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The present study is an application of Computational Fluid Dynamics (CFD) to the numerical simulation
of landfill aeration systems. Specifically, the CFD algorithms provided by the commercial solver ANSYS
Fluent 14.0, combined with an in-house source code developed to modify the main solver, were used.
The unsaturated multiphase flow of air and liquid phases and the biochemical processes for aerobic bio-
degradation of the organic fraction of municipal solid waste were simulated taking into consideration
their temporal and spatial evolution, as well as complex effects, such as oxygen mass transfer across
phases, unsaturated flow effects (capillary suction and unsaturated hydraulic conductivity), temperature
variations due to biochemical processes and environmental correction factors for the applied kinetics
(Monod and 1st order kinetics). The developed model results were compared with literature experimen-
tal data. Also, pilot scale simulations and sensitivity analysis were implemented. Moreover, simulation
results of a hypothetical single aeration well were shown, while its zone of influence was estimated using
both the pressure and oxygen distribution. Finally, a case study was simulated for a hypothetical landfill
aeration system. Both a static (steadily positive or negative relative pressure with time) and a hybrid
(following a square wave pattern of positive and negative values of relative pressure with time) scenarios
for the aeration wells were examined. The results showed that the present model is capable of simulating
landfill aeration and the obtained results were in good agreement with corresponding previous
experimental and numerical investigations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Landfill aeration is an important effective technology for con-
verting conventional anaerobic landfills into biologically stabilized
ones, exhibiting very low emission potential (Ritzkowski and Steg-
mann, 2012). During the last decades, landfill aeration has been
successfully used as a method of landfill remediation worldwide
(Heyer et al., 1999, 2003, 2005, 2007, 2009; Ritzkowski and Steg-
mann, 2005, 2012; Cestaro et al., 2006; Cossu et al., 2007; Ritzkow-
ski et al., 2009a, 2009b). Investigations on landfill aeration were
conducted at laboratory as well as pilot and field scale. In practice,
the design of field scale aeration systems was based on preliminary
pilot scale experiments as well as on previous practical experience
(Cestaro et al., 2006). Some computational models were used as
auxiliary tools combined with the pilot experiments (Cossu et al.,
2007), in order to elucidate parameters, such as the radius of
influence of each aeration well.

Borrowing from composting, models of aerobic degradation of
landfills can be divided, by means of their spatial distribution, into:
(1) point, ‘‘lumped’’ or ‘‘batch’’ models, which consider the whole
landfill as a ‘‘point’’ with constant properties, and (2) spatially dis-
tributed models that take into consideration the spatial variation of
distributed parameters.

First order batch models were used by Haug (1993), Baptista
et al. (2010), Mohee et al. (1998), Higgins and Walker (2001) and
Mason (2008a). Monod or Contois type expressions for the solid
waste biodegradation were used in works of Kaiser (1996), Lin
et al. (2008), Qin et al. (2007) and Xi et al. (2008). Sole-Mauri
et al. (2007) set up a more complex, integrated, two-stage bio-
chemical model using Monod type kinetics for the hydrolysis pro-
cess and a first-order kinetic growth of microorganisms. Finally,
Petric and Selimbašić (2008) used a Runge–Kutta–Fehlberg method
with approximation of fourth and fifth order and adjustment of
step size for a n-order (n = 2.8944) lumped biodegradation model.
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Nomenclature

aq volume fraction of q phase (m3/m3)
aw volume fraction of the wetting phase (water) (m3/m3)
awr residual saturation of water (m3/m3)
aws maximum (saturation) water content (m3/m3)
CB biomass concentration in the waste matrix (kg/m3)
CS concentration of the biodegradable solid waste (kg/m3)
Cp

O2
concentration of oxygen in the phase p (kg O2/kgp)

Ceqg
O2

equilibrium concentration of oxygen in the g (gaseous)
phase (kg O2/kgp)

Ceql
O2

equilibrium concentration of oxygen in the l (liquid)
phase (kg O2/kgp)

Ceqp
O2

equilibrium concentration of oxygen in phase p (kg O2/
kgp)

D dispersion coefficient of oxygen (m2/s)
d characteristic mean pore size (mm)
g acceleration of gravity (m/s2)
Hc(T) dimensionless form of Henry’s constant as a function of

temperature T
HTo

H dimensioned Henry’s constant (M/atm) at To (K) tem-
perature

hq specific enthalpy of q phase(J/kgq)
hpq volumetric heat transfer coefficient (W/m2 K) between

the phases p and q
J
!

dispersion term (mass transfer equation)
K saturated hydraulic conductivity (m/s)
k intrinsic or saturated permeability of q phase (m2)
k
0

effective/corrected biodegradation rate (s�1)
kd bacterial decay rate (s�1)
km maximum biodegradation rate in high biodegradable

solids concentration (s�1)
kmc moisture content correction function (dimensionless)
kO2 oxygen concentration correction function (dimension-

less)
KO2 half saturation constant for the oxygen (kg/m3)
kFAS free air space correction function (dimensionless)
kpH pH correction function (dimensionless)
KpqO2

mass transfer rate of oxygen from phase q to phase p
(s�1)

kr relative permeability (dimensionless) calculated accord-
ing to van Genuchten (1980)

KS half saturation constant for the solid waste (kg/m3)
ktemp temperature correction function (dimensionless)
ktemp2

correction function for the biomass decay rate (dimen-
sionless)

OMC organic matter conversion (%)
P static pressure (Pa)
Pc capillary pressure (Pa)
Qpq heat transfer across the phases p and q (Qpq = �Qqp)
Re Reynolds number
RpqO2

mass flux of oxygen from phase q to phase
p(RpqO2

¼ �RqpO2
)

SS solid waste biodegradation rate (kg/m3 s)
SB biomass production rate (kg/m3 s)
SD biomass decay (kg/m3 s)
Sq mass source/sink term of the q phase (continuity equa-

tion)
Sp sink/source term of energy
t time (s)
Tp temperature of p phase (K)
Tmin minimum acceptable temperature (�C or K) of the tem-

perature correction function
Tmax maximum acceptable temperature (�C or K) of the tem-

perature correction function
Topt optimum temperature for the aerobic biodegradation

(�C or K) of the temperature correction function
Vq
�!

Darcy velocity of q phase (air of water) (m/s)
YS yield coefficient which connects kinetics of biodegrad-

able solid waste and biomass (kgB m3 s/kgS m3 s)

Greek symbols
aH constant of exponential decrease for Henry’s constant

(K)
a van Genuchten constant (1/m)
b dimensionless van Genuchten constant
c dimensionless van Genuchten constant(c ¼ 1� 1

b)
e total porosity of the medium (dimensionless)
lq dynamic viscosity of q phase (kg/m�s)
qq density of q phase (kg/m3)
qw water density (kg/m3)
s shear stress (Pa)
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However, due to the spatial variations of temperature, oxygen
concentration, pH, free pore space, waste heterogeneity and other
uncertainty, lumped models may fail to predict the mean behavior
of the batch waste bioreactor. This can be more significant in land-
fill aeration, where the air pressure gradient distribution across the
different wells is not generally equal in space, resulting in variant
mass and heat transfer in the landfill. Even for forced aeration com-
posting, Bari and Koenig (2000, 2012) emphasized the need of spa-
tially distributed models for pilot and field scale applications.
Spatial and/or temporal distributed models in composting systems
were used by Finger et al. (1976), VanderGheynst et al. (1997),
Nakayama et al. (2007) and Bongochgetsakul and Ishida (2008).
El-Fadel et al. (1996a, 1996b, 1997) developed and applied one of
the first temporal and spatial distributed models for the generation
and transport of gas in an (anaerobic) sanitary landfill.

The Waste Management Research Group of the University of
Southampton (UK) developed the ‘‘Landfill Degradation And Tran-
sport’’ model (LDAT), which was recently released on-line in the
Group’s web-site (http://www.wmrg.soton.ac.uk/). White et al.
(2003, 2004), White and Nayagum (2011) and White and Beaven
(2013) applied this to simulate biochemical degradation of solid
waste in landfills for anaerobic conditions. Beaven et al. (2008),
Rees-White et al. (2008a, 2008b) and Nayagum et al. (2009a)
used it for aeration process simulation, calculating biochemical
as well as flow field properties. The above mentioned sophisti-
cated model includes an integrated biochemical model coupled
with a flow simulation module that takes into consideration the
degradation and settlement of the wastes and is well sustained
by experimental investigations, for example the works of Rees-
White et al. (2008a), Powrie and Beaven (1999) and Zardava
et al. (2009).

Flow through waste solid matrix is usually considered as porous
medium flow, generally simulated with Darcy’s formulation (Bear,
1972), accounting also for capillary suction and varying hydraulic
conductivity as a function of liquid phase saturation. Fellner and
Brunner (2010) studied the leachate generation from municipal so-
lid waste landfills using the HYDRO-2D model and considering two
different kinds of domains: a channel domain with high hydraulic
conductivity and a matrix domain of slow water movement with
high water retention capacity. Others simulated the groundwater
and leachate flow after a landfill leachate leaking accident using
in-house solver (Suito et al. 2006). Nayagum et al. (2009a,
2009b) simulated field-scale aerobic treatment applications, using
forced-air injection, applying the LDAT model. Cestaro et al. (2003)

http://www.wmrg.soton.ac.uk/
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and Cossu and Cestaro (2005), applied the Darcy formulation in or-
der to estimate the radius of influence of an aeration well.

Thus, although numerous works are available for the biodegra-
dation process and the flow simulation modeling separately, there
are only few models that combine them (e.g., LDAT). This is espe-
cially true for landfill aeration systems for which distributed mod-
els, combined with pilot scale applications, can be valuable for an
optimum computer-aided design. Application of such a model
could be useful to the aeration systems industry or to the research
community, helping to understand and clarify the complex phe-
nomena concerning aeration biochemical and hydrodynamic
processes.

The objective of this work was to develop and primarily test a
new model that will combine fluid mechanics and aerobic biodeg-
radation modeling of landfilled organic solid waste. For this pur-
pose, a multiphase flow model both for the air and liquid phase
was used taking into consideration the oxygen transfer across
gas and liquid phases. Liquid phase comprises the free pore water,
which together with the moisture content of the waste constitute
the total moisture of the system. Moreover, the capillary effect as
well as the hydraulic conductivity as a function of moisture satura-
tion was taken into consideration in the flow model. Oxygen enters
the landfill in the unsaturated zone of waste matrix and is trans-
ferred in the gas and liquid phases under advection and dispersion
mechanisms, as well as across phases under an interphase transfer
mechanism, caused by oxygen concentration gradient. Further-
more, heat generation due to organics degradation or other bio-
chemical processes was considered as source/sink term in the
energy conservation equation. Finally, substrate and biomass par-
ticipating in the biochemical reactions were simulated using
chemical kinetics coupled with equations of the parameters that
participate into reaction rates, such as oxygen transfer equations
or energy equation for temperature calculation.

The novelty of the present work was the use of a multiphase
computational approach that includes the capillary effect (unsatu-
rated flow of water and air in the solid waste), combined with an
interphase oxygen transfer and coupled with an organic matter
biodegradation model. This model was developed using the com-
mercial CFD solver ANSYS Fluent 14.0 (ANSYS, 2012) coupled with
an extended in-house code that alters some parameters of the flow
simulation program and simulates the biochemical process, in or-
der to couple the mass/heat/species transfer equations with a bio-
degradation model for the organic solid waste. Simulation of
landfill aeration is still a relatively new, unique and complex re-
search area, with the first papers dating since 90s. The model in
this paper could be used as a basis for aeration systems design
and optimization, aiming at bringing landfill aeration modeling
from research and development into the field of future practical
design and applications.
2. Mathematical model development

In the present study, Computational Fluid Dynamics (CFD) tech-
niques were applied for the multiphase simulation of landfill aera-
tion process. Thus, the Control or Finite Volume (CV or FV)
approach was used (LeVeque, 2002), which is included in the com-
mercial solver ANSYS Fluent 14.0 algorithms. This was combined
with an in-house developed code, using ANSI C programming lan-
guage and ‘‘User Defined Functions’’ (UDFs) macros language of the
ANSYS Fluent solver.

In order to simulate the rheological and biochemical character-
istics of landfill aeration, a numerical code has to: (a) simulate the
complex air–water flow in the unsaturated ‘‘porous’’ media of a
landfill, (b) simulate oxygen species transfer in the gaseous (air)
and aqueous (water) phase, taking into consideration the oxygen
mass transfer between the different phases, (c) simulate the bio-
chemical process of biodegradable solids fraction reduction and
biomass production/decay system and (d) simulate effectively
the heat production/consumption of the above biochemical
processes.

Our in-house code:

� Defines the capillary effect in the momentum equations of
the wetting phase (water).

� Defines the landfill hydraulic conductivity for the fluids of
interest as a function of moisture saturation.

� Simulates the oxygen interfacial transfer between air–
water interphase as well as the sink term due to biodegra-
dation process.

� Simulates the heat source/sink term due to biochemical
processes.

� Calculates the biodegradation factors, which participate in
the kinetics of the biodegradation process, as well as the
biodegradable solids and biomass concentration in the
landfill.

2.1. Fluid flow equations

In the present study, each one of the phases taking part in the
simulation was considered as a single continuum obeying a differ-
ent set of momentum equations. Thus, the concept of Volume Frac-
tions (VF) was used for each phase. VF represents the volume
occupied by each phase. The laws of conservation of mass and
momentum are satisfied by each phase individually, whereas the
total continuity in a Control Volume (CV) is guaranteed using the
conservation of VF mass law, expressed by an analytical equation
for the sum of volume fractions of all phases that equals to one.
This way, 100 per cent of free porous space is occupied by the
sum of the aqueous or gaseous phase at all times.

The Navier–Stokes–Brinkman equations for an ‘‘Euler–Euler’’
multiphase approach (ANSYS, 2012) were used for the unsaturated
flow, which is an extended Darcy’s model, for the simulation of
momentum conservation in each CV. An expression of the above
equations in a compact notation is:

@eaqqq Vq
�!

@t
þreaqqq Vq

�!
Vq
�! ¼ �eaqrP þre��sþ eaqqq�g

� a2
q

lq

kkr
Vq
�!� eaqrPc ð1Þ

where e is the total porosity of the medium (dimensionless), aq is
the volume fraction of q phase (m3/m3), qq is the density of q phase
(kg/m3, Vq

�!
is the Darcy velocity of q phase (air of water) (m/s), P is

the static pressure (Pa), s is the shear stress (Pa), g is the accelera-
tion of gravity (m/sec2), lq is the dynamic viscosity of q phase, k is
the intrinsic or saturated permeability of q phase (m2), kr is the rel-
ative permeability (dimensionless) calculated according to van
Genuchten (1980) formulation. For the aquatic phase:

kr ¼ S0:5
e 1� ð1� S1=c

e Þ
c� �2

ð2Þ

For the gaseous phase:

kr ¼ ð1� SeÞ0:5 1� S1=c
e

� �2c
ð3Þ

where Se is the saturation calculated as:

Se ¼
aw � awr

aws � awr
ð4Þ

where aw is the volume fraction of the wetting phase (water), awr is
the residual saturation, aws is the maximum (saturation) water
content, and c is the dimensionless van Genuchten constant.
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The capillary pressure term caqrPc is included only in the wet-
ting phase, where Pc (Pa) is calculated using van Genuchten
(1980)–Mualem (1976) formula:

Pc ¼ �
qwg
a

1
Se

� �1=c�1
 !1=b

ð5Þ

where qw is the aqueous phase density (kg/m3) and a (1/m) and b

are the van Genuchten constants c ¼ 1� 1
b

� �
.

In Fig. 1, estimation of capillary pressure versus degree of satu-
ration for the present work is presented and compared to various
estimations of the capillary suction by previous works. Data by
Wu et al. (2012) and Stoltz et al. (2012) were added to a previously
published figure by Zardava et al. (2009). It is shown that present
work values for the van Genuchten constants a, b and c, taken from
the University of Southampton (2008) LDAT project, result in a cap-
illary pressure curve close to the ‘‘scatter’’ of the previous studies
data. However, the values of a, b and c are different from those pre-
sented in the recent study by Wu et al. (2012). This can be ex-
plained due to the material properties heterogeneity that can
cause different estimations of hydro-mechanical properties of solid
wastes. This uncertainty can be overcome by conducting field or
pilot tests in the examined area of interest.

A continuity equation is solved for each phase (ANSYS, 2012):

@eaqqq

@t
þreaqqq Vq

�! ¼ eSq ð6Þ

where Sq is the mass source/sink term of the q phase.
In order to calculate the volume fraction of the examined

phases, the equation for the sum of volume fractions of all phases,
that equals one, is also used.X
i¼gas;liquid

ai ¼ 1 ð7Þ
Table 1
Values of Henry’s constant (M/atm) for O2 at 25 �C and exponential decrease constant
(K) of various studies.

aH HTo
H at 25 �C References

Oxygen (O2)
1700 1.30 � 10�3 Sander, 1999
1800 1.20 � 10�3 Carpenter, 1966
1600 1.30 � 10�3 a University of Southampton (2008)
1800 1.30 � 10�3 Present study

a This value is equivalent to 4.24 � 10�7 kPa�1, which is the actually used value
by the University of Southampton LDAT model. The LDAT model uses volumetric
units to express concentration (m3/m3) and kPa for pressures.
2.2. Interface mass transfer and advection–dispersion–reaction
equations

For oxygen mass transfer one advection–dispersion–reaction
equation was solved for each phase, taking into consideration the
interface mass transfer mechanism. The main reason for this mass
transfer is the concentration gradient between the phases. The
equilibrium concentration of oxygen in the liquid phase was calcu-
lated using Herny’s law expressed as:

Ceql
O2
¼ Ceqg

O2
HcðTÞ ð8Þ
Fig. 1. Capillary pressure vs. degree of saturation for municipal solid
where Ceql
O2

is the equilibrium concentration of oxygen in the l
(liquid) phase, Ceqg

O2
is the equilibrium concentration of oxygen in

the g (gaseous) phase and Hc(T) is the dimensionless form of Henry’s
constant as a function of temperature T, calculated form Sander
(1999):

HHðTÞ ¼ HTo
H � exp �aH

1
To
� 1

T

� �� �
ð9Þ

where HTo
H is the dimensioned Henry’s constant (M/atm) at To (K)

temperature, aH is the constant of exponential decrease (K) and T
is the temperature (K). The relation between dimensioned and
dimensionless Henry’s constants is T � HH(T) = 12.2Hc(T) (Sander,
1999). In Table 1 values of Henry’s constant (M/atm) for O2 at
25 �C as well as the exponential decrease constant aH (1/K) values
of various studies are presented.

The oxygen mass flow rate between the phases was calculated
using the following expression (Weber and DiGiano, 1996):

RpqO2
¼ apqpKpqO2

Ceqp
O2
� Cp

O2

� �
ð10Þ

where RpqO2
is the mass flux of oxygen from phase q to phase p (with

RpqO2
¼ �RqpO2

) (kg/s m3), ap is the volume fraction of phase p (m3/

m3), qp is the density of p phase (kg/m3), KpqO2
is the mass transfer

rate of oxygen from phase q to phase p (s�1), Ceqp
O2

is the equilibrium
concentration of oxygen in phase p (kg O2/kgp) calculated using the
Henry’s law and Cp

O2
is the concentration of C species in the phase p

(kg O2/kgp).
Thus, the oxygen mass transfer in each phase was simulated

using the following advection–dispersion–reaction equation for
each phase (ANSYS, 2012):

@eaqqqCq
O2

@t
þreaqqqCq

O2
Vq
�! ¼ �eaqqqr J

!þ SO2 ð11Þ
waste. (See above-mentioned references for further information.)
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where e is the total porosity of the medium (dimensionless), aq is
the volume fraction of q phase (m3/m3), qq is the density of q phase
(kg/m3), Cq

O2
is the oxygen concentration in q phase (kg O2/kgq), Vq

�!
is the pore velocity of q phase (m/s), S O2 is the sink/source term of
oxygen mass which includes the mass transfer of oxygen across the
phases’ interface as well as the oxygen consumption due to the aer-
obic biodegradation of the substrate and J

!
the dispersion term cal-

culated using the Fick’s law:

J
!¼ �D�rCq

O2
ð12Þ

where D is the dispersion coefficient of oxygen (m2/s).

2.3. Energy conservation

Temperature is an important factor that affects the kinetics of
the aerobic biodegradation. For the temperature field calculation,
an energy conservation equation was solved for each phase
(ANSYS, 2012):

@eaqqqhq

@t
þreaqqqhq Vq

�!¼�eaqqq
@P
@t
þesq :r Vq

�!�reqqþSq ð13Þ

where e is the total porosity of the medium (dimensionless), aq is
the volume fraction of q phase (m3/m3), qq is the density of q phase
(kg/m3), hq is the specific enthalpy of q phase (J/kgq), Vq

�!
is the pore

velocity of q phase (m/s), P is the static pressure (Pa), s is the shear
stress (Pa), Sp is the sink/source term of energy which includes the
heat transfer across air–water as well as the energy production/
consumption due to the biochemical processes taking place in the
substrate (Section 2.4). The heat exchange between the different
phases was calculated using the following equation:

Q pq ¼ hpqðTp � TqÞ ð14Þ

where Qpq is the heat transfer across the phases, having Qpq = �Qqp,
Tp is the temperature of p phase (K), Tq is the temperature of q phase
(K) and hpq is the volumetric heat transfer coefficient (W/m2 K)
between the phases p and q calculated as a function of Nusselt num-
ber, using the Ranz and Marshal formulation (Ranz and Marshall,
1952a, 1952b).

2.4. Biodegradation equations and kinetics

The aerobic biodegradation of organic solid waste can be
described by the following chemical mass balance equation
(Tchobanoglous et al., 1993):

ðCaHbOcNd þ
ð4aþ b� 2c � 3dÞ

4
O2 ����!Biomass

aCO2

þ ðb� 3dÞ
2

H2Oþ dNH3 ð15Þ

where a, b, c and d are constants referred to waste chemical
composition. Numerous researchers have previously estimated
and published values for these constants (e.g., Iannelli et al.
(2005), Nikoli and Voudrias (2009) and Komilis et al. (2012)).

Reichel et al. (2005) and Sole-Mauri et al. (2007) proposed
C5H7O2N as a chemical formula for the biomass. The same chemical
formula was used by others (Rees-White et al., 2008b; Nayagum
et al., 2009b; University of Southampton, 2008) for bacteria growth
equation:

5CaHbOcNdþða�5dÞNHþ4 ����!O2 aC5H7NO2þð5b�20dþa�10cÞHþ

þð5c�2aÞH2O ð16Þ

The corresponding chemical equation for the biomass decay, used
by University of Southampton (2008), Rees-White et al. (2008b)
and Nayagum et al. (2009b), was the following:
C5H7NO2 þ 3H2OþHþ����!5=6C6H12O6 þ NHþ4 ð17Þ

The coupling of Eqs. (15) and (16) rate is usually achieved using the
‘‘yield coefficient’’ concept. Thus, kinetics of solid waste biodegrada-
tion and biomass production are connected with the following
relationship:

SS ¼
dCS

dt
¼ SB

Ys
¼ 1

Ys

dCB

dt
ð18Þ

where SS is the solid waste biodegradation rate (kg/m3 s), CS is the
concentration of the biodegradable solid waste (kg/m3), t is the time
(s), SB is the biomass production rate (kg/m3 s), CB is the biomass
concentration in the waste matrix (kg/m3) and YS is the yield coef-
ficient which connects kinetics of biodegradable solid waste and
biomass (kgB m3 s/kgS m3 s).

In the present study two types of biochemical kinetics com-
bined with corresponding correction factors were applied. The first
type of kinetics was based on the Monod equation which in its gen-
erality is:

SS ¼
dCS

dt
¼ �km

CS

KS þ CS
CB ð19Þ

where km is the maximum biodegradation rate in high biodegrad-
able solids concentration (s�1) and KS is the half saturation constant
for the solid waste (kg/m3).

Monod kinetics has been previously used by various researchers
(Qin et al., 2007; Rees-White et al., 2008b; Lin et al., 2008; Xi et al.,
2008; Nayagum et al., 2009a; Nayagum et al., 2009b) for aerobic
biodegradation of solids.

The second type used first order kinetics, in order to evaluate
the effect of kinetic choice on the results. First order kinetics was
applied by the majority of previous works; suggestively the works
of Higgins and Walker (2001), Mason (2008a), Baptista et al.
(2010). The rate equation has the form:

SS ¼
dCS

dt
¼ �k0CS ð20Þ

The most important parameters that affect aerobic biodegradation
kinetics are (Haug, 1993 and Baptista et al., 2010): (1) the temper-
ature, (2) the oxygen concentration, (3) the moisture content in
waste, (4) the free air space that affects whether air can flow across
the waste, (5) particle size that prescribes the effective surface of
solid matrix where biodegradation occurs and (6) the pH.

In order to take into consideration the above mentioned param-
eters Haug (1993) proposed the following formula:

SS ¼
dCS

dt
¼ �k0CS ¼ �k� ktemp � kmc � kO2 � kFAS � kpH � CS ð21Þ

where k
0
is the effective/corrected biodegradation rate (s�1), k is the

maximum biodegradation rate (s�1), ktemp is the temperature
correction function (dimensionless), kmc is the moisture content
correction function (dimensionless), kO2 is the oxygen concentration
correction function (dimensionless), kFAS is the free air space correc-
tion function (dimensionless) and kpH is the pH correction function
(dimensionless).

In the present study correction factors only for temperature and
oxygen were used. Free air space correction factor was not in-
cluded in the applied kinetics, however this was taken into account
in the present complex flow model, because volume fraction of air
varies across the solid matrix affecting its distribution as well as
oxygen transfer across the phases. Other correction factors, such
as moisture content and pH were not considered in work. How-
ever, as water is considered as a moving fluid in the waste, oxygen
and thus biodegradation kinetics is affected due to the free pore
water.
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For temperature, the following correction function was used,
originally proposed by Rosso et al. (1993), which is based on the
cardinal temperatures Tmin, Tmax and Topt:

ktemp ¼
ðT�TmaxÞ�ðT�TminÞ2

ðTopt�TminÞ� ðTopt�TminÞ�ðT�ToptÞ�ðTopt�TmaxÞ�ðToptþTmin�2TÞ
� �

ð22Þ

where Tmin is the minimum acceptable temperature (�C or K), Tmax

is the maximum acceptable temperature (�C or K) and Topt is the
optimum temperature for the aerobic biodegradation (�C or K)
and T is the actual temperature (�C or K).

The above mentioned empirical formula has been applied by
Sole-Mauri et al. (2007), Mason (2009), Baptista (2009) and Baptis-
ta et al. (2010). Although numerous correction functions accept-
ably fit experimental data in the literature, Mason (2006)
concluded that Roso’s empirical model, despite its empirical origin,
includes a more easily estimated set of parameters which has a
physical meaning in terms of composting/aerobic biodegradation.

The following correction function was used for the oxygen,
where CO2 is the concentration of oxygen (kg/m3) and KO2 is the
half saturation constant for the oxygen (kg/m3):

kO2 ¼
CO2

KO2 þ CO2

ð23Þ

Using the above mentioned kinetics combined with Eq. (18), it is
possible to calculate both the consumption of the biodegradable so-
lid waste and the production of biomass. In addition to biomass pro-
duction, biomass concentration is affected by bacterial decay rate kd

(s�1). For the biomass decay SD first order kinetics was assumed,
which took into consideration the effect of temperature, using the
correction ktemp2 calculated by the empirical formula of Lin et al.
(2008):

SD ¼ kdktemp2
CB ð24Þ

with ktemp2
calculated as:

ktemp2
¼ 2:142� 10�4T2 � 2:356� 10�2T þ 1:348 ð5 �C
< T < 75 �CÞ ð25Þ

For the biomass production the values for Tmin, Tmax and Topt were
taken from Baptista et al. (2010). The quadratic function of Eq.
(25) reaches its minimum value at 55 �C (Lin et al., 2008) which is
close to 58.6 �C that corresponds to the optimum composting tem-
perature in the work of Baptista et al. (2010).

Temperature of each phase was calculated from energy Eq. (13).
Heat release due to biochemical reactions 15–17 was calculated
using biochemical kinetics and formation enthalpy of each species.
Values for the enthalpy of formation for the included species are
shown in Table 2.
Table 2
Formation enthalpy of chemical species used in the present study.

a/a Species Symbol Molecular weight

1 Solid wasteb C6H9O3.56N0.32 142.44
2 Oxygen O2(aq) 32
3 Carbon dioxide CO2(aq) 44
4 Water H2O(l) 18
5 Ammonia NH3(aq) 17
6 Ammonium ion NHþ4ðaqÞ 18

7 Hydrogen ion H+ 1
8 Biomass C5H7NO2 99
9 Glucose C6H12O6 180

a In kJ/kg.
b For Iannelli et al. (2005) chemical composition.
3. Numerical solution

3.1. Parameter estimation

Table 3 presents the values of hydraulic parameters of solid
wastes, used in the present study. As expected, all these values
vary due to material heterogeneity and uncertainty and are highly
site-dependent. Intrinsic permeability k can be calculated as:

k ¼ K
l
qg

ð26Þ

where k is the intrinsic permeability (m2), K is the saturated
hydraulic conductivity (m/s), l is the dynamic viscosity of the fluid
(kg/m s), q is the density of the fluid (kg/m3) and g is the accelera-
tion of gravity (m/s2).

Hydraulic conductivity values of municipal solid waste depend
on waste densiy, which is influenced by compaction and effective
stress associated with depth of burial and varies by several orders
of magnitude, e.g., 3.7 � 10�8 to 1.5 � 10�4 m/s (Powrie and
Beaven, 1999) and 5.4 � 10�8 to 6.1 � 10�7 m/s (Jain et al., 2006).
Landva et al. (1998) determined hydraulic conductivity in the
order of 2 � 10�8 to 2 � 10�5 m/s in the vertical direction and
4 � 10�7 to 1 � 10�5 m/s in the horizontal direction defining a
difference of O(101) order between the horizontal and the vertical
directions (kv/kh � 0.10), which is in the range 0:10 6 kv=kh 6 0:25
reported by Hudson et al. (2009) and the corresponding values
from their literature review Oð10�3Þ 6 kv=kh 6 Oð100Þ. Numerous
publications are available, dealing with determination of hydraulic
conductivity in laboratory, e.g. Chen and Chynoweth (1995), Dur-
musoglu et al. (2006) and Olivier and Gourc (2007) and from field
data, e.g. Oweis et al. (1990), Townsend et al. (1995), Gawande
et al. (2005). However, experimental data of Beaven and Powrie
(1995) showed that hydraulic conductivity can vary significantly
under vertical stress. In addition to effective stress, which causes
mechanical deformation and reduces hydraulic conductivity, bio-
degradation itself seems to affect hydraulic properties of waste
(Wall and Zeiss, 1995; Reddy et al., 2011). Although it is possible
to include waste settlement and make hydraulic properties depen-
dent on mechanical stress and biodegradation or even solve a
fluid–structure interaction in the porous media, this was out of
the scope of the present study, in which results for non-deformable
porous media are presented.

Measurements of solid waste porosity ranged from 28% to 33.5%
(Beaven and Powrie, 1995, effective porosity) and from 57.7% to
72.9% (Staub et al., 2009, total porosity using laboratory scale
tests). Once again, porosity of solid waste varies due to mechanical
deformation and degradation. In the present study, however, a to-
tal porosity value of 50% was assumed to be constant in space and
time.
Enthalpy of formationa References

�15073.4 University of Southampton (2008)
�365.94 Benjamin (2002)
�9528.64 Wikipedia (2012)
�15879.40 Benjamin (2002)
�4722.94 Benjamin (2002)
�7361.11 Benjamin (2002)

0.0 Benjamin (2002)
�13790.9 University of Southampton (2008)
�7061.11 Wikipedia (2012)



Table 4
Kinetic biochemical parameters used in the present study.

Parameter Symbol Value References

Maximum biodegradation rate for Monod kinetics km 1 day�1 Kim et al., 2007
Maximum biodegradation rate for 1st order kinetics k 0.05 day�1 Estimated from data ofRees-White et al., 2008b
Minimum temperature for biodegradation Tmin 5 �C Baptista et al., 2010
Optimum temperature for biodegradation Topt 58.6 �C Baptista et al., 2010
Maximum temperature for biodegradation Tmax 71.6 �C Baptista et al., 2010
Biodegradable solid waste half saturation constant KS 1 kg/m3 Rees-White et al., 2008b
Oxygen half saturation constant KO2 0.007 � 10�3 kg/m3 Sole-Mauri et al., 2007
Biomass decay rate kd 0.05 day�1 Kim et al., 2007
Yield Coefficient YS 0.1 kgB m3 s/kgS m3 s Beaven et al., 2008

Table 3
Hydraulic properties of solid wastes used in the present study.

Parameter Symbol Value References

Intrinsic permeability k 10.23 � 10�11 m2 Beaven and Powrie, 1995 (for hydraulic conductivity K = 1.7 � 10�4 m/s)
Porosity e 0.50 assumed
van Genuchten’s constant a 0.2 (1/m) University of Southampton, 2008
van Genuchten’s constant b 5 University of Southampton, 2008
van Genuchten’s constant c = 1–1/b 0.8 University of Southampton, 2008
Residual saturation awr 0.2 m3/m3 Stoltz et al. (2012)
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Default values of kinetic parameters used in the present study
are listed in Table 4. These values have been chosen after an exten-
sive literature review on aerobic biodegradation processes. Due to
the lack of landfill experimental data, most of the included param-
eters were taken from other aerobic biochemical processes, such as
composting. Kim et al. (2007) simulated both aerobic and anaero-
bic solid waste biodegradation in landfills, estimating maximum
biodegradation rate to be 1 day�1 for the used Monod kinetics. Car-
dinal temperatures for the Rosso’s temperature correction factor
have been widely used in the literature. Sole-Mauri et al. (2007)
used a cardinal temperature correction factor for both mesophilic
and thermophilic bacteria choosing Tmin = 5.1 �C, Topt = 35.4 �C
and Tmax = 44.0 �C for the former and Tmin = 30.8 �C, Topt = 57.2 �C
and Tmax = 65.5 �C for the latter. Mason (2008b) determined, after
a sensitivity analysis, the values of Tmin = 5.0 �C, Topt = 59.0 �C and
Tmax = 71.0 �C. Baptista et al. (2010) determined a slightly different
set of values with Tmin = 5.0 �C, Topt = 58.6 �C and Tmax = 71.6 �C,
which was adopted in the present model. The biodegradable solid
waste half saturation constant value of 1 kg/m3 (Rees-White et al.,
2008b) and oxygen half saturation constant value of
0.007 � 10�3 kg/m3 (Sole-Mauri et al., 2007) were used. Biomass
decay rate value of 0.05 day�1 (Kim et al., 2007) and yield coeffi-
cient YS value of 0.1 (Beaven et al., 2008) were adopted. The same
value for YS was applied by Rees-White et al. (2008b) and Nayagum
et al. (2009a,b).

Finally, default material properties of liquid and gaseous phase
included in the computational flow model are presented in Table 5.
Table 5
Fluid properties of liquid and gaseous phase of the
present model from ANSYS Fluent (2012).

Properties Value

Liquid phase
Density 998.2 kg/m3

Dynamic viscosity 0.001003 kg/m s
Thermal conductivity 0.6 w/m K
Specific heat 4182 J/kg K

Gaseous phase
Density 1.225 kg/m3

Molecular viscosity 1.7894 � 10�5 kg/m s
Thermal conductivity 0.0242 w/m K
Specific heat 1006.43 J/kg K
These values have been taken from ANSYS Fluent database of fluid
properties (ANSYS, 2012).

3.2. Model assumptions and solution methods

The following main assumptions were applied for model
development:

� Aqueous and gaseous phase flow in the landfilled solid waste
matrix was described as unsaturated porous media multiphase
flow obeying the equations of Section 2.1.
� Solid waste matrix was assumed to be rigid (non-deformable).
� Flow was considered to be incompressible.
� Thermal equilibrium was assumed between solid waste and

surrounding or contained fluids.
� Biodegradable solid waste as well as biomass were assumed to

be in fixed positions.
� Biodegradation was assumed to take place in the liquid phase.

The commercial CFD solver ANSYS Fluent 14.0 was used, com-
bined with an in-house developed code, using UDF macro language
and ANSI C, in order to simulate the complex multiphase flow as
well as the biochemical processes of landfilled solid waste aera-
tion. More specifically, the ‘‘pressure-based’’ version of the solver
was used. For the used partial differential equations, first-order
spatial and temporal discretizations were used, while velocity–
pressure coupling was achieved using ‘‘phase coupled SIMPLE’’
algorithm (ANSYS, 2012), which is a slightly modified multiphase
version of the classic ‘‘SIMPLE’’ algorithm proposed by Patankar
(1980). All biochemical equations were solved implicitly, while
the flow model was coupled with the biochemical one using
sink/source terms of the equations. Velocity magnitude in case of
porous media flow is typically low and convergence criterion for
all partial differential equations was set low, achieving conver-
gence when all velocity components, mass and energy accuracy at-
tain values of 10�12.

4. Results and discussion

In this section simulation results using the above described
model are presented and analyzed. Due to the lack of extensive
experimental data for landfill aeration, most of the comparisons



Fig. 2. Comparison of temperature results of the present model versus experimen-
tal measurements and LDAT model results of Rees-White et al. (2008b).
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are either theoretical or come from similar aerobic processes (e.g.
composting). In cases, where experimental results of previous
studies were used, values of some of the needed parameters were
not available and thus they were assumed to have typical values.

4.1. Comparison with experimental results

In the works of University of Southampton (2008), Rees-White
et al. (2008b) and White and Beaven (2008) investigated solid
waste aeration in typical bays 24 m long, 8 m wide and 3 m deep,
where solid wastes were placed. Geometry of this application was
considered as a two dimensional (2D) plane with 3 m depth and
8 m width. Air was assumed to enter the solid body through a
2 m wide inlet, which was located at the left bottom corner, while
the top surface was completely open. Hydraulic properties of solid
waste were assumed to be those of Table 3. Solid waste chemical
formula was assumed to be that of Iannelli et al. (2005)
(C6H9O3.56N0.32). Definition of proper boundary conditions is essen-
tial for the solution of the flow partial differential equations. In the
present application three kinds of boundary conditions were used
(Fig. S1):

� The ‘‘pressure inlet’’ boundary condition, which is mathemati-
cally described as a Dirichlet boundary condition for the relative
pressure, was expressed as: Pinlet = Pa, where Pa is the relative
pressure (Pa) at the inlet. Similar boundary conditions were
assumed both for the species mass transfer and temperature
at inlet: Cinlet = Ca and Tinlet = Ta, where Ca (kg/kg) and Ta (K) rep-
resent the values of species concentration and temperature at
the inlet.
� The ‘‘pressure outlet’’ boundary condition, which is a Dirichlet

boundary condition for the relative pressure, was assumed to
be Poutlet = Pb, where Pb is the relative pressure (Pa) at the outlet.

For the species mass transfer a zero flux boundary @Coutlet
@n ¼ 0

� �
condition was assumed, whilst for the temperature the follow-
ing Dirichlet boundary condition was applied: Toutlet = Tb, where
Tb (K) was the temperature value at outlet.
� The ‘‘impermeable rigid wall’’ boundary condition, which is

mathematically a Dirichlet boundary condition, for the velocity
assuming no-slip condition (VW = 0 m/s), whereas for the
species mass transfer and temperature a zero flux boundary
condition was used: @CW

@n ¼ 0 and @hW
@n ¼ 0.

Fig. S1 presents the 2D examined geometry and the used
boundary condition surfaces.

The model simulated a period of 1.5 days. During this period,
pressure at the inlet was assumed to increase linearly from 40 Pa
to 500 Pa over a period of 0.4 days (9.6 h), when it reached steady
state. These pressure values, for the given hydraulic properties of
the material, correspond to a flow rate of 0.2 m3/h m2 at the end
of the first hour, while the steady state air flow rate equals 1 m3/
h m2. Due to the fact that the analysis was conducted in 2 dimen-
sions, the flow rates are expressed per area of the inlet. Relative
pressure propagation during the linear increase of the pressure at
the inlet and its distribution in Pa as well as velocity direction
vectors of the gaseous phase, are shown in Fig. S2 for several time
instants, when time equals 2, 4, 6, 8 and 16 h. This model capability
of capturing transient flow simulations can be useful for aeration
well simulation even using hybrid well simulation, which changes
its operation both for gas introduction and extraction in the
landfill.

Rees-White et al. (2008b) and Nayagum et al. (2009a) presented
results of temperature measurements and simulation results of
LDAT model in a 3 m deep stack. Initial conditions of the
simulation, taken from Rees-White et al. (2008b) are: for the
biodegradable solids CS = 200 kg/m3, aerobic biomass concentra-
tion CB = 1 kg/m3, pore water volume fraction aw = 0.28 m3/m3,
oxygen concentration in air CO2 = 0.177 kg/m3 and temperature
To = 21.3 �C. Hydraulic characteristics were assumed to be the
same with the previous application. The pressure at the inlet was
set 3000 Pa which corresponds to a flow rate of 5.4 m3/h m2. Sim-
ulations were carried out for two different biochemical kinetics,
namely the Monod and first order kinetics, in order to evaluate
the effect of kinetic choice. Results of the present model at
z = �0.5 m and z = �1.5 m with the corresponding experimental
measurements (for z = 1.0 m) and LDAT results (for z = 0.5, 1.5
and 2.5 m) by Rees-White et al. (2008b) are shown in Fig. 2 (Anal-
ysis for different air flow rates can be seen in the ‘‘Supplementary
data’’ section). Qualitative analysis of Monod and first order kinet-
ics results both seem to be close to experimental results and LDAT
results, for the chosen parameters. The Pearson coefficient for the
Monod kinetics equals 0.9878 whilst the corresponding value for
the first order kinetics is 0.9760 (both correlations are significant
at the 0.001 level). Thus, Monod kinetics has a slightly stronger
correlation to the experimental results.

Petric and Selimbašić (2008) developed and validated their
mathematical lumped model for composting process simulation.
In their experimental work, they used a laboratory 32-L cylinder
reactor (0.48 m height � 0.30 m internal diameter), where 12.5 kg
(experiment 2) of organic waste was placed. Organic waste mix-
ture comprised 84% poultry manure on dry weight whilst the or-
ganic matter of the waste was 80.22% on dry weight. The initial
total moisture was 69.11%, however due to the fact that the pres-
ent model simulates the flow of the pore water, volume fraction
of free water was assumed to be 32%. Air entered the reactor from
the base with a flow rate of 0.18 m3/h. The organic matter conver-
sion was calculated according to Eq. (27) (Petric and Selimbašić
2008):

OMC ¼ ½OMinitð%Þ � OMtð%Þ�100
OMinitð%Þ½100� OMtð%Þ�

ð27Þ

where OMinit(%) is organic matter at the beginning of the process
and OMt(%) is the instantaneous organic matter. The agreement be-
tween the results of organic matter conversion of the present model
simulation and the experimental data by Petric and Selimbašić
(2008) seems adequate (Fig. 3).

A model sensitivity analysis is presented in the ‘‘Supplementary
Data’’ section of the paper.



Fig. 3. Organic matter conversion of the present study model versus experimental
measurements by Petric and Selimbašic (2008).

Fig. 4. (a) Simulation of relative pressure distribution (Pa) for a single well. (b) Gaseous
Inlet pressure difference was assumed to be 5000 Pa and waste k equals 10.23 � 10�11
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4.2. Simulation of aeration wells

In this section, a preliminary analysis of aeration wells is de-
scribed. First, computational analysis of a single aeration well
was conducted in order to estimate its radius of influence. Then,
these single well simulation preliminary results were used as a
guide, in order to design and set the location of aeration wells in
a hypothetical landfill aeration application, using multiple wells.

For the single aeration well simulation, a 2D field of 20.0 m �
20.0 m was considered, in the middle of which a well with
Ø150 mm inner diameter was located. Permeability and the other
hydraulic parameters were assumed to be those of Table 3, while
solid waste biodegradation was assumed to follow Monod kinetics
with its parameters defined in Table 4. A relative pressure differ-
ence of 5000 Pa was set in the inlet of the well and the geometry
outer boundaries were considered open (pressure outlet boundary
condition). This pressure difference is within the range of 20–
80 mbars reported by Ritzkowski and Stegmann (2012) for low
pressure aeration wells. The corresponding flow rate for this pres-
sure difference is 2.2 m3/h m. A period of 25 days was simulated.
phase oxygen concentration in kg/m3, as a function of radial distance from the well.
m2.
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In Fig. 4a, the pressure distribution (in Pa) of the simulated sin-
gle well is shown between inlet pressure value and that of 2 cmH2-

O (196 Pa). The latter was the relative pressure limit used by Cossu
and Cestaro (2005) to define the radius of influence in their field
work. The radius of influence resulting from such a pressure distri-
bution is 7.5 m. In another case study, Cossu and Cestaro (2005)
determined a radius of influence 10–14 m, based on oxygen con-
centration (‘‘oxygen radius’’). Using our model simulations, we
computed an oxygen radius of 11.2 m using a threshold of 13.5%
v/v O2 (�0.18 kg/m3) (Fig. 4b).

Using 7.5 m radius of influence for a single well, we proceeded
to an aeration system design. Thus, a theoretical field of
45 m � 45 m was considered where 9 wells are installed. In
Fig. 5, the examined geometry is presented. Some of the installed
wells are used for air introduction (positive pressure wells) and
some are vacuum wells (negative pressure wells). At blowing
Fig. 6. Typical relative pressure distribution and velocity directio

Fig. 5. Examined geometry of a hypothetic
wells, pressure was assumed to be 5000 Pa, whilst at the corre-
sponding negative pressure wells, pressure was �5000 Pa. These
values correspond to air flow rates of 15 m3/h m and 18 m3/h m.
In order to evaluate the effect of sucking/blowing schedule on solid
waste biodegradation, two different schedules were simulated. In
the first one, sucking/blowing wells are considered as those of
Fig. 5, while in the second one, wells alter their behavior during
the simulation following a square wave pattern between 5000 Pa
and �5000 Pa pressure (hybrid wells), changing their operation
every two days.

Typical results of relative pressure distribution and velocity
direction vectors between the positive and negative pressure wells
are shown in Fig. 6. Radial flow is typical, representing a flow direc-
tion from the positive pressure wells to the negative ones.

Moreover, solid waste biodegradation at two monitoring points
A and B (see Fig. 5) are plotted in Fig. 7, both for the constant and
n vectors between the positive and negative pressure wells.

al squared landfill (45.0 m � 45.0 m).



Fig. 7. Biodegradable solid waste concentration results for both the hybrid and
static wells scenarios. (a) Monitoring point A results and (b) monitoring point B
results.
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hybrid behavior schedule for a period of 10 days. It is shown that
while at point A, which is in the middle of 4 aeration wells, there
is no significant difference between the two examined scenarios,
at point B a relative difference of 0.5 kg/m3 occurred. This relatively
increased efficiency close to a negative pressure well can be ex-
plained because of better local aeration caused by the hybrid meth-
od, as well as, of the more efficient reduction of temperature, due
to the entrance of fresh cool air in the area.

5. Conclusions

In the present work, a new time and space integrated model for
the numerical simulation of landfill aeration, using computational
fluid dynamics techniques, was developed and presented. The
present model development was based on the use of the commer-
cial CFD solver ANSYS Fluent and an in-house code that alters the
main solver and simulates the biochemical processes of landfill
aeration. Taking into consideration the unsaturated hydraulics of
solid waste and the complex biochemical processes, the present
model calculates both the flow and biochemical field in the solid
waste matrix.

Due to the lack of extensive integrated experimental data,
comparison of the results of the present work was conducted using
literature experimental data from a single point in space (Rees-
White et al., 2008b and Petric and Selimbašić, 2008). Temperature
results of the present model (using both Monod and first order
kinetics) seem to be in adequate agreement with the correspond-
ing experimental results and University of Southampton LDAT
model of Rees-White et al. (2008b). Furthermore, comparison
was carried out using measured biodegradation rate results from
Petric and Selimbašić (2008). Agreement between measurements
of the latter work and present model was considered again suffi-
cient. However, additional verification and validation of the pres-
ent work using integrated experimental results in two and three
dimensions is essential.

Simulation results of aeration wells showed that both pressure
and concentration calculated fields can be useful for aeration sys-
tems design. The radius of influence of an aeration well was esti-
mated by defining a ‘‘limit’’ value for relative pressure at radial
distance from the well. Results of the single well were used in or-
der to locate more wells in a theoretical landfill field. Single well
simulations are useful for the landfill aeration systems design;
however interaction between wells has to be taken into consider-
ation during design process. Finally, comparing results of constant
behavior wells with those of hybrid blowing/sucking wells, it was
shown that the latter was more efficient in terms of solid waste
biodegradation, due to the entrance of fresh cool air in the region.
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