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oration, and surplus liquid water for terrain forma-
tion. Specification of the conditions under which nei-
ther parameter changed with spatial scale enabled the
derivation of an equation for long-term actual evapo-
transpiration (AET ), AET/P = a/(b + (P/P ET)), at
scales between 2-256 km for the Columbia River Basin
in the northwestern US. Here, a and b are two empiri-
cal parameters with potential hydro-ecological signif-
icance. The relationship contains a fundamental di-
mensionless parameter, P/P ET , for hydro-ecologic and
eco-hydrologic studies. This parameter was extensively
used by Budyko amongst others in their eco-hydrologic
investigations. This equation is similar to an equation
for AET obtained by Choudhury (1999), which is given
by, (AET/P)α = 1/(1+(P/P ET )α). It predicts long-
term AET at plot scales of the order of 1 sq. km for
α = 2.6, and for large drainage basins of the order of
million sq. km. for α = 1.8. Therefore, Choudhury’s
equation is not scale invariant. A key open problem is
to investigate if these two equations can be reconciled
in a scale invariant manner. This work represents first
steps towards the articulation of a biophysically sound
theory about coupled ecology, hydrology, geomorphol-
ogy and climate of landscapes that respects a conser-
vation law and scale invariance.
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Recent theoretical developments suggest that inter-
facial area per volume (IAV) plays an important role
in scaling theories for the flow of multiple fluid phases
in a porous medium. Many investigations have shown
that the values of capillary pressure (Pcap) and satura-
tion (S) do not uniquely specify the state of the system.
A single value of relative volume saturation can corre-
spond to infinitely different distributions of two phases
within the volume. IAV provides a natural yard-stick
for defining the role of scale in multiphase fluid proper-
ties. The dimensional units of interfacial area per vol-
ume is a spatial frequency (inverse length) that breaks
scale invariance. In this study, we investigate whether
or not IAV provides a state-function-like description of
the flow properties, and if so, what does this function
look like.

Measurements of interfacial area per volume as a
function of capillary pressure and saturation were made
on micro-models of pore structures. Photo-projection
lithography was used to make transparent micro-models
that were 600 x 600 microns with an aperture of 1.08
microns. Two phase flow measurements were performed
on the micro-models using nitrogen gas and decane for
a series of drainage and imbibition cycles. The ini-
tially decane-saturated micro-models were invaded with
nitrogen by the application of pressure in increments.
At each pressure increment, the system was allowed to
equilibrate, and the saturation and distribution of each
phase was digitally imaged and analyzed.

We observed that the Pcap - S - IAV surface appears
to be a smooth, single valued surface. Several mea-
surements were made for the same, or nearly the same,
values of Pcap and S, and it was observed that the ge-
ometrical arrangement of the two phases was visually
quite different. However, the value of the IAV in such
cases was the same, to within a typical 5% experimental
error in analyzing the digital photo-micrographs. We
also observed that the magnitude of IAV was signifi-
cantly different between the two types of models. Cor-
related micro-models exhibited values of IAV that were
smaller by about a factor of 2, than that found for the
uncorrelated micro-model.

Acknowledgments: DOE-FE contract DE-AC26-
99BC15207. LJPN wishes to acknowledge Purdue Uni-
versity Faculty Scholar.
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Network modeling techniques for subsurface trans-
port continue to incorporate more detailed physics.
Therefore, it is important for networks to reflect the
true porous media structure with an appropriate level
of detail. Of particular interest, is whether three-
dimensional networks created from different algorithms
lead to different simulated transport behavior.

In previous work, several methods were used to
extract pore networks from well-defined porous me-
dia: a medial-axis-based approach (at different res-
olutions), a Delaunay-tessellation algorithm, and a
modified-Delaunay-tessellation algorithm. While these
algorithms produce statistically similar networks for a
given medium, there are pore-scale differences.

In the current study, we evaluate the impact of net-
work structure on certain transport phenomena. Qua-
sistatic drainage and imbibition simulations were per-
formed on simulated and real systems to obtain capil-
lary pressure versus saturation curves. Significant dif-
ferences in results are attributed to factors such as vari-
ation in local coordination number, errors in determin-
ing local pore-body and pore-throat size, and lack of
uniqueness in pore location. We tie these morphologic
differences to pixelization of the medium, resolution of
the digital image, and logic incorporated in the network
algorithms. The results provide important information
regarding the use of high-resolution tomography to gen-
erate network structures.
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We present a more efficient and accurate numerical
implementation of the pore-morphological approach for
modeling drainage in totally wetting porous media that
was recently developed by Hilpert and Miller. The new
approach uses level-sets to represent the phase distri-
bution instead of voxels arranged on a cubic lattice.
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Recent advances in microtomographic imaging tech-
niques have allowed unprecedented observations of fluid
behavior and interfacial geometries at micron sized
scales. At the same time, significant progress in the
development of numerical models for simulating fluid

mechanics allow us to compare observations and model
results, potentially providing insight into the scales
at which macroscopic properties emerge. One of the
promising modeling techniques is the Lattice Boltz-
mann method that offers a relatively simple means to
approximate micro-scale Navier-Stokes flow as well as
fluid-fluid and fluid-solid interactions. In this presen-
tation we compare observations of micro-scale fluid sat-
urations and interfacial geometries with simulations of
a 3D two-phase Lattice Boltzmann model. The data
used in this multidisciplinary study consist of three-
dimensional pore-scale images of (air-water) drainage
and imbibition experiments in a glass bead porous
medium. The images were obtained using the GSE-
CARS microtomography beamline at the Advanced
Photon Source (Argonne National Laboratory) and
form a cube with approximately 300 voxels on each side
with a resolution of 17 microns per voxel. The Lat-
tice Boltzmann simulations were carried out in micro
porous geometries derived from dry images using high-
performance parallel computer hardware at the Danish
Technical University. Besides assessing difficulties and
potential pitfalls that are inherent to the Lattice Boltz-
mann Method, we also explore discretization effects on
simulated flow and interfacial geometries.
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In this study we present two different models for
the determination of the capillary pressure-saturation
relation in porous media.

The first one is a pore-morphology-based model
where we use methods from morphological image analy-
sis to calculate the quasi-static primary drainage curve.
Compared to previous publications in this field (Hilpert
and Miller 2001), we extended the method to model
trapped or irreducible wetting phase (WP). Addition-
ally, we could optimize it in a way that the computing
time is significantly reduced.

The second method to determine the capillary
pressure-saturation relation is a two-phase lattice-
Boltzmann (LB) model. Using a recently developed
model for multi-phase flow (Tölke et al. 2001) we sim-
ulated the drainage of the porous medium by several
pressure steps starting at total saturation.

As test systems, we used generated randomly sphere
packages and x-ray images of a sintered borosili-
cate glass. Our simulations show that the capillary
pressure-saturation curves from the both methods are
very similar. However the morphological model is or-
ders of magnitude faster than the LB simulation. But
we point out that the good agreement strongly depends
on the geometry of the investigated porous medium.
Due to the model formulation, the pore-morphology-
based simulation cannot be applied if the pore struc-
ture is strongly anisotropic (e. g. cracks).

References:
M. Hilpert and C. T. Miller: Pore-morphology-

based simulations of drainage in totally wetting porous
media, Advances in Water Resources, 24, p.243 (2001)

J. Tölke, M. Krafczyk, M. Schulz, E. Rank: Lat-
tice Boltzmann simulations of binary fluid flow through
porous media, Phil. Trans. R. Soc. Lond. A, Vol 360,
Nr. 1792, p.535 (2002)
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Pore-scale filling processes are often conceptually or
numerically modeled, but are rarely experimentally ob-
served. This is because of the difficulty of observing
fast events at the pore scale in the interior of a porous
medium. Here we measure the acoustic signal that is
produced from the moving water-air interface during
saturation changes in the porous medium. Traces of
the magnitude of the sound versus time are obtained
for different flow rates, initial condition, porous media
size, and on imbibition and drainage. We show that the
acoustic events are from abrupt pore-filling processes
and discuss how the acoustic signals can be used to
delineate particular processes in a real porous medium
in-situ.
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In this paper, we use a lattice Boltzmann (LB) mul-
tiphase model to study the flow of binary fluid with dif-
ferent component viscosities. We first validate the ap-
proach for a two-dimensional layered flow. The velocity
profiles and the relative permeability coefficients are
compared with the analytic results. We then apply this
method to study viscous fingering in a two-dimensional
channel where one fluid is displaced by another. The
effects of viscosity ratio, capillary number, and wet-
tability are investigated. The simulation results show
that with the increase of the viscosity ratio or capil-
lary number, both the finger width and the slipping
distance of the contact lines decrease, while the finger
length increases, indicating that the finger structure is
truly due to viscous fingering. We also find that the
finger growth is enhanced when the displacing fluid is
nonwetting to the wall and that the fingering is other-
wise suppressed. An indented part near the beginning
of the fingers is clearly observed when a wetting fluid
is displacing a nonwetting one.
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In a fracture, the displacement of one immiscible
phase by another (such as air or NAPL displaced by
water) can result in the invading phase fully spanning
the fracture with the defending phase completely sur-
rounded or entrapped by the invading phase. Dur-
ing the invasion process, capillary, gravitational, and
viscous forces all interact resulting in a broad range
of possible entrapped phase geometries within a sin-
gle fracture. The resulting geometry of the entrapped
phase will play a dominant role in controlling flow,
transport, and interphase mass transfer within the frac-
ture. The dimensionless parameters that control en-
trapped phase geometry are the Curvature number (C
- ratio of average in-plane interfacial curvature to av-
erage out-of-plane interfacial curvature), the Capillary
number (Ca - ratio of viscous forces to capillary forces),
and the Bond number (Bo - ratio of gravitational forces
to capillary forces). In addition to entrapped-phase ge-
ometry, the Peclet number (Pe - ratio of advective to
diffusive mixing) will influence interphase mass trans-
fer rates. Using previously developed and tested com-
putational models of immiscible displacement and en-
trapped phase dissolution in variable aperture frac-
tures, we investigated the role of these dimensionless
parameters on interphase mass transfer rates.

We simulated the invasion of water into a fracture
initially filled with a nonwetting phase and then simu-
lated the dissolution of the nonwetting phase as water

flowed through the fracture under constant gradient.
The synthetic fracture aperture fields used for these
simulations exhibited a finite correlation scale (∼ 5
grid blocks) that was much smaller than the size of
the domains (1024 x 2048 grid blocks). Multiple im-
miscible displacements were simulated using different
values of C, Ca, and Bo resulting in a broad range of
initial entrapped phase geometries. Subsequent simula-
tions of entrapped phase dissolution provided estimates
of saturation, mass transfer rate, and relative perme-
ability during the dissolution of the entrapped phase.
Plots of relative permeability versus saturation demon-
strate that regardless of the initial phase distribution,
relative permeability is strongly controlled by satura-
tion. However, the initial geometry of the entrapped
phase strongly influences the evolution of mass trans-
fer rates during the dissolution process. The results
demonstrate that an effective constitutive model of en-
trapped phase dissolution cannot be based solely on en-
trapped phase saturation and Pe. An effective model
must also incorporate the role of C, Ca, and Bo in defin-
ing the entrapped phase geometry, which strongly in-
fluences dissolution rates.
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Geologic storage of CO2 in sedimentary basins is

an attractive option for carbon mitigation because the
capacity is large and the technologies for capture, in-
jection and monitoring are available or feasible. Basin-
scale numerical modeling of CO2 transport and reac-
tion requires mineral reaction rate constants at a scale
of meters, but laboratory measurements of such param-
eters are only available for the millimeter scale. Lit-
tle is known about how these rate constants scale spa-
tially. The present work addresses upscaling of min-
eral dissolution rates in porous media using a pore-
scale network model. Calcite dissolution in the pres-
ence of aqueous CO2 was selected as the model reac-
tion due to the common occurrence of the carbonate
mineral and its well defined and relatively fast reaction
rate. The pore-scale network is constructed by random
generation of pore volumes, pore cross-sectional areas,
and reactive calcite surface areas. Transport and re-
action of Ca2+ and total carbon (total concentration
of H2CO3

∗, HCO3
−, CO3

2−) are simulated as time-
dependent processes; aqueous speciation reactions were
considered at equilibrium. Laboratory measurements
of calcite dissolution rates from the literature were as-
sumed to describe the dissolution rate in each pore.
The upscaled reaction rate may then be computed by
calculating the total mass change in the whole network
system, and subtracting the mass change due to advec-
tion and diffusion. Initial results indicate that model
result can be compared with the reaction rate calcu-
lated by simple linear upscaling in which the system
is described by its total volume and total reactive sur-
face area. The upscaled reaction rate of the pore-scale
network model is smaller than the value obtained by
linear upscaling. This demonstrates the utility of pore-
scale network modeling for predicting mineral dissolu-
tion rates in porous media and accounting for trans-
port limitations in porous media. Additionally, as the
model effectively describes the void structure of the
porous medium, the influence of pore characteristics
(volume, reactive surface area, cross sectional area be-
tween pores) on upscaled reaction rates can be investi-
gated.
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Results are reported for water flow-through experi-
ments conducted on an artificial fracture in limestone
at room temperature, and under ambient confining
stress of 3.5 MPa. Tests are concurrently monitored for
mass loss or gain and for changes in differential pres-
sure between the inlet and outlet, throughout the 1500
h duration of the experiment. Periodic imaging by X-
ray CT augments the fluid and mineral mass balance
data and provides a third independent constraint on
dissolution processes. The sample is sequentially cir-
culated by water of two different compositions through
the 1500 h duration of the experiment; the first 935 h
by sampled groundwater, followed by 555 h of distilled
water.

Large changes in the differential pressure are
recorded during the duration of the experiment, for the
constant flow-rate of 2 cc/m; these are used as a proxy
for recorded changes in fracture permeability, under in-
variant effective stress conditions. Mass of Ca, Mg, and
Na were net-removed throughout the experiment. Dur-
ing the initial circulation of groundwater, the differen-
tial pressure increased almost threefold, and is inter-
preted as a net reduction in permeability as the con-
tacting asperities across the fracture are removed, and
the fracture closes. With the circulation of distilled wa-
ter, permeability initially reduced threefold, and ulti-
mately increased by two orders of magnitude as a worm-
hole developed in the sample. This spontaneous switch
from net decrease in permeability, to net increase, oc-
curred with no change in experimental conditions of
flow-rate or applied effective stress, and is attributed
to the evolving localization of mass removal, triggered
as free-face dissolution out-competed stress-mediated
dissolution at the asperity contacts.
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We study the impact of load application to wet soils
of relatively high bulk density such as agricultural sub-
soils. An earlier model of bulk soil compaction un-
der steady stress based on shrinkage of isolated spheri-
cal pores embedded in a homogeneous viscoplastic ma-
trix was extended to consider spheroidal pore shape-
sand interactions among pores. The model describes
shape evolution and rates of deformation of initially
spheroidal pores as functions of macroscopic stresses
and soil rheological properties. The implementation
of such microscale models to real soils requires con-
sideration of many interacting pores. We applied the
Mori-Tanaka theory for interacting pores as a means
for upscaling to bulk soil behavior and derived bulk soil
moduli comparable to those obtained from standard
geotechnical tests. Soil pore closure rates increase with
higher water content (which largely controls soil rheol-
ogy), and with pore size. This highlights the structural
susceptibility of large pores and the significant impact
of their closure on the hydrological behavior of com-
pacted soils. Pore closure rate increases for pores with
lower initial aspect ratio (i.e., oblate pores close faster
than spherical pores of the same volume). Detailed
pore scale stress distributions reveal formation of elas-
tic (non-viscous) domains on a pore surface due to soil
yield stress higher than the local stress. Comparisons
with measurements in bulk soil will be presented.
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Modeling flow pathways and deriving constitutive
relationships for unsaturated fracture and capillary
networks present a challenge due to the multitude of
potential invasion patterns and configurations assumed
by liquid/vapor interfaces, especially at intersections
of pores or fractures of unequal size. The multiphase
Lattice Boltzmann Method (LBM) offers a promising
tool for the computation of interface configurations
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and movement in such networks and provides a means
for testing previously proposed interface routing algo-
rithms. The LBM offers a computational platform for
measuring the hydraulic conductivity of unsaturated
pore and fracture networks under different scenarios,
including some that are not yet experimentally observ-
able. We use a 2-D single-component multiphase LBM
to simulate interface behavior at junctions where cap-
illaries of various size and shape meet and consider the
impact of changes in the capillary number on the resul-
tant configurations. The LBM was tested using a sim-
ple bundle of capillaries in the context of a Poiseuille
flow problem where flow occurs only in capillaries that
remain filled at a particular fluid pressure. The unsat-
urated hydraulic conductivity for the equilibrium in-
terfacial configuration in simple networks is calculated
and compared with standard models based on pore size
distribution and equilibrium pressure head.
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Fluid behavior in unsaturated fracture intersections
was experimentally investigated in a glass fracture ana-
log at four different flow rates. Three fractures sym-
metrically intersected at a single point. One of the
fractures (vertical) was used to feed fluid to the inter-
section area and the subsequent 135 degree branches.
Visualization data was collected using digital stills and
video. Two flow modes were observed: film flow and
capillary droplet accompanied by snapping rivulets.
Distribution of film flow across the intersection was not
limited to contiguous rock surfaces. The formation of a
capillary bridge above the intersection allowed films to
be distributed to either branch or both branches. Dur-
ing capillary droplet mode, two types of dynamics were
observed at the intersection: (1) saturation of the in-
tersection with continuation of droplet mode into the
fracture branches; and (2) transition from droplet to
film flow mode that did not saturate the intersection
and resulted in film flow along both branches. Data
suggests that the contact angle of the invading droplet
is responsible for the mode of transport across the in-
tersection. Rivulets where seen to stretch contiguously
across the intersection and into both branches while
connected to two droplet halves, a distance of 70 cm.
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Errors arising from the imperfect mathematical rep-
resentation of the structure of a hydrologic system
(model error) do not necessarily have any probabilistic
properties that can be easily exploited in the construc-
tion of a model performance criterion. Furthermore,
the existence of parameter uncertainty imposes addi-
tional difficulties in isolating and evaluating model er-
ror because it obscures the impact of model error on
model predictions. A Bayesian approach is presented
for quantifying model error in the presence of param-
eter uncertainty. Insight gained in updating the prior

information on the model parameters is used to assess
the correctness of the model structure, which is defined
relative to the accuracy required of the model predic-
tions. Model error is then evaluated for each measure-
ment of the dependent variable through an examination
of the correctness of the model structure for different
accuracy levels. The effect of model error on each de-
pendent variable is quantified as a function of location
and time, and represents a measure of the reliability of
the model in terms of each model prediction. Through
a synthetic example it is shown that this method may
assist in discriminating among models in terms of the
correctness of the model structure, as well as in identi-
fying possible causes of model error. Application to a
problem of 90Sr migration to water wells at Chernobyl,
Ukraine, demonstrates that the Bayesian model error
analysis may also offer a more informative description
of the uncertainties involved in risk assessments and
decision analyses, and an alternative to the practice of
adopting a bias towards conservative risk estimates in
decision models.
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When using MODFLOW-2000, parameter estima-
tion and the calculation of flow model uncertainty are
generally based on a static hydrogeologic framework.
Although the properties of hydrogeologic units may be
estimated and uncertainty ascertained during model
calibration, the spatial location of the boundaries of
the units are not usually modified. As such, the hydro-
geologic framework is essentially viewed as absolute,
and as a result having no uncertainty. In reality there
are numerous types of uncertainties inherent in geo-
logic data that could be acknowledged and accounted
for. Framework models often include mixtures of quan-
titative geologic data, interpretations based on quanti-
tative data, and qualitative, tacit geologic knowledge.
Interpolated surfaces are created from these data and
then stacked in geologic or stratigraphic modeling soft-
ware to create volumetric units. In many cases, more
than one geologic conceptual model may honor all avail-
able data. Because the task of building a digital 3D
framework model is labor-intensive and technically dif-
ficult, it is usually not possible to construct 3D frame-
works to test all possible conceptual models and deci-
sions regarding the preferred conceptual model are of-
ten made prior to the creation of a digital model. Once
a model is completed in the digital realm, the technical
capabilities of the software and visual appeal can effec-
tively mask a lack of data or flaws in the conceptual
model. What is needed is a way to explicitly identify
uncertainty inherent in framework models so that al-
ternatives can be explored more efficiently, and so that
the geologic and mathematical sources of error are more
transparent.

Geologic error and uncertainty inherent in any dig-
ital 3D framework model might be subdivided into
five general categories: (1) interpolation, the construc-
tion of surfaces between data points; (2) inference,
the presence of information that constrains the loca-
tion or property of a feature without being actual data
from that feature; (3) extrapolation, methods for ex-
tending calculated surfaces beyond the range of the
data; (4) interpretation and geologic inference that are
based on data, such as geologic cross sections; and
(5) paradigms, which includes elements that are con-
structed based on a conceptual model of the system.
These five categories are not strict statistical defini-
tions but are concepts that describe types of uncer-
tainty within the framework model, promote under-
standing of the logic that went into building the model,
and allow effective scrutiny of the model and possi-
ble alternatives. These subdivisions help focus at-
tention on where the framework model has the great-
est likelihood of being accurate and where alternatives
are possible and therefore, where and what methods
should be used to quantify error in a particular aspect
of the model. By quantifying error in the framework
model, model developers and users are better equipped
to evaluate the use of particular aspects of the model
in groundwater flow modeling.
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Hydrologic conceptual models consider what char-
acteristics and processes of groundwater systems are
important to predictions of interest, and provide
blueprints from which analytical and numerical mod-
els can be developed to provide quantitative analyses.
We often like to think that these blueprints are devel-
oped independent of the characteristics of the model
we plan to use, but the limitations of the models of-
ten impact the way we think about and conceptualize
a given system. For example, one of the most perplex-
ing problems in developing models is the appropriate
scale for representation of hydrologic and physical fea-
tures. Scale problems can be caused, for example, by
hydraulic gradients that become dramatically steeper
with proximity to a pumping well, rivers with widths
that are small and dynamics that are fast relative to
the adjacent groundwater systems with which they in-
teract, and small geologic features that are important
to simulating areas with contaminant plumes but else-
where are less important. As suggested by these exam-
ples, scale problems occur in representing features of a
wide range of sizes.

Our inability to accommodate such scale problems is
a major contributor to groundwater model errors. Con-
tributing difficulties include inadequate data and lim-
itations of the capabilities of commonly used models.
The issue of inadequate data has been addressed most
through stochastic methods because data, computer ca-
pabilities, and numerical methods have not allowed us
to build models capable of representing these variations
deterministically. But these limitations are changing.
New field data methods are providing unprecedented
representations of subsurface characteristics and com-
puters and software are getting more powerful. Are
ground-water models ready to take advantage of these
opportunities? A promising way to address some of
these issues is to reduce the errors associated with scale
problems through local grid and time-step refinement.
Local grid refinement allows model grids to represent
more detailed hydraulics and features as needed. The
additional model capability encourages more accurate
conceptual models, but this is only an improvement if
the refined models are numerically robust and do not
introduce other errors.
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Nearly all numerical models being developed to
study ground-water systems are of a type known as
predictive models. These models require calibration
to observations such as head, flow, and concentration,
with the ultimate goal of predicting system response
to some forcings. Available postaudits of predictive
models have shown that predictions rarely are accu-
rate. Among the likely reasons for this lack of suc-
cess is that conceptual models of hydrologic systems
are almost always incomplete and uncertain. Numer-
ical models, however, can be used to improve concep-
tual models of flow systems. An approach known as
interpretive modeling involves representation of a con-
ceptual model of a system in a numerical model, and
studying how the system might operate. Unlike pre-
dictive models, interpretive models are not necessarily
calibrated. These models are useful to look at how well
the available information on a system fits together, to
test hypotheses about the way a system operates, and
to study possible ranges of effects caused by changes to
a system. An interpretive model, for example, could be
used to study whether or not an observed inflection in a
water surface could be caused by a geologic feature such
as a fault or facies change. The main benefit of inter-
pretive modeling is understanding and insight, instead
of numbers, which is the goal of predictive modeling.
Although the demand for predictive models by the wa-
ter management community likely will remain high, we
in the hydrologic sciences should strive to better edu-
cate water managers about the benefits of interpretive
modeling.


