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Summary intersect the wellbore (especially not when fracture intensity is

Often, when production wells are stimulated by hydraulic fractufigh).

ing, the fracture unintentionally breaks into water zones causingPuring gel placement, our method assumes that the gelant flows
substantially increased water production. To correct this problefféely along the length of the fracture and that the gelant leaks off
we developed an engineering basis for designing and sizing gelfi8m the fracture face into the porous rock. Of course, the distance
treatments in hydraulically fractured production wells. In thesef gelant leakoff (or penetration into the porous rock) varies with
treatments, gelant penetrates a short distance from the fracture féapermeabilities of the strata that are cut by the fracture. In a given
into the porous rock associated with both water and hydrocarbgfiatum, gelant is assumed to leak off evenly along the length of the
zones. Success for a given treatment requires that the gel redfiggture. We show that this assumption is generally valid if the
permeability to water much more than that to hydrocarbon. Weetreatment productivity for the well is at least five times greater
present a simple 11-step procedure for sizing these gelant trdhin the productivity calculated by use of the Darcy equation for
ments. This procedure was incorporated in user-friendly graphicgidial flow. _ _ _

user-interface software that can be downloaded from our web sitNote that we define gelant as the fluid solution that can flow

at http://baervan.nmt.edu/ResSweepEffic/reservoir.htm. through porous rock before the gelation reactions become impor-
tant. In contrast, a gel is the product from the gelation reactions that
Introduction will no longer flow through porous rock at any significant rai&/e

note that some gelants contain high-molecular-weight polymers
t may not penetrate significantly into low-permeability porous

ock (e.g., with permeabilities less than 20 Md&)This work may

ot be relevant to those gelant formulations.

A large number of gel treatments have been applied in producti
wells with the objective of reducing water production withou
sacrificing hydrocarbon productionThe most successful treat-

ments occurred when the excess water production was caused eit ter the gelant is placed and the gel forms, the performance of
by flow behind pipe or by channeling or coning through fractues. the gel treatment depends critically on the ability of the gel to

For gel treatments in fractured production wells, the design of ﬂ?@duce permeability to water more than to oil (in porous rock

gelant volumes has been strictly empirical. A survey of field ;o cont't5 the fracture). The objective is for the gel to inhibit
activity revealed that the vast majority of gel treatments were vep

small—less than 1,000 bblweilThe sizing of gelant treatments.ijStamla”y flow into the fracture from the water zone(s) while not

; hat f dor t dor. F d tﬁ? eding flow into the fracture from the hydrocarbon zone(s). Our
varies somewnat from vendor to vendor. =or Some Venaors, Wt 3150 neglects the effects of gel that forms in the fracture.
gelant volume is initially planned a% to 1 day’'s production S

; , for some gelant systems, our method may require injection of
volume. Other vendors plan for a certain number of barrels Ofgel‘@ small post-flush to displace gelant from the fracture before
per foot of net pay. Still others plan to inject gelantto reach a certagge ation
radius from the wellbore. The latter plan seems ironic because mosty . ainder of this paper summarizes the mathematical de-
treated wells are thought to be fractured with the flow geomet()’elopment of our method. (Details of the derivations can be found
better described as linear rather than ra#libhe empirical nature

f th methods mav b v T nsible for the errati in Ref. 7.) Ultimately, we present a simple 11-step procedure for
ot these methods may be partly responsible for the erra CSUCCSFZ?ng gelant treatments in hydraulically fractured production wells.
rates for gel treatments.

L . . his procedure has been incorporated into software that can be
_Substantial improvements are needed in the design methods §8(, ,,aded from our web site. This software also allows in-situ

5|2|ngdgel trea_litiments. \_{[\i]etzust;:)ect tk;at thbei mozt _effe::tlv? ?jesiwgter and oil residual resistance factors (permeability reduction

procedures will vary wi € type of problem being reated. 1, g provided by the gel) to be backcalculated from field appli-

particular, different design procedures should be used for floiz " gelant treatments in hydraulically fractured production
behind-pipe problems, unfractured wells in which crossflow cann olls

occur, unfractured wells in which crossflow can occur, hydrauli-
cally fractured wells, and naturally fractured reservoirs. In this
paper, we develop a method to size gelant treatments in hydr&wacture Volume Vs. Leakoff Volume

lically fractured production wells. When a gelant is injected, what fraction of the gelant volume locates
Fig. lillustrates the basic idea behind the gelant treatments thatthe fracture vs. in the porous rock? Usually, the volume asso-

we propose. We assume that the fracture in a production well cdigted with a given fracture is quite small unless the fracture is

through at least one hydrocarbon zone and at least one water z@\@eptionally wide. To illustrate this point, consider a vertical

The well may be vertical, deviated, or horizontal, but we use t§o-wing fracture with heighth,; effective width,b;; porosity, ¢r;

vertical well for illustrative purposes. Multiple hydrocarbon angnd half-lengttL,. The total fracture volume;, in both wings of

water zones are permissible. From a rigorous viewpoint, Otfie fracture is given by

method assumes that impermeable barriers (e.g., shale or calcite)

separate adjacent zones. However, the method frequently shoulld; = 2hLibiehi. .. oo 1)

provide acceptable predictions even if crossflow can occur. One

important assumption is that the fracture has only two vertical For gelant that leaks off evenly from the fracture faces, Eq. 2

wings. We do not advocate use of our method for treating naturathgscribes the relation between gelant volume in matsixaverage

fractured wells in which multiple fractures of different orientatiorleakoff distancel,, and matrix porosityd,, for two wings of a

fracture that cut through a single zone of height

*Now with Saga Petroleum A/S. Vm = 4hprLf¢m- --------------------------------- (2)

Copyright 1998 Society of Petroleum Engineers Dividing Eq. 2 by Eq. 1 reveals that the raw\/f — 2Lp¢m/bf(l5f-
This paper iStEE159293793)P\gis revi|s$d Lor. pLi%icaftion from gagei:_sftl?E 3;]8?35, grst If Lo =11t b;=0.1in,¢¢= 1, and¢, = 0.2, then the gelant
presented at the nnual Technical Conference and Exhibition held in San : : ;

Antonio, Texas, 5-8 October. Original manuscript received for review 30 October leak,Off volume is 48 times greater than the volume in the fracture.
1997. Revised manuscript received 6 May 1998. Paper peer approved 27 May 1998. S0, in a typical gel treatment, unless the fractures are unusually
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] really look like along a fracture? These questions are addressed by

0oCle°" + e#Hie 1]
TGO e (4)

il In EQ. 4, which derived in Ref. T, = the total volumetric injection
rate, andC = a constant given by
N ooV : C= y2k(kbre). ..o (5)
oi
In Eq. 5,k, = the permeability of the porous rock angd= the
external drainage radius of the well. Eq. 6 (from Ref. 7) expresses
: 5% Eq. 4 in a slightly different form.
ate u eCL + e,ZCLfech
gel $ W~ LI e (6)

Lp1 fracture face Here, u, is the leakoff flux at the wellbore (i.e., &t = 0).

Fig. 3plotsu/ug vs.L/L; for several values of the parametét,;.
Note that the leakoff flux is basically independent of distance along
the fracture whe€L; is 0.3 or less. However, f&€ L; values above
3, the leakoff flux is quite sensitive to distance along the fracture;
therefore,CL; is an important parameter for gel treatments in

GHydraulically fractured wells.
By use of Eq. 6, Eq. 7 was derived (in Ref. 7).

Fig. 1—A gelant treatment in a vertical fracture that cuts through
oil and water zones.

wide, the gelant volume in the matrix will be substantially great
than that in the fracture.

Now, consider the propagation of a gelant front in a fracture as
a function of volume of gelant injected. To simplify this problem, VvV [e Y — ¢t et — e\ /et + 1
assume that fluid leaks off from the fracture faces at a flux that isy; = [ 2CL, ]ln[(ecu T eu.) <ecu = 1)]
independent of distance along the fracture. Also, assume that the
gelant has the same viscosity and mobility as the water thag. 7 was used to produégg. 4. This figure, which is analogous
originally occupies the fracture. (We will relax both of theseo Fig. 2, plotsV/V; vs. L/L; for various values ofcL;. For CL;
assumptions in later sections.) Then, Eq. 3 describes the relatigtiues below 1, the plots are virtually the same as the curve in Fig.
between the gelant front in the fractukg,and the volume of gelant 2. However, significant deviations are seen wlidnis greater than
injected,V. Eq. 3 is derived in Ref. 7. 1. Again, this result indicates th@l; is an important parameter for

_ gel treatments in hydraulically fractured wells.

YVi=—InT—LL). e ®) What range ofCL; values is commonly encountered in field

By use of Eq. 3Fig. 2 plots the fracture volumes of ge|amapplications?'This range can be estimat_ed by Eq. 5anq res_ults from
injected V/V;, vs. the position of the gelant front relative to the tota Survey of field gel treatmentsin previous field applications,
fracture length,L/L,. The plot is fairly linear forL/L, values formation permeabilities varied from 4 to 5,000 md, with a median
between 0 and 0.6. At higher values, the plot curves Sharffp)(;rmeabllltyoflOO md.Well spacings varied from 10 to 160 acres,
upward. Fig. 2 shows that injection of one through four fracturé® e values ranged from 250 to 1,050 ft. We suspect that fracture
volumes leads ta/L, values of 0.63, 0.87, 0.95, and 0.98, respeé;onductlvmes typically varied from 1 to 1,000 darcy-ft. By insert-
tively. Interestingly, much more than one fracture volume of gelaHtd these valuesllnto Eq. 5, we can see aalues can range from
must be injected to fill the fracture. In fact, Eq. 3 predicts that th@-0001 to 0.2 ft’. If fracture lengths vary from 10 to 500 €L,
gelant front will never reach the end of the fracture. However, foflues could range from 0.001 to 100. Assuming Kyat 100 md,
practical purposes, the fracture is effectively filled after injectin§e = 500 ft, andL; = 100 ft, CL; will be less than 1 if the fracture
three or four fracture volumes. This volume is very small for mo&onductivity is greater than 4 darcy-ft.
gel treatments.

Use of Viscous Gelants

Leakoff Distance vs. Length Along a Fracture In the previous figures and equations, we assumed that the gelant
An important assumption made in deriving Eq. 3 was that tHead the same viscosity and mobility as that of the fluid that was
leakoff flux, u, was independent of distance along the fracturélisplaced from the fracture and porous rock. How will these results

When is this assumption valid, and what does the leakoff profighange if the gelant is more viscous than the reservoir fluids? Ref.
7 demonstrates that increased gelant viscosity (or resistance factor,

5
2 1.2
8 4 CL¢=0.1
45 = _In(1- 4 (=0,
2 VIV; = -In(1-L/L¢) 0.98 1
- CL.=0.3
O Al f
23 0.8}
o
@ o
=3
g 2 35 06} CLf = 4
©
o 04
5'r '
8 0.5 -
= 0.39 0.2 CL¢=10 CL,=3
w 0 } I I L f f
0 0.2 04 0.6 0.8 1 0 . ) )
Fractional distance along the fracture, L/L¢ 0 0.2 0.4 0.6 0.8 1
Fig. 2—Gelant volume vs. front position when the leakoff flux is ULt
independent of distance along the fracture. Fig. 3—Leakoff flux vs. distance along the fracture.
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Fig. 4 —Gelant volume vs. front position when the leakoff flux  Fig. 6 —Productivity retained when gel extends over the entire
depends on distance along the fracture. fracture face; r, = 500 ft.

we assumed that the well productivity was affected by gel in the
porous rock much more than by gel in the fracture.
The final producing WOR after a gelant treatment can be

F,) affects the propagation of a gelant front by increashd-rom
Ref. 7,C’ is defined for viscous gelants as

2F K, calculated by multiplying the initial WOR (before gelant) by the
C'= VKb [(ro— L)+ FLJ o (8) J./3, value for water (i.e., by use d%,,, for F,, in Eg. 10) and
e P P dividing the result by thd,./J, value for ail (i.e., insertind~,,, for
Dividing Eq. 8 by Eq. 5 yields F. in Eq. 10).
Figures like Fig. 6 can be very useful when designing a gel
o4 Fire treatment for a fractured production weftt An example will be
T~ (re— Ly +FL, "7 ©) given to illustrate this point.

Eq. 9 was used to produdgg. 5, which plotsC’/C vs. gelant  gxample. Consider the case illustrated by Fig. 1. A hydraulically
resistance factor fdr, values ranging from 0.1to 10 ft{= 500  fractured production well produces 10 times as much water as oil.
ft). Fig. 5 shows that increasing the gelant resistance factor fromrhe fracture cuts through one oil zone and one water zone. An
to 10 increase€’/C by a factor of 3. Also, Fig. 5 shows that thejmpermeable shale barrier separates the two zones except at the
leakoff distance has a relatively minor effect unless gelant resgacture. Each zone is 25 ft thick; the fracture half-lengthjs 50

tance factors are large. ft; and the fracture is conductive enough so that leakoff in a given
zone is uniform along the length of the fracture (i@L; < 1). The

Productivity Losses and Water/Oil Ratio water zone is effectively 10 times more permeable than the oil zone,

(WOR) Improvement the aqueous phase porosity &) is 0.15 in both zones, and the

What reductions in oil and water productivity can be expected afteil/water mobility ratio is about 1. This well is roughly 1,000 ft from

a gel treatment? Consider the case in which the gel has penetrdteinearest well, so, ~ 500 ft. By use of a core from each zone,

a distancel,, from the fracture face into the porous rock for thdaboratory studies identified a gel that will reduce permeability to
entire length of the fracture. Eq. 10 (taken from Ref. 8) estimat@gter by a factor of 100 (i.eF,,, = 100) andpermeability to oil

the productivity after a gel treatmeidt,, relative to that before the by a factor of 10 (i.e.F,, = 10). Before gelation, the gelant is 20

gel treatment],, for a gel that reduces permeability by a factey, times more viscous than wated¥,(= 20). Howmuch gelant should
(i.e., the residual resistance factor) in the gel-contacted part of the injected, and what effect should be seen from the gel treatment?

rock. In solving this problem, losses to oil productivity should be
minimized while maximizing losses to water productivity. For
Ja 1 (10) example, we may want the oil productivity after the gel treatment

to retain at least 90% of its original value. By use of either Eq. 10
) ) ) o or Fig. 6, we determine that a gel wiky,, = 10 provides a 10%

On the basis of Eq. 1Fig. 6 plotsJ./J;, (the fraction of original ' oss of oil productivity if the leakoff distance in the oil zorle,,,
productivity retained) vs. the residual resistance factor for leakqff 6 2 ft. For this distance of gelant penetration in the oil zone, the
distances ranging from 0.1 to 30 ft. In Fig. 1§, = 500 ft. Also, gistance of gelant penetration in the water zohg, can be
estimated by

Lo 1+ (F7 = D(dak)l (k) — 1
Ly F, -1

J 1+ (Lo, — 1)

10

[ leakoff
distances

5H o1t

(from Eq. 1 of Ref. 8).

This calculation estimatds,, to be 21.8 ft in the water zone. By
o 11t use of Eq. 10, the productivity retained in the water zone is found
o 3+ to be 19% forF,, = 100 andL, = 21.8 ft. Before the gel
treatment, the producing WOR was 10. After the treatment, the final
2 — WOR expected is (1% 0.19)/(1 X 0.9) or 2.1. The total volume
re= 500 ft of gelant injected is given by

V= 4|—f(hf2¢2|-p2 + hfld)ll—pl)- --------------------- 12)

1 10 100 From this equation, 3,750 bbl of gelant should ultimately reduce the
Gelant resistance factor WOR from 10 to 2.1 while maintaining 90% of the original oil
Fig. 5—Effect of gelant resistance factor on C values. productivity.
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Of course, if more than two zones are present, the total volume 11 1.1

of gelant injected is the sum of the gelant volumes in all zones, 104 Example 1, Frrw=1,000, 1 1 &
o 94 Frro=100 | 0'9-%
= L.he b i) 3]
V=4 E Lol oo 13 § o Ol Jator betore | 085
3 7 {072
In Eq. 13, the subscripts= individual zones. 2 el 0.6%
This example assumed that retention of gelant components by thei 5[ 05§,
rock did not significantly affect the, values. This is areasonable £ 41 045
assumption for concentrated gelants (e.g., contairdr@5% 3 3[ Final WOR 103%
HPAM). For dilute gelants, the effects of retention and inaccessible 69. ol Ina 1o 2_5
pore volume can be included by use of Eq. 21 of Ref. 8 instead of “g
Eq. 11 here. The example also assumed that placement could be Tr "0'111
modeled adequately'by use of single-phase rovx( calculations: Refs. 010 160 1’0‘00 10,000
8 and 9 show that this is a reasonable assumption for most light to Volume of gelant injected, bbl
medium-gravity oils. For heavy oils, two-phase flow effects can be
included by use of the methods described in Ref. 9. Fig. 8 —Sensitivity to gelant volume.

Effect of Gelant Volume. What would happen if different gelant permeability to water much more than to dfig. 9 illustrates this
volumes were used? This question can be easily answered by ggmit for cases in which the initial WOR was 10, the final oil
of Egs. 10 through 13Fig. 7 summarizes the results from theseyroductivity was 90% of the initial oil productivity, arid,/r, was
calculations. For reference, if the gelant volume was 1,875 bjple same in all zones. As expected, a greater permeability reduction
(instead of 3,750 bbl), the oil productivity would be reduced to 950(@.e_’ greateF,.,/F, values) allows lower final WOR values to be
of the original (before gel) value and the final WOR would be 3.3ttained. Interestingly, Fig. 9 indicates tiat,/F .., values of 100

If the gelant volume was 7,500 bbl, the oil productivity would beyr |ess should provide most of the bendfiat can be expected.
reduced to 82% of the Original value and the final WOR would bp /F”_0 values up to 400 have been repoﬂ@d}dso’ for a given
1.3. Fig. 7 suggests that the gelant volume should be at least l,aérg/pno value, the WOR reduction is insensitive kg, if F,, is
bbl to cause a significant reduction in the WOR. However, th@reater than 10.

gelant volume should not be greater than 10,000 bbl because losses

in oil productivity then become substantial. Determining CL, Values

The previous sections demonstrated that @e value must be
“Delow a value of 1 to ensure that leakoff is uniform along the length
of the fracture. How ar&€L; values determined in field applica-

. ; ) ions? At least three methods are available: productivity data,
and oil residual resistance factors by a factor of 10 reduced thg,ssyre transient analysis, and reservoir simulation (history
volume of gelant required by a factor of 10. For example, for th atching).

second gelant system, only_370 b.bl OT gelant was neede_d to reo_lucpor those circumstances in which operators have the time and
the WOR from 10 to 2.1 while maintaining 90% of the original oikasqyrces to characterize their wells, pressure transient analysis or
productivity—the same effect that was produced by the 3,750-Qlseryoir simulation can provide more accurate estimates of for-
treatment described previously. So, in hydraulically fractured prgsation permeabilities, fracture conductivities, and fracture lengths

duction wells, a substantial incentive exists to identify relativel an those available from productivity ddee encourage the use
strong gels that reduce permeability to water much more than to g§¢ the more sophisticated methods when practical.

A detailed analysisindicates that, for a giveR ../F., ratio, the ¢ these methods are not practical, then we recommend that
gelant volume required to achieve a given WOR reduction i§yple calculations with productivity data should be used. 12ee,
inversely proportional t& o, if Frr, is not too small (i.e., close t0 15 gitch 13 and McGuire and Sikofd have produced charts that
1). Our analysis reveals that a critical step in this design process,|Sict the increase in productivity caused by a hydraulic fracture

determining the water and oil residual resistance factors by usef 5 fnction of fracture conductivity and fracture lengity. 10

?he;aiﬂttégicli’egrg]p?f)lirgggé r:?md temperature that are representative;Rfsirates one of these charts.

Fig. 10 can be used to act in reverse of that originally intended.
In particular, field productivity data can be used to estintagnd
Effect of F/Fro. Our analysis reveals that the performance of g, values. This method requires knowledge of rock permeabilities
gelant treatment depends critically on the ability of a gel to redugge., from core analysis), flowing and static wellbore pressures, and

Effect of F,,. What would happen if a different gelant was used
for example, one witlf,,,, = 1,000 and~,,, = 100?This question
is answered irFig. 8. This figure shows that increasing the wate

12
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Fig. 9 —Importance of F,,, and F,,. Initial WOR = 10. Final oil
productivity is 90% of the initial oil productivity. L /r. is the same
Fig. 7—Sensitivity to gelant volume. in all zones.

Volume of gelant injected, bbl
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L¢/re  combined to produce

B L2/ 1)\2
X = 12,64c<r—e) <ch> e (19)

From Figs. 3 and 4, we note that uniform leakoff occurs from the
fracture faces ilCL; = 1. So, Eq. 19 suggests that,GiL; = 1,
uniform leakoff should occur ik > 12,640. InFig. 10, thisx value
corresponds toavalue (on the upper left envelope) of about 6. The
y-axis term, 7.13/[10.472 J/r,)], has a value typically near 1.15.
Dividing 6 by 1.15 provides &/J, value of about 5. Therefore, fluid
leakoff from the fracture should be uniform if the well productivity
is at least five times greater than that for an unfractured well.

Fig. 10 also suggests thatifJ, = 5, thenL/r, = 0.3. For
; . higher J/J, values, the right side of Fig. 10 provides greater
,000 10,000 100,000 1000000  estimates for the minimum fracture length. Note that Fig. 10 does

Relative conductivity, (12 kfbf/km)(40/A)°-5 not generally provide the actual fracture length. Even so, knowl-
edge of the minimum fracture length could be useful when design-
ing the gelant volume to be injected. To explain, Figs. 7 and 8
suggest that the performance of a gel treatment is not particularly
sensitive to the treatment volume as long as that volume is roughly
in the proper range. For example, in Fig. 7, we suggested that the

well spacing. The first step in this process is to estimate the w@lant volume should be 3,750 bbl. Fig. 7 indicates that the
productivity in the absence of the fracture. This calculation is madi&atment results would not be catastrophic if the treatment size was

(J1Jo)[7.13/ In(0.472

SO 2 NW AR OO N ®

Fig. 10 —Productivity increase from hydraulic fracturing (from
Refs. 12 and 13).

by use of the simple Darcy equation for radial flow. as little as half or as much as twice the proposed volume of 3,750
bbl. Therefore, if information on fracture length is not available, a
2 kh reasonable approximation is to assume that the fracture length is
Jo =m. ........................... (14) half the external drainage radiu&;(= 0.5r.). Alternatively,

the right side of Fig. 10 can be used to make the following

In Eq. 14, the permeability to watek,,, should be corrected so 2PProximation.
that it reflects the permeability at the residual oil saturation (e.g.,
atS,;). (Of course, the permeability to oil should also be corrected

if needed.) Eq. 20is the result of a linear least-squares regression of the relation

SGCPF‘d' the actual well productivity, is the total proquction between thd/J, values on thg axis of Fig. 10 and the/r values
rate divided by the downhole pressure drop (reservoir pressyie ine right side of Fig. 10. €

minus the wellbore pressure).

L~ [(J3)(0.09 — 0.1 e oo, (20)

J=OIAD. (15) Method for Sizing Gelant Treatments in
Hydraulically Fractured Production Wells

The following is a summary of our proposed procedure for sizing

J 7.13 gelant treatments in hydraulically fractured production wells.
y= BIN(OATZJr,)  t e (16) 1. Estimate the rock permeabilitiek; (n md), porosities ¢;),

0 ) w and thicknessedsh in ft) for the oil and water zones of interest.
Core analysis data on unfractured cores are preferred. Correct the
k, values so they reflect the permeability at the resident oil
saturation (e.g., &,).

Next, the term on thg-axis of Fig. 10 is calculated,

Then, Fig. 10is used to look up aivalue associated with the upper
left envelope of curves. Thisvalue provides the minimum relative

conductivity, 2. Estimate the productivity of an unfractured, undamaged well,
12 b, [40 Jo in bbl/D-psi, by Eq. 21.
XS T AR (17)
o Jo= D KNLALIN(I)] oo 1)

Once the minimumx value is known, the minimum fracture 3 calculate the actual total well productivity for the fractured
conductivity, kib;, can be found from Eq. 17. For example, if theyell, J in bbl/D-psi, and determine the ratid/,J,. The well may be
y value is 8, Fig. 10 indicates that the minimunvalue is about 5 good candidate for a gel treatment if all four of the following
20,000. If the well spacing, is 40 acres and the rock permeabilityconditions are metd/J, is greater than 5, the WOR is high, the
is 10 md, the fracture conductivity is 16.7 darcy-ft. The extern@dacture cuts through distinct water and hydrocarbon zones, and a

drainage radius can be estimate from satisfactory mobile oil target exists.
_ RARERAIS 4. In the laboratory, determine the water and oil residual resis-
fe= yA(43,560/(2m). ... (18)  tance factorsK,., andF,,) by use of gelant, oil, brine, rock, and

temperature that are representative of the intended application.

Alternatively, F,,, andF,, values may be backcalculated from a
revi reatmen f th m lant in a nearby well.

caloulated as 0.0015f previous treatment by use of the same gelant in a nearby we

Fig. 10 can also be used to estimate the minimum fracture Ieng%aiinzsxr?r?t:cﬁgg external drainage radiusin ft, for the well
L;. This can be done by extending a line from the giyemalue '

For 40-acre spacing, is 527 ft. The maximunC value can be
calculated by Eqg. 5. In this example, the maxim@rvalue is

horizontally to the right side of Fig. 10 to determine the corre- . _ a2 caniio-

spondingL/r, value. In our example, where tlyevalue is 8, the fo= VAM3SE0/2m). v 22)
correspondind.i/r. value is 0.5. So, if the, value is 527 ft, the. 6. Calculate the desired distance of gelant leakoff in the oil
value is 0.5(527) or 263 ft. zone(s) L in ft, for the target final oil-productivity level(s)./J,

One can use Fig. 10 to demonstrate that the fluid leakoff froge.g.,J,/J, = 0.9).
the fracture should be uniform if the well productivity is at least five
times the value for an unfractured well. Egs. 5, 17, and 18 can bel, = r[(J/J) — 1/(Fro —1). ..o (23)
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7. Use Eq. 24 (or Eq. 21 of Ref. 8 if chemical retention mustarbon zone, of course, a water block could form that reduces
be considered or the methods in Ref. 9 if two-phase flow effedtsydrocarbon productivity.
must be considered) to estimate the target distance of gelanfo use our procedure, field data are needed, coupled with results
penetration into the water zone(k), in ft. If more than two zones from two simple laboratory experiments. The needed field data
are present, repeat this step for each zorg. i§ the gelant include: fluid production rates before and after the gel treatment;

resistance factor.) downhole static and flowing pressures before and after the gel
treatment; permeabilities, porosities, and thicknesses of the relevant
L (Fr =1Ly, (24) zones; water and oil viscosities at reservoir temperature; well

PLT N (F2 — 1)(diko)/(doky) — 1° ;pacing or distance between wells; and th_e volumg of gelant

injected. These parameters are normally available during conven-

8. Use Eq. 25 anéF,,, to calculatel./J, values for the water tional gel treatments. Use of the procedure also requires oil and
zone(s). water residual resistance factois,( andF,,, values) from lab-

oratory core experiments. These experiments must be conducted

JafJp = UL+ Lpafre)(Fry = D] e (25) with the gelant, olil, brine, rock, and temperature that are represen-
9. Find L;, assuming thak; = 0.5r,, or use Eq. 26. tative of the intended application.. . .
In the absence of laboratory oil and water residual resistance
Li=[(JJ)(0.09 —0.14Jre. .. oiiii i (26) factors, our model can use field data to back-calculaté-theand
F.. values in situ after a gel treatment. This information may be
10. Determine the gelant volume to be injected. useful when designing similar treatments in nearby wells. These
calculations have also been incorporated into our software that can
V= AL E Lol oo (27) " be downloaded from our web site. We emphasize that our method

is specifically directed at hydraulically fractured production wells.

11. Estimate the final expected WOR by multiplying the initiawOrk is currently under way to design gel treatments for other
WOR (before gelant) by thé,/J, value for water (i.e., from Eq. 25) circumstances (including naturally fractured reservoirs).
and dividing the result by thd,/J, value for oil.
Conclusions
Limitations 1. A simple 11-step procedure was developed for sizing gelant

An unfortunate reality for many operators is that they do not ha\;reeatments in hydraulically fractured production wells. This pro-

the time, information, or resources to diagnose the nature of thélcegd\lljvraergvt"?lsat'ncc: r:pt? ézggsvéToggggf#ﬁ%dIgu?rvz?lgglcseittléuser-lnterface

excess water-production problem adequately or to engineer the be : .
solution adequately. For those cases, this paper provides a \éﬁ% The method generally requires the use of a gel that will reduce

) . eability to water much more than to hydrocarbon.
;lmple me_thod to screen and to engineer a reason_able gel treat EnA criticsgl step in designing a gelant tregtment by this method
in hydraulically fractured production wells. In this method, we

emphasize that water and oil residual resistance factors must %éo determine water and hydrocarbon residual resistance factors

; h . . I"the selected gelant with the fluid, rock, and temperature con-
determined in advance. These values can be determined either f%ﬂbns representative of the actual application. If this information

laboratory measurements or by calculation of in-situ residual re- X
y Y 15 not available from laboratory data, our method and software can

sistance factors from a prior field test. Also, the reader should noog sed to backcalculate in-situ hydrocarbon and water residual

that our method assesses whether fractures are conductive eng ) - S
to allow uniform leakoff along the fracture and the minimun{'ég' tance factors from previous field applications that used the

fracture length. (The method does not determine the actual COS'%T?se gelant in similar, nearby hydraulically fractured production

. e
ductivity or length of the fracture.) In many cases, these determi- . . . .
nations are adequate to design a satisfactory gel treatment. .Eagb . The procedure will be most reliable if impermeable barriers

reader should also note that this method assumes that a reasongt) é’ssmagsvg\r/gflfﬁf) rsoecpeadrﬁﬁ: szmtg;tz?]n;; J;?irg i?lﬁehsédtr)%crﬁrebrgn
estimate can be made of the undamaged rock permeabilities in ndt resent ' P

zones of interest in a well (e.g., through core analysis). If th P ’

near-wellbore region or fracture faces are known to be damaged and

this damage can be quantified, methods are available to take thigmenclature

damage into accoui® Also, our method assumes that the resis- A = well spacing, acres [fh

tance to flow provided by gel in the fracture is small compared with b fracture width, in. [m]

that provided by gel in the porous rock adjacent to the fracture. C = constant defined by Eq. 5, f[m™]

Concern about the effects of gel in the fracture may be mitigated C’ = constant defined by Eq. 8, ft[m™]

by use of a post-flush to displace gelant from the fracture before F, = resistance factor (brine mobility before gelant place-
gelation. ment divided by gelant mobility)

From a rigorous viewpoint, our method assumes that imperme- F,, = residual resistance factor (mobility before gel divided
able barriers (e.g., shale or calcite) separate adjacent zones. How- by mobility after gel placement)

ever, the method frequently should provide acceptable predictions F,, = oil residual resistance factor

even if crossflow can occur. For example, consider the case in F,,, = water residual resistance factor

which oil lies on top of water in a single formation (i.e., a common h = height, ft [m]

situation where coning becomes a problem). Previous wrk h; = fracture height, ft [m]

showed that gravity can retard water influx into oil zones much h; = fracture height in Zong, ft [m]

more effectively when the water must cusp to a linear pressure sink J = productivity, bbl/D-psi [ni/s-Pa]

(i.e., a vertical fracture or a horizontal well) than when the water J, = productivity after gel placement, bbl/D-psi ffa-Pa]
cones to point pressure sink (i.e., a partially penetrating vertical J, = productivity before gel placement, bbl/D-psijisPa]
well). For the type of treatment that we are proposing, in many J, = initial productivity for an undamaged well before frac-
cases, gravity may be sufficient to minimize water invasion into the turing, bbl/D-psi [ni/s-Pa]

hydrocarbon zones. Of course, the degree of water invasion into k = permeability, md fum?]

hydrocarbon zones will increase with increased production rate, k. = fracture permeability, mdym?|

pressure drawdown, vertical formation permeability, and hydro- k = permeability in Zond, md [um?

carbon viscosity and will decrease with increased water/hydrocar- k, = matrix permeability, md fm?

bon density difference, horizontal formation permeability, and k, = permeability to water at resident oil saturation, md
oil-column thicknes$:1° If water invades too far into the hydro- [um?]
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L = distance along a fracture, ft [m] 6. Vela, S., Peaceman, D.W., and Sandvik, E.l.: “Evaluation of Polymer

L; = length of one wing of a fracture, ft [m] Flooding in a Layered Reservoir with Crossflow, Retention, and Deg-

L; = length of one wing of a fracture in Zorie ft [m] radation,”SPEJ(April 1976) 82.

L, = average distance of gelant penetration (leakoff) from &. Seright, R.S.: “Improved Methods for Water Shutoff,” Annual Tech-

fracture face nical Progress Report, U.S. Dept. of Energy Report DOE/PC/91008-4,

L, = distance of gelant penetration (leakoff) from a fracture U.S. DOE Contract DE-AC22-94PC91008, BDM-Oklahoma Subcon-

face in Zonei, ft [m] tract G4S60330 (November 1997) 33—-49 and 151-155.
p = pressure, psi [Pa] 8. Seright, R.S.: “Placement of Gels To Modify Injection Profiles,” paper

Ap = pressure difference between the external drainage ra- SPE 17332 presented at the 1988 SPE/DOE Enhanced Oil Recovery

dius and the well, psi [Pa] Symposium, Tulsa, Oklahoma, 17-20 April.
g = volumetric rate at a given point in a fracture, bbl/D 9. Liang, J., Lee, R.L., and Seright, R.S.: “Gel Placement in Production
[m3/s] Wells,” SPEPF(November 1993) 276Trans, AIME 295.

(o = total volumetric rate, bbl/D [s] 10. Seright, R.S., Liang, J., and Sun, H.: “Gel Treatments in Production
ro = external drainage radius, ft [m] Wells with Water-Coning Problems|i Situ (1993)17, No. 3, 243.

r, = wellbore radius, ft [m] 11. Liang, J., Sun, H., and Seright, R.S.: “Why Do Gels Reduce Water

S, = residual oil saturation Permeability More Than Oil Permeability BPERE(November 1995)

u = superficial or Darcy velocity or flux, ft/d [cm/s] 282; Trans, AIME 299.

u, = flux at the wellbore, ft/d [cm/s] 12. Lee, J.W.: “Postfracture Formation EvaluatioR&cent Advances in
V = gelant volume, bbl [ Hydraulic Fracturing Monograph Series, SPE, Richardson, Texas
V; = fracture volume, bbl [rf] (1989)12, 316-340.

V= gelant volume in the rock matrix, bbl ffn 13. Holditch, S.A.Quarterly Low-Permeability Gas Well Research Report
X = abscissa value in Fig. 10 for Fall 1975, quarterly report, Petroleum Engineering Dept., Texas
y = ordinate value in Fig. 10 A&M U., College Station, Texas.

p = fluid viscosity, cp [mPa-s] 14. McGuire, W.J. and Sikora, V.J.: “The Effect of Vertical Fractures on

pw = water viscosity, cp [mPa-s] Well Productivity,” Trans, AIME (1960) 219, 401.

¢; = porosity in the fracture
¢, = effective aqueous-phase porosity in Zane

én = porosity in the rock matrix S| Metric Conversion Factors
acrex 4.046 873 B-03 =m?
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