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ABSTRACT 

This paper is coiicemed with the proper placement of gels to reduce fluid chaiuieluig 
in reservoirs. Previous work demonstrated that an acceptable gel placement is much more 
likely to be achieved in a linear flow geometry (e.g., vertically fractured wells) than ui 
radial flow. In radial flow, oil-productive zones must be protected (e.g., using zone 
isolation) during gel placeineiit to prevent damage to oil productivity. hi this study. two 
theoretical models were developed to determine water injection profiles before and after gel 
placement in anisotropic reservoirs-where the effective permeability and/or the pressure 
gradient are greater in one horizontal direction than in another direction. The primary 
question addressed in this work is, how anisotropic must an unfractured reservoir be to 
achieve an acceptable gel placement and profile modification during unrestricted gelant 
injection? Both analytical and numerical methods were applied to solve the problem. \lie 
studied how the effectiveness of gel treatments is influenced by peniieability variation, 
distance of gelaiit penetratioii, anisotropic pressure distributions, resistance factor, and 
residual resistance factor. 

Our analyses showed that the range of pernieability variations (pemieability ui the 
most-permeable direction divided by pemieability m the least-peniieable directioii) must be 
greater than 1,000 (and usually greater than l0,OOO) before ailisotropy caii be exploited to 
achieve a satisfactory gel placement in unfractured wells We doubt that any unfractured 
wells or reservoirs exist with this degree of anisotropy hi contrast, in  wells and reservoirs 
where anisotropic flow is due to fractures, the h e a r  flow geometry and the extreme 
pernieabrllty contrast between the fracture and the porous rock can aid gel placeiiieiit 
substantially 
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INTRODUCTION 

. Gels have frequently been used to improve conformance in reservoirs.'" A critical 
issue when applymg gels for this purpose is how to place gels in the high-permeability 

water channels without damaging the less-penneable, oil-productive zones. Previous work 

demonstrated that an acceptable gel placement is much more likely to be achieved in a 

linear flow geometry (e.g., vertically fractured wells) than in radial flow.*' In radial flow, 

oil-productive zones must be protected (e.g., using zone isolation) during gel placement to 

prevent damage to oil productivity. 

In the analysis of gel placement to date, only linear and purely radial flow geometries 

were considered. However, flow in reservoirs is often anisotropic-the effective 

penneability andor the pressure gradient are greater in one horizontal direction than in 

another direction. Anisotropic flow can occur in both fractured and unfractured 

reservoirs.' In the naturally fractured Spraberry field, Elkuis and Skov'" reported that the 

effective reservoir permeability along the main fracture trend is 13 times greater than that 

at riglit angles to this trend. As expected,' penneability anisotropy is significantly less in 

unfractured reservoirs. For example, Ramey" reported only a 56% pemieability 

anisotropy for a channel-sand reservoir (i.e., k&.=  1.56). 

In fractured reservoirs, gel placement can be effectively treated as a linear flow 

problem." However, unfractured anisotropic reservoirs can be viewed as flow geometries 

that are intermediate cases between linear and radial flow. In fact, a linear flow geometry 

can represent the extreme case of an anisotropic reservoir. Since the requirements for an 

effective gel placement are radically different for linear vs. purely radial flow, questions 

arise about gel placement during anisotropic flow in imfractured reservoirs: How 

anisotropic must an unfractured reservoir be to allow gelant placement to approximate that 

for the h e a r  flow case? Asked another way, how anisotropic must an unfractured 

reservoir be to achieve an acceptable gel placement during unrestricted gelant injection? 

These questions will be addressed here by developing two models of simple anisotropic 

flow systems and by performing sensitivity studies with these models. 

MODELS USED 

To illustrate how areal flow profiles in an anisotropic reservoir are modified by a 

gel treatment, two circular theoretical reservoir models were used. Model 1 was 

established in a Cartesian coordinate system by aligning the x-axis with the most- 
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permeable horizontal direction while aligning the y-axis with the least-permeable 

horizontal direction. An 
injection well was located in the center of the reservoir, and flow was produced at the 

outer boundary of the reservoir. Both the injection well and the outer boundary of the 

reservoir were assigned a constant pressure. 

The origin coincided with the center of the reservoir. 

In Model 2, an isotropic reservoir having the same dimensions was considered. 

The pressure distribution was symmetrical about both the x-axis and the y-axis, and 

only the injection well was assigned a constant pressure. The reservoir experienced the 

largest pressure drop in the x-direction while the smallest pressure drop occurred in the 

y-direction. 

ANALYSIS USING MODEL 1 

Streamlines 

In Model 1, both the inner boundary (injection wellbore) and the outer drainage 

boundary are circular equipotential lines. Therefore, the equipotential curves in the 
drainage area should also be concentric circles. Since streamlines are always 

perpendicular to the equipotential curves, the streamlines in the drainage area must be 

radial. Therefore, the key to the solution of this problem is to determine an expression 

for the permeability distribution and the relationship between the distance of gelant 
penetration and the fluid and reservoir properties. 

Permeability Distribution 

Permeabilities in any radial direction between the x-axis and the y-axis are given 

by Eq. 1 (which is derived in Appendix B of Ref. 13. *). 
1 

k,  = 
cos2 oi sin2 oi 

kx kY 
f- 

where 

* Ref. 13 can be obtained from the National Technical Information Service, U.S. Department 
of  Comnerce, 5285 Port Royal Rd., Spr ing f ie ld  VA 22161 
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k, = permeability in a given radial direction, md 

k, = permeability in the most-permeable direction (x-direction), md 

ky = permeability in the least-permeable direction (y-direction), md 

8, = the angle between the considered radial direction and the x-axis 

Areal Flow Profile During Gelant Injection 

Eq. 2 can be used to find the distance of gelant penetration in any radial direction. 

where 

F, = resistance factor (brine mobility before gelant placement divided by gelant 

mobility) 

re = radius of the outer boundary, ft 

rp, 
rw = radius of the injection wellbore, ft 
4, = effective porosity in radial direction i 

= distance of gelant penetration in a given radial direction i, ft 

Eq. 2 is derived in Appendix C of Ref. 13 and assumes the fcllowing. 

1. Fluids are incompressible and Newtonian. 

2. The displacement is miscible and piston-like. 

3. Dispersion, adsorption, and gravity effects are negligible. 
4. The pressure drop between the injection well and the outer boundary is constant. 

5 .  Only aqueous fluids are mobile in the reservoir. 

6. The drainage area is circular. 

7. The resistance factor is independent of permeability. 

8. The same effective Permeability applies to the displacing and displaced fluids. 

The areal flow profiles of the gelant front when gelant reaches the outer boundary 

in the x-direction are shown in Fig. 1, which was generated assuming (1) rw = 113 ft, 

(2) re = 50 ft, (3) I$, = 0.2, and (4) F, = 1. Fig. 1 shows that, as expected, the areal 

flow profile in this anisotropic reservoir becomes less favorable as kJkY increases. 
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FIG. 1. Plan view of the gelant front. Fr = 1. 

Effect of Resistance Factor 

Fig. 2 plots the degree of gelant penetration (the distance of gelant penetration in 
direction i divided by the distance of gelant penetration in the x-direction) against 

permeability ratio (kx/ki) when gelant reaches the outer boundary in the x-direction. 

Consistent with the observations reported in Ref. 4, Fig. 2 shows the following. 

1. For a given permeability ratio, the degree of gelant penetration, (rpl-rw)/(rpx-rw), 

increases with increased resistance factor. 

For the range of permeability variations investigated (k,/kI11O6), the degree of 
gelant penetration is insensitive to resistance factor for F, 2100. 

For a given permeability ratio, the degree of gelant penetration is greater in 
anisotropic radial flow than in linear flow. 

2 .  

3. 
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FIG. 2. Degree of gelant penetration in direction i vs. permeability ratio when gelant 
reaches the outer boundary in the most-permeable direction. 

Iniectivitv Expressions 

Injectivity loss in a well is a common measure used to judge the success of a 

"profile-modification'' treatment. For convenience in the following study, we assume 

that the resistance factor for gelant is equal to one. 

The fluid injectivity, I,, in direction i prior to gelant injection can be found by 

Eq. 3 (Eqs. 3, 4, and 5 are derived in Appendix D of Ref. 13). 

'lio - e,hk, 
I,, = ~ - 

p w  -" 1 4 1 . 2 ~ ~  In 
(3) 
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where 

h =  

Pe = 

Pw = 

4io = 

Pw = 

thickness of the net pay, ft 

pressure at the outer boundary, psi 

pressure at the injection well, psi 

total injection rate before gelant placement, B/D 
water viscosity, cp 

The fluid injectivity, Ii, in direction i after gelation can be found by Eq. 4. 
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where 

F,, = residual resistance factor (brine mobility before gelant injection divided by 

brine mobility after gelation) 

q1 = total brine injection rate after gel forms, B/D 

The overall injectivity ratio, I/Io, or the ratio of the total brine injection rate after 

gel forms to the total brine injection rate before gelant injection, is given by Eq. 5.  

- I 
-- 

I" ?+J In - 

(5 )  

The primary question to be answered in this work is, how anisotropic must an 

unfractured reservoir be to allow gelant placement and profile modification to approach 

that associated with a linear flow geometry? Fig. 3 can be used to answer this 

question. Figs. 3a through 3c plot injectivity ratio, Ii/Ilo, vs. permeability ratio for 

three cases of gel residual resistance factor. The case where F,,=2 corresponds to a 
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3. Comparison of injectivity ratio for linear flow and anisotropic radial flow 
rpx = 50 ft. 

when 

"weak" gel; the F,,= 100 case represents a fairly "strong" gel; while the F,,= 10 case 

can be associated with a gel of intermediate strength. 

Because linear flow has been shown to provide the most desirable profile 

modification  result^,^ this case will be used as a base case for comparison with profile 

modification in anisotropic systems. In these comparisons, we assume that the gelant 

resistance factor is equal to 1 during gelant placement. In Fig. 2 and Ref. 4, the case 
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where F,=l was shown to provide the best result during gelant placement (i.e,, 

minimum gelant penetration into low-permeability zones and maximum gelant 

penetration into high-permeability zones). 
After gel placement, profile modification can be assessed using the injectivity 

ratios, Ii/Iio, in Fig. 3. This ratio is the brine injectivity in direction i after gel 

placement divided by that before gel placement. To illustrate the utility of Fig. 3, 

consider an anisotropic zone that is 10 times more permeable in the x-direction than in 

the i-direction (i.e., k,/ki=lO). For a gel with F,,=2, Fig. 3a indicates that in the x- 

direction, 50% of the original injectivity will remain after the gel treatment. In the i- 

direction (where k,/ki=lO), 56.5% of the original injectivity will remain after the gel 

treatment. Ideally, we want the gel treatment to reduce injectivity in the x-direction by 

a large factor, while having little effect on injectivity in the i-direction. Unfortunately, 

in our example, the gel treatment improved the flow profile only slightly while 

reducing injectivity by about 50% in both the x-direction and the i-direction. The 

benefit from this minor redistribution of fluid flow is unlikely to offset the loss of 
driving force (injectivity) for displacing oil in the i-direction. 

For comparison, consider a similar gel treatment in linear flow (e.g., a fractured 

well) instead of anisotropic radial flow. Again, we assume that k,/ki=10 and F,,=2. 

The linear flow case could be a fracture that cuts through two zones-Zone x with 

permeability k,, and Zone i with permeability ki. From the solid curve in Fig. 3a, in 

Zone x (where k,/ki=l), 50% of the original injectivity will remain after the gel 

treatment. However, in Zone i (where k,/ki= lo), 91 % of the original injectivity will 

remain after the gel treatment. Thus, in linear flow, the gel treatment results in a 

substantial improvement in the flow profile and a relatively small amount of damage 

(9% injectivity loss) in Zone i. In contrast, to achieve this same result in anisotropic 

radial flow, k,/ki must be 10,000. 

Using Figs. 3a-3c, similar analyses can be performed for different gel residual 

resistance factors. These analyses show that k,/ki must be greater than 1,000 (and 

usually greater than 10,000) before anisotropy can be exploited to achieve a satisfactory 

gel placement in unfractured wells. We doubt that any unfractured reservoirs exist 

with this degree of anisotropy. In contrast, in wells and reservoirs where anisotropic 
flow is due to fractures, the linear flow geometry and the extreme permeability contrast 

between the fracture and the porous rock can aid gel placement ~ubstant ial ly .~’~”~ 



124 YE AND SERIGHT 

Effect of Distance of Gelant Penetration 

In the previous section, the gelant penetrated 50 ft in the x-direction. Using Fig. 
4, we examined the sensitivity of profile modification to the distance of gelant 

penetration. Figs. 4a through 4c plot injectivity ratio vs. permeability ratio for 

different radii of gelant penetration in the x-direction (rpx). Analysis of these figures 
reveals that for rPx values greater than 5 ft, very large k,/k, values (typically greater 

than 1,000) are needed to attain a satisfactory profile modification. Figs. 4b and 4c 
suggest that in some circumstances, an acceptable profile modification could be attained 

if rpx<l ft, k,/k,>lO, and 10<Fr,<lOO. Of course, these treatments would involve very 

small gelant volumes and their effects would be confined to the region very near the 

wellbore. 
Careful consideration of Ref. 4 and Eqs. 2 through 4 reveals that the conclusions 

reached in the preceding sections and figures apply to areal anisotropy in vertically 

stratified reservoirs with noncommunicating layers as well as to individual strata. 

Conclusions for Model 1 

1. 

2. 

3. 

4. 

5.  

During unconfined gelant injection, a satisfactory placement for the gelant is far 

more likely to occur in a linear flow geometry than in an anisotropic radial flow 

geometry. 
As we expected, the injectivity after gelation decreases as the value of residual 

resistance factor and the distance of gelant penetration increase. 

For a given permeability ratio, the degree of gelant penetration, (rpl-rw)/(rpx-rw), 

increases with increased resistance factor. 
For the range of permeability variations investigated (kX/k,<1O6), the degree of 

gelant penetration is insensitive to resistance factor for F, 2100. 

The above conclusions also apply to heterogeneous reservoirs with multiple 

noncommunicating layers. 

ANALYSIS USING MODEL 2 

In Model 1, a uniform pressure drop was applied across a radial reservoir that 

was areally anisotropic with respect to permeability. In Model 2, the radial reservoir 
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FIG. 4. Injectivity ratios in anisotropic radial flow for different radii of gelant 
penetration. 
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was isotropic with respect to permeability, but the pressure drop across the reservoir 

varied with direction. The pressure distribution was symmetrical about both the x-axis 

and the y-axis, and only the injection well was assigned a constant pressure. The 
reservoir experienced the largest pressure drop in the x-direction while the smallest 

pressure drop occurred in the y-direction. For many of the results shown in this 

section (Figs. 5 ,  7, and 8j, the pressure at the injection wellbore was 3,000 psi, the 

pressure at the outer boundary in the x-direction was 1,000 psi, and the pressure at the 

outer boundary in the y-direction was 2,800 psi. 

Model Description 

Because of the symmetrical pressure distribution, only the first quadrant was 

considered. To quantitatively describe this model, a pressure distribution was assigned 

so that the pressure value at any point of the outer boundary was proportional to the 

angle between the x-axis and the line passing through the injection well (i.e., the 

origin) and the point considered. 

In Mode1 2, both analytical and numerical methods were used to attack the 

problem. Since we hoped to perform a reliable sensitivity study, we needed an 

accurate description of the profile for the gelant front and the pressure distribution. 

Finite-element and finite-difference methods, which are widely used in large-scale 
reservoir problems, may not be optimal for this purpose. A finite-mesh system may 

not represent the shape of the gelant front accurately enough, and the superposition 

technique, which is often incorporated in finite-difference methods, also seems 
awkward for handling the pressure values along the outer boundary. Therefore, for 

this problem, we used another numerical method-the Fourier series approximation. l4 

Pressure Profile Before Gel Placement 

During brine injection before gel placement or during injection of a gelant with 

F,=l, the pressure at any point within the drainage area can be expressed by Eq. 6. 

(Eq. 6 is derived in Appendix E of Ref. 13.) 
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mn mn: 
-+n-p ,  --+n-p, 

P =  4 log(r)+ P, -lo&,) + 

where 

m 

n 

= slope of the linear distributions at the outer boundary 

= the pressure at the intersecting point of the x-axis and the outer boundary, psi 

Using Eq. 6, pressure profiles were generated for the case where the pressure 

drop was 10 times greater in the x-direction than in the y-direction (Apx/Apy= 10). The 
results (Fig. 5) show that radial flow only existed close to the injection wellbore. The 

streamlines from the injection well quickly turned to parallel the x-axis as they 
penetrated into the reservoir. Fluid was forced to flow away from the y-axis. Thus, 

the region at the outer boundary near the y-axis was not swept by the injected fluid. 
Fig. 6 shows gelant-front profiles for different pressure-drop ratios when gelant 

reached the outer boundary in the x-direction. Fig. 6 was generated by following 

several streamlines from the injection well using an appropriate timestep. As shown in 

Appendix F of Ref. 13, a Fortran program was used to execute this procedure. The 

program also solves for the mathematical expression of the gelant front using a least- 

squares fit. 
In Fig. 6, the gelant-front profiles appear to be insensitive to pressure-drop ratio 

for Apx/Apy values greater than 100. This result is intuitively incorrect and contrasts 

with the results shown in Fig. 1. These incorrect profiles probably resulted from 

numerical limitations associated with Model 2. Since we assigned a constant pressure 
drop in the x-direction (1,000 psi), as the Ap,/Apy increased, the change of pressure at 

any point at the outer boundary decreased to small values. Consequently, the profiles 
for the gelant fronts appear to be insensitive to the higher values of pressure-drop ratio. 

(We will elaborate on the numerical limitations of our methods later.) We feel that our 

results using Apx/Apy values of 10 or less are probably reliable. However, the results 
for Apx/Apy values greater than 100 are undoubtedly unreliable. 
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FIG. 5. Pressure profile during brine injection before gel placement when Apx/Apy = 
10. 

Pressure Profile After Gel Forms 

Pressure profiles during brine injection after gelation were determined for 

different distances of gelant penetration. We focused on the case where the pressure 

drop in the x-direction was 10 times that in the y-direction. 

Fig. 7 shows the pressure profiles for three values of residual resistance factor 

(F,,=2, F,,= 10, and F,,= 100). In these cases, the gel extended 5 ft from the wellbore 

in the x-direction. An analytical method (described in Appendix G of Ref. 13) was 

used to determine the pressure profiles. A comparison of the equipotential lines in 
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FIG. 6. Plan view of the gelant front in the first quadrant when gelant reached the outer 
boundary in the x-direction. 

Figs. 5 and 7 reveals that the gel treatments (with F,,=2, F,,= 10, or F,,= 100) did not 

significantly improve the areal flow profiles. 
For comparison, Fig. 8 shows the pressure profiles for the three typical values of 

residual resistance factor when gelant extended to the outer boundary in the x-direction. 

A Fourier-approximation method was used to establish the pressure profiles, and a 
Gaussian elimination technique was used to solve the simultaneous-linear-equation set. 

Details of the solution can be found in Appendix H of Ref. 13. In Fig. 8, as F,, 

increases, the equipotential lines bend upward toward the y-axis in the zone swept by 
the gelant while bending downward toward the x-axis in the zone not swept by the 

gelant. In this case, the injected fluid is diverted to the y-axis in the zone swept by the 

gelant. However, outside of the gel-treated region, a close comparison with Fig. 5 
reveals no significant improvement in the areal flow profile. 

Based on the above analysis, a satisfactory placement for the gelant did not occur 

for the case where the pressure drop ratio, ApxlAppy, was 10. 
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FIG. 7. Pressure profiles during brine injection after gel placement when rpx = 5 ft 
and Apx/Apy = 10. Pressures (in psi) are given for each solid equipotential 
curve. 

Limitations Associated with Using Numerical Methods in Model 2 

Theoretically, Fourier approximation can describe pressure distributions very 

well. However, in practice, this method experiences many problems that are associated 

with most numerical methods. First, using finite terms to approximate the infinite 

series results in a truncation error. Second, underflow or overflow problems during 

computations also reduce the accuracy of the calculation. The combined errors may 
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FIG. 8. Pressure profiles during brine injection after gel placement when rpx, = 50 ft 
and Apx/Apy = 10. Pressures (in psi) are given for each solid equipotential 
curve. 

propagate and distort the results. We also found that the mathematical expression for 

the gelant-front profile that was generated by the least-squares fit did not exactly match 

the actual profile. We also noted that injectivity losses were difficult to evaluate 

quantitatively using numerical methods with Model 2. Finally, numerical limitations 
precluded our investigation of cases where Apn/Apy values were greater than 100. 
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HORIZONTAL WELLS 

How does our analysis impact gel placement in horizontal wells? In horizontal 
wells without fractures, vertical permeability variations are usually more extreme than 

directional horizontal permeability variations in vertical wells. Therefore, we might 
expect flow from horizontal wells to be more anisotropic than that from vertical wells. 

However, this circumstance is usually not sufficient to change the basic finding of this 

paper+hat oil zones must be protected during gel placement in unfractured wells. To 
explain, the wellbore diameter in a horizontal well is generally small compared to the 

thickness of a given zone. Thus, flow from the well will be more or less radial until 

the gelant front reaches the upper and/or lower boundaries of the zone. After that 

point, flow may become linear. However, previous work4 has shown that the gel 

closest to the wellbore has the greatest impact on the effectiveness of the gel treatment. 

Thus, the most important part of the gel placement is dominated by radial flow. 

CONCLUSIONS 

1. 

2. 

3. 

4. 

5 .  

6 .  

During unconfined gelant injection, a satisfactory placement for the gelant is far 

more likely to occur in a linear flow geometry than in an anisotropic radial flow 

geometry. 
As we expected, the injectivity after gelation decreases as the value of residual 

resistance factor and the distance of gelant penetration increase. 

For a given permeability ratio, the degree of gelant penetration, (rp,-rw)/(rpx-rw), 

increases with increased resistance factor. 

For the range of permeability variations investigated (k,/k,<106), the degree of 

gelant penetration becomes insensitive to resistance factor for F, 2100. 

The above conclusions also apply to heterogeneous reservoirs with multiple 

noncommunicating layers. 
In an isotropic radial reservoir where the pressure drop was 10 times greater in 

the x-direction than in the y-direction (Apx/Appy= lo), the anisotropy induced did 

not allow a gel treatment to significantly improve the areal flow profile in the 

reservoir. 
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NOMF,NCLATURE 

F, = 

F,, = 

h =  

I =  

Ii = 

I, = 

Ii, = 

j =  

ki = 

k, = 

ky = 

m =  

n =  

P =  
Pe = 

Pw = 

4i = 

9io = 

r =  

re = 

rpi = 

rp. = 

r, = 

resistance factor (brine mobility before gelant divided by gelant mobility) 

residual resistance factor (brine mobility before gelant injection divided by 

brine mobility after gelation) 

thickness of the net pay, ft 

injectivity, B/D-psi 

injectivity in direction i, B/D-psi 
initial injectivity, B/D-psi 

initial injectivity in direction i, BID-psi 

counter in Eq. 6 
permeability in radial direction i, md 

permeability in the most-permeable direction (x-direction), md 

permeability in the least-permeable direction (y-direction), md 

slope of the linear pressure distribution for the outer boundary 

pressure at the intersection point of the outer boundary and the x-axis, psi 

pressure, psi 

pressure at the outer boundary, psi 

pressure at the injection well, psi 

total brine injection rate after gel forms, B/D 

total brine injection rate before gelant placement, B/D 

radius, ft 

radius of the outer drainage boundary, ft 

distance of gelant penetration in radial direction i, ft 

distance of gelant penetration in the x-direction, ft 
radius of the injection wellbore, ft 
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e 
ei 
P N  

+i 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

8. 

9. 

= 

= 

= water viscosity, cp 
= 

the angle between the x-direction and the considered direction 

the angle between radial direction i and the x-direction 

porosity in radial direction i 
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