Finsterle and Pruess1LBL-35191Estimating Two-Phase Hydraulic Propertiesby Inverse ModelingStefan Finsterle and Karsten PruessEarth Sciences DivisionLawrence Berkeley LaboratoryUniversity of CaliforniaBerkeley, CA 94720January 1994This work was carried out under U.S. Department of Energy Contract No. DE-AC03-76SF00098 for the Director, Office ofCivilian Radioactive Waste Management, Office of External Relations, and was administered by the Nevada OperationsOffice, U.S. Department of Energy, in cooperation with the Swiss National Cooperative for the Disposal of RadioactiveWaste (Nagra).

Finsterle and Pruess2DISCLAIMERThis 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 Laboratory is an equalopportunity employer.

Finsterle and Pruess3ESTIMATING TWO-PHASE HYDRAULIC PROPERTIESBY INVERSE MODELINGStefan Finsterle and Karsten Pruess Earth Sciences DivisionLawrence Berkeley LaboratoryOne Cyclotron RoadBerkeley, CA 94720(510) 486-5205ABSTRACTDisposal of high-level nuclear waste ingeologic formations requires characterizing thehydrogeologic conditions at the potential site.This involves extensive data interpretation fromlaboratory and field experiments which are beingperformed on different scales. Two-phase flowprocesses are relevant if the potential site islocated in the unsaturated zone, but they are alsostudied for repositories beneath the water table ifthe waste packages generate significant amountsof free gas. Numerical models are used forpredicting the system behavior under differenthydrologic and thermal loads. Parametersappearing in the governing equations are usuallydifficult to measure and subject to systematicerrors. The strategy chosen to obtain model-related formation parameters is to calibrate thenumerical model using observations of the systemresponse. The practical relevance of parameterestimation for site characterization and design offield and laboratory experiments motivated thedevelopment. The purpose of this paper is topresent the concept of parameter estimation, andto demonstrate the use of the proposed method forthe interpretation of hydraulic tests conductedunder two-phase flow conditions.I.INTRODUCTIONSite characterization for nuclear waste reposi-tories is based on the interpretation of data fromlaboratory and field experiments. The results ofthese studies provide a conceptual picture of thehydrogeological situation at the site, and numeri-cal models are subsequently used to predict thesystem behavior for different hydrologic andthermal loads. The U.S. civilian radioactive wastemanagement program focuses on a site in theunsaturated zone at Yucca Mountain, Nevada.Two-phase flow phenomena are also importantfor repositories situated beneath the water table,because gas is generated by the waste packagesdue to corrosion, hydrolysis, and microbialdegradation.Simulation models recently developed forsubsurface flow in the unsaturated zone can dealwith many physical processes of increasingcomplexity. However, the question of how tochoose appropriate parameter values for a specificflow system is difficult to answer. While some ofthe parameters affecting two-phase flow can bedetermined in the laboratory or directly measuredin the field, such measured parameters may differfrom their model counterparts both conceptuallyand numerically because of heterogeneity effectsand the scale of observation. The strategy chosento obtain model-related formation parameters is tocalibrate the numerical model using observationsof the system response at discrete points in spaceand time. The difficulty of parameter estimation inthese systems has two aspects: the first is modelconceptualization which aims at capturing therelevant physical processes and defining discreteunits over which parameter values can beconsidered constant. The second deals with theactual procedure of how to derive modelparameters from data observed in the field.To address this point, a tool for automaticmodel calibration has been developed. In thispaper we will discuss the methodology emplyedfor inverse modeling of highly non-linear flowproblems and demonstrate the applicability of thecode by interpreting data from tests conductedunder two-phase flow conditions.II.INVERSE MODELING APPROACH

- 2 -Finsterle and Pruess2Inverse modeling requires developing a simu-lation tool capable of reproducing the overallbehavior of the system under the given test condi-tions. In this work, Lawrence BerkeleyLaboratory’s general-purpose multiphase fluidand heat flow simulator TOUGH2 is used tosolve the so-called direct problem.1 The coupledtransport of multiple components in multiplephases is calculated by means of integral finitedifferences. Fluid flow occurs under pressure,viscous, and gravity forces according to Darcy’slaw. Interferences between the phases are repre-sented by parameterized relative permeabilityfunctions. Capillary forces are given as nonlinearfunctions of liquid saturation. Thermophysicalproperties of the fluids are calculated from a set ofprimary variables. The gaseous phase is consid-ered ideal, and additivity of partial pressures isassumed for gas/vapor mixtures. Dissolution inthe liquid phase is represented by Henry’s law.Heat transport occurs through conduction andconvection.Solving the direct problem in an efficient andstable manner is one essential step for parameterestimation. Additionally, a procedure is needed toiteratively update the parameter set used for thedirect problem, leading to an improvement of thefit between observations and the model output. InITOUGH2 ("Inverse TOUGH2"), the inverseproblem is formulated in the context of maximumlikelihood estimation theory.2 The performancecriterion to be minimized, z, is a weighted normof the differences between observed and model-predicted state variables which reflects the errorstructure of the residuals. If the errors areassumed to be Gaussian with covariance matrixC, the corresponding estimator is the sum ofsquared residuals, weighted by the inverse of thecovariance matrix:z(p) = rT C-1 r(1)Each element of vector r represents a residualcalculated at a point in space and time at whichdata is available. The data may be of variabletype, such as flow rate, capillary pressure, gassaturation, or temperature. In fact, any measure-ment for which a corresponding TOUGH2 resultcan be obtained is suitable for use in parameterestimation by inverse modeling. Furthermore,prior information about the model parameters canbe treated as additional observations. AnyTOUGH2 input parameter can be estimated if theobserved data is sufficiently sensitive to it. Theperformance measure (1) to be minimized is afunction of the unknown parameters which aresummarized in vector p of length n.The strong nonlinearity pertaining to multi-phase flow is a complicating factor for both theoptimization procedure and the subsequent erroranalysis. While several minimization algorithmshave been implemented in the ITOUGH2 code,the Levenberg-Marquardt modification of theGauss-Newton method has been found to be mostrobust. The basic idea of the Levenberg-Marquardt algorithm is to move along the steepestdescent direction of the objective function (1) farfrom the minimum, switching continuously to theGauss-Newton algorithm as the minimum isapproached. This is achieved by decreasing thescalar m, known as the Levenberg parameter, aftera successful iteration, but increasing it if an uphillstep is taken (Marquardt�s method). Thefollowing nonlinear system of equations is solvedfor Dp at an iteration labeled by index k:(JkT C-1 Jk + mDk) DpkT = -JkT C-1 rk(2)Here, J is the Jacobian matrix with elementsJij˚=˚¶ri/¶pj, and matrix D denotes a diagonalmatrix of order n with elements equivalent to thediagonal elements of matrix JkT˚C-1˚Jk. Theimproved parameter set is finally calculated:pk+1 = pk + Dpk(3)ITOUGH2 also provides an extensiveresidual analysis. A correction procedure for the aposteriori covariance matrix of the estimatedparameter set has been developed in order toaccount for the effects of nonlinearity.3 Theuncertainty of modeling results in prediction runscan be calculated either by applying first-ordersecond-moment error analysis or by Monte Carlosimulations. The performance of the code hasbeen illustrated using synthetic data sets.4 Herewe present applications to laboratory and fielddata which exhibit strong two-phase flow effects.

- 3 -Finsterle and Pruess3ExperimentScaleMain processData typeParameter

Salt infiltration into granite diskmmcapillaritydiffusionelectricalconductivitypermeabilitycharacteristic curve

Ventilation experiment ingranitedmevaporationcapillaritywater potentialevaporation ratepermeabilitycharacteristic curve

Pulse test in fracture zonedmliquid flowpressurepermeability

Hydraulic tests in liquid-saturated fracture zonemliquid flowpressureliquid flow ratepermeabilitystorativity

Gas injection into liquidsaturated fracture zonemgas-waterdisplacementpressurecharacteristic curve

Water injection into fracturezone containing gasmwater-gas-waterdisplacementpressureliquid flow ratepermeability

Hydraulic test in lowpermeability host rock,possibly containing free gasmwater-gasdisplacementpressureliquid flow ratepermeabilitystorativityinitial saturation

Gas injection into lowpermeability host rock,possibly containing free gas10 mgas-waterdisplacementpressurepermeabilitycharacteristic curve

Pump test in low permeabilityhost rock, possibly containingfree gas10 mtwo-phase flowdegassingpressuregas productionpermeabilitycharacteristic curveinitial saturation

Table 1:Summary of ITOUGH2 applicationsIII.OVERVIEW OF APPLICATIONSAlthough computationally intensive, theindirect approach to calibration provides greatflexibility in the experimental design and thenature of input data. In this paper, we presentvarious ITOUGH2 applications for estimatinggas-related formation parameters and forquantifying prediction uncertainties. Table 1provides an overview. The tests have beenconducted for the Swiss National Cooperative forthe Disposal of Radioactive Waste (Nagra). Datainterpretation using ITOUGH2 has beenperformed at the Swiss Federal Institute ofTechnology in Z�rich (ETHZ) in collaborationwith Nagra. We will briefly describe the mainobjectives and findings of each experiment. InSection IV, we discuss one of the examples ingreater detail. The experiment chosen for thisillustration is a series of water and gas injectiontests into an initially fully liquid-saturated fracturezone at the Grimsel Rock Laboratory, Switzer-land, a research facility operated by Nagra.A.Salt Infiltration Into Granite SampleIn preparation for a combined ventilation andbrine injection experiment at the Grimsel RockLaboratory5, the bottom of an air dry disk-shapedsample of granite, 20 mm thick and 110 mm indiameter, was brought in contact first withdeionized water and then with a 0.1 M KCl saltsolution. In order to detect the advancing wettingfront which is driven by capillary forces, anelectrical conductivity sensor was installed at thetop of the sample (Figure 1). Electricalconductivity was calculated in ITOUGH2 as afunction of liquid saturation and brine concentra-tion, assuming that the electrical conductivity ofwater, salt solution, and the rock matrix areconstant. An estimate of absolute permeability andcapillary strength of the granite was obtained byfitting the model output to the measured electricalconductivity. The experiment confirmed thatmeasurements of electrical conductivity can beused to detect changes of water and salt content ingranite. The liquid infiltration velocity driven bycapillary suction was calculated. Salt diffusion

- 4 -Finsterle and Pruess4was found to be negligible compared to theconvective flux of brine. This is a consequence ofthe relatively strong capillary forces which weredetermined by inverse modeling.

surface electrodesgranite disksalt solutionporous platewater level

Fig. 1: Experimental setupB.Ventilation ExperimentsVentilation tests were originally conceived todetermine the macro-permeability of crystallinerocks by measuring the inflow of moisture intodrift sections with controlled ventilation. It wasfound, however, that the estimated matrix perme-ability may be affected by partial drying of thedrift wall, leading to substantial regions with two-phase flow conditions. In order to quantify theextent of the two-phase region and study itshydraulic properties, in-situ measurements ofwater potential, water content, temperature, andambient air humidity were performed. Wedeveloped an ITOUGH2 model which takes intoaccount evaporation at the drift surface as afunction of relative humidity in the circulated air,vapor pressure lowering due to strong capillarypressures, and diffusive flux of air and vapor inthe unsaturated zone which slowly propagatesinto the formation as a result of the dryingprocess. Precise water potential measurements(Figure 2), as well as estimates of the evaporationrate at the drift wall, were used to determineabsolute permeability and three parameters of vanGenuchten�s characteristic curves. 3,5 The resultsshow that subtle two-phase flow processes can besuccessfully modeled to match field observationsof various types.

0 10 20 30 40 50 60 70 80 -3.0

-2.5

-2.0

-1.5

-1.0

-0.5

-0.0

Time [day]

80 cm

40 cm

20 cm

5 cm

2 cm

10 cm

WaterPotential[MPa]

Distance from drift

Fig. 2:Fit between computed (lines) andmeasured (symbols) water potentialsC.Interpretation of Hydraulic TestsStandard hydraulic tests such as pulse tests,constant head injection tests, constant rate with-drawal tests, shut-in pressure recoveries, etc.may be interpreted using ITOUGH2. Themultiphase formulation of the TOUGH2 codeallows interpretation of these data even if the testis conducted in a two-phase environment. Theinitial gas saturation of the formation can beconsidered an unknown parameter to bedetermined by inverse modeling. Preliminaryexperiences with data from a potentially gas-bearing, low-permeability formation show,however, that due to water injection duringdrilling operations and injection periods it isdifficult to obtain reliable information about thetwo-phase flow properties of the rock. While thepermeability of the inner, liquid-saturated regioncan easily be determined, long pumping orpressure recovery periods are required to estimateinitial gas saturation of the gas-bearing zone atgreater distances from the well. This is visualizedin Figure 3, which shows contours of theobjective function in the two-dimensionalparameter space. The shape of the objectivefunction, as well as the eigenanalysis of the aposteriori error covariance matrix, indicate thatabsolute permeability can be estimated withinrelatively narrow bounds independent of theinitial gas saturation. The latter cannot be

- 5 -Finsterle and Pruess5identified only on the basis of the injection rates,which are measured during a constant pressurewater injection test. However, by adding pressuredata from the shut-in recovery period, it ispossible to estimate the gas content of theformation (see Figure 4).Fig. 3: Objective function and solution pathsusing injection data onlyFig. 4: Objective function, solution path, andconfidence region using injection andrecovery dataData from pump tests may exhibit an unusualreponse if a free gas evolves in the borehole, asshown in Figure 5. The gas produced at a wellhead may be dissolved in the liquid phase underambient conditions, coming out of solution whenthe pressure is decreased. It may also originatefrom a gas-bearing zone in the formation. This isnot only a incertitude of one of the parameters tobe estimated, but may also be considered anuncertainty of the conceptual model. In this case,ITOUGH2 can by used to examine and comparedifferent model structures on an objective basis.Note that the pressure response shown in Figure5 cannot be analyzed using standard wellboresimulators because degassing and expansion ofthe gas phase in the borehole are importantmechanisms to be taken into account.

0 5 10 15 20 25 30 0

5

10

15

20

25

Time [h]

Presure[bar]

BH/INF/PSR/IPI RW1 RWS1 RW2

Wellenberg SB4-VM2/216.7

constant head q=2.2E-3 kg/s q=5.0E-4 kg/s

Gas enters borehole

Fig. 5: Well test analysisIV.GAS TESTS AT GRIMSEL ROCKLABORATORYThe remainder of this paper discusses theinterpretation of a series of water and gas injectiontests into a fracture zone. The purpose of theexperiment was to assess the appropriateness ofstandard evaluation techniques applied to datafrom tests conducted under two-phase flowconditions. A discrete fracture zone was selectedat the Grimsel Rock Laboratory. A number ofboreholes were drilled, intersecting the fracturezone. Inflatable packers were installed to isolateinjection and observation intervals. The testlayout is shown in Figure 6. Interval I1.2 ofborehole BoFR 87.001 was used to inject liquidand gas. The pressure response was observed ininterval I0.2 of borehole BoGA 89.001.The basic idea behind the test sequence is toperform a series of standard hydraulic tests (pulsetests, constant-head injection tests, etc.) into thefully liquid-saturated fracture zone (Phase 1).Subsequently, gas is injected in order toartificially create an unsaturated zone around theborehole (Phase 2). The same tests as the onesconducted during Phase 1 are then repeated(Phase 3). The results of Phase 1 and Phase 3 are

- 6 -Finsterle and Pruess6compared to study possible impacts of the gasphase on test performance and interpretation.

Main Access TunnelLaboratory Tunnel

BoFR 87.001

BoGA 89.001

BoFR 87.002

BoFR 87.003

S1

BoFR 87.004

BoAU 87.034I1.3I0.3I0.4I1.2I0.2I1.1I0.1I2.2I2.1

I3.2

I3.1

Fracture Zone

3.5 m

inclinedFig. 6: Plan view of test layoutFigure 7 shows a schematic of the conceptualmodel. The injection borehole intersects thefracture zone which is depicted as a horizontaldisk. Both the borehole and the fracture areconnected to a region representing the granodior-ite matrix. A skin zone and two zones withdifferent hydraulic properties are introduced. Thetest response is observed in a borehole intersect-ing the fracture plane at a distance of approxi-mately 2 m.An initial guess of the absolute permeabilitieswas obtained from two pulse tests. The secondpulse test was conducted using a 0.2 m3 tankattached to the injection line, increasing thevolume of water being injected and thereforeincreasing the radius of influence of the pulse test.ITOUGH2 allows us to model both tests simulta-neously, yielding a consistent parameter set ofhigher accuracy. The fits are shown in Figure 8with symbols representing the measured data; thesolid lines are the pressures calculated byITOUGH2.

fracturematrixinjection observation

Fig. 7: Schematic of the conceptual model

0

500

1000

1500

2000

10 100 1000 10000

Time [s]

Presure[kPa]

Test P2012T-2, tank attached

Test P2012-1

Fig. 8: Simultaneous pulse test interpretationA constant-head water injection test,followed by a shut-in pressure recovery period,was then performed. Injection rate, as well aspressure measurements in both the injection andobservation borehole, are used to estimate thepermeabilities of the fully liquid saturated system.The results of this test sequence are discussed

- 7 -Finsterle and Pruess7elsewhere.6 Next, nitrogen gas is injected at aconstant pressure of 20 bars for about 8 hours(QCHG-1), creating an unsaturated region aroundthe well. The test response is used to estimatetwo-phase hydraulic properties of the fracturezone. Figure 9 shows the comparison of themeasured and predicted pressures in the twointervals I1.2 and I0.2. Note that only thepressure data observed in interval I0.2 during thetest period QCHG-1 are used for parameterestimation, whereas the remaining data (pressurerecovery PRG-1 and extraction period EXTR-1)are utilized to test the predictive capability of thecalibrated model. The system behavior is verywell predicted in both intervals during the testperiod PRG-1. The fit shows significantdeviations, however, for the final extraction test.This makes clear that the predictability of a modelis restricted to cases governed by similar flowprocesses under similar conditions. Switchingfrom gas injection to withdrawal of a mixture ofgas and liquid reverses the flow direction,triggering new processes and phenomena such ashysteresis which are not accounted for in thenumerical model.Fig. 9: Gas injection experimentIn Phase 3, a constant-pressure water injec-tion test is conducted similar to the one inPhase˚1. Both tests are analyzed using ITOUGH2assuming single-phase liquid conditions. Recallthat the fracture zone is liquid saturated inPhase˚1, whereas it contains a significant amountof free gas in Phase 3. The measured andcalculated flow rates are shown as a Jacob-Lohman plot in Figure 10.Both data sets can be matched almostperfectly. The parameters estimated by inversemodeling reveal that identical values are obtainedfor the absolute permeability of the inner zone,regardless of whether the system is initially liquidsaturated or whether it contains a free gas phase.This is mostly due to the fact that in the Phase 3experiment a composite system is created byinjecting water into an unsaturated environment.The zone around the borehole is almost fullyliquid saturated with some gas at residual gassaturation. Consequently, the correct value for theabsolute permeability is obtained. However, inthe outer region where gas is present, the absolutepermeability would be greatly underestimatedusing Phase 3 data, as indicated by the steeperslope of the data after about 1000 seconds (seeJacob-Lohman plot, Figure 10). The estimatedstorage coefficient of this zone is very large,suggesting that a free gas phase is present. Oncethere is clear evidence for the system being two-phase, the conceptual model can be modifiedaccordingly to account for phase interferences.Fig. 10:Jacob-Lohman plot of constant pressurewater injection test into saturated andunsaturated fracture zoneCONCLUDING REMARKSThe purpose of this paper was to presentvarious applications of the ITOUGH2 code forthe design and interpretation of experiments tocharacterize the host rocks of potential radioactivewaste repositories.

- 8 -Finsterle and Pruess8Estimating hydrogeological parameters byinverse modeling has the advantage that thecalibrated model is able to describe the field scalebehavior in a manner which is optimal withrespect to the given data and the actual modelstructure. Numerical simulation providesremarkable flexibility in adapting complex flowprocesses, geometries, initial and boundaryconditions. Data of almost any type can be usedsimultaneously to estimate input parameters of aprediction model. Furthermore, the efficiency ofthe automatic model calibration allows theexamination of alternative conceptual models toexplain the data. From this perspective, inversemodeling can be used for process identification ina complex multiphase environment, and provideguidance for future model of performanceassessment at Yucca Mountain.ACKNOWLEDGEMENTSThis work was carried out under U.S.Department of Energy Contract No. DE-AC03-76SF00098 for the Director, Office of CivilianRadioactive Waste Management, Office ofExternal Relations, and was administered by theNevada Operations Office, U.S. Department ofEnergy, in cooperation with the Swiss NationalCooperative for the Disposal of RadioactiveWaste (Nagra). Thanks are due to ChristineDoughty and George Moridis for reviewing themanuscript and suggesting improvements.REFERENCES1Pruess, K., TOUGH2 - A General-PurposeNumerical Simulator for Multiphase Fluid andHeat Flow, Lawrence Berkeley Laboratoryreport LBL-29400, Berkeley, CA, 1991.2Finsterle, S., ITOUGH2 User’s Guide,Lawrence Berkeley Laboratory Report LBL34581, Berkeley, CA, 1993.3Finsterle, S., and K. Pruess, Solving theEstimation-Identification Problem in Two-Phase Flow Modeling, Lawrence BerkeleyLaboratory Report LBL 34853, Berkeley,CA, 1993.4Finsterle, S., Determining˚Two-Phase Hy-draulic Properties by Inverse Modeling,Proceedings, IX. International Conference onComputational Methods in Water Resources,Denver, CO, June 9 - 12, 1992.5Pruess, K., P. Persoff, C. Oldenburg, and S.Finsterle, Phenomenological Studies of Two-Phase Flow Processes for Nuclear WasteIsolation, paper presented at the FitfthInternational High Level Radioactive WasteManagement Conference, Las Vegas, NV,May 22 - 26, 1994.6Finsterle, S., Inverse Modellierung zurBestimmung hydrogeologischer Parametereines Zweiphasensystems, Mitteilung Nr. 121der Versuchsanstalt f�r Wasserbau,Hydrologie und Glaziologie, ETH, Z�rich,Switzerland, 1993.