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ABSTRACT
A data base of production, fracture treatment, and 

volumetric data of wells in T2N/R65W, Wattenberg gas field, 
is used to evaluate the long-term (eight year) performance 
of hydraulic fracture treatments. Short-term (two year) 
data is used to compare the performance of polymer emul­
sions versus cross-linked gels, pillar-fractures versus 
packed fractures, and low fluid loss fluids versus high 
fluid loss fluids. Fracture dimensions are calculated using 
the procedure proposed by H.O. McLeod, with modifications. 
The validity of the modified McLeod method is investigated.

Fracture design optimization must consider several 
variables in light of the general uncertainty of formation 
properties and created fracture shape and dimensions. 
Operators with limited leasehold positions generally can­
not justify the expense of rigorous optimization methods 
incorporating finite difference simulators. However, the 
results presented here strongly suggest that some type of 
optimization procedure is required to reduce the economic 
risk in drilling and completing wells in the Muddy "J” 
formation.
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INTRODUCTION
Commercial development of the Muddy "J" sandstone in 

the Wattenberg gas field began in the early 1970's. The 
field encloses 978 square miles northeast of Denver, in the 
Colorado portion of the Denver Basin (Fig. 1). The geology 
of the Muddy "J" sand is well documented: It is a Creta­
ceous age delta front blanket-sand of large areal extent(1). 
Initially, this formation presented a substantial economic 
risk due to the uncertainty of fracturing techniques re­
quired to obtain commercial production rates. In order to 
recover the anticipated gas in place, operators in the area 
initiated a major development program which resulted in the 
evolution of successful fracturing treatments.

With over eight years of production history and a wide 
range of fracture treatment sizes, the Wattenberg field 
provides a unique opportunity to evaluate fracture design 
optimization for tight gas sands. To that end, this report 
compares calculated fracture dimensions, based on actual 
fracture job data from 71 treatments in Township T2N/R65W, 
with performance indicators such as cumulative production 
and net present value (NPV). Wells from T2N/R65W (Fig. 2) 
were selected for the following reasons :

1) the township is close to the center of the 
Wattenberg field;

2) all wells produce only from the Muddy "J" sand; 
and
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Figure 1. Regional location of the Wattenberg field. After 
Matuszczak (1).
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Figure 2. Location of Township 2N/65W within the Wattenberg 
field. After Matuszczak (1). Cross-section A-A' 
Shown in Fig. 3.
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3) all wells produce mostly dry gas with little 
or no liquid production.

The current fracture design commonly used in the 
Wattenberg field has evolved over many years through a 
trial-and-error process and operators1 research particu­
larly Amoco*s. While the experience gained in the Watten­
berg field is valuable, it does not directly allow selec­
tion of job sizes for other fields. Moreover, optimum job 
sizes may vary from well to well within the Wattenberg field 
Finite difference simulators are available to permit opti­
mization of fracture design for specific wells, but their 
cost can be prohibitive. Small to medium size operators 
with only a few wells to fracture must often use a "standard1 
design without any indication that it is near optimum.

Fracture design optimization, in the simplest sense, 
means maximizing NPV. To that end, there are several vari­
ables to be considered:

1) treatment fluid volume;
2) proppant volume (weight) and concentration ;
3) treatment fluid rheology;
4) design created fracture length;
5) design propped fracture length;
6) effective fracture length;
7) total job cost;
8) expected production stream;
9) formation permeability, porosity, and net pay

A fracture design optimization method must ultimately 
account for all of these variables. Effective fracture
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length is defined here as the length determined by well 
testing methods, and that which provides an accurate fore­
cast of production rates. Thus, it is the link between the 
fracture design and the expected results (i.e., production). 
Note that the effective fracture length is not necessarily 
equal to the propped length.

It must be stated emphatically that the results pre­
sented in this report are not intended to represent absolute 
magnitudes of actual economic performance, nor predict 
future performance for specific fracture treatments. The 
purpose of this report is to evaluate the effects of design 
fracture lengths and treatment sizes on actual well perfor­
mance, with the intent of comparing all wells in a consis­
tent manner.
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CONCLUSIONS
Based on the derivations of the fracture dimension 

equations presented here and on the comparisons of actual 
production data from Township T2N/R65W, several conclusions 
can be drawn:
1. There is a wide variation of well performance within 

T2N/R65W, which cannot be attributed to the volumetric 
factors of net pay, porosity, and water saturation.

2. Well productivity is influenced by variations in 
hydraulic fracture treatment size and fracture length. 
However, using the calculation method presented here, 
propped fracture lengths longer than 2000 feet have sub­
stantially increased economic risk. There is virtually 
no correlation between economic performance and prop­
ped fracture length for larger treatments.

3. Simple modifications to the fracture design method 
proposed by McLeod (9) account for fracture fluid 
efficiency, average created width, and viscosity in­
creases due to proppant. The modified McLeod method 
predicts more realistic fracture dimensions than the 
original method.

4. The modified McLeod method appears to be capable of 
predicting sandouts in the fracture. It is not suit­
able for fluid systems with low viscosity and high
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fluid leak-off. The limits of application are 
approximately 100 cp and 0.002 ft/(min)2, respectively

5. Wells treated with cross-linked gels have higher 
initial producing rates than those treated with equiva 
lent volumes of polymer emulsion fluids. There is no 
difference in initial rates when the comparison is 
based on equivalent total proppant weights. All 
comparisons are based on a significance level of 5%, 
or confidence interval of 95%.

6. Normalized two-year net present values are equivalent 
for cross-linked gels and polymer emulsions. Con­
stant unit costs and gas prices are used for all 
economic evaluations.

7. Conventional packed fracture treatments resulted in 
higher initial rates than pillar fracture treatments, 
based on equal fluid volumes. There is no difference 
in initial production for equivalent total proppant 
weights. The pillar fracture treatments generally 
had lower average sand concentrations than packed 
fracture treatments.

8. The normalized two-year net present values are equiva­
lent for packed and pillar fracture treatments.

9. Wells fractured with high fluid-loss treatments (fluid
i ,loss coefficient greater than 0.001 ft/(min)2) have
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calculated fracture lengths which are approximately 
one half the lengths of low fluid-loss treatments 
(fluid loss coefficient less than 0.001 ft/min^), 
for equal fluid volumes. Fracture widths and dimen- 
sionless fracture conductivities are generally larger 
for the high fluid loss treatments.

10. There are not enough data points to make definitive 
comparisons of low fluid loss and high fluid loss 
treatments. However, the available data indicates 
there is no difference in initial producing rates for 
low and high fluid loss treatments. Low fluid loss 
treatments include both cross-linked gels and poly­
mer emulsions.

11. Available data indicates the normalized two-year net 
present values are equivalent for high fluid loss 
and low fluid loss treatments.

12. The addition of 5% or more of hydrocarbon to a cross- 
linked gel can reduce the fluid loss coefficient by
30 to 90%.
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RECOMMENDATIONS FOR FUTURE RESEARCH 
The data base assembled for this study provides an 

opportunity for the research of the long-term results of 
hydraulic fracture treatments. Moreover, fracture design 
optimization procedures can be evaluated using this histor 
ical data. Some specific proposals are as follows :
1. Do a history match using long-term production data 

and well test data, where available. The objective 
would be to determine effective fracture lengths and 
permeability for each well.

2. Use the results from history-matching to forecast 
production rates and compare with historical data. 
Compare the suitability of finite-conductivity and 
uniform-flux fracture models.

3. Evaluate the design optimization procedure proposed 
here. Compare the expected results with historical 
results.

4. Compare the fracture dimension predictions of the 
modified McLeod method with those of a finite differ­
ence fracture simulator.

5. Investigate the effect of permeability variations on 
well performance.

6. Investigate the effect of proppant size, scheduling, 
and concentration on well performance.
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7. Evaluate the success of refracturing treatments in 
T2N/R65W, in order to establish general criteria 
for justifying refractures.

8. Use multi-variate analysis techniques to further 
evaluate the results presented here.
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REVIEW OF PERTINENT LITERATURE 
There is a significant volume of literature on the 

evolution of fracture treatments in the Wattenberg field. 
Most notable are the works of Fast, Holman, and Covlin (2), 
Parrot and Long (3), and Harp (4), and Roberts (5). These 
papers provide an excellent history of Wattenberg fracture 
treatments. Holditch et al (6), Grafton et al (7), Crowell 
and Jennings (8), and McLeod (9) present specific procedures 
for optimizing fracture design.

Evolution of Fracture Design in the Wattenberg Field
Fast, Holman and Covlin (2) present an excellent his­

tory of hydraulic fracture design optimization through 1976. 
Five wells were completed in the Muddy "J" sand in 1970 to 
mark the discovery of the Wattenberg field. A drilling 
program consisting of 100 wells followed to evaluate the 
potential of the area. These initial wells were treated 
with 30,000 to 50,000 gallons of gelled water, with proppant 
concentrations of 1 to 3 lb/gal. Although 72 of the 100 
wells produced gas, there was still an uncertainty of the 
economic success with these treatments. In 1973, four wells 
were treated with 132,000 to 180,000 gallons of polymer 
emulsion with about 200,000 lbs of proppant. The productiv­
ity of these wells was 3 to 4 times better than the earlier



ER-2989
12

wells, and proved the economic feasibility of developing 
the Wattenberg field.

Four fracture fluids were tested to find the one with 
the best combination of (1) low fluid loss, (2) high vis­
cosity, (3) low formation damage, (4) high-temperature 
stability, and (5) low cost. The fluids tested were :

1) polymer emulsion (2/3 condensate, 1/3 guar- 
gum gel);

2) cross-linked gelled condensate;
3) cellulose-gum water gel; and
4) high temperature guar-gum gel.

The polymer emulsion was chosen cpn the basis of its low 
fluid loss, viscosity stability and low to moderate forma­
tion damage.

The standard treatment in late 1976 consisted of 100 
mesh, 20-40 mesh, and 10-20 mesh sand, pumped in that order. 
Final sand concentrations were 6 lb/gal. The "pillar fracture" 
technique (10) was used extensively, but the authors report­
ed no conclusions had been reached as to its effectiveness 
compared to packed fractures.i

Of particular interest in the work of Fast, Holman, 
and Covlin is the discussion of field results. Three areas 
in adjacent townships were evaluated to determine optimum 
treatment volume. Area A and area C each contained four 
wells , and were found to have permeabilities which varied by 
as much as 10-fold. Cumulative production for equivalent
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300,000 gal polymer emulsion treatments varied accordingly. 
The results are as follows :

Minimum Cumulative
Area Permeability, md Production (20 Months), MMSCF
A 0.05 490
B Not Reported 150
C 0.005 275

The sand volumes used in areas B and C were not reported, 
but apparently were the same as area A. Net pays, porosi­
ties , or water saturations were not reported for any of the 
wells. The authors concluded that the optimum treatment 
size had not been reached in area A, but areas B and C might 
be uneconomic, regardless of treatment size, due to low 
permeability.

Parrot and Long (3) reported that by 1979 the maximum 
economic treatment size in the Wattenberg field had not 
been determined, in spite of jobs with up to 623,000 gallons 
fluid and 1,041,300 lbs sand. Their work reported the re­
sults of refracturing 29 wells which originally had received 
50,000-gal gelled water fracture treatments, including the 
areas described by Fast, Holman, and Covlin (FHC) above. It 
is especially pertinent to note that areas A, B , and C de­
scribed by FHC are all grouped into a single area A by 
Parrot and Long. Moreover, areas B and C of FHC, which were 
considered marginally economic by them, were reported to be
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successfully refractured. Higher gas prices certainly make 
the economics of refracturing more favorable for marginal 
wells. Nonetheless, areas considered significantly different 
by FHC are considered by Parrot and Long to have comparable 
refracture performance. The implication here is that while 
reservoir permeability affects well performance, the areal 
variation of reservoir quality may be more gradual and/or 
fracture treatments have more impact than suspected by FHC. 
Parrot and Long report that refracture treatments in areas 
north and south of area A were unsuccessful. These areas 
were characterized by poor productivity following initial 
completions.

Crosslinked gelled water became the preferred fracture 
treatment fluid in the late 1970's. Parrot and Long suggest 
that the lengthy recovery times were the primary reason for 
switching to the crosslinked gel. Although these cross- 
linked gels also had long recovery times, it was reasoned 
that the wells began producing "new" condensate much sooner. 
Harp (4) similarly states that the long recovery time for 
condensate was a major reason for discontinuing polymer 
emulsion treatments. Two other reasons are also given by 
him: 1) polymer emulsions were considered to be a banking
fluid, resulting in much shorter propped fracture lengths 
than originally expected, and 2) friction loss is approxi­
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mately 2.8 times higher for polymer emulsions, compared to 
crosslinked gel. The author does not explain why a polymer 
emulsion is considered a banking fluid, but does suggest 
that a crosslinked gel without temperature stabilizers also 
becomes a banking fluid. Production results are given to 
support the author's view. Harp argues that propped length 
is more important than fracture conductivity, in maximizing 
production in tight gas reservoirs, citing the work of Mc­
Guire and Sikora (11) to support this idea. However, the 
author reports that Amoco had decided to eliminate "pillar 
fractures," and use higher sand concentrations, which would 
tend to result in shorter, higher conductivity fractures.

Roberts (5) discusses several aspects of fracture 
optimization in the Wattenberg field up to 1981 and presents 
results of field research. Five reasons are given for using 
cross-linked gel rather than polymer emulsions :

1) less formation damage
2) higher sand concentrations possible
3) less cost
4) much faster load recovery
5) not flammable

The author reports that the optimum fracture length was 
determined to be 3900 feet, based on computer simulation, 
and would require 300,000 gallons of polymer emulsion or
180,000 gallons of cross-linked gel. The optimum proppant 
volume is considered to be the maximum concentration that
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could be pumped without causing a screenout.
Fracture lengths calculated by modeling and type curve- 

matching are presented for ten Wattenberg wells. The re­
sults are reproduced in Table 1. Roberts reports that frac­
ture height is attained in the early stages of treatment. 
Fractures were found to extend approximately four feet into 
the shale above and below the Muddy "J" sand. The standard 
deviation of fracture height for wells listed in Table 1 is 
14.5% of the mean. This compares to a standard deviation 
of net pay/fracture height ratio which is 32.9% of the mean, 
and suggests that selecting a fracture height based on gross 
pay is more appropriate than using a fracture height/net pay 
ratio. The comparison of "modeled x^", and "type curve x^", 
which must be based on performance, indicates that the 
effective length averages approximately 85% of the design 
length. This difference between the design fracture length 
and effective fracture length, and its implication with 
respect to optimization, is not addressed by the author.
One final point to note is that the mean modeled efficiency, 
which is taken to be fracture fluid efficiency, is 64.5% 
and 49.5% for cross-linked gels and polymer emulsions, 
respectively.

Veatch and Crowell (12) present a comprehensive review 
of Amoco1s field research program, including some results
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from Wattenberg, as follows :
Elastic Modulus, 10 psi 
Net fluid-loss interval, ft 
Estimated fracture height, ft ^ 
Fluid-loss coefficients, ft/(min)^

2 to 7 
30 to 50 

100 to 180
Field data 0.0005 to 0.0007 

0.0003 to 0.0007Laboratory data
The research program was directed at obtaining reliable 
values for use in design calculations, such as fracture 
height, fluid loss coefficient, in-situ stress, rock proper­
ties and fracture orientations. The authors conclude that 
fracturing design parameters may vary widely throughout the 
same tight gas reservoir.

Review of Fracture Design Optimization Methods
The work of Holditch, et al (6) is one of the first to 

specifically discuss fracture design optimization. The 
authors present a design model which uses the equations of 
Geertsma and deKlerk (13) and the power-law viscosity 
equation to simultaneously solve for width, length, and 
viscosity. Well performance is then predicted using the 
analytical solutions of Gringarten et al (14) for an infin­
ite conductivity fracture. Present value economic calcula­
tions are used to determine the optimum fracture design and/ 
or well spacing for a particular application. There are 
several assumptions used in this early model which limit its
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practical use. A partial list of these assumptions is as 
follows :

1) constant producing rate;
2) infinite fracture conductivity; and
3) the propped fracture length is assumed to 

be equal to the distance to the pad remain­
ing in the fracture at the end of pumping.

In spite of these assumptions, the procedure is a good one,
and can provide the framework for a practical optimization
method.

A significant milestone in performance prediction of 
hydraulically fractured wells was achieved in the work of 
Agarwal, Carter, and Pollock (15). They developed type 
curves for finite conductivity fractures which can be used 
for history-matching to determine effective fracture length. 
Another set of type curves can then be used to predict pro­
duction rates, given fracture length and conductivity, and 
reservoir permeability. The lack of wide-spread acceptance 
of this method is probably due to the fact that permeability 
must be known in order to obtain a unique curve-fit for 
history-matching.

Crowell and Jennings (8) use the finite conductivity 
type curves discussed above to analyze performance of frac­
tured wells, and select refracturing candidates. An example 
of the analysis for a Wattenberg well indicates that the 
effective fracture length (from the type curve match) is
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79.5% of the design length of 748 feet. The authors con­
clude that such a discrepancy between effective and design 
lengths implies that a "problem area" exists with respect 
to the fracture treatment. They do not suggest what this 
problem area might be. The authors also note that pressure 
transient analysis methods using an inf ini t e-conduc tivity 
fracture model will result in much shorter effective fracture 
lengths than obtained with a finite-conductivity model.

The argument of finite versus infinite fracture con­
ductivity is considered by Grafton et al (7) to be unimpor­
tant, with respect to fracture optimization. They present 
an optimization procedure which uses the uniform-flux frac­
ture model of Gringarten et al (14). A uniform-flux frac­
ture assumes high, but not infinite conductivity, and the 
authors readily admit that a finite conductivity fracture 
would appear to be shorter with their model. However, they 
report very good history matches and accurate production 
forecasts. The model can predict productivity with good 
accuracy because the forecasts are based on an effective 
fracture length and reservoir permeability which the model 
"sees" from history matching. The model also has the dis­
tinct advantage of not requiring an independent estimate of 
formation permeability, because it is found by iterative re­
gression. The authors note that if histories from several
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wells in one area are available, effective fracture lengths 
can be compared with net present value (NPV) performance to 
obtain an optimum job size. Results from history matching 
using the analytical model (AM) and a finite difference 
simulator (FDS) are as follows :

Note that the analytical model indicates an effective frac­
ture length which is 62.5% of the FDS length, for an equiva­
lent permeability (case I).

The most significant comparison of fracture lengths to 
date can be found in the work of Holditch and Lee (16). They 
present the results of calculating fracture lengths and 
formation permeabilities for 13 wells, using several differ­
ent methods. A finite-difference history match is used to 
obtain the most representative estimates of effective frac­
ture length and conductivity, which are compared to design 
lengths. No details of the design calculations are given, 
but the method is assumed to be similar to that used in Ref. 
6. The results of these comparisons are shown in Table 2. 
Note that the average of effective fracture lenghts is 68.4% 
of the average design lengths for 10 of the 13 wells. Wells

Case
Effective Length, ft Res. Permeability, md 

FDS AM FDS AM
I
II
III

256 160
780 750
325 325

0.16 0.175
0.007 0.015
1.00 0.525
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1, 3, and 5 are considered to be anomolies, with average 
effective/design length ratios of 12.5, 23.4, and 13.3%, 
respectively. The effective lengths in each case are for 
finite conductivity fractures. The authors conclude that 
fracture jobs should be slightly overdesigned to account for 
this difference in effective and design fracture lengths.
They also note that they had difficulty obtaining unique 
solutions when using type curves for history matching.

If the analytical model of Grafton et al (7) can be 
used to forecast production for hydraulically fractured wells, 
a simple and reasonably accurate method of calculating prop­
ped fracture lengths can complete a cost-effective optimiza­
tion procedure. The work of McLeod (9) presents such a method 
for computing fracture dimensions. He reports that his de­
sign method has been used successfully for numerous treat­
ments in south Texas. Assumptions inherent in this method 
include:

1) the treatment fluid is a "perfect transport" 
fluid; i.e. no proppant settling occurs ;

2) the fluid loss coefficient is approximately 
0.001 ft/ min or less;

3) the fracture fluid behaves as a power-law
fluid;

4) there is no fluid loss ;
5) fracture height is constant

The current state-of-the-art cross-linked gels meet most of 
these assumptions, so this method applies to treatments
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commonly performed today. The equations and method outlined 
by McLeod are presented in Appendix A. The author suggests 
that the work of McGuire and Sikora (11) can be used to 
forecast production increases and ultimately arrive at an 
optimum fracture treatment size. As shown in Appendix A, the 
McGuire and Sikora method applies only to steady-state flow 
and is generally not applicable to tight-gas reservoirs.
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CALCULATION OF GAS IN PLACE 
Geology and Field Description

The Muddy "J" sand is a marginal marine blanket-type 
reservoir of Cretaceous age (1, 17). The stratigraphie 
trap which dominates the accumulation of hydrocarbons was 
formed in a prograding delta front environment. The delta 
front and transgressive marine sequence interpretation is 
shown in Figure 3.

The reservoir characteristics are reported in the 
literature (2) as follows :

Initial Reservoir Pressure, psia 2900
Reservoir Temperature, °F 260
Gross Sand, ft 50-150
Net Sand, ft 10-50
Porosity, percent 8-12
Permeability, md 0.05-0.005

Examination of typical logs from T2N/R65W (Figures 4 
and 5) reveals the transition from marine shale at the bas 
to sandstone at the top. Interbedded shales and matrix 
clays combine to result in low permeability, and reduce 
the net pay/gross pay ratio. This ratio was found to vary 
considerably within T2N/R65W, but the gross sand interval 
is fairly constant. Results of log analysis from 20 wells 
indicate the following:
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ASSUMED FRACTURE TOP

7600 TRANSGRESSIVE 
MARINE SILT SHALE

TOP 'J' SAND

TRANSGRESSIVE 
MARINE SAND

DELTA FRONT SAND

Short Normal Resistivity

4  PRODELTA

7700

ASSUMED FRACTURE BOTTOM

SP Curve

Figure 4. Interpretation of depositional environment of well 
173, Sec. 24, T2N/R65W, Wattenberg. After Matuszc­
zak (1) .
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ASSUMED 
FRAC TOP

Gamma Ray

ASSUMED 
FRAC BOTTOM

Figure 5. Example of net
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Standard Deviation 
Mean Value Percent of Mean

Net Pay/Gross Pay 0.174 0.024 13.8
Gross Pay, feet 135 4.9 3.6

The Muddy "J" sand has been penetrated numerous times 
since 1949, when development of the Denver Basin began in 
earnest. Gas was known to be present in the Wattenberg 
field, but flowrates were generally too low to be measured. 
In 1967 a discovery in Roundup field, near Wattenberg, pro­
vided encouragement for the development of the Muddy "J" 
sand. The well produced 2700 MSCFD after a fracture treat­
ment (1). Development of T2N/R65W began in 1970, and as of 
January 1, 1984 there were 98 Muddy nJ" sand completions in 
this township. All wells are currently on 160-acre spacing.

Volumetric Calculations
Net pay counts, porosity, and water saturations of 

selected wells have been determined and used to construct 
net pay isopach and effective (hydrocarbon) porosity maps 
(Fig. 6 and 7). A porosity cutoff of 8% is used to select 
net pay counts. Net pay and effective porosity for all 
wells in T2N/R65W are taken from the maps presented as Fig­
ures 6 and 7. Frequency statistics of these variables are :
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WATTENBERG FIELD 

MUDDY 'J ' SAND

• 26

•31

•22 •37 • 2

•21

•20

T
2
N 36

•40 24

24 • 22

R 65  W

Figure 6. Net pay isopach, T2N/R65W Wattenberg. 
All values have units of feet.
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WATTENBERG FIELD 

MUDDY ‘J ' SAND

o
• .072

.066

• .056

T
2
N

•.067

.059

< 0 6 5 • .060

.057

• 0 5 8.060

.057

R 6 5  W

Figure 7. Gas porosity isopach, T2N/R65W, Wattenberg.
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Net Pay Porosity Water Sat.
(Ft.) (%) (%)

Minimum 17 9.7 38
Maximum 47 14.0 55
Mean 29.1 11.8 46
Std. Deviation

Value 5.48 0.86 3.3
% of Mean 18.8 7.2 7.2

Net pay clearly has the most variation of these three vari­
ables, as shown by statistics. No attempt is made to deter­
mine variations of initial reservoir pressure and tempera­
ture or drainage area throughout T2N/R65W. The following
values are assigned to each well:

Initial Reservoir Pressure, psia 2900
Reservoir Temperature, of 260
Drainage area, acres 160

Produced gas analysis from several wells indicates 
that the following values are constant throughout the Town­
ship T2N/R65W:

Specific Gravity (Air=l.00) 0.70
CO2 , percent 3.6
N^, percent 0. 6
H 2 S, percent 0.0

Using these values and the Hall and Yarborough method, the 
Z-factor at 2900 psia is 0.927. Volumetric gas-in-place is 
computed using this Z factor, the values from Figures 6 and 
7, reservoir pressure and temperature of 2900 psia and 260°F,
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and 160-acre spacing.
There is some question within the industry as to 

whether calculated water saturations from the Muddy "J" 
truly represent water within the pore space, or reflect 
bound water in clays. Production from the Muddy "J" is 
essentially dry gas with little or no water (after fracture 
clean up). Calculated water saturations of 50% might sug­
gest some water would be produced. However, references 18 
and 19 report that in tight gas sands, the flowing phase 
is primarily gas until water saturation is greater than 
50%. This is reinforced by capillary pressure data for the 
Muddy "J" sand which indicate irreducible water saturation 
is between 15 and 40 percent. For purposes of this study, 
the objective is to compare all wells on an equal basis 
and the magnitudes of volumetric parameters are of secon­
dary importance.

The results of the volumetric calculations are as 
follows :

Gas-in-place*
MMSCF

Minimum
Maximum
Mean

1214.06
3066.89
1994.83

* Per 160 acres
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CALCULATION OF FRACTURE DIMENSIONS 
Selection of a Fracture Model

The two fracture geometry models commonly used today 
are those described by Perkins-Kem-Nordgen (PKN) (20,21) 
and Khristianovich-Geertsma-deKlerk (KGD) (13, 22). There 
is no definite consensus in industry on how to decide which 
model is more appropriate for a particular situation. More­
over, some companies use only one model for all applications 
The selection of a model is important because the PKN geo­
metry results in fractures which are narrower and longer 
than the KGD model would indicate, for equivalent treatments 
The width equations of PKN and KGD, respectively, are :

PKN: w(e ,t) = 0.38926

KGD: w(o,t) = 0.2945

qyL(l-v)
G

qiiL2(l-v)
Gh

[1]

[2 ]

Where
w(o, t ) = maximum created width at the wellbore, in.

q = total injection rate, bpm
y = fracture fluid viscosity, cp
L = fracture half-length, ft.
v = Poisson's ratio
G = shear modulus
h = fracture height, ft.
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The results of a detailed study of bottom-hole pressures 
recorded during fracture treatments are reported by Erdle 
et al (23). They found both PKN and KGD-type behavior in 
the same formation, although the authors thought that hori­
zontal fractures may have occurred in some cases. McLeod 
(9) suggests that the PKN model is more suitable for most 
Rocky Mountain formations, where there is a long and hetero­
geneous transition from clean net pay to bounding shale beds. 
Barree (24) reports that the PKN model yields accurate re­
sults for length/height ratios greater than one, and the 
KGD model is accurate for length/height ratios less than one. 
All of the treatments examined in this report have length/ 
height ratios greater than one, therefore the PKN model is 
used.

Determination of Fracture Height
Fracture heights are selected with the help of Amoco's 

considerable research on the subject. Temperature profiles 
run after Wattenberg frac treatments indicate fracture 
heights range from 100 to 180 feet (12). Height contain­
ment is generally assumed to occur after moderate growth, 
as the fracture penetrates the shales bounding the Muddy "JM 
sand (25). As noted earlier, gross sand thickness in T2N/R65W 
is fairly constant, with a mean value of 135 feet. Although
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fracture height can be expected to be tapered away from the 
wellbore (26), a constant value of 135 feet is used for 
width and length calculations. It is recognized that cal­
culated fracture lengths presented in this report may be 
considerably different from those reported by others. How­
ever, the main objective is to compare all wells in this 
study on an equal basis.

Selection of Fluid Properties
Characterization of fracture fluids used in the treat­

ments proved to be difficult. The McLeod calculation method 
inherently assumes that fluid properties remain constant for 
the entire job, in conflict with the temperature and/or 
time-dependent nature of most fracture fluids. Initially, an 
average fluid temperature of 150°F was used, based on a 
service company graph. Pump time for most jobs was four 
hours. An average exposure time of two hours for the entire 
fluid volume was used.

One reason polymer emulsion (PE) fluids were used ex­
tensively in the mid-19701s was due to their low fluid loss 
coefficients (FLC), compared to simple gelled water systems 
(2). Nolte reports an FLC of 0.00053 ft/(min)^ calculated 
from a mini-frac test using a polymer emulsion fluid 
in the Muddy "J" sand of the Wattenberg field
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(27). He states that the FLC should be similar for treat­
ments of a given zone for similar fluids. Since virtually 
all of the polymer emulsion fluids used in T2N/R65W are based 
on the system licensed by Exxon Production Research, FLC 
values are fairly uniform. Data presented by Halliburton 
and Western for n' and K ' of polymer emulsion (50 lb/gal 
gel) agrees very closely and is used in this report.

The water-base cross-linked gels (CLG) developed in 
the late 1970’s are much more difficult to characterize 
than the polymer emulsion fluids for three reasons :

1) each service company appears to have indepen­
dently developed their own crosslinked gel;

2) the rheology of CLG’s is much more time- 
dependent than for polymer emulsions ; and

3) non-standard testing of fluid.

Values for n' , K' , and FLC of each fluid used are se­
lected from service company data, based on an average tem­
perature of 150°F and one-half the total pump time (typically 
four hours). The Western Company literature indicates 
that FLC of cross-linked gels is reduced by a factor of 10 
with the addition of 5% hydrocarbon (HC). Other references 
(25,28,29,30,31) cite FLC reductions of 30 to 90 percent 
with the addition of 5% HC. Nolte (27) reports a mini-frac 
calculated FLC of 0.00076 ft/(min)2 for a cross-linked gel with 
5% HC in the Muddy ’’J” sand. This compares to a minimum
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FLC of .0022 for cross-linked gels without hydrocarbon.
Western considers the difference in FLC significant enough 
to use different names for their cross-linked gels with 
and without 5% HC. The cross-linked gel treatments per­
formed by Halliburton and Dowell are assumed to contain no 
hydrocarbon, unless the treatment report specifically notes 
that hydrocarbon was used. A total of 14 treatments con­
tained no hydrocarbon.

The selection of FLC is important because of its impact 
on fluid efficiency, and thus fracture length. Fluid effi­
ciency has been reported to decrease from 90% to 30% when 
FLC is increased from 0.0001 to 0.001(31).

Modification of the McLeod Method
With all the necessary fluid properties determined, 

the McLeod method was used to determine fracture dimensions.
The initial computation indicated that more than 25 wells 
had longer propped lengths than created lengths. The initial 
effort to correct this problem was directed at refining fracture 
fluid n' , K', and FLC values. Halliburton supplied a fluid 
temperature profile that indicated the average temperature 
during a typical job is closer to 200°F, and this value is 
used for the results of this report. Halliburton also pro­
vided computer-generated fluid rheology properties for the 
treatments encountered in this study. The revised fluid
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property data resulted in a reduction of incorrect propped/ 
created length ratios, but not an elimination of ratios 
over 1.0. Host of the ratios over 1.0 were for jobs without 
hydrocarbon in the treatment fluid, and thus higher fluid 
loss coefficients and lower fluid efficiencies.

The source of the error in the propped/created length 
ratio is considered to be in the assumptions used to compute 
propped fracture width, as proposed by McLeod. Although not 
specifically stated, McLeod apparently assumes there is no 
fluid loss, as indicated by his statement that this method 
is applicable for fracture fluids with a FLC of 0.001 or less. 
Indeed, the propped/created length ratio using the McLeod 
method is greater than one for all jobs with a FLC greater 
than 0.0010. The equations, used to derive the propped 
width equation can be stated as follows :

Vsi - Vfc [3]
where = volume of slurry injected

Vfc = volume of created fracture

and,

where Vp. = volume of proppant injected 

- volume of propped fracture
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<j>£ = in-situ porosity of proppant in
fracture

Combining these two equations results in McLeod's equation 
for propped width (see Appendix A). The equation for prop­
ped length follows from the volumetric relationship of 
height (h), width (w^) and length (L^).

Details of the modified McLeod method used in this re­
port are presented in Appendix B. There are three basic 
modifications used in an attempt to improve the McLeod method

1) the propped width equation is derived using 
the entire fluid volume and calculated fluid 
efficiency;

2) the average created width is determined by 
integrating the analytical expressions of 
width, over the height and length; and

3) frac fluid viscosity is corrected for proppant 
volume, using the chart of Perkins and Kern (20).

Fluid efficiency is defined here as the ratio of fracture
volume created by slurry to the volume of slurry pumped.
The fluid efficiency of the slurry is calculated using the
following equations:

Ef = V ct/Vli [5]

Vcs * <EfVli + V  - EfVpi 161
where = overall frac fluid efficiency

V = volume of fracture created by
c slurry + pad

V u  = total volume of liquid injected 

Vcs = volume of fracture created by slurry
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Vp = total volume of proppant

= volume of pad injected during job 

The slurry fluid efficiency is then,
[7]

where V . = volume of liquid and proppant in 
slurry

The fluid efficiency of the pad fluid will generally be 
lower than the overall fluid efficiency. However, the pad 
volume is usually a small percentage of the total volume 
injected, so the error in Equation 6 is not significant.

The average sand concentration in the slurry is used 
here, rather than the final sand concentration used by Mc­
Leod. The propped fracture shape is implicitly assumed to 
be similar to the created fracture shape, with a correspond­
ing variation in areal sand concentration. Thus, the ver­
tical cross-section of the propped fracture has the shape of 
an ellipse (viewed from the wellbore) for a PKN-type model, 
as used here. Complete mixing of fluid and proppant is 
assumed for "pillar fracture" treatments, with the result of 
lower average sand concentrations than conventional jobs 
with equivalent fluid volumes. Reasons for using this 
assumption are presented in the discussion of the "pillar 
fracture" technique.

As previously noted, the McLeod method assumes a perfect-
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transport fracturing fluid, i.e. no proppant settling occurs. 
It can be argued that polymer emulsion fluids do not meet 
this criteria, in spite of their high apparent viscosity. 
Kasperit (32) notes that fluids may have a high viscosity 
without being a perfect transport fluid. However, polymer 
emulsions are considered to behave as a perfect transport 
fluid for this report.

The following values of rock properties are used for 
all fracture dimension calculations:

Constant values are used due to a lack of definitive data 
for individual wells. It is recognized that reservoir 
permeability may vary from well to well, but the effect 
of these variations on well performance is not addressed 
in this report.

Fracture conductivities are determined from charts such 
as that shown in Figure 8, for a given areal proppant con­
centration, and a closure stress of 4000 psi. Dimensionless 
fracture conductivities are calculated as follows :

Young's modulus, psi 
Poisson*s ratio 
Permeability, md

5.0 E6 
0.25 
0.01

Fcd = (kf V /(kR Lf) [8]

where Fccj = dimensionless fracture conductivity

(kjr wf) = fracture conductivity, md-ft
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= reservoir permeability, md 

Ljr = fracture length, ft

A summary of fracture treatments included in this re­
port is presented in Table 3. Table 4 presents a summary 
of fracture dimensions calculated with the modified McLeod 
method. The fracture treatment data and dimensions of the 
individual wells are presented in Appendix C.
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Table 3
Number

Initial fracture treatment 71
Treatment fluid types

Polymer emulsion 29
Cross-linked gel 37
Other 5

Proppant schedules
Conventional packed fracture 38
Pillar-fracture 33

Fluid-loss coefficients
Less than .001 60
Greater than .001 11

Treatment sizes
Frac Fluid volume, M gal 
Pad volume, 1000 gal 
Proppant weight, M lb 
Max. prop, concen., lb/gal 
Avg. prop, concen., lb/gal

Min. Max. Mean Std. Dev.
30 316 182.8 73.0
5 83 27.9 13.4

28 971 560.1 255.6
1.0 9.0 5.6 1.64
0.9 6.2 3.1 1.44

Table 3. Summary of fracture treatments from T2N/R65W which 
are included in this report.
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Table 4

Apparent vise., cp i
Fluid loss coeff. , ft/'(min)̂
Fluid efficiency, %
Fracture Widths

Maximum created, in 
Avg. propped*, in

Fracture Lengths
Created, ft (CL)
Propped*, ft (PL)
PL/CL*

Calculated Fracture Conductivities

Min.

00028
9.1

397
412
751

Max.
1315

.00281
80.1

0.101 0.811 
0.026 0.153

3857
3400
.994

Mean
393

.00061
59.3

0.545
0.092

2325
2299
.9429

F , md-ft c 7
F ^  , dimensionless

337

17

4694

720

1452

90.9

* Excluding 11 wells with Propped Length/Created Length 
ratios greater than 1.

Table 4. Summary of calculated fracture dimensions for treat­
ments included in this report.
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DETERMINATION OF PERFORMANCE 
INDICATORS

Historical production data for all but two wells in 
T2N/R65W has been provided by Panhandle Eastern Pipeline Co. 
The data for each well consists of monthly gas production 
in MSCF, average line pressure in PSIG, number of days on 
line during the month, and average daily rate for the month 
in MSCFPD. The time span of the data is from late 1974 
through November, 1983. Although several wells were drilled 
prior to 1974, production was apparently delayed due to the 
lack of a collection system. There were no significant 
production restrictions prior to 1984.

Production streams for all wells are converted to a 
common basis by calculating yearly cumulative production 
from the start of the first month of production. Cumulative 
recoveries are determined using the volumetric gas-in-place 
calculated for each well. Average daily rates for the first 
year are calculated by dividing the first year cumulative 
production by the number of producing days.

Economic evaluations of all wells are normalized to a 
common time frame. That is, all treatment costs are cal­
culated using current (1984) costs, one gas price is used 
for all cases, and all production streams are treated as if 
they had begun at the same time. Refracturing treatments
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are not included in any performance comparisons due to the 
uncertainty of depletion at the time of refracturing. Net 
present values (NPV), and undiscounted profit/investment 
ratios (PI) are calculated using the normalized data. Drill­
ing costs are considered sunk costs for this report, and are 
not included in any economic calculations. The economic 
variables used are summarized in Table 5.

The summation of four components is used to determine 
a fracture treatment cost for each well:

1) fixed set-up cost;
2) volume of fluid used;
3) total proppant weight;
4) hydraulic horsepower.

Fluid costs are broken down to include water-base gel, hydro­
carbon, and methanol. All proppant weights are assigned one 
cost, and hydraulic horsepower is calculated from average 
treating rates and pressures during the job.

An operating cost and gas price of $1100/mo. and $2.35/ 
MSCF, respectively, are used, based on an average of values 
reported by two operators. Advalorem and severance taxes of 
10% and 5%, respectively, are the best estimates of current 
rates. All costs and gas prices are unescalated, and mid­
year discounting with a 10% rate is used. The revenue 
interest is assumed to be 80%, and working interest 100%.
Profit/investment ratios are undiscounted. Details of the
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Table 5

Fracture Treatment Costs
Fixed set-up cost, $ 15,000
Cross-linked gel, $/gal 0.35
Hydrocarbon, $/bbl 28
Methanol, $/gal 1.00
Proppant, $/100 lb 6.65
Hydraulic Horsepower, $/hhp 3.55

Operating Costs
Direct operating cost, $/well-mo 1100
Severance tax, % of revenues 10
Advalorem tax, % of revenues 5

Gas price, $/MSCF 2.35
Net revenue interest, % 80
Working interest, % 100
Discount factor, % 10

Table 5. Parameters used in economic calculations.
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economic calculation procedure are presented in Appendix D.
A 1022 Data Base Management System on the Colorado 

School of Mines DEC-10 computer is used to store the data 
assembled for this study. The wells in T2N/R65W have been 
assigned a number, beginning with 101. Several data sets 
are included in the data base, and well numbers are used to 
cross-reference data as required. The data base allows data 
to be assembled with virtually any desired parameters. 
Further details of the data base are presented in Appendix 
E, for reference by future researchers.
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THE EFFECT OF VOLUMETRIC PARAMETERS 
AND FRACTURE LENGTH ON WELL PERFORMANCE

Several combinations of fracture treatment sizes, fluid 
systems, proppant sizes, and proppant scheduling have been 
tried in the development of the Wattenberg field. The data 
collected for this study is used to subjectively evaluate 
the effectiveness of the fracture treatments performed in 
T2N/R65W. A large number of cases is used in an effort to 
provide a significant sample of data points and account for 
the numerous parameters which affect well performance.

The comparison method employed is to cross-plot all 
significant combinations of variables to determine first- 
order or second-order polynomial best-fit curves. In this 
type of analysis, the researcher must generally have some 
idea of cause-and-effect relationships in order to decide 
how to combine variables for cross-plots and to evaluate the 
results. Thus, the analysis is at least somewhat subjective.

Again, the reader is reminded that the results pre­
sented in this report are not intended to represent absolute 
magnitudes of actual economic performance, nor predict future 
performance for specific fracture treatments. As will be 
shown, in most cases, there is too much data scatter to use 
these results for forecasts. Moreover, all comparisons are 
bi-variate, considering only two variables.
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First-Order versus Second-Order Polynomial Best-Fit Curves
A first-order polynomial best-fit curve is, by defini­

tion, a straight line, and can be used on virtually any data 
set. The strength of the linear relationship between two
variables is indicated by the squared correlation coefficient 

2(R ), with 1.0 being a perfect linear fit and 0.0 being a
complete lack of fit. A "perfect" fit means all data points

2lie on the fitted straight line. However, R is not a 
measure of the validity of the straight-line model.

The analysis of a second-order polynomial best-fit 
curve is slightly more complex. There are three possibili­
ties for such a curve : concave downward, straight line,
and concave upward. Furthermore, a concentration of points 
over a narrow range on the x-axis can strongly influence 
the location of the apex and the magnitude of its curvature. 
Two steps are taken to help produce realistic curve fits :

1. where appropriate, the curve is forced through 
zero by plotting 50 points at the origin;

2. the curve is terminated at or before the maxi­
mum available x-value.

Wattenberg wells typically produce little or no gas with­
out fracture treatments, so that all performance indicators 
are assumed to be zero for zero fracture length. In spite 
of these two steps, the validity of second-order curves can 
be questionable if data scatter is significant. Moreover, 
some curves must be neglected due to obviously false con-
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elusions, while others are at least logically plausible.
For example, a curve of average daily rate versus propped frac­
ture length which is concave downward can be extrapolated to 
a producing rate of zero for a large fracture length. In­
terpretation of second-order curves is much more subjective 
than for first-order curves. Their use is limited to the 
analysis of performance versus fracture length in this report. 
First-order curves are used when comparing fluid types and 
proppant schedules.

The Validity of the Modified McLeod Method
Propped fracture length is an important component in 

the evaluation of hydraulic fracture treatments. It is 
important to establish the validity of the modified McLeod 
method used to calculate propped fracture lengths in order 
to give credibility to the comparisons presented. The equa­
tions for created length, created width and average fluid 
viscosity are accepted and routinely used in industry.
Assuming that fluid properties have been selected correctly, 
created fracture widths and lengths are reasonable.

Dimensions of several hypothetical fracture designs 
have been computed to compare created and propped fracture 
lengths. The results presented in Table 6 are for a typical 
cross-linked gel treatment fluid with various job sizes.
Harp (4) reports calculated fracture lengths for actual jobs
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in the Wattenberg field, also shown in Table 6. He does 
not report details of fluid rheology or the model used to 
calculate dimensions. The relationship of propped to crea­
ted fracture length is entirely linear in Harp's work, with 

2an R value of 1.000. The modified McLeod method also pre­
dicts that this relationship is virtually linear. Using the

ohypothetical data, the R value is 0.997 for six treatment 
sizes, as shown in Figure 9.

Roberts (5) reports calculated fracture lengths for 3 
hypothetical Wattenberg fracture designs using cross-linked 
gels and a fracture height of 120 ft. Again, no details of 
fluid rheology or the fracture model are given. Results 
from the modified McLeod method, using an assumed fluid 
rheology, are compared to those of Roberts :

The results of fracture dimension calculations from 76 
treatments in T2N/R55W indicate 11 propped/created length 
ratios greater than 1.0, using the modified McLeod method. 
Nine of these 11 have apparent fracture fluid viscosities 
less than 55 cp, which would suggest they didn't behave as

Treatment Size 
M gal. M lb.

Propped Length, ft. 
Roberts (5) this report

183
315
370

832
735

1250
3900
4800

10000
3115
3757
6197
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K o

Harp (4)

Modified McLeod

2000
CREATED FRAC LENGTH.FT.

4000 6000

Figure 9. Propped vs. created fracture length for a hypo­
thetical Wattenberg fracture design. Second 
order best-fit curves.
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perfect transport fluids. Another treatment contained 21 
tons CO2 , which could have altered fluid rheology and/or 
fluid loss behavior. Finally, one of the 11 wells sanded- 
out at the end of the job. The calculated propped/created 
length ratio of 1.008 for this job would predict a sand- 
out, so this result strongly supports the validity of the 
modified McLeod method.

Figure 10 presents propped fracture length versus 
created fracture length for 71 fracture treatments in T2N/R65W.

The Effect of Net Pay and Porosity of Performance
The effect of net pay and porosity on well performance

is investigated in Figures 11 and 12. Both plots indicate
that there is virtually no correlation between initial
producing rates and net pay or hydrocarbon (gas) porosity.
There is a narrow concentration of points on the x-axis
of both plots, yet a wide variation on the y-axis. The
frequency statistics for the average daily rate during the
first year are as follows:

Minimum, MSCFD 47
Maximum, MSCFD 817
Mean, MSCFD 382
Standard Deviation

Value 169
% of Mean 44

Figures 11 and 12 clearly show that there is virtually no
correlation between net pay and initial rates or porosity
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2000
CREATED FRAC LENGTH.FT.

4000

Figure 10. Propped vs. created fracture length for fracture 
treatments studied in this report.
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and initial rates. No attempt is made in this report to 
account for the effect of permeability variations on per­
formance.

The Effect of Fracture Length on Well Performance
Well performance indicators are grouped in short term 

(two year), and long term (eight year) categories. The 
long term data offers the advantage of being fairly homogen­
eous, as all early jobs were done with polymer emulsion.
The short term data provides a larger sample for compari­
son of different fluid systems.

Figures 13, 14, 15, and 16 show that there is virtually 
no correlation of performance and propped fracture length 
for propped lengths greater than 2000 feet. The plot of 
cumulative recovery is slightly concave upward, due to 3 
wells (126, 141, 175) with eight-year recoveries of better 
than 35%, and concentrated between 2800 and 3000 feet frac­
ture length. The cumulative production of these 3 wells is 
also above average (Fig. 14). The wells are not close to 
each other, and there are no significant differences in 
their fracture treatments to explain their superior performance, 
compared to the other wells in T2N/R65W. Apparently, there are other 
factors besides fracture treatment design and volumetric para­
meters which have improved their performance.
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o

360024001200
PROPPED LENGTH.FT.

Figure 13. Eight-year net present value vs. propped
fracture length. Second order best-fit
curve.
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o

0 0  o'O-
175

o. 36001200
PROPPED LENGTH.FT.

2400

Figure 14. Eight-year cumulative production vs. propped
fracture length. Second order best-fit
curve.
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o
126

141

175

1200
PROPPED

2400
PROPPED LENGTH.FT.

3600

Figure 15. Eight-year cumulative recovery vs. propped
fracture length. Second order best-fit
curve.
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PROPPED FRAC LENGTH.FT.

2400 3600
1

Figure 16. Undiscounted P/I (8 Years) vs. propped fracture 
length. Second order best-fit curve.
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One possible explanation for the performance of wells 
126, 141, and 175 is that they were drilled and completed 
after the pipeline system was in operation. Thus, they were 
on production immediately after completion. Other wells 
had to wait months or even years before they could be pro­
duced into the gathering system. As Grafton and Wilderson 
(32) suggest, it is quite likely that wells which are able 
to clean up immediately following their fracture treatments 
may restore relative gas permeability more quickly than 
those wells which lay dormant for several months. The shut- 
in wells may have suffered permanent formation damage from 
fracturing fluids. Moreover, if these shut-in wells had 
large fracture treatments, the effective/propped fracture 
length ratios would be low.

Figure 16 indicates that the optimum propped fracture 
length is approximately 2000 feet, based on undiscounted 
profit/investment ratio. This result contradicts Figure 
13, which shows eight-year net present values increasing 
up to at least 3000 feet of propped length. The discrepancy 
may be due to discounting. Figure 17 shows that initial 
producing rates are much higher for those wells with prop­
ped lengths greater than 2400 feet. After the first year, 
the longer fracture lengths produce only slightly more 
than the medium-length (1500 to 2200 feet) fractures.
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Figure 17. Average daily producing rates for wells with 
short (0 to 800 ft), medium (1500 to 2200 ft) 
and long (2400 to 3600 ft) fracture lengths.
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Recall that this discussion pertains to polymer emulsion 
jobs only.

Figures 18 and 19 present two-year net present values 
and profit/investment ratios, respectively, plotted against 
fracture length. This data contains all wells with two or 
more years of production history, and thus includes various 
combinations of fluid types, proppant scheduling, and fluid 
loss characteristics. Figure 18 provides no clear indica­
tion of optimum fracture length. However, note that the 
range of net present value increases as fracture length 
increases, and many wells with fracture lengths over 2000 
feet would fail to pay for fracture treatment costs after 
two years.

The conclusion to be drawn is that while longer 
fracture lengths may increase net present value, they also 
present substantially greater rish. Figure 19 verifies 
this conclusion. It indicates that the optimum propped 
fracture length occurs at 1400 to 1800 feet, based on un­
discounted profit-investment ratios. Values of zero 
profit-investment ratio are for those wells with a negative 
two-year net present value.
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Figure 18. Two-year net present value vs. propped frac­
ture length. Second order best-fit curve.
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Figure 19. Two-year profit/investment ratio vs. propped
fracture length. Second order best-fit curve.
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COMPARISONS OF FLUID SYSTEMS AND 
PkUPPANT SCHEDULES

The data collected for this study provides an excellent
opportunity to compare the following treatments :

Polymer emulsions and cross-linked gels 
Packed fractures and pillar fractures 
Low fluid loss and high fluid loss

Comparisons are made by cross-plotting average daily pro­
duction rates and two-year net present values (NPV) against 
total treatment volumes and total proppant weights. First 
order curve-fits are used for each data set, with 50 points 
plotted at the origin. Producing rates and net present 
values are assumed to be zero for all wells, without frac­
ture treatments. The results show that all best-fit lines 
have an intercept at or near zero, so that the slopes can be
used to compare performance. Each pair of slopes is tested
for parallelism to determine if the slopes are truly differ­
ent within a confidence interval of 95%. A confidence in­
terval of 95% means that there are two boundary points be­
tween which there is a 95% level of confidence that the 
slopes are equal. In repeated sets of samples, each of the 
same size, the slopes would be expected to be equal in 95% 
of all intervals calculated (33). Specific results of the 
tests for equal slopes are presented in Appendix F.

Comparison of Polymer Emulsions and Cross-Linked Gels
The use of cross-linked gels has been a major develop­

ment in hydraulic fracture treatments in the Wattenberg
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field. The cross-linked gel (CLG) treatments included in this 
study had higher average sand concentrations than polymer 
emulsions (PE), as shown by the mean values:

CLG PE
Avg. sand concentration

(lb/gal) 4.10 2.13
Job cost/sand wt.,

($/lb) 0.20 0.41
Job cost/fluid vol.,

($/gal) 0.82 0.86
The job cost/sand weight ratios reflect the higher cost of
hydrocarbons used in polymer emulsions, and the greater
fluid volumes for equivalent total proppant weights.

Figures 20 and 21 indicate that initial rates and NPV 
are equivalent for cross-linked gels and polymer emulsions, 
based on total sand weight. The test for parallelism veri­
fies that there is essentially no difference in slopes.

Figures 22 and 23 indicate that cross-linked gels are 
superior to polymer emulsions, based on fracture fluid vol­
ume. Recall that average sand concentrations of cross-linked 
gels are almost twice those of polymer emulsions. The test 
for parallelism reveals the slope of cross-linked gels in 
Figure 22 is higher for a 95% confidence interval. The slopes 
of Figure 23 are different for a 90% confidence interval, but 
not for a 95% confidence interval.
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/ CLG

1000250 500 750
TOTAL SAND WT. 1000 LB

Figure 20. Comparison of initial producing rates versus
proppant weight for polymer emulsions and cross- 
linked gels. First order best-fit curves.
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Figure 21. Comparison of NPV versus proppant weight for poly­
mer emulsions and cross-linked gels. First 
order best-fit curves.
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CLG
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FRAC FLUID  VOLUME. 1000 GAL

400

Figure 22. Comparison of initial producing rates versus fluid
volume for polymer emulsions and cross-linked
gels. First order best-fit curves.
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Figure 23. Comparison of NPV versus fluid volume for polymer 
emulsions and cross-linked gels. First order 
best-fit curves.
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If the effects of different treatment fluids are ne­
glected, Figure 22 suggests that higher sand concentrations 
result in higher initial producing rates.

Comparison of Pillar and Conventional Packed Fractures
Tinsley and Williams (10) proposed a new proppant 

scheduling technique designed to place proppant in pillars 
within the fracture. The authors reason that the unpropped 
fracture between the proppant pillars will have a much high­
er conductivity than the propped portions. There are sever­
al assumptions used to develop this concept :

1) there is no mixing of proppant-laden slurry 
and spacer fluid;

2) the proppant does not crush or become em­
bedded;

3) the fracture will close and trap proppant 
after injection ceases ;

4) Poisson1s ratio, Young1s modulus, and 
fracture height are known with certainty;

5) the productivity ratio from McGuire and 
Sikora models well behavior.

There are several problems with these assumptions as they
apply to the Muddy MJ" sand:

1) turbulence, eddy currents and mixing most 
likely occur as fluids are pumped through 
perforations.

2) Nolte (25) reports that fracture closure 
times may be as long as 24 hours after 
pumping stops ;

3) if fracture height is greater than estimated, 
the equations predict that some unpropped areas 
will close, resulting in essentially zero 
fracture conductivity;
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4) the McGuire and Sikora productivity chart 
applies only for pseudo-steady state; it is 
not valid for a tight gas reservoir; and

5) the method is designed to benefit wells with 
permeabilities of 0 .1 md, or more ; the Muddy 
f,Jn generally has a maximum permeability of 
0.05 md.

If significant fluid mixing does occur while pumping, the 
result is a much lower average proppant concentration and 
lower conductivity for equivalent fracture length. These 
points suggest that the "pillar fracture" technique would 
not be appropriate in the Muddy "J" sand.

Mean values of average sand concentration and job cost 
ratios are as follows :

Packed Pillar
Avg. Sand Concentration

(lb/gal) 4.14 2.19
Job cost/sand wt.

($/lb) 0.21 0.38
Job cost/fluid vol.

($/lb) 0.86 0.84
Note that these values are very similar to those for cross-
linked gels and polymer emulsions. Most pillar fracture
treatments in T2N/R65W have used polymer emulsions, although
some have been done with cross-linked gels. The comparisons
of packed and pillar fractures are similar to the comparisons
of the two fluid types, but the magnitudes of the variations
in slopes are different.
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Figures 24 and 25 indicate that there is virtually no 
difference in performance between packed and pillar frac­
tures, for equivalent sand weights. The test for parallel­
ism verifies this observation.

Packed fractures result in higher initial rates for 
equivalent fluid volumes, but not necessarily higher NPV, 
as shown in Figures 26 and 27. The test for parallelism 
indicates that packed fractures are supreior at a 90% confi 
dence interval (Figure 26). The slopes of Figure 26 are 
virtually equivalent at a 95% confidence interval. There 
is clearly no significant difference of slopes in Figure 27 
As noted for Figure 22, Figure 26 suggests that higher 
average sand concentrations lead to higher initial produc­
ing rates. However, the incremental production is apparent 
ly partially offset by the increased sand costs, and there 
is no significant difference in economic performance of 
packed and pillar fractures. The difference in fracture 
fluid types clouds the issue somewhat, but "pillar fracs" 
do not appear to offer an economic advantage in T2N/R65W.

Low versus High Fluid Loss Treatments
Fracture fluid efficiency is strongly dependent on the 

fluid loss coefficient, as shown in Figure 28. A higher 
fluid efficiency means longer fracture lengths for equiva-
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Figure 24. Comparison of initial producing rates versus prop­
pant weight for packed and pillar fracs. First
order best-fit curves.
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Figure 25. Comparison of NPV versus proppant weight for packed
and pillar fracs. First order best-fit curves.
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Packed
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Figure 26. Comparison of initial producing rates versus fluid
volume for packed and pillar fracs. First order
best-fit curves.
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Packed
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FRAC FLUID  VOLUME. 1000 GAL

Figure 27. Comparison of NPV versus fluid volume for packed
and pillar fracs. First order best-fit curves.
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Figure 28. Fluid efficiency versus fluid loss coefficient for 
the treatments included in this report. Second 
order best-fit curve.
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lent fluid volumes. Figure 29 presents created length versus 
fluid volume for treatments with low FLC (less than 0.001 
ft/(min)^) and high FLC (greater than 0.001 ft/(min)^).
Note that for 200,000 gallon treatments, the low-FLC fluids 
produce a fracture almost twice as long as for the high- 
FLC treatments. Considering the emphasis put on fracture 
length by so many authors, it is surprising that some oper­
ators do not use hydrocarbon in their cross-linked gels to 
reduce fluid loss. Moreover, higher leak-off rates gener­
ally mean that proppant concentrations must be reduced to 
avoid sand-outs, and the fracture is narrower. Table 7 
presents the results of calculation of fracture dimensions 
for three treatments with different fluid loss coefficients. 
The sand concentration of the high-FLC fluids must be re­
duced to avoid a sand-out, based on the propped/created 
length ratio. However, it is conceivable that the higher 
fluid loss results in better proppant distribution. For 
a given pump rate, higher fluid loss results in smaller 
areas and higher velocities. Higher velocities may carry 
smaller proppant sizes to the fracture tip.

The mean values of average sand concentration and job 
cost ratios are as follows :
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Figure 29. Created fracture length versus fluid volume for
high fluid loss and low fluid loss jobs. First
order best-fit curve.
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Low
FLC

High
FLC

sand concentration 
(lb/gal) 3,12 2.53

cost/sand wt. 
($/lb) 0.27 0.31

cost/fluid vol. 
($/gal) 0.86 0.79

The number of high fluid loss treatments is small (11), 
so the validity of drawing conclusions from Figures 30 to 33 
is questionable. Figures 30, 31, and 33 indicate that the 
high fluid loss treatments may be superior. However, tests 
for parallelism indicate there are no differences in slope 
for Figures 30 through 33.
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Figure 30. Comparison of initial producing rate versus
proppant weight for high and low fluid loss.
First order best-fit curves.
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Figure 31. Comparison of NPV versus proppant weight for
high and low fluid loss. First order best-fit curve.
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Figure 32. Comparison of initial producing rates versus
fluid volume for high and low fluid loss. First
order best-fit curves.
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Figure 33. Comparison of NPV versus fluid volume for high 
and low fluid loss. First order best-fit 
curve s.
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DISCUSSION OF THE VARIATIONS IN WELL PERFORMANCE 
The results presented in the previous section clearly 

demonstrate the lack of correlation between fracture dimen­
sions and well performance. Moreover, some of the compari­
sons of fluid types and proppant schedules have results which are 
much different than expected. Assuming permeability is rela­
tively constant throughout T2N/R65W, there must be other rea­
sons to explain the wide variations in well performance.
Some possible explanations are discussed below.
Formation Damage due to Fluid Invasion

It is a well known fact that fluid invasion of sand­
stones containing clays can cause permanent damage. Jones
and Owens (34) report that a 60,000 mg/L NaCl solution will 
typically reduce permeability 85% below the Klinkenberg per­
meability of a dry core. They also note that damage due to 
water or brine is more pronounced in lower permeability 
rocks, and recommend that fluid invasion be kept to a mini­
mum during drilling and fracturing. Simon and Coon (35) 
suggest that fluid pH affects the degree of formation dam­
age. They report that a pH of 4.0 to 6.0 causes less damage 
than a pH of 3.0 to 10.0. The addition of 5% methanol to a
cross-linked gel can reduce the pH to a desired level (4).
If this is true, it could explain the wide variation of per­
formance for the wells treated with cross-linked gel.
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Perhaps more important than the pH, is the length of 
time the formation is exposed to invasion fluids. Grafton 
and Wilderson (32) note that leaving even a stable emulsion 
in contact with the reservoir matrix for extended periods 
of time causes formation damage. They explain that the 
Muddy "JM sandstone has no continuous liquid phase, and 
that adsorption of surfactants may lead to increased rela­
tive permeability to water and imbibition of water. Natur­
ally, the longer the formation is exposed to this condition, 
the greater the imbibition and damage. It would appear that 
the length of time required to recover fracture fluids 
might provide insight into the potential of a particular 
well. Unfortunately, this data is not commonly available, 
and could not be obtained for this report. However, con­
sider that as treatment sizes increase, more fracture area 
is exposed to fluid invasion. If a formation is very 
heterogeneous, as the Muddy "J" is, some areas of the frac­
ture may not produce back invasion fluid as rapidly as 
other areas. The imbibition process is likely to lead to 
the equivalent of permanent damage over a period of time. 
Under this scenario, part or all of the benefit of longer 
fracture lengths is lost.

The Concept of Effective Fracture Length
The reduction of fracture area due to imbibition, dis-
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cussed above, can be thought of as a reduction of fracture 
length, if height is constant. Thus an "effective" fracture 
length can be defined as that portion of the propped fracture 
length which contributes to production. More specifically, 
it is that fracture length determined with a transient test 
model. As discussed earlier, the effective fracture length 
may be different for various models and assumptions of frac­
ture conductivity. More important, the effective fracture 
length will generally not be equal to the propped length, 
nor will the ratio of effective/propped length be constant.

The physical significance of effective fracture length 
is demonstrated by the work of Branagan et al (36). They 
used cyclic injection of dry gas into shut-in Wattenberg gas 
wells in an attempt to restore production. Extensive pressure 
buildup tests were used before and after gas injection to 
check permeability. The authors noted a 19-fold increase in 
permeability due to gas cycling. However, if the permeabil­
ity were assumed to remain constant, the effective fracture 
length would show an increase from 160 feet to 879 feet. The 
authors concluded that the gas cycling most likely removed 
high fluid saturations adjacent to the fracture face and re­
stored gas permeability.

McMechan and Conway (37), in reviewing hydraulic frac­
turing in the Anadarko Basin, note that the combination of
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high capillary pressure, low fracture conductivity and high 
gas mobility relative to water, allows early breakthrough 
of gas near the wellbore following treatment. This can lead 
to high water saturations in the fracture and effectively 
isolate most of the fracture from production. The same idea 
is expressed by Tannich (19). He makes the point that when 
selecting a design fracture length, one must consider whether 
fracture fluid can be removed from the wellbore. If not, 
the effective length will be shorter than the propped length.

Obviously, effective/design fracture lengths less than 
1.0 may be caused by factors other than reduced gas permea­
bility, as noted by Holditch et al (16):

1) the fracture is wider than the design indicates ;
2) sand transport is inefficient and proppant 

settling may have occurred;
3) the actual fluid loss is larger than predicted; 

and
4) fracture height is greater than estimated.

The above discussion leads to the conclusion that 
effective fracture length is much more important than prop­
ped length in determining well performance. The literature 
generally fails to make the distinction between the two 
lengths with respect to fracture design. The results of 
this study strongly suggest that something more than a de­
sign propped fracture length is required in order to obtain 
realistic production forecasts for hydraulically fractured
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tight-gas sands. Specifically, a technique that defines the 
effective/propped fracture length ratio is needed.

Other Factors Which Affect Performance
As previously stated, variations in formation permea­

bility have not been considered in this study. A pressure 
build-up test is available for only one of the wells in­
cluded in this report. The depositional environment of the 
Muddy ”J” sand and inspection of logs suggests that reser­
voir quality may vary significantly between location.

Another factor which has not been addressed in this 
report is proppant size and concentration. Many treatments 
used large quantities of 100 mesh sand, which is currently 
used only for fluid loss control. Proppant schedules have 
changed and evolved over the years, and could be responsible 
for some of the variations in well performance.

The fracture dimension equations used in this study 
incorporate several simplifying assumptions. It is possible 
that errors in calculating propped fracture length are great­
er for some wells than for others. Some treatments may 
follow the model closely while others may deviate signifi­
cantly. This is another argument for investigating propped/ 
effective length relationships.
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DISCUSSION OF FRACTURE DESIGN 
OPTIMIZATION PROCEDURES

General guidelines for fracture design optimization, 
based on the concept of effective fracture length, are pro­
posed here. Application of the specific procedures is be­
yond the scope of this work, but they are generally well 
documented in the literature. The intent here is to dis­
cuss how various ideas might be combined to form a practical 
fracture design optimization procedure. The general steps 
of the procedure are as follows :

1) Determine the effective/propped fracture 
length ratio for the area of interest.

2) Select several treatment sizes, fluid types, 
etc.

3) Compute fracture dimensions using the modified 
McLeod method.

4) Compute an expected effective fracture length 
using the appropriate effective/propped length 
ratio.

5) Use an analytical model or type curves to fore­
cast production.

6) Compute NPV for various treatments, and compare 
to find a desired treatment size.

Step 1 is the most difficult and time-consuming part 
of this procedure. It would require transient test 
analysis such as that proposed by Crafton et al (7), Agarwal 
et al (15), Bostic et al (38), or Holditch et al (39). 
Ideally, Step 1 would have to be done only once, and the re­
sults could be applied to all subsequent treatments in a 
particular area. Alternately, an operator could simply
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assume a constant effective/propped length ratio, such as
0.70, based on published results in the literature. Note 
that the particular model used in Step 1) should also be used 
to forecast production rates. If the analytical model of 
Grafton et al (7) is used in Steps 1) and 5), the whole pro­
cedure could be programed on a micro-computer.

This optimization procedure is ideally suited to re- 
fracturing candidates which have production history readily 
available. If a unique history match can be obtained, for­
mation permeability can be determined, resulting in a more 
reliable production forecast.

The element of risk, with respect to performance, 
should be considered. This might be done by assigning a 
probability of economic success to ranges of fracture lengths. 
For example, propped lengths longer than 2000 feet in the 
Wattenberg field would have a reduced probability of success, 
as demonstrated by this study.

The use of a fracture design procedure based on the 
Modified McLeod method is well suited for use with typical 
field data. It is intended to fill the gap between sophis­
ticated and expensive finite difference simulators, and the 
common practice of using a standard treatment for all wells 
in an area.
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NOMENCLATURE

a - length of semi-major axis of an ellipse
b - length of semi-minor axis of an ellipse

cv - volume concentration of proppant

cw - weight concentration of proppant

=w - avg. weight concentration of proppant

cw - final sand concentration pumped
E - Young's modulus of elasticity

Ef - overall fracture fluid efficiency

Es - slurry fluid efficiency

Fcd - dimensionless fracture conductivity
G - shear modulus
h - fracture height

kf - fracture permeability

kr - reservoir permeability
L - fracture half-length, wellbore to tip

- propped fracture half-length
Po - pressure within a crack
q - total injection rate

tde - dimensionless time at external boundary

Vcs - volume of fracture created by slurry

Vct - volume of fracture created by slurry and pad

vfp - fracture volume at the instant pumping stops
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Vf - volume of created fracture

Vfpc - propped fracture volume after closure

Vp - total proppant volume

V f  - volume of slurry injected

Vf - volume of created fracture

Vfp - volume of propped fracture

Vff - volume of liquid in slurry injected

V f  - volume of proppant injected

w - created fracture width at the wellborecw
w - propped fracture width at the wellborepw 1 1
w - overall avg. fracture width
Wp - avg. propped fracture width

w(o,t) - created width at wellbore, at time t
w(x,t) - created width at location x, at time t
Wp - total weight of proppant

x - incremental fracture half-length
v  - Poisson* s ratio
y - fracture fluid viscosity
(j)f - in-situ porosity of proppant in fracture

p - density of proppant
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w^v - vertical avg. fracture width

w - avg. fracture width over the length
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APPENDIX A : Derivation of the Propped Fracture Length
Equation Proposed by McLeod (9).

The following discussion presents a derivation of equa­
tions [10] and [11] of McLeod (9). This derivation has not 
been presented nor confirmed by McLeod, but does result in
the same equations proposed by him. It is shown here as a
prelude to the modifications presented in Appendix B .

McLeod (9) uses the fracture area equation of Carter 
(40), and the width equations shown by Geertsma and deKlerk (13) 
for Perkins and Kern (20) to solve iteratively for created 
width and length. Geertsma and Haafkens (41) present an 
excellent comparison of these equations with expected re­
sults , and the reader may consult this work for further re­
ference.

Two assumptions are used to derive the formula for 
propped width, equation [10] of McLeod. The assumptions 
are stated as equations [3] and [4], and repeated here,

Vsi = Vfc [3]
where = volume of slurry injected.

Vr; = volume of created fracture,rc
and.

vPi = 141
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where = volume of proppant injected.

= volume of propped fracture.

<J>f = in-situ porosity of proppant in the 
fracture.

Note that Eq. 3 assumes there is no fluid leak-off for the 
final fluid segment. The volume concentration of proppant 
can be found from the weight concentration as follows : 

cv = cw (lb/gal) * ,1/p (cc/gr) * (454gr/lb) *

(ft/30.48 cm)3 * (7.48 gal/ft3)
cv = cw (-120/Pp) [All

where c^ = volume concentration of proppant,
gal - prop/gal - fluid.

cw = weight concentration of proppant,
lb - prop/gal - fluid.

pp = density of proppant, gm/cc.

.In. a similar manner, the total proppant volume is:
Vp = Wp (. 120/pp) [A2]

where Vp = volume of proppant, gal.

Wp = total proppant weight, lb.

If proppant density is taken to be 2.65 gm/cc, the equations 
become :

c = .0452 c v w
V = .0452 W_P P
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Returning to Eq. 3, the slurry volume of the final segment 
can be written:

Vsi = Vli (1 + -045 cw )
where V.. = volume of proppant laddén liquid

1 pumped, gal
c = final average sand concentration pumped,
w lb/gal - fluid

Eq. 3 can be written as:
V,. (1 + .045 c ) = 2w hx [A3]

± 1  w cw
where w „ = created fracture width at the well-

cw bore
h = fracture height
x = fracture half-length created

by vSi
Solving for

Vli = (2wcwhx)/(1 + •°45cw )
Eq. 4 can be written as :

Vli (-045cw ) = 2wpwhx (1"<t>f) [M]
where w = propped fracture width at the well-

Pw bore
Substituting Eq. A3 into A4 leads to:

1w = w pw cw
(.045cw )

(1 + .045c ) w
If is taken as 0.40, the result is:

c
V  = -O753 wcw w

(1 + .045cw ) [A5 ]
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If the packed fracture width is assumed to be constant for 
the entire fracture, the average width is equal to the width 
at the wellbore. The propped length can be determined using 
a volumetric relationship,

Eq. A5 and A7 are virtually identical to equations 10 and 
11 of McLeod.

The following discussion is presented to demonstrate 
that the McGuire and Sikora charts are not generally suit­
able for tight-gas reservoirs. The transition to pseudo­
steady state occurs when

[A6]

where = propped fracture volume after closurefpc
Wp = avg. propped fracture width, in

h = fracture height, ft
Lp = propped fracture half-length, ft

Assuming Wp = WpW and = 0.40, and converting to field

units,
0604 [A7 ]

where
tde = ( • 0002645 kt) / ( (f>yc r^)

k = reservoir permeability, md
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t = time, hr
<j> = porosity, fraction of 1.00
y = reservoir fluid viscosity, cp
c = total compressibility, 1/psi
re = drainage radius, ft

Setting t^ = 0.25 and solving for the time required to 
reach pseudo-steady state,

2_ U c re 
Sss = .0002645k Cde

For a typical Muddy "J" Wattenberg well, the solution is :

_ (.12)(.02)(.0002)(1489)2 ,n pss .do02645(.01) IU.z d;

= 100,587 Hrs 
= 11.5 Years

In other words, a Muddy "J" well would have to produce con­
tinuously for 11.5 years to reach pseudo-steady state. The 
McGuire and Sikora charts are of little practical use for 
such a well.
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APPENDIX B: Modification of the McLeod Method

The following discussion is based on personal communi­
cation with Dr. James Grafton (42). The derivation is a 
condensed version of his work.

Sneddon & Elliot (43) present an equation for the dis­
placement of the fracture face of a two-dimensional crack,

w(y) = 2(1-v2)Po
E

where w(y) = crack width at the y location of
the major axis of an ellipse

v = Poisson* s ratio
E = Young's modulus of elasticity
Po = pressure within the crack in excess of stress
a = maximum length of the crack

Eq. Bl has the form of an ellipse,

where rr̂ ib _(wi(l-v )?o a 
E

= maximum width of the ellipsoidal 
crack

The average crack width is then

j  w(y)dy 
wav = ---------

i : dy
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)dy

,.2.y2)' dy

= ^ 2  [y(a2-y2)^ + a2sin-1(y/a)Jy

=  t b

wav " -785b [B2]

Perkins and Kern (20) use Eq. Bl and the flow equation of a 
slot to derive their width equation for a fracture,

w(o,t) = 3.0045 qyL(l-v)'
G

where
q = flowrate into one fracture wing
L = fracture length
G = shear modulus

The width at any location x, can be found from:

w(x,t) = 3.0045 qu(L-x)(1-v) 
G %

and
w(x,t) = (L-x)4 
w(o,t) L%

[B3]

where
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The average fracture width along the length is then:

wal = w(o,t) /o1 (l-f1)< df1

5/4= w(o,t) |-(4/5) (l-f-ĵ )

wal = 4/5 w(o,t) [B4]

From Eq. B2, the average width in the vertical direction is: 
wav = .785 w(o,t) [B5]

Combining Eq. B4 and B5, the average width overall is: 
w = (.7854)(.80)w(o,t)

= .62832 w(o,t) [B6]
Eq. B6 is used in the iterative solution for created frac­
ture length, created fracture width, and apparent fluid 
viscosity. The fracture length is from Carter's (40) area 
equation,

L = [B7]
8ire h

X 2 3-where f (x) = e erfc (x) + 2 x / t t  2  - 1

x = ( T T t  ) ̂
w

c = fluid loss coefficient 
The equations for propped fracture dimensions are derived 
using Eq. 6, as discussed in the body of this report. Speci­
fically,
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2s = "cs^si
where

Eg = frac fluid (slurry) efficiency

Vcs = volume of fracture created by slurry

Vg^ = volume of slurry injected

The volume of the fracture when pumping stops is :
Vfp - Vli * E S + -045 Wp [B8]

Also, when pumping stops,

where

Vf a 2hLpw [B9]

Lp = final propped fracture length

Eq. B9 assumes that the fracture tip closes, but the average
fracture width does not change significantly when pumping
stops.

Rewriting Eq. 4 for total proppant volume,

vfpc - 2hLp "p [BIO]
where

Vj- = propped fracture volume after
* closure

Solving for wp

wp = 2hLp (l-«f) [B11]
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Substituting Eq. B8  and B9

2 hw— _ . 0 4 5Wp * __________ ____
p 2 h(l-if) VliEs + • 0 4 5  Wp

• 0 4 5  cwVli * w
VliEs +

where

w .045c
* w

(E s + .0A5cw )

cw = overall avg. proppant concentration,
lb/gal-fluid

Substituting Eq. B6  and taking = .30, from ref. 44,

- = .62832 w(o,t) * •Q45cw
wp .70

Es +

= .0404 w(o,t) w
(Eg + .045cw)

[B12]

Solving Eq. Bll for , and <f>£ = .30, and converting to con­
sistent units,

Lp = .0518 Wp
h wP J

[B13]

Eq. B12 and B13 are used to calculate propped fracture lengths 
for this report. Note that Eq. B12 is similar to Eq. A5,
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which represents McLeod’s equation 10. The main difference 
is the inclusion of the fluid efficiency term, , in Eq. 
B12, which leads to the conclusion that McLeod assumes a 
fluid efficiency of 1 (i.e., no fluid loss). The difference 
in the coefficients, 0.0753 and 0.0404, is due to the differ­
ent in-situ porosities assumed, and converting to an average 
created width with the 0.62832 multiplier. Equations B13 
and A7 are identical except for the in-situ porosities.
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APPENDIX C: Fracture Treatment Data and Fracture Dimen­
sions .

Tables Cl - C4 contain treatment data and results of frac­
ture calculations for the wells studied in this report. 
"Frac no." signifies original completions (1) or re-frac­
ture treatments (2 ).
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APPENDIX D: Procedure for Economic Calculations.

Net Present Value and undiscounted Profit/Investment 
ratio are calculated using constant operating costs and gas 
prices, as shown in Table 5. The procedure used is as 
follows :
1) Data is organized for each well using the system 1022 

Program, ECONF.DMC. The data includes well number, 
fracture treatment information, and cumulative pro­
duction at yearly intervals.

2) Treatment costs are computed by adding fluid, proppant, 
hydraulic horsepower and fixed costs, as follows :

FLDCST = GELVOL * GELCST + HCVOL * HLCST + MEVOL 
* MECST

where FLDCST = total fluid cost
GELVOL = gel volume, gal
HCVOL = hydrocarbon volume, gal
MEVOL = methanol volume, gal

The total treatment cost is,
JOBCST = FLDCST + SANDWT * SNDCST + HHP * HHPCST 

+ SETCST
3) The program enters a loop to compute revenues, net 

present value (NPV) and profit/investment (PI) for n 
years as follows :

Gross revenue = (CUMPRO(n) - CUMPRO (n-1) * Gas
Price

Net Revenue = (Gross revenue) * NRI * (1-SEVTAX) 
+ (1-ADVAL)
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where CUMPRO = cumulative production at n
years

NRI = net revenue interest, fraction 
SEVTAX = severance tax, fraction 
ADVAL = advalorem tax, fraction 

NOI(n) = net revenue - yearly operating cost

where NOI(n) = net operating income for year n

NPV(n) = NPV(n-1) + (NOI(n)/(l + i)n'%)
If n = 1, then NPV(n) = NPV(n) - JOBCST

CUMNOI = CUMNOI + NOI(n)
PI(n) = (CUMNOI/JOBCST) - 1

4) The program computes NPV and PI for each year until it 
encounters a cumulative production of zero or until the 
desired number of years are executed. The program 
then returns to step 2  for a new well.
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APPENDIX E ; Structure of the 1022 Data Base used for this 
Study.

The system 1022 data base management system on the 
Colorado School of Mines DEC10 #2 (MUNCH) computer is used 
to store and organize the data used in this report. Nine 
data sets make up the data base, as follows :

Primary 
Data Sets
BASDAT

PRODAT

FRCDAT

VOLDAT

GASDAT

Description 
Basic Well Data

Monthly Produc­
tion Data
Fracture Treat­
ment Data

Volumetric
Data
Gas Analysis

Source
PI Scout Cards 
Colorado O&GC
Panhandle Eastern Pipe­
line Co.
Fracture treatment re­
ports from Amoco, Coors, 
Macey & Mershon, MGF, 
and Vessels
Well Logs from Various 
Sources
Laboratory Reports

Secondary 
Data Sets
FRCDIM

CUMPRO

DAYRA

ECONF

Description
Fracture Dimen­
sions
Yearly Cumula- 
time Production 
& Recoveries
Avg. Daily Pro­
duction Rates
Job Cost, NPV 
and P/I Ratio

Source
MCLEOD.FOR Program

CUMPRO.DMC Program

CUMPRO.DMC Program

ECONF.FOR Program
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Complete descriptions of the contents of each data set 
may be found in corresponding description files, with the 
.DMD extension. The primary data sets are those which con­
tain raw data collected from respective sources. Secondary 
data sets contain data generated by the programs listed.

The system 1022 permits the construction of simple 
programs such as the one used to generate the CUMPRO and 
DAYRA data sets above. These programs have a .DMC file ex­
tension, and are used to generate reports to check data 
entries and data files to use in plotting. The command 
programs currently available are:

.DMC
Program
PRODAT
FRCDAT
VOLDAT
CUMPRO

MCLEOD

ECONF

YR1
YR2
YR8

TFLUID

Name
Output File

Contents
PRODAT.CHK
FRCDAT.CHK
VOLDAT.CHK
CUMPRO. DMI 
DAYRA. DMI
MCLEOD.DAT 

ECONF.DAT

YR1.DAT 
YR2.DAT 
YR8 . DAT

EMUL. DAT

Monthly Production Data
Fracture Treatment Data
Volumetric Data
Cumulative Prod. Data 
Avg. Daily Rates
Data required to run 
MCLEOD.FOR
Data required to run 
ECONF.FOR
Data for all Wells with 
one, two, or eight Years 
of Production. Used for 
Plots.
Data for Emulsion Treat­
ments
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.DMC
Program

PFRAC

FLC

Name 
XLGEL.DAT

PILFRC
PACFRC

HIFLC
LOFLC

Output File
Contents

Data for Cross-linked 
Gel Treatments
Data for Pillar Frac 
Treatments
Data for Packed Frac 
Treatments
Data for High FLC Treat­
ments
Data for Low FLC Treat­
ments

Files and programs can be transfered from the DEC10 
#2 to the DEÇ10 #1 with the use of the KERMIT program. All 
plots were run on the DEC10 #1.
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APPENDIX F: Procedure to Test for Parallelism of Slopes

The procedure to test for parallelism is taken from Ref 
33. An example of the calculations for Figure 21 and result 
from all calculations are presented. The equations used 
are:

s i  S-XLfa [Fl]
3ia (n-l)SxA

2where = variance of the estimated slope
S ^1A $ia ^or data group A.

S2 ,y IxA = residual mean square error for
data group A.

n = number of sample data points for 
group A.

2S A = sample variance of x's for data 
group A.

The test statistic is:

6 1A " 6 1B
:i + S Ï  1
B1A 6 ib̂

where
8 ^  = estimated slope for group A 

^1B = estimated slope for group B

[F2]
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The value of Z is compared to the Student's t value for a 
95% confidence interval. The Student's t value represents 
the upper 95% point of the standard normal distribution of 
the test statistic. For the cases investigated, the Stu­
dent's t is equal to 1.990. The results for figure 21 are 
as follows :

CLG PE

Sy 1 x 99.1212 63.3697

Sx 2
10714.48 3725.03

n 84 79

h 0.16507 0.2915

s. 2

8

0.11048 0.13821

= 0.82 < 1.99
Since Z is less than the Student's t value, the hypothesis 
that the slopes are equal is not rejected. The alternative 
hypothesis that the slopes are equal is accepted with a 95% 
confidence interval.

The results for all comparisons of slopes are as 
follows :
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Figure Z Conclusion (C.I. = 95%)
2 0 1.79 Slopes are equal
2 1 0.82 Slopes are equal
2 2 2.43 Slopes are not equal
23 1.67 Slopes are equal
24 1.59 Slopes are equal
25 0.74 Slopes are equal
26 1.96 Slopes are 

confidence
not equal for a 
interval of 94%

27 1.06 Slopes are equal
30 0.43 Slopes are equal
31 0.85 Slopes are equal
32 0.23 Slopes are equal
33 1 . 2 2 Slopes are equal


