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ABSTRACT . - .
Solution mining operations in salt domes have been analvzed i terms of engineer-
ing and econontic aspects by means of a numerical model that includes prediction of
cavity development, calculation of operating pressurc, power '{jﬂﬁéumpiion and
overall cost determination. Various operating parameters-and mathiods Ofﬂéwéiﬁ;% '
ment have been compared for the hypothetical case of the develvpmem 0@ ¥ c.:neity BRI

with a volume of © miltion (1 MM} barrels.

INFTRODUCTION

Solution mining operatians in salt are generally under-
{zken with one of two objectives: a) development of space for
underground storage or waste disposal and b} production of
hring to be used as feedstock for salt prodection or chemical
plants. Jn some instances it is possible to find both types of
operations within one miting installation and even within
the same cavity which is simultaneonsty used for storage of
products and brine production. It is more common however
1o design cavitias for the specific objective of either storage
or brine production with the possibility of converring the
Iatier to storage afier the late stages of brine production have

been completed.

In either case the cavities have to be designed lor long
term operations to insure that their intended objective can be
successfully satisfied. There exist nomerous possibilities in
terms of the combinations of operuting parameters and
methads, each resulting in different performance. Proper
design requires knowledge of these possibilities in order to
fulfill design objectives.

Considerable work has been undertaken® * % on studies
of cavity development and salt dissolution to provide
criteria and guidelines for the planning of solution mining
aperations. Fhrough experience, study and analysis of past
opetations, operating companies have devetoped perfor-
mance curves that relate operating parameters with brine
production and cavity development.

These performance curves are not only invaluable for
design but also provide a means of monitoring the perfor-
mance of operations and indicating possible deviations be-

tween the cxpected inid actual develupmc.m However, they
are of limited ‘asefuiness if numeroas aitcnmuves are to be
considered in thie:planning and design of furure operations.
A computer mioded. Had been developed! with rhe objec-
tive of predicting cavity development for the most practical
operating tondition:. Application of the model to the simula-
tion of development of various cavities, fof which there also
existed Weil docomented producuon records and shape sur-
FWH ag:reement ‘between the ‘actual and pre-
ice” With- confidénce ‘cstablished 'in the
mndei, it can be used effectively to aid in the design of
saiut:m_m}nmg operation. This required the development
of -the' capability. of considering operational. factors which
-ived to-establishreconomic comparisons of various
modes &t aperatmn “These elements include aperating costs
whicl. are related to power expenditure and capital- costs
which aré: Lela:ed to rhe conhguranon and mode of apera-
HOR. :
The obifecﬂve of thi: present work was to. da\ﬂ.iﬂp these:
rela:twl_}_:i Ay conjunction '._aa'_:th the cavity development model
and to develop a method by which a proposed project could
be anaiyzed: from the standpoint of engineering and
economie paranwtera resulting in the duﬁmlmauon of an
optirnumn deveiapment pIan

DESIGN OF SOLUTION MINING OPERATIONS

Design of 501112}0;1 mining operations involves selecting a
combination of possible operating conditions and well con-
figurations that will satisfy the intended objectives for the
system within certain constraints.
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Objectives. Solution mining design obiectives will be
stated differently for production of brine than for develop-
ment of storage space, as follows:

Storage Development: In this case either one. or combi-
nations, of the following may represent the specific ubjec-
five: 1) develop a certain volume of storage space in a given
length of time; 2) develop a certain volume of storage space
in the minimum time; 3} develop 2 certain volume of stor-
age space for the minimum cost: 4) develop a certain vol-
umne of storage space for minkmum energy expenditore,

Production of Brine: Far this type of operation either ong
or combinations of the following may represent the design
chjective: 1) satsify brinc rate of production in a given
length of time; 2) muintain brine rate of production over a
long ranpge Hime span, 3) achieve a rate of brine production
for the minimum cost: 4) satisfy a combination of the above
reyuirements.

The obectives listed above are to be achieved while
satisfying a number of conditions or constraints.

Constraints. Althongh some constraints may be charac-
tecistic of 4 specific installation the following can be consi-
dered to be the most common,

1. The resulting cavity shape has to confurm with specific
criteria dictated either by requirements of structural in-
tegrity or by the function of the cavity. Often the shape
constraint is expressed in terms of a maximum allowable
cavity radius m conjunction with a magimum cavify
height or thickress of the salt roof, and distance to
nearby cavities, For the case of storage cavities the
shape constraints have o be satisfied over the projected
life of the project after repeated filling and emptyving
cycles with ballast brine that may cause additional dis-
salution,

[

. The salinity of produced brine has to he within certain
values. When the brine is used as chemical feedstock,
the salinity should be greater than an allowsble
minimum. In some instances where storage development
is the main concern, brine salinity may have to be lim-
ited below a certain concentrativn in order to atlow
disposal of the weak brine,

3. Pumping operations have to be restricted below certain
maximum power of pressure limts, This will geperally
be the case when cxisting facilities are to be used 10
develop additional cavities. Limitations may aiso be im-
posed on the circulating flow rate due to problems
caused by excessive pipe vibrations, cavitation or era-
ston caused by turhulence.

4, in today’s climate of increazing energy shortages and
costs there is the probability of cfficiency constraints
expressed as minimum energy use to develop a given
storage volume or to prodoce salt at a given rate.

In most cases the design objectives wiil he subjectad o
all of the abuve constraiats each having different tmpor-

tance. The combination of ubjectives and constraints resulrs
in the complete detimition of the design prablem.

Controllablke varizbles. Having defined the probiem, its
sufution involves choosing from a given set of controliable
variables a combination which will achieve or approximate
the objective as closcly as possible. In saft solution mining
operations the controlluble variables usually consist of the
following:

1. Method of water circulation: tubing or annalar injection.
Z. Rate of water cigculation.

3. Height of salt exposed w dissolution.

4

Depth to the bowom of the cavity (depth of wbing) and
distance berween tubing and casing shoes.

Sizes of tubing, casing and surface flowlines.

i

6. Distance between pumping station, well and brine deliv-
ery point.

In the majority of cases it is not likely to be able w
consider all of the above as being independent variables, but
a5 mentioned above their variation will be limited by
specific restrictions.

Performance, The performance of the solution mining
process is expressed in terms of rate of cavity growth, which
also cap be expressed as the amount of salt extracted per
apit time. In terms of operaling parameters this can be cal-
culated from the circolating rate and the salinity of the pro-
duced brine. The first three variables above, ¢1, 2 and 3) are
the major controlling facwors in determining the saturation of
the produced brine. Their interrelation was clearly estub-
lished in earlier reports® and can be summarized in the
following generalizations:

1. For a given cavity size the produced brine saturation is
inversely related to circulation rate.

et

. For a given rate the produced brine saturation inceeases
as cavity volume increases or as height of salt increases,
3. For a given volume of cavity the location of the injection
and producnion points determines the exact relationship

berween rawe and saturation.

4. The combination of circulation ratc and position of injec-
tion and production points determines the development
of a given cavity shape,

The additional variables {4, 5 and ), in conjunction with
circulation rate and brine saturation. determme the pressure
required o pump fluid through the system and therefore the
amount of chergy consumed in rhe process. In addition
these parameters will also control 10 = large exfent the cape-
tal investrment pecessary o establish a new installation.

With such complicated interaction it becomes very dif-
ficult to derive simple relations that allow practical descrip-
tion of the performance of cavity disselution. This makes
numerical modelling the most practical method to srdy
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alternative development programs o 1wy 1o optimize the
process.

THE NUMERICAL MODEL FOR OPTIMIZATION

The mumerical model that bas been developed is an ex-
tension of the dissalution modei for cavity development to
include calculation of circulating pressure and power re-
guirernents, and the capability of estimating operating and
capital costs,

The model consists of three main sections: The dissolu-
tion model, the power calculation model, and the economic
calculation model. These sections are combined according
to the logic depicted in Figure 1. After starting the problem
by reading pertinent data and calculating constants 0 be
used for repeated calculations, the dissolurion model calcu-

Read Data
Calculate Factors

T
Calculate:
Cavity Brine Density
Rate of Dissolution
Volume Dissolved
Produced Brine Density

I

Calculate:
Friction Losses
Hydrostatic Heads
Pressures
Power
Efficiency
Costs
|

.Ou.!put Results
)
Increment Time

|

finished
?

STOP

Figure 1. General logic of the program.
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lates the density of produced brine, density of bring in the
cavity and the amount of dissolution that has taken place
over the desired time interval. Density values are then used
to calculate hydrostatic and friction pressures in ihe system
which are substituted in the appropriate pressure batance
relation 1o obtain the circulating pressure. Combining flow
rate and circulating pressure, the instantaneous power is
calculated and converted to cumulative energy through
summation over the desired time interval, In the économics
calculation, energy is used in the calculation of cperating
cosis while maximum power is used 1o estimate capital coxt
of pumping equipment. Other capital costs are estimated
from physical parameters of the system such as pipe sizes,
depths ete, Caleulancns are terminated when a specific
criterion is satisfied. '

Dissalution medel. The cavity development model has
been described in detail ®. The version that was utilized for
this work includes the capability of simulating shit dome
cavity development for the ?onowmg cases: 1) Direct cireu-
lagon (tuhing injectioh, annular producnon} ?) Reverse
Circlation {annular injection, tubmg pms:lucnon) 3} Pro-
tected and unprotected roof and, 4) Isothermal conditions. -

The model incorporates effects of fluid velocity, and
inclination of salt surface on dissolution. For a given case
and circulation rate the model calculates the amount of salt
dissolution at various levels in the cavity, the salinity of the
brine and the average radius of the cavity at these same
levels. Totals of the volume of the cavity, salt produced and
salt dissplved zre caleulated as a function of time and
printed at constant intervals (usually | day).

Pressure calculation, In order to establish the amount of
power required for fluid circuiation it is necessary to under-
take a calculztion of the pressure at the inlet of the system,
Figure 2 shows a general schematic of the system that was
considered to represent a general case. Tt consists of surface
flowlines for injection of water and production of brine, the
tubing, the casing-tubing annulus, and the cavity.

In general the flowrate and the delivery pressure at the
brine line outler will be specified. The inlet pressure to' the
sysiem {or pump outlet pressure} will have o overcome the
frictional losses in the pipes and the hydmstatic head im-
balance caused by the difference in density.in thé vertical
sections of the system, Other lasses such as Kinetic. energy
changes across restrictions have not been raken into. account
since they are not believed to be significant. . -

Frictional losses are calculated based on tlow regime
(laminar or wrbulent) using a Moody frictien factor correla-
tion. The equivalent diameter for the annulus is calculated
based on fiald measurements. This is thought to reflect
maore accurately the effects of excentricity, resulting in more
accurate cstimates of pressure losses. Since the brine den-
sity will vary with time, as the cavity size increases, pamp-
ing pressure will be a function of time.

Energy consumption, The pumping pressure is con-
jenction with the cireslation rate are converted to hydraulic
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Cavity Height

Figure 2. General configuration for solution mining operations.

power which through an efficiency factor is converted to
input power to the pump. This power is assumed © remain
constant over the time interval specified (usually one day)
and is converted to expended energy. PFrom the dissolution
mode] are known the volume of produced salt and cavity
srowth over the same time interval, These values are con-
verted Lo efficiency factors expresscd as mass or volume of
salt removed per unit of energy expended,

Cost catculation. The evaluation of specific cavity de-
velopment plans has 1o be undertaken considering various
parameters, Primarily the design objectives and constraints,
which have been listed earber, will have to be satisfied by
the proposed project. H is not uniikely however to find
several aliernatives which satisfy these to similar approxi-
mativns. In such cases it becomes useful to consider addi-
tional comparative factors such ax cost of operation and
investment reguired by the project. In addition if during the
implementztion of the project it beconries necessary to mad-
ity the plan, it is useful o know how these changes will
affect its economics.

The cost model proposed here is designed to be as gen-
eral as possible alluwing the interested user to modify it 1o
suit his specific organization. Tr further assumes that certain
general cost parameters can be established from previous
experience in stmilar cperations and expressed as gross
guantities without detailed breskdown.

The overall project cost is expressed as:

Projeet cost = Drilling Cost + Completion Ceost
+ Surface System Cost + Operating Cost
— Income from Brine

with the assumption that it may be possible to derive some
income from brine sales even during the development stages
af the svstem.

The various elements are defined as follows:

L. Drilling Cost: espressed in $/ft. represerts the cost of
dritling the well to total depth, including necessary log-
ging, protective casing, cementing eie.
2. Completion Cost; includes cost of casing and tubing for
circularion strings {$/ft.), plus cost of wellhead, and rig
time for completion.
3. Surface System Cost: includes cost of flowlines (5/ft.)
and of the pumping system expressed as $ per installed
HP.
&, Operating Cosi: this includes fixed expenses either on a
time or on a volume pumped basis, the pumping cost and
the cost of disposing uousable brine as follows:
Operating Cost = fixed expenses + pumping cost +
disposal cost.

where:

fixed expenses: expressed either as $/day or $/Bbl,

pumping cost: expressed as $/Kw — Hr,

disposal cost: expressed as $/Bbl. It should be noted that
disposal cost will be zeno whenever the brine is sold,
which depends on the brine saturation.

3. Brire Income: is expressed in terms of $/Ton of salt. |t
will be zero whenever brine saturation is below a certain
minimum vatue.

From this discussion it is apparent that some costs are
dependent on the physical configuration of the system
{depths, distances and diameters) others are tiine dependent
and others are fuactions of rate of circulation. This makes
the overall cost function very complex and difficult o ex-
press analytically, pointing again to the usefulness of a
numerical modet. In order to be able to use costs as & com-
parison criterion if should be noted that since different con-
figurations will result in different project durations it be-
comes necessary io introduce a discount factor 10 obtain a
present value of future income. This is applied to the differ-
ence belween income and operating costs and is defined as
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discounted nel income. Capial investment is defined us the
aggregate of drilling, completon and surface systemn costs.

AFPPLICATION TO SAMPLE CASE STUDY

In order to iltusirate the usefulness of the program as well
as to explore some of the interrelations between the vari-
ables of interest a sample case study of the development of 2
storage cavity with 2 volume of 1,000,000 Barrels was un-
dertaken.

The influence of the following variables was studied:
circulation method, rate of circulaton, size of circulation
pipes and height of salt exposed to dissotution. The main
abjective was staied as development of the required volume
without other restrictions. It is therefore a much broader
case than one woutld normally encounter In pracrice. Values
of specific parameters are listed 1 Table 1, and were chogen
e be representative of average values encountered in sakt
dome storage developraent. The assumprtion was made that
it was possible 10 market the produced brine provided its
saturation was above 90%. This may be unrealistic and was
inchudad only to show the effect on the overall project cost.

TABLE |
Case Smdy Data

Total dasired volume: §,000,000 Bbls

Reverse Cipenlation;
Rate range: 1501200 GPM
Pipe position: 20-- %0% injection
Salt exposed to dissolution: 1600 fi.
Tubing deprh: 5006 fi.
Pipe sizes: 10%" Casing
7 tibing
Direct Circulation:
Runge range: 150 1200 GPM
Salt exposed to dissolution 1000 and 2000 1.
Tubing depth: 3600 1.
Pipe sizes: 10%” Casing 7" wbing
%" Casing 7" mbing
9%" Casing 54" tubing
8%" Casing 3%" tubing
Conts:
Dritling and Completion: 28,50 S/t
Power: .03 $/Kw-Hr
Brine Disposal: 3.80 $/100G Bbls
Fized Costs: 105/day
Fumping System: 50 $/HF
Brine Sales: Saturation limit 30%
income 1.30 $/TON of salt

REVERSE CIRCULATION

For a given height of salt exposed to dissolution in re-
verse cireulation two variables are the major controiling
factors of caviry development®, the rate of circulation and

91

relative position of injection and production pipes. The -
teraction of these two variables was studied in deail.

The relative position of the injection point annulus) and
production point (tubing) is expressed i relation to the
height of salt exposed o dissolution. Referring to Figure 2,
the distance from the cavity roof 1o the injection point di-
vided by the height of salt and expressed as a4 percentage, i3
gdefingd as %-injection. This parameter which most com-
monly varies between 20% and 90% was vsed in conjunc-
tion with a variation of mjection rate between 1560 und 1,200
GPM 1o study the resulting cavity development. Results are
presented in Tables 2 through 9.

Time to develop cavity volume, A wide variztion was
observed in the time required :0 develop the reguired vol-
ume as a funclion of injection rate and pipe position. This
time ranged from 12300 181 days as shown in Figure 3.

The increase of rate of circulation has the most important
effect in decreasing development time, especiaily at the
lower rates (E530-600 GPM) where doubling the rate
approximaliy reduces time by half. At the higher rates
(600~ 1200 GPM) doubling the rate produces a reduction of

Figure 3. Time o develop 1 MM barrels.

TR
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TABLE 2

Reverse Circulation, 206

Tebing Size: 7%, Tubing Depth: 5000 Fi.; Salt Exposed to Dissolution: 100 Fr:

Casing Size: 10%". Casing Depth: 4200 Ft.

Rate of Uirculation, GPM 156 396 430 [11:] 750 GOl 1856 3200
Development Time, duys 1164 604 416 322 266 228 02 182
Maximum Pressure, Psi ELK 406 443 493 5587 634 724 827
Maximum Power, H.P. 41 87 142 210 297 403 540 705
Cumulative Energy, MW-Hr 845 9E% 1826 1172 1368 1583 1372 220
Efficiency, Tong/KW-Hy 388 36l L3326 287 248 213 A82 456
Efficiency, Bbiv/KW-Hr 1.183 1.081 917 835 758 632 538 458
Operating Cost, $ EFERT;] 34863 37884 43534 51681 Hi647 T4328 8911
Incoree Less Cost, § 368214 361696 336887 301184 251138 191232 117604 0T
Discounted Net, § 339295 345866 325870 282824 244667 186353 114325 28542
Capitat Investment, 3 257647 2594939 262693 266130 270455 275854 282634 253978
TABLE 3

Reverse Circulation, 304,

Tubing Size: 7 Tubing Depth: 5000 Fr.; Sabt Exposed to Dissolotion: 1000 Fe.;

Casing Size: 10%", Casing Depth: 4300 Ft.

Rate of Circalatlon, GPM 150 k! 450 680 7560 00 1056 100
Development Time, days 1166 604 416 322 266 22g 207 182
Maximurs Pressure, Ps 3 414 450 501 586 643 734 q3g
Maximum Power, H.P. . 42 88 144 214 02 411 547 714
Cumaulative Energy, MW-Hr 363 936 1043 1189 1389 1622 1893 2225
Efficiency, Tonw/KW-Hr 376 353 319 281 243 209 179 1583
Etficiency, Bbls/iKW-Hr 1.159 1.071 960 841 726 (621 524 450
Operating Cost, $ 37908 35600 38610 44660 53181 638356 T4R79 Y1335
Inwome Less Cost, $ 366339 - 153916 330790 288069 231854 160510 82378  ~ 18579
Discounted Net, $ C 337408 340471 319863 279872 225648 136131 T9TIR — 14037
Capilal Investment, § : CZAU0RY - 261358 264154 267637 272014 271519 284320 202768
TABLE 4

Reverse Circalation, 40%,
Tubing Size: 77 Tubmg i)cpth 300G .. Salt Exposed o Dissolution: 1000 Ft.;

Casing Size: [0%", Casing Depth: 4400 Ft.

Hate of Clrcnlatim, GPM . 156 L] 450 &00
Development Time, days 1168 606 418 e
Maximum Pressure, Psi 399 432 459 509
Maximom Power, H.P. 43 H) 147 M7
Cumularive Energy, MW-Hr 882 938 1063 1219
Efficiency, TonsiKW-Hr 371 346 312 278
Efficiency, Bbis/Kw-Hr 1.136 1049 42 .H26
Operating Cost, § 38569 36500 39R30 46403
Income Less Cost, § 364260 345858 320378 278
Discourdad Net, § 3135411 RRESRY! 300452 269972

Capital Investment, $ 260108 262775 265612 268139

TG S04 1650 1204
268 232 204 184
73 652 743 R4R
306 417 554 723
1405 1634 1932 2272
238 205 A75 14%
T2 H09 319 A4

55174 66944 BL794 97214
212210 136910 37061 =71320
6232 132837 35261 - 70904
273565 279130 286009 284539
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TABLE 5

Reverse Circulation, 50%.
Tubing Size: 7 Tubing Depth: 5000 Fr,; Salt Exposed 1o Dissclution: 1000 Fr; Casing Size: [0%"; Casing Depth: 4500 Fr,

¢

Rate of Civculation, GPM 150 160 450 600 730 900 1058 1200 :
Developmeat Time, davs 1170 £08 AR 328 272 234 208 11:%) :
Maximum Pressure, Psi 408 430 467 517 582 661 159 At :
Maximum Power, H,P. 44 92 149 224 310 422 A61 131 i
Comularvive Encrayv, MW-Hr S0 973 1087 240 1439 1683 i9RE 2316 !
Efficiency. Tons/KW-Hr 363 J3ag 306 210 233 200 A7 N ;
Efficiency, BblsfK'W-Hr 1442 1.9 813 81D £99 597 508 432 :
Operating Cost, $ 39247 37448 41406 ° 43449 58026 FOLTE R5785 100425
income Less Cost, § 361225 341597 7308 252600 185277 Q61% -~ 13572 - 100425
Discouned Net, § 332385 328280 296426 247019 176626 94262 — 14269 -~ 94093 <
Capital Tuvesiment, $ 2651773 264190 267634 270634 275147 280727 287671 296288
TABLE 6 ’

Reverse Circulation, 60%. ;
Tubing Size: 77; Tubing Depth: 3000 Fi,; Salt Expesed 1o Dissolution; 1000 Ft.: Casing Size: 10%”; Casing Depth: 4600 Fe, 5

Rate of Civculation, GPM 150 30y 458 6K 750 200 1030 1204
Devetopment Time, days 1176 814 426 132 276 238 210 FO0
Maximuem Pressore, Psi 416 438 474 525 589 668 761 S68
Maximunt Power, H P. 44 a3 152 124 314 427 567 139
Cumalative Energy, MW-Hr 920 Q94 1:108 1264 1470 722 201K 2380
Efficiency, Tons/Kw-Hr 356 332 299 263 228 Bt 187 142
Efficiency, Bbls/KW-Hr 1.089 1.008 505 793 R4 .584 A36 R 73|
Operating Cost, $ 454 k862 43349 51235 61719 TH{42 O1358 103015
Incoutte Less Cost 338189 330447 285252 218946 140997 37459 -9i358 - 103015
Discounted Net, $ 32a277 314622 274542 211436 136106 35406  —R9996 -~ HD1622
Capital Invesanent, $ 263146 265559 268517 272136 276670 282294 289295 297991
TABLE 7

Reverse Circulation, 70%.
Tubing Size: 7 Tubing Depth: 5000 Fr.; Salt Exposed o Dissolution: 1000 Fr.; Casing Size: 10%" Casing Depth: 4700 Fr.

Hate of Circulation, GPM 150 ang 450 600 150 oH 1050 1206
Development Time, days 1184 622 34 338 282 244 216 196
Maximum Pressure, P 423 dd 480 330 595 675 68 875
Maximum Powsr, H I 45 93 154 226 317 431 372 F45
Camatlative Energy, MW.Hr 939 115 1134 1201 1505 17169 2080 2463
Efficiency, Tons/KW-Hr 348 328 293 L2587 222 (190 1862 138
Effictency, Bbis/KW-Hr 1.066 987 K&6 T8 LT 5649 483 409
Operating Cost, § 41012 40824 45693 55234 47743 82937 Q4110 106479
Income Less Cost, $ 52149 w414 257742 16300 6226 —63659 —94[10  -106479
Discounted Net, § 323018 293656 247242 161504 50060 62875 —92665 104003

Capital Tnvestment, § 24516 266994 269940 215810 278145 283836 250975 298623
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TAHRLE S

Reverse Circulation, 80%. :
Tebing Size: 7 Tubing Depth: S000 Fr.; Salt Exposed o Dissciution: 1000 Fr.i Casing Size: 103" Casmyg Depth: 4300 It

Rale of Clronlation, GPM 158 2B 450 6006 50 SN} 1058 1304
Prevelopment Time, davs 12 634 dad 356G 292 282 224 20
Maximum Pressure, Psi 430 449 4§32 533 558 a7% i S8
Maximum Power, H.P. 46 9 135 228 119 433 575 pEL
Cumulartive Encrgy, MW-Hr G50 1036 1182 1331 1332 15,93 2150 2558 :
Efficiency, Tons/KW-Hr 3dd 3K 238 i 2la 184 k56 B EX)
Efficiency, BblsifKW-He 1,344 G606 E65 756G 644 A51 466 V15
Operating Cost, 3 42378 43913 51099 62334 R #6634 97386 110675 ¢
Income Less Cost, & 342202 270268 1868061 TIRGY ~ (0870 — 86634 -97386 - LLO6TS

Discounted Net, $ 32729 236062 176975 73630 6276 — B384 —H3833 - 109063
Capitai tnvestment, § 265880 268374 271313 274970 279534 285284 202470 301087 :
TABLE &

Reverse Circulation, 904%.
Tabing Size: 7", Tubing Depih: 3000 Ft.; Salt Exposed o Dissolution: 1006 Fu: Casing Size: 0% Casing Depta: 4800 Fu

Rate of Circalation, GEFM 150 330 456 BN TE0 Ll HEh 1280 ‘
£

Development Time, days 1230 658 464 66 Klss 266 238 214 !

Maximum Pressure, Psi 432 445 432 531 597 676 770 879

Maximum Power, H.P. 46 G 154 227 318 431 573 747 ;

Cemuclative Enargy. MW.Hr 980 1062 1189 1368 160 1854 2260 2658

Efficiescy, Tons/KW-Hr L334 310 2TR 243 208 137 150 (126

Efficiency. Bhls/KW-Hr 1.021 943 R42 EK B0 330 &7 A7

COperating Cost, $ 43059 4977 60722 73328 ROS74 90671 L2720 | 5325

Income less Cost, § 312498 192855 39368 —T3325 —BOST4 ~QDAT1 12726 115328

Discounted Met, § 2H2782 1794336 47557 - 71435 —TU21R #8936 100987 —113583

Capital Investrment, $ 267215 269715 272620 276284 2B0R47 236502 233356 302523

time of only 25% and the trend indicates thal even less
benefit is achieved ar even higher rales. The effect of pipe
posifion is to increase development time as the injection
point is placed fower into the cavity, Constant time contonrs
show that a given development thime can be achieved over a
range of raies by selecting a specific pipe position.

Cavity shape. The resulting cavity shape at the specified
final volume of I MM barrels will vary according o the
development rate and pipe position. These are shown in
Figure 4. For a given pipe position the cavity dlumiciers as a
function of height tend to be more unifors as the circulation
rate increases. However, all cavities are characterized by a
significant enlargement at the point of injection,

Proper evaluation of the desirability of a giver cavity
shape has to be established in relation with the intended
furare use of the cavity as well as stability considerations.
Although large shape variations are observed especiatly as a
function of pipe position, it iz possibie w define regiony in
which the resulting cavity shape is similar over a range of
operating conditions,

Energy requirements. These are represented by the
pump delivery pressure and the horsepowsr required. as
shown in Figures 5 and 6. The exponential increase in pres-
sure with increasing rate is characteristic of turbulent flow.

Tn addition there can be noted an increase in pressure head
caused by deepening of the injection point (about 50 psi
from 20% to 00% injection). Pressure and flow rate are
combined in the derermination of the maximum power re-
quired, which as shown in Figure 6 varies over a significam
range. { Approximately a 16 fold increasc in power foran 8
fold increase in rate.) Recalling that pressure will vary with
time as brine saturation increases, it should be noted that
these are the maximum values for the specific plan of cavity
deveiopment. Instantancous values of power are summed
over the sl tme required for development and are pre-
senled in Figure 7 as the wotal energy expended. The possi-
ble radeoff between time of development and energy con-
sumption becomes apparent by comparing Figures 3 and 7,
and soting that the decrease in development time by increas
ing circulation rule is accompanted by significant increase
of energy utilization. It is possible to express the ¢fficiency
of the process by relating the expenditure of energy with the
volume dissolved and the amount of salt produced. These
guaniities are shown in Figures § and 9, which indicate that
eificiency improves with decreasing circulating rates and
decreasing %-injection. This agress with the concept that
the maximum efficiency will b2 achieved for the circulation
rate for which a anit volume of inected water wall “‘re-
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Figure 4. Resulting cavity shape at completion for | MM barrels. Vertical unit cquals 100 feet,

horizontal unit equals 25 feer.
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main'' in the cavity exactly the length of time required to
become saturated. At lower rates it will saturate prema-
turely and will not produce additional dissolution and at
higher rates it will not have sufficient time o hecome fully
saturated. e either of these cases energy will be expended
ta circulate the fluid without contribation to the dissolution
process. Operation at the ““optimum’’ rate is generatly pre-
cluded by other constramts, however, Figures B and 9 show
that a certain efficiency can be insured by proper adjusiment
of rate and pipe position.

Brine saturation. Produced brine saturation will vary
during the developmemt period. This is illustrated by
Figure 10 where is plotted the time ¢lapsed from initiation
of development until brine saturation reaches 86%. (This
value was choser because for some of the cases considered
4 higher saturation was nat reached before developing the
1 MM barrels volume).

H can be observed that both rate of circelation and pipe
position have a2 marked effect on the speed of brine satura-
tion buildep, The effect of rate of circulation on saturation
was investigated furthier as a function of cavity growth for
the specific case of 20% injection. Results are presented in
Table {0 and Figure 11. These show that as the cavity size
grows it 18 possible to increase rate of circulation without a
decrease in brine saturarion following a rate schedule along
the constant saturation contour,
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o7

Economics. The forzgoing discussion has taken inwo
consideration the mgjor physical aspects of the problem.
When these are combined with cost figures then the corres-
ponding economic desirability of the vartous alternatives
become appurent.

Ogperating costs are shown in Figure 12 as a function of
circulation rate and pipe position. As rate increases above
300 GPM the cost increases because of the increase in
energy expenditure. For circelating rates helow 300 GPM
there also is an increase in operating cost. This increase is
due to the increase in development time at these slow rate
which combined with the fixed expenses (S/day) cause an
increase in the total operating cost. The rate corresponding
to the minimum cost (in this case approximately 300 GPM,)
will vary depending on the relative magnitude of fixed and
power costs. The important point is that the operating cost
function generally will exhibit a minimum within the operat-
ing conditions of interest. . .

Assuming that it is feasibie 10 sell the produced brine
during the development period, if its saturation is suffi-
ciently high (in this case greater than 90%) and there is a
market for it, (hen this income can be subtracted from the

{doys? .
230 r
ite
3o
L] S A
; [
? 39 1
,’ 28
i ]
500, A
; ] /,-"'
'y
AN
]
D_\__ 5 ? 7]
. | g
5’0@
50 L}
Ry &
?’6' é.)
b, o .
\S’ c?f 2o
v

Figore 10, Time 1o reach BO% saturation.
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TABLE 10

Saturation of Produced Brine as a Funciion of Rate and Cavity Volume. Circutation Method: Reverse 9%

Tubing Size: 7" Tubing Depth: 5000 Fu. SaitﬁExpescd ta Dissolution: 1000 R

Casing Size: 10%7; Casing Depth: 4900 Fr.

Ratz of Clrculation, GPM-—~ 150 300 450 [ 750 H 1450 1266
Cavity Vaolume, Bbls
5,000 853 5.8 hi.7? 62.8 58.3 54.3 510 481
100,000 899 g0 4.7 54.5 65.5 61.7 58.3 356
200, 000 91.5 85.4 BG. 1 75.6 720 11.3 8.3 65,6
300,000 93.3 87.6 3.1 B1.0 T7.6 4.6 2.4 704
400, 4,2 89.2 86,2 83.0 801 LRy 75.3 T34
060,000 4.8 1.t 7.6 4.5 82,0 80,1 15.0 76.4
600,000 95.8 1.9 33.6 86.2 83.8 ai.5 79.5 11.6
700,000 96.2 2.4 9.8 87.2 %4 3 2.6 807 79.3
800,000 96.5 93.3 90.5 8.9 857 83.6 822 8.3
5(5,000 g 93.8 1.0 88.6 86.7 348 §3.0 §1.2
1,000, DOk Uh .3 4.6 91.5 8G.3 B7.4 854 836 §2.0
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Figure 12. Operating cost in doflars.

Figure 14, Saturation vs rate-volume.

operating cost. This allows us to consider the net cost of the
development project. The result is shown in Figure 13, in
which for reasons of visibility the axes have been rotated
180 degrees. This figure indicates the great vaziation of this
parameter in function of the operating conditions. The re-
gion of negative values, shown us dotted lines, represents
conditions where the required satwration is not achieved at
all or only during the Jast stages of development. This re-

gion covers the range of high circulation rates and again
shows the possibility of tradeoffs that might be considered
in the planning stages.

DIRECT CIRCULATION

In this method the inajor independent variables are the

rate of circulation, the height of salt exposed to dissolution
and the pipe sizes,
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Rate effects. For a given height of salt exposed 10 dis-
solution {in this case 1000 f1.) Figure 14 shows the cffect of
flow rate on the cavity cross section. The diameter of the
cavily becomes more uniform as circulation rate is in-
creased. For comparison purposes the corresponding re-
verse cirenlation (909 injection) cavity shapes are pre-
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sented, showing that except for the bottom section of the
cavity a very similar configuration can be obtainad by either
method of circulation. S

Figure 15 presents information regarding development
rime and developmeant cost. This figure shows that time of
development decreases with increasing rate and that the di-
rect ¢irculation method 18 stightly faster than the reverse
method. Development cost shows & minimum at approxi-
matety 300 GPM as well as an inflecion point at
600 GPM. The first represents the effect of daily costs
gaining in.importance as time of development increases,
while the second iz caused by the cost of weak brine dis-
posal. There is no disposal cost below 600 G PM since satu-
rated brine is produced and is sold. Figure 15 also shows the
effect of salt height. At all rates for the 200 ft. cavity the
time of development and operating costs are below those for
the shorler salt cavity.

Effect of pipe stze. A reduction in pipe sizes will gener-
ally be accompanied by significant savings i pipe cost, and
probably alsc in drilling and completion expenses singe
smaller wellbore, wellheads; #’a_li'és-fé_tc, can‘be used. On
the other hand this will have to be balanced agaifist higher
circulating pressure and power reguirements which- will
calse Hicreases in the pamping systen: initial, maintenance
and operating costs. : R

To Hustrate this effect the pressure and power require-
ments for four combinations of casing and tubing sizes are
presented in figures 16 and 17. These show that at low flow
rates {less than 600 GPM) the differences may not be sig-
nificant and that the smaller pipe combinations might be
considered as appropriate allernatives. This is not true at the
higher flow rates, 3 )

Project economics. Assuming once more that produced
brine can be marketed, the effect of the variables discussed
above on the discounted net income was calculated and is
presented in Figure 18, For the 1000 ft. salt height, the
inflection point at 600 GPM represents the rate above

which produced brine saturation drops below the minimum

required for selling the brine. The dotted: lines extrapolated

TABLE |1

Direct Circulation, 1,000 Feet of Salt, P
Tubing Size: 77 Tubing Depth: S000 Ft.; Salt Exposed to Dissolution: 1000 F1.; Casing Size: j0% ™ Casing Deptli: 4000 Fu.

Rate of Circelation, GPM 158 o0 4560 [ILH 750 950 IESQ o 1200
Development Time, days 1186 622 &34 349 284 246 218 198
Maximum Pressure, Psi 442 452 480 322 577 648 732 329
Maximum: Power, H.P. 47 97 153 223 307 414 548 - 705
Cumulative Energy, MW-Hr 983 1055 1161 1312 583 1760 2052 2412
Efficiency, Tons/KW-Hr 2331 312 2858 253 221 L1951 164 140
Efficiency, Bbls/KW-Hr 1.H15 549 861 183 664 ST 489 417
Operating Cost, 3 41904 43145 47273 69346 TAFI3 B4 93541 135268
Income Leys Cost, § 357732 337192 240149  —£5346 —~T75673 — 84007 —53%61 105208
Discounted Net, § 32189499 3213498 230194 —87708 - 74467 —82642 -92127 ~1(3829
Capital Investment, $ 255305 257773 260618 264081 268330 273682 28022 2BR23)

L B R R L
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TABLE 12

Direct Circulation, 2,008 Feet of Sal.

Tubing Size: T Tubing Depit: 3000 Ft,, Sak Exposed to Dissolution: 2000 Fr.; Casing Size; 10%™, Cuasing Depth: 3000 Tt

Rute of Circulation, GPM 158 ki 450 [21.1] 750 900 1654 1204
Development Time, days T2 598 410 318 258 226 194 174
Maximum Pressure, Pui 448 461 489 529 580 642 716 831
Maximuem Power, H.P, 48 9% 157 226 30y 411 534 683
Camulative Energy, MW-Hr 975 1028 {112 123} 1373 1 566 1760 2052
Efficiency. Tons/KW-Hr L334 chery 297 2H 242 el 7.4 188 163
Efficiency, Bhis/KW-Hr 1036 9758 .90z 816 125 643 .564 492
Operating Cost, § 41073 37823 9537 44463 50864 39072} 69536 84897
Income Less Cost. 8 163799 356689 335142 313363 257671 204863 139664 1676
Discounted Net, § 335019 341387 324530 296290 251453 200094 136248 667t
Capiial Investment, $ 232842 235383 238292 241761 245942 251028 157207 264633
TABLE 13

Effect of Pipe und Tubing Sizes (9% pipe, 5%"; Tubing. Circulation Method: Dircey

Tubing Size: 54" Tubing Depth: 3000 F1.; Salt Exposed to Dissolution 1000 Ft.; Casing Size: 9%, Casing Depth: 4000 Ft.

Rate of Circulation, GEFM 150 308 450 &0 750 M 1050 200
Development Time, days 622 340 246 198
Manimum Pressure, Psi 482 630 880 1232
Maximum Power, H.P. 103 268 562 1047
Cumlative Energy. MW . Hr L1125 1590 24160 3620
Efficiency, Tons/KW-Hr .293 209 134 093
Efficiency, Bbls/KW-Hr 891 629 417 278
Operating Cost, $ 42242 T7606 104437 141453
Income Less Cast, % 335004 =77696 - 104437 —~ 141451
Discounted Mert, 3 319389 - TSR62 - 102628 — 30484
Capital lwvestment, 3 2202458 238503 253222 2774649
TABLE 14

Effcct of Pipe and Tubing Sizes, (9%” Pipe, 7" Tubing. Circulstion Method; Direct;

Tubing Size; 7, Tubing Depth: SO0 Ft.; Salt Exposed to Dissolution: 1000 Ft.; Casing Size: 95"] Casing Depth: 4000 Fr.

Rate of Circelation, GPM

Development Tine, days
Maximpm Pressure, Psi
Maximam Power, H.P.
Cumulstive Energy, MW-Hr
Efficiency, Tons/KW-Br
Efficiency, Bbls/K'W-Hr
Operating Cost, $

facome Less Cost, B
Disconnted Net, $

Capital Investment, 3

150 300 456 604
622 340
532 816
114 348

1244 2070
265 L1680
806 483
45805 92084
331531 ~ 02084
315976 -~ B2
249323 261044

730

93¢

246

1284

819

3305
0938

284
137334
137334
-~ 134973
284702

1058

1200

325914

H
[
<
14
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TABLE i3

Effect of Pipe end Tubing Sizes, (8% Pipe, 5% Tubing}. Cireutation Methad: Direct;
Tubing Size: 5%7 Tubing Depih: 5000 Ft.; Salt Exposed to Dissolution: {000 Ft.; Casing Size: #%"; Casing Depth: 4000 }l,

Hate of Cireutation, GPM 150 306 450 &) 756 91 1650 uw
Development Time, days 621 340 246 g
Maximum Pressure, Psi 515 752 1145 1680
Muximum Power, H.F. 110 20 730 1437
Comulative Energy, MW-Hr 12(H) 1910 3150 4480
Efficiency, TonyKW-Hr 274 A4 107 068 o
Efficiency, Bbls/KW-Hr 832 528 319 g0z -
Operating Cost, § 44615 B1176 125711 182478
Income Less Cost, $ 333722 -87176 ~ {25711 ~ 182478
Discounted Nel, $ 31716 —~B5120 - 123544 ~ 179942
Cupitul lnvestment, $ 219646 230185 230740 2RE030

FLOW RATE (GPM)
300 | 600 300

DIRECT

REVERSE

Fipure 14. Resulting cavity shape for 1 MM barrels.
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to the left show the tread of decreasing costs as flow rate 1s
reduced. For the 2000 fi. sult height the curves indicates
that for all flow rafes it was possible to produce brine that
satisfied the sales requiremcnts. Note that in both cases the
curves exhibit a maximuem,

CONCLUSIONS

The numerical model of cavity development in salt
domes has been successfully combined with calculation of
pressure and power required by the uperation. In addition
the new model undertakes cost caleutations which can be
used to determine the ecopomic desirability of various
opevating alternatives. The model has been applied (o
analvze g sample case study of development of | MM bar
rels of storage. From this study the following general con-
clusions may be drawn.

A-Operating parameters— For annular injection, increas-
ing circulating rate produces an increqse in pump pressure,
power, operating cost and time to achicve a given brine
saturation, while it produces a decrease in efficiency and
time to achieve the desired volume, Decreasing depih of
injection produces a decrease in pummp pressure, powet,
operating cost, time 1o achieve a given brine saturation and
time to develop the desired volume. Tt produces an increase
in efficiency,

For Tubing Injection— An increase in flow rate produces
the sume effects as in annular injection. An increase in
hetght of salt exposed to dissoiution produces a decrease
time of development, operating cost, and an incresse in
efficiency.

B-Cavity Shupe—By proper combination of operating
parameters and pipe positioning it is possible to have siyg-
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nificant flexibility in obtaining a cavity cross section that
will satisfy most requirements.

C-Brine Saturation—As the cavity size grows it is possi-
ble to maintain a given brine saturation by adjusting the rate
of circulation to the appropriate level,

D-Economics—The operating cost function generally
exhibits & minimum which is 2 function of rate of circula-
tion, pipe position, pipe sizes, fixed costs and power costs,
The cost function is very sensitive to these purameters, o
that even if it may not be possible to operate at the minimum
point it is useful to have a knowledge of how costs will be
affected by changes in the development plan.
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