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OCOBEHHOCTH PABPABOTKH BJIOKA MECTOPOXIAEHUA
CBEPXBSI3KOM, CBEPXTS)KEJION HE®THU HA ECTECTBEHHOM
PEKUME BBITECHEHUA (HE®TAHOMU ITOAC OPUHOKO)

Ilpeocmasnensvt  pe3yiomamovl IKCHEPUMEHMATLHOU paboOmul, NPOBEOEHHOU 6 PAMKAX
CHUDICEHUSI HEONPEOeNeHHOCMEN 8 NPOSHO3HOM YPOSHe 000bluu KPYNHO20 NpOeKma no 00Ovlue
CBEPX6s3KOU Hepmu Ha ecmecmeeHHOM pexcume (Mecmopodicoenue ceepxmsixicelol Hegpmu,
Benecyana, negpmsanoii nosc Opurnoko). Dxcnepumenm A615emMcsi YHUKATbHbIM, MAK KAK €20
npoooaxcumensHocms cocmasuia 95 cymox. Buimecnenue ceepxesaskoi Hegpmu Ha pesscume
UCMOWEHUsL NPOUCXO0Um 3a cuem Ynpyeux cul (pacuwupenue Hepmu) u Cuil, CE13aHHbIX C
8blOENICHUEM DPACMBOPEHHO20 6 OMOeNbHble NY3bIPbKU 2d3d SHYMPU eOUHOU He@dmAHOU @a3zbl.
Omcymcmeue 06pa3zosanus 0moenvbHolU 2a30801 ¢azvl (Nocje CHUNCeHUs: 0asleHUs HUdce 0asieHUs
Hacvlujenus) 6 meyeHue ONUMENbHO20 Nepuodd CEOUCMBEHHO NPAKMUYECKU BCeM CBEPXGA3ZKUM
Hegmsam, umo nooOmeepIHcOeHO 1aboOpaAMmoOPHbIMU U NPOMBLCIOBLIMU OAHHBIMU. B ycroeusx 0obwiuu
CBEPXBA3KOU Hehmu npu 0mMcymcmasuy nOONOPHO20 8000HOCHO20 2OPUZOHMA UNU 3AKAYKU A2EHMO8,
OaHHbI dhhexm umeem KpUmuyeckoe iusnue Ha Kiouegble NOKA3amenu, 8KIYds U3eieKaemvle
3anacel Heghmu 8 30He OpeHUPoBaHus 00ObIBAIOWEl CKBANCUHDI.

Knrouesnie cnosa: masicenas neghms, 8b1COK0853KASL HEDMb, MECTNOPOHCOEHUE CEEPXMANCENOL
Heghmu, sblmecHeHue Heghmu Ha ecmecmeeHHOM pedcume, Hegpmanou nosic Opunoko, Benecyana.

s nuruposanus: Msanos J[.A., ['ynomraukos A.C., Mapkec P. OcobeHHOCTH pa3paboTKu OJI0Ka MECTOPOKICHUS
CBEPXBS3KOH, CBEPXTSDKEIION HE(PTH HA ECTECTBEHHOM PEKUME BEITeCHEHNUs (HeTstHOH nosic OpuHOoKo) // Hedrerasosas
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Beenenne

JloGbIua cBEpXBSA3KOM, CBEPXTSDKENION HEPTU Ha MECTOPOKIAEHUU HEPTAHOTO nosica OpUHOKO
COIIPOBO’KAAETCS YHUKAIBHBIMU 3(PPEeKTaMu U SBICHUSAMH, TO3BOJISIOMIMMU pa3padaThIBaTh MIACThI
Ha €CTECTBEHHOM pexxuMe. CpaBHUTEIBHO HEOOIIBII0N 00beM paCTBOPEHHOTO B HE()TH I'a3a sBIsAETCS
OCHOBHBIM MEXaHH3MOM pE&XHMMa BbITeCHEHHUS. [Ipu ToM, 4TO JaBiieHHE HACHIIICHUS NMPAKTUYECKU
paBHO HaYaJIbHOMY IJIACTOBOMY JIaBJIEHUIO, I'a3, TEM HE MEHEe, HE Cpa3y BBIJENSIETCS B CBOOOIHYIO
ba3y, yrep>KuBasich CBEpXBA3KONW HEPTHIO U CTAHOBSICH MOABHKHBIM P OINPEEIIEHHBIX YCIOBUSIX.
JUiss MOJenupoBaHMs TPOLIECCOB BBITECHEHMs Takoil HedTn Hauboiee BaXKHBIA XapakTep
MpUOOPETAIOT JBa MapaMeTpa: KpUTHYECKasi Ta30HACHIIIIEHHOCTh U NCEBJI0/1aBJICHNE HACHIIIIEHUS.

[IpeneOperxkeHune 3TUMU TapaMeTpaMU MOKET IIPUBECTH K 3aHMKEHHOMY pacueTy MoTeHIHana
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n00bun MecTopoxaeHus. COOTHOILIEHHE BA3KOCTH HE()TH W ra3a paBHO OJWH K MHJUIMOHY, YTO
nenaetT HePTsIHY ¢a3y NPAKTUYCCKH HEMOJBM)KHOW MPH HCIOJIB30BaHUM  KIACCHYCCKHX
(byHIaMEeHTaIbHBIX 3aKOHOB (uibTpanuu (3akoH Jlapcu). OuH U3 BAPHAHTOB aIalTAllMd METOIUKU
IIPOrHo3a TEXHOJOTMYCCKUX MoKa3aTejen pa3pa60TKI/I - BBCACHUC IIOIIPAaBKU B BU/C KpHTquCKOﬁ
ra30HaChIIICHHOCTH, OHpeHeHeHHOﬁ OKCIICPUMCHTAJIbHO B Ha60paT0prIX YCJIOBHAX 00
IMITUPUYECKH 10 (PaKTUUECKUM JaHHBIM UCTOPUU Pa3pabOTKH CKBAKUH.

OnmHa M3 OCHOBHBIX IIEJEH CTaThbH - NPEICTABUTh HMCTOPUIO PE3YJIbTATOB JabOPaTOPHBIX
OKCIICPUMCHTAJIBHBIX HCCHCHOBaHHﬁ KpHTquCKOﬁ Ta30HACBIMICHHOCTU W IICECBAOAABJICHUA
HAaCBIIIICHU S 3ayexei CBCPXBA3ZKHUX He(bTeﬁ, a TAaK)KC BJIUAHUC AJAHHBIX IIapaMCTPOB Ha ITPOrHO3

nokasaresei pa3pabdoTKu.

HcTopus ucciaenoBanmni

Pe3ynbraThl aHaNUTHYECKUX pPA0OT C KOJMYECTBEHHBIM U KAuYECTBEHHBIM OINHCAaHHEM
3¢ (HeKTOoB, KOTOPBIC HAOIIOJAIOTCS BO BPEMSsI IOOBIYH CBEPXTSDKEION HEPTH, HA OCHOBAHUU TIEPBBIX
MIPOMBICIIOBBIX JIaHHBIX OIyOarKoBaHbl B Hadane 1990-x rr., B 9T0 ke Bpemst HayaThl MacIuTaOHbIe
nabopaTopHble U TeopeTrueckue uccienoBanus. K cepeaune 1990-x rr. npencraBiieHbl OCHOBHbIE
TUIIOTE3bl, KOTOPBIE HE NMOTEPSUIN aKTyaIbHOCTH, TaK KaK CYLIECTBEHHOTI'O IPOJIBUKEHHUS C MOMEHTA
MEPBBIX MyOIMKaKK He TPOr301LU10. DPQPEKTH MO-TPEKHEMY OCTAIOTCS MaJOu3ydeHHBIMU. [IepBbIe
OITyOJITMKOBaHHBIE MAaTEPHAIIBI OTPEACIISIIOT KIFOUEBbIe OTINYMS JOOBIYH JIETKOH U TsDKeNnoi Hedry,
Ha KOTOpbIe HEOOXOIMMO aKILIEHTUPOBATh BHUMAHKE IIPU IPOTHO3UPOBAHUH 100OBIUU CBEPXTSKEION
He()TH Ha €CTECTBEHHOM YIPYTO-HAMOPHOM XOJIOTHOM PEKHME HIDKE IaBJIeHUs HackileHus [Maini,
1996].

[Tpu pa3paboTke CBEPXTIKENON HEPTH Ha €CTECTBEHHOM PEKUME PACTBOPEHHBIN ra3 HAUWHAET
pacIIMpATHCS U IBUTaThCsl BMECTE ¢ HE(PTHIO, KaK 4acTh XKUKOH (hasbl. BeirecHeHne HeTH oTdacTH
MIPOMCXOJUT Ha MHUKPOYPOBHE 3a c4eT (hOPMHUPOBAHMS ITy3BIPHKOB ra3a, KOTOpPbIE YyBEIUYHUBAIOT
MOJIBUJKHOCTH CBEPXBSI3KON HEPTH (3 PEKT Tak Ha3bIBAEMOM «BCIIEHEHHOU HEPTHY).

DKcIUTyaTanuss MECTOPOXKIICHHSI JIETKMX W TSDKEIBIX He()Tel Mpu AaBIeHUH HUXKE JTaBICHUS
HACBHIIIEHUS! MMEET OTJIMYHYI0 JAMHAMHUKY pOcTa Ta30BOro (akTopa, Tak KaK COMPOBOXKAAETCS
pa3nuuyHbBIMU  (PyHJIAMEHTAIbHBIMU TpoueccamMu. lIpu sKCIuTyaTalluu MECTOPOXKICHHS JIETKOM
HeTH, T/Ie IaBICHUE HACBIIICHHS paBHO (MJTH 0YEeHb OJIM3KO) K IJIACTOBOMY JABJICHHUIO, IPOUCXOTUT
pe3Kuii pOCT Ta30BOro (hakTopa C TEpPBBIX MECSIEB OJKCIUTyaTalud. [Ipu dKCIUTyaTaru
MECTOPOXKJICHUN € TSHKETOW He(ThIO MPU AHAJTOTHYHBIX YCJIOBUSAX HMXKE JABJICHUS HACHIIICHUS
nokaszaTeib JIOOBIBAIOIIET0 Ta3oBOro (pakTopa MOXKET OCTaBaThCsd pPAaBHBIM  HAYaJbHOMY
ra30Co/ICpP)KaHUI0 B TEYEHHE JJIMTENLHOrO mepuoja (10 HECKONBKHX JieT). 3HaueHHe ra3oBOTO

¢dakTopa mpu 100bIYe BHICOKOBSI3KOM HEPTH, B OTJIWYHE OT JIETKOM He(THU, HE CONMPOBOXKIAETCS
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PE3KMMU CKauyKOOOpa3HBIMH yBEIMYCHHSAMHU. OTH 3PEGEKThl OOBIACHEHBI C IIOMOIIBIO TaK
Ha3bIBaeMOro 3 (eKTa «IICEeBI0IaBICHUS HACHIILIEHU». 32 CUET HEPABHOBECHOTO COCTOSIHHSA r'a3a U
HedTH (PaKTHYECKOEe JABICHHE HACHIIICHUS NPU Pa3pabOTKE CBEPXTKENION He()TH CHIDKAETCs 10
naBieHus (GopMHupoBaHUS OTHENbHOM ra3oBoil (aspl, koTopoe Ha 10-20% HUXKe HaBICHUS
HachieHus. COOTBETCTBEHHO U3MEHEHHMsI MOKa3aTesneil ra30Boro (hakropa HAYMHAIOT IPOUCXOAUTD
IIPU CHIIKEHUU IIJIACTOBOTO JABJICHUS HUKE TICEBIOJABICHUS HachleHus. CMeleHne J1aBIeHus
HACBHIIIEHUS PU MIOCTPOSHUH TUHAMUYECKON MOJIEH TAaKXKE YacTO BHIPAXKAIOT B BUE 3aBBIIICHHBIX
3HAYCHUH KPUTHYECKOW rasoHachimeHHocTH. O0beM a00bITOoN HedTH, OTOOpaHHBIM MPHU HU3KOM
ra3oBoM (akTope, T.e. 10 CHIKEHHUS JaBJICHUS 10 NICEBAOABICHUS HACBILICHUS IS (PaKTUYECKUX
pa3pabaTbiBacMbIX OJIOKOB MECTOpOXKIeHUS HedTsiHOro mosica OpuHOKO, cocTtaBisier 10 10% ot
HayYaIbHBIX T€0JIOTHYECKUX 3ar1acoB HE()TH B 30HE 0TOOpA CKBAXKUH.

[lepBbie TeopeTHyecKUEe OCHOBBI M MOJIEIH, OINMCHIBAIOIINE BBIIICTPUBEACHHBIE d()(PEKTHI,
MO3BOJIMITH CKOPPEKTUPOBATH IIIAHBI pa3paboTKU MECTOPOXKACHUS. B 4aCTHOCTH, pOCT 0XKMaEMOTO
KoHeuHoro Kod(dduuuenta Hedreormaun m oObeMa M3BICKAEMBIX 3amacoB HE(DTH HA EIUHUILY
TUTOIIA M TIO3BOJIHII U3MEHUTH TUIOTHOCTD CETKH CKBKWH M YBEIHUYUTH UX (POH, YTO B KOHEUHOM
UTOTE MOXET MPUBECTHU K POCTY YPOBHS AOOBIYN HEPTH.

[lepBbie mpombiciIOBbIE HAOMIOACHHS, CBA3aHHbIE C dpdeKTaMu JAOOBIYH CO «BCIIEHEHHOU
HedThion, crenansl B Kanane [Loughead, Saltuklaroglu, 1992], rae ocymiecTBisiinch onepaTuBHbIH
MOHUTOPHUHT M KOHTPOJb pa3pabOTKH MECTOPOXKIEHHH Tshkenbix HedTei. [logpoOHoe omumcanme
MIPOLIECCOB HAa OCHOBAHHUH MPOMBICIOBBIX JAHHBIX AOOBIYM HEPTH HA MECTOPOXKIECHUU HEPTIHOTO
nosica OpuHOKO B BeHecyase omy0IMKoBaHO HECKOJIBKMMH Tomamu mo3ske [Mirabal et al., 1996]. B
CTaThe TAK)KE OTPAKEHBI PE3YIIHTATHI IKCIIEPUMEHTAIBHBIX pab0T ¢ HACBITHBIM KEPHOM U HE(PTHIO
u3 MectopoxkaeHus bape, pacnonoxenHoro Ha HedTaHOM nosice Opunoko. [IpuBenéHnbIil aHaN3
nokasaresei 100b4n 3a 12-neTHui nepruoa mokasspiBaeT BIusHUE d(H(HEKTOB «BCIIEHEHHOW HEPTI»
Ha JIOITOCPOYHBIE NMOKa3aTeNu pa3pabOTKH.

Mecropoxaenue bape sBisieTcst OTHUM U3 CTApEUIIINX TOOBIBAIOIINX OJIOKOB MECTOPOKICHUS
BBICOKOBSI3KUX Hedrelt Daxu, uMeeT riayOuHy 3ajeraHus MpoayKTUBHOTO mHTepBana 10 1200 m.
brok skcmmyatupyercs Kak BEpTHUKaIbHBIMU, TaK M TOPU3OHTAIbHBIMU CKBakKMHaMU. [lepBbie
NOOBIBAIOIINE BEPTUKAIBHBIE CKBAXUHBI MpoOypeHsl B Hawanme 1980-x rr., ropu3oHTalbHBIE
ckBaxuHBI - B Havaime 1990-x rr. HagambHble JeOWTHI TOPU3OHTAIBHBIX CKBAXKHH JOCTHUTAIN
2500 Gap/cyt (400 T/cyT) cBepxTskenoir HedTH. J[0Oblua Ha €CTECTBEHHOM YIPYTOHAIIOPHOM
pEeXUMeE COMPOBOKIAACh CTa0MIM3aLueil I1acToBOro AaBieHus Ha ypoBHe 80-85% oT HauanbHOTO.
Jlo6biBatomuii (hoHJT UMeeT HU3KYI0 OOBOJHEHHOCTh mponykimu (mMenee 10%), Tak kak B 30HE
IOOBIYM HET AaKTHBHOTO BOJOHOCHOTO TOpPW30HTA. VICTOUYHWK BO3ICHCTBUS, NPUBOIAIIANA K

cTaOWIN3aluy MJIACTOBOTO JABJICHUSI, MOXKET OBbITh OOBSICHEH TOJIBKO IPUCYTCTBHEM PACTBOPEHHOTO
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ra3za u 3¢ dexrom «BcrieHeHHOW HehTH». B uTore 00BEeKT UMeeT 3HAYMTEIIBHO 0oJiee JIUTEIbHBIN
CPOK APKCIUTyaTallMy CKBa)XMH U TOBBIIICHHBIE W3BJIEKAEMbIE 3aI1aChl HA €CTECTBEHHOM PEKUME 10
CPaBHEHHIO C MPOTHO3HBIMHU IMOKa3aTeNsiMu 0e3 ydera addexra «BcrneHeHHo Hedtu». Ha puc. 1
MIpeJICTaBJIeH MpUMep paboThl CKBAXKHH B TAKUX YCJIOBUAX Ha KPYIHOM OObEKTE B HE(PTAHOM mosice
Opunoko B Benecyane (3HaueHUs HE NMPUBEICHBI BBUAY HATUYMsS KOMMEpPUYECKOU TaiHbI) B BHJE
3aBUCUMOCTH J1e0uTa HEPTH U Ta30BOT0 (PakTopa Mo AByM ocsiM Y OT HAaKOIUICHHOH 100b14u He(TH
1o ocu X.

CkBaXMHBI HaXOSTCS Ha OJHOW KyCTOBOW IIOMIaAKe Oe3 BIMSHHS BOJOHOCHOTO ILIACTa.
Bnauane pexum paboTbl CKBaXKHH XapaKTEPHU3YETCs PEKUMOM paciivpeHus (QIou0B U MOPOIbI C
pE3KNM CHUXKEHHEM AcOuTta HedTH, Janee MPOUCXOIUT cTabmiusanus jaeOuTta HepTH Mo UTOram
HEOOJIBIIIOr0 pocTa TOKaszarens ra3oBoro Qakropa. Ilpu pexume «BCrieHEHHON He(TH»
OCYyIIECTBISiETCS TroMoreHHass QuubTpauus HedTIHOM U Ta30BoM (a3 B BHUAE €AMHON
MeJKOoIUCIIepcHOM cpebl. CKBaKUHBI B KOHIIE CPOKA MEPEXOJIAT Ha APYTHUe PEKUMBI C IPOPHIBOM
ra3a u GOpMHpPOBAHUEM OTJIEIBHOM ra30Boi (as3pl ¢ pocTOM 3HaUeHUi razoBoro ¢axropa. B sror
nepuos Habmromarorcst aBa d¢eKTa: KIACCHYECKUH PEXHM PACTBOPEHHOTO Ta3a C MPOPHIBOM
OTIENbHONW Ta30BOM (ha3pl U PEKUM «BCHEHEHHOM HehTu». DakTudyeckue MoKazaTelu
JEMOHCTPUPYIOT, YTO 3a c4eT 3p¢eKTa OT «BCIEHEHHOW HEDTH» MOXKHO JOOUTHCS IBYKPATHOTO
YBEIIMYEHUs1 00beMa N3BJIEKAEMBIX 3aI1acoB M KOHEUHOTO K03 duimenta n3pnedeHus Heprtu. Kpome
aHaJM3a MPOMBICIIOBBIX JaHHBIX HIDKE NMPUBOMATCS PE3YJbTAThl OMYOJUKOBAHHBIX Ja00OpaTOPHBIX
pabor. PVT-ananu3 1miacToBoil BBICOKOBSI3KOW He(TH TMpoBedeH J[AByMs MeTojlaMu (/aBa
HKCIEPUMEHTA): MEpBbI - MO CTaHJApTHOM MeToauke AuddepeHnnanbHOro AerasupoBaHus ¢
WCTIOJIH30BAaHUEM MeXaHH3Ma TepeMEITUBAHMS ISl JOCTHKEHHUSI pAaBHOBECHOTO COCTOSIHUSI; BTOPOH
- Mo oco0oil MeToIMKE B HEPAaBHOBECHOM COCTOSHUM 0€3 mepeMenuBaHus (IIIOUI0B IMpU
aHAJIOTUYHOM CHI)KEHHUHU JaBiieHUs. B urore, naBieHHe HACBIIIEHHS BO BTOPOM IKCHEPUMEHTE
CHU3WIOCh Ha 14 ¢ 83 arM. Ipu CTaHZApPTHOM PaBHOBECHOM JKCIEPUMEHTE, U A0 69 aTMm. mpu
HECTaHIAPTHOM HEPAaBHOBECHOM JKCIIepUMEHTe, Wi nopsiaka 15%. Takke mpuBOIsATCS CBEACHUS O
(GUIBTPAIMOHHOM 3KCIIEPUMEHTE Ha PEKUME UCTOLIEHUS. /{1 mpoBeneHns: JaHHOTO SKCIIEPUMEHTa
MCMOJb30BajJach HachlHAsA Mojenb JuIMHOM 0,5 M. Mozenb 3amonHsIace MeCKOM M Hachllanach
IUIaCTOBOM He(ThIO; MMesa MpoHuaeMocts 16 Jlapcu, uTo MpeBBINIAET CpelHUE 3HAYEHUs Ha
MecToposkaeHnr. CkopocTs GusTparmu orparndesa 0,011 cv®/mun. Tlo nToraM GpUIBTPAIIMOHHOTO
IKCIIEPUMEHTA TPU CHIDKCHHH JaBiieHus 10 32 atMm. HedreoTnada coctaBmia 10%. [lo utoram
MIPOBE/ICHHONW HKCHEPUMEHTANIbHON paboThl ompeneneH o0beM Trasza, KOTOpPbIM HaxOAUTCS B
HEPaBHOBECHOM COCTOSHUM WJIM B KPUTHYECKOH I'a30HACHIIIEHHOCTH, KOTopoe paBHO 9%. Taxkum
00pazom, IKCNEPUMEHMANIbHBLE YCI08UA CULHO OMIUYANUCL OM NIACMOBLIX (PA3TUYHbBLE CKOPOCTb

Qunvmpayuu u npoHUyaemMocms), u pe3yrbmamvl UMerom UHOUKAMUBHBIU XapaKmep.

Hedreraszosast reonorust. Teopust u npaktuka. - 2024. - T.19. - Ne3. - https://www.ngtp.ru/rub/2024/26_2024.html



© Usanos [I.A., I'ynomnuukos A.C., Mapkec P., 2024 5

= ] L) -"I A
- L] 1 ! B
L=y (L
] ! o
T et r &
e I o
£ Ih ! (o]
9 iy | . - g
W 0 e
= u" UlAM <
[ r Q
] =
_‘
o
. o
]
Y4 1] B
I ’
T T T T T T T
HakonneHHana gobbiya HedpTH
— [1leOUT HEOTU === la30BbIN pakTop
= "
< " B .
Q h Q
I [N , 8
]
S | oA - g
O - ] ] ' -
(] ] ] ' ¢
g H 'y - e
] 1 Q
] ] ' =
1 | H 3
| o
- o
o T T T T T T T
HakonneHHas gobblua HedTH
— [eOUT HEOTU === la30BbIN PpaKToOp
i " . L
71\
l' |l A I“l §
i | L
= A i Y 3
< AN IR ST SR ¥ g
) v v 1'gn =
T A poAng 1A { | 1uday L Sc
= st 4 A, WYy v 1y fN &
S v vy e h boagad s
e} [ " W N Voagad <
g \ BT - 3
N
WY :v'u i S
[ ll [
. = ] I: |'| ’ -
{ I
! H
_\’,_/ -
L o T T T T

HakonneHHasa pobblya HedpTn
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Puc. 1. I'paduxm 3aBucuMOCTH A1e0UTa He()TH U Fa30BOr0 (pAKTOPA OT HAKOMJIEHHOH 100bIYH
ISl CKBAKWH, pa00TaloIUX B YCIOBHAX «BCIIeHeHHOH HedTH»

AHaJIOTHYHbBIC JTa0opaTOpHbIe pabOThl ¢ MEXaHMU3MOM «BcreHeHHoW HedTu» [Sheng et all.,
1996] Takke TPOAEMOHCTPUPOBAIN, YTO HEOOXOIUMO YUYUTHIBATH MEXAHU3M ITOSBICHHS

IBYX(a3HOr0 HEPABHOBECHOTO COCTOSHUSA. DKCIIEPUMEHTHI IPOBOAMUINCH C UCTIOIb30BaHUEM HEPTH
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co cpeaneit BsazkocThio 300 cll3, ¢ HawambHBIM AaBieHHEeM 69 aTM. u razocoaepkanuem 20 Me/ME,
Monens umena npoHuiiaeMocTsb 3 Jlapcu u mopoBeIil 00beM paBHBIN 2 1. B miporiecce ucromeHus Ha
pasubix ckopoctsx (0,006 arm./muH, 0,019 arm./muH 1 0,036 aT™M./MUH) 3aMepSIIHCh TaBJICHUE, TEMIT
orbopa HepTH U raza. [IpoJODKHUTENBHOCTh 3KCIEPHUMEHTa COCTaBisula mopsiaka 3-5 cyT, B
3aBUCUMOCTH OT 33JJaHHOM CKOPOCTU (PUIIbTpalK. Pe3ybTaThl aHATM3UPOBAINCH C TIOMOLIBIO IBYX
moneneit. [lepBas monens ocHoBaHa Ha 6a3e kommepueckoro cumyistopa CMG STARS, koraa
MaKpOCKOIIMYECKHE BEITUYMHBI CUCTEMbI OCTAIOTCS HEM3MEHHBIMU BO BpeMeHU. Bropas monens ¢
JBYMs JIOIIOJHUTEJIbHBIMU IIEPEMEHHBIMU YUYHUThIBAJIa U3MEHEHUE 00bEMa PacTBOPEHHOIO Ias3a B
HedTH BO BpeMeHU. [lepBas mepeMeHHas - 3T0 BpeMsl Iepexo/ia CUCTEMbI B pABHOBECHOE COCTOSTHHE,
BTOpasi IEPEMEHHas - 3TO YaCTOTa 0OBEANHEHUS CKOIIJICHHUS ITy3bIPHKOB B OT/JEIILHYIO Ta30BYIO (asy.
Pe3ynbraTsl MpOAEeMOHCTPUPOBAT HEOOXOJMMOCTh MCIOJIB30BaHUS HEPABHOBECHON MOJEIH IS
KOPPEKTHOI'O BOCIIPOM3BOJICTBA PE3ysbTaToB. PaBHOBECHass MOJENb MPEICKA3bIBAET 3aHUKEHHOE
3Ha4yeHue ko3¢ ¢puirenta HepreoTaauu, 6oaee BBICOKUE TEMIIbl 0TOOpa raza M MajJeHus JaBiIeHUs
110 CPAaBHEHHIO C HKCIEPUMEHTAIBHBIMH 3HAa4eHUsIMU. HepaBHOBeCHas! MOJIENb CIIOCOOHA OTPa3HUTh
pe3yabTaTtel Oojee TO4YHO. MCmonp30BaB MEPBYI0 pPAaBHOBECHYIO MOJENb B KadyeCTBE OHOM
JIONOJTHUTEIbHON EpEeMEHHOH, J00aBIIIMCh 3HAUE€HHUS] KPUTUUECKON ra30HACHILIEHHOCTH, KOTOpPbIE
NOAOMPANIUCh JUIsI BOCIIPOU3BOJACTBA SKCIEPUMEHTAJIBHBIX JAHHBIX. 3HAUE€HUE KPUTHUECKOU
ra30HACHIIIEHHOCTH pPaBHOW 9% MONYy4YeHO C MHHHMMAIBHOW CKOpOCTBIO. IIpu Oosee BBICOKHX
CKOPOCTSIX 3HAYEHUE KPUTUYECKON ra30HACHIIICHHOCTH HEOOXOJMMO YBEINYUBATD JUIsl TIOJTYUICHUS
HAWIY4IIEero CXOKACHUS JaHHBIX 3KCIIEPUMEHTA U MOJIEIIH.

C navana 2000-x rr. ¢ BBOJIOM B pa3pabOTKy OCHOBHBIX OJIOKOB MECTOPOXAEHUS HE(YTIHOTO
nosica OpHHOKO HMHTEpeC K MCCIEI0BAaHUIO PA3INYHbIX (PEHOMEHOB, CBSI3aHHBIX ¢ 3 dexTamu
«BCIIEHEHHON HepTh», Havan pactd. OOpa3oBaHME HOBBIX COBMECTHBIX NpPEIIPUSITUNA Ha
TeppuTopun BeHecyanbl ¢ BeOyUIMMM KOMIAHMSMHU TaKXXe IPHUBIEKIO OOJBIIOE YHUCIIO
CIELUAINCTOB B 00JIACTH MAaTEMaTHUECKOTO MOACITUPOBAHMS M SKCIIEPUMEHTAIbHBIX UCCIIEI0BaHUM.
Hwxe npuBeieHO onricaHue OCHOBHBIX PE3yJIbTAaTOB 3TUX PadoT.

B pabGore JIx. ®@paHKO JEMOHCTPUPYETCS MOMNbITKA (OPMUPOBAHUSA JETaIbHOU
MaTeMaTHYecKOM Mopenu A onucaHus 3¢p¢exra «BCIECHEHHOM HeTH» Ha 0a3e MpPOBEICHHBIX
JKCIepUMeHTaNbHbIX padoT [Franco et al., 2004]. M3noxkeHbl pe3yibTaThl CEPUH U3 JBYX
SKCIIEPUMEHTOB Ha METPOBOM HACBITHOM MoJenu ¢ ImpoHunaemMoctsio 630 M/l ¢ ucrons3zoBannem
pekoMOnHUpoBaHHOM HEPTH C Bsi3kocThio 308 clI3. Temn cHIKeHUSI TaBIEHUS OTJIMYAJICS B pa3HBIX
sKcnepuMeHTax u coctasisl 8 u 0,8 atm/cyT. MakcuManbHBIN nepernaj JaBleHUs B IUIaCTOBBIX
ycnoBusax - npumepHo B 10 pa3 menbmie u pasen 0,08 atm/cyt. Ilpu MakcumanbHOW CKOpOCTH
CHIDKEHHSI TaBJIeHus (8 aTM/CyT) KOHEUHast He()TeOoT/1aua Ha eCTECTBEHHOM pexume nocturia 35%,

a KpuTUYecKas ra30HachIEeHHOCTb - 17%. [1pu HU3KO0# ckopocTu cHukenus nasienus (0,8 6ap/cyT)
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MoJIy4eHHasl KoHeYHast HepreoTaaya cocrtaBuia 25%, KpUTHUecKas ra30HachIIeHHOCTh - 5%. Llenb
paboThI - MPOTECTUPOBATh M BBIYMCIUTH OCHOBHBIC IapaMeTpbl HEPABHOBECHOW aHAIUTHYECKOM
MOJIENIM, TJ€ 3a OCHOBY B3TO KOJMYECTBO OOpa3OBaHHBIX Iy3BIPHKOB Ha KybOomerp. /luHamuka
IKCIEPUMEHTAIbHON He(TeoTnaun W pocTa IMOKaszaress ra3oBoro (hakropa HMCIONIb30BaHA IS
(bOopMHUpOBaHUS AHATUTHYECKOW MOJENU. AHAIMTHYECKash MOJCIb TaKKe BKIIOYANa KPUBBIC
($a30BBIX MPOHHUIIAEMOCTEH. DKCIEPUMEHT MPOTEKaNl BHYTPH PEHTITEHOBCKOTO CKaHEpa, KOTOPBIN
CTIOCOOEH OmpeaeauTh (ha3bl HACHILEHHUS BIOJb MOJEIH C BBHICOKOH TOYHOCTBHIO B TOT WJIM WHOU
MOMEHT BpeMeHH. [loJydeHHbIE 3HAYCHUsI KPUTUYECKOH Tra30HACBIIICHHOCTH 3aMEpPEHBI
AKCIEPUMEHTAIBHO. DKCIIEPUMEHT SIBJSICTCS OJHUM M3 IEPBBIX, B paMKax KOTOPOTO IMPOBEICHA
KOJINYECTBEHHAsI OIICHKA JMHAMUKHU BHITECHEHUS! HE(DTH HAa ECTECTBEHHOM PEXUME B J1a00OPaTOPHBIX
YCIIOBHSIX C COOJIFOJICHHMEM YCIOBMHM ONM3KMX K IJIaCTOBBIM. B KauecTBe (hiromma Mcrosb30BaHa
MeHee Bsi3Kash He(Th, UYeM CBEpXBs3Kas He(Th MecTOpokaAcHUs OpPHHOKO. DTO OOCTOSATEIHCTBO
SIBJISICTCSI OCHOBHBIM HEJIOCTATKOM W CYIIECTBEHHO HCKa3wio pe3yibTartbl. OJHAKO B IIEJIOM
MOJIBUKHOCTH (DITFOMIOB COXPAHEHBI 33 CUET MCIOIB30BAHMS HACHITHONW MOJETH C TMOHW)KEHHOU
MPOHHUIIAEMOCTHIO. J[pyruM HETOCTATKOM SIBJISIETCS] 3HAUEHHUE TEMITA TIeperna/ia JaBJIeHUs, KOTOPOe B
AKCIEPUMEHTE 3HAYUTEIILHO MTPEBHIIIACT 3HAYCHHS B TUIACTOBBIX YCIOBUSX.

B nabopatopun unctutyta MuTB3n (Benecysma) B konme 1990-x - maugame 2000-x rr.
peann30BaHbl MPOJIOJKUTENBHBIE SKCIIEPUMEHTAIbHO-aHATUTUYECKHE HCCIIeoOBaHus. B pamkax
OpTraHU3alH SKCIIEPUMEHTAIBHBIX PAa0OT CHEIHMATMCThl MHCTUTYTa MMETH JOCTYH K HedTsAIM u
KEpHY C MeCTOpoxIeHHs HedTsHoro mosica OpuHOko. OIHO HampaBlIeHHE OCHOBBIBAJIOCH HA
uccnenoBanuu PV T-cBoiicTB ¢ 3amMepoM cIBUTa JaBJECHUs HACBILIEHHUS JIO IICEB/IOJIABICHUS
HACBIIICHHUS 3a cYeT 00pa30BaHUs HEPaBHOBECHOTo JByxdasHoro cocrosuusi [Kamp et al., 2001].
HeoOxonuMoe BpeMs Ui Tiepexoia W3 HEPaBHOBECHOTO COCTOSIHHS B PABHOBECHOE ITOyYEHO
pacyeTHHIM ITyTEM C UCIOJIb30BaHUEM (PyHIaMEHTATIbHBIX (POPMYJI, Il BpeMs Iepexo/ia 3aBUCUT OT
JIMaMeTpa ra3oBbIX IMMy3bIPbKOB U BsI3KOCcTU He(hTH. Heobxoammoe pacueTHoe BpeMs JUTsl JOCTHKEHUS
PaBHOBECHOI'O COCTOSIHUSA HEPTH B ycsioBuM PV T-3kcnieprMeHTOB (6€3 HOPUCTOMN Cpeibl) COCTaBISIET
HECKOJIbKO CYTOK. CIBUT JaBJICHHUSI HACBHIMICHUS 3a c4eT 3Tux 3ddekroB gocturan 25% (c 47 mo
35 atm.).

Bropoe HampaBieHHe OTHOCUTCS K (MIBTPALMOHHBIM MCCIEJOBAHUSAM C HCIOJIb30BAHUEM
HaceImHOM Moxaenu mmuHou 0,5 m [Andarcia, Kamp, Vaca, 2001]. Moaens umena mpoHUIIAEMOCTh
11 Jlapcu, a ckopocTh humbTpamuy 3agabantack pasHoit 0,01 cv®/cex. [To pesynsTatam 4-X THEBHOTO
TecTa nosyuyeHa Hedreornada 9%. Kputnueckas ra3oHachlIIeHHOCTh HA OCHOBaHMU PacyeToOB IO
MaTepuaibHOMY Oanancy paBHa 8,3%. PasHuna Mexay JaBieHHEM HACHIIIEHUS U TICEB/I0ABICHUEM
HacelmeHus - 19 atm. (69 atM. naBneHue HacklieHUs U 49 aT™. IICeBI0IaBlIeHHE HAckIeHus). boee

ACTAJIBHOC OIMMCAHUC aAHAJIOTMYHOI'O SKCIICPUMEHTA MMPUBCACHO BO BHYTPCHHEM OTYECTC MHCTUTYTA
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Wuamsan (D. Andarcia et al., Intevep, Caracas, 2000). Cepun 35KCIIEPUMEHTOB OTIHYAIHCH
bmonamMu U CKOpOCThi0 (puibTpanuu. s KaXI0ro M3 HUX TOTOBWIJIACH OIpENeNIeHHas CMeCh
BBICOKOBSI3KOI He()TH M MPHUPOTHOTO Ta3a ¢ pa3HbIM 00BEMOM PACTBOPEHHOT'O ra3a U HaYaJIbHBIM
naBiieHreM HachleHus. CorjaacHO OTYeTy, KpUTHUYecKasl Ta30HACBIIEHHOCTh, MOyUYeHHas! TyTeM
pacuera o MaTrepuanbHOMYy Oanancy, paBHa 7-12,8%, koaduirent nzpiedeHust HeTH TOCTUTAET
16-20%. ABTOpam yaajioch JOBECTH SKCIEPUMEHTHI 10 KOHIA (10 mpenenbHOU HedTeoTnaun) u
MHHHMAJIFHOTO JIaBICHUs MOPsAAKa 7 aTM. U Ta3oBoro ¢akropa mopsaka 210-347 m/m®. Crenana
MOTBITKA POJAEMOHCTPUPOBATh BIUSHUE ra30BOro (paktopa (AaBiIeHUs HACHIIICHHS) U CKOPOCTHU
bunbTpanuu Ha mokazarenu pa3paboTku. Ilpu cpaBHeHMH NIByX SKCIEPUMEHTOB C OJAMHAKOBBIM
ra3oBbIM (paKTOPOM (IaBIICHMEM HACBHIIIEHHUS) M Pa3HON CKOPOCTHIO HAONIONACTCS CleAyIoliee:
JMHAMUKa He()TEOTauu - B IEJIOM CXOxKasi, HeTreonaya npu OoJiee BEICOKOW CKOPOCTH - BBIIIE, U
pa3HuUIla YBEIHUMBACTCS 10 MepEe CHIDKEHUS JIaBlieHus. TeM He MeHee, KITI0UeBble TOUKHU NePeruoos,
BKJIIOUAsi TICEB/I0/IaBIICHUE HACBILIEHUS, TPaKTHUECKU paBHbI. OOpazoBaHue cBOOOAHOMN (a3bl rasa,
IIPHU KOTOPOH PE3KO CHUYKAETCS TOABMKHOCTH HE(TH, MPOUCXOAUT IPU OJUHAKOBOM JABIICHUU IS
000MX IKCIEPUMEHTOB - 48 aTM. (IIpH JaBJICHUU HACBIIICHUSA 76 aTM.), 9Ta TOYKA W HA3bIBACTCS
TniceBi0/iaBieHre HackleHua. OnHako, HeTeoTAaua npu Oosiee BHICOKOM CKOPOCTH (PUIBTpALUU
BbIlIE B JAaHHOW TOYKe (MPH TICEBAOAABICHUU HACHIIICHUS), COOTBETCTBEHHO, KPUTHUYECKas
ra30HACHIIIEHHOCTh 3aBHCUT OT CKOPOCTH (uubTpanuu. [l BBICOKOH CKOpocTH (UIbTpanuu
KpUTHYECKasi Ta30HACHIIIEHHOCTh paBHa 12,8%, mis Hu3kol ckopoctu (unbrpammu - 7,4%. [pu
CPaBHEHUHU JIBYX SKCIEPUMEHTOB, MPOBEACHHBIX HAa OJMHAKOBBIX CKOPOCTAX C HCIOJIb30BAaHHUEM
pa3HOW PeKOMOMHHPOBAHHOW HE(TH C pa3HBIM ra30CoAepKaHHEM U JaBIeHHEM HachieHus (76 u
55 arm.), HaOmOgaeTCsl MOJHOE OTIMYUE IMHAMHKH He(TeoTaauyn TpH OJUHAKOBOW CKOPOCTH
¢bunprpanuu. OHAKO, HECMOTPS Ha pa3jiMyue B MCeBI0AaBIeHuH HackimeHus (51 npotus 39 atm.)
B JByX HCCIeOBaHMAX (Ha BbICOKOH ckopoctn 0,011 cm®/mun QuisTpamum), oTMedaeTcs
UJCHTUYHAs HeTeoT aua Ha MOMEHT JOCTHXKEHHS IICeB10/1aBIeHUs HachleHUs. COOTBETCTBEHHO,
KpUTHYECKasi Ta30HACHIIIEHHOCTh B JABYX JKCIIEPHMEHTaX - OJWHAKOBas M paBHa 12,4%. ABTOpHI
3TOW paboThl CO3JAJIM METOAMKY IpPOBEAEHUS HccienoBaHuil dddexTa «BCIeHEHHONM HepTH» B
1a00paTOPUM UCCIIEA0BATENBCKOTO LIEHTPA.

B Kurae B 2013 r. BbInosiHeHa cepusi 1aOOPaTOPHBIX OIBITOB MO OMPEAECICHUIO 3aBUCUMOCTH
TICEB/IO/IaBIICHNST HACHIIIEHUS OT CKOPOCTH CHIDKEHHS JABJIICHHUS B KOMIUIEKCE C MCCIIETOBAaHHEM
nokasaresneit 100bau HeTH M3 MecTopokaeHus HedrsHoro mosica Opunoko [Sun et al., 2013].
DKCIIepUMEHTAJIBHO OIpesiesieHa KOHeuHas HedTeoTgaya NMpH pa3sHOW CKOPOCTH (UIIbTpalMu.
Hcnonp3oBanack januHHas HackimHas wmoxaenb (50 cMm), HacellieHHas PEKOMOWHHPOBAaHHOM
CBepXTsDKENO HeThIO. 3alaHHBIE CKOPOCTH (QMIIBTPALIMU W CHIDKEHHUS JIaBJICHUS HACBHIIICHUS - Ha

HCECKOJIBKO IIOPAAKOB BBIIIC INIACTOBBIX, W PE3YJIbTAaThl HMCIOT I/IHJII/IK&THBHBIﬁ Ka4eCTBEHHBIHN
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xapakTep. MuHUMAaIbHas CKOPOCTh (MIbTpallud paBHa 4 aTm./dac, MpH KOTOPOH TOCTHTHYTa
Hedreotnaya 17%. Ilpu Beicokoi ckopoctu ¢unbTpanuu (16 arm./dac) koHeuHas HedTeoTnaya
noBbImaeTcst 10 23%, HO TaKue CKOPOCTH MOTYT OBITh JOCTUTHYTHI TOJBKO B MPHU3a0OWHON 30HE.
PVT uccrenoBaHus MpoOBEACHBI ¢ MUHUMAJIbHOM CKOpOCThIO paBHoi 10 atm./cyT. IIceBnoaaBinenue
HACBILIEHUS, TPU KOTOPOM 00pa3zoBajach OT[elbHas ra3oBas ¢aza, Mo pe3ysibTaTaM dKCIIepUMEHTa
paBHo 70% oT nmaBieHHs HachimeHUs. V3-3a HemOCTaTKa MPSAMBIX SKCIICPUMEHTAIBHBIX 3aMEpOB
MPUMEHSICS Tak)Ke METOJ] «OOpaTHOTO CuUeTa» KPUTUYECKOW Ta30HACBHIIEHHOCTH IS
BOCIPOU3BE/ICHUSI HCTOPUM pPa3pabOTKU MecTOpoxaAeHUl. PacueTHoe 3HaueHUE KPUTUYECKOM
ra30HBICHIIIEHHOCTH paBHO 5%. 3HaueHNe KPUTUYECKOW Ta30HACHIIIEHHOCTH MCIOJb30BaJIOCh AJIs
BOCIIPOM3BOICTBA (a4aNTAllMN) UCTOPUH Pa3pabOTKU HA TUAPOIMHAMUIECKON MOICIH.
OuIbTpallMOHHBIE JTA00PAaTOPHBIC HWCCIICIOBAHUS JUIS 3aMepa XapaKTePUCTHK TECUCHUS
BBICOKOBSI3KUX HE(TEH Ha €CTECTBEHHOM PEXXHMME B TOPUCTOM CpeJie OCYIIeCTBISINCH B TeueHue 30
net, ¢ koHna 1980-x rr. Bece paboTel peann3oBaHbl B paMKaX KOHKPETHBIX MPOEKTOB MO J00bIYE
CBEPXBS3KUX HE(TEH M HAICICHBI Ha CHIDKEHUE HEOIPEICICHHOCTH JO0JITOCPOYHBIX MOKA3aTEIICH.
Tem ne menee, ananuz 1a00OpPAMOPHLIX IKCNEPUMEHMOE NOKA3AJ, YMO NOJYYEHHble Pe3Vibmambl
HOCAM OPUEHMUPOBOYHBIU Xapakmep, M.K. 8 OONbUUHCMBe ClyYded asmopam He YOanoch
CMOOenuposams NiAcCmogvle YClo8us NO mem UlU UHblM npuyuHam (HampuMmep, OTCYTCTBHE
0o0pa3IoB CBEpXBS3KOH He()TH B HEOOXOAMMOM OOBEME [UIsi TPOBEACHHS JKCICPUMEHTA,
3aBBIIICHHBIE CKOPOCTU (UIBTPAIIUH, 3HAUYUTEIBHO MPEBHIIAIONINE 3HAYCHUS TIPH (DAKTHUIESCKOM

JPEHUPOBAHUU 3aTIKEN U T.1I.).

JKCNepUMEeHTAJIbHbIE JJA00paTOPHbIE UCCIEeA0BAHMA 1JI51 0J10Ka MeCTOPOKIACHUS
BBICOKOBSI3K0# He(pTH B HePTAHOM nosice OpMHOKO

C 1enpl0 CHWXKEHHUS HEOIpeleleHHOCcTell B  (a30BbIX MPOHUIAEMOCTSX (3HA4YEeHHUs
KpUTHYECKON ra30HACHIIIEHHOCTH) MpoBe/ieHa JabopaTopHas paboTa ¢ NpUBJIEYEHUEM MHCTUTYTA
WNuTtoBom. JI1s mOATOTOBKM HACBITHOW MOJIETH U3 MHTepBaia 00bekTa OMuromeH oToOpaH KepH CO
cpeaneit nponunaemoctsio 4,000 m/{. B cooTBeTcTBUU ¢ hopmyroit Ddpoca (Kputepuii mogodus B
crangapre! [Ddpoc, 1963]), AnuHA HACHINHOM MOAENH ¢ MPOHHIAEMOCTbIO 4 Jlapcu IOMKHA
cocTaBysITh 1 M. [{71s1 coOMI0ieHrs KpuTepus 01001 KCTIOb30BaHa HACKITTHAS MOCIb JUTHHOU 1 M
u auameTpom 5,4 cM. Mojenb U3roToBlieHa U3 MTPOMBITOTO NIECYaHHUKa, OTOOPAHHOTO U3 CKBaXKHUHBI.
ITpoBenenue 1a6OpPaTOPHBIX pabOT Ha Y/UIMHEHHON MOJENU MO3BOJIMT MAaKCUMAJIbHO MPHOIU3UTH
na0opaTOpHbIE YCIOBHS K IJIACTOBBIM M MUHUMHU3UPOBATh CUCTEMAaTHUECKUE ONIMOKH, CBSI3aHHBIE C

HCPaBHOMCPHBIM BBITCCHCHUCM. ITocne IOATOTOBKM HACBIITHBIX Moneneﬁ, B COOTBCTCTBHH CO

Y Heghmv. Memoo onpedenenus ¢hazosvix nponuyaemocmeii 6 1a60pamopHvix YCI06UAX APU COEMECMHOL
cmayuonapuot unempayuu. Ompacaegou cmandapm, 1989. - 35 c.
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crangaproMm ASTM G120-95, mMomenu HachIaIMCh PEKOMOWHUPOBAaHHON HedThI0. Mozenb
MEePBOHAYAILHO HACHIIIANM BOJOH, Janee, HE(PThIO BBITECHSUIM BOJAY IO IMOJYyYEHHsI OCTaTOYHON
BOJIOHACBILLIEHHOCTHU IIpH JaBieHuu 40 aTm.

[ToaroroBka pekOMOMHMpPOBAaHHOW MPOOBI HE(TH OCYLIECTBIAJIACH HA YCTAaHOBKE B
COOTBETCTBUM C BHYTPEHHUM CTaHIApPTOM MHCTUTYyTa MHTIBAM 11 TspkenbiX Hedreil. B emkxoctu
MOJIaBAJIaCh JIera3upoBaHHas He()Th U MPUPOAHBIN ra3 ¢ COOTBETCTBYIOIIUM COCTaBOM. B TeueHue
HE/IeIH CUCTeMa ypaBHOBELIMBAJIACH JI0 TOJXYYEHHUsI 0JHO(]A30BOI CMECH 3a CUET MEXaHHYECKOTO
nepememnBanusi. PexomOuHupoBaHHas He(Th TOTOBMJIACh C LEJIEBbIM 3HAYCHHEM JaBJICHUS
HaChIICHUS paBHBIM 39 aTM. MpU 3aJaHHOM IIACTOBOM Temmeparype paBHou 46°C. Mogmenb
IIPUPOIHOTO T'a3a 3a/1aBajlach B BUE JBYXKOMIIOHEHTHOM cMecu 90% MonbHOM nonu Metana u 10%
MOJIBHOHM JIOJIM YIJIEKHCIIOTO ra3a, YTO COOTBETCTBOBAJIO CPEIHEMY COCTaBY PACTBOPEHHOIO rasa
MecTopoxkaeHus HedTsHOro nosca OpuHoko. KOHTpoas pekoMOuHAINKM HEPTH TPOBOAUIICS MyTEM
CpaBHEHHUS MOJIYYEHHOTO ra30BOro akTopa Mpu CTaHAAPTHOM cenapainuy U NoAroToBieHHoi PV T-
MOJIeNIM ISl 1ieNieBoro cocraBa. [lokazaTens razoBoro (akropa peKOMOMHUPOBaHHON He(pTH -
7,5 />, 3naueHne BsA3KoCTH pekoMOuHMpoBaHHOH HedTu pasro 10,000 cIls. JlamHyio cmech
WCIONIb30BaJIM  JJII HACBHIIIEHUS HACBIMMHOW MOJAENH Uil peanu3anud  (UiIbTPaAlUOHHBIX
HKCIIEPUMEHTOB Ha €CTECTBEHHOM YIpyroMm nByX(dasHoMm pexume. B Tabn. 1 mpeacraBieHsl
OCHOBHBIE MTapaMETPhl MOJICIIH.

DKCIIepUMEHT TPOBEIEH NpU CKOPOCTH (UIbTpalMK, KOTOPYIO MOXKHO 3a/1aBaTh H
perynupoBatb. C 1LeTbI0 ONpeAeNeHUs IeNIeBbIX CKOPOCTEH (QHIbTpaly BBIIOIHEHBI PACUETHI
nepenajaa JaBlIeHUs A IUIACTOBBIX W J1abopaTopHbIX ycioBuil. Pacuer IleneBoro rpanuenra
JaBIICHHS] B AKCIIEPUMEHTAIBHON (MIBTPAIMOHHOW MOJIEIH OCYIIECTBJICH C IMOMOIIBIO (OPMYIIBI
3akoHa [lapcu ¢ ucnonb3zoBanueM Bs3KOCTH Hedtu paBHoit 10,000 cII3, mponumaemoctbio 4 Japcu
U TEOMETPUUECKMMH IapaMeTpaMy HachITHOW Mojenu. ['paiueHT naBieHus s IUIaCTOBBIX
YCIOBUH OIIEHEH C NOMOIIbI0 ruapoauHaMuyeckoro cumyistopa CMG STARS. Pesynbratsl
pacyeToB MpeJCTaBIeHbI B Ta0. 2 u 3.

'opusoHTanbHBIE JOOBIBAIOIINE CKBOKWHBI MECTOPOXAEHUS B HedTsHOM mosice OpHHOKO
HKCIUTyaTUPYIOTCSl TIPU OYEHb BBICOKHMX Jenpeccusx - 70% ot miactoBoro aasneHus. PacueTHsli
IpaJiMeHT AaBJIEHUs B 30HE 0TOOpa Ha paccTossHUM 50 M OT MPOIYKTUBHOM 4acTH TOPU30HTAIBHON
CKBaXHHBI cocTaBisger mopsaka 0,01 arm./m. Jlna momydeHwss JaHHOTO Tepernaja JaBIICHUS
HeoOXO0IMMO MPOBOIHUTE SKCIIEpUMEHT mpH ckopocT 0,001 cM/MuH, uTo 3aitmMer nmopsmka 200 cyT,
4TO sIBJIAETCS HenpuemieMbIM. C Ipyroil CTOPOHBI, UCIIOJIb30BaHUE CKOPOCTH (DUIIBTpaLMU, pAaBHOU
0,01 cM3/MuH, CO3IaCT HeJOMyCTUMbIE YCIOBHS Mepenaia JaBjeHUs B HACKITHON MOJIENH, PABHOTO
6onee 1,4 arm./m. Pe3kue mepemnaabl AaBlIeHUs, BEPOSTHO, BBI3OBYT IPOILIECCHI, KOTOpPbIE HE

MPOUCXOJAAT B ILIACTC, W PE3YJIbTAaThbl SKCIICPHMCHTA 6YJIYT HCKOPPEKTHBIMU. COOTBGTCTBCHHO,
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ckopocTh (uibTparuy, paBHas 0,002 cM>/MUH. SBISETCS ONTHMAIBHON C TOYKH 3PEHUS BPEMEHH

MMPOBCACHUA SKCIICPUMCHTA U MUHHUMU3AIIUU I'paJUCHTA JaBJICHUA, KOTOpBIfI B OTUX YCIIOBHUAX 6y,[[eT

COOTBETCTBOBATh 3HAUYEHUSM, CBOWCTBEHHBIM (PHUIbTpAllMM 3a TpeAeiamMu Npu3abOWHON 30HBI

(Menee 0,35 arm./m). C 1enpi0 COOMIOACHHS CKOPOCTEH (MIBTpPAMd PaBHBIM ILIACTOBBIM,

SKCIIEPHMMEHT Ha HCTOIIEHHE IPOBOJMICS €O CKOpOocThio (uubTpamuu 0,002 cvm’/muH. JlaHHas

CKOPOCTb OTHOCHUTCA KO BCEM q)asaM, KOTOPLIC BBIXOIAT U3 HACBIMTHOM MOACIHN, BKIIOYasa HG(bTB u

BBIICTIUBIIHNICS CBOOOTHBIN ra3 Ipu paboveM TEKYIIeM JaBICHUH.

Tabnuna 1
IMapametpsl moaean «slim-tubey
Hnuna (cm) 100
Huametp (cm) 5,89
AoGcomoTHas nponuniaeMocth Ka (Jlapcu) 3,1
Iopuctocts (%) 28,83
[opoBklit 06beM (cm®) 687,1457
O6bem HedTH (cM°) 600,81
Hacweimennocts vedtu So (%) 0,89
Ces13aHHas BOJOHACHIIIIEHHOCTh Swirt (%) 0,1256
[TnotHOCTE HEPTH API 8,25
["azoBblit paktop I'D M%/m® 7,5
Temmneparypa (°C) 46
[TnoTHOCTH BobI (T/cM1) 1,001
[InoTHOCTH ferasupoBanHoil HedTH (I/cme) 1,0125
O6mbem pacTBopenHoro rasa (cm®) mpu SC 4629,2
O0weémusI kKoddPument et 1,04
BsizkocTh pekoMOuHHpOBaHHON HedTH (cI13) 10000
Tabmumna 2
Pacuernbie ckopocT pUIbTPAIMHU ¥ TPATMEHTA JABJIEHHUSA
Paccrosinue oT 320051, M 10 20 50 100 150
[Tepuon noOkaM I'paguieHT naBieHUS aT™./M
6 Mecs1EeB 0,89 0,37 0,12 0,03 0,01
1 ron 0,73 0,35 0,18 0,06 0,02
2 roma 0,58 0,29 0,17 0,10 0,04
3 rona 0,50 0,26 0,16 0,12 0,06
Tabnuna 3
PacuérHblii rpagueHT JaBJIeHHUs] B HACBIITHOM MOJEIH NPH Pa3HBIX CKOPOCTSX
CkOpoCTh QUIIbTpaIUu, CM°/MUH 0,005 0,003 0,002 0,001
PacueTHBI rpaiueHT JaBJICHUs, aTM./M 0,74 0,45 0,30 0,15
Bpewms skctpakiinu 35% mopoBoro oobema, cyT 39 65 97 195
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HaceimHasg wMognens pacmnosiaragach BEpPTHKalIbHO. 3aKadka areHTOB JUISl  HACBIILECHUS
MPOBOJMIIACH CBepXy. V3BiedeHne He(TH W rasa MPOXOAMIO CHHU3Y. 3aTe€M OCYIIECTBIISIOCH
[I03TAIIHOE CHW)KEHME JaBiieHUs. B HukHEW YacTh MoOJenu NpOBOAMICS cOpOC JaBIEHHS 0
3aJJaHHOTO 3HAu€HMs, CO3/aBas HEOOXOAMMBIN I'paJUeHT JaBieHus B Mojenu. Ilepenan naBneHus
YCTaHABIMBAJCS Ha HEOOXOAMMOM MMHHUMAIBHOM YpPOBHE JUIl COOJIIOJCHMS  3aJaHHOU
MUHHMAaJIBHON CKOpOCTH (puibTpanuu. /{aBieHue B HUKHEN U B BEpXHEH 4acTsIX MOJIEIH OCTaBaJIOCh
HEM3MEHEHHBIM B TEYCHHE HECKOJIBKUX JHEH. 3a 3To BpeMsi He(Th M paCTBOPEHHBIH ra3 JBUTAIHChH
[0 MOJEIM BHHM3 uepe3 IHopucTyro cpeny. Hedrb mneperekasa B OTHENbHYKO €MKOCTb,
PacIoJIOKEHHYI0 B HMKHEW 4acTH YCTAHOBKH, 3@ CUET BIMSHUSA €CTECTBEHHBIX IPUPOIHBIX CHIL
JlaBneHue B €MKOCTH 3aJaBajOChb PaBHBIM JaBJICHUIO B HWXKHEH 4dactu Mmoxenu. llo wmroram
3aBEpILEHHs KaXIO0TO dTara 3amMepsuics 00beM BBICBOOOIUBIIMXCS HePTH M Ta3za. JnmurenbHOCTH
JTana coCTaBiisja He MeHee | Hellenu, IO €ro 3aBepLICHUH OCYILECTBIISUINCH PACUETHI IIOKA3aTeIs
razoBoro (Gakropa M oObeMa H3BJICUEHHBIX He(pTH U ra3a. [IpomexyTouHble pe3yJIbTaThl
HCIIOJIB30BAJIUCH [ OIIPEIEIICHUS IPAJUEHTA JABJICHHS U ITPOJOJIKUTEIIBHOCTH CIIEAYIOIIEro dTarna.
OOm1ast ATUTETHLHOCTH OJJHOTO SKCIIEPUMEHTA COCTaBMIIA 95 CcyT H paszeneHa Ha 12 3TanoB CHUKEHUS
nasnenus. Ha puc. 2 npencrasneH oO1uil BUJ MOAEIH.

OKCIIepUMEHT NpPOBEIEH 10 aTrMOC(EepHOro JaBlIeHUs, HO KOHTPOJIb HaJ CKOPOCTBIO
GWIbTpaMy TPAKTUYECKH YTpadeH II0cClie AOCTIKeHHWs naBieHus 13,8 arm. PesynbraTs
SKCIIepUMeHTa HUKe 13,8 aTM. He HCITOIb30BANIMCH B aHATIN3E, TAK KaK CKOPOCTh (PHIIBTPAIIH KPATHO
IpeBbIlIaa LeneBble 3HaueHus. HeoOXoauMo OTMETUTh, YTO HpPU SKCIUTyaTallud CKBA)XKMHBI Ha
€CTECTBEHHOM pEXHMME, CHI)KEHHE IUIACTOBOIO JABJICHUS B 30HE JPEHUpPOBaHUA HWxke 13,8 atm.
MPaKTUYECKH HEBO3MOXHO. OTO OOYCIOBJIEHO TE€M, 4YTO MHUHHMMallbHOE 3a00HHOE [aBJieHHE
OTpaHMYEHO XapaKTEpPUCTUKAMM Hacoca U cocTaBisieT nopsaka 7-10 atM. XapakTepuCTUKH Hacoca
TaKkXe He IMO3BOJIIOT A00bIBaTh 00beM HepTu MeHee 5-10 T/cyT, YTO BHOCHUT OTpaHMYEHUS Ha
MUHUMaJIbHYIO Jlenpeccuto. [TomyyeHHas 3aBUCHUMOCTh KO3((UIIMEHTA BBHITECHEHHs OT JIaBJICHUS
Ipe/icTaBlIeHa Ha puc. 3, Ha puc. 4 - TUHAMUKa M3MEHEHMs IoKa3aTelss ra3oBoro (axropa ot

JaBJICHHS.
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Puc. 2. ®oto moaenn «Slim-tube» B BepTHKAIBLHOM MOJI0KEHHH

Ko3¢pdunuenr BoiTecHeHus1 (1o uroram 45 cyr)
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Puc. 3. I'paduk nuHaMHUKH aAaBjienus u kodgduinuenta HedreoTaaun B Moaeau «Slim-tubex»
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Puc. 4. I'padux pacyeTHol ra30HACHIIEHHOCTH U TMHAMHUKY M0KAa3aTeJs ra3oBoro pakropa
B Moxeau «slim-tube»

["a30HACKIILIEHHOCTh B MOJEIN Ha Ka)KJIOM 3Talle OLIEHWBAETCS N0 MaTepHaJbHOMY OallaHCy.
OO0bvemM CcBOOOTHOTO ra3a JUIs KOHKPETHOTO aBJICHUS MPUHUMAETCs B COOTBEeTCTBHH ¢ PVT-
MOJIeTIbIO, TOATOTOBJICHHOW Ha OCHOBAaHMM YCJIOBHM pPEKOMOMHAIIMM C Y4YeTOM JIaBIICHUS
HACBILIEHUS, Ta30COAEPKAHUS M PACTBOPUMOCTH ra3a U oObeMa OTOOpPaHHOIrO raza U HE(TH.
[lepenan maBineHUs MCHONB3YETCS B KadecTBE MCXOMHOW MH(OpManuu il BBIYHCICHUS 00BeMa
BblIenUBLIErocs ra3za. Pacuer oObemMa He M3BICUYEHHOTO MPUPOAHOIO raza B MOJEIU HA KaXJA0M
JTane SBJseTCs KIIOYEBBIM 3BEHOM B aIrOpuTMe pacyéra ra3oHachllleHHOCTH. OObeM He
M3BJICUEHHOI'O Ta3a COCTOMT W3 PACTBOPEHHOro raza B HepTu M M3 cBoOoaHoro raza. O0beMm
PacTBOPEHHOT'O Ta3a OLIEHUBAETCS B COOTBETCTBUU ¢ PVT-Mojenbio, 4TO MO3BOJISIET pacCYUTATh
o0beM CBOOOJHOTO Ta3a B MOJENW B CTaHAAPTHBIX ycioBus. OO0beM CBOOOTHOTO rasa jajee
NepeBOAUTCS B 00BEMbI MPU AABICHUM B MOJEIN C YYETOM 3HAUEHHs CBEPXCKMMAEMOCTH IS
MOJTy4eHMs ra3oHachllieHHOCTH. CBOOOAHAs He3aBUCHMas ra3oBas (pa3a M ra3oBble ITy3bIPbKU
BHYTpHU HEPTSIHOM (ha3bl onpeeNsitoTcsl Kak ra30HaChIeHHOCTh. Ha mepBoM 3ramne sKcrepuMeHTa,
710 pocTa MoKasaress ra3oBoro (paktopa, OTCyTCTByeT cBOOO/IHAs He3aBUCHMasl ra3oBas (a3a. Bech
BBIJICJIMBIINICS a3 Ha TIEPBOM 3Tare HaXOAUTCS BHYTPH HEPTAHOM (a3bl B BUJE My3bIPEKOB. DTOT
o0beM ompezensercs Kak KpUTHYecKas Ta30HACBHIEHHOCTb JJS peKUMa «BCIEHEHHOH HeQTh»
paBHoii 7,5%. B Tabn. 4 npencrasiieH NOPsI0K pacyeTa ra30HachIIIEHHOCTH B Mojenu. Ha Havano
MIPOBEJIEHUSI KOMIUIEKCHBIX OSKCIHEPUMEHTANbHbIX (UIBTPALMOHHBIX HWCCIEIOBAaHUN Iuana3oH
HEOIPEAEIEHHOCTH B 3HAYEHNN KPUTUYECKON ra30HACHIIIEHHOCTH cocTaBisul +£80% Ha ocHOBaHUM
aHaAJIOTOBBIX HccienoBaHui. [lo uToram 3aBepiieHHs OJHOTO SKCIEPHUMEHTa HEeOoNpeAeseHHOCTh
omyctuiack 10 £50%. CoOoTBETCTBEHHO, HEOIIPEAEIIEHHOCTH B JJOJITOCPOYHOM MPOTHO3€ JOOBIYM Ha

MCCTOPOKIACHUUA B He(bTSIHOM 10sCC OpI/IHOKO CHMIKCHBI ITIOYTHU B ITOJITOPA pasa.
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Tabnuua 4

CyMMapHBIit N
Cpennee Pacdernoe Coneprxanue ra3a Ocrapumiics obben HakomIeHHas CymapHsrit He O6sem Oo6pemraza | Koaddurmenr O6beMHLL O6bem JHoust ocTaBmmerocs
JIABIICHHUE | ra3zocolepKaHue B CBOOOJTHOM W3BJICUCHHBIH B CBOOOJTHOM CBEpPX ra3a oT OpoOBOTr0
obbem HepTH | BBICBOOOMMBIIEro | moObrda rasza, CY PacTBOPEHHOTO KO3 puIeHT CBOOOTHOTO

MOJICIIH, (PVT-momens), | cocrosauu (PVT- CY. onfd rasa. CY. en® (savep) om® o0BeM rasa, rasa. CY. o’ COCTOSIHUH, | CKUMAeMOCTH HedTH rasa. o o0bema

aTM. M/M° MOJIENb), M/M° : (PV-l’--MOI’[eJ'II)) p CY, c™® T CY, cM® raza : (ra30HACHINIEHHOCTB)

47,8 7,6 0,0 600 0 7 4622 4622 0 0,93 1,040 0 0

43,6 6,9 0,7 599 403 13 4616 4213 403 0,94 1,036 9 0,013

36,2 57 1,8 599 1118 17 4612 3494 1118 0,94 1,031 29 0,042

34,7 5,5 2,1 593 1257 66 4563 3315 1248 0,95 1,028 34 0,050

32,1 51 2,5 587 1487 132 4497 3033 1463 0,95 1,026 43 0,063

30,2 4.8 2,8 580 1648 197 4432 2823 1610 0,95 1,025 51 0,074

25,3 4,0 3,5 560 2028 565 4064 2290 1774 0,96 1,022 67 0,098

23,4 3,7 3,8 547 2148 947 3682 2069 1614 0,97 1,019 66 0,097

19,5 3,1 4,5 531 2423 1639 2991 1668 1323 0,97 1,016 66 0,096

15,3 2,4 51 517 2704 2298 2331 1279 1052 0,98 1,013 67 0,098

7,9 1,3 6,3 440 2830 2995 1634 563 1071 0,99 1,006 134 0,194

4,1 0,7 6,9 416 2926 3784 845 277 567 0,99 1,003 136 0,198

CYV - cmandapmuvie ycious.
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BoiBoabI

MHoroneTHuil onbIT T00BIYM CBEPXTSDKETION HE(TH HA €CTECTBEHHOM PEXHME MOoKa3all, uyTo
JAHHBIM IIPOLECC COINPOBOXKIACTCS YHUKAIBHBIMU SBICHUSMH, CBA3aHHBIMU C IIOBEJICHHUEM
PacTBOPEHHOI0 rasa B IIPOLIECCE APEHUPOBAHUS IUIACTOB, KOTOPBIE IOJIOKUTEIBHO BIMSIOT HA
IPOAYKTUBHOCTh CKB)KUH M BEJIMUUHY M3BJIEKAEMBIX 3a1acoB He(TH.

VYHHUKaJIBHOCTh TPOBEIEHHBIX HCCIEAOBAHUN JUII MECTOPOXKIEHUS B He(TSIHOM Iosice
OpHHOKO COCTOMT B TOM, YTO BIIEPBBIC B JIAOOPATOPHBIX YCIOBUSAX BOCIIPOU3BEICHBI ILIACTOBHIC
3HAYEHUS BSI3KOCTH, IPOHULAEMOCTH, [ABJICHMs HACBIEHUS, Ia30COIAEPKAHUSA MU CKOPOCTH
dbunpTparum.

Jlnana3oH HEONpPEEeNIEHHOCTH B 3HAYCHMHM KPUTHUYECKOH TIa30HACHIIEHHOCTH Ui OJoka

MecTopoxaeHus B HeTstHOM nosice OpuHoko cHmkeH ¢ £80 1o £50%.

Paboma evinonnsiiace u uwacmuuno QuUHAHCUPOBANACH  20CYOAPCMEEHHOU HeDMAHOU
komnanuetl I1I/][BCA (Benecyana) 6 nepuoo 2017-2018 2e. na meppumopuu Hay4HO20 UHCHMUMYMA
Humsesn. CII [lempomupanoa ¢ ywacmuem poccuticCKux KOMNAHULL NpedoCmasulo Heobxooumble
obpas3zyvl negpmu u kepra. Paboma makoice uacmuuHo QUHAHCUPOBAACH U3 TUUHBIX CPEOCHE OOHO20
uz aemopos ([[.A. Hsanosa).
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DEVELOPMENT FEATURES OF SUPER-VISCOUS, EXTRA-HEAVY OIL FIELD
BLOCK UNDER NATURAL DRIVE (ORINOCO OIL BELT)

In this paper, experimental researches carried out in order to reduce uncertainties in the
forecast of the production profile of a large project aimed at producing extra-viscous oil by natural
depletion. The experiment is unique because its duration was 95 days. The displacement of extra-
viscous oil by depletion occurs due to elastic forces (expansion of oil) and those associated with the
release of dissolved gas into separate bubbles within a single oil phase. The fact that no separate gas
phase forms over a long period (after the pressure lowers below the bubble point pressure) is typical
for almost all extra-viscous oils and has been proven by field data and laboratory tests. The degree
of influence of this effect has not been well quantified. Nevertheless, under conditions of extraction
of extra-viscous oil without the injection of chemical agents, this effect has a critical impact on key
reservoir performance parameters, including recoverable oil reserves in the drainage zone of the
production well. An overview of the key studies describing the processes occurring during the
extraction of extra-heavy oils by displacement natural drive, on the basis of laboratory study and
field operations experience is also provided.

Keywords: heavy oil, extra-viscous oil, extra-heavy oil field, displacement by natural drive,
Orinoco oil belt, Venezuela.

For citation: lvanov D.A., Gudoshnikov A.S., Marquez R. Osobennosti razrabotki bloka mestorozhdeniya
sverkhvyazkoy, sverkhtyazheloy nefti na estestvennom rezhime vytesneniya (neftyanoy poyas Orinoko) [Development
features of super-viscous, extra-heavy oil field block under natural drive (Orinoco oil belt)]. Neftegazovaya Geologiya.
Teoriya | Praktika, 2024, vol. 19, no. 3, available at: https://www.ngtp.ru/rub/2024/26_2024.html EDN: UHHDBZ

Introduction

The extraction of the extra-viscous, extra-heavy oil in Orinoco heavy oil belt in Venezuela is
accompanied by unique effects and phenomena that allow oil production using only the natural
depletion mechanism. The comparatively small volume of gas dissolved in the oil is the main
mechanism of the displacement processes. While the bubble point pressure is practically equal to the
initial reservoir pressure, the gas, nevertheless, is not immediately released into the free phase,
retained by extra-viscous oil, and becomes mobile under certain conditions. In order to model the
displacement processes of such oil, two most important parameters need to be considered: critical gas
saturation and pseudo-bubble point pressure.

Ignoring the effect of these parameters may lead to an underestimation of the field's production
potential. In the classical approach, considering oil and gas as two separate independent phases, the

ratio of viscosity and mobility of gas and high-viscosity oil will be on the order of one in a million.

Hedreraszosast reonorust. Teopust u npaktuka. - 2024. - T.19. - Ne3. - https://www.ngtp.ru/rub/2024/26_2024.html


mailto:marquezrb@pdvsa.com

© WBanos JI.A., T'ynounnkos A.C., Mapkec P., 2024 18
One of the options for adapting the model used to forecast the field production is to introduce an
amendment in the form of high critical gas saturation, determined experimentally under laboratory
conditions or empirically based on actual well development history data.

One of the main goals of this article is to provide an overview of the findings of laboratory
experimental studies of critical gas saturation and pseudo-pressure saturation of extra-viscous oil

accumulations, as well as the influence of these parameters on the forecast of development indicators.

Overview

Papers containing a quantitative and qualitative description of the effects that are observed
during the extraction of super-heavy oil, based on the first commercial production data, were
published in the early 1990's. Also, at the same time, large-scale laboratory and theoretical studies in
this field were started. By the mid-1990s, the basic hypotheses, theories, and assumptions for these
effects were formed on the basis of analytical and laboratory studies. These assumptions and
hypotheses have not lost relevance today, as there has been no significant progress since the first
landmark publications. Key differences in the extraction of light and heavy oil have been identified,
which must be emphasized when forecasting the production of extra-heavy oil by natural depletion
with solution gas below bubble point pressure [Maini, 1996].

When developing extra-heavy oil by natural depletion, the dissolved gas begins to expand and
move along with the oil as part of one single liquid phase. Oil is partially displaced at the micro level
due to the formation of gas bubbles, which has the effect of increasing the mobility of extra-viscous
oil (the so-called "foamy oil" effect).

The dynamics of gas-oil ratio increase for production in a reservoir with bubble point pressure
close to initial pressure fields with light and heavy oils is very different. When developing a field
with light oil, where the bubble point pressure is equal (or very close) to the reservoir pressure, a
sharp increase in the gas-oil ratio occurs starting from the first months of operation. The dynamics of
growth of the gas-oil ratio for heavy oil is significantly different. The background gas-oil ratio, equal
to the dissolved gas content, may be observed for a long period of up to several years in heavy oil
production. The rate of increase in the gas-oil ratio is also significantly lower for high-viscosity oil
compared to light oil.

These effects may be explained with the so-called "pseudo-bubble point pressure effect”. Due
to the non-equilibrium state of gas and oil, the actual bubble point pressure during the development
of extra-heavy oil is lower than the equilibrium state bubble point pressure when a separate gas phase
forms, by 10-20%. Changes in the gas-oil ratio begin to occur only when the reservoir pressure
decreases below the pseudo-bubble point pressure. Bubble point pressure reduction in the dynamic
model is also often expressed in the form of the artificially increased value of critical gas saturation.
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The volume of oil produced at a low gas-oil ratio, i.e. before the pressure drops to the pseudo-bubble
point pressure, may amount to 10% of the initial oil-in-place in drainage zone of the well on the basis
of the field operation data of the developed blocks in the Orinoco oil belt.

The first theoretical foundations and models describing these effects made it possible to adjust
development plans. In particular, an increase in the expected final oil recovery factor increases the
volume of recoverable oil reserves per unit area, which makes it possible to increase the density of
the well pattern and increase the well stock. An increase in the well stock ultimately leads to an
increase in the level of oil production from fields.

Based on the outcome of the first theories and mathematical models describing these effects,
subsequent tasks for field development were also set. This is because the impact of “foamy oil" on
the production performance is significant and the optimal well spacing may be less due to the increase
in recoverable volume of oil per unit area.

The first field observations related to these effects was made in Canada [Loughead,
Saltuklaroglu, 1992], where monitoring of the development of heavy oil deposits is carried out at a
very good level. A detailed description of this effect on the basis of oil production data from the
Orinoco heavy oil belt in Venezuela was published several years later [Mirabal et. al., 1996]. This
work also contains a detailed description of the experimental work using a packed sand model (*slim-
tube™) and oil from the Bare field located on the Orinoco oil belt). The analysis of well production in
this paper is also provided. The production analysis reveals the impact of the "foamed oil" effects on
long-term development indicators. Production data refers to a 12-year period of relatively stable
production resulting in cumulative oil production significantly more than initially anticipated.

The Bare field belongs to one of the oldest production blocks of the Orinoco oil belt of high-
viscosity oils and the depth of the production interval is up to 4000 feet. This block is operated by
both vertical and horizontal wells. The first production vertical wells were drilled in the early 1980's,
the first horizontal wells were drilled in the early 1990's. Initial rates of horizontal wells reached
2500 BPD of extra-heavy oil. The production data shows the following dynamics: the reservoir
pressure actually stabilizes at a level of 80-85% of the initial pressure and shows a low rate of decline
after reaching these values. The production wells stock has a low water cut (less than 10%), since
there is no active aquifer in the production zone. The source energy, which leads to the stabilization
of reservoir pressure, may only be explained by the presence of dissolved gas and the effect of
"foamed oil". The production data indicates a significantly longer operation life of wells and a higher
level of recoverable reserves by natural depletion compared to the forecast values without considering
the effect of "foamed oil".

Field data indicates significantly longer well operation and higher natural recoverable reserves
compared to forecast indicators without considering the "foamy oil" effect. Below, fig. 1 abc shows
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an example of well operation under such conditions at a large block in the Orinoco belt in Venezuela
(the values are not presented due to confidentiality). The graphs are a plot of oil and gas oil ratio
along two Y axes vs cumulative oil production. The wells are located on the same well pad without
the influence of the aquifer. During initial stage, the well produces only throw fluids and rock
expansion mechanism. During this period, oil production declines sharply. Further during the next
stage, after the gas oil ration increases, the gas oil ration and oil flow rate stabilize. This is the "foamy
oil" regime, where homogeneous flow of the oil and gas phases occurs in the form of a single
dispersed medium at a single velocity inside porous media. End of field life production and recovery
mechanist changes to other types with gas breakthrough and the formation of a separate gas phase
with an increase in the gas oil rate. During this period, two effects are observed: the classical solution
gas regime with gas breakthrough of a separate gas phase and the "foamy oil" regime. Historical
production demonstrates that the effect of "foamy oil" is capable of achieving a twofold increase in
the volume of recoverable reserves and recovery factor.

In addition to the analysis of operation data, the publication provides the results of laboratory
experiment. A PVT-analysis of reservoir oil was performed by two methods (2 laboratory tests): a
conventional constant composition expansion PVT test with the use of a shaker in order to achieve
the equilibrium state at different pressures; and a non-conventional test, where the shaker was
switched off, and the experiment was conducted in a non-equilibrium mode. As a result, the bubble
point pressure decreased by 200 psi from 1200 psi in the conventional equilibrium experiment to
1000 psi in the non-conventional non-equilibrium experiment, or about 15%.

Data from the displacement experiment by natural depletion with solution gas is also provided.
To carry out this experiment, a packed sand tube core model ("'slim-tube) was used 0.5 meters long.
The model was filled with sand and saturated with recombined reservoir oil. The model had a
permeability of 16 D, which clearly exceeds the average reservoir values. The flow rate was limited
to 0.011 cc/min. Following the depletion, an oil recovery of 10% was achieved after the pressure was
decreased to 470 psi, after which the experiment was stopped. The outcome of the whole work was
the determination of the volume of gas that was in a non-equilibrium state or critical gas saturation
which was equal to 9%. The findings of these studies are indicative, since the experimental conditions

were very different from the reservoir conditions (different flow rates and permeability).
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Fig. 1. Ratio graphs of oil rate and GOR vs cumulative oil showing “foamy oil”
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The results of the laboratory experiments involving the study of the dynamics of oil
displacement by natural depletion with the mechanism of "foamed oil" [Sheng et al., 1996] also
demonstrated that it is necessary to take into account the mechanism of appearance of a non-
equilibrium state in oil when constructing an analytical and dynamic model for the purposes of
forecasting. The experiments were carried out using oil with an average viscosity of 300 cP, initial
pressure of 1000 psi and a gas oil ratio of 20 m3/m3 was achieved after recombination. The sand pack
slim-tube model had a permeability of 3 Darcy and a pore volume equal to 2 liters. During the
depletion at different rates (0.091 psi/min, 0.2758 psi/min and 0.5308 psi/min), the pressure and the
oil and gas extraction rates were measured. The duration of the experiment was about 3-5 days,
depending on the flow rate. The findings were analyzed with the help of two models: one model was
an equilibrium model (in which content of solution gas remain unchanged in time under constant
pressure) on the basis of the commercial simulator STARS, the second analytical model was non-
equilibrium (in which the volume of gas dissolved in oil may change in time) and controlled by two
additional parameters. The first parameter is the time of transition of the system to the equilibrium
state, the second parameter is the frequency of combining bubbles accumulations into a separate gas
phase. The findings demonstrated the necessity of using a non-equilibrium model for the accurate
reproduction of the results. The equilibrium model predicts an underestimate value of the oil recovery
factor, a higher rate of gas extraction, and a higher rate of pressure drop compared to the experimental
values. A non-equilibrium model can reproduce the results more accurately. The authors also
attempted to reproduce the experimental data using an equilibrium model by modifying the critical
gas saturation values. The critical gas saturation value, which must be set to best reproduce the
experimental data, is 9% for the experiment with a minimum rate. For experiments with higher rates
in order to obtain a good reproduction of the experimental data, the critical gas saturation value should
be even higher.

Since the beginning of the 2000s, interest in researching various phenomena associated with
the effects of "foamed oil" has begun to grow. This growth is associated with the start of the active
phase of the development and operation of large production blocks at the Orinoco oil belt in
Venezuela. The main blocks of the development are the blocks of Petrocedeno and Petropiar. Several
hundred horizontal production wells have been commissioned in these blocks over several years. The
constitution of new joint ventures in Venezuela with leading international oil companies also attracted
a large number of specialists in the field of mathematical modeling and experimental research with
different experiences. Below is a description of the main findings of key works in this area.

In the work J. Franco, an attempt is made to form a detailed mathematical model for describing
the effect of "foamed oil" on the basis of the experimental works carried out [Franco et al., 2004]. A

series of two experiments was carried out on a "slim-tube™ model one meter long with a permeability
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of 630 mD using recombined oil with a viscosity of 308 cP. Two sets of experiments were carried out
with a rate of pressure decrease of 8 bar/day and 0.8 bar/day. However, the maximum pressure drops
in reservoir conditions, according to the authors of this study, is no more than 0.08 bar/day. The
following findings were obtained: at the maximum pressure decrease rate (8 bar/day), a final oil
recovery by natural depletion was 35%, and the critical gas saturation was 17%. At a low pressure
decrease rate (0.8 bar/day), the final oil recovery is 25%, critical gas saturation is 5%. The purpose
of the study was to obtain mathematically the main parameters of a non-equilibrium model, which is
the number of bubbles formed per cubic meter in their model. The parameters of the model were
chosen on the basis of experimental data. Curves of phase permeabilities were also calculated on the
basis of experimental researches.

The experiment was carried out inside an X-ray scanner, which is able to determine the
saturation of each of the phases along the model with high accuracy at any moment of time during
the experiment. The critical gas saturation values were measured experimentally. This work is one of
the first on a qualitative assessment of oil displacement dynamics by natural depletion in the
laboratory with observance of conditions close to those of the reservoir. The main drawback of this
study is the fact that the authors did not have access to the extra-viscous oil of the Orinoco
accumulations and, accordingly, the viscosity of the oil was at least an order of magnitude less, which
significantly distorted the results, despite the fact that the reduced viscosity was compensated by the
reduced permeability of the model, which makes it possible to use the results of this researches. The
rate of the pressure drop was also an order of magnitude higher than the reservoir values.

A detailed long-term experimental and analytical studies was carried out by a team of
specialists from the laboratory of Intevep, Venezuela in the late 1990's - early 2000's. Specialists of
this research center had access to oil and cores from the Orinoco oil belt, which were used for the
relevant experiments. PVT studies were carried out to measure the bubble point pressure shift to
pseudo-saturation pressure when conducting a study in a non-equilibrium state [Kamp et al., 2001].
Calculations of the transition time from the non-equilibrium state to the equilibrium state were carried
out using fundamental formulas, where the transition time depends on the diameter of the gas bubbles
and the viscosity of the oil. According to the calculations performed for extra-heavy oils it may take
several days for the oil to achieve equilibrium state during PVT experiments in s PVT cell (without
sand and porous medium effects). The shift of the bubble point pressure on the basis of experimental
work was 25% (from 685 psi to 510 psi). The second part of the paper relates to displacement slim-
tube studies [Andarcia, Kamp, Vaca, 2001]. These studies by natural solution gas drive were carried
out on a model 0.5 m long. The model had a permeability of 11 D, the flow rate was set to
0.01 cc/second. Based on the results of the 4-day test, an oil recovery of 9% was achieved. Critical
gas saturation based on calculations using the material balance equation was 8.3%. The difference
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between bubble point pressure and pseudo-bubble point pressure was 280 psi (995 psi bubble point
pressure and 715 pseudo-bubble point pressure). A more detailed description of the similar
experiment is given in the Intevep internal report of the year 2000 (D. Andarcia et al., Caracas, 2000).
Four studies were carried out using different flow rates and initial gas-oil ratio (different oil
recombination at different target bubble point pressure). The critical gas saturation calculated in this
study by the material balance formula was in the range 7-12.8% depending on the experimental setup,
the oil recovery ratio was 16-20%. The authors succeeded in completing the experiments to the end
(up to the final oil recovery) — reaching final a pressure of around 100 psi and a gas-oil ratio of around
1200-1800 ft3/bbl. An attempt was made to demonstrate the influence of the gas-oil ratio (bubble
point pressure) and the flow rate on the key parameters. When comparing two experiments with the
same gas-oil ratio (bubble point pressure) at different flow rates, the following is observed: the oil
recovery dynamics are generally similar, the oil recovery at a higher flow rate is higher, and the
difference in oil recovery between high and low rate increases as the pressure drops. Nevertheless,
the at the key reference points, including pseudo-bubble point pressure, the recovery is almost equal.
The formation of the free gas phase, at which the mobility of the oil sharply decreases, occurs at the
same pressure for both experiments - 700 psi (the bubble point pressure is 1100 psi), this point is
called the pseudo-bubble point pressure. However, the oil recovery at a higher flow rate is higher at
this given point (at pseudo-bubble point pressure). Hence the critical gas saturation depends on the
flow rate since higher recoveries can only be achieved by higher saturation of the displacing phase
which is gas. For a higher flow rate, the calculated critical gas saturation is 12.8%, for a lower flow
rate the calculated critical gas saturation is 7.4%.

When comparing two experiments conducted at the same flow rates using different
recombined oil with different gas content and bubble point pressure (1100 psi and 800 psi), we
observe totally different oil recovery dynamics at the same flow rate. However, despite the difference
in pseudo-bubble point pressure (750 psi versus 570 psi) in two studies (at a higher flow rate of
0.011 cc/min), an identical oil recovery is observed once the pseudo-bubble point pressure is reached.
Hence, the critical gas saturation in the two experiments is the same and equal to 12.4%. The authors
of this work demonstrated a methodology for conducting research in this field to determine the
influence of different parameters.

Report completed by a research center in China in 2013 was published [Sun et al., 2013]
containing results of a series of laboratory researches of pseudo-bubble point pressure depending on
the rate of pressure drop. The activity was carried out as part of the study of oil production rates from
the Orinoco heavy oil belt. A series of natural drive slim-tube flow studies with different flow rates
was also carried out to determine the final oil recovery. Similar to other laboratory studies, in these

tests a long “slim-tube” model of 50 cm long saturated with recombined extra-heavy oil was used.
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The pre-set flow rate and pressure gradients in the cell are several orders of magnitude higher than
typical values during production; therefore, the results have indicative quality. The minimum flow
rate (pressure depletion rate) was 0.4 MPA/h, at which the oil recovery was 17%. At a higher flow
rate (1.6 MPA/h), the final oil recovery was 23%, but such rates can be achieved only in the zone
adjacent to the well where pressure gradients are high. In a separate PVT experiment carried out at
the minimum rate of pressure decline (about 1 MPA/day), the pseudo-bubble point pressure was 30%
lower than the equilibrium bubble point pressure.

Due to a lack of experimental data, a method of history matching of critical gas saturation was
used to reproduce the development history. The best match was achieved when critical gas saturation
is 5% for both blocks, which allowed the adjustment of the development history for the construction
of hydrodynamic models of these blocks with a sufficiently high accuracy.

Natural depletion tests using slip-tube models were carried out to obtain key parameters and
to characterize the flow of high-viscosity oils by natural drive in a porous medium with solution gas
have been carried out for 30 years, since the late 1980s. All researches were carried out within the
framework of specific projects for the production of extra-viscous oils and were aimed at reducing
the uncertainty of long-term parameters. Nevertheless, the analysis of laboratory experiments has
shown that the results obtained are in most cases are indicative, since in most cases, the authors were
unable to reproduce the reservoir conditions for one reason or another (for example, the lack of extra-
viscous oil samples in a volume needed for the experiment, overestimated filtration rates significantly

exceeding the real values observed in the drainage of oil accumulations, etc.).

Laboratory experiments for the studied field block

In order to reduce uncertainties in phase permeabilities (critical gas saturation values),
laboratory study was carried out with the involvement of the Intevep research center. In order to
prepare a "slim-tube" model, a core was cut and recovered from Oligocene layer of the well with an
average permeability of 4,000 mD.

In accordance with the Efros formula (similarity condition in the Russia Industry standard -
39-235-892 [Efros, 1963]), the length of the "slim-tube" model with a permeability of 4 D should be
1 meter. This is the minimum length required to reproduce reservoir conditions. To comply with the
similarity criterion, a "slim-tube” model of 1 m long and 5.4 cm in diameter was used. The "slim-
tube” model was made of washed sandstone taken from the well in the studied block. The laboratory
studies on a "slim-tube™ model of 1 meter long will make it possible to bring laboratory conditions as

close as possible to reservoir conditions and minimize systematic mistakes related to uneven

2 Qil. Method for determination of phase permeabilities in laboratory conditions with jointly stationary
filtration, Industry Standard 39-235-89, 1989, 35 p.
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displacement. Once the "slim-tube™ models were prepared in accordance with ASTM G120-95
standards, they were saturated with recombined oil for conducting depletion displacement studies.
Slim-tube model is initially saturated with water, and then the water is displaced with recombined oil
until the residual water saturation is achieved. The saturation of models with fluids is carried out at a
reservoir pressure of 570 psi.

The preparation of the recombined oil sample is carried out in equipment in accordance with
the Intevep internal standard for heavy oils. The tank is fed with degassed oil and gas with the
appropriate composition. The mixture is mechanically shaken. Within a week the system is balanced
to a single-phase mixture. The recombination was carried out to a preset bubble point pressure
(570 psi) at a given formation temperature (115°F). The gas model was specified as a two-component
mixture of 90% of the molar fraction of methane and 10% of the mole fraction of carbon dioxide and
corresponds to the composition of the dissolved gas in the reservoir. The recombination control was
carried out by comparing the measured gas-oil ratio by standard separation and the PVT model. After
recombination, the gas-oil ratio was 43 scf/bbl. The viscosity of the recombined oil was 10,000 cP.

This mixture was used to saturate the “slim-tube” model. The table 1 shows the main parameters of

the model.
Table 1
Parameters of the "slim-tube" model
Length (cm) 100
Diameter (cm) 5,89
Absolute air permeability Ka (Darcy) 3,1
Porosity (%) 28,83
Pore volume (cm?) 687,1457
Qil volume (cm?) 600,81
Saturation of oil So (%) 0,89
Irreducible water saturation Swirr (%) 0,1256
Oil gravity, API 8,25
Gas-oil ratio (standard cubic feet/n. barrel.) 43,26
Temperature (° F) 115
Density of water (g/cm®) 1,001
Density of crude oil (g/cm®) 1,0125
Volume of dissolved gas (cm®) at SC 4629,202
Formation volumen factor 1,04
Viscosity of recombined oil at reservoir temperature (cP) 10000

In order to determine the target flow rates, which should be specified during the experiments,
appropriate calculations of pressure gradient were performed for the reservoir and laboratory
conditions. The pressure gradient for the displacement flow model is calculated analytically with the
Darcy law formula using an oil viscosity of 10,000 cP and a permeability of 4 D, as well as geometric
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parameters of the "slim-tube” model. The pressure gradient for reservoir conditions is calculated using
the CMG STARS hydrodynamic simulator shown in table 2 and table 3.

Table 2
Estimated flow rates and pressure gradients

Distance from bottom-hole, m 10 20 50 100 150
Production period Gradient of pressure, psi/m
6 months 12.9 5.4 1.8 0.4 0.1
1 year 10.6 5.1 2.6 0.9 0.3
2 year 8.4 4.2 2.5 1.4 0.6
3 year 7.3 3.7 2.3 1.8 0.8

Table 3

Estimated pressure gradient in the "slim-tube" model at different speeds

flow rate cc/min 0.005 |0.003 0.002 0.001
Estimated pressure gradient psi/m 10.76 6.46 4.3 29
Extraction time 35% of the pore volume, days 39 65 97 195

Estimated pressure gradients in the reservoir at different periods and distances from the
bottom-hole:

Horizontal production wells of the studied block are operated at very high drawdown pressures
- 70% of the reservoir pressure. Estimated pressure gradient in the wellbore zone at a distance of
50 meters from the horizontal well is about 2 psi/meter. In order to achieve such a pressure, drop it is
necessary to carry out the experiment at a rate of 0.001 cc/min, which will take about 200 days that
is unacceptably long.

On the other hand, using a filtration rate of 0.01 cc/min will create unacceptable conditions
(pressure gradients) in the "slim-tube™ model of more than 20 psi/m. Sharp pressure drops are likely
to create processes that do not occur in the reservoir, and the results of the experiment will be
unacceptable. Therefore, the filtration flow rate, equal to around 0.002 cc/min, is optimal from the
point of view of the duration of the experiment and the minimization of the pressure gradient, which
under these conditions will correspond to the values typical of the filtration flow rates just outside the
well bottom-hole area - less than 5 psi/m. In order to achieve the flow rates equal to the reservoir
values, the depletion experiment was carried out at a filtration flow rate of 0.002 cc/min. This rate
refers to all phases that come out of the "slim-tube” model, including oil and released free gas at the
operating current pressure.

The "slim-tube™ model was positioned vertically. The injection of saturation agents was

carried out from above. The extraction of oil and gas took place from below. The pressure was
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decreased gradually. In the lower part of the model, the pressure was reduced to a predetermined
value and an artificial pressure gradient was created. The gradient was kept at a minimum level to
maintain the preset flow rate. The pressure gradient remained unchanged for several days. During
this time, oil and dissolved gas moved downward due to the created pressure gradient.

Oil flowed into a separate tank, located at the bottom of the unit, due to the influence of natural
forces. The pressure in the tank was equal to the pressure at the bottom of the model. At the end of
each stage, the volume of released oil and gas in the separate tank was measured. The duration of one
stage was not less than 1 week.

At the end of each stage on the basis of the extracted volume of oil and gas measured, the gas-
oil ratio and the flow rate of extraction of oil and gas were calculated. Intermediate results were used
to determine the pressure gradient and the duration of the next stage. The total duration of one single
experiment was 95 days which was divided into 12 stages of pressure drops. A picture of "slim tube"

model is shown in fig 2.

Fig. 2. "Slim-tube" model in vertical position

The experiment was carried out at atmospheric pressure, nevertheless the control over the flow
rate was practically lost after reaching a pressure of 200 psi due to high gas oil ratio. The results of
the experiment below 200 psi were not used in the analysis, since the flow rate was many-fold higher
than the target values. It should be noted that during the well operation by natural depletion is
practically impossible to reduce the reservoir pressure in the drainage zone below 200 psi. This is due
to the fact that the minimum bottom-hole pressure is limited by the characteristics of the pump and is
of the order of 100-150 psi. Characteristics of the pump neither allow an oil volume less than 30-
50 BPD to be produced, which impose restrictions on minimal draw-down pressures. Oil recovery vs

pressure is shown in fig. 3, 4 shows gas oil ration vs pressure.
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The gas saturation at each stage is calculated from the material balance. The volume of free

gas is calculated in accordance with the PVT-model, generated on the basis of recombination

conditions, taking into account the bubble point pressure, gas content and gas solubility as well as the

volume of the gas and oil in the cell. The volume of the released gas is calculated from the pressure

drop. The volume of the entrapped/entrained gas (free + dissolved), the volume of residual oil in the
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model, the volume of the remaining dissolved gas as well as the volume of the released gas into the
free state are taken into account during material balance analysis.

Corrections are introduced for the gas compressibility factors and the oil formation volume
factor, which makes it possible to calculate the gas saturation at given stage with high accuracy. Gas
saturation in this case consists of two components: a gas in the form of an independent phase (free
gas) and gas in the state of bubbles in oil (the gas phase that is contained inside the oil phase). The
critical gas saturation in these studies was calculated to be 7.5%. Table 4 shows all data from
experiment used to calculate gas saturation in the model.

Prior to the laboratory studies, the range of uncertainty in critical gas saturation was £80%
based on analogous data from neighboring blocks. Based on the results of only one experiment, this
uncertainty was reduced to £50%. Accordingly, uncertainties in the long-term production forecast for
the studied block through utilizing these experiments results have been reduced by almost one and a
half.

Conclusions

A long-term experience in the extraction of extra-heavy oil by natural depletion or drawdown
shows that this process is accompanied by unique phenomena associated with the behavior of
dissolved gas during the drainage of reservoirs that positively influence the productivity of wells and
technically recoverable oil reserves.

The uniqueness of the studies carried out for block in the Orinoco oil belt is the first time the
reservoir conditions for the movement of extra-viscous, extra-heavy oil and dissolved gas were
simulated in the laboratory conditions on the "slim-tube” model of 1 meter long using core material
and recombined oil from the reservoir in order to obtain results with high accuracy.

The range of uncertainty in the value of critical gas saturation studied block of the Orinoco oil
belt has been reduced from +80 to £50%, which allowed to lower the uncertainty in the forecast of
technological indicators of development from £9 to +6% (the degree of influence of only this
indicator without considering the uncertainties associated with other parameters of the hydrodynamic

model).

The researches activity was carried out and partially financed by the Venezuelan state oil
company PDVSA during the period 2017-2018 on the territory of the Intevep scientific institute. The
Petromiranda joint venture with the participation of Russian companies provided the necessary oil

and core samples. The study was also partially financed from the authors personal funds.
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Table 4
Gas saturation calculation steps
. . L ) . - Remaining Re_maining Gas . Remaining
A\Igerage GO_R leftin Liberated GOR | Remaining oil L|ber_ate_d gas cc at SC Cumulative gas Remaining gas Saturated gas Liberated compressibility Formation vc_)lume Liberated gas Gas_
psi solution sfc/bbl sfc/bbl cc SC inside model produced cc cc SC c SC Cgassc 2 factor oil cc RC saturation
693 43,3 0,0 600 0 7 4622 4622 0 0,93 1,04 0 0
632,5 39,5 3,8 599 403 13 4616 4213 403 0,94 1,036 9 0,013
525 32,8 10,5 599 1118 17 4612 3494 1118 0,94 1,031 29 0,042
502,5 314 11,9 593 1257 66 4563 3315 1248 0,95 1,028 34 0,05
465 29,0 14,2 587 1487 132 4497 3033 1463 0,95 1,026 43 0,063
437,5 27,3 15,9 580 1648 197 4432 2823 1610 0,95 1,025 51 0,074
367,5 22,9 20,3 560 2028 565 4064 2290 1774 0,96 1,022 67 0,098
340 21,2 22,0 547 2148 947 3682 2069 1614 0,97 1,019 66 0,097
282,5 17,6 25,6 531 2423 1639 2991 1668 1323 0,97 1,016 66 0,096
222,5 13,9 29,4 517 2704 2298 2331 1279 1052 0,98 1,013 67 0,098
115 7,2 36,1 440 2830 2995 1634 563 1071 0,99 1,006 134 0,194
60 3,7 39,5 416 2926 3784 845 277 567 0,99 1,003 136 0,198
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