wo 20107140032 A2 JI 10K OO A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

Co T
1 rld Intellectual Property Organization /) -sady
(19) Warld ntellecuat roperty Organizaion /Z7525 |JOR MO A M ARR O
International Bureau S,/ )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
9 December 2010 (09.12.2010) PCT WO 2010/140032 A2
(51) International Patent Classification: (71) Applicant (for all designated States except AL, AU, AZ,
E21B 47/10 (2006.01) E21B 43/26 (2006.01) BG, CA, CO, CZ, DE, DK, FR, GB, GO, GR, HU, ID, IE,
CO9K 8/62 (2006.01) IT, JP, KR, K7, LT, MX, NL, NO, NZ, OM, PL, RO, RU,
. . e ST, SK, TD, T™, TN, TR, TT, US, UZ, Z4). PRAD RE-
(21) International Application Number: SEARCH AND DEVELOPMENT LIMITED; Craig-
PCT/IB2010/001087 muir Chambers, PO Box 71, Road Town, Tortola (VG).
(22) International Filing Date: 10 Mav 2010 (10.05.2010 (72) Tnventors; and
ay 2010 (10.05.2010) 75y pyventors/Applicants (for US only): LAFITTE, Valerie
(25) Filing Language: English [FR/GB]; 13 Bailey Mews, Auckland Road, Cambridge
o , CB5 8DR (GB). HUGHES, Trevor [GB/GBJ; 5 St Mar-
(26) Publication Language: English garet's Square, Cambridge CB1 8AP (GB). KEFIL, Sla-
(30) Priority Data: heddine [FR/FR]; 6 rue du Lavoir, F-78140 Velizy Villa-
12/477,502 3 June 2009 (03.06.2009) Us coublay (FR). MILLER, Matthew [US/US]; 23607
. Rollinford Lane, Katy, TX 77494 (US). TUSTIN, Gary
(71) Applicant (for AL, AU, AZ, BG, CO, CZ, DE, DK, GO, [GB/GB]; 1A Babraham Road, Sawston, Cambridgeshire
GR HU, ID, IE, IL, IT, KR, KZ, LT, MX, NO, NZ, OM, CB22 3DQ (GB). WANG, Shiyi [CN/GB]; Schlumberger
PL, RO, RU, SI, SK, TD, TM, TN, TR, TT, UZ, ZA only): Cambridge Research Limited, High Cross, Madingley
SCHLUMBERGER TECHNOLOGY B.V. [NL/NL]; Road, Cambridge CB3 OEL (GB),
Parkstraat 83-89, NL-2514 JG The Hague (NL).
. (74) Agent: FORD, Michael; Intellectual Property Law De-
(71) Applicant (for GB, JP, NL only): SCHLUMBERGER partment, Schlumberger Cambridge Research Limited,
HOLDINGS LIMITED; PO Box 71, Craigmuir Cham- High Cross, Madingley Road, Cambridge CB3 OEL (GB).
bers, Road Town, Tortola (VG).
. (81) Designated States (unless otherwise indicated, for every
(71) Applicant (for CA only): SCHLUMBERGER CANA- kind of national protection available): AE, AG, AL, AM,
DA LIMITED [CA/CA]; 525-3rd Avenue S.W., Calgary, AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
Alberta T2P 0G4 (CA). CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(71) Applicant (for FR only): SERVICES PETROLIERS Dz, EC, BE, EG, ES, Fl, GB, GD, GE, GH, GM, GT,
SCHLUMBERGER [FR/FR]; 42 rue Saint Dominique, HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
F-75007 Paris (FR). KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
[Continued on next page]
(54) Title: USE OF ENCAPSULATED TRACERS
26 24 22
34 36 32
' S
L LR L R 120
A S I S A K S R S RS
N N NN R NG DD
K AN NN AN USGNIYT DN

¢&
,a\?g‘\&‘m&a RIESOAR

R R R

N
SN
>;2 ,Q\

Fig 2

(57) Abstract: A process of making observations of a subterranean reservoir penetrated by a wellbore uses distinguishable sets of
tracer particles and comprises steps of: (i) delivering a plurality of sets of tracer particles to respective subterranean locations via
the wellbore, the particles in each set comprising a tracer substance which distinguishes that set form the other sets; (ii) causing or
allowing the tracer substances to flow out from the tracer particles whilst the particles are at the respective subterranean locations;
(iii) causing or allowing production of fluid out of said reservoir via the wellbore; and (iv) detecting the presence or absence of the
tracer substances in the produced fluid. The tracer substances are sufficiently distinguishable from each other to enable a tracer
substance detected in the produced fluid to identity the set of tracer particles from which it has come and hence identity the loca-
tion from which it has come. The process may be used in conjunction with hydraulic fracturing, placing sets of particles at differ-
ent locations within a fracture and/or in different fractures extending from a single wellbore.



WO 2010/140032 A2 I 00000 )00 A 0 O

EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ,

ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW. GW, ML, MR, NE, SN, TD, TG).

(84) Designated States (unless otherwise indicated, for every Published:
kind of Ee%j?{naép rﬁectlo&gv%ﬁbkﬁ AIEIPOZ(]?F\Z, Gg’ —  without international search report and to be republished
GM, KE, LR, LS, MW, i - 8D, SL, 82, 1, UG, upon receipt of that report (Rule 48.2(g))

ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,



10

15

20

WO 2010/140032 PCT/IB2010/001087

Use of encapsulated tracers
Field of the Invention

This invention relates to the utilisation of tracers within subterranean reservoirs. Itis
particularly concerned with their use in association with stimulation of a-hydrocarbon

reservoir, notably by hydraulic fracturing.

Background of the invention

The use of tracers to obtain information about an oil reservoir and/or about what is taking

place therein has been practised for several decades and has been described in numerous

documents. Primarily tracers have been used to monitor fluid paths and velocities. More
than one tracer substance may be used concurrently. For instance US 5,892,147 discloses a
procedure in which a plurality of different tracer substances are placed at respective
locations along the length of a well penetrating a reservoir. The tracer substances are placed
at these locations during completion of the well before production begins. The tracer at
each location is either attached to a section of pipe before it is placed at that location or is
delivered into the location whilst perforating casing at that location. When production
begins, monitoring the proportions of the individual tracers in the oil or gas produced by the
well permits calculation of the proportions of oil or gas being produced from different zones

of the reservoir.

Distinctive chemicals which can be detected in high dilution, such as fluorocarbons, dyes or
fluorescers have been uséd as tracers. Genetically coded material has been proposed (and
W02007/132137 gives a method for detection of biological tags). Radio-isotopes have
frequently been used as tracers. Society of Petroleum Engineers paper SPE109,969 discloses

the use of materials which can be activated to become short lived radio-isotopes.
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Hydraulic fracturing is a well established technique for stimulating production from a
hydrocarbon reservoir. Typically a thickened, viscous fracturing fluid is pumped into the
reservoir formation through a wellbore and fractures the formation. Thickened fluid is then
also used to carry a particulate proppant into the fracture. The fracturing fluid is
subsequently pumped out and hydrocarbon production is resumed. As the fracturing fluid
encounters the porous reservoir formation a filtercake of solids from the fracturing fluid
builds up on the surface of the rock constituting the formation. After fracturing has taken
place a breaker (which is usually an oxidizing agent, an acid or an enzyme) 'may be
introduced to break down this filter cake and/or to reduce the viscosity of the fluid in the

fracture and allow it to be pumped out more effectively.

Tracers have been used in connection with hydraulic fracturing, mainly to provide
information on the location and orientation of the fracture, as for instance in SPE 36675 and
US 3,987,850. US 3,796,883 describes a further use of radio-active tracers to monitor the

functioning of a well gravel pack.

It is known to associate tracers with a carrier material as particles from which the tracer
is released after those particles are placed within a subterranean reservoir. For instance
US 6,723,683 uses starch particles as a carrier for a variety of oilfield chemicals including
tracers. Association of a tracer substance with a carrier is also disclosed in US 7032662 and

US 7347260.

US 6,645,769 proposes that multiple tracers should be Iocafed at respective zones of a
reservoir during completion of a well and also proposes that individual tracers should be
associated with carrier particles from which the tracers are eventually released into the
reservoir and hence into fluid produced from the well. This document teaches thét placing
of tracers at an individual location during completion of the well may be achieved by
immobilisation on a filter or casing before that filter or section of casing is inserted into the

well.
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Summary of the Invention

The present invention utilises a plurality of sets of tracer particles which each comprise a
tracer substance and a carrier material. In contrast with prior disclosures of placing tracers
at separate locations when first completing a wellbore, this invention can be applied when
stimulating a wellbore which has already been in production. Broadly, this invention
provides a process of making observations of a subterranean reservoir penetrated by a
wellbore using multiple tracers provided as a plurality of sets of tracer particles, where the
particles comprise a tracer substance and a carrier, but the sets df particles are
distinguishable from each other in that they each comprise a distinctive tracer substance, for
instance each-set of tracer particles may comprise a tracer substance which is unique to that'
set. In the process of the invention, the sets of tracer particles are conveyed down the

wellbore and selectively delivered to respective subterranean locations. Subsequently, when

_the tracer substances are released from the particles and detected in the fluid produced

from the wellhore, the differences between the tracer substances makes it possible to

recognize the subterranean location from which the detected tracer substance has come.

In a first aspect, this invention provides a process of making observations of a subterranean
reservoir penetrated by a wellbore, using distinguishable sets of tracer particles, comprising

steps of

delivering a plurality of sets of tracer particles to respective subterranean locations
via the wellbore, the particles in each set comprising a tracer substance which distinguishes
that set form the other sets and also comprising a carrier;

causing or allowing release of the tracer substances from the tracer particles whilst
the particles are at the respective subterranean locations;

causing or allowing production of fluid out of said reservoir via the wellbore; and

detecting the presence or absence of the tracer substances in the produced fluid.
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In the simplest arrangement, the plurality of tracer particles will be provided by a first set of
tracer particles, conveyed down the well bore from the surface to a first subterranean
location, said particles comprising a carrier and a first tracer substance; and

a second set of tracer particles, conveyed down the well bore from the surface to a
second subterranean location, said second particles comprising a carrier and a second tracer
substance, where the second tracer substance is different from the first tracer substance,

and the second location is different from the first location.

However, the number of sets of particles may be greater than two. Thus there may be one
or more further sets of particles including at least a third set of tracer particles, conveyed
down the well bore from thvé surface to a third subterranean location, said third particles
comprising a carrier and a third tracer substance, where the third tracer substance is
different from the first and second tracer substances, and the third location is different from
the first and second locations. The tracer substances should be sufficiently distinguishable
from each other to enable a tracer substance detected in the produced fluid to identify the
set of tracer particles from which it has come. Preferably,-each set of particles has a tracer

substance which is distinctive to that set.

Selective delivery of sets of tracer particles to different subterranean locations may take a
number of forms. One possibility is to add the sets of tracer particles successively to fluid
which is being conveyed down the wellbore, foreseeing that the carrier fluid sent down the
wellbore at later stages of a procedure will tend go to different subterranean destinations

than fluid sent down the wellbore earlier.

However, some forms of this invention use the size of tracer particles to control where they
are placed after they are transported down a wellbore. Then the first and second sets of
particles (and possibly any further sets of tracer particles) differ from each other in particle

size as well as in the tracer substances in the sets of particles.
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In some embodiments the particles of one set (which may be designated as the first set of
particles) are small enough to enter the pores of the rock which constitutes the reservoir
formation itself. Another set of particles (which may be designated as the second set) have a
larger particle size so that they are too large to enter the pores of the reservoir formation.
Thus the first set of particles is placed selectively within rock pores while the second set is
placed within larger pathways which extend within the reservoir (or at least within the near

wellbore region).

There are many ways in which to use this invention in the investigation of subterranean

reservoirs and in the monitoring of events which take place in such reservoirs. The invention

is useful in particular in connection with hydraulic fracturing. Transport of particles down

the wellbore may be carried out in the course of a fracturing job and the fluid(s) in which the
tracer particles are conveyed down the wellbore may be fluid(s) used in the course of that

fracturing job.

A possibility within this invention is to place a set of tracer particles in each hydraulic fracture
when making a sequence of hydraulic fractures spaced along the length of a wellbore. As
fluid is pumped down the wellbore to make each fracture, a set of particles is mixed with the
fluid so as to be conveyed into the fracture concerned. Later, when the well is in produétion,
the presence of all the tracers in the produced fluid would demonstrate outflow through
every fracture whereas the presence of some of the tracers in the produced fluid and the
absence of other tracers will show that there is flow from only some fractures and identify

which ones.

Another possibility within this invention is to deliver a plurality of sets of tracer particles to
different locations within a single fracture. This may be done with a first set of particles
chosen to be small enough to enter rock pores, while a second set of particles is chosen to
have a particle size which is too large to do so. The particle size of the second set of particles
may then be chosen such that these particles become embedded in the filter cake which

builds up on the surface of the rock constituting the subterranean reservoir formation. A
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third set of particles may have a particle size such that these particles are retained within the
proppant as the proppant is packed into the fracture which has been created in the reservoir

formation.

The first and second sets of particles may be mixed into fratturing fluid which is pumped
down the wellbo_re before any proppant is used. A third set of particles, dimensioned to be
retained within the proppant pack, may then be mixed with the fluid which is used to carry
the proppantinto thé fracture. An alternative approach is to choose the particle size of the
second set of particles so that these will pass through the packed proppant yet be retained in
the filtercake. Then the first, second and third sets of particles can all be mixed with the fluid
used to carry the proppant into the fracture (thus being delivered down the wellbore

concurrently with proppant).

The above possibilities may be used together, conveying more than one set of particles into

each fracture, when making a succession of fractures along the length of a single well.

The invention may also be utilised in conjunction with other well treatments i-n which a fluid
is pumped down a wellbore and into the formation. One set of tracer particles could for
example be incorporated into a diverter pill pumped into the wellbore ahead of the
fracturing or treatment fluid. If a reservoir is naturally fractured, one set of particles might
be dimensioned to enter rock pores while another set of particles does not do so and

remains within the naturally occurring fractures.

In some forms of this invention a plurality of sets of tracer particles could be used in

remedial treatments, when sealing leaks, cracks or voids, or when setting temporary plugs.
A set of particles encapsulating a distinctive tracer substance would be used for each step, so
that any location where the remedial treatment fails would be detected and identified by the
release of the associated tracer. A plurality of sets of tracer particles could also be used when
consolidating different formations with several stages of fluid. Release of a distinctive tracer

substance would be useful to identify the location of a failure of the consolidation treatment.
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Significant size properties for a set of particles are the particle size and the particle size
distribution. Discussion of methods of measuring particle size and definitions of different
averages of particle size can be found in a technical paper entitled “Basic Principles of

Particle Size Analysis” by Alan Rawle of Malvern Instruments Ltd, Malvern, United Kingdom.

A relevant textbook is “Particle Size Measurement” by Terence Allen (4th ed, published by -
Chapman and Hall, London, 1990). Instrumentation for determining pafticle size by the
commonly used technique of low angle laser light scattering, more commonly known as laser
diffraction, is available from a number of suppliers including Malvern Instruments Ltd. The
Malvern Mastersizer is a well known instrument which determines the volumes 6f individual
particles, from which average particle size can be calculéted according to several definitions,

using computer software which accompanies the instrument.

The size of an individual particle is taken as the diameter of a spherical particle of the same
volume, the so-called “equivalent sphere”. The software associated with the instrument
enables determination of volume median diameter denoted as D[v,05] or dsg. This is a value
of particle size such that 50% (by volume) of the particles have a volume larger than the
volume of a sphere of diameter dsg and 50% of the particies have a volume smaller than the

volume of a sphere of diameter dx.

Particle size distribution is conveniently indicated by the values of dig and dgg measured by
the same instrument. 10% by volume of the particles in a sample have an equivalent
diameter smaller than dig. 90% by number are smaller than dgg and so 10% by volume are
larger than dgp. The closer together the values of dig and dgg, the narrower is the particle size

distribution.

Although particle size may be used to control where particles are placed, it may not be
essential to achieve absolute separation between particles from different sets when placed

in the subterranean reservoir. Consequently, although the sets of particles are distinguished
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by different median particle sizes, it is possible that there will be some overlap between their

particle size distributions.

When a set of particles is intended to entér rock pores, the size of the pérticles shouid be
chosen in relation to the pore size of the rock concerned but it will generally be the case that
a set of particles intended to enter the pores in rock should generally have a median particle
size less than 10 micron, better less than 5 micron and possibly much less than this. So, a
first set of particles may have a dso median particle size which is not greater than 5 micron
and a dgp which is not greater than 20 micron and possibly not greater than 10 micron. A
second set of particles intended to be retained as part of the filter cake may have dsq above
10 micron, possibly above 15 or 20 micron, with d; of 3 microns or above, possibly 5
microns or above. If this set of particles is intended to pass through a proppant pack, it
should have a median particle size which is considerably smaller than tHe median particle
size of the proppant. For this, it hway have a dsp median particle size in a range from 10
microns up to 100 or 150 microns and may have dgg no greater than 300 micron, possibly no
greater than 250 or 200 micron. A third set of particles intended to be retained within
proppant when it is packed within a fracture should desirably have median particle size
similar to the proppant. Both the proppant and the third set of particles may have median
particle size above 200 micron, preferably above 250 or 300 micron and both may have a dy

value which is not less than 20 or 30 micron. Summarising these preferred values in table

form:
Particle set dio - Median size dsg dao
First, enters < 10 micron <20 micron
pores possibly € 5 micron possibly € 10 micron
Second, 2 5 micron > 10 micron < 300 micron
retained by possibly 2 15 or 20 micron possibly € 250 or 200
filter cake < 150 micron micron
possibly < 100 micron
Third, retained | > 20 micron > 200 micron
by proppant possibly possibly 2 250 or 300 micron
2 30 micron
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The shape of the particles may vary considerably. They may be approximately spherical, but
it is also possible that they could be elongate and indeed could take the form of fibres of a

carrier matrix material with the tracer substance distributed within such fibres.

The tracer substances which are incorporated into the tracer particles may be any of the
substances which are known to be useful as tracers. Radio-isotopes may be used, and when
detected in produced fluid they may be distinguished from each other by characteristics of
the emitted radiation. For instance the tracer substance in one set of particles could be a
beta-em_itter while the tracer substance in another set could be an alpha-emitter, a gamma

emitter or another beta emitter with a different energy of the emitted particles.

Another possibility is that the tracer substances in the particles could be biological tags
comprising genetically coded DNA, which could be detected in the produced fluid by means
of real-time PCR as described in W02007/132137 incorporated herein by reference. A
further possibility is that the tracers may be chemicals which can be detected using
spectroscopic analytical methods such as UV-visible, fluorescence or phosphorescence, or
may be chemicals with distinctive features which enable them to be distinguished by other

analytical techniques such as GC-MS.

Chemicals which may be used as tracers may include various dyes and fluorescent materials,

some examples being:

3,6-Bis(dimethylamino)acridine hydrochloride aka Acridine Orange (CAS Registry

No. 65-61-2); 2-anthracenesulfonic acid, sodium salt (CAS Registry No 130-22-3);
Anthrasol Green IBA (CAS Registry No. 2538-84-3, aka Solubilized Vat Dye);
bathophenanthrolinedisulfonic acid disodium salt (CAS Registry No. 52746-49-3);

amino 2,5-benzene disulfonic acid (CAS Registry No 98-44-2); Celestine Blue (CAS Registry
No. 1562-90-9); 1-ethylquinaldinium iodide (CAS Registry No. 606-53-3); fluorescein

(CAS Registry No. 2321-07-5); Keyfluor White ST (CAS Registry No. 144470-48-4);
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Lucigenin (CAS Registry No. 2315-97-1) aka bis-N-methyIacridinium nitrate;
2,6-naphthalenedicarboxylic acid, dipotassium salt; mono-, di-, or tri-sulfonated napthalenes

including 1,5-naphthalenedisulfonic acid, disodium salt (CAS Registry No. 1655-29-4);

: 4-amino-3-hydroxy-1—naphthalénesulfonic acid; 6-amino-4-hydroxy-2-naphthalenesulfonic

acid and 1-amino-7-naphthalene suifonic acid; Phorwite BKL (CAS Registry No. 61968-72-7);
pyranine, (CAS Registry No. 6358-69-6) aka 8-hydroxy-1,3,6-pyrenetrisulfonic acid, trisodium
salt; quinoline (CAS Registry No. 91-22-5); Rhodalux (CAS Registry No. 550-82-3); Rhodamine
WT (CAS Registry No. 37299-86-8); Safranine O (CAS Registry No. 477-73-6); Disodium 4,4-
bis((6—aniIino-4-((2-hydroxypropyl)amino)-1,3,5-triazin-2-yl)amino)stilbene-Z,Z-disuIphonate
(CAS Registry No. 32694-95-4); Sulforhodamine B (CAS Registry No. 3520-42-1)

aka Acid Red 52; Tinopal 5BM-GX (CAS Registry No. 169762-28-1); Tinopal CBS-X

(CAS Registry No. 27344-41-8); and Thiazol Yellow (CAS Registry No. 18.29-00-1).

Other chemical tracers include fluorine subStituted compounds which may be fluorinated
benzoic acids including 2-fluorobenzoic acid; 3-fluorobenzoic acid; 4-fluorobenzoic acid;
3,5-difluorobenzoic acid; 3,4-difluorobenzoic acid; 2,6-difluorobenzoic acid;
2,5-difluorobenzoic acid; 2,3-difluorobenzoic acid; 2,4-difluorobenzoic acid;
bentafluorobenzoic acid; 2,3,4,5-tetrafluorobenzoic acid; 4-(trifluoro-methyl)benzoic acid;
2-(trifluoromethyl)benzoic acid; 3-(trifluoro-methyl)benzoic acid; 3,4,5-trifluorobenzoic acid;
2,4,5-trifluorobenzoic acid; 2,3,4-trifluorobenzoic acid; 2,3,5-triflhorobenzoic acid;
2,3,6-trifluorobenzoic acid; 2,4,6-trifluorobenzoic acid. Some other fluorine containing
compounds which may be used are perfluoromethylcyclopentane (PMCP),
perfluoromethylcyclohexane (PMCH), perfluorodimethylcyclobutane (PDMCB), m-
perﬂuorodimethylcyclohes(ane (m-PDMCH), o-perfluorodimethylcyclohexane (o-PDMCH),
p-Perfluorodimethylcyclohexane (p-PDMCH), perfluorotrimethylcyclohexane (PTMCH),
perfluoroethylcyclohexane (PECH) and perfluoroisopropylcyclohexane (IPPCH).

Salts which are not normally found in subterranean reservoirs, notably iodides and

thiocyanates, may be used as tracers.
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Another category of compounds which have been used as tracers are compounds of rare
earth elements, in particular lanthanides. These are useful because they have distinctive

spectra and can be detected by luminescence, possibly induced by irradiation with x-rays.

In order that tracer can be reliably carried to the surface in produced fluid, it may be
preferred that the tracer dissolves in the produced fluid. However, it is possible that an

insoluble tracer of small particle size, possibly even of nanoparticle size, could be utilised.

Putting tracer particles at locations in a reservoir formation and then examining produced
fluid for the presence or absence of the tracer substances is done to collect information
about flow from the locations concerned. However, the type of flow which is expected (or
feared) will affect the circumstances in which a tracer substance is int;ended to be released
from particles and the rate at which release occurs. For example, if the intention is to detect
flow of oil from individual fractures it will be desirable to use tracer particles which slowly
release an oil-soluble tracer at the reservoir temperature. If the intention is to detect the
presence of water in the flow from a fracture, it will be desirable to use tracer particles
which release water-soluble tracer into an aqueous phase. It will probably be desirable that
slow release of the tracer takes place over a period of time, so that tracer in the produced

fluid will demonstrate that water has flowed for a period of time.

In other circumstances it might be desired to demonstrate an event by means of tracer
particles which release their tracer substance over a fairly short period. For instance, if
tracer particles embedded in filter cake at the periphery of a fracture release tracer over a
rather short period of time, thé transient presence of the tracer in produced fluid would
indicate that some fluid from the formation had passed through the filtercake into the

fracture.

In general it will be desirable that release of tracer does not occur during dry storage at

ambient temperature and it will also be desirable that release of tracer does not become
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significant until the tracer particles have reached the subterranean location at which it is

intended to place them.

The circumstances in which tracer is released from particles and the rate of release can be
controlled by choice of the tracer material, notably its solubilities in water and oil, the nature
and properties of the carrier material and the “architecture” of the particles including the

manner in which the tracer is incorporated. This may take several forms. One possibility is

~ that the tracer substance is adsorbed onto particles of carrier material (which may be a

porous carrier material). When such particles are exposed to a fluid, the tracer substance
will de-sorb from the particles over a period of time. it can be expected that some tracer
substance will be released while the particles are being transporté.d down the wellbore, but
provided the de-sorption is sufﬁciently slow, most release of tracer substance will occur after
the particles have reached their intended subterranean destination. US 6,723,683 describes
the preparation of particles of this type, using granular starch as the carrier material, for a
range of oilfield chemicals. This document also mentions that the particle size may be
controlled by milling to a desired size after the oilfield chemical has been adsorbed onto the

starch particles.

| Another possibility is disclosed in US 6,645,769 which teaches that particles may consist of

polymeric carrier material with tracer substance chemically bound to this polymer. Covalent
bonds which attach the tracer to the polymer, or covalent bonds within the polymer chain
are chosen 50 as to be chemically degradable under conditions encountered in the
subterranean reservoir. Consequently, once the tracer substance is exposed to reservoir
fluid, chemical reaction at these bonds releases that tracer from the polymeric carrier

material or else releases tracer molecules attached to fragments of the carrier polymer.

A preferred form of particles, however, has tracer substance encapsulated by a carrier
material. This encapsulating carrier material will usually be polymeric. Under conditions at
the surface the tracer substance remains trapped within the enclosing polymer but within

the reservoir a difference in the surrounding conditions liberates the tracer substance.
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A number of technologies are known for the encapsulation of one material within another

) material.” Polymeric materials have frequently béen used as the encapsulating carrier.

Some examples of documents which describe encapsulation procedures are US 4,986,354,

WO 93/22537, and WO 03/106809.

Encapsulation of one material within another, in the present case encapsulation of a tracer
substance within a carrier, can lead to particles in which the tracer substance is distributed
within a particle of the carrier substance, for instance as a plurality of small islands of the
tracer substance surrounded by a continuous matrix of the carrier rﬁaterial. Alternatively
encapsulation can lead to core-shell type particles in which a core of the tracer substance is

encapsulated within a shell of the carrier material.

Core-shell type particles can release the encapsulated tracer substance all at once if the shell
is broken, either r"nechanically or by chemical degradation. Islands-in-matrix type particles
can release the islands of tracer substance upon chemical degradation of the matrix. We
have found that both types of particles can release the encapsulated tracer substance over a
period of time if the capsule material becomes permeable and allows the encapsulated
material to diffuse through it to the particles’ exterior surface. Both core-shell and islands-
in-matrix type particles may be used in this invention. A number of materials may be used as
carriers including some inorganic materials. A tracer substance might be enclosed within
precipitated silica, for instance. However, a number of possible carrier materials are organic

polymers.

Progressive release of a tracer substance over time may bé brought about by means of a
carrier material which dissolves slowly or undergoes chemical degradation under conditions
encountered in the subterranean reservoir, thereby making the encapsulating material
permeable to the tracer substance and/or leading to rupture of the shell of core-shell type

particles.
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An organic polymer which undergoes chemical degradation may have a polymer chain which
incorporates chemical bonds which are labile to reaction, especially hydrolysis, under
reservoir conditions leading to cleavage of the polymer chain. A number of chemical groups
have been proposed as providing bonds which can be broken, including ester, acetal, sulfide
and amide groups. Polymers incorporating such groups include poly(hydroxyacids),
polyesters, polypeptides, polyesteramides and polysulfides. Cleavable groups which are
particuiarly envisaged are ester and amide groups both of which provide bonds which can be

broken by a hydrolysis reaction.

Generally, the rate of cIeaVage in aqueous solution is dependent upon the pH of the solution
and its temperature. The hydrolysis rate of an éster group normalily attains a maximum
under high pH (alkaline) conditions. Conversely for an amide group, the decomposition rate
is at a maximum under low pH (acidic) conditions. Low pH, that is to say acidic, conditions

can also be used to cleave acetal groups.

Thus, choice of encapsulating polymer in relation to the pH which will be encountered after
the particies have been placed at the intended subterranean location may provide a control

over the delay before tracer substance is released from the particles.

Another possibility is that a polymer containing hydrolytically cleavable bonds may be a block
copolymer with the blocks joined through ester or amide bonds. Copolymers which contain
blocks joined by ester linkages can be prepared by reaction of a pre-polymer with hydroxy
groups and a second pre-polymer containing groups which are able to react with hydroxy
groups, notably carboxylic anhydride, acyl halide, ketene, ester, sulfonic acid, or sulfonyl

halide.

One or both of the pre-polymers may itself be a polymer.or oligomer. Prepolymers with
reactive hydroxyl groups include oligosaccharides, synthetic polymers containing primary
and secondary hydroxyl groups, such as poly(vinyl alcohol) and poly(hydroxy alkyl

(meth)acrylate) copolymers, poly(siloxanes), epoxy resins, dihydroxy-terminated
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poly(amides), dihydroxy-terminated poly(amines),and dihydroxy-terminated

‘poly(carbonates).

Block copolymers in which the blocks are joined through amide linkages can be prepared
from pre- polymers containing amino groups. Examples of such pre-polymers include
synthetic polymers that contain reactable primary amine groups, such as aminated

polyacrylamide and diamino-terminated poly(amines) and poly(amides).

Examples of monomers or polymers containing groups that can be used to react with the
hydroxyl-containing materials listed above to yield degradable ester links between polymer
blocks or to reacrt with the amino-containing groups listed above to yield degradable amide
links include: aliphatic or aromatic polybasic acids, amides, acid anhydrides such as
poly(maleic anhydride) and copolymers; polybasic acid alkyl esters, polybasic acid halides,

imides, bisimides; and polysulphonic acids such as poly{styrenesulphonic acid).

Another possibility is that release can be induced by temperature at the subterranean
location. We have found that some polymers provide negligible release at ambient
temperature, but more rapid release at a higher temperature. We attribute this to an
increase in permeability of the polymer when the temperature is raised above the glass
transition temperature of the polymer. To employ this mechanism of release of
encapsulated tracer substance, an encapsulating carrier polymer is chosen to have a glass
transition temperature Tg which is above ambient but below the temperature encountered
at the subterranean location. This has the consequence that the encapsulating polymer
becomes permeabile after the particles have been placed at the subterranean location.

Tracer substance is released by diffusion through the encapsulating polymer.

Glass transition temperature Ty is a characteristic of amorphous materials. Many polymers
have a solid appearance at ambient temperature, but are in fact wholly or partially in an
amorphous glassy state. A glass is a liquid which is undercooled (sometimes termed

supercooled) significantly below its true melting point and which has an extremely high
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viscosity. In a glass, diffusive processes other than the movement of some very small

molecules, take place at extremely low rates, such as microns per year.

Above a temperature known as the glass transition temperature Tg, the viscosity drops
rapidly and the glass turns into a rubber, then as temperature increases further it turns into a
deformable plastic which at even higher temperatures turns into a fluid. Tg is a parameter
which is used in many areas of science and industry. Tg values can be determined using a
differential scanning calorimeter and can be detected as a point at which a plot of heat input
against temperature passes through an inflection point, thus giving a maximum of the first
temperature derivative. When measuring Tg it is desirable to operate the differential

scanning calorimeter at a temperature ramp rate between 5 and 10°C per minute.

We have found that an encapsulating matrix becomes permeable when the particle is heated
above Tg of{the matrix. So if the particles are below Tg at the'surface but'become heated
above Tg after they have been placed in the subterranean fracture, the matrix is effective to
enclose the oilfield chemical while the particles are at the surface, but then within the
fracture the particles become permeable and allow the encapsulated oilfield chemical to
escape into to the surrounding fluid. The release of the encapsulated chemical will take
place by a process of diffusion through the matrix of carrier material which may remain
intact. In order to have a Tg above ambient surface temperature, the matrix may have a Tg

above 30°C and possibly above 35 or 40°C.

During transit to the reservoir, the fracturing fluid will pass through a wellbore exposed to
subterranean temperatures and will begin to heat up, but flow rates during fracturing are
generally sufficiently high that fluid is still well below the reservoir temperature when it

enters the fracture.

If particles are exposed to a prevailing temperature which is not much above Tg of the
polymer , such as between 5 and 20°C above Tg, the tracer substance diffuses slowly out of

the particle providing controlled release of tracer over a period of time. By contrast if the
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prevailing temperature is well above Tg, the tracer is released much more quickly: for
example, a high percentage of the tracer might be released over as short a time as two

hours.

If the encapsulating polymer incorporates hydrolysable or otherwise degradable bonds and
also has a Tg below the reservoir temperature, it is possible that both of the above
mechanisms of tracer release will play a role, so that encapsulated tracer subétance is
released in part by diffusion out of the particle concurrently with release as a result of
degradation of the particle. However, it is also possible that one mechanism of release will
be faster than the other. For instance it is possible that release in response to temperature
will be quicker than any effect of hydrolytic degradation so that the encapsﬁlated tracer

substance is released by diffusion while the particles remain substantially intact.

The “architecture” of tracer particles may be further elaborated in order to give the desired
release profile. For example, particles which consist of small islands of the tracer within a

continuous carrier matrix could be over-coated with a further material which is soluble in oil
but not in water. This would prevent any tracer release while the particles were suspended
in an aqueous fracturing fluid but the coating would dissolve, allowing the release of tracer

to begin, at the start of oil production through the fracture.

Although the release of encapsulated tracer substance may be predicted, such as by
reference to Tg, the tracer release profile of particles can also be observed in laboratory
experiments before the particles are used. Such experiments involve exposing a sample
quantity of the particles to conditions of pH and temperaturé which match those found in

the subterranean location and monitoring release of tracer substance over time.

In some forms of this invention, a set of particles intended to be selectively placed at a
subterranean location consist of a plurality of subsets. The particles of the two subsets will
be similar in size, so that they go to the same location, but they differ both in their release

profiles and in the tracer substances which they contain.
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We have found that tracer substances can be successfully encapsulated by processes which
involve encapsulation of solvent from an emulsified phase. Moreover, such processes are
repeatable from batch to batch, allow the size of particles to be controlled and give an

acceptably narrow distribution of particle size.

5 Hydrophobic tracer substances, soluble in organic solvent, can be encapsulated within a

polymer using a technique comprising steps of

(i) dissolving the tracer substance and encapsulating polymer in a water-immiscible
organic solvent,
(i) dispersing the resulting solution in an aqueous phase to form an oil-in-water
10 emulsion in which the disperse'phase is the solution formed in step (i),
(iii). stirring or otherwise agitating that emulsidn while causing or allowing evaporation of
the organic solvent, thereby forming tracer particles in which the tracer substance

is enclosed by the polymer.

Hydrophilic, water-soluble tracer substances can be encapsulated by a double emulsion
15 technique. This comprises steps of
(i) dissolving the tracer substance in watér,
(i) dissolving the encapsulating polymer in a wafer-immisciple organic solvent,
(iii) dispersing the aqueous solution of tracer substance in the solvent solution of polymer
to form a water-in-oil emulsion,
20 (iv) dispersing this emulsion in water to form a water-in-oil-in-water double emulsion,
‘ and .
(iv) stirring or otherwise agitating that emulsion while causing or allowing evaporation of
the organic solvent, thereby forming tracer particles in which the tracer substance

is enclosed within a shell of the polymer.

25
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A tracer which is an insoluble solid in powder form can be encapsulated in an analogous

way by

(i) dissolving the encapsulating polymer in organic solvent,

(ii) suspending the tracer powder in the solvent solution of polymer in organic solvent,

(iii) dispersing the resulting suspension in water, to form an emulsion in which the
disperse phase is droplets of the organic solvent with tracer powqer suspended
within these droplets, and

(iv) stirring or otherwise agitating that emulsion while causing or allowing evaporation of
the organic solvent, thereby forming tracer particles in which the tracer substance

is enclosed within a shell of the polymer.

In each of these procedures the particle size is affected by the choice of encapsulating
polymer and the initial concentration of polymer in organic solvent, because these factors
affect the viscosity of.the disperse phase, from which organic solvent evaporates. A higher
viscosity of this disperse phase leads to larger disperse droplets which in turn leads to larger
particles. However, for any chosen composition, the droplet size of the disperse phase and
hence the particle size of tracer particles can be controlled through the amount of shear
applied to stir or agitate the emulsion while solvent evaporates. So, after choosing the _
encapsulating polymer and the other features of the composition, the significant parameters

influencing particle size are the mixing condition and speed.

All the above procedures lead to an aqueous suspension of particles comprising tracer
substance encapsulated with polymer. The particles can be recovered by filtration, washed,

dried and stored until required for use.

. Other manufacturing techniques are also available for the production of particles with an

tracer substance encapsulated within a polymer matrix. One possibility is to mix the tracer
substance into a melt of a polymeric carrier material and then form this melt into particles.

This would be applicable in particular when the tracer substance was a solid powder. The
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powder would be mixed into a melt of the polymer matrix material which would then be
extruded into fibres with the tracer substance distributed within those fibres. If less
elongate particles were desired, the fibres could subsequently be chopped into short lengths.
A related possibility would be to mix the tracer substance in powder form with the matrix

polymer, also in powder form, and then heat the mixture until the matrix material melted to

" an extrudable condition.

Embodiments of this invention and features mentioned above will now be illustrated and

exemplified by the examples below and by the drawings and description thereof.

Brief description of the drawings

Fig 1 diagrammatically illustrates mixing of particles into a fracturing fluid and pumping that

- fluid into a subterranean reservoir to form a fracture;

Fig 2 is an enlarged cross sectional view through the edge region of a fracture;
Fig 3 diagrammatically illustrates a sequence of fractures in a subterranean reservoir; and

Fig 4 is a cross section through a composite particle.
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Detailed description and Examples of preparation.

The following Examples 1 to 6 illustrate the preparation and properties of tracer particles.

Example 1: Encapsulation and release of hydrophobic dye.

Tracer particles were made using several encapsulating polymers and using a hydrophobic
dye as the tracer substance. This dye was 2-[4-(diethylamino)phenylazo]benzoic acid, more
usually known as ethyl red. The organic solvent which was used was dichloromethane

(CH,CI). Polyvinyl alcohol (80% hydrolysed polyvinyl acetate) was used as an emulsifier.

Ethyl red (0.020 g) and encapsulating polymer (0.465 g‘) were dissolved in 10 mi
dichloromethane. Polyvinyl alcohol {0.750 g) was dissolved in de-ionised water (150 g) using
a mechanical stirrer (Heidolph RZ2050 electronic, 320 rpm) for about 30 min and the solution
of dye and polymer in dichloromethane was then added to it, dropwise, to form an emulsion
of the dichloromethane solution in the water. This emulsion was stirred at 320 rpm for 2
hours, the time for the dichioromethane solvent to evaporate. The resulting suspension of
particles was then poured into 600 ml of de-ionised water and stirred for another 2 hours.
The particles were then recovered by vacuum filtration ona cellulose nitrate membrane
filter of 0.45 micron pore size and washed thoroughly with water until no coloration of the
filtrate water was observed. The particles were then dried under vacuum and stored in a

refrigerator.

Three encapsulating polymers used were Poly-L-lactic acid (PLLA), Poly-L/D-lactic acid
(PLDLA) and Poly-L/D-lactide-co-glycolic acid (PLGA) (85:15 ratio) purchased from Sigma-
Aldrich Chemicals. These all have relatively high molecular weight of about 100,000, and
have fairly low glass transition temperatures (Tg) PLLA shows the highest glass transition at
51°C as compared to 46°C and 45°C for PLDLA and PLGA, respectively. A fourth encapsulating
polymer was a Poly-L/D-lactic acid (designated PLDLA#2) having a higher molecular weight of
about 300,000 and a Tg of 60°C.
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Particle size was determined using a Malvern Mastersizer. The size distribution was found to

be narrow. The measured values { in micron) were

Polymer dyo dso . dyg
PLLA 68.8 101.3 | 149.7
PLDLA 58.8 86.8 127.4
PGLA 81.6 112.8 155.4
PLDLA#2 153.1

Scanning electron microscopy showed the particles to be spherical with a smooth surface
and extraction of dye from a small sample of particles showed that the dye content was

approximately 3.3-3.5% by weight.

The preparation above was repeated using the same materials-and proportions but replacing
the 320 rpm stirrer with a Silverson mixer running at 1500rpm to give higher shear. Smaller
particles resulted. Their measured particle size data was: dig 2 micron, dsg 8 micron and dgg

14 micron.

In order to study the release profiles of the particles at diffe-rent temperatures, 10 mg
sample quantities (made using the 320 rpm stirrer) were suspended in 10 mi de-ion‘ised
water (pH 7-8) and'incubated in closed bottles at various temperatures. After a period of
time the amount of dye already released into solution was determined by cooling the bottle
and its contents to ambient temperature or below, t'o stop further release of dye, extracting

the released dye with organic solvent, and examining the extract spectroscopically.
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Polymer Test 1hr 24hr 48 hr 64hr
Temperature

PLLA 55°C 0 0 0 0

PLLA 65°C 0 15% 21%

PLLA 70°C 0 21% 35% 42%

PLLA 95°C 40% 66%

PLLA 120°C 60% 80%

PLDLA#2 65°C 0 35%

PLDLA#2 75°C 12% 51%

Similar results were observed at lower tem‘perature with PLDLA and PLGA

Polymer Test . 1hr 70 hr 120hr
Temperature )

PLDLA 40°C 0 0 0

PLDLA 55°C 0 45% 65%

PLDLA 95°C 45% 98%

PLGA 40°C 0 0 0

PLGA 55°C 0 45% 68%

PLGA 95°C 39% 90%

These results show a consistent pattern. For each polymer, if the temperature is slightly

above Tg the dye was released progressively over time, but if the temperature was further

above Tg the release was much more rapid, with a substantial proportion taking place within

the first hour. The temperatures were higher for PLLA than for PLDLA and PLGA. This was

attributed to partial crystallinity of the PLLA polymer, whereas the others were wholly

amorphous.
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An experiment was carried out to show that polymers of hydroxy acids degrade slowly in
contact with water, with progressive loss of material from the particles. Particles were made
by the procedure of Example 1, using two of the above polymers, but no dye was included.
Particle sizes were measured and the dso median particle sizes were
"PLLA d50 = 106 micron
PLDLA#2 d50 = 149 micron.

For each polymer 20mg samples of particles were placed in 20m! de-ionised water and
stored at 95°C or at 120°C in closed bottles, for various lengths of time. At the end of the
storage time, the bottle was cooled in water at 0°C, and the solid was recovered by filtration,

washed with deionized water on the filter and dried. The following results were obtained

Storage at 120°C. - Weight lost (% of original weight)
Storage time (hours) PLLA
10 15
24 35
48 75
60 97
Storage at 95°C Weight lost (% of original weight)
Storage time (hours) PLLA PLDLA#2
- 50 -5 25
75 14
190 37 60

Comparison with the results above for dye release at the same temperature shows that dye

release by diffusion at temperatures above Tg proceeds faster than particle degradation.
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Example 2: Encapsulation and release of hydrophobic dye.

The procedure of Example 1, using the 320 rpm stirrer, was repeated using polystyrene-co-
maleic anhydride (PS-MA) and also using mixtures of PLLA and PS-MA in weight ratio_s of
95:5, 80:20, 50:50, 30:70. These polymer blends were made by simply dissolving both
_polymers, in chosen proportions, were both dissolved in the dichloromethane together with
the ethyl red dye. The Tg values of these blends were not determined directly, but since
PS-MA has a Tg of about 120°C which is much higher than that of PLLA, the Tg of the blends

would increase with increasing proportion of PS-MA.

Release profiles were studied as in Example 1, incubating the samples in closed bottles at

120°C, with the following results:

Polymer Test 1hr Shr 10hr
temperaturé

PS-MA alone 120°C 0 13% 21%

30% PLLA: 70%PS-MA 120°C 15% 21% 30%

50% PLLA: 50%PS-MA 120°C 45% 58% | 68%

80% PLLA: 20%PS-MA 120°C 50% - 68% 72%

95% PLLA: 5%PS-MA 120°C 61% 72% 80%

It can be seen'that the blends with 50% or more PLLA, which have lower Tg, display
significant early release, whereas PS-MA alone and 30:70 PLLA:PS-MA give gradual release.
It can also be seen that particles made from pure PS-MA showed a steady release at 120°C
after an initial delay: note that no release was observed after 1 hour. When release profiles
were studied at 95°C no release of ethyl red was observed after 15 hours for PS-MA

microspheres, as well as PLLA microspheres containing 70 wt. % PSMA.
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Example 3: Encapsulation and release of hydrophobic dye.

The particle preparation procedure of Example 1 was carried out, using the 320 rpm stirrer
andl PLLA as the polymer. The dye was 2-[4-(dimethylamino)phénylazo]benzoic acid, more.
usually known as methyl red which is a homologue of ethyl red. The encapsﬁlated particles
were found to ha.ve dso of 106 micron. Asin Example 1, sa'mple guantities were suspended
in de-ionised water and stored in closed bottles. THe stor>age times and temperature§ were 2
days and 20 days at 50°C and 60°C. The percentages of dye released are given in the table

below. It can be seen that the release of dye took place over a number of days.

Polymer Test temperature 2 days 20 days
PLLA 50°C 2% ‘ 38%
PLLA 60°C 5% 75%

Example 4: Encapsulation and release of hydrophilic dye.

Tracer particles were made using either PLLA or PLDLA#2 as the encapsulating polymer and
using a water soluble hydrophilic dye as the tracer substance. This dye was the sodium sait

of 4-(4-diethylaminophenylazo)benzenesulfonic acid, more usually known as ethyl orange.

Polyvinyl alcohol (0.375 g) was dissolved in water-(150 g) containing 3wt% sodium chloride
using a mechanical stirrer (Heidolph RZ2050 electronic, 320 rpm) for about 30 min.
Encapsulating polymer (0.25 g ) was dissolved in 3.7 mi dichloromethane and added to a
solution of ethyl orange in water (0.20 ml). Various concentrations of ethyl orange in the
water were used. The resulting mixture was stirred using a magnetic stirrer at its maximum
rate for 10 min to form a water-in-oil emulsion which was then added dropwise to the saline
solution of polyvinyl alﬁohol over about 3 hours to form a water-in-oil-in-water double
emulsion. This double emulsion was then poured into 600 mi of water containing 3wt%
sodium chloride and stirred at 320rpm for another hour. As the dichloromethane solvent

evaporated, the dispersed droplets were converted to particles comprising ethyl orange
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encaps-ulated by polymer. The particles were recovered by vacuum filtration on a cellulose
nitrate membrane filter of 0.45 micron pore size and washed three times with water. The
particles were then dried under vacuum and stored in a refrigerator. Examination of
particles under an optical microscope showed that each particle contained islands of the

ethyl orange in a matrix of the encapsulating PLLA.

This preparation procedure was also carried out using a Silverson mixer at 800rpm in place of
the 320rpm stirrer to provide greater shear while mixing. The polymers, dye content, mixing

speed during preparation and median particle size of a number of samples are given in the

following table

Polymer Ethyl orange as wt% of polymer Mixer speed dso (micron)
PLLA 11.3% 320 rpm 201.9
PLLA 7.7% ' 320 rpm’ 201.1
PLLA _ 4.78% 320 rpm 168.3
PLLA 4.86% 800 rpm 50.5
"PLLA -1 2.42% 800 rpm 46.4
PLDLA#2 11.04% 320 rpm 2344
PLDLA#2 6.5% 320 rpm 190.8
| PLDLA#2 3.6% 320 rpm 269.5
PLDLA#2 1.8% 800 rpm 68.4
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The release profiles from some of the above particles were studied in the same way as in

previous Examples. The following results were obtained:

Polymer and wt% | dso Test 1 hour 19 hours | 40 hours | 110 hours
dye {micron) temperature

PLLA 7.7% 2011 75°C 0 10% 15% 20%
PLLA 7.7% 201.1 95°C 0 38% 60% 100%
PLLA 7.7% 201.1 120°C 35% 100%

PLDLA#2 6.5% 190.8 75°C 25% 45% 50% 65%

PLLA 4.78% 168.3 75°C 3% 9% 11% 20%

PLLA 4.86% 50.46 75°C 20% Over 50% | 65% - Over 70%

It can be observed that, as with encapsulated ethyl red in Example 1, the rate of release from

PLLA particles was temperature dependent. Also, particles with PLDLA#2 polymer released

dye more quickly than PLLA particles, consistent with the partially crystalline nature of PLLA.

Thirdly, comparison of, PLLA particles with approximately 4.8% dye content showed that dye

release from the smaller particles made at higher shear was much faster than from larger

particles.
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Example 5 Encapsulation and release of hydrophilic dye

Further particles were made as in the preceding Example, above, using PLLA polymer,
7.7wt% dye and stirring with the 320 rpm stirrer. The median size dso of these particles was
found to be 317 microns. The release profiles from some of the abO\)e particles were
studied in the same way as in previous Examples, with storage periods of 2 and 20 days The
following results were obtained. It can be appreciated from these results that release of the

encapsulated dye was taking place over a period of some days.

Polymer Test temperature 2 days 20 days
PLLA 50°C 5% 75%
PLLA 60°C 7% 75%

Example 6: Encapsulation of a model insoluble solid

The production of tracer particles containing a solid phase tracer substance was modeled
using PLLA as the encapsulating polymer and an inert solid powder (15 micron median

particle size) as a model for a tracer substance.

Polyvinyl alcohol (1.5 g) was dissolved in water (600 g) containing 9wt% sodium chloride
using a mechanical stirrer (Heidolph RZ2050 electronic, 320 rpm) for about 30 min.

PLLA (0.25 g ) was dissolved in 7 ml dichloromethane to which solid powder, in an amount
which was 9% by weight of the PLLA was then added. The resulting mixture was shaken
vigorously to suspend the powder in the dichloromethane solution and added to the saline
solution of polyvinyl alcohol. This was stirred for about 3 hours while dichloromethane
solvent evaporated, after which the mixture was poured into 600 ml of water containing 9
wt% sodium chloride and stirred for another hour. The resulting PLLA particles containing

encapsulated powder were recovered by vacuum filtration on a cellulose nitrate membrane
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filter of 0.45 micron pore size and washed three times with water. The particles were then

dried under vacuum.

The procedure was repeated, with the same amount of PLLA dissolved in only 4ml|
dichloromethane, thus providing a more viscous dichloromethane solution, which led to an

increased particle size for the encapsulated particles.

Particle size measurements on the particles of encapsulated powder are given in the

following table.

Powder dio dso dgo
as wt% of PLLA
PLLA in 7ml CH,Cl, 6.43 a7 90 190
PLLA in 4ml CH,Cl, 5.74 BT 200 397

Example 7: lllustration of multiple tracers delivered concurrently.

Fig 1 shows aiagrammatically the arrangement when a fracturing job is carried out. Asis
conventional for such a job, hydrocarbon prbduction from an existing wellbore 10 is halted
and the well head is coupled to pumps 12 supplied by a mixer 14. This mixer is supplied with
thickening polymer, water and (when required) particulate proppant as indicated by arrows
W, P and T. Viscous fracturing fluid formed by mixing in the mixer 14 is pumped down the
production tubing 16 within the wellbore 10 and exits into the reservoir formation 22 as
indicated by the arrows 18 at the foot of the well, at a pressure which is sufficiently great to
initiate and propagate a fracture 20 in the formation 22 In the early stages of the fracturing
job, the fluid does not contain proppant and elongates the fracture, but later on solid,
particulate proppant is suspended in the fracturing fluid which is being pumped in. A

standard proppant is used: sand having particle size ranging from 425 to 840 micron
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(20 to 40 US sieve). The fluid leaks off into the formation around the fracture, depositing a
filtercake 24 of the thickener on the formation’s surfaces exposed to the fracture 20 and
packing the fracture with proppant 26 represented by a dot pattern. Pumping of fluid is
stopped when the fracture has been formed and packed with proppant. The pressure in the
fracture drops as fluid leaks off into the formation and the fracture closes on the proppant
pack which remains sufficiently porous to p;fovide a flow path along the fracture and out into

the wellbore.

The fracturing fluid usually includes a “breaker” chemical or enzyme which (after a delay)
reacts with the thickener in the fracturing fluid, tonverting it to reaction products which do
not viscosifyl the fluid, thus feducing the viscosity of the ;queous fluid in the fracture and
breaking down the filter-cake 32 The liquid part of the fracturing fluid is produced out of the

wellbore as hydrocarbon production is resumed.

To implement the process of the invention, a metering device 30 is used to introduce three
sets of tracer particles 32, 34 and 36 into the mixer 14 while fracturing fluid containing
suspended proppant is being mixed and pumped in. These three sets of particles differ in
size, in the tracer substances encapsulated within them and also differ in where they are

placed in refation to the fracture.

In this illustration, the smallest particles 32 have a median particle size of 5 micron. This
allows them to flow through the proppant in the fracture and through the filtercake 32 so
that, as shown in the enlarged view in Fig 2, the smallest particles 32 are carried into pdres of
the formation as fluid leaks into it from the fracture. These particles 32 contain a
hydrophobic, oil-soluble dye C as tracer substance and the encapsulating polymer is chosen

such that this dye C is released slowly, over a period of time at the reservoir temperature.

The intermediate sized particles 34 have a median particle size of about 30 microns. They

are too large to enter formation pores but they can pass through the proppant pack and so
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they become trapped in the filter cake. These particles contain a water-soluble dye D as

tracer substance and release it relatively rapidly at reservoir temperature.

The largest particles 36 have a median particle size of about 300 microns, large enough that
they become trapped within the pack of proppant 26. These particles contain an oil-soluble

dye E as tracer substance and this is also released sloWIy at the reservoir temperature.

When production is resumed, the tracer dye Dvliberated from the particles 34 is carried to
the surface in the aqueous remains of the fracturing fluid. Detection of the dye D in samples
of the aqueous phase produced from the wellbore confirms that the filtercake 24 has broken
down allowing the liberated dye D to be swept out into the wellbore. The tracer dyes C and
E are detected in samples of the resumed hydrocarbon flow and confirm that hydrocarbon
containing tracer dye C is flowing out of the reservoir formation 22 into the fracture where it

picks up some of tracer dye E as it flows through the proppant pack to the wellbore.

Example 8: lllustration of tracers in multiple fractures.

Fig 3 illustrates the formation of multiple fractures, (three are shown and designated 40, 42,
44) in a sequence spaced along a wellbore 38 which extends horizontally through a reservoir
formation 22. The fractures are formed one at a time by pumping from the surface through
equipment which allows the fluid to reach only one fracture position. The present invention
could be implemented with such an arrangement by delivering three sets of particles of
differing size to each fracture, similarly to the particles 32,34 and 36 shown in Fig 2. It would
preferably be arranged that the tracer substance encapsulated in each set of particles would
be unique to that set. Consequently, the sets of particles delivered to one fracture, eg
fracture 40 would differ from each other and would also differ from the tracer substances in
the sets of particles delivered to the fractures 42, 44 and any other fractures. Of course, the
total number of different sets of particles which are required would be three times the

number of fractures. Detection of all of the tracers in fluid produced from the wellbore
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would confirm that the filtercake had broken down in each fracture and that there was

hydrocarbon flow out through each fracture.

Another possibility might be to deliver only one unique set of particles to each fracture.
These might for instance be particles which contain oil-soluble tracer substances and are
dimensioned to be trapped in the proppant pack like the particles 36. When there is flow
from the reservoir, the detection of tracer substance from each fracture would confirm that
there is flow out of each fracture. It is also possible that such an arrangement could be used
With a well which extended through multiple pay zones at different depths, with one or more

fractures extending into each pay zone.

There are numerous other possibilities within the scope of this invention. A possibility is that
different sets of particles, having similar size but different tracer substances are mixed into
the fracturing fluid at different stages of of a fracturir;g job. Then a set of particles mixed in
early on would be carried a long way into the fracture while a set of particles mixed in at a
late stage would remain fairly near the wellbore. More specifically, one set of particles
dimensioned to be retained in the proppant pack might be mixed with the first proppant to
be pumped into a fracture and carried to the extremity of the fracture. A second set of
particles of similar size might be mixed with the last part of the proppant to be pumped in. If
both tracer substances are detected in subsequent hydrocarbon production, this will show

that hydrocarbon is able to enter the tip of the fracture and flow along it as well as entering

the fracture close to the wellbore.

Fig 4 illustrates a possible further development to the “architecture” of particles. A particle
made by the procedure used for Examples 1 to 6 provides a core 50, which contains a tracer
dye distributed within an encapsulating polymer matrix. This core 50 is overcoated with a
shell 52 of an oil-soluble wax. When such a particle is suspended in an aqueous fracturing
fluid no release of tracer dye can occur because the shell 52 provides a barrier surrounding
the core. When the particle eventually comes into contact with oil below ground, this is able

to dissolve the shell 52, allowing the slow release of dye from the core 50 to begin.
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CLAIMS

1. A process of making observations ofa subterranean reservoir penetrated by a wellbore,
using tracer particles, comprising steps of

delivering a plurality of sets of tracer particles to respective subterranean locations
via the wellbore, the p‘articlés in each set comprising a tracer substance which distinguishes
that set form the other sets and a carrier;

causing or allowing the tracer substances to flow out from the tracer particles whilst
the particles.are at the respective subterranean locations;

causing or allowing production of fluid out of said reservoir via the wellbore; and

detecting the presence or absence of the tracer substances in the produced fiuid.

2. The process of claim 1 wherein the plurality of sets of tracer particles comprises at least

three sets, which are delivered to respective different subterranean locations.

3. The process of claim 1 wherein at least two sets of particles differ in median particle size.

4. The process of claim 3 wherein the particles of a first set are sufficiently small to enter
pores of the rock which constitutes the subterranean reservoir formation but particles of

another set are too large to do so.

5. The process of claim 4 wherein the first set of particles has a median particle size of no

more than 10 microns.

6. The process of claim 5 wherein not more than 10 wt% of the particles of the first set have

a particle size larger than 20 microns.

7. The process of claim 3 wherein a first set of particles has a median particle size of no
more than 10 microns and a second set of particles has a median particle size in a range

from 20 to 100 microns.
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The process of claim 7 wherein not more than 10 wt% of the particles in the second set

have a particle size smaller than 10 microns.

The process of claim 3 wherein a third set of particles differs in median particle size from

the first and second sets of particles.

The process of claim 9 wherein the third set of particles has a median particle size of over

200 microns.

The process of claim 10 wherein not more than 10 wt% of the first particles have a
particle size larger than 20 microns, not more than 10 wt% of the second particles have a
particle size srﬁéller than 15 microns, not more than 10 wt% of the second particles have
a particle size larger than 200 microns and not more than 10 wt% of the third particles

have a particle size smaller than 150 microns.

The process of claim 1 wherein a plurality of sets of particles are transported down

the wellbore concurrently.

13.

14.

15.

16.

The process of claim 1 carried out in the course of hydraulic fracturing of the

subterranean reservoir.

The process of claim 13 wherein proppant is transported down the wellbore and a
plurality of sets of particles are transported down the wellbore concurrently with

proppant.

The process of claim 13 wherein a plurality of fractures are formed in the reservoir and
the process comprises delivering a plurality of sets of tracer particles to respective
fractures via the wellbore, a set of particles in each fracture comprising a tracer

substance which distinguishes that fracture from the other fractures.

The process of claim 1 wherein the tracer particles comprise tracer substance

encapsulated by carrier material.
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17. The process of claim 16 wherein the carrier material comprises organic polymer and has
a Tg value which is above ambient temperature at the surface but below the

temperature at the subterranean locations to which the particles are delivered.

18. The process of claim 16 wherein the carrier material comprises organic polymer with
hydrolysable groups in the polymer chain which are labile to hydrolysis to break the

polymer chain.
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