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any agency thereof. The views and opinions of authors expressed herein do not necessar-
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ABSTRACT

» The Oxy West Welch project is designed to demonstrate how the use of
advanced technology can improve the economics of miscible CO, injection projects
in lower quality shallow sheif carbonate reservoirs. The research and design phase
primarily involves advanced reservoir characterization and the demonstration phase
will implement the reservoir management plan based on an optimum miscible CO,
flood as designed in the initial phase.

The reservoir characterization phase is near completion with the tomography
currently being integrated into the petrophysical and 3-D seismic interpretations. The
petrophysical analysis has yielded both an improved net pay criteria and a method of
calculating permeability from log response. The 3-D seismic has enhanced the ability
to distribute the reservoir properties between wellbore control points.

During the reporting period, work was completed on the CO, stimulation
treatments and the hydraulic fracture design. Analysis of the CO, stimulation
treatment provided a methodology for predicting results. The hydraulic fracture
treatment proved up both the fracture design approach and the use of passive seismic
for mapping the fracture wing orientation.




EXECUTIVE SUMMARY

The West Welch Unit is one of four large waterflood units in the Welch Field
located in the northwestern portion of Dawson County, Texas. The Welch Field was
discovered in the early 1940's and produces oil under solution gas-drive mechanism
from the San Andres formation at approximately 4800 ft. The field has been under °
waterflood for 30 years and a significant portion has been infill drilled on 20-acre
density. A 1982-86 pilot CO, injection project on the offsetting South Welch Unit
yielded positive results. The recent installation of a CO, pipeline near the field allowed
the phased development of a miscible CQO, injection project at the South Welch Unit.

The reservoir quality is poorer at the West Welch Unit due to its reiative
position at sea level during deposition. Because of the proximity of the CO, source
and the CO, operating experience that would be available from the South Welch Unit,
West Welch is the ideal location for demonstrating methods for enhancing economics
of I0R projects in lower quality shaillow shelf carbonate reservoirs.

The West Welch project is divided intoc two phases - Budget Periods 1 and 2.
Budget Period 1 involves a detailed reservoir characterization effort which integrates
advanced petrophysics with 3-D seismic and tomography to identify major flow units
and their inter-well distribution. The resulting geologic model will be used in a
reservoir simulator which will serve as a basis for developing an optimum CO,
miscible flood design. Budget Period 2 will be the installation and actual field
demonstration of the project. :

The bulk of the effort during the current reporting period has been devoted to
continuing the reservoir characterization effort. The detailed petrophysical analysis
has yielded a methodology for obtaining usable permeability values on a foot by foot
basis from conventional log response. The 3-D seismic effort during the past year has
focused mainly on refining the interpretation through enhanced processing and
decreased bin size. Processing of the tomography data has only recently been
completed. The resulting tomograms are being integrated with the petrophysical and
3-D seismic data.

Although the simulator currently contains only the basic geologic model,
considerable progress has been made in matching actual performance.

The CO, stimulation treatments were analyzed and a method developed to
predict future performance. The disappointing resuilts realized from the treatments
related mainly to the small volumes of CO, injected. Once pipeline CQ becomes
available the process should be economical.

Data obtained from the hydraulic fracture treatment on WWU 4807 was
analyzed. It was concluded that fracture treatments can be designed with reasonable
accuracy if the model contains sufficient information as to reservoir layering. It was




also determined that passive seismic can be used to map the fracture wing orientation
and dimensions of the fracture created, which may be substantially different than
dimensions after fracture closure.




DISCUSSION
CO, STIMULATION TREATMENTS

All of the CO, injection occurred during the first annual reporting period, but
monitoring of the test wells has continued. Evaluation of the data generated from the
five well treatments has demonstrated the process can be economic with pipeline CO,
in some cases. Figure 1 shows the incremental production versus the wellbore
porosity feet for actual and predicted recovery. The incremental production is
calculated from production above the rate prior to treatment, allowing for reduced
base production while the well is actually flowing or producing with very high fiuid
levels. Lost or deferred production from the period the well is shut-in for injection or
soaking is not included in the incrementai oil caiculation.

The calculation of incrementai recovery uses fractional flow theory and
laboratory PVT data to estimate the volume of oil affected by a treatment. An
example calculation is shown in Appendix A. The treated radius is calculated using
the average gas saturation from the gas/oil fractional flow curve with the total CO,
volume pumped and the total pore volume in the volumetric equation. The CO, volume
dissolving in water and the free gas volume is estimated to determine the CO, volume
available for swelling oil. This volume determines the CO, mole fraction in the oil and
the oil swelling factor. Using the oil swelling factor, the incremental oil is caiculated
from the difference in oil saturations before and after swelling and the residual oil
saturation to waterflooding.

Based on the work to date, an estimated 40 MSTB of oil will be produced
during the first year of the project by the treatment of 17 producing wells.

HYDRAULIC FRACTURING

Initial passive seismic results from the fracture treatment on the 4807 well
were not as anticipated. The initial interpretation identified 30 seismic events that
have at least five clear signals from different stations. Results from the 30 events
show one wing of the fracture extends over 500 feet to the east with one event
occurring at 90 degrees to and 500 feet from the east end of the fracture.
Propagation of the other wing appears to have gone to the southeast for over 1000
feet. However, the seismic events, at the ends of the fracture, suggest that the
fracture grew out, then upward completely out of the main pay.

The falloff analysis gave more conventional results, showing an effective
fracture half length of 400 feet assuming 60 feet pay thickness. This is similar to the
fracture area predicted by the fracture modeling. However, the post-fracture model
shows the fracture grew out of zone at the wellbore, with a fracture height of 174
feet and a half length of 180 feet.




The 3-D seismic fault maps showed that the reason the orientation was
different was the presence of a deep fault running parallel to the fracture orientation
observed with passive seismic. This changed the stress field in a very localized region
around the fault. The change in stresses changed the orientation of the fracture as
the fracture grew away from the wellbore and encountered the different stress field.

Cost estimates for Budget Period 2 fracture treatments were made using the
information gained from the previous fracture treatment. The fracture treatments will
be performed during the early part of Budget Period 2 with the purpose of improving
injectivity and sweep improvement of the CO, flood. Preliminary simulation runs have
shown the treatments will be able to accelerate and improve recovery.

PETROPHYSICAL ANALYSIS

Detail work with the Carman Kozeny equation resulted in derivation of a
permeability relationship utilizing information from standard porosity-resistivity log
suites. The use of neural network analysis helped identify what log responses have
meaningful relationships to the functions in the Kozeny equation. Gamma-ray log
response has been found to correlate to surface area. Resistivity response has been
used to derive the required cementation factor. The resuiting equation is shown
below:

1OOX¢3 Where, K = Parmeability, (md)
] = porosity, fraction

mNRXGR2X(1 -—Cp) Myg = Nugent cementation factor calculated from the
resistivity porosity

GR = Normalized Gamma Ray response in the interval

{Ranges >0 > 1; O values cause division by zero)

Permeability estimation from well log data was found to require three different
methods. The method is determined by use of the normalized gamma ray, deep
resistivity curve and effective porosity as follows: (1) if the normalized gamma ray is
less than .25 and either the deep resistivity is less than 50 ohms or the effective
porosity is less than .04, then permeability is estimated from a scaled cementation
exponent using the Focke and Munn' equation, (2) if the deep resistivity is less than
50 ohms or the effective porosity is less than .04, and the normalized gamma ray is
greater than .25, then permeability is estimated from a scaled cementation exponent
using the Nugent? equation with a resistivity-derived porosity, and (3) if the porosity
is greater than .04 and the deep resistivity is greater than 50 ohms, permeability is
found from a Modified Carman Kozeny® equation. A flow chart of the logic is shown
in Fig. 2.

The above procedure is found to give results at least as good as the agreement
between plug and whole core-derived permeabilities when applied section by section
over the entire gross interval. Figure 3 compares the permeability from each method




to the whole core permeability for WWU 7916. The composite results are shown in
the fourth (right) panel.

Open hole logs were used to calculate permeabilities for wells in the area.
Figure 4 shows the comparison of the log, plug and whole core permeabilities where
core and modern open hole logs were available for the same wells. The interval where
core and log calculated permeabilities failed to match was described as oclitic in the
core description. Otherwise, differences in sample interval size caused the apparent
difference in core and log calculated permeabilities.

Grids of porosity and permeability values, for use in the numericai simuiator,
were then generated using well log and core data. Wellbore data values that were
obviousiy too high were discarded for the initial grid generation. These discarded
values were from cased-hole compensated neutron logs.

3:-D SEISMIC INTERPRETATION

Depth structure maps of the base of the Woodford and the Atoka horizons
were generated from the 3-D seismic volume. This was used to better define the deep
seated (Pennsylvanian and deeper) faulting that lies beneath the producing San
Andres formation. A coherency slice map of the base of Woodford horizon was
produced 1o help delineate the small fauits in the deep section. This information aided
in the hydraulic fracture orientation evaluation as discussed above.

The surface seismic data has been reprocessed to decrease the bin spacing.
Advances made since the initial processing in 1992 were used to enhance the data.
The result is a greatly improved seismic section with increased signal to noise ratio,
more dense areal spacing and higher frequencies. Figures 5 and 6 compare the before
and after sections respectively.

JTOMOGRAPHY

integration of the cross well seismic velocities and wellbore data showed a
distinct correlation to core porosity {Fig. 7}; however, the correlation appeared limited
at a maximum value. As a result, cross well velocities were modeled, using a 1-D
model, to better define the time interval where the tomography event should be
picked. The model resolves variations in picking arrivals from changes in source
waveform due to changing source positions, and changes in receiver orientation
resulting in phase and polarity changes between receiver stations.

Compressional wave and shear wave processing is complete for the 15 lines.
The early results show the shear wave data give more detail than the compression
wave data collected at the same sampling rates. This is due to the lower shear wave
velocities which result in more accuracy in the processing.




Integration of the petrophysical and 3-D seismic data with the tomograms is
currentiy underway.

BESERVOIR SIMULATION

A preliminary history match was made for the base geologic model and the
results used to make limited forecasts for screening economics. The grid is 57 x 65
x 9 layers resulting in an approximate 80 ft. grid size to minimize the numerical
dispersion effects. Steady state simulations and production type curves were used
to provide permeability and effective thickness multipliers for the history match. The
steady state simulations matched the late waterflood history when reservoir
saturations are relatively constant thus setting the permeability-thickness needed for
the history match. The type curves are plots of WOR versus fraction of oil recovered
to determine the net pay thickness needed to modify the reservoir description to
match the historical performance. Utilizing the different relative permeabilities by rock
type in the base geologic model created slight improvements in the history match.

The history match in Fig. 8 shows effective water injection was about 60-70%
during most of the flood history. The model shows that most losses occurred when
surface injection pressures were at 1800 psi during the late 1970s and 1980s. Since
injection pressures were lowered in 1990, injection volumes are close to 100%
effective. This resuit correlates well with the fracture gradients from the available step
rate tests.

TECHNOLOGY TRANSFER

During the second annual reporting period, nine presentations were made
before various industry groups. in addition, four poster sessions were conducted at
technical meetings. Three technical papers have been published by team members on
various aspects of the project’?2, '

Two all-day seminars were conducted at the CEED/Petroleum Industrial Alliance
facility between Midland and Odessa. Five different team members made
presentations concerning the engineering, petrophysic, geologic, seismic and
tomographic aspects of the project. Included was a actual demonstration of the
seismic attribute to log property conversion method using commerciaily available
software on a PC.
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Appendix A

Recoverable Oil Calculation for Cyclic CO2 Treatments

The reservoir CO2 volume is calculated from the
injection volume using the formation volume
factor.

I coszgco ,=Res.Vol,,

From gas fractional flow curves, the average gas saturation behind the front is found from the tangent
to the fractional flow curve, at the gas saturation at breakthrough, extrapolated to a gas fractional
flow of 100%. For the West Welch project immiscible gas-oil relative permeability data shows an
average saturation from fractional flow curves-of 14%.

Assuming an average gas saturation over the entire completion Res.Vol.,,%5.615
interval, the equivalent radius of affected oil is found by 7=

IIxpxHx Sgave
Due to the preferential diffusion of CO2 into the water phase Thxr 2 xHxd
the volume of CO2 dissolving in the reservoir water is found Vol = bt x
from the solubility of CO2 in water and the volume of reservoir & 5.615 e
water.

The reservoir volume of free CO2 remaining after the oil is
saturated after soaking is estimated. From Welch cyclic CO2
data the free gas volume is about 15-20% of total injection for
the five wells tested.

Vol j:ngijg

The volume of CO2 available to swell oil is found from the
difference in the total injection and the volumes of CO2 dissolved
in water and free gas remaining.

Volgo =lp,~ Vol ™ Volﬂg

2 .
The volume of oil swelled depends on the radius the CO2 Vol =er it xS
COVrS I, oil 5.615 °
The oil swelling factor is based on the mole % of CO2,
therefore the moles of CO2 and the moles of oil need to be
calculated. The molar volume of oil is found by molevol =——2—
' 350%8G,
The actual moles of oil and CO2 are calculated.
Vol . Vol
mole _lz_o"_"_.. mole ., ,=—=
** molevol moﬂcozvolg
CO2mole% =
molecoz+moleoﬂ




The mole% of CO2 is then

The oil swelling factor for the mole % CO2 is found from the

laboratory test data. The swelling factor for Welch crude is N =Nx (S5 S,r)
about 1.2 for 40% CO2 in the oil. The total oil recovered from ? (5,%S)
the CO2 treatment is the oil in place in the affected radius less

the residual oil,

(S, %8S8,00 (5,75,

The incremental oil is found from the difference in N.. =Nx[ ]
recovery with swelled versus unswelled oil. e (S,,xSf) S,
The symbols used are Ico; = The volume of
CO2 injected in MCF
Bg = The formation volume factor RB/MCF
I, = The radius affected by CO2 injection, feet
H = Net pay interval, feet
@ = Average porosity over the net pay interval, fraction
Sgvwe= Average gas saturation behind a front from fractional flow
curves
Sgw = The solubility of CO2 in water at reservoir pressure, barrels
per barrel

Vol = The volume of CO2 dissolved in the water phase, Barrels
Volg,= The volume of free CO2 not dissolving in the oil or water,
Barrels
G; = The volume of free CO2 not dissolved in oil or water in the
reservoir, MCF
Vol = The volume of CO2 dissolved in the oil, barrels
Vol,;= The volume of oil affected by the CO2 injection, barrels
S, = The current oil saturation, fraction ,
molevol, = The barrels of 0il in one mole of unswelled oil
Mw, = The molecular weight of the oil, Ibs/mole
SG, = The o1l specific gravity, ,
mole, = The moles of oil affected by CO2
moleco, = The moles of CO2 dissolved in the oil
Vol, =The reservoir volume of CO2 per mole of CO2, barrels/mole
S¢ = The swelling factor of the reservoir oil at the mole% of CO2
S,w = The residual oil saturation to water flooding, fraction
N = The current oil in place based on the calculated radius of oil
affected by CO2, STB
N, = The total production during the stimulation period, STB
N.ie = The incremental oil production from the stimulation treatment,
STB
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Core and log calculated permeability comparisons.

Weich Field. Dawson Co. TX
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Figure 4

Crosssection showing the comparison of log, core plug and whole core
permeabilities. The shaded grey to the right of the wellbore is the log calculated
permeability. Plug permeablity is represented by (x) and whole core permeability
is the solid line. The geocolumn shows intervals of >50 ohms in black, indicating

an oil wet system.
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Figure 8 Comparison of model and historical production.




