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BBEJEHHE

OIHMM 13 XaPAKTEPHBIX TPEHOB ITOCJIEJHUX JIET
B POCCUHICKOU HE(PTETA30BOH OTPACIIU SBISCTCS
YBEJIMYEHHE JJOOBIYH YITIEBOAOPOAOB C ITOMOLIBIO
yBeJIMYeEHN (POH/A TOPU3OHTAIBHBIX CKBAKHH,
CTUMY/JIUPOBAHHBIX C IIOMOIIBIO MHOI'OCTAAUUHOTO
ruapopaspsiba iacta (MIPID). ITpu obeM pocte o6beMa
OypEHUA TOPUZOHTAIBHBIX CKBAXKIH, YBEJIMYEHU A JIJIUHEI
TOPU30OHTAIBHBIX CTBOJIOB M KOJIMYECTBA cTynener MI'PIT
J06bIYa HEPTHU YACTO HE COOTBETCTBYET IIPOCKTHOMY
YPOBHIO U OJIHOM U3 BAXKHEHIIINX 33/1a4 PA3PAOOTKHU
MECTOPOXKJEHUA CTAHOBUTCA IIOJYYEHHUE HANOOIEE
ITOJIHOM NH(POPMALIUH 11O IIPUTOKAM ITPOAYKTHBHBIX
WHTEPBAJIOB CKBAYKHH.

IIposeneHne U THTEPIIPETALIMSA PE3YIBTATOB
reo(pU3NIECKUX UCCIIEJOBAHUIL, XOPOIIIO
3aPEKOMEH/IOBABIIMX CEOA B BEPTUKAIBHBIX CTBOJIAX,

B FOPU30HTAJIbHBIX CKBAKUHAX OCJIOKHEHDI
MHOT'O(Pa3HOCTBIO TOTOKA, U3MEHECHUSIMH CKOPOCTHU
Te4yeHUs (PIIoNJA B CTBOJIE, HUIMYHUEM BOCXOSANINX 1
HUCXOJAIINX YIACTKOB TPACKTOPHUU T'OPUZOHTAIBHOIO
y4acTKa cTBosa [1]. IIpAMOoi nepeHoC TEXHOIOI U
NIPOBEJEHM A UCCIIEJOBAHNUH U AJITOPUTMOB
MHTEPIIPETALINU C BEDTHUKAJIBHBIX CKBAKUH HA
TOPU3OHTAJIBHBIE IPUBOAUT K OITHOOYHBIM 33K/IIOYCHUSIM
[2]. TTpr nccnenoBaHUU IPOAYKTUBHBIX TOPU3OHTOB
TOPU30HTA IPOBOJUTCS YCTAHOBJICHUE OTAAIOMINX

WHTEPBAJIOB, COCTAB MOCTYIIAIONIUX (DIIIOM/IOB U UX JIEOUTHL

Onpepenenue Npo@QUICH IPUTOKA B SKCILTYATALVOHHBIX
CKBAKUHAX SIBJISIETCS OCHOBOM JIJIs1 IPUHSTUS
TEXHUYECKUX PEMIEHUI 10 MAKCUMAJIBHO 3(P(PEKTUBHON
Pa3paboTKE MECTOPOXKACHUM HEPTU 1 I'a33, ONTUMU3ALINU
PpELIEHNI 10 3aKAYHMBAHUIO CKBAXKUHBI UJIA IIPOBEACHUIO
paboT N0 KAIUTAIBLHOMY PEMOHTY.

J10 HETABHETO BPEMEHU HE CYIIECTBOBAJIO AJIBTEPHATHBbI
BHYTPUCKBAKUHHBIM KAPOTAKHBIM OIIEPAITHSIM, YTOOBI
OIPENETIUTb MECTA IPHUTOKA BOJIBI B TOPU30HTAJIBHBIX
CTBOJIAX, IPOBECTH MOHUTOPUHT BHK miu nposectu
OLICHKY MEPOMPUATUI IO MOBBIIMIEHUIO HE(PTEOTAAUU
m1acta. KaporaxHas onepanus B TOPU30HTATIbHOM
CKBAKUHE ABJISETCA OTHOCUTEIBHO JOPOTOCTOAIEH
MPOLIEYPOH, TPEOYIOMIEH IPHUMEHEHUS CEPBUCA THOKUX
HACOCHO-KOMIIpecCOpHbIX TPyO (T'HKT) mu 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



OCyIEeCTBUMOCTD U YCIENTHOCTD ONEPALINUH 3ABUCUT OT
CE30HHOU AOCTYIHOCTH CAMOM CKBAKUHBDI, CJIOKHOCTU
(pOpPMBI 1 HHTEHCHBHOCTH HA60Pa KPHUBU3HBI HA YYACTKAX
U MECT U3MEHEHM BHYTPEHHUX JUAMETPOB OOCATHON
KOJIOHHBL

JlaHHas CTATBA COAEPKUT O030p NEPCIIEKTUB U
NOTPEGHOCTH UHAYCTPUH B AJITEPHATUBHBIX METOAX
UCCIENOBAHUN CKBAKUH — MAPKEPHOU IMATHOCTUKU U
MOHHUTOPHHTIA IPOMUIIEL IPUTOKOB TOPU3OHTAIBHBIX
CKBAKHMH. TaKoKe IIPUBOJUTCA OITUCAHUE OAHOTIO U3
Hanb0JIeE NEPEJOBLIX METOIOB MOHUTOPHUHI'A C IIOMOIIBIO
KBAHTOBBIX MAPKEPOB-PENOPTEPOB, ITO3BOIAIOMIETO
COKPATUTDb KOJTMYECTBO BHYTPUCKBAKMHHBIX OIIEPALIUIL,
CHHU3UTDH CTOMMOCTD U ABAPUITHOCTD UCCIIEJOBAHUN
CKBA’KHH, 4 TAKXKE PEAIN30BATH (DYHKIIMIO ITOTYyYEHUA
JIAHHBIX I10 pA0OTE UHTEPBAJIOB CKBAXKUHBI B TCUCHIE
JUIMTENBHOI'O IIEPHO/A BPDEMEHI.

JPAVIBEPBI PBIHKA

B Poccum HaunHas ¢ 2010 roga OTMEYAETCA YCTONYUBBIN
POCT AOJIH TOPHU3OHTAIIBHOI'O OYPEHMS B OOILIEM OObEME
3KCIUIYATALMOHHON IMPOXOJKH, YTO CBUJETEILCTBYET O

KAQYE€CTBCHHBIX UBMCHCHMUAX B TCXHOJIOTMYCCKHUX ITOAXOaaX

JOOBIBAIONTNX KOMITAHHI.

Kaxk nmokaspiBaeT MHPOBOM OIIBIT, TOPU3OHTA/IbHbIC
CKBaKHMHBI UMECIOT ICOUTHI B CPEJHEM B 3—8 Pa3 BBILIIE,
4eM BEPTHUKAJIBHBIE CKBA’KMHBI, BCKPBIBAIOITNE O/IUH
Y TOT K€ NMPOAYKTUBHBIN ILIACT. Pacmupenue (ponaa
TFOPHU30HTAIBHBIX CKBA’KMH ITO3BOJISIET COKPATUTH
OIIEPAIOHHBIE 32TPATHI U B 11€JIOM OIITUMU3UPOBATH
CETKY JOOBIBAIOIMINX CKBAXKUH. DKOHOMUYECKUU 3(PPEKT
SIBJIICTCS IPANBEPOM JIJISI YBEJIMUEHUS JOCTYITHOCTH
TEXHOJIOI'UH TOPUZOHTAIBHOT'O OYPEHUSI HA POCCHICKOM
PBIHKE, CIIOCOHCTBYET YCOBEPIICHCTBOBAHUIO YPOBHS
COIIPOBOXK/IEHHS ONIEPALIMI 1, KAK CJIEJICTBUE, — POCTY
KOHKYPEHIIMHU HA PBIHKE IIPEIOCTABICHUS YCIYT.

C ygeToM 3TuX (HaxTopoB 110 nroram 2016 roga
TOPHU30HTAJIBHOE OyPEHUE TOCTUIIIO 10U 34,9% OT BCETO
3KCIUIYaTAITHOHHOrO OypeHus B Poccun. Kak MokazaHo
Ha puc. 1 1 2, 06111e€ KOIMYECTBO FTOPU3OHTAIBHBIX
CKBA)KHH, BBEJICHHBIX B 9KCIUTyaTaIluio B Poccuu Ha 2016
rof, JOCTUIVIO 2457 eUHULL, YBEJIMYUBIINCD 34 I'OJ HA
26,8% [4]. B IpOIIEHTHOM COOTHOIIEHUH KOTUYECTBO
T'OPU3OHTAIBHBIX CKBAKUH JOCTUIIO Joau 30,9 % oT
BCEX KCILTYyaTAIIMOHHBIX CKBAXKHH, 3AKOHYEHHBIX
CTPOUTEIBCTBOM.

Oxujiaercs, 9To B nepcrekruse 2018—2020 rogos 1ois
TFOPU3OHTAIBHOI'O 6YPEHUs JOCTUTHET 46—50%, 4TO
O6YCJIOBIUBAETCS INIAHAMHU MHTEHCUBHOI'O OCBOEHU S
HOBBIX MECTOPOXKIEHUI B BocTounoM Cubupu [3].

B 6iuKkariinei NepCreKTUBE B CBA3U C UCTOIICHHUEM
34I14COB U YXYIIEHUEM I'€OJIOTMUECKUX XAPAKTEPHUCTHK
Pa3pabOTKU HA MHOTMX MECTOPOXKACHUSIX
OTMEUAETCS NAJECHUE IIACTOBOIO IABICHUSA U, KAK
CJIE[ICTBUE, yMEHBIIICHUE 1cOUTOB CKBAXKUH. B CBA3U
C 3THUM JOOBIBAIOIINE KOMIIAHUH OYAyT BEIHYK/IEHbI
OPEAIPHUHUMATD MEPHI /I IOAAECPKAHUS YPOBHS
JIOOBIYU — BBOAUTD B SKCILIyATALIMIO HOBbIE CKBAXKIHBL,
CTUMYJIUPOBAHHBIE C TOMOIIBIO MHOT'OCTAJUUHOTO
ruapopaspsoisa rracta (MIPID).

Komnuectso onepauni MI'PIT pacteT nponopruoOHaaIbHO

YBCIMYCHHIO YN CJIAd BBOAUMBIX TOPU3OHTAJIbHBIX CKBA’KUH

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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JAHHAMHEA $OHJA NOPH3OHTAINBHBIX H HAKTOHHO-HAITPABTEHHBIX CEBAKHH
NUMEBER OF HORIZONTAL AND DEVIATED WELLS
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Pucynox 1- Junamuka KOAuuecmea CKEAMCuUH, 3aKOHUEeHHBLX CIRPOUIeabCnéoMm 6
20PUSOHMANBHOM U HAKIOHHO-HANPAa8IeHHOM Oypenuu 8 Poccuu 6 2006-2026 zodax (paxm
u npozno3g), eounuy. Hcmounux: IITY TOK [3], ananru3 RPI

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

OBBEM IMPOXOTEKH B SKCILTYATAITHOHHOM BYPEHHH
STATISTICS OF PRODUCTION DRILLING
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HaknonRo-HAND3RASHHEE CHBaRMHL | Deviated wells e———Bcero f Total

Pucynox 2 - Junamurxa 00sema npoxooKu 6 IKCNAyamauoOHHom oypenuu 6 Poccuu
6 2006-2026 z00ax (dpaxm u npozno3s), manmempos. Hcmounurk: IITY TAK, 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

U OOKOBBIX TOPHU30HTAIBHBIX CKBAKHH IPAKTUYECKU a one multistage fracturing is operating in 7 stages
BO BCEX JOOBIBAIOINX PErMOHAX. [1006HAs TEH/ICHITUS on horizontal wells and 3 stages on sidetracks.
SIBJISIETCSL CJIEJCTBUEM OTCYTCTBUSI OIPAHUYCHU However, there are few numbers of 20-stage
npumMeHeHuss MI'PIT, Kacaromuxcs TEppUTOprUHN fracturing operations executed by companies such
He(TEra30HOCHBIX IIPOBUHIINH, IPUYEM OKOJIO 90% as "Rosneft" and "Gazpromneft". In 2025-2027
CJIY4Y4€B CTPOUTENBCTBA TOPU3OHTAIBHBIX CKBAKITH perspective, as subject to active development of
COIIPOBOXKIAIOTCS ITpoBeaeHueM MI'PIT ToM nin HHOMU shale oil deposits (Bazhenov Shale stratum), the

36 Ne 3 (061) Cenrsa6pn/September 2017



CTAIUITHOCTH, 3aBUCAIIEN OT JJIMHBI TOPU3OHTAJIBHBIX
CTBOJIOB 1 T€OJIOTMUYECKUX OCOOEHHOCTEN KOHKPETHBIX
TLJIACTOB.

AHaM3UPYyA JaHHbIE KPYITHEUIINX POCCUMCKUX
JOOBIBAIOIUX KOMITAHUEH, B 2016 rofiy CpeTHEeB3BEIEHHOE
KOJTUYECTBO CTaAuIt oneparipit MIPIT cocTaBUIo 6 €TUHHUIIL,
IIpy 3TOM CpenHeE KOJIMYECTBO CTAANI IIPU ONIEPAITUAX HA
I'OPU3OHTAJIBHBIX CKBAXKUHAX U OOKOBBIX TOPU30HTAIBHBIX
CTBOJIAX OTJIMYAIOTCS APYT OT APYT'd: HA TOPU3OHTAJIBHBIX
CKBA)KMHAX B CPEJHEM IIPOBOANTCA 7 CTAJUM 34 ONIEPALIHIO,
Ha OOKOBBIX TOPHU30HTAIBHBIX CTBOIAX — 3—4 CTaJUH.
OTMeYeHBI OTJEIbHBIE CITYYaU BBIITOJTHCHUSI
20-craguiinbix MI'PIT, BBITTOJTHEHHBIE KOMITAHUSIMU
«PocHE(PTH> 1 Ja3mpoM He(DTh». B mepcriekTrse 2025-2027
TOJIOB OKH/IAETCSI aAKTUBHOE OCBOCHHUE 34JICKE CIIaHIICBOM
HeTH, B YACTHOCTH, OTIIOKCHUN OA3KEHOBCKOM CBUTHI,
rae MI'PTI ¢ konyyecTBOM cTaguii B 18—20 equHull 6yayT
IIPUMEHATBCA B KAYECTBE CTAHAAPTHOU MPAKTUKI.

B Hacrosmee BpeMs, COIVIACHO OLICHKAM OTPACIEBbIX
IKCIEPTOB, IPUMEPHO 80% OT BCET'O KOJIMYECTBA OIIECPALINI
MTPIT npuXOAATCs Ha ONEPAIMU C KOJTUYECTBOM CTAUMI B
JUANa3oHe 3—7 eauHul] [5). MeHbas, nopsaka 19%, nomns
npuxoaurcs Ha MI'PIT ¢ unciom craguii 8—13. OcranbHOE —
310 MI'PII € uncsiom craguii ot 14 u Beie (puc. 3).

B manpHeniem, ¢ pOCTOM JJIMHBI TOPU3OHTAIbHBIX
Y4aCTKOB 'OPU3OHTAJIBHBIX CKBAXKUH U OOKOBBIX
I'OPU3OHTAJIBHBIX CTBOJIOB, IIPOU30HIET OTHOCUTEIBHOE
YBEJIMYEHHE KOJIMYECTBA OIEPALIMI B JUAIa30HAX 8—13 1
OT 14 ¥ BBIIIIE CTAU.

Cermenranys poiHka MI'PIT B paspese cragui B
JICHEKHOM BBIPAXKEHUH [IOKA34HA 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,
6]. 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

CEIMEHTAITHA PEIHEA MIPIT
AMULTI STAGE FRACTURING MARKET SEGMENTATION

mmmm 3-7 cragui [3-7 stages

14 » Gonee cTagwi/14 plus stag

4452 4155

8-13 crapgmuit

B erof Total

Pucynox 3 — Cezmenmauvus poinxa MI'PII 6 pa3pe3e cmaduinocmu onepanuii 8 huureckxom

ssipadcenuu, onepavuu. Hcmounuk: anaau3 RPI

Figure 3 — Segmentation of the fracturing market by number of stages. Source: CDU TEK
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TEXHOJIOTMWU

CETMEHTAITHA PRIHKA MIFPII (IIO CTOHMOCTH)
MULTI STAGE FRACTURING MARKET SEGMENTATION (VALUE)
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Pucynorx4 — Cezmenmauvun poina MI'PII 6 pa3pe3e cmaouitnocmu onepauiii 6 0eHeicHom

gvipancenuu, Mapo pyoneii. Hcmounux: anaau3 RPI

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

RPI Eastern Europe

CTUMYIALIA TOPUSOHTAIBHON CKBAKHUHBI C TIOMOIIBbIO
MI'PII aBseTCAa JOPOrOCTOAIIEH OIEPAIEN. YIUTBIBAA
3TOT (PAKT, IPU BBIIOJIHEHNU onepanyuu MI'PIT
NPEAIIONATAETCA OPraHU3ANA BHYTPUCKBAXKUHHOIO
MOHHUTOPHHTA C LEJIBIO BBIACICHUA (PAKTUIECKHU
Pa0OTAIOMNX UHTEPBAJIOB, OIPEJEICHUS COCTABA U 1ICONTA
MOCTYITAIOMIETO (DIIIOK/A U T.JL., IPOBEAEHHUE KOTOPOI'O
34aBHCHUT OT KOJIN4eCTBa cTaguiit MI'PTI, Bujja BEIOpaHHOL
TEXHOJIOI'MH IIPOBEJIEHH A MOHUTOPHHTIA (MEXAHUYECKASA
PacxoaOMETPHUS, MAPKEPHBIE METO/IBI, TEPMOMETPHS),
CJIO’KHOCTH UCIIOJIB3YEMOT'O OOOPYAOBAHUSL, OCOOEHHOCTEN
JIOTUCTHUKU U PsA/IA APYTUX (PAKTOPOB.

AHaIM3UPYA PHIHOK ONIEPAIIUN I10 BHY TPUCKBAXKUHHBIM
UCCJIENOBAHUAM I'OPU3OHTAIBHBIX CKBAXKUH 1tocie MI'PIT,
OTMEYEHO, 4TO B TedeHue 2012-2017 rogoB B (pU3UIECKOM
BBIPA’KEHHUH KOJIMYECTBO ONEPALIAH BBIPOCIO ITOYTH B IATH
pas (puc. 5).

DTO 06YCIIOBIEHO CJIECAYIOMUMU IIPUYUHAMMU:

* POCTOM I'OPU3OHTAIBLHOIO 6ypeHus — 60J1ee 4eM

B 2,5 pa3a 32 3TOT NEPUO/;

* yBEeJIMYEHHEM OObeMa cTpouTenbCcTBa BI'C — B 3,1 pasa

B TeueHue 2012—-2017 royios;

* pacCIIMPEHHEM PAKTUKY NpUuMeHeHus MI'PIT

HA 'OPU3OHTAIBHBIX CKBAKMHAX 1 OOKOBBIX

TOPU3OHTAJIBHBIX CTBOJIAX.

ITo cocrosHuIo Ha 2017 10/, OKOJIO 97% onepanui
monuropunra MI'PI1 femaeTcs ¢ TIOMOIIBIO IPOMBICIIOBO-
reopusndeckux uccnenosanuit (IN'M) — namepenue
[1aPAMETPOB IIPOU3BOAUTCS IIPU ITIOMEIICHUU
KOMILJIEKCA AIIAPATYPhI B CKBAKHHY C IIOCJICAYIOICH
UHTEPIPETANUECH JAHHBIX O TEMIIEPATYPE, JABICHUU U
IIPOYHUX ITAPAMETPAX, KOTOPBIE XAPAKTEPUSYIOT COCTOSHUE
CKBAKHHBL.

AH2J113 IOKA3BIBACT, YTO CTOMMOCTb MOHUTOPHUHI'A
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downbhole tools. Those tools are conveyed
downbhole 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 ITO HCCAEJOBAHHIKD T'OPH3O0HTAJBLHBIX CEKBAXHH
PRODUCTION LOGGING IN HORIZONTAL WELLS

W
.
=]
=
e
e
e
B
=]
e
=]
e
rr
e
=
—_-
-
=
~
=
k-
—1
s
B
s
=
=]

Pucynox 5 — O6sem poinka monumopunza MI'PII 6 hu3uueckom ebipadrcenuu 6 nepuoo
2012-2027 20006 &6 pa3pe3e munoe memooos, onepavuii. Hcmounux: ananu3 RPI.
IIpumeuanue. O066em PoiHKa UIMePAEMCA 6 KOauUecmae onepauuti Ha CKGANCUHAX

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

¢ nomomsio IITY i MI'PII ¢ 3—7 cTaguaMy MOTYT B
CpenHeM JOCTUTATh 48% OT BCEH OCTAIBHOM CTOMMOCTH
paoor, nig 8—13 craauii — 44%, niist MI'PII ¢ 14 cragusaMu
U BbI1IE — 30%. COIMIaCHO JAHHBIM JKCIIEPTOB 32 2017 rof,
croumocTb onepanuu III'N g MI'PII ¢ 3—7 craayuamn
KOJE6IETCS B IUAa3oHe OT 7,6 10 10,5 MitH py6iet, ¢
8—-13 cragusamu ot 15,2 1o 18,2 muH py6iied, ¢ 14 u 6oinee
cragusamu 21,3 — 26,6 MTH pyoiett.

CriennuKa rOpu30HTANIBHBIX CKBAKHH TPEOYET
TAKJKE PELICHUSI TAKUX BOIIPOCOB, KAK CHITHE JJAHHBIX
110 pazaM PIIon/1a IO BCEMY CEYEHUIO CTBOJIA CKBAXKUHBI
YCTAHOBKOM HECKOJIBKUX CIIMHHEPOB Ha Ipu6op I1I'H,
BingHUE 'HKT HAa TOYHOCTH U3MEPEHUS JABJICHUS
U PACXO/0B. 3a494aCTYIO B YCJIOBUSAX TOPU3OHTAJIBHBIX
CKBAKMH CTAHJAPTHAS MEXAHUYECKASI PACXOJOMETPH S
4aCTO CTAHOBUTCS HEMH(POPMATHUBHOM, 4 IIOKA3AHU S
METOJIOB OIIPEACIEHHUS COCTABA OTPAKAIOT B IIEPBYIO
odepeib He paboTy IIJIACTOB, 4 XAPAKTEP 3AII0JTHCHUS
CTBOJIA CKBAXXUH [7]. [IpuMeHEeHNE CTAHJAPTHBIX
KOMILIEKCOB [T ¢ OHOM TYPOHUHON pacxoioMepad,
TPAAULIMOHHO UCIIOIb30BABIINXCS B BEPTUKAJIBHBIX
CKBAKMHAX, IIOKA34J10 C€0s1 HEOIITUMAJIBHBIM PEILICHUEM
JUIS TOPU3OHTAIBHBIX CKBAKUH U IIPHUBO/IUT K OIITHOKAM
UHTEPIIpeTanuu [8]. bosee ycremHoe BeIIOoJIHEHNE
HUCCJIEJOBAHUI MOXKET ObITh OCYILECTBICHO C [IOMOIIBIO
CHELWAIU3UPOBAHHOI'O AIIIAPATYPHOI'O KOMIIJIEKCA,
CIIOCOGHOI'O YBEPEHHO PEIIATH [IOCTABJICHHBIC 34/1a491 B
CKBA)XKHMHAX C MHOI'O(Da3HBIM TEYECHUEM U PACCIIOCHHBIM
MOTOKOM. [OPU3OHTAIBHBIE CKBAXKUHBI HAK/IAbIBAIOT
CEPbE3HBIE OI'PAHUYEHMS HA COITy TCTBYIONINE
METOABI JUATHOCTUPOBAHUS IPUTOKOB, TAKHE KAK
TEPMOMETPUS. DTO OOYCJIOBICHO HEZHAYUTEIbHBIM
U3MEHEHHEM I'€OTEPMUYECKON TEMIIEPATYPHI IO JIJIMHE
TFOPHU30HTAIBHOTO YYACTKA U MEHBIITNMU JICTIPECCUAMU

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
downhole 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 a 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 IUIACT, 9YE€M IIPU UCCIIENOBAHUN BEPTHUKAJIBHBIX
CKBaXUH. B nocneqHue roael B Komiuiekc [TV BBogsTCs
OJIOKU U3MEPEHMS CITEKTPATIBHONU IITYMOMETPUH, C
MOMOIIIBIO KOTOPBIX MOKHO MOJIyYHUThb BOJIHOBYIO

KAPTHUHY AKyCTUYECKOU 3MHUCCUH U BBIJIETTATD CPESHE- U
BBICOKOYACTOTHBIE AaHOMAJINH, CBA3AHHBIE C (DUIBTPALIEA
¢IoM/1a B TPEIMIMHAX U ITOPAX KOJJIEKTOPA. DTU AHOMAJINH
MO3BOJIAIOT OIIPEAEIAT PA6OTAIONIME MHTEPBAJIBI IIJIACTA
Ha (pOHE HU3KOYACTOTHBIX ITOMEX, ACCOLIMUPYIOIMUXCA

C TEYEHUEM IIACTOBOTO (PIIIOU/IA B CTBOJIE CKBAJKHHBL
OJHAKO 3TOT METOZ, TPEOYET HECTAMOHAPHBIX
TEXHOJIOIUM U3MEPEHUHU, ITPELYCMATPUBAIOIINX
MIEPHUOANYECKUE PA3ZHOBPEMEHHBIE U3MEPEHUS B

MIEPHOJ, PE3KOI'O U3MEHEHM COCTABA (PJIION/IA B CTBOJIE,
CBA34HHOI'O C IIPUTOKOM HEINTOCPEACTBEHHO ITOCJIE 3aITyCKA
CKBA’KMHBL KOMIIJIEKC ITPEATIONATAET UCTIONIb30BAHNE
COOPOK CHELNATIBHBIX MOAYJIEH C PACIIPEAEIIEHHBIMH T10
CEYECHUIO CTBOJIA MHOI'OZIATYHUKOBBIMH CUCTEMAMU, 4 TAKXKE
COOTBETCTBYIOIIMNX TEXHOJIOIUN JIOCTABKU IIPUOOPOB

Ha 32600. YCIIO)KHEHHUE KOHCTPYKIIUH KOMIUIEKCOB [TTH
HEN30EKHO CKA3bIBACTCS HA CTOUMOCTH PAbOT.

IIpu yCTAHOBKE B CKBAYKMHE JIEKTPOLIEHTPOOEKHOTO
Hacoca (YOLIH) HeOOXOAMMBI JOIIOJTHUTE/IbHbBIE
MEPOIIPUATUS IIO OOECIICYEHUIO JOCTABKU
reo(pU3UIECKOro O60PYIOBAHM HA 32001 CKBA>KHUHBL.
II1POKO PACIIPOCTPAHEH OAUITACHBIN CIIOCOO OCBOCHUS
C IIOMOIIIBIO TEXHOJIOTUHU Y-tOOl, YTO IIPEAYCMATPUBAET
COBOM UCMOIB30BAHUE OTKJIOHUTES HoABECKU YOLIH Ha
HACOCHO-KOMIIpeCCOPHBIX Tpydax (HKT) B koMIuiekce
€ 6aMIaCHON KOJIOHHOM. DTO MO3BOJIAET CITYCKATh
reousnydeckoe obopynosanue npu nomoniy THKT B
TOPU3OHTAJILHYIO CEKIIUIO CKBAXKUHBI B 06X07, YOLIH.

ITpoBepenue reo(pru3nIeCKux UCCIEJOBAHUN B
CKBA)KMHAX C TOPHU30HTAIBHBIM OKOHYAaHHUEM IIPU
PEAIN3ALMU TEXHOJIOIUHU Y-tOOl 1a€T BO3MOXKXHOCTD
CO3/JaTh YCJIOBU S, MAKCUMAJIBHO IIPHUOJIMKEHHBIC K PEXKUMY
IIPOMBIIIJIEHHON Pa3pabOTKH MECTOPOXK/ICHUS, UTO

TIOJIO’KHUTEJ/IBHO BJIMSACT HA I/IH(pOpMaTI/IBHOCTI) PEC3YyIbTATOB.

OIHAKO 3TA TEXHOIOIUS IPUBOAUT K YOPOKAHUIO
CTOUMOCTH 3aKAaHYUBAHUS CKBAKUHBI HA 20—25%.

INEPCIEKTUBBI IPUMEHEHUA MAPKEPHOM
JUATHOCTHUKHU IPOPUIEN IPUTOKOB
TOPNU30OHTAJIBHBIX CKBAKHWH

TTOMHMO TEXHUUYECKUX OI'DAHUYCHUM, TAKHUX KAK
HEOOXO/IMMOCTDb OCTAHABIUBATH CKBAXKUHY BO MHOTUX
CIIy4asix, IPOBOAUTD UCCICIOBAHNE B UICKYCCTBEHHOM
pexuMe, HEBO3MOXKHOCTD IposeficHuA 1Y g psaga
KOMIIOHOBOK MI'PIT, ciryCcKaeMbl€ B CKBAKMHY KOMILJICKCHI
TII'l HO3BOJIAIOT HOMYYATh TOJIBKO €UHOBPEMEHHYIO
KAPTUHY [IPUTOKOB B CKBAKMHE. OHU HE IIO3BOJIAIOT
BBIIOJIHATh MOHUTOPHHI' B TEYEHUE NTPOJOIKUTETBHOI'O
BPEMEHHU U IIOJIYYATh JUHAMUYECKYIO KADTUHY
PaboThI UHTEPBAJIOB CKBAXKMHBL KpoMe Toro, mpu
BHYTPHUCKBAXKUHHBIX OIEPALUAX CYIIECTBYIOT PUCKH
MNPUXBATA UK TIOTEPH 3A00MHBIX THCTPYMEHTOB,
TPEOYIOMUX JUIMTENBHBIX U IOPOTOCTOSIUX JIOBUJIBHBIX
paodor.

TakuM 06pa30M, CYHIECTBYIOT CEPbE3HBIE MOTPEGHOCTH B
Pa3paboTKE U IPUMEHEHUH H60J1E€ IOCTYITHBIX TEXHOIOT U
MOHHTOPUHIA NPOMUIICH NPUTOKOB TOPU3OHTATIBHBIX
CKBakHH C MI'PIT, 4TO MOXKET OBITH PEAJIU30BAHO
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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;
¢ Jonic: 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

NPUMEHEHUEM MAPKEPHBIX METOJOB. HEMAJIOBAXKHO, UTO
CTOMMOCTb MAPKEPHBIX METOJOB HHUKE, 4€M CTOMMOCTD
onepannu [TT'Y, kak MuHumMyM Ha 30-40%.

MapxkepHble METOBI TONYIHIN B Poccun
PACIIPOCTPAHEHNE HAYNHAS IIPUMEPHO ¢ 2011-2012
ropa. ITo cocrossHuIo Ha 2017 1O/ B LIEJIOM 110 CTPAHE
OyIET CAETAHO OKOJIO 6O OMEPAITUI IO UCC/IEOBAHUIO
IPOMUIIEN TPUTOKOB CKBAKUH C IIOMOIIBIO MAPKEPHBIX
HCCIIeJOBAHME. B TO ke Bpems B riepron 10 2026 roga
MOTEHIUAJ PBIHKA MAPKEPHBIX METOAOB OLIEHUBAETCA B
35% ot Bcex onepanuii mocsie MI'PIT (puc. 6).

IMpuHLIUI pa®OTH MAPKEPHOM JUATHOCTHUKY IPOPUIEH
IIPHUTOKOB CKBA’KMH OCHOBAH Ha JO6ABKE MEYEHOTO
BEIIECTBA B HATHETAEMYIO B IUTACT XKUJKOCTD MJIN
PACKJIMHUBAIOIINIA MATEPUAJT U OTCJIEKMBAHUN MAPKEPOB
B IPOOAX IIJIACTOBOT'O (PJIION/1A, B3SATHIX HA IIOBEPXHOCTH.
IIpy 3TOM OTCJIEKMBAIOTCS PEANbHBIE (DHUTBTPAIIMOHHBIC
IIOTOKH, OOYCJIOBJIEHHBIE KAK OCOOCHHOCTIMU
I€OJIOTUYECKOTO CTPOEHUSA IIJIACTA, TAK U TEKYIITUM
PEXKUMOM Pa3pabOTKU MECTOPOXKICHUI.

IIpu MapKEPHBIX METOAX UCIIONb3YIOT CJIEIYIONUE
TEXHOJIOTHU MHpKI/IpOBaHI/IH:

» dnyopecreHTHAs: YpaHUH A, pogamuH C U IPYTHUE;
¢ MoHHas: KapOaMu/, KaJNeBast CETUTPA U IPYTHE;

* KBaHTOBBIE MapKEPBI-peniopTepsl (Geosplit);

* THK-MapKephL

HecMOTpst Ha paClIpOCTPAHEHHOCTD U HU3KYIO
CTOMMOCTb IPUMEHEHUS (DIIYOPECIIEHTHBIX, HOHHBIX
U OPIraHUYECKHUX MAPKEPOB, CJIA00M CTOPOHOM 3TUX
TEXHOJIOTUH ABJISETCS KOJIMYECTBEHHOE OI'PAaHUYECHNE
BO3MOXKHBIX KOMOWHALIMH MapKepoB 10—14 equHuiiamy, a
TAKXKE 3aTPYAHEHUS B KOTUYECTBEHHOI OIIEHKE TPOUIIA
MPUTOKA CKBA’KUHBI B IIPOIIECCE MOHUTOPUHT 4.

W3 BBITIEONMUCAHHBIX TEXHOJIOTHUH CIIEAYET OTMETUTD
HOBATOPCKYIO TEXHOJIOTUIO MaPKEPHBIX UCCIIETIOBAHMIT,

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 IPUMEHEHNHN MAPKEPOB U3 KBAHTOBBIX
TOYEK, IPUMEHSIOMIYIOCA KOMIIAHUEN — PE3UIEHTOM
Cronkoso — OO0 deocruinT». KBAHTOBBIE TOUKU —

3TO HAHOKPHUCTAJUIBL, COCTOAIINE U3 COTEH ATOMOB 1
HMEIOIME Pa3Mep B 2—10 HAHOMETPOB, ITOJTYYEHHBIE

MPHU IIOMOIIY KOJUIOUHOTO CUHTE3A U TTIOKPBITHIE CJIOEM
aJICOPOUPOBAHHBIX ITOBEPXHOCTHO-AKTUBHBIX MOJIEKYJI
(puc. 7) [9]. KBaHTOBBIE TOYKH, ITOYYAEMBIE METOJIOM
KOJUIOUTHOT'O CUHTE3d HAd OCHOBE XAJIbKOI'€HU/IOB Ka/IMUS,
(IIyOpeECHUPYIOT B PA3HBIX OOJIACTAX AJIEKTPOMATHUTHOI'O
CIIEKTPA B 3aBUCHMOCTH OT CBOero pasmepa [10, 11, 12].
MapKepbI-peENnoOpPTEPDL, CO3/JAHHBIE N3 KBAHTOBBIX TOYEK,
06J124210T YHUKAJIBHOM CIIOCOOHOCTBIO IIOIVIOIATh
3SHEPIHIO B IMHMPOKOM JHATIA30HE CIIEKTPA M UCITYCKATD
Y3KUI CIIEKTP CBETOBBIX BOJIH, KOTOPBIN MOXET
PETUCTPHUPOBATHCA METOAAMHU IIPOTOYHON IIUTOMETPUN.
1o CpaBHEHUIO C OPraHUYECKUMU KPACUTEISIMU-
ProopOoHOpaAMH, TAKKE UCTIONb3YIOIIUMUCS B LICTIAX
TPACCUPOBAHUS B HEPTAHON HHIYCTPUU, KBAHTOBBIC TOYKU
UMEIOT HHTEHCUBHOCTD (proopeceHunu B 10-20 pas
BbIIIE [13]. KBAHTOBBIE TOUKU ABIAIOTCA OOJIEE XUMUUYECKH
YCTOMYMBBIMY, YEM IIPHUPOAHBIE (PIIOOPOGPOPH], U3-34
CBOET'0 XUMUYECKOI'O COCTABA, KOTOPBIN YMEHBIIIAET
a(pdexT PoTOOOECIIBEUNBAHNS ITO CPABHEHHIO C
OPraHUYECKUMHU KPACHUTEISIMH, U CLIOCOOHBI BBIJIEPKUBATD
BO3/ICHICTBHE KUCIOT U BBICOKUX TEMIIEPATYP.

KBAHTOBDBIE MAPKEPDBI-PEITIOPTEPBI

Hcrionb30BaHUE KBAHTOBBIX TOYEK B TEXHOJIOTUN
TPACCUPOBAHUS OOYCIOBJICHO OOJIBIITUM KOJITUYECTBOM
BO3MOYXHBIX KOMOWHAITUIT TPU CUHTE3€E MAPKEPOB-
penoprepos (6osee 60), HA3bIBAEMBIX CUTHATYPaAMHU. 115t
KaXX/JJOH CTYNIEHU WIH UHTEPBAJIA UCIIOIb3YETCS CBOS
YHHKAJIbHAS CUTHATYPA, YTO IIO3BOJISET UCKIIOYUTD
OIINOKHU IPU UHTEPIPETAITUHN U OTBEYAET COBPEMEHHBIM
TpeboBanuaM MI'PIT, BkitodaromieM 30 1 601ee CTaAuI.

Pa3nyHbIe TUITBI U KOMOUHAIIMU MAPKEPOB-PEIOPTEPOB
pPa3MePOM B HECKOIBKO MUKPOH BBOJISITCS B TIOJTMMEPHOE
MOKPBITUE MPOMNIIAHTA, IIOCTEIIECHHO PA3PyIIAIONIeeCs NPH
KOHTAKTe C HEPTBIO U BOJOH. MAPKUPOBAHHBIIN IIPOMITAHT
JIOGABJISIIOT K OCHOBHOM MaCCe OOBIYHOI'O IIPONIAHTA U
3aKAYMBAIOT KAK PACKIMHUBAIONUI
MaTEepUaJ B IUIACT NIPU I'UJIPOPA3PHIBE
I1acTa. B nociepyromur
JJIUTEJIbHBIN, HE MCHEE I'0/14a,
MEPHOJ] BPEMEHU IPOUCXOJUT
MOCTENIEHHOE BbIMBIBAHHE
MapPKEPOB-PENOPTEPOB BOJOU U
HEPTBIO U UX TPAHCIOPTUPOBAHUE
MOTOKOM IIJIACTOBOTO (hIIOU/IA HA
MOBEPXHOCTb. MapKEPbI-PENOPTEPHI
BBIJIETIIIOTCS U B YIVIEBOJOPOJHYIO
U B BOAHYIO (pa3bl INIACTOBOT'O
drmona. PHEPrUU MapPKEPOB
HEIOCTATOYHO /1A IOCIELYIOIIETO
EPEXO/a N3 OAHOU (Pa3kI B APYIYIO
JIAK€ IIPU YCIIOBUAX JJIUTEIIBHOIO
neHTpudyruposaHus ¢ 3000
OOOPOTOB B MUHYTY. MapKephbI-
pENopTEPHI HE MTPEOJONIEBAIOT
TPaHULIBI pa3jeia a3 u
COXPAHAIOTCS B KAXK/JIOU «CBOEH»

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.

ANOMOCHNWKATHBIA
KepaMmuYyeckMA nponnadT

BOOO-HedTe
NONHMEPHOR
CM

EBAHTOBLIE
MapKEPLI-PenopTEpE!

Pucynox 7 — Cxema 3epHa mapkupo8annozo nponnanma

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



¢a3e CKOJb YIOAHO JOAT0. TAKUM 00pa30M, KaxJast U3 a3
IJIACTOBOT'O (PIIION/]A HAJICKHO OOECIIEYNBAETCS CBOEH
HOPILIMEN MHIUKATOPOB.

ITpOOBI CKBAXKMHHOTO (PIIION/1A, B3STHIE HA YCThE
CKBA’KHHBI, IIPOXO/AT 3TAIl IPOOONOAIOTOBKH,
BKJIFOUAIOIIEH B ce6s1 pA3/Ie/ICHUE YITIEBOJJOPOJSHON U
BOJIHOM (pa3 IVIACTOBOI'O (DJIFOH/IA COIVIACHO METOLY,
usnoxxeHHOMY B ASTM 40006 «Standard Test Method for
Water in Crude Oil by Distillation», ¢ MICIOJIb30BaHHEM
JE€3MYIBIATOPA U HEHTPUPYTUPOBAHUA. [lanee
Pa3zAeneHHbIE YIVIEBOAOPOAHAA 1 BOAHAs (Pa3bl IPOO
AHAJIU3UPYIOTCA B ABTOMATUYECKOM PEKHUME METOIOM
MIPOTOYHOM IUTOMETPHUH C TIOMOIIBIO ITPOTIPAMMHO-
AMnapaTHOro KoMIuiekca <f'eocrint». MeTo OCHOBAH HA
HUCCJIEJOBAHUH JUCIIEPCHBIX CPEJ, B PEXKHME ITOIITYYHOT'O
4HATN34 JIEMEHTOB AUCIIEPCHO (ha3bl 110 CUTHATIAM
CBETOpACCEAHUs U (prryopeclieHIH (pUC. 8).

IlepBOHAYAIBHO HUCIIOIb3YETCSI CUCTEMA
TUIPONMHAMIYECKON (POKYCUPOBKU B
MMKDPOKAITUJITIIPHON CUCTEME, T7IE 34 CYET PA3HOCTHU
JIABJIEHUI MEX1y OOPA3LIOM U OOTEKAIOIICH KHUJIKOCTBIO
06€eCTIEYNBACTCS ITPOXOXK/ICHNE MAPKEPOB B JIAMUHAPHOM
IIOTOKE YKUJIKOCTH ITIOOJAMHOYKE 110 IPOTOYHOU YEHKE.
Jlanee mponucxoaaT OOIyIeHNE YaCTULL B KHUJIKOCTH
J'IZlBCprIM HN3JTYYCHUCM U pCFI/ICTpaLII/IH CHUT'HAJIOB
CBETOPACCESTHUS U (PIYOPECIIEHIINU OT KaXKJOM
KBAHTOBOM TOYKHU HMJIU UX KOMOWHAITUI B MAPKEPAX-
penoprepax.

ITpu TOMOIIU IPOTOYHOTO ITUTOMETPA
PETUCTPHUPYIOTCSA NAPAMETPHI YACTHI] B UCCIIEAYEMOM
JKMJIKOCTH C LIEJIBIO BBIJICJIEHUS KA4€CTBEHHOI'O U
KOJIMYECTBEHHOI'O COCTABA MAPKEPOB. IIpOTOYHBIN
IIUTOMETP PETUCTPUPYET /IBA TUIIA CBETOPACCEIHUS:
psIMOE (MAaJIOYITIOBOE) U HOKOBOE (PHC. 9).

JleTEKTOP IPSIMOT'O CBETOPACCEAHUS PACTIONATACTCS
10 XOZY JIA3€PHOI'O JIy4d 34 IIPOTOYHOM STYEHKON 1
PETUCTPHUPYET U3NIYUECHUE JIA3€PA, KOTOPOE PACCEUBACTCS
oJ; yriiamu 2—19 rpatycoB. THTEHCUBHOCTb PACCESTHHOTO
MO/ MAJIBIM YIJIOM CBETA IPONOPLIMOHAIBHA PA3MEPY
4aCTHUIBL Bojlee KPyIIHBIE YACTUIIBI PACCEUBAIOT CBET
CUJIBHEE MEJIKUX. BHyTpEHHEE COAECP:KUMOE YACTHL]
ONTHYECKU HEOAHOPOHO. JIyd j1a3epa, NPOXO/sl CKBO3b
YACTHUILY, MHOTOKPATHO OTPA’KAETCS, IPETIOMIISIETCS U
PACCENBAETCA B PA3HBIX HANIPABJIECHUAX. Perucrpanus
3TOTO U3TyYEHUS IO3BOJISIET CYAUTD O (DOPME, pa3Mepax
U BHYTPEHHEM CTPOCHHUU YaACTHUIIBL

B pesynbrare paboTel IPOTOYHOI'O LIUTOMETPA
PETUCTPHUPYIOTCS COOBITHS, TPEACTABIISAIONINE
COOO ONITHYECKUE HEOAHOPOJHOCTU B OITUYECKHU
OHOPOJHOI HNOABKHOM (paze (puc. 10). Tak kax
UCTIOIb3YEMBIE OITUYECKHUE METKU UMEIOT XaPAKTEPHOE
«CBEUCHUE» KAXK/1A51 B CBOEU CIEKTPATIBHOIM OOIACTH,
UCIIONIb3YEMOE HAMU IIPOTPAMMHOE OOECTIEYEHUE
MO3BOJIAET OTJEIUTD KAXK/YIO U3 HCIOJIb3yEMBIX
JUIS AHAINU34 CUTHATYP CPEU OOIBIIOTO MHOXECTBA
«COOBITUI», PETUCTPHUPYEMBIX IPOTOYHBIM LIUTOMETPOM.
HuTepraperanys U UACHTU(PUKALMA KAKIOH CUTHATYPbI
OCHOBBIBAETCS HA CJIEAYIONTUX TTOTOKEHUSX.

KBaHTOBBIE TOYKH B MAPKEPHI BBOAATCA KAK B
WHJWUBUYAJIBHOM BUJIE, TAK U B BUJIE PA3JIMYHBIX
KOMOuHaIui. Kpome Toro, nepeMeHHOM BEJIMYMHON
SIBJIAETCS HE TOJIBKO UX KOMOWHAIIMS, HO M PA3JINYHAS

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 — Keanmoeuote mouxu,
Pryopecuyupyrowjue npunaieprom ooryuenun

Figure 8 — Colloidal quantum dots irradiated
with a laser light. Different-sized quantum dots
emit light of varying colours due to quantum
confinement

Pucynox9 - IIpamoe u 60x060e
ceemopacceanue Hacmunbl

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 padbomusi npomounozo yumomempa

Figure 10 - Flow chart of the flow cytometer

KOHILICHTPALU. TAKUM 0OPa30M, UCTIOIb3YsI TPU PA3HBIE
MO OIITUYECKUM XAPAKTEPUCTUKAM KBAHTOBBIE TOUKH B
Pa3INYHBIX KOMOMHAIINAX, 4 TAKXKE JIBE PA3JIMYHbBIE UX
KOHLIEHTPALMU (BBICOKYIO U HU3KYIO), MOKHO IIOJIyYUTh
OOMNBIIOE KOJIMYECTBO PA3JIMYHBIX ITO OITUYECKUM
CBOUCTBAM CUT'HATYP.

OCOBEHHOCTAMHU LIUTOMETPUUECKOI'O METOIA
HUCCIENOBAHMSA B TPACCEPHON TEXHOJIOTUHU ABJIAETCSA TO,
4TO PETUCTPUPYETCA KOJIMYECTBO MAPKEPOB KAXKIOT'O
KO/I4 B 3aBUCUMOCTH OT UHTEHCUBHOCTH UX U3JTy4eHU HA
(PUKCHUPOBAHHOI JIJIMHE BOJIHBL

Kaxo11 curnatype Mapkepa COOTBETCTBYET
XAPAKTEPUCTUYECKAA OOIACTD CIIEKTPAJIBHOIO
NPOCTPAHCTBA, KOTOPAs HE NIEPECEKAETCA C
XAPAKTEPUCTUUECCKUMU OOJIACTIMU APYTUX KOMOUHAITHI
KBAaHTOBBIX TOYEK. [IpOrpaMmMHOE O6€eCIIeYeHUE,
MPUMEHAEMOE /11 OIITUYECKON UAECHTU(PUKALINN KAXKIOTO
KO/14, TIO3BOJIAET BBIJIEJIUTh UX XAPAKTEPHUCTHIECKYIO
06J1aCTh CIIEKTPATIBHOI'O IIPOCTPAHCTBA (3D-N3006paKEHUE)
U IIPOM3BECTU TTOACYET 3APErUCTPUPOBAHHBIX «COOBITUIT»
B KQXK/IOU TAKOI 061acTh. OTIpesie/IEHUE ONTUCAHHBIX BBIIIE
XAPAKTEPUCTHUUECKUX OOI1ACTENH IPOBOIUTCS HA OCHOBE
JAHHBIX JIJAGOPATOPHBIX AKCIIEPUMEHTOB, MOJEIHPYIOIIMNX
KK/JIYIO CUTHATYPY B OTIEIBHOCTHU, 4 TAKKE X
MHOTI'OYHCJIEHHBIE COYETAHUSL.

Tlonmy4eHHBIE JAaHHBIC UHTEPIPETUPYIOTCS C IIOMOIIBIO
MPOrPAMMHOTIO O6ECIICYEHUS U BU3YAITU3UPYIOTCS B
BU/JIE I'PAUKOB IPUTOKA 11O cTyneHaM I'PIT BO BpeMeHu
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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 eusyarusavuu npodpuneti npumorxos
Figure 11 — Example of marker-based production logging

U HAKOIUIEHHBIX JIeOUTAX 110 HEPTHU U BOAE B KAXKJOM 13
cryneHen. [IpuMep BU3yaIn3aiuy poduIei IPpUTOKOB
nocJie 6-craguitnoro MI'PIT Ha ra30KOHAEHCATHOI
CKBAXKMHE, IIPOBEJICHHOTO B 2015 roay, npeacTasiacH

Ha puc. 11. B 1aHHOM Cily4ae MapKepPHaA JTUATHOCTUKA
HE 3aPErUCTPUPOBAJIA PAOOTY IIEPBBIX TPEX IIOPTOB

IO PE3YIbTATaM OTOOPA NEPBBIX TPEX NPo6. Kak Ob110
BBIACHEHO IIO3XE, BO Bpems orepanuu MI'PI1 npounsormnuia
MEXAHNYECKAs OJIOKUPOBKA BHYTPEHHETO CEYEHUA
KOMITOHOBKH 3ACTPABIIUM IIAPOM, ITOCJIE PA30yPUBAHUA
KOTOPOTrO cTyIeHU Nel, 2 11 3 BKJIIOYWJIMCE B pa0OTY.

OIIMCAHME ITPOIEAYPBI ITPUMEHEHU A
MAPKHPOBAHHOIO ITPOIIITAHTA

COBMECTHO C 34KA34HNKOM OIPEJEIISIETCS HEOOXOITUMOE
KOJIMYECTBO CUT'HATYP MAPKEPOB, TpedyeMast PpaKLis
[IpONIaHTa U rpaduk oréopa npood. ITpousBoACTBEHHBIN
LUK 3aHUMaET 30 JHEMH, B TEYEHNE KOTOPBIX
MPOU3BOJUTCA 3AKYIIKA KEPAMHUYECKOI'O IIPONITAHTA Y
TIPOU3BOIUTENSL, HAHOCUTCS ITOJIMMEPHOE ITOKPBITUE C
MAapKePaMU U OCYIIECTBIAIOTCS ITPOLIEYPhI BBIXOJHOTO
KOHTPOJIS Ka4eCTBa. Jlasiee pOoImnaHT JOCTABISAETCSI Ha
MECTOPOXK/ICHUE 3aKa3urKa. ITpu npoussoacTse MI'PIT
MIOJIEBOY IIPE/ICTABUTENb KOMITAHUH — ITOCTABITUKA
YCIIYT TPACCEPHOI'O MOHUTOPHHT'A IPONU3BOUT TTOIEBOI
KOHTPOJIb KQ4€CTBA, BKJIIOYAIONIN I IIPUEMKY IIPOIIIAHTA
Ha MECTOPOXK/JICHUH, IIPEBABICHNE CEPTU(PUKATOB
Ka4eCTBA U UCIIBITAHUH NPOAYKIIMH, U HETTIOCPEACTBEHHO

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
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BO BpeMs onepanu I'PIT — coorseTcTBHE
HCIIONIb3YEMBIX CUTHATYP C HOMEPAMU CTYIIEHEH,
OTO60P APOUTPAKHBIX ITPOO MAPKUPOBAHHOTO
MPOIIIAHTA, 4 TAKXE YAOCTOBEPAETCA B BBIIIOJIHEHUH
YTBEPKAECHHOIO IIJIAHA PA60T U JIOKYMEHTUPYET
BO3MOJKHBIE OTKJIOHEHMSL.

Jlanee NpeaCcTaBUTENN 3AKA3UHMKA OTOMPAIOT
IPOOBI IIJIACTOBOT'O (PIIIOH/1A HA MECTOPOXKJICHIH
B COOTBETCTBUHM C YTBEPKIEHHBIM I'DA(PUKOM U
KOPPEKTHO MAPKHUPYIOT OTOOPAHHBIE IIPOOBI /11
OCJIEAYIOMICH UIeHTU(DUKAUUN. [1O 3aBEpLICHUN
KOMIUIEKTAIUH IPEYCMOTPEHHOI'O JOTOBOPOM
MaKeTa MNPOO KOMITAHUSA, TPEJTOCTABIIAION A
YCIIYI'H TPACCEPHOI'O MOHUTOPHHIA ITPO(UIIEH
MIPUTOKOB CKBAKUH, OPTAHU30BBIBAET UX JOCTABKY
BJ1a60paTOpuUIo. ITpO6BI BCKPBIBAIOT B IIPHUCYTCTBUU
NPEACTABUTEIA 3AKA3YMKA C COCTABJIEHUEM AKTa
CIAYU-TIPUEMKHU JIA IPEJOTBPALIEHNA PA3HOYTEHUNA
C APOUTPAXKHBIMU ITPOOAMU (XPAHATCA 3AKA3YUKOM
B TedeHue 1 roga). OrdeT 1o npoduIsaM INPUTOKOB
CKBA>KMHBI HATIPABJIAETCA 3AKA34YUKY B TEUEHUE IBYX
HEJIEIb.

3AK/IIOYEHHUE
IMpumeneHue rexnooruu Geosplit Ha

MECTOPOXKJIECHUAX BEAYIINX POCCUMCKUX

IOBBIBAIONIUX KOMIIAHUH B 2016—2017 rogax

IIOKA3aJI0, YTO IO CPABHEHUIO CO CITYCKOM

MHCTPYMEHTOB B CKBAKMHY C IIOMOIIIBIO KAPOTAXKHOI'O

ob6opynosanusg u THKT 1151 3a111CH JAHHBIX 110

pacxoiaM U TEYEHUIO (Pa3 IVTACTOBOT'O (PIIIOW/1A IO

BCEMY CTBOJTY CKBAXKUHBI TPACCEPHBIF MOHUTOPUHT

obmafaeT CeayIoMUMU IPEUMYIIECTBAMU:

- paboTa B TEYEHHUE JJTUTEIBHOI'O BDEMEHHU C
(bOPMUPOBAHUEM JUHAMHUYHON KAPTHHBI
HNPOU3BOJUTEIBHOCTU KAK/JIOT'O U3 UHTEPBAJIOB
CKBA)XMHBI, B OTJIMYUE OT OJJHOPA30BO
KapPOTAXXHOM OIlEePaIiH;

- 3HAYUTEJIBHO 60JIE€ HU3KAsl PECYPCOEMKOCTD U
CTOMMOCTD UCCJIEIOBAHUIT;

- YBEpEHHAs pabOTa B YCJIOBUAX, KOTJA
TPaJUIIMOHHBIE BHYTPHUCKBAKUHHBIE KAPOTAKHBIE
OIIEpal¥ HEBO3MOXKHBI WUTH OCJIOKHEHDL
TexHOIOrns MOHUTOPUHTA TPOMDUIIEN IPUTOKOB

CKBA)XUH C UCIIOJIb30BAHUEM KBAHTOBBIX MAPKEPOB

MO3BOJIIET PEMIATD P/ BAXKHBIX 34/1a4, HAIIPUMED:

- OLICHKA IPO(UJIS IIPUTOKA CKBAKUHBI 10C)I€ MI'PIT;

- OIIEHKA PabOTHI KAXK/JOM CTYIIEHH 110 BOZE U HEPTH,

- ONTHUMHU3AIUA TEXHUUECKUX PEMICHUI 10
3aKAYHUBAHHMIO CKBA’KMH HA PAHHUX CTAIUAX
Pa3pabOTKU MECTOPOXKICHUS,

- AHAJIN3 TOTEHIIUAJIBHOT'O JOATOCPOYHOTO
U3BJIEYEHUS (PIIIOU/1Z;

- MOJIyYEHHE NH(OPMAIIUH JJI AHAIN32 B3AUMHOI'O
BJIMSIHUS COCEAHUX CKBAXKHUH. ©

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;

- Asignificantly 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. ©®
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He 3a6yabTe othopMUTb NOANMCKY HA XypHan

«Bpemsa KonTioGMHra»!
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