TPEX3JIEKTPOHON YCTAHOBKH C IIATOM MEXIY JICKTPO-
nmamu 10 M it Mogenu A (puc. 4). [Ipu urcieHHOM Mo-
JIETTUPOBAHHUM PACCMATPUBAIOCH W3MCHEHHE MOIIHOCTH
TaymkoB ot 20-30 M (pwc. 4, a, b) mo 80-90 M (puc. 4, ¢, d).
Ha pucyHKax BHAHO, YTO INPH MOIIMHOCTH TaJMKOB
80-90 M HM3KOOMHAs aHOMAIHS TaJIMKOBBIX 30H
6onpie, yem mpu 20-30 M.

B Tperbem 6il0Ke BBIBOJOB pacCMaTpHBajiach BO3-

JenupoBaHue Moaeneil A u B BbIMOMHSIOCH A1t 00eux
YCTaHOBOK C IIAaroM Mexay 3iexrpojaMu 5 u 10 m.
Ilpn MonenMpoBaHUM C YYETOM OCIOXKHSIOMUX (ak-
TOPOB, ONHMCAHHBIX BBINIE, B OOJIBIIMHCTBE MOJENeH
UCIIOJIb30BAJICSL YTOJd HAKIOHA DPA3JIOMHON 30HBI OT
JHEeBHOW moBepxHOCcTH oKono 80°. Jlnms cpaBHEHUS
HEKOTOpBIE MOZENN OBUTH PACCUUTAHBI TAKXKE C YIIIOM
45°. Pe3ynbTaThl pelieHUs Kak NPsIMBIX, TaK U 00paT-
HBIX 3aJ]a4 OJIEKTPOPa3BEAKH IIOKa3alM, 4YTO METO[
3NIEKTPOTOMOTpauN YBEPEHHO OINpenesseT HallndHe

MOXXHOCTb OINpEAENIeHUS HaJIW4Yusl MWW OTCYTCTBUS
pa3IOMHOM 30HBI U €€ yroijl HakJIoHa. YucieHHoe mo-

paSJIOMHOfI 30HbI, HO YTOJI HAKJIOHAa JOCTOBEPHO OIIpC-
JACIINUTD 3aTPYAHUTEIIBHO.
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Puc. 4. Pesyabmambl peweHusi npsamol u 06pamuoli 3adavu 31ekmpopaseedku 04151 mpex/ieKmpooHoU yCMaHO8KU € Wa2oM
10 m u eapuanma 3HayeHuli conpomuesenusi Ne 1 ¢ mowjHocmwio maaukos 20-30 m (a u b coomeemcmesenHo) u
80-90 m (c u d coomeemcmeeHHo) 0451 Modeau A ¢ HaAuvUueM pazA0MHOU 30HbL: 1 — KOHMYpP MAAUKOBbLIX 30H; 2 — 30HA
MMII; 3 - pasnomHas 30Ha

Fig. 4. Results of solving the direct and inverse problems of electrical survey for a pole-dipole array with electrode distance of

10 m and resistivity value variant no. 1 with a talik thickness of 20-30 m (a and b respectively) and 80-90 m (c and d
respectively) for model A with a fault zone: 1 - contour of talik zones; 2 - permafrost zone; 3 - fault zone
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B 3akmounTensHOM OJIOKE BBIBOJOB PacCcMaTpUBa-
JIUCh 3a/1a4d OMPEJICICHHUs ONTHMATbHOW TCOMETPHU
ycTraHOBKH. Ilocne mpoBeaeHNsI MOICITUPOBAHUS C H3-
MEHEHHEM Pa3UYHBIX MMAapaMEeTPOB YCTAHOBOK, a TaK-
K€ BHECCHHUS DPAa3IMYHBIX OCIOXKHAIOMUX (HaKTOpoB,
OBUTO BEBLIBICHO BIIMSHHE T€OMETPHH YCTAaHOBKM Ha
pe3yabTaThl WHBepcHH. [Ipu MCIONB30BaHUH KOMOU-
HalUM TpsIMOM H OOpaTHOM TPEXdIEKTPOAHON ycra-
HOBKHM Ha pe3yibTaTax peIeHus oOpaTHOH 3axadn
AIIEKTPOPA3BEAKA MOIECIU A BO3HHKAIOT «3aTSIKKID»
(B JAaHHOM KOHTEKCTE MOJPa3yMEBAIOTCSI HEKOTOPHIC
BBICOKOOMHBIE CYOBEPTHKAIBHBIC CTPYKTYPHI, OKOHTY-
pHUBAIONIHE TAJTHKOBBIC 30HBI) (PHC. 5), M TIPU HHTEP-
MPETalXHU TIOyYCHHBIX Pa3pe30B JaHHbIA (HakT HeoO-
XOAMMO YYHTHIBaTh. [Ipy MOAENMpOBaHMH YCTAaHOBKU

Ilcepmormydnna, M

Imyouma, M

[cenniornybuma, M ¢

1000

Paccrosnne, m

IInrom6eprke TAKUX CTPYKTYp HE BO3HUKaeT. BiusiHue
mara MexJIy 3JCKTPOAaMH Takke HEOOXOIUMO YUH-
TBIBaTh, TaK KaK IPH €T0 YMEHBIICHUH «3aTSHKKI» BbI-
pa’keHBI MEHEee KOHTPACTHO.

B 2020 r. B gonuHe p. 3a3bl NPOBOJMINCH Ha3EM-
Hble TeoU3HYecKhe padOThl METOJIOM 3JEKTPOTOMO-
rpaduu ¢ IeTbIo MONCKA ITOI3EMHBIX BOJ Ul obecre-
YEeHUsS] MPOU3BOACTBEHHO-TEXHHUUECKOTO BOJOCHA0XKeE-
Hus 00bekToB O3epHoro ['OKa.

Ilpu »nexkrporoMorpaduueckux H3MEpeHUSX HC-
MOJIb30BANACh MPSIMasi TPEXAIEKTPOAHAST YCTaHOBKA C
BBIHOCHBIM JICKTPOJIOM TX Ha | KM H ¢ IIaroM Mexmy
anexTpoaamMu 5 M. TUN yCTaHOBKH M PACCTOSTHAE MEX-
JIy 3JIEKTPOJaMU BBIOMpPANUCh UCXOJS U3 PEe3yIbTaTOB
MPEABAPUTEIFHOTO YUCICHHOTO MOACTHPOBAHHUS.
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Puc. 5. Pesyabmambl peweHusi npsamoti u o6pamuoli 3adauu 3nekmpopaseedku 04151 mpexnekmpooHol yCmMaHo8KU ¢ Wa2oM
5 M (a u b coomeemcmesenrHo) u 10 M (c u d coomeemcmeenHo) 0451 modeau A: 1 — KOHMYp MAIUKOBbIX 30H; 2 — 30HA

MMII; 3 - 8bICOKOOMHbLE CYO8epMUKAIbHbIE CMPYKMYPbl, OKOHMYPUBAOWUEe MAAUKO8ble 30Hb!

Results of solving the direct and inverse problems of electrical survey for a pole-dipole array with electrode distance of
5m (a and b respectively) and 10 m (c and d respectively) for model A: 1 - contour of talik zones; 2 - permafrost zone;
3 - high-resistivity subvertical structures outlining the talik zones

Fig. 5.
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Ha puc. 6 mpencraBieHsl: pa3pe3 KaxyILIErocs co-
MPOTUBIICHUS (pHC. 6, @), TOTYUCHHBIN MO PE3yJIbTaTaM
CbEMKH METOIOM DJIEKTPOTOMOTpaduy; paspessl 1o
VY3C, nonyuyeHHbIe B pe3yJibTaTe pelieHus OTHOMEPHON
(puc. 6, b) u nBymepHoOii (puc. 6, C) 0OpaTHBIX 3a1a4u
AIIEKTPOPA3BEIKH; CXEMATHUECKUI T€OJIOTHIECKUN pa3-
pe3, MOCTPOEHHBIN M0 MaHHbIM Oypenus (puc. 6, d), mo
OJTHOMY 13 Mpoduiieil Ha yyacTke pador.

Io pe3ynbratam pereHus oOpaTHON IByMEpHOI! 3a1a-
Y1 3JIEKTPOPa3BEIKU Ha Pa3pe3ax BIACICH BEICOKOOMHBIN
koHTYp 3086 MMII momHocThI0 20-30 M, OTHOCSIIMICS
K CIUIOIIHOMY THITy PacHpOCTpaHEHHS Mep3JIoThL Taroke
ObUIM OKOHTYpEHBI 30HBI HU3KMX 3HaueHHit YOC,
TPEIIONIOKUTENHHO, SIBIBFONMECs Tamkamu. [lo 30HaM
TaJMKOB BbIOMpATNCh MECTa 3allOOKCHHs CKBRKMH WU B
pesynbTate OypOBBIX paOOT ObUI BBISBIEH BOJOHOCHBIN
TOPH30HT Ha MHTEpBaJIE TIyOHH oT 74 110 95 M.
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Fig. 6. Sections along profile no. 5: a) by the apparent resistivity parameter; b) by the electrical resistivity parameter based on

the solution of a one-dimensional inverse problem of electrical survey; c) by the electrical resistivity parameter based
on the solution of a two-dimensional inverse problem of electrical survey; d) schematic geological section based on
drilling data. 1 - boulder-pebble deposits; 2 - interbedding of argillites and aleurolite; 3 - permafrost zone; 4 - fracture
zone; 5 - watering interval; 6 - electrical resistivity logging curve; 7 — thermometry curve
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3aKoyeHue

Ilo pesynbraTaM BBIIOIHEHHOIO YHCIEHHOIO MOJC-
JMpOBaHUS OBLIM CAETAHbl BBIBOJBI O BO3MOXKHOCTU
IPUMEHCHUSI METOf[a BJIEKTPOTOMOrpadHy Ha IOHCK
MO/I3EMHBIX BOJA C YYETOM OCIOXHSIOIMX (DaKTOpOB.
Kaxnprit (akrop mo oraensHocTH OBLT pacCMOTpPEH Ha
OCHOBE JIBYX YIIPOIIEHHBIX T€OJIEKTPUICCKUX MOJECTICH.
Tax, OBLIO YCTaHOBIIEHO, YTO MHOTOJIETHEMEP3J1ast TOJIIA
HE MOXKET OBITh HaJIeXKHO AupdepeHIpoBaHa 1o TeMIie-
paTypaM u3-3a UX Manoro koHrtpacta. Ilo omenke Bo3-
MOKHOCTH OIIPEJIENICHHs] HAITMYKS TAIMKOB, HX IOJIOXKeE-
HHUS 10 [TyOUHE, a TAKXKe MOILHOCTHU, ObLI CAENaH BBIBOJ
0 TOM, YTO KPOBJISI TAJIMKOBBIX 30H OTOMBAETCS HAAEKHO
IPY CIUIOIIHOW Mep3JI0Te, B TO BpeMsl KaK O] IIPEPbIBU-
CTOH MEp3IOTOH OMNpeAeNeHUuEe MX Halu4us 3aTpyAHH-
TenbHO. HanexxHoe ompenienieHre MOITHOCTH TaJIUKOB IO
pe3yabTaTaM penieHus: 0OpaTHOM 3a1a9u JJIeKTPOpa3BeI-
KU HE SIBISETCS] BO3MOXKHBIM. Taxske pe3ynbTaThl pellie-
HUS KaK NMPSMBIX, TAK U 0OPaTHBIX 3334 JIEKTPOpa3BeI-
K{ TIOKA3aJIM, 9TO METO 3JIEKTPOTOMOTpadHH YBEPESHHO
onpeJenseT HaTUYhe PasIOMHOM 30HbL, HO YTOJl HAKIIOHA

Takum 00pa3oM, BBIIIOJHEHHOE YHCICHHOE MOJe-
JIMPOBaHHUE TOKA3aJI0, YTO TSI KAPTUPOBAHUS MO3EM-
HBIX BOJ B JIAHHOM I'€OJOTHYECKOW OOCTaHOBKE PEKO-
MEHIyeTCs MPUMEHEHHE METoNa ANIEeKTPOTOMOTrpaduu
¢ marom 1o npo¢mio 5 M. Ilpu HEeoOxoauMoOCTH J0-
CTH)XKEHUS OOIbIIeld TIyOWMHBI HCCICIOBAaHUNA MEX-
AIIEKTPOTHOE PACCTOSHUE MOXKET OBITh YBEIHUYCHO IO
10 m.

PesynpraThl HazeMHBIX Treodu3HUYecKuXx padot
2020 r. B gonuHe p. 3a3pl mOKazanH 3(PPEKTUBHOCTDH
IPUMEHEHHUsI 3NEeKTPOTOMOTpaUuecKux HucciIeoBa-
HUHI NpSAMON TPEXdJIEKTPOJHOW yCTaHOBKOW C IIArom
MEXIY DJIEKTPOJaMH 5 M Ha ITOHWCK IMOJ3E€MHBIX BOJ
MPU HAJMYUHU OCIOXKHSIOIIUX TeOJOTHUECKUX (PaKTo-
POB B BHIE MHOTOJETHEMEP3JBIX MOPOA, TAIHKOB U
pa3noMHON 30HBL. IlyTeM pelieHHs ONHOMEPHOU U
IBYMEpHOU OOpaTHBIX 3a1ad AJIEKTPOPa3BEAKHA OBLIN
OKOHTYpEHBI MEPCIEeKTUBHBIE Ha BOJOIPOSBICHUE 30-
HBI, XapaKTepU3YIONUECs HU3KUMH 3HaueHusIMUu Y OC,
KOTOpBIC OBLTH YCIICIIHO 3aBEPEHBI OYpOBBIMH pabo-
TaMu.

JIOCTOBEPHO ONPENIENUTh 3aTPyJHUTEIBHO.
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Yuyer KallWJIAPHOI0 CKA4YKa JdBJICHHUA B HaCbIIIIEHHOﬁ IIOpPICTOﬁ cpeae
AJIA 6oJiee KOPPEKTHOIo nmoacdeTa 3aiacoB yrjiesoaopoaos

M.H. PaiikoBckuii™, A.10. lembsHOB, 0.10. AuHapues, /I.B. PyaeHKo

000 «TexHos02uveckas komnaHus Lllarombepiice», Poccus, 2. Mockea

“‘maksim.raikovskyi@gmail.com

AHHOTanusa. Akmya/abHocme. KoppeKTHBIH MO/ CYET 3aMacoB YI1eBOL0PO/0B B Pa3/IMUHbIX MECTOPOXKAEHUAX (HePTAHBIX,
ra3oBbIX, Fa30KOH/EHCATHbIX) ABJAETCS BAXKHOW rocyJapCTBEHHOH 3a/adyel, MOCKOJIBKY 3TO MO3BOJISAET B JAaJbHeHlIeM
NpPaBUJIbHO OPraHM30BaTh NPOLecC pa3paboTKU MeCTOPOXAEHUH U 06eCneyuTh paljMoHaJbHOE HCIO0Jb30BaHHE NMPUPOJ-
HBIX PECYPCOB roCyZapcTBa. B 4acTHOCTH, BEJIMYMHBI T€0JIOTMYECKUX U U3BJIEKaeMbIX 3allacOB 3aKPeNJISIOTCA 3a KOHKpeT-
HBIM HeJIpOINoJIb30BaTeseM U QUKCUPYIOTCSA B BEJOMCTBEHHBIX JOKyMeHTax. [leaw: onucanue a¢pdexTa, CBI3aHHOIO C pac-
YeTaMH TepMOJHHAaMHU4YeCKOro paBHOBeCHs CMeCH YIJIeBOJopojoB KapauaraHakckoro HedTera3oKoH/Je€HCaTHOrO MeCTO-
POXAEHHUsI Ha pa3/IMYHBIX TJIyOHWHAX IJIAcTa IPU y4YeTe KalW/UIIPHOrO CKadka JJaBJeHHs. JTO MO03BOJIIeT YTOYHUTD 3HaYe-
HUe MOTeHIMa/JIbHOr0 KOH/IeHCAaTOra3oBoro GpakTopa IjacToBOro rasa H, Kak c/eJCTBHe, 1aTb 00Jiee TOYHYIO OLIEHKY reo-
JIOTHYeCKUX 3aacoB yTJ1eBOAOPOAHOI0 ChIpbsl. 06B€KM: aHa/Iu3 TePMO/JMHAMHUYECKOT0O PaBHOBECHS YI1eBOJ0POJHOH cMe-
cu Kapawaranakckoro HedTerasoKoH/JIEHCAaTHOI'O MECTOPOXK/JIEHMs C YIeTOM KalW/UIIPHOTO CKauKa JaBJeHHUs], KOTOPbIN
MMeeT MeCTO B MOPUCTON cpejie MPH IIJIACTOBLIX YCJIOBUAX. Memodsl: YucieHHOe MO/IeJIMPOBAaHHE, aHAIUTHYECKHE HCCIe-
JloBaHus. Peys1smamel. Ha ocHOBaHMM paHee pa3paboTaHHOH METOAMKH pacdyeTa $pa30BOro paBHOBECHS C KaNWJLISPHBIM
CKa4YKOM /laBJIeHHs Obla NMpPOBeJeHa KOPPEKTHPOBKA MOTEHIMAJbHOIO KOHJIEHCAaTOra3oBoro ¢pakTopa IJIaCTOBOTO rasa
KapayaraHakckoro HedTerasoKOHZEHCaTHOTO MeCTOPOXKJEHHUS NPU pas/M4HbIX [VyGWHAX IJiacTta. /luana3oH 3HaueHUH
pasHULBI KOHZEHCATOra3oBoro Gpakropa JJisl pacyeToB KaK C Y4eTOM KalUWJUIIPHOTO CKa4yKa JlaBJeHHs], TaK U 6e3 Hero co-
ctaBu oT 7,04 r/mM3 npy 3HaYeHUU KOH/leHcaTorasosoro ¢akropa 393 r/m3 a1 riy6ussl miaacta 4000 M o 64,47 r/m3 npu
3HaYeHUHU KOHJeHcaTorazoBoro ¢akropa 547 r/m3 s riay6unsl miacta 4600 M. Ha ocHoBe yTOUHEHHOM OlleHKH KOH/JIeH-
caTorasoBoro ¢gakTopa MOXHO YTOUHUTb K03$QPHUIMEHT U3BJIeYeHUs] KOHJEeHcaTa NpU pa3paboTKe MeCTOPOXAeHUs 6Ge3
noJZiep>KaHus JIaCTOBOTO JaBJIeHHUS UM C YaCTUYHBIM NOJiepKaHHEeM IJIaCTOBOTO JIaBJIE€HHUSI.

KitrodeBble c/10Ba: ra30KOHJIGHCATHAs CMeCh, (pa30BOE paBHOBECHE, KANMJUIAPHBINA CKayOK JABJICHUS, HACBILICHHOCTb ()a3bl, KOH-
JIEHCATOTa30BbIH (hakTop
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Abstract. Relevance. The correct calculation of hydrocarbon reserves in various fields (oil, gas, gas condensate) is an
important state task, because it allows you to properly organize field development in the future and ensure the rational use of
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natural resources of the state. In particular, the values of geological and recoverable reserves are assigned to a specific
subsurface user and are recorded in departmental documents. Aim. To describe the effect associated with the calculations of
the thermodynamic equilibrium of the mixture of hydrocarbons of the Karachaganak oil and gas condensate field at various
formation depths with the capillary pressure jump taken into account. This makes it possible to clarify the value of the
potential condensate-gas factor of reservoir gas and, as a result, to give a more accurate assessment of the geological reserves
of hydrocarbon raw materials. Object. Analysis of the thermodynamic equilibrium of the hydrocarbon mixture of
Karachaganak oil and gas condensate field, taking into account the capillary pressure jump, which takes place in a porous
medium under reservoir conditions. Methods. Numerical modeling, analytical research. Results. Based on the previously
developed methodology for calculating the phase equilibrium with the capillary pressure jump the correction of the potential
condensate-gas factor of the formation gas of the Karachaganak oil and gas condensate field was carried out at various
formation depths. The range of values of the condensate-gas factor difference for calculations both with and without capillary
pressure jump was from 7.04 g/m3, with a condensate-gas factor value equal to 393 g/m3 for formation depth of 4000 m, to
64.47 g/m3, with a condensate-gas factor value equal to 547 g/m3 for formation depth of 4600 m. Based on the updated
condensate-gas factor estimate, it is possible to clarify the condensate recovery coefficient during the development of a field
without maintaining reservoir pressure or with partial maintaining reservoir pressure.

Keywords: gas-condensate mixture, phase equilibrium, capillary pressure jump, phase saturation, condensate to gas ratio

For citation: Raikovsky M., Demyanov A.Yu., Dinariev 0.Yu., Rudenko D.V. Accounting for a capillary pressure jump in a
saturated porous medium for a more correct calculation of hydrocarbon reserves. Bulletin of the Tomsk Polytechnic University.
Geo Assets Engineering, 2024, vol. 335, no. 7, pp. 96-104. DOI: 10.18799/24131830/2024/7 /4371

BBeenue B kauecTtBe nmpuMepa UCHOIB30BAHUS TPEIIOKEHHON
[Ipn mpombInuIeHHOH pa3paboTKe Ta30KOHAEHCAT-  METOMMKH ObLTM B3ATHI JaHHblC M0 KapauaraHakckomy
HBIX MECTOPOJKICHHH OJHOH M3 OCHOBHBIX HpoOieM  HedrerasokonaeHcaTtHoMy MectopoxaeHuto (KHI'KM).
SIBJIIETCS BBINIAJIEHUE KOHJEHCATa B IUIACTE MpPU CHU-
JKEHUU JAaBJICHUS HIDKE NaBJICHHs HachllicHHs. Boima- TeopeTHMyeckas MOCTaHOBKA 3aJa4M
JIeHUuEe KOHJACHCATa MOXET MPOUCXOANTh KaK B IUIACTE PaccmaTpuBaercs  cocTosHHE — YIIICBOJOPOTHON
B IIEJIOM — B XOJ€ CHM)KCHHUS IUIACTOBOTO JAaBJICHHS B CMECH B IIOPOBOM IIPOCTPAHCTBE NPH 33JaHHON TeMmIe-
MPOIIECCe MCTOIICHHs IIaCTa, TaK M B mpu3aboiiHOW  parype T. byaeMm mpuHHMAaTh, YTO YYHTBIBAETCS TOIb-
30HE CKBaXXMHBI BCJICJICTBHE OOpa30BaHUsS BOPOHKM KO IOPOBOE MPOCTPAaHCTBO, NMPHUXOALIEECs Ha HcCle-
JETPECCHH BOKPYT CKBakWHBI [1-5]. MeToapl moa-  OyeMyKO CMECh, T. €. 3@ BBIYETOM BO3MOXKHO IPHUCYT-
nepxanus 1uiactoBoro namieHus (I1I1]]) mo3BonsioT — CTByIOLIEH HENOJABUXKHOM CBA3AHHOM IJIACTOBOM BOJBL.
YBEJIMYUTh J00BIYYy KOHzeHcara [4] mo cpaBHeHHMIO ¢ Takum oOpas3oM, Bce MapaMeTpbl CMECH COOTHOCSITCS C
TPaAMIMOHHON q00bIUell Ha ucTonieHue. IIpu aerans-  0OBEMOM MOp, 3aIOIHEHHBIM JTaHHOH cMmechio. CocTo-
HOM HM3YYCHUH COCTaBOB MOOBIBAGMBIX CMecel, C OJ- SIHUE CMECU ONMCBIBAETCS HAOOPOM MOJBHBIX IIOTHO-
HOM CTOPOHBI, M PacueToB MX (a30BBIX paBHOBECHH, ¢  cTeif, oOpasyrommx N-mepHsie Bektopa N=(n;),
APYTOi, BBISBISIETCS HECOOTBETCTBHE 3THX cOCTaBOB  Ng=(Ngi), M=(Nji), Te MHIEKC | COOTBETCTBYET HOMEPY
[6]. HecoOTBETCTBHE IKCIIEPUMEHTANBHBIX U pacuyeT-  XUMHYECKHX KOMIIOHEHTOB CMeCH, WHIEKCH § u | mo-
HBIX 3HAYCHHUI yKa3bIBACT HAa HAJIMYUC ONMPEICIICHHBIX  Ka3bIBAIOT Ia30BYI0 U XKHUIKYIO (ha3y COOTBETCTBEHHO,
(OUBUKO-XUMHYECKHX MEXAHH3MOB, KOTOpble He yun- a N — IOIHOE YMCIIO KOMIIOHEHT. DTHM BEKTOpaM CO-
THIBAOTCS B PACYETHBIX MOJAETISX. OTBETCTBYIOT BEKTOPBI MOJIbHBIX KOHIIEHTpanuii C=(C;),
OnHUM W3 TaKMX MEXaHM3MOB, KOTOPbIM BbI3bIBAaeT  Cq=(Cgi), C=(Cjj), ompenenseMble COOTHOIMICHHAMU
CMEIIICHHE TEPMOAMHAMHUYECKOTO PABHOBECHS, SBISIIOT-  Ci=Ni/N, Cgi=Ngi/Ng, C;i=N;i/N), Tae 3HaueHus ompenens-
Csl KaMMJUISAPHBIC CUITBI [7], KOTOpBIC TIPUBOJAT K 3aMeT-  FOTCS U3 BbIpaxeHuit (1):
HOW pa3sHOCTH JaBJICHWH B JKUIKOW M ra3oBoil ¢azax
HCXOJTHOM TUTACTOBOW CMECH BCIEICTBUE OOJIbIIEH KpH- n=
BH3HBI MEX(a3HBIX MOBEPXHOCTEH B IMOPUCTOU Cpejie i
[8]. DTO IPUBOAUT K U3MEHEHUIO TEPMOJINHAMUIECKOTO
paBHOBecHs Ta3—KOHJEHCAT B IUIACTOBBIX YCIJIOBUSX.
IIpu »TOM cCymiecTByeT auama3oH TepMOOAPUUIECKHX
YCIIOBUH, TIPH KOTOPOM KOJIMUYECTBO KOHJEHCATa B IljIa-

N N N
N, Ny => Ny, N =>.n. 1)
=1 i=1

i=1

[Ipu pacnage cmecu npu 3afaHHON TemmepaType T
Ha Ta30BYIO U XHUJIKYIO a3y yCIOBHEM TEPMOIMHAMU-
YECKOI'0 PaBHOBECHS SIBJISIETCS PABEHCTBO XUMHUYECKUX

CTe OKA3BIBACTCS CYLICCTBEHHO GONBIIE, 4eM Tpejcka- O CHIHAIoB

3bIBAIOT «TPAJULIUOHHBIE) OLIEHKY KOJIMYECTBA KOHJICH- n(,n,)=p(T,n). (2)
cara 0e3 yuyera KamuUIApHOTO ckauka Aaenenust (KCJI)

Ha Mex(dazHOM (poHTe. DTO SBICHHE MOXKET IPHBO- VYpaBHEHUST HA PaBEHCTBO XMMHYCCKUX IMOTCHIINA-
JUTh K YMEHBIICHUIO JOOBIYM KOHJEHCATa MO CPaBHE- OB (2) MOMOJHSIOTCS YPABHEHHSIMH HA YCIOBHE Oa-
HUIO C MPOTHO3HBIMU TIOKA3aTEIISIMH. naHca (3):
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n=S,n,+Sn, 3)
rae Sq 1 S| — HachIEHHOCTH (00BbEeMHBIE J0JIM Ta30BOi
U KUAKOM (Da3bl COOTBETCTBEHHO B IMOPOBOM TIPO-
CTPAHCTBE, 3aHATOM HCCICIYEMON CMECHIO), Ui KOTO-
PBIX BEpHO COOTHOIIEHUE S+Sg=1.

TpaauuoHHO AN pacdeTa TePMOAWHAMUYECKOTO
PpaBHOBECHUA CMCCHU BMECTO XUMHUYCCKOI'0O IMOTCHIIMAJIA
HCTIONIB3YIOT BEJMYHMHY JICTYIECTH, KOTOpast OIpeIes-
€TCSI CIICYIOIINM YpaBHEHHEM (4):

#, = RTINE + 14,(T). 4)
Otkyna nonydaniock N HeJTMHEWHBIX YpaBHEHHUH BUa

®=InF(P,c,T)-IF(R,¢,T). (6

Pacuetsr mpoBomuuck ¢ yaerom KC/I, moatomy k
yKazaHHBIM B (opmyiie (5) BenmuuuMHaMm J00aBIsgeTCs
cootHomenue P\=Py+P, rne snagenne KCJI moxer
MPUHIMATh KaK IMTOJIOXKHUTENBHBIC, TAK W OTPUIATENb-
HbIE 3HAYCHUSI.

B nmamHOW paboTe pacueTsl JIeTy4ecTH IPOBOAH-
JHUCh C UCIOJIb30BaHUEM ypaBHeHHs coctosHus (YC)
[lenra—Pobuncona [9-14], neryuyectb OISl KOTOPOTO
OTIpENIEISICTCS BHIPAKEHUEM:

InF, =In(Pc,) - In(Z —b) +
a {ﬁ_g}ln Z+@-\2)b| b
2J2bl a b

+_
Z+@+\2)b| b

3mech BenuuuHbI 8, b, bj ¥ Sj 3a1a10TCs BRIpaXKEeHH-
ssmi (7)

(6)

+ (Z-1).

N
a=>y acc;,
ii=L

N
b=>bc,
i=1

a; = (L—k;)(aa, )2, a=Q,@2+m (1_Tr%/2))2 %,
m, = 0,37464 +0,1532260, — 0, 2699w’
i o; < 0,49,
m, =0,37964 + 0,1408503w, —
-0,164420” +0,166660°
mi o, > 0,49,
P, N T P
b.=Q.—”, S = a..C.'T.z—, Ni= = 7
i Bi Tri i ; ij] ri Tci p Pci ( )

3nech Pg, Ti — KpUTHYECKHE TeMIepaTypa U J1aB-
JICHHE i-0ro KOMITOHEHTa CMECH; @ — allCHTPHUYECKUI
(bakrop; Qai, Qi — O6e3pa3MepHbIe TTApaMeTPhl, OTpe-
JETSIIOIUE COOTBETCTBHE pacueTHOM o YC KpuTHYe-
CKOI TOYKM KOMIIOHEHTA 3a/laHHBIM 3HaueHMsIM; Kij —
OWHAPHBIH KOA(PPHUIIMEHT, O3BOJSAIONINNA y4ecTh B3a-
HUMOJICHCTBHE MEXIY i-M U j-M KOMOOHEHTaMHu; Ty, Pri,

ij — 0e3pa3MepHbIe MapaMeTpsl.
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Benuuuna Z-xo3dduiirenta c:xkuMaeMOCTH B ypaB-
HeHUH (6) sABJIsIETCS pellleHHeM KyOW4ecKoro ypaBHe-
Hus (8):

ZP - (1-b)Z%+ (a-2b-3b%)Z —

— (ab—b?-b%) =0. (8)

Cucrema n3 N HenwHEWHBIX ypaBHeHHH BHOa (5)
jpononHsercss N ypaBHeHHAMU OanaHca NpH 3aJaHHOU
o01eit MOJIbHOI KOHIIEHTPAaLUU CMeCH C!

C=A4,C, + A4, 9)
rae Ag, i — MOJIBbHBIE 10U Tra30BOM U JKUIKOH (a3 cMe-
CH, OJTHO3HAYHO CBSI3aHHBIC C HACKHIIICHHOCTSIMH (ha3

S, = 4,0 (A0S + AN, (10)

-1 -1 -1
S, =An" (44 +A4N07), (11)
IpH 3TOM IapaMeTpsl Ag, A| U MOJNbHBIC KOHIIEHTPALUH
Cgi U Cjj YIOBJIETBOPSIOT CICAYIOLIMM YPAaBHECHHUIM:

N N
Ag+24 =1 Y ci=1 D¢, =1
i=1 i=1

VYpaBaeHus (9) 3ambIkaroT cucreMy u3 2N+2 Hemnu-
HeWHbIX ypaBHeHu# (5), (9) u (12) nns onpeneneHus
HEU3BECTHBIX 3HAYEHHH KOHIEHTpPAIMid U MOJBHBIX
nojel (a3, KOTOphIe MCIIOIH30BAINCH IS BOCCTAHOB-
JIEHUs1 3HAYEHWM HACBIIEHHOCTEW XUAKOW W Ta30BOM
¢a3 o ¢opmynam (10) u (11). Crout oT™METUTH, UTO
pelieHue noJo0HOH 3a/1aui CUJIHHO 3aBHCUT OT HE3Ha-
YUTEJbHBIX HM3MEHEHUH MOJBHBIX [OJIeH TSKEIbIX
KOMITOHEHT cMecH. JlJisi peleHus CUCTEMbl HEIMHEH-
HBIX ypaBHeHHH (5), (9) u (12) ncmonp30BaInch METO-
IIBl, onricaHHbIe B [15, 16].

Takum o0Opa3oM, B pe3ylbTaTe€ pacdyeToB MOTyda-

(12)

J1aCh TEPMOANHAMUYICCKAA KanuJijigpHas KpuBas
(TKK), onpenensieMast BEIpaKEHUEM
R=R(R.R.S) (13)

rae Sy onpenensrores u3 (11), u A GUKCHPOBAHHOTO
3HaueHMs JaBieHUs B raszosoil ¢ase (Py) pemanocs
ypaBHEHHUE BHUIA

u(R,S)=FR(R.R.S)—p(S), (14)
rae Pe(S)) — AKcrepuMeHTallbHAs KAMIUISIpHAsT KpUBast
(OKK), monmydeHHast OTHUM U3 METOJIOB, OMTMCAHHBIX B
[16]. Pemennem ypaBHeHus (14) sSBIAOTCA TOYKU Ie-
peceuenust TKK n OKK. B3auMHbIe TOJI0OXKEHHUS U KO-
JIMYECTBO TOYEK IepeceueHust 000UX BUAOB KallWILUISAp-
HbeIx KpuBbIX (KK) 3aBUCHT OT Tuma mOpUCTON Cpembl.
B cimyuasx cMauMBaeMoil 1 HECMauMBaEMOM IMOPUCTHIX
cpen KK uMmeroT kak MUHUMYM OJIHY OOIIYIO TOUKY, a
B Cllydae CMEIIAHHOW CMauMBaE€MOCTH UMEIOT KaK MHU-
HUMYM JIB€ TOUYKH [ICPECCUCHUSI.
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HNmes xoopauMHATBl TOYEK IMEPECeUeHHs, a TaKKe
napameTpsl TKK, Hec10KHO NOIy4YUTh COCTaBBI Ta30-
BOH W XKUAKOU (a3 METOJIOM pEIICHUS] CUCTEMBI HEJIH-
HeWHbIX ypaBHeHUH (5), (9) u (12). Ucnmone3ys momy-
YEHHbIE PE3yNbTaThl, MOXHO OIPENENUTh 3HAUYCHUE
KI'® nobwiBaeMoro ra3okonjeHcata. CraHAapTHBIN
croco0 pacueTta KoHaeHcaTorazoBoro dakropa (KI'd),
u3noxeHHsI B [17], mogpazymenaet pacuer KI'D kak
MOTEHIIUAILHOTO coepkanus C5+ B 100BITOM Tase 1mo

hopmye:

N
Z M Ck Cgk
5

24,04

q= (15)

.
rae Mck — MonsgpHas Macca yriieBOAOPOAHON KOMIIO-
HEHTBI C YUCIIOM aTOMOB YTJIepo/ia paBHbIM K.

Ompenenenne (15) mompasymeBaer, 4TO >KHIKAs
(haza mpu CTaHAAPTHBIX YCJIOBHUSIX COCTOMT TOJIBKO U3
YTJIEBOJIOPOJHBIX KOMITOHEHTOB Tshkenee C4 (OyTana),
a razoBas (aza HE COJCPXKHUT B ceOe KOMITOHEHTOB
nerdye C5 (neHraHa). Takoe OMyIIEHUE MOXKET IIPUBO-
JUTh K 3aHWKEHUIO MacChl KOHCHCATA, BBIACISIONICH-
Csl U3 TUIACTOBOTO (hIFOMIa IPH CTAHJAPTHBIX YCIOBU-
SIX, B CBSI3U C YeM HUMEET CMBICT PacCMOTPETh IPyron
crnoco6 pacuera KI'®, a ©IMEHHO Kak OTHOIIEHHE Mac-
CBhI KOHJICHCATa, BBHIMIABIIETO M3 Ta30BOH (a3bl, HaXo-
Ismeiicss B o0beMe V, TpU CTaHTAPTHBIX YCIOBHUIX
(P=1,01 6ap, T=293 K) k o6bemy V:

_ M, (c.y.) _ M, (c.y)
\Y, Vi(ey)+V,(c.y) '

OOBeMBI Ta30BOM W KHIKOHM (a3 CBA3aHBI C HACHI-
LIEHHOCTHI0, paccunTanHoit no (10), (11), cooTHo1IE-

V,

1(g

V, +V

(16)

S _ ) "
HUEM O(g) = , Toraa Juis o0bema KHUAKOH (a-
9

3Bl CIIPaBEIITUBBIM OYIeT:

_ S

= 17)
1-5,

v, V.

C yuerom cootnomenuit My(c.y.)=r(c.y.)V, u (17)
Boipaxenue (16) mist KI'® mepenuceiBaercs cieayro-
M 00pa3om:

__aleyiley) _
Vi(ey)+V,(c.y.)
_ pleyV(ey)s,
T (1-S,+S)V, (c.r)

= p(er)S. (18)

O¢ddexr ot yuera KC]I onenuBancs kak pasHHIA
Mexny 3HaueHneM KI'®@ B Touke pochl (() U TOYKOH
Hayajga KoHJeHcauu (), HOIy4aeMoil B pe3yibTaTe
pacueta ¢ yuerom KCJI.

Hccnepyemble JaHHbIEe

B nanHoli paboTe mcciemoBanach ra3oKOHICHCAT-
Has cmech w3 KHI'KM [18, 19]. Ucxoanslii cocras,
TEeMIIepaTypa W JaBICHHE IUIacTa M MOJBHAs Macca
¢dpakuun C5+ st pazmuunbix rryouH miacta (') ot
4000 mo 5000 M mpexacraBiensl B Tabn. 1. Hdnsa xop-
PEKTHOTO ONHMCAHUS TEPMOJMHAMHUKH T'a30KOHICHCAT-
HOW cMecH ¢ momonibio PVT-MomenupoBanus Heo0X0-
JUMO, 4ToOBI cocTaB (pakuuu C5+ Obul pa3OUT Ha
6onee menkue ¢ppakmun [20]. D10 pa3dueHe TOHKHO
CTPOWUTBCS Ha OCHOBAHWMU MJaHHBIX J1a0OpaTopHOTO
aHanmm3a. B ciyuae HEIOCTYMHOCTH TaKWX JaHHBIX
IpUXOAUTCA NpHOeraTb K METOAaM MaTeMaTHYECKOTO
PEKOHCTPYHpOBaHUS cocTaBa Qpakmuu C5+, Hampu-
Mep [12, 20]. B Hacrosmieli pabore dpakuus C5+ ObI-
na pa3dura Ha 16 KOMIOHEHTOB COTJIACHO METOIHUKE,
onmcanHo# B [12]. IlomydeHHBIH TakuM 00pa3oM KOM-
MOHEHTHBIH COCTaB OBUT HCHOJIB30BaH U MOCTPOCHUS
PVT-Mmonenu uccnenyemoi ra30kOHEHCATHON CMECH.

3nagenus KI'® mms mmactoBoro ¢umronna, paccuu-
TaHHBIe 10 opmynam (15) u (18), Takke mpeacranie-
HBI B Ta01. 1.

Ta6auya 1. Hcxodnble cocmas, memnepamypa naacma,
dassieHue nsaacma, Mo/bHASL Mdcca Gpakyuu
C5+, 3HaueHusi KIT'D, paccuumaHHbvle no gopmy-
saam (15) u (18) e 3asucumocmu om I'll

Table 1. Initial composition, reservoir temperature,
reservoir pressure, C5+ fraction molar mass, gas-
condensate factor (GCF) values calculated using
formulas (15) and (18) depending on the
formation depth (FD)

4000 4200 4400 4600 4800
[T, m/FD, m Cogepmamlae (z), % !won/COnltent (2), ‘i) mol
H.S 3,69 3,703 3,713 3,722 3,728
CO2 4,79 4,839 4,886 4,930 4,971
\P3 0,7 0,7 0,699 0,697 0,696
C1 75,4 74,735 | 74,041 | 73,321 | 72,565
C2 5,45 5,454 5,455 5,453 5,447
C3 2,62 2,647 2,673 2,697 2,720
C4 1,37 1,398 1,424 1,451 1,477
C5+ 5,93 6,522 7,105 7,731 8,401
T,K 343,0 345,8 348,6 351,4 354,2
Puac, 6ap/Psas, bar | 449 458 465 470 485
M C5+, r/monb
M C5+, g/mol 170,3 175,32 | 180,32 | 185,32 190,3
KI'd® (15), r/m3
GCF (15), g/me | 123503 | 470,66 | 524,206 | 5613 |540,846
KI'® (18), r/m?
GCF (18), g/m? 392,706 | 444,844 | 504,806 | 546,869 524,142
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[Momyuennsie 3nauenuss KI'® merogamu (15) u (18)
npu pacderax 6e3 KCJI () uMeroT pa3nudus B Jauarna-
30He 2,5-7,3 %, 4TO TOATBEPKIaeT HEOOXOIAMMOCTH
ydeTa cojepKaHUsl KOMIIOHEHTOB Jierue C5 B KOH/IEH-
cate W KoMIoHeHTOB Tspkenee C4 B ra3oBoil (aze. B
CBA3M C 3TUM Jaiee B pabore ans pacuera KI'® wuc-
nosb30Baiachk popmyia (18).
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Fig. 1.
k=3,4-10-3 um?

KK mi1 maHHOW Ta30KOHAEHCATHOW CMECH, IPOJe-
MOHCTPHUPOBaHHAsl Ha pHC. 1, OCHOBaHa Ha pe3yJbTaTax
pabotsl [19]. Topucras cpema xapaktepusyeTcs MOpU-
cTOCThIO =12,2 % 1 MPOHUIIAEMOCTHIO k=3,4-10"% mxnm?.
Hannas KK B3dra i 2-i ckakuasl KHI'KM. Ha pu-
CYHKE TOYKAMH ITOKA3aHbl UCXONHEIE TaHHbIC, JIMHUCH —
UX alIpOKCHUMAIIUS TIOIMHOMOM TPEThEH CTETICH.

JanHas cmech siBisieTcss TUApoQOOHOM, W3 dero
CJIEJlyeT, 4TO JaBliCHHE B ra30Boi (haze Ooiiblie, Yyem
JIaBJICHUE B )KUIKOCTH (Pg>P|).

Pe3yJsibTaThl pacyeToB

Bein mpousBeneH pacyer (a3oBOro paBHOBECHS B
OKPECTHOCTH TOUYKHU POchl st paznuusbix I'TI H u gst
pasnnuHbelx 3HaueHnd Py m P KHI'KM. Ilomyuensr
TKK, xoTopble onucbiBaioTcsi ypaBHeHuem (13). [ns
3naueHust H=4000 m Obuia oOHapykeHa AByX(aszHas
ob6nacte npu faBneHusX Pg>Pyew. Cormacno [7] rpa-
HHIA IBYX(a3HOH 00JacTH B OKPECTHOCTH TOYKH POCHI
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Kanuanaphas kpusas das paccmampusaemotii cmecu KHIKM ¢ ¢=12,2 % u k=3,4-10-3 mkm?
Capillary curve for the considered Karachaganak oil and gas condensate field (KOGCF) mixture with ¢=12,2% and

armnpoxcumupyercs HpaMor  (Pi—Pgew)=a(Pg—Pew) ¢

KOA(p(GUIIMEHTOM HakJIoHa ¢, TAe Pgew — JaBICHHE

touku pockl. J{ns H=4000 M 3nadenue xkorddunneHTa

0=0,9228. Pesynprathl pacuera IBYyX(})a3HOTO pPaBHO-

Becus st H=4000 M mpencTaBieHsl Ha puc. 2 B BHJE
dazosoii ruarpammsl (PJ1) B koopauHatax (Pg,P)).

bein mpomssenen mepecuer KK na DKK s kax-

noro 3HaveHus [Tl Ha mIacToBBIE YCIOBUS C HCIOTb-

30BaHUEM (DOPMYIIBL:
o
PC(H) = G_H
w

P (19)

c(w)?

T Oy — BEJIMYMHA TTOBEPXHOCTHOTO HATSHKEHHS [UIS
I'lT H, BelpaxxenHas B H/M; o, — BenuuuHa MOBEpX-
HOCTHOTO HaTsDKeHHMS 17151 Bojbl, paBHas 0,063 H/m, npu
miactopoir Temneparype 348,75 K; Pcny — 3HaueHue
KCJI ana I'Il H, BerpaskeHHOe B 6apax; P — 3HaueHue
KC]JI mst BoqbI, BEIpaXKEHHOE B Oapax.
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Fig. 2.

Fragment of phase diagram (FD) for temperature T=343 K near dew point for FD H=4000 m
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I[Homyuennsie OKK mpomeMoHCTpupoBaHBl —Ha Homyuennsie TKK u 9KK u3obpaxens! Ha puc. 4.
puc. 3. B pesynbrate mepepacueta no ¢opmyne (19) TKK mponmemoHcTpupoBana yepHoi simHuer, IKK —
BennunHa wmakcuMmaiabHoro KCJ[ ymenpmmnace B cuHed. Kak MOXHO 3aMeTHUTh MO TMPOJIEMOHCTPUPO-
cpenuaeM B 499 pas. BaHHOMY pHCYHKY, BeanunHa KCJI Py ymMenbImaercs

¢ pocToM Benu4uHbI H.

—— 32.7, 4000
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Puc. 3. IKK 045 pazauunbix 3HaveHutl 'l H. Pacwugposka kpusbix: nosepxHocmHoe HamsixceHue (oyx10-5 e H/m), I'll (H e m)
Fig. 3. Experimental capillary curve (ECC) for different values of the FD H. Curve code: surface tension (onx10-5 in H/m), FD
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Tlonyuennsie ganubsie mo KK ucnonb3oBanucey nis
pemieHus ypaBHeHus (14). B pesynpraTe ObutH Haiine-
HbI 3HaYeHHs Py Touek nepecedenns s kaxaoi I'TI
H. Bennunnsel naBneHus Py M COOTBETCTBYIOIUE UM
3HaueHust KCJI Py) mpeacTaBieHsl B Ta01. 2 1is pac-
cMmarpuBaembix ['TL.

Ta6auya 2. /laHHble 0 das/ieHUu Havya.aa KoHdeHcayuu Uu
coomgemcmeyoujem KC/], noayueHnHble 8 pe-
3ysbmame peweHus ypagHeHus (14)

Table 2. Data on the pressure of the beginning of
condensation and the corresponding capillary
pressure jump (CP]) obtained by solving the
equation (14)

H,™M 4000 4200 4400 4600 4800

Py, 6ap 452,45 459,5 464,5 470,125 486,2

Pc), 6ap | -0,02487 | -0,004984 | -0,002306 | -0,000979 | -0,000601

ITony4yennsle naHHbBIE B JAlIbHEUIIEM HCHOIB3YIOT-
cs st pacueta 3HaueHnin KI'® mo dopmyne (18), kak
¢ KCJI, tak u 6e3 Hero. Pesynbratsl pacuetoB KI'®D
MIPOJIEMOHCTPUPOBAHBI B Ta0JI. 3.

Ta6auya 3. KI'® u pasnuya e 3HaueHusx KI'®, nosyueHHwbix
00bIYHBIM pACHeMOM U pACHemoM C yHemoM Ka-
nuaaspHulx agdexmos, 8 zagucumocmu om I'Tl
npu pacyeme KI'd no popmyae (18)

Table 3. GCF and difference in GCF obtained in
calculations with and without capillary effects
depending on FD according to the formula (18)
H M Piew—Py, 6ap q,r/m3 q-qq, /M3
4000 -0,95497 392,7061 7,044839
4200 0,651079 444,8444 14,58636
4400 2,135236 504,8063 45,82637
4600 2,140759 546,8698 64,47018
4800 1,414867 524,1427 34,59183
CIINCOK JIMTEPATYPBI

CTouT OTMETUTh, YTO PACUYET TOUYKU MEpEeceUeHUs
mByx KK mist cinyqast I'TI H=4000 m Bo3MoskeH Gornee
MPOCTEIM MeTooM. Ecim paccMaTpuBaTh ee Kak TOUKY
nepecedyeHus npsmoit ¢ koaddurmentom o u KK, To
B faHHOM ciydae pacuer KCJI 3agaercs ¢popmyoit

R:(4000) = Pg - (an + (- )P, (20)
[oncrasnsas B ypaBHeHue (14) BMecTO BbIpa)KeHUs
st TKK dopmyny (20), aHanorudHo paHee paccMoT-
PEHHOH MeToaMKe, HaXoAaTcsa 3HadeHus Py 1 Pcuooo).
Pacuer 3Hauenuss KI'® gy maHHOro mojaxonaa Jaer
3HayeHue (—0¢=8,263 F/M3, yTo oTiinyaercs Ha 17 % B
OOJIBIITYI0 CTOPOHY OT MCXOAHOTO MeToaa. Takum 00-
pa3oM, CTAaHOBUTCSI BO3MOXKHBIM MPOU3BOJHUTH OLIEHKY
3aracoB ¢ MEHBIIMM KOJIMYECTBOM PACcUYETOB, XOTS H C
HEKOTOPBIM YXYALIEHHEM KayecTBa OLIEHKU.

3akiloueHue

[IpoBenensl pacuersl (Pa30BOTO paBHOBECHS YTIic-
Bogopoauoit cmecu KHI'KM na pazmuuanbix T'TI most 1
1 2 00BEKTOB pa3padOTKU

[Tonparka k 3HayeHHt0 KI'® 100bIBaeMOro razoko-
HJICHCATa MPH yYeTe KaWLIAPHBIX 3P PEKTOB B IiacTe
cocrasiusger ot 7,04 M i tiyounsr B 4000 M 10
64,47 t/™M° s nryouHasl B 4600 M mpu pa3paboTke
Mecropoxaenus 6e3 II1] unu ¢ vactuanaeim TTTT/T.

Iockoneky pasHuria KI'® no6biBacMOro ra3okoH-
nencara u KI'® mnacroBoro ¢uonaa gaet Kodphuim-
SHT W3BJICYCHUS KOHJCHcaTa, TO OoJjiee TOYHOE Ompe-
nenenne KI'® no0ObIBaeMOro ra3okoHaeHcaTa IO3BO-
JIST OLECHUTHh TOTEHIMAJIbHBIC TOTEPH H3BJICKAEMBIX
3aI1acoB.

[IpencraBiieHHass MeTOIMKa JIETKO 0000IaeTcs Ha
ciydait nerydeit HepTn B wactu ydera KC/I mpu pac-
yerax (pa30BOro paBHOBECHS B CHCTEME ra3—HedThb.
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AHHOTanusa. AKmya/sbHOCMb YcCae0BaHUs 00YCI0B/I€Ha HEOOX0AMMOCTbIO PaCIIMPEHUS] MUHEPAIbHO-ChIPbeBOM 6a3bl
3abakikanbckoro kpas. Ile/sb: u3yyeHne reoXMMHYECKOr0 COCTAaBa TEXHO3EMOB XBOCTOXPAaHMJIMIL 30JI0TOPYAHBIX MECTO-
pox/eHUH 3a6aliKaJbCKOTO Kpasi, COOTBETCTBHUE UX, 10 CO/IEPKaHUIO 30J10Ta, TEXHOTEHHBIM MECTOPOX/IEHUSAM, pACyeT Npe-
BbIIIEHUs] NPEJEJbHO-A0NYCTUMbIX KOHLEHTPAMH TOKCHYHBIX 3JIEMEHTOB B TEXHO3€Max XBOCTOXpaHW/IHLL. O6seKmbl:
TEXHO3e€Mbl XBOCTOXPAHUWIHIL, 30JI0TOPY/HBIX MECTOPOXKAEHUH 3a6aliKalbCKOTo Kpas. Memodbsl: CUIMKATHBINA, pEHTTeHO-
dayopecuenTHbil, ICP-AES MeTozbl B aHaIUTHYeCKUX JlabopaTopusx ['eosiornyeckoro nuctutyta CO PAH (r. YaaH-Yj3) u
3A0 «SGS Vostok Limited» (r. YuTa). Pe3y1bmamel. YCTaHOBJEHO, 4YTO MO cojiepxkaHuio 3os0Ta (Au>0,4 r/T) TexHO3eMbl
XBOCTOXPAHWJINILL 30JI0TOPYAHBIX MECTOPOXKJeHUH 3a6aliKaJbCKOro Kpasi B 11€JIOM COOTBETCTBYIOT TE€XHOT€HHBIM MeCTO-
POXK/JEHUAM 30J10Ta. TeXHO3eMbl XBOCTOXPAHUJIML 30JI0TOPYAHBIX MECTOPOXAEHUH XapaKTePU3YITCs CJAeAYIUMH CO-
Jlep>xaHusMU 3o0Jj0Ta: Jlro6aBuHckoe - 1,79 r/T, Baneiickoe - 1,20 r/T, KintouyeBckoe - 0,77 r/T, Anekcanaposckoe - 0,5 r/T,
Kapuiickoe - 0,35 r/T. Cpein XBOCTOXpaHU/IMLI 30JI0TOPYAHBIX MECTOPOXKAEHUM HAW6GOJIbIIKMMU 06 beMaMU BblAESIOTCS
xBocToxpaHuIHLe Banelickoro MectopoxzaeHust — 5350 (Teic. M3) u KiitoueBckoro MectopoxgeHus — 4860 (Tbic. M3). CpaBHU-
TeJIbHO He6oJIbliIve 00'beMbl COCTABJSIIOT XBOCcTOXpaHuaua Jliro6aBuHckoro — 190 (Thic. M3) u Kapuiickoro - 143 (Tblc. M3)
MecTopoXx/eHuH. Onpe/iesieHo, YTO 110 XMMUYECKOMY COCTaBY TEXHO3eMbl XBOCTOXPaJIML] 3aBUCAT OT COCTABA BMELAIIUX
10pOJi, Pa3BUTHIX B palloHaX MecTOpOKjeHuH. OHM COOTBETCTBYIOT OPOJaM KaK OCHOBHOIO, TaK U CpeJiHero coctaBos. OT-
JINYUTEJIbHble 0COGEHHOCTH COZlepXKaHUi 3/1eMeHTOB-IpUMeced B TeXHO3eMaxX XBOCTOXPaHHWJIML 00yCJIOBJIEHbl Pa3HbIMHU
COCTaBaMH MCXO/IHBIX PY/J] 30JI0TOPY/JHbIX MECTOPOX/IeHUH. /laHHbIe OT/INYHUA OTPAXKAIOTCS B 3HAYEHUAX NPEBBILIEHU Npe-
JleJIbHO JIONMYCTUMbIX KOHLIEHTPAL Ui OTHOCHUTENBHO 04YB. Cpesi TOKCHYHBIX 3JIEMEHTOB MaKCUMa/IbHbIMH NPEBbILIEHUSAMHU
npesieJIbHO JAONYCTUMbIX KOHLEHTPALMM XapakTepusyeTcs MblllbsAK. KOHIeHTpanuyu Mbllibsika B TexHo3eMax JIro6aBHH-
CKOT0 MeCTOpOX/IeHHs NpeBbIalT B 933 pasa npeje/bHO JONYyCTUMble KOHIIEHTPALUMK Mo4yB, UJIMHCKOro MecTopox/je-
HuUA - B 473 pasa, banelickoro mectopox/enus - B 397 pas.

KiiioueBbie c/10Ba: XBOCTOXPAaHUJIUILA, TEXHO3EMbI, 30JI0TO, 3JIEMEHTHBIH COCTaB, MPeJie/IbHO AONYCTHUMbIe KOHIIEHTPALHH,
3abalKalbCKUH KpaH
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Technogenic gold deposits of the Trans-Baikal Territory
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Abstract. Relevance. The need to expand the mineral resource base of the Trans-Baikal Territory. Aim. To study the geo-
chemical composition of technozems of tailings dumps of gold deposits of the Trans-Baikal Territory, their correspondence,
in terms of gold content, to technogenic deposits, to calculate the exceeding the maximum permissible concentrations of toxic
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elements in technozems of tailings dumps. Objects. Technozems of tailings dumps of gold deposits of the Trans-Baikal Terri-
tory. Methods. Silicate, X-ray fluorescence ISP-AES methods in analytical laboratories of the Geological Institute of the SB
RAS (Ulan-Ude) and JSC "SGS Vostok Limited" (Chita). Results. It was found that in terms of gold content (Au>0.4 g/t), the
technozems of the tailings of the gold deposits of the Trans-Baikal Territory, in general, correspond to technogenic gold de-
posits. Technozems of the Baleysky tailings dam deposits with insignificant gold contents: technozems of Darasunsky
(0.36 g/t) and Kariysky (0.35 g/t) deposits, are characterized by the largest volumes and contents of gold (1.2 g/t). It is de-
termined that the chemical composition of the technozems of the tailings depends on the composition of the host rocks de-
veloped in the areas of deposits. They correspond to the rocks of both basic and medium compositions. The distinctive fea-
tures of the content of impurity elements in the technozems of tailings are due to the different compositions of the initial ores
of gold deposits. These differences are reflected in the values of exceeding the maximum permissible concentrations relative
to soils. Among the toxic elements, arsenic is characterized by maximum exceedances of the maximum permissible concen-
trations. In the technozems of the Lyubavinsky deposit, the excess of the maximum permissible concentrations of arsenic
relative to the soil is 933 times, and the Baley deposit is 397 times.

Keywords: tailings dumps, technozems, gold, elemental composition, maximum permissible concentrations, Trans-Baikal
Territory
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BBeaenue

3abaiikabCcKuid Kpail OTHOCUTCS K YHUCITy CTapei-
OIMX TOPHOIOOBIBafOMMX pernoHoB Poccum. Pymable
MECTOpPOXAEHUS Hadaau oTpabaTbiBaThes ¢ 1879 T.
HeOonpmuMK pynHukamu [1]. Ha tepputopun 3abaii-
KaJIbCKOro Kpas u3BecTHO Oonee 1000 pymomposiBie-
HUHI U MECTOPOXKJAEHU 30510Ta. VI3 HUX K 4UCILy KpYII-
HBIX 110 3armacaM oTHocsTcs: baneiickoe, JlapacyHckoe,
KimoueBckoe n Kapwmiickoe. B 3abaiikaibckoM Kpae
COKpAII[al0TCsl pa3BeflaHHbIC 3aIachl 30J0Ta. XBOCTO-
XpaHWIHIIA TOPHO-000TaTUTENBFHBIX KOMOMHATOB 30-
JIOTOPYAHBIX MECTOPOXKIEHUM, coaepkaliye psan pya-
HBIX 3JIEMEHTOB, B TOM YHCJE 30JI0TO, UMEIOT BajKHOE
MpakTHUeckoe 3HaueHue. K dmciy On1aronmpusTHBIX
(bakTopoB st 00PaOOTKM OTHOCHUTCS HAllMYHMe UX Ha
JHEBHOU MOBEPXHOCTU PYJ U OTCYTCTBUE 3aTpaT Ha UX
U3MeNIbYEHUE. Y CTAHOBJICHO, YTO 3 JUINTEIBHBINA IIe-
PHOJ AKCIUTyaTallMl 30JI0TOPYIHBIX MECTOPOKICHUH
Bocrounoro 3abaiikanbs IIOLMIAAb 3€MENb, 3aHITHIX
O] TEXHOTCHHBIE 00Pa30BaHUsI, IPEBHIIIAET 4 THIC. T,
n3 Hux 1285,1 ra 3aHATO XBOCTOXpaHMUIUILAMH [2].

MeTo/ bl MCCIeJ0BAHUS

CBeJIcHUS TI0 KOHIICHTPAIUAM XHMHUYECKUX JJIEMEH-
TOB B pyZax ¥ B TEXHO3EMaX XBOCTOXPAHWIIHUII TOTyde-
HBI TIPH TIPOBEJICHUN HCCIIENOBaHUI MO 0a30BBIM MPO-
ekTaM MHCTHTyTa TPUPOMHBIX PECYPCOB, SKOJIOTHH H
kpuonorunn CO PAH ¢ 2000 mo 2020 rr. Kpome Toro,
WCTIOJIb30BaHbl OIMyONMKOBAHHBIE JaHHbIE M CBEICHUS
TEPPUTOPHATIBEHOTO Teonorndeckoro Gonma no 3abaii-
KalbCcKoMy Kparo (1. Ywra). Jlns onpeneneHust sie-
MEHTHOTO COCTaBa B MPO0axX HCIOJB30BAHBI PCHTICH-
(hITyopecleHTHBI METONl B aHAIWTHYECKHX J1ad0paTo-
pusix I'eonormueckoro mucturyra CO PAH (r. Ynan-
Y m3). IIpu 3ToM T1yOrHa 0TOOpa Mpod Ha aHaIU3bI CO-
craBmsia 0—-10 cm. Bec npoOst cocramstn 1,0 kr. Co-
nepxanue 3onota omnpenaeneHo ISP-MS 3A0 metogom
uccnenosanus «SGS Vostok Limited» (r. Yura).

Pe3yibTaThl U 06CYKAEeHNE

BonpmmHCTBO  XBOCTOXPAaHWIHUIL  30J0TOPYIHBIX
MecTopokaeHnit Bocrounoro 3abaiikames chopMupo-
BaHbl B 1930-1950 rr. Beero B TeXHOT€HHBIX 00pa3oBa-
HUsX 3a0alKkajgbCKOro Kpasi copepkutcs Oomee 150 T
3omota [3]. TexHOTeHHbIE MECTOPOXICHHUS 30JI0Ta OT-
pabateiBarorcst B CLLIA u Kanane [4]. 3a py6esxxom xBo-
CTBl COOCTBEHHO 30JI0TOPYIHBIX MECTOPOXKICHHUIA C CO-
nepkanueM 3o070ta ot 0,5 1o 1,5 r/T akTHBHO BOBJICKa-
I0TCSl B TIOBTOPHYIO TMIepepaboTKy. DKOHOMUUECKHUIA HH-
TEPEC OTBAJIbHBIC XBOCTbHI HAYMHAIOT MPEACTABIATH IPU
ypoBHe copaepxkanus 3o070T1a ot 0,4 r/T [5, 6]. 3amacs
30JI0Ta Ha OTAEJbHBIX XBocToxpaHwiuiiax IOAP co-
CTaBJIAIOT AecATKA TOHH [4]. TexHo3emMbl XBOCTOXpaHH-
JIMII, HECMOTPS Ha OOJBIIE 00BEMBI, XapaKTEePU3YIOT-
Csl OTHOCHUTEJBHO HM3KHM colepxaHueMm 30i0Ta. [lox
TEXHO3EMaMH TMOHUMAIOTCS WCKYCCTBEHHO CO3JIaHHBIC
HACBHITHbIE 00pa30BaHUs, COPMUPOBAHHBIC TPH CKJIa-
JIUPOBaHUM OTPAOOTAHHBIX MAaTEPUAIOB XBOCTOB 000-
ramieHusi ropHo-oboratutensHbpix komOuHaToB (I'OK).
B Poccun k unciry Hanbosiee KPYITHBIX OTHOCSTCS XBO-
CTBI 30JI0TO-M3BJIeKaTeabHON (padpuku (3UD) Onnm-
nuaauHckoro 'OKa. 3amacel 3070Ta B HUX COCTaBIIsi-
10T TIEpBBIC TOHHBI, IIPH YPOBHE COJCPKAHUS MeTaia
1-2 r/1, penko 6onee. B obmieii cTpyKType pecypcoB
3aracoB 30J7i0Ta Poccuu Ha J0J110 TEXHOT'€HHBIX 00BEK-
TOB TipuxoauTcs okoio 7—12 % 3omnora [4]. [1o Tunam
MHUHEPAJIBHOTO CHIPhS PAa3MHYAIOT TEXHOTECHHBIE Me-
CTOPOXAEHHUS OJIarOPOJHBIX METAJJIOB, LIBETHBIX Me-
TAJIJIOB, JKEJIE3HBIX Py U IPYTUX BUJIOB MUHEPAJILHOIO
ceipbs [7, 8]. B 3abaiikanbckoM Kpae KpOMe TEXHOTCH-
HBIX MECTOPOXIEHHUI 30JI0Ta CYLIECTBYIOT XBOCTOXpa-
HWIHIIA TTOTUMETAJNIOB, OJI0Ba, MOJHOIeHa, BOJIb(pa-
Ma HM3y4eHHE KOTOPBIX XAET cBoei ouepenn. B Bo-
cTouHOM 3abaifkambe K YHCIy HauOoliee KPYITHBIX
TCXHOI'CHHBIX 30JI0TOCOACPIKAIINX O6’b€KTOB OTHOCAT-
csa oTtBanbl TexHo3eMoB 3D baneiickoro mecTopox-
nenns. [lo pesynbraram pa3Beqo9HOro OypeHHs Macca
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XBOCTOB 3JICCh OIICHEHA B 42 MJIH T, a 3aIIachl 30J10Ta —
B 37 T, 4TO COMOCTABUMO IO 3amacaM CO CPEIHUM 30-
JIOTOPYIHBIM MECTOPOKICHUEM.

T'eoxuMmnyeckuii coctaB XBocToB oboramenus 3D
30JI0TOPYJHBIX MECTOPOXKIEHHI 3a0aiiKalbCKOTo Kpast
OTIIMYAIOTCS TI0 XHMHYECKOMY COCTaBY, COJEPIKAHHSIM
aneMeHToB-TipuMeceit. OTnuyus 00yCIIOBIEHBI OCO-
OCHHOCTSAMHU TE€0JIOTUYECKOTO CTPOEHHUS MECTOPOXKIe-
HUH, COCTaBOM MCXOJHBIX pyXA. Tak, XMMHYECKHUI CcO-
CTaB TEXHO3E€MOB XBOCTOXpaHWiuIl JlapacyHCKOTo
MECTOPOX/ICHUS COOTBETCTBYET IOPOJAaM OCHOBHOI'O
cocTtaBa, banelickoro MecTOpOXIEHHS — I[OpoJam
cpemHero cocrasa (Tabi. 1).

B 3abaiikansckoM Kpae U3 paccMaTpUBaeMbIX 30-
JIOTOPYAHBIX MECTOPOXKACHUH Hanmbonee KPYMHBIM
saBuserca baneiickoe. Ilo rpaHynomeTpuyeckoMy co-
craBy orxonbl 3U®D-1 baneiickoro MecTOpPOXIEHUS
COOTBETCTBYIOT UJIaM MEJIKOAJIEBPUTOBBIM.

Ta6auya 1. CpedHuii xumuveckuil cocmas mexHo3emMo8 X80-
CMOXPAHUAUW, 3010MOPYOHbIX Mecmopodicde-
Huli 3a6alikaavckozo kpas, %

Table 1. Average chemical composition of technozems of
tailings dumps of gold deposits of Trans-Baikal

Territory, %

B paiione [lapacyHCKOTO MECTOPOXACHHS BMeEIa-
IOIIIEe TIOPOJIBI MPENICTABICHBI MPEUMYIISCTBEHHO Ia-
ne3oiickuMu rabOpouaamu, baneiickoro mectopoxkie-
HUS — TPAHOIMOPHUTAMH II€JIE030HCKOT0 YHIMHCKOTO
KoMmIuiekca. Cpeau TEXHOTEHHBIX MEeCTOPOXKACHUI
30510Ta 3a0aliKkanbCKOTO Kpas HauOOJBIIMMHU CPEIHH-
MU COJCpP)KaHISIMHU 30JI0Ta XapaKTEPU3YIOTCS TEXHO-
3embl 3UD-1 Baneiickoro mecropoxaeHus (Tadm. 2).

Ta6auya 2. CpedHue codepicaHus 30.10ma, 2/m, 8 mexHo3se-
MaAx X80CMOXPAHUAUW 3010MOpYJHbIX Mecmo-
poscderuli 3abatikaabckozo kpas [9, 10]

Si02 [ Al:O; [ Fe;03 [ MnO | MgO | CaO [ Na:0 [ K20 | TiOz | P20s

Anekcanzaposckoe/Alexandrovskoe (n=6)

57,62 113,37 5,05 [ 0,07 [3,32[425] 27 [3,36]085]0,18

Knrouesckoe/Klyuchevskoe (n=6)

62,97 [ 133 [ 6,58 [ 0,11 [3,14 [3,34 [ 0,96 | 2,4 [0,37 [ 0,09

[JlapacyHckoe /Darasunskoe (n=9)

Table 2. Average gold content, g/t, in technozems of tail-
ings dumps of gold deposits of the Trans-Baikal
Territory [9, 10]
[lromaab 06beM 06'beKTa
XBOCTOXpa- TBIC. M3/TBIC. T fopeeﬂl';f:_
MecTopoXk/ieHHe | HUJIMILL, Ta Object volume HHSAIL)[ v/t
Deposit Tailings thousand cubic Mean ’Au
dumps area, | metres/thousand
ha tonnes content, g/t
Basneiickoe
Baleyskoe 56,2 5350/10436 1,2
Aapacyrckoe 80 1745/4710,2 0,36
Darasunskoe
KnroueBckoe
Klyuchevskoe 68 4860/11180 0,77
AnexcaHApOBCKoOe
Aleksandrovskoe 21 1340/3485 0,5
Jlro6aBHUHCKOE
Lyubavinskoe 16 190/285 179
Kapuiickoe
Kariyskoe 3,6 143/400 0,35

48,45 12,67 [11,87 0,23 [ 2,66 [ 547 | 7,54 [ 2,04 [ 1,50 [ 0,67

Jlro6aBuHKoe/Lyubavinkoe (n=3)

67,25 17,87 39 [011] 06 [1,89] 265 [1,76 [3,97 0,11

Basneiickoe/Baleyskoe (n=14)
66,30 [12,52 [ 3,52 [0,42 [283 [283]0,025][315] - [ -

IIpumevaHnue: n — HUCA0 AHANU3Z08. «—» — HEM OAHHbIX.
Note: n is the number of analyses. «-» - no data available.

KonmuectBo cynbduaos, cpeau KOTOpbIx mpeodia-
JIAIOT MUPHUT B MapKas3uT, B otioxeHusax 31D baneit-
CKOT0 MecTopoxaeHus: cocrasnser 1-1,5 %. Pacnpe-
JIeIeHUe 30JI0Ta B OTJIOXKECHUAX XBOCTOXPAHMIIHUILA
HepaBHOMepHoe. [1o maHHBIM (DOHIOBBIX MaTEpHAIIOB
coJiepkaHue 30j0Ta B TexHozeMax WD konednercs
ot 0,48 1o 2,60 r/t npu cpeanem cogepxanuu 1,2 v/t
(Tabu. 2). 30510TO COCPEIOTOYCHO MPEUMYIIIECTBEHHO B
MEJIKAX ¥ TOHKHX KJlaccaX XBOocToB. [lo maHHBIM (hoH-
JIoBbIX MarepuanoB Oonee 90 % 3050Ta B XBOCTax
3U®-1 ot ero obmiero coaepKaHust HAXOAUTCS B CyM-
mapHoMm kiacce 0,21+0 mm. MakcumanbHOE YacTHOE
conepxanue 3osota (1,4 1/T) OoTMedaeTcs B Kiacce:
0,31+0,21 ™M, muaumansHoe (1,1 r/T) B Kiaccax
0,53+0,31 u 0,16+0,10 mm [9]. HanomucrepcHble
(OpMBI 30J710Ta MOKHO OTpabaThIBaTh C HCIIOIH30Ba-
HHEM KOMOMHHUPOBAHHBIX (DU3UKO-TEXHUYECKUX U (u-
3UKO-XUMHUYCCKHUX reoTexHoorui [10]

B mocnenHue Tompl ycTaHOBIIEHO, YTO HA COMIEpKa-
HHUE 30JI0Ta B XBOCTOXPAaHWIHMILAX BIHUSIIOT HPOLIECCHI
nepepacnpenesieHus 0J1aropoJHbIX MeTaIoB (Au u Ag)
3a cuer B3ammogeilcTBusi Boma—tiopona [11]. Cocras
0o1x010B 31D 3aBHCUT OT COCTaBa BMELIAIOUIUX MOPOJ]
M coCTaBa MCXOMHOW pyabl. OTIMYMs OTpakaloTcs B
COIEPKaHUSIX DIIEMEHTOB-TIPIMECEi TEXHO3EMOB 30J10-
TOPYJHBIX MECTOPOXKICHUIL, a Takke B 3HAYEHUSX Ipe-
BBHIICHUS TPEACIBHO JIOMyCTUMBIX KOHIICHTpAIWi
(ITIK) »;1eMEHTOB OTHOCHTENBHO MMOYB (Tabi. 3).

TexHorenHsle 06pa30BaHus OTPAOOTAaHHBIX U OTpada-
THIBAEMbIX MECTOPOXKICHHH OKa3bIBAalOT HETAaTUBHOE
BIIMSIHUE HA OKPYKAaIOIlylo cpeny. JlaHHOW TemaTHhke
MOCBSIIEHBI PaboThl MHOTHX HccrenoBareneii [12-22].
Panee mo meroquKe OIEHKHM TOKCHYHOCTU PYAHBIX Me-
cropoxeHuii, npemioxentoi P.B. Toneoit u ap. [22],
YCTaHOBIICHO, YTO CPEOH TEXHO3EMOB 30JIOTOPYIHBIX
MECTOPOXKACHUHA HanOOMbIIeH 3KOJOTHYECKON OMacHO-
CTBIO XapaKTepH3YIOTCS XBOCTOXpaHWMIIa JltoOaBrH-
ckoro u baneiickoro mecropoxaenuit [9]. 3HaunTeNH-
HeiMH TipeBblieHusIMA TIJIK TOKCHYHBIX 3IIeMEHTOB B
TexHozemax otHocurenbHoe [1/IK mouB xapakTepusyroT-
cs taoke [apacynckoe, KimodeBckoe, AneKkcaHIpOBCKOE
u Kapuiickoe 30710TOpy/IHbIE MECTOPOXKIAECHUS (Ta0mI. 3).
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Ta6auya 3. CpedHue codepicaHus 31eMeHMo8-npumecell 8 mexHO3eMax X80CMOXPAHUAUW 3010MOPYOHbIX MecmopoxcoeHull

3abatikanbckozo kpas, 2/m

Table 3. Average content of impurity elements in technozems of tailings dumps of gold deposits of the Trans-Baikal Territo-
1, 9/t
S1eMeHTEI As Pb Zn cd Cu Sn Mo Sb Ba Sr
Elements
NAK/MPC [9] 2,0 32,0 23,0 2,0 3,0 53 5,0 4,5 165 600
Bazeickoe/Baleyskoe (n=14)
x/s 793/355 23/8 44/27 13/- 35/20 10/5 4/2 159/30 440/41 193/37
x/NJAK/x/MPC 397 0,7 15 6,5 12 0,2 0,8 35 2,4 0,3
[JapacyHckoe/Darasunskoe (n=14)
x/s 318/193 56/27 110,20 - 121/54 | 10/- | 31/21 21/7 687/25 327/18
x/TIAK/x/MPC 159 1,8 4,8 - 40 0,5 6,2 4,7 4,2 0,5
Jlio6aBuHcKoe /Lyubavinskoe (n=14)
x/s 1865/122 44/11 91/19 - 30/9 - 23/9 9/1 599/120 | 159/33
x/NJAK/x/MPC 933 1,4 39 - 10 - 4,6 2 3,6 0,3
Kapuiickoe/Kariyskoe (n=14)
x/s 237/91 135/66 47/20 - 146/66 | 30/7 15/4 68/77 - -
x/TIAK/x/MPC 119 4 2 - 49 0,6 3 15 - -
Anekcangiposckoe/Alexandrovskoe (n=14)
x/s 17/5 15/4 45/4 - 38/13 - 21/2 15/4 911/56 596/10
x/TIJAK/x/MPC 8,5 0,5 2,0 - 12,7 - 4,2 3,3 5,5 1
KnroueBckoe/Klyuchevskoe (n=14)
x/s 378/54 21/7 37/4 - 94/11 - 39/5 15/45 595/62 640/92
x/TIAK/x/MPC 189 0,6 1,6 - 31 - 7,8 3,3 3,6 1,1
Wnunckoe/llinskoe (n=3
x/s 946/267 18/4 30/5 - 13/9 5/1 1/1 7/1 - -
x/NJAK/x/MPC 473 0,6 1,3 - 4,3 0,1 0,2 1,5 - -

Ipumeuanue: x - cpedHee apugmemuyeckoe; S - cMaHOAPMHOE OMKAOHEHUE; N — YUCA0 AHAAU308.
Note: x is the arithmetic mean, s is the standard deviation, n is the number of analyses.

B TexHO3emMax XBOCTOXPAHHIIUI CPEIN TOKCHUYHBIX
SJIEMEHTOB MAaKCHUMallbHbIMH mpeBbiieHusMu  [1JIK
XapakTepu3yeTcsl MbIbsIK. Tak, B TexHozeMax Jlroba-
BHHCKOTO MecTopoxaeHus mnpessimeHue [1JIK ortHO-
CUTENBHO TOoYB cocraBiser B 933 pasa, baneilickoro
MecToposkaeHus — B 397 pas (tabm. 2).

Takum 00pa3oM, XMMHUYECKHI COCTaB TEXHO3EMOB
XBOCTOXPAJMIUIL  30JOTOPYIAHBIX ~ MECTOPOXKACHUI
3abaiikanbCcKOro Kpas 3aBUCHT OT COCTaBa BMEIA0-
[IMX TIOPOJ paiOHOB 30JI0TOPYAHBIX MECTOPOXKICHHIA.
DNeMEeHTHBIH COCTaB XBOCTOB PaccMaTPHUBAaEMBIX XBO-
CTOXpAHWJIMII 3aBUCUT OT 3JEMEHTHOTO COCTaBa HC-
XOJHBIX PYJ. DTH OTIIMYHS BBIPAKAIOTCS B 3HAYCHHUAX
npesbimennst [[JIK TexnozemoB otnocutensHo [1JIK
nous. B TexHO3eMax XBOCTOXpAaHWIIUIL OTMEYaIOTCs
aHomainbHO BhIcOKHe mpesbimenus [1]IK As ortHocu-
teapHO [IJIK AS B mouBax. Cpeau XBOCTOXPaHWIIHIIL
30JI0TOPYIHBIX MECTOPOXKICHHUMN 3abaiikanbs
HauOOJNBIINMH 00beMaMHi XBOCTOXPAHWIHUIL U HanOo-
JIlee BBICOKHMH COJCPXAaHUSMHU 30JI0Ta XapaKTepH3y-
I0TCS XBOCTOXpaHMIMIIa baneiickoro mectopoxxaenus,
CO CpeIHUMHU cojiepkaHusMU 3010T1a 1,2 1/1. OTpadoT-
Ka 3apyOeKHBIX XBOCTOXPAHWIWII BEAETCS MpPH CO-
nepxkanusx 3omota ot 0,5 mo 1,5 r/t. Bee 3abatikainb-

CITMCOK JIMTEPATYPbI

CKHC XBOCTOXpaHMWJIMIIA, KPOME XBOCTOXpPaHHWIWIIA
Kapnﬁcxoro MECTOPOXKACHHSA, COOTBETCTBYIOT I3THUM
3HAYCHUAM.

3ak/loyeHue

o coneprkanmsIM 30J10Ta XBOCTOXPAHIIIHIIA 3a0aii-
KaJIbCKHUX 30JIOTOPYJHBIX MECTOPOXKICHUHN B LIEJIOM CO-
OTBETCTBYIOT TEXHOT€HHBIM MECTOPOXKICHHSM 30JI0Ta
(Au>0,4 r/1). OmpeneneHsl CleayIOIME CPEIAHUE CO-
JIepKaHUs 30JI0Ta B TEXHO3EMaxX XBOCTOXPAHIIIHIN 3a-
Oaiikanbckoro kpas: Jlrob6aBunckoe — 1,79 /1, banei-
ckoe — 1,20 r/1, Kimouesckoe — 0,77 r/T, Anekcanapos-
ckoe — 0,5 r/t, Kapumiickoe — 0,35 /1. Cpeau xBocTO-
XPaHWINN] 30JI0TOPYIHBIX MECTOPOXKICHUN HauOOIb-
IHMMU 00bEMaMU BBIIENAIOTCS XBocToXpanwuiie ba-
Jefickoro MecToposaeHns — 5350 (bic. MY). 30710T0
COCPEZIOTOYCHO TPEUMYIIECTBEHHO B MEJIKHUX M TOHKHX
Kimaccax XxBocToB oT —0,21 mo +0 MMm. XuMHUYECKHHA H
AJIEMEHTHBIH COCTAaB TEXHO3EMOB XBOCTOXPAHIIIHIL 3a-
BHCHT OT COCTaBa BMEIIAIOMIHX ITOPOJT M HCXOHBIX PY/I.
[To conep»&aHusIM TOKCUYHBIX JIEMEHTOB B TEXHO3EMax
BblAeTsieTcs MblbsAK. Kpataele 3Hauenust [IJIK xBo-
cToxpaHmwimiia JIFo0aBUHCKOTO MECTOPOXKIIECHHS OTHO-
cutensHO [TJIK mouB nocturaer 933.

1. IOprencon I'.A. T'eomormueckue HcciaeqOBaHWA M TOPHONPOMBIIIICHHBIH KOMIUIEKC 3abaiiKajibs: HCTOPHS, COBPEMEHHOE
cocTosiHMe, pobeMsl, nepcrnekTuBbl pa3sutusa. K 300-netuto ocHoBanus Ilpukasza pynoxonssix nen. — Hosocubupek: Hayxka,
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AHHOTanus. AKmya/1bHOCMb UCCleJ0BaHNs 06yCI0BJIeHa HEO6X0/JUMOCTbIO N0JIyYEHHUs1 HOBBIX 3HAHUH O PaHHHUX 3Tanax
3apOXKJEeHUs U Pa3BUTHSA 3eMJid. MOLHBIM HHCTPYMEHTOM [ijIs1 BbISICHEHUS TIPOLIECCOB, NPOTEKABIIKX B apXee U [ajJeonpo-
Tepo30e€, IBJISETCS aHAIU3 pacrpesie/IeHHst U30TONOB Cepbl B CYJIbQUAHBIX MUHEpasax. B KoMILIEKce ¢ JPyrMMHU JJaHHBIMU
reoXMMHsl U30TOIOB M03BOJISIET YCTAHOBUTH UCTOYHUKH CEPBI LISl CYJIbGUJ0B APEBHUX BYJIKAHOT€HHO-0CAZL,0YHbIX MECTO-
pPOX/JIeHUH; reoxuMHuyeckue GaKTophl, BIAUSIOIME HA apXelicKoe KosyeZlaHHOEe py000pa3oBaHKe; KOPPEKTHPOBATh reHe-
TUYECKHE MOJIEJIM U OlIpe/ieIATh CTeNeHb BJAUSHUs 6aKTepUi Ha npolecc MUHepaoo6pasoBanus. Llessb: ¢ noMouibio aHa-
JIM3a U30TOIOB ONPEEJUTb UCTOYHUKH Cepbl TPU GOPMUPOBAHUU KOJIYE€JaHHBIX MECTOPOXKAEHUH, OLlEeHUTh BJIUSIHUE GaK-
Tepyui Ha Npolecc MUHepasoo6pa3oBaHusl. BblsiBieHHble 0COOEHHOCTH MOTYT ObITb OOJiee IIHPOKO NMPHUMEHEHBI K KoJIye-
JIaHHBIM MeCTOPOX/EeHHUAM B Pa3HbIX paiioHax MUpa. 06seKkmbl. M3ydeHHble 06Pa3Lbl 0JyYeHbl U3 KEPHA CKBAXKHH Me30-
apXxeicKoro BYJIKAHOTE€HHO-0Cal04HOTo Cy/bduAHOro lleHTpanbHO-BoXKMHHCKOrO MeCTOpOXK/IeHHUs, BXOASIIEr0 B COCTAB
Cymo3sepcko-KeHosepckoro 3esieHokaMeHHOro nosica Kapesnbckoro kpaToHa. Memodsl. MuHepanorudeckue UCC/ael0BaHUs
06pas1i0B MOPOA U PYJ BBINOJHEHBI C UCNOJb30BAHUEM ONTHYECKOH MHUKPOCKONHH; CKAaHUPYHOLIeH 3J1eKTPOHHOH MHUKpO-
CKOIIMU YU SHEProJUCIepCHOHHONW PEHTTeHOBCKOH CIEKTPOCKONUU. [l1s cy/bGUAHBIX MUHEPATOB MeCTOPOXKAEHUS BbIIOJI-
HEH aHaJIM3 COOTHOIIEHUH YeThIpex CTAaOUJIbHBIX U30TOIMOB cephl (33S/32S, 34S/32S, 36S/32S). Pe3ysibmamel. IlosyyeHHble
pe3y/bTaThl OKa3bIBAIOT, YTO cepa B CyJbdUAaX UMEET MOJIUTeHHbIH UCTOYHUK. Cynbduabl 061a8aI0T KaK MOJI0KUTEb-
HBIMH, TaK ¥ OTPHULIATEJbHBIMH 3HaYeHUsAMH A33S, 4TO yKa3bIBaeT Ha NMPUCYTCTBUE CEPbl, 06pa30BaBlIelcs B pe3yJbTaTe
Y®-dpoTtonusa B aTMochepe U BKIWOYEHHOH B MHHepasibl. B 06pa3oBaHUU Cy/ibUIHBIX MUHEPAJIOB ayTUT€HHOTO MUPUTA
NpUHHUMaJIa Y9acTHe CysibpaTHas cepa MOPCKOU BoJbl POTONUTUYECKOTO reHe3uca. ITOT MUPUT XapaKTepU3yeTcss OTpULa-
TeJbHON aHoMasned A33S (~ -0,4 %o). Y3kuii Auana3oH 3HadyeHUH 634S (-2,64 %o0<0<+4,27 %o) mpucyi cynbdujam, Kpu-
CTA/IJIU30BABIIMMCS B pe3y/bTaTe GHOJIOIMYECKOH CyJabdaTpeAyKUuH. dieMeHTapHas cepa GOTOIMTHYECKOTO TeHe3HCa,
MOGU/IM30BaHHAsl U3 BMEIAIOIMX 0CaI04HbIX 0PO/J, THAPOTEPMaTbHBIMUA PACTBOPAMH, 06J1aJJaeT MOJIOKUTETbHOW aHOMa-
et A33S (o +1,6 %o). OHa npuHKMaJIa y9acTre B GOPMUPOBAaHUN MAaCCUBHBIX CYIbQUHBIX PYA.

Kimo4yeBble c/10Ba: M30TONHbIe OTHOLIEHHUsI cephl, apxelickass aTMocdepa, ocafiouHble cyabduabl, 6akTepuu, Cymosepcko-
KeHo3epckuii 3esleHokaMeHHbIH nosic, Kapenns
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Abstract. Relevance. The need of new knowledge about the early stages of the Earth. Sulfur isotope analysis of sulfide mine-
rals is a powerful tool to understand the processes during the Archaean and Paleoproterozoic. Combined with other data,
isotope geochemistry provides an insight into sulfur sources of sulfides from ancient sulfide volcanosedimentary deposits;
geochemical factors affecting Archaean sulfide volcanosedimentary ore formation; adjust genetic models and determine the
degree of influence of bacteria on the mineral formation. Aim. To identify the sources of sulfur during the formation of sulfide
deposits via isotope analysis, and to evaluate bacteria affect mineral formation. Objects. They were obtained from the core of
boreholes of Mesoarchaean volcanosedimentary sulfide Central-Vozhma deposit, being a part of the Sumozersko-Kenozersky
greenstone belt of the Karelian craton. Methods. Mineralogical studies of rock and ore samples were carried out using optical
microscopy; scanning electron microscopy and energy dispersive X-ray spectroscopy. The ratios of four stable sulfur isotopes
were analyzed in sulfide minerals of the deposit (33S/32S, 34S/32S, 365/32S). Results. The results obtained demonstrated the
polygenic source of sulfur in sulfides. The sulfides have both positive and negative A33S values, indicating the presence of at-
mospheric sulfur formed under UV photolysis during mineral formation. Sulfide minerals include the following components:
Seawater sulfate sulfur of photolytic genesis showed a negative anomaly A33S (~ -0.4%o). It was the source of authigenic py-
rite. Sulfides crystallized as a result of biological sulfate reduction demonstrated a narrow range of §34S values
(-2.64%0<0<+4.27%0). Elemental sulfur of photolytic genesis mobilized from the host sedimentary rocks by hydrothermal
fluids. This sulfur, with a positive A33S anomaly (up to +1.6%o) took part in the massive sulfide ores formation.

Keywords: sulfur isotope composition, Archean atmosphere, sedimentary sulfides, bacteria, Sumozersky-Kenozersky green-
stone belt, Karelia
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4
BBeaeHue GUHHPOBAHHBIC 3HAYCHHS O°°S M 6°'S IMO3BOISIOT

OnHUM W3 CBUAETENBCTB JPEBHEHIIMX CIEI0B
KM3HM Ha 3eMile SIBISIOTCS HAaXOAKH (hOCCHIU3UPO-
BaHHBIX OCTATKOB IIPOCTEUIINX MHKPOOPTaHH3MOB
(GakTepuii), opraHMYecKasi 4acTb KOTOPBIX 3amelleHa
pa3IMYHBIMH MUHEpajaMu (KBapleM, TeMaTHTOM, ITH-
PUTOM W Jp.), YTO TO3BOJMIO UM COXPAHSATHCS IJTHU-
TenbHOE BpeMms [1-5 m ap.]. XoTsa coBpeMeHHbIE HC-
CJICZIOBaHUS, OCHOBaHHBIE HA MOP(OIOrHUECKUX, Ieo-
XUMHYECKUX M M30TONHBIX JAHHBIX, NAIOT OCHOBAaHMS
mpenmnojaraTb, 4To B apxee, 3,5-2,5 MuuimMapaa Jer
Ha3aj, XKU3Hb ObUIa OTHOCUTEIBHO LIMPOKO PACHPO-
CTpaHEHa W pa3BUTA [2], MPUHAAIE)KHOCTh HEKOTOPBIX
O0noQopM OpraHUIECKUM OCTaTKaM CTaBUTCS HEKOTO-
PpBIMU aBTOpPaMHU II0J COMHEHUE [6].

JonoxHuTenbHEIM (PaKTOPOM ISl peIIeHHs Ipo-
OJeMBI MOTYT OBITH COOTHOIICHHS H30TOIOB CEPHI B
cynbdpumax mpeanoiaraeMbix Mukpodoccumid. Kowm-

UACHTU(HUINPOBATE aTMOc(hepHBIe, TunpochepHse n
Ouonoruyeckue Mpouecchl B 0OILEM KpyroBOpOTeE
cepsl B apxee [7, 8 u ap.]. 3mech MPUBOIATCS HOBBIE
JaHHBIE O MIPEATONaraeMbIX CyIb(QHUIN3HPOBAHHBIX
MHKPO(GOCCHINAX U3 YIIEPOANCTHIX ciiaHueB Kapemnn
U COOTHOIIEHUH H30TOMOB CEPHI B HUX.

KpaTkas reosiorudyeckasi XapaKTepHCcTHKA
00'bEKTA UCC/IEA0BAHUS

NzydenHble 00pa3Lbl MOIYy4YEHBI U3 KEPHA CKBAXKH-
HBbl BYJIKAHOT€HHO-OCAJ0YHOTO MECTOPOXKACHHUS, KO-
Topoe HaxomuTcs B KameHnHnoosepckoit ctpykrype Cy-
MO03epcKo-KeHo3epcKoro — 3eJIeHOKaMEeHHOro — Tosica,
pacmoioKEHHOTO B I0T0-BOCTOUHOM yacTu Kapenbcko-
ro kparonHa (puc. 1). Llenrpansno-BoxxMuHcKOE SBIIS-
eTcs OmHMM U3 Oollee YeM MIECATH BYIKaHOTCHHO-
OCAJ0YHBIX CYIb(UAHBIX PYAONPOSBICHUH M MECTO-
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POXICHHI, MCCICTOBAHHBIX 31€Ch Pa3BEIOYHBIM OY-
PCHUCM B KOHIIC IMPOIIJIOro BEKa. Hamu oHuM oTHOCATCS
K OHMMOJaIbHO-Ma(UTOBOMY THITY BYJIKAaHOTECHHO-
0CaI0YHBIX MECTOPOKICHNH MaCCUBHBIX CYNb(OUIHBIX
pya [9]. B BymkaHHYECKHX MOpOJAax 3TOr0 THIA Me-
CTOPOXJICHUI MpeoOsajatoT JIaBbl 0a3ayibT-aHIIe3UT-
PHOJIUTOBBIC U MUPOKIACTUYECKHE MOpoabl. st opy-
JICHEHUS] XapaKTEepPHBI 3aJIe)H ILIACTOOOpa3Hou (op-
Mbl, MOIITHOCTBIO OT HECKOJIBKUX CAHTUMETPOB A0 NEP-
BBIX JICCATKOB METPOB, 3aJICTAIOMIME HA Pa3IHYHBIX
cTparurpadudeckux ypoBHsIX. B MuHepanpHOM cocra-
BE€ Py peo0iafaloT MUPUT U MUPPOTHH ¢ HEOOIBIION
MPUMEChI0  CyIbGUIOB INBETHBIX MeTauioB [10].
OOBIYHO 3TH MECTOPOXKACHUS MapKUPYIOT co00il ruj-
POTCPMAJIBHBIC T10JIA, CBA3AaHHBIC C OCTPOBOIYKHBIMU
BYJIKAaHAMH ¥ [IEHTPAaMH 3a{yTOBOTO CIIPEIMHTA.
Llenmpanvro-Boocmunckoe mecmopooicoenue TIpH-
YPOYCHO K IHH3E YIJEPOJCOACPKAIMX U albOHUT-

KBapIl-CEPULUT-XJIOPUTOBBIX CIIAHIIEB, 3a)KaThIX MEX-
Jly CEpIIEHTUHUTAaMHU — 3araJHOil U BOCTOYHOM YacTs-
M BoxmmHCKOTO  ynmpTpabasMTOBOrO  MaccuBa
[10-12]. Konyemanbl mpeacTaBaeHbI OOraTbIMKA BKpall-
JEHHBIMH M TOHKO-BKpAIVIEHHBIMH MAacCHBHBIMH U
MOJIOCYATHIMH PyAaMH. MOIIHOCTE OTAEIBHBIX IIPO-
CIIOCB KOJIEOJETCs OT HECKONBKUX MeTpoB 1o 100 M.
B pynax HaGiromaercsi xopomiasi COXpaHHOCTb CJIOU-
CTBIX TEKCTyp. MUHEpaNbHBIM COCTaB Py MpeuMyliie-
CTBCHHO IIHPHUTOBBIA WM IHPPOTUH-TUPUTOBHIH, B
HE3HAYUTENBHOM KOJMUYECTBE BCTPEUAIOTCs canepur,
XaIbKOTIMPUT, PEeKe TaJCHUT (B CIUHHYHBIX 3€pHaX).
CpemHee conmepXaHWE TONAMETAUIOB HEBBICOKOE
(Co~0,003 %, Ni~0,02 %, Cu~0,038 %, Zn~0,13 %).
s mcenenoBanms ObUTH 0TOOpaHbI 00pa3Lbl U3 KepHA
ckBakuHbl C-39 ¢ pa3n4HbIX TIyOWH, U3 30H C MEJl-
KOBKPAIUIEHHBIMA M 0OTaThIMH KONYEIaHHBIMH pyAa-
MU (ropu3oHTsl 212,55 1 303,9).
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Fig. 1.

Cxema zeono2uveckozo cmpoenust PeHHOCKaHOUHAsCcKko2o wuma (a) u LenmpaabHo-BosxcmuHckozo yuacmka KameH-
Hoo3epckoli cmpykmypul (6) no [11, 12] c usmeneHusimu. A: 1 - apxelickas kopa; 2 — naseonpomepo3olickas kopa; 3 -
KasedoHudsl, 6atikaaudsl U Heonpomepo3solickue 06pazoeanusi; 4 — apxetickue 3e/1eHOKAMEHHble U napazHelicogble
nosica. b: 5 - ay1kaHo2eHHO-0cad04HAs MOAWA cpedHe-KUCA020 cOCMasd, 6 — Mema6as3aibmel, 7 —CepneHmMuHUMesl No
nepudomumadnm, 8 - daliku 2a66poduopumos, 9 - datiku 2a66ponupoxceHumos, 10 - paspviéHble HapyuwieHus, 11 - koa-
yedaHHble pydbl: a) 6ozamble, 6) BKpanseHHble, 12 —ckgaxcuHbl. B - cmpamuepaguyeckas koaoHka ckeasxicuHwl C-39
Geological sketch of the Fennoscandinavian Shield (a) and the Central Vozhma zone of the Kamennoozerskaya for-
mation (b) according to [11, 12], with modifications. A: 1 - Archean crust; 2 - Paleoproterozoic crust; 3 - Caledonides,
Baikalides and Neoproterozoic formations; 4 - Archean greenstone and Paragneissic belts. b: 5 - volcanogenic-
sedimentary strata of intermediate rocks, 6 - metabasalts, 7 - serpentinites after peridotites, 8 - gabbro-diorite dikes,
9 - gabbro-pyroxenite dikes, 10 - faults, 11 - volcanogenic massive sulfides: a) rich ores, 6) disseminated ores, 12 -
boreholes. B - stratigraphic column C-39
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MeToabI UCC/1eA0BaAHUS

Ananuzvl mMunepanos BBHITIONHEHB B J1a0OpaTOpPHU
PCHTTEHOBCKUX METOJIOB AHAIUTHYCCKOTO IICHTpA
JABI'U IBO PAH Ha 351€KTpOHHOM MHMKpPOAHaIH3aTo-
pe JEOL JXA 8100 (Slmonus) ¢ Tpems BOJHOBBIMHU
cnekrpomerpamu u DJIC cnekrpomerpom INCA (Al-
i) ¢ paspemienueMm 137 5B Ha nuamun MnK, npu
yckopsitorieM HampspkeHuHn 20 kB u Toke 30HAA
1.10° A. [Ipu TOYeYHOM HM3y4Y€HUHM MHUHEPAJIOB aHAJIH-
3HPYEMBIil 00bEM MaTepHalia COCTaBIIACT OT 1 10 3 MKM.
7t oy YeHust SIEKTPOHHBIX H300paKeHHH MCIIONB30-
BaJICSI PEXKUM CKAaHUPOBAHHS OTPAKCHHBIX 3JICKTPOHOB.
B kadecTBe CTaHIAPTOB HCIIOIH30BAIHCH YHUCTBIE Me-
TAJUTBl, CTEKJIA W MHHEPAIbl, IPOAHATU3UPOBAHHBIC
JpYTMMH METOaMH, a Takxke Habop crannapros MAC.
B pacuerax o6uiee Fe sxsuBanentHo Fe'™.

Hzobpasxcenuss munepanog u  npeononazaemvix
MUKpogoccunuil TIONyYeHbI B T1a00paTOPUHU MUKPO- U
HaHoOMCClIeoBaHU AHanmuTuueckoro nentpa JBI'U
JABO PAH na nByXiydeBOM CKaHUPYIOIIUM DIIEK-
tpoHHOM Mukpockorie TESCAN LYRA 3 XMH (ka-
tox IIOTTKM) € CHUCTEMOH PEHTICHOBCKOTO 3HEPTO-
JUCIIepcHoHHOTO  MHKpoaHanmm3a  Oxford — AZtec
Energy.

Ananuzel u30monog cepbi BHIIOIHEHBI B 1a00paTo-
puH CcTaOWIBHBIX H30TONOB AHAJIMTHYECKOTO IEHTpa
JABI'M JIBO PAH nokanbHBIM Ja3epHBIM METOJIOM
[13]. CooTHoIIIEHHE H30TOMOB CEPhI U3MEPSUTH HA MaC-
cax 127 (*SFs"), 128 (**SFs"), 129 (**SFs") B tpexuy-
YeBOM peXuMe Ha Macc-cuektpomerpe MAT-253. Pe-
3yJbTaThl U3MEPEHUI 633SH3M %o 1 &° Sisu %0 puBesIE-
Hbl OTHOCUTEIBHO  MEXIAYHAapOAHOIO  CTaHJapra
VCDT. TouHOCTh OmpeaeicHHs 5%S +0,20 %o (1o),
§%3 +0,15 %o (lo) m A%S OTpEAENICHO C OMMOKON He
6onee +£0,05 %o BO BKIIOYCHUAX CYIbQHUIOB C TPO-
CTPaHCTBEHHBIM pazpemieHueM okoio 100 mxm. U30-
TOIHBIE OTHOLICHUS B 00pa3lax ObUIM W3MEpPEHBI OT-
HOCHUTEIBHO 3TAJIOHHOTO ra3a SF6, oTkaanOpoBaHHOTO
Mo MexayHaponaHbiM ctanaaptam |AEA-S-1, IAEA-S-
2, IAEA-S-3 u NBS-123. Bocnpou3BoauMOCTb pe-
3ynbTaToB (1G) B MOBTOPHBIX aHAIH3aX MEXKAYHAPOA-
Horo cranmapta IAEA-S-1 cocrasuna 0,15, u 0,02 %o
st 84S u A®S, coorBercTBeHHO, ¢ KpaTepoM aGs-
uuu 100 Mxm B monepevnrke U 40 MKM B TITyOUHY.

0co6eHHOCTH Cy/IbPUIHON MUHEpa/IM3aluu
Konuenansl mpencrtaBieHbl OoraThiMHA BKparuicH-
HBIMH ¥ TOHKO-BKPAIUICHHBIMH MAaTOBBIMH, MAaCCHB-
HBIMH M TI0JIOCYATBIMU pyJamMu. MUHEpalIbHbIN COCTaB
Pyl MPEUMYIIECTBEHHO MUPHUTOBBIA WM MHUPPOTHH-
MMUPUTOBBIH, B HE3HAYMTEIILHOM KOJIMYECTBE BCTpeda-
foTcs c(hajepuT, XaIbKOIUPHUT, pexke TAICHUT (B eau-
HUYHBIX 3epHax). [lorydeHHbIE HAMU JaHHBIE 110 MH-
HEPAJIOTHH MECTOPOXKACHHUS XOPOIIO KOPPEIUPYIOT C
pe3ynbTaTaMyi  HUCCICIOBAaHUMA, paHee MPOBEICHHBIX
JL.B. Kynemesuu [12] u C.B. Bricoukum ¢ coaBTopa-

MU [9]. MOLIHOCTh OTAENBHBIX MPOCIOEB KOJeOJIeTCs
0T Heckosbkux MeTpoB 1o 100 M. B pyaax naGmrona-
eTCs XOpOoIlas COXPAaHHOCTb CJOHCTBIX TEKCTYp
(puc. 2), oHHM €1ab0 TUCIONMUPOBAHBI, METaMOpP(HU3IM
HE MpEeBBIIIAeT 3eleHOocNaHNeBol ¢auuu. dopma BbI-
JleJIeHn# cynb(UI0B pa3HOOOpa3Ha — rI00yIbl, hpam-
OouIbl, KyOU4eCKUue KPUCTAJUIBI, CPOCTKU HETIPaBUIIb-
HOHU popmbl U mp. TUMIBI MHKPOTEKCTYpP XOPOIIO COOT-
HOCATCS C TIOPSAKOM KPUCTAJUTM3AIUU CYIb(OUIHBIX
MUHEPAJIOB.

MOXHO BBIJICIUTD 1BE OCHOBHBIE T'€HEpAlUU CYJIb-
¢bumnos: (1) muarenernueckuii muput (diagenic — DIA),
KOTOPBIN, KaK CIUTaeTCs, 00pa3oBaliCsl B OCaaKe HIDKE
TPaHHUIBI 0CaJOK—BOJa MPU KPUCTAUIM3ALUH U3 IIOPO-
BBIX PAaCTBOPOB, M (2) sIUTeHETHYECKHE CYIb(UIbI
(epigenic — EPI), koTopbie 00pa30BaInch IpH MOCTYII-
JICHUW TUAPOTEPMAIBHBIX PACTBOPOB B Pa3HOH CTeIme-
HU TUTUGHULIIPOBAHHYIO opoay (Tadu. 1).

Ta6auya 1. [lapazenemuyeckast u Mopgoiozuteckass Kaac-
cugpukayus cyabgpudos 8 pydax LlenmpaavHoii
Boscmul

Table 1. Paragenetic and morphological classification of

sulfides in the ores of Central Vozhma

DIA EPI

®pambonsanbHBIA TUPUT KpynHble KpucTaLIbl CyIbGUL0B
Pyrite framboid Coarse sulfide crystals

MeJikue uarnoMopdHble CynbduHbIe MPOXKUIKI
KpHUCTaJ/l1bl MUPUTA Pyrite veinlet

Fine euhedral pyrite crystals [uppoTHH, cyabGUIBI BETHBIX
CdepouganbHbli U TPyOGUaThIM | METaJLJIOB

OUPUT Pyrrhotite, nonferrous metal
Orbicular and pipe pyrite sulfides

Ilpumep momKoil caoucmotl mekcmypwl Ko/14edaH-
Hbix pyd llenmpanbHo-BojiMUHCKO20 MeCcmopodic-

denus.. [lonuposaHHblll aHwaug, ompaxceHHbuIl
ceem, 06p. €39-303,96. Ha ¢gpomo csaou ¢ moHko3ep-
HUCMbIM QyMU2EHHbIM NUPUMOM Nepecaausarmcs
€ NUPUM-NUPPOMUHOBLIMU NPOCAOSAMU

Example of a fine foliation texture of sulfide ores
from the Central Vozhma deposit. Polished sample,
reflected light, number C39-303,9b. Fine-grained au-
thigenic pyrite layers are interlayered with pyrite-
pyrrhotite layers

Fig. 2.
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wmn/cex/3B

25

Puc. 3. [luazenemuueckull nupum 6 Memaocado4yHsix nopodax LlenmpaabHo-BorMuHCcKko20 Mecmopoxcoerus (31eKmpoHHbIl
MUKPOCKON, pexcuM 0O6pamHO-paccesiHHbIX 3/1eKmpoHos): A) obwuil eud; b) mpy6uambvie azzpezamsl nupuma;
B) anemenmuas kapma yuacmka b; ') dpamboud, caoxceuuwili nupumom; /]) sseMeHmHas kapma yvyacmka
I; E) cnekmp duazeHemuyeckozo hupuma, HanslieHue nAamuHol

Fig. 3.

Diagenetic pyrite in metasedimentary rocks of the Central Vozhma deposit (EM, BSE): A) general view; B) pipe aggre-

gates of pyrite; B) elemental map of site b; I') pyrite framboid; /]) elemental map of site I'; E) pyrite spectra, Pt film as a

coating

Juacenemuueckuii (ayTUTEHHBIN) TUPUT (HOPMUPY-
eTcs B BHAE TOHKO3EPHHUCTOTO arperara c(epouioB,
o0y, TpyO4aThIX 00pa3oBaHMM, CPOCTKOB Hempa-
BUJIBHOH (DOPMBI, a TaKKe PACCESIHHBIX KPHCTAJLIOB
KyOMUYEeCKOW W HENpaBHILHOW (QOPMBI pa3MepoM OT
HECKOJIBKHX MUKPOH JI0 HECKOJIBKHX JIECSITKOB MUKPOH
(puc. 3).

[lpn nnareHe3e W TOCIEAYIONEM MeTaMopQH3Me
AYTHUTCHHBI TIHPHUT TOABEPracTcs IepeKpHCTaIN3a-
UM ¥ YaCTUYHO aKKPETUPYETCSI B PEAKHUE JOCTATOUHO
KpYITHBIE, YaCTO XOPOIIO OTPaHEHHBIE KPHCTAILIBI, B
KOTOPBIX MOSBISIFOTCS MENKHE BKIIOYECHUS XaJIbKOIIH-
purta, raneHuta u chanepura. KpymHble KpuCTaIbl
MUPUTA OOBIYHO ACCOLMHUPYIOT C KPUCTAIIAMH ITHPPO-
THHA. B 30HaX mehOpMHPOBAHHEIX PYZA C HAJIOKEHHBI-
MU acCOLMALUSAMH COAEPKAHUE MUPPOTUHA BO3PACTa-
et 10 10-15 %.

Dnueenemuueckue cynbpuasl 00pasyrTcs B pe-
3yJIbTaTe WUMIYJIBCHOTO MOCTYIUICHHS (MMILIO3HMH) B
OCaJIOK TOPIMH BBICOKOTEMIICPATypHBIX TUAPOTEP-
MaJIBHBIX PacTBOpoB. OHH (GOPMHUPYIOT KPYIHEIE KPH-
CTaJUTBI, YaCTO UIUOMOP(QHEIC, H X CPOCTKHU, a TaKKe
MOCJIOHbIC MPOKWIKU CIUIOMIHBIX CYIb(GHUIHBIX PYA.
XOTs SUUTCHETHUECKHE CYNb(OUABI MPEUMYIIECTBEHHO

MUPUT-TIMPPOTHHOBBIC, CPEJN HUX YaCTO MPUCYTCTBY-
0T OTACIbHBIC KPUCTAIIBI XaIbKOITUPHUTA, TAICHUTA U
chanepura. [1o AaHHBIM MHHEPAIOTHUECKHUX TEPMO-
METPOB pyAHBIE MUHEpAJbl 00Pa30BBIBATINCH B UHTEP-
Banie temmneparyp 300430 °C [12], uro moaTBepxaa-
€TCsl TAaKXKe MPUCYTCTBUEM CeJIeHa B rajieHuTe [9].

H3oTONnuA cepbl

Huazenemuueckuii nupum (MUPUT TIOOYIAPHBIH,
¢bpambonanbHbIA, TPyOUaThlil) XapakTepu3yeTcs He-
GOJIBIIMMHU 3HAYCHUAMHU 5°°S g—0,19 %0<0<-0,76 %o) u
oTprLAaTenbHON aHoManueii A™S (~ —0,4 %o) (tabu1. 2).
Ero Gosnee kpymHble uanOMOpGHbIE U KCEHOMOP(hHBIC
CPOCTKM  HMEIOT  MEHBIIME  3HAuYeHUs 5¥s
(2,1 %0<0<-2,9 %o) U Takue e OTpHUIATEIILHbIC 3HA-
genns A®S (~ —0,4 %o). Kpucramnusanus nupura u3
MOPOBOM BOJBI IMPOUCXOJUT U3 (POTONUTHUECKOTO
cynbdara, 0 YeM CBHICTEIBCTBYET OTpPHIATEIbHAS
anomamus A®S. Tpewn m3MeHeHHS COOTHONICHHS
TJIaBHBIX M30TOIOB CEPhI (8348) HayMHAETCAd Ha JIMHHUU
apxeickoro QoTomuTHYECKOro TpeHna (puc. 4) U BBI-
TSTHBACTCS B 00JIACTh OTPHLATE/IBHBIX 3HAYCHHIT 8°'S,
COXpaHsis IPH STOM OTPHLATENbHYI0 aHoManuio A%,
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Ta6auya 2. PenpezeHmamugHblll cocmas u30monog cepbl
cyavpudos  ckgaxncunvl 39  LlenmpasbHo-
BosicMuHcko20 MecmopoxcdeHust

Table 2. Representative composition of sulfur isotopes in
sulfides of borehole 39 of the Central Vozhma oil-
field

Ne o6pasua 834Svepr | A33Svepr | A36S yepr
Sample no. %o

C39-212,55 2,98 -0,425 0,436
C39-212,55 3,14 -0,94 0,002
C39-212,55 4,27 -0,648 -0,322
C39-212,55 5,05 0,576 -0,525
C39-212,55 5,67 1,662 -1,429
C39-212,55 5,65 1,347 -1,539
C39-212,55 4,55 0,19 -0,35
C39-212,55 6,16 1,349 -1,046
C39-303,96 -1,04 -0,318 0,299
C39-303,96 -0,74 -0,285 0,494
C39-303,96 -0,22 -0,293 0,612
C39-303,96 -0,19 -0,347 0,606
C39-303,96 -2,89 -0,317 0,524
C39-303,96 -2,82 -0,373 0,637

Dnuzenemuueckuii nupum ¢ TOJOKUTESIHHBIMA 3Ha-
qeHuIMH 8°'S (2,2 %0<0<6,1 %o0) 1 MPEUMYIIECTBEHHO
nonoxutensHoi anomamueit A®S (1o +1,6 %o). Ioio-
KuTeIbHbIe 3HaueHus A®S 03HAYAIOT, 4YTO B CYJIb(H-
Jax TPUCYTCTBYET (HOTOXMMHUYECKAs DSJICMEHTapHAs
cepa. M3MeHeHrne U30TONHH CEPhI MPOUCXOAMUT MOCTe-
MEHHO OT OTPHIATEIHHBIX AHOMAIINK A®BS B Menkux
KpHCTAIDIaX MAPUTA BO BMEMIAIOMIEM PYIHBIA MPOCION
ocajike, yepes TOYTH HYJIeBYI0 aHOMAJIMIO Ha TpaHUIle
OCajIka M PYHOTO TPOCIIOA, 0 MIOJIOKUTENFHOM aHo-
Mamun (A™S=+1,6 %o) B pyaHoM mpocioe. OO6mumii
TPEH]I U3MEHEHHs M30TOIMOB CEPbl MapaviesieH JTHHUN
apxencKoro (GOTOMUTHUECKOTO TpeHaa (puc. 4).
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Puc. 4. Cocmas usomonos cepbl 8 cynbgudax LJenmpansHo-
BoscmuHckoz2o mecmopooicdeHust. V -8y 1kaHoz2eHHAs
cepa, A - pomosumuyeckas cepa

Fig. 4. Sulfur isotope composition in sulfides of the Central

Vozhma deposit. V - volcanogenic sulfur, A - photo-
lytic sulfur

06cyxaeHue pe3yIbTaTOB

[Nomy4enHbIe pe3ynbTaThl MOKa3bIBAIOT, YTO CEpa B
cynphuaax UMeeT MOJUTeHHBIH UCTOUHUK. Hamnuue B
MUPUTE CIEN0B (PPAKIMOHUPOBAHUS HM30TOIIOB CEPHI,
He3aBUCUMO OT Macchl (S-MIF), ykaspiBaeT Ha cepy
aTMOC(EepHOro MPOUCXOXKAEHUI. ATMOC(epHas cepa,
KOTOpasi 00pa3zyeT MUPUT B apXeHCKOM OKeaHe, MOCTy-
IaeT B OCHOBHOM U3 JIBYX Pa3HBIX pe3eg31)3yap013: CYIb-
¢data ¢ oTpunaTeNbHBIM 3HaYeHHEM A™S W 3JeMeH-
TapHOH cepbl C MOJIOKUTEILHBIM 3HAYCHUEM A®S [14].

Cyasgham ghomosumuueckozo zeHezuca

J7st ayTUreHHOro MupuTa, 00pa3oBaBLIErOCs U3 HO-
POBBIX BOJ B OCaJIKe, XapaKTepHa OTPUIIaTeIbHASI METKA
A®S. OtpunarenbHble 3HaUCHUS A% YKa3bIBalOT Ha
MIPOUCXOKJICHUE THUPUTHOU Cephl M3 (POTONUTHYECKHX
cynbdaroB. OTHOCHTEIILHO HEOOJBINNE, HO IIOCTOSH-
HbIE OTPHUIIATEIBHBIC 3HAUYCHUS 8%'s (mo 2,9 %o) u He-
OO0JIBIIINE OTPHUIIATEILHBIC AHOMAIUN A®S (~ - 0,4 %o)
MOTYT OTpa)kaTh MPOIIECC MUKPOOHOH Cylb(arpemayk-
uuu [14, 15]. CynL(i)ane):[yuH;)ylomHe OaxkTepuu B
ocajkax BoccTaHaBnuBaloT SO4” B HOPOBOI BOJE A0
S%, uro MIPUBOJIUT K 00pa30BAHUIO CYJIH(HUIOB C OTPH-
LATENBHBIMA 3HAYCHHAMA 8°'S [16, 17]. Kpome TOTO,
apryMEHTOM B TOJIb3y MHUKPOOHOU cylb(haTpenyKiuuu
MOTYyT OBITH OOHapy)XeHHbIe OHOMOpP(HBIE MHKPO-
CTPYKTYpHI (cheponmanbHbie, hpamMOoHIabHBIE, TPYO-
JaThIe) MIUPHUTA B HCCIIEAyeMOM MaTepuaie (puc. 5).

B xaitHo30licKuX ocankax TpyOuaTbie U (pambou-
JampHBIe 00pa30BaHUS MUPUTA IIUPOKO PacIpocTpa-
HEHBbl B MECTax BbIXOJla TMIPOTEPMANbHBIX MJIM Ta30-
BBIX (uTion0B Ha Mopckoe nHO [18]. CuuTaercs, 4To B
uX 00pa3oBaHWH TIPHHUMAIOT YYaCTHE pPa3TUIHBIC
cynbpdaTpeayuupytomue 0akTepuu, YTo OTpakaeTcs B
00JIErYeHHOM COCTaBe M30TONOB cephl. Hampumep, B
KalHO30MCKUX THAPOTEPMANIBHBIX OCaJKax Tgfra
OxuHaBa HaOmonasincs GppamOOUIaNbHbIM MUPUT (87 S=
ot —13,22 o —44,06 %o), 00pazoBaHuEe KOTOPOTO CBS-
3bIBaeTCs ¢ OMoornveckoi cynbdar-penykuuei [19].

XoTs uamna3oH Bapuanuid & 'S B U3yUeHHBIX 00-
pasiax Cyib(UIOB HE CIUIIKOM BEJIUK Ui OakTepH-
aJBHBIX TPOIIECCOB, CIENyeT NMPUHITh BO BHUMAaHUE,
9TO BEJIMYMHA H30TOMHOTO (PPaKIMOHUPOBAHUS CEPHI
(034S) He TOMBKO KOHTPOJIHPYETCS] OCHOBHBIMHM MeTa-
OOJIMYECKUMH MEXaHWU3MaMH, HO TakKe 3aBHCHUT OT
(haxKTOpOB OKpYy’KaloIled cpenmsl, TaKUX KaK IOCTYII-
HOCTb cynb(aTa u oprannyeckoro cyodcrpara [20]. Ilo-
STOMY OTHOCUTENBHO y3KUH AManaszoH 034S, XxoTs u He
JIOKa3bIBAE€T AaKTHBHYIO IEATENFHOCTh OakTepwii, He
UCKJIIOYaeT UX y4acTHe B Mpolieccax, NPUBOIAMINX K
MHUHEPAI000pa30BAHUIO HA JAHHOM MECTOPOXKJICHUU.

3/1emeHmapH¢m cepa (ﬁomtmumuqeacoeo 2ceHe3uca

Tonoxutenspie 3Hauenns AXS B Cyabdpumax
LenrpansHO BOXMHHCKOTO MECTOPOKICHUS YKa3bI-
BalOT Ha MPHUCYTCTBHE B MUPUTE dJEMEHTapHOU (HoTO-
JIUTHYECKOMU cephl (Sg).
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OrneMeHTapHas cepa C MOJOKHUTEIFHBIMI 3HAUCHH-
svu A®S, oGpasoBaBiasics B pesyibTate (pOTOXHMH-
YEeCKUX peakluil B OECKUCIOPOAHOHN apXeHcKoil aTMo-
cdepe [21] B BuAe HEPaCTBOPUMBIX U HEPEAKIIMOHHO-
CIIOCOOHBIX YACTHII, NPEHMYIIECTBEHHO TOCTABISIIACH
B OCaJIKH, a He mepepadaThiBaiach B TOJIIE BOJBI.

IIpu nocrynneHuu BBICOKOTEMIIEPATYPHBIX THAPO-
TepMaJFHBIX PAaCTBOPOB DIIEMEHTapHas cepa Oblu1a Mo-
OMM30BaHa M3 OCAJKOB M BOBJIEYEHA B O0pazoBaHHE
nuputa. MetaMmop(OoreHHO-MeTacoMaTuieckas Iepe-
KPHCTAIDTH3AIMSI, COIMPOBOXKIABIIAACS MOOMIH3aIHeH
U NepeMelIeHUeM PYIOr€HHBIX KOMIIOHEHTOB, B TOM
yuciie 60JIBIIOTO KOJIMYECTBA JKeJle3a, MpuBelia K o0pa-
30BaHUI0 MAaCCUBHBIX CYJIb(MHUIHBIX MPOCIOEB ¢ 0O0JIb-
1101 ITOJIOKUTENBHOIM aHoMaimei A™S,

CuuTtaercs, 4TO MHUPUT HE MOXKET 0OpPa30BBIBATHCS
HETIOCPEJICTBEHHO U3 YaCTHI] JJIEMEHTApPHOHN cepsbl [22].
i 3T0r0 HE0OX0AUMBI MPEAIIECTBEHHUKH: JTUOO MO-
Hocynbua xenesza, momoOHbId MakuHaBuTy (FeS),
6o nonucynsdua, noAaodHbI rpeitruty (FesSy).
MuHepabI-IpeIIeCTBEHHUKN PacTBOPSIIOTCS ¢ o0pa-
30BaHUEM BOJHBIX KOMIUIEKCOB FeS, koTopele 3aTem
pearupytot ¢ HoS mnmm monmucynspumamu ¢ obpasoba-
HueM nipuTa [23].

Ilepen peakuueil ¢ pacTBOPEHHBIM MPEAIIECTBEHHU-
KOM ITHPHTA JUTsI MOJIEKYJT DJIEMEHTapHOU Cephl TpeOyeTcs
TIPOMEXKYTOUHAST CTa WISt IS pa3pbiBa Kouerl Sg [23]. beuto
OTMEUEHO, 4TO HAIIYHE NIONOXKHTENBHOr0 A™S yacto casi-
3aHO C HAJIMYMEM BBICOKOTO COJIEPKaHUS JKele3a BO BMe-
IIAIOMIEH TIOpPOJIe, YTO TI03BOJIIET MPEITONOKUTEH BAYKHYIO

CITMCOK JIMTEPATYPbI

BuomopgHble Mukpocmpykmypbl, codeprcaujuecss 8 0cadoyHvlx nopodax mecmopodscderusi Boxcmunckoe, Kapeaus:
a) MHO204UC/IeHHble Me/IKUe OKpye/able U mpyéuamvle popmul 8 yeaepodcodeprcawjem caavye suoHvl (<10 mMkm);
6, 8) ux ysesnuyeHHvle hpazmeHmol
Biomorphic microstructures preserved in sedimentary rocks of the Vozhma deposit, Karelia: a) multiple tiny rounded
and tubular shapes (<10 um) in the carbonaceous shale; 6, 8) their zoomed fragments

poJIb Kene3a B pacnaze komerr Sg [7, 15]. Cam ke mporecc
pacrmazia KoJel IPOMCXOJUT B 0CA/I0UHBIX TOPOBBIX BOAAX,
IJie KOJIblia Sg U CEpHBIE LIETH, U COSAUHECHUS OHOJIOTHIe-
cku npespauatores B HpS, Hanpumep, mmytem nucnponop-
nmoHupoBanusi [24, 25]. TlomydeHHBII TaKuM ITyTeM cepo-
BOZIOPOJ] YUacTBYET B 00pa30BaHUM MHPUTA, KOTOPBIH MO-
JIy4aeT IOJIOXKUTEIILHYIO METKY A%s,

BbiBOj,

[omy4enHsle pe3ynbTaThl NOKA3bIBAIOT, YTO CEpa B
cynb(puIax UMeeT MOMUTreHHbIH HcTOYHHUK. Cynb(uabt
00/1aal0T KaK TONOXKUTEIbHBIMU, TaK M OTPUIATENb-
HBIMH 3HAa4YCHUSIMHU A33S, YTO YKA3bpIBACT HA IPUCYT-
CTBUE cepbl, oOpa3oBaBmiciics B pe3yiapTare Y-
¢oTonm3a B atMocdepe U BKIIOYEHHOH B MHHEPAJIBI.

B oOpazoBanun Cynb(UAHBIX MHUHEPAJIOB NPHHU-
MaJla yJ9acTue:

e cynbdaTHas cepa MOPCKOW BOIBI (HOTONMTUYECKOTO
TE€HEe3HCa, U3 KOTOPOi KPUCTATLIN30BANICS AyTUTCHHBII
IIAPUT C OTPHLATENbHOM aHomaimel ASS (~ —0,4 %o).
JluanasoH 3HadeHui S (2,64 %o<0<+4,27 %o), 00-
HapyXeHHBIH B Cylb(uaax, sBIsETCs BKIAJI0M OHOIO-
TUYECKOH Cymb(aTpeLyKInm;

e DJJeMeHTapHas cepa (OTOIMTHYECKOTO TI'eHEe3Hca,
KOTOpasi ObuIa MOOMIIM30BaHA U3 BMEILIAIOLINX OCa-
JOYHBIX TOPOJA THAPOTEPMATBHBIMH PACTBOPAMH.
OTa cepa C MOJOKUTEIBHONW aHOMalnen A®s (mo
+1,6 %0) mpuHMMasa ydacTue B (DOPMHUPOBAHUU
MaCCHBHBIX CYTb(QUAHBIX PYI.
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AHHOTanusa. AKmya/1bHOCM®b Vcclle[JOBaHUSA ONpeje/isAeTcss He06X04UMOCTBI0 3HAaHUSA YCI0BUH U GOPM KOHIIEHTPHUPOBA-
HUA W B yIJISIX IS pellieHHs LeJIoro psifia HayYHbIX U MHXeHEepHBIX 3aZa4 IPY KOMIIJIEKCHOM OCBOEHHH MeCTOPOXAEeHUN
yrast. IJeaw: komniiekcHas ornjeHka GpopM HaxoxzaeHUuss W B yriisix AJ1s1 pa3paboTKU MepONPUSTHH 10 palOHaJIbHOMY 3KO0JI0-
rudecky 6e30MacHOMY HCIOJIb30BaHUIO YTrJiss. Memodsl: KOppeasiiHOHHBIA aHAIN3, CKAaHUPYIOIasi 3JeKTPOHHAsA MHUKpPO-
cKkonusi, MHpaAKpacHasl CIEeKTPOCKOMNHsI, TPYNIIOBOK aHAIMU3 YIJis, MAcC-CIEKTPOMEeTPHs ¢ UHAYKTUBHO CBSI3aHHOH ILJIa3-
MOH, UHCTPYMEHTA/IbHbIA HEHTPOHHO-aKTUBALMOHHBIN aHau3. Pe3ysemamul. KoMiiekcoM MeTOJ0B U3y4eHbl GOPMbI
HaxoxaeHuss W B yrisix. B 60/bIIMHCTBE MECTOPOXKAEHHUH yIJisl, o6orameHHbIXx W, yCTaHOBJIEHA OTpULaTebHast 3HAYUMast
KOppeJIILMOHHAs CBA3b €ro CoJepXKaHMs B YTJIAX U 30J1aX yrJed C 30JbHOCTBIO, YTO YKa3bIBAeT HA €ro CBsI3b C OpraHuye-
CKMM BeLleCTBOM. MeToZj0M aHa/iM3a rPyNHnoBOro COCTaBa yrJisfl YCTAHOBJIEHO, YTO OCHOBHBIM HOCHUTEJIEM U KOHLEHTPATO-
poM W B H3yUeHHBIX MECTOPOXK/IEHUSX OYPBIX YIJIel SABJISETCsS OpraHUYeCKoe BellecTBO. Bkiag MuHepasbHOU a3kl B 1ie-
JIoM B o6oraiieHHbIXx W yTsx U B yIJISX C Ps0BbIM ero cojiep>kaHueM He npebiiaeT 20 %, 06b14HO MeHee 5 %. DTH BbIBO-
Jbl TOATBEPXAAIOTCA U AaHHBIMU UHPPAKPACHOHN CIEKTPOCKOIMH, COTJIACHO KOTOPBbIM C MUHEePaIbHbIMU pa3aMu CBA3aHO
He 6oJiee 15 % MeTasls1a B UcCJle[JoBaHHbIX 06pa3uax. [Ipeo61asaeT cBsA3b W ¢ BEICOKOMOJIEKY/IIPHBIMUA I'YMHUHOBBIMU KHC-
JloTaMU. B aHOMa/ibHO o6GoraieHHbIx W 6ypbIxX yTisax Ha ¢a3y 'YMUHOBBIX KUCJIOT NMPUXOAUTCA oT 76 o 88 % BasoBoro
cojiep>kaHusl MeTaslia. Posib GUTYMOB U HU3KOMOJIEKY/ISIPHBIX TYMYCOBBIX KUCJIOT B 6asaHce W, Ipy pasHOM ero cojepa-
HUU B yTJIAX, He3HaYUTelbHA. MUHepaibHble ¢pa3bl W AJ1a yriel He XxapakTepHbl. B kauecTBe eJUHUYHBIX HaX0/JOK BbISB-
JIeHbl HAHO-MUKPOBKJIIOUEHHS 1llee/INTa, BOIbPPaMuUTa, rio6HepuTa U pepbeputa. OCHOBHbIe MUHepaJbHble (Gasbl CBA3aHbI
c rugpokcuaamu Fe u Mn, B koTopble W BXOAUT B BU/Jle IpUMecH B KosindecTBe 1-5 % Hapsagy ¢ ApyruMu anemeHTaMH (Ge,
As u gp.). B 60/1ee MeTaMOpPU30BaHHBIX KAMEHHBIX YIJ/IAX U aHTPaLMTaX BbIsIBJIeHbl ayTUTeHHble MUHepaJbHble 06pa3oBa-
HUS, IpeJiCTaB/JeHHble TYHICTUTOM, GUJLIOTYHICTUTOM, caMOopoAHBIM W U cnoxHBIMU Fe-Mn-Ca-W-0O MuHepaabHbIMU da-
3aMHU.

KiroueBble cioBa: yrosb, CeBepHas A3us, GOpMbl HAX0XKeHUS, BOJIbGpaM, 'YMUHOBBIE KUCJIOThI, OpraHu4ecKasi accolua-
1[Usl, MUKPOMUHepasbHble $pasbl
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Abstract. Relevance. The necessity to know the conditions and forms of W concentration in coals for solving a number of
scientific and engineering problems at complex development of coal deposits. Aim. Complex estimation of W modes of occur-
rence in coal for development of measures for rational ecologically safe use of coal. Methods. Correlation analysis, scanning
electron microscopy, infrared spectroscopy, coal group analysis, inductively coupled plasma mass spectrometry, instrumen-
tal neutron activation analysis. Results and conclusions. The modes of occurrence of W in coal were studied by a complex of
methods. In the majority of W-enriched coal deposits, a negative significant correlation of its content in coal and coal ash with
ash yield was found, indicating its association with organic matter. Using the method of coal group composition analysis, it
was found that the main carrier and concentrator of W in the studied lignite deposits is organic matter. The contribution of
the mineral phase in general in W-rich coals and in coals with its normal content does not exceed 20%, usually less than 5%.
These conclusions are also confirmed by infrared spectroscopy data, according to which no more than 15% of the metal in
the samples studied is associated with mineral phases. The association of W with high molecular humic acids predominates.
In anomalously W-enriched lignites, the humic acid phase represents 76 to 88% of the gross metal content. The role of bitu-
men and low-molecular-weight humic acids in the balance of W is marginal at their different levels in the coals. Mineral phas-
es of W are not characteristic of coal. Nano-microinclusions of scheelite, wolframite, hubnerite and ferberite were recorded as
isolated occurrences. The main mineral phases are associated with Fe and Mn hydroxides, in which W is presented as a trace
element in the amount of 1-5% together with other elements (Ge, As, etc.). In more metamorphosed bituminous and anthra-
cite coals, authigenic mineral formations were found, represented by tungstite, phyllotungstite, native W and complex Fe-Mn-
Ca-W-0 mineral phases.

Keywords: coal, North Asia, modes of occurrence, tungsten, humic acids, organic association, trace mineral phases
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BBeaenue

Hecmotpst Ha HamuuuMe BBICOKOKOHTPACTHBIX aHO-
Manuid W B yriisix ¥ OTHOCHUTENBHYIO TIPOCTOTY aHaJIU-
THYECKHX METOIOB €ro ONpeAelcHUs, (OPMBI €ro
HaXO0XJIEHUs B YIJISX 10 CHX MOP B JOCTaTOYHOU Mepe
HE M3YyYeHbI. [IpUYMHBI 3TOTO KPOKTCA B OTCYTCTBUHU
WHTEepeca y MPOMBIIIICHHOCTH K YIJISM KaK K HCTOY-
Huky W cpipbsi. BMecTe ¢ TeM 307161 HEKOTOPBIX YIJIEH,
Onarogapsi X IOCTYITHOCTH M BBICOKMM KOHIIEHTpAIU-
SIM MeTaJjlla, BIIOJIHE MOTIIH Obl KOHKYPHPOBAThH C TPa-
IUIAOHHBIME MUCTOYHHKAMHU BOJb(pamMa. MeXxaHU3MbI
(hopMupOBaHUS TaKMX aHOMAIBHO BOJB(GPAMOHOCHBIX
yTIIEH 10 HACTOSIIIET0 BPEMEHH HE H3YUCHBI.

Omnenka ycinoBuil HakomeHuss W B yrisix HEBO3-
MO>KHa 06€3 OTUETIIMBOTrO MpeICcTaBIeHus 0 (opMax ero

HaXOoXIeHMsl, 0 ¢opMax CBA3M MeTauja C OpraHude-
CKMM BEIIIECTBOM Ha BCEX CTAIMSIX yrieoOpa3oBaTenb-
HOTO TIporiecca. boMbIIMHCTBO M3 HEMHOTOUUCICHHBIX
cBeJieHUH, 0000I1IeHHBIX B pabote [1], ocHOBaHBI Ha
KOCBEHHBIX METOJaX OIEHKH OJM MHUHEPAIbHON Hu
opranmyeckor popm Bombdppama. CpaBHUTEIBHO He-
MHOTOYHCIICHHBIE TaHHbIE MO pachpenencHuio W Bo
(dpakuusax pazHOW MIOTHOCTH, JaHHBIE O €ro pacmpe-
JENICHAN B TPYIIIOBOM COCTaBE OYpBIX YTJICH, OTpPHI-
BOYHBIC CBEICHUSI O COACPKAHWU B OTICIHHBIX MUHE-
pajax M Malepanax He MO3BOJISIOT c(hOPpMHUPOBATH Iie-
JIOCTHYIO KapTHHY €r0 KOHIIEHTPHPOBaHUS B yrisix. K
TOMY € IMyOJIHKYEMBbIC CBEICHHS O €ro CBSI3U C Opra-
HUYECKUM MJIA MHHEPAJBbHBIM BEIIECCTBOM YIJISI 4acToO
BeChbMa IMPOTUBOPEUUBHI [2].
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AHanu3 ¥ cucTeMaTH3alus MaTepuaioB IO Hccie-
noBaHuto popm HaxoxneHust W, B KOTOPBIX B TOM WK
WHOM BHJE PAacCMaTpPUBAIOTCS YCIOBHS €TO KOHIICH-
TPUPOBAHUS B YTIIIX, TO3BOISIOT 3aKIIOYUTH, 9TO0 W
MOJET OBITh CBA3aH KaK C OPraHUYECKUM, TaK U C MU-
HepanbHBIM BemecTBoM yriist [3—11]. B memom mpesa-
JUPYET TOYKA 3PSHHS O MPEUMYIIECTBEHHOH cBsizu W
c opraHumdeckuM BemiectBoM [5, 9-12]. Ilpu stom
OCTaeTCsl HEICHBIM COOTHONICHHUE 3TUX (POPM B pa3HBIX
TUIIaX YTJIeH W HAIpaBICHHOCTh H3MEHEHHS (opm
HaXOXKACHUsI Ha pasHbIX CTaJusX yrieoOpa3oBaTenb-
Horo nporecca. K ToMmy ke He yCTaHOBICHBI OCHOBHBIC
(a3BI-KOHIIEHTPATOPEl DJIEMEHTa B PAJOBHIX U aHO-
MaJIbHO BOJIb(PPaMOHOCHBIX YTJISX.

CormacHO HcclIeqOBaHUAM (paKLUUil pa3IuIHOTO
YIENBHOTO Beca FTepMaHUEHOCHBIX yrieil HoBukoBcko-
ro (o. CaxanuH) 1 AHrperckoro (Y30eKucTan) MecTo-
POXIEeHUH, BBITIOJTHEHHBIM B MIHCTUTYTE TOpIOYHX HC-
KOIAaeMbIX, OCHOBHAs Macca BoJb(ppaMa B OypHIX yT-
JSIX OTHX MECTOPOXKACHHWH CBsI3aHA C OPraHUYECKUM
BemiectBoM [3]. CeJeKTHBHOE BbINIENAYMBAHUE Pa3-
nuuHbIMH Kuciiotamu yrieil CIIA nokasano uHepT-
HOocTh W [4, 8], 4TO TO3BOJIMIIO TIPENIOJIOKHUTH €ro
HaXOkAE€HHE JINOO B OPraHUYECKOM BeIlleCTBE, 1100 B
okcuaax. BroocmexcTBum OB cAedaH BBIBOJ O Ipe-
MMYIIECTBEHHO HEOPTaHUIECKON (opMe HaXOXKICHHUS
W, kak u Mo [7]. OTMeueHo, 4TO B KaMEHHBIX YTJISX B
cpenem 50 % W cBsizano ¢ cynbdumamu, 35 % — c
CHJIMKaTaMH | TOJIbKO 15 % — ¢ opraHmdeckum Belie-
cTBOM. B yrnsax Huskux cranuit yrinedukanuu 60 % W
CKOHIICHTPUPOBaHO B cmiukarax, 20 % — B cyibdu-
nax, a 20 % cBs3aHO C OPraHMYECKUM BEIECTBOM [7].

W3 oTHOCUTENBPHO HEJABHO OMYyOJMKOBAaHHbBIX JaH-
HBIX TaKXe CJIEyeT, 4TO B YIIISX PACIPOCTPAHEHBI KaK
opraHmyeckue, Tak U MuHepanbHble popmber W. Tak,
MHUKPO30HZOBOE HCCIEeI0BaHUE JIMTHUTU3UPOBAHHOMN
JPEBECHUHBI B OPOAAX BCKphIIIH [1aBIoBCcKOro Mecto-
poxnenus IIpuMopssi mokasano HMPUCYTCTBHE €T0 ca-
MOPOIHOW (DOPMBI, a TaKKe CIOKHOTO XJIOpHAa M
o6pomuna W [13]. DneKTpOHHO-MHKPOCKONUYECKUE
WCCIICJIOBAHUS, BBITIOJHECHHBIC ISl YIIYMYHCKOTO M
CyTapckoro MecTopoxJeHu yriisi B 3abaiikayibe, yKa-
3BIBAIOT Ha PaclpOCTPAHEHHOCTh MUHEPAIBHBIX (HOpM
Bosb(pama [14, 15]. Jlns YIIyMyHCKOTO MECTOPOX-
JICHHSI 3TO METaJlll B caMOpOIHOW (opme, B popme HH-
tepmetauiaoB W-Co u B dopme OkcumoB. B yrimax
CyTapckoro MECTOPOXKJACHUS OTMEYEHBl IIEENIHT,
BOJIb(pAaMHUT, TIOOHEPHT, HepOCPHUT U IITONIBIUT HAPS-
Iy CO CJOXHBIMH IO COCTaBy MHMKPOMMHEPaJIbHBIMHU
obpazoBanusiMu. B Aseiickom Mectopoxaenun Hp-
KYTCKOTO yTOJBHOTO OacceiiHa B YIIISIX yCTaHOBIJICHBI
MHUKPOCKOIITUECKHUE BBHINCIICHHS IIEenTa, BOIb(pa-
MUTa U TroOHepuTa [16]. 31ech ke, HO UCKITFOUUTENEHO
B 30JI¢ YIJIS, BBIIBICHBI YacTHUKH camopogHoro W
pazmepom 1-1,5 mMxm. IllToapuuT 0OHAPYXKEH B YIILIX
repMaHUEHOCHOTO MecTopoxkaeHus Beutue [lome B

Bonrapuu [17]. Bo Bcex 3TuMX uCCleIOBaHUSAX OaliaH-
COBBIE COOTHOIICHMS MUHEPAJIBbHOM U OpPraHUYECcKOi
¢dopm HaxoxaeHus W He OlleHEHBI.

C  nmpyroit  croponbl, gmanHeie  EXAFS-
CHEKTPOCKONUU TOATBEPKIAIOT OTCYTCTBHE HWIIM He-
3HAUNTENBHBIA BKIIAJ OTHSNBHBIX Oorateix W MuHEpa-
JIOB, TaKMX KaK IleeiauT uiu (epOeput, B oOmuii Oa-
JaHC MeTajyla B HCCIEJOBAHHBIX 00pa3lax U3 Kpym-
HEHIINX IepMaHMEBBIX MECTOpPOKIeHUN Bynanrtyra u
JIlunkanr [18]. bau3kue pe3ynabTaThl MONYYCHBI U IS
repMaHueBoro MecropoxaeHust Creryrmu [19]. Cne-
[UAIM3UPOBAHHBIC HCCIIEOBaHUS (HOPM HaXOXKICHUS
W B TapObarataiickoM TepMaHHN-YTOJHPHOM MECTO-
POKICHUU HE MO3BOJIWIIN BBIABHTH €r0 MHUHEPAJIOB HU
B yIJIAX, HA B YIJIEBMEMIAIOIINAX IMOPOJaX, HO ObLIa
OTMeUeHa aHOMaJlbHAsI BOJIH(PPAMOHOCHOCTH CEMHUBHT-
punuta u Butpunuta [20]. B 0600menuu o ¢opmam
HAXOXKJEHHUsI 3JIEMEHTOB-TIPUMECEH B YIJISIX, BBINOJI-
HCHHOM MEXIyHApPOJHBIM KOJUIGKTUBOM  aBTOPHI,
NPUILIA K BBIBOLY O IPEHMYIICCTBEHHO OpraHuve-
ckoit popme Haxoxaenus W B yrix [10, 11].

B nmannHO# paboTe chenaHa mombITKa 00OOIICHHUS
MOJTYYECHHBIX aBTOPaMHU HOBBIX IAHHBIX 110 (opMam
HaXOXJeHHUs BoJb(ppaMa B OYpbIX U KAMEHHBIX YTJIIX
W W3YYCHHUS 3aKOHOMEPHOCTEW HM3MEHEHHs (OopM ero
HaXO0KJICHHS 110 BCCH BOJIIOIMOHHON IENOYKe: TOpd —
Oypblil yroib — KaMEHHBIN yroib — aHTPALUT Ha MPH-
Mepe MECTOPOXKACHHUHN CeBepHON A3uH.

MeToauKa UCC/IeJ0BaHUS

B nactosmield paboTe B TON WM UHOW CTENICHH JIe-
TagpHOCTH popMbl HaxoxaeHus W u3ydensl B 40 me-
cropoxaenusx Cubupu u [lansHero Boctoka Poccun.
Js TiryOoKoro KOMIUIEKCHOTO HCCIEIOBAHUS TOJI0-
OpaHa KOJIICKIHs TTpo0 M3 6 pa3IMYHBIX MECTOPOXKIe-
HuU#l Oyporo yrist u 8§ MeCTOPOXKAESHUI KAMEHHOTO YTJIst
Y aHTpaIuTA.

®opwmbl HaxoxneHus W wuccneoBaiuch ¢ MpH-
MEHEHHMEM KOMILIEKCAa METOJO0B, BKIIOUYAIOIIUX KakK
MpSIMbIE METOJIbI UX OMpPEACNICHHsI, TAK U KOCBCHHbBIE
METOAbl OIICHKH. BBIOpaHHBIH KOMILIEKC METOJIOB
XOPOIIO 3apeKOMEHA0BaN ce0sl IpH M3yIeHHH HopM
HaXO0XJEHUS B YINIIX U Top¢dax JaHTaHOUIOB, AU,
U, Th, Sc, Ge u apyrux siemenToB-npumeceii [19,
21-25].

Ha nmepBom »3Tame i mpeaBapUTENbHOW OLIEHKU
cBs3u W ¢ OpraHM4YeCKUM BEUIECTBOM BBITIOJTHEHO HC-
CIIeIOBaHME TPEICTABUTENBHBIX BEIOOPOK MPoO yrieit
C pa3JMYHBIM €ro COJAepX aHUEeM METOJaMH MaTeMaTHu-
YeCcKOW CTaTUCTUKH. {7151 BBIOOPOK C HEBBICOKOH AMC-
nepcueil pacrpeneneHuss W aHajin3 BBITIOJHEH METO-
oM mapHoil xoppensiuu [lupcoHa, a Ui aHOMaJIbHO
BOJIL()PAMOHOCHBIX YIJIEH — METOIOM PaHTOBOI KOp-
pemsimn Criupmena—Kennana, Tak Kak mapHas Koppe-
TSAOus Opu OONBIION HEOTHOPOTHOCTH BBIOOPKH MO-
JKET JaTh HEIOCTOBEpPHBIE pe3yJIbTaThl. 3a/iaya UCCIIe-
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JOBaHUH — OLIEHHUTH CBs3b conepkanus W B yrie u
30JI¢ YIIISI C 30JIBHOCTBIO U BBISIBUTH OCHOBHBIEC TCOXH-
MHYECKHE aCCOLUAIIIHN €TO JITEMEHTOB-CITyTHHUKOB.

Jnst onpenenenns ¢popm HaxoxaeHuss W u oneHkn
€ro CBSI3M C OPraHUYECKUM BEILECTBOM YIJISI UCIIOJb-
30BalM XOPOIIO 3apPEeKOMEHIOBABIINI Ce0sI KOMILIEKC
meronoB [19]:

e METOJ pa3jieNieHHs yIiii Ha (pakuuu TpyNIoBOro
COCTaBa C BBIJETICHHEM OMTYMOB, TYMUHOBBIX KHC-
not (I'K) u ocrarounoro yris;

e METOJbI ONTUYECKOH MUKPOCKOINUY;

e METOABl CKAaHUPYIOIIEH ANIEKTPOHHOM MUKPOCKO-
TTUH;

e wMetop uHppakpacHoit (UK) cnextpockonuu aucg-
(y3HOTrO OTpaXkeHus [26].

Jnst mccnenoBaHus POJM OPraHUYECKOTO M MHHE-
palpHOTO BelecTBa B KOHILEHTpupoBaHuu W ObLIn
HCTIOJIB30BAHBl CTAHIAPTHBIE METOIMKH Pa3eiICHUS
Oyporo yris Ha TpPYNNOBBIE cocTaBisfromme. Bcero
U3y4YeH TPyHIOBOi cocTaB 12 mpod U3 6 MecTopoxie-
HUH Oyporo yris:
® C aHOMaJIbHO BeICOKUM (Oosee 100 r/T B yrie);

e C IOBBIIICHHBIM OTHOCUTEIBHO KJIapKa JUIf YIJeH
(7,0-39,5 /1),

e ¢ HwkeknapkoBeiM (0,35 1/T) comepxanmem W
(Tabm. 1).

Ta6auya 1. Xapakmepucmuka npo6 yais1 045 2pynnogozo

aHaausa
Table 1. Characterisation of coal samples for group ana-
lysis
MecTtopoxzaeHue, | Bos- ndp Mapxa | Conepxanne
Pervon pact POGkI A4 % | YT W, r/T
Deposit, Region Age | Sample code Coal W content,

’ grade ppm
[TaBs10BCKOE CY-56-18 7,8 2b 563
(Crenyran), CYy-103-19 | 26,5 413
I[Ipumopee P Cy-51-18 | 359 504
Pavlovskoe
(Spetsugli), Cy-37-18 | 19.6 292
Primorye
PakoBckoe,
Hpmmopre P | PK-14-18 | 2,7 | 1B-2B 7,0
Rakovskoe,
Primorye
Manai- J3-K1 | MAXK 27-21 | 18,8 36 195
AXXUJIbCKOE, J3-K1 | MAX 31-21 | 18,8 195
3abaiikaibe
Manay-Azhilskoe, |]3-K1 | MAX 34-21 | 15,1 153
Transbaikalia
Aselickoe, CUOUPDb
Azeyskoe, SiberiI; J1 A3-41-09 14,1 3b 0,38
BanHuuH,
[IpuMopsbe P Mp-22-19 | 11,4 3b 151
Vanchin, Primorye
Tap6araraiickoe, Tur-7-10 28,3 2b 39,5
3abaiikanibe K1
Tarbagatayskoe, Tur-21-10 7,8 14,6
Transbaikalia

IIpumeuanue: A4 - 301bHOCMb HA cyXoe seujecmao, %.
Note: Ad - ash yield per dry matter, %.

CyIHOCTh METO/a 3aKIII0YaeTCsl B MOCIEA0BaTENb-
HOM BBIJICICHUH M3 BO3JYIIHO-CYXOTO yIJisi OUTYMOB,
I'K u octarounoro yris. U3Bneuenne r'yMUHOBBIX Be-
1IecTB U3 OypbIX yrjel BBINOJIHEHO B COOTBETCTBUU C
I'OCT 9517-94 [27J, a outymoB — o 'OCT 10969-91
[28]. burymbr (Bda) 9KCTPArupOBAIUCH KHITAIIMM TO-
nyosioM B amnmnapate ['pede B Teuenue 4 yacos. beHzon
OTTOHSAJICS, @ OCTATOK BBICYIIMBAIM IIPH TEMIIEpaType
70 °C no mocrtosinHOM Maccel. OmpeneneHue BbIXOJa
'K ([T Kobdaf) BBITIOJTHSJIOCH TTyTeM 00pabOTKH BO3/YIII-
HO-CYXOT0 OCTaTKa Mocjie W3BJIeUYEHUs OMTYMOB Iie-
nouHbIM pacTBopoM 1 % NaOH nHa kumsiiel BoJsHON
Oane B TeueHue 2 yacos, ocaxkaeareMm I'K u30eITkoM 5
% HCI u ompenenennem maccel I'K. Octatku mocie
n3BneueHus: 'K (Oydaf) MIPOMBIBAIN JTUCTHILTUPOBAH-
HOU BOJIOM IO HEUTPANBbHOUN peaklHH, BRICYILIUBAIH 10
BO3JYLIHO-CYXOI'O COCTOSIHUSL U PAaCCUUTHIBAIIU BBIXOJ
Ha cyxoe TomuBo. Pasnuiry ot 100 % 3a BbIUETOM
6utymoB, 'K 1 0cTaTOUHOTO YITISI HHTEPIIPETHPOBAIIH
KaK CyMMY HHU3KOMOJIEKYJIIPHBIX OPraHUYECKUX KHC-
JIOT, HOHHBIX (hOpM MeTasuIa U MOTePh.

JlONIONMHUTENBHO B TpeX Hpobax ¢ aHOMAJIBHO BHI-
cokuM coaepxanueM W ucclieZoBaH COCTaB IIEJIOU-
HOH BBITSDKKH — pacTBOpoB, coaepxkamux 'K, ¢pymsBo-
KHCJIOTBI, HU3KOMOJICKYJIAPHBIE OPTaHHYECKUE KHCIIO-
THI ¥, BO3MOKHO, HOHHBIE (JOPMBI METAIIa — C LIENBI0
MOJNTBEPIUTh PE3yNbTaThl, CBUAETEIbCTBYIOIIUE O
BaYKHOM POJIM 3THX COEAMHEHUM B KOHLIEHTPUPOBAaHUU
BoJIb(hpama.

[Ipouenypa BbaeneHus Qpakuuii TpynmnoBoro co-
cTaBa yriig JUIsl JETAJIbHOTO aHajin3a OPraHUYeCKHUX
¢dopm W mpoxoania aHaJIOTHYIHO HEPBOMY METOLY C
HEOOJNBIIMMH U3MEHEHUSIMH. DKCTpaKus OUTYMOB M3
Topha TaKke NPOBOAWIACH TOJNYOJIOM B ammapare
Coxciera B TeueHue 24 gyaco. CBOOOAHEBIH OT OUTyMa
octatok cymwuics npu temnepatype 70 °C mo mocto-
ssTHHOM Macchl. BermenaunBanue 'K w3 yrns mocine
W3BIICYCHUSI OUTYMOB MPOBOJAMIIM TPEXKpaTHOW 0Opa-
6otkoit 0,1M NaOH ¢ mocnenyromieid TpOMBIBKO# Jie-
WOHM3MPOBAaHHOW BoAoM mpu Temmeparype 70 °C B
TeYCHHE 2 4acoB Ul Kaxaoi oOpabotku. Bonee BEI-
COKHE TeMIepaTypbl XOTb W CIIOCOOCTBYIOT Oolee
nosHoMy u3BieueHuto 'K u3 yris, Ho Moryt cnoco®-
crBoBath nentuzanuu ['K [29] u npuBoguTh K cepbes-
HOMY MCKa)KEHHUIO PE3yJIbTaTOB [0 YCTAHOBJIEHUIO CBS-
31 METAJUIOB C OPTaHMYECKUMH MOJIEKYJIaMHU.

Hanee menoyHoi 3KCTpaKT NOAKUCTIM 10 pH=2
cossiHOM kucnorol Mapku Ultratrace grade (s ananu-
3a yIbTPAcieJOBbIX KOHLIEHTPALUH 3JEMEHTOB), BBI-
JIep>)KUBAJIM B T€YEHHE 24 4acoB U OTAEISUIM LEHTPHU-
¢yrupoBanuem npu 5000 g B reuenue 30 muHyT. Oca-
nok 'K TmarenpbHO MpOMBIBAIA CBEPXYHUCTON BOAOH
Milli-Q (18,2 Mom/cm mipu 25 °C, opraHHYecKHil yr-
nepoxa <5 ppb) u cymmnu npu 70 °C 10 MOCTOSHHON
Maccel. Hagocanounyo KUIKOCTb, MPEACTaBISIONIYIO
co00¥ cyMMy (QYITBBOKUCIIOT, TUAPO(UIBLHBIX OPTaHU-
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YECKUX COCTUHEHHUH W HEe3apsDKEHHBIX MOJICKYN Hery-
MHUHOBOM 4acTH OpTraHUYECKOW MaTpPHIIBI U MPOTYKTOB
TUApOJIM3a yIJeH, HoABepraju IOCIIEN0BaTEIEHOMY
(pakIuOHNPOBAHHUIO.

Bo Bcex IrpynmoBBIX COCTABISAIOUIMX Oyporo yriis
HCCIIeIoBaHbl cojiepxanus W U BBITIOJTHEHBI OaJlaHCO-
BbIC pacyueThl. BEIIeNeHHBIE (paKIiK U3YJIaauch Me-
TOJIOM MacC-CIIEKTPOMETPHUHU C UHAYKTUBHO CBSI3aHHOMN
mia3Mol Ha crektpomerpe Agilent 7700x (Agilent
Techn., CIIIA) B mabopaTopun aHATUTHICCKON XHUMUHU
Lentpa xomtektuBHOro mnons3oBanus [JIBI'M JABO
PAH (r. BnamuBoctok) u Ha mpubope PlasmaQuant
MS Elite B maboparopun XHMHYECKOTO (haKyIbTeTa
MI'Y um. M.B. JlomonocoBa. IIpobomoaroroBka Be-
Jach METOJIOM aBTOKJIABHOTO PAa3JIOKEHUS C IICIBI0
n30eKaTh MOTEPh JJIEMEHTOB B IPOIECCE O30JICHHS.
Copepxanue W Bo (¢pakuusx KOHTPOJIUPOBAIOCH
TaKKe METOJOM HWHCTPYMEHTAJIBbHOIO HEWTPOHHO-
aktuBanronHoro ananmm3za (MHAA). Anmamus BeImon-
HEH B sJIepHO-reoxuMuyeckoit 1aboparopun MUHOL]
«YpanoBas reonorus», TITY (r. Tomck).

MunepanbHble (OPMBI HAXOXKACHUS BoJIb(ppaMa B
npobax yris W 3076l yrias u3ydanucb B MUHOL]L
«YpaHoBas reojorusi» otraeneHus reojgorun TIIY Ha
CKaHMPYIOIIEM JIeKTPOHHOM MuKpockore «Hitachi S-
3400N» ¢ mpucTaBKOW sl KOJIWYECTBEHHOTO JIie-
MeHTHoro ananmusza «Bruker». Dta MeToauka mo3Bosis-
eT WACHTH(UIMPOBAaTh U QoTorpadupoBaTh MHHE-
payibHBIC (OPMBI MHUKPOHHONH W HAaHOMETPOBOH pas-
MEPHOCTH, ONpPENENATh UX 3AJIEeMEHTHbIH coctaB. Mc-
CJIeJIOBaHbl HE TOJLKO MHUHEpajbHbIE (Da3bl, HO U CO-
JepXKaHUe JIEMEHTOB-NPUMecel B OpraHMYeCKOM Be-
mectBe. Mccnenoan 31 obpasen yris u 3 obOpasua
Topha ¢ pasHbBIM collep)KaHHEeM BoJb(pama. Beimoin-
HEHO TaKXKe UCCliefoBaHue (pakiuid TPYyNIoBOro CO-
craBa. Jlns KOCBEHHOH OLIGHKH BO3MOXKHBIX (HOpM
HaxoxkaeHust W BO (pakiuax TpyNmoBOro COCTaBa
WCCIICJIOBaHBI TaKkKe 30kl (Ppakuuii. O30leHHe Mmpo-
BeneHo npu temneparype 800£15 °C.

Bosmoxxnbie Gopmbl coequnenuit W ¢ opranuye-
CKHM BEIIECTBOM HM3YYCHBI C MCIIOJIb30BaHUEM METOJa
nH¢ppakpacHor (MK) cnexkrpockonuu. B nmaGoparopuu
yroenerporpaduu u juronorun TITY meromom UK-
CIIEKTPOCKONNH TU(PQPY3HOTO OTPaKEHHUSI HA CHEKTPO-
metpe IRAffinity-1 ¢ npeobpa3oBarenem dypoe dup-
Mbl «Iumanzy» (SAAnonus) uccnenoBaauchk oOoramieH-
weie W yrnmu Manaii-Askuibekoro (29 mpo6) u Ilas-
JIOBCKOTO MecTopokaeHuid (2 mpoObr). OO6paboTka
CIIEKTPOB B 00JIACTH BOJHOBBIX umncen oT 350 mo 7500
oMt MPOBOJAMIIACH aNNapaTHO-TIPOTPAMMHBIM  KOM-
mwiekcoM «CKAY®B» [26, 30]. OH mo3BoJISIET OTHO-
BPEMEHHO NPOBOJUTH HECKOJIBKO aHAJIMW30B: CTPYK-
TypHO-rpynnoBol (CI'A), CTpyKTypHO-KIacTEpHBIi
opraandeckoro BeniectBa (CKAOB) u merammoopra-
Hnueckux coeauneHnii (CKAMOC). Cytp ananmmza
CBOJIUTCSI K BBISBJICHUIO TUArHOCTHYECKUX TOJOC MO

crnpaBouHbIM Tabmunam [31]. Metamioopranuieckoe
coenuHeHne auben3onBoshpama — MOC [W(CgHe),]
¢ukcupyetcs Ha monocax 3012, 2896, 1412, 985, 96,
882, 798, 386 CM_l, MOC rekcameTHIIBONIb(Dpama
[W(CH3)s] Ha monoce 482 cm *, MOC reKcakapOOHIT
(xap6onmn) Bombhpama [W(CO)e] Ha momocax 2126,
2021, 1998, 426, 410, 374 Mt u B HWHTEPBAJIE MOJIO0C
650-600 cM * MOC B Buze Bob(pamar-nona [WO, 1.

Hcnonp3oBaHHBI  aBTOMaTU3MPOBAHHBIM  IIpO-
rpaMMHBIH KoMIieke 00paboTku UK-ciiekTpoB mo3Bo-
JISIeT TOCTaTOYHO TMOJHO MCCIIeAOBaTh HaxoxaeHue W
B yIISIX B BHUJIE (OPM CBS3H METAIUIOOPTaHUYECKHUX
COEIMHEHUM.

[IpennoxeHHbIl KOMITJIEKC METOOB IMO3BOJIAET J10-
CTaTOYHO IIOJTHO MCCIIEA0BaTh GopMbl HaxoxaeHns W
B YIIISIX.

Pe3yabTaThl Mcc/ieAOBaHUSA
KoppeasiyuonHulii anaaus

Ha mepBom »3Tame s mpeaBapUTENbHOW OLIEHKU
CBA3H BOH])(l)paMa C MUHCPAJIBbHBIM W OPraHu4€CKUM
BEIIECTBOM BBIIIOJIHEH MAacCCOBBI KOPPEJALMOHHBINA
aHAJIM3 10 BCEM HCCIIEIOBAHHBIM MECTOPOXKICHUSIM
peruona (40 wmecropoxaenuii). KoppensuoHHBINH
aHaJM3 MOKa3aj, 9TO B OOJBIIMHCTBE MECTOPOXKICHUI
W uMeeT OTpULATENbHYI0 3HAYMMYIO KOPPEISLUOH-
HYIO CBSI3b B YIVISIX U 30J1aX yTJel ¢ 30JbHOCTHIO THOO0
XapakTepU3yeTcs OTCYTCTBHEM 3HauuMoH cBsaA3u. OT-
pHULaTeTbHbIC KO3(D(OUIMEHTH KOPPEIAIMUA THITUYHBI
JUTSL YTIIeH MECTOPOXKACHUN, aHOMAIIbHO 00OTallleHHBIX
Bosib(ppamoM. OHHM yCTAHOBIICHBI JUIS BCEX M3YYCHHBIX
aHOMaJIbHO O0OTameHHBIX W MECTOPOXKICHUA, YacTh
U3 KOTOPBIX MpeJCTaBieHa B Ta0. 1, a Taxke mist 60-
ratelx W  TrepMaHMI-yTONBHBIX ~ MECTOPOXKICHUI
Bynantyra, Jluakanr [32, 33], Bodb(hpaMOHOCHBIX yT-
neit boxrapuu [5].

Hns yraeit u TopdoB ¢ pSATOBBIMH U HIDKEKJIAPKO-
BBIMH €r0 COAEPKAHUSAMH BO MHOI'HMX CIIy4yasiX OTMe-
YeHbl TOJOXKHUTEIbHbIE, NMPEUMYIIECTBEHHO HE3HAuU-
Mble KO3 duIueHTsl Koppensaiuu. Koppemsmus co-
nepxxanuid W B 3011€ yriteld 1 TOPQOB ¢ 30JIbHOCTBIO BO
BCEX HCCIIEJOBAHHBIX BHIOOPKAX OTpPHULIATENIbHAS.

B yrmsx wmecropoxaeHuss CrHemyrid OTMEuYCHa
cea3p W ¢ Be (r=+0,50), Ge (r=+0,64), Sr (r=+0,65),
Tl (r=+0,50), U (r=10,56), a Takxe ¢ Fe (r=+0,70), Mn
(r=+0,68), Ca (r=+0,79) u Mg (r=+0,62). Xapaktep
CBS3M C TIOPOJ0OOPa3yIOMUMK  3JIEMEHTaMH, TI0-
BUIUMOMY, OTpa)xkaeT cOCTaB UCXOJHOI'0 MUHEPAJIbHO-
ro BemiecTBa — ucrounuka W. 91o BosbhpamMur u 1e-
eNUT U3 PYHOHOCHBIX Tpeif3eHOB (yHAaMeHTa U 00-
pamIIeHus YTIIeHOCHOU BraauHsl [19].

B amomambHO  oOoramennom W Mamnaii-
AXWIIBCKOM MECTOPOKACHHU B 3abaifkanbe oTMEUYeHa
nosioxkuTenpHas koppemsiuusg ¢ S u Co. B 3o1e yris
JIOTIOJIHUTENIFHO OTMEYaeTcsl 3HauuMasi KOppesalnuoH-
Has cBs13b ¢ Fe, As, Mo, Cr u Zn. biuskuii, HO He-
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CKOJIBKO PaCIIUPEHHBIN CIEKTpP 3IEMEHTOB XapaKTepeH
JUIL pacHosiokeHHoro BOmm3u Tapbararaiickoro me-
CTOpPOXICHUS. B maHHOM ciaydae 3TOT HabOp >IEeMeH-
TOB XOPOIIO KOPPENUPYET C OCOOEHHOCTSAMHU COCTaBa
JPEHAXHBIX BOJA HA PACIOJIOKCHHOM B HEMOCpea-
CTBEHHOH OJIM30CTH OT YIVICHOCHBIX BIaguH bowm-
l'opxOoHCKOM  Tpei3eHOBOM  JKHJIBHOM  KBapil-
riobueput-cynbpunaaom Mectopokaerun W o [34].
Koppemsiuust ¢ S, BEposITHO, OTpakaeT CyIb(aTHBIN
coctaB BoJ, npuBHocuBIIMX W B manetopdsHUK B me-
puox ero (opMHpOBaHHUSL.

OTtpunarensHbie KO3()(UIMEHTH KOPPEILSIIUN CO-
nepskaHust W ¢ 3015HOCTBIO YKa3bIBAIOT HAa BEPOSATHYIO
(opMy €ero HaxOXJIEHHS B CBSI3U C OPraHHUUECKUM Be-
mecTBoM. K TakoMy >ke BBIBOJy NPHIUIN IPH HCCIE-
noBanuu Ge mectopoxaeaus Jluakanr [33] u mecto-
poxnenuss Hantonr [2] B roro-zamagnom Kwurae.
B nepeom cirygae koadpunuent koppemsun r= —0,36,
Bo BTOpoM 1= —0,82. OTpunarensHas CBsS3b C 30JbHO-
CTBIO yKa3bIBaeT HE TOJBKO Ha CBA3b W C OpraHmde-
CKUM BEILECTBOM YIJIS, HO TAKXKE U Ha INOCTYIUICHUE
MeTaJla B YTOJBHBIM IUIACT NMPEHMYIIECTBEHHO B CO-
CTaBe BOJHBIX PAacTBOPOB, a HE B KJIACTOI€HHOU (op-
Me. IIpu 5ToM W MOKET HaXOAUThCS B yIJie KaKk B Op-
TaHUYECKHU CBSA3aHHOH (popMme, Tak U B TOHKOIHUCIIEPC-
HOHM (opMe B MUKPO-HAHOMHHEpallax, a TakXke B COp-
o6uposanHoi popme Ha Fe-Mn okcupax.

CBsI3b C OPraHMYECKUM BEIIECTBOM B OypBIX YIIISX
u Topdax Oojee KOPPEKTHO MOXKHO OLCHUTH, MU3YUHB
UX TPYNIOBO’ COCTaB.

HccaedosaHue 2pynnogozo cocmasa yaas

HccnenoBanue IpynmoBOro COCTaBa yIiis IPOBO-
JIJIOCH TOJBKO JUTA OyphIX yrieil. Jims kamMeHHoro yr-
TSl TaKWe UCCICOOBaHHS HE pPAIOHAJIBHEI B CBS3H C
TEM, 4TO TPEOYIOT AECTPYKLHUU OPraHUYECKOro Belle-
CTBa, B pe3yJbTaTe KOTOPOH BEPOSITHO Iepepacupese-
JICHWE METaJUIOB. AHANW3 TPYIIIOBOTO COCTaBa YTIIs
CBUJETENBCTBYET O TOM, YTO OCHOBHBIM KOHIIEHTPATO-
poM W BO BCEX M3YYEHHBIX MPOOAX SBISETCS OPTaHU-
yeckoe BeniecTBo (Tabn. 2). [Ipu pasneneHun yris Ha
IPYMNIOBbIE COCTABISIOIIUE BCE MUHEpAbHOE Belle-
CTBO COCpPEAOTOYEHO B ocTarouHoW (pakuuu. [lomy-
YCHHBIC PE3YJIbTAThl IMOKAa3bIBAOT, YTO B OCTaTOYHOM
¢dpakuun OypeIX yriiel HHU3KOH CTamud YrieQHKAIUN
(mapxu 1B-3B) mocne ux 06pabOTKM OpraHUYECKUM
pacTBoputeseM (TOIyOJIOM) JIJISl SKCTPAKIIMH OMTYMOB
u 1 % NaOH mia m3BnedeHHs TYMYCOBBIX KHCIIOT
ocraercs He 6onee 20 % ot obuieit maccet W B mipo0e,
B OCHOBHOM MeHee 5 % (Ta0ir. 2).

B wcciemoBaHHOW MapTud Mpod MaKCUMAalIbHBINA
BbIXxoA W B OCTaTOYHYIO (pakiHi0 HE MPEeBBIIIaeT
19,5 %. IIpeanonaraercs, 4To B OCTaTOYHOH (hpaKIuH
CKOHIICHTPUPOBaHbI Bce MuHepanbHble (a3zer W. Tlpu
9TOM B 3TOW ()paKIUU OH MOXKET HAXOAWUTHCS KaK B
MHHEpaJIbHOW (pa3e, Tak M B COCTAaBE OPTaHMYECKUX

coenuHeHud. Kak cienyer w3 MoNyuyeHHBIX JAaHHBIX,
HauOosbmuii BeIxog W B OCTaTOYHYI (pakiuio xa-
paKkTepeH Ui yriiell ¢ MUHHUMAaJIBHBIM COJEp)KaHHEM
MeTaa.

Bo ¢paxuuu OUTyMOB (TOIYOJBHBIM SKCTPAKT) CO-
nepxanre W B OONBIIMHCTBE TpoO HE MPEBBIIIACT
11/t u Tombko B omHOW mpobe Tapbararaiickoro me-
cTopoxaeHus cocrasiser 12,5 r/T. CieayeT OTMETUTS,
yTo oboramnienne outymHo# ¢pakuu W B 3T0ii mpode
YCTaHOBJICHO HE TPSIMBIM €r0 ONPEACICHHEM B DKC-
TpakTe, a B pe3yJbTaTe pacueToB OajlaHCca MO pa3HULIE
€ro CoJIepKaHUs B ICXOJTHOM BEIIECTBE U B yTJe Mocle
sKcTpakiuu outyma. [Ipssmoe onpenencHue B 6 mpodax
MoKa3ajgo Huskoe copepkanue W B OUTyMHOH ¢pak-
uuu (0,40; 0,73; 075; 0,86; 1,7 u 1,9 r/T) mpu ero co-
Jep)KaHWM B HCXOJHBIX MpoOax ymis or 151 xo
563 /1. YuuThIBas HU3KHIA BBIXOJ] OMTYMOHUIOB B H3Y-
YeHHbIX OyphIX YITISIX M HU3KOE COJIEp)KaHHe B HUX
MeTaJuia, MOKHO CJ/IeNaTh 3aKIIOUeHHE, YTO POJIb UX B
HakoruieHnH W B yTIIsIX BeCbMa He3HAYHUTENbHA.

OcHoBHoe konuuecTBO W mepexonuT B MIETOYHON
9KCTPAKT MPHU U3BICUCHUH U3 YTIIS TYMYCOBBIX KHUCIOT
1 % NaOH. 3arem myTeM MOJIKHUCICHHUSA IICIIOYHOTO
pacTBopa npousBoAuTcs ocaxacHue TBepabix ['K. Bri-
x071 W B IIENIOYHON SKCTPaKT Kojebnercs ot 79,2 mo
99,5 %, B ocHOBHOM BEIIIe 96 %. Brixoa Bo (pakmmro
cBoboanbix 'K kosebnercss oT mepBbIX MPOLEHTOB JI0
96,6 % (tabm. 2). Bo Bcex ciywasx cBobomnbie 'K
cymiecTBeHHO oboramieHsl W o cpaBHEHHIO ¢ HCXOJ-
HbIM yriieM. Ilpu 3ToM cnenyetr uMeTh B BUAY, YTO U3-
MEPEHHOE B M3BJIECYEHHBIX M OCAXKJCHHBIX CBOOOIHBIX
I'K conepxanne W MoOXeT OBITh 3aHHKCHHBIM I10
CpaBHEHHUIO ¢ ero coaepxanuem B 'K B yrie no ux
U3BJICYEHUS B IIEIOYHOM 3KCTpakT. IIpuuuna B TOM,
9TO B Iporecce dKCTpakuu cBodoausix 'K n3 nexon-
HOTO YIJIi OHM HachIatoTcst u30bITKoM Na, KOTOpbIi
HE yJalseTcs MOJHOCTHIO IPHU MOCIEAYIOUIEM MPOMBI-
BaHWH M3BJI€UEHHBIX TBepAbIX | K nuctummmpoBanHOM
Bojoii. Conepxanne Na B n3zBnedeHHbx ['K konebier-
csa ot 0,2 mo 21 %. Bo3MoxeH Takke Mepexoj] 4acTH
W u3 I'K B nonHyto opMy B mporecce MOKACICHUS
IIEJOYHON BBITSDKKH B CBSI3U C YaCTUYHBIM pa3pylie-
HUEM XENaTHBIX KOMIUIEKCOB IMOA Bo3aeHcTBHEM S5 %
HCI.

C mpyroit cTOpoHBI, BO3MOKHO YaCTHYHOE PacTBO-
peHHEe MEePBUYHBIX HAaHO-MUKPOMHUHEpalbHBIX (a3 W B
UCXOJHOM yrie HarpeTbiM pactBopoM 1 % NaOH u
Mepexo0M UX B MIENOYHOM pacTBop. Huzkas KoHIeH-
Tpauus LIeJIOYd B PacTBOPE U HEBBICOKUE TEMIIEpaTy-
pBl 00pabOTKM HCXOJHOTO YIJIS TO3BOJSIOT MpeHe-
Opevb BO3MOXKHBIM pPacTBOPEHHEM MHUHEpaJIbHBIX CO-
enuaennit W. M3BecTHO, YTO IIENOYHOE Pa3lIOKCHUE
muHepaioB W (umeenut, BoOnb(paMuT, TIOOHEPHT,
(depbeput) mpoBoaAT B aBToKIaBe mpu T BoIe 180 °C
[35, 36]. IIpu HU3KUX TeMIEepaTypax 3TOT MPOIECC HE
uzer.
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Ta6auya 2. Buixo0 sonvpama 8o gpakyuu 2pynnogozo cocmasa 6ypo2o yaas
Table 2. W yield in brown coal phases

'pynnoBoii cocTaB yrist Brixoa dppaknuii, % Copepxxanue W, r/T Brixog W Bo dpakuuy, %
Coal phases Phase yield, % W content, ppm W yield into phases, %
CYy-56-18
HUcxopHeli yrob/Initial coal 100 563 100
TosyosbHBIN 3KCTpPaKT (6UTyM)/Toluene extract (bitumen) 1,3 0,4 0,01
CBoGoanble 'K/Free humic acids 10,7 1287 24,4
HP[3KOMOJIeKyJIHp].-lbIe OpraHuecKue KUCJIOTbI H OTepH 15 28200* 751
Low molecular weight organic acids and losses
OcraTouHbli yrosb/Residual coal 86,5 3,1 0,5
Cy-103-19
Hcxoanrbli yrosb/Initial coal 100 413 100
ToJstyosibHbIN 3KCTPaKT (6uTYyM)/Toluene extract (bitumen) 1,1 0,86 0,02
CBo6oanble 'K/Free humic acids 24,4 782 46,2
HI/IBKOMOJIeKyJ]Hp].-IbIe OpraHuYecKue KUC/IOTbI U OTepH 46 4635+ 517
Low molecular weight organic acids and losses
OcraTouHbl# yrosb/Residual coal 69,9 12,4 2,1
PK-14-18
Hcxoanrblil yrosb/Initial coal 100 7,0 100
ToJstyosibHbIN 3KCTPaKT (6UTYM)/Toluene extract (bitumen) 0,2 1,5*% 0,1
CBo6osHble ['K/Free humic acids 3,8 35,8 19,6
HuskomoJieKyisipHble OpraHu4YecKue KUCJI0ThI U IOTepH
. S 7,6 69,8* 76,5
Low molecular weight organic acids and losses
OcTtaTo4HbI# yrosb/Residual coal 88,4 0,3 3,8
MAX-31-21
HUcxopueiii yrosb/Initial coal 100 194,5 100
TosyosibHBIH 3KcTpaKT (6uTyM)/Toluene extract (bitumen) 0,1 0,74 0,01
CBo6osHble ['K/Free humic acids 5,9 794 24,1
HP[BKOMOJ'IEKyJ‘Iﬂp]I-lbIe OpraHu4ecKue KUC/IOThI U OTepH 114 1229* 72,0
Low molecular weight organic acids and losses
OcTtaTo4HbI# yrosb/Residual coal 82,7 9,2 3,9
A3-41-09
Hcxoaublil yrosb/Initial coal 100 0,38 100,0
ToJstyosibHbIN 3KCTPaKT (6uTYyM)/Toluene extract (bitumen) 15 0,31* 1,2
CBoGoanble 'K/Free humic acids 40,7 0,39 42,3
HuskomoJsieKynsipHble OpraHu4YecKue KUCJI0ThI ¥ IOTepH
. L 2,5 7,0% 45,9
Low molecular weight organic acids and losses
OcraTouHbli yrosb/Residual coal 55,3 0,07 10,6
Mp-22-19
Hcxoanrplil yrosb/Initial coal 100 151,4 100
ToJstyosibHbIN 3KCTPaKT (6uTYyM)/Toluene extract (bitumen) 0,37 0,73 0,4
CBo6oaHble ['K/Free humic acids 4,4 715 20,7
HHSKOMOJ]eKyJ]Hp]‘-IbIe OpraHH4ecKHe KUCJIOTbI M I0TepH 01 114700* 755
Low molecular weight organic acids and losses
OcTtaTouHbl# yrosb/Residual coal 97,4 54 3,5
Tur-7-10
Ucxopueiii yrosb/Initial coal 100 39,5 100
ToustyonbHbIN 3KCTpakKT (6UTYyM)/Toluene extract (bitumen) 1,2 1,4* 0,1
CBo6osHble ['K/Free humic acids 16,4 338 96,6
HuskomoJieKyJ/isipHble OpraHuYecKue KUCI0ThI U TOTEPU
. o 39 <1,0 <0,1
Low molecular weight organic acids and losses
OcraTtouHbli yrosb/Residual coal 78,5 1,7 3,3
Tur-21-10
Hcxopueiii yross/Initial coal 100 14,6 100
TosyosbHBIN 3KcTpaKT (6uTyM)/Toluene extract (bitumen) 1,4 12,5% 1,2
CBoGoanble 'K/Free humic acids 5,5 86,8 32,4
HI/ISKOMOJ‘I&}(yﬂﬂp]‘-lbIe OpraHuyecKue KUC/IOTbI 1 OTepH 0,4 1707+ 46,8
Low molecular weight organic acids and losses
OcraTouHbl# yrosb/Residual coal 92,7 3,1 19,5

Ilpumeuanue: * - nosyveHo pacuemusbiM Nymem.
Note: * - calculated.

Taxoke MOKHO HPEANONOKUTh YaCTHYHOE PacTBO-  poBaHHOH ¢opme. VX paspymieHue moj neicTBueM
peHne TYHICTHTAa NpH ero Hamuuuu B yrie. Kpome menoum u mepexox W B menodHoit pactBop B opme
TOTO, B YIJIIX, oborameHHsIx W, 4acTo IpUCYTCTBY-  aHHOHA HanboJiee BEPOSATHBI U3 BCEX PACCMOTPEHHBIX
o1 Fe-Mn okcuapl, Tie MeTanI HAXOJAUTCS B COpOU-  CITydaeB.
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Bropas yacTh MIETOYHOTO HKCTPAKTA — ITO OCTATOK
nocye u3BinedeHus cBoboanbix ['K. Panee Ha orpaHu-
YeHHOM Marepuaie (2 mpoObl) ObBUIO MOKa3aHO, YTO
HanOoNpImIMi BEIXOH W XapakTepeH sl (pakIiH,
IpeJcTaBsiomeil coboii cMech HU3KOMOJIEKYISIPHBIX
I'K u BomopactBopumbix dopm W [19]. B wmccieno-
BaHHOM MapTHH PoO Ha 3Ty a3y npuxoaurcs ot 45,9
Jo 76,5 % ot obmero xomuuectBa W B mpobe (Tadur.
2). Tonpko ogHa mpoba u3 TapOaraTaiickoro MecTo-
POXIEHHS TOKa3ala HE3HAYHTENBHBI BKJIAL 3TOU
¢paknuu B obmmit  Oamanc Mertamia. Bo3MoxkHO
HaxokaeHue B 3Toi ¢pakmmm W B cocraBe (ynsBo-
KHCIIOT, HU3KOMOJIeKYIsipHBIX ['K B noHHO# dopme, a
TaKke B (a3e He JUArHOCTUPYEMBIX HAHOMHHEPAJIOB.
DNeKTPOHHO-MUKPOCKOIIMYECKOE HCCIICOBAHHE BBI-
COKOTO paszpemnieHus (>5 NM) 3Toil ¢pakuuu HE BbI-
SIBIJIO KaKUX-JINO0 MUHEpanbHBIX pa3 W. Bo ¢pakimm
cBobomubix ['K BCTpedeHbI eMHUYHBIE YaCTHIIBI, CO-
crosiue u3 Co u Cr ¢ mobaskamu 6—8 % W, gto mos-
BOJISIET CBSI3aTh WX HAITUYHUE C 3arpsi3HEHUEM IPOOHI B
mpolecce IpoOOIOArOTOBKH.

Hns onenku pomu 'K, ¢pynsBokncior, HU3KOMOJIE-
KYJSIPHBIX OPTaHUYECKUX KHCIOT W JPYTUX BOIOpac-
TBOPHUMBIX COCIAMHEHHHA W INENOYHBIC BBITSHKKH TPEX
mpo0 ObUTH HMCCIIEeIOBaHbI Ooiee NeTanbHO. Pesynbra-
THI TIPE/ICTABIICHEI B Ta0II. 3.

OTH HCCIIEIOBAHUS MTOKA3bIBAIOT, YTO B IIEJIOYHOM
sKcTpakTe ocHoBHas Mmacca W (88-76 %) ckoHIeH-
tpupoBana B I'K. Ha mpumepe obOpasma Cy-103-19
MOJKHO BHJIETbh, YTO BhIAEIeHUE cBoOomHbIX ['K B BHIE
TBEPJIOTO OCajKa MYTeM IIOJKUCICHUS IIEIOYHOro
9KCTPAKTa M3OBITKOM COJISTHOM KHCJIOTHI COIPOBOXKIA-
eTcs paspyumenneM W-TyMaTHBIX KOMILIEKCOB U Iepe-
BOJIOM YacTH MeTajula B pacTBop. B sToM ciydae BbI-
xo1 W Bo dpaknuro ceoboaubix 'K cocTaBnseT iuib
46,2 % (tabn. 2). B Bapuante Bbiaenenus 'K mpu
CTPOrO KOHTPOIUpYyeMOM pH B BBICOKOMOJIEKYIISIPHYIO
¢pakuro nepexomur 6omee 80 % W (tabm. 3). Ilo
HaIlUM HEOyOJMKOBAaHHBIM JaHHEIM, rpu pH Hinke 2
HeﬁCTBHTeHLHO MPpOUCXOOUT YaCTUIHOC BI)ICBO60)KHC-
Hue W u3 rymaroB B pactBop. Jloist yCTOWYHBBIX KOM-
wrekcoB W nipu pH=0,5 xonebmnercs ot 35 10 70 % mo
cpaBHeHuto ¢ pH=2, rae ona npesbimaet 80 %.

bnuskoe cooTHomeHne HabIOAaeTCs st 00pas3oB
Cy-56-18 u Cy-51-18. O6a obpasia B MECTOPOXKICHUH
PacIoNIOKEHBI B HEMOCPEACTBEHHOW OJNM30CTH APYT K
JpyTy U npeacraBisiioT Ge-yroneHyto pyay. B nepsom
ciydae (Cy-56-18) ¢ ¢paknmeid ceodboanbix I'K, Beine-
JISIEMBIX TI0 TPAJAUIIMOHHOW METOAUKE C TIOJAKHCICHUEM
pactBopa a0 pH<I, cBszano 24,4 % W (tabn. 2), a BO
BropoMm (Cy-51-18) ¢ ¢pakumeld BBICOKOMOJIECKYJISp-
veIX ['K, otnensemsix npu pH>2, — 80 % W (tabmn. 3).
[Ipu 5TOM B IENOYHOH 3KCTpakT B 00OMX 0Opasmax
nepexomut 99,5 % W B mpobe.

O0a mpumepa CBHUAETEIBCTBYIOT O TOM, YTO MpPO-
necc BeiaeneHus 'K myTeM MOBBIMICHUS KHCIOTHOCTH

pacTBopa MPUBOJUT K Pa3pyIICHUIO YacTH T'YMAaTHBIX
xoMiuiekcoB W.

Ta6auya 3. Bvixod sosnbdpama 60 Ppakyuu 2pynnosozo
cocmasa 6ypozo yaas ¢ 0emaabHbIM AHAAUZOM
Wesn04HO20 IKCmpakma

Table 3. W yield in brown coal phases with the detailed
analizez of alkaline extract
X £
o | R E X
A= XX - A o\ o
Sg| S8 zEEx
['pynnoBoii cocTaB yris so| =€ L 55 9
a>| T g S 2= 9
Coal phases R SIR=] X o 92
* ¥ £ A > =
£ 85 7%s"
% o
§%| g8 2
) )
Cy-51-18

HUcxopubli yrosn/Initial coal 100 | 504 100

ToJsyoJIbHBIN 3KCTPAKT (GUTYM)

Toluene extract (bitumen) 2.0 0.75 0,003
= |Cymma/Sum 33 | 1521 99,6
S  |[TK/Humic acids 26,9 | 1493 79,7
i dynbBokucaoTsl/Fulvic acids 2,75 550 3,0
= § [To103KUTENBHO 3apsiKEeHHbIe
= 5 |MOJIEKYJIbI 0,35 | 3456 2,4
g % .
g9 Positively charged molecules
& £ |HecopbupyeMble KOMIIOHEHTbI "

g = . 0,2 1266 0,5
@ & |Non-sorbing components
S < |AHHOHBI, HU3KOMOJIEKYJISIPHbIE
I
z OpraHuuecKue KUC/IOThI 28 | 2520 14,0
= Anions, low molecular weight
ﬁ' organic acids
OcraToyHbii yrosb/Residual coal 65 3,2 0,41
CY-103-19
WUcxopHeii yrob/Initial coal 100 | 496 100

TosyoJIbHBIN 3KCTPAKT (OUTYM)

Toluene extract (bitumen) 19 L7 0,01
= Cymma/Sum 34,7 | 1377 96,3
=) I'K/Humic acids 30,6 | 1373 84,7
Zo dynbBokucaoTsl/Fulvic acids 3,1 368 2,3
C: g [Tos103KUTENBHO 3apsiKEHHbIE
: 5 |MoJieKyJibl 0,45 | 1168 1,1
= § Positively charged molecules
a.
£ £ HecopﬁnpyeMble KOMIIOHEHTbI 0,15* | 2148 0,65
£ ¢ |Non-sorbing components
= < |AHMOHBI, HU3KOMOJIEKYJISIPHbIE
£ OpraHuuecKue KUC/IOThI 04 | 9440 76
el Anions, low molecular weight
2 organic acids

OcTaToyHbii yrosb/Residual coal 63,4 29 3,7

Cy-37-18

Hcxoanbii yrosb/Initial coal 100 292 100

ToJlyo/IbHBIN 3KCTPAKT (6UTYM) "

Toluene extract (bitumen) 12 19 0,01

T [Cymma/Sum 31,8 | 909 99,0

S  |[T'K/Humic acids 29,7 | 740 75,3

é dynbBokucaorsl/Fulvic acids 1,6 1120 6,1

2 E [Ton0XkuTENBHO 3aps>)KEHHbIE

? E|MoseKy bl 0,21 | 6880 4,9
2 X s
g9 Positively charged molecules
£ = Hecop6upyeMble KOMIIOHEHTBI " "
2= j 0,06* | 7075 1,5
@ &|Non-sorbing components

S <|AHHOHBI, HH3KOMOJIEKYJISIPHbIE
£ |opraHuveckue KHCIOTBI 023 14200 112
2 |Anions, low molecular weight ’ !

% organic acids

OcraTto4Hbli yrosb/Residual coal 67 4,2 1,0

IIpumeuanue: pacuemusie danHvle/Note: calculated.
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[To-BuanMOMY, 3TH OTHOCHUTENIBHO HEYCTOMUMBBIC
KOMIUIEKCHI Pa3pyIIAIOTCS U IPH MIPSIMOM BO3/ICHCTBUH
HCI Ha yronp u mpu ero CTyrneH4aTol JeMUHepaan3a-
uu [7].

Crnenyromasi MO NPEICTaBUTEIBHOCTU (Ppakiys B
COCTaBe IIEIOYHOM BBITSDKKH — JTO Tpaliia aHHOHOB U
HU3KOMOJIEKYJLIPHBIX OpPraHWYecKuX KUCIoT. B Hel
ckoHLeHTpupoBano 7,9-14,0 % BamoBoro W yrius.
Haunbonee BepoATHBIM MCTOYHMK aHHOHOB — 3TO COp-
OMpOBaHHOE BEIECTBO, B TOM YHCIIC COPOIUS Ha TH]I-
pookucnax Fe u Mn. 311 GopMbI MOXXHO IPOMIOPIHO-
HQJIBHO COOTHECTH C OPraHWYEeCKUM W MHHCPAIBHBIM
BemiecTBoM yriisi. Beixoq W B aty dpakiuto cormacy-
eTcs ¢ pe3yiabTaTaMu IO €ro M3BJICUEHMIO U3 YIUIei
aneratoM ammonus [7]. IlpuHsATO cuuTaTh, UTO aLeTaT
aMMOHHUS M3BJIEKaeT COPOUPOBaHHYIO (popMy XuUMHUe-
CKOTO dJIeMeHTa. bim3kuii k03)pUIMEHT U3BICUCHHUHA
W B o1y ¢pakiuto st OypbIX U KAMEHHBIX yTieil Mo3-
BOJISIET IPEIIIONOKUTh, YTO BO3MOKHBIM IIPEUMYIIIE-
CTBEHHBIM €T0 MCTOYHHKOM SIBILTIOTCSI Fe-Mn okcubL.
Cop6uust W Ha Fe-Mn okcupax siBisieTcsl OJHUM U3
OCHOBHBIX MEXaHM3MOB OCAXJICHHS €TO M3 BOJ B 30HE
runeprenesa [37, 38].

Taxum 00pa3oM, UccieaoBaHNE TPYIIIOBOIO COCTa-
Ba yIJel CBUIETEIBCTBYET O TOM, YTO B YINISAX HU3KOH
cTanuu yriedukanuu (Oypble yriii) 3HAYUTENLHO TIpe-
obnagatotr Gopmel W, CBSI3aHHOTO C OpPraHMYECKUM
BEIIECTBOM, IPEHMYIIECTBEHHO T'yMYCOBOTO psfa.
MuHepaibHbIe (a3l IMEIOT PE3KO MOAYMHEHHOE 3Ha-
YeHHe. JTO OTYETIIMBO BUAHO JUIS aHOMAJIbHO o0ora-
meHHbix W yrneit. Takoii GanmaHc coxpaHsSeTcs U ISt
W3yUYSHHBIX YTJel C PSIOOBBIM, B TOM UYHCIIE HIDKEKIa-
PKOBBIM, COZEp>KaHUEM MeTalla.

HUcciepoBanue popm HaxoxgeHuss W
B YIJISIX METOAO0M MHPpaKpacHOUN CHEKTPOCKONUU
MeTton MH(ppaKpacHOH CHEKTPOCKOIUHU TO3BOJISIET
3a(hUKCHUPOBATH OCHOBHBIE TUMBI coequHeHni W ¢ op-
TaHMYECKUM U MUHEPAIbHBIM BEIIECTBOM YIJIsl U Olle-
HUTH UX POJb B KOHIICHTPUPOBAHWU METaJIa B YIIIAX.
C aT0ii Henpo u3ydeHsl 29 npod yrias U3 MEeCTOpPOXK-
nenus Mamnaii-Axxni, aHoMmanbHO obOoramiennoro W.
Taxke wWccineqoBaHbl 2 TMpoObl  yIJisl TepMaHWH-
YTOJIbHOTO MecToposkaeHusa Creuyrii U u3BjeueHHbIe
U3 HUX (PaKIMM T'YMHHOBBIX KUCJIOT U OUTyMOB (TaOJI.
4). UccnenoBaHus MOKa3bIBAIOT, YTO B YIIIAX Mpeodiia-
JAf0T OpPraHMYeCKH CBs3aHHBIC (OpMBI BOIb(pama.
Panee [19] npu uzyuenuu ¢popm Haxoxaerus W B yr-
X MecTopokaeHust Crnemyrnyd OBUTH  YCTAHOBJIECHBI
(OPMEI CBSI3M MeTalIa ¢ OPraHUYECKUM BEIIECTBOM B
Buje aubensonBoibdpama [W(CgHg)2], rexcameri-
Boan)zpaMa [W(CHj3)e], a Takke Bomb(dhpaMaT-noHa
[WO,"]. Kpome 3TOT0, BBISIBICHO PacnpoOCTpaHEHHOE
METaJUIOPraHUYECKOE COCAUHEHHE — TeKCaKapOOHUI
(xap6onmin) Bombdppama [W(CO)g] B BHae TpoitHOMH
cesu W c okcumom yriepoma [39, 40]. Ha HK-

CIEKTPE OHO PETUCTPHUPYETCS ABYMs (popMamu CBSI3H:
neoitaoit (C=0) u oqunapuoii (W-CO).

B o6pasue yras CY-56-18 ¢ aHOManbHO BBEICOKUM
coaepxkanueM W yCTaHOBICHO HECKOJBbKO (GopMm Me-
TaJUTOpraHndeckux coequnernii: 49,3 % — [W(CsHs)],
27,5 % — [W(CO)g], 12,4 % — [W(CH3)s] u 10,8 % —
[WO,” ], KoTopble B CyMMe CBSI3¢H YrIepo—BOIOPOS
u yriaepoa-yriaepon coctasuiau 61,7 %, a yrmepon—
kucaopoa — 38,3 % (tabmx. 4).

B o6pasue yrisa (CY-103-19) cootHOmeHus Gpopm
CBSI3M HECKOJBKO oOTiauyarTcd. Ito 59,7 % —
[W(CeHe)2], 13,6 % — [W(CO)e], 14,0 % — [W(CHs)e]
u 12,7 % — [WO42’], YTO B CyMME CBsI3€il yriepon—
BOJIOPOJT M YIJIEPOJA—YTIepoa CoCTaBisitoT 73,7 %, a
yraepoa—kuciopon — 26,3 % (tabmn. 4).

Ta6auya 4. Pacnpedesnerue ¢opm cesizeli goabgppama &
YaAsx, u3e/ae4eHHbIX U3 Hux 6umymax u 'K

Table 4. Distribution of tungsten bond forms in coal, ex-
tracted bitumen, and humic acids (HA)
Meranoopra- CY-56-18 | Cy-103-19
Tonocer, HUYECKUH a s 5 a1 <
cm ! dopmacBasu| E ® | > E |5 3| T
Bands, KOMILIEKE Bond type ES|S2|E£8| 2
-t Metal-organic > Qs> =
compound %
3012 vCHar 0,28 1,0 0,3 [<0,01
2896 vCHal 6,3 84 | 1,8 0,01
1412 VCCopr 3,8 7,6 82| 19
985 SCH 7,8 15,6 | 16,4| 88
963 W(CeHe): VCCuyopr 6,7 | 14,5 |148]| 85
882 VTt-CHyuien 73 | 10,7 | 63 | 82
798 S10-CHyukn 9,2 10,2 1 10,3 ] 12,6
KadaHue
386 KoJsibLa* 8,2 44 | 16 | 7,2
ring rocking *
CymmMa/sum 49,3 | 72,3 | 59,7 | 47,2
482 W(CHs)e v(MQ) 124 | 69 [14,0] 94
2126 0,04 | 0,09 [<0,1| 1,0
2021 v(C=0) 0,24 | 0,25 | <0,1| 1,1
1998 0,3 02 |<01] 1,6
426 W(c0de 100] 49 [ 51 88
410 v(M-CO) 9,1 50 | 86| 87
374 7,7 39 |<0,1]| 59
cymMma 27,5 | 14,3 | 13,7 | 27,1
650-600 WO AHHOHHAT | 406 | 6,5 |12,7] 16,3
Anionic
KosanyecTBo yrinieBoAOpPOAHBIX U yTJIEe-
POJHBIX CBsI3eH 61,7 | 79,3 | 73,7 | 56,6
Number of hydrocarbon and carbon bonds
KoJs1n4yecTBO KMCIOPOAHBIX CBSI3€i 383 | 207 | 263 434
Number of oxygen bonds
0O011ee KOJIMYECTBO CBsA3€el
Total number of bonds 100,0/100,01 100 | 100

IIpumeuaHnue: * - kauaHue y221epodHO20 APOMAMUYECKO20
Ko/bya.
Note: * - carbon aromatic ring rocking.

W3 31X JaHHBIX cheayer, uyTo MpeobiamarT Oec-
KHCJIOPOJIHBIE CBs3H. Ha KuCIoOpoIHbIC CBSI3H B CyMMe
npuxoautcs He 6onee 40 % W, B ToM 4uclie Ha aHU-
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onnyw Qopmy — menee 13 % [WO427]. OTH 3HaYCHUS
XOpOIIO COTJIACYIOTCS C JJAHHBIMH W3YYEHUS TPyIIo-
BOro cocraBa yris (Tabn. 3), cCOrslacHO KOTOPBHIM Ha
AQHUOHHYIO (Da3y W MHHEpPANBHBIH OCTaTOK B CyMMeE
npuxoautcs ot 11,3 no 14,4 % Bamosoro W B mipobe.
CrnenoBaTenbHO, MUHEpaIbHas (a3a B 001meM OaaHce
BelllecTBa He mpeBbIiaet 3tu 13 %.

HccnenoBanne OMTYMHOH (TOMYOJIOBOM) M IIEIO0Y-
Hoit (1 % NaOH) BeITSDKEK MOKa3ano, 4To (opMBbI
BoJIb(ppamMa B HUX CHIBHO pasnudarotcs (tadm. 4). s
TOJIYOJIOBOW BBHITSIKKH XapaKTepPHA MOBBIMICHHAS OIS
YTJIICPOJHBIX M YTICBOJOPOJHBIX CBA3CH W TIOHWKEH-
Hasl KHCIIOPOJHBIX CBsi3el. DTO coriacyeTcsi ¢ 0coOeH-
HOCTAMH MOJIEKYJIIPHOTO COCTaBa TOJYOJOBOW BBI-
TsDKKH [41] 1 ¢ BbIBOaMH KOJIJIEKTHBA aBTOPOB [42] o
TOM, YTO B OWTYMHBIX (YIJIEPOI—YyTICBOAOPOIHBIX)
pactBopax  ycTOHYMBBI ~ (opMBI  CBsI3M  Owuc-
(6erzom)Bonbdppam [W(CgH6),] u rexcameTuinBosb-
dbpam [W(CHz)e].

B T0 e Bpems B ['K, momy4eHHBIX myTeM ocaxe-
Hus cBobonubix 'K BosnperictBueM 5 % HCI na mie-
nounyio BHITSOKKY (1 % NaOH), comepxanue kucio-
POIHEIX (opM, HA0OOPOT, 3HAYMMO BhImIe. [Ipu aTOM,
KaK HaMH OBLJIO OTMEUYEHO paHee, 3HAUMTENbHas JOJI
W, ocraBiiascs B IIEIOYHOM PacTBOpe, TAKXKe Mpej-
craBieHa aunonoM WO,> 6o B (hopme cBOOOTHOTO
noHa, 1ub0 B (opMe OpraHOMHUHEPATbHBIX KOMILIEK-
COB C (YITHBOKHCIOTAMH W JAPYTUMH HH3KOMOJICKY-
TSPHBIMH Kuciotamu. [lepeBo 3THX MOHOB B pacTBOp
00YCIIOBIICH pa3pylICHHEM OTHOCHTEIBHO CIIA0BIX Xe-
JIATHBIX KOMIUIEKCOB W TOJA BO3ACWUCTBHEM pacTBOpa
HCI npu ocaxxnennn I'K u3 pactsopa.

Uccnenosanue 29 npob yrieit Manaii- A XHIbCKOTO
MecTOopoxaeHus B 3abaiikanbe, aHOMAJIBHO o0oOra-
IICHHBIX BOJIb(paMoOM, Takke TOKa3allo, YTO BKJIAJ
HMOHHOU (POPMBI [WO427] B BAJIOBOE COJAEpKAHUE Me-
TaJlla B yrisix He mpesbimaer 11,3 % mpu cpemneit
BenunumnHe 6,3 %. CyMMapHBIN BKJIaJ KHCIOPOACOIED-
JKAIIUX COeTMHEHUH He mpeBbIaet 24 %.

cps/eV

cps/eV

[Ipu KOppersIMUOHHON YBS3KE KoJaudecTBa (opM
cszeit aubenzonBoabdpama [W(CeHg)z] ¢ komuue-
CTBOM BHUTPHHHUTA OblIa BBLIBIICHA B3aWMOCBSI3b BHT-
PUHUTA C BaJCHTHBIMU aNMU(PaTUICCKUMH CBS3SIMHU YT-
nepoa—Bonopos (r=0,56) u cBA3SIMH yriIepoa—yriaeposa
(r=0,42). B cTpykType moKa3aTeib, OTPAKAIOIINN yT-
JEBOAOPOTHYI0 YacTh OpPraHUYECKOW MAacCChl I,
noareepxxaaer (r=0,90) cea3u Bonbdpama VC-H u vC-
C B nuxiax u ankeHax. C BUTPHHATOM OH TakXe KOp-
penupyeT Ha ypoBae =0,54.

Takum o6paszom, MK-criekTpockomusi, Tak ke Kak u
JpyTHe€ METOIbI, IOATBEPKAAET NPEUMYILIECTBEHHO
opraHu4eckyro Gopmy HaxoxaeHus W B yIIAX U 1M03-
BOJISICT OILICHUTH JOJIO PA3IUYHBIX OPraHHYECKHUX
KOMIIJIEKCOB B KOHIICHTPHUPOBAaHUU W Ha JOJIFO MHUHE-
paJbHOM (a3bl, MPEICTABICHHON HOHOM wWO,* pu-
xonutcs e 6oxee 10,8—12,7 % ot BanoBoro W B mu3y-
YyeHHbIX mpobax. C yderoM TOro, 4uro B 3Ty (a3y,
MPEACTABICHHYIO HOHOM WO427, BXOJAT U OpraHuye-
CKHE KOMIUICKCHI, BKJIaJ MUHEpaIbHOH (GopMBI B 00-
muii OanaHc MeTalla ellle MEHbIIE W, BEPOSTHO, He
MIPEBBIIAET TOM BEJIIMYUHBI, YTO OMpEJEIeHa TPYIIo-
BBIM QHAJTH30M.

I1eKMpOHHO-MUKpPOCKONUu4ecKue ucc/1ed08aHus

ONeKTPOHHO-MUKPOCKOIIMYECKHE  HCCIICIOBAHMUS
KOJUICKIIUH YTIIeH ¢ pa3inuvHbIM conepxkanueM W cBu-
JETENBCTBYIOT O HE3HAYUTENHHBIX KOJIMYECTBAX €Tro
MUHEPAJIbHBIX (POPM, COOTBETCTBYIOIINX €T0 BBIXOAY B
OCTAaTOYHYIO (DPAKILHUIO MPH pa3JesIeHUH YISl MO TPYII-
noBomy coctaBy. B mecropoxnennn Criemyriu ¢ co-
nepxxanueM W B yrisix 400-800 1/T BBISBIEHBI OT-
JeNbHBIE 00JIOMKH KPHCTAJUIOB IICEIHUTA, TYHICTUTA U
camopogHoro W (puc. 1).

B yriasx 3Toro MecTopoXKIeHHsS OTMEUCHBI TaKkKe
MOYKOIOJ00HEIe 00pa3oBaHust THAPOoKcHaAoB Fe m Mn,
oboramennsie Ge, As u W, npeanonoxuTensHo copo-
UOHHOW (hopMBI. XOpOIIO BUIHA WX BTOPUYHAS TPH-
poJa 1o OTHOIICHHUIO K MMOBEPXHOCTH, HA KOTOPOH OHU
cthopmupoBanucs (puc. 2).
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Puc. 1. Ileeaum (A) u camopodusiti W (B) 8 yeasix mecmopodicderusi Cneyyaau

Fig. 1.

Sheelite (A) and native W (B) in coal from the Spetsugli deposit
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Electron microscopic images of iron-manganese crusts in coal and their X-ray spectra: A) Ge - 0.47%, As - 5.5%, W -
2.0%; B) Ge - 0.24%, As - 5.1%, W - 1.4%
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Fig. 3. Mo-Sb-Ge-Ca-Fe-W-0 aggregate in ash of buried wood from the Spetsugli deposit (A). Mo-S-Ca-W-0 aggregate in the

ash of humic acids of germaniferous coal from the Spetsugli deposit (B, C); (B) detailed image of the W-containing ag-
gregate, (C) general view. All bright light aggregates contain W
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Ha ortuernuByro cBsa3p W ¢ opraHuyeckum Belle-
CTBOM YKa3bIBAaCT HAJIMYHE B 30JIbHOM OCTATKE MPOOEI
yIraeQUIMPOBaHHONW JpeBeCUHBI, oOorameHHOH Ge
(0,53 %), Sb (0,27 %), Hg (2,2 r/1), V (200 /1), AS
(52 /1), Mo (90 1/1), U (24 r/T) u W (490 r/1), arpera-
toB MO0-Sb-Ge-Ca-Fe-W-O cocraBa, comepxammx 10
18 % W (puc. 3, A).

CocraB nof00HBIX 00pa30BaHU B 30J1€ JPEBECUHBI
MEPEMEHHBIH C Pa3NUYHBIM COOTHOIICHHEM JJIEMEH-
TOB. Pa3znudHbIe COOTHOMICHNUS YIEMEHTOB MOT'YT OBITH
00yCNOBIIEHBl T€OXMMHUYECKOW 30HAIBHOCTBIO B TIpe-
JieNiaX KOHKPETHOTO JPEBECHOTO OOJIOMKA, 00YCJIOB-
JIEHHOH pAa3JIMYHON MUTPAIMOHHON CHOCOOHOCTHIO
3JIEMEHTOB B TIpoliecce NHPUABTpALUKN UK 1ubhdy3un
WOHOB METAJUIOB IPH JBHXXECHHH PAcCTBOPOB B Tele
3aXOPOHEHHOM APEBECUHBI.

AHANOTHYHBIC arperatbl IEPEeMEHHOTO COCTaBa
c(OpMUPOBATIHCE B PE3yJIbTaTe O30JIEHHUSI CBOOOMHBIX
'K, u3BJICYCHHBIX W3 TepPMaHHEHOCHOTO yris (mpoba
Cy-103-19). Ecnu B ciryyae ¢ ApeBECHHOI HE UCKITIO-
4yeHo (OpMHUpOBaHHE MHUHEPAIbHBIX (a3 Ha CTaauH,
MpeIecTBYIONIeH ee 030/eHuI0, To Bo (pakmmuu ['K
MUHEPaIo00pa30BaHUe MPOUCXOIMIO UCKITIOUATEIBEHO
B MEpUOJ UX 030JeHUS. B cocraBe HOBOOOpa3oBaHUIt
npeobiagaor W (30 %), O (42 %) u Ca (18 %). Kpo-
M€ TOTO, B HEKOTOPBIX CIYYasX OTMEUYEHBI B 3HAYMMBIX
konmuectax S (4,4 %) u Mo (3 %) (puc. 3, B, C).

Cnenyer ormeTuth XapakrtepHyto Ca-Fe-W-O ac-
COIIMALIMIO DIIEMEHTOB C (hopMHpOBaHMEM COOTBET-
CTBYIOLLIMX arperatoB B 30Ji€ YIJid, 30J€ CBOOOJHBIX
I'K u B 301€ perenepupoBannbsix u3 rymatos I'K. Kax
CIIelyeT W3 NPUBEICHHBIX JAaHHBIX, 3TO HE MHUHEpallb-
Has ¢dopma meenuT-GpepoepuT ¢ pasIuvHbIM COOTHO-
menueM Ca u Fe B yrmax. [lo-Buaumomy, cBsizb W ¢
Ca u Fe o0OycnoBiieHa cOCTaBOM MCXOJIHOTO BEIECTBA
(meenut, BOMBGPAMUT), MOCIYKUBIIETO HCTOUHUKOM
W B opranmueckoMm BemecTBe yrisi. CooTHOIICHHE
3JIEMEHTOB B Pa3HBIX yIaCTKaX HCCIEITyEMOTO 30JIbHO-
ro ocratka pazianaHo. Coxpepxxanme W MOXeT CHH-
xatbes 10 1 % unm, Hao0opoT, Bo3pacTath 110 36 %, a
coaep)kaHue Kanbuus — majnate A0 1 %. B mocneqnem
ciydae Bo3pacraeT coxaepkanue Fe Bmiors mo 51 %.
Bce atm daktel (opmEpOBaHHS BOJNBGPAMOHOCHOH
30JIbI B TaKHX CIEHUPHICCKHX OOpa30BaHUSAX IIOA-
TBEPKIAIOT TUAPOTECHHBIN MeXaHu3M HakorueHus W B
VIJSIX U yKa3bIBaIOT Ha MPEUMYILECTBEHHO OpraHuye-
CKYI0 ()OpMy €ro HaXOXACHUS B yIJie C aHOMAJIbHBIMHU
€r0 KOHIICHTPAIHSIMH.

B 3penbix yrasx BBICOKMX CTaAud YrieQHKAUH
poiub I'K cHmKaeTcst ¥, BEpOATHO, yBEIUYHUBAETCS 10JIs
MHUHEPaJIbHOTO BellecTBa B KOHIEeHTpupoBanuu W. B
mporiecc yrieduKamuu B pe3yibraTe mpeoOpa3oBaHuUs
OpPTaHUYECKOTO BEIIECTBA IPOUCXOIUT BHICBOOOXK/IE-
uaue W. BEICBOOOKICHHBI METAJT MOXKET BRIHOCHTBCS
[43] mn6o hopMupoBaTH ayTHreHHBIE MUHEpaTbl. Ecin
B ciiaboMeTaMOp(HU30BaHHBIX YIJISIX B COCTaBE MHHE-

panbHoii ¢a3el W mpeobnanaer kinactoreHHas ¢aza —
00JIOMKH IIeeNUTa, BONb(PaMUTa, TIOOHEPUTA WIU
(depbepuTa, TO B KAMEHHBIX YIUVIAX W aHTpalUTaX II0-
SIBIIFOTCSL TOTIOJHUTENBHBIE (a3pl camopomHoro W,
TYHTCTUTA, QUIIOTYHI'CTHTa U, BO3MOXKHO, HU3KOTEM-
mepaTypHOro Imieennta. Menkne dYacTHIBI (MeHee
1 MKM) TaKoro COCTaBa BBIABIICHBI, HAIIPUMED, B YTIIIX
Onexepacckoro MecropoxaeHust Kysbacca, B Muny-
cuHCKOM Oacceitne (puc. 4) U B a"Tpanurax ['opios-
ckoro OacceifHa.

B yrnax Y6pycckoro MecTopoxJIeHUs AEBOHCKOTO
BO3pacTa BBISBIIEHA YACTHUIIA pa3MepoM 5X2 MKM, CO-
OTBETCTBYIOIIAS 110 COCTaBy primoTyHreTuty. Hapsmy
C Hell yCTaHOBJIEHbI MHHEpPAJIbHbIE HaHOYACTUIBI Fe-
Mn-Ca-W-O cocraBa. B menoMm Hu3KHE COIepKaHUS
W B M3ydYeHHBIX KaMCHHBIX YIJIAX HE OJIarOMPHSTHBI
UL (OPMHUPOBAHUST €TO0 COOCTBEHHBIX MHHEPAJIOB,
MOATOMY ayTHI'€HHas MHHepajH3alds B HHUX pelKa.
OpHako caM (axT BBIIBICHHUS YETHIPEX €r0 MHHEPAIb-
HBIX MHKpPOYACTHI] B o0pasle, CoaepiKameM MeHee
11/t W, cBUIETEIBCTBYET O BO3MOYKHOM CYIIECTBEH-
HOM BO3pacTaHWU JOJH MHUHEPAJIHHOH (HOPMBI HAXO0XK-
JICHUS DJIEMEHTA B KAMEHHBIX YIJISIX IO CPaBHEHHUIO C
OypbIMH. DTOT BBIBOJ, ITOKa MMEIOLIUH XapakTep TI'H-
MOTE3bI, TIOATBEPIKAACTCSI MHOTHMHU (DakTaMu, HO €CTh
W ucKIoveHus. Tak, Hampumep, B oOorameHHbIX W
(7,2 /1) xaMeHHBIX YISX IUTacta J{ByXapIIHHHBINA
(Munycunckuii OacceiiH) B Tpoliecce IeTalbHBIX
AIIEKTPOHHO-MHUKPOCKOIIMIECKUX ~ HCCICAOBAaHUN HE
BBISIBIIEHO HU OJJHOM €r0 MUHEPaIbHON YaCTHIIBI.

O6cyxeHue pe3yIbTaToOB

[IpoBenennsie ucciaenoBaHus (OPM HAXOKICHHSI
W B ymisix ¢ pasHBIMH YPOBHSIMH €0 HAaKOIUICHHUS
CBUJICTETILCTBYIOT O TOM, YTO MpeodiamaeT HEMHHE-
panbHas popma. KoMiuiekcHble Ucciea0BaHUs BbIMOJ-
HEHBI JJIs yriiel HU3KOW CTeneHu yriedukanuu (Map-
ku b1-b3). JIng kaMeHHBIX yTiielf BBIOJIHEHBI TOJIBKO
KOPPENALNOHHBIN aHaJIn3 u 3JIEKTPOHHO-
MHUKPOCKOITMUECKUE HCCIIeIOBaHNA, HO OHU TaKXkKe yKa-
3BIBAIOT HAa TNPEBAIMPYIOUIYIO POJIb OPTaHUYECKOTO
BelIeCcTBa B KOHLIEHTpUpoBaHuu W.

Bce pesynbTarhl MccieIOBaHUA CBHICTENBCTBYIOT
0 MPEHMYIIECCTBEHHO HEMHUHEpPaIbHOU (opMe Haxox-
nenuss W B yrisx. OHH COTTacyroTCsi ¢ HEMHOTOYHC-
JIEHHBIMU JAaHHBIMU JIPYTHX aBTOpOB. EnuHCTBEHHOMN
JUCCOHUPYIOIIEH paboTON SBISIOTCS pe3ybTaThl Ce-
JIEKTHBHOTO CTYIEHYATOTO BEHIIIEIAYNBAHMS, OIYyOJIH-
KOBaHHBIE B 0000IIAOIIEH cTaThe 1Mo opmMamM HAXO0XK-
neHus 42 snemeHTOB-ipuMeced B yriisix [7]. B Hacto-
AIIeM UCCIICIOBAaHUH 3Ta METOJIMKA HE MPUMEHSJIACh B
CBSA3M C HEOJHO3HAYHOCTHIO MHTEPIpETAllUU Pe3yIib-
TaTOB.

Takue wuccienoBaHus BBITOJHEHBl KOJJIEKTUBOM
aBTOpOB [7] AN MpencTaBUTEIBHOW KOJUIEKIUH 00-
pas3ioB OypHIX U KaMEHHBIX yTIICH.
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Fig. 4.

Wolframite (A), scheelite (B) and native W (C) in coals of the Velikan-I coal seam, Chernogorskoe deposit, Minusinsk

Basin. Native W (D) in coal of Seam XI, Olzherasskoe deposit, Kuzbass

HecMoTps Ha COBEpIICHHO UHEBIC PE3yIbTUPYIOIIUE
BBIBOJIBI, HA HAIIl B3IJISI, IPOBEIACHHBIC aBTOPAMH HC-
CIICZIOBaHUS HE MPOTHBOpEYAT MOTYyICHHBIM HaMH pe-
3ynpTataM. OTMETHM, 9TO CAMH PE3yJbTAThl BBIIIEIA-
YHBAHUS HE [OJIBEPralOTCs COMHEHHIO. B TO ke Bpems
WX HMHTEPIPETAIHs, UCXOAI M3 IOITYYEHHBIX HOBBIX
JIAHHBIX, TMO-BUANMOMY, TPeOyeT HEKOTOPOl KOppeK-
THUPOBKH.

CornacHo omnmyOJIMKOBaHHBIM JaHHBIM [7], amerat
aMMOHHUs yaanui okono 7,5 % (0-25 %) W u3 obpas-
1[0B OUTYMMHO3HOrO yrist U HeMHOro Oomsmre (10 %,
muara3oH 0-30 %) U3 MATH HU3KOCOPTHBIX yriied. ITh
pe3yIAbTATHl MHTEPIPETHPYIOTCS KaK H3BICUCHHE COP-
oupoBanHbIX opm W, 4T0 coriacyercs ¢ Oosee BbI-
COKOM COpOIMOHHON CHOCOOHOCTBIO OYpHIX YIJIeH 1o
cpaBHeHUIO ¢ kKameHHbIMU. O0padoTka HCl obecnieun-
na u3Bnedenue 10 % (0-25 %) W u3 14 obpasuos Ou-
TYMUHO3HOTO yrig u moutd 10 % (5-15 %) u3 Husko-
KauyecTBeHHBIX yruieil. ColsiHas KMCI0oTa 00yCiaBinBa-
€T paspyllcHHe KapOOHATOB, BO3MOXKHO, IICEHTA, a
TaKXe, YaCTHYHO, XEJIaTOB, THITUYHBIX JUIS TYMYCOBBIX
kucior [6]. Monudukanuu Boasppamuta (hepdepur u
TTOOHEPUT) CONSTHOW KHCIIOTOW B YCIOBHSX DKCIICPH-
MEHTa TMpaKTHYeCKH He paznaraprcsi. OOpaboTkoit
yris HF w3Biexnm Hambosee 3HAYMTENbHBIC KONHAYE-
crBa Mertayuia — okoio 30 % (10-50 %) W u3 6urymu-

HO3HBIX yried u 45 % (40-50 %) u3 nsaTH HU3KOCOPT-
HBIX yriaed. MHTeprnperanus 3Toro pesyiaprara B CBETE
MOJTYYEeHHBIX HaMHU IaHHBIX NPEICTAaBISCTCS WHOH,
4eM mpencraBieHa B pabore. Kak ciemyer u3 mpose-
JIEHHBIX HAMH MCCJIEIOBAaHUN, KOIUYECTBO MUHEPATb-
HOW a3l W B m3y4deHHBIX mpobOax HE IpEeBBIIIAET
13 %, a o6sruHO MeHee 5 % (tabi. 4). OcHOBHas Macca
W cxonnentpuposana B I'K. s koopauHamu QyHK-
UOHATBHBIX TpynuupoBok 'K HeoOxommmo mpucyt-
CTBHE MeTallla B KaTHOHHOH (opme. B To ke BpeMms B
C1a0OKHUCIION U HEUTpalmbHOH cpeae TopdsHoro 60J0-
Ta wim Oyporo yrist ocHoBHas Macca W npencraBieHa
aHWOHAMHU WJIM BOJb(PpPaMOBOH  KHcIoTOW [44].
I'.M. Eckenasu [45] nomyckaeT NpUCYTCTBHE B KUCIOM
cpelie KaTHOHA WO,?* — ananora ypanwi-uona. C ee
MPEATONIOKECHUEM COTIACYIOTCS M IKCIIEPUMEHTHI T10
KOMILIeKcooOpa3oBanio W ¢ OpraHU4eCKUMH COCIH-
HeHUsiMH [46]. B mocnmemHeM ciy4yae M3 pacTBopa
Na,WOQO,; ¢dopMupyroTcst KOMIUIEKCHI € KaTHOHOM
WO,**. Makcumanbhas >(p(eKTHBHOCTb (OPMUPOBa-
HUS KOMIUIEKCOB XapakTepHa it PH=3,3-4.,8, HO
TpoI1iecC UAET U B OKOJIOHEUTpanbHOU cpene. bimskue
pe3yiIbTaThl MOMYYCHHl TP UCCICIOBaHUHA (HOPM CO-
equaeHuss W C TyMHHOBBIMH ©  (yJTBBOKHCIOTa-
MU [47]. CoryiacHO 3THM JaHHBIM, okoJio 46 % W B 'K
B pE3yNbTaTe peakIMyd KOMIUIEKCOOOpa3OBaHHS BOC-
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cranosnensl u3 W (V1) mo W (V). Tlo ananoruu ¢ ypa-
HWI-KapOOHATHBIMU KOMILJICKCAMH MOKHO JIOMYCTHUTH,
yto mpu obpaborke HF B ciiydae n3bwbiTka moHa F-
(F>>CO0O3) npousoiiger paspyirenue W-opraHndeckux
komruiekcoB U1 W mepeiizer B pactBop [48]. Otum
MIPOIIECCOM Pa3pyLICHUS OPTaHMYECKHX KOMILIEKCOB
W mnop neiictBuem noHa F u 00ycloOBIIEH 3HAYUTEINb-
HBI BBIXOJ MeTalla U3 OyphIX YIWIeH mpu Bo3aei-
ctBuM Ha HUX HF. A30THas KHcOTa U3BJIECKJIA OKOJIO
15 % (0-30 %) W u3 OurymuHO3HBIX yriiedt u 5 %
(0-5 %) w3 yrueit HU3KOTO paHra. Poib a30THOMN Kwuc-
JIOTHI TIPUHATO MHTEPIPETUPOBATh KaK (haKkTop, ormpe-
JETSIONINI pa3pylieHne CyIb(QHIOB U, OTIACTH, Opra-
HUYecKoro BemiecTsa [4]. @akToB HaIUUUS CYIbPUIOB
W B yrisax He u3BecTHO. [lo-BHIuMOMY, 371€Ch TakkKe
OTIPENCIIONIYI0 POJIb WIpaeT opraHuka. Mrorosrie
nokazareinu 14 BeiaenaunBanus W coctaBuiau 60 %
(45-85 %) pmns OutymuHO3HBIX yrimed u 70 %
(60—75 %) nnst yraeit muskoro panra [7]. Kak cienyer
U3 MPUBECHHOTO BEIIIE 0OOCHOBAHMS, OCHOBHAsI Macca
BhImenoyeHHoro W cBsi3aHa ¢ OpraHUYECKHM Belle-
ctBoM. Ocrasiiuecsa He BoImenodeHHsME 30—40 % W,
MO-BHIMMOMY, TaKXKe CBSI3aHBI C OPTaHUYECKUM BeIlle-
CTBOM U TPENCTAaBICHBl YCTONYMBBIMH KOMILIEKCAMHU,
00pa30BaHHBIMU 32 CYET XHUMHYECKOW KOOPIUHAIIUH
KaTHOHOB ~ MEXIy (YHKIHOHAJIGHBIMH  TPYIIIaMA
[49, 50]. OTi cBs3M BecbMa YCTOWYHBBI, U IS HX Pas-
peIBa TpeOyeTcss OONBIIOE KOIMWYECTBO PHEPrUU. OTH
KOMIUTEKCHl H3BIICKAIOTCSI B IIENIOYHYIO BBITSDKKY U3
Oypeix yriaei Bmecte ¢ I'K. Utorossiit Beixon W B 1ie-
no4Hyto BHITSDKKY 1 % NaOH konebrnercs ot 80 go 99 %
(tabm. 2, 3). B To ke BpeMst ocTaTodHOE KoJmuecTBo W B
T'K nocie Bozaeticteust HCl i ee ocaskneHus commocTa-
BHMO C BEJIMUMHAMH OCTATOYHOTO KOJIMYECTBA METaljIa B
yIJIe [IOCJIE CTYIIEHYATOro BhIILeIauBaHus [7].

W3 mosyueHHBIX HaMU JaHHBIX CJIEAyeT, 4To B Oy-
PBIX YITISIX U3YyYEHHBIX MECTOPOXKICHHHA C MUHEpalb-
HOH (azoif ces3aHo He Oonee 15 % merania, B OCHOB-
HOM MeHee 5 %. UccienoBanne MUHEpAIBbHBIX BKITIO-
YeHUIl B YITISIX PasHBIX cTaauil yriaedukaruu moxasa-
JI0, YTO MUHEpalbHbIe (Da3bl MPEJICTABICHBl B OCHOB-
HOM BoJIb()pamMaTaMu: IIEEIUTOM, BOJIbPPAMHUTOM,
rroOHepuToM 1 pepOepuToM. B MeHbIel cTeneHn BbI-
SIBJIEH TYHTCTUT, (DMILIOTYHTCTHT W camMOpoaHbrii W.
TyHrCcTUT 4amie BcTpedaeTcss B Ooyiee MeTamMopduso-
BaHHBIX YIIAX. BO3MOXHO, 3TO HOBOOOpa3OBaHHbBIE
MUHEpasbl, chOPMHUPOBABILKECS B pe3ysbTaTe Mpeod-
pa3oBaHHS TYMYCOBOTO OPraHMYECKOTO BEIIECTBa C
motepeil  KUCIOPOJHBIX (PYHKIMOHANBHBIX TPYII U
BBICBOOOXKIEHHEM HOHOB W022+. W3BecTHBI enuHMY-
Hble Haxoaku camopoanoro W [14, 16]. B mpomecce
HCCIICIOBAHUM TPU HM3YYCHHUH IIPENBAPUTEIHHO 00pa-
OoTaHHBIX B nabopaTopuu yriiei (apoOneHue, ucTupa-
HHE) B KauecTBE NMpUMeECEl 4acTo BBIABIIIOTCS (asbl,
cocrosite u3 W u Co; Co, Cr u W. CootHolieHue
3JIEMEHTOB 3/]IeCh TaKOBO, YTO IO3BOJIIET UHTEPIPETH-

pOBaTh X KaK HCKYCCTBEHHBIC TBEP/BIC CILIABBI COOT-
BETCTBYIOIIMX MapoK JMOO0 Kak cTemuThl. OTHUM U3
(aKTOB, TOATBEPKOAIOIINX TAKyl0 HHTEPIPETAIHIO,
SBIICTCSl HAaXOAKa TaKUX OOpa3oBaHUH BO (paxiuu
I'K. TTo-BuauMoMy, OHH TIOMIAAal0T B TPoOy B mpoiiec-
ce MpoOOITOATOTOBKH.

HccnenoBanue OpraHMYecKOro BeIIECTBA Oyporo
yIJsl C pa3eleHueM €ro Ha TPYNIOBBIE COCTABISIO-
mpe: OMTYMBI, TYMHHOBBIE BEIIECTBA M OCTATOYHBIN
yToJlib, IMOKA3ajJ0, YTO C OPraHHYECKUM BEIICCTBOM
cBsa3aHo Oonee 80 % W B kKax10M U3 M3yYEHHBIX 00-
pasmoB, B ocHOBHOM Oonee 95 %. [Ipu 3ToM 0CHOBHO#
¢azoii-korTIeHTpaTopoM W B OypBIX YIIIAX, 0COOCHHO
B aHOMAJbHO OOOTallleHHbIX MeTajioM, ciyxat ['K.
Ha Bricokomonekyisipasie 'K npuxomurcs 76-88 %
BaJioBOTO cojepkanus W B mcciieToBaHHBIX 00pasiax.

B 3pempix yriasx BBICOKHX CTaaui yrieQUKaIum
pons 'K cHmkaeTcs 1, BEpOSATHO, YBETUUNBACTCS JI0JIS
MHUHEPaJbHOTO BemlecTBa B KOHIEHTpupoBanuu W.
B npomiecc yriedukanuu B pe3yibraTe mpeoOpa3zoBa-
HUS OPraHMYECKOrO BEIIECTBA MPOUCXOIUT BBICBO-
ooxnenne yactu W. BBICBOOOKIEHHBINT MeTallI MO-
JKET BBIHOCHTHCS [43] mn6o GopMUpOBaTH ayTUTEHHBIC
muHepansl. Ha Bozmoxnyro motepro W B mporecce
yriaeduKay ykasslBaeT 0ojee HU3KUI ero KiIapK s
kaMeHHBIX yriieit (0,99 1/T) o cpaBHEHHUIO ¢ OypBIMHU
(1,2 r/t) [1]. Pa3nuumus He CYLIECTBEHHBI, HO B COBO-
KYIIHOCTH C JPYTHMH JAaHHBIMH TOATBEPXKAAIOT (HakT
moTeps 3JeMeHTa mpu Meramopdusme. Ha BerHOC W
MIPY BO3PACTAaHUU CTEIEHH MeTaMopdu3Ma yrie yka-
3bIBAaET U OOOramieHue UM BOJA TIyOOKHX TOPHU3OHTOB
MECTOPOXKICHUI KaMEeHHOro yris. s Takux MecTo-
POXICHUN XapakTepeH COIOBBIM COCTaB IMOA3EMHBIX
BOX [51], OnaronmpusATHBIN It MUTPALUM 3TOTO Me-
tayma. [lo eqUHUYHBIM HEOMyOJMKOBAHHBIM JIaHHBIM
O.E. JlenokypoBo#, conepxanue W B Bojax riayOOKHux
ropuzontos Kyzbacca (1060 M) mocturaer 4,4 Mkr/i,
MIPH TOM YTO B TMIOBEPXHOCTHBIX BOJAX COJCPKUTCS HE
6oiee 0,04 MKr/i.

B 0606menuu f.2. KOnosuua u M.II. Ketpuc [9],
CO CCBIIKOH Ha mccienoBanus yriaei Lllypabekoro me-
cropoxxaeHus TakukucraHa W AJNEKCaHAPUHCKOTO
MecTopoxaeHus Jlonerkoro 6acceiina [52], oTMedeHO
MOBBIIICHHOE copepkanne W B OUTYMHBIX BBITSDKKAX.
OTH pe3yNbTaThl, 10 MHCHHIO aBTOPOB, YKa3bIBAIOT Ha
cBsi3b W ¢ KOMIIOHEHTaMH TPYIIIBI JICHNITHHUTA ¥ CBH-
JIETeNBCTBYIOT O MPHUCYTCTBUE TEPBUYHO PACTHTENb-
Horo W B yrisx. Cnemyer OTMETHTh, YTO M3y4YeHHBIE
yrau ypabckoro 1 AneKCaHIpUHCKOTO MECTOPOXK-
nenuii xpaiine 6enasl W (4,0 u 3,0 1/T B 3071€ yriis).
Ero cogmepxxanne B 301e OMTyMa HE IIpEBBIIIAET
10 r/1 [52]. Tlpu 301BbHOCTH OYpOYTOJBHBIX OUTYMOB,
Kak MpaBuio, He mpeBbimatomeii 1 %, 3To Takke HU-
YTOXHO Majble BenuuuHbl (MeHee 0,1 T/T B opranude-
CKOM BellecTBe). EnmuandHbIe ompeneneHus conepika-
Huss W B GuTymMax aHOMaJIbHO 0OOTallIeHHbIX UM YTiiei

134



H3BecTuss TOMCKOro NOJUTEXHUYECKOT0 YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 7. C. 121-140
Ap6y30B C.U. u ap. PopMbl HaxoxKAeHU BoJbdpama B yrJsax (0630p)

ITaBiaoBckoro, MaHai-AKHIBECKOIO W BaHYHMHCKOTO
MeCTOpoXkIeHui (Tabn. 2, 3) Takke yKa3blBarOT Ha
HE3HAYUTENBHOE €r0 KOHIIEHTPHPOBAaHHE B ITAHHOH
¢pakoun. Bo Bcex ciydasx MpSMOTO ONIpEACICHHS
conepxanng W B Outymax (7 ompeneneHuil) oHO He
npepbimaetT 1,9 r/r, o6sraHo Menee 1 1/1. CiienoBa-
TENBHO, OMTYMBI MCCIECIOBAHHBIX MECTOPOXKICHHUN HE
SIBIISAIOTCSL KOHUeHTpaTopamMu W, U UX poJib B HAKOII-
JICHVSI 2JIEMEHTA B YTJISX HE3HAUNTENbHA.

OTH IaHHBIE HE MPOTHBOpPEYAT yCTAHOBJICHHBIM
(akram Hakomnenus W B TpaBSHHUCTBIX U JPEBECHBIX
pacTteHusix. Ha BO3MOXXHOCTh OMOTEHHOTO HAKOIUICHUS
W B yrie ykaspIBaroT (pakThl aHOMaILHOTO €r0 KOH-
LIEHTPUPOBAHUS B COBPEMEHHBIX PACTEHUSX, B TOM
YHCclie B Pa3UYHBIX XBOWHBIX (COCHA OOBIKHOBEHHA,
KeJp, JINCTBEHHMIIA, KCIPOBBIN CTIAHUK) W JIHCTBECH-
HBIX (Oepesa, TOIMoNb, POJOIACHIPOH) APEBECHBIX pac-
TEHUSX, B PAa3IMYHBIX OCOKOBBIX U JAPYTHX TpPaBSHU-
CTBIX PACTEHUSX, B MXaxX W JuimaiHukax [53-55]. Uc-
cnenoBanus C.I'. lopomikeBuy ¢ coaBTopamu [54] mo-
Ka3alld, 4TO Ha MO4YBax, OOOTallleHHBIX BOJb(pamMom
BOmm3u Jxuanackoro W-MoO koMOuHaTa, ero coaep-
JKaHUE B PACTCHUSIX BO3pAcTaeT Ha mopsaok. [lpu Top-
(hooOpazoBannu U yriedukanuu Onarogaps BBICOKOM
MUTpanoHHoi crocobHocT W mepepacnpenensiercs
B IpeAenax YTroJNFHOTO Iriacta ¢ oOorameHueM IpH-
KOHTaKTOBBIX 30H. Takoe MposiBIeHHE «3aKOHA 3UIIb-
OepMUHIIa» BO3MOXKHO TOJIKO TIPH JIOCTATOYHO BBICO-
KOW MHTPAIMOHHOM CITOCOOHOCTH 3JIEMECHTA.

PesynpraTtel MK-cnekTpockonuu MOATBEPKIOAIOT
MpEeUMYIIEeCTBeHHYIO CBsi3b W ¢ opraHu4eckuM Bellie-
CTBOM yTiIs1. Bo Becex mccnenoBanHBIX mpobax Ha OO
MOTEHIMAIFHO BO3MOXKHOH MHUHEpaIbHOH  (HOpPMBI
npuxoautcs He Oonee 12,7 % W. K TakoBoit MOHO
OTHECTH aHUOHHYIO (opMy cBs3H (WO427), 3a(UKCH-
POBaHHYIO 3TUM METOJIOM.

Criennann3upoBaHHbIe UCCIIEZIOBAaHUS dbopm
HaxoxneHuss W B aHOMaibHO 00OTaIEHHBIX UM YTIIAX
mectopoxaeHnii Bymantyra w Jlunkanr (Kwurait) c
MPUMEHEHUEM HOBEWIINX METOAO0B TIOKa3alu IJubo
MOJIHOE OTCYTCTBHUE, JHOO HUYTOXHYIO JIONIO MHHE-
panbHbIX Gopm W [18]. Nmerommecs naHHBIE CBUIC-
TEJNBbCTBYIOT O TOM, YTO OH MPHUCYTCTBYET MpeuMylle-
CTBEHHO B KHCIIOPOJAHOCBSI3aHHOW OPTaHUYECKOM
(dhopme, x0T momBoNIbpamaTHas Gopma He HCKIIO-
qaercs. Bomb(pam mpuCyTCTBYeT B HEOOBIYHON HCKa-
KEHHON OKTasApHuecKoil hopme, BO3MOXKHO, B TPHIO-
HaJpHO-TIpU3MaTndeckor koopannauuu 3+3 ¢ O [18].
OTMeUYeHO TaKKe TOHKO paccesHHOe pachpelesieHHe
W B uccienoBaHHBIX 00paslax ¢ OTCYTCTBHEM «TOps-
YUX TOYEK», YTO HCKIIOYACT HallM4he COOCTBEHHBIX
MUHEPaJIbHBIX (a3 MeTasa.

HccnenoBanue KOJUIEKTUBOM aBTOpPOB [56] OypsIx
yraeii [1aBinoBckoro mecropoxaenus merogom LA ICP
MS moxazano, uto xoHuenrpamust W B BUTpUHUTE H
aTTpUTO-BUTpUHUTE (239—605 r/T) MOYTH Ha MOPAIOK

BBIIIIC €r0 COJNCPXKAHUS B TIIMHHCTOM BEIIECTBE YT
(44-66 t/T). TlpeBamupyromas pojib OPTaHUYECKOTO
BEIIECTBA B KOHIICHTPHUPOBAHUHM MeETajUla B JaHHOM
cilydae O4eBHIHA. bamaHCOBBIC pacdeTHl ¢ y4eTOM 0-
JIM BUTPUHHUTA B OPraHUMYIECKOM BEIIECTBE U 30JbHOCTU
VTJI TTOKa3BIBAIOT, YTO ¢ MHHEPAJIHHOH YacThIO 31ECh
cBa3aHo MeHee 5,0 % W. DToT pe3yabraT Xopouo co-
[JIACYeTCsl C JaHHBIMH HCCIICJOBAHUS TPYIIIOBOIO CO-
CTaBa yried 3Toro MectopokacHus (Tabm. 2, 3), moka-
3aBIIMMH, YTO Ha MHHEPAIbHOE BEIIECTBO MPUXOIUTCS
He Oouee 4 % merana.

BbIBOAbI

B OonbplIMHCTBE MECTOPOXKICHHN YISl CeBEpHON
Asun, 000TalIeHHBIX BOJIb(QpPaMOM, yCTaHOBIEHA OT-
pHULaTeTIbHAS 3HAUYMMAas KOPPEILIINOHHAS CBS3b €ro
COJCpKaHUsI B YINIAX M 30JaX ymyedl ¢ 30JbHOCTBIO.
OTpHunaTensHble 3HAYUMBIE KOA(PQUIIUEHTH KOppens-
[IUH TUIAYHBL IS YTIeH BCEX M3YYEHHBIX MECTOPOXK-
NCHWH, aHOMAIbHO OOOTAIIEHHBIX BOJBb(PaMOM.
B yrisax u Topdax ¢ psAOBBIMH M HIDKEKIAPKOBBIMU
conepkaHmsiMA W 9acTo 0TMEYaeTcs IOJIOKUTEIbHAS
CBsI3b C 30JIGHOCTBIO. [IpH 3TOM BO Beex 0Oe3 UCKITIoUe-
HUSl U3YUYECHHBIX CIy4asiX YCTaHOBJIEHa OTpULIATeNbHAs
cBs3b copepkanus W B 3o0me yriis ¢ 301pHOCTBIO. OT-
pHLIaTeTbHAST KOPPEIALUOHHAS CBA3b conepkanus W ¢
30JIbHOCTBIO YKa3bIBa€T Ha BEPOSITHYI0 (hopMy ero
HAXOXKJICHVsSI B CBSI3H C OPTaHUYECKUM BEIIIECTBOM.

MertonoM aHanm3a rpymImoBOro COCTaBa YISl ycTa-
HOBJICHO, YTO OCHOBHBIM HOCHUTEJIEM M KOHI[EHTPATO-
poM W B H3y4YEHHBIX MECTOPOXKICHUIX OYPBIX yIieH 1
TOp(pOB ceBepHOU A3WHU SIBIACTCS OPTraHUIECKOE Be-
miecTBo. Briag MuHepansHOH (asbl B 1e10M B obora-
nieHHbIX W yIiSx U B YIUIAX C PSIIOBBIM €r0 COJIepKa-
HueM He npeBbrmaet 20 %, o0praHO MeHee 5 %. OT1o
noaTeepxkaaercss u  gaHHbiMH  MK-cnekTpockomnuw,
COTJIACHO KOTOPBIM C MUHEPAJIBHBIMU (pazaMu CBSI3aHO
He Ooitee 15 % MeTaimna B UCClieIOBaHHBIX 00pa3iax.

[Ipeobnanaer cBa3pb W ¢ BBICOKOMOJEKYJISPHBIMU
TYMYCOBBIMU KHCIIOTaMHU. B aHOManbHO 000TalieHHbIX
W OyprIX yrisx Ha ¢a3y TYMHHOBBIX KHCIOT IPHXO-
nutest ot 76 mo 88 % BasoBOTO coAepKaHUsS METasuia.
Ponp OMTYyMOB W HH3KOMOJIEKYJISAPHBIX T'YMYCOBBIX
KkucaoT B O6anmance W, nipu pa3HOM €ro cojepKaHuM B
OypBIX YTIIAX, He3HAYUTENbHA.

Munepanbubie a3zt W B kadecTBe OCHOBHOMU
(OpMBI €ro HaXOXKIeHUs JJIs YTriield He XapaKTepHBI.
B HeOoNpIIOM KOJMYECTBE, B KAYECTBE COMHUYIHBIX
HAaXOJIOK, BBISIBJICHBI HAHO-MUKPOBKITIOUCHUS IICEITUTA,
BoNb(pamura, To0Heputa u Gepdbeputa. OCHOBHBIC
MUHepanbHble ()a3bl CBA3aHBI C THIApOKcHUaamMu Fe u
Mn, B kotopeie W BXOAUT B BUJE MPUMECH B KOJINYE-
ctBe 1-5 % Hapsay ¢ npyrumu >nemeHtamu (Ge, As u
np.). B 6onee MmeraMop(hnU30BaHHBIX KAMEHHBIX YTIISIX
W aHTpaIWTaX BBLIBICHBI AyTUTCHHBIC MHHEpPAIbHBIC
o0pa3oBaHusi, NMPEACTABICHHBIC TYHI'CTUTOM, (uiio-
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TYHTCTHTOM, camopoaubiM W u cnoxubiMu Fe-Mn-Ca-  nee 90 % Bonbdpama. DTo MO3BONSIET pacCMaTPUBATH
W-O MuHepanbHbIMHU (a3aMu. HIEJIOYHYIO DKCTPAKIUIO0 B KayeCTBE BO3MOXKHOIO Me-

HccrnenoBanue TMOKa3pIBaeT, 4YTO JaXe NPU HE- TOoAa TNPOMBINIICHHOH TmepepaboTKu 00OrameHHbIX

OOIBIIIOM BBIXOZI€ TYMHHOBBIX KHCIJIOT TIPH INENOYHOH  BOJBb(pPaMoM OypBIX yTIICH.
skcrpakiuu 1 % NaOH u3 yris BbimenadnBaercst 60-
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Lithium capacity of Kazakhstan mineral resource base

M.K. Absametov?, G.Yu. Boyarko?, E.M. Dutovaz,
L.M. Bolsunovskaya2™, N.M. Itemen?, D.B. Chenzybaev?

1Satbayev University, Almaty, Republic of Kazakhstan
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Abstract. Relevance. Weak knowledge of the territory of the Republic of Kazakhstan on lithium raw materials previously
mined in the East Kazakhstan region. Aim. To study lithium raw material base in the Republic of Kazakhstan and prospects
for the extraction of lithium raw materials. Methods. Content analysis of all information on the subject of the mineral re-
source base of lithium in the Republic of Kazakhstan. Results. Within the Republic of Kazakhstan, ore deposits of scapolite
pegmatites and lithium-bearing greisens-hydrothermal growths are known along alkaline granites. Residual lithium reserves
from previously developed rare metal deposits that are equivalent to 36.3 thousand tons of Liz20, predicted resources of
known lithium occurrences are estimated at 140 thousand tons of Li20. It is possible to develop known rare metal deposits
with the extraction of tantalum, niobium, beryllium and associated extraction of spodumene concentrate. GRK «Ognevsky
Mining and Processing Plant» is already planning to put back to mining of tantalum and beryl (with the associated extraction
of spodumene concentrate - up to 2.5 thousand tons/year) at the Bakennoe deposit and processing the resulting ore concen-
trates at the operating Ulba metallurgical plant of Kazatomprom. With regard to lithium-bearing hydro-mineral resources of
the Republic of Kazakhstan, the situation is more complicated, due to the data limitations on the completeness of formation
water testing and the reliability of data on surface waters of stagnant lakes. Such oil and gas fields as Karachaganak (up to
196 mg/1 Li20), Kolkuduk (up to 130 mg/I Li20), Teplovskoe (up to 82.5 mg/1), Urikhtau (up to 52 mg/l) and Western Opak
(up to 45 mg/1) are known for high concentration of lithium in formation waters. First two deposits are ready for oil and gas
development and production with an annual extraction of up to 1 thousand tons of lithium carbonate. With regard to the lith-
ium content of stagnant lakes of the Republic of Kazakhstan, it should be noted almost total lack of reliable information on
sampling their surface waters. Given the fact of finding industrially significant lithium-bearing hydro-mineral lake deposits in
adjacent regions of China and Mongolia, it is necessary to intensify the thematic works to assess the lithium content of en-
dorheic lakes throughout the Republic of Kazakhstan, with sampling not only of surface waters, but also of natural brine, lake
mud, saline clayey rocks of solonchaks and takyrs.

Keywords: strategic raw materials, lithium, spodumene pegmatites, rare metal greisen-hydrothermalite formations, hy-
dromineral deposits, Republic of Kazakhstan
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JIMTHEBbIA NOTEHI[MAJI MUHEPAIbHO-ChIPbeBOH 6a3bl
Pecny61uku KazaxcraH
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AHHOTanus. AKTya/JJbHOCTb PaGoThl 06YC/I0B/IEHA CJ1a60H U3yYeHHOCTbIO TeppuTOpuH Pecry6inku KaszaxcrtaH Ha IMTHEBOE
cbIpbe, paHee J00bIBaeMoe B BocTouHo-Ka3axcraHckoll o6Jiacty. Ilesib: u3ydeHue cblpbeBoi 6asbl inTus Pecny6nku Kasax-
CTaH Y MEePCHEeKTUB JOOBbIYM JIMTUEBOrO ChIpbsl. MeTOAbI: KOHTEHT-aHa/IU3 BCcell MHGOpMALMU 10 TeMaTHKe MHUHEPaJbHO-
cbIpbeBOM 6a3bl MTUA Pecry6nku Kasaxcras. Pe3ysbraThl. B npeznenax Pecny6ivku KazaxcraH U3BeCTHBI pyAHbIE MECTO-
POXKJEHHs CKallOJIUTOBBIX IErMAaTUTOB U JIMTUEHOCHBIX IPel3€eH-T1POTePMaJbHbIX 06pa30BaHUM 110 1€ 0YHBIM IPAHHUTAM.
OcTaTo4yHble 3anachl IMTUEBOTO ChIPbsl pa3pabaTblBaeMbIX paHee PeJKOMeTa/UIbHbIX MECTOPOXK/IEHUH COCTaBISAOT 36,3 ThIC. T
Li20, mporHosHble pecypchbl U3BECTHBIX JIMTHEBBIX NPOABJIeHUH oneHuBaoTcsa B 140 Tbic. T Li20. BoamoxHa pa3paboTka us-
BECTHBIX peIKOMETA/JIbHbIX MECTOPOXKEHUH € 106bIYel TaHTaIa, HUOOHS, GePHUIIJINA U MONYTHBIM U3BJIeYeHHEM CIIOLYMEHO-
Boro KoHueHTpaTa. [PK «OrueBckuii 'OK» yxe nyiaHupyeT pa6oThl 10 BO306HOBJIEHHIO JOObIYM TaHTaIa U 6epuiuia (c momyT-
HBbIM M3BJIe4YeHHEM CIOZYMEHOBOI0 KOHLEHTpaTa — A0 2,5 ThIC. T/roj) Ha bBakeHHOM MecTOpOX/jeHUH U epepaboTKoM 1oJty-
YEeHHBIX PYJHBIX KOHIIEHTPAaTOB Ha JEHCTBYyIOLIeM YJIbOMHCKOM MeTa/UIyprudeckoM 3aBoJie KasaTomnpoma. B oTHomeHun
JINTUEHOCHBIX THAPOMUHEPAJIBHBIX pecypcoB Pecny6iimky KasaxcraH cuTyanus 6oJiee c10KHast BBUJY OrpaHUYEHHOCTH JaH-
HBIX ONIPO6GOBAHHA OKOJIOHEQTSHBIX BOJ, U JJOCTOBEPHOCTH JIaHHBIX TIOBEPXHOCTHBIX BOJ 6€CCTOYHBIX 03ep. U3BeCTHBI BHICOKHE
KOHL[eHTpAIMH JIUTHS B OKOJIOHeTAHBIX BoZax HedTera3oBbIx MecTopoxkaeHUH Kapauaranak (o 196 mr/x Li20), Kosnbkyayk
(mo 130 mr/x Liz0), TennoBckoe (1o 82,5 mr/n), Ypuxray (zo 52 mr/n) u 3anagaerii Onak (5o 45 Mr/in), Ha nepBBIX JBYX BO3-
MOXXHa OpraHM3alisl IPOMBIC/IOB C FOJIOBBIM U3BJIe4eHHeM 0 1 ThIC. T KapboHAaTa JIUTHSA. B OTHOIEHNH JIUTHEHOCHOCTH Gec-
CTOYHBIX 03ep Pecny6sinku KasaxcTaH cjieZfyeT OTMEeTUTb MPAaKTHYeCKH [I0JIHOe OTCYTCTBHUE I0CTOBEPHBIX JJAHHBIX ONPO6OBa-
HUSl UX MOBEPXHOCTHBIX BOJ. YUUThIBasg GaKT OGHAPYKEHHs MPOMBILIIEHHO 3HAYUMBbIX JIMTHEHOCHBIX THAPOMHUHEPATbHBIX
03epHBIX MECTOPOX/IEHUH B CMeXHbIX padoHax Kurtasg u MoHrosuy, ciefyeT akTHBU3WPOBATh TeMaTHYeCKHe PabOThI IO
OLleHKe JIMTHEHOCHOCTH GecCTOYHBIX 03ep Ha Bcel TeppuTopun Pecny6sinku Kazaxcrad ¢ onpo6oBaHHEM He TOJIBKO IOBEPX-
HOCTHBIX BOJI, HO M IIPU/IOHHOM parbl, Wa 03€ep, 3aCOJIEHHbIX IJIMHUCTBIX TI0POJ] COJIOHYAKOB U TaKbIPOB.

KimloyeBble cjo0Ba: cTpaTernyeckoe CbIpbe, JIMTHUH, CHOJyMeHOBble NermMaTHUThl, peAKOMeTalJbHble
rUAPOTepPMaTUTOBbIE 06pa30BaHUs, THIPOMUHEepalbHble MECTOPOXK/eHUs, Pecrty6inka Kasaxcran

rpeiiseHo-

BaarogapHocTH: CTaThs HalMcaHa B paMKax lieieBoi mporpaMmbl KoMuTteTa reosiorud MUHHCTepCTBA MHAYCTPUU U HHpa-
CTpyKTypHOro pa3Butus Pecry6imku Kazaxcran Ne BR10262555 no TeMe «TemiosHepreTU4ecKuii, MUHEPAJbHO-ChIPbEBOM U
Jlede6HO-03/J0pOBUTE/IBbHBIN NOTEHIMA/ TEPMOMUHEPAJIbHBIX U IPOMBIIIIJIEHHbIX I0/3eMHbIX BoJ KasaxcTaHa».

Jna nurupoBaHuMs: JIMTHeBbIH NOTeHIMAJ]l MHUHepalbHO-CbIpbeBOH 6a3bl Pecny6iuku Kasaxcran / M.K. A6camertos,
I'.10. Bospko, E.M. [lyToBa, JL.M. BosicyHoBckasi, H.M. UtemeH, [I.b. YeHcusbaeB // U3BecTusi TOMCKOro MOJUTEXHUYECKOTO
yHUBepcuTeTa. UHXXKUHUPUHT reopecypcoB. — 2024. - T. 335. - Ne 7. - C. 141-154. DOI: 10.18799/24131830/2024/7 /4674

Introduction Global lithium consumption in the early 1990s was

Lithium raw materials are used to ensure the produc-
tion of lithium products for the aluminum industry (in the
alumina electrolysis, aluminum alloying) [1-3], in nuclear
power engineering (coolant, hydrogen accumulation)
[4-6], in glass ceramics (lithium metasilicates) [7—9], in
lubricants [10-11], in electric batteries (electrolytes and
anodes) [12-15]. The latter usage of lithium products is
the fastest growing in terms of consumption [16-18].

9-10 thousand tons/year of 100% Li, followed by a
smooth increase in consumption to 26 thousand tons of
100% Li in 2015. Then there has been an explosive in-
crease in lithium product demand, primarily for the pro-
duction of electric batteries up to 180 thousand tons of
100% Li by 2023 [8, 11, 17-20]. The commodity flows
of lithium raw materials from producing countries to
their consumers have changed [18-20], new suppliers
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have appeared, new lithium mining and exploration pro-
jects for these raw materials are being financed. The
resumption of lithium raw materials production in the
Republic of Kazakhstan is also becoming relevant.
Manifestations of lithium mineral raw materials
were recorded on the territory of the Republic of Ka-
zakhstan for carrying out geological exploration in the
1950s and 1970s. However, due to the presence of an
operating mining production at the large and rich
Zavitinsky deposit of spodumene pegmatites in Russia
[21] relatively lithium-poor rare metal deposits of the
Irtysh province [22] at that time were of interest only
for the extraction of tantalum and tin. Lithium mineral-
ization manifestations and lithium-containing ground-
waters in the territory of the Republic of Kazakhstan
were only recorded and not studied further. The explo-
sive growth of the world consumption of lithium prod-
ucts in the manufacture of electric batteries, which be-
gan in 2015 [23], led to a significant increase in aver-
age annual prices for raw lithium carbonate from 6.5
USD/kg in 2015 to 37.0 USD/kg in 2022 [24]. As a
result, interest in investment projects of exploration
and extraction of lithium raw materials with a reas-
sessment of their technical and economic indicators
such as revenue and profitability has resumed. So, sev-
eral issues focused on the reevaluation of the state of
the lithium raw material base of the Republic of Ka-
zakhstan in the new economic conditions are overdue.

Methods

The data of lithium ore mineralization findings on
geological exploration for rare metal raw materials in
the territory of the Republic of Kazakhstan for previous
years, laboratory analyses of underground industrial
and formation waters, surface waters of lakes, as well
as factual and analytical information in literary sources
devoted to the mineral resource base of lithium of the
Republic of Kazakhstan were collected. The infor-
mation was verified from the standpoint of reliability
and generalized throughout the country.

Mineral resource base of lithium raw materials
of the Republic of Kazakhstan

Deposits and manifestations of lithium on the terri-
tory of the Republic of Kazakhstan are represented by
two types of raw materials — ore and hydromineral.
They differ in technologies of minerals processing and
logistics of location.

Lithium ore mineralization on the territory of the
Republic of Kazakhstan is represented by two geologi-
cal types — spodumene-containing rare-metal pegma-
tites and lithium-bearing greisenized alkaline granites
[25], deposits and manifestations of which are concen-
trated within the Irtysh rare-metal zone [22] (Fig. 1).

Rare-metal pegmatites are concentrated in the
Kolba-Narym ore zone (belt) within the Karagoin-
Saryozek, Asubulak and Ognevsky pegmatite fields

[22, 26, 27]. At the Bakennoe, Yubileynoe, Verkhne-
Baymurzinskoe, and Akhmetkino fields (Fig. 1), lithium
raw materials were considered as a passing component
when calculating reserves. Bakennoe deposits (residual
reserves of 8.9 thousand tons of Li,O with an average
content of 0.119% Li,O), Yubileynoe, Belaya Gora,
Verkhne-Baimurzinskoe and Kvartsevoe were devel-
oped by the Belogorsky Mining and Processing Plant for
tantalum-niobium, tin and beryllium raw materials in the
1950s and 1990s, the associated spodumen was not ex-
tracted during ore enrichment. As a result, lithium-
bearing technogenic formations, including 15.8 thou-
sand tons of Li,O with a content of 0.28-0.32% L.i,0,
accumulated in the tailings dumps of the processing
plants of Belogorsky GOK, and another 16 thousand
tons of Li,O with a content of 0.1% Li,O in the dumps
of its mines [28]. At the proved rare metal deposits of
pegmatites of the Central Flask, 36.3 thousand tons of
residual balance reserves of Li,O were taken into ac-
count, including 23 thousand tons of Li,O at the reserve
Akhmetkino deposit with a content of 0.35% L.i,O [28].

All previously identified rare metal pegmatites of the
Kolba-Narym ore zone were found in areas of massive
exposure of the Earth's surface (14% of the territory),
while the rest areas of the belt are covered by loose sedi-
ments, including the cover of the Zaisan Depression. The
fund of easily discovered deposits in the region is actually
exhausted. That is why geophysical and geochemical re-
search methods, which allow identifying overlapped and
uncovered geological objects with ore mineralization, will
be effective for searching new rare metal deposits. For
example, geochemical anomalies of lithium have been
identified in the southeastern extension of the Kolba-
Narym ore zone (Cherdoyakskaya, Burabayskaya, Kal-
gutinskaya, Karasuiskaya), which can be objects of search
and evaluation of new lithium deposits [29], as well as a
new area of spodumene pegmatites distribution, a point
southwest of the Bakennoe deposit [30].

Manifestations and rare metal deposits greisen-
hydrothermalites formations with tin, tin-tungsten, used
tantalum-niobium and lithium mineralization is denomi-
nated throughout the Irtysh rare metal zone. Lithium min-
eralization in the form of spodumene, zinnwaldite and
lepidolite identified for niobium-zirconium-rare earth
deposits in the Upper Espe, Karasu and Kokkol river, the
manifestation of Azutau and many other ore objects [31]
(Fig. 1). Interest in grazenized granites as a promising
lithium raw material appeared when the Alakhinskoe field
of spodumene granite-porphyry in the adjacent region of
the Altai mountains (Russia) was discovered [33]. This
led to the opening within the Bulb-Narym ore zones No-
vo-Akhmirovskoe deposits of lithium Topaz granites with
zinnwaldite with the author's estimates of inferred re-
sources of lithium raw materials from 32 thousand tons of
Li,O (data Altay geological-geophysical expedition) to
110 kt with Li,O content of 0.2-0.4% L.i,0 [33].
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Lithium mineral raw materials of the Republic of Kazakhstan: 1-3 - ore lithium mineralization: 1 - rare metal provin-
ces (I - Irtysh, 11 - Kokchetav), 2 - deposits (a) and manifestations (b) of spodumene pegmatites (1 - Bakennoe, 2 - Yu-
bileynoe, 3 - Verkhne-Baymurzinskoe, 4 - Belaya Gora, 5 - Ognevskoe, 6 - Akhmetkino, 7 - Tochka), 3 - deposits (a)
and manifestations (b) of rare-metal greisen-hydrothermalite formations (8 - Novo-Akhmirovskoe, 9 - Kvartsevoe,
10 - Verkhnee Espe, 11 - Cherdayak, 12 - Karasu, 13 - Kokkol, 14 - Verkhne-Irgizskoe, 15 - Drozhzhilovskoe,
16 - Smirnovskoe, 17 - Totoguz, 18 - Karaobinskoe, 19 - Zhanet, 20 - Maykol, 21 - Karagailyaktas); 4 — enterprise for
processing rare metal raw materials — Ulba Metallurgical Plant, 5-7 — hydromineral raw materials of near-oil waters:
5 - oil and gas provinces (I - Caspian, Il - Mangystau-Ustyurt, I1l - Shu-Sarsu), 6 - oil and gas regions (la - North Cas-
pian, Ib - East Caspian, Ic - East-Emben, Id - Aktobe-Priuralskaya, lla - Buzachin-North-Ustyurt, IlIb - South-
Mangystau-Ustyurt, Illa - Kokpansor, I1lb - Moyinkum, Illc - Tesbulak), 7 - oil and gas fields with lithium-bearing for-
mation waters (1 - Tokarevskoe, 2 - Tsyganovskoe, 3 - Ulyanovskoe, 4 - Gremyachinskoe, 5 - Teplovskoe, 6 - Kara-
chaganak, 7 - Urikhtau, 8 - Kenkiyak, 9 - Zhanazhol, 10 - Komsomolskoe, 11 - Ozen, 12 - Asar, 13 - Bekturly,
14 - Ortalyk, 15 - West Opak, 16 - Pridorozhnoe, 17 — Kolkuduk, 18 - Airakty, 19 - Amangeldy)

Jlumuesoe muHepavHoe cvipbe Pecnybauku Kazaxcmau: 1-3 - pydHas aumuegasi muHepaausayusi: 1 - pedkome-
masnsHele nposuHyuu (I - IIpuupmeiwckas, I - Kokuemasckas), 2 - mecmoposxcderus (a) u nposieaerus (b) chody-
MeH08bix heemamumos (1 - bakeHHoe, 2 - 06uzeliHoe, 3 - BepxHe-Batimyp3uHckoe, 4 - Beaasi I'opa, 5 - OzHesckoe,
6 - AxmemkuHo), 3 - MecmopoxcdeHusi (a) u nposigaeHusi (b) pedkomemannbHbIX 2petizeH0-2UudpomepMalumossbix 06-
pasosaHull (7 - Hoeo-Axmuposckoe, 8 - Keapyesoe, 9 - BepxHee Icne, 10 - Yepdask, 11 - Kapacy, 12 - Kokkoab,
13 - BepxHe-Hpzu3sckoe, 14 - [Jposxcacunosckoe, 15 - CmupHosckoe, 16 - Tomoeys, 17 - KapaobuHckoe, 18 - XKauem,
19 - Maiikosyw, 20 - Kapazaiinviakmac); 4 - npednpusimue no nepepabomke pedKoMemaanbHo20 Colpbsl — YAbbuHcKull
Memasnypauveckuti 3a8od, 5-7 - 2udpomuHepaibHOe Cbipbe 0KOI0HEPMSIHBIX 800: 5 — Heghme2a30HOCHble hPOBUHYUU
(1 - Hpukacnuiickas, Il - Manzvicmay-Ycmiopmckas, I11 - Ily-Capcylickas), 6 — HegpmezazoHocHble o6aacmu (Ia - Ce-
gepo-IIpukacnutickas, Ib - BocmouHo-IIpukacnutickas, Ic - BocmouHo-3m6eHckas, Id - Akmo6uHcko-IIpuypansckasi,
Ila - BysauuHcko-Cesepo-Ycmiopmckas, 1Ib - H0xcHo-MaHesicmay-Yemiopmcekas, Illa - Koknancopckas, 11Ib - MotibiH-
kymckas, lllc - Tec6ynakckasi), 7 - Hegpmezazo8ble MeCMOPO*COEHUS] C AUMUEHOCHBIMU 0KO/10He@msiHbIMU 80daMu
(1 - Tokapesckoe, 2 - lvleaHosckoe, 3 - YavsiHosckoe, 4 - I'pemsiuuHckoe, 5 - Tennosckoe, 6 - KapauazaHak,
7 - Ypuxmay, 8 - Kenukusik, 9 — XKanaoswcon, 10 - Komcomonwsckoe, 11 - O3eH, 12 - Acap, 13 - bekmypabl, 14 — Opmansik,
15 - 3anadnwlii Onak, 16 - [IpudopodicHoe, 17 — Koabkydyk, 18 - Atipakmeul, 19 - AmaHzenbdbl)

In addition to the Irtysh rare metal zone lithium
mineralization was recorded on a separate deposits and
manifestations of rare metal greisen-hydrothermalites
formations: upper-Irgiz in Aktobe region [34],
Smirnoff and Druzhilovskiy in Kostanay region [35],
Totopos in Akmola region [36], Carabinae and Zhanet

in Karaganda region [37], Mycol in Zhambyl region
and Karacailyas in Almaty region [38] (Fig. 1).

Hydromineral lithium raw materials in the territory
of the Republic of Kazakhstan are known as part of
underground industrial waters and surface waters of
saline closed lakes, but have not been evaluated for its
industrial value.
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Table. Results of testing the formation waters on Li of
the oil fields of the Republic of Kazakhstan
Ta6auya. Pe3ysbmamsl onpo6oeaHusi 0KOJ0He@PMSHbLIX
800 mecmopoxcdeHuli Pecny6auku KazaxcmaH
Ha aumuil
0il and gas taxa/HedTerasoBble TakCOHbI Li content,
Province Region Field me/l
[IpoBUH- CopepxxaHue
O6sacTp MecTopoxeHue )
s Li, Mmr/n
Tokarevskoe 13-39*
TokapeBckoe 25,1
Tsyganovskoe 2-40
. IlpiraHOBCKOE 20,6
North Caspian Ulyanovskoe 1,5-25,8
CeBepo-
N —— YabssHOBCKOE 13,5
) p Gremyachenskoe 2,2-30,0
o E 'peMayeHckoe 13,4
2 E Teplovskoe 27,3-82,5
) TenoBcKoe 42,9
= East Caspian
£ Karachaganak
= BoctouHo- 5-196
. Kapauaranak
[Ipukacnuickas
. 2,5-52,0
East-Emben Urikhtau/Ypuxrtay 29,2
BoctouHo- Kenkiyak, 0,4-10.2
IMbGeHCcKas Zhanazhol
58
Kenkusk, XKaHaxos
Buzachin-North-
g Ustyurt Komsomolskoe 6,5-18,8
E\ L, & |BysaunHcko-Cesepo- | Komcomosbckoe 10,7
=] g %5 |YcropTckas
5 = g _
JE E S South-Mangystau- Ozen/0O3eH 4"; (;5’6
B 5 |Ustyurt .
2= 7,0-12,4
g lOxxHO-MaHreicTay- |Asar/Acap 95
Yerioprckas Bekturly/BbekTyp.bl 10,2
Ortalyk/OpTanbik 30,0
West Opak 12-45
Kokpansor .
KoKIIaHCODpCKas 3anagHbii Onak 28,5
) p Pridorozhnaya 4,5-10,5
2 E [IpujopoxHoe 7,5
8> Kulkuduk 60-130
L = K 77,9
28 Moyinkum .Onbl(ym]lf
ZI MofibiHKyMCKas Airakty/A#pakTbl 16,0
= Amangeldy 12,0-37,5
AMaHTeJIb/IbI 31,0
Tesbulak Tesbulak
30-67
Tecbys1akckasi Tecbysakckas

* — the numerator - the interval of the lithium content, the
denominator - the simple average.
* - 8 uucaumesne - uHmMepeasa codeprcavull umus, 8
3HameHamese — cpedHeapudmemuveckoe 3HaYEHUe.

Lithium-containing industrial waters were recorded

during exploratory drilling for oil and gas (Fig. 1, Ta-
ble), with maximum concentrations observed within
the Caspian, Mangystau-Ustyurt and Shu-Sarysu oil
and gas provinces [39-43].

It is noteworthy that in the Orenburg oil-bearing re-
gion adjacent to Kazakhstan North Caspian region
(where lithium concentrations of 2-82 mg/I are record-
ed), lithium concentrations in formation waters reach in
the nearest to Kazakhstan areas: Chinarevskaya —
172 mg, Tashilinskaya — 99 mg/l, Mustaevskaya —
660 mg/l and Irtek — 744 mg/l [44], and in the pro-

duced water treating facility — up to 500 mg/l [45].
This may indicate the lack of representativeness of test-
ing near the oil waters of Kazakhstan oil and gas fields
for the detection of an industrially significant hy-
dromineral lithium component.

Because of the relatively low lithium concentrations
in near-oil waters, occasionally exceeding 100 mg/I,
industrial waters of oil and gas fields were not evaluat-
ed for their industrial value.

Manifestations of potentially lithium-bearing hy-
dromineral surface waters are a high brine concentra-
tion objects: the Aral Sea brine; the brine of salt
marshes and drying lakes of the Caspian lowland, the
Chu River basin and other arid regions of the Republic
of Kazakhstan. There has been no dedicated study to
assess the lithium content of surface waters of closed
lakes in the territory of the Republic of Kazakhstan.
There is scant information based on the results of stud-
ies of the Aral Sea brine on the presence of lithium in
the closed lakes (up to 65 mg/l) [46] and surface waters
of Inder lakes (8.4 mg/l) [47], Arys (up to 6.8 mg/l),
Kakshetau [48]. For most lakes of the Republic of Ka-
zakhstan, there is no information on lithium concentra-
tion in surface waters.

In the 1970-1990s, mass testing of lithium mineraliza-
tion in the waters of drainless lakes and brine of salt marsh-
es was carried out in neighboring countries. As a result,
lithium-rich lakes were discovered in China, where its in-
dustrial extraction was later organized: Taijinayer
(203 mg/l Li,0) and Daitan (161 mg/l Li,O) in the Caidam
intermountain depression, Tsabue (896-1527 mg/l Li,O)
and Dansunzo (430 mg/l Li,O) on The Tibetan Plateau
[49]. Mineralized lakes in Western Mongolia Davsan-Nur
(16.5-51.9 mg/l Li,0) and Takhim-Nur (97.9 mg/l Li,O)
have been identified [50], and industrial lithium extraction
has begun on the latter. In Russia, there was a small
amount of work to assess the lithiosity of lakes, but due to
natural-climatic conditions it was concluded that their
detection was hopeless [21].

Processing of lithium raw materials

Earlier, during the development of rare metal raw
material deposits in the Irtysh rare metal province, lith-
ium raw materials were not the subject of research for
its extraction, despite the high manufacturability of the
existing Ulba Metallurgical Plant (Ust-Kamenogorsk,
East Kazakhstan region) processing radioactive and
rare metal ores with the extraction of commercial
products of uranium, thorium, tantalum, niobium and
beryllium. In the context of a sharp increase in the
price of lithium products after 2015 the question arose
about the organization of lithium product production in
the Republic of Kazakhstan [28] and in addition to the
need for determination of state of the national mineral
resource base of lithium, the technical possibilities and
difficulties of processing lithium raw materials into
marketable products are being considered.
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A serious problem is the low efficiency of existing
technologies for processing the initial lithium mineral
raw materials.

Processing of ore mineral lithium raw materials.
Thermal decrepitation enrichment technology is mainly
used for the enrichment of spodumene ores, the disad-
vantage of which is significant technological losses,
and it is practically not suitable for lithium-poor ores
[51]. It is for poor lithium ores that it is possible to use
the lime method of processing unenriched spodumene
ores or spodumene-containing tailings of the enrich-
ment of rare metal raw materials to obtain lithium car-
bonate and cement [52, 53]. Ores of rare metal deposits
of the Kolba-Narym belt are complex and, in this case,
the most effective methods for obtaining selective con-
centrates of tantalite, beryl, cassiterite and spodumene
can be X-ray radiometric [54], gravity and flotation
[55] enrichment methods. Optimized sulfate processing
technology is possible for selectively enriched spodu-
mene concentrate [28].

Processing of hydromineral lithium raw materials.
Regarding the lithium extraction from hydromineral
raw materials, it is on the one hand an easy process
(low-energy hydrometallurgy technologies) and on the
other hand a complex one (the presence of harmful
impurities in the solution that interfere with the extrac-
tion of lithium compounds). Currently, in the pro-
cessing of hydromineral lithium raw materials, solar
halurgic technology is used, including natural evapora-
tion of brine and precipitation of lithium-enriched sed-
iment, which is difficult to apply in the relatively cold
climate of Kazakhstan [43, 55, 56]. Lithium extraction
schemes using extraction, sorption and electrolysis
from underground and surface waters with a Li,O con-
centration of more than 10 mg/dm? are also proposed
[57-59]. Cation exchange resins are offered as lithium
sorbents, both in protonated and sodium forms [59],
aluminum hydroxide and hydrated manganese oxide
[60-62], as well as strong acid cationites [63]. At the
same time, the problem of exposure to high concentra-
tions of magnesium salts that prevent lithium extrac-
tion is also solved. Sorption technologies for extracting
lithium from natural solutions have been developed for
a long time at the Institute of Solid-State Chemistry
and Mechanochemistry of the SB Academy of Scienc-
es of the USSR, but they have found real application
not in the CIS, but in the processing of lithium-bearing
brines of Lake Davsan-Nur in Mongolia (Chinese
company Lan-Ke-Lithium Co., Ltd) [64].

Results and discussion

Against the background of a sharp increase in world
prices for lithium products after 2015, the government
authorities of the Republic of Kazakhstan set tasks to
assess the capabilities of the country's mineral resource
complex for the availability and value of mineral re-

sources of lithium raw materials, as well as the possi-
bility of organizing a full cycle of its extraction and
processing with the release of commercial lithium
products directly in the Republic of Kazakhstan
[28, 65].

Full-scale specialized studies on the assessment of
lithium resources have not been conducted in the Re-
public of Kazakhstan before. No work was also carried
out to identify new lithium deposits or to determine the
significant content of this element as a by-product in
the products of processing of other types of mineral
raw materials.

The Geological Committee of the Ministry of In-
dustry and Infrastructure Development of the Republic
of Kazakhstan plans to study the mineral resource base
of rare metals, including lithium, in particular, thematic
works on verification of mineral reserves on the bal-
ance sheet, assessment of mineral resources of promis-
ing territories, financing of prospecting and exploration
of the most promising subsurface areas. Nevertheless,
the volume and scope of work are still clearly insuffi-
cient to quickly solve the creation of a full-cycle indus-
try for the extraction and processing of lithium raw
materials.

It is necessary to carry out revision thematic work
on known rare metal ore deposits and manifestations
(Akhmetkino, Yubileynoe, Ognevskoe, Bakennoe,
Karasu, Tochka, Verkhne Espe, lysor, Biesimas, etc.)
[26, 31, 66, 67], as well as prospecting work near them,
including those overlain by loose deposits using geo-
chemical and geophysical methods [26, 29, 66, 67].
The subject of the search should be not only spodu-
mene pegmatites (manifestations of Zhatysara, Red
Cordon, Urunkhai, Karmen-Kuus, etc.) and zinvaldite-
containing albitized granites (Novo-Akhmirovskoe,
Apogranite, Muncha, etc.) within the Kolba-Narym
rare metal belt, but also the peripheral flanks of the
Irtysh rare metal province [38], as well as potentially
lithium-bearing muscovite-albite and amazonite-albite
granites of the Kokchetav massif [36] and the area
around other manifestations of associated lithium min-
eralization in Aktobe, Kostanay, Karaganda, Zhambyl
and Almaty regions.

So far, according to available information, lithium
raw materials in rare metal deposits are only a passing
component in the composition of complex ores of tan-
talum, niobium, rare earths, previously of no interest
due to small concentrations and low value. Neverthe-
less, due to changes in the marketable value of lithium
products on the world market, it is possible to involve
lithium-poor ore formations in operation precisely as
an associated mineral, thereby increasing the profitabil-
ity of processing complex rare metal ores.

Residual reserves of lithium raw materials of rare
metal deposits of the Kolba-Narym ore belt in the
amount of 36.3 thousand tons of Li,O are reliably
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known, including 23 thousand tons of Li,O at the pre-
viously undeveloped Akhmetkino deposit. The re-
sources of the spodumene in the technogenic deposits
of tailings dumps and dumps of the Belogorsky GOK
(32 thousand tons of Li,0O) are also considered, and the
forecast resources of the Novo-Akhmirovskoe deposit
of zinnvaldite-bearing granites (32-110 thousand tons
of Li,O) are estimated.

Currently known objects of lithium-bearing com-
plex rare metal deposits of the Republic of Kazakhstan
can be considered as objects of extraction, primarily
tantalum, niobium and beryllium with associated ex-
traction of spodumene concentrate. These are the
Bakennoe, Ognevskoe, Akhmetkino and Yubileynoe
fields, which need to be explored on the flanks and
depth. At the Bakennoe field, work is already planned
by GRK Ognevsky GOK LLP to resume production of
tantalum and beryl with the associated extraction of up
to 2.5 thousand tons/year of spodumene concentrate
[68, 69]. Processing of the obtained ore concentrates is
planned at the existing Ulba Metallurgical plant of Ka-
zatomprom (Ust-Kamenogorsk, East Kazakhstan re-
gion).

With the resumption of work at the facilities of the
Belogorsky GOK, it is possible to organize the pro-
cessing of technogenic deposits of tailings dumps and
refuse heaps in order to extract tantalite, beryl and
spodumene concentrates, with their subsequent pro-
cessing at the Ulba Ministry of Health of Kazatom-
prom.

To assess the development possibilities of the No-
vo-Akhmirovskoe deposit of zinnvaldite-bearing gran-
ites, it is required to conduct geological exploration
with reserves calculation, as well as technological re-
search on the enrichment of zinnvaldite ores and zin-
valdite processing into commercial lithium products.

With regard to hydromineral resources of the Re-
public of Kazakhstan, the situation is more complicat-
ed, there is clearly insufficient information on the
completeness and reliability of testing of near-oil wa-
ters and brine of drainless lakes.

The highest concentrations of lithium were record-
ed in the near-oil waters of the Karachaganak oil and
gas fields (up to 196 mg/l Li,O) in the East Caspian oil
and gas region, Kolkuduk (up to 130 mg/I Li,O) in the
Moyinkum region, Teplovskoe (up to 82.5 mg/l) in the
North Caspian region, Urikhtau (up to 52 mg/l) in the
East Embenskaya region, and the Western Opak (up to
45 mg/l) in the Kokpansorskaya region, however, their
testing data are isolated and require verification. The
assessment of lithium resources of near-oil waters
based on a limited array of sampling data may lead to a
formal conclusion that it is hopeless to detect large and
rich  hydromineral lithium-bearing  groundwater
sources, at a time when they exist in adjacent oil and
gas regions of Russia [44, 45].

Systematic testing of underground waters of oil and
gas fields for lithium should be resumed. At the same
time, during the audit of near-oil waters of oil and gas
fields at operating enterprises, it is necessary first of all
to assess the concentration of lithium in the raw water
of oil dewatering devices, in which lithium products
accumulate 2-5 times higher compared to groundwa-
ter. For example, at the Orenburg NGCM, the concen-
tration of lithium reaches 500 mg/l Li,O, with its con-
tents in near-oil waters 50-100 mg/l [45].

With regard to the lithium content of the closed
lakes of the Republic of Kazakhstan, it should be noted
that there is almost complete absence of reliable data
on testing their waters. Lithium is concentrated in the
bottom brine and sorbed in the bottom silt, and when
testing the surface waters of lakes, a distorted (underes-
timated) assessment of their lithium content may be
formed. Considering the fact of the discovery of lithi-
um-bearing hydromineral lake deposits in adjacent are-
as of China and Mongolia, it is necessary to take very
seriously the program for studying the lithium-bearing
capacity of drainless lakes of the Republic of Kazakh-
stan. The assessment of the projected lithium resources
in the drainless lakes of the Republic of Kazakhstan is
still premature due to the lack of available information.

The Geological Committee of the Ministry of In-
dustry and Infrastructure Development of the Republic
of Kazakhstan is planning thematic work on assessing
the lithicity of drainless lakes as objects with a high
concentration of brines, namely: saline clay rocks of
Takyr, brine of the Aral Sea, brine of salt marshes and
dried or drying lakes of the Caspian lowland, the terri-
tory of the Chu River basin and other areas of the Re-
public of Kazakhstan with characteristic natural and
geological conditions of possible formation of hy-
dromineral lithium deposits.

Separately, it should be noted that in the quarry wa-
ters of the Zavitinsky rare metal deposit (Russian Fed-
eration), the lithium concentration is 2607-3877 mg/I
Li,O [70] and similar lithium enrichment conditions
may occur in mine and quarry waters at the closed
Belogorsky GOK in the East Kazakhstan region. This
is another possible area for the development of lithium-
bearing groundwater in the Republic of Kazakhstan.

New sorption technologies for lithium extraction
from natural solutions allow the development of lithi-
um-bearing brines with relatively low lithium concen-
trations (Davsan-Nur Lake in Mongolia with a concen-
tration of 16.5-51.9 mg/l Li,O, operated by the Chi-
nese company Lan-Ke-Lithium Co., Ltd [65]) and it is
possible to implement it at lithium-bearing hy-
dromineral facilities of the Republic of Kazakhstan.

Conclusion
The leadership of the Republic of Kazakhstan, after
a sharp increase in world prices for lithium products,
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has set the task of assessing the national mineral re-
source base of lithium raw materials in order to organ-
ize a full cycle of its extraction and processing with the
release of commercial lithium products directly in Ka-
zakhstan.

There are ore deposits of scapolite pegmatites and
lithium-bearing greisen-hydrothermal formations on
alkaline granites within the Republic of Kazakhstan.
The residual reserves of lithium raw materials of previ-
ously developed rare metal deposits in the amount of
36.3 thousand tons of Li,O are reliably known, the re-
sources of spodumene in technogenic deposits of tail-
ings (32 thousand tons of Li,O) are also taken into ac-
count, and the authors' estimates of the forecast re-
sources of the Novo-Akhmirovskoe deposit of zinc-
bearing granites (32-110 thousand tons of Li,O) are
also given.

The well-known complex rare metal deposits of the
Republic of Kazakhstan (Bakennoe, Akhmetkino,
Ognevskoe and Yubileynoe) can be considered as ob-
jects of extraction, primarily as deposits of tantalum,
niobium and beryllium with associated extraction of
spodumene concentrate. GRK Ognevsky GOK is al-
ready planning to resume production of tantalum and
beryl (with the associated extraction of spodumene
concentrate — up to 2.5 thousand tons/year) at the
Bakennoe deposit and processing of the ore concen-
trates obtained at the existing Ulba metallurgical plant
of Kazatomprom.

With regard to the production of prospecting works
for lithium, thematic and revision work is needed to
search for spodumene pegmatites and lithium-bearing
albitized granites within the Kolba-Narym rare metal
belt and on the periphery of the Irtysh rare metal prov-
ince, as well as lithium-fluoride muscovite-albite and
amazonite-albite granites of the Kokchetav massif and
other lithium manifestations in Aktobe, Kostanay, Ka-
raganda, Zhambyl and Almaty regions.
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MaTeMaTH4YeCKHE MOAE/IH U AJITOPUTMBI JJIs1 MPOEKTHPOBAHUA
MarvcTpaibHOro Tpy6onpoBoJa TPAaHCIOPTHPOBKH reopecypcoB
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AHHOTanua. AKmyaasHOCMb UCCIe0BaHUS OlIpeie/isieTCs] NPaKTUIeCKON BaXKHOCTBIO 3a/1a4 MPOEKTUPOBAHUS CeTel HH-
YKEHEepPHBbIX KOMMYHHUKAIMH, a UMEHHO 33aZlad ONTHMH3AIUN CTPYKTYPbl MaruCTpajbHOr0 TPyOGONPOBOJA 1O HECKOJBKHUM
KPUTEPHUSM, TAKUM KaK 3KOHOMHYHOCTbD, HaJIeXKHOCTb U JPYHM, B YCJIOBHUSAX OTPAaHUYEHUH, HAIpUMep, COBMECTHMOCTh pas-
JINYHBIX TUIIOB MH)XEHEPHBIX KOMMYHHMKalLMH. Tak Kak MarvcTpajJbHbIH TPyOGONpPOBOJ NMPOKJIAAbIBAETCS HA MECTHOCTH C
Pa3IMYHBIMU GU3UKO-Te0JI0rH4ecKUMU GaKTOpaMy, IPUPOJHBIMU U CUTYAlMHHBIMU YCJIOBHUSMHY, B Ka4eCcTBe IJ106aJIbHOT0
KpUTEpHs 1[eJeCO0OPA3HO NPUHATH HAAEXKHOCTh ero GpyHKIMOHMPOBAHHA. 3aZiadya ONTHUMHU3ALMU CeTed BIEpBble Ipej-
CTaBJIeHa KaK OTOOpakeHHWe MarruCTpajJbHOro TPyOONpoBOJa MO BHIOPAHHBIM MapLIPyTaM B TPEXMEPHOM HPOCTApHCTBE,
YUUTBIBasl pas3/iMyHble CyllecTBYOLIMe KOMMYHHUKALMHU U OG'BbEKTHI, a TaKXKe BbICOTHble OTMETKU MeCTHOCTH. B pabGore
npeJcTaBJieHbl 3ala4y ONTUMHU3ALMHY ceTell KaK HePePbIBHOH, Tak U AUCKPETHON NOCTAaHOBKAX, a TAK)Ke U3y4YeHbl pa3/iny-
Hble [0Ka3aTe/Ju Hafle)KHOCTH QYHKLMOHUPOBAHUS MarucTpalbHOro Tpy6onpoBoza. Llesw: paspaboTka Mojesu NpokJa-
JbIBaHHUS1 MaruCTpaabHOTO TPy6GONpPOBOAA B TPEXePHOM NPOCTPAHCTBE, KOTOpasi TaKXKe YYUTBAeT HaleXKHOCTb QYHKIMOHU-
pOBaHHUSA TPy6GONPOBOAHOIO TPAHCIOPTA; CPAaBHUTEJIbHBIA aHA/IN3 [J1s1 pa3/IMUHbIX [IOKa3aTesel HaleXXHOCTH U TOMOJIOTHH
MarucTpajabHOro Tpy6onpoBoja. 06seKkmbl: VHXeHepHble KOMMYHUKALMU U CeTH, NIPOKJIajiblBaeMble B TPEXMEPHOM Ipo-
cTpaHcTBe. Memodul: MeTO/jbl BApHALlMOHHOT'O UCUHUCIEHHS], METOAbI AUCKPETHON ONTHMU3ALUH, MeTO/ibl TeOpHUHU IpadoB U
TeOpUHU runepceTel, MeTOAbl aHA/IN3a HaZEXKHOCTH ceTel. Pezys1bmamel. 3afadya ONTUMHU3ALMHA MarucTpajabHOTO TPy6o-
MPOBOJHOTO TPaHCIOPTA NOCTaBJeHa C Y4eTOM ero BJOXXeHHOCTHU N0 MapUIpyTy B TPeXMepPHOM NpPOCTPAHCTBe C BbIGOPOM
KpUTepHs ONTUMHU3ALMH (3KOHOMUYHOCTD, HAZIEXKHOCTD U T. I1.). 3a/ja4ya Npe/icTaBjeHa B BUJie HelIpepbIBHON U AUCKPETHOMN
MOCTaHOBOK, YTO BAaXKHO [JIsl ee pa3BUTHUs B paMKaxX TEOPHUH BapHaLMOHHOTO MCYMCIEHHUS U JUCKPEeTHOM ONTUMH3alUu.
B HacTosel paboTe 3aAaua 6blJa UCCeJ0BaHa B paMKaxX Teopuu rpadoB U runepceTei, KOTOpble MO3BOJSAIOT, BO-NEPBBIX,
YUUTBIBATb BJIOXEHHOCTb OJHOM CTPYKTYpbl (MarucTpajabHOTO Tpy60ONpoBoAa) B APYryio (AUCKPeTHBIN aHaJIOT TpexMmep-
HOTO MPOCTPAHCTBA) M, BO-BTOPBIX, HArJIAJHO NPOUJLIIOCTPUPOBATh pe3y/bTaThbl YHCAEHHBIX 3KCIlepUMeHTOB. [lokasaHo,
YTO B YCJIOBHUAX 3a/laHHOTO MHOXECTBA CIOCOG0B MPOKJIAJKU BTOPUYHOM CETH MO KaHajlaM NepPBUYHOM IOJIy4aroTcs pas-
JINYHBbIE ONTHUMaJbHble CTPYKTYPhI IPU PaCCMOTPEHUH B KadeCTBe KPUTepHUs pa3/INYHbBIX NTOKa3aTeseldl HaZeXXHOCTH, 4TO
MOXET GbITh UCIOJb30BAHO [J/I1 peasn3alii POEKTHOTO pPelleHHUs [0 CTPOUTENBCTBY U IKCIIyaTallMi TPYy6ONpOBOAHOTO
TPaHCIOPTa Pa3JIMIYHOTO Ha3HAYEHHUSs.

KiroueBble c/10Ba: HaJieXKHOCTb MarucTpalbHOr0 Tpy6onpoBoza, rpad, runepceTb, TpeXMepHas 06/1aCThb, 3BOJIIOIMOHHbIE
aJITOPUTMBI
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Abstract. Relevance. The practical importance of the tasks of utility networks design, namely, the problems of optimizing the
structure of the main pipeline according to given criteria, such as efficiency, reliability etc., under conditions of limitations, for
example, the compatibility of various types of utilities. Since the main pipeline is laid on the ground with various physical and
geological factors, natural and situational conditions, it is advisable to take the reliability of its operation as a global criterion. The
task of network optimization is proposed in the form of displaying the main pipeline along the selected routes in three-
dimensional space, which considers various existing communications and objects, as well as elevation marks of the area. The
paper presents the problems of optimizing networks, both in the continuous case and in the discrete case, and also studies vari-
ous indicators of the reliability of the operation of the main pipeline. Aim. To develop a model for laying the main pipeline in
three-dimensional space, considering the reliability of the pipeline transport; to conduct a comparative analysis for various reli-
ability indicators and topologies of the main pipeline. Objects. Utility communications and networks laid in three-dimensional
space. Methods. Calculus of variations, discrete optimization methods, graph theory and hypernet theory methods, network reli-
ability analysis methods. Results. The task of optimizing the main pipeline transport is given taking into account its nesting along
the route in three-dimensional space with the choice of an optimization criterion (economic efficiency, reliability, etc.). The prob-
lem is presented in the form of continuous and discrete formulations, which is important for its development both within the
theory of the calculus of variations and discrete optimization. In this work, the problem was studied within the framework of the
theory of graphs and hypernets, which allow, firstly, taking into account the nesting of one structure (main pipeline) into another
(a discrete analogue of three-dimensional space) and, secondly, clearly illustrating the results of numerical experiments. It is
shown that under the conditions of a given variants for laying a secondary network along the primary channels, various optimal
structures are obtained when considering various reliability indicators as a criterion, which can be used to implement a design
solution for the construction and operation of pipeline transport for various purposes.
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BBenenue
B cratee wuccnenyroTcs 3amayd  ONTHUMM3ALUHU

[2-8]. Takum 00pa3oMm, BO3HHMKAET MHOTOKPUTEpPHAIIb-
Had 3a7ja4a, B KOTOPOM MIIETCS SKCTPEMYM HEKOTOPOU

MapuipyTOB TPOKIAIBIBAHUS MarucTpalbHOTO TpPyOo-
MPOBOJA I TPAHCHIOPTUPOBKH T'€OPECYPCOB IO KpUTE-
PHIO PKOHOMHYECKOH I1e71eco00pa3HOCTH MPOEKTHOTO
pellleHns, HAJeKHOCTH HX (PYHKIIMOHUPOBAHUS C yue-
TOM COBMECTHMOCTH KOMMYHHKAITHHA Pa3IHMIHBIX TUIIOB
TpyOONPOBOJHOIO TPAaHCHOPTA, MPOKIAJBIBAEMBIX B
OJTHOM HarpaBjieHuu. [IpeacraBieHHbIE HCCIETOBaHUS
SIBIISTFOTCS JIOTUYIECKUM TIPOJIOJDKEHHEM paboThl [1].
3agaun B 0O6nacTé HOOBIYM U TPAHCIIOPTHPOBKU Te-
opecypcoB (ra3, He(Th, BOja) CBA3aHBI C OCBOCHHEM
HCTOYHUKOB PECYPCOB, HX JOOBIYEH M IEPBIYHON TIepe-
paboTkoii, ompeznereHueM TpeOyeMbIX OOBEMOB JUIA
MOTpeOUTENe, a TakKe TPaHCIIOPTHPOBKOM U pacripe-
JETICHHEM JTHX pPECypcoB MEXIy MOTPEOUTENSIMU

LeNeBOH (DYHKIMY TPU 33JaHHBIX OTPAaHUYCHUSIX U Tpe-
O6oBanusx. llogoOHas MHOTOKpHUTEpUalbHas 3ajaya
MOXeET OBITh CPOPMYJIHPOBaHA CICIYIOIIUM 00pa3oM:
W3 MHOXECTBA BapHAaHTOB HEOOXOAMMO BBIOpATh MPO-
€KTHOE pellieHHe MPH 3aJaHHBIX OTPaHUUYEHHUSX, 00ec-
TIeYMBArOIee MUHAMYM CYMMAapHBIX 3aTpaT, IPH yCIIo-
BUH, YTO NPOEKTUpyeMasi MarkcTpaibHas ceTh JIOJDKHA
yIIOBIIETBOPATH 33JJaHHOMY TOPOTY HaAexHOCTH. [Ipy-
rast (GOpMyIMPOBKA COCTOUT B 3aMCHE ONTHMHI3HPYEMO-
IO KpUTepHs Ha HaJeKHOCThb (€CTECTBEHHO, C IEepexo-
JIOM OT MUHMMU3AIMK K MAaKCUMU3AIUH LIeNeBON (DyHK-
IIMH), @ TOPOTOBOTO MOKA3aTeIIsl — HA CTOMMOCTb.
[TomoOHBIe 3amaun sABIAOTCS NP-TpyIHBIMH, YTO
ObU10 uccnenoBaHo B [1]. B nanHo# padote mpoaHanu-
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3UPOBAHbI NOKA3aTeIN HAJICKHOCTH 3JIEMEHTOB MPOEK-

TUPYEMOTO MarucTpaJIbHOTO TPYOOIpPOBOJa, KOTOPBIi

OCYILECTBIIIET IOCTaBKU T'€OPECYpPCOB MEXAY 3alaH-

HBIMH MHOXXECTBaMH TOYEK B TPEXMEPHOM IMPOCTPaH-

ctBe DcR®. MHokecTBa TOUYeK B TPEXMEPHOM TIpO-

cTpancTBe D MOTYT SIBIATBCS YUKCHPOBAHHBIMH M HH-

TEPIPETUPYIOTCS KaK UCTOYHUKHU T€OPEeCpPyCcoB, TOTpe-

OWTeNM M KaKue-TM00 MPOMEKYTOUYHBIE TOYKH, TaKHE

KaK pacrpeienauTeIbHble MyHKThl, HACOCHBIE CTaHIIUH,

MOJICTAHIIMHU U T. II.

B 3aBucHMOCTH OT KOJIMYECTBAa TOUYEK B MPOCTpaH-
ctBe D MBI MOXeM MepelTH K PEeICHHIO OHOM U3 clie-
JOYIOLIUX MoJ3a1au:

e TIPOKJIagKa JUHEHHOTo rpad)a M3 TOUKH A B TOUKY
B;

e TIPOKJIAJKA 3BE3]IbI U3 TOUKU A B Touku B,B,,...B,,
B KOTOPOM A — HCTOYHHK reopepcypea, B1,B,,...By —
moTpeduTeN (MM Hao0OpOT — HECKOJBKO IMOTpe-
OuTenei, OJJMH UCTOYHHK);

® TIPOKJIAJKa IMOJIHOTO WIJIM HEMOJHOTO JIBYIOJIEHOTO
rpada  MeXIy  HCTOYHHKAaMH  T'€OPECypcoB
A1,A,...An u iorpeduteneit By,B,,...B,.

Huxe Mbl uccrenyem 3aadu MPOKIIaAbIBAaHHUS Ma-
THCTPAIBLHOTO TPYOONPOBOJA B TPEXMEPHOM IIPO-
CTPAHCTBE 10 KPHUTEPUIO IKOHOMHUYECKOH I(PPEeKTHB-
HOCTHU MPOEKTHOTO pelIeHHus, B KOTOPOM OyIyT ydTe-
HBI BBICOTHBIC U CUTYAI[IOHHBIC OTPaHUYCHUS, a TAKKE
HaJIC)KHOCTH ero (pyHKIHOHHpoBaHUs. B kadecTBe Me-
pBl HAJEKHOCTH MAaruCTpalIbHOTO TPYyOOIpoBoaa B
YCIIOBHSIX BOBMOYKHBIX OTKa30B 3JIEMEHTOB NIEPBUYHOMN
CETH NPOAHAIM3UPOBAHBl HECKOJIBKO aJIbTEPHATUBHBIX
MOKa3aTesln HaJle)KHOCTEH, TaKHe KaK: MUHUMYM Cpelln
BEpPOSITHOCTEN CYIIECTBOBAHUA ITyTEH MEXAY 3a/JaH-
HbIMU IapaMM BEpIUUH, CPEAHAA IapHas HaJeXKHOCTh
U BEPOSTHOCTb CYILIECTBOBAHUS MyTEH Mexay 3aaaH-
HBIMH TapamMH BeplMH. [IpM 3TOM [OMKHBI OBITh
YYTEHBI OCOOCHHOCTH MECTHOCTH, IO KOTOpOi Oynmer
MPOKJIA/IbIBAaTbCA MarucTpaibHbli TpyOomnposoa. s
9TOH IeNN paccMaTpUBAETCsl AUCKPETHBIM aHanor oo-
JACTH JJIS TPOKJIAJBIBAHUS MAaruCTpallbHOTO TPyOO-
MPOBOJIA B BHAEC MaTeMaTHYECKOW Win u(POBOH MO-
JIeT MECTHOCTH. B nanpHeilimem OyAyT mocTaBiICHBI
3alaud Ha S3bIKE€ TEOpUHU TIHIepceTed, B KOTOPOM
CTPYKTypa MPOEKTUPYEMOTO MarucTpaibHOTO TPyOO-
MIPOBO/Ia MOJIENUPYETCs B BUAE rpad)a BTOPUUHOM ceTu
SN (secondary network), auckpeTHbIii aHaor 06IaCTH
pasMerieHuss — B Buue rpada meppuuHord cetd PN
(primary network), a wMapmpyThl MOPOKIaIbIBAHUS
(oToOpaxkenusi) BropuuHOH cetu SN B NEpPBUUHYIO
cetb PN monmenupyioTcss B Buie NBYXYPOBHEBOW TH-
nepcreru HN (hypernet).

T'unepceTeBast MOJE/Ib NPOKJIAALIBAHUS
MarucTpajasHOro TPy6OonpoBoAa

IlycTh CTPyKTypa MaruCTpainHOTO TPYyOOTPOBOIA
npencrasinena rpagom SN=(Y,R), B koropom Y — mHO-

JKECTBO TOYEK B IPOCTPAHCTBE, MOJOXKEHUS KOTOPBIX
3a(pUKCUPOBAaHBL. DTH TOYKH NPEACTABISAIOT UCTOYHHU-
KA TEOpPECypCOB, MOTPEOUTENEH, a TaKKe IIPOMEXKY-
TOYHBIC Y37l B BUAE PACIPEOCTUTEILHBIX MYHKTOB,
HACOCHBIX CTaHLUWH, MOACTaHIMI U T. 1. Hanuune ped-
pa MEeXIy HAMH 03HadaeT He0OXOIUMOCTb COSANHHUTH
COOTBETCTBYIOIIUE O0BEKTHI KAHAJIAMH CBSI3H.

PaccmoTpuM JIUCKpETHBIH aHAIOT MPOCTPAHCTBA
DcR®, B KOTOPOM TPOKJIAIbIBACTCS MaruCTpaabHBIN
TpyOOIIPOBOAHBINA TpaHCHOPT (B JAHHOM KOHTEKCTE
R — MHOXecTBO BeliecTBEHHBIX uncen). [l ero npen-
craBineHusi Oymem wucmoib3oBath rpad PN=(X\V), B
KOTOPOM X — 3TO MHOXECTBA y3JI0B, a V — MHOKECTBO
pebep (OyaeM Ha3bIBaTh MX BETBSIMH), CBS3BIBAIOIIMX
COOTBETCTBYIOIIME TIIapbl Y3JOB W3 MHOXecTBa X.
Hamuume takoro pebpa mpenrmonaraeT BO3MOXKHOCTH
(U3NYECKH COeTMHUTHh COOTBETCTBYIOIIME TOYKH MPO-
CTpaHCTBa.

Torma mpoxmageiBanue (OTOOpakeHHWE) Maru-
crpanporo Ttpy6omnposoga SN=(Y,R) mo cootBet-
cTByroumM Mapuipytam B rpade PN=(X,V) 3anaercs
JIByXYPOBHEBOH THIIEPCETHIO, KOTOpAsl OIPENeIeTCs
cienyromuM obpazom [9]:

Onpeoenenue: Tumepcets HN=(X,V,R P,W,F) — s10
HepapXUIECKUN MaTEMaTHIECKUI OOBEKT, COCTOSIIINN H3:
e Ha YpOBHE ICPBUYHOMN CETH:

X=(X1,X2,...Xn) — MHOYKECTBA BEPIIIHH;
V=(V1,Vy,...Vg) — MHOXKECTBA BETBEH;

PV—2* — OTOOpaKEHHUs, COIOCTABIISIONICEe
KaxaoMy anemeHty VeV muoxectBo P(v)cX
€ro BepIIWH, ompezensioniee rpad nepBHUHON
cetu PN=(X,V;P);

e Ha YPOBHE BTOPUYHOM CETH:

— Y=(Y1,Y2,...Yp) — MHOXKECTBA Y3JIOBBIX 3JIEMEH-
TOB MarucTpajIbHOTO TPYOOIIPOBOA;

— R=(ry,rp,...rn) — ™HOXecTBa pebpa (Mmaru-
CTpaJIbHBIE TPYOOIIPOBOIBL);

— Wir—2PFM) OTOOpaXEHUE, COMOCTABISIONIEE
KOKIOMYy DdleMeHTy [FeR  moaMHOXecTBO
W(r)cP(F(r)) ero Bepmun, rae P(F(r)) — muO-
’KecTBO BeplimH PN, WHIMICHTHBIX BETBSIM
F(r)cV, onpenensironiee rpad BTOpUIHOU CETH
SN=(YcX,R;W). B nannom ciayuae SN cooTBet-
CTBYET CTPYKTYpE NPOEKTUPYEMOW CETH KOM-
MYHUKAIHH.

Tormna oroOpaxkeHue F:R—>2V, COIIOCTABJIAOLIEE
KaxaoMy pedpy reR rpada Bropuunoii cetn SN ompe-
JENICHHBI MapIIPyT U3 BeTBeil VeV B rpade mepBud-
Hoii cetn PN, onpenenser runepcetsb. Takum o0pazom,
B3aUMOJCUCTBHE MAarucTpajbHOTO TPYyOOIpOoBOma U
TpexXMepHO o00JacTu ompeaensercss rumneprpapom
(hyper graph) HG=(V,R;F), 1. e. BeTBs V€V Tpacha PN
MHIUICHTHA pebpy reR Torma u Tonpko TOrma, Korxa
pebpo I mpoxoauT (peaaru30BaHO) MO COOTBETCTBYIO-
niei BeTBH V, a BioxeHue rpada SN B PN onmchiBaeT-
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cs runepcetbio HN, KoTopas 0JJHO3HAYHO OmpeemseT-
cst tpoiikoit (PN,SN;F) .

[Ipeamonaraercs, uro rpadel PN u SN HeopueHTH-
poBannble. Ha puc. 1 rpad nepeuunoit cetu PN mpen-
CTaBJICH B BHJIC PELICTKH, a Tpad BTopuuHOoit cetn SN —
B Buae mapmpytoB B PN R={(1,4,5),(1,4,7),(7,8,9)}.

) @

©

<)

e

Puc. 1.
Fig. 1.

IIpumep 2unepcemu
Hypernet example

OTMeTHM, 4TO B 3aBHCUMOCTH OT BHUJA OTOOpaxke-
HUS (CIOPBEKTHBHOE, HHBEKTHBHOE WIH OMEKTHBHOE)
pebep rpada BropuuHOH cetm SN IO COOTBETCTBYIO-
oMM MapipyTam rpada nepsuunoit PN, T. e. B 3aBu-
cumocti or F:R—>2', Bo3HMKAaIOT pasnmuHBIe IpPH-
KJIaJ{HBIE 33724y B 00JIACTU MIPOEKTUPOBAHUS U CTPOU-
TENIBCTBA HMHXCHEPHBIX KOMMYHHUKAIUN Pa3IHIHOTO
Ha3HAYCHHS.

MaTeMaTH4YecKHe MO/ie/IM MECTHOCTH
TpexmepHoe npocmpaHcmeo

[Ipennonoxxum, 4to 001acTh MPOKIAABIBAHHUS Ma-
THCTPAIBHOIO TPYOOIPOBOAHOIO TPAHCIOPTA pac-
CMaTpHUBAETCS KaK TPEXMEPHOE TUCKPETHOE MPOCTpaH-
CTBO DgR3, cojiepxaiiee B ce0e CyIECTBYIOIINE KOM-
MYHHKAIIMA ¥ CETH, a TaKXe MPUPOJHBIC W CHTYyaIlH-
OHHBIE OTPaHUYCHUS.

y 1 X

2.  Jluckpemuulli aHas0e 064acmu npokAadbI8AHUS —
epag PN=(X,Y)

Discrete analog of the laying area is a graph
PN=(X)Y)

B 3aBHCHMOCTH OT paCIONOKEHUS COCIUHIEMBIX
map ToueK (00HA U3 KOMOpPwIX 6cec0d Cmapmosas, d
Opyeasi KOHeuHAsl), MeTPIUICCKUE XapaKTEPUCTUKH MEXK-
JTy HUMU OTIPEIEIISIETCSI CIEIyIOIUM 00pa3oM (puc. 2):
e p=(AB)=l, ecnu y3m61 A u B uMeroT oaMHAKOBBIC

OTMETKH;

e p(AC)=4I>+h , ecim y3nmer A u C nmeror pas-

HBbIC OTMCTKH,

e p(B,J)=421"+(h,+h)?*, ectu y3mer B u J

HUMEIOT Pa3Hble OTMETKH (IMaroHajib ¢ ABYMS CTY-
TICHSIMHU )
e o(D,F)= I\/2, ecnmu y3ne1 D u F umeror oxuna-

KOBBIE OTMETKH (AMAaroHajb);

e p(AG) :m, ecmu y3u6l A 1 G HMeEIoT

pa3HbIe OTMETKH (JTHAroHajb C OJTHOU CTYIICHBIO).

Bo3MoxHbIE HAIUTABICHUS MEPEX0la W3 TOYKH
A(X1,y1,21) B Touky B(X2,Y2,22) B TpexmepHOM Ipo-
CTPaHCTBE MOXHO MPEACTABUTh KaK B HENPEPBHIBHOM,
TaK ¥ B TUCKPETHOH (opme, B 3aBHCUMOCTH OT CIIEI[H-
¢uxu perraemoit 3amaun [10, 11].

Ecnu pemiaercs HempepbIBHasl 3ajada, TO TOYKa
A(X1,Y1,Z1) COBIAmaeT ¢ BEpIIUHOW KOHYCa, a OIHO U3
BO3MOXKHBIX IOJIOXKeHUH Touku B(Xz,Y2,22) — ¢ ero oc-
HOBaHHUeM (pHc. 3, a).

Puc. 3. (Ces3Hocmb nap eepwuH 8 mpexmepHoM NPOCMpaH-
cmee 8 Henpepbl8HOM cayyae (caega) u duckpem-
HoM cayuae (cnpasa)

Fig. 3.  Connectivity of pairs of vertices in three-dimensional

space in a continuous case (left), and in a discrete
case (right)

B jmcKpeTHOM ciiydae CBSI3HOCTH TIaphl BEPIIHH
A(Xp,y1n,21) 1 B(Xp,Y2,2,) tpada PN B TpexmeprHoM mpo-
CTPaHCTBE MOXXET OBITh OIMpEIeNcHa MO MPHHIUITY YeThI-
PEXCBSIBHOCTH  [X1—Xg|HY1—Yo| HZ1i—Z2<1 (puc. 4, a) wm
BOCBMHUCBSIBHOCTH [X1—X[<1, |y1—Y2|<1 1 [21—25<I (puc. 4, 6).

1

Puc. 4. IlpuHyunsl cesasHocmu moyek 8 OUCKPEemHOM CAy-
yge: 4Yembvlpexcesi3HOCMb (c/1eea) U B80CbMUCB3S-
Hocmb (cnpasa)

Fig. 4. Connectivity principles of points connectivity in the

discrete case: the four-connectivity (left), and the
eight-connectivity case (right)
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B  nauckperHoM ciydae KOOPIMHATBI — TOYKH
B(X2,Y2,Z2) MOTYT HAXOUTHLCS B OJHOM U3 YETHIPEX UITH
BOCHMH IIOJIOKCHUH, B 3aBUCHMOCTH OT IIPUMEHSIEMOTO
THUIIa CBSI3HOCTH. B CBOIO OYepens, THII CBSI3HOCTH 3a-
BUCUT OT CJI0KHOCTH IIPOCTpaHCTBa DcR®, B KOTOpPOM
MPEIONIaracTcsl MPOKIIAABIBATE MAarHCTPAIBHBIA TPY-
00IpoBOI.

ITocraHOBKa 3aJa4m

HenpepbvleHas nocmaHoeka
Hioke Mbl IpUBOIMM OOLIYIO MMOCTAHOBKY 3a/1a4d

MPOKJIA/BIBAHUSI MATUCTPAIBHOTO TPYOOIPOBOIA MEK-

Iy 3aJlaHHBIMH MHOXXECTBAMH TOYEK B TPEXMEPHOM

MPOCTPAHCTBE B HEMPEPHIBHOMN MMOCTAHOBKE.

Ilycts:

e 4(X,y,Z) — NPOU3BOJIBHBIA MapUIPYT MEXKAY 3a/aH-
HBIMH mapamu To9ek A(X1,Y1,21) 1 B(X2,Y2,22);

o f(X,y,2) — QyHKUMSA yOEIBHBIX 3€MJISHBIX pPabOT
(OArOoTOBKA MOJIOCHI, PHIThE TPAHIIEH, KOJJIEKTO-
POB, MOA3EMHBIX TYHHEJCH U T. 1.) B Toukax (X,Y,Z)
TPEXMEPHOIO0 IIPOCTPAHCTBA DcR®. Oma moxer
OBITh HENPEPBIBHON, KyCOYHO-HENPEPHIBHOW WIIN
JIMCKPETHOU B 3aBHCHMOCTH OT 00JIaCTH OIpe/elie-
HUS TaHHOU (pyHKINH;

e 0(X,y,z) — GyHKIMS yIEeNbHBIX CTPOUTEIBHBIX 3a-
TpaT MarucTpaibHOrO TpybompoBojaa (mpuodpere-
HUST M1 MOHTa)X) B Toukax (X,Y,Z) TpeXMepHOro mpo-
CTpaHCTBA DcR®. Ona MOKET MEHSTBCS U3 TOUKH B
TOYKY B 3aBUCUMOCTH OT KaTeTOPUH MECTHOCTH.
Cornacto [12], nnmuHa npocTpaHCTBEHHOW KpUBOM

Has(X,y,2), 3amaHHOW cucTeMol ypaBHeHHd Y=Y(X),

z=z(x) u mnpoxopsuiedn ueped Toukd A(Xy,Y1,Z1) #

B(X2,Y2,22), paBna

1) = [ I, OF +[2,00F . ()

B Hamem ciydae JuiMHa TpexmepHoO# kpuBoit (i)
paBHa (TOXIECTBeHHA) JuIMHEe BeTBU VeV rpada mep-
BuuHoii cetu PN, T. e. 1()=I(v).

[MoneiaTerpasibHOE ypaBHeHHE B (1) 0003HaYMM Kak
dl, . e.

dl = J1+[y, (O] +[z, ()] dx.

Ilycr 2x,y(X),z(X)] xpuBasi, cBs3pIBarOLIast B MPO-
CTpPAHCTBE DcR® Touku (X1,y1,z1)eD, i=1,2. Torma
CyMMapHasi CTOMOCTh Ha CTPOUTEIILCTBO 3TOU TPACCHI
(TpaHIIes, KOJUIEKTOP | T. I1.) OMPEACIACTCS KaK

Xz

C(u) = [ FIxy(x), 2()IdI - @

X

MsI monaraem, 4To JUIMHA IMPOKIAIABIBAEMOTO Ma-
THCTpabHOrO TpyOompoBoa (uuHa pedpa reR) pas-
Ha CyMMapHOMY YHCITy BETBEH (Tpacc), MHIUICHTHBIX

stomy Tpybomposoxmy, T. e. l(r)= ZI(V). Tak kak

veF(r)
paccMaTpHBAETCsl HEMPEPBIBHBINA CiTydaii, [UTHHA MPO-
KJIaJIbIBAEMOTO MATrUCTPAIBLHOTO TPyOOIpOBOIa paBHA
JUIMHE HeTpephIBHOM Tpaccsl, T. €. (r)=I(v).
CTOMMOCTh ~ MPOEKTHPYEMOTO  MAaruCTPaibHOTO
TpyOOMpoOBOa, TMPOKIAABIBACMOTO BJOJIb  TPACCHI
1[xy(x),z(x)], ompenensiercs ciaeayromuM 006pa3om:

D(1) = [ alxy(), 2(0]dx, ®

rae g(x,y,2) — QyHKIMS yOeabHOW CTOMMOCTH Mard-
CTPaJIFHOTO TPyOONpOBOaa, 3aBUCAIIAS OT KOOPIUHA-
THI TOUEK (X,Y,Z) B TpeXMepHOM npoctapHcTee DCR’.

Tornma HempepbIBHAS 337ada MOXET OBITH ChopMy-
JHPOBaHa CIIeAYIONUM obpasoM: mycth (A,B) — MHO-
JKECTBA BCEX BO3MOXHBIX MapIIPYTOB MPOKIA bIBAHHS
MarucTpajbHOTO TPyOOIpoBoIa U3 TOUYKH A B TOUKy B,
MPEACTABILIIOMKE CcOo0OH HENpephIBHBIE KpPUBBIC B
TpexmeproM npocrpanctee DcR®. Torma 3amaua 3a-
KJIIFOUaeTcsi B NOHMCKE Takoil KpUBOHM ff cpeau Bcex
tpacc u(A,B), BIOIB KOTOPO#l CymMMapHas CTOMMOCTB
(2) (cromMoCTh TOJNTOTOBKH W CTPOMTENICTBA JIMHEH-
HBIX COOpYKeHHUH (Tpacc, omop u T. 1.)) u (3) (cTou-
MOCTh IPHOOPETEHUS M MPOKIAIBIBAHIS MarHCTPaIb-
HOT'O TpyOOINpPOBOJA) MPUHUMAET HAWMCHBIIEE 3HAUe-
HHE, T. €.

min_[C(x)+D()] =

Hosu(AB
= f[f (%, y(x), 2(x) + g (x, y(x), z(x)]dx  (4)

pu
R(HN)>R,, (5)

rae R(HN) — manmexHocTh THmepcetd (mokaszaTesu
Ha/Ie)KHOCTH HM3YYalOTCSI B CIIAYIONE MyHKTE); Ry —
TpeOyeMBIil Topor HaIe)KHOCTH.

HenpepsiBHas 3amaua B Bune (4), (5), 6e3 ydera
YCJIOBHS IOPOTOBOTO 3HAYEHHSI HACKHOCTH, MTO3BOJISET
pEeIINTE ee METOAaMH BapHAlMOHHOTO HCUUCIICHHS

[13].

Hucxkpemnas nocmanosxa

[ycts 3amans rpader neppuanoit PN (auckpeTHbIi
aHAJIOT TPEXMEPHOTO MPOCTPAHCTBA) U BTOPUYHOU ce-
@ SN (mpenmonaraemasi CTpyKTypa MarucTpajibHOTO
TpyOomnpoBoaa) Hekoropoit tumepcetd HN. B nmwmc-
KpPETHOH MMOCTaHOBKE 3ajJlavya BBIOOpa TPACChl IS MPO-
KJIaJKH KOMMYyHUKauuit u3 myHkra A(Xy,Y1,21) B IyHKT
B(X2,Y2,2) 3aknrouaercs B BHIOOpPE MapIipyTa B TpeX-
MEPHOM TPOCTPAHCTBE DcR®, nmerommero MuHIMab-
HYIO CTOMMOCTB [ipg CPemu Bcex MapiipytoB u(A,B)
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MEKIy 3aJaHHbIMH Tapamu BepumH A(Xp,Y1,21) #
B(X2,Y2,22) Ha rpade nepuuHoii cetr PN, 1 otoOpaxe-
HUA pebep (MarucTpaibHOTO TpyOOompoBoaa) <R rpa-
¢a BropruHoit cetn SN M0 BEIOpaHHBEIM MapIIPyTaM B
PN. To ectb TpeOyeTcst HaTH

F:R—)ZV,

JUTSI KOTOPOTO

Q(HN) = min MZM’,AECU- +dy)1(r) (6)

pu orpaHudeHud (5),

rae 4(A,B) — MHOXKECTBO BCEX BO3MOMKHBIX MapIIpy-
ToB U3 A(X1,Y1,21) B B(X2,Y2,22); tag — MapuipyT, obec-
MEYMBAIOIIUA MHHUMYM CTOMMOCTH Iepexoja H3
A(X1,Y1,21) B B(X2,Y2,22); Cij — CTOMMOCTb Hepexona u3
IyHKTA | B IYHKT |, ONPEACIAIONINX 3BCHO MapIIpyTa
Lap Ha rpade nepsuunoii cetn PN, T. e. (i,j) € ag; dij —
yaedbHasg CTOUMOCTh pebep reR (MaructpaibHOTO
TpyOonpoBoa) rpada BropuuHOit cetn SN U3 myHKTa |
B J; I(r) — mmmHa mpOKIIaABIBAEMOr0 MaruCTPaIbHOIO
TpybomnpoBoa (anuHa pebpa reR) paBHa cymMMapHOMY
YHCIy BeTBeW (Tpacc), MHIMICHTHBIX 3TOMY Tpy0O-
nposoxy, T. e. I(r) = Z|(V)-
veF(r)

Jnsa pasnuusbix Bapuanwmii 3amad (5), (6) nmpemio-
JKCHBI Pa3IMyYHbIC aIrOPUTMBI HX pemieHus. Ha puc. 5
MIPEICTaBICHBl PE3yJIbTATHl PACUETOB ATHX aJTOPHUT-
MOB: METOJl, OCHOBaHHBI Ha TIOCTPOCHHU CaMOH
Han&xHOW CTpyKyTpel (Max Prob); meron ocHoBaH-
HBId Ha >KaJHOW CTpPATEruy, HUCHOJIb3YIOIIUN TaKKe
npenpaynmid anroput™ (Floyd Greedy Prob); meron,
MCTIONB3YIOIMI  anroput™M  MeHa s TOCTPOEHHs
MHOXecTBa k-kpargaimmx myrtei (K-path), ocHoBan-
HBIA Ha TOJX0a¢e MypaBbuHOW akojoHuu (AntColony),
a Take e wux komOuuanmu Greedy+K-path,
AntColony+K-path [14].

1600

1400

1200
1000 m Max Prob
® Floyd Greedy Prob
800 AntColony
500 m K-path
M Greedy + K-path
400 AntColony + k-path
- I I
0
5 10 30 60 80 IR

Puc. 5. Pe3ysibmamul paciemos 045 pewemku 10x10
Fig. 5. Numerical results for the 10x10 lattice

S

Cost

B xauectse rpada nepsuuHoii cetu PN Oblia B3siTa
pewerka 10x10. CTouMOCTh BETBEH NEPBUUHON CETH —
ciyyaiiaeie uncna oT 5 1o 10 ycnoBHbIX enunui. Cto-
HUMOCTH peOep BTOPHYHOHN CETH — CIyJaifHbIe YHUCIIa OT
1 10 5. Rg=0,7 mnsa |R|=5, 10; Re=0,6 musa |R|=30, 60;
Ro=0,5 mst |R[=80. B xauecTBe HameKHOCTH OBLT pac-
CMOTpEH TaKoOH MMOKa3areNb, Kak MUHAMAIIFHOE 3HaUe-
HHE CPe/Ii BEPOSITHOCTEH CBSA3HOCTH pedep BTOPHYHON
ceTn (IMYHKT “AHanu3 HaA&KHOCTH THIepceTeii”).
Ha nuarpamme mo ocu abcuucc MokKa3aHa CTOMMOCTH
MOJTy4eHHO! T'MIEepPCeTH, 10 OCH OPJIMHAT — YUCIIO pe-
oep |R|, koTOpBIC HYKHO BIOKHUTH B IIEPBUYHYIO CETh.
MOKHO 3aMETHTB, 4TO [EIeCO00Pa3HO UCIIONB30BaHNE
K-path kak 4acTp ApPYroro ajaroputMa il HaXOXIe-
HHs OoJiee JICIICBOTO PELICHHs, a TaKkXkKe 4TO Ul He-
OonbInx 3HaueHwWid |R| sydmree pemieHne HaxomuT
cemetictBo anroputMoB AntColony, a ans Oombmmx
Iydine paboTaroT >xaaHble anroputMsl (Greedy).

AHanu3 HaJ&XHOCTH runepceTen

3agauu, CBA3aHHBIE C AHATM30M HAJEKHOTO (PyHK-
LIMOHUPOBAHUS CeTe Pa3lIM4YHOrO0 Ha3HA4YEHUs, aKTUB-
HO m3y4aymch B [15-28] u mpomomkaroT u3ydarbes B
HacTosiee Bpems. Kak mpaBuio, s aHamu3a HaJlex-
HOCTh CeTeil MPUMEHSIOT Pa3IHYHBIC CTOXACTUYECKUE
METOJIbl, TaKue Kak Metoa Monre-Kapio, BeposTHOCT-
HBII aHanu3 u gpyrue [15-21], a B kauecTBe Marema-
THYECKOW MOJETM BBICTYIIAeT CiIydalHBIA Tpad [22].
[Ipenmonaraercsi, 4TO 3JIEMEHTH Trpada, BEPIIUHBI
u/unu pébpa NMPHCYTICTBYIOT B rpade ¢ 3aJaHHBIMU
BEPOSITHOCTSIMH, UTO OMFCHIBACT HAAEKHOCTh COOTBET-
CTBYIOIIMX 3JeMeHTOB ceTu. Kiaccuueckuil mokasa-
TENb HaEKHOCTH CETEN — BEPOSITHOCTD €€ CBSI3HOCTH,
TO €CTh BEPOSTHOCTH CBS3HOCTH COOTBETCTBYIOIIETO
ciyuaiinoro rpada [9]. B Oornee obmiem ciywae pac-
CMaTpUBAIOT 33JaHHOE MOAMHOXKeCTBO y310B K (mo-
JIOCOB), JJI1 KOTOPBIX HEOOXOAMMO OOECIEeYUTh BO3-
MOJKHOCTb YCTaHOBJICHUSI COCTUHEHUS APYT C JIPYTOM.
BepoaTHOCTb CBA3HOCTH ATHUX Y3JI0B — 3TO TaK Ha3bIBa-
emass K-tepmunanbHas HaaéxHocts  (K-terminal
network reliability). Beigensror aBa BaXHBIX CiTydas:
K=V, B TakoMm cnydae moilydaeM YyxKe YIOMSHYTYIO
BeposiTHOCTH  cBsi3HocTé  (all-terminal  network
reliability); 1 K=2, 94T0 COOTBETCTBYeT HAAEKHOCTH
nByxmonocHoi cetu (2-terminal network reliability).
OTMeTHM, YTO JUIA BCEX 3THX MOKazaTesiel TOUYHBIA UX
pacuér npexacranisiet codoir NP-Tpynayro 3anaqy [23].
HecmoTtps Ha 3TO, TOYHBIE METOIBI pacdyéra MIMPOKO
ucnone3yrorcs. Hampumep, BelgensieTcss Kiacc mocie-
JIOBaTeIbHO-TIApAIUIETBHBIX ceTeil [24], mias KOTOphIX
pacy€r OCYIIECTBISECTCS 32 MOJMHOMHMAIBHOE BpEMS.
B o0mem ciyuae BO3MOXKHO HCIOIb30BaHHE MPHOIH-
XKEHHBIX METOAOB, HampuMmep Merona Monre Kapio
[25].

[lonsATHE cnoydaliHOM THIEpCEeTH [UIsl aHalIu3a
Ha&KHOCTH UEPapXUIECKUX CTPYKTYp ObLIO BICPBBIC
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BBeJICHO B pabotax [26, 27]. COOTBETCTBYOMLIMIA amma-
pat 6b11 nanee passut B [28]. Kax mpasmito, paccMar-
pYBaeTcs ciay4yail OTKa30B B MEPBUYHON CETH, HO TaK-
K€ M3yUCHBI HEKOTOPHIC BAPUAHTHI OTKAa30B 3JICMEHTOB
Y BO BTOPUYHOMH CeTH.

s paccmarprBaeMbIX 3a7ad — IPOESKTUPOBAHHUE H
CTPYKTYpHAsI ONTHUMHU3AIMSI CeTell WHKCHEPHBIX KOM-
MYHHMKAIUHA B YCIOBUSAX BO3MOXKHBIX OTKA30B 3JIEMEH-
TOB, B TOM YHCJIIE MarucTpajbHBIX TPYOOIPOBOJIOB,
MOJXOMUT MaTeMaTHYecKas MOJENb, H3JIOKCHHAS B
[1]. MBI paccMaTpuBalid BO3MOXXHOCTb BBIXOJa U3
cTposi p€dep MepBUYHOM ceTH (TpaHIIel, KOJUIEKTOPOB,
U T. 11.), IPH KOTOPOM BCE MIPOXOISIINE Tepe3 ATO ped-
PO BeTBU (JIMHUU CBSI3M BTOPUYHOH CETH) MEPECTAIOT
¢yukmonnposats. Hampumep, npu obBase mTpeka B
maxTe OyayT CKopee BCEro MOBPEKIACHBI KaOelH JeK-
TPOIIMTAHUS, CBS3HM, CETH MOHHUTOPHHTA, W IpYTHE.
BeposatHocTh BbIXo#a u3 cTposi pédep MOXKeT OBITh
OTIpeJieTIeHa MCXOAs U3 CTaTHCTHUECKUX JAaHHBIX, YKC-
MEPTHBIX OLEHOK MM B PE3yJIbTaTe MOJCIHPOBAHUS,
T. €. TOYHO TaK ke, KaKk U JUIsl KITACCHYECKUX MoJieneit
ceTell ¢ HeHaJEKHBIMU dJeMeHTamMu. Mmes 3HaueHHS
HaJI€)KHOCTHU BETBH NEPBUYHOMN CETH, HANAEKHOCTh pe-
Opa BTOPUYHOI OIpenensercss eCTeCTBEHHBIM 00pa3oM
Kak Mpou3BeJieHNe HaAEKHOCTEH BETBEH, uepe3 KOTO-
pBle oHa mpoxoauT. TakuM oOpa3oM, MPUXOIUM K aHa-
JIOTY YyX€ YIOMSHYTOW JABYXIIOJIIOCHOM HalleKHOCTH,
OTIpeNeNIsIeMOl KaK MaKCHUMyM W3 HaJ&XHOCTEH BCEX
pE€Oep, COeNUHAIONIMX JBa 3aJlaHHBIX y3Jla BTOPHYHOU
ceTd. MeToapl ONTHUMM3ALMKA WH)XXEHEPHBIX CEeTeH, C
y4ETOM HAJEXKHOCTH IO ITOMY IIOKAa3aTelo, IIpei-
ctaBiieHbl B [29]. Takxke B [30] MBI 0OCyXIaiu BO3-
MO>KHOCTb UCIIOJI30BAaHUS APYTHX MOKa3aTee.

B nanHO#l paboTre MBI paccMOTPUM aJIbTEPHATUB-
HBIC TTOKa3aTeNd HaJEKHOCTH JUIS MMPOSKTUPOBAHUS U
ONTUMU3ALNK CETe WH)KEHEPHBIX KOMMYHHUKALUH H
MarucTpagbHBIX TPYOOTPOBOJOB U MPOMILTIOCTPUPYEM
WX Hcrnoib3oBanue. [IpuBenéM cHauama ornpeneneHue
YIIOMSIHYTOTO TIOKa3aTeIsl HaIEKHOCTH.

Bynem cuurats, uto BeTBHM V mepBmuHONl reR
PN=(X,V) ceru momaBepkeHBI CIy4ailHBIM OTKa3aMm,
MPOUCXOAAIINM HE3aBUCUMO APYr OT JApyra ¢ 3aiaH-
HBIMH BeposiTHOCTAIMH P, 1<i<g.

Hanexzocts pebpa BTOpu4HOil cetu reR omnpene-
JIUM KaK

R, (HN) = [T p)- ™)

veF(r)

Ecnu mns pebpa reR nmyts F(r) umeer xoHeuHbIe
TOYKH & 1 D, ¥ ecnu HUKakue Apyrue pédpa He CBA3bI-
BalOT ATH TOYKH, MBI OyIEeM HCIIONB30BaTh 0003HAUEC-
uue Rap(HN) Bmecto Ry(HN). Ecnu mnst y3nos a u b
CyIIecTByeT 0ojiee 0HOTO Takoro pedpa, 3To 0603Ha-
YeHHE UCIONB3yeTCs sl TOro pebpa, 3HAYCHUE
HAJIC)KHOCTH KOTOPOTO MaKCHMAIBHO.

Hanéxuocts R(HN) = runepcern HN B memom, ¢
YY4ETOM TOTO, YTO B MEPBUYHOM CETH MPOMCXOIAT
cOOHW, HO TIPH BTOM BCE MOTPEOUTENH JOJDKHBI OBITH
CBSI3aHbI ¢ HEOOXOMMMBIMU MM TIOCTABIIHKAMH, OTIpe-
JIeTSUIACh KaK:

Min(R ) = MIN{R,, (HN)}, @ € Youeeb €Y

source? consumer’ ( )

r7e Ysource — HICTOUYHUK T€OPECYPCOB; Y consumer — OTpPE-
oureny.

Takum o6paszom, Ri(HN) sBisercss MuHEMyMOM
cpeoM  BCeX  JBYXTCPMHHAIBHBIX  HAIEKHOCTEH
Ran(HN), rme @ — 310 ucrounuk pecypca, b — morpeou-
Tenb. Ecnu MBI paccMaTpuBaeM clilydai, Korjaa mogo0-
HBIC Y3IIbI HE 3aJlaHbl, a HEOOXOJUMO TPOCTO IMPOJIO-
JKUTH péOpa Mo MEPBUYHON CETH, TO 3TO OYyAET MUHU-
MyM Cpell Bcex Hal&xHocTel pédep.

Opnnako HE BO BCEX Cllydasx aJeKBAaTHOM Mepoil
HaAGKHOCTH OyJeT MMEHHO YKa3aHHBIH ITOKa3aTellb.
BBeném B paccMOTpeHHE MMOKAa3aTellb IS OMHCAHUS
HaJI€KHOCTh CETH B CPEIIHEM:

AV(Rpair consumer ’ ( )

1 Q
) = 521: Rab(HN)! a EYsource’ beY,
rae Q — KOJIMYECTBO BCEX paccMaTpUBAEMBIX Map HC-
TOYHUK—TIOTPEOUTEh WIIH BCeX pEOEp, €CII 3TH Maphl
B SIBHOM BH/I€ HE 3aJIaHBbI.

PaccmoTpuM Takxke mokasarenb, KOTOPbIH HE0OXO-
JIAM JUIsl ONIMCAaHMs HAaJIEKHOCTHU B Cllydae, Korja HyX-
HO, 94TOOBI BCE MOTPEOUTEIN M MOCTABLIMKH OTHOBpPE-
MEHHO OBUTH CBSI3HBI C MaKCHMAaJIbHOM BEPOSATHOCTBIO.
OrmpenenuM ero Kak BepOsITHOCTh CYIIECTBOBAHUS ITy-
TeH MEeXIY KaXIIOW Mapoil HCTOYHUK—TIOTPEOUTEIb:

RAII_Pairs(HN) = prObablllty
(Exist _a_ path _betweena e, beY,umer) (10)

source’

OmpezneneHne BEpOSTHOCTHOTO MPOCTPAHCTBA B
9TOM Cllydae JieJaeTcs 110 aHaJOTHH C, HalpuMep, pa-
6oroii [17].

Bo3MOXHEI cuTyanuu, Korjga IpH OIHUX M TeX XKe
YCIOBUSIX pa3HbIC KOH(QUIYpalliM HHXXEHEPHOW CeTH
6yIIyT ONITUMAJIBHBIMHA C TOYKH 3pPCHUA BBeZléHHBIX
Hamu BoIimre rokasateneit (7)—(10).

Hanpumep, paccMOTpuM NnepBUUHYIO CeTh (puc. 6),
IIPEJCTaBIECHHY0 PElETKoN 4X8, rae Kaxnaas BETBb
MPUCYTCTBYET C BEPOSITHOCTBIO [. Y3IBI, KOTOpHIE
HEOOXOJMMO CBsI3aTh PEOpaMH, PACIOIOKEHBI CBEPXY
W cHU3y (BBIJENIEHBI HA puC. 6), T. €. Kaxkaoe pedpo
CBSI3BIBACT BBHINCNICHHBIA Y3€J1 CBEPXY W BBIACIICHHBIN
y3eJ1, 1300paXEHHbIH HEOCPEICTBEHHO 1101 HUM.

PaccmotpumM Tpu crocoba COCTUHEHHUs ITHX TPEX
nap y3JioB, H300paxEHHBIX Ha puc. 6-8.

3HavyeHUs] HAAEKHOCTCH THIEPCETH A KaXIOTOo
U3 ciIyyacB IPHUBEACHBI B TAOJHIE.
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Ta6auya. 3HaveHus HadéxcHocmu 015 pa3Hblx nokasame-
J1ell U pasHbIX 8apUAHMoO8 NPoKAAdKU 8mopuy-
Holi cemu
Table. Reliability values for different indicators and
different options for laying the secondary net-
work
[TokasaTenu Tonosioruu/Topologies
Indicators T1 T2 T3
Min(Rpair) P8 pé ps
2p8 + p* 2p* + p8
Av(Rpair — 6
(Reair) 3 p 3
Raul_pairs p'? p'® pte

OO0603HaYMM BapUaHTHI MMPOKJIAJKH BTOPUYHOU CETH
1o BeTBsIM nepBUuHOM Kak Ne 1 (puc. 7), Ne 2 (puc. 8),
Ne 3 (puc. 9). V3 Tabnuupl BUAHO, YTO JUIA Pa3HBIX
IoKa3aresieil pa3Hble TOMOJOTHH OYIyT ONTHMAIbHBI-
mu. Tak, ams nepBoro (TadiMIa) MoKa3aTels JTyIITuM
Oyznet Bapuant Ne 2. Hané&xHocTh 11 BapuaHToB Ne 2
u 3 coBmaaaet. s TpeThero mokaszares JIyqineil 0y-
net tomostorust Ne 1, cpemueit — Ne 3, xyamreit — Ne 2.
s BTOpOrO mokaszarens MOJOOHBIA CHHMCOK Oyner
3aBHCETh OT 3HaueHus P. s onpenen€HHBIX 3HaYe-
HUH Jy4muM OyzaeT u BapuanT Ne 3, KOTOPBIA C TOYKH
3peHus IPyTrux MoKa3zaTesell He SABISeTCS JTyUIUM.

Puc. 6. Pewemka 4x8

Fig. 6. 4x8grid

Puc. 7. Tonosaozus T1: eapuaHm npokaadku 8mopuyHoOU
cemu C COBMECMHbIM UCNO/Ib308AHUEM eemeell
nepsuyHoli

Fig. 7. Topology T1: the secondary network laying variant

with the joint use of primary one branches

Puc. 8. Tonosozua T2: sapuaHm npokaadku 8mopu4Hol
cemu 6e3 COBMECMHO20 UCNO/1b308aHUS eemeaell
nepeuyHoll

Fig. 8. Topology T2: the secondary network laying without
sharing the branches of the primary one

Puc. 9. Tonosozusa T3: OJdpyezoli eapuaHm npokAadKu
8mopu4Holl cemu 6e3 cO8MECMHO20 UCNOAb308AHUS
semeell nepgu4Holl

Fig. 9. Topology T3: another secondary network laying
without sharing the branches of the primary one

3aKiioyeHue

JUI1 mpoeKTUpOBaHHUA U CTPYKTYPHOH ONTHMH3aA-
LMY CETEH OCTaBKU I'€OPECYPCOB C YUETOM UX Hepap-
XWYHOH BIJIOKEHHOCTH C(OPMYIHPOBAHEI COOTBET-
CTBYIOIIMUE MAaTEMAaTH4YECKHE 3aJadyd B BHJIE HeEmpe-
PBIBHOH U AMCKpeTHOM nocraHoBoK. IIpuBogurca ma-
TeMaTUYeCKU W aJTOPUTMHYECKHM ammapar sl pe-
HIEHUs] MOJOOHBIX 3a]a4, KOTOPBIH OMUCAH B paMKax
TEOpPUU BapUALlMOHHOTO HMCYUCIICHHS, TEOPUH TrpadoB
YU JUCKPETHOW ONTHMH3AIMHU. PaccMOTpeHBl pazind-
Hbl€ MOKAa3aTeld HaJeKHOCTU MPOEKTUPYEMOM CETH B
YCIJIOBUSIX OTKa30B NIEPBUYHOM CETH — TPaHILEH, LITpe-
KOB B IIIaxXTe, ¥ T. . Be1Oop TOro My nHOro mokasate-
Il IIpU NPOEKTUPOBAHUM OINpEJENseTcs 3aJadaMu U
yCIOBUSAMH (DYHKLIMOHUPOBAHUS KaXKA0H KOHKPETHOU
CeTH HWH)XEHEPHBIX KoMMyHukanuil. Ilokasano, d4ro
TIPH OTHUX M TEeX )K€ YCIIOBHUAX pa3Hble KOH(OUTYPAIH
UHXXEHEPHOH ceTH OyayT ONTUMAIBHBIMU C TOUKH 3pe-
HUS pa3HBIX TI0Ka3aTeNen.
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dU3UKO-MexaHu4YeCcKue CBOMCTBA KepaMUKU Ha OCHOBe ZrN-Zr0-,
NoJIy4eHHOW MeTOA0M MCKPOBOTIO IJIa3MEHHOI0 ClIeKaHUSI

E.Jl. Kyabmenko™, C.B. MaTpenuH, A.P. Hacbip6aes

HayuoHanwHbill uccaedosamenvckutl Tomckuil nosumexHuveckuil ynusepcumem, Poccusi, 2. Tomck

“kuzmenko70egor@yandex.ru

AHHOTanusa. Akmya/bHocme. [loBbilIeHNe pecypca paboTbl HHCTPYMEHTA FOPHO/06bIBAIOIEeN OTPAC/IH SBJIAETCA BaXKHON
3a/iayeil B pa3BUTHUHM I'e0JIOTHY, CBA3aHHON C pa3paboTKOH HOBBIX KepaMHYeCKHX MaTepHaloB QYHKIMOHAJIbHOTO Ha3Haye-
HUA. BO3MOXXHOCTb CHU3UTb U3HOC U TEPMHUYECKOEe U XMMHUYEeCKOe BO3JeHCTBHE NMOPOJ Ha paboyue 3j1eMeHTbl TOPHOIPO-
XO/14eCKOro 060py/i0BaHUsA 00yC/lIaBJUBaeT BEKTOP PAa3BUTHS NPHUMEHEHHUs] CBEPXTBEPAbIX, BBICOKONPOYHBIX U TYTOIJIAB-
KUX KepaMuK. OJJHOBpEMEHHO C 3TUM CTaBUTCH 3aJia4a NOBBILIEHUA [OKa3aTeseld BA3KOCTHU pa3pylleHUs NpUMeHAeMbIX
MaTepHuasioB JJIsl pelieHusl Npo6JieMbl COXpaHEHUsT paboTOCIOCOGHOCTH 06OPYA0BAHUSA B YCJIOBHUAX KPUTUYECKHUX Aedop-
Mauui. /[y BbINOJIHEHUS JAHHOHM 3aZlaud HeoOX0JMMO HCCJIe/JoBaHHe 3aKOHOMEpPHOCTEeH KOHCOJHUAUPOBAHUS KepaMHude-
CKHMX MaTepHaJIOB U MOMCK ONITHMAJbHOI'O COYETAHUS IapaMeTPOB KOHCOIUANPOBAHUSA JJIs1 OCTYKEHUS YJIYIIIEeHHbIX QU-
3UKO-MeXaHU4YeCKUX CBOUCTB. IJes1b: pa3paboTaTh MeTO/ NMOJIyYeHHUsI BBICOKOMIJIOTHON IPOYHOM KepaMHUKHU Ha OCHOBE KOM-
MepYyecKH JOCTYNHbIX NOPOLUIKOB HUTPHUJAA LIUPKOHUSA C IPUMEHEHHEeM HCKpPOBOIO MJA3MEeHHOIO CIIeKaHUS B YCI0BUAX Ba-
KyyMa, HccieloBaTh $a3oBbIM cocTaB U QU3NKO-MEeXaHUYECKHEe CBOMCTBA MOJy4eHHBbIX 00pa3l0B C YCTAHOBJEHHEM 3aBHU-
CUMOCTH MEXaHUYeCKUX CBOMCTB OT JAOCTUTAaEMOM MOPUCTOCTH 06pa3oB. Memodsl: peHTreH0da30BbIi aHAIU3 UCCIenye-
MbIX 06pa31l0B, HAHOWH/IeHTHPOBaHHe, MUKPOCKONIMYeCKUH aHanus. Pe3yibmamul. boliy n3yyeHbl PU3UKO-MeXaHUYECKHe
CBOWCTBA HUTPUJA LIUPKOHUS], KOHCOJUAUPOBAHHOTO METO/I0M HCKPOBOTO IJIa3MEHHOI0 ClieKaHus npu Temnepatype 2000
°G naBsennu 30-60 MIla 1 BpeMeHH BblIEPKKHU NPU 33laHHON TeMiniepaType 5-10 MUHYT. BbL1 npoBe/ieH KaueCcTBEHHbIA U
KOJINYeCTBeHHBIN peHTreHo}a30BbIN aHa/IN3, B paMKax KOTOPOro onpefieieHo cojiepaHue OCHOBHOM da3bl HUTpUJA LUp-
KOHMS U da3bl JUOKCH/A IMPKOHHUS. B Xo/ie paboTh! yCTAaHOBJIEHO, YTO YBeJMYeHUe IPUKJIa/bIBAaeMOro Npy KOHCOUAAL MU
JlaBJIeHUs1 ¥ BpeMeHU BbIJIeP>KKH CIIOCOGCTBYET JIyyllleMy YIJIOTHEHUIO U CHMXKEHUI0 IOPUCTOCTH 06pa3LoB ¢ 8,52 fo 2,72
%. BbL10 yCTaHOBJIEHO, YTO CO CHUKEHHUEM IIOPUCTOCTH MOAYJIb YIPYTOCTH YBeJU4YUBaJIcad B uHTepBase oT 320 go 378 I'la,
a TBeppocTb oT 7,3 o 10,4 I'lla. [Ipyu 3TOM 3KCTpanoJIMpoBaHUEM JAaHHBIX ObLJIO YCTAaHOBJIEHO, UTO 6ecroprcTbie 06pasiibl
HUTpPHU/JA UUPKOHUSA 6yAyT uMeTb MoayJb ynpyroctu 395 I'lla, a TBepgocTb no Maptency 11,56 I'lla. [lns uccnegyeMbix 06-
pasloB ObLIU ONpejiesieHbl KpUTHYeCcKHe Ko3PpPUIMeHTbl HHTEeHCHUBHOCTeH HanpshkeHUH. YCTaHOBJIEHO, YTO P MOPUCTO-
CTU MeHbllle 5 % KpUTHYeCKUH K03$ULIMEHT UHTEHCUBHOCTH HaNpsHKeHUH HUTPUJA LIUPKOHUSA, KOHCOJIUAUPOBAHHOTO
MeTO/J0M MCKPOBOTO IJJa3MEHHOTr0 ClIeKaHHsl, UMeeT 3HaueHHUs He HUxe 4 MIla-m1/2,
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Abstract. Relevance. Increasing the service life of mining tools is an important task in the development of geology associated
with the investigation of new ceramic materials for functional purposes. The ability to reduce wear and thermal and chemical
effects of rocks on the working elements of mining equipment determines the vector of development of the use of super-hard,
high-strength and refractory ceramics. The task is to increase the fracture toughness of the materials used to solve the
problem of maintaining the operability of equipment under conditions of critical deformations. To accomplish this task, it is
necessary to study the patterns of consolidation of ceramic materials and search for the optimal combination of consolidation
parameters to achieve improved physical and mechanical properties. Aim. To develop a method for producing high-density
durable ceramics based on commercially available zirconium nitride powders using spark plasma sintering under vacuum
conditions, to study the phase composition and physical and mechanical properties of the resulting samples. Methods. X-ray
phase analysis of the studied samples, nanoindentation, microscopic analysis. Results and conclusion. The authors have
studied the physical and mechanical properties of zirconium nitride consolidated by spark plasma sintering at 2000°C, a
pressure of 30-60 MPa and holding time at a given temperature of 5-10 minutes. Qualitative and quantitative X-ray phase
analysis was carried out, within which the content of the main phase of zirconium nitride and zirconium dioxide phase was
determined. It was found that an increase in the pressure applied during consolidation and holding time contributes to better
compaction and a decrease in the porosity of the samples from 8.52 to 2.72%. It was found that with a decrease in porosity,
the elastic modulus increased in the range from 320 to 378 GPa, and the hardness from 7.3 to 10.4 GPa. At the same time, by
extrapolating the data, it was established that non-porous zirconium nitride samples will have an elastic modulus of 394 GPa
and a martens hardness of 11.56 GPa. For the samples under study, critical stress intensity factors were determined. It was
established that at a porosity of less than 5%, the critical stress intensity factor of zirconium nitride consolidated by spark
plasma sintering has values of at least 4 MPa-m1/2.

Keywords: zirconium nitride, ceramics, spark plasma sintering, indentation, porosity
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BBeaenue

T'opHBIi MHCTPYMEHT IpeAHA3HAYEH I OCHAIlEe-
HUS HCIOJHUTEIBHBIX OPraHoB IPOXOJYECKHX U
OUYUCTHBIX KOMOaitHOB. BnusiHMe yCTOWYMBOCTH JaH-
HOM 4YacTH TOPHBIX MallliH K MEXaHHYeCKOMYy adpa-
3MBHOMY BO3JICMCTBUIO HANpsAMYIO BJIMSET Ha MPOU3-
BOAMTENBHOCTh U B 3HAYUTENHHOW CTEleHH 00ycliaB-
JIMBaeT KayecTBO IOJlydaeMoi mnponaykuuu. Bospeil-
CTBHE Ha FOPHBIN HHCTPYMEHT BO3pacTaeT IpH yBeJu-
YEHHH CKOPOCTH PE3aHUs W TOoJauu KoMmOailHa, BBI3bI-
Basg KpUTHUYECKUE HArpy3Ku Ha PexyLIed KpoMmke U e€
3HAYUTEIbHBIN U3HOC. [Ipr 3TOM TpH cKopocTsx Oolee
1,5 M/c JOCTHTarOTCsl KPUTHYECKHE TEMITEPATypPhl IS
TBEPJIbIX CIJIABOB, BHI3BIBAIOIINE CHHKEHHE TBEPIOCTH
W, KaK CJEICTBHE, HEMMHEHHOEe yBeIHYCHUE abpas3uB-
HOTO BO3AEUCTBUS HAa MHCTpYyMeEHT [1]. ns pemeHus
JAHHON MpOoOJIeMBbl aKTyallbHO MPUMEHSTh Kepamude-
ckue marepuaibl. Kepammuueckue marepuaibl, Kak |
TBEpIbIE CIUIABBI, IPOU3BOJATCA METOJAMH ITOPOLIKO-
BOM MeETalIypruu, o0ecledrBalolMIMH CX0XHE CIIO-
COOBI TOJNIy4eHUS WHCTpyMEHTa. llepcreKTUBHBIMHU
MaTepualaMu B KJIacC€ MHCTPYMEHTAJbHBIX KepaMHK
SIBJIIFOTCSL COSAMHEHUS MEePEXOJHBIX METaJIOB C a30-
ToM — HUTpUAbL. B psamy coemmuenuii ZrN-TiN-HfN
BBIAETISIETCS HUTPUJ LIUPKOHUS B CBSI3U C €r0 BBICOKOI
TeMriepatypoi 1aBnenus 2955 °C, 3HaUMTENBHOU
TBEPIOCTBIO U CTOMKOCTBIO K arpeCCHBHBIM XHUMHUYE-
ckuM cpefam [2]. Hutpua nupKoHUS UMEeT BBICOKYIO
3JIEKTPOIIPOBOAHOCTh, YTO OOECHEeYMBAET BO3MOX-
HOCTh €Tr0 KOHCOJIMJAIIMKU METOJO0M HCKPOBOTO Ija3-
MeHHOTO crnekaHus [3]. B nmurepatype mmerorcst nas-
HBIE O MPEUMYIIECTBAX Pa3IUYHBIX METOJOB KOHCOJH-

JAlAW U AX BIUSHUM HA IDIOTHOCTH U MPOYHOCTH CIIe-
KaeMbIx o0pasuoB [4-8]. OguuM u3 Haumbosee mep-
CIIEKTUBHBIX METOJIOB KOHCOJWAANNH, 00ecCreunBaro-
[IUX MaIyI0 MOPUCTOCTH O0PAa3IOB, SIBISETCS HCKPO-
Boe azmeHHoe criekanue (UI1C).

UIIC B nocnenHue 1Ba AECATUIIETUS BBI3BAJIO OTPOM-
HBIIl HHTEPEC CO CTOPOHBI UCCIEIOBATENEN U MHKEHEPOB,
TaK 4TO ceiyac TPYIAHO MPEACTaBUTb Pa3BUTHE COBpE-
MEHHOTO MaTepHaloOBeACHHs 0e3 MPEenMYILECTB, mpeia-
raempix 3tiM MetogoM. MIIC ucnons3yer koMOHHAINIO
OJTHOOCHOI'O JIABJICHUS W MMILYJIbCHOTO TTOCTOSHHOTO
TOKA JJIsI HarpeBa M CIeKaHWsl 00pasla MOpOIIIKa, TToMe-
IIEHHOTO B MaTPHILy, OOBIYHO M3TOTOBJICHHYIO U3 rpadu-
Ta [9]. Koraa mopomiku, cripeccoBaHHbIe B pecc-hopMme,
SIBTSIFOTCSL  TIPOBOJISIIIMMY, TOK TPOXOJUT HENOoCpel-
CTBEHHO uepe3 o0pasel] M OBICTPO HArpeBacT MaTepHal.
HemnpoBomsmme Martepuanisl OOBIMHO HarpeBaroTCs 3a
CYeT TEeIUIONPOBOJHOCTH CTEHOK MaTpHubl. Ponb uM-
MyJIbCOB BKJIFOUCHUS-BBIKIIIOUCHUS 3aKIFOUaeTCS B CO-
3[aHUM PACIUIABJICHHBIX 30H Ha MEKYACTHYHBIX KOHTaK-
TaX, NOCTOSIHHO TMEepEeMEIIAOIUXCsl BHYTpU 0Opasla BO
BpeMs LIUKJIa CIICKaHHUSI.

CriekaHue TPOBOJMTCSA B BaKyyMe, 3allUNIAIOIIEM
MaTepHualibl OT OKUCIEHHS U OAHOBPEMEHHO obecneuu-
BAIOIIEM TIPOILIECCHI XUMHUYECKOTO BOCCTAHOBJICHUS.
OcHoBHbIM npeumyinectBoM meroaa UIIC nepen tpa-
MUIAOHHBIM CICKaHWEM Oe3 JaBICHUS U TOPSTINM
MPECCOBAaHUEM SBISETCS BO3MOXHOCTH COKpAIllEHUS
BPEMEHH YIUIOTHCHHS, CHIDKCHHUS TEMIIEPaTyphblI CIIe-
KaHUs ¥ TIONYyYCHHs MPAKTUICCKH MOITHOCTBIO IUIOT-
HBIX WJIU MOJIHOCTBIO TUIOTHBIX MaTepHANIOB C OTPaHU-
YEHHBIM POCTOM 3€pHA.
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O BBICOKOH aKTHBHOCTH MCCIIEJOBAHUN B 00JIAaCTH
UIIC B pa3nuyHBIX J1a0OpaTOPHUAX CBHICTEIHCTBYIOT
0030pbI ¥ HayYHBIC CTAThH, B KOTOPBIX OOCYKIAOTCS
0COOEHHOCTH U MeXaHu3MBI Tportecca [10-15].

ObecrieueHre BBICOKOH TUIOTHOCTH KOHCOJUAMPO-
BaHHBIX 00Pa3lOB BEJET K YIyUIICHHIO MEXaHUIECKIX
CBOWCTB, B CIJIy TOTO, YTO OCTATOYHAs MHUKpPOIIOpPU-
CTOCTb BBICTYIIAET B POJIM KOHIIEHTPATOpa BHYTPEHHUX
HaIpsOKEHUM U LIEHTPOB 3apOXACHUS XPYNKHUX Tpe-
[IMH, OTPaHUYMBAIOIINX BO3MOXKHOCTH MOBBIIICHUS
9KCIUTYaTallMOHHBIX XapaKTePUCTHK UHCTPYMEHTA.

Lenp nccnenoBanus — pa3paboTaTh METOJ HOTyde-
HHSI BBICOKOIUIOTHOM ITPOYHOM KEPAMHKH HAa OCHOBE
KOMMEPYECKH JOCTYMHBIX MOPOIIKOB HUTPUAA LIUPKO-
HUS C TIPUMEHEHHEM HMCKPOBOTO IIa3MEHHOTO CIIeKa-
HUS B YCJIOBHSIX BaKyyMa, HCCIIEIOBATh (pa3oBBIH co-
CTaB M (PH3UKO-MEXaHMYCCKHE CBOWCTBA ITOJyYCHHBIX
00pa3loB ¢ yCTAaHOBJIEHHEM 3aBHCUMOCTH MeXaHHue-
CKHX CBOMCTB OT JJOCTUTAeMOW TOPUCTOCTHA 0OPA3IIOB.

06 beKTbI U METOJMKA HCC/IeJOBAaHNUS
KomMmepdaeckn IOCTYmHBIN HOPOLIOK HUTpUAA IIHP-

KOHUs ObUT1 KoHcomumupoBan MetonoM UIIC B rpadu-

TOBBIX MATPHIAX C AUAMETPOM 12,7 MM TpH CKOPOCTH

HarpeBa Ipu CICAYIOIIUX IMPHUKIAJAbIBAEMbIX JTaBJICHH-

SIX, TEMIEPATyp CIICKAaHWS W BPEMCHHU BBIIEPIKKU TIPH

3aJJaHHOU TeMIepaType B yCIOBHUIX BBICOKOTO BaKyyma:

e mpu gaBienun 30 MIla, temnepatype 2000 °C,
BPEMCHH BBIIICPIKKU 5 MUHYT;

e mnpu paienun 30 Mlla, temneparype 2000 °C,
BpPEMEHU BbIICPKKU 10 MUHYT;

e mpu maBiennn 60 MIla, temmeparype 2000 °C,
BPEMEHU BBIIEPKKU 5 MUHYT;

e mpu paBiennn 60 MIla, Temmeparype 2000 °C,
BpEMEHU BBIIEPKKHU 10 MUHYT.
KoHnconuaupoBanHble 00pa3ibl MOIHPOBATUCH HA

anMasHoM jaucke. [lonroToBneHHas MOBEPXHOCTH 00-

pas3oB HEOOXOOMMa IUISA TPOBEACHHS NANbHEHIIETO

peHTreHoda3oBoro aHanmu3a, WHICHTUPOBAHUS, MHK-

POCKOIIMYIECKOI'0 UCCIICTOBAHN HABEACHHBIX TPCIINH.
PenTrenoda3oBblii aHaIM3 HCCIETyEeMbIX 00pa3IoB

BEIMONHsUICST Ha mpubope Shimadzu. Pacmmdposka

MUKOB JU(PPAKTOrpaMM OCYLIECTBISUIACH B POTPaMMe

PowderCell 2.4 ¢ ucnonp3oBaHHeM KapTOUeK u3 0a3bl

naHHbelX Search Match. MHneHTUpOBaHUE BBIMOIHS-

nock Ha npubope Nanolndenter G200. Mertoauka u3-

MEpeHHH peaj30BaHa IO CHOCO0Yy YCTaHOBJICHHUS

HArpy3Kd W JajbHEHIIEr0 HM3MEPEHHs BBI3BIBAEMOTO

€10 nepeMelleHus uHaeHTopa. Ilpu nHAEHTUpOBaHUU

OBUTH YCTaHOBJICHBI TBEPJOCTH HCCIEAyeMBbIX 00pas-

1oB o MapteHcy U Monynu ynpyroctd. Harpyska Ha

uHAeHTOp cocramwia 500 MH, BpeMs mpuIoKeHHS HC-
neITaTenbHOM Harpy3ku 30 CexyHJ, BpeMs BBIICPKKH

o Harpy3koi 10 cexynn. Jns onmpeaeneHus TpeIu-

HOCTOMKOCTH TPHMEHSIACh 3aBUCUMOCTh Mapiiania—

OBanca [16]:

Kic = 0,036 - E®* - P96 - 2707 - (¢/a) 15,

Tpeuruas! [TamMkBHCTa OBUTH MTOJTyYEHBI HA TTPHOO-
pe IIMT-3 npu ycunuu 2 HeroToHa. M3mepenue ocy-
HIECTBISUIOCH O cxeme (puc. 1).

Puc. 1. (Cxema usmepeHus HQ8eOeHHbIX MPewuH: ¢ — 0AUHA
HasedeHHOU mpewuHsbl, a - nos08uHA duamempa
omneyamka Bukkepca

Fig. 1. Scheme for measuring induced cracks: c - length of

induced crack; a - half the diameter of the Vickers
imprint

[TopuctocTh 00pa3IOB Ompenensiach ¢ UCIOIb30-
BaHMEM YCTAHOBJICHHBIX HCTHHHOW M KaxyIlencs
IoTHOCTeN. VICTMHHAsS IJIOTHOCTh PAaCCUUTHIBAETCS
IO MpaBWIly aaauTUBHOCTH [17]:

100p,p, ...p,
Ppops- Py +Popips...py + Pipipops- Py g

pc:

TIe P1, P2, P3s +» Pn — IUIOTHOCTH KOMIIOHEHTOB B Oec-
3

MOPHUCTOM cocTostHuM, T/em™; Py, Py, Ps, ..., Py — Tmipo-

LIEHTHOE (T10 Macce) CoAepkKaHNe KOMIIOHEHTOB B CMECH.

Pe3yabTaThl McC/IeAOBaHUSA U UX 06CYXKIeHHe

KadecTBeHHBIN peHTreHO(hA30BhIN aHAIN3 [TOKAa3al,
YTO HCCIeAyeMble KOHCOMUAUPOBAaHHBIE 00Pa3Iibl, KaK
Y MICXOJIHBIHN MOPOIIOK, COACPKAIH HUTPU U TUOKCHT
LUpKOHUs (pHc. 2).

[Ipu mpoBeneHHH KOJMYECTBEHHOTO pPEHTreHoda-
30BOTO aHaNM3a MO OTHOILIEHHUIO BBHICOT MHTEHCHBHO-
cTel AnpakKIHOHHBIX MAKCHMYMOB OBLIO YCTAaHOBJIE-
HO, YTO COJICpKaHHE OCTATOYHOW OKCHIHOW (a3bl B
MaTpulle HUTPUAA LUPKOHUA U1 KOHCOJUAUPYEMBIX
00pa3oB YBEIMYMBACTCS IO CPAaBHEHUIO C MCXOIHBIM
MOPOIIKOM HUTPHUJA LIMPKOHUS, YTO CBUIETEIBCTBYET
00 OKHCJICHHHU B TIpoliecce KOHcomuaanuu. B xome ko-
JMIMYECTBEHHOTO PEHTICHO(A30BOr0 aHaimm3a ObLIO
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YCTaHOBIIEHO, YTO COJICPKAHKE TUOKCUAA IIUPKOHUS B
HCCIelyeMbIX 00pa3iax HaxoJuTcs B mpeaenax ot 5,7
1o 11,8 % (tabnuia).

e ZrN 60 MIMa/5 MUH.
o ZrN 60 MIMa/10 MUH.
e ZrN 30 MMa/5 MuH.
o ZrN 30 MIMa/10 MuH.
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ny6uHa MHAEHTUPOBaHMUS HM
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Puc. 3. Kpusas HazpyxceHus ucciedyemblx 06pasyos

29 0 Fig. 3. Loading curve of the samples under study
Puc. 2. [Jlugppakmoepammvl uccaedyemvlx 06pasyoe u
UCX00H020 NOpowKa
Fig. 2.  X-ray diffraction patterns of the studied samples and Jlist nccneyembIx 06pasiioB ObUIH MOIY4CHBI Clie-
the original powder AyIOIIUE [aHHbIC 3HAYEHUM MOXYJIEH YIPYrocTd
(puc. 4). OTKIIOHEHHE JaHHBIX IPU U3MEPEHUH MOTYIIS
YIPYTOCTH CBSI3aHO € MONAJaHUEM UHIAEHTOPA B IOPBI,
Ta6auya. KoauvecmeeHHvlll penmaenogpasoswlil anatus UMEIOIIHECS Ha UCCIEAyeMOM MOBEPXHOCTU 00pa3IioB.
Table. Quantitative X-ray phase analysis
[laBneHue, Bblfiep:kKa Npy 3aZlaHHOM CozepxaHue
MIla TeMIepaType, MUH. Content, % A ZrN 60 MMa/5 muH.
Pressure, Holding time at a given 7N 700 420 + v ZrN 60 MMa/10 MuH.
MPa temperature, min. r e ! = ZrN 30 MMa/5 muH.
ZrN nopouok/ZrN powder 94,3 5,7 400 - . e ZrN 30 MMa/10 MuH.
ZrN 60 5 90,3 9,7 3.
7N 60 10 92,8 7,2 = ?
ZrN 30 5 90,1 9,9 =380 ?
ZrN 30 10 88,2 118 g [°1 I
Q 360 4 11T
Lo
[ =
& 340 -
C wucnonp3oBanuem npubopa Nanolndenter G200 g
OBUTH OTpesieNieHbl MEXaHWYEeCKHEe CBOMCTBa 00pa3IoB: I
MOJyJib YIOPYTOCTH M TBEpAOCTh o Maprency. s el !
OTIPEJICIICHUST MOJyJIeH YIPYTOCTH HCCIEAYEeMBIX 00- 3 :
pastoB mporpamMmmHOe obecriederne Nanolndenter 3004
T T T T T T T
G200 aHanmM3UpyeT KPHUBYIO HarpyxeHus oOpasia, a 1300 1400 1800 1600 1700 1800 1800

WMEHHO 4YacTh KPHUBOH, COOTBETCTBYIOIIEH CHSITHUIO
Harpy3ku. KpuBble HarpyxeHus HccielyeMbIX oOpas-
IIOB TIPEJICTaBJIEHBI HA pHC. 3.

Cpenu  TONYYEHHBIX  KPUBBIX  HArpyXeHUS
HauOONBIIMM YIJIOM HakKJIOHAa o00JajaeT KpuBas
Harpy>KeHHsl, TIOCTPOCHHAsI NPU WHACHTHPOBAHUU 00-
pasua, KoHconuaupoBanHoro npu gasiernn 60 Mlla ¢
BbIIepKKOM 10 MUHYT npu 3aiaHHOM TeMIeparype
2000 °C. DTO CBUACTEIBCTBYET O HAUOOIBIIIEM MOTyJIE
YOPYTOCTH CPEIH HMCCIeTyeMbIX 00pa3ioB. IIpu sToM
TaKKe JIUISl TAaHHOTO 00pasiia XapaKTepHa HAMMEHbIIAs
nIyOWHA WHICHTUPOBAHUS, YTO CBHICTEIHLCTBYET U O
€ro HanOOJIbIICH TBEPIOCTH.

nyBuHa MHAEHTUPOBAHUSA, HM

Puc. 4. Modyau ynpyeocmu uccaedyemulx 06pa3yos
Fig. 4. Elastic moduli of the studied samples

Bbiin ompeiesieHbl UIOTHOCTH CHEYEHHBIX 00pas-
OOB B KOMIIAKTHOM COCTOSAHHH (Kamyluneca IJIOTHO-
CTH) C HCIIOJIb30BaHHEM 0a30BBIX (U3NYECKHX Tapa-
METpOB 00pasloB: MacChl M IUIOTHOCTH. VcTHHHAs
IUIOTHOCTh HUTPHUJIA IIUPKOHHS B OECIIOPUCTOM COCTO-
SIHUM YCTaHOBJICHA T10 JINTEPaTypHbIM AaHHbIM [ 18]:

pzrn = 7,09 l“/CM3-

169



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 7. P. 166-173
Kuzmenko E.D., Matrenin S.V., Nassyrbayev A.R. Physical and mechanical properties of ceramics based on ZrN-ZrOx ...

Ha ocHOBaHUM YCTaHOBIICHHBIX IUIOTHOCTECH OBLIH
OIpe/ieNIeHbl OTHOCHTENIbHBIE MOPUCTOCTH HCCIEaye-
MBIX 00pa3ioB (puc. 5).

10 - [ InNnotHocts, ricm® 4 10
0,
— [ InNopucrocts, %
St
8 E
6.79+0,2 6,83+0,2 6,89+0,21
o 6,48+0,19 i —F "
o
= 6- 16 5
- =
g 3
o =
g 4,18+0,13 [$]
E 4- 37+0,11 44 a
= =
c 2,72+0,08
2 42
0 0
& & & &
& & & &
5\} 0“9 &9“‘ cé\
5 & S
v »\/\‘; v ,\’&
Puc. 5. Kasxcywasicsa nJiomHocms u nopucmocmo
uccaedyembvlx 06pasyos, %
Fig. 5. Apparent density and porosity of the studied sam-

ples, %

BBLIO YCTAaHOBJIEHO, UTO C YBEJINYEHUEM BPEMEHH U
NPUKIAIBIBAEMOTO JaBIEHHS IUIOTHOCTH 00pasioB
BO3PACTaeT, TOPUCTOCTh CHIDKAETCS, YTO, COIIACHO
[1], MOMKHO TMOJIOKHUTENBHO CKAa3aThCS HA MEXaHHYE-
CKUX CBOMCTBAax MCCIENyeMbIX 00pasloB B CHIIy CHH-
JKEHHS BHYTPEHHUX HATPSIKEHHUM.

3aBUCHMOCTh TBEPIOCTH OT MOPUCTOCTH IOKa3aHa
Ha puc. 6.

11 - Equation y=a+bx

Plot C

ZrN 60 MIMa/10 MuH. Weight | No Weighting

" Intercept 1156549 £ 0,3473
Siope 1-0,51004  0,0658
0,17156
-0,98372
0,9677
0,95155

Residual Sum of Squar
Pearson's r [
R-Square (COD)

Adj. R-Square

ZrN 60 MMa/5 muH.
|

u
ZrN 30 MMa/10 MuH.

TeepaocTb no MapteHcy, Ma
©

ZrN 30 MrMa/5 muH

7 T T
2 4 6 8

MopuctocTtb, %

Puc. 6.
Fig. 6.

3asucumocms meepdocmu om nopucmocmu
Dependence of hardness on porosity

BBLTO YCTaHOBICHO, YTO MPH CHUKCHUH IIOPUCTO-
CTH JOCTHTaeTcs HauOomblnas TBepAocTb. Habmrona-

eTCs MPSIMO MPOMOPIIHOHATBHAS 3aBUCHMOCTH TBEP-
JOCTH—IIOPUCTOCTD. JIJIsl MccneayeMbIx o0pas3lioB 3Ha-
YEHUS TBEPIOCTH HaXOAWIUCh B mHTepBaine ot 7,3 I'Tla
1o 10,4 I'Tla. Tlpu 3KCTpamoNMpPOBaHUN JTAHHBIX OBLIO
YCTaHOBJIEHO, 4TO OEcIIOpUCTHIN 00paser] OyAeT UMETh
TBepa0CTh 110 Maprtency 11,56 I'Tla.

3aBHCUMOCTE MOIYJS YIPYTOCTH OT IMOPHCTOCTH
M0Ka3aHa Ha puc. 7.

400 -
Equation y=a+b'x
Plot Polynomial Fit of Sheet!
Weight No Weighting
Intercept 395,20997 £ 0,77551
10,67327 £ 0,13224
49020,02183
-0,93121
086716
0,86703

ZrN 60 MIMA/10 MuH.

. Slope
375 [] Residual Sum of Squares
Pearson’s r

ZrN 60 MIA/S MUH. | r-square (COD)

Ad). R-Square

350 ZrN 30 MMA/10 MUH.

Mopayns KOHra, Ma

ZrN 30 MMA/5 muH

325

300 T T
2 4 6 8

MopucrocTtb, %

Puc. 7. 3asucumocmv modyss FOHza om nopucmocmu
Fig. 7. Dependence of Young's modulus on porosity

Taxoke OBUTIO YCTAaHOBIICHO, YTO TPH CHIKEHUH TI0-
pHCTOCTH IocTHTaeTcss Hanbompmmit mMoxyns HOHTa.
HaOmomaeTcss mpsMO  HPONOPIMOHATBHAS  3aBUCH-
MocTh Moxynb OHra — mopucrocth. s mccnemye-
MBIX 00pa31oB 3HaueHus Moayisi KOHra HaXOIWIINCh B
untepBaie ot 320 go 378 I'Tla. Ilpu skcTpamnonuposa-
HUM JAHHBIX OBLIO YCTAHOBJEHO, YTO OECHOPHCTHII
oOpaszer OyneT umeTh MoayJb FOura 395 I'la.

Jns onpeneneHus napaMeTpoB BA3KOCTH pa3pyllie-
HUSI HCCIEAyeMbIX 00pa3loB OBII MPUMEHEH METO]
WHIEHTHpOBaHUA. M300pakeHne HaBeAEHHOH Tpemu-
HBI Ha UCCIeLyeMOM o0paslie IPeICTaBIeHO Ha puc. 8.

IIpu nnnenTupoBanuu nupamuasl Bukkepca ¢ ycu-
mieM 2 HploToHa ObIIM HaBENleHBI pajdalIbHBIC Tpe-
LIUHBIL.

C unCnonb30BaHHEM TIOJYYCHHBIX MJAHHBIX OBLIN
OTIpEICNICHBI KOJIMYECTBEHHBIC ITOKA3aTeNN TPEIINHO-
CTOWKOCTH — KPHUTHYECKHE KOA(PPHUIIMESHTH HHTCHCHB-
HOCTH HANpsDKEHHH. 3aBUCHMOCTh KPUTHUYECKOIO KO-
3¢ duLneHTa UHTCHCUBHOCTU HAMPSXKEHUI OT MOpH-
CTOCTH TOKa3aHa Ha puc. 9.

BbI10 YyCTaHOBIEHO, YTO NMPH CHUXKEHUH HOPUCTO-
CTHM KPHUTHYECKUH KOI(D(DUIMEHT WHTEHCUBHOCTH
HanpsbkeHui gocturaet 4,13 MHa'Mm, TIpH 3TOM TIO-
Jy4dEHHBIC MapaMeTpbl TPEIIMHOCTOMKOCTU BBIXOASAT
Ha JIaHHBIA YPOBEHb IIPU NOPHUCTOCTU MeHblIe 5 %, U
HE3HAYUTENBHO CHIDKACTCS ISl HanOolee IUIOTHOTO
obpasma 1o 3,97 MIla-m*2. C Y4ETOM YCTaHOBJICHHON
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MOTPEITHOCTH CICTYeT OTMETUTh JOCTH)KECHHE IJIaTO B
JTAHHOM HHTEpPBaJIC IUIOTHOCTEH, CJIEeIOBATEIBHO, IS
OecriopucToro odpasia KpUTHUYECKUH Ko3(pduimeHT
WHTCHCUBHOCTH HANpPsDKCHUH TakkKe IOJDKEH COCTa-
BuTh 4,13 MITa-mY2.

Puc. 8. Omneuamok uHdeHmopa Ha nosepxHocmu 06pasyda
npu Hazpy3ke 200 2

Fig. 8. Indenter imprint on the sample surface at a load of
200g
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Fig. 9. Dependence of the critical stress intensity factor on
porosity

3aKoyeHue

B xone uccienoBanus ObUIO YCTaHOBIIEHO, YTO CO-
Jep>KaHHE OCTaTOYHOM OKCHIHOM (a3l B MaTpHIe
HUTpUAA UPKOHMS U1 KOHCOMHIMPYEMBIX 00pasIoB
YBEJIMYMBAETCSA 110 CPABHEHHUIO C MCXOIHBIM IIOPOII-
KOM HHTpUIA LHUPKOHHS, YTO CBHUACTCIBCTBYET 00
OKHCJIEHHH B IPOLECCE KOHCOIMIALNH, OJHAKO MOPH-

CTOCTh OKa3bIBaeT OOJIbIliee BIMSHUE Ha JOCTHracMble
MEXaHWYECKHE CBOMCTBA MO CPaBHEHHUIO C BIUSHUEM
conepkaHusi OKCUIHOH (ha3bl. CHYDKEHHE TOPUCTOCTH
MaTepuana 00yCIIOBICHO YBEIMYCHHEM IPUKIaIbIBaC-
MOTO TpH KOHCOJMJAIMMU JABIECHUS U BPEMEHHU BBI-
JEPKKH, CIIOCOOCTBYIOIINX JIydIIEeMY YIUIOTHCHHIO
o0pasnos. Tak, mpyu NPUMEHsEMBIX B pabOTe JaBICHUN
U BPEMEHUM BBLIEPKKH MOPUCTOCTh HCCIEAYEMBIX
obpasnoB cHmwkaerca ¢ 8,52 g0 2,72 %. Ilpu stom c
YMEHbBILIEHHEM MOPUCTOCTH 00pa3LOB BO3PACTAIOT HX
MEeXaHWYeCKHe CBOWCTBA, Takue Kak Moayib FOHra u
TBepaocTh. [loka3aHo, YTO C yMEHBIICHHEM IOPUCTO-
CTH MOAYIIb YIIPYTOCTH YBEIMYUBAJICS B HHTEPBAJIE OT
320 mo 378 I'Tla, a tBepmocth — ot 7,3 mo 10,4 I'Tla.
IIpu 3TOM C 3KCTpamoOIMPOBAaHMEM MAHHBIX OBLIO
YCTaHOBJICHO, 4YTO OECIOpUCThIE 00paslbl HUTPHJIA
OUPKOHUS OyIyT UMETh MOIyb yupyroctu 395 I'Tla, a
TBepAoCcTh o Maprency — 11,56 I'Tla. [lns uccnenye-
MBIX 00pa3IoB OBUIH OIPEeIICHBI KPUTHIECKHE KO3 (-
(GULHEHTH WHTCHCUBHOCTEH HANpsDKEHHUH. Y CTaHOB-
JIEHO, YTO MPH MMOPUCTOCTU MEHbINE 5 % KPUTUUECKUI
KOX(PGUIMEHT WHTCHCUBHOCTH HANPSKCHUA HUTPHIA
LUUPKOHUS, KOHCOJIUIUPOBAHHOTO METOIOM HUCKPOBOTO
IUIa3MEHHOI0 CIIEKaHus, He HIKe 4 MITa-mY2.

[TomyueHHble nAaHHBIE MEXAHUYECKUX CBOMCTB Ke-
PaMUK{ TTONTBEPXKIOAIOTCS PSIOOM HAYYHBIX HCCIIENO-
BaHUU IO CMEXHBIM TeMaTHKaM. B wuccienoBaHHIX
yueHbix N. Alexandre m M. Desmaison-Brut 6pum
ompenencHbl Moaynu KOHTa kKepaMuKy Ha OCHOBE HHT-
pUAa TUPKOHUS, MOTYYEHHOH METOJOM Topsivero u3o-
CTaTUYECKOr0 MpeccoBaHus mpu AasiaeHuu 195 MIla u
temriepatype 2223 K. U3mepenuss Mogynst ynpyrocta
B JJAHHOU CTaThe OBLIM MPOBEICHBI C YIETOM 3aBUCH-
MOCTH JJaHHOTO IapaMmeTpa oT mopuctoctu. O0pasisl ¢
Mastoi mopuctoctsio (1 %) umenn moxyns FOnra 390
I'Tla, ymenpmatomuiics o 290 I'Tla ¢ yBenuueHuem
nopucrocta (8 %) [19].

J. Adachi ¢ coaBTOpaMu H3MepsUITH MOJYJH YIIpY-
TOCTH JJIsI HUTPHUIA IUPKOHUS, CICYCHHOTO METOIOM
HCKPOBOTO IUIa3MEHHOTO CIEeKaHHui. ABTOpPHI HaOIIO-
JTAJTU CXOXYIO KapTHHY, I 00pasiia ¢ MOPHCTOCTHIO §
% wmonynbs ynpyroctu coctaBun 288 I'Tla, xoTopblit
ymenbmmicsa a0 156 I'Tla mpu Bo3pacTaHUU MOPUCTO-
cta 10 18 %. Ilpu stom Adachi ¢ coaBropamu Taxxke
YACISTH BHUMaHHE 3aBUCHMOCTH TBEPAOCTH OT MOPH-
croctu. st obpasua ¢ mopuctocteio 8 % TBEpAOCTH
cocrasuna 10 I'Tla, kotopas ymenbumica o 5 I'Tla
IIpYU BO3pacTaHUM OpUcTocTH A0 18 % [20].

A. Eskandariyun ¢ coaBropaMu HaOIr01alId yBEIH-
YeHHe TBEPAOCTH OO0pa3loB HUTPHUIA LHUPKOHUSA, CIie-
YEHHBIX METOIOM MI'HOBEHHOTO CTIeKaHHs (MeTon Omm-
30K C HCKPOBBIM IUIa3MEHHBIM CIICKAHHEM) C YBEINYe-
HUEM BPEMEHHU BBIICPKKH 00pas3ioB. ABTOPHI 3adHUK-
cupoBany yBennueHue tepaoctu 10 9,8 I'Tla [3].

B mpoBenenHoit paboTe Mo CpaBHEHHIO C TIpEI-
CTaBJICHHBIMU HCCIIEOBAaHUSIMU y 0Opa3LoOB HUTpHUIA
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LUPKOHUS JOCTUTHYTHI OOJIBLINE TBEPIOCTH, YTO TO-
JIOKUTCIIBHO OTPA3UTCs NPU BBECACHUUN Z[aHHOﬁ TEXHO-
JIOTHH B MPOMBIIUICHHOE HCIIOIB30BAHUE TPH MPOH3-
BOJICTBE TOPHOT'O HHCTPYMEHTA.

VBenuueHne NpPUKIAAbIBAEMOTO JIaBICHUS M Bpe-
MEHH BBLIEPXKKHU TIpH 3a1aHHoi TemmepaTtype 2000 °C

MIpU KOHCOJIMAALUN METOJIOM HCKPOBOTO IJIa3MEHHOTO
CTIEKaHUS HUTPHUAA LUPKOHHUS BBHI3BIBACT CHW)KCHHUE
MOPHCTOCTH 00pasoB a0 2,72 %, yBeIHUCHUE TBEP-
noctu o Maptency — no 10,4 I'Tla, moxyns ympyro-
ctu — o 378 I'lla, kxputuueckoro ko3 GUIUeHTa UH-
TEHCUBHOCTH HampspKeHu# — 1o 4,13 MITa-mY2,
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YucjeHHOe MOJAE€/INPOBAHUEC HECTALLUOHAPHOI'O pE€XKUMa paﬁoTbI
YCTAHOBKMU MNOI'PYXKKHOI'O ropeHusA
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AHHOTanua. AKmya/1bHOCMb viccyieJ0BaHUs 00y CI0BIeHa HE06X0JUMOCThIO BhIIAaPHMBAHUS OOJIBLINX KOJHUYECTB PACcCOIOB
Ha NpeANpUSITUIX KAJIUHHOW TPOMBILIIEHHOCTH. BeImapyBaHKe pacco/ioB B TOBEPXHOCTHBIX BbIAPHBIX aNapaTax 3aTpy -
HEHO BCJIe/ICTBME HHKPYCTAIMHY TEIJIO0GMEHHBIX IIOBEPXHOCTEH ocaikaMu cosiel. [03aTOMy Takoe BeITapyBaHUe LeJ1eco06-
pa3Hee BCEro OCYLIECTBJIATh B annapaTax HOTrPy»KHOr0 TOPeHHs, TaK KaK OHU He COZiepKaT TeIIoNepejaloliuX MOBEPXHO-
cred. OfHAKO M B 3TOM THIIe allIapaTOB BO3MOXXHO BO3HHWKHOBEHHE HEHCIIPABHOCTEN H3-3a HEYNPaB/sIeMOT0 OCaXAEeHUs
TBépAoH da3bl. B HacToAmMI MOMEHT AMHAMUKA TBEP0H a3kl B anmnapaTax NOrpyKHOro ropeHus cjaabo usydena. Jlannoe
HcciefloBaHHe SIBJIAETCH 4acThbl0 HAy4YHOH MporpaMMbl, HalpaB/JIeHHON Ha BCECTOPOHHE PAacCMOTpPeHHe 3aKOHOMepHOCTeH
JIBIDKEHHS TBEPJbIX YAaCTUL, B aNlapaTax C HOrPY>XHbIM ropeHueM. Ilesb: U3yyuTb rUApOAMHAMHUYECKUE IPOLECCH] B YCTa-
HOBKE INOTPY’KHOTO TOPEHUs] B POMEXKYTOK BPEMEHHM, COOTBETCTBYIOIMH Hayasly eé paGoThl; ONKCAaThb 3aKOHOMEPHOCTH
JBWKEHUS TBEPAOU da3bl B 3aBUCUMOCTH OT BpeMeHHU. 066eKm: j1abopaTopHas yCTaHOBKa MOTPYKHOTro ropenust. [IpoaHa-
JIN3UPOBAHAa yNPOLIeHHasA MOJieJib TEIJIOBOTO pexxrMa paboThl 6e3 NocjaeAyoLIero nepexo/a XXuakoi gasel B nap. Memo-
dbl: YUCJIEHHbBIN 3KCcepUMeHT. [Ipu Mo/ieTMpOBaHUM MPUMEHSIJICS TUOPUAHBIA MeTO/i KOHEYHBIX 06bEMOB B COUETAHUU C
TEXHOJIOTMEH MEeTO/la KOHEYHbIX 3JIeMeHTOB. MHorodasHas cucTeMa pacCMaTpUBaJach KakK JIBE COCYLIECTBYIOLIUX MOJCH-
CTEMBI: Fa3-XXKU/JKOCTb U XKUJKOCTb-TBEP/ble YacTULbL. Pe3y1bmamel. PaccMOTpEH KOHEYHbI BpeMEHHOH HHTepBaJ pa6o-
Thl ycTaHOBKU. OGHApY»KEHO, YTO 3a pacCMaTpUBaeMoe BpeMs JOCTHUIAETCS CTAllMOHAPHBIA PEXUM OCaXKJEHUS] TBEPABIX
yactul. OGHapyXeHbl OCHUIISIIUY CKOPOCTH NOTOKA JKUJKOCTH, TPUBOASIIME K KOJIeGaHUSM MacCOBOTO pacxo/ia TBEPbIX
YacTHL, Ha JHe yCTaHOBKH. OGHApY>KEHO, YTO CX0XKyH GOpMy KoJIeGAaHUH HMEIT CKOPOCTb Ha KOHYMKE CTPYH JBIMOBBIX
rasoB, BbIPbIBAIOIIENCSl U3 COIJIA TOPEJIKH, a TAaKXKe JlaBJeHHe Ha cpe3e coma. 060CHOBaHA runoTe3a 06 onpeesoleM
BJIMSIHUM HEYCTOWYUBOCTU CTPYHHOTO JIBMIKEHUS JIbIMOBBIX ['a30B HAa OCLMJUISILIMOHHOE NOBE/IEHHEe BCeH THpoAUHaMHYe-
CKOM CHCTEMBL.

KiiloueBble cjI0Ba: Orpy:KHOe TOPeHHeE, YHCIEHHOEe MOJIeJIMPOBaHNe, HECTALMOHAPHBIN PEXUM, TPEXda3HbIH NMOTOK, ras—
XKHUAKOCTb-TBEP/blE YaCTHILIbI, OCAXKIEHHE
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Abstract. Relevance. The need to evaporate large quantities of brines at potash industry enterprises. Evaporation of brines in
surface evaporators is difficult due to the encrustation of heat exchange surfaces by salt deposits. Therefore, such evaporation is
most expedient to be carried out in submerged combustion apparatuses, since they do not contain heat-transmitting surfaces.
However, in this type of apparatus, malfunctions may occur due to uncontrolled solid phase deposition. At the moment, the dy-
namics of the solid phase in submerged combustion devices is poorly studied. This study is part of a scientific program aimed at
a comprehensive review of the laws of motion of solid particles in submerged combustion apparatuses. Aim. To study the hy-
drodynamic processes in the submerged combustion setup in the time interval corresponding to the beginning of its operation;
describe the patterns of solid phase motion as a function of time. Object. Laboratory setup of submerged combustion. A simpli-
fied model of the thermal mode of operation without the subsequent transition of the liquid phase to steam is analyzed.
Methods. The study was conducted by numerical experiment. The hybrid finite volume method was used in simulation in com-
bination with the technology of the finite element method. The multiphase system was considered as two coexisting subsystems:
gas-liquid and liquid-solid. Results. The paper considers the final time interval of the setup operation. It is found that during the
time under consideration, a stationary mode of solid particle deposition is achieved. The authors have detected liquid flow velo-
city oscillations, leading to fluctuations in the mass flow rate of solid particles at the bottom of the setup. It was found that the
velocity at the tip of the flue gas jet escaping from the burner nozzle, as well as the pressure at the nozzle section, have a similar
form of oscillation. The authors substantiated the hypothesis about the determining influence of the instability of the jet move-
ment of flue gases on the oscillatory behavior of the entire hydrodynamic system.

Keywords: submerged combustion, numerical modeling, unsteady mode, three-phase flow, gas-liquid-solid, sedimentation
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BBeaenue

Amnmapatsr iorpykHoro ropenus (AIIl) mpencras-
JSIFOT cOOOH TEIIOTEXHUYIESCKUE YCTPOUCTBA LIS TpPsi-
MOTO HarpeBa M BhIIapHBaHMs pacTBOpPoB. Harpes pac-
TBOpa INPOMCXOJUT IIPU €ro HENOCPEICTBEHHOM KOH-
TakTe CO CTPYEN ropsdyux ABIMOBBIX Ta30B, 00pa3yro-
mieiica B kamepe cropanus. IIpeuMylnecTBOM Takoro
crocoba HarpeBa SIBISAETCS OTCYTCTBHE TeIUIonepesa-
IOLIMX MOBEPXHOCTEH, HA KOTOPBIX BBIMAJAIOT OCAIKU
cozneit [1]. IIpu pabote AIIl" cTpys ABIMOBBIX Ta30B,
KOHTaKTHPYS C >KUAKOCTBIO, Pa30MBAETCS HA ITy3BIPb-
KH, KOTOpBbIe 0apOOTHPYIOT depe3 CIOH KUIKOCTH U
oTharoT et cBoé Teruto. Ilocie Beixoaa u3z GapboTaxk-
HOTO CJIOSl TBIMOBBIE Ta3bl MHBEPTHUPYIOTCS B CILIOINI-
Hy0 (a3y ¥ TMOKHIAIOT ammapaT 4depe3 BBIXJIIOMHYIO
TpyOy. Harperas >xunkas ¢asa mepenuBaercst depes
IOPOT, MONAataeT B MPUEMHYIO EMKOCTh U CMEIIHUBACT-
CSl C HOBBIMHU MOPLUSAMH KHUIKOCTH, IIOCTYHAIOIIMMU B
AIIT. XKunkas ¢asza u3 npu€MHON EMKOCTH MPUHYIH-
TEJIFHO C TIOMOINBI0 Hacoca MOAAaéTCs B BBIIAPHYIO
€MKOCTb, T/l NPOUCXOAUT €€ HarpeB W MOCIEayIoUee
BbIIIApUBAHUE.

AIIl', xak paBUJIO, UCIOJB3YIOTCS I BbIIapUBa-
HUS 3arpA3HEHHBIX KUAKOCTEH MIIM KOHIICHTPHUPOBAH-
HBIX PacTBOPOB COJIEH, 00pa3ylonIuX B XO/€ TEXHOIO-
rH4yeckoro mpormecca ocagok [1, 2]. KoHkpeTHeIMH
IprMepaMH MPUMEHEHUS] MOTYT CIIY)KUTh BBITIAPHBA-
HUE COJIEHBIX IIJIAMOB U BbIIIApUBAHUE 1LEIOKOB C IO-
JAy4E€HHEM TOBAapHOW COJM Ha MPEeNNpUsITUN «Ypanka-
nuit». [Ipu 3ToM B ammapaTte HEMHUHYeMO BO3HHKAET
TBEpIAs (asza, MpeICTaBICHHAS MEIKOAUCTICPCHBIMU
yactunamu. HeympasiseMoe ABIDKCHHE TBEPABIX da-
CTHI[ IPHUBOAUT K YaCTBIM 3aCOPEHISIM armapara 1, Kak
CJIEJICTBHE, K JJIUTEILHBIM IPOCTOSAM JJISl €T0 OUHUCTKH.

Ota npobiemMa MOXKeET OBITh PelIeHa 3a CUET OpraHu3a-
WU YIPaBIIIEMOTO JBUXKEHUS TBEPIOU (pa3bl B amra-
pate [3]. OgHako pa3paboTKa MEpONPUSATHIA 1O Opra-
HU3AIWN JBIDKCHUS YacTHUIl TpeOyeT MpeaBapuTeNnbHO-
ro U3y4eHHUs 3aKOHOMEPHOCTEN uX ocaxxaeHus B Al
W3BecTHBI UCCIeNOBAHMS OCAKACHUS TBEPIBIX YACTHUI]
B JKUJIKOCTH, OJJHAKO OHHU BBHIITOJIHEHBI TUOO IS IBYX-
(a3HbIX TOTOKOB [4, 5], mubo s cpex co cnenuduye-
CKUMH CBOMCTBaMH [6, 7].

175 m3y9eHus morpy >KHOTO TOPEHUs 110 3aKa3y (hu-
muana BHUM Tanyprum (r. Cankr-IlerepOypr) Ha
npeanpusatun «Temnodueprollpom» (IlepMckuil kpai,
m.1.T. [Tona3na) Obu1a co3nana mabopaTopHasi yCTaHOB-
ka, nmutupyoomas AIIl'. IlpuHnunuaneHas cxema na-
O6opaTopHOW yCTaHOBKH TpejacTaBieHa Ha puc. 1. Kak
W TIOJHOpa3MEpHBIA ammapar, yCTaHOBKa CHaOXeHa
MOTPYXHOM TOPENIKOM, CO3JAIIIEH CTPYH) TOPSYHX
JBIMOBBIX ras3oB. [lon ropenkoif ycraHoBiIeHO OTOOII-
HOE yCcTpOoHCTBO. Takke MPUCYTCTBYET BEpPTHKAIbHAS
Meperopojika, pasjaeisomas padouynii o0béM Ha JBE
obnactu. IIpnuém meperopojka HOMyCKaeT MepereKa-
HUE JXUIKOCTH uepe3 He€, TakKe KakK )KHJIKOCTh Tepe-
nuBayiack Obl uepes nopor B AIIL.

Kpome Toro, B mMecte CMBIKaHUS NEPETOPOIKH C
HWKHUM JHUOIEM YCTaHOBKH NPEAYCMOTPEHO OKHO
JUISL IPOTOKA YKUIKOCTH. MaTeMaTHYeCKOoe MOAEIUPO-
BaHHE MMOJHOPA3MEPHOTO ammaparta TpedyeT UCIoIb30-
BaHUS 3HAYUTENBHBIX BBIUMCIUTEIBHBIX PECYPCOB,
MO3TOMY JUISA OTJIAJIKH MOJIEIH OblIa BRIOpaHa UMEHHO
nabopaTtopHas yCTaHOBKAa. YCTaHOBKa MMEET CpaBHU-
TeJIbHO HeOoNbIIMe JIMHEHHBIE pa3mepsl (2,2:1,4:1 M),
YTO JenaeT €€ MOJAEIMPOBAHHE METOJOM KOHEUHBIX
00bEMOB OoJiee SKOHOMHYHBIM, YeM MOJCIHUPOBAHUE
nonHopaszmepHoro AIII.
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Fig. 1. Schematic diagram of a laboratory setup

H3BecTHBI paboTHI MO MCCICTOBAHUIO MEXK(Pa3HOTO
TEIIO- ¥ MacCOOOMEHa TBEPHBIX YACTUI] M HECYIIeH
KHUAKOCTH [8, 9], oIHAKO OHHM HE 3aTparuBaloOT TPEX-
(azHbIx cucteM. KpoMe TOro, CTOUT OTMETUTH PaOOTHI
[0 W3YYECHHIO KOHBEKTHBHBIX TEUCHHH XHUIKOCTH B
3aMKHYTBIX 00béMax [10—12] ¢ yueToM COnpsKEHHOTO
TEII000MeHa C OKpy»karolei cpenoid. Pacuernas reo-
METpHsI CXOKa IO TIOCTaHOBKE C pacCMaTpHUBAacMOH B
HACTOSIIIIEM HCCIICIOBAaHUH, OJHAKO OTMEUCHHBIC 3a71a-
YH SBJISIFOTCA B OINPENIEJIEHHOM CMBICTIE MOJIENIbHBIMH,
TOTJla KaK HAMH PaccMaTPHUBACTCs peaibHas TEXHUYE-
cKkas cucteMa. B3aumonericTBue TypOyIEHTHBIX ITOTO-
KOB C TBEpPIBIMH MPEMATCTBUSAMH IIPH TPaTUCHTAX
CKOpOCTEH OJIM3KUX K TEM, YTO UMEIOT MECTO B peallb-
HoMm AIIl', yncnenno paccmatpuBaercs B [13, 14].

Panee Hamu ObLTH MCCIIEOBAaHBI 3aKOHBI IBUKECHUS
(TpexMepHas CTPYKTypa W TapamMeTpsl) TpEx(azHOTo
MOTOKA Ta3—KHUIKOCTh—TBEPIBIC YaCTHIBI Ha MpUMeEpe
71a00paTOPHOM YCTAaHOBKH C IOTPYXKHBIM TOPEHHEM
[3]. Taxxe ObUTO MPOBEACHO JIETATFHOE M3yUCHHE IH-
HaMuKu TBEpHoU ¢asel [15]. Hactosmiast pabora sBiis-
€TCsl MPOJODKEHUEM YKa3aHHOW CepUU UCCIeAOBaHHUMA
Y HampaplieHa Ha M3YYCHHUE HECTAIIMOHAPHOTO PEeXUMa
paboThl YCTAHOBKH C TMEPEMEHHBIM YPOBHEM >KHIIKO-
ctu. Takoil pexxuM MMeeT MEecTO MpH ITyOOKOM yrma-
pHUBaHUHU pacTBOpoB ¢ ynaneHueM 60—70 % Boasl (0
Mmacce).

IlocTaHOBKa 3a4a4M U METOJ, pelieHUsI

B paccmarpuBaemoii MHOTO(A3HOH cHCTEME Hecy-
mei (azoil sBISETCS KHIKOCTh. DTO OOYCIOBJICHO
TEM, YTO, BO-TIEPBBIX, KUAKOCTh SBJISETCS CIUIOIIHOM
Cpelol, a BO-BTOpBIX, €€ 0OBEMHAs IO SBISETCS
HauOoubme. B pacu€THON MoJeNn KHUIKOCTh Mpe-
cTaBlieHa BOJOU. J[pIMOBbIE ra3bl TUCIEPTUPOBAHBI B
KUIOKOCTHU B BUJC ITY3BIPHKOB. Tak kak MIPUMCHUTECIIb-
HOo K AIIl" Bompoc o pa3zmepax My3bIPHKOB ABIMOBBIX
ra3oB HCCIEIOBaH HEIOCTATOYHO, NMPHHAT UX (HUKCH-
pOBaHHBIN AuameTp 3 MM, IO npuMepy padoTs [16] B
COOTBETCTBUH C IKCIICPUMECHTAIBHBIMY JTaHHBIMH. J{71st
Lened MOAETUPOBaHUA IbIMOBBIE Ta3bl ObUIM 3aMEHE-
HBl Ha BO3AYX, TaK KaK TEIUIOGH3MUECKHE CBOMCTBA
JOBIMOBBIX Ta30B, ITOJIyYCHHBIX TIPH CKUTAHUU MIPUPOA-
HOTO Ta3a ¢ kK03(duiurmeHToM H30BITKA BO3IyXa, paB-
HbIM 1,65, ONM3KM K CBOWCTBAM YHCTOTO BO3IyXa.

TBépnas ¢aza mpencraBiieHa YacTULAMM XJIOpUJa Ka-
nust quametrpom 0,24 mm. Takoil pazmep yacTHI] COOT-
BETCTBYET CpEeIHEMY IHaMeTpy (IOTAIMOHHOTO IIPO-
JIyKTa Ha BTOPOM U TpeTheM bepe3sHUMKOBCKHUX KaJuii-
HBIX TPOW3BOACTBEHHBIX PYJOYIPABICHUAX MPEaNpHU-
SATUSA «Y paTKaJIAID).

AnekBaTHas (pH3HKO-MaTeMaTHYECKash MOJIENb Obl-
Jla TIOCTPOEHA B XOJie UCCleAoBaHus [3] U y4uThIBaeT
B3aMMOJICHCTBUS JKUAKOCTh—Ta3 U KHUIKOCTb—TBEP/IbIE
YacTUIBI pa3fenbHo. Tak Kak 3¢ ¢eKTsl QIoTaluu He
SIBIIIIOTCS onpenensaomumu npu padore AlIl, npene-
OpeKeHHE B3aUMOJICHCTBHEM Ta3—TBEPMAbIC YACTHIIBI
CUMTaeM OIIpaBJaHHBIM. B3amMopnencTBHe ra3oBod U
KUJIKOH (a3 MOIETMPOBANIOCH C MOMOINBIO MOIXOMA
«Oiinep-Diiep» (Eulerian-Eulerian multiphase model)
[16, 17], nBukeHHEe TBEPABIX YACTHUI[ — C IMTOMOIIBIO
nogxona «Dinep-Jlarpamk» (Lagrangian particle
tracking model) [18]. IlpeumymectBom «Ditnep-
Jlarpawx» mnonxozna sBISETCA BO3MOYKHOCTH IIOCTPO-
UTh TPAGKTOPHUU YAaCTHI OT MOMEHTa 3apOXKAEHUS N0
MOMEHTa MX OCAKJCHHS Ha MOBEPXHOCTb WM BBIHYX-
JICHHOTO CaMOYHHYTOXCHHUS IO MPUYHHE OTPaHUYCH-
HOCTU BBIYUCIUTENBHBIX PECYPCOB B OTHOLIEHHH JO-
MyCTUMOW JUIMHBI TPAeKTOPHM 4acTHll. Takke B MO-
JIeNb ObUIM  3aJIOKEHBl ypaBHEHHS TYpOYJIEHTHOTO
JIBUKEHHUS, TaK KaK CTPys rOpsS4MX ABIMOBBIX ra3oB B
MOMEHT BBIXOZa M3 COIUIa TOPENIKHM MMEET CKOPOCTh
nopsiaka 100 M/c ¥ MOXXKET BBI3BIBATh 3HAYUTEIIHHBIC
TypOyJICHTHBIE ITyJIECAIMU B 30HE KOHTAKTa C KHIKO-
cTh10. B TO e Bpemsl B 30HaX, yAaJI€HHBIX OT TOPEJIKH,
0COOEHHO 3a BEPTUKAIBHON INEPEropojKOH, TeueHue
MIOTOKA MOKET OCTaBaThCs TAMUHAPHBIM. Takum o0Opa-
30M, M8 KOPPEKTHOIO MOJEIMPOBAHUS TEUYEHUH
Heo0XoAMMa MOJIeNb TYpOYJIEHTHOCTH, obecrednBa-
olas Ha&xXKHbIe PEe3yJIbTaThl KaK MPU BBICOKHX, TaK U
MpU HU3KHX 4Yuciax PeiiHonbaca. OToMy TpeOOBaHHIO
otBeuaeT Mojaenb RNG k-¢ (¢ peHOpMaIM30BaHHBIMU
rpynnamu) [16].

OnucanHas MoJenb Jana IpelBapUTEIbHbIE pe-
3yJIBTAaThl, XOPOIIO COTJIACYIOIIUECS KaK C paHee u3-
BECTHBIMU JAHHBIMU IO CTpYKType norokos B Alll,
TaK U C ONBITHBIMU JaHHBIMH, ITOTYYCHHBIMH Ha J1a0o-
paTopHoii yctanoBke [3]. Mojenb mocTpoeHa Ha OCHO-
BE HCCJICJIOBaHUS TI0 OOpPaTHOMY TICEBIOOKMKEHHOMY
CJI010, MHIYIIMPOBAHHOMY Ty3bIpbKamu [16], KoTopsIi
npeacraBisier codoi Omm3kuii k Al pacuérHelii ciy-
yail. B yka3saHHOM HCCIENOBaHUM aBTOPbI, CPaBHUB
YHCIICHHBIE ¥ OMBITHBIC JIAHHBIC, MPHIIUIA K 3aKIF0Ye-
HUIO O XOpPOIIEM COTJacud (PU3UKO-MaTEeMaTUIECKOU
MOJIEJIH U SKCIIEPUMEHTA.

Ha puc. 2 npencraBnena pacuérHasi cxema, UCIIOb-
30BaHHas B HACTOALIEM MCCIEeIOBaHMU. Tak Kak Mpo-
[IECC TOPEHHS TOIUIMBA HE SIBJIICTCS MPEIMETOM pac-
CMOTpPEHHUS, TOpEeTKa, KaK OTAEIbHBIN 3JIEMEHT, B CXe-
Me oTcyTcTByeT. COOCTBEHHO TOBOpSI, HHTEpPEC Hpea-
CTaBJIACT JIUIIb MOTOK ABIMOBBIX T'a30B.
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B TO xe Bpemst MoJellb UHBEPCUU CILIOLIHOIO ra-
30BOT0 MOTOKA B OTAENbHBIE Ty3bIPbKH MIPU KOHTAKTE C
BSI3KOM JKUJKOCTHIO HE pa3paboraHa. B cooTBercTBHUM
C 3TUMH COOOPaXCHUSIMH MBI OTPaHHIIIIICH 3aJaHHEM
MOTOKa IY3bIPHKOB T'a3a Ha Cpe3e COIula TOPEJKU B
KaueCcTBe TPaHUYHOro ycloBus. Taxke OBUIO MPUHSTO
JOIyIIEHNE O PaBHOMEPHOM paclpeeseHUH o cede-
HUIO IapaMeTPOB MOTOKA.

BepxHsas rpanuna pacu€THOW oOnacTu SBIseTCS
OTKPBITOM, TO €CTb AOIYCKaeT IBI)KEHHE Cpell Kak
HapyXKy, Tak U BOBHYTpb 00xactu. [Ipu 3Tom 3amarorcs
rapameTpbl Cpelpl, Haxojsuieics 3a rpaHuueil. B
HalieM ciiydae ObUTa 3ajaHa atMocdepa MpPOU3BOJI-
CTBEHHOTO TNOMeIIeHHs. J{JsI MOomenupoBaHHs YOBLIH
KUAKOCTH OBbUT BBEJEH CIMB C (PUKCHPOBAHHBIM pac-
xoJ0M. BBon TBEpOH (a3l OCyIIECTBIACTCS B MPO-
CTPAaHCTBE MEXAY COIUIOM TOPEIKH U OTOOHHBIM
YCTPOUCTBOM. DTa 30HA SIBIIIETCSI MECTOM MaKCHUMallb-
HOW TEIUIOHANPSHKEHHOCTH, a 3HAYHMT, B PeajbHOM
mpoIiecce MMEHHO 37eCh OyIeT MPOUCXOIHUThH HCTape-
HUE KUIKOCTU U, KaK CIIEJICTBUE, BBINIAJCHUE B OCAJIOK
KPHCTATMKOB coiu. IIpoune rpaHuis! pacdéTHOM 00-
JIACTH SIBJIAIOTCS ainabaTHYeCKUMH cTeHKamHu. Jlomo-
HUTENIBHO U1 HU)KHETO JHMINA U BEpXHEH MOBEpXHO-
CTH OTOOMHOTO yCTPONCTBa BBEICHO YCIIOBHE MOJHOU
abcopOru TBEPAOH (haszbl. C MOMOIIBIO JTaHHOTO TPH-
éMa MMUTHpPYETCS NPWIMIIAHUE COJIM K YKa3aHHBIM
MOBEPXHOCTSIM. [IpeayCcMOTpeHBI ABE CEpUU dKCIEpH-
MEHTOB C MaccoBbIMU pacxogamu Ha ciuee 0,1 u 1
KI/C TIpH TPOYMX PaBHBIX YCIOBHAX. PaccmarpuBancs
HECTAallMOHAPHBIN PEXUM pabOThl YCTaHOBKHU ¢ 01=4 c,
0,=120 c.

YpaBHEHUS (PU3UKO-MATEMATUICCKOW MOJICITH pe-
[IAJTMCh € MOMOIIBI0 KoMMepueckoro maketa ANSYS
CFX 2020R2. TTaker ANSYS CFX mpencrapnsieT co-
00i1 mporpaMMHOe oOecrieueHNe IS MOICITUPOBAHUS
3a1a4 TUAPOJAWHAMHUKHU. BBIUHMCIUTENBHBIM MaKETOM
peanusyeTcs THOpHUIHAS TEXHOJOTHs, OCHOBaHHAsl Ha
METO/I¢ KOHEYHBIX 00BEMOB C MCIOIH30BAaHUEM METO-
Ja KOHEUHBIX 3JIEMEHTOB. MeToj BHIOpaH B CHIIy €ro

Settlement scheme of laboratory setup: 1) section; 2) axonometry

XOpomied pa3padOTaHHOCTH NMPUMEHUTEIHLHO K 3aja-
4aM ¢ 0COOBIMH TpeOOBaHHSIMU K KOHCEPBAaTUBHOCTH
YHUCJIEHHOHN cxeMmbl. KpoMe Toro, naHHBIM MeTona auc-
KPETH3alNH SIBISIETCS ONTUMAIBHBIM Ha IMPOU3BOIIb-
HBIX HECTPYKTYPHUPOBAHHBIX CETKaxX C sMEUKaMH IMpo-
W3BOJIBHOM popmer [19].

OnucaHue MaTeMaTH4YeCKOH MoAe/H

OCHOBOI CHUCTEMBI ypaBHEHMH SBISIETCA MOJAEIb
«Ditep-Diinepy» ¢ JT00aBICHHEM HEKOTOPHIX YypaBHe-
HUA moxxoma «Jimep-Jlarpamk». Takum obpazom,
UMeeM CIEAYIOINe ypaBHEHHsI HEPAa3pBIBHOCTH U IIe-
penoca ummyibsca ¢ yauetoM RNG K-g& mogenun TypOy-
JICHTHOCTH:

%(aipi)+V(aipi\7i)=0, ()

2(Otipivi)+V(0‘ipi\7i ®\7i):
ot
- _aivp * VT_' + aipig + Fdrag,ij > 2

—8(a,p,k, ) +V(apk Vv, )=

Okt F by Vk [+,G,, —aypg, + 1T, (3)
Ok

=V| q,

0 ~
a(a,plgl )+V(oypg V)=

0, nu+
— al l,&‘}'lG Htur VS +

€
T k_I(Clsez,sGk,b —C,.0;.p€ ) +
|

+CB,sa’IpIHk -oR,, (4)
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%(aipiHi)_'_v(aipiviHi):
op = .
=, E+‘ri:VVi +V(LVT)+Q;, (5)

Qy =-Qy =hy (Tg _T|), H; ZICp]idTi,
dv, -

s E = Frag,Is + l_i (6)

grav’

IEdrag,lg Z%P|CD %‘VI _vg‘(vl _\79),
g

T
i

(@)
lw)
=
w<
=
<
w<
i

drag,Is =
F,.., =Mgd.

3mech 0. — 00bEMHAs JIONIS; p — IUIOTHOCTD (Kr/M3);
V — ckopocTh (M/c); t — Bpems (¢); p — nasnenue (I1a); p
U - — JAWHAMHUYECKas W TypOyJeHTHas BA3KOCTh
(ITa-c); H — ynenmpnas saTanemus (Jx/kr); A — Terio-
npoBoaHocTh (BT/M'K); T — Temneparypa (K); Q — ko-
JIMYECTBO TeIUa, MocTynusiIee u3 ¢assl j (Jx/M’); Cp—
TEIUIOEMKOCTh TIPU NOCTOSHHOM JiaBieHnu ([x/kr-K);
d — muametp (M); m — macca (kr). Bektops! 9, Fyragij 1
Fgray IPEOCTABISIOT YCKOpPEHHE CBOOOJHOTO MafeHHs
(M/c2 , YACTBHYIO CHJIy MeX(a3HOTO B3anMOIIEHCTBHS
(H/mM*) u cuny tsxectu (H); K u € — aneprust TypOy-
JIGHTHBIX MyJIbCallUi U CKOPOCTh €€ pacceuBaHUs], T —
TEH30p BA3KMX HampspkeHuid. MHIEKCH |, | yka3blBaroT
HAa TPOU3BONIbHBIC (a3bl, MHIACKCH (, |, S oTBeuaroT
ra3oBOH, >XKUIKOW U TBEPAOH (hazaM, COOTBETCTBEHHO.
Koncrautsr mogenu RNG Kk-g npuBeneHs! B Tabiuire.

Ha 6a3oBsie ypaBHeHust (1)—(6) ObUTH HaTOXKEHBI
TPaHUYHBIC YCIIOBHSL:
®  COIUIO TOPENIKU

(PgVyn) o= 0,123 xr/c, T, |, =1573 K,

COILT
— _ 3,
Ay leons =1 Py leons= 0,225 k1/M”;

L] OTKpLITaSI FpaHI/Iua

Plor=101325 Tla, T |, =298K, @, =1

(Yka3zaHHbIE yCIIOBUS CIIPABEAIHUBLI, CTPOrO TOBOPS,
3a OTKPBITOI! rpaHuIieil);
e CIuB

plvln |CJ‘IPIB: _0’ 1; _1 KF/C;

e anmabaTHUecKHe CTEHKH, NEPeroposka u 0TOoiHOoe
YCTPOUCTBO

VlCT:O’ qlCT:O'

Wupaexc N o3HauaeT HamMpaBiIeHUE 10 HOpMANH, 00-
paméHHol BHYTph pacuéTHoW obmactu. CxeMaTHu4HO
TPaHUYHBIC YCIOBHSI IPOUJUTIOCTPHPOBAHBI HA PUC. 2.

MaccoBbrit pacxon TBEpAOH ¢a3wl npuuaT 0,05 kr/c.
BBox ocymiecTBIsUICS paBHOMEPHBIMH TOPLHUSMH Ha
KaX/IOM BPEMEHHOM IlIare 1o KOHYCY C LIEHTPaJIbHBIM
yriom 50° u paguycom ocHoBanust 0,2 M. KoHyc coocen
C COIUIOM TIOpEIIKM, OCHOBAaHHME KOHyCa HAXOIUTCA Ha
paccrosHuu 0,55 M OT HWXKHEH TIpaHULBl pacu€THOM
oOmnactu. Hanpasnenue BBoJIa — OT BEPILIMHBI K OCHOBA-
HHIO, OCHOBaHME OOpAIEHO K OTOOMHOMY YCTpOMCTBY
(BHM3). Havanpnas cxopocts yactury 0,01 m/c, 4to He-
CKOJIKO MEHBIIIE CKOPOCTH UX ocaxJeHus. HauanpHble
CKOPOCTH KHUJKOCTH U JBIMOBBIX ra30B NPUHSTHI HyJIe-
BeiMU. HauvanbHas Temmeparypa Bo Bceil pacuéTHOM
obmactu 298 K. B HauanmbHBII MOMEHT BpeMEHH BCS
pacuéTHas 00JIaCTh 3aI0JTHEHA BOJIOH.

i 3aMBIKaHUS CUCTEMBI ypaBHEHUN BBEICHBI J10-
MIOJIHUTEIbHBIE COOTHOLIEHUS. YCIIOBUE HOPMHUPOBKHU
U 00BEMHBIX HoJel (a3: aqt+ag=1; BeIpakeHUs s
TEH30POB BSI3KUX HANPSHKCHUH U 1eOopMaIiiii:

T=i:_0*iui (Vvi +v{’iT)_0°i %“i (VV:)3;.
§=%(v\7i+vv1).

Kpome Toro, BBeJJeHbI COOTHOLICHUS I ypaBHe-
HUHA Moaenu TypOyienTHocTH [3, 16]:

Hur & N, NV,
G, =~ BGVT, G, =, | —-+— [+,
b . B|g i k My an 8Xi an

8_1+Bn3 1‘[0 E’ l’ltur_

2

K 1
n=s=. S=(2S,S|)2.

KoadduimeHT conpoTHBIeHUs, NCTONB3YEMbIH IS
BBIYHCIICHUST CHJIBI MexX(a3HOro B3auMOACHCTBHS,
onpezensiercsa koppesnsiiuent Llnnnepa—Haymanna [16]:

24
C. —
® Re

(1+0,15-Ref%").
g,s

Koaddumuent temnmoornaun ompenensercs co-
riacHo opmyie:

h, =6M]a0,Nu/d, .
OddekTrBHAS TETUIONMPOBOAHOCTh  JIOTIOJHICTCS
TypOyJIEHTHBIM CllaraeMbIM coriiacHo padote [17]

}\'I = )\'Iam,l +}\‘ >"tur,l = Cp,lutur/Prtur >

tur,| >
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rae Pryr — TypOysnentHoe uucno Ilpanaris (mpussITO
0,9). Munekcer lam u tur oTBevarOT TaMHHAPHOMY H
TypOyJICHTHOMY peXHMaM COOTBETCTBEHHO.

BBenensl crnemyromie o0o3HaueHHWs A Oe3pas-
MEpHBIX KOMIUIEKCOB: 3TO JBa Kputepus PeitHombaca
IUTSL TTy3BIPHKOB BO3/AyXa M TBEPIBIX YaCTHUEK, a TaKKe

qucia HpaH,E[TJ‘ISI nu HycceﬂBTa, COOTBETCTBCHHO
[16, 17]:
R _pldg|vg_\7l| _plds|vs_vl|
eg - H S - )
K 1y

C
Pr=%“', Nu=2+0,6-Re -Pr®.

[locnenHee CcOOTHOIICHME TIpeACTaBIsIeT COOOH
koppemanuto Panna—Mapniaina.

Ta6auya. Ilapamempoi modeau RNG k-¢

Table. RNG k- model parameters

[Tapametp | 3Hadenue | Ccoiika | [lapamerp |3HauyeHue | Ccblika

Parameter Value Link Parameter Value Link
Ok 1,391 [20] 0 4,38 [20]
o 1,391 [20] B 0,012 [20]
o 1 [16] Ci, G |1,42;1,68| [20]
6. 1 [16] C, 0,085 [17]
(2% 1 [16] C3, 0 [16]
s, 1 [16] Ik 0 [16]

by npuHATHL clieqyromue pa3Mepbl pacdETHOMN
obnacrtu: mmHa 2,106 M; mumpuaa 1,306 M; BeicOTa
0,856 M. DTH mapaMeTpbl COOTBETCTBYIOT TabapuTam
nabopaTopHOH YCTaHOBKHM. BbICOTa yMEHbLIEHa IO
CPaBHEHUIO C OPUTUHAJIOM, TaK KaKk CBOOOJHAsI TpaHU-
L1a IPOBE/IeHa HUXKE BEPXHEro IHUINA yCTaHOBKH.

g nuckperu3anuu pacu€THoil obnactu ObLia 1o-
CTpOEHa HepaBHOMEpHasi KOHEUYHO-00bEMHas ceTka. B
BEINTApHOH 007acTH cTopoHa suelkn cocrasisier 0,01
M, B octainbHOi obmactn — 0,033 M. OOmiee Komuye-
CTBO 3JIEMEHTOB ceTku cocTaBuino 12069799 mpu xo-
nudecTBe y370B 2238943,

06cyxaeHue pe3ybTaTOB

B pesynbrare mpoBenieHus1 IByX CepUi YHUCICHHBIX
SKCTIIEPIMEHTOB OBUITM TOJYYeHBl NaHHBIE 00 HHTEH-
CHUBHOCTH OCaXJeHUs TBEPAOH (a3bl, €€ HAKOMJICHHIO
Ha THE W B TONMIIE >XUIKOCTH. J[aHHbIE YHMCIEHHBIX
SKCIIEPUMEHTOB MPEJICTABICHEI Ha pUC. 3—7.

Kak BunmHO U3 puc. 3, pacxoll YacTHll, OCEBIIMX Ha
JIHE YCTaHOBKH, pE3KO BO3pacTaeT B nepsbie 20 CEeKyH]
YHCICHHOTO AKCIIEPUMEHTA. 3aTeM pacxo. KoyediaeTcs
Bosye 3HaueHus 0,04 kr/c. Ha puc. 4 mokazano Hakor-
neHue TBEPION (as3bl HAa AHE YCTAaHOBKHM, YTO IO CYyTH
ABJIICTCS PE3yJIbTaTOM HHTErPUPOBAHUS 110 BPEMEHU
MaccOBOI'0 pacxoAa.

0,06

o
=}
a

0,04

0,03

MoTok TBEpAOY dasbl Ha AHE YCTAHOBKM, Kr/c
o
°
S

o
o
=

0 20 40 60 80 100 120
Bpems, ¢

Puc. 3. Maccosbili pacxod meépdoli  ¢aswl Ha OHe
ycmawosku: 1 - cmok 0,1 ke/c; 2 - cmok 1 ke/c
Solid phase mass flow rate at the bottom of the set-

up: 1 - outflow rate 0,1 kg/s; 2 - outflow rate 1 kg/s

Fig. 3.

12

Macca TBépAoit dpasbl, Kr
o o
(<)) 00

o
>

0,2

0 20 40 60 80 100 120

Bpems, ¢
Puc. 4. Koauuecmseo meépdoii ¢pasbl Ha OHe ycmaHo8Ku:
1-cmok 0,1 ke/c; 2 - cmok 1 ke/c
Fig. 4. Solid phase amount at the bottom of the setup:

1 - outflow rate 0,1 kg/s; 2 - outflow rate 1 kg/s

s oboux ciaydaeB rpadyKy SBISIOTCS MpaKTHYC-
CKM MpPSIMBIMM HAKJIOHHBIMHU JIMHUSMH, YTO COOTBET-
CTBYET Apeiidy pacxoja Bo3Jie MOCTOSHHOTO 3HAYCHUSI.
Haxonyienue B ToxdIIe XUIAKOCTH pacHpenesiéHHOU
TBEPJOH (ha3bl TakxKe NMPOMCXOAUT cTaauitHo. M3 puc.
5 BUJHO, 4TO N0 MOMeHTa BpeMeHH 0=44 ¢ 00BEM
TBEPABIX YACTHUI] JEMOHCTPUPYET 3aMEUISIOIIUNCS
pocT, a Tocie YKa3aHHOTO MOMEHTa HaOJIloJIaeTCs BhI-
XOJ Ha IJIaTO B OOJIACTH 3HAYECHUIA 5,5-10_4 M. [Ipu-
4y&M OMKCaHHAS KapTHHA HAOII0AaeTCsl st 000UX pac-
YETHBIX CITy4acB.
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0,0006 HAa4YMHACTCSl HATHETAHUE B YCTAHOBKY TOPSYMX ABIMO-
o-o—q_
. S aal O By BBIX I'a30B, KOTOPBIE BBITECHAIOT YaCTh XKUIAKOCTHU Ye-
e o0 .-,
0,0005 2 ;3534 L ST * PE€3 OTKPBITYIO IPAHHULLY. 9Tf) HpOI/ICX?,Z[I/IT JI0 TexX 1op,
\//: MOKa JBIMOBBIC Ta3bl He 3aliMyT 00BEM, COOTBETCTBY-
/:/ IOLIUI pa3BuTOMy OapOoTaxkHoMmy cioto. [locne aToro
S 0,0004 4 W3MEHEHHUE YPOBHS OIPEHEIACTCSA TOJBKO HHTECHCHUB-
2 /y\ HOCTBIO CTOKA.
% / / 1 Takxe B XOJ€ YWCIEHHOTO SKCIIEPUMEHTa ObLIN
g 0000 % MOJTy4YeHBI TIOJISI TEMITEPATYP, CKOPOCTEH 1 0OBEMHBIX
g # nmonedd skupkoctu (puc. 7-9). Ha Hmkecnemyrommx
gooooz ! pHUCYHKax IOKa3aHbI 101, COOTBETCTBYIOIIUE YCTaHO-
o BUBIIIEMYCS pexuMy. Ha n3o00pakeHusx mokazaHa 00-
JacTh HauOOJIBIIET0 MHTEpECa — MPOCTPAHCTBO BO3JIE
00001 |4 HOrPY>KHOH FOPEJIKH.
0 e T T T T T 1
0 20 40 60 80 100 120
Bpems, ¢
Puc. 5. 06vém meépdoii ¢pasvl, pacnpedenéHHol 8
scudkocmu: 1 - cmok 0,1 ke/c; 2 - cmok 1 ke/c
Fig. 5. Volume of the solid phase distributed in liquid: 1 -
outflow rate 0,1 kg/s; 2 - outflow rate 1 kg/s
2,15
L]
L .\
2,1 \‘\
.\.\.\.
N
3 o %
< 2,05 hY e g
G \'\. .\.\.\.‘.
2 e I i S SN Puc. 7. Temnepamypa xcudkocmu & obsaacmu 803/1e
g L Ne. 0-0-0-0-0¢ 7
3 e noepyscHoli eopeaku (0=120 c)
H \'\-\_\ Fig. 7.  Liquid temperature in the area near the submerged
& 2 T, burner (6=120s)
o e
L 2 \.\o
e,
'\.\.
1,95 .
.,
19 T T T T T 1
0 20 40 60 80 100 120
Bpems, ¢
Puc. 6. 06vém scudkocmu: 1 - cmok 0,1 ke/c; 2 - cmok
1ke/c
Fig. 6. Liquid volume: 1 - outflow rate 0,1 kg/s; 2 - outflow
rate 1 kg/s

CHuxeHrne o0bEMa KUAKOCTH B YCTaHOBKE, Kak
BUJIHO W3 pHUC. 6, SBISIETCS CHAYajla HEITWHEHHBIM C
MOCJIETYIOIINM BBIXOJIOM Ha JUHENHBIN ydacTok. Ilep-
BOHaualbHasl HEJIMHEWHOCTh TMpollecca OOBSICHACTCS
METOJMKOW YHCIEHHOTO JKCIEpHMeHTa. B cooTBeT-
CTBUU C HAYaJbHBIMHU YCJIOBUSMH B MOMEHT BPEMEHHU
0=0 Bcs pacuérHas oOyacTh 3amojHEeHa Bonoi. Jlamnee

Ckopocmb scudkocmu 8 06.1acmu 803/1€ NO2PYAHCHOU

2opesaku (0=120 c)
Fig. 8. Liquid velocity in the area near the submerged bur-

ner (0=120s)
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Puc. 9. 06vémHas 00413 OblMOBbIX 24308 8 06/ACMU 803/1€
noepyscHoli 2opeaku (=120 c)
Fig. 9. Bubbles volume fraction in the area near the sub-

merged burner (6=120s)

Nesas BepxHaAa Mpasas BepxHaAA

lvnoueHTp

conna ropeaku
 ——

N

[MpaBas HWKHAA

i
K
V

;

IleBasa HWKHAA

Z
X

Puc. 10. Cxema pacno.ioxceHusi movek (20pu3oHmMa/ibHbuIU

paspes)
Fig. 10. Layout of the points (horizontal section)

Tak kak B X0JIe YHUCJICHHBIX 3KCIIEPUMEHTOB OOHa-
PYXHIIHCh OCHMJIISIIAM MacCOBOTO pacxoja TBEPIOU
¢a3pl, gocturaroniue 25 % ot 3ddekTuBHOrO 3HaUE-
HUS, OBUIO TIPUHSATO PEILIeHHEe O MPOBEICHUH JOIOIHU-
TENBHBIX MCCIECIOBAHUN C IENBI0 YCTAHOBICHHS NPH-
ponbl ocumyuIAUi. Jlyis 3TOro OBLIM PaccMOTPEHBI
BEKTOPBI CKOPOCTH JKUAKOCTH B YETHIPEX TOUKAX BOJIH-
3 HAa YCTAHOBKH, BEKTOPHI CKOPOCTEH IBIMOBBIX Ta-
30B Ha KOHYHKE CTPYH, BBIPHIBAIOIIEHCS M3 COIUIA TO-
peNKH, a Takke JaBJeHHe Ha cpe3e comia. Pacmoino-
KCHHE TOYEK M WX YCIOBHBIC 0003HAYCHUS TOKA3aHBI
Ha puc. 10. Tak kak TMHAMUKa TIPOIECCOB AJIST PaCUET-
HBIX ciaydaeB 0,1 u 1 Kr/c cxoxu, Ais JalbHEHIIEero
aHalln3a MCIOJIb30BAIMCH TOJIBKO JaHHBIC YHCIICHHOTO
JKCIIEpUMEHTa CO CTOKOM 1 kr/c. JlomomHUTETbHBIE
JaHHBIE NIPEJICTaBICHBI Ha puc. 11-15.

AHanu3upys 3HaYCHHUsI POCKIIMHA BEKTOPOB CKOPO-
CTH XUJAKOCTH BOIM3M nmHa (puc. 11-13), MOXXHO yBH-

JIeTb, YTO B KaXIOH M3 TOYEK BEKTOpP CKOPOCTU
HaIpaBJICH K TMIIOLEHTPY COIJIA TOPEJIKH, KaK MOoKa3a-
HO Ha puc. 16. DTo coBMagaeT ¢ JaHHBIMU O HAINYUH B
YCTaHOBKE OCECHUMMETPUYHBIX BUXpeEH, MOIy4eHHBIMU
IpU  WCCIENIOBAaHHM CTAallMOHApHOrO pexuma [3].
HauGonpmuii WHTEpEC MPENCTABIIAIOT BEPTHUKAIbHBIC
KOMIIOHEHTBI CKOPOCTH (0Ch Y), TaK KaK IMEHHO OHH B
HauOoJbIIeH CTENeHM BIUSAIOT Ha ocaxkaeHue. Kax
BUJHO Ha rpaduke puc. 12, BepTUKAIBHBIC COCTABIIS-
IOLIME KONEOIIOTCA BO3JIE HYJIEBOIO 3HAYEHUS C Xa0-
TUYHOU CMEHOI 3Haka. DTO MOXKET CIy>XKUTh OOBACHE-
HUEM OCLWILILIMA MaccoBOTO pacxoja Ha JHE ycTa-
HOBKHM. OZIHAKO BO3HHKAET BOIIPOC O TOM, YTO SIBJISET-
Cs TEPBONPUYMHON OCHMWIISIMOHHBIX TPOLECCOB B
cucteme. [IpuunHbl KoJeOaHU ONpEAETSIOTCS HETYyp-
OyJNEHTHBIMHU ITyJBCAIMSAMHE, KaK ITPEIIONAraloch pa-
Hee, IOTOMY YTO 00JacTh CKOJIbKO-HUOYIb 3HAYMMBIX
MyJbcaliii 3aHUMAET JIUIIb MaJbli 00BEM pacdETHOM
obmactu [3].

0,3

0,2

o
=

CKopocTb, m/c
o

-0,1 b ./o\.\./ e
/ : \.\o/'/.\' o o
./. ‘\.,!<o /0/.\. N \.;./ °\.\.|'|H
-

e o o o o \./0/.
0,2 e .\'\ofko—o—o\ S \ "
o o g
JH
-0,3
0 20 40 60 80 100 120

Bpems, ¢

Puc. 11. IIpoexkyuu ckopocmeil xcudkocmu Ha ocv X: ITH -
npasasi HuxcHAa mouka; JIH - sneeass HUNCHASA
mouka; JIB - sesasn sepxHas mouka; [1B - npasas
8EpXHs1s1 MOYKa

Fig. 11. Projections of liquid velocities on the X-axis: ITH -
lower right point; JIH - lower left point; JIB - upper
left point; IIB - upper right point

Ha puc. 14 M0oXHO yBUAETh OCHWJUIAIINA KOMIIO-
HEHT BEKTOpa CKOPOCTH MO (opMe aHaJOTHYHBIE OC-
IWJUIAIHASIM CKOPOCTEH B TOUKax Bo3ne JMHA. Takyio xe
(dhopMy OCHHJUTAIIMN MMCIOT JaBJICHHS Ha Cpe3e COoIlia
(puc. 15). D10 ma€r ocHOBaHME MPEAINOJIOXKUTH, YTO
HUCTOYHHMKOM IMTyJbCAIlMi CKOPOCTH TIOTOKA SBJIACTCS
MMEHHO HEYCTOWYHBOCTH CTPYHHOTO JABFIKEHHUSI JTBIMO-
BBIX Ta30B Ha COILIE.
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Puc. 12. [Ipoexkyuu ckopocmetl yxcudkocmu Ha ocb Y: I[TH -
npaeasi HuxcHsAs1 mouka;, JIH - seeass HudxicHAA
mouka; JIB - seeas sepxHssi mouka; IIB - npasas
8EpXHSIsS MOYKa
Fig. 12. Projections of liquid velocities on the Y-axis: IIH -
lower right point; JIH - lower left point; JIB - upper
left point; IIB - upper right point
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Puc. 13. [Ipoekyuu ckopocmetl xcudkocmu Ha ocv Z: I[IH -
npasas HuxcHAs mouka;, JIH - seeasa HUdMCHAA
mouka; JIB - neeas eepxnsas mouka; 1B - npasas
BEPXHSIS1 MOYKA
Fig. 13. Projections of liquid velocities on the Z-axis: IIH -

lower right point; JIH - lower left point; JIB - upper
left point; IIB - upper right point

B kauecTBe (paKkTOpa, OKA3BIBAIOLIETO 3aMETHOE
BJIMSIHUC HA TUAPOJUHAMUYCCKYIO KAPTUHY B YCTAaHOB-
K€, B IEPBYIO O9epeNb, BBICTYNAET CTPYS TOPSUUX IbI-
MOBBIX Ta30B. IMEHHO MO3TOMY ISl JOTIOJTHUTEILHOTO
aHaJM3a aBTOpaMM ObITa BHIOpaHA TOYKA HAa KOHYHKE
CTPYH U CpPe3 coIIa.
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Puc. 14. Ckopocmb 2a3a Ha KoHyuke cmpyu: 1-3 - X, Y u Z-

KOMNOHEHMbl, COOmMmeemcmeeHHOo

Fig. 14. Gas velocity at the jet tip: 1-3 are the X, Y and Z
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3akjI04eHue

B HacTosiiiieM MccnenoBaHMM PacCMOTPEH HeCTaluo-
HapHBIA TPEXMEPHBIN PeXUM padOThl YCTAHOBKH MOTPYK-
HOIro ropeHus. ITo MPUINMHE OrpaHUYCHHOCTH BbIYMCIIN-
TEJIbHBIX PECYpPCOB PaccMAaTpPHUBAJICA HAYAIBHBIA HEPUOJ
pabotel ycraHoBku Topsinka 120 c. OOGHapy»xeHo, uTo 3a
9TO BpeMsi OCKICHUE TBEPAOH (ha3bl yCIIEeBACT BBINTH Ha
YCTAaHOBMBIIIMICS pEXHUM. BMmecte ¢ TeM OOHapyKeHBI
OCLWULALMY CKOPOCTH IIOTOKA B YCTAHOBKE 110 BCEM TPEM
OPTOrOHAJILHBIM KOMIIOHEHTaM. DTU OCLIJULILIUY, B CBOIO
odeperb, IPUBOMAT K KOJIEOAHMSAM MAaccoBOTO pacxofa
TBEPABIX YacTHIl Ha JHE ycTaHOBKH. OOHapy»eHO, 4To

CXOXKYIO (hopMy KOJIeOaHHH UMEIOT CKOPOCTh HA KOHYUKE
CTPYH IBIMOBBIX I'a30B, BBIPBIBAIOLLENCS U3 COILIA TOPEN-
KU, a TaKkkKe JaBlICHHE Ha cpe3e coruia. BhiaBrHYyTA TUMO-
Te3a O TOM, YTO MCTOYHHKOM OCLUAJUISILMI SIBJISFOTCS KO-
ne0aHus CTPYH JIBIMOBBIX Ta30B.

OOHapyXeHHbIE B CHUCTeMe KojeOaTelbHBIC IPO-
LECChI CIIEAYET YYUThIBATh MPH PACCMOTPEHUH 00pa-
30BaHUS M POCTA YACTHIl TBEPIOU (a3bl pacTBOPEHHO-
ro BenectBa. [lynbcalun CKOPOCTH TaKKEe OKA3bIBAIOT
BIMSHHAE HA HAJIMIIAHWE OCAJKa HA BHYTPCHHHE IIO-
BEPXHOCTU YCTaHOBKH.
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COBepmeHCTBOBaHHe METOA0B pacyeTad 3KBUBAJICHTHOTO Hanmopa
IKEKTOPHbIX YCTAHOBOK B I'OPHBIX BblpaﬁOTKaX 00JILLIOro CeYEeHUs
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AHHOTanusa. AKmya/1bHOCMb VCC/eJOBaHUs CBsi3aHA C HEOOXOJMMOCTBIO COBEPIIEHCTBOBATh METO/bl pacyeTa napameT-
POB pabOTHI 3X)KEKTOPHBIX YCTAHOBOK B FOPHBIX BBIPA6OTKaxX IIAXT M PYJHUKOB. [IpyMeHeHVe 3)KEKTOPHBIX YCTAaHOBOK, pa-
6oTarouUuX 6e3 nepeMblYKY, SABJSETCS epPCIeKTHBHBIM BapUaHTOM MOBBIIIEHHUS 3 EeKTHUBHOCTH NPOBETPHUBAHUS CUCTEM
TFOPHBIX BBIPA6OTOK GOJbIIOr0 ceyeHHs. OnepaTHBHBIN aHaMNU3 3QEKTUBHOCTH BBIOPAHHBIX apaMeTPOB BEHTUJISTOPA-
KEeKTOopa U KaMephl CMelIeHUsI BO3MOXKEH TOJIbKO IPH HAJHUYHUH AOCTATOYHO YHUBEPCAJIBHBIX U TOYHBIX METO/0B pacyeTa
3KBHBaJIEHTHBIX XapaKTEPUCTHK. B TO BpeMs Kak CyIlecTBYIOLIME Ha CEroJHs MOAX0Abl 06J1aZjal0T, KaK MIPABUJIO, TOJIBKO
O/IHUM W3 BbILIENePeYrCAeHHbIX CBOUCTB. Ilesb ucciefoBaHUs COCTOUT B ONpesesieHUM 3aKOHOMEPHOCTEeH HM3MeHEeHUs
a3poJMHAMHUYECKUX NTapaMeTPOB BO3/YIIHOTO [IOTOKA IPU €ro JBHXXEHUU N0 TOPHOH BbIPAGOTKE C 3)KEKTOPHOH yCTAaHOB-
KO, paboTarouiel 6e3 nepeMblYKu. 06seKm: BO3AYIIHbIE TOTOKH, 06pa3yolecs: B TOPHOU BBIPAaObOTKe 60JIBLIOTO CeueHUs
B pe3yJsibTaTe PaGOThl 3KEKTOPHOU YCTAHOBKH C KaMepou cMelieHUsl. Memodsl: TpeXMepHOe YUCJIEHHOEe MOJe/JUpPOBaHUe
CTAllMOHAPHOI'0 TYPOYJIEHTHOTO TeYeHUs BO3/lyXa B TOPHOM BbIPaGOTKE, CDAaBHUTEJIbHBIN aHAIU3 Pe3yIbTAaTOB pacyeTa Npu
PasJIMYHbIX PACHOJIOKEHHUSAX BEHTHIATOPA-3KEKTOPA, CPABHUTE/IbHbIM aHa/NM3 YUCJIEHHO PACCYMTAHHBIX 3KBUBAJEHTHBIX
XapaKTEPUCTHUK 3KEKTOPHOM YCTAaHOBKU C aHAJUTHYECKOH dopMyJsiod. Pe3ysbmamsl. OnpesiesieHbl 3aKOHOMEPHOCTH U3-
MEHEHUS] MEXaHUYECKOW SHEPIUH U CTATUYECKOTO /1aBJIeHHs] BO3/IyLIHOI0 IOTOKA [0 MEPE ero NpoJiBHKEHHS BA0JIb FTOPHOH
BbIPaGoTKU. MHOTrONapaMeTprU4ecKoe YUCJEHHOE MOJeJIMPOBAHUE JIJIsl Pa3/IMUHBbIX PAacX0/l0B BO3/yXa Ha BXOJE B TOPHYIO
BbIPAGOTKY MO3BOJIMJIO MOJYYUTh 3KBUBAJIEHTHbIE HAIOPHbIE XapaKTEPUCTUKH BEHTH/IATOpA-3’KeKTOopa BM-8 ¢ kaMepHO#
CMeLIeHHs], KOTOpble MOTYT GbITh MCIO0JIb30BaHbl IPYU NPOBEJEHUH OJHOMEPHBIX PACYETOB CTALMOHAPHOTO pacIpe/ie/leHus
pacxo/ioB B BEHTUJISAILIMOHHBIX CETAX LIAXT U PYAHUKOB. CPAaBHUTEJBHBIN aHAIU3 JaHHBIX MOJEJUPOBAaHHUs C U3BECTHOU
aHaJIMTUYEeCKON 3aBUCHMOCTBIO IIEpena/ia AaBJeHHs T03BOJIMJ ONPEJe/IUTh HaNpaBJeHUs JaJIbHeNIIero CoBepIIeHCTBOBA-
HUSl aHAJIUTUYECKHUX METO/I0B, T03BOJISIOIIUX ONMCATh TEUYEHHUsI BO3/lyXa B FOPHBIX BBIPAGOTKAX C 3’)KEKTOPHBIMU YCTAHOB-
KaMM, OCHAIlleHHbIMHM KaMepaMH CMeLIeHUsl.

KioueBbie c10Ba: PyAHHU4YHAasA BEHTHUJIALUSA, 3)KEKTOPHAdA YCTAaHOBKA, HAallOpHAadA XapaKTepHUCTHUKaA, YUCJI€HHOe MOJAeJIUpOo-
BaHHWe, rOpHasa Bpra60TKa
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Improving methods for calculating the equivalent pressure
of jet fans in large-section mine workings
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Abstract. Relevance. The need to improve methods for calculating the operating parameters of jet fans in mine workings.
The use of jet fans operating without air stopping is a promising option for increasing the efficiency of ventilation of large-
section mine working systems. Operational analysis of the effectiveness of the selected parameters of jet fans and mixing
chambers is possible only if there are sufficiently universal and accurate methods for calculating equivalent characteristics.
While the approaches existing today have, as a rule, only one of the above properties. Aim. To determine the patterns of
changes in the aerodynamic parameters of the air flow as it moves through a mine working with the jet fan operating without
air stopping. Objects. Air flows generated in a large-ion mine working as a result of the operation of the jet fan with a mixing
chamber. Methods. Three-dimensional numericsectal simulation of steady-state turbulent air flow in a mine working, com-
parative analysis of calculation results for different locations of the jet fan, comparative analysis of numerically calculated
equivalent characteristics of the jet fan with an analytical formula. Results. The authors have determined the patterns of
changes in mechanical energy and static pressure of the air flow as it moves along the mine working. Multiparameter numeri-
cal simulation for various airflow rates at the entrance to the mine working made it possible to obtain equivalent pressure
characteristics of the VM-8 jet fan with a mixing chamber, which can be used in one-dimensional calculations of the steady-
state distribution of flow rates in the mine ventilation networks. A comparative analysis of simulation data with a known ana-
lytical dependence of the pressure drop made it possible to determine the directions for further improvement of analytical
methods for describing air flow in mine workings with jet fans equipped with mixing chambers.

Keywords: mine ventilation, jet fan, head-flow characteristics, numerical simulation, mine working
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BBenenue

MopenupoBaHue TEUEHHS BO3/IyXa B Pa3BETBICHHBIX
BEHTIJIAIMOHHBIX CETSX IIaXT U PYTHUKOB OOBITHO OCY-
IIECTBIISIETCS] C UCMOIb30BAaHUEM OJTHOMEPHOTO MOIX0/1a,
OCHOBaHHOTO Ha 3akoHax Kupxrodda 1-ro u 2-ro pona
[1, 2]. JaHHbI MOIXO/A MO3BOJSIET OMPEACTHUTH pacipe-
JeJICHAE PACXONOB M JIABICHHS B OONBIIMX CHCTEMax
TOPHBIX BBIPAOOTOK 32 MPHUEMIIEMOE BpeMs U C TIpHEMIIe-
MOM TOYHOCTBIO, COPa3MEPHONW C TOYHOCTBHIO BXOJHBIX
rapamMeTpoB OJHOMEPHBIX MaTeMaTHYeCKUX Mozeneil —
a3pPOIMHAMUUYECKUX COMPOTHUBICHUH TOPHBIX BHIPAOOTOK
1 TIEPETIaIOB JABJICHHUS OT UCTOYHUKOB TSTH [3].

[Tpu 5TOM B TOPHBIX BHIPA0OTKAaX TEUECHHE BO3TYXa
MOXET OBITh CYHIECTBEHHO HE OJHOMEpHBIM. Takas
CUTYyalysl, K IpUMEpY, UMEET MECTO IIPU IPOBETPUBA-
HUH TYIMHKOBBIX TOPHBIX BEIPAOOTOK C IIOMOIIBIO BEH-
TWIALMOHHBIX TPyOOmpoBonoB [4, 5], mpu TedyeHUU
Yyepe3 CIOXKHBIC COIMPSKECHUS TOPHBIX BBIPAOOTOK [6].
g aHanu3a U3MEHEHUsl a3pOIMHAMUYECKUX XapaKTe-

PHCTHK BO3AYIIHOTO MMOTOKA MPH MPOXOXKICHUN TAaKUX
YYaCTKOB OOBIYHO HCIIOJIB3YIOTCS JINOO TPHOIMKCH-
HBIE SMIUPUKO-TeopeTHUecKue Ghopmydsl [7], 1ubo xe
MIPOBOJIUTCS TPEXMEPHOE YHCICHHOE MOICTTMPOBAHUE C
MPUMEHEHHEM METOJOB BBIYHCIUTECIHHON NTUHAMUKA
JKUAKOCTH U rasa [8§, 9].

Eme ogauM mpumepoM CyIIeCTBEHHOW HEOJHO-
POIHOCTH paclpeneNieHHus] adpOANHAMUYIECKUX XapaK-
TEPUCTHK BO3IYIIHOTO MOTOKA SIBJISACTCS IPOBETPUBA-
HHUE BBIPAOOTOK BEHTHIISITOpaMu-3kekTopamu [10, 11].
B nmanHOM ciiydae B BBIpa0OTKE C OTHOCUTEIBHO
OOJIBIINM TOMEPEYHBIM CEUYCHHEM YCTAHABIMBACTCS
MaJIOMOIIHBI BEHTWIATOp, paboTaromuii 0e3 mepe-
MBIYKH. 32 CYET KWHETUYECKOW SHEPTUH CTPYH, UCXO-
IUIIEeH W3 BEHTHIATOPA, IPOUCXOTUT MKEKIUS BO3-
JIyIITHOTO TIOTOKA, YBEIMYHMBACTCS CPEIHAS CKOPOCTh
JBIDKCHHS BO3IyXa IO BEIPAOOTKE, a TAKXKE MOCIIE BEI-
pPaBHHUBaHHS ITOTOKA IO TOTEPCUYHOMY CCUCHHIO YBE-
JIMYUBAETCS €ro crarndyeckoe nasienue [12] (puc. 1).
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PackpbiTne ctpym B
ropHoOM BbipaboTke

IXeKTop Kamepa cmelwweHua
Puc. 1. CxemamuuyHblii 8U0 8eHMUASMOPA-3IHCEKMOPA 8 20PHOUl 8bIpaboOMKe
Fig. 1. Schematic view of a jet fan in a mine working

s moBwimieHns 3()(HEKTUBHOCTH BEHTHIISATOPOB-
KEKTOPOB 32 HUMH 33a4acTyIO0 YCTaHABIUBAIOT KaMe-
pBl CMELICHHUsI C JWAMETPOM IPOTOYHOW 00JacTH B
~2 pa3a OOJIBIIIAM, YeM JTHAMETP BEHTUIIATOPA.

B 3TOM CMEBICITE BEHTHIIATOP-33KEKTOP OKA3hIBACTCS
SKBUBAJICHTEH HEKOTOPOMY BUPTYaJbHOMY BEHTHUIIS-
TOpPY, KOTOPBII OBl 3aHUMaJ BCE MOIEPEYHOE CEUCHHMS
TOPHOW BBIPAOOTKH H CO3[aBall OBl OIpPEICICHHBIN
Hamop. OTO 00CTOSTEIhCTBO OYEHb BAXKHO C TOYKH
3pEHHUsI TIEPCIIEKTUB MAaTEMATHYECKOTO OMUCAHUS BECH-
THIISITOPOB-2KEKTOPOB B paMKaxX OTHOMEPHOTO MOIXO-
Ja C TOMOINBI0 YpPaBHEHUH, OTPaKAIOIIUX 3aKOHBI
Kupxrodda 1-ro u 2-ro pona. [lanusIit Bompoc uccie-
noBainicsi panee B Tpyaax [10, 13-15]. B paborax
[13, 14] npemioxkeHbl YIPOIICHHBIE AHATUTHICCKHE
MOJISITH IS pacyeTa Haropa 3KeKTopa Ha 0a3e 3aKoHa
Oananca sHeprud. B padorax [10, 15] ananutuyeckue
BBIp)KEHHS TSl HAITOpa 3KEKTOpa TOIyUSHBI Ha OCHO-
Be 3aKoHa OanmaHca ummyibca. B [12] meromamu mc-
JICHHOTO MOJICJIMPOBAHUS MOJIyYeHA SKBHBaJCHTHAs
HATOpHAsl XapaKTEPUCTHKAa OT PabOTHl BEHTIIISATOPA
BM-6 B ropnoil BelpaboTke Gonbinoro ceuenus. Ilpu
9TOM aHaJMTHYECKUE 3aBUCHMOCTH, MPEACTaBICHHbIC
B JIUTEpAType, OKA3BIBAIOTCSA OYEHBb MPUOIIKEHHBIMU
U HE CHOCOOHBI OMHUCATh BIMSHUS Psfa BaKHBIX TEX-
HOJIOTHYECKUX MapaMeTpoB (HampHUMep, MecTa yCTa-
HOBKH BEHTHIISITOPA B CEYCHUH BBHIPAOOTKH, MapaMeT-
POB KaMepbl CMEIICHHs ), & IPEACTABICHHBIC PE3YJIbTa-
TBI YMCJICHHOTO MOJEIMPOBAHUS MOJIYYEHBI IS YacT-
HBIX CJIy4aeB, KOTOPHIE CIIOKHO OOOOIIMTH W pacipo-
CTPAHUTH HA PYTUE MPAKTHUCCKUE CUTYAIIHH.

B nuteparype Taxke mpeAcTaBlICHBI HCCIICTOBAHIS
BEHTHJISITOPOB-3>KEKTOPOB PUMEHHUTEIBHO K BOIIPOCY
MPOBETPHBAHUS TOHHENeH MerpornonureHoB [16-18].
OJIHaKo B 3TUX HCCJIEJOBAHUSIX BHUMaHHUE YIEIACTCS
MIPEUMYIIECTBEHHO BOIIPOCaM MaKCHMH3ALUH PacXxona
BO3/IyXa, MOJaBaeMoro B TOHHENb [16], pacmpenerne-

HUS KOHIEHTPAIMY BPEIHBIX MPUMECEH U TeMIIepaTyp
B TPEXMEPHOM BO3IYIIIHOM TIPOCTPAHCTBE TOHHEIS
[17, 18]. B To Bpems kak [uid 3ajad pyJAHUYHOH BEH-
TWISIAA OoJiee BaKCH 3KBUBAJIICHTHBIN HATOp BEHTH-
JATOpa-KeKTOpa. METOI0NOTHS UCCIIeIOBaHUS YaIle
BCETO BKJIIOYAET B ce0sl YHCICHHOE TPEeXMEepHOoe Mojie-
JIUPOBAaHME, OJHAKO TPAHUYHBIC YCIIOBUS THUIA «BEH-
TUJISITOP» 3a4acTYI0 HE MCIOINB3YIOTCsS. BMecTo 3Toro
3a/1al0TCsl TPAHUYHBIE YCIIOBUS MO CPEAHEN CKOPOCTH
MOTOKa Ha rpaHunax BeHtuisitopa [17, 19], uyto npu-
BOJUT K BO3MOXKHBIM HECOOTBETCTBHSIM paCUETHON
MOJIEJIH C PEATbHBIM 00BEKTOM.

B nHacrosmeit pabore mccie0BaHbl 3aKOHOMEPHO-
CTH TIPOBETPUBAHHS TOPHOW BBIPAOOTKM BEHTHIISTO-
pom-3kxexkTopoM BM-8 ¢ xamepoii cmemnienus. OCHOB-
HOE BHHMaHHUE B PadOoTe ylIeIeHO N3MEHEHUIO MEXaHU-
YECKOHM 3HEPTHH MOTOKA W CTATHYECKOTO JABJICHHS IO
Mepe ABHXEHMS IOTOKa Mo ropHoi BeipadoTke. [Ipo-
BEJICHO CPAaBHEHHE IMOJIYUEHHBIX PE3yJIbTaTOB YUCIICH-
HOTO TPEXMEPHOTO MOJCIMPOBaHUS PabOTHl BEHTHIIS-
TOPa-3KEKTOpa C JAHHBIMH OJHOMEpPHOM MOJENH.
IIpemioxeHbl MyTH COBEPLIEHCTBOBAHUS OJHOMEPHOM
MOJENN Ha TpeAMET YyIydlIeHUS €€ COOTBETCTBUS C
JIaHHBIMH TPEXMEPHOTO MOJIEITUPOBAHHUSI.

O6'bEKT HcC/IeJOBAaHUA U METO/10JI0OTUS
PaccmatpuBanace ropHasi BBIpa0OTKA KBaAPaTHOTO
noniepeynoro cedenust (11x11 m) mmunoir 250 m. Ha
BXO/IC B BEIPAOOTKY 3a/aBasiach (PUKCUPOBAHHAS CPEIHSI
CKOpOCTB Bo3myxa Vj,, a B BEIpaOOTKE ITOMENTATNCh BEH-
TUIIITOP-PKEKTOp M Kamepa cmemeHus (puc. 2). Oba
BEHTHIAIMOHHBIX OOBEKTa yCTAHOBICHBI O€3 TMEepeMbI-
gek. [lnamerp BeHTHIAITOpa paBeH 0,8 M, a IuaMeTp Ka-
Mepbl cMmentenus — 1,6 M. Kamepa cmenienust Ha BxoJie U
BBIXOJIC MMeeT MU (y30phl, YBEIUUMBAIONIME €€ IHa-
meTp 1o 1,7-1,8 M. PaccTosiHrie OT BBIXOIHOTO OTBEPCTHS
BEHTHJIATOpA 10 KaMepbl cMeleHus paBHo 0,8 M.
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BeHTUNATOP-3)KEKTOP

Kamepa cmeweHuns

Bbixog noToka

Puc. 2. T'eomempus paciemHoll o6aacmu
Fig. 2. Geometry of the computational domain

Ocb BEHTWIATOPA-KEKTOPa COBHANACT C OCHIO Ka-
Mepbl CMELICHUS, @ PACCTOSHHUE OT 3TOH OCH JI0 KPOBIIU
1 OOKOBOM CTEHKH BBIPaOOTKH cocTaBisieT 1,3 M. D10
COOTBETCTBYET CHUTYAIlMH Pa3MEIICHHs] BEHTHISTOPA H
KaMephbl Ha MOYBE BBIPAOOTKHU y €€ CTEHKH.

YnciieHHOE MOJENHPOBAHNE CTAI[OHAPHOTO TYp-
OyJIEHTHOTO TEYEHHS BO3IyXa OCYIIECTBILIIOCH B IIPO-
rpammuom makere ANSY'S Fluent metooM KOHTPOITB-
HBIX (KOHEYHBIX) 00beMOB. Mcmonp30Baics anroputM
SIMPLE [20]. Bo3aynisblii TOTOK CUMTAJICS HECIKUMA-
€MbIM M HM30T€PMUYECKUM, a €ro a3poAUHAMUYECKUE
CBOICTBa cOOTBeTCTBYIOT Temieparype +15 °C. Hc-
MOJIB30BAIACh JBYXIapaMeTpHyecKas MOAETb TypOy-
neatHocT realizable k-epsilon [21]. Benrumsrop-
KEKTOP YUUTHIBAICS MTOCPEJCTBOM 3aJlaHMs Mepenajia
nasnernss AP(Q) mpu NpOXOKAEHHUHM IIOTOKOM Cpe-
IIHHOTO TIOTIEPEYHOTO CeUEHHS BHYTPH BEHTIIIATOPA!

AP = 2633 +592,4Q — 52,6Q2.

JlanHasg HamopHasi XapakTepUCTHKAa COOTBETCTBYET
MACTOPTHBIM JIAHHBIM JIJISl MIAXTHOTO BEHTWJIATOpA
MECTHOTO TpoBeTpuBaHusi BM-8 mpu yrie moBopora
nonatok 20°.

CpenvHHOE MONepeYHoe CEUeHUE BHYTPH BEHTHIISA-
Topa OBUIO 3aaHO KaK IIOBEPXHOCTh THIIA «HHTEp-
(eiicy, cBI3aHHAS C OCHOBHBIM TPEXMEPHBIM JOMEHOM
Y TIpOHUIIaeMas Ui MPOXOMASIIETO Yepe3 Hee MOTOKa.
ITo manHO¥ mMpuYMHE OCTaJIbHBIC XaPAKTEPUCTUKH TI0-
TOKa TPU €ro MNPOXOXKACHWU dYepe3 YKazaHHYI0 IO-
BEPXHOCTh OCTaBalNCh HEM3MEHHBIMH. OOBEMHBIN
pacxon @ paccuuThIBajlCAd Kak IPOU3BEIECHHUE BHYT-
pennero cedenus BeHTHisTOpa (0,5 M2) Ha CPETHIO0

Mnsys
2021 R2
TEACHING

Bxop, noTtoka

60,00(m)

10 CEYECHHUIO BEHTWIATOPA CKOPOCTb, ONPEAEIISIBILIYIOCS
aBTOMAaTHYECKU B IPOTrpaMMe.

Bribop mapaMeTpoB KOHEYHO-OOBEMHOM CETKH
OCYIIECTBJISUICS IyTEM IPeBapUTEIbHOIO MOJEIUPO-
BaHUS TE€UEHMS AN MATH PA3JIMYHBIX CETOK C pa3Me-
pamu ot 571 g0 2952 Ttric. stueek. Bo BHyTpeHHel 30He
BCE CETKH C(OPMHUPOBAHBI TETPAIAPHUECKUMH STUCH-
KaMH, a Ha TBEpIbIX CTEHKax 3aJaBajicsi MpU3MaTH4e-
CKMI morpaHnyHbli cioil. KauecTBo ceTku oleHuBa-
JIOCH TIO TIepernajy JaBJieHUs B pacuéTHoi obmactu. 1o
UTOTaM MpOLEAYpbl HACTPOHWKM CETKM ObLIa MpPHUHATA
ceTka U3 1580 ThIC. siUeek ¢ § MOrpaHUYHBIMU CIIOSIMU
Y CTYIICHHEM CETKH Ha CTEHKaX BEHTUJISITOpa M KaMe-
puI 10 5 cM. OHa obecrieuniia oTkIoHeHHE MeHee 1 %
OT ATAJIOHHOTO PElIeHHs Ha HAUTy4Illel ceTKe.

Pe3y/ibTaThbl Y CA€HHOT0 MOE/IUPOBAHUS

Ha puc. 3 npencraBieHbl BBIUUCIEHHBIE pacIpere-
neHust oceBod (X) KOMITOHEHTBI CKOPOCTH BO3/yXa
BIIOJTb BEPTHUKAJIBHOTO Cpe3a TOPHOH BBIPAOOTKH, TIPO-
XOASILIEr0 4epe3 OCh BeHTUNIATopa. PaccMoTpeH wuc-
xo1HbIH BapuanT (Ne 1) pa3MenieHus BEHTWISITOpa U
KaMephbl Ha IMOYBE BBIPA0OTKH y ee CTeHKH (puc. 3, a) u
JIOTIOJIHUTENBHBIA BapuaHT (Ne 2), Korjga BEHTHIATOP
MO-TIPeKHEMY Y CTEHKH, HO TOJBELIEH Ha BBICOTY,
PaBHYIO IIOJIOBMHE BBICOTBHI BbIpaboTku (puc. 3, 6).
CpenHAs CKOPOCTh BO3[yXa Ha BXOAE B BBIPAOOTKY
Ut oboux BapuanToB paBHa V, = 0,25 m/c. Ha BbIxo-
JIe 3aJaHO HYJICBOC CTATUYECKOE JaBJICHHUE.

W3 mamHOTO pHICYHKAa BHIHBI OCHOBHBIC 33aKOHO-
MEpPHOCTH TEUYCHHS BO3AyXa B TOPHOI BhIpabOTKE C
BEHTIIATOPOM-3KEKTOPOM.
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KomnoHeHTa X ckopocTH, m/c

Puc. 3.

Pacnpede/leHue npoawleoiI KOMNOHEeHmMbl CKopocmu nomoka 8 8epmukKa/ibHOM ceveHuu, npOXOdﬂlqu uepe3 0Cb

8eHMU/ISIMOpA: d) 6eHMU/SIMOP HA NO48e 8bIpabomMKU; 6) 6eHMUASIMOP HA cepeduHe 8bICOMbI 8bIPA6OMKU

Fig. 3.

Distribution of the longitudinal component of the flow velocity in a vertical section passing through the axis of the fan:

a) fan on the floor of the mine working; 6) fan at the middle height of the mine working

3a cuer mepenaja JaBICHHUS, 33/1aBAEMOT0 Ha BEHTH-
JSITOpE, Yepe3 HEero HauMHaeT TeUb BBICOKOCKOPOCTHOW
MOTOK BO3AyXa (CpemHsii CKOPOCTh BO3IyXa B CCUCHHH
BEHTIJIATOpa B OOOHMX CIIy4asX COCTaBWiIa OKOJo 28,3
M/c). Bo3mymHas cTpys BBIXOAUT W3 BEHTHJIATOPA, MPO-
XOIIUT Yepe3 KaMepy CMEIICHHs, TToficackiBasi B HEe JacTb
BO3/yXa U3 BEIPaOOTKH. Jlanee cTpysl YaCTUYHO HJIU ITOJI-
HOCTBIO PAaCcKPBIBACTCS B KaMepe CMEILICHUsI, TTOCIE Yero
HCTEKaeT B TOPHYIO BBIpaOOTKy. B wmrore BO3mymiHas
CTpyS TIOCTETICHHO PACKPHIBACTCS B BBHIPAOOTKE, CMEIIIH-
BasiCh C OCHOBHBIM TIOTOKOM BO3/IyXa, JBUTAIOIMMCS 11O
BBIpaboTKe. JlomoNHWUTENbHAsS KUHETHYEeCKas SHEpIus,
rmojTyqaeMasi BO3AYIIHOW CTPyel TOCIe MPOXOXKICHUS
BEHTHJIATOPA, MPOBUIUT K MOSABICHHUIO JIOMOIHUTEIEHOTO
TMIOJIOKHUTENFHOTO HAropa B OOIIEM HOTOKE ITOCNE pac-
KPBITHS BO3IYIITHOW CTPYH B TOPHOM BBIPaOOTKE.

U3 puc. 3 Taxke BUIHO, YTO XapaKTep H CKOPOCTH
PACKPBITHSI CTPYH CYIIECTBEHHO 3aBHUCST OT ITOJIOXKE-
HUS BEHTHIIATOpA-3KEKTOpa B BhIpaboTKe. B 00omx
CIIy4asix B HEKOTOPOM 00beMe BBIPAOOTKH B CUTYAIIHH,
Korjga MeOUT BEHTHISATOpPA BBINIE Pacxoja BO3AyXa B
BBIpa0OTKe, O0pa3yroTcsi BO3BpaTHbIe TeueHus. O0-
JIACTh BO3BPATHBIX TEUCHHH MOXKET pacIojiaratbcsi B
OKPECTHOCTH BEHTHJISTOPA C KaMEPON CMEIICHUS WK
OBITH CIBUHYTOH BHHU3 IO TIOTOKY.

O1neHnTh yBeJIMUeHHEM Harmopa o0Ied BO3yITHON
CTPYH MOXHO IIOCPEICTBOM aHAIM3a MEXaHHYECKOIl
SHEPTUHU

e=f(p+p—vz)d5 @

2

n CUJI OaBJICHUA

F = [ pds @

B BO3IYIIHOM IIOTOKE IO Mepe ero MpOABIKEHUS
BJIOJIb BBIPAOOTKH. 37I€Ch P — CTAaTHYECKOE JIaBJICHHE,
[la; V — ckopocTh BO3yxa, M/C; p — INIOTHOCTH BO3JY-
Xa, KI/M>; S — IUIOIAb [ONEPEUHOTO CCYCHUs BbIPa-
OOTKH, M2,

Ha puc. 4, 5 npencrapneHsl pacnpeieiIcHus Xapak-
Tepuctuk notoka (1) m (2) Bmonb NporoabHONH KOOP-
JIUHATHI 10 JUTMHE BBIPAOOTKH. 32 OTMETKY «HYJbY» IO
OCH X TPUHSTO TIOJIOKEHNE BeHTHIsITOpa. PaccMorpe-
HBI T€ XK€ [IBa BapHaHTa pa3MEIICHHs BEHTIUIATOpA: Ha
mouBe BBIPAOOTKH (puc. 4, @) U Ha BBICOTE, PABHOM
MOJIOBUHE BBICOTHI BBIPAOOTKH (puc. 4, 6).

W3 puc. 4 BumHO, 9YTO KOHEUHBIE 3HaUeHUs e u F
BBIIIIC HAYAJBHBIX, YTO M YKAa3bIBaCT HA MOSBICHUE
JIOTIOJTHUTENFHOTO TIOJIOKUTEIBHOTO HAIlopa B 00IIeM
MIOTOKE TOCIIEe PACKPBITHS BO3MYIIHOW CTPYH, HCXOMS-
el U3 Kamepsl cMelneHns. Kpussle Ui OIMHAKOBBIX
MapaMeTpOB HEMHOTO Pa3NUYaIOTCS, YTO CBA3AaHO C
BIMSHUEM TIOJIOKEHHS BeHTWIATOpa. OTpUIaTelbHbIE
3HAYCHHSI MEXAHWYECKOW JHEPrHU B IAHHOM Ciydae
YCIIOBHBI M CBS3aHBI C HOPMHPOBAHUEM CPEIHEr0 CTa-
THUYECKOTO JABJICHHS B BBIXOJHOM CEUYCHHH IOMEHA Ha
3HayeHue 0.

Taxoke CyIIEeCTBEHHO Pa3NUYHbl U 3aKOHOMEPHOCTH
W3MCHEHUS CTATUYECKOTO JTABIICHHUS M YHEPTHH TI0 XO-
Iy TEYCHUS BO3IYIIHOTO ITOTOKA IO TOPHON BBIPAOOT-
ke. Ecnin MexaHndeckasi SJHEPTHsl UCTIBITBIBACT PE3KUi
CKA4OK IIOCJIC MPOXOKACHHUS BEHTUIATOPA, TO CTaTH-
YEeCKOe NABJIICHHUE B CPEIHEM II0 CEUCHHUIO 10 W TOCIe
BEHTWJIATOpA HE MEHSETCA, 3a UCKII0UEHHEM KOPOTKO-
ro BCIUIECKA B HEOOJBIIONW 30HE caMOro BEHTHIISATOPA,
YTO CBS3aHO C CHJIBHBIM BO3PAaCTaHUEM JAUHAMUYECKO-
T'O IaBJICHUS BHYTPU BEHTUIIATOPA.
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Puc. 4. 3asucumocmb MexaHU4ecKol aHepauu U cuja das/ieHuss NOmoKa om npodoibHol KoopduHamul No 0AUHE 8bIPA6OMKU:
a) 8apuaHm pasmeuwjeHus 6eHMuUAIMopa U Kamepvl HA NoY8e 8blpabomku; 6) 6apuaHmM pasmeuwjeHUs 6eHMUAAMOopa u
KaMmepbl NO 8bIcOMe Ha OmMemke nocepeduHe 8bIpabomKu

Fig. 4.

Dependence of mechanical energy and pressure forces on the longitudinal coordinate along the length of the excava-

tion: a) option for placing the fan and chamber on the excavation soil; 6) option for placing the fan and chamber in

height at the mark in the middle of the mine working

Poct cratuueckoro naBieHUs] MPOUCXOAUT Ha He-
KOTOPOM yAaJIEHUU OT BEHTUJISITOpPA U KaMEphl CMeIlIe-
HUS, B 30HE CMEILIEHUS] BBICOKOCKOPOCTHOM CTPYH, BBI-
TEKAIOIIEH N3 KaMepbl CMEIIECHUs, U CITyTHOTO MOTOKa
Bo3ayxa. JIOKabHBI MHHUMYM Ha KPHBBIX SHEPTUU U
CWJI 1aBJICHUS B 30HE 332 BEHTUJISITOPOM CBSI3aH C LIUP-
KyJISILMEH OJHOTO WM JBYX KPYIMHOMACIITAOHBIX BUX-
pell, obecrieunBaONIMX BO3BpPATHBIE TEUYEHUS B YaCTH
MOTIEPEYHOTO CEYCHUS BBIPAOOTKH.

Bo3spocuias MexaHudeckasi SHEprHs e TakKe Ipo-
JIOJIKAET CYIIECTBEHHO M3MEHSTHCS Ha MPOTSHKEHHOM
y4acTKe TOPHOHM BBHIPAOOTKH IOCIE UCTCYCHHS CTPYH
W3 BEHTWIATOpPA W Kamepsl cMmemenus — 9—19 xapak-
TEpHBIX TUAMETPOB FOPHOM BBIpaObOTKU. BrrunciaeHHOe
YBEIMYEHUE CYMMapHOW MEXaHWYECKOW SHEPTIHH II0-
TOKa IIOCJIE€ TMPOXOXKAECHUS BEHTWIATOpAa COCTaBIISIET
okouto 225 Jx/M 11l BEHTWIIATOPA Ha TTOYBE BHIPAOOT-
ki 1 265 JIx/M JUIs BEHTWIATOpPA Ha BBICOTE, PaBHOMN
MOJIOBUHE BBICOTHI BBHIPAOOTKH. DTH BETHMYUHBI HaXO-
JITCS B XOPOILIEM COOTBETCTBUHU C OXHAAEMBIM MpPH-
pOCTOM JIaBJIE€HUS] YacTHU IMOTOKA, MPOXOIIIEH uepe3
BeHTWIATOp. [lpm nmebute BEHTHIATOpPa, pPABHOM
14,15 M3/C, ero nenpeccust cocrasiseT 480 Ila. A un-
TErpajl 3TOM BEJMYMHBI IO CEUEHHUIO BEHTUJISITOpA
0,5 M naet mpuMepHo 240 JIx/m.

JIOMOTHUTENBHBIN MONOXKUTENBHBIN HANop, CO31a-
BacMbIi B TOPHOM BBIPAOOTKE B pe3yibTaTe ACHCTBHS
BEHTWJIATOPA-IKEKTOPA C KaMEepOil CMELIeHUs, MOXKET
OBITH MPEACTaBICH KakK (PYHKIHS pacxola BO3AyXa Ha

BXOZIe B TOpHYyIO BbIpaboTky. Hamophast xapaxtepu-
CTUKa HEKOTOPOTO 3KBUBAJICHTHOI'O BEHTHUJIATOPA, BbI-
YUCIEHHAsd 110 Mepenajy CTaTUYECKOro JaBJICHHS 10
BEHTUJISITOPA U MOCJE PACKPBITUS BO3AYIIHOM CTpyH 3a
BEHTWJIATOPOM, IIpeJCTaBleHa Ha puc. 5. Buusnue
a’3pOIMHAMUYECKOTO0 CONPOTHUBICHUS CaMOil TOPHOU
BbIPAa0OTKU HA TOJIyYCHHBIE HAMIOPHBIE XapPAKTEPUCTH-
KU TIPCHEOPE)KMMO Majo M COCTaBsieT MeHee 5 %.
Takxe Ha puc. 5 mpencTaBiIeHa TEOPETUYECKasl 3aBH-
cumocTs [10], o koTopoii Oyaer cka3aHo nanee.

CpaBHUTe/IbHBIH aHA/IU3 C aHAJIMTUYECKUM pellie-
HUEM

Ha puc. 5 mpencraBieHbl HamOpHBIE XapaKTepH-
CTHKH JUIsSl paHee pacCMOTPeHHbIX BapuaHToB Ne 1 u 2
pasMEIICHUA BCHTWIATOPA-IKCKTOpa B IONEPEIYHOM
ceueHnH BBIPaOOTKH. Kakmas AuckpeTHas TOYKa Ha
CHUHEH M OpaHKEeBOH KPHUBBIX COOTBETCTBYET OTIEINb-
HOMY YHCJICHHOMY pacyderTy, a ee adciucca 1 opAuHaTa
OTIPENEISUTUCH ITYTEM BBIYHCICHUS OOBEMHOTO pacxo-
Ja (J, paBHOT'O MHTErpajy CKOPOCTH IMOTOKA IO MOIle-
pPEYHOMY CEYEHHWIO0 TOpPHOW BBIpAaOOTKM, M Tepemnajaa
napneHust AP, paBHOTO pa3HUIE CPEIHUX CTATHUECKHUX
JIaBJICHUH Ha BXOIHOM U BBIXOJHOM CEYEHHUSX pac-
cMaTpuBaeMoil pacueTHoi obnactu. Jlanee mo Habopy
JIUCKPETHBIX TOYEK (IO 6 Ha KaKIbI BapHaHT pa3Me-
[ICHHsT BEHTHIATOPA-3KEKTOPA) MOCTPOCHBI AHAUTH-
Yyeckhe amnmnpoKCUMUpyiouue (yHKIUU Mapadoiude-
CKOTO BHJIA:
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P, = 2,85—7,19Q - 1075 — 2,920%- 10~° (Tla), (3)
P, = 3,48 —437Q - 1075 — 59802 - 10~° (ITa), (4)

rae Q — oOBbEeMHBIH pacxoa BO3Ayxa B BHIpaOOTKe,
M>/MHH.

Teneps BO3HHMKAaeT BOMPOC O TOM, BO3MOXKHO JIU
MOJTyYeHHNE MOJO0OHBIX KPUBBIX C MPUEMIIEMONH TOYHO-
CTBIO UCXO[IS M3 aHAIUTHYECKUX BHIYMCIICHUH, HE TIPHU-
BIIEKasl ammapar BBIYUCIMTENbHON NWHAMHKH >KUAKO-
cTH 1 raza. Kak roBopmiocs panee, HogoOHBIE MOJETIH
ObUTH TIpeIoKeHbl B padorax [10, 13-15]. Anamuru-
yeckue (opmynsl B paborax [10, 13] ocHOBaHbBI Ha
3aKOHE COXpaHEHUs HMITyJbca (KOJIMYECTBa JBHXKE-
HUS), YTO OKa3bIBaeTcsl 0oiee KOPPEKTHBIM C YIETOM
pe3yIBTATOB MOJCIUPOBAHUS, ONMICAHHBIX B 3TOW pa-
6ote BbIe. Hanbonee coBepiieHHON U3 IpeCTaBIICH-
HBIX Mojiesiel siBisercss mozelb [10]. CormacHo JaHHOM
MOJIEJIH, SKBUBAJICHTHBIN HATIOP BEHTIIIATOPA-2KEKTOpa
paccuuThiBaeTCs Tak npu @, > @y — g > 0:

(sQ.-F(Q.-Qy))
S

2

N 5
AP =-rQ, |Q,|+ pSF?(F-s) ©
o1 (@mQ) 1 1
—erIQmI—p—,:(?Fj_
_(Qm—Qr’n_qm)2 1 1},
p(S—f) S—f F-f
L (@0 -Qn) _(Qm_Q';‘_qm) i +
oF = F-f f
L (@2 ) e (Q-Q) | (6)

05 S—f f S

rae Q,, — MacCoBBIi pacxoj] BO3Iyxa B BEIpaOOTKe,
KI/C; qp, — I€OUT BEHTUIIATOPA, KI/C; Q,, — MAcCCOBBIiA
pacxoj, He MOMaNaoNMi B KaMepy CMEISHHUs, Kr/c;
F — ceyeHne BBIpaOOTKH, M% S — ceuenne KaMmephl
CcMeltieHns, M, f — cedeHre IPOTOYHOM 0GNACTH BEeH-
TUIIATOPA, M*; T — a9POTUHAMHUYECKOE COMPOTHBIICHUE
MIPY T€UYCHHUU BO3AyXa C BHEUTHEH CTOPOHBI OT KaMephl
CMEIIICHHS, H-c?/m°.

VYpaBHeHue (6) XapakTepu3yeT PaBEHCTBO NOTEPb
JaBJICHUS U1 CIIyTHOI'O IIOTOKAa Qm', NPOXOAALIEr0o
BHE KaMephl cMemleHus (JieBasi 4acTh) W MOTOKa B Ka-
Mmepe cmentenus Q,, — @y, (paBas yacth). YpaBHEHHE
(5) xapakTepusyeT POCT AaBIEHHsI HETOCPEICTBEHHO
Iocie MPOXOXKISHHUST KaMephl CMEIIeHus (TIepBoe cia-
raeMoe) ¥ pOCT IaBJICHHUS TMOCIE PACKPBITHS BO3IYIII-
HOU CTpyH 3a KaMepoil cMelieHus (BTOpOoe ciiaraeMoe).
3mech sIBHO He (QUTYpUpYyeT BENWYWHA HANoOpa BEHTH-
nsTOpa. BiusHME BEHTHIATOpA 33aeTCS TOJIBKO IO-
CPEICTBOM JeOUTa BEHTHIISTOpA (. Pu3nyecku 310
apTyYMEHTHPYETCS TaK, YTO MOBBIIIEHHOE CTaTHYECKOE

JIaBJICHUE CTPYH BO31yXa (;,, UCTEKAIOLIEH U3 BBIXOJ-
HOTO OTBEpPCTHSI BEHTWIATOPA, OUYEHb OBICTPO BBIPAB-
HHUBAETCS IO IOTIEPEYHOMY CEUYEHHIO BRIpaOOTKH. I1pn
9TOM IIOJIHOE [JaBJIEHUE CTPYH (¢,, OCTaeTcs Ccylle-
CTBEHHO BBIIIIE, YEM B OOTEKAIOLIEM BEHTHUIISITOP MOTO-

Ke Qi = Gm-

4 T T T T T
3t
©
| 2L
o
1 L
O ! ! ! L L L
0 2000 4000 6000 8000 10000
Q, M3 /muH
—— BapwaHT 1
Bapuant 2
AHanuTuyeckaa opmyna
Puc. 5. IJksusaseHmHble  HANOpPHble  XAPAKMEPUCMUKU
8EHMU/ISIMOPOB-3HEKMOPO8 C KaMepamu cmeule-
HUSl, pe3y/1bmambl YUCAEHHO20 MOOeaAUPO8AHUST NO
eapuanmam 1 u 2 (annpokcumupyroujue 3a8ucuMo-
cmu (3) u (4)), anaaumuyeckas gopmyaa (5), (6)
Fig. 5. Equivalent pressure characteristics of jet fans with

mixing chambers, results of numerical simulation for
options 1 and 2 (approximating functions (3) and
(4)), analytical formula (5), (6)

Benuuuna Q,, ompemersieTcss W3 PELICHUS HEIH-
HEHHOTo anredpanvyeckoro ypaBHeHus (6), mocie 4ero
nonctapysgercss B (5). Ilpu paccmarpuBaeMbIx mapa-
MeTpax 3ajayd ypaBHeHue (6) maer 1Ba KOpHS:
Qm1 = 3,26 xr/c u Qp, = 27,5 xr/c. Bropoii kopeHs,
OYEBHITHO, JINIIEH MPAKTHUECKOTO CMBICIIA, TIOCKOIBKY
B 9TOM ClIy4ae »KEKIMOHHBIN 3 ekt He peanuzyercs,
a IPUMEPHO MOJIOBMHA BO3AYIIHOTO ITOTOKA, BBIXOJSA-
IEer0 W3 BEHTUITOPA, HE IOMaJaeT B KaMepy CMellie-
HHUA. B nelicTBUTENBEHOCTH ¢ y4eToM OJIM3KOro pacIio-
JIOKEHUS BEHTIIISTOPA-3KEKTOpA M KaMEphl CMETIICHHUS
pacxof B KaMepe CMCIICHUS He HIDKE, YeM B BEHTHIIS-
Tope. OTOpackiBasi BTOPOil KOPEHb W MOJCTABILAS TIep-
BBIH B ypaBHEeHHE (5), MOIydaeM

AP =2,25-390Q,, 1073+ 1,36 Q2 - 1075. (7)
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31ecs pacxon Bosdyxa @, Takke MMEET pa3mep-
HOCTB KT/C.

AnspoauHamuueckoe conporusienue 7 B (5), (6)
3a7aBaJIOCh HMCXOJSl U3 PACHIMPEHUS] U CIKATHS BO3-
JYIIHOTO TIOTOKA MPH €ro TeYeHUU B 00JIACTH BHE Ka-

r=-

( )2

Ha puc. 5 3eneHpIM 1IBETOM IpECTaBIICHA Xapak-
tepuctuka (7). OHa JaeT 3aHMKCHHBIC 3HAYCHUS, OJI-
HAKO IOOWTHCA MPUEMIIEMOTO COOTBETCTBHS (OTKIIO-
HeHUs MeHee 5 %) MOXKHO HaJIeXalluM NoJ00poM
BEJIMYUHBI S CEUEeHUs KaMephl cMenieHus. B manHOM
Cllydyae CEYCHHE KaMephl CMEIICHHs CTaHOBHUTCS (-
(beKTUBHBIM MapaMeTpoM Mojend. B menoMm ananus
TeopeTHueckoro penreHus (5), (6) MmokasbIBaeT, 4TO
OHO OYCHB YYBCTBHTEJIFHO K BEIOOPY CEUCHHS KaMepEbI
cMmemeHust (puc. 6, a). BakHO OTMeTUTb, YTO Ha
puc. 5, 6 MBI BBIBOIUM HAIlOpHBIC XapaKTEPUCTHKH B
TEpMHHAX 00BEMHOTO PacXona, B TO BpeMs KaK B TEK-
CTE€ ATOTO pa3zeia CTaThH Yallle ONEPUPYEM MAcCOBBIM
pPacxozoM, UTO CBS3aHO C 3aIHCHI0 MCXOTHON aHAH-
supyemoit mojenu (5), (6) B [10] B TepMuHAX Macco-
BBIX PacxooB.

1

2

IMomHOTO COOTBETCTBHS aHAIUTUYECKOH (HOpPMYIIBI

U YHCIICHHBIX KPUBBIX JOOUTHCS HENb3s U3-3a OCOOCH-

HOCTEH (opMyIsl — mapaboiaryeckas 3aBUCUMOCTH (5)

MMeeT KPUBH3HY JPYTOro 3HaKa, 4eM YHCIICHHbIC KpH-

Bble IO BapuaHTaM 1 u 2. 370 sicHO U3 BUJA K03(du-
uuenta npu Q2, B kBaapatuuHoil GpyHkimu (6):

s

F2p(F-S5) ~ 107 H-c*/u’.

(8)

OTOT KOA(pPHUIMUCHT OKa3bIBaCT JIOMHHUPYIOIICE
BIMSHUE Ha wWieH npH kBajapare B (7), U OH Bcerga
Ooinbrre Hysst. OIHAKO 3/1€Ch TAKKE CICIYET YUUTHI-
BaTh, 4TO IEPBOE ciaraeMoe crpana B (6) Takxke OyneT
3aBUCETh OT (,,, IPUYEM COOTBETCTBYIOIIEE ciarae-
Moe ¢ Q2, MOKET JIaBaTh MPOTHBOIOJIOXKHBIN 10 3HAKY
BKJIaJ [TO CPaBHEHHUIO C (8).

[Tomumo »TOTO, ypaBHeHHE (6) JaeT HETOYHBIN
nporuo3 3Hadenus Q'. Eciu s 6a30BbIX apaMeTPOB
3agaun u3 (6) GbUTO MONydYeHO 3HaueHue Qp, = 3,26
KI/C, TO YHCIICHHOE MOJEIMpoBanue naino Q,, = —7,6
kr/c. Eciii ipu mocTpoeHWU XapaKTepUCTHKH (5) TpH-
HATH Q' 10 pe3yJbTaTaM YKMCIEHHOTO MOJEIUPOBAHUS,
KpPHUBBIC CMECTSTCS BBEPX W M3MEHAT MOPSIOK (pHc. O,
6). Ilpu 5TOM OHM CTaHYT JyYIIe CXOAUTHCS C YHCIICH-
HBIMH KPHBBIMH Ha PHC. 5, TaK YTO KOPPEKTHPOBKA
JMaMeTpa KaMephbl CMEIIICHUS He MOTpeOyeTcs.

= \
~]
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ceveHusi: a) pacxod Q,,', aHaaumuvecku paccuumarHbsiil uz ypasuerust (6); 6) pacxod Q,y,', yuceHHo paccuumauHblii 6
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Fig. 6.

Theoretical pressure characteristics of jet fans with mixing chambers of different sections: a) analytically calculated

flow rate Q,,," using formula (6); b) numerically calculated flow rate Q,,’
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Hna paccmarpuBaeMoil BbIpaOOTKH OOJBILIOTO Ce-
YeHHs OCHOBHOHM BKJIaJ B MpPaBYIO 4acTh (6) BHOCAT
BTOpOoe u uerBepToe ciaraemoe. Cormacuo [10], BTO-
poe cliaraeMoe XapakTepu3yeT IMOTepu Ha CyKEeHHE
WM paclupeHne 3KEKTUPYEMOro MOTOKa, a YeTBEPTOE
cjlaraéMo€ OIMCBIBAET CMEIIEHUE NOTOKOB B KaMmepe
cMmeleHus. B mmpokoM auana3oHe BO3MOXKHBIX 3Ha-
YeHHUH pacxolI0B BO3/yXa UX BKJIAJ COCTaBIAET HE Me-
Hee 97 %. Ilpuuem BTOpoE ciaraeMoe TMPUBOAMUT K
YMEHBILICHHIO 3>KEKLIMOHHOTO HAIopa, a Y4eTBEPTOe — K
ero yBenuuyeHHto. [loCKONbKYy MOTepW NaBJeHUS Ha
cyxenue/pacumpenne B [10] ommcaHsl ¢ MOMOIIBIO
3akoHa bopna—KapHo, BeIBeIEHHOro A TeueHUs B
KaHajax ¢ TBEpABIMH CTEHKaMH [22], OHU MOTYT HE B
MOJTHOW Mepe OBITh CIPAaBEIUITMBBIMH ISl paccMaTpH-
BaeMoi 3a1a4u 0e3 NPEIATCTBHIA B BUJC TBEPIBIX CTE-
HOK MEPIEHAUKYISIPHO MOTOKY. Eciau HCKIIOYUTH U3
paccMOTpeHusl MepBoe U TpeTbe ciaraeMeie B (6) u
YMEHBILIUTh BKJIAJ BTOPOrO CJIaraéMoro, BBEAs HEKO-
TOpBIN TonpaBouHblil ko3¢ ¢ummenr 0 < & <1 mpu
BTOPOM CJIaraeéMOM, MOKHO JTOOMTBCSI COOTBETCTBUSA 110
BennurHe Q;, ¢ YMCIICHHBIM 3KcrepumenToM. [pu 3Ha-
yennu & = 0,07 ypasuenue (6) naer Q,, =—7,6 Kr/c.

HecymiecTBeHHbIN BKJIJ] MEPBOTO CIaraeMoro B
(6), CBSI3aHHOTO C pacIIUpEeHUEM MTOTOKA 33 KaMEPHOM
CMeIIeHHUs, 00yCIIOBJIEH TeM, YTO BO3AYIIHAS CTPYS HE
yCIIEBAaET PACKPBITHCS JO MOMEHTa 00pa30BaHUs U OT-
CJIOCHMS BO3BpPATHBIX TEUCHUH BO31yxa. Mamblil BKiIa]
TPETHETO ciaraemMoro B (6), OTBEYAIOMIETO 3a pa3/ele-
HUE TOTOKOB Ha BXOJ€ B BEHTWJIATOp, OOYyCIOBIIEH
TEM, YTO B JaHHOM CJIy4ae CyMMAapHbI UMIYJbC paz-
JETSIOMMXCS CTPYH MpaKTHYECKU He MeHseTcs. B ne-
JIOM TpeThe ciaraemoe B (6) TOJKHO paccMaTpUBaTHCS
TOJIBKO TOT[A, KOT/Ia BO3BPATHBIN MOTOK Q;, ITOXOIUT
IO BEHTHJISITOPA, a 3Ta CUTyalWs HE BCETAa CIpaBea-
JIMBa, KaK, B 4YaCTHOCTHU, BUJIHO U3 PE3yJIbTAaTOB YHC-
JICHHOTO MOJETUPOBAHMUS.

IIperyoskeHHBIH MOAXOJ KOPPEKTUPOBKU MOJEIU
(5), (6) moCpeaCTBOM HMCKIIOUEHHS ABYX CIIaracMbIX M
BBEJICHUS TomnpaBoyHoro Muoxutens & = 0,07 ms
OJTHOTO WX OCTaBIIMXCS CllaraeMbIX Mokazan 3Qdex-

CIIMCOK JIMTEPATYPBI

THBHOCTb B PAacCMaTPHBAEMBIX YCIOBHAX. Takxke OH
OBUT YCIIENTHO MPOBEPEH MPUMEHUTEIHHO K YCIOBHSIM
Oonee cimaboro BeHTHIsITOpa BM-6 [12]. IIpencrapns-
€T MHTepeC JajbHelIliee UCCIIeIOBAHNE TPUMEHHUTEIb-
HO K JIPYI'MM THUIIaM BEHTHJISITOPOB M JPYTUM CEUYCHH-
SIM BBIPA0OTOK, Uil KOTOPBIX XapakTep U CKOpPOCTb
PACKPBITUSI CTPYH KEKTOPA MOXKET CHIIBHO BapbHpPO-
BaTbCs. MBI IpearosaraeM, 4To NpeUIosKeHHBIH 1Mo/-
XOJl CIIPaBeIUIMB TOJBKO Uil BHIPAOOTOK JIOCTATOYHO
OOJIBIIIOr0 CEYEHHsI, 4TO OOEeCIeunBaeT Mallblii Bec
MEepBOTO U TpeThero ciaraeMelx B (6). Takxke HeoOxo-
JAUMO OIIPCACIUTDL ABJIACTCA JIA MapaMeTp vf 3aBHUCH-
MBIM OT XapaKTePHBIX T€OMETPUICCKHX Pa3MEPOB rop-
HOWM BBIPAOOTKH.

3akro4yeHue
OcCHOBHBIE PE3yNbTAaThl IPOBEJECHHOIO HCCIIEA0BA-

HUSL 3aKITIOYAIOTCS B CIICIYIOLIEM:

e AHamu3 pe3ylbTaTOB YHUCIEHHOIO TPEXMEPHOIO
MOJICTUPOBAHUs T€UEHHsI BO3AyXa B TOPHOI BbIpa-
00TKE C BCHTWJIATOPOM-KEKTOPOM U KaMmepoin
CMEILICHUS] MO3BOJIMII BBISIBUTH 3aKOHOMEPHOCTHU
U3MEHEHUs] MHTETPajbHBIX XapaKTEpPUCTUK BO3-
JYIIHBIX TOTOKOB MO XOAY JIBMXKEHHS IO TOPHOM
BeIpaboTKe. [loka3aHO BIMAHHE MOJOKCHUS BEHTH-
JISITOpa-3KEKTOpa Ha €ro SKBUBAIECHTHYIO HAIop-
HYIO XapaKTEPUCTHKY.

e [IpoBeneHHOE CpaBHEHHE AHAIUTHYECKOH (opmy-
JIBL JUIS pacueTa SKBUBAJICHTHOI'O HANoOpa BEHTHIIS-
TOpa-MKEKTOPA U Pe3yIbTaTOB TPEXMEPHOTO YHC-
JICHHOTO MOJCIUPOBAHUA IMO3BOJINIIO BBIABUTH HE-
JOCTAaTKU aHAIMTHYECKOM MOJENN U X BO3MOXKHBIE
NPUYUHBI, CBA3AHHBIC C TUNIOTE3aMH, UCIIOJIb30BaH-
HBIMH TIpH BBIBOJZIE (opmyisl. IlpenoxkeH cmocob
KOPPEKTHPOBKH aHATUTHIECKOH (hOPMYIIBL.

B nanpHelimem uccnenoBanue OyaeT MPOJIOIKEHO
Ha OpeaAMET COBCPUICHCTBOBAHUA aHAJUTHYECKOMN
(opMymBl AN pacueTa SKBHUBAJIEHTHOTO HAlopa BEeH-
TWIATOPA C YYETOM €ro IOJIOKEHHS B MOMNEPEedYHOM
CCUEHHUHU TOPHOI1 BEIPAOOTKH.
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U3 CMECH 0TX040B PACTUTEJIBHOTIO CbIPbA
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AHHoTanusa. AKmyabHOCM®b KccieloBaHUsA 00yC/I0BJIeHa He06X0AUMOCTbIO YBeJTMYEHHs UCI0/Ib30BaHU BO30GHOBJISIEMbBIX
HCTOYHHKOB 3HEPTUH B IKOHOMHMKE [IJIs CHIPKEHMsI BPeJIHOTO BO3/IeMCTBUA Ha OKpy»Katollyto cpesy. IJesb: onleHKa BO3MOXKHO-
CTH NOJIy4YeHUs] TEpPMOXUMHYECKUM METO/I0M BBICOKOKA4eCTBEHHBIX YTJIEPOJUCTbIX a/ICOPOEHTOB U3 IPAHYJIMPOBAaHHOM CMeCH
Pa3JIMYHBIX OTXO/I0B PAaCTUTEJBHOr0 MPOUCXOXJeHHUA. 06seKkmbl: 06pa3lbl HEJHKBUAHOM KyCKOBOW JpeBeCHHbl Gepesbl,
CKOPJIYIIBI TPENKOTO OPeXa, JIy3Td CEMSIH MO/ICOTHEUHHUKA, KOCTPHI JIbHA, KAMEHHBIN yToJib-aHTpanuT. Memodsi: usnyeckue
3KCIEPUMEHTBI: KOHJYKTHBHOTO MMPOJIM3a, BOAONAPOBOM aKTHUBALUU U AuddepeHIHalIbHO-TEPMUYECKOTO aHaIM3a. 30/1b-
HOCTb ¥ BJIQXKHOCTb 06pa3ioB onpezeseHbl coryacHo 'OCT P 56881-2016 u 'OCT 33503-2015. U3MepeHue usotepM afcop6-
LM 110 a30Ty NPOBOoAW/IM Ha aHanu3aTope N OVA-1200e. PaBHOBecHast akTUBHOCTB 110 TOJIyOJ1y onpeeJsieHa corjacHo 'OCT
8703-74, ancopbuoHHAs aKTUBHOCTBb 1o Hoay - corsacHo ['OCT 6217-74. OnpenesieHre MJIOTHOCTH IPAHYJ OCYLECTBJISA-
sock o 'OCT 15139-69. Pe3yibmambl. YCTaHOBJIEHBI pallMOHAJIbHbIE TApaMeTPhl NOJYyYeHNs YIIepOAUCThIX aicop6eH-
TOB W3 I'PAHYJ1 PACTUTEJIBHOI'O CbIPbA. Onpeaeneﬂ yﬂe.}lebIﬁ BBIXOZ MMPOAYKTOB IMMHUPOJIM3a CMECH PACTHUTEJILHOTO ChIPbA C
NUPOJU3HON CMOJION. Y 1e/IbHbIN BBIXOJ NIPOJYKTOB Kap6OHU3aLUM IPaHy IMPOBAHHOMN YIJIOTHEHHOM Macchl oKasaJj pocT B
25 % B cpaBHEHHHU C HEYIJIOTHEHHOM CMeChbl0 PaCTUTE/bHOTO ChIpbsl. [Ioka3aHo, 4To Haubo/lee 3HAYMMbIMU NTapaMeTpaMy,
BJIMSIIOIIMMHY Ha Pa3BUTHE MUKPOMOPHUCTON CTPYKTYPHI YIJIEPOAHBIX IPAHyJ U3 YIJIOTHEHHOM MacChl pacCTUTENBHOIO Chl-
pbsl, SIBASIOTCSA MJIOTHOCTb UCXO/HBIX TPAHyJl PACTUTENBHOIO ChIpbSl U CTENeHb BbIFOPAHUSI aKTUBUPYEMbIX KapOOHU3ATOB.
PanpoHa/bHBIMU NTapaMeTpaMHU AJis M0JIydeHHs aKkTUBUPOBAHHOIO YTJIsl ¢ HauboJiee BbICOKHUMHU aiCOPOIIMOHHBIMU CIIOCO6-
HOCTSIMU SIBJISIFOTCSL TPaHyJibl MJIOTHOCTBI0 1200 Kr/M3 npu cTeneHU BbIOpaHUs NPoAyKTa kapboHusanuu 70 %. YcTaHoB-
JIEHO, YTO MOJIy4yeHHble 06pa3lbl aicOP6EHTOB U3 I'PaHyJ/l PaCTUTEJbHOTO ChIpbsi HUMEIOT BbICOKHE a/icOPOIMOHHbIE XapaK-
TEPUCTUKH, CPABHUMBIE C aKTUBUPOBAHHBIMH YTJISIMH, IOJIyY€HHBIMU U3 UCKONIAEMOTO ChIPbS.

Kio4yeBsble cioBa: pacTUTeJIbHOE ChIphbe, aKTHBHpOBHHHbIﬁ yroJb, Me,C[JIeHHbIﬁ KOHAyKTHBHbIﬁ MMUpoOJIN3, BOAOIIapoBad
AdKTUBal¥d, CTelIeHb BbII'OpaHUH, aACOp6L[I/IOHHaH AKTUBHOCTbD 10 I‘/IIOAy', paBHOBE€CHAaA aKTUBHOCTbD IO TOJIYOJ1y
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Abstract. Relevance. The need to increase the use of renewable energy sources in the economy to reduce the harmful effects
on the environment. Aim. To assess the possibility of obtaining by the thermochemical method high-quality carbon adsor-
bents from a granular mixture of various wastes of plant origin. Objects. Samples of illiquid lumpy birch wood, walnut shells,
sunflower seed husk, flax fires, anthracite coal. Methods. Physical experiments: conductive pyrolysis, water-steam activation
and differential thermal analysis. The ash content and moisture content of the samples were determined according to SS R
56881-2016 and SS 33503-2015. Nitrogen adsorption isotherms were measured using a NOVA-1200e analyzer. The equilib-
rium activity for toluene was determined according to SS 8703-74, the adsorption activity for iodine was determined accord-
ing to SS 6217-74. The determination of the density of the granules was carried out according to SS 15139-69. Results. The
authors have established rational parameters for obtaining carbon adsorbents from granules of vegetable raw materials. The
specific yield of pyrolysis products of a mixture of vegetable raw materials with pyrolysis resin was determined. The specific
yield of carbonization products of the granular compacted mass showed an increase of 25% in comparison with the non-
compacted mixture of vegetable raw materials. Rational parameters for obtaining activated carbon with the highest adsorp-
tion capacity are granules with a density of 1200 kg/m3 with a degree of burnout of the carbonization product of 70%. It was
established that the obtained samples of adsorbents from granules of plant raw materials have high adsorption characteris-
tics comparable to activated carbons obtained from fossil raw materials.

Keywords: vegetable raw materials, activated carbon, slow conductive pyrolysis, water-steam activation, degree of burnout,
iodine adsorption activity, toluene equilibrium activity
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BBeaeHnue

AKTHUBHPOBAaHHBIH yroib — aACOpOEHT yIriIeponau-
CTOTO THIIAa, MMEIOIIUI pa3BUTYI0 MHKPOIIOPHCTYIO
CTPYKTYpy. sl MPOMBINUICHHOTO HPOU3BOJACTBA aK-
TUBHBIX YIJIeH dalle BCEro MCIHONb3YIOT APEBECUHY,
KaMEHHBIA YToJib, OypbIid Yrojb, TOP), CKOPIYIY KO-
KOCOBBIX opexoB, npudeM 10 70 % ceipbeBoil 0a3bl
COCTABJISIFOT MCKOIAEMBbIC YTIM, MPEeHMYIEecTBA KOTO-
PBIX 3aKIIOYAIOTCS B BHICOKOW MOPHCTOCTH W OTHOCH-
TENBFHO HU3KOH cTomMocTh. OmHaKo HoOBIYa UCKOMae-
MOTO YIJISI HAHOCHT BpeJ] SKOJIOTHH, TAKXe HCKOIae-
MO€ TOIUIMBO MMEET OTPaHUYEHHBIH pecypc, KOTOPbI
B CKOpPOM BpeMmeHHu Oyner mcuepmnaH. B kadectse mep-
CIIEKTUBHOHN albTEPHATHBBI HCKOIAEMOMY CBIPbIO IS
MOJIyYEHUs] aKTHBHBIX yTJIeil MOTYT OBITH paccMoTpe-
HBI Pa3IMYHBIE OTXOIBI PACTUTEIHHOTO MPOUCXOXKIE-
uus [1-10].

IlepepaboTka pacTUTENBHBIX OTXOJOB SIBIISETCS
Ba)XHBIM 3TallOM YJIYYIICHHUS XU3HM UYEIIOBEKa, KaK C
9KOJIOTMYECKOH, Tak U C TEXHUYECKOH cTOpoHbI. Llene-
coobpa3HoCTh TMepepaboTku 00yCIOBIeHa Majod WH-
TCHCUBHOCTBIO NepepabOTKK JaHHOTO CBHIPhS M OOJb-
OIMMH  TPEANOCHUTKAMH  TIOJTyYeHHsT KadyeCTBEHHBIX
MaTepHaloB U HOBBIX HCTOYHHUKOB »>Hepruu. Ilepepa-
00TKa BTOPUYHOTO PACTUTEIBHOTO CHIPBSI CIIOCOOCTBY-
€T Ppa3BUTHIO SKOHOMHKH CTpaHBl. JTOMY CII0CO0-
CTBYIOT TaK)X€ SKOJOIMYECKHE MPEANOCBUIKU. 3eMIIs
CEeTOIHS SIBISIETCSI OTPOMHBIM PE3CpPBYapOM IUISI CKOII-
JCHUST OOJIBIIOTO KOJMYECTBA CEIBCKOXO3SHCTBEHHBIX
OTXOZI0B, KOTOpbIE NaryOHO BIUSIOT HAa COCTOSHUE
OKpy>karomeil cpenbl. OJHAKO OHM SBIIIOTCS XOPO-
IOIUM CBHIPEEM IS TIONyYCHUS ICHHBIX MaTepHaloB.
OIHMM M3 TaKMX MaTepHajioB, MOJTyYaeMbIX IPH KOH-

BEPCUN PACTUTCIIBHOTO CbIPbA, ABIACTCA AKTUBUPO-
BaHHBIN yroyb. [[pon3BOACTBO aKTUBHBIX YITIEH MOYKET
BECTUCHh MEJUICHHBIM KOHIYKTUBHBIM IHPOJIM30M C
MOCJIEYIOIeH BOJOMAapOBON akTuBanuen. JlaHHBIN
METOJ] TpeHIojiaraeT HaJIW4Yhe OOJBIIOW CHIPhEBOM
6a3pl. [Ipu opueHTalK HAa OAWH WIX J1BA BUIA PacTH-
TCJIBHOT'O CBIPbSA IMPOU3BOJCTBO MOXKET UMCTh HHU3KYIO
s¢dextuBHOCTL. Mcxonms W3 3Toro, meiecooOpasHeit
OynmeT mepepaboTka cMeceil pa3UYHBIX BHIIOB PacTH-
TCJIBHOT'O CBIPbA. U3BecTHO TAaKXE, 4TO OOJIBITMHCTBO
PacTUTENBHBIX OTXOJOB MMEIOT JIOBOJBHO HU3KYIO
IUIOTHOCTh ¥ NIPU TEPMHUYECKOU nepepaboTKe CTPYKTY-
pa yacTuil TpeAcTaBiseT cOOOW KPYMHOIUCIEPCHYIO
meUTb. [loaToMy mpm mepepaloTKe pacTHUTENbHBIX OT-
XOZOB B aKTUBHPOBAaHHEBIM yrojb LEIECO00pa3HO MO-
Ny4YeHHe TPaHYJIUPOBAHHBIX aJCOPOCHTOB, KOTOpHIE
TaK)K€ HMCIOT MNPEUMYIIECTBa IIPpU PETreHEpAlUU
BCJIEICTBUE OTCYTCTBUS IbuIeBblAENeHUsA. [Ipouecc
IpaHyJUpOBaHUsA 00ecreunBaeT TaKkKe CTaOUJIbHbIE
MPOYHOCTHBIE U TEOMETPUUYCCKHUE XAPAKTCPUCTHUKHU
[11-26].

Lenbto paHHON paboTHl SBIAETCS HCCIEIOBaHHE
a7COPOLMOHHBIX U (PU3UKO-MEXaHHUECKUX XapaKTepH-
CTHK TpaHyJIHPOBAaHHBIX aICOPOCHTOB, OTYIECHHBIX U3
CMECH PacTUTEIBHBIX OTXOJOB METOAOM MEIJIEHHOTO
KOHAYKTUBHOIO IMPOJIU3a ¢ MOCIEAYIOUIEH BOIOMNapo-
BOM aKTHBAIIMEH.

MeTo/ bl U MaTEpPHAIbI

B xauecTBe CHIpBS U TOMydYeHHST 00pa3IoOB aKTHU-
BUPOBAHHOI'O YN HCIOJNB30BATUCE: HEIUKBUIHASL
KyCKOBasl IpeBecHHa Oepe3bl, CKOPITyIa TPELKOTo ope-
Xa, JIy3ra CeMsiH IOJICOTHEYHHKA, KOCTpa JbHA. Taxke
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ObUT MCIIONIB30BAaH KaMEHHBII yrojb B KayecTBE CpaB-
HUTENBLHOTO 00pa3ia. XapaKTepUCTHKU OOpasloB HC-
CJICZIOBAHEI TIOCIIC JAOCTIKECHHS BO3IYIIHO-CYXOTO CO-
CTOSHHS B ITa0OpPATOPHBIX YCIOBHAX. 30JBHOCTH U
BIIQXKHOCTh 00pasioB ompenenensl cornacio [OCT P
56881-2016 u 'OCT 33503-2015.

[ MOATOTOBKU K CEPHH SKCIEPUMEHTOB CHIPhE
ObUIO M3MeTbueHO a0 pa3mepoB 0,1 MM U BbICYIIEHO
JI0 JOCTHXKEHUS BO3IYIIHO-CYXOTO COCTOSIHUS, 3aTeM 4
BHJA CBHIPbS B PABHBIX KOJMYECTBAX CMEIIUBAIICH C
MUPONN3HOI cMonoil B cooTHomenun 10:1. I'otoByto
CMECh IUTaCTU(HUIUPOBATN B SKCTPYyJepe W I'paHyJIHU-
poBaNMHM B IWJIMHJPHI TUAMETPOM 2,8 MM W JJTHMHHOU
4...6 MM. JlaBneHue BapbUpPOBATIOCH B Ipeaenax
20...80 MIla. I11OTHOCTE MOJYYEHHBIX TPaHYI HAaXO-
qutack B penaenax 600...1500 KT/

TepmorpaBuMeTprYeCKUd aHaIH3 OBUT MIPOBEICH C
nomMotuipio aepuBatorpada TepmockaH-2 B HHEPTHOM
cpeme Tenus Uil WCKIIOYCHUS OKHCICHHUS 00pasIioB.
[Ipu 5TOM BBICYIICHHBIC M3MEIBYCHHBIE 00Pa3IBl ChI-
pest Maccoit 0,3+0,03 r momemanu B KepaMHUCCKHUN
Turens BeicoToll 10 MM, nuamerpom 5 mMm. HarpeBanue
npou3Boauiu ¢ 30 1o 650 °C co CKOPOCTBIO TTOABEMA
TEeMIIEPaTypbl 5 Ipaf/MuH. DK30TCPMUUECCKUN TeMIIe-
paTypHBIi Juama3oH o6pas3noB ompenensiii Ha TI-
JICK-anamm3arope ZCT-1.

MenneHHbli KOHIYKTHBHBIM NHUPOIU3 PaCTUTEIb-
HOTO CBHIPBSI MIPOBOJMIIM Ha YCTAaHOBKE, IPEICTABIICH-
HOU Ha puc. 1, mpu Ttemmneparypaom pexume 530 °C
JUIA pacTUTeNbHOro chipbsi U 650 °C ams KaMeHHOTo
YIJIsl cO CKOpOCThEO mporpesBa 5 °C/muH. [Ipouecc nu-

poiu3a AJWICSA A0 3aBEPIICHHS BBIXOJA MHUPOJI3HBIX
ra3oB, KOHTPOJb BBIXOJA MPOUCXOAMI C TOMOIIBIO
3aMepOB JIaHHBIX C MEPHHKA TUCTHIUIATA U COOpPHHKA
ra3oB. YCTaHOBKa COCTOMUT M3 My(eNbHON meun — 2, B
KOTOPYIO IoMelnaeTcst kamepa nupoiusza — 1. Kongen-
caIrys MUPOJIU3HBIX Ta30B MPOUCXOINT B CEmapaTrope —
3. Kunakass Gpakuus cTeKaeT B MEPHHK JUCTHILIATA —
4, a ra3 yepe3 THIPO3aTBOp — 5 oTOUpaeTcs B COOPHUK
raza — 6.

AKTHBanus KapOOHHU3aTOB W3  PACTUTEIBHBIX
MPEIIECTBEHHUKOB MPOTEKAeT MPH TeMIepaType BO-
nsHoTO Napa B quanaszone 800-900 °C [24], akTuBanus
KapOOHHM3aTOB M3 KAMEHHOYTOJIBHBIX TPEANIECTBCHHU-
KOB TpoTekaeT mpu Temneparype 800-1000 °C [25].
Ucxons u3 paHee NpOBEAECHHBIX HCCieqoBaHui [7],
OblTa BBEIOpaHa TemrepaTypa BojasHoro mapa 900 °C.
YTOoNbHBIE TPaHYJIbI MOJBEPran MPOIECCy BOIOMAPO-
BOM akTuBanuu B Teuenue 15—70 mun [7, 13] ¢ uensio
oIpezesieHus CTeNeHu Briropanus Y, %, koropas 1mo-
JydeHa Kak oOpaTHas BEJIMYUHA JUIS yJETbHON MacChl
TBEPAOTO IPOIYKTa KapOOHU3alMK B YCTaHOBKE,
Mpe/ICTaBICHHON Ha pHC. 2.

KapOonuszaTsl momemaim B CPEAHIOK YacTh y3Jia
akTUBau — 1, B KOTOPOM UMeRTCA: neppopupoBan-
Has KpbIKa — 3, TpyOOIIPOBOIBI MOIBO/IA TIEPErpeTo-
ro mapa — 6 ¥ 0TBOJa ra30B aKTHUBAIUU — 5. Y3eIl ak-
THUBAIlMU TIOMENIATN B My(EIbHYIO TIedb — 7, KOTOPYIO
pazorpeBanu ao temmeparypsl 870 °C. Ilogaua mapa
OCYNIECTBJISIACh M3 MaporeHepaTopa — 8 B 3MEEBHK —
4, KOTOPBIN MeperpeBaj nap 1 nojgaBall ero B y3ei ak-
THUBALAH.

Puc. 1.

Cxema (A) u eHewHuli eud (5) skcnepumenmasavHOl ycmaHosKu 0451 nupozeHemuyeckoli hepepabomku

pacmumesnsHblx omxodos: 1 — kamepa nupoausa; 2 - mygeavHas neuv; 3 - cenapamop; 4 - mMepHuUK ducmuaiama;

5 - 2udpozameop; 6 - c6opHUK 2aza
Fig. 1.

Scheme (A) and external view (F) of the experimental setup for pyrogenetic processing of plant waste: 1 - pyrolysis

chamber; 2 - muffle furnace; 3 - separator; 4 - distillate dipstick; 5 - water seal; 6 — gas collector
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Cxema sKchepuMeHMabHOU ycmaHosku 04151 akmusayuu meepdo2o ocmamka (A) u eHewHull sud y3aa akmueayuu

(B): 1 - cpedHsisi wacmo y31a akmusayuu; 2 - 8epxHss 4acms y3aa akmusayuu; 3 — nep@opuposaHHas Kpvlwka; 4 -
3Meesuk; 5 - mpybonposod omeoda 2a308 akmusayuu; 6 — nampy6ok nodeoda nepezpemozo napa; 7 - MygdenvHas

neuwb; 8 - napoeeHepamop; 9 - cenapamop
Fig. 2.

Scheme of the experimental setup for solid residue activation (A) and the appearance of the activation unit (5): 1 -

middle part of the activation unit; 2 - upper part of the activation node; 3 - perforated cover; 4 - coil; 5 - pipeline for
removal of activation gases; 6 — branch pipe for supplying superheated steam; 7 — muffle furnace; 8 - steam generator;

9 - separator

[ap ¢unsTpoBasCs Yepe3 yroib, B Pe3yibTaTre H3
HEro BBIACISUIUCH ra3bl aKTUBAIMH, KOTOPble BMECTE C
OCTaTKOM BOJIAHOTO Mapa BBIBOAWJIUCH U3 Yy3Jia aKTU-
BaIuM B cenaparop — 9. Ha maHHO# ycTaHOBKe dKCIIe-
PUMEHTAJIBHBIM IyTEM OMpeeNsiiach CTENeHb BbITO-
paHns KapOOHM3MPOBAHHOTO NpoxaykTa. llpomomku-
TENFHOCTh aKTHBAIMH IS TPeOYyeMBIX 3HAYEHUH BBI-
ropaHusd ONpeAciidjiaCh aHATIUTUYICCKUM ITYyTEM, METO-
JIMKa pacyeTa mpejcTaBieHa B padore [7].

OmnpeneneHne yIeIbHBIX MacC MPOTYKTOB MTHPOIH-
3a OCYLIECTBISUIOCH METOJIOM MPSIMOTO B3BEILIMBAHUS
KapOOHU3aTOB W MUPOJIM3HOTO AUCTHIUISATA, Macca ra3a
MOJIyYeHa CONOCTABICHUEM €TO INIOTHOCTH C 00HEMOM
BBITECHEHHOW >KUAKOCTU. Takxe ObUla mpoBeaeHa
mpsMasl KaJdbKyJISLUs MPOAYKTOB MHPOJIN3A. AHAIU3
[apaMeTpoB MOPUCTOW CTPYKTYpPbI YIJIEPOAHBIX COp-
OEHTOB MPOBOAMJICS C HCIOJIB30BaHUEM OBICTPOIEH-
CTBYIOILIIETO aHanmu3aTopa copOuun TazoB NOVA-
1200e MeTOJIOM CHATHS H30TEPMBI aJICOPOLMU a30Ta
npu temreparype 77 K. PaBHoBecHast akTUBHOCTH TIO
Tonyony onpezaensuiack cornacio ['OCT 8703-74. An-
COpOLIMOHHAsT aKTUBHOCTB 10 HOIy Ompesensiach co-
rmacao ['OCT 6217-74. Onpenenenue mIOTHOCTH T'pa-
Hyn ocymectBisuiocs mo [OCT 15139-69.

06cyxaeHue pe3yIbTaTOB

Ha puc. 3 npencraBieHsl pe3yiabTaThl UCCIEIOBA-
HUS TI0 YIJIOTHEHHIO CMECH PACTUTEIIBHOM OMOMACChI B
TPaHybI.

W3 xpuBOil BUAHO, YTO CO3[IaHUE TPaHYJ] BBHICOKOH
IJIOTHOCTH TpeOyeT 3HAYMTENbHBIX JaBICHUI, a COOT-
BETCTBEHHO, M 3aTpaT Ha CO3/IaHHE amnmnapaTypHOTO
oopmIIeHHS.

1500+
1200 e
p,Kr/M3 /

900 '

600

| |
20 L0 60 80

P, MIIa

Puc. 3. 3asucumocmb n1omHocmu 2paHy1 pacmumeabHo20
Cblpbsl 0m das/1eHUs1 npu 2paHyAayuu
Fig. 3. Dependence of the density of plant raw material

granules on pressure during granulation

Ha puc. 4 npenctaBneHbl 3aBHCUMOCTH CTETICHU
BBIT'OPaHUsA OT IMPOJOJLKUTCIBHOCTH BOJIOHapOBOﬁ aK-
THUBAILMM HCCIEAYEMBbIX O0pa3lOB IIPU Pa3IMYHBIX
IUIOTHOCTSIX MCXOITHOTO CHIPBSI.

Ilo KPUBBIM 3aME€THO 3HAYUTEIIbHOC BJIUAHUEC IIJIOT-
HOCTH PACTHTEILHOTO ChIPbS HAa HAYAIbHOM JTale aK-
TUBalMK. B mpolecce akTuBanuu 0ojiee IUIOTHOE ChI-
pbE BBITOPACT ¢ MEHbBINECH CKOPOCTHIO, B PE3yJbTare
yero oOpasyercsi OoJiee pa3BuUTasi CTPYKTypa IMOp, 4eM
Yy MEHee IUIOTHOTO CHIPhs. Takke 3HAUUTETBHYIO POJIb
WTpaeT CTPYKTypa ChIPbs, YTO BUIHO Ha NPHUMEDPE aK-
TUBAILMM KaMEHHOTO YIJIsl, TPOLECC BBHITOPAHHS KOTO-
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pOro 3aHMMaeT Tropa3fo Oojee NPOJOIKUTENBHOE
BpeMSI.

100
60—
Y% 907
LO— 4

20—

T, MUH

3asucumocms cmeneHu 8bl20paHusl om
npodocumeabHOCMU aKkmusayuu npu pasauyHbIX
NJI0MHOCMSIX 2paHy coulpbs, ke/m3: 1 - 600; 2 - 900;
3 - 1200; 4 - KameHHblll yz204b (aHmpayum)
naomtHocmoio 1600 kz2/m3

Burnout degree dependence on activation duration
at different densities of raw material granules,
kg/m3: 1 - 600; 2 - 900; 3 - 1200; 4 - hard coal (an-
thracite) with a density of 1600 kg/m3

Puc. 4.

Fig. 4.

B Tabn. 1 mpexacraBieHbl AaHHBIE MO YAEIBHOMY
BBIXO/Iy MPOJYKTOB MHPOIN3a CMECH PACTHTEIHHOTO
CBhIPbsl, I'PAHYJIUPOBAHHOIO gaCTI/ITeHBHOFO CBIpBI C
IJIOTHOCTRIO Tpanyst 900 Kr/M™ 1 KaMEHHOTO YIJIS.

Ta6auya 1. YoenvHblii 861X00 npodyKkmos nupoausa

Table 1. Specific yield of pyrolysis products

AHanm3 TabJIHIIBI TOKA3BIBACT, YTO PACTHTENNBHBIC OT-
XOZOB UMEIOT Oolee HU3KUE 3HAYCHMS 30JIBHOCTH IIO
CPaBHEHHIO C KaMEHHBIM yrieM. IIpenBapureinsHoe
CMEIIICHHE C TMPOJIM3HON CMOJIOH, YIIOTHEHHE OHoMac-
CBI U TIOCTIE/YIONIAsi TPAHyJIALMS MOJIOKUTEIFHO CKa3bl-
BAalOTCS Ha YHENBHOM BBHIXOZE OCHOBHOTO IPOIYKTa —
TBEPIOTO YINIEPOIUCTOrO OCTATKA, MPUPOCT COCTABUI
9 %. D10 OOBSICHSAETCSA TeM, YTO JIETy4He IPOAYKTHI B
YIUIOTHCHHOH OHOMacce BCTPEUaroT COIPOTHBIICHUE IIPU
¢unbTpanmn yepe3 duomaccy, bonee TSIKENbIE COCAMHE-
HHS JIMTHHHA HE MOTYT IOKMHYTh CHIPbE U aJCOpOUpY-
I0TCS YTJIEPOAUCTBHIM OCTaTKOM. CBSI3yIOIIee BEIECTBO —
NMPOJIM3HAS CMOJIA, TAKKE IIOJOXKHUTENBHO BIUSET Ha
BBIXOJI KapOOHM3UPOBAHHBIX IPOYKTOB, TaK KaK B CBOSH
OCHOBE MMECT BBICOKUE YCIbHBIC MACChI JIMTHHUHA, KO-
TOPBIH SBIISIETCS OCHOBHBIM CTPYKTYPHBIM KOMITOHEHTOM
11t oOpazoBanus yris. OHAKO, B CBOIO O4epenb, ode-
BUJEH OOJNIBIIMI BBIXOJ HPOJIYKTOB KapOOHU3AlMM Ka-
MEHHOTO YIJISl B CPAaBHEHUH C PACTHTENIBHBIM ChIPHEM.

Pe3ynbTaTel TEPMOTPaBUMETPUYECKOTO HCCIEH0-
BaHMS IIpEACTaBIeHbl B Taba. 2. DOHUKCHPOBAINCEH:
Ha4daJibHas TEMIICpaTypa yAaJICHUA JICTYUYUX BCLICCTB,
TEeMIIEPAaTypHBIl HAana30H MAKCHMAaIbHOW MOTEpH
Macchl HCXOJHOTO CBIPBS, KOHEYHas TeMIeparypa
yAAIEHUsS JIETYIHUX BemecTB. [lapaMeTpsl chIphbs ObUIH
QHAJIOTUYHBI IIPEICTABICHHBIM B Ta0M. 1.

Ta6auya 2. Tepmoxumuveckue napamempsl MmepMuyecko2o

pasoxceHus
Table 2. Thermochemical parameters of thermal decom-
position
T
=
Ceippe | % _‘E"’ gmsm 3
; 0 © SN 2o
Raw material § w BT E 3w g 58
= 4 > Slg3z> 8 = O
E 2w T | a0y s A
o489 E |4 o =) =i
T O O - 8 o ©
[MapameTpbl 2 £2l59<2 ==
o s ZE|ETEE :
Parameters, °C 8 X = = <
s = a £ =
S O]
HauanbHas TeMnepatypa yjane-
HUSA JIETYYUX KOMIIOHEHTOB
i ey 192 215 416
Initial temperature for removal of
volatile components
IJK30TepMHUYECKUH TeMIlepaTyp-
HbIM AMana3oH 297-398 | 305-403 | 489-565
Exothermic temperature range
KoneuHnas TemnepaTypa yzaaje-
HUSI JIETYYUX KOMIIOHEHTOB
: yARX KoMt 415 418 643
Final devolatilization
temperature

A galiwgel o2
Coipbe | & 2e| S 40w 5
. gw Bo| b 2og e
Rawmaterial | £ 2 & 3| § 3 ¢ o 5w
=~ - =
ExZ el 2o w| =8
Q = O o E _
g © © E - o]
Lo w3 5 o 8 2 -
a [ = > = = o
[lapameTpbl SEECIN= A AT = LT
P 0, S TX o 83 g %
arameters, % 5 So| = F 58| =
3osbHOCTB/Ash content 0,4 0,5 3,8
BbIx0/1 KOH/IEHCUPYEMbIX
MPOAYKTOB 50,0 44,0 4,0
Yield of condensed products
BbIX0/1 HEKOH/IEHCUPYEMBIX
MPOAYKTOB 15,0 12,0 14,0
Yield of non-condensed products
YryiepoiucTbli TBEPAbIH OCTAaTOK
POAHCTBIH TBEPA 35 44 82
Carbon solid residue

CMelieHue ¢ TMPONU3HON CMOIOi U mocaeyromas
IPaHyJISILMs ChIPbS HE CHJIBHO TOBBINIAIOT €0 TEPMHU-
4EeCKyl0 YCTOMYMBOCTb M TEMIEPATypHBIE PEKUMBI
nporecca nuponusa. KameHHslil yroas obnanaer 3Ha-
YUTENFHO OOJNBIICH TepMHUYECKON yCTOWYHMBOCTEIO,
MOATOMY TPeOYIOTCS 3HAUNTEIbHBIC TETIIOBBIE 3aTPATHI
Ha MOJIHYI0 KapOOHM3aIUsI KAMEHHOTO YTJIS.
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Pe3ynbraThl aHanmmM3a MOPUCTON CTPYKTYphI KapOo-
HU3aTa U aJICOPOCHTOB, TIOJIYYCHHBIX U3 PACTUTECIBHBIX
OTXOJIOB, TIPEJCTaBlIeHBI B Tabn. 3. JlaHHBIC MpuBee-
HBI JUIsI 00pa31[0B aKTUBUPOBAHHOT'O YIJISI CO CTCIICHBIO
BbIropanus B ~50 % u miaotHocThi0 900 Kr/M°.

Ta6auya 3. O6sem nop kap6oxusama (K) u akmueupogaH-

Hozo yaas (AY)
Table 3. Pore volume of carbonizate (C) and activated
carbon (AC)
Coipbe| Cyech pactu- | Tpanysbl
Raw material|  reypmoro | pacruresnsio- .
KameHHBIN
ChIpbSI O ChIpbsi -
Mixture of Granules of y
Hard coal
vegetable raw | vegetable raw
materials materials
[TapameTpsl,
cm3/r
Parameters, K/C |Av/ac| K/C |Av/ac| K/c | Av/Ac
cm3/g
OBmem rop 143 | 1,56 | 1,48 | 1,73 | 121 | 1,23
Pore volume
OBmem Makpomop | 4 o5 | 107 | 1,14 | 1,14 | 078 | 078
Macropore volume
OBBeM Me30Mop | 59 | 023 | 023 | 021 | 024 | 0,19
Mesopore volume
OBmem MUKPONOP | 45 | o319 | 011 | 038 | 019 | 026
Micropore volume

Ananu3 Tabia. 3 mokasai, 4To o0pa3oBaHUE MHKPO-
HOp MpPU aKTUBAIMM YaCTUYHO NMPOUCXOIMUT HU3-3a pa3-
pylIeHuss Me30mI0p. YIUIOTHEHHAs IpaHyJIMpPOBAaHHAs
Macca IOKa3bIBaeT JIyULIHe Pe3ysIbTaThl 0 MHUKpPOIO-
PHUCTOH CTPYKType IO CPaBHEHMIO C HEYIUIOTHEHHOM.
AKTUBUPOBaHHBIN yIoJlb U3 KAMEHHOIO YIS IOKa3all
XYJIIUH pe3ysnbTaT [0 MHUKPOIOPHUCTOM CTpyKType
BCJIEJCTBUE HEJOCTATOYHOI CTENEHU BHITOpaHUsl. AB-
TOpB! paboThl [26] MPOBOIUIN HCCIIEAOBAHUE IO MO-
JMYYCHUIO IMIMHIPUYCCKUX AaKTHBHPOBAHHBIX YIJICH
METOJIOM XUMHUYECKOW aktuBauuu. llomydueHHsle pe-
3yJIbTaThl UCCIEIOBAHUS KOPPEIUPYIOTCS C JaHHBIMU
u3 Tabu. 3.

Ha puc. 5 mpencraBieHa auHamMuka oOpa3oBaHUs
MUKpPOIOP B AaKTUBUPOBAHHBIX YIISIX U3 00pas3LoB
YIUIOTHEHHOU I'PaHyJIUPOBAaHHOM Macchl U KaMEHHOI'O
YISl B 3aBUCUMOCTH OT UX CTENEHU BBITOPAHUS.

W3 mnpencraBaeHHBIX 3aBUCUMOCTEH BHJIHO, 4YTO
JUHAMHKa 0Opa30BaHMs MHKPOINOp y ABYX 00pas3loB
pasnmuuHa. OO6pa3oBaHIe MUKPOIIOPHCTON CTPYKTYPHI Y
PACTUTEIBHOTO ChIPbs MPOUCXOJAUT PaBHOMEPHO. Mak-
CHMaJIbHBIC 3HAUEHMS MPUPOCTa MHUKPONOp y YILIOT-
HEHHOTO PACTUTEIBHOTO CHIPhSI IMPOUCXOIAT B AUAIa-
30He 30-70 % BBIrOpaHHS HCXOIHOTO KapOOHH3aTa.
Bonee BbICOKas INIOTHOCTh KAMEHHOIO YIS IIPEATIOIIa-
raer OOJIbIINE YCHIIUS JJISI CO3IaHUS MHUKPOIIOPHCTON
CTPYKTYpbl. BbIropanue NOJOBHUHBI YIENBHOW MacChl
yIis OPUBOAMT K OOPa30BaHUIO ME30- M MAakpoIop,
KOTOpBIC NIPU JAJIBHEHIIIEM BBITOPAHUHU CBHIPbSI Paspy-

MIAIOTCS U Pa3BUBAIOT MUKPOMOPHI. AKTUBHPOBAHHBIN
YToJIb U3 KAaMEHHOTO YTJIsi UMeeT OOJNbIIUi YIeTbHbIN
BBIXOJ 110 CPaBHEHHUIO C AKTUBHUPOBAaHHBIM YIJIEM W3
TpaHyJ PACTHTEIHHOTO CHIPhs, HO YCTYHAEeT 10 00BeMy
MHUKPOIIOP.
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JuHamuka 06pa3osanusi MUKponop 8 akmueupo-
BAHHbIX Y2/I5IX 8 3A8UCUMOCMU OM CMmeneHu 8bl20-
paHUsi  UCXOOHbIX npodykmos  KapboHusayuu:
1 - ynaomHeHHoe 2paHy/AuUpos8aHHoe pacmumess-
Hoe cbIpbe; 2 — KAMEHHbLU y201b

Dynamics of formation of micropores in activated
carbons depending on the degree of burnout of the
initial carbonization products: 1 - compacted granu-
lar plant material; 2 - hard coal

Puc. 5.

Fig. 5.

[Nonmy4eHnHbIe TaHHBIE CBUAETEIBCTBYIOT O TOM, UTO
yIaepoaocoepikaiiee Chlpb€ BBICOKOH IJIOTHOCTH
MO3BOJISIET TMMONy4YaTh OoJiee Pa3BUTYIO TOPHUCTYIO
CcTpyKTypy. [LMOTHOCTH HCchemyeMbix 00pas3loB CO-
cTaBigeT I 00pas3noB: OHOMaccel B CpelHEM
350 kr/m°, rpaHyl W3 YIJIOTHEHHOH OHOMAacchl
900 kr/m°, KamMeHHOrO yras (aHTpanura) 1600 kr/v’.
Hcxonst U3 3TOr0 MOKHO CHENATh BBIBOZ, YTO IIOBBI-
UIeHHUEe YIJIOTHEHHUS UCXOAHOW OMOMacChl MOXKET IpHU-
BECTH K YIYUIICHUIO Ka4eCTBa aKTUBUPOBAHHOTO YIS
Ha puc. 6 mpencraneHa 3aBHCHMOCTh 00beMa MHKPO-
MOp aKTUBUPOBAHHOTO YIJIS OT IUNIOTHOCTH MCXOAHOTO
PACTHUTENBHOTO CHIPbS MPH PA3IMYHBIX CTEMEHSIX 00-
TOpaHUsL.

W3 mpencraBieHHBIX KpPUBBIX BUAHO, YTO IUIOT-
HOCTh CBHIPhSl CHJIBHO BJIMSAET Ha XapakTep MOPUCTOMH
CTPYKTYpHI. [Ipy 3TOM CTETICHb YIIJIOTHEHHS CHIPhS IS
JIOCTHKEHUsI Haubojee pa3BUTOH CTPYKTYpPbl MHKPO-
Mop JAOJDKHA OBITH 3HAYMTENBbHOH. Tak, yIuIoTHEHHE
HCXOTHOHN pacTUTENFHONH OMOMAacChHl IIOTHOCTHIO 350
KI/M> 1o riotHoctu 600 KI/M He 1aJI0 3HAYUTEIHLHOIO
npupocTta B 00beMe Mukpomnop. Hanbonee parpoHab-
HO YIUIOTHHUTH PaCTUTEIBHYIO OMOMaccy 10 INIOTHOCTH
1200 xr/m®. JlanpHeiiiee yIuiOTHEHUE BBI3BIBACT HeE-
3HaYUTETIbHOE YBEIHUeHHe 00beMa MUKPOIIOP.
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Puc. 6. 3asucumocmb 065eMa MUKpONOp AKMu8UpPOBAHHO-
20 ye/151 0om NJA0OMHOCMU UCXOOH020 2PAHYAUPOBAH-
HO20 pacmume/ibHO20 Cblpbsi NPU cmeneHu 0620pa-
Hus: 1-50%;2-70 %

Fig. 6. Dependence of the volume of activated carbon mi-

cropores on the density of the initial granular plant
material at burning degree of> 1 - 50%; 2 - 70%

MaxkcumalnbHbie 3HaYeHUsI 00beMa MUKPOTIOpP y 00-
pasua mwioTHocTbio 1200 KI/M® H CTENIeHBIO BBITOpaHUs
70 % He MPEeBBICWIH 3HAYCHHS 00beMa MUKPOIIOp Ka-
MEHHOYTOJILHOTO aKTHMBUPOBAHHOTO YTJISl C aHAJIOTH4-
HOHM CTEMNEeHBI0 BHITOpaHus. MaKcHUMallbHbIE 3HAYEHUS
00beMa MHUKPOIIOP Y aKTHBHPOBAHHOTO YIJIS U3 TpaHy-
JUPOBAaHHOTO  PACTUTENBHOTO  CBHIPbS  COCTaBHIIM:
0,61 cM>/r, @ y AKTHBUPOBAHHOTO YIJIs M3 AHTPALIATA —
0,68 CM3/F, YTO B IIEJIOM ITO3BOJISET MCIIOJIB30BaTh Pac-
TUTENbHBIA aKTHUBUPOBAHHBIA YroJib BMECTO HCKOIae-
MOTO aHajora B KadeCTBE BBICOKOKAUECTBEHHOTO aj-
copbenta. B Tabn. 4 mpeacraBieHbl OCHOBHBIC al-
COpOLIMOHHBIE XapaKTEPUCTUKH MOJIyYEHHBIX 00pa3oB
AKTUBUPOBAHHOTO YIJIS.

W3 Tabn. 4 BUIHO, 4TO MOJyYSHHBIE 00pa3Ibl HMe-
10T COMOCTAaBUMBIE Y/AETIbHbIE ITOBEPXHOCTH U aJcopO-
LIMOHHBIE XapaKTEPUCTHKH MO aKTUBHOCTH. llomydeH-
HbIC aKTUBUPOBAHHBIE YT MMEIOT BBICOKHE ITOKa3a-
TEJIU UCCIEAYEMbIX aJCOPOLMOHHBIX CBOMCTB, 3HA4M-
TenbHO mpeBocxoxasmme 3HaueHus ['OCT 6217-74 u
I'OCT 8703-74. ABTOpEI paboThl [27] mpoBeIH Uccie-
JOBaHHE TI0 CPABHEHHIO aJICOPOIMIOHHON aKTHBHOCTH
AKTUBUPOBAHHBIX yIJIel U3 IPEBECHBIX MaTEpPHAOB

Ha puc. 7 npeacraBieHbl 3aBUCUMOCTH aJICOPOIIH-
OHHOH CHOCOOHOCTH aKTHBHPOBAHHOTO YTJIS OT CTerie-
HU OOTOpaHus MpH BOI[OHa]gOBOP'I aKTUBAIlUK IS Tpa-
HYJ mIoTHOCTHI0 1200 Kr/M”.

Ta6auya 4. Adcop6yuoHHble Xapakmepucmuku akmugupo-

B8AHHO020 y2/15
Table 4. Adsorption characteristics of activated carbon
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Parameters 3] 3
YnenbHasi JI011a/[b TOBEPXHOCTH,
MZ/T 1654 1764 1632
Specific area surface, m?/g
Ajncop6uoHHast aKTUBHOCTb
o “ony, %, TOCT 6217-74 BAY-A,
He MeHee 60 %
Adsorption activity for iodine, %, 108 122 131
SS 6217-74 BAU-A, not less than
60%
PaBHOBecHas1 akTUBHOCThb
no ToayoJy, TOCT 8703-74,
He MeHee 145 r/nm3 238 276 297
Equilibrium activity in toluene, SS
8703-74, not less than 145 g/dm3

Kak BUTHO U3 KPHBBIX, JUISl TIOCTHXXEHHS PaBHOBEC-
HOU aKTHBHOCTH 110 Toyoiy 3HaueHuit ['OCT 8703-74
s mMapku AP-A  BomomapoByrO aKTHBAIMIO YIS
HEOOXOIUMO MPOBOAUTH 10 CTENICHU BBITOPAHUS aKTH-
BupoBanHoro yris 32-37 %. Jns mocTmkeHHs an-
copOmoHHol aktuBHOCTH 3HaueHwid ['OCT 6217-74
Mapku BAY-A BozonapoByro akTHUBAaLMIO yIisl HE0O-
XOJUMO HPOBOJMTH A0 CTEHECHH 00rOopaHHsi aKTHBUPO-
BaHHOTO yrius 28-32 %. Takum oOpa3om, mpoBeneH-
HBIE MCCIIEJOBaHUS TTOKa3bIBAIOT BBICOKYIO aJICOPOLIH-
OHHYIO 3()(h)eKTHBHOCTh I'PaHyJIUPOBAHHBIX AJCOPOCH-
TOB, TIOJIYUYEHHBIX M3 CMECH PaCTUTEIBHOTO CHIPHS, HE
yCTyHamomux aacopOeHTaM U3 HCKOIAeMOTO CBHIPBSL.
ABTOpPBI paboTHI [27] mpoBenu UcCIeI0BaHHE MO CPAB-
HEHHIO aJICOPOLIMOHHON aKTUBHOCTH aKTHBHPOBAHHBIX
yriael W3 JAPEeBECHBIX MAaTepHaNoB 0e3 IpenBapUTelhb-
HOTO YIJIOTHEHUS, 3HAYCHUE aJCOPOIOHHOM aKTHUB-
HOCTH TI0 1Oy COOTHOCHMO C IPUBEICHHBIMU PE3YIIb-
TaTaMH JaHHOTO HcciiefnoBanus. Hambompimee 3Haue-
HHE ancopOIMOHHOM aKTUBHOCTH IO HOIy ITOKazaia
IUTOTHAS IpeBeCHHA Oepesbl, MPH aKTUBALINU KOTOPOH
oOpasyercst OoJiee pa3BUTas MHUKPOIIOPHUCTast CTPYKTY-
pa, MeHee IUIOTHBIE JpeBecHHa SIOJOHM M COCHOBEIE
IIMIIKKA UMEIOT MEHbIINE 3HaYeHUs] HOJHOTO Yucliia U
00BbeM TOp, YTO MONTBEP)KIAET Pe3yIbTaTHl AaHHOTO
MCCIIEIOBAHMS O TOM, YTO YIUIOTHEHHE CHIPbsI BENET K
YIIyUIICHUIO IOPUCTOH CTPYKTYpHI aficopOeHTa.
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Puc. 7. /JluHamuka u3MeHeHUsl N02/10MUMeabHOU CNOCOGHOCMU Om cmeneHu 0620paHUs aKMUGUPOBAHHO20 YaAs:
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Fig. 7. Dynamics of changes in absorbing capacity depending on the degree of burning of activated carbon: A) equilibrium
activity for toluene, g/dm3; B) adsorption activity for iodine, %. 1 - activated carbon from granulated vegetable raw
materials; 2 - activated carbon from vegetable raw materials

3aksl0ueHune PACTUTENBHOTO CBHIPbSI CO CBSI3YIOLIMM  Belle-
Ilo pesympTaTaM MpPOBEJCHHBIX HCCIECIOBAHUI CTBOM — ITUPOJIU3HON CMOJIOM.

MO>KHO CIeJIaTh CJIeIyIONIIE BBIBOIBL: 2. KimoueBbiMu mapaMeTpamMu TpU (GOPMUPOBAHUH

1. JlaGoparopHble 00pa3mbl NPOIEMOHCTPHPOBAIIH MHKPOIIOPUCTOH CTPYKTYpBl y TPaHyl U3 CMECU
BBICOKHE 3HAYEHUS! PABHOBECHON aKTHBHOCTHU MO PaCTUTEIBHOTO CBHIPHS SIBISIFOTCS CTEIICHb BBITO-
TOJYOJy M aICOPOIIMOHHOM aKTHBHOCTS 110 Hoxy, paHMs yIJIs OpU aKTUBALMM U IJIOTHOCTh UCXO.-
CpaBHHUMBbIE C aKTHBUPOBAHHBIM YIJIEM, I1OJIyY€H- HOT'O CBHIPBSL.
HbIM M3 HCKOIIAEMOrO AaHTpalUTa, 4TO MOXKET 3. AKTHBHPOBAHHBIC YIJIM M3 CMECH YIUIOTHEHHOU
CBUJICTENILCTBOBATE O BO3MOXHOCTH TIOJTyUCHHUS PacTUTENIBHOM Macchl, JAEMOHCTPUPYIOT JIy4IIHe
IpaHyJUPOBAHHOTO aKTUBUPOBAHHOIO YINIA C a7IcCOpOLIMOHHbIE TOKAa3aTeNd OTHOCUTEIBHO 00-
Pa3sBUTOM MUKPONOPUCTOH CTPYKTypo# U3 cmecu pas3IoB aKTHBHPOBAHHOIO YU 0e€3 IpeIBapu-

TEJIBHOI'O YINIOTHCHHUA paCTHTeHLHOfI MacCcCHI.
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AHHOTanus. AkmyaasHocme. IloTpebieHre 3Hepruu U 3pPeKTHBHOE UCNOIb30BaHUE CETEH LEHTPATU30BAHHOIO TEIJIO-
CHab)XeHUs BJIMSIOT Ha OKPY)KAIOILYIO0 CpeJy, 00LeCTBO U 3KOHOMUKY. Heo6X0JuMbl pellleHusi, KOTOpble MO3BOJIAT Cylle-
CTBEHHO CHU3UTD Y/ie/ibHble NIOTEPH TEILJIOBOM 3HEPTUHU. Mcrosb30BaHUE TEXHUYECKH U 3KOHOMHMYECKH L[€J1ECO0OPa3HOr0
crnoco6a OLeHKH 3HeproadpPeKTUBHOCTH MO3BOJIAT JIAHUPOBATH MEPONPHUATHSA N0 PALMOHATIBHOMY UCII0/Ib30BaHHUIO 3HED-
reTUYeCKUX pecypcoB. B HacTosilee BpeMsi oljeHKa 3Hepro3pGeKTUBHOCTH 3/1aHUH BbI3bIBAET CYLECTBEHHbIE BOIPOCH! y
crneqMaauctoB. COBpeMEHHOH ClelaJu3upOBAaHHOM JIUTEPATYPh! 10 JAHHOMY HalpaB/eHHI0 He Tak MHoro. IIpoGsieMa
3Hepro3pPpeKTUBHOCTU TpebyeT GoJsiee CTPOroro BHUMaHUS K pelleHHI0 BOMPOCOB rpaZoCTpoUTe AbCcTBA. TakuM 06pa3oM,
yTOYHEHHbIe METO/bl OLIEHKH 3Hepro3apPeKTUBHOCTH 3JjaHUH MO3BOJISIOT OJJHOBPEMEHHO U SKOHOMHTb KallUTaJIOBJIOXKe-
HUf, U o6ecriednBaTh 3G PeKTUBHOE NOTPeOIeHNe TENI0BOH aHeprud. IJesb: pa3paboTKa CHUCTEMBI OLIEHKH PeaJbHOro Tell-
JIonoTpe6JIeHUs 3JaHUH JJIs1 06ecriedeHns] ONTUMU3AL WU JUCIeTYePU3ALUH CUCTEM LEHTPAIM30BaHHOTO TEIJIOCHAGKEHUS
B peXHMe peaJbHOT0 BpeMeHU. Memodbl: KOMIbIOTEPHOE MOJeJIMPOBAaHUE COCTOSIHUS TENJIOBOIO MOTpe6/IeHus 34aHuH ¢
pasJIMYHBbIMU XapaKTEPUCTUKAMH U CXeMaMH UX NPHUCOEJUHEHHUs K CETSIM LleHTPAJM30BAHHOI0 TEIJIOCHAGKEHUS]; METO/IbI
reovHGOpPMaMOHHOTO aHauu3a. Pe3ysibmamel. [IpejyioxkeHa cUCTeMa MOHUTOPHUHTA TENJIONOTPe6eHNs 3[jlaHUH, T03BO-
JIAIOLAs OLleHUBATh 3HePro3(PeKTUBHOCTb 3/aHUH 3a CYeT MAKCUMaJIbHOT'O MCIIOJb30BaHUSl KOMIBIOTEPHBIX U IpO-
IrPaMMHBIX TeXHOJIOTHH. [loka3aHo, 4TO pacyeTHbIe TeNJIOBble IOTOKH 3/JaHUH, UCIO/Ib3yeMble J/Is1 IPOrHO3UPOBAHHUSA KO-
HOMMH NPYU MOJZIePHU3ALMH 3/JaHUH, He BCerJja COOTBETCTBYIOT GaKTHUYECKUM TEIJIOBBIM Harpy3kaM, 4TO MOXKeT IPUBOJHUTD
K HeBEpHOH OlleHKe WHBECTHIMOHHBIX MPOeKTOB. [losydyeHbl rpaduyecKkre 3aBUCHMOCTH BeJUYHH, BIUAOIMX Ha yJeJib-
Hble TeIJIOBble MOTEPH, OT PA3JIMYHBIX IEPBUYHBIX HE3aBUCUMBIX GAaKTOPOB. Bbi6odsl. [locTpoeHHas crucTeMa MOHUTOPHH-
ra TenJonoTpebJeHUs 3JaHUi I03BOJISIET, BMECTE C UCNO/Ib30BaHHEM METO/0B re0OMHGOPMALMOHHOI0 aHA/IU3a, N0Jy4YaTh
JIOCTaTOYHO MOJIHYI0 KapTHHY COCTOSIHUSA TEIJIONOTPe6IeHHs /I Yy4aCTKOB ropo/ia ¥ OLleHKY SHEePreTUYeCKHX XapaKTepH-
CTHK 3JIaHU M.

Kiio4yeBbie c/i0Ba: TenonoTpedeHre, reOMHPOPMAIMOHHbIE CUCTEMbI, 3HePro3pPeKTUBHOCTD, TEIJIOBOH MYyHKT, TEIJIO-
rUApPaBAAYECKUN PEKUM, aBTOMAaTU3UPOBAHHOE yIIpaBJieHHe, KOMIIbIOTEPHbI MOHUTOPUHT

Jns nutupoBaHus: Kosocor M.B., Jlunoska A.l0., JlunoBka 10.JI. CucTeMa MOHUTOPHHIA TEMJIONOTPe6IeHUS 3/JaHUH //
HM3Bectnst ToMCKOro MoJIMTEXHUYECKOTO yHUBecpuTeTa. UHXXHHUPHHT reopecypcoB. — 2024, - T. 335. - Ne 7. - C. 206-220.
DOI: 10.18799/24131830/2024 /7 /4443
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Abstract. Relevance. Energy consumption and efficient use of district heating networks affect the environment, society and
the economy. Solutions are needed that can significantly reduce specific thermal energy losses. Using a technically and eco-

nomically feasible way to assess energy efficiency allows these decisions to be made. Currently, assessing the energy efficien-
cy of buildings raises significant questions among specialists. There is not much modern specialized literature in this area.
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The problem of energy efficiency requires more rigorous attention to urban planning issues. Thus, refined methods for as-
sessing the energy efficiency of buildings make it possible to simultaneously save capital investments and ensure efficient
consumption of thermal energy. Aim. To develop a system for assessing the real heat consumption of buildings to ensure
optimization of dispatching of centralized heat supply systems in real time. Methods. Computer modeling of the state of heat
consumption of buildings with various characteristics and schemes for their connection to centralized heat supply networks;
methods of geographic information analysis. Results. The authors have proposed the system for monitoring the heat con-
sumption of buildings. This system allows assessing the energy efficiency of buildings through the maximum use of computer
and software technologies. It is shown that the calculated heat flows of buildings used to predict savings when modernizing
buildings do not always correspond to the actual heat loads, which can lead to an incorrect assessment of investment pro-
jects. The authors obtained graphical dependences of the quantities influencing specific heat losses on various primary inde-
pendent factors. Conclusions. The constructed system for monitoring the heat consumption of buildings allows, together with
the use of geoinformation analysis methods, obtaining a fairly complete picture of the state of heat consumption for city areas
and an assessment of the energy characteristics of buildings.

Keywords: heat consumption, geographic information systems, energy efficiency, heating point, thermal-hydraulic mode,
automated control, computer monitoring
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BBeaenue

[loBpimierne 3¢ ¢EKTUBHOCTH 3aHUN  SBISETCS
KIIIOYOM K PEIICHHIO TPOoOJieM H3MCHEHHs KINMAra,
YUUTBIBAdA, YTO Ha 31aHUs npuxoautcs 40 % MupoBoro
notpebnenus sHeprum [1]. CpodHas MOTpeOHOCTH B
MOBBINIICHAN  SHEProdPEeKTUBHOCTH  TpedyeT Ha
HAYaNbHOU CTAaIWH BHEIPEHUS IMOIXOAANINX HHCTPY-
MEHTOB MOHHTOPHHIa JHEPreTHUECKUX MapaMeTpOB
3maHuii. Takue cUCTEeMBI JOJDKHEI OBITH BHEIPEHBI IS
MOBBIIICHUST OCBEIOMIICHHOCTH 00 3KCILTYaTallOHHBIX
XapaKTEePUCTUKAX 3JIaHUs CPEAM BIAJENblIeB U apeH-
JaTOpPOB U JJIs1 MOTHBAINH yIyUIICHUS TIOKa3aTeNe, a
TaKKe Ui 00ECIEYCHUS TOT0, YTOOBI IKCILTyaTallnOH-
HBIE XapaKTePUCTUKU CTPOHUTEIBHOTO (POHJA COOTBET-
CTBOBAJIM HAI[MOHAIBHBIM TPeOOBaHUSAM U OoJiee IH-
pOKoii 3HEpreTHYecKoi moautuke [2].

IIpo6./1ema 3HeproappeKTUBHOCTHU

Llenn sHepreTHyecKod M KIMMATHYECKON MOJIUTH-
KH IIJIsl CTPOUTENIBHOTO CEKTOpa YacTO OCHOBBIBAIOTCS
Ha OIIEHKE ¥ YJIyYIICHUH SHEPIreTHUECKUX XapaKTepH-
CTUK 3JaHWi, TakWx Kak HopMmupyemas (Oa3oBas)
yaebHasg XapaKTepUCTUKa pacxoja TEeMIOBOH SHEPTuu
Ha OTOTJIEHWE U BEHTHJIALUIO 3/1aHuil. [loaTomy oueHs
Ba)XHO OTIPENENUTh, B KAKOH CTETICHH OHH MOTYT CUH-
TaThCS HAJCKHBIMH WHCTPYMEHTAMU JUISL OCTHIKCHUS
9TON 1enu. Pa3peiB B DHEPTETUUECKUX XapaKTEPUCTH-
Kax, IpU YCIIOBHH, YTO OHH SIBITIOTCSI HAJIC)KHBIM HH-
JUKAaTOPOM M3MEPEHHOr0 3HEpromnoTpedaeHus 30aHuH,
O0OBIYHO OTIpeAeTsieMbIil KaKk pa3HHUIAa MEXIy OXHIae-
MBIM TIOTPEOJICHUEM SHEPrHH, PACCUUTAHHBIM IIPU
OIlCHKE A(PPEKTUBHOCTH 3MaHUS, U (PAKTHUCCKUM IO~
TpeOJIeHHeM, TMpeACTaBiIsieT co00i Cephe3HyI Mpo-
OneMy Ui JIOCTHDKEHHMSI IeJield B O0JIAaCTH dHEprodd-
(dextuBHocTH [3, 4]. Teoperudeckoe MOTpeOICHHE
SHEPrUM UCTOJb3YEeTCs AJI MPOTHO3UPOBAHUS SKOHO-
MUH TIpH MOAEPHU3AINH 3/IaHUH, YTO HE COOTBCTCTBY-

eT (haKTUIEeCKOMY IOTPEOJICHHIO 3HEPTUU W, B CBOIO
ouepelb, IPUBOAUT K HEBEPHOW OLIEHKE WHBECTHLIU-
OHHBIX TIPOEKTOB.

Ha »sHepros¢g¢dexTuBHOCTH 31aHUS BIUSET He-
CKOJIBKO B3aMMOCBSI3aHHBIX (DaKTOPOB, UYTO JejaeT
0COOEHHO TPYIHBIM OINpEJCICHUE U KOIHMYECTBEHHYIO
OLICHKY BIUSHUA KXIOTO OTACIHHOTO U3 HUX. OObIU-
HBIA TTOJIXOJ K OIeHKe 3HeprodhOEeKTUBHOCTH 3aKIT0-
9aeTCs B BBIOJIHEHHU TOJIEBBIX U3MEPEHHUH JUIs MOJTy-
YEeHUS 3HAUCHUH MapamMeTpoB MOJICIH HA OCHOBE (hak-
TUYECKUX YCIOBUH AKCIUTyaTalllH, YTOOBI YIIyYIINThH
MPOTHO3UPOBaHUE  (PaKTUUECKOTO  HMCHOJIB30BAHHS
SHEPTUH, TEM CaMbIM CHIKAs YPOBEHb HEOIPEICIICH-
HOCTH pe3yabTaToB [5]. UTOOBI 3HAYMTEIHHO CHU3UTH
SHEPronoTpedieHne, BaKHO YUHUTHIBATH YPOBEHb 00-
CITy>KUBaHHUsI, KOTOPBIN JODKHBI 00€CIIeYnBaTh 3aHUS
[6], TO ecTh MOAEpKAHUE TTAPAMETPOB, COOTBETCTBY-
IOLIUX ONTUMAalbHOMY MOTPEOICHUIO I Ka)JIOro
3[1aHUsI, TIPA KOTOPOM AOCTUTaeTca 3((EKTUBHOCTh U
KOM(OpPT, MPUHUMAS BO BHUMaHHE PEATUCTHYHOE HC-
MI0JIb30BaHUE 3JaHUSL.

OnrtuManbHbIE  JHEPreTHUECKUE XapaKTCPUCTHKU
30aHUSI 3aBHUCSAT OT OIIPEAENICHHBIX IPOEKTHBIX JIOITY-
IIeHWH, TaKMX Kak 3aJlaHHAs TeMIlepatrypa, rpaduku
peryaupoBaHusl M MPOU3BOAUTENBHOCTh TEXHUYECKUX
cuctem. OIHaKO MHOTHE W3 3THX TPEAIIONIOKEHUHN 3a-
YacTyl0 HENPUMEHUMBI H3-32 HEHCIIPAaBHOCTH CUCTEM
30aHUs, HEONTUMAJbHOTO HCIOJIb30BAHUA KHUIIbIIAMU
TEIUIOBOM SHEpPruu WM Mo IpyruM npuunHam. Hewc-
npaBHOEe 00OpyIOBaHHME HamOOJee pacIpoCTpaHCHHAS
npobneMa, KOrja pasHUIA MEXIY TEOPETUUECKUM U
(axkTHUecKUM NOTpeOIeHHEM BbI3BaHA HE MpoOiIeMaMu
MOZEIMPOBaHMS WK cOOpa JAaHHBIX, a PEabHOW TeX-
HUYECKOW MpobseMoi B 31anuu [7]. TlpuMepbl TexHH-
YEeCKHUX MPo0IeM MHOTOUYHCIICHHBI M Pa3HOOOPa3HbL, UTO
MOJUYEPKUBAET KPUTHUYECKYIO BaXKHOCTh MOHUTOPUHIa U
o0CTyXKHBaHUS WH)XKEHEPHBIX CUCTEM 31aHui [§].
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Ha oHepreTnueckue XapakTEepUCTHKH 3JaHHUS B
3HAYUTEIBHON CTENCHU BIIMSACT KAuCCTBO CTPOHUTENb-
CTBa, KOTOPOE TPYAHO YUECTh Ha dTAIe NMPOCKTHPOBa-
HUS, YTO TPUBOJUT K OTKJIOHEHHSM OT IPOCKTHBIX
cnenudukanuii, 0COOEHHO B OTHOIIEHUM H30JIALUU U
repmernyHocTH [9]. CTpOUTENBHBIE CHCTEMBI OTOILIE-
HUS, BEHTWDIIUA ¥ KOHIUIMOHUPOBAHUS, OCOOCHHO
JUIE MHHOBAIIMOHHBIX CUCTEM (HampUMep, UHTEIJIEKTY-
QIFHOTO YHPAaBICHHUS 3JaHHEM), YacTO CTPAJalOT OT
cOOCB CHCTEM YIPaBICHUS W OTCYTCTBHS TOYHOM
HACTPOMKM CTpaTeruil ynpasiaeHus. TOHKas HacTpoiika
MO>KET OBITH ONyIICHAa pPa3pabOTUMKOM IIPOEKTa, HO
Ja’kKe €CIIM OHA BEITIONTHACTCS, pe3yIbTAaTHl MOTYT OBITH
Pa304apoBBIBAIOIIMMY, TOTOMY YTO HpPAaBHJIBHOE BbI-
MOJIHEHUE TpeOyeT MHOTO BpPEMEHH, a peau3anus B
COOTBETCTBUH C COBPEMEHHBIM YPOBHEM TEXHUKH MO-
XeT KOH(IMKTOBATh ¢ 3ampocamu xwureneit. Headdek-
TUBHAs SKCIUTyaTallMs 3[aHUs YBEJINYHUBACT MOTpedIe-
Hue sHepruu Ha 50—80 % 1o cpaBHEHMIO ¢ UCXOJHBIM
YPOBHEM, B TO BpeMs Kak 3(h(eKTHBHAS MPAaKTUKA MO-
xer cokoHoMHTh 15-30 %. OnHako 3TO 3aBHCHT OT
HAJIMYUS Y MEHEIKEPOB JOCTyHa K HHGOpPMAINH U
WHCTPYMEHTaM JJIs MPUMCHEHUs ONTHMHU3aniu — 0e3
HUX OXHJAHHUS [0 ONTUMH3ALMH BpsAd I OydyT
onpasansl [10].

OTKpEITHE OKOH, YIPABICHHUE 3aTCHEHNUEM, OCBEIIIe-
HHEM M TeMIEepaTypoil B MOMELICHUM CYIECTBEHHO
BIMSET Ha HSHEProdp(eKTHBHOCTH 37aHUN B IIEIOM.
HarmsgaeiM mpuMepoM sIBIsIeTCsT TPOTUBOPEUNBOE HC-
MOJIb30BaHNE TEPMOCTATHUYECKHUX KJIAllaHOB, YCTAHOB-
JICHHBIX Ha MaKCHMYM, NIPU OJHOBPEMEHHOM COXpaHe-
HUHM OKOH B HAKJIOHHOM TIOJIOKCHHH B TEUCHHE BCETO
JHs, B OCHOBHOM JJsI NIPOTUBOAECICTBHS MEPETPEBY B
MOMEIICHUH, YTO TMPUBOIUT K YBEIHUUEHHIO (haKTHUe-
cKkoro moTpebienust 10 aByx pa3 [11]. OxHako noseme-
HHUE KUJIBLIOB U €ro BIMAHUE Ha MOTpeOSieHHe SHEPIUun
npeackazats cioxkHo [12]. Bonpmias yacte motpebie-
HUSI SHEPTUH B JIOMax, Ooprcax U KOMMEPYECKHX MoMe-
IICHUSX CBS3aHA C YCTPOWCTBAMH OTOIUICHHMS, BEHTHIIS-
UMW U KOHJUIIMOHUPOBAHUS BO3Ayxa. UTOOBI CHH3HTH
SHEPronoTPeOICHNE CHCTEM OTOIUICHHS, BEHTHWISIIUY 1
KOHJHIIHOHUPOBAHHS HEOOXOIUMO TOYHO HPOTHO3UPO-
BaTh OBITOBBIC TEIUIOMOCTYIUICHUS. BHeapeHue Takux
MOJIeTIeHl MOXET IPUBECTH K CO3/IAHHIO TEOPETHIESCKON
0a3pl U YIEHBIX U WHXKCHEPOB IUIS YITyUIICHHUS IIPO-
THOCTUYECKOTO YIpPAaBJIEHUs] CHUCTEMaMH OTOIUICHHMS,
BEHTWJISILIMK U KOHIMLMOHUPOBAHUS, YTO UTPaeT Baxk-
HYIO POJIb B TTOBBIIICHUH TEIUIOBOIO KOoM(opTa 1 SHEp-
rocOepexeHnn KuIbIX 30anui [13].

IIporHosupoBaHue

D¢} dexTUBHBIN U TOUHBIH MPOTHO3 SHEPrONOTPEd-
JIEHUs! 37JTaHUS MOXKET YIIYYIIUTh YIpaBlIeHHE dHEPTo-
cucreMamu. B [14] Teopust TpyOBIX MHOXKECTB UCIIONb-
30BaJIach ISl YMCHBIICHUS H30BITOYHBIX (DaKTOPOB,
BJIMSIFOIIMX HA SHEPronoTpebjeHue 31aHus, 1 HaXOXK-

NCHUS KPUTHYCCKUX (PAKTOPOB DHEPromoTpeOIeCHHUs
3/IaHUSL.

OddekTuBHas paboTa ceTell ICHTPATU30BAHHOTO
TEITOCHA0KEHUS Takke TpeOyeT TOYHOTO MPOTHO3M-
pOBaHMs TEIUIOBBIX HATrPy30K U ONTHMHU3UPOBAHHOU
CTpaTeTHy AUCTIETIYCPU3ANH ISl JOCTYIHOTO MOPT-
(ens rereparuu U xpaHeHus. YToObl 00eCTIEUHTH OII-
TUMU3AIUI0 JUCTIETUEPU3ALNN B PEXKHME PEaJbHOTO
BpeMeHH, B [15] Obl1 pa3paboTaH M OIICHEH METOJ
MPOTHO3UPOBAHUS TEILIOBOWM HArpy3KH Ha OCHOBE Ma-
IIMHHOTO O00y4YeHHs. DKOHOMHYECKOE BIUSHHE He-
OTIpEICTICHHOCTEH MTPOTHO3a JIOJDKHO aHAITU3UPOBAThCS
C TIOMOIIBIO YHCJICHHOTO MHCTPYMEHTa ONTHMH3AINN
JUCTIETYepU3aIIUH.

MeTo010THH IPOTHO3UPOBAHHUS SHEPrONoTpedIie-
HUS 3IaHUH, WCIONb3yeMble MYHHUIMIIAIBHBIMH Ba-
CTSIMH, KaK MPABIJIO, B 3HAYUTECIHHOM CTEIICHU OPUCH-
THPOBaHBl Ha OTOOpakeHHe Ooyiee MIMPOKHUX Kade-
CTBCHHBIX TPEICTABICHUN PETHOHAIBHBIX M3MEHEHUH
U HY)XITAIOTCSl B TOMOJHHUTEIBHBIX MOJETSIX, OCHOBAaH-
HBIX HA JJAHHBIX, KOTOPBIE MOTYT OOECIEUYHUTh KOJIHYe-
CTBEHHBIE JIOCTOBEPHBIE H300pakeHUs OyaylIero
SHepronoTpebIeHns Ha ypoBHe paiioHa [16]. Moxens
KOMMEPUYECKOTO UCIIOJIb30BaHUS SHEPTUH MOXET OBITh
pa3paboTaHa Ha OCHOBE HaOOPOB JaHHBIX TeowH( OP-
MannoHHBIX cucteM (I'MC), nmaHHBIX uccremoBaHUS
SHEPromnoTpeOsIcHUsT KOMMEPUECKUX 3IaHUH M TaHHBIX
0 KOMMEpYECKOW HEABI)KMMOCTH. B Monmenm Takxke
UCIIONIB3YIOTCSL PE3YNBTAThl O0CIEeIOBaHHUS IHEPTOMO-
TpeOJICHHUsT B JKWIBIX TOMEHICHUAX, BBIOOPKH MHKPO-
JAaHHBIX IS OOLIECTBEHHOTO MOJIb30BAHHS U OIIEHOK
oOciemoBaHus Tepenucu HaceleHus. [lamee HeoOXo-
IUMO TPOBECTU AHAIU3 JJIsI TOYHOTO OINPEICIICHHUS
BKJIaJIa TPU3HAKOB B OLICHKU PE3yJIbTATOB MOJIEIH.

IloAroToBKa AAHHBIX

B nmnocnennee pecsatunerue B 3HEProd(QexTun-
HOCTh CHUCTEM TEIUIOCHAOKEHMs OBbLTH BIIOKEHBI 3HA-
YHUTENBHBIE YCHIUS. BBUIO OmyOIMKOBAaHO HECKOJIBKO
HAaOOPOB JaHHBIX O MOTPEOJICHUH SHEPrHH, MPUYEM
KK HaOOp MaHHBIX pa3jMyayics [0 CBOWCTBaM,
WCIIONIF30BAHUIO U OrpaHndYeHusM. Hampumep, Momenu
9HEpPronoTpeONeHusl 3JaHUKd TOJIYYaroT JaHHbIE W3
HECKOJIbKAX WMCTOYHHMKOB, BKJIOYAs YCJIOBUS OKpYKa-
IOIIEH cpelbl, 3aHATOCTh MOJIb30BATENEH, MOTOJHbBIC
YCIIOBHS U NpennouTeHus norpedureneit. Takum oOpa-
30M, TMPaBUJIbHOE IMOHMMaHUE HMEIOIUXCS HabOpoB
MaHHBIX CO3MaCT MPOYHYIO OCHOBY JUIS TMOBBIIICHUS
sHeproddpexTrBHOCTH. Ha OCHOBE aHANIUTHYECKHUX
UCCIIEIOBAHUM MOXHO MPEACTaBUTh HAO0OP JaHHBIX
JUIsE  OOHapy>KeHHsS aHOMAaJIMH SHEepronorpeOiIeHus
[17]. Tlocnennee OyneT oueHb IMOJIE3HO JI TECTHUPO-
BaHHsI U OOYUCHUS aJrOPHUTMOB OOHAPYXKCHUS aHOMa-
JIMHA ¥, CIIEOBATEIFHO, COKPAIICHHS OTEPh SHEPTUHL.

B memoM pocT CTPOMTENBHOM OTpacid CephE3HO
OTpaHWYEH TeM, YTO OHA SIBIISICTCS OJHOW M3 HauMeEHee
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oun(poBaHHBIX oTpacieil B mupe [18], uto 3aTpyanseT
pemieHue mpoOsieM, ¢ KOTOPHIMU OHA CTAJIKUBACTCS B
Hacrosimee Bpemst. [lepenoBrie upoBBIe TEXHOIOTHH,
HarmpuMep ucKyccTBeHHbIN uHTenekT (UMW), B HacTos-
mee BpeMsl PEBOIOLMOHM3UPYIOT MHOTHME OTPAcid U
YCIENTHO TMPUMEHSIOTCS VISl TIOBBIICHNST TTPUOBUTHHO-
cth, d¢¢ekTuBHOCTH U Oe3zomacHocTH. HecMoTpst Ha
MpU3HAHUE MPEUMYILECTB TAKOrO Poja TEXHOJOTHUH, B
CTPOHUTEIBHON OTPAciIM BCE €IIe CYIIECTBYIOT MHOTO-
YHCJIEHHBIE TPOOJIEMBI, CBSI3aHHBIE C MX BHEIPEHUEM.
B cratbe [19] BbImoiHEH 0030p NPUYMH U pELICHUN
poOJieM ¢ OTCTaBaHUEM B PHEProd((EeKTUBHOCTH KH-
JIBIX 3/IaHAH JUIS TOMCKA ONTUMAIGHOTO TOTPEOIICHNS.

OHepreTHueckoe MOJCTUPOBAHUE TOPOJCKHX 3]1a-
HUI TpHUBICKaeT Bce OoJiblllee BHUMAHHE B 00JacTH
JHEPreTUYEeCKOro MOJAEIMPOBAHUSA H3-3a MPUCYLIUX
€My BO3MOXHOCTEH MOJETUPOBaHMs LEJBIX TOpPOJIOB
WY CTPOUTENBHBIX (POHOB, a TaKkKe MOTCHLUANIA Pa3-
JIMYHBIX BXOJHBIX JaHHBIX, [TOJXOJO0B M HPUIOKEHUN
[20]. Jns manpHEHIIEro COBEPIIEHCTBOBAHUS MO/IEIIH-
pOBaHHsI TaKXke IpeAnaraeTcst MPOBECTH JIOMOIHU-
TENBHBIC HCCIICAOBAHUS  COIMAIbHO-I)KOHOMUYECKUX
napaMeTpoB, TAaKUX KakK J0XOJ JOMOXO3sicTBa U Je-
MorpaguuecKe JaHHbIE.

1 mporHO3UpPOBAaHUS BEPOSITHOCTH M30BITOYHOTO
MOTPEONICHNST PHEPTHH ISl Pa3NUYHBIX (PYHKIMOHAH-
HBIX IIEPEMEHHBIX BO3MOXHO TPUMEHEHHE MOJeNu
MIPOTIOPIIMOHATIBHBIX PUCKOB. Pe3ymbTaThl mccienoBa-
HUS MOJICIH JAlOT HEOOXOAMMYI0 WH(POPMAIHIO, 1T03-
BOJISIIOLLYIO YCTAHOBUTH KPUTEPUU MPOEKTUPOBAHUSA U
PEKOHCTPYKUUH 30aHuid [21].

MoOHUTOPUHT

Onenka 3pGEKTUBHOCTH 3J]aHHS C TIOMOIIBIO SHEP-
TETUYECKUX CEPTHU(PHUKATOB BayKHA U OTCIICKHUBAHUS
U TOBBIICHHS YHEProdheKkTHBHOCTH (HOHIA 3TAHHM.
ToyHOCTE ATHX OLIEHOK MMeEET pellarollee 3HaueHHe
JUIS TOCTIDKEHUS OYIyIIHMX IieJied B 00JIacTH dHepre-
TUKH. OJTHOW U3 TAKHUX OICHOK SBIIACTCS MOHATHE «OTII-
THMAJILHOTO» NOTPeOJIeHNs, B OTIMYHE OT «TEOpPETH-
4yeckoro» (T. €. PacCYMTaHHOrO MO CTaHIapTam) U
«pakTryeckoro» (T. €. M3MEPEHHOro) MOTpeOIeHus,
OHO TI03BOJISIET OoJIee CTPOro KiIacCH(UIMPOBAThH IO-
TEHIHAIBHBIC PEIICHHUS ISl TIOBBIIICHUS YHEPreTHIe-
ckoit 3 pekTHBHOCTH. DTOT0 MOXKHO TOOUTHCS 32 CUET
yIY4IICHAST MOHUTOPUHIrA, OOCITY)KUBaHHSA U OOIIEro
MCIIOJIb30BAHUS 3/[aHHS.

OnTuManbHOE YIPaBICHUE CHUCTEMOW OTOILICHHS,
BEHTHJISILIUU ¥ KOHAUIIMOHUPOBAHUS B 3[IAHUSX MOXKHO
paccMaTpuBaTh Kak HemnpocTyto 3anady. OTcyTcTBHe
JIAHHBIX HE MO3BOJISIET MOHATh, KaK pa3jInuHbIe CTpare-
THH BIWSIOT HAa TEIUIOBOW KOMGOPT M MOTpedicHue
sHeprum [22], a Takxke Kak 3Heprodp(eKTUBHOCTD CH-
CTEMBI OTOIUICHHS YYyBCTBHTENBHA K CTPAaTETHUSIM
yrpasicHAs. YTOOBI OLICHUTh (PaKTHUYECKYIO paboTy U
SHEPronoTPeOICHHEe CUCTEM 3/IaHUs B PeabHBIX yCIIO-

BUSIX MOXHO BOCIIOJIB30BAaThCS MMMTALIMOHHOW MOAe-
JIBIO 3JJAHUS U €TI0 CHUCTEM C ITOMOIIBI0 UMHUTAIIMOHHO-
T0 MOJEIHPOBAHUS SHEPToNOTpeOIeH s, KOTopast Mo-
JKET OBITh OTKATHOPOBaHAa B COOTBETCTBUH C PEalbHBI-
MU JaHHBIMH MOHUTOPHUHTA.

MOHHTOPUHT TEIUIOBBIX IMOTEPh 3MaHUN U OBICTpOE
OOHapy>KeHUE 37[aHNH C BBICOKUM JHEPTrOIOTpeOIeHH-
€M B OIpejieTIeHHON 001acTH uMeeT OONbLIOE 3Hade-
HHE UL OTHEJIIOB TOPOJCKOTO YIIPaBICHHUS, UYTOOBI
npeuiaraTb Mepsl TOPOACKOTO YIPaBIECHUS W yIpaB-
JIEHHsI ¢ TOYKH 3peHus r100anbHoi ontumusanuu [23].

B [24] npeacraBneHs! pe3ynbTaThl aHaIN3a JaHHBIX
MpHUOOPHOTO ydeTa TEIUIOBOW SHEPTHH B CYNIECTBYIO-
mMUX 37aHUsIX. Pa3paboTaHbl NpeIoskeHus 10 COBEp-
IICHCTBOBAHUIO PEXUMOB TEIUIONOTPEOICHUS B CyIIe-
CTBYIOIIEM JKIJIOM (hOHZE, BKIFOUast HANPaBJICHHS CO-
BPEMEHHOTO WHTEJUIEKTYaJIbHOTO YNpaBICHUS HHKe-
HEpHBIMH CHUCTEMaMHU 3[aHUM C IEIbI0 CO3MaHMs pa-
[IMOHAIBHOI CTpaTeruy Pa3BUTHSA DHEPrOCHUCTEM: CH-
CTEMBI aBTOMAaTH3MPOBAHHOTO y4eTa, MOHHUTOPHHIA W
yIIPaBIICHHUS.

B [25] nmpemioskeH NOAXon K aHAIM3Y CTPYKTYpPbI
SHEPTONOTPEOICHUS U KOMIDIEKCHOMY PELISHHIO 3a/1a4
SHEProcOEepeKeHUsl OTAIUIMBACMbIX 3JaHHH TOCpen-
CTBOM KOMITBIOTEPHOTO MOHHUTOPUHTA PEXKHUMOB pabo-
TBI JIEUCTBYIOIIEHN TeIIoBO# ceTu. [IponsBeneH aHamus
nokasareneil 3Hepro3((eKTUBHOCTH PEaNbHOr0 00b-
eKTa TEIUIONOTPEOIEHNsI, HA OCHOBE KOTOPOTO Mpea-
JIO)KEHa METOJMKa OIPEIeNICHNS] BO3MOXKHOCTEH II0-
BBIIIEHHUs] KadecTBa PabOThl CHCTEM aBTOMATH3HPO-
BAaHHOTO yNpPAaBJICHUS B TEINIOCHA0KEHHH.

THC u ceTn

I'pamocTponTenu M MONMUTHKY CTAJIKUBAIOTCA C Ce-
PBE3HBIMHU MPOOJIEMaMH TIPH JTOCTHKCHHH IIeJIeH B 00-
JIACTH YCTOWYMBOM SHEPreTUKU U KJIMMaTa, CBSI3aHHBIX
C COKpAILCHHEM PHEPronoTPeOICHUS U, CIIEA0BATENb-
HO, BBEIOpOcOB [26-28]. MojenupoBaHHe MOTOKOB
SHEPruH B TOpOJax SBIAETCS OIHUM U3 BO3MOXKHBIX
pelLIeHNH, MO3BOJSIONIMX MCHONb30BaTh OrPAHHUCH-
HBIE PECYPCHI LTS OIIEHKH YHEProNnoTpeOIeHNs 3aHni
U TOAEPKKH (POPMHUPOBAHHS COOTBETCTBYIOMICH MO-
mutuku [29, 30].

B cratbe [31] onuceiBaroTCA NPUYMHBI CO3LAHUS
WHCTPYMEHTapusl IJI1 HCCIEAOBAaHUS >KUBYUECTH CH-
CTEM 3HEPreTUKU C MOMOILIBI0 BO3MOXKHOCTEH I'€OHH-
(dopMaIMoOHHBIX TeXHOJIOTHH. ONuChIBaeTCS MeTama-
TeMaTH4YecKasi MOJIENIb CUCTEMBI M €€ pa3lesieHHe Ha
OCHOBHBIE COCTaBIISIOIINE: TOMOJIOTMYECKYI0 U (DYHK-
LUOHAJIBHYIO, TA€ CTPYKTypHast MOJENb OTPaXKaeT TO-
MIOJIOTHIO YHEPTETHIECKON CeTH B BHAE rpada, a pyHK-
LMOHAJbHAA MOJENb OLEHUBAECT MPOU3BOJUTEIHLHOCTh
C y4eTOM KaK TOIOJOTHYECKUX BO3MOXKHOCTEH, Tak U
(YHKIIMOHALHBIX OTpaHWYeHU. PaccmarpuBaroTcs
MPUMEPH  MCIIONB30BaHUS T€OMH(OPMAIMOHHBIX CH-
CTEM B HCCJIEJOBAaHUU >KUBYUYECTH U OIUCAHUS TpeOo-

209



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 7. P. 206-220
Kolosov M.V., Lipovka A.Yu., Lipovka Yu.L. System for monitoring building heat consumption

BaHWIl TpH pa3pabOTKe MHCTPYMEHTApHUs U HOBOU
MeTaMareMaTudeckoid mognenu. HoBblil MHCTpyMeHTa-
pHii TIpenmnonaraeT NCIOIb30BaHNAE APXUTEKTYPhI «MO-
JeTb—TIPEACTaBICHHE—KOHTPOIUIEPY», YTO IO3BOJIICT
MOAU(DUIIUPOBATh KaXKIIblii KOMIIOHEHT HE3aBUCUMO OT
npyroro. /laHHas apXUTEKTypa TaKKe IMOMOTAeT «OT-
BSI3aTh» TOIIOJIOTHYECKYI0 H (DYHKIIMOHAJIBHYIO CO-
CTaBIISIOLINE MOCPEACTBOM WHKAMCYJISIHMUA TOIMOJIOTH-
YEeCKOM MOJICITH B BUJIE OTJEIBHOTO Ipada, a Ui CBI3U
¢ (yHKUMOHANEHOW COCTaBIAIONICH HCIOIb30BATH
KOHTpOJIJIep. DTO JIaeT BO3MOXKHOCTH HCIIOJIb30BaTh
pa3HbIe TUITBI PYHKIIMOHATBLHBIX MOIeIei 0e3 u3MeHe-
HUS TOTIOJIOTHIECCKOI MOJEITH.

IIpomomxatomuiicst mepexo] ropofoB k obe3yrie-
POXEHHBIM JHEPTeTHYECKUM CHCTEMaM TpUBJIEKacT
BHUMaHHE K METOJaM SHEPreTHYECKOTO IUIaHHUPOBA-
HUs. CIOXKHOCTh TOPOJCKHX JSHEPreTHUECKHX CHUCTEM
TpebyeT 0O0pabOTKU Pa3HOPOIHBIX TAHHBIX U IPUBIIE-
YCHUSI MHOXKECTBA YYaCTHHKOB TIpollecca IDIaHUPOBa-
Hus [32]. DHepreTuueckas NpOCTPAHCTBEHHAsl Xapak-
TEPUCTUKA TEPPUTOPUHU, KOTOpas MOXKET OBITh IMpes-
craBiaeHa ¢ nomomipio ['MC TexHOIOrui, SBISETCS
OCHOBOW JUIsl aHaIHM3a KPAaTKOCPOUHBIX M JOJNTOCPOY-
HBIX cueHapues [33].

B wuccnenosanuu [34] mpennaraercss NpUMEHEHHE
MOJICIT JIJIsl OIIEHKU OOINETr0 3HEPronoTpeONIeHUs Cy-
LIECTBYIOUIMX TOPOACKHUX KBAapTalIOB, KOTOpas MOXET
OBITh TI0JIE3HA MPH TUIAHUPOBAHUH CTPATETHi MMOBBIIIIC-
HUSL DJHEPromoTpeOyieHWss B TOPOJCKMX MaciuTabax.
[IpuMmeHeHnEe TakUX MOJENECH MOXET OBITh B3aUMOCBSI-
3aHO C HCIMOJB30BAaHHEM IMPOrPaMMHOTO MHCTPYyMEHTa-
pust TUC, uTo maeT BO3MOXKHOCTH BBITIONHSITH SHEpre-
TUYECKOE KapTorpadupoBaHue ropoACKUX KBapTaoB.

I'pagocTpouTtenu, MecTHbIE OpTaHbl BJIACTH U JIUIIA,
OTIpENICIISIFOINNE TIOJIUTHKY B 00JIaCTH DHEPTEeTUKH, Ya-
CTO pa3pabaThIBAIOT CTPATETUYECKHUE IUIAHBI YCTONYH-
BOM SHEPreTHKH IJIsi TOPOJACKOro (POoHIA 3[aHUM, 4TO-
OBl CBECTH K MHHUMYMY oOI11ee moTpedicHne SHePTUH
" BeIOpOCHL. [ImaHupoBaHWE B TaKMX MaciiTabax Mo-
XeT ObITh OCHOBAHO Ha MOJICIIUPOBAHUH 3aMIacoB 37a-
HUH C WUCIOJB30BaHUEM CYIIECTBYIONINX JaHHBIX O
3IaHUSIX M KapTorpadupoBaHUs Ha OCHOBe reorpadu-
yeckol nHpopmanmoHHoi cuctemsl [35]. OgHako pea-
NMU3alUsl ATHX MPOIECCOB CBS3aHA C HECKOJBKHMU
mpodieMamMu, a IMEHHO ¢ JOCTYIHOCTBIO JaHHBIX, HE-
COTJIACOBAHHOCTBIO  JAHHBIX, MAacCIITa0UPyEeMOCTBIO
JAHHBIX, MHTETpalfiell MaHHBIX, TCOKOJAUPOBAHUEM U
KOH(HUICHIIMAILHOCTBIO JaHHBIX. MoJieupoBaHue Ha
ocHOBe reorpaduueckoil HHPOPMAMUOHHON CHCTEMBI
MOMOTaeT 3aMHTEPECOBAHHBIM CTOPOHAaM OIPEIENIUTh
MIPUOPUTETHBIE 00JIaCTH JJIS pealu3alii Mep 1o To-
BBIIIICHUIO 3HEProdHHEeKTUBHOCTH.

B [36] nmpencraBneHa HOBask METOAOJIOTUS OLEHKH
SHEPTreTHYCCKOM M IKOHOMHUYECKOH I1e71eco00pa3HOCTH
HOBBIX CETeH IECHTPATM30BAHHOTO TEIUIOCHAOKCHUS B
CYLIECTBYIOIIMX TOPOJCKUX paiioHax. MeTomonorus

COCTOMT U3 WHHOBAIIMOHHON MHOTOCTYNIEHYAaTOH MHpo-
LEeIyphl C UCTIOJIB30BAaHUEM Ieorpaduueckux nHdpopma-
IIMOHHBIX CHCTEM U HHCTPYMEHTOB aHAIIN3a JaHHBIX.

B [37] craBsar 3amaduy OonTUManbHOTO pacrpeiaere-
HUSL TEIUIOBBIX PECYpCOB IO INPOCTPAHCTBEHHO-
pacnpeiencHHOi ceTu. PemeHne 3Toi mpoOiieMbl Ta-
panTUpyeT 3(PQPEeKTUBHOE WCIOIB30BAHUE TEILIOBBIX
peECypcoB U CHOCOOCTBYET CO3JaHUIO YTIEPOAHO-
HEHTPaJIBHBIX SHEPTeTHUCCKUX CHCTEM.

3ajayu cTaTbu

CypoBble KIMMaTH4eckue yciaoBus Poccuu 00y-
CIIOBIIMBAIOT BBICOKYIO COLHANBHYI0 W HKOHOMUYE-
CKYI0 3HAaYUMOCTb TEIJIOCHAOXKEHUS TOTpeOUTeNeH.
B COOTBETCTBHH € 3TUM KAa4YECTBEHHBIH MOHHTOPHHT
COCTOSIHUSI W TUIAHMPOBAaHHE PAa3BUTHS TEIUTOCHAOXKe-
HUSI CTPAHBI U €€ PETUOHOB SIBJISIFOTCS CTPATETMICCKUM
BEKTOPOM HAayYHBIX HCCIIECJIOBAaHWN U Tpoliecca BhIpa-
OOTKH M MPHUHSITHSA PEUICHUN MO OpraHu3anuu 3dek-
THBHOTO SHEprocHa0)eHus norpeduTeneit [38].

Pa3paGoTaHHbIe IpeA/10XKEeHUS

CucreMbl MOHUTOPHHTA MIMEIOT pPEIIAIONIee 3Haue-
HHUE JJIsI BBIABICHHSA HpoOiIeM ¢ 3Heprod(pQeKTHBHO-
CThIO 37aHWi. J[1si MOHWTOpHUHTa TIoKa3aTenei 3ddek-
TUBHOCTH OOBEKTOB TEIUIOMOTPEONICHHS B pPEalbHOM
BpeMeHH Oblla  pa3paboTaHa  HMH(OPMALHOHHO-
AHAJIMTHYCCKasd CHUCTEMaA, OCHOBAHHAas Ha O6Ha‘lHBIX
TEXHOJIOTUSAX C JIOCTynoM uepe3 BeO-uHTepdetic. Cu-
cTeMa MOHHMTOPHHTA MOCTPOCHA C UCIOIb30BAHHEM ap-
XHTEKTYPBI «MOJETb—TIPEICTaBICHHE—KOHTPOIIIEPY», ITO
MO3BOJISIET HCTIONB30BATh PA3INYHBIC HICTOUYHUKH JAHHBIX
MIPY aHaJIM3e MmokasaTeseil SHeprodpdexTHBHOCTH.

st mpumepa paccMOTpUM JaHHBIE HE3aBUCHMOM
3aKPBITOH CHCTEMBI TEIUIOMOTPEOICHMUS 3TaHuUs 32 TOI.
I'paduk cyrounoro TemioBoro morpebieHus Q pac-
CMaTpPHUBAaEMOI CHCTEMBI 31aHHUsI COBMECTHO C CpeIHe-
CYTOYHOM TeMIEpaTypoll HapyKHOro Bo3ayxa THB
MpeACTaBlIeH Ha puc. 1.

s BBIOpaHHOM CHCTEMBI TEIJIONOTPeOIeHUs Tpe-
CTaBUM aHaJIW3 TeMiepaTypHoro pexuma. Ha puc. 2
MpUBEJIEHBl CPEIHECYTOUYHbBIE TEMIIEPAaTyphl OJaroIe-
ro Tl u obpatHoro T2 TpyOONpOBOAOB CE30HHOMN
HarpyskKu (OTOHHGHI/IH u BeHTI/IHHHI/H/I), a TaKXXE TEMIIC-
paTypa oOpaTHOro TpyOONpOBOJa B COOTBETCTBHH C
3aJjaHHBIM rpaduKoM Temneparyp — T2 mo rpaduxy.

B cootBercTBMM ¢ mpaBuiaMH TEXHUYECKOW IKC-
IUTyaTalluy TEIUIOBBIX 3HEPTOYCTAHOBOK CPEIHECYTOU-
Hasl TeMIlepaTypa oOpaTHOU CETeBOI BOIBI HE TOJDKHA
MPEBBINIATh 3aJJAHHYIO TeMIEpaTypHbIM TpadukomM
Temreparypy Ooiee yem Ha 5 %. Ha puc. 3 npexncras-
JieH rpaduK MPEBBIIICHUS TEMIIEPATYP TEIUIOHOCHTEIIS
obOpaTtHOro TpyOONpOBOJa 3aJaHHON CUCTEMBI, U3 KO-
TOPOTO BUJHO, YTO 33 BBIOPAHHBIA TEPHO] HAOIIOIA-
JIOCh HapylIeHHE TeMIEepaTypPHOTO pexKuMa.
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Puc. 1. T'paguk mennosozo nompebieHus paccmampusaemoll cucmemul 30aHust
Fig. 1.  Graph of heat consumption of the building system under consideration
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Fig. 2. Temperature graph of the building system under consideration
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Puc. 3. T'paguk npesvluieHust memnepamyp menoHocume.isi 06pamHo20 mpy6onpogoda paccmampugaemoll cucmemsl 30aHuUsl
Fig. 3.  Graph of excess temperatures of the coolant in the return pipeline of the building system under consideration

Ha puc. 4 npexacrasieH rpapuk pacxoja TEIIOHO-
cutens B nojaromeid V1 u obparHoit V2 nuHWH CH-
CTEMBI OTOIUICHUS M BEHTWIALWH 31aHus. W3 rpaduka
BUJIHO, YTO Pa3HHIIA MEKIY PacXoJOM B MOAAIOIIEM U

obpatHOM TpyOOMpOBOJaxX HE MPEBBINIAET JOMYCTHU-
MYIO, IPH y4eTe OTCYTCTBHUS TEIUIONOTPEOJICHUS B CH-
CTeMe OTOIUICHHS ¥ BEHTHJISIIIUY B JICTHUH TIEPHOI.
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Puc. 4. T'paguk pacxoda mensoHocumens paccmampugaemoli cucmemol 30aHust

Fig. 4.

YCcpenHEHHYIO yeNbHYI0 XapaKTEPUCTHKY pacXofa
TEIJIOBOM HHEPTUH Ha OTOIUICHHWE M BEHTHJILHUIO 37a-
HUS A7l AEUCTBYIOIETO OOBEKTa MOXHO ONpPEAEIUTh
Ha OCHOBAHUM MOKa3aHUM mHpubopa yueTa TEIIOBOM
SHEPTUH, YCTAHOBJIEHHOTO Ha 31aHMd. Jm1 3Toro
HEOOXOIMMO OTHECTH KOJIMYECTBO TEIUIOBOH 3HEPIHUH,
MOIY4EHHOH OOBEKTOM 3a MEpUOJ| YCpPEIHEHus, K
YCPEIHEHHON pasHMIE MEXIy TeMIIepaTypoil BHYT-
PEHHETo BO3/yXa 3[aHUsl U TEMIEPATypOl HapyKHOTO
BO3/1yXa, & TAKXKe K OTallJINBAEMOMY 00bEMY 3[aHUS:

Qy'{. - k-F
(tow — tuap) " V-T  V
I7ie q — yAeNbHasl XapaKTepUCTHKA pacxo/a TEIIoBON

SHEPIMM Ha OTOIUIGHHE W BEHTWIALHIO 3/aHUs,
BT/M3~K; Qyy, — MHTErpalIbHBIC TTOKA3aTENHN TEIIOBOTrO

q:

noTpednenust s nepuona ycpeaHenws, Jbk; V -
OTaruIMBaeMblii 00BEM 31aHUs, M ; T — TIEPUOJ YCpel-
HEHWUS, ceK; F — miomaap orpaxaaroieid HOBepXHOCTH
3JaHMS, M2; k — kosbouIHeHT TemonepeaauH,
Bt/m-K.

OnHaKO ecTh CYNIECTBEHHBIC Pa3HOUYTEHHS IO TO-
BOJAY OINpEJeNeHNs] OTaIUIMBaeMOro o0beMa 3IaHus.
Ba3zoBble 3HaueHHs YIENBHBIX TOJOBBIX PACXOJOB OT-
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Graph of coolant consumption of the building system under consideration

HocsiTest Ha 1 M? IUIOIA M, He OTHECEHHOM K ob1memMy
UMyILIECTBY 31aHus, koropas Ha 30-50% wmeHblie
OTaIUTMBACMOM TUIOMIAIN. B CBsA3M ¢ BRINIECKa3aHHBIM,
a TaKKe U3-3a CJIOKHOCTH TONTYYEHHS JTOCTOBEPHBIX
JAaHHBIX O (baKTI/ILIeCKOM 3HAYCHUHN OTallJiInBacMoro
o0beMa 3JaHUA, MCKIOYMM OTAIIMBaeMBIH OO0BEM
3[IaHWs U3 YPAaBHCHMUS, BBEAS ITOHITHE YICIBHOTO TEIl-
JIOTIOTPEONICHHS :

qu.
(tew—t

wap) T

YneneHass XapakTEpUCTUKA pacxoja TEIUIOBOH
SHEpPruM Ha OTOIJICHHE M BEHTWISALMIO 31aHUs IPUHU-
MaeTcs BEJIMYMHOM NOCTOSHHOM, MNpH 3TOM KJacc
9HEProcOEepPEeIKEHUS KUJIBIX U OOIIECTBEHHBIX 3IaHUI
MIPUCBAaMBAETC M MOATBEPKIACTCS HE 4Yalle OJHOTO
pa3a B roa. PaccMoTpuM HM3MEHEHUE YAEIBHOIO TEIl-
JONOTPEOJICHNST pacCMaTpUBAaEMOi CHCTEMBI, KOTOpOe
KAayeCTBEHHO OIPENeIAeT YICIbHYI0 XapaKTepUCTHKY
pacxoa TerIoBOM PHEPruy Ha OTOIIEHHE W BEHTUIIS-
U0 37]aHUS TIPU HEM3MEHHOM OTAaIlIMBAEMOM O00BeMe
3nanus. ['paduk ynenpbHOTO TEIONmoTpeOaeH s J pac-
CMaTpUBaeMOM CHCTEMBI IIPEJCTaBIIEH Ha PHUC. .

q:
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Puc. 5. T'pagukydenvHozo mensonompebaeHuss paccmampueaemol cucmembl 30aHUs

Fig. 5.

Graph of specific heat consumption of the building system under consideration
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W3 rpaduka MOXXHO 3aMETHUTh, YTO yHEIbHOE Tel-
JIONOTPEOICHNE PAaCcCMaTPUBACMOM CHUCTEMBI 3JIaHUS
HETMOCTOSIHHO. boublvie KoyneOaHus 3HAYCHHUH YIEeNb-
HOTO TEIUIOMOTPEOICHUS 3IaHHS TOBOPSIT O IpodiieMax
B HACTPOUKE CUCTEMBI YIPaBICHUS TEILUIONOTPEOICHH-
€M JIaHHOI'O 3JJaHMs, YTO HEraTUBHO BIUSET Ha €ro
o6y sHeproddpexTuBHOCTE. Ha puc. 6 mpencras-
JeH TpauK OTHOCUTEIBHOTO YJAEJIBHOIO TEILIONO-
TpeOJeHnss (] paccMaTpUBAacMOM CHCTEMBI 3/IaHHS.
JanHblii rpaduK TOCTPOEH OTHOCUTEIBHO HEKOTOPOTO
CPEIHEero 3HA4YCHUs MOKa3aTels yAENbHOIO TEIIoNo-
TpeOJeHNs, KOTOPHI MOXKET B IOJHOM Mepe yIoBie-
TBOPUTH TIOTpPEOUTENCH B TeruioBoH »Hepruu. M3 rpa-
(buKa BUJHO, YTO BEIMIMHA OTHOCHTENBHOIO yJEIbHO-
r0 TeIJIONOTPEOICHUSI paccMaTPUBAEMON CHCTEMBI
3IaHMSI B HEKOTOPBIX CITydasx M3MEHseTcs Ooliee 4eM B
oJITOpa pasa.

Koneuno, He Ay Bcex 34aHUIl XapaKTEpHO TaKOe
MOBEICHUE JAHHOI'O II0Ka3aTelsl, HO, K COKaJICHHUIO,
OOJIBIIMHCTBO 37aHUN HE MOMKET I0XBacTaTh JOCTa-
TOYHOI HAacTPOMKOIl CHCTEMBI yNpaBIeHUS TEIIONO-
TpebieHneM Uil 00eCIeUeHNsI MapaMeTpoB, COOTBET-
CTBYIOLIMX ONTHMAaJIbHOMY IMOTPEOJIEHHIO, MPH KOTO-

200

Huskaa sHeprosddeknBHOCTL

v
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100 HopmanbHas pabora
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«
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Hi3koe noTpebierue
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pPOM JocCTUTaeTcs BbICOKasl 3HEPro’(pQekTUBHOCTb U
koMdopT Takux cucteM. Ha puc. 7 npuseneH rpapuk
OTHOCHUTEIBHOTO YAEIBHOTO TEIUIONOTPeOIeHNs ( CH-
CTEMBl ANBTEPHATUBHOTO 3JIaHHUS C IOXOXEH KOH-
CTpyKLIHMEHl M OTamnMBaeMbIM 00bEeMOM 3paaHus. U3
rpaduka BHIHO, YTO JaHHAs CHCTEMa MMeEET Topa3io
MEHbBIICe 3HAYCHHE KONCOAHWH OTHOCHTEIHLHOTO
YJIEJIBHOTO TEIIONOTPEOICHUS, YTO CBUAETEILCTBYET
0 JIyullled, 10 CPaBHEHMIO C PacCMaTpUBAEMOM CHUCTe-
MOU, HACTPOIIKE YIIPaBICHUA.

Pa3paboTtaHHas cucTeMa MOHUTOPUHra U aHaIM3a
[apaMeTpOB MO3BOJIIET I KAXKIOTO 3/1aHHS HOTYIUTh
BEIMYMHY OTKJIOHEHMS IIOKA3aTelsl YACIHHOTO Tell-
JIONOTPeOICHUS 31aHUSI OT HEKOTOPOTO «ONTHUMAIbHO-
ro» HOTPeOJICHNUS, YTO, B CBOIO O4Yepe/b, IOMOTaeT Ipu
MIPUHATHN PEIICHUA TI0 TOBBIMECHHIO 3(PPEKTHUBHOCTH
SHEProcHa0KEeHUsI MOTPEOUTEINEH.

Cuctema MOHHMTOpPHHIA TaKXe BKJIOYAaeT B ceOs
CHCTEMY TIIPOTHO3MPOBAHHS TEIDIONOTPEOICHUS Ha
OCHOBAaHUH UCTOPHYECKHUX TAHHBIX C HCIOIBb30BAaHUEM
cuctem MU, 4To mo3BOJISET YIPOCTUTD Mpoliecc 0OHa-
PYXXCHHUSI aHOMAJIHH, a TaKkKe JEeMOHCTPUPYET dPdek-
TUBHOCTH DHEProcOEpEraronIinx MEPOIIPHITHI.
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Puc. 6. T'paguk omHocumebHO20 yOe/IbHO20 Men1onompebaeHuUs: paccmMampusaemoll cucmembvl 30aHUS
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Graph of the relative specific heat consumption of the building system under consideration
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Fig. 7.

Graph of relative specific heat consumption of an alternative building system
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3 rpanuua ropoga
Il 3acrpoiika

Tennosas Harpy3ska (BT)

I 17 419 198

0

Puc. 8. Pacnpedeserue mensnogoil Haz2py3KU MHO20K8APMUPHO20 HU1020 PoHIa
Fig. 8. Distribution of heat load of multi-apartment housing stock
I'eonHpoOpMallMOHHBIE CHUCTEMBI TMO3BOJIAIOT B

HarfsiIHOM BHJIE Ha KapTorpaduyueckoil MOIJI0KKe
0TOOpakaTh PEKUM TEIUIOBBIX CETEH M TEeMaTHUCCKH
BH3YaJM3UPOBaTh OTHACIbHBIC MapaMeTphl (TEIUIOBBIE
Harpy3KHd, pacxoa U CKOPOCTh TEMJIOHOCHUTENS, TeMIIe-
parypHsIi Tpaduk u npyrue). C HCIOIB30BaHUEM T€0-
WH(GOPMAIIMOHHBIX TEXHOJIOTHH MOXHO JeiaTth 0000-
LICHHbIE BBIBOJBI TI0 TEIJIOBBIM KapTaM, OBEpICHHbIE
OTIepaIy JUIsI MapKUPOBAaHUS 30H TEIUIOCHAOMKCHHS,
rpadoBbIe aJrOPUTMBI ¢ WHTEPIOJSAIMEH JUIS 0TOOpa-
KEHHs paclpesesieHus TEIUIOBOW SHEpruu U CpaBHE-
HUSL C PacdyeTHbIM 3()(PEeKTHBHBIM PaJUYCOM TEIUIO-
CHaOXEHHS, a TaK)Ke BO3MOXKHO a0CTparupoBaHUe ue-
pe3 OBEpIICHHBIC OMEpalliy HaJl PA3INYHBIMU CETKAMU
(x mpumepy, Han rexcoupamu). Takxe oBepleiHbIE
OTIepaIlii MO3BOJIIOT MOIyYaTh CyMMapHYIO CTaTH-
CTHKY TO pAa3IM4YHBIM TEppUTOPHAM (IUTOMIAaah 3a-
CTpOHKM B MpeAenax 30HBI TEIUIOCHAOXKEHHs, Ipe-
JeTbHBIE OTMETKU penbeda, aAMUHUCTPATHBHBIC €IH-
HUIBI) U TPOBOAUTH TEXHUUSCKUH aHAIHM3 dYepe3 IMo-
cTpoeHue OydepoB NpeaenbHOH OMU30CTH OT KHIIBIX
3IaHU#, KPOMOK TPOE3KEH YaCTH U APYTHX OOHEKTOB.
Brum mpoBenieH cpaBHHUTENBHBIN aHATH3 0000IIeH-
HOM TEMJIOBOW Harpy3kd >KHJIOM 3acCTpOMKH, paccuu-

TAHHOM HAa OCHOBE OTKPBITHIX JTAaHHBIX U ITaHHBIX CH-
CTEMBbI KOTOpI:IfI NpeACTaBJICH Ha
puc. 8.

3a kapTorpa4ecKyro OCHOBY OBUIH B3STHI MaTepH-
aJbl HEKOMMEPUYECKOTo BeO-KapTorpaguyeckoro npoek-
ta OpenStreetMap, oTkyaa OBUTH BBITPY>KEHBI ITOJHTO-
HBI 3aCTpOrKH. TaOJIMYHOE MEepeceueHre ¢ OTKPBITBIMU
JTaHHBIMU MHOT'OKBapTHPHOH >KUJIOH 3acTpoiiku PoHzaa
pasBUTUS TEPPUTOPUM HAET MOJUTOHAIBHBIA CJIOH ¢
TEONPUBSI3KONH W CIICHYIOIMIUMH aTpUOYTUBHBIMU J1aH-
HBIMU: TOJ] TIOCTPOIKH, 00IIas IJIoNab, TAXKHOCTh. B
cBOOOJHON KpoccrmaTGopMeHHOM TreonH(OpMaIMoH-
HoW cpene QGIS ObUTH BBIMOJIHEHBI PacyeThl TEIUIOBOM
HArpy3KH )KWIBIX MHOTOKBAPTUPHBIX 3AaHHUI C 3aITHCHI0
B TaOJIUILY pe3yIbTaTOB.

B PEIYJIbTATE BBIMOJHCHHOTO TCOKOJAUPOBAHUA
JaHHbIe OBUIN HaHEeCceHbI Ha KapTorpaduyecKyro OCHO-
By U BBINIOJIHCHO NPOCTPAHCTBEHHOE INEPECCUCHHUE CO
CJI0OEM TEKCaroHHOW ceTKW. BwImomHeHsl ciemyromue
pacyeThl: ynenmpHas TEIUIoBas Harpyska, IOKa3aHHas
Ha puc. 9, yaenbHas T0oJ10Bask MOTPEOHOCTh B TEILIOTE,
yAenbHast SHEProdPPEKTUBHOCTH 3IaHHUM, a TaKKe I10-
JMY4eHO paclpelelicHHe CHCTEM TeIUIOCHAOKEHMUS,
npezacraBieHHoe Ha puc. 10.

MOHHUTOPUHTA,
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[ rpanvua ropoga
Il 3acTpoitka

MNOTHOCTb TENNOBOW Harpysku, Br/m?
0-6,1
6,1-15,1

[ 150 - 26,4

Il 264 - 42,2

Il 42,2-80,6

Puc. 9. YodeavHas mensoeas Hazpy3ka
Fig. 9. Specific heat load

3 rpanmua ropoga
I 3acTpoiika

Tun cucTembl oTONNEHUA
[0 ABTOHOMHas KoTenbHas
B vTn

I KsapTtupHoe oTonnexne
B OtcyTcTBYeT

B NeuHoe

B UenTtpanbHoe

[ 1 3nektpooTtonnexue
I He 3anonHeHo

Puc. 10. PacnpedesieHue cucmem menaocHa6i#ceHUs
Fig. 10. Distribution of heat supply systems
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Fig. 11. Building monitoring system

Puc. 12. CosmeujeHue 0aHHbIX MOHUMOPUH2A C pACHEMHbIMU OQHHbLMU
Fig. 12. Combination of monitoring data with calculated data
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Kaprocxemsl pacnipeneneHus TeI0BOM HArpy3Ku U
IUIOTHOCTH TEIUIOBON HAarpy3KH JAEMOHCTPHPYIOT, UTO
HanOoJbIIast yeNbHas TeIUIOBas HAarpy3ka MPUXOIHUT-
CS Ha HOBBIE >KUJIbIE PallOHBI BBICOTHOIO JOMOCTpOE-
HUSL

B pesynpraTe comocTaBieHHs NAaHHBIX O (pakTHde-
CKOM YIENbHOM U PACYETHOM TEIUIONOTPEOIeHUH M
pacueTHOM OOHapyXEHO, UTO THOTpedUTenn ¢
HauOOJBIINM OTKJIOHEHHEM OT HOPMAaTHBHOTO TeI-
JonoTpebeHnss He BXOJAT B TEPPUTOPUH MaKCHUMAIIb-
HOU TJIOTHOCTH TEILUIOBOM HATPY3KH.

JanpHeimmit ananu3 HeoOX0MMO BECTU C YYETOM
TOIIOJIOTUH TETIJIOBBIX CETEH.

CucreMa MOHUTOPHHIA HCIONB3yeTCs AJISL 3HAUU-
TEJNIFHOTO KOJIMYECTBA 3[aHUH, JUII KOTOPBIX PacCuH-
THIBAE€TCS IIOKa3aTelb OTHOCUTEIBHOIO YIEIbHOTO
TeronoTpedieHus ¢ BeiBogoM Ha GIS-cuctemy B pe-
ansHOM Bpemenu. Ha puc. 11 mokaszano mpencrasie-
HUE [0Ka3aTelsl OTHOCUTEIbHOIO YAEIbHOIO TEILIONo-
TpeOnenus ans 3nanui r. KpacHosipcka. 3eneHbIM 0T-
MEuYeHbl 3/aHMf, T/A¢ I0Ka3aTelb OTHOCUTEIBLHOTO
YIEJIBHOTO TEIJIONOTPEOIeHNST HEe IPEBBIACT IIOPOT
HU3KOH DHEProdQeKTUBHOCTH, JKEITHIM — TJE Tpe-
BBIIIAET HA JAHHBIA MOMEHT.

WuTerpanus cucteM peaabHOTO BPEMEHH U T'€OHH-
(OPMAITMOHHBIX CHCTEM II03BOJISIET IMOJYYHUTH peallb-
HBI KOHTEKCT JUIi PElIeHHs MaKpOIKOHOMUYECKHX
3a7a4d ¥ CO3IaHus OoJiee SKOIOTHYECKH PaliOHAIBHON
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3akiloueHue

OHeprodh(HEeKTUBHOCTD 3IaHUI OCTaeTCs CIOXKHOMN
W HE 10 KOHIA M3y4yeHHOH TeMoil. CBsi3aHHBIE C 3TUM
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AHHOTanusa. AkmyaabHocme. Ycnosib30BaHue NMPOTUBOTYPOYJIEHTHBIX NPUCAJOK NPHU TPYy6ONPOBOLHOM TPaHCIOPTE Yr-
JIEBOZLOPOJHBIX KUJKOCTEH 10 MaruCTPaJbHbIM TPYyOONPOBO/AAM MO3BOJIMUT 3aMETHO CHU3UTbh IHEPTONOTpeOJEeHHE CHIIO-
BbIX HAaCOCHbIX CTaHUMH. I]e/1b: cpaBHUTEIBHBIN aHA/IN3 3PPEKTUBHOCTH NPOTUBOTYPOY/IEHTHOIO JeHCTBUS BbICOKOMOJIE-
KyJIIPHBIX TOJIMMEPOB M KOMIIO3ULUHI MOBEPXHOCTHO-aKTUBHBIX BellecTB. Memoodbl: 1abopaTopHble 3KCIEPUMEHTHI 110
M3y4EeHHUI0 TeKy4eCTH pa30aB/JeHHbIX PAcCTBOPOB IMOJHMMEPOB U AUCIEPCHBIX CUCTEM IIOBEPXHOCTHO-aKTUBHBIX BelleCTB
yepe3 LUJIMHAPUYECKUH KaHa/ TypOy/JeHTHOro peoMeTpa. Pe3ysbmamul. [IpoBesieHbl CpaBHUTE/IbHbBIE 3KCIIEPUMEHTAJb-
Hble HCC/Ie[J0OBaHUS NPOTUBOTYPOY/IeHTHOH 3QPeKTUBHOCTH NpeJiesibHO pa3baBjeHHbIX PaCTBOPOB MOJMMEPOB U KOJLIO-
WUAHBIX cucTeM. [loslydeHbl pe3ysbTaThl, CBU/IETENbCTBYIOLIME O 60Jlee BLICOKOH NMPOTUBOTYPOYJIEHTHOH 3ddeKTUBHOCTH
BBICOKOMOJIEKY/IAPHBIX TOJMMEPOB 110 CPAaBHEHHIO C MUIE/JIAPHBIMH CUCTEMAMM IOBEPXHOCTHO-aKTHBHBIX BellecTB. B
KauyecTBe 06Pa3L0B NPHU 3KCIePUMEHTAJbHOM CPAaBHEHUH THPOAMHAMHUYeCKOH 3¢ HeKTUBHOCTH HCIO/Ib30BaHbl PACTBOPHI
BBICOKOMOJIEKYJIIPHOTO MOJUOyTaZieHa U MOJMTHPOKCHIMKapOOKUIAThl aJIIOMUHUSA B 6eH3uHe. OnycaHa JlabopaTopHas
yCTaHOBKA, Ha KOTOPOX NMPOBOAWINCE UCCJIELOBAHUS, U IIPEJCTaBIEHbl UCIIOIb30BaHHbIe POPMYJIBI I KOJUYECTBEHHBIX
pacueToB. PaccMoTpeHa CTpyKTypa MOJMMEpPHBIX PaCTBOPOB M KOJIJIOUAHBIX CUCTEM, U JJAHO TeOPEeTHIECKOe 0O'bsICHEHHE
NpeANoYTUTETbHOMY HCIIOb30BaHUIO B NIPOMBIIIJIEHHON NMPAKTHKE Ha peasbHbIX TPYOOMPOBOAaX BbICOKOMOJIEKYJISIPHBIX
MOJIMMEPOB B NpeJieJIbHO MaJIbIX KOHI[EHTPALMSIX. YCTaHOBJIEH pPa3/IMYHbINA MeXaHHU3M Jierpaialiiy IPOTHBOTYPOYIeHTHBIX
CBOMCTB NOJIMMEPHBIX PacTBOPOB U AHUCIEPCHBIX CUCTEM NOBEPXHOCTHO-aKTUBHBIX BEIeCTB, 00YC/I0BJIEHHBIM Pa3IMYHbIM
CTPOEHHEM MAKpPOMOJISIPHBIX KJIYOKOB MOJMMEPOB C MMMOOH/IM30BaHHBIM PAaCTBOPUTEJIEM U MHUILEJJI U3 HU3KOMOJIEKYJIAP-
HBIX COeJJUHeHUH ANPUIBHOrO0 cTpoeHus. [IpuBeieHbl apryMeHThl, KOTOpble 06 bSICHAIOT AerpaZjaliiio IPOTHBOTYPOYJIeHT-
HBIX CBOMCTB MOJIMMEPOB He JleCTPyKIMeld Kap6olenHbIXx MaKpOMOJIeKYJl, a pacnaZioM B TYpOyJIEHTHOM IMOTOKe UCXOAHbBIX
KPYIHBIX aCCOLIMATOB, COCTOSILIMX U3 GOJIBLIOr0 YUCIIA LieNel, Ha HHAUBUAYaIbHbIe U 60Jlee MeJKHe MaKpOMOJIEKYJIIpHble
KJIyOKH C UMMOGUIM30BaHHbIM PACTBOPUTEJIEM.
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Abstract. Relevance. The use of anti-turbulent additives for transporting hydrocarbon liquids through main pipelines allows
reducing significantly the energy consumption of pumping power stations. Aim. Comparative analysis of the anti-turbulent
efficiency of high-molecular polymers and compositions of surfactants. Methods. Laboratory-scale experimentation aimed to
study the flow of dilute polymer solutions and dispersed surfactant systems through a cylindrical channel of a turbulent rhe-
ometer. Results. The author has carried out the comparative experimental studies of the anti-turbulent efficiency of extreme-
ly dilute solutions of polymers and colloidal systems. The results were obtained that suggest a higher anti-turbulent efficiency
of high-molecular-weight polymers compared to micellar surfactant systems. Solutions of high molecular weight polybutadi-
ene and aluminum polyhydroxydicarboxylates in gasoline were used as samples for the experimental comparison of hydro-
dynamic efficiency. The paper describes the laboratory setup, on which the studies were carried out, and introduces the for-
mulas used for quantitative calculations. The structure of polymer solutions and colloidal systems is considered and a theo-
retical explanation is given for the preferential use in industrial practice of high-molecular polymers in extremely low con-
centrations in real pipelines. It was found out that the mechanisms of degradation of anti-turbulent properties of polymer
solutions and dispersed surfactant systems are different. This is due to the difference in the structure of macromolar coils of
polymer with an immobilized solvent and that of micelles from low molecular amphiphilic compounds. The paper introduces
the arguments that explain the degradation of the anti-turbulent properties of polymers not by the destruction of carbon-
chain macromolecules, but by decomposition in a turbulent flow of the original large associates, consisting of a large number
of chains, into individual and smaller macromolecular coils with an immobilized solvent.
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BBeaenue

W3Bectho [1-3], uro mpu TypOyJEHTHOM peXHUME
TeueHUs pPa30aBJICHHBIX PACTBOPOB BBICOKOMOJICKY-
JISIPHBIX TIOJMMEPOB WIIM KOHIIEHTPUPOBAHHBIX (MH-
LEJUIIPHBIX) CHCTEM IOBEPXHOCTHO-aKTHBHBIX Be-
mectB (ITIAB) HabmionaeTcs yMmeHbIIeHHE KO3(DDUIM-
€HTa THUAPOJUHAMUYIECKOTO CONPOTHUBIICHUS (4), KOTO-
poO€e COMPOBOXKAACTCS YBEIHUCHHEM OOBEMHON CKOPO-
CTU TEUEHHs B IMIMHIPUYECKOM KaHAJE WM CHIDKE-
HueM sHeprermueckux 3atpaT (DR, %) Ha mepekauxy
eIUHAUIBI 00bEMa JKUAKOCTH. DTO SBICHHUE, H3BECTHOE
nox HazBaHueM «3Pdext Tomcay, numm 3¢pdexra cHu-
XKeHus ruapoarnHaMuieckoro conpotusieHus (CI'JIC),
B HACTOSIICE BPEMs MPUMEHICTCS B TPyOOIIPOBOTHOM
tparcnopre HedTu [4-10].

B mpoMmbIIeHHO NpakTUKe A HHTCHCH(DUKAIIIH
MepeKayky YIJIeBOJOPOIHBIX JKUAKOCTEH B OCHOBHOM

UCTIONIB3YIOT TIPENENIbHO  pa30aBICHHBIC PACTBOPHI
(c<10 F/Ms) BBICOKOMOTIEKYTIAPHBIX HedTepacTBOPH-
MbIX TIofuMepoB (M>1-10") kapOonenHONH TPUPOIHI,
KOTOpPBIE TI0 CPaBHEHUIO C MULEIIIPHBIMUA CUCTEMaMH,
c(hOpMUPOBAHHBIMH Ha OCHOBE HHU3KOMOJICKYJISIPHBIX
COCTUHCHHN (Mr<1~103) JUQPUILHOW CTPYKTYpHI, 00-
nafaT 6oJee BHICOKOW TEXHOJIOTUYECKOH 1 S9KOHOMH-
geckoil 3¢ dextuBHOCTHIO. [lo3TOMY ANt MoydeHus
cpaBauMoro 3 ¢dexra CI'’ZIC npu ucroap30BaHUN pac-
TBOpOB mojuMepoB uiu cucteM c¢ [IAB mnocneanue
IpUcagku HeoOXOAMMO JO3UPOBATH B ropaszo Oonee
BBICOKMX MAaccoOBBIX KoHueHTpamusx (C>1000 F/Mg),
YTO JKOHOMHYECKH HepeHTabenbHo. Emé omHoW w3
MPUYUH TPEANOYTUTEIFHOTO HCIOIB30BAHUSA PACTBO-
POB MOJMMEPOB [0 CPAaBHEHUIO C MULEUIIPHBIMU CH-
cremamu IIAB B aHTUTYpOYJEHTHBIX TEXHOJIOTHAX
MepeKayKy KUAKOCTEH SIBJIAETCS pa3fuvHas ycToNuu-
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BOCTb MPHUCAIOK TOH WJIM UHOW (PU3HKO-XHUMHUYECKON
OPUPOJBI K JErpajallii MPU MX HAXOXKICHUH B KOH-
KPETHBIX THIPOJANHAMUYECKUX YCIOBHIX paboTaromie-
ro TpyoompoBona. Cleayer OTMETHTD, YTO IKCILTyaTa-
OUsl MarucTPajbHBIX HE(PTEHPOBOJOB OOBIYHO OCY-
HIECTBIICTCS B TYPOYJIEHTHOM PEKUME TCUCHHS IPU
OYCHb OONBIINX 3HAUCHHWAX 4YHCeN PeiHOoIbICA
(Re~1- 10%...1- 106) 1 OTHOCUTEJIBHO MaJIbIX BEIHMYMHAX
HaNpsDKEHHsI CIBHTa Ha cTeHKe TpyOs! (zw~1...10 Ila).
[osTOMY IS TEXHOIIOTHYECKH TPAMOTHOTO M 3KOHO-
MHUYECKH BBITOMHOTO TNPUMEHEHUS IMPOTHBOTYPOY-
JICHTHBIX MPUCANOK B MPOMBIIIICHHON IMPAKTHKE
HEOOXOJMMO YUHTHIBAThH (PH3UKO-XUMHUYECKYIO CTPYK-
TYPY PacTBOPOB HOJHMMEPOB M MUIICIUIIPHBIX CHCTEM,
a TAKKe BIMSHUAC HA HUX THIPOJUHAMHUYECKHX IMapa-
METPOB TCUCHUSI.

CTpyKTypa NoJIMMEePHBIX PaCTBOPOB
U KOJUIOUJHBIX CUCTEM

HedrepacTBopumMbie momMepHBIE MAKPOMOJICKYJIEI B
pacTBOpe UMEIOT aCCUMETPHUYHYI0 HUTEBUJHYIO CTPYK-
TYpYy U COCTOSIT M3 OOJIBIIIOTO YHCIIA OAHOTUITHBIX MOHO-
MEpHBIX 3BEHBCB, KOBAICHTHO CBSI3aHHBIX MEXIY COOO0M
B JIMHEHHYIO LIeNb SHEPreTHYECKU MPOYHBIMH XUMUYC-
ckumu cBsi3siMH (Exop.cp~200...400 x/[/MoIib). 3BeHBS
moJ; JEHCTBHEM TEIUIOBOTO IBIDKCHUS OKPY)KAIOIINX
MOJIEKYJl PacTBOPUTENS HEMPEPHIBHO COBEPIIAIOT Bpa-
aTesIbHOE IBUYKEHUE OTHOCUTEIBHO JPYT ApYyTa, MpH-
BOJISAIIIEE K TOCTOSHHOM CMeHe KOH(pOpMaIiii KiIyOKa.
TopcuoHHOE BpallleHHe 3BE€HbEB LEMU BOKPYT OCH KO-
BAJICHTHBIX CBSI3CH, CBSI3BIBAIOLIUX COCCIHUE ATOMBI,
MPUBOJUT K XaOTHYHOMY CBOPAUUBAHHUIO MOJUMEPHBIX
Hereil B phIXJIble MaKpOMOJIEKYJISIpHBIE KITyOKH OOJb-
LIMX pa3MEpPOB (Vi>1:10%" ). Bo BHYTPEHHUX I10JI0-
CTAX 00BEMOB KITyOKOB HaX0mATCS (MIMMOOIIN30BaHBI)
MOJIEKYIbl PACTBODHTEN, MMEIOIE OYCHE Maible
pasmepsl (V<1-10°" M”), KOTOpBIE B TEpMOJUHAMUYE-
CKH XOPOIIEM PACTBOPHUTENE UIS MCHOIB3YeMOro 00-
pasia monmMmepa COCTaBISIOT Oonee 99 % maccel n
o0béMma Bcero kiyOka (puc. 1). CnenoBatenbHO, Moie-
KyJIbl PAacTBOPUTENS] 3aHMMAIOT MOAABJISIONIYIO JOJIO
BCEr0 MaKpOMOJICKYJIIPHOTO KiTyOKa, MaTpuIlel (apma-
TYpOii) KOTOPOTO SIBISIETCS MONUMEpHasl Lielb, ONpese-
JsIIoIas pasMepsl U (opMy KiIyOka. 3BeHbs MOJIUMEp-
HOH IeNH W OJFDKHHE K HUM MOJICKYIBI PacTBOPHUTEIS
CKOOPJIMHUPOBAHBI MEXIY CO0OH CIa0bIMH CHJIAMH
MEXMOJIEKYIISIPHOTO B3aUMOJICHCTBUS (E~1...20
k/[>x/MoITh), TO3TOMY CTPYKTypa KITyOKa, HaXOJSIIEeT0Cs
B MOKOE (PaBHOBECHOM COCTOSIHWM), YACTHYHO YTIOPS-
JI0oYeHa, T. €. CHCTeMa UMeeT OJIMKHUHN MOPSIOK.

Hanmnuaue BaHIEpBaaabCOBBIX CHII B3aUMOACHCTBHS
MEXIY MOJIEKYJIaMH PacCTBOPUTENS M 3BCHBSMH IIeTICH
YMEHBINIACT CTEICHb TypOyMU3auu (XaoTH3alUH) MO0-
JUMEPHOTO PAacTBOPA IPU €ro TEUECHUH IO CPABHCHUIO
C HHU3KOMOJICKYJSIPHOH >XHIKOCTBIO 0€3 MoJuMepa.
[Ipu mepexauynBaHUU TONIUMEPHOTO PacTBOpa IO IIH-
JUHAPUYECKOMY KaHaly M IOSBICHUU CHJIBI TPEHUS

MEXIY CMEIIAIOMIUMICS OTHOCHTEIBHO APYT Ipyra
CMEXHBIMH CJIOSMH pacTBOpa IPOMCXOIUT TaKKe MU
WHTEHCU(UITIKAIINS BHYTPHUMaKPOMOJIEKYIISIPHOTO
BpAaIICHUS CETMEHTOB Lenu. BeeacTeue 3Toro Kiryoku
YaCTHYHO Je(OPMHUPYIOTCS, HO IIPU ITOM HE NPOUCXO-
IUT Pa3pyIICHHs «apMUPYIOIIET0» ITOJIMMEPHOTO Kap-
kaca kiyokoB (puc. 1). M3-3a OONBIION BETUYHHBI
SHEPrUM KOBAJIEHTHOH CBSI3U MEXJIY COCEJHHMHU aTo-
MaMHU OCHOBHOTO «Xpe0Ta» KapOOIeITHbIX MaKpOMOJIe-
Kyn pectpykuus nomuMepHbix nemneit (—CHRTCH,-),,
NPUBOJAINAS K YMEHBIICHUIO MOJCKYJISIPHOW MacCChI
00pasiia, BO3MOYKHA TOJIBKO IIPH BBICOKUX HANpPsDKCHH-
X caBura Mexxay ciosmu (7yw>100 I1a). Ho npu HeBEI-
COKHX BEJIMYMHAX HATPSOKCHUs CIBUTA, XapaKTCPHBIX
JUIS MaruCTpaNbHBIX HedTenpoBoaoB (tw<10 Ila), pas-
pBIBa KOBAJCHTHOH CBA3WM B LIEMHM HE IPOUCXOIUT, a
YIOPSIOYEHHOCTh KIIyOKOB TPH UX AeHhOpMHPOBAHHU
JUIIb  HE3HAYUTENFHO YMCHBIACTCS  BCICICTBHE
HapyIICHUS CIa00TO0 MEKMOJIEKYIISIPHOTO B3aMMOJCH-
CTBHS MEXKIy 3BCHBSIMH IIEITH U MOJICKYJIAMH BKITIO-
YEHHOT'0 BO BHYTPEHHHH 00BEM KiTyOKa pacTBOPUTEIS.
CrnemoBaTenbHO, TPU CIABUTOBOW jaedopmaiuun Kiy0-
KOB DHTPONHS TaKUX CHCTeM yBemuuuBaercs. [locme
OCTAaHOBKM TCUCHUS M CHATHS JCHCTBUS BHEIIHEH CH-
JBI TPEHUS KIyOKH 00paTHMO BOCCTaHABIMBAIOT CBOIO
chepuueckyro Gopmy (3HTpomnms yMmeHbmaercs). I1o-
3TOMY MPHHATO CUYHUTATh, YTO YNPYrOCTH MaKpPOMOJIe-
KYJISIPHBIX KJIyOKOB HMEET SHTPOITUIHYO TPUPOY.

Puc. 1. [loaumepHas yensv ¢ UMMOGUIU308AHHLIM PACMBO-
pumesieM, Xa0OMU4HO C8ePHYMAst 8 PbIXAblil KAY60K
c 06vémom (Vi)

Fig. 1.  Polymer chain with an immobilized solvent, random-

ly coiled into a loose coil with a volume (Vi)

DKcnepuMeHTaIbHO ycTaHoBieHo [11-16], aro mpu
nepeKadKe yriieBOJOPOAHBIX KUAKOCTEH C BBEJCHHBI-
MH 700aBKaMH He(TepacTBOPUMBIX IOJUMEPOB IO
Mepe YIaJCHUS TaKuX XKUIKOCTEH OT ITyHKTa IO3HPO-
BaHMS areHTOB CHIDKCHHUS THAPOANHAMHYECKOTO CO-
MIPOTUBJICHUS HaOIromaeTcst Aerpaganusi NPOTHBOTYP-
OYJICHTHBIX CBOWCTB IMOJIMMEPHOH mpucaaku. Hab:iro-
nmaeMoMy (pakTy MOXKHO aTh (GU3MIECKOE OOBSICHEHHE,
€CIIM Y4eCTh, 4TO JI03UpyeMasi B TypOYyJIEHTHBIH MOTOK
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IlO6aBKa NEpBOHAYAJIBHO HaXOAWUTCA B KOHCUCTCHIHU
BSA3KOI'0 KOHLCHTPUPOBAHHOT'O pacTBOpPa, B KOTOPOM
MAaKpOMOJICKYJIbI IEMHOT0 CTPOCHUA MCXaHHYCCKHU

MEPEIIETEHBl MEXKIY COOOH M BXOIST B COCTaB acco-
nuartoB (puc. 2). Ilpu TypOyIeHTHOM pexXuMe TeUeHUs!
MIPOMCXOANUT TEPEMEIINBAHNE >KUIKOCTH, COMPOBOXK-
Jarorieecsl paciyThIBAaHUEM LeTeld U pacmazoM KpyIi-
HbIX acconuatoB (V,.) Ha KHHETUYECKH WHAWBUIY-
aNbHBIC 1 00Jiee MEIKHEe MaKpOMOJIEKYJISPHbIC KITyOKH
¢ uMMOOMII30BaHHbIM pacTBopuTeneM (Vi<V ..).

Puc. 2. (Cxema pacnada KpynHoz20 accoyuama npu me4yeHuu
pacmeopa Ha 6osee MeaKUe — KUHeMuU4ecKu
uHOUBUJYA/IbHbIE  MAKPOMOJAEKYASIPHblE — KAYOKU
(Vace>Vi)

Scheme of dissociation of a large associate into
smaller kinetically individual macromolecular coils
(Vace>Vi) during a solution flow

Fig. 2.

B nucnepcuonHOW cpene KOJUIOMAHOW CHCTEMBI
TOM WM WHOM MOJISIPHOCTH B OTJIWYHUE OT PACTBOPOB
BBICOKOMOJIEKYJISIPHBIX ~TIOJIMMEPOB HAXOAATCA TIO-
BEPXHOCTHO-aKTUBHBIE MOJIEKYJIbI HEOOJBIION MoIe-
KYJISIPHOW MAacChl M ITUQIILHOTO CTPOCHHS, T. €. OHU
UMEIOT TOJSAPHYIO (THAPO(WIBHYI0) (QYHKIIHOHATH-
HYIO TPYHILy U HEHONApHBIA (ruapodoOHEIit) yrieso-
JopoaHbli 3amectutenb. Monekynsl [TAB mpu He-
00JIbIION KOHIIEHTPALUU HAaXOIATCS B PACTBOPEHHOM
COCTOSIHHH, T. €. CUCTEMA SIBJIICTCS] UCTUHHBIM PacTBO-
pom. Ipu yBenuuenun conepxxkanus [IAB B cucteme u
Mocie JOCTIKEHUS KPUTHYESCKON KOHIIEHTpAIMU MH-
uemoobpazoanusa (KKM) wnabmiomaercss oObeauHe-
HUe HeOONbIHUX AU(DUIBHBIX MOJICKYJI B KPYITHBIE ar-
perarsl (MHIIEIUTBI), U Takasl IUCIIEpCHAsl CHUCTEMa CTa-
HOBHTCSI 30iieM. [Ipu TpUONMKEHUH KOHIEHTpAIUU
monekyn [TAB k KKM nabmomaeTcs pe3koe n3MeHe-
HUE (UIUKO-XUMHUYECKHX CBOUCTB CHCTEMEI, a UMCH-
HO: K03((UIMEHTOB B3KOCTH U AU(PYy3HH, BEIAIH-
HBI CBETOPACCESHUS U T. II.

B 3aBHCHMOCTH OT MOJSIPHOCTH AHMCIIEPCHOHHOMN
CpelIsl MUIEIUIBI MOTYT HMETh Pa3JIiYHOE CTPOSHHE
(puc. 3). Hampumep, B yrieBoIOpOJHON cpejie Hero-
JSIPHBIC YacTH MOJIEKYJ, COCTaBIIIONINX MHUIICILTY,
oOpalieHsl B CTOPOHY HEIMOJSIPHOH IHCIICPCHOHHOM
cpenst (puc. 3, 6). Monekysabl Manol MOJEKYISIPHOH

Macchl B MHUIIEJUIE CBSI3aHBI MEXIY COOOW SHepreTHye-
CKH CHAa0BIMH CHJIAMU MEXMOJICKYJSIPHOTO B3anMO-
neiictBust (Eyvp~1...20 x/kx/MOJIb), TO3TOMY Jaxke
HeOOJbIMe BHEIIHUE BO3JACHCTBUSA (HarpeBaHHUe, Tpe-
HHE NIPU TEYeHUH, NEHCTBUE PA3NYHBIX (DU3MYECKUX
MoJNed W T. I.) MOTYT IIPUBOANTH K Pa3pylICHHIO MU-
[eJUT WIM MX arperHpoBaHUI0. MHIEIUIBI CTPYKTYPHI
(puc. 3, 6) TakuMH ke cIa0BIMH CHJIAMH MEXMOJEKY-
nspHoro B3ammojeiicteus (MMB) moryt B cBoeit
BHEIIHEH pBIXJION YacTW yJep)KUBaTh HETOJSPHEIE
MOJIEKYJIbI HE()TIHOTO IMPOUCXOXKIACHHS U TEM CaMbIM
YIOPAI0YNBATh YIIICBOAOPOIHYIO Cpedy M, ClIeHOBa-
TENBHO, TPEJOTBPANIATh BOSHUKHOBEHHE TYpOyIeHT-
HBIX BUXPEH.

a 6

Puc. 3. Muyeana, cocmosiwjas U3 HU3KOMOJIEKY/ASPHbIX
Mo/1eKys1 OuPuabHO20 cmpoeHus, HAXO00SUUXCS 8
nosspHoll (a) u HenosasipHoll (6) duchepcuoHHOU
cpede

Fig. 3. Micelle consisting of low-molecular amphiphilic mo-

lecules in a polar (a) and non-polar (6) dispersion
medium

TexHonornueckuii MHTEpeC K KONIOUAHBIM CHUCTE-
MaM, B KOTOpBIX HposiBisiercs 3¢ ekt Tomca, B oTinu-
9He OT BRICOKOMOJICKYJISIPHBIX IOIMMEPOB 00yCIOBIECH
X CIOCOOHOCTBIO 0OpPaTMMO BOCCTaHABINBATH CBOIO
CTPYKTYpY TOCIIE pa3pyLICHUs MOJ AEHCTBUEM CABH-
TOBBIX Harpy3ok npu tedenuu [2, 10, 17-21]. Munen-
JSIpPHBIC CHCTEMBI B HACTOSIIIEE BPEMS HAXOAAT pUMe-
HEHHE B TUAPABIUUYECKUX CHCTEMaX, B KOTOPBIX JKUA-
KOCTh LUPKYJIUPYET MO 3aMKHYTOMY KOHTYPY W MHO-
TOKPAaTHO MPOXOIMT Yepe3 HACOCH U MECTHBIE COIPO-
TUBJICHUSI, B KOTOPBIX PEalu3yrTcs OOJbIINE Hamps-
xeHus ciasura. Ilocime paspymeHus MHULIET Ha 3THX
MPEISTCTBISIX OHU Yepe3 HEeTpOAOIDKUTENBFHOE BpeMs
CHOBAa BOCCTaHABIMBAIOT CBOK CTPYKTYpY H, CIEIOBA-
TEJIBHO, CIIOCOOHOCTH MPOSIBIATH NMPOTHBOTYPOYIEHT-
HYI0 3P GeKTUBHOCTD. CAepKUBarOIUM (HaKTOpOM JIJIst
IIUPOKOTO TIPUMEHEHHUS KOJUIOMTHBIX CHCTEM B 3HEp-
rocOeperaromeif ~ TEXHONOTHH  TPYyOOIPOBOIHOTO
TPaHCIIOpTa SIBISICTCS HEOOXOAWMOCTH HCIIONB30BAThH
ucxoanbie peareHTH (IIAB) B GONBIIMX KOJHYECTBAX.
AnTuTypOynenTHole cBoiictBa [IAB craHoBsTCcs 3a-
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METHBIMHU TOJIBKO B Cllyyae UX NPUMEHEHHUS B KOHIICH-
Tpaluu Ha 2—3 MOpsAJKa, NPEBBIIIAONIEH KOHIIEHTpa-
IO BEICOKOMOJICKYJISIPHBIX ITOJUMepoB (M >1- 106).
[IpoMexxyTOUHOE MONOKEHUE MEXAY MOIUMEepaMu
u ITAB, xak 1o CTpyKType, TaKk U IO MPOTHUBOTYpOyY-
JIEHTHBIM CBOWCTBaM, 3aHMMAalOT KOOPAMHALMOHHBIE
MOJIUMEPBI, K YHUCIy KOTOPBIX OTHOCATCS Hedrepac-
TBOPHUMBIE IONMUTHIPOKCUAUKAPOOKCUIATEL MHOTOBA-
JICHTHBIX METAJUIOB, B 4YacTHOCTH ajtoMuuus (Al).
CuHTEe3 OpraHMYecKHUX coJiel altOMUHUS NOAPOOHO
omnucal B pabote [21], 1 ero XuMuveckas CyTb CBOJIUT-
csl K TIPOBEJICHUIO B BOJHOM Cpejie CIeAyIolel peak-
LMY NIPH 3aJaHHOU TemnepaTtype u pH cpensl:
AICI3+nRCOONa+(3-n)H,0—
—AI(ROO),(OH);3.n+(3—n)HCI+nNaCl.

PactBopuMocTh KapOokcmiaToB Al B BoJe W yriie-
BOJOPOJAHOM PAcCTBOpHUTEJIE 3aBUCHT OT CTEIECHU 3a-
MEIICHUSI THIPOKCWIBHBIX TPYIII MPU TPEXBAICHTHOM
KaTHOHE aIOMUHUS Ha OCTaTKU KapOOHOBBIX KUCIIOT, a
TaKXKe OT TEeMIIepaTypbl M KUCIOTHOCTH cpenbl. Llle-
JIOYHBIE COJIM KapOOHOBBIX KHCIOT — 3TO COJIA MUPH-
CTUHOBOW, JIAypUHOBOM, MNAJIBMUTHHOBOM, CTEapUHO-
BOH M HEKOTOPBIX IPYrux KHUCIOT. OnHO3aMelEHHbIE
coiu Al yacTHYHO PacTBOPSIOTCS Kak B BOJE, TaK U B
YIJIIEBOJOPOJHOM cpene, T. €. ABJSOTCS TUIIHYHBIMU
ITAB. BsricynieHHbIE TPOMYKTHI peaknuu (IByX- W
Tpex3amerieHnusie conmu Al) pacTBOPSIIOTCS TOJIBKO B
YTJIEBOJOPOHBIX KUAKOCTAX. MIHTepec 1Sl CHIKEHUS
CONPOTHUBIICHUSI HE()TH M CBETIBIX HEPTEHPOIYKTOB
MPENCTABIAIOT TOJNBKO THUAPOKCHUINKAPOOKCHIIATHI,
BBICYIIICHHBIE 00pasllbl KOTOPBIX TIPH PACTBOPESHUU
MepPeCTPauBalOTCS U MPEBPAILAIOTCS B LIETIHBIE CTPYK-
Typel — TOJUTHAPOKCHIUKAPOOKCHIATHI, KOTOPBIE
HaOyXaroT ¥ MEIUIEHHO PAacTBOPSIOTCS B YITICBOAOPO-
nax. B pesynbrare noiydaroTcs BSI3KUE UCTUHHBIE pac-
TBOpbI, NOJOOHBIE PAacTBOpPaM CHUHTETUYECKHX Kap-
OOICITHBIX MTOMUMEPOB. MOJIEKyIIBI MaJIOH MOJICKYJISIp-
HOM MAacchl JU3AMEIICHHOM OpPraHW4YecKOou CoJd
AI(ROO),(OH) B mporecce pacTBOPEHHs BCTYIAOT B
PeaKIuio KOHJICHCAIIMH Yepe3 KOOPAWHAIIMOHHYIO CBS3b
mukap6okcuiaatoB [(ROO),Al...OH...AI(ROO),]m, Be-
AnduHa 3Heprum KoopauHanuoHHOU cBsizu (Exop.cp)
UMEEeT  MPOMEXYTOYHOE  3HAaYeHHe B psay
(EKOB.CB.>EKOP.CB.>EMMB)- B PEIYyIbTAaTEC KOHACHCAIUN
00pa3yloTcsi LEeMHbIe CTPYKTYpbl HOJUTHAPOKCHIIHU-
KapOOKCHIIATOB, IIEHTPAIbHBIE «XPEOThI» MaKpOMOJe-
KYJI KOTOPBIX 0OpaMJIeHBl THAPO(POOHBIMH (YTIEBOIO-
POIOHBIMH) OOKOBBEIMH 3aMECTUTEIISIMU, TIOTOMY OHH H
pacTBoOpsiOTCS B He(TenpoaykTax. MakpoMOJIeKyJIbl
MOJIUTUIPOKCUINKAPOOKCHIATa B PACTBOPE CBOPAUH-
BalOTCS B PBIXJIBIC KITyOKH, COAEpIKAIINE BKIIOYCHHBIN
YTJIEBOJOPOJHBIA pPacTBOPUTENb, U TEM CaMbIM IIpe-
MSATCTBYIOT 00pa30BaHMIO B TIOTOKE SHEPTOEMKHUX TYp-
OYJICHTHBIX BUXPEH.

T'mapoauHaMuYecKoe onycaHue TypGy1€eHTHOTO
TeyeHus U 3pPpekra Tomca

JlaMuHapHOE TEUCHHE HHU3KOMOJIEKYJISIPHBIX KHII-
KOCTell B IMIMHAPHUECKOM KaHaje MEPEeXOoauT B Typ-
OyJICHTHBIN peXKUM TpH dnciax PeiHombaca, KOTOPEIE
MPEBBIIAlOT KpuTHYeckoe 3HaueHue (Regp>2300).
V3meHeHue pexrMa TEUCHUS HBIOTOHOBCKOM KHIKO-
CTH COINpPOBOXAACTCA yBEIMUYEHUEM KO3 UIUCHTA
TUJIPOAMHAMUYECKOTO comnpoTuBiieHus (1). TypOynm-
3aIsl TIOTOKA IPUBOIMUT K POCTY DHEPTeTUUECKUX 3a-
TpaT Ha MepeKauky >kuakocTtu. HezaBucumo ot pexu-
Ma TeueHus QyHKIIMOHAIBHAS CBS3b MEXY 00BEMHBIM
pacxozom (Q) 1 3agaHHBEIM TIepenaaoM aasjienus (4P)
onucsIBaeTcs ypaBHeHueM Jlapcu—BelicOaxa

L
AP=4.—— . p-Q?, 1

rine AP=P,—P, — notepu JaBieHNs HAa TpEHUE B TPyOe
JuinHb! L 1 paaunyca Ry; p — INIOTHOCTH KUIKOCTH; ] U
Vv=n/p — AUHAMHUYECKas M KUHEMATH4eCKas BSI3KOCTH
COOTBETCTBEHHO.

Komuuecteenno Benudnny s dekra Tomca (DR, %),
KOTOpasi COOTBETCTBYET BEJIMUMHE YHEProcOCpeKeHN,
MPUHATO OLIEHUBATh IO OTHOCUTEIHLHOMY H3MEHEHHIO
K03 hUIIeHTa THAPOTMHAMIYECKOTO COIPOTHBIICHUS,
BBIPOKCHHOMY B IIPOLICHTAX:

DR, %:%-100 %, ()

rae As — Ko3(pUIHEHT THIpOANHAMUYECKOTO COMIPO-
THUBJICHHUS YHCTOTO PACTBOPHTENS; Ap — KOA(D(GUIIUCHT
THIPOIUHAMUYECKOTO COMPOTHUBIICHHS PAacTBOpPa C JI0-
0aBKOH.

KoaddunmeHTsr As U Ap, MOKHO PacCUMTATh MOCIIE
MPOBENCHUsT JKCIIEPUMECHTAIBHBIX HCCICAOBAHUN 110
npeobpazoBanHo# popmyne Jlapcu—Beiicbaxa

_ 47°R; AP
LpQ?

B cootBerctBUM ¢ ypaBHeHweM (1) yMmeHbIIeHHE
BEJIMYUHBI KOI(QPHIMEHTa THAPOIUHAMHYECKOTO CO-
MPOTUBJICHUS Ap IpU ycIoBUM AP=CONSt JOIKHO CO-
MIPOBOXKIATHCS YBEIMICHHEM 0OBEMHOTO pacxoaa pac-
TBOpa ¢ mpucangkoil Qp MO CpaBHEHHIO C PaCXOIOM
qUCTON XUIKOCTH (pacTBopuTelns) Oe3 mpucaaku Qg
Ha BenmuuHy AQ=Qp—Qs. Hcmomb3ys 3TH 3Kcnepu-
MEHTANBHO onpexaensemble BennauHbl (Qs u Qp), 3¢-
¢ext Tomca MOXKHO paccuuThIBaTh (Ipu AP=const) e
TOJILKO MO0 ¢opMmyse (2), HO TaKke H IO BhIpaxe-
uuo (3):

A

%00 o6 3)
(Qs +AQ)

JKcnepuMeHTa/IbHas YacTh ¥ aHA/IM3 pe3y/IbTaTOB

DR, %=|1-
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OKCIIepUMEHTAITBHOE MCCIIEA0BAHUE TEKYUECTH Pas-
JUYHBIX KHUIKOCTEH (pacTBOpUTENEH, MOIMMEpPHBIX
PacTBOPOB M KOJUIOMIHBIX CHCTEM) IIPOBOIIUIM Ha Jia-
00OpaTOpHOM TYpOYJICHTHOM peoMeTpe (pamuyc TPYOKH
Rw=1,1-10"° M, wmna Tpyobku L=0,8 ™). TypOopeo-
METp, JICTAIbHO ONWCAHHBIA B pabote [S5], KOHCTPYK-
TUBHO NOZ00€H KalWUIIPHOMY BHCKO3UMETPY U IO3BO-
JISieT MPOBOJUTH HW3MEPEHHs B JIAMHHAPHOM M TypOy-
JICHTHOM PeXHMMaxX TeueHHs. [1pu mpoIrycKaHUH KHTIKO-
CTH yepe3 LIIMHIPUYECKUI KaHal TypOopeoMeTpa 3a-
JnaBanu (PUMKCUPOBAaHHBIN Mepenas naBieHus AP u u3-
Mepsiin  O0BEMHBIN pacxon Q. 3Ha4YeHUs BA3KOCTH,
IUIOTHOCTH M TEMIIepaTypbl PacTBOPOB U PacTBOPUTE-
Jiei ObLIM W3BECTHBI JI0 Havaja SKCIEPUMEHTOB. bpuin
WCCIIeIOBaHbI pacTBOpbl NonmOyTaaueHa (I16) B Oen-
3MHE, KOTOpbI HMEET IOBTOpSIOLIEECS 3BEHO IOJIM-
meproit nemu (—CH,—CH=CH-CH,-),, u pacTBOpsbI
KOODIMHALMOHHBIX ~ TMOJMMEPOB, TMOJYYEHHBIX U3
HedTepactBopuMbix [TAB. B kauectBe I1AB ucmomns3o-
Ba COJIM QFOMUHHS BBICIINX KapOOHOBBIX KHCIOT

(obmett hopmyier Al (RCOO),(OH), rae yrieBonopo-
ueiii  pparmenr R=(CH)10 20. Ot ITAB Ha3bBaroT
TaKKe «aJIOMHHHEBBIMU MbutaMi» (Al-Mbuio). Pe3yib-
TaThl THIPOAMHAMUYECKHX OJKCIEPUMEHTOB (puc. 4)
npe/cTaBiIeHHl B BUJe 3aBucumoct 4 = f(Re).

Ananmu3 nonydeHHo# 3aBucuMmoctH A = f(Re) mo-
Ka3plBacT, 4YTO B OOJIACTH JIAMHHAPHOTO TEYCHHUS
(Re<2300) 3HaueHus1 KO3)HHUIHEHTOB THAPOJUHAMHIYE-
CKOTO COIPOTHBIEHHA /A OCH3MHA U PACTBOPOB MOJIUME-
pOB JiokaTcs Ha Kpuyto [lyazeiins (puc. 4, kpusas 1).
B ob6nactu uncen Pelinonpaca ot Re=2300...3000 npo-
HCXOAUT MEPeX0] MOTOKA B TYpOYICHTHBIN PEXUM. ITO
COTPOBOJK/IACTCSI 3aMETHBIM POCTOM THAPOANHAMHYC-
CKOTO COIPOTHBJICHHS OCH3WHA W MEPEX0A0M 3HAUCHUI
BenmIuH KoddduitmenToB A ¢ xpuBoit [lyaseiins (puc.
4, kpuBas 1) Ha SMIIUpUYECKyI0 KpuBYIO biasuyca (puc.
4, kpuBast 2), XapakTEpHYIO JUI TEUECHHUs BCEX HBIOTO-
HOBCKHUX xuxocteid mpu Re>3000.

0,07 -
0,06 -
0,05 -
0,04 ~
0,03 - ‘
AN=)- 2
0,02 -
A7‘max = )\s - ;Ham
0,01 -
0 T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Re*107°
Puc. 4. 3asucumocme Koagpguyuenma 2udpoduHAMU4ecKo20 cOnpomueaeHus om 4ucaa PeliHoabdca 0451 pa3AUYHbBIX
cucmem: 1 - meopemuueckasi kpueas Ilyaselinsi 04 AamMuHapHozo meveHus.. Amm=64/Re(Res 2300); 2 -
amnupuveckas kpuseasi baasuyca daa myp6ysenmHozo meveHus Arye=0,3164/Re%25; 3 - pacmeop nosubymadueHa &
6ensuHe (C=10 2/m3; My=2,1-106); 4 - pacmeop IIAB (Al-mb110) 8 6eH3uHe (C=1000 2/m3; 5 - pacmeop noaubymadueHa
8 6ensuHe (C=20 2/m3; M,=2,1-10¢); 6 - pacmeop I[IAB (Al-mbL10) e Gensune (C=2000 2/m3); 7 - pacmeop
noauéymaduena e 6eHsune (C=50 2/m3; Mr=2,1-106)
Fig. 4. Dependence of hydrodynamic resistance coefficient on Reynolds number for different systems: 1 - Poiseuille theoretical

curve for the laminar flow. A.am=64/Re(Re-10-3< 2300); 2 - Blasius empirical curve for turbulent flow Arur =
0.3164/Re?25; 3 - polybutadien solution in gasoline (C=10 g/m3; Mr =2,1-106); 4 - SAS solution (Al-soap) in gasoline
(C=1000 g/m3); 5 - polybutadien solution in gasoline (C=20 g/m3; Mr=2,1-105); 6 — SAS solution (Al-soap) in gasoline
(C=2000 g/m3); 7 - polybutadien solution in gasoline (C=50 g/m3; Mr=2,1-10¢)
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U3 puc. 4 cnenyer, 4TO MpU TEYCHUH HEHBIOTOHOB-
CHX XMIKOCTEH (pacTBOpOB MONMOyTaIHeHa MIIH KOOP-
JHAIIOHHOTO TIOJIMMEpa) B TYPOYJICHTHOM pEXHME
MIPOUCXOJUT YMCEHBINCHNE KOd()(HUIMEHTa THAPOIANHA-
MHYECKOTO COINPOTUBJICHUS A, T. €. HaOmomaercs 3¢-
¢exr Tomca, u kpusble 3aBucumoct A = f(Re) pac-
MOJIararoTcs B 00JacTH MEXIy KpHBoi brnasuyca u ru-
MOTETUYECKUM TpOJobKeHneM KpuBod Ilyazeiins B
TypOyneHTHyto o0mactb. CienoBaTelbHO, CHIDKCHHE
K03 GHUIUCHTa THIPOJUHAMUYECKOTO COMPOTUBICHUS
A B TIPHCYTCTBUH IIOJIMMEPOB XapaKTEPHO TOJBKO IJIS
TypOyJeHTHOTO pexxuMa. TakuMm o0pazoM, IeicTBHE
AHTUTYPOYJICHTHBIX J00ABOK CBOJIUTCA K YaCTHYHOM
JaMUHApU3aIuH TeUeHIsL. 13 puc. 4 Taxoke ciemyer, 9To
JUISL YMEHBILICHUS KO3(QQUIIMEHTOB A Ha OJMHAKOBYIO
BEJIMYUHY TPEOYeTCs MOYTH Ha JBa MOPSIKA MCHbIIIAs
KOHIICHTpAIUs KapOOLEeMHOro moauMepa (oIu0yTau-
€Ha), YeM KOOPAUHAIIMOHHOTO Toumepa (Al-Mb1J10).

Juis cpaBHUTENBHOW OLleHKU 3(QPEKTHBHOCTH pa3-
JUYHBIX aHTUTYPOYJICHTHBIX J0OABOK MOKHO HCIIOJB-
30BaTh TPaPUUECKYI0 3aBUCHMOCTh BETUYUHBI P dek-
ta oT KoHueHTpauuu godasok DR=f(C). Kak BugHo u3
pHC. 5, IpH YBEIMYEHUH KOHIEHTPAIUHN T00aBOK JIFO-
0011 (PH3UKO-XMMUYECKON TMPUPOIBI BennanHa P dek-
Ta OBICTPO PacTeT U JOCTUTACT MAKCUMAJIBLHOTO 3HAYe-
HUs (DRyax) P HEKOTOPOH «ONTUMATBHOW» KOHIICH-
tpauuu (Conr), XapaKTEpHOH Ui Kakoro ooOpasua.
[Ipu nanpHeiIeM yBeNTWYEHUH KOHLIEHTpaluu 100aB-
ku 3¢ ekt ymensmaercs. U3 puc. 5 creayer, 9to aus
JOCTIDKCHUST MaKCHMAIbHOH BennuuHbl P dekra DR
TpeOyercs B 10 pa3 MeHblie monuOyTaaueHa
(Conr1=200 F/M3), yem He(TepacTBopuMmoro [1AB Ha
OCHOBe opranuveckoil comu amoMuHUs (Con=2000
F/MS). UeM MEHbBIIIE 3HAUYCHHUS «ONTHUMATBHOI» KOH-
LEHTPALUH, TeM OOJBIIYI0 3((EKTHBHOCT MPOSBIIS-
0T aHTUTYpOYJeHTHbIe No0aBku. [lo 3TOM mpuunHe
AHTUTYPOYJICHTHBIC JOOABKU HA OCHOBE KapOOICITHBIX
MIOJIIMEPOB (TTOJIH-0i-0JIE(HHBI, MOJIUNU300YTHIICH, IO-
IMW30TIpeH, nonuOyTanaueH), B oTiuuue oT I[IAB,
HAIIUTA IIHPOKOE MPAKTHYECKOE MPUMEHEHHE B TPy0O-
IIPOBOJHOM TpPAHCIIOPTE HEPTH.

HHTepec mpeacTaBisieT YCTOWIMBOCTh MPOTUBOTYPOY-
JICHTHBIX TIPUCAJIOK PA3TNYHON (PU3UKO-XUMUYECKOU TIpH-
pozxsl K Aerpaganuy. Kak BUAHO U3 puc. 6, HOCTPOSHHOTO
TOCJIeé MHOTOKpAaTHOro mpoiryckanus (N) pacTBOpoB mo-
mOyTanieHa B OcH3uHe (KpuBast 1) M MOJUTHIPOKCHIN-
KapOOKcuIIaTa aFoMUHUS (KpyUBas 2) depe3 HWIHHApUYe-
CKHM KaHai JlabopaTopHOro TypOopeoMeTpa Npy Hampsi-
sennn capura 1w=600 Ila HHTeHCHMBHOCTH TIOTEpH AP deK-
THBHOCTH KOOPJIMHAIIMOHHOTO MOJIMMEpa 3aMETHO BHIIIIE.
310 OOBSICHSCTCS TEM, YTO TaKas CIBHUTOBAs HArpy3Ka J0-
CTaTouHa UI Pa3pyIICHHs KOOPOWHAIIMOHHOW CBS3H B
e Mexay Monekynamu [TAB (momurumpoxcumuikap-
6okcunar Al), conpoBoxkparorierocs e¢ necTpyKuueil Ha
Oonee Menkue (PparMeHThI M YMEHBIIICHHEM TPOTUBOTYP-
OyneHTHOH 3((deKTBHOCTH. MeEHEBIIasi CKOPOCTh TIOTEPH

MPOTUBOTYPOYJAEHTHOH 3((EeKTUBHOCTH MOIUOyTareHa
DR (xpuBas 1) mocie Kaxa0ro o4epeTHoro mpoxonaa mo-
JIMMEPHOTO PacTBOpa 4epe3 TypOOpeoMETp IO CPABHEHHIO
¢ TONUTHAPOKCHANKAPOOKCHIATOM OOBSICHSACTCS HE He-
CTpYKLMEH Ler NoMuoyTaareHa Ha Gosee Meskue ¢par-
MEHTBI, a TIPOIIECCOM JIOPACTBOPEHMS BBEICHHOTO B OCH-
3WMH KOHIICHTpaTa M PachagoM HMEIONIUXCS HAIMOJCKY-
JISIPHBIX aCCOLMATOB Ha OoJiee MEJIKUE KITyOKH MHIUBUITY-
ATBHBIX MaKPOMOJIEKYJI (pHC. 2).

DR, %
70 -

60 - 1
50 -
40 - 2
30 -
20 -
10 -

0 = d
0 500

1000 1500 2000 2500 3000
C, g/m’
3asucumocmsv  geauvuHsl  3gpgekma Tomca

pacmeopos noaubymaduera (1) u I[1AB (2) e 6eH3uHe
om KOHYeHmpayuu aHmumyp6y.1eHmHbslx 006a80K

Puc. 5.

Fig. 5. Dependence of the magnitude of the Toms effect for solu-
tions of polybutadiene (1) and surfactant (2) in gasoline
on the concentration of anti-turbulent additives

60 1 DR, %
50 A
40 -
30 -
20 - 1
2
10 H
N

0 T T T T 1

0 5 10 15 20 25

Puc. 6. 3asucumocmbs geauvuHsl sgpgpekma Tomca om uucaa
npoxodoe (N) uepe3 KaHan mypbopeomempa
pacmeopos npomueomyp6y/AeHmHbIX Npucadok 6
6exsune: 1 - noauGymaduen (C=10 2/m3); 2 -
KOOpOUHAYUOHHbLL noaumep (Al-muiio)

Fig. 6. Dependence of the Toms effect magnitude on the

number of passages (N) of solutions of anti-turbulent
additives in gasoline through the channel of turbu-
lent rheometer: 1 — polybutadiene (C=10 g/m3); 2 —
coordination polymer (Al-soap)
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W3sBectHO [5, 22], yTO mpU pa3BUTOM TypOyJeHT-
HoMm teueHun (Re>3000) mpupamenue oOBEMHOTO
pacxofa pu BBEJCHUH TOIUMEPHOI T00aBKH 3aBUCHUT
OT TUAPOANHAMUYECKUX ITapaMeTPOB MOTOKA U OT (u-
3UKO-XHUMHUYECKUX XapaKTEPUCTUK PAcTBOPa U OIHUCHI-
BaeTCs ypaBHEHHEM

:ﬂRfI.W.TW. (4)

[7]-C
1+[n]-C
KIIyOKOB B pacTBOpe, 3aBHCAlaf OT KOHIEHTpalMM
nonumMepa (C, KI/M”) U XapaKTepUCTHYECKOI BA3KOCTH

pactBopa ([ 7], M3/1<r); Ty = ?FL)

rne y= o0BeMHas J0JIs1  TIOJIMMCEPHBIX

R, » [1a — Hampsixe-

HHE CABHIa Ha CTEHKE TPyObI, nmeromer paauyc (Ry)
u nmuHy (L), Mex 1y KoHIIaMu KOTOpOW 3a7aH Tiepera,n
nasnenus (AP, I1a); Vi, M — 06BEM MaKpOMOJIEKYJISIp-
HOTO Kny61<a C UMMOOWITU30BAaHHBIM PACTBOPHUTEICM;
s Kr/M° — IUIOTHOCT pacTBOpHTEINSI WK PacTBOpa Io-
mmepa; T, K — temmeparypa; k=1,38-10%, Jix/K —
mocrosiHHast bonpiMana.

Bripaxenus (4) u (3) CBUAETENBCTBYIOT O TOM, YTO
npupameHie 00bEMHOIO pacxoja MOTUMEPHOTO pac-
tBopa (AQ, M%/c) n Benmunna >dpdekra (DR, %) Tem
Oonbie, yem Oosblie 00BEMBI MaKpOMOJICKYJISPHBIX
KIIyOKkoB (Vi), CTPYKTYpHUPYIOLIINX SKHUAKYIO Cperny M
MPETSTCTBYIONNE 00pPa30BaHHUI0 TYpOYIECHTHBIX BUX-
pel, a Takke 4eM Huxke TeMieparypa. M3 BeIpaskeHui
(4) u (3) Takxke cieayeT, YTO yMEHbIICHHEe 00BEMOB
KIIyOKOB, IPOHUCXO/ISIIIEE BCIEACTBIE PacIiaa acCoIH-
aTOB, COCTOALIMX M3 HECKOJbKUX MEePerIeTeHHbIX
MaKpOMOJIEKYJI, OyZeT CONPOBOXKAATHCS COBMECTHBIM
ymenbmenneM AQ u DR, uro m HaOmomaercs y pas-
OaBlleHHBIX pacTBOPOB (puc. 6, kpuBas 1), y KOTOPBIX
HUMEIOTCS 00J1aCTH CBOOOIHOTO (HEMMMOOUIM30BAHHO-
ro) pactBoputelns. B 3T 001acTH MOTYT MEpexonuTh

CITUCOK JIMTEPATYPBI

OCBOOOIUBINHUCCS KIYOKH WHIUBHIYATBHBIX MAaKpO-
MOJIEKYJI C pa3MepaMHd MEHBIIUMHU, YeM Y HCXOIHBIX
acconuatoB (V¢<V..). [loaToMmy mpu MHOTOKpaTHOM
MPOMYCKaHWU pa30aBiIeHHBIX pacTBOPOB (C<Cyy:.) Ue-
pe3 TypOopeoMeTp MPOUCXOAUT paclaj aCCOLHUATOB Ha
Ooyiee MenKue KIyOKH M HaOIFOMAeTCsl COMyTCTBYIO-
niee ymenbiienue AQ u DR.

3akro4yeHue

KapOouennpie monmuMepsl 0UeHb OOJIBIION MOJIEKY-
JsipHO# Maccel (M>1- 10%) B Hacrosmee BpeMsl HalllIU
IIMPOKOE MPAKTUIECKOEC IPUMEHEHHE MIPHU TPAHCIIOPTE
HE(PTU ¥ HEPTEIPOTYKTOB [0 MAarUCTPAJIBHEIM TPyOO-
IPOBOAAaM. DKOHOMUYECKUHM MHTEepec K HUM 00yCIOB-
JIeH TeM, YTO WX J03UPOBAaHHE B TYPOYICHTHBIH ITOTOK
YTIIEBOIOPOJHOM JKHUAKOCTH B MCUE3AIOIIE MAIBIX KO-
nudectBax (~10-50 F/MS) COTIPOBOKJIAETCSI 3aMETHBIM
CHIDKCHHEM »JHeprermyeckux 3arpar (2040 %) Ha
MepeKayky eAMHUIBI 00béMa JKUAKOW cpenmbl. Jlist
MPEIOTBPAILCHHS ASCTPYKIUH HONAMEPHBIX Lerned U
0€3BO3BpaTHOIl MOTEpH UMM NPOTHBOTYPOYIEHTHOM
3P PEKTUBHOCTH MOJIMMEPEI CIEAYeT BBOAUTH B ITOTOK
TONIBKO IOCJIC HACOCOB He()TelmepeKaunBaroMnX CTaH-
LU, B KOTOPBIX PEATU3YIOTCS O4YEHb OONbIINE HAIPS-
KCHUS CIBUTA.

[IAB B KOHCHUCTEHIIMH MUIICIUIIPHBIX PaCTBOPOB
CTAHOBSITCSI ar€HTAMHU CHIDKEHUS T'MIPOJIUHAMUYECKO-
IO CONPOTHBJICHUS JIMIIb HPU JOCTATOYHO OOIBIINX
3HAYCHISIX MX KOHIEHTPALUH, T. €. TOCIe JOCTHKCHUS
v KKM u nosiBiieHHsS B CHUCTEME MHUIIEII, CIIOCO0-
HBIX YAEPXKHBAaTh B cepe CBOETO BIUSHHUS MEIKHE
MOJICKYJBl JUCIIEPCUOHHON CpeIbl PacTBOPUTENS U
TEM CaMbIM MPENOTBPALIATh 3HEPrOEMKOE TypOyJIeHT-
HOE BHXpeoOpa3oBaHHE B IMOTOKE. JJOCTOMHCTBOM cH-
creM [IAB sBisiercss MX CIIOCOOHOCTH 4epe3 Hempo-
JIOJDKUTENBHOE BpEMs MOCNE MPOXOXKAEHHS HAcOCOB
00paTHMO BOCCTAHABJIMBATh CBOI0 MHUICIUIIPHYIO
CTPYKTYpY ¥ IPOTHBOTYPOYIEHTHYIO 3P PEKTUBHOCTB.
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