LBNL-41749ReprintInverse Modeling of a Multistep Outflow Experimentfor Determining Hysteretic Hydraulic PropertiesS. Finsterle1, T. O. Sonnenborg2, and B. Faybishenko11Earth Sciences DivisionLawrence Berkeley National LaboratoryUniversity of CaliforniaBerkeley, CA 947202Department of Hydrodynamics and Water Resources (ISVA)Technical University of Denmark2800 LyngbyDenmarkPaper presented at theTOUGH Workshop �98Berkeley, CaliforniaMay 4—6, 1998and published in:K. Pruess (ed.), Proceedings of the TOUGH Workshop �98,Lawrence Berkeley National Laboratory Report LBNL-41995, pp.250—256May 1998This work was supported, in part, by the Assistant Secretary for Energy Efficiency and Renewable Energy, Office ofGeothermal Technologies, of the U.S. Department of Energy under contract No. DE-AC03-76SF00098.

DISCLAIMERThis document was prepared as an account of work sponsored by theUnited States Government. While this document is believed to containcorrect information, neither the United States Government nor anyagency thereof, nor The Regents of the University of California, norany of their employees, makes any warranty, express or implied, orassumes any legal responsibility for the accuracy, completeness, orusefulness of any information, apparatus, product, or process disclosed,or represents that its use would not infringe privately owned rights.Reference herein to any specific commercial product, process, or serviceby its trade name, trademark, manufacturer, or otherwise, does notnecessarily constitute or imply its endorsement, recommendation, orfavoring by the United States Government or any agency thereof, orThe Regents of the University of California. The views and opinions ofauthors expressed herein do not necessarily state or reflect those of theUnited States Government or any agency thereof, or The Regents of theUniversity of California.Ernest Orlando Lawrence Berkeley National Laboratoryis an equal opportunity employer.

- 1 -INVERSE MODELING OF A MULTISTEP OUTFLOW EXPERIMENTFOR DETERMINING HYSTERETIC HYDRAULIC PROPERTIESS. Finsterle1, T. O. Sonnenborg2, and B. Faybishenko11Lawrence Berkeley National LaboratoryEarth Sciences Division, Mail Stop 90-1116Berkeley, CA 947202Department of Hydrodynamics and Water Resources (ISVA)Technical University of Denmark2800 Lyngby, DenmarkABSTRACTA new, closed-form hysteretic model of thecapillary pressure-saturation and relativepermeability-saturation relationship has beenimplemented into ITOUGH2. The hystereticcapillary pressure function is based on the vanGenuchten model, with a modified version ofthe dependent domain model of Mualem todescribe the scanning curves. Hysteresis in therelative permeability relations is considered tobe mainly a result of nonwetting fluid entrap-ment. The hysteresis model was used incombination with inverse modeling techniquesto examine the potential of a simple drainage-imbibition experiment to determine hysteretichydraulic properties.INTRODUCTIONHysteresis in the capillary pressure-saturationrelationship, as well as entrapment of the non-wetting phase as a result of alternating drain-age and imbibition events, has a significantimpact on the distribution of moisture andcontaminants in the subsurface [Niemi andBodvarsson, 1988; Essaid et al., 1993; Dengand Pantazidou, 1998]. Hysteresis in waterretention properties of soils may be attributedto several factors, such as [Hillel, 1982]:• Geometric nonuniformity of individualpores, resulting in the �inkbottle effect�;• Different spatial connectivity of poresduring drying and wetting;• Variations in liquid-solid contact angle;• Air entrapment.Some or all of these factors may act simulta-neously, which makes it difficult to separatethe individual effects based on observedhysteretic data. Furthermore, hysteresisdepends on the velocity, with which thesaturation changes occur.While the presence of hysteresis in porousmaterials and its importance for predictingmultiphase flow is well recognized, only alimited number of simulation studies usinghysteretic capillary pressure functions havebeen performed [Lenhard and Parker, 1987;Kool and Parker, 1988]. Furthermore, mostof these studies neglect hysteresis in therelative permeability functions, which maystrongly influence the behavior of thenonwetting phase [Sonnenborg et al., 1998].Predicting hysteretic behavior by means ofnumerical simulation requires (1) selecting anappropriate parametric model describing thehysteretic hydraulic properties of the porousmedium, and (2) estimating the parameters ofthe hysteretic capillary pressure and relativepermeability functions. Both steps arecomplex and require handling strongly non-linear effects, especially during saturation-pathreversals.The objectives of this study are (1) to imple-ment a hysteretic capillary pressure and rela-tive permeability model into TOUGH2, and(2) to evaluate the potential of inverse model-ing techniques to derive soil hysteretic proper-ties from a transient drainage-imbibitionexperiment.HYSTERESIS MODELHysteretic capillary pressure and relativepermeabilities depend on the saturation-desaturation history. More specifically, thefunctional forms and their parameters changewhenever a saturation reversal point is reached,i.e., when the saturation transient switches fromimbibition to drainage or vice versa. Note that

- 2 -at any given point in time, different volumeelements of the porous material may undergodrainage or imbibition, which requires thenumerical model to keep track of the satura-tion history in each individual gridblock.In our model, the main branches of thehysteretic capillary pressure-saturation relationare described using the expression proposedby van Genuchten [1980]:

Pc = − 1α_γ S^l − S^{lr}

1− Slr − Sgr^Δ −^{1/m} γ − 1 1^{/nγ}

(1)where

Pc = Pl − Pg

is the capillary pressure,

Sl

is the liquid saturation,

Slr

and

SgrΔ

are the re-sidual liquid and gas saturations, respectively,

α

,

m

and

n

are curve shape parameters with

m=1− 1/ n

, and the superscript

γ

refers todrying (d) or wetting (w). The residual gassaturation

SgrΔ

is not considered to be aconstant, but depends on the saturation atwhich reversal from drainage to imbibitionoccurs. The lower the liquid saturation at thereversal point, the more gas is entrappedbecause it is forced into progressively smallerpores during drainage; the amount of gas leftbehind as isolated islands during the imbibi-tion process increases with decreasing reversalsaturation

SlΔ

as follows:

SgrΔ = 1− SlΔ 1+ Rgl (1− SlΔ)

(2)where

Rgl = 1Sgrmax − 11− Slr

(3)The maximum amount of entrapped gas,

Sgrmax

,which is an input parameter, is asymptoticallyreached when following the main wettingcurve. This model describes the amount of airentrapped under both unsaturated and quasi-saturated conditions, accounting for thechange in the volume fraction of air in a free,connected state, and air entrapped within theliquid phase [Chahal, 1969; Faybishenko,1995].The history-dependent entrapped gas satura-tion as well as its inclusion in the relativepermeability curves are the new feature addedto the hysteretic van Genuchten modeldescribed by Niemi et al. [1988].The scanning curves are based on a modifiedversion of the dependent domain model ofMualem [1984] as described in Niemi andBodvarsson [1988]. The first-order wettingscanning curve is given by

Sl = Sld (PcΔ)+ [Slc − Sld (PcΔ)] [Slc − Slw(PcΔ)][Slw(Pc )− Slw(PcΔ)]

(4)where

PcΔ

is the capillary pressure at the rever-sal point from the main drying curve to thefirst-order wetting curve,

Sld

and

Slw

are theliquid saturations evaluated on the maindrying and wetting curves, respectively, and

Slc =1− SgrΔ

is the so-called critical liquid satu-ration. Equation (4) is used to solve for

Slw(Pc )

, which is the only unknown in theexpression. Note that

Sl

is the primary vari-able known from the solution of the governingtwo-phase flow equations, the reversal capillarypressure

PcΔ

is saved when the reversal takesplace, and

Sld (PcΔ)

and

Slw(PcΔ)

can be solvedby inverting Equation (1). Once

Slw(Pc )

isevaluated, the corresponding hysteretic capil-lary pressure

Pc

can be solved from the mainwetting curve using (1).Second-order drying curves are evaluatedusing

Sl = SlΔ − [Slc − Sld (Pc+ )] [Slc − Slw(Pc+ )]2 ⋅

[Slc − Slw(Pc )][Slw(PcΔ)− Slw(Pc )]

(5)where

SlΔ

is the liquid saturation at the reversalpoint from the first-order wetting scanningcurve to the second-order drying scanningcurve, and

Pc+

is the capillary pressure forwhich

Sld (Pc+ )

equals

Sl

. Again, the onlyunknown in Equation (5) is

Slw(Pc )

; thecapillary pressure

can be found from theexpression for the main drying curve. Solving(5) for

Slw(Pc )

produces a parabolic equationwith two solutions. Niemi et al. [1987] showedthat the physically meaningful solution,

Slw(Pc )< Slw(PcΔ)

can be readily detected.

- 3 -Higher-order scanning curves are approxi-mated as semilog-straight lines between the lasttwo reversal points, leading to hysteretic loopsthat become narrower with increasing order,and that meet at the appropriate reversalpoints.Assuming that hysteresis in the relative perme-ability functions is mainly a result of non-wetting fluid entrapment, we adopt theapproach described by Lenhard and Parker[1987]. They modified Mualem�s [1976]predictive model by including a term thataccounts for the reduction in liquid relativepermeability as a result of gas-phase entrap-ment. The amount of entrapped gas liesbetween zero and

SgrΔ

, and is assumed to be alinear function of the effective liquid satura-tion. The final expression for the hystereticrelative permeability includes a sum of termsrepresenting the saturation history from thestarting point to the current position. Fordetails, the reader is referred to Lenhard andParker [1987].A total of six parameters (

Slr

,

Sgrmax

,

α d

,

α w

,

nd

,

nw

) have to be determined for this specifichysteresis model. The experimental, point-wise determination of hysteretic capillarypressure and relative permeability functions isvery difficult and time consuming. Wepropose to use inverse modeling to estimatehysteretic hydraulic properties from transientlaboratory experiments or field tests. In thefollowing section, we summarize the elementsof a formal parameter estimation procedure,and then apply the method to syntheticallygenerated data that exhibit relatively stronghysteresis effects.INVERSE MODELINGSolving the inverse problem is usually definedas the estimation of parameters by calibratinga model against observed data. We follow thestandard procedure [Beck and Arnold, 1977]and minimize some measure of the differencesbetween the observed and predicted systemresponses, which are assembled in the residualvector

r

with elements

ri = yi *− yi(p)

(6)Here,

yi *

is an observation at a given point inspace and time, and

yi

is the correspondingmodel prediction, which depends on the vector

p

of the unknown model parameters. Ininverse modeling, the distribution of the finalresiduals is expected to be consistent with thedistribution of the measurement errors,provided that the true system response iscorrectly identified by the model. If the errorstructure is assumed to be Gaussian, the objec-tive function to be minimized can be inferredfrom maximum-likelihood considerations tobe the sum of the squared residuals weightedby the inverse of the covariance matrix

Cyy

:

Z(p) = r TCyy− 1r

(7)An iterative procedure is needed to minimizeEquation (7). The Levenberg-Marquardtmodification of the Gauss-Newton algorithm[Beck and Arnold, 1977] was found to be suit-able for our purposes [Finsterle, 1997b].Under the assumption of normality andlinearity, a detailed error analysis of the finalresiduals and the estimated parameters can beconducted. For example, the covariancematrix of the estimated parameter set is givenby

C pp = s02(J TCyy− 1J)− 1

(8)where J is the Jacobian matrix at the solution.Its elements are the sensitivity coefficients ofthe calculated system response with respect tothe parameters:

Jij = − ∂ri∂pj = ∂yi∂pj

(9)In Equation (8),

s02

is the estimated error vari-ance, a goodness-of-fit measure given by

s02 = r TCyy− 1r M− N

(10)where

M

is the number of observations and

N

is the number of parameters. The inversemodeling formulation outlined above isimplemented in a computer program namedITOUGH2 [Finsterle, 1997a,b]. ITOUGH2provides estimates of any TOUGH2 inputparameter [Pruess, 1991] based on any type ofobservation, for which a correspondingTOUGH2 output variable can be calculated.We use ITOUGH2 to analyze syntheticallygenerated data from a multistep drainage-imbibition experiment, and to examine thepotential of this experiment for estimatinghysteretic hydraulic properties.

- 4 -APPLICATIONModel DevelopmentFigure 1 shows a schematic of a flow celldesigned for radial drainage-imbibitionexperiments on soil samples. A vacuum canbe applied at the central ceramic cylinder forsoil water extraction. The apparatus is instru-mented with a vial to measure the cumulativewater discharge through the central cylinder.Moreover, a tensiometer for water potentialmeasurements is installed near the outer wallof the flow cell. A similar configuration isused for water injection. Water collectionvialAir entry p o r t

Ceramic extraction cylinderTensiometer

Soil sampleVacu

pump

Ai

r

r

e

s

e

r

v

o

i

r15 cm

2

2

c

mFigure 1. Schematic of apparatus for radialflow experiment.Neglecting the minor effects of gravity, a one-dimensional radial model was developed,taking into account the impedance of theceramic cylinder. A set of hysteretic hydraulicproperties was assumed (see Table 1, Column2), and synthetic cumulative outflow andcapillary pressure data were generated for amultistep drainage-imbibition experiment, inwhich a suction pressure of -90˚kPa was firstapplied at the extraction cylinder for 3 days.Subsequently, water was supplied withoutoverpressure through the central cylinder for a3-day period, leading to entrapment of air inthe soil sample. Another drainage-imbibitioncycle was simulated for time periods of 6 and18 hours, respectively. Gaussian noise wasadded to the synthetic, true system response tosimulate measurement errors. The standarddeviations for the noise added to the capillarypressure and cumulative outflow data were5˚kPa and 25˚ml, respectively. The true hysteretic capillary pressure andrelative permeabilities at the outer wall of theflow cell are visualized in Figures 2 and 3,respectively. Note that Figures 2 and 3 do notrender the actual observed data; the measure-ments are shown as symbols in Figures 4through 6. Nevertheless, an approximation ofthe hysteretic capillary pressure curve could beobtained by plotting the tensiometer dataagainst the average soil saturation as calculatedfrom the cumulative outflow data. Because ofthe averaging, this procedure would yield onlyan approximation of the curve shown inFigure 2, which represents the actual hystereticloop encountered by the tensiometer. Thehysteresis in the gas and liquid relative perme-abilities cannot be directly observed during atransient experiment.InversionsThree different models have been calibratedagainst the synthetic data. The first modeluses standard, non-hysteretic van Genuchtenfunctions, i.e.,

α d = α w = α

,

nd = nw = n

, and

Sgrmax = Sgr

. The second model allows forhysteresis, but neglects the effects of airentrapment by setting

Sgrmax = 0

. Finally, thedata are matched using the full hysteresismodel. The matches to the capillary pressureand cumulative outflow data obtained with thethree models are shown in Figures 4 through6; the resulting parameter sets are summarizedin Table˚1.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Saturation

02468101214161820

CapilaryPresure[-kPa]

Slr SgrmaxSgrΔ Figure 2. Computed hysteretic capillarypressure path at the outer wall of the flow cell.

- 5 -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Saturation 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

RelativePermeability k^{rg} k^{rl}

S^{lr} S^{gr}_{max}

S^{gr}_Δ

Figure 3. Computed gas and liquid relativepermeability paths at the outer wall of the flowcell.Table 1. True and Estimated Parameter SetsParameterTrueNohys-teresisNo airentrap-mentHys-teresislog(kabs [m2])-12.00-11.64-11.92-11.97 log(1/a d [Pa])3.693.413.713.70log(1/a w [Pa])3.00-2.432.98nd3.002.133.143.01nw2.00-1.331.97Slr0.200.160.210.20Sgrmax0.200.40#-0.18# At specified upper boundary

DiscussionMatching data that exhibit hysteretic effectswith a nonhysteretic model yields an imperfectmatch. While the estimated a and n parame-ters are within the bounds of the respectivedrying and wetting values of the hystereticmodel, an unreasonably high residual gas satu-ration is required to obtain near-zero capillarypressures and reduced flow rates duringimbibition. Furthermore, the absolute perme-ability is overestimated by more than a factorof 2, to partly compensate for the reducedeffective liquid permeability and the reduceddriving force during drainage, which stemsfrom the lower capillary pressure gradient.An almost perfect match to the observed datais obtained with the second model (seeFigure˚5). This result may be surprising giventhat the hysteretic model does not include theeffect of air entrapment, which is believed tohave a strong impact on system behavior[Faybishenko, 1995]. There are severalexplanations for this result First, while

Sgrmax

,which describes air entrapment, may be asensitive parameter affecting forward predic-tions, its effect on the observed data, which areused during inverse modeling, may not beuniquely distinguishable. In other words, thelack of a formal inclusion of air entrapment inthe model can be partly compensated for byadjusting other parameters, especially thosedescribing the wetting curves. Since a reason-able match was obtained despite fixing

Sgrmax

atzero, it can be expected that it will be difficultto identify each of the parameters of thehysteretic model based on the available data.Second, the impact of air entrapment becomesmore important towards the end of a saturationperiod. While the cumulative outflowcontinuously declines during the imbibitionperiods (see Figure 5), the one obtained withthe full hysteresis model (see Figure 6)asymptotically approaches a final, non-zerovalue representing the total amount ofentrapped air. Therefore, it is likely that theexperiment is inappropriate to identify

Sgrmax

.The design of the experiment could beimproved by extending the imbibition periods,as suggested by the increase in the sensitivitycoefficients

|∂q(t)/ ∂Sgrmax|

for

t → 6

days.Furthermore, approaching the main wettingcurve by extending the drainage period alsohelp better identify

Sgrmax

.Finally, neglecting air entrapment may not besignificant for this soil and the prevailing testconditions. The main wetting branch of thecapillary pressure curve is not stronglyaffected by

Sgrmax

, and the differences in therelative liquid permeabilities have only animpact during a small period of the entire testduration.The hysteretic hydraulic properties are accu-rately identified when using the correct hyster-esis model. Deviations from the true valuesare a result of the noise in the data. Note,however, that the relatively strong parametercorrelations may lead to non-unique solutionswhen analyzing real data, i.e., when theassumed hysteresis model is unlikely toperfectly mimic the actual hysteretic behavior.The discussion above emphasizes the impor-tance of a careful test design, which shouldalso be based on synthetic inversions rather

- 6 -than on forward modeling alone [Finsterleand Faybishenko, 1997]. If

Sgrmax

is consid-ered a key parameter for making modelpredictions, the experiment should bedesigned to maximize the sensitivity of theobserved variables with respect to

Sgrmax

. Thecorrelation of

Sgrmax

to the other parametersshould be reduced to obtain an independentestimate of sufficiently low uncertainty.

0 1 2 3 4 5 6 7

Time [days]

02468101214161820

CapilaryPresure[-kPa]

02004006008001000

1200

1400

1600

1800

2000

CumulativeOutflow[ml]

Non-hysteretic model_{Figure 4. Comparison between observed(symbols) and calculated (lines) capillary pres-sure and cumulative outflow. Nonhystereticmodel.} 0 1 2 3 4 5 6 7

Time [days]

02468101214161820

CapilaryPresure[-kPa]

02004006008001000

1200

1400

1600

1800

2000

CumulativeOutflow[ml]

Hysteretic model No air entrapment_{Figure 5. Comparison between observed(symbols) and calculated (lines) capillary pres-sure and cumulative outflow. Hystereticmodel without air entrapment.} 0 1 2 3 4 5 6 7

Time [days]

02468101214161820

CapilaryPresure[-kPa]

02004006008001000

1200

1400

1600

1800

2000

CumulativeOutflow[ml]

Hysteretic model_{Figure 6. Comparison between observed(symbols) and calculated (lines) capillary pres-sure and cumulative outflow. Hystereticmodel.We proceed with a discussion of some of thestatistical parameters calculated by ITOUGH2.First, the goodness-of-fit as measured by theestimated error variance (see Equation (10))provides an overall assessment of the matchobtained. Table 2 shows that while the correcthysteresis model realizes the best matchaccording to the goodness-of-fit criterion (thedifferences are statistically significant on the95% confidence level), it may not be justifiedto estimate all parameters of the full hysteresismodel. The A-optimality criterion, which isthe sum of the estimation variances scaled bythe square of the parameter values, in factfavors the hysteresis model that does notinclude air entrapment. Estimating anadditional parameter, i.e.,}

Sgrmax

, leads to higheroverall correlations and thus larger estimationuncertainties, which cannot be fully compen-sated by the improvement of the fit.Table 2. Estimated Error Variance andA-Optimality CriterionModelNumber ofparametersEstimatederrorvarianceA-optimalitycriterion#No hysteresis59.520.0081

Hysteresisno air entrapment61.710.0008Hysteresis70.980.0014#Trace of scaled estimation covariance matrix Cpp

- 7 -CONCLUDING REMARKSA new hysteresis module has been developedfor use with ITOUGH2. With a limited set ofparameters, hysteresis in the capillary pressurecurve as well as the gas and liquid relativepermeability functions is modeled, taking intoaccount history-dependent entrapment of thenonwetting phase. The module was used togenerate synthetic data of a multistepdrainage-imbibition experiment using radialflow geometry. Parameter estimation using ITOUGH2 demon-strates the flexibility of inverse modelingconcepts to extract information abouthysteretic soil properties from a combinedanalysis of transient data, such as cumulativeoutflow and capillary pressure measurements.It becomes obvious, however, that the experi-ment has to be carefully designed to explorethe full saturation range using alternatingdrying and resaturation events.We are currently running a laboratory experi-ment to obtain hysteretic data that will beanalyzed using the approach developed in thispaper.ACKNOWLEDGMENTThis work was supported, in part, by the AssistantSecretary for Energy Efficiency and RenewableEnergy, Office of Geothermal Technologies, of theU.S. Department of Energy under Contract No. DE-AC03-76SF00098. We would like to thankC.˚Doughty and G. Moridis for thoughtful reviews.REFERENCESBeck, J. V. and K. J. Arnold, Parameter Estimationin Engineering and Science, John Wiley & Sons,New York, 1977.Chahal, R. S., �Effect of Temperature and TrappedAir on Matric Suction,� Soil Sci., 100(4), 262-266,1965.Deng, Y. and M. Pantazidou, �Effects of Hysteresisin Capillary Pressure-Saturation Relationships onPredicting LNAPL Mobility,� Proceedings, XIIInternational Conference on Computation Methods inWater Resources, Crete, Greece, June 15-19, 1998.Essaid, H. I., W. N. Herkelrath and K. M. Hess,�Simulation of Fluid Distributions Observed at aCrude Oil Spill Site Incorporating Hysteresis, OilEntrapment, and Spatial Variability of HydraulicProperties,� Water Resour. Res., 29(6), 1753-1770,1993.Faybishenko, B., �Hydraulic Behavior of Quasi-Saturated Soils in the Presence of Entrapped Air:Laboratory Experiments,� Water Resour. Res.,31(10), 2421-2435, 1995.Finsterle, S., ITOUGH2 Command Reference,Version 3.1, Report LBNL-40041, Lawrence BerkeleyNational Laboratory, Berkeley, Calif., 1997a.Finsterle, S., ITOUGH2 Sample Problems, ReportLBNL-40042, Lawrence Berkeley NationalLaboratory, Berkeley, Calif., 1997b.Finsterle, S. and B. Faybishenko, �Design andAnalysis of an Experiment to Determine HydraulicParameters of Variably Saturated Porous Media,�Report LBNL-40245, Lawrence Berkeley NationalLaboratory, Berkeley, Calif., (submitted to Advancesin Water Resour.), 1997.Hillel, D., Introduction to Soil Physics, AcademicPress, Inc., San Diego, Calif., 1982.Kool, J. B. and J. C. Parker, �Analysis of the InverseProblem for Transient Unsaturated Flow,� WaterResour. Res., 24(6), 817-830, 1988.Lenhard, R. J. and J. C. Parker, �A Model forHysteretic Constitutive Relations GoverningMultiphase Flow, 2. Permeability-SaturationRelations,� Water Resour. Res., 23(12), 2197-2206,1987.Mualem, Y. �Hysteretical Models for Prediction ofthe Hydraulic Conductivity of Unsaturated PorousMedia,� Water Resour. Res., 12(6), 1248-1254,1976.Mualem, Y., �A Modified Dependent Domain Theoryof Hysteresis,� Soil Sci., 137(5), 283-291, 1984.Niemi, A. and G. S. Bodvarsson, �PreliminaryCapillary Hysteresis Simulation in Fractured Rocks,Yucca Mountain, Nevada,� J. Contam. Hydrol., 3,277-291, 1988.Niemi, A., G. S. Bodvarsson and K. Pruess,Incorporation of the Capillary Hysteresis ModelHYSTR into the Numerical Code TOUGH, ReportLBL-23592, Lawrence Berkeley Laboratory, Berkeley,Calif., 1987.Pruess, K., TOUGH2�A General-Purpose NumericalSimulator for Multiphase Fluid and Heat Flow,Report LBL-29400, Lawrence Berkeley Laboratory,Berkeley, Calif., 1991.Sonnenborg, T. O., M. B. Butts, and S. Finsterle,�Estimation of Hysteretic Two-Phase HydraulicProperties From Transient Flow Experiments,�Report, Technical University of Denmark, 1998.van Genuchten, M. Th., �A Closed-Form Equationfor Predicting the Hydraulic Conductivity ofUnsaturated Soils,� Soil Sci. Soc. Am. J., 44(5),892-898, 1980.