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ABSTIUCT
This technical progress report describes work performed from October 1, 1999, through March
31,2000, for the project “Using ChemicaIs to Optimize Cor&ormance in Fractured Reservoirs.”
During extrusion of gels through fractures, a simple relation (U1= 0.05 t-0-55,where U1is water
leakoff rate in &/f?/d or Wd and t is time in days) described gel dehydration over a wide range
of conditions. A model based on this equation was applied to estimate how far gels penetrate
into two-wing fractures, as a fimction of injection rate and fracture width. The results
demonstrate that to maximize gel penetration alorig a given fracture, gel should be injected at
the highest practical injection rate.
Imaging experiments are in progress using high-resolution computed microtomography (CMT)
at Brookhaven National Laboratory to understand why gels reduce permeability to water more
than that to oil. The method provides outstanding resolution of rock, water, and oil on a
micrometer scale. In water-wet Berea sandstone, the water film around trapped residual oil
drops was clearly visible. In our first set of experiments, CMT results indicated that gels
increased the residual oil saturation in larger pores during water injectio~ thus decreasing
permeability to water much more than that to oil. ~
We also began a study of the effects of temperature on the ability of gels to reduce permeability
to water more than that to oil. With a Cr(III)-acetate-HPAM gel in water-wet Berea sandstone,
the disproportionate permeability reduction was substantial at temperatures of 41 “C, 60”C, and
80”C. Water permeability was reduced 34 to 240 times more than that to oil. Additional work is
required to understand details of the effects of temperature on the disproportionate permeability
reduction.
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PROJECT OBJECTIVES
This research project has three objectives. The first objective is to develop a capability to predict
and optimize the abili~ of gels to reduce permeability to water more than that to oil or gas. The
second objective is to develop procedures for optimizing blocking-agent placement in wells
where hydraulic fractures cause. channeling. The third objective is to develop procedures to
optimize blocking-agent placement in naturally fractured reservoirs. ‘This research project
consists of three tasks, each of which addresses one of the above objectives. Our work is directed
at both injection wells and production wells and at vertical, horizontal, and highly deviated wells.
GEL PROPAGATION THROUGH FRACTURES
New Model. Recently’, we introduced a new model for gel propagation and dehydration during
extrusion through fractures. This model was based on Eq. 1, which described the rate of water
leakoff (ul, in &-/&/d or ft/d) from the gel through a fracture face during gel extrusion.
u!= 0.05 f0”55...............................................................................................................................(1)

‘
In this equation, t is time in days. Eq. 1 was based on a fit of leakoff data from seven experiments
(Fig. 1), in which 24-hr-old Cr(IH)-acetate-HPAM gels were extruded through seven sepzirate
fractured cores (650-rnD Berea sandstone). Specifically, our experiments used an aqueous gel
that contained 0.5’% Ciba Alcoflood 935 HPAM (molecular weight =5x10G daltons; degree of
hydrolysis 5% to 10%), 0.0417% Cr(III) acetate, l% NaCl, and 0.1% CaC12 at pH=6. All
experiments were performed at41 “C (105”F). The gelant formulations were aged at 41“C for 24
hours (5 times the gelation time) before injection into a fractured core. All fractures had nominal
widths of 0.04 in. The fracture dimensions in these experiments were 48x1.5x0.04 in.,
12x12x0.04 in., or 6x1.5x0.04 in. Gel injection velocities (fluxes), based on the cross-section of
the fracture, ranged from 129 to 33,100 IVd. Eq. 1 provided an excellent description of the water
leakoff data from these experiments (Fig.’1). Details can be found in Ref 1.
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Fig. l—Average leakoff rates in 0.04-in.-wide fractures.
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Effect of Fracture Width. The above model worked well in describing the rate of gel
propagation and the rate of water leakoff in fi-actures with widths of 0.04 in. Will the model
require substantial modification if the fracture width is some other value? Fig. 2 shows Ieakoff
results from four experiments where our standard 24-hr-old Cr(III)-acetate-HPAM gel was
extruded through 0.08-in.wide fractures (fracture dimensions: 48x1.5x0.08 in.) at fluxes ranging
from 207 to 16,500 ft/d. These experimental results generally. followed the trend described by
Eq. 1 (the solid line in Fig. 2); however, the fit was less impressive than that shown in Fig. 1.
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Fig. 2—Average leakoff rates in 0.08-in.-wide fractures.
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We also performed high-rate (16,000 cm3/.hr)extrusion experiments in Iiactures with widths of
0.02, 0.04, 0.08, and 0.16-in. (The length and height of the fractures were 48 in. and 1.5-in.,
respectively, and 3.7 liters of our standard 24-hr-old Cr(III)-acetate-HPAM gel were injected.)
Fig. 3 shows @at Eq. 1 described the results reasonably well.
,
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Fig. 3—Average leakoff rates for different fracture widths.
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Physical Basis for Eq. 1. What k the physical basis for Eq. 1? Because Ieakoff varies
approximately with the square root of time, one might guess that the relation is analogous to the
formation of a filter cake during hydraulic fracturing? However, important differences exist. For
normal (incompressible) filter cake formation, a cake forms with permeability, k, and uniform
thickness, L. For a given pressure difference, Ap, and solvent viscosity, p, the solvent flux
(leakoff rate), u, through the filter cake is given by the Darcy equation.

{
.,

U= kApl(p L) ..............................................................................................................................(2)

The filter cake thickness increases with solvent throughput according to Eq. 3.
L= ’Chidt ................................................................................................................................. (3]

Combining Eqs. 2 and 3, the leakoff rate is easily shown to vary with the square root of time?
However, in our problem, where water lea.koff occurs during gel extrusion through a fracture, a
filter cake of uniform thickness does not form. In particular, we have not observed a gel
concentration variation (i.e., a filter cake) in the width direction of the fracture. In contrast, we
have noted gel concentration variations along the length and height directions. These latter
variations were caused by mobile gel (with a composition of the originally injected gel) that
wormholed through immobile, concentrated (dehydrated) gel?
Our current picture of the gel propagation and dehydration process is as follows: When the gel
front first contacts a new element of fracture are% the gel in this vicinity basically has the same
composition as that for the originally injected gel: The permeability of this gel to water is
relatively high’-around 1 rnD.l Consistent with these observations, the rate of water Ieakoff (i.e.,
leakoff flux) from the gel (and fracture) is greatest just upstream of the gel front? As the water
leaks off from the gel, the gel concentrates and becomes immobile in the vicinity where the
dehydration occurred. The next element of flesh (mobile) gel must find its way around or
through (i.e., worrnhole through) the concentrated gel in order to advance the gel tiont. With
time at a given position along the fracture, our experiments reveal that the average gel
concentration increases and the fracture area contacted by wonnholes (i.e., mobile gel)
decreases?’4

-.

At any given distance along the length of a fracture, a fraction of the fracture area will be
contacted by immobile, concentrated gel, while the remaining area will be contacted by mobile
gel (where the wormholes exist). Thus, two separate sources contribute to leakof+l)
concentrated, immobile gel that was formed from the dehydration process and (2) mobile gel.
The immobile gel continually concentrates during the extrusion process! We believe that this
contribution is minor for the vast majority of the extrusion process because gel permeability to
water varies inversely with the third power of gel concentration.* As the immobile gel in the
fracture becomes more concentrate& its ability to squeeze out additional water rapidly decreases.
Furthermore, experimental studies (using leakoff of dyed water), demonstrated that the dominant
source of leakoff was from second source-from the mobile gel in the wormholes. 1 When an
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element of mobile gel dehydrates, presumably a thin filter cake of concentrated gel forms on the
fracture wall. However, because we have never physically observed this thin layer, we assume
that it must be quickly tom and swept to the ‘side (by water trying to reach the fracture face) to
merge with the concentrated immobile gel.
For the gel propagation and dehydration model ‘that we propose, Eq. 1 implies that the fracture
area contacted by wormholes must vary with &55. Fig. 4 plots our specific predictions of fracture
area contacted by flesh gel, af, and concentrated gel, ac, versus gel-contact time. A physical
explanation for the variation of total worrnhole are% af, with time is c~ently being investigated.
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of fraction of fracture area contacted by fresh versus concentrated gel.

Model Predictions in Long Fractures. A key motivation for this work is a need to quanti~ how
gels propagate through fractures in field applications. Of course, these fractures are much longer
and higher than those examined experimentally in our research. To accurately predict behavior in
field applications, a satisfactory model is required for gel propagation and dehydration during
extrusion. Further testing is needed to establish whether we have the correct model. Nevertheless,
the new model was applied to make predictions for field applications. Fig. 5 presents these
predictions for three injection rates (0.1 to 10 barrels per minute, BPM) in 0.04-in.-wide, twowing fractures using our standard Cr(III)-acetate-HPAM gel. At a given rate, Fig. 5 shows the gel
volume that must be injected to achieve a given distance of penetration along the fracture. This
volume increased with distance of penetration raised approximately to the 1.5 power. For a given
distance of penetration, the required gel volume decreased substantially with increased injection
rate. For example, to penetrate 200 ft, the required. gel volume was 5 times less at 10 BPM than
at 1 BPM. Therefore, to maximize gel penetration, the highest practical injection rate should be
used.

10000

kfwf = 277 darcy-ft,

w~= 0.04 in.
1 I

I

100

10

L

1000

Distance of penetration, ft

Fig. 5—Model predictions in long two-wing fractures at diffkrent rates.

At this point, it maybe overly optimistic to expect Eq. 1 to be generally valid for all fracture
widths. Nevertheless, out of curiosity, we applied the model assuming that it was valid for
fracture widths ranging from 0.01 to 1 in. Fig. 6 plots the predicted distances of gel penetration
versus the volume of gel injected for three fracture widths during gel injection at 1 barrel per
minute. Interestingly, the curves came together at high distances of penetration and low fracture
widths. This result occurred because the rate of gel propagation was governed increasingly by the
rate of gel dehydration (i.e., water leakoff given by Eq. 1) as fracture width decreased or as the
desired distance of gel penetration increased. In contras~ for a fixed injection rate, gel
propagation was governed simply by the ftacture width (or volume) for large fracture widths or
small distances of gel penetration.
.
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Fig. 6-Model

predictions in long We-wing fractures with difierent widths.
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DISPROPORTIONATE PERMEABILITY REDUCTION
Imaging Experiments Using Synchrotrons X-Ray Microtomography. We performed imaging
experiments using high-resolution computed miorotomography (CMT) to compare the oil and
water pathways as weIl as the fluid distribution before and after gel treatment. The imaging
experiments were performed in collaboration with ExxonMobile Research & Engineering
company at the National Synchrotrons Li@ Source (NSLS) at Brookhaven National Laboratory.
The objective was to study the disproportionate permeability reduction on a microscopic sciile.
Previously, we used NMR imaging to observe disproportionate permeability reduction on a
microscopic scales Results from these experiments revealed that the imaging technique had
many limitations that prevented us from obtaining reliable pore-level images. Most importantly,
the spatial resolution was on the order of hundreds of micrometers, which was too low to clearly
distinguish fluid pathways on the pore level. Recent advancements in computed
microtomography using synchrotrons X-ray -sources provides the ability to obtain threedimensiomd pore-level images of rock samples with a spatial resolution on the order of
micrometers.b This technology has been available at the National Synchrotrons Light Source for
many years. Recent improvements in data acquisition transmission, and reconstruction have
reduced the time required to produce 3-D pore-level images to a few hours, which is a &action of
the time required in previous scanning methods.
Fig. 7 shows a schematic of the CMT apparatus. To produce an image slice, X-rays transmitted
through the sample are recorded on a linear array of detectors. The sample is rotated by a discrete
angular interval determined by the linear resolution desired. The procedure is repeated for each
angular view until the sample has been rotated by 180° in the X-ray beam. The data collected
during the process are then used to reconstruct the horizontal slice. The CCD camera is capable
of reconstructing 1,000 horizontal slices simultaneously. Instead of detecting X-ray transmission
directly, which limits the spatial resolution to the detector size, a thin high-resolution scintillator
placed behind the sample converts each X-ray attenuation map to a visible iniage, which is then
.
magnified and re-imaged with conventional optics onto the cooled CCD area array.
The core (high-permeability Berea sandstone) was 6.5 mm in diameter and 30 mm in length with
an intermediate pressure tap 6 mm from the inlet face (Fig. 8). Due to the computer memory and
time constraints, we focused our scan in a segnient of the core that was 6.5 mm in diameter and
3.25 mm in length. To avoid end effects, the scanned segment was located about half way
between the inlet and outlet faces (Fig. 8). The gel was our standard Cr(III)-acetate-HPAM.
Hexadecane was the oil phase. To increase the image contrast between the brine and the oil
phases, hexadecane was doped with 10% w/w iodohexadecane. All experiments were ptiorrned
at room temperature. To digitally compare the images before and after gel placemen~ oil, water,
and gelant flooding were pefiormed without ever removing the core from the sample stand. In
total, we petioxmed six 3-D scans with an image resolution of 10 ~m at different stages of the
oil-water experiment. During the imaging experiments, we first scanned the core when it was
saturated only with brine. Next, the core was scanned at’residual water saturation and residual oil
saturation before gelant, injection. Afier gel placement, the core shut in for twelve hours (at
-60°C) and then scanned.
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Then, oil was-injected into the core to measure the oil residual resistance factor, Fmo. The core
was scanned again after the oil injection to visualize the oil pathways ‘after gel. Next, brine was
injected to measure the water residual resistance factor, Fm Finally the core was scanned ailer
the brine injection to visualize the water pathways after gel. Table 1 shows that the gel reduced
the permeability to water 81 times more than that to oil (F~Fmo=81).
Table 1. Summary of residual resistance factors
Core: strongly water-wet Berea
Gel: 0.5% HPAM, 0.0417% Cr(III)-acetate, 1% NaCl, 0.1% CaC12
kw, rnd
Fm
F
FrrMJF7ro
700
1,220
17
’81

*f
(

,

As shown in Fig. 9, the image was cropped into a rectangular block of 4.6 rnmx4.6 rmnx3.25
mm to eliminate the artifacts created by a thin layer of epoxy coating on the surface of the core.
Fig.. 10 is a 3-dimensional view of the rectangular block. As illustrated in Fig. 10, the CMT has
high enough resolution to clea.ily distinguish rock grains from pore space. Also, this technology
is non-destructive and therefore can be used to monitor changes in fluid saturations and
distribution at different stages of coreflood experiments. Software tools are available to digitally
quantifi the pore size distribution and fluid saturations from the images generated by the CMT.
Also available are software tools that can reconstruct fluid pathways. We will report results fi-om
the digital image analysis in the near fiture.

.,, ,

X = 4.6 mm, Y = 4.6 mm, Z = 3.25 mm
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Fig. 9—Dimensions of the cropped image block.
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Fig. 1O-3-D image of the Berea core plug with an image resolution of 10 pm
(x==.6 mm,y=4.6 mm, z= 3.25mm).
.,, ,

Since it is difficult to see through the 3-D structure, we begin by focusing on a thin slab that cuts
through the x-y plane (Fig. 11). The direction of flow during fluid injection is perpendicular to
the x-y plane. There are a total of 512 image slices in the z direction. The image slab that we
focused on consisted of 10 image slices (slices 460-469) with a depth of 63.5 pm. During the
core experimen~ we first saturated the core with brine. The image in Fig. 12 was taken after the
core was saturated with brine. The gray areas in Fig. 12 are the void spaces that were saturated
with brine. The areas in black are rock grains. The shaded gray areas in Fig. 12 show the change
in pore shape/size as we go from the surface slice (slice 469) to the bottom slice (slice 460).
Next, we oilflooded the core to residual water saturation (SW). Fig. 13 shows the distribution of
oil and water after the oilflood at SW In Fig. 13, oil is in dark gray, water is in light gray, and
the rock grains are in black. As shown in Fig. 13, oil invaded most of the larger pores while the
residuaI water remained mostly in small pores and crevices. Then, we injected water into the core
until no more oil was produced. Fig. 14 shows that the residual oil occupied the center of the
medium to large size pores while water formed a film around the residual oil. These observations
are consistent with expectations in a strongly water-wet medium.

,,

,,

;,

1,
,,

9

..

~,

X = 4.6 mm, Y = 4.6 mm, Z = 3.25 mm

Number of Image Slices (Z-direction)= 512

“

z

Y

WI

63.5 pm “
Image segment focused (slices 460-469)
Fig. 1l—Dimensions of image slab.

H

Brine

❑

Rock Grain

Fig. 12—x-y plane view of image slab (slices 460-469) at SW=l.0; image resolution=l Opm.
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Fig. 13—x-y plane view of image slab (slices 460-469) at S+ image resolution==10 pm.
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Fig. 14-..-y plane view of image slab (slices 460-469) at SO;image resolution= 10 pm.
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Next, gekmt was injected at residual oil saturation. Fig. 15 shows that some of the oil was
displaced by the more viscous gelant during gelant injection. After gelant injection, we raised the
temperature to around 60°C and shut the core in for 12 hours to allow gelation to occur.
Immediately after shut-in, we injected oil to measure FW04Fig. 16 shows the distribution of oil
and water after the Fno measurement. Table 1 shows that the Fmo was 15. A comparison of
Figs. 13 and 16 indicates that most of the pathways open to oil flow before gel placement
remained accessible to oil after the gel treatment. This result suggests that the gel occupied only
a small fraction of the pore space. Tracer results from a previous oillwater experiment in a highpermeability Berea core revealed that the gel with a FWO value of 20 occupied less than 5% of
the pore space. After the Fmo measurement we injected brine to measure F’w Table 1 shows
that the Fm was 1,220, which was significantly higher than the Fro value of 15. Fig. 17 shows
that water did not have access to most of the pathways opened to oil flow after treatment. A
possible explanation is that gel particles strategically positioned at the entrance of the larger
pores changed the aspect ratio of the pores and rendered the oil immobile during the subsequent
water injection. During water injection after gel treatment, the trapped residual oil forced the
water to flow around it as a thin film or through other smaller pores. This resulted in much more
constricted pathways for water after gel placement. In contrast the oil pathways were much less
constricted during oil injection after gel treatment because oil could flow throu~ the center of
“tie larger pores. To test this concept, detailed image analyses will be petiormed to quanti~ the
size distribution of the pores that constitute the oil pathways.
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Fig. 15—x-y plane view of image slab (slices 460-469) at SO,after gelant injection;
image resolution=10 pm.
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Fig. 16-x-Y plane view of image slab (slices 460-469) afterF’mo measurement (Fmo = 15);
image resolution=l Opm.

Fig. 17—x-Y plane view of image slab (slices 460-469) after F(Fw = 1,220); image resolution=10 pm.
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Effect of Temperature on Disproportionate Permeability Reduction. Most of our previous
oil-water experiments were pefiormed at 41 “C. Since many gel treatments are petiormed in hightemperature reservoirs, there is a growing interest among our sponsors in understanding the
effect of temperature on the disproportionate permeability reduction. To address this issue, we
performed oil-water experiments at 60”C and 80”C. For each temperature, we peflormed two
similar oil-water experiments in high-permeability Berea cores. In one experiment, oil was
injected immediately after shut-in to determine the Fmo, while in the other, water was injected
immediately after shut-in to measure Fme The gel was our standard Cr(III)-acetate HPAM.
and Fmo. “The ratio, Fm /Fmo decreased
Soltrol-130 was the oil phase. Table 2 shows Ffrom 240 to 34 when the temperature was raised from 41°C to 60°C. However, when the
reversed direction and increased to 142. Thus,
temperature was raised fhrther to 80”C, F~Fvo
the effect of temperature on the disproportionate permeability is not obvious and requires fhrther
study.
..
Table 2. Effect of temperature on disproportionate permeability reduction.
Core: strongly water-wet Berea
Gel: 0.5% HPAM, 0.0417% Cr(III)-acetate, l% NaCl, 0.l% CaClz
Fm
Temperature, “C
FWO
F~FWo
41

60
80 “

10,100
30;100
25,410

42
880
178

240
34
142

“

SUMMARY

1. During extrusion of gels through fractures, a simple relation (ul = 0.05 @ss, where UIis water
leakoff rate in R/~/d or ft/d and t is time in days) described gel dehydration over a wide
range of conditions. A model based on this equation was appIied to estimate how far gels
penetrate into two-wing fractures, as a fi.mction of injection rate and fracture width.
2. To maximize gel penetration along a given fracture, gel should be injected at the highest
practical injection rate.
3. Imaging experiments are in progress using high-resolution computed microtomography
(CMT) at Brookhaven National Laboratory to understand why gels reduce permeability to
water more than that to oil. The method provides outstanding resolution of rock, water, and
oil on a micrometer scale. In water-wet Berea sandstone, the water film around trapped
residual oil drops was clearly visible. In our first set of experiments, CMT results indicated
that gels increased the residual oil saturation in larger pores during water injection, thus
decreasing permeability to water much more than that to oil.
4. With a Cr(III)-acetate-HPAM gel in water-wet Berea sandstone, the disproportionate
permeability reduction was substantial at temperatures of 41°C, 60”C, and 80”C. Water
permeability was reduced 34 to 240 times more than that to oil. Additional work is required
to understand details of the effects of~temperature on the disproportionate permeability
reduction.
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