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ABSTRACT : :
Since 1973, salt dissolution in unsaturated brine; a- wrb;zlem naturdl convection
mass transfer, has been further studied and thicugh laboratory experiments i was
conclusively shown that dissolution- is affected by many factors such: a$-solvent -
concentration, temperature ‘and velocity as well as sait surface: Inclmanﬁn,, rough-
ness and amount of impurities. The dominant factor in dissolving & salt cavityis the -
injected fresh water plume which was studied with and without the lateral confine-
ment conditions. As a resuit of the above studies, a numerical model for simulation
of cavity leaching wus first developed in 1974. Through continuous research more
advanced versions of this model were developed and have been successfully utilized
by the salt and storage industry. Other experiments have proved that lateral jet
injection can be utilized for directional enhanced dissclution and the reach of a jet
stream as a function of fluid velocity and local buoyancy was formulated. A side
product of this study was multiple jet injection method which when applied in the
field resulted in excellent results in overcoming the plugging probiem when the
injection tube was buried under insolubles. Useful information about salt dissolu-
tion in bedded salt and collapse of the insoluble stringers has been acquired through
model studies perfermed in the laboratory. The model studies for fracture-con-
nected multiple well systems were initiufed by conducting dissolution experiments
in horizontal conduits; and essential information for numerical: mﬂde}hng of such
systerns has been obrained. :

INTRODUCTION

The problem of prediction of cavity shape and produced
brine concentration has been studied in some detail for the
past severa] vears. Laboratory scale model studies employ-
ing sait blucks, and computer medelling utilizing dats in-
puts from this work have been used 1o formulate relations
capable of predicting the shape of a cavity and the produced
bring ¢oncentration ag a function of time and other vari-
ables,; such as inder-outlet position, rate of injection, height
of salt exposed to dissolution, etc. Valuable information
about the mechanics of solution mining had been gained
through laboratory and field experiments>®7=¢, However,
development of & suitable computer model first required
understanding of the mechanics of fluid flow and mass

transport in the cavity. For the case of top injection-battorn
production, the fluid flow in the cavity-can be approximated
as a plug flow throughout the washing period. For the other
cases of intermediate injection (reverse circulation) and di-
rect cipculation, the mechanizm of fluid flow in the cavity
varies with time during the leaching operation because of
buoyant rise of lighter fluids. For instance, for the direct
circulation method, the flow can be described in the begin-
ning as annular flow. The rate of sali dissolution would be
found to be dependent on the velocity of flow as well as on
brine density, efc. As the cavity dizmeter increases to sev-
cral times the original bore hoie diameter, the flow, al-
though still momentum-dominated,. cannot be classified as
annular flow, since the fiuid exhibits vortices or whotls
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caused by buovancy, Finally, when Lhe cavity has enlarged
{mature cavityh, the walls of the cavity have little effect on
the rise of the fresh water, and buoyancy controls fluid fow
in the cavity. Al this stage, two distinet systems of mass
transfer co-exist in the cavity: first, the cnirinment or mix-
ing of cavity brine into the rising fresh water (buavant
plume), and second, disselution along the walls of the cav-
ity and convective transfer of salt into the cavity brine,
These two systems of mass transfer co-exist in the systems
unified by the brine in the cavity.

SALT IHSSOLUTION MECHANISM

s generally agreed, based on the analogous technology
of heat transfer, that in free convection boundary layer flow,
turbulence begins when the product of the Grashot and
Schimidt numbers exceeds 1P, Buased on this and the work
done since last Symposium in this area, it hus been shown
that sait dissolution at the walls of a cavity may be described
as turbulent boundary layer transfer’.

Dissplwtion data for vertical salt surfaces gathered by
previous investigators™™® were used to derive an empirical
relation between brine concentration (density) and the rate
of muss transfer at 24°C solvent temperature.
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The effect of surface inclination. The convective dis-
sofution for non-verticat salt surface can be divided into two
categories based on the attitude relationship of the salt-brine
interface:

1. the siahle condition—btine above the salt face.

2. the urstable condition—brine under the salt face,

Durie? showed that the rate of dissolution decreases as 8
increasas, where B is the acute angle between vertical and
the sall surface, ranging from zeso to ¥} degrees,

Analysis of Durie’s data yielded the following relation:

were obtained for horizental surfaces {6 = —90°) where & is
the zcule angle between vertical and the salt surface ranging
from zeto to —90°,

Experimental salt dissolution rates for cellular flow are plot-
ted in Figure L. A smoath curve fitted through the points
showed that the two curves for 8 = —90° and § = 0° are
related by a proportionality comstant which was calculated
to be 1.44,

Dissoiution rates were also measured for attitude anghes
of —30°, —45° and —60° employing different brine con-
centrations. Results are plotted in Figure 2. The data points
tevealed that there is a significant increase in the dissolution
rate between inclinations of —40° and —50°. Experiments
showed that the flow rajectory changed significantly at this
surface inclination range.
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Figure L. Volumetric rates of salt dissolution vs, specific grav-
ity of the solvent tbrine).
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For the unstable condition, where the salt surface is
above the brine, previous work? proved inconclusive and a
new series of experiments was conducted. Initiaily, data
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Figure 2.  Effect of salt surface inclination on the rate of dissolu-
tomn.
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in a different dissolution study?, on large salt samples (1
meter longy similar results' were obtained (Figure 3).

Effect of the soivent velocity Experments were' u}n-'
ducted for small samiples suspended in a flow tube and the
results Indicated that dissolution rate increuses with sof¥ ent
velocity and an empirical relation was derived (Figure 437

Effect of temperature, Experiments were conducied’to
evaluate the effect of temperature on the rate of dissolution.
6 salt samples were used for 3 different solvent r.ememm«.
tions in the 75 to 120°F temperature range (Figote 5) '
the range of 40 t0.75°F was also covered, T

\ - . cated that the rate increased pmpm-tmnai w' the. temperature
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Figure 4, Effect of solvent {water) velocity on rate of dissolu-
tion. PLUME RISE VEECHAMSM
Since the Fourth Sympf;smm zhe 541 hamsm of fresh
water injection i brine and pe‘rfcmance of thie resulting
1 { dgm y 1 )(dm plume was further studied. Convective flow i 4 medivm
Poae \ A )& P dt 0=0 motivared sclely by hunyam.y is comnm:ﬂy known as sim-
ple plume flow. A simple plume is characterized by zero
vertical velocity at the origin of the flow. On the other hand,

e
8 + 45° a forced plume is Lharaaenzed by the momentum of the
P+ 221 - ——
' 45° fluid at the source.

The following relation best fils the data points:
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Among the extensive plume studies available in the hiter-
ature, only a few cases were reported where the direction of
flow from the ouilet was opposite to the buoyancy direction.

In cases wherz the buoyant rise of the plume is opposed
cither by a rigid surface or a density barrier, vertical move-
ment is redirected laterally. In this case, the term “‘verti-
cally confined piume’ has been used in the Hterature®”
Four distinct flow regimes are recognized in vertically con-
fined forced plumes as shown in Figure 6.

1. In the laminar flow zone (for low rates of imjection),
little or no mixing is observed.

2. The second zone, known as the positive entrainment
region, includes the zone of turbulent mixing.

3. The third zone inciudes the transition between the posi-
tive entrainment and drift regions. This zone is limited in
extent if the ambient brine is uniform in density. How.
ever, in stably stratified brine, this zone is most cxten-
sively developed and is known as the negative entrain-
ment region,
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Figure 6. Schematic diagram of a vertically confined plume (F,
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4. The drift region is the zone which is developed due to0
the existence of cavity roof or other vertical rise con-
finement (pad or blanket}.

Lateral canfinement of the plume affects its rise similarly
to the way vertical confinement does, The hydro-dynamic
regime of plume rise in a confined environment is Jimited by
the distance to the lateral confining boundary and the dis-
tance betwecn the inlet and the vertical confinement level. In
the process of sclution mining, the diameter of the caviry
(lateral confinement) and the distance from injection level
the roof (vertical confinement) determine the flow charac-
teristic of the plume.

The importance of lateral confinement stems from the
fact that it causes the inversion of the brine density gradient,
creating a transient situation in which denser brine overdays
tighter bring.

In order to study this aspect of the problem u laboratory
mode! study was undertaken®**. A half-cavity was leached
by reverse circulation in a two-meter-high salt block. The
model cavity was characterized during development by the
ratio of Ly, the distance from the inlet to the blanket fluid

J——
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Figure 7, Varation of the brine concentration profile in a mudel!
cavity as a function of Ly/D,.

fevel, to 1, the average cavity diameter over the distance
To. The initial Lo/, was 37.5 and decreased to 2.9 when
the washing was terminaied due to enlargement of the cavicy
diumeter 1o the edge of the salt biock. Measurement of
cavity brine voncentrarion at L,/D, of 7.3 indicated & grav-
ity inversion in the brine as shown in Figure 7. When Ly,
decreased o 3,3 through cavity enlargement as the result of
continged dissolution, the inversion disappeared. Lini-
formly concentrated brine occupied about 75% of the dis-
tance, 1., and the rest of the biine in the cavity exhibited a
negative conceptration gradient. If dissolving could have
contipued, resulting in farther reduction of Lo/D,, it is ex-
pected that the measurement would have indicated a nega-
tive gradieni throughout.

It wus concluded from expeniments conducicd ina .5 m
high, 30 ¢m diameter plexiglas cylinder that the level wm
which the gravify inversion was observed corresponded
closely with the location where the cavity walls restrained
the rise of the plume. Bt was aise concluded that plume
chargcteristics cun be described on the basis of the densi-
nwetric Froude number {Fy), defined a3 the outlet.

For Fy < 1 buoyancy is the dominant force. The length
of the laminar region increases to & maximum znd then
deereases 1o zero as Fy increases from O o

For Fy - 1 the laminarregion disappears, turbulent mix-
ing ix present from the outlet, and fleid momentum at the
outlet comributes to the rise velociy.
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Figore 8. Gravity inversion caused by the latera] confinement in
& plume rise experiment’.

In studies of the confined pluie, the plume and the am-
bient brine were distinguishable below the level where lat-
eral confinement affected the rise and growth of the plame.
However, above this level such distinction could not he
miade. The onset of gravity inversion correlated with the
tevel at which confinement was established, One example is
shown in Figure 8.

LABORATORY STUDIES OF OTHER FACTORS
IN LEACHING PROCESS

Effect of insoluble siringers on cavity shape. 1) Three
Layer Bedded Salt Model?*: The model consisted of three
slabs of rock salt attached together by thin layers of ce-
ment. A cavity was leached in the model by direct circula-
tion method {botom injection-top production) during a
31 bour experiment. The cavity shapes are shown in Fig-
ure 9, The cavity brine gravity measurements showed an
inversion throughout the leaching time.

2} Five Layer Bedded Model with Partially Soluble
Stringers®® In constructng the madel, a mixture of salt and
cement {92% to 8% by weight) was used for stringers W
faciiitate the breakaway condition. A 63 hour feaching ex-

e
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Figure 3. Cavity shape vs, leachiay time®.

perinent was conducted und the recorded cavity shapes are
shown in Figure 10.

The above experiments in conjutiction with another
teaching test in a bedded maodel with inclined stringers have
provided valuable inforrnauon which will be used in future
numerical modelling work.

Cavity leaching in two well fracture connecied
systemns. The mechanism of salt dissolution in galleries or
connecling conduits in two well systems has been of grear
interest to operators of solotion mining syslems in bedded
salt. The results of the few reported experiments are gques-
tionable, since the free air from the injected water (due to
2ain in salinity) had formed air pads and obstructed the true
dissolution patters, In field practice, pressures are thougit
to he high enough to keep the air in solution,

13 Salt Dissolution in Horizontal Conduits®®: Experi-
mental work began by smdying the salt disselwtion in 2
horizontal conduit, 6 mm tall, 1.3 mm wide and 80 cm
long. An air gathering port had been constructed at the
tnjection side to remove the freed air from the system. A
48 hour leaching experiment injecting 50% sawrated brine
at 30 cc/min was conducted. Resulting conduit shapes are
shows in Figure 1.

2} Sakt Dissolution in a Hordzontat Fracture: A leaching
experiment was conducted in a horizontal fracture model
23 em wide, | mun fall and 60 cm long, An air gathering
systern had been constructed on the injection side, The ex-
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Figure 18, Bedded salt model, cavity shapes vs. leaching

ttmgs™®,

periment began by circulaning water at 3 ¢o/min to oblain
saturated brine on the production side. The results indicated
that by keeping the saturation line above the production
level, there was little ar no disselution on the production
side,

Additional fracture dissolution cxperiments have been
planned, which showld provide the nceded data for de-
velopment of 4 numerical modet {or multiple well systems.

Directional dissolution in cavity leaching, Leaching
experiments™® have indicated that directional dissolution
can be achieved in a cavity by means of a horizontal jet,
provided that the stream reaches the cavity wall (Fig-
ure 12},

1. The Horizontu] Peretration of a Buovant Jet Stresm in
Brine: Numerous experiments, using three different
diameter jets, were conducted, The results mdicated that
the densimetric Froude number at the jet outlet controls
the reach of the jet stream (Figure 13}

(%)

. Application of let Injection in Cavity Leaching: Multi-
ple jet mjection can kessen the chances of whing plugup
by insolubles, encountered in fubing injection. A com-
parison of data from field cavities, one leached by con-
ventional tubing injection and the other by jet injection
clearly confirms the above siatement®s.
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Figure 12, Cavity cross-sections ut the jet level®.

CAVITY DEVELOPMENT SIMULATION

In the wajority of reported attempts at salt cavity simuia-
tion, the problem has been oversimplified to the extent that
the appiication of these methods 10 a ficld case generally
vielded large discrepuncies belween predictions and actual
ticid measurements. A numenical meodel was used to simu-
iate a ming-day leaching experiment of a 60 meter high cav-
ity developed tn & salt mine (top injection, bortom produc-
ton}, This cxperimental pilot-size cavity experiment was
reported by Jessen®. The madel treated the cavity as a tube

with injection at one end and production at the other. In
1972, Jessen® reported the development of a method for
shape prediction of & mature cavity. Under the assumption
that brine concentration in a mature cavity was in 2 steady
state, the concentration profile was used to evaluate dissolu-
tioh rates and the cavity shape corresponding to an addi-
tional one veur of leaching was cakculated. Similar work
was reported by Potticr and Esteve'® in 1973, They used the
results of numerous sonar surveys and production data o
simulate numerically a period of 2 months of leaching. In
1974, Nolen et al? reponied the development of a three
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Figure 13, The reach of horizonral bogyant jet streanis in brine®,

dimensional numerical todel for cavity develupment by
solution mining. Basicaliy. the model is an o# reservoir
mode! which has been modified to simulate the solution
mining process,

The numerical model, SALT77, today used in industry
for planning single cavity leaching opetutions is the product
of several years of SMRI sponsored research. The chronol-
ogy leading 1o the development of SALTTT is as follows:

MIXINGI (1972-73)
MIXING2 (1973)
MIXING? (1974)
SALTT6 (1976)
SALTI? (1977

The computer program MIXING] was developed using
the results of five different water-brine experimenis'? with
reverse circufation in both uniform and stratified brine. Fig-
wre 14 represems the simulated and measured brine con-
centration for one of the five experiments.

e

For development of MIXING2, additional checking of
the program, especially in reference w scaling, was ob-
tained by simulating & mixing experiment In a jarge tank
{125,000 gal)'®, which resuited in close agreement between
the measured and calculated brine concentration profile in
the tank {Figures 13a, 15b}.

In Phase Three {MIXING3), simulation of the compiete
development of & cavity starting from # bore hole for either
direct or reverse circulation with constant or variable injec-
fion rate was developed. The numerical model was designed
with the minimum of hmitatdons possible, allowing the
simulation to be accomplished by integrating the salt disso-
tation and confined, or free plume mixing relations, The
computer program consiats of ¢ main program and six sub-
routines and/or functions, Figures 16, 174 and 17b show the
comparison belween the model’s cavity shupe prediction
and sonar measurements of two field cavities.

SALT?6, a more advanced version of MIXING3 was
developed after receiving feedback from the users of
MIXING3. Added options included provisions for: 1) dis-
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Figures 18§ and 9 show the comparison between cavity [
shape predictions by SALT76 and sonar measurements for 6000 b—

two field cavities'®

SALTT7. the latest version of the numerical model, has =
the following added oprions: 1} injecton-production switch z [ a0 (¢
over, 2} heterogeneous salt, 3} circulation pressure caleula- a ™ :
fon and power consumption. L pe—
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