AHOTAIIA

lleouenxo H.M. Y10CKOHAJIeHHSI CIIOCOOIB PO3pOOKHM Tra30rigpaTHUX NOKJIAaAiB Ta
KOHTPOJIIO 32 rigparoyrBopeHHsM. — Kpajidikauniiina HaykoBa npansi Ha npaBax
pyKoOMHcy.

Jucepraliist Ha 3100yTTS HAYKOBOT'O CTYIMEHs JoKTOopa distocodii 3a cremiaibHICTIO
185 — Hadrorazoa imxeHepis Ta TexHosorii (18 — BUpoOHHUIITBO Ta TEXHOJOTI(). —
Hamionansuuit yniBepcuteT «llonraBcbka momitexnika imeni Opis Konppatiokay,

ITonTaBa, 2022.

VY nucepramiiiHii poOOTI HABEAEHO TEOPETUYHE Y3arajlbHEHHS 1 BHUPIIICHHS
HAyKOBO-TMPAKTUYHOTO 3aBJaHHs — MIJBUIICHHS €(DEKTUBHOCTI TEXHOJIOT1i BUIOOYBaHHS
1 TpaHCTIOPTYBAHHS Ta3y MOPCHKHUX POOBHIII.

VHikanbHa 3aTHICTh Ta31B 1 BOJAU YTBOPIOBATH ra3oBi TiipaTd 0OyMOBHIIA 3HAYHI
npoOiemMu g raiaysi. Asie mopsii 3 TUM MpHU3BENa JI0 HAKOMUYEHHS KOJIOCATBbHUX
MOKJIJIIB IPUPOJHOTO ra3y y Woro ckiasi. ['a3oBi rigpatu (1 mepir 3a BCe MOPCHKI)
HAKOIIMYMIIH, 3a pisHuMHE ominkamu, Big 10™ xo 10™ m® npupoaroro rasy, mo cyrreso
MIEPEBUIIye BCi 3amacu ByrienieBoro mnanma. OCTaHHIMH POKaMH CIOCTEPITAETHCS
CYTTEBUM TIPOTpeC y PO3POOJICHHI TEXHOJIOTIM BHUIIOOYBaHHS MPUPOJHOTO Trasy i3
MOKJIAIIB Ta30BHX TiapariB. OJHAK, Ha CBOTOJHI TOKM HE ICHYE KOMEPIIHHO
NpUBAOIMBOI 1 TEXHIYHO ONPAllbOBAHOI TEXHOJOTIi PO3POOKM TOKIAIIB  Tra30BUX
rigparti. [IpuunHOIO TOMY, TIEpIII 3a BCE, € HU3bKA MPOAYKTUBHICTh BUJIOOYTKY 1 BUCOKA
co01BapTICTh OTPUMAHOTO Ta3y. Y 3B’S3KY 3 IIUM aKTyaJbHUM 3aBJaHHSIM € MOJaJIbIIe
BUBYCHHS BJIACTUBOCTEW Tra30BUX TiApPATIB, a TAKOX IPOIIECIB, AKI BIJOYBaIOThCS B
MJIACTOBHX CHCTEMax B yMOBaX TiApaTOyTBOPEHHS.

Metoto pobOTH € MiJBHUILIEHHS €()EKTUBHOCTI PO3POOKHM MOPCHKHUX POIOBHII
ra3oBUX TIApPATIiB NMUIIXOM YAOCKOHAJICGHHS TEXHOJOTIi Ha OCHOBI €Heproe(EeKTUBHUX
TEXHOJIOTIYHHUX PIIIEHb 1 KEPYBAHHS TEXHOTEHHUM TipaTOyTBOPEHHSM.

Bigomi Ha chOTOJHI METOIM BUJIOOYTKY ra3y 13 ra3oripaHux MOKIajiB 3aCHOBaHI
Ha TPUHIWNAX TPAAUIIIHHOT TexHoJorii BuaoOyTKy HadtH 1 rasy. [Ipore, Tpamuiiiini

METOAM CTBOPIOIOTH 3HAYHI MPOOJIEMH, TOB’SI3aHI 3 BTOPUHHUM T1IPAaTOYTBOPEHHSM,
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1HKEHEPHO-TEOJIOTIYHUMH YCKJIaJHEHHSMU Ta HHU3BKOIO €(EeKTUBHICTb BHPOOHUIITBA.
binbmricTe 3 HUX mpoOaeM BUPIIIYIOTHCA IPH 3aCTOCYBaHHI METOAY TCEBIO3PIIKCHHS
T1paTOBMICHOI OPOAH, 3aCHOBAHOT'O HA TEXHOJIOTIT TIpoBUI00yTKY. JlaHa TeXHOJIOTIs
Mae Oe33anepeyHi MepCrneKTHBU IPOMUCIOBOTO BIPOBAKEHHS, OJJHAK HA TAHOMY €Tarll
3HaXOJUThCS Ha CTajli YJOCKOHAJIICHHS 1 OmpallfoBaHHs 11 eneMmeHTiB. Hampsmamu i
YIOCKOHAJIGHHSI € oprasizaiis Oe3mepepBHOrO MPOIECY TiAPOBUAOOYTKY, 3HUKCHHS
CHEeproBUTpaT Ha PyHHYBaHHs MOPOJH, YAOCKOHAICHHS MPOIIECy cenapaiii ra3oriipaTty
3 rijipocymini. Takox akTyaJIbHUM € OpraHi3allisi OlepaTUBHOIO KOHTPOJIIO TOBTOPHOTO
TApaTOyTBOPEHHS B CBEPJIOBUHHIN MPOIYKIT B3J0BK TEXHOJOTTYHOTO JIAHIIIOTA.

3a pe3yiabTaTaMH JOCHIDKEHb 3alpOINOHOBAHO MEXaHI3M BIUIMBY 3aTOIJICHUX
CTPYMEHIB Ha NPHUPOAHWI Ta30BUH TiApaT B CKIaAl TIAPATOBMICHOI IMOPOJIH.
OOrpyHTOBaHO ME€XaHI3M BUAOOYTKY ra3oriipaty 13 MOPCBHKUX IOKJaJIB 0€3 BUTpaTu
TEIUIOBOI  eHeprii Ha #oro muaBieHHs. BiH mnepexnbadae  CTUMYIJIOBaHHS
nepeKkpucTali3allii ra3oriipaTty yHaclioK CYMICHOTO BIUIMBY 3aTOIUICHUX CTPYMEHIB
BOJIM 1 CYITyTHIX MPOIIECIB.

Po3pobineno 1 o6rpyHTOBaHO CrociO BUI0OyBaHHS ra3oBoro rigpaty. Ilpu npomy
3apONOHOBAHO  NPHUHIMO 1  OOIPYHTOBAaHO  MEXaHI3M  €Heproe(eKTUBHOTO
TICEBMIO3P1HKEHHS T1IPaTOBMICTHOT TOPOJIM 1 MOYATKOBOI cemaparlii ra3oriipaty, sSKu,
32 YMOBHM MIATPUMAaHHS MIHIMAIbHOI BIACTaHI MK TIAPOMOHITOPOM 1 (PPOHTOM
pyliHyBaHHs, Tependavae: AE3IHTErpalil0 IMOPOJM BHUCOKOHAMIPHUM CTPYMEHEM;
YaCTKOBY JMCOIIIAIIIO Ta30TiIpaTy 3a paxyHOK TEIUIOTH JUCHMAIli eHeprii CTpyMeHs 1
BUBUIGHEHHS y PEe3yJibTaTi IHOTO MOPOJHHUX BKIIIOUEHB; MOBTOPHE TiPaTOyTBOPEHHS
micisi BUXOAY rasy 13 30HM MeperpiBy, aie 0e3 ariomeparii 3 mopojoro. Takox
3alpPONOHOBAHO TPHUHIIMI 1 OOTPYHTOBAHO MeEXaHI3M IMpoIecy MiA3eMHOI cemaparii
ra3oriipaty 13 TipocyMilli, SKui nepeadadyae yTBOPEHHs B MPOLECI T1APOBUIOOYTKY
ripHUY0i BUPOOKH, TpaBiTaIliiiHE PO3JUICHHS B HIM TIAPOCYMIlN, Ha Ocaj MOPOIU 1
KOHLIEHTpAT ra3oripary Ta Moro Biadip 13 30HU KOHLIEHTPYBaHHS.

Kpim Toro, po3po0sieHo crnocid BuaoOyBaHHS Ta3y 13 MOKJIaAiB ra30BUX TipaTiB,
AKUH mepeadadae moegHaHHS €IEMEHTIB CBEPIOBUHHOTO T1IPOBUAO0YTKY 1 TETNIOBOTO

BIUIMBY HA MPOJYKTUBHHM miacT. [[s BCTAaHOBIIEHHS NapaMeTpiB MPOLECYy 3/1iMCHEHO
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KOMII FOTEpHE MOJIETIOBAHHS TEIJIOOOMIHY MIXK MOPOAOI0 1 MaTepiaJbHUMH OTOKAaMHU y
BU100yBHOMY 00J1aTHaHHI.

B xoxi excnepuMeHTaIbHUX JOCHIKEHh OOIPYHTOBAHO CIIOCIO OIEPaTHBHOIO
BCTAHOBJICHHSI TTapaMeTPiB MOBTOPHOI MAcOBOI KpHCTai3allii ra3oriipaty B MJIACTOBUX
CHUCTEeMaxX Ta3oripaTHUX POJOBHII, SKI IMIJJAJUCh TUCOIlIAIi, ajie, K MIHIMYM, HE
BTPATUJIM BJIACTUBICTh MHaMm’ATi TiApaTHUX CTPyKTyp. Crmoci® peanmizoBaHO HUIIXOM
BCTAHOBJICHHSI ITapaMeTPiB MPOIECY Y MOMEHT Bi3yalIbHOI 1IeHTH(IKaLlli MOsSBU TBEPOT
¢da3u razorigpaty Ha MixkdazHii TOBEPXHI ra3oBoi OyJabOamku ado MicI 1 BUXOIY 3
pIAMHU B peakTopi B MpOLECl MIABUIIEHHS THUCKY 1/a00 3HMXKEHHS TeMIlepaTypu
cucteMu. Po3po0seHO KOHCTPYKIIiIO J1a0OpaTOpHOi YCTAaHOBKM ISl pealtizallii JaHOTo
croco0y. 3amporoHOBaHUM Crocid 103BOJIsiE OTpUMATH 00’ €KTUBHY 1H(POpPMALIIIO PO
MOXXJIUBY TMOBEIIHKY JIaHOi CHCTEMHM TpU I1HTEHCUBHIA 3MIHI MapaMeTpiB B
HEPIBHOBAXXHUX YMOBax. HaBelleHi eKcneprMEHTalIbHI JIaHI OTPUMAHO MEHI, HiXK 3a
O romMH MUKy AOCTIIKEHB, IO MPAKTUYHO HA TIOPSAIOK OTIEPATHUBHIIIE 3a TPaaUIIiitHI
METOJMKM BH3HAYEHHS PIBHOBAKHUX IMapaMETpPiB TiApaTOyTBOpeHHS cuctemMu. Kpim
TOrO, TIONEPEIHE TEPEBEJCHHS YaCTMHHU BOJIM JIOCHIKYBAaHOTO 3pa3Ka uepes
razoriipatHy ¢opmy, A1 HaJaHHS i BIACTUBOCTI TIAPATHUX CTPYKTYp, HO3BOJISIE
OILIIHUTH MMapaMeTPH T1IpaTOYTBOPEHHS Oy b-5SKO1 IJIACTOBOI CUCTEMH.

Takox 3a(iKCOBaHO 1 TEOPETUYHO OOIPYHTOBAHO MEXAHI3M aHOMAJIbHOI
CTaOUIBHOCTI Ta30rigpaTy NpH KWOro KOHTAaKTYBaHHI 3 PO3YMHOM IHTIOITOPY BHUCOKOI
KOHIIGHTpAIlli, SIKUW MOJsATae B yTBOPEHHI IIapy JbOJy HAa TOBEPXHI KPUCTATIB Tiapary,
o0 TepenKoKae 0e3nocepeJHhOMYy HOro KOHTAaKTy 3 1Hri0iTopoM. BcTanoBieHuii
MexaHi13M (h)a30BUX MEPETBOPEHB, Y MPUCYTHOCTI KOHIIEHTPOBAHOTO PO3UYMHY 1HT101TOPY
TEPMOJIMHAMIYHOI Jii, JOIIBHO BPaxOBYBAaTH Yy BUMAJKy BUHUKHEHHS yCKJIQJIHCHb B
cucTemMax 300py 1 MiAIrOTOBKU HA(TOTra30MpOMHUCIOBOI MPOAYKIIIi.

3anponoHOBAaHO TEXHOJOTIYHY CXEMY CYMICHOI eHeproe(eKTUBHOI pO3pOoOKH
ra3oBUX 1 Ta3oripaTHUX MOPCHKHUX TOKJIaaiB. TexHosoris mnepeadadae CyMiCHE
BUKOPUCTAaHHS TEIUJIOBOI €HEeprii HaJOHHOTO MiJIrPiBY TEIJIOHOCIS MPH BUAOOYBaHHI
ra3y 13 ra3oriipaTHOro MoKiamy 1 3abe3nedeHHi 0e3ripaTHOl eKCIuTyaTallii CBepJIOBUH

BUIBHOTO MIJATAPATHOTO Ta3y.
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OOrpyHTOBaHO CMOCIO TEpeBEeNEeHHS ra3y MOPCHKHX POJOBHUII Yy Ta30riApaTHY
dbopmy, sSkui nependavae peasnizaiilo HalOUIbII €HEPTOEMHOTO IMPOIECY — YTBOPEHHS
ra3oBOTO TiIpaTy 3a paxyHOK €Heprii MpolyKTUBHOTO I1acTa (€Heprii CTUCHEHOTO Ta3y)
1 MOPCBHKOT BOJU. 3alIPOMIOHOBAHO MAaTEMAaTUYHY MOJIENb JIsl OMUCY JAHOTO MPOIIECY.

[Ipuponauit a3z y ¢QopMi ra3oBuUX TiApaTiB 3ampoONOHOBAHO 30epiraTd B
YIOCKOHAJIEHUX OOOJIOHKOBUX Ta300MOPHHUX CIOPYAax. Y TOCKOHAJICHHS KOHCTPYKIII 1
crioco0y eKcIulyaTaiii JaHuX CIOpY[A TMOJsArae y BUKOPUCTAHI PIAKUX IMH y SKOCTI
TEPMOI30JIALIIITHOTO MaTepialy.

3anponoHOBaHO KOHCTPYKIIIIO 1 TEXHOJIOTII0 E€KCIUTyaTallii Ha3eMHOTO CXOBHIIA
JUTSl HAKOTIMYEHHS 1 30epiranHs MpUpOIHOTO ra3y y Cckiaji ra3oriipaty. Bukopucranus
JAHUX  TIAPATOCXOBHUIL  JO3BOJUTH  CYTTEBO  MIABUIIUTH  €(PEKTHUBHICTH 1
KOHKYPEHTO3JAaTHICTh TEXHOJIOTIT 30epiraHHs MNPUPOJHOTO Ta3dy y (opMi ra3oBUX
riaparTis.

Kniouosi cnosa: mnpuponHuii ra3, raszoBl TipaTH, poO3poOKa Tra3origpaTHUX
MOKJIa/IB, TIAPATOBMICHA MOPOJA, CTAaOUIBHICTh Ta30TiIpaTHUX CTPYKTYpP, IIBHUJKICTh
riIpaTOyTBOPEHHS, JucoIialis, 30epiraHHs ra3oripaTy, Temioo0MiH, (a3oBuit
nepexiy, MareMaTU4Ha MOJelb, TEXHOJIOTIYHA CcXeMa po3poOku, jabopaTopHa

yCTaHOBKa, MXK(a3Ha MOBEPXHsI, BCTAHOBJICHHS TTapaMETPiB T'1IpaTOyTBOPEHHS.



ABSTRACT

Nazar Pedchenko. Improvement of methods of gas hydrate deposits development
and control of hydrate formation. — Qualifying scientific work on the rights of the
manuscript.

The dissertation for a Degree of Doctor of Philosophy (Ph.D.) for a specialty 185 —
Oil and gas engineering and technologies (18 — Production and technologies).

— Yuriy Kondratyuk Poltava Polytechnic National University, Poltava, 2022.

The dissertation presents a theoretical generalization and solution to the scientific
and practical task of increasing the efficiency of the gas extraction and transportation
technology of marine deposits.

The unique ability of gases and water to form gas hydrates caused significant
problems for the industry. But at the same time, it led to the accumulation of colossal
natural gas deposits in its composition. According to various estimates, 10" to 10'® m®
of natural gas has been accumulated in the composition of gas hydrates (and above all
marine ones), which significantly exceeds all carbon fuel reserves. In recent years,
significant progress has been observed in the development of natural gas extraction
technologies from gas hydrate deposits. However, today there is no commercially
attractive and technically developed technology for the development of gas hydrate
deposits. The reason for this, first of all, is the low production productivity and the high
cost of the obtained gas. In connection with this, an actual task is to further study the
properties of gas hydrates, as well as the processes that occur in reservoir systems under
the conditions of hydrate formation.

The purpose of the work is increase the efficiency of the development of gas
hydrates marine deposits by improving technology based on energy-efficient
technological solutions and managing man-made hydrate formation.

Now known methods of gas extraction from gas hydrate deposits are based on the
principles of traditional oil and gas extraction technology. However, traditional methods
create significant problems related to secondary hydrate formation, engineering-

geological complications and low production efficiency. Most of these problems are
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solved by applying the method of liquefaction of hydrate-bearing rock, based on
hydraulic extraction technology. This technology has undeniable prospects for industrial
implementation, but at this stage it is at the stage of improvement and development of it
elements. The directions of it improvement are the organization of a continuous process
of hydraulic extraction, reduction of energy costs for rock destruction, improvement of
the process of gas hydrate separation from the aqueous mixture. Organization of
operational control for repeated hydrate formation in well products along the
technological chain is also relevant.

Based on the research results, the mechanism of influence of submerged jets on
natural gas hydrate in the composition of hydrate-bearing rock is proposed. The
mechanism of gas hydrate extraction from marine deposits without spending thermal
energy on its melting is substantiated. It involves stimulation of gas hydrate
recrystallization as a result of the combined effect of submerged water jets and
associated processes.

A gas hydrate extraction method has been developed and substantiated. At the same
time, the principle of energy-efficient liquefaction for hydrate-bearing rock and the
initial gas hydrate separation is proposed and substantiated, which, provided that the
minimum distance between the hydromonitor and the fracture front is maintained,
provides: disintegration of the rock with a high-pressure jet; partial dissociation of the
gas hydrate due to the heat dissipation of jet energy and rock inclusions release as a
result; repeated hydrate formation after gas escapes from the overheated zone, but
without agglomeration with the rock. The principle of the process for underground gas
hydrate separation from the hydro-mixture is also proposed and substantiated, which
involves the formation of a mine in the hydro-mining process, the gravitational
separation of the hydro-mix in it into rock sediment and gas hydrate concentrate, and its
selection from the concentration zone.

In addition, a gas extraction method from gas hydrate deposits has been developed,
which involves the elements combination of well hydraulic production and thermal

impact on the productive layer. To establish the parameters of the process, a computer
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simulation of the heat exchange between the rock and material flows in the mining
equipment was carried out.

In the course of experimental studies, the method of operatively establishing the
parameters of repeated mass gas hydrate crystallization in reservoir systems of gas
hydrate deposits, which underwent dissociation, but at least did not lose the memory
property of hydrate structures, was substantiated. The method is implemented by setting
the process parameters at the moment of visual identification of the appearance of the
gas hydrate solid phase on the interfacial surface of the gas bubble or the place of its exit
from the liquid in the reactor in the process of increasing the pressure and/or decreasing
the temperature of the system. The construction of a laboratory unit for the
implementation of this method has been developed. The proposed method makes it
possible to obtain objective information about the possible behavior of this system in
case of intensive change of parameters in non-equilibrium conditions. The given
experimental data were obtained in less than 9 hours of the research cycle, which is
almost an order of magnitude faster than the traditional methods of determining the
equilibrium parameters of hydrate formation for the system. In addition, the preliminary
transfer of the water part for the studied sample through the gas-hydrate form to give it
the properties of hydrate structures allows to estimate the parameters of hydrate
formation for any reservoir system.

Also, the mechanism of anomalous the gas hydrate stability when it comes into
contact with a high-concentration inhibitor solution is recorded and theoretically
substantiated, which consists in the formation of a ice layer on the hydrate crystals
surface, which prevents its direct contact with the inhibitor. The established mechanism
of phase transformations in the presence of a concentrated solution for an
thermodynamic action inhibitor should be taken into account in case of complications in
the systems of collection and preparation of oil and gas industry products.

A technological scheme of compatible energy-efficient development of gas and gas
hydrate marine deposits is proposed. The technology provides for the combined use of
thermal energy for subsurface heating of the coolant during gas extraction from a gas

hydrate deposit and ensuring hydrate-free operation of wells with free hydrate gas.
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The method of converting gas from marine fields into gas hydrate form is
substantiated, which involves the implementation of the most energy-intensive process -
the gas hydrate formation using the energy of the productive layer (compressed gas
energy) and sea water. A mathematical model is proposed to describe this process.

Natural gas in the form of gas hydrates is proposed to be stored in improved gas-
resistant shell structures. The construction improvement and the method of operation
these buildings consists in the use of liquid foam as a heat-insulating material. The
design and operation technology of the ground storage facility for the accumulation and
storage of natural gas as part of gas hydrate is proposed. The use these hydrate storage
facilities will significantly increase the efficiency and competitiveness of natural gas

storage technology in the form of gas hydrates.

Key words: natural gas, gas hydrates, development of gas hydrate deposits, hydrate-
bearing rock, stability of gas hydrate structures, rate of hydrate formation, dissociation,
storage of gas hydrate, heat exchange, phase transition, mathematical model,
technological scheme of development, laboratory setup, interphase surface, setting

parameters of hydrate formation.



