B OLEHKA KOJUIEKTOPA
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rMapoaHaMNKN 1 KBAHTOMEXaHUYECKNI B3rnsig
Ha MoAenb nnacTa

Fundamentals of Subsurface Hydrodynamics and a
Quantum-Mechanical View of the Reservoir Model

P. L. Mychasanos:
HayuHo-npovdsoacTBeHHan rpma «[laxep», r. OkTatpeckin, PB

1. Teopema Tuma. dyHOoameHTasIbHbIE 3aBUCMOCTM
6a30BbIX rMOPOOMHAMNYECKMX MapamMeTpoB nacra
M CKBa>KUHbI, 1 X B3aUMOCBS3b — OCHOBA HOBOW
napagurMmbl NoA3eMHON rMOpPOONHAMUNKA

Cuctema «[poayKTUBHBIM MAACT — CKBAXKKMHA - HACOCHOE
(MndbToBOE) 06OPYaOBaHME» - €OMHAs, Hepa3aenmas
rMOpOOMHaMMYECKas CUCTEMA, B3aMOCBA3aHHas
byHOaMeHTaIbHbIMU 3aBUCHMOCTAMM, OTPaXKAOLLIMM
e0NHCTBO W B3aNMOCBSI3b BCEX MMOPOAUHAMUYECKIX
napameTpoB 3ToM cucTeMb! [4]. OKONOCKBaXKMHHOE
MPOCTPAaHCTBO NPOAYKTUBHOIO naacta — ocobas
BbICOKOAKTVBHAS 1 3HEProgMHamMmn4ecki HectabunbHas
30Ha. B npoLecce nepBrYHOrO BCKPbITYSA
MPOOYKTUBHOIO FOPU30HTa BYPEHNEM, 3aKaHYMBaHMIS
CKBaXKVHbI (BTOPUYHOIO BCKPbITUS) U ee SKCryaTaumm
HapyLarTCs NPUPOOHOE SHEPrOMEXAHNYECKOE U
3NEKTPOAMHAMMNYECKOE PaBHOBECUS MPOOYKTUBHOIO
nnacTa. B 0kONOCKB2XXMHHOM NPOCTPaHCTBE
MPOUCXOAAT MMAPOTEPMOANHAMNYECKME, (DUBMKO-
MEXaHNYECKME N3MEHEHMS XapaKTEPUCTUKM Nnopodpl,
CBOWCTBA M1acToBOW XuaokocTh. CoBepLuaroTcs
DUNINKO-XUMNYECKNE, XUMNKO-OMOIOrNYECKINE
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1. Tim’s Theorem. The fundamental dependences of the
key hydrodynamic parameters of the reservoir and the
well and their interrelationships as the basis for a new
paradigm of subsurface hydrodynamics

The “Producing Reservoir — Well — Pumping (Lift)
Equipment” system is a uniform, inseparable hydrodynamic
system interconnected by fundamental dependences
reflecting on the uniformity and interconnectedness

of all the hydrodynamic parameters of this system [4].

The near-wellbore region of the reservoir is a special

zone characterized by high activity and unstable energy
dynamics. Such processes as drilling the first well into the
pay zone, well completion, and subsequent well operations
upset both the mechanical energy equilibriums and the
electrodynamic equilibrium in the formation. Both the hydro-
thermodynamic and physico-mechanical characteristics

of the near-wellbore rock change, as do the reservoir fluid
properties in this region. Physico-chemical and chemico-
biological transformations take place. The reservoir’s
electrodynamic equilibrium is upset, and, because of this,
hydrogen bonds, acting as retention mechanisms for the
hydrocarbon systems, begin to form in the capillaries and
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RESERVOIR MODELING

npespaLeHnst. MNponcxoanT HapyLLeHme
3NEKTPOMArHUTOONHAMUYECKOTO PaBHOBECKS

naacTa 1 B CBS3W C 3TUM B Kanuaspax 1 TpeLpmHax
OKOJIOCKB2XXMHHOIO MPOCTPAaHCTBa 06pasyroTcs
YOEPKMBAOLLIE BOAOPOOHBIE CBA3M B YrIEBOAOPOOHbBIX
CUICTEMAX 1 MPOUCXOOUT NepepacrnpeneneHe

3HEPMM CBSA3W, onpeaensemoi ciunamm BaH-nep-
Baanbca 1 crnoBbIx Nosen B3ammogencTBmg OBOMHOMO
anekTpudeckoro cios (3C). Bce 3T TeXHOorm4eckmne
MPOLIECChI 1 AaeKo He MOIHOCTBIO YKadaHHble (hakTopbl
CYLLIECTBEHHO BIMSIOT Ha (DU3MKO-PEOSIOMMHECKIME
napameTPbl NIACTOBOM XUAKOCTW, HapyLLIaKoT
MPOHNLIAEMOCTb 1 MOPUCTOCTb OKONIOCKBEXK/HHOMO
MPOCTPaHCTBa, 06pasys, Tak Ha3bIBaEMYHO, HEOOHOPOOHYHO
MO MPOHMLIZEMOCTU 1 MOPUCTOCTI CKUH-30HY 1 MPUBOASAT
KpaTHOMY CHV/DKEHMIIO MPUTOKA XKNOKOCTU B CKBRXKMHY.

Van Everdingen A. F. 1 Hurst N. (1949) npennoxxunm
dopmyny (1) ong pacyeTa NoTepun OaBnieHUs B
OKOJTOCKBaXXMHHOM MPOCTPaHCTBE Npu ubTpaLmm
>KUOKOCTU B CKB2XXMHY [1].

AP, = &S,
27h-k (1)

roe APs - OONONHUTENBHBIE MOTEPW MIAaCTOBOrO
OaBneHns Npuv OUALTPALMY XXNOKOCTU K 32600
CKB2XXWHbI 13-3a YXyALEHUS MPOHNLAEMOCTI nnacta
B CKWMH-CJ10€ OT k 00 ks; p - OHaMMYECKasd B3SKOCTb
NNacToBOM XXUOKOCTU @; S - 3Ha4EHME CKUH-(haKTopa.
[MapameTp APs UMEET BaXKHOE 3HAYEHME 1 BXOOUT MU
BbIBOAE (DOPMY BCEX 6a30BbIX MMAPOANHAMUHECKNX
napamMeTpPOB 30HASIbHO-HEOAHOPOAHOIO MiacTa.

CnenyeTt OTMETUTb, YTO aHANUTUYECKUIA BbIBOL,
BblpakeHs (1) He CyLLECTBYET, KpoOMe
TOro, AOMYyLLEHbI CAeaytoLLme rpydble OLLMOKN:

® BO-MepBbIX, MO 3aKOHAM MMAPOANHAMUKA HEPTAHOMO
naacTa npu ouabTPaLMmM XNOKOCTH, 3Ha4YeHe APs
MMEET NIorapnmMmn4eckyto Npupoay, T.e. APs
WM3MEHSAETCS MO STIOrapudMUHECKON KPrBOW, a B
hopmyne (1) aTo He yuTeHO. OTa cepbesHas OLLnbKa
BHECNa B 3Ha4YeHWe S HeonpeneeHHoOCTb U + 0o;

° BO-BTOPbIX, NOTepV AaBneHss APs 3aBUCUT OT
BEMNYMHbI paguyca (TOSLWMHBI) CKUH-Cos Rs, a B
dopmyne (1) He yuTeHa ToNLLMHA CKNH-cNost Rs. 3TO
NPOTUBOPEYNT 3aKOHaM MOPOAVMHAMUKA MiacTa U
CYLLIECTBEHHO VICKa)KaET peaslbHOe 3HaveHue S;

® B-TPETbUX, Npu onpedeneHn APs He yyTeH
KO3 PULMEHT MPOHNLIZEMOCTU ks CKVH-CNOY, T.K. APs
- OOMNOJSIHUTEbHbIE (PUIBTPALMOHHbBIE MOTEPU B CKMH-
30HE C KOSPMOULIMEHTOM MNPOHNLREMOCTU ks, MOSTOMY
3HaveHne KoahduLmeHTa ks OO/MKHO ObITb YYTEHO.
OTa rpybas oLmbKa NpyBeia K MOJIHOMY VCKaXKEHMIO
3Ha4eHna S.
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fractures of the near-wellbore region, and the bond energy;,
as determined by the van der Waals forces and electrical
double-layer (EDL) interaction force fields, are redistributed.
All these production-related processes and other factors,
the list of which above is nowhere near complete,
significantly affect the physico-rheological parameters of
the reservoir fluid and impair the permeability and porosity
of the near-wellbore area, forming a layer with non-uniform
permeability and porosity distribution called the skin zone
and produces a several-fold reduction in the rate of fluid
flow into the wellbore.

A. F. van Everdingen and N. Hurst (1949) proposed formula
(1) for calculating the pressure drop occurring in the near-
wellbore area as the fluid flows into the wellbore [1].

AP, = &S,
27h -k (1)

where APy is the incremental reservoir pressure drop that
occurs during the filtration of fluid into the bottom-hole
region due to the impairment of reservoir permeability in

the skin layer from k to ks; p is the dynamic viscosity of the
reservoir fluid @; S is the skin factor value. The parameter
APys is important and is included in the derivation of the
formulas for all the key hydrodynamic parameters of a mullti-
zone heterogenous reservoir.

It should be noted that an analytical derivation of expression
(1) does not exist, and on top of that, the following gross
errors have been made:

e firstly, according to the laws of oil reservoir
hydrodynamics governing the process of fluid filtration,
the value of APs has a logarithmic nature, i. €. APs
changes along a logarithmic curve, and formula (1) fails
to take this into account. This serious error introduced
uncertainty and + co into the S value;

¢ secondly, the pressure drop APs depends on the
value of the skin layer radius (thickness) Rs, and formula
(1) fails to take the skin layer thickness Rs into account.
This contradicts the laws of reservoir hydrodynamics and
significantly distorts the actual value of S;

e thirdly, the skin layer permeability factor ks is not
accounted for in the determination of APs, since APs is
the incremental filtration-related pressure loss in the skin
zone with permeability factor ks, which means that the
value of the coefficient ks should be considered.

This gross error led to a complete distortion of the value of S.

Thus, formula (1) proposed by A. F. van Everdingen and

N. Hurst (1949) for determining APs fails to observe the
physical laws governing the reservoir hydrodynamics,
violates mathematical logic, and contains the serious errors
set forth above. M. F. Hawkins (1956), using (1), proposed
the following formula for calculating S: (2), which has been
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B OLEHKA KOJIJTEKTOPA

Taknm obpasom, B hopmyne (1), NpeaoxxeHHOM
V.Everdingen A.F.u Hurst N.(1949) ana onpenenenns APs
He cobmMoaeHbl PUBNHECKME 3aKOHbBI MMAPOONHAMYKN
nnacra, HapyleHa MaTemMaTnyeckas Jorvika 1 JOMyLLEHbI
yKa3aHHble cepbesHble oLLmnbkn. Hawkin M.F.(1956),
nenonb3ys (1), npeonoxun onga pacdeta S dopmyny:

R

k
$=(=-1)In—
ke re
(2), BOLIEOLLYIO B YYEDHYIO 1 HAYYHYO NTEpaTypy, Kak
Hawkins’ formula [2].

CornacHo aTon hopmysie, S MOXET NMPUHMMATb 3HAYEHUS
OT MUHYC BECKOHEYHOCTW [0 HY/1St U OT HyAs 4O MJIOC
BeckoHeuHocT T.€., SE (—o030) U (03+0)

6e3 NpuHaaIeXXHOCTU 06NacT onpeaeneHns,
CYLLIECTBOBaHWS 1 MPaKTUYECKOrO MCMOb30BaHMSI.
V13BeCTHO, eCnn PYHKLUMSA CTPEMUTCS K OECKOHEYHOCTU,
OHa NPaKTUYECKOro NPUMEHEHVISI HE UMEET.

[MNoasemMHas rmapoaMiHaMnKa Kak CamMoCTosATeNIbHas
HedTaHaA Hayka, OCHOBaHHas 1 CHOPMUPOBaHHAA
OTEYECTBEHHbIMW y4eHbIMU H.E. XKyKoBCKMM,

H.H. MasnoBckunm, J1.C. JlenbeH30oHbIM, C.A.
XpucTtnanosudem, B.H. LLlenkadeBbiM 1 Ap., a Takke
3apybexkHbIMM yueHbiMn M. Muskat, Van Everdingen A.F.&
Hurst N. n Hawkins M.F. kK 50 rogam XX Beka, Kasanoch,
NMOMIHOCTBIO 3aBepLLEeHa, 1 NPOBEAEHbI NOCNeaHNE
3aBepLiatoLLIME LWTPUXN 3TON (DyHOAMEHTANTBHOWN HayKW.
3aBeplLueHa B TOM CMbIC/IE, YTO BbISBIEHbI OCHOBHbIE
3aKOHb! MTMAPOAMHAMUKM DUNbTPaLMN NAcTOBOM
YKNOKOCTW, KOTOPbIM NOOYMHAKTCS yONHHbIE
MPOLECCHI, MPONCXOAALLIME B HE(DTEra30BOM MacTe,
HarnycaHbl COOTBETCTBYIOLLUME YPABHEHNS 1 X PELLEHNS.
CoMHeBaTbCs B HAOAEMXHOCTU M3BECTHBIX HAM MPUHLIMMOB
3TOW HayKm He BblN0 OCHOBaHUM. Bcsakas anHamMnyHo
Pa3BMBAIOLLAACH Hayka (hOPMYNNPYET 1 ONPeaenseT He
TOJIbKO OCHOBHbIE MPUHLMIMbI, HA KOTOPbIX OHA CTPOUTCS,
HO 1 OOJKHbI BbITb ONPeaeieHbl OCHOBHbIE HAaMpPaB/IEHMS
¥ rpaHvLbl MPUMEHNMOCTU 3TUX MPVHLMNOB.

Kakux Obl TEOPETUYECKMX 1 TEXHONIOMYECKNX YCMEXOB HE
[JOCTUINa COBPEMEHHaAS Hayka B 061aCTV MAapoavHaMNKA
nJacTa, OHa Jasieka OT COBEPLLEHCTBA U K KOHLLY 50-X
ro40B MPAKTNYECKK MOJIHOCTLHO NCHepnauia cBOMN
MoTEHLWa 1 He co3aaia H1 OOHOV dhyHAaMEHTaIbHOW
Teopumn, 6onee Toro, copmmpoBaiack OLLMOOYHas
KOHLIEMNLMSA MO 6a30BbIM HaNpaBIeHNSIM.

['opeyb yaOMBNEHVS BbI3bIBAET Ta PEASTIBHOCTb, YTO
Bonee nosyseka, Ha4MHas Co BTOPOWM MNOSTOBUHbI XX

rO CTONETUS, NaTprapxy POCCUNCKON 1 3apyBeXKHON
HeMTSAHOM HayKM BblIN YBEPEHBI B HEMOMPELLUMMOCTI
dopmynbl (Van Everdingen & Hurst, 1949) ons
onpepenerns APs, CkuH-dakTopa S (Hawkins, 1956), a
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introduced into educational and scientific literature as
Hawkins’ formula [2].

kK . R
§=(=-1h—
(k )

Ie

According to this formula, S can take values from minus
infinity to zero and from zero to plus infinity, i. e.

S (—030) U (03+90) , without belonging to a
particular domain of definition, existence, or practical use.
It is known that if a function tends to infinity, it has no
practical application.

Subsurface hydrodynamics as an independent branch of
petroleum science, founded and organized by Russian
scientists N. Ye. Zhukovsky, N. N. Paviovsky, L. S.
Leybenzon, S. A. Khristianovich, V. N. Shchelkachey, et al.,
as well as by foreign scientists M. Muskat, Van A. F. van
Everdingen, N. Hurst, and M. F. Hawkins, seemed to have
taken its final shape by 1950s with even the last finishing
touches having been put to the fundamental whole of this
science. Here, “final” means that the key laws of reservoir
fluid filtration hydrodynamics that govern the subsurface
processes occurring in an oil and gas formation have been
discovered, relevant equations and solutions to them have
been written. There was no reason to doubt the reliability of
the principles of this science that we all knew. Any branch
of science that is rapidly developing should do more than
just formulate and establish the basic principles on which
it is built: the main focus areas and limits of applicability of
these principles should also be established.

No matter what theoretical and technological successes
modern science may have attained in terms of reservoir
hydrodynamics, it is far from perfect and, by the end of the
1950’s, it had almost completely exhausted its potential.
Since that time, no fundamental theories have been
created, and the conceptual developments that took shape
along the main avenues of application have indeed gone
the wrong way.

What comes as a bitter surprise is the fact that, for more
than five decades at the beginning in the second half of
the 20th century, the patriarchs of Russian and foreign
petroleum sciences were convinced of the infallibility of the
formula in (Van Everdingen & Hurst, 1949) for determining
APg, the formula in (Hawkins, 1956) for determining the
skin factor S, as well as the formula used for determining
the influx rate @s to the bottom-hole region of a real-world
well, despite the obvious errors in, and controversies
around, these formulas, which were all made up with gross
violations of the laws of subsurface hydrodynamics.

The negative consequences of these errors and delusions

have been reflected in the theory and practice of the
fundamentals of hydrodynamic well testing (GDIS),
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B OLEHKA KOJIJTEKTOPA

Taroke HopMybl ANS onpeneneHns nputoka @s K 3a60oto
peanbHOW CKBavKMHbI, HECMOTPS Ha SIBHbIE OLLIMOKN U
CMOPHbIE BOMPOCHI BOKPYI 3TUX (POPMYS1, COCTaBIEHHbIX
C rpybbIMU HAPYLLEHNAMN 3aKOHOB NOA3EMHOMN
rMOPOONHAMUKM.

HeratuBHble NOCNEACTBUSA STUX OLLUMBOK 1 3ab1y>XOEHNIA
HaLLM OTPaXKEHWUSI B TEOPUM U MPAKTUKE OCHOBHbIX
nonoxxerun I'ONG, TUIC n TUC, Ho rnaBHble rybuUTebHbIE
MOCNEACTBMS B TOM, HYTO CO BTOPOW MOIOBUHbI MPOLLIOTO
CTONETUS 3T POoPMyJSIbl 6€3 BEIBOLAOB U [0KA3aTENLCTB
Obl/IM BKJIKOHEHBI BO BCE YHEDOHUKM, YyYebHble MOCOBMA

1 METOOMYECKME PYKOBOACTBA COOTBETCTBYIOLLErO
nNpodnIS By30B 1 KYPCOB MOBbILLEHWS KBAIMVKALMN.

CoBpeMeHHas NoaseMHas rapoarHamyka 601bHa
13HyTPW. OCHOBHbIE MPUYMHBI BOIE3HW, €€ XKMBYHECTU

1 YCTOMHMBOCTU — FyOOKNIA 3aCTOM HayYHbIX

Maen B COMETaHNM C OOrMaTUYECKM NOOXOA0M K
hOPMNPOBaHMIO 1 PELLIEHNIO (DYHAAMEHTA/TbHBIX HAYUHbBIX
Npo6.J1eM, U KOHCEPBATU3MOM Hay4YHOMO MbILLLIEHUS.
Viccneposatensckme paboTsbl B 06/1aCTV MOA3EMHOWN
MMOPOONHAMUKA C TEX BPEMEH U MO HACTOSILLIEE BPEMS
CBEJINCb K pagdpadboTke NOy3MIMPUHECKIAX MOArOHOUHbBIX
TEOPUIA, UMEIOLLMX MPEOBaPUTEbHBIA XapakTep
OLLUMOOYUHBIX KOHLENUMI. [MprMep ToMy, YTO Mo cell AeHb
OCTaBa/MCb OTKPbITLIMU 1 AVCKYCCUOHHBIMU Hanbonee
MPVHLMAVa bHbIE BOMPOCHI: 06/1aCTb CyLLECTBOBAHNS
3HaYeHUIN CKUH-(hakTopa S 1 ero MPUHaOIEXKHOCTb,
HeoMNpPeaeNeHHOCTb MONIOXKUTENBHOIO M OTPULATEBHOMO
3Haka ero sHadeHun. OTCyTCTBME CTPOrON TEOPUN
BbIBOAA €ro hopMyJibl. B CBA3W C 3TUM He Dbl peLLEeHb!
npo61eMbl Ka4eCTBa BCKPLITUA M1acTa, MPOrHO3MPOBaHWIS
€ro 3HEPreTNHECKOr0 COCTOSHNS, (DUABTPALOHHBIX
CBOWCTB, OnpeaeneHns NPOOyKTUBHOCTU, TEKYLLIETO U
MOTEHLMAaIBbHOMO aebuTta 1 KoadhdurumeHTa HedhTeoTaaUM
nnacra B LeSioM. 3TO 6bI/10 Bpems ryboKoro Kpranca B
obnacT NOA3EMHON MMAPOANHAMUKIA.

LonyuieHHble owmnbkn B hopmynax (1 v 2), a Takke B
dopmynax ona pacyeta 6a30BbIX MOPOANHAMNYECKNX
napameTpOB MJiacta M HECOOTBETCTBUE PaCHETOB,
BbIMOJIHEHHbBIX MO YKa3aHHbIM (DOPMYyJ1aM NPOMbICIOBO-
3KCMEPUMEHTASTbHBIM AaHHbLIM MOCTY>XXUIN TOSTHKOM

K CO30aH10 HOBOW MapaaurMbl MOA3EMHOMN
MMOPOAVHAMUKN — PeasibHON MMAPOANHAMUHECKON
Mofenu nnacta [3,4,7].

B pa6otax [3;4] npmBoamTCst NOAPO6HbIN BIBOA,
dopmynbl Ans onpeneneHna APs C y4eTOM 30HaASIbHOW
HEOOHOPOAHOCTU nacTa:

. R
AP, zﬁ.j.ln_ﬂ
k. -2-m-h r
YKasblBaroTcs McTopnyeckme OLLIMOKU 1 3a6ﬂy>K,D|eH|/]9|,
JOMyLLEHHbIE B (DOPMyIax A1 ONPEASNEHNS CKUH-
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geophysical well logging (GIS), and mud logging (T1S), but
something we can really describe as a disastrous effect is
the fact that, since the second half of the last century, these
formulas have been included in all textbooks, teaching aids,
and study guides of universities, colleges, and postgraduate
training courses specializing in the subject-matter without
any derivations or proofs whatsoever.

Modern subsurface hydrodynamics is ailing from the inside
out. The main causes of that ailment, as well as its tenacity
and persistence, are a profound stagnation in scientific
ideas combined with a dogmatic approach to formulating
and solving fundamental scientific problems aggravated

by the conservatism of scientific thought. Whatever
research work was conducted in the field of subsurface
hydrodynamics since that time up until the present day can
be reduced to the development of semi-empirical theories
whose sole purpose was to tweak the mathematical
apparatus to reality and which, as all erroneous concepts,
had but preparatory value if any. One example of this is

the fact that, to this day, the most fundamental questions
have remained open and debatable: what is the domain in
which skin factor values § exist, and to which it belongs,
and what to do with the uncertainty about the positive and
negative signs of its values? Another such issue is the lack
of a rigorous theory behind the derivation of its formula.
Because of this, numerous issues with the quality of drilling
and completion work performed on a reservoir, predicting
its energy state and filtration properties, determining its
productivity, current and potential flow rates, and assessing
the oil recovery factor of the reservoir as a whole have not
been resolved. It was a time of deep crisis in the field of
subsurface hydrodynamics.

The errors in (1) and (2), as well as errors in the formulas
used for calculating the key hydrodynamic parameters

of the reservoir, and the discrepancies between the
calculations made using the said formulas and the data
obtained from field practice and experiments served as
an impetus to create a new paradigm for subsurface
hydrodynamics — a realistic hydrodynamic reservoir model
[3,4,7].

[3, 4] contain a detailed derivation of the following formula
for determining APs, taking into account the multi-zone
heterogeneity of the reservoir:

AP, =2 H g
k,-2-m-h r.
There are also indicated are historical errors and
misconceptions incorporated into the conventional formulas
for determining the skin factor, pressure drop, and influx
rate in the skin layer during fluid filtration. In this connection,
a detailed and consistent analytical derivation of its formula
is given. 1 — The analytical derivation of the skin factor
formula is confirmed using five alternative methods, viz
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B OLEHKA KOJIJTEKTOPA

haxTopa, NOTEPU OAaBNEHNS U MPUTOKA B CKMH-CJI0E

npv UNbTPAaLWM XXMOKOCTU. B CBSA3K ¢ 3TM gaeTcs
noapoBHbIN 1 NOCNEAOBATENbHbIN AHATIUTUHECKIA BbIBOL,
ero (hopMysibl. 1-AHANUTUYECKNIN BbIBOA, (DOPMY bl CKUH-
(hakTopa NOATBEPXOAETCA B MATV BapMaHTax BbIBOAAMM:
2- Yepes NHOMKATOPHbIE MNHM «OednT — AaBneHue», 3 -
«O0EOUT — YPOBEHb», 4 - MO 3HAYEHNSIM 3aD0ONHOO AaBNEHMS
1 5 - NOTeHUMaIbHOro aebuta, 6 - NPUBOOUTCS BbIBOL,
dopMyJSIbl CKUH-(aKTopa O/19 30HaTbHO-HEOAHOPOAHOMO
nnacrta [3,4,5]. BbiBegeHa 3aBUCUMOCTb OJ151 OLEHKM
BANAHMSA pagmyca CKUH-CNOoS U KO3 duLmeHTa
MPOHNLIAEMOCTU HA BENNYNHY MPUTOKA XKNOKOCTU B
CKB2XKMHY.

BasoBbIMN NapameTpamn A8 COCTaBIEHNS
MOPOANHAMNYECKON MOAEN MiacTa ABAAtOTCA

peasibHOE 3HaYeHVe NoTepy aasneHns APs npu
PUNLTPALMN CKBEXKVHHOM XKNOKOCTU B OKOJTOCKBaXKVHHOM
MPOCTPaHCTBE, 3HAYEHME CKUH-(hakTopa S, KO3MOULIMEHTI
MPOAYKTUBHOCTM K 1 MPOHNLREMOCTU MiacTa k; miacToBoe
Pna v 3260MHOe P3 0aBneHVs, OMHaMUYECKUIA YPOBEHb
CKBaXKVHHOW >XUOKOCTY ho, TEKYLLA NPUTOK Qarc,
NOTEHUMabHBIM OEOUT Qnom 1 MaTemMaTndeckne hopMysibl
0115 VX OnpeneneHus.

Ha ocHose TEOPETNHECKMX 1 NPUKIaOHbIX VCCEO0BaHNN,

BbIMOJIHEHHbBIX B 061aCTX NOA3EMHON MMAPOANHAMMKM
1 COBMECTHOW paboThbl NiacTa, CKBaXKWHbI U
MoOBbEMHOrO (MM TOBOro) 0bopyaoBaHMs onpeaeneHbi
1 YyCTaHOBNEHbI (hyHAaMEHTasIbHblE 3aBMCUMOCTU BCEX
6a30BbIX MMAPOANHAMMHECKMX MapaMeTPOB NnacTa,
CKBaKWHbI 1 HACOCHOIO (MMPTHOIO) 0OOPYOOBaHUS A5
OLIEHKM COCTOSIHNS OKOJIOCKBEXKVHHOIO MPOCTPaHCTBA
NPOAYKTUBHOIO FOPU30HTA 1 ON151 OLEHKM COCTOSIHUS
30HaNbHO-HEOHOPOAHOrO niacTa [3...9]

®yHoameHTabHble 3aBMCUMOCTY ((hopmyna Tuma) ons
OLEHKI COCTOSIHMS OKOJTOCKBEXKMHHOIO MPOCTPaHCTBa
NPOOyKTUBHOrO nnacta [4...7]:

kK 8 O | Quniks
§=il k]'- 1 K} = (1 g} = (1 Q“}- (1 Qmmm:l--
__APs Ak _AK _AE _AQy _AQ.. A _
_Ph—Fth_T_? 3 Ok _QM,H.1 Ry = Fiem
_ AP

 Pmi— Pitks)

®yHOoameHTanbHble 3aBUcUMOCTY (bopmyna Tuma) ans
OLIEHKM COCTOSAHWSA 30HaIbHO - HEOOHOPOAHOMO NnacTa:

'Qruml:.".\ﬁ ]
Chomi k) X
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deriving through: 2 — “flow rate — pressure” and 3 — “flow
rate — level” indicator lines, 4 — bottom-hole pressure and 5
— potential flow rate values; 6 — a formula for the skin factor
for a multi-zone heterogenous reservoir is given [3, 4, 5]. A
dependence for estimating the influence of the skin layer
radius and the permeability factor on the amount of fluid
flowing into the wellbore is derived.

The key parameters based on which a hydrodynamic
reservoir model can be constructed are the actual value

of the pressure drop APs that occurs during the wellbore
fluid filtration in the near-wellbore region, the value of the
skin factor S, the productivity factor K and the permeability
factor k; the reservoir pressure Pna and the bottom-hole
pressure P3, the dynamic borehole fluid level ho, the current
influx rate Qae, the potential flow rate Qrom, and the
mathematical formulas for their determination.

Based on theoretical and applied research performed in
the field of subsurface hydrodynamics and co-functioning
of the reservoir, well, and lift equipment, fundamental
dependences have been established and determined for
all key hydrodynamic parameters of the reservoir, well, and
pumping (lifting) equipment that are required for assessing
the state of the near-wellbore region of a reservoir pay zone
and for assessing the state of a multi-zone heterogenous
reservoir [3...9]

The fundamental dependences (Tim’s formula) for
assessing the state of the near-wellbore region of a
producing reservoir [4...7] are as follows:

_ ks _ Kx _ &s _ O ks) _ Oromiks) _
5 U‘I]'-“—?}-{1—El-U—Q“}-“—Qmmm:l--
__APs Ak _AK _AE _AQy _AQ.. A _
_Ph—Fth_T_? 3 Ok _QM,H.1 Ry = Hem
_ APs
" Pra— Patks)

The fundamental dependences (Tim’s formula) for
assessing the state of a multi-zone heterogenous reservoir
are as follows:

5=0-%)=(-2)=(-2 )= (- 22y Qomthi )

ey - Chomi k)
a_\.P.-r UM AR AE AQ, ML
[:P‘.h'-. Pn:hb] 1!.‘ Ka E QH-&' Qo

_ APy _ At
I:Pﬁn = Pukn)-ct  (Feaoe — bom)- c I

where a is the reservoir heterogeneity coefficient, which
is, in fact, a proportionality factor that accounts for how
non-homogeneously permeability is distributed within the
reservoir.

The words “The ‘Reservoir — Well - Pumping Equipment’
system as a uniform, inseparable hydrodynamic system
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rae a - KoaMOUUMEHT HEOOHOPOAHOCTM NnacTa, Kak
KO3 MULIMEHT NPOMNOPLMOHANIBHOCTH, YUUTbIBAKOLLMIA
HEOAHOPOOHOCTL NacTa no NPOHULEEMOCTN.

Cuctema «[nacT-cKBadKMHa-HaCOCHOe 0BopYyaOBaHE>

- KaK eguHas, Hepasnemas rmapoamHaMmYeckas
CUCTEMA, B3aMMOCBS3aHHas (yHaaMeHTasIbHbIMM
3aBNCHMMOCTSIMU, OTPaXKAOLLVMIA €AUHCTBO U
B3aMMOCBS3b BCEX MOPOANHAMUYECKMX MapaMeTpOB
3TOM CUCTEMbI» MOATBEPXKAAKTCA MaTEMATUHECKMMM
[oKazaTte/lbCTBaMM 1 BbIBOAAMM BCEX HA30BbIX
MMOpPOaVHAMNYECKIX MapaMeTPOB nacTa 1 nx
B3aMMOCB$3b (PyHAAMEHTAIbHBIMU 38BUCUMOCTSAMM
[3...9]. B aTux paboTax nprBoaaTcs NogpobHbIE K
nocnenoBaTebHble J0Ka3aTeIbCTBa BCEX MOJIOXKEHUI
«Teopembl Tuma». «Teopema Tuma» rnacuT, 4TO «JTobbie
U3MEHEHWST MPOHNLIAEMOCTY MPOLYKTUBHOIO racTta
rpMBOAAT K MPOropPLNOHaIbHOMY U3MEHEHUIO €ro
npoAyKTUBHOCTU, MMAPOMNPOBOAHOCTU, 3a60VHOIO
AaBrieHus1, AUHaAMUYECKOro YPOBHS1 XXULKOCTU, TEKYLLEro
npuUTOKa M1 NoTeHUnanbHoOro gebura, a 6espasmepHbie
OTHOCUTEJIbHbIE VX BEJINYMNHBI PaBHbI MEXAy CO60M».
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Pwuc. 1. lNonHasa reomeTpryeckas HTepnpeTaLys
hbyHOaMEHTasIbHbIX 3aBUCUMOCTEN 1 B3aIMOCBS3b
rMOPOOMHAMUHECKMX MAPaMETPOB MJlacTa U CKBaXKMHbI,
noareepxxgatoLLasd Teopemy Trma: 1 - nHaMKaTopHas MHMS
P3=f(Qx(K)); 2 - nHaomkaTopHas HVa P3=f(Qx(ks)); 3 -
mHOykaTtopHas mHUS ha=f(Qxk(K));

4 - vHankaTopHas HUA hp=f(Qx(ks)); K — koathbuLmeHT
NPOOYKTVNBHOCTM MPW ECTECTBEHHON MPOHMLIAEMOCTH
nnacta k; Ks - KoahduupeHT npoayKTMBHOCTU Npu
yXyALLEeHHOW NpoHMLaeMocTy niacTa ks; Qxk(K) — MPUTOK
YKMOKOCTY Npuy npoaykTnBHocTK nnacta K; AK —
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interconnected by fundamental dependences reflecting

the uniformity and interconnectedness of all hydrodynamic
parameters of this system” are confirmed by mathematical
proofs and derivations for all key hydrodynamic parameters
of the reservoir and for their interrelationships via
fundamental dependences [3...9]. The latter papers provide
detailed and consistent evidence for all the provisions of
Tim’s Theorem. Tim’s Theorem states that “Any changes
in the reservoir permeability lead to proportional
changes in its productivity, hydraulic conductivity,
bottom-hole pressure, dynamic fluid level, current influx
rate, and potential flow rate, and their dimensionless
relative values are equal to each other.”

P l
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Fig. 1. A complete geometric interpretation of the
fundamental dependences and the interrelationship
between the hydrodynamic parameters of the reservoir
and the wellbore, confirming Tim’s Theorem, is shown
above; 1 is the indicator line P3=f(Qxk(k)); 2 is the indicator
line P3=f(Qx(ks)); 3 is the indicator line ha=f(Qx(x)); 4

is the indicator line ha=f(Q:xk(xs)); K is the productivity
factor at the native permeability of the reservoir, k; Ks is
the productivity factor at the impaired permeability of the
reservoir, ks; Qx(ks) is the fluid influx rate at reservoir
productivity k; Ks is the decrease in productivity resulting
from the impairment of reservoir permeability from K to
Ks; Qx(xs) is the fluid influx rate at formation productivity
Ks; Qx is the decrease in influx rate resulting from the
impairment of reservoir productivity from K to Ks; hcT is
the static fluid level in the wellbore; ha(x) is the dynamic
fluid level in the wellbore at reservoir productivity K;

hn(xs) is the dynamic fluid level in the wellbore at reservoir
productivity Ks; Ahp is the decrease in dynamic fluid

level in the wellbore resulting from the impairment of
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CHVI>KEHVIE NMPOLYKTUBHOCTY B PE3YIbTAaTe YXYOLLIEHUS
npoHnuaemocTn nnacta ot k o ks; Qxk(ks) — MpUTOK
YKUOKOCTW Mpuy NpoaykTuBHOCTY nnacTta Ks; AQx

— CHWKEHWE MPUTOKa B Pe3yJ/ibTaTte yXyALLeHUs
npoayktneHocTy nnacTta oT K g0 Ks; her — ctatmnyeckuin
YPOBEHb XXMOKOCTU B CKBaXXMHE; ha(K) — AMHAMNYECKNIA
YPOBEHbL XKUOKOCTU B CKB2XKVHE MPU MPOLYKTVBHOCTA
nnacTta K; ha(ks) — AMHAMNYECKNIA YPOBEHb XXMOKOCTU

B CKBaXKMHe Mpu NpoayKTBHOCTY nnacta Ks; Ahg

— CHVDKEHVIE AMHAMMNYECKOIrO YPOBHS XKMOKOCTU B
CKBaXXWMHE B peaysibTaTte yxyaLleHns NpoayKTUBHOCTH
nnacta oT K 0o Ks; L — rnybuHa CKBaXKMHbI O BEPXHUX
nepdopaLMOHHbIX OTBEPCTUN; La(K) —aMHamMnyecKas
rnybuHa npu npoaykTueHocTM nnacta K; Lu(ks) —
OnHamundeckas riaybuHa npy NpoayKTuBHOCTU nnacta Ks;
AP3 — CH/XKeHWe 3a60MHOr0 OaBfieHus B pesyfbtaTe
yxyoweHns nponyktmeHocTy naacta ot K go Ks; Qnot(k)
— NOTeHUMasIbHbIN AeOUT NpY NPOOyKTUBHOCTU NnacTa K;
Qmnot(ks) — NOTEHLMAbHBIA AEOUT MPU NPOAYKTVBHOCTU
nnacta Ks; AQnot — CH/KEHVE MOTEHLMaIbHOMO aebuTta B
pesysisTare yxyaeHus npoayktveHocTv runacta ot K 1o Ks.

B pabotax [4-9] oaeTcs KpUTUYECKUIA aHaNn3
oBLLENPUHATON hopMySIbl AN ONPEOeNeHMs MPUTOKa
YKUOKOCTU K 320010 peasibHOM CKBaXKMHbBI, KOHKPETHO
YKa3bIBarOTCA AOMNYLLEHHbIE OLLINOKM 1 B YETLIPEX BapnaHTax
MPUBOAMUTCS BbIBOA, POPMYJSIbI A5 ONPEAEeHNs NpUTOKa
YKUOKOCTU K 326010 peasibHOM CKBaXKUHDI:

gﬂ?'h[f’ar_l = P.]'tk'n‘l} 2ah ks APk
) R 5% p" B I
H |n( k ks } HTH

Fe

] Q= p 11_,*" Y .
RCALEC

Fe

®yHpameHTanbHble 3aBMUCMMOCTY ((DOpMYbI TVMA)
MOJIHOCTHLIO OMMCHIBAIOT, a TeopemMa TrMa Joka3blBaeT
peasbHyto MaPOAMHAMNYECKYO MOAESb MPOOYKTUBHOMO
nnacra.

®yHpameHTasbHble 3aBMCUMOCTY MMAROANHAMUHECKMX
napameTpoB cUCTEMbI «[11acT-CKBaXK1Ha - HACOCHOE
0bopyaoBaHMe» AOMKHbI ObITb MCMOIb30BaHbI OJ15
npoBefeHNst KOINYECTBEHHOW OLEHKM 1 NMOJSIHOrO
aHanmMsa CoCTOsIHMA MiacTa, reonU3nNYecKiX,
rmapoaHaMMYEeCKMX 1 TEXHONOIMHYECKNX I/ICCJ'Ie,EI,OBaHI/IM
(TG, rONC n TNC), 1 BCECTOPOHHENO OBOCHOBAHMS
TEXHOJIOMMYECKMX U MAOPOANHAMUYECKMX NapaMeTpoB
npu paspadboTke NPOrpaMMHOro obecnedeHns ais
WMHHOBALIMIOHHOMO MPOEKTUPOBaHWSI MPOLIECCOB
pa3paboTKN HeTErA30BbIX MECTOPOXAEHWN.

2. KBaHTOBaHHbI€e MoJis MPOAYyKTUBHOIO njacTta
— peasibHbIV MaTepuasibHbl MUP, PONINYECKNA

MPUPOLHbLIA OOBbEKT

B 60/bLLUMHCTBE TEXHUYECKMX CUCTEMAX U
TEXHOJI0MMYEeCKMX npoLueccax npmuxoanTcy
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reservoir productivity from K to Ks; L is the well depth

up to its top perforations; La(k) is the dynamic depth at
reservoir productivity K; La(ks) is the dynamic depth at
reservoir productivity Ks; AP3 is the decrease in bottom-
hole pressure resulting from the impairment of reservoir
productivity from K to Ks; QmoT(k) is the potential flow rate
at reservoir productivity K; Qmor(ks) is the potential flow
rate at reservoir productivity Ks; AQmor is the decrease in
potential flow rate resulting from the impairment of reservoir
productivity from K to Ks.

[4-9] provide a critical analysis of the generally accepted
formula used for determining the rate of fluid influx to the
bottom-hole region of a real-world well, clearly specifying
the errors it contains and presenting four alternative
derivations of the following formula to be used for
determining the rate of fluid influx to the bottom-hole region
of a real-world well:

2ah-ks- APk
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ks (1-%4)
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The fundamental dependences (Tim’s formulas) completely
describe a realistic hydrodynamic model of a reservoir, and
Tim’s Theorem proves its validity.

The fundamental dependences between the hydrodynamic
parameters of the “Reservoir — Well — Pumping equipment”
system should be used to quantify and fully analyze

the state of the reservoir, as well as for purposes of
hydrodynamic well testing (GDIS), geophysical well logging
(GIS), mud logging (T1S), and comprehensive technological
and hydrodynamic feasibility assessments for software
development projects to support innovative process design
solutions for oil and gas field development.

2. Quantized fields of the producing reservoir as a
physical (natural) object in a real, material world

When studying most engineering systems and technological
processes, must simultaneously consider the joint effect

of mechanical, thermal, electric, magnetic, optical, and
gravitational fields, as well as any interrelationships among
them. An important factor for establishing the relationships
between various physical fields is their conventional dimension
taken under a uniform system of units of measurement.

A producing reservoir is exposed to a multitude of changing
geophysical fields (multi-fields): geomechanical, hydrodynamic,
geomagnetic, electrodynamic, geothermodynamic,
gravitational, undulatory, optical, as well as their derivatives.
The values of the parameters of these geophysical fields
are completely interrelated and depend on the spatial
heterogeneity and temporal variability of the state of the
entire system.
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paccMaTpuBaTh OAHOBPEMEHHO COBMECTHOE ENCTBIME
MEXaHUYECKNX, TEMSOBbLIX, NEKTPUYECKMX, MArHUTHbIX,
OMNTUYECKUNX U MPaBUTALIMOHHBIX MO 1 NX B3aMOCBA3b.
[nst yCTaHOBEHVS B3AVMOCBSA3M MEX Y PasNNYHbIMM
PU3NHECKNMM MONSMM BEXKHOE 3HAYEHNE UMEET X
Pa3MepPHOCTb, MPUHSATas B EMHON CUCTEME EOVHWL,
N3MEPEHNS.

[MPOAYKTVBHbBIV MIACT HAaXOOUTCS Mog, ANHAMUYECKM
BO3OENCTBUEM MHOXXECTB reon3nN4ecKmX (MybTin)
Nonen: reoOMexaH4eCKoro, rMapoOaNHaMNYECKOro,
reOMarHUTHOrO, SNEKTPOAMHAMNYECKOrO,
reoTeEPMOAVHAMUNYECKOIO, MPaBUTALIOHHOIO,
BOJIHOBOIO, OMTUYECKOrO U X MPOM3BOAHbIX. 3HAYEHMS
NapameTPOB 3TUX reOOU3NHECKMX NONEN HAXOOATCS B
MOJTHOW B3aMOCBS3M U 3aBUCST OT MPOCTPAHCTBEHHOM
HEOAHOPOOHOCTU U BPEMEHHOW N3MEHUMBOCTY
COCTOSIHUSI BCEV CUCTEMBI.

OTK NONS MOXKHO Pa3aennTb Ha ABe rpynmbl:

1. F'eomexaHN4ecKoe 1 MapOANHAMUYECKOE MO,
on, TEPMUHOM 3TUX «MOSEN» CneayeT NOHMMATb
4acTb MNPOCTPAHCTBEHHOrO 06bEMa roOPHOM NOpPoap!
nnacTa, HaXOASALLErocs Mo, BCECTOPOHHUM  CXXaTUEM
FOPHOrO AABJIEHNS, XapaKTepU3YHoLLIEe ero
HanpPsPKEHHOE COCTOSHWE, MPOYHOCTbL, YIPYroCTb,
YCTOMUYMBOCTb, MPOHULREMOCTb, MOPUCTOCTb,
NnacToBOE AaBMEHME, PEOSIOTMHECKNE MapaMeTPbI
naacToBOW cpefdpl U T.4. g reomexaHn4ecknx u
rMopoaMHaMNYeCKNX 3afaq MOHSATME MONs
NPUHUMAETCS YMCTO YCNOBHO A1 COCTaBEHNS
MaTeMaTYeCKOM MOOENN OENCTBYHIOLLEN CUCTEMBI.

2. ONeKTPOMarHUTHOE 1 rpaBUTaLMIOHHOE MO, OTU
nong, B OT/IM4YME OT NEPBbIA rPyMMbl, NPeaCcTaBNAtoT
peanbHble MaTepunanbHble 06bEKTbI 31EMEHTAPHbIX
YacTuL, 3a 3/1IEKTPOMArHUTHOE MoJie OTBEYAKOT
3SNEMEHTAPHbIE YaCTULpl — 3/1EKTPOHbI, MPOTOHBI,
HEMTPOHbI, KBapKX 1 1X pacnag. Bsanmocssasb
9TUX YaCTUL, COCTaBNSAET TPU PyHAAMEHTASTbHbIE
B3aVMOAENCTBUSA: MPUTSPKEHE SMIEKTPOHA K 9ApY
— 3/IEKTPOMarHUTHoe B3anmogencTane. BaanmHoe
NPUTSHKEHNE KBAPKOB (BHYTPUSOEPHOE
B3aVMOLENCTBME) — MPUMEP CUNIBHOMO
B3aMMOAENCTBMA. Pacnag KBapka 1 CBOBOOHOrO
HeMTpoHa — 6eTa pacnag nprMep craboro
B3aVMOLEeNCTBUS. KpomMe Tpex yHaaMeHTasIbHbIX
B3aVMOLENCTBMN OFPOMHYIO POJIb B MPUPOOE UMEET
4eTBepTOE (PyHOAMEHTAIbHOE B3aMOOENCTBIE,
3TO B3aMMHOE MPUTSKEHNE BCEX YaCTUL, OPYr K Opyry
B rpaBuTaLMOHHOM MNoJie. 3a rpaBuUTaumMoHHOe NMose
OTBEYAOT 3/IEMEHTAPHbIE YaCTULbI — MPaBUTOHBI.

OTUX Nonen Ha3oBEM «KBaHTOBAHHbIMU 10JISIMU
npoAyKTUBHOIoO niaacta». KBaHTOBaHHOE MoJie
npeacTaBNsaeT cCoboV NPUPOOHYO PeaslbHOCTb,
MaTepuasbHbI 0OBEKT, KOTOPbLIM 001a0aeT SHEPrnen,
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These fields can be divided into two groups:

1. Geomechanical and hydrodynamic fields. In this
case, the term “fields” should be understood to
refer to a portion of reservoir rock, which occupies
a certain volume in space and is exposed to lithostatic
pressure acting on all sides of it and characterizing its
stress state, strength, elasticity, stability, permeability,
porosity, reservoir pressure, rheological parameters
of the reservoir fluid, etc. For geomechanical and
hydrodynamic problems, the concept of a field is used
purely as a convention for the purpose of constructing
a mathematical model of the working system.

2. Electromagnetic and gravitational fields. These fields,
unlike the former group of fields, represent real material
objects, viz. elementary particles. The electromagnetic
field is governed by elementary particles — electrons,
protons, neutrons, quarks — and their decay. There
are three fundamental interactions that describe how
these particles influence each other. An example of
electromagnetic interaction is an electron’s attraction
to the nucleus. An example of strong interaction is the
mutual attraction of quarks (intra-nuclear interaction).
An example of weak interaction is the decay of a quark
and a free neutron (beta-decay). In addition to the
three fundamental interactions described above, there
exists the fourth fundamental interaction playing
a huge role in nature: it is the mutual attraction
of all particles to each other in a gravitational field.
Responsible for this field are elementary particles
called gravitons.

Let us call these fields the “quantized fields of the
reservoir”. A quantized field is a natural reality, a material
object that possesses energy, inertia, and gravity. The
totality of lines of force of quantized fields at a given
point in space forms the so-called potential field. For a
potential field, two important properties hold. The first
one is the principle of superposition, according to which
the net effect of the group of sources generating the
potential field can be found by successively summing up
the vector values characterizing the field generated by
each source taken separately.

The second important property that holds for a potential
field is the maximum principle. The potential function can
only reach its maximum or minimum value on the surface of
the field source or at infinity.

Quantum electrodynamics (QED) is the quantum theory
of electromagnetic interactions, the best-elaborated part
of quantum field theory. Classical electrodynamics only
considers the continuous properties of electromagnetic
fields. Quantum electrodynamics is based on the fact that
an electromagnetic field also possesses discontinuous
(discrete) properties, whose carriers are the field quanta
named photons. The interactions of electromagnetic
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NHepUmen 1 TaroTeHnem. COBOKYMHOCTb CUIOBbLIX JINHAM
KBaHTOBAHHbIX MNOJIEN B AAHHOM TOYKe MPOCTPaHCTBa
0bpa3yeT Tak Ha3biIBaeMoe NOTEHLIMAIbHOE MOJSIE.

,ﬂ,ﬂﬂ NOTeHUMaJ1bHOIro NoJid crnpasensiMBbl ABa

Ba’KHbIX CBOVICTBA. [1epBOE — MPUHLIMN Cynepno3numn,
COCTOSLLUMIA B TOM, HYTO AENCTBUE MPYNMbl UCTOYHUKOB,
CO3[atoLLMX NOTEHLMAIbHOE MOe MOXET ObITb HaMOEHO
nocsiegoBatesibHbIM BEKTOPHbIM CyMMNPOBaHNEM
BEJINYMH, CO30aBaeMbIX OTAENbHO KaXXObIM 13
NCTOYHNKOB MOJSIS.

BTopoe BaxkHOEe CBOMCTBO — MPUHLMN MakcUMyma s
NoTeHUMaIbHOro Nossl. 3Ha4YeHne MakcrMyma nm
MUHMYMa NOTeHLMAaNa MOXET AOCTUraTbCA TOMBKO Ha
MOBEPXHOCTU MCTOYHMKOB MOSA UM B BECKOHEYHOCTU.

KeaHTOBas anekTpoamHammka (KSM) — kBaHTOBas
TEOPVS SNIEKTPOMArHUTHBIX B3aUMOOENCTBUA Hamboee
pagpaboTaHHasd YaCTb KBAHTOBOW Teopun nond. B
K/1aCCUYECKOW SM1EKTPOAVNHAMUVKE paccMaTpuBatoT
TOJIBKO HEMPEPbIBHBIE CBOWCTBA SIEKTPOMArHUTHOIO
nons. KBaHToBas 3/1eKTpoaMHaMmka OCHOBaHa

Ha TOM, YTO 3NIEKTPOMarHUTHOE nose obnajaet

TaKkKe 1 NpepbIBHbIMY (OMCKPETHBIMK) CBONCTBaMW,

HOCUTEIAMN KOTOPLIX ABJIAKOTCA KBaHTbI NOJIA —CDOTOHbI.

Bazanmopgencteme aneKTpoMarHUTHOMRO U3Ny4YeHns

C 3apPSPKEHHBbIMM YaCcTULLAMK pacCMaTpUBaETCS B
KBAHTOBOW 9NEKTPOAVHAMUKE KaK MOroLLEHNE

1 ncrnyckaHme Yyactnyamm oTtoHoB. KBaHToBas
3MEeKTPOAMHAaMUKA, Kak dyHOaMeHTallbHas KBaHTOBas
Teopus nong 6eina cosgaHa B 1940-x rogax B paboTax
P. ®emHmana [10]. 310 6blna nepeas Teopust Noas
B3aMOOENCTBISA 3aPSAXKEHHBIX S/TIEMEHTAPHbIX YacTuL,
B MarH1UTHOM Mnosne. KBaHToBasi a1eKTpoayHaM1Ka
KOJINYECTBEHHO ODOBACHSET 3 PEKTLI B3aUMMOOENCTBMUA
NOJIEN C BELLECTBOM, a TakxKe NocneaoBaTesibHO
OMWCbIBAET 3/1EKTPOMArHUTHbIE B3aMMOAENCTBMS
MEXIY 3aPSHKEHHBIMU YacTULaMW. DNEKTPOMAarHNTHOE
none (1 ero USMEHEHME CO BPEMEHEM) OMChIBAETCS

B 3/1EKTPOANHAMMKIM MOCPEOCTBOM CUCTEMbI YETLIPEX
nereHaapHbIX BEKTOPHbIX ypaBHeHWn Makcsesna, roe
3MIEKTPUYECKOE U MarHUTHOE MOoJie paccMaTpUBaeTCs
Kak NpPOsIBNEHVS €OMHOIO 3/1EKTPOMArHUTHOro nons. B
KBaAHTOBOW MEXaHWKe NOJIHasA SHeprvs B3aMOOENCTBIUS
SMIEKTPUYECKN 3apPSPKEHHBIX YaCTUL, ONpeaensoT
onepaTtopom MamuneToHa: Tak, onepaTtop amMunbToHa
atomMa c 3ap9|p,orv1 anpa Z umeet sug [11]:

H=- Zv——7 Z—+Z_
2m i>5 Tij

30ecb m — Macca 3M1eKTpoHa, e — ero 3apss,

rj — abCcontoTHasa BeMYMHA paanyc-BeKTopa j-ro

9NEKTPOHa, h — NOCTOSIHHAA [nanka. [NepBoe cnaraemMoe

BbIPaXKaET KMHETUYECKYIO 3HEPIUIO 3/IEKTPOHOB, BTOPOE

cnaraemMoe — MnoTeHLMAaNbHY SHEPTUIO KYJIOHOBCKOIO
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radiation with charged particles are viewed in quantum
electrodynamics as instances of absorption and emission
of photons by the particles. Quantum electrodynamics

as a fundamental quantum field theory was created in

the 1940s in the works of R. Feynman [10]. This was the
first interaction field theory describing the behavior of
charged elementary particles in a magnetic field. Quantum
electrodynamics provides a quantitative explanation for
the effects of field-to-matter interactions as well as a
consistent description of electromagnetic interactions
between charged particles. The electromagnetic field
(and its change over time) is described in electrodynamics
using a system of four legendary vector equations known
as Maxwell’'s, where the electric and magnetic fields are
regarded as manifestations of just one field referred to as
electromagnetic. In quantum mechanics, the total energy
of interaction between electrically charged particles is
determined by the Hamiltonian operator: for example, the
Hamiltonian of an atom with nuclear charge Z has the
following form [11]:

H = Z T— Z = 3 Z L
Zm r;
i>7 "
Here, m is the mass of the electron, e is its charge, fj is
the absolute value of the radius vector of jth electron, i
is Planck’s constant. The first term represents the kinetic
energy of the electrons, the second term represents the
potential energy of the Coulomb interaction between the
electrons and the nucleus, and the third term represents
Coulomb’s potential energy due to the mutual repulsion
between the electrons. The summation in the first and
second term is over all Z electrons. In the third term,
the summation runs over all pairs of electrons, with
each pair occurring only once [12]. Planck’s constant h,
whose value is fixed and equal to 6.626 x 10-34 J-s, is
the portion of electromagnetic energy corresponding to
one quantum. Planck’s constant # defines the boundary
between the macrocosm, where the laws of Newton’s
mechanics apply, and the microcosm, where the laws of
quantum mechanics apply.

Planck’s constant # indicates the lower limit of spatial
quantities, below which the effects of quantum mechanics
should be taken into account.

2.1. Quantum electrodynamics of the reservoir as the
basic framework for calculating the structured
oil reserves.

The present study is the first-ever attempt to make use of
the information value of the electrical double layer (EDL)
that forms in the capillaries and fractures of the reservoir
rock. The electrical double layer occurs when two
phases, one of which is liquid, come into contact. The
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B3aMOOENCTBINS SNIEKTPOHOB C 9APOM U TPETbE
cnaraemMoe — MNoTeHUMasIbHYH KYJIOHOBCKYHO SHEPIAO
B3aVIMHOIO OTTaSIKMBAHUSA 3N1EeKTPOHOB. CyMMMPOBaHNE
B MepBOM 1 BTOPOM CllaraeMoM BeaeTcs rno Bcem Z
371eKTpOHaM. B TpeTbem craraeMoM CyMMUPOBaHME
MaET No BCEM Napam dJIEKTPOHOB, NMPUYEM KadKaas
napa BcTpedaeTcs ogHokpaTtHo [12]. KoHcTaHTa MNnaHka
h, 3Ha4YeHVE KOTOPOW dhnKCHpoBaHa 1 pasHa 6,626 X
10-34 [K-C - 9TO NOPUWS SNEKTPOMArHNUTHOW SHEpPrmn,
COOTBETCTBYHOLLA OAHOMY KBaHTY. [locTosiHHas [NnaHka
h onpenenseT rpaHuvLy Mexxay MakpOMUPOM, rae
OENCTBYIOT 3aKOHbI MEXAHUKN HbIOTOHA, U MUKPOMUPOM,
rOe OENCTBYIOT 3aKOHbl  KBaHTOBOW MEXaHUKM.

[MocTosHHas MNnaHka k yKasbiBaeT HaM HYDKHWUIA Npenen
MPOCTPAHCTBEHHbBIX BE/INYMH, MOCNE KOTOPOIO HY>XHO
YUnTbIBaTb 3PDEKTHI KBAHTOBOW MEXAHUKM.

2.1. KBaHTOBas aneKTpoauHaMmuka npoayKTMBHOro
rnsiacTta — 6a3oBasi OCHOBa noacyeTa CTPYKTYPHbIX
3anacoB HedpTu.

B aTon paboTe BnepBble caenaHa nonbiTka
NCNOb30BaTh MH(POPMATUBHOCTb ABOMHOIO
anekTpudeckoro cnos (43C), BOSHMKAIOLLETO B
Kanunaspax v TpellmHax nopodel nnacrta. [BonHoun
SNEKTPUYECKIUI C/ION BO3HUKAET NPU KOHTaKTe ABYX
das, N3 KOTOPbIX 0OHA ABASETCA XUaKon. CTpeMneHne
CUCTEMbI MOHN3UTb MOBEPXHOCTHYK SHEPIUIO MPUBOONT
K TOMY, 4TO YacCTWLbl HAa MOBEPXHOCTM pasnena das
OPVEHTUPYIOTCA 0COBbIM 0Bpa3om. Beneactene

3TOr0 KOHTaKTUpYyLMe dasbl NpuobpeTaroT 3apsaap!
MPOTMBOMOJIOXKHOIO 3HaKa, HO PaBHOW BENNYMHbI, YTO
NPVBOOUT K 06pa3oBaHUIO ABOMHOIO 3/1EKTPUYECKOro
cnos (puc.2).

OB6pazytoLLMNcst ABOVIHOW CIIOW MOXXHO MoapasaevTb
Ha NMOTHYIO YacTb d (/1o MenbMrosbLa), 0bpasyembli
MNoHaMu, NpUeratoLLIMA HEMOCPEACTBEHHO K
MOBEPXHOCTW CTEHKW KanunaspoB Nopobl, U
andbdysHyto YacTb (cnov 'ym) D. B peaynbTare
3NEKTPOCTATUHECKOIO MPUTSXKEHNST MIOHOB 3aPsKEHHOM
MOBEPXHOCTBIO, C OAHON CTOPOHbI, 1 Xa0TUHECKOrO
TENI0BOro ABMXKEHUSI MONEKYJS1, MO, BIUSIHWEM KOTOPOIO
NOHbI CTPEMSTCS PaBHOMEPHO PaCNpPeaenUTbCs B HETH,
— C Opyromn, MOHHas YacTb NpuobpeTaeT anddysHoe
CTpoeHue. KOHLEHTPaLUWS MOHOB, HECYLLIMX 3apsf,
MPOTUBOMNOJIOXKHbIN 3apsiay MOBEPXHOCTM Nopoapl,
YMEHBLLAETCS N0 Mepe yaasieHnst OT MOBEPXHOCTU, a
KOHLIEHTpaLWst MIOHOB, UMEOLLIMX 3apsf, OONHAKOBIN

MO 3HaKy C 3apsa0M NOPOLbl, BO3pacTaeT No Mepe
yaaneHust ot NoOBepxXHOCTU (pric.2). Cnon 'enbmMronbLa
NN aACOPOLIMOHHBIN CIION, MPUMbIKAOLLIA
HEMOCPEACTBEHHO K MeX(a3HON MOBEPXHOCTN UMEET
TOMLLVHY &, PaBHYtO paavycy NOTEHLMANOoNPeaenstoLImX
noHos [13].
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system’s tendency toward lower surface energy causes
the particles at the interface to orient themselves in a
particular way. As a result, the contacting phases acquire
charges of opposite sign but equal magnitude, which
causes an electrical double layer to form (Fig. 2).

The resulting double layer can be divided into the
compact portion d (Helmholtz layer) formed by ions
directly adjoining the surface of the rock capillary wall
and the diffuse portion (Gouy layer) D. As a result of
electrostatic attraction between the ions and the charged
surface, on the one hand, and the chaotic thermal
movement of molecules prompting the ions to evenly
distribute in the oil, on the other, the ionic portion of the
solution acquires a diffuse structure. The concentration
of ions carrying a charge opposite to that of the rock
surface decreases with distance from the surface, and
the concentration of ions having a charge of the same
sign as the rock charge increases with distance from the
surface (Fig. 2). The Helmholtz layer, also known as the
adsorption layer, directly adjoining the interfacial surface
has thickness o equal to the radius of the potential-
determining ions [13].

A
Py =
Ps E
€ =
Psle E _,_ :
=+ -t e
xo) D A M
Puc. 2. - Fig 2.

The total thickness of the diffuse layer D depends on a
number of fundamental constants:

D=+/(eRT / BHeZNAZCiZiZ). @A)

where ¢ is the absolute dielectric constant of the fluid, R

is Boltzmann’s constant, T is the absolute temperature, e

is the electron charge, N, is Avogadro’s number, C, is the
concentration of cations of different nature, Z, is the valence
of the cations. In this formula, Boltzmann’s constant R is
extremely important.

If Planck’s constant i defines the boundary between
the macrocosm, where the laws of Newton’s mechanics
apply, and the microcosm, where the laws of quantum
mechanics apply, the constant R establishes a direct
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Obuwas TonuwwmHa anddyaHoro cnos D, 3aBucuT oT
uenoro psaa dyHoaMmeHTasbHbIX KOHCTaHT:

D=+/(eRT / 8ne2NaX.CiZ2),

roe € — abCcotoTHas OUaNeKTprYeckas NPOHMLAEMOCTb
»uakoctn, R — noctosHHasa bonbumana, T — abcooTHas
Temnepartypa, e — 3apaf, 9N1eKTPoHa, N, — 4nC/1o
ABorafpo, C, - KOHUEHTPaLWS KaTUOHOB Pa3/iv4HON
npYPOp, Z, — BaJIleHTHOCTb KaTVOHOB. B a1om chopmyrie
YPE3BbIHANHO BaXKHOW SBISETCH KOHCTaHTa BonbumaHa R.

Ecnv noctosiHHas MnaHka h onpenenseT rpaHniLy

MEXIY MakpOMUPOM, rAe OENCTBYIOT 3aKOHbI

MexaHVK/ HbloToHa, U MUKPOMUPOM, FOe AeNCTBYOT
3aKOHbl KBAHTOBOW MEXaHVKM, TO KOHCTaHTa R
HanpPsIMyto CBSA3bIBAET XapaKTEPUCTUKN MUKPOMUPA

C XapaKTepuCTVKaMm Makpommpa. 3Ty CBSA3b
obecneunBaeT nocTosiHHasa bonbumaHa R, paBHasa 1,38

x 10728 [x/K. O6uyyto TonuwmHy D andbdysHoro ciost
onpeaenUTb CNOXHO. [N NpakTUYecKnx pacyeToB
MPVHAMAIOT, TaK HadblBaeMyto dNIEKTUBHYHO TOJILLMHY

A andbdyamoHHom yacty J3C. SddhexkTBHAA ToNLLMHA
AndysHOro cnost A — 370 PaccTosHWe, rae noTeHuman
Ha rpaHnUe NAOTHOrO U oM dy3HOro CIOEB NAOAET B e
(ocHoBaHMe HaTypasbHOro norapudma) pas. Auddy3aHbiin
cnov nnu cnon Nyn, B KOTOPOM HaxoasTCa MPOTUBOWOHBI
MMEET TONLLMHY A, KOTOpasi 3aBUCUT OT CBOMCTB CUCTEMbI
1 MOXET JOCTUraTh O0bLLUMX 3HAYEeHUA. BennumHa A
onpegensieTcs Npy MaTeMaTudeckom onvcaHnm [3C
BbIP2XXEHNEM

I €.¢,-RT (4)
“2.C. 7 .Fy

rOe € — OUANEKTPUYECKAs MOCTOAHHAS;
R — rasoag noctosHHas, 8,3
Ix\(Monb*Kn); T — abcontoTHas
Temneparypa; Z — 3apan noHa; F —

relationship between the characteristics of the microcosm
and the characteristics of the macrocosm. In charge of this
relationship is Boltzmann'’s constant R, which is equal to
1.38 x 10-23 J/K. The total thickness D of the diffuse layer
is difficult to determine. The value that is used for practical
calculations is the so-called effective thickness A of the
diffuse portion of the EDL. The effective thickness of the
diffuse layer, 4, is the distance at which the potential existing
at the boundary between the compact and the diffuse
layers drops e (the base of natural logarithms) times.The
diffuse layer, or the Gouy layer, in which the counterions are
located, has thickness A, which depends on the properties
of the system and can become quite large. The value of A is
determined for purposes of mathematical description of the
EDL using the following expression:

4)
I €.¢,-RT
Y2.C. Fy

where ¢ is the dielectric constant; R is the gas constant,
8.3 J/(mol-K); T is the absolute temperature; Z is the ion
charge; F is the Faraday constant, 96400 C/mol; C is the
concentration of ions, mol-ion/; g, is the electric constant,
8.85x 10-12 F/m.

The thickness of the compact layer & (the Helmholtz layer) is
determined based on the value of the potential-determining
ions. The effective thickness of the diffuse layer, A, is
determined using formula (4). The total thickness of the EDL
ranges between 1.5 and 8.5 pm [13]. The average values

of & and A are used to construct a capillary oil-flow velocity
profile covering the entire influx rate value range (Fig. 3 & 4).
The preliminary values of oil content have been determined
based on structural parameters.

R = S0
m ’ lﬂ."““’“= ‘

ALy = 20

‘l-'J".= °
Ilv;p LRI P

-!JJM

umcno Mapaaes, 96400 Kn \ mosb; C — [E=t 0t
KOHLIEHTPaLWS MOHOB, MOJTb — MOH \ JINTP; =18 N

€, — 9JIEKTpUYeCcKas KoHCTaHTa, 8,85 |'
102 O/,

TOoNWWHY MIOTHOrO Cost & — CJ1os
lenbmronbLa onpedensatoT Mo 3HaAYEHNO
noTeHUMaonpeaenstoLLIMX NOHOB.
OPDHEKTMBHYO TONLLMHY AN IDY3HOrO
cnod A — no dopmyne (4). ObLas
TonuwwHa O39C coctaenseT 1,5... 8.5
MkM [13]. To cpegHUM 3HaYEHVAM O

1 A MOCTPOEH NPOMUIIb CKOPOCTEN
TeveHnss HePTY Mo Kanuagpam oas
pa3NNYHbIX 3Ha4YeHUI NpuToka (prc.3,4). OnpeaeneHsl
npenBapuTeibHble 3HAYEHNS CoAepPXaHns HeddTK No
CTPYKTYPHbIM NMapameTpam.
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Pwuc. 3. - Fig 3.
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M= 108
Vi = ,74 s var

Fig. 3 Changes in the flow profile and thickness profile of
the diffuse layer at different capillary oil-flow velocities for a
capillary diameter of 5 um.
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LOuncbcysHbin cnon

BOWIHOW 9NEKTPUYECKUIA CIOWA !
A P Diffuse layer

Electrical double layer

D=V{eRT / 8re®NASCIZI2)

Fig. 4 shows a schematic diagram
of an electrical double layer in the
capillaries of the rock, comprising a
Helmholtz layer and a diffuse layer.
The Helmholtz layer & is the

el

immobile (solid) wall-boundary
layer containing oil that absolutely

Puc. 4. - Fig 4.

Puc. 3. IameHeHmne npodnns TEHEHNSA U TOLLUMHDI
ONOdPY3HOro Cros NpK PasnyHbIX CKOPOCTSX TEHEHNS
HeMTV No Kanugapam, GUaMeTpPoM 5 MKM.

Ha puc. 4 cxemaTuyHO NokasaH ABOWMHOW SNEKTPUHECKNI
CNOW B Kanunngpax nopodpl, CoOAepXXaLLi Cron
"enbMronbua v o dy3HbIA CroN.

Cnoto NenbMronbLa & COOTBETCTBYET HEMNOABVKHbIN
NMPUCTEHHbIN (TBEPABIV) CNON — abCOMOTHO He
13Brekaemasi 4actb HedbTn. 1o 06beMy 3TOT

CJI0M COCTaBASAET 6...8% OT rec/IorNyYECKmX
3anacoB W MOJIHOCTLIO BXOANT B 0ObEM
6aniaHCOBbIX 3aracos.

BbicokoBsa3kas ManionoasmyKHasi MpoCc/ionka

HedTW, Nepexoadilas K anddysHomy caoto D ,
coctaBnseT 20...25% OT reonorn4eckmx
3anacoB. 3TOT 06bEM MOXKHO OTHECTU
MPaKTUYECKN K HE N3BIEKAEMOW HaCTU
Hed TV NPKY COBPEMEHHOM YPOBHE pPa3BUTUS
TEXHVKM U TEXHONOMMM 006bI4K. Kpome Toro
Ha 3Ty MPOCIIONKY BCE ELLE CUTbHOE BINSGHNE
0OKasbIBAET MPUTKEHME 3aPSPKEHHbIX YacTuL,
MOTHOrO ABOVHOIO 3MEKTPUYECKOro C/10s1
[fenbMrobLa.

[NepexoaHown crnov — TpyaHOW3BIEKaEMas
4acTb, OTHOCUTCSA K Ha4YaslbHOM o6nacTu
anddysHoro cnos D, roe cuibl B3anMHOMO
MPUTSKEHNST 3aPSKEHHbIX YaCTUL, HAaYMHaKOT
CHWKaTBbCS MO 3KCNOHeHTe. O6bem
TPYOHON3BNEKAEMOM YacTn cocTasnseT 25...32%
OT reosIorn4yecKmx 3anacos.

[NooBWKHas — n3BnekaemMas Yactb HedTu. pu

3TOM KOHLIEHTPALMSA NOHOB, HECYLLIMX 3aps,
MPOTMBOMOJIOXHbIN 3apsay NOBEPXHOCTU MOpPOoapbl,
YMEHBLLAETCH MO Mepe yaaneHnst OT CTEHKN Kanuispa,
a KOHLIEHTPaLUMs MOHOB, UMEIOLLMX 3apsf, OOMHAKOBbI
Mo 3HaKy C 3apsaoM nopofpl, BogpacTtaeT. Cuna
MPUTSPKEHNS 1 OTTANKNBAHUS 3aPSPKEHHBIX NOHOB
HEeNTPanM3yeTcs.

O6bem NOOBWMXKHOW - U3BJIEKAEMOW HaCTU COCTaBNAET
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cannot be extracted. In terms of
volume, this layer accounts for 6-8
% of Qil Initially in Place (OIlIP) and
is fully included in Commercial Qil in
Place (COIP) volumes.

The high-viscosity, low-mobility intermediate oil layer that forms
the transition boundary between the Helmholtz layer and the
diffuse layer D comprises some 20-25 % of OlIP. This volume
can be classified as a practically non-recoverable portion of oil
reserves given the current state of development of production
equipment and technology. Moreover, this layer is still strongly
influenced by the attraction of charged particles from the
compact double Helmholtz layer.

Mpodunb ckopocTen TeHeHNs HedhTY Mo Kanunspam

Capillary oil-flow velocity profile
i )

-

R
g-_-;;.JE
LT oA
LI

-

Si=6_ 1%
452720..25%

=25 51%
48..35%

5; 5053 S5

Puc. 5. - Fig 5.

The transition layer, which should be classified as hard-
to-recover, is located at the ‘take-off’ region of the diffuse
layer D, starting from which the forces of mutual attraction
between charged particles begin to decrease exponentially.
The size of the hard-to-recover portion is 25-32 % of OlIP.

The mobile layer of oil constitutes the readily recoverable
portion. Here, the concentration of ions carrying a charge
opposite to that of the rock surface decreases with distance
from the capillary wall, and the concentration of ions having
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25...35% OT reonorn4eckx 3anacos, 6e3 y4eta cnos
"enbmronbua —35...45%.

B cTpykTypHbIX 3anacax (puc.6) 06bemMbl HeTH
BbICOKOBSI3KOW MaJIONOABVKHOW MPOCTIONKA U
nepexoaHoro cnos 06beAVHEHb! U MPOLEHTHbIE
COOTHOLLEHUS yKa3aHbl OT 4o 6a1aHCOBbIX 3aracoB.

C1pyKTypa 3anacoB HedpTu
(P. LLI. Mydchbasanos)

.

Feonornyeckyie 3anacbl HedTn
(100 %)

3abanaHcoBble
BanaHcoBble 3anachl (15...25 %)

3anachl (75...80 %)

HekoHanumoH-
Hble 3anachbl

Henszsnekaembie

Vsenexaembie 3anacsl (6...8 %)

Banachl (28...32 %

BocnonHsemble
3anachl

TpyaHou3BEKaemble :
3anacsl (43...47 %) TexHoreHHo-name-

HAeMble 3anachbl

Puc. 6.

KpaTkoe cBegeHus 06 aBTope :

PobepT Mydhazanos

e 270 Hay4HbIX paboT, N3 HX:

e 117 n3o0bpeTtenHui;

e 13 MoHOrpadun (HayYHbIe KHUMN);

® 4 y4ebHNKOB A5 BY30B (C rprchoM MVHBY3a);

e 3acny»keHHbln n3obpetatens Pecn. balukopTocTaH;

e [1306petatens CCCP;

e OTAMYHUK MnHUCTEpPCTBa HEDTAHOM
npowmbineHHocTn CCCP;

e BkJo4yeH B sHUMKIoNeauo «/IHxeHeps! Ypasa»;

* YneH-koppecnoHaeHT PAEH;

® YyacTHUK 6onee 30 MexxayHapoOHbIX KOHDEPEHLNIA,
KOHIMPECCOB M BCEMUPHbIX BbICTABOK MO HOBEWLLIUM
N HAYKOEMKVM TEXHOTOMSM.

HayuHble uHTepechbI:

KBaHTOBasi reoMexaHuka, noasemMHas rmapoaHaMmKa,
rMOPaB/IVKa, HeNTMHEeNHAsA MTMOP0aKyCTVKa, TEXHNKA U
TEXHOMOrNst BypeHVst, rnapomexaHmnka 4obbHn HedTu,
HedbTeEXMNS, MegmLMHa - ( 8 NaTEHTOB Ha N30DPETEHVS),
pa3paboTKa 1 CO30aHME BbICOKMX TEXHOMOMN ANs
HedTerazoxnMmM4ecKoro KoMrekca.
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a charge of the same sign as the rock charge increases.
The forces of attraction and repulsion generated by charged
ions are neutralized.

The size of the mobile, readily recoverable portion is 25-32
% of OIlIP, or 35-45 % excluding the Helmholtz layer.

The oil reserves structure shown below (Fig. 6) combines
the il volumes pertaining to the highly viscous low-
mobility layer and the transition layer; the values given are
percentages of COIP.

Structure of Oil Reserves
(R. Sh. Mufazalov)

Non-commercial
OIP (15-25 %)

Commercial OIP
(70-80 %)

Substandard
reserves

Non-recoverable

Recoverable reserves (6-8 %)

leserves (28-32 %

Renewable
reserves

Hard-to-recover

Reserves (43-47 %) transformable via

technolog

Fig 6.
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