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, Summary f

-This paperexamines several factors that can have an 1rnportant effect
on gel placement in fractured systerns, including gelant viscosity, de-
gree of gelation, and gravity. For an-effective gel treatment, the con-
ductivity of the fracture mustbe reduced and:a viable flow path-must
remain open between the wellbore.and mobile oil-in the reservoir,
During placement, the gelant that ‘leaks off” frem the: fracture into
the rock plays-an important.role in determiningzhow well a-gel treat-
ment will réduce channeling:.For a given volume of gelant injected,
the distance. of gelant leakoff is-greater for a viscous gelant than for
alow-vrscosrty gelant (other factors.being equal).

-In one method to minimize gelant leakoff; sufﬁcrent gelatwn is de-
srgned to occur before the gelant leaves the wellbore: We investigated
this approach:in numerous experiments with both fractured-and.un-
fractured cores. We. studied. CrélII)/acetate[hydrolyzed polyacryla-
mide (HPAM) resorcmol/fonnaldehyde, CrQII)/xanthan aluminum/
citrate/HPAM, and. .other gelants and gels with-various.delay: times
between gel t paration and injection. ‘Our results suggest both
hope and caution concerning the injection of gels (rather than gelants)
into fractured systems. Tracer studies indicate that some gels can ef-
,fecnvely heal fractures under the right circumstances. However, high
‘resxstance factors exhibited dunng placement.conlddimit the ability
to propaga certain gels deepintoa fractured systemunless the frac—

:1 Currently, 35% te 40% of Hewly
-drilled wells; arehydraulically: fractired. ‘Many- othér wells' have
been: fractired- urnntermenally during waterﬂoodmg operauons

ulate orl andz gas predue%r

Naturally fractured reservoirs also are common. < :

- With the proper lengthiand orientation; fractures cani tha
ductmtgy and/or m)eetmtywrtheut adversely affectin
ciency.34 Unfortuniately; in many circumstancesfractures i mlparr oil
recovery; reservoirsiwith waterdrive orgasdrive recovery mecha-
nisms; fractures may aggravate the production of water orgas:In
waterfloods-ot-enhanced:recovery projects, fractures can allow 4n-
Jected flaids to-channel through the reservoir:

- Theoreticak developments>=" and-many-field resultss‘w mdrcate
vthat el treatmentsare mosteffective in reservoirs -where fractures
constitute the source-of a severe fluid channeling problem. An-im-
portant factorfesponsible for this resaltis thataneffective gelplace-
ment is easier tosachieve it fractured wells than in unfractured
wells. The “permeability” of a;fraeture is typically 10310:100 times
greater than that of the-porous reck.1:12 Thus, a gelant.can propa-
gate. a substantial. distance along the length of the fracture while
penetrating asmall distance into the adjacent rock. Howaver, the ge~
lant that “leaks off” into the rock plays an important role in deter-
mining how effectively- the. gel treatment will: reduce channeling. If

the distance 6f gelant leakof is too great, then both productlvuy and.

orl-recovery efficiency could be damaged. For an effective gel treat-
ment, the conduct1v1ty of the fracture must be reduced, anda viable
flow path must remain open bétween the wellbore and mobrle oilin
the reservoir..

* This paper investigates several factors that have an 1rrip0rtant ef-
fect on _gelant placement in fractured systems. First, we suggest
idealized placement locations: Second, we discuss the, 1nﬂuence of
gelant wviscosity on leakoff into the porons. rock. Then, we describe
experiments that. probe how gelled and partially. gelled materials af-
fect leakoff ) We also mvestlgate the abllrty of gels to ‘propagate
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through fractures Fmally, we explore the effects of gravrty on gel

. placemenL

‘ De’su’-ed Placeméﬁtfl;ocations
‘Where sheuld agel be placed in afractured system? Consider a frac-
tured injection well, as shown in Fig, 1. The fracture may extend
part of or all the way between the injection well and a.nearby pro-
duction well. Because of its orientation and conductivity, this frac-
ture srgmﬁcantly reduces sweep, efficiency. To improve sweep effi-
“ciency in one idealized scenario, a gel wonld completely fill the
fracture and effectrvely negate the existence of the. fracture. This
’ ario would i increase sweep efﬁcxency but srgmﬁcantly reduce
"injectivity, The m]ectlvrty loss associated with the complete healmg
of the fracture may not be acceptable o
. Hypothetically, ahigh injectivity could be maintained and sweep
efficiency could be rmproved if the gel.could be placed atthe proper
locations in the fracture. In fractured injection wells, we would pre-
“fer to-plug the fractare far from the weéllbore rather than near the
wellbore. The part of the fracture farthiest from the wellbore i miost
Jikely to aﬂow m]ected ﬂuxd e.g., water) to bypass orl (see Flg 1)

then mjectmty could’ ‘rématn relatively ln gh Snmlar arguments ap-
ply o fractired production wells. =+~

In stratified reservoirs where the fracture cuts multrple strata, we
‘prefer the gel to plug or restnct ﬂow in the water—saturated zones

vdlsplacmg ﬂuld vrscosrty to dlsplaced fluid ¥iseosity:

¢iple suggests that fora given volume of gelant 1njected intoa frac-

tured system, the distance of gelant leakoff will be greiter for a vis-

cous gelant than for a low vrscosrty gelant (other factors* bemg
ci ;

muich'gelant may Te :

This principle hielps to explain some-recent field expemences In
some injection-well treatments, tracer studies were first performed
to determine interwell transit times for water.16 Very rapid fransit
times were observed, conﬁrmmg that fractures were the cause of the
channehng When a viscous gelant was injected, no gelant was de-
tected at the offset producers even though the gelant volume was 10
times greater than the volume associated with transit of the’ watet
tracer between. the wells. A possible exp}a.natwn is that:leéakoff was
substantlal@ greater for the viscous gelantthan for the low-viscosity
tracer:solution. Thus, the volume of injected water tracer required
for transit from an injector to a producer is much less than that for
a viscous injectant. '

How could the idealized placement shown in Fig. 1 be obtained?
Could this placement be achieved by injecting a postflush (e.g., wa-
ter, polymer solution, or.¢il) to displace the-gelant.or gel away from
the wellbore? Theoretical work and flow visualization studies sug:
gest that 4 postflush could aid placement if the gelant viscosity was
not greater than that for the postflush fluid (or more generally, if a
favorable mobility ratio exists during the dlsplacement) and the
postflush was injected before significant gelation occurred.!416-18
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fluent from the esid had the sa“,‘e viscosty as water. “‘Je‘?‘@d TABLE 1-cone AND: FRACTURE PERMEABILITIES
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of gelant or gel (usually O 3PVorl0 mL) was m_;ected into anew
ctared: ,

fracture. Afteri injecting the gelant of gel we shut in the core for sev-

“eral days. After the shut-in eriod, brine was m]ected to'determine
permeability reduction values (residual resistance factors), and trac-

“er studies were conducted 1o assess whether the gel treatment re-
sulted in fluid divErsion. i i

To: assess 1mp1;ovements in sweep efﬁcre “we compared the
iracer cwrves shown in Fig. 5 with those obtained before: and after
placing gel in a fractured core. Presumiably, the best sweep improve-
meit would be obtained if a gel treatment could effectively heal the
fractiire without gel penetratinginto the porous rock. In'this case, the
final tracer curve should resemble the open-circle curve in Fig. 5.

Fig. 6 illustrates the tracer resulfs for four sets of gel experrments
The curve with the open circles shows the results from a tracer study

for a fractured core (Core 3) before any gelant was injected. One.of
these cutves was obtained for each set of core experiments. Because
these: curves were very similar before gelant or gel was :m_]ected
only one of the pregel curves is shown in Fig. 6.

In the first experiment, 0.3 PV of fresh gelant was m}ected into
Core 3 immediately after the formulation was prepared. Because the
fracture volume was less than 0.05 PV, we expected that 0.3 PV of
gelant should completely fill the fracture. However, after the shut-in
period, tracer results:(open diamonds ifi Fig. 6) indicated that the gel
treatment did not improve sweep efficiency. In fact, the ‘gel treat-
‘ment actually impaired sweep efficiency slightly (because the.open
‘diamonds in Fig: 6-are consistently: to the left of the open circles).

~ For thls  case, we suspected that the gel may. ‘have washed out of

m}ecuon We ity ec* d03 V PV, v ECTVE
placemeht,-ﬁ r results (the solrd dramonds and stars in Fig. 6)
showed s1gmfr [

These results suggest that in fractured syste )
may be obtamed by.injecting gels rather than gelant Howe, r,
s n,'we had to determ . hether gels

excessrve pressure gr
periments where large »
Berea.cores.
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‘expec

effe vely healed the fracture (sohd stars in Frg 6)

Cr(III)/acetate/HPAM_g 1rln’a fracture. O d
prepared gel waskmje d ‘into ‘th “fractured c e

resistance factor increased io 200,000, P t
creased to-250 psi/ft (Figs. 8- and 9). This deviation from the pre-

vious trend may have résulted fr6 ficreased degreof gelation,
from the decreased injection rate; or from a combination of both ef-
fects. Arlower injection rates;: the-average-pressure gradients were
lower; and the sesistarice factors were erratic: The low-injection-rate
data points.in Figs: 8:and 9 show averages-of these-erratic values.

+ After réaching alow: gel-injection rate 0f0:64 Lk the: mjectron
rate was increased instages: Results: from this portion of the-experi-
ment are illustrated by the solid diamondsinFigs. 8.and 9. Whenthe
gelinjection rate:was increased o IGmL/h shotrs:after gel injec-
tion.started-and 30 hours;after the gelasi ‘eparéd);-the resis-
tange: factor was222;000; and-the press it was 280 psi/ft.
These values are similat'to those-mentioned i the: prevrous para-
graph-(associated with an injection rate-of 10 mL/h). .

- Athigher injection rates; the resistancéfactors quickly stabrhzed
at each new rate, and the pressure: gradientssvere: fairly constant
around-300 psi/ft (Fig.9). Again; this behavior suggests that some
rmmmum pressure gradlent was needed to: keep he gel moblhzed
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'very cbnducnve. Perhaps these igh pressﬁre grad}ents may widen
ftacmres in‘some’ c‘ases so that gels could propagate more readﬁy

: srdual reststance factars decreased s gmﬂcantly afte :
PV of brine, especially when no epoxy: blocked thiefracture outlet
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epoxy block i the fracture outlet @Eore 2); the -gel Ireatment
proved sweep efficiency only slightly: Fhese ﬁndmgs are: simil

those obtained for the” Cr(lI)Y/acetate/HPAM. gelant.
(Cores 3 aid 4y When the fractured cores were-disass

noted that the red resorcinolformaldehyde: gelant«had selﬂed to Ehe
lower partc of the core Apparen{ly, densrty drfferences allowed tﬁrs

pressure gradrents It weuid also pmvrde a resrdual resrstanoe factor
that was approxrmately oqual to'the correspondmg relative. ﬂow ca-

pacrty value given in Ta

tha.t the gel had plugged the fracture but not the porous fock) .
The tracer results:and ‘Tresidual resistance factors: suggest that for

the gels examined, the Cr(IlD/acetate/HIPAM and Cffvf)iredmd

PAM/AMPS . gels _xhost effectively healed. the. fractur

cases; the tracer résults after gel placement: approach c

for the unfractured core. Also, the resrdual re51stance

much greafér {han the correspondmg relanve flow ¢
inTable 1, we suspe_ct that the gcl was not sufﬁcrenﬂy 1

T : " Residual Tracer Results, PV
; fin Besistance Resistance e
Core . 5 Gel - = = Factor “Faetor .. -Breakthrough__ .. ClC=05_ |
nofractute - noie . - e GBS el 100
7 T none e 1 0.05 . 0.12
ST o facetate/HPAM ECO ‘
107 Criyxanthan <
12;“””;,,; o Qr(lll)/acetate/PAM/AMPS
13 = = aluwnum/c;trate/HPAlW ‘
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.- ability of 100 darcies

Rev:ew

Our data mdlcate both h@pe and caunon concemmg the mjectlon of:

Qur tracer smdres mdlcate that some

~.gels into fractured systems

e dnvmg force, then‘

ﬂu1d v1scosrty, then. Vi A

: i ple -
-, 55-fthigh could be: dramed of gelant in1 day lf the gelatlon time is -

‘;;,long enough

- uctof the oil residual resrstance factor and the dlstance of gel pe-
. netration: from the fracture fice ¢into the rock) is- relatively small,
- then the gel willnot srgmﬁcantly impede
“ture and flowing to.the well. If at the same time the -product of water -
- residual resistance factor and the distance of gel penetration from
ithe fracture face is large, then water entry into thefracturescanbe
“restricted. cons1derab1y This mechamsm is
~Ref. 16 s

E Fu‘tura Work

’ Ultrmately, the practlcmg ﬂeld engmeer needs a tool to: deterrmne» ,
tthe best means:o place gels in fractured systems..Our work to date
o w:ll be usefuilin'some. clrcumstances butmochmo work is needed

tured réser eirs) We are actively pur:

4 gravrty to clear a fracture of gelant beff' e gei‘ ‘xon' :

~ vertical velo

would cause gelant to dram into and plug;hat part of i rhe fracture lo- "

cated in the aquer Hthe gelant density is hot greater than that for the

aquifer water, then gravity should prevent the final gelant/oil interface

- from falhng below the pretreatient{static) water!eﬂ interface.-
ik

If the gelantiml mterface does evel of }the pretreatment

Yom-entéring thie fracs -

discussed in deta_ﬂ in

“reactionis and shear degradatlen as
_J/tures" How much water islost from 1

umg‘,these‘ rgues wlth 1abora- -
'ory, numerrcal and field stud1e528 el b s e

ed that'a Cr(III)lacetate/HPAM )
umlar manner to that for other gelants

: f the: gelant/orl mterface in the frac-;i L ok
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