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HEHBIOTOHIBCBHKA ITPUPOJA BYPOBUX PO3UYMHIB: BIJ] B’SI3KOCTI 1O
TUKCOTPOIIII

leano-Dpanxiscoruti HAYIOHANLHUL MEXHIYHUL YHIgGepcumem Hapmu i 2azy.

Y ecmammi oocnidiceno pizuuny npupody nenvromoniscobkoi nogedinku oyposux npomueansHux cucmem. Pozxkpumo
MeXanizmu nepexooy 6i0 6’A3KONIACIMUYNHO20 CMAHY 00 MUKCOMPONHO20 BIOHOGIEHHA CMPYKMYpU 3 RO3Uuyii enepzii
MIHCMONEKYNAPHOT  83AEMO0il. Aemopom o00rpynmoeano HeoOXiOHicmb 6paAxXyeaHHA penakcayiiinux egekmie npu
Modeniosanni 2iopasniunux npovecie y nubokux ceeponosunax. Ilpoananizoeano cyvachi ceimogi menoenyii Kepysanns
Pe0102i€10 pO3YUNIE Yy CKIAOHUX MEPMOOAPUUHUX YMOBAX.

Knrwouoei cnoea: peonocis, 6yposuii po3yuH, HeHbIOMOHIBCLKA PIOUHA, MUKCOMPONIsL, HANPYHCEHHS 3CY8Y, 8 A3KICMb.

M.Je.Chernova

NON-NEWTONIAN NATURE OF DRILLING FLUIDS: FROM VISCOSITY TO
THIXOTROPY

The paper presents a fundamental physical analysis of the rheological behavior of drilling fluids as complex disperse
systems. Based on the principles of continuum mechanics, the author investigates the transition between viscoplastic flow and
thixotropic structure recovery. The study highlights that conventional steady-state models, such as the Bingham-Plastic model,
often neglect the time-dependent relaxation spectra, leading to significant errors in hydraulic pressure predictions for deep well
construction.

Special attention is paid to the energetic nature of particle interactions within bentonite-polymer suspensions. By
integrating recent findings from high-impact international journals (Category A), the author proposes a conceptual vision for
"smart" drilling fluids with controlled rheological responses. The results demonstrate that effective hole cleaning and wellbore
stability depend on the kinetic balance between shear-induced structure breakdown and Brownian-driven coagulation. The
research outlines future perspectives for implementing digital twins in rheological monitoring.

Keywords: rheology, drilling fluids, non-Newtonian fluid, thixotropy, shear stress, yield point, HPHT conditions.

ITocTaHoBKa MPo0JIeMH Yy 3arajJibHOMY BUIJISAI Ta ii 3B'A30K i3 BAXKJIMBUMH HAYKOBUMU M
npakTuYHuMH 3aBaaHHsaMu. CydacHe OypiHHS HA(TOBUX 1 Ta30BHX CBEPIJIOBHH — II¢ TIPOIIEC, IO
BiZOyBa€ThCsl B eKCTpeMaJbHUX (i3MYHUX yMoBax. OJHHMM i3 KIIIOYOBUX EJIEMEHTIB LIOTO IPOLECY €
GypOBHii PO3UMH, SKMIi YACTO HA3HBAIOTh «KPOB'I0» CBEP/IOBHHH. VOro rooBHE 3aBIaHHS — He IIPOCTO
3MalllyBaTH iIHCTPYMEHT, a 1 MiAiiiMaTh Ha JICHHY MOBEPXHIO YJIAMKH TipChKOI MTOPOJIH.

Mertor nmaHoi poboTH € TeopeTHdHe (hi3UMKO-MaTeMaTUYHE OOIPYHTYBaHHS B3a€MO3B'SI3KY Mixk
rapamMeTpaMu JUHAMITHOI B’S3KOCTI Ta KIHETUKOIO THUKCOTPOITHOTO CTPYKTYpYBaHHS OYpPOBHX PO3UHHIB.
OcHOBHA yBara NPHAUIIETHCSA aHaANI3y HEHBIOTOHIBCHKOI IOBEMIHKH CHCTEM Y KOHTEKCTI €Heprii
MDKMOJICKYJISIPHOT B3a€MOJIl JMCIIEpCcHOI (ha3u, IO JO3BOJUTH YTOYHUTH METOAM IPOTHO3YBAaHHS
TiIpaBIiYHUX BTpAT MIPU IPOMHUBAHHI TTHOOKHX CBEPIOBHH.

3 TOYKM 30py KIACHIHOI (i3WKH, OLIBIIICTh OYPOBUX PO3UMHIB € HCHBIOTOHIBCHKUMH PiIHHAMH.
Ha BigmiHy Bim BoaM YW O:ii, iXHS B'S3KICTh HE € CTaO. B’sA3KiCTh OYpOBOTO PO3YMHY 3MiHIOETHCS
3aJIe’KHO Bijl CHITH, IPUKJIACHOT 10 CUCTEMH, 3arajoM Ta BiJl IIBUAKOCTI PyXy Li€l piAuHu y TpyOHOMY Ta
B 3aTpyOHOMY MPOCTOPi. Y CTaHI CIOKOIO PO3YHH MA€ TeenoNi0Hy CTPYKTYPY Ta MPOSBIISE BIACTHBOCTI
TBEPJOTO Tija; IiJ BIUTHBOM 3CYBHHX HANPYKECHb y HATHITAIBHIA CHCTEMI CTPYKTypa pYyHHY€EThCS, i
CUCTEMa MTOBOAUTHCS SIK B’s13Ka PiJMHA.

Posyminns 1i€i ¢izuunoi TpaHcdopmaliii - BiJ B'I3KOCTI 0 THKCOTPOIIIT - T03BOJISE BiAMOBITHOMY
TIePCOHAITY KepyBaTH CTAOLILHICTIO CBEPVIOBUHU Ta YHUKATH aBapiil Ha TITHOWHAX Y KiTbKa KUTOMETPIB.
[Ipomec cropymkeHHsT TIUOOKMX CBEPJJIOBHH Ha HAQTy 1 Tra3 CYIOPOBOJKYEThCS CKIAIHUMU
TiIpoAMHAMIYHMMHK TIpolecamy, e(EeKTUBHICTh SKUX Oe3MocepeqHbO 3aJIeKUTh BiJl PEOJOTTUHHX
mapamMeTpiB  OypoBux mpomMuBanbHUX  pigmH. CydacHi OypoBi  PO3UYMHH €  CKJIQJHUMH
0araTOKOMITIOHCHTHUMH  JIUCIIEPCHUMH ~ CHUCTeMaMH, (PI3UKO-XiMiUHAa TIOBEJiHKA SKHUX CYTTEBO
BiIXIJISIETHCSI Bl 3aKOHIB KITACHYHOI rigpoauHamiku Herotona. Takum unHOM, €pEKTHBHICTE Oy 1IBHUIITBA
Ha(TOBHX 1 Ta30BHX CBEPIJIOBHUH 0€3MI0CEPETHHO KOPEIIOE 3 SIKICTIO OUnITIeHHS BuOot0. [Ipobiema mossrae
y HEOOXITHOCTI OJHOYACHOTO 3a0e3MeueHHsT HU3bKO1 B’ I3KOCTI B Yaci OypiHHS Ta BHCOKOi YTPHUMYIOUO1
3IaTHOCTI y CTaHI CIIOKO, MPO IO 33a3HAYAETHCSI Y 0araThOX HAYKOBUX MpallsdX SK MHUHYJIOTO Tak i
TeTepinTHKOro Yacy [7, 8].

TpamumiitHo mji1 omucy Tedii OypoOBHX CHCTEM 3aCTOCOBYIOTH PEOJIOTiUHI Momeli biHrama-
[lIBemoBa Ta OctBanbaa-ne-Baane, onHak BOHH HE 3aBXKIM TIOBHOIO MipOIO BPaXOBYIOTh YACOBY JIUHAMIKY
CTPYKTYPHHX MepeTBOpeHb. OcoOmuBoi yBaru notpedye MOCIiHPKEHHS IIePeX0Ly Bijl B’ I3KOIUIACTUYHOTO
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CTaHy [0 THKCOTPOITHOTO BITHOBICHHS CTPYKTYpH, IO € KPUTHUYHO BAXKIMBUM i1 3a0e3nedeHHs
CTIHKOCTI CTIHOK CBEP/JIOBUHU Ta €EKTUBHOTO BUHECCHHS IIIAMY.

Mertoro 1aHOi poOOTH € TEOPETUUHMIA aHali3 (i3NUHOI MPUPOAN HEHBIOTOHIBCHKUX BIACTHBOCTEH
OypoBHX pO3YHMHIB Ta JOCHTI[DKEHHS MEXaHi3MiB THKCOTPOIIi fK KIIOYOBOro (akTopa KepyBaHHA
riipaBIiYHAMHU nporpaMamMu OypiHHA. EdexkTuBHICTE OyAiBHHIITBA HA()TOBHX 1 ra30BUX CBEPAJIOBHH
0e3ImocepeTHRO 3aJICKHUTH BiJl SKOCT1 OUHIIICHHS BUOOTO BiJl BUOYPEHOI IOPOIN Ta CTa01IbHOCTI BiIKPUTOTO
cTOBOYpa /10 HOT0 KPIiIJICHHs. 3a CyYaCHUX YMOB OCBOEHHSI POJOBHIL 31 CKIIaJHUMHU I'€0JI0r0-TeXHI YHUMH
XapaKTEPUCTUKAMU (3HAYHI TTTUOWHM, ITOXIIO-CKEPOBaHI Ta TOPU3OHTANBHI TPOQisi) poh MPOMUBATLHOL
PIIMHU BUXOMINTH 32 MEXi 3BHUAWHOTO T1APOIMHAMIYHOTO CEPEIOBHUIIA.

[Ipobnema monsirac y ToMy, MO OypoBHH pO34YMH TIOBMHEH OJHOYACHO 3aJ0BOJBHSITH
B3a€EMOBUKIIIOYHI (Di3UYHI BUMOTH, 30KpeMa BOJOITH HU3BKOIO B’S3KICTIO 32 BUCOKUX IIBUAKOCTEH 3CYBY
(y Hacagkax J0J10Ta), 00 MiHIMI3yBaTH €HEPrOBUTPATH Ha MTPOKAYyBAaHHS Ta MaKCUMI3yBaTH ITBUIKICTD
MPOXOJKK Ha JIOJIOTO; BHSIBIIATH BHCOKY YTPUMYIOUY 3[aTHICTh Y KUTBIIEBOMY IMPOCTOPi 332 HU3BKUX
IIBUIKOCTEH, 100 3amo0irT! OCiIaHHIO BaXKKOTO MIJIAMY; MUTTEBO IMEPEXOAUTH Y JKEIETOIOHNI CTaH il
gac 3yMUHKU ITUPKYJIIALIi, 10 3a0€3MeTy€eThCS BIACTHUBICTIO TUKCOTPOITIi.

OCHOBHMM HAyKOBHMM 3aBIaHHAM IyOJiKallli € ONTHMI3allis PEOJIOTIYHMX IapaMeTpiB, IO
noTpedye TOYHOTO (Di3UYHOTO MOJICITIOBAHHS MOBEAIHKY CKIIAJTHUX CUCTEM. HeMoCKOHANICTh iCHYFOUHX
METOIB PO3paxyHKy AMHAMIYHOTO HAIMpPY>KCHHS 3CYBY NPHU3BOIUTH IO IMOMHJIOK Y BH3HAYCHHI TiApo-
OUHAMIYHUX OIOPiB, IO MOXXE€ CTaTH NPUYMHOIO TOTJIWHAHHS pPO3YMHY B IUIACT abo, HaBIaKH,
razoHadroogomnpossis (CHBII).

[IpakTuyHe 3HaueHHS 3 BUPIMICHHS [UX 3aBJaHb JO3BOJSE 3a0€3MEYHUTH IUTICHICTh CTIHOK
CBEPJIOBUHHU, 3MCHIITUTH 3HOIMTYBAHICTH OYpOBOr0 OOJIATHAHHS Ta CKOPOTHTH TEPMIHU OYIiBHHUIITBA
CBEPJIOBHH, L0 € CTPATET1YHO BAXKJIMBUM JJISl GHEPTeTHYHOT'O CEKTOPY EKOHOMIKH YKpaiHu.

Buksiaxg ocHOBHOTo mMaTepiany pocuimkenHs. OyHIaMEeHTaNbHI 3aCajJid PEOJIOTIT 3aKiIajeH] y
nparx I1. Pebirnnmepa, B. binmernskoro[ 7] ta . Komnkymmuaa[8]. [TutanHs MoAetOBaHHS TEUil PO3BUHYTO Y
po6otax P. Coussot [1] ta J. Mewis [2]. [IpoTe kiHeTHKa BiIHOBJICHHS CTPYKTYPH Y IHHAMIYHHAX YMOBaXxX
3aJMIIAETHCS AUCKYCiHOI. B OCHOBI peosoriunoi moBemiHKM OypOBHUX CHCTEM JIEKHTH 3IATHICTh
YaCTHHOK TBEpAOi (a3u 10 YTBOPEHHS MPOCTOPOBHX CTPYKTYp 3a PaxyHOK cwi Ban-nep-Baanbca Ta
EJIEKTPOCTATHYHOI B3a€MOJIT. 3 TOUKH 30py (Pi3UKH, MPOIIEC Tedii TAKOTO PO3YMHY MOKHA PO3TILIIATH 5K
JMIMHAMIYHY PIBHOBAry MiX JIBOMa MPOTHJICKHUMH MPOIECAMH: MEXaHIYHUM PYyHHYBaHHSIM CTPYKTYPHHX
BY3JIIB MiJ Ji€0 HANPY>KEHHSA 3CYBY Ta iX CIIOHTAHHMM BiJHOBIIEHHSM YHACHIJJOK OpOYHIBCBKOTO PyXY.
Came 1151 piBHOBara 3yMOBIIO€ (Bi3UUHY NPUPOJTY MTOBEIIHKHA HEHBIOTOHIBCHKOT PiJIHU.

EdexTrBHa B’S3KICTh ONMUCYEThCs MOAM(DIKOBaHUM piBHSHHAM [ epriens-bankmi 3 ypaxyBaHHIM
MOTEHITIaTy eNeKTPOCTaTUYHOI B3aemoxii dwactuHOk [3, 10]. Twuxcorpomito imeHTH(IKOBAHO SK
penakcamiiHui mpoliec, y Mexax sSKOoro mapaMeTp CTPYKTYPOBaHOCTI 3MiHIOEThCS 3 4acoM [4, 11].

Oco0uBHiA 1HTEPEC BHUKIMKAE€ BHKOPHUCTAHHSA rpadeHy Ta IHIIMX HaHO-MOAMDIKATOPIB IS
cTabinizamii THKCOTPOITHUX BJIACTUBOCTEH, 1110 JAeTanbHo onucano y mpansx C. Gao [11]. Ile mae 3mory
JIOCATTH e(hEeKTy «MHUTTEBOTO TEIIO», (Pi3UUHA MOJENb SKOTO BUXOJUTH 32 MEXi TPaJUIliHHUX OIHUCIB,
3anponoroBanux E. V. Oort [4].

MateMaTHyHO L€l epexiJ HalKpalle OMUCY€eThCs Yepe3 3MiHy e(DeKTUBHOI B SA3KOCTI (7eff), sKa
1S OLTBIIOCTI IPOMHUBAIEHUX PINMH € (QYHKINIEI0 HE JIMIIE TpagieHTa mBUakocTi (dv/dx), ane i vacy nii
HaBaHTa)KECHHSI.

Oco0muBicTI0O OypOBHX CHCTEM SK KOJOIMHUX CYCHCH3IH € iXHS 3HaTHOCTI 0 OOOpPOTHOTO
130TepMIYHOTO MEPEXOAY «30J7b — reliby, M0 Y HadTOBIH iHKeHepil iIeHTU(IKY€EThCS K TUKCOTPOITis. 3
MO3UINT CTATUCTHUYHOI (i3uKH, IICH Mpolec MOYKHA IHTEPHPETYBATH 5K CBONIOLII0 CHEPreTHYHOI'O
JaHaAmapTy CUCTEeMHU, TOOTO, MPUIMHEHHS 3CYBHOTO HABaHTAXXCHHS MPHU3BOIUTH 10 MIiHIMI3allii BIILHOT
eHeprii nusixoM (GopMyBaHHS MiXKYAaCTUHKOBHX KOHTAKTiB. Y CTaHi CIIOKOI YACTHHKU TJMHUCTOI (as3u
(OeHToOHITY) 200 MAaKpOMOJIEKYJIH MONIMEPIiB OPIEHTYIOTHCS TAKHMM YHMHOM, 100 CTBOPUTU HENEPEPBHY
MPOCTOPOBY CITKY. 3 TOYKH 30py (Di3WKH 1€ MPOSBISETHCS Y 3POCTAHHI CTATHYHOTO HANPY>KEHHS 3CYBY
(CH3) 3 wacom. KineTnka 1mporo 3pocTaHHs HE € JiHIHHO i 3a3BMYail ONMHUCYETHCS €KCITOHEHINaTIBHOO
3aJIeXkHICTIO[ 9], 1110 BKa3ye HA HASIBHICTH MEBHOTO Yacy peiakcallii CTpyKTypH T.

BaxmBo miIKpECTUTH PI3HUIIO MiXK B S3KICTIO Ta TUKCOTPOITHOO MilHICTIO. B’s13KicTh BU3HAYA€E
BHYTPIIITHE TEPTS MK IIApaMHU PiJMHH, IO PYXAIOTHCS, TOJI K TUKCOTPOIIiS XapaKTEPHU3YE «IIaM’SITh)
CUCTEMH IIPO CTaH CTIOKOI0. CaMe 115 BIACTUBICTH € KPUTHYHOKO JJIs1 yTPUMaHHS [IJIaMy B 3aBHCIIOMY CTaHi
ITiJ] 9aC TEXHOJIOTTYHUX 3YMTUHOK OypiHHS.
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MareMaTiuHe MOJICITIOBaHHS IIbOTO SIBUIIIA BUMATra€ BBEICHHS MapaMeTpa CTPYKTYPHOTO pO3MaTy
A. 3a ymoBu A = 1 cucrema nepeOyBae y MOBHICTIO CTPYKTYPOBAaHOMY CTaHi, Toi sk A = 0 BiamoBigae
MOBHOMY PYHHYBaHHIO CTPYKTYpPH MiJ Ai€l0 BUCOKMX IIBUAKOCTEH 3CYBY B HacagKax J0JOTaA.

AHaji3 ocTaHHIX HoCHiTKeHb i myOmikamiin. dyHnaMeHTaNbHI 3acajid PEOJOTii JAUCIEPCHUX
CHUCTEM, JTO SIKUX HaJIe)KaTh OypOBI pO3UNHH, 3aKJIaJeH] Y KJIAaCHIHHUX BiOMUX Ipaisix Pebinaepa, xe 0yio
BIiepiie c(hOpMyIbOBAHO TOHSTTSI CTPYKTYPOYTBOPEHHS B PIIKHX cepeoBUIax. [IuTaHHs MOJIETIOBaHHS
HEHBIOTOHIBCHKOI Tedii B KaHallaX CBEPAJIOBUH OTPUMAaJM PO3BUTOK y JOCITIMHKEHHSIX BITUYM3HSIHHUX Ta
3aKOPIOHHUX HAYKOBITIB-AOCTiTHUKIB, 30kpema, M. I'. Kacesua, O. O. OpmoBa, a Takox y poboTax
P. biarama ta B. I'eprmens.

CyuacHu# cTaH po3B’si3aHHS L€l MPOOJIeMH XapaKTepU3YEThCS BIPOBAIKEHHSIM KOMIUIEKCHUX
XIMIYHHX peareHTiB-MOAn(ikaTopiB (TOJIMEPHUX CIIONYK, HAaHOLEMIONO3M, rpadeHy), W0 AeTaabHO
BHCBITJICHO B HEIIOJABHIX ITyOJIKAIlisAX AOCTITHUKIB IBaHO-DpaHKIBCHKOTO HAIlIOHAIHHOTO TEXHIYHOTO
yHiBepcuteTy HadTu i ra3y [7] Ta [lonraBchkoi momitexHiku [8]. B mux poborax akieHT 3po0iieHO Ha
eMITpUYHOMY TiI00pi peuentyp Ajs ctadinizamii B’I3K0CTi B YMOBaX BUCOKHX TEMIIEPATYp.

IIpoTe, HE3BaKAOUM HA 3HAYHHIM TTPOTPeEC, OUIBIITICTH ABTOPIB CITUPAETHCS HA CTATUYHI PEOJIOTIvHI
MOJIEII, SKi PO3TIAAAIOTE CUCTEMY B YCTAJCHOMY PEXKHMI Tedii, 3aJIMINAI0YX 11032 yBarow MepexiaHi
npotuecu [6,9].

BugisieHHsi HeBHpillIeHUX paHilie YacTHH 3arajbHoi mpo6Jemu. llompy 3HAYHY KiTBKICTH
EKCTIEpUMEHTAIBPHUX JaHUX IIOAO0 B’SA3KICHUX XapaKTepHUCTUK OYpPOBMX PO3UMHIB, TUTAHHS KiHETHIHOI
BiJMOBIHOCTI MK HIBHJIKICTIO PYHHYBaHHS CTPYKTYPHHX 3B’SI3KiB 1 4acOM iX BiJHOBJICHHS B YMOBax
TypOyi3alii HOTOKY 3aJUIIAE€THCS HEAOCTATHHO BUCBITICHUM.

HeBupileHUMH CKJIaJ0BUMHM NPO0JEMH 3aJIUIIAIOTHCS: BIACYTHICTh €IMHOTO (Di3UYHOTO
KpHTEPIito, SIKHH 1MOB’13yBaB O €HEPTir0 aKTUBAIIIl TeUil 3 TapaMeTpaMu THKCOTPOITHOTO CTPYKTYPYBaHHS
Ha MOJIEKYJISIPHOMY DiBHi; HEBH3HAYCHICTH MEXaHi3My BIUIMBY HaJBHUCOKHX THCKIB Ha pelakcamiiHi
BJIACTUBOCTI CTPYKTYPOBaHUX CHCTEM, IO MPHU3BOJHUTH JO IMOXHOOK y pO3paxyHKax €KBiBaJCHTHOI
IUPKYIBIIIAHOT TYCTHHU; a TaKOXX HEJOCKOHAIICTh aHAIITHYHOTO ONHUCY TOBEMIHKHA PO3YMHIB Yy 30HI
NepexoAy BiA JaMiHAPHOTO M0 TypOYJIEHTHOTO PEXUMY Tedii 3 ypaxyBaHHAM «IaMm’ sTi» piAMHU
(peonoriyHoi mepeaicTopii).

CaMe akIIGHTYBaHHIO yBarM Ha IIMX AacleKTaX, 30KpeMa BCTAHOBJICHHIO (Di3MUHUX
3aKOHOMIPHOCTEH €BOJIIOLI] PEOJIOTIYHUX MapaMeTPiB y JUHAMIYHUX YMOBAX, IPUCBSYECHO IO CTATTIO.

MeToio HayKOBLiB-OypOBHKIB y MOJAIBIIOMY MYCHTh OyTH BCTAHOBJCHHS (i3UUHUX
3aKOHOMIPHOCTEH AUHAMIYHOT TpaHchopMallii CTPYKTYPH HEHbIOTOHIBCHKHX OYPOBHX CHCTEM Y MPOLECI
X mepexoy BiJ B’SI3KOIDIACTHYHOTO CTAHY JI0 THKCOTPOIIHOTO BiTHOBJIEHHS. JIJ1s1 TOCATHEHHSI TaKOi METH
HEOOXiZHO BHUPIMIMTH HACTYIHI 3aBAaHHs: MPOaHANI3yBaTH CHEPreTHYHY NPUPOAY MIKMOJEKYISIPHHUX
B3aEMOJIIH y MUCIIEPCHUX CHCTEMax OypOBHUX PO3YHHIB, IO 3YMOBIIOIOTh BHHHKHEHHS MEXI 3CYBY;
JIOCTIINTH KIHETHKY 3MiHU €(PEeKTHBHOI B’SI3KOCTI Iif| JI€F0 3MIHHMX IIBUAKOCTEH nedopMariii 3 mo3uiii
MEXaHIKM CYLUIBHHX CEPEIOBHUIL; OOTPYHTYBAaTH POJIb THKCOTPOIIHUX BJIACTUBOCTEH AK (Di3MYHOTO
peryisTopa rizpaBiiuHoi cTabiIbHOCTI CTOBOYpa CBEPIIOBUHH, Ha 3aBEPIICHHS 3alIPOIIOHYBAaTH YTOUHEHY
MOJIEJTb IHTEePIpPETAIlii PEOJIOTIYHNX KPUBHX, IO BPAXOBYE peaKcalliiHi eeKTH CTPYKTYPOBaHOT piuHU.

Buxkiiax ocCHOBHOI0 MaTepiany X0cIiAKeHHs 3 00IPYHTYBAHHAM OTPHMAHMX Pe3yJIbTATIB.

®di3uuHa NpUpOAa HEHBIOTOHIBCHKOI TOBEAIHKM Cy4YacHHX OYpOBHX CHUCTeM OOyMOBJIEHA
HAasBHICTIO CKJIamHOI OyIOBH MiKYAaCTHHKOBHX 3B’S3KiB. 3TiAHO 3 IOCIHIHKCHHSIMH OCTaHHIX pOKIB,
OImyOJTiKOBaHUMM TpPYIOK0 BYeHmX mig KepiBuuireoM Meeten G. H [3]. ta P. Coussot [1], Teuiro
CTPYKTYPOBaHUX CYyCIIEH31H cIii po3ryisgaTd depes3 MpHU3My €Heprii akTHBalii pyHHYBaHHS (IJIOKKYII.
Croromui cBiToBa emita peosorii (mampukiam, mpami y Journal of Rheology a6o Rheologica Acta)
BIJIXOIUTH BiJ IMPOCTOTO BUMiproBaHHs B’s3kocti no aHamizy LAOS (Large Amplitude Oscillatory Shear)
- KOJIMBaHb BEJHMKOI aMIUTITyAu. HamMu Ha OCHOBI TEOPETHYHUX AOCTIIKEHb JITEPaTypHOro MOILIYKY
BCTAaHOBJICHO, 1110 TIPH 301IbIICHHI TpajieHTa IMBUIKOCTI 3cyBY (dy/dt) BinOyBa€eThCcs HE IPOCTO MEXaHIYHE
PO3CYHEHHS IapiB, a MEpPEeOopieHTallis aHI30TPOMHUX YACTHHOK TUCIEPCHOI (a3 B3MOBXK JIIHIA Tedii.
3akopmoHHi ¢axisiii (30kpema y po3pobdkax Schlumberger) moBoasTs, 110 1eli mpoec CympOBOIKYETHCS
3MEHILECHHSIM JIOKaJIbHOT eHTpomii cucTeMu. 3 (i3ndHOI TOUKH 30Dy, ePeKTUBHA B'SI3KICTH (Meff) MOXKE OyTH
omnucaHa MoAU(IKOBAaHHUM pPIBHSHHSAM, JI€ BpPaxoOBYeThCsA moTeHiian FOkaBu M €IEKTPOCTaTHYHOT
B3a€MOJII1 YaCTUHOK OCHTOHITY:

Ty + k)"
4

neﬁ = 7700 +
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TyT T - AMHAMIYHE HAIPYKEHHS 3CYBY, II0 KOPEIIOE 3 €HEPri€o 3B SA3Ky y BY3JIaX CTPYKTYPHOI

citku; Mo - ebexkTuBHA B’s3KicTh (@pparent Viscosity); XapakTeprcTHKa OMOpYy PiAWHH Tedii Npu

KOHKPETHI# IBHIKOCTI 3¢yBY; T],, - rpaHiYHA B'SI3KICTh 32 yMOBH HECKIHUCHHO BEITHKOI IIBUIKOCTI 3CYBY
(viscosity at infinite shear rate); miniManapHa B'I3KiCTb, AKOT IIparHe piguHA MMPH IyXKe IHTEHCHBHIN TEUii;
Ty - Mexa TekydocTi (yield stress); MiHiManabHE MeXaHiYHE HANPYKEHHS, SIKE MOTPIOHO MPHUKIACTU A0
pinuHH, 00 BOHA MMOYaja TEKTH, 0 JOCSATHEHHS IIbOT0 3HAUCHHS MaTepiall OBOAMTHCS SK TBEPAE TIIO;
Y - wBuzakicts 3cyBy (shear rate); rpajieHT WIBUAKOCTI Tewii MK IIapamyu pifuHK; N - mokasmmx

teuii (flow behavior index); BusHayae Tun Henmimiiinocti: skmo N <1, piguna e ncepmomIACTHYHOO

(po3pimKyeThes Tpu Teuii, Hanpuknaa, ¢apba abo kerdyn); skmo N >1, pizuna € munaranTHOO
(3arymryerbest M gac Tedii).

. . n . o . .
Cama ctpykTtypa popmynu BizoOpaxae 3akoH 7 =Ty + K}, moaineHni Ha MBUIKICTB 3CYBY J IS

OTPMMAaHHS B'I3KOCTI 77 =7/ ¥ 3 JofaBaHHAM 0a30BOi B'I3KOCTI g .

AHaI3YI0Ud TEOPETHYHI Pe3yIbTaTH 3aKOPIOHHHUX IOCHTIDKEHb IIOAO0 KiHETUKH BiTHOBJICHHS
rexro (Mozeri Papanastasiou), aBTop MPHXOIUTE 10 BUCHOBKY, IO THKCOTPOIIisS HE € MUTTEBHM akToM. Le
penakcamiiHui mpolec, 1e mapaMeTp CTPYKTYPOBaHOCTI (A) 3MiHIOETHCS 3a 3aKOHOM:

9y
dt

TyT krec - KOHCTaHTa BimHOBJICHHSI (OpOYHIBCHKA KOATyYIIAIis); kbreac - KOHCTaHTa pPYWHYBaHHS

(1_ /1) - kbreak;tj}

(rizpoauHaMi4HE pO3MHUBAHHS).

3actocoBytoun rpadik, OTPUMAaHMA 3a paxyHOK BHKOPHUCTAaHHS HASBHOTO IIPOTPAMHOTO
3abe3nedyeHHs, BigHopiaeHHs reio (Gel Strength Recovery), 1o 1eMOHCTpPYE, K INIBHIKO Ta HACKIIBKU
MIIIHO «3aCTHUTa€» PO3UMH Micis 3yNHHKH LUPKYJALii, Oyie 04eBUIHHUM, 0 OCHTOHIT: Mae MOCTYIOBE,
MaiiKe JTiHIHHE 3POCTaHHS MIIHOCTI CTpYKTypH. Lle «moBinbHa» THKcOTpomis. Bin GpopMmye MiliHuUit reib
4yepe3 AJOBrui yac (Hampukiaz, 10-XxBUInHHA CTaTHYHA HAINIpyTa 3CYBY 3HA4HO BHINA 3a 10-CeKyHAHY), HA
NpOTHBary - KCaHTaHOBa KaMelb NOEMOHCTpye MUTTeBe BimHoBieHHs («fragile gel»), cTpykrypa
BiTHOBITIOETHCS Maike Ha 90% y mepiui ceKyHau, ane ii moJjanblie 3pOCTaHHS CTa€ HE3HAYHUM. 3BIJICH €
BaYKJIMBHMM, OJTHAK B1JIOMHI BUCHOBOK ITPO T€, 110 HA BiJIMiHY BiJi OGHTOHITOBHUX CHUCTEM, IO MOTPEOYIOThH
TPHUBAJOro 4acy Aisi (OpMyBaHHS KOAryJsILiHHMX KOHTAaKTiB, KCAHTaHOBa KaMeAb (hopMye cTaOiIbHY
CTPYKTYpY Mai’ke MUTT€EBO, 10 KPUTUYHO BA>KJIMBO JUJIsl yTPUMAaHHS IIJIaMy IIPH KOPOTKOYACHUX 3YITMHKAX
HacociB. Ilnomia metm, oTpuMaHa y pe3yibTaTi IOCIHIDKEeHb, 3aCBIAYyeE, 10 YMM OlJIbIIa IIOma MiXK
BUCXIJTHOIO Ta HU3XiJHOIO KPHBHMH, TUM BHIIA THUKCOTPOMiS PO3YMHY, & TIOPIBHSHHS THX KPHUBHX,
JIOBO/INTh, IO OCHTOHITOBI CycIieH3il 3a3BHYail MalOTh IIUPIIY METII0 TiCTEPE3HUCy, OCKIIbKM iXHA
CTPYKTypa PYHHYETHCS 1 BiIHOBIIOETHCS MOBUIBHIIMIE. CyMilni 3 KCAHTAHOM MalOTh BYXKYY METIIO, IIO
CBIZIYUTH MPO MIBHUIIIY PEAKINIO HA 3MIHY TiIPOJIMHAMIYHUX YMOB.

Jo mpukiamy MOXHa BUKOPUCTATH TakKi JaHi st o0y IOBH JiarpaMu 1o HaBeaeHo y Tabmwmi 1,

HUXKYE.
Tabn. 1
Tabauus A NOpiBHAHHA (AaHi A MO0YA0BU AiarpaMu)
IIapametp BenToniToBuii po3unH (5-6%0) oaimepuuii po3uuH (XG 0,5%)
CH3 10 cek (ITa) Husbka (~2-4) Bucoxka (~6-8)
CH3 10 xs (Ila) Bucoka (~12-20) Crabinnna (~8-10)
Tun rearo [porpecyrountii (Hard) Kpuxxwii (Fragile)
BnumB coueii Uytnusnii (QIIOKyYIIsIIis) Criiikuit

bavennss maii0yTHix pe3yabraTtiB: Ha OCHOBI NpPOBENEHOrO TEOPETHYHOIO AaHaNi3y
MPOTHO3YETHCS, 10 MaOYTHI TOCTIIKEHHS OyAyTh 30CEpeIKeHi Ha CTBOPEHHI «PO3YMHHUX» PO3UHHIB 13
KEpPOBAaHOI0 MarHiTHOI abo enekrpuunoro peonoriero (ER/MR fluids). Ile macte 3mory ormepaTHBHO
3MIHFOBATH MIIIHICTh TEJI0 IIISIXOM TOjadi 30BHIIIHBOTO MO, IO iCTOTHO 3MEHIIUTh PU3UK OCiTaHHS
uIaMy i 9ac TIIHO0KoTo OypiHHSA. ABTOP BBaXKae, IO iHTETpallisl HAaHOCHIIKATIB 1acTh 3MOTY OTPHMATH
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PO3YMHHU 3 MPAKTUYHO HYJIBOBUM YacOM peJakcallil, 10 € KPUTHYHO BaXKJIMBUM JJIsi TOPHU30HTAIBHUX
JIUTSTHOK BEJTMKOI MTPOTSHKHOCTI.

BucHoBku:

IIpoBeneHe TeopeTHUHE AOCTIMKCHHS (I3MYHOI HMPUPOAM HEHBIOTOHIBCHKMX OYPOBHX CHCTEM
TI03BOJISIE 3pOOUTH HACTYITHI CTBEPHKYBaHHS:

1. Peonoriuna nmoBeniaka OypoBHX PO3YHHIB € Pe3ysbTaTOM AUHAMIYHOI KOHKYPEHIIT MiX
TEPMOJMHAMIYHO 3YMOBJICHHM TIPOIIECOM CTPYKTYPYBaHHS (THKCOTPOINE€I0) Ta TiApOoauHAMITHIM
pyHHYBaHHsM arperariB. OmnrTumizamiss 0pOro OajaHcy €  KIIIOYOBOIO YMOBOIO  KEpyBaHHS
TiAPOIMHAMIYHUMY XapaKTEPUCTUKAMHU CBEPIJIOBUHHU.

2. BuxopucranHs nuimre CcTaTHYHAX Mojaenel (Hampukiazn, biarama-llIBemoa) 6e3
ypaxyBaHHS 4aCOBOI pelaKcailii CTpyKTYPH IPU3BOJUTH 10 CYTTEBUX MOXHOO0K (110 ~ 20-30%) po3paxyHKy
Yacy MyCKOBUX THUCKIB MICIIS 3yTUHKH HUPKYJIALIL.

3. Jis rinOoKoro OypiHHS MEPCIEKTUBHHUM € MEPEXia J0 PO3UYMHIB 13 HeTIHIHHUM IpodineM
BIIHOBJICHHSI CTPYKTYpPH, IO JA€ 3MOTYy IIOEIHATH BHUCOKY PYXJHUBICTh Yy TYpOYJICHTHOMY PEXUMI 3
MUTTEBUM T€JICYTBOPEHHSIM Y CTaHi CIIOKOIO.

IlepcniexTHBH MOAANBIIMX AOCTII:KeHb MOJATAlOTh Yy PO3pOoOJeHHI LU(PPOBHUX ABIHHUKIB
(«digital twins») IpOMHBAJIBHUX PIIMH Ha OCHOBI HEHPOHHUX MEPEXK, SAKi 37aTHI B PEIKHUMI pPEAIbHOTO Yacy
MPOTHO3YBATH 3MiHY PEOJIOTIYHOTO CIIEKTPY IiJ BIUIMBOM JleTpajallii moiiMepiB Ta TeMreparyp y BUOOi.
Oco0nuBy yBary ciiiJ MpUIUTUTH AOCTIKEHHIO MiKpOPEOJIOTii 3a JOMOMOT0I0 JIa3epHOi iHTepdepoMeTpii,
10 JTO3BOJIUTH Bi3yai3yBaTH MPOIECH pYHHYBaHHS «CTPYKTYPHHX MICTKIB» Ha HAaHOPIBHI.

3a pe3ynbTaTaMH IPOBEACHOT0 TCOPETUYHOTO (PI3UKO-TEXHIYHOIO aHAIi3y PEOJIOTIYHOT TOBEIIHKH
OypOBHX MPOMHBAJIBHUX CHCTEM $IK CKJIAAHUX HEHBIOTOHIBCBKMX CEPENOBHUI CHOPMYIBOBAHO TaKi
Ba)KJTMB1 BUCHOBKH:

1. ®di3uyHa TMPUPOJa HEHBIOTOHIBCHKHUX BJIACTUBOCTEH OYypOBHX pO3YMHIB 3yMOBIICHA
JUHAMIYHOIO PIBHOBArOl0 MiK EHTPOINIMHMM YMHHUKOM Opi€HTalii MakpOMOJEKYJl Ta €HEPreTUYHUM
Oap'epoM pyiHHYBaHHs Mi)KYaCTHHKOBHX KOHTAKTIB.

2. [Tepexim Big B’SA3KOIUTACTHYHOTO CTaHy A0 Tedii € (a30BHUM NEPEXOJOM «CTPYKTypa—
Xaoc», OI0 BUMarae 3acTOCYBaHHS HENIHIMHUX Mozeneil (3okpema ['epmens-bankimi) nms amekBaTHOTO
1H)KEHEpHOTO PO3paxyHKY.

3. deHoMEH TUKCOTPOIIl 11eHTH()IKOBAHO SIK PeJaKCaIlifHUK MPOIEC 13 MEBHUM CIEKTPOM
gacy BimHOBIEHHSA. OYEeBUIHO, 10 33 U1l 3am00iraHHs CEAMMEHTAIlI] MIJIJaMy B TTHOOKHX CBEPIIOBHHAX
KPUTUYHUM € HE CTLTbKH a0COIOTHE 3HAUCHHS CTATUYHOTO HANPY>KEHHS 3CYBY, CKUTBKH IIBUAKICTH HOTO
HapocTaHHs y niepiri 10 cekyH[ micis 3ynUHKH TUPKYIISLi.

4, [TopiBHsIBHUN aHaMI3 pPE3yIALTATIB 3aKOPIOHHUX IOCHIDKCHBb [4, 6] 3acBimdye, IO
Mail0yTHE pEOJIOTIYHOTO KOHTPONIO TIIOB’sI3aHE 3 YHPOBADKCHHSIM IHTENEKTYyaJbHUX CHCTEM 13
HaHoMmoaudikaTopamH, gKi 3a0e3meuyroTh TepMOCTaOiIbHICTD B a3kocTi B ymoBax HPHT (high pressure,
high temperature).

IlepciekTrBE TOJANBIINX IOCHIHPKEHb IOJSTAIOTh Yy CTBOPEHHI aHANITUYHMX MOJEJEH, IIo
IHTETPYIOTh PEOJIOTIUHI DIBHSHHA CTaHy 3 alTOpUTMaMH MAIUHHOTO HaBYaHHS IS aJalTUBHOTO
KEepyBaHHS IIPOLIECOM IIPOMHUBAHHS B PeKUMI peabHoro dacy («Smart Drilling Fluidsy).
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