Techniques for Developing Predetermined
Shaped Cavities in Solution Mining’

-

ABSTRACT

The problem of obtaining specific configurations in massive salt during solution mining is
presented. Techigues are described which provide means of obleining various shaped cavities,
Such cavilies have certain advantages over those obtained generally by preseni-day opevations.
Spherically-shaped cavities offer advantages as storage caverns. Laboratory investigations have
proven the fensibility of jorming cavities and numerous models weve developed in the program to
determine the most feasible manney foy forming sphevically-shaped cavities. Methods are out-
lined for obtaining specific lypes of cavities in massive sall by the solution mining technigue.

An increasing number of utilitics, gas transmission companies, producers, and refiners are
locking underground for safe and economical gtorage of bvdrocarbons. Underground storage ca-
pacity in the United States has increased tenfold during the past decade, and projects in the plan-
ning stages indicate a continuation of the upward trend. Solution cavities, mined caverns, natural
reservoirs, and abandoned mines, reservoir. and munnels make up nearly 90, 000, 000 bbis. of
storage facilities. Roughly 879 of this space is in salt caverns which cost less than $ 2. 00 per bbl.
of capacity to construct {1).

Begides being attractive 1o the industries involved, underground storage has proved to be of
substantial benefit since it affords broader coverage of the L.PG supply over the wimter months and
permits wider domesgtic and industrial use., [t conserves energy resources because without vast
starage facilities the gas would go to less economical uses, and it conserves critical materials
such as steel for other applications in the national interest (2).

At present, the prime and often only consideration in the design and construction of sclution
cavities is storage capacity. As the applications and use of these caverns become more wide-
gpread and investment in them continues to increase, other considerations such as ease of opera-
tion, stability, areal extent and prevention of product loss in traps caused by uneven or irregular
solution become more important. Many of these requirements may dictate chamberxs of particular
shapes such as spheres, cylinders, ellipsoids, Or cones.

This investigation was undertaken to determine the mechanics of the solution process in or-
der 1o establish the feasibility of leaching cavities of predetermined shapes. The methods of cir-
culation currently being employed by industry were reviewed and all laboratory work was done with
a view of applying information gained to the construction of large-scale field cavities.
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Feasibility of Controiling Cavity Shape

Ia initial model studies. using both direct and reverse circulation, attempts were made 10
duplicate actual field cavities whose dimensions were known through sonar log surveys. Figure |
depicts the type of cavities obtained (3). Reproducibility of exact shapes was not achieved, though
it was possible to duplicate the general configurations in every case. 'This inability to reproduce
the exact shape of the field cavities in the laboratory models undoubtedly was due to the large re-
duction in the scaling factor.

Through the uge of quarter and half sections, which permitted visual observation of the
washing process, flow lines were traced by the addition of colored dyes 1o the inlet water. In the
cage of reverse circulation, the inlet water rises and tends 1o remain near the top of the cavity due
o gravity segregation. Continued circulation displaces it towards the sides. As the fluid in~
creases in demsity it flows down the sides of the cavity. While the process of solution continues,
convection and diffusion take place simultanecusly, causing flow towards the center of the hole.
Reverse circulation generally affords the most efficient use of the circulating water due to its tor-
tuous path in the cavity.

Figure 1. Cast: of Model Cavitivs,
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Due to the prominent salinity gradient initiated by the setting of certain ¢dimensional relation-
ships of the inlet and outlet pipe positions, field cavities formed by this method are usually wider
in the upper region, or "coke bottle shaped” when multiple stages are used. Effects of pipe posi-
tioning on cavity shape are depicted in Figs. 2 {a) and 2 (b). Since gravity segregation can be in-
fluenced by the relative positions of the water inlet and outlet, almost any desired shape, as long
as it is a solid of revolution about its vertical axis, may be formed by the proper uge of floating
Jiners and inert blanket material.
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Figure Z(a), Effects of Pige Positiotiing en Cavity Shape Using the Reverse Clreulation Fipure (b}, Direct
Method, Circulariom.

In the direct circulation method there is a flow of water in the upward direction. This re-
sults in an increase in salinity from the point of injection to the point of discharge, and from the
center line of the cavity to the salt boundary. The effluent usually remains slightly undersatu~
rated. The characteristic shape associated with this method is a slightly wider diameter in the
lower region or a nearly cvlindrical "jug type" cavity.

Controlled Washing Methods

Salt blocks, ranging in size from 8 ft.3 (2'X2'X2') to approximately 45 ft.3 (3.5"%3.5'%3. 5"}
were obtained from the Morton Salt Company, Grand Saline Mine, Grand Saline, Texas, Carey
Salt Company, Winnfield Mine, Wionfield, l.ouisiana, and the United Salt Company, Hockley Mine,
Hockley, Texas. A total of 48 cavities, ranging in size from 8 to 18 inches in diameter, were
washed in these blocks. In order to permit visual cbservation of the washing process, many of the
cavities were washed in half-section. A transparent Lucite plate was cemented to the salt face and
the initial hole was drilied adjacent 1o the Lucite plate, Figure 3 illustrares the mode of washing.

In order to maintain a basis of comparison and continuity between the various techniques and
the individual experiments, the experiments were limited to the formation of a gpherical shape.
Bach technique was evaluated according to its utility in forming this particular configuration. The
criteria for forming spherical chambers may not be applicable 10 other shapes while certain tech-
niques, cumbersome in some applications, are well suited to others. However, much common
ground exists in the basic considerations of controlled washing, For example, the utilization of
gravity segregation and lirnitation of the surface of salt exposed by an inert blanket material must
be consgidered in arriving at a procedure 10 attain a cavity of particular size and shape.

The reverse circulation method seemed better adapted to the formation of spherical shapes
and was used exclusively,
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Fipure 3, Kquipment Ser Up for Washing,

Floating String Technique

The Floating String method utilizes two concentric circulation pipe strings, a stationary oul-
let siring and a movable or floating inlet string. The distinguishing characteristic is thar the float-
ing string is always positioned so that the point of water injection coincides very closely with the
position of the blanket-water interface. The outlet string remains bottomed at total depth through-
out the process. Figure 4 depicits the method of operation and progresgsion of a cavity washed by
this technique. Close control requires that the cavity be washed in a2 number of stages. The num-
ber of pipe manipulations increases with the complexity of the desired shape. However. the mum-

her of pipe manipulations can sometimes be reduced by using a number of concentric floating
liners, as shown i Fig. S.

As leaching progresses, any point on the surface of the exposed salt section proceeds along
a path normal to the surface at that point. The rate at which that point progresses is proportional
o the salinity of the water opposite that point. A prediction of progressive configurations is then
possible by extrapolating from one washing stage to the next, as illustrated.

Cne of the complexities of this procedure arides from the fact that the final cavity configura-
tion is the result of the alteration of each washing stage by every successive stage. Therefore,
cavity shape is greatly affected by the uniformity of the salt, flow rate and pipe setting. This ren-
ders precise control very difficult.
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Figurz &, Progression of Cavity Washing by Fiearing Sturing Techrique,

I 1N Inert
A Blanket ~,

Figure 5, Cavity Progression Dsing Concentric Strings 10 Minmize Pipe Magipulation,

Stationary Pipe Technique

This technique congists of keeping the number of pipe manipulations to & minimum and mov-
ing only the inert hlanket to achieve control. Both the twbing and casing are positioned only once
for a given series of stages. Due to the physical set up of the circulation system, gravity segre-
gation is not as pronounced ag in the previous method and cavity progression is more cylindrical.
However, enough divergence is achicved in the upper regions of the cavity to facilitate the forma-
tion of spherical shapes, Figure 6 shows the technique and tvpe of cavity formation obtained.

The desirable feature of this type operation is that it facilitates the formation of various cir-
culation patterng within the cavity by simplifying operational functions identified with pipe manipu~
lations. The undesirable feature of the interdependence of washing stages is inherent in this pro-
cedure. Whereas this may be a distinct disadvantage when attempting spherical shapes, it may
not be detrimental when constructing cavities of less complex configuration.
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inert

Figuee €. Progression of Ca vity Washing Uising Srationary Pipe Pechinique,

Movable Pipe Technique

This procedure consists of washing the cavity in a series of horizontal layers. The vertical
extent of each layer is limited on the bottom by saturated brine and on the top by an inert blanket,
Figure 7 shows the typical advance made in cavity formation using this technique.

It affords a higher degree of control than the two previous methods since the layers can be
made very thin rendering almost any shape possible, However, this greater accuracy is obtained
at the expense of more time consuming pipe manipulations. Moreover, precise pipe positioning is
very critical.

Any one of the aforementioned systems may be used for the construction of relatively simple
shapes such as cones or cylinders. (Cylinders can also be formed by the direct circulation methad
but with less economical use of the circulating water. For more complex shapes, such as
spheres, the layer technique, described below, was found to be most satisfactory.

l.ayer Technique

In order to visualize this process, consider the volume element formed by revolving the
quadrilateral ABCD (Fig. 8a) about the vertical axis X. A series of area strips can then be re-
volved about this same axig, as in Fig. 8b to form concentric thin-walled segments around the
original volume element. If these strips are such that their widths are very small, making the
number of strips revolved very large, and the horizontal and vertical progressions are controlled,
it is possible to obtain a geometric shape that closely resembles a sphere (Fig. &c).

By utilizing this process over a wide range of flow rates and pipe settings, a cavity is formed

through expanding the frustum of a conic section. The greatest diameter of the frustum of the cone
always coincides with the blanket-water contact. Leaching beging with the blanket (air, natural
Zas or a liquid hydrocarhon) at the 10p of the proposed cavity. As the cavity is enlarged, the blan-
ket is gradually Jowered by an amount dictated by the geometry of the projected shape go that the
blanket-water interface always coincides with the surface of the projected shape. Almost any de-
sired shape can be constructed in this manner as long as the sides of the cavity below the blanket
are confined within the Hmits of the superimposed shape.
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Fipure 7. Progression af Cavity Washed by Maovable Pipe Technique,
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Figure 8, Fommarica of Spherical Shape by Revobution of Concentric Quadrilaterals,

In order to facilitate multiple staging without the disadvantage of pipe movement, the circu-
lation system may consist of three or more concentric pipe sirings as depicted in Fig. 9. When
circulation is being maintained through the upper strings, insoluble material is removed by peri-
odically switching the effiluent to the tubing by means of a manifold at the circulation head. The
tubing should be of a size to asgure sufficient velocity for particle removal.

In order for this type of controlled washing to be effective in producing cavities of close di-
mensions, the progress of the cavity must be monitored throughout the leaching process. This
can be done usually by earablishing a relationship between the position of the blanket-water contact
ang the volume of space occupied by the blanket material in order 1o determine the diameter and

position of the blanket-water contact.
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Determination of the blanker position is relatively easy to accomplish. Since the inert
blanket is usually a nonconducting material, the position of the blanket-water imterface can be set
by the use of registance wires or electric probes.

The volume occupled by the blanket material is more readily ascertained when a relatively
incompressible fluid is used. The volume of space occupied by the inert blanket material and the
amount of mass removed below the blanket material are much more difficult to ascertain, Mate-
rial balance technigues derived by Remson {4) and Kazemi {(3) are available, but the practical ap-
plication of equations developed has not been proven in large-scale operations. See Fig. 10,

Figure 8, Cencentric Washing Strfags to Facilitaie Formation of Spherically-Shuped
Cavities Using the Layer Tochnigue,
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Figmre 322, Schematic DHagram of Washing Prcess.

304



‘The most promising technique is an empirical relationship derived in the laboratory that has
proved quite successful in laboratory specimens. Basically, the technique is.gimply an experi-
mental relationship between blanket heighr and rotal mass removed which can be compared with the
theoretical blanket space curve with any errors corrected as they occur.

In practice, the best available empirical wash curve is followed in removing salt, and blan-
ket additions are made according to the following relation:

Vo = v § R RE - YD) oY = r(RH? - HY/D)
which relates the blanket volume V}, to the

hlanker height, H. for any given sphere of ra-

dius R. See Flg it . Y 1 T

R
The cumulative additions of blanket ma- 2OV T 5 (RE-y¥y1dy = W{RKE- n¥3)
terial made during the leaching process must ' R-h
equal the blanket volume V, calculated at any }
given height, H. If less blanket additions were
nocessary, the segment under consideration ' 6 ' /
was underwashed, and if more blanket volume :
was necessary, the segment was overwashed.
In this manner, it is possible to form a spher-
ical cavity in which the volumetric differences
between the projected diameter and the over-
washed gection represents a maximum erxror
equal to the sum of the overwashed segments
which cannot be retrieved. Underwashed seg-
mentg can be rewashed to leach additional salt
as required. Figure LY illustrates this prin-
ciple graphically. The top curve is an empir- /
ical wash curve which is used only as a guide.
The bortom curve is the theoretical blanket 0.4
space curve which is used to control cavity
shape. The cavity shown in Fig, 13 was
leached aceording to this technique and the re-
sult was a fairly uniform spherical cavity 0
which, except for the hidden crack, might have . 0 i0 20 0 40
been 100Y% successful. . Vp, R=1

S )

Ry
/

h, FRACTION OF R

The procedure followed when using the
material balance equation is given below: : Figwe 1L Position of Blanket-Water Centact
as a function of Cavuy Volume occupied by
blaslt=! mazerial,

i. By manipulating the blanket, find the
greatest value of h such that Vy, {cal-
culated) is equal to V,, {from curve,
Fig. 11).

2. Wash with blanket in this position for a certain time interval (based on experience).

3. Lower blanker by increment and again find greatest value of h such that Vp (calculated) is
equal to Vy.

4. Repeat 2 and 3 throughout the process.

Figure 14 shows relation between specific gravity of brine solutions and weight per cubic
foor.

By a similar technique, the water inlet can be closed and water displaced from the cavity by
air. ‘The amount of water displaced is measured and the change in water level is determined by
the use of electric probes, Making the same assumption as above, the diameter of the blanket-
water contact can be determined.
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Effects of insoluble Material on Caviry Shape

The sal used in all expertments con-
tained insoluble material, mainly anhydrite,
in guantities from approximately 19 to more
than 10%. The amount was fairly consisrent
in gpecimens from a given socurce. o sev-
eral cases the bulk of the impurities was
concentrated in parallel bands, several
inches thick, as shown in Fig. 15,

The collection of this material on the
cavity bottom acts as a barrier and greatly
reduces the rate of solution in that area. [f
most, but not all. of this material is re-
moved from the cavity while washing, the
bottom of the cavity will assume a conic
shape whose sides slope at an angle equal to

the angle of repose of the insoluble material.

In the case of anhydrite, this is approxi-
mately 34°.

Other effects of insoluble material on
cavity shape tend to average out over the
washing process and become relatively in-
gignificant, except when the avhydrite
stringers or bands are sufficiently thick to
provide barriers. In such cases greater ir-
regularity of the surface results. With se-
vere banding of anhydrite, it would be

2.0

SPECIFIC GRAVITY

o
fra)
]

3+

<
EN
¥

0 20

Figure 14,

40 60 B8O 100 120
W, LBS/FT3
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Figure 15, Occurence of Inscivhie Material,
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difficult to obtain smooth surfaces. Generally, excess amounts of insoluble material in the hottom
of the cavity may be remeved by jetting through the tubing.

Conclusions

When fresh water is introduced into a solution cavity, gravity segregation of the circulating
water takes place and a salinity profile is developed within the cavity. This salinity profile is in-
fluenced by the relative positions of the water inlet and outlet and by the flow rate. Cavity shape
cas be controlled by initiating the proper leaching condirions through manipulation of these param -
eters and a known rate of increase in the amount of blanket material.

Four comntrolled washing techniques are described. Each was found to be effective in forming
cavities of various predetermined shapes. The effectiveness of these techniques is directly related
to the accuracy with which the cavity progress is monitored.

The effects of insoluble material on cavity shape are not 0o serjous and can be controlled to
a large extent. Other problems which may arise, such as accumulation of insoluble material in
the botrom of the cavity, can be minimized by correct planning and selection of pipe sizes to affect
the required discharge velocity for adequate removal.

Expanded technelogy in leaching operations may be a contributing factor in meeting the com-
plex requirements for future underground storage cavities.
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APPENDIX

Consider Fig. 10 where an imtermediate step in the washing process is represented schemat-
ically. The shape of the portion of the cavity occupied by the blanket material can be determined
by seclving the relationship.

volume of cavity volume of material volume of brine
space occupied by = removed or - remaining in
blanket material dissolved cavity

in terme of the simultaneous equations listed below.”

P, = P, + 0.00694 W [T"g-+ O — (1)

[+ + Zowt)
P, - P, L1 + ZnRT

N Y et 2
i
V\.- = VWO (1 + PWO} = Vw; [T"‘"‘:""*’“-F'"";g + Fw{] + VWC FWC + VI ““““““““““ (3}
[P, VA, 5, ] +H-H-H~:[—P—h~+~‘f—2~£+z]
W 2g a A L E W 2g b
Pse _ 5 By ¥
W D) = gt gt T

® Al symbols defined at end of appendix.
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2
Po o B Vo 4 7.+ 2, )

- p V4 1
p, = Iy = W [—ng— + Zy (L + ff)] EVER

o o oeosw [ V2 .
Poo= Pid 0.00694W [ L+ )] e ()
Also,

-

P, = Py + {D - B} (0.434) (Swc ) + Wt of air column
sa,

P. - Py - Wtof air column
(D - h) (0.434)

Swg =

or finally,

Swe = Fr 7 Py R o @)
(D - h} {0.434}
By relating the water input and effluent, and assuming water in = water out - water remaining
in cavity, then
Vi

TR o=V w Vi

i - B ) WO we

Furthermore, the volume of cavity = volume of salt removed from cavity + volume of salt in
solurion in water in the cavity + volume of insoluble material removed, or

Ve = Vgo Fuwo - Vwi Fwi + Vuyc Fwe + ¥

It then foliows that the volume of cavity space cccupied by blanker material = volume of cavity -
volume of water in cavity,

Vi * Vo - Vi
[ 0 Vo]
Vo = Vwo Fwo = Vw1 + Vewe +_V1 - L - Fwo) ~ Vwo
i
Vi = Vo (0 + Fyo) - Vi [ i~ Fwoy ¥ Fu ] * Ve Fue + ¥ cvemm-oa- (3}
Determination of
Py, Py, Py, Py -~ from pressure gages

Vwrs Vwo. V, -~ from meters and direct measurements

B, Sypv Sywo ~- from direct measurement

Legend

Cy ~~ imnermost circulating string, extends to bottom of cavity
C, -~ intermediate string, does not extend to bottom
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Cys  -- outcrmost string, extends short distance below top of cavity
Cy4  -- protective string, cemented through cap rock
Py ~- surface pressure (psig @ wellhead), discharge pressure inside C
P, - surface pressure Cy - C; annulus
P4 -« gurface pressure Gy - (g anmulus
P,  --surface pressure Cg - Cy4 anmulus
R -- radiusg of sphere (ft.)}
h -- distance from top of cavity to blanket-water contact {ft.)
-- distance from bottom of cavity 1o outlet, in effect length of G, (ft.}
V.. ~- volume of brine discharged from cavity
V. -~ volume of fresh water pumped into cavity
Vi - volume of inscluble material removed from cavity
Vi -- valume of cavity space occupied by blanket material
V e ==~ volume of cavity space occupied by waier
S 4o -~ average specific gravity of V
S, -- average specific gravity of V,
5. ~--average specific gravity of V.
Fue -- salinity factor of Vg
B, -- salinity Factor of V,
Fuc -- salinity factor of V.
v -- velocity of outlet brine {ft. /zec.)
g -~ acceleration of gravity {32. 2 fi. /sec. /sec.)
W -- gpecific weight of outlet brine {Ibs. /cu. ft.}
f -~ friction loss in (ft. head/fr. length)
Ve -~ volume of cavity
M -- distance from the surface to the blanket-water contact
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