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ABSTRACT

This paper describes an experimental  investigation of'the"effeEts of tock
-permeability and lithology on-thie performance of several gels, including those formed -
from resorcinol-formaldehyde, tolloidal  silica; “Cr(ii chlorrde—xanthan and. Cr(IH).

acetate-polyacrylamide. - During core experiments, the "strongest"’ gels were found o

_reduce the permeability of "all cores to approximately the same: value in’the Tow.
‘microdarcy range). Tracer studies indicated that these gels occupied most of the available -
pore space. Flow experrments were performed in rectangular mictomodels to determiine
whether these gels. have some- inherent -permeability to water The permeabrlmes for ﬁve
gels were found to be less than or equal:to 60 ud e

For "wea.ker" gels (1 e those leavmgasrgmﬁcantpermeabrhty) resrdualresrstance RS

factors generally decreased with increased rock permeablhty Tracer studies indicated
that these gels occupied a small fractron of the pore space in acore. Experiments
- revealed that gelation in the porous ‘rock was-often far less complete than that in a bottle.
For unbuffered gelants in porous rocks, the pH at which gelation occurs may be

determined ‘more by rock mmeralogy than by the pH of the ‘injected gelant. Thus, the

buffering action of reservoir rocks:should be: considered when evaluating gel performanoe :

in the laboratory The immense: buffeﬁng capacity of limestone can effectively preclude )

the propagation of- unbuffered Cr(IH) chlonde—xanthan gelants or CrC13 solutrons through -
porous lrmestone , :

INTRODUCTION

Ideally, gel treatments should reduce channeling of ﬂurds through hrgh-perrneabrlrty,
watered-out flow pathss wrthout darnagmg orl—productrve Zones. However, in most
! applrcatlons, the gelant penetrates to some extent. mto low-permeabrlrty, orl—productrve -
363

Copyright.© 1993 by Marcel Dekker, Inc:



-«
364 e SERIGHT

TABLE 1
Gelant Compositions and Properties (at 41°C)
= , ; ==
Gelant Composition : pH Gelation | Gel-strength
; ; . time, hrs. code®
3% resorcinol, 3% formaldehyde, - 6065 | 6 Lo
0.5% KCI, 0.42% NaHCO, | |
3% resorcinol, 3% formaidehyde, . 90 | - 4 -1
0.5% KCl, 0.42% NaHCO, ) .
4% colloidal silica, 0.7% NaCl o 7.0 15 I
10% colloidal silica, 0.7% NaCl 8.2 s g
0.4% xanthan, 154-ppm Cr(III) 4.3 10 I
(as CrCly), 0.5% KCI : ; o
0.4% xanthan, 154-ppm CrIl) - 4548 10 . FG
(as CrCly), 0.5% KCl, 0.3% CH;COOH ,
1.39% polyacrylamide, 212-ppm Cr(lIl) 59 | 15 " H
[as Cr5(OH),(CH,CO0),], 1% NaCl 5
1 1.39% polyacrylamide, 636—ppm @ - 59 1 -1
[as Cry(OH),(CH;CO0);], 1% NaCl

* Product could be descnbed better as.a precrprtate than as a gel.

zones. A gel treatment can'either enhance or harm oil production, depending on how the
gel’s performance in low-permeability rock compares with that in the “thief" zone. s ’

This: paper describes an: experimental investigation of the effects of rock 7
permeabilit}; and lithology on the performance of several gels. During our e'xperirnents
particular attentlon was paid to (1) the’ 1mportance of pH to- gelatlon (2) ‘gel performance
asa functlon of fluid velocity, and (3) the use of tracers to assess the fractlon of the pore
space that was occupied by gel. Theeffects of oil and wettability on gel performance can
be found in Ref. 6. ‘ i

GELANTS AND GELANT PLACEMENT PROCEDURES

Gelanits Studied
In this work experlments were performed with four different gelants ‘including
resorcmol-formaldehyde “colloidal silica’ (DuPonts Ludox SM®y, Cr(III) chloride-
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- xanthan, and Cr(HI) acretatt:—polyacrylamrde8 <10, (Marathon s MARCIT®) Erght dtfferent e

formulations were - mvestrgated The composrtrons of these formulatlons are llst )

Table'1. The two resormnol—formaldehyde gelants had the. Same: composrtlon except that fj ,

one was buffered at pH=9, while the other was buffered at pH= =6.0 to 6. 5 The two

different pH values wereechosen hecause gel performance was radrcally dlfferent a these
pH values. For the other: gelants ‘the pH was selected based on: recommendatrons of the .
‘vendor or developer of the gelant (to prov1de the strongest gel for that composmon) :
DuPont supphed the colléndal _srllca and Pﬁzer prov1ded the xanth (Flocon 480()@)
Marathon pxovtded the- polyacry atmde (HPAM) charactertzed by a molecular werght of
“about 2 mllhon daltons and’ adegree of hydroly51s of 2 percent All other chemrcals;v

were reagent grade.

Approxrmate gelatron trmes and gel—strength codes are hsted in Table

k times were estrmated by observmg the ﬂuldlty of gelant m bottles Gelatron nmes for the "

eight gels ranged: from four: hours to fifteen hours The: system for assessmg gel strength e i

was taken from Ref. 8. In this system; the codes range alphabetlcally from Ato], with =

code A representmg a ﬂurd liquid; code J representmg a rigid, rmgmg gel and code F :
~representing a highly deforrnable ,nonﬂowmg gel Code E corresponds to the sol—gel -

transition. - . .

Rocks Used v e
Three types of Tock were used durmg our core experrments mcludmg (1) a hrgh— :
permeability Berea-sandstone; (2) a low-permeablhty Berea sandstone, and (3) an Indlana ‘
limestone. Porosmes for -the three types of rock averaged. 0. 22, :0:19, and Q. 19
respectively. Table 2 lists: permeabilities of the cores. “Each core was about 14-cm:long :
“with a cross-sectlonal area-of 10. cm “The cores were cast in a metal alloy (Cerrotru®) -
Each core had one mternal pressure tap that was located: approxrmately 2:cm from the
inlet rock-face. The first core: segment was treated as.a- ﬁlter whereas the. second core -

segment (12-cm length), was used-,»to; ‘measure mOblll!lGS'and residual res1stance,factors;.,f S

The cores-were not fired:

Coreﬂood Sgguence .
The sequence followed. durmg our core experlments is listed in, Table 3. The cores

were saturated with brme and porosrttes were detenmned at amblent condrtlons (Step 1' » i



Rock Permeabllltles

; ; ‘ Permeabﬂlty, md
Gelant tdbéi“jébted By ngh-k Berea | Low-k Berea | Lime- |
... |- sandstone J_ sandstone | - storie - Jf
Resorcmol-formalde pH=;6;0=6;5’f o040 6L e
Resorcmol formaldehyde, pH 9 1 570 el 49 : 74 :
%ocolloidalsiica - | s | 61 |al
10% collordalsillrca, ot 60 e ko s0 1 120 JI :
Unbuffered Cr(D-xanthan | 728 | = 68 153
Cr(III)—xanthan buffered wrth acetate 1 840 B
cram acetate HPAM, 212-ppm cam | s | a0 i1
Leram acetate-HPAM, 636-ppm Cr(III)i | e2 | es | im0

of Table'3). All "subsequem'steps'-'v'vere«peffo'nned at 41°C. 'When saturating a-given
" core, the brine composztlon ‘was the same as ‘that -used in preparmg the gelant_

formulation. -
Tracer studies were routmely perfomred to characterwe pore volumes and

dispersivities: of the cores These studres involved lnjectmg a brme bank that contained
potassium’ rodlde asa tracer The tracer concentratlon in the efﬂuent was momtoredf’
spectrophotometncally at a- wavelength of 230 nm.- Usually, four rephcates were
petformed fot- each_‘ tracer study. Also, the replicates included studles performed at
different injection ratés “For all of the tracer stud1es descrlbed in this” Wm-k an ¢ error-
function solutron12 fit the: tracer curves fairly well. :
Fot a grven core; many pore volumes of gelant (typleally, 10 PV) were: m]ected to

ensure that the cores were saturated (€., most of the ‘chemical retention sites in the roz:k‘ :

were oceupied): Thus, in field applications, the gel properties reported in this study are - '
more relevant to 'the'r'egion behind- (upstremn"ot) the front of the gel bank than to-the '
region at the front of the gel bank Whlle m]ectmg the gelants resrstance factors were

contmuously momtored in: both segrnents of the core. Efﬂuent properues were alsol,
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g "TABLE 3~ : :
Sequence Followed Durmg Core Expenments S

1.7 =»-Saturate:core w1th brine and determine porosity.

2. Performitracer study to confirm the pore volume (Vpo)

‘ and to-determine the core dispersivity (oi,).

3. °"'Determine:absolute brine permeability and mobility. -

4, - ‘Inject gelant using a superficial velocity of 15.7 ft/d.

:5.. - -Shut in core for several days to allow gelation to occur.

“6.: - Inject brineto determine residual resistance factor (Fyry,)

as-a function of superficial velocity (u). ~
e Perform:tracér study to’ determine the ‘fractional pore volume -
7 remaining: (V o/ Vpo) and the relative dispersivity (adatg).

monitored, including pH; viscosity, composition, appearan(:e, ‘gelation Eime, and final vg‘el .

strength. -Detailed results from the experiments are documenled in Refs. 13 through 16. :

Several”*ex;f)erirnents'u}ere performed 1o Vassess how :—well chromium ‘propagates
through ‘porous rock Flg 1 shows results from six corefloods” where solutions ™
containing ‘154-ppm Cr(III) (as either chromium acetate or chromium chlorlde) were

injected (at 157 fr/d)-to drsplace brme (These solutions did not contain polymer ) “The-

effluent from coreﬂoods was ‘analyzed for chromium: using ‘atomic - a’osorptron‘
spectrometry. Frg 1 plots the ‘chromium concentratron ‘i’ the effluent relatrve to the

injected chromium concentratlon.“ After 1njectmg 10 PV.of chrormum solution, inmo .

case didth‘e effluent’ chromium ‘concentration-reach the injected concentration. ~For a
given type of rock, 'chromium propagation 'was significantly more: rapid when' the:
counterlon was acetate rather than-chloride. Also, fora given counteriOn (.e.; . acetate
or chloride), chromium propagatron was more: rapld ini the Berea ‘sandstorie-cores than’
in the Indiana hmestone cores “In fact, no chrormum was detected in'the effluent after

injecting 10 PV of chromrum 'ehlorrdetsolutronthrough a limestone core (bottom of Fig.

'1).  Of course, the latter observation raises concern about- the ability of chromium:

chlonde to propagate through carbonate TESEIVOirs.
“The propaganon of Cr(lih) through porous rock canbe’ related to the pH dependence ‘

of chromium chemrstry Although controversy still exrsts about the exact forms of
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Relative chro,miu,m concentration in effluent

0o 1 2 3 4 5 6 7 8 9 .10
Pore volumes: of solutlon |njected

chrommm acetate 690—md sandstone 74 md sandstone 14-md ltmestone
Er an ; .

o L

chfommm chloride: 702 md sandstone. 97- md sandstone 11 md lomestone " ‘
¢ --B-- i e

FIG. 1.  Chromium: propagation through cores. Injected solutjons contain 154-ppm
chromium. ‘ \ : e

chromium that participate in gelation,'?2 there is agreement that Cr(II) is mosi solut-)'le’
at acidic® pH ' values.and “that chromlum assoc1a110n is » promoted as- pH is
increased—ultimately leading to. the formatlon of a collmd or a prec1p1tate at neutral or
alkaline pH values. - If an unbuffe’red‘ chromium selution (e.g:, one cqn;axnlng CrCl3) 1’s_' )
injected at low pH, ,rockjminerals;can raise the pH and induce fdrfnatidn;pf ;;ollqidal ;
chromium (i.e., insoluble éhromium hydroxide). Depositibn inor ﬁltrationby fhe potous; _
medium may. then inhibit propagatlon of the colloidal chrommm In contrast, a buffered
chromium solution (e.g., one contammg acetate) will resist pH changes, and the soluble

chromium. will propagate through porous rock more effectively than a,colloxd., Fgrmatmn :
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of: chromrum—carboxylate complexes may also promote chronuurn solubrhty at pH values

- of 6 or higher. 1920 Adsorptron of the hydrated Cr(lII) fon is also capable of explalmng S

the observed behavror 23 leferences in chromlurn propagatron and éffluent pH in the L

different cores may-also: be mﬂuenced by differences in rock surface area :
The above ideas are supported by the efﬂuent pH: values that: accompamed our

chromium- propagatlon data. 1516 For the unbuffered chromium-chloride solutions, the

effluent pH can be correlated wrth chrormum propagatron The pH was 3 35 for the b ok

unbuffered chromrum cliloride solutlon before mjectron After mJectmg 10 PV, the pH ‘
values were 4 89, 5. 05,,and 7 03 for effluent from the hrgh—permeabrlrty sandstone the
low-permeabllrty sandstene and the lrmestone, respectrvely For the chromlum—chlonde )
: ‘solutrons, Fig. 1 show that. the efﬂuent chromrum concentratrons after 10 PV were

greatest for. the hrgh-pexmeabrhty sandstone and least for: the hmestone

-Results from ourtexperrments usmg chrornlum acetate are cons1stent wrth reports s

k that chrommm i lubrlity ‘ :neutral pH values 1s mcreased by the presence of carboxylate
compounds 190 For: theechromrum-acetate solutton the pH was 5.90 before mjectlon

After mjectmg 10 PV the pH values ‘were 6.01, 5. 65 and 5.92, for effluent frorn the -

hlgh—permeablhty sandstone the low-permeabrlrty sandstone, . and the lrrnestone, o

t respectrvely Thus, the acetate effectrvely buffered the solutions in the porous. rock W

Also, in spite of-a: pH value near 6, chromrum propagatron in all three types of rock was
as good or better W1th the acetate than that for chromrum chlorlde solutrons with lower o

'pH values.

Chrormum Propagatron Wrth Polyme } . :
Propagatron of chromtum 1n the presence of 0. 4% xanthan i is lllustrated in Frg 2=

Inall four cases shown, the 154-ppm chromrum was added as CrCl3 In one case 0.3 %

aeetic acid: was: added asa buffer. As expected chronuum propagated most rapidly for .
the gelant that contamed the acetate buffer.. For the three gelants that did not contain -
acetate, chromium propagauon was most raprd in the hrgh-permeabrllty sandstone and\
least rapid in the limestone. This ordermg was the same as that observed for chrormum— .
chloride propagatton w1thout xanthan Agam the rate of chrommm propagatton for the

unbuffered solutlons can be correlated wrth efﬂuent pH values. After mjectmg 10 PV :
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~.Relative chromium,concentratiOn in effluent :
(1]
]

Pore volumes of gelant lnjected :

FIG. 2 Chrormum propagatron for solutrons that contarn 0 4% xanthan and 154-ppm -
" chromium (as chrormum chloride). B s

of gelant the efﬂuent pH values were 4.38,4.55, and 6. 57 “for’ efﬂuent from the hrgh— p ‘
permeabrlrty sandstone; the low-perrneabrhty sandstone, and the hmestone respectrvely ‘
The pH value was'4.3 before injection

' A close comparrson of Frgs land2 suggests that the rate of chromrum propagatlon’ =
for unbuffered chromrum-chlorrde solutlons is greater in the presence of () 4% xanthan
than in its absence Thrs observatron was made for all three rock’ types We note that
Garver et.al: % suggested the opposrte possrbrlrty However the apparent drfference in
mterpretatron can readrly be explamed In the experrments of Garver et al., mjectron
rates were relatlvely low, so gelatron ‘could occur durlng gelant injection.. As Garver et
al. noted ﬂltratron of gel by the core probably caused very hlgh chromrum retentlon in
the presence of polymer In our experrments xnjectron rates were relatrvely high, so
gelation and filtration of gel partreles ‘occurred to a lesser extent durmg gelant mjectron

(Filtration of gel partlcles is-also drscussed in Refs 25-and 26 )
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10—
no xanthan, .702-md sandstoue
= 3 - 0.4% xanthan, 728-md sandstone
-y 5 : ==

0.4% xanthan, 840-md sandstone

'_‘g___@ ‘ B X 3% acetate ‘
\ y 15 -

.E \ “ 0.4% xanthan, 15.3 md Iwues,tone :
g \\ \ shut-in followed —*
&= . % by brine mjectlo

k7 WA
e

o

I

o

01 2 3 4 5 6 7 8 9 1011 12
Pore volumes of fluid injected

FIG. 3 Effluent pI—I during gelant mjectxon 154-ppm chromium (as chlorlde), 0. 5% ‘
KCl.

Fig. 3 illustrates effluent pH values during the course of injecting -four: solutions.
For the three solutlons without ‘acetate, the first efﬂuent from the cores had pH values
between 8.3 and 9:4. This observatlon requires explanatlon Before gelant mjectlon the-
k cores were saturated with 0. 5% KCl brine. Even though the KCl brme was m_]ected at
a:pH value between 6 and 7, it emerged from the core af a pH value between 8.3 and
9.4. Previous workers?’ showed that this behavior occurs because dissolution of
carbonates in‘the rock leads to apHi increase. If the brine had contamed divalent catlons,
the increased pH may not have occurred because d1ssolut10n of carbonates could have:
been suppressed..
As discussed earher the efﬂuent pH decreased to pH values between 4. 38 and 5 05
during the course of mjectmg 10 PV of unbuffered chromlum—chlonde formulatlon 1nto

Berea sandstone. Durmg mjectton of an unbuffered gelant into lunestone the pH only
decreased to 6.57 after 10 PV.
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For the formulation with 0.3 % acetate, the core was - first saturated with brine
buffered at pH=4.8. At the start of gelant injection, the pH of the effluent was 5.39.
Presumably, the effluent pH was greater than 4:8 because reaction with rock minerals

neutralized some of the acid. Even so, the buffering action of the acetate prevented the

pH from rising to the values observed for the unbuffered brines. Also, ihe pH remained -

low during injection of 10 PV of gelant.
' After mJectmg 10 PV of gelant, the core was shut in for several days After this
shut-in period, brme was rengected. Fig. 3 shows thai the pH of the first effluent after
the shut-in peried was significantly higher than.that just before shut-in. Evidently,
reactions  with: rock- mirierals increased the gelant pﬁ during ‘the shut-in period.’ As
expected, the pH increase in Berea sandstone during the shut-in perlod was less for the
buffered gelant than for the unbuffered gelant

The preceding observations raise concerns about the practice of i m_]ectmg unbuffered
gelants. During laboratory corefloods and, éspecially, in field applications, a pH gradient
will form in the rock when injecting an unbuffered gelant. This pH gradient will depend
upon the gelant composition, the injection rate, and the rock mineralogy. For gelation
reactions that are sensitive te pH, the pH gradient and the perfo‘rmanee of the gel
treatment may be difficult to predict. In contrast, for. buffered gelants, gelation shiould

be more predictable and controllable. -

RESIDUAL RESISTANCE FACTORS

After 'injectin'g a giveh gelant, the core was shut in for three to six days. In-all

cases, the gelation times were substantially less (by factors ranging from 12 to 40) than
the shut-in times. Following the shut-in period, brine was injected to determine residual
resistance fact‘orsy (ﬁr;;,). These F,,, values were determined by dividing brine mobility
before gel placement by’brine mobility after gelation. Residual resistance facters were
determined as a functlon of injection rate. Low mjectron rates were ‘used first. A note
was made of how rapidly F, values stabilized and whether any gel was forced from the
core along with the effluent. 4Aft:er stabilization, brine injection rates were increased, and
the observations were repeated. . Then, the inject’ion raite was decreased to determine
whether F,, values at lower rates had changed. " This process was’ repeated with

success1vely hlgher 1n]ect10n rates. - The ob]ectrves of ttus procedure were to (1)



EFFECT OF ROCK PERMEABILITY 373
TABLE 4
Companson of Residual Resistance Factors for Several Gels 41°C)
: ’ Res1dual resistance factor
Gel High-k Berea | Low-k Berea Indiana
, sandstone.- | sandstone’ | Limestone
| Resorcinol- formaldehyde, pH=6.0-6.5 18 21 15
Resorcinol: formaldehyde pH=9 2,170 3,800 | 1,600
4% colloidal silica 6,100 1,400 102
10% cono;q;u,smca 23,200 3,810 819
Unbuffered Cr(lll-xantan: HB38ud3 | s77u0% | L
Cr(IIl)-xanthan buffered' with acetate - 3.6 w05 8.1y%M -
Cr(IIT)- acetate-HPAM, 2172"—ppm Cr() | 34,700 u®46 | 200 u®3 | 49.7.4046
Cr(IIly acetate—HPAM 636-ppm Cr(1Il) 1»87000 A 44,600 5,810

- is superficial velocity in ft/d

determine whether gel moblllzatlon or breakdown occurred ata particular flow rate or-
pressure gradient and (2) determine the appatent rheology of the gel in porous medla
Detailed listings of the residual resistance factors (as a function of fluid velocity) are
documented in Refs. 14,15 and 16. All.of the residual resistance factors reported in this
paper apply to the second segment (=12 em) of the core.

Table 4 prov1des a‘summary and- 4 comparison of résidual resistance factors for the
eight gels- that were studied. -This information is not meant to suggest that one gel is
better or worse than another. The residual resistance factors provided by a given gel can
be increased or decreased by adjusting the composition of ‘the gelant. ©. The pri:‘nary' '
purpose of" Table 4 is to illustrate the effects of permeability and lithology on gel

performance.

Cr{IIT)-Xanthan Gels , ‘ ,
Residual resistance factors for Cr(Ill)-xanthan' gels can decrease significantly with

increased injection rate. . This behavior can have a reversible component ‘and an
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FIG. 4. Residual ‘resistance factors. for -an unbuffered chromium-xanthan gel,in 68-md
Berea sandstone. 0.4% xanthan; 154-ppm chromium, 0.5% KCI.

irreversible component. Fig. 4 shows F,.,, values for an unbuffered» Cr(IH)—xanfhm gel :
in 68-md Berea,sandétqnc. When brine ‘was first ,injecté,d at 0.2 ft/d, F,,‘;;243. When ‘
the :~velécity was decreaéed 10 0.1 ft/d, 0.05 ft@, and 0.025 ft/d; Fy v#lues inc;cascd
to 365, 571, and 870, respectively, - As-indicated by the first entry in Table 5 and by the

open circles in Fig: 4, these data can be described very well using Eq. 1.
F, -098u'¢ o

‘When brine was subseqqeritly injected at 1.57 ft/d, F"w¥63. Then, when the velocity
was decreased, the F,., data could be described using Eq. 2.
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TABLE 5
F,.w Relations Shown in Fig. 4
Maximum superficial | Maxirﬁum pressure | . Residual resistanbe Correlation
velocity, ft/d gradient, psi/ft factor relation. coefficient
0.20 74 Fpp = 89.8 4092 0.999
1.57 150 | By =71.0u® | 0.984
3.14 215 | By =706u"® | 0994
6.28 | 305 Fry = 66.6u0% | 0.994
15.7 ‘ 453 F,, = 57.7 u%% 0.997

The above procedure was repeated: using successively higher injection velocities. As
shown in Fig. 4 and in Table 5, each set of data could be described quite well using a
power-law relation.. With each successive exposure to a new high.in velocity (or pressure
gradient), the power-law ‘éxponent increased (became iess ﬁegativé), and the velocity
coefficient decreased. : This behavior suggests that (1) the gel physically breaks down
with exposure to higher velocities and pressure gradients and (2) the gel exhibits a
reversible "shear-tﬁiﬂning" character during brine injection. Of course, “brine is a
Newtonian fluid, so this apparent shear-thinning behavioi' must bekkattributed to the gel
in the core rather than to the brine. '

The apparent shear-thinning character was noted for both buffered and unbuffered
Cr(Ill)-xanthan gels in both low- and high-permeability Berea sandstone. “This is
illustrated in Fig. S. Power-law equations describing the relations between residual
resistance factors and superficial brine velocities are also shown. For both buffered and
unbuffered gels, the velocity coefficient and the absolute value of the power-law exponent
are both greater in low-penneability sandstone than ih high-permeability sandstone. For
a given gel‘ at a fixed superficial veiocity, ‘the residual resistance factor in low-
pénneability Berea sandstone is greater than that in high-permeability Berea sandstone.
Using the procedures described in Refs. 14 and 28, calculations can be made to show that
the apparent shear-thing character will not aid in profile modification in field
applications. ' ‘



376 - . ; SRS SERIGHT

1,000 g — e
‘ o 68 'md, no ‘buffer, frw= '57 7 u’°‘44
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728 md, no bufter, Frw= . 43.8u™° 3y
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FIG. 5. Velocrty dependence of residual resistance factors in: Berea sandstone Gel
0.4% xanthan, 154-ppm chrormum 0.5% KCl.

: The resrdual resistance factors for the buffered gel were s1gn1ﬁcantly lower than :

those for-the unbuffered ‘gel. “This observation is interesting. Orlgmally, we expected' :

the acetate buffer to allow stronger gels to form-in the porous media because the average—f
pH during gelatron was lower than that_for the- unbuffered gelant. Therefore we

expected. to find. residual res1stance factors that were much hrgher than those for the .
unbuffered: gel. However smce dlssolved acetate or carboxylate groups on the polymer :
molecule compete for Cr(III), the acetate apparently caused Cr(l]I)—xanthan gels to be
weaker or less rigid than analogous gels formed when acetate was not present..- During
gelation studies in bottles, we noted tha’t the: unbuffered Cr(lIl)fxanthan formulations

formed more rigld gels than the buffered formulations:
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Resorcmol Formaldehyde Gels : : g

For the resorcmol formaldehyde gels, 2 much ‘more: detalled descrrptton of our
gels can show a shght shear—thmnmg character, their behavror is essentrally Newtoman
As with most gels, residual resrstance factors for resorcmol formaldehyde formulatlons :
are sensitive to gelatron pH.  Table 4 shows that F,y, values are very hrgh for gels ‘
formed at pH 9 and are very low for gels formed between pH 6.0°'and 6. 5. In Berea
sandstone, rrw Values mcreased with decreased permeabtltty. However, Fiw values can
be higher in Berea sandstone than inyless—pemreéble limestone ¢ores. ‘Like the Cr(III)-‘
xanthan gels; resorcinol-formaldehyde gels can experlence physrcal ‘breakdown’ upon’

exposure to success1vely higher flvid velocrtles 13,14

Colloidal-Silica Gels. - ; : ’
For the 10 %-colloidal-silica gel, residual resistance factors éveraged 23,200 in 630-
md Berea  sandstofie;, 3,810 in"50-md Berea sandstone; "a‘nd: 819 in"'12-md- Indiana

limestone (Table-4);. “Thus, residnal ‘resistance factors - decrease significantly -with

decreased pennéabimy ' Considered another way; ‘the fmalperrneahilites after gélation‘ B

in 12-md Indiana llmestone Thus, the collordal-sﬂlca gel reduced the permeabﬂlty‘ of .

consolidated porous media:to between 10-and 30 ud regardless of the mmal permeabrlrty ‘

of the rock This- conclusion. is’ consistent with the ﬁndmgs of Jurmak et al’ We

observed a snmlar behavior for the 4%-001101da1—srhca gel (see Table 4) For 4% =

colloidal silica, ‘the final permeabrhty ‘after gelatlon was roughly 100 ;td—somewhat
higher than that for 10% colloidal s1hca ,

In one serse, the above permeability dependence of the' F,.,, values contd’:be *v‘e‘ry‘
desirable. "All gel-contacted- portions of a heterogeneous reservoir could be altered to-
have nearly the same permeability. - However withthe collordal-sﬂlca gels that we' tested
‘the permeabrhty is so low that ﬂow is effectrvely stopped In order to ehmmate the need
for zone isolation during gel placement, ‘the' resrdual permeablhty after gelatlon should
be much higher: than 100~ ud;" It may be worthwhlle to search fora gel with' hlgher
residual permeabrhtres (Detalled results from our expenments wrth collordal srhca can .
be found inRefs. 15 and 16.)y .
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Cr(IIl) Acetate-Polyacrylamide Gels. ‘
For the Cr(Ii) acetate-polyacrylalmde gels, one set of. experlments was performed
nsing 212-ppm:Cr(lIl).. A second set of experiments was: performed using 636-ppm i
CrdiD: As expected; a s"tiffer.gel was formed.using the higher chromi‘umv gbncentration
(gel code I, compared with H for the lower concentration). Using the fhigher chromium
'~ concentration, tesidual resistance factors averaged 187,000 in'662-md Berea sandstone,
44,600 in 65-md Berea sandstone, and 5,810 in 11-md Indiana hmestone (Table 4).
Considered another way, the final permeabilites after gelation average 3.5 pd in 662-md
Berea sandstone, 1.5 pd in 65-md Berea sandstone, and 1.9 pd in 11-md Indiana =
limestone. - Thus, the gel reduced the permeability .of consolidatéd ‘po'rrous media to
between 1 and 4 pud, regardless of the initial permeability of the rock. This behavior
parailels that forv the colloidal-si,liéagels; Because the residual resistance factors were so
high, experiments could only be performed at a single, low injection rate. - Thus, we
were not able to dcterminé how. F,,,; varied with injection rate for this gel.‘k D
For the experiments perfnrmed using Cr(Ill) acetate-polyacrylamide gels with 212-
ppm Cr(IID), F,rwrvalués were lower than those for gels with 636-ppm Cr(III) (see Tnble
4). For the gel with 212—ppm Cr(Ii), it is somewhat surprising that the Fi,, values in
74-md sandstone were s1gmﬁcantly less than those i in 746-md sandstone In both cores, -
the relationship between Fi,y and u values can be described using power-law equatlons :
where the velocity exponént is near -0.5 (see Table 4). However, the velocity cgefﬁcicnt
is. more than 100 tirnesrgi'eéterrfo: gel in the 746-md rock than in the 74-md Vrocizk.r
During brine injection after gelation, the first PV of effluent from the 74-md-core had
a viscosity of about 20 cp and a chromium concentration that was 7%. of the. injected
value. This suggests that a 'signiﬁc’ant amount of uncrosslinked or lightly crosslinked
polymer was displaced from the core after the shut-in period. Since washout' of the gel -
was not observed in the 746-md core and was rarely observed in our experiments with
other gels, further work will bene?eded 10 explain why gel washout occ}n'red in &e case.
with 74-md sandstone. o ; '
Two . core experlments were  performed using gelants containing . 1. 39%
'polyacrylamlde in 11-md Indiana limestone. The Cr(IH) concentrations in the gelants
were 212 ppm and*636 ppm. Durmg placement .in the cores, only 0.9 and 1.2 PV of

gelant were injected, respectively, before excessive pressure gradients mandated that *
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injection be stopped. : Because these cores may not have been completely saturated with .
gelant, the ‘corre‘spending properties listed in Tables 4 and 6 should be viewed with
caution. If this type of gelant is intended to penetrate a significant distance into a low-
permeablhty rock matrix, it may be appropriate to-use a polymer w1th a lower molecular
weight (i.e., less than 2 million daltons).” More detalled results from our experiments

with Cr(Ily acetate-polyacrylamide gels can be found i in Ref. 16.

RESULTS FROM TRACER STUDIES

After measuring F,., values, tracer studies were performed to-determine (1) the
fraction of the pore volume that remairied available to flow and (2) the new jdispersivity
ofthecore. The reysulits from our tracer studies ar¢ listed in Table 6. In Table 6, V! Vo
refers to the fraction of the original pore volume:that was sampled by the iodide tracer
during a given tracer study. The difference, 1-V,/Vy,, provides an indication of the
fraction of the original pore volume that was occupied by gel. The original pore volume
of a given core (V) was typically about 30 em3. 4

For the 10%—celioidal-si1ica gel and the resorcinol-formaldehyde gel formed at
pH =9, Table 6 indicates thait the  gels occupied:most '(i.e., from 73% to 99%) of the
original pore space. 'This, seems qualitatively consistent with the high Fyw values that
were observed for these gels (see Table 4). Resistance to flow is-expected to be high
when most of the pore space is occﬂpied by gel. The behavior of the resorcinol-
formaldehyde get formed at pH=6.0 to 6.5 can also be rationaﬁzed using this logic.y In
particular, the gel provided Iow Fm; values (Table 4) and occupied.no more than 1% of
the pore space (Table 6). ;

In contrast, the unbuffered Cr(IIl)-xanthan gel provided fairly high F,,y values but
apparently occupied no more than 13% of the pore Space. Perhaps, small gel particles
lodge in pore throats—thereby dramatically reducing ‘ brine permeability without
occupying much volume. Expenments performed using 154-ppm Cr(Ill) without xanthan
indicate that -this behav1or ‘was not due to the chromium alone. .- These chromium
solutions had no significant effect on the apparent pore volume; the diepersivity, or the
permeability of the cores. e

For most casés when Cr(IIl) acetate—polyacrylyar‘nide gels were used, the flow rates

were so low during brine: injection after gelation that tracer studies could not be
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TABLE 6
Results from Tracer Studies’
Vol Voo aler,
Gel 'Hi“gh-k‘ Low-k Limcstoﬁe B Hig‘hjk Low;k Liin‘es‘t‘oné’1’,1
‘ . e sandstone | sandstone s sandstone | sandstone A
,Resorcinol-fonﬁaidehyde, pH=6-6.5" 0.9 £ 1.00 0.99 1.5 10 15 |
Resorcinol-formaldehyde, pH=9 009 | o1 | o001 06 | 15 | 29
4% colloidal silica 0.18 0.42 078 | 30 4.0 1.8
0% colloidal silica  0.18 0.27 . 8.5 5.3 -
[ Unbutfered Cr(lxanthan 0.92 0.90 0.7 99 8.3 16
‘Cr(HI)-xanthah'bpffered ‘with acetate 0.87 10.90 o 12 ‘ ‘2.7 
l' 154—ppm Cr(Il) (no xanthan). =~ | 100 1.00 0.7,\98 1.0 1.0 1.0
~ ‘r’(m) ‘acetate-HPAM, :'>‘.'1‘2-p,pm camn | - - 0.89 0.87 = ; J 05 1.7

08¢
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performed. Inview of the very high residual resistance factors (Table 4), we suspect that
these ‘gels occupied most of the pore space.- Ho;vever, in two cases (using gelant with
212-ppm Cr(Il)), F,, values were low enough so:that tracer studies. were pérformed.
In these cases, the gel apparently occupied from 11% to" 13% of the pore space (see . -
Table 6). For the case using 74-md sandstone, the tracer resuit (11% PV ‘occupied by
gel) is qualitatively consistent with the washout of polymer noted in the previous section.
For the case using 10.7-md limestone, the tracer result (13% PV occupied by gel) could
be attributed to either polymer washout or insufficient gelant injection during th§ process
of gelant placement (as disCusse‘d"in the previoﬁs sectidn).' ‘ k

Table 6 also lists dispersivity results. obtained .during the tracer studies. The
quantity, o/ex,, refers to th&fmaldispersivity during tracer injection after gelation divided
by the initiai dispersivity, value: before gel placement. Initial dispersivity values (o) for
the Berea cores were approximately 0.1 c¢m.. - Dispersivity - values -for ‘cores before
exposure to gelWere roughly the same. in high-permeability Berea sandstone as in low-
permeability Berea sandstone (=0.1 cm). However, dispersivity values for Indiana
limestone were typically five to ten times greater than those for Berea sandstone. '

Table 6 demonstrates that the gels usually increase dispersivity in the cores.
Qualitatively, these data mean that the gels broaden the range of flow paths through the
porous medium.. Gels could create some short pathways simply as a consequence of
filling the pore space. - On:the other hand, longer flow paths could result if the gel acts
as a medium that is permeable to the brine (either because of more tortuous flow paths

through the gel or because of reversible adsorption or entrapment of the tracer). -

INHERENT PERMEABILITY TO WATER FOR GELS

Many EOR gelant formulations produce rigid gels when the gelation reaction occurs
inabeaker. Viewing these gels leaves an impression that they should completely prevent
flow through any‘porous medium that they occupy.- However,. after these gels are-placed
in a porous 'medium, some:level of permieability is usually retained. Rock minerals can
change the pH of gelant' formulations such that gelation  is ‘less complete’ than that
observed in a beaker.!>1428. Also, tracer studies reveal that gels often occupy only a
fraction of thé'avai}able pore:space. Thus, flow pathsi around the gel are often available

in porous media:
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TABLE 7
Inherent Permeablllty to Water for Several Gels
7 o Gel o i Permeablhty, ud

3% resorcinol, 3% formaldehyde, 0.5% KC1, pH=9 62
10% colloidal silica, 0.7% NaCl, pH=8.2 7 : . 60
0.4% xanthan, 154-ppm Cr(HI) (as CrCly), 50
0.5% KCI, pH=4_ .
1.39% polyacrylalmde 360-ppm Cr(III) (as acetate), 2
1% NaCl, pH=6 ’

2.8% polyacrylarnlde (Cyanamid-Cyanagel 100®), SOO-ppm ’ 30
NaQCr207, 1500-ppm Nay$,0, 0.5% KCl, pH 5

We tried to ‘determine if gels have some inherent permeability -so that water can -
flow through the gel matrix. Two-imensional glass micromodels were fabricated usi-ng‘
the procedures described in Ref. 14. The internal dimensions for these rectangular
micromodels were 10.3 cm x 0.2 cm x 0.02 cm. Before placing gelant in the models,
the "permeability” to water was found to be about 900-darcies. The direction of flow
was perpendicular to the 0.2-cm x 0.02-cm face.

The five gelants described in Table 7 were prepared, placed in a micromodel, and ‘
allowed to gel at 41°C. All of the formulations produced rigid gels upon gelation. Afier
gelation, brine was injected using a fixed pressure drop. Pressure drops between 5 psi
and 25 psi weife applied. In all'CaSes, the brine had the same composition as that used
to prepare the gel. - The flow rate was determined by timing-the movement of the
brine/air interface in a,:cépil'lary tube (0.019-cm inner radius) that was connected to the
outlet of the micromodei. “Because of the low. permeabilities. that were observed, days
or weeks were usually required to perform an experiment. Studies were cdnducted to
confirm that water evaporation at the brine/air interface did not influence the results.

Permeabilities to water were calculated using: the- Darcy: equation, and the results
are listed in Table 7. . To obtain gel permeabilities, injected water must not fracture the
gel, and the gel must not pull away: from the walls of the glass micromodel :For the gels
listed-in Table 7, the-gel structure in-the clear mlcromodels appeared intact.  However,

the pos51b111ty rémains that the observed permeabilities were influenced by undetected
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fractures or- by flow-around the gel. Therefore, the values’listed in Table 7-should be
-viewed as possible tipper limits on‘the inherent permeability to water

Note that all permeabilities llsted in Table 7 are very low—rangmg from 6 ud to -
60 pd. For practical purposes in typical secondary -and tertiary orl recovery operatlons
these values-are: equwalent to total shitoff of flow. Thus unless a gel treatment reduces :
the permeabihty ‘of a porous- medmm to the microdatey level, ‘it is unlikely that gel
occupies all-of the: 'aqueous-phése pore volume. = This ”supports results from our other
experiments indicating that gelation is often less complete in‘a porous rock-than that:

observed iri ‘a‘beaker.

-CONCLUSIONS

1. Durmg 1nject10n of - ‘gelants “that - contained- Cr(III) chromium: propagation was
significantly more rapid when the counterion was acetate rather than chloride. For
a given counterion, chromium propagation was more"rapid‘in' Berea sandstone cores
than in Indiana "lirneStOne cores. The large buffering capacity -of limestone can 4

effectively preclude the propagatioh of unbuffered Cr(II) chloride-xanthan gelants or
CrCl; solutions through porous: limestone. ‘ , [

2. During core experiments, the "strongest™ gels were found to reduce the permeabihty
of all cores to-approximgteiy the same’value (in‘the lowmicrodarcy range). Tracer o
studies indicated that these gels oc'cupied most-of the available pore space. - ;

3. Flow' experiments ‘performed _in rectangular microrhodels ~“indicated .. that the-
perrheabilities (to water) for five gels were less than or equal to:60 ud.

4. For "weaker" gels (i.e., those leaving a significant permeability), residual-resistance.
factors decreased with increased rock permeabllity in Berea sandstone. Tracer studres
indicated that these gels occupied a small fraction of the pore space in a core.
Experiments revealed that gelation in the porous rock was.often far less comiplete than
that in a bottle. For unbuffered gelants in porous rocks, the pH at which gelation
occurs may be determined more by rock mineralogy and surface area than by the pH
of the injected gelant. Thus, the buffering action of reservoir rocks- should be
considered when evaluatmg gel performance in the laboratory. 7

5. Residual resistance factors for Cr(III)-xanthan and Cr(II) acetate—polyacrylamide gels

exhibited a reversible shear—thmmng character - that 'was-deseribed: using power-law
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‘relations: In contrast, residual resistance factors for the resotcinqlafonnéidehyde gels::

were generally Newtonian. . -
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NOMENCLATURE

F,. = brine residual resistance factor (brine mobility before gel placement divided by

brine mobility after gelation) -

u = superficial or Darcy velocity, ft/d [m/s]
Vp o= apparent Temaining ﬁore volume, ern3 ,
Vy, = initial pore volume of the core, cm’

o . = core dispersivity after gelation, cm. -

o, = initial dispersivity of the core, cm

v - = shearrate; s?

= viscosity, cp [mPa-s]
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