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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical sciences
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics
to be accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and
the Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases.
The inclusion of News of NAS RK. Series of geology and technical sciences in the
Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of geology and engineering sciences to our community.

Kazaxcman Pecnyonuxacol ¥nmmoix eoiivim akademusicol « KP ¥£A Xabapnapwi. 'eonoeusi scane
MEXHUKATLIK bLIBIMOAD CepUsiCbly bliblMU JcypHaabinbiy Web of Science-miy oicananranzan
nyckacol Emerging Sources Citation Index-me undexcmenyee kabviioaneanvlH xabapiaiiovl.
byn unoexcmeny 6apwicoinoa Clarivate Analytics komnanusicol JcypHandvl 00au api the Science
Citation Index Expanded, the Social Sciences Citation Index oicone the Arts & Humanities
Citation Index-xe xabwvL10ay macenecin xapacmoipyoa. Webof Science szepmmeyuiinep,
asmopnap, bacnawbliap MeH meKkemenepee KOHmMeHm mepenoici MeH canacvih Ycovlnaowvl. KP
¥F'A Xabapnapwi. I'eonocus scane mexnuxanvlk eviiimoap cepusicol Emerging Sources Citation
Index-xe enyi 6i30iy KoeamoacmvlK yulik ey 63eKkmi Jicane 6e0eN0l 2e0N102Usl HCIHE MEXHUKATBIK
2LILIMOAp OOUbIHULA KOHMEHMKE A0ai0bleblMbl30bl OLI0IPEOi.

HAH PK coobwaem, umo nayunoiii sicypran « zeecmuss HAH PK. Cepusi eeonocuu u mexnuueckux
HayK» 6vL1 npunam 0ns undexcuposanus 6 Emerging Sources Citation Index, 06noenennoii éepcuu
Web of Science. Cooepoicanue 6 3mom uHOEeKCUpOBaHUuU HAXOOUMCS 8 CMAOUl paccMOmMpeHUs
rxomnanueu Clarivate Analytics ons danvheiiueeo npunsmus scypHana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index. Web
of Science npeonacaem xavecmeo u enyOuHy KOHmMeHmMa Ol UCCledosamelell, asmopos,
uzoamenei u yupescoenuil. Brmouenue Hzeecmusi HAH PK. Cepus eeonoecuu u mexHuueckux
nayx 6 Emerging Sources Citation Index demoncmpupyem nauty npugepiceHHocms K Haubonee
AKMYANIbHOMY U GIUAMENbHOMY KOHMEHMY NO 2€0102Ul U MEXHUYECKUM HAYKAM Olsl HAule2o
coobwecmaa.



Bac penakrop

KYPBIHOB Mypar KypbiHYJIbI, XUMHUS FBUIBIMIAPBIHBIH TOKTOpBI, Tpodeccop, KP ¥FA
akanemuri, Ka3zakcran PecnyOmukackl YarTeik FwutbiM  akagemusichiHbIH mpesuneHTi, AK «/1.B.
CoOKONBCKHI aTBIHAAFBI OTHIH, KaTaln3 jKOHE MEKTPOXUMHS HHCTUTYTBIHBIH» 0ac TUPEKTOpHI (AJIMATHI,
Kazakcran) H =4

FplabiMu XaTiibl

ABCAJIBIKOB BaxbiT Hapukaiiyabl, TeXHUKa FRUIBIMIApBIHEIH JTOKTOpHI, podeccop, KP ¥FA

JKayanThl XaTIbIChl, A.b. BekTypoB aTbIHAaFBI XUMUS FBUTBIMIAPEI HHCTUTYTHI (AnMarsl, Kazakcran) H=5
PepnakunusaablK ajka:

OBCAMETOB Mauic Kyasicyiabl (6ac penakTopablH OpbIHOAcaphl), T€OJOTHS-MHHEPATOTUS
FBUIBIMJIAPBIHBIH  TOKTOpBI, mpodeccop, KP ¥FA akamemnri, «Y.M. Axmencaduna aTbIHAAFBI
THIIPOTCOIOTHS KOHE T€OIKOOTH MHCTUTYTHIHBIHY) TUPEeKTophl (AnMarel, Kazakcran) H = 2

JKOJITAEB Tepoii JKoaraiiynel (6ac pemakTopiblH OpBIHOAcCAPhI), TEONOTUS-MHHEPAIOTHS
FBUTBIMJIAPBIHBIH JOKTOPHI, mpodeccop, K.M. CaTmnaeB ThIHIAFBI T€ONIOTHS FHUIBIMIAPH HHCTUTYTHIHBIH
nupektopsl (Anmarsl, Kazakcran) H=2

CHOY [Ipuuen, Ph.D, kaybiMaacteipbutran npogeccop, Hebpacka yuuBepcuteTinid Cy FhUIBIMIAPDI
3eprxaHachlHbIH qupekTops! (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, taburu tapux Mmypaxaiieinsiy JKep Typassl FbutbiMaap Oestiminjae
TIETPOJIOTHS XKOHE Taiiiasbl Ka30aap KeH OpBIHAAPBI CalachIHAAFEl 3epTTeyIepain kerekmrici (Jlonmomn,
Anrnus) H =37

MMAH®UJIOB Muxaua BopucoBud, TeXHUKa FRUIBIMIAPBIHBIH JOKTOPEI, Hancn yHHBepcHuTeTIHIH
npodeccopsl (Hancu, @panrms) H=15

HIEH IMun, Ph.D, KeITaii reoIorusuIbIK KOFaMBIHBIH Tay T€0JIOTHSACH KOMUTET] TUPEKTOPEIHBIH OPbIH-
Gacapbl, AMEpHKaH/IbIK YKOHOMHKAIBIK Teosiortap KaybiMaacToirbiHbIH Mytieci (ITexun, Kpitait) H = 25

OUIIEP Axkcean, Ph.D, [/IpesneH TeXHUKAIBIK YHUBEPCUTETIHIH KaybIMAACTHIPBLUIFAH Ipodeccopsl
(dpesnen, bepnun) H=6

KOHTOPOBUY Anekceii IMHIbeBHY, T€OJOTUS-MHHEPAIOTNs FHUIBIMAAPLIHBIH JIOKTODBI,
npodeccop, PFA akamemuri, A.A. Tpodumyka arblHIaFbl MyHai-ra3 TeOJIOTHSCHI JKoHEe reodusuka
nHcTuTyTH (HOoBOCHOMpCK, Peceit) H = 19

ATABEKOB Baanuvup EHokoBHY, XUMUs FBUIBIMAAPBIHBIH J10KTOpHI, benapycs ¥FA akanemuri,
YKana matepuanap XUMHACHI MHCTUTYTBIHBIH KYPMETTi aupektopsl (Munck, berapycs) H =13

KATAJUIUH Credan, Ph.D, J/[pe3neH TeXHUKaJIBIK yHUBEPCUTETIHIH KaybIMaCTBIPBUIFaH Podeccopbl
(dpesnen, bepmun) H = 20

CEMTMYPATOBA Dieonopa FOcymoBHA, reoioris-MHHEPANOTHS FHUTBIMIAPHIHBIH JOKTOPHI,
npodeccop, KP ¥FA xoppecnonaent-mymeci, K.J. Carnaes arsiaaarsl [ €0m0Tus FRUTBIMIAPEI HHCTUTYTHI
3epTXaHachIHbIH MeHrepyiici (Anmarsl, Kazakcran) H=11

CATYBIHTAEB Kanaii, Ph.D, xaysimmacteipsuiran npogeccop, Hazapbaes ymmsepcureti (Hyp-
Cyurran, Kazakcran) H =11

DOPATTUHMU IMaouo, Ph.D, bukokk Munian yHHBEpCUTETI KaybIMAACTHIPBIIFAH mpodeccopsl (MmumaH,
Uranus) H = 28

«KP ¥F'A Xa6apaapsl. ['eosiorusi xoHe TEXHUKAJIBIK FHUIBIMAAP CEPUsIChD».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menmrikreymi: «Kazakcran PecryOnukachiHbIH ¥JITTHIK FRUIBIM akageMusick» PKB (Anmars! K.).
Kazakcran PecmyOnukachiHBIH AKHapar »KoHE KOFaMIBIK JaMy MUHHCTPJITiHIH AKHapar KOMHUTETiHIE
29.07.2020 x. 6epinrer Ne KZ39VPY 00025420 mep3imMaik 6acbUIbIM TipKeyiHe KOWBLTY Typalibl KyoiK.
TaKpIPBINTHIK OAFBITHL: 2€0102Usl, MYHAL HCIHE 2a30bl OHOEYOTH XUMUALLIK MEXHOL02UANAPbI, MYHAL
XUMUACDL, MEMANOAPObL ALY HCIHE ONAPObIH KOCLIHOBLIAPIHBIY MEXHONOSUACHL.
Mep3iMaimiri: KpUIbIHA 6 PET.
Tupaxsr: 300 nana.
Penakuusaei MekeH-xkaiibl: 050010, Anmarsr K., [lleBuenko kerr., 28, 219 6en., Ten.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© Kazakcran PecryOnukachiHbIH ¥ITTHIK FBUIBIM aKageMuscel, 2023

Tunorpadususie MekeH-kaibl: «Apyna» KK, Anmarsl k., Myparbaes kemt., 75.
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I'naBHBIii penaxkTop

KYPUHOB Mypar ’KypuHOBHY, TOKTOp XMMHUYECKHX HayK, mpodeccop, axagemuk HAH PK,
npesuseHT HanmonanpHoi akagemun Hayk PecryGnmkm Kasaxcran, reHepanbHblii pupextop AO
«MHCTUTYT TOTUIMBA, KaTaiau3a U anekTpoxuMun uM. J1.B. Cokonbckoro» (Anmarsl, Kazaxcran) H = 4

YueHHBIIi cekpeTapb

ABCAJIBIKOB BaxbiT HapukéaeBu4, TOKTOp TEXHHYECKHX HAyK, Mpodeccop, OTBETCTBEHHBIN

cexperaps HAH PK, UucTnTyT XuMnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenaknuoHHasg KodJgerus:

ABCAMETOB Masuc KyapicoBud, (3aMeCTUTEINb ITTABHOTO PEAKTOPA), JOKTOP I'€0JIOTOMHUHEPAIIO-
THYECKHX HayK, mpodeccop, akaaemuk HAH PK, mupextop MHCTUTYTA THAPOTE€OIOTHU U TEOIKOTOTUH M.
V.M. Axmencaduna (Anmarsl, Kazaxcran) H =2

JKOJITAEB TI'epoii KoaraeBuu, (3aMeCTUTENb INIABHOTO PENAKTOpa), JOKTOP T'€OJOTOMHHEpAo-
THYeCKUX Hayk, mpodeccop, mupekrop MHcruryrta reonmornueckux Hayk nm. K.M. CarmaeBa (AmnMarsl,
Kazaxcran) H=2

CHOY Jpuuen, Ph.D, acconnupoBanHslii mpodeccop, aupexrop JlabopaTopun BOTHBIX HayK YHHBED-
cutera Hebpacku (mrar Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pyxoBoauTes HCCIEI0BaHIH B 00JIACTH IIETPOJIOTHU  MECTOPOXKIACHHI
M0JIe3HBIX CKomaeMbIX B OTaene Hayk o 3emie Myses ecrectBenHol uctopuu (Jlonnon, Aurmus) H = 37

IMAH®HWJIOB Muxana BopucoBud, T0KTOp TEXHHYECKNX Hayk, mpodeccop Yansepcutera Hancn
(Hancu, ®dpannus) H=15

HIEH ITun, Ph.D, 3amecturens qupexropa Komutera o ropxoii reosornu Kuraifickoro reooruaeckoro
o01ecTBa, wieH AMEepUKaHCKOW acconmanuy skonomudeckux reoioros (ITexun, Kurait) H = 25

OUIIEP Axkceab, accouunpoBaHHBIA mpodeccop, Ph.D, TexHmueckmit yHuBepcurer [pesneH
(dpesnen, bepnun) H=6

KOHTOPOBUY Aunekceli DMUIbeBHY, TOKTOP TI'eOJIOTO-MHHEPAIOTHIECKUX HAyK, Ipodeccop,
akagemuk PAH, Uuctutyr HedrerasoBoit reomornu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H=19

AT'ABEKOB Baagumup EHokoBHY, TOKTOp XMMUUECKUX HayK, akageMuk HAH benapycu, moueTHsIi
mupekTop MHCTHTYTa XUMHUU HOBBIX MarepuaiioB (Munck, benapycs) H =13

KATAJIUH Credan, Ph.D, accouuuposanusiii mpodeccop, Texuuueckuit yausepcuret (pesneH,
Bepnmun) H = 20

CEMTMYPATOBA Dieonopa FOcynoBHa, TOKTOp reonoro-MAHEPAIOrHYECKHX HayK, Tpodeccop,
uneH-koppecnionneHT HAH PK, 3aBenyromas naGoparopun MHcTHTyTa Teonormdecknx Hayk um. K.
CarnaeBa (Anmatsl, Kazaxcran) H=11

CAT'MHTAEB Kanuaii, Ph.D, accormmupoBannslit mpodeccop, Hazapdaes yausepcuter (Hypcynras,
Kazaxcran) H=11

D®PATTUHU IMaoso, Ph.D, accounmmpoBanHBIil mpodeccop, MuUIaHCKUH yHHBEPCHUTET BHKOKK
(Munan, Utamns) H = 28

«M3Bectusst HAH PK. Cepust reo1oruu 1 TeXHH4eCKHX HAYK».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Cob6ctBennuk: Pecrybnukanckoe obmiecTBeHHOE 00bennHenne «HaronansHas akaxeMust Hayk
Pecrry6mmkn Kazaxcram» (T. AMatsr).
CBUAETENECTBO O MOCTAaHOBKE HA y4eT NMEPHOIMUYECKOro nedaTHoro uiganus B Komurere mHbopManum
MunncTepcTBa HHGOPMAIIHK 1 001ecTBeHHOT0 pa3BuTns Pecrryommku Kazaxcran Ne KZ39VPY 00025420,
BeIganHoe 29.07.2020 .
Tematndeckas HANpaBICHHOCTB: 2e0n02us, XUMU4ecKue mexHonocuu nepepabomku Hegpmu u 2asa,
Hepmexumus, mexHoN02UlU U3GLeHeHUs MEMAI08 U UX COeOeHeHUl.
[eproguarOCTH: 6 Pa3 B TOA.
Tupax: 300 3K3eMIIIIPOB.
Anpec penakiuu: 050010, . Anmarsr, yi. [lleBuenko, 28, od. 219, rem.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© HarmmonansHas akagemus Hayk Pecrryonuku Kaszaxcran, 2023
Anpec tunorpaduu: UIT «Apynay, . Anmarsl, yi1. Mypar6aesa, 75.
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Editorial chief

ZHURINOYV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, president
of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC “Institute of
fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) H = 4

Scientific secretary

ABSADYKOYV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive secretary of

NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H =5
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of hydrogeology and
hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H = 32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the Earth
sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, professor,
academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS (Novosibirsk,
Russia) H=19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, honorary
director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H =20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, professor,
corresponding member of NAS RK, head of the laboratory of the Institute of geological sciences named
after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H = 11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H =28
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© National Academy of Sciences of the Republic of Kazakhstan, 2023
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Zh.K. Akasheva', D.A. Bolysbek'*, B.K. Assilbekov!

!Satbayev University, Almaty, Kazakhstan;
%al-Farabi Kazakh National University, Almaty, Kazakhstan.
E-mail: bolysbek.darezhat@gmail.com

STUDY OF CARBONATE ROCK DISSOLUTION USING X-RAY
MICROCOMPUTED TOMOGRAPHY: IMPACT OF ACID FLOW RATE

Abstract. High-pressure high-temperature flow apparatus in combination with
X-ray micro-tomography were used to study the change of pore structure during the
dissolution of carbonate core samples. 8 carbonate samples (with >99% calcite) were
considered. During the dissolution experiment, an HCI solution with a concentration of
12 or 18% was injected into these core samples at flow rates of 1, 2, 4 and 8 ml/min.
Samples were scanned before and after the acid injection at about 19 microns. Avizo®
software was used for image processing.

Results show a significant increase in permeability due to dissolution, especially
at high flow rates. It was shown that images with a resolution of about 19 pm are not
enough to estimate overall porosity of the samples. Also, it has been shown that at this
resolution the median filter is more suitable.

The change of the 3D pore structure due to dissolution shows that the dissolution
pattern was conical for low flow rates (1 and 2 ml/min), but for high (4 and 8§ ml/min)
flow rates it becomes more dominant for both 12% and 18% HCI concentration. It has
been observed that the flow rate significantly impacts the sample-averaged dissolution
rate. With an increase in the flow rate, the sample-averaged dissolution rate increases.

Key words: reactive dissolution, X-Ray micro-computed tomography, imaging,
image porosity.
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K.K. Akamesal, JI.A. Boabicoex!?", B.K. Acuadexos!

!Satbayev University, Anmarsr, KazakcTas;
2on-Dapabu ateiamarsl Kasak yaTTeIK yHHBEpCHTETI, AnMarsl, KaszakcTaH.
E-mail: bolysbek.darezhat@gmail.com

STUDY OF CARBONATE ROCK DISSOLUTION USING X-RAY
MICROCOMPUTED TOMOGRAPHY: IMPACT OF ACID FLOW RATE

AnHoTtanus. byn Makanaga kapOOHATTBI YATUIEPIiH KEYeKTi KYpBLIbIMIAPBIHBIH
e3repyi OJaplibIH JKOFaphl KbICBIM MEH TeMIIeparypajia *KYMbIC 1CTEHTIH KOHABIPFBIIA
epyi peHTTeH IIK MUKPOTOMOT padHsIHBI KOca Iaii1aiany apKbUibl 3epTreini. Kypambiaaa
99%-maH KOFapbl KalbIUThI Oap 8 KapOOHATTBI KEPH YJTiIEepi KapacThIPBLIIBL.
DkcnepuMeHT OapbIchiHIa Ochl yarinepre 12 sxxone 18% Ty3 KbIIIKBUTBIHBIH epiTiHIiIepi
1, 2, 4 xoHe 8 MJI/MHH KbIIIaM/IbIKTA aliaiisl. COHBIMEH KaTap, YIAruiep epiTiHaiaepai
aiijlaranra JIeHiH JKOHE aiilaFaHHAH KEeWiH KEHICTIKTIK Aoiairi 19 MUKpoOH OoJaThiH
PEHTTeHIIK MUKpoToMorpadren ckaHepiieHal. CKaHepiey HOTHKECIHJIE ajlbIHFaH
cypertep Avizo® apHaiibl OaraapiaMablK MAKeTIH MaiaanaHa OThIPBIT OHICIII.

Hotmxenepre colikec, aOCONIOTTI OTKI3TIMITIKTIH Tay >KBIHBICHIHBIH epyi Ke3iHIe,
acipece, )KOFapbl JKbIIIAM/IBIKTap/1a alTapIIBIKTal apTaThIHIBIFBIH KOPCETTi. PEHTTeH IIK
MUKpoToMOrpadTeiH  fonairi (19 MkM) 3eprreyle KapacThIpbUIFaH KapOOHATTHI
YIIT1IEP/IiH JKaJIbl KSYCKTUIITH aHbIKTayFa )KeTKUTIKCI3 eKeHIir kepceTiiai. COHbIMEH
Karap, OChIHJAN JQIIKTEe aybITKYyJIapibl a3aiTyna MEIUaH]Ibl CY3TiHIH adTapibIKTal
KOJIAIIBI €KeHTITT KOPCETUIII.

Kapactelpputran — yarinepaiy — epirenHe kedinri 3D keyekri  KypbUIBIMBIH
Tajjay epy HillHIHH a3 KbUgaMjisikrapaa (1 skoHe 2 MII/MUH) KOHUKAJIBIK, all
YIIKeH JKbUTIamabikTapaa (4 xoHe 8 MJI/MHMH) Ty3 KbIIIKbUIBIHBIH 12% xoHe 18%
KOHI[EHTPALUSUIBI epPITIHIIEP] YIIIH OHBIH €l1dyip JaMbIFaH Typre ue OONaThbIHIBIFbIH
KepcerTTi. byFaH Koca, KbIIIKBLIIBI PITIH/IHI alay KbUIIaMIBIFBIHBIH VI OOMBIHINA
OpTaJlaHFaH Tay >KBIHBICBIHBIH €py KbUIJAMJIbIFbIHA aNTaplIbIKTali ocep eTeTIHMIri
Oaiikayapl.  A¥nay KbUIIAMJBIFBI apTKaH CaiiblH Y/l OOWBIHINIA OpTaJlaHFaH Tay
JKBIHBICBIHBIH €PY JKbIIIAM/IBIFbI aPTTHI.

Tyitinai  cesmep: epiTy, pEHTTEHIOIK MHKPOKOMIIBIOTEPIIK  TOMOTrpaduwus,
BH3yaJHM3alsl, KECKIHHIH KEyeKTLIIr1.
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HNCCIEJOBAHUE PACTBOPEHUS KAPBOHATHBIX ITOPO/I C
HCIOJIb30BAHUEM PEHTTEHOBCKOM MUKPOKOMIILIOTEPHOI
TOMOI'PA®UUN: BJIUSITHUE CKOPOCTH ITIOTOKA KUCJIOTBI

AnHOTanMs. B HacTosAmell cTaTbe PACKPBITO W3MEHEHHUE IIOPOBOM CTPYKTYpPBI
KapOOHATHBIX 00pa3IoB MPH WX PACTBOPCHUH HA YCTAHOBKE BBICOKOTO JABJICHUS H
TEeMIIEPaTypbl COBMECTHO C pEHTT€HOBCKOM MUKpoTOMorpadueil. beutn paccMoTpeHs! 8
KapOOHATHBIX 00PA3IOB C COJCPKAHUEM KallbiiuTa >99%. B X0/1¢ SKCIIEPUMEHTOB B 3TH
00pasiel OBUTM 3aKa4aHbl KUCIOTHBIE PACTBOPHI ¢ KOHIIGHTPAIMEW COJSIHOW KUCIIOTHI
12 u 18% mnpu pacxonax 1, 2, 4 u 8 mu/muH. Tarxke 00pa3ipl ObUTH OTCKAHUPOBAHBI
J0 W TIOCJe 3aKauyKd PacTBOPOB C IOMOIIBIO PEHTIEHOBCKOrO MHUKpoTOMorpada c
MIPOCTPAHCTBEHHBIM pa3perieHneM okojo 19 mukpoHoB. IlomydenHbsie B pesynbrare
CKaHMPOBaHHs W300pakeHUs] ObLIM 00pabOTaHBl C IOMOIIBIO TPOrPAMMHOTO
obecneuenust Avizo®.

PesynpraThl mOKazamM  3HAUMTENBHOE YBEJIMYEHHWE TPOHUIAEMOCTH  M3-3a
pacTBOpeHHs TIOPOJbI, OCOOCHHO NPH BBICOKMX CKOPOCTAX 3akadku. [lokaszaHo,
YTO MPOCTPAHCTBEHHOE pa3pelieHue PEHTIeHOBCKOro MHUKpoTomorpada B 19 MKM
HEIOCTATOYHO JJIsi OLIEHKH O0IIel mopucTocT 00pasioB. Takke ObIJIO OKa3aHO, YTO
MIPH TakOM pa3pelIeHnd MEAMAaHHBIH (QUIBTp ABISUICA HanOojee MOAXOMALINM IS
YMEHBIIEHHSI ITyMOB.

Ananussl 3D-1opoBo#t CTPYKTYpPBI pacCCMOTPEHHBIX 00pa3IOB MOCIE PACTBOPEHUS
MoKa3aiu, 4to (hopMa pacTBOPEHUs ObliTa KOHUUECKOH NMPH HU3KUX CKOPOCTAX 3aKauKH
(1 1 2 MA/MHH), HO TIPH BBICOKHX CKOPOCTSIX 3aKauyku (4 v 8§ MII/MUH) OHa CTAaHOBHUTCS
Oosiee pa3BUTON (IOMHHAHTHBIC YEPBOTOUMHBI) Kak it 12% u 18% KoHuIeHTpanuu
KHcaoThl. Takke OBIJIO 3aMEYeHO, YTO CKOPOCTh 3aKauKH 3HAYUTENbHO BIUSET Ha
OCpPEIHEHHYIO TI0 00pa3Ily CKOPOCTh pacTBOpPeHUs 1Mopojibl. C yBeIHUEeHHEM CKOPOCTH
3aKauky OCpeJHEeHHas 10 00pa3ily CKOPOCTh PACTBOPEHHUS YBEIINIHBAIACh.

KuaroueBble cioBa: pacTBOpEHHE, PEHTIEHOBCKas MHMKpPOKOMIIBIOTEpHAs TOMO-
rpadus, BU3yaau3alys, MOPUCTOCTh 0 H300paKeHHIO.

Introduction. The microstructure of carbonate rocks experiences substantial
changes under a reactive processes, in particular chemical dissolution and deposition
(Qajar et al., 2013). The concept behind the matrix acidizing is to create high conductive
channels (wormholes) when hydrochloric (HCI) acid dissolves calcite layers in
carbonate-rich formations. These wormholes will connect the near-wellbore zone to the
reservoir through the damaged layer, and as a result, increase hydrocarbon production
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(Turegeldieva et al., 2016). The acid type and its concentration must be carefully
selected to achieve a successful acid treatment.

Rotting et al. investigated the changes in the initial permeability, porosity and pore
size distribution during the dissolution of sedimentary carbonate rocks with dilute acid
(HCI) (Rotting et al., 2015). Soltanbekova et al. concluded that the dissolution efficiency
largely depends on the flow rate, rock permeability, rock lithology and other factors
during the injection of 15% HCI into 6 different carbonate core samples (Soltanbekova
et al., 2021).

It has been shown that the permeability of high porosity cores did not increase
significantly during the long-term dissolution experiments (~1000 h), may be because
the dissolution occurred primarily in the pores rather than in pore throats (Colon et al.,
2004).

Molins et al. (2014) investigated the impact of transport and reaction on calcite
dissolution at a pore-scale. Authors used a high-resolution pore-scale numerical model
to simulate the experiment on a computational domain consisting of reactive calcite,
pore space, and the capillary wall constructed from volumetric X-Ray micro-computed
tomography (u-CT) images (Molins et al., 2014). Noiriel et al. studied the dissolution
of a limestone core during the CO,-enriched water injection experiment (Noiriel
et al., 2004). They measured the changes in porosity and permeability arising from
modifications of the pore network geometry and the fluid-rock interface using the p-CT
imaging.

Jiang & Tsuji studied the influence of precipitation on relative permeability during
CO, storage using numerical methods (Jiang & Tsuji, 2014). They first extracted the pore
structure of Berea sandstone rock samples by high-resolution u-CT scanned images,
then calculated the relative permeability with a highly optimized two-phase lattice
Boltzmann model and performed simulations on a digital rock model reconstructed from
micro-CT scanned images. Single Relaxation Time (SRT) and Multi Relaxation Time
(MRT) formulations of lattice Boltzmann Method (LBM) are also can used to simulate
fluid flow through the pores in order to compute the permeability of porous media
(Jithin et al., 2017). But both MRT and SRT showed over-prediction of the permeability
compared to the experimental value, which could be the effect of an apparent slip at the
solid surface due to a numerical error in the location of the wall.

Gharbi et al. studied the fluid-rock interactions during CO, storage in saline carbonate
aquifers (Gharbi et al., 2013) using high resolution (8 pum) pu-CT. They extracted
representative pore-throat networks to compute the average coordination number and
assess changes in pore and throat size distributions, then compared pore structure and
connectivity using image analysis and pore-scale modeling techniques. Pereira Nunes
et al. found the new dissolution regime during the mineral dissolution by the injection
of a CO,-saturated brine (Pereira Nunes et al., 2016).

X-Ray p-CT used together with physico-chemical measurements during experiments
and fine-scale observations offers the opportunity to better access and understand
reaction-induced changes of pore structure, permeability and reactivity surface, as a
result of the interplay between geochemical reactions, changing rock geometry, and the
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hydrodynamic and transport properties (Noiriel, 2015). u-CT is a method that allows
registration and analysis of the internal structure of an object without violating its
structure and integrity (Akasheva et al., 2020; Hounsfield, 1973).

This article discusses the impact of the acid flow rate on the permeability and
porosity and pore structure of samples during experimental dissolution of carbonate
core samples with a combination of X-Ray p-CT. Aspects of processing 2D images of
core samples obtained using X-Ray p-CT are being studied.

Materials and methods. This chapter presents a description of considered carbonate
core samples, and the procedure of solution injection and imaging using pu-CT.

Sample characterization. 8 carbonate core samples ~5 ¢cm in length and ~3 cm
in diameter were considered for the dissolution experiment in this work. The porosity
and permeability of the samples range from 11.16-20.92% and 135.13-721.04 mD,
respectively. Mineral composition of samples was determined using the X-ray
diffractometer Bruker D2 Phaser. According to the results, samples 2, 9, 12, 13 and 18
consist of 100% calcite; samples 7, 10 and 11 consist of 99% calcite and 1% quartz.
Thus, all studied samples are highly homogeneous in composition, which excludes the
influence of mineral heterogeneity on acid-rock interaction.

Core sample’s permeability was calculated using Darcy’s equation , where is the
permeability (m?), is the dynamic viscosity (Pa-s), is the core sample length (m), is the
volumetric flow rate of water (m?/s), is the pressure drop at the ends of the core samples
(Pa), is the sample cross-sectional area (m?).

Injection of acid solutions. Dissolution experiments were conducted using 2%
NaCl solution and solutions with 12% and 18% HCI concentrations. The experiments
were performed at 20°C and 3 MPa. Solution injection was performed using Wille
Geotechnik Y1000 (Fig. 1A). Acid breakthrough pore volume was calculated using
the equation , where is the acid injected volume until breakthrough and is the sample’s
pore volume.

Imaging using X-ray computed tomography. Pre- and post-dissolution images
of 8 dried samples were obtained using the General Electric phoenix v|tome|XS 240
X-Ray p-CT (Fig. 1B). The method is based on the measurement and complex computer
processing of the difference in the attenuation of X-ray radiation depending on the change
in the density and atomic composition of the substance. The processing of obtained 2D
images were done using Avizo® software in order to build a 3D rendered model of
the samples and calculate macroscale properties such as porosity, permeability, specific
surface area, etc.

In this study, p-CT was used to identify lithological inhomogeneities, fracture zones,
areas of localization of caverns and assess the structure of the pore space of core samples
before and after dissolution.

Results and discussions. Measurements during the injection of acid solutions.
Acid solutions with 12% (for samples 18, 9, 13 and 7) and 18% (for samples 12, 10, 11
and 2) HCI concentrations were injected into core samples at rates of 1, 2, 4, and 8 ml/
min. The permeability ratio (final to initial) and acid breakthrough PVs as a function of
flow rate are indicated in Figure 2.
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The permeability ratio and injected acid volume are important parameters when
stimulating hydrocarbon inflow into a well. If it is possible to achieve a significant
increase in permeability while consuming a minimal acid volume, then this will be the
most optimal case for improving well productivity. According to Figure 2A, a significant
increase in permeability was observed, especially at high (4 and 8 ml/min) flow rates
for both 12% and 18% HCI concentrations. In the case of an injection of 18% HCI acid
solution, although almost the same volumes of solution were injected at all flow rates
(Fig. 2B), at low flow rates, the permeability ratio is already less than half of the ratio
of high flow rates. Considering that samples 12, 10, 11 and 2 have almost the same
porosity and different permeabilities, and the permeability of samples 11 and 2 is 1.5-2
times higher than that of samples 12 and 10 (see Fig. 2A), we can assume that there is
a certain relationship between the permeability ratio and the initial permeability of the
samples.

m12% HCl m 18% HCI W 12% HCI m 18% HCI
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Figure 2. Permeability ratio (A) and breakthrough PVs (B) as a function of flow rate

Image processing. As a result of u-CT scanning, 1700x1700x3000 slices were
obtained for each of the 8 samples before and after acid injection. The voxel size is ~19
um?®. These data are an essential starting point for image processing. Image processing
was performed using the Avizo® software (https://www.fei.com/software/amira-
avizo/.), and consisted of several steps, namely pre-processing and segmentation of
each sample before and after acid solution injection.
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Pre-processing includes cropping and filtering the images in order to remove noise.
In fact, it is pre-processing that is an important part of the quantitative analysis of
the main parameters of a porous media in a digital form. In addition, the next steps
depend on the pre-processing, it must also be considered that the resolution of u-CT
images strongly affects the determination of key parameters of the sample material.
Therefore, for example, Soulaine et al. show that for u-CT images of sandstones with a
resolution of 20 um, it accurately determines porosity, and for carbonates, even about 1
pm is not enough to determine porosity. The fact is that in the images of carbonate-type
samples, there are many pores that turn out to be blurry. These are also called pores at
the sub-micron scale, which complicate circumstances when applying filters and further
segmentation (Soulaine et al., 2016).

In this paper, for a noise reduction on the faces of samples, they were first cropped.
After that, in order to select the appropriate filter, different filters were compared, namely:
median, non-local mean, unsharp masking, as well as their combinations (Figure 3 and
Table 1). More detailed information about these filters can be found in (Schliiter et al.,
2014).

Segmentation in this paper lies in the separation of the pore space of the sample.
Since the samples are almost carbonate rocks, only macropores (above 19 um) were
identified during the segmentation. A global segmentation method was used, in which
the selection of pores is performed depending on the definition of the boundary of the
intensity of visible pores.

P A

Original Median Non-Local Unsharp Nonlocal Non-local Mediant+
Means Masking +median +unsharp unsharp

Figure 3. Visual comparison of different filters on sample 7

Using of the unsharp masking filter gives non-physical porosity values at a several
slices (Figure 4A). Combinations of different filters resulted in porosity reduction
(Figure 4A, Table 1). Since the image porosity value at the resolution of 19 pm and
above gave a worse match with measured values, the focus of selecting a suitable filter
was to cover more pores. Based on this, the choice fell on the median filter, since the
median filter covers more pores (Figure 4A) and deviation from the measured porosity
is minimal in comparison with the rest (Table 1). The non-local means filter at this
resolution showed a decrease in porosity, since there were a lot of blurry areas, and it is
also very computer resource-intensive. However, at very high resolutions (~1 pum), the
non-local means filter performs well in most cases.

Since it was not possible to cover the full range of pores, the total image porosity
of the samples did not coincide with their measured porosity. Saxena et al. introduced
a correction factor in order to match the image porosity with the experimental one as ,
where — image porosity, and — measured porosity (Saxena et al., 2019). The values of
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correction coefficient for considered core samples are shown in Figure 4 B. According
to the values of the correction coefficient for all samples, it was observed that the image
porosity deviated from the experimental porosity value by almost 35-65% due to the
low resolution of p-CT. This confirms that for carbonate samples, the resolution of
about ~20 microns are insufficient to capture the entire pore space.

Table 1 — Image porosity of the sample 7 obtained by different filters

Filter Name Image porosity, % | 100*(Filtered-Measured)/Measured, %
Median 13,49 -354
Non-Local Means 7,61 -63,5
Unsharp Masking 11,66 -44,2
Median+Non-Local Means 7,83 -62.,5
Median+Unsharp Masking 12,96 -38,0
Non-Local Means+Unsharp Masking 6,65 -68,1

Pore structure change due to dissolution. The p-CT was used to construct a 3D
model of the samples in order to study the changes in the pore structure and to calculate
macroscopic parameters before and after dissolution. Based on the p-CT, an assessment
of changes in the structure of the pore space of samples before and after dissolution was
carried out (Figure 5).

Figure 5 demonstrates the peculiarities of the action mechanisms of solutions on the
carbonate cores. It has been noted that the acid solution was injected from top to bottom
and wormholes are indicated as a dark-blue region (lower pictures in Figure 5). As it
can be seen, for all samples, a slight dissolution of the inlet face is observed, which is
associated with the high dissolving rate of the solutions used. The dissolution pattern
was conical for low flow rates (1, 2 ml/min), but for high (4, 8 ml/min) flow rates it
becomes more dominant for both 12% and 18% HCI concentrations (Figure 5). For
sample 18, the dissolution front developed diagonally from right to the left due to the
natural fracture. It can also be noted, that with an increase of the flow rate, the dominant
wormbhole begins to develop and thicken.
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Figure 4. Slice averaged image porosity of the sample 7 obtained by different filters versus distance (A)
and the value of the correction coefficient for different samples (B)
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Figure 5. 3D models of samples before (upper) and after (lower) dissolution versus flow rate

The microcomputed tomography used in this work helped to calculate the slice-
averaged porosity and this allows us to see the heterogeneities in the porosity along the
sample length. The slice-averaged porosity distribution along the length of the sample
is shown in Figure 6. In Figure 6, the graphs in the upper and lower rows correspond
to 12% and 18% HCI concentrations, and the columns from left to right correspond to
different flow rates of the solution, while dashed and solid lines show the distributions
of porosity before and after dissolution. As it can be seen from Figure 6, low flow rates
(1 and 2 ml/min) lead to intensive dissolution of the rock mainly in the inlet part of
the samples, especially when 12% hydrochloric acid is injected. On the contrary, at
high flow rates (4 and 8 ml/min), almost uniform dissolution of the rock is observed
along the length of the samples, indicating that dominant wormholes were formed, and
further injection of the acid solution contributed to their widening. This effect can also
be seen for lower flow rates (1 and 2 ml/min) in the case of solution injection with 18%
HCI concentration. This means that rock dissolution is a complex process characterized
by competition between solution transport and acid-rock interaction, with varying
degrees of heterogeneity in pore distribution and permeability. All this leads to different
rates of dissolution of the carbonate rock, although the rocks have almost the same
characteristics. This is better seen in Figure 7.
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Figure 6. Slice averaged porosity distribution along the sample length for 12% HCI (Upper layer) and
18% HCI concentrations (Lower layer) at different flow rates (Columns)

The change rate of the sample-scale porosity in time is shown in Figure 7 as a
function of solution flow rate.
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Figure 7. Porosity change rate versus flow rate for 12% HCI and 18% HCI concentrations
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The change rate of sample-scale porosity in time is calculated as the ratio of the
difference in sample-averaged porosity after and before the solution injection to the time
of rock dissolution before acid breakthrough. In Figure 7, there is a clear relationship
between the change rate of porosity and the flow rate of the solution — with an increase
in the flow rate, the change rate of porosity increases. This is very noticeable in the
case of a solution injection with an 18% HCI concentration, although almost the same
volume of acid was injected at all rates (see Figure 2B). This may be related to the
initial permeability of samples 12, 10, 11 and 2. It can also be seen that the change
rate of porosity is in good agreement with the permeability ratio (see Figure 2A) in the
case when a solution with 18% HCI concentration is injected. On the contrary, when a
solution with 12% HCI concentration is injected, this relationship is not obvious, which
may indicate that the absolute permeability of a porous medium depends not only on
porosity, but also on other factors, such as pore connectivity and specific surface area.

Conclusion. In this work a combination of experimental and imaging techniques
were applied to study the interaction of carbonate samples with the acid solutions. All
studied samples are almost completely calcite, which minimizes the influence of the
mineralogy heterogeneity on the dissolution.

According to the results, a significant increase in permeability due to dissolution was
observed.

The processing of images obtained using p-CT show that the resolution of about
19 um is not enough to estimate the overall porosity of the samples. Also, it has been
shown that at this resolution the median filter is the most suitable. Using this filter, it
was observed that the image porosity is 35-65% of the experimental one depending on
the samples.

The change of the 3D pore structure due to dissolution shows that the dissolution
pattern was conical for low flow rates (1 and 2 ml/min), but for high (4 and 8 ml/min)
flow rates it becomes more dominant for both 12% and 18% HCI concentration. Further
injection of both 12% and 18% HCI concentrations at high rates (4 and 8 ml/min) after
the dominant wormholes formed contributed to their widening. This effect can also be
seen for lower flow rates (1 and 2 ml/min) in the case of a solution injection with 18%
HCI concentration.

It has been observed that the flow rate significantly impacts the sample-averaged
dissolution rate. With an increase in the flow rate, the sample-averaged dissolution rate
increases.

Further work will include a study of the effect of the flow rate on the fluid flow in
a porous medium using pore-scale modeling. Also, the applicability of an empirical
equation for calculating the absolute permeability in the case of a 3D pore structure
change of the samples during the dissolution will be studied.
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