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Summary transient analysi&! Tracer results can indicai@) whether frac-

This paper considers some of the reservoir variables that affect thees are present and if those fractures are the cause of a channel-

severity of channeling and the potential of gel treatments for rarg problem,(2) the location and direction of fracture channels,

ducing channeling through naturally fractured reservoirs. We pdB) the fracture volume(4) the fracture conductivity, antb) the

formed extensive tracer and gel placement studies using two diffectiveness of a remedial treatmeietg., a gel treatmentn

ferent simulators. We show that gel treatments have the greatestucing channeling. Several models are available to analyze

potential when the conductivities of fractures that are aligned withacer result3®

direct flow between an injector-producer pair are at least 10 timesin this paper, we present some simple concepts to assess the

the conductivity of off-trend fractures. Gel treatments also hawapplicability of gel treatments in naturally fractured reservoirs—in

their greatest potential in reservoirs with moderate to large fraparticular, when channeling occurs between injector-producer

ture spacing. Produced tracer concentrations from interwell traqeirs.

studies can help identify reservoirs that are predisposed to suc-

cessful gel applications. Our simulation studies also show how

tracer transit times can be used to estimate the conductivity of tR@presentation of a Naturally Fractured Reservoir

most direct fracture. The effectiveness of gel treatments should\agen modeling naturally fractured reservoirs, the fracture sys-

insensitive to fracture spacing for fractures that are aligned withms generally have been envisioned as skilas, one set of

the direct flow direction. The effectiveness of gel treatments ifrarallel fracturels columns(i.e., two intersecting sets of parallel

creases with increased fracture spacing for fractures that are (gftical fracturel or cubeg(i.e., three intersecting sets of parallel

aligned with the direct flow direction. fractures—two vertical and one horizontalGeostatistics have
also been used to describe fracture distributions. In this paper, we
focus on the column model. For simplicity, assume that a natu-

Introduction rally fractured reservoir consists of a regular pattern of north-

Some of the most successful gel treatments have been applie&thh fractures intersected by east-west fractLqeeFlg. 1). For
reduce channeling in naturally fractured reservoitgherefore, a agiven numbem,_of fr_actures that are oriented in the north-south
need exists to identify which characteristics of naturally fractureqirectlon (thg y _dlrectloriz 2”._1 frgcturgs are oriented in _the
reservoirs indicate good candidates for gel applications. This p%qSt'WeSft dll’ﬁCtlfO(thex d'reCt.'fQﬁ'”F'gf" 1 |hIIustrates a;‘numblelrlng
per considers some of the reservoir variables that affect the ser’@?eme or the fracturespecifically for the case where=11).

ity of channeling and the potential of gel treatments for reduci v(aerreoluorcgta:es(‘jea(tzazesiteﬁe(r)rt]aerlcliné?(E[trllzncg]etgaﬁggsgr\:\?esargglégtlr%n X\Eg
channeling through naturally fractured reservoirs. ure. '

the distance between fractures was the same in both trely
directions.(Later, we will consider wells where the producer is

. L not on the central east-west fracture. Also, fracture spacing will be
Available Characterization Methods o varied in different directions.We assumed that flow through the
At least three bo_ok_g describe reservoir engineering in naturalfyck is negligible compared with that through the fractures and
fractured res_erv0|r§_. These books concentrate on oil and gagat the system is incompressible. Furthermore, fractures iy the
recovery during primary production. In contrast, this paper fQirection are assumed to have a conductivikw(), , and frac-
cuses on correcting channeling problems during secondary rec@es in thex direction are assumed to have a different conductiv-

ery operations. ity, (kewy),. A conductivity ratio,R, is defined using Eq. 1.
Various logging methods have been used to detect and charac-

terize fracture¢Chap. 3 of Ref. 6, Chap. 2 of Ref. 7, and Chap. 5 ,_

of Ref. 8. These methods must be used with caution since theyR (Kewp)/ (Kewy)y - @)
usually measure properties at or very near the wellbore. The valu . )
of these methods can be increased if the wellbore is deviated tgln Ref. 20 two simulators were describedenoted C and E

cross the different fracture systerfise., fractures with different 1'at Were used to determine pressures, flow rates, and front posi-

orientations. ' tions when a water tracer, a gelant, or a gel was injected into a
Pressure transient analyses have often been used to charactérr?féure pattern. Slmulqtor c assumeq thap gelant or tracer was

fractured reservoiréChap. 4 of Ref. 6, Chap. 4 of Ref. 7, Challos|nJected continuously with a unit-mobility displacement without

6 through 8 of Ref. 8, and Ref) Reportedly, these methods Cani:lispersion. In contrast, Simulator E was more sophisticated—

estimate the fracture volume, the fracture permeability, and, pc?él_owmg injection of banks of gelant, gel, or tracer and also ac-

sibly under some circumstances, the minimum spacing betvve%chummg for dispersion of the banks. Simulator E was most useful

fractures. Pressure interference tests can also indicate fracture &ri_systems with relaively few fracturgse., withn values of 21

entation. In addition to unsteady-state methods, steady-state pq less. Simulator C was useful for obtaining relatively rapid

ductivity indexes were also suggested as a means to estimate flrgt%g: L%r tcsnyi)(;[ms with large numbers of fractufies., with n

ture permeability. va
Interwell tracer studies provide valuable characterizations of

fractured reservoirs, especially in judging the applicability of gel . . )

treatments to reduce channelii?glﬁlnterwell tracer data provide Tracer Transit Times in a Single Fracture _

much better resolution of reservoir heterogeneities than pressf¥é¢ring a unit-mobility displacement, the time required for a tracer

to travel between an injector-producer pair often provides a useful

characterization of a fractured reserviiit® Of course, the tracer
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Fig. 3—Interwell tracer results before and after a gel treatment
A1 (after Ref. 13). Injection: 250 BWPD; production: 550 BWPD.

Fig. 1-Plan view of an injector-producer pair in a simple natu-

rally fractured reservoir. Although the above analysis provides a simple and useful
means to roughly estimate tracer transit times, one should recog-
nize that dispersion affects the profile of produced tracer concen-

We use the transit time associated with a single direct fracture %lions versus time or volume throughput. For examplg, 3

a means to normalize transit times for our fracture systems. Ifom Ref. 13 shows field results from two interwell tracer tests

reservoir contains only one fractufeith fracture heighth;) that that were performed before and after application of a gel treatment

leads directly from the injector to the producer and flow througffl @ limestone reservoir. For both tests, a slug of radioactive tracer

the rock matrix can be neglected, the Darcy equation determirias injected over a short time period, but the tracer was produced

the volumetric flow rate q): over the course of 140 days. In both cases, the first tracer was
produced only four days after tracer injection into a well that was
q=Apkwehe/(Lu). (2) 450 ft from the producer. The peak concentration was observed

after 10 days for the tracer study before the gel treatment and after
The transit time {) for a tracer is estimated from the fracture37 days for the study after the gel treatment.

volume (w;L ¢¢) divided byq: Using tracer results, Testet al!! considered several methods
to estimate the volume associated with a fracture channel. They
t=hewl ¢ /q=wiL2uw s [[Ap(kews)]. (3) suggested that the best estimate of the volume of a fracture path is

provided by the modal volumé.e., the volume associated with
Given the fracture conductivity, the effective average fractuf®e peak concentration in the produced tracer distributisor
width, w; , can be estimated using Eq. 4f is expressed in feet €xample, in Fig. 3, the peak concentration during a tracer study

andk.w; is expressed in darcy-ft before the gel treatment was noted about 10 days after tracer
injection. Based on other information provided in Ref. 13, about
W =5.03x 10~ 4(kow;) 2. () 20% of the production rate of 550 BWPD was attributed to the

well where tracer was injected. Thus, the estimated volume of the
Fig. 2 plots expected tracer transit times from Eq. 3 versudsOminant fracture path was 0<550x 10 or 1,100 bbl.
9. 2P P g. Testeret all! noted that other volume measures could be de-

fiacture condlictlwty and pressure drop whir=1,0001, 4 termined from the tracer curves. However, they observed that
=1 cp, and¢;=1. As an example, for a pressure drop of 80 pS}

Fig. 2 predicts a transit time of one day for a 1,000-ft-long fralC_hese volumes are weighted to overestimate the fracture volume in
ture with a conductivity of 1 darcy-ft most circumstances. : :

: If dispersion during flow through a single fractufeith no
leakoff) was caused only by laminar mixing, a tracer would first
arrive at the end of a fracture after injecting two-thirds of one
fracture volumé??3 In the examples shown in Fig. 3, tracer
breakthrough occurred at 40% and 11% of the tinfesd vol-
umes associated with the peak concentrations. These results sug-
gest that considerable dispersion occurred in the field examples.
Also, the tracer bank should completely pass after injection of a
few fracture volumedi.e., a few thousand barrélsinstead the

10

Transit time through a single fracture, days

0.1 tracer profile was dispersed over 140 ddys70 fracture vol-
umes. This dispersion reflects the range of pathways from the
injection well to the production weli**3 Early tracer production
0.01 reflects the most rapid pathways, while late tracer production in-

dicates long or circuitous pathways, dead ends, or possibly chemi-

0.001 cal exchange in the reservdirl® As will be evident in the next
’ L =1.000 ft section, a wide range of pathways are available in naturally frac-
’ tured reservoirs.
00001 R | | L PR R | |
50 100 200 500 1,000 2,000
Pressure drop, psi Transit Times in a Fracture System
Simulator C was used to determine times required for a tracer to
Fig. 2—Transit times through a single 1,000-ft-long fracture. travel from an injection well to a production well in a naturally
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Fig. 4—Injector-producer tracer transit times in naturally frac- Fig. 5-Severity of channeling through the most direct
tured systems relative to that for a single direct fracture (unit-  x-direction fracture; (Simulator C ).

mobility displacement, fixed pressure drop, continuous injec-

tion, no dispersion ); (Simulator C ).
transit time is measured, that value can be used in Egb&ined
by rearranging Eq.)3to estimate the effective fracture permeabil-

fractured system. These calculated transit times reflect the mi¥t(Within a factor of four:
rapid pathways between the wells. In all cases, the “reservoir” | — 2, 4 /(tAp). (5)
looked like Fig. 1. Also, a unit-mobility displacement was used,
and a fixed pressure drop was applied between the wells. Thé is known in darcy units, Eq. €obtained by rearranging Eq.
transit times from this program were normalized by dividing by can be used to convert fracture permeability to fracture conduc-
the time calculated using Eq. 8The time calculated using Eq. 3tivity (in darcy-fo:
represents the transit time when the system contains a single frac-
ture) These dimensionless transit times are plottedFimn 4 for kew;=1.13< 10 5(ks)®. (6)
fracture conductivity ratiosR, ranging from 0.001 to 1,000. The
number of fractures oriented in thyedirection,n, ranged from 3
to 101. Sweep Efficiency
Simulator E was used to confirm the results shown in Fig. Zhe sweep efficiency in our model systems can be assessed by
Similar conditions were applied for both sets of simulations. Deomparing flow rates through specific fractures. For example, an
tails of these simulations can be found in Ref. 20. As mentionedfective method to judge the severity of channeling is to compare
earlier, Simulator E considered injection of a tracer bank that céme flow rate in the most direct fracture with the total injection
experience dispersion, while the Simulator C only considered camte. This comparison is madekig. 5 for R values ranging from
tinuous tracer injection with no dispersion. For runs made with.001 to 1,000 and fan-values ranging from 2 to 101. Theaxis
Simulator E, the volume of the injected tracer bank was 10% af Fig. 5 shows the flow rate in the most direetlirection fracture
the total fracture volume of the system. (i.e., the central east-west fracture in Fig.divided by the total
For the range of conditions examined, Fig. 4 suggests that timgection rate. More specifically, the flow rate in the most direct
transit time is not greatly sensitive to tlieor n values. In par- fracture was determined at the midpoint between the two wells.
ticular, we see, at most, a four-fold variation in dimensionless As expected, Fig. 5 shows that the most severe channeling
transit times. These results indicate that tracer transit times wilcurs with the largedR values(i.e., when fracture conductivity
not help much in determining or n values in field applications. in the x direction is much greater than that in tledirection.
With increasingn values, the greatest variations occur whHen When theR values are 0.1 or less, the fraction of flow in the most
=1 (fractures in thex direction have the same conductivity adirect fracture is low and nearly independent of fRevalue—
those in they direction). The smallest variations occur whénis  indicating that sweep efficiency is quite good. Fig. 5 suggests that
very large or wherR is near zero. channeling is generally not severe unless Ehealue is 10 or
Incidentally, under our conditions, the dimensionless trangireater.
time is unity whenn=<3. Whenn has a value of 1 or 2, the Fig. 5 also indicates that the severity of channeling through the
y-direction fractures only exist at the injection and/or productiomost direct fracture decreases with increasingalue. Recall
wells. Since no intermediatg-direction fractures are present befrom Fig. 1 thatn is the number of fractures oriented in tlye
tween the wells to divert the tracer from the centxadirection direction, while 21— 1 fractures are oriented in thedirection. In
fracture, the transit time is the same when1 or 2. For the case all figures in this paper, the distance between the two wells is
whenn=3, oney-direction fracture exists exactly half way be-fixed. So, as the value increases, the distance between fractures
tween the two wells. However, because the pressure is the sameereases. For example,nif=11, the distance between fractures
all along thisy-direction fracturgbecause of its central locatipn will be 10 times greater than when=101.
tracer flowing through the central-direction fracture has no  Fig. 5 suggests a method to make interwell tracer studies useful
potential to be diverted into the centrgldirection fracture. Con- when assessing tHe andn values in field applications. WheR
sequently, the transit time whean=3 is the same as wham=1 s large anch is low to intermediate, the production rate is domi-
or 2. nated by flow through the most direct fracture. Thus, if a tracer is
The fact that tracer transit times are not sensitiveRt@r n  injected continuously, the tracer concentration in the production
values suggests that transit times can be very useful when estinveil should stabilize at a high value under these conditions. Fig. 5
ing the permeability or conductivity of the most direct fracture. Teuggests that if the produced tracer concentration was 90% of the
explain, Fig. 4 indicates that the tracer transit time in a naturallgjected value, theR value must be at least 10. However, this
fractured reservoir is usually between one and four times the valsigggestion assumes that our production well is fed only by the
for a single direct fracturgif n<101). Therefore, if the tracer fracture system to the left of the producer in Fig. 1. In a naturally
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fractured system, we expect a similar fluid supply from a fracturg 1
pattern to the right of the producer in Fig. 1. Thus, the expecté 0.9
tracer concentrations would be half of the values suggest.

by Fig. 5. Then, in the example above, if the produced tractg %8 [
concentration was 45% of the injected value, Bhealue mustbe ® 07 |-
at least 10. S osl

Tracer bank=10% of
total fracture volume.

Similar reasoning suggests that a produced tracer concentrat 2
of 30% indicates that thR value is at least 1 and is probably at8 05 |-
least 10. To explain, in Fig. 5, flow through the most direct fracs ¢.4 |-
ture amounts to 60% of the total whé=1 andn=2 or when & i
R=10 andn=5. Thus, the produced tracer concentration woulg 03 R
be 30% in a well fed by two identical patterfise., 60%/2. Ac- & 02
tually, this reasoning is conservative. In naturally fractured resed g 4
voirs, fracture intensities are frequently greater than those asscne_
ated withn=>5 (corresponding to an average distance of 125 i 00 ' 1 5 3 ' 4
between fractures if the wells are separated by 500~fbom Fig.
5, for a given value on thg axis, theR value increases with
increasingn value. Furthermore, as mentioned earlier, dispersiafig. 6—Produced tracer concentrations when injecting a tracer
during laminar flow in a single fracture is expected to result in bank with n=11; (Simulator E ).

33% dilution?>?% Therefore, a produced tracer concentration of
20%/i.e., (1-0.33%x 30%] generally indicates aR value of at
least 10. . .

As will be shown shortly, gel treatments in naturally fracturetlj:'hceCt of Plugging the Most Direct Fracture . )
reservoirs have the greatest potential wievalues are high and Ideally, a gel treatmen_t should plug the most direct fra_cture with-
n values are low to intermediate. In searching for a guideline @'t €ntering or damaging the secondary fractures. If this gel place-
distinguish when a reservoir meets these conditions, a potenti nt could_t_)e achieved, hO.W would sweep efficiency be affected?
useful indicator is a peak produced tracer concentration of at led&p'® Specifically, how rapidly would a water tracer travel be-
20% of the injected value. Of course, the potential for a gel treat’ oo a1 injector and a producer after versus before a gel treat-
ment becomes greater as the peak produced tracer concentrafigiit? 1his question is addressedrig. 7 for R values ranging
increases above 20% of the injected value. When produced tra M 1 to 1,000 ar]d f°’? values ranging frpm 3 1o lOIF'g' 7
concentrations are low, gel treatments are unlikely to be el‘fectiv‘{;yas generated_ using Simulator) Q’.hg y axis plots the ratio of

The above recommendation assumes that a sufficient tra feakthrough times, i.e., the transit time for a tracer after the most

bank is injected. If the tracer bank is too small, dispersion wi frect fracture was plugged divided by the tracer transit time be-
d h duced ) I bel h re the most direct fracture was plugged.
reduce the produced concentrations well below those suggeste ig. 7 indicates that gel treatments have the greatest potential

here. Of course, retention, degradation, or leakoff of the tracer SR reservoirs with highR values and low to intermediate val-

also have this effect. Thus, the tracer study must be designggs Gel treatments are not expected to provide much sweep im-
properly in order for our recommendation to be of value. provement wherR< 1.

WhenR=0.1, we found that the flow rate is basically the same
through allx-direction fractures, regardless of thevalue?® The
sweep efficiency is very high when the conductivity of the
x-direction fractures is much less than that of yhdirection frac- Diagonally Oriented Fractures

tures. Obviously, no gel treatment is needed in this type of resgffre have focused on fractured systems where one central
voir, since no significant channeling exists. x-direction fracture directly connects the injector-producer pair.

In contrast, wherR=10, our simulations indicated that virtu- How would our results be affected if the fractures were oriented
ally no flow occurs through most of thedirection fractures? In diagonally relative to the wellge.qg., if the production well was
these cases, most flow occurs through the most direct fracturejgtated at positiori11,13) in Fig. 1]? In Ref. 20, we demonstrate
through fractures close to the most direct fracf@f course, that diagonally oriented fractures act like direct-fracture systems
these are the conditions where a gel treatment is expected to work
best.

When R=1 (all fractures have the same conductiyjtpur
studies revealed that the flow rate in the least direct fracture i
about 20% of that in the most direct fractdfe[The least direct
fracture is defined as the fracture pathygyhat follows the outer
boundary of the fracture pattetniThus, the sweep efficiency is
still reasonably good, and we suspect that a gel treatment may
provide much benefit. °

Fig. 5 was generated using Simulator C. As a check for thesS 5o
results, simulations were also performed using Simulator E. Thi g
program calculated the tracer concentrations that were productE 20
after injecting a tracer bank equivalent to 10% of the total fractureE
volume. 3

Fig. 6 was generated using Simulator E. This figure plots the& 5
produced tracer concentration whers 11 for R values ranging
from 0.001 to 1,000. In agreement with the previous results an
conclusions, Fig. 6 demonstrates thiBtthe tracer transit timéas

Dimensionless time
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determined by tracer breakthroyghas not sensitive t&® value, s 5 10 20 30 50 100
(2) produced tracer concentrations were Ig@ss than 10% of the
injected valueswhenR <1, and(3) peak produced tracer con-
centrations were relatively high whé®=10. These conclusions Fig. 7-Effect of plugging the most direct fracture; (Simulator
were supported by results using both simulafdrs. C).

Number of fractures oriented in the y-direction (n)
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Fig. 8—Tracer curves when injector and producer were located Number of fractures oriented in the x-direction

at (1,1) and (11,2), respectively; (Simulator E ). Fig. 9—Effect of plugging the most direct fracture when spacing

for y-direction fractures is greater than for x-direction frac-
tures.

with low R values. Careful consideration reveals that diagonally
oriented fractures should provide acceptable sweep efficiencieeven Fracture Spacing
and they are poor candidates for gel treatments. In the work described so far, the distance between adjacent

Fig. 8 shows the effects of injecting a 0.1 fracture-volume-direction fractures was the same as thatyfatirection fractures.
tracer bank whem=11 and the producer was slightly off theHow would our results change if fracture spacing was different in
direct east—west path. In this case, the injection well was locattftk x andy directions? This question is addressedrigs. 9 and
on the centrak-direction fracture, and the production well waslO. (Both figures were generated using Simulatorl€ Fig. 9, the
located one fracture north of the centsablirection fracture. In reservoir contained eleven fractures oriented in yhdirection.
other words, using Fig. 1, the production well was located dthe number of fractures oriented in tkelirection varied from 11
coordinateq11,2, while the injection well was located &t,1). to 321. As a reminder, the case with elewedirection fractures
Fig. 8 plots the relative produced tracer concentrati@iQ,) and 21x-direction fractures has the same fracture spacing in both
versus dimensionless time f& values ranging from 1 to 1,000. directions(see Fig. 1 Also recall that the dimensions of the res-
The denominator used to determine the dimensionless time wagoir are fixed, so we simply change the fracture spacing or
the same for all four curves. Specifically, the denominator was tfrgensity when the number of fractures are varied. The case with
same transit time used when determining dimensionless times &1 x-direction fractures has 16 times greater distance between
Figs. 4 and 6. y-direction fractures than betweendirection fractures.

For cases where the injector-producer pairs were located atFigs. 9 and 10 show the effect of fracture-spacing anisotropy
opposite ends of the centraldirection fracture, Fig. 6 shows thaton the breakthrough-time ratio. In both figures, thexis plots
breakthrough times all occurred at dimensionless times around 88 tracer transit time after an ideal gel treatment divided by that
and the peak-concentration times occurred at dimensionless tirhe$ore the gel treatment. The gel treatment was ideal because we
roughly around 2, regardless of tRevalue. In contrast, when the assumed that the gel plugged the most direct fracture without
producer was located one fracture off center,(Ht,?, Fig. 8 damaging secondary fracture pathways. In Fig. 9, where the num-
shows that the breakthrough times and peak-concentration tinfs of y-direction fractures was fixed at 11, note that the
increased with increasedR value. (The conductivities of breakthrough-time ratio was remarkably insensitive to the number
x-direction fractures were fixed in this stugly. of fractures oriented in the direction.

The behavior in Fig. 6 can be readily understood by remember-
ing that in all cases, the centraldirection fracture had the same
conductivity. Also, all injector-producer pairs represented in Figm 500
6 were effectively separated by the same distance and experiencs R =1,000 21 fractures oriented
the same pressure drop. Therefore, we expected the interw'g 200 . . .
tracer transit time to be fairly insensitive R value. Recall that £ in the x-direction
the results in Fig. 4 were consistent with this idea. As mentione® 100
earlier, the tracer transit times provide an excellent means to €®
timate the permeability and conductivity of the most direct frac-_g 50
ture (i.e., using Egs. 5 and)6 ©

The behavior in Fig. 8 can be understood by recognizing thi® 20
the most direct injector-producer pathways were slightly longe.z
(specifically, 10% longgrthan those associated with Fig. 6. De-.g 10
pending on theR value, the resistance to flow added by the addi 5

a

tional 10% of fracture pathway could significantly increase th(_g 5
transit time. x r
Interestingly, the tracer curves in Fig. 8 appear more peakeg 2
than those in Fig. 6, but the peak concentration values are fairm 4 : —
similar for the two figures. Th&k=1,000 case appears to be a 5 10 20 50 100 200
slight exception, with the peak value in Fig. 8 being about 16% Number of fractures oriented in the y-direction

lower than that in Fig. 6. Simulations using larger tracer banks

revealed that this was a dispersion effect—the peak values for 1. 10-Effect of plugging the most direct fracture when spac-
R=1,000 cases would have been much closer if a 0.5-fractuiiig for x-direction fractures is greater than for  y-direction frac-
volume tracer bank had been injectéd. tures.
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In contrast, in Fig. 10, the number gfdirection fractures was 0.3
fixed at 21, while they-direction fractures varied from 5 to 161. - 'R =10
The breakthrough-time ratio was sensitiveytalirection fracture Q y
spacing, especially for higR values. The trends in Fig. 10 were 4
similar to those in Fig. 7. This similarity suggests that variation in 2
the spacing of/-direction fractures was responsible for the sensi—
tivity to n values seen in Fig. 7. Both Figs. 9 and 10 confirm thaiﬁ
gel treatments have their greatest potential in reservoirs with higig
R values(i.e., R=10). £

Why should the breakthrough-time ratio be sensitive to theg
spacing ofy-direction fractures but not-direction fractures? The =
y-direction fractures provide pathways for an injected tracer to bic (.1
drained away from the centratdirection fracture. Thus, as the
spacing betweemg-direction fractures decreases, more opportuni- 4
ties exist for tracer diversion from the centratlirection fracture,
and the transit time increases.

In contrast, the tracer breakthrough time is insensitive to the
spacing betweer-direction fractures. At highr values, flow in
the x direction is dominant through the centpaldirection frac-

0.2

n

itio

y-po

0 | 0.2 | 04 | 0.6 0.8 1

ture. Since this fracture provides the most conductive pathwa x- position (relative to Lxo)
through the pattern, it determines the fastest transit time. The
otherx-direction fractures play a much less significant role. Fig. 11-Generalized outlines of areal gel front profiles.

Areal Gel Front Profiles ) . - .
How will a gel distribute in a fracture system during a gel trea el front pr_oflles as a function of the fracture cond_uctlwty_ ratio,
ment? In addressing this question, we note that during gel injeg: nterestingly, Fig. 11 should be relevant to a wide variety of
tion, the pressure drop in the fracture system is greatest across§fditions. Fig. 11 can provide gel front positions |ndep§r71dent of
viscous gel bank. For the field applications discussed in Refs. 1,/#cture spacing between adjacentor y-direction fractures:. In
and 4, a formed gefrather than a fluid gelant solutipmas ex- real reservoirs, we acknowledge that fracture spacings, conduc-
truded through the fractures during most of the placement procet4ties, and orientations will not be as uniform as those consid-
This gel was typically 1,000 to 100,000 times more viscous th ed here. These factors could have an important influence on gel
water%“'ZS Therefore, in the vicinity of the gel bank, the pressur® acement, so these considerations will be addressed in our future
differences in parts of the fracture system that do not contain &P« , o
(i.e., where only water or hydrocarbon floware negligible com- 10 obtain the results shown in Fig. 11, we assumed that gel
pared to the pressure drops in the fractures that contain gel. THeEOPagation was only affected by rheological effe@s. 7) dur-
we assume that the pressure drop is the same from the injectidd the extrusion process. However, gels can dehydrate or concen-
well to any point at the gel front. trate during extrusion if the fractures are sufficiently narf8#f
In our analysis, we assume that gel only flows through tH8 fractures with widths less than 0.04 in., gel dehydration can
fracture network. This assumption is consistent with experiment&t@rd gel propagation by factors up to 40. Since this dehydration
observations—after gelation, gel does not flow through porof§Comes more pronounced as fracture conductivity and width
rock 21:2426\\/e also neglect the effects of gravity during the disgecreas@, gel penetration into secondary fracture pathways could
placement of fracture fluidé.e., watef by gel. This assumption is P€ much lower than otherwise expected. 5 .
reasonable in view of the large viscosity contrast between gel andC€!S @lso require a minimum pressure gradigr., a yield
water. Ref. 25 demonstrated that viscous forces usually dominSiEes$ to enter a fracture with a given conductivity This prop-
over gravity forces during gel placement in fractures. We al&Jy could also help to optimize gel placement in naturally frac-
neglect dispersion of the gel bank. This assumption also seef{&€d reservoirs. For moderate to large fracture spacing and rela-
reasonable in view of the large mobility contrast between the #} ely high R values, gel placement may approach the ideal case
bank and the displaced water in the fractures. ere only Fhe centrat-direction frapture is pluggeq by gel. In
We note that a minimum pressure gradient is required to ethat case, Fig. 7 can be used to estimate the effectiveness of a gel
trude the gel through a fracture with a given conductigig*26 treatment for a given set & andn values.
Also, once that pressure gradient is achieved, the pressure gradi-
ent required for extrusion is effectively independent of gel
velocity *-?*?*These observations considerably simplify the flowpractical Use of Findings

behavior of gels in fractures. If the pressure gradient is below they the practicing engineer, several concepts from this work may
minimum or critical value, no flow occurs. If the minimum presye of value. First, the average width or conductivity of the most
sure gradient is met, gel flow occurs at that pressure gradient. gjrect fracture between an injector-producer pair can be estimated
The minimum or critical pressure gradient required for gel e%rom the breakthrough time from an interwell tracer study using
trusion thzaé:ree}ses with increased fracture conductivity @fys. 3-6. Since the ability of a gel to extrude through a fracture
width.”=“*"® This relation is quantified by Eq. 7 for a @H)-  depends critically on the fracture width or conductivify?® this
acetate-HPAM gef knowledge is important when selecting a gel for the treatment.
Second, produced tracer concentrations from a properly de-
dp/dl=280kwy) ~*% (7)  signed interwell tracer test can indicate the potential effectiveness
for applying a gel treatment. We propose that the potential for a
Using the above concepts and observations, we developeded treatment becomes greater as the peak produced tracer con-
model to determine positions of gel fronts in naturally fracturedentration increases above 20% of the injected value. When pro-
systems. In these analyses, the injection and production wedisced tracer concentrations are low, gel treatments are unlikely to
were located at opposite ends of the centrdirection fracture in be effective. However, results from a poorly designed tracer test
Fig. 1. Front profiles were determined when gel first arrived at tiean mislead one to believe that a gel treatment has little potential.
production well. Details of the model and the analyses can B®r example, if the tracer bank is too small, dispersion can reduce
found in Ref. 27. produced tracer concentrations to very low values in a fracture
Based on this modekig. 11 plots generalized outlines of arealsystem even though a gel treatment has excellent potential.
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In addition to interwell tracer studies, other methods, such &k xon, Halliburton, Marathon, Norsk Hydro, Phillips Petroleum,
pressure-transient testing, core and log analysis from deviatedga, Schlumberger-Dowell, Shell, Statoil, Texaco, and Unocal.
wells, and seismic methods, can be used to assess the spacing,

conductivity, and orientation of fracturé$:?® If these methods
are used, our work indicates the best candidate reservoirs for
treatment have moderate to large spacings betweditection
fractures, and the conductivity ofdirection fractures should be
at least 10 times greater than those of yheirection fractures.

In our future work, we hope to develop a methodology forp.
sizing gel treatments in naturally fractured reservoirs. Results
from our initial efforts in this area can be found in Ref. 27.

3.

Conclusions

In a naturally fractured reservoir, we define Rnvalue as the
conductivity of fractures that are aligned with direct flow betweers.
an injector-producer pair divided by the conductivity of fractures
that are not aligned with direct flow between wells. We also define
an n value as the number of fractures between an injector-
producer pair, where these fractures are not aligned with the diregt
flow direction. ’

1. Gel treatments in naturally fractured reservoirs have thg
greatest potential wheR values are highigreater than 10 '

2. Produced tracer concentrations from interwell tracer studieg
can be useful in identifying reservoirs with highvalues.

3. We propose that the potential for a gel treatment becomes

4. Hild, G.P. and Wackowski, R.K.:
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cp X 1.0 E—-03 = Pas
ft X 3.048 E-01 =m
in. X 254 E+00 = cm
bbl x 1.589873 E-01 = m°
md X 9.869233 E-04 = um?
psi X 6.894 757 B-00 = kPa
*Conversion factors are exact. SPEPF
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