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Abstract

A landfill site is a complex environment characterized by many interacting physical,
chemical, and biological processes. This thesis presents a new two-dimensional nu-
merical model, called C-Flow, that simulates variably-saturated, transient moisture
movement, anaerobic biodegradation, advective-dispersive dissolved organic carbon
(DOC) transport, and gas generation in municipal solid waste (MSW). The model
represents MSW as a combination of loose waste and refuse contained in semi-intact
garbage bags. Darcy’s Law governs moisture movement through the loose waste.
Capillary-pressure gradients control moisture redistribution within the refuse-filled
garbage bags, which are represented by isolated porous spheres. First-order fluid and
mass transfer coefficients couple the two domains.

Numerical simulation results compare well with observations from a previous
dumpster-scale experiment. Rapid flow through the loose waste and gradual wa-
ter transfer into the garbage bags characterizes the moisture movement. Moisture
movement is sensitive to water application rate and waste compaction. Results from
a sensitivity analysis show that different sets of physical parameters represent the
experimental observations equally well.

An example model application illustrates waste biodegradation at the landfill
scale. Simulated biodegradation rates are unrealistically insensitive to different leach-
ate pumping and recirculation schemes. These results demonstrate the need for
further model development supported by experimental studies at a variety of scales.
A second example illustrates groundwater contamination caused by an unlined landfill

site. The simulated DOC concentrations within the landfill follow a realistic trend.



A DOC plume persists for more than one hundred years, although the concentrations

within the aquifer remain reasonably low.
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Chapter 1

Introduction

Moisture flows through variably-saturated porous media in a multitude of near-
surface environments. Water, gas, and solid particles interact in a wide variety of nat-
ural and human-influenced systems. Natural systems include soils, karst terrain, and
regions with thick unsaturated zones, while human-influenced systems include land-
fill sites, mine tailings impoundments, land farms, and compost piles. Multispecies
reactive transport in these environments may be important to predict weathering,
mineral dissolution, and transport in various geological settings. An understand-
ing of the key transport processes is also needed to predict contaminant dissolution,
interaction with porous media, transformation, transport, and precipitation in nat-
ural or anthropogenic porous media. Landfill sites have been selected for detailed
investigation in this thesis.

Decomposition of the biodegradable waste components in landfill sites is impor-
tant for many reasons. Biodegradation generates gases, primarily carbon dioxide and
methane, that may escape to the atmosphere to cause air pollution or accumulate
in structures, such as residential basements, to cause health and explosion hazards.
Furthermore, the methane generated at landfill sites during waste biodegradation
is increasingly being used as an energy source in North America, Europe, and Asia.
Additionally, water that percolates through the waste accumulates dissolved contam-
inants that are released during waste decay. This leachate may escape to aquifers

or surface water near the landfill, polluting the water. Finally, waste decomposition
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substantially reduces the waste volume, causing subsidence of the landfill site. Land
reclamation and reuse is complicated by the differential settlement of landfills that
may occur over many years after waste input has stopped.

An ongoing experimental research program at the University of Alberta has fo-
cused on the detailed study of water movement through municipal solid waste (MSW)
as well as waste decomposition and settlement behavior. The scale of investigation

is on the order of a few cubic metres. The main objectives of this thesis are to
e explore some of the processes that occur during waste decomposition;
e develop tools to aid in the analysis of the experimental results; and

e provide insight into the applicability of results at the present scale of investi-
gation to larger scales, particularly the field or landfill scale.

Results from this thesis, and the larger research program, should lead to improved
landfill site management and design techniques.

The processes thought to control moisture movement and decomposition in mu-
nicipal solid waste are presented in Chapter 2. Since the physical structure of waste
largely controls patterns of water movement, a conceptual model of the waste struc-
ture is discussed first. Next, mechanisms of gas and water movement are explained,
followed by the main processes controlling anaerobic waste biodegradation and dis-
solved organic carbon (DOC) transport. In order to limit the scope of investigation,
other kinds of decomposition, such as salt dissolution and aerobic biodegradation,
are not considered in this thesis. A set of mathematical equations is derived from
the conceptual models in the second part of Chapter 2.

A numerical simulator, called C-Flow, developed from the mathematical models
derived in Chapter 2 is discussed in Chapter 3. The numerical formulation is de-
scribed in the chapter, with additional details provided in Appendix A. A series of
simulations is presented at the end of Chapter 3 in order to demonstrate that the
model solves the set of mathematical equations accurately. The simulation results

are compared to analytical solutions or independent numerical solutions.



Once the model has been shown to accurately solve the equations that it was
designed to solve, it is used to simulate a set of moisture movement experiments
(Chapter 4). The simulated results are compared to the experimental observations
to assess whether or not the conceptual models are reasonable approximations to
reality.

Two field-scale examples are presented in Chapter 5 to illustrate some of the
capabilities and limitations of the numerical simulator. Although these examples are
intended primarily as illustrative tools, it is possible to draw some broad conclusions
regarding the influence that the scale of investigation exerts on moisture movement

and waste decomposition. These conclusions should help guide future research efforts.



Chapter 2

Theory

This chapter describes the conceptual and mathematical models that form the ba-
sis of this thesis. First, the conceptual models of moisture flow, biodegradation, and
dissolved organic carbon transport in municipal solid waste are discussed. The math-
ematical models developed from the conceptual models are presented at the end of

the chapter.

2.1 Conceptual Models

A generalized cross-section of a typical landfill site and the surrounding environment
is illustrated in Figure 2.1. The landfill has a large unsaturated zone where both gases
and leachate (contaminated landfill water) are present and mobile. A significant
saturated zone has also developed due to infiltration of water through the top of
the landfill. Leachate is being pumped from below the water table for treatment
or recirculation through the waste. Infiltrating water and recirculating leachate are
commingling and percolating downward through the unsaturated zone. The figure
also illustrates the possible scenario in which leachate escapes through the bottom
cf the landfill, causing a leachate plume to develop in the groundwater below and
downgradient of the landfill site.

Figure 2.2 illustrates a section through a small volume of a landfill site containing

typical municipal solid waste. Waste-filled garbage bags have been placed in a landfill;
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Figure 2.1: Conceptual model of overall landfill site behaviour
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Figure 2.2: Conceptual model of small-scale municipal solid waste behaviour. The
circles represent waste-filled garbage bags. The term (cg) represents fluid and mass

transfer between bags and channels. See text for further discussion.



the waste has begun to biodegrade to various aqueous-phase and gaseous products.
The primary solid waste biodegradation products may undergo further decay. Moving
leachate acts both as a medium for biochemical reactions and as a transport agent,
moving dissolved nutrients, biodegradation products and possibly bacteria from one
region of the landfill to another.

The conceptual, mathematical, and numerical models developed in this thesis use
a two-domain or dual-porosity approach. In the two-domain approach, the waste is
separated into two interacting continua, one which conducts fluid rapidly but stores
little, and one which stores large volumes of fluid but does not readily transport
it. In municipal solid waste, inter-bag channels constitute the conductive domain.
These form interconnected pathways that allow water to flow through the waste.
The garbage bags themselves form the storative domain; water is stored in the pore
spaces between waste particles within each garbage bag. The garbage bags are largely
isolated from each other, limiting water movement from garbage bag to garbage bag.
Biodegradation may occur in either the conductive or the storative domain, although
most of the biodegradable solids are likely contained within garbage bags. In this
thesis, the conductive domain is called the primary domain while the storative domain

is called the secondary domain.

2.1.1 Gas Flow

The landfill atmosphere is composed mainly of nitrogen, carbon dioxide, and methane
(Barlaz et al., 1990). These low-viscosity gases flow readily through the unsaturated
zone under very small pressure gradients (Celia and Binning, 1992). Therefore, gas
pressure gradients are not expected to influence water flow within the landfill. The
fate of gaseous-phase biodegradation products is not the focus of the present study,
so details of gas transport are not important. Thus, the gas pressure is considered to

be constant in the landfill and gas flow is neglected.



2.1.2 Water Flow

Waste placed in a landfill site is usually at an initial moisture content below the
residual moisture content. Thus, water initially present in the waste is redistributed
very slowly. Furthermore, a saturated zone can only form and leakage of leachate
from the landfill site can only occur if the landfill is recharged by infiltration of water.
The structure of the waste complicates water movement. The landfill domain
is considered to be primarily composed of waste-filled garbage bags, although the
typical landfill also contains a variety of other materials, such as construction debris,
yard waste, scrap metal, and others. For garbage bags, inter-bag voids are much
larger and more permeable than the pores within the garbage bags; hence bulk water
flow occurs mainly through the inter-bag voids. Water can move into or out of the
garbage bags through tears in plastic bags or by direct seepage through paper or
mesh bags. Little direct bag-to-bag flow is expected due to the small direct contact
area and the high resistance to water movement across a garbage bag interface.
Water may flow through the large inter-bag voids as films, droplets, or through
water-filled conduits. Flow occurs due to gravitational forces and hydraulic head
gradients. The void spaces in the waste within a garbage bag are assumed to be so
small that capillary forces dominate all other driving forces, including gravity, for

water redistribution within a bag.

2.1.3 Biodegradation

Fresh municipal solid waste is composed of a wide variety of materials of highly
variable biodegradability. Some materials, such as simple carbohydrates, are readily
biodegradable in the landfill environment whereas others, such as glass and many
plastics, are practically inert. According to Barlaz et al. (1990), cellulose and hemi-
cellulose make up approximately 91% of the biodegradable fraction of typical mu-
nicipal solid waste, with proteins contributing another 8%. Therefore, the elemental

composition of the biodegradable material present at landfill sites is reasonably uni-



form. However, the molecular structure of the material, such as degree of branching,
chain length, and degree of secondary chemical bonding, dramatically influences its
biodegradation rate. Physical accessibility can also limit biodegradability. For ex-
ample, balled-up sheets of paper are ekpected to degrade much more quickly than
intact books or bundled newspapers because of differences in exposed surface areas.

Biodegradation proceeds through a series of complex biochemical reactions. The
landfill environment is a dynamic ecosystem that contains diverse bacterial popula-
tions (Westlake et al., 1995) that compete and cooperate in deriving energy from the
decomposition of solid waste. It is exceedingly difficult, if not impossible, to quantify
the full complexity of the ecosystem; certainly no such attempt is made in this thesis.
Instead, a simplified conceptual model is presented to represent the gross ecosystem
behaviour.

The biodegradation process within a landfill site is generally broken into a series

of four steps (Barlaz et al., 1990):
e Aerobic biodegradation;
e Hydrolysis and fermentation;
e Acetogenesis; and
e Methanogenesis.

Aerobic biodegradation is very fast; therefore, aerobic bacteria rapidly consume all
the oxygen present within fresh waste. Oxygen may be replenished slowly at the
margins of the landfill site by diffusion of atmospheric oxygen; however, most of the
landfill environment is anaerobic (e.g., Lee et al., 1994; Nozhevnikova et al., 1993;
Barlaz et al., 1990; Farquhar, 1989). Thus, although aerobic biodegradation is fast,
it is often unimportant at landfill sites due to the lack of oxygen.

Anaerobic biodegradation begins once the free oxygen has been consumed (Fig-
ure 2.3). Hydrolytic and fermentive bacteria convert biodegradable solids (cellulose,

hemicellulose, and proteins) and any soluble organic carbon (e.g., sugars) to organic
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Figure 2.3: Conceptual model of anaerobic waste biodegradation. (modified from
Barlaz et al., 1990)



acids and alcohols, hydrogen, carbon dioxide, and methane. Acetogenic bacteria con-
vert the aqueous-phase alcohols and acids to acetic acid, along with more hydrogen
and carbon dioxide. The hydrogen (and some carbon dioxide) is rapidly converted
to methane, although hydrogen concentrations may reach several percent of an at-
mosphere during the early stages of anaerobic waste decomposition (e.g., Lee et al.,
1993, Nozhevnikova et al., 1993). The pH decreases due to acid production until the
onset of methanogenesis. Acetic acid dissociates to hydrogen and acetate ions in the
landfill leachate:

CH3COzH «— H* + CH3CO;. (2.1)

Methanogenic bacteria consume acetic acid, converting it to methane and carbon
dioxide, the terminal biodegradation products.

Bacterial populations increase dramatically during biodegradation; for example,
Barlaz et al. (1989) observed a 6 order of magnitude increase in bacterial population
over the duration of a laboratory-scale experiment. Population changes in the field
may not be the same as in the laboratory, but substantial population increases are still
expected as waste decomposes. These population increases result in some fraction of

the organic carbon being stored in biomass.

2.1.4 Transport

The aqueous-phase intermediate products may by transported by advection and dis-
persion through the groundwater as they biodegrade. The alcohols and short-chain
organic acids that make up the aqueous-phase have low vapour pressures (i.e., high
boiling points) and high water solubilities, as summarized in Table 2.1. Thus, the
dissolved organic carbon is not expected to be lost to the landfill atmosphere nor
adsorbed to solid waste particles to any significant degree. Mass transfer between
the primary and secondary domains occurs by advection with the moving leachate

or by molecular diffusion.
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Boiling Point Aq. Solubility

Name Molec. Formula (°C) (g/0)
Alcohols
methyl alcohol CH3;0H 64.5 00
ethyl alcohol CH;CH,OH 78.3 oo
propyl alcohol CH;CH,CH,OH 972 00
isopropyl alcohol (CH;),CHOH 82.3 oo
butyl alcohol CH;(CH,)3;0H 117 83
Organic Acids
formic acid HCO.H 100.5 oo
acetic acid CH;CO.H 118 oo
propionic acid CH3;CH,COH 141 o0
butyric acid CH3 (CHg)zCOzH 165.5 o0
valeric acid CH3(CH2)3C02H 187 37

Table 2.1: Selected physical properties of alcohols and organic acids (Fessenden and
Fessenden, 1986)

2.2 Mathematical Models

The conceptual models of water flow and solid waste biodegradation described above
were used to guide the development of a set of deterministic mathematical equations.
The water flow equations are presented first, followed by the biodegradation and

transport equations.

2.2.1 Moisture Flow
Darcy’s Law

Darcy’s Law is one of the fundamental equations of groundwater flow (Freeze and
Cherry, 1979) and is used as the constitutive model for nearly all the equations of
viscous flow through porous media. A one-dimensional form of Darcy’s law is (Freeze

and Cherry, 1979)
dh
gs=-K I (2.2)
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where g, is the volumetric water flux in the direction of increasing s, A is the hydraulic
head, and K is the hydraulic conductivity.

The hydraulic conductivity defined above is a function of the porous medium
structure (grain-size distribution and packing), the physical properties of water (den-
sity and viscosity), and water saturation. It is often convenient to separate the con-

tribution of each of these three factors as follows:

Puwg
K= k,(S.,,)-;w—k (2.3)
where k, is the relative permeability of the porous medium to water at the water
saturation S,,, gy is the density of water, p, is the viscosity of water, k is the
intrinsic permeability of the porous medium, and g is the gravitational acceleration,
which is essentially constant near the surface of the earth.

The hydraulic head is the sum of the elevation and pressure heads:
h=z+7¢ (2.4)

where the elevation head, z, is the elevation of the point of measurement above a
fixed (but arbitrary) datum. The pressure head, v, is defined as

P-PR
Pug

Y= (2.5)

where P is the absolute water pressure and P, is a constant (but arbitrary) reference
pressure which is usually taken to be standard atmospheric pressure. Equation 2.5 is
valid only for essentially incompressible fluids without significant density variation.
For landfill leachate, spatial density variations may be large enough to cause sig-
nificant density-induced leachate transport. Accounting for density-induced advec-
tion introduces stronger nonlinearities to the mathematical formulation of flow and
increased coupling between water flow and aqueous-phase transport. Since no exper-
imental evidence of density-induced transport was encountered during the present
study, the added effort required to account for density-induced transport was not
considered to be warranted. The ability to account for density-induced transport

could be added as a future mathematical model enhancement, if necessary.
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The hydraulic head is the the total fluid energy potential only when certain con-
ditions are met. First, the fluid velocities must be small enough that viscous forces
dominate inertial forces. This requirement is satisfied when the Reynolds number
based on the average grain diameter, d, is less than 10 (Freeze and Cherry, 1979).
This Reynolds number is defined as

Pow
where ¢ is the magnitude of the water flux. Second, all gradients (e.g., electrical,

Red =

thermal, or chemical) other than the hydraulic head gradient must be negligibly
small (Freeze and Cherry, 1979). Since Darcy’s Law is used for the following water

flow derivation, these conditions must be satisfied for the flow equations to hold.

Primary Domain

The primary flow domain is treated as a continuum. Moisture flow is assumed to
be governed by Darcy's Law and is thus limited to the conditions described above.
The mass continuity equation is simplified by requiring that the fluid (water) and
the porous medium are only slightly compressible, such that neither the fluid nor
the porous medium deform much in response to fluid pressure changes. While it is
acknowledged that municipal solid waste is typically rather compressible (Wall and
Zeiss, 1995), it is necessary to assume that the waste is only slightly compressible to
render the present problem tractable within the scope of this thesis.

Uniform fluid density is assumed for the derivation. Thus, the model cannot
account for buoyancy-driven flow that may occur due to fluid density gradients caused
by chemical concentration gradients or thermal gradients, for example. No significant
buoyancy-driven flow is expected in situations where active pumping takes place
because the hydraulic head gradients are so large. However, spatial density contrasts
may be important in other situations; clearly, the mathematical model would need
to be modified to accommodate such scenarios.

Some researchers have suggested that relative permeability is a tensor (e.g., Bear

and Braester, 1987). However, limited information is available regarding the func-
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tional relationships between the relative permeability tensor and the water saturation
(Springer et al., 1987), whereas a wealth of literature is available that relates a scalar
relative permeability to water saturation for many different porous media (e.g., van
Genuchten, 1980; Mualem, 1976; Brooks and Corey, 1964). Thus, without further
data, it seems justified to treat the relative permeability as a scalar quantity. Rela-
tive permeability is probably not strongly anisotropic for porous media with isotropic
intrinsic permeabilities, but may be in other cases (Brooks and Corey, 1964).

Based on the above conditions, the general partial differential equation describing
the flow of water in a slightly-compressible, variably-saturated porous medium is
(Bear, 1979)

10 dh oh  ,8Ss _ . .. _
—;E (Ter;]E::) + SstEt_ + ow =q )= 11 21 3 (2'7)

where Kj; is the saturated hydraulic conductivity tensor, S; is the specific storage, 8
is the porosity, and g* is a volumetric fluid source term. Equation 2.7 applies to one,
two, or three-dimensional flow. For one dimensional flow, z; = z; for two-dimensional
flow, , = z (Cartesian coordinates) or r; = r (axisymmetric coordinates) and
T, = z. Three dimensional flow is not considered in this study. Note that the r's
appearing in Equation 2.7 cancel for all but the radial coordinate direction. The
specific storage is defined in the usual way (Freeze and Cherry, 1979):

Ss = pug (a +6B). (2.8)

where a is, here only, the compressibility of the porous medium and g is the com-

pressibility of water.

Secondary Domain

The secondary flow domain is treated as a one-dimensional, spherical continuum.
The spherical coordinate system was selected to represent the garbage bags for its
geometric simplicity. Thin, extensive slabs are also simple geometric shapes suitable

for a one-dimensional mathematical approximation. Treating the bags as thin slabs,

14



rather than spheres, would result in a slightly different set of equations. Spheres are
used in the present study because they are thought to approximate the shape of the
garbage bags more closely than slabs.

Pressure head gradients are implicitly assumed to be much larger than elevation
head gradients in the one-dimensional formulation, so only reasonably small, low-
permeability spheres can be well-represented. An exception occurs in situations where
the secondary domain is so permeable that the primary-secondary domain interface
provides the only resistance to fluid transfer; the mathematical model represents such
situations accurately.

The secondary-domain flow equation was derived by converting Equation 2.7 to
spherical coordinates (Spiegel, 1968), dropping the elevation heads, and considering

only the radial coordinate direction:

18 (4,00 s O 0S,
55 (r kK ar) +S.S, 5 0 = =0 (2.9)

where the variables are as described above and the primes denote the secondary

domain. The centre of the sphere is a symmetry boundary:

% =0, r=0. (2.10)

The surface of the sphere is a first-order fluid transfer boundary:
Go=F({—v¢) r=r (2.11)

where g is the volumetric flux of water into the secondary domain from the primary
domain, rq is the outer sphere radius, F; is the fluid transfer coefficient, and (¥ —%')o
is the difference between the primary pressure head and the secondary pressure head
at the primary-secondary domain interface.

The fluid-transfer coefficient represents the ease of water movement across the
primary domain-secondary domain interface. The lower the resistance to fluid trans-
fer across the interface, the larger the coefficient. A fluid-transfer coefficient of zero
would represent a completely impervious interface, while an infinitely large coeffi-
cient would represent perfect hydraulic connection across the domain interface (i.e.,

negligible resistance to water transfer).
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The source term for the secondary domain corresponds to a volumetric sink term
in the primary domain. Therefore, the secondary domain makes a negative contri-

bution to the primary domain source term:

. 3 . -
q" = ——qV, (2.12)
To
where V" is the fraction of the bulk porous medium occupied by the secondary

domain. The factor 3/r, in Equation 2.12 is the ratio of surface area to volume for

a sphere.

Constitutive Unsaturated Relationships

Relative permeability and water saturation in Equations 2.7 and 2.9 are variable
under unsaturated flow conditions. Constitutive relationships are thus required to
relate relative permeability and water saturation to the state of the porous medium.

The water saturation is commonly taken to be a function of the equilibrium

capillary pressure head, defined by
Y = —————— (2.13)

where 1. is the equilibrium capillary pressure head and P, is the air pressure. It
must be stressed that the the capillary pressure head defined by Equation 2.13 is
only the true capillary pressure head at thermodynamic equilibrium (Hassanizadeh
and Gray, 1993); thus, it can only be taken as a state variable, as defined, for static or
quasi-static conditions. Many practical situations, including variably-saturated flow
through fine-textured materials, meet the quasi-static requirement. Water tends to
flow slowly through saturated capillary tubes in such situations, with water retreating
into smaller and smaller pores as capillary pressure increases (Jury et al, 1991).
However, in other situations, such as flow through coarse materials at low water
saturations, water may flow as films that wet the porous medium solids rather than
through saturated capillary tubes. In the case of film flow, the system may be far

from pressure equilibrium so Equation 2.13 may not hold.
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Brooks and Corey (1964) developed an empirical equation that relates water
saturation to capillary pressure head based on the observation that effective water
saturation—capillary pressure data often fall on a straight line on a log-log plot. Effec-
tive saturation is defined as the drainable saturation, varying from one at maximum
water saturation to zero at the minimum drainable water saturation (see below). The

constitutive equation is

Se = ———

—-A
S, — 5, {( L %> v .14
L

1- S,- ‘(/}c S wd
where S, is the effective saturation, S, is the residual saturation, 14 is the displace-
ment capillary pressure head, and ) is the pore-size distribution index. Another

commonly used equation is given by van Genuchten (1980):

5= { [+ (aw) ™, %e>0 .15

1, Y.<0

where a, m, and n are shape parameters, and usually m = 1 — 1/n, although other
values may be chosen (van Genuchten, 1980). The shape parameters a, m, and n are
related to the shape parameters A and 1,. For large values of the capillary pressure

head, Equation 2.15 reduces to

= (ap)™™". (2.16)

Thus, 4 = 1/a and, for m =1 —1/n, A = n — 1 at large capillary pressure heads
(van Genuchten, 1980).

Equations 2.14 and 2.15 may imply that water saturation is a single-valued func-
tion of capillary pressure for a given porous medium. It is not. The water saturation—
capillary pressure relationship is hysteretic (Freeze and Cherry, 1979). The water
saturation at a given capillary pressure is higher during drainage (removal of wa-
ter from the porous medium) than during wetting (addition of water to the porous
medium) (see Figure 2.4). Furthermore, the initial state of the porous medium dic-
tates which curve is followed during drainage or wetting. Drainage of an initially sat-

urated porous medium follows the initial drainage curve in Figure 2.4. Some residual
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sure decreases during wetting while water saturation decreases and capillary pressure
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water remains even at high capillary pressures. Subsequent wetting of the fully-
drained medium follows the primary wetting curve, but some air becomes trapped as
water saturation increases so the new maximum saturation is lower than the initial
saturation. Subsequent wetting/drainage cycles remain within the envelope bounded
by the primary wetting curve and the primary drainage curve (solid lines). Wetting
of a dessicated porous medium follows the initial wetting curve. As for drainage, air
becomes trapped as wetting proceeds. Subsequent drainage/wetting cycles again re-
main within the closed envelope. Water saturation can fall below the residual water
saturation when water is lost by evaporation or to plant roots, for example (Jury
et al., 1991). Trapped air can dissipate by dissolution into water and subsequent
transport in the aqueous phase.

Equation 2.14 can be adapted to account for hysteresis by treating the fitting
parameters ¥y and A as functions of the wetting history. Similarly, the parameters
a and n in Equation 2.15 can be varied. Initial wetting and initial drainage can be
accommodated by modifying the definition of S,:

Sz — ¢

Se=1 "%

(2.17)

where S} is 0 for a completely dessicated porous medium, increasing toward a maxi-

mum of S, as wetting progresses. The modified water saturation is
w = Sw + Su (2.18)

where S, is the trapped air saturation (Parker and Lenhard, 1987).

Lenhard et al. (1991) accounted for hysteretic flow behaviour by setting a to
be twice as large for drainage as for imbibition and by defining an apparent water
saturation to account for air entrapment during wetting. They applied their variably-
saturated flow model to a laboratory experiment involving cyclic wetting and drainage
of a porous medium. The model matched the observed water saturation history
significantly better when hysteresis was accounted for in the constitutive relations
(i.e., Y.—S. and S.-k,) than when single-valued functions were used. Application
of the hysteretic approach is limited by the availability of separate primary wetting
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and drainage curves since only the drainage curve is usually measured. Furthermore,
the variably-saturated flow problem is more mathematically and numerically complex
when hysteretic constitutive equations are used instead of single-valued functions due
to the extra parameters and increased overhead required to track the water saturation
history.

Non-hysteretic constitutive relations are used in this thesis to reduce the complex-
ity of the mathematical and numerical models. Simulations involving wetting/drain-
age cycles use average water saturation—capillary pressure curves to minimize the
error introduced by neglecting hysteresis. Simulations involving strictly drainage or
strictly wetting are not hysteretic; appropriate wetting or drainage curves are used
for those simulations.

Wetting-fluid relative permeability is a weakly-hysteretic function of the water sat-
uration (Lenhard and Parker, 1987). Single-valued water saturation-relative perme-
ability curves are considered to adequately represent the porous medium behaviour.
Relative permeability-effective saturation functions can be derived from the effective
saturation—capillary pressure functions and knowledge of the flow-path tortuosity

(Mualem, 1976). Equation 2.14 leads to (Brooks and Corey, 1964)
k, = S£2+3A)/A (219)
and Equation 2.15 leads to (van Genuchten, 1980)

k=821~ (1- 54" (2.20)

Boundary and Initial Conditions

Equation 2.7 describes a transient boundary value problem. Thus, boundary condi-

tions must be specified for the entire domain boundary,
F=rI;+ 0. (2.21)

On I’y (Type I, Dirichlet),
h=hr (2.22)
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where hp is the specified hydraulic head on I';; on I'; (Type II, Neuman),

oh

I fr (2.23)

where fr is the specified gradient on ['; and n designates the outward normal direction
to the domain boundary. The initial condition must also be specified over the entire
domain:

h = hq (2.24)

where hy is the initial hydraulic head distribution. The initial pressure head must
also be specified for the secondary domain:

¥ =1 (2.25)
where z,bé, is the initial secondary-domain pressure head distribution. For simplicity,
the initial pressure head is assumed to be uniform within each sphere in the sec-
ondary flow domain in the present study, but any initial pressure head distribution
is theoretically permissible. Initial water saturations are calculated from capillary
pressure heads using Equation 2.14 or 2.15 where the capillary pressure heads are
calculated from the known pressure heads (calculated using hydraulic and elevation
heads, if necessary).

A seepage face is a special type of boundary that can occur during variably-
saturated flow (Cooley, 1983). Seepage faces form wherever the porous medium
is exposed to the atmosphere and the pressure head inside the domain is greater
than atmospheric pressure. In such a case the hydraulic head inside the domain
is greater than that just outside the domain, causing water to flow out across the
boundary. Since the region outside the domain is dry, no water is available to enter
the domain across the boundary when the pressure head inside the domain falls below

atmospheric pressure. In mathematical terms

h=z, <o (2.26)

“3 an —_
g% =0, h<z (2.27)
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Figure 2.5: Simplified model of anaerobic waste biodegradation

Thus, portions of the seepage face below the water table (i > 0) are specified head
boundaries while portions above (¢ < 0) are no flow boundaries.

The present formulation generalizes the seepage face boundary to a threshold
hydraulic head boundary:

oh

— —_— < .
oh
—_— < .
5, =0 h < he (2:29)

where h, is any fixed value of hydraulic head. The threshold head boundary is

identical to the seepage face boundary when h, = z.

2.2.2 Carbon Transformations

The chemical reactions involving carbon that occur during anaerobic waste biodegra-
dation are described by a series of coupled partial differential equations based on the
conceptual model presented in Section 2.1.3. The biodegradable carbon is trans-
formed from the solid phase to an intermediate dissolved phase and, ultimately, to
the gas phase (see Figure 2.5). Advective-dispersive mass transport may occur in the
aqueous phase and gas phase; however, only aqueous-phase transport is considered

here. The mathematical model describing the carbon transformations follows.
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Hydrolysis and Fermentation

The mathematical model accounts for two classes of biodegradable solid organic car-
bon: accessible carbon and protected carbon. The accessible class includes carbon
that is readily biodegradable by virtue of its chemical composition (e.g., short chains
with minimal branching), molecular structure (e.g., weak secondary bonds), or phys-
ical accessibility (e.g., balled up paper). The protected class consists of the more
recalcitrant materials (e.g., long, branched chains; intensive secondary bonding; bun-
dled paper or intact books). The transformation rate of each component of the solid
phase to the gaseous and aqueous phases is approximated by a first-order kinetic

reaction:
0B;
ot

where B; is the bulk biodegradable carbon concentration (with dimensions of mass

= —0yr:B; (2.30)

of carbon per unit volume of waste) and «; is the first-order hydrolysis/fermentation
rate constant for phase 7, with ¢ = a for the accessible carbon and i = p for the
protected carbon.

The volumetric moisture content, 8, is defined as
v
By = Sul + S, /0 Sudy. (2.31)

The last term in Equation 2.31 represents moisture stored due to porous medium ex-
pansion and water compression as the pressure head increases. It is usually negligibly
small because S, is generally very small. The reaction rate is directly proportional to
the moisture content in order to account for the observed increase in biodegradation
rate with increasing moisture content (Gurijala and Suflita, 1993).

The first-order kinetic model was chosen over more complex models because of
the difficulty in accurately quantifying the many factors that control hydrolysis and
fermentation at a landfill site. As hydrolysis and fermentation proceed, the remain-
ing biodegradable solids will be increasingly recalcitrant (Barlaz et al., 1990), both
chemically and physically. Thus, despite the fact that the hydrolytic and fermen-

tive bacterial populations increase with time, biodegradation rates are expected to
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decrease due to the decreasing biodegradability of the solids. Laboratory (Barlaz
et al., 1989) and field observations (Marticorena et al.,, 1993) seem to indicate that
solid organic carbon biodegradation does obey a first-order rate law. Therefore, the
first-order, two-class model is considered to be a reasonable approximation.

Equation 2.30 is subject to the initial condition
B: = Bio (2:32)

where B;j is the initial concentration distribution of biodegradable carbon in solid

phase 1.

Methanogenesis

Microbial populations can increase by several orders of magnitude due to the biode-
gradation of municipal solid waste (Barlaz et al., 1989). Biodegradation rates gener-
ally increase with increasing microbial population. Factors other than the microbial
population may limit biodegradation rates, as discussed above, but the size of the
bacterial population is expected to be important during methanogenesis because the
substrate (acetic acid) is in the aqueous phase. Thus, the availability of the substrate
to the microbes should mainly be a function of its aqueous-phase concentration.

Monod kinetics account for changes in biodegradation rate due to changes in both
substrate concentration and biomass concentration and so are commonly used when
the two concentrations are expected to change significantly (e.g., Gilmour, 1996;
Goniillli, 1994; Lee et al., 1993). Therefore, Monod kinetics are also used in the
current study.

The biomass production equation is (Fetter, 1993)

0X uC

at = )XKC T C.X - ICdX, (2‘33)

where X' is the bulk biomass concentration (as carbon), C is the dissolved organic
carbon concentration (as mass of carbon per unit volume of water), Yx is the biomass

yield coefficient, p is the maximum methanogenesis rate, K¢ is the half-saturation
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constant, and k4 is the first-order biomass decay rate. The biomass decay rate is
usually insignificant relative to the growth rate (Gilmour, 1996), except when DOC
concentrations are very small; therefore, the first-order approximation is considered
to be adequate.

The initial biomass distribution must be specified:
X=X, (2.34)

where X is the initial biomass concentration.

Gas Production

Methane and carbon dioxide are the terminal carbon transformation products in
anaerobic environments (Barlaz et al., 1990). Hydrolysis/fermentation and methano-
genesis both generate gases. Transport of methane and carbon dioxide would require
the explicit consideration of gas flow and is beyond the scope of this study. Gas

production is defined by

66‘,— v 1 , [lC
5 = Yi0u(kaBs + £pBp) + 5 [(1 Y")KC ~C

where i = I for the inorganic gas (CO;) and i = O for the organic gas (CHy), G;

X+ n,,x] (2.35)

is the bulk concentration of gas i (as carbon), and Y; is the fraction of the solid
phase converted directly to gas i. The 1/2 in Equation 2.35 is derived from the

stoichiometry of acid methanogenesis:
H* + CH;CO; — CHy + CO,. (2.36)

As discussed below, acetic acid is the only intermediate product considered in the
present mathematical formulation. Since each mole of acetic acid (CH3CO;H) con-
tains two moles of organic carbon (C), each mole of dissolved organic carbon contains
1/2 mole of acetic acid.

The initial gas concentrations must be specified:
Gi =Gip (2.37)

where G g is the initial concentration distribution of gas i.
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2.2.3 Aqueous-Phase Transport

The dissolved organic carbon generated as a byproduct of hydrolysis and fermentation
exists primarily as short-chain acids and alcohols at typical landfill sites (Barlaz et
al., 1989). Lee et al. (1993) considered two classes of dissolved organic carbon:
alcohols/organic acids and acetic acid. Acetic acid was produced both from direct
solids biodegradation and from the conversion of alcohols and acids to acetic acid.
Goniilli (1994) considered a single dissolved species. Both studies treated transport
as a simple one-dimensional advective process. Acetic acid alone is used in this thesis
to represent the range of organic compounds present in the aqueous phase because
it can be utilized directly by methanogenic bacteria. A more complete accounting of
dissolved organic carbon would require a separate transport equation for each species
considered, increasing both the computational burden and amount of information
required to solve the landfill stabilization problem. Due to the poor characterization
of most landfill sites and rapid acetogenesis relative to methanogenesis, the single

aqueous-phase species model is thought to be adequate.

Primary Domain

The transport of acetic acid in the primary domain is described by the advection-
dispersion equation, with a source term due to hydrolysis/fermentation of biodegrad-
able carbon, a sink term due to methanogenesis of the dissolved organic carbon, and
a source term due to mass transfer from the secondary domain. Since organic acids
and alcohols have such high aqueous solubilities and low vapour pressures (see Table
2.1), adsorption onto the porous medium and volatilization to the vapour phase can

be neglected. The resulting aqueous-phase transport equation is

10 oC ocC ocC
—;-a?‘- (TngijEI_j) + ku,-a—zi + gwgt- =
BuelhaBa +mpBy) = Toee 477, 67 =1,2,3 (2.38)
(o4

where v; is the bulk average (macroscopic) linear velocity vector, Y is the fraction of

solid organic carbon transformed to acetic acid, and j* is a volumetric mass source
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term, defined in the next section. The bulk velocity is obtained from the volumetric

water flux, ¢;, and the moisture content, 8,:

_%
v = o (2.39)

The dispersion tensor, D;;, is defined as (Bear, 1979)
‘U,"UJ' ..
Dij = awdi; + (a0 — @)=~ + Dubyy, 1,j=1,2,3 (2.40)

where o, and o, are the longitudinal and transverse dispersivities, respectively, d;; is
the Kronecker delta, 7 is the water-phase tortuosity factor, and D,, is the aqueous-
phase diffusion coefficient. The tortuosity is calculated using the equation developed
by Millington and Quirk (1961):

(2.41)

Secondary Domain

The same transformation used to convert Equation 2.7 to one-dimensional spherical
coordinates can be applied to Equation 2.38. The transformation results in the

following advection-dispersion equation, applicable for the secondary domain:

_i_a_<r20;D, a£)+6, 9C g 9C _

2 or o )T e T e
oo "o [ ﬂl‘«YIC,
gwyC(KaBa + K.po) - m—, (2.42)

where the variables are described above and, as for the flow equation, the primes
denote the secondary domain. The centre of the sphere is a symmetry boundary:

% =0, r=0. (2.43)

Advective mass transport across the sphere boundary is defined by
%C', 4 <0
Joads =93 0, ¢=0 (2.44)
%C, >0
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where j, adv 1S the advective mass flux into the secondary domain from the primary
domain. Dispersive mass transport across the sphere boundary is via first-order mass
transfer:

j(,],disp =M(C—C)o, T=19 (2.45)

where j(',,d,-,p is the dispersive mass flux into the secondary domain from the primary
domain, M, is the mass transfer coefficient, and (C — C') is the difference between
the primary concentration and the secondary concentration at the primary—secondary

domain interface. The total mass flux into the sphere is given by
Jo = Joady + Jo.disp- (2.46)

As was the case for water transfer, the source term for the secondary domain corre-
sponds to a volumetric sink term in the primary domain. Therefore, the secondary

domain makes a negative contribution to the primary domain source term:

. 3 ..
I =—=7V;. (2.47)
To

Initial and Boundary Conditions

Equation 2.38 describes a transient boundary-value problem. Thus, boundary con-

ditions must be specified on the entire boundary,
= +0+ 1. (2.48)

On I';y (Type I, Dirichlet),
C=Cr (2.49)

where Cr is the specified concentration on I'y; on I'; (Type II, Neuman),

oC
Sn = 9r (2.50)

where gr is the specified concentration gradient on I's; and on I's (Type I1I, Cauchy),

ocC
an - ngn% = (qC)p (2.51)
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where (qC)r is the specified total carbon mass flux on ;3. The initial concentration

must also be specified over the entire domain:
C=0C (2.52)

where Cj is the initial dissolved organic carbon concentration distribution in the

primary domain and

C =C, (2.53)

where C, is the initial dissolved organic carbon concentration in the secondary do-
main. For simplicity, the initial dissolved organic carbon concentration is assumed

to be uniform in each sphere.
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Chapter 3

Numerical Implementation

The mathematical model described in the previous chapter was implemented in a
two-dimensional, two-domain numerical simulator called C-Flow. The following sec-
tions present the numerical model and a series of verification problems. Subsequent
chapters discuss the application of C-Flow to the study of moisture flow, biodegrada-
tion, and dissolved organic carbon transport in municipal solid waste under a variety

of conditions.

3.1 Domain Discretization

3.1.1 Primary Domain

The primary domain is a two-dimensional cross section. Gravity points in the nega-
tive z-direction. For Cartesian coordinates, the z-y-z coordinate system is used and
all flow and transport occur in the z-z plane (Figure 3.1), with the domain thick-
ness being arbitrary. For axisymmetric coordinates, the r-¢-z coordinate system is
used and all flow and transport occur in the r-z plane (Figure 3.2). The domain is
discretized using three-node triangular finite elements (Figure 3.3a) for both cases.
Two-node line elements (Figure 3.3b) can be used to represent explicit fractures
or pumping wells. The line element represents a fracture of arbitrary width with
one-dimensional flow and transport along the fracture in the z-z or r-z plane. In the
axisymmetric coordinate system, vertical line elements can be placed near the z-axis
30
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Figure 3.1: Cartesian coordinate system. The shaded region is the two-dimensional
solution domain.

Figure 3.2: Cylindrical coordinate system. The shaded region is the two-dimensional
axisymmetric solution domain.

(a) i 7

Figure 3.3: Finite elements used for domain discretization: (a) a three-node triangu-
lar element and (b) a two-node line element.
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Figure 3.4: Spherical coordinate system. The thick line (r-axis) is the omne-
dimensional spherical solution domain.

to represent pumping wells. Although line elements are used exclusively to represent
pumping wells in this thesis, they could be used to represent explicit fractures with

no (or minimal) modification to C-Flow.

3.1.2 Secondary Domain

The secondary domain uses a spherical (r-¢-¢) coordinate system (Figure 3.4). Pure-
ly radial low and transport are considered. One-dimensional spherical shell elements
are used to discretize the domain. Each element is composed of two nodes, just as
the line elements are (Figure 3.3b). The cross-sectional area of the shell element is a

function of r; thus, the area varies along the element.

3.1.3 Interdomain Coupling

As outlined in Chapter 2, the two domains exchange fluid and mass through coupling

terms (Equations 2.12 and 2.47). The coupling terms appear as volumetric source
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terms for the primary domain and boundary conditions for the secondary domain. In
the numerical implementation, each triangular finite element in the primary domain
is associated with its own secondary domain, independent of all other elements. The
elemental average pressure head and dissolved organic carbon concentration in the
primary domain are imposed as boundary conditions on the secondary domain. No
secondary domain is associated with a line element.

The resulting fluid and mass surface fluxes across the secondary-domain boundary
are converted to primary-domain source terms (volumetric fluxes) via Equations 2.12
and 2.47, respectively. This conversion process automatically accounts for the relative
sizes and volumes of the secondary and primary domains.

The two domains are independent of one another, other than the coupling at
the interdomain boundary described above. The secondary domain does not see
the primary domain directly, only through fluid input (or output) at the surface
of a sphere. The flow equations are solved separately for the secondary domain
associated with each primary-domain element using the boundary condition imposed
by the primary domain pressure head.

The flow and transport equations are solved for the primary domain using the
sources (or sinks) of fluid calculated for the secondary-domain in each primary-
domain element. The sequence of secondary domain and primary domain calculations
is repeated until the pressure heads and fluid fluxes stabilize.

Once the correct hydraulic heads have been calculated, the sequence is repeated
for DOC transport and reactions. Further details of the flow and transport calcula-

tions are presented in the following sections.

3.1.4 Time

The flow, biodegradation, and transport equations are transient. Thus, discretization
in time is required in addition to the previously discussed discretization in space. C-
Flow is a time-marching program. The simulation begins with the initial condition

and solves the equations at successive time levels until the end time is reached. Finite
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differences are used to discretize the time derivatives at each time level (Huyakcrn

and Pinder, 1983). For example, the time derivative in Equation 2.7 is discretized by

6h Rt — R
R (3.1)

where the superscript j denotes the previous time level, j + 1 denotes the current
time level, and At is the time-step size. Equation 3.1 holds for the entire interval
between j and j + 1.

The spatial derivatives may be evaluated at any time level, j + w, between j and
J + 1, where w is a time-weighting factor that ranges from 0 to 1. As discussed by
Huyakorn and Pinder (1983), evaluation of the spatial derivatives at j (i.e., w = 0)
leads to the fully-explicit formulation, so named because the resulting set of matrix
equations may be solved directly for the variables at the new time level. The explicit
formulation is only conditionally stable, meaning that the error grows exponentially
when a threshold At is reached. Evaluation of the spatial derivatives at a time
level greater than or equal to j + 1/2 results in an unconditionally stable solution.
Crank-Nicolson time weighting (w = 1/2) is formally the most accurate, but causes
oscillations in the solution under some conditions. Fully-implicit time weighting

(w = 1) leads to less accurate, but oscillation-free solutions.

3.2 Moisture Flow

The water flow equations (Equations 2.7 and 2.9) are discretized by a method similar
to Celia et al. (1990). They achieved a practically perfect fluid balance by defining
water saturations to be nodal quantities in their finite-element formulation, rather
than using elemental fluid capacitances. The fluid balance definition will be discussed
in Section 3.2.2; briefly, it is a measure of how well a numerical model accounts for
fluid input to, output from, and storage within the solution domain. Some numerical
formulations are not rigorous in their fluid accounting, while other fluid balance
errors may arise from rounding during calculations. Celia et al. (1990) provide a

detailed discussion of fluid balance errors as well as a summary of several numerical



formulations.

The final set of discretized equations describing water flow in the primary domain

[} + VI — W)+ LUSH - S} = {Qu). (32)

The global stiffness matrix [H], capacitance matrix [V], and unsaturated storage

matrix [U], are assembled from the elemental matrices, given in Appendix A. The
vector {Qin} accounts for the contribution of water from the secondary domain.

The model allows either a uniform, constant time weighting factor or a variable

time weighting factor based on the pressure heads from the previous time step. For

variable time weighting, a separate flow time-weighting factor is defined for each

node:

1-1%— 4. >0
W= 2V +ye ¢' (3'3)
1, Y. <0

where W, is a positive constant. The function was chosen to balance the oscillation-
free solutions obtained using fully-implicit time weighting against the reduction in
iteration-to-iteration oscillations obtained by retaining part of the previous solution.
Thus, the function uses fully-implicit time weighting (w = 1) under saturated or
nearly-saturated conditions when the problem is linear, and evolves toward Crank-
Nicolson time weighting (w = 1/2) at low water saturations when the problem be-
comes highly nonlinear. Setting ¥, to be on the order of i, or 1/a (or somewhat
larger) yields a well-behaved solution for the problems tested. Experience with C-
Flow indicates that variable time weighting may be more efficient and accurate than
constant time weighting for some variably-saturated flow problems.

The matrix equations for the secondary domain are obtained by substituting

the hydraulic heads in Equation 3.2 with pressure heads and dropping {Q:,}. The

resulting set of secondary-domain matrix equations is
’ rj+w 1 ’ 13+1 'y 1 j j
HH V™ -0+ SRS -8 =0 (39)

where the primes denote the secondary domain. The elemental matrices for one-

dimensional, spherical shell elements are derived in Appendix A.



3.2.1 Solution Procedure

The set of linearized equations is solved at each time level. Either Picard iteration
or Newton-Raphson iteration is used within each time level to update [H] and [V]
based on the solution from the previous iteration (Huyakorn and Pinder, 1983). The
iteration scheme requires an initial estimate of the solution at each time step. This
estimate is extrapolated from the previous solutions using the formulae first suggested

by Cooley (1971) and also used by Huyakorn et al. (1984):

,

h®, i=0

B9 = b+ L(h' — RO)At/Ato, i=1 (3.5)

\ h? + (h? — hi~ 1) log (-“t—A‘) / log (t-—Att.,Tj) , j>1

where Aty is the previous time step size and h? = hq, the prescribed initial condition.
This extrapolation reflects the solution behaviour expected for a transient problem
as it approaches equilibrium.

The solution is iteratively updated, as described in Appendix A, until it has
converged to within some acceptable error tolerance. If the maximum allowable
number of iterations is exceeded before the solution converges then the time step size
is decreased and the time step is repeated. The time step size is decreased for the
next time step if the solution converges slowly. When the flow solution converges
very quickly, the time step size is increased for the next time step as long as the
transport solution also converges quickly. By default, At is halved and the time step
is repeated if the solution has not converged within 25 iterations, At is halved for
the next time step if the solution requires 12 - 25 iterations to converge, and At is
increased by a factor of 1.1 for the next time step if the solution converges within 4
iterations. Different convergence parameters can be specified by the user if desired.
Minimum and maximum time step sizes are also specified. The minimum step size is
set to ensure that the the simulation runs to completion in a finite number of steps.
The maximum step size may be used to control time-discretization errors for linear

or mildly nonlinear problems.
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3.2.2 Fluid Balance

Fluid-balance calculations are performed to ensure that the numerical model correctly
accounts for water added to or removed from the flow domain. A poor fluid balance
usually indicates that the numerical formulation is flawed, the code contains errors,
or the solution convergence tolerance is too lax. An excellent fluid balance, however,
does not guarantee solution accuracy. The fluid balance error for the primary domain
is defined as follows:

€w =Qr +Qv+Vyo—Vy (3.6)

where Qr is the volume of water added to the domain across the domain boundary,
Qv is the volume from volumetric sources (i.e., the secondary domain), V¢ is the
volume initially in the domain, and V/, is the volume currently in the domain. A
perfect fluid balance yields an error of 0. The water balance may be normalized
by dividing Equation 3.6 by @r + Qv. The corresponding secondary-domain fluid
balance is

€w=Qr+ Vo~ Vo (3.7)

The numerical formulation conserves water by its nature. Thus, fluid balance
errors arise only from residual errors in the flow solution. For relatively simple
variably-saturated flow simulations, normalized fluid balance errors are readily held
to 10719 or better. For more complex simulations, the convergence criteria commonly
need to be relaxed to obtain a solution within an acceptable period of time because
heterogeneities and sharp wetting fronts are difficult to resolve with the discrete
nature of the grid. The resulting fluid balance errors for these complicated simulations
may be as great as 1072, Experience with C-Flow indicates that the numerical results
for highly nonlinear problems are usually insensitive to fluid balance errors up to a

few percent.
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3.3 Carbon Transformations

The organic carbon transformation reactions described in the previous chapter are
discretized below. Numerical stability and computational efficiency are emphasized
in order to compensate for nonlinearities introduced to the transport model by the
Monod-kinetic term.

Fully-implicit time weighting is used for the hydrolysis/fermentation reactions to
guarantee smooth solution behaviour. The biodegradable solid carbon concentra-
tions are specified as piecewise constant over an element, so each element has an
independent set of equations. The hydrolysis/fermentation equation (Equation 2.30)
is discretized for each element using finite differences in time, resulting in

. BRI
BI*l = Tift_m (3.8)
where i = a for the accessible carbon and ¢ = p for the protected carbon. Overbars
are used both here and below to indicate that a variable is constant within an element.

The elemental biomass concentrations, like the biodegradable solids concentra-
tions, are piecewise constant. Fully-implicit time weighting is used for the first-order
decay term to ensure smooth solution behaviour. Fully-explicit time weighting is used
for the production term, also to ensure that the solution is smooth. The explicit for-
mulation has the further benefit of decoupling the biomass growth equation (Equation
2.33) from the transport equations (Equations 2.38 and 2.42). Known biomass con-
centrations are used in the discretized transport equations and the growth equations

are solved only once at the end of each time step, using the converged, time-weighted,

aqueous-phase concentrations. The discretized biomass growth equation is
X+ - Xi YxuCit? \ _. .

= o~ JYJ - XJ+1 3-9

At (KC + [Ci+9] fid (39)

where C7*? is the elementally-averaged aqueous-phase carbon concentration, evalu-

ated at the time dictated by the transport time-weighting factor, {2, discussed below.

Equation 3.9 can be solved directly for the new elemental biomass concentration:

= Yxﬂéj+n Xj
J+1 —_— e o —. .
X [At (KC+|CJ+0| 1 Trrary (3.10)
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Equation 3.10 is unconditionally stable as long as the aqueous-phase carbon concen-
tration remains in the physical range, as it will for any stable transport time-weighting
factor (i.e., 2 > 1/2).

Carbon dioxide and methane are the terminal biodegradation products. The gas
concentrations are piecewise constant in each element and are updated at the end of
each time step. The elemental gas production equation, derived from Equation 2.35,
is

Gt = GI + Y, (ke BI*' + r, BITh) At+
1 . Yx uéj +2 o i
(1 =Yx) | =————— ) X7 + Kk X7*!| At 3.11
3|01 (i) ¥ s (3.11)

where ¢ = I for carbon dioxide and 7 = O for methane.

3.4 Agqueous-Phase Carbon Transport

The advection-dispersion equations (Equations 2.38 and 2.42) are discretized by the
Galerkin finite-element method used by Frind (1982) with additional source and sink
terms to account for the biodegradation reactions. The resulting set of discretized

equations that describe transport in the primary-domain is
[RI{C7*?) + ATI(C™ — G} = (P} - [MUCT™} + (7} (312)

where [R] is the advective-dispersive transport matrix, [T] is the mass storage matrix,
{P} is the source term due to hydrolysis/fermentation, [M] is the linearized sink term
due to biological activity, and {J} is the source term due to mass transfer from the
secondary domain. The transport formulation uses a uniform time-weighting factor
(£2). In most simulations, either Crank-Nicolson time weighting (2 = 1/2) or fully-
implicit time weighting ({2 = 1) is used, although any time weighting factor in the
range of 1/2 to 1 results in an unconditionally-stable transport solution. The global
matrices are assembled from the elemental matrices defined in Appendix A.

Equation 3.12 can be rearranged to separate the known and unknown concentra-



tions. The resulting set of equations is
1 )
(e1R) + 200 + ST (€71} =

(-0 -2 - 0 - 2]+ ST (O} + {PY+ I} (1))

The set of discretized secondary-domain equations is obtained by adding primes to
the relevant primary-domain variables in Equation 3.13 and dropping {J}:

(@R + 2101+ T) (€7} =

(~a-@RI- -1+ CF+ P (319

The secondary-domain elemental matrices are defined in Appendix A.

3.4.1 Solution Procedure

The transport-solution procedure is similar to the flow-solution procedure. The initial
estimate for the transport solution is extrapolated in the same manner as for flow.
The time step control is also identical. Typically, the transport solution converges
in fewer iterations than the flow solution for problems involving transient, variably-
saturated flow. When the transport solution alone is used to control time-step sizes,
the step sizes are usually limited by accuracy and stability criteria (see Section 3.4.3)

rather than solution tractability.

3.4.2 Mass Balance

The carbon-mass balance is calculated in a manner analogous to the water balance
(Equation 3.6):
€. =Jr+Jv+ Mc,o - M, (3.15)

where Jr is the mass of carbon added to the domain across the domain boundary,
Jv is the mass from volumetric sources (i.e., the secondary domain), M,p is the

mass initially in the domain, and M, is the mass currently in the domain. The
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carbon-mass balance may be normalized by dividing Equation 3.15 by Jr + Jy.. The

secondary-domain mass balance is
e.=Jr+M.,— M. (3.16)

Normalized mass balance errors are typically on the same order as fluid balance
errors. For transport in a transient flow field, mass balance errors are influenced by
fluid-balance errors because the aqueous-phase mass is the product of the concen-
tration and the moisture content. Thus, fluid-balance errors can accentuate mass-
balance errors. For transport in a steady-state flow field, mass balance errors are
easily controlled because time step sizes required to obtain an accurate solution usu-
ally result in convergence within a few iterations even when tight convergence criteria

are used.

3.4.3 Accuracy Criteria

The Peclet and Courant numbers are calculated during each transport simulation as
guides to solution accuracy. For linear, one-dimensional advective-dispersive trans-

port, the Peclet criterion is

vAl
= _—< .
Pe D S 2 (3.17)
and the Courant criterion is
vAt _ Pe
= < — .
Cr N (3.18)

where Al is the grid spacing in the flow direction (Huyakorn and Pinder, 1983). These
criteria are only approximate for multidimensional transport, but serve as useful
guides to mesh design and time-step control. Huyakorn and Pinder (1983) suggest
that accurate solutions may be obtained with Peclet numbers up to approximately
10. For any problem, the only sure way to guarantee that the solution is accurate
is to repeat the simulation with successively finer grids and smaller time steps until
the numerical results no longer vary with the discretization.

The error in the approximate biodegradable solids reaction equation (Equation

3.8) can be calculated by performing a Taylor-series expansion of the exact partial
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differential equation (Equation 2.30). The temporal discretization error, written for

the accessible carbon, is
_ K2At2B,

€x 9 (3.19)
Equation 3.19 can be normalized by dividing by B,:
2
e == ‘2“2 (3.20)

where €, is the normalized error and « is a generalized first-order reaction coefficient,

applicable to any of the reactions.

3.5 Verification Problems

A series of simulations were performed to compare output from C-Flow to available
analytical solutions or other numerical simulators. In the numerical simulations, an-
alytically infinite boundaries were placed far away from regions of interest so that
they did not influence the numerical results. For all cases, results from C-Flow closely
agreed with the analytical or independent numerical solutions. The verification prob-

lems are presented below.

3.5.1 Moisture Movement

The physical parameters used in the moisture movement verification problems are
summarized in Table 3.1. Discretization information is summarized in Table 3.2.

The fluid balance was excellent for all simulations.

Theis Solution

Theis (1935) derived an analytical solution to the single-domain flow equation (Equa-
tion 2.7) for radial flow to a pumping well in a uniform confined aquifer of infinite

extent. The initial condition is

h(r,0) = hq for all r. (3.21)
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Param. Value Units Param. Value Units
Theis (1935)
K, 10x10™% (m/s) S, 1.0x 10> (m™')
b 1.0 (m) Q 1.0 x 107 (m3/s)
Neuman (1974)
K, 1.0x10~° (m/s) K. 1.0x107° (m/s)
S, 1.0x107° (m™) Sy 0.3 =)
b 100.0 (m) Q 1.0 x 1072 (m3/s)
Moench (1984)
K, 0.1 (m/s) K 0.1 (m/s)
S, 1.0x1075 (m™!) S, 10x107* (m™)
F, 1.0x 1075 (s71) To 10.0 (m)
b 1.0 (m) Tw 0.1 (m)
Q 1.0 (m/s)
Therrien (1992)

K, 0.1 (m/day) ) 0.45 -)
S, 0.0 (m-1) S, 0.333 -)
Cooley (1983)

K, 0.01 ) K. 0.01 (-)
S, 1.0 x 104 ) ) 0.25 (-)
Sr 0.2 )

Table 3.1: Parameters used for the moisture low model verification problems

z/r-direction z-direction time
simulation # nodes spacing # nodes spacing step size
Theis (1935) 51 0.1 - 800 m* 2 10m 0.1-9x10%s
Neuman (1974) 38 0.05 - 8 x 10° m® 20 05-15m 107*-2x10°s
Moench (1984) 42 0.01 - 2 x 10° m® 2 10m 10~3 - 500 s
Therrien (1992) 2 05m 41 005 m 1073 - 0.4 days
Cooley (1983) 21 0.5 2] 0.5 0.01-9

ewith spacing increasing by a geometric factor of 1.2 away from the well
bwith spacing increasing by a geometric factor of 1.4 away from the well

Table 3.2: Spatial and temporal discretization used for the moisture flow model
verification problems
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Figure 3.5: Comparison of C-Flow results to the Theis (1935) solution. The solid line
is the analytical solution; symbols are numerical results at radii ranging from 1 to
1000 m. The analytical curve was obtained from tabular data in Freeze and Cherry
(1979). Refer to the text for the problem description.

The boundary conditions are

h(co,t) = hg forall t (3.22)
and
(o _/ @
lim (r 61') = (% K,b) fort >0 (3.23)

where b is the aquifer thickness and @ is the uniform pumping rate. Theis’ solution

to Equation 2.7, subject to the above boundary and initial conditions, is

ho — h(r,t) = 47rK,bW(u) (3.24)
where
r2S,
u=7 Kt (3.25)

and W (u) is the exponential integral, also known as the well function in hydrogeology.
W (u) is a dimensionless drawdown and 1/u is a dimensionless time. Figure 3.5 clearly

demonstrates the accuracy of the numerical simulation.
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Figure 3.6: Comparison of C-Flow results to the Neuman (1974) solution. The solid
lines are analytical results; symbols are numerical results; u,/u, = 300. Analytical
results generated by AQTESOLV v1.15 (HydroSOLV, 1996). Refer to the text for
the problem description.

Neuman Solution

Neuman (1974) derived an analytical solution describing the transient response of an
unconfined aquifer to pumping from a well. His solution can be written in the same
form as the Theis (1935) solution (Equation 3.24) where (hy — h) is averaged through
the aquifer thickness and W (u) becomes W (u,, us, 7) where u, = u,

_ %8,
Uy = m, (3.26)
and
r?K.
n= PR (3.27)

The specific yield of the aquifer, S,, is defined as the volume of water released from
storage in the aquifer per unit surface area of aquifer per unit decline in the water
table (Freeze and Cherry, 1979). Figure 3.6 clearly demonstrates the accuracy of the

numerical simulation.
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Figure 3.7: Comparison of C-Flow results to the Moench (1984) solution. The solid
lines are analytical results; symbols are numerical results. Analytical results are gen-
erated by AQTESOLV v1.15 (HydroSOLV, 1996). Refer to the text for the problem
description.

Moench Solution

Moench (1984) derived an analytical solution that describes radial flow to a well in a
confined, fractured aquifer. His solution accounts for transient aquifer response in a
two-domain system with either slab-shaped or spherical matrix blocks. The solution
for spherical matrix blocks is used in the present comparison. Moench's solution also
includes the effects of well-bore storage on observed drawdown. He used the well-bore

radius to non-dimensionalize the radial-coordinate direction:
™D =T/Ty (3.28)

where rp is the dimensionless radius and r,, is the well-bore radius. Resistance to
fluid transfer due to fracture coatings is accounted for by considering a dimensionless
fracture skin:

Sy = K (3.29)

= rofFy,’
Figure 3.7 compares C-Flow to the analytical solution. The excellent agreement lends

confidence to the numerical implementation of the two-domain model.
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Advance of a Wetting Front

C-Flow was also used to simulate a vertical infiltration event in order to test its
ability to model transient unsaturated moisture flow. The problem was taken from
a verification example in Therrien (1992). The domain consisted of a 0.5 m by 0.5 m
by 2.0 m high porous medium column. Water was added to the top of the column
at a rate of 0.05 m/day for a period of ten days. The water table was fixed at the
bottom of the column. The initial pressure head was -0.97 m, except at the upper
surface where the initial pressure head was -0.90 m. The unsaturated constitutive

relationships are defined by

_ Y
= Tom Ye <0 (3.30)
and
k, = S.. (3.31)

The agreement between the two models is excellent, as illustrated by Figure 3.8.

Two-Dimensional Transient Flow

The final variably-saturated flow verification problem involves two-dimensional, tran-
sient flow through a porous medium block. The problem is described in Cooley
(1983). The domain consists of a 10.0 by 10.0 unit block of porous medium with
all parameters being dimensionless. The top, bottom, and left domain boundaries
are no-flow boundaries. The right boundary is a seepage face: zero pressure head is
specified below the water table and no flow occurs above the water table. The block
has an initial uniform hydraulic head of 10.0 units. The unsaturated comnstitutive

relations are defined by

10
e = y Ye <0 .32
and
k =S.. (3.33)

The results obtained from C-Flow, showing the water table location at three times,

are illustrated in Figure 3.9. They closely match results obtained by Cooley (1983),
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Figure 3.8: Comparison of C-Flow results to FRAC3DVS v1.3 (Therrien, 1992) for
the vertical infiltration problem. The solid lines are FRAC3DVS results; symbols are

C-Flow results. Refer to the text for the problem description.
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Figure 3.9: Position of the water-table in a draining block as predicted by C-Flow.
Problem definition given by Cooley (1983) in his Example 3. Refer to the text for
the problem description.

although his results are not reproduced here.

3.5.2 Reactive Transport

The physical parameters used in the transport verification problems are summarized
in Table 3.3. Discretization information is summarized in Table 3.4. The mass

balance was excellent for all simulations.

One-Dimensional Reactive Transport

Van Genuchten (1981) derived a series of analytical solutions to the one-dimensional
advection-dispersion equation:

re + vgg- + Ra—C =v-xC (3.34)

Doz g YR

where R is the retardation factor, v is a zero-order production term, and « is a

first-order decay term. The advection-dispersion equation presented in Chapter 2
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Param. Value Units Param. Value Units
van Genuchten (1981)
D 0.125 (m*/day) v 0.080 (m/day)
0 0.080 (mg/¢-day) K 0.016 (day~!)
Waterloo Hydrogeologic (1994)
D, 0.1 (m?/day) D, 0.01 (m?/day)
v 1.0 (m/day) K 0.02 (day™!)
Bejan (1993)
D 4.0 (m?/day) To 0.01 (m)
M, 04 (day~!) 6 0.2 (=)

Table 3.3: Parameters used for the reactive transport model verification problems

z/r-direction z-direction time
simulation # nodes spacing # nodes spacing step size
(m) (m) (days)
van Genuchten (1981) 101 5.0 2 1.0 0.1
Waterloo Hydro. (1994) 116 0.2-04 21 0.1-0.25 0.2
Bejan (1993) 21¢ 2x1073-0.26 N/A N/A 1073 -05

2sphere discretization
bwith spacing increasing by a geometric factor of 1.4 away from the surface of the sphere

Table 3.4: Spatial and temporal discretization used for the reactive transport model
verification problems
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Figure 3.10: Comparison of C-Flow results to the van Genuchten (1981) solution. The
solid lines are analytical results; symbols are numerical results. Analytical results are
calculated. Refer to the text for the problem description.

(Equation 2.38) can be cast in the form of Equation 3.34 by dividing by 6, and
considering only unretarded transport (R = 1). The hydrolysis/fermentation term
in Equation 2.38 can be used to account for zero-order mass production by setting
B, =0, k, = 0, selecting a large initial value for B,, and choosing a correspondingly

small value for x, to obtain the desired zero-order production rate:
¥ = YeokeBay, Ka K l/t, Ky = 0. (3.35)

The Monod-kinetic decay term can be modified to represent first-order decay by
holding X' constant, choosing K. to be much larger than the maximum aqueous-

phase concentration, and selecting an appropriate value for u:

~ _H
w g Ke>C. (3.36)

The domain is semi-infinite; the left boundary is Type III, with a boundary
concentration of 1.0 mg/¢ and the right boundary (z — oo) is zero-gradient. The
initial concentration is zero everywhere in the domain. Figure 3.10 compares the
C-Flow results to the analytical solution. The excellent agreement gives confidence
to the coding of the reactive transport routines.
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Two-Dimensional Reactive Transport

In order to test multidimensional transport, C-Flow results were compared to an an
analytical solution describing reactive mass transport from a strip source (Waterloo
Hydrogeologic, 1994). The solution accounts for one-dimensional flow, advective-
dispersive transport, and first-order decay. The numerical domain is illustrated in
Figure 3.11, which also shows the numerical results for the verification problem dis-
cussed below. Water flow is parallel to the z-axis. The left boundary is a fixed
concentration boundary (Type I) with Cy = 0 except for the strip source, indicated
by the thick line on Figure 3.11, where Cy = 1 mg/¢ for ¢ = 0 to 10 days. Af-
ter ten days, the strip source is removed and the entire left-hand boundary reverts
to zero concentration. The top and right-hand side boundaries are zero gradient;
they behave as infinite boundaries over the duration of the simulation. The bottom
boundary is a symmetry (zero gradient) boundary (the z-axis falls on the midpoint
of the strip). The results of the numerical simulation are compared to the analyt-
ical solution in Figure 3.12. The excellent agreement shows that C-Flow correctly

represents two-dimensional advective-dispersive transport.

Mass Transfer to a Sphere

The final verification problem was conducted to test the numerical implementation
of mass transport in the secondary domain. The primary-domain concentration was
fixed at 1.0 mg/f. The concentration in the sphere was initially 0.0 and increased
toward 1.0 mg/£ over time as mass was transferred to to the sphere from the primary
domain. Mass transport was by diffusion alone. The analytical solution is the solution
to the analogous heat-transfer problem (Bejan, 1993). Figure 3.13 illustrates the

accuracy of the two-domain model implementation.
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Figure 3.11: C-Flow results for the strip source problem (Waterloo Hydrogeologic,
1994) at two times. The lines are concentration contours; the concentrations are
0.001, 0.01, 0.1, 0.2, ..., 0.9 mg/¢, increasing from top to bottom in each plot. Refer
to the text for the problem description.
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Figure 3.12: Comparison of C-Flow results to the strip source solution. The solid
lines are analytical results; symbols are numerical results, with every second node
omitted for clarity. Analytical results are generated by PRINCE v3.0 (Waterloo
Hydrogeologic, 1994). Refer to the text for the problem description.
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Figure 3.13: Comparison of C-Flow results to the analytical solution for transient
mass transfer to a sphere. The solid line is the analytical solution; symbols are
numerical results. Analytical results are calculated. Refer to the text for the problem
description.
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Chapter 4

Experimental Application

This chapter describes the application of C-Flow to a set of dumpster-scale experi-
ments in which flow through municipal solid waste was investigated. The experimen-
tal observations helped guide the development of C-Flow. Subsequently, C-Flow was
used to simulate the water-flow experiments. A brief overview of the experiment is
presented below, followed by a discussion of the numerical simulations. Finally, an
analysis of the model’s sensitivity to changes in the various hydraulic parameters is

presented.

4.1 Physical Scenario

Uguccioni (1993) performed a set of transient, unsaturated fluid flow experiments to
investigate moisture movement characteristics in municipal solid waste. Fresh house-
hold waste was loaded into eight instrumented steel dumpsters that each measured
approximately 1.6 m by 1.8 m by 1.5 m high. Waste was compacted with a hydraulic
ram in four of the dumpsters to increase its bulk density. Each dumpster was then
covered with a plastic sheet to prevent evaporation. The waste was then allowed to
settle for ten days before the first application of water.

The instrumentation for each cell consisted of three tensiometer nests and a flow-
cup grid. Each tensiometer nest included a shallow, intermediate, and deep measure-

ment point. Rather than dedicate a tensiometer to each sampling point, Uguccioni
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(1995) moved the tensiometers between measurements. He used PVC pipe to keep
a path open that allowed easy insertion and removal of the tensiometers. Care was
taken to ensure that the pipe did not create any preferential pathways for water flow.
The flow-cup grid consisted of a three by three array of small water containers placed
at the bottom of the waste layer. Water falling into each cup was collected in a 2 ¢
PET bottle. Refer to Uguccioni (1995) for further details of the experimental setup.

Water was applied to each test cell for thirty minutes each day, five days a week,
for two to eight weeks, depending on the cell. The application rates varied both
from cell to cell and over time for a given cell, ranging from about 3 to 25 mm/hr
(corresponding to 4 - 36 £/day). Since evaporation was minimized, essentially all
water applied at the surface of the waste percolated downward, either being stored
within the waste or draining freely from the bottom of each dumpster. The elapsed
time from the first application of water to the first drainage from the bottom of
the column was measured, as were the volumes of water that discharged each day.
The cumulative volume of water discharged was summed from the discrete daily dis-
charges; water storage was calculated by subtracting the volume of water discharged
from the volume applied. The experimental results will be presented later, alongside
the numerical predictions.

Uguccioni (1995) found extensive evidence of nonuniform infiltration of water
through the waste columns from tensiometer and flow-cup data. Low-intensity water
application resulted in more uniform infiltration than did high-intensity application.
In addition, low was more uniform for the compacted cells than the uncompacted
ones. Statistical analysis showed that application intensity was a key parameter, in-
fluencing both breakthrough times and water storage. Waste compaction was shown

to most influence cumulative water storage.

4.2 Preliminary Observations

The wetting front breakthrough data was analyzed to estimate the effective moisture
content at first breakthrough. The bulk vertical water velocity was calculated for
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each cell as follows:

v= z (4.1)
Lot

where Z is the thickness of the waste layer at the time of first drainage and 2, is the
breakthrough time, defined as the time elapsed from the first application of water at
the top of the waste layer to the time of first drainage from the bottom. For the cells
with breakthrough times greater than one day (i.e., Cells 2, 3, and 4; see Table 4.1),
only the time during which water application occurred was considered in £g.

The velocity is related to the infiltration rate through the effective moisture con-

tent:

~ 4
v ber (4.2)

where the effective moisture content, 8.5, is here defined as the volume of water
participating in active flow, per unit bulk volume of waste. The velocity is plotted
versus infiltration rate in Figure 4.1 using the data summarized in Table 4.1. The
effective moisture contents for the experimental data range from 0.44% to 0.90%, with
a best fit moisture content of 0.64% obtained by linear regression. The calculated
moisture contents are not correlated to the infiltration rate or compaction, suggesting
that the small bin-to-bin moisture content variation is caused primarily by random
variations in the waste properties and differences in packing.

The calculated effective initial moisture contents were more than an order of
magnitude smaller than the measured initial bulk moisture contents, which averaged
about 12% (Table 4.1). Clearly, a small fraction of the waste volume conducted
virtually all of the water. Over the duration of the experiments (weeks to months),
moisture contents increased substantially in several of the experimental cells (Table
4.1). This large increase in moisture content required that water was being stored

throughout the waste volume, not only in the primary water conduits.
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Figure 4.1: Relationship between water application rate, ¢, and bulk downward ve-
locity, v, for the dumpster-scale water flow experiments. The curves are calculated
using Equation 4.2 based on the indicated values of effective moisture content, 8.4

Cell q tbt Zi ZQ Zf ng wa Agw
(mm/min) (min) (m) (m) (m) (%) (%) (%)

1 0.24 15 105 082 0.68 88 126 3.8
2 0.13 60 1.05 098 095 122 21.1 89
3 0.11 45 1.10 0.80 0.64 12,5 225 10.0
4 0.23 30 1.05 0.92 090 12.7 20.7 8.0
5 0.29 15 1.05 0.78 0.65 11.2 134 2.2
6 0.41 20 1.00 0.92 0.78 11.7 19.0 73
7 0.32 15 100 0.74 0.62 103 103 0.0
8 0.31 15 1.00 090 0.86 13.0 165 3.5

Table 4.1: Selected data from the dumpster-scale water flow experiments used to
constrain the numerical simulations. The subscripts on Z and 8, indicate the initial
values (z), the values on the first day of water application (0), and the final values
(f)- Modified from Uguccioni (1995).



4.3 Conceptual Model

The simplest model capable of representing the gross system behaviour was sought.
Complex models produce a wide range of complex and tunable output; thus the model
parameters risk losing much of their intended physical meaning. Uguccioni (1995)
found that no single-domain, homogeneous porous medium flow model, including the
HELP model (Schroeder, et al., 1994) was capable of reproducing the experimentally
observed behaviour. Two domains were necessary to reproduce both rapid initial
breakthrough and high long-term storage capacity. Therefore, the waste was treated
as a two-domain porous medium in the present study. Water storage was assumed to
occur mainly in waste-filled garbage bags while bulk water movement was assumed
to be through inter-bag channels. Thus, the channels were considered to make up the
primary domain and the bags, the secondary domain. Water was assumed to move
between the two domains through tears in the plastic garbage bags and by seepage
through paper bags, as discussed previously.

The waste-filled garbage bags were modeled as isolated spheres with one-dimen-
sional (spherical) moisture redistribution driven by pressure-head gradients. Bulk
downward flow was assumed to occur through the network of inter-bag channels,
which was treated as a variably-saturated porous medium. Since the test-cell walls
limited the degree of lateral movement, horizontal flow could be neglected in the
primary domain. Brooks—-Corey parameters were used to relate capillary pressure
to water saturation and water saturation to relative permeability in both domains;
hysteresis was neglected. Uniform hydraulic properties were used for each domain.

Water transfer between the two domains was via a first-order fluid-transfer coefficient.

4.4 Modeling Approach

Hydraulic porous medium properties, such as porosity, permeability, and capillary
pressure-saturation relarionships, are functions of the particle size distribution and

packing in a porous medium (Freeze and Cherry, 1979). The particle size distributions
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were similar for the waste placed in each of the eight experimental cells (Uguccioni,
1995). Packing may have depended on whether or not the waste was compacted
initially. However, since the final dry bulk waste densities of all cells were similar
and most waste compaction occurred early in the experiment (Uguccioni, 1995), the
pore size distributions were likely also similar. The most important result of waste
compaction was probably the tearing open of garbage bags, improving the hydraulic
communication between the matrix and channels. Therefore, only the fluid-transfer
coefficient was expected to vary significantly from bin to bin, being relatively small
for uncompacted waste and relatively large for compacted waste. All other fluid flow
parameters were held constant among the eight cells.

It is an approximation to treat all cells as being hydraulically identical. Such an
approach has the benefit of keeping the number of tunable parameters small. Thus,
confidence in the validity of the underlying mathematical model is increased if a
single set of hydraulic parameters can be used to approximate the behaviour of all
eight experiments. Conversely, no single set of parameters will exactly reproduce
all of the experimental results since there is bound to be some bin-to-bin variability
in the physical parameters, as well as experimental error. Furthermore, different
combinations of hydraulic parameters produce similar output. Thus, it is unrealistic
to seek the unique set of parameters that “best” describes the system. Instead,
ranges of physically realistic parameters will be presented, along with a particular

set of parameters that reasonably approximates the experimental data.

4.5 Initial and Boundary Conditions

The maximum capillary pressure head measured in any of the test cells was 0.8 m
(Uguccioni, 1995). However, the tensiometers that were used to measure the capillary
pressures were relocated between readings (pers. comm. Uguccioni, 1997) and may
not have had time to reach equilibrium with the surrounding waste moisture. Cassell
and Klute (1986) indicate that tensiometers may require several hours to equilibrate

with their surroundings upon initial installation. Disequilibrium between the waste
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moisture and tensiometers may have also explained some of the unexpected, and
seemingly random, fluctuations in capillary-pressure readings that continued even
after water addition had stopped (Uguccioni, 1995). The initial capillary pressure was
chosen to be 4 m, which corresponded to the maximum capillary pressure observed
in a similar experiment (Korfiatis, 1984).

No flow occurred across the top boundary, except during the discrete periods of
water addition. Water addition was set to occur for 30 minutes per day at the same
time of day for all days of water addition to match the experimental conditions. Free
drainage was allowed to occur across the bottom boundary as long as the capillary
pressure head was less than 0.33 m, corresponding to the capillary pressure head
at field capacity for municipal solid waste (Zeiss and Major, 1993). No flow was
permitted when the capillary pressure head was greater than 0.33 m. The lateral
boundaries were no-flow boundaries, so that bulk water flow was constrained to be

vertical.

4.6 Domain Discretization

C-Flow was used for the numerical simulations. The primary domain was discretized
by a single column of 40 rectangles, each divided into two triangles, for a total of 80
triangular elements. A uniform vertical grid spacing was used for each simulation,
with the spacing being adjusted to obtain the correct waste-column height for each
experiment. Since one of the calibration variables was day-one water storage, each
column height was set to Z; (Table 4.1). The width and thickness of each column
were adjusted to obtain the correct cross-sectional area.

The secondary domain was composed of isolated spheres. Each sphere was dis-
cretized using 20 spherical-shell elements. The outermost shell element was the short-
est. Element length increased exponentially by a factor of 1.4 toward the centre of
the sphere, for the first twelve elements. Uniform spacing was used for the eight
elements closest to the centre of each sphere. The resulting node spacing increased

from 3.4 x 107* m to 1.9 x 102 m for the 0.2 m radius spheres. The size of the
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spheres was in the middle of the range given in Table 4.2, discussed below.
Fully-implicit time weighting was used for all numerical simulations for maximum
numerical stability. The time step sizes were automatically adjusted based on the
number of nonlinear iterations required to converge on a solution at each time step.
The time step size was decreased when more than 15 iterations were required for the
solution to converge to within an absolute tolerance of 10~® m error and increased
when fewer than 4 iterations were required. Time step sizes varied from slightly
less than 1 second to greater than 10 hours over the course of a typical simulation.
The resulting cumulative mass balance errors were all less than 0.02 £. To test the
accuracy of the numerical simulations that used this convergence tolerance, the Cell
5 simulation was repeated with a convergence tolerance of 10! m; the predicted
volumes of water stored changed by less than 0.4%, even though much smaller time
steps were required. On the basis of the Cell 5 error analysis, it was assumed that
errors arising from using the chosen convergence tolerance were negligible for all

numerical simulations.

4.7 Results

4.7.1 Hydraulic Parameters

The results of the parameter estimation exercise are presented in Table 4.2 along with
ranges for the physical parameters. The parameter ranges were estimated based on
literature values where they existed and physical reasoning otherwise. One of the
problems with the dual-porosity approach is that it is not commonly applied to
municipal solid waste (Uguccioni and Zeiss, 1997). Thus, physical waste properties
are reported in the literature as bulk averages, rather than in terms of separate matrix
and channel properties.

Channel hydraulic conductivity is identical to bulk hydraulic conductivity when
the channels provide the only significant bulk water flow pathway. The bulk hydraulic

conductivity of municipal solid waste is in the range of 10~° to 10~* m/s (Oweis et
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Channel Properties

Parameter Units Range Best Estimate
K (m/s) 10> -10—° 6.0x 10~*
6 (%) 1-4 2.0
A ) 0.5 - 2.0 1.0
Ya (m) 0.01-0.15 0.07
S, () 0.0 - 0.5 0.25
Matriz Properties
Parameter Units Range Best Estimate
K (m/s) 1078-10% 1.2x10~°
g (%) 48 - 51 50.0
N ) 0.5-0.8 0.65
Uy (m) 0.06 - 0.21 0.12
S, ) 0.0 - 0.7 0.15
Ro (m) 0.15-0.25 0.20
F; (compacted) (s7!) 0-o00 2 x 1078
F; (uncompacted) (s™!) 0-o00 1x10°7

Table 4.2: Summary of parameters used for numerical simulation of the dumpster-
scale unsaturated flow experiments. See text for further discussion.

al., 1990). The saturated hydraulic conductivity of the waste in the experimental
cells may have been higher because the waste was undecomposed and less highly
compacted than waste at typical landfill sites (Uguccioni, 1995). Furthermore, most
municipal solid waste is landfilled along with thin layers of low-permeability geologic
material, such as soil, silt, or fine sand (Oweis et al., 1990), resulting in a reduced
landfill-scale hydraulic conductivity relative to that of raw waste. Thus, the maxi-
mum channel hydraulic conductivity reported in Table 4.2 is higher than the value
usually cited for landfilled waste.

The channel porosity was estimated from the effective moisture contents of Figure
4.1; a porosity of 1% corresponds to nearly saturated conditions while a porosity of
4% corresponds to a low water saturation in the channels, since

Sp = %—q. (4.3)

The selection of unsaturated constitutive-relation parameters (A, ¥y, and S,) was
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based on the assumptions that the channel widths were rather large (small ¥4) and
quite variable (small A) (Brooks and Corey, 1964). A residual saturation of 0.0
represents primary wetting of initially dry waste and a value of 0.5 is an estimate of
the maximum residual saturation from primary drainage of initially saturated waste.

Because no estimates of matrix hydraulic conductivity were found in the litera-
ture, the saturated matrix hydraulic conductivity was estimated to be in the range
of silt-silty sand (Freeze and Cherry, 1979). The bulk waste porosity was experi-
mentally measured to be 52% (Uguccioni, 1995). In the two-domain formulation, the

bulk porosity is composed of both channel and matrix porosity; i.e.,
Opuar = 0 + ‘/;9'. (4.4)

The matrix porosity was only slightly smaller than the total porosity due to the low
channel porosity. Ranges for matrix capillary pressure—water saturation curves were
estimated from experimentally determined values for bulk waste (Zeiss and Major,
1993; Korfiatis et al, 1984). The matrix parameters were expected to be similar
to the bulk parameters because a much greater volume of water was stored in the
matrix than in the channels. The residual saturation range was chosen to represent
the range from primary wetting to primary drainage. The range of radii of the
waste-filled spheres was chosen to be from approximately plastic shopping bag size
(about 0.15 m) to green garbage bag size (about 0.25 m). Since no measurements
or literature values were available for the channel-matrix fluid-transfer coefficient, it
was used as a fitting parameter. The physical meaning of the fluid-transfer coefficient

was discussed in Chapter 2.

4.7.2 Simulation Results

The cumulative volumes of water stored that were predicted by the numerical sim-
ulations (solid lines) for the eight cells are illustrated in Figures 4.2 to 4.5. The
experimental results (dotted lines) and total volumes of water added (dashed lines)

are included for comparison. The best estimate parameters were used for all simu-



Breakthrough Time Day One Cumulative
Model Exp. Vol Model Exp. Vol
Cell Model Exp. Stor. Stor. Appl. Error | Stor. Stor. Appl. Error
(4] (4] (4] (%) | (9 (4] (4] (%)
1 18 min 15 min 9 11 21 -10 129 90 331 +12
2 10 days 3 days 11 11 11 0 245 250 353 -1
3 1 days 2 days 6 8 8 -20 119 190 282 -25
4 2 days 1 days 19 19 19 0 204 210 304 -2
LY 15 min 15 min 9 12 25 -12 73 a0 303 +8
6 19 min 20 min 24 32 35 -23 154 190 422 -9
7 13 min 15 min 9 10 28 -4 69 0 332 +21
8 28 min 15 min 23 21 27 +7 157 90 320 +21

Table 4.3: Comparison of simulated and experimental results. Errors are normalized
to volume of water applied.

lations (Table 4.2), with the larger F; being used for the compacted cells (even cell
numbers) and the smaller F; being used for the uncompacted cells (odd cell num-
bers). A comparison of some of the key behaviour is presented in Table 4.3. The
error is given as percent of water applied on day one (Day One column) or the total

volume of water applied (Cumulative column).

4.8 Discussion

The model was able to simulate the behaviour of the experimental cells reasonably
well. The maximum error in cumulative water storage was less than 25% of the
volume of water applied for each of the eight experimental cells, and was substantially
lower for Cells 1, 2, 4, and 5 (see Table 4.3 and Figures 4.2 to 4.5). In addition to
representing the substantial increase in storage observed in many of the cells, the
numerical model also reproduced the rapid initial breakthrough, approximating both
breakthrough times and volumes (Table 4.3). The model predicted a much later
breakthrough time than observed for Cell 2, but the total experimental discharge up
to day 10 was less than 2% of the input. Although it would have been possible to
improve the match for each one of the experimental curves by using a separate set

of parameters for each cell, such tuning was considered to be unwarranted given the
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Figure 4.2: Comparison of numerical and experimental results for the uncompacted,
low infiltration rate cells. Solid lines are predicted cumulative volumes of water
stored, dotted lines are measured. Dashed lines are curnulative volumes of water

applied to the cells.
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Figure 4.3: Comparison of numerical and experimental results for the compacted, low
infiltration rate cells. Solid lines are predicted cumulative volumes of water stored,

dotted lines are measured. Dashed lines are cumulative volumes of water applied to
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limited number of experimentally measured hydraulic parameters.

4.8.1 Fluid Transfer

The model tended to overpredict water transfer from the channels to the matrix at low
infiltration rates and underpredict transfer at high rates. No combination of model
parameters could overcome this limitation. It was speculated that the fluid-transfer
coefficient implemented in the model failed to fully capture the physical mechanism
of water transfer from the channels to the matrix.

Water flowing through household waste is likely transferred from inter-bag chan-
nels to the waste within the bags primarily through tears in the plastic garbage
bags. Highly torn bags present virtually no resistance to water transfer; the numer-
ical model represents such behaviour accurately. However, water transfer to bags
containing a few discrete tears may be highly sensitive to the water application rate
since most of the surface of those bags is impermeable to water. Thus, water may
preferentially flow along paths that intersect only a few tears at low application rates,
whereas higher application rates cause water to flow over a larger bag surface area, in-
tersecting more tears. The numerical model treats the torn garbage bags as a uniform
resistance to water transfer. The driving force for water transfer increases slightly
with flow rate as the hydraulic head in the channels increases but no new pathways
for water transfer appear. The accurate representation of hydraulic channel-matrix

coupling in municipal solid waste is a rich and interesting topic for future research.

4.8.2 Waste Compaction

The experimental results from the uncompacted cells were more variable than from
the compacted ones. Low compaction, low infiltration rate cells, Cells 1 and 3, (Figure
4.2) stored nearly the same volume of water over the first 20 days of infiltration,
despite significantly different total application rates. Nearly all of the water added
to Cell 1 after day 20 was discharged, indicating that the available storage had been

used. Conversely, a substantial fraction of the water applied to Cell 3 continued to be
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stored until the end of the experiment, indicating a continuing availability of storage.
In contrast, the high compaction, low infiltration rate cells, Cells 2 and 4 (Figure
4.3) showed much less variability.

A similar trend was observed for the high infiltration rate cells. The low com-
paction cells, Cells 5 and 7, (Figure 4.4) showed much inter-bin variability, with Cell
5 storing more water than Cell 7, even though Cell 7 had the higher application rate.
In fact, Cell 7 had a net water loss over the duration of the experiment. In contrast,
the high compaction cells, Cells 6 and 8, (Figure 4.5) showed the expected increase
in storage with increasing infiltration rate.

Several factors may have contributed to the apparent increase in bin-to-bin vari-
ability for the uncompacted cells, relative to the compacted ones. The differences in
final heights of the uncompacted and compacted cells likely played a role in control-
ling variability. All the waste column heights were initially about the same (1.00 -
1.10 m: Table 4.1) but the waste settled much more in the uncompacted cells than in
the compacted cells. The final uncompacted waste column heights were 0.62 - 0.68 m
compared to 0.78 — 0.95 m for the compacted cells (Table 4.1). The longer water flow
path length in the compacted cells likely contributed to the reduced variability. Vari-
ability in the degree of bag tearing may have been another factor. Compaction may
have resulted in garbage bags that were torn more uniformly than the uncompacted

bags, resulting in a more uniform coupling between the matrix and channels.

4.9 Sensitivity Analysis

The sensitivity of the numerical model to the hydraulic parameters was investigated
by varying the parameters from the best estimate values in a series of simulations.
In some simulations, several parameters were adjusted to represent different physical
waste configurations; in others, a single parameter was varied to determine the sen-
sitivity of the model to that parameter. Generic application rates were used, either
high or low, to simplify interpretation of the results. The results of the sensitivity

analysis are presented and discussed in the following sections.
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For all cases considered for the sensitivity analysis, the height of the waste column
was set to 0.80 m. The high infiltration rate was set to 6.0 x 107® m/s (21.6 mm/hr)
and the low infiltration rate was set to 2.0 x 107° m/s (7.2 mm/hr); the 30 minute per
day water application period was retained from the detailed simulations, except for
Case 7 as discussed below. The parameters used in each simulation are summarized

in Table 4.4.

4.9.1 Waste Density

Cases 1 and 2 were used to investigate the sensitivity of the model to changes in
waste compaction. The Case 1 parameters were chosen to represent highly com-
pacted waste. Hydraulic conductivities and porosities were decreased, and displace-
ment pressures and residual saturations were increased to reflect the decrease in pore
volume and size expected for increased waste density. Conversely, the Case 2 pa-
rameters were selected to represent waste with decreased density relative to the Base
Case.

The simulation results were much more sensitive to a decrease in waste compaction
than to an increase, as illustrated by Figure 4.6. In fact, the Case 1 results are nearly
the same as the Base Case results, suggesting that the Case 1 parameters, with minor
adjustment, could have been used for the ‘best estimate’ simulations. The similarity
between the Case 1 and Base Case results, despite substantial parameter differences,
demonstrates the danger of treating a single set of results as the right answer. As
well, these results suggest that the experimental results are likely to be applicable to
the highly-compacted waste found at many landfill sites.

Water storage increased significantly relative to the Base Case for all four Case 2
simulations. The increase in hydraulic conductivity resulted in a decrease in water
saturation in the channels. However, the decrease in water saturation was insufficient
to compensate for the increase in channel porosity. Thus, the moisture content in
the channels increased overall, resulting in a slower wetting front and more water

transfer to the garbage bags. Furthermore, the high matrix conductivity resulted in
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more rapid movement of water through the garbage bags.

4.9.2 Mode of Water Transfer

Water transfer from the channels to the garbage bag is controlled by two factors:
the resistance to water transfer across the channel-bag interface and how fast water
is redistributed within a garbage bag. The interface resistance is governed by the
fluid-transfer coefficient whereas water redistribution is controlled by the hydraulic
conductivity of the matrix.

The numerical results are clearly sensitive to the fluid-transfer coefficient value;
otherwise, the compacted-waste simulations would have yielded the same results as
the uncompacted-waste simulations. However, the sensitivity to the fluid-transfer
coefiicient is expected to decrease as the coefficient increases and the channel-matrix
intc:face resistance decreases. For a large enough fluid-transfer coefficient, the in-
terface resistance becomes negligible relative to the redistribution resistance. The
Case 3 results (not shown) support the above reasoning. Setting the fluid-transfer
coefficient to 1.0 s™! increased water storage only slightly for the compacted-waste
cells. Water storage increased by 5% and 19% for the low and high infiltration rate
cells, respectively, indicating that most of the resistance to water transfer was due to
the slow redistribution of moisture for the compacted-waste cells.

The Case 4 simulations (results not shown) reinforced the above conclusion. The
low-compaction cells were about equally sensitive to a large increase in K~ (Case
4) as to a large increase in F, (Case 3). The high-compaction cells behaved like a
single-domain system for Case 4; no water was discharged for either the low or high
infiltration rate until the storage capacity was exhausted. Moisture redistribution
within the waste matrix is therefore important in limiting the rate of channel-matrix
water transfer for all combinations of infiltration rate and waste compaction investi-

gated.
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4.9.3 Matrix Pore-Size Distribution

The matrix pore-size distribution index was varied for Cases 5 and 6 to investigate
the influence of this parameter alone on water storage. As illustrated by Figure 4.7,
an increase in A’ (Case 5) caused a reduction in water storage and breakthrough time,
while a decrease (Case 6) caused an increase in water storage and breakthrough time.
The reasons for this behaviour can be deduced from the Brooks—Corey relations,
Equations 2.14 and 2.19.

The channel capillary pressure, 1., is not sensitive to A" at equilibrium. Further-
more, the matrix capillary pressure, w;, tends toward i, over time. Thus, w; is also
insensitive to A’, except possibly at early times. Equation 2.14 relates the effective
water saturation to the capillary pressure. Since 1, is essentially unaffected by a
charge in \', S,, and thus the water storage, decreases as " increases. Equation 2.19
can be written in terms of the capillary pressure. For the matrix,

. r\ —(2+3))
K= S;(2+3,\ ' _ (w_’c) - (43)
Ya

Equation 4.5 shows that k., and thus the rate of water transfer to the matrix, de-
creases as A  increases. This decrease in water-transfer rate explains the faster break-
through time obtained for the high-)\" simulations, relative to the low-A" ones. The
Case 5 and 6 curves could be made to closely match the Base Case curves by ad-
justing S, and v, to compensate for the change in A (results not shown). Therefore,
while the model is sensitive to the change of a single Brooks—-Corey parameter, it is
much less sensitive when all three parameters are simultaneously adjusted. Similar

reasoning holds for the channel parameters.

4.9.4 Uniform Infiltration Rate

Uguccioni’s (1995) experiments involved the periodic addition of water in order to
represent natural (nonuniform) rainfall. The numerical simulations performed for

the present study represented the water application exactly. However, it is common
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practice in numerical modeling to specify infiltration using constant flux boundary
conditions, partly because the exact temporal and spatial distributions of flux, such
as rainfall rate over a year, are not known, and partly because of the added compu-
tational complexity required to resolve the variable fluxes accurately.

A set of simulations was performed (Case 7) to evaluate the error introduced by
steadily adding water to the top of the domain rather than periodically. The total
volume of water added to the domain was the same for each Case 9 simulation as
for the corresponding Base Case simulation. Nonetheless, water storage and break-
through times between Case 9 and the Base Case are significantly different (Figure
4.8) except for the high compaction, low infiltration rate simulations, which agree
quite well. It should be noted that the Case 9 simulations ran in 20% of the time
required for the Base Case simulations. Clearly, it is desirable to use the simplified
boundary condition when possible.

The breakthrough time was several days for the Base Case high compaction, low
infiltration rate simulation. Thus, the rate of transfer of water from the channels to
the matrix was less sensitive to the exact representation of water application than for
the other simulations. Therefore, the breakthrough time should be used to determine

the resolution required for the accurate simulation of time-varying infiltration rates.

4.9.5 Matrix Accessibility

Intact plastic garbage bags are impermeable to water. Therefore, if some fraction of
the garbage bags in a dumpster were free from rips, the volume fraction of the matrix
would be reduced. The experimental cells containing uncompacted waste (Cells 1, 3,
5, and 7) may have contained some intact bags. In that case, the effective fraction
of the bulk porous medium volume occupied by the secondary domain (V;*) would
be reduced. Case 8 was designed to investigate the influence of V* on the system
behaviour.

Water storage for the Case 8 simulations was halved for all four combinations of

waste compaction and infiltration rate relative to the Base Case (results not shown),
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indicating that the relationship between V* and water storage is essentially linear.
Breakthrough times were also somewhat faster. The volume fraction of the matrix
could have been reduced for the low-compaction cell simulations as an alternative
to reducing the fluid-transfer coefficient. The water storage versus time plots would
bave been the same shape as the high-compaction simulations, but with reduced
water storage. Some of the experimental curves (Figures 4.2 and 4.4) are rounded

while others are quite sharp; it is not clear which approach is more appropriate.

4.10 Summary

This chapter presented an application of C-Flow to a moisture movement experi-
ment. The experiment was designed to explore the importance of channelled flow
in municipal solid waste, using a set of eight dumpster-scale flow cells. The experi-
mental results showed that flow was characterized by rapid breakthrough followed by
substantial increases in water storage over time. Water application rate and waste
compaction were identified as key parameters influencing moisture flow through solid
waste.

C-Flow was used to simulate the experiments. The numerical model was able to
reproduce the experimental results reasonably well. The good agreement between
experiment and model suggests that the model captures the essence of flow through
waste at the dumpster scale despite the many simplifications needed to formulate a
tractable mathematical description of the flow processes.

Results from the sensitivity analysis led to several conclusions:

e matrix hydraulic conductivity, X is the main parameter controlling the rate of

water storage at the dumpster scale;

e the model is sensitive to variations in individual Brooks-Corey parameters,

although not necessarily to variations in the Brooks-Corey parameters as a

group;
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e the waste used in the experiments seems to be representative of the highly
compacted waste that would be found in a typical modern landfill; and

e finer resolution of water application rate is required for shorter breakthrough
times for the accurate simulation of water flow through a two-domain porous

medium.

Future experimental programs should address the lack of detailed measurement of
the key water flow parameters. Saturated hydraulic conductivity should be measured
for both the bulk medium and for the finer-textured waste within the garbage bags.
Unsaturated flow relationships also need to be experimentally determined. The use-
fulness of a numerical model as a predictive tool is greatly hampered when physical
parameters have not been measured. Furthermore, the capillary-pressure measure-
ment method should be modified to ensure that accurate capillary pressure data is

obtained.
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Chapter 5

Illustrative Examples

Two applications of C-Flow are presented in this chapter to illustrate potential uses
of the model at the field scale. The first example considers water movement and
biodegradation of waste within a landfill. The second example illustrates groundwater
contamination of an unconfined aquifer from an unlined landfill site. Neither example
is based on a particular field site; rather, the examples are intended to show some of
the capabilities of C-Flow using realistic flow and transport parameters.

The results presented below should not be used to make any landfill site design
or operational decisions. Site specific, landfill-scale data is required before C-Flow

can be reliably used as a decision making tool for any particular landfill.

5.1 Landfill-Scale Application

In the first example, the life of a landfill is simulated in two phases: waste accretion,
followed by stabilization. During the accretion phase, waste is added to the landfill
in annual four metre increments over six years, resulting in a total of 24 m of waste
being emplaced. During the stabilization phase, the waste gradually decomposes.
Four waste-stabilization scenarios are presented in order to explore the influence of
infiltration, pumping, and leachate recirculation on waste decomposition rates. The

landfill site is assumed to be underlain by a 4 m thick water-saturated clayey aquitard.
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5.1.1 Domain Definition

The domain is defined to represent a cylindrical portion of a landfill. The waste layer
grows from a height of 4 m at the beginning of the active landfilling phase to a final
height of 24 m at the end of the active landfilling phase. Since waste compaction
is not represented by C-Flow, the waste layer thickness should be taken as a time-
weighted average or perhaps a final compacted thickness. The radius of the domain is
50 m to allow for the representation of pumping during the stabilization phase. Wells
are presumed to be regularly spaced 100 m apart throughout the landfill. Thus, the
radius of influence for any well is one half of the well spacing, or 50 m.

The well spacing was calculated using a method suggested by Rowe and Nadarajah
(1996). They provide diagrams to estimate the maximum well spacing required to
limit the maximum hydraulic head buildup, or leachate mound, to an acceptable level
based on the well radius, infiltration rate, and hydraulic conductivity. The 100 m
well spacing was chosen to limit the leachate mound to a maximum height of 1 m.

The domain is discretized with 57 rows and 21 columns of nodes, for a total of
1197 nodes connected by 2240 triangular (axisymmetric) finite elements. The vertical
node spacing is 0.5 m. The horizontal spacing increases exponentially from 0.1 m at
the axis of rotation to 4.3 m over the first 10 spaces; uniform spacing of 4.3 m is used
for the last 10 increments.

Highly transmissive line elements are placed at a radius of 0.4 m from the top of
the aquitard (z = 4 m) to the top of the landfill (z = 28 m) to represent a pumping
well which is used during the waste stabilization period. Thus, a total of 48 0.5 m high
line elements are used to represent the pumping well. Due to the high transmissivity
of the line elements, a negligibly small hydraulic head gradient is required for water

flow along the elements.
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5.1.2 Waste Properties

The waste properties are summarized in Table 5.1. The moisture movement parame-
ters are based on the dumpster-scale results summarized in Table 4.2, but have been
modified to reflect the lower hydraulic conductivity and greater heterogeneity typical
of the landfill scale (Oweis et al., 1990). Biodegradation parameters are based on val-
ues derived from a literature review. Table 5.2 summarizes the observed parameter
ranges and the sources of literature information.

The range for biological oxygen demand (BOD) reported in the literature must
be converted into an equivalent DOC concentration range to compare with C-Flow
results. Theoretically, each mole of organic carbon (C) requires one mole of oxygen
(O2) for complete oxidation to carbon dioxide (COz). Therefore, 32 mg/¢ of BOD is
equivalent to 12 mg/¢ of C, resulting in the relationship DOC = 0.375 x BOD.

5.1.3 Flow Boundary Conditions

The bottom of the clayey aquitard is defined as a fixed-head boundary. The hydraulic
head is set to 1.0 m to represent the top of a confined aquifer. The lateral boundaries
are symmetry boundaries, i.e. no flow or zero gradient boundaries. The top of the
waste layer is a fixed-flux boundary to represent infiltration of water from the land
surface. The infiltration rate is taken to be 1.0 mm/day (365 mm/year).

Waste accretion is handled by specifying which finite elements are to be active at
any time. Elements are deactivated until the waste they represent has been added
to the landfill. Each year of simulation time, another four metres of elements are
activated. The upper boundary condition is adjusted each year so that it is always
at the active waste surface. All of the elements used to represent the pumping well
are deactivated for the entire waste accretion period because no pumping takes place
during this stage.

The landfill site has a 1.6 m thick leachate mound at the end of the accretion

period due to infiltration during waste addition. Four scenarios are simulated for the



Flow Parameters
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Parameter Units Channel Matrix Liner
K, (m/day) 2.0 0.01 1.0 x 10~
K. (m/day) 1.0 n/a 1.0 x 1078
S, (m-!) 1.0x10° 1.0x1075 1.0x107*
g (%) 2.0 50.0 50.0
A ) 0.65 0.65 n/a
Ya (m) 0.1 0.12 n/a
S, (-) 0.25 0.15 n/a
Ry (m) n/a 0.20 n/a
F, (day~1) n/a 0.10 n/a
Transport Parameters
Parameter Units Channel Matrix Liner
Dy, (m?/day) 7x107° 7x10"° 7x107°
o (m) 4.0 0.02 4.0
ay (m) 0.4 n/a 0.4
Biodegradation Parameters
Parameter Units Channel Matrix Liner
M, (day™!) n/a 1x1073 n/a
Ka (day~1) n/a 2 x 1073 n/a
Kp (day™!) n/a 5x 1074 n/a
) (day~!) 1.0 1.0 1.0
K¢ (mg/?) 20 000 20 000 20 000
c (-) 0.73 0.73 0.73
Yx -) 0.02 0.02 0.02
o (-) 0.27 0.27 0.27
Y; (-) 0.0 0.0 0.0
Kd (day~1) 0 0 0
Initial Conditions
Parameter Units Channel Matrix Liner
By, (kg/m3) 0.0 20.0 0.0
Byp (kg/m3) 0.0 10.0 0.0
Xo (kg/m%) 10x10~%® 1.0x10"2 1.0x10~*

Table 5.1: Summary of parameters used for the landfill-scale illustrative example



Parameter Range References

Gonullad (1994)
Gurijala and Suflita (1993)
P 1074 — 1072 day! Marticorena et al. (1993)
Arigala et al. (1995)
Nozhevnikova (1993)

7 fitting parameter

Kc 10 000 mg/¢ Lee et al. (1993)
Ye 0.73 Barlaz et al. (1990)
Yx 0-0.05 Barlaz et al. (1990)
Yo 0.27 Barlaz et al. (1990)
Y: 0.0 Barlaz et al. (1990)
Kd 0 — 0.022 day ™! Lee et al. (1993)

Uguccioni (1995)
Pod 320 — 600 kg/m® Goniillii (1994)
Nozhevnikova (1993)

Farquhar (1989)

By 3% — 10% of dry mass Attal et al. (1992)
(10 — 60 kg/m?) Marticorena et al. (1993)
Owens and Chynoweth (1993)

Xo 0.002 — 0.02 kg/m? Goniilli (1994)

Barlaz et al. (1990)
time to max. C 80 days — 5 years Farquhar (1989)

Ross (1990)

max. BOD 4—-40g/¢ Farquhar (1989)

*dry bulk density (used to calculate Bp)

Table 5.2: Summary of biodegradation parameters from the literature



ensuing stabilization period:
1. Passive stabilization (Nonpumping);
2. Leachate recirculation (Recirculation);
3. Leachate extraction (Pumping); and
4. Leachate extraction with no infiltration (No Infiltration).

In all four cases, a clay cap is assumed to be installed at the end of the waste accretion
period. For the first three cases, the cap is assumed to leak uniformly at a constant
rate of 1.0 mm/day. For the fourth case, the cap is assumed to be impermeable to
water.

For all but the nonpumping case, water is removed from a single node at the
bottom of the well. As described above, water flows down the well bore along the
high-transmissivity line elements. The node is a threshold pressure head node. The
maximum pressure head in the well is limited to 0.1 m above the top of the aquitard.
Water is automatically pumped from the well at a rate sufficient to maintain this
pressure head.

For the leachate recirculation case, the extracted leachate is applied uniformly to
the top of the landfill in addition to the infiltrating water. It is assumed that the
leachate is mixed completely and that appropriate pH buffers are used to maintain

a uniform near-neutral leachate pH.

5.1.4 Transport Boundary and Initial Conditions

Leachate outlet boundaries have a zero chemical gradient (Type II). Inlet boundaries
are specified total flux (Type III). Infiltrating water has a zero DOC concentration,
while the DOC concentration of recirculated leachate is the same at the injection
nodes as at the extraction node. Imitial bulk biodegradable solids concentrations

(Bo,e and By p) and initial biomass concentrations (Xg) are summarized in Table 5.1.
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5.1.5 Simulation Results

Waste Accretion

Figure 5.1 illustrates vertical profiles of simulated DOC concentration at the end of
each year. Since no pumping takes place during the accretion period, the concen-
tration profile is the same at all radii. Notice that the waste column grows by four
metres per year. The profiles appear to be very similar to each other, with each
curve translated up 4 m from the previous year. The reason is that the waste is
added in annual increments, so the top of the waste layer moves up by 4 m each year,
producing the same conditions for the new waste each year.

This behaviour is clearly shown by Figure 5.2 which illustrates DOC concentration
as a function of time since waste emplacement for each of the six waste layers. The
curves closely follow one another, with concentrations increasing for about the first
year and a half to a maximum DOC concentration of about 4 000 mg/¢, and then
gradually decreasing. The secondary hump at year two comes from the influx of
high-strength leachate from the waste layer above. The uppermost layer (Layer 6)
lacks this secondary hump because there is no additional waste layer above.

The biodegradation parameters used for this simulation (Table 5.1) were selected
in order to produce realistic DOC concentration versus time curves (Farquhar, 1989;
Ross, 1990 - see Table 5.2). The maximum DOC concentration in the waste ranges
from 2800 to 4000 mg/¢ and is reached at a time from about eleven to fifteen months
(Figure 5.2). Thus, the simulated results are reasonable.

Waste Stabilization

Vertical DOC concentration profiles for all four waste stabilization cases at a radius of
5.7 m from the centre line of the domain are illustrated in Figure 5.3. Concentration
profiles at different radii are very similar because leachate movement is essentially
vertical in the unsaturated zone that constitutes most of the domain. Therefore,

concentration profiles at other radii are not shown.
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Figure 5.1: Annual profiles of DOC versus z during the waste accretion period.
Dashed lines show the position of the water table at 2, 3, 4, 5, 6, and 7 years, from
bottom to top. The waste is unsaturated during the first year.
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Figure 5.2: DOC concentration as a function of time since waste emplacement at the
midpoint of each annual waste layer

All four plots are similar, but some variability is evident. The nonpumping case
(Figure 5.3a) plot has relatively high concentrations at the base due to the accu-
mulation of a leachate mound. The no infiltration case (Figure 5.3d) has the most
variable vertical concentration gradients due to the lack of infiltration to smear the
concentrations. The recirculation case (Figure 5.3c) has the most intense infiltration
as well as DOC input at the top of the waste layer and hence the most uniform
distribution of DOC.

Figure 5.4 compares DOC concentrations in the lowermost waste layer versus time
for the four stabilization scenarios. Figure 5.5 illustrates DOC concentrations for two
cases over a longer period for the lowermost (Layer 1) and uppermost (Layer 6) waste
layers as well as for the aquitard. Other than the nonpumping case, the concentra-
tions all follow the same trend for the first year of stabilization. Subsequently, the
concentrations diverge, with the recirculation case having the highest concentrations

and the no infiltration case having the lowest.
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Figure 5.3: Profiles of DOC concentration versus z during the stabilization period for
all four stabilization scenarios. Profiles are taken 5.7 m from the axis of rotation at
times of 30 days, 1, 2, 3, 4, 5, and 6 years after the start of the stabilization period.
Concentrations in each plot decrease with time.
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Figure 5.4: DOC concentration in the bottom waste layer at a radius of 5.7 m as a
function of time for all four waste stabilization scenarios.
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Figure 5.5: DOC concentration as a function of time for the pumping and no infiltra-
tion stabilization scenarios. The radius is 5.7 m. Layer 1 is the bottom waste layer
(emplaced at the start of year 1) and layer 6 is the uppermost waste layer (emplaced

at the start of year 6).



Case Ba/Bo,a BJ/Bo'p X/Xo X’/X:)
1. Nonpumping 0.16 0.57 1.5 2.6
2. Recirculation 0.16 0.57 1.5 2.6
3. Pumping 0.18 0.59 1.4 2.5
4. No Infiltration  0.21 0.61 14 24

Table 5.3: Comparison of solids consumption (B,/By, and B,/B,,) and biomass
production (X/X, and X'/X,) for the four stabilization scenarios after seven years
of waste stabilization. See text for discussion.

The nonpumping case has the highest initial concentrations, but also has the most
rapid initial biodegradation. Therefore, the the concentrations drop below those for
the recirculation case after about two years of stabilization.

Differences in DOC concentrations arise from differences in biodegradation rates
between the scenarios. The moisture content is highest for the nonpumping case;
therefore, solids biodegradation is also the highest. Conversely, the case with no
infiltration has the lowest moisture content, hence the slowest biodegradation rate.

The speed of biodegradation can be inferred from Table 5.3 which summarizes the
biodegradable solids consumption and biomass production after six years of waste sta-
bilization. The smallest ratio of B/By and largest ratio of X/.X; indicates the fastest
biodegradation. The differences in the numbers are relatively small, indicating that
the overall simulated landfill biodegradation rate is not very sensitive to the choice
of stabilization scenario. Possible reasons for this low sensitivity will be discussed in

the next section.

5.1.6 Discussion

The model produced reasonable curves of DOC concentration versus time using model
parameters based on the literature survey described above. For the parameters cho-
sen, waste biodegradation was the major control on the distribution of DOC, with
advection and dispersion having less influence.

Hydraulic and chemical coupling between the two model domains was quite
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strong. This strong coupling suggests that an equivalent single domain could likely
be defined that would give realistic results. The single-domain modeling approach
is preferred when reasonable due to the greatly reduced computational burden. On
the other hand, large-scale heterogeneities, such as regions of construction debris
and heterogeneities caused by seasonal variations in the waste-input stream, are cer-
tain to influence leachate movement and waste biodegradation at the landfill scale.
This large-scale structure of waste needs to be characterized in order to improve the
understanding of waste stabilization processes.

The low model sensitivity to the various waste stabilization scenarios was some-
what surprising. Much of this low sensitivity likely came from limitations in the nu-
merical model. The waste was treated as a homogeneous two-domain porous medium
for this illustrative example. As discussed above, the waste at a landfill site is typi-
cally a highly heterogeneous mixture of household garbage, yard waste, construction
debris, etc. C-Flow is able to handle heterogeneous waste properties, but field data
are required in order to incorporate waste heterogeneity into a physically-realistic
model.

A second factor that reduces model sensitivity is the constitutive relationship be-
tween moisture content and biodegradation rate. The biodegradation rate is assumed
to be linearly proportional to the moisture content in C-Flow. The biodegradation
rate may actually be a much stronger function of the moisture content. It will be nec-
essary to study experimental waste biodegradation data to improve this constitutive

relationship.

5.2 Regional-Scale Application

The second example illustrates the potential for an unlined landfill site to con-
taminate groundwater. The domain geometry is adapted from Cooley (1983), based
on the work of Winter (1976) in the Finger Lakes region of New York State. Figure
5.6 illustrates the domain geometry and the hydraulic head distribution. The dimen-

sions are the same as those used by Cooley (1983) except that here the dimensions
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Flow Parameters
Parameter Units Aquifer Lake Bed Landfill

K, (m/day) 15 1x10™* 15
K. (m/day) 0.03 1x1077 0.03
9 (%) 25 25 25

Transport Parameters
Parameter Units Aquifer Lake Bed Landfill
D, (m?/day) 7x10™° 7x10° 7x107°
ay (m) 4 4 4
oy (m) 04 0.4 0.4
Biodegradation Parameters
Parameter Units Aquifer Lake Bed Landfill

Ka (day~1) n/a n/a 2 x 1073
Kp (day~!) n/a n/a 5x 1074
7 (day—!) 1 1 1
K¢ (mg/f) 20000 20000 20 000
e ) 0.73 0.73 0.73
’x ) 0.02 0.02 0.02
A ) 0.27 0.27 0.27
Y, ) 0.0 0.0 0.0
Kd (day‘l) 0 0 0

Table 5.4: Summary of parameters used for the regional-scale illustrative example.
See text for a description of the problem.
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Figure 5.6: Hydraulic head distribution for the regional-scale illustrative example.
Equipotentials are shown by the solid lines with values of hydraulic head indicated
in metres. The contour interval is 0.5 m. The dashed line shows the position of the
water table and surface water bodies.

are given in metres rather than feet. The result is that the length scales for the
present example are a factor of 3.3 larger than the true values.

The region of interest is a cross-section through an unconfined aquifer. The
domain ranges from a regional topographic low on the left to a regional high on the
right. The domain encompasses a local topographic high and a local low. The lows
form long, narrow lakes, with the cross-sectional slice taken midway down the lakes,
perpendicular to their long axes. The hypothetical landfill site is also assumed to be
long in the direction perpendicular to the page. The domain is composed of three
units: an unconfined sandy aquifer, silty sediments underlying the upper lake, and
the landfill site. The porous medium properties for the three units are summarized

in Table 5.4.

5.2.1 Flow Boundary Conditions

The boundary conditions used to obtain the illustrated flow field differ somewhat
from those used by Cooley (1983). Cooley assumes that infiltration occurs only on
the tops and upper slopes of the hills, while the current model assumes that infiltra-
tion occurs everywhere except for the constant head boundaries and active seepage
faces. Therefore, flow is somewhat more intensive through the model used for this
example. The hydraulic head distribution is not affected much by these relatively

minor differences in boundary condition definition.
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The lateral domain boundaries are symmetry boundaries; that is, the flow-field
and hydraulic-conductivity distributions are considered to be mirrored across the left
and right lateral boundaries. In practice, the symmetry-boundary condition is a rea-
sonable approximation as long as the the'boundary falls on the centreline of a regional
topographic low or a regional topographic high and no significant heterogeneities are
present in the immediate vicinity. The bottom boundary is a no-flow boundary, rep-
resenting a low-permeability barrier to water flow. The top of the domain has a
uniform infiltration rate of 0.4 mm/day except where the water table intersects the
land surface. A lake extends from z = 0 to 400 m with a surface elevation of 37.5 m
above the bottom of the aquifer. A second lake extends from z = 4400 to 7200 m
with a surface elevation of 50 m. Elsewhere on the top boundary, seepage faces form

everywhere the water table reaches the land surface.

5.2.2 Transport Boundary and Initial Conditions

The boundary conditions for the transport solution are zero gradient (Type II) on
the no-flow and water outlet boundaries (i.e., where water exits the domain) and
zero total flux (Type III) on the water inlet boundaries. The initial concentration of
bacteria is 10 mg/¢ within the landfill site and 0.1 mg/¢ everywhere else. The initial
biodegradable solids concentrations in the landfill site are 20 kg/m3 for the accessible

solids and 10 kg/m? for the protected solids. All other initial concentrations are zero.

5.2.3 Simulation Results

The steady-state flow solution illustrated in Figure 5.6 was obtained for the bound-
ary conditions described above. This flow field was used for the subsequent transport
simulation. The transport solution is presented in Figure 5.7 as a series of snapshots.
As the solid organic carbon initially present in the landfill decomposes, it produces
carbon dioxide and methane, as well as dissolved organic carbon which is transported
to the regional aquifer by the water percolating through the landfill site. Simultane-
ously, the bacteria in the landfill and in the aquifer further break down the dissolved
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organic carbon to carbon dioxide and methane.

Dissolved organic carbon is transported down into the aquifer and along the
aquifer for approximately twenty years before contaminated groundwater begins to
discharge to the upper lake. The deeper portion of the plume continues to move
laterally for decades as it slowly biodegrades. Note that DOC concentrations greater
than 1 mg/¢ persist throughout the aquifer beneath the upper lake even after 200
years. It must be stressed that these results, although based on realistic parameters,
must be interpreted with extreme caution considering the absence of field data.

Within the landfill itself, the dissolved organic carbon concentration increases
rapidly, reaching a maximum of 6200 mg/¢ after 340 days of simulation (Figure 5.8).
The concentration decreases quite rapidly from 1 to 2 years as the biodegradable
solids concentration decreases, reducing the rate of mass input to the aqueous phase,
and as the biodegradation rate increases due to the growing microbial population.
Low DOC concentrations persist in the landfill site for many years due to continuing
biodegradation of the protected solid organic carbon. The simulated concentrations
for this problem are within the range suggested by Farquhar (1989) for field condi-

tions.

5.2.4 Mass Fate

The detailed mass balance calculations performed by C-Flow can be used to deter-
mine the fate of the biodegradable organic carbon. Of the 30 kg/m? of biodegradable
solid organic carbon initially present in the landfill, more than 98% was biodegraded
to methane (63%) and carbon dioxide (36%) for the biodegradation and transport
parameters used in the simulation. Of the remaining mass, 1.5% was transformed to
biomass and 0.4% was discharged to the upper lake. Less than 0.1% of the initial
mass remained as biodegradable solids or dissolved organic carbon after the 200 year
simulation period, indicating that the dissolved organic carbon remaining after 200
years is insignificant to the mass balance. The overall mass balance error for the do-

main over the entire simulation was 0.35 grams of organic carbon, which is negligible
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Figure 5.7: DOC concentrations for the regional-scale example. Only the right-hand
side of the domain shown in Figure 5.6 is illustrated
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Figure 5.8: DOC concentration within the landfill site versus time

compared to the 1.2 x 10° kg of solid organic carbon biodegraded.

Figure 5.9 illustrates the rate of DOC discharge to the upper lake as a function
of time. The contaminant plume first reaches the lake at year 18, with the discharge
rate attaining a peak of 41 g/day per metre of shoreline (into the page) at year 33.
The mass discharge rate then gradually tails off over the next 100 years. It is likely
that the dissolved organic carbon is discharged sufficiently slowly in this simulation
to be rapidly diluted by lake water to negligible concentrations.

5.3 Summary

Two applications of C-Flow were presented in this chapter to illustrate some of the
capabilities of the model. The model can represent complex boundary conditions
and irregular two-dimensional domain geometries. C-Flow simulates simultaneous
transient water flow, unretarded dissolved organic carbon transport, and anaerobic
biodegradation in variably-saturated porous media. The model allows single-domain
and two-domain porous media to be mixed in a single simulation. Time-varying
domain configurations and boundary conditions are also readily handled.

In the first example application, C-Flow was used to simulate waste accretion
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Figure 5.9: DOC discharge rate to the upper lake as a function of time

and subsequent biodegradation and leachate movement at a landfill site. The sur-
prisingly low sensitivity to different stabilization scenarios highlighted the need for
better characterization of waste at the landfill scale and for an improved constitutive
relationship between moisture content and biodegradation rate. The results also sug-
gested that the dual-porosity formulation may be unnecessary at the landfill scale;
larger-scale heterogeneities likely control the distribution and movement of leachate
through waste at a landfill site. These conclusions also imply that moisture move-
ment and waste biodegradation experiments need to be conducted at scales larger
than that of a dumpster.

In the second example application, the model was used to simulate waste biodegra-
dation and dissolved organic carbon transport through an aquifer underlying an un-
lined landfill site. For the domain geometry and waste and aquifer properties used in
the simulation, DOC concentrations reached a maximum of greater than 1000 mg/#
in the aquifer, but the impact to a lake about 1 km downgradient due to the DOC
plume was relatively minor. Of course, landfill sites typically contain a variety of haz-
ardous substances which have the potential to cause severe groundwater and surface
water contamination. These substances would need to be considered individually.

In both illustrative examples, DOC concentrations within the waste followed the



trends reported in the literature, using biodegradation parameters within the re-
ported ranges. Therefore, the conceptual model of anaerobic biodegradation devel-
oped for this thesis seems to be appropriate at the landfill scale. However, it will
be necessary to compare results from C-Flow to at least one detailed biodegradation
experiment before the model is ready to be used as a predictive tool for landfill site

design or management.
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Chapter 6

Conclusions

Much of the world’s waste is disposed of in landfill sites. Therefore, the processes
that occur during municipal solid waste (MSW) biodegradation need to be stud-
ied. Although modern North American landfill sites are usually designed to prevent
biodegradation, some waste decomposition is inevitable. Over time, the caps and
liners used in the design of these landfill sites may leak, allowing surface water to
infiltrate into the waste or allowing leachate to escape from the landfill site. Older
landfill sites may have no caps or liners, increasing the risk of leachate generation
within and leakage from the landfill sites. By studying moisture movement and
biodegradation in MSW, the potential intensity and duration of groundwater con-
tamination from landfill sites can be predicted and various design and management
schemes evaluated.

In this thesis, conceptual models of the structure of MSW, water flow through
the waste, and waste biodegradation were developed. These models were based on
experimental and field observations at scales ranging from the bench top to the
landfill site. Solid waste was treated as a two-domain continuum; waste-filled garbage
bags were assumed to provide most of the water storage capacity of household waste,
while the channels between the garbage bags were assumed to rapidly transmit water
through waste. Fluid was assumed to be transferred between the two domains by
leakage through tears in plastic garbage bags or by diffusion through paper bags.

A two-step model of anaerobic waste biodegradation was developed. Biodegrad-
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able solids were assumed to be converted to soluble organic carbon (fatty acids and
alcohols), carbon dioxide, and methane by the combined processes of hydrolysis and
fermentation. The subsequent rate-limited transformation of dissolved organic car-
bon (DOC) to carbon dioxide and methane by methanogenic bacteria was also con-
sidered. Unretarded transport of DOC by advection and dispersion was accounted
for as well. Aerobic biodegradation was not explicitly accounted for since oxygen
initially emplaced with the waste in a landfill is rapidly consumed and replenishment
of oxygen in the waste is typically limited to the margins of a landfill site.

The conceptual models were used to formulate a set of partial differential equa-
tions to quantify the description of water flow and biodegradation in MSW. These
equations were implemented in a numerical simulator called C-Flow. The model
represents transient, variably-saturated water flow, biodegradation of solid organic
carbon, and transport of DOC through a two-dimensional cross section using either
Cartesian or axisymmetric coordinates.

Although this thesis focused on processes occurring during waste biodegradation,
the mathematical and numerical models that were developed here could readily be
applied to other settings. A model verification problem involving pumping from
a fractured rock aquifer was one example of an alternative application. Without
modification, C-Flow could be applied to other problems involving variably-saturated
water flow in a variety of structured porous media. Reactive transport simulations
could also be performed for these media, although the transport equations would
possibly need to be revised.

Results from C-Flow compared remarkably well with observations from a series of
dumpster-scale moisture movement experiments. The model accurately represented
the rapid breakthrough and gradual storage of water within waste-filled dumpsters
for all eight experiments. The fluid-transfer coefficient was set to a higher level
for compacted waste than for uncompacted waste to reflect the improved channel-
bag coupling expected for compacted waste. All other model parameters were held

constant amoung the eight simulations. The good agreement between the model and



experimental results suggested that the model captured the essence of flow through
solid waste at the dumpster scale despite the many simplifications needed to formulate
a tractable mathematical description of the flow processes.

Water application rate and waste compaction were key parameters influencing
moisture flow through household waste at the dumpster scale. Both breakthrough
time and water storage varied markedly with the infiltration rate. Breakthrough
time increased from fifteen minutes to two days as the infiltration rate decreased
from 25 to 3 mm/h. Accurate representation of the infiltration rate was shown to
be necessary to properly simulate water flow at the higher infiltration rate. A cruder
approximation was found to be adequate for infiltration of water at the lower rate.
Waste compaction was shown to reduce the inter-bin variability and increase water
storage.

It was not possible to determine a unique set of parameters that best described
the experimental results. Different sets of model parameters produced practically
identical simulation results. Any MSW flow parameters determined by inverse mod-
eling should be applied to predictive models only with extreme caution. Site-specific
parameters should be obtained by direct measurement whenever possible. Although
C-Flow was not applied to any biodegradation experiments, similar cautions are likely
to apply.

C-Flow was applied to two field-scale examples to illustrate its capabilities in
the simulation of complex reactive transport problems. The model results compared
well to observed field-scale behaviour using realistic biodegradation parameters and
porous medium properties; however, the simulations were intended only to demon-
strate C-Flow and not to guide landfill design or management decisions. Such appli-
cations require far more detailed field data than is currently available.

C-Flow did not predict much variation in overall biodegradation rates for various
landfill site stabilization schemes, including pumping and recirculation of leachate.
This low sensitivity was most likely caused by model limitations arising from a lack

of experimental data. The model assumed homogeneous waste; in fact, the flow
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properties and biodegradability of waste are typically highly heterogeneous. However,
research that focuses on characterizing the large-scale structure of waste is needed
before this heterogeneity can be quantified. An additional model limitation was the
assumed linear relationship between moisture content and biodegradation rate. This
constitutive relationship may have underpredicted the sensitivity of biodegradation
rate to moisture content. Again, further experimental research is required in order
to quantify the biodegradation rate-moisture content relationship.

This thesis has identified the need for further experimental research. Continued
work at the dumpster scale is needed in order to improve the characterization of
biodegradation processes in waste. These experiments should include as much de-
tailed measurement as possible to identify the important factors controlling waste
biodegradation. For example, this thesis highlighted the need to quantify the rela-
tionship between moisture content and biodegradation rate. These small-scale ex-
periments will allow models such as C-Flow to be refined, improving their usefulness
as landfill design and management tools.

The following specific parameters should be measured for small-scale moisture

movement experiments:
e bulk saturated hydraulic conductivity;
e bulk moisture retention curves (drainage and wetting);
e bulk, channel, and matrix porosities; and

e matrix parameters (i.e., hydraulic conductivities and retention curves), if pos-

sible.

The above parameters should also be measured for future biodegradation experi-

ments. The following additional parameters should also be measured:
e initial microbial population;

e microbial population versus time;
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e DOC concentration versus time;
e gas production rates, as well as cumulative gas production; and
e trends of biodegradation rate as a function of moisture content.

Field-scale experiments are also required in order to determine the applicability
of smaller-scale experimental results to actual landfill sites and to characterize the
role of heterogeneity. These experiments will allow the conceptual models developed
in this thesis to be tested and refined under more realistic conditions than can be
obtained in the laboratory. The design of field-scale experiments is complicated by
the extreme heterogeneity of MSW at the landfill scale and the difficulty in obtain-
ing detailed data. However, since the large-scale structure of waste likely controls
leachate movement and waste biodegradation at landfill sites, only studies at the
landfill scale will be able to quantify the patterns of leachate movement and waste
biodegradation.

Complete characterization of waste properties is not practical at the landfill scale.
Instead, large scale experiments should likely focus on integrated, readily measured
parameters. Some examples of measurable and potentially useful parameters are as

follows:
e precipitation data;
e infiltration rates and volumes;
e discharge hydrographs for discrete points at the base of the waste;
e descriptive logs for any boreholes drilled in the waste;
e pumping test data, preferably with many observation points; and

e historical records of the general nature and distribution of waste types at the
landfill site.
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These parameters should help the development of practical models of overall landfill
behaviour. These models will be site-specific, but patterns applicable for landfill sites

in general may emerge.



Appendix A

Finite-Element Formulation

This appendix provides details of the finite-element formulation derived in this thesis.
The primary-domain equations closely follow the standard Galerkin finite element
technique. Numerous textbooks on the subject exist (e.g., Huyakorn and Pinder,
1983; Huebner and Thornton, 1982), so only the final matrix equations are presented.
A more thorough derivation of the secondary-domain equations is presented because

few numerical models employ spherical coordinates.

A.1 Primary Domain

A.1.1 Flow Elemental Matrices

The elemental conductance matrix for the one-dimensional line elements is

dwk, K\ | 1 -1
[H](C) = ( T ) |i (A.1)
-1 1
The capacitance matrix is
o (dwLlS,)® | S;w O
ye = o) (A2)
0 Sw2
The unsaturated storage matrix is
g (dwl8)® [ 10
U] = — . (A.3)
01
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The superscript (e) denotes elemental values. The variables are d, the domain thick-
ness in cartesian coordinates, or the effective circumference (d = 27r) in axisymmetric
coordinates, w, the line element width in the plane of the domain, and L, the element
length. The elemental relative permeability, k., is the arithmetic average of the nodal
values unless it is upstream weighted, as discussed below. The nodal relative perme-
abilities are evaluated at the time levels defined by the nodal time-weighting factors.
Equations A.2 and A.3 are written for the lumped mass formulation. The consistent
mass formulation is also supported. For the consistent formulation, substitute

1| 2501 Sw2 1| Se1 O
- for —
St 2Su2 21 0 Su

121 110
- for = .
61 2 2_01

The elemental conductance matrix for two-dimensional triangular elements is

G biby biby b:1bs cicp €1z €163
[H](e) = <41§) Kz.t bzbl bgbg b2b3 + Kzz CaCp C2Co C2C3 (A4)
bsby b3by b3bs ] C3C) CaCz C€3C3

where (Huebner and Thornton, 1982)
by=20—2z3, bp=z3—2z1, ba=12— 29,
€L =ZIZ3— T2, C2=1I) —ZI3 C3=1I2— I,
z; are the nodal z-coordinates, z; are the nodal z-coordinates, and A is the elemental

area. The capacitance matrix is

i+l
dAS,)®
vye = @a5) 3) Sez 0 : (A.5)
The unsaturated storage matrix is
100
dA6)®
e =429~ 14 1 0. (A.6)

3
0 01
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Equations A.5 and A.6 are written for the lumped mass formulation. For the consis-

tent formulation, substitute

2Swl Sw2 Sw3 Swl 0 0
1 1
E Swi1 2Sw2 Sws for '5 0 Sw2 0
Swl Sw2 25103 0 0 Sw3
and
211 1 00
L for l 0
12 1 21 3 01
112 001
The upstream-weighted elemental relative permeability is

where the nodal weights, 7;, are given by

. — + h': — il
T = Mbal & L ax(Ahoin, AR)

where 7, is the nodal weight for balanced relative permeability weighting (s =

(A8)

1/2 for line elements and 7y = 1/3 for triangles), h is the elemental arithmetic
average head, Ah is the hydraulic head variation within the element, and Ahmin is

the threshold elemental head variation to cause full upstream weighting.

A.1.2 Flow Solution Iteration

Much of the following discussion was adapted from Huyakorn et al. (1984), Huyakorn
and Pinder (1983) and Huebner and Thornton (1982). Let equation 3.2 be called {G}.

The desired solution is thus
Gl(h'lv h21 Y 5 e hnn) =0 (A'g)

for all I. The next guess at the solution is obtained by performing a Taylor series

expansion about the current approximation, ignoring all but the first order terms:

i i oG i i i
G[+1 = GI -+ (—BFJ-) 6hJ+l = €[+1 (A.lO)



where i + 1 denotes the newest guess at the solution, i denotes the previous guess,
{€} is the solution error vector and §h}! = RYy' — h%. Equation A.10 is solved at
each iteration. The solution has converged for the time step when {0h} vanishes to
within some small tolerance.

The form of the derivative term in equation A.10 depends on whether or not
the dependence of [H] and {S,} on {h} is included. Picard iteration ignores this
dependence, whereas Newton-Raphson iteration retains it. For Picard iteration

G\ 1
(51?,') = wiHyy + 5 Vis (A.11)

For Newton-Raphson iteration

090G, : 1 g 1 0Sws g+t OHk Jw
) il — A.12
(ahJ) wyHp; + At‘”-*-AtU” ( ah,_,) + B hy ( )

where, for line elements,

8H Jhw ok, \?* (dwK\®© ;
(Gene)  —ams (522) (25) -~ amy)
and Jjtw j+ (e)
OH. Ok, \’¢ (duK\'© :
( athK hK) = wyny (5%) (JZ_) (hy — by )™ (A.14)

For triangular elements,

(e)

OH jtw ok, Jtw d j+w
(Fne) = (Gi) (dcaive + Keoon)) i (19

The derivative 8S,/0h is approximated by

8Sws _ Sulh) = Sw(hi™Y)

Bhy hf = i1 (A-16)

unless h* and A*~! are nearly the same. In that case, the point derivative is used.
The derivative 0k, /0h is calculated by the same technique.

Newton-Raphson iteration usually converges much more quickly than Picard it-
eration. For small {dh}, Newton-Raphson iteration converges quadratically, whereas

Picard iteration converges only linearly (Huyakorn and Pinder, 1983). However, as
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shown in equations A.1l to A.15, the Newton-Raphson method requires approxi-
mately twice as many calculations as the Picard method for each iteration. Fur-
thermore, the matrix generated by the Newton-Raphson method is asymmetric; the
Picard method retains the symmetry of the finite-element formulation (Therrien,
1992; Huebner and Thornton, 1982). The ORTHOFEM v1.04 solver (Mendoza et
al., 1994) used by C-Flow solves both symmetric and asymmetric matrix equations,

so the form of the global matrix is not important.

A.1.3 Transport Elemental Matrices

The advective-dispersive transport matrix for the one-dimensional line elements is

(Frind, 1988) [R] = [Rp] + [Rv] where

(Ro]® = (d_wL_Q) “

@ _
[Rv](e)=(i;) [_i 1} (A.18)

The mass storage matrix is

j+l-w

dwL)® | 0w 0

e = Gt ) l : (A.19)
2 0 6w2

-1 1

1 -1 ]
(A.17)

and

The consistent mass formulation is also supported. For the consistent formulation,

29w 1 0w2 1 0 wl 0
for = .
ewl 20w2 2 0 0w2

No reactions occur in the line elements, so [M] and {P} are not defined.

substitute

1
6

The dispersive transport matrix for two-dimensional triangular elements is

NZ biby biby bybs bic; bicz bics
[Rp]® = (E) Dzz | byby boby boby | +Dzz | bacy bacy bacs
bsby baby b3bs baci bacy bscs



aby cib2 c1bs CciC; CiC2 Ci1C3
+D.z | c3by coby cabs | + Dz | caer caca cacs
csby c3ba cabs €31 C3C2 C3C3

The advective transport matrix for is

dblb2b3 dclczcs
[RV](C)=% by by by |+ —|c1 c2 cs
by by b3 i C2 C3
The mass storage matrix is
Jj+l-w
© 0oy 0 O
dA)'c
[T](C) =-(-'—3)—— 0 6, O
The DOC production array is
\ J+l-w
owl
_ _ cdA
{P}(e) = (Baka t+ Bptp) C3 B2
6w3
/
The DOC consumption matrix is
_ e |1 0 0
(uXida)®
[M® = 2———10 1 0
3(Kc +ICl)
0 01

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

Equations A.22 and A.24 are written for the lumped mass formulation. For the

consistent formulation, substitute

20,1 Ow2 Oua sy O O
1 1
1—2' 1 20wz Ouws3 for 5 0 Bu2 0
owl 0w2 2gw3 0 0 9w3
and
2 11 1 00
i’ 2 1 for l 010
2! 3

1 12 0

o
—
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A.2 Secondary Domain

The flow and transport equations used for the spherical secondary domain were de-
rived using the Galerkin finite-element ;echnique with linear basis functions. Line
elements can be defined to represent pure radial flow in spherical coordinates. Unlike
conventional line elements defined in a cartesian coordinate system, spherical line
elements (one-dimensional spherical shell elements) have cross-sectional areas which
vary along their length. Near the centre of a sphere, this variation is very large.
Therefore, the variation in cross-sectional area along a single element is rigorously

accounted for in the following derivation.

A.2.1 Flow Elemental Matrices

Fluid pressure head is the independent variable for flow in the secondary domain.
The first step in the following derivation of the finite-element matrices is to write the
partial differential equation for flow in a sphere (Equation 2.9):
10 (4,00 ,0S,,
“rzar( kKar> 5,5, % +66t_ (A.25)
Next, the pressure head is substituted with a numerical approximation for each ele-

ment:

Y =Y (A.26)

where, for a linear spherical shell element,

¥ = Ny + Naty (A.27)
and
Ny = 27 and N; = — I (A28)
ra—T11’ Ty —Ty

Next, the Galerkin technique is applied to the spatial derivative:

.0 -
(= / —35; (ﬁer'?rl) NdVy, i,5=1,2 (A.29)
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where ( is the error which needs to be minimized globally and Ve = 4/3n(r3 —1}) is
the volume of the spherical shell between 7, and r. Therefore dV,; = 4nr?dr. Making
this substitution in Equation A.29 and performing integration by parts to eliminate

the second derivative leads to

¢ = 41rf 2kKa¢aa]Zd +Q, (A.30)

_ ¥ Q1
¢ = —r1)2 1(/ [ ]{w2}+{Q;} (A.31)

where Q) is the boundary fluid flow rate at local node i. Globally, {Q} sums to zero,

except on the outer domain boundary. Finally,

=[H ]“’{ zl }+{ Z’ } (A.32)
2 2

o w3 g | 1
[H] == (rz—rl)zk"K’ L (A.33)

where

which is the elemental conductance matrix for the second domain.
The derivation of the storage term follows the same procedure. The error which

is to be minimized globally is defined by

T2 6SI ,aw
¢ = /ﬂ —1'2( . S'S,at)NdVd, =12 (A.34)
as, )
= 471’( wj S SI w ) / (N1 +N2)N 2dr. (A35)
ot
Substitution of the relationships for N and integration leads to, for the lumped
formulation,
C —_ T :2::1 37‘1) 0 (A 36)
= 0 (3r3 -n ) |

(A.37)

| eI - Sh) + SuSi@T - 8
05" - S) + SuSudd™ ~d7) |

116



117

Therefore,
r3-r3 3\ &
[V,](e) = ﬁ,i 2 r2—-T1 - 37'1) SIWI 0 ] (A.38)
3 0 (3T2 - Tl fz—rx) Slw2
and
r3—rd
- 3r3 0
[U’](e) — We (1’2 r2—r1 1) s . (A.39)
0 (3r - nuZH)

Similar equations could be derived for the consistent formulation.

A.2.2 Transport Elemental Matrices

The dispersive transport matrix is obtained directly by variable substitution in Equa-

tion A.33. The resulting elemental dispersion matrix equation is
(g -rd) | 1

3 (7'2—T1)2D [ -1 ] '

The elemental capacitance matrix equation is similarly obtained from Equation A.38:

-1
1

[Rp)® = (A.40)

e =2 (” rz-fx ~3r{) b (:3 . . (A.41)
3 0 (3r3 -1 2=2)6,,
The advective transport matrix is defined by
, —(rs—r s —T
[RV](e) - 3 mq . (r3 D (-1 (A.42)
(rz = 1)) —(r3 =) (r3—ri)
The volumetric DOC production array is
’ 4 ’ =7 ~7 1 T4 - -T T3 + _1.7.4
(PO =" ¢ v.(Bi,+ Bk, 22 3FLT 44 (A.43)
To — w* C\*~a'va p'vp 1 3 i 4
2 1 ZT2 - 51']_7’2 + '1—2
The DOC consumption matrix is
, 4m p X' Lrs—Lrgrd +4rt 0
[M]© = e 2 (A.44)
r2 — 11 3(Kc +|C)) 0 ird—inrd+ 5l
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