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KOJIOHKA PEJIAKITAU

VYBaxkaembie KoJuieru!

Ha XVIII konrpecce «Bcemmpnoii opra-
HUBAIUNA CUCTEMHBIX UCCJIEIOBAHMI U KUOEp-
Herukny (WOSC2021) «CucremHslii moax0/1
n KubOepHEeTHKa, YCTpEeMJIEHHbIE B OyIyInee
JesoBedecTBay, mporneaimeM B Mockse 1o
srupoit FOHECKO, paccmarpuBaamch mo/I-
XOJIBI K WCCJIEIOBAHUIO TIPOIECCOB TJI00AJH-
3alUM C TTO3WIMI (PYHIAMEHTATbHBIX 3aKO-
OB pazsutusa [Ipuposasr, Henoseka u Obie-
CTBA.

PazBurne demoBedecTBa SABJISETCSA TPO-
IIECCOM TIOJTyYeHUsT HOBBIX 3HAHUN O (PyHIa-
MEHTAJbHBIX ~3aKOHOMEPHOCTSIX PA3BUTHUS
IIpupoasr, Yenoseka n ObIiecTBa, X OCBOE-
HUEeM — Pa3pabOTKONl TEXHOJOTUU U CO31a-
HUEM Ha 3TOH OCHOBE TPOIYKITUHU, 00ECIevn-
BalOIell  YKU3HEIesITeIbHOCTD.  DyHTaMeH-
TaJbHBIE HAYJYHBbIE 3HAHUS SBJISIOTCS OCHO-
BOIT TIporpecca: OHU 0DECIIeYNBAIOT PA3BUTHE
00pa3oBaHmsI, CO3/IaHe HOBBIX TEXHOJOTHH 1
pasBuUTHE KYJbTYphl. B HacTosiee BpeMms
y4aeToM (pyHIAMEHTATBHBIX HAYIHBIX 3HAHUH
OTIPEJIEIISIIOTCST  TIPUOPUTETHI W CTPATErUst
Pa3BUTHsI TOCYJAPCTBA, PEIIAIOTCS 3aTadH
obecriedeHnsi CyBEepPEHUTETa, KOHKYPEHTOCIIO-
CODHOCTH Y HAIIMOHAJILHOI OE30IIaCHOCTH.

CobBCTBEHHO HAYYIHO-TEXHUYECKUH TTPO-
I'PECC PETYJIMPYETCsT CJIEIYIONTIMHI 3aKOHAMMU:
M0 Mepe  COIUATBHO-3KOHOMUYECKOTO U
HAYYHO-TEXHOJIOTMIECKOTO PA3BUTHSA KOM-
MepUecKasi W COIUAJbHAsT TEHHOCTb (DYHIa-
MEHTAJbHBIX HAYYHBIX PE3YJIbTATOB MOCTO-
STHHO BO3PACTAET; KOMMEPYECKAass CTOMMOCTD
HAYKOEMKOUN TPOIYKITUU TIOCTOSHHO TAIAeT;
HAyKa W HAYYHBIE PE3yIbTATHI HE MMEIOT Tpa-
HUIT;, TEXHOJOTUM HE MOTYT TPOTUBOPEYUTD
3aKOHAM TIPUPO/IHI.

Kputnueckast Macca HOBBIX TEXHOJOTHH
CO3/TaeT YCJIOBUS JIJIsT HAYIHO-TTPOMBIIIIEH-
HBIX peBosonuit. Kax mpaBmiio, B Hay9IHO-
TEXHOJIOTMIECKOM cdepe pacCMaTPpUBAIOT Ue-
TBIPE PEBOJIIOIMOHHBIX TIPOIIECCA: CO3TAHUE

IIapoBOil MAalllMHBI, CO3J[@HUE JIBUTATEJs
BHYTPEHHEIO CrOpaHusi, BO30OHOBJIAEMAsT
SHEpreTnKa, WHMOOPMAIMOHHO-KOMMYHIKA-

IIMOHHBIE TEXHOJIOTUU. DTU PEBOJIIOINN CTHU-
MYJIIPOBAJIA CO3/IAHUE HOBBIX OOIECTBEHHO-
SKOHOMHUYECKUX OTHOIIEHU W BO MHOIOM
crrocobcTBoBa i (DOPMUPOBAHUIO  YCTONYIN-
BOI'O MUPOBOT'O YKJIAIA.

Ceiiuac MOYKHO TOBOPHUTDH O TISITON — Ty-
MaHUTAPHO-TEXHOJIOTUIECKON  PEBOJIIOINH,
T. €. O KApJAWHAJBHBIX HN3MEHEHUSIX KYJIb-
TYPbl U CpeJbl OOUTAHUS YEJIOBEKa BCJIE/I-
CTBUE HAYYHO-TEXHOJOTUYECKOTO PA3BUTHS.
CoBpeMeHHas cpejia, OOUTAHUSA JTOJIZKHA Pac-
CMaTpUBATBHCA KaK CHUCTEMa <IpUpoja —
TEXHOJIOTUHU — UHMOPMAIAST — KYJIbTypPay.

[Tozuauue ITpuposasr, Henoseka u Obire-
CTBA W IPAKTUYIECKAS PEaU3AIUsd ITUX 3HA-
HUM CIOCOOCTBOBAJN TVIOOAJBHBIM U3MEHE-
HUsIM MupoycrpoiictBa. CobecTBeHHO Ti00a-
JIN3AIUsl SABJSETCsT MPOIECccoM (hOPMHUPOBaA-
HUAS €JIMHON MUPOBO# cucTeMbl (DYHKIIMOHU-
POBaHUs TEXHOJOTMIECKUX, COIMUATIbHO-IKO-
HOMUYECKUAX U TOJUTUIECKUX CUCTEM.

3a TepuwojT CBOErO pa3BUTHS UeJIOBeUe-
CTBO TPOINLIO Y€pe3 TPH ITama ryiodaan3a-
[UU: OCBOCHUE TePPUTOPUIL, CO3NAHUE CIUHOMN
cucTeMbl 0a30BBIX IEHHOCTE Ha OCHOBE pe-
JINTUW, CO3JAHWE EIMHOIO0 SKOHOMUYIECKOTO
npocTpaHcTBa. Bo Bcex ciiyvuasx OCHOBY pas-
BUTHSA COCTABJIsLJIA KOHKYPEHIUS Pa3JIUnIHBIX
CHCTEM: YeJIOBEK KOHKYPHUPOBAJI C IIPUPO/IO,
pesuruu (XpUCTHAHCTBO U WMCJIAM) U COIW-
AJIbHO-9KOHOMUYECKHUE  CUCTeMbI  (KaIluTa-
JIU3M M COLUAJIN3M) KOHKYPUPOBAJIU MEXKILY
coboit. OHaAKO HUKaKas U3 KOHKYPUPYIOIINX
CHCTEM He OJIePKaJia MO0eIbl U ITHU TPOIECChHI
IIPOJIOJI?KAIOTCS 10 HACTOSIIETO BPEMEHHU.

T'nobamzamusa 1.0 — ocBoeHme Impo-
CTPAHCTBA C UCIOJIH30BAHUEM MPOCTEUIITNX
TPAHCIIOPTHBIX TexHoJoruii. Torna ke ObLIN

3aJI0KEHbI OCHOBBI JUCKPeTHOH (1udpoBoit)
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Iepe/layu CUT'HAJIOB: CBETOBbIE U (DJIayKHbIE
cemadOophI.

OcuoBnaa unea I'mobamuzanuu 2.0 3a-
KJII0YaJiach B (POPMUPOBAHUU €JIMHON CH-
CTeMBbI IIEHHOCTE Ha OCHOBE PEIUTMO3HBIX
IIpE/ICTAaBJACHUNl 00 OCHOBAX MUPO3IAHUS.
DTOT HpOoIEeCC MPOXOIUa B OOpPLOE MEXKIy
JBYMsi MHUPOBBIMU PEJUTUSIMUA: XPUCTUAH-
CTBOM W HUCJIAMOM — U COIPOBOXKJIAJICS aK-
TUBHBIMU BOEHHBbIMU JieficTBusiMu. Ha mporsi-
JKeHUM JjIUTe/IbHOrO mepuoja llepkoBb mo-
MWHHUPOBAJIA HAJI TOCYIaPCTBAMU U, IIO CYTH,
YCTaHABJMBAJIA CHUCTEMY TOCYIapCTBEHHOTO
yupasiyieans. Ho B XVII B. curyanus uzme-
HWIACh U ObLIN 3aJI03KE€HBI OCHOBBI &JIMUHU-
CTPATUBHO-OIOPOKPATUYIECKON CUCTEMBI TOCY-
JAPCTBEHHOTO YIIPABJICHUS.

WaTencuBHOE pa3BUTHE TEXHOJIOTUN CTHU-
MYJIIPOBAJIO PA3BUTHE KAIIUTAJIUCTUIECKOTO
crocoba OpraHu3allny TPOU3BOACTBA U (POp-
MUWPOBAHUE HOBBIX ODIIECTBEHHO-9KOHOMUYIE-
CKUX OTHOIIICHUH, & TAKXKE KPEIUTHO-(PUHAH-
coBO# cucreMbl. B pesysibrare chopMupoBa-
JINCh JIBa, HAIIPABJICHUS PA3BUTHUHA KAaIlUTa-
JIN3Ma: Ppa3BUTUE IIyTEM CO3/IAHUSI HOBBIX
IIPOU3BOJICTB C IEJIBIO TTPOU3BOJICTBA TOBAPOB
MAaCCOBOT'O CIIPOCA, W PAa3BUTHE (PUHAHCOBBIX
MEXaHU3MOB U PBIHKOB C €TI0 OOOTAIEHU ST
JIOCTATOYHO y3KOrO Kpyra HacejeHust (T.Ha3.
«30J10TOI MILTHAPLY ). XX BEK MPOIIES MO/
¢i1aroMm KOHKYpPEHTHOII O0PBbOBI COIMAJIMCTH-
qeckoil m KamurTaguctudeckoit cucrem. [lpm
9TOM MU TPOIECChl SKOHOMUYECKON T100a-
jusamun — 'obanuzanudg 3.0.

O/lHaKO TOMBITKA TOCTPOUTH  OJHOIIO-
Jisipubiii Mup mocse pacraja COruaucTuIe-
CKOil cucTeMbl He yBeHJaJach ycrmexoM. IIpe-
Bpaienre (PUHAHCOB B UHCTPYMEHT yIpaBJie-
HUS, HEKOHTPOJMPYEMBI pOCT HpuObLIEit
KPYIIHBIX KOMITAHUI MIPUBEJIN K HAPACTAHUIO
HEPABEHCTBA B COIUAIbHO-9KOHOMUYIECKOM
pPa3BUTHUH, 9TO B CBOIO OUEPE/Ib CTAJIO ITPUIH-
HOI MHOTOYHMCJIEHHBIX JIOKAJIbHBIX U TJI00ATh-
HBIX TOJTUTUIECKUX U SIKOHOMUYIECKUX KPU3HU-
KOHGIUKTOB. B

COB, BOEHHBIX nurore

IIpomwviuunermvie npouecco, u mexrnoso2uu. 2023

Om pedaruuu

MUPOTIOPSITIOK TIEPEITiesl B HEYCTOWYINBOE CO-
CTOsTHVE Ha (DOHE YCKOPEHUsI HAYYHO-TEXHU-
qeckoro mporpecca. Takum obpazom ObLIa
9KCIIEPUMEHTAJBHO JOKAa3aHa HECOCTOSATE -
HOCTH 9KOHOMHUYECKUX TIOJXOIOB, OCHOBAH-
HBIX Ha aDCOTIOTU3AINNA CAMOPETYTHPOBAHUST
PBIHKOB.

OcHOBY COBpPEMEHHOT'0O 3Tara rjodbaan3a-
mun (I'nobanmmzanus 4.0) cocraBisioT HayKa,
TEXHOJIOTHY, WHHOBaIWH. [Ipn sTOM Hapsamy
dbopMupOBaHIEM HOBOI CpeIbl OOMTAHUA Me-
HSIETCS TAKKe MapajIirMa Pa3BUTHS: OT «Je-
JIOBEK JIJIsT 9KOHOMWKWN» K IKOHOMUKA, JIJIsT
JeJIOBEKay , a TPUOPUTETOM PA3BUTHSA CTAHO-
BUTCS KAYECTBO XKU3HU. ITU (PAKTOPHI B CO-
BOKYTTHOCTH TTO3BOJISIIOT TOBOPUTH O TYMAaHU-
TAPHO-TEXHOJIOTUYECKOW  PEBOJIIONNNA  KaK

OBIDKYINEl  cumyie  mporecca  1aobaausa-
muu 4.0. KoneuHnbiM pe3ysibTaToM CTaHET
dbopMupoBaHEEe HOBOI'O MHPOBOI'O YKJIaJa, B
KOTOPOM JIUIUPYIOIIEE MeCTO 3aliMyT TOCy-
JapeTBa (TPYIIbI TOCYIAPCTB), 00JIaIA0IIIe
Haubojiee PAa3BUTHIM HAYIHO-TEXHOJIOTHAYIE-
CKHM KOMIIJIEKCOM, OPUEHTUPOBAHHBIM HA TI0-
BBIIIIEHNE KaYeCTBa YKU3HU YeJIOBEKA.

Ha cmeny wmcuepmaBiimM cBOM BO3MOK-
HOCTHU MOJEJISIM TPUIIIN HOBbIE B3TJISIIALI HA
MEPCIIEKTUBBl Pa3BUTHUS 4YejoBedYecTBa. B
HaCTOsIIIIee BpeMsi c(hOPMUPOBAJIACH JIBE KOH-
KyPUPYIOIINEe TEOPUN PA3BUTHULA: TOCTUHIY-
CTPUAJIU3M U HEOKAIMUTAJN3M, PAa3IUIAIONIH-
€Csl TIO TIeJIIM, HO Da3UPYIONINecs Ha HAYIHO-
TEXHUIECKOM ITPOTPECCE.

Teopust mnocTUHIyCTpUAIU3MA, OIPEIE-
JIIET IPUOPUTETOM PA3BUTHS TOBBIIIIEHNE Ka-
4eCTBa KU3HU YeJI0BEKA 3& CUET UCIOTb30Ba~
HUS HOBBIX TexHojoruii. [Ipu sTom omuoit u3
BaXKHEUINX MTOJUTHIECKUX 33789 TOCYIaap-
CTBa SBJIIETCS OpraHu3anus HayKu u (pOpMBbI
rocy JapCTBEHHON MOAAEPIKKU.

AnbTepHATHBHAST KOHIIETIINST — HEOKAITH-
TaJIN3M — HUCXOIUT W3 TOTO, YTO 3a CUeT HO-
BBIX, IIPEXKIE BCErO, IUMPOBBIX TEXHOJOTUI

yIIpaBJIEHUE TepeieT K TPaHCHAIIMOHAJIbHBIM
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KOPTIOPAIASIM, & COOCTBEHHO HAIMOHAJBHBIE
rOCy1IapCTBa OTOMPYT.

Ho mo xakomy ObI clieHapuio HU TOIILIO
JaJbHeillee Pa3BUTHE, €T0 OCHOBY OyIyT CO-
CTaBJISITh HAayKa, TEXHOJOTUU, WHHOBAIUH.
Takum 0O6pa3oM, MOXKHO YTBEDKIATH, YTO
Muwup mepemnres K HOBOMY 3TaIly Pa3BUTHI —
T'mobamuzanusa 4.0,  Gaszupytoremycs  Ha

HayKe W TexHojoruax. JIBmkymieit cuiioi

IIpouecca ABJIACTCA I'yMaHUTAPHO-TEXHOJIO-
rudecKasd peBOJonus. Pe3yJbTaTroM IIpo-
1ecca CTaHeT HOBBbI MupOBOH ykiasu. [lpum
9TOM O0sI3aTEIbHBIM YCJIOBAEM O0ECIIeueHuUs
YCTORYMBOIO pa3BUTUsS U TJIODAJIbHOU 0e3-
OIIACHOCTU ABJAETCA KOHCEHCYC OCHOBHBIX
MHCTUTYTOB: TIOJIUTUKH, O0IIIeCTBa, O3HECA U

HAYKH.

Yaen-koppecnondenm PAH, doxmop sxoHoOMUMECKUT HAYK,

Kandudam mexrHuMeckuxr Hayx,
samecmumens npesudenma PAH,

wnern Pedaxuyuonmnozo cosema orcyprana
«IIpomvluinenrole nPoueccs, U MeTHOAO2ULY
NBanos Baagumup BukropoBud
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l'asbBaboIIaMbl — KaK MCTOYHUK BTOPHUYIHBIX PECypPCOB

JAJId TIOJIyHIeHr A IIPOMBIIIJIEHHBIX TOBapOB

* 1 *% *
JI. H. Oanbmianckas ', E. H. JlazapeBa , FO. B. Bosgomnkuna

* Capamosckuti 2ocydapcmeennviii mexnuveckut yrusepcumem umenu I'azapuna FO. A.,
Capamos, Poccus

** Dnezeavceruti mexnoaozuneckuti uncmumym — guauan Capamosckozo 20cydapcmeenozo

mexnuveckozo yrusepcumema umenu Lazapuna FO.A., Dueeavc, Poccus

Annoranusa

CruxuiiHoe 3arpsizHeHUe OOJIBITUX TEPPUTOPHUI PA3HOOOPA3HBIMU TBEPJABIMUA W KUJIKAMU
OTXO/IAMHM JOCTUIJIO B HAIEH CTpaHe yIpoXKaroiux MaciTaboB. B cBa3u ¢ sTuMm HE0OX01MMO
B Osmzkaiiimem Oy IyIeM CO3/IaTh CIIENUAIbHYI0 TEXHOJIOTUI0 MACCOBON OYMCTKU 3€MEJIbHBIX
PECYPCOB OT HECAHKIIMOHUPOBAHHBIX CBAJIOK Pa3JIMIHOTO Mycopa. Obpagyromumecst U HAKOT-
JieHHble TBEPbIe npoMbiiieHHbe 0Txoabl (TIIO) saBsgoTCS MCTOYHUKOM IEHHEHINX BTO-
PUYHBIX MaTepuajbHbIX pecypcoB (BMP: uépuble, niBeTHBIE, peiKue, pACCesTHHBIE METAJLIbI
U ux coefuHenus ). TexHOJIOrnIecKre PeKOMEH/ AN 110 HanboJee PAIMOHAILHOMY HUCIIOJb-
30BAHUIO OTXOJIOB Pa3pabaThIBAIOTCS, UCXO/S U3 UX XUMUIECKOTO COCTaBa.

B macrostiieit pabore mnpencTaBiieHbl pe3yJIbTAThl UCCIEI0BAHNN 10 U3BJIEUEHUIO U3 TTUHKCO-
JepKAIUX OTXOJI0OB OKCHJIA IUHKA U JIAJbHEHINEro UCIOJIb30BaHUs €r0 B KAYeCTBE BTOPUYI-
HOT'O pecypca JJjisi MOy YeHUs TUTMEHTA-HATIOJHUTE/IsI IPU U3TOTOBJICHUN MACJISIHBIX KPACOK
(umHKOBBIE Gesmiia). YCTaHOBJIEHBI pallMOHAIbHBIE ycaoBus ussjedenuss ZnO (pH cpespt
s Boigesenns rugpokenna Zn(OH)2, Temmeparypa u BpeMms ero o6:kKura); paspaboraHa
NIPUHITUITHAIbHAS CXEMa, JIjI U3TOTOBJIEHUS] TUTMEHTA—HAIIOTHUTEJIS.

KaroudeBbie ciioBa

TampBaHOIIIAM, THAPOKCU/T IIUHKA, YTUIU3AINS, TMTMEHTHI-HATIOJTHUTEJIN, OKCH/I IINHKA,
JIAKOKPACOYHBIE M3JIE/IUsI, TEXHOJOrnYIecKast cxema moydenns ZnO.

Bsenenne

B Poccun noctosinno yBemunBaeTcs Ko-
JIMYECTBO TBEPJBIX OTXOJO0B TPOMU3BOJCTBA,
KOTOPBIE CBO3ATCS Ha, CBAJIKU WJIA TTOJTUTOHBI.
W3 Hux B JsiydineM ciydae mojijiexkar mepepa-
00TKe M mocyaemytomeil yrummsamun 3-5 %.
Hanexnast u coBpemennast nadopmaiius 0 co-

CTOAHNH HpO6JIeMbI TBép,IH)IX IIPOMBINIJIEHHBIX

! Zlaa nepenucku
Email: ecos123@mail.ru

IIpomwviuunermvie npouecco, u mexrnoso2uu. 2023
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orxozos (TIIO) B Hameit crpane, K coxkase-
HUIO, OTCYTCTByeT. [0 MHEHWIO AHAJMTHKOB
«U3 BCex IKOIOMMIECKUX OMACHOCTEN CTPAHBI,
OIIACHOCTb, CBSI3aHHASI C TBEPIBIMA KOMMY-
HAJIBHBIMU OTXOJAMH ... HAUMEHee JIOKYMEHTV-
poBanay. M3BectHo, uyto B CCCP oTx0/181 pas-
MeIIAJIUCh TJIe Tonaso. baro aemars 91o mos-
BOJISITA  OPPOMHBIE

TEPPUTOPUM  CTPAHBL.

<



JI. H. Oavwanckas, E. H. Jlasapesa, FO. B. Boaowkuna

o mociilemHero  BpeMEHH TakKasl —CHATYallus
obuta n B Poccnn. CreyeT OTMETUTD, 9TO B
Poccun, o cpaBrenuio ¢ dAmonueir u psimom
(~97 %)

TIIO cBoO3MIOCH HA CBAJKU U HA HEOOYCTPO-

3alajHbIX CTPaH, OOJBITHHCTBO
€HHBbIE B COOTBETCTBUM C TPEOOBAHUSIMU TIO-
JIUTOHBI, M3 KOTOPbIX 88 % Haxomuimch B
«HEYOBJIETBOPUTETHHOM CAHUTAPHOM COCTO-
suuny» |1, 2]. TIIO npexncrasisior coboit He-
CTaOMIHLHYI0 HEKOHTPOJIUPYEMYTIO CMECH CTPO-
UTETBHOTO MyCOpa, IJIACTMACCHI, METAJIIOB,
OyMaru, MUIIEeBBIX OTXO/IOB, PE3UHBI, CTEKJIA 1
Jap. Bmecte ¢ Tem mokazamo, 9T0 9TO GOraThIit
MCTOYHUK BTOPUYHBIX MATEPUAJBHBIX PECyp-
coB (BMP: B ToM unciie 4€pHBIX, I[BETHBIX,
PEJIKMX ¥ PACCEsTHHBIX METaJIOB), a TaKXKe,
OecIIaTHBIN SHEPTOHOCUTETh.

Jlo cux mop copTupoBKa 0TX0/10B B Poc-
CHU TIPAKTUYECKU HE MPOBOJUTCA. IDTO BO
MHOTOM OOYCJIOBJIEHO CJIEIYIOMUMU (PAKTO-
pamu [3|: medbunur noTPEOGUTENBCKUX YCIYT
¥ TOBapOB; Pa3jnYus B KyJbType moTpebiie-
HUsT TPUBOJVJIM K MEHBIINNUM, Y€M B JIPYTUX
cTpaHax o6beMaM OTXOJIOB Ha OJHOTO YeJIOo-
BeKa; HEMAJIOBAXKHOE 3HAUECHIE MMeeT caaboe
9KOJIOTMIECKOE 3aKOHOIATETLCTBO U CyTIie-
CTBOBABINAA SKOHOMHUYECKAS CUCTEMA, HE
obecrieunBaoriaga 3pHEKTUBHOE UCIIOIb30Ba-
une BMP. B 1o xe Bpemst B Poccun mpowns-
BOJISITCSI, MMIIOPTUPYIOTCA U TOTPEOIISTIOTCST
CJIOZKHBIE TTPOJTYKTHI PA3BUTOTO TPOMBIIILIEH-
HOTO ODOIIECTBA, TO €CTh COCTAB M KOJTUYECTBO
OTXOJIOB Bce Oojiee MPUOIMKAIOTCS K 3aIIaI-
HBIM.

IIporiecenr, mpoucxomgamme B Poccum B
HACTOSIIIee BPeMsl, TPUBOIAT K PE3KOMY PO-
CTY KOJIMYECTBA W PA3HOOOPA3UIO MTPOMBIIII-
JIEHHO-KOMMYHAJIbHBIX OTXOJIOB, 00bEM U CO-
CTaB KOTOPBIX UYPE3BBIYAIHO Pa3HOOOPa3HbI
(pucynok 1) [2].

B Poccun 601bl110€ KOJIMIECTBO OTXOI0B
COCTABJILIIOT OpraHWYecKre (MHUIIEeBbIE); Me-
TaJII, HA CTEKJIO W TLUIACTUK TIPUXOIUTCS TI0
9-11 %; na nmepeBo, TeKCTUIb, pe3uny 10 4 %
u 7p.

100%

80%

60%

40%

20%

0%

PasBuTbie

i) Bbymara
OpraHnuka

Mepexopubie
M Apyroe [ Nnactuk
[ Crexno [ MeTannbi

CnaGopa3BuTble

B3 Tekctunb,
pesuHa, Koxa

Pucynok 1 — Pacmpenenenune 0Tx0/10B 110

KATeropusM B pa3im4Hbx crpanax (B %) [2].

3apyOerKHbBIHM OBIT MTOKA3BIBAET, ITO Pa-
[MOHAJIbHAS OpraHu3allns MepepaboOTKu OT-
XOJIOB TaéT BO3MOYXKHOCTDb HCIIOJIb30BAHUS J10
90 % mnpomyKToB mepepabOTKH M yTUIU3a-
nun. TexHoJornYeckne PEKOMEHIAINKN 110
HauboJiee PAIMOHAJBHOMY HUCIIOTH30BAHUIO
OTXO/IOB Pa3pabdaTbIBAIOTCs, UCXOJsd U3 WX
XUMHUYECKOTO cocTaBa. Hampumep, nuraku
nBeTHOI Merasuryprum cogepzkar mo 40 %
JKeJie3a U JPYTUX [MEHHBIX METAJJIOB; B MaJjlb-
panonuiamax (TIII) maxomsrest coenuHeHust
HUKeJIs, [[MHKA, MeJIU, Xpoma 1 jp. [4].

B wmacrostiee Bpemsi s Poccum akty-
AJIBHBIMU SBJISIOTCA TTPODJIEMBI  9KOJIOTH3a-
UM TIPOU3BOJICTB, TEPEXOJ K MAaJIOOTXO/I-
HBIM, & B HEPCHEKTUBE K 0E30TXOIHBIM TeX-
HOJIOTUSAM; Pa3pabaTbiBaeTCs HAYyIHO 0OOCHO-
BaHHAas KOHIIEINSA KOMILIEKCHOTO UCIIOJIB30-
BaHUSA PA3JUYHBIX BHUIOB OTXOJOB, YTOOBI
y2K€ Ha CTaJUU MPOEKTUPOBAHUsI, CTPOUTE -
CTBA U PEKOHCTPYKIUU ITPOMBIILIEHHBIX
NPeIIpUATAN IPUMEHITh TEXHUIECKHE pe-
LIEeHUs 10 HeJomyennio oopazosanus TIIO
7 HeOOXOIUMOCTH UX yTuausanun. s aToro
HEOOXOIUMO  BHEJIDEHUE  MAaJIOOTXOJIHBIX
SHEPIO- U PECyPCocOeperaroInx TeXHOJIOTHi,
MTO3BOJIAIONINX SKOHOMUTH MaTepuaJsibl Ha
KaXKJIOM ITUKJIE€ TTPOU3BOJICTBA, MUHUMU3UPO-
BaTh YKOJOIHIECKUN yIIepO, UMEIOIX HU3-
KI€ KAlUTAJbHBIE 3aTPAThl U TO3BOJISIIOIINAX

MOJTy YaTh MPUOBLIb.
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Taavearownamol

Ilenbro nHacrosmieit pabOThI sIBISETCS
pa3paboTKa TEXHOJOTUU TTepepabOTKA U yTH-
JIU3AIAN TIUHK COJIEPIKAIUX OTXOJIOB C IIe-
JIbIO U3BJIEUEHUSA OKCHIa IuHKa ZnO u wmc-
MOJTb30BAHUs €r0 B KAadecTBe MHUIMEHTa —
HATIOJTHUTE TSI TPU M3TOTOBJIEHUU MaCJITHON
KpacK# (IIMHKOBBIE OeJniia).
DKclepuMeHTaAIbHbIE JaHHbIEe 1 UX 00-
cyXKeHue

OObeKTaMu MCCJIEIOBAHUS CJIY KU OT-
XOJBl JIMHUW IIUHKOBAHUS  TTPETPUSITHST
000 «Curnan-Heasmxumoctby. AHaIU3bI
COCTaBa, TAJIBLBAHOIIIAMA, TTOKA3AIN HATHINE
B UX COCTaBe COeAUHCHUN Kejie3a, IUHKa, HU-
Keysi, Xpoma, u ap. (tabmuma 1, pu-
CYHKH 2, 3).

WnenTudukannio coearnHeHUr B COCTaBE
I'I nposoauin na nepusarorpade Q-1500 /1
B obmactu Temmeparyp 20--1000 °C, cxko-
pocts Harpesa 10 °C/MuH. B BO3IyIIHON aT-
mocdepe (pucyHok 2).

Ha pucynke 2 xapakTepucTudecKue TOYKN
B coemuuenusx B cocrase I'IIl orBegaror mpe-
BPAIICHUSIM:

1. 32 °C — ymaseHue OHOM MOJIEKYJIBI
Bozibl U3 coemunenust NiSOy7H20 (-1 H20);

2. 150 °C — moTepst KPUCTAJUTN3AIMOHHON
Bogbl  cysibpurom  xpoma  Cra(SO4)318H20
(-12H20 ~t > 100 °C);

3. 197 °C — pasaoxenne CrOs mo Cr20s;

4. 230 °C — obesBozkusanne Ni(OH)s;

5. 280 °C — cryneHyarast JeruIpaTalis

CceMHUBOIHOrO cyJjbdara muaka ZnSO47H20;

Kak uCmovYHuk 1MmopuHvrdvly PECYpPCo6

ons NOAYHEHUA TIPOMBLULAEHHDLT TNOBAPO6

6. 310 °C — mepecTpoiika KpucTajIdde-
ckoit pemetkn CaSQO4 ¢ mpeBpaleHnemM He-
pacteopumoro CaSO4 B pacTBOPUMBIA;

7. 790 °C — mocienyiomiee 06e3BOKUBA-
une ZnSO4 mpu t>600 °C;

8. 846 °C — pasyoxkeHne 0e3BOLHOIO
NiSOy;

9. 920 °C — pasznoxenne CaCOs.

. a
1000 t, C

o 200 400 00 800

Pucynok 2 — Jlepusarorpamma I'TIT OO0
«Curnas-HenpuzkuMocTb :
TG — TepMorpaBuMeTpUIecKasi KpuBast;
T — kpuBasi TeMIIEpaTyPHI;
DTG — muddepennmaipaas
TEepMOTPABUMETPUIECKAST CKOPOCTh M3MEHEHUS
maccbl; DTA — kpuBast, MO3BOJISIOIIAS

OIIPEACJINTh U3MEHCHUEC SHTAJIBIINH.

Penrrenodaszoserit anagusz 'l mposo-
JUJIU C TIOMOIIBI0 PEHTTEHOBCKOTO JudpaK-
tomerpa «/Ipon-3» ¢ Cup, — uzmydeHneM u
HUKEJIEBbIM (BUILTPOM (PUCYHOK 3).

Tabmua 1 — Cocras ' (%) OO0 «Curnan-Henpuzkumoctsby (1. Duresse, CapatoBekoii 06-

JIacTNn)
Cocran NiZ' | Fe*' | Zn*" | Cu*' | SO ot Cr'? Na Ca®"
T'II
Cocras, % | 0.01 | 8.98 | 21.86 0.21 10.2 3.21 8.63 8.3 3.4

ITpomwviwaenmvie npoyeccor v mexnoaozuu. 2023. T. 3. N 1(8) 9
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Pucynok 3 — Penrrenorpamma rampBanonuiama OO0 «Curaasn-HeaprmkumocTsy
® — 3Ca0O- Fe O3 30&804; A — 3CaO'F6203'6H20; O — Fe O3 5 0O— FeOOH; 6 — ZH(OH)2;
B SiOy; DN — CaCO3; # — Ca(OH)s; %k — CaSO42H20; + — NiSOy;
— ZnCly; ® — NaOH; ¢ — Cr2(S04)3

Tabsmua 2 — [TocsieoBaTesbHbL Psii OCAXKIeHNs] THAPOKCUJIOB METAJIIOB [5]

Wou | Fe (III) Cr (lI) | Cu ()

Zn (1)

Fe() | Ni(dl) | Mn@) | Mgl

pH* | 1.5%4.1%* | 4.0-5.8 | 5.3-6.2

5.4-8.0

6.5-9.7 | 6.7-9.5 7.8-10.4 9.4-12.4

*nepeoe MUCA0 — HAUAAO 0CANCOEHUA;

**emopoe wucao — noanoe ocasicdernue 2udpoxcuoa.

Ucxonuplit  TajbBaHOINIIAM PACTBOPSIIN
JUCTUJJINPOBAHHON BOJION N0 KOHCUCTEHIIU
CMeTaHbI U 3aTEM B PACTBOP J00ABIIAIN KOH-
LIEHTPUPOBAHHYIO cepHylo KuciaoTy HoSOy,
JIOBOJISI KUCJIOTHOCTD 70 pH=2, mpu KoTopoit
JIOCTUTAJIOCH HANDOJIee BHICOKOE PACTBOPEHNE
KOMIIOHEHTOB TaJIbBAHOIILIAMA W UX MTEPEXO]T
B cyJsbdarel MeTassioB. llogydeHHbIil pac-
TBOP, COAEPKAIIIHA CYIb(PATH METAJLIOB, OT-
JIeJISITH (PUIBTPOBAHUEM OT TJIMHUCTO-TIECOY-
HOTO OCAJIKa W UCTIOJIL30BAJIHN JIJIST BHIIEICHUST
rugpokena muaka Zn(OH)z myrém memou-
HOI 0bpaboTku cyabdaTubix pacrBopos ['1II
40%-m pactsopom mesoun NaOH B coorsert-
CTBHUU C TIOCJIEIOBATEILHBIM PSJIOM OCAXKIE-
HUS TUJIPOKCUIIOB METAJIOB (Tabura 2).

ITpu ussnevenun Zn(OH)2 B pacTBOp 10-
CTEMEeHHO J00ABJISAIN IIE0Yb B WHTEPBAJE
pH = 4.0+-5.6 u oraensanu u oTUILTPOBDI-
BaJI CMECh M3YMPY/IHOTO IIBETa TUIPOKCHU-
noB xpoma (1) u meu (11). TIpu KucaorHOCTH
pH = 6.27.6 B ocamok Bhmagau Oejecble
kpucrauibl Zn(OH):. Vx npeasapurenbHo

BoicyrmmBasin ipu t = 150 °C u mostyueHHbIH
noporiok Zn(OH)2 u3menbuamum u mpokaJim-
Bayit B MydenbHoil meun IKCII-10 npu BbI-
opannoii remneparype t = 600+5 °C B Teue-
nue 56 gacos. Ilpu 3TOM OBLIT TIOJTyYEH OK-
cun ZnO, KOTOPBI MCCIeI0BaIN COTJIACHO
I'OCT 10503-71 «Kpacku macisiHble, TOTO-
Bble K IIpUMeHeHuo» [6] Ha pasmep gacruil,
MAaCJIOEMKOCTh, IIOTHOCTH uactuil, pH Bo/-
HBIX BBITSIZKEK (Tabsmia 3) u IpUMEHHMOCTD
B Ka4eCTBe MUTMEHTA—HAIIOJHUTESIS JIJId U3-
FOTOBJIEHUs] MAC/AAHON Kpacku (IMHKOBBIE
6emmia). [Topormok okcuma nuHKa nMes Oe-
JIBI ¢ OexKeBLIM OTTeHKOM IBeT. I1lo maHHbIM
CEJIMMEHTAITMOHHOTO aHAJIN3a Pa3Mep YaCTHI]
coctapuia 1040 MKM, Ipu KOTOPOM He Tpe-
OyeTcd TpeaBapUTENIBHBIN TOMOJ. DBoJee
60 % gacTull COCTABISAIN HEOPUCTHIE CTPYK-
Typbl pazmepoM 5-+30 MKM. DTO yKa3bIBaeT
Ha UX HU3KYIO MaCJIOEMKOCTb U CJIY2KUT BaK-
HOI XapaKTEPUCTUKON HUTIMEHTOB-HAIIOJIHU-

TeJIeH.
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T'anrvearownamol Kak uCmovYHuk 1MmopuHvrdvly PECYpPCo6

ons NOAYHEHUA TIPOMBLULAEHHDLT TNOBAPO6

TaGauna 3 — CpoiicTBa IUTMEHTOB-HAIIOJ- Apropamu paszpaboTaHa IPUHIUIAAID-

HUTEeH Hasl TEXHOJOIMYecKasl CXeMa MPOU3BOJICTBA
0 Kaxymasgcs | Macmoem- pH (pucyHOK 4) mUrMeHTa—HAMOJHUTENS Ha OC-
aIT0JI-
I KOCTb, BbI- HoBe ZnQO, cocrosiiias U3 IMUPOKO MPUMEHsI-
3 3
r/cMm em /100 T | mexKm €MOro B IIPOMBIIIJIEHHOCTH O0OPYI0BaHUA.
Kao- 9.54-9.60 1390 58 3iech npumeHsitoTcsi: Tpancrnoprep (1), OyH-
JHH Kepa I JI03MPOBKH TrajibBaHonLiaMa (2),
Men 2.69-+-2.72 1014 910 . .
BaHHBI KHCJOTHON M IMeJ0YHOi 00paboToK
Zn0O 5.36+-5.43 2325 8-+10

(3, 9), nenrpudyru (10) nua ormesnenus 06-

Pa3yIOMMXCA THAPOKCUIOB, OOKUTOBas IIe9hb

PesybraTsl nCIbITaHUI OKA3aIM COOT-
(11), 6ynkepa rorosoro murmenta (12), Ko-

BeTCTBUE CBOMCTB okcmma Zn(O xapakTepu- N
TOPBII HAIIPABJISIETCs HA (DACOBKY.

CTERAM IPAIMOHONRO WOHOTBSYEMX B HPC- IIpoBenenHas HaMU SKOIOIO-9KOHOMUIE-

MBIILJICHHOCTA ~ IUT'MEHTOB—HAIIOJIHUTEICH
CKagd OIEHKA II0KA3aJ1a, U9TO IPU IPOU3BO/I-

(KaosmH, MeJI, CJI0a U JIp.).
IIo TOCT 10503-71 roroBuIu IMHKOBbLIE

Oenmia u uccjaeaoBaJid COACp2KaHNEe B HHUX

CTBE KPaCKW MOXKHO TIOJIYYUTH SKOHOMHYE-
CKyI0 (pacimpenue Mpou3BOJCTBA, yBeJInde-

HHEe aCCOpPpTHMEHTa IPOAYKIHUHU, KOJIMYIECTBaA

JIETyYNX U HEJeTY4YUX BEIIEeCTB, YKPBIBU-
Y Y Hl » YEP pabounx MeCT, IPUOBLIL U JIP.) ¥ SKOJIOTHIe-

CTOCTh, BPEMSI BBICBIXaHUSA, BI3KOCTb W JIP. .
CKYIO BBITOJIYy — yMEHbBITIEHNE TIOMIAJIEN ATt

(Tabsuia 4). YCTaHOBJIEHO, YTO TIOJIY YeHHBIE
OpPraHU3aluK TIOJIMIOHOB U CBAJIOK, CHUXKe-
[IMHKOBbIE OeJIniia COOTBETCTBYIOT TpebOBa-

Huam ['OCT.

HUE OTPUIATETLHOTO BIMAHUS OTXOJIOB T'ajlb-
BAHOIIJIAMOB Ha OKDYKAIOIILYIO CPEly U 3710
POBbE HACEJICHUSI.

Tabsmna 4 — XapakTepucTuku Kpacok (1uHKoBble 6emmia) Tpebosanusm ['OCT 10503-71

Copmepxkanue VKpbI-
Yeqos- | Crenenn Bpemsa
Xapakrepu- Bemects, % BUC- OrrOCuTEb-
Has BA3- | IEpeTmpa, BBICBIXAHWS,
CTUKH TOCTD, Hasi TBEPJIOCTh
JIETYYIUX | HEJIeTy4IuX | KOCTb, C MKM 9 q
r/™m
Zn0O 4.9 95.1 61.3 32 59.3 22.8 0.063
T'OCT 6] Jio 20 > 60.0 65-140 <70 < 170 24.0 = 0.05
ru 6 AT

Pucynok 4 — llpunnunuajibHas TEXHOJIOTTIECKAS CXEMA ITOJIYyIeHUs MTUTMEHTA~HAIOJHUTEA HA
ocuose ZnQO: 1 — Tpancoprep; 2 — 103aTOP; 3 — BaHHA KUCJOTHOU 06pabOTKM; 4 — 103aTOP BOJIBL;
5 — mozatop Kucaorer; 6 — pH-meTpsr; 7 — mHeku-ttmraTen; 8 — 103aTop Ieao4dn; 9 — BaHHA
meso9noil 0bpabdorku; 10 — merTpudyra; 11 — meub obxkura; 12 — OyHKED TOTOBOI POy KITUH;
13 — na dacosky
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3akJirroueHne

IIpoBenéuubie wucceOBaHUS TOKA3AJIM,
9TO W3 IUHK COJEPKAINUX TaJbBAHOILIAMOB
MOYKHO TIOJTyYaTh KAYEeCTBEHHBIE MMUTMEHTHI—
HAIOJHUTEJX JJIsi ITPOU3BOJICTBA KPAaCKU
(nmHKOBBIE OemiIa).

Ha nanHoM sTame Ha OCHOBE IIPOBEJIEH-
HBIX WCCJIEIOBAHUN YCTAHOBJIEHBI PAITHO-
HaJIbHBIE pexkuMbl u3Bjedenns ZnO: pH oca-
JKJTEHUST cOCTaBUIIA
6.2+7.6;
60012 °C. OmnpeesieHbl OCHOBHBIE XapaKTe-

TUJIPOKCHUIA  ITMHKA

TeMIepaTypa JAeruapaTalud  —

PUCTUKN THUTMEHTA-HAMOJHUTES: UCIIEPC-
HocTh dactun, 10-20 MKM: MacC/JI0EMKOCTD
23-25 r/100 13
5.36-5.43 r/CM3 U 71 IUHKOBBIX O€JIMI: OT-

KaxKyIasicss  IJIOTHOCTh
HOCHUTeJbHasT TBepaocTh MOKpbiTuit 0.063;
YKPBIBUCTOCTH 59.3 I‘/MQ; BpEM$ BBICBIXaHUST
Kpacku 22.8 |; coIepKaHWe JeTy4dYuX Be-
mecTB 4.9; yciaoBHadg Ba3KocTh 61.3 c¢; cre-
TIeHb TepeTupa 32 MKM. Y CTAaHOBJIEHO UX CO-
orBercrBre TpeboBanuam ['OCT wa mosyde-
HUEe JJAKOKPACOYIHBIX MTOKPBITHN.
IIpennoxkena npuHITUTIHAIBLHAS TEXHOJIO-
rudecKas CXeMa JJId W3BJIEYeHUsS OKCHIA
IIWHKA U3 OTXOJOB TaJbBAHUYECKUX ITPOU3-

BOJICTB.
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Abstract

Spontaneous pollution of large areas with a variety of solid and liquid waste has reached
alarming proportions in our country. In this regard, it is necessary in the near future to
create a special technology for the mass cleaning of land resources from unauthorized dumps
of various garbage. The generated and accumulated solid industrial wastes are a source of
the most valuable secondary material resources (SMR: ferrous, non-ferrous, rare, scattered
metals and their compounds). Technological recommendations for the most rational use of
waste are developed based on their chemical composition.

This paper presents the results of studies on the extraction of zinc oxide from zinc-containing
waste and its further use as a secondary resource for obtaining a filler pigment in the man-
ufacture of oil paints (zinc white). Rational conditions for the extraction of ZnO (pH of the
medium for the extraction of Zn(OH)2 hydroxide, temperature and time of its firing) have
been established; a schematic diagram for the manufacture of pigment-filler have been de-
veloped.

Keywords

Galvanic sludge, zinc hydroxide, recycling, filler pigments, zinc oxide, paints and var-
nishes, ZnO production flow chart.
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Pazpaborka Moge/m anmapara KUMSIIETO CJI0s C PyOAIKON OXJIazKIeHUS
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* Hsanosckuts 20cydapemeernvili snepeemuneckull ynusepcumem umenu B. U. Jlenuna,
Hesanoso, Poccus
** Beaopyccraa 2ocydapemeennas axademus asuavuu, Munck, Pecnybauxa Beaapyco

Annoranusa

Ilenpio paborhl sBIgeTCsT pa3paboTKa OJHOMEPHON MATEMATHIECKON MOIETH (PYHKIIMOHU-
pOBaHUs ammnapara KHUIISIIEro CJ0sd ¢ pyOarkoi oxjaxKaeHus. B crarbe n3/10’KeHbl OCHOB-
HblE IIOJIOZKEHUS IIpeljlaraeMoil MaTeMaTUIeCKON MOJIe/H alnapara KUISIIEero CJIos ¢ Py-
68;IHKOI>'I OXJIa2KJICHUA U PE3YJIbTaThl YUCJICHHBIX 3KCIIEPUMEHTOB. ,Z[JIH OIINCaHUA OCHOBHBIX
IIPOIECCOB TIpH (DYHKITMOHUPOBAHUY YCTAHOBKU UCIIOIH30BAH MATEMATUIECKUN aItapaT 1e-
meit MapkoBa. Anmapar MpecTaBIeH TENbIo sT9eeK, a HeOOXOINMbIE XapaKTEePUCTUKY TIPO-
1ECCOB OPTaHW30BaHbI B BEKTOPHI cOCTOsIHNS. VI3MeHeHne 06bekTa (PUKCUPYeTCs B JTUCKPET-
HbI€ MOMEHTBI BpEMEHHN 1 OIIMCHIBACTCA C NCIIOJIb3SOBAHUEM PEKYPPEHTHBIX BbIYUCJIUTC/IbHBIX
upoueayp. I/I3B6CTHI)IG KpurepuaJibHbIC 3aBUCHMOCTU HCIIOJIb30BaHbI IJIA I/I,ZLGHTI/ICbI/IKaL[I/II/I
[IapaMeTPOB MOJEJM, HO PacdeT BEIETCS C YIEeTOM COCTOSIHUS KaXKIOi sdeiiku memu. Takum
00pa3oM, ammnapar pacCMaTPUBAETCH KAK CUCTEMa C PACIpeIeeHHBIMYA XaPaKTePUCTUKAMUI,

YTO IIOBBIIIAET JOCTOBEPHOCTH OIIMCAaHMA IIPOIECCOB II€peHoca.

KroueBnie ciioBa

TIceBmookm2KEeHHBIH CJIOM, TEIJI00OMEH, Ta30B3BECH, YUCJECHHOE MO/IEJIUPOBAHUE, PyOdaIka

OXJTAXK JIEHHUS.
BBenenune OCYIIIECTBJIAETCH B HEKOTOPO# TocIe 0Ba-
AnmapaTpl, HCIOJL3YIOIIME  TEXHUKY TEJIbHOCTH, YIUTHIBAIOIIENH MEePAPXUIO U B3a-

ICEBIIOO0KIMKEHNUS 3€PHUCTLIX CPeJl, [IUPOKO
PACIPOCTPAHEHBI B PA3JINYHBIX OTPAC/IAX Ma-
TepHAIBLHOrO pon3BocTBa [1-2]. Tem He me-
Hee, BOIPOCHI IIPOTHO3UPOBAHUS IIAPAMETDOB
paboThl MOJOOHON AammapaTypbl OCTAIOTCS
BecbMa ocTpbIMu [1-3], Tem Gostee UTO omuca-
HUIO IIOJJIC’KUT He TOJBKO SIBJICHHE IICEBIO-
OKIZKeHusI, HO (maxke B OoJsiblmeil crereHn)
IeJIEBOIl IIPOIIECC, B X0/ KOTOPOrO M3MEHsI-
I0TCS CBOHCTBa (pa3 m XapaKTepPUCTUKH BCEi
cucrembl. Kpome Toro, pacuer mporeccos

! Zlaa nepenucku:
Email: and2mit@mail.ru

HMOOOY CJIOBJIEHHOCTb ~ OTJEJIBHBIX  IIPOLEC-
cos [3-4].

[IpunsB BO BHUMAHUE OMKUCAHHbIE OOLIIE
coobpazkeHusl, OKa3bIBACTCS BO3ZMOXKHBIM IIO-
CTPOUTH PA3JIUYHBIE MOJEJH IPOLECCOB B
IICEBIOOXKIKEHHOM ~ CJIO€,  OTJIMYAIOIINECsT
CTemeHbIo AekoMmnosumuu obbekra [5-6]. [Ipn
9TOM B MOJEJISIX, TJIe MACIITab MOIEIHPOBa-
HOSI ~ IPEIIOJaraeT  JeKOMIIO3UIMIO IO
YPOBHSI OTJEJIbHBIX YaCTHUIL, BO3HUKAIOT 3HA-

YUTEeJbHbIE TPYAHOCTH C HapaMeTpH‘IGCKOﬁ
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A. B. Mumpodgpanos, C. B. Bacunresuu, H. C. IlInetinosa, 3. B. 3apybun

naeHTUGUKAIIei MHOTHUX napaMeTpoB

(HampuMep, XapaKTepUCTUK KOHTAKTHOTO
B3aMMOJIEHCTBUS YACTUIL U JIP.) U BbIYUC/IH-
TEJIbHOW I'POMO3IKOCTHIO PACYETHBIX IMPOIIEe-
JIyp, 9TO OTPAHUYMBAET UX MPUMEHUMOCTH B
uHKeHepHoil npakTtuke [6-8|. ITosromy wuH-
JKEHEPHbIE CIIPABOYHUKU B OCHOBHOM JAIOT
yKa3aHus K OMUCAHWMIO AIAapaToB Kak 00b-
€KTOB C OJHOPOJHBLIM  PacCIpeIeeHueM
cBO¥iCTB [3—4|, 4TO0 yupomaer pacuersl, HO,
€CTECTBEHHO, CHHUKAeT HUHMOPMATUBHOCTH
METO/IVK.

YKazaHHbIe TPYIHOCTH MOOYKIAIOT Pas-
pabaTbIBaTh MPOCTHIE U BMECTE C TeM UHGOP-
MATHBHBIE MOJEIH, OTIMYAIONIMECT HEKOTO-
PBIM  KOMIIDOMUCCHBIM  (ME30CKOIIMYIECKIM )
MaciTaboM MozesnpoBanus [6-7].

Ilenpio wmacrosmeit pabOThI  ABIAETCS
pasBUTHE TPEJIOKEHHOIO paHee MOIX0a K
OIUCAHMIO XUMMKO-TEXHOJOTHIECKON arma-
PATyphI C TICEBIOOKUKEHHBIM CJIOEM Ha OC-
HOBe Teopum Ieneii MapkoBa s OIUCAHUS
PUAPOMEXAHUKHU CJIOS U MEK(Aa3HOro TeILio-
obmeHa raz-dacTuipl [7-9|. 3amadeit HacTos-
II[Er0 UCCJIEJOBAHUS ABJISETCS PACIIPOCTPAHE-
HUE yKa3aHHOIO TOJXO0Ja Ha CIydail MmceBiao-
OKM2KEHUS YacCTUll, TJie [eJeBO IIPOoIece Co-
CTOUT B OOECIEYEHUU TEILIOOOMEHA MEXK LY
ra30B3BECHIO W OXJIAXKIAEMbIM KOPITYCOM all-
napara.

MarepuaJibl 1 METO/IbI pellleHns 3a-
Jad, IPUHATHIE NOILYIIEeHUSs

JIJIs OCTPOEHMsl MaTeMaTHIECKOH MO-
JIeJIM B HACTOsIIIEH paboTe IMPUMEHSIeTCsT Ma-
TeMATUYECKHIi armapar TeOPUH CYETHBIX IIe-
neit Mapkosa [7-9]. Pacuernas cxema mpo-
1ecca IPOUJUTIOCTPUPOBaHA Ha PUCYHKE 1.

AusropurMm cOOpKHM MOJEJIEH IICEeBI00KHU-
JKeHMs Ha OCHOBe TeopuH 1erneit Mapkosa 1mo-
JIpPOOHO WM3JIOXKEH B MPEIbIIAyIInX paboTax
[7-10]. ITosTomy B HacTOsIIElH CTATHE AKIEHT
OyJeT ciejaH He Ha OIMMCAHUM THIPOMEXa-
HUKHY 1051 (HanboJsiee MOIPOOHO OMICAH B Pa-
6orax [7,10]), a Ha bopMuUpOBaHUY IIPEICTAB-
JIEHWIi O TeIIo00OMEeHe MeXKy CJI0OeM |

IIOBEPXHOCTAMUI TGHJIOO6M€Ha, TakK KaK
HUMEHHO DeIlleHNEe 3TUX BOIIPOCOB OIIpeae/ideT

HOBU3HY IIOCTPOCHUIN.

Yactuup! (S;)

' ras(s,)

HOMEP SAUYCHKH

Pucynok 1 — pacderHasi cxema MOJI€IUPOBAHUS

IICEBOOOKM>KEHUA 1 TEII000MEHA,

[Ipn wcrosIb30BaHUM STYEETHON METOI0-
Joruu Teopuu 1ereit MapkoBa mpocTpaHCTBO
aImapara IPEeJICTABIAETCS HAOOPOM U3 KO-
HEYHOTO YHCJIA I 00BEMOB C UCATHHBIM CMe-
eHreM cBoiicTB (saeek menm Mapkosa). I1o-
UCK PEIIeHUs OCYIIECTBIIAETCS B OJHOMEPHOI
[IOCTAHOBKE 33J1a9M, MOITOMY JJIs KOHKDET-
HOIO MOMEHTa BPEMEHH M3MEHEHWE CBOWCTB
duKcupyeTcs TOJBKO HPHU MEPexojie OT O/
HOM sTYefKY Tenn K JIPYroil (Kaxkaas saeiika
xapakTepusyercs BbicoToil Ax). CocrosiHue
aImapara OMUCHIBAETCs HAOOpaMU Iapamer-
POB, 3allMCAHHBIX B BEKTOPHI COCTOSHUS S
(comepzkar mMaccel a3 B sueiikax) u Q (omwu-
CBIBAIOT pACIpe/iesieHre TemioTel da3 10
saeiikam). VI3MeHeHne COCTOSIHUSI CHCTEMBbI
OTIPEJICJISIETCS B JINCKPETHBIE MOMEHTBI Bpe-
menn tk = (k — 1) At, rme At — unTepBaN
BpPEMEHU MEXKJly HaO/roJileHusiMu; k — HOMED
BPEMEHHOTO Imara. Takum oOpa3oM, COCTOdA-
HUE€ CHCTEMBI OMTUCHIBAETCST Y€THIPbMSI BEKTO-
pamu cocrosinus: Sg u Sp, Qg 1 Qp (MHIEKCHI
"e" u "p" OTHOCAT BEKTOp K Ta30BOI WK
TBepzoit daszam coorBercTBeHHO). Ilepexorn
CUCTEMBI U3 OJIHOTO COCTOSIHUS B CJIEILYIOIIEe
OTIMCHIBAETCS PEKYPPEHTHBIMU MATPUIHBIMEI

COOTHOIIIECHUAMM:

S =Ps-SE, (1)
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1)(1”'5[)(16()771,}{(1, Modenu annapama KrunAwe2o CA0A C [Jil/ﬁ(l,’lll"h‘()l? oxnaNCcIeHUA

Sy =PY-SE+S,, (2)

rie St — BEKTOpP IMOCTYILIEHUsS Ta3a MO, Ta-
30pacCIpeIe/IUTETLHOE  YCTPOUCTBO, Ppk u
ng — MATPHILI TIEPEXOTHBIX BEPOSITHOCTEH
JIJISE COOTBETCTBYOIMMX (a3, KOTOPbIE SIBJIs-
FOTCST OCHOBHBIMU OITEPATOPAME MOIEJIH, OTTH-
coIBaloIeil aApurkenne a3 mpu GOpMUPOBa-
Hun cios. DopMupoBaHUe 3TUX MATPHIL TIO-
JpobHO ommcano B paborax [7—10], a npore-
JIypPbI UIEHTU(DUKATINN TUCTEHHBIX 3HATCHUH
BXOJAINX B HUX BEPOATHOCTEN IMTEPEXOIOB
JaCTHIl ¥ r'a3a U3 d9efiku B sTueiiKy HamboJiee
HOIPOGHO onucanbl B padore |7].

Hawubosee cymecrBeHHBIMI [JIsT HACTOSI-
meit paboThl SBJSIOTCS CJEIyIoue o0Iue
3aMevaHus: 3a BpeMms At mormyckaercs repe-
XOJI HEKOTOPOU JIOJTM JacTull (MJiu ra3a) B Co-
CEeJTHIOIO AYEHKY, TIPU ITOM JIJIs Ta3a, TPUHAT
PEKUM MIEAJIBHOTO BBITECHEHUsI, & JJId da-
CTHUI, BO3MOYKHBI TIEPEMEITICHUST W BIEpes, U
Hazaxn. CKopocTh (PUIbTpAIUU T'a3a B sSdeil-
KaX 3aBUCUT OT MPUCYTCTBUSI YACTHIL, & CAMUI
COJIEP>KAHMS YACTHUI[ TOCTABJIEHBI B COOTBET-
CTBUE CKOPOCTSIM Ta3a, 4TO JIeJIAeT MOJE/hb
HesinHeiHoU. g mueHTudukanum Beex ma-
paMeTpoB MOJIEIN HEOOXOIUMBI 3aBUCUMOCTH
IJ1s1 pacdera K03(M@UIMEHTa COMMPOTUBIICHNA
qacTull ¥ Koaddurmenta MakpoandPy3un,
KOTOPBII OIpejiesisier cirydaiiHbiii 3abpoc da-
CTHI B COCEJHME sTUeiiKu (IIepeMeInBanue B
MoJesu ¢J10s1). JIJis pOBeIeHnst IUCIeHHBIX
9KCIIEPUMEHTOB 9TH TTapaMeTpbl ObLIN yCTa-
HOBJIEHBI TOCTOSHHBbIME (K03 duImenT co-
MIPOTUBJIEHNA YCTAHOBJIeH paBHbIM 0.9, a Ko-
sddunmenr  mMakpomuddy3un
0.005 m>/c).

Pacuernbie nponemypsr (1)—(2) mo3sso-

PaBHBIM

JISIOT ONHUCHIBATH (DOPMUPOBAHUE aKCUAJb-
HOIO paclpejiesieHusl TBepaoii dasbl u mosst
CKOpOCTeii ra3a ¢ y4eToM IIepeMeHHOI 110 Bbl-
core moposHoctu ciaos [7-10]. Drtu 3HaHUS
HEOOXOIUMBI JIJIsl OIIUCAHUS TEILIOBOIO COCTO-
s (a3 B anmapare ¢ yIeroM Mex@a3HOro

TeII000MeHa, n JOITIOJITHUTEJIbHBIX

UCTOYHUKOB U CTOKOB TEILIOTHI. BajaaHcoBbIe
COOTHOITIEHUsT MOYKHO 3allicaTh B CJIEIYIO-
meM BHJIE:

k+1 _ pk k k k
Qp _Pp 'Qp+q _qu9 (3)

Q"' =P -Qt+Q;-q" -q},, ¥
re ka u ng — MATPUIIBI COMEPIKAHUS TeIl-
JIOTBI B TBEPIOIl M Ta30BOi (pa3ax COOTBET-
CTBEHHO, Ppk n ng — MaTPHIIBI IEPEXOTHBIX
BEPOSITHOCTEH JUIsI COOTBETCTBYIONMMX a3,
KOTOPBIE OIHCHIBAIOT MEPEMEIEHNE TEIJIOThI
BMeCTe C YaCTUIAMHM M Ta30M,  — BEKTOD
TEILIOTHI, KOTOPOil OOMEHMBAIOTCS Ta3 U da-
crunpl, Qf — BEKTOP MOJAYH TEIJIOTHI, CO-
JlepzKaIeiicss B MOCTYIIAIOIMIEM I10J T'a30Pac-
IIpEJIETUTETLHOE  YCTPONCTBO  OKMAKAIOIIEM
areHTe, Qwg U Qwp — BEKTODBI TEILIOTHI, IIe-
penaomeiicss razy ¢ YacTUIAM COOTBET-
CTBEHHO OT TIOBEPXHOCTH TEILIOOOMEHA
(cTenku ammapara).

Coorrommenns (3)—(4) sBisioTCs J10CTa-
TOYHO OYEBUIHBIMU OATAHCOBBIMU YPABHEHU-
savu. [Ipu 3ToM muenTuduKanms HEKOTOPHIX
cjlaraeMblX He  BBI3BIBAET  3aTPYIHEHUIT
(HarmpuMep, IpU U3BECTHOM PACXOJIE BO3IyXa
7 33JIAaHHBIX TIapaMeTpax ero Teriodusnte-
CKOT'O COCTOSIHHSI OIleHKa BeauduHbl Qf He
npezicraBiasier TpyaHocreit). Unenruduka-
IUsl JIPYTHX CJIATra€MbIX MeHee OJHO3HAYHA.
Tak, olleHKa KOJIMYeCTBa TEIJIOTHI (i, KOTO-
poit OOMEHMBAIOTCS YACTHIBI M Ta3d B i-if
siuelike 3a BpeMsi At, MOXKeT ObITh BBITIOJIHEHA,

Kak [7]:
qf = af -Ff - At~ (Ty; — Tg), (5)

rae oo — Koo duimenT MexK@Pa3HOro TEILIo-
obMeHa (3aBUCHT OT peKMMa OOTEeKAHWs Ja-
CTHII IOTOKOM B stueiike), ' — moBepxHOCTH
TEIIOOOMEHA, KOTOpasl 3aBUCHT OT COJepKa-
Hua gacTur B gdeiike, T, u Ty — Temmepa-
TYPhI 9aCTHUIL U Ta3a.
Kosddunmenr
CTHIIBI O, KOTOPBIi ompesensercs auddepen-

TEIJIOOT JaI1 ra3-4da-

IIUPOBAHHO JUIA i-fl g4eiikn (HBJIHGTCH JI0-

KaJIbHI)IM), PaCCIUTBIBACTCA II0 HN3BECTHBIM
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KOPPEeJAINOHHBIM 3aBUCUMOCTAM IJId OIIpe-

JIeJISIEMbIX KPUTEPHEB Teriooomena [3]:
k

Re;
Nuf = 0.016 (—,j) - Pross,
&
6
Rek (6)
npu e_" < 200;
i

k

Re;
Nuf =04~ ( = ) - Pro-33,
i
7
Rek (7)
npu g_k > 200.

i

Termtora, KOTOpas MepeIaeTCcs OT YACTHUIL
¥ Ta3a B alapaTe K ero CTeHKe, PacCUUThI-
BaeTCs TAKXKe C UCIOJb30BAHUEM HEKOTOPOTO
3¢ PeKTUBHOIO  KO3(MPUIMEHTa  TEII00T-
Ja49H O, KOTOPBIA OTIEJIbHO PaCCUUTHIBA-
eTcd IJid KaxKJ0U pacCMaTpUBaeMO d4elKU.
OrnpeesisieMblit KpUTEpUii TEMIOOOMEHa, MO-

KeT ObITh paccyuTaH Kak [3[:

. (®)

" C.
Nu, = Nuk, - [1 167 (“C—*’) (Rel)"”
g

rae Nug — umcino Hyccenbra mist mporecca
Ter1000MeHa ra3-crenka, Rep — damcio Peii-
HOJIBJICA JIJIs TIPOLIECCA JIBUZKEHUSI ra3a B ILy-
CTOM CEeYeHUU aIlapaTa, |1 — JATHAMUIEeCKasd
BSI3KOCTb OXKMIKAIOIIEr0 areHTa, Cp, U Cg —
TEIJIOEMKOCTH MaTepHaJia 3€PeH  ChITydei
Cpeabl 1 O2KM2KAIOIIEro arcHTa.
BaBucumocTsb (8) MO3BOJISIET OIEHUTDH 00-
1ee KOJIMYECTBO TEIIOThI, OTJIABAEMOE ra30-
B3BECHIO CTEHKE, OJIHAKO, C TOYKU 3PEHUS MO-
JebHbIX  mpejicrasiennii  (3)—(4) Heobxo-
JIIMO KAKUM-TO 06PA30M Pa3JIeIUTh Ty Tell-
JIOTY MeXKIy 4YaCTuinaMu U ra3oM, COCTaBJIA-
IOIMMUMU CpeJly BHYTpu ammapara. Hawubosiee
MIPOCTBIM JIOMYIIIEHUEM, Ha HAIll B3I, Oy-
JIET MPEJITOJIOKUTh, 9TO TEIJIOTA (fy PacIpe-
AeJIAeTCA JOJIAMMA, 3aBUCAIIIMMU OT IIOPO3HO-

CTH:
kK _ k. _ Lk
Awp,i = Qw,i (1 & )' 9)
k. _ .k ..k
Awg,i = Aw,i " €i» (10)
rJe € — IIOPO3HOCTh B i-if sdeiike, KoTopas

JIETKO PACCYUTBLIBACTCA IIPpU M3BECTHOM pacC-
npenesieanu da3 WO Ienu, Jw — obdIiee

KOJIMYECTBO TEIIJIOTBI, KOTOPbLIM O6M€HI/IBa—
I0OTCS CTEHKa C IoBepxHOCThbIO Iy m raszo-
B3Bech ¢ TeMmepaTypoit Tis:

Q= gy Fl, - At- (T —TE), (11)

rJie ow — Ko durment MmexkdazHOro TErIo-
obmena, Fy — moBepxuocTs 00MmeHa, Ty (mo-
JlaraeTcst mocTostHHoi) u Ts — TemmepaTypbt
CTEHKHU W Ta30B3BECH.

Takum obpasom coorHomenns (5)—(11)
MTO3BOJISIIOT BBITIOJHUTH 3aMBIKAHUE CHCTEMBI
obmux OGasaHcoBbix ypasuenuit (1)—(4) u
MTPOBECTU BBIYUCTUTETHLHBIE SKCIIEPUMEHTHI C
MTOJTyYE€HUEM JTIOCTOBEPHBIX B KaYECTBEHHOM
OTHOIIIEHUH PE3yTHTATOB.

PesyabTaThl

Ha pucynkax 2-5 npencraBjieHbl pe3yib-
TaTHI YUCTEHHBIX YKCIIEPUMEHTOB C MOJIEJIBIO.
ITockombKy cBoiicTBa JUCTIEPCHON (ha3bl TO-
JTaTafoTCsl HEM3MEHHBIMHU, TO BCE TPEJICTaB-
JIEHHBIE PACYEThI BBITOJTHEHBI JJTs OJTHOM TU/T-
POMEXaHUIeCKOi cuTyanuu ((bUKTUBHAS CKO-
pPOCTH BO3IyXa cocraBisieT 4 M/c Tpu aua-
MmeTpe ammapara 10 cM, OXKMKaeMbIif MaTe-
pua — MOHOMPAKIMSA MOJEJTHLHOTO MaTepPH-
ana ¢ guamerpom 3eped 1 mwm). [Ipumep pac-
TIpeJICTIEHNsT COJIEPYKAHUST JaCTHUI] TT0 BBICOTE
anmapaTa MOoKa3aH Ha pUCYHKe 2.

Pucynok 2 — pacrpe/ieieHre MOIEIBHOTO
3ePHUCTOrO MaTepHaJia, [0 BBICOTE allapara
(j = 1 — 1CeBIOOKUIKEHHOE COCTOSTHUE,

j = 2 — paxJIOHACBITAHHOE COCTOSHIE)

Ha pucynke 3 mokazaHo ycTaHOBUBIIIEECS
pacmpesenenue Temmepatyp (a3 mpu ycjo-

BUM, YTO TeMIepaTypa CTEHKd paBHA
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remmeparype oxuxkatoriero areara (30 °C).
YCTaHOBUBIIEECST PACIIPEIETIEHNE  TeMIepa-
TYDP SBJISETCS OYEBUIHBLIM B HAHHOM CJIydae
7 3/1eCh TIPUBOJUTCS TOJBKO JJIs IEMOHCTPA-
UK KaYeCTBEHHON HEIIPOTHBOPEYUBOCTUA MO-
nemn. B Tex sueifikax 1enu, e coaeprKaHme
MaTepHuaJia paBHO HYJIIO, TEMIIEPATYPE TBEP-
Jofl paspl TakyKe TPUCBAWBAETCS HYJIEBOE
3HaYEHWE (ITUM BBIYUCIUTEbHBIM SDdek-
TOM OOBSCHSETCS NaJEeHHe TeMIepaTypbl B
MOCJIeTHEN sSTIeHKH TeTn ).

T,°C

10

Pucynok 3 — pacupenenenne temmneparyp das
o BeIcoTe ammapata npu Ty = Tg,1 = 30 °C
(myHKTUpHAS JIMHUS — TEMIIEpaTypa rasa,

CILIOITHAA JIMHUA — TeMIepaTrypa tIaCTI/II_I)

Ha pucynke 4 mokazaHo yCcTaHOBUBIIIEECs
pacmpesenenue Temmeparyp a3 mpu ycjo-
BAM, 4YTO TeMIlepaTypa CTEHKH BBIIIe
(100 °C) remmepaTypbl OXKMKAIOIIETO Ia3a
(30 °C). U3 pucyHKa cieLyer, 9TO OXKUKAIO-
Ui Ta3, NOCTYIUBIIUA C TeMIlepaTypon
30 °C, mo Mepe TPOXOXKIEHUsT BJIOJb Alllla-
para Harpesaercs 710 80 °C, mpu 5TOM TeMITe-
paTypa OXJIaXKIaeMOr'0 ChIIIyYero MaTepuaJia
He MOxKeT omycrurbes Hizke 53 °C (¢ yuerom
[EePEMEITUBAIOIINX BO3MOKHOCTEI CJI0s1).

ObparHast cuUTyalnusi MTPOUJLTIOCTPUPO-
BaHa HA PUCYHKE 5, KOTOPBIA XapaKTepusyer
peXKuM, NIpA KOTOPOM TeMIlepaTypa CTEHKN
sacdukcuposana Ha 30 °C, a reMmieparypa
0XKUKAIOIIETO areHTa COCTABJISET HAa BXOJIE B
ammapar 100°C. TemuepaTypa 0xKMKAIOIIEro

areiTa CHHXKa€TCd II0 Mepe IIPOABUXKCHHA

IIpomwviunermvie npouecco, v mexrnono2u. 2023.

BIOJIb AIIapara, IPHA 3TOM MATEPHAJ OXJla-
KIAeTcs TOJIbKO 1o 77...80 °C.

T,°C
80 T

70

60 cenr® -

.
soF—
40 §*

30

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

PucyHok 4 — pacupenenenne temmeparyp das
[0 BBICOTE AIMApaTa Mpu
Ty =100 °C u Tg1 = 30 °C
(myHKTUpHAS JIMHUS — TEMIIEpaTypa rasa,

CILIOITHAA JIMHUA — TeMIepaTrypa tIaCTI/II_I)

T,°C
100

90 Pe,

80 2e ;|

LTI
.
70 - S, i
ERo
.
60 ....l. -
50 - |

40 1

PucyHok 5 — pacupenenenne Temmeparyp das
10 BBICOTE AIMApaTa Mpu
Tw =30 °Cu Tg1 = 100 °C
(MyHKTUpHAS JIMHUS — TEMIIEpaTypa rasa,

CILIOITHAA JIMHUA — TeMIepaTrypa tIaCTI/II_I)

OOcy2xkieHre NOJIyYeHHBIX pe3yJIbTa-
TOB

ITosryuenuble B X0z YUC/IEHHBIX JKCITE-
PUMEHTOB C TPEIJIOKEHHONH MOJIeJIbIO0 pe-
3yJIBTAThl TOKAa3bIBAIOT, BO-TIEPBBLIX, Kade-
CTBEHHYIO HETPOTUBOPEINBOCTDb MOJEN U €€
BBICOKYI0 NH(MOPMATUBHOCTD (OHA MO3BOJIAET
dbuKcupoBaTh HEOJHOPOJHOCTH ITPOCTPAH-
CTBEHHBIX

XapaKTEePUCTUK HIPOLIECCOB
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TEerJI000MeHa ¥ IICEBIOOXKIKEHUs JTaXKe B
CPAaBHUTEJILHO HEOOJIbIINX anmaparax). IIpo-
THOCTUYECKNAE BO3MOXKHOCTHU TPEJJI0KEHHON
MOJIEJIA  JIOJI2KHBI  [TOJKPEIISIThCS  HAJIEXK-
HBIMU TIPOIIEIypaMU TapaMeTPUIeCKON 1JIeH-
TUPUKAIIAYA, TTPU STOM COBEPIIIEHHO HE Ove-
BHUJIHO, UTO UMEIOIIUECS SMITMPUIECKUE 3aBU-
CUMOCTH OyJIyT TPUTOJMHBI JIJI UCIOJIH30Ba~
HU$, TAK KaK MOJIyIEeHbl OHU B OCHOBHOM ITy-
TeM 00pabOTKHU HE JIOKAJIBHBIX, 8 WHTEPAJIb-
HBIX TIAPaMETPOB MPOIECCOB.
3akJirroueHne

IIpennoxkennast MaremMaTudeckas MoO-
J1eJib (DYHKIIMOHUPOBAHUS allapara IICEeBI0-
0XKUKEHHOT'O CJI0A ¢ PYOAIKON OXJIaXKIeHUsT
JIaeT BO3MOXKHOCTH PACCUUTHIBATH AIIIAPAT
KakK OOBEKT C PACIPEIC/ICHHBIMU ITapaMeT-
paMu, UTO TOBBIMIAET AJEKBATHOCTb OIUCA-
HUS TIPOIECCOB mepenoca. [Ipu momkHOM Ka-
9ecTBE  OPraHM3aluu  [TapaMeTPUYeCcKOi
NIEHTUPUKAIIMA W IPOBEICHUN HEOOXOIr-
MBIX 9KCIIEPUMEHTAJIBHBIX TPOLEAYD JJId UC-
CJIEJTOBAHUS JIOKAJIbHBIX MMapaMeTPOB TEILI0-
oOMeHa MOJIeJIb MOXKET ObITh PaCcCMOTPEHa
KaK JIOCTOBEpPHAs HAy4IHAs OCHOBA pacyera
TEIJI000MEHHOI amnmapaTypbl € KHUISITUM

CJIOEM.
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Development of a model of a fluidized bed apparatus with a

cooling jacket

A. V. Mitrofanov*’l, S. V. Vasilevich**, N. S. Shpeynova*, Z. V. Zarubin®

* Ivanovo State Power Engineering University, Ivanovo, Russia
** Belarusian State Academy of Aviation, Minsk, Republic of Belarus

Abstract

The aim of the paper is to develop a one-dimensional mathematical model of the functioning
of the fluidized bed apparatus with a cooling jacket. The article presents the main provisions
of the proposed mathematical model of a fluidized bed apparatus with a cooling jacket and
the results of numerical experiments. To describe the main processes in the operation of the
setup, the mathematical apparatus of Markov chains is used. The apparatus is represented
by a chain of cells, and the necessary characteristics of the processes are organized into state
vectors. The evolution of the object is registered at discrete points in time and described
using recurrent computational procedures. Known criterion dependencies are used to identify
the model parameters, but the calculation is carried out taking into account the state of
each cell of the chain. Thus, the device is considered as a system with distributed charac-
teristics, which increases the reliability of the description of the transfer processes.
Keywords

Fluidized bed, heat exchange, gas suspension, numerical modeling, cooling jacket.
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NuTencudukalius mporecca aacopOIny 3a CUeT CEKIIMOHUPOBAHUS

obbeMa aJ1copoepoB

. * 1
H. A. CamoiijioB '’

* YVbumexuti 2ocydapemeennniti nedpmanoti mernuveckuti ynusepcumem, Ydba, Poccus
) b

Annoranusa

Paccmorpeno mampaBiieHne WHTEHCH(DUKAIMU XUMHUKO-TEXHOJOTMYECKAX AJCOPOIMOHHBIX
IIPOIIECCOB, OCHOBAHHOE Ha Pa3Ie/IeHIN CJIOS aIcopbeHTa Ha ceKiuu. CeKIMOHNPOBAHNE IIPH-
BOJUT K YJIyYIIEHUIO THIPOIUHAMIIECKON 0OCTAHOBKY 1 CO3IAHMIO 33 CIET STOrO PE3EPBOB,
00€eCIIeYnBaoIIMX B IIpeeIaX COXpaHeHnsT 00beMa TEXHOJIOIMIECKON allapaTyphbl yBeIrde-
HMe YeTKOCTH pa3fe/IeHus, IPOU3BOANTEIHLHOCTH 110 IepepadbaThbIBAEMOMY ChIPbIO, SHEPIO- U
pecypcocbepeskenre. B HempepbIBHBIX aACOPOIUOHHBIX IIPOIECCAX CEKIIMOHUPOBAHME ITO3BO-
JgeT ¢cOPMUPOBATH W BOBJIEYb B TEXHOJOIMYECKHUN IIPOIECC JOIOJHUTEIbHBIE 30HBI KOH-
TakTa da3, B IEPUOINIECKUX — yYBEJIUINTh IUHAMUIECKYIO aKTUBHOCTDH ajcopbenTa. IIpu-

BEEHBbI 3JIEMEHTDBI pacdeTa U IIPUMEPbL KOHCTPYKHI/Iﬁ allrrapaToB C COBEPIICHCTBOBAHUEM HUX

paboUero MpoCTPAHCTBA 38 CUET €TI0 CEKITMOHUPOBAHMUS.

KroueBnie ciioBa

CekIuoHnpoBaHue, aacopOins, aKTUBHOCTb aacopOeHTa, MacCcoOOMeH, T'HAPOINHAMUKA, Tell-

Jiorepegada, MacCOOOMEHHBIE almapaThl, 3P(MEKTUBHOCTD CEKIIMOHUPOBAHUSI.

BBenenne

IIpobsiema wmHTEeHCH(DUKAIUU aICcCOPOIHT-
OHHBIX IIPOIECCOB PEIIACTCA B Pa3sHO0Opa3-
HBIX [0 METOJIOJIOIMH HAIIPABJICHUSX: BHIPAB-
HUBAHUE TI0JIA KOHIEHTPAIUI M3BIEKAEMOTO
KOMIIOHEHTa B CBOOOIZHOM IIPOCTPAHCTBE
CJI05T aICOPOEHTA KAKUM-TI00 MEXaHUIECKIM
npueMoM |1, 2| win dusmueckum BO3IEH-
CTBUEM Ha CILIOIIHYIO WM JIUCIIEPCHYTO a3y
cucremsl [3], 10AGOPOM TEXHOIOTUUECKHX 1A~
pamMeTpoB BeleHusi nporecca |4, 5|, cosep-
IIEHCTBOBAHUEM CTPYKTYDPBI copbenTa [6].

B nopombimiennocTr  amcopObImoHHbIE
IPOIECCH OCYIIECTBJIAIOT B KOHCTPYKTHBHO
JIOBOJIBHO Pa3HOOOPA3HBLIX alaparax C -

JIMHAPUYECKUM KOPILYCOM, KOTOPbIE MOXKHO

1
Zlaa nepenucku:
Email: naum.samoilow@yandex.ru

Pa3Ie/IuTh Ha TPHU KJlacca: aJicopbephl ¢ JIBU-
KYIUMCS  CJI0eM  aJIcopOeHTa  (rumepcop-
6epbl), C MCEBIOOKMKEHHBIM (KUISAIIAM) U
CTAIMOHAPHBIM  (HEIO/IBUYKHBIM) CJIOEM /-
copberTa [7]|, mpuuem mOC/IeHEE TPUMEHS-
I0TCS HAMOOJIee YaCTO B CUJIY TPOCTOTHI KOH-
CTPYKTUBHOI'O M TEXHOJOIMIECKOrO O(OopM-
JICHUHS.

B ormsmume ot apyrux mMaccooOMEHHBIX
nporieccoB  (pektudukanusi, abcopbiust u
JIp), B KOTOPBIX MacCOOOMEH peajin3yercs Ha
KOHTAKTHBIX YCTPONCTBAX (Tapesikax, Haca/l-
Kax) 10 BCeil BBICOTE armapara, aJIcopOInoH-
HBI TIPOIECC OOBIYHO MPOTEKAET B CJIOE aJl-
copbEHTa OTHOCUTETLHO HEOOJIBIIOH BHICOTHI,
HA3bIBAEMOM 30HOI Maccorepegadu. B cBs3u
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C TUM HEOOXOJIUMO PEeIIUTh 33aqy: KAKUM
00pa30M pa3MecTUTb aJcOPOEHT B ammapare,
9TOOBI Pa3HEIsIoNe CBOWCTBa aICOpOeHTa
MpossBUINCH Haubosiee 3pPeKTUBHO, U TPHU
9TOM YMEHBIIUTH PACXOJ JOPOTOCTOSIIETO
afcopbeHTa B IPOMBINLIEHHBIX YCJIOBHUSIX.
JloBOIBHO TIOJIE3HBIM ITPUEMOM PEIIEHUsT Ta-
KOM 3aJaumM OKa3ajoCh CEKIIMOHUPOBAHUE
cJIosT aJcopOeHTa B aImmapaTe

B nacrosmieit crarbe pacCMOTPEHBI HEKO-
TOPBbIC IIEPCIICKTUBHDBIC HAIIPABJICHUA CEKI[MO-
HUPOBAHUA TEXHOJIOTHYECKUX allllapaTOB U
HOBble KOHCTPYKTHUBHBIE DeIleHusd ITON 3a-
Jaqu.
CekIruoHupoBaHe MacCOOOMEHHBIX arl-
mapaToB C ABUXKYIIUMHUCH TOTOKaMU
B3aMMO/IeICTBYIOIIIUX MAacCC

Ilo cBoeit cymrHOCTH MaccOOOMEHHBIE KO-
JIOHHBIE ATITapaThl B MPOIECCAX PEKTUPUKA-
muH, abcopOIny, >KUIKOCTHOR 3KCTPAKIIUU C
pa3HOOOpAa3HBIMU ~ KOHTAKTHBIMHU  YCTPOI-
crBaMu (TapejKamMu) — CEKIMOHUPOBAHBI,
OJTHAKO TIPY UCCJIEIOBAHNY U MOJIETMPOBAHUHT
paboOThI CHCTEM MAaCCOOOMEHHBIX KOJIOHH C
YaCTUYHO U IIOJIHOCTHIO CBA3aHHBIMU IIOTO-
KaMH, IIO3BOJIAIOINIMMHU CYIIECTBEHHO CHUSUTD
SHEPro3aTpaThl Ha PEAJM3AINIo ITIPOoIecca,
A. A. Konzparbes [8] mpuies K mapajok-
CaJIbHOMY Ha IEpPBbIil B3IJIAJ BBIBOJY, 4YTO
BO3MOYKEH PACUET, & CJIEOBATEHHO U PeasIi-
3alud TaKuX CUCTeM, IIPU CEKIUOHWPOBAaHUU
MaCcCOOOMEHHOTO alapaTra He TOJHKO TOPHU-
30HTAJIBHO (TIOJIOTHAMEM MACCOOOMEHHBIX Ta-
PEJIOK), HO U BEPTUKAJIBHO — CILIONTHBIMEI
IIeperopojikamMu, IPOXOJAIIUMI BHYTPHU KO-
JIOHHBI W CKBO3b YCJIOBHBLIX TE€OPETUYIECCKUX
TapesoK TPU COXPAHEHWN KOJUIECTBA B3aU-
MoelcTBytomux ¢da3. CyThb ero uaen 3aKo-
YaJlaCb B TOM, YTO IIpHM BEPTUKAJBHOM CEK-
OMOHHMPOBaAHUM KOJIOHHBI B Helt yBeJIn4InUBa-
JIOCh YMCJIO CTyIeHel KOHTaKTa a3 ¥, KaK
CJIC[ICTBHE, POCJIa YeTKOCTh pasiesieHust [9)].
IlomoOHbBIT pe3yabTaT HOCTUTAJICS 3a CYET

IIpomwviuinermvie npouecco, v mexrnoso2uu. 2023

TOr0, 9TO MOTOKU ABYX (pa3 B 30HE CEKITUO-
HUPOBAaHUS PACIPEIETISIUCH 110 CEKIUIM Ta-
KuM 00pa3oM, YTO CyMMapHas Macca IOTO-
KOB B TOPU30HTAJbHOM CEYEHUU KOJIOHHBI
OOBIYHON W CEKIIMOHUPOBAHHON COBIAJIAJIH,
HO Ka4yeCcTBO pazesienust 66110 pa3abiM. Oco-
OEHHO MOJIOXKUTEIBHO BJIMSJIO 9TO CEKIIMOHU-
pOBaHUE Ha MMPOIECC, KOTJA (PU3UKO-XUMUIE-
CKM€ CBOHCTBA Pa3esisieMblX KOMIIOHEHTOB
(KoHCTAHTBI (DA30BOrO PABHOBECHsI, OTHOCH-
TeJIbHBIE JIETYYeCTH, KO3 UIMEHTHI pa3ie-
JICHUsI) CYIIECTBEHHO PA3HATCs, 9YTO OCO-
OEHHO XapaKTEPHO IS MPOoIecca aacoporun
[[eJIEBOTO KOMIIOHEHTA, KOTJA OYUIIAEMbIi
IIOTOK TTPAKTUYIECKU HE COPOUPYeETCs.
Cymnocts 3 @deKTa CeKIMOHUPOBAHUSI
paccMOTpUM Ha IIPUMEPE CPABHEHUS pacye-
TOB OOBIKHOBEHHON MacCOOOMEHHOU KOJIOHHBI
— runepcopbepa ¢ MPOBEJIEHUEM CTAIUN aJl-
copOIuy W pereHepannu aacopOeHTa 3a CUeT
TETLJIONO/IBOJIA B OJTHOM allapare U €ro Cek-
[IMOHUPOBAHHOIO BapWaHTa B IPOIECCE U3-
BJeYeHUs OyTaHa UM U3OMEHTAaHA U3 TOTOKA
ILUIOXO COPOMPYEMOro 3TaHa C MOJyYeHUEM B
IIPOIIECCE Pa3JIeJIeHUs ChIPbs TPeX (PaKIiwii:
sraHoBoil (dpakmus 1), GyranoBoit (dpak-
nus 2) u uzonenTanoBoi (dbpakuus 3), ¢ Ko-
s dunrmeHTaMn  pa3aesieHnusT KOMIIOHEHTOB
Co, Csu Cs 57, 3.5 u 1 npu cocraBe MCXOI-
HOT'O CBIPbS II0 3TUM KOMIIOHEHTaM COOTBET-
crBerro 85, 10 u 5 % wmacc (pucyHok 1).
OT16opbl KOHEYHBIX TPOJIYKTOB pasesie-
HUsI TPUHSITHI PABHBIMU MTOTEHITUATBHOMY CO-
JIEpPKAHUIO KOMIIOHEHTOB B UCXOJIHOM CMECH.
IIpunsras s¢dpdekTuBHOCTD PAbOTHI KJIACCH-
9eCKOT0 Tuepcopbepa cooTBeTCTBYeT 18 Teo-
pEeTHYeCKUM CTyIeHsaM auacopbimn. Mcexom-
Hast cMech BBoguTca Ha VII crymens amgcopb-
muu (CueT ¢ Bepxa KOJIOHHBI), OTOOD JIerKoii
dpakiuu 1 OCymecTBIIsAIOT C BEPXHEH, TsixKe-
JION ppakiyu 3 ¢ HIKHEN U MPOMEXKYTOIHON
dpakruu 2 ¢ Xy, crynenu ajgcopbiyu 3 Boc-
XOJISAIIEro TOTOKA ra3a (pucyHok 1,0).
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Pucynok 1 — Ilpunnunuaibibie cxeMbl runepcopbepos (a,0) cekuuonnpoBanuoro (cxema 1) u

KJIACCUYIECKOIro (CXGM& 2) THUIIOB 1 COOTBETCTBYIOIINE UM BCTPEYHbIC HEPABHOBECHDBIE IIOTOKUN ME2KITY \%

u VI crynensmu azgcopbiun (B,r)

I-XVIII — momepa crynenu ajgcopbiun; F — ucxonnas cmech; A — ajgcopbent; [T — pazmenuresbHast

neperopojka; H — marpesaresns (3oma mecopbrmn); 1, 2 m 3 — mosyuaembre bpakmum

Pacuer ceKIMOHMPOBAHHOTO —Aalmapara
BBINOJIHAETCST 1O KJIACCHYECKOH CXeMe «OT
TapeJIKM K TapesKey, B KOTOPOii yITeHO pas-
JIeJIEHAEe HUCXOJISIIEr0 MOTOKA WU O0beIn-
HEeHUe BOCXOJSINEr0 IIOTOKA Ha TPAHUIAX
cektuu. [Ipu 3TOM pacxopl IOTOKOB B Alllia-
pare 10 CeKIMOHUPOBAHUS U TMOCJIE CEKIUO-
HUPOBAHUS B JIIOOOM MECTE CEYeHUs B IEJIOM
OCTAIOTCsI OJIMHAKOBBIMU, STOT MPUHITAI MO3-
BOJISIET DA3JIEJIATh KOHTAKTHBIE YCTPOHCTBA
[eperopojIKoil Ha JiBe CEeKIUU, CO37aBas JIBe
TEOPETUIECKUE TapeaKu BMecTO onHoil. Tak,
HAIIPUMED, [PU TEPEMEIIeHUN aJICOPOeHTa,
HACBIIIAIONIErOCs  COPOUPYEMbIMU  [IPUMe-
camu u3 V-ii crynenu agcopbuuu (j) B VI-io
crynenb (j+1) (pucynok 1B), pasmesenue 1o-
TOKa aJICOPOEHTA HA TPAHUIIE JABYX CTyTIEHeit

OIINCBbIBAECTCA YPAaBHCHUAMM:

Gj = Ujt+1,R + Gj+1,L: (1)
Gicji = Gj+1rCi + Gjv1,LG) 00 (2)
G.
j+1,R
—— =Sx/S;,
Giry F (3)

e G, ¢ 1 S — COOTBETCTBEHHO MAaCCa aJcop-
OeHTa, KOHIIEHTPAIMs B HEM i-TO KOMIIOHEHTA
ra3oBOro MmoToKa, S — ILIOa/b HOPMAJIb-
HOTO

CeYeHUs COOTBETCTBYIOUIEH CeKIuu

cupasa (R) u cnesa (L) or pasmenuresnbHoit
[IEPETOPOJIKH.

[IpunaTsie 119 pacIeTOB BEJIMYUHBI Pac-
XOJIOB BOCXOJISIIETO MTOTOKA r'a3a U aJcopou-
POBaHHOTO Ta3a B HUCXOJSINEM IOTOKE aJl-
copbeHTa IO CTYIeHSM aJcopOIuu ITpUBe-
nerbl B Tabsmie 1 (9TU BemauHbl 0becredn-
BAIOTCS KPATHOCTHIO TOJAYM aJcopOeHTa u
IIOJIBOJIOM TEIlJIa Yepe3 HarpeBaTe/ib B 30HE
J1ecopOIum), COCTaBbl KOHEYHBIX IIPOJIYKTOB
pazmesieHus TaHbl B Tabauie 2.

W3 wmroroB pacdera BWIHO, YTO HOBBIM
crrocob aacopOInm B CJIOXKHONM KOJIOHHE II03-
BOJISIET TIOBBICUTH YETKOCTb PA3JIEJIEHUsI TI0
TPAHUIE MEXKJy KOMIIOHEHTAMHU MTPOMEXKY-
TOYHON ¥ TsXKeJo# (ppakiuii 3a CYeT TOTO,
9TO B CEKIIMOHUPOBAHHOM rumepcopbepe
dpakIIMOHNPOBAHIE OCYIIECTBIIIETCI Ha 25
TEOPETUIECKUX TapejKax BMecTo 18 B Kjac-
CHYECKOM aIlmapare TPU UX OJIMHAKOBBIX Pa3-
Mepax. JlomogHUTEIbHBIE CEMBb TEOpeTHYe-
CKUX TApEeJIOK MO3BOJIUIN PE3KO CHU3UTH CO-
Jep2KaHue npumeceit B 6yTaHoBO# (bpakiuu
¢ 17.18% no 13.99% u B wuszOHEHTAHOBOI
dpakmun ¢ 18.53% no 9.5% upwm mHesHaun-
TEJILbHOM YBeJIMYEHUN TPUMeCH OyTaHa B ITa-

HOBOIt bpaknuu Ha 0.69%.
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Hrmencudurayus npouecca adcopbuyuu 36 cHem CexyuoHuposarus obsema adcopbepos

Tabaunma 1 — Pacxoa BoCXOASIEro MOTOKa rasa U aIopOrpOBAHHOTO I'a3a II0 CTYIIEHSM

agcopbmuu, kr Ha 100 Kr mCcXomgHON cMecH

Cxema 1* Cxema 2
Howmep crynenn
Bocxopsmmit | AncopbupoBanublii | Bocxomammuit | AxcopbupoBaHHbLi
IIOTOK ra3a ras ITOTOK ra3a ras
I 85 12 85 12
II 97 14 97 14
111 99 15 99 15
v 100 16 100 16
\Y 101 16 101 16
VI, u VIr 98 3 6 10 101 16
VIIp u VIIg 98 3 10 10 101 20
VIII;, u VIIIr 2 3 10 10 5 20
IXy n IXRr 2 3 10 10 5 20
Xru Xgr 2 3 10 10 5 20
Xl n XlIr 2 13 10 10 15 20
XII1, m XIIr 2 13 10 10 15 20
XIIT 15 20 15 20
X1V 15 20 15 20
XV 15 20 15 20
XVI 15 20 15 20
XVII 15 20 15 20
XVIII 20 0 20 0

* B cxeme 1 dasa cmynenets kowmaxma VI-XII yudpu aesotl koaonxu (1) coomeem-

CMBYIom 30He 66000 UCTOOHOT cmecu, nNpasoti (r) — 30He 6bL800a NPOMEAHCYMOUHOT HPaAKUUL

Tab6smna 2 — CocraBbl KOHEUHBIX MIPOYKTOB pasjeienus ajacopbepa, % Macc.

IIpoayKThI pasiee- CopepkaHre KOMIIOHEHTA,
Kowmmonent
HUA Cxema 1 Cxema, 2
Oran 98.91 99.6
Opakmus 1 Byran 1.09 0.4
W3zonentan - -
Oran 9.25 7,92
Opakmys 2 Byran 86.01 82.82
W3zonentan 4.74 9.26
Oran - -
Byran 9.50 18.53
Ppaus 3 N3onenran 90.50 81.47

Ipomviwunennvie npovecco, u mexnoaozuu. 2023. T. 3. Ne 1(8)
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100%

a)
Pucynok 2 — Cxema ancopbepa HETPEPLIBHOTO NEHCTBUS (a) W PACTIPeie/ieHrsl KOHIIEHTPAITHI
kommorenTos K1, K2, K3 & razosoit dase B nesoit (6) u npasoit (B) ceknusax amcopbepa mys

pas3jesieHns TPEeXKOMIIOHEHTHOHN cMecHn

CeKInoHnpoBaHye rumepcopodepa ¢ apod-
HBIM TIOJIBOJIOM TEILIa TTO3BOJISIET CPOPMUPO-
BaTh B allliapare XpoMaTorpaduiecKue Cek-
nuu. Ha pucyHke 2 m3obparkeHa cxema aJi-
copbepa HEeNpPephIBHOTO JeficTBUS, pa3pado-
TaHHAs JJId PA3MIEJICHUs TPEXKOMIIOHEHTHOMN
CMeCH Ha TPHU TPOJIYKTA, KaXKJbli U3 KOTO-
PBIX TIpencTaBjsgeT coOOil KOHIEHTpAT O/l-
HOT'O U3 KOMIIOHEHTOB B JIBUKYIIIEMCSI CJIOE.

B kopmyce ancopbepa 1 pasmernensr a-
CcOPOIMOHHBIE 2 U XPOMATOTIPAUIECKUE CEK-
nuu 3, pa3jejeHHble BEPTUKAJbHON ILJIACTHU-
Hoit 4. Mexx 1y amcopOImOHHOI 1 TTepBOi XPo-
MaTorpapuIecKoil CEKIUsIMI PACIIOIATACTCS
pacupezenuTe/ibHAsS Tapeaka 9 JJisd BBOJA
MCXOJTHOTO ChIpbs. B BepxHe#l dYacTu KOp-
myca 1 pacrosio’KeHa akKKyMYJIUPYOIIasi Ta-
pesika 6 i BBIBOJIA OYHUINEHHOTO ra3a, B
HVDKHEH YaCcTH KakKJIoi XpomaTorpadude-
CKOH CEeKIMU PAacCIOJIOKEHbI aKKyMYyJIAPYIO-
mue Tapeyku 7 u 8 i BBIBOJA IIEJIEBBIX
dpakmuii. Xpomarporpadudeckue CeKIuu
BKJIIOYAIOT 3MEEBUKH 9 JIJIs TIOAYN TEILIOHO-
CUTeJIsI: BEPXHUU — I JiecopOrum JIerkoi
HUDKHUA & — HecopOrm

IIpUMecH, bbb

0% 0 100%  50% 0

6) B)

OCHOBHOTO H3BJIEKAEMOTO KOMIOHeHTa. Kop-
myc azgcopbepa cHabxkeH ycrpoiicrBamu 10 u
11 gst BBOOA CBEXKEro W BBIBOIA OTPabOTAH-
HOTO &JICOPOEHTA M KOJIOCHUKOBBIMU TapeJ-
KaMmu 12 1j1s1 BBIpABHUBAHUS TTOTOKA.
AjicopbenT depes ycrpotictBo 10 BBO-
JIATCS B a7ICOPOEp U BCTYITaeT B TPOTHBOTOY-
HBIIl KOHTAKT C CBHIPHEM, COIEPIKAIIUM TPH
KOMIIOHEHTa, BBOJUMBIM Uepe3 paclpeIesi-
TeJbHYIO0 Tapesky 5. Ilpu aTom B ajcopbeHT
"3 CHIPHEBOTO TIOTOKA MTPEUMYITECTBEHHO ITe-
pexonaT Haumbojiee JIErkKo ajacopOupyembie
BTOPOII U TPETHUIl KOMIIOHEHTHI. B TOM mecTe
aJICOPOITMOHHOM CEKIUU 2, TJIe KOHIIEHTPAIUN
M3BJIEKAEMBIX KOMIIOHEHTOB B aJICOPOEHTE
HauboJIee CYIECTBEHHO Pa3InvIa0TCa MEXKLY
co00f#1, MPOUCXOIUT Pa3JIeJIEHNE MOTOKA aJl-
copbeHTa Ha JiBa MOTOKA TPU TTOMOIIHA TIIa-
crunbl 4. HacTh OTOKA a/1cOpOeHTa HAIPAB-
JISIETCS B XPOMATOTPapUIECKYIO CEKITHIO 3, B
KOTOPOit KOHIIEHTPUPOBaHUE
BTOPOTO KOMITOHEHTA B MOTOKE ra3a 3a CUeT

ITPOUCXOJIUT

MOJBOLA TEIIa B BEPX TEIIOOOMEHHOTO
yerpoiictBa 9. Bropas dacTth moToka amcop-

OCTaBaTHCA B

Oenra IIPOIOJIZKAET
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aJICOPOITMOHHON CEeKIMU U KOHTAKTUPYET C
HUCXO/THBIM CBhIPbEM, ODOTAINAsCh MPEUMYIIE-
CTBEHHO TPETHUM KOMIIOHEHTOM, & 3aTeM IIie-
PEXOMUT B JPYTYyIO XpOMaTOrpauvIecKyto
CEKIINIO0, B KOTOPO# MPOUCXOJIUT KOHIEHTPU-
pOBaHUE TPETHErO KOMIIOHEHTA B TIOTOKE r'a3a
3a CYeT TOJIBOJIA Telja B BEPXHIO dYacCTh
Ter1000MeHHOro ycTpoiictsa 9. Boineusiin-
ecsi B XpOMaTOrpapuyuecKux CEeKIusx (ppakx-
WM, COJIEPKAIIUE TTPEUMYIIIECTBEHHO BTOPOI
W TpeTUH KOMIIOHEHTBI, OTBOIAT COOTBET-
CTBEHHO Yepe3 aKKyMYJIUPYIOIINe TAPEJKu 7
n 8. Hammume xpomaTorpadudeckoil cekimm
MTO3BOJISIET PEryJIUPOBATH KaveCTBO IPOMe-
JKYTOYHOTO TPOJYKTa (BTOPOrO) MO COMEp-
JKaHUIO B HEM IIE€PBOI0 KOMIIOHEHTA, 38 CYET
CTYIEHYATOr0 MTOJBOJIA TEIJia B TEILIO0OMEH-
vele ycrpoiictBa 9. HeamcopbupoBanHubie
KOMITOHEHTBI BBIBOJISIT Y€PE3 AKKYMYJIUPYIO-
1yto Tapesiky 6 u popMupyoT Gpakiuo, co-
JePKAIYI0 TPEUMYIIIECTBEHHO TePBbIil KOM-
norenT. OrpaboTaBinii aICcOPOEHT BBIBOIAT
n3 azcopbepa depe3 ycrpoicTtBo 11.

IIpu paspaborke psijia KOHCTPYKIINIA CEK-
[IMOHUPOBAHHBIX KOJIOHHBIX AIapaToOB OBLIO
0DOCHOBAHO CIIEMUPUIECCKOE PAaCIIOIOKEHIE
CEKIMOHUPYIOIIEl eperopoiku  (pasmerre-
HUE ee B BepXHel, HIKHEl Ui [eHTPpaJIbHON
YaCcTU almnapara B 3aBUCHMOCTHU OT Ha3HAYe-
HUS anmapara), JT0Ka3aHO, 9TO YUCIO CEKIIU-
OHUPYIOIIUX [IEPETOPOJIOK B allllapaTe Ha JIBa
MeHbINe Yucja (PPakiuii WM KOMIIOHEHTOB,
Ha KOTOPOE MEJUTCs MCXOJHOE Chiphe. Pac-
CMOTpEHa CHUTyallls, KOTJIa MOXKHO PeryJiv-
pOBaTh KA4eCTBO PAa3/Ie/IEHUs CbIpbs Ha He-
obxoanMoe YncyIo (ppakmuit 3a CYET BEPTU-
KaJIbHOTO TEPEMEINEHNs TIEPErOPOJIOK B CJIOE
agcopbenTa 6e3 ocTaHOBKH Iporecca. IIpo-
JIOJIbHOE CEKITMOHUPOBAHUE TPOTUBOTOYHBIX
MacCOOOMEHHBIX aIlapaToB BO BCEX PACCMOT-
PEHHBIX CJIyYasgx MTPUHYIATETHHO (OPMU-
pyeT JIONOJTHUTE/BbHYIO 30Hy MAacCOOOMEHa B

TOW dYacTH almapara, TIae HeoOXOINMO

IIpomwviuinermvie npouecco, v mexrnoso2uu. 2023

MOBBICUTH ~ Ka4YeCTBO  TOJYy9IaeMOro  TIpO-
aykra [10, 11].
CekiruoHupoBaHue aJcCOPOIIMOHHBIX arl-
IapaToB C IICEBIOOXKU>KEHHBIM CJIOEM
azcopbenTa

OmauM W3 HEJOCTATKOB alllaparoB C
JBUKYIIAMCST CJIOEM aJICOPOEHTa  SIBJISIETCST
3aTOPMarKUBAHUE MAaCCOTIEPEHOCa U3-3a Pe3-
KOTO TIAJIEHUsI KOHIIEHTPAINU aJIcCOPOTUBA B
TMOTPAHUYHON TIJIEHKE OYHUIIAEMOTO IMOTOKA
BOIM3M TpaHyI ajcopbenta [12]. BeipaBuusa-
HEe KOHIIEHTPAaIInK aacopOTuBa B 00bEME TI0-
TOKa ODECIeYNBAETCS TIPU TUAPOMEXaHUIE-
CKOM WJTM MEXaHWIeCKOM TepeMenTnBaHun
(mceBmookmzkennu) ciost ajgcopberra. Og-
HAaKO 3TOT MPHUEM J0CTATOYHO (pdeKTUuBEH
TIPU HEBBICOKOMN CTENeHN W3BJIEUYEHUs aCoOP-
OUPyeMO# TPUMECH U3 UCXOTHOTO ChIPbs, KO-
IJIa €ro KOHIEHTPAIUsT Ha BBIXOJE MPOJIYKTA
n3 ajcopbepa CyIIeCTBEHHA U COPOIMOHHAS
AKTUBHOCTH aJICOPOEHTa 3HAYUTE/bHA. B Tex
K€ CIIydasix, KOTJa HeoOXOIMMa BBICOKAs
CTEMeHb OYUCTKU TEXHOJOTUIECKOTO MOTOKA,
MJTH KOHEYHOTO TTPOJIYKTA TPOIecca, TPy HU3-
KO BBbIPABHMBAEMOI KOHIETpAal aJICop-
bara B ammapare aKTUBHOCTH aJIcOpOeHa cTa-
HOBUTCH Be€CbMa HU3KOHU, a caM IIpOolecc —
Mast09hHeKTUBHBIM (PUCYHOK 3).

Pasnenenne amcopbepa Ha HECKOJIBKO
BEPTUKAJBHBIX WA TOPU3OHTAJBHBIX CEK-
it [13], uepes KOTOpbIE IPOTUBOTOKOM (pu-
CYHOK 4a) mjm npsMOTOKOM (pucyHOK 46) te-
PEMEIAIOTCST aJICOPOEHT M OYHUIIAEMBIH 110~
TOK, TTO3BOJISIET AHAJOTMYHO KaCKajy peak-
TOPOB WHTEHCU(PUIINPOBATEH PEATUBAINIO aT-
COpOITMOHHOTO TIPOIECCa 3a CYET TOTO, UTO B
TTOCJIETOBATEILHOCTH aICOPOEPOB B KayK IO
TTOCJIETYTOITEH CEeKITUU KOHIIEHTPAITNSA aCoP-
OUPYEeMOTO KOMITOHEHTA, TIOCTEIIEHHO CHIXKAa-
eTCsl: B TIEPBOM CEKITMH MO XOJy MOTOKA OHa
JIUTIT HECKOJILKO MeHbIne ucxomHoir Co, a B
nocjegHeil paBHa JIOIYCTUMOM KOHEYHON
kounenrpanun Cy.
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Pucynok 3 — 3aBucHMOCTb aKTUBHOCTH &7ICOPOEHTA & (&) W €ro 3arpy3K’ B a/1copOep ¢ KUISATuM

cyioeM ajicopberTa G (6) OT IOIYCTUMON KOHIEHTPAIUMU ajacopbupyemoil npumecu B coipbe Co u

ounmenroM TpoayKTe Cu u Cyo ( Cay >> Cho)

PerenepupoBanHbIit

l aJcopOeHT

OuunineHHbIi

MIPOJTYKT

Ceoipbe

_fe

TPaAOOTAHHBIN
aJicopOeHT

a)

JIuausa orpaboTKu copbeHTa

QU QU= @2?

/ 0 Gmin

¥

JIMHUS OYUCTKH MPOIYKTA

6)

Pucynok 4 — BeprukanbHoe (a) n ropusonTagbaoe (6) CEKITMOHMPOBAHWE amcopbepa ¢

IICEBOJOOZKMN>KEHHBIM CJIOEM a;pcop6eHTa 1 BJIMAHUEC YUCIIQ CGKHI/Iﬁ 11 Ha 3arpys3kKy

agcopbenra G B ammapar (B)

B cumy sroro B mocnemmeit cekium ax-
TUBHOCTH aJICOPOEHTa Oy/IeT Takoil »Ke HU3-
KOi, KaK W B €IMHUIHOM azcopbepe ¢ IceB-
HOOKMKEHHBIM CJIOEM aJICOpOeHTa, 3aTO BO
BCEX MPEIBbIIYIUX CEKIUsAX 3PPEKTUBHOCTH
mmporecca  amacopbruu  Oyaer 3HAIUTETHHO
BbIllle (PUCYHOK 4B).

DTO MO3BOJISIET CYNIECTBEHHO YMEHDBIIUTh
3arpy3Ky aJIcOpOEeHTa B CEKIMOHUPOBAHHBIN
agcopbep IO CpaBHEHUIO C EIMHUIHBIM

AMmapaToM C KHIANUAM CJI0eM aJICOPOEHTA.
Kpome Toro, B mociaeaHion CeKIuio OOBITHO
mocTymaeT HamboJiee aKTHUBHBIA aICOPOEHT
MOCJIE €r0 PEereHepar, YTO CIIOCOOCTBYET
YBEJIMYICHUIO I‘JIY6I/IHI)I OYUCTKU.
CekInoOHNpPOBaHNEe AJCOPOINOHHLIX all-
IapaToB CO CTAalMOHAPHBIM CJIOEM ajl-
copbeHTa

IIpomnecc amcopbuum mpumeceit U3 OYHU-
aICOPOIMOHHBIX

o1raeMoro IIOTOKa B
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armaparax CO CTAIMOHAPHBIM CJIOEM aJCcop-
OeHTa XapaKTepu3yeTcsl TeM, 9TO aKT copO-
MU ITPOMCXOIUT TOJHKO Ha HEOOJIBIIIOM IIO
JUIMHE VYaCTKe CJIOsl, Ha3bIBAEMOM 30HOM
Maccomnepeiad, B KOTOPOW KOHIIEHTPAITUSI
U3BJIEKaeMOMI IIpuUMeECHu U3MEHAETCA OT ChbIPb-
€BOI 110 TPOCKOKOBOI. 30Ha Maccomepe adn
TEPEMEIAETCS BJIOJb CJIOsI TT0 Mepe HACHIIIe-
HUsT aJICOPOEHTA, TOTOMY IKCILIYaTAIMOH-
Had IMHaMNYeCKad aKTHUBHOCTDH cop6eHTa 10
M3BJIEKAEMON TTPUMECH a9, KOTIa 30HA MacCCO-
Inepegadn IepeMeCcTuTCdAd K BBIXOOY OYHIIAC-
MOTO TIOTOKa M3 aJicopbepa M HACTYIIAT TIPO-
CKOK IIpMMECH, BCEeT'Ia HU2Ke CTaTUYECKON aK-
TUBHOCTH @¢, IIOCKOJIBKY B KOHHGBOﬁ qacCTu
CJI0sT 3JICOPOEHTA JaCTh CJIOS €Ie COXpaHIeT
aJICOPOITMOHHYI0 aKTUBHOCTb, HO IO YyCJIO-
BUSIM TEXHOJOTMH MCKJIIOYAeTCsI W3 aacopo-
[IMOHHOTO TIporecca (PUCYHOK Ha).

Warencudurnupoars  paboTy

aJIcop-
OeHTa 3a CYET yBeJndeHUus KOdDPUIUEHTa

T U U

a) 6)

3¢ dekTuBHOCTH  COPOIMOHHOTO  IIPOIECca
K. = ag/a. BO3SMOXKHO NpU yCTAHOBKE B CJIO€
agcopbeHTa BEPTUKAJIBHBIX IIJIOCKAX MJIH KO-
AKCHAJIBHBIX  MEPETOPOJIOK, CEKITMOHUPYIO-
IUX CJIOM ajcopbeHTa TakuM 00pa30M, UTO
BBICOTA CJIOSE AJICOPOEHTA IO XOMY OUHIINAe-
MOT'O IIOTOKa TI'a3a WX 2KHUIKOCTHU YBEJIUYIHU-
BaeTCd IIpU IIOCTOAHCTBE HOPMaJIbHBIX CEYe-
HUIT CcOpOEeHTa BO BCEX CEKIUAX (puUcy-
HOK 5) [14-16].

IIpu yBesmuenun unciia cekiuii n yBesu-
YUBACTCA IIYTh IIPOXOXKICHUA OYHUIILAEMOIO
IIOTOKa II0 ammapary, T. €. pacTeT BBbICOTA
ciiost afgcopbenra [17, 18]:

H,=H; - n, (4)
rne H;, H, — myTb TPOXOXK/IEHUST TIOTOKA B
agcopbepe CKBO3b CJIOIl cOpOEHTa COOTBET-
CTBEHHO 66‘3 CEKIIMOHUPOBAaHUA W C YHNCJIOM

CeKIui n, M.

) e)

Pucynok 5 — Ilepemerrenne mimHbl 30HBI Maccomepeaan L, u HACBHITEHNE aicOPOEHTa 110 BBICOTE

agcopbepa H (a) m mpuHImImAa bHAS CXeMa OJHOCEKIIMOHHOTO aacopbepa (6), IByXCeKImoHHOTO (B, T)

U TPEXCEKIMOHHOTO (J1,€) aIcopbepoB ¢ IeperopojkaMu: ajacopbepbl ¢ IIACTUHYATHIMA (B, 1) U

KOAKCUAJIbHBIME (T, €) MeperopoIKamMu
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OHOBPEMEHHO C BBICOTOI CJIOS aICcop-
OeHTa pacTeT W CKOPOCTh MOTOKA!

Wn = Wi n, (5)
rae Wi, W, — cKOpPOCTb IPOXOXKIECHUA OUN-
II[AEMOr'0 MTOTOKA II0 amlmmapary 6e3 CeKIMOHU-
poBaHUA U C YHUCJOM CEKIUA 7, COOTBET-
CTBEHHO, M/C.

Jnmna 30ub1 Macconepenadu Ly 3aBucur
OT CKOPOCTH HOTOKa COryIacHo [18]:
Ly = BVW, (6)
IIpumenuTenbHO K ycjioBusM  pabOThI
CEKIIMOHUPOBAHHOTO  &JIcopbepa  COOTHOIIIe-
uue (6) mpumer Bu/I:
Los _ W2
Lon (Wi @)

Jnuua 30861 Ly Maccomepeiadm MOYXKET

ObITH paccyrTaHa N0 ypasHeHuto [18]:

b=t A Py (8)

e f— pakTop CUMMETPUYHOCTH BBIXOIHOMN
KPHUBOI JIMHAMUKH aICOPOIUNL.

Bamucas (8) s ycaoBuit paboThl 00bIY-
HOrO ajcopbepa ¢ BbIcoTol Hy M n—CeKInoHn-
pPOBaHHOrO ajcopbepa ¢ BbicoTOUM Hp moJry-
9UM ypaBHEHWeE [iJis pacueTa Koddduimenra

3¢ PEeKTUBHOCTH:

W,
a Hy — Lo~ W.
K =B _ 1

o 9)
e Hn_Lo'(l_f)'\/%

HOCKOJIbe BBICOTA 30HBI MacCCOIIepeaain

MPaKTUYIECKHU HE 3aBUCUT OT BBICOTHI CJIOS a/I-
copbenra u mponoprmonagbaa VW, a mpu
ceknmonupoBanuu W pacrer mponopimo-
HAJIbHO BBICOTE N—CEKITMOHUPOBAHHOI'O ATITIa-
paTa, TO CEeKIIMOHWPOBAHUE MPUBOIUT K PO-
cry K., uro maTeHCHDUIUPYET AICOPOIMOH-
HBIl TIpOIleCC 3a CYeT COOTBETCTBYIOIIETO
npubIM>KeHus ap K BeaudnHe ae. Koaddu-
nureHT 3PPEeKTUBHOCTU PAbOTHI acopOeHTa
3aBUCUT OT YMCJIa CEKIWI B armapare, ak-
TOpa CUMMETPUYHOCTU BBIXOIHONH KPUBOM,
coornomenust H,/ Lo u, B ipenene, Ke—1 npu
H,/ Ly —0oo (pucyHok 6).

Pucynok 6 — 3aBucumocth KO3 DuImenTa

sbdexrusroctn (Ke) or gmcna cexnpmii B
azicopbepe (1) U OTHOIIEHHST BBICOTHI CJIOSE
a7IcOpOEHTA K BBICOTE 30HBI MACCOTEPE AT
(H1/ LO) upu 3Hauennu daxTopa

CUMMETPUIHOCTH BBIXOJIHOM KpuBoii f= 0.5.

B coorsercrBun ¢ (9), ¢ yBeauuenuem
BBICOTBI ¢J10s1 aicopbenta Hu H/Lg, mosHOTA,
pPeasIbHOTO WCHOJIB30BAHUSA ITOTEHIINAJIBHOM
eMKOCTH aJicOpOeHTa a. BO3pacTaer (pucy-
HOK 6), HO yJleJIbHAsl MHT€HCUBHOCTH PabOThI
aJIcOpOEHTa HA €JMHUILY MACChl €r0 B aJICOP-
6epe M wnHambojee BeIMKa B IUAIA30HE
H/Lp = 1.5-2.5 ¢ makcumymowm tipu H/Lg =2
(pucyHOK 7), KOTOpBIi Hambosee Meaecooo-
Pa3HO MCIOJIB30BATh NPU OE3HAIDEBHOM KO-
POTKONMKIIOBO ajcopbuuu [19].

0 1 1 1 J
0 5 10 15 H/L, 20

Pucynok 7 — 3aBucuMocTh yIebHOMN
MHTEHCUBHOCTH pabOThI aacopbeHTa oT

coornomenus H/Lypupu f= 0.4.

st onpeniesieHusT ONTUMAJIBHOIO COOT-
HOIIIEHUS BBICOTHI cjiosi H K ero nuamerpy D
B ajcopbepe B KadecTBe KPUTEPUS OITHU-
MmajibHOCTH R ObLI

IIpUHAT MUHHUMYM
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KalUTaJbHBIX 3aTPAT HA COOPYKEHUE aJCOP-
Oepa. 3asada ONMTUMHUBAIINN Pa3MEPOB CJIOSI
aJIcOpOeHTa perajiach METOIIOM HEOIpeie-
neHHbIXx MHOXKUTeseil Jlarpamxka [19]. Pop-
Mupyemas mpu 3roM pyHKnus Jlarpamxka F
AMeeT BUJI, HAIIPUMep, Ijs ajacopbepa co
cheprIecKUMY THUTITAMA:

F = (mDL + 1.257D?)8px +
+A(V, — tD?L/4) = max (10)

rje: 0 — TOJIIMHA KOPILyca, p — IUIOTHOCTD
MaTepuaJia KOpPIyca, > — CyMMapHbIe MpHU-
BeJIEHHBIE 3aTPaThl HA 1 T KOPIyca, yIUTHI-
BAIOIFe CTOUMOCTH MTPOEKTUPOBAHWS, MaTe-
pPHAJIOB, TPAHCIOPTHBIX U CTPOUTETHHO-MOH-
TayKHBIX PabOT M W3TOTOBJIEHWS AIapaTa,
)\ — HeOTpeJieJIeHHBI  MHOXKUTETb  Jla-
rpamzxa, V. — o0beM CJI0sI, 3arpyzKaeMoro B
KOpIIyC ajcopbeHTa.

Pemenne ypasuernus (10) B 9T0M ciyuae
JlaeT omTuMasbHoe cooTHomenue H/D=2.5D
[IpY IIOJIHOM BBICOTE amcopbepa 3.5D. Aunajo-
TUYHOE peIleHne s ajacopbepa ¢ KOHUYe-
cKuMHU JHUIIaMu BbicoToi 0.25 0D mpuBoauT K
onrtuMaabHOMY cooTHomernto  H/D=1.65D
IIPHU TOJIHO# BbICOTE aacopbepa 2.15D.

CeKIMOHNPOBAHHBIE TIPU TTOMOIIH BEPTH-
KaJIbHBIX TTEPETOPOJIOK BEPTUKAJIHHBIE a7ICOP-
Oepbl Ipu OOJIBITION CyMMAaPHON BBICOTE CJIOST
aJICOPOEHTa U CKOPOCTH TIOTOKA MUMEIOT 3Ha-
YUTEIbHOE TUIPABIUIECKOE COMPOTHUB/ICHUE
¥ TIPU OYMCTKE HU3KOHATIOPHBIX TEXHOJIOTHU-
YECKUX TIOTOKOB yJI00HEE MOJIb30BATHCST CEK-
IIMOHWPOBAHHBIMYU  KOJBIIEBBIMUA  ajcopbe-
paMu C MaJIOR TOJIIIMHOMN CJIOST aICOPOEHTa 1
TOPU30HTAJILHBIM  TIEPEMEITIEHNEM  CKBO3b
HEro OuMIaeMoro moroka [20], mpu sTom cek-
MU pa3J/iesIeHbl MEXKITy COOOM TpU MOMOIITH
HabOpa KOJIBIEBBIX ¥ JUCKOBBIX ILJIACTHH
(pucynoxk 8).

KoubrieBoit ajicopbep co cjoem aicop-
OeHTa, BCErO B JBa pa3a IIPEBBIIIAIOIIM
JUIMHY 30HBI MACCOTEPEIAdn, pPa3/IeSIeHHBIM
HA YeTbIpe CeKuu (PUCYHOK 80), IIpU 3HAYE-
HUM (PaKTOpa CUMMETPUIHOCTH BBIXOHOMN
f=10.5 UMETH

KPUBOIA Oymer

IIpomwviunermvie npouecco, v mexrnono2u. 2023.

IIPOU3BOAUTE/IBHOCTL IIO0 OYHIIAECMOMY IIO-
TOKy B 1.3 pa3 0oJjblle, 9eM OIHOCEKIIMOH-
HBIi (DUCYHOK 8a) U OJIMHAKOBOM 3arpy3Ke
aacopbeHTa.
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a) 6)
Pucynok 8 — OgHoCeKnnonHbI (a) 1
YEeTHIPEXCEKIMOHHDIN (6) KOJIbLeBoil ajcopbep:
1 — xopmyc; 2 — KoJbIleBas KaTaJIn3aTOpHAST
KOP3WHA; 3 — JIUCKOBAasl MEPETOPOIKA,

4 — KOJIbIIeBasd EPErOPOJIKa

3akJoYeHne

Becbma mepcrekTuBHO WHCHOJIb30BaHTE
CEKIIMOHUPOBAHHBIX AJCOPOEPOB KaK BEPTU-
KaJIbHOTO, TaK U KOJIBIIEBOIO THUIA B IIPOIIEC-
cax 6e3HarpeBHOII KOPOTKOIMKJIOBOI a1cOP0-
WU, HAIPUMEP, B IIPOIECCaX OYNCTKH U
OCYIIIKH TIPUPOJIHOTO T'a3a, KOT/Ia CTAIUS a/l-
copOIMK TPOTEKAEeT MPU BHICOKOM JIABJICHUH,
a CTaIus pPEreHepaluu aJcopOeHTa — IMpPHU
cOpoce JTaBJIeHUS, 9TO MO3BOJISET B JIECATKU
pa3 yMEHBIIUTb MPOJOJIKUTEIHHOCTh  aJl-
COPOIMOHHOTO IUKJIA U BBICOTY CJIOS aJCop-
OeHTa W, COOTBETCTBEHHO, 3arpy3Ky aJCcop-
GenTa B ascopoep.

VIMenno B Takoil cuTyaluu, KOTIa BbI-
coTa CJIos JIMIIh B 2-3 pa3a OoJibIle IIUHbI
30HBI Macconepesadn, KoaddurmeHT 3hdex-
TUBHOCTHU yBesmunBaeTcs no 0.7-0.8 mpu ne-
Jienun ajicopbepa Ha 2-3 cekiuu. [Ipu Heob-
XOJIUMOCTH H3BJIEKATh W3 TOTOKA ra3a He-
CKOJIbKO TPUMECHBIX KOMIIOHEHTOB Pa3-
HeIbHO MOXKHO 3(P@PEKTUBHO HCIIOJIb30BATDH
TEXHOJIOTUIECKYIO JINHUIO U3 HECKOJBKUX TI0-
CJIEJIOBATE/IbHO OOBS3aHHBIX OJIOKOB KOPOT-
KOITUKJIOBO# aJ1copOIimu, B KaXKJI0M U3 KOTO-
PBIX HCIOJB3yeTCs aJACOPOEHT, CEIEKTUBHO

M3BJIEKAIOIINI 13 MOTOKA T'a3a HeOOXOIMMbIi
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koMmIoHeHT [21, 22|. B arom ciaydae agcopbep
KayKJIOro OJIOKa JIMHUM MOXKET PacCMaTpU-
BaTbCd KaK €IWMHHUYHAA CEKIINA. BO3MO}KHO
TaKzKe COBMEIICHHE B OJHOM allllapaTe ald-
COPOIMOHHON CEKIMM C CeKIMel peaau3anun
HMHOTO MaCCOOOMEHHOT'O IIPOLIECCa, HAIIPUMED,
abcopbrun [23].

TakuMm 00pa3oM, CEKIMOHUPOBAHMUE aJl-
COPOIMOHHOTO  IPOCTPAHCTBA  HOCTATOYHO
IIEePCIEKTUBHO IJIA JIIO6bIX BapuaHTOB peaJiu-
3aIMK aICOPOIMOHHOrO IPOLECCa B XAMUYIE-
CKOIl TEeXHOJIOTUHU.
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Intensification of the adsorption process by partitioning the

volume of adsorbers
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Abstract

The direction of intensification of chemical-technological adsorption processes based on the

separation of the adsorbent layer into sections is considered. Partitioning leads to an im-

provement in the hydrodynamic situation and the creation of reserves due to this, ensuring,

within the limits of preserving the volume of technological equipment, an increase in the

clarity of separation, productivity for processed raw materials, energy and resource conser-

vation. In continuous adsorption processes, partitioning makes it possible to form and in-

volve additional phase contact zones in the technological process, in periodic ones — to

increase the dynamic activity of the adsorbent. Calculation elements and examples of appa-

ratus designs with the improvement of their workspace due to its partitioning are given.

Keywords

Partitioning, adsorption, adsorbent activity, mass transfer, hydrodynamics, heat transfer,

mass transfer devices, partitioning efficiency.
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Cymika reJjs MOJMaKPUIOHUTPHUIIA TIPU UHMPAKPACHOM TOIBOIE TEILIOTHI

A.T. HI/IHI/IH*, A. A. JIunun "

* Heanosckutdl 20cydapcmeernvill TUMUKO-METHON0UNMECKUT YHUBEPCUMEM,

Hesanoso, Poccus

Annoranusa

I'mapoauzoBaHHbIM TOIMAKPUIOHATPUI CAHTE3UPYIOT B BHE BOJHBIX PACTBOPOB, IIPEICTAB-
JIAIOIINX COOOI JIETKOIIOABUKHbBIE ITOJUMEPHBIE reJii. TaKue Teid HMEOT HeJOCTATOYHO CTa-
OMJIbHBIE XaPAKTEPUCTUKH U OTPAHMYEHHYIO 00/IacTh IpuMeHenns. [loauMepsl, Moy deHHbIe
B TBEPIOM BHJE, YIOOHBI IIPH TPAHCIIOPTUPOBKE, MMEIOT BBICOKOE COIEPXKAHNE OCHOBHOI'O
BeIlleCTBa U O0JIAIAIOT IMUPOKUM CIIEKTPOM IIOTPEOUTEIHLCKUX CBOMCTB. 3aKJIIOUUTEILHOM
CTaJiield IPOU3BOJICTBA ABJAETCA BECbMa YHEPrOEMKHH IIPOIECC CYIIKHU, OCIOZKHAIOIIMNCH
BBICOKOI aJIl€3MOHHON CIIOCOOHOCTBIO IeJsiei.

IIpoBenennr nccaemoBanns KHHETUKH IIPOIECCA CYIIKH IeJid THIPOJTU30BAHHOIO ITOJIUAKPHU-
JIOHUTPUJIA B yCJIOBHSX WMH(MPPAKPACHOIO ITOABOAA TEIIOTHI. IloydeHbl KpUBBIE CYIIKHA U
TeMIlepaTypHble 3aBrucuMOCTH. Ha ocHOBe 00pabOTKU 3KCIEPUMEHTAJIBHBIX JaHHBIX IIPEII0-
2JKEHO ypaBHEHUE JJId pacyeTa NapluabHOIO JIABJEHU BOJAHBIX ITAPOB HAJ, TeJeM IOJTUAK-
PUJIOHUTPHUIA.

BoimmosiHeHbI 9KCIIepUMEHTAJIbHBIE UCCIEIOBAHUS CYIIKHA Tejsl MOJNaKpPUIOHUTPUIA Ha, JIEH-
TOYHOHM TEPMOPATUAIIMOHHON CYIIUIKE JJADOPATOPHOTO MACIITA0A B HEIIPEPHLIBHOM PEXKHME.
it cymky B IPOMBIIIJIEHHOM MacIiTabe peKOMEHIOBaHa JIEHTOYHAs WHQPPAKpacHasd Cy-
MIUJIKA CO CILJIOIUTHOU MEeTaJIJIMYeCKON JIEHTOMH.

IIpemmoxkena MaremaTmdeckast MOJEIb IIPOIECCA CYIIKH TeJjisl IMOJHUAKPUIOHUTPUIIA B JIEH-
TOYHOM TEPMOPAIUAIIMOHHON CYIIMIKE ¢ U3JIy9Ialolleil MaHe b0, 000rpeBaeMOil TOITOYHBIMU
razamu. MaremMarudecKkasi MOIEJIb ITO3BOJIET IIPOTHO3UPOBATH BJIATOCOMAEPKAHNE U TEMIIe-
paTypy MarepuaJa, TEMIEPATypPy U BJIArOCOAEpPzKaHUe BO3/AyXa Ha BBIXOJE€ U3 CYUIUJIKU, &
TaK»Ke TEMIIEPATyPy OTPabOTAHHBIX TOIIOYHBIX ra30B.

KroueBnie ciioBa

Cymika, MOJETUpOBaHUE, MOJUMEPHBIH TeJib, TEPMOPATUAIMOHHAST CYIINIKA, KHHETUKA

CYIITKH
BBenenune [EJUTIOJIO3bI  ( METHUIIIEIITION03a, TUIIIEILTIO-
BomnopacTBopumble mosimMepbl TpUMEHsI- J103a, CyJIbMATHI MEJUTIOI03bI U JIP. ), TIOJIUBU-
FOTCS BO MHOTHX OOJIACTAX TEXHUKHM U TEXHO- HUJIOBBIH CIHAPT, IIOJHUMEPBI U COIIOJIAMEPBI
sgorun. Hambosblree MpakTUIECKOe IIpUMEHe- AKPHUJIOBOM M METAKPHUJIOBOM KUCJIOT U OKUCH

HUE HaXOJAT BOJIOPACTBOPUMBIE ITPOM3BOJHBIE stunena |1, 2]. Oum wucnosnb3yorcs Kak

! Zlaa nepenucku:
Email: lipin.a@mail.ru
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BBICOKO3(D(DEKTUBHBIE KOATYJISHTHI U (DJIOKY-
JISTHTBI, JIJIsT CTAOWTIM3aIiU SMYJIbCUN U Cyc-
MeH3Mi, B KaYecTBe 3alllUTHBIX KOJJIOUIIOB,
CTPYyKTypoobpa3oBaTeseil TO4YB, 3aryCTUTe-
Jielt, TaeHKoobpa3oBaTesieil, IUCIepraTopos,
CTabUIN3aTOPOB OYPOBBIX PACTBOPOB, AreH-
TOB, CHUZKAIOIIUX TUJIPABIMIECKOE COIIPO-
TUBJICHUE TPU TEYEHUN YKUJIKOCTEH 1O Tpy-
6onpoBoam u zp. [3].

Tlormsurenn BomooTmaun OYpPOBBIX pac-
TBOPOB CTAa0WJIM3UPYIOT JUCIIEPCHYIO CH-
CTEMY, CHUXKAIOT MPOHUIAEMOCTH (DUILTPAa-
IIMOHHON KOPKH U, B 3aBUCHUMOCTH OT CO-
crTaBa, MOTYT BJIMSTHL Ha PEOJIOTHYECKUE
cBoiicTBa GypoBoro pactBopa. K HEUM OTHO-
cATCs: KapOOKCUMETHJIEUII0103a, MOaudu-
IIUPOBAHHBIA  KpaxMmaJsi, TOJUaKPUTAMUI,
IUJIPOJIN30BAHHBIN TTOJIMAKPUIOHUTPU  (TH-
nan) u ap. [4, 5].

lunan cunresupytor B Buge 10-15%-x
BOJIHBIX PACTBOPOB, TPEJICTABJIAIONINX COOOM
JIETKOITIO/IBUYKHBIE TTOJIMMEpHBIE reu. Takue
reJTi UMEIOT HeJJOCTATOYHO CTAOUIbLHBIE Xa-
PAKTEPUCTUKN W OTPAHUYEHHYIO O0JIACTb

Onn

TPAHCIIOPTUPOBKE U HEYIOOHBI TPU ITPUTO-

[IPUMEHEHUS. HEIKOHOMUYHBI  TIPU
TOBJIeHUU paboumx pacTBopoB. l[losmmepsr,
MOJIyYEeHHbIE B TBEPJOM BHJE, UMEIOT IIpe-
uMyIrecTBa mepe reasmu. OHu yI00HbI TpH
TPAHCIIOPTUPOBKE, UMEIOT BBICOKOE COJIePKa-
HIE OCHOBHOT'O BEIECTBA U O0JIQ/IAI0T IIIUPO-
KAM CIEKTPOM IOTPEOUTEIbCKUX CBOMCTB.
3aKJIIOYUTEIHLHON CcTaaueil IPOU3BOIACTEA, B~
JISIETCS BECbMAa HEPTrOEMKUI MPOIECC CYIIKH,
OCJIOKHAIOIINAMCHA BBICOKOW are3nOHHON CIO-
COOHOCTBIO Tejieil, W YCJAOBHEM COXPAHEHUsI
BCEX LEHHBIX CBOMCTB IIEJIEBOrO MPOAYKTa [6].

B npowmpbliiieHHOCTH B OCHOBHOM HCITOJTb-
3yIOT KOHBEKTHUBHBIN crtocob cymku. OHaKo
JAHHBIN CI0COD HE TO3BOJISIET JTOCTUTATH BbI-
COKOW MHTEHCUBHOCTHU CYIIKU, & TIPU IOBbI-
IIEHUU TEeMIEPaTypPhl CYIIUJIBHOTO areHTa
MIPUBOJIUT C JECTPYKIIMU MATEPUAJIA U TTOTEPE

€ro MoTpedUTETbCKIUX KAIECTB.

O,ILHI/IM U3 IIEPCIIEKTUBHbBIX METOIOB HH-
TeHcUpUKAIUA TIPOIECca TEPMOOOPADOTKU
KOJUIOMAHBIX BJIa2KHBIX MaTE€pUaJIOB ABJIA-
€TCsT MCITOTb30BAHNE PATUAIIMOHHOTO SHEPTO-
IIOJIBOJIA TIPU TIOMOIIHA WH(MPAKPACHBIX U3JIYy-
gareseit [7-10]. OcHOBHOE IOCTOMHCTBO pa-
,Z[Ha].[HOHHOfI CYUIKH II0 CDaBHEHUIO C KOHBECK-
TUBHOM — BO3MOXKHOCTDb IIOJIyIEeHHUSI OOJIb-
X TEIIJIOBBIX ITIOTOKOB. BOJII)HIOfI TEIJI0BOI
IIOTOK BBbI3bIBA€CT BO3HUKHOBECHUE 6OJII>HII/IX
TEeMIIEpATypPHBIX T'PaJIMEHTOB B MaTepuale,
9TO He BCErja JOMYCTUMO IO €r0 CBOMCTBAM.
ITosTomy 3amada ompesesieHUsT PaIMOHAb-
HBIX CIOCODOB M PEKUMOB CYIIKU BOJOPAC-
TBOPHUMBIX ITOJIMMEPOB C YY€TOM HX CBOUCTB
1 OCODEHHOCTEN SIBJISETCS aKTyaJbHOM.

Jlannast paboTa BKJIOYaeT B ceds IKCIIe-
PUMEHTAJbHBIE U TEOPETUIECKUE MCCIEI0BA-
HUsI TIPOTECCa 0DE3BOKUBAHUS TTOJUMEPHOTO
reis  THIPOJU30BAHHOTO  TOJUAKPUIOHUT-
pHUJIa, KOTOPBIE TIPOBOIATCS C TEJIBIO MOy Ye-
HUSI B CyXOii BBIITYCKHOM popmMe OYpPOBOTo pe-
areHTa — MOHU3UTEJIST BOIOOTIaYH 6YPOBOTO
pacTBopa.

ITockonbKY WUCXOMHBIN MPOAYKT WMMEET
BBICOKOE BJIATOCOJIEPKAHNE  TIEJIECOO0OPA3HO
PaCcCMOTPETDH BO3MOZKHOCTb IIPUMEHEHUA
CyImIKH C WHQPAKPACHBIM IIOJIBOJIOM Terl-
sgorel, Tak kKak WK-mznyuenwe mossosser
O6eCHe‘{I/ITL BBICOKHE 3Ha4YCHHA YIAEeJIbHOI'O
TEIJIOBOTO TTOTOKA.

DKcnepuMeHTaAIbHBIE UCCJIETOBAHUST

Ha nmaboparopHoit ycTaHOBKE IIpOBEIEHBI
uccjaea0oBaHd KHWHETHUKH IIPOIEeCCa CYLIKH
rejid THUIAHA B YCJIOBUAX HHMOPaKpPACHOIO
II0ABOJa TEILJIOTHI. MGTO,Z[I/IKE% IIPOBEICHU A
9KCIEPUMEHTa 3aKJII0YaIach B CJEAYIONEM.
B Merammmaeckyio KioBeTy ILIomaapo 15 e’
MTOMEIAINCh 00pas3Ibl Tejst TumaHa. 1oJ-
MUHA CJIOST TeJisd PeryaupoBajiach W3MeEHe-
HUEM MaCCbl HABECKWU. KIOBGTI)I yCTaHaBJ/IMBa-
JIUCh HA 9JIEKTPOHHBIE BECHI ¢ UCTIOJIb30BAHIEM
moAcTaBKU. st 3ammmThl BeCOB OT HeDJAro-
npustHoro Bo3neiicreust NK-uznydenus wuc-

TTOJTE30BAJICST TETUIO3AIUTHBIN 3kpan. OTcuer
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BPEMEHU TIPOTIECCa CYIIKM HAYUHAJCS C MO-
MEHTa BKJIIOUEHUsT DJIEKTPUIECKOTO U3JTyda-
Tesnss. Ydepes  Ompejie/IeHHBIE TTPOMEXKYTKHU
BpeMeHr (DUKCHUPOBAJIACh Macca ob0pasIa.
TemmepaTrypa rejist U3Mepsiiach GECKOHTAKT-
HBIM crocobomM ¢ momornbio MK-Ttepmomerpa
AKMNII-9302. IIpomecc CymKH IPOBOIUIICS
JIO JIOCTUYKEHUS MTOCTOSTHHOTO Beca 0bpasIia.
Ha pucynke 1 mpuBeieHbl KpUBBIE CYITKH
(1, 3) m TemmeparypHbie Kpubble (2, 4) st
TOHKOTO CJIOSI TeJisT TUTIaHa B yCJIOBUSAX WH-
dppakpacHOro TOIBOA TEIIOTHL. [LTOTHOCTD
MOTOKa WHQMPAKPACHOTO W3JIyYEHUsI COCTa-
Busta 12000 Br/ M By maHHBIX KPUBBIX IIO-
Ka3bIBAET, UYTO OCHOBHOE KOJUYIECTBO BJIATH
(mo 90 %) ymansiercss B €pHOJI OCTOSAHHON
CKOPOCTH CYIIKH, KOTJIa CKOPOCTh yIAJIEHUST
BJIATH JTUMUTHPYETCS WHTEHCUBHOCTHIO TIOI-
BOJIa TETJIOTHI. Bpemst cymiku obpasIoB co-
craBisio 810 MUH., B 3aBUCUMOCTH OT TOJI-

IIWHBI CJIOA T'eJId.
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Pucysok 1 — 3aBUCHMOCTH BJIATOCOIEPIKAHUS
(1, 3) u remueparypsi (2, 4) oT BpeMeHu
mponecca Cymku. TOJIMHA CJIOS TeJIsT, M:

1,2 — 1410 3,4 — 2.1-10"

Kpome Toro, B Tex ke ycaoBuax ObLIA

[IPOBEMIEHbI OILITHI 110 HUCIAPEHWIO BOIHLI.
CopMmecTHast 0O0paboTKa Pe3yJIbTaTOB SKCIIe-
PUMEHTOB IIO3BOJIAJIA IIOJYyYUTh SHAYCHUS
KO PUIINEHTA MACCOOTIAYN U 3aBUCUMOCTD
[MapIUAILHOIO JABICHUS BOAIHBIX IIAPOB HAL
rejieM IOJIAMePa OT TEMIIEPATYPhL U BJIArOCO-

Ot

3HAaTb IIPpU IIPOBEICHHHN PpacdeTa IIPoIecca

Jep2KaHud. BEJIMYNHBI HGO6XO,ILI/IMO

CYIIKH.

IIpomwviuinermvie npouecco, v mexrnoso2uu. 2023

Ob6paboTKa IKCIEPUMEHTATbLHBIX  JAH-
HBIX TI0 3aBUCUMOCTH YOBLIN MaCChl HABECKH
BOJBI OT BPEMEHW IMO3BOJIUIA PACCINTATD
3HaveHre KO3(MPUIMEHTa MacCOOTIAYN B
YCJOBUSX €CTECTBEHHON KOHBEKIUU W WH-
dpakpacHOro IIOIBOIA TEILTOThI
£=3,9-10" kr/(m*-c-ITa). Pacuer kosdpumu-
€HTa MaCCOOTAYN MTPOBOJUIICS TI0 (POPMY.IE:

lg
Bp N (PHac(tucn) - Pr) -F ’ (1)

rae F — mwromanas moBepXHOCTH WCHIAPEHUS,

YUCJIEHHO  paBHas  TJIOMAJU  KIOBETHI;
iy — MAacCCOBBII TTOTOK HCTAPIEMOI BOIIBI.

Jpmkymas cuia mporecca B opMmyJie
(1) BbIpaKeHa Kak Pa3HOCTh HAPIMAJBHBIX
JIABJIEHUN HACBIMIIEHHBIX MAPOB BOJBI TIPU
TeMIiepaType UCIApEHUsI U BOJTHBIX TTAPOB B
OKPYKAIOIIEM BO3JIyXe.

JlaByieHue BOISHBIX MAPOB HAJl PACTBO-
POM TOJIMMepa HU2Ke, YeM HaJ[ BOJIOH, U MO-

ZKeT 6])IT]) Hpe,ZLCTaBJIeHO 3aBUCUMOCTBIO:
2
Pm = pHac(tm) ’ l/)(U) ( )

Bxopgamumit B 31y dopmysy mompaBod-
ublit koaddurment Y(U), 3aBucsmmit or Bia-
TOCOMEpYKaHUS TeJisl, OBLT ONPEIeeH MyTeM
00pabOTKM OIBITHBIX JAHHBIX II0 CYIIKE TeJIs.
SHaueHnne Ko3P@UIEEHTa OIPeHessIoCh II0
yPABHEHUIO:

Y=W/(By F)+B)/Prse.

rae W — MacCoOBBIil ITOTOK HCIAPAIOIIEHCsT 13
reJsist BOJBI, KI'/C.

W = Amrenﬂ _ m; — mZ’ (4)
At Ty —Tq

rJie mj, M2 — MaCCa HABECKU T'ejisd B MOMEHT
BPEMEHU T1, T2, COOTBETCTBEHHO.

Becb BpemeHHOII WHTepBaJ IPOIECCA
CyIIKU TeJjisi pa30uBaJiCsi Ha BpEeMEHHBIE I1aru
AT, JJIg KayKJI0TO M3 KOTOPBIX PaCCUUTHI-
BaJICAd MAaCCOBBIA IIOTOK UCHAPLAIOIICHCA U3
resist Bozibl. dasee o dpopmyse (3) paccun-
TBIBAJIOCH 3HadeHne Kodbduimenta ((U). B
rpacdudeckoit dopme MTOTydEeHHBIE PE3YJIb-
TaThl IPEJICTABJIEHBI HA PUCYHKE 2.
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Pucynok 2 — 3aBUCHMOCTD TIOITPABOTHOTIO

ko3 dunmenTa or Baarocogepxkannsg U

Maremarndeckass 00pabOTKa IOy YEH-
HBIX JIAHHBIX TIO3BOJIUIA PEKOMEHIOBATE CJTe-
Jayrore pOpMyJIbl I PacdyeTa TMOMpaBOU-
HOrO KO3 durmenTa:

y = 0.12upu U > 2.4, (5)

y = 0.0770%° npu U<2.4. (6)

Peanuzarmusa HempepbIBHOTO — Iporecca
TEPMOPATUAIIMOHHON CYIIIKH THIAHA ITPOBO-
JUJIUCH HA JIADOPATOPHON yCTAaHOBKE, CXeMa
KOTOpOI IpUBE/IEHA Ha PUCYHKE 3.

Pucynok 3 — Cxema jgabopaTopHOit
YCTAHOBKH: | — MeTaJINIECKasi JICHTA;
2 — npuBo (JEKTPOIBUTATEID);
3 — 3JIEKTPUYIECKUIl M3aydaTesb; 4 — HOXK;
5 — BEHTWJIATOP; 6 — MEPUCTATHTHIECKU

HACOC; 7 — €MKOCTb C TeJieM

lenp rumana paBHOMEDHO JIO3MPOBAJICH
Ha, MEJIJIEHHO JIBUKYIILYIOCS TIOBEPXHOCTD Me-
TAJUIMIECKOHN JIEHTBI C TIOMOIIBIO TTIEPUCTATIb-
THYECKOr0 Hacoca. Pacxoj reis peryampo-
BaJICsl CKOPOCTHIO MOJAYM U JUAMETPOM Ka-
mutsipa. CKOpOCTh JIBUXKEHUsT PEryJInpoBa-
JIaCh HAIPs)KEHMEM Ha KJIEMMaX 3JIEKTPO-
JIBUTATEJIS. MortmabivM MCTOYHUKOM
VNK-uznyuenust aBJIsijiCsi 9JEKTPUIECKUAN W3-
Jiydaresib. i mpeoTBpalieHus neperpesa
B KOHIIE 30HBI CYIIKHU TPOIYKT 00/1yBaJICs XO-

JIOOHBIM BO3AYXOM C IIOMOIIBIO BEHTUJIATOPA.

Ha pucynke 4 npencrasiienbl rpaduku
U3MEHEHUSI OTHOCUTEJbHON BJIAYKHOCTH TeJIst
10 JIJTMHE CYIIUIBbHOM KaMepbl J1AD0PATOPHO#
YCTAHOBKHU. YKa3zaHa Oe3pa3MepHasi KOODJIHU-
Hara Y=y/L. Cpemnsis MJIOTHOCTH MOTOKA
nHGMPAKPACHOTO — U3JIyYEHUsl  COCTABUIIA
10200 Br/nm’. Tommuna caost rest 2.2-10° m.
BraxknocTs MaTepmana Ha BBIXOJIE U3 CY-
mmakyu cocrasunia 1, 4, 8 % mnpu ckopocTsax
nBuzkenust jieHTsl 2.9; 3.1; 3.24 cm/mun. Tpe-
OOBaHME TI0 MAaKCHMAJbHO JOIyCTUMOi
BJIA;KHOCTH /I JaHHOTO 1poaykTa 5%. Tem-
IepaTypa MaTepuaJia Ha BBIXOJE U3 CYIIHIb-
HOM Kamepbl He mpesbimaiaa 140 °C, aro mo-

IIYCTUMO IOJId JaHHOI'O IIOJIMMEpPA.

100.0
= 9\080'0
3 5600
2 X
S %400
I ©
E 3
O ®200
0.0
0.0 0.2 0.4 06 038 1.0
Y, ponm

Pucynok 4 — ll3menenue oTHOCUTETBHOMI
BJIAYKHOCTH TIO jymHe cyrmmika. CKoOpocThb
JIBUKEHMsI JIEHTbI, cM/Mun: 1 — 2.9; 2 — 3.1;

3—3.24

B mpowmbimiienHoit cyminiike B KadecTBe
ncrounnka WK w3iaydyenns 1meaecoodpasHo
IIPUMEHUTH IIaHE/JIM C Ta30BbIM O60Fp€BOM.
Ha pucynke 5 npuBenena cxema Takoro ari-
napara. Cymmika, Koropas paboTaer cJery-
omuM 00pa30M: Tejib TUIMAHA PaCIPEIesis-
€TCdAd II0 IIOBEPXHOCTH MEIJICHHO IBUXKY-
meficst Merajumdeckoit JienTol 1. [Ipupogubrit
ra3 U TOPSYNi BO3IYX MOCTYIIAIOT B TONKY 4.
IIpoaykTbl cropanusi (BBICOKOTEMITEPATYD-
HbIE Ta3bl) HAPABJIAIOTCS Ha 0OOIPEB U3JIYy-
qaroreii moBepxuoctu 6. B pesysbrare mo-
BEPXHOCTDH IIaHE/IM CTaHOBHUTCA MOIIHBIM HMC-

tounnkom VK-u3nydenus.
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Pucynok 5 — Cxema JIGHTOYHON TEPMOPAIUAIIMOHHON CYIITUTKIN:

1 — merasumueckasi JeHTa; 2 — TPUBOIHON OapabamH; 3 — HOXK; 4 — TONKA C KAMEPOIl CrOPAHUS;

5 — TENJIOM3OJIATMOHHBIN CJI0l; 6 — M3JIydaronias TaHeb; 7 — JIBIMOCOC; 8 — BEHTHUJISITOP.

MOnoHbE 2038
Gz ton fox
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/M X
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Pucynok 6 — Pacuernasa cxema: 1 — cjioit Mmarepuasa, 2 — U3JIydaronas IaHes b

Cyxoit TomuMep yIaJseTcst ¢ JIEHTBI C
moMoIIkI0 HOXkA 3. Jl1a ipemoTBpalienust e-
perpeBa MpPOJIyKTa TOMAETCsl XOJIOTHBIA BO3-
JIyX, KOTOPBIH JBUXKETCS HABCTPEUY MOTOKY
rejisi U yIAJseTCd U3 30HbI CYIIKHA C TTOMO-
mbio BeHTmwIATOopa 8. st ymamenust orpabo-
TAHHBIX TOMOYHBIX T'a30B MPEIYCMOTPEH JIbI-
Mococ 7.

MaremaTuieckoe MOOeJIMPOBAHUE
mporecca CyImuiKu

B mpormecce mudpakpacHoit cyriku mpo-
JYKT
VK-uzmyuennst BBICOKOH ILJIOTHOCTH, UTO MO-

noaBepraercd BO3IECICTBUIO

2KEeT IIPUBECTU K €ro IIeperpeBy u CHU2KECHUIO

(T, — T,) = ¢1,[(T,/100)* — (T,/100)*,

—ty )/( Grcr)'

.dU
dt, C2[(T./100)* = (T,/100)*] B+ 7" 7o G, + a(t. — t,) B

dtr/dy =~ B(tr

KadeCcTBeHHBIX mNokazareseil. Iloaromy mpo-
THO3UPOBaHME MIPOGUST TEMIIEPATYPhI MaTe-
puaJia II0 AJNHE CYIIWJIKHW ABJIACTCA aKTYy-
anmpHOl 3amaueit. Ha pucynke 6 mpencras-
JIEHA PACUYETHAsI CXeMa YCTAHOBKH.

IIpu razoBom oborpese TeMmIiepaTypa u3-
JIydaTesjd HU3MEHAeTCA II0 OJIMHE CYIINJIKH.
Pacuer msmenenuns temmepaTypbl H3JIydaio-
mieit maneu Ty, TOMOYHBIX ra30B tr, BJIAroco-
nepxkanusg U u TeMepaTypbl ty BbICYIITHBaE-
MOT'O MaTepHaJia, TEMIEPATYPHI te ¥ BJIATOCO-
JepzKaHugd BO3AyXa X II0 JJIMHE Y CYIINJILHONI
KaMepbI OCYIIECTBJIACTCA IIyTEM PEIICHUA CHU-
crembl ypasaenuit (7)—(13).

dy

dy

ITpomviwaenmvie npoyeccor v mexnoaozuu. 2023. T. 3. N 1(8)

Gy(cy + cU) ’
d U/dy = ﬁpB(pM — Pc )/Gn'

d tc/dy = [ac(tc - tu) + ac(tc - tM)] : B/(GBCB)'
dx/dy = ﬁp(pM - pc) ' B/GB'

Pu = pHaC(tM) ' llJ(U)
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K03 du-

OUEHTHI TEIJIOOTIAaYMW OT TOIIOYHBIX I'a30B K

B stux ypaBHeHuax: o, oc —

MBJTyJaroIeil maHeJn  OT MaTepuaJa K BO3-
OyXy B CYIIMJIbHOW KaMmepe; Ci2 — Kodpdu-
HMEeHT B3aWMOM3JIyUYeHus; B — ImupuHa
JIEHTBI; Cr, Cs, Cy — TEIJIOEMKOCTH, COOTBET-

CTBEHHO, TOIIOYHBIX I'a30B, BOAbLI 1 CyXOI'O I10-
*

JuMepa; r* — Temora mapoobpa3oBaHWUS;
G — MaccoBblif pacxojt HOJTIMEpA,
G — pacxos TOMTOYHBIX ras3oB;

te — TeMIepaTypa BO3/yXa B CyIIUILHON Ka-
Mepe; Pu, Pe — HapIUaIbHOE IaBJeHHE Ta-
POB BOJIbI HAJI MMOBEPXHOCTBHIO CJIOS TeJisi U B
BO3AyXe; Pp — KOIP@PUIUEHT MacCOOTHAYN;
Puac — JIABJIEHUE HACBHIIIEHHBIX MAPOB BOJIBI;
G(U) — smnupudeckuit kosddunuenr, yau-
THIBAIOIIUI CHUYKEHUE MapIUaJIbHOTO JaBJie-
HUSI BOJSIHBIX I1APOB IPH YMEHBIIEHUW BJla-
rOCOJIEPKAHMS.

Kpaesble yciioBust Jijist ypaBHEHMIA:

opu y = 0 tr = tom, tu = tam, U = Uy

mpuy = L tc = tew, T = .

JBmKyImas cuia IMPoIecca CyIIKNA 37eCh
BBIpaskeHa KaK Pa3HOCTh MMapIUaIbHBIX J1aB-
JIEHWI BOJISTHBIX TIAPOB HaJ| MATEPUAJIOM U B
OKPY?KAaIOIEM BO3yXe.

[TapumaibHOe JaBaeHNe BOJAHBIX ITAPOB
H&JI MATEePUAIOM MOYKHO PacCUYUTaThb KakK
[IPOU3BEIEHUE JTABJIECHIS HACHIIEHHBIX TIAPOB
BOJBI IIPU TEMIIEpAaType HUCIapeHusl Ha Io-
npaBouHbIil Koahdurment (ypasHernue 13).

JlaBieHre HACBINIEHHBIX [APOB  BOJIbI
orpeiesisieTcst o (popMmyJie:

P =617-exp(17,25-¢, /(t_+238)).  (14)

IlaprmanbHOe maB/IeHHE BOISHBIX IAPOB
B BO3/yXe, HAXOIANIEMCA B CYIMUJILHON Ka-
Mepe, PACCUUTHIBAETCS M0 YPaBHEHUIO:

Pc:Pann : Xc/(07622 + Xc)' (15)

Pemtenne cucrempr ypaBHeHUil mMarema-
TUYIEeCKOTO OIMCAHUS IIPOIECCa CYIIKH OCY-
IECTBJISJIOCh ~ YUCJIeHHBIM  MeTosoMm. [lo-
CKOJIBKY HAYaJIbHBIE TTapaMeTPhl BLICYIITUBA-
€MOr0 MaTepuaJia M BO3IyXa W3BECTHBI HA
IIPOTUBOIIOJIOZKHBIX

CTOpPOHAX CYLIUIbHOMI

KaMephbl, 3aJaBajIoCh HEKOTOPOE OIEHOYHOE
3HaYEHUE TeMIepaTypbl BO3AyXa Ha BBIXOIE
n3 anmapara: tr = trx npu y = 0. B wurore
IIPOrHO3UPYIOTCH BJIArOCOAEPKAHUE U TeMIIe-
paTypa MaTepuaJia Ha BbIXOJE U3 CYILINJIKUA 1
TeMIlepaTypa U BJIarocolepzKaHue BO3IyXa
Ha BxOse B annapat. IIpoBepsercs coorser-
CTBUE 3aJIAHHOTO try M paccauTaHHoro tr(L)
3HAYEHUN HAYAJBLHOU TeMIepaTypbl BO3AyXa.
Ecmu [ to

I'PENTIHOCTD BI)IHI/ICJIGHI/Iﬁ, TO U3MEHAECTCA IIPU-

— tr(L)/>e, re & — 3amannas no-

HATOE 3HAYEHWE TEMIIEpATyPhl BO3IyXa HA
BBIXOJIE U3 aIllapaTa W BBIYUCIEHUS ITOBTO-
pstoTcs. B nporuBHOM cilyuae pacder 3aKaH-
unBaercs. [ljgsg yrounenus 3uadeHus tpx uc-
TIOJIB3YyEeTCA METOJ TIOJIOBUHHOTO JIeJIEHUSI.
Koneunoe Biarocomepkanume BO3JyXa Ha
KazK/I0UW UTEPaIU OIPEJIeITeTCs U3 COOTHO-
IIEHUsT MATEPUAJIBHOTO DaJlaHCa M0 MCIIAPEH-
HOH BJare.
PesyabTaThl

Ha pucynkax 7, 8 npuBeieHbl pacyeTHbIE
rpaduKy U3MEHEeHUs TEMIIEPATYPhl BBICYIIN-
BAeMOTO TeJisl, U3JIYyJaoIeil TaHeIn, TOmOY-
HBIX Ta30B U BJIATOCOMEPYKAHUI MaTepraa.

AHann3 MOKa3bIBAET, UTO TEMIEpaTypa
MaTepuaJia He mpesbitmaeT 114 °C, ato HuXKe
TPAHUILI Havajga JeCTPYKTUBHBIX W3MeEHe-
muwii. Ilpum HavabHOII TeMmIepaType TOIOY-
ubIx ra30B 800, 850 1 900 °C mocTuraercst Ko-
HEYHOE BJIATOCOJIepKAHNE MaTepuaja, COOT-
BercTBenHo, 40, 4.3 u 1.1 %.

1000

800 {\ 3
600

<4004 2

200 1

Yy, M
Pucyunok 7 — Temmneparypabie mpoduiu:
1 — marepuana, 2 — u3aydaTens,
3 — TomouHbIX ra3oB. Hagasbaass Temmeparypa

Tonounbrx razos 900 °C

44 IIpomwvrwnenivie npoveccor u mexnonozuu. 2023. T. 8. €M 1(8)
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Pucyunok 8 — IIpodwuin BaarocogepKanusi.

Hauganbhas Temmneparypa TOMOYHBIX Ta3oB, °C:

1 —800; 2 — 850; 3 — 900

3akJoYeHne

IIpoBenenbl sKCIIEPUMEHTAIBHBIE HCCJIE-
JIOBaHUsI CYIIKW TeJjisi TUMAHA HA TBEPJIBIX
MTOJIJTIOKKAX U HA JICHTOYHOW TEePMOPaIAaIi-
oHHOI cymumike. [losydeHnl qaHHBIE 110 KU-
HETUKE CYIIKW Tejisd THUIaHa. Y CTAHOBJIEHO,
9TO OCHOBHOE KosmvecTBo Biaru (mo 90 %)
YIAJISeTCS B TEPUOJIbl IPOTPEBa U TTOCTOSH-
HON CKOPOCTH CYIIKH, KOTJIa CKOPOCTH YA~
JIEHUS BJIATH JIMMUTUPYETCS WHTEHCUBHO-
CTBIO TIOBOJA TEILIOTHI.

Ilosiyuena 3aBUCMMOCTH TIOIPABOYHOTO
KO PUINEHTA, YIUTHIBAIOIIETO TOHNKEHIE
JaBJICHUS BOJISHBIX IAPOB HAJI MOBEPXHO-
CTBIO TeJid TUIAHA OT BJATOCOIEPIKAHUST
reJisi.

Jliist cymiky Tesis TUMaHa MOYKHO PEKO-
MEHJIOBATh JIEHTOYHYIO WHQMPAKPACHYIO CY-
IIUJIKY CO CIUIOIIHOA MeTalJINYeCKOU JIeH-
toii. B kauectBe ucrounuka VK uzmyuenust
11eJIeCO00PA3HO TIPUMEHUTh TAHEJU C Tra30-
BBIM ODOI'DEBOM.

IIpennoxkena maremMaTuvdeckas MOJIENh
IIPOIECCa CYIIKU TeJid THIaHa B JIEHTOYHOR
TEPMOPAINAIIMOHHON CYIIUJIKE C W3JIy4daro-
el maHesbi, 000rpeBaeMoil TOIIOYHBIMY T'a-
zamu. MaremaTudeckass MOJEIb TO3BOJISET
[IPOrHO3UPOBATH BJIATOCOJEPIKAHUE W TEMITEe-
paTypy MaTepuaJia, TEMIEepaTypy U BJIAroco-
Jiep2KaHre BO3/yXa Ha BBIXOJIE U3 CYIITUJIKH,
a TaKKe TeMIIepaTypy OTpabOTaAHHBIX TOIIOY-
HBIX Ta30B. MaTemMaTndeckas MOJEb MOXKET
OBITH UCIIOJIB30BAHA I BHIOOPA PAIMOHAIb-
HbIX 3HA4YeHUu

OCHOBHBIX  I1apaMeTPOB

IIpomwviuinermvie npouecco, v mexrnoso2uu. 2023

nporecca: IPOU3BOJUTEJIbHOCTH IO IOJIU-
Mepy, TEMIIEPATYPBI U PACXO/a TOIOYHBIX I'a-
30B.
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JIuttua Anexkcanap I'eHHaabeBUY — 1—p TexH. HAYK, Ipodeccop, 3aBeayommil Kaheapoii
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Infrared drying of polyacrylonitrile gel
A. G. Lipin", A. A. Lipin™

* Ivanovo State University of Chemistry and Technology, Ivanovo, Russia

Abstract

Hydrolyzed polyacrylonitrile is synthesized in the form of an aqueous solution, which are
easily movable polymer gels. Such gels have insufficiently stable characteristics and limited
application area. Polymers produced in a solid form are easy to transport, have a high
content of the main substance and have a wide range of consumer properties. Thus, the final
stage of the polymer production is a very energy-intensive drying process, complicated by
the high adhesive capacity of gels.

The kinetics of the infrared drying of hydrolyzed polyacrylonitrile gel was studied. Drying
curves and temperature dependences were obtained. Based on the processing of experimental
data the equation for calculating the partial pressure of water vapor over the polyacryloni-
trile gel was proposed.

Experimental studies of polyacrylonitrile gel drying on a laboratory-scale infrared belt dryer,
which operates in a continuous mode, were performed. An infrared belt dryer with a contin-
uous metal belt was recommended as industrial scale dryer.

A mathematical model of the polyacrylonitrile gel drying in an infrared belt dryer with a
radiant panel heated by flue gases was proposed. The mathematical model enables to predict
the moisture content and temperature of the material, the temperature and moisture content
of the air at the outlet from the dryer as well as the temperature of the flue gases.
Keywords

Drying, modelling, polymeric gel, infrared dryer, drying kinetics.
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Uccnenopanume BIugHUA MACJIOOTTAJIKUBAIOIINEH OTIEJIKA Ha CBOMCTBA

TEKCTUJIbHBIX MaTepHruaJioB IJId CIICHOACXKAbI COTPYAHUKOB

aBTOPEMOHTHBIX TIPEeINPUATHI

1O. C. myCTOB*’l, E. 1. EcbaHOB*

* Poccutickuti 2ocydapemeenmnviti ynusepcumem um. A. H. Kocvieuna

(Texnonozuu. Ausatin. Uckycemeo), Mocksa, Poccus

Annoranusa

CoTpyTHUKY aBTOPEMOHTHBIX TIPEIIPUATHN B CBOEH MPOM3BOJICTBEHHON JEATETBHOCTH MO

BEPratoTCs BO3JEHCTBUIO PA3JINYHBIX BPEJIHBIX BUIOB Maces. B kadecTBe 0O bEKTOB UCCIIEI0-

BaHUS OBLINA B3SITHI CEMb 06pa3u013 TKaHen Pa3INIHBbIX HpOH3BO,ZLHT€JI€fI, HCIIOJIb3YEMbIX IJIA

M3rOTOBJIEHUsT pabodeil OJIeXKIbl COTPYAHUKOB aBTOPEMOHTHBIX NpeanpusTuii. B mporecce

IKCIIyaTallu TKaHU IIOABEPIralOTCA MHOTI'OKPATHBIM CTHPKAaM. B pa60Te PaCcCMOTPEHbI U3-

MeHeHUs (PU3NKO-MEXaHUIECKUX CBOMCTB PACCMATPUBAEMBIX TKAHEH, a TaKXKe UX CTONKOCTb

K BO3,ZL€ﬁCTBI/IIO MOTOPHOI'O 1 TPaHCMUCCHUOHHOI'O MacCeJI, ¥ IIOJIyY€Hbl 3aBUCUMOCTH ITUX Xa-

PAaKTEPUCTHUK OT KOJIMIECTBa CTUPOK.

KroueBnie ciioBa

TekcTuabHBIE MaTepHuaJibl, aBTOPEMOHTHbBIC IIPDECANPUATUA, MAC/JIOOTTaJIKHBaAHUE, CTHUPKA,

OIIbITHasdA HOCKa.

Bsenenne

B 1mocaennue necarunerud B Hamen
CcTpaHe IPOMCXOIUT POCT aBTOIApKa, YTO
OXKIJAEMO BBI3BIBAET POCT HOTPEeOHOCTEH B
yCJIyrax o TeEXHHYECKOMY OOCJIYKUBAHWIO U
PEMOHTY aBTOMOOMIIEA.

CoTpyOJHUKM aBTOPEMOHTHBIX IIPEIIIPHUs-
TUIA B CBOE#l IIPOU3BOJACTBEHHON IedATeIbHO-
CTH TIOABEPXKEHBI KOMILJIEKCHOMY BO3IEii-
CTBMIO BPEIHBIX U OIACHBIX ITPOM3BOICTBEH-
HBIX (PAKTOPOB: B IIEPBYIO OYepeab 00JIa1a10-
IIAX CBOHCTBaAMHM (PU3UIECKOIO U XUMUYIE-
CKOI'O BO3HEHCTBUA HA OPTaHU3M YEJIOBEKA.
It 3amuThl OT BO3HAEHCTBAA JTAHHBIX (DaK-
TOPOB HEOOXOIMMO HCIIOJIb30BATH CPEICTBA

WHIWBUIYAJIHON 3aIluThl W, B TEPBYIO

! Zlaa nepenucku:
Email: shustov-yus@rquk.ru

OYepeib, CIEOHIeXk Iy, KOTopas Oymer obsa-
JaTh BCEM KOMILIEKCOM IIPEIbsBISEMbIX K
Hell TpebOBaHU B TEYEHWE BCETO HOPMATHUB-
HOTO CPOKa JKCIUIyaTallu¥, YTO JIAJIEKO He
BCerjia JIOCTUXKUMO BCJIEJICTBUE €€ YCKOPEH-
HOT'O U3HAIUBAHUS.

B kadecTBe 00BEKTOB UCC/IEIOBAHUS BbI-
OpaHbl TKAHU CIIENIUAJIBHOTO HA3HAYEHUS, OT-
JIMYAIOIINECS IO COCTABY M CTPYKTYPHBIM Xa-
PAaKTEpUCTUKAM, WMEIOIe HEeOOXOIUMbIe
I TieJiefl MCcCeOBaHus MAaCJIOBOJIOOTTAJ-
KuBaomue oraeaku. Ilpu Beibope 00bEKTOB
HCCJIEIOBAHUS YITEH aHAJN3 OT€IE€CTBEHHOTO
PBIHKA CIIENUAJIbHONW OJIEXK/Ibl U PE3YJIbTATHI
ompoca PabOTHUKOB ABTOPEMOHTHBIX MPE/I-
npuaTuii. XapakKTepUCTUKU 00BEKTOB UCCJIe-

JOBaHUs IPUBEICHBI B Tadauie 1.
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Tabauna 1- XapakTepucTuka 00bEKTOB MCCJIEIOBAHUS

Howmep HaumenoBanue . Ilopepxuocraasg mwnor- | Crpana mpo-
CoIpbeBoii cocTas 9
obpasia TKaHU HOCTbB, T'/M HUCXOXKICHUI
1 «Co103-5» 80% 119, 20% XJI 195 PO
2 «Dopman» 67% 119, 33% XJI 256 Benbrusa
3 «TBui» 65% 119, 35% XJI 216 KHP
«IIpembep stand-
4 ard 210» (apr. 65% 119, 35% XJI 214 PO
81423)
5 «FZET;;](SPT‘ 53% XJI, 47% TI9 214 Benapyco
«Koncyn Auru- 65% XJ1. 35% I3,
crat»
6 (apr. C-181<A» AHTUCTATHYIECKA 219 PO
for) HUTb
«Capxay
7 (apr. C3SFO.T) 100% XJI 252 PO

Ananms pekrMOB TPY/Ia U OT/IBIXA TTOJTb-
30BaTENIEN CIEIOIEK bl TTOKA3aJI, 9TO MaKCH-
MaJIbHOE KOJMYECTBO IUKJIOB CTUPKHU, KOTO-
PBIM TIOJIBEPYKEHA JaHHAS CHEIO/IEXkK A B TO-
guaaoM ucuncaernn — 50. Pexnm MOKpPBIX
obpaborok coorsercrBoBa I'OCT P 57877 u
PEKOMEHIAINAM [IPOU3BOAUTEIIEA TKAHEH 110
YXOIy 3a U3JEJUIMUA U3 HUX.

g Bcex 0Opa3IoOB MCCIEIyEMBIX TEK-
CTIWJIBHBIX MATEPUajOB XapaKTepHO B TOM
WJIM WHOM CTENeHN CHUXKEHWE KCILTyaTalld-
OHHBIX IOKa3aTeseil (pa3pbiBHAs HArPy3Ka,
pa3pbIBHOE Y JIMHEHUE, CTOWKOCTh K IIPO-
KOJIy, CTOMKOCTh K HCTUPAHUIO TI0 ILJIOCKO-
CTH) B TIPOIECCE MHOTOKPATHBIX CTHPOK.

YTpara B mpoIecce MHOTOKPATHBIX CTHU-
POK 3aIllUTHON OTAEJIKM U TOCTEIIEHHOE Pa3-
pPyIeHre CTPYKTYPbI TKAHEH BBI3LIBAIOT CHU-
JKEeHME MACTOOTTAJKUBAIONIUX CBOUCTB C PO-
CTOM KOJIMYECTBA CTUPOK, BILIOTH JIO TIOJTHOMN
yTpaThl 3alMUTHONW (QYyHKINKM XJI0MIaTo0y-
MazKHBIM 0OPAa3IOM.

3HavyeHWsT OCHOBHOTO JIJIsT TKaHed IaH-
HOT'O HA3HAYEHUS TUTMEHUYECKOI'o TI0Ka3a-
TeJss — BO3yXOIPOHUIIAEMOCTH, C POCTOM
qHCJIa CTUPOK yBeauduBaroTcs. llpm 3atom

HAWJIyIITUMUA  XapPaKTEePUCTUKaMU 00JIa1aeT

xJtomyaToOyMaxkKubIii  obpazern.  Ob6paszerr
«®opmaH» HE COOTBETCTBYET TPEOOBAHUSM
HOPMATHBHO-TEXHUYECKON JIOKYMEHTAINN K
JIAHHOMY BUJIY TEKCTUJIBHBIX MATEPHUAJIOB U
HE MOXKET OBbITH WCIOJB30BAH JIJTsI TONINBA
JIETHEH CHENUATHHON OJIEYKIbI JIJTST 3allUThI
OT OOIIETPON3BOICTBEHHBIX 3arpsI3HEHU U
MEXaHUYECKUX BO3JIEUCTBUN.

B kauecTBe arpecCUBHBIX CpeJT TPUMEHST-
JIUCH TIOJTyCUHTETHIECKOE MOTOPHOE MACJIO W
CHHTETHYECKOE MACJO JJIsi ABTOMATHIECKUX
TpaHcMuCCHii. B KadecTBe KpuTepres OIEeHKN
JIEHCTBUS ABTOMOOMJIBHBIX 3KCILTYATAI[HOH-
HBIX MATEPHUAJOB HA TKAHW CIEIUaIbLHOTO
Ha3HAYEHWs ObLTN MPUMEHEHBI Pas3pbIBHAS U
pasauparoras Harpy3KHu.

KombunupoBantoe jeficTBue  MHOTO-
KPATHBIX CTHPOK U aBTOMOOWIBHBIX IKCILITY-
ATAIMOHHBIX ~ MAaTEPUAJIOB  OOYCJIABIMBAET
CHUKEHHE MPOYHOCTH TKAHEH CIenuajbHOTO
HasHavyeHus. [Ipu 9TOM HaMMeEHbITas TOTEPST
MIPOYHOCTU XapakTepHa s obpasnos llpe-
mbep standard 210 (32.4% miasa Tkanu mocse
MHOTOKPATHBIX CTHPOK, 35.1 % mocne neii-
CTBUS TPAHCMHUCCHOHHOTO Macya u 36.2 % mo-
cje JieficTBUs MOTODHOTO Macja) u I'pera
(24.6 %, 34.9% u 35.9 % cooTBeTCTBEHHO).
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Hawubosbinas morepst mpodHocTr HaOJIIOIA-
ercst y xJyomgarobyMarkuoro obpasima Capxka
(43.5 %, 44.7% n 46,.3%).

3aBUCUMOCTDH PAa3pBIBHON HATPY3KM TKa-
Hell TIOCJIe BO3IENCTBUST aBTOMOOUIIBHBIX IKC-
IUTyaTAIMOHHBIX MATEPUAJIOB 110 OCHOBE U
YTKY C BBICOKO# CTEIeHbI0O TOYHOCTHU OIPE/Ie-

JIsieTcs JIMHEHHOM (byHKInei:

y=-—-ax+b (1)

X 60 —e— Cot03-5
<
3
g 50 —e— dopmaH
o
[
S
Z 40 —o—Taun
2
)
E 30 —8— [pembep
3 standard
g 20
5] —@—peta
[
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10
2 —0— KoHcyn-A
=

0
-10 10 30 50 —e—Capxa

KonuuectBo CTHPOK

TJe y — pas3pbiBHast Harpy3ka, H; £ — xosmu-
9eCTBO CTUPOK; a, b — pacueTHbie Koddhdu-
IIAEHTHI.

Tax>ke B pabore ucc/ieloBaHA TPOHUIIA-
€MOCTh ABTOMOOMJIBHBIX IKCILITYATAIIMOHHBIX
MaTepUaJOB JJId TKaHel  CIenuajbHOTO
Ha3HaYeHMs. B KadecTBe METOIUKH UCCTIET0-
BaHUsA ObLI BBIODAH METOJ, NIPUBEIEHHBIN B
T'OCT 12.4.268.

Pesyabrarer ompesenennst mpoOHUIIAEMO-
CTH aBTOMOOWJIHLHBIX Maces TMPUBEIEHBI Ha

pucyHKax 1 u 2.
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Pucynok 2 — 3aBUCUMOCTb TPOHUIIAEMOCTH ¥ OTTAJKUBAHUS TPAHCMUCCUOHHOTO MACJja, OT

KOJIMTIeCTBa CTUPOK
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C yBesmdeHneM KOJIMYECTBA CTUPOK JIJIsT
BCEX UCCJEIYyEMbIX MaTepHUasiOB yBEJIUYINBA-
ercsd K03 OUIMEHT TPOHUKHOBEHUsI W CHHU-
Kaercs kKoaddurment orragkuBanus. [Ipu
9TOM WM3MEHEHUs TAHHBIX MOKa3aTeseil mpo-
UCXOAAT B auanaszoHe 0-25 CTUPOK ¢ mocje-
ayfomeit crabuausanueil JAHHOTO IIPOIECCa
1 00EUX TECTOBBLIX YKMIKOCTEH. DTO B3au-
MOYBSI3aHO C yTPATOil TKAHAMU 3aIIUTHBIX
OTJIEJIOK W CHUXKEHUEM CTabUJIbHOCTA WX
CTPYKTYPbI BCJIEICTBHE KOMOMHAIINN W3HA-
MIUBAIOMINX (PAKTOPOB MHOIOKPATHBIX CTH-
pok. HawmboJibiliee MpOHUKHOBEHWE U, COOT-
BETCTBEHHO, HAMMEHBIIASI COITPOTUBISIEMOCTD
XapaKTEPHbl I XJIOMYaTOOYMAaKHOIO 00-
pasia.

JLs1st ombITHO#M HOCKM ObLTM OTOOpAaHBI KO-

CTIOMBI, BBITIOJIHEHHBIE U3 00pa3noB «['peray

n «IIpembep standard 210». 3uagenus OITK
TEKCTUJILHBIX MATEPUAJIOB OMPEIEIAINChH TI0-
cie 5 u 50 cTupok. AHaJIN3 IKCITEPUMEHTAThb-
HBIX JIAHHBIX TIOKA3aJl, 9TO BO3JEHCTBUE aB-
TOMOOUJIBHBIX IKCITYATAIIMOHHBIX MaTepHa-
JIOB ¥ MHOTOKPATHBIX CTHPOK XOPOIIIO KOppe-
JIUPYETCsI C Pe3yabTaTaMU ONBITHBIX HOCOK,
YTO TO3BOJISIET CHU3UTH 3aTPaThl HA MPOBE-
JIEHUE OMBITHBIX HOCOK, 3aMEHUB UX Ha JIabO-
paATOpHOE WCCIeOBaHNe KUHETWKYM W3HOCA
TEKCTUJILHBIX MATEPHUAJIOB.

ITocse 5 cTUpOK, 19 KOTOPBIX HOPMUPY-
eTcst MI3MEeHEHUe PsJia TIoKa3aTesel, a TakKe
TOCJIE MCTEYEHUST HOPMATUBHOTO CPOKa IKC-
TJTyaTaIuu, OB TTPOBEIEHBI MCCIIEOBAHUS
moKazaTesieit I JAHHBIX TEKCTUJIbHBIX Ma-
TEpUaJIoB, PE3yJIbTATHI KOTOPBIX MPUBEIEHBI
B TabJmie 2.

Ta6auma 2 — CpaBHUTE/JLHBIA aHAJIM3 PE3yJILTATOB JIAOOPATOPHBLIX M IPOM3BOICTBEHHBIX
UCHbITAHUN
5 CTHPOK 50 cTupok
Hanmenosa- Orbit- OmbrT-
HaumenoBanne nokasaress JIabopaTopHbrit JIabopaTopHbrit
Hnue obpasia Hast Hasd
U3HOC U3HOC
HOCKA, HOCKA,
PaspeiBnag narpyska, H
OcuoBa* 1024,/962/996 952 8477/720/732 719
Yrok* 622/621/618 614 443/440/436 426
MacJsioorTasikuBanue, €. 5 5 3 3
«Ipembep CroiikocTb K npokoiy, H 29.4 30.2 28.4 24.6
standard 210»
(apr. 81423) BozayxonponunaemocTs, ,ZLMs/ Me 38.8 48.3 52.5 53.2
CTOMKOCTD K MCTUPAHUIO, ITHKJIBI 14572 14316 9780 9512
Veanka nocie crupku, %
Ocuosa 0.8 0.8 1.0 0.8
YTok 1.0 0.8 1.0 1.0
PaspeiBnag narpyska, H
OcHoBa 1404,/1352/1348 1356 904,/882/898 880
YTok 684/668/672 632 512/498/506 502
MacJjioorTasiKkuBanue, €. 5 5 3 3
CrotikocTb K npokosy, H 28.3 27.6 27.1 27.8
«Tperay (apr. BosayxonponumaeMocTsb
4C5-KB) AVXOTDOIIT ’ 38.4 39.7 54.3 56.3
JM” /M
CTOMKOCTD K MCTUPAHUIO, ITHKJIBI 9760 9668 8112 8214
Veagka noce crupku, %
Ocuosa 1.2 1.2 2.0 2.2
Yrok 0.8 1.0 1.0 1.4

*Mcxonpas TKaHb/MOTOPHOE MAcCJIO/ TPAHCMUCCHOHHOE MAaCyIo
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VcTaHOBIIEHO, 9TO /I MOIETAPOBAHUS
JIADOPATOPHOIO HU3HOCA IEJECOODPA3HO MC-
[I0JIb30BaTh COYETAHUE BO3IEUCTBHUSI MHOI'O-
KPaTHBIX CTUPOK U aBTOMOOUJILHBIX MAacCel.
3akJoYeHne

VcraHoBJIEHO,  9TO  aBTOMOOHWJIbHBIE
MAacCJIa OKa3bIBAIOT CYIECTBEHHOE BIUSHIE Ha
PU3UKO-MEXAHTIECKIE XapaKTEePUCTUKHI
TKaHe} CIennajJbHOro HasHadeHud. KoMbOu-
HUPOBAHHOE BO3HEHCTBHE MHOTOKPATHBIX
CTHUPOK ¥ ABTOMOOMJILHBLIX SKCILIYATAIIMOH-
HBIX MaTepuajioB (MOTOPHOE M TPAHCMUCCHU-
OHHOE MACJI0) MPHUBOJAT K CHUXKEHUIO pPas-
PBIBHBLIX U Pa3IUpaiONIUX HArpy30K TKaHei
OJIsl  CIIenofexKkabl. Hambosblliass —1moreps
IIPOYHOCTHU IIOCJIE HeHCTBUS ABTOMOOMIBLHBIX
MaceJ U CTHUPOK XapaKTepHa MJjIsi 00pas3ia
«Capxay . Hanbosree ycTOHYINBBI K JIEHCTBUIO
JAHHBIX arpecCUBHBIX cpel oopasinl «Pop-
Mmany u «['peray

C yBeJIMYeHHEM YHCJIa CTUPOK JIS BCEX
HCCJIeAyeMbIX MATEPHAJIOB yBEJIUINBAECTCS
KO PUIINEHT TPOHNKHOBEHMSI U CHUKAETCST
KO uImeHT oTTajkuBanusd. [Ipu sTom n3-
MEHEeHHsI JAHHBIX II0Ka3aTesell IPOUCXOIAT B
nuarazone 0-25 CTUPOK € MOCJIEIYIONIE cTa-
OmIM3almeil JAaHHOTO IIPOIECCa IJIA 00EnX Te-

CTOBBIX KHUJIKOCTEN

IITycroB HIpwmit CrenanoBuY — P TEXH.
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Study of the influence of oil-repellent finishing on the properties

of textile materials for workwear of employees of auto repair

enterprises

Yu. S. Shustov*’l, E. D. Efanov’

* The Kosygin State University of Russia, Moscow, Russia

Abstract

Employees of car repair enterprises in their production activities are exposed to various

harmful types of oils. As objects of study, seven samples of fabrics from various manufac-

turers were taken, used for the manufacture of work clothes for employees of car repair

enterprises. During operation, fabrics are subjected to repeated washings. The paper consid-

ers changes in the physical and mechanical properties of the fabrics under consideration, as

well as their resistance to the effects of motor and transmission oils, and the dependences of

these characteristics on the number of washes are obtained.
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Texnosorns KepaMn4I€CKNX BBICOKOIIOPUCTBIX OJIOYHO-AIENCTHIX

HaHECEHHBIX KaTaJIn3aTOPOB C OKCUAHBIM aKTHBHBLIM CJIOEM

E. O. 06yXOB*, M. . I‘acnapﬂH*, B. H. I‘pyHCKMﬁ*’l, E. 10O. JII/I6epMaH*,
C. B. TnmeHKo*, M. T. ,Z[aBI/I,uxaHOBa*

* Poccutickutl xumuro-mexnosozuveckuti ynusepcumem um. /. . Mendeneesa,

Mocxea, Poccus

Annoranusa

B cratne IIpeacTaBjgaCeHa TEXHOJIOIUA IIOJyYeHNA KEPAaMNYIE€CKNX BBICOKOIIOPUCTBIX AY€UCTbhIX

marepuasion (BIILM) na ocHoBe astekTporopyHa u dhapdoposoii maccet MI'-27, nanecenust

Ha HHX IIPOMEXKYTOYHLIX aKTHUBHBIX CJIOEB M3 Y-OKCHUIa AJIOMHUHHA W AUOKCHUIA IEepud u

KaTaJuTUICCKN-aKTUBHBIX HOKprTI/Iﬁ Ha OCHOBE€ OKCHIOB MapraHlla, MeIn 1 KOoDAaJIbTA.

Hpe,ZLBapI/ITeJH)HO uccjaeaoBaHa aKTHUBHOCTL 3IKCIIEPHUMEHTaJIbHBIX 06pa3u013 OJIOYHO-STIen-

CThIX HaHECEHHbIX KaTaJIn3aTOPOB B pPEaKIIUM OKHUCJICHUA MOHOKCHOa YIJIepOIa. ,D;JIH BCEeX

CHHTE3UPOBAHHBIX KaTaJn3aTopos B uHTepBase Temueparyp 100-300 °C ompenesena cre-

meub kKoupepcun CO B COas.
Kurouesblie ciioBa

Kepamuueckue BbicoKonopucTeie staerctbie Marepuasbl (BITSM), mpomexkyTodHbIil aKTHB-

HBII CJIOH, Y-OKCHUJ] aJIIOMUHUS, JTUOKCHUJI TIEPHUsl, CMEIIaHHbI OKCHJ KODAJIbTA, OKCUJ MEJIN,

OKCH O MapraHiia, KaTaJUTHIEeCKOEe OKUCJICHUE CO, CTEIICHb KOHBEPCHUU.

BBenenne

MOHOOKCHI yIIepoa, sABJISeTCS TOKCUY-
HBIM IIPDOAYKTOM HEIIOJIHOI'O CropaHud yTIJie-
BOJIOPOJHOIO TOILUIMBA 4-TO KJIACCA OIACHO-
CTU IIO0 CTEeIIeHUu BOBﬂefICTBHH Ha OpraHu3M
qesioBeka ¢ IIJIK B BO3myxe paboueit 30HBI
20 mr/m2 (okouso 0.0017 %) [1]. Haubomee me-
JiecoobpasubIM MeToaoM ouncTky or CO Bos-
Jayxa pabodyux MOMEIIEHUN, BBIXJIOMHBIX T'a-
30B Ha TPAaHCIIOPTE M TEXHOJIOTUICCKUX OTXO-
IAIIUX Ta30B OOLICNPU3HAH IIPOLECC €ro Ka-
TAJINTUYIECKOrO OKKCIeHus. Ha ceromusmauit
MHOT'OYUCJICHHbIE

JeHb pa3paboTaHbI

1
Zlaa nepenucku
Email: oxt@muctr.ru

KATAJIUTHIECKIEe KOMIIO3UIMU JIJIsi KOHBEp-
cun CO B CO2 Ha ocHOBe GJIATOPOIHBIX Me-
TAJJIOB, OKCHUJIOB II€PEXOIHBIX M PEIKO3e-
MEJIbHBIX 9JIEMEHTOB, II€POBCKHTOB M T. .,
KOTODBbI€ TPAJUINOHHO HAHOCSTCS Ha IPAHYy-
JIMPOBAHHBIE WJIM COTOBBIe HOcuTenu [2]. Bor-
IeyKA3aHHbIE MATEPUAJBl PA3IUIAIOTCS HE
TOJIBKO XUMUYECKAM COCTABOM, CIOCODaMU
HOJIyYeHUs], HO U TEMIEPaTypoil «3azKura-
HUST» KaTalu3aropa, T.e€. TeMIepaTrypoit
HA4aJa I[POSBJICHUS CTaOUILHON aKTHBHO-
cru. B

3aBHCHUMOCTHU oT pemaeMbIX
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Texnonoausn KEPAMUHECKUTL BbLCOKONOPUCTINOLL ONOUHO-AYCUCTNVOLL

HAHECEHHDHLT KAMaau3amopos c OKCUIHBIM AKMUBHBIM CAOEM

MCCTIeIOBATETHCKUX WU TTPOU3BOJICTBEHHBIX
3aJ1a9 MOKHO OCYIIECTBUTH BBIOOP KOMITO3H-
UM C HEOOXOIUMBIM pPabOYUM TEeMIIEpaTyp-
HBIM WHTEPBAJIOM.

B pab6ore [3| ormeueno, uro nanbosiee ak-
TUBHBIE Karanu3aTopbl okucienus CO Ha
yposte TemnepaTypbl 200 °C uMeroT HaHeceH-
Hple Kommosuimu tuna  M/y-AlbOsz, e
M — Pd, Pt, Au, CuO/CeO2, Co304/ CeO2,
CuO/MnOy; y-AloO3 — maTepuasn HOCUTEJIS;
& OKCHUJIBI TIEPHUsT U MapPraHIla UTPAIOT TTPOMO-
TUPYIOIIYIO POJib. B 3Ty Ke KaTeropuro mo-
CTATOYHO HU3KOTEMIIEPATYPHBIX MOYKHO OT-
HECTU U3BECTHLIN IIPOMBIIIJICHHBIA KaTaJIl3a-
top okucienns CO — TONKAJUT, B KJIACCHU-
YEeCKOM BapWaHTe COCTOSIINI W3 OKCHUIOB
MapraHIia U MeJIH.

Kaxk mpaBuio, KaTaan3aTopbl ¢ METAJIITH-
YECKUM AaKTHUBHBIM CJIOEM SBJISTIOTCS OoJtee
HU3KOTEMIIEpATYPHBIMHU, YeM OKCHIHBbIE. B
MTPOBEIEHHBIX PaHee NCCIIeOBAHNAX KATa -
3aTOPOB HOBOT'O ITOKOJIEHUSI Ha OCHOBE Ke€pa-
MHUYECKUX BBICOKOMTOPUCTHIX  OJIOUHO-sTIEH-
CTBIX HOCHUTEJEH JJIsT OKUCJIEHUsT MOHOKCHJIA
yTJIEPO/Ia OBbLI CHHTE3WPOBAH KATAJIM3ATOD C
HAHECEHHBIM Ha IIPOMEXKYTOYHBIA aKTUBHLIN
CJIOM IMOKCHJIA TIEPUSA METOIOM XUMHIECKOTO
OCaXKJeHNsT AKTUBHBIM METAJLTHIECKUM KO-
6anbrom [4]. Crenens komsepcuu CO c¢ ero
MPUMEHEHUEM CPABHUMA C JAHHBIMEA JIJIsT
MAJIJIQINEBOT0 KAaTaJIN3aTopa U MPUOINKA-
eTCsl B YCJIOBUSX KCIEpUMEHTa (KOHIEHTDA-
uuun CO 10 r/M?’, temueparypa 200 °C, pac-
xox raza-Hocuresst (50 % 06. Bozmyxa +
50 % 06. N2) 10 si/mun) k 100 %, a crabuib-
Hasg paboTa OOOMX HAYMHAETCS C TeMIepa-
typsr 150 °C. IIpu srom, mockonbky CeO2 06-
JIaTaeT COOCTBEHHOM KATAJIUTUIECKON aKTHB-
HOCTBHIO, HAOJIOMAJICA CHHEPreTUIecKuil -
PEKT MPOMEKYTOYHOTO ¥ KOHEIHOTO AKTHB-
HBIX CJIOEB.

B nmacrosmeit pabore mocTaBieHa 3a1a49a
CHHTE3UPOBATH KATAJIM3aTOPhI HA OCHOBE Ke-
pamuueckux BIIAM c aktuBHBIM cji0eM, CO-
JIepKAIMM OKCHJIBI TIEpHUsl, KObaabTa, MeIn

IIpomwviunermvie npouecco, v mexrnono2u. 2022.

X MApraHia, M OLEHUTh HMX AKTUBHOCTDL B
IIPOIIECCEe OKMCJIEHUSI MOHOKCHIA YIJIEPOLa B
CPaBHEHUU C KODAJILTOBBIM KaTaJIu3aTOPOM.
Ob6ocHoBanne BBIOOpa COCTaBOB KaTa-
JUTAYECKN AKTUBHBIX KOMIIO3UIA

Cogepxkamue CeQ2 KOMIIO3UIUU Y-
POKO HCIOJIB3YIOTCS B 9KOJOTMYECKOM KaTa-
jmze: okucienne CO, CeJIeKTUBHOE OKHUCJIe-
nue CO B Toke Bomopoga (PROX-mporecc),
aBromobusibable KOHBEKTOPBl (TWC), okuc-
JIGHHE JIETYYUX OPraHUYECKUX COEIMHEHMUIA,
KUAKOPA3HOE OKHUCICHUE, TOILIMBHBIE 3JIe-
merThl (SOFC) u nip., 9ro cBsa3ano ¢ ocobeH-
HOCTSIMM KPHUCTAJIJIAIECKON CTPYKTYPHI H-
okcuza nepus [5].

Huokcng 1epust obamaer KyOMdecKoi
rPaHEIeHTPUPOBAHHON PEIIETKON TuIa (JIto-
oputa (mpocTpaHCTBeHHast Tpymnmna Fm3m).
Uonnt Ce'” pacrosioskeHsl B BepIIMHAX, TET-
paspuyecKue MyCToThl 3aHaThl nonamu O,
cepenuHa pebep Kyba 1 IeHTp 00pa3yioT Tak
Ha3bIBAEMbIE OKTa3IpUIEeCKUEe IIyCTOTHI, OJIa-
rogapsi KOTOPbIM PEIIETOYHBINA KUCJIOPOL, I1-
OKCHIa 1epus 00JIagaeT aHOMAaJIbHO BHICOKOMI
MOOHJILHOCTBIO. DTO CBOHCTBO IIO3BOJISET
[peAIoJararb IPOTeKaHue IMPOLECca OKUCIIe-
must CO B mpucyrcrBun CeQO2 1o okwmcn-
TEeJIbHO-BOCCTAHOBUTEJILHOMY MEXaHU3My C
HOBBIIIEHHONH AKTUBHOCTBIO [6].

B pesyabrare Murpanmuu pemerodHOro
KHCJIOPOJA IPOUCXOIUT HOCTATOYHO JIETKOE
obpa3oBaHie KUCJIOPOJHONR BAKAHCUH M BOC-
cranossenue nonos Ce'' Ha mosepxHocTH 11-
oxena nepus 1o cocrosust Ce® . IIpu aToM
ero IIOOPUTOBas CTPYKTYpPa OCTAETCS I0-
CTATOYHO CTAOMJILHOM IIPH TeMIIepaTypax M0
400 °C, HecMOTpPsI HA HECTEXHOMETPUUHOCTH
II0 KHCJOPOAY OOPa3yIOMUXCs COeIMHEHIA
nepemennoro cocrasa: Ce102, CeOr112,
Ce40072, Ce39Or0, Ce29052, Ce19034, CegO16 1
CerOn2 [7].

IloBbimennio  comepzKaHus  BBICOKOIIO-
JBUKHBIX popm O2, a TakKe MX MOOMILHO-
CTH, CIOCODOCTBYET IOINMPOBAHME IUOKCHIA
f-s;memeHTOB €

mepuss woHamu d- u
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00pa30BaHMEM TBEPIBIX PACTBOPOB C (DJIrOo-
PUTONOIOOHON KPUCTAJUIMIECKONR CTPYKTY-
poii. I[Ipu BBIOOpE MOMAHTOB MUCIIOJIB3YIOT CO-
€/IMHEHUS, UMEoIre OJIU3K0e KPUCTAJIIAYIe-
CKOE CTPOEHUE.

Paznuane B mMOHHBIX pasmycax MeKLy
JOIIaHTOM M IEpHueM He MOJIZKHO IIPEBLIIIATh
15 %, B ODpOTHBHOM cily4ae CyIIeCTBYyeT O0-
JIACTb OI'PAHMYEHHONW pacTBOpuMocTH. Kciun
JOIIaHT MMeeT CTEIICeHb OKMCJICHUA 2+ nJjm
3+, mpoucxomuT (GOPMUPOBAHUE KOMIIO3U-
Ol ¢ pasIUIHBIMU Je(PEeKTAMU II0 CJAEIYIO-
M CXEeMaM:

2MO + Cece — 2Mce + CeO2 + 2Vo (1)
2M3203 + 3Cece — 4Mce + 3CeO2 + 2Vo (2)

riae M — aByX- WM TPeXBaJEHTHBI KATHOH,
Cece — KaTHOH LEPUSA B MO3UIMK IepUsl B
KPHUCTALIAIEeCKON pemieTke, Mce — KaTHOH
JomnaHTa B Kpucrajamdeckoii pemerke CeQs,
Vo — Bakancust [8]. Haubosnbmmii unrepec
[PEJICTABJISIOT EPUIICOIEPKAIINE CUCTEMBI,
pryovatomue Mn, Cu u Co.

Boicokas KarajuTHuecKas aKTUBHOCTD
ourapHoii cucreMbl MnOx-CeQ2 0bycoBiena
obpazoBanueM JedEKTHON CTPYKTYphI, a
UMEHHO (DJIFOOPUTOIIOO0HBIX TBEPIBIX Pac-
tBOpoB MnxCe1-xO2, B porecce popMupoBa-
HUSI KOTOPBIX IPOUCXOIUT TEHEPUPOBAHUE
J1epeKTOB M AHMOHHBIX BaKAHCHIi, CIOCOO-
CTBYIOIIMX TIOBBIMIEHUIO TOIBUKHOCTU KHC-
JIOPOJIA B KPUCTAJLJIMIECKOl perreTke 6J1aro-
napst penokc-npespamerusim Mn'' / Mn®' u
Ce®' /Ce"", OSC n, kak caencTBHe, pocTy Ka-
TaJUTUIECKON akTuBHOCTU. Maprauercoaep-
JKallie KaTAJIUTHIeCKHe CUCTEMbI TTPUMEHsI-
IOTCSl B COYETAHUU C JIDYTHMHU dJIeMEHTaMHU,
rakumu Kak Cu, Co, Ni n La, nnsa obpazosa-
HUSI MAHTAQHUTOB, KOTOPbIE OYE€Hb AKTUBHO
okucisior CO [9)].

Karammzaroper CuO/CeO2 Takxke pac-
CMATPUBAIOTCS KaK MEPCIEKTUBHbIE KaTaJIu-
zaTopsl yaanerus CO u3 3arpsa3HeHHOTO BO3-
ayxa mpu Temmeparypax Huxke 20 °C, uro
00y CJIOBJIEHO MCKJIIOYUTEIHHON KUCIOPOTHOM

HakonuTesbHOI criocobrocThio (OSC) KOM-
no3uruu [3].

Jleruposanne cmemansoro okcuaa CozOq
IHMOKCHUAOM LEPHUS CIIOCOOCTBYET IOBBIIIECHIIO
AKTUBHOCTH YHCTOTO OKCHIA KODAJIBTA.
Haubosree BbICOKOE 3HAYEHWE aKTUBHOCTH
20 %

Ce02/C0304. Ilo-Bummmomy, moaudunmpo-

HAOTIOaeTCT I KaTaJn3aTopa
BaHNe OUOKCHJOM IepHUs IPUBOIUT K CHUXKE-
Hmo Temmeparypsl nepexona Co®' /Co”', a
TaKyKe TOBBINMAET YCTOWYNBOCTH KaTanu3a-
TOpa K JIe3akTuBanmu Bomoit. Karamuzaropst
Ce02/Co304 obecrieanBaiOT MOJIHYIO KOHBED-
curo CO mpu 110 °C B TeueHme He MeHee
140 gacos, B T0 BpeMmsa kak Co304 wim Mexa-
rnueckas cmech Co304 u CeO2 nesakTuBnpy-
eTcs depe3 2 Jaca HempepbIBHON paboTsl [3).

CutbHOE B3aMMOJIEHCTBIE MEXKY BBICO-
KO/IUCIIEPCHBIME aKTHBHbIME TienTpamu Co®
u sxcroruposannbi Ce’’ Ha moBepxHOCTH
mocuresis CeO2 mpuBOIUT K 0OOPA3OBAHUIO
OKWCJINTETHHO-BOCCTAHOBUTEIBHOTO  IUKJIA
Ce'' /Co* = Ce®' ) Co*', uro obbsacHseT BHI-
COKYIO KATAJUTUIECKYIO aKTUBHOCTD JAHHOMN
komnosuruu [10].

CuHTe3s OKCHUOHBIX  KATAJIM3aTOPOB
okucjienua CO Ha ocHOBe Kepamude-
ckux BITAM

CuHTE3 BBICOKOITOPUCTON OJIOYHO-TIEH-
CTOM OCHOBBI KATATU3ATOPOB MTPOBOIUIN U3~
BECTHBIM METOJOM JyOJMPOBAHUSI CTPYK-
TYPBI HOJUMEPHO! MATPHUIIBI U3 OTKPBITOSIE-
ucroro nexonosmyperana (IIITY) myrem mpo-
MMATKY €r0 KEPAMHUYECKUM IILITMKEPOM C TIO-
CJIeIyIONEll BBICOKOTEMITEPATYPHOI 00paboT-
Koii [11, 12].

ILmorrocTs mop ucxomuoro IIITY cocras-
aana 30 ppi. [laukep cocTosn m3 HaIOJIHU-
TeJId — JIEeKTpoKOopyHIa Mapku F 600 u BbI-
dapdopoBoit
MTI'-27 B KadecTBe OCHOBHOI'O CBSI3YIOIIETO B

COKOI'NIMTHO3EMUCTOM MAaCChI
maccosoM cootrommenuu 50:50. Macca MI'-27
comepxut 51.2 % macce. AloOs, 41.2 % SiO2 u
MHUHAMAJIBHOE KOJUYIECTBO CTEKJIO0OpPa3yIo-
mwux okcugpoB Ca, Mg, Na u K (cymmapso
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< 0.5 % wacc.). Takoit cocras «dapdopo-
Boix» BIIZAM sgaBisierca Takmm 2Ke BBICOKO-
IPOYHBIM (TIPEJIEJT TPOYHOCTH HA CXKATHUE JI0
3.4 MIla) u, B TO K€ BpeMsi, 6oJiee TEXHOJIO-
TUYHBIM, Y€M COCTaB, PEJICTABIEHHBIN B pa-
Gore [13], Tak Kak He TpebyeT BBeIEHUS B
CBSI3YIOIIEE CIEKAMOINX U MOAUMUIUDPYIO-
muX 7100aBOK, & BPEMEHHOM TeXHOJOTHYe-
CKOIl CBA3KOU ABJI4€TCA AUCTUJLIMPOBAHHALA
BOJIA.

Bricokoremneparypubiit obxxur BITAM
MocJie  TPOTMTKHU  IIJTUKEPOM, OTKHUMa U
cymku mpu Temeparype 120 °C mpoBoaun
B Jraboparopuoit meun VP 70/17 ¢ Bbiaepx-
Koil ipu temmeparypax 660 °C (mecrpykimst
n ynamenwe IIITY) u 1350 °C (cmexanue
maccsl MIT-27). Ckopocrs Harpesa 0 660 °C
cocrapisiia He Oosee 0.8 °C/muu, masee
~3 °C/mumn.

Ha pucynke 1 mokazaHa MHUKpPOCTPYK-

Typa IepeMbrdKu obpasma ¢dapdopoBbIX
BITAM.

sl
SEM HV: 5.0 kv
SEM MAG: 2.00 kx
81 10.00 spoed: PXTY wut. 1. Mowaoneosa

Pucynok 1 — SEM-dororpadun moBepxHOCTH

nepembrukn obpasia dpapdoposbix BITAM
6000
5000
4000

3000+

Counts

2000+

1000+

Ha camMKke MOXKHO BuIEeTh 3epHa HAIIOJ-
HUTEJsT UCXOJHOro pasmepa (20-25 MKM) u
YaCTUIIB! CBA3YIONIEro pazMepoM 10 10 MKM.

Ha pucynke 2 mupusenena maudpakrTo-
rpamma obpazna dapdoposbix BITAM. Da-
30BBbIfl COCTAB MaTepuajia IPEeICTaBJIeH KO-
pyszgom (76 %), cuHTE3UPOBAHHBIM TIPU CIIe-
karuu MysumToM (3Al203-25102 — 23 %) u
cirenioBbiMEu KosmdecTBamu Keapua (< 1 %).
Jajlee Ha IOJIYYEHHYIO KepaMUYECKYIO OC-
HOBY HAHOCSITCSI METOOM ITOCJIeI0BATEIbHON
MIPOIUTKU U T€PMOOOPaOOTKU JIBA TPOMEXKY-
TOYHBIX AKTUBHBIX CJIOs. llepBbIil cioit co-
crouT u3 DA30BOTO TPU CUHTE3€ KATAIU3ATO-
POB KOMIIOHEHTA — Y-OKCH/JIa aJTFOMUHUS (TIep-
BUYHBII HOCI/ITeJIb); BTOPOH CJION — JIMOKCHUJL
lepus WU TBEPIbIA pPACTBOD 3aMeIeHust
Mnp2Cep 802 Ha OCHOBE KPUCTAJINIECKOI
pemerku CeO2z (BrOpUYHBIH HOCUTEID).

Tlocenusist cranust cuHTE3a KATAJIU3ATO-
POB — HaHECEHWE Ha HOCUTEJb KATAJUTUAYIE-
CKJ AKTUBHOTO TTOKPBITHS.

Hanecenune nepBruvHOr0 aKTUBHOTO CJIOS,
pa3BuBatotiero nopepxuoctb BIIAM, mposo-
JSAT TI0 TPAJTUITMOHHON METONMKE IOCIeI0BA~
TEJbHBIMU TPOIECCAMU TPOIMUTKU BOIHBIM
PACTBOPOM AJIIOMO30JIA ¢ comepzkanueM 12 %
macc. AlQOs, cTabmiIm3upoBAHHOTO WOHAME
NO3 , u TepMOOOPAOOTKN TIPU TEMIIEpaType
me Boire 500 °C.

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Pucynok 2 — ®azossiit coctas obpasna dapdoposbix BITAM: A - kopyrz (a-Al203), m — mysumar
(3 A1203x2Si02)
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MeTomuKa MOIydYeHnsT BTOPUIHOTO HOCH-
TesiT M COOCTBEHHO KAaTAJM3aTOPOB KOHEY-
HOTO 33JTAHHOTO COCTaBa 3aKJII0YAETCSI B TIPO-
BEJICHUN aHAJIOTMYHBIX MPOIECCOB MPOMUTKHI
1 TepMOOOPabOTKH C HCIOJH30BAHUEM BbI-
OpPaHHOTO TPEKypCcopa AKTUBHOTO KOMIIO-
HEHTa, B ONPEIEIEHHOM TEMIIEPATYPHOM pe-
JKHME.

[IpekypcopoM aKTHBHOTO JHOKCHUIA IIe-
pus siisiics pactBop cosm Ce(NO3)3:6H20 c
kourenTpareir 0.5 mouib /s, I[Iporuranube
o0pa3ipl  Cymuad  [puU  TEMIepaType
100-120 °C B Teuyenue 30 mumyT. [Jajee mo-
MEIAJIM B TIPEJBAPUTENIBHO HATPETYIO JI0
100 °C syekTponeus. MakcuMabHas TeMIIe-
paTypa
narpesa 3 °C/mun cocrasuna 600 °C ¢ BbI-

MIPOKAJUBAHUS  CO  CKOPOCTBIO
JEPKKOI B TeUEHHE 2 JaCOB.

Jlsist mosryyeHuss OMKOMIIOHEHTHOTO KaTa-
JINTUIECKOTO
CeO2-MnOy

B u3 cMecu HuTpaToB nepus (III) u map-

IIOKPbITHUA B CHUCTEME

IIPONIUTOYHBINE PacTBOP TOTO-

raana (III) ¢ xommenrpanmeit 0.5 wmoub/i,
B3ATBIX B 00beMHOM COOTHOIeHuU 4:1.

B kauecTBe mpeKypcopoB OKCHUIIOB MeIu
1 KODAIbTA UCIOJIL30BAJIM TAKXKE PACTBOPBI
UX HUTPATOB C KOHIEeHTpaimei 0.5 Mosb/J1.
Tlocsie mponuTKu HUTPATOM MU OOPA3IIbI
npokasmBau upu remieparype 600 °C B Te-

qeHue 2 qaCOB, a IIOCJIE MMIIPErHUPOBAHUA

HUTPATOM KODAJbTa ITPOKATUBAHUE ITPOBO-
gumu nipu temmeparype 400 °C B Tedenwme
2 9acoB.

JLst TpoBeIeHNST UCTIBITAHWI IO OTIPETe-
JIEHUIO KaTAJUTHYECKON AKTUBHOCTH CUHTE-
3UPOBAHBI 0OpA3IBl HAHECEHHBIX OKCHJIHBIX
KaTaJu3aTopoB Ha OcHOBe (apdOpOBBIX
BII{M c paznuysbiM aKTUBHBIM cJjioeM. x
PUBUKO-MEXaHUIECKUE XapaKTEePUCTUKHU, a
TaKKe COCTaB U COMEpyKaHNe aKTUBHBIX KOM-
TTO3UTINI TTPUBEICHBI B Tabsure 1.

[LroTHOCTD TIOP BCEX 0OPA3IIOB COOTBET-
cTByeT mioTHocTH 1op ucxoauoro IITTY u co-
crapysier 30 ppi (Yucyi0o TOp HA JIMHEHHBIH
JIOIiM);  rabapuTHbIE pa3Mepbl:  JIMAMETD
5041 mm, BoicoTa 5041 MM; 0ObeM KaTaHU-
TIaecKoro citos (oxHOro Gioka) — 98,1 eum’;
JIOCTYTIHAST BHEITHSAST 00beMHAasT TIOBEPXHOCTD:
13001400 n”/n”.

Ha pucynkax 3 u 4 npuBeneHbl pe3yJib-
TaThl ompeeseHus (a30BOro0 COCTaBa KO-
6aJIbT-IIEPUEBOIO0 U MEHO-TIEPUEBOIO KaTa-
nu3aTopoB (06pasmpsr Ne 1 u 4).

Kpome kopyHa u Mysumra (MaTepuaJibl
KepaMUIeCKON OCHOBBI) Ha 0boux audpakTo-
rpaMMax TOITBEPKIAETCS MPUCYTCTBUE Tie-
puanuta (CeO2) ¢ Kybuueckoit dbrroopuTHOI
DEIeTKOM, a TaKyKe CMEIIAaHHOTO OKCHIA KO-
6aspra Co304 m Tenopura (CuO), coorser-

CTBEHHO.

Tabaumna 1 — Ousuko-MeXaHMIECKNe XaPAKTEPUCTUKN CUHTE3WPOBAHHBIX KATAJIU3ATOPOB

Cpenuss
CocraB u cosiep:KaHne aKTHB- Obmas [Ipenmen mpou-
Ne o6- Macca, ILJIOT-
HOT'O CJIOH, opu- HOCTU TIpU
a
pastt % macc. g HOCTI;’ crocThb, % | cxkaruu, MIla
r/cMm
1 6.8C0304/28Ce02/9.2y-Al>03 58.2 0.59 82.1 3.5
2 1.3Mn0x/9.2Ce02/9.1y-Al20O3 44.3 0.45 84.1 3.2
3 14Cu0/10Ce02-MnOx/9y-Al>O3 48.4 0.49 83.4 3.4
4 15.6Cu0/13Ce02/9.4y-AlO3 54.9 0.56 82.8 3.5
5 3.6C0304/3.2Mn0x/9.6y-AlO3 41.9 0.43 85.1 3.2
6 14.5 Ce0.8Mn0.20x/9.7y-Al>O3 45.7 0.47 83.6 3.3
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2Theta (Coupled TwoTheta/Theta) WL=1,54060
Pucynok 3 — Tudpakrorpamma obpasia karamusaropa Coz0s/CeOsz/v-AloO3/BITAM:

A — xopynz (0-Alz03), B — mymmr (3 Al;O3%x2Si02), C — nepuannt (CeO2), O — Co304

6000- Q

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Pucynok 4 — Tudpakrorpamma obpasia karaausaropa CuO/CeOz/y-Al,O3/BIIAM:
A — xopynz, (a-Al2O3), B — mysumt (3 AloO3x2Si02), C — CeO2, Q — Tenopur (CuO)

3000-

Counts

CM

2Theta (Coupled TwoTheta/Theta) WL=1,54060
Pucynok 5 — Jludpakrorpamma obpasia karaiuzaropa Ce0,8Mn0,20x/9,7y-Al1203 /BIIAM:
A — kopynz (0-Al203), m — mysummr (3 A1203x2S102), CM — tBepaprit pactsop Ce(1-x)MnxO(2-d)

61
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Ha pucynke 5 upuBenena mudpakxro-
rpamma obpasma Ne 6, Ha KOTOPO# TPUCYT-
CTBYIOT (pa3bl KOPYHIA, MYJUINTA U IEPHUii-
MapraHIeBOro TBEPIOro PacTBOPA.

Paccuurannsiii no panneim POA cocras
TIOCJTE THETO OTIMCHIBAETCS dopwmyoit
Ce0.784Mn0.2160x. Taxum obpazoMm mOI-
TBEPKJIAETCs ero 00pa30BaHue MPU TEPMOOD-
paboTKe KepaMHIecKOro HOCHUTEJS CMEChIO
PaCTBOPOB HUTPATOB IEPUS U MapPraHIA.

Tax>ke TBepjible PacTBOPHI ODIIErO CO-
craBa Ce(1x)MnyO24) oOHapy:KeHBI Ha au-
dpakrorpamMmmax 0o6pasmoB Ne 2 u 4.
Onenka aKTUBHOCTA CUHTE3UPOBAHHBIX
OKCUJIHBIX KATAJIN3aTOPOB

IIpenBapuresibHble UCCIETOBAHUS KaTa-
JINTUYECKOW AKTUBHOCTU TPOBOJWINCH Ha
CIEIUATU3UPOBAHHOM — COPOIIMOHHO-KATAJIU-
TUYECKOM CTEHJIE.

TazoBbiit mOTOK dopMmupyercs depes
3JIEKTPOHHBIE pacxomomepbl El-flow B yame
CMECBHIO

cMellleHns U3 OaJIJIoHa  CO

(0.5%CO+N3), KoHIIEHTpATOPa KUCJIOPOJIA C

qucroroit 6osee 97 % u kommpeccopa (B city-
Jae OKUCJIEHHsT KUCJIOPOJIOM BO3IYXa).

IIpenBapuresnpHo TOAOTpPETAST IO TEMITE-
paTypbl SKCIIEPUMEHTA I'a30Basi CMECh 3a/IaH-
HOT'O COCTaBa TMOCTYIAET B PEAKTOP C UCIIbI-
TYEeMBbIM 00pPa3I0OM KATAJIU3aTOPA, YCTAHOB-
JIGHHBIIT B TPyOUaTON 3JIEKTPOIEYn C TEPMO-
perymnaropoMm. IIpoba rasza mocie peakTopa
qepe3 poTaMeTp MOCTYIAET M PETUCTPAIUN
B razoanaym3aTop «Kackam-H 62.2». Dkcre-
PUMEHTHI TPOBOJIUJINCH TTPU HAYAJBHOW KOH-
CO ~0.01-0.08 % 00.
(0.11-0.84 r/M°) 1 pacxoze raza-OKICIuTeNs
3-12 j1/mum.

3a Mepy KaTaJuTHYECKOH AKTUBHOCTH

LEHTPAIII

npuanMaan cremedb Kousepcuu CO B COo,
KOTOpas PACCYNTBIBAJIACD IO yPABHEHHIO:
2= (Co— Gi)/ Ch 3)
rme &, — crenedb konsepcun, Cop u Cyx —
Haya/bHas 1 KoHedHas KoHmeHTpamuu CO.
Pesyibrarsl 9KCIEpUMEHTOB NPUBEICHD

B TabJmie 2.

Tabauma 2 — Pesyibrarsl onpeeseHnss aKTHBHOCTHA KaTaJIu3aTOPOB

Pacxon Pacxopm razosoii cmecu
Ne m cocras Temmepa- O2 (BO3- Co, Cx, Ta,
obpasma Typa, °C yxa), (0.5%CO+Nz), r/m° r/m° %
iy MJI/MUH
100 6 360 0.32 0.08 75.00
150 6 360 0.32 0.01 96.88
150 3 180 0.32 0.00 100.00
150 2 120 0.32 0.01 96.88
150 6 180 0.15 0.01 93.33
1 150 6 120 0.11 0.00 100.00
100 (6) 360 0.32 0.21 34.38
gzgz;/ 150 (6) 360 0.32 0.12 | 62.50
+-A:Oy/ 200 (6) 360 0.32 0.07 78.13
BIISIM 250 (6) 360 0.32 0.02 93.75
300 (6) 360 0.32 0.00 100.00
300 (3) 180 0.32 0.00 100.00
300 (12) 720 0.32 0.00 100.00
300 (6) 180 0.16 0.00 100.00
300 (6) 240 0.22 0.00 100.00
300 (3) 360 0.64 0.11 82.81
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IIpodosoicenue mabauyp, 2

Pacxon Pacxomx razosoit cmec
X T BOU CMECHU
Ne u cocras Temmepa- 02 (BO3- A Co, Cx, Ta,
° (O5%CO+N2), 3 3
obpasma Typa, °C JIyxa), r/™ r/™ %
MJI/MUH
JI/ MUH
150 6 360 0.32 0.25 21.88
2 200 6 360 0.32 0.23 28.13
250 6 360 0.32 0.22 31.25
MnOx/
300 6 360 0.32 0.12 62.50
CeO2/
300 3 180 0.32 0.12 62.50
‘Y—A1203/
BILSIM 300 3 90 0.16 0.01 93.75
300 15 90 0.32 0.02 93.75
100 6 360 0.32 0.08 75.00
3 150 6 360 0.32 0.05 84.38
200 6 360 0.32 0.04 87.50
Cu0/ 250 6 360 0.32 0.03 90.63
CeOo 300 6 360 0.32 0.02 93.75
MnOx/ 300 6 480 0.42 0.03 92.86
v-Al O3/ 300 3 480 0.84 0.04 95.24
BIIAM 300 3 360 0.64 0.02 96.88
300 3 180 0.32 0.01 96.88
4 100 6 360 0.32 0.03 90.63
150 6 360 0.32 0.02 93.75
CuO/ 150 3 180 0.32 0.01 96.88
CeOy/ 200 6 360 0.32 0.01 96.88
v-AlO3/ 200 3 180 0.32 0.01 96.88
BIIAM 200 3 360 0.64 0.00 100.00
5 100 6 360 0.32 0.07 78.13
150 6 360 0.32 0.02 93.75
5{0384/ 200 6 360 0.32 0.01 96.88
nOx/ 100 3 360 0.64 013 | 79.69
‘Y—A1203/
BILSIM 150 3 360 0.64 0.01 98.44
200 3 360 0.64 0.00 | 100.00
100 6 360 0.32 0.14 56.25
g 80020 150 6 360 0.32 0.18 43.75
/]
00.8Mn0. 20/ 200 6 360 0.32 013 | 59.38
v-AlOs3/
BILSIM 250 6 360 0.32 0.12 62.50
300 6 360 0.32 0.09 71.88
7* 100 6 360 0.32 0.02 93.75
Co/CeO2/ 150 3 180 0.32 0.01 96.88
Y-ALOs/ 200 6 360 0.32 0.00 | 100.00
BIIAM ' : :

* obpaszen karamusaTopa No 7 mosydeH BoccTaHOBIeHHeM obpasma No 1 B Toke BOJIOPOIa B CMECH C

aprouom mpu temreparype 400 °C B Teuenue 3 4.
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Tab6smna 3 — Oupezenenne akruHocTn Karauuzaropa Coz0s/CeO2/v-AlO3/BITAM

Temmnepa- Pacxox O2, | Pacxox razosoit cmecu Co, Ck, Ta,

Typa, °C 7/ MuH (0.5%CO+N2), a/Mun r/n’ r/n’ %
100 0.4 1.6 3.83 3.30 13.84
150 0.4 1.6 3.83 0.37 90.34
200 0.4 1.6 3.83 0.03 99.22

g obpasna karaansaropa Ne 1 mpose-
JIEH JIOTIOJTHUTETHHBIN 9KCIEPUMEHT C TIOBbI-
mennoit Kournentparmeit CO. PesyabraTsb
npuBejieHbl B Tabsmie Ne 3.
3akJirroueHne

HaubGosbinyio akTHBHOCTD M3 WUCCJIEIO-
BAHHBIX KATAJIU3ATOPOB B IPOIECCE OKUCIIE-
HUsT MOHOKCHJIa YTJIEPOa B YCIOBUAX IKCITE-
PUMEHTa MOoKa3au Kobaabr-iepuebrii (Ne 1)
n MenHO-1iepueBblii (Ne 4) karanusaropsl. B
COOTBETCTBUU C [3] OHM OTBEYAIOT KPUTEPUIO
Huskoremneparypubix co 100 %-it komsep-
cueit CO mpu Temmeparypax He Bbire 200 °C,
a upu 150 °C crabuibHo paboTaroT ¢ KOHBEP-
cueit na yposue 97 %.

Kpowme TOTO, KaTaJan3aTop
C0304/Ce02/v-Al203/BII{IM akTusHaO pabdo-
TAaeT TPW OKUCIEHUU MOHOKCHIA YTJIEPOJIa
K1cs10poioM Bozayxa naunHag ¢ 200 °C u 3a-
kanuuBasg 100 %-noit komsepcueit CO mpu
temmepatype 200 °C. Karammszarop mo3Bo-
JISIET JOCTUTATH TTPAKTUIECKHU TTOJTHOTO OKUC-
nenus (99.22 %) MoHOKCHIA yryIeposia ¢ 110-
BBIIIEHHO! KOHIeHTparmeir 3.83 r/ M°. Kara-
JIN3ATOP C BOCCTAHOBJIEHHBIM B TOKE BOJIO-
po/ia M3 CMEIIAaHHOTO OKCHJa MeTaJlIhde-
cknM KobasmpToM (No 7) He TOJIBKO HMOKA3as
100 %-10 xomsepcuro CO mpu TemmepaType
200 °C, HO U HAYAJIO CTAOUILHON pabOTHI IpH
HammMmenbIreir Temmneparype 100 °C. Tewm ca-
MBIM TIOJTBEPIKJIAETCS TIOJIOXKEHnE O 6OJTh-
el aKTUBHOCTH METAJUTMIECKUX KaTaIn3a-
TOPOB, Ye€M OKCHUIHBIX, TIPY PABHON TemIepa-
Type, u TOT (PAKT, 9TO TEPBbIE ABJIAIOTCS 6O-
Jlee HU3KOTEMIIEPATYPHBIMH.

OjiHaKO, paccMaTpuBasg B IEJIOM KJIACC
KaTaJIM3aTOPOB

OKHMCJICHUA MOHOKCHIAQ

yrjiepojia Ha ocHoBe Kepamudeckux BIIAM c
TOYKH 3PEHUsI UX ITPOMBIIIJIEHHOTO TTPUMEHe-
HUS, TEPCIEKTUBHBIMA MOYXKHO CUYUTATH 00a
TUIA KaTaJan3aTopoB. [Ipu HECKOJIBKO MeHb-
meil aKTUBHOCTU OKCHJHBIE KATAJIM3aTOPbI
He TPeOYIOT JOTOJIHUTEIbHON TEeXHOJIOTHYIe-
CKOHl CTauu BOCCTAHOBJICHUS, & AKTUBHBII
CJION METAJITNIECKUX KaTaJu3aTOPOB CO Bpe-
MEHEM YaCTUIHO OKWUCJISETCS.
DUBUKO-TUMUNECKUE UCCACAOBAHUA 06-
PA3U0E  KAMAAU3AMOPOS NPOGOJUAUCL  HA,
060pYdoBaAHUY UEHMPA KOAACKMUBHO20 NOAb-
sosanus (LIKII) PXTY um. /J.H. Mendese-

€ea.
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Abstract

The article presents a technology for producing ceramic highly porous cellular materials
(HPCM), based on electrocorundum and porcelain mass MG-27, applying intermediate ac-

tive layers of y-alumina and cerium dioxide to them and catalytically active coatings based

on manganese, copper and cobalt oxides. The activity of experimental samples of block-

cellular deposited catalysts in the oxidation reaction of carbon monoxide has been prelimi-
narily studied. For all synthesized catalysts in the temperature range of 100-300 °C. The

degree of conversion of CO to CO2 has been determined.

Keywords

Ceramic high-porous cellular materials (HPCM), intermediate active layer, y-aluminum ox-

ide, cerium dioxide, mixed cobalt oxide, copper oxide, manganese oxide, catalytic oxidation

of CO, degree of conversion.
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Fabrication of foam concrete by use of novel foam generator —

vortex jet apparatus: study of foam concrete properties
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Abstract

A new method of foam concrete production by use of vortex jet apparatus (VJA) is studied.
The foam produced by VJA exhibits high stability and narrow size distribution of the bub-
bles’ diameter and the latter correlates well with diameters of foam concrete pores. VJA is
a compact device allowing to generate foam without compressor, inhausting the air from the
ambience resulting from vacuum in the center of vortex flow. Owing to additional opportu-
nities (compared e.g. with usual axial ejector) like ability to suck the air, longer residence
time and higher kinetic energy transformed further into dispersion of the bubbles new device
lets to control the parameters of the foam and the density of the foam concrete, thus allowing
to create foam with smaller diameter of the bubbles and higher stability. A mechanism of
large pores isolation during water absorption tests was proposed. Main properties of foam
concrete produced in this study: real and apparent densities, open and total porosities, ther-
mal conductivity and thermal capacity, water absorption, compressive and flexural strengths
have been measured; their values fully meet the requirements of Russian and French stand-
ards. The main part of pores was attributed to the open porosity because of very close values
of total and open porosities. Equations characterizing relative mass of water absorbed by
the foam concrete and the fraction of open porosity filled with the water were found as
functions of apparent density. It was found that foam concrete production with wide range
of densities (from approx. 480 till 1640 kg/m”) is easily attainable by means of VJA. Hence,
the VJA could be used as an effective tool for foam generation and foam concrete production.
Keywords

Foam concrete, foam generation, foam stability, foam concrete durability, thermal conduc-
tivity, water absorption, open porosity, pore structure
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1 Introduction

Foam concrete (to be more exact - auto-
claved aerated concrete (AAC), also known
as autoclaved cellular concrete (ACC)) pro-
duction method was proposed and patented
by a Czechoslovakian, Mr. E. Hoffman for
the first time in 1889. The aeration was pro-
duced by carbon dioxide generated in the re-
action between hydrochloric acid and lime-
stone. Powdered aluminium and calcium hy-
droxide were used as aeration agents in ce-
menting mixtures by Aylsworth & Dyer in
the USA in 1914. Later it was perfected in
the mid-1920s by the Swedish architect and
inventor Dr. Johan Axel Eriksson, working
with Professor Henrik Kreiiger at the Royal
Institute of Technology [1].

Both generation of stable foams and out-
looks of foam concrete production are exten-
sively studied in several works. In the recent
review of Amran et al. [2] an extended view
on the foam (or 'foamed') concrete has been
done. Foamed concrete is defined in their
work as a light cellular concrete which can be
classified as a lightweight concrete (density
of 400-1850 kg/m’) with random air-voids
created from the mixture of foaming agents
in mortar. Some citation from Amran et al.
review [2|: "Historically, the Romans first re-
alized that by adding animal blood into a mix
of small gravel and coarse sand with hot lime
and water and agitating it, small air bubbles
were formed making the mix more workable
and durable. Over the past 20 years, substan-
tial improvements in production equipment
and better superplasticizers, foaming agents
have permitted the use of foamed concrete in
a larger scale and many efforts have been
made to study the characteristics and behav-
ior of foamed concrete comprehensively in or-
der to simplify its usage in structural appli-
cations."

Foam concrete possesses following supe-
rior properties: 1) low density which allows
to the raw materials,

to save spends

transportation and operations costs; 2) ther-
mal conductivity; 3) fire resistance; 4) acous-
tic impedance; 5) easier operations like drill-
ing, sawing etc.

There are two different technologies of
foam concrete production in general. First
one is known as AAC (autoclaved aerated
concrete) or ACC (autoclaved cellular con-
crete) and produced with the use of gas (hy-
drogen) generated during any reaction be-
tween reactants added into the cement mor-
tar (the most popular are limestone and Alu-
minum powder for the further reaction be-
tween CaO, Al and water). The reactions are
known:

2A1 4+ 6H20 = 2A1(OH)3 +3Ho;

2A1 + 3Ca(OH)2 = Cas(AlO3)2 + 3Ha;

2A1(OH)3 + Ca(OH)2 = Ca[Al(OH)4]o.
For the production of autoclaved aerated
concrete not only Aluminum, but special
equipment — autoclave and additional energy
is needed.

The second kind of foam concrete tech-
nology uses the mixture of cement, sand and
water (cement mortar) with foam prepared
beforehand. For this method a foaming agent
is only compulsory component. Gas is usually
an air blowing with the compressor. In this
paper we will show opportunity to avoid the
use of compressor and therefore to decrease
the total costs of foam concrete production.
Autoclave could be also used but for acceler-
ation of foam concrete hardening some spe-
cial additions could be used.

In this paper we will discuss the fact that
not only foaming agents, but the method of
foam production, as well as the cement mor-
tar to the foam ratio control the concrete
density through a size and distribution of air
bubbles created in the cement paste mixture.
Foam bubbles are defined in [2] as enclosed
air-voids formed due to the addition of foam-
ing agent. The foaming agents are commonly
synthetic, protein-based, detergents, glue res-

ins, hydrolyzed protein, resin soap, and
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saponin [2], often the waste of food produc-
tion or farm waste. An extended review of
foam concrete preparation was performed in
[2]. Some references of [2] are used hereinafter
for the analysis the state of art.

The influence of foaming agent on the
properties of foam concrete has been studied
in [3-6]. The content of the foaming agent
has a considerable effect on properties of both
fresh and the hardened concrete. It is re-
ported that the excessive foam volume results
in a drop in flow |7, 8|. However, the flow is
significantly affected by mixing time and
therefore with the energy introduced into the
flow. As reported, the greater the mixing
time, the more is the amount of the entrained
air, albeit, prolonged mixing may cause the
loss of entrained air by dropping the air con-
tent and by destruction of the foam walls di-
viding the bubbles [9, 10].

As indicated in [2], the stability of foam-
ing agent should be confirmed according
ASTM C 869-91 and ASTM C 796-97 test
procedures [11-13|. Typical values of the air
voids range in most foamed concrete applica-
tions is between 6% and 35% of the total vol-
ume of final mix [14]. As introduced by ACI
523.3R-93 [15] the foam is produced by
blending the foaming agent, water and com-
pressed air (generated by an air-compressor)
in pre-calculated proportion ratios in a foam
generator calibrated for a discharge rate. An-
other production process was also introduced
by Valore Jr. and by Taylor [16-18|. In their
approach, the foam quality was influenced by
the dilution ratio of the foaming agent, the
process of forming, the compressed air den-
sity and pressure, and the adding and blend-
ing process with the mortar. In the presented
paper we will discuss among the other issues
the modified foam generation process, where
the air is not to be compressed due to ability
of foam generator to suck in the air from the
ambient atmosphere.

The foam quality was of great im-
portance because it represented the stability
of foamed concrete and also it affected the
strength and stiffness of the resultant foamed
concrete [19]. In foamed concreting, the com-
pressive strength is mostly affected by the
foam content rather than its reliance upon
the water/cement ratio [20]. Particularly, the
compressive strength of foamed concrete is
highly influenced by the type of foaming
agent such as by protein based foaming agent
more than synthetic foaming agent [4].

Wee et al. [21]
through both experimental and numerical

However, reported
studies, that the inclusion of air bubbles in
foamed concrete is more influential on com-
pressive strength than on modulus of elastic-
ity. It was recommended in general to add
the foam immediately after its production in
a viscous state to guarantee the stability of
the foam. Stability can be further achieved
by addition of foam stabilizing fluorinated
surfactant into the foamed concrete [22]. In
the presented work the foam with increased
stability was used, therefore this problem is
not so acute.

Not only foam content but water/cement
and sand/cement ratios as well as quality of
water [2] have strong influence on the prop-
erties of foam concrete. A water requirement
in foamed concrete depends upon the constit-
uents and the use of admixtures. Water con-
tent is also governed by the uniformity, con-
sistency and stability of the desired
mix [23, 24].

It was reported that low water content
caused the mix to be too stiff and bubbles
broke during mixing which resulted in an in-
creased density [19, 25|. Similarly, at high
water content, the slurry was too thin to hold
the bubbles which caused segregation of the
foam from the mix and consequently the final
density was increased [19]. Hence, some opti-
mal water concentration in the slurry looks
as solution to retain bubbles. Valore Jr. [18]
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reported that whenever the water/cement ra-
tio was increased the sand proportion should
be increased as well. He also noted that the
addition of the proper amount of water in a
mix should be visualized by consistency ra-
ther than by a predetermined water/cement
ratio [16, 18].

It was recommended that the water to
cement ratio should be minimized because
the excessive volume of water causes segrega-
tion of foamed concrete during casting which
affects the workability performance [26].

In general, the water to cement ratio
range was suggested to be from 0.4 to 1.25 or
in a range from 6.5% to 14% of the target
density [27, 28|. The amount of water must
be appropriate to guarantee that the worka-
bility of the premixed paste or mortar was
acceptable for foamed concrete fresh design
mix. Otherwise, the cement would absorb
water from the foam and cause rapid degen-
eration of the foam [11, 28, 29|. As discussed
in [2], the optimum water/cement ratio
should be limited between 0.5 and 0.6 as sug-
gested by British Cement Association [29].

The role of plasticizers used to improve
workability and to stabilize the compatibility
of foamed concrete is also discussed in [2].
They are practically defined as water-reduc-
ers used to increase the performance of fresh
concrete by easing its mobility and plasticity;
however, no significant effects on concrete
segregation were observed [30, 31]. One of the
most popular plasticizers in the foamed con-
crete production is fluorosurfactant (FS1). As
mentioned in [2], the FS1 is generally used to
reduce the amount of mixing water and also
marginally accelerates the strength gain of
the produced foamed concrete. The plasticiz-
ers content is approximately between 0.45%
and 5% of foaming agent volume [32].

Fibers used in the foamed concrete are
either synthetic or natural fibers, namely: al-
kali resistant glass, kenaf, steel, oil palm fi-
ber, and polypropylene fiber [14, 33-35]. The

volumetric fraction of these types of fibers
range was lying between 0.25% and 0.4% of
the total volume of mix design constituents
[36]. Previously, it was reported that a signif-
icant improvement of mechanical and impact
properties was observed when the foamed
concrete was reinforced with polypropylene
fibers [37, 38]. It was later revealed that the
usage of fiber reinforcement could change the
typical behavior of foamed concrete from
brittle into ductile elastic—plastic [38].

In the review of Amran et al. [2] some
recommendations of foamed concrete mix
proportion are presented. There are no spe-
cific mix proportion methods to obtain tar-
geted properties in foamed concrete. How-
ever, some trial and error methods are uti-
lized to design the appropriate mix such as
net water content, content of foam by per-
centage, and binder content. These methods
are considered to be sufficient calculation
techniques to propose the desired strength
[33, 39]. Kearsley [40] proposed the system of
two equations in order to calculate the mix
proportions based on cement and the foam
contents.

There are two techniques that could be
used in the process of foam concreting; pre-
foaming method and mix-foaming method.
The pre-foaming method encompasses gener-
ating the base mix (mortar) and stabilizing
the preformed aqueous foam independently.
Then, the foam is completely blended into
the base mix. The pre-formed foam could be
produced by either so-called ‘dry’ or ‘wet’
method.

The ‘dry’ foam is generated by pushing
the foaming agent solution over sequences of
high density constraints and by pushing com-
pressed air concurrently inside a mixing
chamber. The dry foam is quite stable and
generates bubbles with sizes smaller than 1
mm. The small sized bubbles facilitate a sta-
ble and uniformly blend of foam with the
basic material in order to produce pumpable
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foamed concrete [6]. The ‘wet’ foam is gener-
ated by spraying the foaming agent solution
through a fine mesh, the ‘wet’ foam bubble
size is generally between 2 and 5 mm and the
foam produced is somehow less stable com-
pared to the dry foam [41]. In the presented
paper we will discuss the opportunity to pre-
pare ‘dry’ foam by means of other technique.

In the mixed foaming method, the sur-
face active agent is practically mixed along
with base-mix constituents specifically ce-
ment slurry during the mixing process and
the obtained foam results in a cellular struc-
ture in the foamed concrete [42].

For the discussion about properties of
foam concrete in fresh and matured condi-
tions and the analysis of the influencing fac-
tors we recommend to attend to the review
of Amran et al. [2] as well as the papers men-
tioned in their work. It is worth noting to
mention that an increase in water/cement ra-
tio and reduction of the foam content propor-
tionally increase the plastic density and re-
duces the consistency and rheology of foamed
concrete [7]. It was reported that the con-
sistency of foamed concrete was reduced
when the foam content was added due to a
higher volume of air content while addition
of superplasticizers increased the flow
rate [12].

An extended overview of foam formation
was the topic of Pugh’s paper [41]. High sta-
bility of foams prepared from detergents, pro-
teins, long-chain fatty acids was shown. As
stated in [41], lifetimes increase exponentially
with concentration of surfactant and a plot of
foam lifetime versus concentration, produces an
S-shaped profile. In these systems, the film
thinning times are relatively short (compared
to the total foam lifetimes) and the stability of
these systems is controlled by the balance of
interfacial forces which equilibrate, after drain-
age has been completed. The films are usually
fairly thin (within the range of the intermolec-
ular forces), and, in the absence of external dis-
turbances

(evaporation, vibrations,
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temperature gradients etc.) then the foams can
remain stable almost indefinitely.

The motivation of this paper is to
study the advantages of recently developed
vortex jet apparatus (VJA) [43 - 49] applied
for foam generation with following foam con-
crete production. In our previous research the
ability to obtain very stable foam with quite
small bubbles has been shown. It is worth
noting to mention that the stability of the
foam (time of half-decay of the foam in the
glass) was approximately 5 times higher
(3200-3800 sec) than it is necessary (720 sec)
according to Russian Standards (GOST) for
the foam used for fire extinguishing with first
used foaming agent (PO-6SP) and between
5200 and 8100 second for the foam prepared
with the second foaming agent (GreenFroth
frother, Ttaly).

The aims of the paper are to study
experimentally the properties of the foam
concrete obtained by the new method (first
aim) as well as to build up the cause-and-
effect relation between the process parame-
ters of the foam concrete production process
by means of new method and the main prop-
erties of foam concrete (second aim, see also
section Theory and calculation for details).
2 Materials and methods

Samples have been produced by means of
vortex jet apparatus (section 2.1) in the la-
boratory at the department of Optimization
of Chemical and Biotechnological Equipment
of Saint Petersburg State Institute of Tech-
nology and further experimental analysis
(section 2.2) was made in the Research center
of Material Science (‘C2MA’) of Ecole des
mines d'Alés (in 2017 renamed as IMT Mines
Ales).

2.1 Description of Vortex jet apparatus
(VJA) and its advantages concerning foam
preparation

The main feature of the vortex jet appa-
ratus (VJA) [44] (Figure 1) compared with
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conventional axial jet devices (ejectors) is
that a workflow is fed into tangential inlet 5,
whereby the flow is swirled. Moving from the
cylindrical zone 2 in the tapered region of a
confuser, adjacent to the neck 3, the radius
of rotation of the workflow is reduced result-
ing in increase of the angular velocity as well
as the increase of the tangential component
of velocity. In addition, due to the tapering
shape of the confuser 2 the axial component
of velocity at the neck 3 also reaches its max-

imum.
1
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Figure 1 — Schematic of vortex jet
apparatus [44]: 1 — nozzle; 2 — confuser;
3 — neck; 4 — diffuser; 5 — tangential inlet

Thus, in the entrance to the neck, axial
and circumferential components of the fluid
velocity have a maximum value. As a result,
the kinetic energy of the flow increases in
VJA more rapidly compared to the conven-
tional jet devices (ejectors). Indeed, the spe-
cific kinetic energy in a conventional jet de-
vices consists of only the axial velocity com-
ponent w, (see Figure 1) Ey gjece = pwi/2. In
a vortex jet apparatus, due to the tangential
feed of the active flow, in addition to the ax-
ial velocity component w, a tangential veloc-
ity component wy also acts, therefore the spe-
cific kinetic energy in the VJA contains both
translator and rotational terms as follows:

Exvja = p(WwZ +w2). Hence the higher is
tangential velocity, the larger is difference be-
tween specific kinetic energy for VJA, e.g. at
real VJA values
wa = 5.46 m/s, wy = 22.38 m/s and for usual

typical for water in
ejector with a straight active phase supply
(we = 5.46 m/s) we found

Exvja = 260.2kPa > Ey gject = 9.8kPa.

Because of the high fluid velocity in the
annular gap, in accordance with the energy
conservation law, the pressure becomes min-
imal in this zone. Namely, as shown by our
experiments, the local pressure sinks to the
value minus 98 kPa (vacuum, or 2 kPa of re-
sidual pressure), which leads to the “cold boil-
ing” of liquid (cavitation), and the gas bub-
bles form a rotating conical cord in the cen-
tral part of the apparatus.

One of the substantial advantages of
VJA is that this device combines two impacts
on the foam: so-called condensation method
(i. e. creation of the bubbles by means of
pressure drop lower that saturation pressure)
and dispersing method (by means of high
level of shear stresses, elongation of bubbles
and some types of instability).

Foam is a disperse system consisting of
cells — gas bubbles separated by liquid films.
Usually, gas is regarded as the discontinuous
phase and the liquid is a continuous phase.
Properties of foams are largely determined by
the conditions of their production, factors in-
fluencing their properties and destruction.
There are the following main properties char-
acterizing the foam system: foam-forming
ability of the solution; multiplicity; stability
(sustainability); dispersion.

Foam is widely used in many industries
and in everyday life: foam detergents; in fire-
fighting; for the production of hydro and
sound insulation, foam concrete; the use of
froth flotation for the beneficiation of mineral
resources; it is widely used for the manufac-
ture of heat- and sound-insulating materi-
als, etc.
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In [46] the application of vortex jet ap-
paratus as a foam generator was investigated.
For laboratory studies of VJA foam generat-
ing installation was assembled, including
glass model of VJA with diameter of the wid-
est part of diffuser and confuser of 50 mm
and neck diameter of 10 mm. A copper tube
with an inner diameter of 4 mm and outer
diameter of 6 mm was used as a nozzle, which
was furnished with the sealing unit allowing
adjustment of the axial position of the nozzle.
The VJA was fed with a 6% solution of foam-
ing agent PO-6SP (synthetic hydrocarbon bi-
odegradable frother). Foam from the VJA
was fed into a cylindrical organic glass collec-
tor with a diameter of 400 mm and a volume
of 30 liters. Foam stability was determined as
the time of the destruction of 50% of the vol-
ume of foam in the 1 liter laboratory gradu-
ated cylinder made of glass. The results of
the experiments are presented in Figure 2.

Two types of experiments have been per-
formed: 1) with an immersion of the outlet
pipe of the VJA under a layer of water;
2) without immersion. In the first case, a
swirling flow moving along the walls of the
diffuser in the VJA was formed, and there
were additional air suction through the outlet
of the VJA, i.e., through the diffuser. It also
led to some reduction in performance of lig-
uid (Figure 2).

Otoams
L/min
250

200
150

100
2

Ows m’/hour

50

0.8 1 12 1.4
Figure 2 — The dependence of the VJA foam
performance on the fluid flow rate:

1 — with immersion of VJA diffuser; 2 — without

immersion of VJA diffuser

Research at this stage has led to the fol-
lowing results:

1) Vacuum achieved in the VJA allows
injecting air into VJA without using com-
pressor, at least for low expansion foam.

2) The ratio of the foam, or expansion
ratio, or multiplicity (volume of the foam re-
lated to the volume of liquid used for foam
production) obtained in the VJA in the stud-
ied range of feed water flow rates (from 0.85
to 1.4 m’/h) ranged from 7 to 11 and was
weakly dependent on the location of the ex-
haust pipe (immersed under the liquid level
or above it).

3) It is possible to obtain quite fine foam
with high stability in VJA. The stability of
the foam obtained in the VJA was higher
than 3200 s (at the expansion ratio of the
foam of 7), and reaches 3800 s (at the expan-
sion ratio of 11-12). This makes it possible to
rely on the preservation of stability of the
foam during its transportation through pipe-
lines to process up to several tens of meters
that can be used both to extinguish the fire
[46], and in the production of foam con-
crete [49].

Pressure at the input of frother water so-
lution (active phase) was 1.375 bar and at
the entrance of air (induced phase) into the
nozzle it was in the range of —4 to —4.5 kPa
(vacuum). Frother water solution flow rate
was kept as high as 1.25 m3/ h in all cases.

The conditions of samples’ preparation
are presented in Tables 1 and 2. Table 3 rep-
resents foam concrete mix proportion during
GreenFroth frother (Italy,
made from the animal waste) was used for

experiments.

foam production in further experiments.
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Table 1 — Conditions of samples’ preparation (samples 1-16)

Sample

112131456

number

7

8 |9 10111213 |14 |15 |16

Grade of ce-

ment

CEM I 425N (M500 D0*)

CEM I 32,5N (M400*)

Raw weight
of the sam-

0.385
0.350
0.360
0.155
0.155
0.155

ple, kg

0.420

0.420
0.160
0.160
0.220
0.220
0.220
0.230
0.230
0.230

Raw appar-

605
605
605

ent density,
kg/m’

1500
1370
1400

1640

1640
625
625
860
860
860
900
900
900

*According to Russian State Standards (GOST)

Table 2 — Conditions of samples’ preparation (samples 17-28)

Sample

17 | 18 | 19 20 21

number

22 23 24

Grade of
cement

CEM II 42,5N (M500 D20

Raw weight
of the sample,
kg

0.130
0.130
0.130
0.170
0.170

0.170
0.370
0.370
0.370
0.240
0.240
0.240

Raw apparent
density,

507
507
507
664
664

kg/m3

664
1445
1445
1445

930

930

930

Table 3 — Foam concrete mix proportion for preparation in VJA

A t
Pparen 500
density, kg/m3

600

800 1000

Cement, kg 300

310

320 350

Sand, kg 100

210

400 560

Water, liter 150

160

160 180

Foam, liter 750

680

550 430

2.2 Apparent density

Apparent density was measured by two
methods: 1) geometrical method and 2) open
porosity method (according to the French
National Norms NF P18-459).

Geometrical measurements of the sam-
ples dimensions were performed by means of
sliding caliper with accuracy of 0.02 mm,
their cross-section has been measured at the

76

both ends of sample and then the mean value
has been found for each of them. Before
weighing and sizes’ measurements the sam-
ples have been cut by diamond saw with elec-
trical drive. The weight of the samples has
been defined by means of scales ‘Mettler PM
2000’ (maximum weighing capacity 2100
grams, readability 0.01 gram, reproducibility
0.005 gram). The scales were placed onto sta-
bilized table with stone tabletop. The air in
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the room was conditioned: temperature was
stabilized at 20.4-20.5 °C, relative humidity
was held at 50%. The balance was covered
with the carton box from four sides to avoid
impact of air flows to the readouts of the de-
vice.

The scales has been preloaded with the
piece of the concrete (574 grams) for im-
provement of the precision of measurement
(to work in the middle range of the scales).
The mass of samples lied between 112 grams
and 384 grams.

Open porosity measurements method is
described below in the corresponding section.

2.8 Real density

Real density of the bulk solid was meas-
ured by means of automatic pycnometer ‘mi-
cromeritics AccuPyc 1330’ of Micromeritics
Instrument Corporation, used with helium
gas after vacuumization.

The samples have been dried in a drying
cabinet at 105 °C within 72 hours, and then
milled in the laboratory scale vibrational mill
within 8 second till the maximum size of the
powder of 0.01 mm has been obtained. Scales
used for the mass measurements Sartorius
QUINTIX124-1S (maximum weighing capac-
ity 120 grams, readability 0.0001 gram).

Two samples were taken from each pow-
der; the results (mean real density of solid
powder) were compared and have been very
close (the difference not exceeded 0.3%). For
each sample 3 measurements were made, av-
erage values and standard deviations were
calculated as mean for two sets of 3 measure-

ments.
2.4 Open porosity

Open porosity of the samples was meas-
ured according to the French National Norms
NF P18-459. Samples with dimensions 40
mm x 40 mm x L (L was in the range of 60-
70 mm) were dried within 36 hours in the
drying cabinet at 90°C. The samples have

been exposed in the vacuum chamber at
25 mbar within 4 hours, and then the water
at ambient temperature was fed into the
chamber. The samples have been immersed
into the water within 24 hours, first under
vacuum, and then the pressure was set to the
atmospheric level for the full saturation of
the pores in the foam concrete structure.

After saturation the samples of foam con-
crete have been weighed by means of scales
‘Mettler PM 2000 mentioned afore in section
2.2 by two different ways: 1) on the scalepan
immersed in water (so called hydrostatic
weighing) and 2) by usual way after wiping
with the wet cloth wringed out to prevent
excess wiping of the samples. The results of
weighing were calculated according to the NF
P18-459 recommendations.

2.5 Total porosity

Samples with dimensions
40 mm x 40 mm x L (L = 60-70 mm) were
dried within 36 hours at 90 °C and weighed
after cooling down the room temperature
(mass of sample Mary). The samples have
been exposed in the vacuum chamber at 25
mbar within 4 hours before the tap water was
fed into the chamber. The samples have been
submerged into the water within 24 hours. It
is worth noting to mention that even after
1819 hours of wetting of the samples some
of them were not drown in the vacuum con-
ditions in the chamber. They drowned just
when the tap on the vacuum chamber has
been opened, allowing the water to penetrate
into the pores at ambient (atmospheric) pres-
sure.

After full impregnation the samples have
been weighing by two methods: first sub-
merged (drawn) in the water (mass Muwater)
and then after short wiping by wet serviette
of extend water (but not the capillary water
in the pores) (mass Mai).

Scales used for the mass measurements
was ‘Mettler PM 2000’ (for further details of
the scales look at the section 2.2).
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Totally open porosity of 10 samples with
different density has been measured. For this
alms pycnovolumetrical tests by automatic
pycnometer ‘micromeritics AccuPyc 1330’
have been performed. Examples were milled
within 8 seconds in the vibrational mill till
the powder substance and dried within
72 hours at 105°C. For each powder sample 3
measurements of real density preal were made,
average value and standard deviation were
calculated at once. Two samples were taken
from each powder; the results were compared
for repeatability. Resulting average value and
standard deviation were calculated for 6
measurements set.

2.6 Thermal conductivity and thermal
capacity

Thermal diffusivity being measured first
by means of flash method by means of Linceis
XFA device (method of transient thermal dif-
fusivity of the heat impulse created by laser
beam). For this aim the discs of foam con-
crete and usual concrete with thickness of 3
mm and diameter of 25 mm has been cut.
Unfortunately, both for concrete and foam
concrete the method gave approximately 100
folds smaller values compared with the pub-
lished in the literature. This effect could be
probably attributed to the non-isotropic
properties of very thin samples, for which the
sizes of the pores are comparable with the
thickness of the samples. The other reasons
could also have some impact.

For further investigations we have cho-
sen method of transient thermal conductivity
measurements using a device ‘Neotim FP2C’
equipped with a combined thin film sensor
including small diameter V-type wire heater
(heat source) and a thermocouple. The film
sensor was located between two pieces of
foam concrete belonging to the same piece of
foam concrete (made in the same batch) and
therefore having identical properties. Sizes of
the pieces were 40x40x60 mm®. Additional
load (approx. 0.5 kg) to the upper piece has

been applied to improve the thermal contact
between thermocouple and foam concrete
pieces. The software supplied with the device
has been used for continuous detection of the
temperature at the surface between two
pieces. To control the stability of the temper-
ature before each measurement test the tem-
perature has been measured with the accu-
racy of 0.01°C; steady state was postulated if
the measured temperature was constant
(£0.01°C) within at least 1 minute. The
power of the heat source was adapted accord-
ing to the recommendations of the ‘Neotim’
producer concerning the expected thermal
conductivity of samples. Each measurement
was repeated 2—4 times to obtain acceptable
repeatability. Response curves were analyzed
in automatic mode by means of specialized
software provided with the device, which has
checked until the line in logarithmic scale
could be satisfactory described by linear low,
corresponding to the regular heating regime.

Totally the thermal conductivity of 14
samples (7 pairs) of different density was
measured.

Thermal capacity was measured by
means of Diamond DSC Perkin-Elmer device.
The samples have been milled to the fine
powder before measurements. Eight samples
with all the range of densities have been used
(numbers 2, 8, 11, 15, 19, 22, 25, 28, see Ta-
bles 1 and 2).

2.7 Compressive strength

Compressive strength was measured by
use of 40 x 40 x 40 mm” samples (24 samples
with all the range of densities were used) at
the testing device launched by oil pump
equipped with the QuantX 4 computer pro-
gram (ver. 4) which allowed to control the
instant values of oil pressure and the com-
pressive load. Surface of the load was 16 cm”
in all cases, the time of loading varied from
14 to 342 seconds (depending on the strength
of the samples), whereas speed of loading was
kept constant (0.1 MPa/s for three first
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samples and 0.05 MPa/s for all the others).
Preload of 0.15-0.20 kN was used before
starting of measurements to ensure the tight
contact between the samples’ surface and the
loading surfaces.

2.8 Flexural strength

Flexural strength test was performed at
the Zwick/Z010 testing device with the three-
point bending method (24 samples with all
the range of densities were used) at velocity
of loading pin of 0.002 mm/s to avoid any
shock-like type of loading. The testing device
was equipped with textXpert II computer
program (Zwick/Roell) which was used to set
the parameters of loading and to acquire the
instant results of tests, i.e. load, strain and
stresses. The sizes of middle cross-section of
each specimen at the flexure tests were meas-
ured with 0.01 mm accuracy by sliding cali-
per. The breadth of samples was between
35.9 mm and 39.6 mm and the height was in
the range of 35.3 mm and 41.28 mm. Maxi-
mal deformations by flexure (related to the
height of the middle cross-section) were in
the range of 0.534% to 2.390 %.

2.9 Water absorption

Examples with dimensions
40 mm x 40 mm x L (where L = 60-70 mm)
were dried within 36 hours in the oven at
90-105 °C by two steps: 16.5 hours at 90 °C,
continued 24 hours at 105 °C.

The same samples (number 1, 2, 7, 15)
have been used before for open porosity ex-
periments (see section 2.5). The new samples
(number 18, 20, 24, 27) are the pieces ob-
tained from the flexure experiments only as a
rest parts of samples after crushing (from the
side close to the bearing of test device, where
the stresses were minimal), i.e. their struc-
ture admittedly was not changed before.

It was interesting to compare these two
sets of samples to reveal the influence of pre-
liminary saturation of the porous structure of
the foam concrete with the water under

pressure difference on the fraction of the
pores open for the water absorption. Evi-
dently some of the walls could be destroyed
by the water both due to the impregnation
into the cement-sand structure and due to
the mechanical impact of pressure difference
between evacuated volume of pores and outer
atmospheric pressure.

Samples number 1, 2, 7 were submerged
in the water for 72 hours, whereas the sam-
ples number 15, 18, 20, 24, 27 were immersed
into the water for 221 hours (sample 15 used
for open porosity experiments was tested to-
gether with ‘new’ samples to compare the ef-
fect of porous structure changes during vac-
uum water saturation of the foam concrete).
The mass of dry samples (without paraffin
wax coating Mary and with coating Mparar) as
well as wet samples Myt were weighed by
‘Mettler PM 2000’ scales described above.
Paraffin wax coating has covered all the sides
of each sample excluding one square side with
the sizes approx. 40x40 mm’ (the real sizes
were measure with sliding caliper) allowing
one-dimensional penetration of water into the
pores of the samples.

3 Theory and calculation

As mentioned afore, the main general
goal of this work was to investigate the me-
chanical and thermophysical properties of
foam concrete linked with such ‘basic’ prop-
erty like apparent density. Further step of re-
search will be aimed to build up the logical
structure and mathematical model allowing
to predict the properties of foam concrete
(output parameters) by the control of the
flow regime, concentrations and nature of
surfactants etc. (input parameters).

The principal particular aim of this paper
is to investigate the main properties of the
foam concrete produced with the use of new
device for foam generator — vortex jet appa-
ratus. Besides, impact of the foam to cement
ratio on the main properties (hereinafter
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called as ‘outer properties’) of foam con-
crete (density, strength by compressive and
bending tests, thermal conductivity, water
absorption, open porosity etc.) and influence
of the pore structure on the outer properties
are the other important questions of this
work.

Hence, our ‘dream’ concept is to build a
chain of Controlled parameters: Flow re-
gime — Flow rates ratio (Liquid/Gas) —
Shear stresses — Properties of the foam:
Bubble’s size distribution in the foam etc. —

Concentration of components Inner
properties of the foam concrete: Distri-
bution of the pores sizes/Fraction of open
pores/ Thickness of the walls between pores —

Outer properties of the foam concrete:

(though it is pointed out as one of the outer
properties) is a particular task of this paper.

Figure 3 represents a ‘black box ap-
proach’ — a look to an impact of input pa-
rameters (preparation of foam) and process
parameters on the properties of foam con-
crete, whereas Figure 4 depictures more de-
tailed approach — a chain of the impact of
input parameters (preparation of foam) and
process parameters (transformation of foam)
on the properties of foam concrete. It would
be expedient in the nearest future to study
also impact of Water/Cement ratio, fraction
of cement, fraction of surfactant etc. at the
outer properties of foam concrete, too.

Process parameters (mixing conditions and duration, concentration
of sand, conditions of transport and pouring etc.)

Density /Strength ~ (compression,  bend- Tnput S I?;;pmu;ters:
ing)/Absorption of water/Frost durability e
(number of cycles)/Permeability by the Gt - > >
gas/Thermal conductivity.

In this paper the background to achieve
this ‘dream’ concept was created by experi-
mental investigation of outer properties of
the foam as a function of controlled parame-
ters. Dependence of mechanical and thermo-
physical properties of foam concrete on its
property

apparent density as a ‘basic’

Process

Figure 3 — General concept: scheme of the
impact of Input parameters (preparation of
foam) and Process parameters (transformation of
foam) on the properties of foam concrete (black
box approach)

The calculations have been performed as
described in each of the following sections.

parameters

Foam to cement ratio,

Temperature,
residence time,
level of shear rate

mixing conditions and
duration, time of retention
of foam, concentration of

Conditions of
hardening,
accelerators,

etc. sand, conditions of transport ~ vibrations etc.
and underpourinj/etc.
Vi Y
—> Foam | Foam and cement —>  Propertiesof —>
Input properties: mortar mixture hardened foam Output
parameters: sizes of D> properties: —>| concrete (iinner‘ —> ga;ar;letcers.
oL Ve > pubbles, [ density,sizeof > Properties: ©—> T Ty
S - ickness of the ater
o —>| stability L 5 bé‘?’fkf’lesletc- > wall,void > absorption
of foam (difficult to fraction of
etc. measure) connected pores).

Figure 4 — Detailed concept: chain of the impact of Input parameters (preparation of foam) and

Process parameters (transformation of foam) on the properties of foam concrete
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3.1 Vortex jet apparatus and foam pa-
rameters

Additionally to the information pre-
sented in section 2 following parameters of
foam to be discussed as necessary for further
analysis.

For the flow rate of liquid V = 1.25 m®/h
and diameter of the inlet pipe din = 9 mm the
mean velocity is

Wein = 4V/ndi” = 5.458 m/s. (1)

Specific kinetic energy at the inlet pipe
could be estimated as

Erin = p wpin /2 = 14.89 kPa. 2)

Specific angular momentum at the inlet
pipe at the radius R = 50/2 - 9/2 = 20.5 mm

Min = p R wg.in = 111.9 kg/(m s). (3)

Tangential velocity in the neck assuming
the radius of the vortex is close to the radius
of the neck itself Rueck = dneck/2 = 5 mm  is:

Wg.neck — Min/p Rueck = 22.38 m/S. (4)
The axial velocity in the neck:
Wa.neck — 4V/7Tdneck2 = 4.42 Hl/S. (5)

Specific kinetic energy in the neck is a
sum of the tangential and axial kinetic ener-
gies:

Ekneck = p(wqmin2 + wa.ncck2)/2 = (6)

= 260.2 kPa.

Then, the increase of specific kinetic en-
ergy in VJA

should be recovered by reversible pressure
drop in the neck as well as by irreversible en-
ergy losses by viscous dissipation.

As it was recently shown in [50], high
level of shear stresses is an attribute of VJA
hydrodynamics which allows to de-agglomer-
ate even carbon nanotubes. It was shown par-
ticularly that the maximal level of energy dis-
sipation rate could be as high as 12000 W /kg
(at the entrance to the neck) whereas the

mean level in the neck is 3000 W /kg. At these
conditions the level of shear stresses in the
neck is in average about 10 Pa and the max-
imal is approx. 39 Pa.

To estimate the size d of minimal bubble
forming in the VJA due to turbulent shear
stresses let us consider that during the disin-
tegration of bubbles dynamic balance of in-
terphase tension and shear stresses takes
place [51]

p:40/dzt7 (8)

and the surface tension for the water with
frother is o = 0.04 N/m. Then, the size of
the bubbles formed in the VJA are

d=~ 4o/t = 4x0.04/39 = 4.1 mm. 9)

This rough estimation correlates overes-
timates the real size distribution of the bub-
bles in the foam generated in VJA (mean di-
ameter for the foam close to 1 mm) showing
there are other mechanisms of bubble disin-
tegration in VJA [47, 51]. Hence, some other
types of impact like Kelvin-Helmholtz insta-
bility, shear stresses in the boundary layer,
dynamic effects etc. could play more im-
portant role. See results of the comparative
analysis in our paper [47].

3.2 Apparent density

Apparent density was calculated in all
cases as follows (geometrical method)

Papp.geo = M/ (LxBxH), (10)

where M is a mass of the sample, kg; L, B, H
are length, breadth and height of the sample,
respectively, m. Studied foam concrete sam-
ples have had apparent density in the range
from 492 till 1547 kg/m”.

It was possible to calculate the apparent
density from the open porosity measurements
for five samples (see section 3.4 below).

Papp.por = Mdry pwatcr/ (Mair - Mwatcr), (11)

where Mary is a mass of dry sample, kg; Mair
is a mass of the sample with the water in the
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pores in the air, kg; and Myater iS & mass of
the water displaced by the sample impreg-
nated with water, kg:; pwater is a density of the
water.

Index ‘por’ corresponds to the open po-
rosity method and index ‘geo’ attributed to
the geometrical method.

3.8 Real density

Mean value of real density of samples as
well as standard deviation from 3 tests for
each sample were calculated automatically
by automatic pycnometer ‘micromeritics Ac-
cuPyc 1330°.

Standard deviation of real density for
two sets of 3 measurements was not higher
than 3.2 kg/ms, maximal value 2585 kg/m3,
minimal 2474 kg/ m®, i.e. the mean real den-
sity for all samples could be roughly specified
as preal = 2553 kg/m”.

3.4 Open porosity

The open porosity €open 0of each sample
was calculated as follows:

Eopen — (Mair - Mdry)/(Mair - Mwatcr)- (12)

3.5 Total porosity

Total porosity € total Of the samples was

calculated as:
Etotal = 1 — papp/preal- (13)

3.6 Thermal conductivity and thermal
capacity

Thermal
W/ (mrK))
compared with theoretical prediction [52]

conductivity — values  (in

obtained experimentally were

A= 1.163\/0.0196 +0.22p2,, — 0.14. (14)

Thermal capacity of bulk concrete was
measured, no additional calculation was

used.
3.7 Compressive strength

Compressive strength c. was calculated

automatically by QuantX 4 computer

program during each test and was checked
according to the well-known equation

e = F/(LxB), (15)

where F' is a compressive load by fracture, N;
L and B are length and breadth of the sam-
ple, respectively, m.

3.8 Flexural strength

Flexural strength of was also calculated
automatically by textXpert II computer pro-
gram and results were checked by equation
(15) for three-point flexural tests:

or = 3F; Ly/(BxH?), (16)

where Ft is a load at the middle of sample by
fracture, N; Lg is a support span, m; B, H are
breadth and height of the sample, respec-
tively, m.

3.9 Water absorption

Relative mass of water absorbed by the
foam concrete (%) was calculated as the ratio

WA = (Mwet - Mparaf)xloo/Mdry. (17)

The fraction of open porosity filled with
the water was determined as

cht/gopcn - WAXpapr100/(801)0n><pwat0r)7 (18)
where pyater is water density, kg/ m®.
4 Results and discussion

4.1 Results of experimental investiga-
tions of Outer properties of the foam concrete

4.1.1 Apparent density

Apparent density values of the samples
calculated by Eq. (10) (geometrical method)
and from the open porosity by Eq. (11) are
presented in Table 4 (samples 1-16); values
determined only by first method are listed in
Table 5 (samples 17-28). Relative error of ap-
parent density was calculated by

Errpapp =
=(Papp.por — Papp.geo) X100/ Papp.por-

The derivation between each pair values

(19)

of densities measured by different methods in
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most cases was not higher than 4.14 %. Ap-
parent density values were taken as a base
values due to higher precision of measure-
ments.

Mean value of apparent density (for each
set of samples produced by identical condi-
tions) was calculated either as an arithmetic
mean from papp.por (samples 1-10, 14-16) or
from papp.por (samples 11-13, 17-28) values.

It is important to mention, that the sam-
ples were prepared by following sets (letters
A-J are assigned to them in Tables 1 and 2)
and therefore have very similar properties
within one group, hence, the properties of
each sample could be attributed to the whole
set.

Table 4 — Apparent density of the samples (samples 1-16)

M lue of
Apparent density Apparent density* Relative error can vae o
. apparent den-
Sample | Papp.geo (geometrical | Papp.por (Open poros- of apparent it Name of
Sity Papps
number | method), Eq. (11), ity method), Eq. density ky /F;nrgp the set
kg/m’ (11), kg/m® EXrpapp, % &
1 1427.9 1483.4 3.74
2 1339.1 1357.3 1.34 1420.4 A
3 1362.1 1401.5 2.81
4 605.6 ND ND
5 593.3 637.5 6.94 634.5 B
6 621.9 631.5 1.52
7 1554.2 1600.6 2.90
1583.0 C
8 1538.9 1565.4 1.69
9 569.8 ND ND
573.0 D
10 576.3 599.4 3.86
11 833.4 ND ND
12 821.5 857.0 4.14 827.4 E
13 831.2 ND ND
14 852.8 ND ND
15 840.7 870.5 3.43 877.2 F
16 856.1 883.9 3.14

*ND - the density was not measured by open porosity method

Table 5 — Apparent density of the samples (samples 17-28)

Sample Apparent density pappgeo (geomet- | Mean value of apparent | Name of the set
number rical method), Eq. (11), kg/m’ density papp, kg/m®
17 501.7
18 487.4 494.6 G
19 485.7
20 636.3
21 636.7 636.5 H
22 638.0
23 1376.4
24 1370.9 1373.6 I
25 1390.2
26 932.1
27 922.3 927.2 J
28 932.7
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4.1.2 Real density

Results of real density measurements are
presented in Table 6.

All the values are in the narrow range of
2474 kg/m® (min.) and 2585 kg/m’ (max)
with mean value 2553 kg/m” (the estimations
of standard deviation values are shown in Ta-
ble 6). Hence, as expected, the real density of
the bulk concrete weakly depends on the type
of cement used for samples preparation as
well as on the porosity of foam concrete.
Table 6 — Real density of the foam concrete

samples
Sam- | Real den- | Standard | Mean value of
ple Sity preal, | deviation | real  density
num- | kg/m’ of real | pres = 3StD
ber density kg/m”
StD,
kg m’
la 2566.6 1.8
2565.9+£9.0
1b 2565.2 4.4
2a 2563.3 4.2 9569.040.0
2b 2562.5 2.1 T
5a 2581.5 4.3
2585.31£9.0
5b 2589.1 2.0
8a 2581.7 1.4
2581.9+£3.9
8b 2582.0 1.5
11a 2551.6 3.4
2551.31£9.0
11b 2550.9 3.4
15a 2568.2 2.2
2567.6+4.8
15b 2567.0 1.2
19a 2472.7 3.1 9473.040.6
19b 2475.0 4.0 T
22a 2514.2 3.5
2514.249.0
22b 2514.2 3.2
25a 2559.9 2.6
2559.446.3
25b 2558.9 2.0
28a 2569.2 2.0
2568.9+4.5
28b 2568.5 1.4

4.1.3 Thermal conductivity and thermal
capacity

Comparison of measured thermal con-
ductivity (Aexp) with calculated by Eq. (14)
(Atheor) and standard values according to Rus-

Standard (GOST 25485-89)
(AcosT, two points at apparent density 2400

sian State

and 2500 kg/ m® belong to the bulk concrete
according to Russian Rules for Building
SNiP 23-02) are shown in Figure 5. Evidently
in general thermal conductivity values of
foam concrete produced by VJA comply with
requirements of GOST 25485-89 and for sev-
eral cases are even a bit smaller. Hence, foam
concrete produced by means of VJA fully
meets thermal insulation demands.

It is also clear that Eq. (14) overesti-
mates both standard and measured results
and should be corrected for further use.

Thermal capacity of eight samples with
all the range of densities have been measured,
showing quite close values (955447 J/kg K).

10

A, W/(m K)
*®
3 1510°
i % e =1 p_app. kg/m3
2 .
a0t
Le 000
0.5 * .[il \_exp

. oag
_theor
AA
A_GOST
LYY}

0.0r

Figure 5 — Thermal conductivity of the foam

concrete samples

4.1.4 Compressive and flexural strengths

The results of compressive and flexural
tests are presented on Figures 6-8. Except
several samples with duration of hardening
exactly within 28 days all the other were ma-
tured within 3 months. As can be seen from
the plots, there are a few visible differences
between long term and short term matured
samples. The durability of cement has an ef-
fect on the resulting strength parameters.
Nonetheless, analyzing Figures 6 and 7 one
can postulate that all obtained results belong
to the same quite narrow ‘corridor’ of data.
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Fig. 6 and 7)

Concerning compressive to flexural

strengths ratio of the foam concrete samples

(Figure 8) omne can conclude that the
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overwhelming majority of points lying in the
range between 2.0 and 5.5, at that for each
set of samples there are results very close to
3.0 in average obtained (samples hardened
within 28 days). For the samples made from
less durable cement CEM I 325N this ratio
is close to 2.0 in average.

4.1.5 Water absorption

As mentioned afore, two sets of tests
were performed: 1) the same samples (num-
ber 1, 2, 7, 15) have been used as for open
porosity experiments before water absorption
experiments, i.e. their structure could have
been damaged; 2) the new samples (number
18, 20, 24, 27) have been used for open po-
rosity experiments. The results for sample 15
were put together with second set to let eas-
ier comparison with sample 27 having similar
density but tested for water absorption with-
out being preloaded. Figures 9 and 10 repre-
sent results of the tests for samples 1, 2, 7
and 15, 18, 20, 24, 27 respectively.

The influence of density on the maximal
values of relative mass of water absorbed by
the foam concrete (diamond points and
line 1) and the fraction of open porosity filled
with the water (square points and line 2) for
samples 15, 18, 20, 24, 27 is depicted on Fig-
ure 11.

The approximation of relative water
mass absorbed by samples max(WA) accord-
ing to Eq. (17) and max(&wet/€open) as a func-
tions of apparent density were approximated
by least-squares method by following func-
tions (see also Fig. 11):

max(WA) = 1789papp 7, R = 0.919;  (20)
max(Ewet/€open) = 1.7854 + 0.0249papp,
R? = 0.9545.

The first line (Eq. (20)) shows that the
amount of the absorbed water is lower for

(21)

heavier samples of foam concrete, the reason
is that the own weight of the dry concrete is
them. But the

higher for second line
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(Eq. (21)) reveals that the open porosity of
the foam concrete is better ‘used’ (impreg-
nated) by water namely for heavier samples,
this could be attributed to the smaller sizes
of the pores for the foam concrete with higher
apparent density.

The analysis of absorption kinetics allows
to conclude that samples number 18, 20 and
27 have been saturated within first 24-48
hours. These three samples having densities
487, 636 and 922 kg/m3 respectively are the
lightest among second set. In the sample 27
(1371 kg/m®) the steady state is not reached
even within 96 hours (see Fig. 10 a). This ef-
fect could be attributed to three following
reasons: 1) more developed capillary micro-
structure in the samples with higher density,
where the bubbles do not interrupt the flow
in the capillary channels; 2) higher capacity
of micro porous space in high density sam-
ples; 3) in the samples with lower density the
diffusion of water is hindered due to lesser
volume of solid body having small capillaries
whereas porous structure has sizes of pores
close to 1-2 mm which possess with very low
capillary pressure.

According to our vision it seems that the
bubbles are surrounded by the bulk concrete
structure having micro pores which are im-
pregnated with the water, i.e. the pores with
gas bubbles inside are isolated one from the
other, and their ability to absorb water is
limited by the dissolution of air in the water
(Fig. 12). The pressure in these pores is grow-
ing during impregnation process, slowly in-
creasing the dissolution process. We have ex-
cluded samples 1, 2 and 7 from the final anal-
ysis, because they have densities in the range
of 1350-1600 kg/m®, which are rarely used in
light concretes. Besides, the structure of
these samples could have been partly demol-
ished during previous test at vacuum impreg-
nation (see discussion in the next paragraph.

It is interesting to observe that the be-
haviour of the absorption kinetics for samples

15 and 27 Thaving similar densities
(870.5 kg/m® and 922.3 kg/m” respectively)
looks quite identical (Figure 10 a), though
there are some deviations at the first stages
of impregnation (Figure 10 b): in the loga-
rithmic coordinates the rate of impregnation
for sample 15 is lower than that for sample
27. This latter effect could be attributed to
some rupture of structure of sample 15 during
previous tests. It seems very apparent that at
saturation in vacuum some part of the mate-
rial could have crumbled inside of the spher-
ical pores of the foam concrete. This assump-
tion is corroborated by the observed crum-
bling of light samples of foam concrete by
sawing and open porosity test exposed previ-
ously by vacuum impregnation during total
porosity measurements.
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Figure 9 —Relative mass of water absorbed by

the foam concrete (a) and the fraction of open

porosity filled with the water (b)
for samples 1, 2 and 7
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Figure 10 — The fraction of open porosity
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logarithmic (b) coordinates for samples 15, 18,
20, 24 and 27
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Figure 11 — The influence of density on the
maximal values of relative mass of water
absorbed by the foam concrete (blue diamonds
and line 1) and the fraction of open porosity
filled with the water (red squares and line 2) for
samples 15, 18, 20, 24 and 27

Figure 12 — Proposed mechanism of large
pores isolation during water absorption tests.

1 — foam concrete body with capillary-porous
walls; 2 — pores blocked around with the water;
3 — walls of concrete saturated with water;

4 — interconnected pores; 5 — walls of concrete
in the dry or partly wetted part of the sample;
6 — front of impregnation

4.2 Results of experimental investiga-
tions of Inner properties of the foam concrete

4.2.1 Open, total and closed porosity

Results of open and total porosity meas-
urements are presented in Table 7. Each set
of samples has been tested at least once for
total porosity and all the range of apparent
densities was covered for open porosity. It is
clear from the Table 7 and Figure 13 that
values of open and total porosities are very
close one to the other (within experimental
error). Hence, the closed porosity as a differ-
ence between total and open porosity

Eclosed — &total — €open (22)

is negligible compared to total porosity and
could not be defined with high accuracy by
the methods used in this work.

Approximation of total porosity data by
least-squares method gave the coefficients of
Eq. (13) with determination coefficient
R” = 0.9978

Etotal — 1 - 0.0004 papp, (133/)

where coefficient 0.0004 is very close to the
value found by mean value of real density:
1/preal = 0.395x10° m? /kg.
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Table 7 — Open porosity of the foam con-
crete samples

Sam- Appar- Open Total
Name
ple ent den- | poros- | poros-
of the ) . .
num- Sity Papp, ity 1ty &to-
set 3
ber kg m Eopen tal
1 1483.4 0.448 0.422
2 A 1357.3 0.501 0.470
3 1401.5 0.479 ND
5 B 637.5 0.743 0.753
6 631.5 0.765 ND
7 1600.6 0.399 ND
8 1565.4 0.413 0.394
10 D 599.4 0.780 ND
11 E 833.4 ND 0.673
12 857.0 0.679 ND
15 F 870.5 0.673 0.661
16 883.9 0.668 ND
19 G 485.7 ND 0.804
22 H 638.0 ND 0.746
25 1 1390.2 ND 0.457
28 J 932.7 ND 0.637
0,900 1 Open porosity
Total porosity
0,800 -
0,700 -
0,600 -
0,500 - *
0,400 -
0,300
# Open
0,200 | porosity
0,100 -
0,000 -+ T T T |
0 500 1000 1500 2000

Apparent density, kg/m3
Figure 13 — Open porosity and total porosity

as functions of the apparent density

This is not surprising, just confirms very
small scattering of the results obtained for
total porosity. Some difference between total
and open porosity (the highest values of rel-
ative error 5.0-6.5% were obtained for sam-
ples 1, 2 and 8 with quite high density having

therefore smallest absolute values of total po-
rosity, for the other samples relative error
was not larger than 1.8%) is attributed to the
experimental procedure used in this work.

Properties of foam concrete produced by
use of VJA fully meet the requirements of
Russian and French standards.

5 Conclusions and outlook

A new method of foam concrete produc-
tion by use of vortex jet apparatus (VJA) is
described and studied. Foam produced by
means of VJA is very stable and possess abil-
ity to save its properties during mixing with
cement and sand. VJA is a compact device
allowing to generate foam without any blow-
ing machine, sucking the air from the ambi-
ence resulting from vacuum in the center of
vortex flow, hence decreasing the both capi-
tal and operational costs of the plant. It was
found that foam concrete production with
wide range of densities (from approx. 480 till
1640 kg/ m?’) is possible by use of VJA.

Main properties of foam concrete pro-
duced in this work: real and apparent densi-
ties, open and total porosities, thermal con-
ductivity and thermal capacity, water ab-
sorption, compressive and flexural strengths
have been measured; their values fully meet
the requirements of Russian and French
standards. Therefore, the VJA could be used
as an effective tool for foam generation and
foam concrete production.

Equations characterizing relative mass of
water absorbed by the foam concrete were
found as functions of apparent density.

The equations describing the total poros-
ity (13a), maximal water absorption (20) and
the fraction of open porosity filled with the
water (21) are found; they have high coinci-
dence with experimental data.

An idea to connect ‘outer’ properties of
the foam concrete with its ‘inner’ properties
as well as with controlled process parameters
is described. A mechanism of large pores
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isolation during water absorption tests was
proposed.

Deeper discussions of relation between
Controlled parameters, Properties of the
foam, Inner properties of the foam concrete
and Outer properties of the foam concrete
will be performed in our next work (which is
now under preparation). It is intended to
build up correlations between inner and outer
properties of the foam concrete in the next
study.
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I/ICCJIG,ZLOBaHI/Ie CBOIICTB HeHO6eTOHa, IIOJIY9I€HHOI'O C HCIIOJIb3OBaAHUEM

IIeHOoreepaTropa HOBOI'O THIIa — BHUXPEBOI'O CprfIHOFO allllapaTa

P. III. AGues = *

* Canxm-Ilemepbypecruii 2ocydapecmeennviti Texnonrozuneckuts uncrmumym (Ternuueckud
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** Unemumym zumuu cusukamos um. WM. B. I'peberuyurosa Poccutickoti axademuu nayx
(UXC PAH), Canxm-Ilemepbype, Poccus

AnboTanus

WcenemoBan HOBBIN MeTOJ, TIOJIyYeHNs TIEHOOETOHA C MCIIOJIb30BAHIEM BUXPEBOTO CTPYHHOIO ar-
napara (BCA). Ilena, nonydennasi npu nomon BCA, orimyaercss BBICOKOi CTaOMIBHOCTBIO 1
Y3KHAM PACIPEJIeIeHHEM TUAMETPOB Iy3bIPbKOB, KOTOPBIA XOPOIIO KOPPEIUPYET C AUaMETPAMU
mop tneroberona. BCA - KOMIIaKTHOE yCTPOMCTBO, TMO3BOJISAOIIEE MPOU3BOJIUTh MEHY 0e3 KOM-
mpeccopa, 3acachiBasg BO3IyX u3 aTMocdep Ojarofapsi pa3pexKeHWuro, CO3JaBAEMOMY B IEHTDE
BUXPEBOIO TIOTOKA. Biarojapsi JIOMOTHATELHBIM BO3MOXKHOCTSAM (110 CPABHEHWIO, HAIIPUMED, C
OOBIYHBIM OCEBBIM KEKTOPOM ), TAKUM KaK CIIOCOOHOCTH BCACBIBATH BO3JLyX, 0OJi€e JJINTEbHOe
BpeMsl TipebbIBaHus 1 OOJiee BBICOKAsI KMHETHYECKAsl SHEPTUsi, IpeobpasyeMasl jajiee B JUCIep-
TUPOBAHUE MY3bIPHKOB, HOBOE YCTPONCTBO MO3BOJISIET KOHTPOJIUPOBATH TapaMeTPhl TIeHbI U ILJIOT-
HOCTb TEHODETOHA, YTO MO3BOJISIET TEHEPUPOBATH MEHY C MEHBIIUM JHAMETPOM ITy3bIPHKOB U
6oJiee BBICOKOU CTaOUIBLHOCTBIO. [IpeyioyKeH MeXaHU3M U30JIAIUU KPYIHBIX TIOP MIPU UCIHITa-
HUSIX HA BOJOMNOIJIOIIEHWE. BhLIN U3MEpPEHBl OCHOBHBIE CBOMCTBA MEHOOETOHA, MOJIyYEeHHOIO B
JIAHHOM WCCJIEIOBAHUM: PeajibHas M KAaXKYIIAsICs ILIOTHOCTH, OTKPBITAsI U ITOJHASI TOPUCTOCTb,
TEIJIOMPOBOIHOCTD W TEIJIOEMKOCTh, BOJIOMOTJIOIIEHNE, IPOYHOCTD HA CyKATHE W M3rH0; X 3HA-
YEHMs MOJIHOCTBIO COOTBETCTBYIOT TPEOOBAHUSIM POCCHUCKHUX U (bpaHIy3ckux craszapToB. Oc-
HOBHAsl YaCTh MOP OTHECEHA K OTKPBITON MOPUCTOCTH M3-3a OYeHb OJIM3KUX 3HAYEHUI obIei u
OTKPBITO TOPUCTOCTH. Y DABHEHUS, XapaKTEPU3YIOIIe OTHOCUTETHHYI0 MACCY BOJIbI, MOTJIOIIA~
eMoit TIeHOOETOH U JI0JI OTKPBITON IMOPUCTOCTH, 3AITOJTHEHHOM BOION, HAXOMMINCH KaK (DYHKIIAN
KaXKyIefcst MIOTHOCTH. Y CTAHOBJIEHO, YTO MPOU3BOJCTBO MEHOOETOHA C IIUPOKUM CIIEKTPOM
wiorHoctu (npumepro or 480 no 1640 kr/m3) serko mocruraercs ¢ nomorbio BCA. Crenosa-
tesibHo, BCA MokeT ObITh MCIIO/IB30BaH KaK I(MMOEKTUBHBIA MHCTPYMEHT [JIs T€HEPUPOBAHUS
[IEHBI ¥ TTPOM3BOJICTBA MEHODETOHA.

KuaroueBbie ciioBa

ITenoberoH, reHepupoBaHue TEHbI, CTAOUIBHOCTD MEHBI, TPOYHOCTb TIEHODETOHA, TEILIOPOBO/I-

HOCTB, BO/IOIIOTJIONIEHNE, OTKPHITAA ITIOPUCTOCTD, IIOPHUCTas CTPYKTypPa
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Annoranusa

B crarne IIPEIJIOZKEH Hay‘{HO—MeTO,ZLI/I‘{eCKI/Iﬁ II0XO0, OIICHKH! yCTOﬁqHBOCTH 1 OIITUMAaJIbBHO-

CTH MOCTPOEHUsI CTPYKTYPHI djieKTporexuntdeckux cpeacts (DTC), obecreanBaiomux 3Jiex-

TpocHabXKeHre TOTPeOUTE el B yCAOBUIX YPE3BbIYANHBIX CUTYAIUIA.

IIpenmoxennass MeToanKa MOXKET OBITH MCIOJIB30BAHA IJIsi Pa3pabOTKH PEKOMEHIAIINIA 10

ontumuzanuu crpykTyp DTC, a pe3yabTaTsl ee MOTYT OBITH MOJIOYKEHBI B OCHOBY MPOTHO-

suposanust norpedrocTeit B DTC st obecriedennst 3JIEKTPOIHEPTETUIECKON GE30MACHOCTH

TEPPUTOPUIL CTPAHBI.
KuroueBrbie ciioBa

OnTumuzarusi, 3JIEKTPOTEXHIIECKNE CPEJICTBA, TIOTPEOUTETN JEKTPUIECKON SHEPTHUH,

YCTOHYMBOCTb CTPYKTYPbI, Ype3BbIYaiiHbIE CUTYAIINH.

Bsenenne

YaurbiBasi, 94TO IS SJEKTPOCHADKEHU ST
00bEKTOB KU3HEOOECIIEYCHNST U HACEJIEHUS B
YPE3BBIYAWHBIX CUTYAIUSAX MOTYT HCIIOJIB30-
BAThCS PA3JUIHbIE ABTOHOMHBIE MCTOYHUKHU
sstekTposrepruu (1199), B ocHoBe UX BBIGOPA
JIEXKUT CpPaBHEHHME TEXHUKO-9KOHOMUYIECKUX
roKasareJieif, KOTOPhle MOYXKHO Pa3euTh Ha
JIBa KJIacca: MOKAa3aTeNd, XapaKTePU3yoIiue
CBOHICTBa BHEIIHEH Cpelbl, C KOTOPOil CB4-
3aHbI OCHOBHBIE 3JIEMEHTHI 3JIEKTPOIHEPIETH-
geckux cucrem (DIC) (xapakrepusyroriue
PEXKUM 3JEKTPOIOTPEDICHUS: YUCTO HFaCOB
WCIIOJIb30BaHUsI MAaKCHUMAJIbHOW HAUPY3KHU
U JIp.), ¥ TOKA3aTeJId UCTIOJIb3yEeMbIX IHEPrO-
TaK>XKe

Pecypcos; a TOKa3aTeJH,

1
Zlaa nepenucku
Email: smur_36@bk.ru

oTpazkaroliye cBoiicTea V199 Kak 3/IeMeHTOB
99C, KOTOpHBIE 11EJIECO00PA3HO Pa3deIuTh Ha,
[OKA3aTe !, ONPEIE/AIONIe BHEITHIE CBI3H
N3 (¢ apyrumu cucremMamu), U ONMPeIesso-
mye
csasu (Mexy 9D B mpegenax 99C).

dopmu-
PYIOT COCTAB ONPAHUYEHUH [0 ONTUMUBAIUN

IPEUMYIIIECTBEHHO HX  BHYTPCHHHE

Ilokazaresun mepBoO#t TrpyIIIbI

cTpyKTypbl v1ekTpocraniwmii (JC) 9IC, a, ¢
JIDYTO#l CTOPOHBI, BJIMAIOT Ha IIPUBEICHHBIE
3aTPAThl; TOKA3aTe/]U BTOPOW TPYIIIBI OIpe-
JIENIIOT TIPUBEIEHHBIE 3aTPAThl — IMOKA3a-
Teqb  3bdexTuBHOCTH yrupapieHus. lpu
sroM st 9IC XapaKTepHbI: MHOYKECTBEH-
HOCTD IIeJIeil, CJIOKHOCTh CBSA3€i, nepapxmd-

HOCTb, BEPOATHOCTHBI! XapaKTep NOBEJIEHUS,
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HEIPEPLIBHOCTD PAa3BUTHUSA, BCJIEJICTBUE YETO
yIpaBIeHUe WMHU CYyIIECTBEHHO YCJIOXKHU-
sochk. Ilosromy Tpebyerca paspaboTka 6ostee
COBEPIIIEHHBIX METOJ0B TEXHUKO-3KOHOMUYIE-
CKOWl ONTUMU3AIMKE CTPYKTYphl MDD, Kak
OJIHOTO W3 YCJIOBUIl yIpABJIEHUs] Pa3BUTUEM
PErMOHAJIBHBIX CUCTEM 3JIEKTPOIHEPIeTHKH.
MarepuaJibl 1 METO/IbI PEIeHns 3a1a4,
MPUHSATHIE JIOILY IIEHWsI

s pemenusi 3T0il 3a1a4u mpejiara-
eTCsl  WCIOJIb30BATH TEXHOIEHOJOIUNIECKUi
nozaxon [1-4|, mogenn H-pacupeyesieHusi Ko-
TOPOr0 IMO3BOJIAIOT HUCCJIEOBATH JIBUKEHUE
BUJIOB 3jieKTpoTexHnIeckux cpeacts (DTC)
U UX YUCJEHHOCTH. JIjIsi IPOBEPKHM COOTBET-
CTBUS CJIyYaiiHONM BBIOOPKU — TE€HEPAJbHOMI
COBOKYIIHOCTH yCTaHOBJIeHHBIX DTC mpume-
uuMm metox A. H. Kosmoroposa [3], rae cpas-
HEHME [TPOU3BOJIUTCS HE M0 CTATUCTHIECKOMY
cpesHeMy, a 1o (yHKIMSAM PacIpeIeIeHust
CPaBHUBAEMbBIX BBIOOPOK. Y CTOWYUBOCTH BU-
JIOBOTO PACHPE/IETICHNsT OIUCHIBACTCS MOJIe-
Jbi0 H-pacripejiesieHust, UMeIOIIeil 1Ba OCHOB-
HBIX TIapaMeTpa: pasMep cucreMbl R 1 xapak-
TepucTuueckuii mokasaresb o |1, 3]. Vccie-
JIOBaHUe JUHAMUKK H-pacrpeesienust mpe;i-
crasisier coboit [3, 5| KauecTBeHHOE ommCa-
HUE 3aKOHOMEPHOCTEH MPOIECCOB CMEHSIEMO-
CTU YUCJIEHHOCTU KayKJIOr0 BHJA C y4eTOM
U3MEHEHUsI COOTHOIIEHUS MEXKJy KOJIMYe-
creoM BusoB DTC m ux uynciaennocTbo. u-
namuka H-pacrupenenenns: B nesom (I poma)
dopmaTu3yeTcs MOJeJIUPOBAHUEM ITapaMeT-
poB H-pacrpejiesieHust BO BDEMEHU U TIePex0-
soM K noBepxHocTu. CyTh MOJIEIM COCTOUT B
TOM, YTO WMMEOIUIACS DAl IKCTPATIOTUPY-
eTcs BIEPEeJl U COOMPAETCs CIOYKEHUEM J1JIst
dbopmupoBanus nuporuoza. llpudem dopma
KpuBoii H-pacrpejiesieHusi He U3MEHSIETCs, a
MOXKET JIUIIb KOJIeDaThCsl B IIpejiesiax I'pa-
HUTB KOIDDUIMEHTa BUIOBOTO Pa3HOOOpPa-
susg DTC a.

Ecmu tpebyercs ompenenuTh KOHKPET-
pole Bunbl DTC U MX YHCIEHHOCTH, MOXKET

OBITH OCYIIECTBJIEH MEPEXOJ] K CTPYKTYPHO-

11])().;‘\1,’()['(11,.’[,(",1[,7[,’[)1,(", npoueccyv, u MmerHoA02uU. 2022

ronostornyeckoil quaamuke (CTII) [3-8], ko-
&  WCCIEAYIOTCS TPAeKTOPUM JIBUKEHUST
KaxK 101 TOYKU 10 IJIOCKOCTH
H-pacnpenenenus. CunTe3 BUIOBOM CTPYK-
TYpPBI COCTOUT U3 MMPOTHO3a YUCJEHHOCTU BU-
1o 9TC u mocTpoeHus BUIOBOIO PACIIPEe-
JIGHUS T10 IIPOIHO3HBIM 3HAYEHUSM. ¥ CTONYH-
BoCTb cTPYKTyphl DTC onpemesnsiercs ycToii-
YUBOCTBIO 3HAYEHUH XapaKTepUCTHIECKOTO
noKasaressd, a YCTOUYMBOCTb KOMIIO3UIIUNA
dyurnmit pactnpeaenenns rpynn DTC Beipa-
JKaeTCsl B COXPaHEHWHM (DOPMBI HETayCCOBBIX
pacupeesieHuit.
PesyabTaThl

Meronuka o060CHOBaHMS BUIOBOIO CO-
crapa DTC nposepsiiach Ha CTATUCTAIECKOM
MaTepuasie. VccemoBanme OCYIIECTBIISIETCST
[2, 9-12] B coremyromeM HOpsiiKe: B KadecTBe
obbekta Bbimenasgercas MYUC Poccun, xoro-
PBIil, OJTHOBPEMEHHO, ABJISIETCS COOOIIECTBOM
CJIADOCBSI3AHHBIX M CJIaDOB3aMMOIEHCTBYIO-
IUX JIEMEHTOB; M3 HETO BBIIEISIETCS ceMeii-
CTBO OO'bEKTOB — B HAIIEM CJIydae Mo 00b-
eKTaM# IOHMMaloTcs mompasuesenns MYC
Poccun, cocpenorodeHHble Ha TEPPUTOPUN
IlenTpaabaOro demepaabHOro OKpyTa;
BBOJIUTCSI TIOHATHE BWJA, B JJAHHOM CJIydae
Bui — HanmMmeHoBanne IDTC u 31eMeHTOB
U3IEeJIN;

IIEKTPOTEXHUYICCKUX IIPOU3BO-

JUTCA PaH2KHPOBaHUE n CTPOATCA

Maremarmdeckue Monmesm  (Tabmmma 1):

PaHT'0OBOE BHJ0BOE pacipenejacHue -

9TC 1o

mapaMeTpa; W

pacmpeiesieHue yOBIBAHIIO

HCCJIETy EMOTO BUJIOBOE
pacmpejiesieHe — PaCIpe/IeIeHue BUIOB TI0
ITOBTOPSEMOCTH; TTPOBOAUTCsE 00paboTKa pe-
3yJIBTATOB W OMPEJIEISTIOTCS TapaMeTpbl MO-

dyHKIIIA. st
OIUCAHUdA PacCMOTPUM

JIeJTUDY FOIIAX
MATEMATUIECKOTO
paHroBoe BuzoBoe H-pacmpejesienue (pucy-
HOK 1) B KoopJmHaTaxX: paHr (HOMep IO MO-
psaky mpu pacrnosoxennn DTC B mopsake
YMEHBIIIEHUsT YUCAEHHOCTH WX TPYII) — KO-
mmgectBo DTC B Buge (tabmuma 2). s
9TOr0 HEOOXOMMO IMPOPAHKUPOBATH BHJIbI
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9TC mo uncaeHHOCTH, T.€. BUI, KOJTMIECTBO
9TC B

mojsiydaer paHr r=1, r=2

HaUuMEHOBAHUNA KOTOPOM
MaKCUMAJIBHO,
MOJIyYUT BUJ, WMEOIMNH MaKCUMATLHYTO
gncaerHoctb DT C us ocraabHbIX, 1 T.71. Pan-
ropoe BUIOBOe H-pacmpejienieHne MOXKeT
OBITH Tpeobpa3oBano B BUA0BoE. COBOKYITHO-
CTH BUJOB, KaXXJblii M3 KOTOPBIX TMPEICTaB-
JieH paBHBIM KojumdecTBoM DTC, obpasyror
KACTBI.

BuoBoe pacmpenenenne — pacrpesese-
unue DTC ouHAKOBO YMCIEHHOCTH TI0 TPYTI-
nam BusioB (Tabmuna 3). Pacemorpum Bujio-
BOE pacrpejie/leHne B KOOpMHATAX: UNCJIEH-
noctb DTC ojHOrO BUAA — YUCIIO BUIOB C
TAKOl YMCIIEHHOCTBIO (PUCYHOK 2). YcToiun-

BOCTbH CTPYKTYPBI

IIPOABJIAECTCA

Tabaumna 1 — Bunsr H-pacupenenenuit

n3Mmenenustmu H-pacripesiesienust B mpejesax
XapaKTepPUCTUIeCKOro mokasaress 0,5<o<2.
Kpusasa H-pacupenenenusi xapakrepusyercs
rem, aro 40-60 % Bumos DTC yHukambHO, U
60-40 % obmero KoamdecTBa HaUMEHOBAHMI
ABJIACTCA YaCTO BCTPEYAIOIIUMMCH.

JaHHBIA MOAXOI TaK»Ke PAaCCMOTPEH Ha
npumepe ['eHepabHON CXeMbl pa3MeIeHust
00beKTOB 3sieKTpodnepreruku 10 2020 rosma
(Tencxema), KOTOpasi COJEPIKUT TEPEYEHb
TUTIOB 9HEPToOJIOKOB (Tabsmia 4, pUCyHOK 3),
IUTAHUPYEMBIX K CTPOUTEIbCTBY. B KadecTse
00beKTa BbIIEIEeHa ['eHcxema; CeMeilcTBO
QJIEMEHTaPHbIX O6'beKTOB — THUIIBI 3HEPIo-
OJIOKOB; BUJI — IMapOBble KOHIEHCAIIMOHHBIE
TypOunbl (Tabsmna 5, pucyHoK 4).

Pacmpeneie- ®Popwma 3amucu
Ocp abcmuce Ocb opauHaT
HIEe H-pactpenenenns
Kosmuecrso BuioB B rpyiie
Yucnennocts rpymmsl 9TC Y
. (KOJIMYEeCTBO BUJIOB C OZMHA~ (1+9)
Bumosoe JIA W3AeIUil OTHOTO BHIA. Wi=A/X;
koBbIM KosimaectBoM DTC u
HuckperHo. .
uzzesmii). Iuckperso.
P ( ) Q(r) = B/r,
aHr (EPBBI PAHT UMEeT
b P . Komuyecrso 9TC u usze- Bup>0—
Panrosoe g, DTC wim uznenuii ¢ .
. smit B Bujge (tunsl). Jpc- | KOHCTAHTBI DAHTOBOTO
BUJIOBOE MaKCHUMAJIbHOM IUCICHHO-
KPETHO. BUJIOBOI'O
crbi0). JduckperHo.
PACIIPEIC/IEHIS
Q(r), xomuuectBo ITC nnm u3genuit B Buse
160
152 4
144
136
128
120
112
104
9%
88 = -0,914
80 y 59,92x
72 2 —
- R>=0,817
56
43
4 \
2
2% Q‘
16
8 1, paHr

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13

14 15 16 17 18 19 20 21 22 23 24 25 26

Pucynok 1 - Panrosoe Bunosoe H-pactpenesenne 9TC u uzmenmit

96 Ipomwviunennvie npoyecco, u mexnoaozuu. 2023. T. 3. Ne 1(8)



()71,//111,.,"\/,'1/-'%(1,’1/,11,.}7, INERMPOMETHUECKUL (f[)('f()(ffll,()’ ons {).’I(",H‘Nl])()(f‘l/,(l@)/(i(’fI/,’U,.ﬂ ’N()Nl[)(’iﬁ'{l’fll,(’i.’I('f'lj

Tabsuria 2 — ammbie 1jTst TOCTPOEHMS paHTOBOTO BUI0BOTO pactpeenenus DT C u uzaemwit

Komnae-
Panr Hanmenosanune 9TC u nsnemnuii CTBO
B BHUJIE
1 PoHaph IEKTPUIECKUN UHINBUY AJIHHBIT 154
2 Benzonumia ¢ Habopom 1emeii 22
3 PoHaph IEKTPUIECKU TPYIIIOBOH C 3apAHBIM YCTPOICTBOM 12
4 DIeKTPOIPEIIb 12
5 DekTporepdoparop 12
6 VryomnaundoBajibHas MaITHHA 12
7 DJIeKTPOIIIIa JUCKOBAs 12
8 DJIEKTPOIIIIA, IeITHAS 12
9 Benzopes 12
10 [epenocuast ssrekrpocrannus (YC) ocBerurebHas GEH3NHOBAS U JI¥i- 5
3ejibHas HA 2 KBT
11 | ABapuitHo-CIacATETHLHBIN MHCTPYMEHT THIPOJMHAMUYIECKOTO JTeHCTBUS 5
12 | KoMIiekT mMHEeBMATHIECKOrO aBapUiiHO-CIACATEILHOIO NHCTPYMEHTa, 5
13 | Anmapar 9JeKTpoCBapOYHbIi 5
14 | ABToreHope3aTeIbHAST YCTAHOBKA 5
15 | Moronowmma 5
16 TlepenocHast 3JIeKTPOCTAHITNS OCBETUTE/IbHAST OEH3MHOBAS UJIU JU3€/Thb- 4
Hag Ha 4 kBT
17 | Ilepenpurkuas asiekTpoctanius cuyioBas Ha 30-60 kBt 4
18 | MobunbHbIi ocBeTuTeabHBIH KoMIuteke Tuna MOK-YC
19 T'mpponMyibCHBIN MHCTPYMEHT i pa3pyIleHus CKaJbHbIX TOPOJL U 4
2K /OETOHHBIX KOHCTPYKITHIA
20 | AmapuwuitHo-criacaTe/bHBIN KOMILIEKT JIJTsT paboT B KOJOIAX 4
21 | DJIeKTPOHOKHHUILIBI 4
22 | KommyiekT razocBapovHOro 000py 10BaHUS 4
23 | BaTouHOil cTaHOK JJId Ieneil GeH30InII 4
24 | Moronepdoparop 4
o5 Tlogbemuoe ycrpoiicTBO siekTpudeckoe Tumna «Tanby 3-5 T win Jie- 4
Oenka djekrpudeckas 5-10 T
26 | KommyiekT aBapuiiHo-criacaTeibHbIX CPEJICTB 4
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Tabauna 3 — Pacnpenenenne 9TC ogunakosoit anciennocT 1mo Bugam (M0 JaHHBIM TA0-

JHIBL 2)
Yucen-
HOCTbD
Komuae-
TPYIIIIBI
CTBO .
OTC unu Haumenosanne 9TC u uznenmit
. BUJIOB
n3enui
B rpynme
OITHOTO
BUIIA
JIEKTPOCTAHIUS OCBETUTEIbHAS H kBr; m BIKHAST CUJIOBAst
DiekTpocTa oceeTuTesbHasg Ha 4 KBT; mepe as cujoBasg JC
Ha 30-60 kBt; MobusbHbIil ocBeTuTebHBIN KOoMILIeKC MOK-YC; rumpo-
4 1 UMILYJIbCHBIA MHCTPYMEHT; aBapUIHO-CIIACATEIbHBINA KOMILIIEKT; JIEKTPO-
HOXKHUITHI; KOMILIEKT T'a30CBAPOYIHOIO 00OPYIOBAHNUS; 3ATOYHON CTAHOK;
moTonepdoparop; mobeMHOe ycTpoiicTBO «Tamby 3-5 T wmim Jebenka
JIeKTprIecKas 5-10 T; KOMIJIEKT aBapUHO-CIACATEHHBIX CPEJICTB
oceruresibHasg JC Ha 2 KBT; aBapuitHO-cIIacaTeIbHBIN HHCTPYMEHT THUJI-
5 6 POIMHAMUYIECKOTO JIEHCTBHUS; KOMILIEKT THEBMATHIECKOTO ABAPUITHO-CIIa-
CATEJIbHOTO MHCTPYMEHTA; AMMMapaT 3JEKTPOCBAPOYHBIN; aBTOr€HOPE3a-
TeIbHAs yCTAHOBKA; MOTOIIOMIIA
doHADPH TEKTPUIECKUIT TPYIIIIOBOIL; SJIEKTPOAPEIIB; 3JIeKTporepdopaTop;
12 7 yraonuindoBaIbHaS MAITAHA; JIEKTPOIIIA JUCKOBAS; SJIEKTPOIIIIIA TETI-
Has; 6eH30pe3
22 1 GeH30mmIa
154 1 dOHAPD IMEKTPUYCCKHI WHINBUILY AJTbHbIA

W, xommaectBo BuoB OTC u u3nenuii B rpynme
r_‘— P

—_
—_

10!

9!

il i

7! ;

6! ,T ;

AT EL y = 20,547x-0.66

. : R%2=10,7651

. \\f\ R-noiiaTep

2 i E I~ //r

1739 0\ : e Y <

. o — i, aucnenrocts DTC
0 ¥ M3JICTIAA B TPyIITIe

0 8 16 24 32 40 48 S6 64 72 80 8 96 104 112 120 128 136 144 152

Pucynok 2 — Bunosoe H-pacrpegenenune 9TC
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Tabmaumna 4 — Panrosoe BuaoBoe pacupeesieHue SHEProdbJIOKOB, IIAHUPYEMbBIX K CTPOU-

TEJIbCTBY
Panr Hammvenosamme Typ6umnpt Komso | Pamr Hamvenosanue Typ6unor Koo
TypOuH TypOuH B
B BIJIC BUJIC
1 T'azoBas Typbuna 270 MBr 96 34 ITapoBast TertodpuKaIpioHHas Typ- 4
6una 35 MBT
2 ITapoBast konzencarponnas Typouna 130 MBr 55 35 T'upasymaeckas rypbuna 333 MBr 4
3 ITapoBast konzencarponnas Typouna 660 MBr 36 36 T'uipasymuaeckas rypbuna 325 MBr 4
4 ITapoBast konzencaponnas Typouna 330 MBr 35 37 T'uipasymaeckas Typbuna 210 MBr 4
5 T'azoBas Typ6una 160 MBr 34 38 TTaposast xomzemcarmommas Typousa 800 3
MBr (CCKII)
6 ITapoBas Tertodukanmontas Typouna 24 MBr 24 39 ITapoBast TertoduKaIpionHas Typ- 3
6una 60 MBr
7 ITapoBast TypOuna j1yist aroMHbIX craxmmii 1200 23 40 ITapoBast TertoduKaIpionHas Typ- 3
MBr 6una 25 MBr
8 T"azoBas Typ6una 110 MBr 22 41 T'azoBas Typ6una 150 MBr 3
9 T"azoBas Typbuna 77 MBr 22 42 T'uipasymaeckas rypbuna 155 MBr 3
10 | TTaposasi konyencanmonsast Typouna 300 MBt 17 43 T'upasymuaeckas rypbuna 107 MBr 3
11 | Tmapasimaeckas Typouna 200 MBr 13 44 ITapoBast KOHEHCAIMOHHAS TYDPOHHA 2
800 MBr
12 | TTapoBas rermnodurarmontas Typouna 160 MBr 12 45 ITaposast Koniercarponnast Typousa 600 2
MBr (CCKII)
13 | ITaposas remnodukarmontas Typouna 53 MBr 11 46 ITapoBast KoHEHCAIMOHHAS TYDPOHHA 2
110 MBt
14 | TlapoBas rermnodurarmontas Typouna 180 MBr 11 47 ITapoBast KOHEHCAIMOHHAS TYDPOHHA 2
60 MBr
15 | TasoBas Typbuna 65 MBT 11 48 ITapoBast TertoduKaIpionHas Typ- 2
6una 300 MBr
16 | ITapoBast KoHzeHncanmonHast Typouna 225 MBT 9 49 ITapoBast TertoduKaIpionHas Typ- 2
6una 105 MBT
17 | TlapoBas remnodurarmontas Typouna 110 MBr 9 50 ITapoBast TertoduKaIpionHas Typ- 2
6una 40 MBr
18 | Ilaposas xomnencarpomnmas Typouma 900 MBr 8 51 T'azoBas Typ6una 45 MBr 2
(CCKII)
19 | TasoBas Typbuna 75 MBT 8 52 T'upasymuaeckas rypbuna 215 MBr 2
20 | TazoBasi rypbuna 70 MBr 8 53 T'upasymaeckas rypbuna 170 MBr 2
21 | I'mapasmmueckast Typouna 195 MBr 8 54 T'ujpasimaeckas ypbuna 165 MBr 2
22 | I'mapasimyeckas Typouna 1000 MBr 8 55 T'wpasymaeckas rypbuna 150 MBr 2
23 | IMaposas remnodukarponnas Typouna 130 MBr 7 56 T'wpasymaeckas rypbuna 110 MBr 2
24 | IMTaposas remnodukarponnas Typousaa 100 MBr 7 57 ITapoBast KOHEHCAIMOHHAS TYDPOHHA 1
215 MBr
25 | IMTaposas Typbuna /st aroMHbIX cTaHnuit 300 6 58 ITapoBast KoHIEHCAIMOHHAS TYDPOHHA 1
MBr 210 MBr
26 | I'mapasmmueckast Typouna 220 MBr 6 59 ITapoBast KOHIEHCAIMOHHAS TYDPOHHA 1
160 MBt
27 | IMapoas remnodukarponnas Typouna 208 MBr 5 60 ITapoBast KOHEHCAIMOHHAS TYDPOHHA 1
100 MBt
28 | IMTaposas remnodukarponnas Typouna 185 MBr 5 61 ITapoBast KOHIEHCAIMOHHAS TYDPOHHA 1
53 MBr
29 | TazoBas Typ6una 200 MBr 5 62 ITapoBast TertoduKaIpionHas Typ- 1
6una 250 MBT
30 | I'mapasmmueckast Typouna 300 MBr 5 63 ITapoBast TertoduKaIpionHas Typ- 1
6una 65 MBT
31 | I'mapasimmueckas Typouna 100 MBr 5 64 T"azoBas Typbuna 265 MBr 1
32 | IMTaposasi konjieHCaIMORHas Typouna 75 MBr 4 65 ITaposast TypOuHa J1jIsi ATOMHBIX CTaH- 1
it 1000 MBr
33 | IMaposas remnodukarponnas Typouna 80 MBr 4 66 ITapoBast TypOuHa, 15t ATOMHBIX 1
cranruii 800 MBr
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Q(r), konmu4yecTBO TypOHH B BHIE
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T
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Pucynok 3 — Panrosoe BumoBoe H-pacmpemenrenne TUmoB sHeprob/I0KOB

Tabmauna 5 — /laHable OjIs IOCTPOEHUsT PAHTOBOI'O BHUIOBOTO PaCIpEIeseHNs MapOBhIX KOH-

nencaionubix Typoun (ITKT)

Panr | HaumenoBanue Kos-Bo Typoun | Panr | HaumenoBanme Typoun Kom-Bo  Typ-
TypOuH B BUJE OuH B BuJIE
1 IIKT 130 MBr 55 10 KT 600 MBr (CCKII) 2
2 IIKT 660 MBT 36 11 ITIKT 110 MBr 2
3 IIKT 330 MBr 35 12 IIKT 60 MBr 2
4 IIKT 300 MBr 17 13 ITIKT 215 MBr 1
5 IIKT 225 MBr 9 14 ITIKT 210 MBr 1
6 IIKT 900 MBr 8 1
(CCKII) 15 IIKT 160 MBT
7 IIKT 75 MBr 4 16 IIKT 100 MBr 1
g IIKT 800 MBr 3
(CCKII) 17 TIIKT 53 MBt 1
9 IIKT 800 MBr 2
Q(r), KOMIUIECTBO TYpOUH B BHE
55
g,
s A\
w0 \
35 H
30 —]
»s N Y y =114,9x1705 _|
2 N R2=0,7787 —
15 AN
10 S
5
0 [ T, paHr
0 1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17
Pucynok 4 — Panrosoe Bunosoe H-pacupenerenne ITKT
B kaxmoit cucreme cCyiecTByeT OHA noiiurep-rouka R — Takoe 3HadeHue apry-

peakasd TIpymna, rjie KaxKJAblil BUJ IpeacTaB-
jgen oguuM DTC, m yacro BeTpedaromecs
rpymmel 9TC, Kaxkmoe U3 KOTOPBIX COJEP-
ZKUT 110 O,ZLHOMy BUIY, YUCJIEHHOCTb KOTOPBIX

Besmka. CymiectByer Ha H-pacnpesereHun

menTa X=R, mpu kortopoit 3nadenue yHK-
nuu H-pacupenernenusi crporo pasuo 1. Pan-
TOBOE BHUJIOBOE PAaCIIpEJIeJIeHre I1peodbpa3o-
BaHO B BujioBoe (Tabsuna 6, pucyHok 5). Kak
lencxema

BUJTHO, IIpeIIIosIaraeT
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ucrosb3oBanue 66 TunoB TypbuH, u3 HuX 46
— JJIsl TEILIOBBIX CTAHIIWI; Ta30BbIX TYpPOUH
mortHocThio 65 MBT 1 6os1ee ipemycMoTpeHo
10 TumoB, XOTHA BemyIume TPOUIBOIUTEN
(Siemens, General Electric, u ap.) umeror
JIUIb 3—4 Tura.

Tabmauna 6 — Pacupenenenne IIKT oxnma-

KOBOU YMUCJIEHHOCTHU TIO BHUJaM

Hue- Komm-
JI€H-
YECTBO
TI;(I))(;:H BUIOB Haunmenosanue ITKT
IIKT B
rpy]ime rpyIIme
TIKT 215 MBr; IIKT 210
1 5 MBT; IIKT 160 MBT; IIKT
100 MBr; ITKT 53 MBr
TIKT 800 MBr; IIKT 600
MBr (CCKII); IIKT 110
2 4 MBr; ITKT 60 MBr
3 1 IIKT 800 MBr (CCKII)
4 1 IIKT 75 Br
8 1 TIIKT 900 MBr (CCKII)
9 1 TIKT 225 Br
17 1 TIKT 300 Br
35 1 TIKT 330 Br
36 1 TIKT 660 Br
55 1 TIKT 130 Br

W, YHCIICHHOCTH BHJIOB TypOMH B Ipyrine
6

5 le

4

3

R-noitHTep
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1 .:\::\*Nr/ _L;
5 1

|
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i, YUCIICHHOCTb TypOHH

B Ipynne

0
0

Pucynok 5 — Bunosoe H-pacupenesrenne ITKT

3akJroueHne

Bricokoe paznoobpasue o3HavaeT 3HAYUN-
TeJIbHBIN YPOBEHDL 3aTpaT Ha BCEX CTaAUAX
JKU3HEHHOrO IIMKJIA SHEProbJIoKa, IIPH TOM,
YTO THUIIOBBIE IIPOEKTDLI IIO3BOJIAIOT OCYIIIECTB-
JIATH CePUIHOE IIPOU3BOJICTBO 00OPYIOBAHUS
1 yB€JIMIUBATDHb HAJCZKHOCTDb CUCTEM IJICKTPO-
CHAOXKEHUS.

Takum obpaszoMm, MeToTUKa

MOZKeT OBbITh MCHOJIB30BaHA JJIs Pa3spabOTKu
PEKOMEHTAINI 0 ONTUMU3AINU CTPYKTYP
snekTporexundeckux cpejacts (DTC), a pe-
3yJIbTAaTbl €€ MOr'yT 6I:|ITI:| IIOJIOZKEHbI B OC-
HOBY IIPOTHO3MPOBAHUsI IOTpeOHOCTEl B
OTC nns obecrieveHnsT JIEKTPOIHEPTETHIE-
CKOil 6e30ITaCHOCTU TEPPUTOPHUI CTPAHBI.
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Optimization of electrical equipment for power supply to

consuimers
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Abstract

A scientific and methodological approach is proposed for assessing the stability and opti-

mality of constructing the structure of electrical equipment that provides power supply to

consumers in emergency situations. The methodology can be used to develop recommenda-

tions for optimizing the electrical equipment structures, and its results can be used as the

basis for forecasting the needs for electrical equipment to ensure the electric power security

of the country's territories.
Keywords

Optimization, electrical equipment, consumers of electrical energy, stability of the struc-

ture, emergency situations

Introduction

Given that various autonomous sources
of electricity (IEE) can be used to supply life-
support facilities and the population in emer-
gency situations, their choice is based on a
comparison of technical and economic indica-
tors, which can be divided into two classes:
indicators characterizing the properties the
external environment with which the main
elements of electric power systems (EPS) are
connected (characterizing the mode of power
consumption: the number of hours of using
the maximum load, etc.), and indicators of
the energy resources used; as well as indica-
tors that reflect the properties of the IEE as
elements of the EES, which it is advisable to
divide into indicators that determine the ex-
ternal relations of the IEE (with other sys-
tems) and determine mainly their internal re-
lations (between the IEE within the EES).

! Corresponding author
Email: smur_36@bk.ru

The indicators of the first group form the
composition of the restrictions on optimizing
the structure of power plants (ES) of the
EPS, and, on the other hand, affect the re-
duced costs; indicators of the second group
determine the reduced costs - an indicator of
management efficiency. At the same time,
EES is characterized by: a plurality of goals,
complexity of relationships, hierarchy, prob-
abilistic nature of behavior, continuity of de-
velopment, as a result of which their manage-
ment has become much more complicated.
Therefore, it is required to develop more ad-
vanced methods of technical and economic
optimization of the IEE structure as one of
the conditions for managing the development
of regional power industry systems.

Data and methods for solving prob-
lems, accepted assumptions

To solve this problem, it is proposed to
use a technocenological approach [1,4], whose
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H-distribution models allow us to study the
movement of types of electrical equipment
(ETS) and their numbers. To check the com-
pliance of a random sample - the general pop-
ulation of established ETS, we apply the
method of A. N. Kolmogorov [3], where the
comparison is made not by the statistical av-
erage, but by the distribution functions of the
compared samples. The stability of the spe-
cies distribution is described by the H-distri-
bution model, which has two main parame-
ters: the size of the system R and the charac-
teristic index o [1,3]. The study of the dy-
namics of H-distribution is [3,5] a qualitative
description of the regularities of the processes
of the turnover of the abundance of each spe-
cies, taking into account the change in the
ratio between the number of ETS species and
their abundance. The dynamics of the H-dis-
tribution as a whole (of the first kind) is for-
malized by modeling the parameters of the
H-distribution in time and passing to the sur-
face. The essence of the model is that the ex-
isting series is extrapolated forward and col-
lected by addition to form a forecast. Moreo-
ver, the shape of the H-distribution curve
does not change, but can only fluctuate
within the boundaries of the ETS species di-
versity coefficient.

If it is required to determine specific
types of ETS and their number, a transition
to structural-topological dynamics (STD) [3-
8] can be carried out, when the trajectories of
movement of each point along the H-distri-
bution plane are studied. The synthesis of the
species structure consists of forecasting the
number of ETS species and constructing the
species distribution according to the pre-
dicted values. The stability of the ETS struc-
ture is determined by the stability of the val-
ues of the characteristic index, and the sta-
bility of the compositions of the distribution
functions of the ETS groups is expressed in
the preservation of the form of non-Gaussian
distributions.

Results

The methodology for substantiating the
species composition of the ETS was tested on
statistical material. The study is carried out
[2,9-12] in the following order: as an object,
the regional center of the Ministry of Emer-
gency Situations of Russia is singled out,
which, at the same time, is a community of
weakly connected and weakly interacting el-
ements; a family of objects is distinguished
from it, - in our case, objects are understood
as subdivisions of the regional center (RC);
the concept of type is introduced, in this case,
type is the name of the ETS and elements of
electrical products; ranking is performed and
mathematical models are built (Table 1):
rank species distribution — distribution of
ETS in descending order of the parameter
under study; and species distribution, — dis-
tribution of species by frequency; the results
are processed and the parameters of the mod-
eling functions are determined. For a mathe-
matical description, let us consider the rank
species H-distribution (Fig. 1) in the follow-
ing coordinates: rank (number in order when
the ETS are located in decreasing order of
the number of their groups) — the number
of ETS in the form (Table 2). To do this, it
is necessary to rank the types of ETS by
number, i.e. the species with the maximum
number of ETS names gets the rank r=1, r=2
will get the species with the maximum num-
ber of ETS from the rest, and so on. The rank
specific H-distribution can be converted to a
specific one. Sets of species, each of which is
represented by an equal number of ET'S, form
castes.

This approach is also considered on the
example of the General Scheme for locating
electric power facilities until 2020 (General
Scheme), which contains a list of types of
power units (Table 4, Fig. 3) planned for con-
struction. The Genscheme was singled out as
an object; family of elementary objects -
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types of power units; view - steam condensing
turbines (Table 5, Fig. 4).
Table 1 — Types of H-distributions

Distribution Here is the abscissa Here is the ordinate Entry form
H-distributions

Species The number of ETS group or | The number of species in the
products of the same type. | group (the number of species WA /Xi(lﬂ)
Discretely. with the same number of ETS
and products). Discretely.
Ranked Rank (the first rank has the form | The number of ETS and prod- Q(r) =B/ )
specific of ETS or products with the | ucts in the form (types). | B and B>0 are the constants of
maximum number). Discretely. Discretely. the rank species distribution

Q(r), number of ETS or products in the form
160

152 4
144
136
128
120
112

88 y = 59,92x0.914 7
7 R>=0,817 -

64 —

16
|

8 | r, rank

0:1 2 3.4 5 6 -7 8.9 1011 1213 14 .15 16.17 18 .19 .20 2] 22 23 24 25 26

Figure 1 — Rank specific H-distribution of ETS and products

Table 2 — Data for constructing the rank species distribution of ETS and products

Rank Name of electrical equipment and products Quantity as
1 Individual electric lantern 154
2 Chainsaw with chain set 22
3 Group electric lantern with charger 12
4 Electric drill 12
5 FElectric perforator 12
6 Angle grinder 12
7 Circular saw 12
8 Chain saw 12
9 Petrol cutter 12
10 Portable power plant lighting gasoline or diesel 2 kW 5
11 Rescue tool of hydrodynamic action 5
12 Pneumatic Rescue Tool Kit 5
13 Electric welding machine 5
14 Autogenetic cutting plant 5
15 Motor pump 5
16 Portable power station lighting gasoline or diesel 4 kW 4
17 Mobile power plant for 30-60 kW 4
18 Mobile lighting complex type MOK-CHS 4
19 Hydraulic impulse tool for destruction of rocks and reinforced concrete structures 4
20 Well rescue kit 4
21 Electric scissors 4
22 Set of gas welding equipment 4
23 Chainsaw chain sharpener 4
24 Motor perforator 4
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25

Lifting device electric type "Tal" 3-5 t or electric winch 5-10 t 4

26

Rescue Kit

Table 3 — Distribution of ETS of the same number by species (according to Table 2)

The num-
ber of
ETS Quantity
group or species Name of ETS and products
products in a group
of the
same type
Lighting power plant for 4 kW; mobile power ES for 30-60 kW; mobile
4 1 lighting complex MOK-YC; hydropulse tool; rescue kit; electric scissors; set
of gas welding equipment; grinding machine; motor puncher; lifting device
"Tal" 3-5 t or electric winch 5-10 t; rescue kit
lighting ES for 2 kW; rescue tool of hydrodynamic action; a set of pneumatic
5 6 rescue tools; electric welding machine; autogenerating plant; motor pump
19 . group electric lamp; electric drill; electric perforator; angle grinder; circular
electric saw; chain saw; petrol cutter
22 1 chainsaw
154 1 individual electric lamp

106

W, number of ETS types and products in the group

—_
(=]

o |
8 |
7|
o y =20,547x056
- ; R2=0,7651
: : -
3 B : R- pointer -
2| ' [~ ] o=
1 473r S @ i, number of ETS
0

I and products the group

0 8 16 24 32 40 48 56 64 72 80 8 96 104 112 120 128 136 144 152

Figure 2 — Species H-distribution of ETS
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Table 4 — Rank specific distribution of power units planned for construction

Rank Turbine name Quan- [Rank Turbine name Quan-
tity tity
tur- tur-
bines bines

in the in the
form form
1 Gas turbine 270 MW 96 34 Steam cogeneration turbine 35 MW 4
2 Steam condensing turbine 130 MW 55 35 Hydraulic turbine 333 MW 4
3 Steam condensing turbine 660 MW 36 36 Hydraulic turbine 325 MW 4
4 Steam condensing turbine 330 MW 35 37 Hydraulic turbine 210 MW 4
5 Gas turbine 160 MW 34 38 Steam condensing turbine 800 MW (SSKP) 3
6 Steam cogeneration turbine 24 MW 24 39 Steam cogeneration turbine 60 MW 3
7 Steam turbine for nuclear power plants 1200 23 40 Steam cogeneration turbine 25 MW 3
MW
8 Gas turbine 110 MW 22 41 Gas turbine 150 MW 3
9 Gas turbine 77 MW 22 42 Hydraulic turbine 155 MW 3
10 | Steam condensing turbine 300 MW 17 43 Hydraulic turbine 107 MW 3
11 | Hydraulic turbine 200 MW 13 44 Steam condensing turbine 800 MW 2
12 | Steam cogeneration turbine 160 MW 12 45 Steam condensing turbine 600 MW (SSKP) 2
13 | Steam cogeneration turbine 53 MW 11 46 Steam condensing turbine 110 MW 2
14 | Steam cogeneration turbine 180 MW 11 47 Steam condensing turbine 60 MW 2
15 | Gas turbine 656 MW 11 48 Steam cogeneration turbine 300 MW 2
16 | Steam condensing turbine 225 MW 9 49 Steam cogeneration turbine 105 MW 2
17 | Steam cogeneration turbine 110 MW 9 50 Steam cogeneration turbine 40 MW 2
18 | Steam condensing turbine 900 MW (SSKP) 8 51 | Gas turbine 45 MW 2
19 | Gas turbine 75 MW 8 52 Hydraulic turbine 215 MW 2
20 | Gas turbine 70 MW 8 53 Hydraulic turbine 170 MW 2
21 | Hydraulic turbine 195 MW 8 54 Hydraulic turbine 165 MW 2
22 | Hydraulic turbine 1000 MW 8 55 Hydraulic turbine 150 MW 2
23 | Steam cogeneration turbine 130 MW 7 56 Hydraulic turbine 110 MW 2
24 | Steam cogeneration turbine 100 MW 7 57 Steam condensing turbine 215 MW 1
25 | Steam turbine for nuclear power plants 300 6 58 Steam condensing turbine 210 MW 1
MW
26 | Hydraulic turbine 220 MW 6 59 Steam condensing turbine 160 MW 1
27 | Steam cogeneration turbine 208 MW 5 60 Steam condensing turbine 100 MW 1
28 | Steam cogeneration turbine 185 MW 5 61 Steam condensing turbine 53 MW 1
29 | Gas turbine 200 MW 5 62 Steam cogeneration turbine 250 MW 1
30 | Hydraulic turbine 300 MW 5 63 Steam cogeneration turbine 656 MW 1
31 | Hydraulic turbine 100 MW 5 64 Gas turbine 265 MW 1
32 | Steam condensing turbine 75 MW 4 65 Steam turbine for nuclear power plants 1000 MW 1
33 | Steam cogeneration turbine 80 MW 4 66 Steam turbine for nuclear power plants 800 1
MW
Q(r), number of turbines in the form
%
: FHFFFFHFA
ol 1 y =213,61x1185
e [ R2=0,9322
60
54
48
P
36 [
= TN
18
12 i
. T 1, rank
01234567 8 910111213141516171819202122232425262728293031 323334353637 383940414243 44454647 48495051 5253545556 57 58 59606162636465
Figure 3 — Rank specific H-distribution of types of power units
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Table 5 — Data for constructing the rank species distribution of steam condensing tur-
bines (SCT)

Figure 4 — Rank species H-distribution of PKT

Table 6 — Distribution of FKT of the same number by species

Rank | Name of turbines Number of turbines | Rank Name of turbines Number of tur-
in the form bines in the form
PKT 600 MW
1 PKT 130 MW 55 10 (SSKP) 2
2 PKT 660 MW 36 11 PKT 110 MW 2
3 PKT 330 MW 35 12 PKT 60 MW 2
4 PKT 300 MW 17 13 PKT 215 MW 1
5 PKT 225 MW 9 14 PKT 210 MW 1
6 PKT 900 MW 8 15 PKT 160 MW 1
7 PKT 75 MW 16 PKT 100 MW 1
PKT 800 MW
8 (SSKP) 3 17 | PKT 53 MW 1
9 PKT 800 MW 2
Q(r), number of turbines in the form

o N

. A\

w0 A\

e

30 pu—

25 AL\ y=114,9x1705 _|

2 \\\ R2=0,7787

15

10 \'*

. l | r, rank

Number of The number of
turbines in the| types of PKT in Name of PKT
group the group
PKT 215 MW PKT 210 MW; PKT 160 MW; PKT 100 MW; PKT
1 5
53 MW
PKT 800 MW; PKT 600 MW (SSKP); PKT 110 MW; PKT 60
2 4 MW
3 1 PKT 800 MW (SSKP)
4 1 PKT 75 MW
8 1 PKT 900 MW (SSKP)
9 1 PKT 225 MW
17 1 PKT 300 MW
35 1 PKT 330 MW
36 1 PKT 660 MW
55 1 PKT 130 MW

In each system, there is one rare group,

where each species is represented by one

ETS, and frequent groups of ETS, each of

108

which contains one species, the abundance of

which is large. There is a pointer-point R on

the H-distribution — such a value of the
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argument X=R, at which the value of the H-
distribution function is strictly equal to 1.
The rank species distribution is transformed
into a species distribution (Table 6, Fig. 5).
As can be seen, the General Scheme assumes
the use of 66 types of turbines, of which 46
are for thermal power plants; There are 10
types of gas turbines with a capacity of 65
MW and more, although the leading manu-
facturers (Siemens, General Electric, etc.)
have only 3—4 types.

W , number of turbine types in the group
6

A

R-pointer

B v
PN
5 10 15 20 25 30 35 40 45 50 55

i, number of turbines
in the group

Figure 5 — Species H-distribution of PKT

Summary. High diversity means a signif-
icant level of costs at all stages of the life cy-
cle of a power unit, while standard designs
allow serial production of equipment and in-
crease the reliability of power supply sys-
tems. Thus, the methodology can be used to
develop recommen-dations for optimizing the
ETS structures, and its results can be used
as the basis for forecast-ing the needs for ETS
to ensure the electric power security of the
country's territories.
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