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LNAPL leakage and resulting contaminant
transport in the unsaturated and saturated zones
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Abstract
A multiphase flow and transport numerical medel was developed 1o study the leakage of light non-
" aqueous phase liquids (LNAPL) into the vadose zone and lhe associated contamination of both the
unsaturated and salurated zones. The model was used to provide a better tool for addressing lhe
movement and spreading the NAPL phase and the resuiting conlamination in both the vadose zone and
the saturaled zone. In order o guide experimental design and ficld investigations, lhe mode} was used to
cvaluale the sensilivily of the results o various low and transport parameters. |1 was Tound Lhal Lhe
NAPL, densily and the capillary pressure parameters (van Genuchlen paramcters) increased the NATL,
spreading in onc direction at the expense of the spreading in the other dircetion. The remaining soil,
Mow, and transporl paramcters aflected the vertical and Laeral spreading in o similae manner, Basced on
the results presented herein, it seems that the exponent e of the van Genoeblen capillary pressure-
saturation relation is thc most inlluential parameter.
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iransferred from these liquids to
subsurface water and air, and thus

Introduction

Leakage of organic industrial
liquids and petroleum derivatives
into the subsurface is considered
a major environmental problem
due to the risk of fong-lasting and
wide-spreading contamination of
both air and water. Dissolved and
volatilized contaminants can be

these liquids are considered as a
continuous SOQUrce of
contaminant. Great awareness of
the multiphase flow of light non-
aqueous phase liquids (LNAPL),
water, and air in porous media
has led to considerable works
during the past few decades (e.g.,
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has led to considerable works
during the past few decades (e.g.,
Forsyth and Sammon [986;
Kaluarachchi and Parker 1989;
Huyakorn et al. 1994a, b;
Corapcioglu et al. 1996; Wu and
Karsten 1998; Liao and Aral
2000; Kim and Corapcioglu
2001; Mendicino et al. 2006; Suk
and Yeh 2007; just to name a
few). Spatial variability of porous
media  properties has been
regarded as a dominant factor in
characterizing flow and
contaminant transport in the
subsurface. This variability was
also found crucial for assessing
saturations and pressures of
multiphase liquids in porous
media. Thus it is expected that
such variability would
significantly  impact LNAPL
movement and spreading and the
amount of mass lost from the
NAPL body to the air phase as
volatife contaminant or the water
phase as dissolvable contaminant.

In this research, a two-
dimensional vertical model was
developed for studying
multiphase flow and contaminant
transport resulting from LNAPL
leaking into the subsurface. We
model subsurface contamination
of water and air due to vertically
and laterally migrating LNAPL to

evaluate the amount of mass of-

LNAPL lost to groundwater as a
dissolved contaminant and to
subsurface air as a volatilized
contaminant. We also studied the
effects of dissolution and
volatitization on LNAPL
movement and spreading. In

addition, the effects of soil and
fluid  parameters on  the
movement and spreading of the
NAPL body and the contaminant
plumes are studied. The mass

transfer  processes  between
phases and how  different
parameters impact these

processes were evaluated. We
also addressed the impact of joint
variability in the porous medium
properties  (e.g., conductivity,
porosity, van Genuchten
parameters) with and without
correlation on LNAPL infiltration
and movement in the vadose zone
and the resulting air and water
contamminant plumes.

Model Formulation and
Governing Equations

The leakage of LNAPL through
the vadose zone requires the
treatment of three phases and the
description of their mass balance
as well as coupled movement
(i.e., three mass  balance
equations and the associated
constitutive relations). When the
resulting  air  and water
contamination was considered,
the mass of NAPL lost as a
contaminant transferred to water
and air was accounted for in the
mass balance equations. The
multiphase flow  equations
describe the mass balance for
each of the three phases coupled
with Darcy’s law describing the
flux of a particular constituent as
a function of the pressure
gradient. For both the air and
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water phases, the flow equation
can be written in the form:

0
5[?5 PaS,l=0,+

v[ﬂ).a_kﬂ_(vpu ‘o, 8 vz)}

M,

(1)
in  which:  the subscript «
represents either water or air
phase (“w” or “a"), 4 is the
porosity of the porous medium
(dimensionless], S, is the fluid
volumetric saturation of phase «
[dimensionless], ¢ represents a
source or a sink of fluid [ML™ T
'], p is the fluid density [ML™], &
is the intrinsic permeability [L%],
k.. is the relative permeability for
phase a [dimensionless], # is the
dynamic viscosity [ML"'T™'], P is
the fluid pressure [ML'T?), g is
the gravitational acceleration
[LT™], and Z is the elevation [L].

A similar equation can be
written for the NAPL, but the
mass transfer terms should be
added to the flux and source/sink
terms. Thus for the NAPL phase
(denoted by the subscript #), the
flow equation is written as

5 kp k
.S, =0, + V{ Lol (97, + p..gvz)]
-

M
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(2)
in which: A4,is the dissolution
rate constant [T"'], 4, is the mass
transfer rate for volatilization of
contaminant in air [T"'], C) is
the concentration of contaminant
dissotved in water [ML>],C’ is
the concentration of contaminant

volatilized in the air phase [ML’
3], and C,, and C,, are the
equilibrium  concentrations of
contaminant in water and air,
respectively [ML™]. These
equilibrium concentrations set a
maximum limit to the ability of

water and air to absorb
dissoivable and volatile
contaminants.

The flow equations of the
three phases are linked by the
capillary  pressures. These
capillary pressures are described
by wvan Genuchten relations,
which express the functional
relations between saturations of
the different phases and the
capillary pressures (Van
Genuchten, 1980). The
dependence of the relative
permeability of a certain phase on
that phase saturation is taken
similar to the formulations of
Parker et al. (1987).

The transport equations for
the dissolved and wvolatilized
contaminants are written in a
similar manner to the equations
of Sleep and Sykes (1989). The
mass balance equation for the
dissolved contaminant is written
as
9
ot

W

[ps.cy + k0,0 )= So

W

+ v[fc_”h(vp‘_, +p,gVZ)+
I{J\!'
D:IV (¢Sw(": )]+ ¢S " A’n’ (C wmo ("‘ :.)
- ¢Suﬂ'h ( 'HFC‘ : - (‘:)
(3)
in which: &, is the partition
coefficient describing the mass
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partitioning between the liquid
phase (water) and the solid phase
(soil particles) [M'L’], p, is the
bulk density of the aquifer
material [ML?), H is the
dunensionless  Henry's  law
constant, 4,is mass transfer rate

coefficient between water and air
[T'l], and D’ is  the
hydrodynamic dispersion
coefficient for  contaminant
dissolved in the water phase
[L* T

For the volatilized contaminant,
the mass balance equation is
written as

%[géSﬂC':]: c, o, +

o

V[M(VP” + p”gVZ)+
llfd

DIV(ps, o)+ 88, A,(C
PS A HCY - )

an — )
(4)

in which: D! is the hydrodynamic
dispersion coefficient for volatile
contaminant in the air phase [L*T
'l and all the other symbols are as
defined earlier. Similar to the
mass balance equation for the
contaminant dissolved in the
water phase, the equation of the
volatile contaminant has two
‘mass transfer processes: the mass
gained from the NAPL body and
mass transfer with the water
phase. When the latter acts as a
source for air contamination, the
conlaminant has to first dissolve
in the water phase and
subsequently vaporize and move
to the air phase. The volatile
contaminant in the air phase can

also be lost within the domain to
the water phase and can leave the
model domain  across the
boundaries.

The mathematical model is
composed of the five coupled
partial  differential  equations
(Egs. 1 through 4) and a set of
auxiliary  equations  relating
capillary pressures to saturations
and relative permeabilities to
saturations.  These  equations
cannot be solved analytically
except for very simplified cases
and under many restrictive
assumptions. Here we employ a
numerical solution using block-
centered finite differences with a
forward time central space
scheme (FTCS) discretization
and an bmplicit pressure explicit
saturation  (IMPLES)  solution
procedure (Peaceman, 1977). The
discretized equations and the
IMPES scheme result in four
equations being converted into
linear systems of equations and
solved using an algebraic multi-
grid  (AMG) solver (Stuben,
2001), and the remaining
equation is solved explicitly.

Simulation Domain and
Initial  and Boundary
Conditions

A two-dimensional  vertical
domain of dimensions 100 m x
15 m is selected for implementing
the solution of the multiphase
flow equations and contaminant
transport equations (Fig. ).
Homogeneous conditions are
assumed in the subsequent
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Fig. 1 Domain outline and boundary conditions for (a) the multiphase
flow problem, and (b) the contaminant transport problem.

grid of square blocks of length Ax
= Az. The size of each grid cell is
0.25 m x 0.25 m with a total
number of 24,000 cells (60 rows
% 400 columns).

Inittal and boundary condilions
are identificd for both the vadose
zone portion and the saturated
zone portion of the simulation
domain. The multiphase flow
problem requires specification of
nitial values of saturations and
pressures for all phases. To get
these initial values, the
multiphase flow cquations for
waler and air only arc solved in a
steady state condition with the
assumption that NAPL does not
exist in the domain initially
before leakage. This gives an

initial distribution for air and
water  saturations and  the
corresponding  pressures.  For

contaminant {ransport equations,
it is asswmed that subsurface
water and air are free of
contamination before leakage and
thus the values of dissolved and
volatilized contaminant
concentrations are set equal to
zero. The boundary conditions
for the multiphase flow problem
and the associated transport
problem are shown in Fig. 1.

Results and Discussion

Sensitivity analyses were
performed to investigate the
impact of different parameters on
multiphase flow and the influence



C.20 Khaled S. Abdel-Azeez, Ahmed E. Hassan & Mohsen Ezzeldin

and dispersion in the simulation
domain. The effect of these
parameters on the amount of
mass transferred from NAPL to
water and air was also
investigated. Fig. 2 displays the
spatial moments for the NAPL
plume after 120 days of leakage
with a constant leakage rate of
500.0 kg/year with different
parameter values governing the
flow.

From the results shown in
Fig. 2 it can be seen that overall
the NAPL spreading in the
vertical direction (expressed here
as the second moment X3,) 1s
most impacted by the multiphase
flow parameters. On the contrary,
the horizontal spreading, X, is
the least impacted by the
variability in the flow parameters.
Also it can be noted that the
variability in  the dynamic
viscosity of NAPL, z4,, caused the
largest change in the NAPL
{ravel distance, Loy, and
horizontat spreading, Xin
whereas «,, caused Lhe largest
changes in X It is also
interesting “to note that The
NAPL density, p, and .van
Genuchten parameters, ¢, and

Hey

o, impact the vertical and

horizontal NAPL spreading in an
opposite manner (i.e., increasing
the spreading in one direction and
decreasing it in the other). All
other flow parameters shown in
Fig. 2 affect the spreading in both
directions in a similar manner.
Also, all parameters have a
monotonic effect of the travel

distance and second spatial
moments except the m parameters
as explained above.

The amount of dissolved and
volatilized contaminant mass 1s
affected by many parameters as
shown in Fig. 3. The figure
displays the variation of the total
dissolved mass and the total
volatilized mass at 120 days with
the variation of the multiphase
flow parameters. It is seen that
increasing «,_, increases vertical

dispersion and decreases
horizontal spreading and as a
result  mass  of  dissolved
contaminants increases and mass
of  wvolatilized  contaminants
decreases. On the other hand,
Increasing a decreases

Wit
vertical dispersion and increases
horizontal dispersion and as a
result  mass of  dissolved
contaminants decreases and mass
of  volalilized  contaminants
increases. It is ¢lear from Fig. 3
that hall of the flow paramelers
impact the dissolved mass and
the volatilized mass in the same
manner (either decreasing both or
increasing both), whereas the
other half causes opposing trends
for the two masses. The porous
medium porosity impacts the
masses in opposing manners at
small values, but then when the
porosity is increasing at the upper
end of its possible range,
enhanced dissolution and
volatilization result. The impact
of the flow parameters is more
pronounced for the dissolved
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mass than for the volatilized
Inass.

Conclusions

This research work presented
two-dimensional simulations of
oil infiltration (from ground
storage tanks for example) into
aquifers and the resulting air and
water contamination. The results
illustrated that the oil plume
travelled faster and vertical
spreading was Increased with the
decrease of soil porosity, NAPL
viscosity, entrapped  NAPL
saturation, and van Genuchten
parameter, «,,, and with the

increase  of NAPL  density,
residual water saturation, and van
Genuchten parameter ¢, .

Spreading of the NAPL plume in
the horizontal direction was
increased with decreasing
porosity, NAPL density, viscosity
of NAPL, residual NAPL
saturation, and van Genuchten
parameter, «,,, and with

tncreasing residual water
saturation, and van Genuchten
parameter, «,,. The amount of

mass transferred from the NAPL
body to the liquid or the air phase
was greatly affected by the flow
parameters. The most inlluential
parameter in this regard was the
van Genuchten parameter, m.
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