International

' Nae~

SPE 153118

Gel Dehydration by Spontaneous Imbibition of Brine from Aged Polymer Gel
Brattekas, B., Haugen, A., Graue, A.; SPE, University of Bergen, and Seright, R.S.; SPE, New Mexico Petroleum
Recovery Research Center

Copyright 2012, Society of Petroleum Engineers
This paper was prepared for presentation at the Eighteenth SPE Improved Oil Recovery Symposium held in Tulsa, Oklahoma, USA, 14-18 April 2012.

This paper was selected for presentation by an SPE program committee following review of information contained in an abstract submitted by the author(s). Contents of the paper have not been
reviewed by the Society of Petroleum Engineers and are subject to correction by the author(s). The material does not necessarily reflect any position of the Society of Petroleum Engineers, its
officers, or members. Electronic reproduction, distribution, or storage of any part of this paper without the written consent of the Society of Petroleum Engineers is prohibited. Permission to
reproduce in print is restricted to an abstract of not more than 300 words; illustrations may not be copied. The abstract must contain conspicuous acknowledgment of SPE copyright.

Abstract

This work investigates dehydration of polymer ggldapillary imbibition of water bound in gel intostrongly water-wet
matrix. Polymer gel is a cross linked polymer solutof high water content, where water can leavedhl and propagate
through porous media, whereas the large 3D polyakstructures cannot. In fractured reservoirsypelr gel can be used for
conformance control by reducing fracture conduttiiDehydration of polymer gel by spontaneous intlth contributes to
shrinkage of the gel, which may open parts of ttitally gel filled fracture to flow and significdly reduce the pressure
resistance of the gel treatment. Spontaneous itidnbof water bound in aged Cr(lll)-Acetate-HPAMI geas observed and
guantified. Oil saturated chalk core plugs werensetged in gel and the rate of spontaneous imbibitias measured. Two
boundary conditions were tested; 1) all faces qpé¢tD) and 2) two ends open-oil-water (TEO-OW), whene end was in
contact with the imbibing fluid (gel or brine) atite other was in contact with oil. The rate of dporous imbibition was
significantly slower in gel compared to brine, amais highly sensitive to the ratio between matrijuaee and surface open to
flow, decreasing with increasing ratios. The presenf a dehydrated gel layer on the core surfaveered the rate of
imbibition; continuous loss of water to the corergased the gel layer concentration and thus théeb#o flow between the
core and fresh gel. Severe gel dehydration anchlsge up to 99 % was observed in the experimentgesting that gel
treatments may lose efficiency over time in fieldpbcations where spontaneous imbibition is a dbatng recovery
mechanism. The implications of gel dehydration lpprdaneous imbibition, and its relevance in fiefgplecations, are
discussed for both gel and gelant field treatments.

Introduction

Oil recovery from fractured reservoirs poses grallenges to the E&P industry. Fractures oftenitekipermeabilities
several orders of magnitude higher than the rockirpavhich may cause injected fluids to channebtlgh fracture networks
rather than displacing oil from the matrix. Thisxdaad to early water breakthrough and low sweéipierficy. By reducing
fracture conductivity, sweep efficiency and oil agery may be significantly improved (Grae¢ al, 2002). Injection of
polymer gels to reduce flow in high permeabilitynes or fractures have been reported (Seright, 289dansk, 2005,
Rousseau, 2005, Portwood, 1999 and 2005, Willmtk Rancake, 2008). Reducing fracture conductiwtyige of gels may
increase the differential pressure across matoxKs during subsequent water or chemical floodsiajedted fluids can be
diverted into regions that have not previously beerpt. Two approaches have been studied: injectiommature gel
(gelant) and injection of pre-formed gel. Gelamatments are favorable for matrix treatments, bsxdow viscosity and
small particles allows the solution to flow througie matrix (Seright et al. 2003). A polymer gelafien formed by
subjecting a lower viscosity gelant to a higher ierature over a certain time period, during whioh $olution properties
change into a highly viscous and rigid gel. Injectof pre-formed polymer gel may reduce injectivliyt have been shown to
have little sensitivity to physiochemical conditioim a reservoir and ensures treatment of theurastonly, as the formed gel
does not penetrate significantly into porous rdskr{ght, 2001, Zhang and Bai, 2011). Thus, progaatil zones will not be
harmed and the chemical treatment is limited tosttmall fraction of the reservoir formation whichnstitutes the fracture
volume (~1% PV). Polymer gels have an initial watentent of 95 - 99.7% (Sydansk and Southwell, 208®ich may be
reduced by a leakoff process that can occur wherfggmed gel propagates through fractures (Serig®®l and 2003).
During leakoff water escapes the gel and may pesgtarough the fracture surfaces, leaving gel m filacture more
concentrated and rigid. The pressure resistantieeofel, and thus its ability to divert chase waitecreases with increasing
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polymer concentration. A model for leakoff was pyepd by Seright (2003), and was shown to be validPbrtland chalk
during traditional leakoff experiments when theettjon rate was held constant (Brattekas, 2009).

After placement the gel may undergo processesjdlopiardize its resistance to pressure. These aresxample,
syneresis (Vossoughi, 2000, Zereh al, 2004) and dehydration. Dehydration is charaoteriby a reduction of the gel
volume due to the expulsion of solvent from the gad has previously been observed during fluid florough micro models
containing gel (Dawe and Zhang, 1994, Al-Shetjal, 1999) and through bulk volumes of gel (Krishmenal, 2000). These
authors suggested that imposing a pressure gradierda bulk volume of gel after placement may deatgrthe gel.
Dehydration was caused due to an imbalance of $ooceeither side of the gel-fluid interface, andsvéependent on the
rigidity of the gel.

Although gel behavior after placement in fractunas been widely studied, results are rarely digssconjunction with the
properties of an adjacent, oil saturated, poroudianeél he impact relative permability and capillamessure in the porous
matrix may have on gel behavior in fractured resesvis even less discussed. This work verifiedeeixpentally that an
exchange of fluids between the gel and adjacenteeatmay occur by spontaneous capillary imbibitdbrvater from the gel,
without imposing a pressure gradient on the sysfEime. occurrence of spontaneous imbibition indicateat gel behavior
during and after placement may be dependent orixamatiperties, above all wettability. The wettatyilof the matrix dictates
the shape of the relative permeability and capjilfaressure curves, which in turn strongly influendleid flow, and should
thus be considered when planning a gel treatmedhitpaedicting its efficiency. In a strongly watertwmatrix, a positive
capillary force to attract water exists. In anwét matrix, water will be repelled and must overeoacapillary threshold
pressure in order to invade the pores. Other maairameters, such as pore size distribution (rgpk)tand saturation will
also influence the ease at which the water ledwegel or fracture and goes on to flood the matrix.

Experiments were performed to investigate whethercapillary forces in outcrop core plugs wererslr enough to
extract water from formed polymer gel, and to deiae the rate and end point of spontaneous imbibita chalk. Measuring
the rate of spontaneous imbibition was importarit aaggest whether the spontaneous imbibition ggedn a gel/oil system
is different from a conventional water/oil systeithe gel used in the experiments was a commercéaibilable Cr(lll)-
polyacrylamide. One of the differences when imliditoccurred in gel compared to brine was the imiteogel layer that
formed on the rock surface as a result of gel dettigh. A thickening gel cake was observed as gélydrated on the core
surface during imbibition, which led to an incrempiskin factor that slowed the imbibition processvd compared to
imbibition in brine.

Experiments were also performed to determine #ngrak of gel shrinkage due to imbibition. A higlgde of
dehydration and thus shrinkage was found. Thisd;oil time, open large parts of the gel-treatedténes to flow and
decrease the efficiency of the gel treatment. Adiogr to numerous authors, gel treatments have inyrfiald applications
been less effective than expected in reducing watatuction from fractured wells, or the treatmdmise lost efficiency over
time (Whiteet al, 1973, Seright, 2003, Portwood, 2005). This stody contribute to new understanding of gel failafter
treatment in water-wet fields.

Experiments

The experimental schedule was two-fold,;

a) a set of experiments were conducted to investiggontaneous imbibition rates from cores fullpraarged in gel. Two
boundary conditions for spontaneous imbibition wested; 1) all faces open (AFO) and 2) two endsd EO-OW), where
one end face was in contact with water or gel &edather end face was in contact with oil. Coregpland corresponding
boundary condition are listed irable 1

b) a set of experiments were conducted to quaskifinkage of gel driven by capillary spontaneoulibition.

Different experimental setups were required ancbatined below.

Core material and preparation
Chalk blocks were obtained from the Portland Cenf@atory in Aalborg, Denmark, and cylindrical ceamples of various
diameters and lengths were drilled out. The rocknfdion is of Maastrichtian age and consists madrilgoccolith deposits.
The composition is to a large extent calcite (99%th some quartz (1%). The brine permeability andogity ranges from 1-
10 mD and 43-48%, respectively. More details alto@itrock may be found in Ekdale and Bromley (1988y Hjuler (2007).
Edwards limestone from a quarry in west Texas, W& used in an introductory experiment. Trimod@lepsizes, vugs and
microporosity have been identified using thin smttimages, mercury injection and NMR T2 relaxatexperiments. The
brine permeability and porosity ranges from 3-28 aridl 16-24% (Tipura (2008) and Riskedal (2008)ntBeim sandstone
from the Gildehausen quarry near Bentheim, Germaay also used. The Bentheim sandstone is homogemedarms of
porosity and permeability, averaging at 23% and0lh®, respectively, with mean composition of 95%umz;, 3% kaolinite,
and 2% orthoclase. More information may be foun&lein and Reuschlé (2003) and Schutjens (1995).

A total of 24 core plugs were prepared for thigigtiAll cores were washed and dried ai®@or several days before
they were vacuum evacuated and saturated diredttyoi. The porosity and pore volume of each cpig was determined
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from weight measurements. Cores used for TEO-OWhdbary condition experiments and gel shrinkage ewpaits were
coated with epoxy along the core length so onlyethé faces were open to flow, and a POM (Polyoxigiehe) end piece
was fitted at one end of the core. Cores used lishlyinkage experiments were fitted with a POM eiete at the outlet end
and a plastic container at the inlet, to hold acHjgel gel volume. After saturation, the cores wsubjected to spontaneous
imbibition tests in brine or pre-formed polymer.g&ll experiments were performed at ambient temjpeea An overview of
all cores and experiments is showTable 1 and core properties may be foundrable 2

Table 1: Core overview

Core ID Comment Exp;r;)r;ent Boundary condition | Saturated with
1 Sl test P. chalk Slin gel AFO Decane
2 Sltest| B. sandstone Slin gel AFO Decane
3 Sl test E. Limestone Slin gel AFO Decane
1 SI Sl in brine AFO Lamp oil
2 Sl Sl in brine AFO Lamp oil
3_SI Slin gel AFO Lamp oil
4 Sl Sl in gel AFO Lamp oil
5 SI Slin gel AFO Lamp oil
6_SI Slin gel AFO Lamp oil
7_SlI Slin gel AFO Lamp oil
1 CC Sl in brine TEO-OW Lamp oil
2 CC Sl in brine TEO-OW Lamp oil
3 CC Sl in brine TEO-OW Lamp oil
4 CC Slin gel TEO-OW Lamp oil
5 CC Sl in gel TEO-OW Lamp oil
6_CC Slin gel TEO-OW Lamp oil
7 _CC Slin gel TEO-OW Lamp oil
8 CC Slin gel TEO-OW Lamp oil
1 GS Gel shrinkage TEO (vertical) Decane
2 GS * Gel shrinkage TEO (vertical) Decane
3 GS *k Gel shrinkage TEO (vertical) Decane
4 GS ** Gel shrinkage TEO (vertical) Decane
5 GS Gel shrinkage TEO (vertical) Decane
6_GS Gel shrinkage TEO (vertical) Decane

* imbibition stopped after first batch of gel, be¢ the end point
** several batches of gel added for imbibition

Fluids

The gel used was 0.5 % HPAM (Ciba Alcoflood 935,milion daltons molecular weight) cross-linked ®9417 % Cr(lll)-
acetate and aged at 41°C for 24 hours (five tihesgelation time). After aging, the gel was codiedambient temperature
before initiation of imbibition experiments. Theiifll properties of all used fluids are givenTiable 3.

Spontaneous imbibition

Initial experiments were performed using three mpccore materials of different capillarity: 1 ®kt, 2 Sl test and 3 Sl test
(Table 1andTable 2). The cores were saturated with oil and droppédakakers containing aged gel. The induction time wa
recorded, and the cores were left in the beakersgppontaneous imbibition ended. At this poing ttores were weighed and
recovery calculated from material balance equatidhs rates of oil recovery and spontaneous inmbibivere not measured
for these cores, and the end points were estinfeded visual observations. For cores 1_SI througBl7and 1_CC through
8_CC, imbibition rates were determined during sppabus imbibition with cores fully submerged irheitbrine or gel using
one of two boundary conditions:

1) All Faces Open (AFO) boundary conditions: thie i&f spontaneous imbibition versus time was qtiadtby gravimetrical
measurements of the core sample and brine or gpectvely, using the setup showedFigure 1A). The core and fluid
weights were both logged versus time. At given tsteps, the core was taken out of the brine obgt, excess fluid (oll
drops and gel) was carefully wiped off the surfacel the core was weighed. This approach was usemlbe a steadily
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increasing gel film occurred on the core surfaceénduspontaneous imbibition in gel, which captutied displaced oil. After
weighing, the core was re-submerged in the fluite @isplaced oil volume, and hence the rate ofuagowas calculated at
each time step using material balance equations.cbine end point saturation was determined frongltemeasurements
after ended imbibition. The gel layer on the caneface was also collected and weighed. A thin lafeoil on top of the
polymer gel or brine prevented evaporation of wdteing long term tests.

2) Two Ends Open- Oil-Water (TEO-OW) boundary cdindis were also used. The experimental setup, showigure 1B),
ensured that one end face of the core was in cownititthe aqueous, imbibing, phase and the otliir the oleic phase: zero
capillary pressure is obtained at the second end. fBue to capillary pressure being present onlyhatinlet end face,
displacement of oil mainly occurs at the outlet efithe core when the core is aligned horizontakcept for a moment right
after imbibition initiation. This makes it possiltle quantify the bulk of the oil production dirgctly volume recordings, also
during imbibition in gel. After imbibition in geleased, the dehydrated gel layer was removed frenmtét end face and all
cores were submerged in brine for further spontas@abibition.

Table 2: Core properties
. Area open | Volume/ Pore . S S .
Core ID Length Diameter . fo.r. open volume Porosity endpoint endpoint
[cm] [cm] imbibition sgrface [mi] [%6] t0 gel [%] to water
[cm”2] ratio [cm] [%]
1 Sl test 9.1 3.80 131.32 0.79 45.53 44.12 68.3 3 68.
2 Sl test 5.92 3.80 93.36 0.72 14.27 21.26 66.97 66.97
3 Sl test 8.84 3.80 128.21 0.78 16.6 16.5¢ 52.8¢4 .8462
1_SI 6.04 5.09 137.28 0.90 53.76 43.74 - 62.13
2_ Sl 6.04 5.07 136.58 0.89 54.05 44 .33 - 62.53
3_SI 7.97 5.09 168.04 0.96 75.11 46.36 65.11 65.11
4 S| 7.92 5.09 167.26 0.96 75.92 47.14 59.48 59.48
5 SI 7.92 5.07 166.59 0.96 77.81 48.63 57.41 57.41
6_SlI 8.01 5.10 169.19 0.97 77.28 47.23 56.34 56.34
7_SlI 8.02 5.07 167.91 0.96 75.92 46.98 60.54 60.54
1 CC 6.00 3.79 11.28 6.00 33.42 49.37 - 61.64
2_CC 6.00 3.82 11.46 6.00 33.14 48.19 - 57.64
3 CC 10.51 3.79 11.28 10.51 56.03 47.25 - 57 12
4 CC 6.00 3.80 11.34 6.00 33.67 49.48 44.03 54.3
5 CC 10.30 3.80 11.34 10.30 56.57 48.17 47.18 52.27
6_CC 6.00 3.80 11.34 6.00 27.34 40.17 43.16 43.16
7_CC 10.30 3.80 11.34 10.30 47.06 40.28 24.0 24.01
8 CC 10.45 3.80 11.34 10.45 51.76 43.67 22.21 22.21
1 GS 5.23 3.72 10.87 5.23 26.71 46.99 64.69 -
2_GS 6.89 3.74 10.96 6.89 34.88 46.20 28.32 -
3 _GS 12.62 3.65 10.43 12.62 56.21 42.68 53.04 63.00
4 GS 11.85 3.61 10.24 11.85 52.96 43.66 60.76 64.91
5 GS 6.01 3.88 11.82 6.01 32.23 45.36 56.57 56.57
6_GS 6.03 3.84 11.58 6.03 31.54 44.24 58.97 59.76

Gel Shrinkage
One of the most important applications of spontasdmbibition of water from gel is gel shrinkagdodking of fractures by

gel is most efficient if the entire fracture volunoe significant parts of it, is filled with low peaeability gel. Gel shrinkage is
in this case defined as the percentage of inighlglume that is lost due to spontaneous capillahjibition of water from the
gel. Shrinkage of gel during spontaneous imbibitias measured by exposing an oil saturated cogetpla limited volume
of gel and recording the reduction in gel volumeimy spontaneous imbibition. The setup was sintilaf EO-OW, but the
cores were placed vertically with a specified galume on top. This ensured contact between thamglrock surface at all
times. The shrinkage of gel by spontaneous imbibitvas recorded directly by volume measurementshéiend point, the
gel film was collected and weighed to determinaltgiel shrinkage. If the end point for spontanewnkibition was not
reached using one batch of gel, one or several batdhes of gel could be added to the plastic awetaAfter removal of the
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final gel layer, brine was placed in the contaitteensure that the potential end point for imbdbitivas reached, or to define
the final end point. A schematic of the setup isveéd inFigure 1C).

A B C
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lid to hold
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Submerged in brine or polymer
gel:

I
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Logging
of weights '|
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to flow)

Void inside end piece for oil .

Figure 1: A) Schematic setup for continuous measurements of gel and core weight versus time using AFO boundary conditions. B)
Schematic setup for co-current imbibition using TEO-OW boundary conditions. C) Schematic setup for gel shrinkage experiments.

Table 3: Fluid properties

) Density Viscosity -
Fluid 5 3 Composition
[a/cm’] [10” Pas] at 20°C
4.00 Wt% NacCl
) . 3.40 Wt-% Cadl
Ekofisk brine 1.048 1.09 0.50 Wt-% MgC}
0.05 Wt-% NaN
n-Decane 0.73 0.92 -
Refined lamp oil 0.74 1.43 -
0.5% HPAM
HPAM Gel ~1.048 ~2*10° after gelation* 0.0417% Cr(lll)-Acetate
Ekofisk brine

* measured at 0.001 1/s shear rate after 24 hogslation (Liu and Seright, 2001)

Results and Applications

Spontaneous imbibition

Spontaneous imbibition of water from pre-formed wak first observed in three cores, 1 Sl test hal S| test (sandstone)
and 3 SI test (limestone) that were fully saturatgth oil and placed in beakers of aged polymer. géle spontaneous
imbibition process dehydrated gel close to the soréace and continued until the end point for ioitin was reached in the
cores, regardless of capillarity. The inductiondimvas, however, influenced by capillarity and whertest in chalk (1.5
minutes) compared to Edwards limestone (11 minwad)Bentheim sandstone (53 minutes). The ratmbibition was not
measured in the first three experiments, but tbeguure was extended in the next fifteen core plugSI through 7_SI using
AFO boundary conditions and 1_CC through 8 CC u3ia@ boundary conditions, to make these measuresmpgsible.
Visual recordings were challenging for AFO coresdesplaced oil volumes were trapped in the gel@andd not be separated
from it and accurately measured neither during spmous imbibition nor after the process ended.giieineasurements
were therefore used for monitoring the developmientaverage oil and water saturations during imhohit During
spontaneous imbibition, gel dehydrates on the sarace and forms a filter cake of more concendrgie. This filter cake
influences the accuracy of the gravimetrical meamients; the layer of dehydrated gel will add to tee weight and
overestimate the recovery if it is not accounted fatuitively, the amount of dehydrated gel on twee surface will depend
on the amount of water imbibed. This means thatirtiraobile gel layer will increase faster when tla¢erof spontaneous
imbibition is higher. The development of the gsldaversus time, quantified by the weight of delayeld gel, will thus mimic
the spontaneous imbibition curve and may be deterthusing Eq. [1]:
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Am(t) i - (rn(c+gf) (t) - m )
gf max _
Ammax (m(c+gf )max m )

wheremy(t) is the gel film weight as a function of timem(t) is the difference between the initial weight and the weight
of the core (including gel film) as a function ahe, Mc.gy(t). 4Mnais the maximum weight change; the difference betwe
initial and endpoint core weights (including thel gém), Mcignmae Myrmax iS the gel film weight at the endpoint of
spontaneous imbibition, and is found by weighing tlore with and without the gel layer. The remadathe gel layer must
be done cautiously, as the material balance calonldepend on the core being intact throughoaitettperimentFigure 2
shows core 1 Sl Test during imbibition, and illastis the oil drops that were trapped by gel orctre surface or in the core
vicinity.

mgf (t) = Er]gf max [1]

Figure 2: Oil adhesion to the core surfie.during imbibition
Figure 3 shows the recovery of oil during spontaneous intioibifor cores 1_SI through 7_SI, scaled in accocgao Maet
al. (1997). The black lines represent the spontan@obgition curves for brine, while the grey linesosv the imbibition
curves for cores submerged in gel. The imbibitiorgel was a factor ten slower than imbibition itnber The endpoint for
spontaneous imbibition, equal to the residual ailisation for this particular core material (Viksiir1998), was reached in all
experiments, also when the cores were submerggel.iThe endpoint was confirmed by placing the sanebrine for further
spontaneous imbibition after removal of the dehtattayel layer.
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Figure 3: Oil recovery during spontaneous imbibition.

Every marker irFigure 3 represents a point in time where the cores hage teken out of the brine or gel bath and weighed
in air. Before weighing, excess gel and oil drogsememoved from the core surfaces, but the detsdirgel film was left
unharmed. Weight recordings started at 4_SI; t mfiutes, 5_SI; t = 10 minutes, and 6_SI and 7_&gkts were recorded t

= 2 minutes after initially submerging the coregy@l. Both oil recovery and the rate of spontaneémusbition were lower at

a given time when the first weight recording wasilan the experiment. During spontaneous imbihifio gel, 4_SI therefore
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had the lowest rate of recovery, 5_SI had a slghigher rate, and 6_SI and 7_SI had the highdssraf recovery and
imbibition. The reason for this behavior may be filter cake formation on the core surfaces duiimgibition; shortly after
immersion in aged gel, the dehydrated gel lay#iirsand may be partially removed together withdia&rops and excess gel
at weighing, which will make the core surface measily accessible for further spontaneous imbibitibhis was confirmed
by partially removing gel from core 7_SI at times three, four, ten and eleven, which resulteal imore rapid spontaneous
imbibition in the core and higher recovery valueshe subsequent time steps. The rate of recovasyocamparable to 6_SI
when the dehydrated gel layer was left undamagede G_SI was not weighed in air, but left in thetedner for the whole
duration of the experiment. Consequently, oil demfinesion to the core surface was not correcteadrfdroil recovery was
overestimated early in the experiment. Large sdaeirbances were experienced in the data setadai drops growing and
letting go of the core surface, thus 3_SI was @ditvhen calculating imbibition rateSigure 4A) shows the imbibition rates
in both water and gel arfeigure 4B) shows the imbibition rates in gel only. The imbiit rates were severely reduced when
cores were submerged in gel instead of brine, afthothe induction time was the same: oil productieas observed
approximately 90 seconds after core immersion th lgel and brine.
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Figure 4: A) The rate of spontaneous imbibition in brine and gel. B) The rate of spontaneous imbibition in aged polymer gel alone.

To enable visual recordings, and thus enhancedbaracy of the measurements, cores with TEO-OW taynconditions

were prepared. During spontaneous imbibition expenits in brine using these boundary conditions,omamounts of olil,

(corresponding to 2 — 4 % of the total core porew®) were produced at the inlet end (Haugeal, to be published). Direct
recordings of oil production at the outlet end &fere reflected the imbibition process in the calkso when the fluid
contacting the inlet end face was gel. Cores 1_ZCC and 3_CC were subjected to co-current spootesnienbibition tests
in brine, while 4 CC, 5 CC, 6_CC, 7_CC and 8 _CGsidfilar dimensions were subjected to gel testing. ddange in

induction time was observed between water andmgkibition and oil was produced shortly after immens The production
curves from co-current imbibition using TEO-OW bdary conditions are shown Figure 5.
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Figure 5: Recovery during co-current imbibition for cores of different lengths (and thus different bulk volume to open surface ratios)
submerged in brine or gel.
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Figure 6A) shows the imbibition curves as a function of thaase root of time for the shorter cores (6 cm) Bigdire 6B)
for the longer cores (10 cm). Oil recovery as afiom of square root of time was not linear in giéldystems. The co-current
imbibition process was slow in both brine and gell the residual oil saturation was reached afteng period of time when
the cores were submerged in brine. During gelrtgdtie endpoint for spontaneous imbibition wasreathed, and continued
imbibition in brine was possible after gel testiwgen the filter cake had been removed from thet il face. For a short
time span after immersion in brine or gel, courtierrent production of oil was observed. In mostesprcounter-current
production was minor and the change to pure cceatiproduction was swift. Some cores, however, ypred a lot of ol
counter-currently. Examples are core 7_CC and 8 v@;h produced much of the oil at the inlet end anbibition curves
could not be generated. Masenal. (2009) also reported a larger scatter in resuftenithe area open to imbibition decrease.
Oil produced counter-currently was trapped in tleé a the inlet and could therefore not be quaedifgravimetrically or
volumetrically.
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Figure 6: A) Recovery versus the square root of time for 6 cm cores. B) Recovery versus the square root of time for 10cm cores.

A recovery rate dependency on bulk volume to opefase ratio was detected during immersion in dothe and gel. The
bulk volume to open surface ratio (here termed ViSRIefined as

VSR =Vy/Agu (2]

whereV, is the bulk volume of the core sample fmnd Aq. is the surface area open to flow f¢mincreasing VSR led to
lower recovery rates. The delay caused by incrgasi8R values may be corrected by accounting for the dgioemal
differences: dividing imbibition time by core lehgiquared (Haugeat al). The scaled results are shownFigure 7. The
delay seen between the brine and gel imbibitiorvesirmust be caused by interactions between the stoface and the
polymer gel, particularly the thickening filter aakn the core surface: gel particles will not etier small chalk pores, thus
the two-phase flow within each core during imbihniticonstitutes brine and oil only.
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Water Saturation [frac. PV]
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N w

=
[y

0
0.001 0.01 0.1 1 10 100 1000
Time/Length? [min/cm?]
Figure 7: Recovery during imbibition versus Time/Length® The dimensional differences are accounted for by dividing imbibition time

by core length squared, thus the time difference between the curves is due to the polymer gel characteristics or core surface/polymer
gel interactions.
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The filter cake that forms on the core surfaceoihtices a skin factor, that increases during imbibias the thickness and
concentration of the filter cake grows. The endpéin spontaneous imbibition was not reached dunmnlgibition in gel as
capillary forces were counter-acted by the skirtdiathus stopping the imbibition process. When Mitimn stopped, the
dehydrated gel layer which constitutes the filtekecwas removed from the end face and the cores iwenersed in brine for
further imbibition to reach the final endpoint.

The rates of imbibition for TEO-OW boundary conglitiexperiments are shown kigure 8. During imbibition in
brine, slightly increased initial values were segfter which the rates slowly decreased. Imbibideased at the residual oil
saturation. Dimensional differences did not infleenhe imbibition rate, and the longer cores exgmee the same rates as the
shorter cores, though they continue to imbibe whierlan extended period of time. During TEO-OW itibon in gel, the
imbibition rates were low, peaking at approximat@l93 ml/min. At the end point, when the filter eakas removed and the
cores were placed in brine, the imbibition ratesrdased further (~ 0.001 ml/min). Few visual reaayd and slight changes
in displaced oil volume per time step makes itidlifit to quantify the changes in imbibition ratetiwiolerable uncertainty.
Exact values or graphs will for this reason noglven.

+1CC ©2CC =3CC -e4C —5CC 46CC

0.5

Rate [ml/min]

0 100 200 300 400 500
Time [min]
Figure 8: Rate of co-current spontaneous imbibition in cores of different lengths and TEO boundary conditions submerged in brine or
gel. The x-axis is in this case limited to the time where brine imbibition still occurs.

During co-current imbibition, the cores submergedél required approximately 30 times longer tachetheir respective end
point saturations, which were lower than the reedrdnd points for imbibition in brine. This facierexpected to vary based
upon the capillarity of the rock, the gel concetitra and the water/oil mobility ratio, and was adwwn to vary with VSR.
Figure 9 shows the additional time needed to obtain a givater saturation during imbibition in gel compatedbrine for
AFO cores (VSR~1 cm) and TEO cores of different SRS cm and ~ 10 cm). The curvesHigure 9 were constructed by
subtracting the imbibition time in water from thehibition time in gel at given waters saturationnt® for each VSR. Cores
with lower VSR achieve high water saturations fastering gel injection than cores of higher ratidis implies that
spontaneous imbibition of gel-bound water may Istefaand more severe in highly fractured reseryaihgere VSR is lower.

Gel shrinkage
Six cores were prepared with TEO boundary conditimmmeasure gel shrinkage, and imbibition expentmeere performed

with a limited volume of gel available for imbikoth. Shrinkage of gel due to dehydration during $@egous imbibition was
recorded. The available gel volume varied from 0-0B PV.Table 4 shows data for gel shrinkage experiments, inclydin
available gel volume in milliliters, fraction of p® volume and fraction of oil saturation. Initiaélgfilm thickness and
volumetric shrinkage after imbibition is also tadteld. Core 3_GS and 4_GS had four consecutive mkats of a known
volume of gel, and each placement of gel is takdlat

Figure 10 shows shrinkage of the gel film as function ofdifier each core and gel placement. Because tha core
were placed vertically with a gel volume of topagtational effects could not be neglected angmiduction occurred at the
inlet as well as the outlet end, especially at leater saturations. Collection and recording ofdheroduced at the inlet end
was possible due to the limited amount of gel predsut in many cases a fraction of the oil wasrtabin the gel and could
not be collected until the end point for imbibitiams reached. All counter-currently produced oillddbe collected when the
gel film was removed from the core surface, asvai$ not dispersed in the gel but merely trappdat Bome of the curves in
Figure 10 show a sudden increase in gel shrinkage betweetwtilast points due to this: the shrinkage cunferes 3_GS,
3%and 4" gel and 4_GS,"3and 4" gel exemplifies this behavior.
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Figure 9: The additional time it takes to imbibe water during imbibition in gel compared to brine increase with water saturation and
increasing VSR.
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Figure 10: Gel shrinkage as a function of time for Sl cores

Figure 11 shows the gel shrinkage curves as functions ofstheare root of time. Cores with few data pointgewveot
included. The core with the highest available gelume in fraction of PV (6_GS) exhibited the slowvgel shrinkage.
Following 6_GS (available gel volume, PV = 0.98)swia GS (PV available =0.82), and 3_G%gel placement (0.4 PV).
2_GS (0.30 PV), 4_GS"gel placement (0.29 PV) and 4_G% gel placement (0.21 PV) showed comparable shrimkag
trends. 4_GS '3 gel placement (0.20 PV) was similar to core 4_&3ydl placement up td’t = 30, but exhibited a higher
imbibition rate after this time. 3_GS'Jel placement (0.03 PV) and 3_G3% Bel placement (0.1 PV) had the smallest
available volumes of gel, and exhibited the fastgstshrinkage. This behavior is expected: a 10&tease in core water
saturation corresponds to a higher degree of gallsye if the available gel volume is low.

Figure 12A) shows the relationship between normalized oil vecpand gel shrinkagéf the available gel volume is
less than the potential volume for spontaneoushitibn, gel shrinkage is fairly predictable forghiock-oil-gel system. For
the two cores where the available gel volumes edexdé¢éhe imbibition potential, however, the gel skaige decreaseBigure
12B) shows the degree of gel shrinkage plotted agé#liresgel volume available for spontaneous imbibitibhe curve is a
third degree polynomial fit to the experimentaladahd shows that the gel will shrink approxima@896 when the available
gel volume is less than 0.6 of the matrix pore wedy which also correspond to the end point for spweous imbibition for
Portland chalk. At ~0.6 PV there is a break poihterve shrinkage is sensitive to the amount of gell@ve. The break point
will probably be dependent on the end point forréaneous imbibition, which varies between differemtk types, but is
fairly stable for this core material. In fracturegbervoirs, ~1 % of the pore volume is typicallydh@ fractures; this implies
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that the volume of available gel in fractures ulsui very low compared to the matrix pore voluraed a fast shrinkage
process may be expected due to this.
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Figure 11: Gel shrinkage as a function of square root of time for some cores
Table 4: Gel shrinkage experiment specifics.
Gel Initial gel
Core ID Available gel film Shrinkage
placement .
thickness
[#] [mi] [frac PV] [frac So] [cm] [%0]
1 GS 1st 21.81 0.82 0.82 2.01 79.22
2 GS 1st 10.28 0.29 0.29 0.94 98.28
1st 1.92 0.03 0.03 0.18 99.46
2nd 5.25 0.09 0.10 0.50 99.46
3_GS 3rd 7.96 0.14 0.16 0.76 95.80
4th 18.13 0.32 0.44 1.74 97.16
Total 33.25 0.59 -
1st 6.64 0.13 0.13 0.65 98.13
2nd 9.87 0.19 0.21 0.96 95.26
4_GS 3rd 7.59 0.14 0.20 0.74 94.59
4th 9.65 0.18 0.29 0.94 94.16
Total 33.74 0.64 -
5 GS 1st 19.27 0.60 0.60 1.63 94.65
6_GS 1st 30.84 0.98 0.98 2.61 60.31
A B
100 —~—Core1_GS 100
—=-Core 2_GS
80 —Core 3_GS, 1st gel 80
= —e-Core 3_GS, 2nd gel g
o 60 , -—Core 3_GS, 3rd gel @ 60
E —+-Core 3_GS, 4th gel jé"
£ ——Core 4_GS, 1st gel & 40
G 4 ~+-Core4_GS,2ndgel -
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0 -+-Core 6_GS 0 - : . :
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Figure 12: A) Gel shrinkage as a function of normalized recovery. B) Gel shrinkage as a function of available gel volume [PV].
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Figure 13 shows pictures of the shrinkage process in 3_&§el placement at four different time steps duriimgibition.
The gel changes colour during shrinkage; a darkeafrcolour means that the chrome and polymer aunatons in the gel
film are increasing. The degree of shrinkage is tldse was 97%, meaning that an initial averagdilgethickness of 1.74
cm has shrunk to 0.05 cm due to spontaneous irdibit

t=0 t=1350 min t=3000 min t=4250 min

Figure 13: Core 3_GS, 4" gel placement. Shrinkage: 97.16 %. Trapped oil drops are observed in the images. Top row: core seen from
bird view. Bottom row: shrinking gel layer seen from the side.

The concentration of the polymer gel layers afteibition was estimated for AFO cores using oilonvgry and the weight of
the collected gel film. The gel film was succedgfuollected with consistent results in all five @Fgel experiments. To
simplify the calculations, two assumptions were enald all dehydrated gel was removed from the serfnd the weight of
the finite gel cake was thus correctly quantifi@dl,no radial gradient of gel layer concentrationisesx meaning that the
collected gel had a uniform concentration. Bottuagstions are dependent on the immobility of allydhted gel (Seright,
1998). The results are shownhkigure 14A). The concentration of the collected gel films mffpontaneous imbibition was
estimated to be approximately 4.2 times above tfginal polymer gel concentration for AFO boundagnditions. For gel
shrinkage experiments, the final concentrationsevelgpendent on the available gel volume, and averslin Figure 14B)
The maximum gel concentration achieved in gel #age experiments (C{Cz 60) coincides with the maximum
concentration reported during extrusion througtctfrees in earlier work (Seright, 2001). This valmay represent a
maximum achievable gel concentration at moderatesure conditions, and may be associated with ghetic pressure in
the highly concentrated gel which counteracts frttiehydration by capillary forces. For TEO expents, the gel films
were not successfully collected and the gel comagahs therefore not estimated.

The spontaneous imbibition of brine from gel isndfigant on core scale at strongly water-wet cdodg. On
reservoir scale, the gel treated area may havenets-wet or even oil-wet conditions, in which edke capillary forces will
either be less dominant or completely inhibit initddm of brine from gel. An increased initial gebricentration in the
fracture, due for example to leakoff, may also sk imbibition of brine from gel because the gél e stronger. The
impact of gel shrinkage on fracture conductivityswalculated using the cubic law of Withersp@dral. (1980), where the
absolute permeability of the fracture is a functidriracture aperturebf only:

Kaps = b%12 (2]
, and the relationship between gel permeabikgy)(and polymer concentration (C) given by Serigi0@):
Kgel (1D) = 125 c [3]

Figure 15 shows fracture conductivity calculated as a functid gel shrinkage. Fracture apertures of 0.001 tmrh0 mm
were investigated and the fractures were assumédx timitially 100 % gel filled. The initial polymeroncentrations were
estimated to 0.5% (solid lines) and 5% (dottedd)jrrespectively, to reflect gel of typical injectesimposition and gel that has
experienced leakoff and thus gained a higher cdretéon. The calculations estimated that 1% gel shrinkadkeindgrease the
conductivity of the largest fracture (10 mm) by @ mD and the conductivity of the 1 mm fracture 10 mD, while
fractures < 1 mm will experience a conductivityrimse of <<10 mD. After the gel has shrunk 10 %,léinge fractures will
have conductivities 0and 16 mD higher than the initial fracture permeabilitgspectively, and tighter fractures will have
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had a conductivity increase of up to 1000 mD. Tfriénce of gel shrinkage on fracture conductiityighly dependent on
the fracture aperture. In wide fractures, severelootivity increase may be seen even at low degrkgsl shrinkage.
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Figure 14: A) Concentration of the dehydrated gel layer after ended AFO imbibition was classified by weight measurements and
volume recordings. B) Final concentration divided by original polymer concentration as a function of available gel volume for
imbibition.
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Figure 15: Fracture permeability as a function of gel shrinkage. The dotted lines reflect an initial polymer concentration of 5 %, which
may be the case after gel placement with leakoff. The black lines are based on an initial polymer concentration of 0.5 %, which is also
the initial value in all experiments.
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Discussion

Imbibition of brine from gel was observed in allreanaterials and using both boundary conditionsD/Ad TEO-OW. The

results prove that the presence of capillary foisesufficient to dehydrate aged polymer gel. Tihiicates that gel behavior
during and after placement may be affected by ptmsethat influence capillary forces; such as psire, wettability and

interfacial tension. It is therefore important tinsider such properties to quantify and predictgdlavior in a reservoir.

Spontaneous Imbibition from Gel

The measured spontaneous imbibition rates sugghiffeeence between a gel/oil system and a coneaatiwater/oil system.
The differences were more pronounced in coresgifdri bulk volume to open surface ratios (VSR), mctlided lowering of

the initial imbibition rate with a factor of ten wh the cores were submerged in gel. The decreasecavery rate as a
function of VSR was observed throughout all expenis. Changes in imbibition and production rateveen water/oil and
gel/oil cases are due to polymer gel charactesisiicpolymer gel/core surface interactions. Thessioked polymer chains
constituting the gel will not enter porous rock lwithe given pore throat radii, hence, water alonterethe cores by
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spontaneous imbibition. The-situ displacement process is thus regular two-phaserigdtflow. However, the imbibition of
water from gel dehydrates the gel, building up aentoncentrated gel film at the core surface. $&r{8006) defined a
relationship between polymer concentration ancerfilkake permeability (Eq. 3), which states thatrdasing polymer
concentrations decreases gel permeability. Theedserin gel permeability increases the skin faotothe core surface and
induces an additional pressure drop across theeotrated gel layer, between the core surface anftésh polymer gel. The
end point for spontaneous imbibition, defined byozeapillary pressure on the capillary pressureeun water/oil systems,
may not be reached if the skin factor is high emotg counteract the capillary forces. At high VSBr example in
experiments utilizing TEO-OW boundary conditiortse skin factor will increase quickly. This may palty explain why the
end point for spontaneous imbibition is not reachedome TEO-OW experiments by continued imbibitiongel. The
dependency on the bulk volume available for immbitcompared to the open surface indicated thadstef imbibition
process and a higher degree of oil recovery andsgghkage may be seen in highly fractured resesvoompared to
reservoirs of less fracture intensity.

Gel Shrinkage Caused by Spontaneous Imbibition
In gel treatments of some reservoirs, gel is im@cover a relatively short period (for example, wbd day for many
production-well treatments) to reduce fracture aotidity. Several authors have reported gel treatsi¢o lose efficiency
over time (Whiteet al, 1973, Seright, 2003, Portwood, 2005). Our wodadly shows that the capillary forces acting in the
matrix of oil saturated porous rock are sufficigrgtrong to dehydrate gel and cause it to shrifite $hrinkage of gel may
open large parts of the gel treated fracturesdw find decrease the efficiency of the gel treatrogat time. The reduced
imbibition rates in gel/oil systems compared tonbfoil systems corroborate that the effects ofndlagie by spontaneous
imbibition may be a slow process, and that it meguire time before the effects of shrinking is nfested by reduced
blocking efficiency.

In other cases, especially injection wells in nallyrfractured reservoirs, gel injection occurs iotree course of 1 to 4
weeks (Hild and Wackowski, 1999). For these cadeBydration of the gel by imbibition may occur kelygat the same time
as dehydration during the gel-extrusion processis€quently, effects of subsequent gel shrinking beless important.

Implications of Imbibition to Gel Treatments in kg

The results presented in this paper all featurecwith large volumes of gel available for imbiditj effectively constituting

a large (infinite) fracture volume compared to nxagrore volume. In naturally fractured reservoing ffracture volume is

usually less than 3% of the total PV and frequetdls than 1% PV. This implies that a small frattaf spontaneous
imbibition from the gel filled fracture to the mixtmay shrink the gel enough to reduce its bloclefficiency. The high VSR

present in a reservoir also implies that the spwdas imbibition process may continue for a lomggetiin fact as long as a
positive capillary pressure, or a capillary pressabove the osmotic gel pressure, is present mtiex. The list below

defines cases of special concern, where the fisdimghis study may be crucial to gel treatmenitifhicy:

1) Oil bearing zones. The capillary forces are strpmgipendent on saturation: in water-wet systenegsaof high oil
saturation are most prone to imbibition. It maysine expected that imbibition effects influencirgy geatments are
most prominent in areas of high continued oil satan: oil production zones, oil production well&c.eThis
observation may also be exploited in special cistamces: “good fractures” that allow water to betrdiuted deep
into a reservoir may have high oil saturationshie adjacent matrix. So, imbibition that compromities gel may
promote water entry into and oil displacement fritase areas during gel placement. In contrastafeas with
fractures that have allowed severe water channefiiggy water saturations in the surrounding matnxy cause a
lower level of gel dehydration, and therefore, gdleémay still provide a substantial reduction iacture conductivity.

2) Gel treatments using immature gels (gelant). Whgtting gelant, the polymer and cross-linker coticgions will
at best remain constant, but may also be dilutetbiipation water, experience cross-linker diffustorthe matrix
etc. This means that the gel forming in the fraztbas a concentration that is equal to, or lowem the injected
concentration. This study shows that the chancésoibition occurring at typical gelant composit®are high and
the gel treatment is likely to lose efficiency ovene, providing a potential for spontaneous imiidni is present.
Using formed gels, a leakoff effect may take plabaing extrusion through fractures, which incredke
concentration of the gel. A higher gel concentratieeans a more rigid gel, where molecular bondsbeilstronger.
A critical gel concentration for this particularlgeas observed to be G/& 60. At this concentration, an osmotic
pressure in the gel is suspected to counteradtefudehydration. Studies have shown that this atraton may be
achieved during extrusion of formed gel througlttinees, and a gel treatment using mature gels may lbe less
prone to spontaneous imbibition.

3) Large fractures. Calculations performed in this kvenowed that gel dehydration will have a more sewdfect in
large fractures, and will be a concern for geltiremts using both immature and mature gels: thieofég@rocess
during injection of mature gels is less efficient larger fractures (fractures of higher apertua)d the gel
concentration after placement thus lower. In géltower concentration, spontaneous imbibition etfeare more
likely to occur.
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Adding surfactants to the polymer gel may decrepsmtaneous imbibition of water by lowering theeifécial tension (IFT)
between brine and oil. Surface active agents nmey ald leakoff water to overcome the capillary shidd pressure imbedded
in an oil-wet reservoir and improve dehydrationgef during extrusion through oil-wet fractures. -Bésed gels may also
prevent shrinkage in regions where spontaneousitidn of water is an important mechanism.

Conclusions

e Capillary forces in outcrop chalk, limestone anddsdione were strong enough to dehydrate aged polyehe

» Asignificant reduction in gel volume was seen thuspontaneous imbibition.

* The degree and rate of gel shrinkage were depewdethie available volume of gel present close ¢odbre surface.
When a gel volume less than the imbibition poténtis available, gel shrinkage of ~ 98 % was reedrd

* The fastest gel shrinkage is experienced in the with the lowest available gel volume for imbibiti

*  Gel shrinkage may severely affect the gel blockeffieiency by opening parts of the fracture volutodlow. The
influence of gel shrinkage on fracture conductivgyhighly dependent on the fracture aperture ait ractures
will experience severe conductivity increase, exelow degrees of shrinkage.

» Gel shrinkage may be most severe 1) in oil beazonwes, e.g. oil production wells, 2) during fietddtments using
gelant, and 3) in wide fractures. One suggesticavtnd large scale shrinkage is to add surfactattié polymer gel,
thereby lowering IFT.

e The rate of spontaneous imbibition of brine boumdged polymer gel was quantified for strongly watet chalk
cores using both AFO and TEO-OW boundary conditions

* The imbibition process was highly dependent onpfesence of a dehydrated gel layer on the coraaerfvhich
introduce a skin factor during imbibition.

» Measuring the rate of spontaneous imbibition u#@ boundary conditions could be challenging, as dh that
was displaced from the core was trapped withirgiideeither on the core surface or in the corenitigi Care must be
taken not to remove any part of the gel layer dyvireighing, as this will accelerate the imbibitimmocess.

* In AFO experiments, even though the rate of imlwhitvas decelerated when a dehydrated gel layepvesent, the
end point saturation was reached in all experiments

 In two ends open (TEO-OW) experiments, the ratesremovery were reduced and dependent on the bulk
volume/open surface ratio, VSR. This ratio was etputhe core length for this particular setup.

e The endpoint for spontaneous imbibition was nothed during horizontal TEO-OW experiments by camntims
imbibition in gel, due to the dehydrated gel lagerthe end face representing a positive skin fastthen the gel
layer was removed, spontaneous imbibition continued
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Nomenclature

S, = Oil saturation

my(t) = gel film weight as a function of time

Am(t) = weight differential as a function of time

m= initial core weight

Me+gn(t) = weight of core including gel film as a functiohtime
Amya = maximum weight change

Me+gf),max= €N point core weight, including gel film

Myt max= g€l film weight at the end of spontaneous intixi
VSR= bulk volume to open surface ratio

V, = bulk volume

A = surface area open to flow

PV = pore volume

IFT = interfacial tension

C, = original, “injected” gel concentration

C = gel concentration after dehydration
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