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BBEJEHHE

OJIHNM U3 XaPaKTEPHBIX TPEH/IOB OCIETHUX JIET
B POCCUICKO HE(PTETA30BOI OTPACIIU ABJISIETCSA
YBEJIMYEHHE JJOOBIYH YIVIEBOJOPOJOB C TOMOIIBIO
yBeJIMYEHHN (DOH/IA TOPUBOHTAIBHBIX CKBAXKUH,
CTUMYJIUPOBAHHBIX C TOMOMIBIO MHOTOCTAJUHHOT'O
ruipopaspeisa rwiacta (MIPIT). Ipu o6meM pocte o6’beMa
OypEeHUSI TOPUBOHTAIBHBIX CKBAKUH, YBETUYCHUS JJIUHBI
T'OPU3OHTAJIBHBIX CTBOJIOB M KOJIMYeCTBA cTyIieHer MI'PIT
JIOOBIYa HE(PTHU YACTO HE COOTBETCTBYET IPOEKTHOMY
YPOBHIO M OHOU M3 BAXKHENUIIINX 32]a4 Pa3PAOOTKHU
MECTOPOXK/IEHUSA CTAHOBUTCA MOJTYUYEHUE HANOO0IEE
MOJIHOM MTH(POPMAIIUH 1O TPUTOKAM IPOAYKTUBHBIX
WHTEPBAJIOB CKBAXKIH.

IIpoBeaeHnE U MHTEPIPETALIMA PE3YIBETATOB
reo(pU3NIECKUX UCCIIEIOBAHUI, XOPOIIO
3aPEKOMEHJIOBABIINX CE6S1 B BEPTUKAJIBHBIX CTBOMAX,

B F'OPU3OHTAIBHBIX CKBAXKUHAX OCTIOKHEHBI
MHOT'O(PA3HOCTBIO IMTOTOKA, U3MEHEHUAMHU CKOPOCTHU
TeYeHUd (PIIONU/1A B CTBOJIE, HATMYHUEM BOCXOAAINUX U
HUCXOJAIINX YYACTKOB TPAEKTOPUU TOPU3OHTATIBHOTO
y4acTKa cTBOA [1]. [IpAMON neEpeHOC TEXHOIOT NN
MPOBEICHUS UCCIIEJOBAHUI U AJITOPUTMOB
WHTEPIPETALNU C BEDTUKAJIBHBIX CKBA’KWH HA
TOPU3OHTAJIBHBIE TPHUBOJUT K OIMUOOYHBIM 3AKTIOUEHUSAM
[2]. TIpu rccnegoBaHuU IIPOAYKTHUBHBIX TOPU30HTOB
TOPU3OHTA IPOBOJUTCA YCTAHOBJIEHUE OTAAIOMUX

UHTEPBAJIOB, COCTAB ITOCTYITAIOIINX (PIIONIOB U UX JJEOUTHL.

Omnpeznenenre npoguICH MPUTOKA B 9KCILIYATAIIMOHHBIX
CKBA’KHMHAX ABJISAETCS OCHOBOU JIJIA IPUHATHUA
TEXHUYECKUX PEMICHUH IO MAKCUMAIBHO 3(PPEKTUBHOM
Pa3paboTKE MECTOPOKICHUN HE(PTH U I'a3a, ONTUMHU3ALIUU
PEMIEHNI 10 3aKAYUBAHUIO CKBAKHMHBI MJIU ITPOBEAECHUIO
paboT IO KAMUTAJIbBHOMY DEMOHTY.

J10 HEZLABHETO BPEMEHH HE CYIIECTBOBAJIO A/IETEPHATHUBEI
BHYTPUCKBAKUHHBIM KAPOTAKHBIM OIEPALTHAM, YTOODI
ONPEJETUTH MECTA IIPHUTOKA BOJbI B TOPHU3OHTAIBHBIX
CTBOJIAX, IPOBECTU MOHUTOPHHI BHK mim nposectu
OLIEHKY MEPOIPHATUI 1O MNOBBIIIEHUIO HEPTEOTAAUHN
riacra. Kaporaknasa onepanus B rOpU3OHTAILHON
CKBAKUHE ABJIAETCS OTHOCUTENBHO JOPOrOCTOAIIEH
IpOLEAYPOH, TPeOYIOIIEH IPUMEHECHUSI CEPBUCA THOKHX
HACOCHO-KOMITpeCcCOpHBIX TPyO (I'HKT) miu TpakTopoB.
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INTRODUCTION

For the last decade, the global trend in the
oilfield industry is to improve the oil and gas
production by drilling as well as by completing
horizontal wells and later on, improving the
process using multistage fracturing. Though the
number of horizontal wells is rapidly increasing,
the production of hydrocarbons is not always up
to the designed volume. In this regard, acquiring
the knowledge on the performance of producing
intervals is an important task for operating
companies to fully optimize the productivity
and maximize the recovery as well. Production
logging solutions proved to be efficient in vertical
wells, however, encountered various challenges
in horizontal laterals as the logged section is
often more than 20 times longer compared to
vertical wells [1]. Common factors that complicate
the production logging are layered flow of
formation fluid, deviation and accessibility of
wellbore, and changes in fluid velocity moving
past or through the tools. Direct transfer of
production logging technology and interpretation
algorithms from vertical wells to horizontal wells
leads to erroneous conclusions about the well
performance [2]. Moreover, the quality of well
completion and reservoir management decisions
for production wells largely depends on the
production logging data such as mechanical
flowmeter and fluid capacitance surveys.

Until recently, there is no alternative to
wireline downhole tools being used to evaluate
the placement of fracturing proppant or acids,
production rate and zonal water breakthrough.
In practice, well intervention in horizontal wells
requires implication of coiled tubing or tractor
services to deploy logging tools downhole. The
success of well intervention depends on several
factors and among of these are as follows: well
accessibility, completion IDs and length of the
horizontal lateral, etc. There are also key aspects
to be considered such as the significant cost of
well intervention and the availability of wireline



OCymeCcTBUMOCTD U YCIIEMTHOCTD OIIEPALIMUI 3ABUCUT OT
CE30HHOU JOCTYIIHOCTH CAMOM CKBAKHHBIL, CJIO)KHOCTH
(pOPMBI 1 THTEHCUBHOCTYU HA60PA KPHUBU3HBI HAd YYACTKAX
Y1 MECT U3MEHEHUS BHYTPEHHUX JUAMETPOB OOCATHON
KOJIOHHBL

JlaHHA4 CTAThs COAEPXKUT OO630P NEPCIEKTUB U
HOTPEOHOCTH UHAYCTPUHU B ATTBTEPHATUBHBIX METOLAX
UCCJIEAOBAHUI CKBAKHUH — MAPKEPHOM JUATHOCTUKHU U
MOHUTOPUHI'A TPO(DUIEN TPUTOKOB TOPU3OHTAIBHBIX
CKBaXHH. TaK:Ke IPUBOAUTCS ONMHUCAHUE OJJHOTO U3
HanO0JIEE IEPEIOBLIX METO/IOB MOHUTOPUHI'A C IOMOIIIBIO
KBAHTOBbBIX MAPKEPOB-PEINOPTEPOB, IIO3BOJIAIOIIETO
COKPATUTDb KOJIMYECTBO BHYTPUCKBAKUHHBIX OlIEPALIUHT,
CHU3UTDb CTOUMOCTD U ABAPUMHOCTD UCCIIEAOBAHUN
CKBA)KHH, 4 TAKXKE PEATU30BATD (PYHKITHIO ITOTyYEHUA
JAHHBIX 10 PA0OTE MHTEPBAJIOB CKBA’KMUHbBI B TEYEHUE
JJIMTEBHOI'O IIEPHO/A BDEMEHH.

I PAVBEPBI PBIHKA

B Poccuu naunHasg ¢ 2010 roga orMedaeTcs yCTOMYUBbIA
POCT JOJIN TOPHU3OHTAIBHOTO OYPEHMS B OOIIEM OObEME
3KCIITYATAITMOHHOH IIPOXO/IKH, YTO CBU/ICTEIBCTBYET O

KAa49C€CTBCHHBIX UIBMCHCHHMAX B TCXHOJIOTMYCCKHUX ITIOAXOgaX

JOOBIBAIONINX KOMITAHHI.

Kax nokaspIBaeT MMPOBOH OIIBIT, TOPU30HTAJIbHbIE
CKBAKUHBI UMEIOT IEOUTHI B CPEJTHEM B 3—8 Pa3 BBIIIIE,
4eM BEPTHKAJIBHBIE CKBA’KUHbI, BCKPBIBAIOIINE OTH
U TOT K€ NIPOAYKTHUBHBIN IUTACT. Pacmmpenune (ponaa
TOPU3OHTAJIBHBIX CKBA’KMH ITO3BOJISAET COKPATHUTD
ONEPALIMOHHBIE 3aTPATHI U B IEJIOM OIITUMHU3HUPOBATD
CETKY JOOBIBAIOIINX CKBAXKUH. DKOHOMHYECKUIT 3(PPEKT
ABJIAETCA JPANBEPOM IS YBETUUEHUA JOCTYITHOCTH
TEXHOJIOI'UI TOPHU3OHTAIBHOI'O OYPEHH S HA POCCUICKOM
PBIHKE, CITOCOOCTBYET YCOBEPIIEHCTBOBAHUIO YPOBHSA
CONIPOBOXK/JIEHHUA ONEPALINI 1, KAK CJIEICTBUE, — POCTY
KOHKYPEHIIMU HA PBIHKE IPEJOCTABIEHH YCIIYT.

CygeToM 3Tux (haKTOPOB 11O ntoram 2016 roga
TOPU3OHTAIBHOE GypEHUE AOCTUIIIO JOIH 34,9% OT BCETO
IKCIIyaTAIMOHHOr'O 6ypeHus B Poccuu. Kak nokazaHo
Ha puC. 1 1 2, 06111ee KOJIMYECTBO FTOPU3OHTAIBHBIX
CKBQKUH, BBEZICHHBIX B KCIUTyaTAIinio B Poccuu Ha 2016
T'Oofl, AJOCTHUIVIO 2457 €JHUL], yBEJIUYHBIIHCH 34 TOJl HA
26,8% [4]. B IpOIIEHTHOM COOTHOIIECHUH KOJTUYECTBO
T'OPU3OHTAIBHBIX CKBAXKUH JIOCTUIVIO 101U 30,9 % oT
BCEX KCIUTYATAIIMOHHBIX CKBA’KMH, 34KOHYEHHBIX
CTPOUTEJILCTBOM.

OXUAAETCA, 4TO B epcrieKTuse 2018—-2020 rogos Jost
T'OPHU3OHTAIBHOIO GypEHUsI JOCTUTHET 46—50%, 94TO
OOYCIOBINBACTCS INIAHAMH HHTEHCUBHOI'O OCBOCHUS
HOBBIX MECTOPOX/ACHUN B BocTOouHOM CHbupu [3].

B Onrpkanien NEpCneKTUBE B CBSI3H C UCTOLCHUEM
34M1ACOB U yXYJIIEHUEM I'€OJIOTUYECKUX XAPAKTEPUCTHK
Pa3pabOTKU HAa MHOTUX MECTOPOXKICHUSX
OTMEYAETCA [1AJJCHUE IIACTOBOI'O IABJICHUA U, KAK
CJIEICTBUE, YMEHBIIICHUE JEOUTOB CKBAXKHH. B CBA3U
C 3TUM JOO6BIBAIOIUE KOMITAHHUY OY/1yT BLIHYK/IEHEI
NPEATIPUHHUMATD MEPDI [ TOAACP KAHHS YPOBHS
JIOOBIYH — BBOJUTD B SKCILIYATAITHIO HOBBIE CKBAKHUHBI,
CTUMYJIHUPOBAHHBIE C TOMOIIBIO MHOTOCTAJUHHOTO
rupopaspeiBa racta (MIPIT).

Konmyectso oneparinit MI'PIT pacreT nponopriioHaabHO
YBEJIMYEHUIO YUCJIA BBOAUMBIX TOPU3OHTAIBHBIX CKBAKHUH

and coiled tubing equipment. This article provides
an overview of one of the alternative methods

of production logging in horizontal wells which
doesn't require well intervention using PLT tools,
Coiled Tubing or Tractor services. This method
employs marker technology of quantum dot
markers placed in the reservoir during stimulation.
The method also allows reducing the cost as well
as the complexity of acquiring downhole data.
Unlike the conventional PLT, the technology
described below can provide production logs on
demand during one year after well stimulation.

MARKET DRIVERS

From 2010 in Russia observed continues growth
of horizontal drilling which reflects structural
changes technical approaches applied by oil & gas
producing companies. In average, horizontal well
is are 3—8 times more efficient in production than
avertical well drilled in the same zone of reservoir.
Massive implementation of horizontal drilling
allows to decrease drilling and maintenance
expenditures and, in general, to optimize the grid
of producing wells.

Taking in consideration the benefits of
horizontal drilling, the technology is becoming
more accessible in the market, simultaneously
fostering competitive conditions for service
providers.

In 2016, the number of horizontal wells being
put into operation in Russia reached 2,457 units;
an increase of 26.8% over the year. Currently,
horizontal wells reached as much as 34,9%
shares of all production wells [3]. It is expected
that the share of horizontal drilling will increase
and reach 46—50% of production drilling in
2018-2020 during the intensive development of
new oilfields in Eastern Siberia [4]. Multi-stage
fracturing operations in horizontal wells are
relatively new and rapidly developing technology
in the horizontal well stimulation segment. The
application of multistage fracturing as a standard
technique started since 2011.

The growing trend of depleted oilfields and
declining production may drive producing
companies to invest more into horizontal drilling
and well stimulation. The most efficient method to
stimulate a horizontal well is multistage hydraulic
fracturing. The number of multistage fracturing
operations increasing together with the number
of horizontal wells from year to year. According
to the statistical data about 90% of all horizontal
wells are stimulated using multistage hydraulic
fracturing. However, the number of stages in
each fracturing operation depends on length of
horizontal laterals, geological specifics of local oil
reservoirs and technical considerations of oil and
gas producing company.

The dynamics of the annual number of
multistage fracturing jobs in Russia has
experienced a stable growth, from 522 operations
in 2010 to 3,751 operations in 2016 [5]. On average,
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JHHAMWEA $0HIA MNOPHIOHTANRHBIX H HAKTOHHO-HANPARITEHHLRIX CEKBAAKHH
NUMEER OF HORIZONTAL AND DEVIATED WELLS
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Pucynox 1- Junamurxa Koauuecmea CKeaMNCuH, 3aKOHUeHHbIX CMPOUMENsCMEoM 6
20PUOHMANBHOM U HAKIOHHO-HaANPaieHnom oypenuu 6 Poccuu 6 2006-2026 2zooax (paxm
u npoznog), eounuy,. Hecmounuic: IIY T3K [3], ananu3 RPI

Figurel — Dynamics of borizontal and deviated wells drilled in Russia in 2006-2026 (fact and
Jorecast). Source: CDU TEK, RPI Eastern Europe

OBBEM IMPOXOTEH B SKCILTYATAITHOHHOM BYPEHHH
STATISTICS OF PRODUCTION DRILLING
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Pucynok 2 - Tunamuxa o00sema npoxooku 8 IKCNAYamauuOHHOM Oypenuu 6 Poccuu
62006-2026 z00ax (gpaxm u npozno3), manmempos. Hcmounux: IITY TOK, ananru3 RPI

Fgure 2 — Dynamics of production drilling in Russia in 2006-2026 (the fact and forecast),
million meters. Source: CDU TEK, RPI Eastern Europe

U1 OOKOBBIX TOPHU30OHTAIBHBIX CKBAYKUH ITPAKTUYECKU a one multistage fracturing is operating in 7 stages
BO BCEX IOOBIBAIONTUX PErHOHAX. [TO06HAS TEHACHITUS on horizontal wells and 3 stages on sidetracks.
SIBJIAETCS CJIEICTBUEM OTCYTCTBHS OTPAHUYEHUI However, there are few numbers of 20-stage
npumeHeHus MI'PIT, kacaromuxcs TEppUTOpPUN fracturing operations executed by companies such
HEPTETA30HOCHBIX TPOBUHITUH, TPHUYEM OKOJIO 90% as "Rosneft" and "Gazpromneft". In 2025-2027
CJIy44€B CTPOUTENIBCTBA TOPUZOHTAJIBHBIX CKBAKHH perspective, as subject to active development of
COIPOBOK/IAIOTCA ITpoBeicHueEM MI'PTI TO MM MTHOM shale oil deposits (Bazhenov Shale stratum), the
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CTAJUIHOCTH, 3ABUCAIIEN OT IJIMHBI TOPU3OHTAIBHBIX
CTBOJIOB M I'€OJIOTUYECKHX OCOOEHHOCTEH KOHKPETHBIX
TJIACTOB.

AHaM3Upys JAaHHBIE KPYITHENIINX POCCUHCKUX
JOOBIBAIOIIMX KOMITAHUI, B 2016 TrOfly CPEAHEB3BEIIICHHOE
KOJIMYECTBO CTAAUH onepariuii MI'PIT cocTaBuio 6 ¢TUHHIIL,
IIpu 3TOM CpeaHEE KOJIMYECTBO CTAJUM IIPU ONIEPALIMAX HA
TOPU3OHTAIBHBIX CKBAYKMHAX U OOKOBBIX TOPU30OHTAIBHBIX
CTBOJIAX OTJIMYAIOTCA IPYT OT JPYTra: HA TOPU3OHTAIBHBIX
CKBA)KMHAX B CPEAHEM ITPOBOAUTCA 7 CTAAUN 34 ONIEPALTHIO,
Ha 60OKOBBIX TOPU30HTAIBHBIX CTBOJIAX — 3—4 CTA/IUH.
OTMeEUEHBI OTIENBHBIE CJIYYAU BBIIIOJTHEHU S
20-craguriaeix MI'PI 1, BBITIOTHEHHBIE KOMITAHUSIMU
«PocHe(PTE> U L'a311pOM HE(PTH». B nepcniektuse 2025-2027
TOOB OKHUIACTCA AKTUBHOE OCBOCHHUE 3JICKEN CITAHILIEBOM
He(dTH, B HACTHOCTH, OTIIOKECHUN GA’KEHOBCKOU CBUTBHI,

e MI'PTI ¢ KOIM4eCTBOM CTaIuH B 18—20 egquHuAL] OyAy T
IPHUMEHATHCA B KAYECTBE CTAHJAPTHON NPAKTHUKH.

B Hacrosmee Bpems, COIIACHO OLIEHKAM OTPACIEBBIX
IKCIIEPTOB, IPUMEPHO 80% OT BCETO KOJINYECTBA OIIEPAITHH
MIPIT npuxoanTCA HA ONEPAUN C KOJTMYECTBOM CTA/IUI B
Juanasone 3—7 equHull [5). Menbias, nopsagka 19%, nonsa
npuxoanTcsa Ha MI'PIT ¢ ynciom craguit 8—13. OcranbHOE —
310 MI'PII € ynciom cragui Ot 14 1 Bblie (puc. 3).

B panbherneM, ¢ pPOCTOM JJIMHBI TOPU3OHTAJIbHBIX
Y4aCTKOB 'OPU3OHTAJIBHBIX CKBAXKUH U OOKOBBIX
TOPU3OHTAIBHBIX CTBOJIOB, IPOU30HIET OTHOCHUTEIBHOE
YBEJINYEHNE KOJTNYECTBA OIIEPALINI B AUANA30HAX 8—13 1
OT 14 1 BBIIIIE CTAIUM.

Cermenrtanud petHka MI'PI1 B paspese craguii B
JICHEKHOM BBIPAKEHNH [TI0OKA34HA HA PUC. 4.

average number of hydraulic fracturing stages
increases up to 18—20 units per horizontal well.

According to expert opinions, around 80% of
multistage fracturing are jobs with 3—7 stages [5,
06]. Only 19% of all fracturing operations included
8—-13 number of stages. About 1% of all multistage
fracturing jobs included 14 plus stages, however,
associated with 6% of financial value. Figure 3
shows dynamics of multistage hydraulic fracturing
market and changes of its segmentation regarding
the number of stages per one operation.

As seen from Figure 4, a multistage fracturing
operation is costly. In this regard, it is important
to run post-fracturing production logging (PLT)
study for determining the number and working
parameters of production intervals. In most of the
cases, producing companies use a combination of
production logging methods such as mechanical
flowmetery, acoustics and thermometry. Analyzing
the market of production logging in horizontal
wells in Russia it was noted that the number of PLT
jobs increased 5 times in the period 2012-2017
(Figure 5).

There are several reasons driving this growth:

* Increase in horizontal drilling up to 2,5 times;
* Increase in sidetracking activity up to 3,1 times;
* Utilization of multistage hydraulic fracturing as

a standard stimulation technique in horizontal

and deviated wells.

Today around 97% of PLT operations are done
through well intervention with conventional

CETMEHTAITHA PBRIHKA MITPII
AULTI STAGE FRACTURING MARKET SEGMENTATION

mmmm 3-7 cragui [3-7 stages

14 » Gonee cTagwit/14 plus stages

12 4155

B-13 cragwi/ B-

o B erof Total

Pucynox 3 — Cezmenmauusn poinca MI'PII 6 pa3pese cmaoutinocmu onepauuii 6 pusuuecxom

esviparxcenuu, onepayuu. Hcmounux: ananru3 RPI

Figure 3 — Segmentation of the fracturing market by number of stages. Source: CDU TEK
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Pucynorx4 — Cezmenmauvusn poina MI'PII 6 pa3pe3e cmaduiinocmu onepauiiii 6 0eHencHom

éoipadcenuu, mapo pyoaeii. Hcmounux: anaau3 RPI

Figure 4 - Segmentation of the fracturing market in value terms. Source: CDU TEK,

RPI Eastern Europe

CrumMyssanus FOPU3OHTAIBHON CKBAXXUHBI C IIOMOIIBIO
MI'PIT aBiIsI€ TCA AOPOTOCTOAIIEHN ONEPAITHUEI. YIUTHIBAS
3TOT (PAKT, IPH BBIIOTHEHUU onepariuy MI'PT1
IIPEAIIOIATACTCA OPraHU3aLMA BHYTPHUCKBAKUHHOI'O
MOHHUTOPUHTIA C HEJIBIO BBIJICICHUS (DAKTUYCCKU
PaBOTAIONIUX UHTEPBAJIOB, ONIPEACICHUS COCTABA U ICOUTA
HOCTYTIAIOMIEro QJIIOUAA U T.JI., IPOBEACHUE KOTOPOT'O
34aBHUCHUT OT KOJIMYECTBA CcTau MI'PIT, B1uj1a BBIOpAaHHOM
TEXHOJIOTUHU IIPOBEIECHU S MOHUTOPHUHI'A (MEXAHUYECKASA
PaCXOAOMETPUS, MAPKEPHBIE METOABI, TEPMOMETPUSA),
CJIOKHOCTH UCIIOJIb3YEMOI'O O60PYAOBAHM A, OCOOEHHOCTEN
JIOTUCTHKU U PAJIA IPYTUX PAKTOPOB.

AHaM3Upys PHIHOK OIIEPALIUI 10 BHYTPUCKBAKUHHBIM
UCCNENOBAHUAM I'OPU3OHTAJIBHBIX CKBAKUH r1ocyie MI'PIT,
OTMEYEHO, YTO B TeueHUe 2012—2017 rofoB B GU3NYECKOM
BBIPKEHUH KOJIMYECTBO OIEPALTI BBIPOCIO IIOYTH B ITATH
pa3 (puc. 5).

DTO O6YCIOBIEHO CAEAYIONUMU IPUYHUHAMU:

* POCTOM I'OPU3OHTATIBHOTO OYPEHUSA — OOJIEE UEM

B 2,5 pa3a 32 3TOT IIEPUOT;

* yBEIUYEHUEM OObeMa CTpoUTENbCTBA BI'C — B 3,1 pa3a

BTeueHue 2012-2017 ronos;

* pacClIMPEHHEM NIPAKTUKU ITpuMeHenns MI'PIT

HAa FTOPU3OHTAJIBHBIX CKBAXKUHAX U OOKOBBIX

T'OPHU3OHTAIBHBIX CTBOJIAX.

Ilo coctosanmio Ha 2017 rom, OKono 97% onepanuin
MoHuTopuHra MI'PIT gemaeTcsa ¢ ToMOIIBIO IIPOMBICTIOBO-
reopusnueckux uccneposanuii (IMNM) — usmepenune
apaMeTPOB IIPOU3BOAUTCS IIPU ITIOMEICHU N
KOMILJIEKCA ATITAPATYPhI B CKBAXKUHY C IIOCJIEYIOMICH
UHTEPIIPETANMEH JAHHBIX O TEMIIEPATYPE, IABJICHUH U
IPOYHUX ITAPAMETPAX, KOTOPBIE XAPAKTEPUIYIOT COCTOSIHHE
CKBAKUHBL

AHQJIM3 IOKA3BIBAECT, YTO CTOUMOCTb MOHUTOPHHIA
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downbhole tools. Those tools are conveyed
downhole using Coiled Tubing equipment.

PLT jobs are costly and could reach 30—-48% of
multistage stage fracturing operation, depends
on the number of stages and complexity of well
intervention.

The specifications of horizontal laterals demand
further sophistication of downhole tools such
as increasing the number of spinners to cover
wellbore cross section area. Further, when coiled
tubing deploys logging tools in a wellbore, it may
cause a choking effect resulting to the distortion
of the downhole production rates data. Often, in
horizontal wells, the standard mechanical flow
measurement frequently becomes uninformative
and instead, characterise fluid that filled up
the lateral rather than the actual performance
of the production intervals [7]. In comparison
with vertical wells, the possibilities of de-noising
inflows in horizontal wells by methods of
thermometry are limited. This is due to a slight
variation in geothermal temperature along
the length of the horizontal section and lower
differential pressure drawdown per layer than in
vertical wells.

An equipment for measuring spectral noise
downhole could help to detect a wave pattern
of acoustic emission and to identify medium-
and high-frequency anomalies associated
with filtration of fluid through the rock within
the critical matrix. These anomalies allow
the determination of producing intervals
differentiated from the low-frequency noise
associated with the flow of formation fluid in the



OIIEPAITHH IO HCCAEJOBAHHIO TOPH3IOHTAJBHBIX CEKBAXHH
PRODUCTION LOGGING IN HORIZONTAL WELLS
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Pucynox 5 — O6sem poina monumopunza MI'PII ¢ gpusuueckom ésiparcenun 8 nepuoo
2012-2027 200086 6 pa3pe3e munos memooos, onepavuii. Hcmounux: ananu3 RPI.
IIpumeuanue. O066em PoiHKa umepaemcs 8 Koauuecmae onePanuii Ha CKeaiCuHax

Figure 5 — Dynamics of post fracturing PLT operations in 2012-2027

¢ nomoupto [1T'M gyra MI'PIT ¢ 3—7 cragusaMu MOT'YT B
CpeRHEM JOCTUTATH 48% OT BCEN OCTATIBHON CTOUMOCTH
paoor, nyis 8—13 craguil — 44%, st MIPI ¢ 14 cTaausMu
U BblIIIe — 30%. COITIACHO JJAHHBIM 3KCIIEPTOB 32 2017 Tox,
croumocTb onepanyu I1I'N gy MI'PIT ¢ 3—7 craguamu
KOJEe6IeTCs B IUaTta3oHe oT 7,6 10 10,5 MitH py6ieit, ¢
8—13 crapusmu ot 15,2 1o 18,2 MutH py6aei, ¢ 14 u 6osee
craguamu 21,3 — 26,6 MiTH py6Iieit.

CrenuprKa rOpU30HTAJIBHBIX CKBAKHH TPEOyET
TAK>KE PEIICHUS TAKUX BOIIPOCOB, KAK CHSITHE JIAHHBIX
10 dazaM PIIon1a IO BCEMY CEYEHHUIO CTBOJIA CKBAYKUHBI
YCTAaHOBKOU HECKOJIBKMX CIIMHHEPOB Ha puoop I1TH,
BiussHUe THKT HAa TOYHOCTD U3MEPEHUS JABIIEH S
U PACXOJOB. 3a9ACTYIO B YCJIOBUAX ITOPU3OHTAIBHBIX
CKBA)KWH CTAHIAPTHASA MEXAHUYECKASA PACXOIOMETPHS
4aCTO CTAHOBUTCS HEMH(POPMATHUBHOH, 4 TOKA3aHUS
METO/OB OIIPEAETIEHHNA COCTABA OTPAXKAIOT B IIEPBYIO
ouepesb HE PabOTY IUIACTOB, A XAPAKTEP 3aTIOTHEHUA
CTBOJIA CKBAXKMH [7]. IIprMeHeHre CTaHAAPTHBIX
KoMm1iekcoB [1T'U ¢ ofHOM TypOUHON pacXo/IoMEpPa,
TPAAUIIMOHHO UCIIOIb30BABIINXCS B BEPTUKAIBHBIX
CKBAKMHAX, TIOKA3JI0 C€0sI HEOIITUMAJIbHBIM PEIICHUEM
JUISI TOPU3OHTAJIBHBIX CKBAKUH U IIPUBOJUT K OITNOKAM
uHTepIpeTanuu [8). bosee ycriemHoe BbIIIOJTHEHUE
UCCJIEIOBAHUI MOKET OBITh OCYIIECTBJICHO C IIOMOIIIBIO
CHENHATU3UPOBAHHOI'O ANITAPATYPHOI'O KOMILJIEKCA,
CIOCOGHOT'O YBEPEHHO PEIIATH [IOCTABJICHHBIE 33/JA49U B
CKBAKMHAX C MHOI'O(DA3HBIM TCUEHUEM H PACCIIOEHHBIM
THOTOKOM. [OpHU30HTAIbHBIE CKBA’KHUHBI HAKJIA/IbIBAIOT
CEPBE3HBIE OI'PAHUYEHHS HA COTYTCTBYIOLIUE
METO/bI AUATHOCTUPOBAHUS IIPUTOKOB, TAKHE KAK
TEPMOMETPUSL. DTO OOYCIIOBICHO HE3HAYNUTEIbHBIM
U3MEHEHHEM I'€OTEPMHUYECKON TEMIIEPATYPBI IO IJINHE
T'OPU3OHTAJIBHOTI'O YYACTKA U MEHBIIUMHU JICIIPECCUSMU

wellbore. However, this method requires non-
stationary measurement technologies requiring
periodic and time-varying measurements. The
reason behind it is a sudden change in the
wellbore fluid composition after the well is
being put in production. The use of standard PLT
downbhole tools equipped with single flowmetry
spinner is not adequate for horizontal well and
leads to interpretation errors [8]. For better results,
this required a specialized downhole tool capable
of dealing with multi-phase and stratified flow
[9]. Conventional downhole tools are designed to
provide production data during well intervention
only and do not give a dynamic Figure extended
in time. Finally, well intervention has some risk of
coiled tubing stuck or loss of downhole tools in a
well with a subsequent costly fishing operation.
Importantly, if artificial lift methods, such as
electrical submersible pumps (ESP) installations
are used, it is required to complete well with the
bypass system and Y-tool technology. This enables
access of wireline tools or coiled tubing string
below the ESP to determine the inflow profile
across 2 number of zones and to answer questions
concerning a zone’s production, water cut, and
gas/oil ratio. However, implementation of Y-tool
technology increases cost of well completion up to
20-25%.

IMPLEMENTATION OF MARKER
TECHNOLOGIES FOR PRODUCTION
LOGGING IN HORIZONTAL WELLS

Thus, there is a high demand for the
development and application of more accessible
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Ha ITACT, YEM IIPH UCCJIEIOBAHUHN BEPTUKAIBHBIX
CKBaXHH. B nociieiHue rojibl B KoMILIeKc I1T'M BBOAsATCS
OJIOKM U3MEPEHUSI CIIEKTPAJIBHON ITyMOMETPHH, C
MOMOIIIBIO KOTOPBIX MOXKHO MTOJTYYUTh BOJTHOBYIO

KapTHUHY AKyCTUYECKOU SMUCCHUU U BBIJIEJIUTh CPEAHE- U
BBICOKOYACTOTHBIC AaHOMAJINH, CBS3aHHBIC C (PUIIBTPALIUCH
(ron1a B TPEMMHAX U HOPAX KOJUIEKTOPA. DTU AaHOMAJINU
MHO3BOJIAIOT ONPEAEIATh PA6OTAIONINE NHTEPBAJIBI IJIACTA
Ha (POHE HU3KOUYACTOTHBIX ITOMEX, ACCOLUUPYIOIMNXCS

C TEYEHUEM IIJIACTOBOT'O (DJIION/1A B CTBOJIE CKBAKHUHBL.
OJIHAKO 3TOT METOJI TPEOYET HECTAITUOHAPHBIX
TEXHOJIOI'UH U3MEPEHUU, IPEAYCMATPUBAIOIITNX
MEPHUOAUYECKHE PA3HOBPEMEHHBIE U3MEPEHH B

MEPHOJ, PE3KOTO U3MEHEHH COCTABA (PIIIOUJ]A B CTBOJIE,
CBA34HHOTI'O C TPUTOKOM HETIOCPEICTBEHHO ITOCIIE 3aITyCKa
CKBA’KMHBL KOMIIJIEKC IPEAIIONAracT UCMOIb30BAHUE
COOPOK CIEUATIBHBIX MOJYJIEN C PACTIPENETIEHHBIMHU IO
CEYEHHIO CTBOJIA MHOT'O/IATYUKOBBIMHM CUCTEMAMH, 4 TAKKE
COOTBETCTBYIOIHUX TEXHOIOTUI JOCTABKH IPHOOPOB

Ha 326071, YCIIOKHEHNE KOHCTPYKITUH KOMILIEKCOB ITTH
HEN30EKHO CKA3BIBAETCA HA CTOUMOCTH PadOT.

I1pH yCTAHOBKE B CKBAXKUHE NIEKTPOLIEHTPOOEKHOTO
Hacoca (YOLH) HeOOXOIMMBI IONOTHUTEIbHBIE
MEPOINPUATHSA ITO OOECTIEYEHUIO JOCTABKHU
reo(pU3nIECKOro OOOPYAOBAHUS HA 32001 CKBAKHHBIL.
HInpOKO pacrpOCTPaHEH OANITACHBIN CTTIOCOO OCBOEHUSA
C IOMOIIIBIO TEXHOJIOIUH Y-tOOl, YTO IPEAYCMATPHUBAET
COOO0M UCTIOIb30BaHUE OTKJIOHUTENS NoaBecku YOLIH Ha
HA4COCHO-KOMITpeCCOpHBIX Tpy6ax (HKT) B koMniekce
C 6aAITACHOM KOJIOHHOM. DTO NO3BOJISET CIIYCKATh
reousnueckoe o6opygosanue npu nomomy I'HKT B
TOPU3OHTAIBHYIO CEKIIMIO CKBAXKUHBI B 06X07] YOLIH.

IIposeneHue reopru3nIeCcKux UCCIEA0BAHUN B
CKBaKMHAX C TOPU3OHTAJIbHBIM OKOHYAHHEM IIPU
PeANN3a MY TEXHOJIOTUH Y-LOO] 1a€T BO3MOXKHOCTD
CO3/1aTh YCJIOBUSL, MAKCHMAJIbHO IIPUOIHKECHHBIC K PEXKUMY
IIPOMBIIIJIEHHOM Pa3pabOTKU MECTOPOXKICHUS, YTO

ITOJIO’KUTEIBHO BIUSIET HA TH(POPMATUBHOCTD PE3YJIBTATOB.

OmHAKO 3Ta TEXHOIOTUSA IIPUBOUT K yIOPOKAHUIO
CTOMMOCTH 3aKAHYMBAHMS CKBAXKUHBI HA 20—25%.

MNEPCIEKTUBbI IPUMEHEHUA MAPKEPHOI
JUATHOCTUKHU IPOPWIEN IPUTOKOB
T'OPHU30OHTAJIBHBIX CKBAJKHUH

ITOMMMO TEXHUYECKNUX OTI'PAHNUYEHHNI, TAKUX KAK
HEOOXOIUMOCTD OCTAHABINBATH CKBA)KMHY BO MHOTUX
CJIy4asnx, MPOBOAUTD UCCIIEJOBAHME B UICKYCCTBEHHOM
peXXuMe, HEBO3MOXKHOCTD nposegeHud [1T'Y s pana
KOMIIOHOBOK MI'PIT, ciycKaemble B CKBAKMHY KOMILICKChI
IIT'Y1 TO3BOAIOT ONYYATH TOJIBKO €JUHOBPEMEHHYIO
KapTUHY IIPUTOKOB B CKBA’KMHE. OHU HE ITO3BOJIAIOT
BBIIIOJIHATH MOHUTOPHUHI' B TEYEHUE ITPOJO/DKUTEIBHOI'O
BPEMCHMU U ITOJIYYATb JUHAMUWYCCKYIO KADTHUHY
PaboThl MHTEPBAJIOB CKBAKMHBL Kpome Toro, npu
BHYTPUCKBAKMHHBIX OIIEPALUAX CYIIECTBYIOT PUCKU
IIPUXBATA UJIU IIOTEPU 3200MHBIX UHCTPYMEHTOB,
Tp€6yIOH_LI/IX JUTUTCIIBHBIX U JOPOT'OCTOAITUX JIOBUJIbHBIX
paoor.

TaxkuM 06pa30M, CYIIECTBYIOT CEPLE3HBIE IOTPEOHOCTH B
Pa3padOTKE U IPUMEHEHNHU 60JIEE TOCTYIHBIX TEXHOJIOI UM
MOHUTOPUHI'A IPOMUIIEI TPUTOKOB FTOPUZOHTAILHBIX
CKBAXUH € MI'PTT, 4TO MOXET OBITh PEATTU30BAHO
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production logging technologies to be used in
horizontal wells. This can be addressed using
alternative methods of production logging such
as marker technologies. Importantly, the marker
technologies are expected to be 30-40% cheaper
compared to conventional well intervention with
PLT.

First cases of non-conventional production
logging operations that used marker or tracer
technology have been recorded in Russia in 2011.
As of 2017, the country does about 60 various
types of chemical PLT operations per year. At the
same time, until 2026 the market potential of
marker methods is estimated at 35% of all post
fracturing operations in horizontal and deviated
wells (Figure 6).

The principle of operation of marker diagnostics
of well inflows implies the addition of a labelled
substance to the injected liquid or proppant and
the tracking of markers in samples of formation
fluid taken on the surface.

With marker methods, the following marking
technologies are used:

e Fluorescent: uranin A, rhodamine C and others;
¢ Tonic: carbamide, potassium nitrate and others;
¢ Quantum markers-reporters (Geosplit);

* DNA markers.

Despite the prevalence and low cost of using
fluorescent, ionic and organic markers, the weak
side of these technologies is the quantitative
limitation of possible combinations of markers
with 10—14 units, as well as the difficulties in
quantifying the profile of the inflow of the
well during monitoring. From the list of marker
technologies above, the featured one is the
technology employing quantum dots marker-
reporters, used by Skolkovo resident company —
Geosplit Ltd.

The technology features a synthesis of the
combination of marker-reporters made of a few
quantum dots and a mixture of the polymer-
based chemical composition. Quantum dots are
nanocrystals produced using the process called
colloidal synthesis. A single quantum dot is
compounded of few hundred atoms and as small
as 2—10 nanometers in diameter [9].

Colloidal quantum dots irradiated with a laser
fluoresce in different areas of the electromagnetic
spectrum due to quantum confinement [10, 11, 12].
Compared with organic fluorophore dyes, also
used for tracing in the oil industry, quantum
dots have a fluorescence intensity 10-20 times
higher [13]. Quantum dots are more chemically
stable than natural fluorophors because of
their chemical composition, which reduces the
photobleaching effect compared to organic dyes
and can withstand the impact of acids and high
temperatures.

PRODUCTION LOGGING WITH QUANTUM
DOT MARKER-REPORTERS
The emittance of a particular spectre of light
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Figure 6 — Predicted market share of marker-based production logging operations in
borizontal wells in Russia. Source: RPI Eastern Europe

IPUMEHEHUEM MAPKEPHBIX METOIOB. HEMAIOBAKHO, UTO
CTOUMOCTD MAPKEPHBIX METOJOB HHUXKE, YEM CTOMMOCTD
onepauuu IIT'H, kak MuHUMYM Ha 30—-40%.

MapxkepHbIE€ METOBI IIOTYYUIN B Poccrn
PAaCIpOCTpaHEHNE HAUYMHAA NPUMEPHO ¢ 2011-2012
roga. ITo cocrosanuio Ha 2017 rof B LIEJIOM IO CTPAHE
Oy/IeT CICTAHO OKOJIO 60 OTTepaliyii 1o UCCIEOBAHHIO
npoduie IPUTOKOB CKBAKHUH C TIOMOIIBIO MAPKEPHBIX
WCCIeTIOBaHMH. B TO ke BpeMs B iepriof 1o 2026 rofa
HOTEHIIUAJI PBIHKA MAPKEPHBIX METO/IOB OLICHUBAECTCS B
35% oT Bcex onepariuii mocsie MIPIT (puc. 6).

IpuHIIUI pa6OTH MAPKEPHOU TUATHOCTUKH NPO(PUIIEH
TIPUTOKOB CKBA’KMH OCHOBAH Ha JJOOABKE MEYECHOI'O
BENIECTBA B HATHETAEMYIO B IIACT XKUJKOCTD WJIN
PACKIMHUBAIONUNA MATEPHUAT U OTCICKUBAHUU MAPKEPOB
B IPO6AX IIJIACTOBOTO (DIIIOM/1A, B3ATHIX HA IOBEPXHOCTH.
[Ipu 3TOM OTCIIEKUBAIOTCS PEAJIBHBIE (DHJIBTPALIMOHHBIE
THOTOKH, OOYCIIOBJIEHHBIE KAK OCOOEHHOCTIMHU
TE€OJIOTUYECKOT'O CTPOEHUS IIJIACTA, TAK U TEKYIUM
PEKUMOM Pa3pabOTKU MECTOPOKICHHUH.

IIpu MapKEPHBIX METOIAX UCIIONAB3YIOT CJICYIOIINE
TEXHOJIOI'MH MAPKUPOBAHUSL:

» OnyopecrueHTHas: YypaHUH A, pogaMuH C U IPYyTUeE;
e MoHHast: Kap6aMuJl, KAJIMEBAsI CEIUTPA U IPYTUC;

» KBaHTOBBIE MapKePHI-penopTepsl (Geosplit);

e THK-MapKephL

HecMmoTpsa HA paCIpOCTPAHEHHOCTD U HU3KYIO
CTOMMOCTb IPUMEHEHU S (PITyOPECIICHTHBIX, MOHHBIX
U OPraHUYECKHUX MAPKEPOB, CJIA00M CTOPOHOM 3TUX
TEXHOJIOT'UI ABJISIETCS KOTUYECTBEHHOE OTPAHUYECHUE
BO3MOXHBIX KOMOWHAIINI MapkepoB 10—-14 eqrHuIIaMU, 4
TAKIKE 3aTPYJHEHHS B KOJTMYECTBEHHOM OLICHKE IPO(UIIs
IIPUTOKA CKBA’KMHBI B [IPOLIECCE MOHUTOPUHTA.

W3 BBIIIEONTMCAHHBIX TEXHOJIOI U CJIEAYET OTMETUTD
HOBATOPCKYIO TEXHOJIOTUIO MAPKEPHBIX UCCIEA0BAHU,

can be detected using flow cytometry method.
Several quantum dots joined together creates a
unique and traceable marker-reporters element.
There could be a large number of possible marker
signatures (more than 60) that exclude the chance
of misinterpretation during the lab analysis.

This distinctive feature of quantum dot marker-
reporters technology is essential in multistage
fracturing of more than 30 production intervals
in a single horizontal well. The polymer coating of
fracturing proppant contains millions of marker-
reporters and is designed to degrade gradually
when in contact with hydrocarbons and water.
During the fracturing operation, some proppant
with markers follow the mass of a conventional
proppant. After the introduction of proppant
into the formation, the coating gradually releases
markers to formation fluid and further carried
out into the surface. The marker-reporters
can be captured either in oil or water phase of
formation fluid. Due to the nanosize of markers,
these materials do not have enough energy to
make a transition from one phase to the other.
Hence, each phase of formation fluid has its own
indicators. The process continues and is without
interruption for at least a year. On demand,
samples of formation fluid are taken from sample
point located in the production line and studied in
the laboratory.

Fluid samples taken at the wellhead undergo
a sample preparation procedure involving the
separation of the hydrocarbon and aqueous
phases of the formation fluid based on ASTM 4006
method on "Standard Test Method for Water in
Crude Oil by Distillation" using a demulsifier and
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OCHOBAHHYIO HA IPUMEHEHNUU MAPKEPOB U3 KBAHTOBBIX
TOYEK, IPUMEHSIOMYIOCA KOMITAHUEH — PE3UJEHTOM
CronkoBO — OO0 JeocnT». KBAaHTOBBIE TOUKU —

3TO HAHOKPUCTAJLIIBL, COCTOSIIITUE U3 COTEH ATOMOB U
UMeromue pasMep B 2—10 HAHOMETPOB, ITOJTyYEHHbBIE

MPY HOMOIIIH KOJUIOUJAHOTI'O CUHTE3A U TOKPBITHIE CJIOEM
4JICOPOUPOBAHHBIX TOBEPXHOCTHO-AKTHBHBIX MOJIEKYJI
(puc. 7) [9]. KBaHTOBBIE TOYKH, I1OJIY4AEMBIE METOIOM
KOJUIOUTHOT'O CUHTE3A Ha OCHOBE XAJIbKOIE€HH/IOB KaJIMUS,
(PIIyOpECTUPYIOT B PA3HBIX OOIACTAX SJIEKTPOMATHUTHOTO
CIIEKTPA B 3aBUCUMOCTHU OT CBOETO pasMepa [10, 11, 12].
MapKepbI-peENOPTEPSL, CO3/IAHHBIE N3 KBAHTOBBIX TOYEK,
06/121210T YHUKAJIBHOH CLIOCOOHOCTBIO HOITIONATh
3HEPTHUIO B MIUPOKOM TUAMIA30HE CIIEKTPA U UCITYCKATh
Y3KHH CIIEKTP CBETOBBIX BOJIH, KOTOPBIN MOXKET
PETUCTPHPOBATHCA METOAAMH IPOTOYHOU IIUTOMETPUH.
1o CpaBHEHUIO C OPTAHUYECKUMU KPACUTEAMHU-
(ProopodOopaMH, TAKKE UCIIOIB3YIONTUMHUCS B LETISIX
TPACCUPOBAHUA B HEPTAHOM UHIYCTPUH, KBAHTOBBIE TOUKU
UMEIOT UHTEHCUBHOCTB (piroopectieHu B 10—-20 pa3
BbIIIE [13]. KBAHTOBBIE TOUKHU ABIAIOTCA 6OJIEE XUMUYECKH
YCTOMYHBBIMH, Y€M IIPUPOAHBIE (DIIIOOPOMOPHL, U3-32
CBOET'0 XUMHUYECKOT'O COCTABA, KOTOPBIX YMEHBIIAET

3 PeKT POTOOOECIIBEUNBAHMS ITO CPABHEHUIO C
OPraHUYECKUMU KPACHUTENSAMU, U CIIOCOOHBI BBIIEPIKUBATD
BO3JEHMCTBHE KUCIOT U BBICOKUX TEMIIEPATYP.

KBAHTOBDBIE MAPKEPDI-PEIIOPTEPDI

Hcrionb30BaHUE KBAHTOBBIX TOYEK B TEXHOJIOTUH
TPACCUPOBAHUS OOYCIIOBJICHO OOJIBIITUM KOJIMYECTBOM
BO3MOKHBIX KOMOMHAIIWI [IPU CHHTE3€ MAPKEPOB-
pernoptepos (6oee 60), Ha3bIBAEMBIX CUTHATYPAMHU. JIJ1s1
KaK/JIOW CTYIIEHH WM UHTEPBAJIA UCITONIb3YETCA CBOS
YHHKAJIbHAA CUTHATYPA, YTO MO3BOJIAET UCKJIIOYHTD
OHIMOKH IPU UHTEPIPETAINYU U OTBEYAET COBPEMEHHBIM
TpedosaHusaM MIPI], BkiarogatromeM 30 u 6oj1ee CTainui.

Pa3mr4HbIE TUITBI 1 KOMOMHAIIUH MAPKEPOB-PENIOPTEPOB
pa3MepPOM B HECKOJIBKO MUKPOH BBOAATCA B IIOJIMMEPHOE
MOKPBITHUE MPOIIAHTA, TOCTENEHHO PA3PYLIAOIIEEC [IPU
KOHTAKTE C HE(PTHIO U BOJIOH. MapKHUPOBAHHBIH IPONITAHT
JO6ABJIAIOT K OCHOBHOM MaCCE OOBIYHOI'O IPONITAHTA U
3AKAYMBAIOT KAK PACKJIMHUBAION AL
MATEPHAJI B IUTACT IIPU TUAPOPA3PHIBE
I1acTa. B mociaeayommun
JJIUTEJIbHBIN, HE MEHEE I'O/14,
IIEPHOJ, BDEMEHU ITPOUCXOIUT
IIOCTENEHHOE BLIMBIBAHUE
MapPKEPOB-PENIOPTEPOB BOJOU U
HEMPTBIO ¥ UX TPAHCTIOPTUPOBAHUE
ITIOTOKOM IIACTOBOIO (pr1onza Ha
IIOBEPXHOCTD. MapKEPBI-PENTOPTEPDI
BBIZIEJIAIOTCA U B YITIEBOJAOPOIHYIO
U B BOAHYIO (DA3bI INIACTOBOI'O
dirona. DHEPrur MapKEPOB
HEOCTATOYHO JIJIs IIOCIEAYIOIIETO
IepexX0/1a U3 OAHOU (Pa3bl B IPYI'YIO
JIA3KeE IIPU YCJIOBUSX JTUTEIBHOTO
neHTprudyruposanud ¢ 3000
060pOTOB B MUHYTY. MapKephlI-
pEnopTeEPHI HE TPEOAOIEBAIOT
I'PaHMLBI pa3jena a3 u
COXPAHAIOTCA B KAXKJIOU «CBOET»

GeoSplit
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centrifugation at 3000 rpm.

Separated hydrocarbon and aqueous phases are
further analysed in automatic mode and real time
using a flow cytometer and especially designed
computer equipment.

The flow cytometer suspends micro-particles in
a stream of fluid and are passed by an electronic
detection apparatus. The process allows
simultaneous multiparametric analysis of the
physical and chemical characteristics of particles
including fluorescently-labelled marker-reporters.

Initially, a hydrodynamic focusing system is
used in the microcapillary system, where due to
the pressure difference between the sample and
the flowing fluid, the marker-reporters are passed
through the laminar flow of liquid one by one via
the flow cell. Then, the particles are irradiated in
the liquid with laser radiation and subsequently
light scattering and fluorescence signals were
recorded from each quantum dot in the marker-
reporters.

With the aid of a flow cytometer, the parameters
of particles in the liquid being analyzed are
recorded in order to determine the qualitative and
quantitative compositions of the marker-reporters.
The flow cytometer records two (2) types of light
scattering: direct (small-angle) and lateral.

The direct light scattering detector is located
along the laser beam behind the flow cell and
records the laser radiation, which is scattered
at angles of 2—19 degrees. The intensity of light
scattered at a small angle is proportional to the size
of the particle. Larger particles scatter light more
strongly than small ones.

The internal contents of the particles are
optically non-uniform. The laser beam, passing
through the particle, is repeatedly refracted and
scattered in all directions. Registration of this
radiation allows us to judge the shape, size and
internal structure of the particle.

ANOMOCHNUKATHBIR
KEpaMuYyecKkHd NponnanT

BOOO-HedTe
NOMHMEPHOE
CM

EBAHTOBLIE
MapKEPEI-PENOPTEPS

Pucynox 7 — Cxema 3epHa MapKupPoeannozo nponnanma

Figure 7 — Proppant GeoSplit with marker-reportes embedded
to polymer coating



(paze CKOIb YrofHO AOTO. TAKMM 06pa30M, Kaxast U3 (pa3
IJIACTOBOT'O (DIIIOU]A HAJIESKHO OOECTIEUUBACTCS CBOCH
THOPIIMEN UHIUKATOPOB.

ITpO6BI CKBAXKMHHOT'O (DIION/]A, B3ATHIE HA YCTHE
CKBA>KHHBI, TIPOXOAAT TAI NPOOONOATOTOBKH,
BKJIIOYAIOLIEN B CEOS PA3JETIEHUE YIVIEBOJOPOJHON U
BOIHOH (pa3 MJIACTOBOT'O (PITIOM/1A COTTIACHO METOLY,
n3noxeHHOMy B ASTM 40006 «Standard Test Method for
Water in Crude Oil by Distillation», ¢ ucrnonbzoBanuem
JIE3MYIIBIATOPA U IEHTPUMYrUpOBaHUsL. [Janee
pasiesIEHHbIE YITIEBOJAOPOAHAS U BOAHAS (PA3BI IPOO
AHAJIU3UPYIOTCA B ABTOMATUYECKOM PEKUME METOAOM
NPOTOYHOM IIUTOMETPHUH C IIOMOIIBIO IPOIPAMMHO-
AMIMapaTHOrO KOMILIEKCA «[eoCmnT». METO OCHOBAH HA
UCCIEAOBAHNHU TUCIIEPCHBIX CPEJ] B PEKUME MOIITYYHOI'O
4HAJIN32 JIEMEHTOB JTUCIIEPCHON (Pa3bI IO CUTHAIAM
CBETOpaccessHUA U (PIIyopeCieHIINU (pUC. 8).

IlepBOHAYAJIBHO HCHOJIB3YETCS CUCTEMA
TUIPOJAUHAMHUYECKOIN (DOKYCUPOBKH B
MMKDPOKAITHUJIIAPHOU CUCTEME, I7IE 34 CUET PA3HOCTHU
JIABJIEHUI MEX/Ty OOPA31I0M M OOTEKAIOMIEH JKUTKOCTBIO
06ECTIEUNBAETCA MTPOXOKIEHHUE MAPKEPOB B JITAMUHAPHOM
TMOTOKE YKUJIKOCTH ITOOAMHOYKE I10 ITPOTOYHON TIEUKE.
Jasee nporucxoasT OOIYYEHHE YACTHI] B )KUJJKOCTH
JIA3€PHBIM U3JIYYEHHUEM U PETUCTPALINA CUTHAJIOB
CBETOPACCETHUA U (PIIYOPECLIEHIIUU OT KAXKJION
KBAHTOBOI TOYKHU HJIM UX KOMOHMHAIIUH B MAPKEPAX-
penoprepax.

IIpu HOMOILIU IPOTOYHOI'O IIUTOMETPA
PErUCTPUPYIOTCS MAPAMETPBI YACTULL B UCCIIEAYEMOL
SKHJIKOCTU C LEJIBIO BBIJIEJIEHUSI KAYECTBEHHOI'O U
KOJIMYECTBEHHOI'O COCTABA MAPKEPOB. [ IpOTOYHBIN
LUTOMETP PETUCTPUPYET ABA TUIIA CBETOPACCESHUSL:
IPsSIMOE (MAJIOYIJTIOBOE) U OOKOBOE (pHC. 9).

JEeTEKTOP NPAMOIO CBETOPACCESIHUS PACTIONATACTCS
10 XOZY JIA3E€PHOI'0 JIy4d 34 IIPOTOYHOM AYENKOI 1
PErUCTPUPYET U3TYYEHHE JIA3EPA, KOTOPOE PACCEUBACTCS
oJ1 yriiaMu 2—19 rpaaycoB. UHTEHCHBHOCTB PACCESTHHOTI'O
I10/1 MAJIBIM YIJIOM CBETA IPONOPIIMOHAIBHA PA3MEPY
4acTULbL bosiee KpyIHbIE YaCTULLBI PACCEUBAIOT CBET
CHUJIBHEE MEJIKUX. BHYTpEHHEE COAEPKUMOE YACTUL]
OIITUYECKH HEOJHOPOAHO. JIyd s1a3epa, IPOXO/is1 CKBO3b
YACTULY, MHOI'OKPATHO OTPAXKACTCS, IIPEJIOMIISIETCS 1
PACCENBACTCS B PA3HBIX HAIIPABICHUAX. PEructpanus
3TOTO U3YUEHUS ITO3BOJISET CYAUTD O (hOPME, pa3Mepax
1 BHYTPEHHEM CTPOCHHH YACTHIIBL.

B pesynbTare paboThl IPOTOYHOTO ITUTOMETPA
PETUCTPUPYIOTCSA COOBITUS, TPECTABIAIONINE
COBOM OIITUYECKUE HEOTHOPOAHOCTHU B OIITUYECKU
OIHOPO/IHOM MO/IBIKHOI (paze (puc. 10). Tak Kak
HCTIOIB3YEMBIE OITTHYECKUE METKH UMEIOT XAPAKTEPHOE
«CBEUYECHME» KAXK/1A51 B CBOCH CIIEKTPAJIbHOM OOJIACTH,
HCTIOIB3YEMOE HAMH ITPOIPAMMHOE OO6ECTICYEHUE
MTO3BOJISACT OTACIUTD KAK/AYIO U3 UCTIOIb3YEMBIX
JUIS QHAJIN3A CUTHATYP CPEAH OOJIBIIIOTO MHOMXKECTBA
«COOBITUI», PETUCTPUPYEMBIX TPOTOYHBIM IITUTOMETPOM.
HHTeprnpeTanys U WACHTU(PUKAITUA KAXK/I0M CUTHATYPEI
OCHOBBIBA€TCS HA CAEAYIOMINX MOJIOKEHUSX.

KBaHTOBBIE TOUKU B MAPKEPHI BBOJSATCS KAK B
WH/IUBU/TYaJIbHOM BH/IE, TAK U B BU/IE PA3TMYHBIX
KOMOHHaLMHI. Kpome TOro, nepeMeHHON BEJIMYHHONU
SIBJISIETCSI HE TOJIBKO X KOMOMHAIIM S, HO U PA3/INYHAS

As a result of the flow cytometer operation, "events"
that are optical inhomogeneities in an optically
homogeneous mobile phase are recorded. Since the
optical markers used have a characteristic "glow",
each in its spectral region at a fixed wavelength,
the software register each of the signatures used
for analysis among a large number of "events", were
recorded by the flow cytometer. Quantum dots
in markers-reporters are entered individually as
well as in various combinations. In addition, the
variable is not only their combination but also their
different concentrations. Thus, using three (3)
different quantum dots in various combinations by
optical characteristics, as well as two (2) different
concentrations (high and low), a large number of
different optical signatures is created. Each marker-
reporter signature corresponds to the specific region
of the spectral space, which does not intersect the
specific regions of other combinations of quantum
dots. The software used for optical identification of
each signature isolates the specific area of the spectral
space (3D image) and count the registered "events"
in each area. The definition of the specific regions
described above is based on the data of laboratory

Pucynok 8 - Keanmoeste mouxu,

dayopecuyupyrouwsue npu.aaieprom oonyuenuu

Figure 8 — Colloidal quantum dots irradiated

with a laser light. Different-sized quantum dots
emit light of varying colours due to quantum
confinement

Pucynok9 - IIpamoe u 60xo80e
ceemopaccesnnue Hacmuybl

Figure 9 — Direct and lateral light scattering

experiments modelling each signature separately,

as well as their numerous combinations. The data
obtained is interpreted by a software and is visualized
in the form of zones inflow charts along the stages of
fracturing which shows accumulated oil and water
production in each interval.

The raw data from flow cytometer is interpreted by
software and visualized in the form of inflow charts
per each fracturing stage. The chart shows change
the inflow in time as well as depicts accumulated oil
and water production rates in each stage. An example
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Pucynox 10 — Cxema padomusL npomounozo yuumomempa

Figure 10 - Flow chart of the flow cytometer

KOHILIEHTPaus. TakuM 06pa3oM, UCIIONb3Ys TPU PA3HBIE
10 ONITUYECKUM XAPAKTEPHUCTHUKAM KBAHTOBBIE TOUKH B
Pa3/INYHBIX KOMOWHAIIUSAX, 4 TAKXKE IBE PA3JIMYHBIC UX
KOHIEHTPAIUH (BLICOKYIO U HU3KYIO), MOJKHO ITOJIyYUTh
OOMNBIIOE KOTMYECTBO PA3IUYHBIX 10 ONTUYECKUM
CBOUCTBAM CUT'HATYP.

OCOBEHHOCTAMU IUTOMETPUUECKOT'O METOA
UCCIENOBAHMS B TPACCEPHOU TEXHOIOTUH SIBJISIETCS TO,
4TO PETUCTPUPYETCS KOTMYECTBO MAPKEPOB KAXK/IOTO
KO/1a B 3aBUCUMOCTH OT UHTEHCUBHOCTH UX U3Ty4EHUS HA
(PUKCHPOBAHHOM! JUIMHE BOJIHEL

Kaxxo¥ curHarype Mapkepa COOTBETCTBYET
XAPAKTEPUCTUYECKAA OOIACTb CIEKTPAIBHOTO
IIPOCTPAHCTBA, KOTOPAs HE [IEPECEKAETCS C
XAPAKTEPUCTUUYECKUMHU OOIACTAMU APYTUX KOMOMHAITUAT
KBAaHTOBBIX TOUYEK. [IpOrpaMMHOE O6ECTIEUEHHE,
MNPUMEHAEMOE JIJI1 ONTUYECKON NAEHTU(PUKAIINN KA3KIOTO
KO/13, MO3BOJIAET BBIJIETTUTD UX XAPAKTEPUCTUYECKYIO
06JIACTD CMIEKTPATIBHOTIO IIPOCTPAHCTBA (3D-M300pa’KEHE)
U IIPOU3BECTH MOJCUYET 3aPETUCTPUPOBAHHBIX «COOBITHIT»
B KK/JJOU TAKOW 061acTh. ONpE/Ie/ICHUE OITMCAHHBIX BBIIIE
XAPAKTEPUCTUUYECKUX OOIACTEU IPOBOJUTCA HA OCHOBE
JIAHHBIX JJAOOPATOPHBIX IKCIIEPUMEHTOB, MOJEIUPYIOMUX
KK/JIYIO CUTHATYPY B OTAEIBHOCTH, 4 TAKKE UX
MHOTOYHCJIEHHBIE COYETAHUSL.

INonmy4eHHBIE JAHHBIE MHTEPHPETUPYIOTCSA C HOMOIIIBIO
MPOrPAMMHOIO O6ECIIEUEHNS Y BU3YATU3UPYIOTCA B
BHJIE T'PA(PUKOB IPUTOKA MO cTyneHsaM I'PIT BO Bpemenu

44 Ne 3 (061) Centsiops/September 2017

of the visualization of the inflow profiles after a
6-stage hydraulic fracturing in a gas condensate
well, conducted in 2015, is shown in Figure 11. In
this case, the marker diagnostics did not register
production from the first three ports. Analysis
of three samples didn't record markers with
signatures Nel, Ne2 and Ne3. As it was explained
by customer later, the completion was partially
blocked by a stuck ceramic ball. After Coiled
Tubing milling operation the ball was eliminated
from wellbore and stages Nel, Ne2 and Ne3
contributed to production.

FIELD IMPLEMENTATION ASPECTS

Together with the customer, the key job
parameters are defined: the required number
of signatures of the marker-reporters, proppant
fraction to be used in fracturing operation and
the schedule to obtain samples of formation
fluid after fracturing. The production cycle
takes 30 days, including the purchase of ceramic
proppant, applying polymer coating with
markers and exit inspection procedures. Further
proppant is delivered to the customer's wellsite.
In prior multistage fracturing operation, the field
supervisor performs field quality control, which
includes the acceptance of proppant at the site,
validation of quality certificates and product
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Pucynox 11 - IIpumep eu3yarudavuu npogpuneii npumoros
Figure 11 — Example of marker-based production logging

U HAKOIUJICHHBIX JICOUTAX IO HE(DTU U BOJE B KAXK/IOH U3
cryneHen. IIpumep BU3yamnu3auu Npogpuiet NpUTOKOB
nocJie 6-craguitHoro MI'PIT Ha ra30KOHEHCATHOM
CKBa’KHHE, [IPOBEACHHOIO B 2015 roay, IpeAcTaBieH

Ha pucC. 11. B 1aHHOM Cj1y4ae MapKEPHAA JUATHOCTUKA
HE 32PETUCTPUPOBAIIA PAO6OTY HEPBBIX TPEX IOPTOB

MO PE3YABTATAM OTOOPA NEPBBIX TPeX NP06. Kak 661110
BBISICHEHO IO3XE, BO BpeMs oneparinu MI'PIT mpousonira
MEXAHHUUYECKASI OJTOKMPOBKA BHYTPEHHETO CEYEHUS
KOMITOHOBKH 34CTPSABIINM IIAPOM, IIOCJIE PA30yPUBAHUA
KOTOPOTO CTyrneH! Nel, 2 1 3 BKIIIOYHWINCD B PAOOTY.

OITMCAHMUME ITPOIEAYPBI IIPUMEHEHU A
MAPKHUPOBAHHOI'O ITPOIIITAHTA

COBMECTHO C 3dK434YHKOM OIPEJEIAETCI HEOOXOANMOE
KOJIMYECTBO CUTHATYP MAPKEPOB, Tpebyemast (PpaKLIUs
IPONIaHTa U rpauk oT60pa IpoO. [IpOM3BOCTBEHHBIN
IUKJI 3aHuMaeT 30 JHEN, B TEUEHHUE KOTOPBIX
MPOU3BOJUTCA 3aKYTIKA KEPAMHUYECKOT'O IPOIMIIAHTA Y
MPOU3BOJUTEISA, HAHOCUTCS OJIMMEPHOE MOKPBITHE C
MapKEPAMHU U OCYLIECTBIAIOTCS MIPOLIEYPhI BBIXOHOTO
KOHTPOJIS KA4ECTBA. [lajsiee IPOMITAHT JOCTABIAECTCA HA
MECTOPOXAEHME 3aKa3uuKa. [Ipu npoussoacrse MIPII
MOJIEBOU NIPEACTABUTEIIb KOMITAHUH — ITIOCTABIIHKA
YCIYT TPACCEPHOI'O MOHUTOPHHI'A ITIPOU3BOAMT IOJIEBOH
KOHTPOJIb Ka4E€CTBA, BKJIIOYAIOIINUNA ITPUEMKY ITPOIIIAHTA
Ha MECTOPOXJIEHUU, TIPENBABIIEHNE CEPTUMDHUKATOB
KA4eCTBA U UCIIBITAHUI TPOAYKIIUH, ¥ HETOCPEJCTBEHHO

tests. During the operation, field representative
ensures the correspondence of the signatures
with the assigned fracturing stage, take arbitration
samples of the marked proppant, verifies the
implementation of the approved work plan and
track possible deviations from the job program.
After the fracturing, customer representatives
take samples of formation fluid at the wellsite
according to the approved schedule and correctly
label them for subsequent identification. Upon
completion of the sample package stipulated

by the contract, the company — provider of the
quantum dot marker services organises sample
delivery to its laboratory. Samples are opened in
the presence of the customer's representative at
the same time preparing the acceptance certificate
to prevent any discrepancies with the arbitration
tests (stored by the customer within 1 year).
Interpretation and generation of production
logging report is within two (2) weeks upon
which the report is delivered to the customer.

CONCLUSION

Qualitative and quantitative analysis of quantum
dot marker-reporters in samples of formation fluid
allows making informed conclusions about the
performance of productive intervals of horizontal
well. Application of the technology in the fields

Ne 3 (061) Centsiops/September 2017 45

TECHNOLOGIES




<
S
S
—
S
3
T
>
83
=

BO BpeMs onepauuu I'PIT — coorseTcrBUe
UCIIOIBb3YEMBIX CUTHATYP C HOMEPAMU CTYIICHEL,
OTO0P APOUTPAKHBIX TPOO MAPKHUPOBAHHOTO
MOPOIMIAHTA, 4 TAKXKE YIOCTOBEPSETCS B BBIIOJIHEHUU
YTBEPXKAEHHOT'O INIAHA PA6OT U JOKYMEHTUPYET
BO3MOKHBIE OTKJIOHEHUSL.

Janee npeACcTaBUTENIN 3AKA34YUKA OTOUPAIOT
POOBI IIJIACTOBOT'O (DIIIOU/]A HA MECTOPOKICHUN
B COOTBETCTBHH C YTBEPKJECHHBIM I'PA(PUKOM U
KOPPEKTHO MAapPKUPYIOT OTOOPAHHBIE TPOOHI JJIs
HoCHeAyIomen uaeHTuduKanum. I1o 3asepueHumn
KOMIUIEKTAIIUH IPENYCMOTPEHHOT'O IOTOBOPOM
MaKeTa MPOO KOMITAHUS, IPEAOCTABIIAIONIAS
YCIYTU TPACCEPHOIO MOHUTOPHHIA TPOpHIIEH
MIPUTOKOB CKBAKHUH, OPTAHU30BBIBAET UX JOCTABKY
B JIAOOPATOPHIO. IIPpOOEI BCKPBIBAIOT B IPUCYTCTBUH
NPEACTABUTEIA 3AKA34HKA C COCTABJIEHUEM AKTa
CIAYU-TIPUEMKH IS TPEIOTBPALICHUS PA3HOYTCHU
C apOUTPAKHBIMU IPOOAMU (XPAHATCS 3AKA3YUKOM
B TedeHHe 1 rofa). OTyeT no NpoduIaM NPUTOKOB
CKBaKHMHBI HAIIPABJISIETCS 3AKA34YUKY B TEUCHUE JIBYX
HEJIEID.

SAK/IIOYEHHE
IIpuMeHeHue TeXHOIOruU Geosplit Ha

MECTOPOXKJIECHUAX BEAYITNX POCCUICKUX

JOGBIBAIOIMUX KOMITaHUI B 2016—-2017 rogax

MOKA432aJI0, YTO MO CPABHEHHUIO CO CITYCKOM

WHCTPYMEHTOB B CKBA’KMHY C IIOMOIIBIO KAPOTAXKHOT'O

ob6opynosanus 1 'HKT a5 3anucy JaHHBIX IO

pacxonaM 1 TeYeHUIO (Pa3 IIaCTOBOIO (PIIOH/IA TIO

BCEMY CTBOJTY CKBA’KMHBI TPACCEPHBIA MOHUTOPHUHT

06121A€T CIEAYIOMUMHI IPEUMYIIECTBAMU:

- paboTa B TEYEHUE JUINTEJIBHOI'O BDEMEHU C
(HOPMUPOBAHUEM JUHAMHUYHOM KAPTHUHBI
MIPOU3BOJUTEIBHOCTU KAXKA0T'O U3 UHTEPBAJIOB
CKBA’KHHBI, B OTJINYHE OT OTHOPA30BOM
KapOTa’KHOM OIlepaLiy,

- 3HAYMTEJIBHO OOJIEE HU3KAS PECYPCOEMKOCTD U
CTOMUMOCTD UCCIICJOBAHUL;

- yBEpPEHHAA pabOoTa B yCJIOBUAX, KOT[A
TPaJULIMOHHBIE BHYTPHUCKBA>KUHHBIE KAPOTAKHBIE
OIlePALX HEBO3MOKHBI MJIN OCJIOKHEHBI.
TexXHOIOTrUsI MOHUTOPHHTA IIPOMPUIICH IPUTOKOB

CKBA’KHH C UCTIOJIb30BAHUEM KBAHTOBBIX MAPKEPOB

TO3BOJIAET PEMATD PAJ] BAKHBIX 32/1a4, HAIIPUMED:

- OLIEHKA IPOQuiIsi IPUTOKA CKBAXKUHEBI Tocsie MI'PTT;

- OLICHKA pa0OThI KAXKJIOU CTYIIEHH 110 BOJE U HEPTH;

- ONTUMU3ALUA TEXHUYECKUX PEIIEHUH 1O
33KAYMBAHMIO CKBAKUH HA PAHHUX CTAIUAX
Pa3pabOTKU MECTOPOKACHU,

- AHAJIU3 NOTEHIMAJILHOI'O JOITOCPOYHOI'O
U3BJICYEHUA (DIIION/1A;

- HOJIyYeHHE UHMOPMALIUH JJ1 AHAJIN3A B3AMMHOT'O
BJIMAHUSA COCETHUX CKBAKUH. ©

of the leading Russian oil and gas companies in
2016-2017 showed the following benefits:

- The possibility of monitoring inflows for a long
period of time, in contrast to a one-time logging
operation;

A significantly lower resource intensity and cost;
Confidence in conditions when the traditional
downhole logging operations are complicated.
Quantum dot marker technology allows solving
a number of problems, such as:

- Post fracturing inflow profile evaluation
extended in time;

Assessment of each production interval in
regards to water and oil production;
Optimization of technical solutions for

well completions in the early stages of field
development, such as number of ports;

Analysis of hydrocarbon extraction ratio;
Detailed information in the analysis of mutual
influence of neighbouring wells in the oilfield. ®

JINTEPATYPA/REFERENCES

1. SPE 120591, Horizontal Well Production Logging
Deployment and Measurement Techniques for US Land
Shale Hydrocarbon Plays, Duncan Heddleston, SPE, Recon
International, 2009.

2. "Production logging in horizontal wells under
condition of low unstable inflow”, Kolesnikova A.A.,
Kremenetsky M.1., Ipatov A.l., Kovalenko I.V., Komarov V.S.,
Nemirovich G.M., Oil Industry Magazin, 2016.

3. CDU TEK, Central Dispatching Department of Fuel Energy
Complex, Completed wells in horizontal drilling, 2017.

4. Rudnitsky S.V., Ananenko S.A., Kravets V.A., Market
research report “The production logging and multistage
hydraulic fracturing market in Russia”. RPI Eastern
Europe, 2017.

5. CDU TEK, Central Dispatching Department of Fuel Energy
Complex, Hydraulic Fracturing, 2017.

6. CDU TEK, Central Dispatching Department of Fuel Energy
Complex, Completed wells in producing drilling, 2017.

7. "Keeping Producing Wells Healthy”, Akhnoukh R.,
Leighton J., Bigno Y., Schlumberger Oilfield Review
Magazin, 1999, Volume: 11, 30-48. SPWL-2005-A,
Overview Of High-Angle And Horizontal Well Formation
Evaluation: Issues, Learnings, And Future, Society of
Petrophysicists and Well-Log Analysts, 2005.

9. Gurianov A.V.,, Katashov A.U., Ovchinnikov K.N.
“Production logging using quantum dot tracers”, Coiled
Tubing Times, Volume 60, 40-49.

10. Kawasaki et al. Nanotechnology, nanomedicine, and
the development of new, effective therapies for cancer.
Nanomedicine: Nanotechnology, Biology, and Medicine.
2005; Volum 1, 101-109

11. Alivisatos, et al. Quantum dots as cellular probes.

Annu. Rev. Biomed. Eng. 2005, 55-76.

12. "Quantum size effect in the optical-spectra of
semiconductor micro-crystals", Ekimov A.l.,
Onushchenko A.A., Soviet Physics: Semiconductors,

1982, 775-778.

13. Gao et al. Invivo molecular and cellular imaging with
quantum dots. Current opinion in biotechnology. 2005,
63-72.

He 3a6yabTe othopMuTb NOANMCKY HA XXYPHAN

«Bpema konTioGuHra»!
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