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ABSTRACT

Volumes of 29 lenticular tight gas sandstone reservoirs
in the Uinta Basin, Utah have been approximated from long-
term pressure bulldups on 6 wells., Average reservoir volume
was interpreted to be about 240,000 cu. ft. per ft. of net
pay. Outcrop reservoir geometry studies indicate an average
reservoir volume (without any reservoir interconnection
assumed) of about 30% less than the average based upon produc-

tion analysis. Therefore, some reservoir interconnection may
exist.

The results of this study are consistent with the Knutson
lenticular reservoir model in which average reservoir width is
22 times the gross sand thickness, length is 10 times the
width, and reservoir interconnection is a function of the sand
fraction in the productive interval,

Apparent reservoir permeabilities, assuming radial flow,
range from .009 to .052 millidarcies and actual sandstone
matrix permeabilities are interpreted to range from .06 to
.21 millidarcies. Fracture half lengths are interpreted to
be about 0.1 ft/bbl of fluid with an average proppant load of
1.2-1.7 1b/gal. at injection rates of 18-24 BPM and injection
pressures of 2,500 to 4,600 psi for each 100 ft. of gross
sand in the fracced interval.
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AN INVESTIGATION OF RESERVOIR
CHARACTERISTICS EXHIBITED BY PRODUCING
UINTA BASIN GAS WELLS

INTRODUCTION

This study encompasses an analysis of gas production,
well log, and pressure buildup data obtained from gas wells

in the Uinta Basin, Utah. The objectives were to determine

1) whether or not the more continuous sands can be identifi-
ed using log data, 2) reservoir volumes, apparent reservoir
permeabilities, and degree of reservoir interconnection for

a number of wells and 3) the applicability of reservoir models
developed from outcrop studies.

NEAR RADIAL-FLOW WELL. -ANALYSIS

Production data were screened and analyzed for all (total
of 46) pre-Green River Formation Uinta Basin gas wells with
at least 7 years generally continuous production history in
order to identify radial/near radial-flow wells. A total of
5 such wells were identified based on analysis of log-log
plots of cumulative production volume versus time.

Production Data

Production data through 1977 are presented for these 5
wells in Table 1. The produced gas volumes and production
times shown were obtained from the Utah State Department of
Natural Resources in Salt Lake City. The production times
indicated are those for which the wells were actually on
production. As is evident from the data presented, these
wells have been on producticn for at least sevesral months
in each year for 15 to 18 years. The average number of
production wmonths/year ranges from 7 to 10 and the cumulative
10~year gas produaction volumes range from 242 to 895 MMCF.
Two of the wells were dually completed in the Wasatch and
Mesaverde - RH#3 and UT#1l. The Wasatch only exhibits near-
radial flow in RH# 3, whereas both formations exhibit it in
UT#1.

As indicated in the table, the slopes of the log cumula-
tive production volumes versus log production time curves

-1-



range from .75 to .88. (The curves from which theseé slopes
were obtained are shown in Figures 1, 2, and 3.) Hence,

there are- no absolute radial flow wells (slope of 1.0). All
5 are ''mear radial'.

Well Completion Data

Completion data for these 5 wells are shown in Table 2.
As indicated in this table, the number of sands per completion
range from 1 to 9. . Frac jobs 1anged from 6,600 gal. of fluid
and 2,300 lbs. of proppant to 40,200 gal. of fluid and 50,000
lbs. of proppant. Frae fluids included oil, oil/water emulsions,

and water with various additives. Proppant was primarily 20/
40 mesh sand. v

Calculated Reservoir Roeck Characteristics

Calculated values of net pay sand thickness, sonic wave
travel time (At;), pseudo-static spontaneocus potential (PSP),
equivalent formation water resistivity (Rwe), SP curve
character, porosity (), and apparent water saturation (Sy)
are presented in Table 3. As indicated in this table, total
net pay thicknesses vary between 13 and 261 ft. The well -
with the greatest 5 and 10 year cumulative production volumes
(UT#1) also has the greatest thickness of net pay completed,
whereas the well with the smallest production (CW#l7) has
the smallest thickness.

The apparent clay fractions of the reservoir sands as
indicated by analysis of the available gamma ray logs are
presented in Table 4 for 4 of the near radial-flow wells as
well as for 6 of the linear/indeterminate-flow wells,

Comparison of Reservolr Rock Characteristics with the
Type of lklow Exhibited

Distribution curves are shown forAtg PSP and Rya,
and SP curve character in Figure 4. As indicated in this
figure, the median wvalues are:

Qtg: 70 «sec/ft.
: .45 ohm-m
PSP 25 millivolts

Also, the preponderance of the completed sands exhibit a sand
grain-size "fining up" SP curve character.

By comparing these values with those previously

determined (Knutson & Boardman-1978) for linear and indeterminate-

flow wells, it was concluded that these parameters apparently

do not constitute valid correlative tools. This comparison is
shown as follows:

P
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bewie,

Linear Indeterminate Radial

Parameter ‘ Median Range Median Range Median Range
At 72 67-83 70 67-80 70 65-78
Ruga® .22 .07-.90 .17  .06-.57 .45 .03-.90
PSP 28 7-70 35 11-63 25 12-67
SP Curve Pattern . . ,
(Predominant) ° Fining Up Flnins Up Fining Up

The apparent clay fractions as indicated by gamma ray
log analysis and tabulated in Table 4 are plotted versus the
slopes of the log cumulative production volume vs log production
time curves in Figure 5. In this figure, the data points
represent the average values obtained for each gross sand in
wells with no more than 2 sands completed or in wells with more
than 2 sands but with the apparent clay fractions being very
close to the same number. This relationship appears to .
indicate that the more continuous sands are "cleaner" or less
shaly. The correlation coefficient is .92 for this data set.

RELATIVE CONTRIBUTION TO FLOW OF
INDLVIDUAL SANDS

An attempt was made to determine which sands were contribut-
ing the most production at late time in wells with multiple
sand completions. A number of Uinta Basin gas well operators
were contacted and at least 6 wells were identified for analysis;
2 each exhibiting near radial, indeterminate, and linear flow.

All the operators contacted required that third party
liability insurance be secured as a prerequisite for reentering
the wells., Considerable difficulty was encountered in attempt-
ing to secure such insurance. However, a policy was finally
obtained from Marsh and Mclennan in Las Vegas which provided
$100,000 coverage per well. This was adequate for a number
of wells since the calculated value of reserves left to be
produced was less than this amount.

Attempts were made to log two producing wells with
Birdwell's sibilation and differential temperature probes. Un-
fortunately, one well had a blockage in the tubing and the other
had a leaky valve which precluded both wells from being logged.

NL McCullough ran gamma ray, absolute temperature, differen-
tial temperature, and noise probes to near total depth during
production in another well, designated Well "B'. Production
rate was about 100 MSCF/D and flowing tubing pressure at the well




was about 490 psig. No mechanical problems were encountered
during the logging operation. However, in running the noise
probe, it was discovered that there was a columm of water

in the well. Also, the noise generated by gas bubbles moving
up through the water column was so great and so variable

in intensity that it was impossible to obtain a measure of
the relative amount of noise generated by gas movement into
the wellbore at each set of perforations.

The absolute and differential temperature logs are
depicted in Figure 6. As indicated by this figure, there
are no consistent deflections of the differential curve which
might be used to determine relative production rates. As
can be seen, however, there are some indications of cooling
at all producing sand levels, which would be expected if all
sands were contributing to the production. The columm of

water obviously damped the cooling effect of gas entering
the wellbore.

Because of the problem of water column interference
with the logging results on Well B, the decision was made .
to abandon this objective and to concentrate on the determina-
tion of lenticular reservoir properties under the assumption
that all the completed sands were comtributing to the
observed production. Subsequent observations revealed that
probably all the wells selected for logging had enough
water standing in the wellbore to prec%ude quantitative
determinations of relative contribution to flow.

INFERENCES FROM PRESSURE BUILDUPS IN SEVEN TIGHT WASATCH GAS
WELLS IN THE UINTA BASIN

Introduction

Seven tight Wasatch gas wells were made available for
pressure buildup testing and analysis by a number of Uinta
Basin operators. They have been designated simply as Wells

"A,B,C....", since the respective operators and locations
are confidential.

All seven wells have been somewhat continuously on
production for 16 to 18 years. The number of months per year
each well has been on production and the respective annual
production volumes are presented in Table 5. As of June,
1979, cumulative production per well ranged from 447,000 to
1,587,000 MSCF, with an average of about 1,000,000 MSCF.

* An eighth well, '"Well E" was also made available but since it
had a leaking wellhead, it was not included in the study.

wlym
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Ceology of the Wasatch Formation in the Uinta Basin

The Wasatch Formation has been assigned to the Paleocene-
Eocene of the Teritary Period. It overlies the Creaceous
Mesaverde Formation and underlies the Tertiary Green River
Formation of Eocene age. Its thickness ranges from 850 ft.
in the eastern portion of the Basin to more than 3,000 ft. in
the central portion. It is composed of fluvial sandstones
and shales. .

The shales are carbonaceous, pyritic, micaceous, and
generally calcareous. The sandstones are generally fine to
medium-grained. They contain greater than 10% of dark
minerals and rock fragments with quartz being the most abundant
mineral grain. Their sorting and permeability range from fair
to poor because of clay and silt. Cement is generally calcite
and/or argillaceous minerals. (Murany-1964)

In the general area in which the wells of interest are
located, the Wasatch is about 2,500 ft. thick. Most of the

producing sands are located in the upper third of the for- -
mation.

Geometry of Reservoir Beds

Knutson (1977), in a study of fluvial sandstone outcrops
on the periphery of the eastern Uinta Basin found that the
average width to height ratio for sandstone beds in the
Neslen and Farrer facies of the underlying Mesaverde Group
is 22 and the average length to width ratio is 10. He report-
ed that the Wasatch beds "exhibited higher length to height
ratio's than the Farrer/Neslen population, but the Wasatch
sample was too small to make a statistical evaluation meaning-
ful®. Because of this lack of statistically significant ratios
for the Wasatch, it was assumed that the Nesler/Farrer ratios
(W/H=22,L/W=10) were appropriate for the purpose of this
analysis.

Knutson (1977) also generated a reservoir model which
enables an estimate of the amount of additional reservoir
rock that intersects a given bed. This model was developed
by using the foregoing W/H and L/W ratios and by randomly
selecting a number of lenticular bed directions and locations
for a multiplicity of sandstone thickness/total interval thick-
ness ratios. The results of his modelling are presented in
Figure 7., Specific reservoir area is presented as a function
of distance from the wellbore and sandstone/interval thickness
ratio. Reservoir volume for a given distance from the wellbore
and sandstone fraction is calculated by multiplying the
specific reservoir area by total net pay thickness. This
model was tested with the data and analyses developed in this
study.
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Bagic Well Data

The seven wells tested range in depth from 5,530 to
6,473 £t. Casing diameters range from &4%" to 7' and pro-
duction tubing from 2 3/8 and 2 7/8". Wells G & H only are
equipped with packers in the tubing/casing annulus above
the production zomes; the other wells have open annuli.
Available casing and tubing specifications are presented
in Table 6. Perforated zones are given in Table 7 along
with average midpoint:depths. As indicated in the latteér

table, the number of perforated zones in each well ranges
from one to six.

Frac job details are presented in Table 8. Diesel fuel
and salt water were used as frac fluids. Proppant was
primarily 20-40 mesh sand. The size of the jobs ranged from
15,000 gal. frac £luid/15,000 bls. proppant to 50,000 gal/
50,000 1lbs. Available injection pressures ranged from 2500=
4000 psig and available average injection rates from 10.5
to 25.1 BPM. Balls were used for multiple zone treatments.

Reservoir Sand Characteristics

Logs available for use in determining reservoir character-
istics are 1listed as follows:

LoG_ A B 'C D E & &
Induction electrical X X X X b4
Microlog x b4 . b4 pd
Sonic X X
Electrical p 3
Spontaneous potential X X x pd X X
Gamma ray b4 X X X x
Neutron X b4

Spoﬁtaneous potential /resistivity log character of producing
sands and adjoining shales is shown in Figures 8-12.

Sandstone Fraction

The ratio of gross sandstone thickness to the total thick-
ness of the interval from the top of the uppermost sand to the

base of the lowermost sand was determined for Wells A-G.
These valuss are presented in Table 9. As indicated in this
table, the sand/total interval ratio ranges from .17 to .35

and averages .28 for these wells. (Beds smaller than 5 fr.
were not included in this tally.)

Initial Presgsure and Temperature
Measured initial pressures were obtained for Wells A-C,
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F and G, These values are shown in Table 10. Average
gradient for these 5 wells was .437 psi/ft. as indicated in
the table. The range was .404 to .478 psi/ft. Since no
value was available for Well D, the average was assigned to
this well for analytical purposes. As indicated, actual
average pressures ranged from about 2,200 to 2,700 psia. The
datum for these pressure values is the average depth of the

midpoints of the perforated zomes.

Also shown 4in Tabla 10 are calculated values for reservoir

temperatures at the same datum depth. These values are based

upon the gradient determined from measurements in Wells A, C,
This gradient

E, and F after several weeks of shut-in time.
was approximately 1°/100  ft. depth. As indicated, temperatures
ranged from 154°F to 160°F,

Net Sand Thickness, Porosity, and Water Saturation

Values for these parameters, determined by amalysis of
the available logs, are shown in Table 1l1. Portions of sands
with calculated porosities less than 5% and/or water satura-
tions in excess of 807 were excluded from the net pay sand.

thicknesses.

A total of 29 producing sands were analyzed.
sand thicknesses range from 8 to 41 ft. with a median of 22
ft. and net sand thicknesses range up to 31 ft, with a median
of 11 ft. Average ratio of net pay sand thickness to gross

sand thickness 1s 0.62.

Calculated net pay sand porosities range from 67 to
14% and_water saturations from 25% to the cut off wvalue of
70%. Average values of these two parameters for the 29 sands

are 11.9% and 547 respectively,

Gross

Gas Gravity

Available analyses of the gas indicate that its specific-
gravity is about 0.6.

Reservoir Volumes Based on Log Data and Outcrop Geometry

The total gas-filled wvoid volumes of the producing sands
were calculated for each well using the foregoing parameters
and Knutson's ratios of reservoir width to height and length
to width. These volumes were determined by assuming that the
lenticular reservoir beds dre elongate rectangular parallel-
epipeds with heights equal to the net sand thicknesses,

widths equal to 22 times the gross sand thicknesses, and
lengths equal to 10 times the widths. The effect of reservoir

interconnection was not included in these calculations.

-7-



Calculated lengths and widths of the gross sand beds
are presenteq, along with areas and volumes in Table 12.
The areas shown in this table were used along with net pay
thickness, porosity and water saturation to determine the
gas filled void volumes shown in Table 13. Calculated
individual sand volumes range up to 12.5 million cu. ft,
The values for single wells range from 4.7 to 22.6 million
cu. ft.

The volumes of gas at initial reservoir conditions were
cazlculated for Wells A-G using the foregoing volumes and
initial pressures and temperatures presented in Table 10.
These calculations were made by assigning the pressure and
temperature at the average perforation midpoint depth to the
entire gas-filled void volume for each well. The results
were as follows:

Well Gas Volume, MMSCF

1,876
3,954
1,881
728
889
805

QOmouQwd

Reservoir Flow Regimes

The type of flow regime (radial versus linear) was estimat-
ed for each well based on production histories. Cumulative
annual production volumes shown in Table 5 were plotted versus
time on a log-log basis (Figures 13-15 ). Slopes were determin-
ed to range from 0.43 to 0.71 and average 0.58. Under condi-
tions of radial flow, slopes are expected to be 1.0 and under
conditions of linear flow, 0.5, according to D. 0. Cox of
Energy Consultants, Inc. of Denver. On this basis, it appears
that all seven wells exhibit near-linear flow at least after
about 5 years of production (Wells A and H appear to exhibit
near radial flow during the first 3 to 5 years.).

Permeability

Average permeabilities were calculated for Wells A-G
by a method suggested by D. 0. Cox which employs a log-log
Plot of dimensionless cumulative production versus dimension-
less time (Knutson and Boardman~1977). These values are:
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Well Permeability, md

.03
.01
.02
42
.30
.19

QoW

This method assumes that the fracture is infinitely con-
ductive and that it is oriented perpendicular to the long
axis of the sand body. After several years of production,
Don Montan of Lawrence Livermore Laboratory has found through
computer simulation that fractures which make an acute angle
with the perpendicular to the long axis result in slopes
similar to those for the perpendicular case. Also, Cox has
found that fractures which penetrate as much as 1/3 of the
width of a sand body yield slopes similar to those for
complete penetration.(Knutson and Boardman-1978)

Flow Periods Utilized in Pressure Buildup Analysis

The entire production periocds from start-up in the
sumner of 1978 to final shut-in in the summer of 1979 were
used in the pressure buildup analysis for Wells A-G. For
Well H, a continuous flow period of 37 days in May and June,
1979 was utilized, which followed a 52-day shut-in period.

The duration of flow periods, associated prior shut-in
times, produced volumes and rates are presented in Table 1l4.
As indicated by this table, the median shut-in time period
prior to production was 170 days and the median production
time period (including shut-in time) was 239 days. Median
shut-in time during the production periods was 39 days.

The monthly production volumes and number of days
produced per month during the flow periods are shown in Table
15, Flow volumes were determined by Mountain Fuel Supply and
Colorado Interstate Gas with orifice meters and chart re-
corders which are used in the routine determination of gas
sales volumes. As indicated in Table 15, Wells B, F and G
were shut-in on about May 10, 1979 and then placed back on
production for 8-9 days during June prior to final shut-in.
These three wells were flowed in June in order to attempt the
production logging program. When the turbulent water problem
was discovered, the wells were again shut-in for pressure
buildup.
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In order to comstruct Hormer plots for the subsequent
pressure buildups, values for flow period tp, were approximat-

‘ed from the data in Tables 14 and 15 using the cumulative

production, V5, since the last pressure equalization divided

by the rate, 8, just before shut-in (Earlougher-1977). Actually,
none of the wells' pressures had equalized. However, except

for Well H, it is believed that well pressures were within
roughly 100 to 200 psi of the average reservoir pressure at

the time production was begun. The flow period for Well H was
merely a ''convenient, relatively short time in terms of
reservoir depletion'" (Earlougher-1977).

Values for Vo, q and t_ are shown in Table 1l4. The variance
of t, from the acgual produttion period (including "'down'' days)
ranggs from -68% to 4+87% with a median value of -19%. The
variances for Wells A, D, F, and H are all within 19% of the
actual production period. ' :

Pressure Buildup Data

Shut-in surface tubing pressures were measured by
Mountain Fuel Supply and Colorado Interstate Gas for a number
of weeks immediately after shut-in on Wells B, C, G, and H.
These pressures were measured with the same probes used in
connection with sales volume measurements. In addition, spot
surface tubing and casing pressure measurements were made on
Wells A-G with a deadweight pressure tester along with casing
water level measurements using an "Echometer'" by Sun 0il Field
Services of Vermal, Utah. The latest spot measurements were
made at 157 days following shut-in on Wells A, D, and F and
at 121 days following shut-in on Wells B, C, and G.

Both the continuous and the spot-measured tubing pressures
for Wells B, C, G,and H are presented in Tables 16-19. The spot
surface casing pressure measurements for Wells A, D, and F are
presented in Table 20 and the complete set of spot pressure

measurements and water level determinations are given in Table
21.

Determination of Pressures at Depth of Reservoir

Pressures, py, at the average midpoint depth of the per-
forated zones were approximated as follows:

Py~ Py + (25 xlO‘epS/ft) Hg +»Q44 psi/ft)lﬁv(Crafg & Hawkins,
1959
where

P, = surface pressure, psia
Hg = height of gas colum above water, ft.

H., = height of water columm above average midpoint
depth of the perforated zones, ft.

-10-
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in the case

of Wells A, D, and F since the water levEls determined were
those in the casing rather than in the tubing and since no
early tubing pressures were measured as was the case for

Surface casing pressures were used for p

Wells B, C, G, and H. In the case of these latter wells,
values of H_  for the tubing were calculated for use in
approximating wvalues for Py 2t early times. The following

equation was used:

-6
Ppe~ Pge (1 + 25X 1077 D)

Hwt =

44 - 25 % 107° p_,

where

H, = height of water column above perforations'
midpoint depth in tubing, ft.

= gsurface tubing pressure psia

Pst

D, = depth of perforations midpoint

Ppe = Pressure at perforations' midpoint depth
in casing, psia

Since it was impossible to measure water levels in Wells
G and H, an average water column height of 364 ft. was assigned
to these 2 wells in order to calculate values of p_. The range
of water colummn heights for the other 5 wells plus®™Well E was

187 - 695 f¢t.

Horner Plots

Pressure buildup data from Tables 16-20 were plotted as
a function of t + At/At in order to determine apparent
reservoir permeabilities and average reservoir pressures, and to
provide indications of reservoir boundaries. These plots are
presented in Figures 16-22, Although the early (first 3 to 4
days after shut-in) pressures are shown in these plots,
because of suspected relative water movements in the tubing
and casing, it is felt that no conclusions should be drawn
from these early data. As indicated by the casing water
level determinations, however, it appears that the tubing and
casing water levels had stabilized by at least 1l days follow--

ing shut-in.
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The Hornmer plots for Wells B, C, and G display at
least 2 distinct slopes; one for 4t values of 5 to 15 days
and another much steeper slope in the 100 + day-At range.
Only the initial slope was recorded for Well H and only the
"final" slope for Wells A, D, and F. The breaks in slope
were used in assessing boundaries and the final slopes were used

in assessing apparent reservoilr permeability and effective
reservoir pressures.

Agarwal-Carter-Pollock Plots

The early time buildup data were plotted in the manner
recommended by Agarwal, Carter and Pollock (Agarwal, et al-
1977) in order to determine the nature ¢f the conductivity
of the hydraulic fractures and to aasess their effective
lengths. The pressure function &(p4) is plotted on a log- !
log basis versus (At)% in Figures 23-26, A (p2) is defined
as the différence in the square of the pressure at time
At and the square of the flowing well pressure. Agarwalj
Carter-Pollock point out that essentially infinite capacity
fractures display a characteristic % slope in this type of -

plot while those with finite capacity display much flatter
slopes.

A ————

Their relationship for determining effective fyacture

half length, x., for a gas well utilizes simple A(p<) vs
(at)® plots (Fgg. 27-29) and is:

X
Xg = 40.925 qzT
m R o

where

effective fracture half length, ft.

"
Hh

q = f£flow rate, MSCF/day
z = gas z factor, fraction
T = reservoir temperature, °r
m;, = slope, psiz/hour%
AL = viscosity, cp

k = permeability, md
¢g = formation porosity, fractionm .
c, = total system compressibility, psi”
h = formation thickness, ft.

* The plot for Well H is not shown since an approximation
for permeability was not obtained for this well.

~12-
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Reservoir Boundaries

Since the chances are high that at least a number of the
lenticular reservoirs were penetrated near one side by these
7 drill holes and since by wvirtue of the extent of the
hydraulic fractures from the wellbore, that particular side
should be reflected quite early (in a matter of several days
at most) in the pressure buildup response of the reservoir.
The pressure buildup from this point on would then be expect-
ed to be a fupction of the flow toward the wellbore from
roughly a 180~ sector.

At the point in time when the other side of the reservoir
is "hit'" by the pressure transient, true near-linear flow .
is assumed to occur with the pressure transient then moving
linearly down the long axis of the reservoir. This flow regime
is interpreted as being respousible for the "final' slope
observed on the Horner Plots,

With this model it can be assumed that the slope of the
buildup curve prior to the pressure transients' arrival at the
second side of the reservoir would be % that of the final
slope if it were not for the effect of the linear flow into
the frac and linear flow within the frac if it is of finite
conductivity - (Cinco and Samaniego-1978). Also, the slope of
the curve would be expected to be % that of the final slope
before the pressure transient arrives at the first side of
the reservoir, again if it were not for the effect of the frac.
It is with this model and under these assumptions that the
average reservoir matrix permeability was approximated.

Apparent Overall Reservoilr Permeability (Radial Basis)

Apparent reservoir permeabilities were calculated using
the final slopes on the Hormer plots. It is recognized that
these permeabilities are merely apparent values because of
the peculiar geometry of these beds. Approximations of the
average reservoir matrix permeability per se are presented
in the following section.

The apparent permeabilitiss and the parameters used to
calculate them are presentad in Table 22. The methodology
used in the calculations is that described by Matthews and
Russell (Matthews and Russell- 1967). The calculated values
range from .009 to .052 millidarcies and average .025 milli-
darcies.

Reservoir Matrix Permeability Approximations

By assuming 1) that the final slope observed on the
Horner Plots represents movement of the pressure transient

-13-
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down the long axis of the reservoirs, 2) that the slope of

the curve prior to the pressure transient's arrival at the
farthest sides of the reservoirs is theoretically % that of
the observed final slope, and 3) that the slope prior to the
pressure transient's arrival at the nearest sides is theo-
retically % that of the final slope, the matrix permeabilities
can be determined using the methodolcgy of Matthews and
Russell. These values,which are simply 4 times those shown
in Table 22, are:

Aprroximations of
Well Matrix Permeability, md.

.10
.06
.04
.21
.14
.06

i lvie L N o
OO0 Q0O0O

The foregoing values are those which should be compared with
the permeabilities calculated using Cox's mgthqdology which
was described previously. This compariscn indicates that

the Cox permeabilities for Wells A, B, and C are 30%, 17% and
507 of the foregoing values and his values for Wells D, F,

.and G are 200%, 2147, and 317% of the foregoing values

respectively,

Gas-Filled Reservoir Void Volumes

In order to estimate the gas-filled reservoir void volume
from the pressure and gas production data, the average reservoir
pressure was approximated for the final shut-in period of
Wells A-G, Since it is not clear whether or not the pressure
transient had reached the '"other side'" of the Well H reserveir
at the time that the well was placed back on production, no

attempt was made to estimate that well's average reservoir
pressure.

The method used to estimate average reservoir pressures
is that recommended by Matthews and Russell (Matthews and
Russell-1967), i.e. obtaining p* from the Hornmer plots, obtain-
ing p*-p from type curves, and obtaining p by difference,
As Matthews and Russell point out, in tight reservoirs the
shut-in time required to obtain P directly from the Hormer
plots is prohibitive.

The estimated values of average reservoir pressure
for Wells A-G are presented in Table 23 along with values of

-14-
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the other parameters required in the computation. Values of
these various parameters were obtained as follows:

¢ - average for all sands obtained by log
g computations

A - average area for all reservoirs (weighted
by net sand thickness). Width is 22 x gross
.8and " Height and length is 10 x width.

t =~ gas volume produced during flow period
P divided by rate for last 10 days

A - Erlougher - 1977, page 234

c_ - Erlougher - 1977, page 233

¢ - Erlougher - 1977, page 232

cg - Erlougher - 1977, page 229

¢, = Sgcg + Sw Cor + Ce .

P* - Borner plot extrapolated to t + At/At=1l
k - Table 22

L , .
m??‘?ﬁ% Matthews and Russell - 1967, page 44 (type
' curve for reservoir with a 5 to 1 length

to width ratio)

m - final slope on Hornmer plots

As indicated in the table, the average pressures obtain-
ed are very close to the values of p*. They range from 912
to 1518 psia. 1In terms of percentage of the initial reservoir
pressures, the range is 417% to 67% and the average is 53%.

The initial pressures shown in Table 10, the cumulative
gas production volumes in Table 5, and the values of § for
June 1979 shown in Table 23 were used to develop the plots
of p/z versus cumulative production (Craft and Hawkins- 1959)
shown in Figures 30-35. The initial volumes of gas-in-place
were obtained from these curves at the point of intersection
with the abscissa (§/2=0). These values are presented in
Table 24 along with the estimated gas-filled reservoir wvolumes
and the parameters required for the computation.

As indicated in Table 24, the estimated gas-filled
reservoir volumes range from 5.1 to 18.9 million cubic ft,
The specific volumes3(volume per ft of net pay) range from
70,000 to 370,000 ft~ and average 240,000 ft . These volumes

-15-
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are compared with those determined using log properties

and outcrop reservoir geometry, but excluding reservoir inter-
connection effects, Fig. 36.

The Horner plots utilized for the previous calcularions
tend to under-estimate the reservoir pressure, p*, since an
incremental time should have been added to the production life,
t, used for the t + At/at calculation. This would have result-

ed in a steeper slope, m, and a higher pressure (as well as
a lower calculated permeability)¥*.

Reservoir Interconnection

For the observed average ratio of gross sand thickness to
total interval thickness for Wells A-G of .28, the expected average
reservoir drainage area in a 640-acre circular pattern would be
about 100 acres of 4,400,000 sq. ft. per foot of net sand thick-
ness, based on the Knutson drainage model (See Fig. 7). The
total thickness of net sand for these 6 wells is 355 ft. Therefore,
it would be expected Ehat the total gas-filled res rvoir volume
would be 4.4 x 106ft.4x 355 ft. x .055, or 86 x 100 ft,°  This
compares favorably with the total volume fog all 6 wells based on
pressure buildup analysis of 75.3 x 106 ft.3,

The total volume for all 6 wells within a 640 acre circular
drainage area based upon log values of porosity and water
satuartion a%d outcrop geometries without lens interconnection
is 53.4 x 10° f£t.”. (This value excludes those portions of
reservoir sand which are estimated to extend beyond 5,960 ft.
as to be consistent with the 640-acre circular drainage area
limitation. This excess volume is calculated to be 7.4 x 100ft3.)
Therefore, it appears that a model utilizing some interconnection
is suggested, since the production reservoir volume falls
between the no-interconnection and the interconnected outcrop -
reservoir volumes (the no-interconnection volume is 71%. and the
interconnected volume is 1147, of the 'production'" volume).

SO

Fracture Conductivity

The log-log slope of the.A(pz) vs time data for Wwell G
(Fig 25) is 0.49 or a2bout %. For Wells B, C and H, the slopes are
0.2, 0.11, and 0.03 respectively (Fig 23, 24 and 26.). 1t appears,
therefore, that the Well G fractures are essentially infinitely
conductive and that those of Well B and C have finite conductivi-
ties, Because of the lack of late-time pressure datz, the conduct-
ivities of the Well H fracture is questionable.

Effective Fracture Half Lenghts

The Agarwal-Carter=Pollack gas well equation was used to
calculate effective fracture half lengths for Wells B, ., and D.

These are the only wells for which early-time buildur Zz:a plus
permeability approximations are available.

ta
I

Personal communication R. D. Carter.

-16-
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Two separate approximations for matrix permeability
were utilized in this calculation. The first approximation,
k., is 4 times the apparent permeability (radial basis). This
a&proximation applies in the case of a frac which is oriented
in such a manner that the early~time linear flow into it would
not be reduced by the boundary effect of either side of the
channel. The second approximation, k,, is 2 times the apparent
reservoir permeability (radial basis)?T It applies in the case
of a frac oriented such that one boundary of the reservoir
is fully reflected in the linear flow into the frac at early
times., These two approximations should effectively bracket
the effective apparent early time permeabilities.

[P

2 b et e e bttt b LT N AV ¢

The values of q used are those obtained by dividing the
total volumes of gas produced during the production ''test'
periods by the total time including both time on production
as well as time when the well was temporarily shut-in. Values
assigned to the remaining parameters are the same as those
used in the permeability calculations.

bt 7 e

Calculated effective fracture half lengths are presents
ed in Table 25, These calculated values range from 121
to 488 ft. for the k., permeability case and from 167 to
694 fr. for the k, cdse.

As a check on these estimated half lengths, correspond-
ing fracture widths were determined. These values were first
approximated by assuming 1) that the hydraulic fractures were
contained within the sandstome reservoirs and 2) the void
fraction in the fracs is .37. These assumptions are inherent
in the expression:

i e e

- . 685 Vs
Yf= -—
Xg hg
where
h

g = gross sand thickness, ft.
Yg = average fracture width, ft.

s = ;o%ume of proppant sand minus voids,
t .

A second approximation was made by assuming that the £racs also
penetrated the shales above and below each pay sand to the
extent that the frac height for each sand is equal to the length.

-17-



The calculated values for these, 2 cases 6 are presented in

Table 26. They range from .003 to .019' for the first .case
and .0002" to .003" for the second case.

The first case lower value (.003') does not appear to
be credible, since the maximum grain diameter in the pre-
dominant sand size fraction used (20-40 mesh) is .0027".
This would only allow for a one mazimum size grain-diameter
fracture width. It is expected that this could not occur
since the frac jobs would have probably sanded out at this
width. Therefore, the calculated frac half length for well
G is probably too large. On the other hand, the first case
frac widths for Wells B and C are more credible in that they
are the equivalent of 6 to 9 maximum size grain diameters.
The lower value for Case 2 is obviously nonsensical. The

higher value is also incredible in line with the foregoing
reasoning.

It is probable that the fracs did indeed penetrate the
overlying and underlying shales. Therefore, the actual frac
widths for Wells B and C would be expected to be less than
the value for the first case and considerably greater than .
the second case value. If true, the approximations for frac

lengths for Well's B and C hold up under the "frac width"
test,

SUMMARY AND CONCLUSTIONS

Only 10% of the Uinta Basin tight gas sand wells that
have been produced for at least 7 years exhibit near radial
flow. Neither At, RY , PSP, nor SP curve character appear
to be diagnostic ind Rators of nmear radial-flow sands in
these wells. However, based upon a limited data set, the
more continuous sands appear to have a lower clay content.

Standing water in a gas well substantially hampers
definitive determination of relative contribution of

individual sand to flow by noise and differential temperature
logging.

Assuming radial flow for a sampling of Wasatch gas wells,
the overall apparent reservoir permeabilities range from
009 to .052 millidarcies and the approximations for apparent
matrix permeabilities for use in linear flow models range
from .06 to .21 millidarcies.

After approximately 18 years of production, the average
reservoir pressures in six Wasatch gas wells have declined
roughly 50%. The average specific gas-filled reservoir void
volume is 240,000 cu.ft. per ft. of net pay thickness and
average specific area for these wells is 100 acres. The
average additional amount of reservoir volume attributable to

lens interconnection and included in this specific volume is
about 40%. -18-
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At least one wells' fractures exhibit essentially
infinite conductivity while at least two wells' fractures
exhibits finite conductivity. The average fracture half-
lengths based on data from 2 wells appear to be aboutr 0.1
ft/bbl of diesel fuel with an average preppant load of
1.2 - 1.7 1bs/gal at injection rates of 18-24 BPM and
injection pressures of 2,500 to 4,6C0 psi for each 100 ft.
of gross sand in the fracced interval.

Knutsons' lenticular reservoir model for the Neslen
and Farrer facies of the Mcsaverde Group appears to be
adequate for evaluation of Wasatch reservoir behavior.
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NOMENCLATURE

: aVerage area of sand reservoirsina well
: gas formation volume factor

formationm rock/pore volume compressibility

‘ 8as compressibility

total system compressibility

: wWater compressibility
: depth of perforations' midpoint
: height of gas column in wells

: height of water column above average midpeint

depth of the perforated zones.

: 'height of water column above perforation

midpoint depth in tubing

: net pay sand thickness

gross sand thickness
permeability
slope of curve

Pseudo-static spontaneous potenmtial

‘ Pressure at time when tp + at/at = 1

average reservoir pressure
initial reservoir pressure

* Pressure at depth of midpoint of perforated zomes
* Pressure at perforations' midpoint depth in casing
* Pseudoreduced pressure

Pressure at surface

surface pressure in tubing

flowing well Pressure
flow rate

* dpparent formation water resistivity

' water saturation

Spontanecus potential
absolute temperature, °R
Pseudoreduced temperature

22~
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(Nomenclature continued)

t_ : gas volume produced during flow period divided
P by last 10 day's rate

Vp : volume of gas produced prior to pressure buildup
V. : volume of proppant minus volds

Xe effective fracture half length

Ye ¢ fracture width

z : gas deviation factor

¢g(p2): difference in the squares of the flowing well
pressure and the pressure at any time after shut-in,

At : cumulative time after shut-in.
At sonic wave interval travel time
[ : porosity

o] gas-filled porosity

g
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TABLE 4- APPARENT CLAY FRACTION-PRODUCING GROSS SANDS

Slope of Log
Cum, Production

Apparent
Volume vs Gross Sand Net Sand Clay
Well Log Time Depth, ft. Depth, ft. Fraction
CWi21 .13 5327-65 5334-40 .22
5340-54 .09
5396-5429  5410-16 18
5416-22 09
CW#17 .80 5196-6210 6197-6210 13
Pl .78 3781-3800 3781-3800 .29
3810-40 3610-40 15
4030-54 4030-54 .10
4331-51 4331-51 .13
4423-46 4423-4€ 17
RH#3 .79. 4095-4107 4095-4106 .33
4292-4300  4292-99 46
4300-06 4300-06 .42
4364-76 4368-75 .19
4458-66 4458-64 0
4525-48 4532-38 06
Wilo .59 5262-73 5262-69 .14
5373-387 5374-86 .09
5440-87 5450-55 .21
5460-67 .09
5473-77 .29
5534-51 5534~41 .09
5830-42 5830-35 Q1
5848-71 5850-54 .05
5856-61 .06
5861-68 20
SU{k6 .65 5330-60 5345-51 0
5353-59 0
5402-45 5407-18 .40
5423-30 .29
5435-43 .37
5505-15 5504-08 .14
5509-13 14
5635-55 5637-47 .20
5644-55 14
Cwir 2 .67 5065-5117 5060-84 L7
UTsrss X OH .20 4358-86 4868-86 S0
4894-4903 4894-4903 37
RW#212 .36 9153-82 9162-67 .22
9168-74 .27
9174-80 K
9255-87 9266-82 24
9365-94 9372-92 26
Bi#3 43 4916-26 4916-26 29
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TABLE 15.

Month.

Sept.

Oct.

Nov.

Dec.

Jan.

Feb,

Mar.

Apr.

May

June

1978

1978

1978

1578

1979

1979

1979

1979

1979

1979

* Data not

MONTHLY

PRODUCTION PERIOD STATISTICS

Well

Well Well Well Well Well Well

A B C D F G H
2115/ 851/ 994/ 2145/ 4027/ - *
12 - 14 13 13 16
2716/ 2834 1376/ 3139/ 5013/ - *
21 31 31T 22 31 -
4041/ 1079/ 919/ 2940/ 3274/ 437/ *
26 28 27 24 28 9 |
3684/ 2641/ 733/ 2814/ 3998/ 3988/ %
28 28 . 21 23 28 27
4271/ 2778/ 977/ 4050/ 4682/ 372/ *
31 31 18 - 31 31 21
3118/ 2089/ 1346/ 3830/ 3554/ 325/ *
28 28 24 27 25 12
3256/ 2080/ 1448/ 3148/ 3308/ 200/ *
27 28 29 26 29 12
4357/ 2482/ 2015/ 4377/ 4443/ 146/ -
30 30 30 30 30 3 -
1345/ 810/ 626/ 1031/ 1340/ 290/ 1597/
10 10 10 10 10 7 17
- 912/ 1023/ - - 390/ 1837/

8 9 - - 8 20
available
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'TABLE 21. WATER LEVEL DEPTHS AND SURFACE GAS PRESSURES MEASURED

IN BY DEAD WEIGHT "§TERHAND ECHOMETER.
Depth of
Tubing Casing Water Level

Well Date Pressure, psia Pressure, psia In Casing, ft.

A 8/20/79 1069 ' 1069 5379
10/2/79 1118 1120 £379
10/18/79 1112 1131 *

B 6/30/79 * * 5615
10/2/79 943 1035 _ 5611
10/18/79 953 1050 *

c 6/30/79 * * 4945
10/2/79 983 986 ‘ © 4949
10/18/79 994 996 *

D 8/20/79 561 810 5115
10/2/79 550 836 5115
10/18/79 541 843 *

F 8/20/79 816 816 5410
10/2/79 851 848 5410
10/18/79 859 859 4 *

G 10/2/79 623 * *
10/18/79 630 * *

* not measured
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TABLE 22 . APPARENT RESERVOIR PERMEABILITIES

WELLS A.5.C,D,F.G

T,°R

p*,psia
Pwf Psia

P*,pyg/2,psia

q,mcf/d

AL, CD
m,psi/cycle
kh, md. ft.
h, ft

k, md

Well A Well B Well C Well D Well F Well G
617 620 617 614 619 616
1572 1427 1525 1146 1288 925
898 923 980 808 852 725
1235 1175 1253 977 1070 825
171 1.72 171 1.71  1.72 1.71
1.84 1.75 1.87 1.46 1.60 1.23
.90 .90 .90 .92 91 .93
0127  .0134  .0l25  .0l63  .0l48  .0196
113 75 41 115 105 16
0155  .0152  .0155  .0l45  .0151  .OLhs
542 293 393 262 352 295
1.19  1.51 .59 3,01 1.94 44
47 103 63 58 54 31
025 ,015 009 052 036 014
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TABLE 23  AVERAGE RESERVOIR PRESSURES, JUWE 1979
WELL

A B c D F G
g, fraction .06 .06&4 .052 .050 .053  .0&S
i, milliom ££2 4.0 3.6 2.5 1.8 2.3 6.1
tp, hrs 5016 4320 2496 6408 6024 1608
e, Cp 0155 .0152  .0155 .0l45 .0LSL .0l&
dg, PSL 141076 723 776 776 970 806 1090
cw, psi “Tx107® 3 3 3 3 3 3
ce, psi "tx107% s 5 5 5 5 5
ce, psi “Fx10°® 340 364 364 453 378 508
p*, psia 1572 1427 1525 1146 1288 925
Kk, md 025 .02l .009 .055 .036 .0l2
.000264 k to
Y G 023 .020 .008 .157 .082 .002
T 23 .23 .10 0 .10 .10
m,psi/cycle 542 293 393 262 352 295
m/2.303 235 127 171 114 153 128
p* -p, psi 54 30 17 0 15 13
5, psia 1518 1397 1508 1146 1273 912
z .88 .89 .88 .91 .90 .92
5/z, psia 1725 1570 1714 1259 1414 991

Note: 70.6 @uB/kh= m/2.303
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TABLE 25 CALCULATED EFFECTIVE FRACTURE HALT LENGTHS
WELLS B,C,& G

WELL

B c G
q, MSCF/D . 75 41 16
z, fraction .89 .88 .92
T,°R 620 617 616
my, psil/hr’ 14,500 12,000 2,500
i, ep 0152 L0155 L0144
ky, md .06 04 .06
k,, nd .03 .02 .03
¢g' fraction 064 .052 .045
e, psi”t .000364 .000364 .000508
h, ft. 103 63 31
xgi, EE. 121 172 488
xgy, £t 167 243 695
%g, ft. 144 208 592
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TABLE 26 CALCULATED AVERAGE FRACTURE WIDTHS,

L

Yy WELLS B, C, & G

B C
v, £e.3 505 654
Ef, fr 144 208

CASE 1 (sands only penetrated by fracs)

h, ft | 127 113

g!

Ve £t .019 .019

CASE 2 (sands and shales penetrated by fracs)

Number of sands 6 6

§f, ft .003 .002

150

592

63

.003

.0002

*Grain density of sand assumed to be 2.67 g/cc and that

of walnut hulls, 0.9 g/cc.
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CUMULATIVE GAS PRODUCTION VOLUME , MMCF

1000

500 W 21
cwW 17
100
B r’d
50 ‘,/,
10 N 1
10 30 100 300
CUMULATIVE TIME,
MONTHS
FIG. 1 Cumulative Gas Production Volume vs

Cumulative Production Time -Wells CW 21 & 17
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1000

CUMULATIVE GAS PRODUCTION VOLUME, MMCF

100

50

10

Cumulative Production Time - Wells UT 1
(Wasatch only) and RH 3
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CUMULATIVE GAS PRODUCTION VOLUME A MMCF

500
100
50 .
10 | |
10 50 100 500
CUMULATIVE TIME,
MONTHS
TIG, 3 Cumulative Gas Production Volume vs,

i i ime - Wells GP 1 &
SR SRRy Time - el
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SLOPE OF LOG CUMULATIVE PRODUCTION VOLUME

VS.

LOG CUMULATIVE PRODUCTION TIME

0 10 20 30 40 30

APPARENT CLAY FRACTION - GAMMA RAY LOG

FIG. 5 éppgrent Clay Fraction of Producing Gross
cancs versus Slonme of Log Cum. Production
Volume versus Log Cumulative Time Curve,
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FTIG, 10 _ SP/Resistivity Log Character - Well D
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FIG. 1l Gamma Ray/Resistivity Log Character - Well F
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