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SUMMARY 

The Bodcau In Situ Combustion Project i s  a cooperative ven- 

ture between Cities Service Company and the United States Energy 

Research and Development Adminis tration (ERDA) . The project i s  governed 

by ERDA Contract Number EY-76-C-03-1189 {Formerly E(04-3)-1189) and 

covers the period from June 1, 1976 through June 30, 1982. The primary 

objectives of the project are to demonstrate the technical efficiency 

I and economics of the simultaneous a i r  and water in s i tu  combustion pro- 

cess. The total estimated cost for the six-year project i s  $8,229,898. 
1 Of this  estimated amount, ERDA will fund a maximum of $3,102,112. 

This Firs t  Annual Report covers precontract work and a l l  work 

completed during the f i r s t  twelve months under contract. Included are 

dri 11 ing , construction, ignition, operations and mai ntenance, 1 aboratory 

and fie1 d testing, monitoring and economics. 

The project i s  being conducted on five recently developed pat- 

terns of Cities Service Company's Bodcau Fee "B" lease in the Be1 levue 

Field. The five patterns were a part of an eight-pattern expansion of 

Cit ies '  combustion operations in the f ie ld .  Twenty-nine producers and 

five injectors are included in the five patterns. 

Three compressors with a combined o u t p u t  of 20 MMCFD a t  250 

psig provide the a i r  for  combustion. 

Facilities for gathering, treating, storage and sale of pro- 

duction consist of tankage, a heater t reater ,  a free water knockout, a 

t e s t  t reater  and an Automatic Custody Transfer Unit. A saltwater disposal 

well was dri l led t o  630 feet ,  penetrating the Lower Nacatoch Sand, for 



disposal of produced water. Fresh water for cooling of downhole pumping 

equipment i s  supplied by a well dri l led t o  a water sand a t  100 feet .  

I Ignition of the five patterns was accomplished using a 30-kw, 

440-vol t, three-phase heater. Cities Service personnel operated and 

monitored the entire ignition process. The ignition phase began fol lowing 

a i r  injectivi ty and fal loff  testing in August 1976 and was completed on 

September 24, 1976. 

Following ignition and completion of fac i l i ty  construction, 

five temperature observation wells were drilled. These wells will be 

used t o  monitor the progress of the combustion front. One well was 

dri l led in each pattern during December 1976. 

Laboratory testing has consisted of combustion tube runs and 

produced oil  and gas analyses. Combustion tube tes ts  have determined the 

- fuel deposit and a i r  requirement for bo th  dry burn and simultaneous a i r  

and water conditions and have investigated the ignition temperature of 

the Be1 1 evue crude. Further testing will determine the optimum water- 

a i r  ra t io  t o  be used in the project. Produced oil  samples have been analyzed 

for composition, gravity and viscosi ty-temperature relationships. Produced 

gases are routinely tested for composition. 

Field tes t s  have included fa l loff  and pulse tes ts .  Falloff 

tes ts  conducted prior t o  ignition indicated sufficient injectivi ty and 

overall pattern permeabj 1 i ty for ignition and continued operations. Pulse 

tes ts  were conducted t o  determine directional permeabilities in order t o  

help predict combustion front movement. 

Production has steadily increased from 69 BOPD in June 1976 to 

420 in June 1977. Combustion has been monitored by gas analyses a t  producing 

wells. 



i i i  

The five injection wells were converted t o  simultaneous a i r  

and water injection in April 1977. Ini t ia l  design rates are 150 barrels 

per million cubic feet  of a i r  injected per well. This ra t io  will be 

increased af ter  a sufficient number of tube t e s t s  ,have been 

conducted t o  determine: an optimum water-air rat io.  

The total expenditure for the five patterns through June 30, 

1977 has been $2,233,358. Development costs for we1 1 s and equipment have 

been $1,288,777; production and research services have amounted t o  

$276,680; and lease operations and maintenance have been $667,901. For 

the f i r s t  year of the project, the total cost per barrel of oi l  produced 

has been $10.03. This f i gure i ncl udes operations , mai ntenance , services , 
overhead, taxes and applicable depletion and depreciation. The most 

severe operations will occur during the second and third years of the 

project; however, th is  should provide an accurate measure of the unit cost 

of production for the simultaneous a i r  and water in s i tu  combustion 

process. . . 
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INTRODUCTION 

I The Bellevue Field i s  located 18 miles northeast of Shreveport, 

I Louisiana, on the eastern edge of Bossier Parish (Figure 1 ) .  The 

demonstration s i t e ,  located i n  the SW/4 o f  section 11-T19N-RlIW, i s  

par t  of Ci t ies  Service Company's Bodcau Fee "B" Lease. 

I The f i e l d  was discovered in 1921 and i s  a dome-type s t ruc ture  

I .  covering approximately 900 productive acres. The Upper Cretaceous 

Nacatoch Sand i s  the main producing zone, being 300 to  400 f e e t  deep. 

Primary production was by f l u i d  expansion and l a t e r  by gravity drainage. 

Many production stimulation techniques were attempted b u t  none succeeded 

in increasing production of the heavy 19" API crude unt i l  Getty Oil 
' 

Company suc.cessfully tes ted in s i t u  combustion i.n the f i e l d  ,beginning 

in 1966. 

In 1971, Cit ies  Service 's  f i r s t  f i e l d  t e s t  of an in s i t u  

combustion process was i n i t i a t e d  on the Bodcau Fee "B" Lease. This 

t e s t  ut i  1 i zed dry combustion fol lowed by waterfl oodi,ng to  success- 

~ fu l ly  recover the vis.cous crude. In 1974, a s imilar  t e s t  was. begun 

. in whi'ch dry combustion and simultaneous water and a i r  injection 

were evaluated side-by-side. I t  was shown t h a t ' t h e  simultaneo,us 

inject ion method improved the efficiency of the process. 

A decision was reached in 1975 t o  s tep up development of 

C i t i e s '  acreage in the Bellevue Field. A Request fo r  Proposals ( R F P )  

by the Energy Research and Development Administration ( E R D A )  was a 



responded to  by Cit ies  Service Company as plans were being carried out 

fo r  fur ther  development. We1 1 s had been d r i l l ed  and construction of 

f a c i l i t i e s  was already in  progress when ERDA Contract EY-76-C-03-1189 

{formerly E(04-3)-1189) was signed. The contract ca l l  s fo r  demonstration 

of the technical efficiency and economics of a commercial scale  in  s i t u  

combustion process. 



The demonstration s i t e  (Figure 2) was selected on the basis 

of evaluation of reservoir charac ter i s t ics  determined by the dri  11 i ng 

of wells 13-3, L-1 , L-2, L-3 ( l a t e r  numbered 15-3) and L-4. These 

wells were d r i l l ed  through the Upper Nacatoch Sand to  approximately 

470 fee t .  Conventional Induction Electrical Surveys (Figure 3 )  and 

Compensated Formation Density Logs (Figure 4) were r u n .  The we1 1s 

were d r i l l ed  during 1975 and were used to  develop s t ruc ture  (Figure 5)  

and net pay (Figure 6)  maps i n  preparation f o r  fur ther  expansion of 

C i t i e s '  combustion operations in the Bellevue Field. Plans were made 

to  develop f ive  patterns on twenty acres d i rec t ly  eas t  of Ci t ies '  1971 

p i l o t  area.  

Using the data from .the evaluation well program and past 

experience in operating two p i lo t  t e s t s ,  the patterns were developed 

as elongated, inverted' ni ne-spots wi t h  i n jectors  1 ocated down-s t ruc ture  

from the centers of the patterns.  The dip of the Nacatoch Sand in 

t h i s  area i s  2.5 degrees to  the northeast. Locating the injectors  

down-structure will provide f o r  optimum sweep as the injected a i r  
I 

migrates more .readily up-structure. 

' ~ i  t t l e ,  Tracy P.  , Bodcau In Si t u  Combustion Project "Precontract 
Work and Plan for  Project Development", Ci t ies  Service Company 
Topical Report. 



During 1975 and ear ly  1976, the  f i v e  pa t te rns  were developed 

w i t h  29 producers and f i v e  i n j ec to r s .  Each pa t te rn  covers approxi- 

mately four acres  and the  t o t a l  volume of rese rvo i r  contained i n  

the  project  i s  1039 ne t  acre-feet .  Wells 2-8, 13-5 and 16-3 were 

open hole logged w i t h  IES and FDCIGR logs and well 16-3 was a l s o  

cored t o  obtain addi t ional  informa.tion f o r  evaluations and performance 

predic t ion.  

By analysis  of a11 well logs,  . the  avevage porosity was 

determined a s  33.9% w i t h  a  water sa tu ra t ion  of 27.4%. Permeability 

from core analyses of several  we1 1s i n  the  f i e l d  was approximately 

700 mi l l ida rc ies .  A typical  ca re  analysis  i s  shown i n  Table 1. Net 

formation thickness averages 56 f e e t  w i t h  a  net lgross  thickness r a t i o  

of 0.75. Gas sa tu ra t ion  was minimal, l e s s  than 3%. These rese rvo i r  

cha rac t e r i s t i c s  combine t o  give an o i l  i n  place of 1909 bar re l s  per 

acre-foot ,  o r  i n  excess of 2,000,000 b a r r e l s . f o r  the  f i v e  pa t te rns .  

Previous pressure t e s t s  indicated a rese rvo i r  pressure between 25 

and 40 psig. Fluid analyses showed an o i l  g rav i ty  of 19' API w i t h  

a  v i scos i ty  of 676 cent ipoise  a t  t he  rese rvo i r  temperature of 75°F. 

(Viscosity vs. Temperature shown in Figure 7.) 

The data gathered from the  developed area  was compared t o  

ERDA ' s speci f i ed c r i t e r i a  : 

1 .  The  rese rvo i r  i s  r e l a t i v e l y  uniform and i so la ted .  
Faults  . a r e  i so la ted  so as  t o  confine the  combustion 
t o  one .formation only. 

2. Pressure t e s t s  have indicated good rese rvo i r  
con t inu i ty  and good rese rvo i r  control  i s  possible 
from log, core and production h i s to ry  data .  



3. The formation i s  a sandstone reservoir with net 
sand thickness greater than 10 feet. The. ratio 
of net/gross sand thickness i s  higher than 0.75. 

4. Reservoir porosity i s  higher than 20% and permea- 
bil i ty i s  higher than  100 md. 

5. Oil gravity i s  lower than  30' A P I .  

6. The product of oil saturation times porosity i s  
greater than 0.07 and the oil in place exceeds 
540 barrels per acre-foot. 

7. The reservoir does n o t  have a gas cap or an  
underlying aquifer. 

I t  i s  readily apparent t h a t  the project s i t e  meets all of 

the specifications. 



DRILLING AND COMPLETIONS 

Twenty-nine producers and f ive  injectors  a r e  included in the 

project area. The we1 1s were d r i l l ed  to  an average depth of 450 f e e t  

using skid mounted rotary equipment. Fresh water gel mud with cotton- 

seed hul ls  f o r  control of l o s t  c i rculat ion was used. Three wells, 

2-3, 2-4 and 2-5, were completed in 1970 as par t  of the original 

Ci t ies  Service p i lo t .  These three wells a re  equipped with 5-112 inch, 

14#/foot, K-55 casing. The remaining wells,  both producers and in jec tors ,  

have 7 inch, 23#/foot, K-55 casing. In a l l  wells,  the casing i s  cemented 
I . 't 

to  surface. The standard cementing program f o r  the more recent wells 

was to - run  100 sacks of 50150 Pozmix H cement with 40% s i l i c a  f lour  

followed by 40 sacks of Lumnite cement w i t h  40% s i l i c a  f lour .  The 

Lumnite cement across the Upper Nacatoch Sand provides greater  strength 

under the an t ic i  pated high temperatures. Casing i s  central ized through 

the pay zone. 

All wells were logged with conventional gamma ray and neutron 

logs (Figure 8 )  t o  provide net and gross pay (Table 2).  Producers 

were se lec t ive ly  perforated a t  a density of two shots per foot  with 

a 3-3/8 inch casing g u n  and acidized with 250 gallons of 15% hydro- 

chlor ic  acid. Conventional beam pumping units (16-D, 25-D and 40-D) 

were ins ta l  led and 2-718 inch EUE tubing was r u n  t o  the base of the 

pay zone. Hollow rods of 1.315 inch outside diameter and a 1-25/32 

inch i n s e r t  pump were r u n  inside the tubing. Production i s  through 



the hollow rods while the annulus between rods and tubing i s  used for 

pumping fresh water downhole to cool the pump (see Figure 9) .  

Injection wells were perforated a t  four shots per foot density 
\ 

in the lowermost 10 t o  20 feet  of net pay. A thermowell of 1.315-inch 

diameter pipe was run t o  a depth not  less than 10 feet  below the perfora- 

t i  ons. A type-K (chrome1 -a1 umel) thermocouple was run inside the thermo- 

well. Air was injected down the casing for ignition and during the dry 

bu.rn phase (see Figure 10). 

A fresh water supply well was dri l led to provide water for 

the downhole cooling system and t o  provide make-up water for  injection, 

as 'needed. Th'e we1 1 was. dri 1 led t o  76 ' f ee t ;  6-5/8 inch casi,ng was run 

with 20 feet  of stainless steel screen on bottom. The well was gravel 

packed and equipped with a 7-1/2 horsepower Reda pump and 3-1/2 inch 

tubing. 

One disposal well was dri l led to a depth of 630 feet.  Seven 

inch casing was se t  and cemented to surface in the same manner as producers 

and injectors. Perforations are in the Lower Nacatoch Sand which i s  

separated from the productive Upper Sand by a 20-foot thick shale break. 

A Baker A D - 1  tension packer and 2-7/8 inch plastic-coated tubing were run. 

Five temperature observation wells were dri l led in December 

1976. One well was dri l led in each pattern t o  a depth of 450 feet  and 

5-1/2 inch casing was se t  and cemented t o  surface..  Type K thermocouples 

were run inside the casing for recording profiles of temperature versus 

depth. These we1 1s will monitor the combustion front progress. . 



FIELD FACILITIES 

The equipment required for operation of the project can be 

separated into four d is t inct  systems; production gathering, oi l  

t reat ing,  water injection and a i r  injection. 

The production gathering system i s  composed of a l l  flowlines 

t h r o u g h  which production i s  transferred to the battery. A1 so included 

are five concrete-lined pi ts  in which liquids removed from the exhaust 

combustion gas streams are collected. Production flowlines from wells 

to a central header are 2-3/8 inch diameter. Exhaust lines to the 

pi ts  are 3-1/2 inch diameter. Transfer lines from the pi ts  t o  the 

header are 2-3/8 inch. The p i t s ,  one within each of the five pat,- 

terns serving five or six wells each, are 15 feet  wide, 30 feet  long 

and 6 feet  deep, with one-foot thick steel reinforced concrete walls 

and a six-inch thick concrete base. 

The oil  treating system consists of the battery equipment 

involved in separation of the oi l  and water and' storage and sale of 

the treated o i l .  A t  the header;demulsifiers are added t o  the pro- 

duction. Flow can be directed t o  a t e s t  t reater  or t o  the f.ree 

water knockout. The t e s t  t rea ter  i s  a 4 '  x 27' vertica'l vessel and 

i s  used for  a1 location of production back t o  individual we1 1s. The 

free water knockout i s  a 6 '  x 15' horizontal vessel which removes 

approximately 90% of the produced water from the production stream. 

The oil  and remaining water are separated in the main t rea ter ,  an 



8' x 28' vertical vessel. The oil i s  then sold t o  pipeline through 

an ACT unit or diverted t o  tankage i f  i t  i s  no t  merchantable. Four 

oil tanks serve the system, a l l  12' x 20', 400 barrel welded steel 

tanks. One tank i s  the good oil sales.tank through which the treater  

delivers oi l  to the ACT unit. The other three tanks are bad.oi1 tanks 

in which additional set t l ing time plus chemicals and heat are used t o  

t rea t  the oil  to ,pipeline standards. A 500,000 BTU/Hr. steam generator 

circulates steam through coils in the bad oil  tanks to aid the treat-  

ing process. 

In order t o  ensure smooth operation of the free water knock- 

o u t  and main t reater ,  the interface between the oil and water in these 

vessels must be bled off periodically. The interface holds solids 

which will make treating more d i f f icu l t .  A 20' x 60' x 6' concrete 

lined p i t  i s  located a t  the battery to allow for bleed-off,of these 

interfaces and also for dra.ining of tank bottoms. 

The water injection system consists of two 32' x 20', 400 

barrel welded steel tanks, an 8 '  x 45' 2000 barrel plastic lined 

1 .  overflow tank, a centrifugal pump for injection and disposal and the 

associated flowlines for the water. Also, the cooling system i s  

included since i t  can be used as an a1 ternate injection system. 

Produced water' i s  coll ected in the f i r s t  of two 400 barrel 

tanks and siphoned t o  the se'cond. This i s  done t o  prevent oi l  carry- 

over into the injection and disposal wells. Oil i s  periodically bled 
I 

from the f i r s t  tank for return t o  the treating system. A centrifugal 

pump delivers injection and disposal water through a t r u n k  l ine and 



l a t e r a l s  to .  individual we1 1s. Fiberglass pipe i s  used fo r  the inject ion 

system. Volumes a re  metered a t  the wells by use of turbine meters. 

The.cooling water system consists of the fresh water supply 

well and a system of 3-inch and 2-inch PVC l i ne  pipe which delivers 

water to  each producing well in the project. Water' from t h i s  system 

i s  a lso available a t  the . injection wells and can be used f o r  inject ion 

should the need ar i se .  

The a i r  inject ion system consists of three compressors and 

the t r u n k  system f o r  delivering the a i r  to  inject ion wells. A 1000 

horsepower Waukesha gas engine driven Ingersoll Rand compressor was 

ins ta l led  in 1970 f o r  the original p i l o t  t e s t .  This uni t  deli'vers 

3000 MCFD a t  250 psig discharge pressure. A new e l e c t r i c  motor has 

been ordered to  replace t'he gas engine due to  shortage of fuel supply. 

The second compressor, a 1250 horsepower e l e c t r i c  drive Ingersoll Rand 

uni t ,  .was ins ta l led  in 1973. Deliverabili ty from t h i s  compressor i s ' - :  

5000 MCFD a t  250 psig. In November, 1975', construction began on a 

new 3000 horsepower e l e c t r i c  driven Ingersol, .  Rand compressor which. 

delivers 12,000 MCFD a t  250 psig. The uni t  was completed in June, 1976. 

Mi'nor -problems were corrected and the un.i.t has r u n  smoothly since 

October, 1976. 

Ttie a i r  f o r  inject ion i s  delivered through a t r u n k  system 

of 8-5/8 inch and 6-518 inch pipe. Three-inch l a t e r a l s  carry the a i r  

t o  ihdividual wells fo r  metering and injection. Injection i s  through 

casing during dry burn and through tubing during simultaneous injection 

of a i r  and water (see Figures 10 and 16).  



The five patterns were ignited using a 30-kilowatt, 440-vol t 

e lect r ic  heater having 86 inches of heating length for  each of six 

elements and delivering 30 watts per square inch of surface area. 

Power t o  the heater was supplied th rough  a three conductor armored 

cable of 0.800 inch outside diameter. This cable was also used t o  

position the heater in the hole as required. 

Control and monitoring equipment was housed in a t r a i l e r ,  

enabling Cities.Service Company .personnel t o  watch a l l  aspects of 

the ignition process closely. Panel-mounted. charts recorded a.ir 

injection rates and wellhead pressures continuously. A thermostat 

connected t o  a thermocouple inside the well was used t o  control. heater 
. . 

temperatures. Adjustment of the heater temperature and t h e  air 

injection rate allowed control of a i r  temperatures. Temperature pro- 

f i l e s  of the formation using the downhole thermocoupl'e were periodi- 

cal ly recorded. 

Confirmation of ignition was by analysis of produced gases 

a t  surrounding wells. The Orsat method of analysis for  oxygen, carbon 

dioxide and carbon monoxide was the primary means of confirming igni- 

tion. Fyrite method of analysis for  oxygen and carbon dioxide was 

done a t  'regular four-hour intervals .and was found, general l y ,  t o  

*30seph, Conrad, Bodcau In  Situ Combustion Project, 'Ignition," Cities 
Service Company Topical Report. 



I compare well with Orsat analyses which were taken only once or twice 

each day. The inject ion well temperature profi les  were a l so  used 

as backup f o r  confirming ignition. 

Before igni t ing,  the injection w d l s  were cleaned out by 

circulat ing a i r  t o  remove any water or o i l  inside the wellbore. A 

s t r ing  of 1.315-inch diameter lime pipe was r u n  inside the well t o  

a depth not less  than ten f e e t  below the perforations and a type K 

thermocouple was r u n  inside t h i s  pipe. Air inject ion was begun a t  

a r a t e  of 200 MCFD and maintained unt i l  o f f se t  producing wells began 

to  vent the injected a i r .  Rates near 200 MCFD would be required 

d u r i n g  the igni t ion process in  order to  obtain a i r  temperatures in 

excess of 600°F. . Pressure f a l l o f f  t e s t s  were conducted to. determine 

average pattern pemeabi 1 i ty pr ior  t o  ignition. Background gas 

analyses a t  producers were obtained to  establ ish a base l ine  pr ior  

to  any -heating. , 

Ignition equipment was then moved to the wells and s e t  up  

(Figure 11 ). The' heater was lowered through a lubricator  and po- 

, si t ioned above the perforat ions. .  The heater was turned on and the 

formation was f i r s t  preheated to  300°F before rais ing the injected 

a i r  temperatures to  600°F fo r  igni t ion.  Gas analyses and temperature 

profi les  were taken periodically to  monitor the ignition process. 

Ignition was indicated by d ras t i c  reductions in oxygen content and 

increases in carbon dioxide and carbon monoxide in the produced gases 

Generally, Orsat oxygen levels of 1.0% or less  were considered con- 

firmation o'f igni t ion.  



The five wells were ignited during the period August 7 

through September 24, 1976. A1 t h o u g h  the actual ignitions were 

I easily accomplished, a number of problems had to be dealt with. 

A t  well 12-1 there was apparently some oil  l e f t  in the 

casing. When the heater was turned on, the oil ignited within the 

well and temperatures of up  t o  1800°F were observed. The heater 

was pulled u p  to prevent damage t o  i t  and the a i r  injection rate was 

cut back t o  reduce the temperature of the burning o i l .  Combustion 

within the wellbore ceased a f te r  about twelve hours. The heater 

was lowered back down to the formation and the well was easily ignited. 

Gas analyses a t  wells 2-4 and 12-2 confirmed the ignition. 

Well 13-1 ignition went smoothly without incident b u t  a t  

well 14-1 the heater shorted o u t  just as ignition was beginning to 

take place. The compressor shut down because of a faulty relay. A - 
surface leak allowed hot gases t o  flow back and this  melted the in- 

sulation on the heater leads and in the cable, causing the short. 
/ 

As the heater was pulled from the well, the cable and heater became 

wedged between the casing and the thermowell near the surface. Ro- 

tating and jarring the well head did not free the heater. Gas 

analyses indicated that the formation had ignited and was not hurt 

by the loss of the heater a t  that time. The heater was removed 

from the well one week la ter .  Air injection was stopped and the , 

pressure was bled off the well. Water was pumped in to prevent 

backflow of hot gases. The thermocouple was cut and allowed to drop 

in the hole. The heater was then pulled up into the lubricator and 

a patch was welded over the hole l e f t  by the thermowell. The heater 

was repaired and moved to well 15-1. 



A t  well 15-1 the same problem with the compressor caused 

.the heater t o  short o u t  again because of a surface leak. No problems 

were encountered when the heater was pulled from the well, b u t  the 

connections from cable to heater had t o  be completely remade in a 

machine shop. Although only 600,000 BTU were delivered to the forma- 

tion in th is  well, ignition was indicated by gas analyses. A short 

t e s t  was conducted to confirm the ignition. The a i r  injection rate 

was reduced from 180 MCFD t o  90 MCFD and the temperature a t  the per-' 

forations was observed for  40:minutes. The temperature rose by 83°F 

in this  time, indicating heat feedback from the formation. Routine 

temperature profiles several days l a te r  showed temperatures in excess 

of 800°F a t  the perforations while during the ignition process, the 

maximum temperature recorded was less than 500°F. 

The heater was again repaired and moved to well 16-1. No 

.problems occurred during ignition b u t  the heater became stuck be.tween 

the thermowell and casing when i t  was pulled up. Since th is  was the 

l a s t  well to be ignited, the heater was l e f t  in the hole for one mon th  

before retrieving i t .  The well was shut in and pressure was bled off .  

The well head was removed, the thermocouple was pulled and the heater 

was pulled up into the lubricator. 

The ignitions of the five patterns are summarized in Table 3.  

Typical injection well temperature profiles and gas analyses a t  sur- 

rounding wells are shown i n  ~ i g u r e s  1 2  and 13. 



I OPERATIONS 'AND ' PERFORMANCE 

Fol lowing i g n i t i o n  o f  the  f i v e  pat terns ,  a i r  i n j e c t i o n  

ra tes  were s t e a d i l y  increased (F igure  14). During i g n i t i o n  200 MCFD per 

we1 1 was required.  Rates were increased t o  1500 MCFD per we1 1 by 

October 18, 1976. The scheduled increases would have c a r r i e d  i n j e c - .  

t i o n  t o  2000 MCFD.per w e l l  by January 1,'1977. However, a major f a i l u r e  

r e s u l t i n g  i n  the loss  o f  compressor #2, a 1250-hp u n i t ,  f o r  approximately 

two months 1 i m i  t ed  ava i l ab l e  a i r  f o r  increases beyond 1500 MCFD per we1 1. 

Compressor #2 was v i r t u a l l y  r e b u i l t  a t  a cos t  o f  approximately $89,000 

and was back on l i n e  by December 15, 1976. The scheduled increases were 

postponed, however, u n t i l  a f t e r  conversion t o  simultaneous a i r  and wpter 

i n j e c t i o n .  

The f i v e  i n j e c t o r s  presented no problems t o  t he  i n j e c t i o n  o f  

a i r  a t  the  requ i red  ra tes .  P r e i g n i t i o n  f a l l o f f  t e s t s  ind ica ted  low 

permeab i l i t y  i n  we l l  #14-1. This we l l  was t r ea ted  w i t h  250 ga l lons o f  

15% hydroch lor ic  a c i d  t o  improve i t s  i n j e c t i v i t y .  

During A p r i l  1977, the i n j e c t o r s  were recompleted f o r  simul- 

taneous a i r  and water i n j e c t i o n  (see Figure 16). Per fora t ions were 

added i n  the  upper 10 t o  12 f e e t  o f  the  Upper Nacatoch Sand using a 

3-3/8" casing gun. A tens ion packer was s e t  between t he  two sets o f  

pe r fo ra t ions  and a i r  was i n j e c t e d  through 2-718'' t ub ing  below the  

packer wh i l e  water was i n j e c t e d  down t he  casing above the  packer 

I (Table 4). Simultaneous i n j e c t i o n  was begun a t  150 ba r re l s  per m i l -  ~ 3 l i o n  cubic f e e t  o f  a i r ,  bu t  h igh pressures caused by calcium carbonate 



scale problems were encountered. Scale was severe enough in two we1 1s 

tha t  a b i t  and scraper were run to  clean u p  the casing. All wells were 

t reated with 250 gallons of 15% hydrochloric acid to  clean u p  the perfora- 

t ions.  Visco 950 i s  being added t o  the injection water to  prevent pre- 

c ipi  ta t ion of scale.  Pressures have been higher than ant icipated,  probably 

due to  high gas saturat ions near the well boreand accentuated by the scale  

problems. A higher pressure pump may be required. See Figures 29-33 f o r  

injection wells performances through June 1977. 

Oil production has s teadi ly  increased from 69 BOPD in June 

1976 t o  420 BOPD i n  June 1977 (Figure 14). Cumulative production fo r  the 

f ive  patterns has been 92,702 barrels .  Production has been higher t h a n  

estimated in the original proposal, as shown in Figure 15. No major 

t reat ing problems have occurred as ye t ;  however, the emulsions should 

become more severe as the combustion fronts  approach prodjcers in the 

next year. Present chemical useage a t  the battery i s  0.05 gallons of 
" demulsifier and 0.02 gallons of surface tension reducing chemical per 

barrel of o i l .  

Combustion f ront  breakthrough has occurred a t  two wells, 12-2 

and 15-2. These wells are  the nearest  to  the injectors  in t h e i r  respec- 

t i ve  patterns, .  both due north of the injector  and 165 f e e t  away (Figure 17) .  

Well 15-2 showed 200'~ flowline temperatures and produced 800 MCFD of com- 

bustion gas containing 2.4% oxygen as ear ly as February 1, 1977. Tubing 

was pulled on February 7 and holes were observed a t  depths of 380, 397, 

420, 404 and 408 fee t .  The en t i r e  producing interval was squeeze cemented 

and reperforated from 386 to 396 and from 412 t o  424 fee t .  The well was 

p u t  back on production b u t  by March 5, holes had been cut in the interval 

412 -424. The well was shut in from March 5 t o  April 25 and squeeze 



I cemented again. New perforations were shot from 384 t o  396 feet .  By 

I May 15 new holes had been cut in the tubing from 412 to 424 feet  and the 

I well was shut in once again. 

We1 1 12-2 experienced combusti on front breakthrough a t  

roughly the same time as we1 1 15-2. In th is  well, however, the problem 

was easily corrected by squeeze cementing the top of the pay zone from 

367 t o  380 fee t  where the tubing showed markings from heat and sand 

leaving the section from 385 t o  418 feet  open for production. 

All wells are expected to experience fai lures from combustion 

front breakthrough and require remedial action during the next year. 

However, production for  next year should increase as wells begin .to ex- 

perience a higher degree of thermal stimulation. See Figures 34 through 

' 62 for production wells performances through June 1977. 

. . 



MONITORING 

Extensive monitoring of produced combustion gases and obser- 

vation we1 1 temperatures for tracking combustion front advance i s  being 

carried o u t .  

Combustion gases vented from producing wells are tested 

monthly for  volume and content. Refer t o  Table 5 for  typical analyses 

of a1 1 wells. Orsat method of analysis i s  being used. The purpose for 

monitoring these gases i s  threefold. First ,  \to1 umes are determined for 

material balance. Also, the volumes produced affect  the downhole opera- 

tion of the wells as high ra tes ,  in excess of' 400 MCFD, will carry large 

quantities of formation sand into the wellbore. Secondly, the content 

of the gas will .indicate the efficiency of combustion. Thirdly, the 

content will indicate whether the combustion front has reached the 

producer. Monitoring of produced gases will continue throughout the com- 
I 

bustion phase of the project. The method i s  simple and has proved to be 

rel iable in the past. 

Five we1 1s were dri 1 led in De.cember 1976 for the purpose of 

moni toring the combustion front advance by recording downhol e temperatures. 

One we1 1 was d r i  1 led in each pattern. The Qell s were each located in, a 

different portion of the patterns so that an approximation of the movement 

of the combustion zone in a l l  directions might be inferred for a l l  patterns. 

Wells were dri l led to 450 feet ;  5-1/2 inch casing was se t  and 

cemented using 30 sacks of Lumnite cement plus 40% s i l i c a  flohr on bottom 

and 45 sacks of Halliburton Light cement with 40% s i l i c a  flour t o  surface. 



Type K thermocouples were run inside the wells for recording downhole 

temperature profi 1 es. 

Profiles are taken once each m o n t h  per well (Figures 18-22). 

Temperature i s  plotted against depth and a temperature of 600'~ i s  

accepted as having burned. Thus, by monitoring the temperatures a t  

depth in a1 1 directions, an approximatjon of the size and configuration 

of the burned zone can be made. Observation well temperatures will be 

monitored monthly as long as heat remains in the patterns. The effect  

of simultaneous water imjection will be noted in the profiles, as will 

the efficiency of the heat scavenging water injection phase. 

Production wells are tested a t  leas t  twice each month for 

oil  and water production rates. These rates are used to allocate production 

from the- total monthly volume produced. Flowline temperatures are a1 so 

checked daily for indications of thermal stimulation or downhole problems. 

The volume of quench water used a t  the producers i s  based on the observed 

flowline' temperatures as well as gas production rate. 

The various phases of the monitoring program have indicated 

that the progress of the project has been very good. Efficient combus- 

tion i s  taking place, wells are becoming thermally stimulated and produc- 

t i  on i s  increasing. Monitoring wi 11 continue throughout the project t o  

ensure efficient  operation, maximum .production and t o  provide a means of 

performance eval uat ion. 



COMBUSTION TUBE T E S T S ~  

A s e r i e s  o f  combustion tube t e s t s  are  being performed a t  t h e  

C i t i e s  Serv ice  Research Laboratory us ing  Be l levue core samples and 

produced o i l .  The o b j e c t i v e s  o f  t h e  study a r e  t o  o b t a i n  i n f o r m a t i o n  

concerning the  bas ic  i n  s i t u  combustion process t h a t  might  a i d  i n  

understanding t h e  performance o f  t h e  Be l levue f i r e f l o o d .  Also being 

i n v e s t i g a t e d  a re  t h e  i n t e r a c t i o n  o f  water  w i t h  t h e  burn ing  process 

t o  determine the  w a t e r / a i r  i n j e c t i o n  r a t i o  t h a t  should be used i n  

f i e l d  operat ions.  F i n a l l y  , the  fo rmat ion  i g n i t i o n  temperature o f  

t h e  f i e l d  i s  being measured by means o f  l a b o r a t o r y  o x i d a t i o n  t e s t s .  

The f o l l o w i n g  conclus ions have been determined from the  

combustion tube t e s t s  which a r e  s t i l l  i n  progress: 

1. Fuel depos i t  and a i r  requirement o f  d r y  combustion 
were determined t o  be 2 1 b / f 3  and 17 MMSCF/A-F. 

2. I n j e c t i n g  water  o f  250 Bbls/MMSCF increases t h e  
e f f i c i e n c y  o f  t h e  process by decreasing f u e l  
depos i t  and a i r  requirement by approximately 
25%. 

3. Water r a t e s  as h i g h  as 500 Bbl/MMSCF do n o t  
e x t i n g u i s h  t h e  combustion reac t i on .  

4. Temperatures near 500°F w i l l  r e s u l t  i n  i g n i t i o n  
o f  t h e  Nacatoch format ion.  

"ubject  o f  Future Bodcau I n  S i  t u  Combustion P r o j e c t  Top ica l  Report, 
"Combustion Tube Tests".  



A schematic of the combustion tube used in the study i s  

I shown in Figure 23. A mixture of sand, oi 1 and water are packed in 

the 2.5" diameter stainless steel tube. A 0.25" diameter thermowell 

traverses the center of the sand pack enabling temperature measurements 

along the  length of the tube. Four 1250 watt s t r ip  heaters are strapped 

t o  the outside of the stainless steel tube and are controlled with an 

automatic power unit. The entire tube assembly i s  placed within an 

insulated 6" diameter steel jacket. Tests have been performed with 

the system in the vertical position. Air and water are injected a t  

the t o p  and production i s  taken off the bottom. The products pass 

through a water-cooled separator which condenses water vapor and 

hydrocarbons and maintains the gas a t  a constant temperature. Liquids 

are drained from the separator while gases pass through a wet tes t  

meter; sampling valve and  are then vented t o  the atmosphere. 

A run i s  performed by f i r s t  packing the tube with either 

the unconsolidated, native Bellevue core or  a mixture,of burned 

Bellevue sand and produced oil and water. The mixture i s  sampled 

for oil and water saturation determinations. The weight of mixture 

packed into the tube and the results from the fluid saturation measure- 

ments allow calculation of the porosity and volumetric saturations 

of each fluid phase. Nitrogen i s  flowed .through the tube t o  establish 

a- gas permeability and produce mobile fluids. The s t r ip  heaters are 

then activated.raising the temperature of the system t o  300°F. To 

ini t ia te  combustion, a heater a t  the inlet  face increases the sand 

pack t o  over 500°F. Nitrogen injection i s  replaced with a i r  and 

ignition i s  usually observed immediately. Thermocouples b o t h  in the 



I thermowell and attached t o  the ignition heater record significant 

increases in temperature upon ignition. Confirmation i s  also obtained 

I by analyzing the effiuent gas composition. 

Data recorded during the run include a i r  and water injection 

rates, injection pressure, produced oi 1 , produced water and combustion 

gas volume. The gases produced are sampled and analyzed for oxygen, 

carbon dioxide and carbon monoxide using an Orsat apparatus. Oxygen 

i s  also monitored continuously with an oxygen analyzer. Thermocouples 

within the thermowell track the shape'and movement of the combustion 

zone. Air flow rate i s  controlled using a rotometer and exit gases 

are monitored with a wet tes t  meter. During simultaneous water/air injec- 

tion the water rate i s  measured with a constant rate pump. 

The a i r  flow rate used in a1 1 runs was 0.2 SCF/Min or 435 

S C F / ~ ~ - H ~ .  The hi.gh a i r  flux helped t o  reduce heat losses and decreased 

run time. The exit of the tube i s  vented t o  the atmosphere and no back- 

pressure i s  held on the system. Therefore, the effective pressure a t  

the combustion zone i s  controlled by the pressure drop through the sand 

pack. The low pressure results in a low steam temperature. and often the 

failure of a steam zone t o  form ahead of the front. During tests a t  

high water rates an obvious leveling of the temperature gradients was 

observed. 

The results of completed combustion tube runs are summarized 

in Table 6. The parameters of primary interest, fuel deposit and a i r  
3 requirement, were determined t o  be 2 1b / f  and 17 MMSCF/Ac-f for dry com- 

bustion. Increasing water/air ratios had a desirable effect on the pro- 

cess by decreasing b o t h  of the parameters. Fuel deposits of 1.5 1 b/f 3 



and a i r  requirements of 12  MMSCFIAc-f were observed as the water rate 

was increased t o  500 BIMMSCF. Water rates in excess of 500 BIMMSCF 

resulted in quenching of the combustion zone and difficulties .in con- 

trol 1 ing test  conditions. 

Although the improved burning characteristics resulting from 

water injection are important in selecting the waterlair ratio for field 

operations, the most important factor is ' the heat transfer properties 

of the entire system. The greatest heat transfer occurs a t  the highest 

water/air ratio in which no quenching was taking place. Therefore, the 

objective of the laboratory tests i s  t o  determine the maximum water 

rate without quenching. However, the selection of the optimum water/ 

a i r  ratio for the field requires a scale-up of laboratory conditions t o  

those in the reservoir. Factors such as tube heat losses, formation heat 

losses, fluid flow behavior, heat transfer properties, sweep efficiencies 

and gravity segregation must be considered. These factors allow a compari- 

son of laboratory and field water rates. A t  this time i t  i s  t hough t  

t h a t  because of lower heat losses in the reservoir, f ield design water 
\ 

rates will be higher t h a n  equivalent laboratory rates. As the time elapses 

between ignition and water injecti'on, the burned volume increases and the 

effective waterlair ratio in the field will be lower than t h a t  actually 

injected. Therefore, water should be started as soon as a stable combus- 

tion front has been established. 

A small scale tes t  was conducted t o  determine the ignition 

temperature of the formation. A small tube was packed with native Bellevue 

sand and produced oi 1 and placed in an oven. Air was flowed through the sam- 

ple a t  various temperatures and the oxygen content of the effluent gas was 



monitored. Oxidation became appreciable a t  300'~. As the temperature 

of the sand pack was increased, the concentration of oxygen in the pro- 

duced gas decreased. Finally,  a t  500 '~ a l l  of t h e  oxygen in the injec- 

ted a i r  was reacted, indicating tha t  the  ignition temperature in the 

~ e l l e v u e  Field i s  l e s s  than 500'~. 



PRESSURE TRANS I ENT T E S T S ~  

During 1976 and 1977, e x t e n s i v e  p r e s s u r e  t r a n s i e n t  t e s t i n g  

was conducted i n  t h e  f i v e  p a t t e r n s  o f  t h e  Bodcau In  S i t u  Combustion 

P r o j e c t .  F a l l o f f  tests were run p r i o r  t o  i g n i t i o n  and p r i o r  t o  con- 

v e r s i o n  of t h e  i n j e c t o r s  t o  s imul taneous  a i r  and wa te r  i n j e c t i o n .  

Pu l se  tests were conducted a long  wi th  t h e  second f a l l o f f  tests p r i o r  

t o  convers ion  t o  s imul taneous  i n j e c t i o n .  

The purpose o f  t h e  f a l l o f f  t e s t s  were t o  de te rmine  t h e  

i n j e c t i o n  we l lbo re  c o n d i t i o n s  p r i o r  t o  working on t h e  w e l l s  and t o  

i n v e s t i g a t e  t h e  average  p a t t e r n  p e r m e a b i l i t i e s  and f low c a p a c i t i e s  

p r i o r  t o  i g n i t i o n  and a f t e r  s i x  months of  cont inued  combustion. 

F a l l o f f .  tests involved  s h u t t i n g  i n  each i n j e c t i o n  wel l  f o r  a pe r iod  

o f  two t o  f i v e  hours and r eco rd ing  wel lhead p r e s s u r e s  wi th  a t e s t  

gauge. A t y p i c a l  f a l l o f f  curve  i s  shown i n  F igure  24. 

Before i g n i t i o n  the ave rage  pe rmeab i l i t y  t o  a i r  i n  the 

f i v e  p a t t e r n s  ranged from a low o f  5 .9  md i n  P a t t e r n  14  t o  32 md 

i n  P a t t e r n  16. A second p r e i g n i t i o n  tes t  on P a t t e r n  16 one month 

a f t e r  t h e  f i r s t  t e s t  i n d i c a t e d  an i n c r e a s e  t o  .82 md, probably due 

t o  a high mobile  wa te r  s a t u r a t i o n  i n  t h e  p a t t e r n .  No damage was 

i n d i c a t e d a n d  the wells were then i 'gn i ted . .  A f t e r  s i x  months of  com- 

bus t ion  a second set  o f  f a l l o f f  t e s t s  were run p r i o r . t o  conve r t i ng  

t h e  i n j e c t o r s  t o  s imul taneous  a i r  and wa te r  i n j e c t i o n .  P e r m e a b i l i t i e s  

from t h e s e  tests ranged from 11 2 md t o  544 md. Th i s  15- fo ld  i n c r e a s e  

' sub jec t  o f  f u t u r e  Bodcau In S i t u  Combustion P r o j e c t  Topical  Report ,  
"P re s su re  T e s t i  ng. " 



was expected with the increased gas saturations in the patterns because 

of continued injection and combustion. Tables 7 and 8 summarize the 

two sets  of fal loff  tes ts .  
. . 

Pulse tes t s  were used to determine directional permeability 

as an aid to predicting combustion front movement within the patterns. 

A pulse was created by shutting in an injector for f ive hours and 

then reinjecting a t  the previous rate. The response t o  th is  pulse 

was monitored a t  surrounding producing wells. Water manometers 

were used t o  monitor the change in exhaust gas flow rates a t  pro- 

ducing wells in the pattern tested. A typical response curve i s  

shown in Figure 25; The time from the s t a r t  of reinjection to the 

time of increasing gas rate i s  taken as the time lag ( A t ) .  The 

directional permeability between injector and producer was calculated 

using this  time lag value. Table 8 summarizes the results of pulse 

tes ts  on each of the five patterns. The directional permeabilities 

towards wells in the southern half of each pattern were generally 

highest. However, closer examination revealed that the permeabilities 

were directly proportional to the square of the distance between 

injector and producer, as shown in Figure 26. 

The characteristic time lag ( n t l ) ,  which i s  a function of 

shut in time and measured time lag, was calculated to determine the 
I 

degree of connectedness between injector and producer. These values 

are l is ted in Table 9. The calculated characteristic time lags in- 

dicate greater tendency for migration of a i r ,  and thus the combustion 

front,  along a north-south axis with greatest  movement towards the 

i o u t h .  



RESERVOIR FLUID A N A L Y S E S ~  

A complete analysis of combustion gases, produced o i l ,  pro- 

duced water and in j ec ted  water are  planned a t  s i x  month in.tervals. 

Produced gas composi t,ions ref1 e c t  the efficiency of the burning process 

and the formation of undesjrabl e combustion by-products. Produced 

o i l  and water analyses should indicate changes tha t  might .occur due 

to  reservoir differences,  burning characteri.sti cs or  varying waterlai r 

ra t ios .  Injection water will be analyzed to  insure water qual i ty  

tha t  will not cause formation damage and loss of in j ec t iv i ty .  In 

addition, special problems caused by emulsions wi 11 be studied. 

Oil and water were sampled from the 29 producing wells in 
I 

November, 1976. Analyses performed on the produced oi 1 s incl uded 

chromatographic analysis,  spec i f ic  gravity and viscosi ty .  A standard 

API procedure was run on the water samples. Produced combustion gases 

from the* producing we1 1 s were analyzed on-si t e  from January 6-1 2, 1977. 

Carbon dioxide, oxygen, and hydrocarbons were analyzed by gas chroma- 

tography. Percent water vapor was determined from a graph of air-water 

saturation versus temperature (Figure 27'). The hydrogen su l f ide  con- 

centration of the produced combustion gases was measured by the 

Tutweiler method. Determination of the hydrogen su l f ide  concentration 

in the ambient a i r  a re  performed periodically a t  various locations 

I on the lease. The Texas Air Control Board's Molybdenum Blue Method 

i s  being used and resu l t s  a re  reported to  the Louisiana Air Commission. - 

f 5 ~ u b j e c t  of future Bodcau In Situ Combustion Project topical report ,  
"Reservoir Fluid Analyses." 



Tables 10,lI  and 12 present the results of the fluid analyses. 

Some general conclusions from the results are: 

1 .  Oils from Pattern 16 and wells 15-4, 15-5 and 15-6 
have h i g h  concentrations of high boiling fractions. 
These o i l s  are from the eastern edge of the f ield 
which i s  cooler than the other patterns. 

2. OSls from we1 1s 15-2, 15-3 and 16-3 are brown 
emulsions that  are d i f f icu l t  t o  break. 

3. The combustion gases had an average hydrogen 
sulfide concentration of 1302 ppm. The hydrogen 
sulfide concentration i s  lower in Pattern 16 
and on the southeast part of Pattern 15 than 
in other parts of the project area. 

4. Hydrocarbon concentrations in the produced gases 
average less than 1%. 

5. The average oxygen concentration i n the eff 1 uent 
gas i s  approximatiely ,l .5%. 

Field oil samples with excess BS and W are being used to 

evaluate up-flow, coarse f i l t e r s  for separating sand and water from 

Bellevue crude. Solids being used in these tes ts  include rock s a l t ,  

sand and glass beads. Preliminary results indicate that flowing the 

samples through a bed of rock s a l t  improves oil-water separation. 

Since the specific, gravity of Bellevue oil  (0.92 g/cc 8 78°F) and 

water.(1 .OO g/cc 8 78°F) are not very different,  gravity separation 

i s  slow. Addition of s a l t  brine to the water to increase i t s  gravity 

and accelerate oil-water separation i s  being investigated. According 

t o  Stokes Law, the .velocity of a water sphere fa1 1 ing in 'the oi 1 

phase i s  proportional t o  the difference between the densities of the 

water and o i l .  Since the density of oi l  decreases with. temperature 

faster  t h a n  the water density, a,temperature increase i s  beneficial 

to gravity separation. Also, the oil  viscosity decreases with tem- 

perature, providing a further increase in water velocity falling in the 

oil phase. 



DEVELOPMENT COSTS 

Un,der the  cos t  sharing agreement f o r  ERDA Contract Number 
1 EY-76-C-03-1189 {formerly E(04-3)-11891, development cos t s  a r e  s p l i t  

between ERDA and C i t i e s  Service on the basis  of tangible  o r  in tangible  

charges. The charges appl icable  t o  ERDA funding a r e  in tangible  only. 

The t o t a l  development cos t s  estimated i n  the  proposal t o  

ERDA f o r  the con t rac t  were $1,205,601. Of this t o t a l  , the  estimated 

tang ib le  and in tang ib le  port ions were $704,324 and $501,276, respect ively .  

Actual t o t a l  development cos t  has been $1,288,777 w i t h  $746,795 tangible  

and $541,982 intangible .  The t o t a l  has thus overrun t he  est imate by 

$83,176 o r  approximately 7%. This overrun has been i n  t he  cos t s  f o r  

d r i  11 i ng and completions of p ro jec t  we1 1 s . 
Tangible and in tang ib le  cos t s  f o r  d r i l l i n g  and completions of 

p ro jec t  area we1 1 s exceeded proposal est imates by 15%. Total investment 

was $813,413, of which $401,244 was tangible  and $412,169 was in tangible  

(Table 13) .  Meanwhile, t h e  investment f o r  f i e l d  f a c i l i t i e s  has run 5% 

under the  est imates.  The t o t a l  invested f o r  f i e l d  f a c i l i t i e s  appl icable  

t o  t he  p ro jec t  area has been $475,364. The tangible  portion has been 

$345,552 while the  in tang ib le  has been $129,812 (Tab1 e 14) . There a r e  

s t i l l  some charges f o r  painting of the ba t te ry  equipment and compressors 

which should bring the  t o t a l s  f o r  f i e l d  f a c i l i t i e s  up t o  the estimated 

cos t .  



OPERATING COSTS 

One o f  t h e  pr imary  o b j e c t i v e s  o f  t h e  p r o j e c t  i s  t o  demon- 

s t r a t e  t h e  economics o f  an i n  s i t u  combustion operat ion.  Costs i n -  

cluded i n  t h e  opera t ion  o f  such p r o j e c t s  are  research and product ion  

serv ices,  lease opera t ions  and maintenance, overhead and taxes. 

The t o t a l  amount est imated t o  be spent du r ing  t h e  s i x  years  o f  

t h e  c o n t r a c t  i s  $7,024,297. Dur ing t h e  f i r s t  yea r  t o  J u l y  1, 1977, a  

t o t a l  o f  $944,581 was spent on operat ions.  Th is  t o t a l  inc luded $276,680 

f o r  ,research and product ion  serv ices ,  $378,030 f o r  lease operat ion,  and 

maintenance, $160,136 i n  overhead and $129,736 i n  taxes. 

Under t h e  ERDA cos t  shar ing  agreement, ERDA w i l l  fund, w i t h i n  

the  l i m i t s  o f  t h e  t o t a l  fund ing commitment, i tems under research serv ices  

and p o r t i o n s  o f  lease opera t ions  and maintenance. To J u l y  1, 1977, items 

funded by ERDA have t o t a l e d  $850,105 w h i l e  C i t i e s '  share has been 

$1,383,253. The opera t i ng  costs charged t o  ERDA i s  comprised o f  $103,555 

f o r  research serv ices  and $204,569 f o r  opera t ions  and maintenance. The 

remaining p o r t i o n  o f  ERDA' s  share cons is t s  o f  i n t a n g i b l e  investments which 

were discussed i n  t h e  previous sec t ion .  

The cos t  o f  p roduct ion  on a  u n i t  bas is  i s  o f  most concern i n  

any enhanced recovery technique. Lease opera t i on  and maintenance, over- 

head and taxes are  t h e  pr imary f a c t o r s  c o n t r i b u t i n g  t o  t h i s  u n i t  c o s t  o f  

product ion.  For t h e  p r o j e c t  t o  date, these i tems have cos t  $667,902. 

Lease o p e r a t i  on (Table 15), c o n s i s t i n g  of opera t ion  labor ,  suppl i es , 



u t i l i t i e s . ,  and chemicals, has amounted t o  $70,503 or  $0.87 per net barrel 

of oi l  produced. Costs were determined on a net barrel basis ,  assuming 

a normal 1/8 royalty. Lease maintenance (Tabl e 16) ,  whi'ch includes 

replacement materials,  labor,  pump repair  and well servicing, has cost 

$118,757 or $1.46 per barrel.  Operation and maintenance of the compression 

faci l i t y  (Table 17) ,  including suppl i e s ,  labor,  u t i l i t i e s  and materials, 

has cost  $188,769 or $2.33 per barrel .  The expenditure f o r  Louisiana 

severance tax has been $129,736 or $1.60 per barrel , while Cities Service 

Company overhead has amounted t o  $160,136 or $1.97 per barrel (Table 18). 

The overall cost  of operations i s  thus $8.23 per barrel of 

o i l .  If  depletion and depreciation (investments) a re  considered as a 

cost of production, the figure becomes $10.03 per barrel (Tabl e 19). 

For the average o i l  price of $13.38 during f i r s t  year of the contract 

period, the net difference or  p ro f i t  was $3.35 per barrel before federal 

income taxes. 

Project expenditures fo r  b o t h  operations and development have 

been $2,233,358 o r  approximately 11% below the estimated cost for .  the 

f i r s t  year. The to ta l  projected expenditure for  the project was $8,229,898 

The actual to ta l  may we1 1 be 'reduced i f  present trends in operating costs 

are  maintained or improved upon (Figure 28). 
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FIGURE 42 

PRODUCING WELL NO. 12-6 PERFORMANCE 
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FIGURE 46 
. .  . . 

PRODUCING WELL NO. 13-5 PERFORMANCE 
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FIGURE 50 

PRODUCING WELL NO. 14-4 PERFORMANCE 
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FIGURE 51 

PRODUCING WELL NO. 14-5 PERFORMANCE 
. . . .. 



FIGURE 52 

PRODUCING WELL NO. 14-6 PERFORMANCE 
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FIGURE 57 

PRODUCING WELL NO. 15-6 PERFORMANCE 
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FIGURE 59 
. . 

PRODUCING WELL NO. 16-3 PERFORMANCE 
.. 



FIGURE 60 

PRODUCING WELL NO. 16-4 PERFORMANCE 
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FIGURE 62 

PRODUCING WELL NO. 16-6 PERFORMANCE 
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TABLE I I 

W E  'ANALYSIS OF W E L L  16-3 

C O R E  L - A B O R A T O R I E S .  I N C  
P e r r o l c u m  R c r c r v o i r  E n g i n e e r i n g  

D A L L A S .  T . I A *  

C I T I E S  SEAVICE O I L  COMPANY DCTE: ' 2 -3-75 
NO* 16-3 BOOCAU F E i  . FOaMATION: r.IACOT3CH 
BELL EVUf  F I Z L D  DaLG. FLUID:  WATER SASE MU3 
YQS.:.IER PARISH( LOUISIANA LQCATION: 

F I L E  NO: 2 2 0 3 - 3 7 8 9  
ANALYSTS: HK RE C W  , 
ELZVATION: 
LASORATO4Y:ShREVEPO?.T 

CONVENTIONAL C33E AN-,LYSIS 

SYP e PERYEABILITY '40. 6 GAS PO35 SATS. PRO3 
N 3  r DEPTH YAXIXUY V E A T *  PO3. VOL. O I L  . KTR. PROD DESCaIPTI9N ----- -.----------- ----------------- ---- ---- ----------- ---- -----_---___I-I___--------------- 

3 8 5 . 0 - 4 0 5 r 0  CORE NO. 1 CUT 2 0  F T *  REC. 20  FT. 

SHALE aLAcy  NO ANALYSIS 
LF: FOS C!ir<Y G OD? DUL GL3 F i U  
'LM FOS fHKY G 03R DUL GL3 FLU 
LM FOS CHKY G ODR 3UL GLD FLY 
L X  FOS CHKY G ODR DUL GL3 FLU 
LM FOS CHKY G 0 3 9  3UL GLD FLU 
LM FOS G O5R S?T SL3. FLU 
LM FOS G ODR SPT GL3 FLU 
LY FGS G 0 5 9  S'T GLD FLY 
LN FOS, G C;? SPT GLD FLU 
LM FOS G c 3 a  S?T GLD FLU 
L:d FCS G OD3 SPT GLS FLU 
L.Y FOS V C + % Y  G OC?t S?T EL3  FLU 
53 V=5 LY FOS G 0 3 2  3UL GL3 FLU 
5 3  VFG LY FGS 5 0 3 2  DUL GLD FLU 
SG VFG L!' FCS G O3R CUL GLD FLU 
SD VFG FOS S L I  SH G ODR CUL FLU . 

405.0-24.0 C09E NO* 2 CUT 20  F:. REC. 1 9 ' F T .  

39.2 2.3 53.1 39 .7  ~2 V F ~  SLT S H  G 0 3 ~  ~ U L  S L ~  FLU 
43.7 . 2.4 55.7 37.3 53 VFS ZLT SH G O3a DCL G L 3  FLU 
Q U . 7  . 2.:J k9.2 45 .1  53 VFG S H  LA'( 5 3'39 DUL GLn3 F L 3  
32.2 1 .9  43.5 45.8 5 3  VF3 Sd LA!4 G OS?. SLJL G i 3  FLU 
30.5 2.1 51.3 49.3 5 3  VFG E r  G 03R DUL SLD FLU 
35.9 2.2 51.2 43 .1  S d  VFG S L I  SH G 0 2 3  UUL GL3 FLU 

T b u  a ~ b w t .  O p w n a  U m I 8 r p r 1 ~ 1 ) ~  U* b l w d  on o b r l n t m n a  a n t  nul r r  J!I lupplvd by  1I.t cbrnt l o  r h o n .  and lor w h o u  ~ a c l u u r c  and conrbdrnlul L W .  llu, r r F r t  8 1  n u d t .  Tbr mtrrprrta:~ur.a 01 opvl~onr 
e lp l t1 -6  I r p * . r n l  Ik b.11 )ud&nuol d Cot. b b o r r t o # r ~ .  Inc. (13 r ~ r o r a  and omuuan. r&crplcJ I .  bu. Core b b o r ~ t o : t r ~ .  Inc. and 111 o f f ~ c l r ~  r n j  crnplo)r r~ .  auumc no r r~poruabl l ly  rnd r a h  no r u r m t y  or 
r r p . r n u t m c u .  u lo Ibr p c d u a r m y .  p r o p  o p r r o o r r .  rs p o f i u b k n e m  of tny 011. #JI or o lbr i  mmrrnl r r l :  or u n d  vl connection r t l h  - b c h  auLh #sport u u ~ a  or rcLcd upon. 



TABLE I (CONT'O) 

CORE ANALYSIS OF WELL 16-3 

C . O R E  L A B O R A T a R I E S ,  I N C .  
P c t r o l c u m  R c s c r v o i r  E n x i n e e r i n g  

D A L L A S .  T E L A I  

CITIES SEAVICE OIL COMPANY DATE : 2-3-75 F I L E  KO: 2203-3789  
NO. '16-3 SODCAU FEZ FORYAT I O;J: NACOTCCY AIJ.lLYST3: Hi; 38 CW 

SMP PERMEABILITY M3. % GAS PORE S.ZTS. PROa 
NO. DEPTH MAXI:4UM VEitT. PG9. VOL. OIL WT3. P?.03 DESCRIPTION ----- ------------ ----------------- ---- ---- ----------- --__ ---.-C__________C__--------------- 

SD VFG SLI SH G c D a  DUL GLD FLU 
5 3  VFG SH G OD,? DUL GLD F L U  

5.5 1.2 67.1 22.4 SD VFG L?l HRD G ODF? DUL GLD FLU 
7 .1  3.7 33.2  50.3 SO VFG FOS HRD G OD3 DUL GL3 F L U  

NOTE: POROSITY FRON HELIUM PORIS lKETERl  GAS VCLUF4E AN3 2 0 8 5  
FROM SUM:4ATION OF F L U I D S  DATA. 

59 VFG FG.S Hi32 G 0 3 2  DUL GL9 F L U  
SO VFS SLT G 09R OUL GLD ,FLU 
SD VFG S L I  SH G 03R DUL GLD F L U  
SD VFG SLI Sti G ODR DUL G L O  F L U  
SD VF-FG G ODR DUL GLD F L U  
SD VF-% G 0 0 2  V DUL GLD F L U  
SD VF-FG G 0DR V DUL GL3 F L U  
SO FG SLT G ODR V DUL GLD F L U  
SO FG SLT G ODR V DUL GL3 F L Y  

( * I  NO INTERPAETATION MADE 
SATUarlT IONS 

T h r r  l r u b r l ,  oplruoru a L n l e r p ~ c ~ a u m ~  ate bawd on o b u l n l l o ~  and r m l r r u l ~  lupplud by Iho clrcnl l o  whom.and (or whou r ~ c l u u r c  and canrr l rn lu l  u ~ t .  l h i t  reporl II nude. The mlcrprtlaltont or opvldont 
r x p ~ e r r d  I t p loun t  t h  b r r l  ) u ~ e o r  of Cora L b a r a l o r u ~ ,  Inc. (IU r r ror l  ?nd OmlrvoN exupled). but Core Lbura lor~er .  Inc. and 11s o f f~cc r l  and cmployrcl.rtIumc no ~ r tponub tu ty  and nuke no u u r a ~ y  or 

a *DT tmnULb~ .  u l o  (h ~ ~ U C I I ~ ~ I V .  p r o w  OPIIIUOTV. at prcflUbknr- of anv 011. &a# or Olhcr rnlncrrl r c l l  or u n d  In connectton wtlh whch euch # e ~ r l  11 u u d  or rrlrcd u w n .  



TABLE 2 

RESERVOIR CHARACTERISTICS BY LOG ANALYSIS - 
We1 1 - Base Net Water 

No. E l e v a t i o n  Top Subsea O r  WOC !?!% Poros i t y  Subsea S a t u r a t i o n  

2-3 222 355 -133 424 -204 6 1 
2-4 221  344 -123 415 -194 63 
2-5 2 13 330 - 117 400 - 187 6 7 
2-8 2 16 324 -108 3 92 -176 5 6 34.4 28.9 

12- 1 218 348 - 130 427 -209 6 2 
2 19 362 - 143 435 -2 16 5 8 12-2 

12-3 2 17 362 - 145 437 -220 55 
12-4 215 343 - 128 42 3 -208 6 2 
12-5 213 324 -111 404 -191 5 6 
12-6 215 328 -113 435 -190 6 5 
13- 1 215 35 1 -136 428 -213 6 1 
13-2 216 358 - 142 429 -2 13 5 5 
13-3 213 360 -147 426 -213 5 8 33.6 30.9 
13-4 213 346 - -133 426 -213 62 
13-5 211 328 -117 409 -198 6 7 34.4 25.4 
13-6 212 324 -112 404 -192 6 6 
14- 1 2 12 356 -144 425 -213 5 4 
14-2 214 368 - 154 427 -2 13 4 7 
14- 3 215 378 - 163 428 -213 3 9 
14-4 213 357 - 144 426 -213 55 
14-5 2 1  1 338 -127 419 -208 6 8 
14-6 211  336 -125 417 / -206 64 
15- 1 2 10 366 -156 423 -2 13 4 4 
15-2 2 11 378 - 167 424 -213 3 3 
15-3 '212 376 -165 425 -213 3 8 32.4 27.0 
15-4 211 362 -151 424 -213 4 7 
15-5 211 352 - 14 1 424 -213 6 1 
15-6 2 1 1  @ 342 -131 424 -213 6 0 34.3 22.6 
16- 1 210 371 -161 42 3 -213 42 
16-2 2 11 375 - 164 424 -213 3 9 
16-3 213 384 -171 426 -213 19 33.5 36.6 
16-4 215 374 - 159 428 -213 46 
16-5 216 36 7 -151 429 -213 4 9 
16-6 2 12 35 5 -143 425 -213 56 
L -1 224 408 -184 434 -210 19 32.0  35.0 
L -2 2 15 384 -169 427 -2 12 33 32.4 35.0 
L -4 217 404 -187 426 -209 11 33.6 35 .O 

Produc:n w e l l s  were p e r f o r a t e d  2 s h o t s / f o o t  and i n j e c t i o n  w e l l s  were p e r f o r a t e d  4 s h o t s / f t  k 

Complet ion 
I n t e r v a l  / 

! 

385-419 
372-412 1 
358-405 
336-388 
410-425 
367-418 
368-420 
351-423 
324-404 , 
328-405 , 
410-426 
358-412 1 
361-398 
346-412 
328-402 
324-404 
412-425 
369-424 
379-416 
357-417 



. * 

TABLE 3 

SUWLARY OF IGNITIONS 

W e l l  

12 -1  

1 3 - 1  

D a t e  D a t e  
S t a r t e d  Conf i rmed  

C u m u l a t i v e  
BTU I n p u t  P rob lems  

I g n i t e d  o i l  i n s i d e  c a s i n g .  

Sur£a.de l e a k  & c o m p r e s s o r  
s h u t  down - s h o r t e d  h e a t e r ;  
S t u c k  h e a t e r  coming o u t .  

S u r f a c e  l e a k  & c o m p r e s s o r  
s h u t  down. S h o r t e d  h e a t e r .  

S t u c k  h e a t e r  c o n i n g  o u t .  



WELL 

TABLE 4 
INJECTION WELL DATA 

PACKER. 
PERFORATIONS DE.PTH TOP OF PAY BASE OF PAY PERFORATIONS 



TABLE 5 

TYPICAL ORSAT GAS ANALYSIS RESULTS 
DATA FOR MAY 1 9 7 7  



TABLE 6 

COMBUSTION TUBE RESULTS 

Packing Cond i t ions  
P o r o s i t y  , % 
O i l  Sa tu ra t i on ,  % 
Sand Weight, grams 
O i l  Weight, grams-, 
Weight, , %  O i l  
N a t i v e  o r  Mixed 

Opera t ing  Cond i t ions  
A i r  F lux,  ~ ~ ~ / h r / f t ~  
Combustion Temp. , OF 
Burn ing  E f f i c i e n c y ,  % 
Wa t e r / A i  r R a t i o  

Resu l ts  
Fuel Deposi t  , 1 b / f t 3  
A i r  Requi rement , MMCF/AF 
Hydrogen/Carbon Ra t i o  
A i r / O i l  Rat io ,  MCF/Bbl 

Run # 1  Run #2 Run #3 Run' #4 
. . 

Run #7 Run #8 Run #9 



Packing Condi t i o n s  
Po ros i t y ,  % 
O i l  S a t u r a t i o n ,  % 
Sand Weight, grams 
O i  1  Weight, grams 
Weight, % O i l  
Na t i ve  o r  Mixed 

Operat ing Cond i t ions  
A i r  F lux.  S C F I h r l f t  . . 
Combusti on Temp. , OF 
Burn ing  E f f i c i e n c y ,  % 
Water/Ai r R a t i  o  

\ 

Resul ts  3  Fuel Deposi t ,  l b / f t  . 
A i  r Requ i remen t , MMCF/AF 
~ ~ d r o ~ e n l ~ a r b o n  R a t i o  
A i r / O i  1  Ra t i o ,  MCF/Bbl 

TABLE 6 (Cont inued) 
COMBUSTION TUBE RESULTS 

Run #10 Run #1.1 Run #12 Run #13 Run #.I4 Run #15 Run #1'7 



TABLE 7 
SUMMARY OF PREIGNITION FALLOFF TESTS 

DATE: AUGUST 1976 

P a t t e r n  Kgh, Md- f t  Kg, md Sk in  .Fac to r ,  S 

TABLE 8 
- SUMMARY OF SECOND FALLOFF TESTS 

DATE: FEBRUARY 1977 

P a t t e r n  . Kgh, Md - f t  Kg, md Sk in  Fac to r ,  S 
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P a t t e r n  

TABLE 9 
RESULTS OF PULSE TEST ANALYSIS 

DATE: JANUARY 31, 1977 - FEBRUARY 10, 1977 

tL {Min.)  tl, {Min. ) 

q {MMSCFD) r {Ft.) Feb. 1977 Feb. 1977 
Kg (md) 

Feb. 1977 



TABLE 9 - Continued 

Pat tern  q I-MMSCFD 1 
tL IMin. 1 
Feb. 1977 

t l ,  IMin.1 

Feb. 1977 
Kg (md) 

Feb. 1977 

220 1312 
Not Analyzabl e 

160 1036 
Not Analyzabl e 

6 0 . 516 
520 2672 
420 2173 
820 3818 



TABLE 10 

SUMMARY OF PRODUCED OIL & WATER ANALYSIS 

Water 
S p e c i f i c  
Gravi &y 

@ 81 F  

V i  scosi  ty  , cps AP I s p e c i f i c  
G r a v i t y  Gravi t y  mg/ 1 

I O O O F  ' 1 2 2 ' ~  1 4 0 ' ~  1 7 0 ' ~  @ 6 0 0 ~  , @ 750F Ch lo r ide  - --- 



TABLE 11 

TYPICAL CHROMATOGRAPHIC ANALYSES. 
NOVEMBER 1976 

Note : A1 1 Val ues a r e  Accumul a t i  ve.' Vol ume 'Percen t  ., 
. . 



c02 
Mole % 

16.3 
15.6 
15.4 
15.9 
14.9 
8.5 

17.2 
12.7 
15.0 
15.8 
15.9 
15.0 
15.5 
17.2 
14.4 
15.3 
16.4 
12.4 
14.4 
13.0 
12.9 
13.4 
11.3 
11.8 
12.2 
31.8 
12.1 
11.3 
12.5 

TABLE 12 
SUMMARY OF PRODUCED GAS ANALYSIS 

JANUARY 6-12, 1977, REPORTED AS PERCENT OF DRY GAS 

O2 
Mole % 

1.4 
1.3 
1.3 
1.2 
1.4 
8.5 
1.3 
1.3 
1.4 
1.6 
1.3 
1.3 
1.3 
1.2 
1.3 
1.3 
1.4 
1.2 
1.3 
1.8 
1.0 
1.1 
1.1 
1.4 
1.0 
1.1 
1.2 
1.1 
1.2 

Methane 
Mole % 

1.6 
1.3 
1 ..3 
0.9 
0.5 
0.5 
1.8 
1.7 
0.8 
1.4 
4.0 
1.5 
1.6 
1.2 
1.6 
1.3 
0.2 
1.1 
1.6 
0.5 
2.0 
2.0 
3.4 
0.8 
1.8 
1.1 
0.8 
4.1 
1.4 

Propane 
Mole % 

Iso-Butane 
Mole % 

N-Bu tane  
Mole % 

Pentane 
P lus  

Mole % 



/ 

CATEGORY TANGIBLES 

TABLE 13 
INVESTMENTS FOR WELLS 

INTANGIBLES 

3 EVALUATION WELLS 

29 PRODUCTION WELLS 
5 INJECTION WELLS 

5 OBSERVATION WELLS 
1 DISPOSAL WELL 

TOTAL 

TOTAL COST PER WELL 



TABLE 14 
I NVESTMENT FOR' FAC I LIT I ES 

CATEGORY TANGIBLES I NTAld G I B LES 

A I R  INJECTION SYSTEM $ 22,339.16 $ 12,761.58 
WATER SYSTEMS 19,322,63 11,612.79 
BATTERY FAC ! L I TY 151,444 113 48,748.44 
COMPRESS EON FAC I L ITY 

CASING EXI-IAUST SYSTEM 

TOTAL 

TOTAL 



TABLE 1 5  

LEASE OPERATION EXPENSES 

CATEGORY COST TO DATE COST PER  BARREL^ 
OPERATIONS LABOR 

SUPPLIES 

UTIL IT IES 

CHEMI CALS 

TOTALS 



TABLE 16 

LEASE MA1 NTENANCE EXPENSES 

CATEGORY COST TO DATE COST PER  BARREL^ 
MATERIALS $ 30,356,08 $0 , 37 

ROUSTABOUT LABOR 27,533.08 0,34 

BOTTOMHOLE PUMP REPA I R 14,622.. 98 O,l8 

WELL SERVICE. 30,602.94 0,38. 

REMEDIAL WELL SERVICE 15J642,00 0.. 19 : 

TOTALS 5118,757.08 $1,46 



CATEGORY 

OPERATIONS SUPPLIES 

OPERATIONS LABOR 

UTIL IT IES 

REPLACEMENT PARTS 

MA1 NTENANCE LABOR 

TOTALS 

TABLE 1 7  

COMPRESS I ON FAC I LITY EXPENSES 

COST TO DATE 



CATEGORY 

LA SEVERANCE TAX 

CSC OVERHEAD 

TABLE 18 

OTHER LEASE EXPENSES 

COST TO- DATE 

1 DEPLETION & DEPRECIATION . . 146,226, 00 
/ 

TOTALS $436,097,76 

'COSTS WERE DETERMINED O N  A NET BARREL B A S I S  ASSUMING A NORMAL 1/8 ROYALTY,  



TABLE 19 

PROJECT ECONOMIC SUMMARY 

CATEGORY COST TO DATE 

LEASE OPERATION 
I LEASE MA I NTENANCE 

COMPRESS I O N  FACILITY 188,769,34 

LA SEVERANCE TAX 129,735,76 

CSC OVERHEAD 160,136,OO 

DEPLETION a DEPRECIATION 146,226,OO 

TOTALS $814,127 , 50 




