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ABSTRACT 

A program of laboratory research was undertaken to study and develop fluid relationships 
which were used in the resemoir simulation of miscible and immiscible processes in steeply dipping 
reservoirs. The investigations focused on the development of three phase relative permeability 
relationships, de&g minimum miscibility pressures for various injectants, deiining critical velocities of 
gas fiont movement in gravity stable misciile displacement processes, and determination of the impact 
of the use of various injectant gases in miscible and immiscible processes. 

A program of laboratory research was undertaken to study and develop fluid relationships 
which were used in the reservoir simulation of miscible and immiscible processes in steeply dipping 
reservoirs. The investigations focused on the development of three phase relative permeability 
relationships, defining minimum miscibility pressures for various injectants, defining critical velocities of 
gas fiont movement in gravity stable miscible displacement processes, and determination of the impact 
of the use of various injectant gases in miscible and immiscible processes. Tasks include performing and 
environmental assessment, evaluating critical process parameters, performing critical process parameter 
experiments, and integrating the laboratory work with model modifications. 

Two variables that need to be considered are the maximum gas injected volume and the 
rate of the gas injection. Through reservoir simulation, Strickland showed that “for reservoirs 
where free gas exists at the end of the production cycle, the upstructure migration of gas is 
independent of injection rate. However, this does not hold for reservoirs produced at pressures 
above the original bubble-point.’‘ So reservoirs at or below the bubble-point pressure at the 
beginning of an injection cycle are rate independent, and reservoirs above the bubble-point 
pressure at the beginning of an injection cycle are rate dependent. Strickland also states that the 
maximum volume of gas that can be injected is equal to the reservoir volume of water that can be 
moved from the watered-out zone back into the water zone. Anything greater than this will 
displace some of the remaining oil below the original oivwater contact, causing some of this once 
mobile oil to become residual and immobile within the water zone. 

Based upon the laboratory analysis, the following conclusions were made: both laboratory 
studies and numerical simulation demonstrate that substantial quantities of attic oil can be 
recovered using gas injection; laboratory and numerical simulation studies showed that second 
and third cycles of gas injection were capable of recovering additional oil. In laboratory 
experiments, the quantity of second and third cycle oil recovery declined as compared to that 
recovered in the first cycle; both laboratory and numerical simulation studies indicated that gas 
utilization factors were favorable for at least three cycles indicating that the process has 
potentially favorable economics; in laboratory experiments, gas utilization improved for the 
second and third cycles as compared to the first cycle. It was suggested that the presence of a 
secondary gas cap and gas channels contributed to this improvement; laboratory experiments 
indicated that the residual oil saturation due to gas injection was less that that due water injection. 
Injection of nitrogen helped mobilize some of the oil not mobilized by water; numerical 
simulations indicated that a soak period was essential for maximum oil recovery and that there 
was an optimum soak time beyond which oil recovery remained constant; numerical simulations 
indicated that there was a maximum slug size beyond which there was little improvement in oil 
recovery; numerical simulations indicated that oil recovery improved slightly when successively 



smaller slugs were used in each successive cycle; a reservoir with a dip angle of 30 degrees or 
greater was required for maximum recovery efficiency. 

Recommendations based upon the laboratory investigations include the following: field 
test performance should be investigated using numerical simulation; more laboratory experiments 
should be conducted to vex-@ the results obtained from numerical simulations; different gases 
should be tested to examine the effect of gas-oil density difference on the gas migration; 
experiments should be conducted using different gas injection ports to see if migration distance 
has an effect on the recovery efficiency. 

thesis attached as Appendix A. 
Details of the laboratory and numerical simulator experiments are included in Manne's 

INTRODUCTION 

Many times, within producing or produced oil reservoirs, existing wells will not have 
penetrated the uppermost structure of the reservoir. This situation is amplified in steeply dipping 
reservoirs, such as those found trapping out against piercement salt domes. One way to produce 
this "attic oil" is to drill new wells upstructure. Many times, however, this is inefficient and 
uneconomical. Another way to produce the oil is to simulate a natural gas cap by injecting gas 
into the reservoir through existing well(s) and letting it migrate to the uppermost portions of the 
reservoir. This, in turn, displaces the oil downward to existing well@). 

In order to study and develop fluid relationships that will be utilized in the reservoir 
simulation of miscible and immiscible processes in steeply dipping reservoirs, critical attic oil 
parameters were identified. 

A program of laboratory research was undertaken to study and develop fluid relationships 
which were used in the reservoir simulation of miscible and immiscible processes in steeply dipping 
reservoirs. The investigations focused on the development of three phase relative permeability 
relationships, defining minimum miscibility pressures for various injectants, defining critical velocities of 
gas fiont movement in gravity stable miscible displacement processes, and determination of the impact 
of the use of various injectant gases in miscible and immiscible processes. Tasks included the following: 

Sub-Task 4.1 - Perform Environmental Assessment - This assessment was performed by a DOE 
chosen consultant. 

Sub-Task 4.2 - Evaluate Critical Process Parameters - LSVs work for this subtask was based primarily 
on the previous work performed by Strickland,' Combs, Knezel? and Harvey. The literature on attic 
oil recovery processes was surveyed to determine critical process variables. The reports were 
evaluated and the most important process variables were found to be the rate of gas injection and the 
maximum volume of gas injected. A review of the available literature and conclusions of the literature 
search are included in Manne's thesis. The work performed by LSU on subtasks 4..3 and 4.4 was 

~~~ ~ ~ ~ ~ 

' Strickland, Richard F.: "Numerical Simulation of Gas Injection for Upstructure Drainage," Dissertation- Texas A & M 
Universitv. (December, 1976) 49-51) 

combs, George D. and Knezek, Raymond B.: "Gas Injection for Upstructure Drainage," Journal of Petroleum 
TeChn010g~. (h4ar~h, 1971) 361-372. 

' Harvey, A Herbert: "A Comparison of Nitrogen and Methane Injection for Attic Oil Recovery: Unsolicited - SPE 
Publication 



based on the results of these previous studies. Through reservoir simulation Strickland showed that 
"for reservoirs where fiee gas exists at the end of the production cycle, the upstructure migration of gas 
is independent of injection rate. However, this does not hold for reservoirs produced at pressures 
above the original bubble point." So reservoirs at or below the bubble point pressure at the beginning 
of an injection cycle are rate independent and reservoirs above the bubble point pressure at the 
beginning of an injection cycle are rate dependent. Strickland also states that the maximum volume of 
gas that can be injected is equal to the reservoir volume of water that can be moved fiom the watered 
out zone back into the water zone. Anything greater than this will displace some of the remaining oil 
below the original oil/water contact causing some of this once mobile oil to become residual and 
immobile within the water zone. Strickland followed up on previous work performed by Combs and 
Knezek. 

S>ss Parameter Experiments - Based on these primary simulation 
observations and parameters, laboratory investigations developed three phase relative permeability 
relationships, definition of minimum miscibility pressures for various injectants, defmition of critical 
velocities of gas movement in gravity stable miscible displacement processes, and determined the 
impact of the use of various injectant gases in miscible and immiscibIe processes. 

Sub-Task 4.4 - Intemte Lab Work with Model Modifications fiom Sub-Task 3.2. - Observations and 
conclusions fiom laboratory work was incorporated into reservoir siulators. 

LABORATORY ANALYSIS 

Two variables that need to be considered are the maximum gas injected volume and the 
rate of the gas injection. Through reservoir simulation, Strickland showed that "for reservoirs 
where free gas exists at the end of the production cycle, the upstructure migration of gas is 
independent of injection rate. However, this does not hold for reservoirs produced at pressures 
above the original bubble-point." So reservoirs at or below the bubble-point pressure at the 
beginning of an injection cycle are rate independent, and reservoirs above the bubble-point 
pressure at the beginning of an injection cycle are rate dependent. Strickland also states that the 
maximum volume of gas that can be injected is equal to the reservoir volume of water that can be 
moved from the watered-out zone back into the water zone. Anything greater than this will 
displace some of the remaining oil below the original oivwater contact, causing some of this once 
mobile oil to become residual and immobile within the water zone. 

Based on these primary observations and parameters, laboratory investigations were 
designed to develop three phase-relative permeability relationships, define minimum miscibility 
pressures for various injectants, define critical velocities of gas movement in gravity stable 
miscible displacement processes, and determine the impact of the use of various injectant gases in 
miscible and immiscible processes. Much of the design and laboratory techniques were based 
upon previous work by Combs and Knezek, Strickland, and Harvey. The results from these 
experiments were used to assist in the simulation work and to substantiate the results of 
simulation. 
Three types of experimental models were used: 

amicromodel 
0 a prototype sandpack 
0 a large scale sandpack 



, In al l  of the experiments the core was vertical. Numerical simulations were per€ormed to 
investigate the effect of soak time, slug size, dip angle and injection scheme. 

Based upon the laboratory analysis, the following conclusions were made: 

Both laboratory studies and numerical simulation demonstrate that substantial quantities of 
attic oil can be recovered using gas injection. 
Laboratory and numerical simulation studies showed that second and third cycles of gas 
injection were capable of recovering additional oil. In laboratory experiments, the quantity of 
second and third cycle oil recovery declined as compared to that recovered in the first cycle. 
Both laboratory and numerical simulation studies indicated that gas utilization factors were 
favorable for at least three cycles indicating that the process has potentially favorable 
economics. 
In laboratory experiments, gas utilization improved for the second and third cycles as 
compared to the first cycle. It was suggested that the presence of a secondary gas cap and gas 
channels contributed to this improvement. 
Laboratory experiments indicated that the residual oil saturation due to gas injection was less 
that that due water injection. Injection of nitrogen helped mobilize some of the oil not 
mobilized by water. 
Numerical simulations indicated that a soak period was essential for maximum oil recovery 
and that there was an optimum soak time beyond which oil recovery remained constant. 
Numerical simulations indicated that there was a maximum slug size beyond which there was 
little improvement in oil recovery. 
Numerical simulations indicated that oil recovery improved slightly when successively smaUer 
slugs were used in each successive cycle. 
A reservoir with a dip angle of 30 degrees or greater was required for maximum recovery 
efficiency. 

Recommendations based upon the laboratory investigations include the following: 

Field test performance should be investigated using numerical simulation. 
More laboratory experiments should be conducted to verify the results obtained from 
numerical simulations. 
Different gases should be tested to examine the effect of gas-oil density difference on the gas 
migration. 
Experiments should be conducted using different gas injection ports to see if migration 
distance has an effect on the recovery efficiency. 

Details of the laboratory and numerical simulator experiments are included in Manne’s thesis 
attached as Appendix A. 
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