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ABSTRACT 

 

The current commercial practice of gas-based 

enhanced oil recovery processes involves either continuous 

gas injection (CGI) or Water-Alternating-Gas (WAG) 

injection. Over 60 commercial projects in West Texas and 

other parts of the world have amply demonstrated that these 

CGI and WAG processes have been technically successful 

and commercially profitable. However, the oil recoveries 

from the CGI and WAG processes fall in the range of 5-

15% of the remaining oil. The Gas-Assisted Gravity 

Drainage (GAGD) process, invented and patented at LSU, 

has yielded oil recoveries in the range of 65 – 95% in 

laboratory experiments conducted at realistic reservoir 

conditions. The GAGD process involves utilizing several 

vertical wells for injection of CO2 in addition to drilling 

long horizontal wells for production. Injected CO2 

accumulates at the top of the payzone due to gravity 

segregation and displaces oil, which drains to the horizontal 

producer. This maximizes the volumetric sweep efficiency. 

The gravity segregation of CO2 also helps in delaying, or 

even eliminating, CO2 breakthrough to the producer as well 

as preventing the gas phase from competing for flow with 

oil. Thus GAGD enables sequestering injected CO2 in 

addition to yielding much higher recoveries of trapped oil 

from depleted reservoirs. 
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1 INTRODUCTION 
 

CO2 EOR is the fastest growing EOR process in the 

United States. The target for CO2 EOR is over 400 billion 

barrels of oil
8
 in the mature oil fields in the US alone. 

Water Alternating Gas (WAG) process has remained the 

default industry standard for CO2 injection with almost 80-

85% of commercial projects employing WAG. WAG 

attempts to overcome natural gravity segregation in 

Continuous Gas Injection (CGI) process by alternating gas 

injection with water and that has yielded better EOR 

performance in WAG floods than continuous gas injection 

(CGI) field projects. However, WAG is still a method to 

‘combat’ the natural phenomenon of gravity segregation. In 

attempting to resolve one problem of adverse mobility, the 

WAG process gives rise to other problems associated with 

increased water saturation in the reservoir including 

diminished gas injectivity and increased competition to the 

flow of oil. The disappointing field performance of WAG 

floods with oil recoveries in the range of 10-15% is a clear 

indication of these limitations
2
. 

 

Figure 1: (top) - Conceptual view of WAG (DOE Website) 

(bottom) - A more realistic view of WAG showing override 

of injected gas (Ref: Rao et al.) 

 In order to find an effective alternative to WAG, Gas- 

Assisted Gravity Drainage (GAGD) process was developed 

in EOR labs at LSU. Unlike WAG, the GAGD process 

takes advantage of the natural segregation of injected gas 

from crude oil in the reservoir. Although gravity-stable gas 

floods have long been practiced in selected dipping 

reservoirs and pinnacle reefs, this project was aimed at a 

systematic development of a recovery process that would be 
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widely applicable to different reservoir types in both 

secondary and tertiary modes. The GAGD process consists 

of placing a horizontal producer near the bottom of the 

payzone and injecting gas through new/existing vertical 

wells used in prior waterfloods. As the injected gas rises to 

the top to form a gas zone, oil and water drain down to the 

horizontal producer. 

 

Figure 2: Conceptual view of GAGD process                   

(Ref: Rao et al.) 

2 VISUAL MODEL EXPERIMENTS OF 

GAGD PROCESS 
 

A glass model was constructed and used to visualize 

the process and to discern the mechanisms operative in 

GAGD. The model experiments have shown that GAGD is 

a viable process for secondary and tertiary oil recovery. Oil 

recovery in the immiscible secondary mode was as high as 

83% IOIP and the oil recovery in the immiscible tertiary 

mode was 54% ROIP. The visual model experiments have 

also demonstrated that GAGD is applicable to naturally 

fractured reservoirs. The presence of the vertical fracture in 

the physical model seemed to improve GAGD recoveries. 

Additionally, the GAGD process was found to be viable for 

higher viscosity oils as well, where secondary immiscible 

oil recovery was 64% IOIP
3
. These experiments have 

indicated three possible mechanisms responsible for high 

oil recoveries: Darcy-type displacement until gas 

breakthrough, gravity drainage after breakthrough, and film 

drainage in the gas invaded regions.  

 

Figure 3: Development of near-horizontal flood front in 

visual glass GAGD model  

3 PARTIALLY SCALED PHYSICAL 

MODEL EXPERIMENTS 
 

This part of the research was focused on evaluating the 

effect of the wettability of the porous medium and the 

presence of a vertical fracture on GAGD performance. In 

the physical model experiments, a Hele Shaw type model 

was used along with glass beads/silica sand as the porous 

medium. Silanization with dimethydichlorosilane, an 

organosilane, was used to alter the wettability of the glass 

beads/silica sand from water-wet to oil-wet. The wettability 

alteration was confirmed visually as well as through the 

calculation of fractional flow curves. The effect of injection 

strategy on the oil recovery, i.e. secondary and tertiary 

mode production, was also evaluated in the experiments. 

The experiments showed a significant improvement of oil 

recovery in oil-wet experiments than in water-wet runs, 

both in the secondary as well as in the tertiary mode. When 

comparing the experiments conducted in the secondary 

mode to those run in the tertiary mode an improvement in 

the oil recovery, as high as 5 % OOIP, was also evident.  

 

Figure 4: Effect of Wettability on GAGD recovery  

Since, some of the prolific oil and gas reservoirs are 

carbonate reservoirs and most of the carbonate reservoirs 

are naturally fractured, the effect of vertical fractures on 

GAGD process was also investigated. The presence of 

vertical fractures improved oil recovery acting as conduits 

for oil/gas counter current flow between matrix and 

fracture. Fractured models yielded 8-10% higher recoveries 

than unfractured models. This was not the case with WAG 

process, wherein the presence of vertical fractures was 

detrimental to the process due to the adverse effect of 

fractures on gas-liquid segregation. The GAGD process 

thus provides the industry with a viable alternative to 

conventional EOR processes applicable in both water-wet 

and oil-wet reservoirs, regardless of the presence of 

fractures.   
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Figure 5: Effect of vertical fractures on GAGD recovery  

4 COREFLOOD GAGD EXPERIMENTS 

AT RESERVOIR CONDITIONS 
 

To allow for scalability of the laboratory experiments, 

the reproduction of the various multiphase mechanisms and 

fluid dynamics, which have been found to be influential in 

the success of the gravity stable gas floods, is crucial. 

Literature reviews of multiphase mechanics and fluid 

dynamics, suggests that dimensionless characterization of 

flood parameters to generate analogous field scale 

multiphase processes into the laboratory, is one of the most 

effective and preferred scaling tools. Therefore nine gravity 

stable gas injection field projects were used to calculate five 

dimensionless groups, which were then employed to 

optimize the laboratory experimental protocol for 

optimization of the GAGD process. 

 

Figure 6: Effect of Bond No. on GAGD recovery
9 

Fifteen reservoir condition miscible and immiscible 

GAGD corefloods (with CO2) were conducted to examine 

the effects of parameters such as injection strategy, rate, 

and fluid characteristics on GAGD performance. To 

provide with a common comparison basis, scaled Water-

Alternating-Gas (WAG) coreflood experiments were also 

completed at similar conditions. Scaled experimental results 

clearly demonstrated that all the GAGD miscible floods, 

irrespective of the rock or fluid characteristics, such as 

presence of fractures, mode of injection, fluid systems, out-

performed the WAG floods. The GAGD floods were able to 

substantially decrease the residual oil saturations and 

appear to be a useful tool for improved recovery from 

mature oil reservoirs. The presentation will include key 

results from miscible and immiscible GAGD and WAG 

corefloods as well as the dimensional analysis of the 

GAGD process for improved optimization. 

 

5 APPLICATION OF GAGD PROCESS IN 

A LOUISIANA OIL FIELD 
 

This part of the presentation highlights the results of 

reservoir characterization and compositional reservoir 

simulation studies carried out at LSU for GAGD process 

implementation in a Louisiana depleted oil reservoir. At 

first reservoir geological model was built and then three 

dimensional porosity and permeability distributions were 

generated from well log and core analysis data using 

geostatistics. Measured relative permeability data from the 

reservoir condition corefloods were used for obtaining a 

reasonable history match of prior production. Several 

strategies such as gravity segregation effects on reservoir 

fluids distribution with time and placing of horizontal 

producing wells just above the oil-water contact were 

adapted during the GAGD simulation. The placement and 

configuration of vertical injection wells as well as 

horizontal producing wells and the gas injection rates were 

optimized for maximum GAGD oil recovery. Successful 

reservoir flow simulation studies indicated an optimum 

GAGD incremental oil recovery of about 65% OOIP (≈90% 

ROIP), which agrees well with visual and scaled physical 

model experiments and reservoir condition core flow tests. 

Based on these results, a field test of GAGD process on a 

northern Louisiana field is ongoing. 

  

6 CARBON CAPTURE , UTILIZATION 

AND STORAGE  
 

Large quantities of waste gases containing carbon 

dioxide and nitrogen are continuously being released into 

the atmosphere by almost all the industrial activities 

involving the production or utilization of energy from fossil 

fuels. There is growing consensus among nations for the 

need to cap the emission of greenhouse gases like CO2 to 

combat global warming. In the future, it is anticipated that 

there will be even stricter emission restrictions as the 

effects of climate change are felt by the global community.  

This has led to the push for Carbon Capture and Storage 

(CCS) and CO2 sequestration. A study
6
 by the 

Massachusetts Institute of Technology evaluated and 

prioritized research needs for the capture, use and storage of 

carbon dioxide from fossil-fuel-fired power plants. The idea 
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behind CCS is, human-generated (anthropogenic) 

greenhouse gases are separated and captured at its sources 

such as power plants, refineries, etc. and injected into sub-

surface formations such as abandoned oil and gas 

reservoirs, deep coal seams & aquifers etc. Though an 

interesting idea, the very cost of separating and capturing 

the greenhouse gases as well as uncertainty in the 

assessment of the long-term integrity of the sequestration 

sites has limited the widespread use of CCS. Even 

governmental subsidies and carbon credits are not able to 

tip the scale in favor of CCS. This is where CO2 EOR 

promises to be the brightest beacon of hope. As stated 

earlier, CO2 EOR is a proven technical and commercial 

success story. However, the current industrial practice of 

CO2 EOR suffers from its dependence on the easy 

availability of CO2 gas. Only a handful of companies own 

and monopolize natural sources of CO2 and there is a need 

for pipeline infrastructure as well as cost involved in 

transporting the CO2 from its natural sources to production 

fields. This is where there can be a profitable union 

between CO2 emitter and CO2 user companies. West-Ranch 

CO2-EOR project
7
 is a glowing example of such a union 

where NRG, J X Nippon and Hilcorp have joined hands. 

More such joint ventures will surely broaden the popularity 

of CO2 EOR and CCS. At this point we must note that, such 

a win-win proposition is generated by the anticipated 

additional recoveries of only 5-15% OOIP. GAGD, with 

recoveries in excess of 65% OOIP, could be expected to 

provide scope for more such joint ventures as profit 

margins would greatly rise. There is a difference between 

CO2 for enhanced oil recovery and CO2 sequestration. 

While EOR processes seek to utilize the CO2 efficiently, 

there is no requirement to ensure that the CO2 remains 

permanently underground. In WAG processes, CO2 often 

breakthroughs to the producing well. Thus the WAG 

operation may not be quite CCS compliant. On the other 

hand in a GAGD process, the gravity segregation of CO2 

helps in delaying, or even eliminating, CO2 breakthrough 

to the producer as well as preventing the gas phase from 

competing for flow with oil. Thus GAGD enables 

sequestering injected CO2 much better than WAG in 

addition to yielding much higher recoveries of trapped oil 

from depleted reservoirs. 

 

7 SUMMARY AND CONCLUSIONS 

 GAGD has been successfully tested through stages of 

partially scaled visual models, reservoir condition 

corefloods and showed recoveries in the range of 65-

95% OOIP. 

 GAGD process works with nature and hence results are 

more likely to be duplicated in the field. 

 This is further supported by a detailed compositional 

reservoir simulation of a planned field test, which 

yielded recovery of 65% OOIP (88% ROIP) on field 

scale. 

 GAGD process is insensitive to reservoir 

heterogeneity, thus making several fractured reservoirs 

suitable for GAGD. 

 GAGD process is amenable to reservoirs of all 

wettability states. 

 More results are awaited with the ongoing field test in 

a Louisiana oil field. 

 GAGD is more suited for better compliance with CCS 

objective as well as more likely to promote the 

confluence of CO2 emitter and CO2-EOR companies 

because of wider profit margins. 
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