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Development and Application of a Landfill Gas Migration Model

Yu-Chul Park*, Kang-Kun Lee*, Chul-Hwi Park** and Yong-Woo Kim**

ABSTRACT : numerical model is developed to estimate gas flow in the landfill site. Darcy's law, the mass con-
servation law, and the ideal gas state equation are combined to compose the governing equation for the steady-state and
transient-state gas flows. The finite clement method (FEM) is used as the numerical solution scheme. Two-dimensional
radial symmetric triangular ring element is used to discretize the simulation domain. The steady state model developed
in this study is compared with AIRFLOW that is a commercial model developed by Hydrologic Inc. Mass balance test
is performed on the transient gas flow simulation. The developed model is applied to analyze the gas extraction ex-
periment performed by Daewoo Institute of Construction Technology at the Nanjido landfill in 1993. The developed
model was registered at Korea Computer Program Protection Foundation.

INTRODUCTION

Sanitary landfilling is a major means of solid waste
disposal in many countries for reasons of economy
and simplicity. Current trends suggest the continuation
of this method of disposal in the future. Anaerobic
decomposition of the landfill refuses generates a large
amount of CH, and CO, (Mohsen et al, 1980). The
problem of CH4 migration from landfills and
subsequent explosions in underground structures has
received increasing attention during recent years.

Many researchers have studied about the landfill gas.
Moore (1979) studied about the generation, migratior,
and the control of the landfill gas. Mohsen et al. (1980)
studied the gas migration and the vent design at
landfill sites. Hartz and Ham (1982) analyzed the
mechanism of gas generation and calculated the gas
generation rates of a number of landfill waste samples.
Hanashima et al. (1981) have analyzed the production
of heat and gas in the semiaerobic landfill. Pacey
(1981) used a variety of models to predict the methane
gas production in a landfill and to assess the gas
recovery potential at a landfill. Simulation models for
gas-flow simulation can use the research results on gas
gene- ration to compute gas pressure in the landfill.
Com- pared with the study on landfill gas production
ratio the study on landfill gas-pressure distribution is
far more insufficient.

In order to control and contain migrating gases,
reliable estimates of the extent of gas migration are
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necessary. These are difficult to acquire because only
limited field data are available in most cases. The
landfill site is the place where the soil is mixed with
the wastes which has various physical and chemical
properties. The gas and groundwater move through
the pores which are the void spaces between wastes
and soils. It is difficult to estimate gas migration by
solving simple mathematical equations because the
mixture of soil and waste are very heterogeneous and
the gas flow is the density-dependent flow.

The gas flow is coupled with the moisture flow
because the moisture content greatly influences on
the gas permeability of a porous medium. Generally,
simulation of gas flows is more complicated than the
simulation of groundwater flow. A complete 3-D gas
migration model is not present yet. The most
advanced. gas flow model developed up to date is the
axisymmetric model where the axis indicates the gas
extraction well and the gas flow is assumed to be
axisymmetric. The study also is going to develop an
axisymmetric model, but it tries to improve the
method to implement a complicated boundary and
well conditions and to apply it to both to steady- and
transient-state gas flows.

The governing equations for one species gas is
established in this study. The developed model is
used to simulate gas flow scenarios in the Nanjido
Landfill.

MATHEMATICAL MODEL

The governing equation is derived by combining
the mass continuity equation and Darcy's equation
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(Huyakorn and Pinder, 1983).
The continuity equation takes the form
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where p is the density of gas, and ¢ is the porosity
of a medium.
Combining (1) and Darcy's law, we obtain
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where k; is the component of the intrinsic
permeability tensor.
For an ideal gas, the equation of state is given by

p=Mp/RT 3)

where M is the molecular weight, R is the universal
gas constant, p is the density of gas, and T is the
absolute temperature. If the flow takes place under
isothermal conditions, then the relation between gas
density and pressure is given by

dgp M dp

% TRT ot “)

Substitution of (3) and (4) into (2) yields

g[ﬁpax ]+ax [k“ Pog ax] %(a’p) ®)

which can be written as
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where ¢; is the upward positive vertical unit vector
and a is the compressibility of the rock matrix.
When the effects of gravity and rock compressibility
are neglected, (6) reduces to
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which may be written in the form
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where u=p’.

The relationship between the pressure gradient and
the flow velocity is given by the Darcy's law,
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where q(t) and q,(t) are the components of the Darcy
flux in the radial and vertical directions r and z at
time t. The pressure difference changes as time
passes, and the velocity changes with time.

The components of the average linear gas velocity
are given by

qr(t) qz(t)
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where ¢ is the porosity for gas flow.

The pathlines provide a clear visual description of
the flow regime and they are useful in determining
the radius of influence of an extraction system. The
two-dimensional characteristic equation of a pathline
is given by

s(r, 2) = (ro, Zo)+ [v(t)dt (11)

where s is a vector containing the 1, z coordinates of
the pathlines, s(r, o) indicates the starting point of
the pathline (initial condition), and v is the average
gas velocity at time t.

NUMERICAL MODEL

The Galerkin finite element method is used to
solve the equation of gas flow . Two-dimensional
vertical section of a porous medium with the radial
symmetry is represented by linear triangular elements
(Figure 1). A computer program was coded for radial
symmetric linear triangular elements (Huyakorn and
Pinder, 1983). The radial symmetric linear triangular
element is a body made by rotating of the two-
dimensional linear triangular element.

Fig. 1 A linear triangular ring clement.
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The boundary conditions allowed by the model is
the constant pressure, the constant flux, and the time
variation of flux. The Cauchy-type boundary
condition seldom to be formed in landfill gas flows
because flux boundaries are usually open to free air.
All element sides located on the domain boundary
are assumed to be impermeable unless they are
specified.

The components of the Darcian flux are obtained
from a further interpolation using the Galerkin
method. From the Darcian fluxes the radial and
vertical components of the pore velocities in the i-th
element are calculated as

qs,i(t) G,i(t)
¢ ¢

This formulation yields a discrete distribution of
elemental velocities. The velocity vectors are defined
at the element centroids.

The particle tracking method is used to trace the
gas flow motion. Equation (11) is written in a
discretized form as an explicit Euler-scheme:

v = > Uy i) (12)
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where At is the time increment, v,, v,(t) are the
(upstream) components of the average linear gas
velocity at the current particle location at time t, and
r and z are the pathline coordinates. The plus-sign in
(13) corresponds to a forward tracking mode, the
minus-sign corresponds to a reverse tracking mode.
By using the forward tracking, the location of a
particle at a future time can be predicted; by using
the reverse tracking the location of a particle at a
previous time can be traced.

The travel times are obtained from a single
summation of all time increments:

t=ty+ Y At (14)

where t is the total travel time and t, is the initial
time level.

The pathlines obtained with this upstream
weighted Eulerian time integration scheme are
piecewise linear. The quality of the Euler integration
is a function of the length of the spatial step As:

As = v(H)At (15)

The accuracy of the velocity v(t) at the current
particle location strongly affects the quality of the
pathline calculation. An interpolation scheme has to
be used to process the discrete velocity field
obtained from (12). In order to guarantee smooth and

c) Step 3

d) Resulting
velocity
components

Fig. 2. Velocity interpolation.

accurate pathlines, the spatial steps have to be small
in areas where large changes in the direction and
magnitude of the velocity field occur and the spatial
steps can be larger in the arcas of more uniform flow.
These accuracy requirements are reflected in the
automatic adjustment of the spatial and temporal
increments.

The elemental velocities v,j(t) and v,(t) are defined
at the centroids of the grid elements. In order to
calculate accurate pathlines and the velocity
components, an interpolation scheme capable of
calculating a velocity at any location in the domain
must be employed. The velocity vector at an arbitrary
particle location is calculated from a weighted average
of the velocity components within the element that
currently contains the particle and its three neighbor
elements. The weights are inversely proportional to the
distance between the current particle location and the
centroids of these four elements (Figure 2). The
velocity components at location (r, z) are obtained
from a four step procedure:

Step 1: Interpolate between the velocities in the
current element and the first adjacent elements.

V5 = &v, (O + (1 —g)v, (0,
V, i) =&v, )+ (1 —g)v, (D) (16)

where V. (t) and V,(t) are the intermediate and
interpolated velocity components, €, is the weight,
calculated as the ratio of d,/(d,+d), where d is the
distance between the particle and the element
centroid of the element containing the particle, d, is
the distance between the particle and the first
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adjacent element, v, (t) and v, (t) are the elemental
velocity components defined at the centroid of the
element containing the particle, and v, (t) and v, i(t)
are the elemental velocity components defined at the
centroid of the first adjacent element.

Step 2: Repeat Step 1 for each adjacent element.

Step 3: Average the interpolated velocity
components to obtain the current particle velocity.

W, 2,t) = %iv (O, Vi, 2,t) = %ivm(t) 17)
i=1 i=1

where vi(r, z, t) and v,(r, z, t) are the final
interpolated particle velocity components at location

(r, z) and at time t. A particle is allowed to move a
maximum distance of 10% of the average element
size before a new velocity must be calculated. A new
velocity is calculated whenever a particle intersects
an element boundary. Particles are tracked until they
are captured by a receptor (e.g. a sink) or leave the
domain. The pathline calculation is terminated once
the particle has intersected the boundary of an
element that contains a well node. A new velocity is
calculated whenever a particle intersects an element
boundary. The terminal pathline coordinates are the
well coordinates.

VERIFICATION OF MODEL

The developed numerical model is verified in two
ways. For the steady state model, the simulation result
was compared with that of AIRFLOW model. The
AIRFLOW model is developed by Franz and Guiguer
(1992) of Waterloo Hydrogeologic Software. The gas
flow simulation for a simple model is performed by
AIRFLOW and the model developed in this study.

problem is described in Figure 3. The

B AT
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Fig. 5. Simulation results by using the developed model:
pressure  distribution (minimum=200 Torr, maximum=760
Torr, contour interval=290 Torr) (a) and velocity directions

b).

atmospheric pressure is 760 Torr and wellbore
pressure is 200 Torr. Figure 4 is the simulation'result
of AIRFLOW. The pressure distribution and velocity
profile are obtained by using AIRFLOW. Figure 5 is
the simulation result of the developed model. The
results are almost exactly same.

In order to verify the developed model for transient
simulations, the mass balance is computed for a
transient gas flow problem. If the mass balance is kept
through all the model domain, the developed model
has a certain degree of validity. If the mass balance is
zero or near zero at every node at any time and the
gas pressure converges to the steady-state gas pressure,
then it is possible to say that there is no loss or gain
of mass in the model and the gas pressure profile has
the right form. It means that the mass conservation is
kept in the model and the model has the validity in
that point of view though it does not guarantee a
perfect verification of the model. The mass balance
error is less than 1% for the simulation from t=0 to t=
12 hours and 1,000 time steps to reach the ending
time. Pressure distribution after long time is almost the
same as that of the steady state model. The model
parameters are equal to the previous steady state
simulation shown in Figure 4.

Gas extraction well

C Observation well
| I

o= L]
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Fig. 6. Schematic diagram for the extraction experiment.
The experiment was performed at the Nanjido Landfill in
1993 by Daewoo Institute of Construction Technology.
One extraction well and six observation wells are es-
tablished.

MODEL APPLICATION
Gas Extraction Experiment

The numerical model developed in this study can
be used for the simulation of gas flow in a landfill.
The model is very useful to design the gas extraction
system in landfills. The developed model is applied
to the experimental data at the Nanjido landfill.
Nanjido landfill is used as the solid waste landfill
from 1978 to 1992. The dump site has about 80 m
height and 2,700,000 m’ area. The wastes are buried
without any sanitary design. The gas extraction
experiment was performed by Daewoo Institute of
Construction Technology in 1993. An extraction well
with 50 m depth and six observation wells located at
5, 15, 30 m apart from the extraction well were
installed (Figure 6). The gas pressure is recorded at
each observation well. The extraction experiments
were performed with three different rates, 6, 10, and
15 m*/min.

Unfortunately, there are several problems which
might degrade the validity of the test results. The gas
pressure  changes according to the atmospheric
pressure and surface temperature. For the comparison
of the gas pressure data with the simulation result,
the gas pressure data should be corrected for the
atmospheric pressure and tem- perature changes.

The complexity of physical properties in landfill
adds the difficulty to the comparison. It is not clear
that the Nanjido landfill has unsaturated zone up to
50 m depth which is the depth of the gas extraction
well. In addition to that, there is a strong evidence
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Fig. 7. The gas pressure drops with constant extraction
rate Q=15 m’/min according to time: at 5m depth (a), at
10 m depth (b), and 15 m depth (c).
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Fig. 8. The comparison of the filed data and the simu-
lation results: the field data of the gas extraction ex-
periment (a) and the simulation result by the numberical
model (b).

that perched floating water layer is formed around
the depth of 10~15m below the landfill surface.
Vapor condensation due to the temperature decrease
along the upward direction, the gas-pressure increase
due to the decreasing gas permeability, and hydraulic-
conductivity changes are considered to be the
important factors in the formation of the floating
water layers. The field data, however, do not have
the quality as to be used in the comparison with the
numerical results.

Figure 7 shows the measured gas pressure with time
for a constant extraction rate. The measured gas
pressure undulates with high amplitude which is not
theoretically understandable if it is not measurement
error or experimental eror. However, with some
inferiority in quality, the outline of the field data can
be compared with that of the simulation result. Figure 8
represents the experimental data and the simulation
results. For the case of extraction rate Q=15 m’/min
and 6 m’/min, the measured gas pressure has the
magnitudes and changing trends very similar to the
simulation result. But for the case of Q=10 m*/min, the
field data seem to be very strange because the gas
pressure drop for the extraction rate of Q=10 m’/min is
greater than that of Q=15 m’/min.

The conceptual model for the gas flow simulation
at the Nanjido landfill is described in Figure 9. The
simulation parameters are tabulated in Table 2. The
simulation domain is divided into three different

30m

200m

Fig. 9. Conceptual model for gas flow simulation in the
Nanjido Landfill.
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layers. The top layer is the surface soil layer, and the
middle layer is the waste layer which is buried
recently, and the bottom layer is the waste layer
which is buried long time ago. The horizontal
permeability of the waste layer is assumed 20 darcy
which is general value for the solid waste landfill.
The vertical permeability is assumed as 1/10~1/100
of the horizontal permeability because of compacting
of the waste layer. The rate of gas generation for a
m’ waste volume is assumed to be 2.4 m3/year for
the middle waste layer based on the report of the
City of Seoul (1994). The gas production rate
changes with the depth from landfill surface because
the gas production rate decreases as time passes. The
permeable surface is covered with top soils so that
there is no gas generation in the surface soil layer.

Virtual Experiments
Gas flows for several situations are simulated by

using the developed model. The simulation parameters
are described in Table 2. The gas flow with the

Table 2. Parameters for gas extraction simulation.

Parameter Value
pu  dynamic viscosity 43x10% ¢p
¢ porosity 10%
M air molar mass 29x10% kg
R universal gas constant 8.31 J/mol/’K
T temperature 40°C(=313"K)
k intrinsic permeability 20 darcy

constant extraction pressure is simulated at first. And
then, gas flows with three different extraction rates are
simulated. Pressure accumulation with the embedded
vertical fractures are simulated at last.

1) Extraction with Constant Pressure

An extraction well is located at the center of the
conceptual model in Figure 9. Gases are extracted at
the depth of 15~20 m from surface. The extraction
pressure is given to be 717 mmHg. The gas pressure
profile and flow vectors are shown in Figure 10. The
gas flow disturbed near the extraction well. The equi-
pressure line is the shape of ellipse. The gas inside
the capture zone is extracted into the well from a
distance. The range of extraction could be defined as
the distance from the well to furthest extracted gas.

y|
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(b)
Fig. 10 Simulation results of gas extraction with a con-
stant pressure, 717 Torr: gas pressure distribution (a) and
gas flow pathlines (b).
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Fig. 11. Landfill model with vertical fractures () and gas pressure accumulation at relatively low permeable regions (b).
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2) Extraction with Constant Rate

The gas pressure distribution when the gas is
extracted with a constant gas extraction rate 15 m’/min.
The pattern of pressure distribution is similar to that of
constant pressure extraction. The way the gas pressure
changes with time is interesting because the change of
gas pressure is greater in the early stage than in the
later stage. If the permeability of a geologic medium is
very low, than the change is greater around the
extraction well. The gas pressure after 12 hours from
the beginning of the extraction is estimated.

3) Embedded Vertical Fractures

Figure 11(a) is 2 model for simulation of the gas
pressure distribution due to distribution of low
permeability regions and high permeable fractures.
Gas pressure accumulates along the low permeable
region (Figure 11(b)). This phenomena may indicate
that downward moisture flux terminates or changes
the direction due to the upward gas pressure.

CONCLUSION AND DISCUSSION

The model for gas flow simulation in a landfill site
is developed using the finite clement method (FEM).
Gas flow is a density-dependent flow and the landfill
site is extremely heterogeneous. So it is impossible to
estimate gas flow by solving simple mathematical
equation. The governing equation for the gas flow is
developed by combination of the Darcy's law and the
mass conservation law. The landfill gas is assumed as
the ideal gas, and the ideal state equation is introduced
for simplicity of equation. The developed governing
equation could represent the gas flow both of the
steady state and of the transient state. Galerkin's
technique is used to develop the finite element model.
Two-dimensional rtadial symmetric triangular ring
element is mainly used.

The simplified conceptual mode! for the Nanjido
landfill is developed. It has three different layers.
Top layer is the covering soil layer, with no gas
generation. Middle and bottom layers are assumed as
waste layers. The gas generation rate is assumed to
be higher in the middle layer than in the bottom
layer. The horizontal permeability of waste layer is
set 20 darcy which is average value in the solid
waste landfill.

The simulations of the steady state gas flow are
performed in two ways. One is for the extraction
with a constant pressure, and the other is the
extraction with a constant rate. To find out the initial
gas pressure condition, the simulation is performed
for the case of no extraction. The gas flows upward
and the equi-pressure line is horizontal. The zone of
captured gas has the ellipsoid shape. The simulations

of the gas extraction with constant rates are
performed.

The simulations of transient-state gas flows are
performed for the case of the gas extraction with
constant rates. The influence of gas extraction on
the transient-state gas flow shows the similarity to
that of the steady-state gas flow. The differences
are found in the scale of influence and length of
pathline. The developed model code was registered
in 1994 as a software according to the registration
procedure of Korea Computer Program Protection
Foundation.

This model was developed to analyze the landfill
gas extraction tests. Axisymmetric approach is not
applicable to the simulations of long-time extraction
in an irregularly shaped small landfill or a landfill
where the extraction well is located near the landfill
boundary. The axisymmetric approach cannot be
used for landfill with heterogeneous materials. The
axisymmetric approach, however, has advantages in
simplifying the computation domain, decreases the
computation time and effort, and effectively
simulates the gas extraction test.

The axisymmetric approach cannot represent a
genuine 3-D gas pressure distribution. A genuine 3-
D model is necessary to simulate actual 3-D gas
flows. However, genuine 3-D model, which has not
developed by anybody yet, cannot be effectively
used in at this point because it requires information
on 3-D domain geometry and 3-D gas permeability
distribution. The 3-D gas permeability is coupled
with the moisture content distribution in the vadose
zone. The 3-D moisture content itself is very difficult
to simulate and the model for the simulation of 3-D
moisture has not been developed yet. Thus, the
general 3-D gas flow model cannot be effectively
used at this moment, but it probably increases the
uncertainty in its simulation results.

The axisymmetric model also requires the gas
permeability distribution in a rectangular profile.
Layered structure are usually used for the hydraulic
properties input and the values for the layered
structures can be estimated within a range from
theoretical and empirical data. With this environment,
the axisymmetric model might be more practical than
a genuine 3-D model in many cases.

The model developed in this study can be used in
designing the gas extraction system in landfill site.
For more complex system, the model can be
extended to the three-dimensional model.
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