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PREFACE 

The 1981 Department of Energy Heavy Oil/EOR Meeting for presentations by contrac­
tors will be held at the Sheraton-Palace: lotel in San Francisco, Calif., July 28-30. This is the 
Fifth Annual Presentation by West Coast CO'ltractors to the Department of Energy. The 
meeting program will emphasize the recf.>very of heavy oil and reports will be given on 
enhanced oil recovery (EOR) by applications of thermal processes, chemical flooding, and 
miscible flooding. Reports will include fielrl projects, basic research, and environmental 
studies. 

The meeting is sponsored by the Fossil Energy Division of thf. DOE San Francisco 
Operations Office. The work is part of the Enhanced Oil Recovery Program of the Depart­
ment of Energy. The lead laboratory for this work is the Bartlesville Energy Technology 
Center. Much of the program is carried out by contract, and other contractor meetings are 
held periodically at other locations. 
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It~PROVED OIL RECOVERY BY ALKALpl( FLOODING, 
HUNTINGTON BEACH FIELD 

Ami noil USA 
Houston , Texas 

ABSTRACT 

Aminoil is conducting a pilot test of the aikaline flooding process in the 
Lower Main Zone of the Huntington Beach Field. This area of the field was 
originally drilled in 1940 and produced by primary techniques ur.til 1969. At 
that time a pilot waterflood was ir.itiated in Fault Block 22 and 23 using a 
sing le, normal 5-spot pattern. Faulting provides partial isolation of these 
blocks from the rest of the field. Approximately two pore volumes of water 
have been injected into the 17,000 acre-ft project area which is currently 
producing at a water oil ratio of 28 . The same fault block and pattern where 
the waterflood was pilot tested is being used for the alkaline flood pilot 
test program. 

Injection of the softened produced water preflush commenced in June 1979 
at a 10,000 B/D rate into the four injection wells of the 5-spot pattern. All 
wells in the project area had either been redrilled or worked over prior to 
initiation of preflush injection resulting in excellent well performance. 
Operation of the -surface facilities and softening ~lant has been routine over 
the period of preflush injection. Alkaline injection commenced on r~arch 10, 1930 
at a concentration of 0.2% sodium orthosilicate in 7500 ppm sodium chlorlde 
solution at an average injection rate of 8,500 B/D . 

Throug h the end of 1980, the cumulative slug injection was about 7 percent 
total pore volume. In October the concentration of sodium orthosilicate was 
raised to 1.0 percent . No response to the alkaline treatment has been observed 
with the total project oil production rate remaining f1at at about 480 B/D. 

HISTORY OF PROJECT 

Contract DE-AC03-'7ET12053 was initiated on July 1, 1977 with anticipated 
completion of December 31, 1980. The total cost is $2,027,630 of which DOE 
furnishes ~531,~74 . 
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ENHANCED RECOVERY WITH MOBILITY AND REACTIVE 
TENS ION AGENTS 

Lawrence Berkeley Laboratory 
University of California 

ABSTRACT 

The objectives of the project are: (1) to ascertain the tertia~y-mode 
efficiencies of flooding acidic California crude oils with dilute aqueous 
bases, and (2) to devise laboratory screening tests which elucidate the 
governing recovery mechanisms and permit development of an improved mobi1ity­
reactive tension agent flooding package. The project involves studies on 
recovery mechanisms, displacement theory, interfacial tensions and charges, 
spontaneous emulsification, emulsion stability and emulsion rheology. 

During 1980, experiments were conducted in core displacements, chemical 
transport, and emulsion flow. An initial attempt to model the alkaline dis­
placement process included the chemistry of the acid hydrolysis to produce 
in situ surfactants. This model revealed a sirni1arity of continuous alkaline 
flooding to pulsed surfactant flooding, a ser~itivity to mobility control, 
and a chromatographic lag of the alkali ~~ lower pH values for reservoir rocks 
where sodium-hydrogen base exchanye can occur. 

For the viscous Wi1 rn ington oil, mobility is hi~~ly important and a 
caustic-polymer flood was shown to give increased recovel'y over a caustic 
flood. For screening crude oils, properties at equilibrium with the alkaline 
phase are most pertinent. Orthosi1icate and caustic were shown to be equally 
effective at equivalent pH values. The heavy crude asphaltenes that are not 
removed by paraffin-isopropanol extraction do not contribute to the reaction 
with caustic. 

The alkali reacts irreversibly with silica to produce silicates. 
Various forms have different reaction rates-cristobalite, Ottawa sand and 
kaolinite reacting in that order. A reaction mechanism is under study to 
provide a mea ns for estimating the lifetime of an alkaline pulse. 

A quantitative theory for oil displacement by dilute emulsions was 
developed. It was fourld that the process is similar to filtration theory. 

HISTORY OF PROJECT 

Contract W-7405-ENG-48 was initiated October 1, 1976 and ha s been extended 
periodically. Results have been published in a series of Soc iety of Petroleum 
Engineers reports, SPE 8845, 8995, 8997, as well as in DOE Annual Reports. 
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ENHANCED OIL RECOVERY BY MICELLAR-POLYMER FLOODING, 
WILMINGTON FIELD, CALIF. 

City of Long Beach 
Long Beach, Calif. 

ABSTRACT 

This project provided for the design and implementation of a micellar­
polymer injection project in the HXa Sand, Fault Block VB, Wilmington Field, 
Calif . The intent was to demonstrate that this process would displace eco­
lomic quantities of otherwise non-recoverable viscous oil from this reservoir 
and to determine the suitability of th i s process to other poo ls. The project 
is an application of the Maraflood (T:~) Process with technical assistance 
from Marathon Oil Company. 

After 14 months of preflush, the micellar slug was injected starting 
July 12,1979 and finishing October 11,1979. It was immed i ately follo\,Ied 
by the polymer buffer which is injected in steps of decreasing concentra­
tion. During the January-~1arch 1981 quarter, the fifth stage with a concen­
tration of 1100 ppm was injected. 

Cumulative recovery from the pilot area is approximately 126,000 barrels, 
of which 74,000 bb1s (5 percent of a pore volume) is the incremental recovery. 
The oil rate declined by 15 percent to 210 bid during the January-~1arch 1981 
quarter and the water-oil ratio increased from the low of 10.1 to over 14. 

HISTORY OF PROJECT 

The contract bet\'Jeen the Ci ty of Long Beach and ERDA was signed July 6, 
1976. It had an anticipated completion date of December 31, 1980. The total 
cost was projected at $7,000,000 with the government and the contractor 
shari ng equa 11y. 
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ALKALINE WATERFLOODING DEMONSTRATION PR8JECT 
RANGER ZONE, LONG BEACH UNIT , WILMINGTON FIELD CALIFORNIA 

by 

P. B. Kemp 
Department of Oil Proper ties, City of Long Beach 

and 

E. H. 1\1ayer 
THUMS Long Beach Company 

ABSTRACT 

No short term sol ution was found to the f l oc formed when the concentrated saline 
brine was added to the soft water-alkali stream. Soft water with alkali but no 
salt was inj "·Gted through mid-August, 1980. At that time, alternating weekly 
injection of soft water-salt and soft water-alkali slugs was begun. This and 
three well acid jobs restored the injection rate. 

Corrosion continued to be a probl em. Both the saline and al kaline slugs are to 
have an inhibitor added. Produced water samples failed to indicate alkaline 
breakthrough to any of the producers. 

Reservoir simulation work indicated that oil rate response and total incremental 
oil recovery were dependent on the alkaline concentration and alkaline slug size 
as well as the alkaline f l ood relative pet'meability adjustment being postulated. 
Alkaline consumption was calculated to be very large. 

Routine well servicing and surveying continued. 
repair was less than in earlier years. 

HISTORY OF PROJECT 

Redrilling and major well 

The Con tract was initiated September 30, 1976 for completion September 30, 1981. The 
cos t was projected at $11 ,584 . 572 with the Department of Energy furnishing $4,633,829. 

HISTORY OF PILOT 

The City of Long Beach - Department of Energy Contract for the pilot was signed 
September 30, 1976 (The Ci ty of Long Beach is Operator of the Long Beach Uni t 
and THUMS Long Beach Company the Field Contractor). The project is an improved 
waterflood demonstrati on of alkal ine waterflooding in a typical well pattern of 
the Ranger Zone of the Long Beach Unit portion of the Wilmington Field , Cal ifornia. 

The pilot i ~ designed to demonstrate the feasibility of employing al kaline 
flooding to improve recovery effi ciency i n a reservoir of the Ranger type, i.e., 
a stratified heterogeneous, high oil viscosity reservoir where conventional 
waterflood recovery is relatively poor . The Ranger reservoir is an alternating 
sand-shale sequence comprising a gross thickness of 8GO feet and a net sand 
thickness of 305 feet. Model ing work has shown that three areas comprise the 
pilot area that will be affected by the al kaline flooding . These as shown in 
Figure 1 are: 

Prepared for DOE under Contract No. DE -AC03-76Er12407 
D-l 



HISTORY OF PILOT (Cont.) 

1. Pattern Area. This is the area in which DOE participates as to costs 
and incremental oil production. It currently contai ns 11 producers 
and the pilo~'s 8 injectors. It has a surface area of 93 acres. 

2. Northern Area. This presently contains 6 producing wells and has an 
area of 59 acres. 

3. Southern Area. It contains 6 producers and has an area of 41 acres. 

The background history of the project has been given in the initial proposal to 
the DOE, four summary papers and four annual report~ . (Ref. 1-9.) 

From contract inception to January, 1979 laboratory core/fluid testing, facili­
ties design/procurement/installation, reservoir simulation studies and well 
repair/redrilling occurred. Preflushing with soft water with 1.0% salt began in 
January, 1979 and continued untill March, 1980. Preflush volume was 10.18 pore 
volume percent. All of the previous work other than the reservoir stimulation 
continued in the Janudry, 1979 - March, 1980 period. The alkaline injection 
facilities were completed and the causti c injection began March 31, 1980. 
Laboratory testing, well work and facilities maintenance continued. The reservoir 
modeling work was resumed in April, 1980. 

The injection plan calls for the input of 30,000 - 34,000 B/D through the eight 
injection wells in the following seqyence: 

1. Alkaline inJection. A mixture of 0.4% sodium orthosilicate (sodium 
hydrox 'lde and sodium silicate) in softened fresh water containing 
0.75-1.00% salt will be injected. The alkal i ne concentration for the 
later part of the slug may be varied depending on the field results. 
In any event the total amount of alkali injected will be that in a 60 
pore volume percent slug with 0.4% sodium orthosilicate. The slug's 
injection will extend beyond the DOE cost-incremental revenue sharfng 
period which ends September 30, 1981 . 

2. Postflushing with soft fresh water with 0.75-1.00% salt. 

3. Re~umpti on of normal injection of field produced water. 

II. SUMMARY OF PROGRESS 6-1-80 THRU 4-30-81 

A. Injection Operations & System Maintenance 

Alkaline injection continued and is detailed in TClble 1. Because of 
the diva~ent ion floc formed when the concentrated salt brine is added 
to the soft water-alkaline solution, injection of soft water with only 
alkali was continued thru August 13 . Since no viable short-term 
solution for the floc problem had been found and because the salt was 
felt essential to the process in the reservoir, alternating weeks of 
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II. A. SUMMARY OF PROGRESS 6-1-80 THRU 4-30-81 (Cont.) 

injection of soft water with alkali and with salt were begun at that 
point. In order to maintain a composite content of 0.75% salt and 0.4% 
sodium orthosilicate, during the weeks of injection of each of the 
different agents, their concentration had to be twice the desired level. 
To achieve these higher concentrations, it was necessary to change the 
sodium silicate, sodium hydroxide and sodium chloride concentrate pumps 
to larger sized equipment. Also, higher pressure drops in the system 
requi red si zi ng up of the centrifugal transfel'/charge pumps. The s1 ug 
injection has been a smooth operation with few operating problems. A 
spacer of soft water with no chemicals is injected for four hours 
between the two slugs. 

With the temporary removal of the salt, the subsequent weekly schedule 
for slug injection and three simple injector acid stimulation jobs, 
total injecti on rate improved substanti ally. After August, low injec­
tion rates resulted from well work, injection system repairs, water 
softener problems, oxygen stripping system restrictions and problems 
with the alkaline concentrate pumps. Two seal replacement jobs on the 
high pressure injection pump were required . 

The alkaline input automation was never fully operational because of a 
series of problems. Facil ity work in addition to that noted above 
included installation of truck delivery area safety spill aprons for the 
alkaline material. Metering of the total injection stream was a prob­
lem; two replacements of the turbine meters were required. Recalibra­
tion of the sodium silicate and sodium hydroxide concent~ate meters is 
scheduled. 

1 r1e water softeners presented a seri es cf probl ems. Hi gh pressure 
drops across the t hree units were experienced and various problems with 
the control valving of the system occurred. Repairs to valves and 
closer operati onal control el iminated some of these probl ems. In an 
attempt to eliminate hydrocarbon contamination of the water softener 
resin and reduce the pressure drop across the softeners, each unit was 
solvent washed. When this failed to decrease the pressure drop, each 
unit was subsequently entered and serviced. The resin in the primary 
vessels was found to be in poor condition, being caked and containing 
oil, sili ceous material, bacterial res idue and barium. T' ~ polisher 
vessel resin was found to be i n reasonably good condition. All the 
primary vessel resin was replaced in two un it:; and serviced in the 
third. This temporarily corrected the throughput (pressure) restric­
tion, but r esin replacement in the third unit is now planned. 

Since the beginning of the preflush injection in 1979, a build-up of non 
solubles from the salt has occurred in the brine generation tanks. As a 
ron sequence , each tank was cl eaned out duri ng the year. The shut-off 
valve on the brine line into the main injection stream appearerl to be 
leaking and causing poor water quality when the alkaline slug wa5 being 
injected; another ball shut-off valve was installed. 
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II. A. (cont.) 

The small temporary oxygen stripping system compressor on the MWD 
(fresh) water delivery system was a problem. Water input wa ~ re­
stricted at times because of this and oxygen removal was not complete. 
A new larger permanent compressor was installed in February. This 
eliminated the inflow water restriction and reduced the oxygen content 
of the injection water. 

B. Laboratory Tests 

Figures 2 & 3 summarize the weekly water quality tests of the saline 
and alkaline injection slugs. For the soft water-salt fluid, the 
periods of high hardness correspond to the periods of water softener 
problems. For the alkaline solution the poor filterabi1 ity (slope) 
tests are related to water softener problems or higher than background 
salt contents. 

Corrosion rates were hi gh while the small 02 stripping system com­
pressor was in operation. These decreased substantially wh~n the larger 
permanent machine was installed. However, subsequent short term (l-week 
duration) checks indicated corrosion was high with the salt solution and 
lower ~hen the orthosilicate was being input. Since overall corrosion 
rates were unacceptably high even with the G~ stripping system operat­
ing properly, a decision was made to begin continuous treatment of both 
the alkaline and saline injection fluids with a cationic, surfactant 
"ype cor;-oosion inhibitor. 1FT tests indicated this material, in the low 
Jncentrations to be used, has no adverse effect on the crude-alkaline 

water system. 

In an attempt to define and find a solution for the salt-alkali incom­
patibility, a series of laboratory tests were made. These indicated the 
soft domestic water being used was unstable bacteriologically over 
extended time periods; Arizona and Searles Lake salts had lower hard­
ness than the solar dried Ocean Salt being used; sodium orthosilicate 
solutions were more incompatible with the brine than sodium hydroxide; 
the soft domestic water contained detrimental agents other than the 
calcium and magnesium; reducing t ile salt concentration reduced the 
plugging (precipitate) problem; and an anti-nucleation agen~ , NTA, EDTA, 
STPP or lignosulfonate dispersing agents, were in most cases not totally 
and economically effective in minimizing the plugging regardless of the 
salt type being used. Because of the indicated current unavailability 
of the two low hardness sahs, only hardness precipitation-filtration or 
softening of the concentrated brine appeared feasible. Space and 
logistic problems mitigate against the precipitation-filtration appro­
ach. Two commercially available chelating resins showed considerable 
promise for softening of the saturated "soft water" brine. 

Monthly samples of waters produced from the pilot area producers were 
obtained and tested for pH, hardness, silica and salinity. No evidence 
of premature alkaline breakthrough was noted. However, a gradual 
decline of the mineral content of the water from the producers nearest 
the injectors and ~ells B-705, B-706, B-707 and B-837 was evident. 
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II. B. (cont.) 

Samples from observation wells to the east and west of the pilot area 
and B-631-IA to the south did not indicate communication or incompetence 
of the bounding fault!,. The oil gravity of B-710-A after redrilling 
increased substantially indicating that more of the zone was producing 
after the work. A new seri es of oi 1 grav; ty sampl es showed a generai 
decrease which is interpreted to indicate less production from the lower 
Ranger subzones. 

Other than one fi na1 long term pulse test with tracers, the work at 
California State University, Long Beach is completed and was detailed in 
the 4th annual report. (Ref.g) 

C. Reservoir Simulation 

The core flood test results were critically oamined and waterf100d 
and alkaline flood relative permeability curves derived. These are 
shown in Figure 4. The lab tests also yielded a total alkaline consump­
tion of 2.446 meq a1 ka1 inity/100 grams rock . Of thi s, 1.0 meq was 
determi ned to be short term or i nstarltaneous con sumpti on. The bal ance 
was the long term-rate dependent consumption. A maximum of 2.000 
meq/100 grams for this was set. It was felt, lacking additional lab 
data, the increase of this consumption either would be initially rapid, 
with the rate of increase decreasing with time, or it would be constant 
with time. The two consumption curves resulting (expressed in engineer­
ing units) are shown in Figure 5. 

The N-Hance model usp.d incorporates three mechanisms of alkaline con­
sumption: (1) Instantaneous rock consumption; (2) long term (rate 
dependent) consumption; (3) and divalent ion (in formation water) 
consumption. 

With the core derived data, the model was used first to match selected 
core flood data, adjust the relative permeability curves to fit the grid 
size and then to simulate behavior in the F01 and F02 sand layer in 
the southeast of the pattern (Figure 1) . 

A waterflood prediction and 8 alkaline flood predictions were made. In 
seven of the alkaline cases, linear adjustment was made between the 
water and alkaline relative permeability curves depending on the active 
alkaline concentration in each cell (the two curves in Figure 4 
denoted as causti c flood represent those for the maximum concentr3.­
tion being injected* and the waterflood curves are for 0% alkaline 
concentration). In the other alkaline case, the maximum relative 
permeability adjustment occurred when an active alkaline concentra­
tion of 0.01 weight percent alkali occurred in a cell. 

Pertinent reservoir data and results are summarized in Tables 2, 3 
and 4 and Figures 6,7 and 8. These indicate the results of the flood 
are dependent on the relative permeability adjustment mechanism presum­
ed, the rate of alkaline consumption, the concentration of alkali and 
the total volume of the alkaline slug. 

* Except for the variable concentration case where the maximum rela­
tive permeability adjustment occurred at a concentration of 0.4%. 
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I I. C. (cont. ) 

Wh11 e 011 rate response is better for a more concentrated sl ug. 1 ess 
cumulative incremental oil is recovered (assuming equal amounts of 
alkali) because of the smaller size of the mobility controlled slug. 
Total alkaline consumption is dependent on the long term alkaline 
consumption used, being the same ultimately regardless of the inject­
ed alkaline concentration. 

Simulation of the full pilot occurred. Because the recent increase in 
oil price justifies additional development, the area was regridded on a 
finer mesh and the history match, over a longer period, redone. A new 
base case waterf100d prediction was made including the anticipated 
infi11 drilling. Two alkaline flood predictions were ~ade under the same 
infil1 program. Both used 0.4% alkali and the accel€rated long tenn 
consumption function. In one case the relative penneability adjustment 
was linearly dependent on conrentration; in the other, the maximum 
adjustment was made when a 0.01% alkali concentration was reached. 

The results are shown in Tables 5 and 6. 

The results are disappointing from the standpoint of the amount of the 
incremental oil recovery. The increases occur lat~ and their magnitude 
and lJcation are dependent on t he relative penneabi1ity adjustment 
mechanism utilized. Alkaline consumption of the area was very high. 

D. Well Work 

One observation injector located east of the Temple Avenue Fault 
(B-829-1) and one northern area producer (B-710) were redrilled. B-710 
was redrilled to increase its low productivity and not for mechanical 
reasons. Wireline survey tools were recovered in one pattern area 
producer (B-114), a bridge plug to exclude a lower bad liner section was 
run in westerly observation well (A-303-A) and a full zone inner liner 
to re-establ ish sand control was run in northern area well B-I06-A. 
North flank aquifer injector B-833-1 was down at the end of the period 
awaiting major repair work or redrillinq . 

There was a total of 31 pump change/routine well servicing jobs. Nine 
of these were in the northern area, 8 in the pattern area, 4 in the 
southern area, 5 in westerly observation wells and 5 in easte : ~y observa­
tion producers. Injectors B-I07-1 (Tbg. #2), B-119-1A and B-831-IB were 
acidized to remove the salt-alkali floc blockage. Observation well 
A-242-1 and pattern area injectors 8-709-1 and B-828-1A were acidized to 
remove suspected tubing restrictions. B-II0-IA had its flow controller 
for the Fo changed to improve the vertical injection distribution. 

A total of 31 static pressure surveys were run -- 5 in the southern, 
7 in the pattern, 5 in the northern, 9 in easterly observation wells and 
5 in observation wells to the west. Two observation and one southern 
area producers had operati ng pressures taken. There were 9 wi rel ine 
feeler surveys to check for fill. Water entry surveys were completed in 
2 northern, 12 pattern, 3 southern and 1 easterly observation well s. 
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II. D. (cont.) 

There was a total of 31 pump change/routine well servicing jobs. Nine 
of these were in the northern area, 8 in the pattern area, 4 in the 
soutllern area, 5 ir. westerly obsE!Nation wells and 5 in easte~ly observa­
tion producers. Injectors B-107-1 (Tbg. #2), B-119-1A and B-631-IB were 
acidized to remove the salt-alkali f10c blockage. Observation well 
A-242-J and pattern area injectors B-709-1 and B-828-IA were acidized to 
remove suspected tubing restrictions. B-110-1A had its flow controller 
for the Fo changed to improve the vertical injection distribution. 

A total of 31 static pressure stl.rveys were run -- 5 in the southern, 
7 in the pattern, 5 in the northern, 9 in easterly observation wells and 
5 .In observation wells to the west. Two observation and one southern 
area producers had operati ng pressures taken. There were 9 wi re li ne 
feeler surveys to check for fill. Water entry surveys were completed in 
2 northern, 12 pattern, 3 southern and 1 easterly observaUon wells. 
Twenty-four spinner surveys were obtained. None of these var;ous 
surveys showed abnormalities that could be attributed to the alkaline 
injection. 

E. Performance 

Figures 9, 10 and 11 illustrate the performance of the northern, south­
ern and pattern ~reas. For the pattern, the injection rate increased as 
the salt-alkali plugging was overcome. The June-July, 1980 increase in 
oil rate and decrease in WOR is a result of well tester recalibration. 
The gross and net rates dropped starting in January due to well downtime 
and servicing operations . By April, 1981, the rates were back to 
essentially normal levels. The WOR trend was gradually increasing 
throughout the period. 

In the northern area, the major increase i n ~ross and net rates and 
decrease in WOR in late 1980 result from the completion of the high 
volume, low cut redrill of B-710. Th~ other fluctuations are a result 
of weil downtime and servicing, especially i n the row of wells offset to 
tne i nj ecti on. 

For the southern area, the WOR trend was generally increasing. The 
dip in rates in December, January and February is due to well down­
time and servicing with rates being restored in March and April. Since 
the oil rate came up substantially in April, the WOR showed a sharp drop 
back to what should be a more typical value. 

No change in any of the areas attributable to alkaline injection was 
noted. 

F. Miscellaneous 

Pre-purchase of the alkaline chemicals occurred during the year. Total 
recoupments under the terti ary i ncenti ve program for the pattern area 
during the report period were $10,631,968.75 with D.O.E. being credited 
lliith $282,482.49. As a result of the prior major well work in the 
pattern area, additional 011 was produced there. During the ll-month 
period covered ~ this report, this amounted to 48,479 bbl. with a total 
value of $1,235,897.59; D.O.L's 40% share of this was $494,359.03. 
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TABLE 1 

RANGER FAULT BLOCK VII PILOT 
ALKALINE INJECTION STATISTICS 

COMPOSITE COMPOSITION - WEIGHT~ 

NO. DAYS NO. DAYS SODIUM SODIUM SODIUM 
RATE ALKALINE SALT SALT DRTHOSILICATE SILICATE HYDROXIDE 

MONTH/YEAR BBl/CAlENDAR DAY INPUT INPUT ~ ~ ~ ~ - -- -

June, 1980 25,214 30 0 0.5376 0.2741 0.3467 
July, 1980 29,625 31 0 0.4253 0.2256 0.2628 
Aug. 1-13, 19BO 28,956 13 0 0.5406 0.3296 0.2776 

Aug.14-31, 1980 30,J75 7 11 0.8305 0.2609 0.1689 0.1211 

September, 1980 32,666 14 16 0.6985 0.3506 0.2155 0.1777 
October, 1980 32,424 16 15 0.5827 0.2759 0.1494 0.1665 
November, 1980 30,995 16 14 0.5436 0.7678 0.4554 0.4110 
Oecember, 1980 29,208 11 20 0.8337 0.2937 0.1745 0.1568 

January, 1981 28,319 17 14 0.5906 0.5159 0.3232 0.2536 
February, 1981 31,555 14 14 0.6700 0.3574 0.1769 0.2375 
March, 1981 32,884 17 14 0.6223 0.3760 0.1853 0.2509 
April, 1981 30,759 15 15 0.7539 0.4158 0.2178 0.2605 

Comparison of actual deliveries and metered chemical injected Volu;IIes for 1980 
(March - December) indicate the sodium silicate contents calculated above are high by 31.50~ 
and sodium hydroxide high by 22 45% For 4 months of 1981'(January - April) comparison of deliveries 
and metered chemical volumes indicate the sodium silicate contents calculated above are high by 
17.88% a.ld sodium hydroxide high by 2.24\. 

Si02 
~ REMARKS 

0.1688 
0.1389 
0.2030 Total fresh-alkali injection 

5-13 thru 8··13 2,075,3&0 bbl. 
0.1040 Start of alternatin9 

1 week s~ug injection 

0.132; 
0.0920 
0.2804 
0.IC74 

0.1990 
0.1089 
0.1141 .. 
0.1341 
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TABLE 3 

AlKALl"[ SLUIi (J'Tl MIlATI0fi4 STUDIES 

OIL RECOV£RY DUA 
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Uilit 
(''''''') 
~-
11-01-8S 

'ro-Rl.!.H AlhllM Rehthe P.,..bllttl AdJ'ISlRf'It 

60 PV t Ace.l.r.ted 11' . 0 l-OJ-89 
O.U Alk.lt. .. to 
1.0\ Silt 

12 PV t Acuter.ted IJ1 . 9 9-01-86 
0.81 Alt.H , .. to 
1.0\ S.lt 

32PV' Con~Unt )43 .5 6-OS-86 
0.8\ Alk.H . .. to 
''; S.lt 

31 PV I .... 1S9. 8 7-01-86 
081 Alkllt. 
IIS,lt 

24 PV 1 ,t.c.cel.rlted 122. 1 12-06-85 
t.01 Aa,H. R.te 
11 S.lt 

24 py t .... 142. 1 10-21-8S 
1.0l Aiklli. 
11 Silt 

48. 6 P¥ \ A(:celtnted 162.0 2·16-88 
".rI.ble .. to 
An,li 
Content -
I 'I S.lt 

~t.edS-l.11 

Il'ICl"t'Mftt.l on AKo ... ry 
Abov. lI.ler nCOd 

89.2 1. 25 4. 15 

53. 1 4.11 2.81 

sa.1 •. 11 1.12 

15.0 .... 1." 

n .l 3.01 I." 

51 . !. •• 61 106 

11.5 6. 10 4, 12 

_ O. U orthosiliute (or (;rst 1. 5 f1!'.rs, 1.0\ for Milt 1.0 yur, 0.81 for 1.0 yt:ir. 
0. 4'1 for 1.0\ yur ,ltd o.n rOr 2.0I1e." . 

~; _'lIIlll!...!.h.!n!!9!d Alkltt", "tl.tht PtNt.btJltr -.d lustMt!lt 

60 PV s: 
O.4~ Alk.11 
1.0\ S.lt 

226.0 5-28-90 141 .2 11.41 1.51 

IJpcUItecl 5-1-81 

tABL[ 4 

AlKALIN( SLUG OPTiMIlAtlC»l !oj " I[S 

Pll£flUStl. Q4f"MlCAl SlUC , X)5T fUr," ~T" 

~ 
~iCfI Sile 

0.41 Alhli Cues 

0 .8\ 1.,. .• 11 tfses 

1.01 Alt.lI tfSH 

P!)st Flush (End A,kllllM! Slug to.!.~...J.Ui.!..!.!) 

Prv-Rlte<l ,llk,line Rellth. Pt .... bllity AdJl;St~t 

0. 4'1 ",lk.lI. Aceetented leNI'} T.".. Cons~tiOfl tu. 

O.at. Altlil. keelenled Lon~ Te"" ConslltlPlion tue 

O.st. Alka! I. tonst.nt long Te"' ConsYIIIPtton Cn. 

O.b Alk.li. No Long Tf'" ConsUIIIIPtton CUt 

1.0': Alk.lI. Aceehnted Long 'e!"WI to"I""'tl~ C.S. 

1.01 .aH •• It. No lOfMJ T.". tons_tlon CAst 

Stn 

100 py ':. 

14~ PV 'I 

1l'.J8PVI 

299 py 1 

506 P',' " 

£nd o( 

In,JtctlOfl 

S-15-. 

3-19-84 

a-OS-a1 

i l-20-86 

lli~ 

10J PV t 

i 81 PV 1 

165,'1 " 

110 P1 " 

,18 PV 'I. 

l(I6PY 1 

V.,.t.bl, Alt.ll tollC.ntr.tton. Ace.lent" lOfl4) T.,.. l.OM.-otlOfl 
Casf' lUi PY , 

Min'''' Threshold .llt.llM ~16ll'le PfrN..bllity AdJus~1i 

1118 P1 t 



TABLE 5 

COOPARISON OF PILOT AREA BASE WATtR FLOOD & AlKALINE FLOOD SIMULATION 'I 
(CONCENTRATIOO PRORATED AlKALINE RELATIVE PERMEABILITY AOJUSTI<£NT) 

PREDICTIONS AT DECEMBER 31, 1994 

6. Alkal ine Waterflooa 6. Al kal in'! Water- 6. Alkaline lIaterfl ood b:. Alkaline Waterf100d Flood Cum. ClMIl. Oil Flood flood Flood Cum. Cum. Water 
Area Subzone Flood BOlO BOlO BOlO Oil - M Bbl. ~-' - M Bbl. ~ ~ BWIO Water H Bbl. -~ M Bb1. --
Entire Pilot Area All 1,665 1,4 71 +194 40,622 39,B91 +731 36,241 34,888 +1,353 239,503 232 ,809 +6,694 

Pattern Area FO l +Fo2 87 83 + 4 4,164 4,059 +105 6,909 7,013 - 104 63,230 62,253 + 977 
Pattern Area F03 12 10 + 2 333 331 + 2 0 0 II 14 13 + 1 
Pattern Area F 77 45 + 32 2,990 2,871 +119 3,028 2,644 + 384 20,549 19,396 +1,153 
Pattern Area H 74 48 + 26 1,751 1,742 + 9 1,221 1,225 - 4 8.876 0,808 + 68 
Pattern Area X 74 70 + 4 3, 580 3,560 .. 20 2,015 1,989 + 26 15,925 15,659 + 266 
Pattern Area G S4 55 - 1 1,791 1,787 + 4 743 715 + 28 5, 250 5,147 + 103 
Pattern Area G4 29 27 + 2 706 699 + 7 &17 624 - 7 2.923 2,891 + 32 

No rt he rn A rea F01+F02 175 145 + 30 3,740 3,691 + 49 6,991 6,413 + 578 35.411 34,515 + 896 
Northern Area F03 17 16 + 1 226 223 + 3 114 107 + 7 244 240 + 4 
Northern Area F 330 215 +115 6,102 5,769 +333 5,702 4,802 + 900 22,157 19,814 +2,343 
Northern Area H 127 1£9 - 2 1,746 1,759 - 13 761 810 - 49 3,356 3.349 + 7 
Northern Area X 73 72 + 1 542 544 - 2 748 790 - 42 3,B15 3,823 - 8 

Southern Area FOl +Fo2+ F03 213 204 + 9 4,958 4,908 + 50 4,697 4,754 - 57 38,545 37.884 + 661 
~outhern Area F + H 143 147 - 4 3,780 3,760 + 20 1,950 2,238 - 288 13,706 13,615 - 109 
Southern Area X .. G4 204 204 0 4,214 4,167 +27 743 766 - 23 5,412 5,165 • 247 

I 

I TABLE 6 

I 
COOPARISON OF PILOT AREA BASE WATER FLooO & ALKALINE FLooO SII-1ULATION 12 

(MINIMUM THRESHOLD ALKALINE RELATIVE PERlI£ABlLITY ADJUSTMENT) 
PREOI CTIONS AT DECEMBER 31 , 1994 

6. Alkaline Waterflood 6. Alkaline Water- 6. Alkaline Waterflood b:. 
Alkaline Waterfl00d Flood Cum. Cum. Oil Flood flood Flood CUIII. CIIII. Water 

Area Subzone Flood BOlO BOlO lliQ Oil - M Bb1. M Bb1. M Bbl. ~- ~ 8W/0 Water H Bbl. H Bb1. 1'1 Bb1. --
Enti re Pil ot Area All 1,711 1,471 + 240 41,156 39,891 +1,265 35,737 34.888 + 849 239.588 232 ,809 6,779 

Pattern Area F0 1+Fo2 78 83 - 5 4,425 4,059 + 266 6,703 7,013 - 310 65,648 62,253 +3,395 
Pattern Area F03 12 1(1 + 2 333 331 + 2 0 0 0 14 13 + 1 
Pattern Area F 78 45 + 33 3,048 2,B71 + 177 .3.066 2,644 + 422 20,545 19,396 +1,149 
Pattern Area H 51 48 + 3 1,762 1,742 + 20 1,211 1,225 - 14 8,845 8.808 + 37 
Pattern Area X 78 70 + B 3,622 3,560 + 62 2.054 1,989 + 65 15,703 15.659 + 44 
Pattern Area G 54 55 - 1 1,795 1,787 + 8 727 715 + 12 5.249 5,147 + 102 
Pattern Area ~ 29 27 + 2 715 699 + 16 613 624 - 11 2.912 2,891 + 21 

Northern Area FOI+Fo2 175 145 + 30 3,720 3.691 + 29 6,528 6,413 + 115 32,114 34.515 -2,401 
Northern Area F03 17 16 + 1 226 223 + 3 110 107 + 3 245 240 + 5 
Northern Area ~ 338 215 + 123 6.123 5,769 + 354 5,755 4,802 + 953 21.979 19.814 +2.165 
Northern Area H 131 129 + 2 1,752 1,759 - 7 776 810 - 34 3 ,308 3.349 - 41 
Northern Area X 72 7?: . 0 542 544 - 2 765 790 - 25 3,804 3.823 - 19 

-
Southern Area F01+Fo2+Fo3 247 204 + 43 5.046 4,908 + 138 4.793 4,754 + 39 40,155 37 .884 +2,271 
Southern Area F + H 146 147 - 7 3.814 3,760 + 54 1,911 2,238 - 327 13.612 13.815 - 203 
Southern Area X • (;4 204 204 0 4,n'l 4.187 + 40 723 ' 66 - 43 5.454 5.165 + 289 
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CARBON DIOXIDE FOR THE RECOVERY OF CRUDE OIL 

by 

T.M. Doscher, R. Oyekan, and S. Gharib 
Department of Petroleum Engineering 
University of Southern California 

Los Angeles. California 90007 

ABSTRACT 

The study of the use of carbon dioxide for the recovery of residual 

c ru de 0 i 1 has con tin u e din tot h e t h t r dye a r. The m 0 s t r e c en t stu die s 
on displacement of residual oil in the scaled physical models have 
centered on the use of viscous aqueous solutions to follow slugs of 
carbon dioxide. The resultS indicate a positi-,.Ie benefit in the use of 
these viscous solutions only when less than an optimum slug of carbon 

dioxide is inj ec ted. 

Solubility and swelling tests on crude oils of a gravity less than 
the 45 0 Appalachian crude. which had already been studied in great 
detail, have also been undertaken so that eventually these characteris­
tics can be correlated with displace~ent efficien~y. A oarked reduction 
in solubility of the carbon dioxide and swelling of the crude has 
been observed when working with 20 0 crudes from south Texas fields. 

Following up on previous conclusions that the effect of carbon 
dioxide in mobilizing and displacing residual crude oil is primarily due 
to solution and swelling, a search was made for other gases that would 
have a comparable effect 1.n order to deve lop further support for the 
hypothesis. Literature studies indicated that nitrous oxide had many 
similar molecular and physi c al properties to those of carbon dioxide; 
including solubility in organic fluids. Initial studies have now proven 
that nitrous oxide does displace residual crude oil in the scaled models 
even somewhat more efficiently than does carbon dioxide. However, it 
does not app ea r that nitrouS oxide is a cost effective substitute for 

ca rbon dioxide. 

HISTORY OF PROJECT 

Contract EY-76-S-03-0113 was initiated August 28, 1978 to be completed 
in May 1981 at a cost of $387,890. A report covering work through 1980 was 
presented at the DOE/SPE Meeting on Enhanced Oil Recovery in Tulsa, April 5-8, 

1981. 

Prepared for DOE under Contract EY-76-S-03-0113. 
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II. INTRODUCTION 

Earlier work on the use of scaled physical models for the study of 
the recovery of residual crude oil by the injection of carbon dioxide 
have led to the follow1ng conclusions: 

1. The mobilization and displacement of residual crude oil by 
carbon dioxide occurs as a result of the following sequential phemomena: 
a) the displacement of the mobile water, b) the solution of the carbon 
dioxide in the residual crude, c) the swelling of th e crude and 
restoration of mobility to the erstwhile non-mobile phase, and d) the 
displacement of the solution of carbon dioxide in crude oil by dense 
carbon dioxide. 

2. Calculations based on a ",H:!rfect, sequential series of such 
phenomena lead to the conclusion that the minimum quanitity of contin­
uously injected carbon dioxide required to recover a barrel of residual 
crude oil will be no less than 6000 SCF/B for a high residual saturation 
of a crude that has a swelling factor of 1.5 or more, but more likely of 
the order 10,000 SCF/B for crudes at a residual saturation of less than 
30 p 'T.% and displaying a more mode!;\: swelling factor. 

3. Experiments have indeed shown that the actual ratios observed in 
displacing residual crude oil are far in excess of the minimum, 
"theoretical" values referred to above; 20,000 to 30,000 SCF /B have been 
shown to be required to displace 20 to 30 p.v.% residuals from lo~ 
permeability, uniform sandstone prototypical reservoirs. These ratios 
are in accord with most of the results that have been reported for field 
pilot operations and demonstrtion projects. 

4. Displacement efficiency has been shown to increase steadily with 
pressure up to that pressure at which the change in density of carbon 
dioxide with pressure approaches a zero value. The effect of Rn increas­
ing temperature on decreasing the density and solubility of carbon 
dioxide in crude oil, and hence in decreaseing the efficiency with which 
crude oil is recovered, can be compensated for by an appropriate in­
crease in pressure. The so-called "minimum miscibility pressure" is, in 
the light of these results, seen to be the "(maximum) pressure required 
to maximize the displacement efficiency" at any given temperacure. 

5. The re is an op t i mum size of ca rbon dioxide slug, followed by a 
t:~ase water flood, that results in a maximum recovery of residual oil 
when the total fluid injected is limited to, say , one pore volume. The 
process appears co comprise solution and swelling of the crude such that 
the saturation of the oil phase exceeds the minimum required for 
res toration of mobili ty, and then the dis placement of the mobile oil by 
the wat e r flood. The subsequen tly reached residual saturation appears t o 
be somewhat less than the original residual saturation, perhaps because 
of che lower viscosity of the oil phase dil uted with carbon dioxide . 
However, the chief factor leading to the an increased reco'"e r y of tne 
crude i s the fact that the r esidual oil ph ase saturation i s now cr:.Jde 
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oil diluted with carbon dioxide. 

A slug larger than the optimum result s in the establishment of a 
free carbon dioxide saturation in an interv al thro u ghout the system 
which then acts as a thief zon~. As a result of the high transmissibili­
ty of the injected carbon dioxide through this interval, the efficiency 
of the parallel displaement of c rude is seriously reduced. In a uniform 
reservoir, the free carbon dioxide saturation is established at the top 
of the reservoir as a result of gravity segregation. 

6. Because of the high mobility of the cacbon dioxide it fingers 
throughout the reservoir very rapidly. This, together with its low 
molecular weight results in the establishment of a saturation of carbon 
dioxide which exceeds 0.6 mol fract ion. Above this saturation, the oil­
carbon dioxide system is comprised of two phases. At low pressures one 
of the phases is a dilute solution of carbon dioxide in crude and the 
second phase is low density carbon dioxide. At elevated pressures (say, 
above 1000 psi) the two phases are a 60 mol percent solution of carbon 
dioxide in crude oil and a phase which is primarily dense carbon dioxide 
containing some if not all of the low molecular weight components of the 
crude oil. However, in either case the weight fraction of the crude or 
its components dissolved in the ri c h carbon dioxide phase is very low. 
Therefore, additional recovery of crude oil after signficant b=eak 
through of carbon dioxide to the producing well occurs will be a very 
slow process involving the throughput of very large quantities of carbon 
dioxide. 

Economic recovery of residual c rude 3ppears to be that crude oil 
which mixes with the leading edge of the carbon dioxide fingers. Here, 
the pressure is high, the mo l fraction of carbon dioxide is below 0.6 
mol fraction, and the carbon dioxide-crude oil system comprises only a 
single phase. 

7 . Because of the high mobility and low density of carbon dioxide 
in comparison to the mobile water saturating a reservoir following a 
water flood, high injection rates and close spacing are necessary to 
secure good results in carbon dioxide flooding. 
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III. THE EFFECT OF HIGHER VISCOSITY CHASE WATER 
ON THE EFFICIE~CY OF THE CARBON DIOXIDE SLUG. 

Figure 1 shows the results of twe experiments in which a less than 
optimum slug of carbon dioxide was used prior to the injection of chase 
water. It is apparent that a slight increase in the re covery of the 
residual oil resulls from the substitution of a viscous chase fluid, 10 
cps. water for the ordinary 1 cpo water. Repeated experiments have shown 
that this small, but significant increment in recovery is real. Figure 2 
shows the slight difference in the resulting ratio of injected carbon 
dioxide to produced crude oil that results from the smdll difference in 
total recovery. 

Virtually no difference in recove ry however results from the use of 
the viscous chase fluid if an optimum slug of car~on dioxide was 
injected . At this time there is no apparent explanation for. the 
observed phenomena, nor any concept as to how to extrapolate the obser­
vation to a an economic~lly useful improvement in the process. Certain­
ly, the small increse in recovery that is shown is not sufficient to 
offset the cost of increasing the viscosity of the chase fluid. 

It should be reemphasized, howe ve r, that as shown by the data 
plotted in Figure 1, the use of a slug of carbon dioxide followed by 
water drastically lowers the carbon dioxide requirements to recover a 
barrel of crude oil in these uniform, low permeability prototype reser­
voirs. (The description of the prototype and the models is described in 
detail in previous reports, see for example SPE/DOE 9787, Tulsa, 
Oklahoma, April 19 £1 .) 

IV. COMPARATIVE STUDIES OF SOLUBILITY AND SWELLING OF VARIOUS CRUDES. 

Since solution of the carbon dioxide and consequent swelling of the 
crude oil have been identif ied in these studie~ as being the major 
fa ct o rs in effecting the recovery of r esdiual c rude oil, a series of 
studies has bE-en begu n to compare the swelling of va rious crudes from 
rese~voi rs in the United States. It is anticipated that the funds still 
available to the project will permit the correlation of the obser-.,ed 
swelling of the crudes with the efficiency with which they are displaced 
in the scale d models . 

To illustrate th e differences in solubility and swelling that do 
occur between different crudes, Figures 4 and 5 show the obser~ed 
differences in solution arld swelling of a 4~o Appalachian crude and a 
20.8 0 south Texas crude oiL It is to be noted that although th e 
solubility of the carbon dioxide in the high gra -,Tity crude is almost 
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twice that in the lower gravi ty crude , the swellil1B factor is 
proportionately higher per dissolved mass of carbon dioxide in th e 
latter. This phenomenon is reflected in a decrease in the density of the 
solution as compared to that of the low gravity oil whereas the density 
of the solution of carbon dioxide in the high gravity oil increases in 
comparison to that of the oil itself. 

VI. THE EQUIVALE~CE OF NITROUS OXIDE TO CARBON DIOXIDE 

A study of the literature on thE' physico-chemical properties of 
gases, to be documented later, has indicated the equivalence of nitrous 
oxide to carbon dioxide; particularly with respect to its solubility in 
organic liquids. Pursuant to the conclusion that solution and swelling 
are the chief factors affecting the mobilization and displacement of 
res idual crude oil, it was expected that nitrous oxide would perform 
comparably to carbon dioxide in displacing residual crude oil. The 
results of the experiment shown in Figure 6 indicates the hypothesis is 

confirmed. 

Some additional work will be done with nitrous oxide, howe~er 
preliminary studies of its cost and availability indicate that it is not 
a cost effective substitute for carbon dioxide. 

VII. CONCLUSIONS 

Continued studies on the recovery of residual crude oil by carbon 
dioxide have further confirmed that the cont rolling mechanism is th e 
solution and subsequent swelling of the crude oil followed by its dis­
placement by free carbon dioxide and/or water. Nitrous oxide, which has 
similar solution properties to carbon dioxide is equally effective in 
the recovery of residual crude oil. 

The quantity of carbon dioxide required to recover a barrel of 
residual crude oil, when the gas is injec ted con tinuously, is far too 
high for the process to be considered economic unless the carbon dioxide 
can be made available at a cost not much abo".re one dollar per thous and 
cubic feet. Alternate schemes for achieving economic usag . oi the carbon 
dioxide will depend on recycling a large fraction of the ultimate amount 
of carbon dioxide that is injected, or using a near optimum sized slug 
of carbon dioxidp. followed by water injection. 

At this time it would appear that the lOwer solubilit y of car bon 
dioxide in low gravity and ~o t c rudes, and the consequently lowered 
swelling of such fluids, will further restri ct the economi c use f 
carbon dioxide to high gra~ity residual oil saturations. 
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ROLE OF CLAYS IN ENHANCED RECOVERY OF PETROLEUM 

by 

W. H. Somerton and C. J. Radke 
Departments of Mechanical and Chemical Engineering 

and Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

ABSTRACT 

Clays present in oil producing formations may have an important effect 
on the success or failure of an enhanced recovery operation. The large 
surface area of clays and the usually high reactivity of these surfaces may 
lead to loss of injected chemicals by adsorption, exchange or dissolution. 
Disruption of the equilibrium of the rock and its contained fluids caused by 
injecting fluids of different chemical composition may result in the release 
and migration of fines and subsequent deposition in pore necks or other 
restrictions in the structure of the rock. This may cause serious reduction 
in flow capacity of the rock. 

Reported in thi s paper are the results of study of a number of cores from 
California oil producing formations which are possible candidates for enhanced 
recovery operations. Mineral compositions and structural characteristics of 
the cores are reported with particular emphasis being £iven to the clays (less 
than 2 ~m). The relative amount of clays, their surface area, mineral composi­
tion and cation exchange capacities are determined with the aim of obtaining 
correlations with chemical loss and fluid flow characteristics. The relative 
locations of clays and their distribution in these unconsolidated cores are 
being studied by new preparation techniques. 

Two of the most important findings are: 1) Although most cores showed a 
serious reduction in permeability upon changing the chemistry of the flowing 
fluid, no direct correlation with amount of clays or type of minerals contained 
therein could be established. However, the relative locations of the clays do 
seem to have a bearing on the change in flow capacity, 2) Chemical dissolution 
is substantially more pronounced for amorphous silica and finely divided quartz 
than for other minerals including kaolinite, montmorillonite, and feldspar. 

HISTORY OF PROJECT 

This project was initiated October 1, 1979 with a government award of 
$55,000. It is a joint effort of Lawrence Berkeley Laboratory and the University 
of California. 

I NTRODUCTI ON 

The greatest deterrent to the successful application of chemical methods 
of enhanced recovery of petroleum is the loss of chemicals injected into the 
formation to non-oil recovery processes. These chemical loss processes include 
adsorption onto mineral surfaces, chemical reactions with rock and fluids in 
the forwation, possibly leading to precipitation and plugging of the formation, 
and trapping in parts of the roc~ structure so that the chemicals become 
unavailable for displacing oil. Chemicals that may be injected include 
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surfactants, polymers, and caus t ic solutions which react with organic acids 
in the crude oil to produce surfactants in-situ. These losses are most 
pronounced in fine-grained reservoir rocks containing substantial amounts of 
clays. 

In light of the above problems, the objectives of this research are to 
characterize typical reservoir formations as to mineral contents and structural 
characteristics of the rocks, evaluate their chemical loss characteristics, 
gain an understand"jng of the mechanisms and develop techniques for minimizing 
the deleterious effects. The nature of the reservoir rock, including its 
mineral and clay content, also affects the application of thermal recovery 
methods. Studies of the problems of steam condensate-clay reactions in steam 
injection have been started and the role of clays in f uel deposition in the 
in-situ combustion technique will be studied in the near future. " 

Core samples have been procured from several California oil producing forma­
tions which are possible candidates for enhanced recovery operations. To date 
cores studied are from several zones of the Wilmington field, Lower Main zone 
of the Huntington Beach f iel d, Temblor zone of the Coalinga field and, most 
recently cores from the Chanac zone of the Kern Front field. Mineralogical 
and petrological test results for all but the Kern Front cores have been 
reported earlier [1,2]. Most of the techniques used have also been described [4]. 
Appendix A shows a typical report for one of the Kern Front cores. 

Injection of fluids having different chemistry from fluids in the reservoir, 
with which the rocks are i n equilibrium, may cause the release and migration of 
and subsequent plugging by fines in the reservoir rock. Fines are held onto 
larger mineral grains by Van der Waal' s forces and electric charges . Any 
injected fluid which disrupts these forces may cause the release of fines. 
These fines are carried by drag force of the fluid unti l t hey are either recap­
tured by larger grains or are trapped in pore necks . The result can be a 
substantial decrease in permeability of the rock. flow tests have been developed 
to test the effects of injecting fiuids of different chemistry which might be 
used in an enhanced recovery project. Fluids are flowed at constant reservoir 
flow rates until stabilized conditions are achieved and changes in flow capacity 
are noted. 

The third important part of this work is determination of rock-fluid inter­
actions. Cation exchange capacities (CEC) have been measured for a number of 
the cores. Absolute values of CEC were found to be low fo r Wilmington cores 
but the values obtained correlated well with the montmorillonite content of the 
cores [2]. Alkali exchange studies of Wilmington cores showed exchange capacities 
lower than for calcium-sodium but probably of significant levels for field 
application [3]. And finally, the dissolution of minerals appears to be an 
important consumer of injected chemicals. New work in this area will be reported 
l ater . 

TECHNICAL PROGRESS 

Mineral Analyses 

Details of mineral analysis of the cores have been presented by Lai [4]. 
Briefly, the test specimens are carefully selected to avoid contamination by 
drilling fluid solids. It wa s noted that in some unconsolidated cores mud 
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filled fractures were present which had to be carefully avoided. Oil was 
removed by extraction with toluene and, in most cases, followed by a pyridine 
wash to remove heavy residual hydrocarbons. The extracted sample was dry- and 
then wet-sieved through a 325 mesh (43 llm) screen. The < 2 llm material was 
separated from the fine fraction by settling in water to which a wetting 
agent (Calgon) was added. 

X-ray diffraction was run on three samples of the extracted cores: total 
sample, < 43 llm fines and < 2 llm clays. The clay fraction was tested for the 
purpose of more accurate determination of clay minerals. The scanning electron 
microscope (SEM) with EDAX (energy dispersive analysis of X-rays) was used 
to confirm the mineral composition and to give some notion as to the structure 
of the sample. 

The BET apparatus was used to determine the surface areas of the < 220 llm 
and the < 2 llm fractions, the results being reported in terms of the total 
sample. These results have been correlated with the montmorillonite content 
of the cores. 

Results of mineral analyses for a Kern Front core sample is shown in 
Appendix A. In addition to the above data, a petrographic description based 
on a thin-section study is presented. 

Changes in the procedure for preparing test specimens for thin· ~ection 
and SEM studies have been made to obtain a better determination of the natural 
spatial relationships of mineral grains, i.e., the locations of clay minerals 
and other fines relative to the larger mineral grains. This, of course, is 
extremely difficult to do in the case of unconsolidated sands and impossible 
to accomplish if the sands are first extracted by solvents. It is important 
to know the location of fines both from the standpoint of thei r roles in 
chemical loss and in fines migration. We are now selecting intact chunks of 
the core, held together by the viscous oil, and are vacuum drying them rather 
than extracting them. If great care is taken, the residual heavy hydrocarbons 
will hold the chunk together enough so that SEM studies may be made. For 
petrographic microscope studies, the chunk is impregnated with red epoxy and 
thin-sections prepared . We believe these procedures cause minimal disturbances 
of the spatial relationships of the mineral grains. 

Thin-section studies on samples prepared by the above procedures using a 
petrographic microscope with polarized light indicate that the visible clay 
minerals in Wilmington core samples exist in clusters rather than being widely 
dispersed throughout the test specimen. It is possible that finer clay 
particles, too small to be observed by the petrographic microscope, may well 
be widely dispersed throughout the sample. The Kern Front core, on the other 
hand, showed little in the way of clay minerals but did show abundant fragments 
of feldspar and quartz attached to larger grains. The clay minerals present 
in the Kern Front cores are present primarily as nodules or streaks within the 
unconsolidated sands. 

SEM photos of a Wilmington core sample prepared by the above technique 
(see Figs . la,b) showed that biotite ~"as the dominant clay-type mineral. Long 
wrinkled sheets of biotite formed the flow channels in many cases. The presence 
of other clay minerals could not be confirmed either by morphology or by EDAX 
analysis. These findings indicate t~,t much more attention needs to be given, 
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in the case of Wilmington sands, to the base exchange and dissolution character­
istics of biotite. SEM photos of the Kern Front core (see Figs. 2a,b,c) again 
showed little in the way of clay minerals but did show, as in the thin-section, 
abundant fragments of feldspar and quartz attached to larger grains. 

Studies are now in progress on Kern Front core sections which are believed 
to have been swept by steam in the steam flooding operations applied to th 'is 
field. Our goal is to determine whether any changes in the mineral character 
of the cores have occurred due to contact with steam. An effort is being 
made to distinguish between steamed and unsteamed core sections by differences 
in the oil saturation and in the salinity of the associated brine. 

Fluid Flow Tests 

Fluid flow tests are run on the cores to determine changes in flow behavior 
due to the sequential flow of different fluids which might be used in an enhanced 
recovery operation. The unextracted, unconsolidated core material is packed 
into stainless steel tubes to porosities and permeabilities as close to reservoir 
values at possible. The oil is extracted by passing through several pore volumes 
of Chevron 4l0H solvent followed by isopropyl alcohol. In some cases the cores 
were pyridine treated to remove heavy hydrocarbons left on the mineral grain 
surfaces by other solvents. After packing and extraction, the sand pack is 
vacuum soturated with synthetic forma t ion brine . The core is then brought to 
reservoir temperature and flow of the desired sequence of fluids is commenced. 
Flow of each fluid continues at 1.5 feet/day (2 PV/day) until the permeability 
stabilizes. A steady condition is usually attained after flow of 2-4 pore 
volumes of each fluid. Flow effluent is collected in 5-9 ml increments for 
further analyses, which may include salinity, pH, and calcium and silica ion 
determinations. 

Resul ts of three recent te s ts reported by Mi nner [5] are shown in Fi gs. 
3-5. The first Ranger zone sample, Fig. 3, displayed fairly constant permeabili­
ties to the simulated (synthetic) brine and the more concentrated NaC~ solution, 
values being close to nitrogen permeability. Upon introduction of the less 
concentrated NaC~ solution, a drastic drop in permeability was observed, 
stabilizing at about one-tenth of the nitrogen value. Upon introduction of the 
NaOH solution, flow became quite unstable. After several pore volumes, stable 
flow was again obtained . Reflooding with synthetic brine showed lowered bu t 
stable permeability until the flow direction was reversed. The permeability 
immediately increased by a factor of four and then, after an unstable period, 
returned to the lower value. 

The pyridine treated Ranger sample displayed very different behavior as 
shown in Fig. 4. Flow was unstabie ~o the synthetic brine showing quite a 
sharp drop in permeability down to only six percent of the nitrogen value . 
The permeability then remained constant for the rest of the test except upon 
flow reversal late in the test wh;le flowing synthetic brine. Here a four­
fold increase again occurred but rapidly returned to the lower stabilized 
va 1 ue. 

The Lower Main zone sand behaved differently from either of the above 
samples. The initial permeability to the synthetic brine was less than 
20 percent of the nitrogen permeability value, as shown in Fi g. 5. Upon 
introduction of the Na C~ solution, permeability dropped drastically to less 
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than five percent of the nitrogen value. Through the remainder of the tests, 
the permeability dropped gradually without regard to fluid type, to less than 
two percent of the nitrogen value. Upon reversal of flow of the synthetic 
brine near the end of the test, no sharp increase in permeability was noted. 

Tests on Kern Front cores are still in progress but indications are that 
these cores are relatively insensitive to changes in the composition of the 
flowing fluid. This may reflect the lack of clay ml nerals in the sand portions 
of the cores. 

Although more data are needed to confirm the above test results, there is 
a strong correlation of flow behavior with type of sand, method of treatment, 
and types of fluids flowing through the sand pack. Fines migration and 
plugging seem to be important in permeability reduction in Ranger zone sands 
but the mechanism of fines release seems to be associated with the pretreatment 
of the sands. On the other hand, in the case of Lower' Main zone sand, cl ay 
swelling may also be involved in the permeability reduction. 

Fines Release 

Since flow tube studies indicate that the release and migration of fines 
and subsequent plugging are probably the major cause of permeability reduction, 
a study was initiated to evaluate the effect~ of changing fluid composition 
on release of fines. The type and concentration of ions in the fluid affects 
the charge on solid surfaces with which it is in contact. The forces tending 
to attract smaller particles to larger grains are also affected. These effects 
need to be known for model studies of the release, migration and plugging by 
fi nes . 

The methods used for fines release study have been fully described by 
Prescott [6] . Briefly, a soils test method is used in which the settling of 
fines in a fluid is timed to give particle size and a sensitive hydrometer is 
used to measure concentration of the suspended particles. Well dispersed 
systems should show a greater proportion of fine particles than would floccula­
ted systems. Thus fines would tend to be released in the dispersed system. 

Early results for Ranger zone composite sand ind i cated that the settling 
time increased in the order: syntheti c brine, 2.86 % NaC~ , 1 .00% NaC~ and 
1 .0% NaC~ + 1.0% NaOH . This indicated that the mineral grains became better 
dispersed in the same order that permeability was reduced in early flow tests. 
In other words, more fines were - e1eased with each change in fluid composition. 

Recent settling tests were run on sand samples from the Ranger, Upper 
Ranger, Lower Tar, and Upper Terminal zones of the Wilmington field. Results 
were generally less conclus i ve than the earlier tests, there being only a 
slight correlation between settling ti mes and fluid composi t ion. An interesting 
result which did occur is shown i n Figs. 6a,b from Prescott's work [6], in 
which toluene and toluene plus pyridine extracted sands from the Upper Terminal 
zone are compared. The pyridine treated sands show much better dispersion and 
thus, much easier release of fines. This is in good agreement with flow tube 
tests which show greater permeability reduction for pyridine treated sands. 
One would conclude that heavy hydrocarbons absorbed on mineral grain surfaces 
tend to minimize release of and plugging by fines. One should also note in 
Fig. 6a that the toluene extracted sand in the presence of NaOH 50lution 
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shows better dispersion than for other fluids, approaching the amount 0f 
dispersion for the pyridine treated sand. This cannot be positively correlated 
with the flow tube results, however. A final note is that the pyridine treated 
sands showed excellent reproducibility on duplicate tests, the toluene treated 
sands showing much poorer reproducibility. 

Since the above tests did not provide quantitative inforn~tion needed for 
model studies, a number of improvements are being made in the test apparatus. 
The amount of handling upon change of fluids, with possible loss of fines, 
has been minimized. A higher concentration of solids is being used to improve 
accuracy of measurements. To test the calibration of the system, a finely 
ground sample of quartz sand was run in both the present apparatus and in a 
Microtrack optical particle size analyzer. The results of the two sets of 
measurements were surprisingly close giving credenc~ to the improved technique. 

Chemical Loss 

Results of chemical loss studies are presented in the report of the 
companion project [7J. Alkaline dissolution kinetics of several minerals have 
been studied in stirred batch tests. Results of dissolution and release of 
silicon in 0.1 molar sodium hydroxide solution at 70°C show that after 90 hours 
Cristoba1ite produced twice as much Si with half the surface area as crushed 
Ottawa sand. Kaolinite and Montmorillonite produced about 1jlOth the amount 
of Si and had tremendously larger surface areas. We conclude that the form 
in which the Si exists in the minerals has an overriding effect on dissolution. 
These findings are important because the loss of caustic is strongly related 
to the almost unlimited supply of the most common minerals (amorphous and 
crystalline silica) in sedimentary rocks. Model studies show that the loss of 
hydroxide by dissolution and ion exchange at residence times which would apply 
to reservoir operations, could De so severe as to negate any beneficial effects 
of a caustic slug. 

Some work has been started on the flow of polymers in oil field cores. 
Equipment has been designed and preliminary tests have been successfully 
completed. We plan to study the effects of the rock on the polymers and the 
effect of polymers on flow characteristics of the cores. 
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APPENDIX A 

Core: Mitchell 67 - 1578 ft. 

Petrographic Description: 

This core is made up of light gray in color, coarse to medium grained and 
poorly sorted sand . Small nodules and thin lenses of clay were widely dispersed 
throughout the sample. The sand was saturated with oil but the clay nodules 
and lenses were not. The mineral grains are angular. The sand is immature 
both compositionally and texturally and wa~ derived from plutonic and volcanic 
provenance. L : ~~le, if any, diagenesis has affec~ed the sedim~nt as evidenced 
by the absence of post-depositional compaction. 

From thin section studies, the sand has the following mineral composition: 

a. 55-60% monocrystalline quartz, mainly of plutonic origin, showing 
undulose extinction in thin section; 

b. 25-30% feldspars including plagioclase and K-spar in nearly equal 
amounts; 

c. 15-20% lithic fragments containing predominately chert and volcanics; 

d. 1-2% of biotite: 

e. accessory minerals including epidote, hornblende, sphene and magnitite . 

X-Ray Ana 1 ys is 

Size 

< 2)..lm 
<43)..1m 

tota 1 

Mont. 

30 

3 

Kaol.jChlor. 

5 

3 

Grain Size Analysis 

Mica 

5 

Fraction W% (of total) 

< 220)..lm (60 mesh) 28.0 

< 43)..1m (325 mesh)' 6.0 

< 43-2)..1m 5.2 

0.8 

Quartz 

15 

35 

70* 

Zeol ite 

3 

3 

Feldspar 

30 
50 

25 

*Includes quartz contain~d in lithic fragments reported in thin section analysis. 
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Surface Area (BET) 

< ~m 

< 220~m 

SEM - EDAX Analysis 

12.23 m2/g (whole rock basis ~ 0.10 m2/g) 

0, 98 m2/g (whole rock basis ~ 0.27 m2/g) 

Showed almost entirely quartz and feldspar grains with no clay minerals 
in evidence. Showed a great many fine mineral particles on the surfaces of 
larger grains. Conclude that clay is present entire1y in form of nodules 
or thin lenses. 
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BODCAU IN SITU COMBUSTION PROJECT 
BELLEVUE FIELD, LOUISIANA 

by 
Conrad Joseph, Project Manager 

and 
James G. Hardin, Project Engineer 

Cities Service Company 
P.O. Box 12026 

Jackson, MS 39211 

ABSTRACT 

The Bodcau In Situ Combustion Project (DOE Contract DE-AC03-76ET-
12057) is being conducted in the shallow upper cretaceous Nacatoch 
sand in the Bellevue Field, Bossier Parish, Louisiana. Five 
elongated patterns encompassing 20 acres were developed for the 
demonstration of a commercial scale project utilizing forward 
combustion with simultaneous air and water injection. 

1ne air injection phase of the project was terminated April 10, 
1981, with the conversion of the fifth injector to water injection 
only. D ring the ·::ombustion phase 10 BCF of air and 2.64 MMBW 
were injected, re s ulting in the recovery of 626 M barrels of 19 0 API 
crude oi l . Post burn core holes were drilled in one of the patterns 
to evaluate t he sweep e ff ic i ency of the process. 

During the combustion phase, operating expenses and taxes have 
amounted to $6.16 million, an average of $11.25 per net barrel. 
Total investments for the project have been $1 . 69 million. 

PROJECT HISTORY 

lne Bodcau In Situ Combustion Project covers five patterns 
and 20 acres of Citi~s Service Company's project in the Bellevue 
Fie l d, which was begun in 19701 and now covers 160 acres with 44 
patterns having been developed. Figure 1 shows the general 
location of the field in northwestern Louisiana. Important 
reservoir and fluid characteristics are shown L.l Table 1. 

Igni t ion of the five pa2tern injectors was accomplished in 
August and September of 1976. Dry forward combustion was 
maintained until March of 1977 when the injectors were reperforated 
to allow water injection into the upper section of the Nacatoch 
sand simultaneously with air injection into the base of the zone. 
A fossiliferous lime interval provides partial separation of the 
two injected fluids. The purpose of water injection was to 
improve vertical sweep efficiency by forcing the combustion to 
expand farther out ~n the lower section of the reservoir before 
rising to the top 15 to 20 feet ·, thereby heating a larger volume 
of the resE~rvoir. 

Prepa r ed for D. O. E. under Contract Numb er DE-AC03-76ET12057 
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Three sets of falloff and pulse tests were conducted to describe 
changes.in3dire7tional permeabilities r~sulting from continued 
combust~on. F~ve temperature observat~on wells were drilled to 
monitor the progress of combustion in the five patterns. Locations 
of these wells plus the injectors and producers are shown in Figure 
2, also showing structure of the Nacatoch sand . 

Originally, the five patterns included only the five injectors 
and 29 producers. Pattern 12 injector was redrilled in 1977 because 
of a casing failure caused by ignition and nine additional producers 
were drilled along the south border of the project area ; n late 
1978 and early 1979. The additional producers were dri l led to 
prevent excessive drainage by the offsetting operator who had drilled 
producers along this lease boundary without supporting injection. It 
is estimated th~c a minimum of 30,000 barrels has been lost to 
these wells over the past three years . 

Response to the combustion phase was evident almost immediately . 
Production increased from 75 BOPD in July 1976 to over 200 BOPD 
in October, and steadily increased to a maximum of 601 BOPD in 
March of 1978. Production held relatively stable at rates between 
350 and 450 BOPD from April 1978 to December 1979 befor e experiencing 
a sharp decline, shown in Figure 3. 

During this period of high production rates, eff e cts of 
combustion were evident at the cbservation wells and especially 
at the producers. Observation ~ell 13-7 is the only observation 
well which exhibited the high fgrrnation temperatures which were 
anticipated. A reading of 1060 F was measured there in March 1978 . 
Other observation wells, less ide8l1y located, measured maximum 
temperatures of from 240 0 F to 420 F. Producing wells, however, 
became difficult to operate by late 1977, requiring remedial cement 
squeeze jobs to shut off perforations through which high combustion 
gas rates carrying formation sand eroded the downhole pumping 
equipment. Remedial work at wells along the north line of t he 
project area became so frequent and difficult that in February 1979 
these wells were shut in to allow the combustion front to advance 
farther to the south and stimulate the producers in that direction. 
This redistribution proved successful as south lin e producers rapidly 
stimulated and more than made up for the re~uction in total wells. 
The north line wells were not returned to producing status until 
July 1980. The number of remedial cement squeezes annually from 
1977 through 1980 was 12, 42, 29 and 37 respectively. 

On February 17, 1980, an explosion occurred in the air injection 
system, destroying the distribution lines and severely damaging the 
large compressor. Buildup of a lubricant film on the inside walls 
of the air injection lines is suspected as being the most likely 
cause of the explosion. The distribution system was repaired and 
compressors 11 and H2 were on stream within 48 hours. Compressor 
13 was repaired and was back in service on April 9, 1980. To 
prevent future explosions, the injection lines are being flushed 
at six month intervals with a caustic sobution and the high 
temperature shut downs were reset to 300 F, well below the 
autoignition ten perature of Anderol 500 which is used as the 
lubricant for all three units. 
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PAST YEAR DEVELOPMENTS 

Termination of air injection was begun on October 1, 1980. 
Pattern 15 was the first one converted to waterflood as it had -
the highest ratio of air injected per acre-foot of pay of the five. 
The termination dates and cumulative air and water injection for 
each pattern through March 1981 are shown in Table 2. Historical 
injection of air and water into the project area is shown in 
Figure 4. 

In order to better evaluate the performance of the simultaneous 
air and water combustion process, four wells were drilled, cored and 
logged in pattern 15. Results of the program have not been fully 
analyzed; however, several initial observations may be made: 

(1) Structure played a significant role in the process as 
applied. Air preferentially migrated up structure 
while water moved down, causing variations in the in 
situ combustion process ranging from dry to quenched 
combustion at various positions. 

(2) The several hard lime streaks apparently maintained 
separation of the injected fluids behind the leading 
edge of the waterflood, but ahead of the water did not 
impede the migration of air to the very top of the zone. 

(3) Residual oil saturation in the burned intervals is zero, 
indicating a highly efficient process. 

(4) Significant reductions in oil saturation in intervals 
above the hard streak down dip of the injector may 
indicate quenched combustion or a hot waterflood. 
Analysis of clay al t erations may indicate exactly which 
process occurred. 

(5) The simultaneous air and water injection process with 
partial vertical separation is not ideally suited to 
reservoirs with appreciable structure when applied in 
a pattern type development. 

During the combustion phase of the project a total of 626,008 
barrels of oil was recovered, approximately 31.5 % of the estimated 
oil in place. Since February 1980, production rates have decreased 
dramatically, averaging only 252 BOPD from March 1980 through 
March 1981. Production in March 1981 was only 165 BOPD . Much of 
this decline has been caused by the lack of continuous injection 
during the period of air termination. The injectors must be 
squeeze cemented to shut off the upper perforations and drilled out, 
reperforated and often acidized to allow for injection of 1000 BWPD 
into the lower portion of the reservoir. Typically it has taken 
three weeks per well to reestablish injection at the desired rate. 
Now that all five patterns have been converted, the production rate 
should stabilize or slightly increase. 
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One of the primary reasons for DOE participation in this project 
is to publish information regarding the economics of such projects. 
Initial estimated project expenditures were $8.23 million. Through 
March 1981, actual expenditures have been $8.79 million, with one 
year of operations remaining in the contract. Additional work 
beyond the initial scope of work for the project, including the 
drilling of nine additional producing wells, four post burn core 
holes and extraordinary repairs to damaged compressors has added 
$518,137 in unplanned costs. A summary of project cumulative 
expenditures is shown in Table 3. It should be noted that all of 
the decontrol tax has been incurred over the past twelve months, 
causing project expenses to double during this period. 
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TABLE 1 

AVERAGE RESERVOIR & PROJECT AREA DATA 

Porosity 

Permeability 

Water Saturation 

Reservoir Temperature 

Reservoir Pressure 

Crud~ Gravity 

Crude Viscosity @ 7SoF 

Crude Viscosity @ 1400 F 

CUMULATIVE 

INJECTION 

PATTERN MCF 

12 2,009,908 

13 2,180,163 

14 2,042,579 

15 1,904,564 

16 1,861,261 

33.97. 

700 md 

27.47. 

40 psig 

190 API 

676 CP 

51 CP 

P.attern Area 

Average Thickness 

Net Pay Volume 

Oil Saturation 

Oil in Place 

Estimated Recovery 

Dip Angle 

19 acres 

54' net 

1039 acre-feet 

1909 B/AF 

1,984,000 bb1s 

700,000 barrels 
o 4·.5 

TABLE 2 

INJECTION THROUGH APRIL 1981 SUMMARY 

RATIO 
DATE AIR 

BBLS BBLS/MMCF TERMINATED 

632,279 315 April 10, 1981 

390,234 179 March 2, 1981 

377,158 185 February 9, 1981 

452,842 238 October 1, 1980 

462,250 248 November 3, 1980 
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TABLE 3 

PROJECT CUMULATIVE EXPENDITURES 

Category 

Lease Operation 

Lease Maintenance 

Compression Facility 

Severance Tax 

Decontrol Tax 

Overhead 

Depletion & Depreciation** 

Expenditure 

787,130.76 

1,488,565.40 

1,184,678.40 

1,652,013.97 

1,050,013.00 

1,065,121. 14 

1,233,707.00 

8,461,229.67 

Cost per barre1* 

1. 44 

2.72 

2.16 

3.02 

1. 92 

1. 94 

2.25 

15.45 

Costs determined on a net barrel basis assuming "a net revenue 
interest of 87.5 %, yielding 547,757 net barrels. 

D&D figured on a per barrel basis assuming an ultimate 
recovery of 612,500 net barrels. 
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FIGURE 1 

Genera I Location Mop 

L BELLEVUE FIELD 
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AJ,ALYSIS OF REACnOf\S OCC:' RRINC l!\ 

IN-SIn; CO!1BlJSTlO:; 

by 

M. R. Fassihi and W. E. Brigham 
Stanford University Petroleum Research Institute 

(SUPRI) Stanford, CA 

ABSTRACT 

Continuous analysis of gases produced from a small pac~ed bed reac tor 
filled with oil sand made it possible to identify and measure three 
consecutive chemical reactions as the temperature of oxidation increasec: 
a) low-temperature oxidation appears to occur between the gas and liquid 
phases; b) middle-temperature fuel deposition reactions appear to be 
homogeneous (gas-gas); and c) high-temperature fuel combustion reaction s 
appear to be heterogeneous (gas-solid). The latter was found to be the 

rat e determining step in clean sands. 

f\atural cores from the reservoirs were fou~d to have different kinetic 
performances than the clean sand mat rices. This was attributed to the 
following reasons: a) clay and metallic additives lower the activation 
energy cf the combustion reaction and hence s~ift the rate-determining 
step; and b) finer sands adsorb more fuel . 

The proposed kinetic model was found to be applicable to the five 
oils tested and hence maybe generalized for application to any oil 

HISTORY 

SUPRI's work on in-situ combustion has focused on: a) studying the 
actual mechanism of this process in la~oratory experiments; b) evaluatin£ 
field proj ects and their performance; and c) interrelat ing laboratory and 

field results. 

The laboratory phase of this project co~enced with conventional 
combustion tube runs. Satman and Brigham proposed a mathematical model 
to simulate the steam plateau phenomena (1). To simulate frontal behavior, 
it was necessary to understand the oxidation reactions of crude oil in 
porous media, and hence kinetic runs were conducted. 

The experimental equipment u sed and the preliminary results of th is 
work were described in a previous paper (2) . This paper presents the 

laboratory results and the proposed kinetic models for fuel oxidation in 

in-situ combustion. 

Prepared for the Department of Energy under Contract No. DE AC03 76ET12056. 

H-l 



INTRODUCTION 

In-situ combustion oil recovery has been discovered to have fie1d­
wide relevance, especially in very viscous oil reservoirs because of its 
generation of high oxidation heat underground whic:. leads to the 
mobilization of crude oil. Knowledge of crude oil oxidation reactions is 
imperative for predicting in-situ combustion performance. However, due 
to the complex nature of crude oil, its oxidation behavior has been the 
least understood reaction. Therefore, laboratory and field corre1ati.ons 
were developed to estimate important parameters such as fuel availability 
(3-5). Although valid for one !ield, these correlations do not depict 
other field conditions because the nature of the reactions leading to 
fuel depositions was not considered. 

In this paper, a model is proposed to analyze the reactions that 
occur as a combustion fJont approaches an oil sand sample. Then, the 
effects of different oils, matrices, and metallic additives on these 
reactions are discussed 

EXPERIMENTAL EQUIPMENT 

The main equipment used in this study included a special reactor, 
oven, temperature controller, three continuous gas analyzers for carbon 
dioxide, carbon monoxide, and oxygen, and auxiliary flow and pressure 
equipment. The details of laboratory setup and the properties of crude 
oils used were de&cribed in an earlier publication (2). 

PROCEDURE 

The oil sand samples were subjected to a linear temperature rise of 
550 C/hr (lOOoF/hr) to simulate the thermal history of each section of an 
oil reservoir as it is heated by the ~ombustion front encroachment. The 
produced gases were analyzed continuously and were recorded. For details, 
see Ref. 2. Table 1 presents the initial pack conditions for kinetic runs. 

RESULTS 

An example of gases produced as a sample of Huntington Beach oil sand 
was heated is shown in Fig. 1. Generally, there are two apparent peaks 
in the production of carbon oxides at different temperatures (2). At high 
temperatu~es (around 7000 K), the amount of consumed oxygen is comparable 
to the amount of produced carbon oxides (i . e., CO2 plus 1/2 CO). But at 
low temperatures, the oxygen consumed is greater than the carbon oxides 
produced. At even lower temperatures, some oxygen is consumed but no 
carbon oxides are produced. 

For the crude oils studied, the molar C02/CO ratio (A) and the 
apparent H/C ratios ( n ) at different temperatures were calculated (2). 
Changes in A indicate the trans ition between reactions at different 
temperatures, and n determines the chemical nature of the consumed fuel 
for these reactions. An example is shown in Fig. 2 where these two 
parameters are graphed with respect to reaction temperature for a French 
oil (27 0 API). The fact that A is almost constant at high temperatures 
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indicates that carbon oxides are produced by the same reactions. 
Correspondingly, the reactions at low temperatures must be numerous and 
non-unique because at temperatures below about 6000 K (6200 F), A varies 
with temperature. 

At low t emperatures. n is high. indicating high oxygen consumption 
for the amount of carbon oxides produced. However, as the temperature 
is increased, n drops until it reaches the value of the atomic HIe ratio 
of crude oil at about 6000 K. This may be due to the distillation of 
crude oil. At even higher temperature , n decreases further unt il it 
reaches a minimum of about 0.5. This drop is greater than the one 
observed in the distillation process ( n f or the residue of Huntington 
Beach oil was 1.5). This decrease 1.s attributed to further pyrolysis of 
the fuel at higher temperatures and is in ag eement with the results of 
Burger and Sahuquet (6). (For a detailed analysis of the effect of 
cHstillation and pyrolysis on n alld A please see Ref. 7.) 

As a result of the preceding sec t ions, the following conclusions 
can be drawn: 

1) At lower temperatures, the crude oil undergoes an oxidation 
reaction without generating carbon oxides. 

2) As the temperat ure is raised, distillation coupled with pyrolysis 
p .70du~es hydrogen gas and some light hydrocarbons in the gas 
phase. A major part of these hydrocarbons are produced without 
being oxidized. However, oxygen reacts with the remainder of 
these gases and hence, medium-temperature oxidation occurs. 

3) At higher temperatures, this reaction is completed and a 
heterogeneous teaction begins. Here, the reactants are oxygen 
in the gas phase and heavy residue of oil deposited on the solid 
matrix. 

Effect of Pressure on A and Peak Location 

The average val ues of A calculated a t high temperatures in different 
runs using Huntington Beach Oi l are graphed vs partial pressure of oxygen 
in Fig. 3. It appears that A increases slightly with higher pressure. 
The straight line shown is drawn t hrough the data obtained using 
Huntington Beach oil and has the f ollowing equation: 

where 

A ~ 0.228 ~n PO + 1.404 
2 

Po = Par t i al Pres sure of Oxygen, kPa 
2 

(1) 

Thp. location of the high-temperature peak was also shifted to lower 
temperatures as pressure increased. An example is shown in Fig. 4 where 
peak temperature is pl otted against the partial pressure of oxygen. The 
same behavior was observed f or the first peak. These two observations 
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indicate that the higher the partial pressure of oxygen, the higher the 
carbon dioxide production and the lower the reaction temperature. In 
other words, ~uel oxidation depend~ directly on the partial pressure of 
oxygen. 

Modeling of the React ~ons 

In Appendix A, a model is developed based on Weijdema's kinetic 
equation (8). In this model, the temperature can be increas~d linearly 
with time, and by proper graphing of the variables, a semi-log straight 
line should result. The variable temperatur ~ runs were made to tes~ this 
~odel. Using the data in Run No. 110 (Fig. I), the relat ive reaction 
rate (Appendix A) was calculated and is graphed in Fig. S. Note that the 
high temperature data fallon a straight line as predicted by Weijdema's 
model but at lower temperatures (increasing values of lIT) a departure 
from the straight line is observed. It is clear from these cata that 
Weijdema's single-reaction model does not adequately describe the reaction 
kinetics observed. 

At high temperatures the amount of carbon o;~ides formed closely matches 
the amount of oxygen consumed, but at medium temperatures the oxygen 
consumed is greater than the carbon oxides formed . Finally, at low 
temperatures, oxygen is consumed with no carbon oxides formation. This 
pattern is the basis of an analysis of the data for these separate 
reactions as described in the following paragraphs. 

A straight line was drawn through the high temperat~re data. rom 
the slope of that lir.e an activation energy, E = 135 kJ/mole, i ' obtained 
(Fig. 6, curve I). It was assumed t .• 'it this reaction also occu :s at 
lower temperatures according to an extrapolation of the high temperature 
data. The method used is described in Refs. 7 and 9. 

By subtracting from the 0rigina1 6y curve (Fig. 7), a new curve 
(Fig . 7, curve II) is obtained which describes the oxidation behavior at 
medium temperature range, and curve III in the same figure is obtained 
which describes the production of carbon oxides in the medium-temperature 
range. 

From curve II of Fig. 6, a calculation of the relative reaction rate, 
(6y)/f t

OO 
6ydt' as a function of lIT leads to the curve labelled II in 

Fig. 6 (the open triangles). The data are not linear. However, a 
computat~on of an equivalent term for the carbon oxidp.s formed, olf t

oo 
odt', 

where 0 = CO2 + O.SCO, from curve III, Fig . 7, shows a definite strai~ht 
line (curve III, Fig. 6). An activation energy of E = 84 kJ/mole is 
calculated from the slope of this line. In this figure, although the data 
scatters considerably, it appears reasonable to assume the oxygen 
consumption curve in the mo~ium-temperature range follows the same slope 
as the carbon oxides cur. " Using this assumption, the oxygen consumption 
can be calculated and subtracted from curve II cf Fig. 7 and the remainder 
is represented in curve V (Fig . 7). 

When the data from curve V, Fig. 7, is evaluated using the Weijdema 
integral, 6ylf

t
OO tiydt ', and the result is graphed on Fig. 6, a straight 

line (curve V) is formed which describes the low-t emperature oxidation 
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reaction. The activation energy calculated from the slope of this line 
is E - 93 kJ/mole. 

Using the computer interactively, this same analysis was applied to 
other experiments. The results always fit straight lines. However, for 
different crude oils, the order of the reaction with respect to fuel 
concentration, n, was different. 

Repeatability and Accuracy of Experiments 

The trapezoidal rule was used to integrate the area under the oxygen 
consumption curve. This caused some errors when there was a sharp change 
in gas concentration. It also introduced some errors into the calculations 
of curve fitting and extrapolation of the r~action rates t~ lower 
temperatures. These calculations were especially sensj~~ve to the choice 
of the point at which the relative reaction rate curv~ would deviate from 
the straight line (Appendix A). Thus, in some runs, using the same fuel, 
but at different partial pressure of oxygen, the calculated activation 
energies were not the same (Table 2). This in turn led to the evaluation 
of a wrong intercept. Therefore, to normalize the data, first, the 
activation energies which were quite different from the average value, 
were discarded. Then, using the average value of the calculated activation 
energies, straight lines of the same slope were drawn through the 
experimental data points on the Arrhenius plot (Fig. 8). This was achieved 
by selecting an arbitrary data point at the mid-range of the abscissa as 
the focal point. For a combustion reaction (Fig. 8), this point was 
1.5 x 10-3 oK-I, respectively. The relative reaction rates evaluated at 
the focal points for the above three reactions are shown in column 5 of 
Tables 2 through 4. Finally, the true intercept at each pressure was 
computed (column 6 of Tables 2-4). 

Evaluation of Arrhenius Constant 

Appendix A shows that by plutting the true intercept (i.e., A Po m) 
with respect to partial pressure of oxygen (i.e., P02)' we can evaluate 
both the Arrhenius constant, Ar , and the reaction oraer with respect to 
oxygen partial pressure, m. Figure 11 illustrates this method for 
combustion reaction. Similar graphs were obtained for two other reactions. 
The final reaction rate equations are shown on Tables 2 through 4. 

Following the same procedure, the reaction kinetic parameters were 
evaluated for other crude oils used in the experiments. For these crude 
oils, only two runs were conducted. Figures 12 and 13 show the straight 
lines obtained for different reactions using Venezuelan oil. The entire 
suite of kinetic data for these crude oils are given on Tables 5 and 6. 
The results show the applicability of the proposed model in evaluation of 
kinetic paramt tels for oxidation of crude oil in porous mediu~. 

Diffusion Effects 

The first step in the reaction mechanism of crude oil oxidation in a 
porous medium is the diffusion of oxygen from the bulk gas stream to the 
fuel on the rock. wsing correlations for prediction of the diffusion rate, 
it was found that the chemical reaction step is much slower than the 
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diffusion step (7). Therefore, the overall rate appears to be kinetically 
controlled. Later, this notion was substantiated experimentally when a 
two-fold increase in the air flow rate did not cause any change in 
reaction constants. 

Effect of Lithology on the Reactions 

Investigat:ors have reported the effects of clay content, metallic 
additives, and surface area of the rock on fuel deposition. Some 
experiments were run using either the original core or a mixture of sand 
and clay to study these effects quantitatively. The results of these 
experi~ents along with those of Bardon and Gadelle (10), who also studied 
the effect of metallic additives on these reactions, are reported here. 

Effect of Matrix 

Some experiments were run using the oil in the original core. These 
cores were obtained from the Jobo field in Venezuela and from Lynch Canyon 
field in California. The CO2/CO ratio was highe~ for these runs than for 
the runs using the sand mix. 

The reaction rates were calculated using the kinetic model previously 
mentioned. The Arrhenius plot for Run No. 131 is shown in Fig. 14. (The 
combustion reaction rate for Venezuelan oil was graphed in Fig. 12 for 
comparison.) Tables 6 and 7 present the calculated kinetic constants for 
these reactions. 

Figure 12 clearly shows that t he activation energy for combustion 
reaction in the original core is much lower than in the sand mix. The 
sieve analysis for these matrices confirmed that the sand grains were much 
finer than the sand mix used in the runs. There were even some silts in 
these cores. 

Bardon and Gade1le (10) investigated the effects of matrix on the 
oxidation reactions of a French oil. (For the properties of this oil 
along with the matrix and pack conditions, see Ref. 7.) In their first 
kinetic experiment (Run No. I), they used a sand mix of varying grain 
size while a finer sand was used in their second run. They also conducted 
an experiment using the original core (Run No.4). Their data were 
analyzed using the proposed kinetic model and the resulting Arrhenius 
graphs are presented in Figs. 15·-17. 

As is shown, the increase in the surface area (finer sand) resulted 
in a lower Arrhenius constant for both fuel deposition and fuel combustion 
without any change in activation energy (Table 8) . This surface area 
dependency shows that the heterogeneous combustion reaction is apparently 
the result of burning a monolayer of fuel deposited on the rock. However, 
using the original matrix, both the Arrhenius constant and activation 
energy change. This is attributed to the presence of about 5% kaolinite 
in the matrix. Therefore, the effect of clay was studied. 

Effect of Clay 

In Runs No. 114 and 115, 5% clay was added to the sand pack and the 
normal procedure for a kinetic run was conducted. In both runs, the 
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low-temperature peak was found to be higher than the corresponding peaks 
in Runs No. 127 and 129 in which no clay was used. This implies that in 
the presence of clay, more fuel is available for oxidation reactions. 
This may be due to adsorption of hydrocarbons on the clay surface and, 
hence, low distillation and pyrolysis in porous medium. 

The Arrhenius plot for the runs in which clay was used showed that 
the combustion reaction has a lower dependency on fuel concentration 
(i.e., n < 1) and a smaller activation energy than the ones obtained 
without clay (i.e., a catalytic effect). These results are shown in 
Table 9 and are in accordance with the ones previously obtained for French 
oil (Table 8). Bousaid and Ramey (11) also pointed out the catalytic 
effect of clay on the combustion reaction. They reported that the 
addition of 20% clay to sand caused a 10% reduction in the energy of 
activation of the combustion reaction . 

Effect of Metallic Additives 

As in most heterogeneous reactions, a catalyst can speed up the high­
temperature oxidation reaction. In particular, the presence of metallic 
additives such as Cu, Ni, Va, Fe, etc., create a catalytic effect which 
lowers the temperature at which the combustion reaction occurs. This is 
due to a lower activation energy in the presence of additives. The analysis 
of the data on the oxidation of the French oil showed that an addition of 
2000 ppm Cu to the sand mix lowered the activation energy by about 50% 
(Table 8). Figures 15 and 16 ~learly demonstrate th is catalytic effect 
on both fuel combustion and fuel deposition. However, for LTO reactions, 
a higher Arrhenius constant was obtained without a significant change in 
the activation energy when copper was added to the sand mix. 

Due to this profound dependency of the kinetic parameter on the matrix 
compounds, the author believes that all combustion studies should be 
conducted using the parent cores. If this is not possible, the matrix 
should be analyzed to see wheth2r metallic and clay additives are present. 
It is also felt that the existence of clay or a very fine matrix may lead 
to a successful combustion project in a field. 

SUMMARY AND CONCLUSIONS 

In this section, the results of the experiments are summarized and 
conclusions are listed. 

Summary 

Table 10 summarizes the results of kinetic runs for three different 
kinds of crude oil using Ottawa sand of the same mesh size. 

As is shown, although the energies of activation for both LTD and 
fuel deposition reactions are similar, they are almost twice as high for 
fuel combustion reaction. This indicates that the fuel combustio~ 
reaction is the slowest reaction and, therefore, is the rate-determining 
step. It should also be noted that the calculated activation energies 
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are similar to the report~d ones (2,7,11-13), and are almost independent 
of the type of oil used. However, clay and metallic additives act as 
catalysts and lower both activation energies and the temperature of 
combustion reaction. This can cause the rate-determining step to be 
shifted toward fuel deposHion. 

Although the reaction order with respect to fuel concentration, n, 
does not change, the reactinn order with respect to oxygen partial 
pressure, m, varies and is always less than one. 

The Arrhenius constants, A , are different for different oils. In 
addition, the A for combustionrreaction is directly related to the 

r available surface area of the matrix. Knowledge of this relationship 
and of the quality of crude oils may lead to determination of the amount 
of fuel available for combustion. 

Also, for more reactive oil, the A for LTO reactions is higher. 
Thus, A is also a good indicator of wh~ther spontaneous ignition will 
occur ifi a rock. 

Pressure is an important factor of the frontal behavior because of 
a combination of the effect of partial pressure of oxygen, P02' on these 
reactions and the effect of total pressure on distillation. 

Conclusions 

1. An apparatus was designed to study the reaction kinetics of oil 
oxidation in porous media. 

2. A kinetic model was developed to evaluate the experimental data. 

3. The overall oxidation mechanism of crude oil in porous medium at 
different temperatures is an overlap of several consecutive reactions 
from which three can be distinguished: 

a) LTO reactions are heterogeneous (gas-liquid) without any carbon 
oxides produced. Spontaneous ignition occurs due to LTO reactions. 

b) Middle-temperature reactions are mainly homogeneous (gas phase) 
and result from the oxidation of the products of distillation and 
pyrolysis. These in turn, leave a heavy oil residue on the solid 
matrix. 

c) High-temperature reactions are heterogeneous (gas and solid phase) 
and are a res , ' t of the combustion of the deposited residue. 

4. The superimposed reactions can be easily differentiated by using the 
proposed model in this report. 

5. These reactions are kinetically controlled and diffusion effects were 
found to be minimal. 

6. The combustion reaction is slower than fuel deposition in a clean 
sand matrix. 
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7. Metallic additives and ~lays have catalytic effects on the reactiona. 
Clays and fine sands enhance deposition of more fuel due to the 
adsorption characteristics on a higher surface area. These additives 
shift the r.ate-determining step from fuel combustion towar~ fuel 
deposition. 

8. It is possible to formulate any frontal behavior in the field by 
using this model in conjunction with the temperature profile ahead of 
the front. 

9. The correlation obtained for the Apparent H/e ratio and the molar 
carbon dioxide-carbon monoxide ratio can be used along with the model 
to estimate combustion heat. 

10. Omission of any of these reacti0ns in a combustion simulator may lead 
to erroneous results in the prediction of overall frontal behavior. 

A 2 = Cross-section area. cm 

NOMENCLATURE 

A' 
-1 = Specific rock surface area per unit bulk volume cm or per unit 

weight of sample, em2/g 

= Arrhenius constant 

- Fuel concentration, g fuel/lOOg 

- Activation Energy, J/g mole 

= Length of the pack, em 

m ~ Reaction order with respect 

n - Reaction order with respect 

p - Total pressure, Pa 

PO Oxygen partial pressure, Pa 
2 q = Gas flow rate, cc/s 

R - Universal gas constant 

T = Temperature, °c or OK 

t - Time, s 

$ = Porosity 

to 

to 

sand 

oxygen, 

carbon, 

S = Slope of temperature-time curve, l/s 

constant 

constant 

S' = Intercept of relative reaction rate curve vs 1fT, l/s 

y = Oxygen concentration, mole % 

o = Oxygen converted to carbon oxides, more % 

V = Nitrogen concentration, mole % 

n Apparent hydrogen-carbon ratio 

A = Molar carbon dioxide-carbon monoxide latio 

~ ~ Viscosity 
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APPENDIX A 

DERIVATION OF EQUATIONS FOR NON-ISOTHERMAL OXIDATION 

The change in oxygen concentration (6y) durine the kinetic 
experiments can be calculated from: 

The rate of oxygen consumption per uni t volume is: 

This is also equal to the rate of decrease of oil saturation: 

~ 
AL 

GC 
= - a ---I. dt 

(A-l) 

(A-2) 

(A-3) 

in which a is the proportionality factor, equal to the amount of oxyger.. 
in moles that reacts with one gram of the oil. 

The rate of oxygen consumption at any time can be obtained by 
combining Eqs. A-2 and A-3: 

~ 
AL 

Integration between t 

= 

t and t = 00 yields: 

f oo ~ dt' 
t AL 

o at t - 00. From Eq . A-4: 
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Cfn(t) = ~ AL 
1 

m 
A Po exp(-E!RT) 

t' 2 

If we substitute Eq. A-6 in Eq. A-5, we obtain: 

61. -- 6' exp(-E!RT) 

[ f.~ r t 6ydt.' 

where: 

A Po 
m 

6' ( it ) n-l r 2 
n 

a 

(A-6) 

(A-7) 

(A-8) 

Values for the left hand side of Eq. A-7 can be found by graphical 
integration of the curve 6y = f(t). Then the left hand side of Eq.- A-7 
can be graphed vs lIT to obtain (-E/R) as the slope, and 6' as the 
intercept. In this paper, the left hand side of Eq . A-7 is called 
relative reaction rate. 
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Table 1 

INITIAL CONDITIONS FOR KINETICS RUNS 

!!:!!....!!1... OIL OS!!) 

101 

102 

103 

104 

105 

106 

107 

lOS 

109 

110 

III 

III 

113 

114 

ill 

116 

117 

118 

119 

120 

121 
122 

123 

124 

125 

126 

127 

128 

129 

no 

131 

SAIl AaDO 

SAIl AJDO 

SA.'O'LE !ill. S 
(79-4) 

HUNTINGTON I!ACR 

SA.'tr1.E NO. S 
(79-3) 

SAKPU NO. 13 
(7903) 

SAM AaDO 

\'DlEZUELA 

Wl'U: !IO. 6S 
(80-1) 

BUlfrINGTON IEAC'B 

V!lI!ZU!1.A 

VDlEZUILA 

SAMPLE NO. 68 
(So-l) 

SAN AIDO 
(clay addeel) 

SAN AJlI)O 

(clay added) 
HUNTISGTON IEAC'B 

HUNTINCTON lEACH 

HUNTI~GTON lEACH 

m:mINGTON lEACH 

HUNTINGTON lEACH 

HUNTINGTON lEACH 

HUNTINGTON lEACH 

HUNTINGTON lEACH 

HUNTINGTON lEACH 

VVlUutLA 

VEN'EZL"EU 
(orie l na1 core) 

SAN AJlI)O 

tnn.'TINGTON lEACH 

S1.N AROO 

LYNCH CANYON 
(orl&ind core) 

LYNCH CA.'I'lON 
(orilLMl core) 

now lATE AVC.Pl!SSUI! IV.OlrGD 
aceta ~. ~% __ _ CXlMDItI' K 

16.7 

16.7 

S.3 

8.3 

16.7 

16.7 

16.7 

8.3 

16.7 

1.S 

8.3 

8.3 

8.3 

8 . 3 

8.S 

10.0 

10.0 

10. 0 

10.0 

10 .0 

10.0 

10 .0 

10.0 

10.0 

10.0 

10 

10 

10 

10 

10 

10 

690 

690 

690 

690 

690 

SSO 

SSO 

SSO 

SSO 

S50 

415 

US 

275 

550 

275 

5S0 

103S 

138 

552 

1104 

690 

138 

17 

235 

828 

690 

690 

41 

138 

690 

690 

11 ISOntERMAL 

II MO!f-ISOT!l!:It.'W. 

21 110M-ISOTH!IU1Al. 

21 IION-ISOntEIt.~L 

21 lION-ISOTHERMAL 

21 IION-ISOntlRKAL 

21 I~OTHERMAL 

21 NON-ISOTHERMAL 

8.3 NOM-ISOTH~'W. 

8.3 NON-ISOTHERMAL 

8.3 ISOTHERMAL 

8.3 NOM-ISOTHERMAL 

8.3 NON-ISOTHERMAL 

21 NOM-ISOTH~ 

8 .3 110M-ISOTHEIU1AL 

21 ISOTHERMAL 

21 IIO~-ISOTHE~'W. 

21 NON-ISonu:~~L 

21 NON- I SOnIERMAL 

21 NON- I SOTHE~~L 

21 NON-ISOTHERMAL 

8.3 NON-ISOTHERMAL 

21 NON- ISOTHERMAL 

21 SON-ISOTHEP}t\ L 

21 NON-ISOTHERMAL 

21 NON- tSOTH~~L 

21 NON-ISOTHE~~L 

21 NON-I SOTHERMAL 

21 NON-tSOTHE~~L 

21 NON-ISOTHERMAL 

NON- ISOT!l!:RHAL 

* Toc.l weight reduccion of oil sand including vacer loss. 
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IUMED FUEL FUEL/SAND IATIO BED THlCU"!SS 
I vt:.% ca 

2.402 

0.401 

0.924 

3.7(\1 

0 . 604 

0.514 

1.458 

1.777 

1.894 

1.234 

0.725 

0.775 

0.677 

1.88 

1.260 

0.730 

1.035 

0.984 

0 . 757 

1.103 

1.177 

1.441 

0.784 

10.242* 

0 . 916 

0 .931 

0.814 

3.321* 

2.69 

1.72 

4. 57 

3.64 

9.07 

7.76 

2.81 

4.48 

3.89 

3.99 

3.56 

3.7S 

3.72 

3. 45 

3.39 

J.80 

3.16 

3.41 

3.52 

3.63 

3.41 

3.44 

3.75 

3.32 

3.22 

2. 54 

3 .2 

2 . 55 

9 

2 

2 

2 

1 

2.3 

2.1 

1.2 

4.2 

4.3 

5.5 

3.5 

2.5 

2.5 

2 

4.5 

4 

2.2 

3 

2.5 

2.2 

3 

3 

4 

2.S 

4 

3 

2 . 7 

3.1 

3.3 

1.6 



Table 2: • roll .:otaIUSTlOH UACTION RATE 

110 

117 

118 

119 

120 

121 

122 

124 

128 

• -1\ 

(Hunt1t11ton Such Ctud. 011) 

13.30 1.~28 

23.88 1.616 

7. 912 1.611 

21.07 1.64 3 

25. 97 1.62, 

18.29 1. 628 

4.03 1. 619 

7 .585 1.602 

4.858 1.508 

Averase : 1.620 

. 
c 

6 x 105 up (- 135 ,000 IRT) 

~4. 2 

238. 

50.3 

131.0 

253.0 

166 . Z 

19.9 

70.5 

30.0 

R.RJl.(1.5xl0- 3) 

111 x 10+4 

3.45 

7.00 

2.5 

4.1 

6.4 

4. 5 

1.15 

2.72 

1.60 

0.66 C 
Po:! f 

True lntere.?t 

111 x 10-6 

12.336 

25.030 

8.940 

14. 660 

22.834 

16.090 

4.112 

9.726 Table 

5.121 

Run ~o :.. 

LI0 

117 

118 

119 

120 

121 

122 

123 

124 

128 

3: FUEL DUOS ITIOS UAcrIOH RATE 
(Runt1n~ton 80lch Crude 011) 

-\Poz " E/R P02 
ur3 1/ . x 10- 3 OK x kPI 

31.480 10.120 54.2 

11.630 9 .430 238.7 

5.664 9.372 50.3 

21 .8 9.857 137 

2.981 8 .743 253 

5 .6 3 9.128 166.2 

5.928 9.746 19.9 

6.79 9.615 .4.6 

18.040 9.901 0.5 

5.05 9.535 30 

Average: 9.551 

.R
f

- 1.2x 10J np ( -80,OOO/RT) Po 
0.46 

2 

• Tabl. 4: LOW-T!KP!IIATUU OXIDATION RATE 
(Runt111&tOD Beach Crude 011) 

*. !hi. w •• not included in the curve ! 1t 

A P • 
r O2 -3 

11. x 10 

110 1896. 11.15 

11 7 5 . 915 8 .176 

118 3.!Sl 8 . 403 

119 22.62 8 . 945 

120 117.3 9.116 

121 4.385 8.198 

122 1.170 7.948 

123 1. 978 8.135 

124 3. 445 8.112 

128 0.31 7.38 

AveraAI: : 8.059 

• R - 1. 9 x 10
2 up C 61 , OOO/ RT) 

S4.2·· 

238.7 

50.3 

137 . •• 

253.·· 

166.2 

19.9 

24.6 

70.5 

30 .0 

RRRo..95xlO- 3) 

II. x 10+4 

True Intercept 

II. x 10- 5 

1. 4.618 

1.85 1.2 36 

5. 3.342 

2 .2 1.410 

1.55 1.036 

4.1 2.740 

l. 13 1.156 

0.51 C 
P02 f 

.* Thil was noc i:1cluded in t hw curve tl t 

H-14 

. 
RRR(l.8xlO- 3) True Intercept 

l/lx~ -3 
1/. x 10 

3.62 10.593 .. 

5.00 14.631 

2.60 7.608 

4.3 12.582 

4.4 12.87 

4.2 12.29 

1.42 4.155 

1.88 5.501 

3.2 9.364 

1. 78 5.208 

C
f 



Tabl0 5: UIIITlC DATA '01( SAIl UIlO CI(UDE OIL 

1. Fuel Ca.buat1on bt •• 

~ 
Arpo II 5 
11. t 10-

~/I 
K x 10-4 P02 

!!!.!. 
12 7 6.705 1.416 166.2 

129 4.495 1.~)) ;0.) 

AV1rage : 1. 425 

• -I . 4 x 104 oxp ( -120, OOO/IT) P 0.58 C
f c O

2 

2. Fuel Oepos1tion he ••• 

ArP o .. El l POl 
~ l I s i 10-) oJ( x 10-) kPa 

127 ).965 8.884 166.2 

129 1. 975 8 . 76. SO . ) 

Avet"age : 8.825 

) . Low-Temperacura Oxidation bee·-· 

Ar?o at. El l P02 
Run No, 11. ~ 10-) OK x 10-) kPa 

127 1. 964 7 .84 7 166.2 

lZ9 0.56:; 7.450 50 . ) 

Average : 7 648 

•• ~ R • 1.9 x 102 oxl' ( -64,OOO / RT ) P 0. 4C 
O

2 
f 

intercept, 

E, J/g,""l. 

Rll (l.Sx!O-) ) 
lIs x 10 

True In c!~copt 
11. x 10 

7 .675 '(obl0 6: KINnIC DATA FOR VJ:N'£ZU!LAII OIL 

).8)8 

Rll (1. 8xlO- ) ) True Incercopc 

l I s x t04 l I s x 10-) 

4 . 5 ).564 

2.,5 2.1i8 

-) 
Rll ( 1.95xl0 ) Truo Ince r t opc 
!J.!-x 10'" 111 x 10-2 

4 .~ 

2 . 8 

13 . 19 

8. )9 

1. Fuel C~bultton be •• 

.. 
E/R P02 ~P02 -6 OK x 10- 4 

Run No-=. .L!...!...!2..- !!!.!. 
112· 4. 12 1. 591 4) 

125- & . h74 1. 597 195 

126 1.)26xl0- 6 0 . 687 166 

. - R . 2 x 106 .,.p ( -13) , OOO / RT ) 
POz 

0 . 2) 
c 

2. Fuel Oeposition Rat.-. 
ArPoz'" -1 E/ R 

Run No . 11. x 10 OK x 
PoZ 10-) kPa 

11Z·· 2.102 6 . 288 4) 

125-· 1. 747 6. 060 19 5 

126+ 2. 848xl0+5 
9 . ) 166 

Average : 6.114 

R
f 

• 8.8 oxp ( -51,OOO/RT) 0 .18 
C

f 1'0
2 

) . Low Te.IDEere t ure Oxidat ion Rate ·*· 

l I s x 10:': 
EIR 

Run No. OK x 10-) kP. 

112 5 .94 2 &.594 4) 

125 8. )4) 8.429 195 

126+ 1. 929xl0) 1. 06 7xlOl 
166 

Av~r.g. : S.511 ... R • 1. , 10) oxp ( - 10, OOO/ RT) ? 0 . • 2 C 
02 f 

... This "'&5 noC include d 1n the curve f it 

Tobte 7 

KINETIC DATA FOR LYNCIl CAHYOH OIL (Run No. 131) 

.·UEL COKJIUSTIOH f1JEL OEPOSITIOH LTO RY.ACTIOH 

lI s 1 .785 x 10
6 1 .984 x 10) 6 . 808 x 10

8 

). 209 x lOS 6 .645 x 10
4 

H-15 

C
f 

Rll ( 1. h±2- ))Tr ... I nC!IcepC 
lLL1!....!L 111 x 10 

2.52 1. 69 

).28 2. 20 

Rll ( 1. 95UO-)) Tru. Intarcap c 
11. x 10 11. x 10-) 

) . 12 S .0)4 

S.9 9.519 



Table 8 AllALYSIS OF DATA OF UIlDON AND CADE!.I.£ 

-1. Coabuotion RuctiOll 

Bad tnt~rc:e2t I 1/. 

Sat>d lUx" 6.25 x 103 

S111ca- 1.141 x 10
4 
, 

Or111nal ~tr1x 2.287 x 10' 

Sand lib + -1 
ZOOO FPm Cu 2.S481 x 10 

- -It • ArP '" a.p ( -105 ,OOO/RT) 
c Oz 

*. Z. Fuel De2,0aition ReI ~~.:!.2E. 

Sed Incerca2t I 1/ . 

Sat>d !U.x** 3.56 x 101 

Sillc.*- 8.896. 101 

Or111nd ~tr1x 1.811x 10
4 

Sand 111. + 
106 2000 PPm Cu 7.46 x 

C 1.2 
f 

•• It
f 

- ArP
O 

Il exp(-63 ,500 / ItT ) c/· 2 

2 

:/1t 
OK x 10-4 

1.264 

1.277 

0.S44 

0.486 

E/R 
OK x 10-3 

7.546 

7.712 

10.361 

11. 485 

... 
1. Low-Taper_cure oxidation Reaction 

Sane; Mix.·* 

S111ca 

In tercept 

5.610 x 10
6 

Or111na1 !latrix 1.027 x 109 

••• R - Ar~O .. axp(lZO, OOO / RT ) C 1.4 
2 f 

CRUDE eYPE 
Ar 

Huntington Beach J .9x102 

San Ardo I. 9.10
2 

Venezuela I.Ox10 3 

1.415 

1.320 

LTO REACTION 
E 

6.7x10
4 

6.40!04 

~ .OKI0
4 

• 
0 .57 

0.4 

0.42 

~ 

1.2 
Table 5 

1.2 

1.2 ItIIlETIC DATA FOI COKIUSTION CF SAN AIlDO OIL 
(sa"d v1th clay) 

1.2 

1U1N P02' Intercept. E/~i Il Il 
NO. kl'. 11. or; 

114 137.2 3.92 • 10
3 

7.514 • 103 0 . 55 0.4 

~ 115 31.3 1. 75 • 103 
7.34 • 103 0.55 0.4 

~. 2 

1., 0.55 C 0.4 -It - Z60 up(-61,OOO I)'T)I'O. 
1.2 c f 

0.7 

1.4 

Table 10 

SUHI\.\ ~Y OF KINETIC DATA 

It - Ar 'XP(-E/RT)PO~"C/ 

FUEL DEPOSIT ION 
n A E 

. _ 2 -

,.2xI0) 8.0x10
4 

4.5x l0
2 

7.4.10
4 

8.8 S.b10
4 

FUEL C()IBUSTION .. n A E • _ _ r_ 

0.46 6xl05 1. 35xl05 \l.66 

0 .4 4xl04 1. 20xl05 0 .58 

0.18 2xl06 
l.nxl0

5 
0.23 

NOTE: Thli! data v •• o btained ulitn~ Octawa Sand. 

H-16 

-

~-.. 
(!-.Pa) I. 

260 

260 
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~ 1.5 

RUN No. 110 
AVERAGF PRESSURE. 550 .P. 
GIIS FLOW RATE. 7.3 sccls 
o TEMP. 
o CO2 '"000<.'''' 
"CO 'IIOOUr .. " 
o Ay . ", 0"""'[0 

TIME /hrs) 

'1" . 1: '.AS UIH"U!I; ITI UM ANO n :Hf.aAluMr V~ llHIo; .'UII IIUHTIHI :TU" IU.AI'M Hit 

o /}. Hunt '..-"lO" Iouc::h UII 
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•• 5." Ardo 011 

-c 
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:Ii .. .. 
v. 
c ... .. 

-700 
~ 
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DATA OF BARDON AND GAOELlE 
~ MOI.AR Co.,lCO RATIO 
o APPARENT Hie RATIO 

00 
00 

-

-

10 -1 ~--,~:--~~I --,~:--~I:-:.----::=-::I:-:.----::::-:-:::---=-:: 
450 500 550 600 650 700 750 800 

" . !1OUJ. cc: ' co ""no A:ro APPAltLYT HIe U ' to POI 1"R.ENCM C[:' 

120r-------,---_,r_-r--,--~r_~.~Ir-------r_--_r--,__,_,r_l_,;r, 
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IIUNTI .. 070N BEACH OIL 

o 
& SANDII.X 

100 
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680 00 
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o 
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to 100 1000 
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1.5 

~ 
• 0 
E 10 

II) 
<t 
l!) 

0 .5 

o 

o 

o 
o 

o 
8 

9 
o 

o 

RUN No. 110 
AVERAGE PRESSURE • 5~0 ~P. 
GAS FLOW "ATE' 7.1 sccls 

o 
o 

o 
o o 0 0 0 0 

1.6 1.8 

INV. TF.MP.. (lIT) " 103 (,' K -', 

o 

't" . ~: MliATIVt; lllACI H~ .... TE ¥S I""USE TFiWI:lAnJlE nHt aUM NU . 110 

RUN No. 110 

RUN TIME (hr;;j 

ft •. 1 ; htT(lf1rtl~ ITWff ot' Ttlt; ( '4 ,,"SlOUIl 0".' ; .... '" UIHnt[Nr MP'''CTlOH~ 

2.2 

RUN No. 110 

0 
\. \ 

~10-3 
\, \. \7 w 

~ 
< a:: 
Z 
Q 
~ 
U 
< 
w 
Q: 

w 
> 
~ 
< 
.....l 
UJ 
Q: 

10- 3 

\ 000\ t' 

\ b\ II <l 

\ 
t'\ \ <l 

<l 
<l t' 

\I 
0 m 
\ lIll: 

0 

\- 0 

10- 5 ---L--_--'-__ .......... ____ 

0.00140.00150.00160.0017 0.0018000190.00200.0021 

INVERSE TEMPERATURE. liT (OK-I) 

T1&. 6: UJtHtNtl."S !'LOT FOI KL"S ...,. 110 

I 
.1 

II 

H-18 

'" ::: 
u.i 
~ 
< 
Q: 

Z 
2 
~ 
(;) 

< 
UJ 
a:: 
UJ 
> 
~ 
< 
.....l 
UJ 
Q: 

10. 4 

-tr RUN NO. 110 (PO" 54. 2 kPI) 
c RUN No. 117 (POl' 238.7 kPa ) 
• RUN No. 118 (PO,' 50.3 k PI ) 
<l RUN No. 119 (PO,. 137 k PI ) 
t' RUN NO.120(PO,' 253 kPa) 

• RUN NO. 12 1 (P0 2 "66.2kPa ) 
o RUN No. 124 (P02 ' 70.5 kPa) 
• RUN "'0 . 28(P02 '30 kPa ) 

?~1 
10- 5'-::--_ .... __ --1. ___ -'--___ .... __ --1. ___ _ 

1.35 140 1.45 1.50 1. 55 

Ha· 8: A1.P.Kt:ncs PLOi FOt rt:u co~rBt:S:ION It.\C:IO~ 
( H1.'~irNGTON lEACH 01:' ) 

160 165 



eRUN NO. 110 
Q RUN NO. n7 
eRUN No. n8 
.RUN No.l li 
eRUN 1'10. 120 
• RUN No. 121 
*RUN NO.1 22 
eRUN No. 12l 
• RUN No. 12 • 
• RUN No. 125 

10"5~_--L",-_...L..,,.---..J...,,.-......,,.1...:.--""""'''''''--~ 
1. 6 1. 7 1.8 1.9 2.0 2 .1 2.2 

INV. TEMPERATURE , 1fT. 10l(eK"') 

P1& . 9 : AllREl<I VS PUlT FO~ 1'L::l. OlPOS IrION IlUCTlON 
( lIUNTINC'TON lEACH OIL) 

* RUN N:l.110 
C RUN No. 117 

11& . 10: .uwtE!lIC5 ~UlT FOR lTC ).t.\CTION (1I1l1<rtMCTON lEACH 01:) 

t"10-
L<! 
\,,) 

a:: 
L<! 
~ 

~ 
L<! 
::> 
a:: 
~ 

50 100 
PARTIAL PRESSURE OF OXYGEN , P

02 
(kPI) 

HI. 11 : PUlT or L\'TtllCt!'T VS ?llS5UJ.t ro~ CClI11 U5TION 
IlUCTlON (mn.-rIlICTON IEAClI OIL) 

• RUN NO. 112 
o RUN NO. 125 
• RUN No. 126 (ORIGINAL 

,..ATRIX) 

ria. l;! : AUMt:ctUS !tU)! FOR C~l"S:lON k!AC':'lON 
~tN!:t1!UN OIt ) 

500 



e RUN NO. 112 
o RUN NO. '25 

J 

105~ __ ~ ____ ~ ____ ~ __ ~ ____ ~ __ ~ 

1.5 1.6 1.7 1.8 1.9 2 .0 2 .1 

INV. TEMPERATURE. 1fT. 103 (oK-' ) 

F11. 13, AJWU:SIUS PLOT FOR OI!7!RE~'T RLACTlO NS 
(VE~ZIJELAN OIL ) 
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U \ ~ 
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ex '\0. W 
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Q SAND MIX. :2000 ppm Cu 
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o 
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::J 
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o 
u 

-s 
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fig. ' IS : AMMUt.NIltS run "0. (UK.UST IUH Mr..A4,;TU ... ,flU:,. :" 1111.) 
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~ 

"~ 
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8 e .. 
A~ • 

~\ ~ LTO 
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W 10 
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105L-__ ~ ____ ~ __ ~~ __ ~~~~ __ ~~ __ ~ 
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o

, ) 
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WILLIANS HOLDING LEASE 
STEAMFLOOD DEMONSTRATION PROJE~T 

CAT CANYON FIELD 
SANTA BARBARA COUNTY, CALIFORNIA 

By 

Steven R. Loftus and Gary R. Adamson 

Getty Oil Company 
P. O. Box 811 

Ventura, California 93002 

ABSTRACT 

The objective of this pilot program is to evaluate the 
efficiency and economics of the steam displacement process 
for future full-scale dp.velopment of the Cat Canyon Sl-B 
oil sand reservoir and in similar deep heavy crude oil 
reservoirs. The pilot consists of four inverted five-spot 
patterns on five-acre spacing. InitiaL steam displacement 
began in April, 1977. Except for brief down-time periods 
for well and generator maintenance, steam injection was 
continuous until February, 1980, when injection was halted 
in an attempt to de-water the pilot area. De-watering 
operations are substantially complete and the resumption 
of steam injection through insulated tubing is anticipated 
in August, 1981. 

HISTORY OF PROJECT 

This project was initiated June 25, 1976 with an antici­
pated completion date of Hay 1981. The total cost was antici­
pated to be $8,700,000 with DOE funding ~2,000,OOO. 

GENERAL PROJECT DESCRIPTION 

Cat Canyon Field is located approximately eight miles 
southeast of the town of Santa Maria in Santa Barbara County, 
California, as shown in Figure 1. The Sl-B sand of Cat 
Canyon Field is a relatively dee p, heavy crude oil rese5voir 
found at an average depth of 2,500 feet. It produces 9 API 
crude which has an estimated average oil viscosity of 25,000 
centipoises at fully gas-saturated reservoir conditions. The 
Sl-B sand is poorly consolidated wl th an average permeability 
of 2,800 md and porosity of 30%. 

Prepared for DOE under Contract No. DE-AC03-76ET12058 
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On June 25, 1976, Getty Oil Company was awarded a cost 
sharing contract from the United States Energy Research and 
Development Administration (subsequently USDOE) to conduct 
a joint steamflood pilot on the Williams Holding Lease of 
Cat Canyon Field in the Santa Maria Basin. The original 
and current objective of this pilot program is to evaluate 
the efficiency and economics of steam displacement in the 
Cat Canyon Sl-B reservoir and in similar extremely viscous 
crude oil reservoirs. The pilot consists of four inverted 
five-spot patterns on five-acre spacing. Pilot configura­
tion and location are shown in Figure 2. 

Injection of displacement steam into the Williams 
Holding Pilot began in April, 1977. Intermittent steam 
stimulations of producing wells were ~onducted prior to 
and during displacement steam injection. Initial operating 
problems included repeated thermal packer failures and loss 
of sand control in the injectors. Both problems were solved 
with the removal of injection packers and the redesign of 
well completions. Normal operations resumed in mid-1978 
although these operating problems delayed the initial 
response to the displacement phase of the project. 

In late 1977, nurthernmost producer, WH/RF 204, and 
central producer, WH 205, began showing signs of displace­
ment response. ~y mid-l978, fl~wline temperatures had 
increased to 350 F and fluid production rose dramatically. 
The high temperatures of ~he produced fluids resulted in 
severely reduced efficiency of the downhole pumps. Although 
larger pumping units were installed, pumping capacity was 
exceeded by fluid response, evidenced by 2,000' fluid levels. 
As fluid levels increased, oil production quickly decreased. 

During the last half of 1978, two additional producers 
indicated displace~ent response . WH 25 and WH 26 showed 
much the same characterist~cs ~high flowline temperatures, 
increased wnter production, increased fluid levels, and 
decreased oil producti'_,n) as did WH/RF 204 and WH 205. 
Response in WH 25 occurred four months after nearby producer 
WH/RF 204 was shut-in. It appeared that by idling WH/RF 204, 
steam haa been diverted to WH 25 from a common injector , 
WH 825. 

Shortly after WH 25 began showing displacement response, 
all four responding producers were idled . This was done in 
order to divert steam to other non-responding pilot producers. 
This would distribute heat mor a evenly within ·the reservoir 
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and lower artificial lift requirements. The wells remained 
shut-in eight months during 1979 with no apparent success 
in diverting steam to other areas of the pilot. 

In mid-1979, ' it was decided to drill thermal observa­
tion wells within the pilot area to investigate fluid paths 
and sweep efficiencies. In June, 1979, TO#l, located 
between the central producer and northernmost injector, was 
drilled and cored to below the dIsplacement interval. A 
totally wet sand was found below the injection interval 
while near virgin oil saturations were found throughout 
the Sl-B Zone. This prompted a computer simulation study 
to simulate the response characteristics and influence of 
the wet sand. 

Three additional temperature observation wells (see 
Figure 2) were drilled to determine fluid and heat flow 
paths. Sidewall cores and log analysis showed zones 
within the Sl-B of substantially reduced oil saturations 
in TO#2, TO#3, and to a less e r extent, TO#4. Subsequent 
temperature surveys showed no heat response in TO#l which 
had shown near virgin oil saturations. However, TO#2 and 
#3 showed temperatures in exc e ss of 3000 F while temperatures 
over 2000 F were found in TO#4. The zones of highest tempera­
ture corresponded well with the zones showing greatest oil 
saturation reduction, indicating steam channeling within 
the Sl-B zone was respons i ble for the production problems 
noted earlier. 

The computer simulation study was completed by December 
of 1979 and indicated that the wet sand was not acting as a 
thief zone. Instead, overinjection, c hanneling within the 
Sl-B Zone, and low sandface steam quality were dete rmined 
to be the factors caus i ng high water and low oil production 
response. These findings led to a decision to return the 
four idle producers to production and lower the total steam 
injection rate to 1,150 BSPD in December, 1979. 

I 'urther s imula tion work indica ted that hal ting steam 
injection entirely would accelerate the de-watering process 
and result in quicker oil production recovery. Consequently, 
the injection wells were idled in February, 1980, while all 
producers remained on production. Figures 3 and 4 show the 
production history of the total pilot and the central pro­
ducer, WH 205. In addition, the displacement steam i njec­
tion history and the cummulative pilot steam-oil ratio are 
shown in Figure 5. 
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PERFORMANCE ANALYSIS 

The current pilot de-watering strategy has been largely 
successful. Gross fluid production for the pilo t has decreased 
from a peak of 4,630 BFPD in January , 1980, to 1 , 115 BFPD in 
March , 1981. Pilot oil production simultaneousJ.y incre~sed 
from 113 BOPD in January, 1980, to a peak of 321 BOPD in 
November , 1980 . Pilot oil production declined from this 
peak, dropping to 163 BOPD by March , 1981 . 

The recent decline in oil production was anticipated 
and is taken as evidence that the pilot has been substarltially 
de-watered. Further declines in oil production are expected 
until displacement ste~m injection is resumed . However, 
before returning the Filot to injection , we plan to solve 
the previously cited pr~blem of poor sandface steam quality . 
This will require ~he installation of insulated tubing strings 
in the injection wells. 

A study to determine the optimum thermally , mechanically , 
and economically acceptable insulated tubing string was 
initiated. The study has thus far concluded that prestressed 
concentric tubing with an insulated annulus will best meet 
the requirements. The final stages of design work and consul­
tations with potential fabricators are presently underway . 
If there are no delays in obtaining the required materials , 
fabrication of the insulated tubing should be completed in 
July, 1981 . Installation, testing , and the resumption of 
displacement steam injection should follow in August. A 
detailed description of the insulated tUbing will be made 
available when initial fabrication problen\s are resolved and 
a final design d~termined. 

It was decided to conduct a production test on a pilot 
injector while awaiting the fabrication of the insulated 
tubing . WH 826 was placed on production in April , 1981 . 
Preliminary production results from the injector show an 
average gross fluid production of 400 BFPD and oil produc­
tion of 50 BOPD. The relatively low initial gross produc ­
tion from the injector confirms that de-watering effo · ~ts 
have been successful. The immediate and fairly substantial 
oil production tends to confirm the severity of channeling 
problems and the absence of any piston-like displacement 
in the steamflood pilot . This , however, is not unexpected 
as the current understanding of the steamflood recovery 
mechanism is one of heat conduction from steam channels to 
surrounding reservoir rock with sub3equent oil viscosity 
reduction and mobilization . Barring unforeseen difficulties, 
WH 826 will remain on production until insulated tubing is 
available to resume injection. 
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STACK GAS S02 SCRUBBER 

Getty Oil Company successfully tested a stRck gas scrubber 
for the removal of sulfur dioxide from emissions resulting from 
burning high sulfur crude oil as steam generator fuel. Many 
problems were encountered with the original scrubber design 
necessitating several modifications to the scrubber. These 
problems and modifications are discussed in the Third Progress 1 
Report - Williams Holding Lease Steamflood Demonstration Project. 
The modified scrubber passed EPA emissions testing in March , 1979. 
However, in August , 1979, the Santa Barbara County APCD notified 
GL~ty that no operating permits would be issued unless con­
tinuous S02 monitoring of the stack gas was applied. This was 
not feasible, so it was neg-otiated that a permit would be 
issued if the scrubber liquor pH was continuously monitored 
and a one-week compliance test was performed quarterly. Sub­
sequent quarterly compliance tests showed that S02 emissions 
were considerably lower than allowable maximums. 

The Santa Barbara County APCD advised Getty that prior to 
the permitting of additional scrubbers, particulate emission 
data would be required. In December, 1980, tests were conducted 
firing high sulfur lease crude. Both the generator and S02 
scrubber were monitored to determine inlet particulate loading 
to the scrubber and the particulate removal efficiency of the 
scrubber. The test data, submitted to th~ APCD, showed an 
average 56% particulate removal by the scrubber. The APCD, 
however, advised Getty that new scrubber permits would not be 
issued based on the particulate test data. The APeD will 
require that new scrubbers additionally remove 81 % of particu­
late emissions. Getty is presently consulting wjth various 
manufacturers to determine equipment capable of meeting the new 
requirements. 

ECONOHICS 

Economic evaluations of pilot projects are inherently 
difficult due to the very nature of pilot operations. The 
pilot project is essentially an information gathering pro­
cess involving much trial and error and thus costs are often 
difficult to extrapolate to field-wide operations . Ideally, 
the incremental cost of each incremental barrel of oil 
produced would be identified. However, in the Williams 
Holding Pilot, there is no accurate method of estimating 
incremental oil production due to steamflooding, although 
incremental costs of steamflooding could be reasonably 
estimated. For ease of interpretation, economics were 
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evaluated by estimating cumulative costs in 1981 dollars 
per barrel of oil produced since the project contract 
inception date of July 25, 1976. Non-fuel operating 
costs were inflated to 1981 dollars using the Consumer 
Price Index while fuel costs were estimated using a 
March, 1981,net cost of lease crude burned. The average 
non-fuel operating cost per barrel of oil produced in 
1981 dollars is $10.50/Bbl. while fuel costs have averaged 
$8.00/Bbl. (total average cost of $18.50/Bbl). It is 
expected that with full-scale steamflood development, 
improved oil recovery, and the operating knowledge gained 
from this pilo~, operating costs in any future steam 
displacement projects would be significantly lower. 

FUTURE PLANS 

Future Jperating plans arF to continue producing from 
the pilot area until insulated tubing is installed in the 
pilot injectors. The production test of the pilot injector 
WH 826 should also continue until the insulated tubing is 
available, further de-watering the pilot area. Resumption 
of injection is presently anticipated in August, 1981, at a 
lower rate of 1,200 BSPC. Thus, with insulated tubing dnd a 
lower injection rate, adequate heat will be delivered to the 
formation without aggravating the previous overinjection 
problem as discussed in the General Project Description 
and History Section of this paper. 

1 
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THE "200" SAND STEAt>1FLOOD DEMONSTRATION PROJECT 

By 

Willie o. Alford 

SANTA FE ENERGY COMPANY - CHANSLOR DIVISION 
10737 Shoemaker Avenue 

Santa Fe Springs, California 90670 

ABSTRACT 

Steamflooding generally has been conducted in Midway-Sunset Field 
Field r~servoirs which have responded favorably to cyclic s ·team stimulation 
in order to increase recovery and accelerate cyclic production . N~~erous 

~eavy oil pools in this field as well as other fields have not been adequately 
developed because of poor cyclic steam performanc e . The Demonstration Project 
was initiated in the "200" Sand Pool to demonstrate the operational , recovery, 
and economic aspects of steamflooding a typical heavy oil reservoir which had 
unfavorable response to cyclic stimulation. 'fhis pool, designated the "200" 
Sand, contains approximately 50 million barrels of oil-in-place in a structure 
that lies between 400 and 700 feet in depth . The reservoir produced very little 
primary oil production and responded poorly to cyclic steam stimulation . 

The project is being conducted in two major phases . The first phase 
was a pilot test consisting of four (4) 2.35 acre inverted seven-spot steam 
drive patterns, which were not fully developed with producers (Figure 2) . As 
a result of the response shown by the p ilot, in April, 1980, the s e cond phase 
was initiated by beginning work to e xpand the pi lot area to a total of fourteen 
(14) fully developed 2.35 acre inverted seven-spot patterns (Figure 2). Expan-
sion to a full-scale steamflood test consisted of drilling and completing 30 
producing wells and 10 steam injecticn wells. 

HISTORY OF PROJECT 

The "200" Sand Steamflood Demonstration Project , a jointly funded 
venture between Santa Fe Energy Company - Chanslor Division (formerly 
Chanslor-Western Oil and Development Company) and the United States Department 
of Ener97 (DOE), is testing an enhanced steamf100ding technique in the Midway­
Sunset Fi.,ld, Kern County , California. The project was initiated in July, 1975, 
by Santa ye Energy Company - Chanslor Division (SFE) and was followed by the 
DOE Cost-Sharing Contract which commenced on June 16, 1976, and will expire on 
June 30 , 1983. 'I'he total cost of the work to be performed under the contract is 
estimated to be $8,247,266. Of this estimated amount, the Government will fund 
a maximum amount of $1,700 , 000 (21 %). 

INTRODUCTION 

The "200 " Sand St fl d D eam 00 emons tration Project, a jointly funded 
ve~ture between Santa F'e Energy Company - Chans lor Division (SFE) and the 
Unlted States Department of Energy (DOE), is testing an enhanced steamfl d' 
t h ' , h ' d 00 109 
ec , lllque ln , t , e, M1 wa~-Sunset Field , Kern County , California (Figure 1). The 

proJ~ct was 1nltlated 1n July, 1975, by Santa Fe Energy Company - Chanslor 

Prepared for the Department of Energy , under Contract No. DE-AC03-79ET12059 
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Division (SFE) and was followed by the DOE Cost-Sharing Contract which 
commenceu on June 16, 1976 . Estimated time required for the field trial 
is seven years . 

The Midway-Sunset i:'ield reservoirs may be generalized as having 
high oil v~scosity, low 1eservoir pressure , shallow depth and high oil 
saturation, which are all favorable for thermal recovery techniques. How-
ever, steamflooding on Santa Fe Energy Company properties has been cOllduc e d 
only in reservoirs which have responded favorably to cyclic steam stimulation . 
The "200" Sand Reservoir was selected because of its poor response to cyclic 
steam st-;.:":".41ation . This pool produced virtually no primary oil production and 
respo~~ed poorly to cyclic steam stimulation. with the cyclic method, which 
is the principal thermal recovery technique used to produce the tar-like crude 
in this area, estimated ultimate oil recovery was virtually zero percent because 
of its ineffectiveness and unfavorable economics . 

Pilots utilizing continl~ous steam have been monitored and evaluated 
in other parts of the field . Based on its predicted and actual performance in 
other heavy oil reservoirs, steamflooding is considered the most promising 
thermal recovery technique for this property. However, the high capital and 
operating costs of steamflooding made a pilot desirable to evaJuate the process 
in this pool. Therefore, this project was initiated to demonstrate the opera­
tional, recovery, and economic aspects of steamflooding a typical heavy oil 
reservoir which had unfavorable response to cyclic steam stimulation. 

PROJECT DESCRIPTION 

Reservoir and Geological Data 

The reservoir is located in Section 17, T32S, R23E, Midway­
Sunset Field, Kern County, California. The Spellacy formation, desigp.ated 
the "200" Sand of Upper Miocene Age, contains approximately 50 million 
barrels of oil-in-pl ace. The crude oil is very viscous with ambient 
viscosities in the range of 6500 centipoise . However, the oil viscosity 
reduces rapidly with elevated temperatures. Figure 3 shows as the tempera­
ture increases from 90°F (resecvoir temp.) to approximately 200°F , the 
12° API oil has an approximately 110-fold reduction in viscosity. With the 
same increased temperature, the oil-water viscosity ratio has a 35-fold 
reduction and an 18-fold mobility ratio reduction at original saturations . 

The reservoir pressure in the "200" pool is very low, in the range 
of 20-60 psi. This pressure range does not provide suf~icient energy for a 
producing mechanism. Most of the project area is located on top of a 
monoclinal structure where dips range from 5 to 15 d e grees. With the low dips, 
gravity drainage does not provide an e ffective mechanism to obtain economical 
production rates and effectively deplete the reservoir. Herein lies the 
necessity of steamflooding, to not only reduce the oil viscosity, but also 
increase the displacement process , so the crude can flow to the wellbore . 

Based on previous well data, and most recent drilling and coring 
data, the "200" Sand is a series of submarine fan-channels with the source 
area to the northwest of the project area . Tre reservoir consists of inter­
bedded sands, conglomerates, silts and diatomite. Figure 4 is a south-north 
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cross-section map of the project. Contra~J to initial analysis, these lower 
permeability layers of silts , diatomite or conglomerate , do not have continuity 
over long distances to allow the reservoir to be broken into discrete sand units . 
Howe ver , there are enough lower permeability layers so that lateral transmissibi­
lity is better than vertical transmissibility. Detailed correlation studies will 
be required to make ~ure all sand units are swept by the stearn drive. 

The sand is fine 
coarse grains and pebbles . 
with the grains being held 

to medium grained, with scattered coarse 
Usually the sand is clean an~ extremely 

together by the heavy visco, ' j ( rude . 

to very 
friable 

The average petrophysical properties for all productive sands are 
2 . 250 millidarcies permeability , 30 percent porosity, and an oil saturation 
before steamflooding of 59 percent , equivalent to an average oil content of 
1 , 373 barrels per acre foot . Table 1 has a summary of reservoir data obtained 
from the pilot wells and surrounding core holes in Section 17, T32S , R23E . 

Well Completions 

The pilot injection wells are cOJTlpleted with 5-1/2" 0 . 0 . casing 
strings cemented in 8-3/4" holes at total depth . To maintain good stearn 
injection profiles , the stearn drive interval was restricted to approximately 
the bottom 50 feet of the reservoir with selectively jet perforated 1/2 " holes 
every 2 feet . 

The expansion's injection wells have the same casing completions as 
the pilot ' s injection wells . However, to better control stearn override , the 
bottom 20 feet was jet perforated with 1/2" holes every 2 feet. 

~~o types of producin~ well completions were used in the pilot area . 
All , except on~ , of the producing wells are completed with 7" 0.0. casing 
cemented from surface to top of producing sand, and 5-1/2" 0.0 . liner 60 mesh , 
2" slots, run from 9 feet above the 7" casing shoe to 2 feet off bottom . The 
liner is gravel flow packed with 6 X 9 gravel in a 9-7/8" hole. Producing 
conditions in unconsolidated sands generally require that producing wells be 
completed with sand control liners. 

One producing well had a limited perforated cased-through completic~ . 

The well was completed with 7" cemented casing, jet perforated with four, 1/2" 
holes per foot . From the initial geologic study, the zone barrie rs were 
believed to be laterally continuous . Therefore, producing Well 255 was 
completed with a jet perforated cased-through completion to determine if 
stearn injection could be confined to the drive interval by restricting 
production in a producer only to the steam drive interval . Since additional 
information indicates the silt interbeds are not laterally continuous, 
which prevent vertical flow between zones, this type of completion WdS 

terminated. 

With the stearn overriding almost as soon as it leaves the 
injector , it was more advantageous to complete the expansions producing wells 
with 5-1/2" 0.0 . slotted liners open across the entire producing sand. 
Since the stearn could not be confined to the 50' drive interval, Well 

255 was reperforated over the entire sand and evaluation is being made 
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on the production and sanding problem under those conditions. The 
limited perforations did very well in controlling the sand production 

since it was put on p r oduction in 1975. 

Project Facilities 

~lO 20-million Btu/Hr. steam generators were used in the pilot 
area, and the site for the generators was within the pilot area . The 
units provided approximately 1 , 800 B/D steam to the four injectors . 

The pilot expansion will require an additional 5 , 500 B/D 
steam for 18 months, then the demand will be reduced to approximately 
3 , 800 B/D steam . To make up the additional steam requirement , two new 
50-million Btu/Hr. generators were installed . Each generator is capable 
of p roducing about 2 , 800 B/D steam . When the steam demand is reduced , 
at least one of the 20-million Btu/Hr. generators will be used elsewhere . 
The qenerators will be grouped together in the NW/4 of Section 17, T32S, 
R23E, as part of a central steam plant for this area. 

Since the concentrations of sulphur dioxide by law cannot 
increase in t~e g eneral area , 95% efficient S02 scrubber sys tems that 
can scrub two, 50-million Btu/Hr . and one, 20- million Btu/Hr. steam 
gener ators will be installe d. The law requires that one of the two 
existing 20 ' s be scrubbed. To make operation easier , each generator 
will have its own scrubbing system. The non-regenerative sulphur 
dioxide removal system can use aqueous solutions of sodium carbonate, 
sodium hydroxide or sodium s ulfite as the scrubbing agent . At this time 
sodium hydroxide will be the chemical used . The disposal material will 
consist of soditun sulfite , sodium bisulfite and sodium carbonate . 
Design of t he system will allow for expansion to acc0mmodate more steam 

generators. 

The project is supplied with fresh water from the West Kern 
Water District. Water with total dissolved solids of 246 parts per 
million (ppm) is treated at Santa Fe Energy ' s South Midway soft water 
plant located on Section 8, T32S, R23E , approximately 1-1/2 miles north­
east of the project . This plant is capable of handling approximately 
20 , 000 barrels of water per day . The water system services numerous oil 
p roduction areas and has operated with only minor problems . The system 
allows the steam generators to be operated without any appreciable 

scaling problem . 

With the additional steam requirement from the expansion, one 
new water softener that can handle about 5 , 500 barrels of water per day 
was installed . West Kern Water District will supply adequate water to 

be treated and used in the project . 

The treating p lant, located 1-3/4 miles northeast of the 
project on Section 9 , T32S, R23E, has operated with minor p roblems 
throughout the project life. However, treating the fluid production is 
a major problem because an estimated 90% or greater of all Midway heavy 
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oil is produced as an emulsion . Between 5 and 10 percent of the oil is 
rejected and has to be pumped back through the treating system with 
emulsion breaking chemicals. 

The pilot production and a significant amount of other SFE's 
production co~es from the field to the treating plant, which was operating 
near maximum capacity. A heater treater and free water knockout have been 
installed and can handle 5,000 BFPD and 7,000 BWPD, respectively. This will 
accommodate an expected production increase of 1,100 B/D oil and 2,500 B/D 
water from the expansion project. 

PROJECT PERFO~~CE 

Steam Injection 

Continuous injection was initiated in October, 1975. As of July 1, 
1~80, 2.09 million barrels of steam had been injected into the four injection 
:lls at an average sand face injection temperature and quality of 350°F. and 

12%, respectively. Steam at the generator outlets is 420°F. with 80% quality. 
The total project injection is shown in Figure 5. 

In September, 1979, one of the two 20-million Btu/Hr. steam genera­
tors in the pilot was shut down. Since the operational, recovery, and economic 
performance had been determi:-,ed, it was more advantageous to discontinue with 
the high injection rates that a:lows valuable BTU's to flow from the small pilot 
area. In June, 1980, the second steam generator was shut down and all steam 
injection will be suspended until May, 1980. The generators have been relocated 
at the South Midway centralized steam plant. Construction of the plant in the 
NW/4 of Section 17, T32S, R23E, is completed, and it will be able to accommodate 
expansion of the pilot area and other companies' projects as well. 

Santa Fe Energy will resume steam injection during May, 1981, with 
a majority of the steam capacity going to stimulating the producers. It will 
take approximately two months to complete cyclic steaming the producers. Once 
that is achieved, all the steam will be going into the fourteen (14) injection 
wells at an average rate of 500 B/D per well. A smooth running steam plant is not 
expected for several months because, as with any new system, there will be minor 
system adjustments which will need to be worked out. This new steam plant 
will enable Santa Fe Energy to service the project in a more efficient manner. 

During the period of suspended injection, temperature surveys ran 
in production and observation wells indicated that the average reservoir temp­
erature have declined from approximately 200°F. to l40oF. After resumption of 
steam injection the heated pilot area will be re-e stablished to its former 
extent in about six :nonths. 

Product~on 

Total pilot area production is shown in Figure 6. Over half of the 
producers have shown very good response from the drive. The highest oil pro­
duction r~te was in Well 254 and its peak production was 67 B/D oil in 
March, 1978. 
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Since injection was reduced in September , 1979 and suspended in 
June , 1980 , oil production from the pilot has shown a slight decline . Of 
course this was expected since a relatively flat formation doesn ' t allow for 
gravity drainage. Production also declined as a result of declining formation 
pressure after suspension of steam injection . With no surprises , several 
expansion producers have been on production due to heat that had flowed out­
side the small pilot area . The decline in the pilot is expect to continue 
until the new steam plant is completed and steam injection starts back up. 
Shortly after resumption of steam injection, the production rate will improve . 

'rhe discontinuous imrervious layers have complicated the problem 
in predicting the reservoir performance . Had the barriers separating the 
sands been competent and laterally continuous, controlling the flood front 
and gravity override would have been easier , thus making production pre­
diction less complicated. At the onset of the project , data from the small 
pilot area allowed us to believe that the reservoir was divided into separate 
zones by continuous barriers. However, additional drilling and coring have 
indicated the reservoir to contain many small discontinuous barriers . with 
these conditions, there is no known standard or proven method that can be 
used to describe and predict the oil recovery. Because of these factors, 
production rate and recovery are calculated from the empirical xelationship 
between ultimate tertiary oil recovery and ultimate steam injection require­
ments . 

Randomly distributed, discontinuous barriers will cause significant 
reduction in vertical transmissivity because of the tortuous path the fluid 
must follow. Yet while lateral transmissibility is better than vertical 
transmissibility, steam will eventually work around the discontinuous barriers 
and migrate upward to higher horizons . As the steam invades these regions, 
the oil will tend to flow vertically downward by gravity until it reaches the 
impervious rocks, whereto it will accumulate in a layer of high oil 3aturation. 
As the oil layer builds up above a barrier , it will begin lateral movement 
and move off the edge to lower regions. The driving force ~r lateral oil 
movement through the layer is the gravity head from the middle of the barrier 
where the oil layer is thicker. The oil layer will become thinner toward the 
edge of the barrier. Unfortunately, it is not known just how fast this oil 
will drain laterally and vertically from barrier to barrier after invasion 
from steam override. Since there is no conceptualization of the time involved, 
perforations are restricted in the expansion ' s injectors to the lower 20 feet 
of the sand. If recovery time becomes excessive , additional perforating will 
be considered. 

Estimated steamflood and cyclic recovery for the total demonstration 
area is 4.5 million barrels of oil for the 200 foot sand reservoir. If the 
" 200" Sand Steamflood Demonstration Project, which covers 32 . 9 acres , proves 
to be economically feasible, steamflooding can be expanded to the entire 
"200" Sand reservoir, which is approximately 250 acres and contains apprcxi­
mately 50 million barrels Qf oil-in-place. Likewise, methods and economics 
could be applied to other reservoirs in the Midway-Sunset Field as well as 
other fields with similar characteristics. 
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TABLE 1 

S'JMMARY OF RESERVOIR DATA 

DEPTH. FEET 
AREAL EXTENT. ACRES (EST.) 
Oil GRAVITY . • API 
RESERVOIR PRESSURE. PSI (EST ) 
RESERVOIR TEMPERATURE. of 
AVERAGE FORMATION DIP. DEGREES 
AVERAGE GROSS THICKNESS. FEET 
AVERAGE NET THICKNESS. FEET 
PERMEABIL ITY TO AIR. MD 
AVERAGE POROSITY PERCENT 
AVERAGE Oil SATuRATION. PERCENT 
AVERAGE Oil CONTENT. 8Bl/ACRE-FT. 
Oil VISCOSITY @ 90° F. CP 
Oil VISCOSITY @ 2'20 F. CP 
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SCALED PHYSICAL MODEL STUDIES OF THE STEAM DRIVE 
FOR THE RECOVERY OF CRUDE OIL 

r.~l.DI)SCHER, F. GHASSEMI, A.~D O. OMOREGIE 

DEPARTHENT OF PETROLEUH ENGINEERING 
UNIVERSITY OF SOUTHERN CALIFORNIA 

LOS ANGELES 90007 

1. ABSTRACT 

Work on the physical ;caled models of the steam drive have now 
continued into their third year. During the past year the work has neen 
extended to the study of reser~oir thickness, low viscosity fluids, the 
concurrent use of inert gas (nitrogen) and steam, and the equi~alence of 
a hIgh rate gas dri~e of low viscosity reservoir fluids to a steam drive 
of high viscosity fluids. 

The studies have shown that reser~oir thickness is not as critical 
a parameter in affecting the oil steam ratio as predicted by the results 
of analytical formulations which assume that the steam frontally 
displaces the reservoir fluids . Oil steam ratios in 26 foot sands are 
comparable to the oil steam ratios observed in 70 foot sands when gra-,'i­
ty override dominates the process. 

Low viscosity fluids are so much more efficiently displaced by 
steam (a smaller steam volume is r~quired per volume of fluid displaced) 
that even when displacing residual oil saturations, the resulting oil 
steam rati os are sufficiently high for the process to be considered 
economic given ancillary favorable parameters. 

The substitution of nitrogen for steam, concurrently or 
as sequential slugs, in a mature steac driv~ continues the production of 
oil wit h are suI tin gin c rea s e i nth e e f f e c t i v e 0 i 1 s tea m rat i 0 -0 f the 
process. 

Model experiments using low viscosity fluids and high rate nitrogen 
injection confirmed that the relationship of the controlling parameters, 
viz . , viscosity , permeability, etc. to displacement efficiency are 
virtually identical to those exhibited in the steam drive. 

HISTORY OF PROJECT 

The project was initiated October 1, 1979 and had a September 1980 
completiC'"'\ date. The government award was $52,263 . 

Prepared for DOE under Contract DE-AS03-76SFOOl13 
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II. INTRODUCTION 

Physical scaled model expriments on the steam drive have yielded 
information which appear to be in accord with the results of field 
operations, e.g., the occurrence of an optimum injection r£'te, and the 
dependence of the production rate on a fractional power of the oil 
viscosity at steaM temperature. Conventional < ~~lytical models of the 
steam drive do not predict such effects of these parameters. 

In the classic analytical derivation of the way in which a steam 
drive functions, attention is focussed on the development of a steam 
zone from which oil is assumed to be depleted to some naturally 
determined residual oil saturation. The fact is, however, that the 
pressure required to displace a viscous oil bank at an appreciable rate 
can rarely be developed in a real reservoi r. 

Reported field results have demonstrated that steam does not 
frontally displace heavy oil in a steam drive operation. Injected steam 
initially enters the formation through a depleted or wet interval, a 
fracture, or a fluidized interval. If thl! initial entry is not at the 
top of the oil section, then the steam will soon migrate to the tor if 
there is any significant vertical permeability at all. Depletion of the 
oil to a very low saturation occurs in the inerval through whi ch the 
st~am is flow i ng, and with time the depletion extends downwards. In t~e 
sCaled physical model stuclies, this vertical extens ion of the steam zone 
can be followed in some details. The production of oil occurs at an 
inerface which is continuously moving (downward ). This stratified flow 
of steam is of course not unexpected in view of its ve~r low density in 
comparison with the reservoir fluids. however , the unexpected result is 
that the steam , flowing over the oil column, is cal'able of decreasing 
oil saturation ~o extremely low values in a r~latively short ti~e period. 

The i~terfacial tension of oil against saturated steam has been 
verified to be little different from that of o~l against water, and 
therefore the only parameter to which the low residual can be attributed 
is the high velocity of the gas (steam vapor). It might be noted that 
the injection of 500 barrels per day of steam into a reservoir at an 
average pressure of 200 psi. is equivalent to the injection of 6 MM SCFD 
of an ideal gas (before condensation is considered). The resulting 
velocities on 2.5 to 6 acre sPacing when less than half the reservoir is 
depleted are very high: of the order of 100 feet per day through a 25 
foot depleted zone. Of course, a significant fraction of the injected 
steam condenses, but offsetting this somewhat is the fact that the 
production pressures are usually less than the average reservoir 
pressure and therefore the uncondensed steam has the opportunity of 
expanding and increasing its linear velocity through ttoe reservoir. 

Gi·ven that the foregoing description of the steam drive is valid, 
then there is no reason to anticipate a signfi~ant effect of rescivoir 
thickness on t he pro cess . The stea~ flowing through the reservoir, 
across the top of the oil column, sweeping or dragging a thin lay er of 
heated oil along with it, does not interact with th e base of the oil 
column for some time. 
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The earlier work with the physical models has also indicated a 
pronounced influence of the viscosity of the oil at steam temperature on 
the rate at which oil is displaced; the rate appearing to increase with 
the square root of the inverse of the oi 1 viscosity at steam tempera­
ture. This result suggested that with low viscosity oils (with a viscos­
ity at steam temperature of the order of that of water), the rate of 
displacement of both the oil and water tn a watered out reservoir would 
be so great that a favorable oil steam ratio might be obtained despite 
the low saturation of the residual oil. 

After significant depletion of l he rGservoir has occurred, the 
interval available for the flow of steam is quite large, and much of the 
ste m merely circulates throu~h the reservoir. A decrease in the rate 
of stea~ injection at that time would result in a greater utilization of 
the latent heat of the injected steam, but the decreas~ in the resulting 
sas velocity would decrease the rate at which oil could be displaced 
from the reservoir. Thus, there is an ortimum rate of injection which 
will be a function of the amount of depletion that has already occurred 
and several of the fundamental parameters controlling the process. 
Substituting an inert gas for some of t he steam in a mature steam drive 
should therefore be expected to ma i ntain the production rate, and 
increase the oil steam ratio of the p rocess. (Whether or not this would 
re~ult in au economic gain will ul t imately depend upon the relative 
costs of inert gas in comparison to steam.) 

Finally, since so mu~h of the steam drive process apears to be 
dependent upon the ability or the steam vapor to displac.e the hot oil 
(heated at the interface between the oil column and the steam zone), it 
appeared that a high rate gas drive in a reservoir sat;Jrated with low 
viscosity fluids, should s l ,., -; much of the same production characteris­
tics of a steam drive in a heavy oil reservoir. 

The work conducted during the past year on this project were 
intended to validate the preceding hypotheses which had ~een developed 
based on the scaled physical model studies conducted in prior years. 

III. THE FFFECT OF RESERVOIR THICKNESS 

Figure 1 shows the results obtained for a 26 foot protot y pe at 
three different steam injectiion rates. A comparison of this data with 
the results obtained earlier for the 70 foot prototype, Figure 2, 
indicates that the optimum steam injection rate is in the same range for 
both mode ls; it is not dependent on the thickness of the formation. 
Figure 3 ccmpares the performance of the optimum steam injection rate in 
the two models. (The initial, quite pronounced difierence in the two 
runs is due to I-t e fact that in the 1 ater work with the thinner reser­
voir the initial few hundreths of a pore volume of oil that was produced 
was not attribl' ted to the steam drive.) Earlier conclusions based on 
field observatio"1s to the effect that the optimum rate is a function of 
the acre feet in the pattern area was probably due to the fact that all 
pa~terns had the same thickness. 
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The st~am quality used in the 70 foot prototype runs averaged 45% 
whereas t!"le steam quality for the 26 foot runs averaged 65%. Calcula­
tions baeed on frontal drive theory indicate the oil steam ratio in the 
first five years should be about 35% higher for the thick reservoir. 
Discounting the effect of quality, the results for for the two 
reservoirs would be virtually identical. 

IV. EFFECT JF FLUID VISCOSITY 

Figure 4 shows the results for the 26 foot thi ck prototype 
reservoir when the prototype reservoir fluid has a viscosity at steam 
temperature of 0.4 cp., slightly greater than water would have at the 
same temperature. A comparison of this production history with that of 
the mor~ viscous reservoir fluid quickly shows that displacement of the 
low viscosity fluid by steam resuls in a much higher oil steam ratio. 

Figure 5 shows the oil steam ratio as a function of viscosity of 
the oil at steam temperature. The data points for the three highest 
viscosity fluids were obtained in he earlier studies in a 70 foot model, 
and the data point for the lowest viscosity fluid is the one described 
in this study adjusted downwards because of the higher quality of steam 
that was used. It is apparent that for the same oil ~aturation , the oil 
steam ratio continues to increase as the viscosity of the reservoir 
fluid decreases. 

A comparison of the steam (and therefore temperature) distribution 
in the reservoir for the displacement of a viscous fluid and one with a 
low viscosity is quite informative. Figures 6 and 7 show the temperature 
distribution for the displacement of the heavy oil and the mobile oil, 
respectively, aftet the injection of one half a pore volume of steam, 
and Figur~s 8 and 9 portray the distribution after the injection of 1.5 
pore volumes of steam. The override of steam in the case of heavy oil 
displacement is very pronounced, and becomes somewhat attenuated in the 
case of the mobile oil. At a still lower -viscosity of reservoir fluid, a 
piston like displacement by steam would be anti~ipated. 

v. STEAM DRI\'E OF A RESIDUAL OIL SATliRATl)~ 

The relationship of the oil steam ratio to oil viscosity, Figure 5, 
indicates that a steam drive in a reservoir having a 33 % porosity and 
saturated with water will produce the latter at a reservoir water/steam 
injected ratio of 0.7 after the injection of one pore volume of steam. 
Even higher, if the quali ty of the injected steam at the sand face is 
above 65% and the pressure is less than the prototype 200 psi. used in 

the experiment. 

If the reservoir is no~ 100% saturated with water, but contains a 
residual, low viscosity crude oil which is displaced more or less in 
proportion to its saturation with the reservoir; tlen the resulting 
oil/steam ratio would be anticipated to be (0.7sor ·)· 
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For a residual saturation of 0.25, or greater, the resulting oil 
steam ratio would be 0.18, or greater, as high or higher than the oil 
steam ratios experi(::."1ced in the steam drive of heavy oils. The results 
of a model experiment with a residual oil saturation of 44% (unfortunate 
1y, the construction of the model did not permit the application of a 
sufficiently high pressure gradient to reduce the oil saturation to a 
true residual value) are shown in Figure 10. It is apparent that the 
hypothesis t~at the mobile oil is produced as efficient ly as water is 
confirmed by the results of the portrayed experiment. Fi gure 11 shows 
that approximately 65% of the residual oil is produced at an oil/steam 
ratio of 0.28 after the injection of one pore volume of steam. 

It is important to note that reaching such high oil steam ratios 
is dependent both on a suitably high steam injection rate and a 
suffici~nt1y high porosity. Further, the mere fact that a high oil 
stea~ ratio is realized is not sufficient to indicate that an economic 
steam drive operation is feasible. Certainly, an economic operation 
would be at hand if no ad ~ itiona1 well drilling costs were to be 
ecountered in implement i ng the drive; howe ver if many new wells had to 
be drilled in relatively thin sands (resulting in a high capital cost 
per recovered barrel) to carry out the operation, the advan~ages of the 
high oil/steam ratio might be overcome by the high investmp.lt costs. 

VI. UF ECT OF CO-I NJECT[QN OF :-lITROGE~1 A:-iD STE A..'1 

Figure 12 compares the perf o rman ce of the steam drive of a viscous 
oil with that in two virtually identical res e r voi r situations in which 
the injection of steam and nitr oge n was substituted for the injec tion of 
steam alone after one pore vo lume of s team had already been injected. In 
Run 36 steam and nitrogen we re simultaneously injected and in Run 37 
slugs of nitrogen are a1ternat e6 with ste~m. 

Comparing the results of Runs 36 and 37 with the control Run 38, it 
is apparent that oil production i s being maintained even tt ough the 
steam injecton is curtailed as a result of the ancillary effect of the 
injected inert ga s. These results clearly show that in a steam drive 
operation the steam is playing a multiple role; one of heating the oil 
by the liberation of latent heat, and a second role of displacing the 
heated oil. The latter role can b e taken over by an inert gas as shown 
by the results of the experiments. 

At this time, it is not clear that there would be a marked economic 
gain in the substitution of an inert gas for some of the steam in a 
mature steam drive becau s e of the unit cost of compressed, inert gas. 
However, this is not likel y to be true in large installations at this 
time and may not be true at gIl in the future as the cost of energy 
continues to escalate. There is a far larger component of energy costs 
in the unit cost of steam than there is in the unit cost of an inert 
gas. 

VII. HIGH RAT E INJECTION OF NITROGE. 
INTO RESERVOIR S WITH LOW VI SCOSITY OIL 

The hypothesized equi valence of t he steam drive process t o a gas 
drive was furt h er explor e d in s caled physical mo de ls by conducting 
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expriments ~n models saturated wLth a range of low to moderate viscosity 
fluids and injecting nitrogen at san~ face velocities equivalent to 
those calulated for typical steam injection operations. The oil viscosi­
ties ranged from 1 cpo to 550 cps. 

Figures 13 and 14 show the development of an over ride zone for the 
lowest viscosity fluids, 1 cpo and 15 cps., and the highest viscosity 
fluids, 140 and 550 cps. The numbers on the curves represent equal time 
intervals, and it is apparent that the displacement or crude by a gas 
drive is a function of oil viscosity. This is furthe~ borne out by 
Figure 15 in wh ich the data has been replotted to show the relationship 
of recovery to injection time or volume. 

Finally, in Figure 16 the production rate in these experiments is 
shown as a function of oil viscosity at different stages of depletion. 
The production rate decreases with degree of depletion as expected and 
in agreement with observations made in steam drive operations. Further, 
a calculation of the slopes of these curves, which reveal the dependence 
of the production rate on viscosity of the oil at any specified degree 
of production, shows that at low viscosities the ratc of production is a 
linear function of the inverse of the oil v iscosity. As the fluid 
vis('osity increases, the production rate becomes dependent on a 
fractional power of the inverse of the viscosity; eventually approaching 
a fractional power of apFroximately 0.4. This compares very favorably 
with the 0.5 power observed for the range of crude oils used in the 
steam drive studies. 

VIII. CONCLUSIONS 

The continued study of the steam drive in scaled physical models 
has led to the following conclusions: 

1. Thin reservoirs, in which steam communication between injector 
and producer can be secured early, will produce oi l at oil steam ratios 
comparable to or greater than those ratios exp e rienced in thicker 
reservoirs. 

2. The residual oil in high porosity, water-flooded reser~oirs) can 
be produced by steam drive at economic oil/stearn ratios if high quality 
steam can be injected at high rates and moderate or low pressure. 

3. An inert gas can be substituted for a significant fraction of 
the injected steam in a mature steam flood to maintain the production of 
oil and realize a higher oil/steam ratio. The economic advantage of 
such a substitution will become more signficant as the value of the 
crude oil itself increases. 

4. High rate injection of an inert gas into a reservoir containing 
a low viscosity fluid will result in a production performance 
qualitatively similar to that of a steam drive into a heavy oil 
reservoir. The economic applicabili ty of this sche!De has not yet been 
evaluated but there is promise that such a scheme may have significant 
application. 

5. A simple conceptual model for the steam deive progess which 
cOClprises the overlay of steam, the heating of the oil at tile resulting 
oil steam interface, and the displacement of the heated oil by the gas 
drive accounts for virtually all of the observations made on steam drive 
operations in the field and in the laboratory scaled physical models. 
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FIGURE 6. TEMPERATURE DISTRIBUTION FOR THE HEAVY Oil AFTER 
0.51 P. V.'s OF STEAM INJECTED 
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FIGURE 7. TEMPERATURE DISTRIBUTION FOR THE LIGHT OIL AFTER 
0 .5 P. V.'s OF STEAM INJECTED 
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FIGURE 8. TE MPERATURE DISTRIBUTION FOR THE HEAVY OIL AFT ER 
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FIGURE 9. TEMPERATURE DISTRIBUTION FOR THE LIGHT Oi l AFTER 
1.5 P. V.' s OF STEAM INJECTED 
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COMPUTATION OF TRACER PRODUC ION CURVES 
FOR VARIOUS FLOODING PATTERNS 

by 

Maghsood Abbaszadeh-Dehghani and \o,'illiam E. Brigham 
Stanford University Petroleum Research Institute (SUPRI) 

ABSTRACT 

The flow of a tracer slug in several homogeneous systems has been 
studied. The systems considered were the developed 5-spot, and both the 
staggered line drive and the direct line drive with various dla ratios. 
In each system, the longitudinal mixing of the tracer slug in a general 
streamtube of the system was dealt with rigorously. A line integral 
along a streamline was derived, representing the length of the mixed zone. 
It Io'as deterlJ ined that substitution of the line integral into the mixing 
equation yields an expression for the concentration of tracer at any 
location within a streamtube. Furthermore, these expressions, integrated 
over the entire streamlines of the patterns, produce a set of equations 
describing the pattern effluent tracer concentration. This study shows 
that the effluent tracer concentration depends upon the geometry, size, 
and dispersion constant of the system. 

HISTORY OF PROJECT 

This report contributes to one of the five objectives of Contract 
DE-AC03-76ET12056 which was initiated in September 1976. 

INTRODUCTION 

Description of res e rvoir heterogeneity is of prime importance in 
recovery method s . In any fluid injection operation, the high perm eabilit y 
streaks and channels retain a considerable amount of the injected fluid. 
hence reducing the efficiency of the flooding and greatly increasing the 
cost of operation. Therefore, detection of highly permeable zones would 
be very helpful in understanding and increasing the efficiency of 
injection projects. 

Injection of a tracer slug into a formation and subsequent analysis 
of the tracer concentration porfiles from output wells can furnish useful 
information about reservoir layering. Often, these tracer profiles are 
a combination of tracer responses f rom several of the layers which 
constitute the formation. Therefore, to analyze any of these tracer 
profiles, it is necessary to solve the inverbe problem. To accomplis h 
this, the tracer production curves must be deconvolved into several 
individual responses, each corresponding to a single layer. The 
constructed layer responses make 1.t possible to compute the permeability, 
porosity and thickness of each layer (more preCisely, kh and ~h) (1). 

The deconvolution process requires a precise knowledge of tracer flow 
behavior in homogeneous systems. In the past, several people have attempted 
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to compute the tracer production curves for homogeneous systems 
theoretically. For example, Brigham and Smith (2) derived mathematical 
equations for the tracer concentration at the productio'l ¥-'ell of a 5-spot 
pattern. They dealt with the mixing phenomenon of the tracer mathematically. 
Unfortunately they made several simplifying assumptions which did not 
take into consideration the convergent effect of the flo~ on mL~ing. Th1s 
detracted from the accuracy of their results. 

Baldwin(3) divided one-eighth of the 5-spot pattern into 50 convergent­
divergent triangular pas~ages approximating the streamtubes of toe pattern. 
He used the mixing equation in a radial system for each of the passages 
and computed the tracer concentrations. He utilized a trail and error 
method to fit the breakthrough curve of the 5-spot pattern as well as the 
tracer production curves obtained experimentally. This method is too 
combersome for regular use. 

In this study, analytic equations were developed f0r the tracer 
concentration at the output well of not only a 5-spot pat~~rn, but also 
of several other common flooding patterns. The equations are exact and, 
hence, the concentrations computed from them are precise. 

DISCUSSION AND RESULTS 

In a misd.ble displacement of one fluid by another fluid, the 
concentration of each fluid is a function of position. This is due to 
the mixing orcurring between the two fluids. In the absence of viscous 
fingering, the equation defining mixing in a linear miscible displacement 
is (4,5): 

where 

c 
c 

o 
~ erfc ( (:I.-a) 

2Kt + 2& (I-b) 

Equation I-a still applies for a radial system (4,6); however, for this 
flow system, the equation for a is: 

= Kt + 2a , 
3 

(2) 

Equation l-a is valid for a system of any shape as long as a proper a i~ 
defined for that shape. The following general equation has been derived 
to define a: 
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(See Appendix A for the derivation . ) 

ds 
2 v(s) 

Consider a flooding pattern, e.g . , the staggered line derived in 

(3) 

Fig . 1 . Suppose that a tracer slug is injected into this pattern, followed 
by a certain amount of displacing fluid which has the same mobility as the 
fluid ahead of the slug. The tracer slug will be distributed among the 
streamtubes. In a general streamtube, mixing will occur at both the 
l r 3ding edge and the tra.iling edge of the slug. The concentration of tracer 
at any location is the difference between two terms, each ~iven by 
Eq. I-a. This is: 

c - = c 
o 

See Fig. 1 for notations . 

(4) 

If the tracer slug size is small compared to the size of the system, 
Eq. 4 will take a differential form, 

c 
c 

o 

w 
exp [-

- 2] (s - s) 

202 
(5) 

In this equation, 0 is given by Eq. 3. However, it is more convenient to 
express the above equation in volumetric terms rather thap- distances, by 
using the following two relation( ips: 

s - s = 

w 

~ 
qh 

v 

(V - V) 

t 
q r 

Substitution of Eq. 6 in Eq. 5 results in: 

c 
c 

o 

t 
r 

2q / mx.I 
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where: 

I 
ds 

2 
v(s) 

(7-b) 

Equation 7 defines the tracer concentration at any location within the 
streamtube. For example. for tracer concentration at the production well. 
the V term will be replaced by the total volume of the streamtube. These 
streamtube volumes can be replaced by pattern volumes using the expressions 
below. 

V = 

V = 

.9.. V 
Q p 

(8-a) 

(8-b) 

The flow is radial around the wel1bore. thus Q = 2TIAh. The pattern volumes 
in Eq. 8 are expressed in terms of pattern pore volumes. 

V (9-a) 

V 
da 
TIl. VpBD (9-b) 

In the early phase of this study. analytic expressions were derived 
fOJ: VpBD for different patterns and were correlated (7). These expressions 
were defined in terms of various elliptic integrals. 

By substituting Eq. 9 into Eq. 7 and noting that t /q 
following expression is obtained: r 

T /Q • the 
r 

where. 

c 
c 

o 

Ii< K' ~ F 'J a r 

F 
r 

T 
r 

K K,2 ~ (V
PBD 

- V
pD

)2 

TI2y 

21j>shda 
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The derivation of exp~essions for Y from Eq. 3 is illustrated in 
Appendix B. The abcve equation is the final expression that gives the 
tracer concentration at the exit end of an individual streamtube as a 
function of the volume injected into the pattern. 

The output tracer concentration from the production well of the 
pattern is the sum of the concentrations from all the streamtubes. At 
the limit this is an integral given by: 

c 

7T r -- c: 
C 

0 

.£ill 
q c 

0 

g 
8 

de 

c(e) 
c 

o 
de (11) 

Substitute for c(e) from Eq. 10: 
c 

c 
c 

0 

Denoting 

= 

o 

K K' a 

[ J2 l 41K K'J[ 7T 
exp {-F r ex 

r 7TY ( e ) v PB ( e) - V PD f 
7T2/1[ IY(e) 

(12) 

~ 
by CD which is a dimensionless quantity, we get, 

c F! o r ex 

41K K' 
2 

K K' a 2 

__ ex_p __ {~-' ____ ~7T~y~(e~f~_~[~V~P~B~(_e_) ___ V~P~DJ } 
de 7T IT[ IY(e) 

(13 ) 

de 

Equation 13, which describes the effluent tracer concentration at any pore 
volume, V. , of displacing fluid injected, is the final result of this 
study. Thqs equation is exact for the 5-spot, staggered line drive and 
the direct line drive. Other patterns have the same form of expression 
with different constants. The authors have not yet investigated them in 
detail. 

Figure 2 shows a plot of CD vsVpD for a s ~aggered line drive with 
d/a = 1.5. As this graph shows, there are a series of curves which depend 
on a/ ex ratios. For a higher value of ex , or an equivalently shorter 
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distance, the corresponding curve is broad. This is due to the high 
amount of mixing that occurs. Also, note that ther~ is tracer production 
even at VpD less than 0.85, which is the breakthrough sweep efficiency of 
this pattern. This is also the result of mixing. 

Figure 3 illustrates tracer production curves of three different 
patterno for a/a = 500. Again, early tracer production before the 
breakthrough sweep efficiency of the patterns is a characteristic of the 
mixing phenomenon. 

Having defined the tracer production profiles from the homogeneous 
systems analytically, it is feasible to develop an algorithm based on the 
Yuen, et al.'s (I) method to deconvolve the tracer production curves from 
a multi-layered system into several responses each corresponding to a 
homogeneous layer. The physical parameters of the layers would be computed 
from these responses. This is the next goal of this research which will 
be done in the future. 

CONCLUSIONS 

1. Equations were derived which describe the mixing of the tracer slug 
with the contacted fluids in a general streamtube of the flooding 
pattern. 

2. Analytic expressions have been obtained which define the tracer 
production curves of the different flooding patterns. 

3. The study shows that the tracer production curves depend upon the 
geometry, size and dispersion consta' •• t of the formation. 

4. It is postulated that the deconvolution ~f the tracer response profile 
from a multilayered system into several l ayer responses is possible 
by utilizing the results of this study. 

NOMENCLATURE 

a - distance between like wells, L 

b distance between unlike wells, L 

c = concentration within the streamtube 

c = concentrat ion at the production well 

c s initial tracer concentration 
o 

erfc = complementary error function 

F = tracer slug size in terms of fraction of pattern pore volume 
r 
h thickness of the system, L 

k - permeability , L2 

K{m) = complete elliptic integral of the first kind 

K'{m) z complementary complete elliptic integral 

K mixing constant, depends on diffusion coefficient and cementation 
factor, L2/s 
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L - length, L 

m,m
l 

- parameters of elliptic integrals, m + ml = 1 

q = flow rate in the streamtube, L3/T 

Q a total flow rate into the pattern, L3 /T 

r = radius in a radial flow, L 

s = distance along the streamline, L 

s,5l ,s2 '"' distance along the streamline up to the front, L 

sn,cn,dn = elementary Jacobian elliptic functions 

t z volume of tracer injected into a streamtube, L3 
r 

T = total volume of tracer slug injected into the pattern, L3 
r 
v = velocity, LIt 

v(s) z velocity at the front, LIt 

V '"' volume of streamtube up to any location, L3 

V = volume of streamtube up to the front, L3 

Vp volume of displacing fluid injected into the pattern 

, 

VpB volume of displacing fluid injected into the pattern at breakthrough 
of a streamline, L3 

VpD a pore pore volume of displacing fluid-injected, dimensionless 

VpBD = pore volumes of displacing fluid injected ~t breakthrough, 
dimensionless 

x = distance, L 

x = distance to the front, L 

w = undiluted width of tracer slug in a streamtube, L 

a dispersion constant, L 

A = mobility of the fluid in a porous medium, k/ ~ 

~ = porosity, fraction 

0,°
1
,°2 = standard deviation, measure of the length of the mixed zone, L 

~ = stream function 
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APPENDIX A 

Consider an arbitrary shape such as, 

S=~I ~- / , I S . , --.I.......... .-
A ..... ~ 

I 

The change in 0 from A to B is due to two effects {3,S): 

a) The movement of fluid (the longer is the distance travelled, the 
wider is the mixed zone). This change is denoted by do . x 

b) The effect of geometry (the wider the passage, the narrower the 
mixed zone). This change is denoted by dO • 

g 

Therefore, the total change in 0 is given by, 

do do + do (A-1) 
x g 
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Equations for da and da are available in the literature (5). Assuming 
that the molecul~r diffu§ion is l'lp.gligible in relation to the longitudinal 
dispersion, these equations reduce to, 

da 
x 

da 
g 

<xv dt 
= ---a 

dv '" a­
v 

Substitute the above formulas in Eq. A-I, 

da <xv dt 
a 

adv 
+ v 

2a Multiply both sides by :2 and note that ds v dt , 

Integrate, 

v 

2a da 
-2- -

v 

2 
2a dv 

3 v 
2a 

ds 
2a "2 

v 

ds 
2 

v 

ds 
:2 
v 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

If aA o at s 0, i.e., at the entry, then the general equation for a is, 

2 
a = 2a v(s) 
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ds 
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APPENDIX B 

Consider a staggered line drive pattern, 

I 
I 
I 
i 
I 

1jJ=0 \ 

I 

y 

. . 
\ 

\ \ 
\ \/1= 1!. 

1jJz:e\ \ 4 
, \ 

" , , 
-~~x 

a 
2 

The stream functions for thiE system are given by (8), 

f (w, m) 

w 

z 

sn(w ,m.) dn{w,m) 
cn(w,m) 

2K(m) x 
d 

K' (m) y 
d 

K' (m) d 
-2K(m)- = a 

The following equations facilitate evaluation of 

ds 

Injection 

o Production 

ds 
---2 ' 
v(s) 

(B-l.1) 

(B-1.2) 

(B-1.3) 

(B-1.4) 

(B-1.5) 

(B-2.l) 

(B-2.2) 



dx 
dy 

v 
= J 

v 
x 

(B-2.3) 

Using the above equations the line integral reduces to, 

I r o 2 2 
v + v 

dx 
(B-3) 

x Y 

In accord with the Cauchy-Riemann relationship the velocity components 
are related to stream functions, 

v 
x 

v y 

= A ~I 
¢> ay y=y(lji , x) 

(B-4.1) 

~I ax 
x=x(lji,y) 

(B-4.2) 

For a general streamline, Iji is a constant and Eq. B-l.l yields, 

few) fez) (B-5) 

where, 

2 n = tan Iji = constant 

Utilizing Eqs. B-1, B-2, and B-5, the following expression is obtained, 

I 
dw 

f(w)f'(w) ~[f(W)f'(Z)]2 + [f'(W)f(z)]2 

(B-6) 

The following two equations, relating the derivatives to the functions, 
can be derived using the pr0perties of elliptic integrals and Eq. B-l.3, 
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(B-7.1) 

(B-7.2) 

where, 

Substituting for derivatives from B-7 and e1eminating f(z} by Eq. B-5, 
Eq. B-6 reduces to, 

2 
I = ( -¥) (1 + n) 1. 5 ad2 

2KK,2 ~ [f2(w} + n][f4(w} + 2Snf
2

{w) + n
2

] 

(B-8) 

2 Using a variable change, that f (w) ~ t, and using Eq. B-6.2, this 
equation simplifies to, 

2-

f
f (w) 

Y = (1 + n)1.5 

o 

y 
4KK,2 

It dt 

(B-9.1) 

~ (t
2 

- 2St + 1}(t
2 + 2Snt + n

2
)(t

2 + n) 

(B-9.2) 

It should be mentioned that at the production w~ll the value of f 2(w} = 00 
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Fig. 1: STAGGERED LINE DRIVE WITH THE TRACER DISTRIBUTION PROFILE IN A STREAMTUBE 
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CHEMICAL ASSISTED HOT WATERFLOOD: MODELING OF 

THE ADIABATIC CASE 

by 

Metin Karakas and Yanis C. Yorlsos 
Department of Petroleum Engineering 
University of Southern Cal ifornia 

Los Angeles, Cal ifornia 90007 

AaSTRACT 

The modeling of an adiabatic hot waterflood assisted by the simultaneous 
injection of chemical is presented. The process considered is one-dimensional, 
two-phase flow, with negligible effects of dispersion, heat conduction, and 
lateral heat losses. The model allows for the chemical to partition into the 
aqueous phase and to b~ adsorbed on the sol id rock. The effects of temperature 
on the viscosity ratio and the adsorption kinetics and of chemical concentra­
tion on the fractional flow curves are included. 

rhe theory of general ized simple waves (coherence) is used to develop 
solutions for the temperature, concentration, and oil saturation profiles, as 
well as the oil recovery curves. The results obtained show that in the 
adiabatic case tne combined continuous injection of chemical 3"d hot water 
considerably enhances the oil recovery. The sensitivity of the recovery 
performance to the adsorption parameters is discussed. It is shown that, for 
Langmuir adsorption kinetics, the chemical resides in the heated region of the 
reservoir if its injection concentration is below a critical value, and ln the 
unheated region if its concentration exceeds this critical value. 

HISTORY OF PROJECT 

This report is part of a project "Chemical Additives with Steam Injection 
to Increase Oil Recovery." It wa s in i tlated September 15, 1976 witn anticipated 
completion of October 15, 1981. The government award wa s $108,370. 

INTRODUCTION 

The displacement of a viscous crude oil by conventional recovery schemes 
operating at the reservoir temperature is not very effective due to the low 
mobility of the oleic phase. Taking advantage of the favorable alteration of 
the viscosity of the fluid phases achieved at high temperatures, various 
thermal processes have been successfully implemented for the economic recovery 
of heavy oils. 1 Steam inj~ction, in-situ combustion, and, to a lesser degree, 
hot waterflood have been already ~stablished as commercially viable e~hanced 
recovery schemes for such reservoirs. In an effort to further improve the 
recovery performance attained in such processes, it has been recently sug­
gested 2 to aid the displacement mechanisms by the simultaneous injection of 
chemical additives. 

The primary function of chemical additives in an enhanced recovery process 
is to alter the mobility characteristics of the fluid phases by reducing ~he 
interfacial tension between aqueous and oleic phas .. s, thus increasing the 
relative permeability of oil to flow. 3 This effect, if actir,g in a synergestic 
way with the increa sed mobili(y achieved at higher temperatures, is expected 
to considerably enhance the recovery efficiency of standard thermal recovery 
processes. Althou~h factors other than the above may play important roles at 
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high temperatures,4 it is the combined effec t of changes in relative permea­
bil ities and viscosity ratios that principally accounts for the enhancement 
in recovery. 

Clearl y , t he viability of such a comoined injection scheme rests on the 
hypothesis that the injected chemical additive asks its synergestic effect on 
the heated region of the reservoir, and particularly on the hot liquid region 
that precedes (any) advancing condensation fronts (e.g., i n steam injection). 
Therefore, it is important to determine the region of residence of thp. 
chemical, with the ultima t e objective to maximize the recovery performance by 
utilizing an optimum injection scheme. In an attempt to address th;s complex 
subject, we elect to study the simpler case of an adiabatic hot waterflood 
assisted by the simultaneous continuous injection of a chemical additive. Such 
a study will enable us to gain some insight on the rates or propagation of the 
chemical and heat fronts, and will provide considerable help in the analysis 
of the more complex process. 

The process to be considered here is one-dimensional, two-phase flow , 
wi t h negligible effects of dispersion, heat conduction, and lateral heat 
losses. The chemical is a l lowed to partition only in the aqueous phase and 
to be adsorbed on the solid surfaces following equilibrium adsorption. The 
important effects of temperature on the vi ~cosity ratio and the adsorption 
kinetics, and of chemical on the relative permeabilities are included. With 
the above approximations the mQthemati~al model of the process is cast int~ 
a system of hyperbol ie e~uations. The latter i s then solved by the method of 
generalized simple waves '(coherence 6

). From the results obtained a sensi­
tivj ~y analysis vf the recovery performance with respect t o the physical 
parameters follows with minimum computational requirements. The analysis i s 
illustrated by example applications for typical in ' !ction and reservoir 
conditions. 

MATHEMATICAL FORMULATION 

The mathematical formui a tion of the sys t em consists of the partial differ­
ential equations describing mass and energy balances in the reservoir. Since 
there are three species present, two independent mass balances can be written. 
By defining dimensionless time and space variables by 

f t dt o q 
~ 

x 
'[ = I <PAL 

( I ) 

we obtain 

(a) Chemical mass balance 

(2) 

where, 

g(n,T) 



HRre. n is the volumetric concentration of the chemical in the aqueous phase, 
n the adsorbed concentration. g the adsorption isotherm. For Langmuir adsorp­
tion kinetics we have 7 

g(n,T) = n (4) 

(b) Water mass balance 

as af 
~+~ = 0 (5) 
aT a~ 

(c) Thermal energy balance 

a [ ( c s + pes + (1-<1» PRe R) (T - T )] 
aT Pw pw w 0 po 0 <I> p 0 

+ ~ [(p C f + p C f) (T-T )] 
a~ w pw w 0 po 0 0 

c (6) 

where To is the original reservoir temperature. In the above. the frdctional 
flow of water f is assumed to be a function of T, n, S acco rding to the 

• 8 W W expressIon 

f 
w 

{ 

1.I (T) k 0 (T. n) 
1 + _w __ • ~ro;:....-__ 

1.I (T) k 0 (T, n) 
o nv 

where the exponents n, p may be functions of n, and S is the normalized 
water saturation 

s - S (n) 

1 - s (n) - s (n) 
wr or 

s = w wr (8) 

o 0 
In all of our subsequent numerical calculations we assumed constant kro ' krw 
n, p. Swr' while Sor(n) was taken to vary according to the relationshi p 9 

Equations (2). (5), (6) are in the form of a conservative system a~d 
they are used later for the derivation of shock conditions. For mathematical 
purposes the three equations are linearly re~rranged to the following 
c0nvenient set. From (5), (6) we obtain, 
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where a,b are defined by 

a = 

and 

b = 

From (2), (5), (6) we obta in, 

( 

f \ an + w an 
aT s + ~-h~-

wan) 

aT 
a~ 

= 0 

* (fw+a) aT 

(s + ~) (S + b) d~ 
w d'; w 

o 

The linearly rearranged equations (10), (II) aiong with equation (5) can 
be concisely written as the following vector equation 

Here U is 

and A is -

au au 
at + ~ a~ o 

the vector of the dependent 

U = [U 
the 3 x 3 coefficient matrix, 

vdriables, 
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(lOa) 

(lOb) 

(11) 

( 12) 

( 12a) 



r 
f + a w 0 0 
S+b 

I 
w 

f ~ ) 
A 

aT (f w + a w 0 ( 12b) 
S + ~ = (S + ¥-) (S + b) wnw w an 

l af af af 
w w w 

en an as w 

For later use, the eigenvalues A. of the matrix A are needed. We obtain, 
I = 

f + a 
w 

S + b w 

s 
w 

f 
w 

af 
w 

as w 

Since all eigenvalues are real and distinct and the matrix A is a function 
of U only, equation (12) defines a homogeneous, quasil inear=; hyperbolic 
s rstem. 5 

METHOD OF SOLUTION 

(13a) 

( 13b) 

(13c) 

The solution to the hyperbolic system (12) along with the appropriate 
initial and boundary conditions can be obtained by the method of character­
istics. 10 Since Ails are functions of ~, this usually requires the use of 
numerical integration. However, for the particular case of continuous 
injection at a constant state into an initially uniform reservoir, of 
interest here, the solution can be obtained by the more tractable method of 
"general ized sinlple waves". The elements of t:'is method have been outl ined 
in Refs. 5, 10. According to this approach, it suffices to study the 
char~cteristics in the (T,n,Sw) space, construct the corre$ponding paths, and 
follow the variation of the eigenvalues along the paths. The solution route 
joins the constant injection and initial states by path segments in order of 
increasing space velocity (eigenvalues Ai)' 
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The path topology in the (T,n,Sw) space i~ examined in Ref. I I . Due to 
the qual itative difference adsorption introduces in the path topology we will 
discuss two distinct cases separately. 

I. No Adsorption 

When adsorption is neglected, the so~ution route follows the path ABCOOl 
(secondary floodillg) or ABDCO z (tertiary f looding) (Fig. la). Along AB 
(constant T,n) the solution is continuous . At B the route shi ft s over to BC 
along which n is constant. Path ABC is identical to the route followed in an 
ordinary, hot waterflood. Path COOl (secondary flooding) is identical to the 
route followed in an ordinary, dilute, chemical flooding. 

The above lead to the following simpl e graphical construction of the 

solution: Three fractional flow curves f:'o, fw
o

, i, fw
i

, i corresponding to 
conditions (To'O), (To,ni)' (Ti,ni J, respectively, are drawn on the same 

diagram (Fig. lb). From point (-b,-a) a tangent is drawn to f~ ,i . The point 

of tangency determines B, and the intersection with f:,i determines C. Point 0 

is determined from the intersection of the straight line OC, with the curve f:'o. 

A schematic description of the tempera t ure, concentration, and saturation 
profiles obtained for secondary and tertiary flooding are shown in Figure lc. 
Note that in both cases the chemica) front travels ahead of the temperature 
front. Thus, in the case of negl igible adsorption, the chemical resides 
ahead of the heated region, and it breaks through the product ion end ahead of 
the temperature wave. Three saturation fronts develop, one due to ordinary 
waterflood, another due to dilute chemical flood at the original reservoir 
temperature, and a third front due to the reduction of the mobil ity ratio at 
the injection tempera t ure and concentration. Recovery curves for t ypical 
conditions are discussed in the next section. 

2. Adsorption Included 

When adsorption is included, two distinct cases are examined depending 
upon whether 

(Case I), or 

n. < n (T . ) 
I cr I 

n. > n (T.) 
I cr I 

(Case I I). An approximate estimate of n is furnished by the solution of 
the following equation ll cr 

For simp] icity, in the analysis below we will not onsider the effect 
of temperature on the adsorption kinetics. 
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Case I, n. < n . 
I cr 

If at the injection point inequality (14a) is satisfied, the solution 
route lies initially on the constant temperature plane (ABC), then switches 
over to a path on the zero concent ration plane (COOl or CD0 2 ) (Fig. 2a). Due 
to adsorption, AZ is decreasing along BC, thus leading to the fo r~ation of 
shock. The path BC is then replaced by the integral path B'C' obtained from 
the Rankine-Hugoniot shock conditions. 1 Paths C'DO I (or C'D0 2) are determined 
as before. 

The nbove lead to the following simple graphical construction of the 

solution: Three fractional flow curves f:'o, fw i 
,0, f i,i, corresponding to 

conditions (To'O), (T.,O), (T . ,n.)' respectively, are d'rawn on the same 
I I I 9 • • 

diagram (Figure 2b). From the point (- _i ,0) a tangent is drawn to f~' I • n· . 
The point of tangency determines B', and the intersection with f~'o determines 
cr. Point 0 is deter~ined f rom the intersect ion of the straight line 

connecting points (-b,-a) and C' with f:'o. Paths 00 1 (or D0 2) are determined 
in a straightforward manner as discussed before. 

A schematic description of the temperature, concentration, and satura­
tion profiles obtained for secondary and tertiary f looding are shown in 
Figure 2c. Note that in contrast to the case of no adsorption, the chemical 
front travels behind the temperature f ront, while the temperature wave travels 
faster than in the previous case. In the present case, the chemical resides 
entirely in the heated region, an; i t breaks through the production end behind 
the temperature wave. This is clearly due to the magnitud e of the rate of 
adsorption at the level of the injected concentration. Des pi te the fact that 
the chemical is present at a suf f icient concentration to lower the residual 
oil saturation significan t ly, and the magnitude of ad sorption is not at its 
maximum level, the rate by which the chemical is adsorbed on the rock is 
considerably high to retard the propagation of the chemical front. Three 
saturation fronts develop, one due to ordinary waterflood, another due to 
ordinary hot wa t erflood, and a third due to chemical flood at the injection 
temperature. Recovery curves for typical conditions are discussed in the next 
section. 

Case II, n. > n . 
I cr 

If at the injection point inequal ity (14b) is satisfied, the solut ion 
route I ies i n itially on the constant concentration plane (ABC), then switches 
over to a path on the original temperature plane (COO l or CDO z) (Fig. 3a). 
Along Be, Al is constant, while along CD A2 is decreasing, thus leading to 
the formation of shock. The path CD is then replaced by the integral path 
CD' obtained from the shock conditions. Il The remaining portion 0'0 1 
(of 0'0 2) follows in a straightforward manner . 

The above lead to the following si mple graphical construction of the 

solution: Three fractional flow curves f:'o, fwo,i, f i,i , corresponding to 
conditions (To'O ) , (To .n i)' (Ti' i)' respectivelY, are~rawn on the same 

diagram (Figure 3b). From the point (-b,-a) a tangent is drawn to f i,i w 
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The point of tangency determines B, and the intersection with f!:,i determines 
C. Point 0 1 is determined from the intersection of the line connecting points 

(- ~~ ,0) and C with f:'o. Paths 0 1 °1 (or 0 1 0 2 ) are determined in a straight-
I • 

forward manner as discussed before. 

A schematic description of the temperature, concentration, and saturation 
profiles obtained for secondary and tertiary flooding are shown in Figure 3c. 
Note that the chemical front travels ahead of the temperature front, although 
at a velocity lower than in case of negligible adsorption, while the tempera­
ture wave travels at the same velocity to the case of negligible adsorption. 
The chemical resides ahead of the heated region, and it breaks through the 
production end ahead of the temperature wave. Thus, although the magnitude of 
adsorption is considerably higher than in Case I, the rate of adsorption is 
not high enough to retard the chemical front behind the temperature wave. 
Recovery curves for typical conditions are discussed in the next section. 

NUMERICAL EXAMPLES AND DISCUSSION 

The mathematical model was subsequently used to simulate the recovery 
performance of a reservoir subjected to combined chemical-hot water injection 
at typical reservoir conditions. T~e reservoir was assumed to have an initial 
oil saturation So = 0.80 for the cas~ of secondary flooding, a saturation 
So = 0.40 for the case of tertiary flooding, and an initial temperature 
To = 100°F. The injection temperature was set equal to Ti = 200°F. The corre­
sponding value of the critical concentration n r(T i ) was calculated to 
6.9 x 10- 3 (volume of chemical/vol~me injectedY. Thus, the injection concen­
tration nl was taken to be equal to 6.0 x 10-3 for Case I, and equal to 
6.9 x 10-j for Case I I, respectively. Notice that in both cases the residual 
oil saturation at injection conditions is reduced to its asymptotic value 
which is approximately equal to 0.95. Table I lists the values of the reser­
voir and injec.tion parameters used in the simulations. 

The obtained recovery curves are shown in Figures 4, 5, 6. In Figure 4 
we plot the cumulative recovery as a fraction of the OOIP for the combined 
chemical and hot water injection with negl igible adsorption (denoted by CHO) 
for a secondary recovery process. Plotted also are the corresponding curves 
for the case of an isothermal chemical flood at 100°F and 200°F, (denoted by 
ICo ' IC i , respectively) as well as the unassisted hot waterflood. A substan­
tially higher recovery efficiency is shown to result in the combined injection 
as compared to either pure hot waterflood or pure chemical flood at the 
original temperature. At 2PV of injection the increase in the recovery is 
higher by about 25% of the OOIP to the recoveries obtained in the unassisted 
cases. Beyond the time of temperature breakthroug, (~2PV), the combined 
injection is essentially an isothermal chemical flood at 200°F, thus the 
recovery cu~ve rapidly approaches the maximum recovery efficiency. 

The effect of adsorption in the combined injection process is illustrated 
in Figure 5. As expected, the chemical breaks through the production end at 
a considerably shorter time in CHO than in the case of adsorption for both 
Case I (CHI) and Case II (CH2). The temperature breakthrough time is approxi­
mately the same for all three cases. Before this time the recovery efficiency 
is highest for the case of no adsorption (CHO) and lowest for Case I (CHI), 
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as expected. After the temperatur~ breakthrough, however, the recovery for 
CHI is noticeably higher than the recovery for both CHO and CH2. This result 
is clearly attributed to the fact that in Case I the chemical resides entirely 
in the heated region of the reservoir, in contrast to both other cases. The 
driving mechanism is more efficient due to the synergestic effect of relative 
permeability and viscosity reduction alteration, thus the recovery curve 
overtakes the two other recovery curves. All three curves approach asympototi­
cally the same limit. This effect is expected to be more pronounced as the 
viscosity ratio reduction becomes higher (e.g., as the injection temperature 
is higher or the original oil is more viscous), 3nd to be less pronounced as 
the viscosity ratio reduction becomes smaller. 

The results for tertiary flooding are plotted in Figure 6. Similarly to 
the secondary flooding the resulting recovery in the combined injection 
process is higher than the recoveries obtained in the unassisted cases. 
Beyond the time of temperature breakthrough (~2PV) the combined injection 
process becomes essentially an isothermal chemical flood at 200°F , and the 
recovery curves rapidly dis pl ay such a behavior with the notable exception of 
CHI. In th is case (n<n ) it is observed that the recovery curve overtakes 

cr not only the recovery curves for CHO and CH2 but also the recovery curve for 
the isothermal chemical flood IC .. This result is to be attributed to the 
retardation of the chemical front beyond the temperature front experienced in 
Case I. The oil bank resulting from the combined displacement mechan ism has 
size and propagation characteristics such that the obtained recovery efficiency 
is higher than in any of the other cases. This effect is expected to be 
strongly dependent on the viscosity riti o reduction, thus on the level of the 
injection temperature and the original viscosity. The sensitivity of the 
recovery performance to these operational parameters is c,Jrrently under inves-

t i gat ion. 

CONCLUSIONS 

In this study a simpl ified mathematical model that describes the combined 
injection of chemical additive and hot water into a reservoir has been 
developed. In order to obtain a tractable solution t~e assumptions of negl i­
gible dispersion, heat conduction, and lateral heat losses have been made. 
The first two assumptions can be justified at large flow rates where sharp 
fronts are expected to develop. By contrast, neglecting lateral heat losses 
is not as easily justifiable and it would certainly lead to optimistic oil 
recovery rates, for a combined injection process. Nevertheles s , the results 
obtained here provide considerable insight into the important aspects of more 
complex chemical assisted thermal processes, such as steam injection. 

The preliminary results obtained from the mathematical mode l indicate 
that, at least for the continuous injection, adsorption plays a decisive role 
in determining the rate of propagation of the chemical relative to the tempera­
ture wave. In the absence of adsorption, or in cases where adsorption in 
included but the injected concentration 1 ies above the critical value n~r' the 
chemical travels ahead of the temperature, thus a significant portion ot the 
injected chemical resides in the unheated region of the reservoir. By 
contrast, when adsorption is included and the injected concentration is below 
n , the chemical resides entirely in the heated region of the reservoir, 
rg~ulting into a more efficient displacement mechanism. This effect is 
expected to be more pronounced under conditions of higher injection temperature 
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and more viscous oil. It is also expected that similar results would be 
obtained in the case of chemical slug injection. The recovery efficiency of 
slug injection processes is currently under investigation. 

An analysis of the recovery efficiency in a typical heavy oil reservoir 
indicates that the combined injection is a viable enhanced recovery process. 
The preliminary results suggest that the recovery efficiency is maximized if 
the process is used in a reservoir already subjected to secondary recovery, 
and if the injection concentration lies below the critical value. A more 
extensive study of the sensitivity of the process parameters is presently 
undertaken. 
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TABLE I 

Parameter al = 0.05 

Parameter a 2 0.35 

Parameter a 3 = 1.77 x 10- 4 

Heat Capac i ty of Oi 1 = Cp = 0.5 Btu/lboF 
0 

Heat Capacity of Rock = CPR = 0.2 Btu/lboF 

HE:at Capacity of Water = Cp = 1.0 Btu/lboF 
w 

Parameter gl = 100 

Parameter g2 0.01 

Parameter k 0 1.0 ro 

Parameter k 0 0.1 rw 

Parameters, n = P = 1.5 

Original Temperature = T = 100°F o 

Injection Temperature = T. = 200°F 
I 

Residual Water Saturation = Sw = 0. 20 r 

Viscosity of Water at Original Temperature = flw = 0.65 cp 

Viscosity of Oil at Original Temperature = flo 680 cp 

Viscosity of Wa~er at Injection Temperature flw = 0.30 cp 

Viscosity of Oil at Injection Tempera t ure 

Density of Oil = Po = 50 lb/cu ft 

Density of Rock = PR = 167 lb/cu ft 

Density of Wate r = P = 62.4 lb/cu ft 
w 

Porosity = ~ = 0.30 
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fl = 50 cp 
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TEMPERAfURE EFFECTS ON LOW TENSION SURFACTANT 

FLOODING EFFICIENCY IN CONSOLIDATED SANDS 

by 

M. O. Amabeoku and L. L. Handy 
Department of Petroleum Engineering 
University of Southern Cal ifornia 

Los Angeles, Cal ifornia 90007 

ABSTRACT 

A heavy oil recovery process t~at has attracted considerable attention 
and is widely practiced is the injection of saturated steam into an oil 
reservo ir. In the steam inject ion model a significant amount of the injected 
heat is lost to the overburden stratum. This is because steam overrides the 
top of the formation in a thin layer. Below this zone is a region of con­
densed water in which a hot water drive occurs. 

The concurrent injectioG of surfactant with steam has been proposed to 
improve the oil recovery efficiency of the steamflood process. Thi~ mode of 
injection will give rise to a low tension process supplemental to the steam 
drive which, because of its nature, affects that portion of the reservoir 
where the conden5ed water is flowing. 

In low tension flooding the surfactant reduces the interfacial tension 
between the aqueous surfactant phase and the oil phase and alters the capil­
lary number significantly. This substantially releases residual oil in 
porous media. In surfactant flooding many parameters, namely, relative 
permeabilities, viscosities, interfacial tensions, uispersion, acsorption and, 
in this case, temperature, are coupled. An attempt has been made to decouple 
these parameters and identify the operative mech~nisms. 

To accomplish this objective several flooding experiments have bee~ 
performed with Berea sandstones. The surfactants used were Witco TRS 10-80 
and Stepan Petrostep 465, both of which are anionic. Flood temperatures were 
25°C, 82.2°C and 177°C. Core floods included sequenGes wherein a core was 
flooded to residual oil saturation with hot water followed by surfactant to 
further displace oil that lyould otherwise not be rer.overable without the 
lowering of the interfacial tension between the residual oil and injection 
fluid. Also reported are floods in which the surfactant solution \~as used as 
the primary injection fluid so as to compare this mode of injection \vith other 
sequences. 

Water-oil relative permeabil ity ratios were calculated at the flood 
temperatures. No definite temperature correlation was establ iShed, but it 
was o~served that relative permeabil ity to oil increased with increasing 
temperature while relative permeabil ity to water was almost insensitive to 
changes in temperature. 

HISTORY OF PROJECT 

This report is part of a project "Chemical Additives with Steam Injection 
to Increase Oil Recovery." It was initiated September 15, 1976 with anticipated 
completion of October 15, 1981. The government award was $108,370 . 

Prepared for the Department of Energy under Contract No . DE AS03 76SFOOl13 
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INTRODUCTION 

Of the three common thermal processes to recover oil after waterflood 
or primary depletion -- steam injectior., hot water injection, and in-situ 
combustion; steam injection has proven to be th~ most attractive. 

Laboratory studies 1 and field pilot tests 2 ,3 have indicated there is a 
marked improvement in oil recovery by steam injection compared with recovery 
by water injection in the same system. Residual oil saturations in the steam­
flooded zone can be 8% or less, but below the steam zone saturations can be 
as high as 35%. The remarkable sllccess of the steamflood process is attrlbuted 
to the reduction in the viscosities and the swelling of the heavy oils 
with increasing temperature. Additionally, steam distillation, related gas 
drive and solvent extraction contribute to the rec0very mechanism. 

An inherent problem is heat losses during steam inj ection from the point 
of exit at the steam generation system through the piping and on to the sand 
tace. At the point of injection steam quality has been drastically reduced. 
G.-avity override of the steam higher up in the formation occurs because of 
the density difference between the steam and the resident flui ds in the 
formation. A schematic diagram of a developed steamflood profile is shown 
in Fi~ure 1. Gravity override in steamfl ood, as measured by vertical sweep 
efficiency,4 depends mostly on mass injection rate and the steam zone volume 
is a function of the formation thickness. 

In porous med ia whose void space is filled with a moving fluid, the three 
basic modes of heat trallsfer may manifest themselves in any of the following 
ways:5 

1. Heat transfer through the sol id phase by condurtion. 

2. Heat transfer through the 1 iquid phase by conJuction. 

3. Heat transfer through the 1 iquid phase by convection. 

4. Heat transfer through the J iqu id phase by dispersion ( . \ I.e., by heat 
dispersion) due to the presence of grains and an interconnected pore 
system. 

5. Heat transfer from the solid phase to the 1 i qui d phase. 

In the region of the reservoir r:ot swept by steam, the crive mechanism 
is a combination of hot waterflood and a cold waterflood. Oil in this region 
is trapped in a ganglia-type distribution and prevented from being recovered 
by capillary forces. Very high pressure gradients would be required to 
mobil ize this oil. To circumvent this problem Atkinson 6 proposed the injection 
of aqueous surfactant solutions to decrease the interfacial tension between 
the oil and water phases. T is decrease in interfacial tension will result in 
a reduction in pressure drop across the oil-water interface and, consequently, 
improve waterflood performance. Brown ~t al. 7 and Gopalakrishnan et al. B have 
proposed the concurrent injection of surfactant with steam to improve on the 
recovery efficiency of steam drive. From the relative rates of the hot water 
front and surfactant front Ziegler 9 confirmed results of earlier work,lO 
involving chemical additives in steamflood, that the injected surfactant will 
travel through that portion of the reservoir being fl ooded by hot water. 
Technical feasibil ity of surfactant injection with steam can be establ ished 
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if the surfactant can satisfy certain criteria. These criteria should help 
to determine what surfactants are best suited for this purpose. The screening 
process should include: 

1. Surfactant stabil ity under steamflood conditions. The surfactant 
is expected to move in the hot ~Jater zone at steam temperature over 
the life of the flood. 

2. Temperature eff~cts on the interfacial tension between oil and the 
injected aqueous phase. Thi5~ is particularly important because 
lowering 1FT is the basic premise of low tension flooding at normal 
pressure gradients to mobil ize trapped oil. 

3. The ~ffect of temperature on surfactant adsorption in porous media. 
The interaction between the solid surface of the porous mat rix and 
the liquid may take s~veral forms: adsorption of surfactant onto the 
sol id surface, partitioning of the surfactant into the oii phase, 
deposition, solution, ion exchange, etc. All these phenomena cause 
changes in the injected fluid's density and viscosity, and these, in 
turn, affect the flow regime, i.e., velocity distribution that depends 
on these properties. 

4. Effect or temperature en surfactant flood performance. 

Thermal stabilities of som~ ionic and nonionic surfactants have been 
reported by Handy et al. II Hil: et al. I 2 and Handy et al. 13 have shown that 
interfacial tension between oil and aqueous surfactant is decreased at elevated 
temperatures. The degree to which this phenomenon is observed depends on many 
factors. These include surfactant coni ~ntration, the constitution of the oil, 
and the temperature level. Hurtada et al. 14 and Ziegler et al. 15 have reported 
work on surfactant adsorption at elevated temperatures. If a surfactant is 
obtained which is stable under steamflood conditions and also reduces inter­
facial tension between the oil phas~ and the aqueous phase, a beneficial effect 
will be obtained by i~jecting surfactant with steam. However, adsorption and 
other loss mechanisms and the degree to which these inhibit the effectiveness 
of surfactant as a recovery agent have to be identified. The minimum amount 
of surfactant to inject into the reservoir to satisfy the losses a~d still 
recover economically additional oil that would otherwise not be re~overable 
needs to be cetermined. 

At the time of this study information has not been published on surfactant 
adsorption in porous media at elevated temperature in the presence of an oleic 
phase. All studjps to date have excluded oil in the core sample. Low tension 
floods at temperatures ranging from room temperature through steam t~mperature 
have been conducted on cores that have been extensively waterflooded and also 
on oil-saturated CJres prior to waterflooding. 

EXPERIMENTAL SETUP AND PROCEDURE 

A. MATERIALS 

j. Oi Is 

The oil used was a Sonneborn white oil marketed under the brand name of 
Kaydol. It is a homogeneous mixture of completely saturated al iphatic and 
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ali~yclic hydrocarbons and is entirely free of aromatics. It is chemically 
and biologically inert and also nonpolar. At 25°C this oil has a viscosity 
of 22x 10- 3 Pa.s. During the experimental program higher viscosity oils were 
required. White oils in such a viscosity range could not be obtained. In 
order to avoid the problem of interpreting experimental data obtaineo with 
different oil compositions and to enhance the delineation of operative param­
eters during a flood sequence, a procedure was developed to boost the viscosity 
of the white oil while still maintaining its basic characteristics. This was 
achieved by mixing the mineral oil with Chevron Pnlybutenes. Chevron Poly­
butenes are manufactured by Chevron Chemical Company. They are pale colcred, 
chemically inert oils of moderate to high viscosity and tackiness. They are 
permanently fluid, nondrying and resistant to chemical attack, oxidation and 
photodegradation. Polybutenes are soluble in petroleum solvents, chlorinated 
hydrocarbons and some esters but essentially insoluble in oxygenated solvents. 
They are compatible with a ~ide variety of organic materia l s, most synthetic 
hydrocarbon polymers and natural products. The Pol ':butene used was No. 128 . 
Its average molar mass is 3000. It has a flash point of 238°c a pour point 
of 27°C and viscosity of about 3600x 10- 3 Pa.s at 99°C. Mixed with mineral 
oil No.9, v isccsities in the range of 22x 10- 3 Pa.s to 3000x 10-

3 
Pa.s can 

be obtained, depending on the mixing ratio. 

2. Porous Media 

The porous medium used in ull the experiments was consol idated Berea 
sandsto~e. The core samples were cut to size without any cutting fluid with 
the aid cf reinforced sil icon carbide masonry cutoff blades to withi., 3.2 mm 
tolerance and pol ished with motor dr iven sandpaper. To negate the deleterious 
effect of clays upon saturation with water due to particulate plugging the 
samples were fired in a furnace for 24 hours at 500°C. 

3. Surfactants 

Two surfactants were used in this study. Both are anionic surfactants. 
The first of these commercially available petroleum sulfonates is Petronate 
TRS 10-80 from Witco Chemical Corporation. In its crude form rRS 10-80 has 
unsulfonated oil, water , sodium sulfatp dnd a reasonable amount of active 
sulfonate with an average relativ~ molecular mass of 415. It was purified to 
100% active component by liquid chromatography. It is a mixture of sodium 
alkylbenzene sulfonates. It has a critical micelle concentration (CMC) of 
48 ~mol /L in distilled water at 25°C. 

The second surfactant i s Petrostep 465 manufactured by Stepan Chemical 
C~rporation. According to Stepan, Petrostep 465 has 59.4% active component, 
14.7% unsulfonated oil, 22.7% associated water and 3.2% of salts. The average 
molar I"ass is 465. This surfactant was purified for use by liquid chroma­
tography,olso. In distilled water is has a CMC of 160 ~mol/L. 

Interfacial tensions between the aqueous surfactant solutions and oils 
were measured at three temperatures with the spinning drop method . Fortions 
of the surfactant solutions were mixed with the oils and allowed to equil ibrate 
over a period of 24 hours. This allowed for partitioni,g of the surfactant 
between the aqueous and oil phases. This also reduced the spinning time 
required to attain equilibrium in the measurement of 1FT. EI-Gassier

16 
has 

documented the procedures for measuring interfacial tensions at elevated 
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temperatures. Interfacial tension values via the spinning drop method were 
calculated using either the Vonnegut 17 equation (approximate solution) or the 
exact solution as dictated by the experimental conditions. 

where 

(J 

(J 

(J 

w 

L\pw 2 y 3/4 

~pw2/4.0c 

(approximate solution) 

(exact solution) 

interfacial tension 

dens i ty difference (p - p ), g/cc w 0 

rotational speed, rad/sec. 

y = one-half the minor axis of the drop, cm 

c = f(drop shape). 

Results generated with all three oils and Petrostep 465 ~re displayed in 
Figure 2. 

B. FLOW EXPERIMENT 

1. Equipment 

A schematic diagram of the flood equipment is shown in Figure 3. 

2. Core Mounting 

Teflon heat-shrinkable roll cover served as the protective sleeve for 
the sandstone core. The nominal diameter of the Teflon sleeve was 5.08 cm. 
It had a maximum diameter of 5. 33 cm and a minimum of 4.32 cm, which it 
attained upon shrinking due to the appl ication of heat. The sleeve was etched 
with Tetra Etch, a fluorocarbon etching solution by brushing the solution on 
to dry and clean sleeve surface. After a noticeable color change of the 
surface which occurred in a few minutes, the surface was washed in an organic 
solvent such as methanol or acetone and then in water to remove all residue . 
The sleeve wa~ rolled over the sands t one core. A hIgh temperature, high 
strength, General Electric RTV 159 sealant was thinly applied to the over­
lapping ends of the sleeve and end plugs to provide the bond required between 
the sleeve and the plugs. The end plugs had machined grooves for even di s­
tribution of fluids. A heat gun with power in exc~~s of 1000 watts was used 
to blow hot air around the sleeve in order to shrink it onto the core and end 
plugs while they were tightly clampec together. 

3. Experimental Procedure 

Prior to connecting the core holder to the flow network, the porosity 
was determined by gas expansion. This method is based on Boyle's Law, which 
states that under isothermal conditions the product of the volume of a gas and 
its associated pressure is constant . After the porosity and pore volume of 
the core had been obtained, carbon dioxide was flowed through the core to 
displace air. The core was then evacuated and saturated with brine solution. 
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Against a back pressure of 1034 kPa several pore volumes of brine were 
injected to ensure complete saturation. ihe brine solution injected had the 
same sodium chloride concentration (10.0 giL) as that in the surfactant 
solution. And besides being the resident brine in the core it removed any 
multivalent cations by the process of cation exchange to condition the core. 
~ermeability measurements were conducted during this stage of flow. Several 
pore volumes of oil were pumped through the core to displace the brine. The 
amount of brine displaced was measured. Thus the in·tial oil saturation and 
the connate water saturation were determine(' The core was then reconnected 
to the flooding equipment and allowed to equil ibrate at the test temperature. 
Floods were conducted at three temperatures; 25°C, S2°C and 177°C. 

Two flooding schemes were used: 

a. Waterflood followed by surfactant flood. 

b. Surfactant flood with no prior waterflood. 

In the first scheme brine having the same concentration as the connate 
water was injected to displace oil as in a conventional wate~flood. This was 
continued until no oil was produced upon continued brine injection. The oil 
was collected in graduated cylinders. Surfactant solution, having a concen­
tration of 2.5 giL in brine solution of concentration 10 giL, was injected to 
displace oil left in the core after waterflood. 

The second sequence was one that entailed the injection of surfactant 
from the beginning of the flood without first waterflooding the core to 
residual oil saturation. 

The above schemes were conducted at three different temperatures with 
four oils having different viscosities. Back pressures in excess of the 
saturation pressures of the fluids were maintained on the core to essentially 
simulate the hot water region of the reservoir profile during a steamflood. 
In this work the minimum back pressure maintained was 1380 kPa. Changes in 
pressure during the runs were recorded on the chart recorder. 

Cores were prepared for reruns by flushing with toluene to remove the 
oil; with isoprcpyl alcohol to remove the water, toluene and surfactant; and, 
finally, .... /ith fresh water. They were then resat'Jrated with brine and oil to 
reestabl ish saturations for the next runs, On many occasions fresh cores were 
used. 

In order to estimate adsorption of surfac t~ nt in the presence of oi , a 
fresh core was saturated with brine and oil. The oil was displaced by ~rine 
to the residual oil ~atur~tion. Surfactant was injected and the effluent 
surfactant concentrations were monitored ~ontinuously from time of injection 
to the end of the flood sequence. The UV spectrophotometer was used to study 
the absorbance of lhe produced surfactant. Its concentration was determined 
from a ca I i brat ion Cl,rve that was prepared us i ng severa I concentrat ions of 
stock surfactant solutions. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The ultimate objective of this research was to study the possible 
benefits in additional oil recovery of the synergism between high temperature 
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and low tension. Injection of steam into an oil reservoir reduces the vis­
cosity of the oil and makes it mobile. Introduction of surfactant into an oil 
reservoir reduces the interfacial tension between the oi I and the aqu~ous 
injected phase. This results in the release of discontinuous oil following 
a waterflood. The two effects, working simuitaneously, contribute to improve 
the recovery of the residual oil. This objective has been accomplished. 

Results are presented in this chapter that confirm the existence of such 
a synergistic effect. Two surfactants were used, TRS 10-80 and Petroster 465. 
However, only the effectiveness of Petrostep 465 was studied extensively. 
The reason for this, among other considerations, was its stabil ity at elevated 
temperatures. No sacrificial agents were used to adsorb preferentially onto 
the Berea sandstone in order to preserve the integrity of t he injected surfac­
tant slug. Alt~ugh it was not requisite to conduc t adsorption studies, a 
run was made with the sole intent of understanding adsorptio~ of chemical 
species onto reservoir rock in the presence of oil. It was also hoped that 
this attempt would emphasize the need for more detailed studies which include 
the effects of adsorption at the water-oil interface. 

Floods were performed with four oil formulations with viscosities ranging 
from 22x 10- 3 Pa.s to 2100x 10- 3 Pa.s. 

The first of these oils had a viscosity of 504 x 10- 3 Pa.s at 25°C. The 
core was waterflooded to residual oil saturation. A surfactant solution of 
2.50 giL Petrostep 465 and 10.0 giL NaCI concentration was injected to displace 
the residual oil in the core. The viscosity of the oil ~"as 36x 10- 3 Pa.s at 
82.2°C and at 177°C it was 2. 15x 10- 3 Pa.s. The flood performance at each of 
these temperatures is shown in Figur p. 4. Total oil recovery at 82.2°C was 
75.6% of original oi I-in-place. Waterflood recovery was 66% and additional 
recovery due to the surf,ctant was 9.6%. This represents 14.5% over waterflood 
performance. At 177°C total oil recovery was 89.8%. Recovery over waterf!ood 
at this temperature was 33.3%. 

Water-oil ratio plots at the two temperatures are given ill iigure 5. With 
increasing temperature the water-oil ratio (WOR) plots shift ri ghtward. After 
breakthrough the WOR tended to infinity. When surfactant wa s injected oil 
production resumed and the water-oil ratio decreased sharply. As oil produc­
tion continued WOR gradually increased and at the second plateau in the 
recovery plots, it tended to infinity agaI n . 

Welge type calculations were made to obtain the water-oil relative permea­
bil ity ratios (kw/ko) for each flood. This is shown in Figure 6. Data from 
the waterflood prior to surfactant injection were used to calculate the rela­
tive permeabil ity ratios. With increasing temperature the relative permeabil­
ity ratio shifts toward increasing water saturation. A ri~e in temperature at 
any value of ~ater saturation led :0 an increase in the relative permeability 
to oil; but there was no clear effect of temperature change on the relative 
permeability for water. The effect of temperature on wdterflood performance 
was greater than that due solely to the reduction of the viscosity ratio. 
However, no definite correlation between temperature and relative permeabil ity 
ratios has been establ ished. With an increase in temperature, the mobility 
of the oil increases and the interfacial tension between the oil and water 
decreases. Due to wettability alteration, probably to a condition that favored 
oil recovery, an increase in oil recovery was observed . All these may have 
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resulted in the decrease in the relative permeabil ity ratio between oil and 
water. Fraction of water in the produced stream (fw) for each temperature is 
plotted in Figure 7. 

The next flood was performed with an oil of viscosity 2100x 10- 5 Pa.s at 
25°C. This is shown in Figure 8. Because of the high viscosity of this oil 
at lower temperatures flood was performed only at 177°C. Waterflood recovery 
with this oil was 73.4%. Additional oil recovery due to s~rfactant injection 
was 12.7%. This represents a 17.3% recovery over waterflooa. The oi 1 viscos­
ity at 177°C was 4.3x 10- 3 Pa.s. The corresponding WOR, kw/ko and f~: plots 
for this oil are given in Figures 9, 10 and 11, respectively. 

Comparison between waterflood and surfactant flood 

A core saturated with 74x 10- 3 Pa.s oil was waterflooded at 26.rc. The 
same core was resaturated with the same oil and f!ooded with surfactant. The 
results are shown in Figure 12. The purpose of this was to compare only 
flood performance while el iminating any interference of other parameters. 
Recovery with surfactant was 70.9% whereas the oil recovery during waterflood 
was 66.7% of original oil-in-place. Recovery over waterflood was significant, 
and would have been better if adsorption of surfactant had been minimized by 
the use of sacrificial agents. A second run with this core was conducted at 
82.2°C. At this temperature the surfactant-oil interfacial tension was 0.35 
mN/m, and recovery was 78.4%. These flood results prove the benefits obtained 
from the synergism between interfacial tension reduction and viscosity reduc­
tion. When the core was waterflooded, about 0.37 pore volume of 011 was 
recovered. During surfdctant flooding oil recovery was 0.47 pore volume. 
This represents an increase of 0.1 pore volume attributed to interfacial 
tension reduction. Oil recovery with sur f actant flooding at 82.2°C was about 
0.52 pore volume. This incremental recovery was due to reduction of the oil 
viscosity at the higher temperature. The combined effect is manifested by the 
oil recovery of 0.15 pore volume over waterflood performance. The water oil 
ratio plots are given in Figure 13 . 

Surfactant 105s by adsorption/retention and part.itioning 

A probable reason for obtaining less oil recovery with an initial surfac­
tant flooding without a prior waterflooding than would be predicted from the 
reduction in interfacial tensi0n was because of loss of surfactant. This loss 
occurred through adsorption of the surfactant onto the sand surface. Even at 
higher temperatures, recoveries were not as high as would be predicted. 
Temperature affects not only adsorption but also the solubility of the 
adsorbate . Generally, adsorption from solution decreases with increasing 
temperature. If the solubility of the adsorbate increases with temperature, 
adsorption decreases. But if solubil ity decreases with increasing temperature, 
depending on whether solubility effect or temperature effect is more dominant, 
adsorption may increase or decrease. The temperature effect is also referred 
to as the exothermicity effect. The solub:l ity component of adsorption would 
have been dominant over the exothermicity effect and so adsorption was still 
increasing with temperature increase . When the cores were cleaned out with 
toluene, alcohol and fresh water, and resaturated for second runs, recoveries 
improved substantially. This was observed for all reconstituted cores. The 
obvious inference is that surfactant was retained in the cores and it did not 
take much surfactant to satisfy edsorption the next time around. This is 
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illustrated in Figure 14. Another explanation i s t hat the we t tability of the 
core may have been altered as a result of surfactant retention . If this 
change in wettabil ity was to a favorable condition that allowed a continuous 
distribution of oil, recovery \~uld improve. The second flood on the same 
system did better than when the core was used the first time. It should be 
mEntioned here that the very high recoveries presented earlier, at the higher 
temperatures, were obtained with cores that had been exposed to su r factant in 
preceding floods. 

To investigate more thoroughly the above postulates a fresh core was 
saturated with oil. It was waterflooded to residual oil saturation and then 
flooded with surfactant. The surfactant concentrations in the effluent 
fractions were monitored and compared to injection surfactant concentration. 
A striking phenomenon was observed. With increasing surfactant injection the 
concentration of surf~ c tant in the effluent aqueous phase increased for a 
while and then flattened out . This plateau in concentration was observed in 
the region where more of t he oil was being produced. Oil production peaked 
in the region where the concentration ratio rernained constant. This is illus­
trated by the plot of the fraction of oil in the e f flu ~n t stream. The concen­
tration ratio started rising again after oil production ceased. This is 
represented in Figure 15. A plausible explanation is that we were losing 
surfactant not only by adsorption but also through partitioning of the surfac­
tant into the oil phase. All adsorption studies have excluded oil in the 
system consciously to idealize the situat ion. Par t itioning, although recognized 
to be a factor in surfactant flooding, has often been neglected in discussion 
of low tension recovery work and neglected in numerical simulation and other 
model studies. It was beyo~d the scope of this work to carry out elaborate 
study of adsorption. But because it was deemed necessary to identify the 
causes of problems in interpreting our surfactant flood performance, this 
digression was made. However, this should be considered a preliminary study. 
Much work still has to be done to determine when the oil and surfactant are 
produced. Material balance calculations would be required to account for 
surfactant loss to both adsorption and partitioning. 

The Capillary Number (Nc) Corre lation 

Capillary numbers were calculated for the fluid systems. These were 
related to both the microscopic displacement efficiency, Em, defined by Melrose 
and Bradner 1 8 and the normalized residual oil saturation, Sorc/Sor, defined by 
Stegemeier~9 Another attempt was made to calculate the capill ary number group, 
F, defined by Abrams. 2o In this grouping Abrams includes corrections for the 
effect of viscosity ratio in f lood performance. The plo t presented here was 
calculated by the method of Melrose and Bradner. It is g iven in Figure 16. 
With increasing Nc the displacement efficiency increased. This is well in 
agreement with observations of other authors. If the capil l ary number is high 
enough, it is theorized, the microscopic dis placement efficiency will tend to 
100 percent. Foster 21 contends that Berea sandstone has a residual oil satura­
tion of zero at a capi llary number of about 7 x 10- 2

• This is a reasonable 
range as can be seen in the Em plot. The scatter in the experimental data is 
not unusual. Foster represented the range of the data by a band. The scatter 
in data is ev~n worse when consolidated Berea sandstone is used. The reasoning 
is that in consol idated sands there is a wide pore size distribution. This 
variation in pore shape and other parameters associated with pore geometry 
influence the trend and scatter of the data. Instabilities in the flow, in 
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terms of viscosity, precipitation and redissolution of chemical species are 
likely to contribute to the data scatter. 

CONCLUSIONS 

The effect of temperature on surfactant flooding in consolidated Berea 
sandstone has been evaluated. From the observations the following conclus ions 
have been arrived at: 

A. Both Petrostep 465 and TRS 10-80 gave additional oil recoveries beyond 
those obtained by waterflooding at all temperatures. Total recoveries of 
the original oil-in-place varied betwee~ 44 percent at 25°C and 93 percent 
at 177°C for Wtico TRS 10-80 and between 55 percent and 98 percent for 
Petrostep 465 over the same temperature range. 

B. The effect of temperature on waterflood recoveries is greater than would 
be predicted from ~he effect of temperature on the water-oil viscosity 
ratios only. 

C. The synergi~m between interfacial tension reduction by surfactant and oil 
viscosity reduction at elevated temperature has been establ ished. Oil 
recoveries are improved significantly by this effect. 

D. T~e oil viscosities in these experiments are substantially lower than would 
be expected in steamfloods. However, the observed trand is expected to 
hold in heavier oils. 

E. Significantly higher oil recoveries were observed with cores that had 
previously been flooded with surfactants although the cleaning procedure 
between floods should have removed all the surfactant. Since the oil 
recoveries were up to 98 percent of the original oil-in-place, it is of 
considerable interest to determine what mechanism is giving thp.se high 
recoveries. 

F. Water-oil relative permeabil ity ratios show no definite correlation with 
temperature. Ho~ever, relative permeability to oil increases with 
temperature . 

G. Partitioning of surfactant into the oil phase has been observed to be a 
possible surfactant loss mechanism during the surfactant flood mec~anism, 
depending on the relative solubil ity of the surfactant in water and oil. 

H. Interfacial tensions attained were between 0.0447 and 3.355 mN/m. In 
thi3 range oil recoveries were found to be high. If ultra-low 1FT is 
defined to be much lower, then it was not attained as to achieve such 
recoveries. 

I. As a result of surfactant precipitation and redissolution in-situ 1FT may 
have been lower than the values measured. 

J. Ol: ly two surfacta.lts were used. Cosurfactants may be necessary to maintain 
solubil ity of surfactant in high brine concentrations and to give low 
interfacial tensions. 
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ENVIRONMENTAL CONSTRAINTS TO THERMAL OIL 
PRODUCTION 

Radian Corpora tion 

ABSTRACT 

In December 1978, President Carter decontrolled the price of heavy oil in 
order to stimulate U.S. heavy oil production. Natural forces (the pr 'irnary prod­
IAction method) and conventional water flooding (secondary production method) have 
been only able to produce a few percent of the heavy oil reserves. However, 
th~rma1 enhanced oil recovery (TEOR) technologies are expected to substantially 
increas~ heavy 0i1 production with oil price decontrol. A large percent of the 
crude oil must be burned to produce the heavy oil by the two conventional TEOR 
technologies - steam injection and in situ combustion. One-tenth to one-half 
of the produced crude oil must be burned in package steam generators to produce 
the heavy oil by the steam injection methods. The package steam generators can 
release 1ar~e qualities of sulfur dioxide (SO ), nitrogen oxides (NOx), and 
particulate matter (P~1), to the atmosphere. The wellhead vents, if not controlled, 
can release large quantities of hydrocarbons to the atmosphere. Large amounts of 
crude oil must be burned in the reservoir for in situ projects. In order to 
maintain the combustion of crude oil in the reservoir, vast quantities of combus­
tion air must be compressed and injected into the reservoir. The compressors 
are typically driven by natural gas or diesel fired engines, which emit primarily 
NOx, SOx, and PM to the atmosphere. 

Ninety percent of the future U.S. TEOR production is expected to be from heavy 
oil reserves in Southern California, Louisiana, Texas, and Arkansas. In recent 
years, stringent air pollution control regulations and preconstruction review 
processes have been established in these areas in response to the 1977 Amendments 
to the Clean Air Act. These regu1otions and review processes are expected to 
significantly constrain U.S . TEOR production in spite of the increased prices for 
the heavy oil. 

In this presentation, the impact of air pollution control regulations and 
permitting processes on costs of current TEOR production are estimated along with 
their impa,' t on future TEOR production. The air pollution regulations and permit­
ting processes are described for representative TEOR production areas. Then the 
availability and cost effectiveness of air pollution control systems are presented. 
Using extremely optimistic assumptions on the achievable control levels and costs, 
the regulatory rer;uirements, and the permitting processes, the maxilnum potential 
TEaR production levels are presented for key TEOR production areas. The costs 
are then calculated for the air pollution control systems needed to achieve the 
maximum TEOR potential production levels. The regulatory, technical, and cost 
constraints involved in achieving the maximum potential TEaR production by 1990 
are summarized. Finally, the potentia l TEaR production that can realistically be 
expected by 1990 is presented. 

Prepared for DOE under Contract No. DE-AC03-78SF01863 
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FORMATION EVALUATION IN THERMAL RECOVERY--RECENT WORK 

by 

S. L. Brown, J . W. Walsh, Jr., 
W. J . O'Brien, H. J. Ramey, Jr., and S. K. Sanyal 
Stanford University Petroleum Reseal' ~h Institute 

ABSTRACT 

This paper will discuss current work of two SUPRI projects 
concerning formation evaluation. These projects are well-test evaluation 
and well log analysis. 

The work in well-testing has been in the development of an analysis 
technique for pressure buildup and drawdown tests on wells being produced 
by steam drive or in-situ combustion. This well-test only takes a few 
hours and obtains the volume burned for in-situ combustion and the swept 
volume for a steam drive. Both parameters are important for determining 
the economic feasibility of a process. Field examples are shown for both 
a steam drive and an in-situ combustion process. 

Work in well log analysis is being done to try: 1) to quantify, 
if possible, interpretations of the ca~bon/oxygen log; and 2) to write 
hand-held calculator programs for various log combinations to allow the 
engi~eer quick calculations of reservior parameters at the well site. 
The programs have been written for the analysis of shaly gas sands for 
the determination of Rand TDS, and for matrix/fluid identification. 
A discussion will be g~ven of the problems encountered when trying to 
analyze the Dresser-Atlas C/O log. These problems led to the computation 
of log responses for various idealized reservoir systems. These expected 
responses are now being correlated with Dresser-Atlas log data from the 
Kern River field. 

HISTORY OF PROJECT 

This report contributes to one of the objectives of contract DE AC03 
76ET12056 which ~ L S initiated in September 1976. 

INTRODUCTION 

Eggenschwiler, et al. (1) have presented ~ method for measuring 
the gas-filled swept volume in an in-situ combustion or steamflood 
operation. The swept volumes maY be measured by a short press~re 
transient test at the injection well. Calculation of the fuel 
concentration for a combustion operation or the cumulative heat loss from 
a steam£lood was possible once the swept volume was known. This study 
discusses the analytical basis of this work and presents two field 
examples. 

Prepared Lor the Department of Energy under Contracts DE AC03 76ET12056 and 
DE AC03 80SFl1459. 
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ANALYTICAL BASIS 

A steamflood or combustion process is modeled as a two-region 
reservoir, with an inner swept region surrounding the injection well and 
an infinitely large unswept region beyond the front. Figure 1 shows 
both top and dide views of the system. The diffusivity equation for both 
regions is solved analytically using the appropriate boundary conditions. 
The injection well is considered to have both wel'bore storage and a skin 
effect. The problem was solved by Laplace trar .. .. c. 'mation with numerical 
inversion (1). A computer program was written t L :imulate a pressure 
transient test at the injection well using this model. Figure 2 
illustrates a sample buildup test generated by the program. 

The wellbore storage effect ceases almost immediately after shut-in. 
A semilog straight line develops rapidly, indicating the conductivity of 
the swept zone. From the slope of the line, the permeability-thickness 
in the swept zone, kh, and the skin factor, s, may be computed as follows: 

kh 162.6 qBlJ (1) 
m 

and: 

[ P,,-PIhr k 
+ 3.23 J (2) s = 1.1513 m - log 

¢ill c r 
2 

t w 

where m was the computed slope and Plhr was the extrapolated pressure at 
one hour shut-in time on the semilog straight line. Equation 7 is written 
for a pressure falloff test. The slope m is taken as positive. The 
parameters B, ¢i, lJ, and c~ correspond to rock and fluid properties in the 
swept volume , and rw is ~he radius of the well. All symbols are standard 
Society of Petroleum Engineers symbols and are defined at the end of this 
report. 

After the semilog straight line, the system starts to feel the 
effect of the radial discontinuity. Due to the high mobility contrast, 
the front behaves like an impermeable boundary. A transition period is 
apparent, as pressures rise above the straight line, as seen in Fig. 2. 
During this transition period, the system approximates pseudosteady-state 
flow, as shown in the Cartesian pressure graph (Fig. 3). This is an 
important finding in that it allows calculation of the pore volume in the 
swept zone. Previously, it had been thought that one semi log straight 
line simply bent towards another semilog straight line. 

The pore volume is related to the slope of the pseudosteady-state 
straight line as follows: 
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5.615 qB 
mlCt 

(3) 

Even though a radial front is assumed in developing the model, 
Eq. 3 applies for any swept volume shap~. The concept of approximate 
pseudosteady-state involves a material ~alance calculation correct for 
any swept volume shape. The pore volume of the swept region dete~ined 
from a Cartesian graph of pressure versus time actually is independent 
of the geometry of the swept zone. 

After the Cartesian straight line, another transition zone lasts 
for a long time, and then the system behaves like an infinite reservoir, 
as shown in Fig. 2. In principle, the permeability fer the unswept 
region can be computed using Eq. 1 and evaluating rock and fluid physical 
properties for conditions in the unswept zone. In fact, it is likely that 
the outer boundary effects would interfere wit~ the second semilog straight 
line. lhe interference would probably prevent ident i fication of a proper 
slope in most cases. There are other complication~ in applying this 
simple, single-phase flow model to thermal recovery systems. In the case 
of combustion oil recovery, only air flows in the swept zone, but multi­
phase flow occurs ahead of the front. In steam injection, the steam 
totally condenses by the time it reaches the swept zone front. One 
example is the steam plateau region ahead of the combustion front. Study 
of such problems is the main focus of current study. The purpose of 
this re~ort is to review findings to date. We turn now to potential 
applications of field determinaLion of swept volume: calculation of fuel 
concentration or vertical heat loss. 

The fuel concentration can be calculateci from the volume of the 
swept zone as follows: 

Cp= (4 ) 

where Cf is the fuel concentration in lbs of fuel/cu ft of rock, Q is 
the total volume of injected air in scf, and AFR is the air-fuel-r~tio. 
scf of air/lb of fuel. The air-fuel-ratio (AFR) can be calculated from 
the analysis of the produced gases: 

AFR 

where: 

= 1805 (1 + * 
12 + x 
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f - fraction carbon gasified to carbon monoxide, and 

x - atomic ratio of hydrogen to carbon in the fuel. 

For air injection: 

x .. 
4 ( "* %N2 - %C02 - t %CO - %02 ) 

(%C02 + %CO) 

f = 
%CO 

%CO + %C02 

(6) 

(7) 

%N2, %C02, %CO, and %02 are the respective percentages of nitrogen, 
carbon dIoxide, carbon monoxide, and oxygen in the produced gas. We turn 
now to steam injection. 

In a steamflood, knowledge of the steam-swept volume will permit 
the calculation of the vertical heat loss. From the average temperature 
in the steam zone, the amount of heat remaining in the swept pore volume 
can be calculated. The total heat injected into the system can be found 
from the total amount of injected steam. Thus, the heat loss from the 
steam zone is the total heat injected minus the amount of heat stjll in 
the swept volume. It is necessary to estimate thp- residual oil and water 
saturations in the swept zone, however. 

DISCUSSION 

Before Eq. 3 can be used to calculate the pore volume, the gas 
formation volume factor and total compressibility of the swept region 
must be known. These two parameters can be estimated from the average 
reservoir pressure and temperature in the swept zone. Methods for 
finding the average pressure and average temperature will be discussed 
in this section. 

The average reservoir pressure can be found from the semi log graph 
of pressure vs time in Figure 2. After the initial wellbore storage 
and skin effect have ceased, the pressure in the wellbore almost stabilizes, 
and is equal to the pressure in the swept region: This is because the 
high mobility in the swept region causes a low semilog straight line in 
the swept region. Note the early, nearly horizontal straight line in 
Fig. 2. Therefore, the average reservoir pressure behind the front can 
be approximated by the early-time flattening of the pressure on the 
semilog graph. 

The average reservoir temperature is crucial for calculating the 
correct pore volume. In Eq. 3, the ratio of B/c is a function of both 
pressure and temperature. However, the pressureteffects tend to cancel, 
thus only an approximate average pressure is needed to calculate the pore 
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volume. On the other hand, the ratio is a function of temperature also. 
The accuracy of the calculated pore volume is proportional to the 
accuracy of the a'Jerage temperature in the swept zone. 

For steam injection, the average tempE:rature may be estimated from 
the avoarage temperature correcting for the p'artial pressure of steam in 
the cwept zone. The problem is not that straight forward for combustion 
oil recovery tests. 

The average swept volume temperature for combustion can be estimated 
in a number of ways depending on the information available and the degree 
of accuracy needed. The average temperature should lie between the 
injected air temperature and the pack combustion temperature. A reasonable 
method would be to do heat balance and find the average temperature that 
corresponds to the amount of heat behind the front. Several authors (2-5) 
have published temperature profiles for the combustion process from which 
the average temperature might be found by integrating the temperature 
profile over the swept volume. Combustion simulators may be used for the 
same purpose. Another method is to use the thermal efficiency of the 
process [see Prats (6»), and then calculate the average temperature 
corresponding to the amount of energy remaining in the reservoir. Thus, 
several methods are available for calculating the average reservoir 
temperature. 

Most of the methods cited above require prior knowledge of the 
swept volume to estimate average temperature. Therefore, a trial and 
error procedure must be used to find the swept volume. First, assume an 
average temperature. Second, calculate fluid and rock properties and the 
swept volume. Third, calculate the average temperature using one of I~he 

above methods. Repeat the last two steps until the swept volume and 
average temperature do not change significantly from the previous ~ teration. 

The estimation of fuel concentration for combustion oil recov~ry or 
vertical heat loss for steam injection from a short pressure transient 
test could have immense operaticnal importance to field operations. This 
possibility was discovered by analysis of a simple flow model which does 
not match either process in detail. Although it is obvious that a 
reasonably complete finit~-difference thermal simulator could be prepared 
to provide a better test, it was decided to search field case history 
data for evidence of the approximate pseudosteady-state regions. 

A pseudosteady-state straight line has been observed in every field 
test studied. Two examples follow which demonstrate the information that 
can be calculated from thermal pressure transient tests. 

Case A 

The first exa~ple involves a combustion project in an inverted 
nine-spot pattern. All pertinent reservoir and fluid data are listed in 
Table 1. Figure 4 shows the semilog graph of a falloff test taken at the 
injection well. As seen in the figure, the flattening of the curve occurs 
at a pressure of 1640 psig. Therefore, the average reservoir pressure in 
the swept volume was 1640 psig. The average reservoir temperature was 
assumed to be 500°F. 
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The first semilog straight line began at about 0.07 hours and 
lasted until 0.5 hours. From Fig. 4, the slope of the straight line was 
5.5 psi/cycle. Using Eq. 1 to calculate the permeability-thickness: 

kh 

kh 

(162.2)(2.8 x 10
6

)(0.016)(0.04) 
(5.615)(5.5) 

9435 md-ft 

If the average thickness of the swept region was known, the effective 
permeability to air of the formation could be calculated. If the 
permeability to air was known, the average thickness of the swept zone 
could be calculated. This permeability should be very close to the 
absolute permeability of the rock. 

psig. 
Just before shut-in, the downhole flowing pressure, P , was 1734 w 

Using Eq. 2 to compute the skin effect, s: 

- log 
___________ ~9~43~5~ ________ ~ 

(.20)(0 .4)( 25)(604 x 10-
6
)(.04)2 

+ 3.23 ) 

s 23 . 0 

This is a very large skin effect as evidenced by the large pressure drop 
between the flowing we1lbore pressure and the average pressure in the 
swept zone. Large skin effects such as this one have been observed in 
other thermal pressure transient tests, such as the Belridge combustion 
project. In the Belridge project, the high skin effect was cau~ed by 
lube oil from the compressors. However, several pressure falloff tests 
have ~een observed w~tch have almost no skin effect and start directly 
with the semilog straight line. 

Plotting the transition period on a Cartesian graph, a pseudosteady­
state straight line is observed (Fig. 5). The straight line lasts from 
2 to 7.S hours. The slope of the line is 4.8 psi/hr. With an average 
reservoir pressure of 1640 psig and an average temperature of 500°F, the 
air formati~g vol~~e factor is 0.0085 ft 3/scf, and the total compressibility 
is 604 x 10 psi . Using Eq. 3 to find the pore volume: 

v 
p 

v 
p 

6 3 
(2.8 x 10 scf/day)(0.016 ft /scf) 

(4.8 psi/hr) (24 hr/day) (604 x 10-
6 

psi-
l

) 

644,000 ft
3 
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The produced gas analysis shows 80 percent nitrogen, 10 percent 
carbon dioxide, 6 percent Oxygen, and 2 percent carbon monoxide. From 
Eq. 6, the atomic ratio of H to Cis: 

x = 
4 (.* (SO) - 10 - % (2) - 6) 

(10 + 2) 

x = 1.4 

Using Eq. 7, the fraction of carbon converted to carbon monoxide is: 

f 2 
2 + 10 

f 0.17 

From Eq. 5, the air-fuel-ratio, AFR, is: 

1805 AFR 
(1+\4_0217) 

= --~--~--------~-------12 + 1.4 

AFR = 170.4 scf/lb of fuel 

The total injected air at the time of the test was 2.8 x 109 scf. there­
fore, USing Eq. 4 to calculate the fuel concentration: 

(0.20)(2.8 x 109 scf) 

(170 scf/lb of fuel) (660,000 ft 3) 

3 CF = 4.99 lb of fuel/ft of rock 

In laboratory combustion tube runs performed to evalua5e this combustion 
project, the fuel concentration was 1.5 lbs of fuel/ft of rock. This 
pressure test method results in a much higher fuel concentration. Almost 
no oil was produced in this test. However, it is not known with certainty 
that excessive fuel consumption was real in this case. This example is 
shown mainly for purposes of illustration of the potential of this procedure. 
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To summarize results of Example A, the following we=e calculated 
from a thermaJ pressure transient test: swept pore volume. permeability­
thickness of the swept zone, damage arou~d the wellbore, swept volume, 
and fuel concentration. We turn now to a steam injection case history. 

Case B 

The second example involves a steamflood project. Figure 6 shows a 
semilog graph of a pressure falloff test taken at the injection well. 
Detailed projection and reservoir data are not available for this test, 
but a qualitative analysis is possible. 

TIle flattening of the curve at 1175 psia is the average pressure in 
the steam zone. The average reservoir temperature for a steamflood is 
roughly equal to the steam saturation temperature at the average pr9ssure. 
The steam saturation temperature at 1175 psia is 565°F. -The 
semilog straight line lasts from 0.3 to 0.6 hours, has a slope of 7.3 
pSi/cycle. The permeability-thickness, kh, of the swept zone may be found 
from Eq. I, and the skin effect from Eq. 2. 

The transition period is shown in Fig. 7. The pseudosteady-state 
straight line begins immediately after the semilog straight line ends, 
and lasts for over six hours. The slope of the line is 26.9 psi/hr. 
From the slope, the steam-filled pore volume can be calculated using 
Eq. 3 if the steam injection rate before shut-in is known. 

To summarize the results of field Example B, the average swept zone 
reservoir pressure and temperature are evident, the slope of the semilog 
straight line permits calculation of the steam permeability-thickness 
product in the swept zone, and the slope of the approximate pseudosteady­
state line was observed, from which the steam-filled pore volume could be 
calculated. 

In the preceeding, the approximate swept volume yas described, 
realizing that flow across the front affects the result. Approximate 
correlation factors have been developed by Tang (7). Other pertinent 
reports have been issued (8,9). 

FUTURE WORK 

In the combustion example, the calculated pore volume was directly 
related to the average reservoir temperature in the swept region. The 
assumed temperature of 500°F produced a pore volume of 644,000 cu ft. If 
the average tem?erature had been 400°F, the calculated pore volume would 
have been only 577,000 cu ft. TIluS, an accurate method of estimating the 
average temperature is needed. Current work is being done investigating 
such methods. The method of calculating the thermal efficiency of the 
process seems to be best suited for these calculations. 

One of the questjons that has arisen from this work involves the 
calculated pore volume in a combustion operation. Is this pore volume 
the total air volume behind the front, or does it also include the gas 
volume in the steam zone ahead of the front? The pressure response is 
dependent upon the relative permeabilities of the fluids. If the gas 
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saturation in the steam zone is small, the gas relative permeability will 
be small, and the pore volume calculated is the pore volume behind the 
front. However, if the ~os saturation in the steam zone is large, its 
relative permeability will be large, and the calculated pore volume may 
include both the swept volume and the gas volume in the steam zone. 
Further research is being done to determine the answers to these and 
similar conditions. 

CONCLUSIONS 

An analysis of the pressure transient falloff testing of thermal 
injection wells based on a Rimple, approximate model has produced a 
surprising and potentially important result. A long transition zone 
between the two semilog straight lines for the swept and unswept regions 
contains an approximate pseudo-state region based on the swept volume 
near the injection well. 

Although the model is ideal and includes all the usual simplifying 
assumptions, the concept of pseudosteady-state is a material balance 
concept and independent of the actual dimensions and regularity of the 
swept volume. 

The pressure transient test required to identify the approximate 
pseudosteady state region i. of short duration: 1 to 10 hours at most. 
This is an almost ideal pressure transient test. 

The pseudosteady state region actually yields an estimate of the swept 
volume storage volume in units of stand~rd volumes of gas per psi pressure 
change. To compute the swept zone pore volume requires an estimate of the 
mean temperature and pressure in the swept zone. Estimation of mean 
pressure is not difficult. Estimation of mean temperature for combustion 
oil recovery can be a problem. 

An examination of a large number of field case histories for both 
combustion and steam injection oil rel;overy reveals pseudo-steady linear 
pressure-time data immediately following an initi~l semilog straight line 
for every case. The potential importance of this finding for field 
operations is immense. Research to develop methods to interpret pressure 
transient falloff tests for thermal wells is continuing. This method 
should also be applicable to other enhanced oil recovery operations, 
involving high mobility contrasts across the swept region. Applications 
have already been made to boiling liquid geothermal systems and cold water 
injection in geothermal steam systems (10). 

WELL LOG ANALYSIS WORK 

Work involving well log analysis has been done in two main areas: 
development of hand calculator. pr ograms, and improving upon the current 
methods of analysis for the carbon/oxygen log. Four hand-held calculator 
programs have been written for the Texas Instrument 59 calculator. Three 
of these have been published. 

Two of the programs were written for shaly gas sand analysis. These 
programs follow Poupon and others (11) work of describing shale as 
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dispersed, laminar, or structural. Both programs need the neutron and 
density logs to obtain porosity and the amount of each type of shale. 
Water saturation cnn then be calculated once resistivity data is entered. 
One of the programs [Gobran and others (12)] uses water saturation of the 
flushed zone, S (e.g., derived from a shallow-investigation resistivity 
log), and givesX~he total volume of shale. The other program [Saldana 
and others (13)] requires a shale indicator (e.g., the gamma ray log) and 
finds S by an iterative method. xo 

Another program [Gobran and others (14)] finds the resistivity of a 
water zone, and theeotal dissolved solids for that zone from any of the 
following logs or combination of logs: spontaneous potential log, 
resistivity and porosity logs, laterolog, or thermal decay time log. 

The final program is currently being completed. This analysis uses 
three porosity tools--neutron, density, and sonic logs--to identify the 
matrix and fluid of a zone. An analysis technique for matrix identification 
was worked out by Clavier and Rush (15). They defined apparent matrix 
values of the density (obtained from the density and neutron logs) and 
sonic (obtained from the sonic and neutron logs) values to obtain the 
mineral content of a zone. This crossplot is called the Matrix 
Identification Plot (MID). Bateman (16) described another crossplot, 
Fluid Identification Plot (FID), based upon these apparent parameters and 
mud properties to determine if a formation is clean, wet, shaly, or shaly 
with gas. 

Based upon these methods, a computer algorithm has been written. 
Three separate programs are used. One finds the apparent matrix density 
from density and neutron data; also, from this program, porosity and 
lithology are found, assu&ing either a sandstone-limestone or a limestone­
dolomite system exists. Charts used to find these values are provided by 
the logging service companies, and an example is shown in Fig. 8. 
Similarly, another program finds the apparent matrix sonic time, porosity 
and lithology by using sonic ana neutron log data. The third program 
uses these apparent values and mud data to obtain the type of lithology, 
assuming a sandstone-limestone-dolomite system, type of fluid and presence 
of shale. 

In general, these hand-calculator programs have turned out to be 
very practical for quick, well"site estimates of reservoir parameters. 
Considering the insignificant amount of budget devoted to the development 
of these programs, the effort has been rewarding. 

Work continues to be done on the carbon/oxygen log. This project 
was begun because little work has been done in developing a quantitative 
analysis for this tool. Also, an analysis technique that can help 
estimate the oil saturation in a cased-hole can greatly aid enhanced oil 
recovery projects. 

Lawrence (17) presents a paper which gives several possible 
techniques for analysis of the carbon/oxygen log. Several of these 
techniques will be shown with data from Kern County, Ca . , to illustrate 
some likely problems in analysis. The well chosen for analysis has been 
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cyclic-steam flooded since 1969. This Y211 is noy receiving sequential 
slugs of a steam-foam-polymer combination and has been doing so since 
March 1979. 

The zone of interest for the examples is a sandstone from 1550-1574' 
(see Fig. 10). The average log values (logged September 1980) from this 
zone are C/O = 1.52 and Si/Ca = 1/39. Porosity for this zone is approxi­
mately 35%. The crude oil is fairly heavy yith a gravity of l3°API, or a 
density of .9792 g/ce. Whole core samples taken in January, 1980 show 
oil saturation varJing in this zone from forty to seventy percent. 

Oil saturation yill noy be calculated for this zone using several 
equations Yhich Layrence (17) presents. One method uses a C/O vs Si/ea 
crossplot, shoYD in Fig. 9 yith a Yater line defined by him and one Yhieh 
may be more appropriate for this particul ar well. To find oil saturation 
be presents the folloYing linear equation : 

C/O - (C/O) t 
S = ~~~ ____ ~~w~a~e~r __ _ 

o (C/O)oil - (C/O)water 

He further defines a water line and oil line for high porosities and 
obtains, 

S 
o 

c / O + .8 Si/ ea - 2.3625 
.2 

(8) 

(9) 

Water saturation is found to be 0.99. This is much too high so an ac tempt 
yas made to redefine the yater line described by the erossplot (see Fig. 9). 
This gives: 

S 
o 

'"' ...:,C.:..-/ O~+--=-' ...;.:45=---=8-7i.:..-/ Ca.::.=...._--=..l :..;:' 9:..=.3 
.2 (10) 

with S '"' 0.88 for the zone. This is still high so corrections LaYrenee 
presen~s 'Nere applied. To correct for porosity, 

S 
o 

c /O + m Si/ea - I 
w 

.6 q,l.ll 
(ll) 

Given a porosity of 0.35. S = 1.06 using the water line in Eq. 9 and 
S '"' 0.94 using the Yater l~ne in Eq. 10. Therefore, the porosity va lues 
y~re not proper l y changing the oil saturati on and were even causing 
unrealistic values. 
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Lawrence presents an empirical equation which relates the C/O values 

for oil and water zones by, 

s 
o 

7.52 
(, (c/O)water\ 

~ - c/O) 

(12) 

Taking the C/O value from a water zone as 1.42, S = 0.49. This is an 
improvement over the other methods as S is a rea~istic value. However, 
the oils Lawrence used for all previousOequations were light crude oils. 
He does provide a correction for diff erent oils, 

S 1.11 
o 

.865 S oa 
1.11 

where S was found by the previous equations and 
oa 

(molecule of C H ) . nm 

(::.3 ) 

Assuming m = 1 5n and a molecular weight of 310, S 
is still real:'stic but lower than core values. 0 

0.42. This value 

Another method commonly use.d for qual itatively finding oil zones is 
the overlay technique. Dresser uses a rather arbitrary method based 
upon their oil and water line . For water sands, the curves 
should come together, and this could provide a means for redefining the 

water line. 

From the values of S some of the techniques tried do not appear 
applicable for the exampleo~~ll. Neuman and Oden (18) point out that the 
~indow size Dresser-Atlas uses for counting the different elements may 
not be the best to use. In fact , they find a high correlation between 
the silicon/calcium ratio and oil saturation. In order to gain a better 
understanding of the carbon/oxygen tool and Dresser At~s' manipulation 
of that data, the basic prinip1es for the tool are being studied. 

Figure 11 shows two log readings for this zone, one taken in 
Sept. 1980 and one in Feb. 1981. The C/O values have decreased as they 
should if they are an indicator of oil saturation as the well produces 
over time. Please nott that although the Si!Ca curve is not constant for 
the zone of interest, it does appear to be constant with time. 

At this point an attempt is made to try to describe these ratios. 
A mass balance for the chemical rat:i.os can be written using coefficients 
which denote the amount of that element in a particular medium. The 
general equations describing the twO ratios are as follows: 
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n 
alPS + I biVi 0 

c/o '"' 
i 

+ E:l n (14) 

c IP (1 - S ) + I 
o i diV i 

n 
A elP(1 - S ) + I fiV i e 0 

Si/Ca - i 
+ E: 2 n (15) 

A glP(l - S ) + I hiVi g c i 

where A denotes the amount of silicon or calcium in the wate~ and E: 
describes borehole ef fects and tool anomalies. Please no~that although 
E: is shown here as an additive effect that is not necess~rily the case. 

For a low salinity sandstone, these equations become, 

.0768 IP S 

C/O = 0.556 1P(1 - S ) + ~.882(1 _ ~) + E:l 
o 

Si/Ca e(l - 4) 
a 

(16) 

(17) 

So, theoretically a sandstone should have a constant Si/Ca ratio and the 
oil saturation should be a function of the C/O ratio and porosity only . 
A graph of C/C+O vs S was constructed f0r a sandstone using Eq.16 and 
different porosities ~Fig. 12). 

To correct the log values, E:l was taken t o be the minimum value on 
the log, C/O - 0.21 and Si/Ca - O. 56. Looking at Fig. 12, the oil 
saturation is 0.41. This is again low, but a more accurate indication 
of E:l could provide more accurate oil saturation va~ues. Hearst (19) 
suggested that an empirical correlation between C/O atomic ratio and the 
C/O count ratio might be possible through test pit data. 

Dresser (17) has presented some test pit data with 100% oil and 
water saturations. Curves were generated for C/O vs Si/Si+Ca for several 
porosities and an oil saturation of zero and one. Figure 13 shows these 
curves for various porosity and varying amounts of sandstone and limestone. 
These curves are similar to those presented by Dresser by the negative 
slopes and spread between the saturation curves. Also, the S '"' 100% o 
curve decreases as porosity decreases. However, Dresser did not take 
enough points to show that the curves are indeed nonlinear. The 
similarities show that the equations being used here are behaving similarly 
to data found from test pits. 
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Work is nOW being done to create curves for sandstone-limestone 
systems and to correlate these curves. The Si/Ca ratio is difficult to 
correlate. For our zone which is almost all sand, the corrected Si/Si+Ca 
curve should be around 1.0, not 0.135. A better understanding of how 
Dresser measures that ratio should help in determining the correct value. 

A study is just beginning at SUPRIto search the physics literature 
to obtain information on h~w the tool works nnd to find, if possible, 
correlations which can describe the window technique Dresser uses. If 
spectra data can be obtained by either Dresser or Schlumberge~ a study 
to analyze the logs can begin in a similar W3Y to the method that 
Schlumberger is presently using (20). 

NOMENCLATURE 

Well-Testing 

APR • air/fuel ratio (scf/lb fuel) 
B _ gas formation volume facto r in swept zone (RV/STV) 

C _ fuel concentration (lb fuel/ft
3 

bulk volume) 
F -1 

c
t 

= total system compressibility in swept zone (psi ) 

f c fraction of carbon gasified to carbon monoxide 

h s net thickness of swept region (ft) 
k K effective permeability to gas in the swept region (md) 

m semilog straight line slope in swept zone (psi/cycle) 

m
l 

- Cartesian slope (psi/day) 
Plhr - semilog straight line pressure at 1 hour shut-in (psi) 

p _ injection pressure on shut i~ (psi) 
w 
q & injection rate (std bbl/day) 

Qt - total air injected (scf) 

r c well radius (ft) 
w 
S - skin effect (dimensionless) 

3 
V

l 
- swept pore volume (ft ) 

x = atomic hydrogen-carbon ratio of fuel 

~ = gas viscosity in swept zone (cp) 

~ _ porosity of swept zone (fraction) 

~l-Logging 

a - amount of carbon in oil ( /I l ,f molecules/medium) 

b - amount of carbon in lithology 

c '"' amount of oxygen in water 

d '" amount of oxygen in lithology 
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e - amount of silicon in water 

f - amount of silicon in lithology 

g a:: amount of calcium in water 

h - amount of calcium in lithology 

m - water line slope 

C/O - carbon/oxygen ratio 

I - water line slope 
w 

Si/Ca • silicon/calcium ratio 

S - oil saturation 
o 

S - apparent oil saturation 
oa 
Vi - bulk volume of a particular lithology 

£ e borehole effects and tool anomalies 

A - percentage of an element in water 

<p - porosity 

Ph ~ hydrocarbon dens:i.ty 

P
he 

- effective hydrocarbon density 
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Table 1. Reservoir and Fluid Oa ea for Example A. 

Air Injection Rate, q 2.S X 10
6 SCt/day 

Porosity, 4> .20 

Wellbore Radius, r .04 fe 
w 

Toeal I nj ected Air, Qt 2.8 x 109 SCF/ day 

Produced Gas Analysis 

Nitrogen, N2 SO% 

Carbon Oioxide, CO 2 
10% 

OXygen, O2 
6% 

Carbon Monoxide, CO 2% 

Fi~ . 1 - Idealization of the porous medium. ' 

1200 I 

I I" 'I'RANSITION PERIOD ---J 
1000 f- 1 ~ . y l '" ", 100 

'" 'E!lILOG 1 
~ BTIUlIGRT PERIOD II I 
" J III .. 
:l 600 .. I 
~ 

~ E SDllLOG STIUlIGBT PERIOD I ., coo 

1+ 
.., 

P5IiUDOSTIiADY-STATIi PERIOD ~ 
I -1:: 1 

200 
I 

-0 ] 
0 : 

10-2 10-1 10 101 102 10) 10' 10 5 

'fIlII!, t , hour. 

Fig. 2 - Bottomhole pressure vs t ime for in-situ combl.'stion injecti on . 
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PROJECT DEEP STEAM 
by 

R. L. Fox and D. P. Aeschliman 
Sandia National Laboratories 

Albuquerque, New Mexico 

ABSTRACT 

Evaluations of thermal packers and insulated delivery strings have been 
completed at the Tacoma facility of General Electric. Field tests of insulated 
delivery strings have been initiated at the Lloydminster test site of Husky 
Oil Co. A low-pressure combustion generator is being developed by Rockwell and 
a high-pressure combustion generator by Foster-Miller. Surface field tests in 
cooperation with Chevron are complete, and further tests are underway in coop­
eration with the City of Long Beach. 

HISTORY OF PROJECT 

The Project started March 7, 1978. Based on a 5-year plan, it is expected 
to be completed in 1983. 

OBJECTIVES 

The objectives of Project DEEP STEAM are to examine modified well completions 
for surface injection into deep reservoirs, develop economic downhole steam gener­
ators, and examine existing reservoir models for modifications required for steam 
injection into deep heavy-oil reservoirs. The project is designed to make deep 
steam drive a conventionally applied technique for producing low-gravity reservoirs. 

MODIFIED WELL COMPLETIONS 

In order to quantitatively evaluate techniques for the thermally efficient 
delivery of steam to deep reservoirs, a simulation test tower has been constructed 
under contract with General Electric at Tacoma, Wash. The thermal simulation test 
facility consists of a 73-foot-high tower which encloses a standard 7-inch well 
casing, with a vented annulus. 

Testing in this facility was initiated in FY 1980, and a S l ties of evaluations 
of thermal packers and insulated delivery strings have been completed. The tests 
which have been carried out to date were focused on tubular insulations including 
two designs based on calcium silicate, mineral wool, and two multilayered insula­
tions. The expansion of testing to include non-tubular insulations is in process . 
Non-tubular insulations which will be examined include Ken-Pac and perlite. 
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FIELD TESTING OF INSULATED INJECTION STRINGS 

Field tests of the performance of insulated delivery strings have been 
initiated in cooperation with Husky Oil Co. The test site is located near 
L10ydminster, Canada. The test well was installed with a series of three 
small tubulars attached to the outside of the casing, as shown in Fig. 1. 
These tubu1ars are used to measure the casing temperature with a traveling 
thermocouple. Insulations which will be examined in the test well will be 
those which have provided promising performance in simulation tests at the 
Tacoma facility. Initial measurements using a bare tubular injection string 
have been carried out. The bare string test section has been removed and 
replaced with a calcium silicate inslJ1ated string . The delivery tubu1ars are 
instrumented with thermocouples and heat flux gages which are attached to the 
outer walls of the strings. 

DOWNHOLE STEAM GENERATION 

Two approaches to downhole steam production are under development as part 
of Proj~ct DEEP SiEAM. The two systems are designated as a high-pressure 
combustion generator and a low-pressure combustion generator. Both steam 
generator systems utilize hydrocarbon fU21s. The low-pressure combustion 
generator is being developed under contract with Rockwell International 
Corp., Rocketdyne Division. This design incorporates the transfer of energy 
from high-temperature, low-pressure combustion gases to high-pressure water 
via a downhole heat exchanger. The high-pressure combustion generator is being 
developed under contract with Foster-Miller Associates and at S3ndia National 
Laboratories. This design carries out the combustion at pressures sufficient 
to inject the exhaust gases into the reservoir with the steam. 

FIELD TE ~ TING 

A systematic series of field tests has been designed to support development 
of the downhole steam generator and to provide definitive evaluation of the 
system. The initial field test was carried out in FY 1980 in cooperation with 
Chevron, USA in the Kern River Field near Bakersfield, Calif. The initial test 
utilized a compact steam generator (6-inch diameter by 30-inches long) on the 
surface to inject steam and combustio~ gases into a shallow (800-ft) reservoir. 
This initial testing was completed in May 1980. 

The next field examination of the downhole steam generator will be conducted 
in cooperation with the City of Long Beach, Calif., and Long Beach Oil Development 
Co. The test in Long Beach is in the 2,200-foot-deep tar zone of the Wilmington 
Field. The initial testing of the downhole genpr~tQr in Long Beach began in May 
1981. The test includes comparative recovery operations with air-fired and 
oxygen-fired generators. For the early stages of testing, the oxygen-fired 
generator will be located on the surface with the air-fired generator installed 
downhole in a nearby injection pattern. 
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A SIMULATION STUDY OF DETERGENT FLOODING 
IN A VERTICAL CROSS SECTION 

by 

Guillermo C. Dominguez, Elmer L. Dougherty 
and Lyman L. Handy 

University of Southern California 
Los Angeles, Cal ifornia 90007 

ABSTRACT 

A two-dimensional numerical model for simulating detergent flooding was developed. 
The model considers simultaneous flm" of oil and water in a vertical cross section. 
The detergent (considered to be insoluble in oil) introduced in the injected water 
distributes itself between the water phase and the rock surface according to an 
equil ibrium Langmuir type adsorption curve. The effect of di spers ion on the 
distributicn of detergent is considered. The model considers the typically 
observed relation between detergent concentration in the water phase and interfacial 
tension, with this relation exhibiting a strcrg mi nimum at the critical micel!e 
concentraticn. The relation between interfacia: tension (plus flow velocity and 
water vis~osity via the capillary number) and relative permeabil ity and residual 
saturation of both oil and water is considered in turn; the relationship used was 
derived from recent laboratory studies at University of Southern California. 

The results obtained to predict effect of various paraTIeter~ on oil recovery, 
from a system initially containing water and oil with the latter at residual 
saturation, are presented. Parameters considered include location of injection 
interval. slug size, surfactant concentration, oil viscosity and injection rate. 
In~ rease in injection rate was found to result in significant increase in oil 
recovery. For smaller fixed total amount of detergent used in a flood, the model 
predicts recovery to be insensitive to slug size, but for larger total amounts of 
detergent, larger slug sizes yield significantly higher recovery. 

HISTORY OF PROJECT 

This report is part of a project "Chemical Additives With Steam In jecticn 
To Increase Oil Recovery." It was initiated Sept. 15, 1976, with anticipated 
completion of Oct . 15, 1981. 

INTRODUCTION 

The ini~ial objective of this research effo rt was to develop computer methods 
for predir.ting the behavior of a complex but potentially productive technique, 
injection of steam containing a surface active chemical component. The sheer 
magnitude of the task caused us to stop short of this objective. Although the 
equations were f ormulated and computer programs written for solving the combined 
process, the programs were debugged, tested and appl ied only to isothermal 
detergent flooding in a vertical cross section. 

The incentive for the combined process derives from the nature of steam 
flooding itself. Steam injection is currently by fa~ the most important enhanced 
oil recovery method. It has been used in various field conditions, but has been 
most successful with viscous, heavy oils which yeild very low iecovery with any 
other recovery process. 

Prepared for the Department of Energy Under COlltract No. DE-AS03-76SFOI)113 
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Aspects of the combined steam and chemical injection process have recently 
been studied in the laboratory (1,2). The effect of temperature on adsorption 
of surfactant on the rock surface and on surfactant degradation has been 
researched (3,4), and has the effect of temperature on interfacial tension (5,6) 
ana in turn on relative permeabilities of oil and water (7). Our study was 
targeted to proceed in parallel with these experiments. The objective was to build 
a numerical simulation model of the combined steam-chemical process incorporating 
the laboratory findings, and to conduct a series of recovery predictions with it 
using parameter values derived from slJch experimental results. 

In consonance with this objective a set of equations desrribing the combined 
process was formulated, a numerical procedure for solving these equations was 
devised, and a system of FORTRAN computer programs for carrying out the required 
calculations was written. This system of programs was partially debugged and 
tested . However, midway through this effort it became apparent that the time 
required to fully complete the initial targeted objective WdS goin~ to be 
considerably greater than was initially estimated. Therefore, our sights were 
lowered to allow completing a significant piece of the initial target in the time 
available. The piece selected was to simulate isothermal chemical flooding in a 
two-dimensional vertical cross section. As a result only this portion of the 
FORTRAN programs were completely checked out and useci. 

MATHEMATICAL FORMULATION OF CHEMICAL FLOODING 

In this section the mathematical equations describing isothermal chemical 
flooding are presented. The assumptions pertaining to this system are listed as 
are the initial ~nd boundary conditions specifying the problem actually solved. 
Data required to generate solutions for this numerical simulator are also given. 

Assumptions 

The following is a list of the more important assumptions made in developing 
the isothermal checmical flooding model: 

1. Flow is two phase, oil and water. 
2. Darcy's law applies to each phase. 
3. Gravity effects are included but capillary effects are neglected . 
4. The surfactant, a single chemical component, is insoluble in oil. 
5. Surfactant conc~ntration on the rock surface and in the water phase are 

in physical equi1ibriuITI, and the governing relationship is of the 
Langmuir type. 

6. The surfactant does no t react chemically with the rock, water or oil. 
7. The di~persion coefficient of the surfactant is independent of velocity. 
8. The int~rfacial t~nsion between oil and water is a function of surfactant 

concentration. Interfacial tension decreases rapidly with concentration 
until the critical concentration is reached; above the latter interfacial 
tension increases, rapidly at first but more slowly as concentration become s 
much greater than the critical value. 

9. Changes in interfacial ter.sion result in predictable changes of rel ati ve 
permeability of oil and water. 

10. For interfacial tension values less thana critical va!ue residual saturation 
of oil and water decrease. For any interfacial tension le3s than the 
critical value the residual saturation of each phase decreases as fluid 
velocity increases. 
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Equations Describing Isothermal Chemical Flooding 

Given these assumptions the following equations describe the behavior of 
isothermal chemical flooding. 

Oil Mass Balance: 

o ( k M J J: [ k 64> 1 _ Ip ....£.~ +_u_ ....£. 0 
Ox ; 0 ~o ox oz Po ~o Oz 

.... 

(1) 

Water Mass Balance: 

(2) 

Surfactant Mass Balance: 

I 
k Gel> I 

o <t> s D c C +.i.. C w w +.i.. ' q, S 0 ~ + 0 q, S 0 
ox w x Ox Ox ~w Tx oz W z oz 8z w z 

" 

~l+ 6z 

.' 

Initial And Boundary Condit ions 

Inspection of the above equations reveals that they contain three independent 
variables; x, z and t, and three dependent variables; P, C and S (or So). The 
initial and boundary condit i ons must specify values of the depen~ent variables at 
the problem boundaries sufficiently to determine the solution. 

Initial Condi tions The values of p. C and S at all points in the permeable strata w 
at t = 0 must be specified, viz., 

p(x,z,O) :: P. (x,z) 
I 

C(x,z,O) = c. (x, z) 
I 

Sw(X'Z,O) S . (x,z) 
WI 

Boundary Conditions Conditions must be gi ven at the injection and production wells 
and at the interface with the overburden an d ove rbu rden. 

Injection Well Water injection rate is constant . 

J • §.!: (0 ) Ox ,z,t = qw,inj 

For those segments of the injection we ll which are closed to flow, q .. = 0 w,lnJ 

Concentration of surfactant in the injected water is a known function of time. 

C(O,z,t) = C (t) 
o 
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Product i on We 11 Pressure at the effluent face is constant for producing segments: 

p(L,z,t) = Pwf 

For nonproducing segments there i s no flow; i.e., 

op ( ) _ ox L,z,t - 0 

There is no transfer of surfactant across the effluent boundary by dispersion: 

OC ox (L,z,t) = 0 

Re5ervoir Rock And Fluid Parameter Values 

The data used in this study of isothermal chemical flooding is presented in 
Table 1. Most of these data are self e~planatory, and we will only consider here 
the basis and means of describing the effect of surfactant concentration on the 
critical flow properties, relative permeability and residual saturation of the oil 
and water phases. 

Very little has been published on the quantitative relation between surfactant 
concentration and oil and water relative permeabilities. To construct the required 
relationships for our study we used a procedure rec~ntly presented by Amaefule (7), 
based upon laboratory studies conducted at USC in pa rallei with our work. In this 
procedure the residual saturation of oil and water are each related to capilllary 
number, defined as: 

N = J.l v 
c 0 

(4) 

Since N contains interfacial tension, a relation between Sand S is thus c or wr 
established. The actual equations used in our study were : 

where 

S (0) 
or 

Sor ( oo~ 
S r(o ) = w 0 

N (0 ) = 
co 0 

N 
S (0 )(~)-0.5213 
or 0 N co 

0.2 

0.4 

1.44xlO- 4 

S (0) wr 

N 
S (0 ) (_c_) -0. 1534 
wr 0 N co 

The value of S or S ,as shown in Figure I, defines the end point of the 
corresponding relati~~ per~~bi 1 ity curve, so that the above equation !; establ ish a 
relation between 0 and the end points. Given the end points the following 
analytical relation was selected to define relative permeabilities at intermediate 
saturation values: 

k ro 

k rw 

5.0[S (0 ) (S >\ )2 - S (0) (S>~ )] + s,', 
or 0 or 0 0 

2.5[S (0 ) (S >" ) 3 - S (0 ) (S >" )] + S,', 
wr w wr w w 
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where: 

1.0 - S - S (0) 
S,,: w or 
o = i. 0 - S (a) - S (a) ; 

wr or 

S - S r(O) w w 
1 .0 - S (a) wr 

Relative permeability curves such as are depicted in Figure 2 were derived from 
these equations and input into our program in the form of tables. Values of k 
and kr~ at intermediate values of Nc were obtained in the program via given eq~~tions 
5 and b. 

The relation between interfacial tension and surfactant concentration used is 
shown in Figure 3. This curve represent the general characteristics of most surfactants 
reported by various laboratory investigators. 

DESCRIPTION OF CHEMICAL SIMULATOR 

The simulator can be, and has been run with either one or two-dimensional grids, 
and numerous features and options have been included which enhance the utility of 
the system. The fo llowi ng is ali s t of these features: 

(1) A different value may be input for porosity and absolute permeability 
in each cell thereby allowing the possibil ity of eva luating effect of 
reservoir heterogeneity on process behavior. 

(2) Grid dimensions; x, y, z, may all be different . 
(3) ' A different value may be input for initial saturation in each cell. 
(4) The size of the time step can be changed as many times as needed during 

a run. 
(5) Fluid and rock properties can be input in two ways: Analytical functions 

or tables. The tables contain coefficients of a quadratic polynomial 
fitted to segments of the data using the fitting program discussed 
above. The fitting program, which isfast and easy to use is run 
independently and the results input for use by the simu lator. 

(6) Relative permeability of the oil and water phases may depend on inter­
facial tension, viscosity, and fluid velocity, this latter dependence 
arising through dependence on the capi llary number. The relations used 
are derived from recently reported laboratory data. An alternate 
relative permeability procedure could be easily implemented. 

(7) A new procedure is incorporated to compute surfactant concentration wh ich 
has proven to be very effective in eliminating unreal istic numerical 
smoothing (If sharp concentration profiles. This procedure includes 
three param~ters for a particular case, should this prove necessary. 

(8) The simulator uses a very efficient sparse matrix code to solve the 
equations on each ti me step which results in considerably less CPU 
time than would othen-Jise be required. 

(9) Because the simulator uses a fully impl icit finite difference scheme, 
larger time steps may be used without sacrificing accuracy than would 
otherwise be the case. 

A system flow diagram for the isothermal chemical flooding simulator is shown 
in Figure 4. 

A3x7 grid was used for the two-dimensional cross sectional studies, as shown 
in Figure 5. A number of calculations were performed using a one-dimensional 
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grid containing 20 cells. These latter cases, which included conventional water 
flooding and slugs followed by ">later injection through systems containing some 
immobile oil (with and without adsorption), were mainly made to check on the 
accuracy of the simulator. 

The simulator, all of whose programs are written in FORTRAN, is prepared 
to use more cells if the user so requests. The restrictions on use of finer grids 
are computer memory requirements and required computing time. All of our runs 
were made using a DEC KL-1090 computer; on this machine an average of 0.12 seconds 
CPU time was required for each cell during an iteration. In the usual case 2 or 3 
iterations were required to converge to a solution. Coats (8) reported a similar 
number for a black oil simulator. 

EFFECT OF SEVERAL PARAMETERS ON THE SURFACTANT 
INJECTION PERFORMANCE 

A sensitivity analysis on some parameters involved in a chemical flood process 
was performed. The effect of varying them is presented and discussed here. All 
simulations runs were conducted using data given in Table 1, unless otherwise 
spec:fied. Some parameters values were selected within a range trying to find 
optimum values fer the system used. In some cases, the parameter values chosen 
were only one or two since their effect is pretty well known and no additional 
information could be expected about the system behavior. Mineral balances on oi 1, .... Iater 
and surfactant were exceptionally good inall runs with an error less than one 
percent. In all cases run the iterative procedure reached convergence in pressure 
within O. I psi in 2 - 3 iterations per time step. The average CPU time observed 
was O. 12 seco~d per iteration per cell in the system. 

Location Of The Injection Interval 

The effect of location of injection interval was first investigated to define 
a base system to compare with. Several run were made comparing injection at the 
top of the formation against injection nt the bottom. In both cases the production 
well was completed at the top of formation studied. It was observed that injection 
at the bottom gives better enhanced oil recoveries in this system. 

When injection is done through the upper portion of the interval studied a 
strong effect of the gravitational forces is observed. Since oil moves to the top 
of formation because of gravity, an earlier initial prcduction is observed whe~ 
comparing with the case of bottom injection. However, final recovery is lower as 
can be observed on figure 6. 

Once the advantages of injecting at bottom part of reservoir was established, 
at least with the system used, a sensitivity analysis was undertaken on some of the 
parameters which were believed to have an effect on the expected oil recovery. 

Surfactant Slug Size 

The effect of slug size used is obvious if values of surfactant concentration 
used are close to the optil1lJm. In this system, enhanced oil recovery \"ould be 
better using larger slug size. This is true when injection concentration is 1.5 giL 
which is the surfactant concentration that gives a minimum interfacial tension 
between oil and water, as it is shown in figure 3. Results from using different 
slug size of surfactant are given in fig. 7, 8 and 9. 
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Slug size selection is very important but it is closely related to the 
concentration of surfactant. A better correlation could be made if one sees this 
effect considering total amount of surfactant injected. As given in figure 10, 
for different injection rates, a plot can be made for equal amount of surfactant 
used depending on slug size. This implies that for higher slug size a smaller 
surfactant concentration has to be used to comly with equal total amount of 
surfactant injected. The observed effect is that using low amounts of surfactant 
to carry out the displacement process would show 1 ittle or not change in the 
expected oil recovery, no matter what the slug size used is. This is true if one 
uses a minimum surfactant concentration close to the optimum value. 

Surfactant Concentration 

The effect of this parameter on oil recovery has already been mentioned in 
discussing the slug size selection. For a fixed small slug size used, less than 
0.35 pore volume, the higher surfactant concentration injected the better the 
expected final oil recovery. This is observed in figures 11 and 12, and its 
explanation is again related to slug dispersion. Small slug sizes are easily 
deteriorated by dispersion no matter what s~rfactant concentration is used. However, 
as slug size is increased together with ~urfactant concentration, displacement 
would take place at higher surfactant values and ~lug wi 11 not be dispersed enough 
to allow chemical to lower interfacial tension and to reduce the residual oil 
saturation. This may be observed in figure 13, which clearly shows the poor 
recovery obtained using 3 large slug size and high surfactant concentration. 

An important relationship we investigated in this research was if one could 
h~ve an optimum combinetion of slug size and surfactant concentration. In figure 14 
contour maps are shown to support that optimum combination. These enhanced oil 
recovery contour maps are presented as a function of slug size in por':! volumes 
and surfactant concentration in gIL. 

It is important to point out that this type of analysis may help in field 
application of the process. A few computer runs may save money on the field or 
even more they could make tile difference between a successful and unsuccessful 
enhanced recovery project. 

Injection Rate 

Injection rate play an important role on the outcome of a chemical flood 
process, as shown in Figure 15. This is be~ause of capillary number relationship 
(vjJla). It has been observed on the model thatnot only low interfacial ten:;ions are 
important to mobilize residual oil , but high displacement velocities are required. 
In some of the runs made in this study it was observed a Ilighly efficient surfactant 
flood in terms of reacring reservoir zones of high residual oil saturation, but 
with a poor final outcome due to low fluid displacing velocities, mainly because 
of water finGing easier paths to travel in the reservoir. 

Oil Viscosity 

One effect that we were interested to investigate was the consequences of 
adverse mobility ratios on enhanced oil recovery. This would be the typical case 
when using steam and chemical flooding as a combined recovery process. Some runs 
were made with oil viscosities of 3 and 5 cpo although most of the runs used 1 cp as 
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oil viscosity. The observed effect of higher oil viscosities was what we would 
expect; the higher the oil viscosity, t he lower oil recovery obtained. This may be 
observed in figure 16. It is also obse rv~d that when higher oil viscosities are 
lJse~, there is a delay on the time when oil production starts which is also what 
we would expect for an oil-water system like t his . 

Dispersion 

Dispersion has an effect on the chemical flooding process. It has the effect 
of degrading surfactant slug in both edges, leading and t railing. In this 
research such effect has been observed, but no attempt was made to establish its 
magnitude. The model uses constant dispersion coefficient. Dispersion coefficient 
values used were those typical of petroleum reservoir problems and as noted in 
figure 17, a very small effect is observed when dispersion coefficient is set equal 
to zero. 

NOMENCLATURE 

C - Surfactant concentrat i on in aqueous phase, gil 

Co - Surfactant injection concentration in aqueou s phase, gil 

Cr - Surfactant adsorption on the sol id phase, 
2 g/cm 

o Dispersion coefficient in x-direction, ft/day 
x 

D
z 

Dispersion coefficient in z-direction, ft/day 

!j> - Porosity, fraction 

k - Effect i ve permeab iIi ty, mD 
o,w,g 

~ - Potential, psi, i.e. Y = Po - gp h 
o,w,g where: 0 0 

h - Depth, measured downward, ft 

p - Fluid pressure, psi 
o ,ltJ,g 

Dcow Oil-water capillary pres~ure , psi 

p - Fluid density, mole/Bbl 

S Re s idual oil saturation at inte rfac ial tension 0, Fraction 
or 

S - Fluid saturation, Fraction 
o,w,g 

Swr Residual water saturation at interfacial tension 0 , Fraction 

Vx - FluId velocity in X-direction, cm/sec 

v - Fluid veloci t in Z-direction, cm/sec 
z 

~ - Fluid viscosity, cp 
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P
r 

- Rock density, lb/ft3 

5 (0)- Residual oil saturation in high tension 0 system, Fraction 
or 0 0 

S (0)- Residual water saturation in high tension 0 system, Fraction 
wr 0 0 

o - Interfacial tension, mN/m 

N .• Capillary number, dimen~, ionless 
c 

x - X-direction 

y - V-direction 

z - Z-direction 

t - Time, days 

J - Well productivity index. Bbl/day/psi 

C
l 

- Unit convertion factor 

A - Area of low int0 well, ft
2 

H - Thickness of open interval, ft 

pwf Well flow pressure, psi 

k - Water relative permeability, fraction 
rw 

k
ro 

- Oil relative permeability, fraction 

QO,g,w - Flow rate per unit volume, i.e., Qo 

qO,g,w - Volumetric rate, Bbl/day 

- Porosity at pressure Pi' fraction 

2 
- Surface area, ft 

a,b Constants used in Langmuir type adsorption equatio, i.e., Cr 

A - Fluid molibity, mD/cp 
o,w,g 

- Water injection rate, Bbl/day 
qwinj 

SUBSCRIPTS 

i-Initial conditions 

1. - Iteration 

g - Gas 
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o - Oi 1 

r - Rock 

n - old time 
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TABLE 1 

BASIC HODEL AND RESERVOIR DATA USED 
Water saturation, fraction 

Blocks in x - direct ion Oil compress i bil i ty, psi -

Blocks in y - djr~clion Yater compressibi l i ty, ps i -

Blocks in z - direction Rock compressibil i ty. ps; - I 

Reservoir lengtn, fe 350 .0 Initial oil density. mole/Bbl 

Reservoir th ickness, fe 150.0 Initial wa ter density. mol./Bbl 

Reservoir widtn. ft ;0.0 initial pressure, psi 

Well radius, fe 0.5 Pressure at product ion well. psi 

Skin factor in production well 0 . 0 Water viscosity. cp 

Absolute permea~ility in x-direct ion, md 300.0 Oil viscosity. cp 

Absolute p~rme.bi lity in z-direct ion, md 300.0 .ispersion coeffic ient. ftlday 

Initi al porosity, fract ion 

Reservoir temperature, OF 

0 . 38 Residual oil .aturation after water-flooding . 
fraction 

90 . 0 
Oi I-water capi Ilary pressure, psi 

Oi 1 saturation, fraction 0 . 20 
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FIELD DEMONSTRATION OF THE COl\VENTIONAL S'IEAM 
DRIVi:: PR()CJ;""'-sS WITH ANCILLARY rtlATERIAlS 

by 

ROOney L. Eson 
Cherrdcal Oil Recovery Company for Petro-Lewis Corporation 

ABSTRACT 

Since steam injection became a viable recovery technique nearly three 
decades ago, the problems of gravity segregation and poor areal and vertical sweep 
efficiencies have limited recoveries in many heavy oil reservoirs. In many instances 
the injected steam prematurely breaks through into producing wells creating steam 
channels. It is believed that overall recoveries of a steam drive CC'.n be improved if 
the steam channeling can be controlled. This report documents efforts under a 
Department of Energy cost sharing contract to reduce steam channeli ng in a 
conventional steam drive using ancillary materials. 

A steam foam solution and a steam foam encapsulated in a polymer gel 
are being introduced in four steam injection patterns in the orth Kern Front Field 
near Bakersfield , California. The ability of the ancillary materials to improve 
recovery will be determined through injection profiles, chemical tracer surveys, casing 
vent gas analysis, core and log data, and residual oil saturation data, as well as 
through temperature and production data. 

It has teen shown that in-situ steam foams can be used t o alter the 
steam injection profiles to prevent excessive steam channeling. The results of early 
production data have indicated that as much as 100 B/D of inc re rllental oil is being 
produced by the four chemically treated patterns. 

HISTORY OF PROJECT 

The contract ~las initiated September 28, 1979 , for completion by 
October 15 , 1982. The total cost was estimated at $4 ,142,772 with OOE furnish-
ing $2 , 508 ,813. 

INTRODUCTION 

Steam Injection in the North Kern Front Leases, currently operated by 
Petro-Lewis Corporation, began in January 1978. Within a year a total of six 
producing wells had been converted to steam injection wells creating six 10-acre 
inverted nine-spot steam drive patterns which are fully developed with producers. 
Initially high injection rates of 850 B/D, combined with extreme variations in vertical 
permeability, adverse structural dip and an edgewater drive mechanism caused steam 
channels an0 premature steam breakthrough. 

This early steam breakthrough was accompa nied by a decline in oil 
production rates and an adverse steam/oil ratio. In an attempt to block the steam 
channels and improve oil recover" two injection patterns were selected to receive 
periodic chemical injections of a steam foam (COR-180) and two injection patterns 
were selected to receive periodic chemical injections of a steam foam encapsulated in 
a crosslinked polymer gel (COR-GEL). A complete monitoring program, including the 
drilling of observation wells, was devised to determine the ability of the ancillary 

Prepared for the Department of Energy under Contract No. DE-FC03-79SF10762 
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materials to improve the areal and vertical sweep efficienci('s. The ultimate test, 
however, will be determined by the cost incurred to produce an incremental barrel of 

oil. 

Steam Drive Problems 

In the steam drive process, steam is continuously introduced intv injection 
wells which theoretically propagates a steam bank through the reservoir to displace 
the heavy oil towards producing wells. When steam is injected into the reservoir, heat 
is transferred to the oil-bearing formation, the reservoir fluids and some to the 
adjacent cap and base rock. As a result, some of the steam condenses which yields a 
mixture of steam and hot water flowing through the reservoir. The composition of this 
mixture will depend on many variables such as radial distance from the wellbore, 
thickness of the reservoir, injection rate and quality of the injected steam. 

The steam drive works by driving the water and oil to form an oil bank ahead 
of the steamed zone. Ideally this oil bank remains ahead, increasing in size until it is 
produced by the wells o""fsetting the injector. In addition to the movement of an oil 
bank, recoverability is increased due to the steam lowering the oil viscosity, thus 

improving oil mobility. 

Displacement of oil by steam flooding is controlled by factors such as well 
spacing, reservoir heterogeneity, properties of the reservoir and crude oil, gravity 
segregation, reservoir pressure and temperature, relative permeabilities, steam quality, 
mobility ratio and fluid saturations in the fo!"mation. These factors contribute to the 
overall recovery, which is primarily dependent upon the vertical and areal sweep 

efficiencies experienced in the project. 

The areal sweep efficiency depends primarily on two factors, the flooding 
pattern and the mobility ratios of the fluids in the reservoir. Mobility of a fluid is 
defined as the ratio of the permeability of the formation to a fluid divided by the 
fluid viscosity. Adverse mobility ratios which result promote fingering of the steam 
through the more viscous reservoir fluids and can reduce the oil recovery efficiency. 

Vertical sweep efficiency of a process depends primarily upon the vertical 
distribution of permeabilities within the reservoir, on the mobility of the fluids 
involved and on the density differences between flowing fluids. In many cases, 
permeability stratification has a dominant effect on behavior of the steam flood. 

In addition to reservoir heterogenities, gravity segregation is usually a serious 
problem. Hot water which s~parates from the injected steam tends to sweep through 
the bottom portions of the heated interval while the steam vapor tends to override the 
hot water because of differences in densities of the two fluids. 

Field Description 

The North Kern Front L~ases, currently op"!rated by Petro-Lewis Corporation 
of Denver, Colorado, are located approximately eight miles north of Bakersfield, 
California, in the San Joaquin VaHey, where 80 percent of the United States' thermally 

recovered oil is produced. 
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The properties have been heavily developed since the introduction of -:yclic 
steam stimulation in 1969. At this time there are approximately 180 wells completed 
on the Petro-Lewis Corporation North Kern Front properties, with the majority of the 
steam floodable sections drilled on 2.5 acre spacing. When existing production wells 
were converted to injection wells, 10 acre inverted nine-spot patterns were created. 
The main productive sand is the Chanac of Upper Miocene age, however Etchegoin 
sands of Pliocene age are evident. 

The characteristics of the reservoir lend themselves very well to cyclic 
stimulation and steam displacement processes. With an average net sand thickness of 
42'-52' the project area contained nearly 3,344,000 barrels of oil in place at the 
beginning of the field demonstration. The 13° API oil is extremely viscous with small 
volumes of gas produced in conjunction with the crude. High ~orosity (33%) and 
original oil saturations of 64% yield 1640 barrels of oil per acre-foot originally in 
place. PermeabiJities average approximately 2210 md, but can vary from 15 to 12,000 
md in a single producing interval. The trapping mechanism of the reservoir is a 
structural-fault with an edgewater drive. 

TREATMENTS 

To properly study the effects of the ancillary material additives to the 
conventional steam drive process, six steam injection patterns were selected (FIGURE 
1). Each pattern contains eight producing wells and encompasses 10 acres. Two 
patterns (Mitchel 65 and Witmer B2-3) are treated with sequential slugs of steam foam 
(COR-I80) and two patterns (Mitchel 63 and Witmer B2-5) are treated with sequential 
slugs of steam foam-polymer combination (COR-GEL). The remaining two patterns 
(Mitchel 67 and Witmer A2-7) will remain untreated and shall be referred to as control 
patterns. 

Even though the severity of the existing steam channeling in the two 
COR-180 steam foam treatment wells varied from extremely severe (Witmer B2-3) to 
moderate (Mitchel 65), it was decided that t he initial steam foam treatment size (or 
slug size) would be the same in each. An initial treatment size of 110 gallons per 
week of aqueous solution of COR-I80 was selected. This aqueous solution, containing 
approximately 60% active foaming agents, is injected into the injection well at the 
wellhead using small injector pumps at rates between 2.0 and 2.5 gallons per minute. 
The vapor phase of the steam present at the wellhead begins to react immediately 
with the aqueous solution, thus initiating the in-situ foaming process. 

The steam containing the foaming agent being injected is entering high 
permeability areas and as the foaming process continues it begins to decrease the 
permeability in the channels. When the permeability of this previously high permeable 
zone decreases sufficiently, the steam will then enter other portions of the injection 
interval. Since these sections have not been adequately swept by the steam they will 
be higher in oil saturation and thus improve' the recoverability of the steam drive 
process through improved vertical sweep efficiency. 

After breakthrough, the steam travels to the producing welles) according to 
tile paths of least resistance. Once the foam has been activated in-situ it begins 
diverting the steam which follows the treatment slug into normally lesser permeable 
zones. Again the steam will seek the paths of least resistance, which could be (and 
hopefully will be) an alternate producing well in the pattern, thus improving the areal 
sweep efficiency of the pattern. 
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The steam foam used (COR-180) i;) the first two test patterns is designed to 
begin breakdown after approximately three to five days. As it breaks down it once 
again becomes an aqueous solution. This solution moves along with the steam drive 
products and is produced at the producing wells. This liquid by-product is completely 
biodegradable and thus will not cause any adverse effects upon the environment. In 
addition, no emulsion or other treating problems have been experienced. The first slug 
treatment of COR-180 steam foam was injected on January 21, 1980, in Mitchel 65. 
The second steam foam well, Witmer B2-3 began slug treatments on March 11, 1980. 

Since the steam foam reacts almost immediately when it contacts the vapor 
phase of the steam, a delaying action is required if an attempt is to be made to 
displace the steam foam further into the reservoir. To delay the foaming action until 
the steam foam is approximately 15 feet into the reservoir the steam foam (COR-180) 
is mixed with a crosslinked gel solution of CMC-9 (carboxymethyl cellulose with a 
number 9 substitution factor). The polymer coats the steam foam preventing activation 
until the gel begins to break down due to the extreme temperatures of the steam 
drive. The COR-GEL is injected in the injection well at the wellhead in the same 
manner as the COR-180. Weekly slugs of 165 gallons of COR-GEL began in March 
1980 for Mitchel 63 and in May 1980 for Witmer B2-5. 

FIELD DATA COLLECTED 

Production/Temperature Data 

To better understand the data collected, the physical positioning of the 
injection patterns should be explained. The field demonstration project is divided into 
two separate sets of patterns (FIGURE 1) with three injection weBs in each set. One 
set of patterns is referred to as th~ Mitchel patterns and the other as the Witmer 
patt~rns. Each set is comprised of 18 producing wells and 3 injection wells with each 
inj(:ction well serving 8 first line production wells. 

The primary objective of any steamflood is to maXImIze production while 
controlling operating costs. One of the key factors to watch during a steam flood is 
the producing wellhead temperatures. For this reason, prior to cmy treatments the 
production rates and producing temperatures for the -two groups of ste3m injection 
patterns were obtained and plotted. Two items were found to repeat throughout each 
of the patterns. 

First, there does not appear to be a significant amount of steam (heat) 
moving to the west from the injection wells. In every instance there is a significant 
temperature increase in the producing well directly to the east of the steam injection 
wells. Second, is that severe casing blow and specific temperature increases indicate 
that steam has already begun to channel; thus, reduced sweep efficiencies are being 
experienced. 

In the group of steam injection patterns on the Witmer leases some steam is 
moving in the north and south direction from the injectors. This is evidenced by the 
elevated temperatures found in producing wells Witmer B2-2 (210° F), Witmer B2-4 
(210° F) and Witmer A2-8 (110° F). The exact quantity and direction of the injected 
stearn, however, cannot be determined by production and temperature data alone -
tracer surveys must be obtained and analyzed in conjunction with core data. 
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To understand the data obtained, an in-depth reservoir structural study was 
completed. The log data were collected and several sets of cross sections were 
created to better understand the reservoir and steam flow. In both groups of patterns 
there is between 30 and 55 ft. of vertical subsea variation in the formation between 
adjacent wells in the east-west direction, with the easterly wells being located 
upstructure. The vertical variation in the north-south di!'"ection varied less than 5 ft. 
in adjacent wells. The heavy structural updip to the east and the fact that water is 
encroaching from the west substantiates the conclusions regarding reduced sweep 
efficiencies based on production and temperature data. 

Chemical Tracers 

To determine the steam path in each injection pattern prior to any chemical 
treatments, it was necessary to run a chemical tracer survey on each injection pattern. 
Produced fluid samples from each production well in every injection pattern were 
taken (total of 36 wells) and analyzed for background element levels of nitrate, 
bromide, iodide, and thiocyanate. Once these levels were established, the proper 
amount of tracer chemical (sodium nitrate, sodium bromide, sodium thiocyanate or 
potassium iodide) for each injection well was determined and introduced into the steam 
injection well. Produced fluid samples were then taken at predetermined intervals and 
analyzed for the element ion{s) introduced into the injection wells. The background 
level of each element ion was subtracted from these levelS, and the data were 
tabulated and plotted. In June and July 1980 (four months after treatments had begun) 
the second set of chemical tracer surveys was obtained on each pattern according to 
the same method previously described. The ion concentration versus time plots vary 
slightly from the pretreatment tracer surveys, but it is too early to determine if any 
significant changes in areal sweep efficiencies have occurred. 

Injection Profiles 

During October and November 1979, the first injection profile for each of the 
six injection wells was obtained using both gas and water soluble radioactive Iodine 
(I-131). These profiles were used to establish injection data prior to the use of 
ancillary materials in the test patterns. The profiles brought to light several details 
that will be beneficial in establishing overall project sweep efficiencies. In the Kern 
Front reservoir there are a number of "lens-type" sands making up the body of the 
Kern Front oil sand. These lenses are in some areas separated by shale and in other 
areas are overlapping such that they appear as one sand. The injection profiles 
indicate that each lens (when present in the injection well) accepts the steam at a 
different rate. If unaltered by the ancillary material, the steam entering only one of 
the lenses will quickly deplete that lens while not reducing the residual oil saturation 
in the other lenses. 

Additional lfIJection profiles obtained indicated that there is definite vertical 
movement of the injected steam after a slug treatment of the diverting agents. The 
profile alteration lasts a minimum of two days, but the elevated injection pressures 
give credence to the idea that the foam continues to divert further from the wellbore 
for up to a week. 

A series of injection profiles was obtained in June 1980 on Mitchel 63 
injection well. An injection profile of steam was obtained prior to a slug treatment of 
165 gallons of COR-GEL, followed by daily injection profiles until the profile returned 
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to the pretreatment mode. The profiles indicate a definite change in the injection 
profile after a slug treatment, thus improving the vertical sweep efficiencies. It was 
noted that injection pressures remained above normal even after the injection profile 
returned to the pretreatment mode. This indicates that the COR-GEL is still acting to 
divert the injected steam deeper in the formation but i!> not active directly at the 

wellbore. 

Casing Vent Gas Measurements 

In mid-September 1979, operato'. s of steam drive projects were required by 
the California Air Pollution Control Districts to monitor casing vent gas emissions in 
an effort to comply with new air quali"i:y regulations. Data collected on first line 
producing wells were used to design proper casing vent recovery systems. Analysis of 
these data indicated that the rates and constituen ts of the gases evident at the casing 
vents had a direct relation to the efficiency of the steam drive in progress. More 
precisely, it helped to identify existing steam channels. 

These tests will be repeated several times throughout the life of the field 
demonstration. The exact frequency and scope of the test will be adjusted during the 
demonstration in an effort to maximize data collection but minimize costs. 

WELL COMPLETIONS 

Production and Injection Wells 

Production conditions in unconsolidated sands, present in the operator's North 
Kern Front Field, usually require gravel packed open hole completion with slotted 
liners. The average depth of the wells is 1570 feet and normally can be drilled and 
completed with 7" casing and 5t" liner in three and one-half days. 

The injection wells were converted from production wells. To convert the 
well to injection the surface equipment, the subsurface pump and the rods are 
removed. In addition, a thermal packer is run on the tubing and set in the 7" casing 
approximately 2'-5' above the top of the port-collar adapter on the liner. This 
prevents the upper portion of the casing and casing cement from being under continual 
thermal stresses which could cause damage and require a workover or shutting in the 

well. 

Observation Wells 

In an effort to properly determine the effects of the ancillary materials to 
steam on the vertical and areal sweep efficiencies, it was decided that observation 
wells would be drilled and monitored. The best method for determining the 
effectiveness of the processes tested is by observing the changes in oil saturation with 
time. To accomplish this the following plan was established: 

1) Determine observation well locations. 
2, Prepare drilling programs and obtain government permits. 
3) Drill to the top of the steam flood zone. 
4) Core through the steam flood zone. 
5) Obtain open hole logs. 
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6) R un casing. 
7) Obtain cased hole Carbon-Oxygen Logs. 
8) Repeat cased hole logs every 3-5 months. 
9) Drill final data wells adjacent to observation wells 

(at end of 3 years~ 
10) Core final data wells through the steam flood zone. 
11) Obtain open hole logs. 
12) Correlate ~inal data with initial data and periodic Carbon-Oxygen data. 

After review of the pretest data, specifically chemical tracer, water influx, 
and structural maps, it was determined that it would be virtually impossible to divert a 
significant amount of steam in the westerly direction. Therefore, the six observation 
well locations were selected to encompass a 1800 sweep from north to south through 
the east. One observation well per injection pattern was drilled in a direct line 
between the injection well and a producing well, one-third the distance to the 
producing well. One observation well was drilled to the north, one to the south, one 
along the north-east diagonal, one along the south-east diagonal, and two to the east 
of the injection wells. The observation well drilling phase of the project was 
completed prior to the first chemical slug injections. 

CORING AND LOGGING OF OBSER VA TION WELLS 

Cores 

Conventional cores and sidewall samples were taken through the entire 
producing interval (42'-52' Net). A polymer base mud was used for minimal core 
infiltration and flushing. Initial coring was attempted with a drag bit, but less than 
desired recovery and excessive rig time prompted the decision to try a specially 
des.isned rock :;it. This bit, combined with extreme care in operating pumps and 
mon~ring of bit weights, improved recoveries of these unconsolidated sands to nearly 
90%. Previous attempts at coring in this area showed recoveries be low 35%. 

A direct comparison of core samples and sidewall samples was obtained on 
each of the observation wells. Almost without exception the permeabilities obtained 
from the conventional core samples were 2-3 times greater than those obtained from 
sidewall samples. Oil saturations obtained from the sidewall samples were 5-10% below 
the oil saturations obtained from the conventional core samples. Porosities re .. lained 
very close, but sidewall analysis was slightly lower than conventional analysis. 

Open Hole Logging 

The following open hole logs were obtained: Dual Induction, Compensated 
Neutron, Compensated Density, Gamma Ray, Dielectric and Temperature. 

Cased Hole Logging 

To monitor the change in residual oil saturation during the life of the field 
demonstration, Carbon-Oxygen Logs will be obtained every 3-5 months. The 
Carbon-Oxygen Log employs a 14 mev (million electron volts) neutron source and a 
receiver in the logging tool which measures the energy output from the carbon and 
oxygen nuclei as they are bombarded by the high-energy neutrons. 
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INITIAL PRODUCTION RESULTS 

Review of the injection pattern production curves (FIGURES 2 through 7) 
shows that since the beginning of the ancillary material addition to the steam in the 
four treatment patterns between 9,500 and 16,500 incremental barrels of 011 have been 
produced. The figures of incremental oil vary widely due to the fact that the decEne 
curves are difficult to project caused by the short time interval being evaluated. It is 
certain that between 50 and 100 barrels per day of incremental oil were produced 
during the month of Augu3t 1980. 

Both patterns being t reated with COR-GEL (Mitchel 63 and Witmer B2-5) 
have responded exceptionally well. The treatment chronology data records indicate a 
good (20-60 psi) injection pressure increase during each treatment. In addition, the 
established decline curve was arrested within 30 days of the initial slug treatment of 
COR-GEL and production is continuing to increase each month. With incremental 
production of these patterns possibly over 70 BOPD (FIGURES 2 and 6) and the 
current reduced injection rates the profitability of these patterns has improved 
dramatically. 

In August through September, 1980, Witmer B2-3 pattern has begun to show a 
substantial amount of incremental oil (FIGURE 5). In March 1980, weekly slub 
treatments of COR-180 began. Almost immediately the injection rates w~re decreased. 
The treatment chronology indicates adequate pressure increases to properly divert the 
steam. Injection profiles, however, give rise to the possibility of over treatment (the 
treatment slugs were based on the higher injection rates). To evaluate this possibility 
the slug size was reduced by 50%. Pressures and production will be monitcred in an 
effort to evaluate this change. 

The second well being treated with COR-180 is Mitchel 65. Immediately 
following the initial treatments production began to increase (FIGURE 3). In April 
1980, the injection rates were severely reduced and the production returned to the 
original decline curve. According to the treatment chronology report through August 
1980, it did not appear as though there was adequate steam quality a t Mitchel 65 to 
activate the foam at the lower injection rates. A physical observation made at this 
injectiol) well substantiated this suspicion. When standing next to this well liquid could 
be heard flowing through the flow Ene. A new (much shorter) flow line was installed 
near the end of September and the quality of the injected steam has improved 
'_onsiderably. 

The control pattE'rn, Mitchel 67, has been in a steady production decline 
(FIG URE if) during 1981 and in October 1980 is 83 BOPD for the 8 producing wells. 
Knowing that the residual oil saturation in Mitchel 67M observation well was found to 
be greater than 60% there is a considerable amount of residual oil in this pattern. 

It is extremely difficult to define a specific decline rate for control pattern 
Witmer A2-7 because steam injection was stopped for nearly 5 months (hole in casing) 
causing an abnormal production decline (FIGURE 7). Then after steam injection 
resumed in May 1980, the production responded positively. A new decline trend is 
expected to be noticeable within a year. 
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CONCLUSIONS 

1. The Nn .. ~~ Kern Front reservoir is susceptible to the sanle basic problems 
as other stearn driven reservoirs: namely, gravity seg:-egation and poor 
areal and vertical sweep efficiencies. 

2. Ancillary materials can be used in conjunction with the conventional steam 
drive process to augment production. 

3. The ancillary materials being evaluated do not adversely affect normal 
production, water treating or oil treating procedures. 

4. A steam foam can be encapsulated in a polymer gel for better penetration 
into tl1e reservoir without adversly affecting the foaming properties of the 

steam foam. 

5. Steam foams can sucessfully alter the injection profile of steam injection 
wells for several days after injection of the steam foam, giving credence to 
the suspicion that foam can be created in-situ, relying on the vapor phase 
of the steam to activate the foaming process. 

6. Casing vent gas emissions caused by severe steam channeling can be 
decreased, and possibly even e liminated, when reducing the steam flow in 
the channels through the introduction of steam loaf"!ls. 

7. Variations of residual oil saturations with time can be monitored in 
observation wells in the steam drive pattern through periodic Carbon-

Oxygen cased hole logs. 

8. Based on early economic evaluations, the use of andllary materials in a 
steam drive is encouraging enough to continue the injection treatments and 
data monitoring as described in this paper. 
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fIELD DEMONSTRATION OF STEA."l DRIVE 

WITH fu~CILLARY MATERIALS 

CLD GROUP INC. 

BY 

T . "l. Doscher , R. W. Bowman and C . G. Horcher 

ABSTRACT 

CLD Group , Inc . is conducting field demonstration tests together 
with DOE on the use of ancillary materials to improve the efficiency of 
conventional steam drive . During the past year, laboratory tests were 
conducted to ide~tify surfactants with the best blocking potential, as 
well as optimum techniques for injecting the foaming materials . The 
first field test of foam injection using a 5-spo t pattern in the Hidway 
Sunset Field is complete. Radioactive tracers were employed to deter­
mine the extent of the thief zone before and after injecting surfactant . 

HISTORY OF PROJECT 

This two-year projec t was ~nitiated October 1979 for the purpose of 
conducting five field tests using channel blocking foams. The cost of 
the project was S2,923,680 with DOE paying $1,748,680. 

1. INTRODUCTION 

The CLD Group Inc. entered in t o a contract with the United States 
Department of Energy to test the applicability of foams to effect some 
degree of mobility con trol and/or permeability reduction of injected 
steam in steam drive operations. 

The entire project is to comprise five individual tes ts. At this 
time fi.nal arrangements have been made wi th Santa Fe Energy to conauct 
two tests in the Midway Sunset Field, with Conoco for one test in the 
Cat Canyon Field , and ~ith Texaco for two tests in the San Ardo Field . 

The test locations were chosen so that the two major reservoir 
problems that are encountered in steam drive operations were to be 
addressed: the transmission of steam through "thief" zones :}c :}ther 
channels that exist at the outset of initiating operations, and the 
progressive increase in channelling of steam t'lrough the oil-depleted , 
steam swept zone. 

The initial laboratory testing was aimed at screening foam ~hem­
icals for thermal stability, and ldter was concerned with the emplace­
ment of the foam systems in porous media. The final bench tests were 
done in a sixteen foot sand pack in order to verify the compatibility of 
the emplacement techniques and the chemical system itself in effecting a 
significant measure of mobility control to injected steam . The work with 
these systems has been reported in the Annual Report and in SPE/DOE 
Paper 9777 presented at Tulsa , April 1981. 

Prepared for DOE under Contract DE-FC03-79SFI0761 
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Additional laboratory work w~ll be done to attempt to optimize the 
process following the evaluation of the early field results. Some of 
the opti~ization work will involve the addition of polymer s and other 
additives to seek greater longevity to the effected mobility reduction. 
The first field test at Midway Sunset is now completed, and testing has 
begun at the Conoco sit.e. The second Midway Sunset test will be started 
in late June, and the Texaco tests in late summer. 

II. PROCESS CONCEPT 

The initial concept of the way in which the foams might work to 
control the mobility of injected steam was abandoned when it was 
appreciated that a foam in which the gaseous phase was steam could not 
be considered a stable system. Heat losses would of course result in the 
collapse of the foam, and constant rejuventation would be required. This 
was confirmed by laboratory work, and as a result it was necessary to 
reformulate the systems including a non-condensible gas. 

Also, the initial concept of the process was based on emplacing a 
foam of sufficient stability and resistance so that the channel would be 
more or less completely blocked. However, reviewing the way in which 
steam effects displacement of oil, it was obvious that if such complete 
blocking occurred the displacement of oil would cease. It would be 
necessary to establish another interval into which to inject steam sinle 
permissible injection pressures do not permit the frontal displacemeLt 
of heavy oil. Hence, it was now apparent that the foam had to contain 
some non-condensible gas and in addition be co-injected or serially 
injected with steam. The basic goal is to effectively increase the 
viscosity of the steam, and thus retard its flow through existing 

channels. 

Although eventually cost competitive supplies of nitrogen were 
located, initially air had to be used as the non-condensible gas because 
of availability and cost . Steam and air cannot be injected 
simultaneously because of the potentially dangerous corrosive environ­
ment resulting from such a combination. Hence, when using air the foams 
had to be injected as slugs alternating with steam When eventually 
ni trogen suppli es were obtained; conU nuous, simu) taneous inj ection of 

foams and steam became possible. 

Thus, the initial test at Midway Sunset employed alternating slugs 
of air-based foams and steam. It was anticipated that incr.eases in well 
head (injection) pressure would give an early indication of the effect 
of the foam on reducing the mobility of steam. The ultimate measure of 
success, of course , being an increase in oil production rate or marked 
decrease i n the ~ater cut at th e immediately off setting producing wells. 
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III. MIDWAY SUNSET TEST NO.1. 

The location and subsurface features of the test location have 
already been described in previous project r2ports . 

A. FACILITIES PROBLEMS 

The initial test location was reputed to be beset with a channeling 
problem resulting from naturally occurring intervals of high permeabil­
ity . Several unexpected problems in equipment and procedure arose 
immediately. These ranged [rom the delivery of hardware (the compres­
sor) to difficulty in pumping the viscous foam chemicals. The chemical 
was therefore diluted with water to form a 6% (2 . 5% active) solution and 
co - injected with steam . Extreme hammering occurred at thp. well head 
because of the condensation of steam when contacting the cool solution. 
This was corrected by installing a heat exchanger at the well head to 
raise the temperature of the aqueous solution of the chemical. ' Problems 
were also encountered in controlling the steam injection rate to the one 
experimental well when several other wells were on line at the same 
time . Eventually, the facilities problems were all corrected or 
controlled well enough for the test to proceed. 

B. THE INITIAL TEST PROCEDURE IN THE MIDWAY SUNSET FIELD . 

Initially , it was intended to monitor the progress of the foam 
injection test by monitoring the pressure required to maintain injection 
at the well head. However, the supply of steam at the well head was not 
sufficiently ste ady to permit using the well head pressure as a guide to 
reservoir response . 

Therefore , reliance had to be put on the measur E' d water cuts, the 
temperature profile surveys run before and after the test, and the oil 
prod~ction at the wells offsetting the central injection well of the 
pattern. Oil production from these pattern wells has been quite erratIc 
and here too it soon developed that it would be possible to use oil 
production data 3S a guide to the eff ~ ctiveness of the foams only if 
something like three months moving averages were employed. Since the 
h i storical data was not in 3 form that per mitted this to be done 
quickly, the only immediate guide to r eservoir response is t~e produced 
water cuts. (The three months moving averages will be developed for the 
next rep0rt.) Subsequently, the comparison of the before and after 
tempera ture profile surveys shed further light on the activi ty of the 
injected foams . 

The procedure ultimately adopted for injecting the foam comprised 
injecting a slug of twenty barrels of the diluted surfactant (see above) 
into the steam flow line while continuously injecting steam, then shut­
ting down the steam flow and injecting air at the rate of 420,000 
SCF/Hr. for a period of one hour. Finally, steam injection was resumed. 
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An in~rease in well head pressure 
usually observed following the injection 
steam injection. The dosage was repeated 
available; otherwise on the first day ther. 
available. 

le order of 50 psi. was 
r and the resump tion of 
fourth day if steare \laS 

that it was again made 

Because of the unsteady delivery of steam to the well head, it was 
not feasible to monitor the progress of the test by analsis of the 
history of the well head pressure; water cuts and oil prod'\ction were 
the only parameters that could be used for evaluating the test 
performance. 

C. THE WATER CUTS IN OFFSETTING WELLS 

Figures 1 and 2 show the location of the pilot operation and arran­
gement of the wells in the pilot patterfu Pre-pilot studies indicated 
that wells 194 and 23 were the principal wells towards which steam was 
flowing from the injection well, 590. 

The data in Table 1 records the water cut from the four offsetting 
pattern wells. A marked effect is observed on wells 194 and 23, the two 
wells that had been showing the greatest response to steam injection. 
Both of these wells also showed a signficant amount of nitrogen 
(residual from the injected air) breakthrough although the measurements 
of nitrogen production were not made sufficiently routinely to 
demonstrate any unique juxtaposition of iucrea3eci nitrogen content and 
changes in the water cut. 

The other two pattern wells, 24 and 194, did not show any 
significant change in water cut. Well 24 did show a nitrogen blow, 
however, and did show some increase(1 oil production af ter the nitrogen 
appeared in January. 

D. OIL PRODUCTION 

As already noted, the oil production from the pattern wells was far 
too erratic for single measurements to have too have reuch significance. 
However, aE> seen in Table 2 the oil production irom Well 194 did in­
crease markedly in Apri.l and May, and both Well 24 and Well 23 showed 
signficant, but somewhat less marked increases in oil production during 
the same period. Well 209, whirh showed no affect of the foam injection 
as judged by water cut or nitrogen breakthrough, showed a small, proba­
bly statistically unreliable , drop in production. 

E. TEMPERATURE RESPONSE 

The temperature response in Wells 23 and 194 were very marked as a 
result of the foam injection. Well 23 exhibited a broadened zone of 
high temperature, expanding from approximately 50 feet to 150 feet 
following t~e injection of the foam, see Fi~ure 4. In Well 194 the high 
temperature band had already covered the entire interval before the 
injection of the foam, but afterwa~ds was found to have risen approxi­
mately 20 0 F., to over 2600 F., Figure 5. 

The 75 feet of the producing zone that had already been affected in 
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Well 24 show e d a marked i n c r e ase in temperature, increasing over 500 F. 
to over 320 0 F. The observe d increas e in oil production from this well , 
despite the absence of d ch ange in water cut, is apparently i n keeping 
with this mark e d incre ase i n bottom hole t e merature. 

It is to be noted that the two wells which were affected by the 
foam injection were also the two wells which showed major response to 
injected fluid before the foam job. Well 23 is definitely up-dip of the 
injection well , but 194 appears to be on strike. Well 24 is downdip and 
209, again , is on strike. He n c e, there doesn't appear to be any 
singular structural control to the direction away from the injector 
which was primarily affected by steam injection. 

However, Wells 60 and 294, one location removed from the pattern 
producers, and somewhat updip from the injector continued to show signi­
ficant nitrogen production for a month or two after ceasing the injec­
tion of air into Well 590 altho ugh the production of nitrogen from the 
pattern wells stopped almost immediately (within less than the month 
between successive readings) after air injection was halted. There is a 
su ggestion in these observations that the flow of nitrogen towards Wells 
60 and 294 caused t he d i vers i on of st e am to the clos e r wells, 23, 24 and 
190. The production dat.a from the outside pattern wells i s inadequate 
for any conclusion to be reached on this matter at this t i me . 

F . PLAN FOR TEST NO. 2 IN MIDWAY SUNSET FIELD . 

Larger quantities of the chemi c a l and larger quantities of air will 
be used ou the forthcoming test at Mi d way Sunset. It will be initiated 
in late June . 

IV . CAT CANYON TEST 

Th i s t est, o n t he Conoco l ease in ·.:he Cat Canyon Field is still in 
pro gr ess at the t ime of preparing this report. The project area is shown 
in ~igure 8 , a nd t he we l ls immediat ely surrounding the tes t i n jection well 
are ~ hown i n Figure 9 . Figure 10 is a c omposite l o g of the section , and 
Fi gu~~ 11 s hows t he presen ce of the heated (thi ef ?) zone at t he wel l 
~loses t t o t he injecti o n we ll. 

A. TEST PROCEDURE 

Du r ing t he fi r st 1 2 days of t he tes t, 560 gal cf 10v . % aqueous solution 
o f Thermophoa m BW- D was injected along wi th a slug of nitrogen that aver aged 
about 8 , 000 SCF . This was followed by the continuous injection of ni t rogen 
and s t e3m a t an average rate of 75 SCF of the former a nd a constant daily 
r ate of steam i n ject i on of 300 B/D . The st.eam quality during this entire 
period ave r aged about 82 %, and varied be t ween 78 % a n d 88 't . Duri ng a fi nal 
7-day per i od, the size of the s~rfactant slug inject ed e a ch day wa 3 half 
of the ear lier s lug volume , or 280 gal , an d th3 cont inuo us in jection of 
nitroge n was also r e duced to abo ut 50% o f the prev ious rate . 
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IMPROvLMENT OF STEAM INJECTION 
TIlROUGH THE USE OF FOAlHNG ADDITIVES 

by 

A. Al-Khafaj1, S. Mahmood, O. S. Owete, F. \"'ang, 
L. M. Castanier, and W. E. Brigham 

Stanford University Petroleum Research Institute 
(SUPRI), Stanford, CA 

ABSTRACT 

One of the main problems in steam injection is mobility control. 
The efficiency of this process is often reduced because of the tendency 
of steam to channel and "override." Foam has been found to be an 
effective mobility control agent. This study has focused on the 

following areas: 

1) The pore-level behavior of foam flow in porous media was studied. 
To accomplish this, a method for observa t ion of the flo\o.' mechanisms \o.'as 

developed. 

2) A two-dimensional experimental simulation of the reservoir I.'as 
designed. Significant improvement of the breakthrough time, gas-oil 
ratio and oil recovery was observ ed in the presen c e of foaming agents. 
This improvement was attributed to better sweep efficiency due to mobi-

lity control. 

3) The foaming chemicals were studied at steam-drive field con­
ditions. Thermal longevity, adsorption and partitioning of the surfac­
tants between the water and the oil phase were investigated. Some 
commercial surfactants showed very promising results. 

4) Steam/foam displacement and d)~a~ic adsorption at elevated 
temperatures will be studied using crude oil and reservoir matrix. 

HISTORY OF THE PROJECT 

Foam has been wi dely used by the oil industry for drilling, 
workover or completion operations . ,SUPR] began an extensive study 
of the relevant literature in 1976. It ~a s then decided to apply the 
foaming technique as B mobility control in steam injection. In 1976-77, 
measurements . of directional permeabilities of cores were made. Testing 
for temperature stability at lOOoC started in 1977. The same 6ear , 
the tube furnace apparatus was designed and operated up to 205 C. In 
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1979, the first two-dimensional model was built in p1exig1ass. Problems 
of chemical degradation of the p1exiglass led to its replacement by 
glass in 1980. Simultaneously, the temperature stability studies were 
expanded with a new apparatus working up to 250°C. This paper summarizes 
the work done during the period July 1, 1980 to June 30, 1981. 

INTRODUCTION 

One of the most widely used techniques of enhanced oil recovery for 
heavy oils is steam injection. In this method, steam is injected into 
a reservoir to reduce the viscosity of the oil by raising its temperature, 
thus making it more mobile. 

Because of the density difference between steam and oil, the steam, 
being lighter, tends to flow to the top of tile layer and "ride" over the 
oil. This preferential movement of steam through the upper part of the 
reservoir, termed "gravity override," r~duces the amount of reservoir 
rock contacted by steam. Steam also channels through the more permeable 
zones of the reservoir. As a consequence of channeling and gravity 
override, there is a non-uniform distribution of heat through the 
reservoir leading to early steam breakthrough in production wells and 
reduced oil recovery. 

To improve steam injection recovery, foam is proposed as a mobility 
control agent. Different authors have studied the rheo10gic properties 
of foams (1-30), some experimentally, others theoretically. Even field 
experiments using foam were conducted. However, past work has been 
mainly qualitative and further quantitative work in this area is needed. 

The Stanford University Petroleum Research Institute project is a 
comprehensive laboratory study of the use of foaming chemicals as 
mobility control agents in steam flooding. Brief descriptions follow: 

A visual investigation using micromodels is being conducted to 
observe the mechanisms of foam formation and propagation in porous 
media. Influence of pore structure, flow rates and surfactant 
concentrations are being studied. 

Various displacement experiments such as gas drives in two­
dimensional models simulate gravity override and channeling in a 
reservoir. Effects of surfactant concentration, slug size and flow 
rates are being investigated. Quantitative measurements include material 
balances, pressure gradients, average residual saturations and frontal 
behavior. 

-- Decomposition of surfactant due to long-term temperature effects, 
its adsorption by the porous matrix and its phaJe partitioning in crude 
oil and water are being studied. The preliminary results indicate that 
at least two surfactants can be used successfully in steam drive 
conditions. Further work will be conducted in this area. 

A steam tube experiment is now being completed to investigate 
dynamic adsorption and the effect of steam injection on foaming. 
Calibration experiments correlate well with the temperature profiles 
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and with analytical calculations . This work will also be pursued in 
the future . 

MICROMODELS EXPERIMENTS 

To identify the mechanisms governing the flow behavior of foam in 
porous media, a visual study of fuam flow was made using micromodels . 
Foam is generated ill-situ in the simulated porous media by injecting 
air into micromodels saturated with a foarner solution. This study will 
concentrate on pore structure , foamer concentration, and air flow rate . 

Literature Review 

For the complete literature on the rheology of foams, refer to 
Refs . 1 through 30 . This paper will present a brief summary of the 
different hypotheses on foam flow, the effect of pore structure, 
surfactant , surfactant concentration and flow rates. 

Effect of Pore Structure. The reduction in the mobility of gas in 
a porous medium has been shown to be greater for sand with higher 
absolute permeability (10). Oth~r studies (17) indicated that ~ore 
structure affected the blocking action of foam. Raza (4) showeQ that 
higher quality foams (larger bubbles) were produced in the high­
permeability sands which contained uniformly distributed large pores. 

Mast (12) observed that a system of large pores adjoined by smaller 
ones offered sites of foam regeneration in a porous medium. In uniform­
sized porous medium, he noted that "flow could be described as the 
movement of liquid and gas through a partially-blocked medium." In 
other words, the characteristic breaking and forming of foam was absent. 

Effect of Foamer Concentration. The amount of foamer concentration 
indirectly affects the reduction of gas mobility by foam. Foarner 
concentration affects the quality, the size and the nature of foam 
bubbles that are produced . The average foam bubble diameter is 
proportional to foam quality, which increases with concentration (3-6). 

However, beyond a certain concentration, further increases do not 
alter the foam quality (4). This is because the surface properties of 
a surfactant solution do not change considerably with concentration 
beyond the critical micelle concentration (CMC). 

Mast (12) observed that high concentrations of foaming agent 
produced more stable foam with bubbles which could be displaced from 
large pores into smaller ones without breaking. 

Effect of Gas Flow Rate. The ef f ect of the gas flow rate on gas 
mobility reduction by foam is not well-·documented in the literature, 
but the effect of injection pressure and pressure differential is known. 
Fried (11) observed that higher pressure differentials were required to 
force large bubbles into a core. The large bubbles blocked access to 
smaller bu~bles, creating an even higher pressure differential. Several 
observations (4,6,12) seem to indicate tha= the effect of pressure 
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differential on the flow behavior of foam depends largely on the 
pressure level at which foam is injected into the porous ~edium. If 
foamer concentration and surface properties are not limiting, the 
pressure gradient is a function of pore structure, the gas or foam flow 
rate, and to some extent, the distance from the inlet face. 

Micromodels have been previously used in the form of either 
capillary networks (2,3,26,30) or two-dimensional models designed to 
simulate pore structure (12,24,26,28,29). The technique used in this 
study is a two-dimensional model which will be described in a technical 
report to DOE. 

Experimental Apparatus 

The experimental apparatus for this study was designed and built to 
meet three main objectives: to create in-situ formation and foam flow 
in a porous medium; to observe and study the flow of foam; and to measure 
the pressure drop across the porous medium. Therefore, the apparatus, 
shown in Fig. 1, consists of a fluid flow system and a pressure measure­
ment system. These will be discussed separately. 

Fluid Flow System. The fluid flow system, shown in Fig. 1, consists 
of a Sage syringe pump, a micromodel, a liquid collector, and a bubble 
film flowmeter. 

A low-rate syringe pump, Sage series 237-2 was used for this 
experiment. Synchronous motors power a set of drive and idler gears. 
The drive gear advances a carriage t~at moves a syringe piston at a 
constant rate. The syringe contains fluid, water, surfactant solution 
or air to be injected into the micromodel. Different fluid flow rates 
are available through one or a combination of three processes: a change 
of syringe size, interchange of the drive and idler gears, and use of a 
ten-turn dial. The dial varies the flow rates over a wide range for 
each size syringe. 

Injected fluids pass through a filter with a 5-micron element 
before contacting the micromodel. The output flow rate of air and foam 
is meas ured witna bubble flowmeter. This flowmeter consists of a 1.0 cc 
pipette graduated in subdivisions of 0.01 cc. The time required for the 
movement of an air-liqui.d film through the pipette is used to obtain the 
flow rate of air, the input flow rate of the injected air, and the 
varying injection pressure. 

At the outlet of the flowmeter, fluids come in contact with a 
0.16 cm diameter J-thermocouple. The temperature sensed by this 
thermocouple is read from a digital thermometer. 

Observation System. The purpose of observing the micromodel 
experiments is for documentation. The upper half of Fig. I shows the 
major components: cycloptic microscope, a light source, a beam splitter, 
a photographic assembly, a video monitor and a recorder. 
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The microscope has a binocular telesco?e system which yields a 
stereoscopic image of the field of view. The wo~king distance ranges 
from 3.8 to 11.2 cm depending on the eyepiece and objective 
magnifications. 

Pressure Measurements. Two KP 15 differential pressure transducers 
are connected in pacallel to measure the pres&ure drop across the micro­
model. The lower half of Fig. 1 is a schematic of the setup. A 
demodulator converts the pressure drop into an electrical signal which 
can be read off a voltmeter (0 to 10 volts). The voltmeter's output is 
connected to a •. hart recorder so that a continuous record of the pressure 
drop can be kept. Diaphragms of different scales are used in the two 
transducers. The parallel connection of these transducers enables 
either of the diaphragms to be used, depending on the range of pressure. 
This minimizes the errors in the measured pressure drop . 

The transducers are calibrated in-situ with either a water or 
mercury manometer. 

Status of the Project 

The calibration runs are being perfonned and results will be 
available soon. This experiment will be continued next year. 

DISPLACEMENT EXPERIMENTS 

Two types of two-dimp.nsional models are used to simulate displace­
ment of oil by gas with gr~vity override and channeling conditions. 
The main difference between the two models is the permeability of the 
packs . One model is compcsed of three layers of different grain sizes, 
and the other model consists of a homogeneous layer. 

~erimental Apparatus 

A schematic diagram of the apparatus for both models is presented 
in Fig. 2. The maximum operating pressure of the system is 20 psig. 
The model itself is a 4' x l' x 1.4" sandpack enclosed between a glass 
plate and a steel plate. Each experiment requires the following steps: 

Cleaning the model 

Saturating with 180 cp viscosity oil at irreducible water 
saturation 

Injecting a slug of surfactant or water in control runs 

Injecting nitrogen 

Measuring pressure change, bre~kthrough time , flow rat€s, and 
material balances 

Taking pictures of the front and calculating residual liqu ~ d 
saturation 
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This year, the work has focused on multiple slugs and flow rate 

optimization. 

Results and Discussion 

Previous results are published in Refs. 21 through 32. The work 
done at SUPRI confirms some of these results. Figure 3 presents the 
results of a run made with two slugs of 0.1 pore volume of SUNTECH IV 
compared with a control run and a run made with one slug of 0.2 pore 
volume of SUNTECH IV of the same concentration (1%). The results of 
this run indicate that recovery is not improved by using multiple slug~ 
instead of one, large slug. A possible explanation for this is that 
injection of the second slug occurred long after the gas breakthrough 
and hence was not efficient. Segregation by gravity in the injection 
well may also have been a factor. 

Some general conclusions can be drawn: 

Oil recovery improved by as much as 20% through the use of 
foam additives 

The gas-oil ratio decreased in all surfactant runs 

The frontal behavior of the process greatly improved in the 
presence of surfactants 

Recovery was f10wrate dependent 

The mobility of the gas was s i gnif icantly reduced by the foam 
yielding longer breakthrough time and better sweep efficiency 

Future work on these model , includes trying to inject gas from 
selected perforations, to optimize slug s i ze and f1owrate, and to 
increase the permeability of the model. 

HIGH-TEMPERATURE EXPERI~ffiNTS 

To apply this process to steam injection, the chemical used as a 
foaming agent must withstand high t emperatures. In addition, studies 
on adsorption and phase partitioning are necessary before a successful 
field application. 

Experimental Apparatus 

Equipment for measuring the effect of high temperatures (steam 
temperature--400°F) on the stability, adsorption and phase partitioning 
of aqueous surfactant has been designed. A schematic diagram is shown 
in Fig. 4. The equipment consists of a pressure control system, a 
temperature control system, and 21 stainless steeel cy1ine¥s of varying 
volumes. 

The pressure control system applies and controls the confining 
pressure (500 psi). It consists primarily of nitrogen cylinders, a 
regulator and a safety valve. The safety valve is adjusted at 550 psi. 
The pressure gauges of the regulator are calibrated. 
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The temperature control system includes &n air bath and sampling 
system. Heat is maintained by the air bath at 400°F. The sampling 
valves are located outside of the air bath and the lines are cooled by 
ice to avoid flashing . 

As an example, Run 4 tests 1% concentration solutions of SUNTECH IV, 
and CORCO l80A . The results presented in Table 1 and Fig. 5 sh~w that 
SUNTECH IV is stable at high temperatures, confirming previous results. 
However, CORCO l80A exhibits degradation. 

Therefore, another run (Run 5) focused on SUNTECH IV only. A 
SUNTECH IV batch was used in these tests, 25 % active at 1%, 2% and 5% 
weight concentrations (0.25, 0.5, and 1.25% active). 

Three 500 cc capacity stainless steel cylinders were used for the 
thermal degradation measurements. 

Three 1,000 cc capacity s tainless steel cylinders were used for 
studying surfactant adsorption. Ottawa silica sand, mesh 100, and 
Keolinite powder, 1% by weight of sand, was the matrix used in these 
cylinders. 

Fifteen 150 cc capacity stainless steel cylinde~s were fixed on a 
rotating rod inside the air bath. They chould be rotated from outside 
the air bath to mix the surfactant solution with the oil. The oil used 
was from the Kern front field, with an API gravity of 12°. Water 
from the same reservoir was used to prepare the aqueous surfactant 
solut i ons. Measurements of the surfactant concentrations were made by 
hyamine die titration. pH values of the surfactant were also measured. 

The results of this run, presented i n Table 2 and Fig. 6, show that 
the pH value for 1% and 2% concentration solutions remains always above 7. 
The unusual behavior of t~e 5% active concentration solution in the 
porous medium may be due to contamination by clay. As shown in Fig. 6, 
the concentration of all samples remains stable at high temperatures. 
Adsorption has some ef ~ect, but the results have not been fully assessed. 
Partitioning in the oil phase i ncreases the first day to values of as 
much as 30% of the initial concentration. After thG f irst day, the 
amount of partitioning remains at a constant level . This effect is 
greater for low surfactant concentrations. This run is still in 
progress and further res ults wi ll be presented a t the DOE meeting in July. 

ONE-DIMENSIONAL STEAM I NJECTION APPARATUS 

Appara tus Description 

The ap~ 'ratus for inj ecting dynamic steam with additives is shown 
in Fig. 7. A 6-foot long, 2-inch diameter stainless steel tube with 
19 thermocouples on one side and six pressure taps on the other side 
was packed with 100 mesh Ottawa sand. Tne tube was wrapped with 
insulating material and laid hori zontally in an 8-inch diameter al~inum 

shell . Heating tapes were used to heat the sandpack to reservoir 
temperature. Steam was generated by a tubular furnace. Two Lapp pumps 
pumped brine, oil, surfactant solution, and distilled water . Samples 
were gathered by a f.action collector. 
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Results to Date 

The porosity and absolute permeability of sand can indicate packing 
problems . The porosity of the experimental sand pack was 0.365 and the 
absolute permeability was 15 darcys, which agrees with literature data 
for 100 mesh sandpack (31). However, a higher permeability (5%) was 
observed in the top left-hand section of the tube. 

Figure 8 shows the temperature profile of a saturated steam 
injection. The sandpack was initially saturated with water at room 
temperature. Then, staam at 365°F was injected at a mass rate of 
170 gm/hour. The downstream pressure was kept constant at 150 psi. Due 
to high permeability (or the small pressure drop along the sandpack), 
the variation of saturated temperature along the tube due to pressure 
drop could not be detected. The sharp front is due to the relatively 
high injection rate . These results agree with the work of previous 
researchers (33) and with analytical heat transfer calculations. 

CONCLUSIONS 

This study has shown that foam can improve oil recovery in steam 
injection. SUNTECH IV is stable at high temperatures and seems to be 
effective in the presence of crude oil and porous media. 

However, more work is needed in order to understand and quantify 
the mechanisms of the foaming process . More micromodel studies are 
necessary to investigate the properties of the flow of foams in porous 
media under various experimental conditions. SUPRI will continue work 
in the following areas: 

Displacement experiments will be continued to study the effect 
of flow rates, slug size, and concentration of the surfactant. 
The position of the injection perforations will be varied to 
study the effect of completions' partial penetration. 

High te.mperature experiments will study other surf'1ctants for 
longevity, adsorption, and phase partitioning. Tests will be 
conducted at different temperatures from 70°F (23°C) to 400°F 
(205°C). Different types and amounts of clays will be used 
and the effect of divalent ions will be investigated. 

:be steam stube experiments will continue to give pressure and 
temperature profiles under cne-dimensional displacement at 
field conditions. lbis experiment will also yield dynamic 
adsorption data. 

This project also includes laboratory support for tne field 
experiment conducted in the McManus leases of the Kern River front. 
This is expected to continue in the future. 
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FRESH SAMPLES 

SAMPLE SUNTECH I SUNTECH SUNTECH I SUNTECH CORCO CORCO 
IV IV IV IV 180A 180,>, 

+ NaCl + NaCl + NaCl + CaC1 2 + NaCl 

+ P.M. + Oil + Oil + Oil 

PROPERTIES ... P.M. + P.M. 

CONCENTRATION 1.0 1.0 1.0 1.0 1.0 1.0 
% 

pH VALUE 11.40 11.25 11.10 9.20 7.30 7.55 

AFTER 3 DAYS 

CONCENTFATION 0.90 0.95 0.99 0.10 0 .10 0.15 
% 

pH VALUE 10.90 8.45 7.60 0.95 3.00 4.40 

-c: 
I 

N AFTER 17 DAYS 

CONCENTRATION 0.90 0.93 0.94 0.08 0.07 0.10 
% 

pH VALUE 10.10 6.30 7.10 7.20 3.30 4.70 

AFTER 40 DAYS 

CONCENTRATION 0.89 0.93 0.90 0.04 I 0.07 0.07 
% 

pI{ VALUE 9.65 6.75 6.20 6.50 I 4.00 l 4.00 

FOURTH RUN 

Tabl" 1 CONCENTRATION AND pH VALUE OF SUNTECH IV AND CORCO 180A. 

DAYS 

FRESH 

SAMPLES 

AFTER 

ONE 

DAY 

AFTER 

SIX 

DAYS 

AFTER 

TIlELVE 

DAYS 

AFTER 

DAYS 

i'RERMAL TEST 

Concentration pH 
% V~lue 

1.0 8.6 

2.0 8.3 

5.0 8 . 3 

0.98 8.2 

1.97 7 .5 

4.96 8.0 

0.94 7.8 

1.92 7.2 

I, .93 8.0 

0.93 8.9 

1.96 7.3 

4.93 8.1 

0.76 9.1 

1.69 7.2 

4 .89 8.7 

ADSORPTION TEST PARTITIOt\ING 

Concentration pH Concentration 
1- Value % 

1.0 8.6 1.0 

2.0 8.3 2.0 

5.0 8.3 5.0 

0.89 7.3 0.70 

1.73 6.9 1.52 

4.89 6.5 4.41 

0.89 7.5 0.70 

1.72 7.0 1.49 

4.85 6.3 4 .3 7 

0.88 8 . 2 0.68 

1. 78 8.1 1.46 

4.84 6.8 4.43 

0.84 7.9 0.55 

1.65 7.8 1.08 

4.34 6.9 3.6 

FIFTH RUN 

Table 2: CONCENTRATION AND pH VALUE OF SUNTECH IV - 25% ACTIVE. 

TEST 

pH 
Value 

8. 6 

8.3 

8.3 

7.9 

8.2 

7.9 

7.8 

6.9 

7.9 

7.5 

7.9 

i.8 

7.7 

7.6 
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ABSOLUTE PERMEABILITY AS A FUNCTION 
OF TEMPERATURE A..'ID PRES SURE 

by 

Brian D. Gobran, Arshad H. Sufi 
and William E. Brigham 

Stanford University Petroleum Research Institute 

ABSTRACT 

While absolute permeability is an important reservoir parameter used 
in all flow equations, the exact nature of the dependence of porous media 
on the temperature of the system, confining or overburden pressure and the 
pore pressure of the flowing fluid is still unknown. When attempting to 
simulate reservoir conditions with cores in the laboratory, it is 
nece~sary to know exactly what variables can be simulated in which 
ways without challging the characteristics of the core. 

This study involves the effects of temperature, confining pressure 
and pore pressure on the absolute permeability of unconsolidated sand and 
consolidated sandstone cores. This will be the basis for later work 
investigating the effects of these variables and others on relative 
permeability measurements. 

HISTORY OF PROJECT 

This report contributes to the objectives of Contract DE-AC03-76ET12056 
which was initiated in September 1976. 

INTRODUCTION 

Although absolute permeability was claimed to be " ... independent 
of the nature of the fluid and is solely determined by the structure 0f 
the porous media" by Mu skat (1) , many groups of investigators have 
studied variables which might affect the absolute permeability of a 
porous medium (2-31). 

From all these studies, two conclusions can be drawn. First, 
increasing the confining or overburden pressure on a core causes a 
reduction in the absolute permeability. Second, the effect of increasing 
the temperature of the porous medium and the flowing fluid is not well 
under s tood. Because of this incomplete understanding of the effect of 
temperature on absolute permeability and the app licability of this type 
of research to thermal oil recovery, a research effort along these lines 
was init iated at the Stanford University Petroleum Research Institute. 
Early work at Stanford, on the effect of temperature on absolute 
permeability, had shown that the combination of water and sandstone was 
the· most sensitive fluid/rock combination. So, the goals of this study 
were to either confirm and expand on the past Stanford University results 
or to explain the differences seen by various investigators. 

Two early reports of this research project (30,31) were incor rect. 
In both of them the mistake of including hydrazine in the flowin g water 

Prepared for DOE under Contract No. DE-AC03-76ET12056 

V-l 



was noted, however, further experimentation led to the discovery of more 
flaws in the experimental procedure. New results are presented in this 
study. They have been thoroughly studied, and are considered accurate. 
In addition, reasons are given for the results seen in the past experiments. 

EXPERIMENTAL APPARATUS 

Figu~e 1 is a schematic diagram of the absolute permeability 
apparatus. The apparatus can operate at a confining pressure of 10,000 
pSi, pore pressure of 4000 psi, and a temperature of 3000F. Some of the 
changes in the experimental apparatus during the past year include 
installation of high pressure differential pressure transducers, removal 
of the capillary tube viscometer, addition of a pressure intensifier for 
the confining pressure and a second backpressure regulator (a dome-loaded 
one). 

When the effect of pore pressure on absolute permeability was being 
investigated, it was discovered that the differential pressure transducers 
were rated for only 2000 psi. It was also determined that the calibration 
for the capillary tube viscometer was valid at only one pressure. 
Experimentation had shown that the viscosity of water remained unchanged 
after passing through the core and that the flow rates delivered by the 
pump remained constant over time at all backpressures. Thus, the 
capillary tube viscometer could be removed, the flow rate could be taken 
from the measured discharge pump rates, and the tabulated water viscosity 
could be used directly. 

The spring-loaded backpressure regulator developed a bleeding problem 
when the pump cylinders were switched. The problem was serious enough 
that the water flashed at the elevated temperatures. A nitrogen dome­
loaded backpressure regulator was installed downstream of the spring­
loaded one. The dome regulator has far better shut-off abilities when 
there is no flow and maintains the desired pressure throughout the system 
at all times. 

When operating at high confining pressures, use of the hand pump 
proved difficult. A pressure intensifier is now used when the confining 
pressure exceeds 7000 psi. It is easy to increase the pressure to 10,000 
psi and small changes in the pressure are made with a simple turn of the 
handle. 

RESULTS 

Before any changes in permeability could be attributed to changes in 
the parameters of interest (temperature, confining pressure, and pore 
pressure), it was necessary to determine if any other factor could be 
influencing the calculated value of permeability. Two variables investigated 
were the effect of flow rate and the effect of throughput volume. Figure 2 
shows ,permeability graphed -"ersus flow rate for an unconsolidated s<lnd at 
lOOoF. Clearly, there is no significant flowrate effect on permeability. 
Note, a1so, the error bars indicated on the figure. At low rates, the 
pre~sure drop is less and the error is about ± 7% while at high rates, 
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it is about ± 2%. The effect of throughput on permeability is shown in 
Fig. 3. Again, this is for an unconsolidated sand at IOOoF. A slight 
redu..:tion in permeability is observed with continued throughput. 

The results of an experiment to determine the effect of temperature 
on the absolute permeability of unconsolidated sand at various confining 
pressure levels at a constant pore pressure are given in Fig. 4. This 
figure shows a slight reduction in permeability during the heat-cool cycle 
at each confining pressure. This is attributed to settling caused by 
flow and thermal changes in the core. Therefore, it is concluded that 
there is no reduction in the ab ~'olute permeability of unconsolidated sands 
due to temperature increase. Although only one set of data are shown 
here, we have a considerable boay of additional data which confirms these 
results. 

The effects of confining pressure and pore pressure on the absolute 
permeability of unconsolidated sand cores are depicted in Figs. 5 and 6, 
respectively. increasing the confining pressure on a core seems to reduce 
the permeabi l.ity linearly, but the release of pressure does not cause a 
complete ~estoration of the permeability. The second application of 
con':inin.g pressure causes permeability to follow the path determined by 
the in1tial release (the lower curve) . This behavior is likely due to an 
initial rearrangement of the grains into a tighter structure caused by 
the confining pressure. Even though the confining pressure is released, 
there is no force re-opening the pores to their original size. After 
this tighter packing has taken place , the structure changes elastically 
with changes in confining pressure. 

The effect of changing the pore pressure is significantly different 
from the effect of changing the confining pressure. Figure 6 shows a 
linear, repeatable change in absolute permeability with both an increase 
and then decrease in pore pressure at a fixed confining pressure. When 
the confining pressure is released, there is no force to re-open the 
grains; but when the pore pressure is released, the Lonfining pressure 
acts to close the pores and restore the original permeability. So, from 
these results for unconsolidated sand, it can be concluded tha t a 
repeatable linear change in absolute permeability is observed with a 
change in pore pressure and a nonlinear repeatable change in permeability ' 
with confining pressure changes is observed after the first pressurization 
of the core. 

Similar experiments have been run on Berea sandstone cores and 
similar results have been obtained. Figure 7 shows permeability as a 
function of flow rate for a Berea sandstone at IOOoF. As with the 
unconsolidated sand, there is little change in permeability with flow 
rate changes. One Berea core was fired at 5000 C for six hours. 
Permeability veraus throughput for this core is shmm in Fig. 8. A 
similar result was found for an unfired Berea core. This shows that 
firing does little to settle the clays. While it seems that there 
continues to be a change in the permeability with throughput, it is 
important to consider the amount of throughput and that many measurements 
can be taken between twenty and thirty thousand cubic centimeters with 
virtually no reduction in permeability cause by throughput. 
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The effect of temperature on absolute permeability for an unfired 
Berea core is sho~~ in Fig. 9. The square data points are for the heating 
cycle with the circles representing the data when cooling. The error bars 
are shown for a particular measurement. These data show that there is no 
effect of temperature on the absolute permeability of a throughput-settled 
Berea sandstone core. 

Figure 10 shows the results of confining pressure changes on absolute 
permeability. With this fired Berea core, a linear decrease with the 
initial pressurization is observed followed by a repeatable non-linear 
change when the pressure is released. As described for unconsolidated 
sand, this is explained as an initial permanent grain rearrangement 
followed by elastic changes thereafter. 

Permeability is graphed versus pore pressure at a fixed confining 
pressure for a fired Berea sandstone in Fig. 11. A linear increase in 
permeability with increased pore pressure is found. This corresponds 
with the increase found with unconsolidated sand. However, unlike 
unconsolidated sand, this fired consolidated sandstone did not return 
to its initial permeability when the pore pressure was reduced. In fact, 
the permeability when measurements were completed was higher than the 
initial permeability. After these measurements were completed, the 
confining pressure was reduced to 2000 psi and the core left overnight . 
During this time the permeability decreased from 170 to 154 millidarcies. 
These results can be explained as fines migrating through pore throats 
at the high pore pressures and not plugging again until later, thus 
giving a temporary increase in permeability when the pore pressure is 
reduced. 

DISCUSSION 

The results of this study differ from those of past researchers, 
especially those presented in references 20 through 24. Some of the past 
workers in this area found a significant reduction in absolute permeability 
when water was flowing through sand or sandstone cores. Several explana­
tions can be made for these differences. Figure 8 shows a reduction in 
permeability due to throughput volume on the order of 30% for a fired 
Berea sandstone core. Casse in references 20 and 22 found a reduction in 
absolute permeability of about 30% with temperature increase. Perhaps 
what he assumed to be temperature dependence was actually throughput 
dependence. Figure 12 shows our earlier results from reference 30. It 
was later determined that non-isothermal flow was occurring through the 
core in these earlier experiments. This, combined with inaccurate 
temperature determination at ambient conditions, produced the apparent 
temperature dependence seen in Fig. 12. It is likely that similar 
problems occurred in previous studies reported by others. 

CONCLUSIONS 

It can be concluded from this study that the absolute permeability 
of unconsolidated sand and consolidated sandstone cores behave similarly 
to changes in temperature, confining pressure and pore pressure. With 
water as the flowing fluid, temperature had little or no effect on the 
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absolute permeability of these two porous media. Confining pressure 
caused a linear decrease in permeability as the pressure W8~ initially 
applied. When the pressure was released and during subsequent pressuri­
zation cycles, the r~JPonse was repeatable but non-lin(!ar. Pore pressure 
changes affect consolidated and unconsolidated core differently. With 
unconsolidated sand cores pore pressure cycles caused a linear repeatable 
changes in absolute permeability. With a fired Berea saudstone, there 
was a linear increase in permeability with pore pressure increase and 
then a non-linear decrease when the pore pressure was reduced. This 
produced a net increase in the absolute permeability. The reasons for 
this behavior are not known but a reasonable explanation involves 
migration of fines through pore throats. 
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