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1. Background

The precursor of TOUGHZ2, TOUGH, was originally developed with non-hystereti
characteristic curves. Hysteretic capillary pressure functionsimgiemented in
TOUGH in the late 1980s by Niemi and Bodvarsson (1988), and hysteretic gapillar
pressure and relative permeability functions were added to iTOUGH2 t@noyears
later by Finsterle et al. (1998). Recently, modifications were made to@¢GH?2
hysteretic formulation to make it more robust and efficient (Doughty, 2007). Code
development is still underway, with the ultimate goal being a hysteretic mibdi s

into the standard TOUGH2 (Pruess et al., 1991) framework.

This document provides a user’s guide for the most recent version of the Inysteret
code, which runs within iTOUGH2 (Finsterle, 1999a,b,c). The current code differs only
slightly from what was presented in Doughty (2007), hence that document provides the
basic information on the processes being modeled and how they are conceptu&lized. T
document focuses on a description of the user-specified parameters required to run
hysteretic I TOUGH2. In the few instances where the conceptualizatfersdrom that

of Doughty (2007), the features described here are the current ones.

Sample problems presented in this user’s guide use the equation-of-state module
ECO2N (Pruess, 2005). The components present in ECO2N@reéNICI, and CQ
Two fluid phases and one solid phase are considered: an agqueous phase, which primarily
consists of liquid KO and may contain dissolved NaCl and£®supercritical phase
which primarily consists of Cbut also includes a small amount of gaseoii3; ldnd a

solid phase consisting of precipitated NaCl. Details of the ECO2N formula@igrben



found in Pruess (2005). The aqueous phase is the wetting phase and is denoted ‘liquid’,
whereas the supercritical phase is the non-wetting phase and is denoted hgas’
hysteretic formalism may be applied to other ITOUGH2 equation-of-statielles, as

long as the liquid phase is the wetting phase and the gas phase is the non-wetting phase.

2. Characteristic-Curve Functional Forms
The basic equation for capillary pressBaas a function of liquid saturaticis

adapted from the van Genuchten (1980) formulation, and is given by
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wherep identifies the flow process, drainag ¢r imbibition {v), that is occurring. The
parameter@od, Py", m®, m", andSmin are specified in the ROCKS or RPCAP blocks of

the TOUGH?2 input file (see below for details). The parar@té,rthe residual gas
saturation, depends on the saturation history of the grid block through the turning- point
saturatior§*, which identifies the transition from drainage to imbibition for a particular

grid block. Following Land (1968), we take
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whereSymaxandS; are maximum residual gas saturation and residual liquid saturation,
respectively, which are material properties specified in the ROCKS oARBOCcks

(see below for details). Equation (2) indicates that smaller vall&Smduce larger



values ofS,”. In other words, the locations that once held the most(§€@allS®),
become the locations that trap the mosb @é)geSJrA). Equation (1) provides the so-
called primary drainage and primary imbibition capillary pressure curvesndgoa
simulation, the actual capillary pressure curve being followed is desirby
interpolation between the two primary curves, as described in Finsteklé1&98) and
illustrated in Doughty (2007). Interpolated curves are known as scanning.cumesal,
four branches of the capillary pressure curve are defined: 1 — primarggha2 — first-
order scanning imbibition, 3 — second-order scanning drainage, 4 — thirdsoat@ing

imbibition.

The relative permeability functions also include hysteretic effersimg from the
trapped component of the gas phase that develops during imbibition. These functions are
taken from Parker and Lenhard (1987) and Lenhard and Parker (1987), who adapted them
from the non-hysteretic expressions of van Genuchten (1980). As implemented here, the

relative permeability to liquid; is given by

-

and the relative permeability to dagis given by
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where§ and S" are effective values of liquid saturati§nand turning-point saturation

S*, respectively, normalized with respect to residual liquid-phase satugtion
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The parametef_sgt is the effective value of the trapped gas-phase saturation:
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The parameterS;, vy, m, andk.gmax are specified in the ROCKS or RPCAP blocks of
the TOUGH?2 input file (see below for details). Unlike the capillary pressigorithm,
where Equation (1) merely provides the envelope functions within which interpolation
determines the actual capillary pressure curve, Equations (3) and (4) phevatgual

relative permeabilities for both drainage and imbibition. The only differertaeeber the

two processes is thégt is zero for the primary drainage curve, and non-zero for the

scanning curves. Moreove‘Egt has the same value for all scanning curves, implying that

the relative permeability curves have only two branches: one for primary drainedg

the other for everything else.

Equation (1) is not defined f& < Sminor§ > (1 —SIA), Equations (3) and (4) are
not defined foI§ < S;, and Equation (3) has an infinite derivative $or (1 —SJrA).
However, characteristic curves must be defined over the entire liquid Eatutamain
from zero to one, because even when a phase is immobile, and hence unable to move by

pressure forces, its saturation can change due to other processes (e.g., evagorati



liquid water, dissolution of supercritical GO Hence, the basic hysteretic characteristic
curves given by Equations (1), (3), and (4) must be augmented by extensions. Figures

and 2 illustrate the key features of the extended hysteretic chasacteurves.

Figure 1 shows the features of the extended hysteretic capillary gréssction.
The imbibition branctiP.” is illustrated for a value &” = 0.3, meaning that for this
particular grid block located near a €@jection location, liquid saturation beganSat
1, decreased untg = 0.3 as CQ@entered the grid block, then began to increase again

after CQ injection ceased. In practic®’ can range frong;, to 1.

In Equation (1)P goes to infinity a§ = Snmin. In the extended formulation, thg
defined by Equation (1) is smoothly connected to an exponential or power-lawierte
that remains finite for all values &f The transition to the extension is controlled by the
user-specified variable.nax Which is the value of Equation (1)&¢, the point where the
two functions meet. For the exponential extensiolR.as increasesy, decreases (i.e.,
gets closer t&min) and the slope of Equation (1)&tincreases. Thus, the slope of the
extension ag, must also increase, hence its maximum val(8§ = 0) also increases.

For the power-law extension, the user specifies the valBg&f= 0) explicitly. The

power-law extension has zero slop&at 0.

At the other end of the saturation range, two user options are available for mxtendi
the imbibition branchP." for §> S, whereS' is defined as 1 Sg,rA. EitherP." can go to

zero atS’, or P.¥ can gradually decline to zero&t 1 following a power-law function.

Figure 2 shows the features of the extended hysteretic relativeaaitity , and

kig) functions. Previously (Doughty, 2007), wh@&rF Sy, ki = 0 andkg = 1. The



requiremenky = 1 at§ = S, has been relaxed, and the user now specifies the value of
kg(Sr), which is denote® gmax If kigmax =1, there is no difference from the previous
formulation. However, ikgmax< 1, then there are two options feg for the saturation
range 0 <§ < §;. In either caseq increases frorkymax to 1 asS decreases fror§, to 0,
but the variation can either be linear or cubic. If the linear option is chosen, ashell
spline is added &, to guarantee the continuity and smoothness of the extension and
original function (this spline is present in Figure 2, but is too small to se#jouhS*

can be as small &, meaning that an imbibition curve could originat§atthekq
extension belov§; is only smoothly connected to the drainage bremﬂh In other

words, there is no hysteresis along the extension.

At the other end of the saturation range, Equation (3) cannot be used during
imbibition all the way t&§ =S because the slopg"” becomes infinite there, which
yields the non-physical consequencégf= 1 atS=S". Physically, one must hakg"
=1 at§ =1. A convenient means to achieve this is to use the drainage kiafmh
both drainage and imbibition whé&h>S". To obtain a smooth connection betw&gh
andk,% a small cubic spline is introduced. The user specifies the width over which the

spline extends.
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Figure 1. Features of the extended hysteretic capillary pressurefurfedf’ is shown
for a typical value 0§ = 0.3. In practiceS” can range fron§, to 1, withS" increasing
asS" increases.
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3. Input Parameters

3.1 Characteristic Curves

To accommodate the parameters required to specify hysteretic problemagsaré
read in for both relative permeability parameters and capillary presatameters. For
non-hysteretic materials (IRR2, ICR:12), the second line should not be present. The
format for the first line is the usual (15,5X,7E10.4) and the format for the second line

(8E10.4).



IRP =12  (must use with ICP = 12)

RP(1) =m; van Genuchtem for liquid relative permeability (need not equal CP(1) or
CP(6));k uses samm for drainage and imbibition.

RP(2) =S;; residual liquid saturatio(Sy) = 0, kig(Sr) = Kigmax Must haves, > Syin
in capillary pressure (CP(2)5; is minimum saturation for transition to
imbibition branch. Fof. < S;, curve stays on primary drainage branch evén if
increases.

RP(3) =Symax Maximum possible value of residual gas saturagjgh Note that the
present version of the code requires Bat Symax < 1, otherwise there will be
saturations for which neither fluid phase is mobile, which the code cannot handle.
SettingSymax = 0 effectively turns off hysteresis. As a special option, a constant,
non-zero value of, may be employed by setting CP(10)>1 and making RP(3)
negative. The code will s&;" = -RP(3) for all grid blocks at all times.

RP(4) =y; exponent irk., typical values 0.33 — 0.50. In Doughty (200/ANas
hardwired at 1/3.

RP(5) =Krgmax = kig(Sr); maximum value ok.y obtained using Equation (3). In Doughty
(2007),krgmax Was hardwired at 1.

RP(6) = fitting parameter fd¢g extension fol§ < §; (only used whekgmax < 1);
determines type of function for extension and slopeyadtS= 0.
<0 use cubic spline for 0§ < §;, with slope aG= 0 of RP(6)
>0 use linear segment for 05< RP(8)5; and cubic spline for
RP(855 < S< S, with slope a§= 0 of —RP(6).

RP(7) = numerical factor used fior extension t&§ > S*,. RP(7) is the fraction & at
which k; curve departs from the original van GenuchEen function. Recommended
range of values: 0.95-0.97. For RP(7)k0s1 forS>S (not recommended).

RP(8) = numerical factor used for lind@g extension t& < S, (only used wheR gmax <
1). RP(8) is the fraction & at which the linear and cubic parts of the extensions
are joined.

RP(9) = flag to turn off hysteresis fky (no effect orP; andk.g; to turn off hysteresis
entirely, seSymax= 0 in RP(3)).
=0 hysteresis is on fdg,
=1 hysteresis is off fok; (forcek; to stay on primary drainage branéhj at
all times)

RP(10) =mgas; van Genuchtem for gas relative permeability (need not equal CP(1) or

CP(6));kig Uses samay,s for drainage and imbibition. If zero or blank, use
RP(1) so thatgas =m.
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ICP =12 (must use with IRP = 12, uses parameters RP(2) and
RP(3))

CP(1) =m® van Genuchtem for drainage brancB.(S).

CP(2) =Smin; saturation at which original van Genuchirgoes to infinity. Must have
Smin <Sr , whereS; is the relative permeability parameter RP(2).

CP(3) =P, capillary strength parameter for drainage brdﬂ@tﬁ) (Pa).

CP(4) =Pmax maximum capillary pressure (Pa) obtained using original van Genuchten
Pc (Equation 1). Inverting Equation (1) fBgnax determiness,, the transition
point between the original van Genuchten function and an extension that stays
finite asS goes to zero. For functional form of extension, see description of
CP(13) below.

CP(5) = scale factor for pressures for unit conversion (1 for pressure in Pa).

CP(6) =m"; van Genuchtem for imbibition branciP."(S). Default value is CP(1)
(recommended unless compelling reason otherwise).

CP(7) =Py"; capillary strength parameter for imbibition braf;H(S) (Pa). Default
value is CP(3) (recommended unless compelling reason otherwise).

CP(8) = parameter indicating whether to invoke non-Bemxtension fo§ >S =1 —

S’ )

=0 no extension?.=0 for§ > §

>0 power-law extension f& <S< 1, withP;=0whenS=1. A non-zero
CP(8) is the fraction o at which theP, curve departs from the original
van Genuchten function. Recommended range of values: 0.97-0.99.

CP(9) = flag indicating how to treat negative radicand, which can an&f S** for
second-order scanning drainage curves (ICURV = 3), wi¥rds the turning-
point saturation between first-order scanning imbibition (ICURV = 2) and
second-order scanning drainage. None of the options below have proved to be
robust under all circumstances. [f difficulties arise bec&us&*> for ICURV
= 3, also consider using IEHYS(3) > 0 or CP(10) < 0, which should minimize the
occurrence 0§ > §*% for ICURV = 3.
=0 radicand = max(0,radicand) regardles§ oflue
=1  if §>S"*, radicand takes value of radicandat §**
=2 if §> 5", use first-order scanning imbibition curve (ICURV = 2)

CP(10) = threshold value af§| (absolute value of saturation change since previous time
step) for enabling a branch switch (default is 1E-6; set to any negative number

11



to do a branch switch no matter how sm&§ jis; set to a value greater than 1
to never do a branch switch). See also IEHYS(3).

CP(11) = threshold value &;". If value ofS," calculated fron§* (Equation (2)) is less
than CP(11), usSJrA = 0. Recommended value 0.01-0.03; default is 0.02.

CP(12) = flag to turn off hysteresis B¢ (no effect ork; andk.g; to turn off hysteresis
entirely, seSymax= 0 in RP(3)).
=0 hysteresis is on fd?,
=1 hysteresis is off faP; (switch branches d?; as usual, but s&, = 0 inP,
calculation. Make sure other parameterBdfandP." are the same:
CP(1) = CP(6) and CP(3) = CP(7))
CP(13) = parameter to determine functional fornrRPoéxtension fol§ < Sni, (i.e.,Pc >

Pcmax)
=0 exponential extension

>0 power-law extension with zero slopeSat 0 andP.(0)=CP(13).
Recommended value: 2 to 5 times CPRymx. Should not be less than
or equal to CP(4).

Comparison of Hysteretic and Non-Hysteretic Charact  eristic Curves

The non-hysteretic characteristic curves most comparable to thedtigsterves
described above are the van Genuchten (1980) curves (IRP = ICP = 7). The drainage
branche® . andk,® of IRP = ICP = 12 are identical & andk, of IRP = ICP = 7 (but
the manner of defining input parameters differs, so the ROCKS or RPCAR Ipleelt to
be modified). However, the functional formle§ differs for IRP =7 and IRP = 12, so
even for problems involving only drainage, hysteretic and non-hysteretic césestwi

produce identical results.

There are several ways to effectively turn off hysteresis in a ialatéth IRP = ICP
= 12, which may be useful for evaluating the impact of hysteresis for ia gioblem.
One can seymax= RP(3) = 0, CP(1) = CP(6), and CP(3) = CP(7). The code will

identify turning points and switch from branches as usual, but all the branches will
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overlie the primary drainage branch. Alternatively, one can set CP(1@)d¢séold

value of AY for switching branches, to a value greater than 1.0. Then each grid block
will remain on whatever branch it begins on, and its vall@ﬁfwill not change (must
have IEHYS(3) = 0, see below). Finally, a special option exists to enabletartpnsn-
zero value otigrA to be applied to all grid blocks for all times. This is invoked by setting

CP(10) > 1.0, IEHYS(3) = 0, and RP(3) §;".

3.2 HYSTE Block Parameters

The HYSTE block is used to provide some numerical controls on the hysteretic
characteristic curves. Itis not needed if the default values of all @mpégrs are to be

used. The format is (315).

IEHYS(1) = flag to print information about hysteretic characteristroes
=0 no additional print out
>1 print a one-line message to the output file every time a capillary-pressure
branch switch occurs (recommended)
>2 print a one-line message to the iTOUGH2 message (.msg) file every time
the third-order scanning imbibition curve crosses either the first-order
scanning imbibition curve or the second-order scanning drainage curve

IEHYS(2) = flag indicating when to apply capillary-pressure bramgtcking
=0 after convergence of time step (recommended)
>0 after each Newton-Raphson iteration

IEHYS(3) = run parameter for sub-threshold saturation change
=0 no branch switch unlessy > CP(10)
>0 allow branch switch after run of IEHYS(3) consecutive time steps for
which all A§ < CP(10) and ahS are the same sign. Recommended
value 5-10. This option may be useful if the time step is cut to a small
value due to convergence problems, making saturation changes very small.

3.3 MOP Parameter

MOP(13) = Flag to control how INCON block is read

13



=0 or 1 read normal INCON block with two lines per element

=2 read hysteretic INCON block with seven lines per element. The additional
five lines contain history information for elements with ICP = IRP = 12.
For non-hysteretic materials, no history information is required; the
additional five lines contain zeros and these entries are not used.

Note that if MOP(13)=0 or 1 or if an element does not appear in the INCON block (or
if no INCON block is present), then no history information is available. For element
with ICP = IRP = 12, the only initial conditions that can be specified withouwdrizist
information are for single-phase liquig.(= 0), or for the primary drainage branch of the
capillary pressure curve (two-phase liquid-gas or single-phase gé&l donditions on
imbibition branches or the scanning drainage branch require that MOP(13)=2 &b that

relevant history information will be available. The only practical way to obites

history information is to use the SAVE file from a prior simulation as the INGObK.

4. Output
4.1 Every Time Step

The message printed out each iteration when MOP(1) > 0 includes the variable
KTMPO, the temporary value of the variable ICURYV, which identifies which brahc
the capillary pressure curve is being followed: 0 — single-phase liquid, 1 arprim
drainage, 2 — first-order scanning imbibition, 3 — second-order scanning drairage, 4

third-order scanning imbibition.

If IEHYS(1) > 0, a one-line message is printed each time an element undargoes

branch switch, including the element name, the ICURV value for the old and new

A34

branches, and the turning-point saturati®f'{ , §*%, or §***) . This information can be
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very useful for analyzing simulations that take small time steps due to sitmgrgence.
When time step is small, many successive small (sub-threshold) isetateinges that
are individually too small to trigger a branch switch may occur. This candead t
saturation on the “wrong side” of the turning-point saturation, which can slow
convergence. A typical manifestation of this situation is the maximuotugdsi
repeatedly occurring at an element that has ICURV=3. Search backwargh the
output file to find the most recent branch switch for that element (look for the string
“element-name old curve”) and compare the curréhto §*%. If §> §*%, it may be
worthwhile to stop the code, modifption CP(9), CP(10), or IEHYS(3), and restart the

code using the SAVE file as the new INCON file.

4.2 Main Output

Columns have been added to show ICURYV, the branch of the capillary pressure curve

being followed, and SOR, the history-dependent value of residual gas satugétion S

4.3 SAVE File

The SAVE file must contain all the information required to do a restart, thus
whenever there is at least one hysteretic material (IRP = ICP = a3yroblem, the save
file contains five lines for each element with information on capillagsgure branch,
turning points, etc., in addition to the usual two lines containing element name, porosity

and state variables. For non-hysteretic materials (IRP#ICH, the entries in the
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additional five lines are all zero and are not used. These unused lines are inclindéd so t

the SAVE file may be used as an INCON file for a subsequent restart.

4.4 Additional Files

File.hys (unit 82) If an element ELST is specified in the PARAM block, and that
element has IRP = ICP = 12, then this file contains the values ofSirfg, ICURV, kg,
andk; for that element every time step. The file is formatted for Tecplot, but the use
needs to edit the file to add the number of entries (after “i=" on line 3), and ofgtional

add title information within the pairs of quotes on lines 1 and 3.

iITOUGHZ2file.msg If IEHYS(1)> 2, a message is printed every time the third-
order scanning imbibition curve (ICURV = 4) crosses either the first-saning
imbibition curve (ICURV = 2) or the second-order scanning draicagee (ICURV = 3).

Warning: this file can get very big, and probably is only useful for debugging purposes

5. Sample Problems

5.1 Problem 1: CO, Injection with Dry Out and Subsequent
Dissolution

A simple one-dimensional problem showing £@ection into a tilted saline aquifer
is presented to demonstrate the hysteretic version of IiTOUGH2 witQid 7
(ECO2N) module, in particular to test the extensions beyond which brine grar€0O
immobile. Two cases consider different rates and durations gfr@ation. In the first
case, a relatively small amount of €@ injected to illustrate a range QtA values. In

the second case, Ghjection is large enough for elements near the injection location to
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dry out. In both cases, the simulations continue afterifjéction ceases. Hysteretic
(IRP = ICP = 12) and non-hysteretic (IRP = ICP = 7) cases are shown te enabl
comparison. Table 1 summarizes numerical performance of the cases euhe Bgut
files for detailed specification of material properties, including atar@tic curves.
Parameters are believed reasonable for high-permeability salmations, and are

similar to parameters used to model the Frio brine pilot (Doughty et al., 2008).

Table 1. Job name and CPU time required for 100-year simulations of Problem 1, using a
Dell Latitude D800 with 2 GHz clock speed and 2GB RAM.

Amount of CQ injected Hysteretic Non-hysteretic
1 kg/s CQ for 1 day j203t — 356 steps, 18sec d203t — 304 steps, 13 sec
5 kg/s CQ for 5 days h203t — 398 steps, 21 seg c203t — 392 steps, 17 sec

The model is one-dimensional and consists of 100 elements, each 2 m long, tilted at
an angle of 19from the horizontal. C@is injected at a constant rate near the middle of
the model. Prior to C£njection, a gravity-equilibration simulation is done for a brine
with P = 200 barsT = 75°C, and a salt content ofy¥c;= 0.1. Then, the lowermost and
uppermost elements are made inactive to hold pressure fixed at the reslitex) Wext,
the amount of salt in every element is decreased,{e:X0.03, which results in lower
density and a moderate steady upward brine flow through the model. These arathe init
conditions for the C@injection. The upward brine flow was chosen to illustrate the

dissolution of immobile C®

Results

Figures 3 and 4 show the hysteretic characteristic curves for gotian element for
cases j203t and h203t. Figures 5 and 6 show profiles of gas saturation for a series of

times, comparing hysteretic and non-hysteretic cases. In all cgghs,dnd of the 100-
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year simulation period, all C{has been purged from the system. For the non-hysteretic
cases, which hav@, = 0, much of the C&flows out of the model as a free phase. For
the hysteretic cases, which ha&gnax= 0.2, a significant fraction of the injected £0
becomes immobilized, but it gradually dissolves in the upward-flowing brinésthat
moving past the trapped G@lume, and eventually flows out of the model in dissolved

form.
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Figure 3. Characteristic curve branches followed for the injection eldorebase j203t,
in which a small amount of GQs injected for 1 day, followed by 100 years of
redistribution.
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redistribution.
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5.2 Problem 2: Sequence of Repeated CO, and H,O Injection
Periods

Problem 2 (developed by Michele Carpita and Alfredo BattisbéllSnamprogetti,
Italy) considers a series of successive,@@d water injections inside a 240 m long, one-
dimensional, horizontal grid without salt and under isothermal conditims.whole
simulation lasts just 60 days, and there is no resting time hetargetwo subsequent
injections. The whole grid is initialized & = 100 bar and’ = 50 °C conditions. A
boundary element with a fixed pressurePo£100 bar is located at = 0 in order to

induce all the injected fluids to move toward it.

The injection sequence was created in order to test all the bsaoCh®ee hysteretic
curves and the branch-switching processes, without the additionallications of
Problem 1 (e.g., gravity flow of both brine and £QQO, solubility dependence on salt
content). Each injection element is located upgradient vaipact to the previous

injection element, to avoid spurious effects in the elements far from the fixed bpundar

The injection sequence consists of five steps, detailed as follows:

1) - A first CQ;, injection (2 kg/s for 2 days) in element A1146=178 m) in order to
place the nearby elements along the primary drainage curve (ICURV = 1)

2) — A first HO injection (0.01 kg/s for 23 days) in element A114% (190 m) to put
some elements on the first-order imbibition curve (ICURV = 2).

3) - Another CQ injection (0.5 kg/s for 5 days) in element A11%2-(202 m) to activate

the second-order drainage curve (ICURV = 3).
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4) - A second HO injection (0.5 kg/s for 20 days) in element A115%5=(214 m) to
activate the third-order imbibition curve (ICURV = 4). ThgCHnjection is prolonged so
as to let the water saturation increase above the domain of dbedsarder drainage
curve (i.e., to§ > §*%%), to check if there is a correct branch switch to the 6irder
imbibition curve (ICURV = 2).

5) - A final CO; injection (1 kg/s for 10 days) in element A11%8=(226 m) to see what

happens after the third-order imbibition.

Results

Figure 7 shows a series of snapshots of the saturation distribution in the model. The
overall flow of fluid toward the constant-pressure boundary=a0 is evident. Element
A1140, which is located at= 154 m, just downstream of all the injection elements, is
chosen as the primary location at which to examine the saturation and capdksyrp

variation more closely, as shown in Figure 8.

23



|Step 1: CO, inj at 2 kg/s| ,—?-\ 1day
— 1.5 day
" 0.4 d_—__‘——_____:’___/__d.a \ 2days
7)
— \
0.2 \
Og 50 100 x(m) 150 200 250
0.6
....... |Step 2: H,0 inj at 0.01 kg/s]| . "'.\ — igx
L i s Wi
" —
02l | aE
0 - ‘- -
0 50 100 x(m) 150 200 250
06
....... |Step 3: CO, inj at 0.5 kg/s| 26 days\
0.4 — ~\ 30 days
o I
o2 L
0 o
50 100 x(m) 150 700 750
06
....... ‘Step 4:H,0injat0.5 kglsl 30 days|
0.4 1\ 40 aﬁ I
) P—— 45 days
o A 50 days
02l \
o
0 50 100 x(m) 150 , 0‘3' 750
0.6 50 days
------- |Step 5: CO, inj at 1 kg/s| 31 dave
0.4 1\ 60 days
= TN
7)
02 , |
' !}—\*——- 7 —\ \
0 50 100 x(m) 150 200 750

Figure 7. Saturation distributions in the model at various times during thedjve-st
injection sequence. Each injection location is identified with a filled blackegrapt.
The location of element A1140 is shown as an open dot.
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Figure 8. Top: time-variation of liquid saturation and capillary-pressumes branch
(ICURYV) for element A1140. The start of each injection step is marked byglatda
Middle: capillary pressure versus liquid saturation at element A1140. The piatisdd
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curve to be seen more easily. The branch switches are marked by black tiots, wit
ICURYV for each switch labelled. Bottom: relative permeability versusd saturation

at element A1140. Branches 2, 3, and 4 all overlie one another.
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