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NAPL phase. This is determined by rear-
ranging Equation 2:

C
w
Kfilm

p

= (3)

Mass transfer from this film to the bulk
aqueous phase is rate limited. It is as-
sumed this may be adequately described
by a linear driving force model. The change
in the bulk aqueous concentration in the
cell is determined by:

DCaqueous = K(Cfilm - Caqueous)DT (4)

where

K is the lumped mass transfer rate
coefficient (T-1)

The necessary mass of benzene is com-
puted and subtracted from the NAPL phase
for that cell. This has the effect of lowering
the weight fraction of soluble benzene for a
NAPL mixture and reducing the future

Figure 2.  Measured aqueous benzene relative concentrations.
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mass flux rate from that cell. These compu-
tations are done each transport step.

The basic models, MODFLOW [9] and
MT3D [7] are publicly available by disk ex-
change from the Center for Subsurface
Modeling Support in Ada, OK, and the
modifications necessary for the incorpora-
tion of a dissolution term are freely avail-
able from the authors.

EXPERIMENTAL RESULTS
The experimental results are illustrated in
Figures 2 and 3. The aqueous benzene
concentrations declined over time, as the
weight fraction of benzene in the source
zone decreased. The highest aqueous
concentrations in the flume were at port 3,
five cm above the coarse sand lens and
decreased in lower sampling ports. None of
the samples reached the maximum relative
benzene concentrations of 0.21 determined

from the batch experiments. The benzene
concentrations increased after the recovery
of the free product and then declined at a
more rapid rate than before the recovery.

MODELING RESULTS
The large flume is a problematic modeling
exercise. The NAPL is mobile for the first
part of the experiment, resulting in a rela-
tively large exposed NAPL surface area
and a large amount of benzene transferred
to the aqueous phase. The modeling at-
tempted to capture the phase of the ex-
periment once the NAPL was immobilized
at the end of the coarse sand lens. This
approach neglects the depletion of ben-
zene from the NAPL that occurred at the
start of the experiment. The simulation
captured the trend of the breakthrough
curves, but overpredicted the aqueous
concentrations at port 4, directly downgra-
dient of the lens, and underpredicted at
port 3, 5 cm above the lens. The results for
each port are shown in Figure 4.

DISCUSSION
The dissolution experiment demonstrated
interesting behavior. The higher aqueous
concentrations above the source were un-
expected. This appears to be due to diver-
gent water flow from the top of the source
zone, caused by the reduced permeability
of the source zone.

The increase in aqueous concentrations in
the large flume after the NAPL recovery
may be attributed to the exposure of “fresh”
(less depleted of benzene) NAPL to the
flowing water. The removal of a large vol-
ume of the entrapped NAPL increased the
relative permeability of the NAPL source,
allowing more water to flow through the
source. The relative mass of benzene
transported from the source increased after
the recovery phase, and the benzene was
more evenly distributed across the sam-
pling array as seen in Figure 3.

Figure 3.  Relative transported mass intensity.
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CONCLUSIONS
The dimensionality of the experiment re-
duced the flux of benzene from the NAPL
source due to water bypassing the source
zone. This resulted in uneven depletion of
benzene from the NAPL mixture. For an
experiment run over a longer time scale,
the diffusion of benzene within the NAPL
mixture may have provided a limiting factor

to the decrease in aqueous benzene con-
centrations.

The model captured the trend of the large
flume dissolution experiment over the time-
scale that was simulated. Discrepancies in
the experimental and model results are
probably attributable to errors in the mod-
eled flow field. The modeling methodology
may be extended to test other dimension-
less correlations for mass transfer from en-
trapped NAPLs to moving water.
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