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Introduction
Large portions of the easily recovered hydrocarbons
of the world are rapidly being depleted. This is
particularly the case in the confines of the western
hemisphere where many of the most productive fields
are in the latter stages of primary and secondary
recovery.

If complete dependence on foreign oil or a large
energy gap is to be averted, new supplies of energy
must be found soon. One promising source is the oil
and gas tightly held in formations that have very low
permeability and porosity. If these formations, a
large number of which are deep, high-temperature
reservoirs, are to be economically produced, an effec-
tive means of stimulation must be developed.

Types of Stimulation
There are basically three different types of stimula-
tion methods available to the industry today. The
first, chemical stimulation, has not been useful in
tight sandstone reservoirs except in the removal of
formation damage,1 In deep, high-temperature and
highly soluble formations, it is difficult to use this
technique because the acid is ra~i~ly spent near the
wellbore, Without deep penetration of live acid into
the fracture, effective stimulation ca:~not be achieved.
In some cases the use of large volumes of fluid to
cool the formation helps to overcome this deficiency,

The second type of stimulation, which is under-
going limited study today, is the use of both conven-
tional and nuclear explosives.2-4At this time, two
nuc!ear explosive projects have been conducted, The

tests were apparently successful in safely setting
off a nuclear device and achieving some stimulation,
However, the economic feasibility of nuclear stimu-
lation is still questioned by a large segment of the
industry. The use of conventional explosives presents
a considerable hazard during injection; detonation in
thin layers at large distances from the wellbore is
difficult and not always successful.

The third type of stimulation is hydraulic fractur-
ing. Since the inception of fracturing in 1949, many
different fluids and proppants have been investi-
gated.’-’ In the early 1950’s, viscous petroleum base
fluids were being used industrywide. From the mid-
1950’s through the mid-1960’s, the trend was to use
less viscous fluids pumped at higher rates. Also, the
trend has been toward using water-based fluids rather
than oil-based fluids for fracturing,

The theory of fracturing developed quite rapidly
between the mid-50’s and mid-60’s. In 1957, Howard
and Fastg introduced some of the first literature for
the calculation of fracture geometry from treatment
data. Since that time a continuous stream of litera-
ture, which is much too abundant to reference
completely, has been published on fracture dimen-
sions and design criteria. The work that has been
published indicates that the ratio of (1) fracture
length to the radius drained, and (2) fracture flow
capacity to formation permeability are the most crit-
ical relationships in the design.’” The methods most
often used for predicting productivity increase are
those by McGu~re and $kora,’1 by Prats,’2 and k

A unique viscous fluid has been used in fracturing deep, high-temperature reservoirs.
By using large treatments and high concentrations of proppants, reservoirs with low
permeability and porosity can be successfully stimulated. Data from widely varying
formations are compared, with special emphasis on the Vicksburg.
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Tinsley et al.” All of these predict production in-
crease ratios as functions of fracture conductivity and
fracture penetration.

It is apparent, upon review of the information
relating the variables*O-lsto be considered, that for
tighter rocks it is desirable to have a longer fracture
with moderate flow capacity. However, obtaining
even moderate flow capacity in the deeper formations
has always presented problems,

Problems in Fracturing Deep Formations
In stimulating deep formations, the greatest difficulties
lie in creating and maintaining large, highly conduc-
tive fractures. Adequate flow capacity is difficult to
maintain because the high closure stresses tend to
embed or crush the proppant .’4”5 The movement of
fines, which tend to plug the fracture, causes addi-
tional problems.*8

This paper presents the results obtained with a
viscous water-based fluid developed for fracturing
deep wells.’ Before the development of this fluid, gas
wellswere fractured with fluids having surface viscos-
ities of about 25 cp, which degraded to about 2 cp
at formation temperature. These fluids were pumped
at rates of 20 bbl/min or greater and carried prop-
pant at a maximum concentration of 1 to 1V2 lb/gal.
The propped fracture lengths and heights were pos-
sibly adequate, but in most cases the propped fracture
widths were narrow. In deep reservoirs, a narrow
fracture is particularly susceptible to embedment and
crushing,*4-*7

Mechanical Aspects
Extremely large, high-pressure fracturing treatments
have been conducted using conventional surface
pumping equipment. Often this equipment, even with
special high-pressure fluid ends, was not adequate for
extended pumping of fluid carrying high concentra-
tions of proppant. Manifolds and ball injectors were
not always suitable. However, most of the problems
of high-pressure pumping have been solved through
the use of pump intensifiers and special surface lines.

In stimulating deep, high-pressure wells, the mode
of completion greatly influences the results. Small
tubing, low-pressure wellhead equipment, improperly
selected packers, and too many perforations can dras-
tically limit the size and effectiveness of the treat-
ment. It is of utmost Importance to cumplete a well
so it can be fractured at adequate rates and pressures.

The Gel
For a fluid to be applicable for stimulating deep, high-
temperature wells, it should meet the following
criteria.

1. It must have low friction pressure properties.
2. It should be temperature stable up to 450”F.
3, It should be nondamaging; that is, it should

leave little or no residue in the formation after
breaking.

4. It should be compatible with the various salts
used for clay stabilization.

5. Its viscosity in the fracture should be indepen-
dent of its surface viscosity.

6. It must have good proppant support character-

%0

istics for transport into the fracture and for dispersion
of the proppant throughout the area of the fracture.

7. It must degrade to the viscosity of the base
fluid for ease in cleanup operations.

A fluid was developed that met all the above
requirements,~The most rigorous of the requirements
— that which calls for down-hole viscosity — was
met by using a retarded gelling agent that is triggered
by bottom-hole temperature. By using this retarded
gelling agent in conjunction with a batch-mixed gel
for surface proppant transport, down-hole viscosity
can be optimized to meet varying bottom-hole tem-
peratures.

Generally, the fluid contains two chemically sub-
stituted polymem. One of these is formulated chem-
ically so that it provides the necessary time delay to
develop viscosity down hole.

Screenout have not been a problem with this fluid.
Experience has shown that with strict quality control
on pH and viscosity and with adequate rates and
careful down-hole preparation, the chance of bridg-
ing at the pmforations or of screening out in the
fracture is nil. It has been found that inadequate rate
—less than 6 bbl/min—or large numbers of perfora-
tions have caused most of the screenout problems to
date. The actual incidence of screenout is less than
5 percent.

The Vicksburg Formation
Results from 17 geopressured Vicksburg wells that
have been fractured within the past 2V2 years provide
much of the information presented here. The major
cause of difficultiesin stimulating the Vicksburg is the
softness of the formation. Calculations using the
method of Rixe et al.’ and laboratory data on Vicks-
burg cores show that fractures that are propped only
one to two grains wide will heal long before the
reservoir depletes. The embedment occurs at 50 per-
cent reservoir depletion. In fracturing such a for-
mation, obtaining wide, well propped fractures is a
necessity. When fracturing was introduced as a stim-
ulation technique in the Vicksburg formation, low-
viscosity, low-sand-concentration treatments were the
trend in the industry. These treatments produced the
narrow fractures that were highly susceptible to em-
bedment as the pore pressure was reduced. If
sufficient fracture flow capacity is to be obtained, the
propped fracture width for the Vicksburg should be
several proppant grains wide. With a fracture of this
width, the outer layers of proppant still embed, but
several layers will remain open until depletion Using
the high-viscosity, high-proppant-concentration treat-
ments, fractures with calculated widths of about 0.4
in. are being created. Sand at concentrations of 5 to
6 lb/gal is being pumped for as much as half the
treatment. These wide, well propped fractures should
remain open even at maximum closure pressures. Of
the 17 wells discussed, nine were fractured upon
initial completion and the remaining eight wells were
produced several years before they were stimulated.

Comparison With Low-Viscosity Treatments
Tables 1 and 2 detail most of the fracture treatments
that have been performed in one particular South
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Texas field. Table 1 presents the data on the viscous
gel treatments that have been performed. Table 2
compares the details of the high- and low-viscosity
treatments.

Note that in Table 2 the permeabilities and the
volumes of fluid pumped for both types of treatment
are similar. The main difference is that the high-
viscosity treatments carried more than twice the

where
Q=

E
Pa =

Put =

;=

flow rate, MMcf/D
viscosity, cp
gas deviation factor
static reservoir pressure, psi
flowingbottom-hole pressure, psi

(P8 +- Pwf)/2

amoun~ of sand per gallon as the low-viscosity treat- The majority of the C-values on Table 2 were cal-
ments. The next four columns of Table 2 are the
C-values for each well, calculated using the following

culated using pressures measured on a pressure bomb
during annual 90-hour buildups. A few of the C-

equation .18 values were calculated using pressures estimated from
-- flowing tubing pressures and plots of p/Z vs cumu-

C-value =
Q,~(j) Z(P) lative gas produced.

(PS2 – Pt0f2) It can be seen that the average C-values before

TABLE l—STABILl~ED PRODUCTION INCREASE, VICKSBURG FORMATION, FIELD A

Well

1(1)
2(1)

*3(1)
*4(1)

5(1)
6(2)
7(2)
8(2)
9(3)

*10(3)
11(3)

*12(3)

Reservoir
Pressure

(psi)

5,700
4,290
5,700
4,540
6,000
4,200
5,400
5,200
9,800

10,500
11,500
10,500

11,700
12,100
10,700
10,800
10,500
10,800
11,800
11,800
11,800
12,250
12,800
12,250

Pm&.

(red)

0.12
0.30
0.20
0.10
0.09
0,22
0.21
0.15
0.18
0.46
0.15
0.10

127
81

100
120

86
98

108
124
40
42
59
44

Volume
(gal)

150,000
52,000

160,000
134,000
160,000
159,W0
223,000
222,000
146,800
153,000
138,500
125,000

. -,
225,000
116,400
376,400
306,400
375,000
400)000
488,000
500,000
404,000
397,000
370,000
322,000

Before Fracturing

Mcf/D psi

2,690 i%
3,100 1,600
5,178 1,400
2,065 1,250
1,418 J ,200
4,400 1,400
5,000 1,375
4,500 1,350
3,000 4,500
6,000 5,700
3,8’9 4,000

65 1,950

After Fracturing

Mcf/D psi

6,890 mm
5,000 1,600

11,000 4,000
9,050 2,350
4,854 1,700
8,015 1,750

11,405 3,400
10,925 2,700

7,000 6,900
7,500 7,600
5,700 7,900
3,500 1,800

●Positive skin.
(1) Fractured In 1970.71.
(2 Fractured in 1972.
(3] Drilled and fractured in 1972.

TABLE 2+OMPARISON OF LOW-VISCOSllY TREATMENTS WITH HIGH.VISCOSITV TREATMENTS, FIELD A

C-Value x 10-0

Well Viscosity

-i High
2 High
3* High
4* High
5 High

Average

6 High
7 High
8 High

Average

9 Low
10* Low
11 Low
12 Low**
13 Low
14 Low
15 Low
16* Low
17* Low
18* Low
19 Low*●

2(3* Low
Average

●Positive skin.
●●Scraened out.
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PrO(~#)ant Before
Fracturing

225,000 2.22
116,400 5.11
376,400 4.38
306,400 2.15
375,000 0.93— .
279,920 2.96

400,000 6,53
488,000 4.17
500,000 4.11

462,666 m

288,000 1.14
88,000 1.50

100,OOO 0.76
100,000 1.13

52,000 0.50
400,000 200
150,000 0.78
200,000 0.33
210,000 0.44
300,000 4.96

76,000 1.82
200,000 1.43

180,000 ~

After
Fracturing

8.47
7.67

35.0
22.0

3.53

15.5

19.11
9.62

15.0

14.58

9.91
16.80
0,91
3.08
2.71

16.01
10.46

2.63
11.08
65,81

5,31
24.07

14.07

961

0,12
0.30
0.20
0.10
0.09

0.162

0.22
0.21
0,15

0.193

0.03
0.05
0.20
0.10
0.03
0.30
0.20
0.20
0.30
0.25
0.10
0.30

0.171

150,000
52,000

160,000
134,000
160,000

131,200

159,000
223,000
222,000

201,333

315,000
119,000
118,000
117,000
94,000

508,000
180,000
204,000
21 O,OOO
219,000

80,000
200,000

197,000

Fracturing

7.37
9.52

24.0
17.63

1.86

12.08

14.0
9.45

16.0

13.15

3.64
5,23
0,78
2.74
0.85

13.94
5.12
1.71

15.81
19.56

1.12
17.67

m

Fracturing

7,30
11.60
27.0
18,01

1.40

13.07

1.93
6.05
0.24
1.62
0,33
9.32
3.94
0.48
7.05

10.99
1.02
6.78
4,13

Remarks

These are the first five
wells from Teble 1, frac.
tured in 1970.71.

These are Wells 6, 7,
and 8 from Table 1,
fractured in 1972,

These are the 12 wells
from Field A that were
fracturd in 1962.65.
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TABLE 3-STABILIZED PROWCTIONINCREASE, VICKSBURG FORMATION, FIELD B

Reservoir Perme-
Pr~::;re D~fi~h a(b:li$r Ne:fi~y vo~e;e

Before Fracturing After Freoturing

Well
Pro~~;nt _ _

Mcf/D psi—. . . — Mcf ;D pei

1 10,000 12,000 0.82 39 135,mo 305,600 3,866 3,600 5,624 6,450
2 10,865 12,200 0.14 54 152,000 365,400 1,000 5,500 3,000 8,800
3* 9,569 11,300 0,15 47 160,000 340,000 1,225 680 9,000 6,S00
4* 11,000 12,150 0.23 %? 205,000 515,000 2,350 2,200 5,220 8,500
5 10,500 12,300 0.20 95 153,000 267,000 5,000 5,400 10,000 8,400

●Positive skin.

fracturing for the three categories of wells are quite
different. This difference is explained by the number
of damaged wells in each category. After the fracture
treatments, the average C-values are quite close,
Since the permeabilities, closure pressures, net pays,
and drainage radii of wells in all three categories are
similar, it must be concluded that the initial stimula-
tion from either the high-viscosity or the low-viscosity
treatments was about equal. But as can be seen, the
C-values for the high-viscosity treatments have held
up, whereas the C-values of the low-viscosity treat-
ments show marked decreases with time. As pre-
viously explained, the reason for the decrease is
embedinent of the proppant. The wider fractures are
clearly remaining open.

It should be mentioned that the C-value equation
is applicable only in semisteady-state flow. For the
Vicksburg data, semisteady-state flow for an unfkac-
tured well is reached in about 15 days. Work pub-
lished by Morse and Von Gonten’e indicates that for
reservoilx with very low permeability the productivity
of a fractured well may take months to stabilize.
Therefore the C-values reported on Table 2 in the
“After Fracturing” column were calculated several
months after the jobs had been completed. Using the
rates and pressures from Table 1 for calculating C-
values after the job will lead to erroneously high
productivity increases. The flow rates are stabilized,
but they are not necessarily in semisteady-state flow.

Effect on Rate and Recovery in the
Vicksburg Formation
Tables 1 and 3 list the stabilized flow rates and
tubing pressures for the Vicksburg wells stimulated
with the high proppant concentration treatments, Fig.
1 shows the flow rate history of Well 1 in Table 1.

I :III
IJ

1968
,

1969 19?0 1971 ‘ 1972 1373

Fig. l—Flow rate performance, Well 1, Table L

%2

All the rates quoted in this paper are stabilized
values taken from plots such as Fig, 1.

we after-fracturing rates indicate the gas actually
produced to sales. Comparing these rates with the
rates before fracturing gives the production increase
ratio that must be used to calculate numbers such as
payout. The average production increase ratio foi
Table 1 is 3,8 and for Table 3 is 3.2.

To determine the actual effect of the fracture treat-
ment on the production of a well it is necessary to
consider recovery. Table 4 presents the results of
calculations made for Wells 1 through 5 of Table 1,
Of the wells that were treated using the viscous gel,
these five are the only ones with enough production
histo~ to validate such calculations.

Two methods were used to calculate reserves. First
the production curves, such as Fig. J, were extra-
polated to an economic limit. Second, the C-values
were used to calculate the abandonment pre’&ures
before and after fracturing. Then using the plots
of P/Z vs cumulative gas produced, the increase in
recovery was determined. The recovery of the five
wells considered has been increased by about 8,3 Bcf,

Results From Other Formations
Lkted in Table 4 are results of viscous gel treatments
in the Devonian, Wilcox, land Hosston formations.
The four results shown in the Devonian are for wells
located near Ft. Stockton, Tex, In this area, the for-
mation is :Iard, dolomitic limestone with acid volu-
bility of 30 percent and higher. In Wells 1 and 2,
15,000 lb of 12-20 glass beads were pumped at 5 lb/
gal at the end of the treatment, On the other two
wells and for the remainder of Treatments 1 and 2,
20-40 sand alone was used. It should be noted that
the large fluid volume pumped on these treatments
includes some 60,000 gal of thin prepad fluid plus
substantial pad volume.

The Wilcox treatments shown are two examples
of treatments on deep, tight sandstone reservoirs in
the Central and South Texas area. Again, only 20-40
sand is used. (A comprehensive review of Wilcox
stimulation has been given by Seidel and Stahl,6)
The results from the Hosston formation came from

TABLE 4-RESERVE E&#~Ml~lWELLS 1 THROUGH 5

Bafore(~~tiuring After F&turing Increas~geacovav
Wall

1 3,5 5.7 2,2
2 2.7 3,4 0.7
3 10.0 12.4 2.4
4 2.0 4.5 2.5
5 1.4 1.9 0,5
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TABLE 5-STABILIZED PRODUCTION INCREASE

Perma.
Pr:~:l~ -e D~~~h ability

Well Formation
Ne/J~y

(red)—. —.

1 Devonian 4,000 14,600 2.0 120
2 Devonian 4,000 13,520 1.8 112
3 Devonian 4,000 14,670 1.9 120
4 Devonian 4,mo 14,040 2.1 95

5* Wilcox 13,700 14,850 1.0 20
6 Wilcox 10,300 12,000 1.0 74

7* Hosston 3,800 8,000 2.0 9
9 Hosston 3,500 8,300 2.0 7
S* Hosston 2,525 5,500 2.0 29

10 Hosston 2,525 5,800 2.0 10
11 Hosstcrn 3,800 6,2C0 5.0 75
*Positiveakin.

the Northern and Central Louisiana area. Results
from Wells 3,4, and 5 illustrate the use of the process
in lower-temperature applications — 180°F.

In addition to the aforementioned producing hor-
izons,the Atoka, Morrow, San Andres, Fno, Cotton
Valley, Haynesville, Carter and Sanders, Smackover,
and Olmos have been successfully stimulated. In
some areas, the high proppant concentration treat-
ments have become the standard stimulation method.
Results from these treatments have not been included
because we do not wish to burden the reader with a
large number of results that cannot be objectively
compared with those from other forms of stimulation.
However, it should suffice to say that of more than
200 treatments performed to date, the success ratio
has exceeded 75 percent.

Economics
There must always be economic justification for stim-
ulating a well. An example of a well that obviously
justifies such treatment is one that has adequate gas in
place but an unacceptably low flow rate. Several of
the wells reported here met those conditions. Con-
sider Well 3 in Table 3. A combination of low perme-
ability and high skin caused Well 3 to flow at a rate
considered to be uneconomic before stimulation.
After the fracture treatment, Well 3 was greatly im-
proved, For this particular case, stimulation made the
difference between a dry hole and a producer. The
other four wells listed on Table 3, although better
than Well 3, would probably not have paid out the
drilling and completion costs without stimulation.
Therefore, for the five wells listed on Table 3, the
economics was sound, since ths fracture treatment
converted marginal and unprofitable wells into highly
profitable ones.

For a well that produces initially at adequate rates,
stimulation in the latter stages of depletion is more
difficult to justify. Here, the profitability can be based
on acceleration economics. Fracturing can be used to
shorten the life of the well, thus recovering the re-
serves sooner and reducing operating costs. Also, by
shortening the life of the well, many mechanical diffi-
culties can be avoided, When the life of a well is
prolonged, there is no assurance that the casing,
packer, or tubing will not give way, corrode, or col-
lapse before the reserves are produced.

The stimulation of tight gas reservoim should be
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V;:age

113,000
113,000

70,000
113,000

53,000
38,000

37,000
20,000

127,000
127,000
162,000

‘rown’
113,000

60,000
48,000
42,000

90,000
110,000

50,000
39,000

230,000
200,000
376,000

Before Fracturing
Mcf/D psi—.
4’,600 1,200
3,913 1,200
2,199 1,200
3,800 1,150

200 400
2,800 7,300

200 50
200 100

4,500 4’80
5,000 500
6,900 500

Aftar Fracturing
Mcf/D psi—.

10,593 1,200
7,720 1,200
6,065 1,200
7,200 1,150

1,500 3,200
2,800 8,300

3,000 1,500
1,600 1,000

10,000 480
11,600 500
15,000 750

optimized on the basis of the combined effects of
accelerating and increasing gas recovery. In this case,
it is critical to calculate the potential increase in pro-
ductivity and recovexyfor fractures of various lengths.
Then with an adequate knowledge of formation flow
capacity, drainage radius, economic limit, and the
cost of creating fractures of various lengths, one can
optimize the size of a stimulation treatment for a
given well.

Conclusions
On the bask of the data presented in this paper, the
following conclusions have been reached:

1. An effective means of stimulating deep, low-
permeability gas wells has been developed.

2. The success of the high-viscosity,high-proppant-
concentration method is attributed to its ability to
create and pack a wide fracture.

3. In low-permeability formations, it is possible
to increase recovery by decreasing the abandonment
pressure.
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