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Summary of Technical Progress 

Subtask 1. Interoreting and Predicting Natural Fractures 

Geological Studies - Several objectives have been accomplished: 
1. An unsolicited proposal to obtain additional funds for the first phase of this effort was 

2. 

r submitted to DOW Office of Basic Energy Sciences. That proposal is pending. 

One of the two proposals written 
grant was awarded by the University's Center 
This will enable us to proceed with the study to 
outcrop with corresponding data from the 
Schlumberger's Formation Microscanner Surveys 
a p e d  to (a) train Dr. Friedman and his students on 
software to permit the analysis of FMS data on 
supply FMS data from the horizontal segments of 

bj __- 

will permit the direct measurement of fracture orientation and spacing in the subsurface for 
comparison with similar data already in hand from outcrop studies made on the present project. 
The CEh4R funds will be used to purchase a SUN/SPARC workstation and ancillary hardware 
and pay some of the stipend for the graduate student who will be working on this project. 

3. The above workstation has been ordered. 
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4. The student to work on this effort has been identified, i.e., Ms. Desiree Tisdide, MS 
candidate, Department of Geology. . .  
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5.  The paper by Wiltschko, Corbett, Friedman and Hung, referenced below was submitted to 
the Gulf Coast Association of Geological Societies and will be presented at their 41% .Annual 
Convention, October 16-18, Houston. It has been published as part of the proceedings of that 
meeting. 

6. The paper by Friedman and Wiitschko, referenced below, was written and submitted to the 
Association of Rock Mountain Geologists who are going to produce a volume on the 
geological aspects of horizontal drilling. 

Geophysical Studies - Work has continued on the data from a 9-component (3-component 
sources for each set of 3-component geophones) Vertical Seismic Profile (VSP). MJe have 
found that the hodograms generated from the horizontal components of the processed (lata are 
improved when compensation is made for source-strength imbalances; namely, the hodograms 
have more rectilinear motion when the sources are balanced and the sources are rotated to their 
principal-axes directions. A presentation of the results was given at the August 15, 1991 
Meeting for the project in which progress to date was communicated to representatives of DOE 
and various oil companies. Also, the results of the processing will be reported on at the 61st 
Annual International Meeting of the Society of Exploration Geophysicists which will be: held in 
Houston, Texas, November 10- 14, 199 1. 

The next step is to determine the effects of imbalances in the geophone coupling. While 
improvements have been made by source balancing, the hodogram motions for the sources in 
the principal axes is still not exactly rectilinear. The geophone coupling is one possible reason 
for this behavior. Another possible reason for the non-rectilinear motion is that there may be 
more than one set of fractures (with different orientations) in the layers above the geophones 
(the shallowest geophone is at 3600-ft depth). 

We have received shear-wave seismic data from CGG American Services, Inc. for a two- 
mile line in Burleson County, Texas over the Austin Chalk formation; also, we have received 
P-wave data from Columbia Gas Development Cory. for an immediately adjacent line. We 
have not begun processing these data, but we expect to begin work on them soon. Having 
both P-wave and S-wave digital seismic data along a single profile will allow us to see, fxst 
hand, what differences there are in  the two types of data and give us a chance to see if the 
combined data set provides information not available from either one individually. 

Subtas k 2: Relating Recove? to Well-Lop S' I matures 

Geological Studies - Well logs from 85 wells in the Giddings Field, Burleson County, Texas, 
have been digitized, and average resistivities have been calculated for the massive, lower 
Austin Chalk, the most common producing zone. In addition, production histories have been 
compiled for about 30 wells. Interpretation of log response and production is now in progress. 

Additional data will be obtained for partially complete well sets in order to maximize control 
in producing areas of variable recoveries. These data will be integrated into the existing sets 
for interpretation. Correlation of log response and productivity should be well atdvanced 
during the next quarter. 

subtask 3: Laboratow Studies of the Imbibition Process 

Laboratory Displacement Studies - Several conclusions based on the two phases of the 
laboratory displacement work have been reached. 
Phase - I 
1 .  Sandstone cores behavior to carbonated brine is unpredictable. It is more dependent on the 
depositional environment of the reservoir and clay minerals present at the time of deposition. 
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2. Limestone cores have shown 15 percent average increase in oil recovery under standard 
conditions. 
3. An average 10 percent increase in permeability was observed in limestone cores. 
4. Carbonated brine, being acidic in name reacts with the rock matrix. 
5 .  Dominant recovery mechanisms observed during the imbibition runs are: 

a - Solution-gas drive effect. 
b - Reduction in interfacial tension 

6 .  Reservoir rock composition analysis is vital and primitive to carbonated brine displacement 
studies. 
Phase - I1 
1. Development of the laboratory equipment and process to conduct imbibition experiments at 
elevated temperatures and pressures. 
2. Increase in ultimate recovery and recovery rate is proportional to increase in temperature, 
but this is a limiting factor dependent on the reservoir temperature. 
3. Increase in recovery is proportional to the increase in concentration of Carbonated brine 
solution. At higher pressure more C02 goes into the solution and provides extra energy to the 
system. 
4. Increase in concentration of brine has more prominent effect on recovery improvement than 
the increase in temperature. 
5 .  Injectivity is also improved at higher pressures as the carbonated brine solution becomes 
more acidic. 

Magnetic Resonance Imaging (MRI) Studies - Several imbibition analysis were carried our in 
order to determine the applicability of carbonated water imbibition to increase oil recovery rate 
and ultimate recovery using different oil samples of Austin Chalk crude oil. Two basic 
experiments were conducted: 1) Spontaneous unadulterated water imbibition, and 2) 
Carbonated water imbibition. 

The experiments were conducted at 2000 psi and room temperature. Crude oil for the 
experiments was furnished by Union Pacific, from the well FAZZINO ## 1. Outcrop limestone 
samples of 26 % porosity and 10 md permeabilities were utilized as reservoir rock because 
actual Austin Chalk reservoir rock presents extremely low permeability and porosity. This 
inconvenience prolongs the experiments for unreasonable lengths of time. The samples were 
fully saturated with water and the trapped water was laner displaced by an oil flow. Irreducible 
water saturation was used as initial conditions for all cases. Water carbonation was pe:rfonned 
at 500 psi, to obtain a 4.0% (by weight) concentration of CO2. 

Oil recovery due to unadulterated water imbibition reached a maximum of only 7% of OOIP 
while ultimate oil recovery due to carbonated water imbibition was increased to 21% of OOIP. 
An increase of about 14% was achieved. Damage to the production due to asphaltene 
precipitation was a major concern. No negative effects were observed. See Figure 1. 

In order to enhance the ability to analyze MRI analysis, a more sophisticate type of images 
is being obtained for every imbibition experiment. A set of 16 different profiles with a 
changing TI is being obtained at a given time. A ser of 8 different images with different T1 is 
being obtained for every acquisition. This new technique enable us to perform further image 
analysis. 

It is anticipated that more detailed data will be needed. Appropriate steps are being; taken to 
obtain the information. Complete PVT analysis; including oil composition, Bo, R,, po, O A P I ,  
IVb, pb, &, critical T and P, and b; would be essential to realistically estimate oil production. 
An estimate or measurement of interfacial tension between crude oil and reservoir brine would 
also be helpful. 
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Imaging Studies - C@ Enriched Imbibition in Austin C h a k  Investigation of C@ as an 
enhancement in the imbibition process is being conducted on Austin Chalk over a long time 
durations at very low rates. Experiment duration is one to two weeks. During this time, kll  
core scans are made daily. Image analysis is conducted on a daily basis to detennine the 
advancement of the imbibition process. 

Actual experimental work in long term imbibition has just begun. Initial imbibition 
experiments are being perfomed with a normal brine without COz enrichment. Experiments 
will commence with imbibition enhanced by co;! later. 

Visualization of Fractures in Austin Chalk: The mapping of microfracture:s using 
nondestructive techniques is presently unique to the research effort here. An attempt is being 
made to determine average fracture length, distribution of microfractures, and the relationship 
between interconnected and discontinuous microfractures. Initial subjects for these studies 
were cores from a Austin Chalk horizontal well. 

This technology has most recently been applied to the study of halite cores. These cores 
have been mechanically deformed by axial loading, and provide an excellent opportunity to 
gather data for fracture model development. Existing data from scans of mechanically h c t u m l  
core samples and horizontal cores are being analyzed in conjunction with the :Dept. of 
Geophysics. 

Subtask 4: Mathematical Modeling 

The following hypothetical test case presented in  Table I was formulated to run the 
simulator for the fracture and matrix system independently. All relevant data are talcen from 
SPE Test Case Number 5 3except the relative permeability data for the fracture system is taken 
as Kw=Sw. A single block tank type model was used. The pressure profile for each system is 
presented in Figure 2. 

Subtask 5 : Field Trials 

Recummendations to Implement a Pilot &-Enriched Water Imbibition Flood in an Austin 
Chalk Well have been made to Oryx Energy Co. Additional talks are being conducted with 
Union Pacific Resources. 

An idealized fkacture-matrix geometry is assumed since a detailed descriptitsn of the 
reservoir is not presently available. The following conditions were assumed in order to 
approximate an initial design for the proposed pilot test: 

1. 
2. 

3. 

4. 

5 .  

6.  

The fractures and matrix block pattern is repetitive throughout the fractured reservoir. 
Outcrop studies indicate that the following geometry could represent an Austin Chalk 
reservoir: Matrix blocks of about 4 X 4 X 4 ft and a system of macro-fracture:; 0.8 mm 
wide. The system of micro-fractures 0.1 mm wide 43 that exists within the matrix 
blocks was assumed to be equivalent to a single macro-fracture across each bllock and 
parallel to the regional fracture trend. 
From log analysis in the Bagget lease in Zavala and Dimmit counties, the producing 
interval was assumed to be 80 ft thick 
Movable oil saturation in the matrix blocks, after primary recovery, was assunned to be 
45%. Laboratory experiments have shown an additional oil recovery due to carbonated 
water imbibition of 15% of OOIP. 
Lclboratory experiments indicate that oil droplets adhere to the rock surface, in the fracture 
system, after primary production. 
A gaseous phase is present in the fracture system. Dissolved gas drive is assumed to be 
the primary production mechanism. 
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7. 

8. 

The average depth of the reservoir, in the area of interest, is 5,500 ft with a BHT of 170 
O F .  
Representative reservoir mamx rock, fluid characteristics, and laboratory rock aid fluid 
properties are shown in table 11. Laboratory characteristics were needed to scale the 
obtained results to reservoir a reservoir scale. 

Several considerations have to be done in order to duplicate the beneficial effects of a 
carbonated water imbibition flooding seen in repeated laboratory experiments using Austin 
Chalk crude. 

Surface rock area - Water imbibition is directly proportional to the contact area between the 
rock and water. In order to maximize the process, the contact area has to be as large as 
possible. Imbibing area is proportional to the stimulated fracture volume which in turn is 
proportional to the injected water volume. This consideration suggest that the largest possible 
volume of carbonated water be injected. An injection, soaking, and subsequent production 
method would have an imbibing area that decreases as oil comes out of the matrix block and 
fills the fractures system. After the initial injection of carbonated water, injection of small 
volumes of water, or carbonated water through one well and production of water and crude 
through adjacent wells would help to maintain imbibing area to a maximum value by sweeping 
produced oil. 

Initial Gaseous Phase Saturation - Previous cyclic water injection projects6 have shown that a 
gas saturation after primary production can be very detrimental to imbibition flooding. In the 
field, the increase in pressure during water injection apparently could cause the gas in the 
mamx blocks to go back in solution into the remaining oil, while a water drive would force oil 
adhering to the surface of the blocks into the rock matrix. This mechanism would create a shell 
of high water saturation close to the surface of the blocks. The reduced relative permeability of 
the oil phase in this she11 next to the fracture faces greatly slows the rate of oil production by 
water imbibition. 

Early injection of carbonated water combined with a disappearing gaseous phase inside the 
ruck blocks, due to increasing pressure, would help to pIace dissolved carbon dioxide deep 
into the matrix blocks. The initial injection of carbonated water would transform a negative 
scenario into a very positive situation that would accelerate oil production. 

Amount of 0 2 ,  Injection Pressure - Laboratory experiments have shown that oil recovery is 
proportional to the amount of CO;! dissolved into the imbibed water. Solubility of CO;? into 
water is a direct function of pressure. The increase of solubility is greatest at low pressures. 
At high pressure values the solubility becomes approximately a linear function of pressure. 
Carbon dioxide solubility in water is also a function of temperature and salinity. Increases in 
temperature will decrease the solubility. The amount of C02 dissolved in water will remain 
constant from a surface mixing pressure of 650 psi at surface temperature, to a bottom hole 
pressure and temperature of 3000 psi and 170 OF respectively. The ability to increase and 
maintain an elevated reservoir pressure (3,000 psi) is a key factor of the process. The 
mentioned 650 psi is the maximum mixing pressure that would not create a free C& phase 
under stabilized bottom hole conditions. A gaseous free CO;! phase would be detrimental 
under reservoir conditions. 

Volume of Carbonated Water to be Injected - Detailed reservoir, rock, and fluid information 
would allow a mass balance calculation of the carbonated water volume needed to re-pressurize 
the reservoir. In order to maintain injected carbon dioxide in solution, reservoir pressure has to 
be kept at the designated constant bottom hole pressure. A large enough volume of carbonated 
water has to be injected to achieve this objective. When more information becomes available an 
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. . .  

estimate of the required volume to increase and maintain reservoir pressure could be 

Water Salinity - The ability of water to carry carbon dioxide into the reservoir is reduced by an 
increasing salinity. The use of fresh water would reduce the volume of water needed to1 carry a 
similar amount of carbon dioxide into the reservoir. 

performed 

Intervals of Injection - Horizontal wells produce from different fracture systems encountered 
by the borehole. Therefore, injection through a single fracture system would stimulate only a 
fraction of the potential producing matrix blocks. Selective injection would ensure carlbonated 
water injection through the majority of the fracture systems. 

Oil production Expected - If dissolved gas drive is assumed to be the primary production 
mechanism, water imbibition would be non-existent or very limited. The observance of some 
water production could indicate that water imbibition had taken place at a small scale. h partial 
matrix support of production could be caused by limited water imbibition. 

Oil recovery due to carbonated water imbibition flooding would come from two different 
sources: (1) Oil being produced from the mamx itself, and (2) Oil removed from the €racture 
system due to the localized gas drive when the system pressure is dropped below the mixing 
pressure. A gaseous phase coming out of the matrix would remove small droplets adhering to 
the surface of the rock. 

Oil production due to carbonated water imbibition: Oil production due to carbonated water 
imbibition could be calculated scaling laboratory results. Laboratory experiments have: shown 
a cumulative oil production of about 15% of OOIP. The observed laboratory recovery 
translates to about 630 BbVacre (standard conditions) under the reservoir geometry assumed. 

Oil production due to the fractures cleaning: When the system pressure is released, carbon 
dioxide evolves to its gaseous form. This localized gas drive forces some oil out of the rock 
matrix. In addition, the gas production from inside of the rock matrix will initiate production 
of crude already out of the rock matrix but adhered to the rock surface. Labloratory 
experiments have shown a decrease in the amount of crude oil adhering to the rock surface 
from 6.5 to 3.9 cm3 of crude / 100 cm2 of imbibing area. The amount of adhering oil traduces 
to a total of 1,062 Bbl of crude/acre of reservoir. 

/ 

Total oil production: Simple addition of the methods presented yield a total oil production of 
1,692 B byacre, see Table ID. 

Calculated fracture storage capacity is 1634 BbVacre. Therefore, a total production of 
90,000 Bbl of crude would occupy and area of 55 acres, with a drainage radius of' 873 ft, 
disregarding compressibility effects and assuming there is no significant mamx support of 
production. 

Time Required for Maximum Oil Production - The following equation can be used to scde 
model time to reservoir time: 

Values of rock and fluid properties previously mentioned would be considered to be 
representative of the laboratory and reservoir systems. Solving the previous expression for 
b o k  the following equation is obtained: 
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Substituting the assumed values into this equation, an equivalent reservoir to model time is 
obtained: 

This is the time required to reach equivalent oil saturation conditions. The observed tmodel 
to achieve maximum oil recovery has been about 48 hrs. Therefore, time needed to achieve 
maximum oil recovery treservoir = 106 days. 
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Figure 1. Comparative oil production due to pure water and carbonated water. Crude: oil from 
the well FAZZINO ## 1 was used. No harmful effects were observed. 
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Figure 2. Pressure profiles in the matrix and fracture system. 
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Length (X direction) = 500 ft 
Len@ Cy direction) = 500 ft 
Length(Zdirection) = 2Oft 
Initial water saturation= 0.2 
Initial gas saturation = 0.0 

Matrix System 
porosity = 0.3 
permeability =5cK1md 

Fracture System 
porosity = 0.05 
pemeabirity = 5000 md 

TABLE I - A hypothetical field case data for numerical simulation. 

Matrix Matrix Int. tension 
k (md) @ (W cs (dYne/cm) L (in) 

Reservoir 0.002 3 15 3 
Laboratory I 10 26 33 3 

Table 11, Rock and fluid properties. 

Production 

(BbU'acre) (BbVacre) 

Muct ive  Initidoil additional Matrix Fracture 
interval sat. Swi rtxovery imbibition cleaning 

I 
(fil (W 
80 45 15 630 1062 1692 

Table III. Oil production. 
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