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Mass transfer correlations for nonaqueous phase liquid pool
dissolution in saturated porous media
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Abstract. Correlations describing the rate of interface mass transfer from singlecomponent nonaqueous phase liquid (NAPL) pools in saturated subsurface formations are
developed. A three-dimensional contaminant transport model is employed to obtain
overall mass transfer coefficients computed from concentration gradients at the NAPLwater interface. The model assumes that the porous medium is homogeneous, the
interstitial fluid velocity is steady, and the dissolved solute may sorb under local
equilibrium conditions. Furthermore, it is assumed that the dissolved concentration along
the NAPL-water interface is equal to the solubility concentration. Power law correlations
relate the overall Sherwood number to the appropriate overall Peclet numbers. Both
rectangular and elliptic/circular source geometries are considered. The proposed
relationships are fitted to numerically determined mass transfer coefficients, and the
correlation coefficients are determined by nonlinear least squares regression. Good
agreement between predicted and available experimentally determined overall mass
transfer coefficients is observed.

1.

Introduction

Groundwater contamination by nonaqueous phase liquids
(NAPLs), such as petroleum hydrocarbons and organic solvents, has been a growing public concern, because groundwater
is a major and, in some parts of the world, the only source of
freshwater supply. Introduction of NAPLs into a groundwater
system can occur from discharged industrial wastes, leaking
storage tanks, and hazardous chemical spills. During NAPL
migration through an unsaturated zone, a substantial portion
of the NAPL is trapped in aquifer pore spaces by capillary
forces in the form of ganglia or blobs [Schwille, 1988]. Upon
reaching the saturated zone, a NAPL with density smaller than
the density of water will form a floating pool on the water
table, whereas a NAPL with density greater than the density of
water will keep migrating downward until an impermeable
layer is encountered, where a pool may be formed [Seagren et
al., 1994; Chrysikopoulos, 1995].
Typical interfacial contact areas of NAPL pools with
groundwater are smaller than the corresponding areas of ganglia, and thus pools dissolve substantially slower than ganglia
and often are long-lasting sources of contamination [Anderson
et al., 1992]. The dissolution of NAPLs in the subsurface is
governed by mass transfer processes. The significance of mass
transfer rate on fate and transport of NAPLs in subsurface
formations has been extensively investigated for both ganglia
[Miller et al., 1990; Powers et al., 1991, 1992; Abriola et al., 1993;
Geller and Hunt, 1993; Illangasekare et al., 1995] and pools
[Johnson and Pankow, 1992; Chrysikopoulos et al., 1994; Holman and Javandel, 1996; Lee and Chrysikopoulos, 1995, 1998].
Mathematical models for mass transfer at the NAPL-water
interface often adopt the assumption that implies that thermodynamic equilibrium is instantaneously approached when mass
transfer rates at the NAPL-water interface are much faster
Copyright 1999 by the American Geophysical Union.
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than the advective-dispersive transport of the dissolved NAPLs
away from the interface [Pinder and Abriola, 1986; Holman and
Javandel, 1996]. Therefore the solubility concentration is often
employed as an appropriate concentration boundary condition
specified at the interface. Some experimental column studies
justified the above equilibrium assumption for residual NAPL
dissolution. Borden and Kao [1992] and Borden and Piwoni
[1992] conducted residual NAPL dissolution experiments and
observed that the equilibrium model reasonably fit experimental results at the laboratory scale. Miller et al. [1990] observed
equilibrium effluent concentrations at the end of a packed
column. Other studies have also verified the solubility concentration condition between NAPL and aqueous phases at typical
groundwater velocities in homogeneous porous media contaminated by small NAPL blobs [van der Waarden et al., 1971; Fried
et al., 1979].
Several field experiments indicated that concentrations of
dissolved NAPLs in groundwater are often significantly below
equilibrium levels [Schwille, 1975; Mackay et al., 1985]. Equilibrium concentrations in subsurface environments are rarely
achieved, because regions heavily contaminated with trapped
NAPLs often exhibit reduced formation permeabilities. Such
regions are preferentially bypassed by groundwater [Wilson et
al., 1988]. Interface mass transfer limitations are also attributed to nonuniform groundwater flow caused by aquifer heterogeneities [Powers et al., 1991; Mayer and Miller, 1996] or are
due to the presence of a capillary fringe [Anderson et al., 1992].
The equilibrium aqueous solubility condition at the NAPLwater interface is generally a good assumption for typical
groundwater velocities. It should be noted that NAPL pools
are continuous and nearly saturated zones of NAPLs that are
relatively thin compared with a typical aquifer thickness. Furthermore, vertical dissolution zones are often much smaller
than the vertical scale of aquifer heterogeneity. Consequently,
the vertical dissolution zone within an aquifer can be assumed
as relatively homogeneous [Johnson and Pankow, 1992]. Furthermore, mass transfer limitations at the NAPL-water inter-
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2.
2.1.

Theory
NAPL Dissolution

As a NAPL pool dissolves into an aqueous phase, a concentration boundary layer is developed over the NAPL-water interface. The mass leaving from the NAPL pool into the aqueous interstitial fluid within a saturated porous formation is
described by the following mass flux relationship [Chrysikopoulos et al., 1994]:
J~t, x, y! 5 2$ e

c~t, x, y, 0!
z

5 k~t, x, y!@c s 2 c~t, x, y, `!#,

Figure 1. Schemetic illustrations of the (a) xz and (b) yz
cross sections of a dissolved nonaqueous phase liquid (NAPL)
concentration boundary layer. The local mass flux is perpendicular to the NAPL pool surface.

where J(t, x, y) is the local mass flux perpendicular to the
NAPL pool; c(t, x, y, z) is the aqueous phase contaminant
concentration; c s is the solubility concentration of the organic
liquid; $ e 5 $/ t is the effective molecular diffusion coefficient in the porous medium (where $ is the molecular diffusion coefficient and t $ 1 is the tortuosity coefficient); k(t, x,
y) is the local mass transfer coefficient dependent on time and
location on the NAPL-water interface; x, y, and z are the
spatial coordinates in the longitudinal, lateral, and vertical
directions, respectively; and t is time. Note that the NAPLwater interface is located at z 5 0, and z 3 ` corresponds to
any location above the concentration boundary layer (see Figure 1). The concentration along the interface is assumed constant and equal to the solubility concentration, c(t, x, y, 0) 5
c s . For the case where the background concentration is constant with respect to time and space, for notational convenience, c(t, x, y, `) is replaced by c b , the constant background (free stream) aqueous phase concentration. The first
formulation in (1) represents the diffusive mass flux into the
boundary layer at the NAPL-water interface given by Fick’s
law, whereas the latter formulation in (1) represents the convective mass transfer flux. Convective mass transfer occurs
when c(t, x, y, 0) Þ c(t, x, y, `), and is analogous to
Newton’s law of cooling [Bird et al., 1960, p. 267]. Relationship
(1) implies that dissolution at a NAPL-water interface is limited only by the mass transfer of the dissolved solute.
In view of (1) the appropriate expression for the local mass
transfer coefficient is given by
k~t, x, y! 5

face occur in the presence of irregularly distributed NAPL
pools, where adoption of the solubility condition most likely
leads to overestimation of NAPL pool dissolution [Holman
and Javandel, 1996].
In this paper we develop overall mass transfer correlations
for the rate of interface mass transfer from single-component
NAPL pools in saturated, homogeneous porous media. The
correlations relate a dimensionless mass transfer coefficient,
i.e., a Sherwood number, to appropriate Peclet numbers. A
three-dimensional transport model describing contaminant migration originating from the dissolution of NAPL pools is utilized for numerical estimation of overall mass transfer coefficients. Rectangular, elliptic, and circular NAPL pool shapes
are considered in this work. The correlation coefficients are
determined using nonlinear least squares regression by fitting
the correlations to numerically determined mass transfer coefficients. Predictions based on the mass transfer correlation
developed here for rectangular NAPL pools compare favorably with available experimental data.

(1)

2$ e c~t, x, y, 0!
.
cs 2 cb
z

(2)

Relationship (2) implies that the local mass transfer coefficient
is proportional to the gradient of the contaminant concentration at the NAPL-water interface. The time required for complete pool dissolution is much longer than the contact time
between the pool and the flowing groundwater [Johnson and
Pankow, 1992; Seagren et al., 1994]. Therefore, in this work,
local mass transfer coefficients are estimated at steady state
conditions. The time invariant local mass transfer coefficient is
denoted by k̂( x, y). Because the local mass transfer coefficient
at a specific location is usually not an easy parameter to determine with precision, in mathematical models of contaminant transport k̂( x, y) is often replaced by a time invariant
overall (average) mass transfer coefficient k*, for the entire
pool, expressed as [Incropera and DeWitt, 1990, p. 313;
Chrysikopoulos and Lee, 1998]
k* 5

1
A

E

A

k̂~ x, y! dA,

(3)
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Table 1. Correlations for Residual Nonaqueous Phase Liquid Dissolution
Valid
Conditions

Reference

0.0012 # Re # 0.021, 0 # u n # 0.04, 1.4 # x/d# p # 180
0.0015 , Re , 0.1, 0.016 , u n , 0.07
0.1 , Re , 0.2, 0.02 , u n , 0.03
0.5 , Pe , 100,
0.012 , Re , 0.2, u n 5 constant

Imhoff et al. [1994]
Miller et al. [1990]
Parker et al. [1991]
Pfannkuch [1984]
Powers et al. [1992]

Correlation*
Sh8
Sh8
Sh8
Sh8
Sh8

5
5
5
5
5

340 Re
u
(x/d# )
425 Re
u
1240 Re
u
0.55 1 0.25 Pe
0.61 # 0.64
57.7 Re
dp
C 0.41
i

0.87
20.31
n
p
0.75 0.60
n
0.75 0.60
n
1.5
0.71

*The Sherwood number is defined as Sh8 5 Kd# 2p /$ (where K 5 k8a T is the mass transfer rate coefficient, k8 is the mass transfer coefficient
for ganglia, a T is the specific interfacial area between the immiscible phases; and d# p is the mean particle diameter); the Reynolds number for
these correlations is defined as Re 5 U x d# p / n (where U x is the Darcy flux and n is the kinematic viscosity of water); x/d# p is the dimensionless
distance into the region of residual NAPL; u n is the NAPL volumetric content, and C i is the uniformity index that represents a grain size
distribution.

where A is the surface area of the NAPL pool and dA is a
differential surface area. In this work, k* is numerically calculated by simply dividing the sum of the estimated time independent local mass transfer coefficients at the nodal points of
the entire pool surface by the total number of nodal points
used.
A useful application of the time invariant overall mass transfer coefficients is the evaluation of the overall mass transfer
rate at a NAPL-water interface, which can be obtained by
multiplying the overall mass flux J* by the entire surface area
of the pool A as follows:
N 5 AJ* 5 Ak*@c s 2 c b#,

(4)

where N is the overall mass transfer rate from the NAPL pool
into groundwater flow. This mass transfer rate expression has
been used in numerous engineering applications, including the
NAPL pool dissolution in porous formations [Lee and
Chrysikopoulos, 1998], evaporation rate of a water pool [Incropera and DeWitt, 1996, p. 365], and dissolution of a soluble
plate in laminar flow [Weber and DiGiano, 1996, p. 202], to
mention a few.
2.2.

Mass Transfer Correlations

Various empirical power law relations (correlations) of dimensionless quantities have been developed to describe the
dissolution of residual NAPLs in packed beds in the form of
spheres and cylinders [Pfannkuch, 1984; Miller et al., 1990;
Parker et al., 1991; Powers et al., 1991, 1992; Geller and Hunt,
1993; Abriola et al., 1993]. These correlations relate dimensionless parameters such as the Reynolds number, Schmidt number, Peclet number, and/or NAPL residual saturation to a
dimensionless mass transfer rate coefficient (the Sherwood
number). Each dimensionless parameter is a combination of
several physical properties of the system. The Reynolds number is a measure of the ratio of the inertia force to the viscous
force on a fluid element. The Schmidt number represents the
ratio of the eddy momentum dispersivity to molecular diffusion. The Peclet number is the ratio of advective to diffusive
mass transport in the concentration boundary layer. The Sherwood number is defined as the ratio of interface mass transfer resistance to molecular diffusion resistance and physically
represents the dimensionless concentration gradient at the interface.
Several mass transfer correlations applicable to residual
NAPL dissolution are presented in Table 1. All correlations
have similar structure, consisting of a leading coefficient and
power law forms of the dimensionless parameters used. These
correlations account for the NAPL volumetric fraction and are

developed for steady state flow conditions in one-dimensional
soil columns. The correlations are dependent on blob shape
and size, interstitial velocity, and/or length of the zone exposed
to residual NAPLs. Note that the length scale associated with
the correlations of Table 1 is equal to the mean particle diameter d# p of the solid matrix.

3.

Transport Model

The transient contaminant transport from a dissolving
NAPL pool denser than water in a three-dimensional homogeneous porous medium under steady state uniform flow conditions, assuming that the dissolved organic does not decay and
is sorbing under local equilibrium conditions, is governed by
[Chrysikopoulos, 1995]
R

c~t, x, y, z!
 2c~t, x, y, z!
 2c~t, x, y, z!
1 Dy
5 Dx
2
t
x
 y2
1 Dz

 2c~t, x, y, z!
c~t, x, y, z!
2 Ux
,
 z2
x

(5)

where U x is the average unidirectional interstitial fluid velocity;
R 5 1 1 K d r / u is the dimensionless retardation factor for
linear, reversible, instantaneous sorption; K d is the partition or
distribution coefficient; r is the bulk density of the solid matrix;
u is the porosity of the porous medium; and D x , D y , and D z are
the longitudinal, transverse, and vertical hydrodynamic dispersion coefficients, respectively, defined as [Bear and Verruijt,
1987, p. 164]
D x 5 a LU x 1 $ e,

(6a)

D y 5 a TU x 1 $ e,

(6b)

D z 5 a VU x 1 $ e,

(6c)

where aL, aT, and aV are the longitudinal, transverse, and
vertical dispersivities, respectively.
For a rectangular-shaped stagnant NAPL pool, as shown in
Figure 2a, the appropriate initial and boundary conditions are
c~0, x, y, z! 5 0,

(7)

c~t, 6`, y, z! 5 0,

(8)

c~t, x, 6`, z! 5 0,

(9)

c~t, x, y, 0! 5 c s

x, y [ 5 (r),

(10a)

c~t, x, y, 0!
50
z

x, y [
y 5 (r),

(10b)
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where 5 (e) is the domain defined by an elliptic NAPL-water
interfacial area (( x 2 , x o ) 2 /a 2 1 ( y 2 , y o ) 2 /b 2 # 1, where
a and b are the major and minor semiaxes of the elliptic pool,
respectively). Because a circular pool with radius r is just a
special case of an elliptic pool, the appropriate source boundary condition for a circular pool is obtained by setting a 5 b 5 r.
It is generally more convenient to work with models written
in dimensionless variables. Hence, by introducing the following
dimensionless definitions:
C5

c
,
cs

(13)

X5

x
,
,c

(14)

Y5

y
,
,c

(15)

Z5

z
,
,c

(16)

U xt
,
,c

(17)

Pe X 5

U x, c
,
Dx

(18)

Pe Y 5

U x, c
,
Dy

(19)

Pe Z 5

U x, c
,
Dz

(20)

T5

Figure 2. Plan views at z 5 0 of (a) a rectangular dense
nonaqueous phase liquid (DNAPL) pool with dimensions , x 3
, y and pool origin at x 5 , x o , y 5 , y o and (b) an elliptic
DNAPL pool with major semiaxis a and minor semiaxis b and
a pool center located at x 5 , x o , y 5 , y o . The unidirectional
groundwater velocity U x and origin of the corresponding Cartesian coordinate system are shown.

c~t, x, y, `! 5 0,

(11)

where 5 (r) is the domain defined by the rectangular NAPLwater interfacial area (, x o # x # , x o 1 , x and , y o # y #
, y o 1 , y , where , x o and , y o indicate the x and y Cartesian
coordinates of the pool origin, respectively, and , x and , y are
the pool dimensions in x and y directions, respectively). Source
boundary condition (10a) implies that the aqueous concentration is constant over the pool at z 5 0 and that the NAPL
phase is in equilibrium with the water at the interface. Equation (11) represents the contaminant concentration outside the
boundary layer.
For a NAPL pool of elliptic shape, as shown in Figure 2b,
the appropriate source boundary condition is
c~t, x, y, 0! 5 c s

x, y [ 5 (e),

(12a)

c~t, x, y, 0!
50
z

x, y [
y 5 (e),

(12b)

where , c is the square root of the pool area ((, x , y ) 1/ 2 or
( p ab) 1/ 2 ) and is used here as a characteristic length, model
equations (5) and (7)–(12) are transformed to yield
R

C~T, X, Y, Z!
1  2C~T, X, Y, Z!
5
T
Pe X
X 2
1

1  2C~T, X, Y, Z!
1  2C~T, X, Y, Z!
1
2
Pe Y
Y
Pe Z
Z 2

2

C~T, X, Y, Z!
,
X

(21)

C~0, X, Y, Z! 5 0,

(22)

C~T, 6`, Y, Z! 5 0,

(23)

C~T, X, 6`, Z! 5 0,

(24)

C~T, X, Y, 0! 5 1

X, Y [ 5 (r),

(25a)

C~T, X, Y, 0!
50
Z

X, Y [
y 5 (r),

(25b)

C~T, X, Y, `! 5 0,

(26)

C~T, X, Y, 0! 5 1

X, Y [ 5 (e),

(27a)

C~T, X, Y, 0!
50
z

X, Y [
y 5 (e),

(27b)

where the dimensionless 5 (r) is expressed as , x o /, c # X #
(, x o 1 , x )/, c , , y o /, c # Y # (, y o 1 , y )/, c , and 5 (e) is
expressed as (X 2 , x o /, c ) 2 /a 2 1 (Y 2 , y o /, c ) 2 /b 2 # , 22
c . It
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Figure 3. Schemetic illustration of the three-dimensional numerical domain showing the (a) rectangular and
(b) elliptic/circular DNAPL pools together with the appropriate boundary conditions.

should be noted that conditions (25a) and (25b) correspond to
the case of a rectangular pool, whereas conditions (27a) and
(27b) represent an elliptic/circular pool. It should be noted that
source boundary conditions (25a) and (27a) are independent
of c s ; therefore the dimensionless equations (21)–(27) can be
used regardless of the contaminant type. Similarly, the local
mass transfer coefficient (equation (2)) is transformed as follows:
k~T, X, Y! 5 2

$ e C~T, X, Y, 0!
.
,c
Z

(28)

In view of the preceding equation, the dimensionless form of
the local mass transfer coefficient, i.e., the local Sherwood
number, is given by
Sh~T, X, Y! 5

k~T, X, Y!, c
C~T, X, Y, 0!
52
.
$e
Z

(29)

For the time invariant local mass transfer coefficient k̂( x, y),
the corresponding time invariant local Sherwood number is
ˆ(X, Y). Accordingly, the time invariant overall
denoted by Sh

Sherwood number is defined as

Sh* 5

4.

k*, c 1
5
$e
A

E

ˆ ~X, Y! dA.
Sh

(30)

A

Numerical Solution

The three-dimensional mathematical model presented by
(21) is solved numerically by an alternating direction implicit
(ADI) finite difference scheme. The unconditionally stable
ADI algorithm for three-dimensional transient partial differential equations is described by Huyakorn and Pinder [1983, p.
358]. The ADI algorithm leads to a set of algebraic equations
that form a tridiagonal matrix which is solved by the highly
efficient Thomas algorithm [Wang and Anderson, 1982, p. 96].
Numerical simulations are performed to estimate profiles of
dissolved NAPL concentrations for various interstitial velocities, pool dimensions, and pool geometries. A separate numerical code for each pool geometry considered is developed. The
numerical domain as well as the corresponding boundary conditions used in this work are schematically illustrated in Figure
3. Zero-concentration gradient boundary conditions are applied to all outer boundaries of the numerical domain, and a
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constant dimensionless concentration boundary condition
(equation (25a)) as shown in Figure 3a or (27a) shown in
Figure 3b is applied at the pool-water interface. In order to
avoid numerical oscillations, the dimensionless nodal separation distances and numerical time steps are selected so that the
following criteria are satisfied [Hoffman, 1992, p. 672; Schincariol et al., 1994]:
Pe XDX # 2
max

Pe YDY # 2

S

DT DT DT
,
,
DX DY DZ

Pe ZDZ # 2,

D

# 1,

(31)
(32)

where DX, DY, and DZ are the nondimensionalized distances
between the nodes in the X, Y, and Z spatial coordinates,
respectively, and DT is the dimensionless numerical time step.
The time step size is determined by (32) according to the
selected dimensionless nodal separation distances. The numerical codes developed were consistently run until the simulated
dissolved concentration profiles become time independent, because in this study the local mass transfer coefficients are
calculated at steady state conditions.

5.
5.1.

Development of Mass Transfer Correlations
Simulation Conditions

The interstitial fluid velocities employed for model simulations are 0.3, 0.5, 0.7, and 1.0 m/d, because equilibrium mass
transfer conditions may exist at interstitial fluid velocities of up
to 1.0 m/d [Powers et al., 1991]. The dimensionless retardation
factor R is arbitrarily set to 1.0, because at steady state conditions concentration profiles for a nondecaying solute are no
longer dependent on R [Chrysikopoulos et al., 1994]. The dispersion coefficients D x , D y , and D z are chosen in the ranges
2.5– 8.3 3 1022 m2/h; 2.5– 8.3 3 1023 m2/h; and 2.5– 8.3 3 1023
m2/h, respectively. The corresponding Peclet numbers are obtained from (18)–(20). A total of 121 different rectangular
pools with dimensions , x 3 , y in the range from 5.0 3 5.0 m
to 10.0 3 10.0 m and 121 different elliptic/circular pools with
semiaxes a 3 b in the range 2.5 3 2.5 m to 5.0 3 5.0 m are
examined in this work. Overall Sherwood numbers are obtained from (30) for various Peclet numbers, pool sizes, and
pool shapes.
5.2.

xy plane, U x , D x , and D y are very important transport parameters. Because there is no fluid motion on the NAPL pool
surface, dissolution from the pool surface in the z direction is
controlled by the effective molecular diffusion. This is an appropriate assumption when the no-slip boundary condition is
valid [Bear and Verruijt, 1987]. Dispersion in the z direction
affects the thickness of the concentration boundary layer, but it
is assumed not to have a direct impact on mass transfer at the
NAPL-water interface. The contact time between the NAPL
pool and the flowing groundwater is significantly affecting the
concentration gradient at the NAPL-water interface [Johnson
and Pankow, 1992; Chrysikopoulos, 1995], so pool length and
size must be considered in the development of the mass transfer correlations. The selected fundamental variables that affect
mass transfer from a single-component rectangular NAPL
pool are the interstitial groundwater velocity, effective molecular diffusion, hydrodynamic dispersion coefficients in x and y
directions, pool length in both x and y directions, and the
characteristic length of the pool, which is equal to the square
root of the NAPL-water interface area. The overall mass transfer coefficient of a single-component rectangular NAPL pool is
expressed by the following functional relationship:
k* 5 f@U x, $ e, D x, D y, , x, , y, , c#,

where f is an arbitrary function.
There are eight dimensional variables in (33), and their
fundamental dimensions are length (L) and time (t). Therefore the minimum number of dimensionless groups needed to
characterize the overall mass transfer coefficient is six. Relationship (33) can be rearranged into

f @P 1, P 2, · · · , P 6# 5 0,

(34)

where each P is an independent dimensionless product of
some of the dimensional variables of the system considered
and f is an arbitrary function. Dimensional analysis yields the
following P terms:
P1 5

k*
,
Ux

(35)

P2 5

Dx
,
$e

(36)

P3 5

Dy
,
$e

(37)

P4 5

U x, x
,
$e

(38)

P5 5

U x, y
,
$e

(39)

P6 5

U x, c
.
$e

(40)

Overall Mass Transfer Correlations

5.2.1. Rectangular pools. For a DNAPL pool located on
an impermeable layer, a concentration boundary layer is developed over the NAPL-water interface due to concentration
differences. The possible formation of a groundwater velocity
boundary layer near the surface of the NAPL pool is ignored,
because the velocity boundary layer is assumed to be smaller
than the concentration boundary layer. Consequently, the
groundwater flow is assumed to be uniform within the concentration boundary layer, and fluid properties that determine the
velocity boundary layer such as fluid dynamic viscosity and
density of both groundwater and NAPLs do not contribute to
the formation of a concentration boundary layer.
The correlation models are obtained by use of the Buckingham pi theorem, which states that the smallest number of
dimensionless groups representing a system is determined by
the difference between the number of associated variables and
the number of basic dimensions of the variables [Bird et al.,
1960; Perry et al., 1984; Weber and DiGiano, 1996]. For a twodimensional NAPL pool with a NAPL-water interface on the

(33)

The overall Sherwood number can be expressed by the following product of P terms:
Sh* 5 P 1P 6 5

k*, c
.
$e

(41)

Similarly, the overall Peclet numbers, Pe *x(r) and Pe *y(r), can be
obtained from the following combinations of P terms
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Pe *x(r) 5

P 4 U x, x
5
,
P2
Dx

(42)

Pe *y(r) 5

P 5 U x, y
5
,
P3
Dy

(43)

455

where subscript r designates a rectangular pool. It should be
noted that the characteristic length scale , c is related to the
size of the pool rather than to the mean grain diameter of the
solid matrix, d# p , which is often employed in mass transfer
correlations for residual NAPL blobs (see Table 1).
The proposed mass transfer correlation for rectangular
NAPL pools under uniform flow conditions can be described
by a power law model consisting of the two directional Peclet
numbers and a leading coefficient, as follows:
Sh *(r) 5 b 1~Pe *x(r)! b2~Pe *y(r)! b3,

(44)

where b1, b2, and b3 are empirical coefficients to be determined. The nonlinear least squares regression routine (RNLIN) [International Mathematics and Statistics Libraries, 1991]
is employed to estimate the coefficients b1, b2, and b3 by fitting
the nonlinear power law correlation (44) to 484 overall Sherwood numbers computed for 121 different pool dimensions
and four different sets of hydrodynamic conditions. The resulting overall mass transfer correlation for rectangular pools is
Sh *(r) 5 1.58~Pe *x(r)! 0.34~Pe *y(r)! 0.43.

(45)

This correlation is valid for groundwater velocities in the range
from 0.1 to 1.0 m/d. In Figure 4, Sherwood numbers computed
by (30) (circles) are compared with those predicted by (45)
(lines) as a function of Pe *x(r) (Figure 4a) and Pe *y(r) (Figure
4b). Excellent agreement is observed for both cases.
5.2.2. Elliptic/circular pools. Following the procedure
outlined for the development of the overall mass transfer correlation for rectangular pools, the corresponding overall Peclet
numbers for elliptic/circular pools are obtained as follows:
Pe *x(e) 5

U xa
,
Dx

U xb
Pe *y(e) 5
,
Dy

(46)
5.3.
(47)

where subscript e refers to an elliptic pool. Furthermore, the
proposed overall mass transfer correlation for elliptic/circular
pools is given by
Sh *(e) 5 g 1~Pe *x(e)! g2~Pe *y(e)! g3,

(48)

where g1, g2, and g3 are empirical coefficients to be determined by nonlinear least squares regression of 484 numerically
obtained Sh* values for 121 different elliptic/circular pools
and four different interstitial velocities.
The complete correlation for the case of elliptic/circular
pools is given by
Sh *(e) 5 1.74~Pe *x(e)! 0.33~Pe *y(e)! 0.40,

Figure 4. Computed (circles) and predicted (lines) overall
Sherwood numbers for rectangular pools, as a function of (a)
Pe *x(r) with Pe *y(r) 5 37.5 and (b) Pe *y(r) with Pe *x(r) 5 3.75.

(49)

and it is valid for groundwater velocities in the range from 0.1
to 1.0 m/d. Figure 5 illustrates the excellent agreement between Sherwood numbers computed with relationship (30)
(circles) and those predicted by correlation (49) (lines) as a
function of Pe *x(e) (Figure 5a) and Pe *y(e) (Figure 5b).

Correlation Testing

In order to gain a better understanding of the behavior of
the time invariant overall mass transfer coefficient (k*) under
different hydrodynamic conditions, two sets of numerical simulations were conducted. For the first set of simulations all
system parameters were kept constant except U x . The results
are presented in Figure 6a, where it is shown that k* increases
with increasing U x . Consequently, an increase in interstitial
velocity leads to enhanced NAPL pool dissolution. It should be
noted that the predicted mass transfer coefficients approach an
asymptotic value at a relatively low U x . Similar behavior has
been observed for residual NAPL dissolution, where the velocity at which the mass transfer coefficients are leveling off is
proportional to the degree of NAPL saturation or to the magnitude of the existing NAPL-water interfacial contact area
[Miller et al., 1990]. For the second set of simulations all system
parameters were kept constant while the dispersivities aL/10 5
aT 5 aV were varied. The results are presented in Figure 6b
and indicate that the smaller the dispersivities the larger the
overall mass transfer coefficient. Note that increasing aquifer
dispersivities leads to a thicker concentration boundary layer
and consequently to reduced NAPL pool dissolution. The reason for this is that the concentration boundary layer thickness
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[1998] in a homogeneous, fully saturated bench scale aquifer
under various interstitial velocities (a 5 b 5 0.038 m, $ e 5
1.73 3 10 26 m2/h, aL 5 0.002 m, and aT 5 aV 5 0.0002 m).
The dispersivities, aL, aT, aV, and the tortuosity required for
the evaluation of the effective molecular diffusion, $ e , were
obtained from tracer experiments. The values of k* were determined by fitting the observed steady state TCE concentrations against the analytical solution developed by Chrysikopoulos [1995] at three different interstitial velocities. The
parameters Pe *x(e) and Pe *y(e) required in correlation (49) are
calculated from (46) and (47), respectively, and the corresponding mass transfer coefficients are determined with (30).
An excellent agreement between predicted and experimentally
determined overall mass transfer coefficients is shown in Figure 8.

6.

Summary

Overall mass transfer correlations for the prediction of interface mass transfer coefficients associated with the dissolution of both rectangular and elliptic/circular NAPL pools in
saturated porous media are developed. A nondimensionalized
solute transport equation is solved using an ADI finite difference numerical scheme in order to estimate overall mass transfer coefficients for each geometry considered. It is assumed

Figure 5. Computed (circles) and predicted (lines) overall
Sherwood numbers for elliptic/circular pools, as a function of
(a) Pe *x(e) with Pe *y(e) 5 18.75 and (b) Pe *y(e) with Pe *x(e) 5
1.875.
is inversely proportional to the mass transfer coefficient [Miller
et al., 1990; Chrysikopoulos and Lee, 1998].
The effect of U x and aL/10 5 aT 5 aV on the concentration
boundary layer thickness is illustrated in Figure 7. Contours of
concentrations originating from the dissolution of a singlecomponent NAPL pool with origin at x 5 , x o 5 1.0 m and
length , x 5 2.0 m for two different interstitial velocities (U x
5 0.5 and 1.0 m/d) are presented in Figure 7a. Clearly, increasing U x leads to a thinner concentration boundary layer.
Similar concentration contours for two sets of dispersivities
(aL/10 5 aT 5 aV 5 0.01 and 0.03 m) are presented in Figure
7b. It is evident that above the NAPL pool a thinner concentration layer corresponds to the set of smaller dispersivities.
Therefore increasing the Peclet numbers by either increasing
the interstitial velocity or decreasing the aquifer dispersivities
leads to increased mass transfer from the NAPL pool. This
result is in perfect agreement with the correlations developed
in this work that suggest that the dimensionless mass transfer
coefficient (the Sherwood number) increases with increasing
Peclet numbers.
The correlation developed in this work for elliptic/circular
NAPL pools (equation (49)) is employed to simulate mass
transfer coefficients obtained from a circular trichloroethylene
(TCE) pool dissolution experiment conducted by Lee et al.

Figure 6. Computed overall mass transfer coefficients for a
2.0 3 2.0 m single-component rectangular NAPL pool as a
function of (a) U x with aL/10 5 aT 5 aV 5 0.01 m and (b) aL
with U x 5 0.3 m/d and aL/10 5 aT 5 aV.
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Figure 7. Comparison between x, z plane concentration contours originating from a single-component
NAPL pool computed for (a) U x 5 1.0 m/d (dashed lines) and U x 5 0.5 m/d (solid lines), and (b) aL/10 5
aT 5 aV 5 0.01 m (dashed lines) and aL/10 5 aT 5 aV 5 0.03 m (here , x o 5 1.0 m and , x 5 2.0 m).
that the aqueous phase concentration of the dissolved solute
adjacent to the NAPL pool is equal to the solubility limit. The
correlations developed relate dimensionless overall mass transfer coefficients (Sherwood numbers) to Peclet numbers. The
proposed power law correlations are calibrated with overall
mass transfer coefficients obtained from numerical simulations. Predictions based on the newly developed mass transfer
correlation for elliptic/circular pools are compared with experimentally determined overall mass transfer coefficients. Good
agreement between measured and predicted mass transfer coefficients is observed. The correlations presented here can be
used to accurately predict the mass transfer coefficients for
single-component NAPL pool dissolution in fully saturated
subsurface formations with interstitial velocity less than 1.0 m/d.

Figure 8. Comparison between experimentally determined
overall mass transfer coefficients (circles) and those predicted
by correlation (49) (line).

Notation
a major semiaxis of elliptic pool, L.
a T specific interfacial area between
nonaqueous and aqueous phases per unit
volume, L 2 /L 3 .
A pool surface area, L 2 .
b minor semiaxis of elliptic pool, L.
c aqueous phase solute concentration (solute
mass/liquid volume), M/L 3 .
c b background (free stream) aqueous phase
solute concentration, M/L 3 .
c s single-component aqueous saturation
concentration (solubility), M/L 3 .
C dimensionless aqueous phase solute
concentration defined in equation (13).
d# p mean particle diameter, L.
dA differential surface area.
$ molecular diffusion coefficient, L 2 /t.
$ e effective molecular diffusion coefficient,
equal to $/ t , L 2 /t.
D x , D y , D z longitudinal, transverse, and vertical
hydrodynamic dispersion coefficients,
respectively, L 2 /t.
f arbitrary function.
J local mass flux perpendicular to the NAPL
pool, M/L 2 /t.
J* overall mass flux perpendicular to the
NAPL pool, M/L 2 /t.
k local mass transfer coefficient, L/t.
k̂ time invariant local mass transfer
coefficient, L/t.
k* time invariant overall mass transfer
coefficient, L/t.
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k8 mass transfer coefficient for ganglia, L/t.
K mass transfer rate coefficient for ganglia, 1/t.
K d partition coefficient (liquid volume/solid
mass), L 3 /M.
, c characteristic length, equal to (, x , y ) 1/ 2 or
( p ab) 1/ 2 , L.
, x , , y pool dimensions in x and y directions, L.
, x o , , y o x and y Cartesian coordinates of the origin
of a rectangular pool or the center of an
elliptic/circular pool, L.
N overall mass transfer rate of the NAPL
pool, M/t.
Pe X , Pe Y , Pe Z longitudinal, transverse and vertical Peclet
numbers, defined in equations (18), (19),
and (20), respectively.
Pe *x(e), Pe *y(e) overall Peclet numbers of an elliptic/circular
pool in x and y directions, defined in
equations (46) and (47), respectively.
Pe *x(r), Pe *y(r) overall Peclet numbers of a rectangular
pool in x and y directions, defined in
equations (42) and (43), respectively.
R dimensionless retardation factor.
5 (e) region defined by an elliptic NAPL-water
interfacial area.
5 (r) region defined by a rectangular NAPLwater interfacial area.
Re Reynolds number for residual NAPL
dissolution, equal to U x d# p / n .
Sh local Sherwood number.
ˆ
Sh time invariant local Sherwood number.
Sh* time invariant overall Sherwood number.
Sh8 Sherwood number for residual NAPL
dissolution, equal to K(d# p ) 2 /$.
t time, t.
T dimensionless time defined in equation (17).
DT dimensionless numerical time step.
U x average interstitial velocity, L/t.
x, y, z spatial coordinates in the longitudinal,
transverse, and vertical directions,
respectively, L.
X, Y, Z dimensionless longitudinal, transverse, and
vertical lengths, defined in equations (14),
(15), and (16), respectively.
DX, DY, DZ nondimensionalized distances between the
numerical nodes in x, y, and z spatial
directions, respectively.
Greek Letters

a L, a T, a V longitudinal, transverse, and vertical
dispersivities, respectively, L.
b 1 , b 2 , b 3 empirical coefficients.
g 1 , g 2 , g 3 empirical coefficients.
u porosity (liquid volume per porous
medium volume), L 3 /L 3 .
u n volumetric content of NAPL.
n kinematic viscosity, L 2 /t.
P 1 , z z z , P 6 dimensionless variables defined in
equations (35)–(40).
r bulk density of the solid matrix, M/L 3 .
t tortuosity (t $ 1).
f arbitrary function.
C i uniformity index.

Abbreviations
DNAPL dense nonaqueous phase liquid
NAPL nonaqueous phase liquid
TCE trichloroethylene
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