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[1] We compare solute transport experiments to simulations in a

partially-saturated, variable-aperture fracture in measured fracture

aperture and entrapped-air geometry fields. The computational

model tracks particles through a quasi-three-dimensional velocity

field that is based on the two-dimensional solution to the Reynolds

equation. The model predicts 84% of the relative increase in

dispersion caused by the entrapped phase, and reproduces the

experimentally observed nonlinear velocity-dependence of solute

dispersion. INDEX TERMS: 1832 Hydrology: Groundwater

transport; 1829 Hydrology: Groundwater hydrology

1. Introduction

[2] For a saturated fracture in an impermeable matrix, solute
dispersion is controlled by velocity variations that result from a
combination of the velocity profile across the fracture aperture
(Taylor dispersion) and aperture variability over the fracture-plane
(macrodispersion). This combined influence has been studied in
saturated fractures [Ippolito et al., 1994; Roux et al., 1998;
Detwiler et al., 2000] and results in a nonlinear Pe-dependence
of fracture-scale estimates of the longitudinal dispersion coefficient
(DL), where the Peclet number, Pe ¼ V̂ b̂=Dm; V̂ is the mean solute
velocity, b̂ is the mean aperture, and Dm is the molecular diffusion
coefficient. Introducing a nonwetting, immiscible phase, such as air
or nonaqueous-phase liquid (NAPL), into a variable-aperture
fracture will result in entrapped regions with spatial distribution
controlled by aperture variability within the fracture and the
combined influences of capillary, gravitational, and viscous forces
during invasion of the nonwetting fluid [Glass et al., 1995].
Entrapped regions will enhance flow channeling and thus increase
in-plane velocity variations and solute dispersion in the fracture.
The influence of entrapped-air geometry on solute transport in
variable aperture fractures has been studied qualitatively [Glass
and Nicholl, 1995], but we are unaware of quantitative investiga-
tions in partially-saturated fractures.
[3] Our objectives are, first, to evaluate our ability to simulate

transport in a partially-saturated fracture and, second, to investigate
the relative influence of in-plane and out-of-plane velocity varia-
bility on solute dispersion in the presence of an entrapped,
immiscible phase.

2. Methods

[4] We conducted two solute transport experiments in a 15.3 �
30.5 cm, variable-aperture, transparent, analog fracture. In both

experiments, we used light transmission techniques to measure the
fracture aperture field [Detwiler et al., 1999], the spatial distribu-
tion of the entrapped air [Nicholl et al., 2000] and solute concen-
tration fields [Detwiler et al., 2000]. The mean fracture aperture, b̂,
was 0.0221 cm and the aperture field was stationary with a
correlation length, l, of 0.7 cm. Air injected into the saturated
fracture provided a relatively uniform distribution of entrapped air
(Plate 1), with water saturation, Sw, of 0.78 and water-occupied
mean aperture, b̂w, of 0.0214 cm.
[5] The transport experiments were initiated using the proce-

dure described in detail by Detwiler et al. [2000] for saturated
solute-transport experiments in the same fracture. A balance
recorded outflow for the two experiments yielding measured flow
rates (Q) of 0.042 and 0.015 cm3/s. During each experiment,
multiple images (acquired using a charge-coupled-device camera)
provided accurate measurements of solute concentration (±2.5% of
the injected concentration of Warner Jenkinson, FD&C Blue #1
dye) at high spatial resolution (0.0154 � 0.0154 cm pixels) over
the entire flow field. Plates 1a–1c show concentration fields from
the Q = 0.042 cm3/s experiment at t = 0, 34.2, and 68.4 seconds.
Note that a data acquisition error caused termination of the Q =
0.015 cm3/s experiment at t = 160 seconds (prior to the plume
reaching the outflow).
[6] We simulated solute transport in the measured aperture field

and entrapped-air geometry using a previously developed computa-
tional model of solute transport in variable aperture fractures
[Detwiler et al., 2000]. This model, which is similar to those used
to simulate colloidal transport in variable aperture fractures [Grind-
rod and Lee, 1997; James and Chrysikopoulous, 2000], is based on
the flow solution from the two-dimensional Reynolds equation

~r � T ~rh
� �

¼ 0; ; ð1Þ

where T = b3g/(12n), b is the local fracture aperture, g is the
gravitational constant, n is the kinematic viscosity of the flowing
fluid, h is the local head, and local fluxes are given by~q ¼ �T ~rh.
The fundamental modification to the saturated solute transport
model [Detwiler et al., 2000] is the specification of no-flux
boundaries along each air-water interface. This boundary condition
is based on the assumption that solute molecules do not adsorb
onto air-water interfaces. The excellent mass conservation
indicated by our experimental concentration fields confirm that
this boundary condition is valid for the solute used in our study.
[7] Solute transport is simulated by tracking particles through a

three-dimensional velocity field created by imposing a parabolic
velocity profile across the fracture aperture that maintains the local
mean velocities predicted by the Reynolds equation. In each time
step, particles experience an in-plane advective displacement and a
three-dimensional random diffusive displacement; during the
advective displacement, a particle moving between grid-blocks
with different apertures maintains its relative position between the
fracture walls, and particles are reflected at all no-flux boundaries
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(i.e., fracture walls, air-water interfaces, and domain boundaries).
For each particle displacement, local values of~q are calculated by
linearly interpolating between the two nearest values. The model
uses adaptive time-stepping such that for each particle displace-
ment the advective displacement is less than 1

2
of the grid spacing

and the mean diffusive displacement is less than 1
20

of the local
aperture.

3. Results

[8] The experimental concentration fields (Plates 1a, 1b, and
1c) demonstrate flow channeling induced by the regions of
entrapped air within the fracture and diffusion in and out of slow
flowing areas near regions of entrapped air, both of which lead to
enhanced dispersion. To compare the experiments to simulations,
we simulated flow through the measured aperture field (using
grid-spacing that corresponded to the aperture measurements) and
scaled the resulting head field by a constant to yield a simulated
flow rate that matched the measured flow rate. Plates 1d and 1e
show the two simulated concentration fields corresponding to the
measured concentration fields shown in Plates 1b and 1c and
demonstrate good qualitative agreement between the simulation
and experiment. The simulation reproduces the channeling around
entrapped-air regions observed in the experiment, however, there
is slightly less transverse dispersion into low flow areas near the
entrapped air. This is likely a result of the inability of the
Reynolds equation to accurately describe the true three-dimen-
sional structure of the velocity field, especially near air-water
interfaces due to interface curvature, which is not represented in
the two-dimensional model.
[9] The first (m) and second (s2) spatial moments of solute

mass within the fracture provide additional quantitative measures
of solute movement through the fracture. For both experiments
and simulations, m increased linearly with time, which indicates
that, despite increased in-plane velocity variations caused by the
entrapped air, the mean solute velocity is constant over the

duration of the experiments. The simulated first moments are
also in close agreement with the experimental results. Fitting a
straight line to these plots results in measurements of V̂ ¼ 0:18
and 0.06 cm/s; based on these velocities and b̂w, Pe = 676 and 230
for the two experiments.
[10] Unlike the results in the saturated fracture [Detwiler et al.,

2000], the growth of s2 is not linear with respect to time (Figure 1),
which indicates that we cannot estimate a single DL at the scale of
these experiments. The shape of the plots of s2 versus time are
predicted well by the simulations, however, the magnitudes of s2

are always underestimated. These results are consistent with the
results of experiments and simulations in the saturated fracture

(e)(d)(a) (b) (c)

Plate 1. A 6 � 24 cm portion of the initial concentration field for Q = 0.042 cm3/s at t = 0 (a), and the experimental (b, c) and simulated
(d, e) concentration fields at t = 34.2 and 68.4 seconds, respectively. The color-scale (white-blue-yellow-red) represents concentrations
ranging from 0–0.1 g/l, and black is entrapped air.

Figure 1. s2 plotted against time for the experiments (hollow
symbols) and simulations (solid symbols and lines). The error bars
represent the results of a sensitivity analysis of the experimental
measurements based on the procedure described by Detwiler et al.
[2000].
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[Detwiler et al., 2000], where the inability of the Reynolds
equation to fully describe the three-dimensional velocity field
was presumed to result in less dispersion. We can quantify the
reliability of the model by plotting simulated s2 against measured
s2 (not shown). Fitting straight lines to these plots yields slopes of
0.625 for Pe = 230 and 676, with R2 = 0.98 and 0.99, respectively,
which suggests that the model predicts 62.5% of the experimen-
tally measured dispersion. Because the accuracy of our model is
related to the validity of the Reynolds equation, the model will
provide better predictions of s2 growth in fractures where b̂/l is
much smaller than in our experimental fracture.
[11] To evaluate if the simulations in the partially-saturated

fracture predict the relative increase in s2 caused by the entrap-
ped phase, we plot simulated and measured s2 in the saturated
fracture against simulated and measured s2 (at the same displace-
ments) in the partially-saturated fracture (Figure 2). Fitting
straight lines to the data in Figure 2 for experiments 1 and 2,
yields slopes that are 17% and 16% larger for the simulations,
respectively. This suggests that, for the entrapped phase geometry
of these experiments, the model predicts about 84% of the
relative increase in dispersion over that simulated in the saturated
fracture. Also, the slopes of the lines in Figure 2 demonstrate
that, over the scale of these experiments, the additional variability
in the velocity field caused by the entrapped phase results in
increased dispersion by factors of 3.2 and 2.4 for Pe = 230 and
676, respectively.
[12] Under saturated conditions, DL exhibited a nonlinear Pe-

dependence [Detwiler et al., 2000], highlighting the importance
of incorporating out-of-plane velocity variations in transport
simulations, particularly for large values of Pe. Though we
cannot derive a scale-independent estimate of DL for the parti-
ally-saturated fracture, we can investigate the nature of the Pe-
dependence of second moment growth by plotting the second
spatial moment against the centroid displacement. If the second
moment growth scales linearly with Pe, the plume should have
the same second moment at a given displacement, regardless of
the time required for that displacement. In Figure 3, the data for
experimental and simulated data for Pe = 230 and 676 do not
coincide demonstrating nonlinear Pe-dependence of second
moment growth (for both the experiments and simulations) due
to the velocity profile across the aperture. To illustrate this
further, we repeated the simulations with a uniform velocity
profile across the aperture, resulting in a linear Pe-dependence
of second moment growth and less dispersion than with the
parabolic velocity profile (Figure 3). Thus, as in saturated
fractures, out-of-plane velocity variations need to be incorporated

to consistently predict the nonlinear Pe-dependence of dispersion
in partially-saturated fractures.

4. Concluding Remarks

[13] We have found that a quasi-three-dimensional solute trans-
port model, that incorporates velocity variations in the plane of the
fracture (caused by aperture variability and entrapped phase
geometry) and across the aperture (modeled using a local parabolic
profile), provides good qualitative agreement with experiments in a
partially saturated fracture. Though the model consistently under-
estimates the magnitude of second spatial moments, it predicts all
but 16% of the relative increase in solute dispersion resulting from
the entrapped phase. The model also correctly predicts a nonlinear
Pe-dependence of second moment growth, as observed in the
experiments.
[14] For the experiments presented here, the growth of s2 with m

was nonlinear, suggesting that DL had not reached a scale-inde-
pendent value within the length of the fracture. It is interesting to
note that under saturated conditions DL reached a constant value
within a plume displacement of 1.4 cm (about 20 correlation
lengths). For DL to reach a steady value under partially saturated
conditions, the plume displacement must be many times the length
of the largest entrapped regions in the fracture. Experiments
[Nicholl et al., 2000] and simulations [Glass et al., 2001] repre-
senting a range of invasion processes, exhibit entrapped regions
with a broad range of sizes, even in stationary aperture fields and
relatively low entrapped phase saturations. The computational
model evaluated here can be used, in conjunction with phase
invasion models, to investigate the influence of the entrapped
phase on solute transport in partially-saturated fractures. These
studies will further clarify the role of entrapped-phase geometry on
the scale-dependence of dispersion in partially-saturated fractures
and motivate approaches for quantifying the deviations from
Fickian behavior.
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