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ABSTRACT 

This report describes work performed during the second year of the project, “Using Chemicals to 
Optimize Conformance Control in Fractured Reservoirs.” Ths  research project has three 
objectives. The first objective is to develop a capability to predict and optimize the ability 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 problems. The third objective is to develop procedures to optimize blocking agent 
placement in naturally fiactured reservoirs. 

During extrusion experiments with Cr(II1)-acetate-HPAM gels, we found that to maximize gel 
penetration along fractures, the highest practical injection rate should be used. However, in wide 
fractures, gel dehydration may be desirable to form rigid gels that are less likely to washout after 
placement. In these applications, reduced injection rates may be appropriate. In single, wide 
fractures where short distances of penetration are needed, the gel volume required increases 
roughly with the distance of penetration. In single fractures with narrow to moderate widths, the 
required gel volume increases roughly with the distance of penetration raised to the 1.5 power. 
For conditions examined to date, the pressure gradient during gel extrusion was insensitive to 
injection rate (for fractures of a given width). With an understanding of the mechanism for gel 
extrusion and dehydration in fi-actures, we ultimately hope to predict conditions, compositions, 
and volumes that provide the optimum gel placement in fractured reservoirs. 

Analyses were performed to compare our laboratory gel extrusion results with those fi-om a field 
application that involved a gel treatment to reduce water production from a near-horizontal 
production well that was intersected by a fault. Our analyses revealed three important points. 
First, simple calculations can give at least a rudimentary indication of the width of the fracture 
that causes the excess water production. For the case of vertical fractures or faults that cross 
horizontal production wells, these calculations can also give an idea of how fa the gel should 
penetrate to provide a beneficial effect. Using laboratory data coupled with field data collected 
before, during, and after gel injection, the calculations can also give an indication of how far the 
gel has actually penetrated into the fracture. Our analyses point out areas where additional 
laboratory work is needed to aid in the design of field applications-especially at higher 
temperatures for gels over a range of concentrations. FinaIly, our analyses reveal critical 
measurements that should be made during field applications-especially, accurate flowing and 
static downhole pressures. 

Imaging experiments are in progress using high-resolution computed microtomography (CMT) 
at Brookhaven National Laboratory to understand why some water-based gels reduce 
permeability to water more than that to oil. Results from ow first set of experiments revealed that 
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. 
Also, CMT results indicated that a water-based Cr(II1)-acetate-HPAM gel increased the residual 
oil saturation in larger pores during water injection, thus decreasing pemeability to water much 
more than that to oil. 
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EXECUTIVE SUMMARY 

This report describes work performed during the second year of the project, “Using Chemicals to 
Optimize Conformance Control In Fractured Reservoirs.” This research project has three 
objectives. The first objective is to develop a capability to predict and optimize the ability 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 problems. 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 
Many confonnance control treatments rely on the ability of gels to extrude through fractures 
during the placement process. Chapter 2 describes an experimental investigation of the 
mechanism for propagation of a Cr(II1)-acetate-HPAM gel through fractures. During gel 
extrusion, water leaks off from the gel, and the gel concentrates to become immobile in the 
vicinity where dehydration occurred. The driving force for gel dehydration (and water leakoff) is 
the pressure difference between the fracture and the adjacent porous rock. Fresh gel (i.e., mobile 
gel, with the original composition) must wormhole through the concentrated gel in order to 
advance the gel fiont. With time at a given position along the fracture, the average gel 
concentration increases and the fracture area contacted by wormholes (i.e., mobile gel) 
decreases. Even so, water leakoff fkom the concentrated, immobile gel is generally small 
compared with leakoff from the mobile gel. 

A minimum pressure gradient is required to extrude a given gel through a fracture. Once this 
minimum pressure gradient is exceeded, the pressure gradient during gel extrusion is insensitive 
to the flow rate. The pressure gradient required for gel extrusion varies inversely with the square 
of fracture width. In contrast, a force balance during gel extrusion predicts that the pressure 
gradient should vary linearly with fracture width. Although we have not definitively identified 
the origin of this behavior, we have demonstrated that it is directly linked to the extremely strong 
apparent shear-thinning behavior during extrusion. 

With an understanding of the mechanism for gel extrusion and dehydration in fractures, we 
ultimately hope to predict conditions, compositions, and volumes that provide the optimum gel 
placement in fractured reservoirs. In our work with 24-hr-old Cr(II1)-acetate-HPAM gels at 
41°C, a number of observations have been made to aid us in achieving our goal. First, 
dehydration reduces the rate of gel propagation through fiactures. This dehydration has been 
quantified for a significant range of conditions. For fracture widths fi-om 0.02 to 0.16 inches, 
fracture lengths from 0.5 to 32 ft, fracture heights from 1.5 to 12 inches, and injection fluxes 
from 129 to 66,200 Wd, the average rate of gel dehydration and leakoff (241, in ft/d or ft3/p/d) 
was described reasonably well using: uf = 0.05 where t is time in days. This relation was 

that contained 0.5% Alcoflood 935 or 0.5% 
the molecular weight of Alcoflood 935. The 

also found to apply to Cr(II1)-acetate-HPAM gels 
Percol 338 HPAM. (Percol 338 has roughly twice 
two polymers have the same degree of hydrolysis.) 
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For conditions examined to date, the pressure gradient during gel extrusion was insensitive to 
injection rate (for fractures of a given width). To maximize gel penetration along fractures, the 
highest practical injection rate should be used. However, in wide fractures, gel dehydration may 
be desirable to form rigid gels that are less likely to washout after placement. In these 
applications, reduced injection rates may be appropriate. In single, wide fractures where short 
distances of penetration are needed, the gel volume required increases roughly with the distance 
of penetration. In single fkactures with narrow to moderate widths, the required gel volume 
increases roughly with the distance of penetration raised to the 1.5 power. 

Field Application of Gel Propagation Results 
In Chapter 3, we examine the relation between field and laboratory results. The field application 
(provided by R.H. Lane) involved a gel treatment to reduce water production from a near- 
horizontal production well that was intersected by a fault. Our analyses revealed three important 
points. First, simple calculations can give at least a rudimentary indication of the width of the 
fkacture that causes the excess water production. For the case of vertical fractures or faults that 
cross horizontal production wells, these calculations can also give an idea of how far the gel 
should penetrate to provide a beneficial effect. Using laboratory data coupled with field data 
collected before, during, and after gel injection, the calculations can also give an indication of 
how far the gel has actually penetrated into the fracture. 

Second, this analysis points out areas where additional laboratory work is needed to aid in the 
design of field applications. In particular, a need exists for determination of gel extrusion 
properties at higher temperatures-at least up to 100°C. Also, a need exists to determine gel 
extrusion properties for gels over a range of concentrations, e.g., for polymer concentrations 
from 0.3% to 1.5%. 

Third, ow analysis reveals critical measurements that should be made during field applications. 
In particular, accurate flowing and static downhole pressures should be made at least before and 
after the gel treatment is applied. Some very useful insights can be gained if downhole pressures 
are measured during gel injection. 

Disproportionate Permeability Reduction 
The purpose of water shutoff treatments in production wells is to reduce water production 
without damaging the oil productivity. Many polymers and gels can reduce the permeability to 
water more than that to oil or gas. This property is critical to the success of water shutoff 
treatments in production wells if hydrocarbon-productive zones cannot be protected during 
placement. However, the mechanism of this disproportionate permeability reduction is not fully 
understood. 

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. 
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In our second set of experiments, we used CMT to visualize why an oil-based gel reduce the 
permeability to oil more than that to water. The objective is to compare the results with those 
fiom our first set of experiments using a water-based gel to improve our understanding of why 
the disproportionate permeability reduction occurs. We are now analyzing the data generated 
during the imaging experiments. 

Based on the results from our imaging experiments, we developed a simple capillary-bundle 
model to predict disproportionate permeability reduction. Using a simple example, we 
demonstrated that the model could qualitatively predict the disproportionate permeability 
reduction. However, due to the simplified assumptions made in developing the model, more 
work is needed using data from our image analyses to improve this model. 

... 
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1. INTRODUCTION 

In the United States, more than 20 billion barrels of water are produced each year during oilfield 
operations. Today, the cost of water disposal is typically between $0.25 and $0.50 per bbl for 
pipeline transport and $1.50 per bbl for trucked water. Therefore, a tremendous economic 
incentive exists to reduce water production if that can be accomplished without significantly 
sacrificing hydrocarbon production. For each 1 % reduction in water production, the cost savings 
to the oil industry could be between $50,000,000 and $100,000,000 per year. Reduced water 
production would result directly in improved oil recovery (IOR) efficiency in addition to reduced 
oil-production costs. A substantial positive environmental impact could also be realized if 
significant reductions are achieved in the amount of water produced during oilfield operations. 

In an earlier project, we identified fractures (either naturally or artificially induced) as a major 
factor that causes excess water production and reduced oil recovery efficiency, especially during 
waterfloods and IOR projects. We found fractures to be a channeling and water production 
problem that has a high potential for successfbl treatment by gels and certain other chemical 
blocking agents. We also determined that the ability of blocking agents to reduce permeability to 
water much more than that to oil is critical to the success of these blocking treatments in 
production wells if zones are not isolated during placement of the blocking agent. 

This report describes work performed during the second year of the project, “Using Chemicals to 
Optimize Conformance Control in Fractured Reservoirs.” Results from the first year were 
documented in Ref. 1. 

Objectives 
This research project has three objectives. The first objective is to develop a capability to predict 
and optimize the ability 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 problems. 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. 

Report Content 
This report describes work performed during the second year of the project. In Chapter 2, we 
report experimental results from studies of gel properties in fractures. In Chapter 3, we examine 
the relation between laboratory results and a field application where a gel treatment reduced 
water production from a near-horizontal production well that was intersected by a fault. Finally, 
in Chapter 4, we investigate the mechanism responsible for gels reducing the permeability to 
water more than that to oil. 
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2. GEL PROPAGATION THROUGH FRACTURES 

Gel treatments were often applied to improve conformance and reduce water or gas channeling 
in reservoirs?' During conventional gel treatments, a fluid gelant solution typically flowed into 
a reservoir through porous rock and fkactures. Afier placement, chemical reactions @e., gelation) 
caused an immobile gel to form. However, for the most successfbl treatments in naturally 
fractured reservoirs, the time required to inject large volumes (e.g., 10,000 to 37,000 bbls) of gel 
was typically greater than the gelation time by a factor of 100.3-5 Thus, in these applications, 
formed gels extruded through fractures during most of the placement process. A need exists to 
detennine how much gel should be injected in a given application and where that gel distributes 
in a fi-actured reservoir. These parameters depend critically on the properties of gels in fiactures. 
Therefore, we have a research program to detennine these properties and to characterize gel 
placement in fractured systems. 

In this chapter, we first review previous work concerning gel propagation and dehydration during 
extrusion through fiactures. This review includes a summary of a model (Model 1) that was 
proposed to describe gel propagation. This chapter also examines the effects of injection rate, 
fracture width, height, and length, and polymer molecular weight on gel propagation and 
dehydration. This information is used to develop an improved model of gel propagation (Model 
2), which is applied to predict gel placement in long fi-actures. Finally, several mechanistic 
features of gel propagation are examined. With an understanding of the mechanism for gel 
propagation, we hope to increase confidence in predictions for field applications. 

Previous Experimental Work 
Previous work demonstrated that gels do not flow through porous rock after gelati~n.~ This 
behavior is advantageous since the gel is confined to the fi-actures-it does not enter or damage 
the porous rock (except at the rock face). Thus, after gel placement, water, oil, or gas can flow 
unimpeded through the rock, but flow through the f'iacture is reduced substantially. However, 
extrusion of gels through fractures introduces new issues that are not of concern during 
placement of fluid gelant solutions. First, the pressure gradients during gel extrusion are greater 
than those for flow of gelants. For a Cr(II1)-acetate-HPAM gel, the pressure gradient required for 
extrusion vasied inversely with the square of fkacture width (Fig. 1 and Eq. 1): 

(1) dp/dZ = 0.02 / (wf)2 ,. ....................... ...... ...... ... .......*..............................................................*. .... 

where dp/dZ has units of psilft and wf has units of in. In previous we demonstrated that a 
minimum pressure gradient was required to extrude a given gel through a fracture. Once this 
minimum pressure gradient was exceeded, the pressure gradient during gel extrusion was 
insensitive to the flow rate. 7,9,12 

A second concern is that gels can concentrate (dehydrate) during extrusion through 
Depending on fracture width (see Fig. 2), this dehydration effect can significantly retard gel 
propagation (e.g., by factors up to 50). Figs. 1 and 2 apply to a one-day-old Cr(II1)-acetate- 
HPAM gel at 41°C. This same gel was used for most of the experiments described in this report. 
Specifically, our experiments used an aqueous gel that contained 0.5% Ciba Alcoflood 935 
HPAM (molecular weight =5x106 daltons; degree of hydrolysis 5% to lo%), 0.0417% Cr(II1) 
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acetate, 1% NaC1, and 0.1% CaC12 at pH=6. All experiments were performed at 41°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. We designate this gel as our standard Cr(II1)-acetate-HPAM gel. 
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Fig. 1-Pressure gradients required for gel extrusion through open fractures. 
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Fig. 2-Degree of gel dehydration versus fkacture width (fkom Ref 10). 

In earlier work," we showed that when large volumes of gel were extruded through a fkacture, 
progressive plugging (i.e., continuously increasing pressure gradients) was not observed. 
Effluent from the fi-actwe had the same appearance and a similar composition as those for the 
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injected gel, even though a concentrated, immobile gel formed in the fracture. The concentrated 
gel formed when water leaked off fiom the gel along the length of the fracture. The driving force 
for gel dehydration (and water leakoff) was the pressure difference between the fracture and the 
adjacent porous rock. During gel extrusion through a fracture of a given width, the pressure 
gradients along the fracture and the dehydration factors were comparable for fractures in 650- 
mD sandstone as in 50-mD sandstone and 1.5-mD limestone (Figs. 1 and 2). 

Model 1. Previously," a simple model (Model 1) was developed that correctly matched the 
behavior during gel propagation and dehydration in a fracture with dimensions of 48x1.5x0.04 
in. using an injection rate of 12.2 in3/hr (200 cm3/hr). This model assumed the following: 

1 .  

2. 

3. 

4. 

5 .  

Gel in the fkacture existed in one of two forms: (a) flowing gel that had the same composition 
and properties as the originally injected gel, and (b) concentrated immobile gel. The flowing 
gel wormholed through the concentrated immobile gel. 
The Darcy equation applied for water flow through gel, with a gel permeability to water, kgel. 
The driving force for gel dehydration (and water leakoff) was the pressure difference 
between the fracture and the adjacent porous rock. The average distance that water traveled 
through the gel to reach the matrix was half the fiacture width, wf /2. 
For a given length of fracture, the rate of water entering the fracture (in the form of gel) 
minus the rate of water leaving the fracture (again tied up as gel) equaled the rate of water 
leakoff through the fracture faces. (Water mass balance.) 
No crosslinked polymer entered the porous rock. Any gel that concentrated (dehydrated) 
immediately became immobile. (Crosslinked polymer mass balance.) 
At any point in the fracture, the gel permeability to water, kgel, was related to the average gel 
composition by Eq. 2. 

In Eq. 2, kgel had units of mD when the gel composition, C/C,, was expressed relative to the 
composition of our standard Cr(II1)-acetate-HPAM gel (i.e., 0.5% HPAM, 0.041 7% Cr(II1)- 
acetate). Originally, Eq. 2 was simply an empirical three-parameter fit that allowed the model to 
correctly quantify the rate of gel propagation through a 48xlSx0.04-in. fracture. Since the 
original development of this model, we found independent support' for two of the three 
parameters in Eq. 2 (i.e., the 1 .O-mD coefficient and the -3 exponent for the concentration term). 
However, no quantitative basis was found for the third parameter, 0.0001 I mD. 

As a qualitative explanation for Eq. 2, we speculated that the concentration-dependent term 
accounted for progressive dehydration of the concentrated immobile gel, while the constant tern 
accounted for dehydration of flowing gel in the wonnholes. At a given point in the ftacture, the 
flowing gel was continually replenished, so it represented a source of gel with an unchanging 
concentration. Any flowing gel that dehydrated was added to the reservoir of concentrated gel. In 
contrast, the concentrated gel did not move and became ever more concentrated with time, so its 
average Permeability to water continually decreased. 

With an understanding of the mechanism for gel extrusion and dehydration in fractures, we 
ultimately hope to predict conditions, gel compositions, and gel volumes that provide the 
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optimum gel placement in fractured reservoirs. To realize this goal, our model requires further 
testing. Therefore, in this chapter, results are reported from extrusion experiments that used a 
range of fracture lengths, widths, and heights and a wide range of gel injection rates. 
Experiments were also performed using a gel prepared from a polymer with roughly twice the 
molecular weight of Alcoflood 935. 

Effect of Injection Rate 
Several experiments were pedormed to examine the effects of injection rate on gel extrusion and 
dehydration. Except for injection rate, these tests were identical to that described in Ref. 10. 
Specifically, in each test (at 4loC), we extruded 80 fiacture volumes (226 in.3 or 3,700 cm3) of 
our standard 24-hr-old Cr(1II)-acetate-HPAM gel through a O.O4-in.-wide fracture in a 4-ft-long, 
650-mD Berea sandstone core. The cross-sectional area of the core was 2.25 in.2 (1 Sxl.5 in.), so 
the fracture height was 1.5 in. (3.8 cm). The total fiacture volume was 2.84 in.3 (46.5 cm3), and 
the total pore volume of the system was about 25 in.3 (400 cm3). The core had five sections of 
equal length that were delineated by sets of fracture and matrix pressure taps. A fitting at the core 
outlet separated the effluent from the fracture and matrix (see Fig. 3). (Of course, a new core was 
used for each test.) To complement the 12.2 h3/hr (200-cm3/hr) test that was described in Ref. 
10, the thee new tests were performed using gel injection rates of 30.5, 122, and 976 in.3/hr, 
respectively. Assuming that the total fiacture volume was open to gel flow, the average velocities 
ranged fiom 413 to 33,100 ft/d for volumetric injection rates ranging from 12.2 to 976 in.3/hr 
(see Rows 2 and 3 of Table 1). For comparison, the velocity in a 100-ft-high, 0.04-in.-wide, two- 
wing fracture is 12,100 Wd using an injection rate of 1 barrel per minute (BPM). 

.5 in. 

e f F e 

Fig. 3-Cross-sectional view of core outlet. Separate collection of fiacture and matrix effluent. 

7-9,12 Table 1 summarizes the results fiom these tests. Consistent with our earlier findings, 
pressure gradients along the fracture were relatively insensitive to injection rate. The average 
pressure gradients (Row 4 of Table 1) ranged from 18 to 40 psi/ft. for estimated gel velocities 
ranging from 413 to 33,100 Wd. We suspect the pressure-gradient variations in Table 1 were 
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caused by differences in the actual fracture width rather than by velocity differences. Mechanical 
degradation of the gel was fairly small. For gel produced from the fracture at the highest rate, the 
elastic modulus, G', was about 20% less than that for the original gel. In all cases, the physical 
appearance of the gel remained unchanged by passage through the fracture. 

Table 1-Effect of injection rate on gel propagation in 0,04-in.-wide fractures 
1 1 I Fracture dimensions (Lf x hf  x wf) 48x 1 SxO.04 in. 

Gel Front Propagation. The rate of gel front propagation increased significantly with increased 
injection rate (Row 5 of Table 1). For 413 Wd, gel arrival at the end of a 4-ft-long fracture 
occurred after 15 fracture volumes of gel injection. Only 1.7 fracture volumes of gel were 
required when the velocity was 33,100 fVd. Evidently, the gel had less time to dehydrate as the 
injection rate increased. With a lower level of gel dehydration (concentration), the gel 
propagated a greater distance for a given total volume of gel injection. This result has important 
consequences for field applications. It suggests that gels should be injected at the highest 
practical rate in order to maximize penetration into the fkacture system. 

During gel injection, pressures along the fracture indicated the rate of propagation of the gel 
fiont. For three of the experiments (41 3 Wd, 1,030 and 4,130 Wd, respectively), Fig. 4 shows the 
volume of gel required to reach a given distance along a 4-fi-long fracture. The solid symbols 
show the actual data points, while the open symbols with the dashed lines show predictions from 
our model (Model 1). As mentioned earlier, the three-parameters in Eq. 2 were originally fitted 
to describe the 413-Wd experimental results. Thus, the match between the experiment and the 
predictions were expected for this case. However, for the other two velocities, the model 
predictions were typically 50% to 70% greater than the actual values. This finding indicates that 
ow model needs refinement. 

Gel Dehydration. For each experiment, a special outlet fitting (Fig. 3) segregated the effluent 
from the fracture and the rock. Fig. 5 plots the fi-action of the effluent fi-om the porous rock. 
Rows 6 and 7 of Table 1 summarize these results. In each case, the peak in flow from the porous 
rock was observed when gel arrived at the end of the fracture. Expressed as a fraction of the total 
flow, the magnitude of this peak decreased with increased injection ra te f rom 100% at 4 13 Wd 
to 39% at 33,100 Wd (Row 6 of Table 1). After gel breakthrough, the fkaction of flow from the 
porous rock decreased in an exponential fashion. After 75-80 fiacture volumes of gel injection, 
this fraction varied from 35% at 413 Wd to 5% at 33,100 Wd (Row 7 of Table 1). Of course, at 
any given time, the fraction of flow from the fracture plus that fiom the porous rock summed to 
unity. As a reminder, the total injection rate was constant during a given experiment. 
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Fig. 4 - G e l  propagation in 48x 1 Sx0.04-in. fractures. Model 1 : k,,~O.OOOX 1+1 .O(C/C,)”. 

0 20 40 60 80 

Fracture volumes of gel injected 

Fig. 5-Fraction of flow produced fkom the porous rock during gel injection. 

The chromium and HPAM concentrations were determined for the effluent from both the 
fiacture and the rock, In all cases, no significant chromium or HPAM were produced fi-om the 
porous rock. Thus, only water (brine) flowed b o u g h  the porous rock. Of course, the source of 
this flow was water that left the gel in the fracture-i.e., water from the gel dehydration process. 
Our findings confirm that crosslinked polymer (gel) does not enter or flow through porous rock. 
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Before gel arrival at the end of the fracture, virtually all fluid was produced from the fracture, 
and this fluid consisted of brine with no chromium or WPAM. This result was expected. Before 
gel injection, the calculated flow capacity of the fracture was 3,400 times greater than the flow 
capacity of the porous rock. After gel breakthrough, the composition and physical appearance of 
gel produced from the fracture were very similar to those of the injected gel. 

After 80 fracture volumes of gel injection, the fracture was opened to reveal a rubbery gel that 
completely filled the fracture. These gels were analyzed for chromium and HPAM as a function 
of length along the fracture. Row 8 of Table 1 reports the average factor by which gel in the 
fracture was concentrated for each experiment. Expressed relative to the concentration of the 
injected gel (CEO), gel was concentrated by an average factor of 27 at 413 ft/d and by 4 at 
33,100 Wd. Of course, since fixed volumes of gel were injected, the duration of gel injection 
varied inversely with injection rate. Since gel in the fracture was under pressure for a shorter 
time in the faster experiments, the gel had less time to dehydrate. Consequently, the degree of 
dehydration decreased with increased injection rate. These results further support our conclusion 
that in field applications, gels should be injected at the highest practical rate to maximize 
penetration into the fracture system. 

Effect of Fracture Height 
To this point, our fracture heights were 1.5 in. (3.8 cm). Will gel extrusion and dehydration be 
affected by fracture height? To address this question, two experiments were performed with 
fracture heights of 12 in. Fig. 6 illustrates the fractured cores that were used. The cores were 
formed by stacking two 12x12x3-in. 650-mD Berea sandstone slabs. Spacers were used to 
separate the two slabs by 0.04 in. (0.1 cm) to form a 12x12x0.04-in. fracture. Because of the 
method of construction, the faces of the fracture were fairly smooth. (In contrast, the fractures 
described in the previous section were formed by cracking the core open using a special method 
that was described earlier: In our experience, the roughness of the fracture sdaces  did not 
affect the performance during gel extrusion.) The total fracture volume was 5.67 in.3 (92.9 cm3) 
and the total pore volume of the system was 173 in3 (2,831 an3). The fractures were actually 
oriented horizontally, but for consistency, we identify the fracture “height” as the dimension 
perpendicular to the fracture length and width dimensions. A manifold distributed the injected 
gel evenly over the 12-in. height of the fracture. A similar manifold collected the effluent fiom 
the fiacture. Two production ports allowed collection of effluent from each of the matrix slabs. 

- 
Gel 
injection 
into fracture 
only 

Fig. 6-Schematic of experiment in 12x 12x0.04-in. fracture. 
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In the first experiment, 30 fracture volumes (-170 in.3 or 2,800 cm3) of our standard 24-hr-old 
Cr(I1I)-acetate-HPAM gel were injected at a fixed rate of 30.5 i n ? h  (500 cm3h). Considering 
the cross-sectional flow area of the fracture (12~0.04 in.), the injection flux or velocity was 129 
ftld (164 cm/hr). This value compares with a flux of 1,030 ft/d when injecting gel at a rate of 
30.5 in.3/hr into our earlier 48x 1 Sx0.04-in. fractured cores. 

In the second experiment, 61 fiacture volumes (-350 in3 or 5,700 cm3) of gel were injected at a 
fixed rate of 98 (1,600 cm3/hr). The injection flux in this experiment was 413 Wd. For 
both experiments, the pressure gradient during gel injection averaged 29 psi/ft. This value was 
very similar to those observed earlier during extrusion through fractures of the same width, but 
with heights of 1.5 in. (Table 1). 

Consistent with our earlier results, no significant HPAM or chromium was produced from the 
matrix during these experiments. For the 129- and 413-Wd experiments, gel breakthrough was 
noted after injecting 6 and 2.6 fiacture volumes of gel, respectively. After gel breakthrough, the 
gel produced from the fractures was similar in composition to that for the injected gel. No 
significant fluid was produced from the matrix until gel breakthrough. At gel breakthrough, the 
fraction of fluid from the matrix jumped to 97% of the total flow for the 129-Wd experiment and 
to 91% of the total flow for the 413-Wd experiment (Fig. 7). With fwther gel injection in the 
129-fVd experiment, this fraction gradually declined to 55% of the total after injection of 30 
fracture volumes. During the 413-Wd experiment, the matrix fractional flow declined to 33% 
after 30 fracture volumes and 17% after 61 fracture volumes. (The data jumps in Fig. 7 occurred 
when switching injection pumps.) 

0 

+ 129 ft/d 
e 4 1 3  ft/d 

10 20 30 40 50 60 

Fracture volumes of gel injected 

Fig. 7-Fraction of flow produced fiom matrix during injection into 12x 12~0.04-in. fractures. 

10 



Wormholes. For both experiments, near the end of gel injection, dyed gel of the same 
composition was injected. For the 129- and 413-fUd experiments, dye breakthrough occurred 
after 0.55 h3 (9 cm3 or 0.097 fracture volumes) and 0.49 in.3 (8 cm3 or 0.086 fracture volumes), 
respectively. At the time of dyed-gel breakthrough, the average gel dehydration factors for newly 
injected gel were 55% and 17%, respectively (because these were the fractions of total flow 
produced as water fiom the end of the matrix). Thus, the estimated volumes of the pathways for 
the dyed gel were 0.25 in.3 [Le., 0.55x( 1-0.55)] or 0.044 fracture volumes (4 cm3) for the 129-Wd 
experiment and 0.4 in.3 Tie., 0.49x(1-0.17)] or 0.071 fracture volumes (6.6 cm3) for the 413-fVd 
experiment. These results suggest that the injected gel formed small-volume wormholes through 
concentrated gel. 

Consistent with this suggestion, wonnhole pathways were noted (highlighted by the dye) through 
the concentrated gel in the fracture after opening the fiacture at the end of the experiments (Fig. 
8). The largest of these wormholes were 0.1 to 0.2 in. in height, compared to the total fracture 
height of 12 in. In the 129-fVd experiment, one wormhole in the center of the pattern appeared 
dominant, while six other significant wormholes were present in various locations. A limited 
amount of branching was noted on these wormholes. In contrast, for the 413-Wd experiment, 
highly branched wormhole patterns were found after dye injection. For both experiments, after 
removing the gel fiom the fractures, streaks of dyed rock were noted under the wormholes- 
revealing the leakoff pathways for water that dehydrated from the gel (Fig. 9). 

Fig. 8-Wormhole pattern after dyed gel injection at 129 Wd. 
Total gel=30 fracture volumes. Concentrated gel in place. Flow was top to bottom. 
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Fig. 9-Wormhole pattern after dyed gel injection at 4 13 Wd. 
Total gel=6 1 fkacture volumes. Concentrated gel removed to reveal dye leakoff pattern. 

Flow was top to bottom. 

Dyed-gels were also injected near the end of the 1,030-Wd and 4,130-Wd experiments in the 
48x1.5x0.04-in. fractures. Results indicated that the wormhole volumes were 0.10 and 0.14 
fracture volumes, respectively. Since the wormhole volumes were 4% to 14% of the fracture 
volume, actual velocities for the flowing gel in the wormholes were 7 to 22 times faster than 
indicated by oUr flux values (i.e., calculated assuming that the entire fracture cross-section was 
open to flow). 

Model 2 
In view of the deficiencies of our first model, a second model was developed to account for our 
new results. Model 2 was inspired by a re-plot of the data in Figs. 5 and 7. Specifically, Fig. 10 
plots the average leakoff rate (ul, in ft3/ft2/d or ft/d) versus time (t,  in days) for the six 
experiments. Results are also included from a seventh experiment where the gel was forced 
through a 6xlSx0.04-in. fracture at an average flux of 413 Wd. (Details of this experiment can 
be found in Ref. 11.) At any given time, the average leakoff rate was simply the total flow rate 
fi-om the matrix (at the end of the core) divided by the total fracture area in the core. For a given 
experiment, Fig. 10 included only the data after the peak in flow fkom the porous rock. Eq. 3 
provided an excellent fit of the data. 

(3) UI = 0.05 t-0.55 ............................................................................................................................. 
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Eq. 3 provides leakoff rates that are averaged over the length of the fracture (more specifically, 
over the gel-contacted length of the fracture). Eq. 4 relates the average leakoff rate to the local 
leakoff rate, ~ i 7  at a given distance, L, along the fracture. This point will be discussed on page 22. 

I 

Q) 
CJ] 

Q) 
i! 0.1 
2 

0.01 

kf wf = 277 darcy-ft, 

4 29 ft/d (1 2x1 2-in. fracture) 
A 413 ft/d (6~1.5-in. fracture) 
+ 41 3 ft/d (1 2x1 2-in. fracture) 
d 413 ft/d (48x15-in. fracture) 
0 1,030 ft/d (48~1.5-in. fracture} 
0 4,130 Wd (48x1 5-h. fracture) 
rn 33,100 ft/d (48x15-in fracture) 

0.0001 0.001 0.01 U.1 I 10 
Time, days 

Fig. lO-Average ledcoff rate fiom seven experiments at different velocities. 

The rate of gel fi-ont propagation, dL/& in a 0.04-in.-wide fracture can be found from a mass 
balance (Eq. 5). 

........................................................................................................... hfWfdL/dt = qt - 2 h f L  UI ( 5 )  

In Eq. 5, h .  is fiacture height, wf is fracture width, and qt is total volumetric injection rate. 
Combined with Eq. 3, Eq. 5 can easily be applied to predict rates of gel front propagation and gel 
dehydration. These equations form the basis for Model 2. In Fig. 11, the open symbols with the 
dashed lines show gel fxont positions predicted for three injection rates in 48xlSx0.04-in. 
fractures. The solid symbols show the experimental values. A comparison of Figs. 4 and 11 
reveals that except for the 41 3-Wd case, the experimental data were matched better by Model 2 
than Model 1. Model 2 provides an excellent match for the experimental leakoff rates (Fig. 10). 

Additional comparisons of experimental results and predictions from Models 1 and 2 are 
included in Table 2, This table lists results from experiments in the 12x12x0.04-in. fractures as 
well as those in the 48x1.5xO.04-in. fractures. Regarding the rate of gel propagation, Model 2 
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gave more accurate predictions than Model 1 when rates were high. The success of Model 1 at 
413 Wd was not surprising since this model was based on a curve fit of low-rate data. 
Nevertheless, Model 2 provided reasonable predictions at low rates. 

1 Fracture dimensions (Lf x hf x WA 

15 - 41 3 ft/d, actual 
- 4 - 4 1 3  ft/d, predicted 
-+ 1,030 ft/d, actual 
-*- 1,030 ft/d, predicted - 4,130 ftld actual 

48x 1.5x0.04 in. 1 12x 12~0.04 in. 

-+-4,130 ft/d predicted I 

0 

Injection rate, in.3/hr 
Estimated velocity in the fracture, ft/d 
Total fiactwe volumes of gel injected 

0 1 2 3 4 
Distance along the fracture, ft 

Fig. 1 1-Gel propagation in 48x 1 .5x0104-in. fractures. Model 2: UI = 0.05 t4? 

12.2 30.5 122 976 1 30.5 98 
413 1,030 4,130 33,100 129 413 
80 80 80 80 30 61 

Actual 15 6.0 4.0 1.7 6.0 
Predicted by Model 1 14.3 9.9 6.0 3 .O 7.7 
Predicted bv Model 2 12.3 6.4 2.8 1.5 10.4 

2.6 
5.2 
4.7. 
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Figs. 12- 15 ilustrate the data in Table 2 in graphical form. 
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Fig. I2-GeI breakthrough versus injection flux for 48x1 Sx0.M-in. fractures. 
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Fig. 13-Peak matrix flow versus injection flux for 48x1.5x0.04-in. fi-actures, 
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Fig. 14-Final matrix flow versus injection flux for 48x1 Sx0.04-in. fractures. 
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Regarding the leakoff data @.e., flow fiom the matrix), Model 2 generally provided significantly 
better predictions than Model 1, although Model 1 performed acceptably at low rates in the 4-A- 
long fiactures. Model 1 consistently out-performed Model 2 in predicting the final average gel 
composition in the fractures. Except at the highest rate, concentration predictions fiom Model 2 
were typically 60% to 90% too high. However, some experimental error was associated with our 
concentration determinations. Also, evidence exists that some fiee chromium and uncrosslinked 
HPAM leaked off into the porous rock during gel dehydration.' ' Furthermore, the flowing gel 
may be slightly more concentrated that the originally injected gel.'911 These phenomena could 
decrease the mass of gel that accumulated at a given point in the fracture-thus, mitigating the 
concentration over-predictions for Model 2. 

Fracture dimensions ( L ,  x hf x WJ) 

Injection rate, in.3/hr 
Estimated velocity in the fkacture, A/d 
Average pressure gradient, pdf t  

Peak fraction of matrix flow, % 
Gel front arrival at core end, fracture volumes 

Final fraction of flow produced fkom matrix, % 
Average C/C, in fracture at end of experiment 

Effect of Fracture Width 
48x1SxDO8-in. Fractures. Model 2 worked well in describing the rate of gel propagation and the 
rate of water leakoff in fractures with widths of 0.04 in. Will the model require substantial 
modification if the fracture width is some other value? To answer this question, four experiments 
were performed in 48x1.5x0.08-in. fractures at four injection rates, ranging from 12.2 to 976 
in.'/hr (200 to 16,000 cm3/hr). These experiments were identical to those described on page 5, 
except that the fracture widths were 0.08 in. instead of 0.04 in. Table 3 summarizes the results 
fkom the new experiments. 

48x 1 SxO.08 in. 
12.2 30.5 122 976 
207 517 2,070 16,500 
3.4 6.6 4.9 7.2 
8.4 4.3 1.3 1.2 
100 98 90 27 
53 50 31 5 

23.8 16.6 4.9 2.5 

Qualitatively, the data in Table 3 followed the same trends noted for Table 1 ,  Row 4 of Table 3 
reveals that the pressure gradient for gel extrusion was insensitive to injection rateaveraging 
5.5 psi/ft for fluxes ranging from 207 to 16,500 Wd. This pressure gradient follows the trend 
shown in Fig. 1. 

Fig. 16 shows leakoff results from the four experiments where our standard 24-hr-old Cr(II1)- 
acetate-HPAM gel was extruded through the 0.08-inwide fractures. These experimental results 
generally followed the trend described by Eq. 3 (the solid line in Fig. 16); however, the fit was 
less impressive than that shown in Fig. 10. Additional work will be required to understand the 
deviations. 
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L,x h, = 48x15 in. \ wf= 0.08 in. 
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10 

Fig. 1 &Average leakoff rates in 0.08-in.-wide fractures. 

Figs. 17-20 compare the results from Table 3 with predictions made using Model 1 and Model 2. 
Both models provide reasonable predictions of gel breakthrough for injection fluxes above 500 
ft/d (Fig. 17). At 207 Wd, both models under-predicted gel breakthrough, although Model 2 
outperformed Model 1. 
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Fig. 17-Gel breakthrough versus injection flux for 48x1 SxO.08-in. fractures. 
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Fig. 20-Final gel concentrations in 48x1 Sx0.08-in. fractures. 

High Rates in 48xlS-in, Fractures with Various Widths. We also performed high-rate 
(16,000 cm3/hr) extrusion experiments in fiactures 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(II1)-acetate-HPAM gel were injected.) Fig. 21 shows that Eq. 3 described 
the leakoff results reasonably well. Eq. 3 provided the best match for fracture widths of 0.04 in. 
and 0.08 in. For 0.02-in.-wide and 0,16-in.-wide fractures, the leakoff data commonly fell below 
the predictions from Eq. 3. 
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Fig. 2 1-Average leakoff rates for different fracture widths. 
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Many of the results from these experiments are summarized in Table 4. Row 4 in this table lists 
the average pressure gradients in the center 60% of the fracture (the middle three segments). As 
expected, these gradients decreased with increased fkacture width. Row 5 in Table 4 lists the 
pressure gradients predicted from Eq. 1. The predictions are reasonably close to the actual 
values, considering the data scatter associated with the trend shown in Fig. 1. 

Gel injection rate = 16,000 crn3/hr 
(2.7 b bVmi n l l  00-ft of fracture height) 
L,x h, = 48x15 in. 

\ 
\ 

c \ 
I 

\ 
\ 

- 

0.16 
8,260 

Table &Effect of fracture width on gel propagation 
during injection of 3.7 liters of gel at 16,000 c m 3 h  

1 Fracture dimensions (Lf x hf ) 48x1.5 in. 
2 Fracture width, in. 0.02 0.04 0.08 
3 Estimated velocity in the fracture, fVd 66,100 33,100 16,500 
4 Average pressure gradient, psi/ft 37 la  7.2 
5 Predicted pressure gradient (Eq. l), pdft  50 13 3.1 
6 Gel fkont arrival at core end, fracture volumes 2.5 1.7 1.2 
7 Peak fraction of matrix flow, % 26 39 27 
8 Final fraction of flow produced fkom matrix, % 6.8 5 5 
9 Average C/C, in fracture at end of experiment 2.6 4 2.5 

I 

1.1 
0.8 
1.05 
21 
4.6 
1.3 

Figs. 22-25 compare the results from Table 4 with predictions made using Model 1 and Model 2. 
Both models provided rough estimates of gel breakthrough for fi-acture widths of 0.04 in. and 
above (Fig. 22). For the 0.02-in.-wide fracture, the prediction from Model 2 was much better 
than that from Model 1 
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Fig. 2 2 4 e l  breakthrough versus fracture width for 48x1 .5-in. fractures. 
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The peak and final fractions of flow from the matrix are shown in Figs. 23 and 24. Predictions 
from Model 2 matched the experimental values very well for the three widest fractures. For the 
narrowest fracture, Model 2 significantly over-predicted the peak fraction of matrix flow and 
under-predicted the final fraction of matrix flow. Predictions from Model 1 were poor in most 
cases. 
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Fig. 23-Peak matrix flow versus fracture width for 48~1.5-in. fractures. 
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Fig. 24-Final matrix flow versus fiacture width for 48~1.5-in. fractures. 

22 



0 
'cf 
S 
a> 15 
CI m E  

8 
t3 0 

Gel injection rate = 16,000 crnVhr 
(2.7 bbllminll 004 of fracture height) 

L,x h, = 48x15 in. 
- \ - 

t \ 
actual 
Model I 
Model 2 

---- 

0.01 0.1 1 
Fracture width, inches 

Fig. 2 5 F i n a l  gel concentrations in 48~1.5-in. fractures. 

ul= 0.05 t versus HI= 5 0.05 t dL /L 
For the projections of gel propagation in Model 2, the average leakoff rate (for the entire gel- 
contacted length of the fracture) was given by Eq. 3 for all times and all frontal positions. Using 
Eq. 3 with Eq. 5, predictions of gel propagation through fractures are fairly easy to make. 
However, some uncertainty exists about the validity of this treatment. To explain, consider a gel 
bank that has reached 100 feet along a fracture after 4 hours of gel injection. In Model 2, we 
assume that the average teakoff rate along the 100-A gel-contacted interval is given by inputting 
4 hours (0.167 days) into Eq. 3-giving a leakoff rate of 0.134 R3/ft2/d. 

However, the average leakoff rate can be determined another way. In particular, Eq. 6 could be 
used to sum the leakoff contributions from the gel-contacted parts of the fracture. 

(6)  ul= 0.05 t dL / L  ................................................................................................................ 

In this method, the time of gel contact decreases with increasing position away fiom the 
wellbore. After four hours of gel injection, the local leakoff rate near the wellbore is estimated 
simply by inputting 4 hours into Eq. 3. In contrast, near the gel fiont (Le., -100 ft into the 
fracture), the gel contact time is very short and the local leakoff rate from Eq. 3 is quite high. For 
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any given total injection time, Eq. 6 averages the leakoff contributions from the entire length of 
the gel contacted-fracture. We will call this method, “Model 3”. 

-0 

:@3 b 

wf = 0.04 in., hf = I00 ft. 
Injection rate = 1 BPM. 
Total injection time = 4.2 hrs. 

How do the predictions from Eqs. 3 (Model 2) and 6 (Model 3) compare? Fig. 26 provides this 
comparison for a O.O4-in.wide, 100-ft-high fracture with a gel injection rate of 1 barrel per 
minute (BPM). The y-axis plots the leakoff rate (averaged over the entire gel-contacted portion 
of the fracture) for a given position of the gel front (shown on thex-axis). This plot assumes that 
the gel Eront moves at exactly the same rate for both sets of predictions. (Of course, this 
assumption is not valid, but it allows a direct comparison of leakoff calculations from the two 
methods.) Fig. 26 reveals that for a given frontal position (at the same time), leakoff rates fiom 
Eq. 6 were from 10% to 50% greater than those from Eq. 3. 

- 0.1 1 I I I I I 1 

0 20 40 60 80 
Distance of gel penetration along fracture, ft 

100 

Fig. 2Momparison of leakoff rates calculated by two methods (at identical times). 

Do these differences significantly affect the rate of gel propagation through a fracture? In Fig. 
27, the two methods are compared by plotting the time required (shown on the y-axis) for gel to 
reach a given distance along a fiacture (x-axis). This figure reveals substantial differences in the 
predicted rates of gel propagation. To reach 100 R along the fracture, Eq. 6 predicts that gel must 
be injected for twice the period predicted using Eq. 3. Since both cases used a fixed injection rate 
(1 BPM), twice the gel volume is required using Eq. 6 compared with Eq. 3. Thus, the two 
methods do predict significantly different rates of propagation. 
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Fig. 27-Comparison of gel propagation rates calculated by two methods. 

Which method is correct? At present, our only means to address this question is to compare 
predictions fiorn the two models with the experimental results from our relatively short (4-fi- 
long) fractured cores. Fig. 28 compares the leakoff predictions fiom Models 2 and 3. The solid 
line was taken directly from Fig. 10 (Eq. 3), while the data points in Fig. 28 show the predictions 
fiom Model 3 for extrusion experiments at four different rates (corresponding to the four 
48x1.5x0.04-in. fractures from Fig. IO). A comparison of Figs. 10 and 28 does not establish 
which model is superior. Both models fit the experimental data very well. 
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Fig. 28-Leakoff rates predicted from Model 3 (data points) versus Model 2 (line). 
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Model 3 was applied to predict gel propagation through our 4-fi-long fractures at three rates 
ranging from 413 to 4,130 ft/d. These predictions are compared with experimental results in Fig. 
29, which is analogous to Figs. 4 and 11. A comparison of Figs. 1 1 and 29 reveals that Model 2 
matches the experimental results significantly better than Model 3. 
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- 4 - 4 1 3  ft/d, predicted 
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L, xh, = 48x1 -5 in. 

8,' 
8 
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0 
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I 
I 

0 
0 I 2 3 4 

Distance along the fracture, ft 
Fig. 29-Gel propagation in 48x 1 Sx0.04-in. fkactures. Model 3: UI = 0.05 t dL / L. 

Gel breakthrough values are shown in Fig. 30 for four gel extrusion experiments in 48x1.5x0.04- 
in. fractures where gel was injected at fluxes ranging fxom 413 to 33,100 Wd. Predictions made 
using Models 1, 2, and 3 are also shown. Models 2 and 3 provided similar breakthrough 
predictions for the two highest rates. However, Model 2 significantly out-perfonned Model 3 at 
the two lower rates. 
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Fig. 30-Gel breakthrough versus injection flux for 48x1 Sx0.04-in. fractures. 
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After extruding 80 fracture volumes of gel, the final gel concentrations in the fractures are shown 
in Fig. 3 1. The experimental data points are the same as those shown in Fig. 15. This figure also 
shows predictions from Models 1, 2, and 3. As mentioned during the discussion of Fig. 15, for 
reasons that we don't yet understand, Model 1 provided the best match with the experimental 
data. (As a reminder, Model 2 out-performed Model 1 with most other predictions.) The main 
point from Fig. 3 1 is that Model 3 did not match the experimental data any better than Model 2. 
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Fig. 3 1-Final gel concentrations in 48x1 Sx0.04-in. fiactures. 

More work is needed to establish the best model for gel propagation and dehydration. However, 
based on our work to date, Model 3 does not appear superior to Model 2. This observation will 
be reinforced in the next section, where we consider the effects of fracture length. Model 2 is 
easier to apply than Model 3. Therefore, until contrary evidence is obtained, we recornmend 
using Model 2 to predict gel propagation and dehydration in fractures. 

Effect of Fracture Length 
To this point, we described extrusion experiments in fractures with lengths ranging fi-om 0.5 to 4 
ft. Of course, we are interested in whether OUT models for gel propagation are valid in longer 
fractures. Consequently, we performed two experiments in 16-ft-long fractured cores (i-e., 
fracture dimensions were 192x1.5x0.04 in.) and one experiment in a 32-fi-long fracture (fracture 
dimensions were 384xISx0.08 in.). To make a 16-fi-long fracture, we connected four of our 4- 
ft-long fractures in series, while eight 4-fblong fractures were connected to make the 32-ft-long 
fiacture. (Each core was prepared from 650-mD Berea sandstone and had dimensions of 
48x1.5x1.5 in.) In each core, the effluent from the fracture was isolated fiom the effluent fkom 
the matrix. For each core, the effluent fiom the matrix was collected (separately), measured, and 
analyzed. The effluent fkom the fiacture was piped directly (via 4-in.-long, 0.25-in.-ID tubes) to 
the inlet of the fiacture for the next core in the series. Other aspects of these floods were 
performed the same way as in our normal 4-ft-long fractured cores. 
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16-ft-Long Fractures. In the first experiment in a 16-fi-long fracture, 3.7 liters of gel were 
injected at a flux of 2,070 ft/d (volumetric injection rate of 1,000 cm3h). The gel fi-ont did not 
reach the end of the fracture during this experiment. In fact, pressure gradients indicated that the 
gel did not enter the final 4-fblong fracture section. Near the end of gel injection, the pressure 
gradients averaged 20.3 psi/ft in the first &%long fiacture section and 39.2 psiift in the second 
4-ft-long section. These values were higher than predicted by Eq. 1, but they still fall on the trend 
shown in Fig. 1 (i.e., for a 0.04-in.-wide fracture). 

U, = 0.05 f 
I I I I I I , , , I  I I I I I I I I I  1 I I I I L ? * I  1 1 1 - 

In the second experiment in a 16-ft-long fracture, 3.7 liters of gel were injected at a flux of 
10,330 A/d (volumetric injection rate of 5,000 cm3/hr). The gel front reached the end of the 16-ft- 
long fracture after injecting 10.7 fracture volumes. After gel breakthrough, pressure gradients 
along the fracture averaged 14.3 pdf t  and were reasonably constant in all four fkacture sections. 
This value is very close to that predicted by Eq. 1. 

Effluent collected from the matrix taps fi-om these two experiments were used to generate the 
leakoff plot shown in Fig. 32. Eq. 3 (Model 2) described the leakoff data very well in both 
experiments. In Fig. 33, for the experiment at 10,330 ft/d, the individual leakoff rates for each of 
the four 4-fblong fi-acture sections are plotted (open symbols) and compared with the leakoff 
rates for the entire gel-contacted part of the 16-fblong fiacture (solid circles). The leakoff rates 
from the individual core segments cluster fairly consistently with the composite average values. 
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For the first 16-A-long fiacture, presswe gradients along the fracture were used to determine gel- 
front arrival times for the first two 4-fblong sections. The final gel-front position was determined 
by opening the fiacture at the end of gel injection and analyzing gel composition along the 
fracture. After 3.7 hours and 3.7 liters of gel injection (20 fracture volumes), the gel reached 10.3 
ft along the 16-ft-long fi-acture. The times required for gel to reach various distances along the 
fracture are plotted in Fig. 34. These values are compared with predictions from the three models 
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that we presented earlier. Interestingly, for the 8-A and 10.3-ft positions, the actual propagation 
times exceeded the times predicted by all three models. 
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Fig. 33-leakoff rates in second 16-A-long fracture: Total versus each section. 
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Fig. 34-Gel propagation at 2,070 ft/d in the first 16-ft-long fracture. 

A similar analysis was performed for propagation rates in the second 16-fi-long fracture. These 
results are shown in Fig. 35. As in the first experiment, the actual propagation times exceeded 
the times predicted by all three models 
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Fig. 35-Gel propagation at 10,330 ft/d in the second 16-ft-long fracture. 

For the first 16-ft-long fracture, gel compositions along the fiacture (at the end of the 
experiment) are shown in Fig. 36. In the gel-contacted portion of the fiacture, the average HPAM 
concentration was 20 times greater than that for the injected gel. The concentrations were 
notably lower at the beginning and end of each fracture segrnent @e., at 0, 4, and 8 ft). We 
believe that this was an artifact of our method of collecting gel samples after gel injection. 
Neglecting these core-interface effects, polymer concentrations generally decreased through the 
fiactwe-fiom 30-45X in the first 4 ft to 10-15X in the last 2 ft of the gel-contacted fracture. 
These results are qualitatively in agreement with our earlier findings." 
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Fig. 36--Gel composition along a 16-ft-long fracture after gel placement at 2,070 fVd. 
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For the second 16-ft-long fracture, gel compositions along the fracture (at the end of the 
experiment) are shown in Fig. 37. Compared with the composition of the injected gel, gel in the 
fracture averaged 3.0 times greater HPAM concentration and 4.3 times greater chromium 
concentration. Consistent with our earlier findings,'* a comparison of Figs. 36 and 37 reveals that 
injection at higher rates leads to less gel dehydration. (Recall that 3.7 liters of gel were injected 
in both experiments.) In Fig. 37, two concentration peaks were noted at 2-4 ft and at 1 1- 12 ft. We 
presume that these accumulations of concentrated gel occurred because of constrictions in the 
fracture flow path at these points. However, no obvious constrictions were evident when the 
fractured cores were assembled or when they were disassembled after the experiment. 

0 4 8 12 
Distance along the fracture, ft 

16 

Fig. 37-Gel  composition along a 16-R-long fracture after gel placement at 10,330 Wd. 

32-%Long Fracture. An extrusion experiment was performed in a 32-fi-long fkacture. The 
fracture width was 0.08 in. A greater width was used because with a 32-ft-long, 0.04-in.-wide 
fracture, high pressures would have burst the epoxy-cast cores during gel extrusion. Using a flux 
of 5,170 Wd, 3.7 liters of gel were injected (volumetric injection rate of 5,000 cm3/hr). This rate 
corresponds to a field injection rate (into a two-wing fracture) of 0.84 barrels per minute per 100 
ft of fracture height. 

The gel front reached the end of the 32-fi-long fracture after injecting 3.3 fxacture volumes. In 
fact, gel reached the fracture outlet shortly before the end of gel injection (3.7 liters). Pressure 
gradients along the fiacture averaged 5.3 psi/A and were reasonably constant in all eight fiacture 
sections. This value is reasonably close to that predicted by Eq. 1. 

Effluent collected from the matrix taps fiom these two experiments were used to generate the 
leakoff plot shown in Fig. 38. The individual leakoff rates for seven of the eight 4-ft-long 
fracture sections are plotted (various symbols) and compared with the leakoff rates for the entire 
gel-contacted part of the 32-ft-long fracture (solid circles). The leakoff rates from the individual 
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core segments cluster fairly consistently with the composite average values. A significant 
amount of scatter exists in the data, but Eq. 3 still describes the trend reasonably well. 
(Incidentally, no leakoff water was produced from Core 8, the last 4-ft-Iong fractured core in this 
series. This result was expected because the gel fi-ont arrived at the end of the fiacture just at the 
end of the experiment. Previously,1o we demonstrated that downstream from the gel front, 
virtually all water flowed in the fracture. Significant water leakoff was only observed upstream 
from the gel front.) 
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Fig. 38Leakoff rates in a 32-fblong fracture: Total versus each section. 

The times required for gel to reach various distances along the fiacture are plotted in Fig. 39. 
(This data was mostly determined from monitoring pressure gradients along the .fracture.) These 
values are compared with predictions fkom the three models that we presented earlier. Model 2 
provided the best fit to the experimental data. The actual breakthrough time matched the 
prediction from Model 2 perfectly. This result increases our confidence for use of Model 2 in 
field applications-at least in 0.08 -in.- wide-fractures. 

Interestingly, for most of the intermediate distances in Fig. 39, gel propagation was more rapid 
than predicted by the three models. In contrast, for the 16-fblong, 0,04-in.-wide fractures, the 
actual propagation times exceeded the times predicted by all three models (see Figs. 34 and 35). 

Fig. 40 plots gel composition along the hcture  at the end of the experiment. On average, HPAM 
was concentrated by a factor of 1.8. 
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Fig. 41-Summary of leakoff data. 

Fig. 41 plots the leakoff rate (ui, in ft3/ft2/d or Wd) versus time (t, in days) for 16 separate 
experiments. The solid circles in Fig. 41 show results fiom 9 experiments in cores with 0.04411.- 
wide fractures. In these experiments, fracture lengths ranged from 0.5 to 16 ft, fracture heights 
ranged fiom 1.5 to 12 in., and average gel injection fluxes ranged from 129 to 33,100 Wd. Eq. 3 
provided an excellent fit of the data fiom the 0,04-in.-wide fiactures. 

Five experiments were pefionned in fractures with widths of 0.08 in. and heights of 1.5 in. Four 
of these experiments were performed in 4-fi-long fkactures using injection fluxes ranging fiom 
207 to 16,500 Wd. One experiment was performed in a 32-ft-long fiacture using a flux of 5,170 
Wd. The open diamonds in Fig. 41 show the leakoff results. 

One experiment was performed at a flux of 8,300 fVd in a 0.16-in.-wide fracture. A find 
experiment was performed at a flux of 66,200 Wd in a 0.02-in.-wide fracture. For these latter two 
experiments, fracture lengths were 4 ft and fracture heights were 1.5 in. The leakoff data fkom 
these experiments and the 0.08-in.-wide fiactures do not fit Eq. 3 as well as the results fiom the 
0.04-in.-wide fkactures. Nevertheless, Eq. 3 provides a reasonable estimate of the leakoff data. 

34 



Predictions in Long Fractures 
A key motivation for t h s  work is a need to quantify how gels propagate through fi-actures in 
field applications. Of course, these fractures are much longer and higher than those examined 
experimentally in OUT 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 experimental results above 
provide hope that Model 2 can be applied to make reasonable predictions for field applications. 
Fig. 42 presents these predictions for three injection rates (0.1 to 10 barrels per minute, BPM) in 
0.04-in.-wide, two-wing fractures using our standard Cr(II1)-acetate-HPAM gel. At a given rate, 
Fig. 42 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. 
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Fig. 42-Model predictions in long two-wing fkactures at different rates. 

At this point, it may be overly optimistic to expect Eq. 3 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 fiom 0.01 to 1 in. Fig. 43 plots the predicted distances of gel penetration 
versus the volume of gel injected for three fiacture 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. 3) as fracture width decreased or as 
the desired distance of gel penetration increased. In contrast, for a fixed injection rate, gel 
propagation was governed simply by the fracture width (or volume) for large fracture widths or 
small distances of gel penetration. 
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Fig. 43-Model predictions in long two-wing fractures with different widths. 

A usefbl rule of thumb can be realized &om the 1.5-power dependence of volume on distance of 
penetration in Figs. 42 and 43 (i.e., at moderate to large distances of penetration). Specifically, if 
the volume of gel needed to reach a certain distance of penetration is known, then reaching twice 
that distance requires injecting roughly three times the gel volume. In contrast, for "nomal" 
behavior (i.e., if dehydration did not occur), doubling the distance of penetration only requires a 
doubling of gel volume. This "normal" behavior is approached for small distances of penetration 
and wide fkactures. For example, in Fig. 43, the 1-in.-wide fracture approaches normal behavior for 
small distances of penetration (i.e., the slope approaches 1). 

Model 1. Gel propagation rates were also predicted using Model 1. These predictions were 
documented in Ref. 10. This model suggested that the maximum distance of gel penetration into 
a fiacture is inversely proportional to the square root of gel permeability and directly 
proportional to the 1.5 power of fracture width. Model 1 also predicted that the maximum 
distance of gel penetration is proportional to the square root of injection rate, Consistent with 
Model 2, Model 1 indicated that to maximize gel penetration along a fracture, the highest 
practical injection rate should be used. However, Model 1 was generally much more pessimistic 
than Model 2 concerning the distance that gel can propagate into a fracture. This result occurred 
because Model 1 allowed greater leakoff rates than Model 2 at intermediate and long times. 
Since we believe that Model 2 more correctly accounts for leakoff (Fig. 41), we currently have 
more confidence in Model 2. 

Rapid versus Slow Injection. Our experimental results and calculations indicate that to 
maximize gel penetration along a fracture, the gel should be injected as rapidly as practical. 
However, in wide fractures, gel dehydration may be desirable to form rigid gels that are less 
likely to washout after placement. In these applications, reduced injection rates may be 
appropriate. Our models may be useful in estimating final gel concentrations as a function of 
injection rate. 
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Physical Basis for Eq. 3 
What is the physical basis for Eq. 3? Because leakoff 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 nonnal (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 = kAp@ L)  (7) 

The filter cake thickness increases with solvent throughput according to Eq. 8. 

................................................................................................................................. L = cc 1 u dt (8) 

Combining Eqs. 7 and 8, the leakoff rate is easily shown to vary with the square root of time.13 

However, in our problem, where water leakoff 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 
wonnholed through immobile, concentrated (dehydrated) gel. 

Our cuxrent picture of the gel propagation and dehydration process is as follows: When the gel 
front first contacts a new element of fracture area, the gel in this vicinity basically has the same 
composition as that for the originally injected The penneability of this gel to water is 
relatively high-around 1 mD.' Consistent with these observations, the rate of water leakoff (Le., 
leakoff flux) from the gel (and fracture) is greatest just upstream of the gel front." As water 
leaks off from the gel, the gel concentrates and becomes immobile in the vicinity where 
dehydration occurred. The next element of fresh (mobile) gel must find its way around or 
through (Le., wormhole through) the concentrated gel in order to advance the gel front. With 
time at a given position along the fracture, our experiments reveal that the average gel 
concentration increases and the fracture area contacted by wormholes (i.e., mobile gel) 
decreases. '*J~ 
At any given distance along the length of a fracture, a fiaction 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 leakoff-1) 
concentrated, immobile gel that was formed from the dehydration process and (2) mobile gel. 
Thus, the leakoff rate (ul) at any position along a fracture is the sum of leakoff from the mobile 
gel and the immobile gel. In tum, each of these contributions is proportional to the fracture area 
contacted by mobile (fresh) gel (af) and immobile (concentrated) gel (a,) and the local leakoff 
rates from the mobile gel (uf) and the immobile gel (uc). 

......................................................................................................................... u1= Uf Uf 4- a, u, (9) 
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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.' 

.......................................................................................................................... uc = Uf(C/CJ3 (10) 

As the immobile gel in the fkacture becomes more concentrated, 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 the mobile gel in the 
wormholes.'"2 When an 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. 

Given that the second term in Eq. 9 is negligible, the rate of leakoff is determined mainly by 
leakoff fkom fi-esh (mobile) gel in the womholes. 

.................................................................................................................................... ui a f q  (1 1) 

Since the gel in the wormholes is continually replenished, the local leakoff rate, ufi remains 
relatively constant during the extrusion process. This fact (along with Eqs. 3 and 11) implies that 
the fracture area contacted by wormholes must vary with t4? Fig. 41 indicates that the leakoff 
rate should be 8 Wd at 0.0001 days. Somewhat arbitrarily, we choose af to have a value of one at 
this time. Thus, Eq. 12 provides a credible relation for af at times greater than 0.0001 days (-9 
seconds). 

.................................................................................................................... UJ = (0.05/8) t -OS (12) 

This equation is plotted on the left side of Fig. 44. The right side of Fig. 44 plots the fiaction of 
the fiacture area that was contacted by concentrated gel (ac) versus time. These plots indicate 
that after 0.0004 days (35 seconds) of gel contact, most of the fracture face is covered by 
concentrated gel rather than fiesh gel. 

Given that gel becomes immobile a h  it dehydrates, a mass balance can be used to detemine the 
average concentration as a bc t ion  of time. (wfis expressed in ft in these equations.) 

C/C, = 2 U I  dt / W~..................................................................~............................................... (13) 

Combining Eqs. 3 and 13 leads to Eq. 14. 

................................................................................................................ c/c, = 0.22 t 0*45 / Wf (14) 

This equation is plotted in Fig. 45. In a 0.04-in.-wide fracture, the average gel concentration is 
predicted to be 3, 10, and 30 after 1.5 minutes, 22 minutes, and 4.2 hours, respectively. 
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Fig. 44-Predictions of fraction of fracture area contacted by fi-esh versus concentrated gel. 
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Fig. 45-Gel concentration versus time (wf= 0.04 in.). 

Earlier, we suggested that the leakoff contribution from immobile gel is negligible. To test this 
assumption, Eq. 10 was combined with Eq. 14 to generate Eq. 15 and Fig. 46. 

uc = 751 t ( ~ f ) ~  ..r.............................................,............,..................................................... (15) 
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The above figure shows that at any given point and time along a fkacture, the total leakoff fiom 
fresh gel is significantly greater than that from the concentrated gel. For a contact time of 0.0003 
days (26 seconds), the ratio, af uf / a, uc, reached a minimum value of 6.5, Thereafter, the ratio 
rose continuously-confirrning that leakoff from the concentrated gel became progressively less 
significant. 

l/(w# Dependence €or Pressure Gradients 
The pressure gradient required for gel extrusion varies roughly inversely with the square of 
fracture width (Eq. 1 and Fig. 1): 

................................................................................................... dp/dE = 0.02 / (yh2 j................. (1) 

where dp/dZ has units of psi/ft and wf has units of in. A significant amount of data scatter exists in 
Fig. 1. However, this scatter can be contained between the two relations described by Eqs. 17 
and 18 (see Fig. 48). 

................................................................................................................. dp/dZ = 0.005 / (Wh2 (17) 

................................................................................................................... dp/dZ = 0.08 / (wh2 (18) 

0.001 0.01 0.1 
Fracture width, inches 

1 

Fig. 48--1/(~f)~ relations that contain the data scatter. 

Thus, for a given fracture width, Eq. 1 estimates the pressure gradient within an order of 
magnitude. Consideration of Fig. 48 suggests that the uncertainty for an estimate could be 
reduced if the data were fit to an S-shaped curve instead of using Eq. 1. 

Eq. 1 fits the data much better than relations based on standard yield-stress analysis. For a 
material with a yield stress, z,, a simple force balance14 predicts that the pressure gradient 
required for extrusion should be given by Eq. 19. 
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............................................................................................................................. dp/dl=2 TJ WP (19) 

Fig. 49 compares the data fit for relations using l/wfversus using l/(wf)'. In particular for Eq. 19, 
22, was assigned a value of 0.5 psi-in./ft. Obviously, the 1/(wb2 relation provided a much better 
fit than the llW/ relation. 

0.001 0.01 0.1 1 

Fractuewidth, imhs 

Fig. 494omparisan of 1 /(wjj2 versus 1 /wj- relations. 

Relation Between Shear-Thinning and l/(wd2 Dependence for Pressure Gradients 
Although a relation is not yet evident between the presswe gradient for gel extrusion through a 
fi-acture and yield stress in a vis~ometer,'~ a relation does exist between pressure gradient for gel 
extrusion and shear-thinning behavior observed in fractures and tubes. In earlier work,* we found 
that gels show an extremely strong apparent shear-thinning behavior when extruding through 
fractures and tubes. In particular, Fig. 50 shows that the gel resistance factor, Fr, (apparent 
viscosity relative to water) in the hcture decreases substantially with increased superficial 
velocity, u, @e., fluid flux in the fkacture). The slope of the data plotted in Fig. 50 is in the range 
fiom -0.83 to -0.95. In other words, the data in Fig. 50 can be approximated using Eq. 20. 

where e, is a constant (with a value of -2 x lo6 days/fc for much of the fracture data in Fig. 50), 
and n is the flux exponent (i.e., -0.83 to -0.95). 

The steep slopes of the curves in Fig. 50 indicate that the pressure gradient is fairly insensitive to 
fluid velocity over much of the flux range. This fact was demonstrated explicitly in Fig. 4 of Ref. 
8. It can be understood simply by combining Eq. 20 with the Darcy equation. 

42 



1000000 

L 

c, 
0 
0 
(IIS cc 

8 

- 
8 

100000 

0000 

I000 

100 

I O  

Fig. 5O-Gel resistance factors versus superficial velocity.* 

Since the flux exponent, n, is nearly -1, Eq. 2 1 reduces to Eq. 22. 

......................................................................................................................... dp/dl x capw&. (22) 

This equation indicates that the pressure gradient is basically independent of flow rate. For gel to 
flow in a given fiacture, Eqs. 21 and 22 predict that about the same pressure gradient is required 
for a near-zero flow rate as that when high flow rates are used. This suggestion is consistent with 
our observations that gel will not enter a fiacture if the pressure gradient is not sufficiently high.' 

Since fracture permeability is proportional to the square of fracture width: Eq. 22 can be 
, transformed to Eq. 23. 

dp/dl cacbpwI(w$2 , ................................................................................................................ (23) 

where cb is a constant. Note the similarity of Eqs. 1 and 23. Eq. 1 was based on experiments 
where injection rates were held constant, but fiacture widths varied widely (Fig. 1). In contrast, 
Eq. 23 was derived from experiments where fluxes (superficial velocities) varied over a wide 
range (Fig. 50). The success of Eqs. 1,20, and 23 in describing the experimental results follows 
directly from our observation that for a given fracture width and conductivity, a minimum 
pressure gradient is required for gel extrusion. Given values of 2 x 1 O6 days/ft for c,, 1.82 x 1 O'* 
darcy/in.2 for cb, and 0.67 cp for p,,,, Eq. 23 reduces to Eq. 24-which also describes Eq. 1. 

.................................................................................................................... dp/dZ x 0.02/(~7)~.. (24) 
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Upper Limit for the Rate of Gel Injection 
Tables 1 and 3 revealed that the pressure gradients during gel extrusion were insensitive to 
injection rate. This finding was important to our conclusion that gel should be injected as rapidly 
as possible to maximize penetration. Does an upper rate limit exist for this generalization? 
Intuitively, the pressure gradient during gel extrusion should not be less than that during water 
injection at the same rate. For water injection during laminar flow, Eq. 25 describes the pressure 
gradient in a fracture. 

............................................................................. dp/dl= 12 qp, I [hf(wJ3] = qp, I [hfkfwd (25) 

Eqs. 1 and 25 can be combined to estimate the upper rate limit (glhs) during gel injection. 

...................................................................................................................... q/hf =3 10’ wf (26) 

In Eq. 26, q/hf has units of barrels per day per 100 ft of fracture height, while wf has units of 
inches. Again, this equation assumes that during gel injection, the pressure gradient can never be 
lower than that during water injection. 

This equation is plotted in Fig. 5 1 (using y-axis units of bbl/min). The upper rate limit increases 
linearly with increasing fracture width. Also note that the upper limits are larger than any rate 
that would practically be encountered in a field application. For fracture widths of 0.001, 0.01, 
0.1, and 1 in., the upper rate limits are 21, 210, 2,100, and 21,OOQ BPM per 100 fi of fracture 
height, respectively. Even the lowest of these rates are only used during hydrauIic fracturing 
applications. In practical situations, the injection rates are unlikely to approach the limits shown 
in Fig. 5 1. Therefore, there appears to be no practical upper rate limit for our generalization that 
gels should be injected as rapidly as possible to maximize gel penetration along a fracture. 

0.001 0.01 0. I I I O  

Fracture width, inches 

Fig. 5 l-Upper rate limit for gel injection. 
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Injection at Low Rates 
Two extrusion experiments were performed at the low injection flux of 41.3 ft/d (volumetric rate 
of 20 cm3/hr)* Both experiments used our standard 24-hr-old gel in 48xlSx0.04-in. fractures (in 
48xlSx1.5-in. 650-mD Berea cores). In the first experiment, gel was injected at 41.3 ft/d into a 
water-saturated fracture. The pressure drop in the first fracture section (-10 in. long) increased 
linearly with time to 450 psi during two days of gel injection (Fig. 52). The gel front reached the 
second fracture section after 1.25 days (1 3 Eracture volumes) of gel injection. Thereafter, the 
pressure drop in the second fracture section rose to 105 psi. After two days of gel injection, the 
flood was stopped, and the fracture was opened. Gel had penetrated 1.6 ft along the 4-ft-long 
fracture. For this gel, the average HPAM and chromium concentrations in the fracture were 47 
and 1 1.5 times more concentrated, respectively, than those in the original gel. 

I00 

L,x h,x w, = 48x1.5x0.04 in. 
Injection flux = 41 "3 Wd. 

0.01 0.1 I 
Time, days 

I O  

Fig. 52-Pressure drops during the first experiment at 4 1.3 Wd. 

The second experiment was very similar to the first, except that the fracture was first filled with 
gel at an injection flux of 4,130 Wd. Two fracture volumes of gel were required to achieve gel 
breakthrough. Breakthrough occurred in about three minutes. At this time, the pressure gradient 
was near 8 psilft in all five sections of the 4-fi-long fkacture. 

Immediately after gel breakthrough, the injection flux was reduced to 41.3 Wd. The pressure 
drops across the first two fracture sections are shown in Fig. 53 for the next 15 hours of gel 
injection. In the first section, the pressure drop steadily increased to 430 psi. In contrast, in the 
second and subsequent fracture sections, pressure drops decreased to low values-indicating 
cessation of flow in the fiacture. Water leakoff data from this experiment (Fig. 54) were 
substantially below the values predicted by Eq. 3 (the solid line in Fig. 54). Coupled with the 
pressure data (Fig. 53), the leakoff data suggest that at 41.3 ft/d, all gel is dehydrated and flow in 
the fracture comes to a stop within the first fkacture section. 
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Fig. 53-Pressure drops during the second experiment at 41.3 Wd. 
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Fig. 54-Water leakoff fi-om gel during the second experiment at 41.3 Wd. 

At the end of the experiment, the fiacture was opened, and gel in the fracture was analyzed. Fig. 
55 shows the results. Gel concentrations within the first 4 in. averaged 15 times greater than for 
the original gel. Gel in the subsequent sections was significantly less concentrated (averaging 
-2X). "his result confirms our suggestion that at 41.3 Wd, all of the injected gel dehydrated and 
flow stopped within the first fracture section. This finding implies that in field applications, a 
concentrated, rigid gel plug can be placed at the beginning of a fiacture by simply reducing the 
injection rate near the end of gel injection. 
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Fig. 55-Gel composition in fkacture after gel placement at 41.3 Wd. 

Effect of Polymer Molecular Weight 
In the work discussed to this point, the only polymer used was Alcoflood 935 HPAM. The 
manufacturer (Ciba) stated that this polyacrylamide had a molecular weight between 7 and 9 
x106 daltons and a 10% degree of hydrolysis. For comparison, Marathon determined that this 
polymer had a molecular weight of 5 x  1 O6 daltons and a degree of hydrolysis between 5% and 
10% (personal communication with R.D. Sydansk). 

We wondered whether a gel made with a higher molecular weight polymer could be more cost- 
effective andor exhibit more desirable extrusion properties in fractures. To answer this question, 
we studied a second HPAM polymer, Ciba Percol338, which Ciba stated had a molecular weight 
between 12 and 14 x106 daltons and a 10% degree of hydrolysis. A range of formulations was 
prepared to identify a gel composition that provided behavior similar to that for a gel with 0.5% 
Alcoflood 935 and 0.0417% Cr(II1)-acetate. In all formulations, the ratio of HPAM to Cr(III1)- 
acetate was fixed (at 12: l), the brine used for gelant preparation contained 1% NaCl and 0.1 % 
CaC12, and the gel was aged for 24 hours at 41OC. Similarity of behavior was judged by tonguing 
fiom a bottle. The most similar gel contained 0.2% Percol 338 HPAM and 0.0167% Cr(II1)- 
acetate. 

Five extrusion experiments were performed using gels prepared fkom Percol 338. Two gels had 
the composition listed above (i.e., 0.2% HPAM, 0.0167% Cr(II1) acetate). Two other gels 
contained 0.3% HPAM and 0,025% Cr(II1) acetate. The fifth gel contained the same 
concentrations of HPAM and chromium as in our standard gel (i.e., 0.5% HPAM and 0.0417% 
Cr(II1) acetate). All five gels contained 1% NaCl, 0.1% CaC12 and were aged 24 hours at 41°C 
before being was extruded through 4-fblong fractures (48x1 SxO.04 in.) in cores (48x1 SxlS-in. 
650-mD Berea sandstone). For each of the three gel compositions, one experiment was 
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pdormed using an injection flux of 33,100 ft/d (volumetric rate was 16,000 cm3/hr) and a gel 
injection volume of 3.7 liters (-80 fracture volumes). In a fourth experiment, using a gel that 
contained 0.2% Percol 338, the injection flux was 826 ft/d (volumetric rate of 400 cm3/hr) and 
-40 fracture volumes of gel were injected. In the fifth experiment, using a gel that contained 
0.3% HPAM, the injection flux was 2,070 ft/d and 80 fkacture volumes of gel were injected. 

Polymer used to make gel Percol338 

Gel Breakthrough. As expected, gel breakthrough (Table 5 )  occurred very quickly for the three 
high-rate floods-between 1 and 2 fracture volumes or between 10 and 20 seconds after the start 
of the experiment. For the 826-ft/d, 0.2%-HPAM-gel flood, chromium and HPAM were first 
detected in the fracture effluent after injecting 4 fracture volumes of gel. However, the chromium 
and HPAM concentrations did not approach the injected concentration until about 13 fracture 
volumes of gel. Thus, some ambiguity exists about the time at which gel arrived at the end of the 
fracture in this case. For the 2,070-ft/d, 0.3%-HPAM-gel flood, chromium and HPAM were first 
detected in the fkacture eflluent after injecting 1.4 fracture volumes of gel. Overall, the 
breakthrough trends for the Percol 338 gels were consistent with our observations of the 
Alcoflood 935 gels. In particular, gel propagation increased and gel dehydration decreased with 
increased injection rate. 

Alcoflood 
935 

HPAM in gel, % 
Chromium in gel, % 
Estimated velocity in the fracture, 
ft/d 
Fracture volumes of gel injected 
Average pressure gradient, psi/ft 
Gel front arrival at core end, 
fkacture volumes 
Average C/C, in fracture at end of 
exDeriment 

0.2 0.2 0.3 0.3 0.5 0.5 
0.0167 0.0167 0.025 0.025 0.0417 0.0417 

826 33,100 2,070 33,100 33,100 33,100 

40 80 80 80 80 80 
4.1 1 1.3 2.7 12 28 

4-13 -1 1.4 -1 -1 -I 

15 -1 1.5 1.5 4 4 

Pressure Gradients. The pressure gradients (Row 6 of Table 5 )  were significantly less for the 
gels with Percol 338 than for those with Alcoflood 935. For the gel with 0.5% Percol 338, the 
pressure gradient in the fracture averaged 12 psi/ft. This value was lower than the average 
pressure gradient (typically -28 psi/ft) observed during injection of the low-Mw gel (with 0.5% 
Alcoflood 935) into a similar fractured core. These results suggest that gels made fkom polymers 
with higher molecular weights may be more likely to extrude deep into a fiacture system without 
exceeding wellbore pressure constraints. 

Gel Dehydration. Leakoff data from the five experiments are plotted in Fig. 56. For comparison, 
the solid line in Fig. 56 shows the curve fit for the low-Mw gels from Fig. 10 (or Eq. 3). Leakoff 
data from two of the five new experiments are described very well using Eq. 3. For these cases, 
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the similarity of leakoff for low-Mw and high-Mw gels suggests that the two gels may dehydrate 
and propagate in similar ways. 

In contrast, the leakoff data for the three other experiments fell significantly below the trend 
described by Eq. 3. Additional work is needed to understand these differences. For the high-rate 
experiment with the 0.2% Percol 338, perhaps the gel was not formed sufficiently well in this 
case. The composition of this gel is known to be near the edge of the sol-gel transition. In other 
words, compositions with less HPAM and chromium do not fonn extended gel structures. 
Instead, they remain as solutions or suspensions with small gel particles. In support of this idea, 
we noted that the pressure gradient for gel extrusion was four times less than that for the other 
0.2% Percol 338 extrusion experiment (i.e., at 826 Wd). For the gels with 0.3% Percol 338, the 
leakoff data also fell below the trend described by Eq. 3. With some imagination, these 0.3%- 
HPAM data may show a transition from the trend for the 33,100-A/d, 0.2%-HPAM gel to that for 
the 0.5%-HPAM gels. 

0.2% HPAM, 826 Wd 
0 0.2% HPAM, 33,100 Wd 
A 0.3% HPAM, 2,070 ft/d 
A 0.3% HPAM, 33,100 ft/d 

[HPAM]/[Cr(lll) acetate]=12 
HPAM = High-Mw Percol338 

0 0.5% HPAM, 33,100 ftld s 
% 

- 1  2 
E 
x 
CU 
Q) 

Q) 
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Fig. 56-Average leakoff rates using gel with high-Mw HPAM. 

Final Gel Concentrations. At the end of each experiment, the fractures were opened, and the 
gel in the fracture was analyzed. For the high-rate experiment with 0.2% Percol 338, no 
concentrated gel was evident in the fiacture. This observation supports our suggestion that this 
gel was not formed satisfactorily for this experiment. For the low-rate experiment with 0.2% 
Percol 338, the final gel in the fracture was 10-20 times (-15) greater than that for the original 
gel. For comparison, in previous experiments with the low-Mw (Alcoflood 935) gel, the gel in 
the fracture after injecting -40 fracture volumes at similar rates was also fiom 10 to 20 times 
more concentrated than the injected gel. 
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For the gel with 0.5% Percol 338 that was injected at 33,100 Wd, the chromium and HPAM 
concentrations for gel in the fiacture averaged 3.7 and 4.5 times higher, respectively, than the 
values in the original gel. For comparison, in a similar experiment with the low-Mw gel, the h a 1  
gel in the fracture (after 80 fracture volumes) was also 4 times more concentrated than the 
injected gel (see the last row in Table 5).  This similarity in degree of concentration for the low- 
Mw and high-Mw gels suggests that the two gels dehydrate at roughly the same rate. 

For the two experiments with 0.3% Percol338, analyses of gel in the Eracture are shown in Figs. 
57 and 58. On average, the gel was concentrated by a factor of 1.5 for both experiments. 
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Fig. 57-Gel composition in fiacture after gel placement at 2,070 Wd. 
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Fig. 5 8 4 e l  composition in fkacture after gel placement at 33,100 Wd. 
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As mentioned previously, the pressure gradients needed to extrude the high-Mw gels through 
fiactures were significantly less than those for low-Mw gels. Thus, gels made from polymers 
with higher molecular weights may be more likely to extrude deep into a fracture system without 
exceeding wellbore pressure constraints. This observation may be valuable when treating 
reservoirs with relatively narrow fiactures. 

Dual Fracture Floods 
In naturally fractured reservoirs, multiple fiacture pathways are present. Presumably, the widest 
fractures are responsible for any severe channeling that may be present. In contrast, the narrower, 
secondary fiactures can benefit hydrocarbon recovery-by distributing injected water in the 
reservoir to increase oil contact and sweep efficiency and by allowing oil to drain efficiently to 
the production wells. Ideally, a gel treatment will propagate much farther into the widest, most- 
conductive fi-acture(s) than into the narrower fractures. However, the gel will enter the narrower 
fractures to some extent. 

Our laboratory data and analyses can predict how gels distribute between fractures of different 
widths.15 To test these predictions, we performed two sets of experiments, with each set 
containing two fractures that were flooded in parallel. In all cases, the cores were 48x1 Sxl  S i n .  
650-mD Berea sandstone. In one set, widths of 0.04 in. and 0.08 in. were used for the two 
fractures, while in the second set, the fracture widths were 0.02 in. and 0.04 in. All “fkactures” 
were made with smooth cuts (i.e., with a rock saw) to insure uniformity of fracture widths. Each 
core had four internal taps to measure pressures along the fracture during gel injection. In each 
two-core set, a short (4-in.-long, 0.25-in.-diameter) inlet manifold connected the fracture inlets to 
the gel source. This manifold and the inlet lines (leading to the fractures) were completely filled 
with gel before gel injection. Then, 3.7 liters of our standard 24-hr-old Cr(II1)-acetate-HPAM gel 
were injected at a volumetric rate of 2,000 rm3/hr. 

First Experiment. In the first experiment, with fiacture widths of 0.04 and 0.08 in., gel arrived 
at the outlet of the 0.08-in.-wide fracture after injecting 120 an3 (1.3 fracture volumes) of gel. 
After gel breakthrough, the pressure gradient in the O.O$-in.-wide fracture averaged 4.7 psi/ft. 
This value was consistent with the trends shown by Fig. 1 and Eq. 1, 

Our model of gel propagation predicts that gel propagation along the 0.04-in.wide fracture 
should stop when gel breakthrough occurs in the 0.08-in.-wide fi-acture. This prediction was 
confinned by both pressure measurements along the fractures during gel injection and by gel 
concentrations in the fractures after the experiment. The latter results are shown in Fig. 59. The 
open symbols in this figure show that the gel only propagated 23 in. into the 0.04-in.-wide 
fracture. The gel showed a significant concentration gradient-averaging 9X near the fracture 
inlet and 3X half way through the fiacture. In contrast, in the 0.08-in.-wide fiacture, the gel was 
concentrated by a factor around 2.7 throughout the fracture. 

After gel breakthrough in the Ot08-in.-wide fracture, the average pressure drop across this core 
was 18.8 psi (Le.? 4.7 psi/ft x 4 ft). This same pressure drop occurred across the 23-in-long gel 
bank in the 0.04-in.-wide fracture. Eq. 1 predicts that the pressure gradient for gel extrusion 
should be around 12.5 psi/ft in a 0.04-in.-wide fracture. Thus, the predicted distance of 
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penetration was (1 8.8 psi)/(12.5 psi/ft) or 1.5 ft. The actual distance of penetration was 1.9 ft (23 
in.). Considering the data scatter in Fig. 1, the predicted and actual values matched fairly well. 

chromium , Lf x h, = 48~1.5 in. 
Original gel: 0.5% HPAM, 0.04 in. 
0.041 7% Cr( I II) acetate n 

\ \  \ 
chromium,w, = 0.08 in. I 

HPAM, I 
[HPAM,, w, = Q.04 in., I I ,w, = 0.,08 in. I 
0 I 2 3 4 

Distance along the fracture, ft 

Fig. 59-Gel  compositions in fractures after the first dual €kacture flood. 

The solid circles in Fig. 60 show leakoff data for the 0.04-h-wide fiacture during the 
experiment. For comparison, the solid line illustrates predictions from Model 2 (Eq. 3). The data 
points fell below the values predicted by Model 2, and the deviations appeared to increase with 
time. Our results suggest that after the gel front stopped moving, fresh gel could still wormhole 
into the gel bank for some time because water leakoff (ie., gel dehydration) created room within 
the gel bank in the fracture. However, as time passed and the gel concentrated, fresh gel became 
less able to penetrate (wormhole) very deeply into the gel bank. Thus, the region of significant 
leakoff moved increasingly upstream in the gel bank, gel concentrations in the upstream parts of 
the bank increased, and the overall leakoff rate (averaged over the enfire gel bank) decreased. 

Fig. 60-Leakoff rates from the narrow fracture during the first dual. fracture flood. 
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Second Experiment. In the second experiment, with fracture widths of 0.02 and 0.04 in., gel 
arrived at the outlet of the 0.04-in.-wide fracture after injecting 74 cm3 (1.6 fracture volumes) of 
gel. After gel breakthrough, the pressure gradient in the 0.04-in.-wide fracture averaged 13.1 
psi/ft. This value was very close to the value predicted from Eq. 1 (12.5 psi/ft). 

As in our first experiment, gel propagation along the narrow fracture stopped when gel broke 
through in the wider fracture, Gel concentrations in the fiactures after the experiment are shown 
in Fig. 6 1. The open symbols in this figure show that the gel only propagated 8 in. into the 0.02- 
in.-wide fracture. Again, the gel in the nmow fkacture showed a significant concentration 
gradient-averaging 14X near the fkacture inlet and 9X at 8 in. into the fracture. For comparison, 
in the O.OLC-in.-wide fracture, the gel was concentrated by an average factor of 4.6 and did not 
vary greatly through the fi-acture. 

15 

5 

0 

L,x h,= 48x1.5 in. 
Original gel: 0.5% HPAM, 
0.0417% Cr(lll) acetate 

chromium, 
w, = 0.02 in. 

A chromium, A w, = 0.04 in. 

- 
HPAM, wf = 0.04 in. 

0 I 2 3 
Distance along the fracture, ft 

4 

Fig. 61-Gel  compositions in fractures after the second dual fkacture flood. 

Again, we applied Eq. 1 to predict the distance of gel penetration into the 0.02-in.-wide fiacture. 
After gel breakthrough in the 0104-in.-wide fracture, the average pressure drop across this core 
was 52.4 psi (Le., 13.1 psi/ft x 4 R). This same pressure drop occurred across the 8-in.-long gel 
bank in the 0.02-in.-wide fracture. Eq. 1 predicts that the pressure gradient for gel extrusion 
should be around 50 pdft  in a 0.02-in.-wide fracture. Thus, the predicted distance of penetration 
was (52.4 psi)/(50 pdft) or 1 R. The actual distance of penetration was 0.7 ft  (8 in.). As with the 
first experiment, considering the data scatter in Fig. 1, the predicted value matched the actual 
value reasonably well. 

The solid circles in Fig. 62 show leakoff data for the 0.02-in.-wide fkacture during the 
experiment. For comparison, the solid line illustrates predictions from Model 2 (Eq. 3). As was 
noted in the first experiment (Fig. 60), the data points fell below the values predicted by Model 
2, and the deviations increased with time. 
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Fig. 62-Lekoff rates fiom the narrow fracture during the second dual fracture flood. 

In summary, in both sets of dual fkacture experiments, the distances of gel penetration into the 
narrow fractures of a given set were reasonably close to the predicted values. 

Effect of Temperature-Preliminary Study 
Our experiments to date were performed at 41°C. Of course, many reservoirs and field 
applications exist at other (mostly higher) temperatures. Therefore, a need exists to determine gel 
extrusion and dehydration properties at other temperatures. This section describes our first 
experiment in this new direction. In particular, an extrusion experiment was performed at 60°C 
(I4O0F). The core, again, was 48xlSxlS-in. 650-mD Berea sandstone, and the fkacture width 
was 0.04 in. Pressure taps along the fracture divided the core into five sections of equal length. 
Effluent from the fracture and matrix were collected separately. We used ow standard Cr(II1)- 
acetate-HPAM gel (0.5% Alcoflood 935 HPAM, 0.0417% Cr(II1) acetate) that was aged for 24 
hours at 41OC before injection. The fractured core was equilibrated at 60°C well before gel 
injection started. During gel injection, the rate was fixed at 2,000 cm3/hr-trmslating to a flux in 
the fracture of 4,130 Wd. Before entering the fiacture, the gel passed through a heat exchanger 
(53 cm3 holdup volume, 1.8-cm-diameter flow path) to raise the gel temperature to 60°C. Gel 
temperatures were measured inline both at the fracture inlet and exit to ensure that 60°C was 
reached and maintained. The heat exchanger and inlet flow lines were filled with gel to the 
fracture inlet before beginning the experiment. The total gel volume injected was 3.7 liters (80 
fracture volumes). At 2,000-cm3/hr, the average time for gel transit through the heat exchanger 
was 1.6 minutes. 
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Gel Propagation. Gel arrived at the end of the 4-fi-long fracture after 1.5 fracture volumes (69 
cm3). By monitoring pressures along the fractures, propagation of the gel front could be followed 
in the five sections of the fracture. The solid circles in Fig. 63 plot the times required for the gel 
front to reach various positions along the fracture. The solid line shows predictions from Model 
2. Except at the early times and distances, Model 2 under-predicted the rates of propagation. 

- Injection flux = 4,130 Wd, T = 6OOC. 
h, x wf = 1.5x0.04 in., L, = 4 ft. 

cn 

0 actual 
- Model 2 

L U  

0 I 2 3 4 

Distance along fracture, ft 
Fig. 63-Gel  propagation at 4,130 ft/d in a 48x1 Sx0.04-in. fracture at 60°C. 

Leakoff. The leakoff results after gel breakthrough are plotted in Fig. 64. The leakoff values 
generally fell below the predictions from Eq, 3 (solid line in Fig. 64). This result is consistent 
with Fig. 63 in that lower rates of gel dehydration are tied to more rapid rates of gel propagation. 
Of course, more work is needed to verify and extend these results-especially at other flow rates, 
flow times, and temperatures. 

0.000f 0.001 0.01 0.1 1 10 
Time, days 

Fig. 6GLeakoff during gel injection at 4,130 ft/d in a 48x1 Sx0.04-in. fracture at 60°C. 
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Pressure Gradients, After gel breakthrough, pressure gradients along the fracture averaged 1.7 
psi/ft, with similar values observed in all five sections of the fracture. This value is seven times 
less than the value from Eq. 1 (and Fig. 1) for 0.04-in.-wide fractures. Thus, results from this 
first experiment indicate that the pressure gradient for gel extrusion decreases substantially with 
increased temperature. For comparison, the viscosity of water only decreases by 27% between 
41°C and 60°C. 
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Conclusions 
The following conclusions apply to 24-hr-old Cr(II1)-acetate-HPAM gels during extrusion 
through fractured cores at 41°C: 

Dehydration reduces the rate of gel propagation through fractures. 
For wf=0.04-in., Lf=O.5 to 16 ft, hf=1.5 to 12 in., and injection fluxes from 129 to 33,100 
Wd, the average rate of gel dehydration and leakoff (ul, in Wd or A /A /d) was described well 
using: ul= 0.05 f0*55, where t is time in days. 
For wf =O.O8-in., Lf 54 to 32 ft, hf =lS-in., and injection fluxes from 207 to 16,500 Wd, 

For wf=0.02 to 0.16-in., Lf=4 ft, hf=lS-in., and an injection rate of 16,000 cm3/hr, 

For gels with 0.5% of either Alcoflood 935 or Percol338, u1= 0.05 t 
For conditions examined to date during gel extrusion, dp/d was insensitive to injection rate 
(for fractures of a given width). 
To maximize gel penetration along fractures, the highest practical injection rate should be 
used. 
In wide fractures, gel dehydration may be desirable to form rigid gels that are less likely to 
washout after placement. In these applications, reduced injection rates may be appropriate. 
In single, wide firactures where short distances of penetration are needed, the gel volume 
required increases roughly with the distance of penetration. 
In single fiactures with nmow to moderate widths, the required gel volume increases 
roughly with the distance of penetration raised to the 1.5 power. 
Increasing HPAM molecular weight by -2X may reduce the pressure gradient required for 
gel extrusion. 

3 2  

241 = 0.05 t -0.55. 

-0.55 
UI": 0.05 t . 

-0.55 . 

12. Preliminary results suggest that the pressure gradient for gel extrusion decreases dramatically 
between 41°C and 60°C. Gel dehydration was generally less at 60°C than at 41OC. 

Future Work 
Several areas for additional work remain. In particular, we plan to address the following 
questions during our future work. 

-0.55 a? 1. Why does, UI = 0.05 t 
2. Why does, dp/dZ = 0.02/ (y)* ? 
3. How do gel propagation and dehydration vary with gel composition? 
4. How do gel propagation and dehydration vary with gel age? 
5. How do gel propagation and dehydration vary with temperature? 
6. How will gels distribute in naturally fkactured reservoirs? 
7. How should gel treatments be sized in naturally fractured reservoirs? 
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3. FIELD APPLICATION OF GEL PROPAGATION RESULTS 

In this chapter, we examine the relation between field and laboratory results. Three important 
points will become evident from this discussion. First, simple calculations can give at least a 
rudimentary indication of the width of the fracture that causes the excess water production. For 
the case of vertical fkactures or faults that cross horizontal production wells, these calculations 
can also give an idea of how far the gel should penetrate to provide a beneficial effect. Using 
laboratory data coupled with field data collected before, during, and after gel injection, the 
calculations can also give an indication of how far the gel has actually penetrated into the 
fracture. 

Second, this analysis points out areas where additional laboratory work is needed to aid in the 
design of field applications. In particular, a need exists for determination of gel extrusion 
properties at higher temperatures-at least up to 100°C. Also, a need exists to determine gel 
extrusion properties for gels over a range of concentrations, e.g., for polymer concentrations 
from 0.3% to 1.5%. 

Third, our analysis reveals critical measurements that should be made during field applications. 
In particular, accurate flowing and static downhole pressures should be made at least before and 
after the gel treatment is applied. Some very useful insights can be gained if downhole pressures 
are measured during gel injection. 

Field Example 
In Ref. 6, Lane and Sanders described a gel treatment to reduce water production &om a near- 
horizontal production well that was intersected by a fault. The well was located near the 
periphery of the field, where total pay thickness of the -50 - 100-mD sandstone was e50 ft and 
formation temperature was -9OOC (195'F). Reservoir pressure at the time of the gel treatment 
was -3,200 psi. Analyses revealed that water from the underlying Sadlerochit aquifer channeled 
through the fault to reach the wellbore near 11,338 A measured depth. The completion was a 
cased and cemented liner that was nearly horizontal (85") through the pay zone. The well was 
terminated at 11,853 A measured depth (9,009 A true vertical depth). Table 6 describes oil and 
water production rates and pressure drawdowns before and at various times after the gel 
treatment, while Table 7 lists the compositions, welIhead pressures, and volumes during gel 
injection. 

Table &Production well data before and after gel treatment (fiorn Refs. 6 and 16) 
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Table 7-Compositions, pressures, and volumes of injected gels (from Refs. 6 and 16) 

Pump rate: 2 BPM throughout 

Roughly 12,000 bbls of Cr(II1)-acetate-HPAM gel were injected using a rate of 2 BPM. For a 
given pressure listing (third column) in Table 7, the two values indicate the pressures at the 
beginning and end of a given phase of gel injection. Refs. 6 and 16 describe and analyze the 
treatment (and others) and reveal that the gel treatment was very successful in reducing water 
production, while maintaining oil productivity (e.g., see Table 6). Here, we will discuss some 
simple calculations that may aid futue treatment designs. 

Fracture Characterization before the Treatment 
Using the Darcy equation for radial flow, one can often confirm that a fracture (or fault) is, or is 
not, the cause of excess water production.2 Eq. 27 provides the simplest fonn of this equation. 

(27) q/Ap = C k h / [p In (re /r, )] ..................................................................................................... 
If the actual productivity index @e., the left side of Eq. 27) is less than or equal to the right side 
of Eq. 27, then a fracture or fault may not be the cause of the water problem. However, if the left 
side of Eq. 27 is significantly greater than the right side, then a linear-flow feature (e.g., a 
fracture) probably does cause the problem.2 When using this equation, several points should be 
noted. First, the production rate, q, should include all significant fluid contributions (i.e., water, 
oil, and gas). Second, the downhole pressure drop, 4, (the average reservoir pressure in the 
vicinity of the well minus the pressure in the wellbore) must be accurate and cment. Third, the 
penneability(s) used in Eq. 27 must be from logs, core analyses, or pressure-transient data-not 
from production data. 

In our field exampleY6 before the gel treatment was applied, the total production rate was 4,756 
BPD (466 BOPD + 4,290 BWPD), the pressure drawdown, 4, was 1,455 psi (Table 6), and 
water viscosity, p,  at reservoir temperature was about 0.3 cp. (Since water dominates fluid 
production, we can neglect the viscosity contribution from oil). Since most of the measured 
production came fiom within an 18-ft interval, h in Eq. 27 will be given this value. The 
formation permeability, k, was on the order of 100-mD (fkom core analyses). However, if both 
water and oil flow radially into the wellbore from the matrix, a high-fractional water flow and 
water saturation exist @om Table 6). This assumption suggests that the oil saturation was near 
the irreducible level, so the effective permeability to water may be closer to 10 mD than to 100 
mD. Thus, a permeability of 10-mD is used in Eq. 27. The natural log term in Eq. 27 commonly 
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has a value of 6 or 7. Inputting these values into Eq. 27 (using the appropriate conversion 
factors) reveals that the actual productivity index, 44, was at least 5 times greater than that 
calculated from the right side of Eq. 27. This result confirms that a fracture (or more correctly, a 
fault in this case) caused the problem. 

Eq. 27 can also be used to estimate the width and conductivity of the fault. In this case, we 
assume that all water production flows through the fault, and fracture conductivity, klwft is 
substituted for Ckh in Eq. 27. Using the parameters from the previous paragraph, fkachrre 
conductivity was estimated to be 620 darcy-ft. This conductivity can then be converted to an 
effective average fracture width using Eq. 28 (taken from Ref. 15). 

(28) Wf = 5.03 x lo4 (kjWfy3 , .............................................. *.* ......... ........ ......... *.* .... *....* .............. 
where kfwf has units of darcy-ft and wf has units of ft. Eq. 28 estimates that the fault has a width 
of 0.05 1 inches. 

How Far into the Fault Should the Gel Penetrate? 
If the water production problem is caused by a single fracture or fault that intersects the 
horizontal wellbore, the distance of gel penetration into the fracture does not need to be 
particularly large.” In this case, the benefit gained varies approximately logarithmically with the 
distance of gel penetration. This point is illustrated in Fig. 65. The y-axis in this figure plots the 
productivity of the well relative to the productivity for the case where no fiacture or fault is 
present. In other words, the y-value indicates the excess water contribution from the fault as a 
function of the radial distance of gel penetration into the fault (x-axis). In this example, if the 
fault is present and no gel treatment is applied, the well productivity is seven times greater than 
the case where no fault exists. Unfortunately, the extra well productivity comes only in the form 
of a large amount of water that channels through the fault fi-om the aquifer. If the gel penetrates 
400 ft into the fault, the well productivity is about the same as the case where no fault exists. 

Fig. 65 reveals that most of the benefit from the gel treatment is achieved with relatively short 
distances of penetration. The well’s water productivity is cut in half by only 3 A of gel 
penetration and is reduced by about 75% with 20 A of gel penetration. Thus, large-volume 
treatments may not be needed in this case. However, we must emphasize that this conclusion is 
specific to the particular scenario that we describei.e., a single fault or fracture intersecting a 
horizontal well. The conclusion may not be valid for vertical wells or if multiple fkactures or 
faults intersect a horizontal well, or if a natural fkacture system is present. Furthennore, even for 
the case of a single fault or fracture that intersects a horizontal well, some value may be realized 
by injecting a significant amount of gel to mitigate the possibility of gel washout after the well is 
returned to production. In the particular field example under discussion, no gel washout was 
ob served.‘ 

Was the Injected Material a Gel or a Gelant? 
After the gel formulation was mixed and injected at 2 BPM, approximately 2 hours were 
required €or the gelant to travel from the wellhead to the treated zone (225 bbl). Considering the 
high downhole temperature (-9OOC at the start of gel injection) and the gelation times for these 
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gels (a few hours at low temperatures; around 10 minutes at 90°C), we believe that the 
fonnulation existed as a gel (rather than as a fluid gelant solution) at the time it entered the fault, 

0.1 I 10 I00 I000 
Distance of gel penetration into fracture, ft 

Fig. 65-Effect of gel propagation on fault plugging? 

How Far Did the Gel Penetrate? 
Two methods exist that allow us to estimate how far gel actually penetrated into the fault in the 
field application. Both methods rely on laboratory and field measurements. As will be seen, our 
application of these methods reveal a need for accurate measurements of pressure drawdowns in 
field applications and for laboratory measurement of gel-extrusion properties over a wider range 
of temperatures and gel compositions. 

The first method is based on Fig. 1. This method requires knowledge of the downhole pressure 
drops during gel injection, the width of the fracture or fault, and the pressure gradient required to 
extrude the gel through st fiacture of the given width. In our field example, we estimated the fault 
width to be 0.051 inches (discussed above). From Eq. 1, the pressure gradient during gel 
extrusion should be around 7 psi/ft if the gel contained 0.5% Alcoflood 935 HPAM and 0.0417% 
Cr(II1)-acetate and the fiacture temperature was 41OC. In reality, the reservoir temperature was 
around 90°C and a range of gel compositions were injected-with gels containing fkom 0.3% to 
0.9% HPAM. (See Table 7. The polymer used and the relative Cr(II1)-acetate concentrations 
were similar to those used in the laboratory experiments.) In the absence of gel extrusion data at 
90°C and at other compositions, we must use existing data and appreciate the mors that may be 
introduced. 

Assuming that the pressure gradient for gel extrusion is 7 psi/ft, the distance of gel penetration 
into the fault can be estimated from the downhole pressure drops. At the start of injection of the 
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0.45%-HPAM gel, the downhole pressure drop was estimated to be 946 psi. This value derives 
from the measured wellhead pressure of 225 psi (Table 7), a calculated pressure difference from 
the wellhead to the downhole well location (3,921 psi), and an estimated reservoir pressure of 
3,200 psi. By dividing 946 psi by 7 psi/ft, the position of the gel front is estimated at 135 A: from 
the wellbore. At this time, injection of 2,045 bbl of 0.3%-HPAM gel was just completed, and 
injection of 5,500 bbl of 0.45%-HPAM gel had just started. One could argue that the extrusion 
properties of 0.3%-HPAM gel would be more appropriate as input for this calculation. Also, the 
calculation would be more reliable if a current, accurate downhole pressure drop was available in 
place of the estimated numbers. Again, these observations emphasize the importance of accurate 
downhole pressure measurements and of additional laboratory measurement of gel extrusion 
properties. 

At the end of injection of the 0.45%-HPAM gel, the downhole pressure drop was estimated to be 
1,246 psi. This value derives from the measured wellhead pressure of 525 psi (Table 7) in the 
same manner described above. By dividing 1,246 psi by 7 psi/ft, the position of the gel front is 
estimated at 178 ft from the wellbore. Thus, the method suggests that injecting 5,500 bbl of gel 
advanced the gel fiont by 32% @e., from 135 to 178 R from the wellbore). 

A second method can be used to estimate gel propagation. This method is based on Figs. 42 and 
43. It assumes that gel dehydration dominates the rate of gel propagation so that the volume ( y) 
of gel required to advance the gel front by a given distance is proportional to the 1.5 power of the 
new fracture area that is contacted by gel. For linear flow (e.g., a vertical well that is cut by a 
vertical fracture), this relation is given by Eq. 29: 

................................................................................................................. v* / VI = (L2 / L p  , (29) 

Where V2 represents the total volume of gel. injected to reach a distance, L2, of gel penetration 
into the fracture. For radial flow (e-g., a horizontal well that is cut by a vertical fracture or fault), 
this relation is given by Eq. 30: 

(30) 2 1.5 
V2 / Vi = [ ( ~ 2  /rr) J ............................................................................................................... 

where V2 represents the total volume of gel injected to reach a radius, r2, of gel penetration into 
the fracture. Given values of 2,045 bbl, 7,545 bbl, and 135 ft for the parameters, VI ,  V2, and rl, 
respectively, Eq. 30 estimates the radius of gel penetration to be 209 ft after injecting the 0.45%- 
HPAM gel bank. Thus, this method suggests that injecting 5,500 bbl of gel advanced the gel 
fiont by 55%, compared with 32% for the first method. Perhaps, the two methods would have 
been in closer agreement if more accurate gel extrusion properties and downhole pressures were 
available. 

How Effectively Did Gel Seal the Fault? 
Earlier, we used Eq. 27 to estimate the conductivity of the fault before gel injection (620 darcy- 
A). The same equation can be used to estimate fault conductivity after the gel treatment. One 
month after the treatment, the well produced 1,895 BWPD and ,727 BOPD with a pressure 
drawdown of 2,430 psi. Assuming that all 1,895 BWPD were produced from the fault after the 
treatment, fault conductivity is calculated to be 180 darcy-A. This result suggests that the fault 



conductivity was reduced 7 1 % by the gel treatment-thus the treatment did not completely seal 
the fault. However, the calculation may be somewhat conservative. Consider the case where 
before the treatment, none of the oil was produced from the fault; however, some water was 
produced fkom portions of the well other than those associated with the fault. To justify this 
possibility, the spinner tool used to measure flow profiles before the treatment probably could 
not accurately detect differences less than 10%-15% of the total flow. Thus, the 466 BOPD and 
an equal volume of water could have entered the well somewhere other than at the fault. In that 
case, the conductivity of the fault may have been reduced by 80% by the gel treatment. Of 
course, more accurate profile logs could help resolve this issue. 

Table 6 reveals that immediately after the gel treatment, the oil productivity index was reduced 
from 0.32 to 0.24 BOPD/psi. However, one month after the treatment, the oil productivity index 
rose to 0.3 BOPD/psi. Thus, the treatment reduced water productivity index much more than that 
for oil. This fact provides further evidence that the oil was not produced through the fault. 

Conclusions 
1. Simple calculations can give at least a rudimentary indication of the width of the fracture or 

fault that causes excess water production. For the case of vertical fractures or faults that cross 
horizontal production wells, these calculations can also give an idea of how fa gel should 
penetrate to provide a beneficial effect. Using laboratory data coupled with field data 
collected before, during, and after gel injection, the calculations can also give an indication 
of how far the gel has actually penetrated into the fracture, 

2. Our analyses point out areas where additional laboratory work is needed to aid in the design 
of field applications. In particular, a need exists for determination of gel extrusion properties 
at higher temperatures-at least up to 100°C. Also, a need exists to determine gel extrusion 
properties for gels over a range of concentrations, e.g., for polymer concentrations from 0.3% 
to 1.5%. 

3. Our analyses reveal critical measurements that should be made during field applications. In 
particular, accurate flowing and static downhole pressures should be made at least before and 
after the gel treatment is applied. Some very useful insights can also be gained if downhole 
pressures are measured during gel injection. 
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4. DISPROPORTIONATE PERMEABILITY REDUCTION 

Imaging Experiments Using Synchrotron X-Ray Microtomography 
We performed imaging experiments using high-resolution computed microtomography (CMT) to 
compare the oil and water pathways and fluid distributions before and after gel treatment. The 
imaging experiments were performed in collaboration with ExxonMobil Research & Engineering 
Company at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. 
The objective was to study the disproportionate permeability reduction on a microscopic scale. 

Previously, we used NMR imaging to observe disproportionate permeability reduction on a 
microscopic scale." Results fiom 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 synchrotron X-ray sources provides the ability to obtain three- 
dimensional ore-level images of rock samples with a spatial resolution on the order of 
micrometers." This technology has been available at the National Synchrotron 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 fkaction of 
the time required for previous scanning methods. 

Fig. 66 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 image, which is then 
magnified and re-imaged with conventional optics onto the cooled CCD area may. 

Imaging Experiments Using a Water-Based Gel. 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. 67). Due to computer memory and time constraints, we focused our scan 
in a segment 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. 
67). The gel was our standard Cr(II1)-acetate-HPAM (0.5% Alcoflood 935 HPAM, 0.0417% 
Cr(II1) acetate). 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 
performed at room temperature. To digitally compare the images before and after gel placement, 
oil, water, and gelant flooding were performed without ever removing the core from the sample 
stand. In total, we performed six 3-D scans with an image resolution of 10 pm 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. After gel placement, the core shut in for twelve 
hours (at -60°C) and then scanned. 

63 



Fig, 66-Schematic of X-ray Synchrotron Microtomography apparatus. 

6.5 mm 

3.25 mm 

Pressure Tap 

6 mm 

30 mm 

P 
L 

Core plug Scanned segment 

Fig. 67-Berea core plug used in X-ray Synchrotron Microtomography 
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Next, oil was injected into the core to measure the oil residual resistance factor, Fro. The core 
was scanned again after oil injection to visualize the oil pathways after gel. Next, brine was 
injected to measure the water residual resistance factor, F-. Finally the core was scanned after 
brine injection to visualize the water pathways after gel. Table 8 shows that the gel reduced the 
permeability to water 8 1 times more than that to oil (F&Fm0=8 1). 

Table 8 - S m a r y  of residual resistance factors: Water-based gel 
Core: strongly water-wet Berea 

Gel: 0.5% HPAM, 0.0417% Cr(II1)-acetate, 1% NaCl, 0.1% CaC12 

700 1,220 15 81 
k,, mD Ffpw F W O  FJFm* 

As shown in Fig. 68, the image was cropped into a rectangular block of 4.6 mrnx4.6 mmx3.25 
nun to eliminate the artifacts created by a thin layer of epoxy coating on the surface of the core. 
Fig. 69 is a 3-dimensional view of the rectangular block. As illustrated in Fig. 69, the CMT has 
high enough resolution to clearly distinguish rock grains from pore space. Also, this technology 
is non-destructive and therefore can be used to monitor changes in fluid saturation and 
distribution at diserent stages of coreflood experiments. Software tools are available to digitally 
quantify the pore size distribution and fluid saturations fkom the images generated by the CMT, 
Also available are software tools that can reconstruct fluid pathways. We will report results fkom 
the digital image analysis in the near fitwe. 

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

4.6mm 

Top View 3-D View 

Fig. 68Dimensions of the cropped image block. 
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Fig. 69-34) irnage of the Berea core plug with an image resolution of 10 pn 
( X 4 . 6  rnm, Y4.6 Z= 3.25mm). 

Since it is &cult to see through the 3-D structure, we focus on thin slabs that are parallel to the 
X-Y plane Fig. 70). The direction of flow during fluid injection is perpendicular to the X-Y 
plane. There are a total of 512 image slices in the 2 direction The image slab that we focused on 
consisted of 10 image slices (slices 460-469) with a depth of 63.5 p m  The image in Fig. 71 was 
taken after the core was first saturated with brine. The gray areas in Fig. 71 show voids that were 
saturated with brine. The areas in black are rock grains. The shaded gray areas in Fig. 71 show 
the change in pore shape/size as we move fiom the swface slice (slice 469) to the bottom slice 
(slice 460). 

Fig. 72 shows the distrr'buion of oil and water after oilflooding the core to residual water 
saturation (&r). In Fig. 72, oil is red, water is green, and the rock grains are black. Oil invaded 
most of the large pores while the residual water remained mostly in small pores and crevices. 
After oilflooding, we injected water until no more oil was produced (Sor). Fig. 73 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, 
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X = 4.6 mm, Y = 4.6 mm, Z = 3.25 mm 
Number of Image Slices (Z-direction) = 512 

Z 

63.5 pm 
Image segment focused (slices 460-469) 

Fig. 70-Dimensions of image slab. 

Fig. 71-.-Yplane view of image slab (slices 460-469) at &=l.O; image resolution=lO p m  
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Fig. 72-.-Yplane view of image slab (slices 460-469) at &; image resolution=lO pn 

Fig- 73-X-Yphe view of image slab (slices 460-469) at Sor; image resolution=lO pm. 
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Next, gelant was injected at residual oil saturation. Fig. 74 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 Fno. Fig. 75 shows the distribution of oil 
and water after the Frro measurement. Table 8 shows that the Fvo was 15. A comparison of Figs. 
72 and 75 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 smaU 
fiaction of the pore space. Tracer results fkom a previous owwater experiment in a high- 
permeability Berea core revealed that gel with a Frro value of 20 occupied less than 5% of the 
pore space. 

M e r  the Fwo measurement, we injected brine to measure Fm. Table 8 shows that Fm was 
1,220, which was significantly higher than the Fwo value of 15. Fig. 76 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 oll 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 small 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 through the center of the larger pores. To test 
this concept, detailed image analyses will be performed to quante the size distribution of the 
pores that constitute the oil pathways. 

Brim Oil RockGmin 

Fig. 7X-YpIane  view of image slab (slices 460-469) at Sor after gelant injection 
image resolution=lO prn 
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Brine Oil Rock Grain 

Fig. 75-X-Y plane view of image slab (slices 460-469) after Fmo measurement (Fmo = 15) 
image resolution=lO p. 

Brine 

Fig. 76-X-Yphe view of image slab (slices 460-469) after Fm measurement 
(F' = 1,220); image resolution=lO p m  
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Imaging Experiments Using an Oil-Based Gel. In an earlier study, we observed a reversed 
disproportionate permeability reduction in water-wet Berea sandstone using an oil-based gel.*' 
The gel reduced the permeability to oil more than that to water in Berea cores. We performed 
additional CMT imaging experiments using the oil-based gel in Berea sandstone to visualize th is  
phenomenon on a microscopic scale. The objective is to compare the results with those from OUT 
first set of experiments using a water-based gel to improve our understanding of why the 
disproportionate permeability reduction occurs. 

For the imaging experiments, we used a high-permeability Berea core as the porous medium. 
The core was similar to the one used in the previous imaging experiments with a water-based gel 
(Fig. 67). The core was 6.5 mm in diameter and 32.5 mm in length with an intermediate pressure 
tap 4 mm fiom the inlet face. Due to computer memory and time constraints, we focused our 
scan in a segment of the core that was 6.5 mm in diameter and 3.25 in length. To avoid end 
effects, the scanned segment was located about half way between the inlet and outlet face. 

In the oivwater experiments, 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. The 
gel contained 18% 12-hydroxysteric acid and hexadecane (doped with 10% w/w 
iodohexadecane). All experiments except gelant injection were performed at room temperature. 
To allow us to digitally compare the images before and after gel placement, oil, water, and gelant 
flooding were perfomed without ever removing the core ikom the sample stand. In total, we 
performed five 3-D scans with an image resolution of 10 prn at diffkrent 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. During gelant injection, the core temperature was raised to 
-8OOC. After gelant injection, the core was cooled to room temperature to allow the gel to form 
in situ. (The gelant was prepared at 80°C and the gel forms when the temperature drops below 
65OC.) Then, water was injected into the core to measure the water residual resistance factor, 
F-. The core was scanned again after water injection to visualize the water pathways after gel. 
Next, oil was injected to measure the oil residual resistance factor, Fvo. Finally the core was 
scanned after oil injection to visualize the oil pathways after gel. Table 9 shows that the gel 
reduced the Permeability to oil 6.7 times more than that to wafer (FmJFm=6.7). 

Table 9-Summary of residual resistance factors: Oil-based gel 
Core: strongly water-wet Berea 

Gel: 1 8% w/w 12-hvdroxysteric acid, hexadecane, 10% w/w iodohexadecane 

We are now processing and analyzing the data generated during the imaging experiments. We 
will report the results of ow analysis when they become available. 

71 



Image analysis Using 3DMA Software 
Image analyses are being performed using a software package called 3DMA. (Dr. Brent 
Lindquist of the Deparbnent of Applied Mathematics and Statistics of State University of New 
York at Stony Brook developed this software package.) This software package is capable of 
measuring distributions of pore size, pore-body/pore-throat aspect ratio, coordination number, 
channel length, and tortuosity of a porous rock using the three-dimensional images generated 
fiom our x-ray synchrotron experiments. In this section, we show some preliminary results from 
our image analyses using 3DMA. 

Fig. 70 showed that our image block consisted of 512 slices. Due to a computer memory 
constraint, we divided the image block into eight sub-blocks of 64 slices each. The results shown 
in this section are from the first image sub-block consisting of slices 2 to 65. Fig. 77 shows the 
distributions of nodal pore volume and the corresponding effective pore radii. A nodal pore is a 
pore that is connected to at least two other pores. In other words, it is neither a dead-end pore nor 
is it an isolated pore. The effective radius of a nodal pore is determined fiom the measured pore 
volume assuming that the pore is a perfect sphere. In Figs. 77 and 78, an open circle with two 
attaching horizontal bars indicates the mean value and standard deviation, respectively, As 
shown in Fig. 77, the effective pore radii of the Berea sandstone in this image block range from 
less than 10 microns to 170 microns with a mean pore radius around 50 microns. Fig. 78 shows 
that the effective throat radii in the same image block range from around 5 microns to 80 
microns with a mean throat radius of 18 microns. The relationship between effective pore radii 
and effective throat radii is illustrated in Fig. 79. From Fig. 79, we estimate that the average 
aspect ratio of the pore radius to throat radius is around 3. Currently, we are in the process of 
using this software to identify the pores occupied by oil before and after gel treatment. The 
objective is to examine the changes in distributions of pore size and aspect ratio of the pores 
occupied by oil before and after treatment. 

0.2 -I swl 

Fig. 77- Distributions of nodal pore volume and the corresponding effective pore radii. 
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Fig. 78- Distributions of throat surface area and the corresponding effective throat radii. 

swl 

Fig. 7% Relationship between effective pore radii and effective throat radii. 

In our fbture work, we plan to use a network model to simulate the disproportionate permeability 
reduction in porous rock. The 3DMA software package is also capable of providing the 
necessary input parameters for network modeling by direct measurements of the 3-D images 
generated from x-ray synchrotron imaging experiments. As an example, Fig. 80 shows a 
skeletonized image of the Berea sandstone. The image shown in Fig. 80 consists of 64 image 
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Results from our imaging experiments show that the residual water occupies mostly small pores 
or crevices, while the residual oil resides mainly in medium to large size pores (Figs. 72 and 73). 
Based on these observations, Figs. 81 and 82 illustrate idealized distributions of fluids in pores 
(capillary tubes) of a uniform size distribution at residual water and oil saturations, respectively. 
As shown in Fig. 8 1, residual water occupies the smallest pores ( R M ~  r < RA), where r is the 
pore radius. Fig. 82 shows that the residual oil occupies the medium to large size pores (RB < r 
RMAX).  

RMIN R A  RMAX 
Fig. 81-Fluid distributions at Swr in pores with a uniform size distribution. 

RMIN R6 RMAX 

Fig. 82-Fluid distributions at Sor in pores with a uniform size distribution, 

In this model, for a given pore, i, (or a capillary tube in this case) the flow rate is governed by the 
following equation: 

(3 1) qj  = &)Ap .............. *..+ .... ... ......... *.***... .............. ..*.* ................................. .... ........................ 
where q is the flow rate, g (r) is the conductivity function and Ap is the pressure drop. 
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Assume that 

................................................................................................................................. g(r> = r’, (32) 

where A is an exponent (e.g., it = 4 for Poiseuille flow). 

We now can calculate the endpoint water and oil relative permeabilities using the following 
equations: 

(33) ,....................*...........*......*...*..*....*......*.~..*..................*............*..*.*...... f (r)&)dr 
I t ;  = 

j;;; f (r)g(r)dr 

........................................................................................................... (34) 
J;! f (r)g(4dr 

jRMN f(r)g(r)dr  
K* = RMM 

where kk and k:oare endpoint water and oil relative permeabilities, respectively. fir) is the 
probability density function for the pore size distribution, RMH and RM~N are the size of the 
largest and the smallest pores in the porous rock, respectively. RA is the size of the largest pore 
occupied by residual water and RB is the size of the smallest pore size occupied by the residual 
oil (see Figs. 81 and 82). 

During gelant injection, we assume that a water-based gelant invades all the pores accessible to 
water before treatment. Fig. 83 shows the idealized fluid distribution after gelant injection. In 
this model, we assume that the gelant does not invade the pores occupied by residual oil (RB < r 
< RMM). Consequently, there is no permeability reduction associated with these pores after 
treatment. Again, this assumption can be relaxed later if necessary. 

A 

b l N  RB RMAx 

Fig. 83-Fluid distributions after gelant injection in pores with a uniform size distribution. 
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After gelation, we injected oil to measure the Fro. Figs. 72 and 75 from the imaging experiments 
show that most of the pores opened to oil flow before treatment remained accessible to oil after 
treatment. Therefore, in addition to the pores containing residual oil, we assume in this model 
that oil also has access to gel-invaded pores with sizes between RA and RB (Fig. 84). These gel- 
invaded pores suffer a reduction in conductivity by a factor of a after treatment. Based on these 
assumptions, we can calculate the endpoint oil relative permeability after treatment using the 
following equation: 

- 0  j;rbk(++j; f(r)g(r)dr 
(35) k r o  = ,.......*......*.+....................*...........*.........*.*.................*. 

f ( M r ) d r  
- 0  

where k ,  is the endpoint oil relative permeability after treatment and a is the blocking factor. 

After the Fmo measurements, we injected water to measure the degree of pemeability reduction 
to water (Fm). Fig. 76 shows that water did not have access to most of the pores opened to oil 
flow after treatment. As shown in Fig. 85, we assume that during the Fm measurements, water 
has access to pores with sizes between RM~N and RA’. Hence, the endpoint water relative 
permeability after treatment can be calculated using the following equation: 

- 0  

.......................................................................................................... k, = (36) 
fM: f (r)g(r)dr 
- 0  

where k, is the endpoint water relative permeability after treatment. 

Oil 

Gel 
+ 

r 
RMIN RB RMAx 

Fig. 8 k F l u i d  distribution after Fro measurements in pores of a uniform size distribution, 
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RMIN 

Oil 

Gel 
+ 

RB RMAx 

Fig. 8 S F l u i d  distribution after F- measurements in pores of a uniform size distribution, 

In field applications, however, water is usually the first and only fluid contacting the gel in the 
treated region of the watered-out zones. Since we assume in this model that water has no access 
to the pores containing residual oil, water can only flow through the gel-invaded pores (RMJN < r 
< RB) after treatment (Fig. 83). Based on this assumption, we can use Eq. 37 to calculate the 
endpoint water relative permeability after treatment. 

- 0  

.......................................................................................................... k, = (37) 

Combining Eqs. 33 through 37, we can now calculate Fnw and Fwo. 

Fm=- k: ............................................................................................................................... (38) 
- 0  

............................................................................................................................... (39) - k,4, 
Fmo -,o 

Example Calculations. In this section, we use a simple example to demonstrate the ability and 
limitations of this model in predicting disproportionate permeability reduction, In this example, 
we assume that the reservoir contains two non-communicating layers. The water layer is 
completely watered-out with a residual oil saturation of 25% and the oil layer is producing no 
water and has a residual water saturation of 25%. Fig. 86 shows that the porous rock has a 
uniform pore size distribution with R M - ~  = 0, RA = 10, R3 = 30, and RMM= 40. 
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Fig. 86-Fluid distribution for example calculations. 

For a uniform size distribution, the probability density function can be calculated by the 
following equation: 

By assuming that A, = 2. We can now calculate the endpoint water and oil relative permeabilities 
using Eqs. 33 and 34. 

k& = 

k:o = 

jO4'$ r dr 

y L r 2 d r  
0 40 

= 0.984 

For this example, we used a gel that can reduce the permeability to water by a factor of 26,400 
(F- = 26,400) and that to oil by a factor of 525 (Fn0 = 525). Combining Eqs. 33 and 37 and 
remanging, Eq. 38 becomes 
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..................................................................................... (40) 

Since we know that Fm = 26,400, we can use Eq. 40 to calculate the blocking factor, a. 
Substituting Fm = 26,400 and it = 2 into Eq. 40, 

a3 = 26,400 3 a = 29.8. 

With the blocking factor a calculated, we now test how well the model predicts Fvo. Combining 
Eqs. 34 and 35 and rearranging, Eq. 39 becomes 

From Eq. 41, we can calculate Fm0. 

Fwo = [(E) Z+l -(x) 2+1 ]+[402+l -302+l] 

29.8 29.8 

............................................................... = 2 (42) 

Instead of an Fro value of 525, the model predicts an Fvo value of 2. Obviously, with the current 
assumptions, this model greatly underestimated the effect of gel on the permeability to oil after 
treatment. Remember, we assumed in this model that the large pores occupied by residual oil are 
fkee of gel after treatment. A careful examination of Eq. 42 reveals that the contribution of the 
gel-blocked pores (RA < r < RB) to the permeability reduction to oil after treatment is negligible 
because of the overwhelming contribution fiom the large gel-free pores (RB r RMH) to the 
permeability to oil after treatment. Also, we assume that the blocking factor, a, is the same for 
large and small pores. Our previous stud?‘ showed that a gel reduced the permeability to both 
oil and water more in low-permeability cores than in high-permeability cores. The assumption of 
uniform pore size distribution and using capillary bundles to represent the real pores also 
contributed to the overestimation of the permeability to oil after treatment. However, as a first 
approximation, the simplified model did qualitatively predict the disproportionate permeability 
reduction. Currently, we are using software tools to analyze the 3-D images from our imaging 
experiments to calculate the pore size distribution of the porous rock and the fluid distributions at 
different stages of the experiment. When we finish the image analyses, we will use the data to 
improve the model. 
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Summary 
1 .  

2. 

3. 

4. 

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. 

In our second set of experiments, we used CMT to visualize why an oil-based gel reduced the 
permeability to oil more than that to water. The objective is to compare the results with those 
from our first set of experiments using a water-based gel to improve our understanding of 
why the disproportionate permeability reduction occurs. We are now analyzing the data 
generated during the imaging experiments. 

Image analyses are being performed using a software package called 3DMA. This software 
package is capable of measuring distributions of pore size, pore-body/pore-throat aspect 
ratio, coordination number, channel length, and tortuosity of a porous rock using the three- 
dimensional images generated fiom our x-ray synchrotron experiments. In this report, we 
show some preliminary results fiom our image analyses using 3DMA. 

Based on the results from our imaging experiments, we developed a simple capillary-bundle 
model to predict disproportionate permeability reduction. Using a simple example, we 
demonstrated that the model could qualitatively predict the disproportionate permeability 
reduction. However, due to the simplified assumptions made in developing the model, more 
work is needed using data from OUT image analyses to improve this model. 
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NOMENCLATURE 

a, = 

?f = 
C =  
e* = 
ca = 

cc  = 
F, = 

F,, - 
F, = 

f(r) = 

g(r) = 
h =  
hf = 
k =  
k f =  

koro = 
k", = 

cb = 

- 

G' = 

kgei = 

kO- = 
k", = 

kw = 
L =  

L]  = 
L2 = 
Lf = 
n =  

Ap = 
dp/dZ = 

fractional area associated with concentrated gel 
fractional area associated with fresh gel 
produced concentration, 8/m3 
injected concentration, g/m3 
constant in Eq. 20, d/ft [s/cmJ 
constant in Eq. 23, darcys/in.' [ [ pm2/cm2] 
constant in Eq. 8 
resistance factor 
oil residual resistance factor 
water residual resistance factor 
fraction of pores with radius, r 
elastic modulus, psi [Pa] 
conductivity function 
height, f€ [m] 
fracture height, A [m] 
permeability, darcys [ pm2] 
fracture permeability, darcys [ pm2] 
gel permeability to water, darcys [pm2] 
endpoint relative permeability to oil before gel placement, darcys [ pm2] 
endpoint relative permeability to oil after gel placement, darcys [pm2J 
endpoint relative permeability to water before gel placement, darcys [ pm2] 
endpoint relative permeability to water after gel placement, darcys [ pm2] 
permeability to water, darcys [ pm2] 
distance along a fkacture, ft [m] 
distance of gel penetration at time 1, A [m] 
distance of gel penetration at time 2, A [m] 
fracture length, ft [m] 
exponent in Eq. 20 
pressure drop, psi [Pa] 
pressure gradient, pdft  [Pdm] 

q = total injection or Goduction rate, BPD [m3/d] 
qi = flow rate in tube i, BPD [m3/d] 
qt = total injection rate, BPD [m3/d] 

RA = minimum pore radius for pores occupied by oil at Swr before gel placement, R [ pm] 
RAP= minimum pore radius for pores occupied by oil at SWr after gel placement, ft [pm] 
RB = minimum pore radius for pores occupied by oil at Sor, A [pm] 

Rn/l~x = maximum pore radius, ft [ pm] 
RMIN = minimum pore radius, ft [ pm] 

r = pore radius, ft [pm] 
rl = radius of gel front at time I ,  ft [m] 
r2 = radius of gel fiont at time 2, ft [m] 
re = external drainage radius, ft [m] 
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ri = radius of tube i, ft [pm] 
r, = wellbore drainage radius, ft [m] 

So,. = residual oil saturation 
Sw = water saturation 

Swr = residual water saturation 
u = leakoff rate, A/d [cmk] 

uc = water leakoff rate associated with concentrated gel, ft/d [cm/s] 
uf = water leakoff rate associated with fresh gel, ft/d [ d s ]  
ui = local water leakoff rate, Wd [cds]  
ut = water leakoff rate, fVd [ d s ]  

VI = volume injected at time 1, bbl Em3] 
V2 = volume injected at time 2, bbl Em3] 
wf= fracture width, in. [rn] 
X = distance in X-direction, in. [m] 
Y = distance in Y-direction, in. [m] 
2 = distance in 2-direction, in. [m] 
a = conductivity reduction factor in Eq. 35 
A = exponent in Eq. 32 
p = viscosity, cp [mPa-s] 

zj, = yield stress, psi [Pa] 

t = time, s 

pw = water viscosity, cp [ e a - s ]  
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APPENDIX A: Technology Transfer 

Presentations 
On September 21, 2000, we presented the talk, “Mechanism For Gel Propagation Through 
Fractures,” at the 2000 International Energy Agency Meeting in Edinburgh, Scotland. 

On June 27, 2000, we presented the talk, “Using Chemicals to Optimize Conformance in 
Fractured Reservoirs,” at the 2000 DOE Petroleum Technology Contract Review Meeting in 
Denver, Colorado. 

On April 25,2000, we presented the talk, “Conformance Issues Relating to Produced Water Re- 
injection in Layered Reservoirs,” at Marathon Oil in Littleton, Colorado. 

On April 5, 2000, we presented the talk, “Wall-EffedGel-Droplet Model of Disproportionate 
Permeability Reduction,” at the 2000 SPEDOE Improved Oil Recovery Symposium in Tulsa, 
OK. 

On April 4, 2000, we presented the talk, “Gel Propagation Through Fractures,” at the 2000 
SPEDOE Improved Oil Recovery Symposium in Tulsa, OK. 

On April 4, 2000, we presented the talk, “Rheology of Gels Used For Confonnance 
the 2000 SPEDOE Improved Oil Recovery Symposium in Tulsa, OK. 

at 

On April 2, 2000, we presented the Short Course, “Water Shutoff,” at the 2000 SPEDOE 
Improved Oil Recovery Symposium in Tulsa, OK. 

On March 30,2000, we held a project review in Socorro, NM. Nine people attended the review, 
representing 6 different organizations (not including New Mexico Tech personnel). 

From November 16-20, 1999, we presented talks on “Improved Methods for Water Shutoff,” at 
the Chinese Petroleum Corporation in Maioli, Taiwan. 

On September 23, 1999, we presented the talk, “Disproportionate Permeability Reduction by 
Gels,” at the 1999 IEA Meeting in Park, France. 

On September 13, 1999, we presented the talk, “Gel Propagation Through Fractures,” at 
Marathon Oil in Littleton, Colorado. 

On July 27 and 28, 1999, we held a project review in Socorro, NM. Thirteen people attended the 
review (not including New Mexico Tech personnel) representing 9 different organizations. 

On June 29, 1999, we presented the talk, “Sizing Gelant Treatments in Hydraulically Fractured 
Production Wells,” at the 1999 DOE Oil and Gas Conference in Dallas, Texas. 
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On May 17, 1999, we presented SPE paper 55628, “Mechanism for Gel Propagation Through 
Fractures,” at the 1999 Rocky Mountain Regional Meeting in Gillette, W. 

On April 23, 1999, we presented the talk, “Gel Dehydration During Extrusion Through 
Fractures,” at Saga Petroleum in Stavanger, Norway. 

On April 22, 1999, we presented the. talk, “Gel Dehydration During Extrusion Through 
Fractures,” at Stavanger College in Stavanger, Norway. 

On April 22, 1999, we presented the talk, “A Strategy for Attacking Excess Water Production 
Problems,” at Elf Norge in Stavanger, Norway. 

On March 11, 1999, we presented the talk, “A Strategy for Attacking Excess Water Production 
Problems,” for the Midcontinent SPE Section in Tulsa, OK. 

From November 16-20, 1998, we presented talks on “Improved Methods for Water Shutoff,” at 
the Chrnese Petroleum Corporation in Maioli, Taiwan. 

On October 6 and 7, 1998, we held a project review in Socorro, NM, Twenty-six people attended 
the review (not including New Mexico Tech personnel) representing 17 different organizations. 

Internet Postings on the Project and Software to Download 
A description of our research group can be found at the following New Mexico PRRC web site: 
http://baervan.nmt.edu/randy. This site was recently updated and expanded significantly. 

This web site also allows downloading of software, Version 1.07 of “Gel Design,” for sizing 
gelant treatments in hydraulically fractured production wells. 

Papers and Publications 
Lane, R.H., and Seright, R.S.: “Gel Water Shutoff in Fractured or Faulted Horizontal Wells,” 
paper CIWSPE 65527 presented at the 2000 SPEPetroleum Society of CIM International 
Conference on Horizontal Well Technology held in Calgary, Alberta, Canada, Nov. 6-8. 

Seright, R.S.: “Mechanism For Gel Propagation Through Fractures,” presented at the 2000 
International Energy Agency Meeting in Edinburgh, Scotland, Sept. 20-22. 

Liang, J., and Seright, R.S. : “Wall-EffecUGel Droplet Model of Disproportionate Permeability 
Reduction,” paper SPE 59344 presented at the 2000 SPE/DOE Improved Oil Recovery 
Symposium, Tulsa, OK, April 3-5. 

Liu, Jin, and Seright, R.S.: “Rheology of Gels Used For Confomance Control in Fractures,” 
paper SPE 59318 presented at the 2000 SPEDOE Improved Oil Recovery Symposium, Tulsa, 
OK, April 3-5. 
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Seright, R.S.: “Gel Propagation Through Fractures,” paper SPE 59316 presented at the 2000 
SPEDOE Improved Oil Recovery Symposium, Tulsa, OK, April 3-5, 

Seright, RS. and Lee, Robert: “Gel Treatments for Reducing Channeling Through Naturally 
Fractured Reservoirs,’)’ SPE Production & Facilities (Nov. 1999) 269-276. 

Seright, R. S. : “using Chemicals to Optimize Conformance Control in Fractured Reservoirs,” 
Annual Technical Progress Report (U.S. DOE Report DOE/BC/15110-2), U.S. DOE Contract 
DE-AC26-98BC15 110 (Sqt. 1999). 
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at the 1999 Rocky Mountain Regional Meeting, Gillette, WY, May 15- 18. 

Seright, R.S: “Polymer Gel Dehydration During Extrusion Though Fractures,’’) SPE Production 
& Facilities (May 1999) 1 10-1 16. 
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