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Abstract: A methodology based on factorial design and
Monte Carlo methods is developed and implemented for
incorporating uncertainties within a multiphase subsurface
flow and transport simulation system. Due to uncertainties
in intrinsic permeability and longitudinal dispersivity, the
predicted output is also uncertain based on the well-
developed multiphase compositional simulator. The
simulation results reveal that the uncertainties in input
parameters pose considerable influences on the predicted
output, and the mean and variance of permeability will have
significant impacts on the modeling output. The proposed
method offers an effective tool for evaluating uncertainty in
multiphase flow simulation system.

1. Introduction

Many theoretical and field studies have suggested that
mathematical modeling of petroleum contaminant fate in
subsurface systems is significantly influenced by presence
of uncertainties in the porous media system [1]. As a result,
it should accommodate this kind of uncertainties in the
simulation process to evaluate the extent of contamination
and to conduct successful risk assessment and remediation
system design.

Monte Carlo simulation is the most popular approach to
account for uncertainties so far [2]. However, the key to
obtaining accurate output realization through this method,
is the modeler’s ability to accurately describe each
uncertain input parameter’s distribution and statistics.
Unfortunately, this is very difficult to achieve when
working with real world hydrogeological parameters [3],
and there exists some uncertainties in the determination of
input parameters’ statistics (i.e., mean and variance). The
inherent uncertainties in input parameters and erroneous
selection of mean and variance of the parameters will
considerably affect the model prediction, thus causing
difficulties to corresponding decision-making. However,
few  previous work  have  considered  such
uncertainties/sensitivities on the prediction of contaminant
transport in subsurface, in a systematic way. In addition,
conventional sensitivity analysis in groundwater flow and
transport simulation only considers changing one factor at a
time, and the joint effects of factors cannot be examined.
Fortunately, the factorial design approach in the field of
engineering experiment, can be effectively applied to the
sensitivity analysis considering many factors [4]. This
paper attempts to systematically study the influence of
input parameters’ uncertainties on modeling output by
using multiphase compositional modeling approach. Two
uncertain parameters including intrinsic permeability (K.,)

and longitudinal dispersivity (o), are considered to be
uncertain, and the determination of the parameters’
statistics are also assumed to be of uncertain nature. The
factorial experiments are implemented to study the
sensitivity of input parameters’ mean and variance on the
predicted benzene concentration in groundwater. Thus the
problem of multiphase flow and transport with uncertain
information is addressed, and the systematic uncertainty
analysis in this paper can provide insight into the level of
confidence in model prediction, and it can also lead to
identification of key sources of uncertainty which will merit
further research, as well as the sources of uncertainty that
are not important to modeling output.

2. Methodology

2.1 Modeling NAPLs Flow and Transport

A complete description of flow and transport in the
subsurface must include flow of the fluid phases (water,
gas, NAPLs, etc.), mass transfer of components between
these phases, and transport of components in each of the
phases, therefore, the multiphase compositional simulators
are recognized as effective tools in investigating such
complicated processes. The multiphase compositional
modeling approach is used in this paper, and the basic mass
conservation equation for components in the subsurface can
be written as [5, 6]:
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where k is component index, / is phase index, ¢ is soil
porosity, C,is overall concentration of component £

(volume fraction), p, is density of component k [ML?], np is

number of phases, Cy is concentration of component & in
W

phase / (volume fraction), #, is Darcy velocity of phase /

[LT", S, is the saturation of phase /, R is total source/sink
term for component k (volume of component k per unit

volume of porous media per unit time), and j, is the
dispersion tensor. The overall concentration ¢ is the
volume of component k summed over all phases.

The dispersion tensor D,, can be expressed as [7].

D m, 21 o

gkhj = z'kl 5,1 + ﬁlu,‘&i] +
@

where 7 is tortuosity (defined with a value greater than 1),

D, is molecular diffusion coefficient of component % in
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phase / [LZT"], dy is Kronecker delta function, ay, and oy
are longitudinal and transverse dispersivities of phase /,
respectively [L], #; and u;; are Darcy velocities of phase / in

Y .
directions i and j, respectively [LT'], and lu,l is magnitude

of the vector flux for phase / [LT™).
The phase flux is calculated from the multiphase form

of Darcy’s law [5]:
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where k, is relative permeability of porous medium to
phase /, K is intrinsic permeability tensor [LY), p is
v1scosny of phase / [ML>T™), p; is densxty of phase / [ML"
%), g is acceleration of gravity [LT?], z is vertical distance
which is defined as positive downward [L], P; is pressure of
phase / [ML"'T?].

By substituting Darcy’s law for the phase velocity terms
in the mass balance equation, Eq. (1), and summing over all

components (n.), as well as noting that "Xc 1> @
K
k=t
pressure equation can be developed which is written
explicitly in terms of water phase pressure as [5, 6]:
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where C, is total compressibility, P, is water phase
pressure, A, is relative mobility, A is total relative
mobility, P, is capillary pressure difference between phase
! and the water phase, and Q; is injection/production rate for
component k per bulk volume.

The term Ay and A,z can be defined as:
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Compositional multiphase models require multiple
constitutive relations to close the system of equations, and
the typical constitutive relations include pressure-
saturation-permeability (p-S-k) relations that are described
by Delshad et al. [6] and Lenhard and Parker [8, 9]. The
above governing equations can then be solved numerically
with the block-centered finite difference approach [6].

2.2 Factorial Design and Monte Carlo Simulation
Factorial design is a classical experimental design method
which allows the determination of the coefficients b, by,
etc. of a linear model with interactions as in the following
equation:

y=b, +be +3 3 bx,x, +K
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where y is response of the simulation model by changing
input parameters x; x;, etc., b, is the average effect, b; is the
main effect of parameter x;, and b; is a second-order
interaction effect between x; and x;. The idea of a factorial
design is to arrange the simulations in such a way that the

variation in simulation response obtained with different
settings of the factors, can be traced back to the variations
of the factors. By proper arrangement of the factor settings,
it will be possible to determine not only the main effect of
each factor but also the joint effects between factors on the
variations of the modeling response. If the simulations are
implemented at the minimum and maximum values (two
levels) of each of the & factors the design is called 2k

factorial design which needs 2* sets of experimental tests.

Rapid calculation of effects is through Yates’s algorithm
which was described in detail in Box et al. [4]. If there is an
interaction effect AB, this means that the influence of
changing factor A will depend on the setting of factor B.

In this paper, the input parameters K,, and a; are
assumed to be uncertain, and they are lognormally
distributed. The mean of K, and a;, as well as the variance
of InK,, and Inay, are assumed to have uncertainties in their
selection, therefore, the influences of such uncertainties on
modeling response should be quantified. The maximum and
minimum values of these four factors (means of X, and a;,
variances of InK,, and Ina;) are determined based on
literature review, and the 2* factorial experiments will be
conducted to examine the sensitivities of these factors on
modeling output. Therefore, there will be 16 sets of
experimental tests, and under each set of test, 100 Monte
Carlo simulation runs will be implemented based on the
developed multiphase compositional simulator, and then we
can systematically analyze the uncertainties in model
prediction.

3. Case Study
An aquifer with the dimensions of 12 m (x-direction) x 10
m (y-direction) x 6 m (z-direction), is considered to study
the NAPLs flow and transport behavior in saturated zone
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Figure 1 3D simulation domain
under the influence of hydrogeological parameter

uncertainty.

The NAPLs is assumed to initially occupy a rectangle
between 3 and 5 m in the x-direction, between 3 and S m in
the y-direction, and between 0 and 1 m in the z-direction
which can be shown in figure 1. The zero-flow boundary
conditions are enforced at the top and bottom of the model
domain, as well as at the sides parallel to x-axis. The
constant hydraulic heads are employed at the left and right
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boundaries, allowing water flow in the aquifer from left to
right under a hydraulic gradient of 0.0167 m/m. The
domain is discretized into 2352 grid cells (14 x 12 x 14)
using the nodal spacing of 1 m in the x direction, 1 m in the
y direction, and 0.5 m in the z direction. Near the location
of NAPLs source with initial saturation, the nodal spacing
is 0.5 m in the x-direction, 0.5 m in the y direction, and
0.25 m in the z direction (see figure 1).

Benzene is selected as the constituent of interest in
NAPLs phase in this study, and the benzene concentration
in the aquifer is simulated by the developed model. The
initial NAPLSs saturation in the source zone is 0.04, and the
mass transfer processes between phases are assumed to be
in equilibrium. The mean of K, the variance of logarithm
of K,,, the mean of ¢, and the variance of logarithm of a,,
are in the range [4000, 12000] milli Darcy, [0.10, 0.40],
[0.015, 0.075] m, and [0.10, 0.40], respectively.

4. Results and Analysis
In order to test the sensitivity and uncertainty of the four
factors described above on the modeling response, 16
experiments were implemented based on the 2* factorial
design. Under each experiment, 100 sets of values of K,
and o were created by the lognormally-distributed-
random-number  generation algorithm which  was
incorporated into the multiphase compositional simulator.
The Monte Carlo modeling mechanism was also embedded
into the developed multiphase compositional simulator, and
100 sets of modeling output realizations and the
corresponding mean and standard deviation for that
experiment were then obtained by running the simulator.
Node (5, 5) and node (11, 6) were selected to analyze the
sensitivity/uncertainty in the predicted benzene
concentration. Node (5, 5) is the 5" grid cell in the x-
direction and 5™ grid cell in the y-direction, and it is located
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Figure 2 Mean and standard deviation of benzene
concentration, (2) mean at node (11,6) and (b)
standard deviation at node (11,6)

at the initial NAPLs source zone. Node (11,6) is located at
the downstream of the initial source zone. Figure 2 shows
the mean and standard deviation of the predicted benzene
concentration at node (11, 6) in layer 2 from 8 of the 16
experiments.

From figure 2, we can find that: (1) the changes in mean
and standard deviation of benzene concentration are small
for pair of sets 1 and 3, pair of sets 5 and 7, pair of sets 9
and 11, and pair of sets 13 and 15, and each pair has only
different mean of o, and this may mean that the mean of a
L will have small influence on the modeling prediction; (2)
the impacts on modeling outputs are large for pair of sets 1
and 5, pair of sets 3 and 7, pair of sets 9 and 13, and pair of
sets 11 and 15, and each pair has only different variance of
InK,,, and this may mean that change of the variance of
InK,, will have large influence on the modeling response,
and (3) the change in the mean of K, will have large
influence on the model response based on the comparison
between group of sets 1, 3, 5, and 7 and group of sets 9, 11,
13, and 15.

Table 1 Estimated effects from the 2* factorial design

Effects on benzene concentration at node
(11,6) in layer 2 (time: day)
Factors On mean On standard

concentration (ug/l) | deviation (ug/l)

=15 t=45 t=15 t=45

Average 25.5 26.8 14.8 12.9
A 6.9 -34.1 0.0 0.0

B -8.8 -4.1 4.1 6.4

C -5.0 -3.1 -3.7 -4.2

D -5.4 2.1 -1.4 -1.3
AB -11.3 9.7 -0.7 2.2
AC -5.6 -1.2 -1.6 -1.5
AD -5.4 2.1 -2.8 -3.5
BC -4.9 -1.9 -4.0 -3.8
BD -4.5 2.0 2.1 -1.4
CD -4.7 -2.1 -1.9 -1.3
ABC -4.5 -2.5 2.2 -1.1
ABD -4.5 2.1 -3.6 -3.4
ACD -4.7 2.0 34 -3.5
BCD 4.3 2.0 2.4 -1.4
ABCD -4.3 -2.0 -39 3.4

In order to get deeper insights of the sensitivity of the
factors to modeling response, the main effects and
interaction effects should be quantified, and table 1 lists the
magnitude of various calculated effects of the 4 factors. In
table 1, factors A, B, C, and D represent mean of Ky,
variance of InK,, mean of ¢ and variance of Ina;,
respectively. From table 1, we can find that the mean of K.,
has the largest main effect on the predicted benzene
concentration, while variance of InK,,, mean of a;, and
variance of Inoy also have considerable main effects.
Examining the effects on mean concentration at node (11,
6) in layer 2 after 45 days, we can obtain such insights as:
(1) the main effects of mean K, variance of InK,,, mean o
L, and variance of Ingy, are -34.1, -4.1, -3.1, and -2.1 ug/l
respectively, and this means that increasing of the values of
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these four factors will decrease the mean concentration; (2)
the interaction effects of AC and AD are —1.2 pg/l and 2.1
ug/l, respectively, and they cannot be neglected compared
with the main effects of C and D, and this means that the
effects of mean oy and variance of Inay, on the modeling
output may come from interaction with mean X,, because
mean K, has a large main effect; (3) the difference between
the interaction effect of AB (9.7 ug/l) and main effect of B
(-4.1 pg/l) is large, and this means that the effect of
variance of InK,, on modeling output may mainly due to
itself. It is apparent from analysis of table 3 that mean K.,
and variance of InK,. have significant impacts on the
prediction, while mean o, and variance of oy have small
impacts which can sometimes be neglected because their
effects are mainly due to interaction with mean K,,.

The influence of parameter uncertainty on the predicted
benzene concentration for each factorial experiment can be
examined from the analysis of Monte Carlo simulation
results. Figure 3(a) shows the comparison between 6
realization results and the mean of the 100 realizations for
node (5, 5) in layer 2 under experiment 1. The
concentration decreases with time and shows large
uncertainties, for example, at t=15 days, concentration has a
value of 230 pg/l for realization 2, and of 150.1 ug/l for
realization 4. Figure 3(b) presents the plotted probability
density function for the output at node (5,5) after 30 days,
and the maximum and minimum value of the predicted
concentration for this experiment set are 241 and 16.7 pg/l,
respectively, and the 97.5™ percentile is 219.4 ug/l. The
histogram of the 100 simulation runs show normal
distributions, and output results have passed the
Kolmogorov-Smimov hypothetical test for normality with
the calculated P value of 0.15.
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Figure 3 Simulated benzene concentration at node (5, 5) i
layer 2 for experimental set 1, (a) compariso
between realization results and ensemble mean,
(b) probability density function after 30 days

5. Conclusions

A methodology based on factorial design and Monte Carlo
simulation was proposed in this study to examine the
effects of parameter uncertainties on prediction of NAPLs
flow and transport fate in porous media. The longitudinal
dispersivity «; and intrinsic permeability K, were
considered to be uncertain with known probability
distributions. The determination of the mean and variance
of these two parameters, were also assumed to be uncertain,
and a 2* factorial design was conducted to evaluate the
uncertainty impacts of these four factors on the modeling
output. Under each factorial experiment, a series of Monte
Carlo simulations were implemented, so as to assess the
influence of uncertainties in the two input parameters on the
simulation outputs uncertainties. It was found that the mean
of K, and variance of InK,, have significant impacts on the
prediction results, while the mean of «;, and variance of Ina
. have minor influences on the modeling results, but
significant interaction effects of these factors were
observed, and it is suggested that great caution should be
paid in determination of mean K,, and variance of InK,, for
simulation. The Monte Carlo simulation results revealed
that the uncertainties in input parameters K, and oy will
introduce significant uncertainties in the simulation results.
The proposed method will act as an effective tool for
systematically evaluating uncertainties in the field of
groundwater flow and transport simulation.
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