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ABSTRACT

The use of solution-created cavities in salt for underground stovage of hydrocarbons and
other substances came aboui divectly as a vesult of an invention patenied in Canada and the U. 8.
While the solution process that operaies in the creation of a sforage cavity is superficially like
that for brine production, the goals and techniques ave necessavily different. Waler plays an tm-
boriant role in storage in causing the effective sealing of the stovage cavily in sall lhat is porous
and permeable {o some degree and might otherwise leak.

To insure the complete safety of undevground storage cavities special techrmiques are re-
quived. Explovation drilling including coring of roof and cavily zone should usually be done. Con-
sidevabie laboratory study and analysis of coves is desivable on a first project in any avea. For
a storage development to be made theve are four principal requivements:

1. Salt section of sufficient thickness and purily that can be vendered impermeable by the
solution process,

2. Satisfaclory veof ovr caprock conditions.

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

4. Adeguate surface provisions and resources for water supply, disposal, and slorage.

Appropriaie field fesling for safety prioy o use should be done. Safety measures, obsey-
vations and vecords duving use will provide assurance of efficient recovery of staved maoterial
and elimination of possible hazards. Some control of cavity shape and dimension from a practical
viewpoint now appears feasible but further experimentation will be requived.

The widespread use of sall solution cavity storage will probably increase in fuluve years as
the benefits of safetfy and cost become evident from present operations.

INTRODUCTION

Solution cavity storage was first conceived of in Canada during World War II (1) as applied
both to gases and liguid hvdrocarbons. By 1949 field experimentation had been done in the U, S,
and during the 1950’5 the use of galt solution cavities became increasingly widespread so that by
the present time the annual storage issues of perroleum industry trade journals show an excep-
rionally widespread usage of this procedure.

Since itg conception, the making of the storage cavity in the soluble salt hag been visualized
as an integral and desirable part of the process the use of solution and not mechanical mining.
When a U. 5. patent was first applied for {2} although solution as the means of making the cavity
wag envisioned, this apparently was not expressed sufficiently clearly in the technical language of =
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parents to prevent pogsible conflict with some older European art which visualized damming up
mechanically-mined openings in old potash or salt mines and storage, probably of non-volatile
materials, in them. Accordingly a re-issue parent application was filed in 1954, narrowing the
concepts involved and spelling out the role of solution in the storage cavity and was issued in the
spring of 1957 (3). Subsequently the subject patent and re-issue patent have been dedicated to 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 depogits 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 narurally-occurring rock
salt are described in more detail and their distribution indicated by Bays, Peters, and Fullen (4).
This paper also describes the present concepts of the writer as to the irregularities of deposition,
diagenetic effects, and geologic history of rock salt deposits, irregularities that can play a per-
tinent role in the development of solution cavity storage.

Another phase of the nature of most rock salt, whether bedded deposits or dome salt, is the
amount of contained impurity. Most rock salt containg sufficient calcium sulphate and caleium -
magnesium carbonate so that solution water becomes saturated for the condirions with these sub-
stances. When beds are logged by drillers, geologists, or geophysically, what becomes desig-
nated as "rock salt” ig rarely more than 90% NaCl and often impurities on the order of 25% to
30% are not unusual.

A most significant aspect of most rock salt is its porosity and permeahility. 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 most
dense ignecus rocks, rock sait has a small but measurable porosgity and permesbility (5). Some
salt is significantly permeable, especially in its bands of impurity., There is apparently also
considerable variation in density, porosity, and permeability, ag well ag strength, and physical
behavior from one geological environment to another (6), (7), (8). The nature of salt is such that
ft tends to move in such & way as to close any opening made in it. The rate and nature of the
" movement depend upon a number of factors to indicated later. -

REQUISITE CONDITIONS FOR SALT CAVITY STORAGE

It is not feasible to ingtall a solution cavity for underground storage everywhere that rock
salt is known. While wide variety of materialz could conceivably be stored in such underground
solution cavities, most 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. Most systems operate with brine as rhe 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 pracrices to meet special needs or conditions, these
are the present normal procedures in connection with underground storage in solution cavities.

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

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

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

4. Suitable surface provisions and resocurces for water supply, disposal, and storage of
water or brine to permit development and operation of the storage sysrem.

It should be recognized that some exceptions or deviations to 4 degree from these require-
menta can be coped with by technical means, often at considerable expense, that can render a
particular site usable from a practicable viewpoint, However, it is the obligation of storage op-
erators storing flammable materials to insure 1009 effectiveness of confinement for the protec-
tive measures at the surface in the event of undesirable leakage,
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MATERIALS SUITABLE FOR STORAGE IN SALT CAVITIES

Although most underground storage to date bas been limited to a few Hquid hydrocarbens,
largely classed as LPG but including ethylene and other products which require suhbstantially high
pressures, it ig alsc evidemt that solution cavitieg in salt are appropriate for storage of other
materials. The use of such cavities for natural gas, coke-oven gas, or such purified gases as
oxygen or hydrogen is only commencing compared to liguid-state storage.

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

Study of the gasecus, volatile, and roxic materials which are vital to our modern industrial
civilization in substantial quantity and which fill the chemical and physical requisites to be suit~
able for storage in salt cavities indicates many such substances could make use of this kind of
storage. -

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

Generallv the stored materials today being put into salr solution cavities fall into three
categories:

1. Liquids such as gasoline, fuel oil, or crudes,
2. LPG -- low 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 aquifers. Future usage will
see & wide variety of materials considered 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 into a salt cavity becomes saturated.
The constant process in operation is that of diffusion. Diffusion is the term applied o the ionic
movemnent of sodium and chloride ions away from the salt-water interface, at which place trans-
formation from golid to liquid (or dissolved) state cccurs, 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 congidering extranecus phase relations, mass effects of accessory
substances, or other influences, the rate of diffusion is susceptible ra calcularion (9), and
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although the caleulations are somewhat complex it is evident that in spite of many possible
variarions that diffusion ag a process is 2 very slow means of gbtaining saturarion.

_ As opposged to diffusion (ionic or molecular movement}, circulation implies the existence of

mass movement. Such movernent brings the unsarurated fluid to the salt face where itg gawration
can be increaged. At least three different forces contribute to this process: temperature differ-
ences, gravity segregation, and pressure gradients. Due to temperature differences between in-
jection warer and stabilized cavity water, the introduction of unsaturated fluid causes the rather
well-known temperature-convection process of adjustment toward an even gradient to operate.
Actually this process is a fairly rapid one as brine cavities will come t¢ equilibrium within hours
after cessation of circulation (normally 24 to 72 hours). In addition to that movement due to
remperature differences, there is & gravity movement of fluids imtroduced into cavities that is
very pronounced so that injected under-saturated (light) fiuide no matrer at what point they are
introduced, tend to rise above or through the denser more nearly saturated fluids. [t is thus
nearly always characteristic that the fluid in any active brine cavity is saturated at 1ts base, is
rarely more than 10, 10 15% saturated throughout much of the roof area, where the roof is not
salt andd may e essentially fresh at the highest point of the cavity, except for those maodifications
brought about by diffusion as influenced by time angd temperature. The gravitational procees is a
very rapid one and is the most imiportant single factor contributing to the movement of fluids
within the cavity,

Another sipgnificant process in brine cavities 18 the response t0 pressure gradients estab-
lished by the applicaticn of pressure in the brine lifting operation. The application of pregsure
has an initial effect in a new well of causing circulation of the injected fluid past the salt face at
velocities that actually produce some -solution; however, as appreciable size 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. Umnder these conditions, several
years could be required for the development of a cavity of sufficient aize to provide a cavity of
significant volume, particularly if the brine produced is near saturation.

Anorher instance in which applied pressure is of importance is in the dissipation of fluid
from the cavity into the porous and permeable zones of the salt ftgelf. 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-
tinuous outward flow into (a) the most permeable zones and (h) the zones where there is the most
effective pressure application, both within the salt as well as within any exposed underlying or
cverlying beds and can become an important process in which the geologic sequence may signifi-
cantly affect the movement of fluids to obtain saturation. Though maximum pressure is normally
exerted at the base of the cavity, the zone of maximum permeability can be anywhere, and typi-
cally is not at the base of a salt section. Filtration into the permeable zones will continue unti}
permeability is sealed by deposition from the outward-migrating fluid, usually salt or sulphate.
In portiong of cavities where salt and cementing agents are successively removed by ensuing so-
lution the process is a continuing one.

A combinarion of diffusion and the circulation, the latter due to temperature, gravity, and
pressure differences, thus produce saturation in a brine cavity. The most economic system of
solution cavity development will be that which is designed to secure the advantage of having all
these procesees, or as rhany 4as possible, working favorably rather than disadvantageously, to-
gether with those numerous other conditions or factors which control solution. In addition, as is
later indicated, If it is posaible to introduce a circulation pattern that causes the solution to oc-
cur and the saturation to be obtained in a desired part of the cavity so that this is the primary
means of solution, then this becomes the most satigfactory means of development.
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PURITY AND TEXTURE OF THE SALT

Purity and texture aré among the aeveral factors which control the area, direcion, and rate
of solution of salt. Salt purity and texture relate both to original deposition of the salt beds and
to their subsequent geologic history. Common impurities in galt beds are sulphate 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 ig from bottomn o top
and impurities tend to be dépogited in the lower part. Occaswnaily, parucula*‘iv in thin 2alt bads,
impurities are:uniformiy. distribured throughout the bed. -

As solution proceeds, the 1mpur1r.1es accurnulate on the floor and lower parts of the cavities
and substantial volds are lefy in these piles of impurities. This substance blankets the lewer
portion of the salt and concentrates solution in the upper part of the exposed formation. Salt

rain size and texture also control and direct solution. The interstices between small-size crys-
tals or graing are the avenues by which solution proceeds In fine-textured salt a much larger
surface area is available to attack by solution than in coarsely-textured salt. Sal texture prob-
ably varies vertically from one bed to ‘anotheér in areas of commercially thick salt. Generally the
texture reflects the deformartion hxstory of the asalt beds, But deposmonaliv ia often coarsest near
the base of the salt bed and finer in the upper part, Thig variation in texture also tends to con-
centrate solution of the salf toward the upper part of the bed. '

In the geologic past, solution commuonly 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 rime, preczpuared gsalt to refill
thege openings. This secondary filling is typically a very high purity salt of fine texture and dif-
ferem grain or crystal orientation than that of the salt bed encloging it. The sclurion rate in this
secondary salt is typically five 1o ten rimes higher than in norma) bedded deposits. These sec-
ondary featureg are concentrated in linear patterns along joints and along the tops of salt beds
Selution will follow them preferentially.

Salt beds huried below 4000 ro 5000 feet 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-
tlonal or bedding features. Usually such deatrucrion is zonal within the salt so that in part of a
salt unit the original features are preserved and in others there has been ﬂowage gramlation,
re-crystallizarion, and distortion of the original texture and purity. Even in the most severe

stresses of salt dom_e intrusion and in salt beds to nearly 10, 000 feet below the surface, this
process does not usually cémpletely desiroy the natural bedding but leads to the development of
zones which have a preferentially high tendency toward solution. Zones of this type are readily
recognizable in cores and are to be expected under most geological conditions in the United States
salt basing. Where the strata are egaentially harizontal at these depths, the altered beds are
usually strat:.graphicaliy zoned and are represented elther by zones of weakness, with respect to
horizontal parting of the beds by the fracture proceéss, or are zones of strengrth and recementa-
tion and must have their role evaluated in solution techniques for development of storage cav-
ifies,

EXPLORATION FOR STORAGE CAVITIES

With the ramifications of salt nature and condition; roof nature, and the necesaity for in-
guring all of the elements of well construction and cavity development, it i8 evident that a very
detailed knowledge of subsurface condirions is essential to design, development, and subsequent
operation of a sclution-cavity storage. While the drilling of conventional oil wellg or brine wells
could well provide the information necessary to a decision that solution cavity storage develop-
ment is feasgible at a-particular site in bedded salt 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 a solution cavity
storage. Where subsurface conditions are reasonably uniform, multiple cavity development will
require only a reasonable amount of information inirially and will permir a reduction in explora-
wry or preliminary information as subsequent cavities are made.
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Because solubility and solution rate as well as behavior of rock materials affecred by
solution are so0 significant in the development and operation of solution cavities, core information
provides the best basis for study. Where multiple salt beds are present and it i8 necesgsary to
decide which bed or combination of beds is to be cavity and what strata are to comprise the roof,
conrinuous coring of the sequence from well above any poasible cavity roof is essenrial. It is the
writer's experience that larger diameter (4 to 5 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 is particularly rrue when a hole ig drillied and after the informartion from it is se-
cured, it is then adapted ta solution -cavity storage use. It is the writer's experience that a slim-
hole exploration wells are extremely difficulr to effectively plug and often could be a hazard to a
successful project. If a small-diameter hole ia not drilled on the actual site of a cavity but lat-
eral to ir, the information secured ig not directly pertinent but ig only applicable insofar as uni-
formity of the area will permir -- a condition often not readily ascertained. For these reasons
direct drilling exploration on an actual site with appropriare adoption of the exploration hole 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 all subsequent operations can be referred are an essential element of the explor-
arion process. While electric logs, sonic logs, and other logging parameters such as hole diam-
eter and temperature all have significant applications, the solution process and the subsurface
location of stored hydrocarbons are best traced through 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 basic data for decisions of design, testing and
development.

While core description by an experienced geologist who knows what to look for in terms of
digtribution of soluble minerals, stratification, incipient partings and fractures, evidences of
prior solution history and other lines of observation that will aid in predicting subsurface behavior
is basic to the success of any project, no opportunity to supplement the judgment and experience
with quantitative laboratory data should be overlooked as part of the exploration process. What
the visual core examination reveals when appraised in a framework of detailed geophysical logs,
drilling data, 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 that all of them ever would be needed. The principal techniques which
have been used, with brief comment as to their urility, are as follows:

Solubility 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 is desirable to determine what the relarive effects of preferential solution might be in dif-
ferent beds or salt masses.

Parosity and Permeability Analyses of a conventional nature are beginning to be run more
widely. However, for most operations, the permeability ag a physical constant, computed in
rerms of water, is of lirtle 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 simulare the geostatic load as well as comparable saturation. Directional perme-
ability tests are desirable for some projects.

Strength of Materials Tests are frequently run. Generally 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 artacked by solution. Plastic deformation
studies, particularly in a wet state, have been instructive in some projects. Usually these rests
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are used to furnish safety lmits of design or w postulate plastic clogure and volume changes with
time, under given conditions of span and cavity gize.

Simulated "Weathering™ Tests, while weathering ag such will not occuy in a storage cavity,
are frequently justified to determine the tendencies of possible roof rocks, under rthe conditions
of solution artack, ro disintegrare or foliare when unsupported. Much can be [earned by the per-
fecrion of this genersl type of tegring.

Reagent Leaching Tests are run (o determing the effects of minor constituents or stored
raarterials or brine. In such cases as the presence of hvdrogen sulphide, ammonia, or organic
petroliferous materials in ¢caprock or sali, the effects of these materials on the stored sub-
srances need 1o he derermined. Hydrogen sulphide, in parvicular can be a2 gignificant adulrerant
of stored products as well as contaminaring the underlving brine to pose special problems.

Qther more or less conventional laboratory tests or apecial adaptations rhereof will find
uge 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 i3 completed to be used for underground storage in a solution caviry, the design
is based on the exploration data, and the storage requirements of the operator. These will de-
rermine many of the elements of design which go to the feasibility of the system. The schedule
or rime-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 only casing and a single string of rubing. The area of the annulus outside the
tubing and the cross section of the tubing are usually essentially equal to provide for equal flow
rates, either in the solution process or in the displacement 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 fwo tubing, are required ag long as

water, brine, and immiscible stored material are simultaneously involved in the well. However, -
some geasonal increase of storage capacity in various projects has been obtained by displacing

the stored product with fresh water, which accordingly does additional solution, but without the
necessity for an additional string of pipe. Thus some storage cavities have bad their capacity in-
creased intentionally by use of fresh water, with a new increment of volume added cach year for
the last seven or eight vearsg. Some other cavities have had an increment of storage volume in-
crease each year unintentionally because of the disparity berween the temperature of the winter-
rime brine used and the natural cavity temperature. Such a condition must be anticipated in de-
sign.

The deliverability required from a golution cavity or its injectability in terms of gallons or
barrels per minute will, with the use of pipe friction coefficients, determine the diameters of the
pipe strings used in a storage well, when the depth and gravity differences of the stored marerial
and water or brine are known. In some cases it is less expensive 1o 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 be injected into or displaced from a cavity. Many
operators first visualize the storage operation as a single season cycle, which it may well be in
the producing areas, at considerable 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 cycles, if the cavity is plaving its most useful role,
Usually, while some correlation with weather data and marketing studies is practicable, it is
imposgible to visualize the role of a storage cavity in advance and necessary to recognize in de-
sign that a market-comnectad storage cavity will have a variable use from year o vear.

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 will dictate the
hole diameter because a sufficient annulus, generally 2" radius or more, (o insure cementing is
necessary. The geologic data will derermine 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 salt-base or oil-base muds to prevent
solution of soluble sections. Generally the best successes have been obtained wirth salt-hase
muds of low water loss which are kept properly treared for the field conditions.

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

An imporrant 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 dehydration and/or product 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 1o prevent
excess pressure at any stage causing fracture or formation parting (10} from pumps or compres-
sors. It should be recognized that applied pressures ar formation levels considerably below those
equal to the overburden or geostatic lcad have been known in numerous instances to have caused
fracture.

Design should provide for adequate metering, information-recording, and access for logging
so rthat a full materials balance record of the cavity is available and occasionally, as required,
steel line measurements or logging surveys can be made, under pressure when necegsary.

In this discussion design is treated as the more or less creative process of specifying what
a well and caviry 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 safery and to do this the well should be tailor-made to the site. A uniform "field
practice"” in a "storage farm" may be practicable in many instances; at other places lack of ho-
mogeneity and contimiity make an assumption of this type of uniform cavity-making practice ex-
tremely dangerous,

One element of design in a storage "field” is the spacing between wells and cavities. To
properly insure the isoclation of storage cavities in salt, the role of the impuritieg 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 imagine. When this happens, adequate spacing 10
provide wet salt barriers between cavitieg and adequate roof suppert i8 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 ultirnate certainty of cementing, completion, and
development is assured without leakage. Collection of field dara, such as drilling time, collec-
tion of samples, mud records, and the like, are important phases of the drilling procesa.

Drilling mud control to prevenr undesirable hole enlargement i3 very necessary and ad-
ditives are available to prevent sclution enlargement, particularly in the shoe zone where cement-
ing and prevention of leakage are essential. Selection of the casing seat is part of the process of
combined field and laboratory study of an exploration hole to agsure proper cavity development
and protection of roof. This particularly is true in bedded salt; in dome salts it i8 to be antici-
pated that the solution cavity will normally extend above the casing shoe either at the weil or lat-
zral 1o it except when the cavity solution process is operated at such rates of extraction as (o
only permit withdrawal of completely saturated fluid.

As is evident cementing is an important phase of well construcrion. Cements used must be
impermeable to brine, water, and stored material. They must be non-shrinking in volume aa
they set. The cement should effectively bond with all the rock types present, particularly in the
zhoe area and any zone above at which solution conceivably could ever reach the well bore.
Bonding of cements hag 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 % 10
2 1/2% fine rock salt and 4% to 67, gel drilling mud, this then being thoroughly mixed into a slurry
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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 salt-base or oil-base muds to prevent
solution of soluble sections. Cenerally the best successes have been obtained with salt-bage
muds of low warer loss which are kept properly treared for the ficld conditions.

Design elements of casing-heads, braden-heads, and Christmas tree components are dic-
tated by the program and pressure requirements as well as the need for well connections. Most
such design should be with as grear flexibility a=s possible as often it is very difficult to make
changes at the immediate well head after a cavity iz 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 dehydration and/or product treatment fa-
cilities. In some installations storing gases, compressors can be used 1o provide energy rather
tham pumps. Control of pressures throughowt operation and development is necessary to prevent
eXCess pressure at any stage causing fracture or formation parting {(10) from pumps or compres-
sors. 1t should be recognized thar applied pressures at formation levels considerably below those
equal to the overburden or geoszanzc load have been known in pumerous instances to have caused
fracture,

Design should provide for adequate metering, information-recording, and access for logging
30 that a full materials balance record of the cavity ig avaiiable and oceasicnally, as required,
steel line measurements or logging surveys can be made, under pressure when necesgary.

In this discussion design i= treated as the more or less ¢creative process of specifving what
a well and cavity will be and how they will cperate from all of the available geological, geophysi-
cal, laboratory, and ficld data. Ir is necessary in srorage cavity design to insure complete ef-
fecnveness and gafety and ro do this the well should be tailor -made-to the site, A uniform "field
practice” in a "'storage farm” may be 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-
tremely 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 salt, 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 imagine. When this happens, adeguate spacing to
provide wet salt barriers berween cavities and adequate roof Support ig very necessary.

WELL CONSTRUCTION

Drilling of wells for operation of storage cavities is one requiring an unusual amount of
meticulous comtrel during the process so that ultimate certainty of cementing, completion, and
development is assured withour leakage. Collection of field data, such as drilling time, collec-
tion of samples, mud records, and the like, are important phases of the drilling process.

Drilling nmud control 1o prevent undesirable hole enlargement is very necessary and ad-
ditives are available to prevent solution enlargement, particularly in the shoe zone where cement-
ing and prevention of leakage are essential. Selection of the casing 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. This parricularly i8 true in bedded salt; in dome salis it is to be antici-
pated that the solution cavity will normally extend above the casing shoe either at the well or lat-

eral to it excepr when the cavity solution process is operated at such rates of extraction ad to
ounly permir withdrawal of completely gawurated fluid.

As ig evident cementing is an important phase of well construction. Cements used must be
impermeable to brine, water, and stored material. They must be non-shrinking in volume as
they set. The cement should effectively 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 hore.
Bonding of cements has been little studied. In order to obtain the effective cementing needed, the
writer uses retarded, sulpbate-resistant cements of regular grind, pre-dry-mixed with 1 1/2 9 10
2 1/29 fine rock salt and 4%, to 69 geldrilling mud, this then being thoroughly mixed into 2 slurry



CAVITY CREATION

The making of the cavity to be used for storage requires the rubing of the tested well and
initiation of the process of dissolving. A grear deal is known today about the process so that the
shape of the cavity and irs dimension can be qualitatively predicted.

The baaic geologic nature of the exposed strata as 10 solubility will have considerable to do
with the shape of the cavity, as will the geologic dip, and interbedded impurities thar do not fall
to the floor which become congtrictions. Blaoketing by impurities will cauge problems that should

be recognized.

Most effecrive solution of salt to make a grorage cavity ¢an be done by creating a predictable
circulation pattern in the cavity, using low-pressure jetting rechniques, widely used for mixing in
the petroleum industry, and first best described by Fossert and Prosser (11), Such low pressure
jets can cauge rthe discharged brine 1o have been circulated and received its salt content by move-
ment as well as by diffugion.

In salts where natural layers are present which will cause constrictions or shelf-failure to
shear-off tubing, some preparatory measures are desirable. Frequently such beds can be suit-
ably enlarged by jetting with high-pressure jer guns, using water or acid, as needed. In some
cases elther explosive shattering or shooting with shaped charges in open hole have proven useful
in eliminaring the adverse effects of such beds.

Steel tubing lost in a solution cavity can frequently cause a serious problem. To avoid this
possibility it is a good 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. Various types of
materials such as plastics, cement-agbestos pipe, and readily-drillabie metal alloys have been
used for the lower portion of such tubing strings. Where lighter plastic materials are uged, some
weighting is necessary to make this portion of the string heavier than the brine.

With the use of a low-pressure jer system to attain a circulation pattern for a desirable
cavity shape, it is evident that rubing injection must be used and production of brine will be from
the annulue. Casing injecton, with attendant widespread upper cavity, should not be considered
for atorage cavities,

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

Metering of injection,
Temperature of injecrion fluid.
Metering of production,
Temperature of produced fluid.

WA s W e

Gravity of produced fluid.
Resigtivity and periodic chemical analyses of produced fluid.

(=3

7. Continuous pressure recerds.

If other data do not indicate whether tubing is inrtact 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 solurion has been done will pro-
vide useful information.

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

SHAPE OF CAVITY

Solution cavity storage should be approached on a basis rhat while the factors that will in-
fluence shape of cavity are recognized that complete certainty as to shape is not now possible ex-
cept in very amall diameter cavities. These factors of non~homogeneity of golubility, irregularly
distributed impurities, geologic dip, and circulation pattern are generally known., Keally a
cavity would be cylindrical, but few approach thiz shape and a true "bottle” shape has been ob-
tained only in a few salt domes where large thicknesses of very pure salt werce available.

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

Considerable hag algo been done with fill-up techniques in storage cavities after washing
was completed. This procedure uses a radioactivity log rool to measure the position of the brine-
product contact behind the tubing as the cavity is filled initially. This has been done by volumet-
rically measuring the cavity volume for each foot or each (wo feet in some cavities 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 have been very useful in providing
information to guide cavity development in subsequent wells in the same area.

Essentially the same tecihmique to determine the cross-sectional dimension of a cavity while
it is in use, after filling, and also without removing the tobing, depends on pressurc equalization
of liquids and careful metering as was described by Branyan (12).

The sonic methods which have had considerable use and promotion deserve consideration in
gome cavities as a means of ascertaining cavity shape and volume. However, the limitations and -
basic assumptions of these 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
propagartion to return to the device in the well bore,

Basically these svstema then depend on the velocity of sound in brine or water. In most of
the systems in use a constant velocity is assumed and all readings are based on this assumption,
Actually the velocity of sound in brine or water or some gradation thereof as may be present in a
golution cavity is dependent on a great numhber 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}. Generally the velocity of sound in such cavities depends on the salt
saruration or gravity, the temperature, the pressure, and the gas in solution in the fluid. All of
theae can cause gignificant and not 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 is a volumetric cavirty which has a definite cavity resonance to gonic frequencies,
This has been recognized on at least one sonic survey as causing false evidences of diameter that
were in fact not present on a mechanical caliper survey of the same cavity. With brine cavities,
as within the ocean, sonic or salinity layering is pogsible and has been demonstrated 10 be
present. This has caused both wave-guiding of sonic signals and obstructed their propagation,
both common phenomena in oceanographic seismic work.

In addition it should be recognized that a sonic wave is a spherical wave which obeys the
basic 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-
solubilitv-rate linear masses of salf are preferenrially dissolved, it would only be an exceprional
fortuitous relationship that would permit mapping or recognition with 2 sonic cavity -surveying
device.



With & 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.
They become particulariy 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 infoermation which are gvailahle for the
sTOrage operator to use in interpreting the subsurface condirions.

Some initial work with down-hele cameras and nconoscopes in solution cavities has been
very promising of possible application of photographic and television technigues for use in stor-
age cavities. However, quantitative calibration means are needed and further extenaive develop-
ment work is 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 anxiery
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 questions the value of such information in a storage op-
eration. Conservative design, limiting 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

Twao alternate conditions for operation may typically be desired for solution cavity storage
operations, Under some conditions cavities are brought into operation before the desired volume
is reached with the explicit intention of increasing the size of the cavity continuously while it is
in uge or by cyclic or seasonal enlargement with new solution being done by use of unsaturated
fluids. The alternate is to complete the storage cavity 1o a maximum size degired or considered
permigsable and then to do all of the operation with techmiques to prevent additional sclution and
enlargement.

When continued solution is anticipated two strings of pipe inside the casing are required,
onie for product, one annulus for fresh water, and the other for brine. In cavities where incre-
mental increaseg in size are made, a single string of tubing is required.

As a safety measure, either permanent storage or while washing is in process, to decrease
hazard of leakage it is customary for the writer to recommend the installation of a device 1o use
the outer annulug for water or brine, providing a water seal against minute leaks. This device
is sketched in the accompanying Figure No. 1, which 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 ig practicable with single tubing and a two-fluid system to provide the same safety with
a brine geal on the casging.

When operation conditions require cessation of cavity development, some addirional prob-
lems may be encountered, depending on depth of storage, local ground temperatures and geo-
thermal gradients, and other conditions of the storage. Injected fluid to provide removal of prod-
uct, while saturared 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 this type of operation, metering and analyses, as well as frequent surveying, are all
desirable to provide definitive information as to whether enlargement is or i{s not occurring. In
one instance operations decided it waa least expensgive to add fine salt to injected brine, essentially
in suspension for part of the trip to the cavity, to bring up saturation for the bottom 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 that it
gshould be kept under pressure also. A desirable goal is to keep the bottom ~hole or cavity pres-
gures as near uniform as possible and to prevent unnecessary f{lexure of the roof. Repeated flex-
ure of such strata could possibly causge failure with time and this realm of fatigue or flexure ef-
feces in rocks under geostatic Ioad is one about which very little is presently known,
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SUBSURFACE AND SURFACE MOVEMENTS

The creation of a void in the subsurface, the walls of which are water-wet salt of a highly
plastic nature puts into effect compensating movements in the rock. These are counteracted by
the fluid pressure of the cavify and as long as roof spans are such that elaatic limits are not ex-
ceeded the movements proceed in a predictable fashion unrtil equilibrium of geostatic pressures
and fluid pressures in the cavity are reached. Usually thig is within five years after creation of
the relarively smalil volume typical storage cavity and thereafter as pressures fluctuare there is
a slow reaponding fluctuation within the rocks,

The sagging of rocks above a cavity creates an arch relationship that can extend strain con-
dirions well outside the cavity and if such a rransfer, usually tensicn at a critical height above the
cavity, causes failure, then adverse effects on the well or cavity can result,

It is known in one or two instances that storage cavity creation effects have reached the sur-
face in essentially soft or unconsolidated 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 cavitieg as they become older and the trend to build larger bottles continues.
Operators mugt be alert to these possibilities and should maintain suitable surface observations,
as well as locate their storage facilities 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 nummerous salt cavity projects now in use, many of them are
known and most of them teach valuable lessons as to how they were caused and in some cases
were carrected, '

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 other serious consequences. In most ingtances they have resulted from a lack of
understanding of the solurion process and the way cavitieg develop.

Cement failures have been common due to 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. KFrac pressure may occasionally be reached as
transient pressure peaks with positive displacement pumps,

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

Occlusions of stared materials above the casing and in "pockets™ of the roof of cavities has
been responsible far some "logs" of stored material. In some instances where these materials
can be located they can be recovered by perforation, fracturing, or both.

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

CONCLUSIONS

Solutrion cavities in galt 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 increasing use of these
cavities is to be anticipated. Because of safety and economy, many materiais not stored and im-
miscible with water or brine should usge this method or adaprations thereof,
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Specialized techniques of exploration and design o insure success of salt 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 dimension; ~
are possible but spacing between cavities should be adequate to pravide a safety factor. E

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

cedures. Suitable geclogic conditions are basic to the location, creation, and operation of salt
solution storage caviries.

[
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