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O 3AITPOCAX BA3 JAHHBIX HAJl CTABO O-MUHUMAJIBHOM OBJACTBIO
C MAJIBIM CHETHBIM CIIEKTPOM

AJITAEBA A.b.

Kaszaxcxuii nayuonanvuwili ynusepcumem umenu anvb-Papadu,
050040, 2. Anmamer, Kazaxcman

Annomayusn. B pensyuonnoi modenu 6a3 oauuwix, eeedennou 3.D. Koodom, cocmosmue dasvi
OAHHBIX NOHUMAEMCsT KaK KOHEeUHAsl COBOKYNHOCMb OMHOWEHUU Medxcoy snemenmamu. HMmena
OMHOWEHUL U UX APHOCU (MECMHOCMU) PUKCUPYIOMCSL U HA3LIBAIOMCSL CXeMOU 6a3bl OAHHBIX.
OmoenvHas ungopmayus, XpaHumas 6 OMHOUWEHUAX OAHHOU CXeMbl, HA3bIBACMC sl COCMOSIHUEM
0a3zvl OauHblX. Xomsi pesyuonnvie 6a3vl OAHHLIX ObLIU NPUOYMAHBL OJIS1 KOHEUHBIX COBOKYNHOCMEL
OAHHBIX, 4acmo YOOOHO npeononazams, Ymo cyuecmeyem beckoHeuHas oo1acms onpeoeneHusl.
Muvl uccnedyem pensiyuonnvie 6a3vl OAHHLIX HAO YNOPAOOUEHHOU 001ACMbi0 OnpedeneHus ¢
HEeKOMOopbiMU OONOIHUMENbHLIMU OMHOUEHUIMU — MURUYHBIM NPUMEPOM ABIAEMCI MHONCECNEO
PAYUOHATBHBIX YUCET C OMHOUWEHUEM TUHEIHO20 NOPAOKA U OUHApHOU onepayuetl crodcenus. Eciu 6
Kawecmee s3blKa 3anpocos UCHOLb3YEM s A3bIK I02UKU NPEOUKAMOo8 nepeoco nopsioKa, mo 3anpocl
MO2YM UCNONb306AMb KAK OMHOULEHUS 0A3bl OAHHBIX, MAK U OMHOWEHUsI 001acmu onpedeieHust, npu
9MOM NnepemMenHble USMEHAIOMCS Ha 6cell obaacmu onpedenenus. B ¢oxyce nawux ucciedosanuil
3anpocwl nepgsoeo nopsioka (FO), uneapuanmuvle OMHOCUMETLHO NEPECMAHOBOK, COXPAHAIOUIUX
NOPSOOK, MAaKue 3anpocsl HA3bI8AIOMCsL NOPSOKOBO-2eHEPUUECKUMU. YCmMano8ieHo, umo 0isi HeKo-
mopvix obnacmetl NOPsiOKOBO-eeHepUYecKue 3anpocvl Nepeoco NOpsiOKA CEOOAMCs K 3ANpocam
yucmoao nopsaoxa. 30ecb Mbl 00KA3bleaeM meopemy CBOOUMOCMU HAO CAO0 O-MUHUMATbHOLU
obnacmuio onpedeneHus, umeroujell paune 8bInyKaocmu 1 u Manvlil cuemmuwiii CHeKmp.

Knioueevle cnosa: cnabas o-muHuMAanbHOCmy, 3anpoc 0a3 OAHHBIX, CUEMHbIL CHeKmp, NOYmu
ome2a-Kame2opuuHOCmy, pane bINYKIOCMU.
KILI ECEIITIK CHEKTPI BAP 9JICI3 O-MUHUMAJIIbI AHBIKTAY OBJIbICBHI
BOWBIHIIIA MOJIIMET BA3ACHI CYPAYJIAP TYPAJIbI

AJITAEBA A.b.

an-Dapadbu amvinoasvl Kazax ¥aimmelx ynusepcumemi
050040, Anmamer k, Kazaxcman

Anoamna. Pensyusnvik 0epexmep Kopvl mooeninde 3. D. Ko0oo, depexkop Kytii snemenmmep apa-
CHIHOARbL KAPLIM-KAMBIHACIAPObIY COHEbL HCULIHMbIZbL peminde mycininedi. Kamvinacmapowiy
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o OUN3NKO-MATEMATUHECKUE N TEXHUYECKWUE HAYKH o

amaynapul Jcame o1apovly apumemmepi (OpvlHOAPbL) OeKimineeH JHcane depexmep KOpbl CXeMacol
Oden amanaovl. Byn cxemauvly KamvlHACMAPLIHOA CAKMANLAMbIH JceKe aKnapam maiimemmep
KOpbIHbIY KYUil Oen amanaovl. Pensayusnviy Oepexxopnap Oepekmepoiy axvipebl HCUbIHOAPLIHA
apuanean bOonca oa, KebOiHece wexciz aHvlkmay oo0nvicvl bap Oen Ooaxcayea viHeatavl. biz
PeNAYUANBLIK MaimMemmep 06a3acbli KOCIMULA KAMbIHACMAPMEH pemmei2ed aHblKmay 001blCbl
OotibiHWa 3epmmelMiz — MUNUKATLIK MblCAbl KOCYy OUHADIbIK onepayusimel payuoHdaloblK
canoap pemmenzen dcuvblHvl 001a0vl. Bipinwi pemmi (FO) npeduxkam nocuxanvix min cypay
mini peminoe nauoaiawvlica, cypayiap 0apivlk O0omeHOe 632epemiH AUHbIMAIbl MIHOepMeH
0epeKKop KamvblHACMAPbIH 0d, OOMeH KAMbIHACMAPbIH 0 naudailana aniaovl. bizoiy sepmmeyimiz
OIpiHWi pemmi cypanvlcmapaa 6a2blmmangan, oiap pemmi CakmatimolH ayblCmblpyed KamvlChnibl
uHeapuanmmsl 601a0bl, MYHOAU CYPAHLICIMAP pem-2eHepuKkaivik 0en amaiaovl. Keubip oonvicmap
Yyuwin OipiHwi pemmi pem-2eHepUKaIblK CYPAHbLICIApP Mmda3a pemmik CYPaHvlcmapaa Oetin
a3aimoliamolHbl AHbIKMAIovl. Mynoa 6i3 xiwi ecenmix cnekmpi bap dcone 0enecmik pawneici 1
O0N2aH 2CI3 O-MUHUMATLObL AHLIKMAY 00bICHL DOUBIHULA PEOVKYUSL MeOPeMAChIH 0a1el0elUMi3.

Tyitin co3oep: 21Ci3 O-MUHUMANOBIK, MaAiMem OA3ACHIHLIY CYPAHBICHI, ecenmik cnekmpi, omeaa-
Kamezopusiiblk 0epiik, 00HeCmiK paHaici.

ON DATABASE QUERIES OVER A WEAKLY O-MINIMAL DOMAIN
WITH A SMALL COUNTABLE SPECTRUM

ALTAYEVA A.B.

Al-Farabi Kazakh National University,
050040, Almaty, Kazakhstan

Abstract. In the relational database model introduced by E.F. Codd, the database state is understood
as a finite set of relationships between elements. The names of the relationships and their arnts
(locations) are fixed and called the database schema. The individual information stored in the
relationships of this schema is called the state of the database. Although relational databases were
devised for finite sets of data, it is often convenient to assume that there is an infinite domain. We
consider relational databases organized over an ordered domain with some additional relations — a
typical example is the set of rational numbers together with the relation of linear order and binary
operation of addition. If the first-order predicate logic language is used as the query language, then
queries can use both database relationships and domain relationships, with variables changing
throughout the domain. In the focus of our study are the first-order (FO) queries that are invariant
under order-preserving permutations — such queries are called order-generic. It was discovered
that for some domains order-generic FO queries fail to express more than pure order queries. Here
we prove the collapse result theorem over a weakly o-minimal domain having convexity rank I and
a small countable spectrum.

Keywords: weak o-minimality, database query, countable spectrum, almost omega-categoricity,
convexity rank.

BBenenue KyIHOCTh OTHOIICHHH MEXIy D3JIEMEHTaMH.
B pensumonHoil momenu 0a3 paHHbIX, IMeHa OTHOWICHWH W WX apHOCTH (MECTHOCTH)
BBegeHHOU D.®. Komnom [1-2], cocrosiHue (QUKCHPYIOTCS W HA3bIBAIOTCA CXEMOW 0a3bl
0a3bl JaHHBIX MOHMMAETCA KaK KOHEYHast COBO-  JaHHbIX. OTnenpHas WHPOpMANHs, XpaHUMas
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o BECTHMK KA3AXCTAHCKO-BPUTAHCKOIO TEXHUYECKOIO YHUBEPCUTETA, N°2 (61), 2022 o

B OTHOILEHUSAX [JaHHOW CXEMbl, Ha3bIBAETCS
COCTOsIHMEM 0a3bl JaHHBIX. XOTs pessILIMOHHbIE
0a3bl JaHHBIX OB MPUIYMAHbI 1JI51 KOHEYHbIX
COBOKYIHOCTEW MaHHBIX, 4acTO yIOOHO Mpej-
roJjiaraTb, 4YTO CYILIECTBYeT O€CKOHEe4Has 00-
JIACTh OIpEAENICHUs] — HallpuMep, Lejble WIH
palyoHaJIbHbIE YUCIA, — TAaK 4YTO 3JIEMEHTHI
JaHHBIX BBIOMpAIOTCS U3 3TOH obnacTH. PyHK-
MM ¥ OTHOLICHUS, OIpeJeJeHHbIe Ha BCei
obmactu  ompeneneHus (Hampumep, OTHO-
LIEHUE JIMHEMHOro mnopsiaka < U olepauus
CIOXKEHHUSI +), MOTYT OBITb TaKXe HCIHOJIb-
30BaHbl IpH 3anpamuBanuu. Hampumep, ecnu
B KayecTBe s3bIKa 3allPOCOB HCIOJIb3YETCs
A3BIK JIOTMKU TPEAMKATOB IEPBOrO MOPsIKA,
TO 3allpOChl MOT'YT HCIOJIb30BaTb KaK OTHO-
meHuss 0a3bl JaHHBIX, TaK W OTHOLICHHS
001acTH OINpeeNeHus], IPU 3TOM IEPEMEHHbIE
U3MEHSIOTCS Ha BCeW 00ylacTh OmpeneseHus.
BripasurenbHast cuna 3ampocoB 0a3 JTaHHBIX
uccienoBanachk B paborax [3—10].

dDopMasbHasA NOCTAHOBKA

IIycte M — OeckoHe4yHasi CTPYKTypa CHUT-
Hatypsl L. 3mech MBI paccMarpuBaeM ymops-
JIOYCHHBIE CTPYKTYphl. DTO O3Ha4yaeT, 4Tto L
BKJIIOYAET OMHAPHBIN PESIIMOHHBIA CUMBOJ <,
HMHTEpIpeTanus KOTOporo B M ynoBIeTBOpsET
aKcHoMaM JIMHEeHoro nopsaka. Mel pukcupyem
cxeMy 0a3bl JaHHbIX SC ¥ BBOAMM CJEAYIONINE
0003HaYEHUS:

Lo={<},L'=LouUSC,L" =LUSC.

3anpoc 0a3bl AaHHBIX MOXET OBITH (op-
MaJbHO OMpPEENICH KaK 0TOOpaKeHHE, KOTOPOe
MIPUHUMAET COCTOSHME 0a3bl JaHHBIX U MPOU3-
BOJAUT HOBOE OTHOIICHHE (PUKCUPOBAHHOM
apHocTH HaJg M. MBI paccmarpuBaeMm JBa si3bIKa
JUTSL 3ampainiiBaHus. 3ampochl MEPBOTO S3bIKA
ecTb GopMyIbl CUTHATYpBI L' — MBI Ha3bIBaeM
WX OTPaHUYCHHBIMH. 3alPOCHl BTOPOTO S3BIKA
ecTh popMyIbl CUTHATYphl L' — MBI Ha3bIBaeM
WX pacIIUPEHHBIMHU.

Wrak, 0a3pl JaHHBIX MpeaHA3HAYEHBI IS
XpaHeHHsl TeKymel WHPOpPMAIHH O KaK-TO
CTPYKTYPUPOBAaHHOW TpeaMeTHON obOmactu. B
KOKIBII MOMEHT BpPEMCHH 3Ta HH(POPMAIUS
SIBJISIETCS KOHEYHOM U TPEACTaBISIET €000

KOHEUYHbII Habop KoHEeYHbIX Tabnui. OObIYHO
YUCIIO TAOIHI] U YCTPONUCTBO KAXOM TaOIHIIBI
HE MEHSIIOTCS C TeYEHHUEM BPEMEHH, HO MEHSOT-
csl CTpOokH Tabmui. MoryT 100aBIsIThCS HOBBIE
CTPOKH U YAAJIATHCA HEKOTOpBIe cTapbie. CTpoKU
XpaHALIMXCS TaONHIl TPEeNCTaBISAIOT CcoOoM
KOHEYHBIEC TIOCIIEZIOBATEIIBHOCTH DIIEMEHTOB.
Yucio DJJIEMEHTOB KaXXIOW IIOCJIEIOBATEIIbL-
HOCTH (pKCUpOBaHO ISl PUKCHPOBAHHOM Ta0-
JTUIBI. YCTPONCTBO TaONHIIBI MPAKTHUYECKU H
€CTh YMCJIO 3JIEMEHTOB B Ka)X/J10H CTpOKE HTOMH
tabnuuel. bonee popmansHo, Kaxkaas Tabnuna
— 9TO KOHEYHO MECTHOE KOHEYHOE OTHOIIEHHE,
a cama 0a3a JaHHBIX — 9TO KOHEUHBIH HaOOp
KOHEYHO MECTHBIX KOHEYHBIX OTHOLICHUH. [[s
yno0OcTBa pa3roBopa O 0a3e JaHHBIX KaKIOMY
€€ OTHOIIEHHUIO MPUMHCHIBAIOT HEKOTOPOE MM
C yKa3aHUEM 4Yucjia apryMEHTOB (WM MecCT-
HOCTH) 3TOT0 UMEHM OTHoIeHus. Cxema (Uiu
curHarypa) 0a3bl JaHHBIX W €CTh KOHEYHAs
MOCJICZIOBATENIFHOCTh 3TUX UMEH OTHOIIECHUH ¢
yKa3aHUEM MECTHOCTU KaKJ0T0 UMEeHH. B kax-
JIbII MOMEHT BpEMEHH MMEHaM OTHOLIEHUHN U3
ATOM CXEMBbI MPUCBOCHBI HEKOTOPHIE OTHOIIIE-
HUS COOTBETCTBYIOIIMX MECTHOCTEH. OT0 —
cocTostHre 0a3bl JAHHBIX B IAHHBIH MOMEHT.
CocrosiHue Ha3bIBACTCSA KOHEYHBIM, €CIH
BCE €ro OTHOIIEHHUs KOHEeYHBI. MlHOTIA ynoOHO
paccMaTpuBaTh HE MPOU3BOJIBHBIE COCTOSHUS
0a3pl JaHHBIX, a OTPAaHUYCHHBIE KaKUMHU-
TO YyCHOBUSMHU. THUNHUYHBIM OTpaHHUYCHHUEM
SIBIISICTCSL YCJIOBUE, YTO AJIEMEHTBI BCEX CTPOK
BCceX TabnuI BBIOpaHBI W3 (PUKCUPOBAHHOTO

noaMHoxkectBa [ yHumBepcyma. [lpyrumu
CIOBAMH, Ka)KIOMY WMCHHU OTHOILIEHUSA U3
paccMarpuBaeMoOi  cxeMmbl  0a3bl  JAAaHHBIX

MIOCTaBJICHO B COOTBETCTBHE OTHOUICHHE TOM
e MeCTHOCTH Ha MHOXecTBe . B aToM cityqae
rOBOPST, 4YTO paccMaTpUBAEMOE COCTOSHUE
0asbl JAaHHBIX SABJISACTCA COCTOAHUEM HAQ I.

Mg Oyzem paccMaTpuBaTh JIOKAJIBHO TeHE-
pHUYECKHE 3alpOChl, KOTOpBIC SBISIOTCS WH-
BapHUaHTaMH TIPH JTFOOBIX COXPAHSIOMINX JIMHEH-
HOE YHOpSAI0YEHHE OTOOpPAX]KEHMUSIX KOHEUHBIX
MOJIMHOXECTB YHUBEpCYMa B yHUBEpCyM. [ py6o
rOBOps, OTBET HA TaKOW 3alpoC OCHOBBIBAETCS
Ha Xpauseics uHpopManuu, HO HE 3aBUCUT
0T crioco0a KOJUPOBKHU 3TON MH(OpMALUU MpU
XpaHCHHH.



OUN3NKO-MATEMATUHECKUE N TEXHUYECKWUE HAYKH

Onpenenenue 1. bymem roBopuTh, UTO
k—apupiit 3ampoc (@ sgBIsSETCA JOKAJIBHO
T€HEPUYECKUM HaJl KOHEUHBIMH COCTOSHHUSIMH,
ecti @ €® Torma W TOJNIBKO TOTZA, KOTnma
p(a) e O(ep(s)) mis m060ro YaCTUIHOTO
<-momoppmma @ : X > M, rne XM s
JT000TO KOHEYHOTO COCTOSHUA S HaA X W IS
nro6oro k-xoprexa a B X.

CocrossHue s obOoramaer yHuBepcym M
curHatrypsl L 10 L'"-CTpyKTypbl, KOTOPYIO MBI
Oynem o0o3HauatTh Kak (M, s).

Omnpenenenue 2. P -COCTOSHHE S IS
L-cTpykTypbl W Ha3bIBaeTCsl MCEBIOKOHEUHBIM
B W, ecnim (W,s) ectb momens L'-teopuu
MEepPBOTO MOpsAIKa BCeX CTPYKTyp (W, r), toe r —
KOHEYHOE COCTOsiHUE Haxa M.

[IceBnOKOHEUHOE MHOXKECTBO — 3TO YacCT-
HbI Cloydald IICEBJOKOHEYHOIO COCTOSIHHSA.
HmeeTcs B BUY CUTHATYpA, COCTOSIILAS U3 OJTHOTO
OJTHOMECTHOTO OTHOIIECHUS U HEKOTOPBIX IPYTHX
OTHOIIICHUU. PaccMaTpuBaloTcsi Takue CUCTEMBI
ATOW CUTHATYpbl, Ha KOTOPBIX BBITIOTHSIIOTCS
BCE 3aMKHYTbIC ()OPMYIBI JIOTUKH MPEIUKATOB,
WMCTUHHBIE HA BCEX KOHEYHBIX CHUCTEMax 3TOMU
curHarypel. Torma  wWHTepHpeTanus  3TOTO
OJTHOMECTHOTO OTHOILIEHUS B TaKOW cCHCTEME
HA3bIBAETCS MCEBIOKOHEUHBIM MHOKECTBOM.

Onpenenenue 3. bymem roBOpHUTh, 4TO
nonHas teopus T umeer CoiictBo M3omnsauuu,
€CIM CYIIECTBYET KapJIWHal A TakKoi, 4YTo
JUIsl 1I000r0 TICEBIOKOHEYHOIO0 MHOXKECTBa A
U JUIs JI000r0 dIIeMeHTa d  MOJENU TEOPUH
T cymectByer A, = A Ttakoe, uto |Aof <A n
tp(a/ A,)) nzomupyer tp(a/A).

Jlns mpou3BOJIBHBIX MOAMHOXECTB A, B
cTpykTypsl M numyt A < B, eciiut a < b Besikuit
pa3, kormaa € Aub € B.EcimAc Mu
X € M, To mumyt A < x, ecnmu A < {x}. Jnsa
MPOU3BOJIBHOTO TMONHOTO l-THma p yepe3 p(M)
0003HaYaI0T MHOXKECTBO peau3aliii THma p B
M. OtkpsiThIM HHTEpPBaJOM | B cTpykType M
Ha3bIBAECTCSl IApaMETPUUYECKU OIpPEeAeIuMOe
MOJIMHOXKECTBO CTPYKTYypel M Buga I = {c €

M: M | = a <c < b} ans HEKOTOpBIX a, b €
M U {— o, o}, rae a < b. AHaJTOTHYHO MOKHO
ONpENeIUTh  3aMKHYTBIC,  MOJYOTKPBIThIC-

MOJTy3aMKHYTBIC ¥ T.Il. HHTEPBAJbI B M, TaK 4TO,
HaIpuMep, TPOU3BOJIBHAS TOYKA CTPYKTYphl M
SBISIETCSl caMa (TPUBHAJIBHBIM) 3aMKHYTBHIM

uHTepBaoM. [lonMHOXKECTBO A CTPYKTYypsl M
Ha3bIBAETCS BBIMYKJIBIM, €CIIU IS JIIOOBIX a, b
€ Auc € Bcskuil pas, korna a <c <b crienyer,
yTo C € A.

JlanHasi cTaThsl KacaeTcsl MOHATHS cliaboil
0-MHHHMAaJIbHOCTH, IEPBOHAYATBHO IITYOOKO HC-
cinenoanHoro JI. Makdepconom, J[. Mapkepom
n Y. Craitaxoprom B [11]. Crabo o-MHHUMAITb-
Has CTPYKTypa €CTh JIMHEWHO yMOpsaoYeHHas
ctpyktypaM=(M, =, <, ...), TaKas, 4T0 JIF000e
onpenenumoe (¢ napameTpamu) MoAMHOXKECTBO
CTPYKTYypsl M  sBisieTcss  00beAMHEHUEM
KOHEYHOTO YHCJa BBIMYKJIBIX MHOXKECTB B M.
BcnoMuuM, uTo Takasi CTpykTypa M Ha3bIBaeTcs
O-MUHHMAJBHOM, €CIIH KaXXJ0€ OMpeleTuMoe
(c mapameTrpaMM) IMOIAMHOXECTBO CTPYKTYpbI
M sBrsercs 0O0beIMHEHNEM KOHEYHOTO YHCIIa
naTepBaioB B M. Takum oOpaszom, crabas
O-MUHUMAJIBHOCTh  SIBJISIETCSA ~ 000OIIEeHHEM
O-MUHHMAaJIbHOCTH. PaHT BEITYKIOCTH (hOPMYIIBI
C O7IHO# cBOOOAHOM MepeMeHHOM BBeIeH B [12].
Hwxe ™Mbl pacmupsieM ompeaeleHue paHra
BBIMYKJIOCTH (GopMyinbl [12] Ha MpoU3BOIBHBIE
MHOX€ECTBa (HE00s13aTeNIbHO OMpeeTUMBbIE):

Omnpenenenue 4. [12] Ilyctp T — cmabo
O-MHHHMMalbHasi Teopus, M — J0cTarouHo
HachllleHHas Monensb Teopun T, A € M. Panr
Boinmyksoctu MHOxkecTBa A (RC(A)) ompene-
JseTCsl CIIeYIoIM 00pa3oM:

1) RC(A)=-1,ecru A= Q.

2) RC(A) =0, ecitit A KOHEYHO U HEITYCTO.

3) RC(A) > 1, eciu A GECKOHEUHO.

4) RC(A) > a + 1, ecnu cymiecTByeT napa-
METPUYECKH OMPEISINMOE OTHOIICHHE JKBH-
BaseHTHOCTU E(X, y) Takoe, 4TO CyIIECTBYIOT
bi € A, 1 € ®, KOTOpbIE YIOBICTBOPSIOT
CIeIyIOLIEMY:

* 17151 TIOOBIX 1, ] € ®, BCAKUHM pa3 Korna i #
J, Mbl umeeM M E —E(bi, bj)

e ma xkaxnporo i € o RC(E(M, bi)) >
o u E(M, bi) — BbIIyKJIO€ MOAMHOXECTBO
MHO€eCTBa A

5) RC(A) >0, ecnmu RC(A) > o s Bcex o <
0 (0 mpenenbHBIH).

Ecan RC(A) = o amsa HEKOTOpOro o, TO
Mbl roBopuM, uto RC(A) ompenensercs. B
npoTuBHOM citydae (T.e. eciit RC(A)) > a nns
Bcex o), Mbl osaraeM, RC(A) = .

Panr BeIyKiIOCTH (GOpPMYIBI O(X, a ), T/e

9
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a € M, omnpenensiercss Kak paHT BBITYKIOCTH
muokectBa p(M, a), T.e. RC(d(x,a)): =RC(¢(M,
a )). Panr BeIMyKJIOCTH 1-THIA p OnpeaessieTcs
KaK paHr BBIMYKJIOCTH MHOXecTBa p(M), T.e.
RC(p):= RC(p(M)).

B wacTHOCTH, TeopHsl UMEET paHT BBHIMYK-
J0CTHU 1, €CIIM HE CYIIECTBYET ONPEACIUMOTO (C
rnapamMeTpamMu) OTHOIICHUS SKBHBAJICHTHOCTHU
¢ OECKOHEUHBIM YHCJIOM BBIMYKJIBIX O€CKOHEU-
HBIX KJ1accoB. OUeBHIHO, YTO O-MUHUMAaJIbHAs
TEOpHsI UMEET PAHT BBIMTYKIOCTH 1.

Ompenenenue 5. [13] Ilycts M — cna6o
O-MUHHUMalbHas CTpyKrypa, A, B € M, M
— |Al*-nacpiienna, p, q € S (A) — Heanre-
Opanueckue. byaem roBopuTh, 4TO THUIl P HE
ABISIETCS c1ab0 OPTOTOHANBHBIM THUITY (, €CIIH
CymiecTByOT A-onpenenumas popmyna H(x, y),
o € p(M)u B, B, € q(M) rakue uro B, € H(M,
a)uf, ¢ HM, ).

Onpenenenue 6. [14, 15] Ilycte T —
nonHasi Teopust, Pi(X1), -, Pn(X,) € 51(0). Tun
q(xy, ..., x,) € 5,(9) Ha3pIBaeTCA (P1, ---» P )-TUIIOM,
eciu q(xq, .., x,) 2 UM, p;(x;). MHOXKECTBO BCEX
(p1, -, Pr)-THTIOB Teopuu T oOo3Ha"aeTcs uepes
Cuetnass Tteopuss T Ha3wIBaeTCs
MOYTU OMEra-KaTeropuyHoM, eciu Ui JH00BIX
THUIIOB p, (x,), ..., Py (%) € S, (@) CYILLECTBYET JIULIb
KOHEYHOE YHCIIO THIIOB (X, -, X,) €S, o, (T).

[Toutn omera-kKaTeropudyHOCTh TECHO CBS-
3aHa C TOHATHUEM SPEHPONUXTOBOCTHU TEOPHH.
Tak, B pabore [14] mokazano, uto ecnu T —
MOYTH OMETa-KaTeropuyHas TEOpHs, MMEIOast
POBHO TpHU CUYETHBIE MOMAPHO HEU30MOpP(QHBIE
MOJleTTd, TO B Teopun T HHTEpHIpeTHUpyeTCs
IJIOTHBIM  JIMHEWHBIM InopsAnok. Tem He
MEHee CyIecTByeT mpumep (TMOCTPOCHHBIN
M.I'. IlepeTsaTekunbIM B [ 16]) Teopun, nMero1iei
POBHO TpPH CUETHBIC TOMAPHO HEU30MOPQHBIC
MOJIEJIM, HO HE SIBJISIOLIEHCS MOYTH OMera-
KaTeropu4Ho.

B paGote [17] ycTaHOBIEHBI IOYTH OMeEra-
KaTeTOPUYHOCTh  APEH(PONXTOBBIX  BIOJHE
O-MHUHUMAJIbHBIX TEOPUUA U BBIIOJTHUMOCTH
OpPUHIUIA 3aMEHBl ISl aJIre0pamdecKkoro
3aMBIKaHUS JUISI TIOYTH OMETa-KaTeroOpUYHBIX
BIIOJIHE O-MUHHUMaJbHBIX Teopui. HenaBHO
OblTM  J0Ka3aHbl OPTOTOHAJIBHOCTH JIFOOOTO
ceMeiicTBa TOMapHO cJ1ab0 OPTOrOHAJIBHBIX
HeanreOpandeckux |-THMOB Haa MyCTHIM
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MHOYECTBOM JIJIsl TAKUX TEOPUI U OMHAPHOCTH
MOYTH OMETa-KaTETOPUYHBIX BIIOJTHE O-MHUHH-
MaJIbHBIX Teopui [18] m moutm omera-kare-
TOPUYHBIX C€Ia00 O-MHUHUMAJBHBIX TEOpUU
panra Beinyksoctu 1 [19].

B Hacrosmiedt pabote uccnemyercst mpoo-
JeMa BbIPa3UMOCTH PACUIMPEHHBIX 3alpo-
COB uYepe3 OrpaHMUYEHHbIE HaJ ci1ab0 O-MHUHHU-
MaJIbHOM 00JIacThIO ompeseseHust 0a3 JaHHBIX,
MMEIONIEH paHr BBINYKJIOCTH | W  Malblid
CUETHBINA CIEKTP. MBI JI0Ka3bIBaeM, 4To ci1adbo
O-MUHHUMaJbHas TEOpPUsl paHTa BBINYKIOCTH |
C MaJIbIM CYETHBIM CIIEKTPOM HMEET CBOWCTBO
n3osuu. B kauecTBe cieACcTBUS MBI IOTy4YaeM
CBOJIMMOCTb PACIIMPEHHBIX 3alpPOCOB K Orpa-
HUYEHHBIM HaJa cjabo O-MUHHUMAaJIbHOH 00-
JACThIO OMNpPENEJICHUs, UMEIOIIEH PaHT BBINTYK-
J0CTU | 1 Manblii CYETHBIN CIIEKTP.

Pe3yabrarsl

Teopema 7. [3] Ilpenmonoxum, dTO
TEOpHsI MEPBOro Mops/ika CTPYKTypbl M nmeer
CgoiictBo M3zossiuu. IlycTs pacumivpeHHbIN
3anipoc # oOKBUBaJNCHTEH HaJ KOHEYHBIMHU
COCTOSIHUSIMU OTPAHUYEHHOMY 3ampocy.

Teopema8.Ilycts T—cnabo o-MuHUMaNbHAS
TEOPHsI paHTa BBITYKJIOCTU | C MallbIM CYETHBIM
crektpom. Torna T umeer CoiicTBo M3o0msuu.

JlokazaTenbCTBO TeopeMbl 9. 3amerum,
41O €c7ab0 O-MUHUMAajbHasg TEOpHUS paHra
BBITYKJIOCTH 1 € MajblM CYETHBIM CIIEKTPOM
ABJISIETCSl TIOYTU OMera-kareropuyHoil. Ilyctsb
M — JocCTaroyHO HachIIIEHHAas MOJEIb
teopun T. Bo3pMeM NPOU3BOJIBHBIE DJIEMEHT
aeM wu OeckoHeyHOe MHOXecTBO A M
u pacemorpuMm  p(x):=tp(a/A). B cuny
cnaboit  o-muHUManbHOCTH p(M) BBIMYKIIO,
U, CIIeOBaTelbHO, THMN p(X) ompenensiercs
BBITYKJIBIMH (JOpMYTIaMHU.

Cnyuyait 1. p(x) — uzonupoBaHHbIiA. Torna
cymectByer Qopmyna ¢(x,b), THE b €A,
Takas, aro @(M,b) Bemykino u p(M)=p(M,b).
Takum oOpasoM, B KadeCcTBE A MOXeM
B35ITh MHOXKECTBO JJIEMEHTOB U3 KOPTEXKa p.

Cnydaii 2. p(X) — KBa3MpalMOHAJIbHBIN.
He ymanss OOIIHOCTH, NPEANOIOKHM, YTO
p(X) — KBa3zupauuoHaJbHBIM BrHpaBo. Torma
CylIecTByeT BbimyKias (opmyna U(x,b) Ans
HEeKoToporo b € 4, tak uro p(M)cU(M,b) n
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UM,b) =p(M)". B cuny ounaproct T 11s
mo6oii BeITyKiIoi Gopmyinsl ¢,(x,b,) € p neas
rpanuia MHOKecTBa ¢,(M,b,) ompenensercs
BBITYKJION hopMyIoit ¢ (x,b,) A7l HEKOTOPOTO
b' €b. B cuily mouTH OMera-KaTeropuuHOCTH
MOTIAPHO HEIKBUBAJICHTHBIX BBITYKJIBIX (DOPMYIT
O(x,b,) ¢ ycnosuem p(M) < O(M ,b') koHEuHOE
gucio. Takum 00pa3oM, MbI 3aKIOYacM, YTO
JeBas rpaHuna MHoxkectBa p(M) onpenensercs
CUETHBIM 4YHCIIOM KOHCTaHT u3 A. [losTtomy
B KayeCcTBe A, MOXKEM B3iTb CYETHOE
IIOAMHOYKECTBO MHOXKECTBA A.

Cnyuaii 3. p(x) — upparnmoHaibHbIi. B aTOM
cllydae MOXKHO TIOKa3aTh aHAJOTUYHO CITyYaro
2, 4TO Kak JieBas, TaK W TMpaBas TPAHUIIBI
MHOecTBa p(M), onpenenstoTcss CYETHBIM A,
MHOXECTBOM KOHCTAHT U3 A.

Takum 00pa3oM, B KadecTBE A MOXKEM

B3STh IIEPBBIM HECUETHBIN KapauHan o,. Cneno-
BarenbHO, T nmeet CBoiicTBo M30samun.

3akiouenne

TakuM 00pa3oM, B Ka4eCTBE CICACTBUS I10-
myqaeM, 4Tto eciu T — ci1abo o-MUHHMaIbHAs
TEOPHS paHTa BBHITYKIOCTH 1 ¢ MaJibIM CYETHBIM
CHEKTPOM, TO 000N pacHIMpeHHBIN 3ampoc,
SIBJISTFOIIUIICS. TOKAJTbHO TeHEPUUYECKUM HaJl KO-
HEYHBIMHU COCTOSHUSIMH, SKBUBAJICHTCH Orpa-
HUYEHHOMY 3a1pocy.

BaaropapuocTu

Jannbie uccnaenoBaHus noaaepxkanbl Ko-
MUTETOM Hayku MuHucrtepcTtBa 00pa3oBa-
Hug u Hayku PecmyOnukum Kaszaxcran (rpast
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ENERGY SAVING FACTORS IN WINTER CONCRETING

BRZHANOYV R.T.!, SADUEVA G.H.!, KURBANMAGOMEDOV A.K.%,
SHAIKHIYEVA K.M.!

ICaspian State University of Technology and Engineering named after Sh.Yessenov,
130000, Aktau, Kazakhstan
’Mathematical Institute named after Nikolsky S.M. Russian Peoples' Friendship University,
101000, Moscow, Russia

Abstract. This article considers energy-saving technologies for winter concreting of building structures
and constructions. Various authors have studied mathematical models of the thermal regime of a
three-dimensional building structure. The mathematical model of the heat balance equations in the
concrete structure, the thermal conductivity coefficient, the dependences of the heat balance equations
in the concrete structure and the junction, the thermal conductivity coefficient, the volumetric thermal
conductivity, respectively, in the erected fragment and the previously erected part of the wall was
implemented on a computer. The article considers the processes of cement and concrete strength gain
during early freezing of concrete. In previous studies by various authors, it was found that with an
increase in the time for gaining critical strength, the cost of electricity is reduced by 25-50%, due to
the use of thermal inertia of the structure. The rate of cooling of monolithic structures at negative
temperatures is revealed. The chemistry of cement hardening processes during early freezing is shown.
Thermodynamic calculations set the limits of negative temperatures at which concrete strength curing
stops, but under the action of repeated positive temperatures, the cement hydration process resumes
and concrete continues to harden. The aluminum minerals of Portland cement clinker are usually the
first to hydrate when the cement hardens with water, and in the presence of gypsum they form calcium
hydrosulfoaluminate. This connection is very fragile and is destroyed by mechanical stress (repeated
vibration) and over time even at normal temperatures. The article reviews the foreign experience of
winter concreting and the preferred methods of work in this case.

Keywords: Winter concreting, massiveness of the structure, hydration of Portland cement minerals,
additives in winter concrete, electric heating of the concrete mix, concreting in "greenhouses”.

KbICTA BETOHIAYJIATBI DQHEPT'USIHBI YHEMIEY ®AKTOPJIAPBI
BP)KAHOB P.T.!, CATYEBA I X.!, KYPBAHMATI'OMEJIOB A.K.2, IIAMXWEBA K.M.'

'[11. Ecenoe amvinoazvl Kacnuii memaekemmik mexHoni0UsLap HeaHe UHICUHUPUHS YHUGepCUmenl,
130000, Akmay x., Kazakcman
2C.M. Huxonvcrkuil amvindagvl mamemamuka uncmuniymol, Pecetl xanvikmapvl 00cmuviol
yuugepcumemi, 101000, Mackey ., Peceti

Anoamna. byn makanaoa Kypwiibic KOHCMPYKYUALAPLL MEH KYDbLILIMOAPbIH KbiCKbl OemoHOay-
OblH dHepeusi YHeMOeUumin MmexHON02UANAapsbl Kapacmulpbliean. Opmypii agmopiap yul eauemol
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KYPbLIbIC KOHCMPYKYUSACOIHIY HCBLLY PEHCUMIHIH MAMeMamukanivlk yiaciiepin 3epmmeceH. bemon
KOHCMPYKYUSCLIHOARbL HCHLTY OANIAHCH MeHOeYIePIHIH MAMeMamuKaiblk MOOei, HCbLLY OMKI3IUMIK
Ko2(hhuyuenmi, OemoH KOHCMPYKYUACbL MeH mylicneoeci HCblly OananHcvbl meHOey1epiHiy
mayenoiiikmepi, CalUKeCiHue MYPbl3bli2aH (pasmenmmei JHColly 6mKi3eiumix Ko guyuenmi,
KOeMOIK JICHLILY OMKI32IUMIK JCIHe KAObIP2AHbIY OYPbIH CANbIHEAH 06jliei KoMnblomepoe JHcyseze
acvipwvliovl. Maxanada 6emonobl epme my30amy Ke3iHOe yeMeHm NneH OemoHHulH OepikmiciH
apmmulpy npoyecmepi Kapacmulpbliaosl. Opmypii agmopirapobiy aloblHabl 3epmmeyiepinoe CblHU
bepikmikke ue 601y YaKblmMblHbIH Y12AI0bIMEH KYPbLIbIMHbIY HCHLLY UHEPYUACLIH NAUO0aLany ecedineH
anekmp 2HepeuscviHvlY Kynvl 25-50% -2a memenoeiimini amvikmanosi. Tepic memnepamypada
MOHOIUMMI KYPbLILIMOAPObIH CANKLIHOAMY HCHLIOAMObIZbL aHblKmanovl. Epme my3oamy xesinoezi
YyemeHmmiy Kamaio npoyecmepiniy Xumuscvl Kepceminzeen. Tepmoounamuxanvlx ecenmeynep
OemonHbly OepikmiciHiy Kamarbl MOKMAumvli mepic memnepamypaiapovly uiekmepin oeneineioi,
Oipax KaumaniaHamviy oy memMnepamypaiapovly acepiner yemeHmmiy cuopamayus npoyeci Kama
bacmanaowl dHcone bemon Kamaroowvl xHeaieacmuipaowl. Ilopmianoyemenm KiUHKEPIHIY antOMUHULL
MUHepanoapvl a0emme YyemeHm CYyMeH KamkaHoa OIpiHwi Oonvin blIeAI0AHAObl, Al SUNCMIH
KamwlCybLMeH Kanbyuti 2uopocyivgoantomunam myseoi. byn batinanvic ome Ha3iK HcaHe MEXAHUKATIBIK
KepHeyMeH (Kaumanaum2an OIpin) JHcoHe Yaxvim ome Kele MIinmi Kalblnmvel memnepamypaod
oy3binaosl. Makanaoa KblcKbl 6emoHOayObly wemenoik maxcipubeci jHame OYn Hcagoaoa Heymblc
icmeyoiy Konauivl 20icmepi Kapacmuipuliaobi.

Tyiiinoi cozdep: Kvickbl OemonOay, KYpolIbIMHbIY MACCU8MINIc, NOPMAAHOYEMEHM MUHEpa-
0apuIHbIY 2UOPAMAYUACDL, KbiCKbl OemoHoasbl Kocnaniap, 6emoHn KOCHACbIH 1eKMPMeH JHCbLIbINY,
«ACBLLIBLCAULAPOAy OeMOHOa).

GAKTOPBI DQHEPTOCBEPEXEHUSA 1P 3SUMHEM BETOHUPOBAHUUN

BPKAHOB P.T.!,, CAAIYEBA I X.!;, KYPBAHMATOME/IOB A.K.2,
IAMXHUEBA K.M.!

!Kacnuiickuii 2ocyoapcmeennulil mexnono2udeckutl ynusepcumem umenu L. Ecenosa,
130000, 2. Akmay, Kazaxcman
’Mamemamuueckuti uncmumym um. C.M. Huxonvckozo, Poccutickuil ynueepcumem opyoicovl
Hapooos, 101000, . Mockea, Poccus

Annomayun. B oannou cmamve paccmampusaiomcs sHepeocbepezanoyue mMexHoaiocuu 3UMHe20
OEemMoHUPOBAHUSA CMPOUMETbHBIX KOHCIPYKYULL U COOPYIIceHUN. Paznuunvimu asmopamu ucciedosanvl
MamemamuyecKue MOOelu Menio8oc0 pedcuMa O00beMHOU CMPOUMENbHOU  KOHCMPYKYUU.
Mamemamuueckas mooens ypasHeHuil menio8o2o 6aianca 8 OemoHHoU KOHCMpPYKYuu, Kodgpuyuenm
MenionpoBOOHOCMU, 3A6UCUMOCMU YPABHEHUL Menio8oco 0Alanca 6 ODEMOHHOU KOHCMPYKYUU U
NPUMBIKAHUU, 00beMHAs Meni0npo8OOHOCHb COOMBEMCMBEHHO 8 B036€0CHHOM (hpazmenme U paHee
6036€0eHHOl yacmu cmeHvl pearuszosana Ha IBM. B cmamve paccmompenvt npoyeccvl Habopa
NPOUHOCMU Y eMeHMOoM U OemoHOM NPU paHHem 3amep3anuu bemona. Ilpedvioywumu ucciedosanusmu
PA3HBIX ABMOPOE8 YCMAHOBIEHO, YMO NpU YEeIUYeHUU 8PeMeHU HAOOpa KPUmuiecKkou NpoyHOCmu
sampamul dnekmpodnepeuu cHuxcaromes Ha 25—-50% 3a cuem ucnonv3o6anusi menio8ol UHepyuu
KoHcmpykyuu. Buiaenena ckopocmuv 0X1axicoenus MOHOIUMHBIX KOHCMPYKYUL NPU OMPUYAMETbHbIX
memnepamypax. llokazana Xumus npoyecco8 meepoeHus yemMeHma HpU DPAHHeM 3aMep3aHUU.
Tepmoounamuyeckumu paciemamu YCmMaHoGIeHbl npedeibl OMpUyamelbHblX memnepamyp, npu
KOMOPbIX NPeKpauyaemcsaHabop npouHoCcmu OemoHoM, Ho NPU O eUCMEUU NOBMOPHBIX NOJIOHCUMETbHbIX
memnepamyp npoyecc cuopamayuy yemenma 60300H0611emcs u 6emoHn npoooaxicaenm meepoems.
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Antomunuegvle MuHepanivl NOPMIAAHOYEMEHMHO20 KIUHKEPA OObIYHO NepeuiMu 2UOPAMUPYIOMCs
npu 3ameepoesanuyl yemenma 6000, d 8 NPUCYMCMEUL 2Unca oobpazyiom 2uopocyib@oantomMuHam
Kanbyus. Imo coeouneHue oueHb HenPOUHO U PA3pPyuLaemcs npyu Mexanuieckom 8030etcmeul (nog-
MOPHOU UOpaAyULL) U cO 8peMeHeM O0adice NPU HOPMAIbHLIX memnepamypax. B cmameve paccmompen
3apy6edxHCHbIIl ONbIM 3UMHE20 OEeMOHUPOBANUS U NPeONOYmMUmebHble Memoobl pabom 8 IMoM Cryyae.

Knroueswvie cnoea: 3umnee bemonuposanue, Maccu8HOCMs KOHCMPYKYUU, 2UOPAMayull MUHEPALo8
nopmiaanoyemenma, 006aeKu 68 3UMHUL 6EMOH, dTeKMpPOPA302pe8 OemMonHOU cMecU, 6eMOHUPOBAHUe

8 «(MeNnJIAKAX».

Introduction

Peculiar offers of energy-saving technology
of winter concreting of constructions and
structures are specified in the work [1]. On the
basis of a mathematical model of the thermal
regime of a three-dimensional building structure,
a fragment of the concrete wall is investigated
during the intermittent electric heating mode.
An example of concrete of a wall adjacent to the
existing wall is considered. The mathematical
model of the dependence of the heat balance
equations in the concrete structure and
adjoinment, the coefficient of heat conductivity,
the volume heat conductivity respectively in the
elevated fragment and the previously erected
part of the wall is implemented on the ECM [2].
Approximation of differential equations is made
by the implicit difference scheme of Douglas
Ghan’s alternating directions. Based on the
graphs shown here, the following conclusions
can be drawn:

1. With an increase in the time for gaining
critical strength, the cost of electricity is reduced
by 25-50%, due to the use of thermal inertia of
the structural design;

2. The softer thermodynamic characteristics
of the controlled heating mode ensure flat heating
and hence the quality of the concrete;

3.The mathematical model, executed in
the algorithmic language Pascal, allows to vary
the production technology of works and winter
concrete methods.

Relevance of the article

The influence of ambient temperature on
the temperature of internal layers is ambiguous
and depends on the insulation capacity of the
formwork, the massive structure, the exothermic
cement. These factors are also influenced by
other factors, i.e. the process of collecting

concrete strength in winter concreting is very
complicated.

Research conditions and methods

When considering the hydration processes of
minerals of Portland cement in the presence of
additives, it was noted that new hydrate phases
are formed as a substitute for a hydrate compound
occurring under normal conditions. Let’s
consider the role of new hydrate phases in
forming the strength of cement stone. The
formation of 3CaOALO,,Ca(NO),,10H,0O during
the hydration of three-calcium aluminium in
solution Ca(NO), greatly increases the strength
of the samples [3]. The strength of the samples
with NaNO, is not much different from that of
the test samples. Since the formation of calcium
hydronitrialuminate requires a significant amount
of calcium hydroxide in the system. As a result
of the formation of complex calcium aluminium
salts, the strength of aluminium containing
clinker minerals in the cement hydration is
slightly reduced, and the strength of potash and
nitritentatrium as well as chlorinated salts has
slightly remained unchanged.

More significant is the role of new phases
formed on the basis of calcium hydroxide -
3Ca0,CaCl,10H,0 un CaCO3*6H,0. When
hardening in frost, especially in the early stages,
their formation leads to an increase in the
hydration rate of silicate minerals, due to the
lower solubility of these phases compared to
Ca(OH),. However, hydrochloride and calcium
hydrocarbonate are not stable phases. The first
one breaks down over time, and the second
one breaks down with ambient temperatures.
New phases formed instead of Ca(OH), play a
significant role in the formation of the structure
of the cement stone, as their breakdown in some
cases reduces the strength [4].
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Research results

The cooling speed of monolithic structures
according to standards is regulated as follows:
15°C/ /h at surface module Mp>14 m™!, 10°C/h
at Mp =10-44 m™', 5°C/ h at Mp=5 -10 m™". The
general positivity, the rate of rise and cooling
during electric heating depends on the required
strength of concrete by the time the structure is
stripped and is assigned based on the results of
experimental data obtained taking into account
the type and grade of concrete, the cements used
and the specific dimensions of the structure and
the environment.

At the early freezing of concrete, which
coincides with the first kinetic stage of the
hydration process, which ends, from the pers-
pective of Berkovich T.M., with the initial
crystallization of hydrate neoplasms, the
hydration rate is determined mainly by the
chemical velocity of cement minerals with water.
Temperature has a significant effect on the rate of
the hydration reaction, since as the temperature
rises, the number of active molecules increases
sharply, and the total kinetic energy of the
molecules increases.

The influence of temperature on the kinetics
of heterogeneous processes can be described by
the Arrhenius equation, the integral expression
of which has the form:

Lnk =- ER,T +B (1)

where Ink - reaction rate constant; E -
apparent activity energy;

R - universal gas, constant; T - temperature;
B - constant, taking into account the influence of
different factors on the speed of reaction.

Studies by Berkovich G.M., and Heyker
D.M. and others have shown the applicability of
this dependence to diffusion processes as well
[5].

Equation (1) is also valid for the insulated
condition. Under real-life conditions, due to ex-
ternal and internal heat effects on the hardened
concrete, this dependence has a different appe-
arance.

Budnikov P.P., Royak S.M., and others show
that as the temperature of the thermal treatment
increases, the duration of the induction period of
the cement hydration process decreases and the
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constant increases in proportion to the reaction
rate.

The dissolution of the initial cement minerals
and the chemical process of their hydration begin
immediately after the cement is closed by water,
and they continue under normal conditions for a
relatively long time[6].

The second cement hydration period is
characterized by the presence of stable, dense
casings on the cement grains and by low rates of
water diffusion and reverse diffusion of hydrated
ions in solution.

The duration of each of these periods varies
considerably depending on the environmental
conditions. Thus, when the temperature increases,
the length of not only the kinetic stage but also
the first diffusion period (contact-heterogeneous
process) decreases, based on this it can be
assumed that electrical heating at an early stage
of cement stone hardening will accelerate the
onset of the film formation process and shorten
the period of intensive hydration. In addition,
the density and impermeability of the films on
the cement grains will be much higher when the
electric heating is forced than in normal, soft heat
treatments|[7].

Discussion of scientific results

Under these circumstances, it is reasonable
to assume that the final degree of hydration of
the binder will be slightly lower than in normal
heat treatment, despite an increase in the quantity
of the initial binder. The effect of intensive
electric heating could be more rational if the
concrete mixture was previously kept at low
positive temperatures, which contributes to a
deeper hydration process. Another measure that
enhances the effect of intense electrical heating
could be repeated vibration to destroy the loose
film on the aggregate grains. Aluminium minerals
of the Portland cement clinker are usually the
first to be hydrated when cement is solidified
with water, and in the presence of gypsum they
form calcium hydrosulfonal aluminate. This
compound is very weak and collapses during
mechanical action (re-vibration) and over time,
even at normal temperatures.

The application of rapid heating is optimal
also from the point of view of thermodynamics
of irreversible processes. As it is known, in
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accordance with the Le Chatellier principle,
cooling contributes to the completeness of
heat-emitting processes. The forced electric
heating, which is carried out until the maximum
exothermic effect appears in the concrete, and
the subsequent natural removal of heat during
thermostatic conditioning, most combine the
thermodynamics and kinetics of the structures of
formation of cement stone.

Anumberofworksinvestigatedtheproduction
of concrete works in winter in greenhouses. This
method is used in concrete-laying of foundations,
units of hydraulic structures with covered pits
with flat or tented light fences. Thermosets can
be structural: volumetric, sectional, floor, local,
movable, tented, etc [8].

Recently, in France, Poland, Turkey and
other countries, so-called inflatable heaters have
been successfully used. Theoretical principles
of erection of vertical monolithic constructions
using heating pneumocarcane modular decks
(HPMD) in winter conditions have been
developed. Technological principles for the
operation of HPMD in winter vertical fencing.

In Alaska, Finland, and Japan, tarpaulin
greenhouses are widely used, the load-bearing
frame of which is light aluminum structures
[9,10].

Conclusion

The choice of winter concrete method
depends on the size and purpose of the design,
on the expected winter temperatures, which
can vary widely. It is necessary to take into
account the properties of the cements used and
the presence of heat sources in construction, the
modes of production of work, and the provision
of appropriate working conditions for workers.
When choosing a method of performing work,
their comparative economy, ease of performing
work operations for laying and maintaining
concrete should be taken into account. Of
these listed criteria for the selection of winter
concreting, part is regulated and part of the
criteria is not regulated.
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ON (p, Q)-SPLITTING FORMULAS IN ALMOST OMEGA-CATEGORICAL
WEAKLY O-MINIMAL THEORIES

IZBASAROV A.A.!, KULPESHOV B.SH.!, EMELYANOV D.YU.?

'Kazakh-British Technical University, 050000, Almaty, Kazakhstan
’Novosibirsk State Technical University, 630073, Novosibirsk, Russia

Abstract. The present paper concerns the notion of weak o-minimality introduced by M. Dickmann
and originally studied by D. Macpherson, D. Marker, and C. Steinhorn. Weak o-minimality is a
generalization of the notion of o-minimality introduced by A. Pillay and C. Steinhorn in series of
joint papers. As is known, the ordered field of real numbers is an example of an o-minimal structure.
We continue studying properties of almost omega-categorical weakly o-minimal theories. Almost
omega-categoricity is a notion generalizing the notion of omega-categoricity. Recently, a criterion
for binarity of almost omega-categorical weakly o-minimal theories in terms of convexity rank
has been obtained. Binary convexity rank is the convexity rank in which parametrically definable
equivalence relations are replaced by @ - definable equivalence relations. (p, q)-splitting formulas
express a connection between non-weakly orthogonal non-algebraic 1-types in weakly o-minimal
theories. In many cases, the binary convexity ranks of non-weakly orthogonal non-algebraic
I-types are not equal. The main result of this paper is finding necessary and sufficient conditions
for equality of the binary convexity ranks for non-weakly orthogonal non-algebraic I-types in
almost omega-categorical weakly o-minimal theories in terms of (p, q)-splitting formulas.

Keywords: weak o-minimality, almost omega-categoricity, (p, q)-splitting formula, convexity rank,
weak orthogonality, equivalence relation.

JAEPJIIK OMETA-KATETI'OPUSAJIBIK 9JICI3 O-MUHUMAJI/IbI
TEOPUAJIAPBIHJA (p, q)-CEKATOPJIAP TYPAJIbI

I3BBACAPOB A.A.', KVJIIIEIIOB B.111.', EMEJIBSIHOB /1.10.?

'Kasaxcman-bpuman mexnukanvlx ynusepcumemi, 050000, Aaimamet K., Kazaxcman
2Hosocibip memnexemmix mexnukanvlk ynusepcumemi, 630073, Hosocubupck k., Peceil

Anoamna. Byn oscymvic M. Jluxmann eneizeen dcone bacmanxwvioa /. Maxgepcon, /]. Mapxep
acone Y. Cmeunxopn 3epmmezen 27Ci3 O-MUHUMANLOBLLILIK MYCiHIciHe Kamblcmbl. OICI3
o-MuHumanowvinvlk — oyn A. Hunnai men 4. Cmetinxopnuwiy OipieckeH Makaiaiap cepusicblHoa
eH2i32eH O-MUHUMANObLIbIZbL YebIMbIHLIY dHcananvliaysl. bencini Ooneamoail, Haxmel canoapowiy
pemmenzen opici 0-MUHUMALObL KYPOLIBLMHBIY Al2eOpanblK Mblcanbl 601bln maobwiiadsl. biz deprix
ome2a Kame2opusiiblK 2J1CI3 O-MUHUMANObL MeOpUsIapobly Kacuemmepin 3epmmeyoi Haieac-
muipamol3. Omeza-kame2opusinblK 0epiik — Oyl ome2a Kame20pUusLiblK MyCiHieIH HCaanbliatmolH
yevim. JKaxwinoa oenecmik paneici OotibiHuia Oeplik ome2a Kame2opusivblK diCi3 0O-MUHUMATLObL
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meopusinapovly OUHAPILIK Kpumepuiii anvlHovl. bunapnvly dewecmix paweici — napamempiix
AHLIKMANAMbIH IKEUBATICHMMIK KAMbIHACAP 00C JHCUbIHMEH AHLIKMANAMbIH IKEUBAIeHMMIK
KamvlHACmapmeH ayblCIMulpbliamuli 00HecmiK paueici. (p, q)-6eny gopmynanrapvl aa1ci3 o-MuHu-
Manobl meopuanapoassl 21ci3 OpmocoHaIbObl aneedpanvliy emec 1-myprep apacvbiHoazel bOaiiia-
Hbicmbl 0i10ipedi. Kenmeeen scagoaiinapoa anciz emec opmoz2ouanbobl aieeopanvik emec 1-myp-
J1epoiy OuHapavlx 0oyecmik paueinepi mey emec. byn socymvicmoly neeizei Homuoiceci (p, q)-6ony
dopmynanapsl mypevicblHan Oepiik ome2a Kame2opusiblK 2JICI3 O-MUHUMALObL MeopUusiapoadsl
271CI3 OPMO2OHAILOBL AleeOPanblK emec 1-mypnepi yulin exkilik 0oHec paHemapuvlHbly meyoici Yulin
Kaoscemmi Jicane dHcemKinikmi wiapmmaposl maoy 6016in madowliaosl.

Tyiiinoi co3oep: anciz o-MUHUMALOBLILIK, OepPliK oMe2a-Kame2opusivik, (p, q)-6eay gopmynacel,
06HeCmiK pame, 21Ci3 OPMO2OHANbObIK, IKEUBANEHMMIK KAMbIHAC.

O (p, Q)-CEKATOPAX B ITIOYTHU OMETI'A-KATEI'OPUYHbBIX
CJABO O-MUHUMAJIBHBIX TEOPUAX

N3BACAPOB A.A., KVJIIIEWOB Bb.111.", EMEJIbSAHOB /1.10.?

'Kasaxcmancko-Bpumanckui mexuuueckuil ynusepcumem, 050000, o. Aamameol, Kazaxcman
’Hosocubupckuii 20cy0apcmeeHublil mexHUYecKuil YyHusepcumen,
630073, e. Hosocubupck, Poccus

Aunnomayun. Hacmoswas cmamvs xacaemcsi NOHAMUS CLAOOU O-MUHUMATILHOCMU, 668e0eH-
Ho2o M. Jluxmanuom u nepsonauanvHo ucciedoseannoco Jl. Maxgepconom, J[. Mapkepom u
Y. Cmeiinxoprnom. Cnabas o-MuHUMAIbHOCMb A67158emcs 0000ujeHueM NOHAMUL O-MUHUMATbHO-
cmu, 66edenno2o A. IHunnvsem u 4. Cmetinxopnom 6 cepuu cosmecmuvix cmameti. Kax uzeecmmno,
VROPAOOYEeHHOe NoJle 8eujeCMBEeHHbIX YUCel ABNAeMCS NPUMEPOM O-MUHUMALbHOU CMPYKMYpb.
Mbu1 npodondcaem uzyuenue ceouUCmE NOYMU OMe2A-KAMe2OPUYHbIX C1a00 O-MUHUMALbHBIX Neo-
putl. Iloumu omeza-kamezopuunocms — 5mo nousimue, obobujaoujee noHamue ome2a-Kame2opuu-
Hocmu. Hedaeno Ovin nonyuen kpumepuii OUHAPHOCMU NOYMU OMe2a-KAMe20PULHbIX c1ab0 O-Mu-
HUMANbHBIX Meopull 8 MepMUHAx panea evinykiocmu. Bunapuwiii pane evlnyxiocmu — s3mo pawue
BLINYKJIOCMU, 8 KOMOPOM NApamempuyecku onpeoeiumvle OMHOUEHUST IK8UBATEHMHOCU 3aMe-
HAIOMCS NYCMO-0NPedenumMbiMU OMHOUEHUAMU IKEUBALEHMHOCIMU. (D, q)-CeKamopbl 8blpaicaiom
CBA3b MeHCOY He C1aD0 OPMOSOHANLHBIMU HedlleebpaudecKumu [-munamu 8 ciabo o-MuHUMATbHbIX
meopusx. B oonvuuncmee ciyuaes bunapuvie paneu 8blNYKIOCMU He Clab0 OpmMO2OHANIbHBIX He-
ancebpauyeckux I-munos me cosnadarom. OCHOGHbIM pe3yIbMamomM OAHHOU CMamvlU sA61Aemcs
HaxoodicoeHue HeobxXo0UMbIX U OOCMAMOYHbIX YCILOBULL PABEHCMBA ODUHAPHBIX PAH208 8bINYKIOCU
07151 He clabo OPMO2OHANILHBIX HedlleeOpauyeckux 1-munos ¢ noumu ome2a-Kame20puiHvlx c1aoo
O-MUHUMATILHBIX MEopUsX 8 mepMUHax (p, q)-cekamopoa.

Knrwueswvie cnosa: crabas O-MUHUMATIbHOCMb, NOYNu omezca-Kamecopuinocms, (p, q)—ceKamop,
PaHe 6blnyKi10oCmu, crnabas OpMmMocOHANIbHOCMb, ONMHOWEHUE DKEUBAIEHNTHOCMU.

Preliminaries these structures. A subset 4 of a linearly ordered
Let L be a countable first-order language. structure M is convex if for all a,b € 4 and ¢ €
Throughout this paper we consider L-structures M whenever <a < b we have ¢ € 4. This paper
and suppose that L contains a binary relation concerns the notion of weak o-minimality that
symbol <which is interpreted as a linear orderin ~ was initially deeply studied by D. Macpherson,
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D. Marker, and C. Steinhorn in [1]. A weakly
o-minimal structure is a linearly ordered
structure M = (M, <, ... ) such that any definable
(with parameters) subset of M is a union of
finitely many convex sets in M. We recall that
such a structure M is said to be o-minimal if
any definable (with parameters) subset of M is a
union of finitely many intervals and points in M.
Thus, weak o-minimality generalizes the notion
of o-minimality. Real closed fields with a proper
convex valuation ring provide an important
example of weakly o-minimal (not o-minimal)
structures [2, 3].

Let 4 and B be arbitrary subsets of
a linearly ordered structure M. Then the
expression 4 < B means that o < b whenever
o € Aand b € B, and 4 < b means that A
< {b}. For a subset 4 of M we introduce the
following notations: A*:={b € M | A < b} and
A7:={b € M|b < A}. For an arbitrary one-
type p we denote by p(M) the set of realizations
of p in M. If BS M and E is an equivalence
relation on M then we denote by B/E the set
of equivalence classes (E-classes) which have
representatives in B. If fis a function on M, then
we denote by ( /) the domain of M. A theory
T is said to be binary if every formula of f'is
equivalent in 7 to a Boolean combination of
formulas with at most two free variables.

Further throughout the paper we consider an
arbitrary complete theory 7 (if unless otherwise
stated), where M is a sufficiently saturated
model of T.

Definition 1.1 Let 7 be a weakly o-minimal
theory, M =T,AS M,p,q € S;(A) be non-
algebraic. We say that p is not weakly orthogonal
to ¢ (denoting this by p £ q) if there exist an
L -formula H(x,y), « € p(M) and B3, € q(M)
such that f; € H(M,a) and B2 € H(M, a).

In other words, p is weakly orthogonal to
g (denoting this by p LY q) if p(x) U q(¥) has a
unique extension to a complete 2-type over 4.

Lemma 1.2 [4] Let T'be a weakly o-minimal
theory, M =T, A € M. Then the relation of
non-weak orthogonality is an equivalence
relation on §S,(4).

The definition of convexity rank for a set
was introduced in [5].
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Definition 1.3 Let T be a weakly o-minimal
theory, M be a sufficiently saturated model of
the theory T, A & M. The convexity rank of the
set A (RC(A)) is defined as follows:

1)RC(A)=-1ifA=0.

2) RC(A) = 0 if A is finite and non-empty.

3) RC(A) > 1 if A is infinite.

4) RC(A) > a + 1 if there exists a
parametrically definable equivalence relation
E(x, y) such that there are b,€ A, i € ®, which
satisty the following:

 For any 1, ] € o, whenever 1 # j we have
M E —E(b,,b;);

* For every i € ® RC(E(M, b,)) > o and
E(M, b,) is a convex subset of A.

5) RC(A) > 6 if RC(A) > a for all a <6 (o
is limit).

IfRC(A) = a for some a, we say that RC(A)
is defined. Otherwise (i.e. if RC(A)) > a for all
a), we put RC(A) = .

The rank of convexity of a formula
¢@(x,a), where a € M, is defined as the rank
of convexity of the set @(M,a). The rank
of convexity of a l-type p is defined as
the rank of convexity of the set p(M), i.e.,
RC(p):= RC(p(M)). In particular, a theory
has convexity rank 1 if there are no definable
(with parameters) equivalence relations with
infinitely many infinite convex classes.

We say that the convexity rank of an arbitrary
set A is binary and denote it by RCp;n(4) if
parametrically definable equivalence relations
are replaced by @-definable (i.e., binary)
equivalence relations.

Definition 1.4 [6, 7] Let T be a complete
theory, and p1(x1), ..., Pn (%) € S1(0). A type
q(xq, -, X)) ESR(D) is said to be a (P1, .-, Pn)
-type if

q(x1, o, ) 2 p1(x1) U ..U pp(xp).

The set of all (py, ..., Pn)-types of the theory
T is denoted by Sp,,..p,(T). A countable theory
T is said to be almost w-categorical if for any
types p1(x1), .., Pn(x) € S1(0@) there are only
finitely many types q(xq, ..., xn) € Sp, . (T).

Almost omega-categoricity is closely con-
nected with the notion of Ehrenfeuchtness
of a theory. So, in [6] it was proved that if T
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is an almost omega-categorical theory with
I(T,w) =3 then a dense linear order is
interpreted in 7. Nonetheless there exists an
example (constructed by M.G. Peretyat'kin in
[8]) of a theory with the condition (T, ») = 3
that is not almost omega-categorical.

In [9] the authors established almost omega-
categoricity of Ehrenfeucht quite o-minimal
theories and that the Exchange Principle for
algebraic closure holds in almost omega-
categorical quite o-minimal theories. Recently
in [10], orthogonality of any family of pairwise
weakly orthogonal non-algebraic 1-types over
@ for such theories and binarity of almost
omega-categorical quite o-minimal theories
were proved. Also, in [11], binarity of almost
omega-categorical weakly o-minimal theories
of convexity rank 1 was established. At last, in
the work [12], a criterion for binarity of almost
omega-categorical weakly o-minimal theories
in terms of convexity rank was found.

Theorem 1.5 [10] Let 7'be an almost omega-
categorical weakly o-minimal theory, p € S;(0)
be non-algebraic. Then RCp;, (p) < .

Recall some notions originally introduced
in[1]. Let Y € M™*! be an @-definable subset,
let m: M™*1 - M™ be the projection which
drops the last coordinate, and let Z: = m(Y). For
each a € Z let Y;:={y : (a,y) € Y}. Suppose
that for every @ € Z the set Yz is convex and
bounded above but does not have a supremum
in M. We let ~ be the @ -definable equivalence
relation on M" given by

a~bforalla, b e M\ Z, and
a~b<osupY; =supYifa,b € Z.

Let Z := Z/~, and for each tuple @ € Z we
denote by [a] the ~ -class of @. There is a natural
@ -definable total order on M U Z, defined as
follows. Leta € Zand ¢ € M. Then a < c ifand
only if < ¢ for all w € Y. Also, we say ¢ < [a]
iff —([a] <c), ie. there exists W € Yz such
that ¢ < w. If @ is not ~ -equivalent to b then
there is some x € M such that [a] < x < [p]
or [b] < x <a, and so < induces a total order
on M UZ. We call such a set Z a sort (in this
case, @-definable sort) in M, where M is the
Dedekind completion of M, and view Z as
naturally embedded in M. Similarly, we can

obtain a sort in M by considering infima instead
of suprema.

Thus, we will consider definable functions
from M to its Dedekind completion M, more
precisely in definable sorts of the structure
M, representing infima or suprema of definable
sets.

Let A,D € M, D beinfinite, Z S M be an
A-definablesortand f : D — Z beanA-definable
function. We say f is locally increasing (locally
decreasing, locally constant}) on D if for any
clement a € D there is an infinite interval | € D
containing {a} so that f is strictly increasing
(strictly decreasing, constant) on J; we also
say f is locally monotonic on D if it is locally
increasing or locally decreasing on D.

Let f be an A-definable function on D € M,
E be an A-definable equivalence relation on D.
We say f is strictly increasing (decreasing)
on D/Eif for any a,b € D with a <b and
=E(a,b) we have f(a) < f(b) (f(a) > f(b)).

Proposition 1.6 [13] Let M be a weakly
o-minimal structure, A < M,p € S;(A) be
a non-algebraic type. Then any A-definable
function of which the domain contains the set
p(M) is locally monotonic or locally constant
on p(M).

Definition 1.7 [14] Let T be a weakly
o-minimal theory, M T, AS M, p € S;(4)
be non-algebraic.

(1) An L, -formula F(x,y) is said to be P
-preserving (or p-stable) if there exist elements
a,Y1,Y2 € p(M) such that

[F(M, )\ {a}] np(M) # @ and
v1 <FM,a) np(M) <y,

(2) A p-preserving formula F(x,y) is said
to be convex-to-right (left) if there exists an
element @ € p(M) such that F(M,a) N p(M) is
convex, o is the left (right) endpoint of the set
p(M) and a € F(M, a).

Definition 1.8 [15] Let F(x,¥) be a p
-preserving convex-to-right (left) formula.
We say that F(x,y) is said to be equivalence-
generating if for any «,f € p(M) such that
M E F(B, a) the following holds:

M EVx[x =B > [F(x,a) & F(x, B)]]
(resp.M E Vx[x < B > [F(x,a) & F(x, D],
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Lemma 1.9 [15] Let T be a weakly o-mini-
mal theory, M £ T,A S M,p € S;(A) be non-
algebraic. Suppose that F(x, ) is a p-preserving
convex-to-right (left) formula that is also equi-
valence-generating. Then

(1) G(x,y):=F(y,x) is a p-preserving
convex-to-left (right) formula which is also
equivalence-generating.

(2) E(q,y):=F(x,y) VF(y,x) is an equi-
valence relation on p(M) partitioning it into
infinitely many infinite convex classes.

Proposition 1.10 [10] Let 7 be an almost
omega-categorical weakly o-minimal theory,
p € S;(@) be non-algebraic. Then any
p-preserving convex-to-right (left) formula is
equivalence-generating.

In this work we present a criterion for equa-
lity of the binary convexity ranks for non-weak-
ly orthogonal non-algebraic 1-types in almost
omega-categorical weakly o-minimal theories.

Results

Recall the notion ofa (p, q)-splitting formula
introduced in [16] for non-algebraic isolated
I-types. Let AS M, p,q € S;(4) be non-
algebraic, P is not weakly orthogonal to
q. Extending the definition of (p, q)-splitting
formula to non-isolated case, we say that an
L, -formula @(x,¥) is a (p,q)-splitting
formula, if there is a € p(M) such that

p(a,M) N q(M) # D, —p(a,M) nqg(M) = @,
¢(a, M) n q(M) is convex, and
[p(a, M) N q(M)]™ = [q(M)]".

If ¢1(x,y), @2(x,¥) are (p,q)-splitting
formulas then we say that ¢1(X,¥) is not less
than @,(x,y) if there is a € p(M) such that
@1(a, M) N qg(M) S @,(x,y) N q(M). We say
that (p, q)-25-splitting formulas ©1(x,y) and
®2(x,y) are equivalent (91 (x,y) ~ @2(x,y)) if
915 Y) 0 (M) = @,(x,y) N (T or some
(any) a € p(M).

Obviously, if p,q € S;(A) arenon-algebraic
and p is not weakly orthogonal to ¢, then there
is at least one (p, q)-splitting formula, and the
set of all (P, @)-splitting formulas is partitioned
into a linearly ordered set of equivalence classes
with respect to ~. For every (p,q)-splitting
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formula ¢(x,y) we will consider the function
f?, where f¢ = sup ¢(x,M). Also, obviously
that for any (0, @)-splitting formula ¢ (x,y) the
function f? is not constant on p(M).

We will also say [17] that for a (p, q)-split-
ting formula @(x,¥) the set Rangef"’p(M)
is everywhere dense in q(M°?) if for any
by, by € q(M)  with by < b, there
a € p(M) such that b; < f?(a) < b,.

Example 2.1. Let M =(M; <,P},P},E%, be a
linearly ordered structure so that M is a disjoint
union of interpretations of unary predicates P1
and P2 with P;(M) < P,(M). We identify the
interpretation of P; with Q, ordered as usual,
and the interpretation of P, with QX Q,
ordered lexicographically. The relation £ is an
equivalence relation on P,(M):

exists

E((ap ay), (¢, Cz)) S a =
c1 for any (aq,a;), (¢c1,¢;) € P,(M)
The relation R is defined as follows:

R(a, (by,by)) © by < a for any

a € Py(M), (by, by) € P,(M).

It is not difficult to establish that M is
a countably categorical weakly o-minimal
structure.  Let  p:={P,(x)},q:= {P,(x)}.
Obviously, p and gq determine complete
types over @, p is not weakly orthogonal to
q,RC(p) = 1,RC(q) =2and R(x,y) is a (p,q)
-splitting formula. The function f® is strictly
increasing on P(M), and the set Range f®
is not everywhere dense in g(M®9).

Theorem 2.2 Let T be an almost omega-
categorical weakly o-minimal theory, M be a
sufficiently saturated model of T, p,q € S, (@)
be non-algebraic, p is not weakly orthogonal
to q. Suppose that there exists an @-definable
equivalence relation E(x, y) partitioning p(M)
into infinitely many infinite convex classes.
Then the following conditions are equivalent:

(1) RCphin(p) = RChin(q) + RCpin(E(a, M))
for some (any) a € p(M);

(2) RCpin(p) > RCphin(q);

(3) for any (p, q)-splitting formula R(x,y)
there exists an @-definable equivalence relation
E'(x,y) partitioning p(M) into infinitely many
infinite convex classes so that f® is constant

p(M)
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on each E'-class and the set Range pr(M) is
everywhere dense in q(M¢9);

(4) for any (p, q)-splitting formula R(x,y)
the function f® is constant on each E-class,
the set Range f Rp(M) is everywhere dense in
q(M®?), and E'(x,y) is maximal with this

property.

Proof of Theorem 2.2. Let for a
definiteness RCpin(p) =n. Then there
exist  (@-definable equivalence relations

Ei(x,y), .., En_1(x,¥) partitioning p(M)
into infinitely many infinite convex classes so
that E,(a,M) c --- c E,,_;(a,M) for some
(any) a € p(M). Obviously, by the hypotheses
of the theorem n = 2.

(1) (=) (2). Obviously, since each E-class
is infinite, i.e. RCp;, (E(a, M)) = 1.

(2) (=) (3). Suppose that RCy;,(p) >
> RChin(q). Assume the contrary: there exists
a (p, q@)-splitting formula R(x,y) such that for
any @-definable equivalence relation E'(x,y)
partitioning p(M) into infinitely many infinite
convex classes fR(x):=supR(x,M) is
not constant on each E’-class. Then f R is not
constant on each £ -class. But then f® must be
strictly monotonic (strictly increasing or strictly
decreasing) on each E -class. Indeed, fR can not
be locally monotonic (non-strictly monotonic)
on each E -class, since otherwise an @-definable
equivalencerelation Eo (X, ) partitioning p(M)
into infinitely many infinite convex classes is
appeared, so that Ey(a,M) cE; (a,M) for
some (any) a € p(M) which contradicts the
hypothesis that E;(X,Y) is minimal among @
-definable non-trivial equivalence relations
on P(M). Thus, fR is strictly monotonic on
each E -class. If th; set Rgnge fRPf_lM) is n‘ot
everywhere dense in q(M®?), then there exist
by, by € q(M) such that b; < b, and for any
a € p(M) either fR(a) < by or b, < fR(a).
If fR is strictly increasing on each E ~Class,
then consider the following formula:

S(x,b)i= by < x AJu[fRW) < by A
AVE(u < t AE;(uw,t) - x < fR(D))]

If fR is strictly decreasing on each E -class,
then consider the following formula:

S(x,by):= by < xAEIu[fR(u) < b, A

AVE(t <uAE(wt) - x < fR(D)].

It not difficult to see that S(x,y) is a ¢
-preserving convex-to-right formula. Then
by almost omega-categoricity of 7 it must be
equivalence-generating, whence we also have
a contradiction with the fact that E,(x,y)
is minimal among @-definable non-trivial
equivalence relations on p(M).

Further we consider the behaviour of the
function fR on each E,(a,M)/E;, where
a € p(M). Tt must be strictly monotonic
on each Ez(a,M)/Ei and Range pr(M)
must be everywhere dense in q(M¢?), since
otherwise an (-definable equivalence relation
E"(x,y) 1is appeared with the property
Ei(a,M) c E"(a,M) c E,(a, M) which
contradicts the fact that E, is an immediate
successor of E, among all @-definable
equivalence relations on p(M). Similarly, it can
be proved that f® is strictly monotonic on each
Exs1(a,M)/Ey, where 1 < k <n-2 and f*
is strictly monotonic on p(M)/E,_1.

Consider the following formulas:

Ei(,y)=[x<y- 3t13t2(51(t1' t2) A f(t) <

<x <y <f(t))] Alx >y = 3t36(Ey(t, ) A

Af(t) <y <x<f(t))]

Ep_1(6,y) =[x <y = 3t;3t,(Ep_q (t1, £5) A

< f(tz))] A [x >y - Eltlflfz(En_l(tl, ty) A

Af(t) <y <x < f(t))]

One can understand that Ej(x,y),..,
Ey_1(x,y)are equivalence relations partitioning

(M) into infinitely many infinite convex class-
esand E{(b,M) c --- c E,_;(b, M), whence
we have RCp;,(q) = n which contradicts our
assumption.

(3) (=) (4). By Theorem 1.5 there exist
only finitely many @-definable equivalence
relations partitioning g (M) into infinitely many
infinite convex classes. Therefore, there exists a
maximal @-definable equivalence relation with
this property.

(4)(=) (1).Letforany (p, q)-splitting formu-
la R(x,y) the function fR(x) = supR(x, M)
is constant on each E-class. Clearly,
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RCbin(p) = RCbin(Q) + RCbin(E(a: M))
for some (any) a € p(M)

Obviously, FE(x, y) = E;(x,y) for some
1<i<n-—1. Then RCyy(E(a,M)) =i for
any a € p(M). Fix an arbitrary (p, q)-splitting
formula R(x,¥) and consider the behaviour of
the function f* on each Ei11(a, M)/E;,

where a € p(M). The function f® can not
be constant on each E;.;(a,M)/E;, since
otherwise f® is constant on each E;,,-class
which contradicts maximality of E;(x,y) with
this property. Consequently, fR must be strictly
monotonic on each E; ,(a,M)/E;, since
otherwise if it is locally monotonic (non-strictly
monotonic) on each Ejyi(a,M)/E;, then an
@-definable equivalence relation E'(x,y) is
appeared with the property that E;(a, M) c
E'"(a,M) c E;,1(a, M) which contradicts the
fact that E;,, is an immediate successor of
E;(x,y) among all @-definable equivalence
relations on p(M) . Similarly, we can prove that
the function f® is strictly monotonic on each
Ex+1(a,M)/Ey, where i <k <n—2 and fR
is strictly monotonic on p(M)/E,,_;.

Consider the following formulas:

Ei1(x,y) = 3t;3t5[Ei 4 (t1, t2) A
AN(t) <x <f(t) A f(t) <y < f(tr)]

En1(x,y) = 3t13t,[Ep1(t1, t2) A

ANf(t) <x < f(t) Af(t) <y < f(tr)]

Then it <can be established that
E{,1(x,y),....E,_1(x,y) are equivalence
relations partitioning g(M) into infinitely many

infinite convex classes so that E;,{(b,M) C -+
-+ C E}_1(b,M), whence RCp;,(q@) =n—i.

Further, ifthere existsan @-definableequivalence
relation E9(x,y) partitioning q(M) into

infinitely many infinite convex classes with the
property E9(b, M) c E;,,(b, M), then consider
the following formula:

E*(x,y) = 3t,36,[E9(t1, t3) A

A<ty <fOINf(X) <t <f()]

Obviously, E;(a,M) c E*(a,M) c E;,(a,M)
which also contradicts the fact that Li+1 is an
immediate successor of E, among all @-defi-
nable equivalence relations on p(M). Simi-
larly, we can prove that there is no @ -defin-
able equivalence relation E9(x,y) partition-
ing q(M) into infinitely many infinite con-
vex classes so that Ep(b,M) c E9(b,M) C
C Eper (b, M)forany kwith i + 1 <k <n—2
orE,_,(b,M) c E1(b,M).

Thus, RCy;,(q) =n —1i, i.e.,

RChin(P) = RCyin(@) + RCpin(E(a, M))-

Corollary 2.3. Let T be an almost
omega-categorical weakly o-minimal theory,
p,q € S1(D) be non-algebraic, p is not weakly
orthogonal to g. Then the following conditions
are equivalent:

(D RCyin(p) = RCpin(q);

(2) there exists a (p, q)-splitting formula
R(x,y) such that Range f RP(M) is everywhere
dense in q(M®?) and for any @-definable
equivalence relation E (x,y) partitioning p(M)
into infinitely many infinite convex classes the
function f R is not constant on each E-class;

(3) there exists a (P, q)-splitting formula
R(x,y) such that Range f Rp (m) 18 everywhere
dense in g(M®%) and the function fR is locally
monotonic (not locally constant) on p(M).
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https://doi.org/10.55452/1998-6688-2022-19-2-29-38

VJIIYUIIEHUE DACCUBHUPYIOIINX CBOMCTB IIEHOK SiO,,
BBIPAINEHHBIX METOJOM BBICTPOI'O TEPMHUYECKOI'O OT7KHUI'A,
MOCJE XUMHAYECKOM RCA OBPABOTKH

HYCYHOB K.X.'", BEUCEHXAHOB H.B.!, CYJITAHOB A.T.!,, TRICUEHKO H.E.,
KYCAMHOBA A.K.", BYTBIBAH 3.K.', ICKAK K.M.!

'Kasaxcmancko-Bpumanckuit mexnuueckuil ynuseepcumem, 050000, 2. Aamamol, Kazaxcman
*Dedepanvroe cocydapemeentoe brodxcemmuoe yupedxcoenue Hayku « nemumym pusuxu
noaynposooruxkos um. A.B. Pacanosay, 630390, Hosocubupck, Poccus

Annomauyusa. Kax uzgecmno ygenuuenue 3¢phekmusHocmu KpeMHUEBbIX COTHEUHbIX 21eMeHMO8 sA81emcs
OOHOUL U3 BANCHEUWUX 3A0ay 8 COBPeMEHHOU UHOYCMPUU albIMEePHAMUSHOU 3Hepeemuky. Onmumuzayus
aHmMuUoOmpaxfcaouwe2o U NAcCUBUPYIOUIe20 C1os ANAemcsa Hauboiee dIKOHOMUUHBIM CHOCOOOM YBeludeHUs
KII/l. B oanmnoii pabome uccnedo8ano eiusiHue npedsapumenbHoll OYUCmKY HA NACCUBUPYIOuUe COUCMBA
nienok ouoxcuoa kpemnus (Si0,), evipawennvix memodom Ovicmpozo mepmuueckozo omoicuea (RTP) npu
memnepamypax omacuza 900 u 950 °C ¢ ammoceepe cyxozo kucnopooa. Beipawusarnue monxux nienok SiO,
HA NOBEPXHOCIU MOHOKPUCTNALIUYECKUX NIACHUH KPEMHUS OCYU eCMBILEHO 8 Kamepe PPanyy3CcKoll yCmaHO8KU
ovicmpozo mepmuueckoeo omoicuea AS-ONE 150. Hszmepenus 6eckonmaxmmuvim CBY-memooom epemenu
JHCUZHU HEOCHOBHBIX Hocumenell 3apa0a NOKA3AIU, YMo HAULYHUIAs Naccusayus oopasyos 00cmueaemcs npu
npuUMeHeHUuU npedsapumenvHol mpexsmantou xumuyeckou ouucmxu (RCA) nosepxnocmu niacmun KpemHus
n-muna. Memoodom UK-cnekmpockonuu gpopmuposanue cros SiO, noomeepocoaemes Hanuyuem unmencue-
Ho2o maxcumyma npu 1071 cm’, umo 6vLI0 omueceno K 6aieHMHbIM KOACOAHUSM MUNA «PACMSICEeHUe-
corcamuey. Pesynbmamel pacuemos onmuuecKux KoHcmanm noiyuennvix nienok SiO, ¢ ucnonvsosanuem
cnekmpos ompasicenust u npoepammnozo obecneuenus SCOUT noxazvieaiom nanudue cios OUOKCUOAd KpeMHUSL,
¥ KOMOpOo2o noKasameib NpeiomMieHus u Kosgouyuennm SKCMUHKYUU OIUSKU K IMATOHHBIM.

Kniouesvie cnosa: kpemnuil, Ouokcud KpemHus, naccusayusi, ovicmpuolil mepmudeckutl omoicue, RCA ouucmka.

RCA XUMMSIJIBIK OHJIEVIEH KEWTH KBLIJIAM TEPMHUSIBIK
KYMJIIPY APKbLIbI ©CIPLITEH SiO, KABBIPILIAKTAPIbIH
MMACCHUBAIUSIBIK KACHETTEPIH )KAKCAPTY

HYCINOB K.X.!,, BENCEHXAHOB H.B.!, CYJITAHOB A.T.,, TBICYEHKO H.E.,
KYCAMBIHOBA A.K.,, BYFBIBAI 3.K.!, ICKAK K.M.!

'Kazaxcman-Bpuman mexuukanvix ynusepcumemi, 050000, Aamamul k., Kazakcman
*Foinbimmoly @edepanoviy memiekemmik 01o0xcemmik mexemeci A.B. Pacarnos amuvinoagol
HKapmwinaii emxizeivumep ghuzuxacovl uncmumymolt, 630090, Hosocubupck, Peceii

Anoamna. O30epiniz bineminodetl, KpemMHull KyH bamapesnapvliblly MuiMOLLicin apmmuolpy Kazipel 3amManebl

banamanvt dHepeemuKa UHOYCMpUsCbIHOAbL MAKbL30bI MinOemmepoiy Oipi 6orvin madwiiadsl. [llasvinvicy2a
Kapcwol dicone naccusmeywi kabammol oymaiianovipy IHOK apmmuipyoviy ey 6100cemmik a0ici 6oavin

29



o BECTHMK KA3AXCTAHCKO-BPUTAHCKOIO TEXHUYECKOIO YHUBEPCUTETA, N°2 (61), 2022 o

maobvLnadvl byn scymvicma Kypeax ommezi ammocgepacvindasst 900 scone 950 °C memnepamypanapsinoa
aceLnoam mepmusnvi Kyuodipy (RTP) adicimen ocipineen kpemnuii ouokcuoi (SiO,) xabvipwagmapblibiy
naccusmeyuii Kacuemmepine aioblH dla mazapmyoviy acepi zepmmendi. KpemHuiioiy MOHOKpUcmaniowvl
minimoepininy bemmepinde SiO, scyxa Kadvipwaxmapwin ocipy AS-ONE 150 dicoinoam mepmusnvlk Kyuoipy
DpaHyy3 KOHOBIPSLICHIHBIH KAMEPACHIHOA Jicy3e2e acblpbliobl. Hezizei emec 3apsaomuvl maculmanoayusbLiapobiy
OMIp CYPY YaKbImulH OQULAHBICCHI3 MUKPOMONKBIHObL 20iChen onuley, YA2inepoiy ey JcaKcvl naccusayusicblia
n munmi KpemHull miniminiy 6emin anoviH-anra yut camolivl xumusavix mazapmy (RCA) xemecimen Kon
orcemxizinemindiein kepcemmi. UK-cnexmpockonus adicimen SiO, kabamovinwiy Kanvinmacywt 1071 cm™ kesinoe
KAPKbIHObI MAKCUMYMHBIH O0ybIMeH pacmanodvl, O¥n "co3vliy-colewliy" mypindeai éanienmmik mepoenicmepee
arcamrpizvliovl. Llazeinvicy cnekmpnepi men SCOUT baz0apramansiy sdcacakmamacybin KOA0aHa OMbulpuln,
anvinzan SiO, KaOIPUWAKMAPLIHGLY ONMUKANGIK MYPAKMbBLIAPLIH eCenmey Hamudicenepi Colhy Kopcemxiuli
MeH IKCIMUHK KO Puyuermi 5maioH0apaa HCaxbli KpemHull OUOKcuoi Kabamuvitbiy O0LYbIH KOpcemeoi.

Tyiiindi ce3oep: kpemruil, KpemHuil OUOKCUOI, NACCUBAYUS, HCHLIOAM MEPMUSAILIK KYUOIpY, YUl Cambvlibl
XUMUANBIK MA3apmy.

IMPROVEMENT OF THE PASSIVATION PROPERTIES OF SiO, FILMS,
GROWN BY THE METHOD OF RAPID THERMAL ANNEALING,
AFTER CHEMICAL RCA TREATMENT

NUSSUPOV K.KH.!, BEISENKHANOYV N.B.!, SULTANOV A.T.!, TYSCHENKO L.E.2,
KUSAINOVA A.ZH.!, BUGYBAI Z.K.!, YSKAK K.M.!

'Kazakhstan-British Technical University, 050000, Almaty, Kazakhstan
’Federal State Budgetary Institution of Science A.V. Rzhanov Institute of Semiconductor Physics,
630090, Novosibirsk, Russia

Abstract. As it is known, increasing the efficiency of silicon solar cells is one of the most important tasks
in modern alternative energy industry. Optimization of the antireflection and passivation layer is the most
economical way to increase efficiency. In this work, the effect of pretreatment on the passivation properties
of silicon dioxide (SiO,) films grown by rapid thermal processing (RTP) at annealing temperatures of 900
and 950°C in a dry oxygen atmosphere, was studied. The growth of thin films of SiO, on the surface of
monocrystalline silicon wafers was carried out in the AS-ONE 150 rapid thermal annealing chamber (France).
Measurements of the lifetime of minority charge carriers by the non-contact microwave method showed that
the best passivation of the samples is achieved by applying a preliminary three-stage chemical cleaning (RCA)
of the surface of the n-type silicon wafers. IR spectroscopy confirmed the formation of a SiO, layer by the
presence of an intense maximum at 1071 cm™, which was attributed to stretching vibrations of the "tension-
compression" type. The results of calculations of the optical constants of the obtained SiO, films using the
reflection spectra and the SCOUT software show the presence of a silicon dioxide whose refractive index and
extinction coefficient are close to the reference.

Keywords: silicon, silicon dioxide, passivation, rapid thermal annealing, three-stage chemical purification

BBeneHne HUEM HEIraTUuBHBIX HOCJ'IGILCTBI/Iﬁ MMapHUKOBOTI'O

Hcnonp3oBaHue TpaJWLIUOHHBIX HCTOYHU- d(PdekTa, BIUSIONMX HA 37I0POBHE UYCIOBEKA U
KOB DHEPI'UH, TAKUX KaK yroyib, HeTh U ra3, co- kiuMmar Hamiew miadertsl [1]. [Toaromy nepexon
IIPOBOXKJACTCS PAJIOM CEPbE3HBIX MPoOIeM, 00-  3HAYUTEIHLHOW YacTH MHUPOBOW JHEPreTHUKU HA
YCJIOBJIEHHBIX OIPAaHMYEHHOCTBIO M TPYAHOIO-  BO300HOBIISIEMbIE HCTOUHUKHU SHEPTUH SBIISICTCS
CTYNHOCTBIO IPUPOAHBIX pecypcoB. bonee Toro, numb BompocoM BpemeHH. KpemHueBbie coJ-
MX HMCIOJIBb30BAHHME COIPOBOXKIACTCS BO3pACTa-  HEYHBIC 3JIEMEHTHI 0071a/1at0T HAauOOJBIINM TI0-
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TEHIIUAJIOM JJIi CMEHbl TPaJULMUOHHBIX HCTOY-
HUKOB JHepruu. TeM He MeHee IOBEPXHOCTh
KPEMHHUEBOTO COJTHEYHOTO 3JIEMEHTa IMpeICTaB-
JseT CO00M pe3Kui pa3phiB KPUCTAILITUYECKOM
pelIeTky. DTO 03HAYaeT, YTO 30HHAsI CTPYKTypa
Marepuaia HapyllaeTcs U B 3alpelieHHON 30He
BO3HUKAET TMOJYKOHTHHYYM SHEPreTHYeCcKHX
COCTOSIHMI. DTU COCTOSIHUSI COOTBETCTBYIOT He-
3aMKHYTBIM, WM TaK Ha3bIBAEMbIM O0OPBAaHHBIM
MOBEPXHOCTHBIM CBsI3sIM [2]. JlJIsl JOCTHXKEHUS
Bbicokoro KIIJ comHeyHbIX a5eMeHTOB TpeOy-
€TCSl HaJM4Yue IaCCUBUPYIOLIEro Cjosi, KOTO-
pBIif 3HAYUTENILHO YBEJIWYUBACT 3(PPEKTUBHOE
BpeMsl JKU3HM HEOCHOBHBIX HOCHUTENIEH 3apsja.
Tak, HanpuMep, TaKkue KOHILIETILUN KPEMHHEBbIX
COJHEYHBIX 2JeMeHTOB, Kak Passivated Emitter
and Rear Cell (PERC) [3] u Passivated Emitter
Rear Locally-diffused (PERL) [4], koTopble m0-
Ka3bIBAIOT BBICOKYIO 3 heKTuBHOCTh ~21-25%,
BKJIIOYAIOT B c€0s1 MaCCUBUPYIOLIUII CION BBICO-
KOTO KauecTBa.

Kak wu3BectHo, Hambonee 3(heKTUBHBIM
MAaCCUBUPYIOUIMM CJIOEM SBISIETCS TEPMUYECKU
Boipatiennbii Si0,. N.C. Mandal u coasropsi [5]
MOKa3aJIM, YTO TEPMUUYECKU BBIPAILIEHHBIA CIOU
SiO, B cpaBHEHHH C IPYTUMH METOIAMH CHHTE3A
OKCHJIa KpeMHHs 00ecreyrBaeT MakCUMalbHOE
BpeMsl KU3HU HEOCHOBHBIX HOCHUTENEH 3apsa B
IUIACTUHAX KPEMHHUS KaK p-, Tak U n-tuma. Tem
HE MEHee KJIACCHUYECKHI METO/ BbIpallliBaHUs
SiO, B KBapUEBOH I€YM M3-3a HEOOXOAMMOCTH
JOJITOBPEMEHHOTO TOAIEP)KaHUS BBICOKOH TEM-
nepaTypsl SBISETCS JOPOTOCTOSALIMM M HE MO-
KET KOHKYpPUpPOBaThb € 0ojiee SKOHOMHYHBIMH
METOJaMHM IaccuBaluu MoBepxHOCcTU. [ToaTomy
00JIbIlIOE pPa3BUTHE MONYYHJIM TOHKUE IUICHKU
SiO,, BBIPAIEHHBIE METOIOM OBICTPOTO TEPMH-
yeckoro okucienus (RTO, uiu RTP), B koTopom
BbIcOKHe Temmepatypsl (900—-1000 °C) noctura-
I0TCSI MEHEee ueM 3a Heckoibko MuHyT. H. Fuku-
da 1 coaBTOpPHI [6] MPEATIOKUIN TPAKTUIECCKYIO
MOJIEJTb I pocTa YibTpaTroHkux (< 10 HM) rute-
HOK SiO, B KMHETUKE OBICTPOTO TEPMHYECKOTO
okucnenus. C.P. Liu u coaBropsl [7] paccmo-
TpeJId BO3MOXKHOCTH BHEJIPEHHs OBICTPOro Tep-
MHUYECKOTO OT)KHra B CYIIECTBYIOIIYIO JIMHUIO
MPOU3BO/ICTBA MOHOKPUCTANIMYECKUX COJIHEYU-
HBIX AJIEMEHTOB. B pesynbrare BHeapeHHUE TOH-

KOTO TTACCUBHUPYIOIIETO CJIOS MEXAY IIIAaCTUHOU
KpeMHHs U cioeM SiN_ IO3BOJIUIO YBEIHUYUTH
KIIJ na 0,23%, npu stoM 3¢ deKkTuBHOE Bpe-
Msl JKU3HU HEOCHOBHBIX HOCHUTEJEH BO3pPOCIO ¢
4,84 no 24,33 us. K.M. Gad u coaBTOpHI B pa-
6ore [8] cpaBHWIM TACCUBUPYIOIIHE CBONCTBA
wieHoK SiO,, BRIPAIEHHBIX Pa3JIUYHBIMHE METO-
namu. Kak noka3zanu pe3ynprarsl, yIbTpaTOHKHE
IUICHKU TUOKCHJIA KPEMHHUS, CUHTE3UPOBAaHHbBIC
METOZOM OBICTPOrO TEPMHUYECKOTO OTXKHra, IMo-
Ka3aJld HaWIydllue CBOMCTBA, B OCOOCHHOCTHU
nocse omkura B popmupyromem raze N, (95%)
+H, (5%) npu Temneparype 400 °C B Teuenue 20
muHyT. Takum oOpasoM, Tonkue mienku SiO,,
BBIPAILICHHBIE METOJIOM OBICTPOTO TEPMUYECKOTO
OTIKUTa, OKA3aJI BHICOKUI MOTEHIIMA AJIS 1ac-
CUBAIMH MMOBEPXHOCTH KPEMHUEBOM MOMJIOKKH,
a OTHOCHUTEIJIbHO HU3Kasi CTOUMOCTh JaHHON Me-
TOJUKHU 110 CPABHEHUIO C TPAJUIIMOHHBIM OTKH-
TOM B KBaplIeBOH Me€4H [M03BOJIET BHEAPUTH €€ B
MIPOM3BOACTBO COJTHEYHBIX DJICMEHTOB.

Cuuraercs, 4yTo MpeaBapUTEIbHAS XUMUYE-
CKasi OYMCTKA 3HAYUTEIBHO YIIyYIlAeT IMacCUBU-
pyIOIKe CBOMCTBA IUAIEKTPUUYECKUX IJICHOK U
yBenuuuBaeT 3¢(EeKTUBHOE BpEMS KU3HU HEOC-
HOBHBIX HOCHUTEJEH 3apsia KpeMHHEBBIX MOJIO-
xek [9]. B manHol paboTe mpomeMoHCTpUpOBa-
HO 3HAUYUTEIBHOE YBEIMYEHHE BPEMEHHU >KU3HU
HEOCHOBHBIX HOCHUTEJNEH 3apsiia B pe3ylbTare
TpexyTanHoi RCA ouncTKr MOBEPXHOCTH KPEM-
HUEBOM MOJUIOKKH NEpe]] BbIPALIUBAHUEM ILjIe-
HOK Si0, METO0M OBICTPOrO TEPMHUYECKOIO OT-
KUTa.

IKCNEePUMEHTAIbHAS YaCTh

s dbopMupoBaHusi TOHKUX MACCUBUPYIO-
IIMX CJIOEB JIMOKCHIA KPEMHUs OBbLIN MUCTOIb30-
BaHbl MOJUIOKKH KPEMHHUS, BBIPALIECHHOTO METO-
oM YoxpaiabCKOro, n- U p-TUMa ¢ OpUCHTALUEH
(100) 1 ynenbHBIM 3JEKTPUICCKUM COIPOTHBIIC-
Huem 0,25 u 22,9 Q-cMm cooTBeTcTBeHHO. [lepen
BbIpalMBaHueM IeHOK SiO, Obu1a npou3Be-
JIeHa OYMCTKA MOBEPXHOCTHU KPEMHHUEBBIX MOJ-
JIOXKEK pa3NuyHbIMU criocobamu. [loBepxHOCTD
MepBOI MapTUH 00pa3IOB ObLIA OUMINCHA KHUTIS-
YeHHEM B 3THJIOBOM CIIUPTE B TEUCHHE 5 MUHYT.
Bropas maptusi o0pa3unoB Obula HOABEPrHYyTa
TpexayTanHori xumudeckor ounctke RCA [9] B
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NEePEeKUCh aMMHAYHOM PACTBOpE, 3aTEM B ILIA-
BUKOBOM Kkucnore u pactBope HCI:H O,:H.O.
O6paboTka B MEPEKUCh aMMUAYHOM PacTBOPE U
CMECH THJIPOXJIONEPOKCH 1A TPOU3BOAMIIACH TIPU
temneparype 70 °C B teuenue 10 MUHYT, a TpaB-
JICHHE €CTECTBEHHOI'0 OKHCHOIO CIJIOSI IIPOU3BO-
JIWIOCh B TUIABUKOBOM KHCIIOTE M JJIWIOCH HE
Oosnee 1 MUHYTBHI IpU KOMHAaTHOW TeMIlepaType.
Jlist cpaBHEeHMsI OBLITH TaK)Ke BbIPALCHBI TUIEHKH
JTUOKCH]Ia KPEMHHUS Ha KPEMHUEBBIX IMOJIOKKAX,
KOTOpBIE HE MOABEPraIlCh KaKO-TuO0 OYMCTKE.

-

HEOCHOBHBIX HOCHUTEJEH 3apsa T 4 TOTYUCH-
HBIX 00pa3IoB ObUIO M3MEPEHO Ha YCTAaHOBKE
TAYMETP 0OeckonrakrasiM CBY meTozoM.

Ha cnekrpodoromerpe EVOLUTION UV-
300 ObLTM M3MEpPEHBI CHEKTPhI OTPa)KECHUsT 00-
pasIoB, ¢ MOMOIIBIO KOTOPHIX BBIOJIHEHBI pac-
YEeThl ONTHUYECKUX KOHCTAHT IMOJIYYCHHBIX ILIC-
HOK METOJIOM KOMIIBIOTEPHOTO MOICITMPOBAHUS
C UCIOJIb30BAaHUEM MPOTPAMMHOT0 00eCTICUeHHUS
SCOUT. ns omnpeneneHusi TOJNIIMHBI, HIEPO-
XOBaTOCTH M TUIOTHOCTH BBIPAIIEHHBIX TUICHOK
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Pucynok 1 — Cxema meun ObicTporo oxura As-One 150 mis popmMupoBaHus TOHKUX CJIOCB
JIMOKCHJIA KPEMHUS

BricTpoe TepMuYecKoe OKHCICHHE MOBEPX-
HOCTH KPEMHHUS OBLIO TMPOU3BEECHO B IMEYH ObI-
ctporo orxura As-One 150, cxema KOTOpo# U30-
OpaxeHa Ha pucyHke 1. Ilepen Haganom oTxu-
ra B KaMepe Neyd YCTaHaBIMBAJIOCH IaBIICHHE
1x10** MM pT. cTOI0A, OCIIE YETO MPOU3BOHICS
HAIyCK KHUCIIOpOJa 10 JOCTH)KEHUS JaBJICHUS
500 MM pt. cronba. HarpeB KpeMHUEBBIX IUIa-
CTHH OCYIIECTBIISUICS TaJOT€HHBIMU JIaMITAMU

P CKOPOCTH morbema Temreparypsl 10°C/cexk.
OxucneHre MPOBENCHO MPU TeMIIeparypax

900 u 950 °C B cpeae kuciaopoja MpH AaBlie-
Huu 500 MM pt. cronba. /st 06pasioB, KOTOpbIe
HE TIOABEPraJiNCh OYUCTKE WM OBLIM OYUIICHBI
ATaHOJIOM, BpeMs OT)KUTA COCTABISUIO 5 MUHYT,
a s o0paslioB, MOABEPTHYTHIX TPEXITATHOU
xummudeckoit ounctke RCA, Bpemst oTxura co-
CTaBWJIO 3 MUHYTBL. DPPEKTUBHOE BPEMS KUZHU
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OBUTM M3MEPEHBI CIIEKTPHI PEHTTEHOBCKOU ped-
nekromerpun Ha yctanoBke ComplexRay C6,
KOTOpBIE ObUTH 00pabOoTaHBI C TIOMOLIBIO TPO-
rpammHoro obecrieuenust GenX. MK-criektp mo-
JTy4YEeHHBIX TUIEHOK ObUT m3MepeH Ha Nicolet iS
50 mpu KOMHATHOW TeMIeparype B Juana3oHe
4000-400 cm'.

Pe3yabTaThl M 00Cy:KIeHUE

OcHOBHOI 3amaueil naHHOW pPabOTHI SB-
JSIeTCS W3y4YeHHE BIHUSHHUA XUMHYECKOH 00-
paboTKM Ha TACCHBHUPYIOIIME CBOWCTBA Tep-
MUYECKH BbIpameHHbIX rmieHok SiO,. Ha
pucynke 2 (ctp. 33) mpencraBlieHbl 3HAYCHUS
BpPEMEHHU >KM3HM HOCHTEJNEH 3apsaa KpeMHH-
€BBIX MOIJIOKEK C BhIpAmEeHHbIM crnoeM SiO,
nocie KaXJI0W MperBapUTEIbHOW OYHCTKH, UC-
N0JIb30BaHHON B JaHHOW pabore. Kak Touka oT-
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cuera (11 CPaBHEHHMS) IPUBENIEHO T, o~ 12,9 uc
JUTSI TUTACTUHBI KPEMHUS TIepe]l HayalloM Ipole-
Jyp 10 OYUCTKE U (POPMHUPOBAHUIO CIIOSI OKCHA
kpemHusi. Kak BHIIHO, BpeMsl KU3HU HEOCHOB-
HBIX HOCHUTEJICH 3apsjia MJIacTHHbI 0e3 mpejaBa-
PUTEIBHOW OYUCTKHU IMOCIE TEPMUYECKOM oOpa-
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Crenenp maccuBallid MOBEPXHOCTU KpeEM-
HUEBOM MOANIOKKH, TAe nepen GopMupoBaHueM
JMOKCHJA KpeMHHUsI Oblila IPOBEAeHA TpexdTarl-
Has xumuueckas ounctka RCA, oka3anachk Hau-
anyymieil. CoracHO MOJYyYEHHBIM pPe3yJibTaTam
(pucyHoK 2) T,4¢ OTHX TIACTHH COCTABJISCT 200

550

Si RTO 900C RTO 950C Ethanol RTO Ethanol RTO RCARTO RCARTO RCARTO RCARTO

Smin Smin 900C Smin

950C Smin

900C 3min  950C 3min  900C 3min

n-type

950C 3min
n-type

Pucynok 2 — DddekTuBHOE BpeMst )KU3HH HEOCHOBHBIX HOCHTEINEH 3apsiaa KPEMHUEBBIX TOJIIOKEK,
MaCCMBMPOBAHHBIX TEPMUYECKHU BhIpAICHHBIM ciioeM Si0,, mpu Temneparypax 900 u 950 °C ¢ paznuunbIMu
MPEBAPUTEIBHBIMUA XUMHYCCKIMH OYUCTKAMU

6otku npu temneparypax 900 u 950 °C nagaer,
nocturas BeinuuH 4,6 u 6,0 [LC COOTBETCTBEHHO.
OTO BBI3BaHO IPOHUKHOBEHUEM IIOBEPXHOCTHBIX
3arps3HEHUN B 00beM KPEMHHUEBOW IUIACTHHBI,
YTO YBEJIMYUBACT KOJMUYECTBO JE€(EKTOB U, KaK
CJIEICTBUE, LIEHTPOB PEKOMOUHALIHH.

B ominuume ot 3TOrOo Bpems >KM3HM HeEOc-
HOBHBIX HOCHUTEJNEH 3apsga KpPEeMHUEBBIX ILja-
CTHH, MOJBEPTrHYTHIX OYUCTKE KHUIISTUYEHHEM B
STWJIOBOM CIHMPTE, BO3pacTaeT M COCTaBISET
49 uc nocne TepMuyueckoil 00pabOTKU MPU TEM-
neparype 900 °C u 87 pc nocie tepmoo0padoT-
kn rpu Temneparype 950 °C. IIpn stom poer T,
C YBEJIMYEHUEM TeMIIepaTyphl CBsi3aH ¢ (popmu-
poBanuem Ooinee ToscTon mienku SiO, npu 60-
Jgee BbICOKOM Temmeparype. OTcroma cienyer,
YTO CIUPT MO3BOJSIET YAATUTh HEKOTOPOE KOJIH-
YECTBO MOBEPXHOCTHBIX 3arpsA3HEHUH, BKIIOYAs
OpraHMYeCKHe, HO CTENEHb MAacCUBALIUU OCTa-
€TCsl Ha HU3KOM YPOBHE, U 3TO HE MO3BOJUT J0-
CTUTHYTh BbICOKOTO 3HaYeHus KIIJI comneunoro
JIEMEHTA.

n 207,4 pc mia remneparyp orxura 900 n 950 °C
COOTBETCTBEHHO.

Kaxk nsBectno, SiO, B nyymiei crenenu nac-
CHUBHPYET ITOBEPXHOCTb KPEMHHUS N-THIIA, [103TO-
MY Ul TOJyYeHHUS MAaKCUMAJIbHO JOCTHKUMOTO
BPEMEHU KM3HM IJICHKH OKCUIA KPEMHUS ObUIH
BBIpAILlEHbl HA TaKOM IUIACTMHE NPU WICHTUY-
HBIX YCIOBHUSIX pocTa. B pesynbrare ynanock
nonyunts T, = 550 pc mocie TepmoodpadoTKu
npu temneparype 950 °C. 13 atoro cienyer, 4To
metor RCA mo3Bonsier ocymiecTBisaTh 3ddek-
TUBHYIO OYHCTKY IIOBEPXHOCTH KPEMHHEBOM
IUTACTHHBI M, KaK ClIeACTBUE, (OPMUPOBATH Ka-
YECTBEHHBIN MaccuBUpyrommii cnoi Si0,.

Kak n3BectHO, HanOosbllee MPaKTHYECKOE
OPUMEHEHUE HAXOAWUT IAaCCUBHPYIOLIUHI CIIOM,
KOTOPBII HE TOJBKO YBEIMUYUBAET BPEMs >KU3HU
HEOCHOBHBIX HOCHUTENEH 3apsijia, HO U CHOco0-
CTBYET YMEHBIIECHUIO OTPAXKEHUsI OT MOBEPXHO-
CTH U, KaK CJIEZICTBHE, YBEITUUEHHIO OIIOLICHHUS
COJIHEYHOTO M3JIy4eHUs B 00bEME COJIHEYHOTO
anemeHnTa. [loaToMy onTHYecKHMEe KOHCTAHTBI
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UTPAIOT BAXKHYIO POJIb B BBIOOPE MAaCCUBUPYIO-
niero ciod. [lyis pacuera nokasaresns npeiaomiie-
HUS U KO3(PPUIIMEHTA SKCTUHKIINUHU MTOJTy4YE€HHBIX
IUICHOK OBLI HMCHOJb30BAH CIEKTP OTPa)KeHUs
oOpasma, M3MEpPEeHHBIH Ha CcreKTpodoToMeTpe
EVOLUTION UV-300, u mporpammHoe obec-
neyeHue SCOUT. IlomyyeHHass 3aBUCHUMOCTD
MoKasaressl mpesioMyIeHUsT U K03 pHUImeHTa K-
CTUHKIUU IUICHOK OT JUIMHBI BOJIHBI B HHTEP-
Basie 1iuH BoiH 300-1100 M mpuBeneHa Ha
pucyHke 3. Jlis cpaBHEHUs NPEACTABIICHBI OI-
THYECKUE KOHCTAHTBI JTANOHHBIX IIEHOK SiO,
[10].

1.60

Basie JyiuH BOJIH 300—1100 M. TTockonbKy oTiH-
YUsI 3TUX KPUBBIX HE3HAUUTENbHBIC U HE MPEBBI-
matoT 3%, TO MOXKHO YTBEP)KJ1aTh, YTO METOJJOM
OBICTPOro TEPMUUECKOTO OTXKHTra yAAIOCh MOTY-
uuth ciou SiO,, ONU3KKME K STaJOHHBIM 10 CBO-
UM ONTUYECKUM XapaKTEPUCTUKAM.

JInst moATBEpKACHUS HAJIMYUS TUICHKH SiOz,
c(hOopMHUPOBAHHON METOJOM OBICTPOrO TEPMHU-
4ecKkoro omkwura, oeu1 m3mepen MK-cnektp 006-
pasla KpeMHUS Toclie IPeIBapUTEIbHON OUUCT-
KU B 3TUJIOBOM CIIUPTE U TEPMOOOPaOOTKHU Mpu
temrnieparype 900 °C. B cnekrpe (pucyHok 4,
cTp. 35) OTYETIMBO BUICH MHTCHCUBHBIN MUK C
MakcuMyMmoM Tipu 1071 cm!, KOTOpbIi OTHOCHUT-

1.55 -
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PucyHok 3 — DTanoHHbBIC U U3MEPEHHBIC BOJIHOBBIC 3aBUCHMOCTH ONTHYECKUX KOHCTAHT MACCHUBHUPYIOIINX
ieHok SiO,

Bunno, yto mis oboux cimyyaeB ko3hdu-
IIUEHT SKCTUHKUUHU Kk OJM30K K HYJII BO BCEM
MHTEPBAJIE JJIMH BOJH, YTO TOBOPUT O BBICOKOHI
IIPO3PAauyHOCTH IUIEHOK IMOKCHJa KpeMHus. B
CBOIO OY€pE/b, 3HAUEHUS MI0KA3aTeIH MIpesIoMIIe-
HUS 7 HE3HAUUTENIBHO OTInYaroTces. s miIeHoK,
CHUHTE3MPOBAaHHBIX B JaHHOI paboTe, MoKazaTeb
IIpejJoMIIeHUs. yMeHbliaercsa ¢ 1,54 npu anuHe
BosiHbl 300 HM 110 1,44 npu anune BoaHbl 1100
HM. [loka3zarens npenomileHus STaJOHHBIX ILIe-
HOK SiO, BapbHMpPYETCs B MEHBLIMX MPEIEIaxX
ymenbaercs ot 1.50 1o 1.47 B Tom ke uHTEp-
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Csl K BQJICHTHBIM KOJICOAHUSAM THIIA «PacCTsxkKe-
Hue-cxarue» cpazei Si-O, a miedeBod MUK Ha
1142 cm™ otHOCHTCS K TPOTHBO(Aa3HOMY JIBHKE-
HUIO aToMOB Kucnopoaa [11] [12]. Takxe MOXHO
3aMETUTh HAJINYUE IIUPOKOU IOJIOCHI MOIVIONIe-
Hus B obmactu 760-970 cm!, KoTopoe MOKHO
OTHECTH K J1e(hOpMALlMOHHBIM KOJleOaHUAM Ma-
SATHUKOBOTO TuMa cBsizeit Si-O. Takum o6pazom,
nosyuyeHHbl MK-cniekTp moarBep:kiaeT Haju-
Yyhe IUIEHKU JUOKCHJA KPEMHMsI, BBIPAILIEHHOU
METO/I0M OBICTpOro Tepmuueckoro omxura RTP.
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Optical units, a.u.
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Pucynok 4 — UK-cnexrp miuenok SiO,, cpOpMUPOBAHHBIX METOIOM OBICTPOTO TEPMUIECKOTO OTHKHTA TIPH
temmeparype 900°C

3akiioueHue

MeTonoM OBICTPOTO TEPMHUUECKOTO OTKHU-
ra B Te4eHUEe 3 U 5 MUHYT IpHU TeMIepaTypax
900 u 950 °C B cpene KUCIOpOia MPU TABICHUN
500 MM pT. cT. ObuUTH CHOPMHUPOBAHBI TTACCHUBH-
pYIOIIKE IJICHKU TUOKCUAA KPEMHHUS SiOz. bruio
MOKAa3aHO BIMSIHHUE MPEABAPUTEIHHON OUMCTKU
MOBEPXHOCTU KPEMHHUS Ha KaueCTBO MACCHUBH-
pyromux 1ieHok. [lokazaHo, 4TO POCT IUIEHKH
Si0, 6e3 mpenBapUTENbHON OYUCTKH IIPUBOIAUT
K YMEHBIICHUIO Y3Q(PEKTUBHOTO BPEMEHHU KU3HU
HEOCHOBHBIX HOCHUTENEH 3apsiia B KPEMHHH C
12.9 puc 10 4.6 u 6 pc. YnajeHue noBepXHOCTHBIX
3arpsiI3HEHUI KUISTYEHHEM B ATHJIOBOM CIIUPTE
MPUBOAMT K YIYYIIEHUIO MACCUBAIIMKU U YBEJIH-
YEHHUIO BPEMEHU KU3HU HEOCHOBHBIX HOCUTENEH
110 49 u 87 pc nocne omxura mpu 900 u 950 °C.
Hawnnyuimieil naccuBanuu yjaercsi A0CTUYb MpU

TpexdTanHon xumudeckon oumctke RCA, rae
Ty~ 207,4 puc nis nnactud p-tuna u 550 pe ais
IUIACTUH N-THIIA.

Pe3ynbrarhl pacueToB ONTHYECKUX KOHCTAHT
HOJTy4YEHHBIX IIEHOK Si0, ¢ MCIONb30BaHUEM
CIIEKTPOB OTPAXEHUS W TPOrpPaMMHOrO 00e-
cneyeHus SCOUT moka3wsIBalOT HaJWYHE CJIOS
JTMOKCUJA KPEMHHUS, ONM3KOTO K STaJIOHHBIM.
Bennuuna n ymensimaercs ot 1.50 go 1.47 B un-
tepBaje aiauH BoiH 300—-1100 HM, a k ocTaercs
Ha HYJIEBOM YPOBHE B pacCMaTpUBAEMOM JHara-
30HE JJIMH BOJIH.

Metogom UK-crieKTpoCcKONUU TMOATBEPK-
neno ¢opmuposanue ciost SiO, meromom RTP.
NnentudunmpoBaHbl MUKW ¢ MAKCUMyMaMU TIPH
1071 cml, 1142 emt, 760 — 970 em!, KoTOpBIE OT-
HECCHBI K BaJCHTHBIM U J¢(OPMAIIMOHHBIM KO-
nebanusam cBszei Si-O.
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AN APPLICATION OF STABILITY ANALYSIS OF HYDROCARBON MIXTURES
FROM X AND Y FIELDS TO PREDICT WAX PRECIPITATION

BAZARBAYEVA M.B.!, ISMAILOVA D.A.', ABDUKARIMOV A.K!,
DELIKESHEVA D.N', MOMBEKOYV B.1.!, ZERPA L.?

ISatbayev University, 050000, Almaty, Kazakhstan
’Colorado School of Mines, 80401, Colorado, USA

Abstract. The thermodynamic description of wax deposition is a relatively new approach to solving
the problem of wax precipitation, which the oil and gas industry has been struggling with for a
long time. Many models exist in the literature to predict the thermodynamic conditions under which
the first paraffin crystal is formed. The first task in all models is to determine the stability of the
hydrocarbon mixture in order to define the possibility of wax precipitation. The stability of a mixture
is determined by the thermodynamic behavior of the phases of a multicomponent mixture, namely,
the presence of all existing phases in equilibrium. To this end, a new stability algorithm with Gibbs
energy minimization to determine the wax precipitation in hydrocarbon mixtures has been developed.
The algorithm is based on multi-solid thermodynamic model with EOS concepts. The main criterion
for stability is the existing of the mixture at its global minimum. Proposed stability analysis predicts
whether a given mixture will be split into multiple phases or will exist as the single phase at a given
temperature and pressure conditions. The model was proven with 6 samples from fields X and Y
showing the instability of original petroleum mixtures that agree with the real behavior of the oil in
in-situ conditions. The results of the new stability algorithm are comparable with the results of the
models presented previously. The main advantage of the method is its simplicity and reliability.

Keywords: Stability analysis, Gibbs energy, global minimum, fugacity, heptane plus characterization,
wax deposition, chemical potential, splitting, phase equilibrium, multi-solid model.

ITAPA®HUH TYCYIH BOJI’KAY YIIIH X )KOHE Y KEHAEPIHIH KOMIPCYTEI'1
KOCHACBIHBIH TY¥PAKTBIJIBIK AHAJIM3IH KOJJAHY

BA3BAPBAEBA M.B.', HICMAUJIOBA JI.A.', ABAYKAPUMOB A.K.,
JEJUKEIIEBA 1.H.', MOMBEKOB Bb.1.', 3EPIIA J1.
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Anoamna. [lapaghun we2yiniy mepmoOUHAMUKANBIK CUNAMMAMACHL MYHAL-2A3 6HepKaciOl 6ipas
yagbimman 6epi Kypecin Keie Jdcamkan napauHn we2yiHiy mMacenecin ueulyoiy caiblCmblpManbl
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mypoe dcaya macini 6oavin madwvliadvl. Qoeduemme OIpiHwi napagurn Kpucmaivl my3iiemin
MepMOOUHAMUKANBIK HCA20AUNapObl 001dcayea apHaiean KenmezeH mooenvoep 6ap. bapnuvik
Mooenvoepoeli Oipinwi MiHOem napagun myHyowbly MYMKIHOICIH meKcepy YWiH KOMIpCymeKmi
KOCHAHbIY —~ MYPAKMbLIbLIZBIH — AHbIKmMay — 0onvin  mabdwviiadvl. Kocnawwly — mypakmuolibiebl
KONKOMNOHEHMMI KOCHAHbIY (ha3anapbiiblly MepMOOUHAMUKANLIK KYUIMeH, aman aumkauod,
bapnvlk ¢hazanapoviy mene-menoikme 0onayvimen awvikmanaovl. Ocvl makcamma KOMIpCymex
KOCnAanapviHoagsl NapaQuHHuly we2yin aumvlkmay yuin [ubdc 3Hepeuscvln MUHUMUZAYUSILAY
APKBLIbL HCAHA MYPAKMBLILIK ANCOPUMMI d3IipieHOi. Aneopumm Kyi meHnoeynepi KOHYenyusiapvl
oap multi-solid mepmoounamuranvix mooenvee Heeizoencen. TypakmviiblKmoly He2i3el Kpumepuiii
KOCNAHbBIH OHbIH HCANAHObIK MUHUMYMBIHOA O0TYbl. ¥CIHbLIRAH MYPAKMBLIbIK Al20pummi bepineen
KOCNanvly Oenciii memnepamypa MeH KblCblM Jica0atibinoa OipHeutle gazaza 6enineminin Hemece
0ip ¢paza peminoe 6oramvinbin 60axcaudbl. Modenv X dcone Y ken opviHOApulHaH aAnlbiHeAH 6
yaeioen colHai0bl, OY1 KeHoepoe2i MYHAUObIH HAKMbl dJPEKemine CatKec Kelemin 6acmanibl MyHatl
KOCHALApbIHblY MYPAKCul30bleblH Kopcemmi. JKaya mypaxmolivlk ancopumminiy Hamudiceiepi
OYpbIH YCLIHLLIRAH Y2inepMeH canbiCmulpyea 0601adel. O0icmiy b6acmvl apmulKULbLIbIZbL OHbIH
KapanausiMOblLiblebl MeH CeHIMOLiel O0nbln madwvliadbi.

Tyitinoi cozoep: mypaxmuolnvlk ananusi, [ uboc snepeuscol, Hahanovik MUHUMYM, YIUNA, 2eNMaH-
NIOC  PPAKYUACHIHBIY CURAMMAMACHL, NAPAPUH  HCUHATLYLL, XUMUSLILIK NOMeHyuan, 00.iHy,
Gaszanvix mene-menoixk, multi-solid mooerni.

HNPUMEHEHUE AHAJIN3A CTABUWJIBHOCTHU CMECH YIJIEBOAOPO/10B
MECTOPOXIEHUA X U Y JJIA ITIPOI'HO3UPOBAHUSA BBIITAAEHUSA ITAPAOUHA

BA3BAPBAEBA M.B.!, HICMANJIOBA JI.A.', ABIYKAPUMOB A.K.,
JAEJUKEIIEBA /I1.H.', MOMBEKOB B.U.', 3EPIIA JI.?

'Kazaxckuil HayuoHanbHblil UCCIe0068ameNbCKULL MEeXHUYECKULl YHUGepCumen
umenu K.U. Camnaesa, 050000, . Armamut, Kazaxcman
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Annomauusn. Tepmoounamuueckoe onucaunue 0cCa3cOeHusi napapurHa — OMHOCUMETbHO HOBbII
no0X00 8 peuieHuu NpooieMbl 8bINAOEeHUs napaguua, ¢ KOMopou Hedme2az08as UHOYCHMPUs
bopemcsi 0080bHO NPOJOANCUMENbHOE 8peMs. B iumepamype cywecmeyem mHodxicecmeo mooenetl
C Yenvblo NPOCHO3UPOBAHUSL MEPMOOUHAMUYECKUX VCI08Ull, NPU KOMOPBIX 00paszyemcs nepevlil
kpucmann napaguna. Ilepsou 3adaueti 80 6cex MoOensx A8NAeMCs onpeoeieHue cmabduibHOCmu
cmecu y2neso0opo0o8 0/ Mmo2o, 4mobObl Onpedelumv NepcneKmugy 6vlnadenus napaguua.
CmabunbHocms cmecu onpeoensemcs mepmoOUHAMULecKuM nogedeHuem paz MHO20KOMNOHEHMHOLL
cMecu, a UMEHHO HaxodcoeHuem 6cex cywecmeyowux ¢asz 6 pasnosecuu. C omou yenvio
Ppa3paboman Ho8blil aneopumm CmabuIbHOCmMu ¢ MuHumMusayuet snepeuu I uboca 015 onpeoenenus
ocascoeHuss napagpuHa 6 yeneeo00poOHbIX cMmecsax. Aneopumm OCHOB8AH HA MePMOOUHAMUYLECKOU
mooenu multi-solid ¢ konyenyuamu YC. [1agnviti kpumepuii yCmoudu8oCmu — HaxodcoeHue cmecu
6 ee enobanvnom muHumyme. llpeonazaemviii ananusz cmaburbHocmu npeockaszvigaem, Oyoem
JIU OAHHASL CMeCb Pa30elleHa HA HeCKONbKO ¢haz uau Oyoem cyuecmeosams Kak 0OHA (aza npu
3a0aHHbIX YCN08UAX memnepamypul u oasienus. Moodenv Oviia npoeepena na 6 obpasyax u3z
mecmopoxcoenuti X u Y, nokazwlearowux HecmaOUuibHOCMb UCXOOHbIX HepMAHLIX cmecell, 4mo
co2nacyemcsi ¢ peaibHblM NOGeOeHUeM Hemu 8 YCLo8UsIX MeCmopodcoenus. Pezyiomamol H06020
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aneopumma yCmoudugsoCmu COnOCmMasumsvl ¢ pe3yibmamamu mooenel, npedcmasienHvlx paHee.
Ihasnoe 0ocmouHcmeo memooa — npocmoma U HAdedCHOCMb.

Knruegwie cnosa: ananuz cmadbunvbnocmu, snepaus 1ubbca, enobanbHvlil MUHUMYM, J1emy4ecms,
onucanue GpaKyuu 2enman-naioc, OMiodceHue napagduua, XumMuiecKuti NOMeHyual, pacujenierue,

¢azosoe pasnosecue, mooenv multi-solid.

Introduction

Crude oil is a complex mixture of hydro-
carbons, consisting of alkanes, naphthenics, as-
phaltenes, resins and aromatics. Paraffins (nor-
mal alkanes) are the first precipitating compo-
nents and their amount in wax are greater than
other components. Hence, wax deposition 1is
often associated with paraffin deposition. Wax
precipitation substantially affects oil production
and transportation. Wax deposition increases
pressure drop and therefore power requirements,
and decreases effective flow area of the pipe-
line reducing oil production. To prevent these
problems, it is required to predict the thermo-
dynamic conditions under which the waxes will
precipitate in functions of pressure, temperature
and composition. The thermodynamic- predic-
tive models are useful to complete this task.

Thermodynamic behavior of petroleum
mixtures can lead to a number of multiphase
equilibrium states, including vapor-liquid,
liquid—multi-solid (wax) and vapor-liquid—
multi-solid  (wax) equilibria. Multiphase
equilibrium calculations are solved by two
widely used stability analysis algorithms. The
first is the solution of a system of equations
that describe the phase equilibrium [1], [2] and
the second approach is consist of Gibbs free
energy minimization. [3], [4]. Stability analysis
predicts whether a given mixture will be split
into multiple phases, the number of phases at
equilibrium and the distribution of components
within these phases [5]. Both approaches are
based on multi-solid thermodynamic model.
Multi-solid model assumes that precipitated wax
predominantly consists of mutually immiscible
pure hydrocarbon components. The number
of precipitating species can be determined at
fixed temperature and pressure using a stability
analysis.

[2] showed that at constant temperature, T,

and pressure, P, a component i may precipitate
as a pure solid if it fulfills this expression:

fL(P, T, Z;) — (P,T) >0

fi,Spure

where f;(P,T,Z;) is the fugacity of
component i in an original petroleum mixture
with composition Z and f3,,.(P,T) is the
fugacity of component i as a pure solid. This
equation is easily derived from Eq. (5) of [4].
The vapor—liquid phase behavior is described
using Peng—Robinson EOS [6]. The criterion
for thermodynamic equilibrium is that the
fugacities of every component in each phase
must be equal implying zero net mass transfer
between the phases.

The second assumption is numerical and
geometrical methods of stability analysis
based on Gibbs’ tangent plane and global
minimum criterions. The tangent plane
criterion theory suggests that if the tangent
hyperplane to the Molar Gibbs energy surface
at original composition z to the energy surface
at composition y, F(y) is the at no point lies
above the energy surface, the system is stable.
If any of the parallel tangent planes lie below
the energy surface the mixture is unstable and
will split into at least two phases. Numerically,
the necessary and sufficient condition for global
stability is: [3]

N
FO) = 900~ L3 2) = ) yi(u) = i) 2 0

At this work based on the multi-solid
phase model for petroleum mixtures, a new and
effective stability analysis using Gibbs energy
minimization is proposed.

Main part

This section considers the fundamental
theoretical concepts regulating the stability of
hydrocarbon mixture that are the foundation
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of this paper. In addition, the heptane plus
characterization methodology is presented, and
equations for calculating the critical properties
of alkanes heavier than C._, and their chemical
potentials are developed. These values are
required to obtain the final inequality equation.

Problem statement

The Gibbs energy of an M-component
mixture with mole fractions (z,, z,, ...., z,,) at
given temperature and pressure (T, P ) is

G, = Z{VI nl-,u?

where pf is the chemical potential of
1-component of the mixture.

We have an assumption that this mixture
is divided into two phases with mole numbers
N — € and €, respectively. The number of moles
€ of the second phase is infinitesimal and the
mole fractions in phase Il are (y, y,, ..., y,,)-

The change in Gibbs energy after splitting is:

AG:Gl‘l‘G”_GO
or using a Taylor series expansion of G,
discarding second order terms in €, gives

N N
AG = G(€) — 623«-#? = EZyi(ui(y) —u?
i i

Original mixture is stable when its Gibbs
energy is at the global minimum. Consequently,
a necessary criterion for stability is:

N
FO) = ) i) - ) 2 0

for all trial compositions y.

For binary mixtures stability criterion is that
the tangent hyperplane at no point lies above
the energy surface. Multiphase system is in an
equilibrium when the individual species have
identical chemical potentials in all phases and
global minimum criterion is also satisfied [4].

Materials

Three oil sample from field X and as many
from field Y were obtained to produce the
laboratorial analysis. Composition of the crudes
was investigated using gas chromatography.
Table 1 presents the composition of six oils.
Study of the group composition of oil by SARA
analysis was performed. More than half of the
mixtures consist of saturated hydrocarbons, the
portion of aromatic hydrocarbons is about one
fifth, the rest belongs to resins and asphaltenes.
The molecular weight of the mixture varies
from 270-275 g / mol.

Table 1 — Composition of six oil samples obtained from gas chromatography

Component Mole fraction

P 1 2 3 4 5 6
i-butane 0,00047 __[0,00047 0,00054 _[0,00072___[0,00065 __|0,00068
i-pentane 0,00102__[0,00105 0,00113___[0,00251 0,00239 _[0,00254
n-pentane 0,00115 10,0012 0,00128  [0,00419 _ [0,00403 __[0,00428
hexane 0,00337 __[0,00343 0,00379 _ [0,00984 _ |0,00981 __|0,01029
heptane 0,00602 ___[0,00614 0,0064 00156 0,01584 _ [0,0169
octane 00119 0,01235 001274 [0,02346 __ [0,02399 _|0,02581
nonane 0,01556 _[0,01592 001631 0,02502_ [0,02552 _ |0,02748
decane 002192 [0,02234 002226 [0,02666 __[0,02712___|0,02961
G, 0,02438  10,02473 0,0243 0,02605 0,02642 10,029
Co 002679  10,02706 002633 10,02649  [0,02679  [0,02936
Cy 0,03264 10,0329 003166 10,03072  [0,03105  |0,03395
Cu 0,03227 10,0325 0,03101  10,02914  [0,02946  [0,032
Css 0,03837  |0,03862 0,03681 0,03439 0,03476 _ [0,03731
Ci 0,03275  |0,03301 0,03121 0,02878 0,0291 0,03081
Cy 0,03238  10,03262 0,03055  10,02791 0,02825  10,02956
Cis 003302 |0,03329 0,03107  10,02833 0,02864 |0,02964
C 0,03185  |0,03198 0,02979  10,02707 0,02734 _ [0,0278
Cop. 064539  |0,63826 0,64047 0,61379 0,60087 |0,57849
i-hexane 0,00049 _[0,00051 0,00054 _[0,00137 __ ]0,00136 __|0,00144
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°
methylcyclopentane 0,00067 0,00069 0,00072 0,00211 0,0021 0,00222
benzene 0,00064 0,0008 0,00084 0,00206 0,00207 0,0022
cyclohexane 0 0 0,00003 0,00006 0,00006 0,00006
methylcyclohexane 0,0032 0,00332 0,00347 0,00632 0,0064 0,00683
Toluol 0,00012 0,00315 0,0132 0,00195 0,01043 0,00566
Ethylbenzene 0,00083 0,00086 0,00087 0,00146 0,0015 0,00162
m-xylene 0,0012 0,00123 0,00123 0,00156 0,00159 0,00178
o-xylene 0,00036 0,00037 0,00018 0,00054 0,00055 0,0006
Trimethylbenzene 0,00121 0,00123 0,00125 0,00186 0,00188 0,00204
Total 1,0 1,0 1,0 1,0 1,0 1,0

Methods

Phase behavior calculations using cubic
equation of state to predict the reservoir fluid
properties require components characteristics
such as critical pressure and temperature, acen-
tric factor and binary interaction parameters
(BIP). Separation techniques including gas
chromatography and distillation are not able to
identify all components in mixture, particularly,
heavier than C,. These components are grouped
in heptane-plus fraction and next calculations are
performed to simulate C., characterization. [10]

Molecular weight and density of C...
Density is calculated at standard conditions (P
=101325 Pa, T =293 K)

Mole frasltion of heptane-plus:

Ze7y+ = § Zj

i=7
Molecular weight of C_, fraction:
=72 * M;
Myc74 = ———
) Zc7+
Density:
MWC7+

Pc7+ =

Vers

Total volume calculation: since the pressure
is low, the mixture might be considered as ideal
solution and the total volume can be calculated
summarizing component’s partial volume.

Sum of partial volumes based on the known
densities at s%andard conditions.

Vers = Zzi * Vi

i=7
Specific gravity:
SG = pcr+/pw

Split the C_, fraction:
Universal Oil Products (UOP) characteri-
zation factor [7]:

Kycr+ = 4.5579M°'12173y—0.84573

Molar weight [8]:
M; =14n -4
1
KWC7+

—-0.84573
Vi (4.5579M{’-15178>

Mole fraction [8]:
Zqm = 1.38205z.,, exp(—0.25903n)

Boiling point in R:

Tyi = (Kwcr+vi)®

Knowing boiling temperature and specific
gravity of all components, other characteristics

can be calculated using Lee-Kesler correlation.
Lee-Kesler correlations, T in °R, Pc in psi

[7]:
Critical temperature:
T.; = 341.1 4+ 811y, + (0.4244 + 0.1174y,)

Tyi + (0.4669 * —0.2623y,) * 10751

Critical pressure:

0.0566 2.2898
InP,; = 8.3634 — —[{ 0.24244 + +
Yi Yi
0.11857
+ 2 > * 10_3] Tbi +
Vi
3.648 0.47227
+ [( 1.4685 + + 7 *
Yi Yi

1.6977
* 10—7] TE — [<0.42019 +— ) * 10—10] T3,

i

Acentric factor:

P _
_ —1In (ﬁ) + Ay + ATy + AslnTyy + AgTyy

: As + AgTy s + A7 InTy + AgTE

bri

where Al= —5.92714; A2=6.09648;
A3=1.28862; A4=-0.169347; A5=15.2518;
A6=-15.6875; A7=—13.4721; A8=0.43577
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Binary interaction parameters:

2 /ey /e
KEOS =1 — |
RN

i j

Gibbs energy minimization
Global minimum:

F(y) = Z Zen () — 1) 2 0
l
Chemical potential of pure component:
Go

Ho = n,

Gibbs energy of pure component G is
obtained from [9].

Chemical potential of component i in the
mixture:

Results and discussions

Heptane-plus fraction is characterized in
Table 2. The portion of intermediate and heavy

hydrocarbons is extremely high, because the

petroleum mixtures produced from X and Y
fields are characterized by a great amount of
paraffins and resins present. The pour point
temperature is also relatively high.

Table 2 — Properties of heptane-plus fraction

Sam- |zC_, MwC._, |VC,,m3/ |pC_ ,g/m3 SG

ple g/mol  |mol

1 0,98524(341,47610,000429004 | 795974,038 | 0,75597404
2 0,98172(339,901|0,000427143 | 795755,809 |0,7957558
3 0,97091 (344,09 |0,000432035 |796440,235 |0,79644024
4 0,96341|336,747|0,000423413 |795316,126 {0,795316
5 0,95515(333,92410,000420134 | 794802,822 |0,7948028
6 0,95772|327,3140,000412325|793826,0290,793826

In Fig. 1 splitted molar composition of
the first sample from field X is presented.
Hydrocarbons with carbon number higher than
20 are grouped and their 4% of heptane-plus
fraction. A great part of the fraction consists
from liquid hydrocarbons and the portion of
heavy paraffins are significant.

0,22

MOLE FRACTION
0 T ()

© —— () |3
—— () 10
e (03
— () (6

n
S
o

13

10 11 12

MOLAR COMPOSITION

CARBON NUMBER

g‘ 8 o~ 8
= =N I~ 2| = ©
= .
I N
14 15 16 17 18 19 20+

Figure 1- Molar composition of the oil sample #1 from field X after splitting

Heptane-plus characterization results with critical properties are tabulated in the Table 3.
Table 3 — Properties of heptane-plus fraction components from field X, sample #1

Carbon number | Mole fraction MW, g/mol Pc, MPa Te, K Acentric factor
7 0,222125641 94 2,660247011 642,1377145 -0,388615554
8 0,17143654 108 2,395102473 663,0170572 -0,388615554
9 0,132314699 122 2,174872927 682,429072 -0,388615554
10 0,102120468 136 1,988558059 700,6390911 -0,388615554
11 0,078816563 150 1,828582633 717,8421369 -0,388615554
12 0,060830613 164 1,689535127 734,1863416 -0,388615554
13 0,046949059 178 1,567432645 749,7872435 -0,388615554
14 0,036235278 192 1,459270229 764,7369485 -0,388615554
15 0,027966383 206 1,362732803 779,1102394 -0,388615554
16 0,02158445 220 1,276004529 792,9687869 -0,388615554
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@
17 0,016658876 234 1,197638844 806,3641357 |-0,388615554
18 0,012857318 248 1,126467572 819,3398726  |-0,388615554
19 0,009923277 262 1,061535934 831,9332351 -0,388615554
20+ 0,033561697
This work is based on multi-solid thermodynamic models based on solid-solution

thermodynamic model and performing splitting,
we assume that our mixture is divided into pure
hydrocarbon components. After splitting we

and multi-solid theories to predict the wax
appearance at certain pressure temperature
conditions. The main part of these models

0
0,00
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0,05

-200

-300

GIBBS ENERGY, J

-400

-500

—&— mixture —E—pure

0,10

MOLE FRACTION

0,15 0,20 0,25

Figure 2 — Gibbs energy as a function of molar composition

know the exact number of components present in
heptane-plus fraction. In our samples the highest

carbon number is 149.
Infig 2 the Gibbs energy of pure hydrocarbon

components and their Gibbs energy as the part
of the mixture are compared. Pure components
have Gibbs energy less than when they are in the
mixture. Consequently, their chemical potential
as in the negligible pure phase are smaller than
in the original petroleum mixture. In the global
minimum criterion, our potential differences
are negative and the instability of the mixture
is proved.

Conclusion

Problems related to the wax precipitation
during production and transportation of crude
oil cause major difficulties in these processes.
To prevent the wax segregation from the
original mixture it is recommended to predict
the thermodynamic conditions at which the
components are not at equilibrium. There are

is stability analysis, which predicts whether
a given mixture at equilibrium or not. At this
work a new stability algorithm based on Gibbs
tangent criterion is proposed.

The stability of the mixture requires that
its Gibbs energy be at a global minimum. If the
mixture of hydrocarbons is stable under certain
thermodynamic conditions of the formation it
will exists as a single phase, but if the stability
criterion is not satisfied, the mixture will split
into two or more different phases. In our case
the petroleum mixtures are not at their global
minimum. It means that the mixtures are
unstable and segregated into at least liquid and
solid phases. The solid phase is our wax that
consists of pure hydrocarbons, since our work is
based on the multi-solid model. A new algorithm
1s simple and does not require a lot input data.
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N3YYEHUE INPUYNHBI KOPPO3UU METAJVIMYECKHUX HE®TEITPOBOJAOB

CAJBIKOBA H.K.!, YTEJIBAEB B.T.%, IIAPUIIOB P.X.!, BAJTUMBAEBA V.A.!,
CYJEMMEHOB D.H.!

'Kaszaxcmancko-bBpumanckuil mexHuyeckuil yHusepcument,
050000, 2. Anmamer, Kazaxcman
2 Unemumym xumuueckux nayk um. A.B. Bexmyposa,
050000, 2. Armamur, Kazaxcman

Annomavusn. Tpy6onpo6oOoHblil MPAHCNOPM CUUMAEMCA CAMBIM IPDEKMUBHBIM U IKOHOMUYECKU
YenecooopasHvLIM GUOOM 6 OMAUYUe OM JHCELEe3HOOOPONCHO20, CYXONYMHO20 UIU OPYeUX 6U008
mpancnopma. Tpancnopmupyemsvie npooyKmuvl — KaK npagulo, Heghmenpooykmol — ¢ pasIudHbIMU
QuzuueckuMu U MeXAHUYECKUMU CBOUCMEAMU CHOCODHbI OKA3bIBAMb PA3IUYHOE He2AMUBHOe
BIUAHUE HA MamMepuai mpyoonposood, mem cambvlm 8bl3bl8Asi KOPPOIUIO, USHOC, YMEUK) U 8b1OPOCHL.
AxmyaneHoCmb UCCIe008aHULL 8 SMOM HANPABIEeHUU 00YCI08IeHA MeM, YO U3-3d OMHOCUMENbHO
cnodcHo2o cocmasa Hegmetl Kazaxcmana 6o eépems nepexauxu uegpmu mpubosiexmpuieckue
apexmovr Ha epanuye pazoena ¢haz 6vl3LIBAIOM BOZHUKHOGEHUE NEKMPUUECKUX 3aApsAo0s,
KOmopbvie Npueoosim K MNOBBIUEHUIO SPPEeKMUSHOCMU XUMUYECKUX PeaKyutl, 6bl3bl8aruux
Koppo3uio mamepuaia mpyoonposooos. Ilosmomy neobxoouma paspabomka cneyupuyecKux
€cnocobo6 3awumel He(hmenpogooos om paspyuleHull, 6bI36AHHLIX Kopposuell memannos. MK-
CNEeKMPOCKONUYECKUll AHAIU3 Hehmu Nnoxasvleaem HAIuyue pasiuyHbIX 6UO008 V21e8000PO00s.
Ha ocnose pazeonku negpmu AO «O3enmynatieas» cioiCHOCMb 8 MONEKYIAPHOM cocmase Heghmu
8bI3bIGACH NeKmpuyecKue 3Qgexmol, npugooawjue K Y8eauyeHuio CKopocmu xopposuu. Bce
9MO HAOO YyHUmMbI8AmMs NpU paspabomxe 3awumsl om Kopposuu. B npoyecce mpancnopmuposxu
6 obveme Hepmu u HedhmenpodyKmoeg 61a200aps CLOACHOU MUKPOCMPYKMYpE U ONpedesleHHOU
2emepo2eHHOCMU MAKPOCMPYKIMYPbl MO2YM 00pA308bI6aAMbCs dNeKmpocmamuieckue 3apaovl. Tax
KaK npu mpuboiIumuyeckux 3¢pghexmax npoucxooum snekmpusayus, a maxice meniogvloeieHue,
OaHHble Npoyeccvl mpedyrom YmoyHeHUus npoyeccos menionepeoaiu Ha MUKpo-, MaKkpoypogHe.
IIpu s5mom paznocmes NOMeEHYUAN08 MEHCOY OMOETbHBIMU YUACMKAMU 00beMA HCUOKOCTU MOACEM
ObImb docmamoyHo eenuka. B pabome ucnonv3oeanuce xumuyeckue u QuU3UKO-XUMUYeCKue Memoosl
UHCIMPYMEHMANbHO20 aHaau3a. B nacmosweu pabome Oviiu nonyuenvi dKCHepuMeHmMAlbHble
3HaueHus y0enbHOU 31eKmponpo8oOHOCMU Hehmu u HeghmenpooyKmos 8 1aO0pamopHuIX YCA08USIX,
Komopble N0360110M CyOums 00 ux OudieKkmpuieckom xapaxkmepe. B oannotl pabome 6v11 uzyuen
mpubosnekmpudeckuti 3¢pghexm Ha Mmecme pAHUYLl MEMANN08 U OP2AHUYECKUX IHCUOKOCMell
(Hedhbmb, masym u m.n.), 4Umobwl Onpedenunms ux eIUAHUE HA KOPPO3UIO Memanios mpybonposooos,
U YCMAHOBLEHbl 3HAYEHUSL JLeKMPONPOBOOHOCMU Hedhmell U HedhmenpooyKmos.

Knrouegwle cnosa: xopposus, nomenyuai, Hegpms, mazym, mpubosniekmpuieckuti 2¢hghexm mpyoo-
npo6od, UK-cnekmpockonuueckuti anauus, NpUYUHbl KOppo3uu.
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METAJLJI MYHAW KYBBIPTAPBIHBIH, TOTTAHY CEBENTEPIH 3EPTTEY

CAJIBIKOBA H.K.!, YTEJIBAEB B.T.2, IIAPUIIOB P.X.!, BAJTUMBAEBA V.A.',
CYJEMMEHOB D.H.!

'Kazaxcman-Bpuman mexuuxanvix ynusepcumemi, 050000, Armamet, Kazaxcman
’A.B. Bexmypoe amvinoazel xumus olibimoapsl uncmumymot, 050000, Aimamul x., Kazaxcman

Anoamna. Kyovip xeniei memipocon, KYpivlKk Hemece 6acKa macvlmanoay mypiepine Kapazaw-
0a ey Muimoi dHcoHe IKOHOMUKALLIK MYPeblOaH OpblHObL 00abIn caHanaovl. TacelManldanamuolH
OHIMOep, a0emme, MYHAU OHIMOepI, apMYpPii PUIUKANLIK HCIHE MEXAHUKAILIK Kacuemmepi oap,
onap Kyoulp mamepuanviHa apmypii mepic acep emyi MyMKIH, OCbLIAUWA KOPPO3Us, mo3y, a2vln
Kemy JiCaHe WbleapblHObLIAP Myoblpadsl. byn bazvimmasel 3epmmeynepoiy 63ekminici MyHail ati-
oay kezinde Kazaxcman MYHQUIAPbIHbIY CATLICMBIPMALbL Mypoe Kypoeni KYpamblHa OauiaHbl-
cmul hazanap uexapacviHOagvl mpuboIIeKmpiiK acepiep 31eKmp 3apaomapsblHbly natoda O0nybIHA
aKeNin co2aovl, OY1 KyOblp Mamepuaibiiblly KOPPO3UACHIH MYObIPAMbIH XUMUSILIK PEAKYUALAPOLLH
muimoiniein apmmuolpaovl. CoHObIKmMan MYyHal Kyoblpiapvlh Memanioapobly KOPPO3UsACbIHaAH O0a-
MulH OY3bLIYIAPOAH KOp2ayobly HaKmbsl a20icmepin cacay Kaxcem. Mynatioviy UK cnekmpocko-
NUSIBIK, MAL0Aybl KOMIpCymekmepoiy apmypii mypaepiniy 6onyvin kepcemedi. "Ozenmynatieas”
AK myHati atioay Hez2iziHOe MYHAUIObIH MONEKYIANbIK KYPAMIHOAZbL KUbIHOBIK KOPPO3USL HCLIOAM-
ObIEbIHBIY APMYbIHA dKEeNeMiH leKmPiK acepiepdi myovipadsl. MyHwiy 6api KOppo3usdaH Kopeay-
0bl damvimy Kesinoe eckepinyi kepek. Mynai men MyHail OHIMOepin MacvulMaioay npoyecinoe Kyp-
oeii MUKPOKYPBLILIM MeH MAKPOKYPBLILIMHBIY Oencini Oip ecemepozenoinicine Oaiianbicmbl deK-
MPOCMAaAmMUKaIbIK 3apaomap nauoa 6onyvt Mymxin. Tpuborumuxanvlx s¢hgpexmmepoe snexkmpieny,
COHOQU-aK JHCblIy 061y JHCypeminOikmeH, OY1 npoyecmep MUKpO-MaKpo OeHeetioeei Jicbliy bepy
npoyecmepin HAKMwlIAYyOvl Kaxcem emedi. bByn ocazoatioa cyivlkmulx KeieMiniy dcexe OO1iM-
0epi apacvlHOagbl bIKMUMAL AUBIPMAUBLIBIK AUMAPILIKMAtll YaKeH 001ybl MyMKiH. Kymvicma ac-
nanmulk, Mandayobly XUMUSLILIK JHCIHE PUIUKA-XUMUSALBIK 20icmepi KONOAHbLIObL. 3epmXaHalblK
AHcaz0auoa MyHat MeH MyHat OHIMOEpiHiy HAKmMbl /IeKMp OMKI3IUMISTHIH IKCNEePUMEHMMIK MIH-
oepi anvlHObl, OY 01aApObIH OUIIEKMPIIK CUNAmvlH 6a2anay2a MymMKIiHOIK bepedi. Byn socymvicma
01apObIY KYOblp MemaidapblHbly KOPPOIUACHIHA dCEPIH AHBIKMAY YUK Memanioap MeH OpeaHuKd-
JIbIK, CYUBLIKMBIKMAPOblY (MYHAU, MA3YM Jcane m.0.) wmeKkapacviHoazvl dcepoeci mpubosieKmpiix
acep 3epmmendi HcoHe MYHAU MeH MYHAU OHIMOEPIHIK d1eKmp emKizeiumixK MaHoepi beneiieHol.

Tyiiinoi ce3zoep: xoppo3us, NHOMEHYUaI, MYHA, Mazym, mpubosnekmpiix d¢hgexmini Kyovip, Kop-
po3sus, UK-cnekmpocKonusivlk manoay, Kopposus cebenmepi.
STUDY OF THE REASONS FOR CORROSION OF METALLIC OIL

SADYKOVA N.ZH.!, UTELBAYEYV B.T.2, SHARIPOV R.H./,
BALGIMBAYEVA U.A.', SULEIMENOYV E.N.!

' Kazakh-British Technical University, 050000, Almaty, Kazakhstan
2 Institute of Chemical Sciences named after A.B.Bekturov, 050000, Almaty, Kazakhstan

Abstract. Pipeline transport is considered to be the most efficient and economically feasible type,

unlike rail, land or other types of transportation. Transported products are usually petroleum
products with various physical and mechanical properties that can have various negative effects
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on the pipeline material, thereby causing corrosion, wear, leakage and emissions. The relevance
of research in this direction is due to the fact that due to the relatively complex composition of
Kazakhstan's oils during oil pumping, triboelectric effects at the phase interface cause the
occurrence of electric charges, which lead to an increase in the efficiency of chemical reactions
that cause corrosion of the pipeline material. Therefore, it is necessary to develop specific ways
to protect oil pipelines from damage caused by metal corrosion. IR spectroscopic analysis
of oil shows the presence of various types of hydrocarbons. Based on the oil dispersal of JSC
Ozenmunaigas, the complexity in the molecular composition of oil causes electrical effects that
lead to an increase in the corrosion rate. All this should be taken into account when developing
corrosion protection. In the process of transportation in the volume of oil and petroleum products,
due to the complex microstructure and certain heterogeneity of the macrostructure, electrostatic
charges can be formed. Since electrification and heat generation occur during tribolytic effects,
these processes require refinement of heat transfer processes at the micro-macro level. In this
case, the potential difference between individual sections of the liquid volume can be quite large.
Chemical and physico-chemical methods of instrumental analysis were used in the work. In this
work, experimental values of the specific electrical conductivity of oil and petroleum products
were obtained under laboratory conditions, which allow us to judge their dielectric nature. In this
work, the triboelectric effect was studied at the site of the boundary of metals and organic liquids
(oil, fuel o0il, etc.) to determine their effect on the corrosion of pipeline metals. and the values of
electrical conductivity of oils and petroleum products are established.

Keywords: corrosion, potential, oil, fuel oil, pipeline with triboelectric effect, corrosion, IR

spectroscopic analysis, causes of corrosion.

BBenenue

[Ipu TpancmopTHpOBKEe HEPTH, raza M UX
MPOJYKTOB IO TPyOOIpPOBOJAaM KOPPO3HS Me-
TAIUTHYCCKUX H3JCIIHNA CYIIECTBCHHBIM 00pa-
30M OKa3bIBaeT BIUSHHEC HA JKOJIOTHUCCKYIO
00CTaHOBKY B pe3yJIbTare 3arpsS3HCHHS OKpPY-
Karomerd Ccpeabl MPOIYKTaMH OPTraHWYECKHUX
BemecTB [1-9]. Ha ceromnsmuuii n1eHh TeMa
OXpaHbl OKPYKAIOMICH CpeIbl W parMoHAIb-
HOTO HCITOJIb30BaHUS MPHUPOJHBIX PECYPCOB B
YCIIOBHUSX POCTa MPOMBIIUICHHOTO IPOU3BO/I-
CTBa — OJIHA W3 CaMbIX aKTyaJbHBIX MPOOIIEM.
HeonHokpaTHO B cBOMX MociaHusAx [IpesumeHt
Pecnybnuku Kazaxcran momHmman Bompoc o0
OXpaHe OKPYKAMIIeH Cpelbl, paruoHAIBHOM
MIPUPOIOIIOIH30BAHNHN, BHEAPCHUH HAWTYUIITHX
CYIIECTBYIONUX TEXHOJOTHM, a TAK)KE BOTIPOCHI
Henpononb3oBanus [10]. Dxonoruueckue wc-
CJICIOBAHUS, TPOBEJICHHBIC B TIOCIICIHUE JCCS-
THJICTUST BO MHOTHX CTpaHax MHpa, MOKa3alH,
9TO BCEBO3pACTAIOINIee pa3pyIIUTEILHOE BO3-
JIEHCTBHE aHTPOIIOTCHHBIX (DAKTOPOB HA OKpPY-
KAIONIYI0 CPEy MOXET MPHUBECTH K IKOJOTH-
geckoMmy kpu3ucy. [Ipu go0brde, TpaHCIOPTH-
pPOBKE U mepepaboTke HePTU-ChIPIA B PE3YIIb-

Tare aBapUUHBIX CHUTyallud W HECOOITIONCHHUS
TEXHUYCCKUX TPeOOBaHWU pasznuTas HePTh |
He(TEPOMYKTH OKa3bIBAIOT HETATUBHOE BIIH-
SHHE Ha OKpYKaIoIllyl cpeny. B mureparype
IJTaBHBIM 00pa30M PacCMaTPHUBAIOTCS ACHEKTHI
HKCIUTyaTallii TEXHOJIOTHYECKOTO 000pyaoBa-
HUS XUMHUYECKOU, HedTenepepadaTbIBaromIe,
[EJUTIONO03HO-0yMa)KHOW ~ TPOMBIIIEHHOCTH,
SHEPreTHKH, TPAHCIIOPTA, CYAOCTPOCHUS B CBSI-
3U ¢ 00ECIeYeHUEeM YCIOBUM 0e30MacHOCTH U
HAJIe)KHOCTH. DTO BBI3BAHO TEM, UYTO, HAIPH-
Mep, TOJ] BO3/IEHCTBUEM arpecCUBHBIX Cpell Ha
METAJNIOKOHCTPYKIIUU TPOUCXOANT KaK 00Imas,
TaK W JIOKaJbHasi KOPPO3Us, YTO YBEIUUHBACT
3aTpaThl Ha WU3TOTOBJICHUE, MOHTAX W PEMOHT
obopynoBanus [11-20]. Toueunast (MUTTUHTO-
Basi) KOPpPO3Hs MPEACTaBIseT COOOM OAMH U3
OMAaCHBIX BHUJOB JIOKAJIBHOTO KOPPO3MOHHOTO
paspyuieHusi, KOTOpOe MOXET BBI3BATh pacTpe-
CKHBaHUeE TPyOOIPOBOJIOB MO/ IaBICHUEM ITPO-
Tekaromet kuakoctu [13—16]. HeoOxogumer
WCCIIEIOBAaHMS TPHUYMH, OOYCIIaBINBAIONIUX
KOpPO3HIO, U pa3pabOoTKa HHHOBAIIMOHHBIX Me-
TOJIOB TIPEIOTBPALIECHUS KOPPO3UU METAJIJIOB.
CrnenoBarensHO, TpeOyeTcs 0oJiee TIIaTeIbHBIN
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aHaliu3 JJIEKTPOPU3UUYECKUX CBOUCTB HedTel
1 He(TEeNnpoAYKTOB, TPAHCIIOPTUPYIOLIUXCS IO
HedTenpoBoiaM. DTH CBOMCTBAa HEJOCTATOYHO
M3yYeHbl, 0COOEHHO B YacTH BO3HMKHOBEHHS
aneKTpodopeTHueckux APPEKTOB MPHU JIBUIKE-
HUU OTACIbHBIX KOMIIOHEHTOB XUJAKOCTH OTHO-
CUTEJIBHO JIpyT Apyra [21, 22].

OO011en3BeCTHO, YTO TPUOOIOTHs U3ydaeT
B3aMMOJICHCTBHE CONMpPHUKACAIOIIMXCS MOBEPX-
HOCTEH BEHIeCTB MpPH UX NEPEeMELIeHUH OTHO-
CUTENIBHO IPYT ApPYyTa U CBA3aHHBIX C HUM YHEP-
TeTUYECKHUX TMPOSBICHUSIX. B cBOI ouepenp,
TpubO3IeKTpUYeCcKUil 3P (HEKT, CBA3aHHBIH C MTO-
SBJICHUEM 3JIEKTPUYECKUX 3apsJI0B Yy BEILECTB,
HaOJIo1aeTCsd HEe TOJIBKO M3-3a TPEHUs, HO U
pu 0OBIKHOBEHHOM KOHTakTe. To ecTh Ipu co-
MPUKOCHOBEHUH MOBEPXHOCTEH Pa3HOPOAHBIX
MaTepUaIoB OHU CTAHOBATCS JIEKTPUUYECKH 3a-
psoKeHHBIMU. [Ipy COTPUKOCHOBEHHH IOBEPX-
HOCTeH B pesyapTare AedopMalud CTPYKTYp
IIPOUCXOIUT U3MEHEHHUE CTPYKTYPHO-IHEPreTH-
YEeCKOro COOTBETCTBUS. /laHHOE siBJIEHHE B3au-
MOJICHCTBUS JIBYX BELIECTB BHI3BAHO OTINYHEM
CTPYKTYPHO-9HEPTETHUECKOTO COCTOSIHUS Ma-
Kpockonuieckux oOpaszoBaHuil. BiusiHue reo-
METPHUYECKHX pa3MepoB BeUIeCTBA Ha €ro (u-
3MKO-XUMUYECKHE CBOWCTBA IIMPOKO 00CyKIa-
eTcsl B 00JaCTH TEXHOJOTUHU, HAHOTEXHOJIOTUU
U ecTecTBO3HaHUA. IIpu 3TOM CTpPyKTYpHO-3-
HEPreTUUecKoe COCTOSTHUE Ha TpaHUIle pas/erna
(a3 BemecTBa OTIIMYACTCS OT 00BEMHON (a3bl.
CnenoBarenbHO, CYUIECTBYET HEOOXOJUMOCTH
yIIyOJICHHOTO W3yYeHHUsT 3aBHUCHMOCTH CTpO-
€HHs BELIeCTBa OT €ro MUKPO-, MAKpOCKOIIH-
YECKHUX XapaKTEPUCTHK U €ro CTPYKTYPHBIX
9JIEMEHTOB KaK €JMHOI0 B3aUMOCBSI3aHHOTO
o0bekTa. Heptb 1 HedTEnpORyKTHI SBISIOTCS
MCTOYHUKOM TIOXKAPHOM OMacHOCTH, B TOM YHC-
Jie BBI3BIBAEMON HATMYHEM DJIEKTPUUYECKHUX 3a-
PAI0B, O0YCIIOBICHHBIX TPHOOIIEKTPHIECKIMH
s dexkramu. It 006CTOATENIHCTBA TPEOYIOT OO-
Jee J1eTajJbHOrO M3yYEHUs HA3BAHHBIX CHUCTEM.
MexaHu3M BO3HMKHOBEHMsS BJIEKTpOCTaTHYe-
CKHX 3apsiZIOB MEXJY MOBEPXHOCTSAMH JIBYX
JBYOKYIIUXCS KHUIKOCTEH, )KUIKOCTh — TBEpAAs
MOBEPXHOCTH TEIl 10 CUX TOP U3YyYeH HEI0CTa-
TOYHO U TpeOyeT PyHIaMEHTAIBHOTO PEIICHUS
npobnemsl. llenblo HacToseld paboThl SABIS-
€TCsl U3yueHue cocTaBa HE(PTH MECTOPOXKe-
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Husg AO «O3eHMyHaliras» u ee 3JIeKTpUIECKUX
CBOMCTB MpH TPaHCIOPTUPOBKE IO TPYOOIpo-
BOJLY.

JKCNEePUMEHTANIbHAS YaCTh

B pabore ucrnonb3oBaiuch XUMHUYECKUE U
(bU3UKO-XUMUYECKHE METOJbl HHCTPYMEHTAIb-
HOTO aHaJH3a.

AHanu3 U METOAMKA JKCIIEPUMEHTAIbHBIX
paboT MPOBOIWINCH COTNIACHO CTaHAApTaM |
I'OCTam: I'OCT 2177-99 «HedrenponyKkrbi».
MeTtozs! onpenenenus GpakIMOHHOIO COCTaBA.
I'OCT 2517-12 «HedTpr u HEDTEIPOTYKTHI».
MeTtozasl oT60pa pol. Pasronky HedTu mpoBo-
nunu Ha ycraHoBke APH-3 o 'OCT 11011-85.
Brinenenne mnapaduHO-HAPTEHOBBIX M CMO-
JUCTBIX YIJIIEBOAOPOIOB OT ac(aibTeHOB OCY-
HIECTBJISUIN C MIOMOIIbIO PACTBOPUTENEH MapKu
«HHCTBIN».

AHanu3 yrIieBOAOpPOJIOB TMPOBOIUIU Ha
ra3oxuakoctHoM xpomarorpage Chrom-4 ¢
MOHU3aLMOHHO-TIJIAMEHHOU JNETEKIUEH.
Temneparypa ucnaputens 300 °C, a KOJIOH-
ku — 250 °C. I'a3z-HOCHTENb — aproH. TBepablid
HOCUTEIb — CHUJIAHU3UPOBAHHBIA XPOMATOH.
Ckopocth Taza-Hocutens — 50 cm’/mun. UK-
CHEKTpbl O0pPa3I0B CHUMAIM Ha CIEKTpOMeE-
tpe UKC-29. PentrenonuppakroMeTpruecKuii
aHaJIu3 TMPOBEJEH HAa aBTOMAaTU3HPOBAHHOM
nudppakromerpe JIPOH-3 ¢ Cu, -usnyvenuem,
B-bunbTp. YciaoBusi cheMku IudpakTorpamm:
U=35 kB; [=20 MA; cpemka 0-20; nerextop 2
rpaja/mMuH. PeHTreHoa3zoBblii aHanIM3 Ha IMOIY-
KOJIMYECTBEHHOM OCHOBE BBINOJIHEH 0 U PaK-
TOrpaMMaM TOPOIIKOBBIX P00 ¢ MPUMEHEHUEM
METO/Ia paBHBIX HABECOK M NCKYCCTBEHHBIX CMe-
ceid. Omnpenernsuinch KOJIMYECTBEHHBIE COOTHO-
nieHust Kpuctaumueckux (as. Murepnperanus
T pakTorpaMM MPOBOAUIACEH C UCTIOIB30BaHU-
eM aaHHbIX kKaproreku ICDD: 6a3za mopourkoBbix
mudpakromerpudeckux nanHsix PDF2 (Powder
Diffraction File) u nudpakrorpaMm, 9ucTbIX OT
IIpUMeECEeN MUHEPAJIOB.

[IpenBapuTenbHBIMH  ONBITAMH  MTPOBOJHU-
Jach OLIEHKa MOTPEIIHOCTH Pe3yJlbTaToB H3Me-
pPEHUI C MOMOIIBIO CTAHAAPTHOTO OTKJIOHEHHS
CTaTUCTHMYECKUM METOJIOM IIPH JOBEPUTEILHON
BepositHocTH (.95 mo kputepuio CThroeHTa.

Jl1st onpeneneHust TpuO0IEKTPUIECKUX (-
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(eKTOB Ha rpaHHIIEe METAJUIOPTAHUYECKHUX KU/
KocTei (HeTh, Ma3yT) ONPENEIISITN AEKTPOPH-
3UYEeCKOEe CBOICTBa HE(PTENPORYKTOB (OCH3MH,
KEpPOCHH) COITIaCHO MeToauKe [23].

Pesyabrarhl n 00Cyx1eHHE

Jlns onpeneneHus: TPUOOAIEKTPUIESCKUX d(-
bexToB HEPTU U HE(DTETPOAYKTOB B MIEPBYIO OUE-
pelb ObLT ONIpeiesieH cOCTaB He(TH MECTOPOXK Ie-
Hust O3eHMmyHaiira3 Manrucrayckoid o0nacTu.
Ocoboe mMecTo 3aHMMaeT HePTh U HEPTETIPOTYK-
TBI, KOTOPBIE OTIIMIAIOTCS 110 (PU3UKO-XUMUIE CKIM
XapaKTePUCTUKAM. DJEMEHTHBI COCTaB HE(PTH
AO «OzenmyHaiiras» mnpuBeneH B Tadmuie 1.

HK-cnekTpockonuyeckuid aHanu3 ¢pak-
i 06pasios 50-320 °C moka3bIBaeT MOJIOCHI
MOTVIOLIEHUs, XapaKTepHble s anudaTuye-
CKHUX (PYHKIIMOHAIBHBIX TPYMI YIJIEBOAOPOIOB
(2953.7; 2920.5; 2850.2; 1463.1; 1377.0; 723.0
u 719.7 cm!) (pucynok 1, crp. 54). Cumme-
TPUYHBIE U ACUMMETpPUYHBIE BaJCHTHBIE KOJe-
Oanus s CH,-rpynn npu 2885-2865 cm™ u
2975-2950 cm' coorerctenHo u ans CH -
IPyII CHMMETPUYHBIC 0K0J10 2870-2840 cm™! m
acummeTpuyeckue okoio 2930 cm!, a medop-
MalMOHHbIE U aCUMMETpPHUUHbIE Je(hOopMaIMOH-
upie Konebanust CH,-rpynn HaOmonaroTes npu
1470-1440 cm!. JlanHas moyioca IepeKkphIBacT-

Tabmuua 1 — DnementHsIil coctaB HepTr AO «O3eHMyHaHTa3)

[po6sr HEPTH ConeprxaHne JIeMEHTOB, %o Hpyrue, %
C H N S 0)
Hedrs 1 85,1 13,6 0.4 1,8 1,4 1,1
Hedts 2 85,0 12,8 0,2 2,0 1,1 0,3
Hedrts 3 84,4 12,0 0,2 1,7 1,3 0,4

[lo comepxanuio cepbl HEPTH OTHOCHUTCS
KO BTOpoMy Kiaccy. I1o anmemeHTHOMY cocTaBy
He(TH OTIUYAIOTCA MO COACPKAHUIO CEPBL. Y
He(TH coaepKaHnue KUCIOPO/Ia yBEIUIUBACTCS
ot 1,3 no 1,4% macc, azora—ot0,2 10 0,4% macc.

Tabnuua 2 — dusnko-xuMuyeckue xapakrepuctuku Hehtu AO «O3eHMyHalrasy»

sl HOKHUYHBIM Konebanuem CH,, koTopoe Bo3-
Hukaer npu 1490-1440 cm’!, cummerpudHOE
xonebanue CH, npoucxomur mpu 1390-1370

cm! (pucyHok 1, ctp 54).

HaumenoBanue Hedrs 1 Hedts 2 Hedts 3
Bun Temuo-kopuuHeBblil | TemHbli TeMHO-KOpUYHEBBIN
[TnorHocts mpu 20 °C, r/em® 0,816 0,844 0,864
Copnepxanue Bosibl, % 0,6 0,7 0,8
KoHmieHTpamst XJI0pumIoB, MI/J1 450 560 600
Kunemarnueckas Ba3kocthb, Mm2/c (20°C) 56 60 64
Temmeparypa 3acteiBanust, °C 15-20 18-21 14-18
Temrieparypa BCIBIIIKA B 3aKPBITOM THIIE, °C 58 56 60
KoxkcyemocTtsb, % 4.6 4.8 5,0
Ocrarok mocie pasrouku 320 °C, B T.4. (%): 48.0 47,5 47,4
[Tapaduno-nadrens 26,0 26,5 25.4
ApeHbl 9,0 9,5 9.6
Cwmoitbl 7,0 7,0 7,0
AcdanbTeHbI 5,0 4.0 5,0
Hpyrue 1,0 0,5 0.4
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Pucynok 1 — UK-cniektp HedTn Mmectopokaeans AO «O3eHMyHalTas»

Crnenyer OTMETHUTbH, YTO IPEBBILICHUE I10
UHTEHCUBHOCTH TOJIOC TOIVIOLICHUS] METHIIe-
HOBBIX TPYIN HAJ METHJIbHBIMU, UMEIOIINXCS
B 00pasuax, CBUAECTEIbCTBYET O IpeobIa aHuu
BBICOKOMOJIEKYJIIPHBIX COEAMHEHHUH CO 3BEHOM
—CH, — yMIMHEHHBIX YIIEPOAHBIX IIETEH, Xa-
pPaKTepHBIX IS ac(aabTO-CMOIUCTHIX COEHH-
HeHUl. B momb3y 3TOro ciyXuT paciiernyienue
nojioc morimorieHuss B obmactu 720 cm! (723
u 719.7 cm'), xapakrepHOe ISl METHUIICHOBBIX
nenoyek. Kpome Toro, oTueTnuBoe NposiBieHue
noromeHuss B obmactu 720 cm! (4acTuyHO
cMmernieHHblit ot 710-690 cm') oTHOcHTCS K
MOJIUIUKIHYECKAM apOMaTHUYEeCKUM COEJIMHE-
HUSIM, XapaKTePHBIM NJisi CMOI. OTH COEIHU-
HEHHUs B pe3yibTare HHIYKTUBHBIX U MeE30-
MepHBIX 3(P(EKTOB, BO3HUKAIOIINX B MECTaXx,
rJe TNPOUCXOAUT MEPEeMEeLICHHE 3JIEKTPOHOB,
00yCIIaBIUBAIOT BO3HUKHOBEHHE JIOKAJIbHBIX
AIIEKTPUUECKUX MOTEHIINATIOB U TPUOOTUYECKIX
s hexToB.

OyeT yTOYHEeHMsI IPOLIECCOB TEIUIONEpeIaul Ha
MHUKpPO-, MAaKpOYpPOBHE.

B mpouecce TpaHCIOPTUPOBKM B 00ObeMe
He(TU 1 HePTEeNPOaYKTOB Oarofapsi CI0KHOU
MUKPOCTPYKTYpPE U OINpeAeIeHHONW I'eTeporeH-
HOCTH MaKpOCTPYKTYpPBhl MOTYT 00pa30BbIBaTh-
csl aiekTpocrarudeckue 3apsabl. [Ipu sTom
pPa3HOCTh MOTEHLHUAJIOB MEXJy OTAEIbHBIMU
ydacTKaMH 0ObeMa JKUIKOCTH MOXET OBITh
JocTaroyHo Bennka. [lomydeHHble 3Kcrepu-
MEHTaJIbHbIC 3HAYEHUS YAEIbHON 3JIEKTPOIpPO-
BOJHOCTH He(TH U He(]TEenpomayKToB B J1abo-
PaTOPHBIX YCIOBUSAX MO3BOJISIIOT CYIUTh 00 UX
JUDJIEKTPUYECKOM  XapakTepe. YCTaHOBIICHBI
3HAYEHUS AIIEKTPONPOBOAHOCTU HedTeil u He-

drenponykToB (Tabnuna 3).
OueBuaHO, 4TO HEPTH M HEPTEIPOMYKTHI

SBJISIOTCS TUIOXMMHM MPOBOJHUKAMH. [1o jmre-
parypHBIM IaHHBIM, yIEIbHas SICKTPUYECKas
POBOAMMOCTH COCTABIIAET JJIS CHIPOM HEPTH
10°-10® Om'm’'. OmHaKo nake HE3HAUUTEIIb-

Tabnuma 3 — 3HaueHne yAeNbHON IIEKTPOIPOBOIHOCTH HE(TH 1 HE(DTEPOIYKTOB

HedTs 1 HedTenpogyKThI

VYiejbHasi 3J1€eKTPOIPOBOAHOCTb, CM M

Hed1s O3enmyHaiiras 1-10°5-4-10°
Masyt 1-107-2-10"
bewnsun (H.x — 140 °C) 4-10"-6-10"2
Kepocun (¢p. 140-180 °C) 1-10"°—4,6:10"2
Aswuarmonnsiii 6ensu (pp. 40-180 °C) 1,1-10"—4,6-10"
PeakrusHoe oo ((p.180-260 °C) 1-101°—1-101
Husens (pp. 220-280 °C) 3-10" —5-10""
Ta3oiins (¢p. 240-350 °C) 2-10%—4-107

Kak u3BecTHO, npu Tpubonnyeckux 3¢ dhek-
Tax HE TOJIBKO MPOUCXOIUT 3JICKTPHU3AIHs, HO
UMEET MECTO TEIUIOBBIJCIIEHUE, KOTOpOe Tpe-
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HOE€ COJIep’KaHWE NMPUMECEN U MPHU JABHKECHUU
ATUX KUIKOCTEH BBI3BIBAET 00Opa30BaHUE DJIEK-
TpoCTaTu4ecKux 3apAnoB. [Ipu Mexanmueckom
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NepeMeieHUd KOMIIOHEHTOB HE()TH OTHOCH-
TEJIBHO JIPYr JApYyra BO3HHUKAET MOJSPHU3aLUs
MOJIEKYJT YIJIEBOJIOPOAOB, B PE3yJbTaTe KOTO-
poil Bo3HUKaeT Mex(a3zHasi pa3HOCTh MOTEHITH-
anos. Jro0oe HapylieHre 3TOro paBHOBECHOTO
COCTOSIHUSI TPUBOJUT K TMOJSPU3ALUH «IJIEK-
TPOMAarHUTHBIX YacTHUI)» Ha MOBEPXHOCTHU Be-
IIECTB M CO3/Ia€T Pa3HOCTh MOTEHIUAIOB [23].
Hakomnienue 31eKTpoCTaTUUECKUX 3apsiioB B
UTOTe MOXKET PEajn30BbIBATHCS B BUJE HCKPO-
BOTO pa3psija, XUMHUYECKOrO IMpOIecca U BO3-
HUKHOBEHHUSI KOPPO3HOHHBIX MPOILIECCOB. IDTO
MPUBOJIUT K BO3HUKHOBEHHIO BO3TOpaHUsS He-
(GTenpoayKTOB, pa3pyLIEHUIO TPyOOIPOBOIOB,
MPEXKIEBPEMEHHOMY BBIXO/Y U3 CTPOsA JieTanen
000pyI0BaHMS.

[TokazaHo, 4TO MOSIBICHHE AIIEKTPUUECKUX
3¢ deKkToB, T.€. BOSHUKHOBEHHE AJICKTPUUECKO-
ro MoTeHlHana y TpyoonpoBonoB ¢ HedTenpo-
JTyKTaMHU, BbI3bIBA€T BOSHUKHOBEHHE IpOIECcca
koppo3uu. B [25] oTrmedeHo, 4TO (PU3MKO-XHU-
MUYECKHE CBOMCTBAa BELIECTB OINPEHACISIIOTCS
CTPOCHHEM TMEPBUYHBIX JJIEMEHTOB MHUKPO-
CTPYKTYpPBl — «XUMUYECKUX UHAUBUAOB». [Ipu
TpeHUU U nePopMallid MaTEepPHUANIOB «IJIEKTPO-
MarHUTHBIE YaCTULBD) TMOISIPU3YIOTCS, H3MeE-

HSETCSl 3JEKTPOMArHUTHOE B3aUMOJICHCTBHE U
BBIJICJISIIOTCS «3JIEKTPOMArHUTHbIE YaCTHUIBD) B
BHJIE TETUIOTHI U Jpyrux GopM mepenadyu yHep-
ruu [26]. KpoMe Toro, uzydeHue 3JEKTpUUE-
CKUX 3(P(PEKTOB MO3BOJIUT BBIIBUTH HMPUUYUHBI
BO3HHKHOBEHHUS MPOTEKAHUS PA3THMUYHBIX HEXe-
JIaTeNIbHBIX MPOLIECCOB, TAKUX KaK pa3pylIeHHE
MaTepHalioB B pe3yjibrare KOppo3ui M Tpuoo-
nryeckux 3G QeKToB.

3akiouenune

YcraHOBIeHA HENOCTATOYHOCTh  HAIIMX
3HAHUW O MEXaHHM3ME M NMPUYUHAX BOSHHKHOBE-
HUSI KOPPO3UU Ha TpaHHIle HEPTH U HEPTENpo-
IOYKThI/MeTal. BBIABICHBI TPUYUHBI H3MECHE-
HUSI, TIPOUCXOSIIETO B MUKPOCTPYKTYPE C BO3-
HUKHOBEHUEM JJICKTPUYCCKUX MOTCHIIUAJIOB,
KOTOpBIE 00YCIIOBJICHBI TPUOOIICKTPUYECKIUMH
spdekraMu, YTO OTPAKAETCS B H3MEHEHUSX
CBOMCTB MAaKpOCKOIIMYECKOTO 00pa30BaHUsI.
[IpenoTBpanieHre BOSHUKHOBEHHUS AJICKTpUYEC-
CKUX IOTCHIIMAJIOB W MHKPOTAJIbBAHHYECKHUX
nap Mo3BOJISIET MOJICIHUPOBATh B3aMMOJICHCTBY-
IOIIME TIOBEPXHOCTH H B MIEPCIIEKTUBE pa3pado-
TaTh 3QHEKTUBHBIC YIEKTPOPU3ZHIECKHE METO-
bl 3aIIUTHl METAJIOB OT KOPPO3HH.
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