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Abstract

The underground storage of hydrocarbons is the most economical engineering method known to
store a large volume of hydrocarbons and has been widely practiced else where in the world.
Because of the recovery difficulties, however, this storage technique is confined to light hydrocar-
bons.

Usually, depleted oil and gas reservoirs are converted to underground gas storages where the
underline aquifer behavior controls the storage volume and the pressure. Actual case study examples

are described in this paper together with the engineering design and model analysis.

* This paper was presented at the 4th International Technical Conference on Petroleum Resources Development
sponsored by the Korea National Academy of Sciences on October 26, 1976.
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Because of the growing Korea’s need for bulk volume gas storage, development plans are necessary
to apply some of these techniques to Korea. Three different underground storage possibilities are
proposzd. The utilization of dry holes resulted from petroleum exploration work is a possibility
for gas storage if an impermeable rock structure extends over an aquifer. Alternatively, the low
temperature geothermal well could similarly be converted to a small gas storage under same
assumptions, after a successful energy recovery operation for a moderate economic gain. Lastly,
the Jejudo Manjanggool natural cave is a good prospect for a constant volume LPG storage.

Because of the many uncertainties and engineering difficulties, sufficient development work must be
carried out before attempting to put these into actual practices.

Introduction

Bulk storage of hydrocarbon has been a
serious engineering and military problem during
the 20th century, and many different types of
storage have been practiced. Surface tank
storage 1s an obvious one but is limitted to small
volume of gases at less than 30 psig because of
the structural instability, It is a common
practice to store LPG in spherical and cylin-
drical pressure tanks and various forms of
surface storage are reported for petroleum pro-
ducts and chemicals. The short-comings of the
surface tank storages are the limitation on the
storage capacity necessary.

The most economical system is the under-
ground storage, but it is limited to light hydro-
carbons. Recently, since the 1973 energy crisis,
large scale ocean surface storage, and ocean
bottom storage systems have also been known.
LPG was stored in an artificial salt dome after
considerable cavity creation work. Out of all
these variations, nothing seems to be more
comfortable than the bulk storages in under-
ground.

One of the oldest underground storage struc-
tures was tapped with about 80 wells and was
located at a depth less than 1,000 feet covering
a sand area of about 30 square miles. The types
of gases stored were natural gas and coke oven
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gas from steel mills. During the 1920 depression
period in USA, the mills had to reduce the
production capacities and were shut down often;
and the coke oven gas was wasted because the
gasholder construction was uneconomical. A
large underground storage could store in the
With a
100 million
cubic feet per day of gas could be withdrawn,

order of 10 billion cubic feet of gas.

pressure draw-down of 50 psig,

governed by the back-pressure equation and the
reservoir physical constants. The gas storing
sand was located at a depth of about 1,000~
10,000 feet, with approximately 5-150 feet in
thickness and had a pososity of about 20 percent.

The underground storage concept can not be
applied to heavy hydrocarbons because of the
excessive recovery difficulty and the low percent
recovery e.g. 40%. Total recovery at critical
condition was speculated in recent years but it
is still far from realization. If and when this
difficulty is overcome, the secondary and terti-
ary recovery problems would be solved natur-
ally. Thus, the underground storage concept is
at best applied to the bulk storage of light
hydrocarbons where the amount of cushion gas
(50 psig well head pressure for 2, 000ft gas field)
is relatively small and easily recovered. Com-
monly, depleted oil and gas reservoirs are
converted to underground gas storage systems®.
But since 1960s with the advancement of engi-

neering techniques for analyzing the under-



ground storage behavior, aquifer storage has
been successfully practiced where only water
existed>®.

For the development of an underground
storage system in Korea, a non-oil & gas
producing nation, it is essential that the under-
ground aquifer behavior must be fully under-
stood before one can attempt to make any plans
to exploit the possibilities of underground

storage.

Physical System Model Study

A typical underground storage system can be
visualized as a gas bubble breathing on a large
aquifer which can be of an infinite extent as

shown in Fig. 1.
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Fig. 1. Underground storage-Radial flow model.
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Aquifer is an underground water bearing
formation, bounded on the top and bottom,
sandwiched by impermeable rock or shale and

And the

water movement due to the high pressure must

extending many miles horizontally.

be determined, as it determines the reservoir
When the gas

pressure is increased, the water is compressed

pore volume available to gas.

and pushed out of the gas reservoir, and the
reverse takes place when decreased.

The governing partial differential equation
describing the radial flow of brine through

porous media is follows:

0°P 1 opP oP
57‘1)2 - rp Orp  0Ofp (1)
_ kY _r
where tp= cgﬁﬂrgz s p— T .

The boundary conditions for pressure case are:

P(1, tp]=Gltp], 2)
P[OO, tD]:O,
P[TD, O]:O.

Its Lapace transform or transfer function can

be shown to be the following:

Quol(s)=g(s] *“KK*[EL‘/JT ~g(s) {s-F1Ls])
3

and the time domain solution can be expressed
to calculate the cumulative water influx or
efflux or the reservoir volume change as:

1 R Cf OP r2p
W=(27r,'k) -705(—6—’—)”(10=2mg he’ $Qup.
@

tn ,
where  Qu={"-2%--Qp Up=sldc  (5)

The inversion of Eq. (3) or the step response
Q’,p are found in the literature in a tabular
form®.

Similarly, the rate case solution can be obta-
ined to calculate the pressure change from the

production rate data:
Plr, 09=(27) Polo ) ()
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where Puplrp, tDj:j"—“’fT—’:~-P',D (tp—2)de
@

The rate case step response P’,p are also found

in the literature®. For the volume case the

problem can be formulated and solved likewise®.

The convolution integrals can be computed by

rp* 10 i
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Fig. 2. LM 10 (Electronic differental analyzer)
circuit diagram for rp,=10 to get cu-
mulative—flux function.
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a digital computer? or the curve fitted transfer
function can be simulated on an analog com-
puter to obtain equivalent time domain solution
readily for engineering design purposes®. Also
graphical integration method is known though
tedious to handle®. For rp=10 limitted aquifer
case, the pressure step response transfer fun-
ction can be obtained, and its analog simulation
circuit is presented in Fig. 2, and the results
are compared in Fig. 3 with the theoretical
values of the literature®.

Detail Example of Case Study:

The developed mathematical model and the
technique of engineering analysis can then be
applied to field case study. If Field A is sub-
jected to a prescribed pressure variation, one
can determine the storage volume variations.
Fig. 4 shows the generated analog computer
input and the function to be generated for the
actual Field A. For the specified input, the
output response volume variation has been
obtained for the limitted reservoir model deve-
loped. The results are compared with those
from a digital compter in Fig. 5. The similar
study can be made to improve the understanding
of other aquifer behaviors such as field inter fer
ences®. An aquifer storage can also be analyzed
by studying a radial flow moving boundary
problem®. A typical solution to a sinusoidal

input is shown in Fig. 6. And this computer
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Fig. 4. Specified pressure variation in field A

and the generated function.



solution should be modified a little to have a
form such as Fig. 17, dry hole aquifer storage
operation. An actual aquifer gas storage Field
B was studied, and the results are presented in
Fig. 7 along with the field data.

For the conversion of a nearly depleted oil field
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to an underground gas storage, a numerical
calculation can be made when the production-
pressure data are available to determine the
water encroachment coupled with the oil reserve
estimation material balance method®.

Addititional Theoretical Model Studies:

The technique can be extended for various
other cases to obtain particular solutions. Some
of the results are included in this paper for
which the analytical solutions are not readily

available in the literature.

bubble
growth which can be used for crude gas storage

Fig. 8 shows an approximate gas

design estimation. At the water-gas interface,
it is expected that an additional flow resistance
can exist due to the twilight zone. The model
then needs to be modified as in Fig. 9, for
which the approximate error range is estimated
in Fig. 10. When the boundary movement is
rapid, it is likely that the flow resistance would
be time-varying including an irreversible hyster-
esis effect, and this can be simulated on an
analog computer even if nonlinear and time-
varying. Often fault model as shown in Fig.
11 needs to be considered, whose solutions are
presented Fig. 12 and Fig. 13. Similar solutions
are also given in Fig. 14 and Fig. 15 for 3
identical reservoirs on a delta sitting on a

common aquifer. Carslaw & Jaeger’s point and
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7. Gas reservoir pore volume variation for
field B. (Aquifer Storage)

Fig.
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Fig. 8. Approximate gas bubble growth with time for

constant pressure case of infinite aquifer.
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line solutions® can be utilized to synthesize
other solutions, such as growing disk model®.
Elliptical & spherical flow models are also

studied, and their solutions are available in



the literature. The nonlinear gas flow resis-
tance can be considered, but it is usually small
compared to that of liquid flow resistance as
indicated by the small pressure distribution
within a gas field.

The basic concept can be applied to any other
complex underground operations, where the
phase equilibriumm phenomena and chemical
reactions play significant and important roles in

addition to the transpert phenomena.
Plans in Korea

Korea is now beginning to face with the large
volume gas storage problems, together with the
rapid industrial development plans. Some of
these examples are the bulk storage of city gas,
revaporized natural gas from the imported LNG
which is now being considered, the future
doraestic production of off-shore natural gas and
the recovery operation of the geothermal low
temperature energy. Unfortunately, very little
or no information is available about the Korea’s
unclerground geological structure and the phy-
sical constants. The off-shore data up to 10, 000
feet below the ocean bottoms are being obtained
and compiled by the major foreign operating
firras. Within the inland, the Pohang drilling
work up to 6,000 feet in 1976 was the only
historical occasion. During the 4th 5 year
Economic Plan about to begin many drilling

operations are planned which can uncover
many of the uncertainties about the underground
structure in Korea.

With the limitted information on hand, pro-
posals have been made as to how Korea too
can adopt the underground gas storage techni-
ques practiced around the globe.

Utilization of Dry Holes:
Several dry holes are already developed below

the sea bottom by the off-chore operations and
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also in-land at Pohang totalling about 8. Excapt
the fact that there are no gas and oil, the
structure is somewhat like the aquifer storage.
t is the oil drilling practice to seek for shale
structures such as shown in Fig. 16, at least
the top portion. It is considered that the exis-
tance of bottom shale structure is not an absolute
requirement and the existance of sand-water
formation must be assumed for a gas storage
development. The utilization of dry hole would
be very much equivalent to an aquifer storage
development, so far as the uncertainties and
the engineering analysis method are concerned.
The hole exists up to 10, 060 ft with casing and
top shale structure with permeability less than
107% ~1077 md covered over a sand-brine form-
ation must be assumed. The extent of the shale
structure is an uncertainty that remains to be
uncovered. Since it is only possible here to
develop a single well storage system, the initial
development study does not have to rely on
infinite aquifer. Usually, impervious dolcmite
or limestone can provide a tight caprocic stru-
cture. Thus it is considered that the dry hole
can develop into an aquifer storage system,

which is a moving boundary problem.
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Fig. 16. Dry hcle utilization

At the moment, all the dry holes are idled.
Some of them are abandoned, and the casings
are withdrawn. No special maintenance o1
development work are conducted. If the wiiliza-
tion of dry hole becomes successful upon con-

firming the geological structure and the rsdel,
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the dry hole storage operation would be like
Fig. 17. Even though it is a single well oper-
ation, the storage volume would be fairly large
because of the depth and the high pressure
operation permissible. However, the gas hydrate
formation possibilities should be carefully
avoided under such high pressures.
Development of a Geothermal Well:

In Korea, there are no high temperature geo-
thermal wells, but there are many low tempera-
ture (30-80°C) wells (about 16).

studies are being made to recover the energy by

Engineering

injecting air during the summer and with-drawing
the hot air during the winter (Fig. 18 & 19).
Of course for this operation too, the similar
assumptions on the structure such as dry hole
case must be made. In the absence of the shale
structure the permissible operating pressure
would be very low since the well depth is
shallow, e.g. 650 ft. Single well storage capa-
city operating at a pressure of 300 psig would
perhaps be in the order of 1/50th of a full
grown gas storage system.

It is proposed that air injection be made
during the summer at a small well hoping that
the large flat shale plate covers over sand-hot-
water system. Should the hotwater overflows at
a ground level point, this would be equivalent
to gas drive recovery of hotwater, which can
be utilized equally advantageously. The hot air

can be withdrawn during the winter months
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Fig. 19. Conversion to gas storage and Geothermal

energy recovery—air injection.

for direct community heating purposes after

treatment of the air. The geothermal energy
recovery can offer some economic incentives to
develop this sort of system. When the recover-
able energy is depleted, the overflow leaks
could be permanently cemented to convert the
system to a small gas storage reservoir. About
this time, the engineering design and the geolo-
gical structure should be well confirmed to safely
convert to a gas storage. However, the purging
of the residual air from the pore volumes should
be carried out before hydrocarbon injection, so
that the oxygen-hydrocarbon mixture will never
exceed the explosion limit under any circums-
tances. For the geothermal well storage model,
it is possible that the model can assume geome-
tries other than previously mentioned radial
flow model.

Considering the fact that Korea has many



drilling proposals under the 4th 5 year Economic
Plan, there is little doubt that some of these
drillings will result in geothermal wells of
considerable depth, offering the chances of
developing geothermal energy recovery and gas
storage conversion without having to work
extra from the petroleum exploration task.
Adaptation of Natural Cave:

While studying the possibility of developing
variable volume underground storage system,
one should not overlook the possibility of utili-
zing the natural caves-constant volume natural
storage tank. In Korea, there are very large
number of caves which can be usad as industrial
s:orage purposes, though most of them are
small. The Jejudo Manjanggool, for example,
is considered as a good candidate for LPG
storage upto 800, 000bbls enough to store 130
day supply of LPG. Currently, Korea has
excess LPG because of the government suppres-
sion policy for safety and chemical usage, which
is considered as a transient phenomena. And
there is a strong necessity because of military
reasons as well. This natural cave is located at
the southern tip of the nation’s largest island,
just a mile from the shore for easy unloading
from tankers. It probably is not suitable for
crude oil storage or for gases because of the
Iimitted volume.

This sort of constant volume storage does not
require extensive engineering analysis; instead
it requires good safety precautions, venting and
pumping works. This type of storage has
nothing to do with the aquifer behavior. In
US, artificial caves were developed and used
for this purpose but Korea has definite advant-
ages in this regard.

The so called artificial Frozen Earth Storage
built by Phillips Petroleum Company has a
capacity of 160,000 bbls and required $5 in-

vestment per barrel with all the necessary safety

69
features, insulation, compressor and condenser.
The details of the Frozen Earth Storage system
is shown in Fig. 20 and the utilization of

Manjaggool cave will require similar install-

ations as shown in this figure.
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using the stored products as the refri-
gerant.

Conclusions

The subject of hydrocarbon underground

storage is introduced to Korea, and typical
examples of foreign practices are reviewed to
illustrate the techniques and the underline
principles.

Efforts have been made to make specific plans
as to how such underground storage system
can be developed in Korea. Utilization of dry
holes, development of low temperature geo-
thermal wells and adaptation of Jejudo Manjang-
gool natural cave have been proposed.

Serious development studies must be made to
fully explore the commercial realization possi-
bilities for the gas or LPG underground storage

systems in Korea.
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Nomenclature

aquifer sand thickness

gas bubble radius

pressure

dimensionless radius

dimensionless time

time

compressibility

porosity

viscosity

permeability

Bessel function of second kind 1st and
zero order respectively

Laplace transform variable
dimensionless cumulative flux function
cumulative water influx or efflux
pressure function

dimensionless time

dimensionless cumulative pressure chan-
ge function

rate function

computer time scale factor

voltage scale factor

dimensionless cumulative flux function,

constant pressure case
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w

P, discovery pressure

Vo initial reservoir pore volume
V. reservoir pore volume

Al twilight zone thickness

d distance to fault

P’,p dimensionless cumulative pressure chan-

ge function, constant rate case
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