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QUICK INTRODUCTION

* A 2D axisymetrical Finite Element code
* A fully coupled Thermo-Hydro-Mechanical code
* A powerful —but user-friendly— Windows® software

WHAT IS IT FOR?

» Study of liquid-filled or gas-filled salt caverns
» Short-term and long-term behavior of caverns

Examples of applications:

= Stability of cavern at min/max pressure, cycling
= Analysis of Mechanical Integrity Tests

EXAMPLE OF APPLICATION

CAVERN ABANDONMENT

Carresse SPR2 cavern test supported by SMRI

9000 m?3




KEY POINTS IN THE ANALYSIS OF AN ABANDONMENT TEST

* PRELIMINARY TASKS

Task 1: Calculate cavern pressure evolution during the test
Task 2: Calculate long-term cavern temperature evolution

Task 3: Assess casing/casing shoe leaks during the test

* DETERMINATION OF SALT PARAMETERS

* elasticity

- Mechanical parameters .
P * secondary creep (Norton-Hoff)

- Hydraulical parameters: salt permeability at cavern scale

* LONG-TERM FEM COMPUTATIONS — PREDICTIONS

ANALYSIS OF A PRE-ABANDONMENT TEST

Wellhead measurements Sonar survey Cavern temperature measurement

|

Cavern pressure evolution Cavern mesh Cavern temperature evolution

Cavern fluid(s) properties Rock salt properties

LONG-TERM COMPUTATIONS




ANALYSIS OF A PRE-ABANDONMENT TEST

Wellhead measurements Sonar survey Cavern temperature measurement

|

Cavern pressure evolution Cavern mesh Cavern temperature evolution

Cavern fluid(s) properties Rock salt properties

at well head Cavern pressure

—— Central Tubing
—— Annular space
2004

Sept. 8 2005
April 20-22

Pressure (MPa)
Cavern Pressure (MPa)

14700 14800 14900 15000 15100 15200 15300 15400 14700 14800 14900 15000 15100 15200
Time (days since January 1, 1964) Time (days since January 1st, 1964)

15300

* columns composition

* temperature log

* fluids compressibilities
* possible leaks




History of Wellhead Pressures

LOCAS for Solution-Mined Caverns, Wells & Mines
File Options Took Help
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History of Ground Temperature
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History of Atmospheric Pressure

LOCAS for Solution-Mined Caverns. Wells & Mines .
File Options Took Help
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A FILTERING TOOL IS EMBEDDED

Wellhesd-Pressure Data Filter
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3 Wellhead-Pressure Data Filter

Reference Pressure
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3 Wellnead-Pressure Data Filter

Reference Pressure Regression Degree
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Right-click on corrected pressure — spectrum




Task 1: Determination of cavern pressure evolution during the test

Corrected pressures at well head Corrected cavern pressure

—— Central Tubing
—— Annular space

2004
Sept. 8 2005
April 20-22

-
=
2

4.55

T T T T T T T 4.50 T T T T T T
14700 14800 14900 15000 15100 15200 15300 15400 14700 14800 14900 15000 15100 15200 15300 15400

Time (days since January 1, 1964) Time (days since January 1st, 1964)

* columns composition

* temperature lo
Well data P e
» fluids compressibilities

* possible leaks

Well Data in LOCAS

Strings database Fluids database

Rocks database ‘

Layers database Sections database

l l

Stratigraphic cross-section view Well architecture view




LIQUIDS DATABASE

B8 Fluids Databases P Y,

Liquids | P —

Prassurs Compressibility  Heat —

refarence factor («1E-4  capacity
(atm) MPa) (kg

Viscosi

ture expansion -
reference (K} cosfficient  (<1E-3 Pa.s)

Liguid namo

29315 1 4

Liquid N coior [
Pressurs refezence (am) 1 Temperature reference (K) 2
Densty (kg/m3) 1200 Compressibily factor (x1E-4 /MPs) Viscosty (xIES Pas)

Hastcapacity (Tkg¥) 3768 Thesmal sxpansion cosficient (°C) 44 Thennal conductivity (W/mK)

PURE GASE DATABASE

Heat
capacity at
comstant
presmuze Cp
(Fmol-K)

coor [
Temperature sederence (K]
Cp (HmolK) Melsculzs weight (gimel) 16043

Viscosity («1E5 Pas)
Cr (Jmab¥) Thermal conductivity (mW/mk) 3281




NATURAL GASES DATABASE

Natural Gases
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SECTIONS DATABASE

3 LOCAS for solution-mined caverns
" Fi_Optons Tooks Heb 2
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I3 LOCAS for solution-mined caverns

WELL ARCHITECTURE

FLEEET EE

Clay Cement | Fluids

Architecture | Sections Stings | Meshs

Layers | History | Logs Miscellaneous

Well Architecture

Section 2

Section #3

~ Section #5 .

Radius (mm)

Movies

Water

Packer

INJECTIONS/WITHDRAWALS DATABASE

LOCAS for Solution-Mireed Caverns. Wells & Mines.
Options  Teels  Help
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Satwated Srine
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Load | [ Save

Data can be loaded from a flow measurement file
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COLUMNS DATABASE

LOCAS for Solution-Mirsed Caverns, Wellz & Mines.

File Options Toek Help
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‘ It’s possible to have up to 4 different fluids in each column (3 interfaces)
| & |

HISTORY OF CAVERN PRESSURE

LOCAS for Solution-Mined Caverns, Wells 8t Mines.
File Options Took Help
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ANALYSIS OF A PRE-ABANDONMENT TEST

Wellhead measurements Sonar survey Cavern temperature measurement

|

Cavern pressure evolution Cavern mesh Cavern temperature evolution

Cavern fluid(s) properties Rock salt properties

LONG-TERM COMPUTATIONS

CAVERN GEOMETRY IN LOCAS

2D axisymetrical caverns

Simple shape (sphere, cylinder) or Real shape from sonar survey

Av. cavern radius as a function of depth

Embedded mesher

Meshing parameters —>

Cavern mesh

Meshes databases




CAVERN PROFILE FROM SONAR SURVEY

LOCAS for Salution-Mireed Caverns, Wells & Mines.
Fle Options Tock Help

FHBSEEE L E S 0= o A El

Cavem Cavem CavemShape  CavemHislory | SaltProperies | Brne Properies | Layers | Opiions

Meshes Database  Cavern Shape | Meshing Parameters | Mesh Plot | 3D Shape | Cavern Capacity
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Load file from sonar survey

MESHING PARAMETERS

LOCAS for Solution-Mirsed Caverns, Wells & Mines -

File Options Took Help
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? LOCAS 1133 CARRESSE
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MESH VIEW

rr————
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Cavern Shape Cavem History Sah Propenies

Cavem Main Ch
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P
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3D VIEW

LOCAS for Solution-Mined Caverns, Wells & Mines
File Options Took Help
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PR2 Shape

W ocas i CARRESSE

LOCAS for Solution-Mireed Caverns. Wells & Mines.
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MESHES DATABASE

LOCAS for Solution-Mirsed Caverns, Wellz & Mines
File Options Took Help
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ANALYSIS OF A PRE-ABANDONMENT TEST

Wellhead measurements Sonar survey Cavern temperature measurement

I

ern pressure evolution Cavern mesh Cavern temperature evolution

Cavern fluid(s) properties Rock salt properties

LONG-TERM COMPUTATIONS




rmination of long-term cavern temperature evolution

- Determination of natural rock temperature ]:D

- Fitting of a cavern temperature measurement

.y brine temperature evolution
Accurate prediction of : p .
brine thermal expansion

SPR2 Geothermal Temperature

SPR2 - Logs de température et calage gradients SPR3

Temperature (°C)
16 17 18

= 12/06/2002 moyenne
— moyenne
== 08/10/2002 moyenne
— —1éres inclusions sel
= = = Sabot Casing
—-—-Base Cheminée

— —Landing Nipple
———SPR3:2,5°C/[100 m
——SPR3:1,2°C/[100 m

N
o
[=1

Depth (m)

N
a
=]




SPR2 TEMPERATURE MEASUREMENT IN 2002

18.50

18.48

18.46 - —— Measurement
~ =« Linear regression

1844
18.42
18.40 —o of
0.58 °C/year
18.38
reference

18.35°C — 0.58°C/year

18.36

Cavern temperature (°C)

18.34 4

18.32 4

B+
01/06/02 01/07/02 01/08/02 01/08/02 01/10/02

Time

Cavern Temperature

measurement

actual

July 2002
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SPR2 CAVERN TEMPERATURE FITTING

FEECESLIOE " EBE T A M

Cavem Main Characteristics | Compressibility = Cavem Shape | CavemHistory | SaltProperties Brine Properf 1 8 3 5 [e} C

Pore-Pressure feld | Usfield | Uz field | Smield | Stfield | Serfield | Srefield | Zotafield | Epsilon” feld | Sigma fild | Sminfield | Smaxfield | Efh

Efective Stvss dis. Zeta dise. Epsion” dise. e 4 +0.58 °C /year LT

Q Cavem Pressure | Y Cavem Temperature | & Cavem Volume | 5 Flows | Brine Concentration . ted Zone | Permeability

Cavern Temperature Evolution

1

15t July 2002

15t June 2000
763 days

? LOCAS100 AT =-8316°C on August 16,2000 SPR2 Temperature increase rate: 0551 *Clyear after 634 days

ANALYSIS OF A PRE-ABANDONMENT TEST

Wellhead measurements Sonar survey Cavern temperature measurement

|

Cavern pressure evolution Cavern mesh Cavern temperature evolution

Cavern fluid(s) properties Rock salt properties

LONG-TERM COMPUTATIONS




BRINE PROPERTIES

w0l e @) = o 0 A e Nl

LOCAS for Solution-Mined Caverns, Wells & Mines.
File Options Took Help

Cavam Main Ch Cavem C:

i Cavem Shapa | Cavem History SaltProperties | Brine Propertios | Layars ‘ rrr— ‘ ==

Thermal Properties

Brine thermal xpacey (IXg'C) 3763
Bnne thermal expansios fctor (+1E4 /'C)

et thacmal conductivity (Wi C)

Density
Avenge trine density in the well (kgm3) 1200

Compressibility

‘Beine adiabatic comprannibiliy factor (154 MPa) 257

Saturated-brine concentration
G| 1w PP fex(T - |- AT -1
W 18 Eam)
7 8

El )

pe(pT)=p,[1ea(P-Pe) b (r-T 'IJ
ARCE " AR
AR
Kinetics
Dlssaliion Clarciaciete Tima (daps) 25

Cryslizasen Caracterstc Tima {days)

SALT PROPERTIES

» Mechanical properties

* Elasticity

* Creep: stationnary + transient

4 implemented creep laws

+ possibility of reverse creep using a modified Munson-Dawson law

* Thermal properties

Norton-Hoff
Lemaitre-Menzel-Schreiner
Munson-Dawson

Lubby?2

 Hydraulical properties (micro-permeation)

» Chemical properties (dissolution/crystallization)
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Munson-Dawson Database

LOCAS for Solution-Mined Caverns, Well & Mines
File Options Took Help

EN!!@IEQI-E: _)ll-n @’ZJE%-

Salt Mechanical Froperties mmimmlmwm‘mwm‘

[——— pr— S

Munson-Dawson Parameters

Alghure Beta

! when cxe
! when g2
So(F-Dé, &, - dexp(-Q/RT)a"

1 .
255 & =Ko

=a, +fLos, (a/u) whese u-9618 MPa

Salt Micro-permeation Properties

LOCAS for | Caverns,
“Fie Optons ook Help

HW@.QQ-E Q= @J:AEO_

mmmtmnﬂ’,lwm‘ Salt Hydraulical Properties Imwm‘

HydroMechanical Criterion LMS Criterian IUB Criterion Stormont Criterion
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Calculation Steps

LOCAS for Solution-Mireed Caverns, Wells & Mines [— P ———
File Options Toek Help

FHRE=M [(FEEE 0 &= 0 A0 |

Cavarm Main Ch | cavemc ility | CavemShapa | Cavem Hislory  SahPropenies

-

| ¥ Prosmreeet (7] Tempertumset [ inisctions/Witdrawalsset (7] Lngk set
18102008 - 182040 @~ intis e step {ays) 01 |

Tine s mae showed (s L
Efas) s

Momber of cutputs 7 7
15702008 1529:40 @ Adabati: comprasgon

: : T Dkt ] Lkn
e | (50 [ ) () [ )

P ocasan Nedes: 3358 - Hlements 6374 seRz

Phenomena that can be taken into account:

» Salt creep

* Cavern fluid heating/cooling

» Cavern fluid micro-permeation
« Salt complementary dissolution/crystallization

 Cavern fluid adiabatic compression/release

Coupled through cavern compressibility

;K.'o Cavern pressure/temperature and casing leaks
o - can be set or calculated

Ky
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Example of parameters
back-calculation

Salt parameters to be determined
for long-term computations:

> Salt elastic parameters (E , v)

> Salt creep parameters

Stationnary creep: Norton-Hoff parameters (A, n,Q / R )

» Salt hydraulical parameters ( Kb )

salt

24



Back-calculation of Salt Elastic Parameters

SPR2 Compressibility Measurement

Compressibility
test

(i
o
2
E

v =0.25 assumed
BV =3.97 m*/MPa

Qilinjected volume mj)

o
o
@

a9 100 101 102 103 104 104 10.6 107
Cenfral tubing pressure (bars)

Finite Elements computation

E=16,500 MPa

STATIONNARY PARAMETERS FITTED FOR TWO PERIODS

2nd fitting period

Cavern pressure (MPa)

1t fitting period

Computed
-~~~ Measured

L e s

15120 15150 15180 15210 15240 15270 15300 15330 15360 15390
Time (days since January 31, 1964)
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Selection of Parameters to be Fitted

MW Optimization Parameters A “ ezl

Nelder-Mead Parameters | i |

Start Fitted Parameters Optimization Methods

Salt Constitutive Law

() NortonHoff (| Lemaitre Menzel Schreiner

Parameters to be fitted

Mechanical Parameters
Munson-Munson Creep Law

Norton Cresp Law
A

Hydraulic Parameters

n

Lemaitre Creep Law
Lubby2 Creep Lavw
a
G
B Ko

K Txo

Parameters to be Fitted

"I" Optimization Parameters ‘

Nelder-Mead Parameters | i i ion P |

Start ‘ Fitted Parameters Fitted Periods Optimization Methods

Value Value Value
D st em s ioocen
1] 20 5

Munson A1 -

Parameter Name Units

Munson nl - 2 L] 3

\_Y_}

Search domain
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Selection of F

"I Optimization Parameters ‘

itted Periods

Nelder-Mead Parameters |

Start Fitted Parameters

Final Date

12/09,/200% 00-00-00

11,/03/2006 00:00:00

m 21/12/2005 00:00:00 [F~
R

Selection of the Optimization Method

T omrsintroneer — A Ul ==

Nelder-Mead Parameters | Diffe i

E ion F | Results

Start | Fitted Parameters |

Fitted Periods | Optimization Methods

Nelder-Mead method

' Differential Evolution

Fitting Method

Thread Priority

BelowNemal () Nemal

Global Map

Cneprovitetpoerioe [
saines ||

@ Automatic points list

Nummber of points

Stop Criterion

@) Above Nommal () EHigh
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Fitting results can be emailed
— -~ — =

Start | Fitted Parameters Fitted Periods | Optimization Methods

Nelder-Mead Parameters | i Ei lion P: ‘ Results

[7] Send results £le by smail

LOCAS - Pressure Fitting - CARRESSE - SPR2

Sending Frequency
[F] Only at the end

contactSbronard-consulting.com.

smtp free & 10 Criterion estimation(s)

Fitting Contour Plot

ty ¢

(hPa)
Worst —> 104584
931,02
816.206
701.391
586.577
471,762
396948
242133
127319
12505

Salt permeability

1072

Fitting Contour Plot

Average pressure difference (kPa)

5%10720 m?




INVESTIGATION OF FITTING SENSIBILITY

Fitting Contour Plot

Average pressure difference (hPa)

88.102
79.168
70.234

92.365
43431
34.491
75.563
16:628

1:695

Norton-HoffA parameter{/MPa%nyear)

Ky

SPR2 - FITTING MAIN RESULTS

Salt permeability: K™ ~3-4x107" m’

) 0 .
: 0 &= Aexp| ——=— | o" BEOLLBs iRk
Salt stationnary creep: P( RT

A (/MPa™ -year)

2 possible sets 25
of parameters 7.8
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STATIONNARY PARAMETERS FITTED FOR TWO PERIODS

Cavern pressure (MPa)

s
-~
(4,

IS
&

IS
3

Average pressure difference < 10 hPa

Computed
---- Measured

15120 15150 15180 15210 15240 15270 15300 15330 15360 15390

Time (days since January 31, 1964)

Long-term computation
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KM =410 m’

salt

Norton-Hoff set #1

/—/%

A=2.5 /MPa**-year [l O/R = 4100 K

=

GEOSTATIC PRESSURE

leaching

Cavern pressure (MPa)

+—— de-trapping

IO.S? MPa

10000 20000 30000 40000 50000 60000 70OOO 380000 90000 100000

Cavity Characten shos
Meshs |

Time (days since January 31, 1964)

SUBSIDENCE CALCULATION

LOCA wris abadanment

T Bl k< Bk

| Compressibility | Brine Properes | Sal Propemies |
Mesh Plot History | Miscellaneous Flots

% Cawen Prozssn
Pore Pressuie
Lz Faetd
Epsilon®
‘Walcker Zeta Distiib.

L Cavem Vohume = Flows = Imprognated Zeew

Gradient of casing shoe Tengersture Field Foie Pressuse Fickd
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NO-TENSION CRITERIA, DILATION CRITERIA...

LOCES for Solution-Mired Caverns, Wells & Mines
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It’s also possible to create movies (.avi)
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CONCLUSIONS

» Many features have been implemented in a software called LOCAS

» LOCAS can be helpful for various kinds of studies, as for instance:

v’ pressure/temperature prediction including transient behavior

v’ simulation of fast cycling loading - Natural gas, CAES

v long-term simulations (abandonment, subsidence)

v/ mechanical integrity tests (MITs) analysis

v’ short-term stability (min./max. operating pressure)

v mechanical/thermal/hydraulical parameters fitting from in situ tests

—> Prediction from data at cavern scale

CONCLUSIONS

» LOCAS supports all 32-bits Windows versions, Windows Seven included.

> 3D & 64 bits versions under development.

» LOCAS is not yet available for sale.

Interested people, please contact Benoit Brouard:

contact@Brouard-Consulting.com
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