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Abstract. A unique three-dimensional bench-scale model aquifer is designed and
constructed to carry out dense nonaqueous phase liquid (DNAPL) pool dissolution
experiments. The model aquifer consists of a rectangular glass tank with internal
dimensions 150.0 cm length, 21.6 cm width, and 40.0 cm height. The formation of a well-
defined circular pool with a perfectly flat pool-water interface is obtained by a bottom
plate with a precise cutout to contain the DNAPL. The aquifer is packed with a well-
characterized relatively uniform sand. A conservative tracer is employed for the
determination of the longitudinal and transverse aquifer dispersivities. The dissolution
studies are conducted using a circular trichloroethylene (TCE) pool. The sorption
characteristics of TCE onto the aquifer sand are independently determined from a flow-
through column experiment. Steady state dissolved TCE concentrations at specific
downstream locations within the aquifer are collected under three different interstitial
velocities. An appropriate overall mass transfer coefficient is determined from each data
set. The data collected in this study are useful for the validation of numerical and
analytical DNAPL pool dissolution models.

1. Introduction

Groundwater contamination by unintentional releases of
nonaqueous phase liquids (NAPLs) is a serious environmental
problem. Because of their low aqueous solubilities and slow
rates of dissolution into groundwater, entrapped NAPLs in the
form of ganglia or pools are long-lasting sources of groundwa-
ter contamination [Geller and Hunt, 1993]. A considerable
number of experimental, computational, as well as theoretical
studies have focused on the dissolution of both ganglia (Powers
et al. [1992], Imhoff et al. [1994], Illangasekare et al. [1995], Jia
et al. [1999], and Khachikian and Harmon [2000] to mention a
few) and pools [Anderson et al., 1992; Johnson and Pankow,
1992; Lee and Chrysikopoulos, 1995, 1998; Holman and Javan-
del, 1996; Mason and Kueper, 1996; Seagren et al., 1999a, b;
Chrysikopoulos and Kim, 2000]. However, all of the experimen-
tal research on NAPL pool dissolution has been conducted in
two-dimensional bench-scale model aquifers [Chrysikopoulos et
al., 1994; Pearce et al., 1994; Voudrias and Yeh, 1994; Whelan et
al., 1994], and the behavior of NAPL pool dissolution in three-
dimensional saturated porous media has not yet been investi-
gated.

The emphasis of this work was to undertake experimental
investigations to elucidate our understanding of the dissolution
of single-component dense nonaqueous phase liquid

(DNAPL) pools in saturated porous media. More specifically,
a three-dimensional experimental aquifer was constructed in
order to investigate the transport of dissolved contaminants
originating from DNAPL pools. The experimental design is
unique because it allows for a constant, well-defined pool-
water interface. Furthermore, the procedure for DNAPL pool
formation practically eliminates the possibility of ganglia en-
trapment within the aquifer. The overall mass transfer coeffi-
cient for a circular trichloroethylene (TCE) pool was estimated
by fitting the three-dimensional NAPL pool dissolution model
derived by Chrysikopoulos [1995] to steady state dissolved TCE
concentrations collected at various locations within the aqui-
fer. All necessary transport parameters were determined inde-
pendently.

2. Experimental Design

2.1. Model Aquifer Design

The bench-scale model aquifer is contained within a rectan-
gular glass tank with internal dimensions 150 cm length, 21.6
cm width, and 40 cm height. The glass thickness is 0.95 cm. A
schematic illustration of the aquifer is presented in Figure 1.
The aquifer sand is separated from the upstream and down-
stream clear wells by specially designed screens. Each screen
frame was constructed using 1.3 cm square Plexiglas bars
joined together by stainless steel nuts and bolts, as shown in
Figure 2. A glass tube with 0.7 cm inner diameter was inserted
in the center of each clear well to approximately 5 cm above

Copyright 2000 by the American Geophysical Union.

Paper number 2000WR900082.
0043-1397/00/2000WR900082$09.00

WATER RESOURCES RESEARCH, VOL. 36, NO. 7, PAGES 1687–1696, JULY 2000

1687



the bottom of the aquifer. The flow through the model aquifer
was accomplished by a Masterflex peristaltic pump (Master-
flex, Chicago, Illinois). Degassed, deionized water was pumped
through the glass tube into the influent clear well while main-
taining a constant head at the effluent clear well. Accurate
determination of the volumetric flow rate through the model
aquifer was obtained by a flowmeter attached onto the outlet
tube connecting the effluent clear well and the constant head
reservoir.

A wood frame was placed on top of the glass tank to support
the sampling plate which was constructed from a 80 3 17 3
0.64 cm Plexiglas sheet. A plan view of the sampling plate and
its placement location with respect to the circular DNAPL
pool is shown in Figure 3. The sampling plate contains 16
columns and 7 rows of 0.1 cm diameter holes (sampling ports)
drilled on a regular 5 3 2.5 cm grid. Aqueous samples from the
model aquifer were collected using 20 gauge, stainless steel
luer hub needles (Hamilton, Reno, Nevada). For this study, a
total of seven needles were vertically inserted into the aquifer
sand, and their locations are indicated in Figure 3 by the solid
circles. The designation of each sampling port is specified by a
lower right number, whereas the needle placement depth mea-
sured in centimeters from the bottom of the aquifer is indi-
cated by a bold number at the upper left side of each sampling
port. It should be noted that sampling ports 44 and 124 were
used solely for the conservative tracer experiment. The bench-
scale model aquifer was placed inside a constant temperature
chamber (Forma Scientific, Marietta, Ohio) at 208C.

2.2. DNAPL Pool Formation and Aquifer Packing

The formation of a flat DNAPL pool with a well-defined
pool-water interface is a key component of the present exper-
imental design. Previous work by Whelan et al. [1994] provided
important information on DNAPL pool formation and disso-
lution within a bench-scale aquifer. However, the experimental
procedures developed by Whelan et al. [1994] do not lead to a
well-defined and flat pool-water interface. The investigators
contained the DNAPL pool within a 4.7 cm deep Pyrex baking
pan filled with a layer of gravel and one of sand, separated by
a stainless steel mesh. The DNAPL was delivered into the
bottom of the pan through a vertically inserted glass pipet.
Formation of residual DNAPL ganglia in the upper half of the

Pyrex pan may occur as the injected DNAPL displaces the
interstitial water from the gravel layer and the overburden
sand contained within the pan. Accurate determination of the
pool-water interfacial area resulting from this setup is not a
trivial task. Furthermore, intrusion of a glass pipet in the aqui-
fer may disturb the interstitial flow. These flaws are resolved by
a newly designed bottom plate, which permits the formation of
a specified pool-water interface and uniform horizontal flow
within the model aquifer.

The bottom plate is a 127 3 19 3 0.64 cm aluminum sheet.
A 0.5 cm deep, circular disk with 7.6 cm diameter was removed
from the aluminum sheet in order to form the experimental
pool, as shown in Figure 4a. The aluminum sheet was anodized
to avoid corrosion, and the bottom of the pool was covered
with a 0.08 cm thick Teflon sheet. Holes of 0.2 cm diameter
were drilled into the Teflon sheet 1.0 cm apart in the form of
a square matrix. A 0.5 cm diameter glass bead was placed on
top of each hole. This matrix of beads supported a circular #60
stainless steel mesh, which prevented settling of sand into the
pool. The void volume of the particular pool was estimated to

Figure 1. Schematic diagram of the bench-scale model aquifer.

Figure 2. Schematic illustration of a clear well screen.
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be approximately 12 mL. A y-z cross section of the bottom
plate along the center of the pool is shown in Figure 4b. The
bottom plate was placed inside the glass tank, and its edges
were sealed with plumber’s putty to avoid preferential flow
beneath or along the sides of the plate.

The DNAPL, trichloroethylene (TCE), was delivered into
the pool through a 16 gauge stainless steel tube. The tube was
inserted into the pool through a horizontal hole drilled along
the aluminum sheet, as illustrated in Figure 4. The stainless
steel tube was connected to a DNAPL reservoir through a
Viton tube with 0.16 cm inner diameter (Masterflex, Chicago,
Illinois). A 500 mL volumetric flask containing approximately
80 mL of TCE and 400 mL of water served as the DNAPL
reservoir. The flask was placed on a vertically adjustable jack.
The water head inside the DNAPL reservoir and inside the
model aquifer was balanced by connecting a separate Viton

tube from the effluent clear well to the water inside the
DNAPL reservoir (see Figure 1). The amount of DNAPL
inside the pool was controlled by adjusting the height of the
DNAPL reservoir. It should be noted that the experimental
design of the well-defined DNAPL pool formation was proven
successful. Preliminary experiments with the rectangular glass
tank filled with water in the absence of sand verified that all
water is displaced from the experimental pool cavity by TCE
and a well-defined TCE-water interface is formed.

The model aquifer was packed, in 1–2 cm lifts, with kiln-
dried Monterey sand (RMC Lonestar, Monterey, California)
to a total depth of ;15 cm. The sand was packed under a 5 cm
water head. Only the sand fraction which passed the #40 sieve
(0.425 mm) but was retained on the #60 sieve (0.250 mm) was
used. The parameters of the particular sand fraction used in
the model aquifer were evaluated separately by gravimetric

Figure 3. Schematic diagram of the sampling plate and sampling ports. Solid circles represent the needle
placement locations. For each solid circle, the lower right number indicates the sampling port number, and the
upper left bold number indicates the needle placement depth measured in centimeters from the bottom of the
aquifer.

Figure 4. (a) Isometric view of the aluminum bottom plate showing the pool location. (b) The y-z cross
section of the bottom plate through the center of the pool showing the detailed pool design and the shape of
the stainless steel tube.
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procedures. The dry bulk density of the sand was determined
to be rb 5 1.61 kg/L, and the porosity was determined to be
u 5 0.415. Furthermore, a mechanical vibrating device was
employed in order to obtain a uniform packing within the
model aquifer. Glass marbles with 1.9 cm diameter were added
into the influent and effluent clear wells to balance the sand
pressure exerted on the screens. Following the installation of
the sampling plate, seven sampling needles were carefully in-
serted into the model aquifer. The needles were affixed to the
sampling plate with silicon adhesive. The water elevation
within the model aquifer was adjusted to a desired level by
controlling the water elevation in the influent and effluent
clear wells. An aqueous solution containing approximately 200
mg/L of the biological inhibitor sodium azide was delivered
into the influent clear well by a peristaltic pump. The addition
of sodium azide prevented any possible biological degradation
of TCE and fouling of the system.

3. Tracer Experiment
Prior to the DNAPL delivery into the pool a tracer experi-

ment was conducted under steady flow conditions in order to
determine the longitudinal and transverse dispersivities of the
three-dimensional model aquifer. Bromide ion (Br2), in the
form of the moderately soluble potassium bromide salt (KBr),
was the conservative inorganic tracer employed in this study.
Alkali halides are the most commonly used salts for subsurface
fluid tracing [Chrysikopoulos, 1993]. Note that the injected
tracer source concentration should be low enough to avoid any
density effects and gravity segregation, yet high enough to
ensure tracer detection by the analytical technique of choice.
Ion chromatography was employed in this study (Dionex Series
4000i, Sunnyvale, California).

A source solution containing 2.04 g/L of KBr (1.37 g/L of Br)
was injected into the model aquifer via a syringe pump through
the needle located at sampling port 44 (see Figure 3). The tip
of the needle represents a point source geometry. The tracer
was injected with a constant and relatively slow rate (1.2 mL/h)
so that the flow field within the model aquifer was not dis-
turbed. Sampling port 124 was used to periodically collect 0.3
mL samples of the interstitial liquid. Because the fluid within
the sampling needles does not equilibrate fast enough with the
local solution within the model aquifer, 0.1 mL of interstitial
fluid was purged and discarded from the sampling needle just
before each sample collection.

The transport of a conservative solute in saturated, homo-
geneous porous media, accounting for three-dimensional hy-
drodynamic dispersion in a uniform flow field, is governed by
the following partial differential equation:

C~t , x , y , z!

t 2 Dx

2C~t , x , y , z!

 x2 2 Dy

2C~t , x , y , z!

 y2

2 Dz

2C~t , x , y , z!

 z2 1 Ux

C~t , x , y , z!

 x

5 F~t , x , y , z! , (1)

where C is the liquid phase solute concentration; Dx, Dy, and
Dz are the longitudinal, lateral, and vertical hydrodynamic
dispersion coefficients, respectively; Ux is the average intersti-
tial velocity; F is a general functional form of the source con-
figuration; t is time; and x , y , and z are the spatial coordinates
in the longitudinal, lateral, and vertical directions, respectively.

The dispersion coefficients are defined as [Bear and Verruijt,
1987, p. 164]

Dx 5 aLUx 1 $e, (2)

Dy 5 Dz 5 aTUx 1 $e, (3)

where aL and aT are the dispersivities in the longitudinal and
transverse directions, respectively, and $e 5 $/t* is the ef-
fective molecular diffusion coefficient (where $ is the molec-
ular diffusion coefficient and t* . 1 is the tortuosity coeffi-
cient). A time-dependent point source configuration in a three-
dimensional aquifer is represented by

F~t , x , y , z! 5
G~t!

u
d~ x 2 x0!d~ y 2 y0!d~ z 2 z0! , (4)

where G represents the tracer mass release rate; u is the
porosity; d is the Dirac delta function; and x0, y0, z0 represent
the x, y, z Cartesian coordinates of the point source, respectively.

The appropriate initial and boundary conditions for the case
of an aquifer with infinite longitudinal and lateral directions
and finite vertical thickness are as follows

C~0, x , y , z! 5 0, (5)

C~t , 6` , y , z! 5 0, (6)

C~t , x , 6` , z! 5 0, (7)

C~t , x , y , 0!

 z 5 0, (8)

C~t , x , y , H!

 z 5 0, (9)

where H is the average water-saturated aquifer thickness (in
this study, H represents the average of the thicknesses ob-
served at the influent and effluent clear wells), the vertical level
z 5 0 defines the location of the water table, and z increases
in the downward direction. The condition (5) corresponds to
the situation in which solutes are initially absent from the
three-dimensional porous formation, (6) and (7) indicate that
the aquifer is infinite horizontally and laterally, boundary con-
dition (8) represents a zero dispersive flux boundary, and (9)
implies that the aquifer is confined by an impermeable layer at
depth z 5 H .

The governing transport equation (1) subject to conditions
(5)–(9) is solved analytically by employing Laplace, Fourier,
and finite Fourier cosine transform techniques following the
procedures presented by Sim and Chrysikopoulos [1999]. The
desired solution is given by

C~t , x , y , z! 5 S 1
16p2DxDy

D 1/ 2

E
0

t G~t 2 t!

ut

z expFUx~ x 2 x0!

2Dx
2

1
4t S ~ x 2 x0!

2

Dx
1

~ y 2 y0!
2

Dy
D 2

Ux
2t

4Dx
G

z H 1
H 1

2
H O

m51

`

exp F2Smp

H D 2

DztG
z cos Smpz

H D cos Smpz0

H D J dt , (10)

where m is an integer summation index.
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The average water velocity within the model aquifer can be
determined by

Ux 5
Q

wHu
, (11)

where Q is the water volumetric flow rate generated by the
peristaltic pump and w is the aquifer width. For Q 5 552
mL/h, w 5 21.6 cm, H 5 12.6 cm, and u 5 0.415, the
interstitial velocity in the model aquifer during the tracer ex-
periment was evaluated to be Ux 5 4.9 cm/h. The tracer
experiment was conducted under a relatively high interstitial
velocity in order to ensure that the hydrodynamic dispersion is
governed mainly by mechanical dispersion and the contribu-
tion of the effective diffusion coefficient for bromide, $e

Br, is
minimum. Furthermore, under the present experimental con-
ditions the walls of the rectangular glass tank are not encoun-
tered by the tracer.

For the experimental parameters of the tracer test (G 5
1.64 mg/h, Ux 5 4.9 cm/h, H 5 12.6 cm, u 5 0.415, x0 5
20.0 cm, y0 5 0.0 cm, and z0 5 H 2 6.0 5 6.6 cm) the
nonlinear least squares regression program PEST [Doherty et
al., 1994] was employed to estimate the hydrodynamic disper-
sion coefficients Dx 5 1.31 cm2/h and Dy 5 Dz 5 0.144
cm2/h by fitting the analytical solution (10) to the breakthrough
bromide concentrations observed at sampling port 124. Figure
5 clearly shows a good agreement between the experimental
data (circles) and the simulated concentration history (solid
curve). In view of $Br 5 7.24 3 1022 cm2/h [Domenico and
Schwartz, 1990] and assuming t* 5 1.43 for sand [de Marsily,
1986], the desired model aquifer dispersivities aL 5 0.259 cm
and aT 5 0.019 cm are evaluated from (2) and (3), respec-
tively. For the scale of the present experiment this value for aL

is very reasonable when compared to the scale-dependent lon-
gitudinal dispersivity data compiled by Gelhar [1986].

4. Column Experiment
A column flow-through experiment was conducted in order

to characterize the interaction of aqueous phase TCE with the
model aquifer sand. A 25.0 cm long borosilicate glass column
(Omnifit, Cambridge, England) with 2.5 cm inner diameter was
packed with the same sand used in the model aquifer under a
constant upflow of deionized water. Two syringe infusion

pumps (model KDS200) were used, one for delivering deion-
ized water to the column, and the other for delivering the
TCE-water solution. The injected aqueous phase TCE concen-
tration was 156.6 mg/L, and the volumetric flow rate through
the column was 20.4 mL/h, which corresponds to an interstitial
velocity of 10.02 cm/h. A switching valve (Upchurch Scientific,
Oak Harbour, Washington) was used to alter the flow between
the two pumps. A schematic diagram of the column experi-
mental setup is shown in Figure 6.

Effluent samples of approximately 0.5 mL volume were col-
lected periodically into receiving vials containing 1 mL of pen-
tane. The TCE concentrations of the effluent samples were
determined by standard gas chromatography (Hewlett-
Packard model 5890 with electron capture detector, Fullerton,
California). It was assumed that the sorption of aqueous phase
TCE onto the sand is a linear, reversible, and instantaneous
process. The nonlinear least squares regression program PEST
[Doherty et al., 1994] was employed to estimate the longitudinal
hydrodynamic dispersion coefficient, D 5 0.785 cm2/h, and
the retardation factor, R 5 1.31, by fitting an available ana-
lytical solution describing one-dimensional solute transport in
homogeneous, saturated porous media [Lindstrom et al., 1967;
Gershon and Nir, 1969] to the TCE breakthrough experimental
data. For the porosity and density of the model aquifer (u 5
0.415 and rb 5 1.61 kg/L) this value of R corresponds to
sand-water distribution coefficient (Kd) of 0.08 mL/g. The
simulated concentration breakthrough curve as well as the
experimental data are shown in Figure 7.

Figure 5. Bromide concentration breakthrough data ob-
served at sampling location 124 (circles) and simulated con-
centration history (solid curve).

Figure 6. Schematic diagram of the experimental column ap-
paratus.

Figure 7. Aqueous phase TCE concentration breakthrough
data collected at the end of the column (circles) and simulated
concentration history (solid curve) for Q 5 20.4 mL/h.
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5. TCE Pool Dissolution Experiments
The interstitial velocity was initially maintained at 0.75 cm/h.

The first experiment began when 12 mL of TCE was pumped
from the DNAPL reservoir into the pool at a rate of 180 mL/h.
The elevation of the TCE reservoir was carefully adjusted so
that the TCE-water interface in the reservoir was at the same
level as the pool-water interface in the model aquifer. During
the TCE transfer into the pool a fraction of the injected TCE
dissolved into the water that initially occupied the pool. This
volume of water was displaced into the aquifer by the intruding
TCE, causing an undesired spike of aqueous phase TCE con-
centration in the model aquifer. Because of this inherent ex-
perimental artifact, early time dissolution data were consid-
ered biased and are not presented here. Consequently,
aqueous samples were collected only after the dissolved TCE
concentrations within the model aquifer had achieved a quasi–
steady state.

Interstitial liquid samples were collected from sampling
ports 4, 34, 63, 95, and 144 at approximately 237 hours after the
first TCE pool dissolution experiment began. The samples
were collected with disposable, 1 mL tuberculin syringes (Bec-
ton Dickinson & Co., New Jersey). Approximately 0.1 mL of
the interstitial fluid was purged and discarded from each sam-
pling needle just before the collection of 0.3 mL liquid sample.
Preliminary testing indicated that 0.3 mL afforded a practical
detection limit while minimizing hydrodynamic disturbances
and perturbations from steady state dissolution conditions. Al-
though sample collection from additional ports is desirable, it
may lead to unreliable dissolved concentration data. Each sam-
ple was immediately transferred into a receiving vial. The de-
tails of the sample analysis are presented later in this section.
A second set of interstitial liquid samples were collected 27
hours after the first sampling time. Subsequently, the intersti-
tial velocity was increased to 1.96 cm/h, and two additional sets
of interstitial liquid samples were collected at 120 and 144
hours after the initiation of the second experiment. Finally, the
interstitial velocity was adjusted to 0.25 cm/h, and two sets of
interstitial liquid samples were collected at 720 and 888 hours
after the initiation of the third experiment. All of the aqueous
phase TCE concentrations observed at the specified sampling
locations are listed in Table 1. Considering experimental error
associated with the sampling and extraction behavior, the two
data sets collected for each interstitial velocity considered in
this study appear to be quite similar, confirming that the pool
dissolution had achieved steady state conditions.

The transient contaminant transport from a dissolving
DNAPL circular pool in a three-dimensional, homogeneous

porous medium under steady state uniform flow, assuming that
the dissolved organic sorption is linear and instantaneous, is
governed by

R
C~t , x , y , z!

t 5 Dx

2C~t , x , y , z!

 x2 1 Dy

2C~t , x , y , z!

 y2

1 Dz

2C~t , x , y , z!

 z2 2 Ux

C~t , x , y , z!

 x

2 lRC~t , x , y , z! , (12)

where R is the retardation factor and l is a first-order decay
constant. Assuming that NAPL pool dissolution is described by
the following mass transfer relationship, applicable at the
NAPL-water interface [Chrysikopoulos, 1995],

2$e

C~t , x , y , 0!

 z 5 k~t , x , y!@Cs 2 C~t , x , y , `!# , (13)

where k(t , x , y) is the local mass transfer coefficient depen-
dent on time and location on the NAPL-water interface, Cs is
the aqueous saturation (solubility) concentration, and C(t , x ,
y , `) . 0 corresponds to the contaminant concentration
outside the boundary layer, the appropriate initial and bound-
ary conditions for this system are

C~0, x , y , z! 5 0, (14)

C~t , 6` , y , z! 5 0, (15)

C~t , x , 6` , z! 5 0, (16)

$e

C~t , x , y , 0!

 z

5 H2k~t , x , y!Cs ~ x 2 ,x0!
2 1 ~ y 2 , y0!

2 # r2,

0 otherwise,
(17)

C~t , x , y , `! 5 0, (18)

where ,x0
, ,y0

indicate the x , y Cartesian coordinates of the
pool origin, respectively, and r is the pool radius. The concen-
tration boundary layer implies that the dissolved concentration
changes from the solubility concentration at the DNAPL-water
interface to the free-stream concentration in the interstitial
fluid [Bennett and Myers, 1982; Chrysikopoulos and Lee, 1998].
It should be noted that the decay term lRC in the governing
equation (12) indicates that the total concentration (aqueous
plus sorbed solute mass) disappears due to possible decay or
biological/chemical degradation. In this study it was assumed

Table 1. Observed Dissolved TCE Concentrations and Estimated k* Values

Location,† cm
Experiment 1

Ux 5 0.75 cm/h
Experiment 2

Ux 5 1.96 cm/h
Experiment 3

Ux 5 0.25 cm/h

Port x y z t 5 237 hours t 5 264 hours t 5 120 hours t 5 144 hours t 5 720 hours t 5 888 hours

4 0.0 0.0 0.8 417.5 390.0 233.4 240.5 627.0 629.2
34 15.0 0.0 1.8 117.6 91.3 77.4 86.7 206.1 202.4
63 30.0 2.5 1.8 82.2 78.7 54.5 54.9 154.9 148.5
95 45.0 22.5 1.8 143.5 145.8 51.3 51.2 141.4 141.1
144 70.0 0.0 3.8 43.0 44.2 17.4 17.9 71.8 70.3

k*, cm/h 0.0381 6 0.004 0.0378 6 0.004 0.0473 6 0.003 0.0474 6 0.003 0.0268 6 0.002 0.0267 6 0.002

Observed dissolved TCE concentrations are given in mg/L. The time given is since the initiation of each individual experiment.
†The origin of the coordinate system is at the bottom of port 4.
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that the mass transfer coefficient is equal to the corresponding
time-invariant overall mass transfer coefficient (k* 5 k(t , x ,
y)). This is a reasonable assumption for steady state physico-
chemical and hydrodynamic conditions [Chrysikopoulos and
Lee, 1998].

The analytical solution to the governing partial differential
equation (12) subject to conditions (14)–(18) has been derived
by Chrysikopoulos [1995] as follows:

C~t , x , y , z! 5
Csk*
2p$e E

0

t E
m1

m2 S Dz

RtD
1/ 2

exp F2lt 2
Rz2

4Dzt
G

z exp @2m2#$erf @n2# 2 erf @n1#% dm dt , (19)

where

m1 5 ~ y 2 , y0 1 r!S R
4Dyt

D 1/ 2

, (20)

m2 5 ~ y 2 , y0 2 r!S R
4Dyt

D 1/ 2

, (21)

n1 5 H x 2
Uxt

R 2 ,x0 1 @r2 2 ~v 2 , y0!
2#1/ 2J S R

4Dxt
D 1/ 2

, (22)

n2 5 H x 2
Uxt

R 2 ,x0 2 @r2 2 ~v 2 , y0!
2#1/ 2J S R

4Dxt
D 1/ 2

, (23)

v 5 y 2 mS 4Dyt

R D 1/ 2

, (24)

where m and t are dummy integration variables. Although the
analytical solution was derived assuming infinite lateral dimen-
sions, it is applicable for this study because under the present
experimental conditions the walls of the rectangular glass tank
are not encountered by the dissolving plume.

The TCE solubility limit is Cs 5 1100 mg/L [Mackay et al.,
1992], and the molecular diffusion coefficient $TCE was esti-
mated to be 3.03 3 1022 cm2/h (208C) [Hayduk and Laudie,
1974]. The dispersion coefficients for each interstitial velocity
are evaluated from (2) and (3), respectively. Furthermore, the
first-order decay constant is equal to zero (l 5 0) because the
presence of sodium azide in the influent clear well of the model
aquifer prevented any possible biological degradation of TCE.
The nonlinear least squares regression program PEST [Doherty
et al., 1994] was employed for the estimation of the unknown
overall mass transfer coefficient by fitting the analytical solu-
tion (19) to the observed aqueous phase TCE concentrations.
For this study, only k* was fitted because all of the other
required model parameters were determined independently.
The corresponding overall mass transfer coefficients for each
sampling data set are listed in Table 1. The uncertainty of the
fitted parameters was determined by estimating the corre-
sponding 95% confidence intervals. It should be noted that for
each interstitial velocity the estimated k* values are practically
identical, as expected at steady state conditions.

For the first experiment the observed concentrations at port
95 were consistently greater than expected for the medium
interstitial velocity. For both the second and third experiments,
port 95 yielded observed concentrations slightly less than those
observed at port 63. This is reasonable because ports 63 and 95
are offset equal distances from the centerline and are at the
same elevation, yet port 95 is 15 cm down gradient from port
63. Thus it appears that port 95 is not a flawed sampling

station. Instead, the elevated concentrations may have been
caused by a temporary intrusion of nonaqueous phase TCE
into the porous medium (in the vicinity of grid location 5, for
example). However, the amount would have had to be minor
because subsequent samples collected for the second and third
experiments exhibit a return to more reasonable values.

The observed dissolved TCE concentrations at sampling lo-
cations 4, 34, and 144, along the centerline of the aquifer in the
x-z plane are compared to predictions based on the analytical
solution (19)–(24) for Ux 5 0.25, 0.75, and 1.96 cm/h (Figure
8). Model simulations are based on the average of the two
fitted k* values obtained for each interstitial velocity. The solid
circles represent sampling locations, and the bold number next
to each sampling location represents the corresponding aver-
age of the two observed TCE concentrations obtained for each
interstitial velocity. Figure 8 clearly shows good agreement
between the observed dissolved TCE concentrations and the
analytical solution.

The experimentally determined overall mass transfer coef-
ficients are compared to predictions obtained by a correlation
for circular DNAPL pools developed by Kim and Chrysikopou-
los [1999]. The correlation relates the overall Sherwood num-
ber Sh* to the overall Peclet numbers of a circular pool in x
and y directions Pe*x and Pe*y, respectively, as follows:

Sh* 5 1.74~Pe*x!0.33~Pe*y!0.40, (25)

Sh* 5
k*c~p1/ 2r!

$e
, (26a)

Pe*x 5
Uxr
Dx

, (26b)

Pe*y 5
Uxr
Dy

, (26c)

where k*c is the correlation-determined time-invariant overall
mass transfer coefficient. The preceding correlation is based
on numerically determined overall mass transfer coefficients
and is valid for Ux in the range from 0.42 to 4.2 cm/h. For
the TCE dissolution experimental conditions of this study
($e

TCE 5 0.0212 cm2/h, aL 5 0.259 cm, aT 5 0.019 cm, and
r 5 3.8 cm), correlation (25) predicts that k*c 5 0.051,
0.074, and 0.091 cm/h for Ux 5 0.25, 0.75, and 1.96 cm/h,
respectively. Thus the experimentally evaluated and correla-
tion-determined overall mass transfer coefficients agree to
within a factor of 2. It should be noted that predictions based
on correlation (25) are approximate because this relationship
was developed by numerically generated data. The average of
the two experimentally estimated k* values obtained for each
of the interstitial velocities examined in this work and those
predicted by correlation (25), k*c, are presented in Figure 9.

6. Summary and Conclusions
A three-dimensional, bench-scale model aquifer was con-

structed to study the dissolution of a TCE pool. The aquifer
consisted of medium-sized sand packing conveying steady, uni-
directional flow. A key aspect of the experimental design was a
mechanism by which a TCE pool of an ideal (circular) geom-
etry was placed and maintained in direct contact with the
bottom of the porous medium. The aqueous plume emanating
from this pool was monitored at several downgradient sam-
pling stations and analyzed using the analytical solution de-

1693CHRYSIKOPOULOS ET AL.: DISSOLUTION OF A TRICHLOROETHYLENE POOL



rived by Chrysikopoulos [1995]. All transport parameters re-
quired by this solution, with the exception of the average mass
transfer coefficient (k*) for the pool, were estimated indepen-
dently. Of special note are the dispersion parameters, which
were estimated independently by fitting the results of a bro-
mide tracer test with a newly derived analytical solution de-
scribing the transport of a conservative tracer in a homoge-
neous aquifer of finite thickness.

The analytical solution for pool dissolution was found to
describe observed TCE plumes well. This result demonstrates
that the model accurately describes the dynamics of the pool
dissolution process. It confirms the hypothesis that the plumes
generated from dissolving pools of infinite mass will achieve a
steady state distribution. A constant mass flux develops at the
pool-water interface and acts as the plume source. This flux is
balanced by hydrodynamic conditions, which dilute the plume
to below detection limits at the plume extremities. The exper-
imental mass transfer coefficients obtained in this study can be
used in field cases involving relatively homogeneous subsurface
formations contaminated by TCE pools.

Observed aqueous TCE concentrations only 15–60 cm down
gradient from the pool, and just a few cm above the pool
elevation, were ,4% of the aqueous solubility for TCE. This
result provides strong evidence in support of the notion that
the rate-limited dissolution of DNAPLs can be the cause of
contaminant plumes that are dominated by concentrations sev-

eral orders of magnitude less than the aqueous solubility. The
result also implies that observed concentrations exclusively at
the parts per billion level do not preclude the existence of a
DNAPL at a site.

Figure 8. Steady state aqueous phase TCE concentration contour plots, along the centerline of the aquifer
in the x-z plane, generated for average k* values by the analytical solution (19)–(24) and average observed
concentrations at sampling locations indicated by the solid circles for (a) Ux 5 0.25 cm/h, (b) Ux 5 0.75
cm/h, and (c) Ux 5 1.96 cm/h. The center of the circular pool is at location x 5 23.8 and y 5 z 5 0 cm.

Figure 9. Comparison between experimentally determined
overall mass transfer coefficients (squares) and those predicted
by correlation (25) (circles). Error bars represent the 95%
confidence intervals.
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The testing procedure and results described in this work
begin to validate an existing model describing dissolution from
a DNAPL pool source in a more physically realistic manner.
As an analytical solution, this model is easily implemented and
may be useful for estimating pool size, location, and projected
longevity under relatively homogeneous conditions. It must be
emphasized that the experimental conditions for the pool
placement in this work were tailored to the conditions imposed
by the analytical solution. Real pools will shrink with time, and
the interfacial area available to dissolution may change accord-
ingly.

Notation
a major semi-axis of elliptic pool, L .
b minor semi-axis of elliptic pool, L .
C liquid phase solute concentration (solute mass/

liquid volume), M/L3.
Cs aqueous saturation concentration (solubility),

M/L3.
$ molecular diffusion coefficient, L2/T .

$e effective molecular diffusion coefficient, equal to
$/t*, L2/T .

Dx longitudinal hydrodynamic dispersion coefficients,
L2/T .

Dy lateral hydrodynamic dispersion coefficients, L2/T.
Dz vertical hydrodynamic dispersion coefficient, L2/T.

erf [h] error function, equal to (2/p1/ 2) *0
h e2z2

dz .
F general functional form of tracer source

configuration, M/L3T .
G tracer release rate from a point source, M/T .
H finite water-saturated aquifer thickness, L .

k* time-invariant overall mass transfer coefficient,
L/T .

k*c correlation determined time-invariant overall
mass transfer coefficient, L/T .

Kd distribution coefficient, L3/M .
,x0

, ,y0
x and y Cartesian coordinates, respectively, of
the center of a circular pool, L .

m integer summation index.
n1, n2 defined in (22) and (23), respectively.

Pe*x, Pe*y overall Peclet numbers of a circular pool in x
and y directions, defined in (26b) and (26c),
respectively.

Q volumetric flow rate, L3/T .
r radius of circular pool, L .

R dimensionless retardation factor.
Sh* time invariant overall Sherwood number, defined

in (26a).
t time, T .

Ux average groundwater velocity, L/T .
v defined in (24).
w width of experimental aquifer, L .

x , y , z spatial coordinates, L .
x0, y0, z0 x , y , and z Cartesian coordinates, respectively,

of a point source, L .
aL, aT longitudinal and transverse dispersivities,

respectively, L .
d¼ Dirac delta function.

z , h dummy variables.
u porosity (liquid volume/aquifer volume), L3/L3.
l decay coefficient, T21.
m dummy integration variable.

m1, m2 defined in (20) and (21), respectively.
rb sand bulk density, M/L3.

t dummy integration variable.
t* tortuosity coefficient ($1).
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