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Cathodic Protection of Well Casing

ABSTRACT

Despite the existence of problems, extensive field experience over the past 13 vears
demonstrates the effectiveness of cathodic protection in arresting external corrosion of well
casing. This principle utilizes divect current which is projected through the formations to the
casing from a ground bed located from 100 to 300 feet from the well. The principle current
sources presently being used are either vectifiers with graphite or Durivon ground beds, or mag-
nesium anodes. Wheve applicable, magnesium anodes are preferrved as theiv lower potential
minimizes the chance for stray current electrolysis on foreign sivuctures.

This method is not limited lo prolection from just galvaenic currenis but also mitigates the
corrosive action of acidic waters and anaerobic sulphate reducing bacteria. Control of these
latter ovganisms is achieved through deposition of an alkaline film on the castng caused by ioni-
zation of the waler in the various formations.

Log current potential measurements made by surface lests for determining currvent re~
quivements when properly applied correlates with the down-the-hole potential drop logs.

Numerous of these tests throughout the country indicates a range in curveni requivements
of from 0. 35-16 amperes. In the same field this requivement may vary by two o fowr fold, often
between adjacent wells.

Installation costs for the rectifier type vary from $300 to $500 per well; wheveas, magnes-~
ium anode installations range from $175 to §700 per unit,
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Use of Salt Solution Cavities for Underground Storage

Carl A. Bay _
-C.A. Bays & Assoc.
- Urbana, Mlinois: -

ABSTRACT

The use of solution-cveated cavities in salf for underground storage of hydvocarbons and
other substances came about divectly as @ result of an invention patented in Canada and the U. 5.
While the solution process that operates in the cveation of a stovage cawily is supevficially like
that for brine production, the goals and techmiques ave necessavily diffeveni. Water plays an im-~
portant role in stovage in causing the effective sealing of the storage cavity in salt that is porous
and permeable to some degree and might otherwise leak.

To insure the complete safety of undevground storage cavities special techniques are ve-
quirved. Explovation drilling including coving of roof and cavily zone should usually be done, Con-
sidevable laboratory study and analysis of corves is destrable on a first project in any avea. For
a storage development to be made theve are four principal requivements:

1. Sait section of sufficient thickness and purily thot can be vendeved impermeable by fhe
solution process.

2, Satisfactory veof or caprock conditions.

3. Sufficient depth to permil confinement and suitable section between the cavity and the
surface to insure effective well completion,

4. Adegquate suvface provisions and vesources for watev supply, disposal, and slovage.

Appropriate field testing for safely prior to use should be done. Safety measures, ohser~
vations and records during use will provide assurance of efficient recovery of storved material
and elimination of possible hazards. Some confrol of cavity shape and dimension from a practical
viewpoint now appears feasible but further experimentation will be requived.

The widespread use of salt solution cavity stovage will probably increase in future years as
the benefits of safety and cost become evident from present operations,

INTRODUCTION

Sclurion cavity storage was first conceived of in Canada during World War {I (1} as applied
both 1o gases and liquid hydrocarbons, By 1949 field experimentation had been done in the U, S,
and during the 1950°s the use of salt solution cavities became increasingly widespread so that by
the present time the annual storage issues of petroleum industry rrade journals show an excep-
tionally widespread usage of this procedure.

Since its conception, the making of the storage cavity in the soluble galt has been visualized
as an integral and desirable part of the process the use of solution and not mechanical mining.
When a UJ. S. patent was first applied for (2) although solution as the means of making the cavity

was envisioned, thig apparently was not expressed sufficiently clearly in the technical language of '
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patents to prevent possible conflict with some older European art which visualized damming up
mechanicaily -mined openings in old potash or salt mines and storage, prebably of non-volatile
materials, in them. Accordingly a re-igsue patent applicarion was filed in 1954, narrowing the
concepis involved and spelling out the role of sclution in the storage cavity and was issued in the
gpring of 1957 (3). Subsequentiy the subject patent and re-issue patent have been dedicated 1o the
public.

PERTINENT GEOLOGIC CONDITIONS FOR USE OF SALT CAVITY STORAGE

Generally in the world there are two types of salt occurrences, bedded rock salt and domes
or similar deformed rock salt masses derived from originally bedded deposits. Typically the
bedded deposits are of relatively minor thickness without interruption by impurities which are
generally carbonate or sulphate rocks. Much more substantial thicknesses are found in salt
domes. The general occurrence and characteristics of these types of naturally -occurring rock
salt are described in more detail and their distribution indicated by Bays, Peters, and Pullen (4).
This paper also describes the present concepts of the writer as to the irregularities of deposition,
diageneric effects, and geologic history of rock salt deposits, irregulariries that can play a per-
tinent role in the development of solution cavity storage.

Another phase of the natire of most rock salt, whether bedded deposits or dome salt, is the
amount of contained impurity. Most rock salt contains sufficient calcium sulphate and calcium-
magnesium carhonate 80 that solution water becomes saturatred for the conditions with these sub-
stances. When beds are logged by drillers, geologists, or geophysically, what becomes desig-
nated as “rock salt” is rarely more than 90% NaCl and often impurities on the order of 25% to
309 are not unusual.

A most significant aspect of most rock salt ig {ts porosity and permeability. Most rock
salt is dense and in a conventional sense would not be classified as a permeable and porous ma-
terial, and yet like most naturally occurring substances, as for example, granite, and moat
dense igneous rocks, rock salt has a small but measurable porosity and permeability (3). Some
salt is significantly permeable, especially in its bands of impurity. There is apparently also
considerable variation in density, porosity, and permeability, as well as strength, and physical
behavior from one geological environment to another (6), (7), (8). The nature of salt is such that
it tends to move in such a way as to close any opening made in it. The rate and nature of the
movement depend upon a number of factors to indicated larer.

REQUISITE CONDITIONS FOR SALT CAVITY STORAGE

It is not feasible to install a solution cavity for underground storage everywhere that rock
salt is known. While wide variety of materials could conceivably be stored in such underground
solution cavities, moar of the materials which are stored are volatile, flammable, and require a
confining pressure to maintain liquifaction. Because of the nature of the stored material appro-
priate safety measures are necessary, although with underground storage of this type, far less
elaborate precautions may be needed. Moat systems operate with brine as the means of displac-
ing the stored material unless additional cavity development is in process, While there are mani-
festly exceptions to the more general typical practices to meet special needs or conditions, thege
are the present normal procedures in connection with underground storage in solurion cavities,

The essential requirements to provide suitable and safe underground storage are:

1. A salt section of sufficient thickness and purity to permit cavity development without sig-
nificant constrictions, subsurface movements due to substantial impure interbeds, and
which will be rendered impermeable to the material to he stored when a solution cavity
is made therein.

2. Roof or caprock that will stand supported by the fluid buoyancy available from the brine,
water or product to be stored and free of materials which are soluble in the hydrocarbon
material to be stored.
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3. Sufficient depth and appropriate section between the cavity and the surface 10 permit
effective cementing and effective well construction together with the geostatic 1oad 10
confine the stored material with complete certainty.

4. Suitable surface provisions and resources for water supply, disposal, and storage of
" water or brine to permirt development and operation of the storage syarem.

It should be recognized that some exceptions or deviations to a degree from these require-
menta can be coped with by technical means, often at considerable expense, that can render a
particular sire usable from a practicable viewpoint. However, it is the ohligation of storage op-
erators storing flammable materials to insure 1007, effectiveness of confinement for the protec-
tive measures ar the surface in the event of undesirable leakage.

MATERIALS SUITABLE FOR STORAGE IN SALT CAVITIES

Although most underground storage 10 date has been limited to a few liquid hydrocarbons,
largely classed as LLPG but including ethylene and other products which require substantially high
pressures, it is also evident that solution cavities in galf are appropriate for storage of other
materials., The use of such cavities for natural gag, coke-oven gas, or such purified gases as
oxygen or hydrogen is only commencing compared to liguid-state storage.

Generally the materiais economically succeptible to such storage must be gaseous oy liquid
materials which are immiscible with or very slightly soluble in water or brine and non-reactive
with rock salt, anhvdrite, and dolomite. Those requiring pressure confinement and the range of
temperature present in any province in the subsurface salt section are conditions that require an
adjusunent of the nature of tailor-making the storage ro the stored material.

Study of the gaseous, volatile, and toxic materials which are vital to our modern industrial
civilization in substantial quantity and which fill the chemical and physical requisites to be suic-
able for storage in salt cavities indicates many such substances could make uge of thig kind of
storage. :

Two further techniques will aid wider use of the method of storage. One is to insert an in-
ert material between the stored substance and the underlying water -brine section of the cavity.
The other is to line the solution cavity with inert materials which will prevent sclution or re-
activity. Both of these rechniques are under development to render solution cavity storage more
widely usable for specific marerials which dissolve salt, react with it, or have some affinity with
water or brine.

Generally the stored materials roday being put into salt solution cavities fall into three
categories:

1. Liquids such as gasoline, fuel oil, or crudes.

2. LPG -~ loﬁv pressure liquids such as butane, propane.

3. High pressure volatiles such as ethylene,

While some gas storage has been done in solution cavities most such storage does not use
this technique but depends on rock pore storage in old reservoirs or agquifers. Future usage will

see a wide variety of materials congidered for cavity storage strictly on the economic merits of
such storage.

PHYSICAL BASIS FOR THE SOLUTION PROCESS

There are two basic means by which water introduced intoc a salt cavity becomes saturated.
The constant process in operation is that of diffugion. Diffusion is the term applied to the ionic
movement of sodium and chloride ions away from the salt-water interface, at which place frans-
formation from solid to liquid {or dissolved) state occurs, and towards regions of lower ionic
pressure. Such motion, being of an ionic, rather than a mass, nature is exceedingly slow and

passage of individual ions from the salt face into the general cavity takes much time. In a simple | '

system of solution, without considering extraneous phase rclations, mass effects of accessory
substances, or other influences, the rate of diffusion is susceptible o calculation (9), and
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although the calcularions are somewhar complex it is evident that in spite of many possihle
variarions that diffusion as a process is a very slow means of obtaining saturation.

As opposed to diffusion (ionic or molecular movement), circulation implies the existence of
mass movement. Such movement brings the unsaturated fluid to the salt face where its saturation
can be increased. At least three different forces contribute to this process: temperature differ-
ences, gravily segregation, and pressure gradients. Due to temperature differences between in-
jection water and stabilized cavity water, the introduction of unsaturated fluid causes the rather
well-known temperature-convection process of adjuatment toward an even gradient to operate.
Actually this process is a fairly rapid one as brine cavities will come to equilibriumm within hours
after cessation of circulation (normally 24 to 72 hours). In addirion to that movement due t©
temperature differences, there ig & gravity movement of fluids introduced into cavities that is
very pronounced so that injected under-saturared (light) fluids no martter at what point they are
introeduced, tend to rise above or through the denser more nearly saturated fluids. It is thus
nearly always characteristic that the fluid in any active brine cavity is saturated at its base, is
rarely more than 10% to 15% saturated throughout much of the roof area, where the roof is not
salt and may be essentially fresh at the highest point of the cavity, except for those modifications
brought about by diffusion as influenced by time and temperature. The gravitational process is a
very rapid one and is the most important single factor contributing to the movement of fluids
within the cavity,

Another significant procesas in brine cavities is the response to pressure gradients estab-
lished by the application of pressure in the brine lifting operation. The application of pregsure
has an initfal effect in & new well of causing circulation of the injected fluid past the salt face at
velocities that actually produce some solution; however, as appreciable gize is developed, these
velocities are proportionately reduced, and the circulation effects of pressure differentials be-
come ingignificant, Thus in ordinary brine cavities the fluid velocities due to pressure differen-
tials are on the order of the imperceptible, and solution takes place only by the process of diffu-
sion at the very slow rate which characterizes tubing injection. Under these conditions, several
years could be required for the development of a cavity of sufficient gize to provide a cavity of
significant volume, particularly if the brine produced is near saturation.

Another instance in which applied pressure ig of importance is in the dissipation of fluid
from the cavity into the porous and permesble zones of the salt itself. Salt, though essentially
dry, is to some degree porous and permeable. Applied pressure in cavities causes fluid to move
into this porosity according to d*Arcy’s law, in proportion to the applied pressure differential in
atmospheres, subject to the reduction of effective permeability due to saturation of the pores of
the salt with a non-brine gaseous or liquid phase that may be present, This process causes con-
tinucus ourward flow into (a) the most permeable zonesg and (b) the zones where there is the most
effective pressure application, both within the salt as well as within any exposed underlying or
overlying beds and can become an important process in which the geologic séquence may signifi-
cantly aifect the movement of fluids to obtain saturation. Though maximum pressure is normally
exerted at the base of the cavity, the zome of maximum permeability can be anywhere, and typi-
cally is not at the base of a salt section. Filrration into the permeable zones will continue until
permeability is sealed by deposition from the outward-migrating fluid, usvally salt or sulphate.
In portions of cavities where salt and cementing agents are succegsively removed by ensuing 8o-
lution the process is a continuing one,

A combination of diffusion and the circulation, the latter due to temperature, gravity, and
pressure differences, thus produce gaturation int a brine cavity. The most economic system of
solurion cavity development will be that which is designed to secure the advantage of having ail
these processes, or 4§ many as possible, working favorably rather than disadvantageously, to-
gether with those numerous cther conditiong or factors which control golution, In addition, as is
later indicated, if it is possible to introduce a circuiation pattern that causes the solution to oc~
cur and the saruration to be obtained in a desired part of the cavity so that this is the primary
means of solution, then this becomes the most satisfactory means of development.
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PURITY AND TEXTURE OF THE SALT

Purity and texrure are among the several factors which control the area, direction, and rate
of solution of salt., Salr purity and texture relate both to original deposition of the salt beds and
to their subsequent geoclogic history. Common impurities in salt beds are suiphate and carbonate,
with occasional clay and argillaceous zones. Each salt bed or layer is normally purer in the
upper part and more impure in the lower part because deposition of the bed is from bottom 1o top

and impurities rend to be deposited in the lower part. Occasionally, particulariv in thin salt beds,

impurities are uniformly distributed throughout the bed..

As solution proceeds, the impurities accumulate on the floor and lower parts of the cavities
and substantial voids are left in these piles of impuritiea. This substance plankets the lower
porrion of the salt and concentrates solution in the upper part of the exposed formation. Salt
grain gize and texture also control and direct solution. The intergtices bétween small-slze crvs-
tals Or grains are the avenues by which solution procecds In fine-textured salt a much larger
gurface area is available to artack by sclution than in coarsely-textured salt. Salt texrture prob-
ably varies vertically from one bed to another in areas of commercially thick salt. Generally the
rexture reflects the deformation history of the salt beds, but depoaitionally is often coarsest near
the base of the salt bed and finer in the upper part. This variarion in téxture also tends to con-
centrate solation of the salr toward the upper part of the bed.

In the geologic past, solution commonly took place along fracture and joint planes. These
enlarged crevices were left with residual impurities released from the dissolved salt and were
subsequently filled with saturated brine which, with burial and time, precipitated salt to refill
these openings. Thig secondary filling is typically a very high purity salt of fine texture and dif-
ferent grain or crystal orientation than that of the salt bed enclosing it. The solution rate in this
secondary salt is typically five 1o ten times higher than in normal bedded deposits. These sec-
ondary features are concentrated in linsar patterns along joints and aiong the tops of salt beds.
Solution will follow them preferentially.

Salt beds buried below 4000 to 3000 feer or deformed in salt domes have frequently been al-
tered in part by "flowage" or deformation processes. In the bedded salts at such depths it i8 to
be expected that the processes of deformation have caused partial destruction of original deposi-
tional or bedding features. Usually such destruction i8 zonal within the salt so that in part of a
salt unit the original features are preserved and in others there has been flowage, granulation,
re-crystallization, and distortion of the original texture and purity. Even in the most severe
stresses of salt dome intrusion and in salt beds to nearly 10, 000 feet below the surface, this
process does not usually completely destroy the narural bedding but Jeads to the development of
zones which have a preferentially High tendency toward solution, Zones of this type are readily
recognizable in cores and are toc be expected under most geological conditions in the United Siates
salt basing, Where the strata are essentially horizontal at these deprhs, the alrered beds are
usually stratigraphically zoned and are represented either by zones of weakness, with respect to
horizonral parting of the beds by the fracture process, or are zones of strength and recementa-
rion and must have their role evaluared in solution rechniques for deveiopment of storage cav-
ities.

EXPLORATION FOR STORAGE CAVITIES

With the ramifications of sait nature and condition, roof nature, and the neceggity for in-
suring all of the elements of well construction and cavity development, it ig evident that a very
detailed knowledge of subsurface conditions i essential ro design, development, and subsequent
operation of a solution-cavity storage. While the drilling of conventional ¢il wells or brine wells
could well provide the information necessary 1o a decision that solution cavity storage develop-
ment is feasible at 4 particular gite in bedded sait or a salt dome, the essential detail of infor-
mation for design often is not available. : :

Exploration drilling should furnish the basis for design and development of 3 solution cavity
storage. Where subsurface conditions are reasonably uniform, multiple cavity development will
require only a reasonable amount of information initially and will permit a reducrion in explora-
tory or preliminary information as subsequent cavities are made.
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Because solubility and solution rate ag well as behavior of rock materials affected by
solution are so significant in the development and operation of solution cavities, core information
provides the best basis for study. Where multiple galt beds are present and it is necessary to
decide which bed or combination of beds is to be cavity and what strata are o comprise the roof,
continuous coring of the sequence from well above any possible cavity roof is essential. It is the
writer's experience that larger diameter {4 10 3 inch) diamond cores furnish the best information
and often are little more expensive to secure in an over -all operable project than are slim-hole
cores, This ig particularly true when a hole is drillied and after the information from it is se-
cured, it is then adapred to solution-cavity storage uge, It is the writer's experience that a slim-
hole exploration wells are extremely difficult to effectively plug and often could be a hazard to a
successful project. [If a small-diameter hole ig not drilled on the actual site of a cavity but lat-
eral 1o it, the information secured is not directly pertinent but is only applicable insofar as uni-
formity of the area will permit -- a condition often not readily ascertained. For these reasons
direct drilling exploration on an actual gite with appropriate adoption of the exploration nole to the
operation hole at the proper stage has proven the most practicable plan.

The geophysical logs of the exploration hele -- particularly reference gamma ray-neutron
logs to which a1l subsequent operations can be referred are an essential element of the explor-
ation process. While electric logs, sonic logs, and other logging parameters such as hole diam-~
eter and remperature all have gignificant applications, the solution process and the subsurface
location of stored hydrocarbons are best traced rthrough the years of development and operation by
radicactive logging techniques of those presently available.

LABORATORY TESTING

In the initial phase of storage development, exploration drilling will yield cores, which to-
gether with geophysical logging, will provide the basgic data for decisions of design, testing and
developrnent.

While core description by an experienced geologist who knowa what to look for in terms of
distribution of goluble minerals, strarification, incipient partings and fractures, evidences of
prior solution history and other lines of observation that will aid in predicting subsurface behavior
is basic ro the success of any project, no opporiunity to supplement the judgment and experience
with quantitative lahorarory data should he overlpoked as part of the exploration process. What
the visual core examination reveals when appraised in a framework of detailed geophysical logs,
drilling dara, and laboratory determinations has much greater value.

In various projects there are a large number of laboratory parameters which might find
use, although it is doubtful thar all of them ever would be needed. The principal techniques which
have been used, with brief comment as to their utiliry, are as follows:

Sclubility Tests are commonly run on both the rock salt and roof to determine the impurity
or amount of soluble material present.

Rate of Solubility Tests are frequently needed when different types of rock salt are present
and it 18 desirable to determine what the relative effects of preferential solution might be in dif-
ferent beds or salt masses.

Porosity and Permeability Analyses of a conventional nature are beginning t0 be run more
widely. However, for most operations, the permeability as a physical constant, computed in
terms of water, is of little significance compared to the value of data which relate to the state of
salt and roof rock under the actual saturation conditions. Some such tests are run with confining
pressures to Simulate the geostatic load as well as comparable saruration. Directional perme-
ability tests are desirable for some projects.

Strength of Materials Tests are frequently run. Cenerally the salt compressive strength
tests are run wet or dry. With the exception of non-homogeneities of deposition, most salt is
remarkably uniform. Testing of tensile strength is usually done with potential roof materials;
often this is done on core residues after they have been attacked by solution. Plastic deformation
studies, particularly in 2 wet state, have been instrucrive in some projects. Usually these teats
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are used ro furnish safety limits of design or to postulate plastic closure and volume changes with
rime, under given conditions of span and cavity size.

Simulated "Weathering” Tests, while weathering as such will not occur in a storage cavity, /
are frequently justified to determine the tendencies of pessible roof rocks, under the conditions ‘
of solution attack, to disintegrare or foliare when unsupporiad. Much can be learned by the per-
fection of this general type of testing,

Reagent Leaching Tests are run to determine the effects of minor constituents or stored
materials or brine. In such cases as the presence of hydrogen suiphide, ammaonia, or organic
petroliferous materials in caprock or salt, the effects of these materials on the stored sub-
stances need to be derermined. Hydrogen sulphide, in particular can be a significant adulterant
of stored products as well as conraminating the underlying brine to pose special problems.

Other more or leas conventional laboratory rests or special adaptations thereof will find
use in the study of storage of newer substances as well as refinements in the development of
more efficient storage of presently stored materials,

DESIGN OF SALT-SOLUTION CAVITY STORAGE

When a well is completed to be used for underground storage in a solution cavity, the design
is based on the exploration data, and the storage requirements of the operator. These will de-
termine many of the elements of design which go to the feasibility of the svatem. The schedule
or time-table of dissolving the cavity and bringing it into use also affect the design.

If a cavity can be totally dissolved before being brought into use, then it is feasible to op-
erate the well with onlv casing and a single string of tubing. The area of the annulus outside the
tubing and the cross section of the tubing are usually essentially equal to provide for equal flow
rateg, either in the solution process or in the digplacement process of operation. When a cavity
is to be partly dissolved, brought into storage use, and solution continued to increase the capac-
ity, then a total of three strings of pipe, one casing and two tubing, are required as long as _.
water, brine, and immiscible stored material are gimultaneously involved in the well. However, -
some seasonal increase of storage capacity in various projects has been obtained by displacing
the stored product with fresh water, which accordingly does addirional solution, but without the
necessity for an additional string of pipe. Thus some storage cavities have had their capacity in-
creased intentionally by uge of fresh water, with a new increment of volume added cach year for
the last seven or eight years., Some other cavities have had an increment of storage volume in-
crease each vear unintentionally because of the disparity between the temperature of the winter-
time brine used and the natural cavity temperature. Such a condifion must be anticipated in de-
sign,

The deliverability required from a solurion cavity or its injectability in terms of gallons or
barrels per minute will, with the use of pipe friction cocfficients, determine the diameters of the
pipe strings used in & storage well, when the depth and gravity differences of the stored material
and water or brine are known. In Some cases it is less expensive to provide pump pressure and
capacity than it is to provide large hole and pipe diameters to meet a desired goal. This often
depends on how frequently stored material is 1o he injected into or displaced from a cavity. Many
operators first visualize the storage operation ag a single season cycle, which it may well be in
the producing areas, at considerahle distances from markets which are often weather-dependent.
However, in the distribution areas, LPG demand when coordinated with weather, permits multi-
use of storage with numerous partial cyclea, if the caviry is playing its most useful roie.

Usually, while some correlation with weather data and marketing studies is practicable, it is
impossible to vigualize the role of a storage cavity in advance and necessary 1o recognize in de-
sign that a market-connected storage cavity will have a varigble use {rom vear ro year.

With the design determinations made from an anticipated program of usage of a solution
cavity, the remaining elements of design follow rather naturally. The pipe sizes wiil dictate the
hole diameter because a sufficient annulus, generally 2 radius or more, to insure cementing is
necessary. The geologic data will determine where the casing is set. The hole diameter logs
will be used to determine the volume of cement,
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The physical conditions of the rocks to be penetrated usually dictate whether such holes are
drilled entirely with special drilling mud or partly with sali-base or oil-base muds to prevent
solution of soluble sections., Generally the best successes have been obtained with salt-base
muds of low watrer loss which are kept properly treated for the field conditions.

Design elements of casing-heads, braden-heads, and Christmasas tree components are dic-
tated by the program and pressure requirements as weil as the need for well connections. Most
such design should be with as great flexibility as poasible as often it is very difficult to make
changes at the immediate well head after a cavity {8 in use without some hazard.

An important phase of design is providing for the necessary surface facilities, These will
include the pumps which will provide the energy for fluid circulation during solution and for prod-
uct injection or removal. Typically they will include dehydrarion and/or preduct treatment fa-
cilities. In some installations storing gases, compressors can be used to provide energy rather
than pumps. Control of pressures throughout operation and development is necessary to prevent
excess pressure at any stage causing fracture or formartion parting (10) from pumps or compres-
sors. It should be recognized that applied pressures atr formation levels congiderably below those
equal to the overburden or geostatic load have been known in numerous instances to have caused
fracture.

Pegign should provide for adequate metering, information-recording, and access for logging
sio that a full marerials balance record of the caviry is available and occasionally, as required,
steel line measurements or logging surveyvs can be made, under pressure when neceseary.

In this discussion design is treated as the more or leas creative process of gpecifying what
a well and cavity will be and how they will aperate from all of the available geological, geophysi-
cal, laboratory, and field data. It is necessary in storage cavity design to insure complete ef-
fectiveness and safety and to do this the well should be tallor-made to the site, A uniform "field
practice” in a "storage farm’ may bhe practicable in many instances; at other places lack of ho-
mogeneity and continuity make an assumption of this type of uniform cavity -making practice ex-
remely dangerous.

One element of design in a storage "field” is the spacing between wells and cavities. To
properly insure the isolation of storage cavities in aalt, the role of the impurities and the be-
havior of the roof have to be correctly estimated. Many cavities start out or become radically
different in shape than their designers may imnagine. When thig happens, adequate spacing to
provide wet salt barriers between cavities and adequate roof support is very necessary.

WELL CONSTRUCTION

Drilling of wells for operation of storage cavities is one requiring an unusual amount of
meticulous control during the process so that ultimate certainty of cementing, completion, and
development iz assured without leakage. Collection of field data, such as drilling time, collec-
rion of samples, mud records, and the like, are important phases of the drilling process.

Drilling mud control 1o prevent undesirable hole enlargement is very necessary and ad-
ditives are available ro prevent solution enlargement, particularly in the shoe zone where cement-
ing and prevention of leakage are essential. Selection of the caging seat is part of the process of
combined field and laboratory study of an exploration hole to assure proper cavity development
and protection of roof. Thig particularly ig true in bedded salt; in dome salts it is to be antici-
pated thar the solution cavity will normally extend above the casing shoe either ar the well or lat-
eral to it except when the cavity solution process is operated at such ratesg of extraction as 1o
only permit withdrawal of completely saturated fluid.

As is evident cementing is an important phase of well construction, Cements used must be
impermeable to brine, water, and gtored material. They must be non-shrinking in volume &8
they set, The cement should effecrively bond with all the rock types present, particularly in the
shoe area and any zone above at which solution conceivably could ever reach the well bore,
Bonding of cements has been little studied. In order to obtain the effective cementing needed, the
writer uses retarded, sulphate-resistant cements of regular grind, pre-dry-mixed with 1 1/2 % to
2 1/29%, fine rock salt and 4% to 6%, gel drilling mud, this then being thoroughly mixed into a slurry



with saturated brine controlled by weight, usually in the range of 14.6 1o 15. 2 ibs. per gallon, 10
give a slurry that will not shrink or segregate, Such cements are relatively slow in setring and
considerably more waiting time IS necessary than with conventional oil-well cements,

Drilling-out of the cement shoe or float equipment and any cement lef: in the pipe can be a
critical period in a storage well, The impact of percussion drilling conceivably can create prob-
lems as could rough heavy-weight rotary drilling, It is desirable o leave ag little cement as
possible in the well and in most instances to use only a single tloat-combination guide shoe 50 as
to minimize the drilling-out hazards. If rotary drilling is to be used it is very necessary to weld
or use permanent locking compounds on each joint of casing in the lower part of the casing string.
Centralization of the casing at points selected geologically is highly desirable. Centralizers
should be located in places in the hole known to be of proper diameter and in strata of high re-
sistivity. ' _

Casing grades selected for storage wells often desirably are of heavier weight than might be
conventional for the depth in order to provide more amply for the anticipated length of life, which
no one is yvet able 1o estimate, especially in terms such as the corrosion of the casing. When the
casing is made up, it is usual for thread dope te be ugsed. Especial attention to the thread-
sealing compound is needed in storage cavity wells to insure the insolubility of this marerial in
the stored materials, brine, or water that may be in prolonged contact with the pipe during years
of operation,

FIELD TESTING

To preserve the stored material and to provide safety, it is essential that the casing and
shoe area be completely tight. After cement has set-up and the well is ready for completion,
field testing is desirable. Such field testy should include the data necessary for reference to later
chserve physical changes in the cavity and include both pressure tests and logging done incidental
to the completion process.

A variety of tests are feasible at this stage and under most circumstances should be done:

Pressure gest of the casing string is usually desirable before any drilling out is done. This
is best done bydraulically and can simultaneocusly be used to test the final casing head and fittings,
if these are installed. The pressure test of the casing should be carried o a pressure above the
probable operating or storage pressures that may be involved in the cavity operation, with a suiz-
able margin of safety.

Repeated pressure testing of the casing shoe area at the time of drilling-out or just following
driti-out is often practicable under most geologic condirions where solurion-cavity storage pro-
jects are operated. Such a repetition of a pressure test with a foot or so of formation exposed
pelow the casing shoe will provide complere assurance about safety and lack of channeling.

Cement -bond logs are useful in terranes where formation conditions have proven their ap-
plicability.

Radjoactivity logs run after the casing is drilled out provide a permanent pre-solution ref-
erence record of the well which is highly desirable as the cavity is made and operation ig under-
taken.

Collar-locator logs on a detailed vertical scale should also be part of the reference log as
they can be used, together with subscquent collar and radioactivity logs 10 analyze significant rock
or roof movements associated with the solution cavity and 1o guide location of stored hvdro~
carbons that may migrate shove the shoe area of the wall,

In special cases, such as failure to obtain cement circulation or the failure of a casing
atring to hold pressure, special investigative techniques would be part of the field testing proce-
dure and necessarily would employ the logging devices or other procedures eapecially for the
prublem to be resolved before further work is done with the cavity or well.
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CAVITY CREATION

The making of the cavity to be used for storage requires the tubing of the rested well and
initiation of the process of dissolving. A great deal ig known today about the process 8o that the
shape of the cavity and its dimension can be qualitatively predicred.

The hagic geologic nature of the exposed strata as to solubility will have considerable to do
with the shape of the cavity, as will rhe geologic dip, and interbedded impurities thar do not fall
to the floor which become constrictions. Blanketing by impurities will cause problems that shouid
he recognized.

Most effective solution of salt to make a storage cavity can be done by creating a predictable
circulation pattern in the cavity, using low-pressure jetting techniques, widely used for mixing in
the petroleurn industry, and first best described by Fosgett and Prosser (11). Such low pressure
jets can cause the discharged brine to have been circulated and received its salt content by move-
ment ag well as by diffugion.

In salts where natural lavers are present which will cause constrictions or shelf-failure ro
shear-off tubing, some preparatory measures are desirable. Freguently such beds can be auit-
ably enlarged by jerting with high-pressure jet guns, using water or acid, as needed. In some
cases either explogsive shattering or shooting with shaped charges in open hole have proven useful
in eliminating the adverse effects of auch beds.

Steel tubing lost in a solution cavity can frequently cause a serious problem. To avoid this
passibility it is a geod practice to doubly -suspend the tubing string used for washing at the surface
and to use drillable tubing materials below the casing-shoe area of the well, Variocus types of
materialgs such ag plastics, cement-asbesros pipe, and readily-drillable metal alloys have been
used for the lower portion of such tubing strings. Where lighter plastic materials are used, some
weighting is necessary to make thig portion of the string heavier than the brine.

With the use of a low-pressure jet system to attain a circulation pattern for a desirable
cavity shape, it ig evident that tubing injection must be used and preduction of brine will be from
the annulus. Casing injection, with attendant widespread upper cavity, should not be considered
for storage cavities.

During the entire solution operation careful volumetric and collareral records are required.
These should include:

Metering of injection.

Temperature of injection fluid.

Metering of production,

Temperature of produced fluid.

Gravity of produced fluid.

Resistivity and periodic chemical analyses of produced fluid.

o

7. Continuous preagure records.

If other data do not indicate whether tubing is intact during dissolving frequent steel line meas-
urements of the length of tubing are desirable.

If a cavity is to be carried to a maximum span, where roof support might become inade-
quate, radicactivity logging inside the tubing after considerable solution has been done will pro-
vide ugeful information.

The volume of salt removed from a cavity can be computed if adequate records are avail-
able. Thig figure often has little significance ag to the volume and shape of the cavity because of
the role of the impurities present and tubing strings in such solution cavities often are not main~
tained continuocusly intact to the designed bottom of the cavity. The non-homogeneities and im-
purities of most salts require that cavities be relatively small in diameter to insure a stable roof
and minimize the hazards of failure. Some plastic shrinkage or comtraction is also to be ex~
pected as a part of the process -~ which will in turn aid the sealing of the cavity walla. Size of
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cavity o be developed for storage depends on judgment and the data coliected in the solution
process, but is inheremtly dependent first on the vertical thickness of salt present.

SHAPE OF CAVITY

Solurion cavity storage should be approacted on a basis that while the facrors that will in-
fluence shape of cavity are recognizad that complete certainty a3 to shape is not now possible ex-
cept in very small diameter cavities. These factors of non-homogeneity of solubility. irregularly
distributed impurities, geologic dip, and circulation patteérn are generally known. Ideally a
cavity would be cylindrical, but few approach this shape and a true "bottle” shape has been ob-
tained only in a few salt domes where large thicknesses of very pure salt were available.

The most dependable information ag to cavity shape is obtained in the smalier diameter by
use of the mechanical well caliper. Such devices capable of measurements approaching 25 feet in
diamerter are experimentally available and have been extremely instructive egpecially where re-
peated surveys have been practicable. Further perfection of the mechanical caliper appears
practicable and a most certain method of study of cavity shape.

Considerable has also been done with fill-up techniques in storage cavities after washing
was completed, Thig procedure uses a radioactivity log tool to measure the position of the brine~
product contact behind the tubing as the cavity is filled initialty. This has heen dene by volumet-
rically measuring the cavity volume for each foot or each two feet in some cavitieg and an excel-
lent idea of the cross section of the dissolved cavity obtained by this method. ‘Where such studies
have been correlated with geologic and solubility logs, they bave been very ugeful in providing
information to guide cavity development in subsequent wells in the same area.

Essentially the same technique to determine the cross-sectional dimension of a cavity while
it is in use, afrer filling, and alsc withouyr removing the tubing, depends on pressure equalization
of liquids and careful metering as was described by Branvan {12).

The sonic methods which have had considerable use and promotion deserve consideration in
some cavities as a means of ascertaining cavity shape and volume. However, the limitations and -
basic assumptions of thege techniques need to be carefully considered in evaluating the results.
These devices are based on reflection of a propagated sonic signal, generally more or less
beamed at a wide angle, and depend upon recognition and timing of the travel from the instant of
propagation to return to the device in the well bore.

Basically these svstems then depend on the velocity of sound in brine or water. In most of
the svstems in use & constant velocity is assumed and all readings are based on this assumption.
Actually the velacity of sound in brine or warer or some gradation rhereof as may be present in a
solution cavity is dependent on a grear number of possible pertinent conditions. Some idea of the
complexity of those that may be formulated may be seen by examining a standard reference in this
field such as Officer (13). Generallv the velocity of sound in such caviries depends on the salt
saturation or gravity, the temperature, the pressure, and the gas in solution in the fluid. All of
these can cause significant and nor negligible differences. In addition some other conditions are
often present which influence the results of such surveys or affect the velocity of the sonic signal.
A solurion cavity i8 a volumetric cavity which has a definite cavity resconance 1o sonic frequencies,
This has been recognized on at least one sonic survey as causing false evidences of diamerer that
were in fact not present on a mechanical caliper survey of the same cavity. With brine cavities,
ag within the ocean, sonic or salinity layering is possible and has been demonstrated to be
present. This has caused borh wave-guiding of sonic signals and obstructed their propagation,
both commeon phenomena in oceanographic seismic work.

In addition it should be recognized thar a sonic wave is a spherical wave which cbeys the
bagic laws of refraction and reflection, which prevents a sonic device from “seeing™ around cor-
ners or up or down, or beyond the point from which a first reflection is obtained. Where high-
solubility -rate linear masses of salt are preferentially digsolved, it would only be an exceptional
fortuirous relationship that would permit mapping or recognition with a sonic cavity -surveying
device.
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With a recognition of the conditions affecting their use and on the data obtained, the sonic
surveying devices can provide information of considerable value in some storage cavity projects,
Theyv become particularly useful if all collateral volumetric and logging data are available and are
used mainly in the context of one of the number of lines of information which are availahle for the
storage operator o use in interpreting the subsurface conditions.

Some inirial work with down-hoele cameras and inconoscopes in golution cavities has been
very promising of possible application of photographic and television techniques for use in stor-
age cavities. Howewer, quantitative calibration means are needed and further exrensive develop-
ment work s required for the systems with which the writer is familiar.

After many years of dealing with the problems of shape of solution cavities and the amtiety
of operators to know the shape, and after having found out the shape of a very few cavities at con-
siderable expense, the writer seriously queations the value of such information in a storage op-
eration. Conservative design, limiring any hazards by now well -known techniques makes shape
a matter that should be generally of little consequence to a successful and economic storage op-
eration.

CAVITY STORAGE OPERATION

Two alternate conditions for operation may typically be desired for solution caviry storage
operations. Under some conditions cavities are brought into operation before the desired volume
18 reached with the explicit inrention of increasing the size of the cavity continuoysgly while it is
in use or by cyclic or seasonal enlargement with new solution being done by use of unsaturated
fluids. The alternate is to complete the storage cavity to 2 maximum size desired or considered
permissable and then to do all of the operation with technigues to prevent additional solution and
enlargement,

When continued solution is anticipated two strings of pipe Inside the casing are required,
one for product, one annulus for fresh water, and the other for hrine. In caviries where incre-
mental increases in size are made, a single string of tubing is required.

As a safety measure, either permanent storage or while waghing is in process, 1o decrease
hazard of leakage it is customary for the writer to recommend the installation of 2 device to uge
the outer annulus for water or brine, providing a water seal against minute leaks. This device
is sketched in the accompanying Figure No. I, whichk shows the tool, used in combination with a
packer and two strings of tubing, set at the casing shoe in a storage cavity, which provides a
water seal around such products as LPG or aviation gasoline throughout the entire well. A simi-
lar device is practicable with single rubing and a two-fluid system to provide the same safery with
a brine seal on the casing.

When operation conditions require cessation of cavity development, some additional prob-
lems may be eéncountered, depending on depth of storage, local ground tempevatures and geo-
thermal gradients, and other conditions of the storage. Injected fluid to provide removal of prod-
uct, while saturated for the surface temperature, may be injected to an environment where it is
below saturation. Heating, chemical treatment, or both may be required to prevent further solu-
tion. During thig type of operation, metering and analyses, as well as frequent surveying, are all
desirable to provide definitive information as to whether enlargement is or is not occurring. In
one instance gperations decided it was least expensive to add fine galt to injected brine, essentially
in suspension for part of the trip to the cavity, to bring up saturation for the bottormn hole temper -
ature present.

An essential feature of suitable solution cavity storage operation is the maintenance of pres-
sure supporting the roof and exerted against the side walls. By the cavity-creation process fluid
pressure of water and brine replace rock and when stored product is added it is essential thar it
should be kept under pressure also. A desirable goal is to keep the bottom -hole or cavity pres-
sures as near uniform as possible and to prevent unnecessary flexure of the roof. Repeated flex-
ure of such strata could possibly cause failure with time and this realm of fatigue or flexure ef-
fects in rocks under geostatic load is one about which very little is presently knawn.
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Figure 1. Device for permanent water-seal on outer caging of salt caviry storage well.
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SUBSURFACE AND SURFACE MOVEMENTS

The creation of a void in the subsurface, the walls of which are warer-wet salt of a highly
plastic nature puts into effect compensating movements in the rock., These are counteracted by
the fluid pressure of the cavity and as long a8 roof apans are such that elastic limits are not ex-
ceeded the movements proceed in a predictable fashion until equilibrium of geostatic pressures
and fluid pressures in the cavity are reached. Usually this is within five vears after crearion of
the relatively smajl volume typical storage caviry and thereafter as pressures fluctuate there is
a slow responding fluctuation within the rocks.

The sagging of rocks above a cavity creates an arch relationship that can extend strain con-
ditions well cutside the cavity and if such a transfer, usually tension at a critical height above the
cavity, causes fzilure, then adverse effecizs on the well or cavity can reaulr.

Ir is known in one or two instances that storage cavity creation effects have reached the sur-
face in essentially soft or unconeolidated rocks, although no leakage or escape of fluids was noted.
Surface subsidence and rock movements are problems that can be expected to be associated with
storage solution cavities as they become older and the trend ro build larger bottles continues.
Operators must be alert to these possibilities and should maintain suitable surface obgervations,
as well ag locate their storage faciliries with these possibilities in mind.

PROBLEMS OF SOLUTION CAVITY STORAGE PROJECTS

While there are undoubtedly problems or failures (leakage) which have occurred during the
development and operation of the numerous salt cavity projects now in use, many of them are
known and maost of them teach valuable lessons ag o how they were caused and in some cases
were corrected. '

Earth movements due to inadequate support have occurred in several storage projects.
These have caused loss of tubing, shearing of casing, loss of product into higher zones or the
surface, and orher serious consequences, [n most instances they have resulted from a lack of
understanding of the solution process and the way cavities develop.

Cement failures have been common due 10 the use of traditional oil-field mixes, the writer
believes, with lack of bonding or with shrinkage and segregation in the slurry. This has been
corrected by use of resin cements and salt-gel cements.

Fractures have apparently been developed by excess pressures in cementing, drilling out,
or even pumping during solution operations. Frac pressure may occasionally be reached as
transient preasure peaks with posirive displacement pumnps.

Casing leaks have apparently resulted from inadequate inspection of pipe, poor thread dope,
corrosion, and similar causes. Generally they can be found with adequate inspection of casing
and testing.

Occlugions of stored materials above the casing and in "pockets’ of the roof of cavities has
been responsible for some "loss" of stored marerial. In some instances where these materials
can be located they can be recovered by perforation, fracturing, or both.

In most instances with which the wrirter is familiar, while sub-surface problems have not
been uncommon, actually the principal difficulries arose from surface piping, pumps, and the
common hazards of tank farm operation where trucks backed into wells or similar accidents oc-
curred. The solurion cavity generally has been a safe, effective, and economical meansg of stor-
age,

CONCLUSIONS

Solution cavities in salt are becoming increasingly widespread in their use for underground
storage of flammable materials. There are large terranes suitable for the development of such
storage and many materials susceptible to storage by this method so that increaging use of these
cavities ig to be anticipated. Because of safery and economy, many materials not stored and im-
miscible with water or brine should use this method or adaptations thereof,
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Specialized rechniques of exploration and design to insure success of galt cavity storage

are desirable. Data and records during development and operation will insure project safety and
provide certainty of recovery. Single storage cavities of predictable general shape and dlmﬂn‘;lO‘}r"
are possible but spacing between cavities should be adeguate to provide a safery factor. B

Most reasons for leakage are known and are correctable by design and developmental pro-

cedures. Suitable geologic conditions are basic 1o the locarion, crearion, and operation of salt
solution storage cavities,

REFBRENCES
Reginald L. Partinson, Avimer, Ontario; patent application, June 30, 1944,

2. june 29, 1945; U. S, Patent No. 2, 590, 066 to Reginald L. Pattinson, issued March 18, 1952,
3. U.5, Patent Re-Issue No. 24, 318, May 14, 1957, to Reginald L. Patuinson, Aylmer, Ontario;

10.

i1,

12,

assigned to 5id W. Richardson, Fi. Worth, Texas.

Bays, Carl A., Peters, W.C., and Pullen, M. William, "Solution Extraction of Salt Using
Wells Connected by Hydraulic Fracture, " Trans, A.LM.E., Vol. 217, 1960, p. 266-277;
TP6OHIGO.

Aufricht, W.R., and Howard, K.C., "Salt Characteristics as they Affect Storage of Hydrocar-
bons, " A.I.M.E. Jour. Pet. Tech., Aug., 1961, pp. 733-38.

Parker, F.L., Henphill, I.., and Cropell, Julian, "Status Report on Waste Disposal in Natural
Salf Formation, " ORNL No. 2560, January 29, 1959,

Struxness, E.G., et al., "Status Report on Waste Disposal in Natural Salt Formations 117
ORNI. No. 2700, Aprll 9 1959,

Barnes, R, Bowling, "The Plasticity of Rock Salt and its Dependence upon Water, ” Physical
Review, Vol. 44, p. 898, December 1, 1933,

International Critical rables, Vol. 5, page 63, McGraw-Hill Book Co., Inc.; New York and
London, 1926,

See Clapp, Fred. G., "Safety of Warer Flooding Pressures ar Bradford, Pennsylvania, ™

Bull. A.A.P.G., Vol 19, Nao. 6, pp. 793-852, and Yuster, S.7T., and Calhoun, 1.Q., '"Pres-
sure Parting of Formaticons in Water Flooding Operations, "' Qil Weekly, March 12 and

19, 1945,

Fossett, H., and Prosser, L.E., "The Application of free jets to the mixing of fluids in bulk, ’
Inst. Mech. Eng, Proc., London, 1949, Vol. 160, p. 224-251.

Branyan, Stuart G., "How Anchor Recovers 979, of LPG Stored Underground, Worid Oil,
Prod. Soc., Feb. 1, 1956, p. 147-54.

. Officer, C.G., Introduction to the Theory of Sound Transmission with Applicarion to the

Ocean, McGraw Hill, New York, 1958,

on
~.}
423



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16

