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Stochastic Simulations of Multiphase Flow and Contaminant
Transport Associated with LNAPL Leakage
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Abstract

A multiphase (low and transport numerical model is developed (o study (he lcakage of tight non-
aguecns phase liguids (LNAPLY inte the vadose zone and the associated contamination of both (he
unsuturated and saurated zones, e model is ased w provide a beter ol Tor addressing the movement
and spreading of the NAPL phase and the resulling contamination in both the vadose zone and (he
saturaled zone. In order lo guide experimental design and field investigations, the model is used to
evaluate the sensitivity ol the resulis Lo various [Tow and transport parameters. It is found that the NAPL
density and the capillary pressure parameters (vin Genuchlen parameters) ingrease the NAPL spreading
in one direction al the expense of the spreading in the other dircetion. The remaining soil, flow. and
transporl paramelers afTeet the verlica) and lateral spreading in a similar manner. Based on (he resulls
presented herein, it scems that the exponeat w ol the van Geoueblen capillary pressure-saturation
relationship is the maost inlluential paraimerer,
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Introduction awareness of the multiphase flow of

Leakage of organic industrial liquids
and petroleum derivatives into the
subsurface is considered a major
envirommnentat problem due to the risk
of long-lasting and wide-spreading
contamination of both air and water.
Dissolved and volatilized contaminants
can transfer from these liquids to
subsurface water and air, and thus these
liquids are considered as a continuous
source  of  contaminant.  Great

light non-aqueous phase liquids
(LNAPL), water, and air in porous
media has led to considerable works
during the past few decades (e.g.,
Kaluarachchi and Parker 1989,
Corapcioglu et al. 1996; Liao and Aral
2000: Kim and Corapcioglu 2001,
Mendicino et al. 2006; Suk and Yeh
2007; just 1o name a few). Spatial
variability of porous media properties
has been regarded as a dominant factor
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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 volatile
contaminants or the water phase as
dissolvable contaminants.

Stochastic analysis of multiphase flow
in heterogeneous porous media was
conducted using analytical methods
based on the spectral, perturbation
approach (e.g., Abdin and
Kaluarachchi 1995; Chang et al. 1995
or numerical methods based on Monte
Carlo approach (e.g., Essaid and Hess
1993; Abdin et al. 1995; Bradtford et al.
1998; Zhu and Sykes 2000; Lemke and
Abriola 2004; Yoon ct al, 2007).

The objective of this study is to address
the unpacts of joint variability with and
without  correlation on  LNAPL
infiltration and  movement in  the
vadose zone and the resulting air and
water contaminant 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.  When  the  resulting
contamination is considered, the mass
of NAPL lost as a contaminant
transferred to water and air is
accounted for in the mass balance
equations. The multiphase  flow
equations describe the mass balance for
each of the three phases coupled with
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Darcy’s law describing the flux of a
particular constituent as a function of
the pressure gradient. For both the air
and water phases, the flow equation
can be wrilten in the form:

2pp. S0,

Hy

in which: the subscript a represents
either water or air phase (“w” or “a”),
¢ 1s the porosity of the porous medium
[dimensionless}, §, is the fluid
volumetric saturation of phase «
[dimensionless], ¢ represents a source
or a sink of fluid [ML>T"], p is the
fluid density [ML™], k is the intrinsic
permeability [L%], k. is the relative
permeability for phase « # 1s the
dynamic viscosity [ML"'T™'], P is the
fluid pressure [ML'T?], g 1s the
gravitational acceleration [LT7], and Z
is the elevation [L].

A similar equation can be written for
the NAPL, but the mass transfer lerms
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

§[¢p,.s,. J=0,+ V[f%;'& (vp, + p.,gVZ)]

v o (1)
V{—pu%Wa + 0,8 VZ)]

S, A, (Co = CLY =S, A (C, —CY) (2)

in  which: A,is the dissolution
rate A, is the mass transfer rate for

contaminant in air [T7'], CY is the

concentration of contaminant
- 23 .

dissolved [ML™],C; is the

concentration of contaminant

volatilized [ML™], and C,, and C.,,
are the equilibrium concentrations of
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contaminant in  water and  air,
respectively [ML7]. The equilibrium
concentrations set a maximum limit to
the ability of water and air to absorb
dissolvable and volatile contaminants.
The flow equations of the three phases
are linked by the capillary pressures.
These capillary pressures are described
by van Genuchten relationships, which
express the functional relationships
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 was
taken similar to the formulations of
Parker et al. (1987). The transport
equations  for  the dissolved and
volatilized contaminants were written
in a similar manner to the equations of
Sleep and Sykes (1989). The mass
balance equation for the dissolved
contaminant is thus written as

—gfm[qéb'..(',j' shpaCl]e o,

+KFI(%(VP“ + p gVZ )+ 3)
| u,
Drv(ps, )+ g, 2, (C
=4S A (HC ) = C))
in which: #, is the partition coefficient
describing the mass  partitioning
between the liquid phase (water) and
the solid phase (soil particles), g, is the
bulk density of the aquifer material
[ML™], # is the dimensionless Henry’s
law constant, 1,is mass transfer rate
coeflicient between water and air [T™'],
and 0. 1s the hydrodynamic dispersion
coefficient for contaminant dissolved in
the water phase [L*T™].
For the volatilized contaminant, the
mass balance equation is written as

-

L
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I ps.cr]=Lio o
ot P,
v k(ﬂk (VP + p gVZ)+ (4)
D*v (¢:9,,C;; N+ 95, 4,(Co =C)

+ ¢S A HC) -C))
in which: D¢ is the hydrodynamic
dispersion coefficient for wvolatile
contaminant in the air phase [L*T']
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 transler 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 contaminant has to
first dissolve in the water phase and
subsequently vaporize and move to the
air phase. The volatile contaminant in
the atr 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 (Eqs. | 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  bfock-

centered finite differences with a
forward time central space scheme
(FTCS) discretization and an implicit
pressure explicit saturation (IMPES)
solution procedure (Peaceman, 1977).
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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.

To determine the spatial varability
patterns of van Genuchten
parameters, a ( between water and air)
and », Essaid and Hess (1993) obtained
relationships by trail and error to yield
estimates of « and » that match
particle-size estimated retention curves.

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.
1). Homogeneous conditions were
assumed tn the subsequent simulations.
The two-dimensional domain was
divided into a uniform grid of square
blocks of length Ax = Az. The size of
each grid cell was .25 m x 0.25 m
with a total number of 24,000 cells (60
rowsx400  columns). laitial and
boundary conditions were identified for
both the vadose zone portion and the
saturated zone portion of the simulation
domain. The multiphase flow problem
requires specification of initial values
of saturations and pressures for all
phases. To get these initial values, the
multiphase flow equations for water
and air only were solved in a steady
state condition with the assumption that
NAPL did not exist in the domain
initially before leakage. This gave an
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initial distribution for air and water
saturations and the corresponding
pressures. For contaminant transport
equations, it was assumed that
subsurface water and air were free of
contaimination before leakage and thus
the values of dissolved and volatilized
contaminants were 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

The simulations presented here are
conducted in a Monte Carlo
framework where 1000 realizations are
generated for each of the cases studied.
The multiphase flow problem and the
associated  contaminant  transport
problem were solved for each of these
reahzations and the ensemble of the
results was subsequently analyzed.
Nine cases were considered with
different sources of heterogeneities
and different correlation cases. The
purpose was to examine the effects of
heterogeneities in porous medium
parameters on LNAPL migration and
spreading, mass transfer, and transport
processes. Table | summarizes the
different cases considered where in the
first three cases, only one parameter
(considering the van Genuchten
parameters set as one parameter) i
spatially varying and the others are
kept uniform at their mean value.
Cases 4-6 deal with deterministic
porosity but the intrinsic permeability
and the van Genuchten parameters are
both spatially varying with positive
correlation (Case 4),
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Fig. 1 Domain outline and boundary conditions for (a) the multiphase flow
problem, and (b) the contaminant transport problem.

negative correlation (Case 5), or no
correlation (Case 6). Similarly, Cases

7-9  consider deterministic  van
Genuchten parameters but
heterogeneous  permeability and

porosity with positive correlation (Case
7), negative correlation (case 8), and no
correlation (Case 9). In each case, 1000
realizations  of a  statistically
homogeneous aquifer are generated for
the varying parameters.

Figure 2 shows the distributions of
NAPL saturations after 80 days from
beginning of leakage for the
homogeneous case (reference case)
with uniform mean properties. The
figure also shows the ensample mean
of 1000 realizations for each of the

nine cases of the heterogeneity
scenarios. One can see that the
heterogeneity in van  Genuchten

parameters and porosity has a
negligible effect on saturation of NAPL
but the heterogeneity in intrinsic
permeability has a noticeable effect on
increasing the LNAPL spreading and
decreasing its maximum saturation. The
dissolved contaminant resulting in each
of the cases has a wide range of values
and thus it is convenient to present the
concentration value using logarithmic
scale. Figure 3 displays the dissolved
plumes where Log C) with C) being

in gm/m” is contoured for the ensemble
mean in the nine cases, and the result
for the homogeneous case is also
displayed in the figure. It is clear from
Figure 3 that the heterogeneity of
intrinsic permeability plays a major role
in the movement and dispersion of the
dissolved contaminant plume. The
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cases  that has heterogeneous
permeability lead to more spreading
and longer lateral and vertical travel
distances compared o the
homogeneous case. However, when &
is deterministic the mean dissolved
plume looks very similar to the
homogeneous  case  despite the
heterogeneity of porosity and van
Genuchten parameters.

Figure 4 shows the ensemble mean
distribution of volatilized contaminant
concentration in the vadose zone
above water table. Again, values of
concentrations in gm/m’ are contoured
in logarithmic scale for both the
homogeneous  and  heterogeneous
cases. The spreading of volatilized
contaminants is also wider for the
heterogeneous cases than for the
homogeneous case. Similar to their
effect on the dissolved contaminant
plume, the heterogeneities in van
Genuchten parameters and porosity
have a negligible effect on the
volatilization pattern in comparison to
the homogeneous case (compares cases
2 and 3 to the homogeneous case in
Figure 4). The NAPL mass within the
domain is distributed among three
components: the NAPL body, the
dissolved contaminants in the water
phase and the volatilized contaminants
in the air phase. The change of the last
two components as time progresses is
shown in Figure 5 for a total
simulation time of 80 days. Figure 5
shows the comparison between
homogeneous case and the different
cases of heterogeneity in terms of the
total dissolved mass and the total
volatilized mass. At early times there
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are  no differences among the
heterogeneity cases and the
homogeneous case. As time progresses
minor differences start to appear and
slightly  increase  with  time.To
represent the plume (NAPL and
dissolved contaminant) movement and
dispersion, spatial moments are
calculated for the ensemble mean
plume in each one of the heterogeneity
cases. These spatial moments for the

NAPL plume are computed as:
¢ 5,0, XL x, dvyely,

’\In = R _ - |.2 (S)
0¢ S, (x. x,) dviedx,
R:

ch=\1XI2+X73 (6)

_|-¢ S, (x,.x,} (v, - X, )zcﬁ\‘lc‘.{‘(:
1 = s

I

— i=12
I(ﬁ S, 0x,.0x.) ey,
Hv‘

(7)
in which: X; is the first spatial moment
in the x; direction, X is the second
spatial moment in the x; direction, and
L. is the distance from the middle
point of the leakage source to the
NAPL plume center of mass, and

S,(x,.x,) Is the ensemble mean

saturation of the NAPL plume at
spatial location (x,, x,). To determine
X;, it may be convenient to take the
origin as the center point of the
leakage source. By doing so, L,
represents the distance NAPL or the
contaminant traveled from the start of
the simulation to the time at which the
moments were obtained.  Similar
expressions can be written for the
dissolved contaminant plume
moments.

Figure 6a exhibits the variation of the
NAPL travel distance, L_, and the

cg?
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second spatial  moment in the
horizontal and vertical directions, X,
and X,,, for the homogeneous and
heterogeneous cases. It is clear that
the NAPL plume spreading is larger in
the horizontal direction than the
vertical direction. Also, it can be seen
that there is no significant differences
among the heterogeneous cases and
between them and the homogeneous
case. Thus it can be concluded that the
porous medium heterogeneity does not
nmmpact the NAPL movement or
spreading regardless of the
heterogeneity type or any imposed
correlations. This is because of the
continuous leakage source assumed in
these simulations.

Figure 6b displays the ensemble plume
travel distance, L. ftor the dissolved
contaminant. All heterogeneity cases
had the same movement rate which
was faster than the homogeneous case.
As a result, the travel distance was
almost the same in all heterogeneous
cases and was longer for these cases
than for the homogeneous case.

Figure 7 shows the spatial moments,
X,, and X,,, of the dissolved plume
(the ensemble mean) which express
the lateral and vertical spreading.
Although the travel distance of the
center of mass of the mean dissolved
plume does not change among the
heterogeneity cases (Figure 6b), the
lateral spreading is different between
the heterogeneous cases and is larger
than the homogeneous case (Figure
7a). Cases 2 and 3 with homogeneous
intrinsic permeability but random van
Genuchten parameters or porosity
yield less spreading than the other

C. 31

heterogeneity cases. Case 8 with
negative correlation between porosity
and intrinsic permeability exhibits
more lateral spreading than all other
cases. On the other hand, Case 7 with
positive correlation between porosity
and intrinsic permeability shows less
lateral spreading than all heterogeneity
cases involving heterogeneous
permeability. When porosity and
intrinsic permeability were positively
correlated, the resulting velocity field
has less variability than if porosity was
uniform. Conversely, when negative
correlation was imposed the resulting
velocity field experienced by the
dissolved plume had more variability
than if porosity was uniform. This
explained the increased spreading of
Case 8 and the decreased spreading of
Case 7.

Figure 7b displays the second spatial
moments in the vertical direction.
Minor differences exist between the
cases involving heterogeneous
permeability. Cases 2 and 3 with
homogeneous  permeability  yield
smaller second moments at late times.
However, the moments for the
heterogeneous cases were much larger
than the homogeneous case.

Conclusions

This work presents two-dimensional
simulations of oil infiltration (from
ground storage tanks for example) into
heterogeneous  aquifers and the
resulting air and water contamination.
Nine simufation cases were conducted
with different heterogeneity scenarios
taking into account the heterogeneity of
main  soil  properties  (intrinsic
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permeability,  porosity, and van Monte Carlo frame with positive,
Genuchten paramelers) in a stochastic  negative, and no correlation between
15

case 2

5 20 25
Figure 2: Saturation of NAPL in the domain after 80 days for the
homogeneous case and the ensample mean of the heterogeneous cases.
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Figure 3: Dissolved contaminant (Log()) distribution in the domain

after 80 days for the homogeneous case and the ensample mean of the
heterogeneous cases.
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Figure 4: Volatilized contaminant (LogC?) distribution in the domain

after 80 days for the homogeneous case and the ensample mean of the
lieterogeneous cases.

parameters. The results illustrate
that the spatial heterogeneity of
any of the considered parameters
have wvery little unpact on the
NAPL saturations and spreading
pattern. This was probably due to
the continuous leakage scenario
considered in all simulations
presented in this study. Also, the
spatial variability of porosity and
van Genuchten parameters slightly
impact the laleral spreading pattern
of the dissolved contaminant
plume. On the other hand, the
heterogeneity of intrinsic
permeability had a large effect on
the dissolved and volatilized
contaminants’  movement  and
spreading. A homogeneous case
was considered but using uncertain
intrinsic permeability distribution.
This case shows that the value of

C.33
Sl —
10 '
Scaseé‘l
‘20 M 40 60 80 10
1o [T
3 case§3
1"3 1;0 T 4[{\ B0 80 100
10 (L E——
5 -:ase?S
0w w0 6081 im
1
60 80 100
case.ﬁg
% 0 4w 80 80 1M

the  permeability  significantly
impacts the NAPL, dissolved and
volatilized contaminant patterns.
This indicates that in practical
applications, it is more 1mportant 1o
develop ap accurate effective
permeability  value  than  to
characterize its spatial variability in
order to appropriately model
LNAPL leakage and associated
contamination.
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