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“INTRODUCTION

This‘report will discuss existing practices and capabilities for
completing producing and injection wells for geothermal application in
each of four cétegories of geothermal environments:

1. Steam wells in hard, fractured rocks (The Geysers, California)

2. Hot wéter wells in sedimentary formations (Imperial Valley,
California)

3. Hot, dry impermeable rocks with circulating water systems
(Valles Caldera; New Mexico), and |

4. Geopressured, geothermal water wells with associated hydro-

carbon production on the U.S. Gulf Coast.

Scope, Objectives

The speciffc Tocations noted are discussed because conditions are
reasonably representative of thefburgedthermal categories selected,
Figure 1. Many other geothermal projects are proposed, or in field
test stages in the United States. And sévera] producing areas exist
in other countries utilizing relevant completion practices. However,
interpretation of international operations is beyond the scope of this
report.

The objective is to illustrate basic concepts and requirements, the state-
of-the-art, by describing geothermal-completions as awtransition?from
conventional oil and gas industry technology. This is accomplished by

establishing significant differences in the two technologies with a detailed
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look at The Geysers. Special applications for various geothermal condi-
tions then are emphasized by'comparing one project with another.

This report is intended tQAbe critica] and objective. The hypothesis
is--if a power‘p1ant were suddenly approved ond placed on location, could
industry immediately start a drilling and completion progpam with near
100% assurance of supplying adequate hot water or steam, with reasonably
safe, trouble-free operations. There are too many unsolvéd operational
problems. in some proposed projects to permit them to pass this “"acid test".
And, for private 1ndustry development, economics is the key factor.

But there are two conditions under whioh major geothermal projects
can be developed: 1)’A priVate enterprise can invest money, develop on
its own.and attempt to make‘a réasonab]e profit, or 2) The U.S. Govern-
ment can create the economic incentive so that a private eoterprise can
operate at a profit, and the U.S. taxpayers will pay for the incremental
difference between geothermal énergj and conventional energy.

VIn a strict and objectfve analysis, many geothermal projects would
not be viable under the first condition, and this is a significant factor

in the state-of-the-art. Of course this state-of-the-art can and will

- change rapidly, perhaps just from the simple process of having a problem

brought to someone's attention. So certain oonc]usions may not be valid
within a few months. |

The second condition could be an extremely desireable course of
action for the Nation. Paying the equivalent of say $20»per barrol of
oil for geothermal power and thereby creating local jobs, and circulating
the money within the U.S., would be significantly more beneficial than
‘sending $12-]5 per barrel out of our country to buy foreign crude. By
releasing the typical industry constraint of "Can we afford it?", most geo-

thermal projects discussed herein have attractive potential.
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Definitions of Well Completions

A geothermal environment is considered to be one in which the objective
is to produce and sell heat,kgtilizing water or steam as a means of "mining"
this heat from deeply buried locations.

Well completion is the phase of development that follows the drilling
operations. It includes prevention of impairment to the production
interval, design and installation of casings and liners, removal of fluid
and/or drilling mud damage from the formation face, perforating or other-
wise opening of the formation to the wellbore, and installation of well-
head and flowline equipment to handle produced fluids between the formation

and surface processing facilities. It also includes the same operations

‘needed to prepare an injection well to accept large volumes of water.

Methods used in drilling the borehole to, and through, the producing
formations are important to the completion phase. The physical condition
of the resulting borehole, i.e. presence of washed out sections, drilling
fluid penetration into the potential]y productive fbrmation, presence of
junk or excessive cuttings, etc., has a significant effect on the success
of casing installation and its performance in future life. And the
ability of the formation to produce high volumes of water--or accept high
volumes, in the case of injection wells--may be gfeat]y feduced.‘,

Thus, opefations of interesf to the compTetion engineer 5ver1ap the
final pqrtion bf drilling operations as well as ear]y‘phases of production.
For example, even before the drilling fig is removed, flow raté méy be
tested for desired volume, and potential problems such as‘sahd production
or productivity impairment may be recognized and corrected by stimulations
or réhedia] work, This could inc1ude'hydrauljc”frattufihg;fécidiziﬁg,'sand

screen installation, additional perforating and cement squeezing.




Later in well‘life,'similar remedial operations may also be required.
Such operations are loosely c1assified as workovers and are commonly
evaluated and supervised by the operator's production engineering staff.
Geothermal wells present special problems that 1imit workover success, as

wi11 be éxp]ained.

Organizational Constraints on Technology Development

Any organiiation or private company should realize that effective well
completion is critical to successful geothermal development. It is fairly
common for oil companies to eliminate thé completion engineer and make
the drilling department responsible for much of the above described comple-
tion operations. Thus many drilling departments control important features
in completion design, placing important long term decisions in the hands
of those with other primary responsibilities, i.e. the boring and casing
of a hole in the ground at minimum cost. This undesirable situation is an
often criticized peculiarity of the oil and gas industry.

Add this type of organization to the fact that most geothermal oper-
ations are being conducted in very remote locations, where the valuable
technical contributions and facilities of experienced service cpmpanjes
are 1imited; and the situation'becomes a significant factor in the ability
of industry to apply new completion technology to geothehma] development.

~ An example of‘thfs problem is the recent experience‘ofra major‘oil
company in drilling and comp1eting a geotherma] exp]orétdry well 3n the
Nevada mountains in mid—winter.f In this project, the field engineer
attempt;d to work on location with énon-wihterizedrﬁg. to evaluate a new

| drilling-completion fluid. Inappropriate instrumentation, leaking equipment
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seals and a poorly defined'p?ogram due to lack of involvement in early
planning stages caused results to be inconclusive, and a.learning opportunity
was missed. n

Othér factors retarding geothermal technology development are:

1. Proprietary interests of various private groups. This promotes
duplication and preventswide dissemination and subsequent
improvement of completion technology.

2. Limited interest by major o0il companies in committing research
and engiheering effort to geothermal, from a purely economic
standpoint.

3. Excessive gavernmental red tape in leasing land.

4. Delays in pbWér,pTant épprova] for projects which reqdire heavy
front end investment and accurate cash flow scheduling. This
slows the evolutionary technology development process in which
innovations come rapidly by trial and error.

5. Overemphasis of environmental andqlegal. considerations without
para]Te] programs for practica]rtechnology development.

“As a result, programs to improve pioneering efforts in geothermal
well comp]etions have not been given high priorities._ Hopefully, government
sponsored research and a Natioha1 commitment to alternate énergy development
can accelerate the learning procéss;

The Department of Energy's geothermal program qou]d be set back by

a serious aécident in a.major project, if adverse public opinién results.
Thus, best available well coﬁtro] features should be specified in operations
involving hot, potentially damaging brines in environmenta]]yksensitivg
areaé. Specia] precautions should be taken in Gulf Coast geopressured geo-

thermal zone operations.




STATUS, POTENTIAL OF FOUR CATEGORIES

Considering the four categories of geothermal development (steam,

’ —
hot water, dry rocks and geopressure) from the stand point of converting
the basic heat resource jnto commercial production under the previously

described economic conditions faced by private industry, these evaluations

are offered:

Vapor Dominated Systems

Dry steam production from hard, fractured rocks similar to those in
The Geysers can be handled by industry at the present time, as proved by
successful operation of the Ca]ifornia project. The production of energy
in the form of a 500°F, dry, non-corrosive vapor permits installation of
simple comp1etion.equipnent between wellbore and plant, Dense, hard rocks
produce small volumes of abrasive sand and other particulates, after they
stabilize, to minimize operating problems.

StimuTation;r acidizing, and cementfno are not required, as zones
are,completed‘in opendho1e afterisuitabTe productiVity'has been exposed.
Reinjection prob]ems are minimized by sma]] concentrations of sca11ng
products in the cool, condensed water by product and the common practlce
of evaporating part of the plant effluent, Bottom hole pressures are
low (500 psi) perm1tt1ng great flex1b1]1ty and economy in equ1pment design.
Corros1on is most severe in the condensate hand11ng system. Typ1ca] Geysers
completion pract1ces are described later in th1s report,

MaJor constratnts are the 1ack of prospects for th1s de51rab1e resource,

s1ow 1eas1ng on federa] Iands and power p]ant approva] delays
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Low Pressure Hot Water Reservoirs

High volume, hot water sources in shallow sedimentary rocks typical of
the Imperial Valley of California, cannot be considered commercial becadse
no plants have been installed to purchase the heat. However, exploration,
dril]ing'and testing are progressing rapidly, and industry is much closer
to installation of a commercial, electricity generating plant than most
casual observers believe. If such a plant were installed now, at least
one operator has sufficient test data to proceed with field development.

Imperial Valley operations have been given a bad name by reports on
years of activity in which hot mineral water was flowed into ponds or other
surface systems for a variety of reasons-commercial salt recovery, heat
resource eva]uations,}etc.’ The result of this flashing and cooling was
inevitable rapid,and éxtreme]y heavy scale build-up and severe corrosion from
oxygen entrainment.

Scé]e pui]dup and corrosion are major problems but they are not con-
sistent throughout the area. Total dissolved éolids (TDS) vary from
concentrations of less than 2,000 ppm in southern areas to over 300,000
ppm.near the Salton Sea. Some operators believe sca]jng problems in low

TDS areas will be minimal, perhaps no worse than those now being handled .

~routinely in existing refinery heat exchangers, if system pressures can be

maintained.

Imperial Valley geothermal reservoirs are underpressured, with bottom
hole pressures (BHP) slightly below hydrostatic. But where reservoir
temperature is high enough, density reduction of the flowing hot water
column may be sufficient to give very high flow rates, up to 100,000 bpd
per well. And to keep flowing pressures above the flash point (250 psi

for 400° F pure water) submerged centrifugal pumps operating in enlarged




casing sections can supplement natural flow. These various systems and
related completion designs will be discussed later in this report
R

Geopressured Geothermal Zone, Dry Rocks

Government, industry and various universities are actively pursuing
evaluation and testing in two new geothermal categories: 1) Energy in
deeply buried, very high‘pressure sands of the U.S. Gulf Coast to be derived
from heat, pressure and methane gas, all contained in the same high volume
water flow, and_Z)VWidesbréad buried heét to>be extracted from "dry" rocks
by circulating water'from well to well. »

The commercial potential of both projects, for private development, is
not very attractive at this time. And it appears that major problems also
must be so]ved'in drilling and completion phases before economical, trouble
free, multiwell programs can be initiated. Government funds will be well
placed in research programs aimed at improving geopressured and dry rock
dri]]ing, completion and injection technology.

Many questions‘about geopressured hot water will be answered as tests
proceed in Brazoria County,vTexas, in the first grass roots geopressured,
geothermal test well, and in six "wells of‘opbortunity" to be tésted by Gruy
Federal of Houston. Some operational prob]ems have already been evaluated
in the Edna Delcambre 1 test in South Louisiana.

- Despite high costs andrpotential problems’, there are}attractive possi-
bilities. Wéter flow of 40,000 bpd or more will contain at leastimoderate
heat energy, with temperatures fénging from 250°-450° F. And methane gas
concentrations of over 20 cubic feet per barrel will give one immediately
marketable product. A more detailed discussion of geopressure-behavior and

completion design consideration will be presented later in this=report.
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In pursuit of heat contained in hot, dry rocks, Los Alamos Scientific
Laboratories is actively testing two wells drilled through solid granite at
the Valles Caldera, New Mexjco site. The wells will evaluate the concept of
creating an in situ heat exchanger by hydraulically fracturing the graniie
to develop a large interconnecting surface area.‘ |

Dry rock that is impermeable enough to allow circulation with minor
water loss was found at 10,000 feet in rock temperatures of 387° F. Con-
ventional and ‘directional drilling operations were halted frequently for many
scientific tests, and advanced acoustic and seismic methods for defining
hydraulic fracture orientation were eva]uated; |

Many off the shelf oi] fndustry tools were utilized in the tests and
valuable insight is being gained into equiphenf limitations in hot, volcanic
rocks. Howevér, followup improvements will likely be slow unless the equipment
has other commercial applications. Valles Caldera operations and project
conclusions, and other related dry rocks investigations, are described

later in this report.

10




COMMON REQUIREMENTS AFFECTING COMPLETION DESIGN

Several requirements are common to all types of geothermal developments

LN

.and greatly influence completion design, for example:

1.

A power plant is necessary for complete project development and
wells must be located close (within + one mile) to the pTant to
prevent heat and pressure loss. Thus, wells must be completed in
groups and this situation lends itself to pad type development in
which several directional wells are drilled from one location.
Such a scheme is p]anned for the Imperia] Valley, It is

more difficult in the Geysers due to mountainous surface terrain
and directional dri]]ing problems.

The complete flow system from formation face into the wellboré
and thrdhgh'casing, wellhead and flowline must be sized to
correctly handle the fluid. Maximum line sizes with minimum
friction are needed to retain heat energy and prevent pressure
loss that will start scale.precipitation or steam condénsation.
Water injection System§ must be developed in conjunction with f
all production - schemes. Brine disposal will be required
projects for environmental Eeasdns. And in long life pfojects;
reinjection will be a key part of the system,to recharge. the sub-
terranean water supply.  In the Cerro Prieto project in northern

Mexico, hot water effluent reportedly is not reinjected,'thereby

“eliminating one major consideration that U.S. developers must

resolve.
Equipment will be exposedrfo Tong term effects of high temperature,
aqueous systems and relatively dirty fluids. Common problems that

result are: Casing, liner, tubing and flowline elongation and

1




contraction; deterioration of elastomer seals; cement strength
retrogression; and plugging of valve, sliding sleeve and orifice
recesses. ~

Scaling and corrosion will be commbn and. persistent problems as
the product in all cases will be water {except in rare dry steam
wells) containing high concentrations of salts and other dissolved
solids. Hydrogen sulfide is present in minor amounts in most
geothermal systems and contributes to corrosion problems in The

Geysers and in the Imperial Va]]éy; it is reportedly minimal in

- the Gulf Coast geopressured zone.f_ThistQy]ddbe_fortunate as high

strength, high carbon steel tubu]arsAwiII be needed for pressure

control.

12
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THE GEYSERS

High Energy Product

The combination of competent rocks, low reservoir pressures and a

- dry steam product-allows operators to complete wells relatively simply:

The object is to provide a wide open bore for maximum steam flow from
formation to surface and the low pressures allow use of large diameter
tubulars. 'HoweQer, the energy contained in the 500°F steam, while not
difficult to contain, can be potentially destructive or hazardous if re-

leased improperly. In an o0il or gas product, the energy is latent and

“"must be released by combustion; in steam, it is already there.

In one early Geysers well, before diverters and mufflers were used
for flow testing and cleaning new wells, the steam from the blooie line
of a new well reportedly blew down two eight inch thick oak trees at a
considerable distance from the location. Confined in a restricted
annular space, such as between .drill pipe and the wellbore, such a stream
becomes a jet with’ve]ddity approaching the speed of sound; and with the
addition of sharp, angular formation sand and larger rock particles

found in The Geysers formations, the damaging potential is extremely high.

" Tool joint ‘shouldér wear on drill pipe in wells drilled-in with air is

the most common ekamp]e of the steam's destructive capability, Figure 2.

Up to 50% of a string can be ruined in one well.

Reservoir, Fluid Properties

Geysers"reservoirs" are not typical oil field types. The rocks

”“‘éTEfc13531fied'as*metamorphOSed sedimentary, primarily graywacke; which

"consists of sharp silica grains in a dark, dense, well cemented martix.

13




DRY ST EAM AND AIR CONTAINING ROCK PARTICLE SEVERELY DAMAGE DRILL
. .PIPE IN THE GEYSERS AS SHOWN BY PHOTOS OF TOOL JOIN EROSION :
WELLHEADS AND VALVES HAVE SPECIAL TRIM TO MINIMIZE EROSION DAMAGE S
Photographs Courtesy Norld Oﬂ RN B R P




Stringers of serpentine and chert are prevalent above the steam zone.
A reservoir is created when the formation at a particular well site contains
enough natural fractures to Efansmit entrapped superheated water at lower
depth upwerd to a pbint where pressure loss allows the water to flash. |
In The Geysers, the steam is dry with a few degrees of superheat. Fractures
to surface have been sealed by silica deposits from earlier condensations
and depositions, so the steam cannot escape, Figure 3.

Because there is insufficient water supply to the fractured-rock
heating system to flood it, reservoir pressure is not a function of hydro-
static head. Thus, 7,000 foot Geysers wells have bottom hole pressures in
the range of 450-500 psi, instead of 3,000 psi (7,000 feet x .434 psi/pf).

Conditions differ greatly from location to location, and each well
must be considered a "wildcat" as far as steam volume, location and thick-
ness of productive ffactured zones is concerhed.

Reservoir pressures of 450-500 psi are reduced to about 125 psi at
the wellhead by ekpansion and cooling in the casing. Reservoir tempera-
tures are typically less than 500°F, and corresponding wellhead temperatures
would be about 370°F if the product had a superheat condition of less
than 20°F. The typical product delivered to the turbine inlet at the
generating plant is 355°F, 114 psi dry steam.

Production is measured in pounds per hour of dry, superheated steam.
A very goodGexsersum]l would produce 300,000-400,000 pph. Operators
look for 150,000-200,000 pph. Plants now being installed require'about

2 m%l]ion pph and would need the combined production of 14-16 typical wells.
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Corrosion, Water Disposal

The formation steam is dry and essentially non-corrosive, so carbon
steel completion systems can_be used upstream of the plants, with special
provisons for erosion protection such as special valve and wellhead trim.

After this steam gives up its heat as energy to turn turbine blades,
it condenses and contacts air. The resulting product is hot water con-
taining oxygen, which partially oxidizes the small concentration of hydrogen
sulfide into weak sulfuric acid that is highly corrosive.

Carbon steel, copper based alloys, zinc and cadmium are unsuitable
for handling this corrosive effluent} Austenitic stainless steel, aluminum
and epoxy-fiber glass products are used.

Hydrogen sulfide in the air, liberéted from vent stacks drawing off
non-condensable gases from the turbine discharge, and from the huge water
evaporator-coolers, is noticeable by its odor. While it ié no significant
health hazard in such small concentrations, it will corrode exposed bare
carbon steel such as wear-polished drill ﬁipe, and, of course, copper or
silver electrical wiring and éontracts.

Steam from the wells contains about 1.0% non-condensable gases in the

following concentrations:

Carbon dioxide - 0.79
Ammonia ' .07
Methane» L .05
Hydrogen su]fide» , .05
Nitrogen and Argon 03
Hydrogen : | A ]
Total _ B o 1.00%
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Effluent volume is_reduced‘by 80% in large wooden baffle cooling
towers which take 120°F water from turbine condenser sections and return

it at 80°F to cool steam exiting from the turbine blades, Figure 4.

Thus, the liquid effluent volume is reduced to 20% of the produced
amount. Primarily, this water is reinjected into the reservoir as a
disposal project. The long range benefit on reserves of reinjecting
cold water to recharge the subterranean supply systems have not beenassessed.
It is known from experience that too much injection close to a producer can
flood the fracture system and kill the well.

Chasteen (1975) noted,that 112,000 bpd was being injected into six
Geysers wells from 522 MW of installed capacity. The condensed steam
is essentially fresh water but small volumes of ammonia and boron con-
taminates are above limits set for surface discharge. From the cooling
towers, the water flows through concrete settling basins 50 ft x 50 ft by

8 ft deep with wooden baffles to collect settleable solids. Air is pre-

- vented from entering lines tovthe wells to minimize 02 corrosion. Injec-

tidn wells require slotted liners to prevent formation sloughing from water
contact. Wells are cased with full length 9 5/8 inch casing.

The highly fractured nature of the rock should allow deep injection of
large volumes of sma11 particuiates before injectivity impairment becomes

excessive. Chasteen notes md ft values of 20,000-150,000, which allow

| 40,000 bpd injection with no wellhead pressure. Occasionally, elemental

sulfur is deposited on the fracture faces and wells are shut in to allow
formation heat to melt the deposits. Injection is supervised closely by

the California Division of 0il and Gas.
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Drilling Problems, Special BOP Stacks

The significant difference between drillirig and completing Geysers
wells and typical oil and gas wells, or even geothermal wells in the Imperial
Valley, is the fact that conventional mud systems cannot be used over the
producing zone.

Conventional muds would easily penetrate the highly fractured forma-
tion because of the underpressured conditions. The result would be severe
lost circulation and/or plugging of the necessary channels through which
steam communicates to the wellbore from the surrounding rocks.

The object is to drill an 8 5/8 inch open hole into the steam producing
fracture system in an underbalanced condition so that the pkoductivity is
never impaired. Cuttings removal is not a problem as the high velocity
steam efficiently cleans the hole. It is necessary to cool the bit and
clean the teeth. This is commonly done with air supplied by surface com-
pressors at rates of 3,000-4,000 cubic feet per minute.

Above the target steam producing zone, 26 inch, 17 1/2 inch and 12
inch holes are drilled with conventional mud systems with predictable pro-
blems of lost circulation, High bit torque and shock associated with the
fractured hard rock system. The casing program will be described later in
this section. |

Within the target zone, compressed air adds oxygen to the returning steam
and creates the highly erosive annular jet that is so damaging to drill
string components. On the surface, the returning stream is contafned |
under a rotating head (that must be continuously oiled and cooled by a water
stream to protect the rUbber) and diverted 90° into the b]ooie 1ine leading
to the muffler and sump system. MUd and air drilling stack configurations

are shown in Figures 5 and 6.
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The steam diverter, locally called the "Banjo Box", is made from a
heavy duty BOP body with 3/4-1 inch thick walls to contain the impact of
high velocity particles. TQEse units take severe wear and must be fre-
quently repaired or replaced. |

To minimize tool joint erosion, hard banding is placed on the bottom
edge (see Figure 2) and the largest practical sigg drill pipe, perhaps 5 inch,
19 1b., in preference to 4 1/2 inch, 20 1b., is used to minimize shoulder
width. The tool joint 0D is not hard surfaced to minimize intermediate
casing string wear. Rubber drill collar protectors do not stand up long
in the 400-500° environment.

After dry steam has been contacted, the typical procedure is to
continue drilling until enough fractures have beén intersected to assure
an adequate steam flow.

From this time, thé completion process in The Geysers proceeds with
very little formation evaluation. Because mud or water cannot be used
across the dry steam zone, there is no way to cool the hole so that logging
sondes with internal electronics can be reliably operated for extensive test-
ing; The hot, dry and rough hole is not suitable for open hole logging or
drill stem testing with devices using pads or rubber elements. And temp-
erature and corrosion sensitive logging cabiés have been a weak 1ink. Coring,

DSTs and other work involving drill pipe tripping is rarely done due to

;dbwnho1e conditions and the difficulty of containing steam with stripper

rubber.
Dresser Atlas recently anhounced successful high temperature logging
in a 500°F open hole in CaSt]e Rock Springs (The Geysers). Logs reportedly

determined lithological characteristics and steam entry points using gamma

ray neutron and compensated density surveys. A 5/16 inch Teflon insulated single

conductor cable made by U.S. Steel Corp. was used (World 0il, Jan.1978, Page 15).
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Foam Drilling Systems

Other drilling fluids that have been tried include mist, a combination
of air and water,_and pre-formgd stable foam. The advantages of foam, -in
principle, are that it offers a non-damaging method of holding backpressure
on the fractures to cohtro] steam entry, and it can cushion the abrasive
action in the annulus. Foam is also an excellent particle T1ifting material
if it can be effectively jetted under material removed at the bit ﬁooth
contact point.

Some operators have found foam systems difficult to balance in the
hole, and foam systems are somewhat sensitive to changing temperatures and
pressure conditions. App]ication requires close coordination between
drilling and engineering departments. Chevron U.S.A. has developed
and licensed stable foam for’a variety of oil field applications, and has

experimented with foam in géotherma] drilling.

Difficult Locations, Directional Drilling

Surface terrain at The Geysers consists of a series of very steep
hillsides, ridges,‘and valleys With,switchback access roads. Wells are
grouped within 1/2-1 mile of the plant site and level locations must be
prepared by éxpensive ;ut énd fill work, Figure 7.

Such well groupings could bekdirectionally drilled from control
locations (pads). This would cut the cost of building multiple, individual
well sites. However, directional dri]1ihg is also expensive, pérhéps adding
over $100,000 to the cost of a Geysers well. The hof, fractured, abrasive
rock is difficult enough‘to drill conventionally.

Deviation contro]rwith downhole mud motors is limited, of course, to
that portion of the hole that is mud drilled. This is the major portion

in most areas but some operators extend their air drilled sections as high
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as possible to increase penetration rates. The mud also cools the downhole
environment to make gyroscopic surveying possible. The rubber stator in
the Dyna Drill, a commonly “Efd tool for deviating holes has a temperature
Timit of 350°F. |

Hole angle, and the manner in which it is created, greatly affects
casing wear on intermediate strings, while drilling in open hole below.
Rapid changes in angle (doglegs) in the upper part of the hole create
greater lateral loads as drill string weight increases. Casiny wear in
the large diameter strings used could severely reduce already marginal
collapse ratings, as will be illustrated later.

In shallower wells, slant hole rigs might be considered;fojthat
higher deviations could be made from a pad, without a dogley - oandition.
This method is used on offshore platforms in certain types of shallow
reservoirs.

A significant technology breakthrough in hot, fractured rock direc-
tional drilling capabilities would cut geothermal development Eosts in
mountainous areas. The methods would be highly applicable to the "hot,
dry rock" program, which will be described in a later section.

Normally, the procedure is to drill from single locations and utilize
the natural borehole drift to cause the hole to intersect the maximum
number of fractures, as there is a general trénd to the fractures in the
area-a phenomenon that is often associated with mountain forming diagenesis.
This may not be true, however, in non-sedimentary, volcanic rocks.in which

the fractures may be radial, around intruding magna sills.

Moving Off the Rig

The first steam test is made with an orifice plate in the blooie line.

Later, more accurate isochronal back flow tests similar to those used on
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gas wells are completed.

To move off the rig, the drill string is pulled through the rotating.
head with fhe well blowing, and the master valve on the casing head is
closed below the bit. When the BOP is removed, this valve then becomes the
single shut-off device between the unconstrained 500 psi, 500°F open hole
steam source and the surface. To protect this valve during drilling, a
wear ring is installed in the top flange, Figures 5 and 6. Later, a second
valve is installed so that the lower valve will never be operated against
and be damaged by, differential pressure flow. Typical completed wells are
shown in Figure 8. Wellhead features will be discussed in more detail later
in this section.

It is generally conceded that completing Geysers wells under such
"controlled blowout" conditions is a procedure that could be improved by
innovative technology. Two Geysers producing wells have blown out; one

in 1970 was controlled and abandoned within a few days; one in 1973 was

not controlled until 1974.

After the master valve is closed, and whenever the well is static, a
small volume of steam may be vented from the casing head outlet to keep the
downhole system hot and prevent condens‘ation which could drain back dqwn
the hole and kill the well. This procedure has been modified in some later
wells as will be discussed.: When a well must be shut in, it is brought
back on very carefully to brevent dislodging of sand and broken rocks from
the fracturé system. Once on stream, cyclonic dust trap along thé Tine

remove particles before they enter the turbine inlet, Figure 8.

Well Control Considerations

Workover procedures in The Geysers are complicated by the lack of well
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control. Typically, industry relies on weighted mud to suppress formation
pressure when mechanical shut off devices are removed from wells. At The
Geysers, it is scalding, high energy heat that must be suppressed safely,
and for long periods, if extensive well work is to be done. Indusfry at
present has no elastomer material for BOP seals or for bridge plug or packer
seals that can tolerate extended 500°F temperatures.

However, in recent completions in populated areas of The Geysers,
steam venting of shut in wells -has, Reen avoided. Some wells have been
tested and temporarily plugged, whiie plant installations are being approved,
by setting a bridge plug in the hole and capping it with cement. Also,
some wells have beeh ki]]ed for workovers with clean fluids and put back on
stream by lightening the column with air or nitfogen. These have not been
common practices.

Snubbing systems offer one possible method of working on live steam
or hot water wells. New units presently active in the North Sea and Iran
can hand]e'very large strings such as 5 1/2 inch or 7 inch. However, the
major constraint again is the rubber sea]ihg element; which on a snubbing
unit is particularly critical.

The use of a stab1é, non-damaging foam in some combinatioﬁ with a
reliable, temperature resistant snubber might be one approach to a geothermal
well workover system. |

Also in the area of well control, there presently is no method
for automatically shutting in a steam producing well below the sﬁrface.
Should the 13 3/8 inch casing head, the master valve body,'or the top of
the surface casing itself split, crack or otherwise fail, steam would

blow from the damaged equipment until the well was killed.
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0f course, the surface master valves could be equipped to operate as
safety valves and close automatically when signalled. In the Geysers,
such valves are utilized at plant inlets as a plant safety feature. Pressure

relief valves in flowlines prevent gathering system pressure build up to

400-500 psi reservoir pressure levels.

Casing, Liner, Openho]é Programs

Depending on hillside steepness, 150-200 feet of 20 inch conductor is
cemented 'into a drilled 26-inch hole, Figure 9. Rocks are hard from the
very start.

Surface pipe is typically API. 13 3/8 inch, K-55, 61 pounds per foot
(ppf), Buttress thread casing. High strength alloys are not required, but

API round threads are not acceptable, as will be explained.

The 13 3/8 inch casing is cemented. to surface with a slurry of Class
G cement and Pozmix with 30-40% silica for strength at high temperature, and
retarder. Stab-in techniques are.frequent1y used in large casing (slurry
pumped down drill pipe thrdugh a bottom stab-in connection) to reduce pumping
time and water storage requirements. The pipe-formation bond restrains
the pipe against thermal exp?nsion‘and contraction. The string can also
be pre—tehsioned durihg cementing'to compehsate for future expansion. Special
attention to col]épse.is important in Targe diameter pipe. This will be

discussed later in this section

The 13 3/8 inch is norma]iy set below any surface water flow and/or

\,through unstable serpentine stringers. In some locations it may be possible

- to air drill below the surface pipe to increase penetration rate and avoid

lost circulation. In other areas, mud drilling must be continued, due to

deep water flow.
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A 12 1/4 inch hole is drilled from below surface pipe to the top of
the expected. steam zone. In this hole, high mud températures are a problem
and chemical thinning and coo]ing wifh large fans blowing across the shale
shaker cah usually control thiékening. Mud temperatures run about 180°F but
have been considerably higher at times.

A typical depths of 5,000-6,000 feet, a drilling liner of 9 5/8 inch,
36 ppf, N-80, Buttress thread casing (with heavier 40 ppf joints on bottom
for greater collapse resistance) is landed and hung on a liner hanger,

200-250 feet up from the 13 3/8 inch shoe. The liner is cemented solid with

retarded Class G and Pozmix cement with 30-40% silica, and friction reducer.
When Tiner cement has set, the drilling system iS converted to air by
removing the mud flowline and installing the Banjo Box and rotating head.
Typically, an 8 3/4 inch bit is run and about 1,000 feet of hole is
drilled into the fractured zone containing dry steam.' Drilling is stopped
when sufficient steam flow is judged to have been opened. Preliminary tests
are made while the wellbore is cleaning itself through the diverter, rock

trap and muffler.

Casing Design, Installation Facfors

It has been common practice to complete the well as a "barefoot" opeh
hole completion, with drilling 1iher ahd surfacevpipe serving as t@bing.
This configuration gives mi nimum restriction to flow. Disadvantages are that
the well is left with drilling damaged liner and large diameter casing as the
only wellbore protective strings.

Some operatoré install a tie back broduction casing string from liner

hanger to surface, and cement this string to surface, Figure 9. The cement
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presumably bonds the production string to the surface casing and adds strength
and collapse resistance to the downhole system. In an oil or gas well,

the tie back string could be run after the lower hole was drilled to prevent

~dri11 string damage. This is not practical to do in The Geysers without

killing the well. /

Casing size can be a big completion cost factor and the entire tubular
program would, of course, be a function of depth and maximum friction loss
allowable. The 9 5/8 inch drilling liner can be extended to surface which
would cut steam flow but give added annular space for proper cementing, i.e.
a difference in liner OD to surface pipe ID of 2.89 inches or a sheath
thicknesé of 1.445 inches. Or § 10 3/4. inch string could be used to improve
flow ratés in which case the annular area wou]d be reddced to a cement sheath
thickness of 0.88 inches, for perfectly centered pipe.

TooAsmall a cement sheath would reducé cement strength and bonding
ability to contain thermal expansion of the inner string, although even low
strength cement éan support high axial loads. And a weakened cemeht sheath

would continue to act as an insulator and provide some string support because

it cannot escape, and bonding as a fluid seal is not required in this application.

The tie back string normally is stabbed into the liner hanger using
a nipple with chevron seals that'ehgage a polished bore recebtac]e. The string
can be cemented'by circulating slurry before completing the seal; or port
collars may be used to circulate, . Temperature'senSitiyéAseals in‘ g
these applications would be "backed up" with cement. Higher streﬁgth cement
may be used by reducing the pozzolan type'lightener. Silica is still added for

temperature resistance.
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Thermal Stress on Casing, Thread Selection

High strength steel alloys are not required downhole for the minimal
pressures encountered, and thg;carbon steel metallurgy is adequate in the
dry, non-corrosive Qroducind.environment.v’ o |

API‘ButtresS threads are commonly used on casing Strings in most geothermal
applications to handle additional stresses imposed by thermal elongation
and contraction, Figure 10.

This problem was highlighed in Ca]ifornia steam injection wells several
years ago when numerous casing failures were observed in cyclic steam wells.
During the steaming cycle, the casing would elongate, subjecting the string
to'compresSion loads that plastica)lyﬁyie]ded the pipe, actually shortening
the'string. When the étring Coo]ed, during the~proddction phése, the shortened
string caused severe tension loading. Usually API round thread pins pulled
out of the boxes; therpipe body parted in some cases.

Examination of the Buttreﬁs thread form shows that, in tension, pin
threads oppose coﬁp]ing threads with a nearly flat shoulder, reducing
the inclined plane Tifting effect that mating API round V threads have.

Industry suppliers also offer premium, non-API casing connections

with proprietary thread forms that offer greater strength than API
Buttress fhfeads,‘ahd additional featu?es such as multiple seals and f
postive shou]dering,/similar tgié tdo] joint, Figﬁrelo. API)tapéred
threads rely heavily on'the pressure of‘threaddopé;-between the roots

and crests of mating threads to complete a‘fluid seal. A]]'premiﬁm Jjoints
have metal to méta1 sea]ing'feafures; some have threads that also Seal

against each other.
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A quick reference to various thread forms is available in the World
011 Tubing Tables, World Qi],rdanuary 1977. Suppliers of premium connections
also advertise in Composite Catalog, Gulf Publishing Co., Houston.

In any case,‘it iS necessary td have couplings as strong as the pipe
body. And the pipe body must be designed to handle thermal load changes.
Fortunately, most geothermal applications will not subject casing strings
to cyclic thermal loadings once production commences.

Conversely, movement in unrestrained tubing strings can be great. Well-
heads designed to accomodate this movement to prevent buckling are illustrated
later in this section.

Collapse resistance is a critical consideration in large diameter casing
such as the 13 3/8 dinch string. This pipe has an API collapse resistance of

only 1,130 psi compared to an internal yield pressure of 3,090 psi. And the

\

weakening effects of casing wear and 500° F temperatures should be considered.
Several operators have collapsed casing in geothermal operations by

trapping water behind the pipe during cementing Qperations. It should be

remembered that any water or mud filled voids in the cement column opposite

non permeéb]e férmafions--and pértiéu]ar]y in tﬁe annu]hs between surface

pipe and conductor--will be heated to 400-500° F temperatures during production.

And the entrapped fluid must expénd and in so doing, it exerts pressure on

the casing that can easily exceed collapse ratings. To avoid this, small

diameter pipe is often run into the 20 x 13 3/8 inch annulus to fill the space

with cement. |

The same problem also existé between 13 3/8 inch surface casing and 9 5/8

~ inch tie-back liners that are sea]ed into éxpanding type geothermal wellheads.

‘In this case, the casing head outlets must be left -open to prevent'Water

‘or condensate éntrapment in the annulur space where it could be heated

36




E . £ K

.

. L

r_

by steam flowing inside the liner. These problems have actually occurred
and the expense of repairing collapsed casing is great.

A poor cement job on surfg;e pipe can also lead to external casing
problems. Channels and voids that contact permgabi]ity to surface water
can expose the casing surface to water that contaihs oxygen and is thus
potentially corrosive. Extensive'coptact with colder surface water can
also cool the pipe and promote thermal stresses or lessen the insulating
properties of the cement sheath.

The special problems with geothermal casing strings that have been
discussed above (thérma]rmovement, collapse, external corrosion and drill

pipe wear) are illustrated in Figure 11.

Casing Heads, Valves

Geysers -surface systems handling dry steam can be simple because of the
moderate pressures and non-corrosive fluid being handled. 1In non-popu]ated
areas where continual venting is permitted, and tie back casing is not used,
a 13 3/8 inch, 2,000 or 3;000 psi W.P. casing head is slipped on the 13 3/8
inch surface pipe and:wglded, Eiqyre-lz. This head, also known as a Mud
Cross, has a 12 inch f]énge on toﬁ, two flanged outlet ports, and an internal

diameter of about 12 1/2 inches. This head is not threaded onto the surface

pipe although both threaded and weld types are available.

~ In the simple completion il]ustrated*in‘Figuré 12, where the gasing‘head
is welded onto the surface pipe and there is no tubing or tie back casing
inside the surface string, thevmaster va1ve is flanged directly to the casing
head. For a positive seal, metal to metal seal rings fit into circular grooves

in the mating flanges.
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COURTESY GRAY TOOL CO.

WELD TYPE CASING HEAD WITH TOP FLANGE AND SIDE PORTS AND DUAL MASTER VALVES.
NOTE: ALL ANNULAR SPACES BETWEEN CASINGS AND OUTSIDE CONDUCTOR SHOULD BE CEMENT
FILLED.

FIGURE 12 -
39



r .

r o

|

E

r

Master valve design is very important. It must be extremely rugged to

withstand the high compressional and shock loadings imposed by 40-50 tons
of BOPs, Banjo Box, mud flowlipe and/or rbtary head equipment attached to it
during‘the drilling phase. Geothermal-service valves must’also be designed
to pfesent é full opening to steam or water flow without recesses that can
fi11 with scale material that plugs flow or preventé valve operation. And
they must operate under extreme temperature conditons without galling or
seizing. Valves are avaiIab1e with special geotherma] trim that offers
corrosion and/or eroéién-tofrosion resistance. For_cdrrosive fluid produc-
tion; equipment';an'be made from 316 stainless steel. Supplier recommendations
should be followed inmetallurgy selection. | | 3

- Geothermal valves should be designed so that the gate contact points are
foréedroutward by internal wedges, forming tight metal-metal seals so that
steam or water cannot enter the valve body and foul internal components or
contact the stem packing, Figure 13. One such valve offers these features
on both open and closed positions and the operator must be aware of this

feature, and open the valve completely to actuate the seal.

Expanding Wellheads

~ Where an innér string extends‘through the casing head, it may not be

desirable to hang or positively secure that string to the casing head, as

‘would be done in ah 0il or gas well. In the latter case, seals between

- casing stkings are-critical, to prévent dangerous escape of high pressure

gas‘orroil‘into Tower pressure'rated casing strings. Also in such cases,
where inner string expansion is expected in high temperature hydrocarbon
producers, movement usually pcéurs in a downhole sliding sleeve in a liner

hanger.
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However, reliable downhole s1iding seals have not been perfected. for '
geothermal wells, and it may be undesirable to solidly connect concentric
casing strings at the surface because differentia] expansion may buckle or
permanently damage the pibe., _‘f‘v’ o

The solution is to allow the inner string, commonly 9 5/8 inch or
10 3/4 inch tie back casing, to move vertically within the wellhead. This is
accomplished by installing an expansion spool between the casing head and
the master valve, Figures 14, 15.

SeVera] companies offer expansion spools. A1l models have a seal

between the casing and the expansion spool bore composed of high temperature,

~ asbestos based packing;»baéked by addition ofrplastic temperature resistant

packing applied through fﬁjéction ports. Spool length can vary as needed,
common string movement is 8-14 inches.

One proprietary design has the seal attached to the casing so that it

operates against a po]ished spool bore. Other models have stationary seals

in the spool through which the casing stub moves. Installation of an expand-

ing wellhead should not be attempted by inexperienced field personnel. It

is critical to seal 1ife and reliable operation that the casing be centralized

accurately within the expansion spool.

And, as mentioned ear1ier,'it is'éXtremely important that no water

. filled spaces be entrapped during wellhead 1nsta11ation,'as expanding fluids

heated to 5009 F temperatures by steam pfoduction can easily coliapse casing.
Outlets on the 13 3/8 inch casing head must be left oﬁen or adequately vented
to preVeht'formation df entrapped condensate bétwéen 9 5/8 and 13 3/8 inch
strings.; Préssure,re]ief'featureé.in other locatfons_bn the wellhead should
be'uti]ized;‘ It is also ﬁOSSible to éo]lapse fnner‘strings by improperly

injecting plastic sealant from high‘pressure hand guns.
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EXPANSION SPOOL WITH SEAL STATIONARY ON THE SPOOL. PRODUCTION STRING IS FIXED
AT THE LOWER END. THERMAL EXPANSION OCCURS IN THE WELLHEAD.
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EXPANSION SPOOL WITH SEAL AFFIXED TO CASING.
ACTUAL INSTALLATION ON A WET STEAM TEST WELL.

FIGURE 14
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- Additional technica1~informationrOnwgeothermal—wellheads should -be obtained

-

s-/ from manufacturefs. Products of two major suppliers of geothermal surface
hﬁ equipment are illustrated in ﬁhfs report. Other manufacturers which offer

j“"*“"""geothermal wellheads-and-relevant-equipment are listed in Composite Catalog, - - -
. Gulf Pub]fshing Co., Houston. The American Petroleum Institute (API) has
L; no standards for geothermal wellhead equipment, so API Spec 6A on wellheads
coes e s o Tittle help“in.selecting such equipment. Suppliers should be contacted -

. to clarify actual pressure ratings of components listed in ANSI ratings.

! These ratings are old homencléture that does not indicate pressure. A 600
!i“‘*““"‘ﬂmST“fTangE:“fcr‘exémpTE7—haS‘an‘ANSanwssure'rating“of>};440“psi“at~100°'F;"’~~~m< -
.J An AP112000 f]angelﬁas a 2,000 psi rating at 1000 F. ’

| Industry has the capability to produce as reliable a wellhead as needed
- “‘“"“if“éﬁ§t“requirement§*taﬁ‘bE“met;"and‘ff*accurate*specifications can be-given -~

| ahead of time. For example, wellheads have been supplied for corrosive
s natural gas wells in a high temperature field in Indonesia for locations
Li 77 that have 7 inch tubing, 4000 F temperatures, very high surface pressures,

and flow rates of over 250 million cubic feet of gas per day. The cost of
h; ' this wellhead for a geothermal application may be prohibitive, but it

; = 1illustrates what can‘be madg available on demand. |
. . . |
-

-
-
ui
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IMPERIAL VALLEY

Development Status: I _
| Imperial Valley development by private énterpfise_iﬁ $ti11;iﬁ the
competitive stéges as evidenced by consideréb]e explofation, resource
evaluation and leasing activity. Thus, mény details of reservoir proper-
ties, actual temperatures and potential flow rates are not available.

A federal test site was established at East Mesa, near Holtville, and
five wells were drilled by the Bureau of Reclamation between August 1972,
and June 1974 (see map Figure 16). The“site now'consists of one active

water source well, a water hand]ing'ahd transfervsystem; and one injection

~well, which are made available to bona fide organizations desiring to evalu-

ate geothermal processes. Status reports from East Mesa are one public
source of data on early Imperial Valley drilling and completion operation.
It is important to'uﬁderstand that in early federal test projects,
and in certain other private]y'sponsored operations in the Imperial Valley,
water has been handled in a manner that creates problems that can likely
be avoided in actual commercial enterprises. At East Mesa, for example,
production is flashed into ah'open,holding pond and subsequently pumped
into an injéction we]i.' Such:éohditioné have produced horror stories of

scaTing problems that have negatively influenced many people's concepts

of the Imperial Valley's geothermal potential. Basic technology which is

outlined by R. M. Jorda in earlier and accombanying reports and verified

by operators' experience and plans for development, indicate ways must be

 vfound to recover heat from the water without flashing, to minimize scale

buildup.
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Several operators are optimistic about rapid development although no

h\~=j commercial plants are in operation. Near Ni]and, San Diego Gas and E]ectric‘
hj Company is evaluating reéourcempotentia1 and will Tikely belthe first buyer
-of .geothermal energy in the area. - In the Heber area,,avmejdr oil company
- has deve]dpment plans laid for a project that could eventually include
a 500 megéwatt’plantkuti1izing 6 million barrels of water per day. Magma
hﬁ Power is installing ai10 MW pilot plant near East Mesa to evaluate its
- Magma Max Binary Systelih,.
In October, 1977, San Diego Gas and Electric testified before a
nhi‘L.u-u;‘-._California-legislatﬁye_subeommitteemthatvit.did*not;yei-haye_suffjcjent“,~A
¢ deta to support cohmereial'deveTopment. 'Again, testing that led to this
- comment is primarily a result of continuing-study of hot water in flashing
‘EJ‘ - - -—.-conditions, in_this casewinﬁtheeNi1anﬁearea.m,Scaling in pipes and pressure
vessels was mentioned as a majordeterrent to development.
b . Perhaps commercia] deveTopment plans may be fairly well defined within
; two years and-by the mid 1980s a substantial new source of electricity
. for the San Diego-Imperial Valley area could be a reality. At least one
" operator has said it is ready to develop now if the utility would install a
E plant. |
u
; Compar1son with The Geysers .
hJ'. - Several basic d1fferences cause Imperial Va11ey compiet1ons to vary
hj E greatly from those in The Geysers
~* Target production is very high volume hot water (40, 000-100 000 bpd/we]])
- , '~r . w1th high m1nera1 content.A | |
. Temperatures can be higher or lower depending onv]ocatiqh within the
ﬁ, 2,000-3,000 squafe mile Valley area, varying from 350%F to neafiy 7000 F, in
»hETTj»;m-J»)uﬂ.ﬁ - the more attractiverproducing,areas. These higher temperatures approach

the heat treating levels of some steels.
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-~~~ .  The geothermal water source bed is a major sedimentary basin and

S../ the producing section includes shales and thick, loosely consolida-
uir ted sands with w1de1y‘vary1ng permeab111t1es
= S 1; = -,-- Downhole-and surface: systems are wetted by hot water and are subJect,
hﬁ 'to corrosion and scaling.
.J Surface terrain is nearly flat and wells are in or near irrigated
; ~and cultivated land with major canal systems that are sensitive to
Hj \ subsidence
; ‘ Reservoir pressures are higher than in The Geysers, but are still
L S— A unuerpressure*compared~to~hydrostatTC‘1eve}s ‘sMud systems—can be-— - -
‘J used for dr11l1ng and control, but formation breakdown pressures
3 are sensitive to mud weight.
li T —— 7 Dritling is neither difficult nor-expensive-and directional wetlts——--
1 can beutilized for more efficient pad type development.
- Surface systems are similar to those used in The Geysers; i. e.
‘J “large diameter valves and f1ow11nes, and Fherma1 expansion equip-
| ment is required.. Natural flowing surface pressures are relatively
v

low, being a function of density changes in the flowing water column
with temperature rise. |
Disposal of cooled water is a major consideration as all effluent

must be reinjected. However,‘injection pressures are not high, in

. B

S e "‘the-absence*of'formetioh p]uggihg,‘as pressure of the "cold" water

E .

~column exceeds that of the reservoir.
‘“J'“ Reservo1r, F1u1d Propert1es T S sf"“'“““
; B The Imper1a1 Va]ley geothermal reservoirs are porous sand bod1es de-
hﬁz.’J ‘posited in the Salton Trough, a comp1ex rift valley which is the northerly
hi » , «

ke
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extension of the Gulf of California. The'heat source is a buried magma
body. Underground water is supplied from the Colorado River to the East and
it essentially moves horizonta;;y into the permeable sands, CO11ectihg high
concentratiohs of minérals4in the procéSs. ‘Above the heat‘source, the"
water temperature is increased and the less dense liquid moves vertically
téward the surface where it is subsequently cooled. In the cooling process,
minerals are deposited in the rock pore spaces and fractures.

Over geo]ogic time, this mineral deposition has formed a cap rock of
silica-filled sedimentary}rock,that pfevénts,fdrtﬁer natural water loss. The
system is COmplicated by deep frécturing associated with the same plate
tectonics that have created California's well known San Andreas fault. Major
geothermal fields are located by increased temperature gradients, which can
be ten times normal, i. e. up to 10° F/100 feet.

Late Tertiary sediments filling the Salton Trough consist primarily of

poof]y cemented sand, silt and shale. There is clay present which will

- Tikely swell on contact with fresh water and cause productivity impairment.

Many wells have been logged with Schiumberger's Cpfiband or Saraband log
suites, using best available temperature resistant tools and lines, to
identify porosity and §and-sha1e sequences."One.operator has a'project
underway to correlate log and core data for more accurate app]ication'of logs.
Porosity and pérmeability can vary greatly from zone to zone and one
major cbmp]etion conéiderétion iéythe fact that most opérators open the gross
interval to pfoduction by running long, uncementedrslotted liners. Such
systéms do nbt permit evaluation and treating of separate zones With indivi-
rdualtproduciﬁg'characteriétics;'i.'e,‘a féw'very high'permeabi1ity streaks

may be contributing a high percentage of total flow. Excessive flow velocities
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from thin zones could lead to long range problems such as wellbore instability,

-sand flow, in situ scaling (from pressure drop) and liner slot erosion.

Both poros1ty and permeab111ty decrease W1th depth and there is a .

reasonab]e correlation of porosity to permeab1]1ty East Mesa wells in

“the 5,000-8,000 foot depth range have average porosities over short intervals

of 30% + at 2,000 feet, grading to 20-25% at 6,000 feet. Corresponding
permeabilities were in the order of 100 md+ at 28%, decreasing to 10 md at
20%. Permeabilities of over one Darcy are not uncommon in Imperial Valley
wells in shallower zones. In East Mesa wells, there is nearly a 1:1 relation
between horizontal and vertical permeabi]ity.

Reservoir temperatures vary'greatly and this variation makes or breaks
the economiosrof commercial app1ications, as heat is the product being sold.
East Mesa wells had shut in bottom hole temperatures of 399, 380, 315, 354
and 309° F at depths of 8,030, 6,005, 6,016, 6,205 and 6,231 feet, respectively.
In the Niland area, closer to the Saiton sea, one operator has a 3,000
foot well with 5000 F temperatures, and a 4,600 foot_we11 with 6180 F.

| Coocentrations of total dissolved solids (TDS) are highest around the
Niland area where the brines average 200,000-300,000 ppm TDS. In Heber,
TDS 1eve15 are about 14,000 ppm; around BraW]ey, 80,000 ppm; in East |
Mesa, 2 000 ppm; and in Mex1co s Cerro Pr1eto deve]opment, south of Heber,
20 000 ppm. ’

The waters contain-a 1arge'homber'0f minerals besfdes the predominate
sodium chloride. The chem1ca1 analys1s of unflashed East Mesa Br1nes reveals
over 20 e1ements, see Table 1. InVCerrorPr1eto, silver is-reportedly recovered
from scale as a commerc1a1 by-product. Produced brines have pH‘va1oes of

about 6.0, or higher.
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" TABLE 1 -ANALYSIS  OF UNFLASHED EAST MESA GEOTHERMAL BRINES, JUNE, 1976

Conductivity (25°C)
Chloride (C1)
Sulfide (S)

Silica (Si0p)

pH

Total Dissolved So]1ds
Iron (Fe)

Lithium (Li)

Potassium (K)
Magnesium (Mg)
Manganese (Mn) ,
Barium (Ba)
Bicarbonate (HCO3)
Sulfate (SOg)

-Fluoride (F
Ammonia (NHg)

Cesium (Cet)
Bismuth (Bi)
Arsenic (As)
Antimony (Sb)
Sodium (Na)
Calcium (Ca)
Strontium (Sr)
Boron (B)
Selenium (Se)

Well 6-1

40,000 Mmho
16,850 mg/Al
3.0
320
5.45

23,600

8.8
40.0
1,050
17.2

.95

ND =

Well 6-2

Not Determined

Well 8-1
6,000 mg/1 3,200 mg/1
2,142 500
1.5 1.0
269 389
6.12 6.27
5,000 1,600
.10 .10
4.0 1.1
150 70
.24 ND
.05 ND
.25 .15
560 417
156 173
1.23 1.6
14.7 4.95
.38 .14
ND ND
.22 .05
.90 1.2
1,700 510
16.4 8.5
- 6.4 2.1
7.45 1.6
ND 0.5

Well 31-1

4,700 mg/]
510
0.3
274

6.27

2,900
0.1
0.6

85

ND

ND
.15

AFTER LINDEMUTH ET AL, SPE 6605 (1977)
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'; Imperial Valley waters are corrosive both downhole and on the surface.

s..) This will be a continual problem. Tresede} and Wieland (SPE 6613) reported
hf | on early investigations of two ﬁjZOO foot Shell 0i1 Company Salton Sea Geothermal
"?*'M -~ Field wells, noting severe-corrosion of carbon steel at the bottom of thé well, .
- a problem that has not been reported at The Geysers or in Wairakei, New
;: Zealand. Higher temperature in the Shell wells (6080 F compared to 470° F and
o ~ 518° F, respectiveiy; in~the other two locations) were listed as a factor.
hJ And, as discussed earlier, Geysers' wells are vapor dominated. Treseder

; pointed out high sé]inity (12.7% ch]dride ion) and présence of carbon dioxide
Mo ~&n d*ﬁyﬁr&gén‘:s'c‘ﬁffdéj"a's%other~ma5ﬁr=-faét0rs— increasing-the-water corrosivity, .. .
i; Tables 2 and 3 show hjgthDS concentrations of the wells near the Salton Sea

| and effects of the corrosive water on various alloys.
-
. Flowing Mechanism,.Dowhhole F]aShing Problems
- The basic requirement is to achieve very high water flows, as the amount
h; of heat to be "mined" from the underground source is proportional tq flow.

o Since there is no expandable gas cap under the sealing rock surface, static
hi presSure at the bottom of a well is a function of water height in the reservoir

" “and average water density. In afwe11boré‘in which the water column has
 equalized to surrounding formation températures, the average density is

high"éndugh to exactly match reservoir pressure; and the fluid level is

3 S A

’f”gtétic;"USUally’somefdistancé be10Wrthe'surface (underpressured cohdition).

uj ' When formation water is caused to enter the bottom of the well, colder
é }water in the upber portion,is disp]aced, and if it is removed, the average
*J' ””‘”“*¢;déh§ity:6f‘thé1c61umn'1s*detreasedland¥reservoirvpfessuremthenéexceeds,botiom.“.,V :
i hole wellbore presSure. The well then can start to flow and the hotter the
"?‘-') we]lbore fluid becomes, the 1ightef it becomes. The process will continue
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TABLE 2 - COMPOSITION OF RESERVOIR FLUID (PPM) FROM TWO SALTON
SEA GEOTHERMAL FIELD WELLS*

Constituent No. 2 IID No. 1 State
. Sodium 53,000 47,800
Potassiun . 16,500 14,000
Lithium 210 180
Barium 250 190
Calcium . 28,800 .21,200
$trontium 440
Magnesium 10 27
Boren 390 290
Silica 400
Iron 2,000 1,200
Manganese 1,370 950
Lead 80 80
Zinc 500 500
) Copper 3 2
Silver <1 <1
Rubidiom 70 65
Cesium 20 17
. Chloride 155,000 127,000
ICO2 500 5,000
s : 30 30
Total Dissolved Solids 259,000 219,500

.

" TABLE 3 - CORROSION DATA FROM SAMPLES EXPOSED TO BOTTOM HOLE CONDI-
TIONS IN A SALTON SEA GEOTHERMAL FIELD WELL*

Scale Corrosion Rate, mils/yr

i Thickness, Weight Max. Pit Crevice ‘
Alloy mils Loss Depth Attack
APl Grade J-55 Steel 55. -380. 1000. 500.
Type 410 stainless Steel 5S. 50. nil 640.
Monel 400 - : 300 - 25, ni1 90.
Inconel 600 ) 19. . 2. nil nil
Type 316L Stainless Steel 18, ’ 0.5 nfl nil

*  FROM TRESEDER AND WIELAND SPE 6613 (1977).
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" of 0.294 psi/foot. The downhole "f18sh ‘point. was ‘estimated to be at about -

- until pressure in the upper part of the hole decreases below the flash point

of the superheated water. An uncontrolled well in this condition would blow

steam and water at increasing rates and the flash point would move downhole

" until pressure on top of the superheated water column required to 1ift the

wet steam exceeded the vapor pressure.

From steam tables, it is noted that 250 psi pressure is needed to
prevent the flashing (boiling) of 400° F pure water. And water with high

salt content would require even lower pressure to prevent flashing at 4000 F.

But d1sregard1ng the flashing mechan1smstemporar11y1n order to understand

‘the effect of dens1ty ‘change,” conSIder this hypothet1ca1 example: If a

6,000 foot well is standing full of water with an average temperature of

- 200° F and that temperature is increased to 4000 F, the height (volume) of the
"column of water is iﬁéFéaSéd’by"g;B%;@to 6,558 feet. Thus, this well that

was initially static would flow a stream of water with 558 feet of head
simply from being heated.

| The principle applies in reverse in injection wells, or when lowering
column temperature for controlling or killing well pressure. Low temperature
injection water will be dense enough so that the column pressure. exceeds
reservo1r pressure and watér can be "poured" into the well on a vacuum, up

to certa1n flow rates.

Well tests of several East Mesa we]ls 111ustrate some of the basic

"pr1nc1p1es discussed above and the prob]ems of scale bu11dup by flashing.

We11 6-1‘had a shutin BHP of 3.220;p51 at 7,944 feet (a gradient of 0.405 psi/foot).

" Bottom hole flowing pressure was 2,337 psi; indicating an average gradient

I
'

'1,970 feet. Surface f10w1ng pressure was about 25 psi at 15,000 bpd rates,
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~including 16% steam. Mesa'6'2'had 2,484 psi'static BHP'at 5,933 feet. It
flowed 10,000 bpd with 7% steam under a restr1cted f]ow condition with a

flash po1nt at 335 feet. Surface temperature was about 2700 F and flowing

- BHP was.1;970 psi.

Downhole flash points in East Mesa tests were déetermined by evidence
of calcium carbonate scaling. Mathias notes "Some wells have shown a tendency
to form CaC03 depdsits downhole at full flow operation. During testing
of Mesa 5-1, sufficient deposit was formed to prevent lowering of small

diameter instruments". This well has a TDS of”only 2,390 ppm.

Productivity Index, Downhole Pumps

Very high reservoir productivity indexes (PI=Barrels per day f]on
per psi pressure drop) will be required because df the Tow differential
pressures between reservoir pressure and flowing bottom hole wellbore pressure.
For example, to flow 50,000 bpd (Q) with 200 psi differential pressure (AP),

a PI of 250'de/psi would be required. Gulf Coast geopressured wells, for
comparison, have PIs in the range of 10-50 and require APs of several
thousand psi'forAhigh flow retes.

W1th a PI of 250, a dra1nage radius (re) of 745 feet for 40 acre
spacing, a wel] bore rad1us (rw) of 0.5 feet, and water v150051ty of 0.2 cp,
it can be ca]cu]ated that ‘kh=PI In(rg Ity ) /0.007087=(250) (0.2) (In 745/0.5)/
0.007087=57, 549 md ft h R R B o

- Thus a well with average sand permeab1]1ty (k) of 100 md would require

515 feet of net pay to be opened in order to. flow 50, 000 bpd at the pressure

‘“‘*“”“”d1fferentfal stated. To EXﬁOSE'th1§’mUCh net-sand with- 1nterbedded shale and

silt layers, gross 1ntervals of 1,000-2, 000 feet may have to be opened.
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Typical completion system to be explained later in this section will exemplify

this requ1rement

For increased product1on“ pr1mar11y in areas where bottom hole temperatures

o are: not-h1gh enough natural flow is- supplemented by downho]e pumps In -

typical 1nsta11at1ons, centrifugal (impeller) pumps are set at 1,000 feet.

Natural flow 1ifts the water to that height with enough pressure to charge the

- pump-and still not drop below the flash point. The pump then 1ifts the fluid

to surface, still under: pressure, and downhole flashing is prevented entire-

ly. The pressurized,system is illustrated schematica]ly in Figure 17.

t"_“M~“~Suchtpumpsmare%modifiedtwater—supp}yﬁwel1 pumps~trimmedmfor~hot~waterf»

service and powered by an'e1ectriC‘motoreon the surface and a vertical shaft

that is stabilized and guided over its I;OOO-foot length by Teflon type

~= = ~bearings.  Investigation-of ‘ways -to-improve-pump-performance -and-increase -bearing - -

life in the severe environment is proceeding and practical solutions to prob-

lems with seals, etc; will be necessary requirement for large scale development.

beerless Pump Company is one supplier of downhoie pumps for the Imperial ;

Valley geothermal well tests.

An integrated downhole pumpingrsystem that derives its own. energy

- from the hot water *has been proposed. This system, Figure 18, consists of

a downhole 1mpe11er type pump that is connected directly to a steam turbine

which, in turn, 1s:powered by steam generated from fresh water (or another

~vaporizing~1iquid)ﬂsupp1ied from the-Surface. The proposed system- illustrated

was deve]oped by Sperry Rand Corp Pump capacities of 1,000-1,500 gpm
(34 000 50,000 bpd) are claimed.
Another-pump1ng system proposed by Sunstrand- Corp alsO»would—reduce —

limitations of the vertical shaft and increase depth capabilities by powering
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- the downhole pump with a,direct1y,coup1ed‘turbine drivén by water. pumped down
tubing from surface, Figure 19. The turbine would exhaust into the main water
stream to prevent need for a return Tine This system would 11ke1y require

. that turbine feed water . bé.: treated before pump1ng

The heat recovery system shown in Figure 19 is b1nary, i. e. produced
water heats a second fluid that actua]]y does the generat1ng work. The water
dasposa] system shown does -not -maintain water pressure.  Collecting ponds,
particularly open pits, Tike the one i]]ustrated, must be avoided to prevent

three serious problems: ]) Scale. prec1p1tat1on, 2) Oxygen contamination,

R -1 [« 3}-Surface -dirt centam%nat#on—frem—w1nd and~dus»u~~E*amp1es -of -problems

with such systems at East Mesa will be discussed later in this section.

. Development of a trouble free high vo]ume lifting system for the
iﬁ—~4¢~e«e~4~}mperﬁa1~Va}1ey~is~critica%&to~programﬁsuccess.-»The~pumping»systems~dis-:
, cussed above all rely on comblitated, moving equipment, that must operate
hd in very severe downhele’environments. Onetalternative that has not been
hi e wide}y:discussed,7if it,hanbeen serioysly considered,‘is app]ication-of gas

I
!

T1ift. A recommendatioﬁ forfinvestigating this method will be submitted in a

' separate rebort.

Formation StressﬁFactors, Perforating vs. Slotted Linek

Imperlal Va]]ey we]]s are all cased as downho]e format1ons are not

cempetent -enough to perm1t open hole (bare foot) completwons. However,‘~~»~ s

genera] use of uncemented s]otted 1iners with wide slots makes completions
as close to open hole types as 1t is possible to obtain, without the hole

-caving in. -
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One operator cements and perforates casing across the producing zone.
This operator c]aims to have few problems with production of reservoir fines and
sand. And when problems occur:;it will be possible to isolate zones in the
cemented and perforated cas1ng for 1nd1v1dua1 treatment

It might also be extrapo]ated from this compar1son that the cemented
casing provides necessary formation support that prevents movement of the
wellbore, and sand dilation, that could lead to long term sand influx problems.
An extension of this concept would be use of the Completion Technology Co.
Pack Perf Comp]etion System in which an external casing packer is located
across the sand and -the rdbber element is pumped full of cement slurry at
calculated pressure,'to étreSS the}wellbore, Figure 20. Perforating through
the set cement and packer element provides the neceSéary flow chanels for pro-
duction. Such‘packers'are presently limited to 20 foot maximum lenths and
no application has been tested in geothermal conditions. Performance of the
rubber e]ementvin high temperatures can logically be questioned. However,
in this app]ication;'the elastomer is contained under stress between cement and

the formation and continued cure hardening of the rubber should not be a

11m1t1ng factor.

Improvement of slotted 11ner installations for sand control and reduced
product1v1ty 1mpa1rment by open ‘hole gravel pack1ng will be discussed later

in this section.

Completion Methpds, Casing-Liner Programs

A typical s1otted liner completion program fcr'a 7,500 foot well would
~ have 90 feet of 20 inch conductor cemented in a 26 inch ho]e, 1, 500 feet |
of 13-31/8 inch, K-55 54.5 ppf, Buttress thread surface p1pe cemented to
surface in 17 1/2 inch hole; and 4,000 feet of 8 5/8 inch, 32 ppf, K-55,
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E..) then cemented and squeezed; if necessary; see Figure 21. .The hole
LJV then would be completed to 7,560 feet using a 7 7/8 inch bit, and, after
| --logging, 2,400 feet of 6 5/8 inch, 27.65 ppf, K-55 flush joint 1ihef with up
‘; ' to 0.25 {nch wide milled vertical slots would be run and hung 200 feet into
L; the 8 5/8 inch using a lead seal type hanger.
R -The s]otted Tiner then would be cleaned out with a California style
~ pressure ﬁash tool'commOn]y'used-in San Joaquin Valley oil well completions
! and dri11ing‘mﬁd would be fTushed out with KC1 water or NaCl brine. Figure
- T **22~1T1ustrates-wash'tod}-use:w-ﬂ~*ﬂ~f;~~~-~ R e
hi The BOP's would be removed from the master valve, which was installed
7 on the surface pipe, as in The Geysers. And with the second master valve
.;""“~“—‘—“-and”f10w*equipment‘instaiTed;*the-we11—wouidwbe—readyifor~c1éan~up~and~testing¢~f—-w—r~
The new well may or may not flow initially (note comparison with Geysers
- Tive steam completions) due to the cold water column in the casing. Wells
.J " ‘can be stimulated to flow by running continuous tubing through a lubricator
N on the flow tee and injecting nitrogen to lighten the top of the column.
Lj 7Initia1 flow into sett]ing tanks reportedly flushes out mud lodged be-
T " tween liner and weflbbre‘fact and»fi]ter cake that the wash tool missed. -
“J It is common practice“to test we]is for eXtended periods and, if additional
LJ productivity is needed, perforate additional sands behind the cemented liner,
: as recordedkby the open the Togging:program."Such sands must be below
yJ E the level of the minimum acceptable isotherm.
4 g‘ | Note that severa] W1re11ne tools are utilized in these comp]et1ons
- k“;;*‘includ1ng 1ogging ‘sondes- and<perforators. And e1astomer pack1ng elements
ikj are used on treat1ng packers, cement retainers, etc These tools can be ut1?1zed

Buttress thread liner would be hung-200 feet into the surface pipe
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for short periods—because the cooled circulating mud system provides a workable

[ ] .
\../ environment. Few of these tools would opgrate reliably at existing bottom hole
hJ temperaturés for any great 1engtﬁ of time.
- ~ ~Another completion -program for shallower wells consists of 1,000 feet
- of 13 3/8 %nch surface pipe, into which is hung 5,000 feet of 7 5/8 (or perhap
. 8 5/8 inch) liner, see Figure 21. The bottom of the 1iner may be siotted over
"500-2,000 feet and the rest left blank. A bridging basket and stage collar
- a]lows.cement to be placed in the blank liner-wellbore annulus, leaving the
: slots open. Again, additional zones may be opened by perforating the blank iiner.
B e oth o f - these “comﬁ'ietfons-—le%abOUt-'1~,000' feet of 'la:rge -diameter casing .
N at the top, into which 12 inch diaﬁeter downhole pumps can be run.
Hydraulic stimulation and a;idizing are not widely utilized toc improve
lJ“'”"“"‘““”f16W”Fﬁfés;'”tnng“settions~of~1oose1yweementedwsand5~do-notwfnacturewljke,harder,,_m_“,4
roéks,-and propping materials embed easily. And withouﬁ effective zone separation
- it would be impossible to se1ecti§e1y inject into tighter sands to attempt to
Ii create deep, artificially propped fractures. One operator does pump into new
’ ~wells at highest attainable rates using canal water, and improvement is claimed.
hJ This procédure 1ikely removes some skin effect and'disp]aces some particles
away from the critical small diamgter,we11bore, _HoweQer, any water pumped
¥ into sand»forﬁatioq should alway§ be checked for compatibility and turbidity.
] Clay swelling and particle plugging in lower permeability zones can severely
~ damage productivity. |
hj Acid clean outs must be applied with caution, as inhibitors to protect
tubular goods ffom conventional HC1-HF type acid as it is being displaced are
hl-“-r»—v—-»—»~~~~'it'1e1’—fec1:ive;above 2750 F.---Normally, to use acids, the system is first
cooled to below 2750 F by circulating fluids.
hi
-
-
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: foot (9.5-10 ppg).v,Mud weight is neéded for hole stability, not formation
- pressure.control. Cooling towers are commonly used to keep mud temperatures

; betow 200° F. Sepiolite (Thermogel) is é promising fluid for hotter wells
Fi and seems to stand 4000F temperatureé better than ge]—iignite. Foam and air
hﬁ cannot normally be used in these holes because of the high water flows and

, hole stabi]ity problems. |
o . __Surface pipe mayvbe;cémented.ﬁith_1:1 API Type G and Perlite with 2%

f gel, 35% silica flour and 0.5% CRF-2, tailed in wfth neat cement with silica
- for high compressive“strength. Liners are cemehted with the same composition.
,H;A,_ﬁ — Louluaier preflushes are used along with retarder to prevent premature. . _ . __

| setup. Depending on temperatures, retarders should allow three hours pumping
- time.
N Research should be initiated on existing cement compositions, to
~ extend strength retrogression with time data into geothermal environments--
hi perhaps up to 650° F. New compositions may be required to assure reliable,

:' long 1ife protection for large diameter casing strings used in geothermal
li developments. Operators and regﬁlatory agencies should be aware 6f geothermal

| cementing limitations, and effectiveﬁesskand economics of alternative programs.
. ‘

ii Sand‘Control, Non-Damaging Fluid Application

‘ Loﬁg ferm productioﬁ has dot‘been possible without p]ant’installation
hi stouneservoir‘péfformance_régafdingqsand influx at sustéined high flow has

; not been'defined.g HoﬁeVer, repofts 6fisignifitant skin effects (productivity
-

Mud, Cement
Fresh water gel-lignite drilling muds are commonly used. The lignite |

is a thinner to prevent caking.and bridging. Normal weights are 70-75 1bs/cubic

impairment around the wellbore) and evidence of sand production on initial
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. flow indicate the potenfia],for,]ong range sand problems, as explained below.

-}\_/ | Sands containing clays are usually sensitive to flow of incompatible
- (fresher) waters. The clay particles swé]] and disperse, and lodge in

~ . —.smaller flow channels between sand.grains. ..The swelling is partially rever- .
- sible, but dispersion plugging is d{ffiéult‘to remove. Movement of the

| formation as the bbréhbie~wall'rearfanges around an unpacked slotted liner
fd - aggravates the p]hgging mechanism and tﬁe result can be severely-reduced
.J ~ permeability around the liner. And, any beneficial bridging of sand grains

across the liner slots may only be temporary.
L “”The<neduced_permeabilityAzone_causeswexceﬁsive pressure -drop across -

; the skin where radial flow is already restricted by the converging effect of
- a large reservoir flowing into a small radius wellbore. And high velocity flow
.‘~-wmmwv,—createdmbymthe-restrietionuean«erode~liner~sJots,aallowing-even~greater~volumesr SRR

of sand to be carried in. The pressure drop can also be great enough to
i cause scale precipitation on the formation face on in liner slots.

5 oo niarTo-avoid -these problemé where high productivity of an open hole is
~ desired with minimum'preésufe‘drbp at the point of entry into the wellbore,
A open hole graVETJpacks around slotted iiners or screehs may be required.

- Available techniques are féir]y we]] known for California type oil and gas
e wells. An ideal job for an,Imperial Va11ey geothermal well may proceed as

A follows:

- 1. - The open hole pay zone wou'ld be underreamed to positively remove -

r

r

drilling mud filter cake and to enlarge the borehole for improved

radial flow. Thé mud filter cake should be removed with‘a properly

.....designed completion fluid containing suitably sized bridging—£v~ N

“material, to minimize particle invasion and to maintain hole

69




r.r._

stability. One such available fluid contains calcium carbonate
bridging material for the sand faces and polymer that promote
shale stability. ~

A linervwith»proper1yvdésighed and sized slots would then be

run and the enlarged hole would be patked by pumping in gravel
(actually 1arger diameter sand). Slot size and gravel diameter
are deéigned from-sieve analysés of formation sand to be supported
Typical California oil field sands have a wide size distribution,

with a 50 percentile median diameter of perhaps 0.01 inch. And

- -accepted-slot-sizing techniques -(twice the 10 percentile diameter)

call for slots of about 0.08 inch width. Sieve analyses for

Imperial Valley wells are not available but it would appear

~-that -sTots reportedly -as wide as-0.25-inch may ‘be too large.

When the we]1 is placed on production, the carbonate bridging
matéria], if properly sized, will produce back through. the highly
permeab1e‘gré§é1 paék; And the formation will be supported by
the péck to prevent movement. 0n1y.movéble fines should penetrate
the pack’and 1arger grains will form stab]é bridges. The pack can
be washed with-a weak acid soiution to assure complete carbonate

and polymer removal.

Such installations may‘be costly for long intervals in the Imperial

Valley but they still may be more economical than regular well repair for

sand control or sca]e’remOVal, and they certainly would be cheaper than drilling

additional wells to obtain,required productivity. Gravel packs can require

—additional special techniques--in-high-angle-holes {over 500) if-directional- -

drilling is planned. Also, the effects of high temperatures on the po]ymers

used in non-damaging fluids would have to be investigated.
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Fluid Handling Systems, Injection Problems

Imperial Valley wellheads, as mentioned, are nearly identical to those
used in The Geysers. However,‘temperatu;es can be higher, metal surfaces
are always wétted'and~scaling is a major probleﬁ.

F]oﬁing water or wet steam tends to increase casing (tubing) elongation
more than dry steam at the same temperature (a friction factor effect), so
expanding wellheads may be used to a greater extent in the Imperial Valley.
Also, because hot water'wells can be controlled (killed) relatively easily
with 1iquid system§5 there will 1ikely be more downhole work and thus more
cyclic therma1~stresses'onvdownhole'tdbulars and wellheads.

Restrictions, sﬁoulders, or projections ‘that can create eddy currents
in the f]bw stream are likely places for scale buildup to start. This was
proved conclusively in Cérro Prieto operations in which heavy scale deposits
formed downhole at points of casing diameter enlargement.

During flow tests of new hot water or wet steam wells, a steam separator

is used to isolate the two phases for volume and heat measurements. A wet

steam producing field, of course, would require permanent use of separators

at each well. In Cerro Prieto, for example, the steam is separated and utilized
in turbines ahd the water is discarded. W-K-M Wellhead Systems, Inc., is

one supplier presently offerihg‘all equipment required for a geothermal surface
installation. That company c]aim5~its separators can deliver 99.8 quality
steam. ‘ 7
| Injection problems have not been clearly defined in the Imperial Valley.
It has been proved conclusively in the East Mesa project that injecting flashed
and cooled water creates several undesirable conditions. Transfer lines and

the injection/disposal wellbore were severely plugged in early tests.
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The following summary of actual operations of the Mesa 5-1 injection
well clearly illustrates the basic problems to avoid: The well had 1,000
feet of slotted liner opposite“sénd with 69 md permeability (by Schlumberger

.Séraband). 'Injéction water from the holding pond had 50,000 ppm TDS, a pH

of 7.5 and 6.5 mg/1 dissolved oxygen. The well's fluid level was below
surface before starting injection, i. e. the well took water on a vacuum.
Within 48 hours, ét 6,300 barrels per day, pressure was required and within
10 days the well would take only 2,500 bpd at 80 psi. Analysis showed the
water contained 0.0923 g/1 suspended solids which were found to be quartz
and clay that was blown into the open pit by the wind. It was estimated
that over one ton .of such foreign matter was injected in this brief test in
which only 72,000 barrels were handled. When the downhole wireline instrument
was pulled, the lower end of the line was severely corroded due to the dissolved
oxygen. |

One operator is testing.a method in which water is to be treated in
steel settling tanks'with flocculants that will filter out precipitates
before they enter the injection system.~'The residue would be periodically
dried and hau]ed to an acceptable dump site. Bdt the most practical scheme
still appears to be pressure control of the water and prevention of oxygen
contact throughout the entire‘system. |

Injection problems must be solved. The development of large multiwell
produétion systems around generating plants will require reservoir.recharging
to maintain heat reserves.  Long range goals for the Heber area, for one
example, call‘for\up to 6 million barrels/day of production and a correspondingly
large peripheral injection system. Project economics will dictate lowest

possible operating and maintenance costs,
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HOT, DRY ROCKS

Practical application of the concept 6f recovering-heat from deeply
buried hot rocks by circulating'water is-perhaps yearsAaﬁay. ‘The_federal
government is apparently Spdnsoring a]]zinveétigative efforts atitﬁiﬁ;time
and if an& privately funded projects have drilled deép wells into hot, dry
rocks it was probably unintentional and the result of missing a geothermal
water or steam target due to a geologic anomaly.

Because of the severity of specialized drilling and completion require-

ments in the volcanic geologic provinces that are the most attractive heat

- sources, and very nebulous economics for private deve]opmeht,'it is difficult

to see significant industry invo1vement in any manner other than through
federal contracts. |

‘Thus, it is safe to-predict long development times for equipment and
services that will be requfred, if modified 0il1 field techniques not
applicable to other geothermal projects are requested. It was very recently
thaf suppliers of gecthermalfequipmenp described earlier in this report
realized a signifiéant market pofént%a] tb'justify expandgd research and
development. And fﬁat‘marketis.stillqn]y'attractive on an international
scope. 7 ‘ T |

One sure way to"rapidly improve the broad technology needed to develop
a significant dry rdcks energy retovery program is for the federal govern-

ment to subsidize or outright purchase the energy product at a price that

‘will attract competitive industry participation. And then it must open

~enough prospects through large scaleileasing programs so that major energy

produéing companies can justify R& D éosts.
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Definitions, Project Background

The history and status of dry rocks development is well documented in
several reports published by LGE Alamos Scientific Labqratbry of the‘University
~ of California. 'This'ofganizatiOn}'uﬁdervbéﬁartméntibf Energy (formerly B
ERDA) funding has conducted most of the investigations. Two major progress
reports are listed in the references, see Blair and McGetchin.
There are two broad classifications of hot dry rocks (HDR): 1) Igneous
related--that with heat transferred upward from buried magma bodies, and
2) Crustal heat--that conducted outward from the earth's deeper interior
in a localized "hot spot".
The Tlatter category has the broadest application because it exists
“everywhere to a certain extent. But initial tests have zeroed in on the
first category because it fs much easier to find hot rocks around extinct
volcanos and because exploration methods to find deeply buried heat are not
as advanced as conventional techniqﬂes,for Tocating sedimentary traps.
Exploration and-sfte selecfion'iS'Very difficuit and it is still in the
early Stagés of deve]opment.‘-HDR also exiSts around, or in conjunction with
vapor or water dominated zones. neep fracturing or faulting could
" completely alter the target zone characteristics. The present formation
properties being sought are heat and impermeability.
To be able to pump water into one well and back up another, the rocks
must haVe negligible matrjx.and fracture’permeabi]ity; If if the zohe is

; high]y‘fractured and connected to a major water source, it could be commercial

" as a>steam»brdducér. In between these two- conditions, project economics
May depend'bn:thé-amOUnt'of léékégé(fn the downhole "heat exchangef““

Three HDR‘projects are under evaluation: 1) The Valles Caldera
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deep drilling project in New Mexico, 2) .the Coso Spring, California, slim
hole drilling evaluation, and 3) thé Marysville, Montana, deep well. The.
Valles Caldera project is the‘primary suﬁject of this report.

Coso Springs project goals are to develop slim hole drilling exploration
technique§ and to assess potehtia] of the area. The site is in the mountains,
80 miles east of Bakersfield, within the Coso Springs KGRA. It is located
over a magma -intrusion and there are numerous hot springs and fumeroles in
the area. HDR evaluation began in 1974. Experts believe pinpointing of
attractive HDR sites will depend on heat flow analyses that are best obtained
in sha]loW'welis,lso the--effort will be an iméertant contribution to -HDR
exp]oration,éapability. The‘project, however, is not concerned with well

completions and will not be discussed further in this report.

Marysville, Montana, Project

This site, located 20 miles northwest of Helena, was selected by
Battelle NW Laboratory to. test the.hypdthesis that molten rock exists
within a "few kilometers" of the surfaée,»{ln 1974; a We11 was drilled to a
TD of 6,790 feet using aerated water for much of the drilling. This well was
not successful in finding hot dry rdcksf ‘It was a valuable milestone in the
learning process. And it proved that more reliable HDR exploration tech-
niques'are needed, particularly s1im hole heat flow tests--which were not
used in this project to develop pré—dri]]ing models.

Two major formatibns were drilled, the Empire Shale (metamorphosed shale
and quartizite) to 975 feet, and the Empire Stock (porphryritic to non-
- porphryritic granite) 975 feet tb*TD.AvLarge volumes of water were found
in extensive fracturing, but maximum temperatures were less than 2120 F.
‘Numerous shallow water flows that were encountered tended to flow down

= the hole indicating very low bottom hole pressure.
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The well was cased with 20 inch conductor to 115 feet; 13 3/8 inch,
K-55 surface pipe to 1,326 feet; and a 9 5/8 inch, K-55 liner hung in the
13 3/8 inch, was landed at 4,264 feet and cemented. A 7 7/8 inch open hole
was drilled from 4,264 to 6,790 feet TD. VA 9 5/8 inch tie back string was_
landed in the liner hdnger and extended into an expanding type wellhead;
this string can be removed when the well is abandoned.

Despite Tow temperatures, local service companies had difficulties
logging, coringrand cementing the well. Fractured zones and water flows

and the absence of a proper]y conditioned mud system likely contributed

-to cement placement pﬁoblems. Logging<Crews "regu1ar1y encountered probiems

that made it difficult to obtdih reliab1é\da£a“;v Cor%ng was difficult and
costs are estimated at $11,000 per reciveréd foot. Additional HDR drilling
at Marysville is not planned. Project results again tend to point out need

for a specialized technology for completing wells in hard, fractured rocks.

Valles Ca]déra Project Goals, Progress

Caldera is a Spanish word for caldron or boiler, and the term is used
to describe the large crater formed by a collapsing volcano. It is $ignifi-
cantly larger in diameter than thevolcano's vent. The magma infrusion under
the caldera creates a’ring fracture pattern of highly disturbed 1gneous’focks,
see Figure 23. The‘plan in the Valies(Caldera project was to driI] as close
to the magma as possible and stay outside the ring fractufé zone to find
so]id‘grahite rocks. rThis site seTection cohcept was proved va]id.

At fhe site, twenty miles west of Los A]amoé, New Mexico, side by side
we]is were drilled to 9,619 feet and 10,053 feet, réspectively, into”arlarge

block of impermeable granite on the western flank of the extinct volcano.
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Drilling was started in 1974 and well experiments and further evaluations
have continued from that time.-,.f" - o

A vertical]y oriented hydrau]ic fracture was created in the first
well, GT-2; and the second well, EE-T Tocated some 200 feet away on the
surface waS'directionaTTyndrilled;so as:tofintersect_the-first fracture. The
object was to‘create'a system with an‘extensive heating surface through
which water- could be ci'rculated,' Figure 24 : : A surface heat exchanger will be:,
insta]led to conduct heat recovery tests._ Target temperatures of 200° c

(392° F) were: desired And a 1972 sTim hoTe test (we]T GT-T) to 2,576 feet

‘ 1nd1cated such temperatures could be reached ’and in rocks that can be

hydrauTica]Ty fractured , ‘.1 'i,ie ”,,;Jm nﬂ.; -t

e it =

- Actual BHT was 387° F Measured permeabilities were about one m1cro-
darcy. The first fracture was apparent]y not intersected by the second well
as iimited communication was estabTished Even after fracturing the second
well, communication improved,only moderate]y, as.the,fractures were judged
to be.paraTTeT.t‘Thevdifficulty’Was‘reported]y not.an~inabi]ityato directionally
drill from an operational standpoint {a mud operated Dyna Drill was used

with some high temperature comp]ications). The problem was in accurately

" monitoring deviation andiazimutﬁ}during drilling;and defining fracture

cerdentation. il us ot

PREESE
In the spring of 1977, GTiéIWas directionaTTy redri]ledvto connect with -

a fracture produced in EE-T‘ The attempt was successfu] and cold water pumped.

down EE-1 at 1,000 psi was recovered at temperatures of 266° F, with on]y

15 Toss. This performance is expected to improve. A 10 MW recovery system

was scheduled to be operational in late 1977.' If successful, it may be

enlarged to TOO'MW.
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Discussion of Operationst'

h%__) Casual review ofethe detailed reports on drilling, completion and test-
uJ ing of wells GT-Z and EEél could lead to the premature conclusion that the
3 _project was. fraught with SO _many d1fficu1ties that a usefu] technique. has
~ not been demonstrated However. considering the fact that the program from
.i start to finish is experiménta! and that over one hundred sophisticated tests
| interrupted normal driT]ing'and.completionxsequences.,the results are actually
.j quite impressive. One- is left with the 1mpression that. taking away the
| hordes of . sc1entlsts probing and measur1ng downho]e every few feet, the
- basic-tatksofxdrilling. casing -and fractur1ng.could have proceeded quite
hi rapidly and with fewer problems |
| The project. is a]so lengthy, already extending over three years to match
m}tf e POE- funding~arrangements. ‘The -hot,- dry nature of the holes allows this type -
'3 of extended experimentation without major well controT problems (large volumes
- of ‘steam or pressurized hot water). And the’formatjonfis not sensitive to
;J“- '-fdamage*by extendedtexposure+to;ldquids~that:canse p1ugging,—claywsweliing;uetcw««~-~r
: The bored holes in solid granite will.be there forever without sloughing or
ij caving.

will of course become a lirePWell and maximum precautions will have to be

taken to handle 380-390° F water and/or steam.

L ]

o sees oo - Actual dri]11ng was- -not: reported to- be a significant.problem after

caving sed1mentary rock 1n the upper hole was cased {see format1on 1og and

-
temperature gradlent curve, Figure 22). Air dril1ing was: desiredlso lthat
Mt oomo ——e—unaltered: rock,temperatures-eeald,be measured -but .longer: bit.runs were .
4 made with water so air drilling was dvscontinued. Bits were standard hard
- . ' .
-
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e - When -testing -progresses-to-the-circulation of water, the producing well . . ..
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-rock mining bits fitted Qith open, fluid cooled and flushed hardened bearings
designed for air or mud. Smith 9JS bits, for example, lasted about 300 feet

or 60 hours, Extensive coring was: done using a JOIDES type wire line retrieva- v
-b]e’cofe-barrel and insert type bit'(used'in offshore sea floor coring), and
Christensén diamond bits. Diamonds generally gave better recoveries but shorter
bit life. Bit gauge wear and bearing life performance at temperatures up to

3900 F were not considereda major problem, although improvements would be
desirable, and probably necessary,ffor higher BHTs.

Hydraulic fractufingAand hydrology experiments were conducted at several
““depths in GT-2. Opeén hole Johnston DST type -solid rubber packers were used
extensively, also Lynes iqf]atabIe packers. The packers were set over a
desired test interval with dual rubbers above and below, and permeability
tests were run before the granite was hydraulically fractured by 1,000-1,500
psi surface pressure (plus hydrostatic head in the drill pipe). These tests
. proved that the granité‘bou]d be fractured and that permeabilities were very
low (oné ﬁiCrodgrcy). allowing over 90% of frac fluid recovery. The fractures
tended to self prop but they'couid also be plugged with'ﬁrilling fluid and
did not alﬁays reopén‘with pressure. Fracture orientation was vertical as
proved by later impression packer runs.

Solid rubber'packer elements were sometimes. torn during operations in-
the rough, hard hole aﬁd'hook wall types‘were sometimes difficult to set.

’ Temperatures ‘up the hole were not excessive-for‘rubber"paéker use.

A 210 foot section of 7 inch, 20 ppf casing waskcemented,in 2 9 5/8 inch
open hole at 6,501 feet, with a flared packer bore recéptacle in the top.

‘Frac tests were condu;tédédntthis~scab911nerAusihg packers across perforations.

This,]iner then was washed over and removed.
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A Tonger; 608‘foot,-7 5/8 inch 0D scab liner then was cemented in the
hole»from-9,581+8,973 feet'and fracture evaluation tests were conducted in
the open hole above.. An Otis packer was set premature]y in this liner due to

a constriction in the casing., This packer Teaked. and it was subsequently
milled out and removed.,perforating the liner - in the process. It was later
discovered that‘the'packer ieaked enough water so that the open hole below
the liner had been”fractured during one pressure test operation. Eventually,
spinner,tests.dndicated.fractures were created through the }iner damage at
9,220 feet-as well*asein the lower part of the hole. The final casing program
for 61-2 is shown in Figure 263

| During later 6T-2 tests, EE-1 was drilled and fracture tests were con-
'ducted with prototype downho]e seismic instruments emplaced in the GT-2
borehole. Then the target fracture‘was created-in the bottom of GT-2 with
12,000 gal]ons of pumped fluid, while observing seismic 51gnals in EE-1.
Directionalwdrilling in EEel”was designed to guide the borehole toward
- "7 7the GT-2- fracture.v HoWever, 1nstrumentation proved inadequate to both

- define the path of the first we]] and its fracture orientation. and to guide

directional- driiiing while it was in progress. Magnetic surveys were unreli-
77 "able’in the vo]tanic rocks and gyroscopic ‘instruments did not tolerate high
temperatures._ The EE-] casing‘program is shown in Figure 26.

A fracture was createo‘in EE-1 and communication between*we]is then '
required a very high 200 psi'per gpme A deep section of EE-1, below 9,791
- feet, would not fracture at 3, 300 psi: we]lhead pressures.

The program was to be continued by redri]ling the lower part of one

T 6f the we]is tb 1ntersect'the fractures of the other we]l. This.was done

in 1977 as noted earlier. Details of the later operations were not available

for inclusion in this report.
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Project Conclusions, ReCommendationshA

S_,f The conctusions listed'by'Blair et al _appear to be a reasonable summary
- of work done through: 1ate 1976 ‘in the Valles Caldera HOR eva1uations Major .

achievements claimed. include'** L

- ,Successfu] conventional and directional drilling in hard crystalline
- rock to 10,000 foot depths and 390° F temperatures.

‘ e Successfui creation of hydraulic fractures-in crystalline rock.
(% . Establishment of a downhole connection between two boreholes.

. Identification nf and testing of acoustic instruments for mapping

al -4hydrau1iC"fraCtures'and distance ranging between wellbores.
hi - Measurement df reservoir prdperties by pressure-flow temperature

‘ logging, and -
hi' T ey ”Mode]ing of flufd- flow and heat transfer in -downhole systems.

,‘Recognized major: prob]ems noted 4n order of priority include:
1. Need for accurate and re]iab]e boreho]e surveying methods. Direc-

T e ey "”“fiona? driliing -and’ guidance systems are marginal at 4000 F tempera-

tures.i Gyroscopic, magnetic and piumb-bob devices need to be made

hj - | -more. temperature resistant _
{gt“‘*“a””z”““”‘T“Z;”f-ﬂydrautic fracture mapping techniques need to-be perfected.- by-
hJ | : adding to the downho]e acoustic device with other well to well

u | | detection methods.‘ (Note' This is even beyond the o0il and gas

T “"f“f - industry’s state of the art and it wou]d be a highly desirable tool
li e ‘," -i‘ for he1p1ng recover additionai hydrocarbon reserves between widely

| | “spaced wells) el |

LR e f*;“;" 3. More reliabie packer capabiiity for. hydraulicIy fracturing 400° F

N plus basement rocks. (Note: It was suggested that tests indicate
= ‘ inflatable packers show highest promise for development to 5700 F,
-
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5,000 psi capability. but at present, this temperature exceeds
the limits for known oil field, rubber type e]astemers)

It was also suggested that deve]opmgnt of an easily removable, cemented-
in liner wquld be bne'obthn to open hoie fracturing. This could be a very
practical app]tcation of the Pack Perf Completion System which is a 20 foot
inflatable packer bufit on a section of casing. The rubber element is
pumped full of cement and perforations are made through the pipe, cement and
compressed elementn(Figutefgoba‘W:Ihff this application, it would be an

easily cemented and easi]y'femovable "scab" liner, i. e. the self centralizing

 feature and rubbér covering could be easily washed over. Note: this system

is manufactured by Lynes Inc., however the spétial design and application inclu-
ding the perforating techniques are patented_featurés marketed by Completion
Technology Company.

Other mechanical problems which are a function of high temperature

and hard rock drilling’were evident in these tests, but not specifically

_noted. Obviously, they would be more severe at higher wellbore temperatures

and must be considered to be limiting factors in plans to develop 400° F-

600° F prospects.
Scaling and corrosion problems may seem to be unrelated to HDR operations

but the possib?lity'of dissolving enough minerals from the extensive fracture
surfaces to create a precipitate problem in the producing well is being
investigated (Tester et al 1977). ' .

The problem is expected to be si]ica'dropout in the heat_exchanger as
the concentration becomes supersaturated with cooling. Si]ica'diééalves
quite rapidly at"4b0°'F‘temperatuféS“and theﬁéircuiating waters could remove
considerable volumes from the granite. Samples of circulated water with about

14 hours in situ exposure showed increasing Sioz, Na, K, Cl and SO4 to maximum
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Tlevels of 260, 300, 40, 400 and 80 ppm, respectively.

The possibility of intentionally dissolving downhole rock to create new
heating surfaces is also being investigated.

Corrosion is always a consideration with hot, wetted carbon steel sur-
faces. Tﬁe problem here may be the difficulty'in preventing oxygen contam-
ination of the injected.water. This could lead to serious producing well

corrosion problems.
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'GULF COAST GEOPRESSURED GEOTHERMAL ZONE

‘Introduction, Program Status

'The'geograpnjezareas under consideration are located along the Louisiana
and Texas Gulf of Mexico-coast from'the Mississippi Delta to the Mexican
border. The geologio targets are thick Tertiary age sands deposited along
the Northern edge of the Gulf of Mexico Basin. Speoial depositional features

involving thick. sha]e sect1ons, growth fau]t1ng and a massive underlying

salt bed combined to produce abnormally high reservoIr pressures in the

sands, and to charge them;w1th water and dissolved methane gas.
The tota1?resource,potentia1»of,the geopressured geothermal zone has
been widely discussed in other available publications. This report will

deal with energy recovery on a per_we}]‘basis., Certainly the problems to

be discussed will indicate that any major resource development will be possible

only with very Iarge investments; »And such investments may have to be
Justified as serv:ng the Nat1ona1 1nterest by preventing further dependence
on imported- crude 011

A geopressured water wel] in the Frio or. M1ocene sand may be 12 ,000~

- 20, 000 feet deep and have reservoir pressures of perhaps 11,000 psi to nearly

20, 000 psi ( 1. 0 psilfoot) And'reservoir temperatures may,be in the range
of 250- 450 F (~ 2° F/]OO feet) F]ow rates of at least 40 000 barrels per

e . —— - -

‘day, bpd w111 be required for conmerczal heat recovery. The brines wi11
: a1so contain 20-40 cubic feet per barrel of dlSSO]VEd methane gas which
A‘f1s readx]y marketable in. ex15t1ng systems., Completed well costs will be in
. fthe $3—5 m1111on range and per we11 energy recovery w111 11ke1y be. the

equivalent of a 2-3 m1111on cubic feet per day (MMcfd) natural gas well

Th1s general econom1c plcture has prevented 0il and gas industry par-
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ticipation, even with recent natural gas price hikes, despite the fact that
some 4,000 wells have been‘driiled'into geopressured zones seeking hydro-
carbons. Legal problems-may‘alsbliimit or delayiutiiization of geopressured
hot water resoufceS»occdnring qnzleeses with conventional hydrocarbon
deposits." | .

Department of Energy (DOE) sponsored development is in the resource and
reservoir evaluation stages. Considerable research has been completed on

geology, exploration methods and legal considerations. And, as will be

- explained, one field test has been COmpletedrand two additional test progfams

are in progress: - ' )
1. “Existingwell test:: -One abandoned South Louisiana gas well, the 13,000
foot Edna Delcambre 1 in“Vermillion'Parish. was donated to DOE for
“testing. Work was,perfgfmed by OHRW Engineering and McNeese State University.
A disposal well was drilled, tﬁo'untapped water zones were perforated,
and flow tests were made at various rates to examine mechanical, chemical
and reservoir propert1es.l =
2. 1hxmosed"we1]s of opportun1ty" tests. Gfuy Federal‘of Houstoh‘has a
~ contract to test six‘additiona1,~exist1ng geopressufed wells. The
~project is in wel1‘se1e¢t{dn stage&»and»the:cooperetion of oil companies

~in furnishing wells is esSentiaT.i

.3. GP&SS'POOtS wells DOE, Univefsity.of Texas and General Crude 0i1 Co.

- are partic1pating in the. Brazoria 60unty, Texas, geopressured geothermal
"test in wh1ch a 16 500 foot Frio Sand well will be drilled on a General

Crude lease, to be perforated and tested in various water bear1ng sands

':ﬁ-—iwfor mechanical behavior.-and reservoxr perfbrmance. Completion plans,

w

are presently being finalized
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In following discussions. Edna Delcambre 1 test results and the proposed

" Brazoria County well completion program and project goa]s will be presented.

Basic concepts of the geopressured zone 1nc1uding relevant geologic back-

‘ground, reservoir rock characteristics and produced fluid properties will be

'explained. And four subsections w111 be devoted to 1nterpret1ve discussions

of: 1) Net energy recovery considering possible reinjection requirements,

2) Need for multiple casing strings and the effect on completion methods,

3) Sand control problems and need for new technology, and 4) Special consider-

ation for completion program design in geopressured, hot water wells.

Edna Delcambre 1 Well Test Summary

Tentative data and transient behavior analyses will be published in
broceedings.of‘the:Third Geopressured Geothermal Energy Conference held in

Lafayette, Louisiana, November 16-18, 1977. The following is a summary of

pre11m1nary reports..

recompleted and equipped with a str1ng of heavy wall 3 1/2 inch (9 700 ft)
and 2 7/8 1nch (3,000 ft) tub1ng. and necessary surface equ1pment to complete

flow tests on two- separate sands: - The -No. 3 sand. at 12, 900 feet was per-

~ forated. -over-.42 feet with 4 holes “per foot and tested at various rates
~ durlng a 23 day period. The No 1 sand at 12,600 feet was perforated over

32 feet»andfalso,tested‘at increasing flows for 23 days. Waterrwas pumped

into a shallow disposal we11'dri11ed on the site.- Separator gas was flared.

" The sands are located in the upper part of geopressured Miocene sands. Nearby

fiers produce hydrocarbons from the. Mtocene . The fb11ow1ng~tab1e,summarizes

important test data:
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Sand No. 1 Sand No. 3

Bottom hole‘pressure, psi 10,900 ‘10.986
Bottom.no1e temperature, O | 234 238
Max. flow rate, bpd -~ 112,653 10,333
Flowing_tdbingkpressure at max rate; o

psi 11,798 1,714
Surface temperature at max rate, Of 1 220 t,219
Average porosity,.% ‘ 38 ' | 28
Average permeab111ty, md 360 48

Final methane concentratlon. scf/bb] - 50-60 25-45

— - e b et s -y~

It was reported that water. must be reduced to atmospherzc pressure

to separate the gas.: Recomb1ned.samp1es 1ndicatedvgas solubility of about

22 scf/bbl at 11,000 psi. The highjconcentration'in‘Sand~No; 1, which

.....

actually increased during the test, was not explained. Possibilities men-

tioned included communication to an upper gas sand, free gas within the

'"ione°6r‘66nfaéf’ﬁ1fﬁ°hﬁﬁﬁ§r gas’concentrations'with drawdown- sand No. 1

had a small free gas sectlon and concentrat1ons decreased during testing.

Recovered,gas was not pure methane.” Measured heat1ng value was 920,000 -

'““gso;ooo’Btn/Mcff“.Siﬁd’was‘producedﬁfrom‘No. 3. and one-half of the perfora-

tions were covered after maximum flow tests,'but~No. 1 produced only a trace

of sand. VBuildup'testsvindicated skin effects, Tikely origina]rdrilling

'damage

Reported mechan1cal prob1ens 1nc1uded fai]ure of rubber seals in

'11ne connections, and Neoprene impellers in meters. Packing glands,on
T the weTThead léaked “And ‘rubber -hoses- rated to 250° F- blistered. Corrosive_'

fcondit1ons were noted by surface coupons and 51gnif1cant scale bu11dup was

found in surface lines Water ana]ys1s indicated total dissolved solids of
134,000 aﬁd”T]S’DOO ppm,“respective1y, in Sands No. -1. and No. 3.. -
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~ Brazoria County Test: Goals, Completion Program

To further assess resource: potential by actual production, a grass
roots geopressured geothermal well will oekdrilleddon a five-acre test site
40 miles south of Houston; Participants_in the test are General Crude 0il
Companyf(operator);vDepartment of Energy and the University of Texas. This
will be the first well drilled in the U.S. Gulf Coast for the purpose of
producing: geopressured hot water. Drilling is tentative]y scheduled to
commence in early 1978

The 16,500 foot Frio Sand Well is expected to be able to flow 40,000 bpd

',of'300-360, F water withupwto40 scf/bbl.methane gas. Bottom hole pressure will

be about 14,000 psi and wellhéad“»eouipment must handle static surface pressures
of 6;000-7;000fpsi.“The operation will demonstrate existing industry techniques
for drilling anddcompfeting such wells. However, that is not the primary
objective. |

The DOE funded project is designed to'provide'information with which to
evaluate the,reservoir. Heat recovery tests will be incorporated into
activities at a later date. 'Duringrthe first year, PIs will be-measured at
various flow rates to eva]uate productivity and wellbore skin effects. Testing

will be done in one interval at a time to simp]ify transient pressure behav10r

analyses. A surface readang BHP gauge attached to the tubing exterior:

will be used. -As rates are increased, the well will be monitored for sand
1nf1ux, downho]e compactlon re]ative permeab1]1ty effects and mechanical
problems. Buildup tests, perhaps in the second year, will eva]uate reservo1r
pressure loss after extens1ve fluid withdrawals.

Perforated intervais w1]1 be se]ected by log and core- data to give a kh
product of 5, 000 or higher. This win 1ike1y requ1re 125 220 feet of open

sand. Flow will be initiated s]owly for c?ean out, then raised in incremements
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of 1,000 - bpd while mOnitoring sand. Stabilized flow for a 40 day period
with 0.5% sand or Tess is desired. Hopefully, such tests can be run at 10,000
and 20,000 bpd levels. Later, two such zones could be produced simultaneously
to give total rate of 40,000 bpd. As much as 900 feet of sand may be present
in the well. |

An estimated 1.6 MMcfd of methane gas may be produced at maximum flows.
Gas will be removed in two stages of separation. Low pressure gas will be
compressed back up to 800 psi sales line pressure. Produced water will be

cooled to the acceptable 1imit for pumps and then be injected into as many.

‘as four shallow disposa].wells.jIScalingvand corrosion are expected to be

. significant problems and cdntinuous monitoring programs will be needed to

check for damage in high preSsure surface facilities and lines. Barium
sulfate will likely be the worst scaling product, as indicated by the following

water analysis from offsetting wells:

TYPICAL BRAZORIA COUNTY WATER ANALYSIS

Component . 7 ~ Composition, mole%*

'~ BaSO, : . 64.6
CaC0, 13.3
Na,C0, - | 7.0
Na,S0,4 ) S 6.3
FeS A | - 2.8
-Srs0, | | | 1.4

Siliceous Material , ‘ o : 3.2
Moisturé'and Volatile | 0.4
Loss at 900°C 1.0

T00.0

*In‘additiéh;véhIOridé concentrations of 80,000 ppm are reported
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Proposed casing and we11head programs are illustrated schematically in
Figures 27 and 28. These are preliminary designs that have been under public
discussion for_several‘months,sand the final drilling and completion program
Tikely will -vary somewhat. The,proppsed logging, coring and sidewall sampling
procedures'aiso have been discussed in public- meetings. However, detailed
programs for primary cementing, casing and tubing installation, and perforating
have not yet been presented. Hopefully, documentation of the completion pro-
cedure, interval flow performance and formation rock evaluations will be com-
plete enough to allow identification of conditions conduéive to sand flow and/or

other productivity impairment.

Geopressures: Définition} Discussion

The Gulf Coast geopressured zones developed from the succession of events
that in 30-40 million years filled one edge of the Gu]f_of Mexico Basin with
as much as 40-50 thousand feet of quartz sand, clays and silts washed down
from the éfoding Rocky Mountains by MiSsissippi-size prehistoric rivers. The
first sands Were deposited in the early basin edge which is now farther
iniand from the coast, Figure 29. In succeeding eras, new deposits were
forced to flow over precedingrlayefs, forming thicker beds as they filled the
gradually deepening basin. .The‘older, deeply buried sands, are thus more

cdmpacted and partially cemented with chemicals deposited from prehistoric

‘waters.. The newer sands, deposited more recently on the Gulfward side of

the*deltas. have much highefrporosities and permeabilities.

The building of deposits in the ever deepening basin caused a series

;bf»growth faults and secondaryﬁfaulting'that vertically separated'sand and

shale sections, effectively sealing off many sand lenses. Certain shale

sections,by a combination of chemical, pressure and temperature effects
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became impermeable and prevented vertical movement of fluids. Thus waters\
below these caprocks became enthapped withinhthe pore spaces of the sediments.
And as the basin‘floor'was'deepened by'continnalsdeposition, these entrapped
waters were fohced‘to SUppott-the Weight‘ofreverything above them, ie. the
overburden. | | |

In the Gulf Coast, overburden density increases rapidly with depth near
the surface, but at the top of deeper geopressured zones, the average pressure
gradient approaches 1.0 psi/ft of total depth. Except in unusual cases, this
is the upper Tlimit of geopressures. Actual maximum pressures are somewhat
less, perhaps 0 9-0 95 psi/ft.- Above the caprock where fluids are free to
move, rocks contlnue to compact w1th ‘depth, increasing density as mentioned
above. " In the process, flujds are displaced but pore pressure is still equal -~
to the~weight of a column of water, ie. hydrostatic. Everything above the
caprock is in the "hydropressure” zone and pressures at any point are equal to
a salt water gradient (0.465 psi/ft) times depth. Effects of pressure gradient
change on drilling well control &nd casing design wj]] be discussed later.

Thick shale sections below CaprockS'influence content of the sand lenses.

The shales are the source ofimethane gas, and waters filtered through these

* fine grain rocks into the sands norma11y are fresher than the ancient sea waters.

. Gebpressured zoneS'are typica]ly hotter than adjacent hydropresSured
sediments because lack of fluid movement has phevented dispersion of rising

heat from the earth's‘mantle‘ And the grad1ent departs radically from the 1° §/

100 feet common 1n hydropressures. As a ru]e of thumb, bottom hole temperatures

in deeper geopressured zones may be about 2° F/]OO feet of tota] depth.

The basicconceptsd1scussed above create conditions that are detectable

'before and during dr1111ng so that the top of the geopressured section can be
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’Guif Coast Reservoir Characteristics =

determined. The primary rock change is the increase in shale porosity
caused by the internal support of geopressured water that prevented further

compaction. - This condition decreases roCk density. makes the rock/easier

7 to drill, changes the seismic ve]oc1ty. and increases water percentage to

great]y affect e1ectrica1 properties. Idea]ized curves show1ng the basic
effects are presented in Figures 30 and 31. If such data can be obtained while
drilling, by continually measuring properties of shale cuttings, the transition
zone may be detected. Returning mud temperature is a relative 1ndicator,

but does. not read. true BHTs.,. B .

Salt . domes(Figure 29)can greatly a]tergeopressuredzone properties

'These massive domes p1ercedtnm~ard through the sediments due to den51ty dif-

ferences (early saTttemperature were likely over 600° F) and deformation

.iof the underiying salt bed Sa]t is 3-4 times as effective as reserv01r rock

in conducting heat." Thus, nearby sa]t domes may <‘a1ter Tocail geopressure

temperatures. Salt domes a1so alter water chemistry Geopressured waters can

. be made ‘more sa]ine than upper hydropressured zone-waters in contrast to the

;normal trend

In Texas, the primary geopressured zone target ”1S the Frio sand of -

‘ middle Tertiary Age (Figure 29) It is found aiong the- onshore coastal p1ain,"
‘u_below‘geopressure transition zone depths of perhaps 10 000 to 13,000 feet.;
Vii?‘The older Vicksburg and Wilcox of early Tertiary adge 11e below the Frio near |

Q!the coast and become more shallow farther 1n1and where they are important hydro-
f”;; carbon~producers. In certain geographica1 areas these two sands cou]d be :
| dfgeopressured hot water targets. In LouiSIana, younger Miocene age geopressured
,hot water sands are found below somewhat shallower geopressure tops, perhaps

up to 8, 000 feet, a]ong the coast and offshore
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\ {re]iable sand contro] by grave1 packing wou]d be very~diff1cu1t/and or expensive.

Suitable geotherma] fairways (areas containing potentially attractive sites)
are Judged by the presence of at least 20% sand with 20 md permeability in
geopressured zones be1ow the 300 F isotherm This was generally the criteria

for definlng the 20 mi]e 1ong by 10 mile wide Brazoria County fairway 1n which

«the final’ test site was determined by environmenta] and other factors..

Sand characteristics are greatly a]tered by age and depth of burial

- Shallower 'sand porosity is primari]y a function of compaction and cementation

‘at grain contact points. Deeper sands have high clay content, and mineralization

may have nearly filled pore spaces at one time. Thin section analysés show that
secondary leaching'of this‘mineraiization=may be the primary porosity. Frio

sand pdrosities.vary from 15-25% with Zo%ubeing typical. nAcceptabie permeabilities
are in the order of 20-50 md Deep]y buried Wilcox sands would 1ikely have

less desireable properties However, geopressured Miocene sands can have

'permeabilities of severa] hundred md.

These variations 1n permeabilities directly affect completion methods.

. Frao sands are capable of PIs of probab]y 50 bpd/psi or 1ess This would
"require a kh product of 10 000 md ft. And for an. average 20 md permeability,

500 feet of net sand would be required.t This long section ‘would be v

: m‘dlff1cu]t to treat for productivity damage by stimuiation, for examp]e, and

e - D .,.._...

The lower permeabilities are sen51t1ve to 1mpa1rment by partic]e p1ugging

(;This cou]d be a critical factor 1n geopressured zone project success 1f it is

’,.proved that reinJection of coo]ed water back 1nto the producing formation is '

'1necessary for acceptable reservoir life Lab tests have 1ndicated that water

. ,fof higher quality than that of average drinking water irreversib]y damages

| '}fine grained Gu1f Coast sands. Con51dering the high TDS content of water and
‘the difficu1ty of treatlng a plant effluent to the high standards required,

7; the -Frio wou]d not,iikely-toierate high vo]ume reinaection. ﬁMiocene sands with

- |
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permeabilities 10 times greater, might not be so sensitive to damage.
Hydraulic requirements of‘reinjectionvto the;sane formation wil1 be discussed

later. e

Produced Fluids: WateriProperties,'Methane

The normal trend in entering geopressured zones is toward fresher waters,
as the thick shales filteredvout salts in early f]ows, before changes in the

clays prevented further loss to pressurized sands (Jones). But, this is not

~ a general rule, and the advantage of . 1ow sa]t concentrat1ons cannot be

con51dered in allscomnletions,‘sr As mentioned nearby sa]t domes can also
radically change water propertIes.,iifl | |

Kharaka (1977) reported on Brazor1a County, Texas, water tests in which -

‘ sa]in1ty in the geopressured zone 1s h1gher than in the hydropressures, the

oppos1te of the prev1ous1y reported trend. Actual TDS in the two zones

were 60,000 and 40,000 ppm, respectively. :In,summar1zing;overa]1 results

of 54}waterrtestston thetTexas:Gulf}Coast,\KharakasaJS»analyses'show.that salinity

generally decreases in the geopressured_zone, but not always. And salinities

are generally higher than the'S 000. ppm valuesvreported in literature

« It is also noted that HZS and s111ca, important prob1ems in most
geothermal fields are Jow in Gulf Coast geopressured waters.
While reported HZS concentrations are apparently low, complet1on eng1neers

should not,automat1oa11yNacceptwthem as being below concentrations.that can

,,“éguse hydrogen embrittlement'in high strength’ (high carbon) steels. And in

.,combination w1th trace oxygen contam1nat1on, downstream corros1on in d1sposa1

or 1n3ectlon wells could be severe.. L 7 ,
Methane gas in solution in geopressured waters is the outstanding
difference between Gulf Coast geopressured hot waters and "conventional“

geothermaIAWater. -Early.geopressured geothermal inyestigations‘proposed
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projects on expected methane concentratlons of some 20 scf/bbl and proaect

-
f,_} economics re1ied heavily on heat recovery.; The Edna Delcambre 1 well test
bi' produced methane at over. twice this concentratlon and these resu]ts greatly
| increased optlmlsm for econom1c viabi]ity Proceed:ngs of the Third Geopressured
~ Geotherma].Conference in Lafayette in November 1977 included several papers
ij that-attempted to'exp]ain hydrocarbon solubilities in reservoir waters that
} exceeded those attainabie in laboratories by recombining gas and water under .
Ahd‘ 4 pressure. | _‘y,; o _
: The - accepted standard for methane so]ubllity has been. Culberson and
w McKetta: data (]951) Ihese data have been recent]y extended to: h1gher temp-
ld eratures by 1ncorporating 1972 work of three Sov1et researchers, see Figure
% 32. .The resu1t1ng curves are for fresh water. For Gulf Coast brines, it has
ij' | been: reported that curve values should. be decreased by 10%. _
o In support of the so]ub111ty data shown in F1gure 32 tests on water
M from a major 011 company s wel] 1n a 20 600 foot geopressured zone near
‘hj o Baton Rouge, Lou1siana, that was flow1ng 100.barrels~per hour. 1nd1cated 107

scf/bb]._ water sa1in1ty was only 12,000 ppm., The we]]s BHP was 16 000 ps1

r

, and temperature was- 4250 F. ,;.f

, | Resource Descr1pt1on, ‘Net Energy |
d } Unlike other forms of geotherma] deve'lopment, which can produce on]y
e v heat, the Gulf(Coast geopressured geothermal zone contalns three forms of .
- | energy.J Heat, hydrocarbon and kinetic energy. However, it appears that the
, } methane gas 1s the primary energy product Heat recovery wi11 be a secondary
9‘-"“,:fi? contribution. And there may be no net recovery of hydraulic (kinetlc)
- . energy, depending on water d1sposa1 requ1rements.{ The foilow1ng discussion
E B exp]ams this eva'luatmn
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Methane gas recovery can be estimated for a hypothet1ca1 well using
the so]ub111ty data in Figure 32. Assuming a 17,500 foot well with 15,000 psi
BHP and 360° _F BHT and typical salinity, the curves indicate 80 scf/bbl for
fresh water. Derating this by the IO% factor for brine gives 72 scf/bbl. And
derating this another-G% for contamination Teaves an estimated 68 scf/bbl pure
methane. Thus, for 40,000 bpd, maximum methane recovery could be 2.7 million
cubic feet per day, MMcfd. The same criteria for a 14,000 foot well with

12 000 psi BHP and 294° .F BHT gives a max1mum recovery of 1.7 MMcfd.
Wh1]e so]ub1]1t1es an ?ﬁgure 32 are. more. opt1mist1c than early planners

considered, - gas product1on 15 m1namal for hlgh costs 1nvolved Cons1der1ng

cont1nua1 compress1on and dehydrat1on costs to. put th1s gas 1nto 1nterstate pipe

11nes at. present new- gas prlces 1n the range of $1 65/Mcf, marginal economics are

foreseen for deve]opments in wh1ch per well dr;]]ing and completion costs are in
the $3-5 m1]11on dollar range | ,

The contr1but1on of the heat in the water (enthalpy) will vary greatly with
the eff1c1ency of the system.‘ In an example case, 40,000 bpd of 360° F water cooled
to 100 F wou]d g1ve up near]y 3.5 billion Btu per -day (using the close
approx1mation of 1 BTU/]b/oF) This is a gross energy release equ1valent to 3.5
MMcfd.purevmethane productaon<(1,000 Btu/scf). 1f 20% of this heat energy is

converted:into electricity, the well's heat output would be equivalent to

. 700 Mcfd natura] gas.. Thus the’combined methane and heat output before

re1nject1on energy requ1rements are subtracted m1ght be equ1valent to 2 3.5

MMcfd Gulf Coast natura] gas we]l.:;

No net hydrau11c energy: recovery can be ant1c1pated if water must be

pumped 1nto anythlng but extremely shal]ow, very high permeab111ty dlsposa1

we]ls equ1pped w1th large dlameter tubing. = If reservoir eva]uations prove that

water: must ‘be re1n3ected1nto geopressured zones, the 11m1tation will be so
IR R i":: .,vgl: '. '. -

PO




. r rc. r.

E

severe that Gulf Coast geopressured geothermal development may riot be feasible.
Figure 33 from R.M. Jorda's January 1978 Water Reinjection Study (Sandia
Contract 05-5199) shows expected injection well performance for a 5,000 foot
Gulf Coast uell with 150 md sand and 250 net feet open. It is seen that even
with 7 inch tubing with no corrosion'considered, 40,000 bwpd injection of 90° F
water will require 1,100 psi surface pressure. Surface flowing pressures cannot

be significantly higher than this on production wells unless very large tubing

" strings are used. And the hydraulic energy cannot be directly applied to

disposal as produced water must be dropped to atmosoheric pressure to release
the methane;

In the worst case, water ‘would have to be returned to the producing
reservoir. And mode]}sfudies presented at the Third Gu]f Coast Geopressured
Geothermal Symposium indicated that this would actually be required for maximum
methane recoveries and longest reservoir 11fe In the present scate;d? the
art, this may not be p0551b1e

Assum1ng a Frio Sand BHP of 14 000 psi at. 16 500 feet, and hydrostat1c

- pressure of a cooled co1umn of brine at 7, 900 ps1, surface pressure merely to

balance the different1a1 at the :bottom of the :hole would be a minimum 6,100 psi.
With mi]d]y corroded 5 1/2 inch: tubing, friction loss at 40 000 bpd would add
another,s,ooo psi (307 psi/1,000 ft) and even 7 inch tubing would have 1,370
psi friction loss. ‘And,additiona1 APf‘perhaps up to 4;00b psi could be

Avreduired»to drive the water into the formatioh. Thus, even with 7 inch tubing,

surface injection pressures wou1d be over 11 000 psi. ‘Sustained pumping of

- hlgh volumes of brine at such pressure levels is not possib1e w1th existing

- pumping equipment..

0
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Pressure Control, Casing-Liner Programs

Control of a geopressﬁréd well during driliihg is complicated by the

fact that reservoir pressure gradients change between various depth levels down-

__hole, while the driller can only vary one pressure control mechanism, ie. the

‘, average weight of the mud column. ,15 hydropressured zones,}mud weight can be

raised to slightly more than the weight of salt water (8.9 ppg) and any formation
flow will be‘prevented by the mud overbalance.

In-geopressured sediments, particularly through the transition zone, form-
ation pressures 1ncrease rap1d1y (see Figure 34) and it becomes difficult to con-
trol the pressure ba]ance between 'mud weight and format:on pressure in the
top and bottom of the - open ho]e section with one mud welght. In Figure 34

for example, it is seen that ]5 ppg mud wou]d exert 8,200 ps1 BHP at point A,

~enough to safely overba]ance actual formation pressure. However at point B in

the open hoie. perhaps on]y'300f400‘feet above A, formation pressure is only
4,500;psi. but mud pressure is nearly 7,806 psi. The 3,300 psi overbalance at
point Buis“approaching"theabreak¥down‘preSSure'of Certain3tormations

To prevent such prob]ems, zones w1th steep pressure grad1ents must be cased
with 1ntermed1ate cas1ng or l1ner, so that deeper dri1]1ng can be continued with

higher mud we1ghts.

In a Gulf Coast geothermal prospect hole swze,'TD and the expected num-

_ ber of ca51ng str1ngs must be'plannedcarefu11y because the. cr1t1ca1 requ1rement
“1s to be. ab]e to complete the well w1th tub1ng that is’ 1arge enough to prov1de ‘

‘adequate total f1ow. By mlscalculat1ng and- be1ng forced to set an extra T1iner,

the f1na1 hole s1ze may be too sma11 A d1scuss1on of tub1ng s1ze vs. PL w111

\~qbe presented 1ater, to ind1cate what m1n1mum tubing d1ameters may be requxred
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Sand Production, Control: Problems

Tertiary age sands of the U.S. 601f>Coast are much finer grained than

California sands. Sieve analyses typically show a 50 percentile (median) grain

‘diameter of 0. 004 inch} with maximum diameters less than 0.01 inch. These

sands may be disiodged from the formation and carried into the wellbore by

fluid flow in a concentration ‘that is dependent on flow veioc1ty, type of fluid,

and formation>rock strength under -existing stress states.

The type of fluid and the originai rock strength are difficult to control

: in a pnoducing wel] But flow ve]oc1ty and the p01nt at which ve]oCity is
:ﬁhighest can be contro]]ed by varying productiontrate and by reduc1ng skin

'effects or. plugged perforations that 1im1t tota] available f]ow paths

The formatlon stress state can be radically changed 1n the critical area

' around the. welibore by 1mproper driliing and completion methods that fail to
prov1de for hole stabiiity. Once sand f]ow starts redistribution of the
,intergranular stresses further destabilizes the rock Movement of "the

“h-formationvcan acce]erate clayupartic]e migration. and it can. destroy any

”;stabie sand bridges that have formed:across perforation tunneis.; And with ‘
_enough sand flow, the 1atera1 ]oading on ca51ng strings can’ be redistributed

50 as.to. appiy high buckiing forces. p;,,;”

, The basic sanding mechanisms have not been 1nvestigated for geopressured

hot water;weils Limited tests have proved that inf]ux is rate sen51t1ve,

de. there 1s a crltical velocity or drawdown through perforations at which

v,~sand starts to*fiow. These conditions need to be defined so that minimum totai '
i"intervais, perforation shot denSities and diameters can be established
;%s;Studies need to be made on core sampies 1n hot water flows to evaiuate surface_f

"~-»<tension, clay behav1or, compressive strength'retention effects etc., and

¥ how they differ frmnthosehn oii and gas flow._ And the - effects of




- would be: d1ff1cu]t and cost1y And such f1u1ds wou]d not be satisfactory| -

methane gas break out around the we]lbore as a skin effect shou]d be/ I

considered. Accurate sand monitoring systems should be insta]ied on all we]]s
to detect the start of sand flows. Various monitors and detectors are available,
one type records the noise of sand partic}es striking a probe in the flowline.
Another type has a thin'walled probe that transmits pressure signals when the
wall is eroded.' |
Sand control will not be easy in high pressure hot water wells. It is
probably not even'feasible to completely control sand. That highly desireable

goal has not been achleved in 0il and gas wel]s, Under less severe conditions.

There are three bas1c optwons ava11ab1e for sand control' 1) Influx can be

~ screened 2) The format1on can be chem1ca]1y consol1dated or 3) The formation

stress state can be contro]led to promote natura] br1dging The last option
appears most pract1ca] v o

Screening methods that have been most successful on the Gulf Coast include
gravel packing around the metal screen. An open hole job in which an enlarged
(underreamed) hole is packed so as4towpr9yidewboth“screening and formation support
would provide maximum productivity. But reaming and maintaining borehole

stability over long intervals with 18 ppg high solids completion fluids

for packmng gravel beh1nd screens. Open hole packs are rare1y done 1m/

Gu]f Coast He11s.

! Inside aravel;packs,are successful onTylif gravel can be packed into large

'd1ameter, clean perforat1on tunnels so as to stop sand flow before it enters

the tunnels. To place gravel in the perforations, the carry1ng f1u1d must enter

.the. fbrmation Econom1ca1,,"c1ean" 18 ppg completion. f1u1ds are not ava11ab1e

for exampie, one new product a lithium bromide so]ut1on wou]d cost $300-200

per barrel. Such ‘jobs may be feas1b1e in thin 011 or gas sands, but completing

. .several hundred feet would involve. several stages and prohibitive costs..

11




3 Consolidation by injection of epoxy type chemicals is possible in

thinner, high permeability sections where some permeability reduction can
be tolerated and chemical cost requirements are not excessive. Geopressured
sands would have to be studied very carefully before using any chemical
injection that would reduce already margina] permeability. And treatment
temperature Timits are presently below most target reservoir temperatures.
Conventional consolidation jobs have been plagued by basic fluid placement
problems. | |

Stress control can be applied as part of the comp]etionbprocedure. An
efficient primary'eement jobvfo1]owed'by properiy designed perforating is the
most ‘practical starting pomnt:for eend‘eontro1; ‘But deep;~hot'hole conditions
will limit'the effeetivenese}of primary cementing and result in mud contamination
- and channeling.. The_Pack Perf Completion Systenft discussed and i1lustrated
earlier in this reportmoffers one method for assuring both proper cement place-
ment and stress eupport across the sand faee. This system features an external
casing packer that is pumped full of cemen;.‘then perforated. Comparative
tests of individual zones,with and without the pecker could give valuable

data on sand control'capability.

Complet1on Des1gn Considerat1ons

This subsect1on will present eeveral cons1derat1ons that should be
included in englneer1ng prep]anning of Gulf Coast geopressured geothermal wells,
namely: | ' | |
1. Tubing¢sizejse1eotion‘andfstimolatfon to achieyeldesiredrflow
2. Casing, liner joint design'for high‘tensi1e loads and thermal stresses
-3. -High strength meta]?urgy lim1tations for poss1b1e hydrogen embrittlement
-4, »Perforatxng performance requirements ‘ B
5. ‘ngh density completion fluid limitations

e -

* A deve]opment of Comp]etion Technology Company
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6. Primary cementing needs and problems
7. Special effects of hot water on elastomers, and
8. Well contr01 equipment, surface vs. subsurface safety valves.

Tubing size, PI Factors that - inf]uence tubing selection were used

to generate data for Figure 35. The’upper PI curve (46.3 bpd/psi) is a
calculated value for a typical 16,500 foot Frio sand with a kh of 10,000 md

ft, 80 acre spacing,. an»8 inch we]]bore and a water viscosity of 0.2 cp.
Friction drops are ca]culated for medium weight. non-corroded pipe. Surface

pressure was assumed to be 500 p51. No beneficial 1ift from methane breakout was

con51dered

It is seen that under calcu]ated PI. conditions, the maximum that will flow
through£51/2 inch tubing is 50 000 bpd Either reduction of tubing ID by scaling,
or a steepening of the friction curve by corrosion effects would lower the

string's flow capac1ty.-

If the wei]!s PI is actuaiiy iower,‘higher;bottom hoie APs are required

;to give the same f]ow and‘iess is availablevto offset friction loss. For a

PI of 10 bpd/psi, for examp]e, 40 000 bpd :flow would require 7 inch tubing.

To 1mprove Tow. PIs that may be the result of skin effects, ie. shailow

formation piugging by dri11ing damage, etc., some type of formation treatment

‘,(stimulation) w111 be requ1red.~ Hydrauiic'fracturing etfectiveness‘will be

iimited by the avaiiabiiity of economical non-damaging carrying fluids with -

reasonab]e friction loss properties.f The 1ong interva]s will require staged

' treatments to assure adequate f]ow. Embedment of propping materiais can 1im1t

‘,Job 1ife. Guif Coast sands are not norma]iy fracture treated

Ac1d washes Wiil have to be taiiored to the spec1al sand properties of

water wells. And inhibition of acids containing ch]orides, to prevent tubular

~damage w111 be difficult and very expen31ve above 275 F temperatures. To

allow service companies and~other researchers;to develop acceptable stimulation
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“the heat conductivitiesgcf;gas;and crude oil are significantly less than for

.dw1n the H

techniques, cores and other relevant formation data, must be set aside and

‘made available. And in any forthcominngell tests, service companies should be

selected we11 in advance and given all known and estimated parameters so

that state of the art methods can be applied and documented in a learning manner.

.\‘

Joint design. Very long casing or liner strings will be extremely heavy and

will require rigs that -can handle one million. pound hook loads. For example,
a 15,000 foot string of mixed.ueight 9 5/8 inch casing will weigh nearly 850,000
pounds in air. Of course, buoyancy effects of mud will lessen this weight in the

hole, but during'cementing there will be drag forces and possible differential

sticking conditions that will increase 1ifting requirements.

The uppergpart of very heavy strings should be equipped with API

‘Buttress threads, at the very least, to handle high tensile loads. Also avail-

able are premium, non-API joints that feature metal to metal seals, and shouldering
surfaces that can to]erate high compressive loads. Such loading could occur in

very hot (> 400 F) we]ls subJect to cyc11c therma] conditions. It should be

- remembered that tubular des1gn for 011 and gas we]]s cannot be casua]]y

' applwed to hot water wells w1th the same. bottom ho]e temperatures. Inflowing

gas and b}] are exposed<to.a;natura1 coo]1ng.effect caused by pressure loss; and

water.

‘Hydrogen embrittlement. . Hydrogen sulfide gas (st) concentration in high
pressure wells is a very cr1t1ca1 cons1derat10n. -In many oil and gas well

comp]et1ons h1gh strength tubu]ars are requ1red to handle pressures, but ‘the

«h1gh carbon al]qysteelsneeded for strength are subJect to- attack by hydrogen

ZS', The effect 1s an embrittlement ofthenmtal and 1ncreased 1nterna1

stresses whlch lead to crack1ng and eventual fa11ure.; It has been determined

that hardness of Rc 22 is the upper 11m1t for stee]s in HZS atmospheres, under

o - - ——
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certain temperature condifions. One solution has been to use heavier weights
of lower carbon steel to obtain strength. Certain special alloys and heat
treating methods can also give stronger pipe with HZS resistance.

Actua} HZS concentration in various geopressured sites as reported by
Kharéka (1977) vary from too low to detect to as high as 5 ppm; most samples
average 1-2 ppm. Any HZS concehtration should be considered potentially
damaging in the presence of hot water, until extensive lab and field tests
establish accéptable tolerances for various pipe grades. In injection wells,
the addition of oxygen in'.the presence of even traces ovaZS may be highly
corrosive. And the sensitivity of steel to chlorides, which definitely exist
in the brines, can be a pfob]em. |

Perforating. One advantage of large diameter tubing is that larger, more
powerful pérforating guns can be used. Documentation of gun performance at
expected temperature and pressure conditions should be obtained from service
companies so that actual perforation diameter will be known.

Perforation plugging by jét*charge”debris'should bé removed by speéia]
backsﬁrging techniquesjor.underbé]anced;perforating adapted to long interVa]s.

Or the interval may be acid washed. Plugging in part of the total number of

“holes may increase flow above critica]-velocities in the remainder. Clean

P

perforation tunnels are part1cu1ar1y important -in inside grave] packing.

If gravel is not p]aced 1n51de the tunnel, fine grained -very low perme-

ability formatwon sand then can pack the tunnel by br1dging agalnst the main

gravel pack.
High den31ty completion: f1u1ds. At'any time in*tﬁe wélT‘s life after the

or1g1na1 protective filter cake 1s removed and- dr1111ng mud is diSplaced from
the hole, a fluid of up to 18 PP density (0 934 p51/ft grad1ent) must be

used to cover the product1ve zone when downho]e work is in progress. There are




two basic choices to make in completion or workover fluid selection: 1) The
fluid can build a second filter cake and remain within the borehole, or 2) It
can penetrate the clean borehdle wall and the pore spaces of the surrounding
sand. There are special appliéations fdr each type, as has been discussed.

The ‘non-penetrating typé must contain a bridging material and a
. weighting materal, and neither component can-be left in the hole as a deposit
that cannot be easily removed. Barites (barium sulfaté) commonly used for
weight in drilling muds are insoluble solids. So more expensive dense, acid
soluble chemicals will have to be used, such as ifon;carbonate, barium
carbonate,ferric oxide and the high density lithium bromide composition
($300-400 per barrel) mentioned earlier. Calcium carbonate can be used as a
bridging material. Large volumes will be needed if Tong open>holes are ever
exposed, as in open hole gravel packing. ,A!so, pb]ymers ﬁsed in drilling and
completion fluids :have temperature limits tﬁat shou]d be defined.

Penetratingvfluids'should be used with caution as there is presently no
eConomi;a]-way to produce a dense fluid.that is clean enough to enter fine
grained Gulf Coan.SandSJWithQut reducing permeability. It is common practice
to useifiltered'brines_tﬁat‘érenhobgfullyicompatible with formation clays, and
continually répléce'fluid lo;t foAthe formation. Suman (1975) presents data on
1ab peéts in which even 450 md'sand suffered 20% perméability loss after exposure
to water cleaned through a 2-micron fiitér.“CoﬂiiﬁQiﬁg work is needed to develop ]
economical, high density, non-damagihg completion fluids for geopressured
, geofhermaI app]icétions. 

Primary Cementing. The problems of cementing in high temperature holes

is becoming well recognized. And it has been recommended that data on existing
cement compositions, such as strength retrogression, be extended'info geothermal
temperature ranges. However, the requirements for primary cementing will be more

demanding in geopressured geothermal environments due to.the need for long term

n7z
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support and protection of the casing installation across the producing zones.

This means protecting the pipeufrom damage by the formation, and equally

- important, using the casing and cement sheath to support the formation to

prevent destabi]izationiand sanding problemst -

High' density drilling muds will be difficult to displace in deep,
small diameter holes around the final liner installations. Turbulent flow of
flushing fluids and the cement slurry will 1ike]y’be impossible to attain in
the pipe to formation annulus, without breaking down the formation. And the
high temperatures wil]vpromote.mud thickening while displacement operations

are being organized. Thus severe mud.contamination and channeling is likely.

_After the well is perforated, this entrapped mud can be flushed out by produc-

tion leaving Voids behind the pipe.-
While development work muSt4tprogress on the special problem of cementing
geopressured we]]s,'the limitations should be recognized ﬁnow‘softhat operations

can be orgauized to allow best avai]ab]e state of the art techniques to be

-applied without r1g s1te delays. And comp]ete documentat1on of the program,

‘execut1on and test1ng should: be kept to correlate future problems with

poss1b1e causes. Proper cementwng procedures for convent1ona1 wells are

adequate]y descrlbed in the WOrld 011 Cement1ng Handbook (Suman and E111s, 1977).
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E]astomer limitation. The failure of eTastomer materials at high tempera-
tures has been dﬁScussedrepeatedly. And the fact that e1astomers.fai1 in high
temperature is being proved‘daily-in Ca]ifornia_steam flooding projects, and in
The Geysers dri]linQ»operation.»rTheiEdna Delcambre 1 test proved’that nearly
everything made of rubber rated'to conventional oil field temperature condi?:
tions failed. |

The basic failure mode for rubber is contdnued cure hardening with heat
which causes the material to lose its elasticity. This process starts at
about 250° F. If the hardened~materia1 then is forced to move, the seal is
broken. Chevron U.S;A. Inc. tested nearly all available oil field rubbers in
flowing steam at 456-475°"F temperatures and reported that only Ethylene
Propy]ene reta1ned its res111ency--a1] other rubber materials failed within
48 hours. The other materials 1nc]uded Buty], Neoprene, Nitrile, Hycar,
Styrene Butad1ene and Buna S. The'Ethy}ene_Propylene will not bond to metal,

11m1t1ng jts use in tool appllcatlon.. ‘Teflon has a higher temperature rating

Wbut it loses. strength rapldly after 400° F and’ starts to vaporize at about

"6000 F Si]1con mater1a1 stands hlgh temperatures but. has .no tear resistance.

DuPont recent]y announced a new perf]uoroe]astomer product called Kalrez, a

,"rubber Teflon" that was successfu]]y used downhole in The Geysers to protect

a,1ogg1ng sonde connect1on The product 1s d1ff1cu]t to compound and fabricate.
The act1on of hot water on rubbers is also different than the effects of

hydrocarbons,elpjl and gas can cause’ rubber_to swell. However, hot water attacks

' the'rubber'm01ecu1ar1y to deteriorate it. Thus, temperature 11m1ts.shou1d be

estabIIShed under dynamlc work1ng cond1t10ns in the presence of actual waters

htflto which ‘the product will be exposed Geopressured geothermal we1ls have

‘temperature ranges that w111 p]ace them either 1n the upper 11m1ts of ava11ab1e

materials or well beyond those 11m1ts. where safety 1s concerned as it will be,




those limit5'5h0u1d be firmly established. The alternatives in completion
design are: ul)itncorporate'metal to metal seals in a]] possible locations,
2)  Avoid downhole-use,Of'rubber;or Teflon type dynamic seals in permanent
app]ications,ZB)_ste.rubber seais:downhole_only~when circulating ftuids cool
the h01e,§and%4) Consfder-all hot water environments above 250° F to be
limitjng to5e1astomer:use.

Well control. Safety cannot5be oVeremphasized _The petroleum industry

has no exper1ence in hand11ng b]owouts in geopressured geothermal wells where
explos1ve methane gas is 1nvo]ved but 1t is obvious.that the consequences
must be avoided. ,Inyoffshore,o1]~andrgasywells,‘federa1 law requires use of
downhole safety va]ves.that,automaticaily close when;dangerous conditions are
‘detected. These vaIVeS»are,]ocated in the tUbing string and all flow passes
through them. Veloc1ty types have a bu1]t in resastance that becomes self

energizing when flow is excess1ve Others are closed by hydrau]xc pressure

- from surface"these requ1re a separate hydrau]1c 11ne.

Geotherma] wel]s w1th large diameter tubxng w111 present special problems
regard1ng subsurface safety valves, shou]d the1r use ever be mandated ~ Large

d1ameter valves. are be1ng used ln North Sea we]]s a]ready 1n 5 ]/2 7 1nch

tub1ng. . These - va]ves wou]d be' a severe restrict1on in the w1de-open bore,

that would 1ncrease rfrxctton. But, more- 1mportant1y, they would create an

eddy that cou1d 1n1t1ate rapld scale bu1]dup And the hydraulzc line would be

e'added equ1pmenttto ma1nta1n an the thh temperature envaronment ™ Ve10c1tyJ/
uf; type vaTves would not be su1tab1e where f!ow 1s a]ready near max1mum. Despite
o 1‘:_the problems, work shou]d proceed on development of subsurface safety valves,
‘3'i_or some other type of emergency downhoie shutoff that 1s app]tcab]e to these

1 spec1a11zed complet1ons.~

The present solut1on is to 1nsta1] operators on the surface valves that will




E. & E K

automatically shut in the well when signalled. It is common practice to '
maintain such hydraulic or pneumatic operators in a "fail closed" mode, i.e.
pressure is applied to hold the valve open. If pressure is lost, as in a fire

or other accident, strong springs automatically force the valve closed.
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