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ABSTRACT
The manner in which solution caverns fail and the way in which migration of stored
products occur ip the event of such failure is generally misunderstood, It is neces-
sary that the stresses imposed on a solution caverd as a result of storage operations
be thoroughly understood and put in context with the various mechanisms of cavern
Failure before adequate precautions can be made to prevent failure, Eleven potential
failure modes are discussed heretn. The manner in which crude il could migrate
from the cavern in the event of failure, the degree 10 which such migration might
progress, and the eventual uceumulation of stored crude off in natural oceurring
traps is also discussed. The migration of crude oil 1s used as an cxample because of
the major emphasis now being placed on the Strategic Petroleum Reserve Program
and the gencral body of knowledge relating to the charactenstics of oil trapping
phenomena on or adjucent 10 domal salt formations. The migration of gaseous phase
stored products and those having a low specific gravity or high vapor presstre could
be guite different from crede oil. One scheme for storage cavern wellhead in-
soumentation and controls sufficient to restrain operating conditions within safe

limits 15 covered.

INTRODUCTION

There are presently some 350 MM barrels of operational
underground sterage in the Usited States. This storage has
been developed by private indusiry reacting to its own neads
as dictated by market conditions or operational necessities.
It has been constructed over a period of some 25 years, and
additional underground storage space is coming on stream
as the need arises. The 1979 Gas Processors Association
publication of North American storage capacity for Fght
hyirocarbons shows 410,929,000 bamrels for 1979;
334,035.000 barrels for 1977.

The Smrategic Petroleum Reserve Program (SPR) of the
Unijted States Government is giving a tremendous impetus
io the waderground storage industry. A complete review of
all facets of underground storage systems has taken place
and a tremendous volume of information relating to design,
construction, instrumentation and operation has been and s
being generated. The manpower and technical resources of
the underground storage industry in the United States have

been mobilized and utilized to ap astounding degree. B is
particulurly gratifying to me, as an individual who has spent
more than 25 years in this field of endeavor, to have been
deeply involved in the SPR Program almost since its incep-
tion. Gulf Interstate Engincering Company (GIEC) iz the
Department of Energy’s Executive Engincer for the SPR
Program and  am the Project Director for GIEC. It is an
especially interesting experience to be involved in studies
relating to the conversion of four dry mines as well as
numerous existing solotion cavitics having a wide varicty of
configurations. The variety and range of problems studied
and resolved in dry mine conversion and operation have
advanced the state of the art to a very significant degree.
New ultra large volume, high flow rate, sofution cavern
design and development using leach/fill or leach and fill
techniques is also am extremely interesting aspect of the
program. Problems involved in the design, drilling, comple-
tion and operation of high injection rate (36 MBPD) brine
disposal wells in sund sections have ziso been most chal-
lenging.
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it should be of interest m this group (o have a brief
review of the various indusiries using ynderground swrage,
their peculiar reguiremenis as to operating procedures, stor-
age space and geographical lucation, and the possible future
wrends in development and unilization of underground stor-
age systems,

Most of you are guite familiar with the wnderground
storage of domestic LPG and the need for such facilities to
tevel out the constant production versus ¢yclic demand inhe-
rzat in this industry—the latter effect is expected to become
even more pronounced if domestic production decreases and
the “highest beneficial use™ concept is put n force. The
importation of propane or mixed LPG s getting & great deal
of attention hecause of our expanding needs and the world
surplus of these commodities. Underground sterage for
surge capacity 18 a necessity wn such vesiures to obuain
maximurmn utilization of tanker fleets, and to store mixed
L.PG's to gllow for optimization of fractionatisg plant de-
sign.

Natural gas storage in solution mined caverns is getting
more attention, in particular, because of increasing pas
vajue and the almost prohibitive dead nvestment invelved
in the “*heel’ gas required in new aguifer storage systems.
There seems to be a fendency to operate new solution
cavern gas storage wet’ {i.e., brine displacement) instead
of by compression/decompression. It ks possible imported
I.NG will be swred in liquid phase (refrigerated} in dry
mines developed in suitable formations or in guscous phase
in solution caverns—the principal impetus being the optimi-
zation of tanker wrilization and reduction of port time, as
well e elinination of heel gas requirements.

The availahility of underground storage to support large
olefing {ethylene} plants has almost become a preroquisite (o
plant location and has a definite impact on operational
economics, Domestic and/or imported raw feed reserves
adequate to cover praduction or transportation interruptions
is vital. Storage of ethylene for system balance during pro-
duction or consuming plant turnarounds is extremely impar-
Lari,

Crude oi imports going inte domestic distribution sys-
tems (as opposed to the Strategic Petroleumn Reserve) of the
United States will require underground storage support, par-
ticularly as the daily volume of imports increases. LOOP is
putting vnderground storsge in ol Clovelly dome and some
dry mines are being considered for use as transshipment
sites. An offshore sait dome in about 30 feet of water could
he used fo consideruble advantage for storage and trans-
shipment i support of ULCC or VLCC inbound move-
ments and owtbound movements of conventional tankers to
ports in the United States,

Several hundrad miltion barrels of new storage capacily
maust be developed if the Strategic Petroleum Reserve Pro-
gram goal of one billion barrels is to be met. Some of this

storage will be developed by expansion of existing sites in
the progeam, butl sume pew sies undoubtedly will be re-
quired. Most of the new storage will likely be on the Gulf
Coast. since solution mining in salt domes can be used to
develop mores storage space in less time and at less cost than
in dry mined siorage. H ks possibie there will be some stor-
age @ inland bedded szlt sections west of the Alleghenies or
converted dry mines east of them, which could satsfy the
political demand for East Coast regional product storage.

Historically. muost oil imports to East Coast refineries
have arrived via conventioral lanker either direct from
foreign origins or from rransshipment pores and amost all
crude oil imports destined for Midwest refinerias arrive at
Gulf Coast ports and move up the Seaway, Texoma and
Capline pipeiine systems. The Gulf Coast and East Coast
ports have docks and shore factlities sufficient o receive
present import levels and presumably raom for future ox-
pansion, but presently have water depths sufficient to ac-
commodate conventional tankers only. The DOE is build-
ing twa new docks st St James. In the everd of a supply
interruption. DOE's docks are also designed to load out
conventional tankers, It is presumed also thar Seaway, Tex-
oma, and Capline {St. James} will make dock space avail-
able 1o DOE for loading conventionat tankers destined for
Fast Coast refineries in the cvent of u supply interruption or
other emergency affecting 'mports to the United States.
SPR oil will move from underground storage up the three
pipeline systems to the Midwest. Ol for tanker cargoas will
move back through the existing {(fill) hones to docks made
idle by the embargoe, thence 1o East Couast ports to offset the
effects of the supply imerruption.

Apparenily, the Enpergy Resecarch and Development
Administration {or ks successord has plans to support a pilot
plant STOR/AIR system Lo demonstrate to the power indus-
try the econormics of this procedure for leveling power grid
joads,

The preceding discussion was itutended as & general re-
view and update of trends in the undergroond storage Indus-
try as a prefude to my technical discussion.

FORCES ACTING ON
UNDERGROUND STORAGE SYSTEMS

It seems logical that some commenis be made relating to
the various dynamic and static forces involved in the injec-
tion to, storage in, and recovery of materials stored in solu-
tion mined cavems, prior to the discussion of conceivable
fatlure modes and solution cavern protective devices, In-
deed, i1 is necessary to have a thorough undersiunding of the
natore, magnitude and the himits within which these forces
should be restrained before a suitable system can be de-
veloped to control them so that the storuge system is not
endangered.
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The moest critical point i a solution mined underground
storage cavern is the casing scut of the final cemented casing
string and the cement shaath behind it. which isclates the
cavern from zones of poresity and pertneability above the
top of the salt. It is normally presuned that the salt itself has
negligible porosity and permeability. It s also generatly
presumed that the geostatic forces exerted by the overbur-
den that lies above the casing seat must excged any fheid
pressure exerted at that point, otherwise the overburden
might be lifted (frsctured) and the srarage cavern rendered
usetess. The “in situ’ srresses in the salt differ in bedded
salt and salt domes. and thas factor affects to some degree
the pressure at which fracturing wiil take piace and the
direetion i witich it wili be propagated. Most authorities
consider fraeture will take place at pressures equal 10 or
above 1.0 pounds per foot of overburden over sait domes
and somewhat less over bedded salt sections. GIEC made &
review for the Department of Energy of hydrostatie testing
pressurcs used by various mambers of the mdustry o estab-
lish the infegrity (pressure tightaess) of a solution cavem
intended for underground storage use, These factors range
from 0.7 to 4.9 pounds per foot of overburden. GIEC has
tested most of the existing solution caverns to be used inthe
SPR Program to 0.9 pounds per foot of overburden.

DYNAMIC AND STATIC FORCES

One of the baste decisions that mwust be made in the
design of a solution mined cavern is the maximum flow raw
required during the injection and withdrawsl ol stored pro-
duets, Once these rates and the erosion velocity limit have
been set for any given praduct, the casing seat point of the
final cemented casing string has been established {either by
choice or necessity), the total depth of the cavern picked,
and the vperating sufety factor is specified. then the flow
areas required for product and brine can be calculated. An
operating safety factor (8.F.) may be defined as the hydro-
static lest pressure, mreasured at the casing seat of final
cemented casing string, divided by the maximum operating
pressure ar design flow rate {measured at that same point)
when the storage cavern is at the product fill point. The
maxhnum operating pressure van cocur either during injec-
tion or withdrawal. It usually occurs during mjection; how-
gver, some operating requiremants might result in the with-
drawal mode being the greater. The magnitude of the safety
factor depends (o a grest degree on the operating philosophy
of the owner. Existing solution caverns ta be utilized in the
SPR have been tested suchthara 1.2 to 1.3 8.F, is possible.
When existing solution vaverns are tested for conversion to
underground storage wse, i I8 not always possible to have
the casing seat at the ideal depth. In this situation an upper
limit is set on the hydrostatic pressure test applied-{(e.g., 0.9
pounds per fout at casing seat depth) and flow rates at vari-
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ous fil volume adjusted te give a reasonable margin of
safety,

‘The maximum allowable operating pressure can be desig-
nated in PSIG on the product side ar the weitheed, The
TBaXiHum operating pressure 18, of course, the static differ-
ential pressure {computed at the wellhead) between the
product and brine when the cavern is at the fil} point, minus
the pressure drop in the product annutus (i the injection
mode is used as basis), ping the product weight bearing on
the casing seat plus the pressurs drop in ihe brine retumn
system {tubing pressore drop plus brine sysiem back pres-
sure), all i design injection rate. A variety of pressure drop
formulae are being vsed for the annular pressure drop (equi-
vatent diameters, wetted perimeter, empherical eqeations,
etc.) but calculation of the tubing and Mfow line pressure
drops is quile struightforward. Some of the equations used
are shown in Exhibir A. Most designers would limit vel-
aciies in the system to 15 feet/second or less,

FATLURE MECHANISMS

There are at least two other significant dynamic effects
that might oceur within a storage system and could affect its
integrity, Properly designed and maintained controfs on the
wellhoad and in the surface piping will prevent the storage
system from being damaged by these forces.

Pressure surge. Pressure surges could damage the well-
head valve fittings and sccessories and the tubing (brine
refurn siring). The time interval within which thev act can
he a fraction of seconds 1o seconds. H i5 not likely that
properly cemented casing would be damaged and doubtful
that pressure surges exiting the end of the final production
siring would have any spprecizhle effect on the casing seat
Or Cavem.

Rapid depressurization. Rapid depressurization of a
cavern akes place when the pressures normally created
within the cavern and annuius by the brine column ir the
tubing string is sharply reduced. This could take place if the
tubing parts within the stored product interval, if the cavern
is “overfilled"” and products “‘come around’’ the end of the
tubing string or if’ the welthead were sheared off. The prob-
ahility of the Janer wking place is, from a practical sense,
infinesimal. Pressure reductions on the order of 93% conld
take place if natural gas was being stored. With propane
storage, the reduction could be on the order of 42% and with
crude oif approximataly 30%. This pressure reduction is not
instantaneous because of the sakt, brine and stored product
compressipility, The fime interval within which it would
fake piace depends on several factors: The product compres-
sibility: volume of preduct in storage at time of failure;
product specific gravity {at bottom hole pressure); and, the
surface bring refnm system back pressure, length, and vol-
ume. In general, this effect can be assumed to take place
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aver a period of a few howrs 10 a day or more, and can be
prevented or conwroiled within safe limits by properly de-
signed and maintained wellhead controls. At the pressnt
time there is po practical system existing (o shut off flow in
event the wellhead is sheaved off.

Rapid depressurization could affect a cavemn by causing
roof sag or rock falls and might trigger minor slabbing from
the sidewalls. The effect on cavern integrity might be sig-
nificant in cases where the cavern had an onusuaily thin
ceiling combined with a large roof span. Obviocusly, no
prudent operator would deliberately subject a cavarn of the
jatter configaration to such 2 negative pressure.

SLOW DEPRESSURIZATHON

A much less severe depressuring effect can result from
rumeros thread leaks, one or more holes in the mubing string
due 10 abrasion, erosion, or corrosion, eic. This becomes
somewhatl of a puisance due to retrn of products to the
brine pit, contaminarion of the atmosphere, ete. Il poses
very hittle threat to the cavern. A properly designed tubing
string will practically eliminate such problems. [¥ storage
system controls ure 10 be completely effective, they must be
designed to control rapid as well as slow decompression
effects. There are a number of dynamic effects in under-
ground storage systems that can create same rather strange
phenomena but pose little or no danger to the system. These
effects arc usually related to the compressibility of the
stored praducts and the salt body, compressibility of trapped
product andfor dissolved gases released from fresh water as
it takes salt into sohition, temperature and brine saturation

equilibria, ete. Such effects are much more pronownced in -

large cavities (10 MMBBL +) then in small ones
{1 MMBBL —) When hydrostatic tests are made on soly-
tion cavems, the volume of brine required to bring i up to
test pressure can be considerably greater than anticipated
and the pressure rise per thousand barrels injected is not
iingar. During hydrosiatic tests in existing solution caverns
we have found that it takes approximately 3350 barrels for
each 10 psig rise In a 10 MMBBL cavern, up o approxi-
mately 300 psig, and approximately 230 barrels per 10 psig
ap to 350 psig, with corresponding lesser volumes as the
cavern pressure increases. We have found the average vol-
ume of brine reguired per 10 psig rise to be 930 barrels in a
30 MMBBL cavern versus 250 barrels in ¢ 3 MMEBL
cavern. The effect is not particularly surprising, since the
compression volume would be a function of the salt face
ares exposed o compression, the pressure increase with
depth, the temperature of the salt mass, the sawration
equilibrium of brine at surface temperanie coming (o hoi-
tom hole temperature, etc. We have also found that it is
almost impossible to set an open hole plug, above a large
cavern, without some mechanical backup. If the pressure is
increased on the cavern, even on the order of ounces. the

cavern will cxpand a significant degree (in relation to the
volume of the piug) and a ~ free-{Toating’” plug will drop out
or disintegrate. When a storage well is shut in, after a dis-
placement cyele vsing fresh water, it will take a substantial
volume of waler 10 bring it back up to operating pressure on
the next withdrawal cycle. This could cause a substantial
pressure reduction. The effect 15 due fo decompression of
the stored products, the brine and the salt mass, &s salt goes
into solution creating more occupiad space than that existing
when the well was shut in. Storage wells will also “*bleed™”
brine to an open discharge line as forces due 1o pressure
drops in the svstemn are relieved, and sait creep takes place
4t the end of an injectivn cvele,

Salt creep and temperature rise possibly should be consi-
dered dynamic effects. They might cause a shut-in well w
“pressure up”t to the degree that damage to the storage
system conceivably could occur. The casing, tubing, well-
head and surface support facifities normally have a safety
design factor of 1.5 ta 2.(0; however, good operating prac-
tice dictates excess cavern pressure be relieved, by releasing
brize through the tubing such that operating safety factors are
not exceeded. The principal static force imposed on the
safution cavern is the geosiatic head of the overburden
abave it

One of the things the operator of & storage system
ugonizes over most is that of the possibility of leakage of
products from the cavern, The mechantsms of cavern leak-
age and the probahility of it ever accurring in a properly
designed storage system seem to be pgenerally misun-
derstood.

The most abvious preventive measure is to design, con-
struct and operata the system in such a manner as to reduce
to a bare minimum the possibility of any leakage occurring.
If good guality casing is used, properly formulated cement
mixtures placed behind the final cemented casing string
without channeling and with a goad bond to formation and
casing and in sufficient quantity to give adequare length of
cement cover above the end of the casing and across zones
containing corrosive water, then the major precautions will
have been taken tw minimize the risk of leakage from this
source, In reference to the latier comment ahove, the long
term integrity of the storage system is probably more de-
pendent upon casing security in an area containing flowing
corrosive waters than in any other feature of design, con-
seruction or operation. If it is at all possible there should be
at least two casings across this zone with a cement sheath
hetween the outer and inner one as 4 minimum {preferably
1wo cement sheaths), Flowing corrosive waters are invari-
ably present in loss of circulation zones encountered during
drilling cperations within the cap rock of a salt dome or at
the cap rock/salt interface. Some operators include the final
cemented casing string in their cathodic protection svstem.

Most underground storage operators consider the salt
surreunding the cavern to be of negligible porosity and per-
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meability. If a cavern passes the hydrostatic tese, it is consid-
ered that products will not escape thereafter 1o or through
the salt body itself, If the cavern sidewalls were close 1¢ the
edge of the dome, or if fragments of formation (having
poresity and permeability’ ariginally laid down with the salt
were in contact with the adge, cavern extension by freshwa-
ter displacement could conceivably bntersect such areas to
create a potential escape roufe. The skirts of salt domes
quite often are *‘faced”’ with shale or anhydrite and it this
condition existed at the contact point menrioned above, it
would black any sech escape, This leskage mechanism is
similar to that shown in Figure 2.

" OIL TRAPS

It should be emphasized that discussions relating to the
mechanism of leakage which follow apply only to sak dome
solution caverns containing stored crude ol {see Figs. 1, 2,
3, 4. and 5 referred w balow). Most of these effects would
be quite different if products of high vapor pressure were in
storage.

It is & generally accepted fact that solutivn chanpels and
vags in cap rock as well as subsurface formations having
porosity and permeability, are filled with some type of fluid
or gases. They are generally filled with water and all are under
some pressure due to the geostatic overburden, the reservoir
pressures exerted by the “up dip™’ columa on the {luid, or a
pressure created by the difference in specific gravity of
fluids and gases (or oil). A classical example of the latter is
the reservolr pressure in a salt dome “overhang’ that
creates a gas or oil trap (see 4, Fig. 1).

In respect to the actual mechanism of prodoct *‘escape’”
from the cavernt It should be obvious thar a certain mag-
nitude of force muyst acl on the oil 1o drive it through an
escape roule and that it must go somewhere onge it has left
the cavern. The compressive forces in the sall muass, the
brine and the crude oil are three such forces. These forces
might be depieted fairly quickly. The only remaining force
would be the small head differential between the oil and the
fluids above it. In the latter case the direction of migration
would certainly be upward. Figure | shows the various
“‘traps’’ that are kanown Lo occur arotnd a salt dome and it i
almost a certainly one or more of them would exist there. If
oil did escape ¥ would eventually accumulate im such
“traps.”’ There is 1o reason to believe the oil conld not be
recovered-—oil operators have been producing hydrocar-
hons from such traps for years,

Casing seat failure, Assume the casing seat of 3 crude
oll storage cavern fails (see 2, Fig. 2) while the well is
*‘shurin”’ which creates an oil escape channel into a loss of
circulation (L..C.) zone 300 feer above the casing seat, and
that this loss of circubation zope will support a columa of
brine to within 100 feet of ground level. O will move out
of the cavern, due ta relieving of its compression and that of
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the salt envelope, until the pressure previously exerted by
the 1{-foot column of brine (approximately 32 psi} ix bul-
anced on{, At that point only salt creep forces act o drive
more oil from the cavern. It is & definite possibility thar oil
cauld 2lso escape by displacement—ifor each barrel of water
that flows from the loss of circulation zone into the cavern,
& barret of oil will be ““displaced” from: #t through the
escape channel. Displacement could continue i fake place
unfil sufficient oil has accumulated in the L. C. zone to “cut
off” water flow into the cavern. The surface manifestation
of such an incident would be oil side welhead pressure drop
0 Zero {or on a vacuum), a brine side wellhead pressure
drop to zere {and on a vacuum), the brine in the tubing
would drop to 100 feet below ground level, the cilfbrine
interface in the cavern would rise by the amount of oil loss
1o the escapé channel {as determined by an interface survey
and in reference to the sonar caliper *strapping” ). Decom-
pression ™ ‘escape’’ could take place fairly rapidly depending
on the flow area (pressure drop) of the channel, the volume
of oil and brine in storage (volume of decomprassion) and
the size of the cavern (volume of salt decompression). The
volume of oil escaping due to displacement would likely be
at a much slower rate and would be a function of the escape
channel size—this slowing of escape rate could be detected
by frequent.(or constant) interface survey. Where would the
otl go? Naturally, since it has a lesser specific gravity than
water, it would tise to the highest poiar occupied by water in
the I..C. zone. Presuming the L.C. zone was pot in com-
munication with formanions above it having porosity and
permeability, oil would continve ® move into that space
until decompression and/or displacement had caused it o
fill the volume ocoupied by the water i the L.C. zone.
When the water was displaced hack to iis point of exit in the
down dipping permeable sands at the skirts of the dome the
escaped oil wonld be for all inlents and purposes, a potential
ail prodducing zone with a water drive, There are several cap
rock oil fields on salt domes of the Gulf Coast that came
into being, obviously as a result of natural forces, in this
very manner. It might be difficult to locute the high point of
the ‘*cil rap™ and the trap might huve to be produced by
pumping after a short flowing interval; bt a fair percentage
of the escaped oif could be recovered. Incidentuily, if the
displacement waters were removed from the cavern by a
bottom hole pump, at the same rate as they were entering,
the oil reimaining in the cavern (afier decompression) would
stay in piace.

Washout to edge of salt dome, It is doubtful that any
appreciable volume of oil woald escape to a sand having
porosity and permeability that was intersected by a cavern
washont 1o the flank of a salt dome (Fig. 3). Most of these
sands are rilted upward by salt plug penetration, have ap-
preciahle bottom hole pressure, are “pinched off'’ by the
impervious salt mass and are overlaid by impervious beds of
shale. Gil would float on top of the formation water and
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Figure 1. Types of bydrocarbon traps assoctated with salt domes. 1) domal anticline draped over
salt, 27 graben fanit over dome, 3) porous cap rock with oif at high point, 4) trap beneath overhand
and 5) wap uplifted and buntressed againyt saki plug.

could move into such sands untif a pressure equilibrium
were reached. The remaining stored oil could be pumped
(not displaced) from the cavern with essentially zero loss, If
the sand zone extended above the washout point, oil would
**float”’ into that area until the oil leve! in the cavern was at
the same elevation as the upper edge of the escape route
(Fig. 3). In this instance, the oil filled sand section would
be a typical sait flank oil trap and could be produced by
conventional methods, and the oil in the cavern ahave the
upper edge of the escape route could be recovered by pump-
ing.

Casing leaks. If the borehole has been cased and
cemented across the loss of circulation zone in the appraved
manger (i.e., with #n outer casing in contact with the corro-
sive waters and an inner casing with & cement sheath be-
tween it and the outer one). the liketthood that the mmer
final cemented casing string would be subjected to corrosion
is extremely remote: however if only one casing were set

and a hole did develop in it opposite the L.C. zone, oil
could escape from the cavern. The comments made in refer-
ence o oil movements from a casing seaf leak would hold
egually true; however, the rate of loss would be much
fower, depending on the size of the hole, both during de-
compression and displacernent. This type of keak could be
repaired with oil in the cavern and can be detected and lo-
cated by various means.

Welthead failure. If a wellthead were sheared com-
pletely off, the volume of stored oil escaping should equal
the decompression volume. After this volume had been
releasad, the oil pressure at ground surface wouid become
essentially zero; however, low pressure low flow rate oil
escape could continue until forces causing salt creep are
equal to the oil head. The volume of the dike around the
weilhead(s) of a cavern should be designated to contain this
volume. Exhibit B contains formula that can be used to
compute this volume.



Machanisms of Produc! L eakage

219

GROUND SURFACE

ESCAFE ROUTES:
@HOLE IN CASING

(g)cAszNG SEAT WASHOUT

ik P

G A

FRACTHRE IN SALY DUE

TO OVERPRESSURE IN
CAVERN

IMPERMEABLE LAYER =

RINE
FACE BEFORE

WHEN BRINE LEVEL [N TUBING HAS
ROFPED TO - 100" THE BRINE COLUMN

LGSS OF CiIBCULATION:
ZONE IN CAP ROCK CON~ -
TAINS WATER THAT IS IN - o
CONNECTION WITH DEERPER
SALINE WATER SANDS -

OlL CAN ESCAPE THROUGH . &7

CWHEN THE STORED Of AESSURE
- CEGUILIBRION: WITH L, ¢, ZONE PRESSURE
. OW FLOW'QUT” CAN ONLY TAKE PLATE
. WHEN L.C. ZONE WATER FrOws TIR"

FRACTURE UNTIL THE QiL- . et

FRESSIURE DROPS BELOW

THAT NECESSARY TO KEEP

b i : THERE Wikl BE AN GUTFLOW OF
OlL DUE TO DECOMPRESSION OF

FHE FRACTURE "OPENMN

STORED VYOLUME UNTIL THAT

VOLUME 18 IN EQUILIBRIUM

WITH THE NEW PRESSURE

EXERTED ON IT BY THE “LEAK"

SYSTEM HEAD, {{F THE LEAK

18 TO THE L. C. ZONE THIS

PRESSURE REDUCTION COULD

BE APPROX. 52 P5)

Figure 2. Movement of oil from cavern in event of feak assuming loss of circulation zone in cap
rack 18 at top of salt (see upper Ieft of page for cscape route).

i R

R R B 5 s g i



220 Fifth international Symposium on Salt—Northern Ohig Geological Saciety

GROUND SURFACE

CROSS SECTION VIEW
. / bt
. JERRERTER.
Tt +rtt++
£ FE DR
: bbb E
2500 Y, RIR R
AMOUNT OF Ot "TRAPPED” IN T rrrAe
SAND "RESERVOIR" IS EQUAL TO [T Tt ITsaur
VOLUME BETWEEN DOTTED LINES e RS
— r'd s
WASHOUT IN T
CONTACT WITH FORMATION HAVING - Aot
POROSITY @ PERMEABILITY—— o M
s ZEE2T 011 ABOVE WASHOUT POINT WOULD NOT
L1111 Escape, BUT WOULD "FLOAT ON

PRI RN FORMAT!ON WATER

.

+ €7~ OlL. LEVEL AFTER WASHOUT™® i3 AT EL-
SN+ 4+ EVATION OF TOP OF WASHOUT - NO

: - %4+ FURTHER ESCAPE POSSIBLE
IMPERVIOUS QR M
BARRIER +-++ ¥ TT+-+++2 01 LEVEL BEFORE WASHOUT
AN S A A
e
PR
N R T o T
P oy

ii4nvi MCAVERN B80TTOM HOLE PRESSURE WOULD BE {300 PSS
“1+4(52x 2500) IN THIS CASE AND OlL MOVEWENT COULD
ST +1TAKE PLACE ONLY WHEN INFLOW OF FORMATION

+ 414 WATER DIBPLACED (T INTO TRAP
bttt
A I R
Frtdtebi
HEREE

FORMATION BOTTOM HOLE
PRESSURE AT POINT OF
WASHOUT COULD BE 2500
PSIT2500x1.C PSUFT) 3

++

R ks JBLAN VIEW

A
Ly 4kttt +
THE MAXIMUM VOLUME OF OIL THAT COULD "ESCAPE"

e A o
+

i

+

B L

G b M
4+ RS

oy :

Figure 3. Movement of oil from cavem in gvent of “washout’" to skint of salt dome.
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CAVERN CEILING FAILURE

The guestion usually arises as {o what would happen to
oil stored in a cavern in the event failure of the roof caused
massive movement of the overburden into the cavern and
resulted in formation of a crater on the surface. The unin-
formed coasider this type of Failure as being possible and
tndeed probable. The probability of such an event occurring
in a praperty designed sclution cavern in a salt dome for all
practical purposes is nil. There arte numerous solution
caverns in salt domes having roof spans in excess of
500 feet that are completely stable and wsable for or being
used in storage service. it is undoubtedly true that a roof fall
could oceur in a cavern whose ceiling diameter exceeded a
certain value; but what is that limiting dimension? Theoreti-
cal rock mechanic formulae used in conventional dry mine
stability analysis might give some approximation of this
limiting span; bowever, those results seem to be ultracon-
servative in view of ceiling spans that curmently exist in sta-
ble caverns. Most theoretical calculations are based on
competent homogenous rock and might not be directly
appiicable to a liguid filled cavemn in deep domal salt. It is
reasonable {o expect that certain stresses would be generated
in & flat ceiling and that they could exist in some pattern,
perhaps that of the convex surface of a spherical scgment, or
spheroid. It a roof fall occurred in 2 solutior cavern located
a considerable distance within the salt mass, it would be
expected that the ceiling would reach a self supporting
arched form as the stress ficld was relieved (see [, Fig. 4).
Since good practice would dicrate thar the ceiling be pro-
tected from further leaching, it would not be expected that
further significant stresses would be generated and the roof
could be deemed stable.

Can the dismeter-to-height ratio of a {spherical segment)
roaf fall be calculated? If the salt roof fall penetrated to the
cap rock/salt interface, what would be the form of the stress
pattern in the liguid supported area of the cap rock? Would
the cap rock fail in vertical shear? Would a series of roof
rock falls occur until a stable roof arch was formed or would
they progress to the degree that a substantially sized ““hole™’
through the cap roek were created through which unconsoli-
dated sands and gravels could ‘‘flow’ info the cavern?
(Fig. 3.

Some cap rock isopach and contour maps show the cap
tock to be arched in the vertical cross section. This s not
surprising if # is accepted that most of the cap rock is
residue left behind as the upper portions of the salt plog
were dissalved by flowing waters in formations it penetrated
in its upward movement. It may also he presumed that,
during the growth phase of the salt plug, a positive force in
excess of the geostatic head was exerted on the cap rock in
contact areas no longer sohject 1o ground water leaching.
The forces exerted by the salt piug on the underside of the
cap rock are either greater than or egual to the geostatic head
at that point depending on whether the plug is stilt moving
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upward or has become static. If the salt veiling above u
solution cavern is of sufficient thickness 1o transmit or main-
tain these salt plug forces on the underside of the cap, most
authorities would agree there is little danger from failure of
the cap rock in the reverse direction. Jf the thickness of the
cavern salt ceiling continually decreased unti} the underside
of the cap rock were exposed, the cap rock (arch) would be
sublected to & forve equal w the difference in weight he-
tween & brine column {32 psi/ft.) subtracted from the geo-
static colomp (1.0 psi/ft.). Assuming the arched cap rock
bedy were a rigidly held plate, 8000 feet in diameter, 500 feet
thick [F30 fect of competent anhydrite as its base rock) and
the depth to the top of the sali were 600 feer, it would seem
a 300-foot diameter exposure of the cap rock, supported on
its circumference by the surrounding salt mass. would mot
fail in vertical shear under 2 2%0 psiload. [f it is aceopted as
““doabtful®’ that the exposed cap rock would fail, under the
conditions set out above, then any increase in thickness of
the salt ceiling should progressively reduce the probabitity
of that occurrence. Any knowledgeable salt producer or
storage cavemn developer will maintain a nunimum sait ceil-
ing thickness by adjusting the oil or gas “‘pad” to such an
elevation it will prevent salt solutioning ¢loser than 100 feet
o the casing seat of the final cemented casing siring to
prevent washouts behind the casing and movement of tluids
upward through such channels into the 1..C. 7zone ahove the
salt. The salt interval between the casing seat and the top of
the salt is considered a “'seal area,” and is a security mea-
sure. Most salt producers set the final comented casing
string at least 150 feet imside the sabt, whereas storage
aperators would set it at least 300 feet inside—and consid-
erably deeper if required to give an acceptable safety factor
for casing scat operating pressures,

It should be emphasized again that the following com-
menty are based on crude ail as the stored product. In any
event, and regardless of the mechanism of failure or the
probability of it ever occurring: Assume that cratering to the
surface did oceur cutside an ares where surface waters could
enter the crater. (If surface water were allowed to enter the
crater at an unlimited flow rate and volume, the oil dis-
placed from the storage cavern could spread over a very
large surface area.) Oil would be displaced from the cavern
by the formations falling into it. If a substantial volume of
fragmentad rock fell into the cavern, some ““bulking”
would take place, but its interstitiat space would cventually
be filled by inflowing farmation water, Most of the oil in
the cavermn would be displaced from it by rock, sand or
gravel and water. The initial appearance of 0] at the surface
would likely be in the form of 2 jet spurting above ground
level before cratering had progressed 10 any substantial de-
gree. This would be a manifestation of the sudden decom-
pression of the oil volume and the upward velocity i had
attained rismg through fluidized formations of much higher
specific gravity which would exist in the collapse vortex.
This flow might continue for a matter of hours but
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Fig. 4/Continued

OiL "EXITING" THE CAVERN i3 MOST LIKELY TG FLOW u®g
THE LOW PRESSURE AREA OF THE OOLLAPSE VORTEX,

SURFALE (./""

ey A e ANGLE OF REPOSE OF SURFACE SOILS
w@mmm OlL LEVEL IN COLLAPSE

CONE AFTER ALL MOVEMENT HAS CEASED.

PSEVOPTEX

AFTER OIL DECOMPRESSION IS EXPENDED SUBSUAR-
FACE WATER, SAND AND GRAVEL FLOW INTO CAVERN
AND DiSPLACE GlIL., L VOLUME [N CRATER
APPROXIMATELY EQUAL {LESS BY AMOUNT OF CAP
ROCK, SAND & GRAVEL " BULKING EFFECT" IN
CAVERN’) TO UNCONSOLIDATED MATERIALS
‘“N?ERING CAVERN

ANGLE QF REPOSE OF SAND 8 GRAVELS

uwconsm_.mrt—:n i
WATER “SANDS AND

PROGRESSIVE ROOF _'.‘-'_v'.-ail"-':- BULKING EFFECT IN CAVERN COULD BE 10 TG I5 %.
ROCK FAILURE UNTIL {". . .p o> _ “THIS VOID $PACE CAN BE FILLED WITH CiL,
FLOW CHANNEL FOR Tl WATER, GR BOTH,
SAND AND GRAVEL IS T o ST _
PRODUCED AR e - .
; —— CAVERN FILLS WITH SAND B GRAVEL
YRR L :
Ay .
‘ CAP ROCKX DEBRIS
&l
%éw;u s BEGINNING OIL LEVEL
¢ - w i
s

C
SURFACE /———\
X — - Y GhcoNs oLl
THE DEPTH "g" Y0 OIL WATER INTERFACE N o~ = DATED WATER
S M : 7. smns & SRAVEL

N EXAMPLE “¢" anp "p" BEPERDS ON OIL
SPECIFIC GRAVITY AND THE "FREE WATER"
ELEVATION OF THE AQUIFER PENETRATED

ROGF ROCK FAILURE IN VERTICAL vt aty R
SHEAR WITH FULL DIAMETER BLOCK FALL FOUOUN BRI A B e

BULKING EFFECT 1S SLIGHTLY GREATER THAN
"o" SINCE MORE CAP ROCK HAS FALLEN AND
18 IN LARGZER BLOCKS

FULL BLOCK LIKELY FORM OF CAP ROCK FAILURE
D

A b



224 Fifth intemational Symposium on Salt—MNorthern Chio Geologicat Society
Py
e 32 Brine Out
Qy = Water n
P,
——'.QT -t Q' o : I 3
Qe
p—— e
Qy
| P— e
ar, 11| Lar, Py
‘// . }/ s }/ﬂ a
D Dl Du Hz
A 1 1]
/Uz /Dz - De
i | w b Hu
APy APcs APgp
1 H
Pe ~ — - [ = =
1
Ho
3 HI'J
¥
&
Hs
ol Py - L y
Hg
1 F
Figure 5. Well hydmulics.

emergency dikes could prevent its spread to drainage
courses in the area. As the crater continued to increase in
depth and diameter, the decompression forces bad been
exhausted, and some degree of bulking had taken place
inside the cavern—the oil level conld drop below the lip of
the crafer then slowly risc at a rate equal to the maximum
production of the subsurface squifers discharging water into
spaces in the cavern that still contained oil. At some point in
time, most of the oil would have been displaced from the

cavemn, the sides of the collapsed cone would have reached
their angle of repose and the system would be in a static
condition. The oil volume displaced from the cavern would
tikely fill the crater and might overfiow it if the oil head on
the agnifer was not enough to offset its reservoir pressure.
The size of the crater would naturally depend on the volume
of the selution cavern and the degree of bulking the fill
material would have taken. The amount of oil in the crater
would depend on the volume in storage af the time of the
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“collapse.”” The water sands over most salt domes likely
would be somewhat convex and would follow the regional
dip in areas not affected by the salt dﬂm: structure. It i3
extremely unkikely any o would “escape’™ to these water

sands---it would instead float on top of the water exiting”

from them into the crater. How much oil would be Jost? Very
Hkely, less than 1% of the volome in storage, presuming all
the ¢il exiting due to decompression could not be recoversd
or were unusable after recovery, and that some semblance
of rerainage dikes were thrown up arcund the crater hefore
the decompression flow stopped. In effect, there would be a
“lake™ of oil in the crater that could be picked up with
pumps and reinjected into other caverns ar soid in the mur-
ketptace. '

FRACTURING OF CASING SEAT O

It is possible the adimement cem,'
inclined zone of weakness in the salt. beé
of the two, could be ““fractured’” if uj 12
magnitude were exened on thun (sce 3
ture propagated untﬂ it mteraected an: e
the pressure necessary-10° cause flow throuah the. fracturé
were continuously ruaintained, oil wonld leave the cavern,
This sitzation is very ““iffy.” Centrifugal pumps would
normally be used in high flow rate system designs. If the
pump was malched to the storage system, it would not he
able to put up the head necessary to create a fracture——if
they were not ““matched™”, the pump discharge high pres-
sure shutdown andfor relief valve should be set below frac-
ture pressure. The high pressure shutdown on the individual
storage cuvern welthead should be set to trigger shut before
fracture pressure could he reached. At such time as pump-
ing were stopped or the pressure dropped well below fracture
pressure, the fracture would start to close because of the
plasticity of the salt and the fact that it was not ““propped”™”
open. The fracture could close completely in a relatively
short time but would open vp at a somewhat lower point if it
were overpressured again. In an cxwreme situation the
cavern could become imoperable—particularly if muitiple
fracrures restlred in such a zone of weakness that the cavern
could rot resist pressures invelved in the injection or with-
drawal of eil. In the event less thun saturated brine were
pumped through he fracture, in sufficient quantities to open
it up, an unaceeptably long period of time might be required
for plastic flow to close it and abandonment of the storage
cavert would be necessary,

FAILURE BETWEEN ADJACENT CAVERNS

If a solution cavern in storage service were af the same
depth or decper than an adjacent unusuble cavern and the
salt web'’ between them were penetrated by solutioning,
fracturing, or failure due to is instability, it would be
possible for oil 10 flow across the web area into the un-

Cfoute and
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usable cavemn {see Fig. 6). Assuning the worsi case leakage
mechanism--ihat of a large washout around the cesing seat
of the wnnsable cavern communicating with a loss of circu-
lation zone--oil movirg from the storage cavern would end
ap in the L.C. zone and be trapped as previously discussed.

Under static conditions, and assuming the L. C. zone would
support a column of brine to within 100 feet of graund level,

the differential pressure across the web between the two
caverns would be very aominal-—on the order of 100 psi.
Under flowing conditions this pressure might be 150 psi.

Neither of these. forcas aré significant in terms of z fracture
gradien - The. hydmstatfc pressure test likely would have
pmducpd @ dif[cr‘.mm! prz.ss,ure ‘ﬂetwe&n tHe two of 2 or 3

/ t_er mr cifsplﬁcemcm The web thickness
fcﬁfﬁhiﬁmg can he determined by -Comparing  previous sur-

. vevs CorrRe ied tar the a:czmuth atsd deviation it both hore-

mth :he _um:ni i Any privsnal soltition’ exten-
smns inta (he web couid be detectad. We are stil waiting for
the theoreticians to develop a rationale that will define the
required web thickness-to-height ratio reqalred for stability
in a double involuted [ ) ¢ ] pillar subjected w0 perpendicu-
tar forces decreasing from bottom W top at a rate of
0.52 psi/ft. In adjacent usable caverns these forces world be
equal and opposing—ihere might be soroe cecentric force,
as much as 100 psi differcnce between the opposing forees,
if the adjacent cavern were in communicatan with an L.C.
zone. [eakage through the web is of fittle consequence f
both chambers are storing the same product and the cavern
stability 18 not negated by the coaloscence.

We have discussed the following potential leakape
mechanisms in solation caverns:

1y Overpressire resulting from surge, 2) Slow decom-
pression, 3) Rapid  decompression, 4} Ot trapping
{Fig. 1), 3) Casing seat washour {Fig. 2}, 6) Washout to
edge of salt dome {Fig. 3), 7) Casing leaks, 8) Wellhead
failure, 9) Cavern ceiling failure (Figs. 5, B and ),
10} Fracturing of casing seat or sult body {overpressuring)
{Fig. 2}, and 11} Failure between adjacenr caverns
{Fig. 6.

The author has presented a paper ent:tied ‘Instrpmenta-
tion and controls for Solution Mined Caverns’” in this Sym-
posium Proceedings. 1t contains discussions and exhibits
relating o controls that react to prevent or minimize the
effect of failure modes discussed above.

Table | shows a st of control and alarm features thar
could be provided so the storage site operator can detect
potential problem areas af the earliest practical time and fake
the proper action o prevent a crisis.

This paper s not intended as a definitive work on the
subject of Leakage Mechanisms or as an assessaent of the
probability of any particular failure mechanism occurring.
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TABLE 1

Storage Cavern Welthead Instrumeniation

E
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TO LOSS OF CIRCULATION
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oL WitL HAVE "FLOATED"

QUT OF CAVERN "g" ar
THIS POINT.

Indicators

D4l Injection Cycle
Welthead, storage cavemn in tse 1,{21,(3).¢4), etc., on line
Valve position, oil
Valve pasition, brine
Przssure, oil {casing)
Pressuze, brine {tubing}
Meter, flow ratg, il in
Meter, flow rate, brine out
Meter volume, oil in, accemulator readont
Meter volume, brine ont, accumwlator readout

Alerms

Welthead, Sworage Cavern

Remote Master Shutdown has been triggered

Wellhcad, storage cavern in use F,(2),(3),{4), etc., off line

Emergency Shutdowns
Master
Welthead, storage cavem
Cloze oil and brine valves
Pressare, oil, above/below preset Himit
Flow rate, oi} in, ghove/below preset Hmit
Flow rate, brine out, sbove/below preset Himit
Flow rate, oil in versues brine our, variance above preset himit

Lacal

FIT
PIT

ESD

ESDA
ESA
ESDA
ESDA

Console?

IL
iL
IL
PR
PR
F1

FI
MTP
MTP

IL (blink)
[L

ESD

ESD

EsD
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Indicators Localt  Conseled

Gil Recovery Cyele

Weilkead, storage cavern in use 1,(2,{3),(4}. etc. iL
Valve, position, oil iL
Valve, pesttion, brine L
Pressuee, oil {casing} BT PR
Pressure, brine {tuhing) FIT PR
Meter, flow rate, oil out FI
Meter, tlow rate, brine in FI
Volume, ol out, acoumulator readout MT?P
Valume, bnine in, accuwmalator readout MTP

Alarms

Wellhead, Storage cavern

Remwote Master Shutdown has been triggered i (blink)
Storage well i use 1,02).03),(4), etc. Off Line IL

Emergency Shurdowns

Master (and remofe masters) ESD ESD

Wellthead, storage cavem

Close oil and brine valves EX D
Pressuee, oil, below preset himit ESDA
Flow rate, oil out, above/below preset limits ESDA
Flow rate, brine in, above/below preset limits ESDA
Flow rale, oil out versus Brine in, vartance sbove preset hmit ESDA  ESD

Starus Panel®

Staes tights (famp “*first” out stays HO)
Pressure, oil, high L
Prassure, oil, low IL
Pressure. bnine, high 11
Pressure, brine, low iL
Flow direction, oil

In L
Qut IL

Flow rate, oil, high I
Flow raie, brine, high I1.
Flow rate, brine, low iL.
Fiow rate, il infout versus brine out/in exceeds preser limit IL

Lamp test circuit buron

Locul Emergency Shutdown Button {also “‘rest”” shutdown valve and

seasing end device operafion with tirne delav}

Nan-Standard Instrument Abbreviations Used in Figure 2
ESDA—Emergency Shutdown—Auntomatic Trip

TAL or gedr the storage cavern wellhead
iIn the speraticis 1o0m
*Mear the storsge cavern wellhead

The discussion of the conseguence of such a fatlure is based
strictly on logical reasoning and is not a description of an
actual invident. References made to particular sitvations
that could lead to cavern failure make no inference, ex-
pressed or implied, that any underground siorage cavern or
sysiem the author or his company have investigated in the past
or during the present time arg in such a category. The paper
is kikely to generate more questions than answers; however,

there is a distinel nzed for resolution of the specific gues-
tions raised herein. It should be emphasized also, if there is
amy doubt in this regard, that the author is not, and does not
profess to be an authority on rock mechamics, In some
25 years af involvement in salt solution mining for purposes
of developing underground storage caverns, the author has
seen, or has personal knowledge of, a wide variety of indi-
vidual and group cavern configurations that are physical

;
H
e
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i
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evidence that refutes some of the ratios relating to stability
that are derived from classical rock mechanic theories. It is
not the suthor’s intention 10 become embyciled in 5 con-
troversy with rack mechantes specialists; however, it ap-
pears ilogical to think solely in terms of "heam strength™
when consideriag the faflure mode of roof rocks over sale
dome caverns. It wounld seem anhydrite, which invaruhly
overiays domal salt, should be considered as a plate of
infinit= dimensions when compared 1o the diamater of the
ceiling of a scluton cavern below it Perhaps caleufations
using this rationale might explain why there has been but
one Crerater’ type ceiling fallurg in sult dome solution
¢averns, whereas meny ¢averns have spans far in excess of
that considered tolerable when conventional beam strength
formulac are used. H is also difficult not to be skeptical
regarding concepis such as pillar over diumeter and height
over diamerter ratios, commonly quoted as prereguisites for
solmion cavern stability, when there are so many caverns
exceeding these ratios which are siahle and have been for
20 yeurs or more, Large sums of money have undouhtedly
been spent by industry to locaie surface facilities outside the
pelential crater *'cone of influence™ of a cavern considered
to be on the vergze of failure, because of undue emphasis on
fd ar hid ratios and “excessive’” ceiling spans.

The author has experienced or has knowledge of a few of
the specific types of failure mechanisms discussed herein
such as leaks from threads, hales in tubing or casing, casing
Failure, casing seat washouts, and cavern coalescence. It
should be undesstond, however, that in every instance they
have been due 1o poor design, improper or inadequate ce-
menting. or wnproper (encontrotled) leaching technigues.

EXHIBIT A

Hyuations used.
Cavemn Storage

A, Flow Pressure Drop Through Tubing
The Darcy Formula will be used to calculate the pressore drop
through solution whing and on-site piping for all fluids,
which are, 1 most cases, bring or brackish water for solution
mined sites.

1. The Darcy Fornuda is:

AP = 001136 2T
0 5

whare:

AP - Pressure drop in pounds per square isch (psi) per
FOO6) equivalent feet
[ = Friction factor
s = Specific gravity of fuid
) = Flow n fisid barrels per day
D = Inside pipe diameter in inches

2. The friction factor, £, is obwined by rhe following Colebrook-
White function:

, 2
A4 \:

¢ = Absolute roughness of pipe

R, = Reynolds Number, dimensionless

An alternate method for obtaining f is the uwse of the 1.F.
Moody Chart, which shows f as @ function of both R,
and €.

An absohite voughness factor, €, of 1600 microinches
should be used for cavern mbing.

3. The Reynolds Number, R, is ubtained as follows:

whera:

¢ = Flow of fuid in harrels per day

Inside pipe diameter in inches

Z = Fluid viscosdly In  cenlistokes af operaling  Cm-
perature

o
#

B. Flow Pressure Drop Through Annulus
The Parcy Formula is used for determining the pressure drop
through the annuhus, defined as the flow area between the well
casing and the wail (ubing, for selution mined sites, Nonnally,
¢rude otl is injected and withdrawe through the annilus.

I. The Darcy Formuia is

. fle § ¢
Po=146] x 10° S
A 1461 e
where
AP = Pressure drop in pst

P
f = Friction factor

S = Specific gravity of fluid {oil)

Q = Flow of fluid in barrels per day
L. = Equivalent length of casing in feel
I, = Bquivalent diameter in inches

2

The friction fagtor, f, is determined as given m 3.03,

A a2

3. The absolute rougbness facior, e, of 1600 microinches
ts used for pipe anrulus

4. The Reyeolds namber, R, is calculsied by the follow-

ing formula:

D.Q

=922 e
e 2D, =)
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LA

where:

D, = Eguivalend diameter in inches

2 = Flow ip barrels per day

£ = Fluid viscosity in centistokes ar operating
[Cperature

D, = Inside dismeter of casing in inches

= Ouside diameter of tubing in inches

. The Tguivaient Diameter, D,, for the annuius is deter-

mined by the fallowing equation:
D., = [(D, — Dz}a (Dy + Dyyie
where:

P, = Inside diameter of casing in inches
D, = Ouiside diameter of tubing in inches

il

. The meal flow pressure drop through the annulus s

determined by:

AParmuius = dpr—aslna'luhina + lipcannz-m]iar

where:
f 1. SQF
AP(',:z&muvluhms = 11461 K OB _E:;_,Q:....
f "GP
ﬁPi.-asslm“-t‘(:'llm = | {461 ® 1t ....’:EIS_E._Q._

—
3
i

= 0.979 H,
LS = (0.02004 + 8.02778 D3} H,

H, = Length of casing in feet
D, = Outside diameter of mbing in inches

. Wel Hydraulics

A typical solution storage cavern for hydraulic calculation
purposes is shown in Figure §.
The iegend for Figure 5 is as follows:

H = Totu distance from surface to bottom of cavemn in feet

HH = Distance from sueface to botom of whing (stringer)
in feer

H, = Distance from surface 1o zop of cavern in feet

H, = Distance from surface to bottom of casing in feet

H, = Height of oil in cavem in feet

Hy = Height of brine in cavern in feet

H, = Distance fram rop of cavern to betiom of tubing

(stringer} in feet
H, = Distance between bottom of cavern to bottom of
mng in feet
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Gil injection and oil withdrawai for multiple wells is:

Qr =0, = Q + Oy Qa

whera:

Qp = Total oil Flow for cavern in barrels per day

Qs Qy Qy, =ommmn (), = oil Alow far givea well

n « number of wells

For ull cavern wells, flow pressure drops through cusing are
equal and flow pressure drops through mbing {stringer} are
cqual,

AP, = AP, = AP, = AP%, snd
AP, = AP, = AR, = AP,

where:

AP, AP, AP,, AP = Pressure drop ihrough well casing
{aninulus) in pw _

AP, AP/, AP;, AP = Préssure drop through weil wbing
{stringer) in psi ' '

. Oil Injection

P, = Desired brine cut wellhead pressure in psi (Normally, By
= 25}
P = P, + 0,433 8, .HH + AP,

P, = Py - [0.433 8§ .Hy + 0.433 §, (H, + H, — H.)]

P, =P, ~ 04335, H;, + AF,

where:

P, = il wellhead pressure in psi

P, = Pressure at casing bottom in psi

AP, = Pressure drop through tubing (stringer} in psi
APR, = Pressure drop throagh casing (annudos) in psi
S = Bpecific gravity of oil (heavy or light)

Sn = Specific pravity of brine
Maximum: Cavern full and light oil injected

P, = P, + 0.433 HH (8§ - Sg) +‘AP, + AP,
Mimmum: Cavern empty and heavy oil injecied

P, = B, + 0.433 H, (8 ~ S,) + 4P, + AP,

. Qil Withdrawal:

P, = Desired oil wellhead pressure in psi
P, = P, + 0.433 S,H, + AP,

P, = P, + [0.433 S, H, + 0.433 5, Hg}
P, = P, — 0.433 S, HH + AP,

i}

where:

P, = Pressure at brinefwater wellhead in psi
8, = Specific gravity of waler (brackish)

L e el i,
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Maximurn: Cavern empty and heavy oil withdrawn

P, = P, — AR = AP, + 0.433 (HH Sy — Sa)
- H '\gﬂ -

Minimuem: Covern full and light oit withdriven

P, = P, + AP, + AP, — 0433 HH (5, - 5;}
3. Maximem allowahle pressuie at casing point

Puax = 0.9 H,

where:

Prax = Maximuin ailowable pressure at casing bottom in pa
H, = Distance from surface 1o botiom of casing in feat
Design pressure at casing point:
Pras = 0O H, % 0.8 = 081 K,
B Py, exceeds P, in performing weli hydraulics for o panticu-
tur cavern, then an additional new well will be required.
4. Brine/Brackish Wauter Flow
Gil Injection:
Or = Qs
where:
Qr = Totai il flow into cavern in barrels per day
Qy = Tozal brine flow from cavern in barrels per day
Gil Withdrawal:
Qu = 105 Qy
where:
Q. = Total brackish water flaw into cavern in barrels per day
Qr = Total oi flow [rem cavern in barrels per day

EXHIBIT B

RELEASE VOLUME FROM A CRUDE OIL FILLED
SOLUTION CAVERN UPON TOTAL DECOMPRESSION

There have been no welthead failures recorded by industry.
Wellheads are penerully the most overdesigred portion of the stot-
age systemy having 8.F, of from 3.0 w 5.0. They have a low
profile und high mass. It is deemed highly unlikely that uny acei-
dental fatlure of a wellhend would occur.

Ol spiliage determination, The loss of cil is based on the
decompression of the stored oil, the bring, and the sult surroending
the cavity. Fhe compressibility effects are additive. The caleubu
tion basis is given helow.

1. Crude 0hl
AV = 5§ % W% Aviwpsi % AP X V

[ 39)

where,
3 » I07% Avivipsi = compressibifity of oil
¥ = volume of nil in cavern, bamels
AP = il welthesd pressure drop, psi or average pressure dif
fereave of stored oil at operating and static coaditions,
psi
AV = ai] losses, burels.

Salt Cavern

AV = 2.6 1T Avivipst X psl XV

where,

2.9 % 1077 Avivipst = compressibility of salt {sec¢ notes 1, 2.

3

¥, = volume of surface salt under imposed stress, barrels

psi = oil welthead pressure drop, psi, or sverage pressure dif-
ference of caviry ot operating and siatic conditions, psi

AV = cil losses, bargls

and,

V. = 0,18 A = D (see note

where,

A = surface area of cavern, {1.2

D = depth of salt under unposed pressure, f1.

(.18 = conversion facror (1.5 to barrels)

Let [ = i} feet conservativa or wWorst cuse.

. Brine

AV = 2.1 % 10°% Avivipsi X AP x V (see notes | and 2}
wlere,
2.0 X 107 Avivepst = compressibility of brine
V = volume of bring m cavern, barrels
AP = pressure difference of brine in cavity at operating and
siatic conditions, psi

AV = brine losses, barrels.
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. The degree of uncertainty as to the coetficient of compressibil-

ity of in situ domal sait and its elsstic/plastic behavioral charac-
teristics at depehs where the great malority of sclution caverns
are developed is very significant. Considerable empherical data
is being generated in the SPR Pragram.
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