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DISCLAIMER

This report was prepared as an account of work sponsored by an ageacy of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employces, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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EXECUTIVE SUMMARY

The Willis Hulin well, located in Vermilion Parish, Louisiana, is the deepest, hottest, and
highest pressured well to be tested in the U.S. Department of Energy's Geopressured-Geothermal
Program. - The interval of interest for testing in the Hulin well is the massive aquifer sand between
20,100 and 20,700 feet. This geologic section is comprised mostly of layers of brine-saturated,
clean sand with occasional intervening layers or lenses of shale. The objective of the test was to
determine the characteristics of the brine and gas in this interval and to make an initial determination
of the reservoir properties. |

The lowermost 20 feet of the lowest sand member in the interval of interest (20,670 to
20,690 feet) was perforated first and given a cleanup flow in February 1989. Instrumented short-
term draw-down and buildup tests using rental equipment were delayed because of budget
constraints until December 1989.

The first instrumented test was a 1-day flow test to obtain brine and gas samples and to
obtain a first indication of the reservoir properties. A bottomhole pressure gauge was in the hole to
record both the pressure drawdown and following buildup. The remaining part of the lowest sand
member (20,602 to 20,666 feet) was then perforated, and the entire 90-foot interval was tested
with a 4-day flow and 12-day buildup test. The bottomhole pressure was also recorded for this
test. The static bottomhole pressure (at 20,600 feet) was 17,308 psia prior to the 1-day flow test
and 17,283 psi prior to the 4-day flow test. The bottomhole temperature was 339°F and the initial
wellthead pressure was 7460 psi. The produced brine had a total drssolved solids content (mostly
sodium chloride) of 207 000 mg/L and was at or near saturation with gas at 31 to 32 SCF/STB
(standard cubic feet/stock tank barrel) The gas was leaner in the heavy hydrocarbons than the gas
from other geopressured geothermal wells and was about one-sucth by volume carbon d10x1de
No free gas was produced The amount, if any, of produced condensate or oil was small
compared to the amount of dresel pumped mto the wellhead to prevent hydrates aftcr shut—ms

Analys1s of bottomhole pressure data for the lowermost sand member by S-Cubed gavea
transmrssrvrty of about 1050 md-ft (millidarcy-feet). - From this, a permeability of 13 md was -
calculated for the reservoir. The lateral extent of the reservoir was not determined, although the
analysis of the data indicated a fault at a distance of 100 to 200 feet from the well. A skin factor of
15 was found with the entire 80-foot interval perforated. That indicated low flow efficiency for the
perforations, The decreasing initial static bottomhole pressure prior to each test suggests that this

sand member is not large.
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In January 1990 the uppermost sand member in the zone of interest (20,220 to 20,260 feet)
was perforated and tested in a 7-day flow test during which the brine produced from this interval
was commingled with that from the lower sand. No free gas was found, although the commingled
gas-to-brine ratio of 32 to 33 SCF/STB indicated the brine in the upper zone was also at or near
saturation with natural gas. The brine and gas compositions of the commingled flow changed
slightly compared to the lower zone alone, which suggests the upper zone was to sorne degree
isolated from the lower zone. Bottomhole pressures were not measured and the reservoir
characteristics of the upper zone were not determined. But substantially lower drawdown for the
commingled zones suggests either higher permeability or lower skin for the shallower perforated
interval.

Although production of free gas from the reservoir was not observed for either the upper or
the lower sand members, this does not preclude the possibility of future free-gas production. One
possible mechanism is downward coning of an offsetting gas cap, as was observed at the
Koelemay "Well-of-Opportunity."

Hydrate formation in the wellhead and near surface tubing was a problem. To circumvent
this problem,‘ about 10 barrels of diesel were pumped into the well after each flow period to
displace the brine in the wellbore down to a point where the temperature was high enough to
prevent hydrate formation (above 75°F). Calcium carbonate scale formation in the tubing was a
potential problem but was avoided by conducting the flow tests only in pressure and flow-rate
ranges where scale would not form in the well. The surface equipment was protected from scaling
by injecting scale inhibitor into the surface flow lines.

Total production for the December 1989 through January 1990 instrumented testing of the
well was 40,163 barrels of brine and 1,205,000 SCF of gas. Production was through a 5-inch
liner from the perforations at 20,220-plus feet to the bottom of the packer set at 15,982 feet and
then up through 3-1/2 inch tubing to the wellhead. Flow rates were chosen to avoid pressure and
temperature regimes that would result in scale formation in the wellbore. The maximum sustained
flow rate was 5000 barrels of brine per day for a few hours on January 6. The highest wellhead
temperature achieved during the flow tests was 268°F during that same time. The lowest flowing
wellhead pressure was 4390 psia on December 22, 1989. )
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- FLOW TESTS OF THE WILLIS HULIN WELL

- 1.0. INTRODUCTION

In the Hulin well test, the Institute of Gas Technology (IGT) was responsible for conducting
the flow tests under the direction of Eaton Operating Company (EOC) and obtaining the associated
gas and brine data. EOC maintained control of all activities related to the production and disposal
wells, including the bottomhole pressure (BHP) measurements. The EOC field personnel also
policed the area and maintained the brine filters and the flare. IGT directed the well-testing
company and had control over the surface separation equipment between the production and
disposal well as approved by EOC.

The Willis Hulin No. 1 Well, located in Vermilion Parish, Louisiana, was drilled by Superior
Oil Company. It was completed as a gas well producing from the interval 21,059 to 21,094 feet in
1981. Production ceased because of mechanical problems in 1983. In 1984, the U.S. Department
of Energy (DOE) accepted the offer of the well as a "Well of Opportunity."

The zone tested during the tests described herein is a section approximately 600 feet thick in
the interval between 20,100 and 20,700 feet. This geologic section is comprised mostly of layers
of clean sand with occasional intervening shale layers orlenses. Exhibit 1.0-1 shows the location
of the well on a United States Geological Survey map. The well is in the Lower Planulina section
of the Tigre Lagoon Field at a depth of obout 15,400 feet. Exhibit 1.0-2 is a structure map of the
top of the sand of interest from seismic data interpretation by Louisiana State University?
personnel as a part of the DOE program Exhibit 1.0-3 shows a log of the zone of interest and the
perforated intervals. The geology, reserv01r, and well parameters are summarized by Eaton. 1

The well had been cleaned out by EOC durmg the winter of 1988-1989 to a depth of
~ 20 720 feet. The flow for the tests dlscussed herein was up the 5-inch productlon liner to a packer
set at 15,988 feet and then through 3 1/2 inch tubmg to the surface A schemauc diagram of the
well completlon is presented in Exhlblt 1.0-4. The bottom 20 feet (20, 670 to 20,690 feet) of the
- massive sandstone was perforated with four shots per foot using a 2— 1/8 mch Ultrajet through-
- tubmg perforator on January 30, 1989.

o The wellhead originally used by Supenor is still on the well. Ithas a working-pressure

- rating of 20,000 psi. The inside diameter i is only 1-13/16 inches. Prior experience at the Gladys
McCall and Pleasant Bayou wells had indicated rapidly i mcreasmg severity of corrosion of mild
steel for brine velocities in excess of 10 feet per second. This velocity would exist for a brine rate
of only 3000 barrels per day (BPD) through the wellhead.
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1. nditions for H Formation

Before perforating, it was recognized that hydrate formation could be a severe problem in the
Hulin wellhead. Hydrate formation would result in blockage of the tubing or seizing of a wireline.

A gas hydrate is a compound of methane and water that freezes into an ice-like structure at
temperatures well above 32°F if pressure is in excess of about 400 psi. The temperature at which
the hydrate forms increases with increasing pressure. To hcip understand thls potential problem at
Hulin, Exhibit 1.1-1 was prepared from the graphs in Chapter 5 of The Handbook of Natural Gas
Enginecrin g.3 This exhibit shows the hydrate-formation points for pure methane in pure water and
the effects of salt in the water and higher hydrocarbons in the gas, as applicable to the Hulin
situation.
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Exhibit 1.1-1. CONDITIONS FOR HYDRATE FORMATION

Note from the exhibit that for a wellhead pressure of 7500 psi, hydrates of pure methane in
pure water will form at about 78°F. The ethane and other hydrocarbons in the gas that raise the gas
gravity will shift the equilibrium curve some 3° to 5°F to the right. On the other hand, 20% salt in
the brine will shift the curve about 15° to 18°F to the left. The net effect is that hydrates were
expected to form when the temperature in the wellhead or tubing near the surface dropped below a
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value somewhere in the range of 60° to 78°F, depending on the particular salinity of the brine and
composition of the gas in the wellbore.

A temperature log that had been run on January 15, 1989, indicated a temperature of 70°F at
870 feet and 80°F at 1840 feet. There may well be a span of several hundred feet from the ground
surface where hydrates can form at the shut-in wellbore pressure. In winter, hydrate-forming
conditions are expected at the surface. But in summer, the first few tens of feet may have a
temperature too high for hydrates. Nevertheless, a hydrate plug might still form at a depth of
several hundred feet. If there is a gas cap on top of the briné in the upper portion of the wellbore,
water might possibly evaporate and reflux in the tubing such that hydrates of pure water and gas
will form rather than hydrates of brine and gas. The hydrates of pure water and methane will form

at htgher temperatures

The temperature for onset of hydrate formatron may be suppressed by up to about 20°F with
an injection of an antifreeze such as methanol or glycol, which will mix wrth the brine. Even
greater protection can be provrded by chsplacmg the water toa greater depth with a light oil such as
diesel, which will float on the brine.

nf Av1

Flow testing of thc Hulm well was 1mt1ated in February 1989 wrth the cleanup of the first
zone to be tested by ﬂowmg about 800 barrels to tanks. IGT field activity at this time consisted of
manual logglng of data and collectmg samples for laboratory analysrs Also at this time, requests
for bids were sent to five well-testmg compames for proposals to provxde rental test equipment for
the short-term flow test. The IGT activity initiated in February 1989 was abruptly curtailed in
March, however, because of DOE/EOC budgetary constraints. Field work was resumed in the fall
when the new fiscal year monies allowed conttnuatlon of the work. ‘

Resumptlon of field activity in November 1989 started with measurement of shut-in .
bottomhole pressure, a second cleanup flow of 1000 barrels to tanks, and completion of the

o drsposal well. Productron facxlmes and flow mstrumentatlon were then mstalled and instrumented

productxon testmg was performed in several steps durmg December 1989 and January 1990. The
overall sequence of events from the first perforations through the end of productron testmg is
summarized in Exhlblt 1 2- - ' L : ‘ ‘

Productlon between mldmghts for each calender day in whtch there was 1nstrumented

| production is summarized in Exhibit 1.2-2. A total of 40,163 barrels of brine and 1.205 million

SCF of gas was produced through the test facilities in December 1989 and January 1990.
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January 30, 1989: Perforated the interval 20,670 to 20,690 feet with four shots per foot using a
2-1/8 inch Ultrajet through-tubing gun.

February 8 & 9, 1989: Cleaned the 17.2 1b/gal drilling mud from the well by hftmg with water
pumped through coiled tubing and then flowing about 800 barrels to tanks. (The volume of
the well is about 200 barrels.)

November 20, 1989: Measured bottomhole pressure and temperature values of 17, 308 psia and
337.9°F at 20,600 feet.

November 21, 1989: Flowed 1000 barrels to tanks for additional cleanup of the well before
flowing to the production equipment.

November 21 & 22, 1989: Perforated the disposal well from 6530 to 6590 feet with four shots per
foot and 90 degree phasing using a 3-3/8 inch Ultrapac casing gun. Treated the disposal well
with 150 barrels of 15% HCI to improve injectivity.

December 5, 1998: Ran the bottomhole pressure sensor into the well to stabilize before recording
draw-down data. The pressure and temperature at 20,600 feet were measured to be
17,298 psia and 338.2°F.

December 6-8, 1989: Produced the well for 36.2 hours with bottomhole pressure being measured.

December 8-10,1989: Recorded 50 hours of bottomhole pressure buildup and then pulled the
bottomhole pressure 'sensor from the well.

December 11 & 12, 1989: The depth intervals of 20,602 to 20,642 feet and 20,646 to 20,666 feet
were perforated with four shots per foot using a magnetically decentralized 1-9/16 inch
Schlumburger HD-HMX through-tubing gun carrying 3.2-gram charges.

December 13 & 14, 1989: Cleaned up of the new perforations by flowing through the production
equipment. Substantial problems were caused by produced debris.

December 17, 1989: The bottomhole pressure sensor was run to 20,525 feet. Extrapolatmg to
20,600 feet gave values of 17,193 psia and 337.5°F.

December 17-22, 1989: Produced at a rate of about 2000 BPD for 12 hours and then 4000 BPD
for almost 4 days.

December 22-27, 1989: Recorded buildup pressure with the bottomhole pressure sensor until
starting out of the well at 06:45 on December 27.

January 2, 1990: Measured bottomhole pressure at 20,525 feet. Extrapolating to 20,600 feet gave
a value of 17,126 psia.

January 3, 1990: Perforated the interval from 20,220 to 20,260 feet with four shots per foot using
a magnetically decentralized 1-9/16 inch Schlumburger through-tubing gun carrying
3.2-gram Hyperdome charges.

January 4-11, 1990: With the exception of being shut in the night of January 8-9, the well was
produced at various rates in the range of 2000 to 5000 BPD. Production from all of the
perforations was commingled and bottomhole pressure was not measured.

January 11, 1990: The well was shut in due to freezing in the dark and in the fog at 05:00. Data
collection ended when the wellhead valves to the pressure sensors were closed at 07:00.

Exhibit 1.2-1. SEQUENCE OF EVENTS
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 Bxhibit 1.2-2. SUMMARY OF DAILY PRODUCTION OF BRINE AND GAS

Flow

Number
1

Date

" Dec.
Dec.
Dec.

Dec.
Dec.

Dec.

Dec.
Dec.

. Dec.
 Dec.
Dec.
. Dec.

Dec.
.. -Dec:

Jan.
Jan.
Jan.
o - Jan,

“ Jan.
oo Jane
- Jan,

; Jan.

G

6, 1989
7, 1989
8, 1989
Total
10, 1989

11, 1989
Total

12, 1989
Totl

13, 1989
Totql

22,1989
- Total

5, 1990

9,:1990

14,1989 .. -

17, 1989 -
18, 1989
19,1989 -
20, 1989 -
21, 1989.

4, 1990

6,1990
7, 1990
8, 1990

10,1990
11,1990
“Towl

nuuinuﬂ 

Brine,2

STB
696

2,443

319
3,658
441¢

562€
1003

2
72

1,407

1947

S 449
3,430
13,824
3,787
3,760
607
15,857

2,558 -
3,204
3101
2946 . ..

2256
LIS

1,958 -

=38
17,626
40163

Gas,b
1000 SCF

20.2€

70.8€

15.0¢
106.0

12.8

16.3
29.1

N

i€
1

N

40.8¢€

153¢
56.1

135
©102.6
1163
- 114.2
106.5
. 182¢
. 4713

74.2¢
98.6
101.4
1920
67.7
332
60.76 -

12.3¢€
540.1

1,2“"‘04.7.

N 2 STB = Stock tank barrel ‘The volume that the brme would occupy at

- »60°F and 1 atmosphere pressure

R b Gas volume at 60°F and 15 025 psxa Tabulated values mclude a cal-
. culated estimate of gas remaining in solution in brine leaving the separator.

c Adjusted value to correct for inedmplete or inaccurate data.
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Sections 2 through 4 of this report cover the initial cleanup of the first perforations in
February 1989, preparation for testing, and the 36-hour flow test through pcrforations in the depth
interval of 20,670 to 20,690 feet eaﬂy in December 1989. Then Sections 5 through 7 provide
details of perforation, cleanup, and testing for the depth interval 20,602 to 20,690 feet. Section 8
then covers commingling production from the top of the sand of interest (20,220 to 20,260 feet)
with flow from the deeper perforations, and Section 9 covers the results from analyses of brine and
hydrocarbon samples. Sections 10 and 11 of the report provide IGT's conclusions from the work
and recommendations for future work. Additional details of sample collection and analysis
procedures are provided in Appendixes A and B.

To place the IGT report in better perspective to the overall project, some of the results
obtained by others are included in this report.

2.0. FEBRUARY 1989 INITIAL CLEANUP FLOW FOR
THE DEPTH INTERVAL FROM 20,670 TO 20,690 FEET
While the drill rig that had been used to clean out the well was still in place, the deepest
20 feet of the 600-foot-thick sand of interest was perforated. At the time, the reservoir pressure
was overbalanced by 17.2-pound-per-gallon drilling mud in the wellbore. Four shots per foot
were fired using a 2-1/8 inch Ultrajet through-tubing gun. The limitation on gun size was the
2-1/4 inch inside diameter of the seal assembly at the bottom of the 3-1/2 inch tubing.

After perforating, the wellhead was installed and the rig was demobilized. This is the same
wellhead that was originally installed by Superior Oil Company. It has a working-pressure rating
of 20,000 psi and an inside diameter of only 1-13/16 inches.

The initial well cleanup was performed on February 8 and 9, 1989. It was done by pumping
water to displace the 17.2-pound-per-gallon mud from the well. The water was pumped to a
maximum depth of 6500 feet through coiled tubing. The tubing was reciprocated as the mud was
circulated from the well. Pumping was periodically stopped and the well was carefully observed to
see whether the hydrostatic head above the perforations had been lowered to the point where
reservoir pressure would cause flow from the well. The tubing was withdrawn from the well and
the swab valve on the wellhead was closed after unassisted flow began.

As the mud unloaded from the wellbore to tanks, the rate was controlled with a rented choke
manifold that had two chokes plus a bypass in parallel. It had a working pressure rating of
20,000 psi and was equipped with appropriate valves for switching from one choke to the other.

An annotated wellhead tubing pressure record for the cleanup operation is plotted in
Exhibit 2.0-1. Note that the scale of the plot changes by a factor of 100 at 20 hours on the plot.

10
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This corresponds to the time of the unloading of mud and the onset of controlled flow rate with the
choke manifold. Monitoring of the rate of rise of 1iquid level in the tanks provided estimates of
brine productidn rate for choké setﬁngs of 32/64" and 18/64" after the heavy mud had been
produced from the wellbore. The estimated brine rate and measured tubing pressures for each of
these choke settings were 10,000 BPD at 1350 psia and 4000 BPD at 4200 psia.

IGT collected three brine samples of 1 liter each while the well was flowing on the 18/64"
choke at a rate of about 4000 BPD. The brine was cooled at wellhead pressure in a coil of stainless
steel tubing immersed in a bucket of ice water. It then flowed through a needle valve into a sample
bottle that was being flushed with carbon dioxide. This provided samples that stayed clear without
precipitation. The specific gravity of the brine was 1.132, corresponding to a salinity of roughly
200,000 ppm.

A Draeger (length-of-stain) tube measurement of hydrogen sulfide in the head space of the
frac tank receiving the brine indicated a concentration of less than 5 ppm.

An hour and a half after the well was shut in at the choke manifold, a sample of gas that had
been liberated from brine in the wellbore was collected at the wellhead at a pressure of 7300 psi.
The minimum working-pressure rating of any component of the tubing and valve arrangement for
sample collection was 11,500 psi. The sample was collected into a previously evacuated 750-ml
sample vessel with a working-pressure rating of 12,000 psi.

Between 3 and 6 hours after the well was shut in, 10 barrels of a mixture of 20% methanol in
water was pumped into the wellbore in an effort to avoid problems due to hydrate formation. After
the pumping, it was recognized that a communication failure had resulted in the methanol being
mixed with fresh water. As a result, it provided less protection against hydrates than the salinity of
the produced brine.

The results of analyses of the samples of brine, gas, and condensate are presented in the
subsections below. The implications of the cleanup data will be examined there in the context of
potential for problems due to scale and corrosion.

2.1. Brine Analyses

The first brine sample, collected on February 9, 1989, had a specific gravity of 1.132
measured onsite. The sample was split and sent to two labs for analysis: IGT in Chicago and the
Bureau of Economic Geology (BEG) in Austin. The brine analyses were difficult because the
originally clear brine precipitated large quantities of solids after a few days. As shown in
Exhibit 2.1-1, both analyses found large quantities of dissolved solids and a high concentration of
calcium. Although the two analyses were similar, there was variation between the two laboratories

12
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EXHIBIT 2.1-1. BRINE ANALYSIS: 2/9/89 WELLHEAD CLEANUP SAMPLE

Laboratory IGT BEG
Cmggmm mg/l mg/l
Acetic Acid, by GC/MS 51 -
Alkalinity, as CaC0O3 690 32
Alkalinity, as HCO3 842 -
Barium 110 180
Bromide - | 76
Calcium 19,400 16,830
Cadmium - 0.5
Chloride 115,000 115,400
. Fluoride - 2.1
Todide <20 12
" TIron 410 415
Lihom 6 29
- Magnesium 1,000 ‘ 892
Manganese- . 62 56
Potassmm : 720 420
Silica, as 8102 ; | 96 150
Strontium 880 1,020
© Sodium - - 48,800 52.220
~ Total Dissolved Solids "~ 194,000 - ~ 201,600
1.134 C 1134

~ Specific Gravity @ 60°F ©

_for individual elements that could be traced to -fprecipithtion problems. After a few weeks on the
shelf, the samples had the appearance of a very thin mud. This led to sampling and analytical -

procedural changes that successfully prevented precxpltauon problems in sample analysis dunng
the subsequent ﬂow tests. SRR L ‘

| 2.2, Hyg;ggarbon Analyses- »

The quantity of gas that bubbled to the wellhead after shutting in the well was consistent with
the amount that would be expected if the brine in the wellbore contained between 20 and 50 cubic
feet of gas per barrel of brine. A gas sample was collected on February 9 after the well was shut in

13
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by bleeding a sample of this gas into a previously cleaned and evacuated high-pressure Ruska
cylinder. The wellhead pressure was near 7300 psig when the sample was collected.

Gas and a very light oil or condensate were observed leaking from a seal on the Ruska
cylinder the following morning. This leak resulted in the need to accelerate the analytical process.
IGT and Chromaspec personnel flashed the sample during the morning of February 9, collecting
both a gas and a condensate fraction. The sample pressure was over S000 psig prior to flashing
the sample from the Ruska cylinder, indicating that very little of the sample had been lost. There
were about 10 barrels of condensate per million cubic feet of gas, and the dew-point pressure was
estimated to be below 3000 psig. A portion of the gas and a portion of the condensate were sent to
IGT. Results of the gas and condensate analyses are tabulated in Exhibit 2.2-1 below.

There was over 4% carbon dioxide in the gas sampled from the wellhead, which indicated
that at lower separator pressures the carbon dioxide content could exceed 15%. The hydrocarbon
distribution had a strange characteristic. Normal dry gases usually contain a small quantity of
ethane and an even smaller quantity of heavier components, following a declining logarithmic
distribution. This gas had this typical dry gas distribution through heptanes (C7). The trend then
reversed and the quantity of these heavy hydrocarbons began increasing, reaching a peak between
C10 and C17 hydrocarbons. These heavy hydrocarbons also comprised the liquids that were
condensing from the gas phase.

The Hulin condensate was considerably different from the Pleasant Bayou condensate. The
Hulin condensate was composed almost exclusively of C11 to C16 alkanes and contained less than
5% by weight of ring-type compounds such as benzene, naphthalene, and their derivatives. By
comparison, the Pleasant Bayou condensate averaged about 70% ring-type compounds. Aromatic
compounds are much more soluble in water than are the comparable alkanes. The Pleasant Bayou
condensate is dissolved in the brine at reservoir conditions. The Hulin well condensate, on the
other hand, probably existed in a gas phase at reservoir temperature and pressure.

This Hulin distribution of hydrocarbons shows a conspicuous lack of C4 to C9 hydro-
carbons and the C18-plus hydrocarbons. This type of distribution could be obtained by spiking a
dry gas with diesel oil. This hypothesis was reached independently by both IGT and Core Lab
personnel. Black Magic and other diesel drilling fluids were believed to be left in the hole when
the well was sidetracked. This may be the source of the observed condensate, although the data
were not conclusive.

Potential )| D le an TTOSION

The data obtained in conjunction with the cleanup flow provided a basis for evaluation of the
potential for problems due to scale and corrosion. In order to minimize costs, this was approached

14
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Exhlblt 2.2-1. HYDROCARBON ANALYSES: 2/8/89 WELLHEAD CLEANUP SAMPLE?

Laboratory Chromaspec IGT-Chicago IGT-Chlcago
Component Hulin Gas Hulin Gas Hulmg
Helium - 0.003
Hydrogen 0.11 0.13 -
Nitrogen 0.33 0.24 -
Carbon Dioxide 4.31 4.12 -
Methane 93.09 93.20 Trc
Ethane 2.04 2.03 Tre
Propane 0.11 0.12 , Trc
iso-Butane - 0.01 0.008 - Tre
n-Butane. 001 0.007 Tre
iso-Pentane - Trcb 0.003 0.01
n-Pentane Trc 0.001 . -
neo-Pentane - - 0.0001 -
Hexanes Trc 0.002 0.01
~ Heptanes , ‘ Trc - 0.002 0.03
Octanes (C8) - Tre v 0.002 0.08
Nonanes 0 Tre - 0.003 0.32
- Decanes (C10) - Trc 0.009 1.88
- Undecanes o o 0.024 8.92
Dodecanes (C12) - 0.025 17.50
Tridecanes o 0.025 ' 21.24
- Tetradecanes (C14) . . o -0.014 - 17.07
Pentadecanes - . . 0013 . 1240 .
Hexadecanes C16) t . 0.006 _ 7.22 .
Heptadecanes - - - 0.004 4.48
Octadecanes (C18) = ~0.003 2.48
Nonadecanes : B : 0.002 - 1.00
_Eicosanes (C20) == » ... 0.001 0.38
Heneicosanes - 0.001 015
Docosanes (C22) ' 0.001 - 0.06
- Tricosanes+ . P T A 0.001 - 005 -
- Benzene - - oot e ©0.013 ©0.10
~Toluwene -~ oo oo 00,004 ' 0.27
C2 Benzenes o - 0.003 0.10
C3 Benzenes . : 0.006 0.81
.+ Naphthalenes ..~ - .- oo 00040 -.0.06
- a Naphthalenes A 0.007 023
- C2Naphthalenes . 0.004 2.27
" C3Naphthalenes =~ °  <0.001 ~ 0.84 -

- @ Gas analyses are in mole percent. Condensate analysis is in weight percent.
~ b Trc = Trace, or less than 0.01%.
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from the perspective of defining constraints upbn flow testing so that inhibitors would not be
needed upstream of the choke. Chemical treatment for corrosion and scale would be performed
only after the produced fluids had passed through the wellhead.

231 1

A preliminary examination of the scaling tendency was performed by using the Oddo and
Tomson Saturation Index.5 In the absence of an inhibitor, scale formation is generally expected to
start at a value of about 1.0 to 1.4 for the saturation index (SI). Scale inhibitors cease to be
effective for values of SI above about 2.3. To minimize possible systematic errors from
application of the scale index on a well having reservoir temperature and pressure higher than the
range for which it has been validated, the ASI nomographs for the effects of changes in pressure
and temperature were used. These nomographs assume that the produced brine is in equilibrium
with calcium carbonate in the reservoir.

The observed wellhead pressure of 7300 psi was used to estimate a value of 16,800 psi for
the re.servoir pressure. A value of 340°F was used for reservoir temperature on the basis that the
value of 336°F measured in January 1989 was probably still depressed due to mud circulation.
Brine-rate dependent values for flowing wellhead pressure were estimated by using runs of a
single-phase tank model simulator that includes flowing friction to approximate shut-in and
flowing values estimated for the cleanup flow (7300 psi at zero flow rate, 4200 psi at a rate of
about 4800 barrels per day). A high value for the skin factor (about 10) was essential to obtain a
credible match to the data. Estimates of the equilibrium wellhead temperature as a function of flow
rate were provided by Dr. Riney of S-Cubed on the basis of runs of the S-Cubed "WELBOR"
model.8 Plots of these approximations to the flowing pressure and temperature are shown below
in Exhibit 2.3.1-1 and the values for the carbonate saturation index from the nomographs are
shown in Exhibit 2.3.1-2.

These results indicated that scale formation in the wellhead would become a problem for a
brine rate above a value somewhere in the range of 4000 to 6000 barrels per day. But it was
recognized that a period of days would be required to reach the equilibrium temperature used in the
calculations.

Temperature sensitivity of the saturation index was examined using the equation published by
Matty et al.6 and the values for chemical composition that were measured in conjunction with the
end of the February 1989 cleanup flow. These were 1) total dissolved solids, 200,000 mg/L;

2) calcium, 19,000 mg/L; 3) carbon dioxide content of gas, 4.4%; and 4) alkalinity, 660 mg
HCO3/L. Calculated values for the saturation index were about 0.8 higher than deduced using the

ASI nomographs. The high values are assumed to result from a systematic error because the

16
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g
8

g

Wellhead Temperature (Deg F)

g

Wellhead Pressure (psia)
5
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0 2000 4000 6000
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EXHIBIT 2.3.1-1. APPROXIMATIONS TO WELLHEAD PRESSURE AND TEMPERATURE
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Exhibit 2.3.1-2. WELLHEAD SATURATION INDEX AS A FUNCTION OF BRINE RATE
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calculated value for reservoir pressure and temperature is about 1.0 rather than zero. Nevertheless,
the calculation provides the useful estimate that the saturation index increases about (.13 for each
10°F increase in temperature.

In practice, the rates during the subsequent flow tests were chosen such that there should be
no scaling in the producing well. Scale inhibitor was injected into the flow line just upstream of
the wellhead choke. No scale deposition on piping was observed during the test. But it is possible
that that calcite precipitation was the reason for increasing injection pressure on the disposal well.

23.2. Corrosion

Corrosion in the wellbore tubulars was a also significant concern. The first gas and brine
samples from the February 1989 cleanup flow contained 0.11 mole percent hydrogen gas and
410 mg/L iron, respectively. Hydrogen gas is a by-product of the corrosion of iron. Iron in the
brine is also a by-product of corrosion, although some iron is naturally present in the brine.
Finally, the high partial pressure of carbon dioxide at wellthead conditions also suggested corrosion
could be a problem. The rule of thumb is that a carbon dioxide partial pressure greater than 5 psia
could result in corrosion. The partial pressure of carbon dioxide at the wellhead after the February
1989 cleanup flow was 300 psia. These early warning signs suggested that corrosion could be
severe.

IGT experience at the Gladys McCall well had shown that brine rates in excess of 10 feet per
second resulted in greatly accelerated corrosion rates in carbon steel piping. The flow velocity for
gas-free brine in the tubing is 10 feet per second at a brine rate of 5680 barrels per day. The
velocity of 10 feet per second is reached in the 1-13/16 inch-inside-diameter wellhead components
at a brine rate of only 3000 barrels per day. Because the steels used to fabricate both the tubing
and the wellhead have greater resistance to carbon dioxide that carbon steel, exceeding 10 feet per
second by modest amounts was not of concern.

In reality, the low flow efficiency through the perforations resulted in low flow velocities
during the test and lower-than-anticipated pressure for much of the testing. Corrosion inhibitor
was injected upstream of the choke, and corrosion-monitoring equipment was in place at several
locations in the surface facilities. The iron concentration in the brine and the hydrogen
concentration in the produced gas were monitored. There were no corrosion problems during
these short tests.
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3.0. PREPARATIONS FOR TESTING OF THE DEPTH
INTERVAL FROM 20,670 TO 20 690 FEET
, As discussed earlier, this depth interval was perforated at the end of January 1989, and the
17.2-pound-per-gallon drilling mud was flowed from the well to tanks on February 8 and 9, 1989.
The well was then shut in because of budgetary constraints after pumping 10 barrels of a mixture
of 20% methanol in fresh water into the wellhead This volume displaced the top of produced
brine down toa depth of about 1500 feet.

During August 1989, attempts to measure bottomhole pressure were not successful. Actions
taken at the time and the subsequent success in measuring bottomhole pmssurein November 1989
are described under the first subheadmg below Actions taken to complete the dlsposal well are
dlscussed under the next subheadmg ‘

sibl blems and Measurement of Bottomhole Pre
An attempt to measure bottomhole Ppressure on August 17, 1989, was not successful because
the tool would not go down the tubing. Definitive data on the role of hydrates do not exist. But,

as discussed earlier, hydrate-formmg conditions may well have existed to a depth in excess of
1000 feet. A chronologwal log of relevant actlvmes through August follows:

2/10/89: Injected 10 barrels of fresh water containing 20% methanol after the cleanup flow of
« . -809 barrels of mud and formation brine at rates up to 10,000 BPD.

8/17/89: Anattempt to run a BHP encountered an obstruction in the wellbore at a depth of
268 feet. Two drums (110 gallons) of methanol were injected while reciprocating the
“wireline tools on top of the obstruction. The BHP system would not pass the obstrucuon

8/21/89: A 0.92-inch slick line carrying a 1- 1116 1nch-d1ameter bar was run to 16,000 feet
8/22/89: No down-hole work was done because the BHP computer falled v
8/23/89: The followtng data were recorded whlle mppmg in with the BHP tool.

L 'Depth Pressure, _ Temperature

45*‘{ 7486 812

85 75017 814

119 7529 80.8

155 - 7557 o192
194 7579 714
L2340 07599 - 759
255 7689 . 748

260 7685 73.9
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Note that these data give a calculated pressure gradient of 0.925 psi/ft in the wellbore
between 45 and 260 feet. One possible reason for this high gradient is that a deeper solid

. plug of hydrates existed in the well so that the shallower pressures were low because of fluid
loss from above the plug while rigging the wireline lubricator. Also, the volume occupied by
wireline entering the wellbore would cause the deeper pressures to be higher if a hydrate plug
existed below the greatest depth of wireline penetration.

Five (5) drums (275 gallons or 6.55 barrels) of methanol were injected while working the
wireline. But the deepest wireline tool penetration was 285 feet. The capacity of the
15.5-pound-per-foot, 3.5-inch tubing is 0.00659 barrel/ft. Thus, this amount of methanol
was enough to fill 994 feet of tubing.

8/24/89: The wellhead pressure and temperature were 7577 psia and 80.2°F. The Cooke wireline
again tagged up at 285 feet.

An 18-foot-long slick line assembly consisting of 1-1/2 inch bars with a 1.60-inch-gauge
ring went to 400 feet with no problem. In contrast, the Cooke assembly that would not go
below 285 feet was 60 feet long with a diameter of 1-11/16 inches and contained two knuckle
joints.

Injection of triethylene glycol was started but ended abruptly after 80 gallons because the

injection pressure suddenly went up to more than 10,000 psi.

No problems were encountered when a surface-reading Panex bottomhole pressure gauge
was used to measure bottomhole pressure on November 20, 1989. A 48-foot-long assembly
containing two knuckle joints was run into the well. Stops were made at 500-foot intervals down
to 2000 feet to get stabilized temperature data relevant to hydrate formation in the wellbore. Then
the gauge was run to an indicated depth of 20,670 feet (depth of the shallowest perforation)
without stopping. The gauge was in a viscous mud-like fluid and pulled free at an indicated depth
of 20,640 feet. This viscous material is presumed to be partially congealed residual drilling mud.
Inability to push this material into the formation may be the reason that triethylene glycol injection
had to be terminated when injection pressure became excessive on August 24, 1989.

The deepest stabilized pressure, 17,308 psia, was recorded with the Panex sensor at a depth
of 20,600 feet. Stabilized pressures were then recorded with the Panex sensor at additional depths
of 20,000, 19,000, 18,000, 17,000, 15,000 feet, and in the lubricator, on the way out of the well.
In chronological order, the recorded stabilized pressures and temperatures are given in
Exhibit 3.1-1.

The variations in pressure gradient in the first 2000 feet are due to different fluids that had
been pumped into the well in August to combat hydrate formation. Assuming plug displacement
and no mixing, from the top down those fluids would be 290 feet of triethylene glycol, 1400 feet
of methanol, and 1500 feet of an 80%/20% fresh water-methanol mixture. Below 3200 feet the
fluid in the wellbore should be produced brine.
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Exhibit 3.1-1. DOWN-HOLE PANEX GAUGE MEASUREMENTS ON 11/20/89

Depth, Pressure, P Gradient, Temperature, T Gradient,
—ft —psia_ Dsifft —E 2F/100 ft
26 7,632 61.5
- 500 7,841 0.442 70.7 0.32
1,000 8,035 0.389 76.1 1.08
1,500 8,219 0.368 81.7 1.12
2,000 8,439 0.439 86.4 0.94
20,600 17,308 0.477 3379 1.35
20,000 17,013 0.492 333.5 0.73
19,000 16,519 0.494 321.0 1.25
18,000 16,060 0.459 306.6 1.44
17,000 15,590 0.470 2916 1.50
15,000 14,653 0.469 .. 263.1 1.43
r21.1 n w to Tank

The 30 feet of viscous mud-like fluid shallower than the top of the 20-foot perforated interval
- made another cleanup flow to tanks necessary before production to a separator or to the disposal

| ~well. This cleanup took place on N ovember 21, 1989, the day after the BHP measurement. A
total of slightly less than 1000 barrels of brine was produced to two (2) frac tanks.

‘Wellhead pressures are shown in Exhibit 3.2-1. During the first 6 minutes of flow, the

~ choke was opened stepwise to 10/64", 12/64", 14/64", and then 22/64" (choke setting in
equivalent bean size) in an attempt to break loose the mud over the perforations and get it moving
- uphole. At a choke opening of 22/64" the ﬂowmg wellhead pressure was 1800 psi for a

- drawdown of almost 6000 psi. After a couple of mmutes, the choke opening was reduced in two
steps to 18/64" and the ﬂowmg wellhead pressure came to about 3200 ps1 ’

, After producxng 230 barrels to 2 SOO-barrel tank the choke opemng was mcreased to 24/64"
to finish filling the tank. When flow was sw1tched to the second 500-barrel tank, the choke
opening was increased to 36/64". It was left at that setting until the second tank ﬁlled. ‘The choke
openings, assocrated average rates, and ﬂowmg wellhead pressures are given in Exhlblt 3 2- 2 |

Prior to bottoms up, the produced hqmd was free of foamn or surface scum At bottoms up, a
surface scum became apparent After the two tanks ﬁlled, they had about a quarter- to a half-inch
layer of ﬂoatmg debris. There was notlceably more on the first tank. The debris was primarily an
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‘Exhibit 3.2-2. FLOW RATES FOR WELL CLEANUP

Chorke( | Brine Rate, PreSS_ure,
18/64" 3925 3100
24/64" 4750 1850
36/64" 6000 735

oil-wet solid that broke down to ﬂoat_ing oil and sediment at the bottom of sample bottles after the
samples had been at room temperature for a couple of days.

After the cleanup flow, 10 barrels of diesel fuel were pumped into the wellbore to displace
~ the top of brine to below 1500 feet. ‘At this depth, temperature had been found to be above
maximum for hydrate formation in the wellbore (80°F). The amount of diesel injected was large
compared to the quantity of condensate recovered in subsequent production tests. The result is
large uncertainty in the amount of condensate produced from the formation.

The dec1s1on was made to m_]ect 10 barrels of dlesel orl into the top of the wellbore before
hydrates could form after each flow penod Once the well was under production and the well
temperature was raised above 80°F, hydrates were not expected to form. When the well was shut
in long enough to cool off, action was needed to prevent hydrate formation from plugging the well.
The diesel pumping was generally held off unul 3 hours after the well had been shut in to minimize
mterference w1th pressure-bmldup tests o ‘ '

1 Well Com 1 5 , ;
“The disposal well had been drilled with 9-5/8 inch, 43.50-pound-per-foot N-80 SFJP casing
cemented to a depth of 6687 feet in February 1989. Drilled-out depth to the top of cement inside
-the casing was 6644 feet and 5-1/2 inch, 17.00-pound-per-foot N-80 Hydril FJ tubing was run to
o8 Brouynfﬂughes 2B permanent packer set at a depth of 5450 feet. . Depths are from a Rig Kelly
‘ Bushing (RKB) height of 27.0 feet above the tubing hanger, 29.0 feet above ground level, and
32.0 feet above mean sea level (MSL) | '

L A Class i Well drsposal well mtegnty test was performed on the new drsposal well on
. ‘November 20 1989 by pressunng-up on the 5- 1/2 X 9- 5/8 1nch annulus to 300 psx The pressure
‘ was held for 1 hour wuh no leak-off and the test was Judged to be satlsfactory '

, On November 21 1989 a combmatlon cement bond/collar locator. log was run from 6644 to
5450 feetin the d1sposa1 well -A temperature log was run from the surface to 6644 feet.. .

Recorded temperatures at 500-foot depth increments are shown in Exhibit 3.3-1.
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- Exhibit 3.3-1. DISPOSAL WELL TEMPERATURES

Depth, Temperature, Depth, Temperature,
°F ft °F
500 72 4000 112
1000 77 4500 118
1500 83 5000 124
2000 88 5500 131
2500 93 6000 137
3000 99 6500 145
3500 105 '

Then the well was perforated from 6530 to 6590 feet with four shots per foot and 90 degree
phasing using three runs with Schlumburger 3-3/8 inch Ultrapac casing guns and 22-gram
charges.

After perforating, an attempt to inject filtered produced brine resulted in rapid pressure
buildup to 1400 psi with about a barrel of fluid. The pressure would then drop to 300 psi in about
5 minutes with the pump off. There was little communication between the wellbore and the
disposal formation.

The next morning, November 22, 1989, 150 barrels of 15% HCl were pumped into the
formation. The maximum pressure while displacing the acid down the tubing at a pump rate of
4 barrels per minute (BPM) was 2600 psi. After the acid reached the perforations, the pressure
broke back to 400 psi at a pump rate of 7 BPM. The acid was followed with 400 barrels of
produced brine from the second of the two frac tanks filled on the previous day. A pressure of
1000 psi was held on the 5-1/2 X 9-5/8 inch annulus during the acid treatment and subsequent
injection.

When the injection was stopped, the disposal tubing went on vacuum. Thirteen days later,
on December 5, the brine level in the disposal well was found to be at a depth of 497 feet (476 feet
below the top of the wellhead).

3.4. Surface Hardware Installation

The surface facilities for flow testing were installed during the last week of November 1989.
The surface facilities for production testing, as configured after addition of metering following the
first flow test, are shown schematically in Exhibit 3.4-1. The choke manifold, separators, tanks,
and piping were provided and operated by Lafayette Well Testing, Inc., (LWT) under subcontract
to IGT. The gas cooler, filter skid, and flare stack were DOE-owned hardware moved from the
Gladys McCall location.
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The data acquisition system consisted of a DOE computer system used previously by IGT at
the Gladys McCall well supplemented by new transmitters and other components. A block
diagram of the data system is shown in Exhibit 3.4-2. The computer-based system was backed up
by conventional circular chart recorders and turbine-meter indicators operated by LWT and EOC.

After assembly in accordance with details of the previously approved design and Safety
Analysis Report, the surface facilities were inspected by DOE representatives. The most signif-
icant change made prior to DOE approval to operate the facility was changing the straight run of
3-inch pipe between the separator and filter skid to a "Z" configuration. This removed any ques-
tion about whether thermal expansion could result in excessive stress at any point in the system.

DOE approval to start test operations was received mid-afternoon on December 5, 1989.

4.0. THE 36-HOUR FLOW TEST OF THE
20,670 TO 20,690-FOOT INTERVAL
After receiving DOE approval to start test operations, the bottomhole pressure sensor was run
and set at 20,600 feet in the evening of December 5. The next morning, the diesel previously
injected to prevent hydrate problems was slowly flowed off the top of the tubing and the separator
was charged with produced brine. Then, after waiting for the bottomhole pressure to recover and
after some surface hardware problems were corrected, production was started at a rate of about
2400 stock tank barrels per day (STB/d) at 16:51 on December 6, 1989. Flow was started by
opening the choke to 12/64" in a time of less than 30 seconds. The setting was not changed until
the choke was closed to stop production.

The well was shut in for buildup testing 36.23 hours later, at 5:05 on December 8. Total
production during this flow test was 3658 stock tank barrels of brine and an estimated
106,000 SCF of gas. The timing of the shut-in allowed the pumping of 10 barrels of diesel into
the wellbore to start 3 hours later and still be completed during daylight hours. Bottomhole
pressure recording continued for 2 more days, until December 10, 1989.

4 hole Pr I

Initial recorded tubing pressure at the wellhead was 7460 psia on IGT's Panex quartz-crystal
gauge and 7465 psia on the wireline BHP gauge before the wireline was started down-hole at
15:45 on December 5, 1989. The bottom of the sinker bars tagged bottom at a depth of
20,673 feet, 3 feet deeper than the tools that were run on November 20, 1989. The Panex sensor
was 42 feet shallower at 20,631 feet. The sensor was moved up to a depth of 20,600 feet for the
recording of pressure and temperature data. These depths are relative to an RKB of 26 feet above
the tubing hanger (29 feet above ground level and 32 feet above mean sea level).
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Pressure Temper‘atdre Turbine Corrosion PANEX
Transmitters Transmitters Flow Meters Rate Meters Pres. & Temp
- Hewlett Packard -
Multiprogrammer

Hewlett Packard Interface Buss (IEEE 488)

~ Computer _ Disc Drive | Printer
Data © [Raw | [ Real-Time
Aquisition | bate | | Data
ol Data
- Discs -
~Computer | ‘DiscDrive | Printer
<Data -~ |~ - | Reduced Reports
| “Reduction :{ =~ | Date- - Shlogh A8

Hewlett Packard interface Buss (IEEE 488) © - =i -
| ' ' Plotter

Grephs = |

‘Exhibit 3.4-2. COMPUTER-BASED DATA ACQUISITION AND ANALYSIS SYSTEM
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The stabilized bottomhole pressure and temperature were 17,298 psia and 338.2°F,
respectively. In contrast, measured bottomhole values were 17,308 psia and 337.9°F at the same
depth before producing 1000 barrels to tanks on November 21, 1989. The bottomhole pressure
was 17,297 psia the next morning before flowing the diesel from the tubing to a tank.

Wellhead pressure leveled out at 7332 psia, and bottomhole pressure leveled out at
17,294 psia after removing the diesel. After an aborted start at 12:20 on December 6, 1990, the
draw-down test was started by opening the choke to 12/64" at 16:51 that same day. The lowest
measured bottomhole pressure during this flow test was 14,760 psia, and the lowest recorded
wellhead pressure was 5030 psia. After 50 hours of buildup, bottomhole pressure was
17,210 psia.

Exhibit 4.1-1 shows the 5 days of recorded bottomhole pressure.
42 cti Performan

Wellhead pressure and temperature for the week from December 2 through 8 are shown in
Exhibit 4.2-1. The initial flowing wellhead pressure at the start of the 36-hour draw-down test on
December 5 was about 5600 psia. But after an hour and a half the flowing wellhead pressure
suddenly increased by about 400 psi. Then at 19:20, 2-1/2 hours after the choke was opened,
flowing pressure dropped back to about 5600 psi. Recorded bottomhole pressure made a similar
excursion. The result is that the early draw-down data are of reduced value for interpretation to
deduce reservoir parameters. The cause of the erratic behavior is believed to be partial obstruction
of the choke by drilling mud from continuing cleanup of the perforations. '

After a day of production, reasonably stable flow was achieved and excellent buildup data
were obtained following' the shut-in at 05:06 on December 8, 1989. The ramp in wellhead
pressure between 3 and 6 hours after shut-in (Exhibits 4.1-1 and 4.2-1) is due to the pumping of
10 barrels of diesel into the wellhead to displace the brine down 1500 feet to prevent hydrate
formation. The 3-hour wait to begin pumping the diesel was selected to minimize the effect upon
interpretation of the buildup data from the bottomhole pressure sensor.

The daily brine and gas production for this flow test are summarized in Exhibit 4.2-2. This
tabulated gas production includes flared gas and a calculated estimate of the amount of gas
remaining in solution in the brine leaving the separator.

4 i 1 Well Performan

The fluid level in the disposal well was initially found to be at 497 feet below the RKB for
the well. At the start of production at a brine rate of about 2400 BPD, disposal wellhead pressure
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Exhibit 4.2-2. DAILY BRINE AND GAS PRODUCTION

DURING CLEANUP FLOWS

A ‘ Brine, Gas,
—Date STB 1000 SCE
Dec 6, 1989 696 20.2
Dec 7, 1989 2443 70.8
Dec 8, 1989 519 15.0

immediately went from vacuum to about 50 psi. This corresponds to a bottomhole value about
250 psi greater than static disposal sand reservoir pressure. Thus the injectivity is roughly

10 STB/d/psi. For comparison, the injectivity of the Pleasant Bayou disposal well is a little above
40 STB/d/psi.

During the 36 hours of production, the disposal well injection pressure increased from about

50 to about 100 psia. Much, if not all, of the increase was due to decreasing density of the brine in
the wellbore as the disposal wellhead temperature increased to about 175°F at the end of
production.
-4 rf; ility P nc

" The surface facilities operated well in the context of lack of leaks and separation of fluid
phases. On the other hand, metering of both gas and brine production encountered problems that
precluded getting good-quality data. The problem with brine-rate measurement was plugéing of
the single turbine meter with produced debris. Hammering on the meter and surging the flow
through the meter by opening and closing the block and bypass valves restored the signal each time
the turbine stoppcd But it was not possible to say whether accuracy characteristic of a clean and
properly operating turbine meter was achieved. Exhibit 4. 4-1 shows the time dependence of
recorded brine flow rate ’

" The measured gasI rates were less than half the expected value and changed when the orifice-
plate size was changed. Thc problem was found to be _bypassmg of the plate in the single Daniel
Senior oriﬁcc meter. The ﬁoblcm was at least in part due to rust accumulation during the several
months of delay between the ume that bids were first solicited for the hardware and the time of the
actual start of the field expenrnent The errors in recorded gas-rate data were so large the data

' would be seriously misleading and were therefore not reported. Liquid hydrocarbon production, if
any,’ ‘'was too small to be dctected in the background of diesel that had been used to prevent
hydrates while the producuon well was shut-in.
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4 Ie an TTOSion

. Neither corrosion mhlbxtor nor scale inhibitor were injected during this first instrumented
ﬂow test. But both C-1018 corrosion coupons and Petrolite M-6010 corrosion-rate-monitoring
probes were installed upstream and downstream of the separator. The output of corrosion rate
from the Petrolite system was recorded on the digital data system, and is given in Exhibit 4.4-1.
The upstream probe showed a corrosion rate that declined from a peak of about 60 mils per year to
a level of about 20 mils per year for the last half of the 36-hour flow test. The electronic control
for the downstream probe failed.

Coupons were in the lines both before and after the separator. The corrosion rates
determined from the coupons were less than 5 mils per year. The coupon analyses were performed
by Coastal Fluid Technologies, Inc., who supphed the coupons as well as scale- and corrosion-
control chemicals. These analyses are presented in Exhibit 4.5-1. The coupons had a large build-
up of calcite.. The presence of calcite was anticipated because no inhibitor was injected during this
short flow test. The coupon before the separator had a large buildup of acid-insoluble material and
of iron compounds.

Exhibit 4.5-1. ANALYSIS OF CORROSION COUPONS AFTER 1-DAY FLOW TEST

Down m Coupon

Corrosion Rate, mils/yr N 5.0
i in. S S o
Hydrocarbons . . 0.06 : 0.14
Water-Soluble Salts _ 0.45 0.03
Calcium Carbonate - 114 1.23
Iron Compounds -~ 120" i 0.02

Acid-Insoluble 44 016

46, leggrs -

Two pots of 10—rmcron cotton ﬁlters were on-hne for the durauon of the 36-hour test.
Pressure drop across them increased monotonically from less than 1:to 6.5 psi, indicating filter .-
loading. When the elements were removed on December 9, they were found to be coated with a
black material that did not feel oily. No sand grajns were apparent.
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4 ine Anal

Three brine sarriples were collected from the sight glass of the large sep‘aratof and two sets of
length-of-stain tube éas analyses for carbon dioxide and hydrogen sulfide were made during the
36-hour flow. The results of onsite and laboratory analyses of all brine and gas samples are
presented in Sections 9 of this report.

4.8. Equipment Modification and Measurement of Flow Rates

During the buildup phase following the 36-hour flow on December 6 through 8, 1989, major
changes were made in the surface hardware to achieve greater reliability in measuring flow rates.
A second turbine meter was installed in series with the first turbine for brine-rate measurement.
The rusty Daniel Senior orifice meter for gas-rate measurement was replaced with two Simplex-
type orifice runs. One of these was between the cooler and the small separator and the second was
after the small separator, as shown in Exhibit 3.4-1.

After the bottomhole pressure sensor had been removed from the well on December 10,
1989, the choke was opened to the same 12/64" that had been used for the 36-hour flow test on
December 6 through 8. Overnight, the flowing wellhead pressure stabilized at about 5100 psia and
within 100 psi of the same value as the prior flow. This provided a reasonable level of confidence
that the prior flow rate was being duplicated. |

The well was shut in at 06:00 on December 11, after 12 hours of production at a rate of about
2000 STB/d. Consistency had been achieved between the readings of the series brine turbines and
between the series gas-rate meters. The gas/brine ratio was found to be 28 SCF/STB. Ten barrels
of diesel oil were pumped into the wellhead after the overnight flow.

5.0. PERFORATION AND CLEANUP FLOWS
OF THE 20,602 TO 20,690-FOOT INTERVAL 7
The deepest 70 feet of the 600-foot-thick sand of interest is a uniform sand that is separated
from the majority of the sand by potentially significant shale breaks. The 36-hour flow test, the
subsequent buildup test of the 20,670 to 20,690-foot interval, and 12-hour flow test to validate rate
measurements involved the deepest 20 feet of the 70-foot-thick uniform sand. Testing of the
20-foot perforated interval showed a substantial drawdown in bottomhole pressure for modest
production rates.

After pumping 10 barrels of diesel to prevent hydrate formation on December 11, perforation
of the rest of the thickness of the uniform sand and the lower 20 feet of shale breaks was begun.
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Details of perforating, including a small flow in an attempt to get a gun into the well, cleanup of the
perforations, and a 4-1/2 day flow test with bottomhole pressure data are provided under subhead-
ings below.

5.1, Perforation

The additional perforations were shot using a magnetically decentralized 1-9/16 inch
Schlumburger HD-HMX through-tubing gun carrying 3.2-gram, shaped charges. The
decentralizing magnet was at the top of the gun, and the gun swelled to a maximum diameter of
1-11/16 (1.688) inches when fired. This small perforation gun was required because the gun had
to pass through the wellhead that had a minimum interior diameter of 1-13/16 (1.813) inches. The
smallest diameter in the wellbore was 20 feet or so of seals in the tubing string that had an interior
diameter of 2-1/4 inches. _

After the 10 barrels of diesel had been pumped into the wellbore on December 11, four
perforating charges per foot with zero degree phasitig were fired in the depth interval from 20,646
to 20,666 feet on the ISF log. An open circuit developed in the wireline during the trip out of the
well and the second gun had to wait for the arrival of a second wireline truck. When the other
truck was rigged up, four perforating charges per foot were fired in the depth interval from 20,622
to 20,642 feet. - :

Attempts to get a third, similar gun down-hole were aborted when the 1.72-inch-diameter
sinker bars would not pass the mastér valves: The diesel was'slole bled off the wellhead and
then the well was produced until the wellhead temperature was high enough so that hydrates could
‘not exist in the wellbore. After flowing at low rate for about a half hour to remove the 10 barrels
of diesel, the well was flowed for a little over half an hour usin g choke openings of 16/64" and
12/64". The peak wellhead temperature was 130°F Brine rate averaged about 4000 STB/d and

 the total produced volume was about 120 barrels or about two-thirds of the volume of the
wellbore. The gun still did not go down-hole. The problem was found to be a bent decentralizing
magnet. After fixing the bent magnet problem, the third gun then failed to fire on two trips down
~ hole. A new gun was run and successfully fired four shots per foot in the interval 20,602 to

- 20,622 feet late in the evening of December 12. - a

52, nganup Elmz ' '

Cleanup ﬂow of the new perforatlons through the surface test equlpment began mld-mommg
on December 13 with the choke bemg opened stepwme to a maximum of 18/64" and then cut back
to 12/64". In less than 20 mmutes and only one-third of the way towards bottoms up, both of the
turbine meters were sticking and the dump valve was plugging so badly that mud was carried over
through the gas line to the small sei)'arator. Filter differential pressure built up so fast that the
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elements in one pot were collapsed by the high differential pressure. These surprises were
triggered by the short flow on December 12 when the perforating gun would not go in the
wellhead. This short flow had filled two-thirds of the well volume with debris-laden fluid (mostly
old drilling mud) from behind the new perforations made by the first two guns fired.

After observing bottoms up in the form of a slug of mud and black oil, produced brine
rapidly cleared up. At 13:48, the well was shut in for cleaning of the turbine meters and the
separator dump valve, as well as changing the filters and other maintenance made mandatory by the
debris produced from behind the new perforations. Diesel was not pumped because the well
would be shut-in for less than 3 hours and would not cool enough for hydrates to form.

Cleanup flow was resumed at 15:45 with proper operation of the surface control and
metering hardware. During the next hour, choke openings of 16/64", 10/64", 12/64", 14/64",
12/64", and 10/64" were used. Intermittent stoppage of turbine meters was overcome by rapidly
switching ball valves to surge the flow. The debris that had passed by the collapsed filters caused
a large jump in injection pressure when it reached the disposal sand 2 hours later. The rate
decreases at the end of the hour were required to keep disposal well injection pressure below the
working-pressure rating of the filter pots.

From 17:20 to 19:20 on December 13, the production well was bperated on a 9/64" choke
and a brine rate of about 1400 STB/d, or 1 barrel per minute. Disposal well injection pressure kept
climbing, from 315 to 400 psia during a 2-hour period at that low flow rate. A pump truck was
called out and 50 barrels of inhibited 15% HCl was pumped into the disposal well at a rate of just
under 1 barrel per minute, so.total flow down the disposal well was 2 barrels per minute. Once the
acid was in the wellbore, the production rate was increased to about 2 barrels per minute. The
disposal well volume is 207 barrels, so the acid did not reach the perforations until 100 minutes
after pumping had been started. The injection pressure broke back from 620 to 240 psia as the acid
passed through the perforations.

The production well choke opening was increased to 16/64" and then to 18/64" as the acid
went through the disposal perforations, and injection pressure broke back in two steps starting at
21:20. The 18/64" choke setting gave a brine rate of 4800 STB/d. At 22:20 the choke was opened
to 24/64" and the brine rate went up to 6000 STB/d. A small amount of additional debris surfaced
at bottoms up after this rate increase, but not enough to cause operational probléms. After
producing two well volumes (400 barrels) at the high rate, the choke opening was reduced to
12/64" at midnight and the well flowed another 2-1/2 well volumes at a rate of about 2400 STB/d.
The produced gas/brine ratio averaged about 31.5 SCF/STB. This is above the value of 30.5 SCF/
STB measured on December 10 and 11 before the additional perforations wer¢ shot.
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| The well was then shut in to wait for the reservoir pressure to stabilize before running the
wireline bottomhole pressure sensor prior to another draw-down test. Ten barrels of diesel were
pumped to ensure that hydrates would not form during the shut-in period.

The daily brine and gas production for the flows after the 36-hour drawdown through 20 feet
of perforations at t_he base of the sands of interest are summarized in Exhibit 5.2-1.

Exhibit 5.2-1. DAILY BRINE AND GAS PRODUCTION

DURING CLEANUP FLOWS

Brine, : Gas,

—Date - _STB 1000 SCF
Dec. 10, 1989 441 12.8
Dec. 11, 1989 v 562 16.3
Dec. 12, 1989 72 2.1
Dec. 13, 1989 1407 40.8
15.3

Dec. 14,1989 540

This tabulated gas production includes flared gas and a calculated estimate of the amount of
gas remammg in'solution in the brine leavmg the sepamtor o

isposal Well
A substantial but unmeasured quantity of fluid that had the appearance of old drilling mud, as
well as other debris, was injected into the d1sposa1 well past the collapsed filters on December 13,
k 1989 Assuming a gradlent of 0 47 psxlft above the fluid level of 476 feet below the wellhead

’ pressure transmitter (measured on December 5, 1989 before heatin g with injection), the injectivity
of the well declined from about 8. 7 to 2. 8 STB/d/pS1

During the evening of December 13, 50 barrels of mh1b1ted 15% HCIl were pumped i mto the
disposal well. The production well was on-line at a rate of about 1 BPM (1400 STB/d ) during the
acid injection. The acid pump rate was adjusted to stay below the 750 p51 emergency shutdown
(ESD) pilot setting at the filter skid. The 50 barrels of acid were pumped into the dxsposal wellbore
in an hour and pumpmg was completed before the first of the acid reached the d1sposal
perforatlons : o - : SRR

As soon as the 1n_]ectxon pressure broke back, md1catmg acid through the perforatlons, the
producuon rate was increased to cause the acid to £0 to as many perforauons as possible. After the
last of the acid entered the dxsposal formation, the injection pressure went to a minimum of 200 psi
and then climbed back to 330 psi at a rate of 6000 STB/d. The production rate was reduced to
2400 STB/d and the injection pressure leveled out at about 60 psia at this rate. This corresponds to
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an injectivity of 8.3 STB/d/psi. The disposal well injectivity, which had been damaged by drilling
mud and debris that passed through the collapsed filters, was almost completely restored by the
acid treatment.

IGT experience on several disposal wells has found that injectivity values range from 8 to
over 100 STB/d/psi. For instance, the injectivity of the Pleasant Bayou disposal well is over
40 STB/d/psi. The 8 STB/d/psi is on the low end of these wells -- so low that substantial
improvements must be made if high-rate brine production is planned. For instance, at a separator
pressure of 1200 psia -- near the maximum operating pressure of typical separators -- the
maximum injection pressure available at the disposal well would be about 1100 psia. At that
pressure, with an injectivity of 8.3 STB/d/psi and with the static fluid level 476 feet below the
ground level, the maximum brine injection rate would be 11,000 STB/d.

4. Eff hy itional Pr ion Well Perforation

The readings from wellhead Panex quartz-crystal gauge with 10 barrels of diesel oil in the
tubing indicate little, if any, change in pressure due to the additional 60 feet of perforations.
Recorded tubing pressure at the wellhead Panex quartz-crystal gauge was 7468 psia on December
10 (before any additional perforations), 7451 psia after shooting two perforating guns and before
producing the diesel on December 12, and 7460 psia before the start of flow on December 13. The
minor differences may well be due to 1) small differences in the amount of diesel in the wellbore,
or 2) the temperature sensitivity of the Panex transducer, or 3) small differences in the wellbore
temperature and therefore the density of the brine in the wellbore.

The wellhead pressure drawdown for production of 2400 STB/d after shooting the additional

60 feet of perforations was about 900 psi less than for the same rate with only the original 20 feet
of perforations. But the rapid bounce back of pressure after the shut-in on December 14 was still
in excess of 1000 psi and suggested a high value for the skin factor due to poor perforation
efficiency.

Liqui n ion, Scale ar ion Treatm
Liquid hydrocarbon production, if any, was too small to be detected in the background of
diesel that had been used to prevent hydrates while the production well was shut in. Neither

corrosion inhibitor nor scale inhibitor were injected during the cleanup flows. Also, the corrosion
coupons and the Petrolite M-6010 corrosion-rate-monitoring probes were not installed.

5.6. Filters

A single pot of 10-micron cotton filters was on-line for the overnight flow on December 10
and 11. Pressure drop increased monotonically to 5.5 psi, indicating filter loading. When the
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elements were removed on December 11, they were found to be coated with a black material that
did not feel oily. No sand grams were apparent and there was a noticeable diesel odor. The solids
are believed to be residue from old drilling mud.

There was one pot of 10-micron filter elements in use during the short flow on December 12.
There was no trend in pressure drop and no indication of filter loading. This is to be expected
since the well was shut in before bottoms up was reached.

The flow on December 13 was started through a single pot of 10-micron filter elements. In
less than 20 minutes, pressure drop across these element exceeded the 20-psi full-scale range of the
differential-pressure transmitter. A second pot loaded with 10-micron elements was put on-line in
parallel with the first and the indicated pressure drop went down to 1.3 psi. That evening, before
going to 6000 STB/d, a third pot, containing 50-micron elements, was put on-line in parallel with
the other two pots. The differential-pressure transmitter had ceased to operate properly, but
monitoring of upstream and downstream pressure gauges indicated that pressure drop was kept
below the 20-psi rating of the filter elements. '

The filters were changed in the three pots after the well was shut in on December 14. The
10-micron elements in the pot that had experlenced'liresmre drop in excess of 20 psi were found to
have collapsed on their mounting posts :and are believed to have passed unfiltered brine for
virtually all of the December 13 and 14 cleanup production. The loading on these elements was
black with a greasy feel and a shght smell of diesel. No granular materxal with a grain size similar
to sand was apparent.

~In contrast, the loadmg on the 50—m1cron elements, which were only on-hne for the latter
portron of the cleanup flow, was grey and had a strong oil smell. The second pot of 10-micron
elements had a loading that was between these extremes. Formation sand grains’could not be
found on any of the elements from the three filter pots. The small amount of granular material
found was judged to be cement rather than formauon material. ’

57, Dj sgggsrgn gf Samplmg gnd Analys §

, A gas sample was collected shortly before the end of productxon on the mommg of December
11, 1989. Separator pressure was 305 psia and the brmetemperatnre was 190°F.. Results from
v the analysis of this sample by Southem,Petroleum Laboratories,; Inc,, V(_SPL‘) are given in v |
Exhibits7-1. . . BETa
‘The very low content of butanes and pentanes is consistent with results from the analysis of
the high-pressure sample collected after the first cleanup flow in February 1989.
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Exhibif 5.7-1. ANALYSIS OF GAS SAMPLES TAKEN ON 12/11/89

Component mol %
Nitrogen 0.13
Carbon Dioxide 17.90
Methane 79.76
Ethane 1.98
Propane 0.18
iso-butane 0.01
n-butane 0.01
iso-pentane Nil
n-Pentane Nil
Hexanes Nil
Heptanes+ 0.03
Specific Gravity 0.741
Heating Value,

Btu/SCF (Dry) 869

6.0. DECEMBER 1989 4-1/2 DAY FLOW TEST
OF THE 20,602 TO 20,690-FOOT INTERVAL
For this test the well was produced for 4-1/2 days with bottomhole pressure measurement
and then shut in for recording of buildup data. The pretest plan called for 1/2 day each of
production at rates of 2000 and 4000 STB/d to be followed by 4 dziys at 6000 STB/d. But the
6000 STB/d step was canceled when it was recognized that it would have resulted in scale
formation in the well tubing. The well was flowed for 1/2 day at 2000 STB/d and was then flowed
at just under 4000 STB/d for 4 days.

6.1. Bottomhole Pressures

The wireline Panex sensor was placed in the lubricator the morning of December 17, 1989.
After pressure-testing the lubricator assembly, the well was opened up. The Panex gauge was
lowered into the wellhead, where it read 7464 psia. The IGT wellhead pressure Panex read
7467 psia and the IGT deadweight tester measured 7472 psia. These were all in excellent
agreement. The Panex gauge was run to a maximum depth of 20,600 feet and then pulled back to
20,525 feet. This was to move the bottom of the sinker bars (42 feet below the sensor) to above
the shallowest perforation (20,602 feet). Bottom was not tagged. These depths are relative to an
RKB of 26 feet above the tubing hanger (29 feet above ground level and 32 feet above mean sea
level). The stabilized bottomhole pressure and temperature were 17,157 psia and 336.4°F,
respectively. Using the gradients of 0.48 psi/ft and 1.5°F/100 ft, equivalent values at 20,600 feet
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are 17,193 psia and 337.5°F. In contrast, measured values at 20,600 feet were 17,308 psia and
337.9°F before producing 1000 barrels to tanks on November 21, 1989, and 17,283 psia and
338.2°F before the start of production on December 6, 1989.

The recorded bottomhole pressure for the draw-down and buildup test is shown in
Exhibit 6.1-1. The lowest bottomhole pressure achieved during thxs flow test was 14,450 p51a at
20,525 feet RKB (14,486 psia at a 20,600-foot depth).

6.2. Production Well Performance

After flowing the diesel from the well, the shut-in wellhead pressure leveled out at 7286 psia
and bottomhole pressure leveled out at 17,161 psia (17,197 psia adjusted to 20,600 feet). These
surface and bottomhole values are less than after flowing out the diesel on December 6 by 46 and
82 psi, respectively.

Exhibit 6.2.1 summarizes the daily brine and gas producuon for the 6 days during which the
well flowed. Production data are from midnight to midnight. Exhibits 6.2-2 through 6.2-5 show
the pressures, flow rates, and other data obtained during the test.

The gas production tabulated above is flared gas and a calculated estimate of the amount of
gas remaining in solution in the brine leaving the separator.

The first planned rate of 2000 STB/d was achieved with a choke opening of 11/
next moming, the rate leveled out a little below 4000 STB/d after increasing the choke opening to
16.5/64". The large instantaneous pressure changes that occurred when choke settings were -
changed suggest poor flow efficiency of the perforations. But the absence of differential-pressure
buildup across the filters indicated little continuing cleanup of perforations. The ramp in wellhead
pressure between 3 and 6 hours after shut-in on December 22 (Exhibits 6.1-1 and 6.2-2) is due to
the pumping of 10 barrels of diesel into the wellhead to displace the brine down 1500 feet to avoid
hydrate formation. ‘

Oddo and Tomson developed a saturation index to predict when scale would form in oil field
brines, and easy-to-use nomographs for the effects of changes in individual parameters that control
scalmg have been published. 6 The only scale-related parameters whose values change between the
reservoir and the wellhead are temperature and pressure.

| After 11 hours at a flow rate of 4000 STB/d, the wellhead pressure was 4640 psm and the
wellhead temperature. was climbing through 244°F For these values, the change in the component
of the saturatlon mdex due to pressure is +1.5. and the change in the component due to temperature
is -1.1 for a sum of +0.4 for ASL Experience has shown that calcite does not form in scale-free
piping at ASI values below 1.0. The 0.4 value was well below this level and there was no danger
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Exhibit 6.2-1.' SUMMARY OF BRINE AND GAS PRODUCTION
FOR DECEMBER 1989 FLOW TEST

. Brine, Gas
_ Date = _SIB m&eﬁ
Dec. 17,1989 449 13.5
Dec. 18,1989 3340 102.6
Dec. 19, 1989 - 3824 116.3
Dec. 20, 1989 3787 114.2
Dec. 21, 1989 3760 106.5
Dec. 22, 1989 607 18.2

of scale formation in the tubing. On the other hand, if the brine rate had been increased to

6000 STB/d, wellhead pressure and temperature would have been expected to level out at values of
about 3000 psi and 300°F, rcspectively The resultant value for ASI would have been about +1.2.
'Thls value is into the transition region from nonscaling to scaling. Therefore, the planned rate
~increase to 6000 STB/d was not executed because of an unacceptably high pos51b1hty of scale
formation in the wellhead.

1 Well Performan | |

Output of| r the disposal well tubing-pressure transmitter increased from 15 to 32 psié during

-~ the 12 hours of injecﬁon at about 2000 STB/d. But a half hour after the brine rate was increased to
about 3800 STB/d, the output of the transmitter went through a rmmmum of 22 psia. After an
hour and a half it was back up to 32 psia and increasing steadily. The initial rise and fall is not
understood. But the lack of sudden change at the time of the rate increase is strong evidence that
the tubing was in fact on vacuum and the mjectmty of the dxsposal well was substantially above
the value of 8.3 STB/deSI when the prev1ous flow test was temnnatcd the mornmg of December
14 1989. | i :

|

“Thei m_;ecuon pressure at a brine rate of about 3800 STB/d mcreased from 26 to 200 psia over
3 days. This corresponded to the i mjectmty droppmg back to about 9.0 STB/d/psi. The i injection
pressure broke back about 10 psi when oil was manually dumped from the large separator. But
this was caused by a temporary decline in the flow rates while the oil was being dumped The
injeetioh pressure then bullt back up dunng the last night of operation.
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The pressure buildup and subsequent reduced injectivity over time is evidence of formation
plugging. The rate of change was declining toward the end of the 4-day test. The injection pres-
sure had increased 174 psi, from 26 to 200 psia, during the first 3 days of flow at 3800 STB/d.
During the last day of flow the injection pressure increased only about 15 psia. ‘There were
10-micron filters on-line for most of this test, and these fine filters should have protected the
disposal formation from particulates in the brine.

One hypothesis to explain what may be responsible for the reduced injectivity is scale
particles forming in the brine after the filters. The calcite ASI value at a disposal well changes with
pressure and temperature. The ASI value at the disposal wellhead on December 18, early after the
rate increase, was about 2.3. Tomson ¢t al. stated that inhibitors may not work above a ASI of
2.3. The ASI kept decreasing as the injection pressure increased. This was offset to some degree
by the increase in temperature as the well heated up. Nevertheless, the ASI fell below 2.0 toward
the end of this flow test.

An explanation of why the injection pressure increased may be that calcite particles were
forming in the brine at the low pressures. As the injection pressure climbed, the ASI fell and the
rate of formation of calcite particles decreased. At the highest temperature reached by the disposal
brine during this test, 258°F, the ASI due to temperature is -1.0. Assuming that the ASI due to
carbon dioxide removal at the separator is zero, the component of ASI due to pressure would have
to be less than +3.3 for inhibitors to preclude calcite precipitation. The value of 3.3 corresponds to
a pressure of about 150 psia. Below this pressure, scale inhibitors would not be expected to be
effective. It is also noted that some calcite precipitation may have resulted from erratic scale-
inhibitor injection due to mechanical problems with the injection pump.

6.4, Surface Facility Performance

Computer recording of output from both of the brine turbines on the large separator began at
19:30 on December 17, and good agreement between the redundant gas orifice meters was
achieved at 09:00 on December 18. The agreement between gas meter runs was better than 3%

until freezing problems set in during the late evening of December 21. But the difference between
brine turbines increased from 4% on December 18 to more than 8% by midday on December 20.

The turbine equipped with a bypass was removed and a new calibrated turbine kit was
installed in the housing. The brine rate read by that turbine changed by less than 1%. This is
strong evidence that it was providing accurate data. Then, flow through the other turbine was
surged by rapidly switChing block valves. The indicated rate decreased from 4145 to 3900 STB/d
while the rebuilt turbine remained reading 3760 STB/d. This second turbine was reading high.
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Turbine meters will read high when a foreign object, such as a rust flake, gets caught.
upstream of the turbine and causes the fluid to jet past the turbine blades at a higher velocity. The
fact that the indicated rate was still srgmﬁcantly higher than the rebuilt turbine after being surged
indicated that some debris still remained in the turbine. The redundancy of measuring brine rates
provided the information necessaly to determine the true flow rates.

- The large separator was operated throughout most of the 4-1/2 day flow test with the control
air to the oil leg of the separator shut off. IGT discovered after the flow test had ended that the
reason for this was not because the oil box was empty, as was thought during the test, but because
the oil box kept getting flooded with brine and was dumping brine to the oil tank. Operating
without the.oil dump 1) was not intended, 2) caused liquid oil in the large separator to be carried
over with the water to the filter skid and disposal well, and 3) precluded measurement of the
volume of oil leaving the large separator as a liquid.

6.5. Gas/Brine Ratio
Several potentially significant changes in gas/brine ratio (GWR) were observed. First, when

\the brine rate was increased on December 18, both a stepwise increase in gas/brine ratio, from

about 29 to 31 SCF/STB, and a gas splke at bottoms up occurred. . The separator pressure of
415 psia was not changed when the choke opemng was increased from 11/64" to 16.5/
therefore the calculated concentration of gas remaining in brine from the separator did not change
Thus, the stepwise increase of about 1 or 2 SCF/STB appears to be caused only by the increased
reservoir drawdown. Also, the spike in gas/brine ratio at bottoms up may well indicate a small
free-gas accumulation in the reservoir rock pores outside the perforations. Both of these
observations suggest that the reservoir brine is fully saturated with natural gas. In contrast, at both
Gladys McCall and Pleasant Bayou, the bubble-poipt pressure was initially thousands of psi below
the original reservoir pressure. e |

. The second potentially significant change in gas/brine ratio was the modest monotonic -
increase of about 1 SCF/STB between changes in operating ¢ conditions. Small, but real and .
consistent, changes in tubing pressure, brine rate, and gas rate were observed. The drop in GWR

- at the rmdmght between December 19 and 20 was caused by an increase of separator pressure from

41510483 ps1a in order to drive the increasing dxsposal well pressure. . The spike at 02:15 on
December 21 appears to be caused by changmg reservoir conditions (perhaps a gas bubble from
the openmg of an additional perforatlon) The rate changes were seen by both of the redundant
gas- and brme-rate meters ‘With the exceptlon of GWR drops at these two times, which tended to
level out the overall average GWR, the GWR tended 0 mcrease gradually under steady flow

" conditions.
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iqui n

The amount of liquid hydrocarbons that condensed from the gas stream leaving the large
separator was large enough for proper operation of the oil leg of the small separator. During
December 20, samples from the oil bucket in the separator contained both water and a straw
yellow-colored condensate. That night, normal dumps had resulted in only the yellow condensate
being present in the oil bucket. The API gravity was 40°. No accurate measurement was made,
but the rate of condensate recovery by the small separator was estimated to be about 5 gallons per
day.

At the brine rate of about 3800 STB/d, this value gives a rough estimate of condensate
recovery of about 30 ppmv (parts per million by volume) in relation to brine production and 1 bar-
rel per million standard cubic feet of gas production. This is about an order of magnitude greater
than the amount that condenses due to cooling of the gas leaving the separators at Pleasant Bayou.

ale an Trosion

Injection of scale inhibitor and corrosion inhibitor began during the first few hours of
production at 2000 STB/d. Both inhibitors were supplied by Coastal Fluid Technologies, Inc., of
Abbeville, Louisiana. The corrosion inhibitor, Coastal 1036-C, is an alcohol-soluble proprietary
blend that contains a quaternary alkyl amine roughly 40% by weight. It was injected at a rate of
about 9 to 10 quarts/day into the choke manifold upstream of the choke. This provided a
concentration in the range of 15 to 30 ppmv in the brine. The scale inhibitor, Coastal 1035-SN, is
a proprietary blend that contains 240 g/L of ATMP (phosphonate). It was injected at a rate of 2 to
4 quarts/day at a point in the flow line upstream of the choke where the produced brine turned the
corner in going from the wellhead to the choke manifold. Phosphonate concentration in the
produced brine varied in the range of 0.5 to 3.0 mg/L.. There was difficulty in keeping the
injection pumps functioning properly, and the injection rates were less uniform than desired.

C-1018 corrosion coupons and Petrolite M-6010 corrosion-rate-monitoring probes were
installed both upstream and downstream of the separator. The output of corrosion rate from the
Petrolite system is digitized, recorded on the digital data system, and is attached on then same plot
as the brine rate. In contrast to the level of about 20 mils per year after an initial higher peak for the
36-hour flow without inhibitor, with inhibitor being injected, the upstream probe showed a
corrosion rate that declined to only about 3 mils per year for the last 3 days of the 4-1/2 day test.

New corrosion and scale coupons were installed, and new probes were installed in the
Petrolite electronic corrosion monitor on the December 17, just prior to the beginning of the flow.
These coupons were not removed on the December 22, when the well was shut in, but remained in
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the lines until January 2. The flow line between the choke manifold and the large separator was
opened for inspection on December 26, which exposed the upstream corrosion coupons to
atmospheric conditions between December 26 and January 2. Nevertheless, corrosion rates are
very low. “The analyses reported by Coastal Fluids Technologies are presented in Exhibit 6.7-1.

 Exhibit 6.7-1. ANALYSIS OF CORROSION COUPONS AFTER 4-DAY FLOW TEST

ns __Downstream n
Corrosion Rate, mils/yr 1.1 | 0.3
‘mggslts, g/sq i‘n.[x[ T
Hydrocarbons 0.68 _ 0.06
Water-Soluble Salts - 020 ' 0.02
Iron Compounds =~ . = - 055 0.37
Acid-Soluble . 055 - 0.01

6 8 F1lters

.One filter pot equlpped with 10-micron filter elements was put on-line at the beginning of the
flow on December 17. A second pot with 10-micron elements was’ put on-line when the flow rate
was raised from 2000 to 4000 STB/d on the December 18. The filter differential pressure was
increasing in a manner that suggested solids loading. The first filter was then taken out of service
~ and a third filter pot, with 50-micron elements, was put in service in its place. The 10-micron filter
elements were removed from the first filter and found to be black and loaded with a material that
resembled drilling mud. New 10-micron elements were placed in the first filter and it was put back
on-line. The 50-micron filter was then taken off-line. When the pressure drop across the newly
replaced filter was too low, it was taken back out of service and opened for inspection. A chunk of
old scale (about an inch across) was found lodged under the end of the filter element such that fluid
could bypass the filter ThlS problem was found and ﬁxed in a few hours.

“The filter differential pressure kept climbing rapidly. On the December 19, the differential
pressure across the filter pots had increased to about 14 psi, so both of the filter pots contammg
lO-rmcron ﬁlter elements were removed from semce and replaced w1th pots contalmng 50-micron
Velements The 10-mrcron elements removed were loaded ‘The 50 rmcron elements did not exhibit
a pressure increase such as would be caused by ﬁlter loadmg The sohds that were being caught
by 10-rmcron ﬁlters apparently passed through the 50-mlcron filters

“As drscussed in Section 6.3, the pressure and. ternperature conditions at the filter skid and
dlsposal well were such that the saturation index was in excess of 2.0. It was suspected that scale
may have been forming, causing both the filter loading and the disposal well pressure increase.
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Calculations further indicated that the scaling conditions would abate as the disposal well pressure
climbed above 300 psi. Therefore the 50-micron filters were left on and the disposal well pressure
was allowed to rise. The injection pressure kept rising through the test, although the rate of
increase declined as the pressure climbed. The disposal well pressure never reached 300 psia
during this 4-day flow. Definitive data do not exist on whether calcite was actually the primary
source of disposal well plugging. | |

6.9, Discussion of Onsite Sampling and Analysis

Gas, brine, and condensate samples were collected on December 20, 1989, for analysis by
IGT and the University of Texas Bureau of Economic Geology (BEG). The results of these
analyses are presented in Sections 9.2, 9.5, and 9.6.

Results from the onsite analysis of a brine sample collected the afternoon of December 20 are
given in Exhibit 6.9-1. The sulfate concentration in the brine is about 50% higher than measured
for samples from the lower 20 feet of sand on December 6 and 7. The iron concentration was
lower than the 280 to 320 mg/L found in the brine on December 6 and 7. Large reductions in the
iron concentration is typical of what is usually observed as corrosion scale develops on newly
installed tubulars. The alkalinity value was also significantly lower than the range of 456 to
380 mg/L observed on December 6 and 7, raising the possibility that scale may be forming.

Exhibit 6.9-1. ONSITE ANALYSIS OF BRINE SAMPLE ON 12/20/89

Component ncentration in Brine, m
Tron ' 255
Sulfate 46
Alkalinity, as CaCO3 325

7.0. RESERVOIR ENGINEERING ANALYSIS
OF THE 20,602 TO 20,690-FOOT INTERVAL

7.1. Pretest Estimated Flow Rates and Pressures

A preliminary estimate of the expected flow capacity of the well was made from the initial
flow data from the cleanup flow on February 8 and 9, 1989. IGT performed this analysis with the
aid of a simplified numerical simulator that IGT developed (Aquaflo). This simulator assumes
single-phase radial flow in the reservoir. It includes pressure drop through the perforations and
production tubing friction. The calculations were based on predicted reservoir prbperties and the
current well completion without regard to maximum rates to prevent scale and corrosion. The
analysis procedure and projection were as follows:
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1.  The static bottomhole pressure was estimated by adding the hydrostatic pressure to the
wellhead pressure. Using a brine density of 68.8 Ibs/cu ft gives a hydrostatic pressure of
9555 psi.- Adding this to the approximate wellhead pressure of 7245 psi gave a bottomhole
pressure of 16,800 psi. Subsequent measurements found this value to be low by just under
500 psi. '

2.  After the drilling mud was unloaded, the well produced about 400 barrels to a tank in about
2 hours. A flow rate of 4800 STB/d was therefore used for the analysis. As seen in
Exhibit 2.0-1, the flowing pressure decreased from about 4300 to about 4000 psi during the
flow period from 21:00 to 23:00 hours.

3. The flowing pressure drop up the tubing was calculated by the simulator, assuming normal
surface roughness for new pipe. This is shown in Exhibit 7.1-1. Also shown in this exhibit
is a similar calculation done by S-Cubed.” The agreement between the IGT calculated
friction pressure drop and the S-Cubed pressure drop is very good.

4. Because pressure drops due to flow through the perforations and the reservoir rock are both
unknowns, the numerical simulator was run for a series of cases that trade off the reservoir
permeability with the perforation losses while matching the 4800 STB/d flow rate. (In the
simulator, skin effects and perforation effects are combined into a composite skin factor.)
This curve is shown in Exhibit 7.1-2. For this calculation the reservoir thickness was
assumed to be 80 feet, as estimated from the well logs. Because the perforations cover only
20 feet of the reservoir sand and are limited in size and number, there should be appreciable
skin effect. For a composite skin factor of 10, the calculated reservoir permeability would be
in the range of 15 to 20 md.

5. : The simulator was run at different flow rates to predict the initial flow that might be expected
 for the initial set of perforations in the proposed 90-day trial flow test. The resulting curve is
: shown in Exhibit 7.1-3. This calculation predicts a maximum jnitial flow rate of about
- 9000 STB/d for separator back pressure of about 1000 psi. This maximum rate would then
decline with time, depending on the formation permeability. At 9000 STB/d the flow
“velocity through the 1-13/16 inch valves in the wellhead is about 33 ft/s, a high value in the
- context of probable erosion/corrosion. .

6. - To estimate the production from the 20,602 to 20,690-foot zone if the entire zone were
- perforated, the simulator was run again using a composite skin factor of zero. The resulting
-flow rate is also shown in Exhibit 7.1-3. At a separator back pressure of 1000 psi the
predicted maximum initial flow rate is 14,000 STB/d. Again, this maximum rate will decline
: with time, depending on the formation permeability. ; Ve

7. . Also shown in Exhibit 7.1-3 is the scoping calculation by S-Cubed. S-Cubed used _
17,850 psi as the initial pressure, rather than 16,800 psi.- The measured reservoir pressure
* was just over 500 psi below this estimate. There is a reasonable match between this analysis
and that of S-Cubed. e S .

8. These studies estimated maximum potential rates. To achieve the maximum rates, the
wellhead will need to be replaced by one with larger valves. .
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Exhibit 7.1-3, PRETEST ESTIMATED FLOWING WELLHEAD PRESSURE
" FOR A GIVEN FLOW RATE

2. S- Analysis of the 20,602 to 20,690-Foot Zone

The draw-down and buildup data from the 36-hour and 4-1/2 day December flow tests were
immediately transmitted to S-Cubed for a reservoir engineering analysis. Preliminary interpreta-
tion, based mostly on the bulldup data, is given in Exhibit 7.2-1. The pressure drop across the
skin was roughly 1500 psi, or more than half the drawdown at the flow rate of 2400 STB/d used
for the test from December 6 to 8. This high skin for the first 20 feet of perforations may well be
caused by very low perfdration efficiency for the small charges that had to be used because only a
small perforating gun would pass through the 2-1/4 inch inside diameter of the seal assembly. The
gun used for the additional 60 feet of perforations before the 4-1/2 day test was even smaller

- because it had to pass through the 1 13/16 mch msxdc dxamctcr of the welthead.

Exhlblt 7.2- 1 S-CUBED PRELIMINARY ANALYSIS
. OFTHE 20 602 TO 20, 690—FOOT ZONE

3§ ﬂgur Test 4-1[2 Dgy Tesg

| Tramsmissivity,md-ft 1100 1450

~~" " Permeability, md (h= 78 ft) 15 20
-+ SkinFactor - - . 16 11
DlSQﬂCC to Fault, ft 100-130 105-125
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ngin i h r
On January 2 the Milton Cooke Company made a trip in and out of the hole with the Panex
bottomhole pressure gauge to obtain a final pressure point for the pressure-buildup test that started
at the end of the flow period on December 22. With the Cooke gauge in the lubricator and the
sensor positioned at the tubing hanger, a calibration cross-check of the gauges was performed and
is shown in Exhibit 7.3-1.

Exhibit 7.3-1. 1/2/90 PRESSURE GAUGE CALIBRATION CROSS-CHECK

Instrument _Dsia
Cooke PANEX 7471
IGT PANEX 7479
Dead Weight Tester 7482

The bottomhole gauge was then lowered to a depth of 20,525 feet, where a stabilized
pressure of 17,090 psia was measured. Using a gradient of 0.48 psi/ft, the pressure at 20,600 feet
was calculated to be 17,126 psia. This compares to similar pressure measurements made before
flowing to tanks on November 21, 1989, and at the start of production on December 6, 1989, as
shown in Exhibit 7.3-2.

Exhibit 7.3-2. COMPARISON OF BOTTOMHOLE PRESSURES

Bottomhole Pressure
‘Date Prior to Flow a1 20,600 ft. psia
11/21/89 17,308
12/06/89 17,283
01/02/90 17,126

The continued decrease of bottomhole pressure observed in Exhibit 7.3-2 suggests that the
20,602 to 20,690-foot zone in the reservoir is of rather limited size.

8.0. JANUARY 1990 FLOW TEST OF THE
20,220 TO 20,260-FOOT INTERVAL

In January 1990, primary program empbhasis shifted to determining whether there was free
gas at the top of the massive sand of interest. The interval from 20,220 to 20,260 feet in the upper
portion of the sand was perforated and flow-tested. The previously perforated zone 400 feet
deeper, from 20,602 to 20,690 feet, was not isolated. The pfoduction from the lower perforated
zone was commingled with production from the upper zone during the January 1990 flow tests.
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The strong ‘management interest in whether hydrocarbon production was in excess of
solubility in reservoir brine resulted in a number of directed changes in operating conditions and
data collection. In addition, temperatures in the freezing or hydrate-forming range for gas piping
and metering along with peﬁodie' production of rust flakes to the turbine meters caused

complications in definitive rate measurements. Nevertheless, the data was good enough to show
conclusively that the quantity of free-gas production, if any, was a trivial addition to the solution

gas.

Plots of the pressures and rates for the January 1990 production are shown in Exhibits 8.0-1
through 8.0-10. A summary of the test activities follows and details are then presented under

- subheadings.

" January 3:
" January 4:

January 3:

January 6:

Perforated the depth interval from 20,220 to 20,260 feet.

08:00 -- The diesel at the top of the wellbore was flowed through the separator to a
tank in about a half hour. After a total of about 155 barrels had been produced to the
oil tank and disposal well, the choke began plugging with solids from the new
perforations. The separator was then bypassed and liquid was produced directly to a
tank.

08:30 -- About 700 barrels were produCed to tanks in an effort to clean up the new
perforations. Maximum flow rate was estimated to be 11,000 barrels per day, and the
last two well volumes were produced at a rate of about 8000 barrels per day.

15:40 -- Production was shut in for 3 hours for cleaning of debris from the brine
turbines and repairing a gas leak near the inlet to the small separator.

18:30 -- Resumed production. After an hour at 4800 STB/d, the choke opening was
reduced to level out at a brine rate of about 3200 STB/d.

Steady productxon at a brine rate of about 3200 STB/d and with high-quality data.
The gas/brine ratio increased from about 28 SCF/STB the evening of the January 4 to
about 32 SCF/STB the night of the January 5.

10:(C 00 -- The separator pressure. had to be increased from 265 to 320 psia because of
increasing disposal well i m_yecnon pressure.

03:40 -- Separator pressure was increased from 320 to 400 psia because of buildup of

rthe disposal well injection pressure.:

Collected data to define hydrocarbon loss to the disposal well involved varied
operatmg conditions as set forth below

‘ 11 30 -= Increased separator pressure from 405 to 735 psra

15 05 -- Increased brme rate from about 3200 to about 5000 STB/d.
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January 7:

January 8:

January 9:

January 10:

January 11:

FINAL REPORT JANUARY 1992

18:00 -- Decreased brine rate from about 5000 to about 2300 STB/d and separator
pressure from 735 to 295 psia.

Evaluated brine spillover to the oil leg of the large separator.
14:00 -- Increased brine rate from about 2300 to about 3500 STB/d.

14:30 -- The production well was shut in so the the primary separator could be opened
for interior inspection of the oil and brine weirs.

07:30 -- Resumed production.

10:40 -- Produced again after shutting down for an hour to clean the brine turbine
meters. Varied rate to determine the maximum possible without brine flow over the oil
weir. This was found to be about 2000 STB/d, and the gas/brine ratio was
anomalously low.

08:00 -- Cleaned turbine meter twice in 2 hours and performed other checks that
indicated the low gas/brine ratio being measured was erroneous because of gas carry-
over in brine to the disposal well when the brine level was low enough for the brine
weir to prevent brine carry-over to the oil outlet from the separator. -

Testing was terminated by shutting in the well at 05:00. More than a day of operation
without brine carry-over to the oil outlet had not resulted in accumulation of enough
condensate to be measurable.

Exhibit 8.0-11 tabulates the daily productions of brine and gas.

. Exhibit 8.0-11. SUMMARY OF BRINE AND GAS PRODUCTION
~ FOR JANUARY 1990 FLOW TEST

Brine, , Gas,
Date STB 1000 SCF

Jan. 4, 1990 2558 74.2
Jan. 5, 1990 : 3204 98.6
Jan. 6, 1990 3191 101.4
Jan. 7, 1990 2946 92.0
Jan. §, 1990 2256 67.7
Jan. 9, 1990 1115 33.2
Jan. 10, 1990 1958 \ 60.7
Jan. 11, 1990 398 12.3

The gas production tabulated above consists of flared gas and a calculated estimate of the

amount of gas remaining in solution in brine leaving the separator.

I-N §
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he 20.220 to 20,260-Foot Interval

On January 3 the interval between 20,220 and 20,260 feet in the uppermost part of the
600-foot zone of interest was perforated with two Schlumburger perforating guns. Four shots per
foot were fired using 3.2-gram Hyperdome charges of HMX explosive with zero degree phasing.
~ The guns were decentralized with magnets.

When the first gun was fired, there was a step change in the static wellhead pressure of about
20 psi, which was a good indication that communication with the formation had been achieved.
When the second gun was fired, there was also a similar step change in pressure of another 20 psi.
This second step in pressure raised the speculation that these new perforations might be producing
fluid that was in crossflow with the lower perforations. The observed changes in the wellhead
pressure could be caused by the relative efficiency of the upper sets of perforations to produce fluid
and the lower set of perforations to accept fluid. A large quantity of drilling mud-like material,
such as was produced to the surface during the perforation cleanup flow of the December 1989,
might quickly plug off the lower zone and minimize crossflow. Both intervals, however, would
be expected to contribute to production. '
8.2, Production Well Performance

Production was initiated by ﬁrst flowmg the d1ese1 on the top of the ﬂurd column to a tank
and then flowing to the disposal well when clean brine was bemg produced. The well was surged
at a flow rate of about 11,000 STB/d for a few minutes to help clean the perforations by opening
the choke to 32/64". At bottoms up, debris from the new perforatlons began flowing into the
separator, so flow was switched to the tanks. The debris produced to the tanks consisted of solids
and black ol that appeared to be old drilling mud. About 700 barrels of brine were produced to
tanks in an attempt to remove most of the debris that might have come from the prevxous perfora-
tlons in addition to the new perforatlons ‘ o "

Followrng the cleanup ﬂow, the choke was brxeﬂy adJusted between 6/64" and 16/64" to
| determme ﬂow rates versus choke settmgs and then set at 12/ "fora steady ﬂow of about
o 3200 STB/. At tlns stablhzed brme flow rate, gas was bemg produced ata rate of about

| '80 000 SCF/d for a gas/brine ratio of 28 to 29 SCF/STB.

. About rmdmght on January 4 there was a brief burst of gas followed by a contmued increase
in gas productlon Thrs resulted ina change of the gas/b"me ratio from the prevxous 28- 29 10 30-
'31 SCF/STB wrth the hlgher value being reached the evemng of January 5. After January Sthe
data became 0o erroneous for careful examination in the context of gas/bnne ratio.

. 69

N S T I T UTE 0 .F - G A S TECHNOLOGY




FLOW TESTS OF THE WILLIS HULIN WELL FINAL REPORT JANUARY 1992

The additional perforations at the top of the sand (20,020 to 20,060 feet) significantly
increased the productivity of the well. With only the bottom zone open, the productivity was about
1 STB/d/psi of drawdown. The additional perforations raised the productivity to about 3 STB/d/
psi of drawdown. At a flow rate of 2000 STB/d, the new pressure drawdown is about 1000 psi
less than before the additional perforations, and at 4000 STB/d the drawdown was about 2000 psi
less. The increased wellhead pressures combined with the low flow rates kept the scale formation
saturation index below 1.0 and precluded scale formation in the wellbore and wellhead.

1 Well Performan

When operations were resumed on January 2 there was approximately 44 psi of pressure on
the disposal wellhead remaining from the previous flow test. This pressure was in part the result
of the gas trapped in the well on top of the brine, depressing the brine below its static level. The
pressure was bled off and the next day a measurement was made to determine the depth to the top
of the brine by injecting a known volume of nitrogen. This inexpensive method, using materials
already at hand, was used after permission to run a wireline to measure the fluid level was not
granted. Using the measured pressure change and Boyle's law, the static level of the brine was
calculated to be 445 feet. Previous measurements with a different brine in the well had found a
fluid level near 474 feet. The difference between these two measurements is not significant
because of the limited accuracy of the methods employed.

The wellhead pressure in the disposal well increased with production. Accurate measurement
of the pressure was not made on January 4 and 5 because gas was being vented from the instru-
ment tubing as part of the test to determine the amount of free gas going into the disposal well.
This caused the gauges to read low. Near midnight on the January 5, the pressure of 320 psia in
the large separator could no longer drive all of the brine into the disposal well, causing the
separator to flood and send brine over the top through the gas line to the small separator.
Increasing the back pressure in the large separator to 400 psia restored the ability to drive all of the
brine from the separator into the disposal well. Accurate measurement of the disposal wellhead
pressure was restored on the January 6 by changing the disposal well pressure-gauge location to
read the pressure in the flow line ahead of the disposal well where gas was not being bled through
the gauge line.

The maximum injection pressure used during this test was 365 psia. At that pressure, the
injection pressure continued to increase at a constant brine rate. The filter elements used during
this flow test were nominally rated at 50 micron. Whether the plugging was caused by calcite
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particles or other solids passing through the 50-micron filters is not known. Previous flow tests
had shown that 10-micron filters svould accumulatesolids loading whereas 50-micron filters would
not. | |
8.4. Surface Facility Ferformance

Some difficulty was experienced in keeping the brine turbine meters functioning properly.
Chips of rust or other debris from the separator lodged in one or the other turbine meter several
‘times, causing it to read incorrectly. Shortly after start-up, the well had to be shut in to replace an
elbow joint in a gas flow line that sprung a leak. The turbines were again cleaned during this shut-
down. Once the flow had been resumed and the rate stabilized at about 3200 STB/d, the turbine
meters appeared to function properly..

There was some concern about how much gas was going through the separator to the
dlsposal well. Such losses could be a contnbutmg factorto a low measured gas/brine ratio. To
answer this questlon a small orifice "ﬂow-prover meter was connected to the bleed-down line on
the filter pot, and the valve was operated manually to contmually bleed off the gas that would
‘otherwise collect in the top of the filter pot and eventually go through the filter to the disposal well.
This would give a crude measurement, perhaps within a factor of 2 or 3, of the amount of gas
going to the disposal well with the brine. For most of January 5, when the well was flowing
steady at 3200 STB/d, the flow-prover meter measured 4000 SCF/d. This measurement includes
steam and carbon dioxide that also come out of the brine with pressure reduction. -The gas/brine
“ratio is 1.2 SCF/STB. The dilution of the exsolved gas with carbon dioxide as the pressure drops
between the separator and the disposal well is evident from the gas analysis presented in -
Section 9.3. ‘ :

At the time of this flow measurement, the separator pressure was 264 psia and the IGT data
acqulsmon computer program calculated that 3.2 SCF/STB of methane was leaving the separator
- The bleeding gas precluded measurement of the disposal well injection pressure. But it is clear that
- the amount of gas being bled from the filter skid was too small for a significant amount of gas to
“have been leaving the separator in the form of bubbles in the exiting brine. Although the gas-flow
measurement was not very accurate, it did show that no large volumes of gas, which would give a
low gas/brine ratio, were getting past the separator and into the disposal well. e
A sepai‘ator study was performed to measure the quantity of gas remaining in the brine after
the séparéitbr. This test entails collecting gas samples and samples of brine under pressure from the
separator. The brine samples were then flashed to atmospheric pressure and the exsolved gas was
measured and analyzed. These data, presented in Section 9.2.4, agreed reasonably well with the
amount calculated by the algorithm.
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" The control to the oil leg of the largc separator was shut off most of the time because the oil
box continued to be flooded with brine and would dump brine to the tank. Shutting off the oil
dump allowed any produced oil to go out with the brine. It was speculated that solids from the
well had plugged the flow path or that there was a hole in the oil partition that let brine into the oil
box. The decision was made to shut in the well and open the separator for internal inspection.

When the separator was opened on January 8, a significant amount of solids was found
(perhaps 1 to 2 cubic feet), but that was not the problem. The problem was that the heights of the
oil and water weirs in the separator were set to handle a large volume of oil but only a small
volume of water. There was only a 1-1/4 inch difference in elevation in the weirs, and the
adjustable plate on the notch in the water weir was set at its highest point to pass the smallest
amount of water. The relatively high brine rates caused the brine level to stabilize at an elevation
above the top edge of the oil weir rather than below it. Consequently, brine would always flow
over the oil weir into the oil box. The solids in the separator, which looked like old drilling mud,
were flushed out. The adjustment plate over the notch in the water weir gate was removed to get

‘the maximum brine flow capacity. The weir was 20 inches wide and the notch was 3 inches deep
and 4 inches wide.

- The well had been shut in to inspect the separator by closing the block valve on the choke
manifold without changing the choke setting. To resume flow on January 9, the block valve was
opened and the choke was left at the same setting. Within a few minutes, while Lafayette Well
Testing operators were adjusting the level controllers, the brine level and separator pressure rapidly
rose and a safety relief Valve'opencd. The choke was immediately turned to zero, but this did not
stop the flow. It was necessary to reclose the block valves to stop the flow. Inspection of the
choke found the stem and seat to be severely eroded. The threads and seat on the outside of the
choke stem were also cut. The flow was resumed through a second choke on the manifold.

On January 9, flow was resumed with the oil box in the separator initially empty. The choke
was opened in steps of 4/64", 8/64", 10/64", and 12/64" to experimentally find the maximum flow
rate the separator could handle before brine overflowed into the oil box. This overflow began
when the choke was changed from 10/64" to 12/64" and the flow was between about 2100 and
2600 STB/d.

At the 8/64" setting, both turbine meters began to malfunction. First, the turbine that could
be bypassed was removed and cleaned. Coin-sized flakes of rust were lodged in it. When it was
returned to service, there was a very large discrepancy between it and the other turbine meter
(which could not be bypassed). The well was shut in to clean this turbine. Coin-sized flakes of
rust were also found lodged in this second turbine meter. During the next few hours, when the
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choke was at 10/64" and 12/64", the turbine meters would occasionally begin reading high,
presumably from more flakes of rust again lodging in them. Pounding on the turbines with a
hammer usually caused them to return to lower readings, presumably dislodging whatever was
caught in them and causing them to read high. However, whether all debris was cleaned out of the
turbines with these hammer strikes could not be determined. The accuracy of brine-rate
measurements is questlonable

Once it was determined that rates much over 2000 STB/d would cause brine to spxll into the
oil box, the choke was set first at 10/64" (approximately 2500 STB/d) for 3 hours, but this was too
close to the limit and some brine would occasionally spill into the oil box. The choke was then set
at 9/64" at 7:00 p.m. on January 9 and left at that setting for the remainder of the flow test.

Discussions between Lafayette Well Testing personnel and representatives of the
manufacturer of the separator concluded that the entire water weir needed to be lowered. The 3 X
4-inch notch in the weir was not adequate to handle the high brine rates we had planned. To make
this change, the well would need to be shut in and the vessel opened up again. At the same time
(January 10) an EOC management decision was made to terminate the flow test immediately.
Thus, no modification was made. Rather, the flow was held constant in order to trap any oil that
might be produced froim the well. '

These field conclusions are reasonably consistent with calculations of flow through a
rectangular weir that were performed at the time of writing this report. For a head of 3 inches,
water flow through a 4-inch-wide opening is calculated to be 1650 barrels per day. '

as/Brine Rati ’

Immediately after well cleanup on January 4, when the flow was chan ged from the tanks to
the separator and the flow was about 4000 STB/d, the gas/brine ratio measured between 27 and -
31 SCF/STB. After the measured gas/brine ratio jumped to between 33 and 37 SCF/STB a few
hours later without aeorresponding increase in the wellhead pressure, the turbine meters became
suspect.. The well was shut in for work on the turbine meters. ,When flow was resumed, first at a
rate of 4800 STB/d for an hour and then to a rate of 3200 STB/d for stabilized flow, the measured
gas/brine ratio was again back in the range of 27 and 29 SCF/STB. .In about 2 hours, or the time
for bottoms upin the well, there was a burst of gas and an increase in the gas/brme ratio to be-
tween 31 and 32 SCF/STB The gas/brme ratlo then mcreased monotomcally up to between 32
and 33 SCF/STB for the next 24 hours. This i mcrease in the gas/bnne ratlo is beheved to be real
and was documented by redundant gas and brine measurements.

The gas/brine ratio exhibited some small dependance on brine flow rate. When the brine
flow rate was steady at 3200 STB/d, the ratio was 31 to 32 SCF/STB. When the rates and
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separator conditions were varied for chemistry sampling during the separator study on January 6
and 7, the measured gas/brine ratio also varied somewhat. At the 5000 STB/d flow rate, the ratio
went to about 35 SCF/STB. Changing the flow rates back down to 2400 and 3800 STB/d and
separator pressure between 295 and 737 psia resulted in the gas/brine ratio varying between 32 and
33 SCF/STB. These variations may be caused by measurement inaccuracies.

The gas/brine ratio measured after the large separator was put back into service as a three-
phase separator was largely incorrect. By removing the plate that covered the notch in the water
weir gate to allow proper separation of oil and brine, the level controller had to be adjusted to hold
the brine level at a point below the notch. This level was so low in the vessel that it allowed gas
bubbles caught by the brine flowing through the notch to be carried down and out with the brine.
This caused the brine turbines to read high and the gas meter to read low, for the net effect of an
incorrect, low gas/brine measurement.

When the separator was first put back in service at a choke setting of 4/64" (at a rate too low
to accurately measure with the turbine meters), the indicated gas/brine ratio was in the range of 31
to 34 SCF/STB. At this low rate there was apparently little carry-over of gas with the brine. At
larger choke openings and higher flow rates, the indicated ratio became quite erratic but somewhat
related to the brine flow rate. When the choke was set at 10/64" and the flow rate was about
2500 STB/d, the indicated gas/brine ratio was about 23 SCF/STB. When the choke was changed
t0 9/64" and the flow rate was lowered to about 1900 STB/d, the indicated gas/brine ratio increased
to the range of 26 to 28 SCF/STB.

Considerable editing was required to estimate the produced gas/brine ratio after the weir was
"fixed," and the data accuracy is marginal.

igui n Production
A small amount of condensate was collecting in the small separator but was flushed to the
tank when the large separator overflowed during the night of the January 4 and sent brine into the
 gas lines and small separator. During the stabilized flow on January 5, small amounts of

condensate collected in the small separator, but the quantity was in the range of a few gallons and
too small to get a good measurement of it.

During the time that the oil bucket in the large separator continued to be flooded with water,
no oil or condensate was collected from it. Any liquid oil being produced by the well at that time
was carried over to the disposal well with the brine.
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‘For the last day and a half of the test, the large separator was finally operated as a three-phase
separator. During this time no measurable amount of oil was recovered from it. The only liquid in
the oil box was a small amount of water that condensed from steam on the inside walls of the
vessel.

The overall bottom line on oil or condensate recovery is that the amount recovered never
exceeded 5 gallons from the steady-state production of more than 200 barrels of brine. This
corresponds to less than 60 ppm by volume. Because the gas production is about 30 SCF/STB of
brine, the liquid hydrocarbon recovery is less than 2 barrels per million SCF of gas.

In addition to the straw-colored condensate that consistently collected in the low-pressure
separator after condensing from the gas stream leaving the primary separator, cleanup of
perforations was accompanied by up to a few gallons of dark-colored hydrocarbon liquid at the
filter skid. ‘Production of such liquid did not persist. The liquid may well have been placed in the
subsurface by man in conjunction with drilling activity. :

le an ion

The scale- and eoirosion-inhibito: injection pumps required frequent attention. Contributing
factors appear to include the high wellhead pressure and dirt from the supply line.

Injection of Coastal Chemical's 1035-SN scale inhibitor and 1036-C corrosion inhibitor was
continued throughout the flow period. The pump stroke rates were set to pump 2 quarts/day of
scale inhibitor and 10 quarts/day of corrosion inhibitor at the stabilized brine rate of 3200 STB/d.
This was a concentration in the brine of about 4 ppmv of scale inhibitor and 20 ppmv of corrosion
inhibitor. Because the pumps would oceasionally malfunction, the actual amount pumped was less
than the set amounts. - |

New C-1018 corrosion coupons and Petrolite M-6010 corrosion-rate-monitoring probes
were installed in the flow line between the choke and large separator and between the filter and

-~ disposal well just before the initiation of flow on January 4. 'The electronic probe in the line

between the choke and separator failed during the cleanup flow. The high-rate flow to surge the
well apparently bent the three rods in the probe and broke off one of them. Data from the probe
between the filter and dlsposal well were obtained, however, and are shown plotted on the same

- plot with the brine flow rate (Exhlbxt 8.0-3). The corrosion rate shows the charactensue high rate

for the first few minutes, when flow was initiated and the oxygen had not yet been purged from the
system and the corrosion mhxbxtor had not had time to act. After the flow ‘had been stabilized, the

‘corrosion rate rapldly decreased to about 1 mil per year and then decreased slowly throughout the

remainder of the stabilized flow period.
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- A high rate of corrosion was measured on January 6 when the flow rate was raised to about
5000 STB/d for the sampling program. The reason for this was not determined, but it may have
been caused by the velocity of the brine in the pipe or by the inhibitor pump not working properly.
Following the shut-in period to repair the separator, the electronically monitored corrosion rate
showed the characteristic increased rate for early flow time when the oxygen had not yet been
purged from the system and the corrosion inhibitor has not had time to act. After the flow had
been stabilized, the corrosion rate returned to about 1/2 mil per year for the remainder of the test.

The results of the scale and corrosion coupons provided and analyzed by Coastal Fluid
Technologies are given in Exhibit 8.7-1.
Exhibit 8.7-1. ANALYSIS OF CORROSION COUPONS FOR FINAL FLOW TEST

: : Upstream Coupons  Dow m n
Corrosion Rate, mils/yr 4.601 0.349

i in,
Hydrocarbons 0.778 0.375
Water-Soluble Salts 0.251 0.389
Calcium Carbonate 1.569 : 1.508
Iron Compounds 1.681 0.377
Acid-Soluble 0.182 0.000
8.8. Filters

One filter pot (50-micron elements) was on-line during the flow. The filter cartridges were
changed during the shutdown for the separator examination on January 8, although it may not have
been necessary. The differential pressure remained quite constant at less than 10 psi throughout
most of the flow period, indicating that there was little accumulation of solids or other plugging
material. On the evening of January 10, the differential pressure started to rise somewhat, but the
test ended before any further filter changes were needed.

8.9. Gas and Brine Analyses

On January 6 and 7 extensive sampling was done on the gas and brine for varying operating
conditions. Some analyses were done onsite by IGT personnel. Gas samples were sent to
Southern Petroleum Labs for routine gas analysis up through C6 hydrocarbons. Gas and brine
sainples were sent to the IGT laboratories for more extensive analysis. The results of the analyses

are presented in Section 9.
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' '9.0. SAMPLING AND ANALYSIS

Results from the analyses of brine and hydrocarbon samples collected during the series of
flow tests are presented under headings that follow. Each of these in turn has subheadings for the
different types of analyses and the discussion of the results. Details of the methodologies for
sample collection and analysis, including discussion of solids precipitation in brine sample
containers, are in Appendix A.

9.1. Besjglts of Brine Analyses

The results of analyses of brine samples for inorganic species are covered in Section 9.1.1
below. Then results of analyses for radium and for carboxylic acids are covered in Section 9.1.2.
Finally, all of the results from brine analyses are discussed in relation to the reservoir in
Section 9.1.3. ’

1 norgani i

Exhlblt 9.1.1-1 presents the results of laboratory analyses for most inorganic species. The

~ February 9, 1989, sample was collected from between the choke manifold and the tanks during the
initial cleanup of the deepest 20 feet of perforations (20,270 to 20,690 feet). All other samples
were collected at the outlet of the separator. The samples from the separator were cooled by
passing through a water bath prior to flashing to atmospheric pressure and were collected under
carbon dioxide. o o

Certain elements were looked for but have not been seen using our established procedures.
These elements, and the detection limits for each, are -- |

Arsenic, less than0.5mg/L. .. . . Cadmium, less than 0.1 mg/L
Chromium, less than 0.1 mg/L. .~ Copper, less than 0.1 mg/L

Lead, less than 1 mg/L , - Mercury, less than 0.05 mg/L:
Nickel, less than 0.25 mg/L " Tin, less than 0.25 mg/L ‘

Several brine analyses were performed on location because the time needed totransport the

, ',samples to a laboratory nught have senously affected the accuracy of the analyses. Exhibit 9.1.1-2
presents the results of onsite analyses to determine alkahmty and the concentrauons of 1ron, sul-
fate, and sulfide in the brine. ' - S

o Alkahmty measurements made in the field are the only reliable alkalinity measurements
Subsequent tests in the laboratory have concluswely shown that there is poor reproducﬂnhty and
poor stablhty in alkahmty results measured by laboratories on samples that are several days old.
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Exhibit 9.1.1-1. BRINE ANALYSES2

Date 02/09/89 12/06/89 12/06/89 12007189 12/07/39 01/06/90
Time, h 1930 2340 0800 0800

Dilution none none none none 1:1 none
Brine Temp, °F

Total Dissolved

Solids, mg/L 201,600 209,540 206,040 208,140 204,700 200,780
Alkalinity,

mg CaCO3/L 32 126 137 139 - 246
Ammonia - - - 176 177 165
Barium 180 198 125 114 131 24
Boron 67 62.9 62.2 62.6 63.6 65.5
Bromide 3 Nab NA 76.2 75.6 89.1
Calcium 16,830 18,100 18,400 18,400 18,300 16,200
Chloride 115,400 114,400 115,000 116,300 - 114,600
Fluoride 21 NA NA 2.61 298 299
Todide 12 NA NA 14.3 13.9 14.6
Iron 415 219 222 203 203 - 160
Lithium 29 28.0 30.2 278 27.8 30.1
Manganese 56 49.2 50.9 484 48.1 30.0
Magnesium 892 989 995 1,000 992 829
Potassium 420 535 513 570 568 358
Silica, as SiO) 150 126 126 121 125 104
Sodium 52,200 54,400 55,200 56,200 55,200 51,200
Strontium 1,020 1,040 - 1,080 1,090 1,150 1,028
Sulfate - - - S 6.8 2
Zinc 11 9.5 10.0 9.5 9.5 8.0

2 All results in milligrams per liter unless otherwise specified.
b NA = Not analyzed.

Exhibit 9.1.1-2. BRINE ANALYSES PERFORMED ONSITE

Date 12/6/89 - 12/6/89 12/7/89 12/20/89 1/6/90
Time 19:30 23:30 10:00 14:00 09:30
Sep Press, psia 310 309 310 483 406
Sep Temp, °F 139 . 170 189 257 242
Alkalinity,

mg CaCO3/L 456 398 380 325 329
Iron, mg/L 320 280 288 255 213
Sulfate, mg/L. 30 30 34 46 78
Sulfide, mg/L NA NA <0.1 <0.1 NA

4 NA = Not analyzed.

FINAL REPORT JANUARY 1992

01 0

1:1
201,440

164
38

70.6

92.2
16,600

2.78

13.2
176
32.6
322
830
376
134

51,700
1,054
2

8.6

1/6/90
17:00
736
265

326
226
NA2
<0.1

Comparison of the field and laboratory results for iron reveals that the laboratory measure-
ments follow the trend of the field measurements but are on average 25% lower than the field

measurements. We cannot say with certainty which data are more accurate. The field analysis

required a 500 to 1 dilution prior to the analysis, which is difficult to perform accurately in the field
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and may result in an error of a few percent. The laboratory analyses were performed simul-
taneously with numerous other compounds in the ICP, and there is a possrbllrty of substantial
interferences. There was no difference in the measured iron concentrations between neat, diluted,
and acidified samples.

The sulfate concentrations measured in the laboratory are more accurate than those measured
in the field. Sulfate numbers gathered in the field were consistently higher than laboratory values.
The field analysis method used was a modification of the barium sulfate tarbidimetric method. It
was later noted that the very high concentrations of chloride and calcium would probably interfere
with these analyses. When an unreasonably high sulfate concentration, 86 mg/L, was found in-a
January 6, 1990, sample, the brine was diluted 1:1 and reanalyzed. The second analysis revealed
70 mg/L, down significantly from the undiluted sample analysis. It was later determined that a 2:1
dilution would have removed the interferences. The laboratory analyses of these samples found 22
to 32 mg/L of sulfate. ’

12 xvlic Acids and Radium

Concentrations of carboxylic acids in the brine are shown in Exhibit 9.1.2-1. Exhibit 9.1.2-
2 presents the results of radium activity determinatiofis performed by Dr. T. Kraemer of the United
States Geologrcal Survey (USGS).

Exhibit 9.1.2-1. CARBOXYLIC ACIDS IN THE BRINE

As_e_mAmi Bmp_e_c_Ac_d Butyric Acid
2/9/89 45mg. - "'NAa -~ - NA

1/6/90  110mg/L- © . 4mgL 1mglL
2 NA = Not analyzed ' ' ‘

L ) The February 9 1989 sample was not properly collected or preserved for organic acrd
| . analys1s and therefore could only provide a lower limit on the quantity of organic acids in the
’, ";brme The January 6, 1990, sample was collected, preserved, and analyzed following procedures
- that should not result in the loss of organic acids, and these results are believed to be representative
-~ of what was in the produced brine. Thxs quantity, 110 mg/L of acetic acid, 4 mg/L of propionic
acid, and 1 mg/L of butyric acid, compnses more than one-third of the total alkalinity of the
: January 6, 1990, sample

There were srgmﬁcant problems wrth the radmm acuvrty measurements Precrprtatlon was
occurring while the samples were bemg analyzed, although at concentrations so low that the
samples became only very slightly cloudy after several days. When precipitates form, radium
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Exhif)it 9.1.2-2. RADIUM ACTIVITY IN THE BRINE, MINIMUM VALUES2

, Radium 226 Radium 228 -
12/20/89 313 dpm/L 528 dpm/L
1/7/90 891 dpm/L 707 dpm/L

2 Values reported are low because of precipitation in the laboratory as well
as probable precipitation in the reservoir and the production facilities.

accompanies the precipitate and a low reading is the result. Activity levels were observed to
decline while samples were in the process of being analyzed. Previous correlations developed by
Dr. Kraemer for these geopressured-geothermal wells suggest, based on salinity, that the

radium 226 concentration is expected to be about 2000 dpm/L.4 This is twice the highest
measured value of 891 dpm/L for the January 7 sample.

9.1.3. Discussion of Results of Brine Analyses

The brine contained the highest total dissolved solids concentration (salinity) of any brine
tested in the DOE Geopressured-Geothermal Program. The total dissolved solids averaged
205,000 mg/L.. The calcium concentration, 18,000 mg/L, is also higher than had been previously
encountered. Iron and manganese concentrations, which are affected by corrosion rates, declined
during the test.

There were no significant differences in the brine composition between the cleanout flow and
all the December 1989 samples. Certain anthropogenic elements, such as iron and manganese

from the tubulars, zinc from the pipe dope, and barite from drilling mud, declined with production.

This is expected and is usually observed during flow tests.

There is a significant compositional difference between the December 1989 brine samples
and the January 1990 brine samples. The December 1989 samples came from the the interval from
20,602 to 20,690 feet. The gas and brine produced during January 1990 came from commingled
production from both the 20,602 to 20,690-foot interval and the 20,220 to 20,260-foot interval.
Percent changes in each element are presented in Exhibit 9.1.3-1. Many of the differences are not
statistically significant. But the total dissolved solids and the concentrations of several elements --
barium, calcium, iron, manganese, magnesium, potassium, sodium, and sulfate -- changed more
than could be expected based on random scatter. It appears that the new perforations shot between
20,020 and 20,060 feet contacted a previously isolated reservoir body. The upper zone contained
brine that was less concentrated and contained considerably less calcium than the lower zone.
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Exhxblt 9.1, 3 1. DIFFERENCES BETWEEN DECEMBER 1989
-~ AND JANUARY 1990 BRINE ANALYSES

December 1989 January 1990
= ntration, mg/L. -- Difference. %
Total Dissolved Sohds 207,100 201,100 -29
Ammonia : ' 177 165 -6.8
. Barium - 142 32 -71.5
Boron 63 68 7.9
Bromide : 76 91 19.7
- Calcium 18,300 16,400 -10.4
Chloride v 115,200 114,600 -0.5
Fluoride : 2.8 2.9 ' 3.6
TIodide 14 14 0
Iron . S 212 168 -20.8
Lithium , 28 31 -10.7
Manganese .49 31 -36.7
Magnesium 994 - 830 -16.5
Potassium - 546 , - 367 -32.8
Silica, as SiOp 125 134 7.2
Sodium 55,200 51,500 -6.7
Strontium 1090 : 1,040 -4.6
Sulfate . 6 27 350

Zinc 95 , 8.3 -12.6

The alkalinity values are on the low end of the range for geopressured-geothermal wells.
This low alkalinity is d1rectly related to the hxgh calcmm concentration in the produced brine
through the equilibrium of calcium carbonate. The dechmng alkahmty in the brine during the test
suggests scale formation in the wellbore and surface facilities. If the true alkalinity concentration
were 400 mg/L the lower concentrations measured during the tests could be accounted for by the
precipitation of Iess than 1000 pounds of calcite. This is an order of magmtude greater than the
~'amount of solids removed form the surface hardware. Whether precipitation of this quanuty of
: "'calcue upstream of the sample pomt would have been detected is conjectural

' The eoncentranon of 110 ppm of acetlc acid is hlgher than anticipated. Carboxyhc acxds such
as acetic acid and propionic acid begm to decarboxylate between 100° and 130°C. The resultis
carbonate ions and hydrocarbons. Generally, over geologic time this leadsto a system whose
alkahmty is controlled by carbonate species as temperatures exceed 130°C. The bottomhole
temperature of the Hulin well is about 170°C, and about one-third of the fotal alkalinity was caused
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by organic acids. It should be noted, however, that carboxylic acid concentrations are within the
envelope of 4 to 500 ppm for formation waters from the Louisiana Gulf Coast and/or San Joaquin
Basin.>

Results of H n An

The first sample for hydrocarbon analysis was collected from the production wellhead after
the cleanup flow in February 1989. During the production through the surface equipment that was
made operational at the beginning of December 1989, gas samples were collected from four
different sample points and were analyzed at two different laboratories. These sample points were
1) directly from the top of the primary (large) separator vessel, 2) from the meter run immediately
downstream of the secondary (small) separator, 3) from the tops of filter pots or the top of the
wellhead on the disposal well, and 4) catching the gas that flashed from brine samples when the
pressure was reduced to atmospheric. Results from analysis of samples from these sample points
are tabulated by sample point and in chronological order in Appendix B. Many of these same
results are presented below in subheadings that address specific technical considerations. -

2 mposition of H n

An overview of the produced hydrocarbons is provided in Exhibit 9.2.1-1. This table
presents results from chromatographic analysis of gas and liquid samples collected at two different
times. The February 9, 1989, sample was collected from the gas cap that developed at the
wellhead after cleanup flow of about 800 barrels to remove heavy mud from the well. It was
collected at a pressure of about 7300 psi. Gas and a very light oil or condensate were observed
leaking from a seal on the Ruska cylinder the following morning. This leak resulted in the need to
accelerate the analytical process. IGT and Chromaspec (Core Lab) personnel flashed the sample
during the morning of February 10, collecting both gas and condensate fractions. The sample
pressure was over 5000 psig prior to flashing the sample from the Ruska cylinder, indicating that
very little of the sample had been lost. There were about 10 barrels of condensate per million cubic
feet of gas, and the dew-point pressure was estimated to be below 3000 psig. A portion of the gas
~ and a portion of the condensate were sent to IGT. Results of the gas and condensate analyses are
tabulated in the first three data columns of Exhibit 9.2.1-1.

The gas and brine samples collected on December 20, 1989, were from the production
equipment at a time two-thirds of the way through the 4-1/2 day test of the perforated interval
between 20,602 and 20,690 feet. At the time of sampling, gaseous hydrocarbons were being
separated from the brine in the large separator (L. Sep) at a temperature of 257°F and a pressure of
482 psia. After this gas was cooled to a temperature of 50°F, it was separated from the condensed
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Exhibit 9.2.1-1. HYDROCARBON ANALYSES, INCLUDING OIL2

Date of Samples' February 9. 1989 ~ December 20, 1989
~ Brine Sep Pres, psia : e 7300 N 482 -
Laboratory - Core Lab IGT IGT IGT IGT IGT
Helium. , b 0.003 - 0.006 0.008 -
Hydrogen 0.11 0.13 - 0025  0.025 -
Nitrogen 0.33 024 - 0.12 0.12 -
Carbon Dioxide 431 4.12 - 16.9 16.8 -
Methane - 93.09 93.20 - - 803 = 804 -
Ethane 2.04 2.03 - 2.17 2.18 -
Propane 0.11 0.12 - 0.26 0.26 0.06
iso-Butane -~ 0.01 0.008 - 0.03 0.03 0.03
n-Butane _ 0.01 0.007 - 0.03 0.03 0.02
iso-Pentane TrcC 0.003 - 0.01 0.02 0.01 0.05
n-Pentane o Tre .0.001 - 0.01 - 0.01 0.05
neo-Pentane - 0.0001 - <0.001 <0.001 -
Hexanes " Tre 0.002 0.01 - 0.003 0.007 0.23
Heptanes - Tre- 0.002 0.03 0.005 0.007 - .80
Octanes (C8) Trc . 0,002 0.08 0.006 0.006 1.78
Nonanes - - Tre - 0003 0.32 - 0.012 0.003 1.86
Decanes (C10) Trc 0.009 1.88 0.008 0.001 7.32
Undecanes 0.024 8.92 0.011 0.003 15.3
Dodecanes (C12) B 0025 1750 0.015 0.006 21.6
Tridecanes ’ , 0.025 21.24 0.011 0.005 19.0
Tetradecanes (C14) . 0,014 17.07 0.005 0.002 11.4
Pentadecanes S 0013 01240 0.002  0.001 6.94
Hexadecanes C16) 10.006 7.22 0.001 <0.001 3.02
Heptadecanes 0004 448 - <0.001"  <0.001 . 1.37
Octadecanes (C18) i ..0003 - 248 0.001 <0.001 0.55
Nonadecanes . -0.002 1.00 <0.001 <0.001 0.51
Eicosanes (C20) . .- 0001 - 038 - <0.001 <0.001 0.21
Heneicosanes o 0.001 0.15 <0.001 <0.001 0.14
“ ‘Docosanes (C22) - - 0001 0.06 -<0.001 - <0.001 0.09
. Tricosanes+ . . - .- .. .. 0001 0.05 . <0.001 <0.001 . 0.14
““'Benzene . ~-0.013 -0.10 © . 0.015 --0.018 1.24
‘Toluene -~ .° - - - .. . 0004 0.27. - 0019 - . 0010 322
, C2Benzenes I ~ 0.003 ~0.10  <0.001 <0.001 2.7
C3 Benzenes - ' o7 0006 0 081 <0.001 <0.00t .4
* - Naphthalenes -~ - = - 0004 .-.0.06 .. <0.001"::  <0.001- 0.36
C1 Naphthalenes 0.007 1023 . <0001 = <0.001 o+
C2 Naphthalenes 0004 227 °  <0.001 <0.001  + °
C3 Naphthalenes , ‘ . <0001 084 <0 001 <O 001 =+

a Gas analyses are in mole percent. Condensate analyses are in welght percent.
b. =Not detected., |

¢ Trc Trace, or less than 0. 01%

d 4+ = Obscured by large overlappmg alkane pcak
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liquids at a pressure of 107 psia in the small separator (S. Sep). The small sepafator was operating
properly as a three-phase separator and had collected enough condensate for the dump valves to be
operational when the gas and oil (condensate) samples were collected.

The excellent agreement between Core Lab and IGT on the February 1989 sample is gratify-
ing but not surprising. The possibility of differences due to calibration standards or procedures
had been resolved in cooperative work on other projects.

The results from the analysis of the December 1989 samples from the top of the large
separator and the gas meter run just after the small separator clearly indicate that the quantity of
hydrocarbons condensing from the gas stream due to cooling to ambient temperature is too small to
cause a detectable difference in the concentrations of alkane species lighter than octane.

The lack of hydrocarbons in the natural gas liquids range of butane through hexane is a
striking feature of both of the suites of analyses. This is particularly surprising when there are
significant amounts of heavier alkanes and aromatics. The composition of the condensate mirrored
the concentration of heavy hydrocarbons in the gas, peaking at C13 and declining to negligible
quantities above C16.

The unusual nature of this bimodal distribution is apparent when compared to results of
analyses of hydrocarbon samples from other geopressured-geothermal wells that are summarized
in Exhibit 9.2.1-2. The gas produced from the Hulin is leaner than the gas from the other well
tests. Only the Girouard and the Amoco Fee (Sweetlake) gases were close, and these other wells
contained more than twice the propane-plus hydrocarbons of the Hulin gas.

The laboratory personnel who analyzed the liquid hydrocarbon samples offered the
gratuitous observation that the material "looked like diesel oil." This observation, combined with
the small amount of produced butane-through-hexane hydrocarbons, fueled the question of
whether the condensate was from the reservoir or was introduced by man. One step in addressing
this question was to perform a similar analysis of the diesel oil being pumped into the top 1500 feet
of the tubing to prevent hydrate formation when the well was shut in. The composition of two
condensate samples and of the diesel pumped into the well after each shut-in are tabulated in order
of increasing molecular weight in Exhibit 9.2.1-3.

Exhibit 9.2.1-4 shows chromatograms for the December 1989 condensate from the small
separator and the diesel from the tank on location. The three tall peaks on the left side of the
condensate chromatogram are benzene, toluene, and xylenes. These aromatic compounds have a
high solubility in brine and are not relevant to the question of whether the alkanes are from the
reservoir or were introduced by man. The distribution in molecular weight for the alkane
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Exhibit 9.2.1 2. TYPICAL GEOPRESSURED-GEOTHERMAL WELL GAS ANALYSES?

S S - Prairie Crown
Well = A l_{_g_g Gironard Koelemay Saldana Canal Zellerbach
Date =~ , 1/7/90,‘ 7/80 9/80 11/80 2/81 6/81
Pressure, psia : 295 277 260 218 272 283
Gas Temp, °F oo 185 . 189 - 165 . 179 160 110
Brine Temp,’F -~ 221, =~ 215 201 . 216 229 197
Mole Percentof: = R
Heliom = . .~ 001 . 0.01 - -0.01 <0.01 <0.01 0.03
Hydrogen- © 005 - NA NA NA NA NA
Nitrogen f 0.11: .. 0.20 0.27 0.10 | 0.11 0.44
Carbon Dioxide 16700 - 6.00 7.50 17.18 10.06 25.00
Methane: .. 8120 9150 83.87 78.75 86.94 69.10
Ethane = -+ 1.68 . 1.80 4.67 297 2.29 4.03
Propane 0160 029 219 0.66 0.30 0.76
iso-Butane- » 001 : . 0.12 0.38 0.07 0.03 0.10-
n-Butane - - 001 0.08 - 058 - 0.10 0.02 0.10
Pentanes <0.01 = <001  0.24 0.07 <0.01 0.04
Hexanes+ o002 . <0.01 0.25 0.06 <0.01 0.03
Benzene 003 - 001 - 0.02 0.07 0.02 0.18
Toluene = S 001 - <0.01 - 0.02 0.06 0.01 0.18
C2 Benzenes <001 - <001 - <0.01 0.01 <0.01 0.01
Heating Valued 860 970 1040 892 928 815
Gravity (air=1) . . - 0728 0631 0.698 0.766 0.667 0.838

a Analyscs performed at IG’I‘ by mass spcctromeuy or gas chromatography.
b Notrecorded.: -

CNot analyzed. -

d Heating value in Btu/SCF Dry 14.7 psia, 60°F.

Amoco Gladys
Fee Sweezy McCall
8/81 9/82 6/87
236 NRD 1015
-- NR 300
160 NR 294
<0.01 NAC <0.01
0.01 NA <0.01
0.20 0.12 0.28
8.13 1.08 8.47
89.28 95.61 88.04
1.74 1.95 2.41
0.39 0.32 0.52
0.02 0.06 0.08
0.05 0.11 0.07
0.01 NR 0.03
<0.01 NR 0.03
0.10 0.02 0.05
0.07 0.01 0.01
<0.01 <0.01 <0.01
NR NR 960
NR NR 0.660

Pleasant
Bayou

2/90
693
292
271

0.01
0.02
0.52
10.40
84.70
2.88
0.97
0.15
0.14
0.06

" 0.06

0.07
0.04
0.02

951
0.691
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Exhibit 9.2.1-3. ANALYSES OF HULIN LIQUID HYDROCARBONS?2

Sample --> Condensate Condensate Site Diesel
Date --> 2/9/89 12/20/89 12/20/89
Benzene 0.10 1.24 <0.01
C7 0.03 0.80 0.02
Toluene 0.27 3.22 <0.01
C8 0.08 1.78 » 0.12
Ethylbenzene 0.02 0.18 +b

m,p-Xylenes 0.06 1.97 +

o-Xylene 0.02 0.56 +

c9 0.32 1.86 0.38
C3-Benzenes 0.81 + o+

C10 1.88 7.32 1.19
C11 8.92 15.3 2.32
Naphthalene ' 0.06 0.36 +

C12 17.50 21.6 3.69
C13 21.24 19.0 6.23
C1-Naphthalenes 0.23 + +

Cl4 17.07 11.4 9.10
C2-Naphthalenes 2.27 + +

C15 12.40 6.94 12.05
C3-Naphthalenes 0.84 + +

C16 7.22 3.02 113.26
C17 _ 4.48 1.37 13.46
C18 2.48 0.55 10.83
C19 1.00 0.51 8.87
C20 0.38 0.21 . 6.78
C21 0.15 0.14 5.34
C22 o 0.06 0.09 3.56
C23+ 0.05 0.14 2.79

4 Gas analyses are in mole percent. Condensate analyses are in weight percent.

b= Compounds are obscured by large overlapping alkane peaks.

component of the condensate is even narrower than that for the diesel and peaks at 11 to 13
carbons, whereas the diesel peak is for 15 to 16 carbon atoms per molecule. However, this

- difference is not conclusive evidence that the condensate is not a light fraction of diesel introduced
by man. The reason is that the heavier components of the diesel may well have stayed in the large
separator, rather than moving on to the small separator in the form of a gas at the separator
temperature of 257°F.

On the other hand, the February 1989 liquid hydrocarbon sample was condensed from gas
before the pumping of any condensate to prevent hydrates. Furthermore, a check with appropriate
personnel from Eaton Operating Company revealed that no oil was displaced into the formation
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Exhibit 9.2.1-4. CHROMATOGRAMS FOR CONDENSATE AND DIESEL
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during the 1989 workover of the well. An examination of the well records, however, shows that
the original driller had penetrated the producing formation, had gotten stuck, and had subsequently
sidetracked the well from a kick-off point at a depth of 20,174 feet. The original hole had reached
a depth of 21,100 feet. It completely penetrated both the target sand for this project and the sand
that had been completed and produced from the depth interval of 21,059 to 21,094 feet in the
sidetrack hole.

Thus, there is a second hole through the formation, close to the producing well, that was
almost certainly drilled with an oil-based drilling mud. Attempts to free the stuck pipe probably
involved displacing special oil-based drilling fluids to the bottom of the hole to lubricate the pipe.
These events provide both a mechanism and a reasonable scenario whereby small quantities of
diesel could have been displaced into the formation and produced during the February 1989
cleanup flow. :

Debris produced through the separator to the filter skid during cleanup of the second set of
perforations (20,602 to 20,666 feet) included a slug of black oil that had an estimated volume of
gallons but probably less than barrels. This material provides a clear indication of oil that is either
entrapped in a poor cement job on the sidetracked well or from the nearby original hole that
contains drill collars and was never cemented. '

In either case, oil introduced by man is a conceivable source of the hydrocarbons condensed
from the gas sample collected at 7300 psi an hour and a half after the cleanup flow for the
perforations in the depth interval of 20,670 to 20,690 feet. As a result, we are unable to draw a
definitive conclusion on whether the observed condensate would be representative of long-term
hydrocarbon production.

2.2. Composition Ch frer Additional Perforation

Exhibit 9.2.2-1 provides results from analyses of gas samples collected during production
after each of the three increments in perforating. All of the samples were collected from the same
point at the top of the primary (large) separator at times long enough after the start of production
for equilibrium conditions to have been achieved for the entire flow path from the perforations in
the production well to the perforations in the disposal well. On December 6 and 7, the samples
were for flow only through the deepest 20 feet of perforations (20,670 to 20,690 feet). The
December 20 sample was collected about two-thirds of the way through the 4-1/2 day test through
perforations in the depth interval from 20,602 to 20,690 feet. The samples on January 6 and 7 are
for commingled flow through the perforations in the lower part of the sand below 20.602 feet and
the perforations in the upper portion between 20,220 and 20,260 feet.

I'N§S§ T I T UTE o F G A S TECHNOLOGYY

s MM

e 1

o Y

T e BRI

B S

e I L, WO

i Rl T
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* Exhibit 9.2.2-1. LARGE SEPARATOR GAS ANALYSES, IGT?

Date 12/06/89  12/07/89 1220/89  1/6/90 1/6/90 1771900
Time 23:30 08:15 17:40 11:00 14:45 09:15
Pressure, psia 309 310 482 406 735 295
Gas Temp, °F 133 134 221 1208 210 185
Brine Temp, °F 171 190 251 243 265 221
Mole Percent of: ‘
Helium 0.008 0.008 0.006 0.006 0.006 0.005
Hydrogen 0.064 - 0.071 0.025 0.029 0.029 0.047
Nitrogen 0.29 0.15 - 0.12 0.15 0.13 0.11
Carbon Dioxide 17.8 18.2 16.9 159 13.1 16.7
Methane 80.1 79.4 80.3 820  84.6 81.2
" Ethane '1.59 1.65 2.17 1.68 1.78 1.68
Propane - 0.12 0.38 . 0.26 0.17 0.19 0.16
iso-Butane <0.01 <0.01 0.03 0.02 0.02 0.01
n-Butane <0.01 <0.01 0.03 0.02 0.02 0.01
... iso-Pentane - <0.01 <0.01 : 002  0.004 0.004  0.003
n-Pentane <0.01 <0.01 0.01 0.001 0.002 0.001
neo-Pentane - <0.001 - <0.001 = <0.001: <0.001 .<0.001 = <0.001
Hexanes 0001 0001 . 0003 . 0.002 0.003 = 0.001
- Heptanes 0.001 0.003  0.005 0.002 0.003 0.002
Octanes 0.001  0.003 - -0.006 0.001 - 0.002 . :0.001
Nonanes 0.001 - 0.003 0.012 . .0.010 0.002 0.002
Decanes 0.001 - 0.002 0.008 0.001 0.002 0.004
Undecanes 0.002  0.001 0.011 0.004  0.006 0.006
Dodecanes - .0.005  0.002 0015  0.004  0.008 0.005
- Tridecanes ~ ...~ 0.007: - 0.004 - 0.011 ~ 0.002. - "~ 0.003 0.002
Tetradecanes + -0.003  0.003 0.009 . 0.002 0.002 0.001
Benzene 0009 0010 - 0015 0025 0032  0.030
~ Toluene 0.002  0.005. 0.019 0.008 . 0.009 0.012
©C2 Benzenes " <0.001 <0.001 <0.001° <0.001° <0.001 <0.001
 C3 Benzenes - <0.001 -+ <0.001 - - <0.001 -<0.001  <0.001 <0001
Naphthalene - . '<0.001  <0.001 <0.001 . <0.001 <0.001 <0.001

- CI Naphthalenes =~ <0.001 ~ <0.001 ~ <0.001 <0.001 <0.001 <0.001
__C2Naphthalenes +  <0.001 -<0.001  <0.001  <0.001  <0.001  <0.001

.- Heating Value,

_' Btu/SCF . 862 . 864 885 887 . 918 879
 Gravity - | B , - |
~ (air=1.0) = 0.738 0744 - 0.736 0.720  0.695 - - 0.728
NGL, GaVl/ o , ; - S
1000 SCF - 0.484 0. 575 0 758 0. 551 0 590 0.544

2 Analyses performed at IGT using gas chromatography thh TC and FID detectors :
" bDry, 15.025 psia, 60°F.
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Comparison of gas samples from production through the three different perforation config-
urations is complicated by the changes in gas composition due to variations in separator pressure.
Exhibit 9.2.2-2 has been constructed from the data in Exhibit 9.2.2-1 to facilitate the comparison
of the properties of gas produced from deeper than 20,602 feet with those for the gas commingled
with gas through the shallower perforations in the depth interval of 20,220 to 20,260 feet. On the
basis of the much smaller drawdown for a given flow rate, it is estimated that roughly two-thirds
of the commingled flow is from the shallower perforations.

With the exception of NGL content, the plots in Exhibit 9.2.2-2 suggest substantial differ-
ences in properties for the gas from the deep perforations and the commingled flow. The
complication in the plot for NGL content is that the sample collected on December 20 contains
much more ethane than any of the other samples. On the other hand, there is no doubt that the high
ethane content was real. Another sample was simultaneously collected from the low-pressure
separator. The previous side-by-side tabulation of analysis results for these two samples
(Exhibit 9.2.1-1) clearly show identical high ethane content for the samples from both separators.

One intriguing possibility is that the 3 days of steady production though the perforations in
the depth interval below 20,602 feet was beginning to cone in hydrocarbons from an updip gas
cap. Increasing NGL content was a precursor of such behavior on the Keolemay Well of
Opportunity. The observed increasing gas/brine ratio (Section 6.5) further fuels such speculation.

Radon and isotopic analyses of the gas provide another handle on whether there was a
change in composition when the gas from the shallower perforations was commingled with gas
from the bottom of the sand. Results from analyses of gas samples for radon 222, 913C, and dD
were provided in a letter from Dr. Thomas F. Kraemer and are shown in Exhibit 9.2.2-3. The
December 20 sample was from the 20,602 to 20,690-foot interval and the January 7 sample
contained gas from 20,220 to 20,260 feet commingled with gas from the deeper interval. The
radon content of the commingled gas was less than two-thirds that of the gas from the deep zone.

Dr. Kraemer observed that the radon content is fairly typical for gas from geopressured-
geothermal brines. This radon activity is at the low end of the range of radon activity in gas
produced from other geopressured-geothermal tests and is comparable to the radon activity of
conventional natural gas produced throughout the United States. It is considerably higher than the
10 dpm/L average for gas produced from conventional Gulf Coast reservoirs.

The carbon 13 and deuterium analyses had been performed by Dr. George Claypool, of the
USGS, Denver, Colorado. The value reported for the methane d13C isotope ratios is the difference
between the 13C/12C isotope ratios obtained from the sample and from an international standard
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(Pee Dee Belemnite). Values for gas of thermogenic origin usually range from -40 to -55; more
mature gases have more positive values (closer to -40). "The values for biogenic gases usually fall
between -60 and -100. Thus, the value of -42 suggests that the produced methane is thermogenic
in origin and is mature. Values from five other geopressured-geothermal wells have ranged from
-42.4 to -49, with a median value of -43.3. The dD value is reported relative to Vienna Standard
Mean Ocean Water.

n of nal IGT an hern Petroleum PL

In the plan for the test, gas sample collection and analysis was limited to performing detailed
analyses of separator gas samples collected near the end of flow through each set of perforations.
Those analyses were previously discussed in Section 9.2.2.

In practice, questions raised by the prime contractor resulted in a substantial number of
samples being collected for rapid local analysis. The first sample for local analysis was collected
on December 11, after the EOC Site Engineering and Testing Manager observed that "the flare

 looks different.” Initial testing after the production from shallower perforations was commingled
- with that from the lower portion of the sand was accompanied by requests for proof that gas was
not being lost from the bottom of the separator. Use of local laboratory facilities was essential to
obtaining results on the short time scale for management decisions on day-by-day conduct of the
test.

The analyses relevant to comparison of laboratories and adequacy of separator operation are
discussed in this section and the next section of the report. Results from analyzmg additional
‘samples are in Appendix B.

Exhibit 9.2.3-1 is a side-by-side tabulation of these cases where gas samples that should give
the same result were analyzed by both IGT and by the Southern Petroleum Laboratory facility in
Lafayette, Louisiana. The IGT data tabulated is the same as in Exhibit 9.2.2-2 with the exception
that the alkanes above hexane and the aromatics have been added together to provide a single
number for the percentage of heptanes-plus. Although results from both laboratories are similar in
that they show high carbon dioxide and minimal natural gas liquids, the difference in reported
carbon dioxide content is larger than would exist with advanced coordination.

We suspect that the primary reason for differences between laboratories is that SPL was not
asked to heat the sample container to above the gas temperature at the time of sample collection.
Thus, both condensed water and/or condensed hydrocarbons may have remained in the sample
cylinders at SPL.. The condensed water may in turn have entrapped a substantial amount of carbon
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 Exhibit9.2.3-1. GAS SAMPLES ANALYZED BY BOTH IGT AND SPL
Date 1600  1/6/90  1/690  1/6/90  1/77/90 17190

Time 09:30 11:00 14:45 14:45 09:15 09:15
Pressure, psia 405 406 735 735 295 - 295
Gas Temp, °F 208 208 210 210 185 185
Brine Temp, °F 242 243 265 265 221 221
Laboratory ‘ SPL  IGT SPL IGT SPL IGT
Mole Percent of:
Helium S 0.006 0.006 0.005
Hydrogen 0.029 0.029 0.047
Nitrogen 0.15 0.15 0.17 0.13 0.10 0.11
Carbon Dioxide 12.49 15.9 14.19 13.1 16.27 16.7
Methane 85.22 82.0 83.66 84.6 81.66 81.2
Ethane 1.85 1.68 1.75 1.78 1.76 1.68
Propane 0.16 0.17 0.17 0.19 0.16 0.16
iso-Butane 0.01 0.02 0.01 0.02 0.01 0.01
n-Butane 0.02 0.02 0.01 0.02 0.01 0.01
iso-Pentane <0.01 - 0004 <0.01 0.004 <0.01 0.003
n-Pentane <001  0.001 <0.01 0.002  <0.01 0.001
neo-Pentane - ' - <0.001 <0.001 <0.001
Hexanes <0.01 0.002 <0.01 0.003  <0.01 0.001
Heptanes+ 0.10 0.060 .04 -0.070 .03 0.065
Heating Value,
Btu/SCFa 927 887 905 918 884 879

- Gravity ' o

~ (air=1.0) : - 0.691 0.720 0.705 = 0.695 0.724 0.728
NGL, Gal/ - o ‘
1000 SCF -0.608 0.551 - 0.551 0.590 0.546 0.544

2 Dry, 15 025 psia, 60°F.

dioxide. Also, itis poss1b1e that the composition of the standard gas used at SPL differed
substantially from the sample bemg analyzed and that this, in turn, resulted in reduced accuracy for
' sreported results

9.2, 4= Gas 15 vmg the Large Separator With the Brine

Durmg the ﬂow tests, quesuons were raised about whether the separator was allowing a
substantial fraction of the produced gas to leave with the brine and be injected into the disposal
well. The reasons behind this speculatlon apparently included the facts that 1) the gas/bnne ratio
was lower than anumpated by some ofﬁc1als and 2) some gas was found in the dxsposal wellhead
and filter pots - v '

Prevrous work by IGT on other wells had shown that a 30-second resrdence time was more
than sufficient to remove gas from the brine. Prior to January 9, separator residence time was
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much longer for the separator size and brine flow rates in this test. As previously observed, the
low level downstream of the weir for the last 2 days (January 9-11, 1990) was accompanied by
entrapment of gas bubbles in exiting brine. The results presented below are for operation prior to
January 9.

Samples of the brine were collected at the outlet of the separator and were flashed to
atmospheric pressure at four different times and at three separator pressures. These samples had
gas volumes and compositions (high CO?2 and low C3+ hydrocarbon fractions) that were
consistent with our experience on other wells. These brine samples did not contain free-gas
bubbles.

The results of SPL analyses of the gas flashed from brine and of simultaneously collected
samples of gas leaving the primary separator are tabulated in Exhibits 9.2.4-1 through 9.2.4-4.
Results from three of the separator samples were previously compared with results from parallel
analysis by IGT in Exhibit 9.2.3-1. At each of the four times, the results of gas analyses and the
measured gas/brine ratios were used to computationally reconstruct the composition of the total gas
exsolved from the brine. In addition, the amount of carbon dioxide liberated from the brine by
acid treatment at 1 atmosphere is near the bottom of each of the four exhibits. The final entry in
each exhibit is the total gas in the brine, including the carbon dioxide that is in the form of
carbonate or bicarbonate ions.

The gas analysis data clearly show the dependence of carbon dioxide content of gas upon the
pressure at which the gas is separated from the brine. Recall that the wellhead gas sample collected
at a pressure of 7300 psi contained only about 4.2% carbon dioxide. For separator pressures in
the range of 300 to 700 psi, carbon dioxide content of gas in equilibrium with the brine ranges
from 14% to 17%. But gas flashed from brine leaving the separator by reducing pressure to
atmospheric contains more than 40% carbon dioxide.

The quantity of gas remaining in the brine after the separator is dependent primarily on the
separator pressure. The absolute quantity of gas and the high carbon dioxide content of that gas
was consistent with that seen on other geopressured-geothermal wells. The quantity of flashed gas
and total gas leaving the separator with the brine (which includes flashed gas and carbon dioxide
liberated from the brine at atmospheric pressure) versus pressure is shown in Exhibit 9.2.4-5.
This exhibit also includes the values calculated with the computer algorithm used to estimate the
gas content of brine leaving the separator. As on previous well tests, the algorithm calculates a
value for the gas content that is lower than the measured flashed gas. It is a fairly accurate
predictor of the hydrocarbon content of gas remaining in the brine after the separator.2
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Exhibit 9.2.4-1. TOTAL GAS CALCULATION FOR SEPARATOR PRES SURE OF 405 psia?
January 6, 1990, at 09:00 Hours  Flow Rate: 3200 STB/d = Brine Temperature; 242°F

Top of Flashed Gas From

Mole Percent of: Large Separa:orb Separator Brine Total Gas
Nitrogen 0.14 5.14 0.45
Carbon Dioxide 15.90 41.83 17.52
Methane - 81.90 51.78 80.02
Ethane 1.78 1.16 1.74
Propane. 0.15 0.05 0.15
iso-Butane 0.01 Nil 0.01
n-Butane - 0.02 Nil 0.02
iso-Pentane Nil Nil Nil
n-Pentane Nil Nil Nil
Hexanes Nil Nil Nil
Heptanes+ -0.10 0.04 0.10
GWR, SCF/STB 31.21 2.08 33.29

4 Carbon dioxide remaining in brine after flashing to atmospheric pressure = 1.97 SCF/STB,
total gas/brine ratio including all carbon dioxide = 35.26 SCF/STB.

b SPL analysis had 12.49% carbon dioxide, which was inconsistent with all other analyses of
gas collected at similar pressures and temperatures. The carbon dioxide value used, 15.90%,

-was obtained from an IGT analysis of a sample collected 2 hours later. The SPL analysis, with
the new carbon dioxide value, was then renormalized.

Exhibit 9.2.4-2. TOTAL GAS CALCULATION FOR SEPARATOR PRESSURE OF 735 psia®
January 6, 1990, at 14:45 Hours . Flow Rate: 3200STB/d  Brine Temperature: 265°F -

Top of Flashed Gas From
Mole Percent of: Large Separator Separator Brine Total Gas
Nitrogen “ 017 1.89 0.38
Carbon Dioxide - 14.19 .. 4327 17.70
Methane - ' 83.66 - 53.77 . 80.05
Ethane = -1.75 -0 1.66
Propane - - 0.17 , -Nil 0.15
‘iso-Butane ' 0.01 Nil 0.01
n-Butane - - . ‘ 0.01 ~ Nil 0.01 . -
iso-Pentane Nil Nil Nil
n-Pentane Nil ~--Nil -+ Nil
Hexanes ' Nil o Nil Nil
Heptanes+ . o 0.04 o002 : 004
GWR, SCF/STB ‘ - 2898 . . 398 . . 3296

a4 Carbon dioxide remaining in brine after ﬂashingv to atmospheric pressure = 2.86 SCF/STB,
total gas/brine ratio including all carbon dioxide = 35.82 SCF/STB.
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Exhibit 9.2.4-3. TOTAL GAS CALCULATION FOR SEPARATOR PRESSURE OF 737 psia

January 6, 1990, at 17:00 Hours

Mole Percent of:

Nitrogen
Carbon Dioxide
Methane
Ethane

Propane
iso-Butane
n-Butane
iso-Pentane
n-Pentane
Hexanes
Heptanes+
GWR, SCF/STB

Top of
Large Separator

0.16
14.53
83.31

1.76

0.17

0.02

0.01

0.04
29.07

Flow Rate: 4900 STB/d

Brine Temperature: 265°F

Flashed Gas From
Separator Brine Total Gas

3.20 0.53
44.04 18.16
51.86 79.44
0.83 1.65
0.04 0.15
Nil 0.02
Nil 0.01

Nil Nil

Nil Nil

Nil Nil
0.03 0.04
4.08 33.15

4 Carbon dioxide remaining in brine after flashing to atmospheric pressure = 2.41 SCF/STB,
total gas/brine ratio including all carbon dioxide = 35.56 SCF/STB.

Exhibit 9.2.4-4. TOTAL GAS CALCULATION FOR SEPARATOR PRESSURE OF 295 psia?

January 7, 1990, at 09:15 Hours

Mole Percent of:

Nitrogen
Carbon Dioxide
Methane

Ethane

Propane
iso-Butane
n-Butane
iso-Pentane
n-Pentane
Hexanes
Heptanes+
GWR, SCF/STB

Top of

'Large Separator

0.10
16.27
81.66

1.76

0.16

0.01

Flow Rate: 2375 STB/d

Brine Temperature: 221°F

Flashed Gas From
Separator Brine Total Gas

3.68 0.25
42.53 17.40
52.17 80.39
1.00 1.73
0.05 0.16
Nil 0.01
Nil 0.01

Nil Nil

Nil Nil

Nil Nil
0.03 0.03
1.45 33.75

2 Carbon dioxide remaining in brine after flashing to atmospheric pressure = 2.09 SCF/STB,
total gas/brine ratio including all carbon dioxide = 35.84 SCF/STB.
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Exhibit 9.2.4-5. GAS FLASHED FROM SEPARATOR BRINE VERSUS PRESSURE

Brine leaving the separator experiences a pressure drop as it flows through the level-control
valve at the outlet of the separator. This is accompanied by the flashing of about 0.5 SCF/STB for
each 100 psi of pressure drop. This gas accumulates in the filter pots and the wellhead of the
.dlsposal well At Pleasant Bayou, a continuous gas-bleed system was mstalled at the filter pots to

remove thlS gas -

Results from SPL analyses of several samples of gas collected from the filter skld or the _
wellhead of the disposal well are shown in Exhibit 9.2.4-6. These samples had carbon d10x1de
-content in the range of 18% to 37%. The lower end of this range is only slightly above the carbon
dioxide content of gas from the separator and theupper end of this range is approaching the 44%
carbon dioxide that is charactenstlc of the gas liberated when separator brine is flashed to
atmosphenc pressure Values in the upper portlon of this range clearly indicate the lack of a major
loss of gas in the form of bubbles entramed in brme leavmg the separator, whereas samples that
contamed less than 25% carbon d10x1de suggest that gas bubbles Were exxtmg ‘the separator with
the brine. Sumlarly, ethane concentrations near 1.5% suggest the presence of bubbles leaving the
separator, whereas ethane concentrations of 1.4% or lower indicate an absence of gas bubbles
leaving the separator through the brine line.
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Exhibit 9.2.4-6. GAS BLED FROM THE DISPOSAL WELLHEAD

Date 1800 1600 1650 1600  1/600 1480 11090
Time NR2 08:30 - 09:30 14:45 17:00 09:15 17:30
Pressure, psia 55 95 206 202 327 173 182
Sep Pres, psia NR 264 405 737 737 295 487
Brine Temp, °F NR 232 242 247 265 221 207
Mole Percent of:

Nitrogen 0.19 0.06 0.07 1900  0.09 0.10 0.10

Carbon Dioxide 17.75 37.18 27.77 33.35 25.27 19.96 2491
Methane 79.37 61.41 70.51 63.16 73.17 78.14 73.27
Ethane 2.23 1.17 1.48 1.43 1.31 153  1.51
Propane 0.26 0.06 0.08 0.07 0.09 0.10  0.12
iso-Butane 0.03 0.01 0.01 0.01 0.01 0.01 0.01
n-Butane 0.02 0.01 0.01 0.01 0.01 0.01 0.01
iso-Pentane 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
n-Pentane 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Hexanes 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Heptanes+ 0.12 0.10 0.07 0.07 0.05 0.15 0.06
Heating Value,

Btu/SCFC 879 665 764 687 787 849 794
Gravity (air=1.0) 0.746 0.925 0.835 0.896 0.809 0.762 0.807
NGL, Gal/ '

1000 SCF 0.768 0.391 0.467 0.451 0.413 0.525 0.480
2 Not recorded.

b Probable air contamination.

€ Dry, 15.025 psia, 60°F.

The January 3 sample was collected before the start of production of gas commingled from
two perforated zones. It is gas from the perforations in the depth interval from 20,602 to
20,690 feet that had been in the disposal well for 12 days before the sample was collected. Carbon
dioxide concentrations are not believed to accurately represent the concentration that existed when
the well was shut in. Carbon dioxide is lost both through reaction with the tubulars (forming iron
carbonate) and by enhanced dissolution in the brine as the brine cooled. The concentration of the
hydrocarbon species in the remaining gas subsequently increased.

The other five samples were collected while brine was flowing. At the time of collection of
the last sample, January 10, 1990, the measured gas/brine ratio was low and a portion of the free
gas was believed to be escaping from the separator with the brine. The compositional analyses
suggests that gas bubbles were also leaving the separator with the brine at the Janliary 7 sample-
collection time.
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10.0. CONCLUSIONS

3 The initial flow test of the Hulin well was done to obtain brine and gas samples and to get a
first measure of the reservoir properties. The 20,602 to 20,690-foot interval was perforated and

“tested in two short-term draw-down and buildup tests. This zone had an-initial pressure of

17,308 psia and temperature of 339°F. The total dissolved solids of 207,000 mg/L. (mostly
sodium chloride) is higher than for previously tested Gulf Coast geopressured-geothermal wells.
The gas content in the brine of 31 to 32 SCF/STB indicates that the brine is at or near saturation
with natural gas. The permeability, as deduced from the draw-down and buildup tests, is 13 md
for the lower 80-foot-thick sand member. The duration of the tests was too short to determine the
lateral extent of the reservoir; but dechmng measured values for static bottomhole pressure prior to
each flow test suggests a relatively small reservoir.

When the uppermost interval in the zone of interest (20,220 to 20,260 feet) was perforated
such that flow from this zone would comrmngle with flow from the lower zone, little to no free gas
was observed. It had been speculated before the test that there tmght be free gas in this upper
zone. These speculatlons were generally deduced from logs after assummg the formation
contained brine that had a sahmty between 70,000 and 100,000 mg/L.. The actual salinity was
more than twice that number: It is now apparent that the amount of free gas, if any, is too small to
make a significant contribution to‘prOd_uction in a short-term test. This does not preclude the
possibility of mobilization of gas by higher drawdown or coning down from an offsetting gas cap
in one or more of the sand members. However, there was no evidence that this was occurring in
this test.

No measurements of the reservoir parameters, ‘such as penneabiﬁfs', were made for the
shallowest interval tested. But substanually lower drawdown for the commingled zones suggests
either hlgher permeablhty or lower skm for the shallower perforated interval.

Hydrate formanon in the upper part of the wellbore wasa problem To circumvent this
problem, about 10 barrels of diesel were pumped into the top of the well after each flow to displace
the brine down to a level in the well where the temperature was oo hlgh for hydrates to form.
Calculauons of saturanon index mdrcated that calcium carbonate scale would also form in the well
‘if the pressure was drawn down too far. Thus all the flow tests were performed at low flow rates
to preclude formanon of scale i in the wellbore Scale 1nh1b1tor was 1n_1ected into the surface flow
lines to control poss1b1e scale formauon in the surface equipment. Corrosion mhrbltor was also
injected, and coupon momtormg mdrcated a corrosxon rate of less than 5 mils per year.
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11.0. RECOMMENDATIONS

Since the short-term flow tests only provided initial chemistry and reservoir properties and
did not determine the potential of the Hulin well for long-term energy production, further flow
testing is needed. It is IGT's recommendation that the next test of the Hulin well be a sequence of
medium-rate flow and pressure-buildup tests of at least 6-months total duration as follows:

1. The entire interval from 20,200 to 20,690 feet should be perforated and tested as a
single unit. This recommendation is based on the fact that both the bottom and top
of this interval were previously perforated for the short-term flow test and flow
communication has now been established across the zone. It is now impractical to
attempt flow tests on the individual sand members in between the existing perfora-
tions. Furthermore, the program objective of determining the potential of the Hulin
well for long-term energy production can best be achieved by opening and testing
the entire zone.

2. The flow test should be done at low-to-moderate flow rates, not the high flow rates
anticipated for subsequent energy production. Flow rates in the range of 5000 to
10,000 barrels per day are anticipated to be sufficient to provide the pressure draw-

~down and buildup data needed for reservoir engineering evaluations. Furthermore,
these flow rates are within the capability of the existing tubing in the well. If a
good set of perforations is achieved, such that the skin factor is low, the pressure
drop across the perforations and up the well should be low enough to preclude scale
formation in the wellbore. Saturation index calculations indicate that calcium
carbonate scale may begin to form in the tubing when the wellhead pressure gets
into the range of 4000 to 6000 psi, depending on the temperature. It will not be
possible to flow at high rates through restricted perforations and the existing tubing
without forming scale unless an inhibitor squeeze into the reservoir formation is
performed first.

3. The existing wellhead needs to be changed before further down-hole operations or
flow testing is done. A wellhead needs to be installed that has valves that open to a
diameter larger than the inside diameter of the currently installed tubing and seal
assembly (minimum diameter of 2-1/4 inches). This is 1) to provide ability to place
a plug in the tubing if needed for safety reasons, 2) to allow use of larger perforat-
ing guns than were used for the previous perforations, and 3) to prevent the
wellhead from being the limiting restriction for flow.

4. The surface facilities for processing the brine and gas can be assembled mostly
from the equipment previously used for the McCall well test, provided that the
vessels still pass the DOE quality control and certification requirements. If this
equipment can be used, there will be a significant cost savings over the use of rental
equipment. The piping and valves will need to be replaced, however, and can be
either purchased or rented depending on which is less expensive. By limiting the
flow rate to a maximum of 10,000 barrels per day, the required piping and valve
sizes are in the range of 3 to 4 inches in diameter, which are relatively easy to obtain
at modest cost compared to the 6 to 8-inch pipe and valves needed for higher flow
rates. Some new computer-based data acquisition equipment and sensors will also
be needed to partially replace the old, and antiquated, system used for the previous
McCall and Hulin tests.
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5. - Close coordination with all parties doing reservoir evaluation during the test period

- will be a must.” Although a tentative schedule of times for draw-down and buildup
periods will need to be made prior to the beginning of the test, the schedule may
need to be altered as the tests proceed. By testing the entire zone -- which is
.comprised of many sand layers -- at once, it will probably be necessary to evaluate
the reservoir as a complex, multilayered system. Data analysis and numerical
reservoir simulation should be initiated while the test is still in progress and field
test parameters can be altered if necessary to evaluate possible alternate scenarios.

 Whether a long-term, and highfréte, test of the Hﬁlin well is warranted will depend upon
the results of the medium-rate test. To accomplish a high-rate flow test, it will be necessary to
replace the current 3-1/2 inch tubing in the well. Itis possible that a new well will be needed so
that the tubing can be large enough to safely handle the flow rate needed for utilization of the
resource.

A basic problem is that the Hulin well casing is longer and smaller in diameter than the two
design wells. The Gladys McCall well has 5-inch tubing inside 7-inch casing, and the Pleasant
Bayou well has 5-1/2 inch tubing inside 9-5/8 inch casing. In contrast, the deeper 4700 feet of
casing in the Hulin well has the same inside diameter as the Gladys McCall tubing (4.276 inches)
and the shallower 15,970 feet of 6.05-inch casing has an inside diameter of only 5.000 inches.
Production without tubing would be the only way that the Hulin well could achieve the flow rates
experienced at the Gladys McCall and Pleasant Bayou wells with comparable flow velocities.

Engineering evaluation of alternatives is a prerequisite to defining the maximum long-term
flow rate that can be safely achieved through the existing wellbore. The possibilities to be
considered should include annular flow, the use of a "liquid" packer, and conventional completion
with tubing and a packer. The surface piping and valving may need to be rebuilt with larger

diameter piping and valves, depending on the maximum flow rate.
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APPENDIX A
Brine Sampling and Analysis Methodology
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Brine sampling procedures were similar to those followed by IGT on the other DOE Design
Wells. With the exception of the sample collected before the separator was activated, the brine was
collected from a port at the outlet end of the large separator. The brine passed through a stainless
steel cooling coil, reaching anibient temperature prior to experiencing the pressure drop to
atmospheric conditions. The samples were collected in high-density polyethylene bottles under a
carbon dioxide head to minimize exposure to atmospheric oxygen. The samples were shipped
overnight to the analytical laboratory, where they were refrigerated prior to analysis. These
precautions minimized precipitation prior to analysis. If precipitates were noted at the laboratory,
the sample was homogenized prior to withdrawing an aliquot for analysis.

In addition to these precautions, two 1-liter sample bottles were prefilled with 0.5 liter of
acidified water, giving a final dilution of 1:1. The pH of these samples were about 1.5. This
dilution and acidification resulted in samples that contained no visible precipitation for weeks.
Radium analyses, which are extremely sensitive to precipitation, indicated some solids precipitation
was occurring even in these diluted and acidified samples, but at a level so small that no turbidity
was observed.

IGT contracted for the University of Texas Bureau of Economic Geology's Mineral Studies
Laboratory to perform the majority of the brine analyses. This same laboratory has also analyzed
Gladys McCall and Pleasant Bayou brines for IGT. The analytical techniques used are listed in
Exhibit A-1, and detailed laboratory procedures are included in the Pleasant Bayou Safety Analysis
Review document (SAR).

For each suite of saﬁloles, a feplicéte analysxs was performed as a check on reproducibility
and an analysis of appropriate standards was performed. Exhibits A-2 through A-6 are the five
pages that consutute a typical report. In this case, the suite of DOE samples consisted of the two
Hulin samples collected January 6, 1990, and a Pleasant Bayou sample collected February 6, .

11990. The replicate analyses reported are from a second suite of samples from IGT that were
analyzed the same day. The specific sample was from the Prets well in the N.E. Hitchcock field.

Several brine analyses were performed on location because the time needed to transport the
samples to a laboratory might have seriously aff’cctcd,the accuracy of the analyses. These analyses
include alkalinity, iron, sulfate, sulfide, and total carbon dioxide. The procedures and chemicals |
used for the first four analyscs are described in the Hach Water and Wastewater Analysns
Handbook Three of thcse tests -- alkalmxty, 1ron, and sulﬁde -- were also subsoquently run in the
laboratory, but the ﬁeld data is beheved to be most rclxablc

A-3
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Exhibit A-1. ANALYTICAL METHODS USED
Component Method

Sodium, Potassium, Magnesium,  Inductively Coupled Plasma-
Calcium, Iron, Manganese, Optical Emission Spectroscopy
Strontium, Barium, Zinc, _

Lithium, Silica, Chromium,

Copper, Nickel, Arsenic,

Cadmium, Lead, Tin, Boron

Mercury Cold-Vapor Atomic Absorption
Ammonia . Distillation-Titration

Chloride ' Titration

Sulfate? Turbidimetric

Bromide, Iodide Spectrophotometric

Fluoride Ion Electrode

Alkalinity2 pH Titration

Density, TDS Gravimetric

Sulfided, Iron2 Colorimetric

Radium Radon Generation

2 Sample is also analyzed for this element onsite. The only sulfide
measurements, which did not reveal detectable levels of sulfide in
the brine, were performed onsite.

Measurements of total carbon dioxide and the gas content of separator brine were made
following procedures described in the "Parametric Study of Separator Performance."2 This
entailed collecting brine samples under pressure, cooling the samples, quantitatively flashing off
and measuring dissolved gas, and finally using an acid liberation/nitrogen purge gravimetric
technique to recover any remaining carbon dioxide.

| Brine samples were also collected for and sent to Dr. T. Kraemer of the USGS. Those
samples, analyzed for radium 226 and radium 228, were cooled, filtered, acidified, and diluted.

Finally, the IGT inhouse analytical laboratory performed part-per-million qhantiﬁcation of
organic acids in the brine. The organic acids were determined by gas chromatography/mass
spectroscopy. These samples were collected in glass bottles, without the carbon dioxide gas head,
and with mercuric chloride added as a biological inhibitor.
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Paga 1

ANALYSIS REPORT
UNIVERSITY STATION, BOX X MINERAL STUGIES LABORATORY STEVEN W. TWEEDY
AUSTIN, TEXAS 78713-7508 SUREAU OF ECONOMIC GEOLOGY CHIEF CHEMIST)

(512) 4T1-TI21 (ext. 426) THE UMIVERSITY OF TEXAS AT AUSTIN

MSL ID#: 90-003,90-004,90-065

E_PREPARATION REATME

These saméles'were analyzed on an as received basis. For all
analyses, the samples were shaken prior to removing an aliquot for
analysis to include any precipitated solids.

SAMPLE ANALYSIS METHODS

Constituents ' Technique MSL Procedure #
Na,K,Mg,Ca, Fe,Mn, L ICP-OES SWI 1.6
"Sr,Ba,Zn,Li,SiOZ,Cr} SWI 1.5
Cu,Ni,As,cd,Pb,Sn,B
Mercury Cold-Vapor A A  =-==-
Ammonia (NH3) Distillation- MSL 001
o ‘ titration
Chloride - ‘ Titration SWI 1.1
Sulfate _ .- ‘Turbidimetric SWI 1.3
. Bromide ... Spectrophotometric SWI 1.2
‘Iodide SR Spectrophotometric SWI 1.4
Fluoride o Ion Electrode . SWI 1.11
Alkalinity _ . pPE Titration = = @ —=-—--
Density, TDS Gravimetric = = =-----
RESULTS

Sample analysis results are presented in Table 1. The associated
QA/QC analysis results are presented in Table 2. The replicate
analysis was done on sample 90-061 from report R-006-90 since the
samples were analyzed a the same time. .

MMENTS

This completes the requested analyses for these samples.

SAMPLE DISPOSITION:
The remains of these samples are being archived at the MSL.

ANALYSTS:

Herrera, Tweedy

< jess than indicated velue - nd - pot determined
* réported velue near detection imit tns - lnsufficient sample

Exhibit A-2. BEG BRINE ANALYSIS REPORT COVER PAGE
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R-002-90 Page 2
ANALYSIS REPORT
UNIVERSITY STATION, BOX X MINERAL STUDIES LABORATORY STEVEN W, TWEEDY
AUSTIN, TEXAS 70713-7508 BUREAU OF ECONOMIC GELOQY CHIEF CHEMIST
(512) 471-7721 (ext. 426) THE UNIVERSITY OF TEXAS AT AUSTIN .
TABLE 1
; SAMPLE ANALYSIS DATA
é MSL ID# SAMPLE ID# SAMPLE Na K Mg ca Fe
DATE (mg/L)
90-003  Hulin 06-JAN-90 51200 358 829 16200 160
90-004  Hulin iy 06-JAN-90 25850 188 415 8300 88

90-065 Pl. Bayou 06-FEB-90 35700 582 581 7900 47.1

MSL ID§ Cr Cu Ni Zn As cd Pb  Sn
(mg/L)

90-003 <0.1 <0.1 <0.25 8.0 <0.1 <0.1 <1 <0.25
90-004 <0.1 <0.1 <0.25 4.3 <0.1 <0.1 <1 <0.25
0.4

90-065 <0.1 <0.1 <0.25 <0.1 <0.1 <1l <0.25
MSL ID#  Sr Ba B Mn Li sio2  NH3 Alk.
| (mg/L) (meq/L)
90-003 1028 24 65.5 30.0 30.1 104 165 4.93
90-004 527 19- 35.3 16.1 16.3 67 82.0
90-065 933 795 27.0 17.9 32.8 117 88.4 6.20
MSL ID§ cl Br 1 S04 F Hg Density
(mg/L) (g/cc)
90-003 114600 89.1 14.6 22 2.99 <0.05 1.127
90-004 46.1 6.6 16 1.39 <0.05 1.071
90-065 70850 84.4 22.2 <5.0 1.39 <0.05 1.087
MSL ID# TDS
(mg/L)
90-003 200780
90-004 100720
90~-065 129240
< less than indicated value nd - not determined
* teported vaiue near detection imit ns - insyMficlent sample

Exhibit A-3. BEG SAMPLE ANALYSIS DATA
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UNIVERSITY STATION, BOX X

ANALYSIS REPORT

MINERAL STUGIES LABORATORY

FINAL REPORT JANUARY 1992

STEVEN W. TWEEDY

AUSTIN, TEXAS 78713-7508 BUREAU OF ECONOMIC GEXLOQY CHIEF CHEMIST
(512) 4711721 (et 426) THE UNIVERSITY OF TEXAS AT AUSTIN
TABLE 2
REFERENCE MATERIAL DATA
MSL ID# Na Mg ca K
(mg/L) (mg/L) {mg/L) (mg/L)
Standard Sea Water: 11033 1319 410 396
Accepted: 11040 1320 422 409
Bias -7 -1 =12 -13
% Bias -0.06 -0.07 -2.83 -3.17
MSL ID# Sr Fe Mn cl
(mg/L) (mg/L)  (mg/L) . (mg/L)
Standard Sea Water: 7.66 19387
Accepted: 8.1 19373
Bias -0.44 14
% Bias -5.43 0.07
EPA 18 TM#2: 1.54 1.03
Accepted: 1.852 0.989
Bias 0.088 0.041
% Bias 4.75 4.14
MSL ID# . Br 504 F
‘ _ (mg/L) (mg/L) (ng/L)
Standard Sea Water: 72.7 2769 1.34
Accepted: 69.0 2776 1.40
Bias 3.7 -7 -0.06
% Bias 5.36 - -0.25 ~-4.28
MSL ID# I
(mg/L)
SAMPLE - 5.77
SAMPLE + SPIKE 5.65
AMT SPIKE 2.0
% RECOVERY 102

< jess lﬁln indicated vaiue
4 reported velue near detection imit

nd - not determined
iny - insufficlent sample

" Exhibit A-4. BEG REFERENCE MATERIAL DATA
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R-002-90 Poge 4

STEVEN W. TWEEDY

AUSTIN, TEXAS 78713-7508 BUREAU OF ECONOMIC GEOLOGY CHIEF CHEMIST
{512) 47V-T721 (ext. 426) THE UNIVERSITY OF TEXAS AT AUSTIN
TABLE 3
REPLICATE ANALYSIS DATA
MSL ID# Na Mg Ca K Sr Ba Fe Mn Li
(mg/L)
90-061A 16100 76.1 485 144 33.6 12.8 1.30 0.49 4.51
90-061B 16000 77.4 485 153 32.1 13.0 1.28 0.48 4.47
90-061C 16000 76.6 491 136 33.2 12.9 1.20 0.46 4.16
MEAN 16033 76.7 487 144 33.0 12.9 1.26 0.48 4.38
STDEV 58 0.7 3 9 0.8 0.1 0.05 0.02 0.19
RELSTDE 4e~-01 0.9 *kdk 6 2.4 0.8 4.20 3.20 4.37
MSL ID# B SI02 Alk. Cl Br I S04 F
{mg/L) (meq/L) (mg/L)
90~-061A 41.8 74.7 21.2 24500 28.6 18.2 33.6 1.13
90-061B 40.6 73.9 20.9 24430 28.0 18.2 32.7 1.21
90-061C 38.6 69.9 20.7 24440 26.3 18.2 33.6 1.13
MEAN 40.3 72.8 20.9 24457 27.6 18.2 33.3 1.16
STDEV 1.6 2.6 0.3 38 1.2 0.5 0.05
RELSTDE 4.0 3.5 1.2 2e-01 4.3 1.6 3.99
< less than indicated vaiue nd - not determined
* reported value near detection kmit ins - insufficient sample
Exhibit A-S. BEG REPLICATE ANALYSIS DATA
A-8
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APPENDIX B
Hydrocarbon Sampling, Analysis Procedures, and Results

I' NS T I TUTE OAF G A S TECHNOLOGY







FLOW TESTS OF THE WILLIS HULIN WELL FINAL REPORT JANUARY 1992

With the exception of the wellhead gas sample collected on February 9, 1989, gas samples
destined for laboratory analyses by IGT were collected in evacuated, teflon-lined, 304 stainless
steel cylinders rated at 1800-psi working pressure. The samples were sealed and sent to the IGT
laboratory in Chicago for analysis. At the laboratory, the sample cylinders were preheated to brine
temperature prior to withdrawing an aliquot for analysis. This prevented liquid condensation from
interfering with the analysis. The samples were analyzed by gas chromatography.

Most of the samples collected for local analysis by Southern Petroleum Laboratory (SPL)

“were colllected in stainless steel cylinders provided by SPL. Some were collected in the teflon-

lined IGT cylinders. The SPL role resulted from decisions made in the field in response to strong
management interest in rapid determination of whether there was hydrocarbon production in excess
of solubility in reservoir brine. The timing was such that detailed cross-checking of procedures
was not practical. Unfortunately, one result was lack of implementation of the procedure of
heating the cylinders to vaporize liquids before extracting aliquots for chromatographic analysis.

“Onsite analyses forc':arbon dioxide and hydrogen sulfide were performed using Draeger tubes
following the Gas Processors Assoc1auon "Tentanve Method of Test for Hydrogen Sulfide in
Natural Gas Us1ng Stain Tubes" (1977)

There was not enou gh oil produced to allow us the luxury of following a standard samphng
routine. The first condensate sample, obtained during the cleanup flow in February 1989, was
collected from a gas sarnple i ‘During the December 1989 and January 1990 flow tests, condensate

_ samples were obtained from the large and small separators and from holding tanks on location. -

Most samples were not analyzed The samples that were analyzed were sent to IGT-Chlcago and

~. analyzed by capzllary—column gas chromatography. -

- The results of several: ‘gas analyses from each of four sample collection points are presented

_ ,m Exhlblts B- 1 through B-5. Exhlblt B l presents the results of detailed analyses of large
‘ separator gas perfoxmed at IGT—Chlcago Exhibits B-2 through B-5 present results of

conventional gas analyses performed at Southem Petroleum Laboratories, Inc., in Lafayette,
Louisiana. These tables are for samples from the large scparator, the small separator, flashing of
gas | from the brme leaving the large separator and the gas accumulation at the dlsposal wellhead.

k The small separator gas is gas from the large separator that has undergone a pressure drop, been

cooled to near ambient temperature, and had the resulung condensate and water removed by the
small separator. The d1sposal well gas is gas that came out of solution from the brine in response
to the pressure drop from separator pressure to d1sposal well i m_]ectlon pressure With the .
exception of the gas from the small separator, the majority of these results were also in the body of

the report.

B-3
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Exhibit B-1. LARGE SEPARATOR GAS ANALYSES, IGT2

Date - 12/06/89 12/07/890  12/20/89  1/6/90 1/6/50 17150
Time 23:30 08:15 17:40 11:00 14:45 09:15
Pressure, psia. 309 310 482 406 735 295
Gas Temp, °F 133 134 221 208 210 185
Brine Temp, °F 171 190 251 243 265 221
Mole Percent of:

Helium 0.008 0.008 0.006 0.006 0.006 0.005
Hydrogen 0.064 0.071 0025  0.029 0.029 0.047
Nitrogen 0.29 0.15 0.12 0.15 0.13 0.11
Carbon Dioxide 17.8 18.2 16.9 15.9 13.1 16.7
Methane 80.1 79.4 80.3 82.0 84.6 81.2
Ethane 1.59 1.65 2.17 1.68 1.78 1.68
Propane 0.12 0.38 0.26 0.17 0.19 0.16
iso-Butane <0.01 <0.01 0.03 0.02 0.02 0.01
n-Butane <0.01 <0.01 0.03 0.02 0.02 - 0.01
iso-Pentane <0.01 <0.01 0.02 0.004 0.004 0.003
n-Pentane <0.01 <0.01 0.01 0.001 0.002 0.001
neo-Pentane <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Hexanes v 0.001 0.001 0.003 0.002 0.003 0.001
Heptanes 0.001 0.003 0.005 0.002 0.003 0.002
Octanes 0.001 0.003 0.006 0.001 0.002 0.001
Nonanes 0.001 0.003 0.012 0.010 0.002 0.002
Decanes 0.001 0.002 0.008 0.001 0.002 0.004
Undecanes 0.002 0.001 0.011 0.004 0.006 0.006
Dodecanes 0.005 0.002 0.015 0.004 0.008 0.005
Tridecanes 10.007 0.004 0.011 0.002 0.003 0.002
Tetradecanes + 0.003 0.003 0.009 0.002 0.002 0.001
Benzene 0.009 0.010 0.015 0.025 0.032 0.030
Toluene 0.002 0.005 0.019 0.008 0.009 0.012
C2 Benzenes <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
C3 Benzenes <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Naphthalene <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

C1 Naphthalenes <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
C2 Naphthalenes +  <0.001 <0.001 <0.001 <0.001 <0.001  <0.001

Heating Value, :
Btu/SCFP 862 864 885 887 918 879
Gravity (air=1.0) 0.738 0.744 0.736 0.720 0.695 0.728
NGL, Gal/

1000 SCF 0.484 0.575 0.758 0.551 0.590  0.544

2 Analyses performed at IGT using gas chromatography with TC and FID detectors.
b Dry, 15.025 psia, 60°F.
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Exhibit B-2. LARGE SEPARATOR GAS ANALYSES, SPL

Date

- Time
Pressure, psia
Gas Temp, °F
Brine Temp, °F

Mole Percent of:
Nitrogen
Carbon Dioxide
Methane
Ethane
Propane
iso-Butane
n-Butane
iso-Pentane
n-Pentane -
Hexanes
Heptanes+

Heating Value,
- Bt/SCF2
Gravity (air=1.0)
NGL, Gal/1000 SCF

N éDry, _15.025_ psia, 60°F.

INSTITUTE:

1/6/90 1,600
09:30 14:45
405 735
208 210
242 265
0.15 0.17
- 12.49 14.19
85.22 - 83.66
1.85 - 1.75
0.16 0.17
0.01 - .0.01
0.02 . 0.01
<0.01 - <0.01 -
<0.01 . -<0.01 - -
<0.01 <001
0.10 ©0.04
927 905
0.691 - 0.705
0.608 o 0.551
B-5
0 F G A S

17:00 09:15
735 295
235 185
265 221
0.16 0.10
14.53 16.27
83.31 . 81.66
1.76 1.76
0.17 0.16
0.02 0.01
0.01 0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01
0.04 0.03
902 884

0.708 - 0724

0.546

0.558
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Exhibit B-3. SMALL SEPARATOR GAS ANALYSES, SPL2

Date 12/11/89  1/4/90 15090 16/  1/6/90 14090 11050
Time 05:30 14:15 08:30 14:45 17:00 09:15 17:30
Pressure, psia 178 101 116 135 155 137 100
Gas Temp, °F 55 79 65 55 60 50 74
Large Separator

Pressure, psia 305 405 265 735 737 295 485
Brine Temp, °F 189 229 232 265 265 221 - 207
M nt of: '

Nitrogen 0.13 0.19 0.17 0.14 1.67b 0.11 0.14
Carbon Dioxide 17.90 17.68 20.12 14.25 13.31 16.53 14.04
Methane 79.76 80.25 77.98 83.63 83.03 81.39 83.87
Ethane 1.98 1.64 1.51 1.76 1.77 1.77 1.73
Propane 0.18 0.16 0.14 0.17 0.17 0.16 0.16
iso-Butane 0.01 0.01 0.01 0.01 0.01 0.01 0.01
n-Butane 0.01 0.01 0.01 0.01 0.01 0.01 0.01
iso-Pentane <0.01  <0.01 0.01 <0.01 <0.01 <0.01 <0.01
n-Pentane <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
Hexanes <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Heptanes+ 0.03 0.06 0.04 0.03 0.03 0.02 0.04
Heating Value,

Btu/SCF°¢ 869 869 842 904 898 880 907

Gravity (air=1.0) 0.741 0.739 0.761 0.705 0.702 0.726 0.703

NGL, Gal/
1000 SCF 0.611 0.528 0.485 0.549 0.552 0.544  0.543

2 Analyses performed at Southern Petroleum Labs using gas chromatography.
b Analysis is questionable -- air contamination likely.
€ Dry, 15.025 psia, 60°F.
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Exhibit B-4. GAS FLASHED FROM SEPARATOR BRINE

- Dae ‘ 0106500 01/06/90 0140690
- Time 09:00 14:45 - 17:00 09:15
Pressure, psia . 405 735 737 295
Gas Temp, °F 70 70 70 70
- Brine Temp, °F 242 247 265 221
Flashed GWR, SCF/STB 2.08 3.98 4.08 1.45
Carbon Dioxide Liberated ,
by Acid, SCF/STB2 1.97 2.86 2.41 2.09
- Mole Percent of: , : : o
- Nitrogen 5.14 . 1.89 - 3.20 3.68
:Carbon Dioxide - 41.83 - = 4327 44.04 42.53
" Methane - , -51.78 - 53.77 . 51.86 - 52.17
. Ethane _ - 116 - 1.01 0.83 1.00
.. Propane 005 - .. 004 0.04 0.05
iso-Butane ‘ <001 . <0.01 <0.01 - <0.01
- n-Butane . - <001 . <0.01 <0.01 <0.01
iso-Pentane : --<0.01  <0.01 <0.01 <0.01
n-Pentane : <0.01 <0.01 <0.01 <0.01
Hexanes <0.01 <0.01 <0.01 <0.01
.. Heptanes+ : - 004 0.02 0.03 0.03
* Heating Value, ' - s B
~ Bw/SCFb. o 561 577 . 555 - 567
Gravity (air=1.0) - 0.989 0.988 1.000 0.988
2 Includes carbonates.

b Dry, 15.025 psia, 60°F.
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EXHIBIT B-5. GAS BLED FROM THE DISPOSAL WELLHEAD

Date 1300 1680  1/600  1/600  1/600 1700  1/10/90
Time NR2 08:30 09:30 14:45 17:00 09:15 17:30
Pressure, psia 55 95 206 202 327 173 182
Sep Pres, psia NR 264 405 737 737 295 487
Brine Temp, °F NR 232 242 247 265 221 207
Mole Percent of:

Nitrogen 0.19 0.06 0.07 1.90b 0.09 0.10 0.10
Carbon Dioxide 17.75 37.18 27.77 33.35 25.27 19.96 2491
Methane 79.37 61.41 70.51 63.16 73.17 78.14 73.27
Ethane 2.23 1.17 1.48 1.43 1.31 1.53 1.51
Propane 0.26 0.06 0.08 0.07 0.09 0.10  0.12
iso-Butane 0.03 0.01 0.01 0.01 0.01 0.01 0.01
n-Butane 0.02 0.01 0.01 0.01 0.01 0.01 0.01
iso-Pentane 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
n-Pentane 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Hexanes 0.01- <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Heptanes+ 0.12 0.10 0.07 0.07 0.05 0.15 0.06
Heating Value,

Btu/SCFC 879 665 764 687 787 849 794

Gravity (air=1.0) 0.746 0.925 0.835 0.896 0.809 0.762 0.807
NGL, Gal/
1000 SCF 0.768 0.391 0.467 0.451 0.413 0.525 0.480

2 Not recorded.
b Probable air contamination.
€ Dry, 15.025 psia, 60°F.

B-8
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