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A METHOD FOR DRYING A SUBTERRANEAN CAVERN

The present invention relates to a method for reducing the
water content of a natural or artificial subterranean
cavern, in particular an artificially created subterranean
cavern which is to be used for the storage of a fluid (i.e.
a liquid or mixture of liquids, or a gas or mixture of
gases), particularly "natural gas" [i.e. a methane-rich,
readily combustible mixture of gases which is generally
believed to derive from the slow natural breakdown or
decomposition of deposits of organic matter of plant or
animal origin}, and for which fluid it is desirable that
the water content during storage should not exceed a cer-

tain limit.
BACKGROUND OF THE INVENTION

Vast developments have taken place in the last three deca-
des or so in the exploitation of underground reserves of
gaseous fossil fuels, including reserves occurring in
association with underground oil deposits. In Europe, for
example, new industries have developed around the transpor-
tation, storage and distribution of, in particular, so-
called "natural gas" (vide supra) deriving from onshore or
offshore reserves, and a number of European nations, in-
cluding Germany, Great Britain, France, Italy, Denmark and
Holland, now make extensive use of natural gas (both from
their own territorial reserves and from other sources) as a
fuel gas for industrial and domestic heating and for power
generation, and as a feedstock in the chemical industry.

In order to maintain a stable supply of natural gas to the
consumer while taking account of such factors as seasonal
and daily variations in consumption, and the possibility of
temporary interruptions in delivery arising from, e.g.,
accidents, repair work and/or construction work at the
production source (which is often far from the consumer) or
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at some point in the gas-transportation system which trans-
ports the gas to the distribution network, it is clear
that the provision, at some appropriate point in the supply
network, of storage capacity adequate for the storage of a
suitably large "buffer reserve" of gas is necessary.

A particularly attractive solution to the latter-mentioned
storage problem in several countries has been to use sub-
terranean caverns arising as a consequence of so-called
"solution-mining" of rock salt (primarily sodium chloride)
from underground deposits ["salt domes", "salt beds" (the
latter -also being known as "bedded salt") and the like] of
such salt. Such caverns are well suited for gas storage
since they are, owing to the compact nature of salt depo-
sits or formations and the general lack of cracks, fis-
sures, fractures, joints or geological faults in such
formations, essentially completely gas-tight.

Although the present invention does not relate to solution-
mining as such, the general principles of one widely used
technique for solution-mining are described in the follow-
ing for the purposes of clarity and better understanding of

the invention itself:

Firstly, a (normally essentially vertical) shaft or bore is
drilled from the Earth’s surface downwards into the under-
ground salt deposit in question to some desired depth.
Depénding on the nature and stability of the geological
strata through which the shaft passes, it will almost
always be necessary to then establish a lining or casing in
the shaft. This casing is typically constructed of coupled
sections of steel pipe having an external diameter which is
slightly less than the internal diameter of the shaft
itself; the space between the casing and the inside wall of
the shaft is normally filled with cement. This lining or
casing is normally introduced at the stage where the shaft
has been drilled down to a depth which is somewhat below
the uppermost part of the deposit in question, the bottom
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of the established casing then being at about this point.
After establishment of the casing, drilling is continued
until the final desired depth of the shaft is reached.

Two conduits (e.g. pipe conduits made up of appropriately
coupled lengths of steel tubing), suitably such that one
extends essentially to the bottom of the shaft while the
other is slightly shorter, are then normally established in
the shaft. One of the conduits (in the following denoted
the "water conduit") is used to pump water (normally water
at ambient temperature, since the solubility of sodium
chloride as a function of water temperature varies only
slightly) down to the salt formation, and the other (in the
following referred to as the "brine conduit") is used to
transport salt solution (brine) up to the Earth’s surface.

The water conduit and the brine conduit are very suitably
substantially concentric conduits, in which case the con-
duit having the smaller diameter (and extending within the
conduit of larger diameter) is the longer of the two. The
conduits may then be exploited in a manner such that the
water conduit and the brine conduit initially are the
longer (i.e. smaller diameter) and the shorter (i.e. larger
diameter) conduit, respectively, or vice versa. The rdle of
the two conduits may subsequently be reversed as the pro-
cess of salt dissolution progresses.

As the salt-dissolution process continues, with the atten-
dant formation of a cavity of increasing size in the vici-
nity of the lower ends of the conduits, the conduits are
gradually drawn upwards, possibly at different rates but
such that the lower end of the conduit of smaller diameter
is always lower than that of the conduit of larger dia-
meter. In this manner a (brine-filled) cavern thus becomes

formed in the salt deposit.

In the case of salt deposits of relatively great vertical
thickness (such as "salt domes") it may be advantageous, in
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order to adequately exploit the salt deposit(s) in ques-
tion, to operate the solution-mining process in a manner
which results in the formation of a roughly cylindrical
cavern; however, in the case of salt deposits occurring as
relatively thin layers ("salt beds" and the like) it may be
more practicable to use a solution-mining procedure result-
ing in the formation of a more spherical or "pear-shaped"
cavern. Such variations can be achieved by suitably varying
the réle, the relative placement and the relative movement

of the conduits.

When a particular cavern has been selected for the purposes
of storage of a fluid (e.g. natural gas), i.e. after cessa-
tion of solution-mining activity in the cavern in question,
the first task is to remove the brine remaining in the
cavern. Owing to the possibility of considerable salt-
enhanced corrosion of the water conduit and brine conduit
during the solution mining process (and the attendant risk
of weakening of these conduits), it may be practical to
remove these conduits completely, and to then establish a
new conduit (of smaller diameter than the casing and refer-
red to in the following as the "production conduit”) within
the casing such that the lower open end of this production
conduit is at a relatively short distance below the lower
end of the casing; the annular space between the casing and
the production conduit is then sealed, normally at a point
near the lower end of the casing, by the establishment of a
seal (often referred to as a "packer"). Finally, there is
then established a further conduit (referred to in the
following as the "brine-withdrawal conduit") which is of
smaller diameter than the production conduit and which
extends within the production conduit (preferably substan-
tially concentrically); the brine-withdrawal conduit ex-
tends substantially down to the bottom of the cavern. It
is, of course, not essential that the brine-withdrawal
conduit extends within the production conduit; however, the
alternative use of two essentially parallel conduits will
require that a seal must be established around both con-
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duits rather than just one, and this may, in practice, be
considerably more difficult to achieve.

Non-limiting examples of sets of dimensions (in inches) of
essentially circularly cylindrical (and substantially
concentric) casings, production conduits and brine-with-
drawal conduits which are fairly commonly employed in
connection with caverns for the storage of natural gas are
13 3/8", 9 5/8" and 4 1/2", respectively, and 9 5/8", 7
5/8" and 4", respectively (the given dimensions being

outside diameters)

It is then possible, by applying a suitably high pressure
of gas (natural gas itself in the case of a cavern intended
for storage of natural gas) via the production conduit to
force out, via the brine-withdrawal conduit, most of the
brine remaining in the cavern and at the same time fill the
thereby vacated volume of the cavern with gas. However, the
cavern may still retain some (in principle removable) water
[e.g. possibly in the form of loosely bound water of crys-
tallization in salts other than sodium chloride which may
be present in the deposit of crude salt (rock salt)] or
aqueous phase in and/or on the cavern walls and/or in small
crevices or recesses in the cavern; some agueous phase will
normally also remain in the lowest-lying regions of the
cavern, e.g. in a so-called "sump" present at the bottom of
the cavern (the sump may, for example, be a depression at
the bottom of the cavern corresponding to what was origi-
nally the bottom of the drilled shaft), and for some reason
(e.g. the presence of lumps of insoluble rock or other
debris which has fallen into a "sump") be inaccessible for
removal, or at least partial removal, in the manner descri-

bed above.

It should be noted at this point that it is, in principle,
possible to omit the establishment of a production conduit
per se in the cavern, and to simply establish a brine-
withdrawal conduit directly within the casing. In this case
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the casing itself will serve the same function as a produc-
tion conduit, i.e. gas pressure will be applied to the
cavern via the casing. However, by thus doing there is a
considerable risk that the casing will be corroded, and
thus weakened, at a far greater rate than if the casing is
essentially isolated from the contents of the cavern by
means of a seal ("packer" or the like), and for these
reasons it is normally preferable to establish a production

'

conduit, as outlined above.

An extensive technology, generally referred to as "sump
sealing®, has developed in connection with the sealing off
of reservoirs of agqueous phase (typically aqueous phase
lying inaccessible in a sump of the above-mentioned type)
present at the bottom of subterranean caverns, and there
are numerous patent documents relating to this field. The
general principle underlying the majority of proposed
approaches to sump sealing is the introduction into the
cavern of material(s) which either directly or indirectly
lead(s) to the formation of a substantially water-insoluble
and water/water vapour-impermeable barrier (generally
referred to as a "sump seal") covering the surface of the
aqueous phase in question. Such barriers may, e.g., be
provided by a layer of a liquid or semi-liquid hydrocarbon
fraction of low volatility, or of a synthetic polymer
formed by in situ polymerization of one or more appro-
priate, preferably liquid, monomers. Sump seals which
remain liquid, or can at least flow, have the advantage
that they are "self-healing", i.e. the flowability of such
a sump-sealing material will result in the rapid disap-
pearance of any breakage in the surface of the sump seal
caused, e.g., by falls of rock, debris or the like within

the cavern.

Some examples of patent documents relating to sump sealing <

are the following:
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US 3,949,859, which relates to a process for isolating
brine layers in underground gas-storage caverns by inject-
ing a liguid polyurethane~resin-forming composition (com-
prising a. polyol and a polyisocyanate of an arematic hydro-
carbon) which after hardening by reaction with water forms
a resinous, essentially water-vapour-impervious barrier
between the brine and the gas-storage space thereabove;

US 4,109,471, which relates to a method for depositing a
layer of bitumen on a "water sump layer" at the bottom of
an underground cavern used for storing gaseous hydrocar-
bons, the method comprising injecting a mixture of bitumen
and a volatile liquid hydrocarbon carrier and allowing the
volatile hydrocarbon to vaporize in the cavern; and

US 4,618,282, which relates to a composition and a method
for covering the sump in cavities serving to store gaseous
or liquid, non-aqueous substances using geologically old
crude oil to which is added a reactive component (such as
an isocyanate or an epoxy compound) which combines with
the functional groups of the crude oil and blocks them.

The material(s) to be used to sump-seal a cavern may sui-
tably be introduced into a cavern of the type described
here via the now disused brine-withdrawal conduit. After a
sump seal has been established, as well as in the case of
caverns for which it has not been regarded necessary to
establish a sump-seal, it has hitherto been nermal practice
to remove the brine-withdrawal conduit completely. The
subsequent exploitation of a thus-remaining cavern (with or
without sump sealing) for the buffer storage-of, e.g.,
natural gas has until now thus, in essence, been such that
natural gas as delivered from the supply source [which will
often have been pretreated to reduce or remove any content
of undesired substances such as hydrogen sulfide (H3S)
and/or carbon dioxide (CO,), and/or pre-dried to reduce the
content of water vapour or, possibly, water] is pumped
under pressure into the cavern, and later withdrawn from
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t+he cavern when there is a need therefor, via a common

conduit.

In spite of the establishment of a sump seal in a subter-
ranean cavern of the type discussed here, there will, as
mentioned above, normally remain a considerable amount of
aqueous phase (i.e. brine in the case of a cavern created
as the result of solution mining of rock salt) in and/or on
the cavern walls and/or in small crevices or recesses in
the cavern, and to the knowledge of the present inventors
no method suitable for the partial or complete removal or
isolation of this remaining agueous phase has, prior to the
advent of the present invention, (vide infra) been pro-
posed, described or implemented.

As indicated previously, above, preferred embodiments of
the present invention address themselves particularly to
the maintenance of a relatively low water vapour content in
natural gas which is stored in a subterranean cavern of the
above-described type. The origin and nature of problems
which can arise if the water vapour content of natural gas
stored in the manner (and for the purpose) described is too
high, which problems the present invention is intended to
solve, are described in the following:

Natural gas is, as previously mentioned, rich in methane,
and often contains appreciable amounts of higher alkanes,
notably ethane (CyHg) and propane (C3Hg) . Methane (CHy)
ethane, propane and a number of other'gases, examples being
the inert gases argon, krypton and xenon, have the ability
to form solid, crystalline clathrate compounds (also known
as inclusion compounds) with water; the structure of such
clathrates ("gas hydrates") consists of cages of "host"
water molecules in which are enclosed "guest" molecules of
e.g. methane. The gas molecules are thus not chemically
bonded (in the normal sense of the word) to surrounding
water molecules, and the formation of such gas hydrates is,
in general, readily reversible. These gas hydrates often
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exhibit a crystal structure having a cubic unit cell con-
taining 46 H,0 molecules, and in tk :ase of methane (and
correspondingly for the examples of _nert gases mentioned
above) the ideal clathrate composition 8CH4.46H,0 has been
established, i.e. the ideal empirical formula is approxi-
mately CH,.6H50. However, complete occupation of the avail-
able sites in the "host" cage by methane molecules is
generally not attained, and (depending on the prevailing
conditions) methane hydrate species having a considerably
smaller methane:water ratio, such as a species with the
approximate empirical formula CH4.19H,0, have been iden-
tified.

As mentioned above, it has hitherto been normal practice to
introduce natural gas into, and remove natural gas from, a
gas~-storage cavern via a common conduit or common conduits.
Upon withdrawing natural gas from the body of gas under
pressure in the cavern for consumption purposes, it is
clear that the resulting drop in gas pressure in the cavern
and associated conduits will, in accordance with well-known
physical principles, lead to cooling of the gas; depending
on such factors as the water vapour content of the gas, the
pressure drop in the cavern and conduits, the prevailing
temperature and pressure of the gas, and the rate at which
gas is withdrawn from the cavern, extensive formation of
gas hydrate crystals, particularly in the above-ground
installations and in the uppermost part of the conduit
system, is often experienced following prolonged withdrawal
of gas. This gas hydrate, which resembles snow in appearan-
ce and consistency, can rather quickly lead to complete or
partial blockage or clogging of, e.g., reduction valves,
filters and/or other above-ground installations forming a
part of the gas-withdrawal and gas-process system; there
may also, e.g. under extreme temperature and/or gas-with-
drawal conditions, eventually be a risk of partial or
complete blockage of the upper regions of the gas-with-

drawal conduit.
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Although it is possible initially to hinder gas hydrate
formation (by lowering the dew-point of the gas) in certain
parts of the above-ground installations by injecting a
hydrate-formation inhibitor (such as methanol, ethylene
glycol or another glycol) into the gas stream, continued
withdrawal of gas from the cavern will result in continuing
formation of gas hydrate beginning at increasingly lower-
lying locations within the gas-withdrawal conduit or pos-
sibly even within the cavern itself. Sooner or later, the
increasing extent of gas hydrate formation, and the atten-
dant transportation of gas hydrate with the gas stream up
to the above-ground installations will, in spite of injec-
tion of a hydrate-formation inhibitor, result in sufficient
blockage of the system to result in serious reduction in

supply capacity (to the consumer).

All other things being equal, it will be clear to the
skilled person that the lower the water-vapour content of
natural gas which is withdrawn from a cavern, the lower
will be the risk of gas hydrate formation during with-

drawal.

On the basis of the above it is clear that it would be
highly desirable to be able to maintain the water-vapour
content of the stored gas at a level which is low enough to
ensure that gas hydrate formation in the manner (and with
the consequences) described above is completely or substan-
tially eliminated; it is an object of the present invention
to provide a solution to this problem. However, as will be
apparent from the following, the method of the invention is
not limited to applications relating to the underground
storage of gas, but is believed to be useful for reducing

the water content of numerous types of caverns and for a

wide variety of purposes.
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DESCRIPTION OF THE INVENTION

One aspect of the present invention thus provides a method
for reducing the water content of a natural or artificial

subterranean cavern,

the cavern at least being provided with (i) means for
introducing a relatively dry gas into the cavern and (ii)
means for withdrawing gas from the cavern, the gas-intro-
duction means and the gas-withdrawal means each comprising
a gas-transfer conduit having an open end opening to the
cavern, the open end of one of the gas-transfer conduits
being positioned lower than the open end of the other of

the gas-transfer conduits,
the method comprising:

introducing relatively dry gas into the cavern via
one of the gas-transfer conduits, and

withdrawing, via the other of the gas-transfer con-
duits, gas having a higher water vapour content than

that of the introduced gas.

By the term "subterranean cavern" in the context of the
invention is meant any cavern, cavity, cave or hollowed-out
space situated below or within the boundaries of the
earth’s surface. Such a cavern may be one which occurs
naturally in, or has been artificially created in, geologi-
cal strata or formations comprising materials such as, for
example, igneous or metamorphic rocks (e.g. basalt or
granite) or sedimentary rocks (e.g. chalk, limestone or
salt). Thus, included within the definition of a subter-
ranean cavern are, e.g., natural or artificial caverns,
cavities, caves or hollowed-out spaces in mountains,
cliffs, hills and the like. As already indicated, the
cavern(s) in question may be of natural or artificial
origin, and in the latter case the cavern(s) may be have
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been formed, for example, by drilling, by excavation, by
blasting (i.e. by use of explosives), by dissolution [as,
e.g., in the case of caverns formed as a result of solu-
tion-mining of crude sodium chloride ("rock salt" and the
like) or some other water-soluble salt(s) (possible ex-
amples being potassium or sodium nitrate)], by flushing
[e.g. flushing-out (by means of, e.g., a stream or jet of
water or other fluid) of inorganic or organic debris or
other loose material from a cavity wholly or partly filled
with such debris or material, or eroding away relatively
soft material from a deposit or formation consisting of
such material by means of, e.g, a high-pressure jet of
water or other fluid] or by any other appropriate method.

It is believed that by steadily and not excessively vio-
lently introducing relatively dry gas into the cavern at
some level in the cavern while at the same time withdrawing
gas at an another (higher or lower) level in the cavern,
gas movement takes place such that it may to a first ap-
proximation may be described as a unidirectional, continu-
ing movement of gas in a "piston-like" manner (i.e. such
that the flow of gas is essentially laminar) between the
level of the open end of the gas-transfer conduit of the
gas-introduction means and the level of the open end of
the gas-transfer conduit of the gas-withdrawal means. This
movement of what is initially relatively dry gas over the
inner surfaces of the cavern (which may, as discussed
above, retain some removable water or some aqueous phase),
or past crevices or recesses retaining water or agqueous
phase, will generally lead to uptake of water (as water
vapour) by the gas, and thus (assuming that further water
or other aqueous phase cannot enter the cavern in some
manner) to a reduction in the water content of the cavern.

In performing the method of the invention, the introduction
of the relatively dry gas into the cavern and the with-
drawal of gas having a higher water vapour content from
the cavern may take place substantially simultaneously and
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continuously, or substantially simultaneously and discon-
tinuously. Alternatively, the introduction of the relative-
ly dry gas into the cavern and the withdrawal of gas having
a higher water vapour content from the cavern may take
place in an alternating, cyclic manner, i.e. such that
relatively dry gas is first introduced into the cavern for
some appropriate length of time, after which (i.e. after
cessation of gas introduction) gas is withdrawn from the
cavern for a further appropriate length of time (it is, of
course, egually possible to start the process with gas-
withdrawal as the very first step, and in this case it may,
for example, further be advantageous to withdraw an atypi-
cally large amount of gas from the cavern in the very first
gas-withdrawal step so as to achieve as large as initial
reduction in the total water content within the cavern as
possible); this alternating sequence of introduction of
relatively dry gas and withdrawal of "moist" gas is repeat-
ed an appropriately large number of times. This latter
embodiment of the method of the invention is presently
being employed (vide infra) in field-trials designed to
test the efficacy of the method for reducing the water-
vapour content of natural gas stored in subterranean ca-

verns in "salt dome" strata.

By continuing the process according to the invention for a
sufficiently long time it should, at least in principle,
ultimately be possible to "dry" the cavern to a point of
dynamic equilibrium at which substantially no further net
uptake of water by the relatively dry gas (and thereby no
further removal of water from the cavern) takes place. For
the purposes of a preferred embodiment of the method of the
invention, in which preferred embodiment (vide infra) the
cavern in question is a cavern to be used for the storage
of natural gas and the purpose of performing the process is
primarily to reduce the water-vapour content of gas to be
withdrawn from the cavern, thereby reducing or eliminating
gas hydrate formation during gas withdrawal, it may be
sufficient to reduce the water content of the cavern of
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interest to below a certain limit determined empirically,
i.e. on the basis of experience, or by some other means.

It will be apparent that the method of the invention may be
employed to reduce the water content of subterranean ca-
verns intended for a wide variety of different uses, and

it will be further apparent that the method is particularly
suited to caverns to which access by human beings is impos-
sible or impracticable, and/or for which the introduction
of and/or use of conventional drying means (e.g. hot-air
"cannons" and the like) is impossible or impracticable.
Examples of subterranean caverns (in the following often
simply referred to as caverns) to which the method of the

invention may be applied are thus:

caverns for the storage of fluids (i.e. gases or liquids)
such as natural gas, LPG [Liquefied Petroleum Gas: a li-
quefied, low-boiling petroleum fraction normally consisting
predominantly of liquified propane or butanes (i.e. butane
and/or isobutane) or a mixture thereof] or liquid ammonia;

and, possibly,

caverns in which vehicles, machinery, electrical installa-
tions, tools and the like are to be stored, installed or
used for some (possibly extended) period of time, such as
mountain caverns in which machinery and/or electrical
installations forming part of a chair-1ift, ski-1lift or
cable-car system is/are to be installed.

In a preferred, further aspect of the invention, however,
the cavern in question is a cavern for the storage of a
fluid, particularly a cavern for the storage of natural
gas. Natural gas (as well as LPG) is, of course, highly
inflammable and forms explosive mixtures with air or oxy-
gen, and it is thus clear that an oxygen-containing gas,
such as air, cannot [unless the cavern is subsequently
flushed with another suitable gas (complete flushing being
extremely difficult, time-consuming and thus expensive)],
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be used as the relatively dry gas when the method of the
invention is applied to the "drying" of a cavern which is
to used for the storage of natural gas (or another highly
inflammable fluid). Thus, when the method of the invention
is employed to reduce the water content of a cavern for the
storage of natural gas, it is clearly most preferable that
the relatively dry gas which is introduced into the cavern,
via the gas-introduction means, for the purpose of removing
water from the cavern is natural gas having a water vapour
content which is at least low enough to ensure that "gas
hydrate" formation could not occur in natural gas of this
water vapour content under any of the conditions of tempe-
rature and/or pressure which occur or arise in the gas-

withdrawal means.

More generally, in applying the method of the invention for
reducing the water content of caverns intended for the
storage of a fluid, the relatively dry gas employed will
clearly most preferably be the relatively dry gaseous form
of the fluid in question. However, in the application of
the method of the invention to the removal of water from
caverns intended for other uses it will be apparent that
different criteria may influence the choice of a suitable
relatively dry gas. Thus, for example, when the cavern is
intended to be readily accessible for human beings, and/or
any equipment, machinery, material or the like which is to
be installed or stored in the cavern constitutes no sig-
nificant risk as regards fire or explosion when in contact
with air, it is clear that relatively dry air (which is
comparatively simple and cheap to procure or produce) may
be very suitable as the relatively dry gas; in certain
other situations, relatively dry nitrogen (N;) may be
envisaged as being suitable for use as the relatively dry
gas employed according to the invention. General, practical
requirements will normally be that the gas in question is
of low solubility in water and does not form harmful or
chemically aggressive products or solutions when brought
into contact with water; thus, for example, gases such as
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hydrogen chloride (HCl), sulfur dioxide (S05) and other
acid-forming gases will, in general, clearly be unsuited.

It will be apparent that no very specific guidelines can be
given with respect to establishing or deciding just how low
the water vapour content (i.e. how high the degree of
"dryness") of the relatively dry gas employed in the manner
according to the invention should be, and that an indivi-
dual assessment will normally have to made on the basis of
factors such as the nature, the water content and the
intended use of the cavern in question, the physico-chemi-
cal properties (e.g. the dew-point) of the gas chosen to
serve as the relatively dry gas, and the economic and/or
technical feasibility of achieving a desirable level of
"dryness" of a suitable gas. In a particular embodiment of
the method of the invention as applied to the removal of
water from a subterranean cavern in which natural gas is to
be stored (vide infra), the water vapour content of the
natural gas employed as the relatively dry gas is the water
vapour content prevailing in natural gas as delivered from
source (which will often, as already mentioned above, have
been pretreated for the purpose, inter alia, of reducing
the "natural" content of water vapour). Model calculations
based on what are believed (on the basis of general expe-
rience) to be reasonable assumptions with respect to pre-
vailing conditions and parameters indicate (vide infra)
that it is then possible, using natural gas of a reasonably
low level of dryness, to reduce the water content of a
fairly typical gas-storage cavern in a salt formation to a
sufficiently low level (i.e. sufficient to minimize the
risk of gas hydrate formation in the manner already de-
scribed) within a period of about 1-3 years or so. However,
it is not possible to specify general upper and lower
limits for the length of time necessary to achieve adequate
“drying” of a cavern as this will clearly be dependent on
factors such as: the volume and initial water content of
the cavern; the nature of the strata surrounding the ca-
vern; the roughness and/or degree of fissuring of the inner
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surface(s) of the cavern; the nature, throughput and water
c-;tent of the gas used; and the desired subsequent tempe-
rature and pressure conditions for the gas.

In a further preferred aspect of the inventien, the subter-
ranean cavern in question is a cavern arising as a result
of solution-mining of salt from subterranean salt forma-
tions, for example in the manner outlined previously,
above. However, irrespective of the origin or detailed
nature of the cavern, it is clearly preferable, in order to
avoid continuing evaporation of water (i.e. water per se or
water from any other aqueous phase) which may be present at
the bottom of, or in the lowest-lying regions of, the
cavern, that any aqueous phase which is thus located is
substantially covered by a sump seal, e.g. a sump seal of a

type discussed earlier, above.

Whilst there is, in principle, nothing to prevent the
process according to the method of the invention being
carried out with the open ends of the gas-transfer conduits
of the gas-introduction and gas-withdrawal means positioned
at any chosen position or level within the boundaries of
the cavern in question (although it is clear that the open
ends should - in order to achieve some water removal from
at least a moderate fraction of the inner surfaces, inner
crevices etc. of the cavern by the flow of gas between the
two conduits - be at different levels), it will be clear
from a consideration of the physical principles involved in
removing water from a cavern in the manner according to the
invention that the process is generally to be expected to
be most effective in removing water from the-cavern as a
whole if the open end of one of the gas-transfer conduits
is positioned at or near the bottom of the cevern, whilst
the open end of the other gas-transfer conduit is posi-
tioned at or near the top of the cavern; thie positioning
of the open ends of the gas-transfer conduits is, provided
that the introduction of gas into the cavern-takes place
steadily and at a not excessively high rate,+«believed to
ensure steady passage or flow of the (initially) relatively
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dry gas introduced into the cavern over the largest pos-
sible inner surface area of the cavern, and thus to lead to
the fastest possible reduction in water content of the
cavern as a whole. Thus, the open end of the gas-transfer
conduit of the gas-withdrawal means may be positioned at or
near the bottom of the cavern, and the open end of the gas-
transfer conduit of the gas-introduction means at or near

the top of the cavern, or vice versa.

From the point of view of the level of difficulty involved
in establishing and/or installing the gas-transfer conduits
of the gas-introduction and gas-withdrawal means for a
subterranean cavern, it will generally be most advantageous
that the gas-transfer conduits extend substantially verti-
cally and are mutually substantially parallel, in which
case the open ends of the conduits opening to the cavern
are of course their lowermost ends. Thus, for example, when
establishing and/or installing the conduits is this manner,
complications arising from the constant tendency of the
earth’s gravity to deflect or bend the path of the conduits
(which may be of a very considerable total length, e.g. of
the order of a kilometer) during their installation in/from
a non-vertical direction may largely be avcided.

As already mentioned, a preferred aspect of the method of
the present invention relates to reduction of the water
content of a subterranean cavern arising as the result of
solution-mining of rock salt (or some other water-soluble
salt). When intended for the storage of a gas such as
natural gas such caverns are, as already discussed above,
often equipped with substantially vertically extending
conduits in the form of (i) a brine-withdrawal (or the
like) conduit extending substantially to the bottom of the
cavern, and (ii) a production conduit opening to the cavern
at a position substantially at the top of the cavern, these
conduits normally extending within a shaft or bore lined
with a casing. The latter established conduits are thus
well suited for use as the gas-transfer conduits employed
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in the practice of the method of the invention, i.e. in a
manner such that the brine-withdrawal conduit serves as the
gas-withdrawal conduit, while the production conduit serves
as the gas-introduction conduit, or vice versa; in this
connection it may be advantageous, in order to ensure
adequate clearance between the lower open end of the latter
conduit and the bottom of the cavern (or the surface of any
sump-sealing material or any non-sump-sealed aqueous
phase), to slightly shorten the brine-withdrawal conduit,
and this may suitably be achieved by, e.g., blasting away a
relatively small lower-end section of the conduit by means
of a small explosive charge which is lowered down through
the brine-withdrawal conduit to a suitable depth and then
detonated.

As also discussed previously, it is common and particularly
practical that the pipes or tubes constituting the brine-
withdrawal conduit and the production conduit in a cavern
which has been formed by solution-mining and which is
intended for gas storage are such that the brine-withdrawal
conduit is of smaller diameter than the production conduit
and extends (most suitably concentrically) within the
production conduit, and that both conduits extend down from
the earth’s surface to the cavern within a drilled shaft

which is normally lined with a casing.

Accordingly, in a further aspect of the present invention
both the gas-withdrawal conduit and the gas-introduction
conduit have the form of a pipe or tube of substantially
circular cross section; in a still further aspect, one of
these two conduits has an external diameter which is smal-
ler than the internal diameter of the other conduit and is
arranged such that it extends within the other conduit,
preferably such that the two conduits are substantially

concentric.

In another aspect of the invention, at least a part of the
gas-withdrawal and gas-introduction conduits extends within
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a common, substantially vertical shaft or bore which com-
municates with the earth’s surface and has a lower opening
which is at or near the highest point in (or the top of)
the cavern in question, the walls of this shaft or bore
preferably being lined with a lining or casing. However,
with or without the presence of a casing it will, in order
to prevent uncontrolled escape of gas from the cavern,
normally be necessary to provide some kind of seal or
packer which seals the space between the shaft wall or
casing and the conduits (or, when one of the conduits
extends within the other, between the shaft wall or casing
and the outer conduit). In principle, this seal may be
established at any level within the shaft or bore; however,
and particularly (as discussed previously, above, in con-
nection with the "traditional" manner of use of caverns
formed by solution-mining for gas-storage purposes) when
the shaft is lined with a casing made of a relatively
corrodible material such as steel, it will often be ad-
vantageous that the packer or seal is established at or
near the lower opening of the shaft. A seal or packer of
the above-mentioned type may suitably be, e.g.,inflatable
and made of rubber or another elastomer material.

The invention will be further described in the following

on the basis of model calculations performed with a view to
comparing, inter alia, the time-course for removal of water
from a cavern which is achievable by the method of the
present invention (which in the context of the calculations
described below is referred to in the following as the
"jaminar flow" model and which is performed in the manner
shown in Fig. 1, below) with the time-course for removal of
water achievable by simply allowing successive bodies of
gas (each of which is stored for a period within the cavern
before being removed and replaced with the next body of
gas) to attain partial or essentially complete equilibrium
with accessible water within the cavern (this procedure
being referred to in the following as the "mixing" model).
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The invention is further illustrated with reference to the

drawings, in which :

Fig. 1 is a cross-sectional diagrammatic representation of
a subterranean cavern (in this case a sump-sealed cavern),
such as a natural gas storage cavern in a "salt dome",
adapted for the performance of the method according to the
present invention (i.e. a process corresponding conceptual-
ly to that which in the context of the computations de-
scribed herein (vide infra) is termed the "laminar flow"
model) .

Fig. 2 is a cross-sectional diagrammatic representation of
a subterranean cavern (in this case a sump-sealed cavern),
such as a natural gas storage cavern in a "salt dome",
adapted for periodic introduction and subsequent removal of
gas via a common conduit (i.e. a process corresponding
conceptually to that which in the context of the computa-
tions described herein (vide infra) is termed the "mixing"
model).

Fig. 3 is a plot showing the calculated variation in mean
water-vapour content of gas within a cavern as a function
of time, and under a barticular set of conditions [i.e.
using a "drying" gas having an initial water-vapour content
of 20 mg/Nm3 and a capable of having a practical maximum
water-vapour content of 180 mg/Nm3 [the latter value being
chosen on the basis of practical experience from measure-
ments of the water-vapour content of natural gas which has
been subjected to prolonged storage in "moist" subterranean
caverns in Danish salt strata, such measurements indicating
a practical maximum water-vapour content corresponding to
ca. 35% of the saturation water-vapour capacity (i.e. to
ca. 35% "relative humidity") for the gas; in the context of
the computational model, this value is thus also assumed to
be the initial water vapour content of the gas present in
the (hypothetical) cavern at the start of the "laminar
flow" model process and the "mixing" model process], an
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initial total of 48000 kg of water distributed evenly in/on
the inner surfaces of the cavern (which if uniformly dis-
tributed on the inner surfaces of the cavern as a film of
water would correspond to a water film of thickness 1.0
mm), a total of 18900 kg of water (as water vapour) in the
gas initially present in the cavern, and a "drying time"
(tq; vide infra) of 13 weeks], as calculated on the basis
of the laminar flow model (curve A) and the mixing model
(curve B), respectively. Horizontal axis: time (in years);
vertical axis: water vapour content of gas [in mg/Nm3 (N
stands for "normal", i.e. Nm3 denotes m> measured at 0 °C

and 1 atm)].

The following Figs. 4-8 show only results obtained on the

basis of the "laminar flow" model:

Fig. 4 is a plot illustrating the calculated effect on the
mean water vapour content of gas within the cavern of
halving (see curve B) the total initial amount of water
in/on the inner surfaces of the cavern (and thus halving
the thickness of the water film that this would correspond
to) relative to that for curve A (other variables, as well
as conditions for curve A, as for Fig. 3). Horizontal axis:
time (in years); vertical axis: water vapour content of gas

(in mg/Nm3).

Fig. 5 is a plot illustrating the calculated effect on the
mean water vapour content of gas within the cavern of
doubling (see curve B) the "drying time" (tg; vide infra)
relative to that for curve A (other variables, as well as
conditions for curve A, as for Fig. 3). Horizontal axis:
time (in years); vertical axis: water vapour content of gas

(in mg/Nm3).

Fig. 6 is a plot illustrating the calculated effect on the
mean water vapour content of gas within the cavern assuming
a practical maximum water-vapour content for the "drying"

gas (and an initial water vapour content for the gas within
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the cavern) of 150 mg/Nm3 (curve B) instead of 180 mg/Nm3
(curve A), corresponding to a total of 15750 kg of water
(as water vapour) in the gas initially present in the
cavern (other variables, as well as conditions for curve A,
as for Fig. 3). Horizontal axis: time (in years); vertical

axis: water vapour content of gas (in mg/Nm3).

Fig. 7 is a plot showing calculated water-vapour content
for gas within the cavern as a function of depth from the
top of the cavern after various accumulated times of opera-
tion of the "laminar flow" model process (curve A: after
six months; curve B: after 12 months; curve C: after 18
months; curve D: after 24 months). Variables as for Fig.3.
Horizontal axis: depth from top of cavern (in meters);
vertical axis: water vapour content of gas (in mg/Nm3).

Fig. 8 is a plot comparing the calculated variation in mean
water-vapour content of gas within the cavern as a function
of time (curve A) with the calculated curve for time vs.
water-vapour content of gas withdrawn from the cavern via a
gas-withdrawal conduit having its lower open end positioned
at the bottom of the cavern (in this case at a depth of 300
meters from the top of the cavern) (curve B). Variables, as
well as conditions for curve A, as for Fig. 3. Horizontal
axis: time (in years); vertical axis: water vapour content
of gas (in mg/Nm3).

Fig. 9 illustrates schematically the constructional prin-
ciples underlying an above-ground, well-head manifold
system suitable, for example, for use in connection with
the application of the method according to the invention to
reduction of the water content of a cavern for the storage

of natural gas.
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Description of the computational model:

The calculations described here were performed for a hypo-
thetical, vertical, cylindrical cavern. The cavern height
{which in the case of the "mixing" model is the distance
from top to bottom within the cavern (the cavern in this
case being equipped with a single conduit for gas introduc-
tion and gas withdrawal essentially in the manner illu-
strated in Fig. 2), and in the case of the "laminar flow"
model is the vertical distance between the opening of the
gas-introduction conduit and the opening of the gas-with-
drawal conduit (the cavern being equipped with such con-
duits essentially in the manner illustrated in Fig. 1)],

in the following denoted h, was taken to be 300 meters, and
the total quantity of gas (expressed in Nm3), Vigt, within
the cavern was taken to be 105 x 10% Nm3.

In studying the effect of the "laminar flow" model for
removing water from a cavern, the cavern was regarded for
computational purposes as being divided into a number of
layers, the height of each such layer corresponding to the
height of the quantity of gas injected into (i.e. intro-
duced into) the cavern in one week; in the present calcula-
tions, the quantity of gas injected into the cavern in one
week was set equal to 3 x 10% Nm3. Thus, in general, for a
given rate of gas injection into the cavern, the number of
(computational) layers within the cavern is equal to the
total quantity of gas divided by the quantity of gas in-
jected in one week, which in the present case gives:

(105 x 10%)/(3 x 10%) = 35 layers.

The transport of water from the cavern walls within each
layer to the gas within each layer (transport of water from
the gas to the cavern walls being neglected for the pur-
poses of the present calculations) was then calculated on
the basis of the mathematical relationships described below

(vide infra).
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In studying computationally the effect of the "mixing"
model for removing water from a cavern, a situation was
considered in which a certain proportion of the gas within
the cavern is replaced at regular intervals by first in-
jecting a certain amount of gas into the cavern and subse-
guently removing a corresponding amount of gas from the
cavern. The height (hjny) of the replacement guantity
(Vinj) of gas injected into the cavern is given by:

hinj =h « Vinj/Veot

Inserting the above-mentioned values for h and Vigt (i.e. h
= 300 m and Viot = 105 x 10° Nm3), and assuming a reference
value for Vinj of 24 x 108 Nm3, a value for hinj of 68.6

meters is obtained.

The height quantity hjn4 was regarded as being divided up
into layers in the same way as for the "laminar flow"
model, i.e. into layers whose height corresponds to that
of the amount of gas injected in one week. The reference
calculations corresponded to injection for a period of
four weeks, i.e. hjpy was divided up into four layers each
having a height of 17.1 m. For each of the latter layers,
as well as for the "underlying" bulk layer of height equal
to h - hjny (= 300 - 68.6 = 221.4 m), water transport from
the cavern walls to the gas within each layer was then
calculated in the same manner as for the "laminar flow"

model.

Each round of computations considered a number of gas-
withdrawal/gas-injection cycles followed by a "dormancy"
period. In the present case a total of 4 such cycles was
considered, each cycle consisting of 2 weeks of withdrawal
of a total of 24 x 106 Nm3 of gas from the cavern, followed
by 4 weeks of injection of a total of 24 x 10°® Nm3 of gas
into the cavern. The "dormancy" period (which would corre-
spond, in reality, to a winter pause in gas-withdrawal/gas-
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injection) was set equal to 28 weeks, so as to give a total
period of consideration for each round of computations
equal to [4(2 + 4) + 28] = 52 weeks, i.e. 1 year. In
considering withdrawal of gas computationally, the water-
vapour content of the withdrawn gas during the first half-
week of withdrawal was assumed (on the basis of practical
experience with real caverns) to be equal to the water-
vapour content of the gas in the uppermost layer, after
which complete mixing of the gas in the cavern was assumed
to occur (corresponding to the mixing which is expected in
a real cavern as a consequence of convection resulting from
the temperature drop which will occur as a result of gas
withdrawal from the cavern). In considering injection of
gas computationally, laminar flow of the entering gas (i.e.
as for the "laminar flow" model) was assumed, i.e. the
incoming, relatively dry gas was assumed not to mix with
the underlying "wet" gas already present within the cavern;
this assumption derives from an expectation (based on
practical experience) that the temperature of the gas
injected into a real cavern will normally be higher than
that of the "wet" gas already present in the cavern.

After completion of four gas-withdrawal/gas-injection
cycles, the calculation of water transport from the cavern
walls to the gas within the cavern as a whole during the
above-mentioned "dormancy" period was carried out in the
manner already outlined above and further elaborated below.

In order to simplify the calculations for both the "laminar
flow" model and the "mixing" model, no account was taken of
variations in the temperature or pressure of the gas within
the cavern as a function of depth, and the volume of gas in
an injected or withdrawn layer was regarded as being in-
jected or withdrawn instantaneously into/from the cavern.

In performing the water-transport calculations for the
"laminar flow" model and the "mixing" model, only agqueous



WO 92/17682 PCT/DK92/00097

10

15

20

25

30

27

phase retained in/on the walls of the cavern was consider-
ed, i.e. the cavern was treated as if it were a sump-sealed
cavern in which the effectiveness of the sump-seal was 100%
(although the computational approach employed could, if
desired, be modified to also take account, for example, of
a contribution to the water-vapour content of the gas cor-
responding to that deriving from an non-sump-sealed sump or
from "leakage" of water vapour through an sump-seal which
is not completely impermeable to water-vapour). The water
(as water vapour) removed from the cavern walls is assumed
to mix fully with the gas in the adjacent (computational)
layers. If this assumption should later prove to be
invalid, the model can easily be modified so as to
incorporate, for example, a simple mathematical function
which takes account of an increase in water-vapour content
of the gas from the central "vertical" axis of the cavern
to the cavern wall. The less efficient mixing to which this
latter example of a modified computational model would
correspond will result in a lower rate of transport of
water away from the cavern walls, and thus slow the entire

"drying" process.

In the present case, the rate of transport or removal of
water from the cavern walls was calculated on the basis of

the relationship:
q = [(CB3X - ck)/(claX - cdrY)] « ¢y - A
where

g is the rate of removal of water from the cavern walls
within the layer in question (in kg/h),

C% is the water-vapour content of the gas within the layer
at time t from the start of the process (in mg/Nm3) ,

claX js the practical maximum water-vapour content of the

gas in question (in mg/Nm3),
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C%rY is the water-vapour content of the gas as injected

into the cavern (in mg/Nm3),

A is the amount of water in/on the cavern walls within the

layer (in kg), and

v is a rate constant, in the following denoted the "drying

constant" (in h~1).

In fact, two contributions to the amount of water in/on the
cavern walls within a given layer were considered, viz. Aj;
with associated y;, and A, with associated y3: A; corre-
sponds to water which is relatively easily removed from the
cavern walls, and which is assumed to require a "drying
time", denoted tq4, which is the time required for removal
of 95% of the water by exposure to "dry" gas having a
water-vapour content equal to that of the gas as injected
into the cavern (c3fY); a value for CUrY of 20 ng/Nm3 was
employed throughout in the calculations. A corresponds to
water which is more difficult to remove from the cavern
walls, and which is assumed to require a "drying time"
which is an order of magnitude greater than for 2;, i.e. a
drying time equal to 10ty. The initial values of A; and Ay,
i.e. Ay, initial and Az, jnitials for each layer were
assumed to be equal.

Thus, for the two contributions to the transport of water
from the cavern walls to the gas, the following two equa-
tions apply for each (computational) layer:

gy = [(cBaX - )/ (chRX - cFY)] - vy - A

and

qp = [(cBa¥ - cty/(chax - cdry)y . 45 « Ay

where
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71 = [1ln (100/5)]/td = 2.996/tgy
and
72 = [1n (100/5)]/10ty = 0.2996/td.

For each layer and each computational time increment, the
calculated amount of water transported from the cavern
walls to the gas (distributed within the gas in the form of
water vapour) was added to the calculated water-vapour
content of the gas at the end of the preceding time incre-
ment to give the new, "current" water-vapour content of the

gas.

The "reference" values for the various parameters involved
in the calculations were those applying in connection with
Fig. 3 (vide supra), i.e.: cBaX = 180 mg/Nm3; crY¥ = 20
mg/Nm3; 2A1, jnitial = A2, initial (summed over all
layers) = 24000 kg, i.e. ZA3, jinjtial + ZA2, initial =
48000 kg; and tq = 13 weeks. The latter reference values
for A1, jinitial: ZA2, initial and tg were chosen on the
basis of laboratory investigations.

Figs. 3-8 provide a summary of results obtained on the
basis of the computational approach described herein.
Whilst a number of simplifying assumptions have (as indi-
cated above) been made in connection with the calculations,
the models employed are believed to provide an at least
qualitatively reasonably realistic prediction of the re-
sults to be expected and advantages to be achieved in the
real-life drying of subterranean caverns of the types
discussed herein employing the method according to the

present invention:

The following aspects are particularly noteworthy: firstly,
it it apparent from Fig. 3, which compares the effective-
ness of the "laminar flow" model with that of the "mixing"
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model, that the "laminar flow" model predicts a considerab-
ly faster and more even reduction of the mean water-vapour
content of thé gas within a cavern than is the case with
the "mixing" model. In this connection it should be noted
that the “saw-toothed" appearance of the plot for the
"mixing" model, with successive groups of four sharp peaks
followed by a smooth curve section, derives from the above-
discussed computational supposition of four gas-withdraw-
al/gas-injection cycles followed by a "dormancy" period.
Secondly, Figs. 4, 5 and 6 provide an indication that the
time-course of reduction of the mean water-vapour content
of the gas according to the "laminar flow" model is rela-
tively insensitive to reasonably large variations in (i)
the initial amount of water in/on the cavern walls, (ii)
the drying time (tg) and (iii) the practical maximum water-
vapour content of the “drying" gas (which is set equal to
the initial water-vapour content of the "wet" gas within
the cavern), respectively. Thirdly, Figs. 7 and 8 provide
an indication not only that a significant reduction in the
mean water-vapour content of the gas within a cavern is
achievable within an acceptable period of time (e.g., in
this model case, a reduction from 180 mg/Nm3 to ca. 50
mg/Nm3 within a period of 2 years), but also, for example,
that a similar reduction in the water-vapour content of gas
withdrawn from the bottom of the cavern (i.e. in this model
case from a cavern depth of ca. 300 meters) is achievable

within a further period of about 1 year.

Returning now to Figs. 1, 2 and 9:

Fig. 1 shows a cross-sectional diagrammatic representation
of a subterranean cavern (1) (such as natural gas storage
cavern in a "salt dome") adapted for the performance of the
method according to the present invention. Introduction of
relatively dry gas (indicated by downward-pointing arrows
near the top of the cavern) into the cavern takes place via
a conduit (3) [such as a "production conduit" (vide
supra)], suitably an essentially circularly cylindrical
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conduit, which extends down to the cavern (1) through a
shaft (5) connecting the cavern with the earth’s surface
(not shown) and which has a lower open end (7) near the
shaft’s lower end. Gas having a higher water-vapour content
than the introduced gas is withdrawn from the cavern (1)
via a conduit (9) [such as a "brine-withdrawal conduit"
(vide supra)], suitably an essentially circularly cylindri-
cal conduit, which extends within the former conduit (sui-
tably substantially concentrically when both the gas-intro-
duction conduit (3) and the gas-withdrawal conduit (9) are
circularly cylindrical conduits] down to a depth within the
cavern such that there is a slight clearance between a
lower open end (11) of the conduit (9) and a sump seal (13)
covering a sump (15) at the bottom of the cavern (1). This
figure also shows a seal or packer (17) (vide supra) which
serves to seal a space (19) (e.g. an annular space) between
the walls of the shaft (5) [the shaft generally being lined
with a lining or casing (not shown), in which case the
"walls" of the shaft will be the casing walls] and the gas-
introduction conduit (3) so as to prevent any escape of gas
from the cavern (1) other than via the gas-withdrawal
conduit (9).

Fig. 2 shows a cross-sectional diagrammatic representation
of a subterranean cavern (1) (such as natural gas storage
cavern in a "salt dome") in which introduction of relative-
ly dry gas and subsequent withdrawal of gas having a higher
water content via a common conduit (3) [such as a "produc-
tion conduit" (vide supra)], suitably an essentially cir-
cularly cylindrical conduit, is symbolized by downward-
pointing and upward-pointing arrows, respectively, near the
top of the cavern. The conduit (3) extends down to the
cavern (1) through a shaft (5) connecting the cavern with
the earth’s surface (not shown) and has a lower open end
(7) near the shaft’s lower end. This figure also shows a
sump seal (13) covering a sump (15) at the bottom of the
cavern (1), and further shows a seal or packer (17) (vide

supra) which serves to seal a space (19) (e.g. an annular
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space) between the "walls" of the shaft (5) and the gas-
introduction conduit (3) in the same manner, and for the
same purpose, as described in connection with Fig. 1.

Fig. 9 illustrates schematically the constructional prin-
ciples underlying a well-head manifold system suitable for
use in connection with a preferred embodiment of the method
according to the invention for reduction of the water
content of a cavern for the storage of natural gas. The
left-hand part of the figure shows a well-head arrangement
(101) with which uppermost ends of a gas-introduction
conduit (3) and a gas-withdrawal conduit (9) [represented
by dashed lines, these two conduits most suitably being
substantially concentric, circularly cylindrical conduits
(cf. the explanation given above in connection with Fig.
1)] communicating with a natural gas storage cavern [such
as a cavern illustrated in Fig. 1 (not shown in this fi-
gure)], are connected in a gas-tight manner. The gas-intro-
duction conduit (3) (represented by heavy dashed lines in
the lower left-hand part of the figure) is connected to a
lower part of a T-piece (103), and the conduit (9) [repre-
sented by lighter dashed lines and extending within and
above the conduit (3) and further within the T-piece (103)]
is connected to an upper part (shown schematically in the
figure as a narrowed upper part) of the T-piece (103). The
flow of gas from the cavern [indicated by an upward-point-
ing arrow drawn between the dashed lines representing the
gas-withdrawal conduit (9)] may be regulated by means of a
valve (105), suitably a gate-valve, with which the upper-
most part of the T-piece (103) is connected, and the latter
valve (105) is in turn preferably further connected to an
automatic safety valve (107) which is normally open but
which is capable of automatically shutting off the flow of
gas emerging from the cavern, e.g. in the event of the flow
rate of gas exceeding some preset safety limit. The safety
valve (107) [or, in the absence of such a safety valve, the
valve (105)] is connected to a T-piece (109), the uppermost
part of which is equipped with an access port or valve
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(111), suitably a gate-valve. The latter access port or
valve (111), which is normally closed, permits the lowering
[via the T-piece (111) and the valves (107) and (105), and
by means of a cable or the like] an explosive charge for
shortening the gas-withdrawal conduit (9) (vide supra) or a
measuring probe or device for measuring the temperature,
pressure, water-vapour content or some other parameter of
gas within, or below the lower end of, the gas-withdrawal
conduit. A side-arm of the T-piece (109) is connected to a
valve (113), such as a gate-valve, which is normally open
and which is connected an instrument manifold (115) com-
prising measuring devices or probes (not shown) for measur-
ing the temperature, pressure, water-vapour content, etc.,
of the gas emerging from the well-head (101).

The emerging gas passes on via a suitable transport conduit
system (117) [the direction of gas flow being indicated by
arrows on the uppermost and extreme right-hand sections of
the conduit system (117)] equipped with an injection port
or valve (119) permitting [if so required, e.g. on the
basis of measurements made at the instrument manifold
(115)] injection of an inhibitor (such as a glycol) fecr
inhibiting gas hydrate formation in the gas (vide supra)
during its subsequent further handling prior to distribu-
tion to the consumer. The transport conduit system com-
prises, apart from a branch comprising the latter-mentioned
uppermost and extreme right-hand sections, a branch via
which gas arriving at the cavern site from a supplier can
enter the transport conduit system (117) and be passed on
for introduction into the cavern. Entry of gas from a
supply source into the transport conduit system is regu-
lated by means of a regulating valve (121), whilst with-
drawal from the transport conduit system (117) of gas
emerging from the cavern is regulated by means of a regu-
lating valve (123). Clearly, when admitting gas to the
transport conduit system (117) via the valve (121), the
valve (123) must be closed. Conversely, when withdrawing
gas from the transport conduit system (117) via the valve
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(123), the valve (121) must be closed. The transport con-
duit system (117) is preferably equipped with a pressure-
release vent or valve (125) which is normally closed but
via which the transport conduit system (117) may, if neces-
sary, be depressurized [e.g. for the purpose of carrying
out construction work, repairs, welding etc. in the trans-

port conduit system (117)].

Gas is introduced into the cavern via an automatic shut-off
valve (127), such as a wing-valve, which in turn is con-
nected to a regulating valve (129), suitably a gate-valve,
connected to the T-piece (103) via a side-arm thereon [the
direction of gas flow towards the valve (127) being indi-
cated by arrows on the sections of the transport conduit
system (117) in question]. The shut-off valve (127) is
normally open but is capable of automatically shutting off
the flow of gas emerging from the cavern, e.g. in the event
of the flow rate of gas exceeding some preset safety limit,
e.g in the event of a sudden pressure drop on the side of
the transport conduit system (117) as a result of a leakage
or the like in the conduit system (117), thereby preventing
uncontrolled escape of gas from the cavern. The direction
of flow of gas into the cavern via the gas-introduction
conduit (3) is indicated at bottom left in the figure by
two downward-pointing arrows within the boundaries of the
heavy dashed lines representing the gas-introduction con-

duit (3).

Employing a well-head manifold system involving the con-
structional principles illustrated in Fig. 3, the manner
of operation of a particular, preferred embodiment of the
method according to the invention, in which there is a
(relatively short) time-lag between introduction of gas
into the cavern and withdrawal of gas from the cavern, is

then as follows (with reference to Fig. 3):

- (i) natural gas (of relatively low water-vapour content)

under a suitably high pressure is admitted at a suitable
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rate to the transport conduit system (117) and further into
the cavern from the supply via the valve (121). During this
part of the process the valve (129) is open, and the valves
(123) and (105) are closed. The introduction of relatively
dry gas into the cavern is continued for a suitable period
of time, e.g. of the order of one day, after which the

valves (121) and (129) are closed.

(ii) the valves (105) and (123) are opened so as to provide
a suitable rate of withdrawal of "moist" gas from the
cavern. The withdrawal of "moist" gas is continued until an
amount of gas essentially equal to the amount initially
introduced has been withdrawn.

(iii) the entire process consisting of steps (i) and (ii)
is continued until an acceptably low water-vapour content

in the withdrawn gas is achieved.

As already mentioned, it is equally possible to initiate
the process with gas-withdrawal.

As long as the water-vapour content of the "moist" gas
withdrawn from the cavern is too high (i.e. until the
continued operation of the method of the invention reduces
the water-vapour content of the emergent gas sufficiently
to ensure avoidance of the above-described problems of gas-
hydrate formation), the withdrawn gas will have to be dried
by more "traditional" means, e.g. by counter-current drying
using a glycol (in which case the glycol will have to be
regenerated, e.g. by distillation). It should be noted here
that a prolonged interruption in the operation of the
entire process will (primarily as a result of continuing
uptake of water from the inner surfaces of the cavern by
the gas) be expected to result in a renewed increase in the

water-vapour content of the gas as a whole.

Tt is to be anticipated that the attainment of a satisfac-
torily low water-vapour content in the withdrawn gas will
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result in a very substantial reduction in costs, since the
need for permaneht above-ground gas-drying facilities
(which are very energy=-consuming) and gas hydrate formation
inhibitors should be largely eliminated.

For a cavern of fairly typical capacity, the amount of gas
injected into and withdrawn from the cavern in each perfor-
mance of steps (i) and (ii), above, will typically be of
the order of 1% (or less) of the total amount of gas within
the cavern, i.e. temperature effects arising as a result of
withdrawal of such a relatively small proportion of the gas
content in the cavern will be negligible.

Practical exploitation of the method of the invention:

Based on the conclusions arrived at on the basis of the
computational model described above, experiments to test
the effectiveness of the method of the invention are in
progress using the embodiment of the method as described in
connection with Fig. 3 (vide supra). Two caverns (in the
following denoted Cl1 and C2) in a Danish "salt dome" on the
mainland of Jutland are currently being employed for this

purpose:

Cl, which is the larger of the two, has a volume of ca.

508000 m3, corresponding to a gas capacity (Veot) of ca.
120 x 10® Nm3. The top of the cavern is at a depth of ca.
1350 meters, and the bottom is at a depth of ca. 1685
meters (below ground level), i.e the cavern has a height of

ca. 335 meters.

C2 has a volume of ca. 380000 m3, corresponding to a gas
capacity (Viot) Of ca. 70 x 10® Nm3. The top of the cavern
is at a depth of ca. 950 meters, and the bottom is at a
depth of ca. 1260 meters (below ground level), i.e the
cavern has a height of ca. 310 meters.
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Both caverns are equipped with a 13 3/8" casing, a 9 5/8"
production conduit and a 4 1/2" brine-withdrawal conduit
(the quoted dimensions being external diameters).

At the time of filing of the present application the ex-
periments have been underway, with some unavoidable, short
interruptions, for ca. 15 months. The total amounts of gas
which have been withdrawn at the time of filing are ca. 180
% 106 Nm3 for cavern C1, and ca. 150 x 10% Nm3 for cavern
Cc2. As expected, no appreciable fall in water-vapour
content of the gas withdrawn from cavern Cl has as yet been
observed. In the case of cavern C2, the water-vapour
content of the gas withdrawn from the cavern has indeed
decreased but no clear trend has been discernible on the
basis of the presently available data. When a clear trend
becomes apparent, the most appropriate values for the
(calculational) physical parameters employed in the
presently employed "laminar flow" calculational model
(described herein) will be evaluated. If the current model -
proves to be inadequate or oversimplified, it will be

revised accordingly.
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CLAIMS

1. A method for reducing the water content of a natural or

artificial subterranean cavern,

said cavern at least being provided with (i) means for
introducing a relatively dry gas into said cavern and (ii)
means for withdrawing gas from said cavern, said gas-intro-
duction means and said gas-withdrawal means each comprising
a gas-transfer conduit having an open end opening to said
cavern, the open end of one of said gas-transfer conduits
being positioned lower than the open end of the other of

said gas-transfer conduits,

the method comprising:

introducing relatively dry gas into said cavern via
one of said gas-transfer conduits, and

withdrawing, via the other of said gas-transfer con-
duits, gas having a higher water vapour content than

that of said introduced gas.

2. A method according to claim 1, said introduction of said
relatively dry gas and said withdrawal of gas having a
higher water vapour content taking place substantially

simultaneously and continuously.

3. A method according to claim 1, said introduction of said
relatively dry gas and said withdrawal of gas having a
higher water vapour content taking place in an alternating,

cyclic manner.

4. A method according to any one of claims 1-3, said cavern
being a cavern for the storage of a fluid.
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5. A method according to claim 4, said fluid being "natural

gas" as hereinbefore defined.

6. A method according to claim 5, said introduced, rela-
tively dry gas being "natural gas" having a water vapour
content which is at least sufficiently low as to ensure
that "gas hydrate" formation could not occur in said rela-
tively dry gas under any of the conditions of temperature

and/or pressure which occur or arise in said gas-withdrawal

means.

7. A method according to any one of claims 1-6, said cavern
being a cavern arising as a result of solution-mining of
salt from subterranean salt formations.

8. A method according to any one of claims 1-7, said cavern
being a cavern wherein any aqueous phase present at the
bottom of said cavern is substantially covered by a "sump

seal".

9. A method according to any one of the preceding claims,
said open end of one of said gas-transfer conduits being

positioned at or near the bottom of said cavern, and said
open end of the other of said gas-transfer conduits being
positioned at or near the top of said cavern.

10. A method according to claim 9, said open end of said
gas-transfer conduit of said gas-withdrawal means being
positioned substantially at the bottom of said cavern.

11. A method according to claim 9, said open end of said
gas-transfer conduit of said gas-introduction means being
positioned substantially at the bottom of said cavern.

12. A method according to any one of the preceding claims,
said gas-transfer conduits of said gas-introduction and
gas-withdrawal means extending substantially vertically and
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being mutually substantially parallel, said open ends of
said conduits being their lowermost ends.

13. A method according to claim 12, each of said conduits
having the form of a pipe or tube of substantially circular

cross section.

14. A method according to claim 13, one of said conduits
having an external diameter which is smaller than the
internal diameter of the other of said conduits, said one
conduit extending within said other of said conduits.

15. A method according to claim 14, said conduits being

substantially concentric.

16. A method according to any one of claims 12-15, at least
a part of each of said conduits extending within a common,
substantially vertical shaft or bore which communicates
with the earth’s surface and has a lower opening substan-
tially at the highest point in said cavern.:

17. A method according to claim 16, the walls of said shaft
or bore being lined with a lining or casing.

18. A method according to claim 16 or 17, the space between
the shaft wall or casing and the conduits, or, when one of
the conduits extends within the other, between the shaft
wall or casing and the outer conduit, being sealed by means
of a seal or packer established at some level within the
shaft, preferably substantially at the lower opening of the

shaft.
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