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ABSTRACT
A numerical model which simulates salt cavity develop-

ment by solution mining processes has been developed from
mass transfer basics as applied to salt dissolution. A simpli-
fying hypothesis and its complements made for industrial
application to gas storage use have been indirectly verified
by the very good fit found between simulation results and
field measurements. The final model provides the shape
variation, bottom position, brine quality, and flow rate ver-
sus time according to successive injection flow rates. This
model has been helpful in various studies ranging from
performance projects to leaching surveys for cavity creation
in any given salt layer. It could be a good supporting tech-
nique for accurate optimization.

INTRODUCTION
In 1968, one transmission line supplied the town of

Lyon, (France), and its suburbs with natural gas. The
increase in gas consumption, especially for domestic heat-
ing, progressively led to an increase in demand from the
transmission line which was close to its maximal capacity.
In order to avoid the construction of a new transmission
line, it was decided to create a natural gas storage facility
for use beginning in the winter of 1970-1971 which would
have a high withdrawal capacity. Unfortunately, there
was no useable acquifer known in the region of Lyon, but
a geological opportunity was offered by the presence of
subsurface salt deposits.

In considering the possibility of the storage facility in
salt, the main concern very quickly became the possible
mechanical behavior of the salt around the cavity to be
used for storage where the cavity would contain natural
gas at a pressure much lower than the overburden pres-
sure, especially at times when the gas was near the end of
the withdrawal cycle. The shape of the cavity appeared to

be very important for the stress distribution. Under geo-
logical conditions a pear-shaped cavity seemed suitable for
both mechanical and storage considerations. With this
decision, it became necessary to institute a study on the
growth of the cavern by leaching so as to sufficiently con-
trol the dissolution process and obtain the desired param-
eters including:

1. obtaining the desired pear-shape of the cavity.
2. location of the cavity in the correct place.
3. location of the cavity within the salt stratum of lim-

ited thickness.
4. location in the salt stratum correctly in spite of dis-

seminated insoluble materials such as clay and anhydrite.
5. completion of all operation in the prescribed period

of time.
6. correct implacement and movement of the injection

tubes and performance of the planned shape survey.

Cavities are washed through one well only, with two
concentric tubing strings and bottom injection.

THE MODEL
The model is described in terms of the basic informa-

tion on the dissolution of salt on the cavity walls, general
cavity dissolution including growth of the cavity, the
leaching process and limitations of the model.

Dissolution on a salt wall
Basics. The theoretical basis for dissolution are given

by Durie and Jessen (1964) in two articles. The first paper
gives physical analysis, mathematical formulae and the
resolution for salt removal from a smooth surface into brine
through the laminar boundary layer which governs natu-
ral convection. Experimental results show a good correla-
tion with the adjusted theoretical relationships (Fig. 1).
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The second paper shows the influence of dissolution on an
inclined surface. The correlations with experimental re-
sults are excellent (Fig. 2). These papers are related to
natural convection with a laminar boundary layer. The
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rate of salt removal for a given bulk brine concentration
changes with position of the point under consideration on
the vertical surface.

Complementary hypothesis. In keeping with the dimen-
sions determined for the cavity in the field, a complemen-
tary hypothesis has been made by us which states that
convection in a cavity during leaching is a turbulent pro-
cess. The salt is removed from the walls through a sub-
laminar boundary layer into the brine in an eddy diffusion.
The sublaminar boundary layer is thinner than the lami-
nar layer. This fact, together with the occurrence of eddy
diffusion in the bulk brine, probably leads to an increased
rate of salt removal for a given brine concentration and
this rate is the same on each point of a plane surface.

Assuming that the relationships established for laminar
convection are useable for sublaminar boundary layers,
the rate of salt removal in a cavity can be calculated versus
brine concentration with a corrective multiplier, the value
of which was found by experimentation and which is valid
for any inclined plane surface (Fig. 2).

Cavity dissolution
Geometrical approximations. The desired final shape

and related intermediate shapes of the cavity are approx-
imated by a combination of cylindrical and conical shapes
(Fig. 3). The roof is assumed to be a cone. Movements of
inert fluid in small amounts, calculated by special codes,
allows control of this development of the shape of the
cavity. The position of the roof is controlled by both inert
fluid movement and the positioning of the insert tubing
shoe. The bottom of the cavity is formed by fallen insolu-
ble materials which are freed from the massive salt by

bi t

RATE

Figure 2.



SOtsiC SURVEY 18 i C 1970
KEFLE Stir:CHM FOR °METRICAL

SHAPE INITALIZAIICINI

Simulation of Gas Storage Cavity Creation 293

'"&m.y Alimunmemommummumnsmommorma
M.97.45020.4L11111MIEMENIEMENEEISEEMEEMININIMEE
IENEENBEEMEMBEESEMEISEM

IN
IEMEMIENIEEEMEE

MESEISI	 SEEEEKNIEMEIMMEINESENENE
05 INEINIEENEEN	 IIMIESEEEE MIENENINIEENEENEE
2o 111MBEENEMESEEESEENIESEN El NI

	 maeArAIIMMENNIMmumillil III	 ma.,1412-- “MmuRINHOMEMEM III
I i suillow.MININIUMMINISIEntil=

EMENBENEM n EMEMEIM nnnn IMMENSE=
MINEEEEENumummusEEENE IIENSEMENIENNENEIN

0 HIMINEWEEEMEEENEEIME E EIEEMEMEEMEMIM1WIMINNEMNIMMINIM II 11111111,111
; EIMIESSEEMEE=INESEEMINISEMINEThill

ENEEEnn INI n EE n EE nn NS SI MINIMEE=IIII1=111
EINEEINEEMINEEEEMEMEEE Si masiniimmanilININNIONM••••••••1111106

SE
n	 Thit=

!.55 .. IIIIIIIMNINSESENNESEINEEE Ila inmummEEI
rENEENEEEISMINEEMENIERF1107=MMISEENIME
5 SEEINEMENEENSIESENEW MOP MEN MIUMMIUMNIIImmilommommummommelvammummraimmummum
ENEEINEMESEEEMINMI ;MEE= •11111MINNI

•fiEsEENNENIMIMEms mown IMMEMINIMINi§leminammimmummummumwamammems
5! MINIEUEEMEINEENENSEEI VEMENIMIE ENNIENSEEMENIemislailIMEINIMINIMai UMW . Winesuen11111111.1111111111,11111rir 11111.1ffillrilVINIMMIMR

IMINIRIMIMMILIMM Vii IIIMSNI IN , NIMINIINNUMWOMINTNENnellitilW ••.:4,4111.11mumns..,,-1111.11111Mil er--:,:-:4111111111101111•11111111
KiiiIIIIIIIIngall=64$111111wmaissammummutimummmaimmumm

S nn•MnININI MINIM ' . ;:Clip'.:MEMEISEESIVEI.SHNIMINI
Kr! mulEMENNINUMOSEig t=',.1i: lommaion7..:-.:ESSEIBINEwoommommuniuwiiaaftiftwzgsommomm
45-1,....ThINNEEMENNEINUMMINEMEMMEEMEMEEME
Wro"1:LiallEMEMEMEMEMMEMEMMEMEMEMESSEEMBE4.4„4r,, .-usiummammeammumemsimmommumZovi.JIMMIBMOMMOVEMMUMEMINIMEMSEMMIIMMweiritionmiummunun immimmamm nmmilm
171,47= 	 inIMMOMMERRNEMMEMEMMEMMEMMME0111118OXIMMOIIIIIONOMMOMUNOm
moil jeLE ca,ffen to% 11111	 MINIMIUmNnoll

MN CLAY
IZZ ANHYCHTE

Figure 3.

dissolution of the walls. The bottom takes on a conical
shape, sloping down from the cavity edge.

Growth of the cavity. Normal displacement of any in-
clined plane is related to normal displacement of a vertical
plane or wall. Accordingly, it is possible to determine, step
by step, the new progressive positions of each wall portion
being dissolved, the volume of the freed insoluble material
and the progressive position of the bottom. The volume of
the freed insoluble material is calculated from the previ-
ously determined amount of insoluble material contained
in horizontal slices of the salt layer (Fig. 4). It is assumed
that the insoluble material is evenly disseminated in the
salt and that no dissolution occurs under the rubble pile
at the base of the cavern. This kind of model, regardless
of the development time connected to brine concentration,
can be used to verify the approximation to the desired
shape and volume of the cavity in the given target salt
layer.

Leaching process. Normal displacement of the vertical
wall versus time is related to the brine concentration. With
bottom injection and turbulent convection, brine concen-
tration is assumed to be the same around all of the cavity.
Where displacement of the vertical wall is known with
respect to the brine concentration for each time incre-

F igure 4.

ment, the position of the walls at the end of each time
increment can be calculated. The procedure provides:

I. mass of the salt removed by dissolution.
2. amount of insoluble materials freed by dissolution.
3. position of the bottom.
4. the volume of brine removed and brine concentra-

tion at the end of each time increment.
5. by material and volume balances for each time in-

crement for:
a. salt removed from the wall,
b. salt contained in the cavity brine,
c. water injected (directly or as sea water or brine),
d. water contained in the cavity brine,
e. volume of the cavity.

By repetition of this procedure, the values for each vari-
able involved in the leaching process are obtained for each
time increment. The data needed for the calculations are:
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1. insoluble material concentration for horizontal
slices of the target salt.

2. initial shape of the cavity and position of the cavity
in the salt layer.

3. initial concentration of the brine in the cavity.
4. successive positions of the injection and insert tub-

ings and test values for change.
5. successive injection flow rates and injected fluid con-

centrations.

The results available for any increment of time include the
position of the cavity walls and bottom and the concentra-
tion of the brine produced and flow rates.

Limitations of the model
In the salt layer it is assumed that all walls are exposed

to leaching and must have same capability of dissolution.
In addition, it is assumed that the insoluble materials are
evenly distributed. Interestingly, these conditions are very
often verified for halite layers. The general shape of the
cavity must be round enough, or the injection must be so
adapted, as not to invalidate the assumption of homo-
geneity made for the turbulent convection calculation.
Bottom injection is required because bottom injection does
not change the brine homogeneity. Injection at the top of
the cavity would cause density segregations, even with
turbulent convection, and the model would not be useable.

EXPERIMENTAL RESULTS
Various measurements were made in the experimental

verification of the model. First the characteristics of the
salt layer were obtained for the three minerals halite, an-
hydrite and clay which were recognized in the salt layer
cores. The concentration of insolubles was computed for
slices 0.5 in thick from two logs (either gamma-gamma
density and neutron or sonic) which were calibrated with
the core data. Secondly, the produced brine was evaluated
from a survey of washing operations which included brine
flow rate measurements by a positive displacement meter
with an accuracy of 2%. Chemical analysis was made on
brine samples and salt content was determined with an
accuracy better than lg/l. Finally, the cavity shape and its
dimensions were periodically measured by a sonic device
called the "Echo-Log" (developed by PRAKLA). This
device provides an orientation for the vertical cross sec-
tions or a reference orientation for the horizontal cross
sections. Using it, the dimensions of the cavity can be
measured with a 2% accuracy.

Comparison of measurements and model results
Cavity shape. Beginning with the initial data on the

content of the salt layer and its insoluble concentration in
terms of anhydrite and clay (Fig. 3), the initial shape,
dimensions and position of the cavity, the injection flow
rate for postsimulation has been calculated by the model

from the produced brine flow. The initial shape is
smoothed into cylindrical and conical portions for the
model (Fig. 3). A simulation for two-months-long wash-
ing was made using a real succession of flow rate injec-
tions. The calculated new positions of the walls and
bottom are shown on Figure 5 where they are compared
with the mean value of the cavern radius as measured on
horizontal cross sections (dots). Figure 6 shows all mea-
sured vertical cross sections as compared with the calcu-
lated cavern radius and bottom position. The small
differences can be explained by the dip of salt layers and
non-collapse of layers with a high content of insoluble
material (e.g. at a depth of 1,360 m).

In the same way, the new measured vertical cross sec-
tions are smoothed (Fig. 7) and used for a new simulation
intialization. As an illustration of the accuracy attained,
the calculated bottom position has been kept on the illus-
tration. The figure shows the results of the new calculation
compared with the mean cavity radius of measured posi-
tions (dots). Conservative estimation of the bottom posi-
tion remains with the same depth difference as in
proceeding calculations. All vertical cross sections are on
Figure 8 with dots showing the simulation results. Mean
differences between measured and calculated positions are
around 0.3 meters for a growth of more than 3 m in radius.
At a depth of 1,330 m the difference is large because the
high insoluble content layer did not fall.

Brine quality. The calculations have been made with
the known succession of changes in injection flow rate.
Corresponding to the changes in shape shown from Figure
3 to Figure 6, changes in brine concentration with time
can be seen on Figure 9. Calculated values are shown as
dots. The model sensitivity can be appreciated readily. A
good agreement exists between the calculated and mea-
sured brine content except on days when irregularities
occur in the injection flow rate which can not be taken into
account in the calculations. For example, on December
21, 1970 there was a two hour electric power interruption.
Again on December 30th and 31st the same occurred.
There was some increase in injection flow rate from the
8th to the lith of January, 1971.

The main values for changes in injection flow rates, at
the right time, have been used for the calculation and the
results are in good agreement with measured values even
with transient interruptions. Another example can be seen
on Figure 10 where a more constant injection flow rate
was applied for five weeks. The calculated values corre-
spond to shape changes shown from Figures 6 to 8.

Model sensitivity. If incorrect data are used for calcula-
tions, especially for values of injection flow rates or mean
insoluble content, the calculated values of brine quality
and consequently shape variations slowly become different
from the measured values and the differences increase
with time. This sensitivity and the verifications given
above substantiate the validity of the model and subse-
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Figure 9.

quently the validity of the initial hypothesis. Such sen-
sitivity makes the interpretation of small differences
between pre-calculated values which are used for planning
surveys and measured values delicate. On the other hand,
persistent large differences between calculated and mea-
sured values allows one to reasonably assume that some-
thing is happening which is not normal.

MODEL USES
All the objectives assigned to the model seem to have

been attained. The model can be used for many engineer-
ing tasks involved in salt storage cavity creation. With the
availability of necessary quantitative information on the

composition of the target salt layer, it is possible to deter-
mine cavity characteristics, leaching performance, plan
dates for surveys and estimate projected delays in injection
flow rates. It is also possible to anticipate some of the
probable difficulties occasioned by special geological con-
ditions. With all interrelated technical variables known, it
is possible to attempt optimization.
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