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OBJECTIVE 

The objective of this experimental research is to improve the effectiveness of CO, flooding in 
heterogeneous reservoirs. Activities are being coducted in three closely related areas: 1) further exploration 
of the applicability of selective mobility reduction (SMR) in the use of foam flooding, 2) possible higher 
economic viability of floods at slightly reduced CO, injection pressures, and 3) taking advantage of 
gravitational forces during low IFT, CO, flooding in tight, vertically fractured reservoirs. 

SUMMARY OF PROGRESS 

Progress made this quarter in each of the three areas of the project is discussed below. 

TASK 1 - COZ-FOAMS FOR SELECTIW MOBILITY REDUCTION 

In the past quarter progress has been made on several different experiments, all aimed at obtaining 
information about the utility of selective mobility reduction (SMR)  in field applications of C0,-foam. This 
work has included mobility measurements of single cores, on two cores (of different permeabilities) in separate 
coreholders in series arrangement, and on a composite core in which flow is through two different permeability 
regions in parallel. AU of these experiments were pefiormed at high pressure. In addition, plans are discussed 
for the next tests to be made in quest of further information on the utility of SMR.  

Iaboratory tests on single cores and on series arrangements w r e  ~ ~ ~ I u c t e d  with two surfactants, Chaser 
CD1045 and CD1050, on a few mervoir core samples from a dolomitic carbonate field. These measurements 
of the mobility of C0,-foam were continuations of those on quarried rock samples as described in the 2nd 
quarterly report, The reservoir rock had been generously supplied by the Phillips Petroleum Company as a 
portion of slabbed core that was retrieved from an observation well located at the East Vacuum GrayburgSan 
Andres Unit Field. 

By use of the PRRC scanning dnipermeameter, we measured 286 permeabilities on the flat surface of 
t i is core slab, with a 0.05 inch square grid. We found the permeabilities to vary from 0.1 md to 900 md on 
a small surface (15 inch square). From the permeability map made from this data, it was clear that the 
permeabilities are not uniformly distributed, and are mostly below 70 md. Nevertheless, by carefully locating 
the high and low permeability region on this core slab, we were able to cut several core plugs for the S M R  
tests. 

Two tests were also completed using the current experimental setup, in which the fluids flow through two 
cores in series. In each test, the permeability ratio of two core samples in the system is approximately two 
to one. The higher permeability composite core has permeabilities in the range of 200 to 500 md while the 
lower permeability core has a permeabilities in the range of 50 to 200 md. 

The total mobility of CO, and surfactant-free brine, as measured from this experiment, is lower in the 
preserved reservoir rock than in a quarried rock (oil-free Berea sandstone or Baker dolomite), presumably 
because of the remaining oil saturation in the core. This finding is in accord with earlier results reported in 
the single core standard mobility measurement. On the other hand, less S M R  was found - mobility reduction 
due to C0,-foam in these tests is found to be less dependent on the original core permeabilities. That result 



is not in agreement with earlier observations in our single core experimental system where CD1050 was found 
to yield a favorable S M R  in the reservoir rock samples. We will repeat the tests as necessary to resolve the 
conflict. 

A somewhat different type of series-flow experiment is under construction. This experiment involves 
a composite core with two different permeability sections arranged in series. In this new arrangement the two 
sections of core will be in the same coreholder - e i k r  behg sections of the same rock or Wig separate cores - tightly butted together with a filter membrane for good capillary contact between them. As a first attempt 
at such a series composite core, one has been made in our lab by using two fired Berea sandstone cores with 
the air permeabilities of 100 md and 500 md, respectively. A coreholder to contain such a core has also been 
fabricated. This coreholder is equipped with five pressure taps capable of measuring four pressure drops along 
the flow path. In this case, two pressure drops across each section of the composite core can be measured at 
the same time. When a steady state is reached during the mobility measurement, the mobilities of fluid flowing 
through sections with different permeability, and in segments in each section, will be readily compared. 

In a different set of laboratory experiments, with the goal of determining the effect of parallel flow, S M R  
has also been demonstrated in relatively homogeneous Berea cores of a larger size. This experiment was 
preliminary to the measurement of mobility in coaxial sections of the porous rock. First foam flow 
experiments have now been completed with such a fabricated core sample. The core contains two parallel 
sections, of low and high permeability which are in capillary contact. The outer section of this core assembly 
consists of a 3.7-cm diameter by 7-cm length fired, Berea sandstone cylinder. It was primarily coated with 
thick epoxy, and then cast into a stainless steel permanent sleeve with a thinner casting epoxy (to avoid 
trapping bubbles). A 1.6-cm hole was then drilled along the diameter of the core and filled with fine, 
unconsolidated, silica sand. Special end-plates enable the flow through the two parallel sections of the core to 
be measured separately. The permeability ratio in this assembly was about 3.7, with the higher permeability 
region in the center of the core. 

Several experiments have been conducted with this core sample using Chevron CD1045, CD1050, and 
Shell Enordet X2001 at 500 ppm, and 2500 ppm concentrations. Four different flow velocities were used, 
ranging from about 0.44 ft/d to 8.7 ft/d (darcy velocity). In the transient period preceding the attainment of 
steady state, these experiments have indicated that foam (or the presence of surfactant) delays the CO, 
breakthrough, in the higher permeability section, as compared with the experiments in which IKI surfactant was 
used. In the steady state tests that followed the transient period, we have found that when either CD1045 or 
Enordet xu)ol were used at 500 ppm concentration, the fractional flow through the higher permeability zone 
was reduced significantly for lower flow rates. It was also observed that the steady state was reached earlier 
when surfactant solution was present. 

A second composite core has also been constructed, in which the center hole is filled with finer 
unconsolidated sand such that the center zone has the lower permeability. Comparison of the above with 
results from the second assembly will demonstrate any dependence on whether the higher permeability region 
is located in the center or the annulus. More complete description and analysis of these experimental results 
will be given in future reports of this project, as well as in the forthcoming PhD thesis of Hossein Yaghoobi. 

Pressure measurement facilities for this experiment will be facilitated by a timely gift. Recently Amoco 
Production Company kindly donated several Honeywell transmitters to this project. These transmitters will 
be used for pressure measurements. We are currently testing and assembling them into the composite core, 
series experimental setup, where they will greatly ease the experimental difficulties of making reliable but 
extended differential pressure measurements. 
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TASK 2 - REDUCTION OF THE AMOUNT OF CO, REQUIRED IN CO, FLOODING 

The objective of Task 2 of the project is to demonstrate the feasibility of decreasing CO, requirements for 
CO, flooding. This objective can be achieved by using one or both of two approaches. First., at a constant 
teqxame, the density of CO, ckcmses with decreasing pressure, thus achieving reservoir fill volume with less 
mass at a lower pressure. The density of CO, is always less at the minimum miscibility pressure than at several 
hundred pounds pressure higher where most systems are being flooded, with the density difference as much as 
fifty percent. Thus, can we take advantage of this condition without significantly reducing sweep efficiency? 
Second, foaming agents can be used in conjunction with the injection scheme of water alternating with carbon 
dioxide as a mobility control agent. Using these two concepts together should provide a synergistic effect by 
greatly reducing CO, requirements while maintaining or increasing the sweep efficiency of the process. This 
concept should be particularly applicable in the New Mexico-Texas region where many of the present and 
potential reservoirs for CO, miscible flooding are located. The concept should also be applicable to any gas 
injection scheme. All the experimental tests and modeling work in this study are designed to increase our 
understanding and to test concepts related to this process. 

During this quarter, our focus has been on the development of a preprocessor program, which can provide 
the parameters of the pseudocomponents as input to a compositional simulator such as UTCOMP. Currently, 
the prep- is set up to match the bubble-point pressure data by tuning the average molecular weight of C,+ 
fraction. After the matching of the bubble-point pressure, the generated parameters of the pseudocomponents 
can be used as input to a compositional simulator. Our goal is to improve the preprocessor program by not only 
matching bubble-point pressure data but also matching other equilibrium data generated at static conditions. 

In addition, the work on the implementation of horizontal well model into MASTER has continued. Major 
modifications that were made to MASTER include: 1) allowing flexible well orientations, i.e., wells can be 
parallel to the x-axis, y-axis, or z-axis, and 2) incoqmm g Babu et. aL's (SPE, Aug. 1991,324-328) well model 
into the simulator. The coding of these modifications has been completed. Validation of the horizontal well 
model will commence in the coming quarter. 

TASK 3 - LOW IFT PROCESSES AND GAS INJECTION IN FRACI'URED RESERVOIRS 

Research continues in two primary areas: 1) understanding the fundamentals of low interfacial tension 
behavior via theory and experiment and the influence on multiphase flow behavior, and 2) modeling low IFT 
gravity drainage for application of gas injection in fractured reservoirs. 

We reported in the previous quarter that we understand the subtleties of gas-oil IF" calculations via the 
parachor method although we need to use our pendant drop apparatus to verify calculation methodology. 

The calculation methodology developed is based on the parachor method. We have established, by 
rigorous analysis of the physics and petroleum engineering literature, that neither the parachor or scaling 
exponent should be used as adjustable parameters. Based on modern understanding of critical phenomena, we 
have developed a simple procedure for predicting low IFTs for multicomponent reservoir fluid systems that 
adheres to current theoretical models of near-critical phase behavior. Our procedure uses the Peng-Robinson 
EOS to predict phase densities for application with the parachor method. It was found that relatively accurate 
predictions of IFTs are possible for both gas condensate and CO,/crude oil systems. The parachors and 
parachor correlations for single oil components and C7+ fractions up to C45 have been recalculated based 
on current interpretation of near-critical behavior. 
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From the limited multicomponent IFT data set in the literature, we have proven that our method provides 
the most accurate predictions. We will present the following paper at the SPE Annual Technical Conference 
and Exhibition in Dallas in the fall of 1995: "Parachors Based on Modem Physics and their Application to 
Calculation of Multicomponent Reservoir Fluid Systems." The results, however, will be presented in in full 
detail for the Annual Report for this contract. 

To demonstate this methodology, we have calculated the IFT as a fuaction of pressure for a 
COJSpraberry crude oil system. The results are shown in.Fig. 1. We have also measured the MMP of 
Spraberry STO with CO, in a slim tube. Results are shown in Fi . These two figures indicate that 
maximum recovery in the slim tube is achieved at IFTs of around I-. h? 

m 

We reported last quarter that the construction of the pendant drop apparatus is complete. We are able 
to circulate fluids and to form drops through a variety of needle bore-sizes. The equilibrated phases are 
circulated through the densitometer. The densities of the Coexisting phases are measured and a pendant drop 
is formed in one of the needles. We have tested low IFT alcohol/oil/water systems at low pressure and room 
temperature. We are able to form drops at low IFT although we have encountered imaging problems. The 
primary problem is the ability for our current frame grabber and digitizer to image the entire drop. The 
contrast between the drop and backgrod is obviously less pronounced at low IFT, so we are trying several 
different methods to improve the contrast. 

At the same time, we are adapting commercial code to analyze the image in order to meet our specific 
system requirements. The upcoming quarter will be spent learning the best method to produce high contrast 
drop images. 

We are also currently pressure testing. our measurement cell to delineate the upper limit of our 
experimental measurements. 
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Fig. 1. Spraberry STO and COz 
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Fig. 2. Slim tube results for Spraberry STO. MMP - 1550 psi 
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