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Abstract

Throughout the existence of human settlements disposing of waste materials
historically caused numerous environmental problems. Sanitary landfills are now
known as one of the most efficient ways to treat waste with minimal environmental
impact. When operated correctly, the landfill can be regarded as a potential source
of renewable energy.

Past research addressed different aspects of sanitary landfill sites. This study
focuses on the simulation of a flow of landfill gas through the porous medium of the
waste matrix and in a collection well, with a special emphasis on the influence of the
well geometry on the surface mass flux. For this purpose a model containing three
layers, namely cover, waste, and gravel is constructed. Two fluid flow types govern
the coupled system: porous medium flow and unobstructed flow obeying Darcy’s
law and Navier-Stokes equations respectively. The COMSOL solver is utilized to
perform the numerical simulations. The GNU Octave software is used for post-
processing and visualization of both solutions.

Different well geometries in terms of perforation size and position along the
well are evaluated. In the beginning, gravity is excluded in order to focus on the sole
impact of well geometry. A two-step assessment is conducted: in the first stage a 1D
analytical solution of a simplified problem is utilized to validate the 2D numerical
model setting. Then for different well geometry modifications pressure profiles in
the well, velocity profiles at the surface and surface mass flux are investigated.
Studied modifications and their potential combinations are prioritized based on the
observed impact of each modification on the surface mass flux and pressure values
throughout the landfill. Prior to stage two, there is a validation process for the
utilized computational meshes to guarantee the accuracy of all simulations. In stage
two for prioritized modifications and their combinations several sensitivity analyses
are conducted on cover permeability, waste permeability, and pump pressure to
understand the behavior of the landfill-well system. In the end, the effect of gravity
on the system is investigated.

The results suggest that well geometry modification–in terms of changing well
perforation size and longitudinal distribution–influences the pressure field in the
landfill as well as the surface flux. Changing perforation size and position are the
first and second priorities, respectively. Moreover, a synergistic effect can be derived
from the combination of these modifications. The surface flux increases with larger
perforations or a higher number thereof unless the cover permeability is extremely
tight. Well production capability decreases as a result of decreasing the number of
perforation sets. In terms of landfill-well system properties, cover permeability and
suction strength are the main means of control of landfill pressure and surface flux,
while waste permeability is not. The gravity effect is shown to be of considerable
importance.

Keywords: landfill gas, horizontal well, surface flux, porous media flows, 2D sim-
ulation, COMSOL, finite elements.
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Chapter 1

Background

1.1 Introduction

During the recent decades sanitary landfill sites have been considered as a safe
solution for the waste disposal problem. Generating energy from these ostensibly
useless disposal sites has become a promising alternative fuel resource. Nowadays
this process is highly recommended due to its economic and environmental positive
effects. Regardless of the desired results, if a landfill is not properly sited and
constructed, maintained, and operated, it morphs into a dumpsite and has extreme
side effects on the environment (Kaza and Bhada-Tata, 2018).

Historically, researchers working on sanitary landfill sites have evaluated vari-
ous aspects of construction, maintenance, and operation aspects (Clayton and Huie,
1900). Evaluating gas migration and production had become an interesting subject
for studying when researchers fathomed that gas generated in a landfill might be
not as devastating if its migration is controlled: gas production can help to make
profit, preventing gas emissions into the atmosphere and surrounding soil layers,
and preserving the environment.

Landfill gas is mainly composed of methane, carbon dioxide, water vapour, and
a minor portion of other gases (Sabour et al., 2007). The presence of the two main
greenhouse gases, methane and carbon dioxide, indicates that research on landfill gas
generation and migration is necessary due to their harmful effects on global climate
change. Gas extraction from sanitary landfills is one of the methods whereby the
gas emissions into air and adjacent layers can be reduced, and the extracted gas can
be used as a source of energy, possibly with the addition of natural gas. Landfill
gas flow should be analyzed to estimate the gas flow rate. Another aim of the gas
flow assessment is to predict the interchange of the landfill gas with the atmosphere.
Statistical and deterministic techniques are the main methods of such investigation.
Flow models of the latter type provide a means to evaluate temporal and spatial
variation of gas emission rates, assess the factors influencing these rates, and design
control measures to eliminate or minimize gas emissions (El-Fadel et al., 1995).
The models stem from theoretical fluid mechanics and might augment direct field
measurements.

In reality, a multiphase flow of gas and liquid leachate takes place with both
phases interacting with the solid waste matrix. Numerous models have been devel-
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CHAPTER 1. BACKGROUND

oped based on stochastic (Zacharof and Butler, 2004; Copty et al., 2004; Ptak et al.,
2004; Chaudhuri and Sekhar, 2005; Sudicky et al., 2010) and deterministic analyses
(Poulsen et al., 2003; Kindlein et al., 2006; Yu et al., 2009; Xie et al., 2018, 2019;
Lu et al., 2019; Feng et al., 2020; Lu and Feng, 2020). Concerning the deterministic
approach, both analytical and numerical methods are applied, developing models
to predict and simulate the gas generation, migration, and production in order to
optimize the design of landfill systems.

Generation of gas within sanitary landfills has been investigated in a large num-
ber of studies (Scharff and Jacobs, 2006; Donovan et al., 2010; Ishii and Furuichi,
2013; Krause et al., 2016; Kumar et al., 2016; Kamalan, 2016). Many of these works
are based on models developed utilizing Monod equation and first order decay, such
as GasSim (Gregory, 2003), TNO (Oonk and Boom, 1995), Afvalzorg (Jacobs and
Scharff, 2001), LandGEM (US-EPA, 2001), and IPCC (Eggleston et al., 2006), as
well as models based on Monod equation and zero order decay, such as the French
EPER model (Budka, 2003) and German EPER model (Hermann, 2005). Further-
more, some researchers developed numerical models based on neural networks and
weighted residual methods (Ozkaya et al., 2007; Shariatmadari et al., 2007). The
aforementioned models incorporate various mechanisms of contaminant migration.

In the past, models primarily regarded the landfill as a constant linear source
and simulated gas migration beyond the landfill boundaries. Some models proposed
the finite elements methods to solve a coupled system of convection-diffusion and
mass conservation equations (Mohsen et al., 1980; Metcalfe and Farquhar, 1987). A
second group of models was proposed to model gas migration through the landfill
itself as well as emission to the atmosphere. The simplest one-dimensional model
simulated gas migration with respect to different degrees of complexity in gas gen-
eration (Findikakis and Leckie, 1979; El-Fadel et al., 1989).

With the passage of time, proposed models have become more complex, stud-
ied different detailed aspects of gas and leachate migration, and analyzed various
parameters that affect fluid flow through the landfill and beyond its boundaries.
These models were based on analytical and/or numerical solutions. In some cases,
researchers used the TOUGH1 simulator and its derivatives (Pruess, 1987, 1991;
Pruess et al., 1999) by which gas production and migration within and beyond the
landfill could be estimated (Nastev et al., 2001; Vigneault et al., 2004). Others
simulate the process using custom-developed models (Arigala et al., 1995; Poulsen
et al., 2001; Perera et al., 2002a,b; Chen et al., 2003; Copty et al., 2004; Townsend
et al., 2005; Xi and Xiong, 2013; Xie and Chen, 2014; Feng et al., 2015; Zheng et al.,
2019; Halvorsen et al., 2019; Nec and Huculak, 2019; Zeng, 2020).

One of the most important parameters in the landfill fluid flow studies is the
gas flux near the surface, which can be used as the indicator of gas emissions into
the atmosphere. Landfill gas contains mainly methane and carbon dioxide, 45-
60% and 40-55% by volume, respectively (Oonk, 2010; Jeong et al., 2015), and the
methane’s global warming potential is about 21 times higher than that of carbon
dioxide (Lelieveld et al., 1998). A fraction of about 10% of the total anthropogenic

1The TOUGH (Transport Of Unsaturated Groundwater and Heat) suite of software comprises
multi-dimensional numerical models for simulating the coupled transport of water, vapor, non-
condensible gas, and heat in porous and fractured media (https://tough.lbl.gov/).
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CHAPTER 1. BACKGROUND

emissions is related to methane from landfills (Adler, 1994). Hence, estimating the
amount of gas flux using simulation and mathematical modeling is a vital step in
an effort to control emissions from the landfill and to optimize the gas extraction
process.

Landfill gas emissions can be lateral through the surrounding layers or vertical
through the cover (Perera, 2001). Lateral gas migration was investigated in previous
literature (Esmaili, 1975; Alzaydi et al., 1978; Moore et al., 1979; Mohsen et al., 1978;
Poulsen et al., 2001). These simulations were based on finite differences or finite
elements methods considering a constant molar concentration within the landfill.
These models were developed based on just two or three gas components and in
some cases neglecting nitrogen as a neutral component.

Findikakis and Leckie (1979) developed a 1D model for vertical gas migration
through the landfill and its cover combined with gas generation within the land-
fill. Transport equations were solved numerically for a three-component gas system
comprising methane, carbon dioxide and nitrogen to estimate methane and carbon
dioxide flux into the atmosphere and nitrogen influx into the landfill. Spokas and
Bogner (1996); Bogner et al. (1997) developed a three-dimensional model based on
vertical concentration gradients using finite differences to estimate the amounts of
methane oxidized during the traversal of a layered cover soil and emitted therefrom.
This model utilized modified mass transfer coefficients obtained from field concen-
tration profiles and physical properties of the landfill-atmosphere system; the model
could simulate negative flux2.

Gas flux in terms of air intrusion or landfill gas emission has become a part of
the landfill research (Arigala et al., 1995; Nastev et al., 2001; Poulsen et al., 2001;
Perera et al., 2002b; Vigneault et al., 2004; Feng et al., 2015). These 1D and/or 2D
models were mainly constructed to simulate gas migration through and/or beyond
the landfill. The transport equations were based on different mechanisms such as
diffusion, advection, and even conduction. In some cases methane oxidation was
incorporated. In certain cases flux measurements were used to calibrate the proposed
models.

Zheng et al. (2019) proposed a two-dimensional analytical model (using eigen-
function expansion and Fourier expansion) considering an exponential decrease in
gas permeability and generation rate with depth. Horizontal wells were investigated
from the aspects of burial depth and horizontal spacing. An upper limit for well
spacing (for an 85% recovery rate) and a simple formula to estimate the air intrusion
into horizontal gas collection wells were introduced. The effects of waste properties,
cover characteristics, vacuum pressure, and well burial depth on air influx, landfill
gas recovery, and horizontal well spacing were studied.

Nec and Huculak (2019) developed a model to study landfill gas collection
by horizontal perforated wells. A semi-analytical solution was implemented with
a minimal number of parameters for the axisymmetric coupled porous media-well
system. That work clarified three control-related phenomena encountered in the
landfill: (1) no perceptible variation in collected mass with a change in induced

2The negative flux can be caused by negative induced pressure in the soil pore spaces and/or
an increase in methanotrophic population, which leads to higher methane consumption (Klusman
and Dick, 2000).
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sub-atmospheric extraction pressure, (2) a lower than expected collected mass as a
result of adequate extraction strength, and (3) air intrusion and over-extraction. The
flux in terms of gas escape and air intrusion across the horizontal surface above the
landfill was estimated for the cases of adequate, threshold, and insufficient extraction
pressure, allowing to define the well radius of influence.

A 2D horizontal well model was proposed in 2019 (Halvorsen et al.) with
a focus on elliptic and rectangular cross-sectional domains. It was illustrated that
precise modeling of medium resistance and geometry is vital in determining pressure
distribution that can be used to optimize gas collection. Furthermore, it was shown
that gravity might not be negligible, whereas the impact of temperature was about
an order of magnitude less than that of gravity. The gas flux was analyzed and then
the radius of influence was estimated for a rectangular cross-section of a perforated
well for different scenarios–landfill with no cover, sealed surface and partly permeable
cover–with and without gravity. An attainable landfill design tool was proposed
based on a numerical solution. Using this analytical formulation, the pressure profile
within the landfill could be estimated, and thereby the surface flux and radius of
influence could be assessed.

In the two aforementioned papers the variation of surface flux along the well
was estimated numerically, then it was validated by an analytical solution. This
approach could only offer an approximate prediction of the gas flux and the radius
of influence. The reason was that the gas flux as a function of horizontal distance
from the well’s center did not have any root and it decayed to zero asymptotically,
requiring the definition of an arbitrary cut-off threshold. As a standard approach,
a cut-off point of a minimal normal velocity was introduced, by which the radius of
influence could be obtained. By using a mixed 2D rectangular domain, Halvorsen
et al. (2019) rectified the mentioned drawback, so that the flux surface coincided
with the uppermost boundary. Consequently, the flux function did possess a root,
attaining a definitive estimation of the radius of influence.

In summary, it is essential to control the gas flux through the landfill surface
or cover. It is important to distinguish between two cases: (1) when an inadequate
suction strength is imposed, landfill gas can be emitted into the atmosphere, and
(2) if the vacuum is too strong, air intrusion is likely to happen, decimating the
population of anaerobic bacteria responsible for waste decomposition. In reality the
suction might be strong near the outlet, but become insufficient at the blocked end
of the well, so that both of these detrimental phenomena take place. Therefore ade-
quate control and reduction of surface flux contribute to a more efficient operation of
landfills, reduce emissions into the environment and improve the prospects of energy
recovery.

1.2 Objectives

In a landfill, cylindrical pipes are used, which they can be embedded in the
landfill vertically or horizontally. During the current research a horizontal well is
modeled. The common design of a landfill well is a cylindrical pipe with a blocked
end and perforated wall to allow gas collection along its entire length. Due to
pressure continuity throughout the landfill-well system, changes in any component

4



CHAPTER 1. BACKGROUND

of this system might change the pressure distribution, leading to a surface mass
flux variation. It is expected that modifying the hole size and position along the
well affects the surface flux. To clarify, the perforations act virtually like point mass
sinks, whilst in between the well wall is impermeable. Each perforation has a certain
radius of influence, so that a certain balance is created. By shifting the perforations
or varying their size, the local resistance to flow is changed, which should influence
the surface flux.

The existing literature addressed surface gas flux to some extent, however no
attempt was made to test variation in the geometry of the collection well (Esmaili,
1975; Lelieveld et al., 1998; Perera, 2001; Poulsen et al., 2001; Nastev et al., 2001;
Perera et al., 2002b; Feng et al., 2015; Zheng et al., 2019; Halvorsen et al., 2019; Nec
and Huculak, 2019; Feng et al., 2020). The cornerstone intent of the current research
project is to understand how the pressure distribution throughout the system can
be modified via well geometry with the intent to control the surface flux. The fact
that with every geometry variation the pressure distribution changes throughout
the landfill, including below the well, makes the surface flux control problem an
interesting challenge.

There are two purposes for extracting landfill gas: one, to reduce gas emis-
sions into the atmosphere and two, to make a profit from the collected methane.
When pressure below the surface is higher than atmospheric, gas escaping occurs.
On the other hand when the atmospheric pressure is dominant, air intrusion into
the landfill happens, resulting in methane oxidation. Consequently both cases are
environmentally and economically detrimental. In a real landfill both phenomena
are expected for a given pump pressure: a part closer to the sink source experiences
air intrusion and the farther part encounters gas escaping. The main criterion is to
find balanced minimal amounts of surface efflux and influx.

To begin, a basic configuration containing some perforations of a uniform size
and interval along the well is considered. Then several modifications of the basic
geometry are created: varying the number of perforations at each section, allowing
a non-uniform longitudinal perforation distribution and/or perforation radius. For
each modification the efflux of gas and influx of air at the surface along the well are
computed for a range of viable operational parameters. The longitudinal dependence
of the flux is assessed and correlated with the type of modification. Modifications
that allow a straightforward control of the flux at desired locations along the well
are identified and discussed. These prioritized modifications are examined in combi-
nations to test for a possible synergy. In all these simulations gravity is excluded in
order to focus on the sole effect of geometry. This exclusion is crucial, since gravity
in this application is known to be non-negligible in some circumstances (Halvorsen
et al., 2019). As the last step, the influence of gravity on pressure distribution within
the landfill and flux at the surface is evaluated. It is understood that reducing the
flux to zero identically along the entire well is impossible. The practical goal is to
provide recommendations as to ways landfill engineers or operators can diminish
landfill gas escape or air influx along the well.

5



Chapter 2

Methodology

2.1 Geometry and governing equations

The impact of well geometry on the gas migration in a landfill is studied
and several geometry modifications for a well are assessed to diminish the expected
surface flux along the well. To do so, first, the transport equations are solved nu-
merically utilizing the finite element solver COMSOL Multiphysics® (2021). Then
analytical modeling is conducted to help engineers create a practical tool to facilitate
the process of landfill design in terms of flux control. Fluid flow in a landfill gener-
ally occurs in three dimensions. It should be evaluated vertically, horizontally and
laterally to understand the flow behavior in a landfill collection system. A 1D model
can simulate fluid flow in one direction, nonetheless in a landfill-well coupled system,
there are dominant vertical and horizontal flow directions in a porous matrix and
well, respectively. A 3D model is not feasible since it is computationally prohibitive.
A 2D model renders the computational cost reasonable while permitting the cou-
pling of two principal flow directions, namely vertically through the porous matrix
and horizontally along the collection well. Hence a longitudinal cross-section of the
landfill is considered for the 2D model. The main quantity of interest is surface flux
along the well.

Figure 2.1 shows a simplified 3D sketch of a landfill consisting of a well (blue),
supporting gravel pack (orange), waste layer (yellow) and cover (green). When
viewed from the side, the 2D projection would look as shown in figure 2.2. The
cover is the top layer and acts as the first barrier to reduce the surface flux. How-
ever, the mismatch between the cylindrical geometry of the well and rectangular
shape of the landfill must be reconciled. Thus the well is converted into a 2D well
that collects an equivalent amount of fluid. Below this will be referred to as an
equivalent well. The reason for this conversion is that, in practice, the landfill cav-
ity is rectangular, and this is the dominant geometry near the surface, although
the well and gravel pack are of a cylindrical shape. To reconcile the two types of
geometry, the well and gravel domains are replaced by rectangular channels of unit
depth. The new well is equivalent to two parallel plates. The perforations then
morph into penetrating narrow slits that go through the entire unit width of the
equivalent well, so that all 2D simulations correspond to unit depth geometry in 3D.
The Cartesian coordinates are selected for the 2D longitudinal cross-section. The
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CHAPTER 2. METHODOLOGY

dimensions of the equivalent well and its perforations must be calculated based on
the cross-section area of the corresponding real well and its perforations. In figure
2.3 an interactive 3D visualization is presented for both the well and its equivalent.

(a) landfill with real well

(b) landfill with equivalent well

Figure 2.1: 3D Conceptual sketch of the landfill with real (a) and equivalent (b) wells.
The corresponding transparent version of each sketch is presented on the right hand side.
Cover, waste and gravel layers are in green, yellow and red, respectively. The well is
coloured in blue. Dimensions not to scale.

Cover

Waste

Waste

Gravel

Well

Gravel

Lℓ
x

y

Figure 2.2: Schematic view of the landfill. Lℓ is the length of the landfill. Dimensions
not to scale.
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Figure 2.3: 3D visualization of the real well (left) and equivalent well (right). Dimensions
not to scale. This figure contains interactive features. The instructions to enable 3D
content can be found on Adobe website3.

Figure 2.4 depicts the 2D views of the real and equivalent wells, and the
parameters used for the equivalence calculation. First the height of the equivalent
well is calculated based on the equality of cross-section area of a circle of radius Rw,
and a rectangle of height Hew and width Wew: Hew = πR2

w/Wew. Then the width of
each equivalent perforation Wep is calculated by: Wep = (nπR2

h)/(2Wew); where n
and Rh are the number of real perforations and hole radius, respectively. Since all
simulations conducted in this study are per unit depth, for the equivalent wellWew =
1. The factor of 2 in the denominator refers to the number of equivalent perforations
for each extraction segment: two equivalent perforations must correspond to the top
and bottom matching slits.

The simulation couples fluid flow through porous media and unobstructed
flow in the well. The fluid flow through porous media and in the well, respectively
governed by Darcy’s law and Navier-Stokes equation. In the porous part of the
domain the following equations are solved: conservation of mass,

∇ · (ρu) = Q, (2.1a)

and Darcy’s law (conservation of momentum),

u = −K

µ
(∇P − ρg) , (2.1b)

where u is the fluid velocity. P , ρ, and µ are fluid pressure, density, and dynamic
viscosity, respectively. K stands for the permeability, g–gravity vector, and Q–
source term. Moreover within the well the following steady-state, compressible form
of the Navier-Stokes equation is used:

∇ · (ρu) = 0, (2.2a)

3https://helpx.adobe.com/ca/acrobat/using/enable-3d-content-pdf.html
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////////////////////////////////////////////////////////////////////////////////
//
// (C) 2012--today, Alexander Grahn
//
// 3Dmenu.js
//
// version 20140923
//
////////////////////////////////////////////////////////////////////////////////
//
// 3D JavaScript used by media9.sty
//
// Extended functionality of the (right click) context menu of 3D annotations.
//
//  1.) Adds the following items to the 3D context menu:
//
//   * `Generate Default View'
//
//      Finds good default camera settings, returned as options for use with
//      the \includemedia command.
//
//   * `Get Current View'
//
//      Determines camera, cross section and part settings of the current view,
//      returned as `VIEW' section that can be copied into a views file of
//      additional views. The views file is inserted using the `3Dviews' option
//      of \includemedia.
//
//   * `Cross Section'
//
//      Toggle switch to add or remove a cross section into or from the current
//      view. The cross section can be moved in the x, y, z directions using x,
//      y, z and X, Y, Z keys on the keyboard, be tilted against and spun
//      around the upright Z axis using the Up/Down and Left/Right arrow keys
//      and caled using the s and S keys.
//
//  2.) Enables manipulation of position and orientation of indiviual parts and
//      groups of parts in the 3D scene. Parts which have been selected with the
//      mouse can be scaled moved around and rotated like the cross section as
//      described above. To spin the parts around their local up-axis, keep
//      Control key pressed while using the Up/Down and Left/Right arrow keys.
//
// This work may be distributed and/or modified under the
// conditions of the LaTeX Project Public License.
// 
// The latest version of this license is in
//   http://mirrors.ctan.org/macros/latex/base/lppl.txt
// 
// This work has the LPPL maintenance status `maintained'.
// 
// The Current Maintainer of this work is A. Grahn.
//
// The code borrows heavily from Bernd Gaertners `Miniball' software,
// originally written in C++, for computing the smallest enclosing ball of a
// set of points; see: http://www.inf.ethz.ch/personal/gaertner/miniball.html
//
////////////////////////////////////////////////////////////////////////////////
//host.console.show();

//constructor for doubly linked list
function List(){
  this.first_node=null;
  this.last_node=new Node(undefined);
}
List.prototype.push_back=function(x){
  var new_node=new Node(x);
  if(this.first_node==null){
    this.first_node=new_node;
    new_node.prev=null;
  }else{
    new_node.prev=this.last_node.prev;
    new_node.prev.next=new_node;
  }
  new_node.next=this.last_node;
  this.last_node.prev=new_node;
};
List.prototype.move_to_front=function(it){
  var node=it.get();
  if(node.next!=null && node.prev!=null){
    node.next.prev=node.prev;
    node.prev.next=node.next;
    node.prev=null;
    node.next=this.first_node;
    this.first_node.prev=node;
    this.first_node=node;
  }
};
List.prototype.begin=function(){
  var i=new Iterator();
  i.target=this.first_node;
  return(i);
};
List.prototype.end=function(){
  var i=new Iterator();
  i.target=this.last_node;
  return(i);
};
function Iterator(it){
  if( it!=undefined ){
    this.target=it.target;
  }else {
    this.target=null;
  }
}
Iterator.prototype.set=function(it){this.target=it.target;};
Iterator.prototype.get=function(){return(this.target);};
Iterator.prototype.deref=function(){return(this.target.data);};
Iterator.prototype.incr=function(){
  if(this.target.next!=null) this.target=this.target.next;
};
//constructor for node objects that populate the linked list
function Node(x){
  this.prev=null;
  this.next=null;
  this.data=x;
}
function sqr(r){return(r*r);}//helper function

//Miniball algorithm by B. Gaertner
function Basis(){
  this.m=0;
  this.q0=new Array(3);
  this.z=new Array(4);
  this.f=new Array(4);
  this.v=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.a=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.c=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.sqr_r=new Array(4);
  this.current_c=this.c[0];
  this.current_sqr_r=0;
  this.reset();
}
Basis.prototype.center=function(){return(this.current_c);};
Basis.prototype.size=function(){return(this.m);};
Basis.prototype.pop=function(){--this.m;};
Basis.prototype.excess=function(p){
  var e=-this.current_sqr_r;
  for(var k=0;k<3;++k){
    e+=sqr(p[k]-this.current_c[k]);
  }
  return(e);
};
Basis.prototype.reset=function(){
  this.m=0;
  for(var j=0;j<3;++j){
    this.c[0][j]=0;
  }
  this.current_c=this.c[0];
  this.current_sqr_r=-1;
};
Basis.prototype.push=function(p){
  var i, j;
  var eps=1e-32;
  if(this.m==0){
    for(i=0;i<3;++i){
      this.q0[i]=p[i];
    }
    for(i=0;i<3;++i){
      this.c[0][i]=this.q0[i];
    }
    this.sqr_r[0]=0;
  }else {
    for(i=0;i<3;++i){
      this.v[this.m][i]=p[i]-this.q0[i];
    }
    for(i=1;i<this.m;++i){
      this.a[this.m][i]=0;
      for(j=0;j<3;++j){
        this.a[this.m][i]+=this.v[i][j]*this.v[this.m][j];
      }
      this.a[this.m][i]*=(2/this.z[i]);
    }
    for(i=1;i<this.m;++i){
      for(j=0;j<3;++j){
        this.v[this.m][j]-=this.a[this.m][i]*this.v[i][j];
      }
    }
    this.z[this.m]=0;
    for(j=0;j<3;++j){
      this.z[this.m]+=sqr(this.v[this.m][j]);
    }
    this.z[this.m]*=2;
    if(this.z[this.m]<eps*this.current_sqr_r) return(false);
    var e=-this.sqr_r[this.m-1];
    for(i=0;i<3;++i){
      e+=sqr(p[i]-this.c[this.m-1][i]);
    }
    this.f[this.m]=e/this.z[this.m];
    for(i=0;i<3;++i){
      this.c[this.m][i]=this.c[this.m-1][i]+this.f[this.m]*this.v[this.m][i];
    }
    this.sqr_r[this.m]=this.sqr_r[this.m-1]+e*this.f[this.m]/2;
  }
  this.current_c=this.c[this.m];
  this.current_sqr_r=this.sqr_r[this.m];
  ++this.m;
  return(true);
};
function Miniball(){
  this.L=new List();
  this.B=new Basis();
  this.support_end=new Iterator();
}
Miniball.prototype.mtf_mb=function(it){
  var i=new Iterator(it);
  this.support_end.set(this.L.begin());
  if((this.B.size())==4) return;
  for(var k=new Iterator(this.L.begin());k.get()!=i.get();){
    var j=new Iterator(k);
    k.incr();
    if(this.B.excess(j.deref()) > 0){
      if(this.B.push(j.deref())){
        this.mtf_mb(j);
        this.B.pop();
        if(this.support_end.get()==j.get())
          this.support_end.incr();
        this.L.move_to_front(j);
      }
    }
  }
};
Miniball.prototype.check_in=function(b){
  this.L.push_back(b);
};
Miniball.prototype.build=function(){
  this.B.reset();
  this.support_end.set(this.L.begin());
  this.mtf_mb(this.L.end());
};
Miniball.prototype.center=function(){
  return(this.B.center());
};
Miniball.prototype.radius=function(){
  return(Math.sqrt(this.B.current_sqr_r));
};

//functions called by menu items
function calc3Dopts () {
  //create Miniball object
  var mb=new Miniball();
  //auxiliary vector
  var corner=new Vector3();
  //iterate over all visible mesh nodes in the scene
  for(i=0;i<scene.meshes.count;i++){
    var mesh=scene.meshes.getByIndex(i);
    if(!mesh.visible) continue;
    //local to parent transformation matrix
    var trans=mesh.transform;
    //build local to world transformation matrix by recursively
    //multiplying the parent's transf. matrix on the right
    var parent=mesh.parent;
    while(parent.transform){
      trans=trans.multiply(parent.transform);
      parent=parent.parent;
    }
    //get the bbox of the mesh (local coordinates)
    var bbox=mesh.computeBoundingBox();
    //transform the local bounding box corner coordinates to
    //world coordinates for bounding sphere determination
    //BBox.min
    corner.set(bbox.min);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //BBox.max
    corner.set(bbox.max);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //remaining six BBox corners
    corner.set(bbox.min.x, bbox.max.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
  }
  //compute the smallest enclosing bounding sphere
  mb.build();
  //
  //current camera settings
  //
  var camera=scene.cameras.getByIndex(0);
  var res=''; //initialize result string
  //aperture angle of the virtual camera (perspective projection) *or*
  //orthographic scale (orthographic projection)
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov*180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('\n3Daac=%s,', aac);
  }else{
      camera.viewPlaneSize=2.*mb.radius();
      res+=host.util.printf('\n3Dortho=%s,', 1./camera.viewPlaneSize);
  }
  //camera roll
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('\n3Droll=%s,',roll);
  //target to camera vector
  var c2c=new Vector3();
  c2c.set(camera.position);
  c2c.subtractInPlace(camera.targetPosition);
  c2c.normalize();
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('\n3Dc2c=%s %s %s,', c2c.x, c2c.y, c2c.z);
  //
  //new camera settings
  //
  //bounding sphere centre --> new camera target
  var coo=new Vector3();
  coo.set((mb.center())[0], (mb.center())[1], (mb.center())[2]);
  if(coo.length)
    res+=host.util.printf('\n3Dcoo=%s %s %s,', coo.x, coo.y, coo.z);
  //radius of orbit
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var roo=mb.radius()/ Math.sin(aac * Math.PI/ 360.);
  }else{
    //orthographic projection
    var roo=mb.radius();
  }
  res+=host.util.printf('\n3Droo=%s,', roo);
  //update camera settings in the viewer
  var currol=camera.roll;
  camera.targetPosition.set(coo);
  camera.position.set(coo.add(c2c.scale(roo)));
  camera.roll=currol;
  //determine background colour
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('\n3Dbg=%s %s %s,', rgb.r, rgb.g, rgb.b);
  //determine lighting scheme
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+=host.util.printf('\n3Dlights=%s,', curlights);
  //determine global render mode
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      currender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      currender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      currender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      currender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      currender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      currender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      currender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      currender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      currender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      currender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      currender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      currender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      currender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      currender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      currender='HiddenWireframe';break;
  }
  if(currender!='Solid')
    res+=host.util.printf('\n3Drender=%s,', currender);
  //write result string to the console
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Copy and paste the following text to the\n'+
    '%% option list of \\includemedia!\n%%' + res + '\n');
}

function get3Dview () {
  var camera=scene.cameras.getByIndex(0);
  var coo=camera.targetPosition;
  var c2c=camera.position.subtract(coo);
  var roo=c2c.length;
  c2c.normalize();
  var res='VIEW%=insert optional name here\n';
  if(!(coo.x==0 && coo.y==0 && coo.z==0))
    res+=host.util.printf('  COO=%s %s %s\n', coo.x, coo.y, coo.z);
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('  C2C=%s %s %s\n', c2c.x, c2c.y, c2c.z);
  if(roo > 1e-9)
    res+=host.util.printf('  ROO=%s\n', roo);
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('  ROLL=%s\n', roll);
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov * 180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('  AAC=%s\n', aac);
  }else{
    if(host.util.printf('%.4f', camera.viewPlaneSize)!=1)
      res+=host.util.printf('  ORTHO=%s\n', 1./camera.viewPlaneSize);
  }
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('  BGCOLOR=%s %s %s\n', rgb.r, rgb.g, rgb.b);
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+='  LIGHTS='+curlights+'\n';
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      defaultrender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      defaultrender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      defaultrender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      defaultrender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      defaultrender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      defaultrender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      defaultrender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      defaultrender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      defaultrender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      defaultrender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      defaultrender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      defaultrender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      defaultrender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      defaultrender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      defaultrender='HiddenWireframe';break;
  }
  if(defaultrender!='Solid')
    res+='  RENDERMODE='+defaultrender+'\n';

  //detect existing Clipping Plane (3D Cross Section)
  var clip=null;
  if(
    clip=scene.nodes.getByName('$$$$$$')||
    clip=scene.nodes.getByName('Clipping Plane')
  );
  for(var i=0;i<scene.nodes.count;i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd==clip||nd.name=='') continue;
    var ndUTFName='';
    for (var j=0; j<nd.name.length; j++) {
      var theUnicode = nd.name.charCodeAt(j).toString(16);
      while (theUnicode.length<4) theUnicode = '0' + theUnicode;
      ndUTFName += theUnicode;
    }
    var end=nd.name.lastIndexOf('.');
    if(end>0) var ndUserName=nd.name.substr(0,end);
    else var ndUserName=nd.name;
    respart='  PART='+ndUserName+'\n';
    respart+='    UTF16NAME='+ndUTFName+'\n';
    defaultvals=true;
    if(!nd.visible){
      respart+='    VISIBLE=false\n';
      defaultvals=false;
    }
    if(nd.opacity<1.0){
      respart+='    OPACITY='+nd.opacity+'\n';
      defaultvals=false;
    }
    if(nd.constructor.name=='Mesh'){
      currender=defaultrender;
      switch(nd.renderMode){
        case scene.RENDER_MODE_BOUNDING_BOX:
          currender='BoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
          currender='TransparentBoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
          currender='TransparentBoundingBoxOutline';break;
        case scene.RENDER_MODE_VERTICES:
          currender='Vertices';break;
        case scene.RENDER_MODE_SHADED_VERTICES:
          currender='ShadedVertices';break;
        case scene.RENDER_MODE_WIREFRAME:
          currender='Wireframe';break;
        case scene.RENDER_MODE_SHADED_WIREFRAME:
          currender='ShadedWireframe';break;
        case scene.RENDER_MODE_SOLID:
          currender='Solid';break;
        case scene.RENDER_MODE_TRANSPARENT:
          currender='Transparent';break;
        case scene.RENDER_MODE_SOLID_WIREFRAME:
          currender='SolidWireframe';break;
        case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
          currender='TransparentWireframe';break;
        case scene.RENDER_MODE_ILLUSTRATION:
          currender='Illustration';break;
        case scene.RENDER_MODE_SOLID_OUTLINE:
          currender='SolidOutline';break;
        case scene.RENDER_MODE_SHADED_ILLUSTRATION:
          currender='ShadedIllustration';break;
        case scene.RENDER_MODE_HIDDEN_WIREFRAME:
          currender='HiddenWireframe';break;
        //case scene.RENDER_MODE_DEFAULT:
        //  currender='Default';break;
      }
      if(currender!=defaultrender){
        respart+='    RENDERMODE='+currender+'\n';
        defaultvals=false;
      }
    }
    if(origtrans[nd.name]&&!nd.transform.isEqual(origtrans[nd.name])){
      var lvec=nd.transform.transformDirection(new Vector3(1,0,0));
      var uvec=nd.transform.transformDirection(new Vector3(0,1,0));
      var vvec=nd.transform.transformDirection(new Vector3(0,0,1));
      respart+='    TRANSFORM='
               +lvec.x+' '+lvec.y+' '+lvec.z+' '
               +uvec.x+' '+uvec.y+' '+uvec.z+' '
               +vvec.x+' '+vvec.y+' '+vvec.z+' '
               +nd.transform.translation.x+' '
               +nd.transform.translation.y+' '
               +nd.transform.translation.z+'\n';
      defaultvals=false;
    }
    respart+='  END\n';
    if(!defaultvals) res+=respart;
  }
  if(clip){
    var centre=clip.transform.translation;
    var normal=clip.transform.transformDirection(new Vector3(0,0,1));
    res+='  CROSSSECT\n';
    if(!(centre.x==0 && centre.y==0 && centre.z==0))
      res+=host.util.printf(
        '    CENTER=%s %s %s\n', centre.x, centre.y, centre.z);
    if(!(normal.x==1 && normal.y==0 && normal.z==0))
      res+=host.util.printf(
        '    NORMAL=%s %s %s\n', normal.x, normal.y, normal.z);
    res+=host.util.printf(
      '    VISIBLE=%s\n', clip.visible);
    res+=host.util.printf(
      '    PLANECOLOR=%s %s %s\n', clip.material.emissiveColor.r,
             clip.material.emissiveColor.g, clip.material.emissiveColor.b);
    res+=host.util.printf(
      '    OPACITY=%s\n', clip.opacity);
    res+=host.util.printf(
      '    INTERSECTIONCOLOR=%s %s %s\n',
        clip.wireframeColor.r, clip.wireframeColor.g, clip.wireframeColor.b);
    res+='  END\n';
//    for(var propt in clip){
//      console.println(propt+':'+clip[propt]);
//    }
  }
  res+='END\n';
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Add the following VIEW section to a file of\n'+
    '%% predefined views (See option "3Dviews"!).\n%%\n' +
    '%% The view may be given a name after VIEW=...\n' +
    '%% (Remove \'%\' in front of \'=\'.)\n%%');
  host.console.println(res + '\n');
}

//add items to 3D context menu
runtime.addCustomMenuItem("dfltview", "Generate Default View", "default", 0);
runtime.addCustomMenuItem("currview", "Get Current View", "default", 0);
runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);

//menu event handlers
menuEventHandler = new MenuEventHandler();
menuEventHandler.onEvent = function(e) {
  switch(e.menuItemName){
    case "dfltview": calc3Dopts(); break;
    case "currview": get3Dview(); break;
    case "csection":
      addremoveClipPlane(e.menuItemChecked);
      break;
  }
};
runtime.addEventHandler(menuEventHandler);

//global variable taking reference to currently selected node;
var target=null;
selectionEventHandler=new SelectionEventHandler();
selectionEventHandler.onEvent=function(e){
  if(e.selected&&e.node.name!=''){
    target=e.node;
  }else{
    target=null;
  }
}
runtime.addEventHandler(selectionEventHandler);

cameraEventHandler=new CameraEventHandler();
cameraEventHandler.onEvent=function(e){
  var clip=null;
  runtime.removeCustomMenuItem("csection");
  runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);
  if(clip=scene.nodes.getByName('$$$$$$')|| //predefined
    scene.nodes.getByName('Clipping Plane')){ //added via context menu
    runtime.removeCustomMenuItem("csection");
    runtime.addCustomMenuItem("csection", "Cross Section", "checked", 1);
  }
  if(clip){//plane in predefined views must be rotated by 90 deg around normal
    clip.transform.rotateAboutLineInPlace(
      Math.PI/2,clip.transform.translation,
      clip.transform.transformDirection(new Vector3(0,0,1))
    );
  }
  for(var i=0; i<rot4x4.length; i++){rot4x4[i].setIdentity()}
  target=null;
}
runtime.addEventHandler(cameraEventHandler);

var rot4x4=new Array(); //keeps track of spin and tilt axes transformations
//key event handler for scaling moving, spinning and tilting objects
keyEventHandler=new KeyEventHandler();
keyEventHandler.onEvent=function(e){
  var backtrans=new Matrix4x4();
  var trgt=null;
  if(target) {
    trgt=target;
    var backtrans=new Matrix4x4();
    var trans=trgt.transform;
    var parent=trgt.parent;
    while(parent.transform){
      //build local to world transformation matrix
      trans.multiplyInPlace(parent.transform);
      //also build world to local back-transformation matrix
      backtrans.multiplyInPlace(parent.transform.inverse.transpose);
      parent=parent.parent;
    }
    backtrans.transposeInPlace();
  }else{
    if(
      trgt=scene.nodes.getByName('$$$$$$')||
      trgt=scene.nodes.getByName('Clipping Plane')
    ) var trans=trgt.transform;
  }
  if(!trgt) return;

  var tname=trgt.name;
  if(typeof(rot4x4[tname])=='undefined') rot4x4[tname]=new Matrix4x4();
  if(target)
    var tiltAxis=rot4x4[tname].transformDirection(new Vector3(0,1,0));
  else  
    var tiltAxis=trans.transformDirection(new Vector3(0,1,0));
  var spinAxis=rot4x4[tname].transformDirection(new Vector3(0,0,1));

  //get the centre of the mesh
  if(target&&trgt.constructor.name=='Mesh'){
    var centre=trans.transformPosition(trgt.computeBoundingBox().center);
  }else{ //part group (Node3 parent node, clipping plane)
    var centre=new Vector3(trans.translation);
  }
  switch(e.characterCode){
    case 30://tilt up
      rot4x4[tname].rotateAboutLineInPlace(
          -Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(-Math.PI/900,centre,tiltAxis);
      break;
    case 31://tilt down
      rot4x4[tname].rotateAboutLineInPlace(
          Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(Math.PI/900,centre,tiltAxis);
      break;
    case 28://spin right
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            -Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 29://spin left
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 120: //x
      translateTarget(trans, new Vector3(1,0,0), e);
      break;
    case 121: //y
      translateTarget(trans, new Vector3(0,1,0), e);
      break;
    case 122: //z
      translateTarget(trans, new Vector3(0,0,1), e);
      break;
    case 88: //shift + x
      translateTarget(trans, new Vector3(-1,0,0), e);
      break;
    case 89: //shift + y
      translateTarget(trans, new Vector3(0,-1,0), e);
      break;
    case 90: //shift + z
      translateTarget(trans, new Vector3(0,0,-1), e);
      break;
    case 115: //s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1.01);
      trans.translateInPlace(centre.scale(1));
      break;
    case 83: //shift + s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1/1.01);
      trans.translateInPlace(centre.scale(1));
      break;
  }
  trans.multiplyInPlace(backtrans);
}
runtime.addEventHandler(keyEventHandler);

//translates object by amount calculated from Canvas size
function translateTarget(t, d, e){
  var cam=scene.cameras.getByIndex(0);
  if(cam.projectionType==cam.TYPE_PERSPECTIVE){
    var scale=Math.tan(cam.fov/2)
              *cam.targetPosition.subtract(cam.position).length
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }else{
    var scale=cam.viewPlaneSize/2
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }
  t.translateInPlace(d.scale(scale));
}

function addremoveClipPlane(chk) {
  var curTrans=getCurTrans();
  var clip=scene.createClippingPlane();
  if(chk){
    //add Clipping Plane and place its center either into the camera target
    //position or into the centre of the currently selected mesh node
    var centre=new Vector3();
    if(target){
      var trans=target.transform;
      var parent=target.parent;
      while(parent.transform){
        trans=trans.multiply(parent.transform);
        parent=parent.parent;
      }
      if(target.constructor.name=='Mesh'){
        var centre=trans.transformPosition(target.computeBoundingBox().center);
      }else{
        var centre=new Vector3(trans.translation);
      }
      target=null;
    }else{
      centre.set(scene.cameras.getByIndex(0).targetPosition);
    }
    clip.transform.setView(
      new Vector3(0,0,0), new Vector3(1,0,0), new Vector3(0,1,0));
    clip.transform.translateInPlace(centre);
  }else{
    if(
      scene.nodes.getByName('$$$$$$')||
      scene.nodes.getByName('Clipping Plane')
    ){
      clip.remove();clip=null;
    }
  }
  restoreTrans(curTrans);
  return clip;
}

//function to store current transformation matrix of all nodes in the scene
function getCurTrans() {
  var tA=new Array();
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd.name=='') continue;
    tA[nd.name]=new Matrix4x4(nd.transform);
  }
  return tA;
}

//function to restore transformation matrices given as arg
function restoreTrans(tA) {
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(tA[nd.name]) nd.transform.set(tA[nd.name]);
  }
}

//store original transformation matrix of all mesh nodes in the scene
var origtrans=getCurTrans();

//set initial state of "Cross Section" menu entry
cameraEventHandler.onEvent(1);

//host.console.clear();



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton1'){ocgs[i].state=false;}}
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Rw
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(b)
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Figure 2.4: 2D visualization of the real well (left) and equivalent well (right). Panels (a)
and (b): top view. Panels (c) and (d): cross-sectional view. Rh: hole radius; Rw: well
radius; Wep: equivalent perforation width; Hew: equivalent well height; Wew: equivalent
well depth; Tww: thickness of the well’s wall; Lseg: length of extraction segment. Dimen-
sions not to scale.

ρ(u · ∇)u = −∇P +∇ ·
(
µ
(
∇u+ (∇u)T

)
− 2

3
µ (∇ · u) I

)
+ ρg, (2.2b)

where I is identity tensor. The left-hand side contains the terms representing iner-
tial forces. On the right-hand side, from left to right the terms correspond to the
pressure, viscous and gravity forces, respectively. Although gravity is excluded at
the beginning of the assessment, its impact on the pressure distribution and surface
flux is investigated in the end.

Because the fluid flow equation is solved for a gaseous phase, the dependence of
the pressure on density has to be specified. Temperature is taken constant because:
one, it is known that the landfill wells are working in thermal equilibrium (Young,
1989); two, past numerical investigations showed that the effect of varying temper-
ature is small (Halvorsen et al., 2019). The equation of state of gases is needed to
obtain a closed mathematical system. For an ideal gas the equation of state is:

PMw = ρRT, (2.3)

where Mw, R, and T are molecular weight of gas mixture, universal gas constant,
and temperature, respectively.

The COMSOL solver is utilized to perform the numerical simulations. The
GNU Octave (2022) software is used for post-processing and visualization of both
analytical and numerical solutions. In order to confirm a correct handling of fluid
properties and flow equations by COMSOL, a simplified 2D numerical solution is
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obtained and validated against a known 1D analytical solution first. The simplified
2D model is to be as close to the final model as possible. To achieve this, a sub-unit
containing a segment of the full geometry is selected, as represented in figure 2.5.
A 2D geometry comprising three domains above the well (cover, waste, and gravel)
and two domains below the well (gravel and waste) is used. Flow in the well is
excluded, and suction is applied to the entire boundary between gravel and well. A
no flux boundary condition is imposed on all vertical boundaries.

Lsu

D
l

S

BCW

BWG

BGwell

BwellG

BGW

B

xcut-line = Lsu/2

Cover (C)

Waste (W)

Waste (W)

Gravel (G)

Gravel (G)

x
y

Figure 2.5: Schematic view of the sub-unit geometry. S: Surface; BCW: boundary
between cover and upper waste; BWG: boundary between upper waste and upper gravel;
BGwell: boundary between upper gravel and well; BwellG: boundary between well and lower
gravel; BGW: boundary between lower gravel and lower waste; B: bottom. Lsu and Dl

are sub-unit’s length and depth, respectively. Vertical orange line represents the cut-line
position. Shaded part marks the excluded fluid flow in the well. Dimensions not to scale.

Since the flow in the well is excluded, only equations (2.1) are solved. The
1D analytical solution should hold along any arbitrary vertical cut-line (profile)
sufficiently far away from vertical boundaries, an example of which is the orange
vertical line shown in figure 2.5. In this simplified setting, four boundary conditions
on S, BGwell, BwellG, and B boundaries (dashed lines in figure 2.5) are applied and
presented in table 2.1. Since landfills customarily have an impermeable liner on the
bottom, the relevant boundary condition is a no-flow boundary, i.e. normal velocity
equals zero. Hence based on Darcy’s law in the case of excluded gravity, pressure
gradient in y direction should be zero.

Substituting equation (2.3) into equation (2.1) gives the steady-state gas flow
equation through porous media:

∆P 2 +
2µRT

KMw

Q = 0, (2.4a)
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Table 2.1: Boundary conditions used in solving fluid flow equations.

Boundary name Boundary condition type Value
S Dirichlet P = Patm

BGwell Dirichlet P = Ppump

BwellG Dirichlet P = Ppump

B Neumann dP/dy = 0

with ∆P 2 in the 2D Cartesian system defined as:

∆P 2 =
∂2P 2

∂x2
+

∂2P 2

∂y2
. (2.4b)

The boundary conditions are the same for most of the length of the common bound-
aries between gravel pack and well, except for the area very close to the vertical side
boundaries. Therefore the flow direction is predominantly vertical in the interior
part of the landfill. As the flow is predominantly in the y direction, the variation in
the x direction can be neglected:

d2P 2

dy2
= −2µRT

KMw

Q. (2.5)

After integrating and applying boundary conditions, the pressure is given by:

P (y) =


√
C1y + C2, {DUB, i < y < DLB, i | i = C, G},

√
−γ

2
y2 + C1y + C2, {DUB, i < y < DLB, i | i = W},

(2.6a)

C1 =



P 2
LB, i − P 2

UB, i

DLB, i −DUB, i

, {DUB, i < y < DLB, i | i = C, G},

P 2
LB, i − P 2

UB, i +
γ

2
(D2

LB, i −D2
UB, i)

DLB, i −DUB, i

, {DUB, i < y < DLB, i | i = W},

(2.6b)

C2 =


P 2

UB, i − C1DUB, i, {DUB, i < y < DLB, i | i = C, G},

P 2
UB, i +

γ

2
D2

UB, i − C1DUB, i, {DUB, i < y < DLB, i | i = W},
(2.6c)

γ =
2µRTQ

KWMw

, (2.6d)

where KW stands for waste permeability. For each domain, i, PLB, i, DLB, i, PUB, i,
and DUB, i are the pressure and depth values of the corresponding lower and upper
boundaries, respectively.
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Both pressure and velocity continuity must hold at common boundaries:

P
∣∣∣
cb+

= P
∣∣∣
cb−

and

(
K

dp

dy

)
cb+

=

(
K

dp

dy

)
cb−

, (2.7)

where cb+ and cb− refer to the laminae above and below the common boundaries,
respectively. The second equality is by Darcy’s law. With the obtained pressure
equation 2.6, pressure values for the three common boundaries between domains
(dotted lines in figure 2.5) are thus calculated as:

PCW =

√
ad+ b

1− ac
, (2.8a)

PWG =

√
bc+ d

1− ac
, (2.8b)

PGW =
√
e, (2.8c)

a =
KWDCW

KC (DWG −DCW) +KWDCW

, (2.8d)

b =

γ

2
KWDCW(DWG −DCW)2 + P 2

atmKC (DWG −DCW)

KC (DWG −DCW) +KWDCW

, (2.8e)

c = − KW (DWG −DGwell)

KG (DWG −DCW)−KW (DWG −DGwell)
, (2.8f)

d =

γ

2
KW (DGwell −DWG) (DWG −DCW)2 + P 2

pumpKG (DWG −DCW)

KG (DWG −DCW)−KW (DWG −DGwell)
, (2.8g)

e = γ
KW

KG

(DB −DGW) (DGW −DwellG) + P 2
pump, (2.8h)

where KC and KG are permeabilities of cover and gravel layers, respectively. DCW,
DWG, DGwell, DwellG, DGW, and DB are the depths of corresponding boundaries
represented in figure 2.5. Patm and Ppump are atmospheric pressure and the given
pump pressure, respectively.

Table 2.2 represents the minimal values of parameters used for the simulations.
In stage one a comparison between the simplified 2D numerical and 1D analytical
solutions is made. The verification is completed for multiples of a base generation
rate Q up to 100. The results are reported in section 3.1. In stage two some
validations and sensitivity analyses are conducted and obtained results are given in
sections 3.2 and 3.3.
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Table 2.2: Values used for simulations.

Parameter Value Description
n 2 Number of real perforations at each slit

Lℓ
210 m Length of landfill for stage one
420 m Length of landfill for stage two

TC 3 m Thickness of cover domain
TW 8 m Thickness of waste domain
TG 1 m Thickness of gravel domain
Hew 0.018241 m Height of equivalent well
Teww 0.001 m Thickness of equivalent well wall

KC
1E− 11 m2 Cover permeability for stage one

1E− 15 → 1E− 11 m2 Cover permeability range for stage two

KW
1E− 9 m2 Waste permeability for stage one

1E− 10 → 1E− 6 m2 Waste permeability range for stage two

KG
1E− 6 m2 Gravel permeability for stage one
1E− 5 m2 Gravel permeability for stage two

µ 1.074E− 5 Pa·s Dynamic viscosity
Mw 0.028508 kg/mol Molecular weight of gas mixture
T 288.15 K Temperature
R 8.3145 J/(mol·K) Universal gas constant
Q 1E− 6 kg/(m3·s) Gas generation rate

Ppump − Patm
−1250 Pa Pump gauge pressure for stage one

−1250 → −12500 Pa Pump gauge pressure range for stage two

2.2 Modifying well geometry

Different geometric modifications of the well perforations and their combina-
tions are assessed, as shown in figure 2.6. In this figure: (a) at each perforation
section, the number of perforations are changed from 2 to 6; (b) all sets of perfora-
tions, as a group, are shifted to the left or right by the same value; as a result the
number of perforated sections is reduced, depending on the shift length; (c) intervals
between sets of perforation are decreased or increased linearly, so that a non-uniform
distribution ensues; (d) radius of all perforations is changed, while the spacing is
maintained the same; (e) the radius of perforations is decreased or increased linearly,
while the spacing is maintained the same. To have a better insight into each type
of modification, several derivatives of single modifications are assessed (table 2.3).
Relying on the insight obtained with these basal modifications, prioritized well ge-
ometries are investigated with the purpose to diminish the landfill gas efflux and the
air influx. In the base configuration each perforation set contains two holes (n = 2),
and the spacing is at every 15 m from the well outlet to its end. The well pressure,
surface velocity and mass flux profiles are constructed for this configuration and
used as the reference for the counterparts obtained for modified geometries.
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(base)

(a)

(b)

(c)

(d)

(e)

Figure 2.6: Different geometric modifications for a typical extraction well: (base) uniform
distribution with equal perforation radius; (a) different number of perforations; (b) uni-
form perforation shifting to left or right; (c) non-uniform perforation distribution: linear
increase or decrease in perforation intervals; (d) uniform changing of perforation radius
with uniform distribution; (e) non-uniform changing of perforation radius with uniform
distribution. Dimensions not to scale.
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Table 2.3: Well modification types and their derivatives.

Well modification type Description

(a): different number of perforations

a(1): n = 3
a(2): n = 4
a(3): n = 5
a(4): n = 6

(b): uniform shifting of perforations

b(1): 10 m to the left
b(2): 5 m to the left
b(3): 5 m to the right
b(4): 10 m to the right

(c): non-uniform perforation distribution
c(1): linear decrease in perforation intervals
c(2): linear increase in perforation intervals

(d): uniform changing of perforation radius
d(1): (Rh)second = 0.7(Rh)base
d(2): (Rh)second = 1.5(Rh)base
d(3): (Rh)second = 2(Rh)base

(e): non-uniform changing of perforation radius
e(1): linear increase 0.7(Rh)base → (Rh)base
e(2): linear decrease (Rh)base → 0.7(Rh)base
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Chapter 3

Results and discussion

3.1 Sub-unit simulation results

Based on the aforementioned methodology, a comparison between the sim-
plified 2D numerical solution and the 1D analytical solution is made. For this
comparison the vertical orange line in the middle of the sub-unit geometry shown
in figure 2.5 is utilized as the reference profile. Figure 3.1 represents the results of
the numerical and analytical solutions: both pressure profiles are visually indistin-
guishable for any applied gas generation rate. There are two conclusions: one, the
COMSOL porous media flow solution is correct in the simple case, giving confidence
in the definition of the set-up; two, the simplified 2D numerical solution is validated
by the 1D analytical solution, so that a 1D analytical solution can be used in the
construction of a semi-analytical tool in the future.
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Cwell

BGW B

Ppump
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Figure 3.1: Pressure profiles for comparison between 1D analytical solution (solid black
lines) and simplified 2D numerical solution (dashed green lines). Markers on both sides
have been added to distinguish plots from each other. S: Surface; BCW: boundary between
cover and upper waste; BWG: boundary between upper waste and upper gravel; BGwell:
boundary between upper gravel and well; BwellG: boundary between well and lower gravel;
BGW: boundary between lower gravel and lower waste; B: bottom. Patm and Ppump are
atmospheric pressure and the given pump pressure, respectively; Cwell refers to the centroid
of the equivalent well cross-section; Q is gas generation rate.
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To show how each well modification affects fluid flow in a landfill, some sim-
ulations are conducted on the derivatives of modifications defined in figure 2.6 and
table 2.3. For tracing the modification impact, the vertical velocity and pressure
values along the surface and well center are calculated, respectively. Velocity and
pressure profiles are shown in figures 3.2 and 3.3. Items (a) to (e) correspond to
the well modifications presented in figure 2.6. Panel (f) in figure 3.2 depicts the
ratio of surface mass flux (ṁ) for each derivative to the surface mass flux obtained
from the basic configuration (ṁbase) of the well. In vertical velocity profiles, the
minimum value is subtracted from the actual values and shown at the top of each
panel. Similarly in pressure profiles, pump pressure, as the minimum value within
the well, is subtracted from the pressure values for each derivative. This shift of
the reference point allows for a better visualization of the velocity and pressure
variation in the landfill-well system. The loci of extrema and their shifting, and
the overall proportional positioning of the curves are of importance for hereunder
interpretations.

In panels (a) and (d) of figures 3.2 and 3.3, when the number of perforations
or the perforation radius increase uniformly, higher surface velocity values are seen.
This is because a well with a higher number of perforations or larger perforations
has a higher collection capability for a given pump strength or equivalently a lower
overall resistance to flow. Moreover, the trend of velocity profiles in these panels
shows that there is a more significant maximum velocity for a well with a higher
number of perforations or uniformly larger perforations. Furthermore, since the
higher number of perforations or larger perforations close to the pump allows for
more gas to be drawn into the well, the maxima in these velocity profiles shift
toward the well outlet. Pressure profiles show that a higher number of perforations
or uniformly larger perforations lead to a higher pressure in the well. The reason is
the same as above.

Based on panel (b) in figure 3.2 shifting perforations toward the well outlet
results in higher velocity above the well outlet and vice versa. Nevertheless the
absolute values of those changes are intangible: the minima and maxima of all
the curves are close. Moreover in figure 3.3(b) a lower pressure within the well is
obtained due to the group of perforations closer to the well outlet.

In panel (c) of figure 3.2 there is a minor change in velocity profiles as a
result of linearly increased or decreased intervals between perforation sets. It can
be inferred that a higher concentration of perforations close to the well outlet leads
to a higher vertical velocity at the surface. Panel (c) in figure 3.3 implies that as
the concentration of perforations gets higher near the outlet, the pressure becomes
higher within the well.

Panel (e) in figure 3.2 shows that when the radius of perforations increases
linearly from the well outlet to the blocked end, higher surface velocity is expected
above the blocked end and vice versa. This happens because the resistance dimin-
ishes toward the blocked end as a result of the existence of larger perforations. As
mentioned before, higher surface velocity is expected above the larger perforations.
Pressure profiles in figure 3.3(e) show that a higher pressure within the well occurs
in the case of the linearly increasing perforation radius upstream. The reason is
that the head induced by the pump is distributed more uniformly than in case of
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a linearly decreased perforation radius along the well; the largest perforation is the
closest one to the outlet and smaller perforations play less of a role.

Based on panel (f) modifications (a), (d), and (e) in figure 2.6 have the most
significant impact on surface mass flux. Conversely modifications (b) and (c) have
an intangible influence on surface mass flux.

According to the results presented in figures 3.2 and 3.3, it can be concluded
that:

� Increasing the number of perforations or size of perforations leads to higher
pressure within the well, having an incremental effect on the surface velocity
of the incoming air. This happens due to drawing more mass into the well.
Consequently a higher air intrusion rate and mass flux occur (refer to panels
(a), (d), (e), and (f) in figures 3.2 and 3.3).

� Changing perforation distribution or shifting perforation sets has an intangible
impact on mass flux rate at the surface. Although perforations closer to the
suction source result in a lower pressure within the well, reducing air intrusion
rate and mass flux at the surface (refer to panels (b), (c), and (f) in figures
3.2 and 3.3).
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Figure 3.2: Vertical velocity at the surface for different well modifications. Panels (a)
to (e) conform to geometric modifications (a) to (e) in figure 2.6. The solid black line
in every plot corresponds to the primary well configuration (base). Panel (f) shows the
normalized surface mass flux for each configuration.
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3.1.1 Analytical solution: non-linear vs. linear

It is known that the flow in the landfill system is only weakly compressible:
the largest pressure drop either equals or slightly exceeds the suction imposed. This
raises the question whether it would be reasonable to use incompressible flow equa-
tions. For the particular application of a horizontal landfill well it has been shown
that would lead to an inaccurate representation of the pressure distribution in the
collection system, since the pipe length is significant (Nec and Huculak, 2017). Be-
low an analytical 1D solutions for the weakly compressible and incompressible flow
types through a porous medium are compared. In case the gas density is constant
equation (2.3) will be replaced with ρ = const and the final governing equation for
fluid flow in porous media then follow from equation (2.1):

d2P

dy2
= −µQ

ρK
. (3.1)

To show the difference between linear and non-linear solutions a comparison was
made for low and high suction strength. The discrepancy for the former is small and
the more significant effect for the latter is shown in figure 3.4. As the generation
rate increases, the discrepancy between the two solutions becomes more evident.
Thus it is wise to use the non-linear version of the flow equation, i.e. the effect of
pressure on the gas density should not be overlooked.
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Figure 3.4: Comparison of non-linear (solid black lines) and linear (red black lines) an-
alytical solutions. S: Surface; BCW: boundary between cover and upper waste; BWG:
boundary between upper waste and upper gravel; BGwell: boundary between upper gravel
and well; BwellG: boundary between well and lower gravel; BGW: boundary between lower
gravel and lower waste; B: bottom. Patm and Ppump are atmospheric pressure and the
given pump pressure (−12.5 kPa), respectively; Cwell refers to the centroid of the equiva-
lent well cross-section; Q is gas generation rate.
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3.2 Validation of computational mesh

The simulations conducted at stage one permit to prioritize the studied mod-
ifications and their potential combinations as follows. This prioritization is based
on the observed impact of each modification on the surface mass flux and pressure
values throughout the landfill. Consequently modification (c) is excluded from the
later simulations. Prior to sensitivity analyses for each modification that are con-
ducted at stage two, there should be a validation process for the computational
meshes used to make sure that the simulation is adequately accurate. In general
two meshes with a different number of elements are utilized. For each modification
the models in COMSOL are run on these two meshes: base and fine. In some cases
these meshes are customized for low and high suction strength separately. Table 3.1
shows the meshing information for different modifications. The maximum relative
and absolute errors are based on the pressure drop within the well. Modification
names correspond to those in figure 2.6 and table 2.3.

Table 3.1: Meshing information for different well modifications and corresponding maxi-
mum errors between the base and fine meshes.

Modification Value Ppump Num. of elements Max. rel. error Max. abs. error

(a)

n=2
Low: −1.25 kPa

Base: 294894
9.0516E− 03 1.47 Pa

Fine: 506270

High: −12.5 kPa
Base: 225676

4.5505E− 05 0.04 Pa
Fine: 410940

n=4
Low: −1.25 kPa

Base: 294894
5.1812E− 03 1.54 Pa

Fine: 506270

High: −12.5 kPa
Base: 209952

4.4434E− 04 0.8 Pa
Fine: 398576

n=6
Low: −1.25 kPa

Base: 297550
2.6775E− 03 0.93 Pa

Fine: 395788

High: −12.5 kPa
Base: 204818

5.2140E− 04 1.41 Pa
Fine: 392424

(b)

375 m
Low: −1.25 kPa

Base: 164774
1.4104E− 04 9E− 03 Pa

Fine: 257806

High: −12.5 kPa
Base: 164774

1.4104E− 04 9E− 03 Pa
Fine: 257806

390 m
Low: −1.25 kPa

Base: 158482
7.3113E− 09 4E− 07 Pa

Fine: 236536

High: −12.5 kPa
Base: 158482

7.3113E− 09 4E− 07 Pa
Fine: 236536

405 m
Low: −1.25 kPa

Base: 152418
4.1615E− 05 2E− 03 Pa

Fine: 229368

High: −12.5 kPa
Base: 152418

4.1615E− 05 2E− 03 Pa
Fine: 229368

(e)

decr.
Low: −1.25 kPa

Base: 257564
2.7809E− 05 7E− 03 Pa

Fine: 332862

High: −12.5 kPa
Base: 257564

2.8651E− 04 0.7 Pa
Fine: 332862

incr.
Low: −1.25 kPa

Base: 260298
2.5301E− 05 0.01 Pa

Fine: 335596

High: −12.5 kPa
Base: 260298

7.0870E− 05 0.2 Pa
Fine: 335596

(b)+(e)

225 m
and
decr.

Low: −1.25 kPa
Base: 187878

4.5890E− 06 2E− 04 Pa
Fine: 240160

High: −12.5 kPa
Base: 187878

4.5890E− 06 2E− 04 Pa
Fine: 240160

225 m
and
incr.

Low: −1.25 kPa
Base: 187920

1.6625E− 05 7E− 04 Pa
Fine: 240202

High: −12.5 kPa
Base: 187920

1.6625E− 05 7E− 04 Pa
Fine: 240202
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According to the relative errors calculated for modification (a), going from
low suction to high with the same value of n the error decreases by two orders of
magnitude with n = 2 and by one order of magnitude with n = 4 and n = 6.
Moreover maximum obtained absolute and relative errors are 9.0516E−03 and 1.54
Pa, respectively which depict a reasonable accuracy for the conducted simulations.
To evaluate the precision of base and fine meshes for each modification, pressure
values for the centerline of the well and a top-to-bottom profile at x = 15 m are
calculated. As an example, panels in figure 3.5 demonstrate the validation result
for modification (a) when n = 2: the pressure profiles corresponding to base and
fine meshes match. This is one of the worst cases in table 3.1. In the field a
precision of 1 Pa is ample with anything below that being untraceable by standard
instrumentation. This figure shows that the simulation results obtained with the
base mesh are adequately accurate. Therefore all results discussed hereinafter are
done on the base meshes. Graphs corresponding to the remaining validation pairs
listed in table 3.1 are not included in the thesis.
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Figure 3.5: Validation of the base mesh using the fine mesh. Applying low suction
strength (−1.25 kPa) and a set of two perforations (n=2) for each production section,
the top panel is longitudinal pressure drop along the well center and the bottom panel is
vertical pressure values for a profile from surface to landfill bottom (at x = 15 m).
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3.3 Full length simulation: introduction

In the following sections, results obtained based on the aforesaid methodology
are discussed for different modifications. In order to understand the insight following
from the results, it is necessary first to understand the general behavior of the flow
in the coupled landfill-well system. The purpose of this section is to explain this
behavior using basic pressure drop arguments along specifically defined paths in the
system. The pressure at the surface is known and equals atmospheric. The only
other point, where the pressure is known a priori is at the outlet. Since the bottom
of the landfill has a no flux condition, the pressure there can vary depending on
the overall resistance. The bottom and top parts are only connected through the
perforated sections of the well. In order to be able to interpret the physicality of
the results, five intervals within the system are introduced.

Figure 3.6 shows a schematic view of a longitudinal cross-section of the landfill
comprising the well and its first collecting slit. This figure demonstrates the inter-
vals on which pressure difference is calculated. For the upper part of the landfill,
moving downward from the surface to the well on interval 1, the pressure difference
is investigated for the porous media. Interval 2 is a vertical line from the upper well
ingress to the intercept which is the intersection of well centreline and slit centreline;
followed by interval 3 which is a horizontal distance from the intercept to the well
outlet. On intervals 2 and 3 pressure difference is evaluated based on the continuum
flow in the well. Similarly for the lower part of the landfill, moving upward from
the bottom to the well on interval 4, pressure difference is assessed for the porous
media. Moreover pressure difference within the well from the lower well ingress to
the intercept is appraised on interval 5. As mentioned before, interval 3 is used for
pressure difference investigation between the intercept and the outlet.

To investigate this phenomenon, divide the landfill into two parts: one part
above the well and the other below the well. Aiming to facilitate tracing the trajec-
tories on which pressure drops are calculated, four arbitrary paths are defined based
on the introduced intervals, as represented in table 3.2.

Table 3.2: Paths based on intervals.

Path name Intervals
Γ1 1→2→3
Γ2 4→5→3
Γ3 2→3
Γ4 5→3

It is known that the total pressure drop in an open system equals the sum of
pressure drop across the landfill porous media and pressure drop within the well.
Therefore, total pressure drop in the upper and lower parts are:

∆PU, total = ∆PU, pore +∆PU, well, x, y ∈ Γ1,

∆PL, total = ∆PL, pore +∆PL, well, x, y ∈ Γ2,

(3.2)
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Figure 3.6: Schematic of trajectories/paths for pressure profiles. All horizontal layer
labels are as in figure 2.5. Intervals 1 and 5 are vertical lines that refer to porous layers in
the upper and lower parts of the landfill, respectively. Intervals 2 and 4 are vertical lines
that represent the distance from the well ingresses to the intercept in the upper and lower
parts, respectively. Interval 3 is a horizontal distance from the intercept to the outlet.
Red point on well centerline shows the intercept. Dimensions not to scale.

where indices U and L stand for upper and lower, respectively. Well pressure drop
refers to pressure difference in well between pump pressure and pressure at the
common boundaries between gravel layer and well:

∆PU, well = (PGwell − Pintc) + (Pintc − Ppump), x, y ∈ Γ3,

∆PL, well = (PwellG − Pintc) + (Pintc − Ppump), x, y ∈ Γ4.

(3.3)

where Pintc refers to the pressure at the intercept point. In the upper and lower
parts, pressure differences of porous media are expresessed as:

∆PU, pore = ∆PC +∆PW +∆PG

= (PS − PCW) + (PCW − PWG)

+ (PWG − PGwell),

{x, y ∈ Interval i | i = 1},

∆PL, total = ∆PW +∆PG

= (PB − PGW) + (PGW − PwellG),
{x, y ∈ Interval i | i = 4}.

(3.4)

where indices C, W, and G stand for cover, waste, and gravel layers, respectively.
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In the upper part on path Γ1, total pressure drop depends on the pump and
surface pressures. Since pressure at the surface is always constant and equal to
atmospheric (PS = Patm), for a given pump pressure total pressure drop in the upper
part must be constant. In the lower part on path Γ2, there is a no flux boundary at
the bottom. By Darcy’s law, in the absence of gravity, the normal velocity is zero
and consequently vertical pressure gradient equals zero (dP/dy = 0). Generally
the pressure along the bottom is not constant. However, since the inlet and outlet
planes are blocked, there is very little horizontal pressure gradient. With adding
gravity pressure gradient is not zero, so that variation in pressure value with and
without gravity is expected at the bottom of the landfill. In figure 3.7 pressure
difference profiles for the base configuration with and without gravity at the bottom
of the landfill are plotted; the pressure difference is based on the minimum value of
each profile and this shift of the reference point allows for a better visualization of
the pressure variation along the bottom. The plotted profiles clearly show that in
a landfill with blocked ends pressure at the bottom of the landfill is not constant.
Moreover, the pressure variation is very small – less than 1Pa, which is the resolution
of existing instrumentation in the field – allowing to conclude that for all practical
purposes the pressure on the bottom of the landfill is constant. The difference
between extrema for both profiles represents a variation that is by far less than the
maximum absolute error provided in table 3.1. Furthermore, both pressure profiles
match, meaning that the difference between pressure values at the bottom in models
with and without gravity corresponds to the hydrostatic pressure.
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Figure 3.7: Comparison of pressure difference at the bottom of the landfill for the base
configuration with and without gravity. The table on the right side contains minimum
and maximum values for the normalization applied to each curve.

It is perceived that total pressure drop in the upper part on path Γ1 is constant.
Furthermore, In the lower part on path Γ2 total pressure drop is virtually constant
as the pressure value at the bottom of the landfill is not an absolute constant.
The porous layer constitutes a barrier to fluid flow and permeability represents the
amount of its resistance. Overall when the resistance in the open system increases,
there is a reduction in surface flux. Based on Darcy’s law, any layer’s permeability
and pressure gradient are interrelated. Beginning with the layer that is closest to the
surface, as cover permeability changes there should be a counter change in pressure

26



CHAPTER 3. RESULTS AND DISCUSSION

difference in porous medium to compensate for the impact of permeability on flow
rate to keep it fixed. Notwithstanding, surface flux reduction occurs as a result
of decreasing permeability in the system. In such a case it can be concluded that
the pressure drop compensation in porous media has been insufficient. In other
words, pressure gradient has a reaction effect on flow rate, which in some cases
might not entirely compensate for the porous media permeability changes, leading
to a variation in surface flux.

The surface flux is based on the pressure gradient immediately beneath the
surface and should be interpreted as the type of surface flux, be it air intrusion or
gas escaping. When the gas generation considered for the model is small, the pump
is capable of extracting all generated landfill gas along with some air, leading to
negative surface flux in most cases. If precise tracing of air intrusion and mixing
with the landfill gas was to be attempted, this would require an additional dispersion
equation. This modeling would not make sense side by side with an effective constant
gas generation rate and composition. To initialize the dispersion model one will
require input from field measurements, which is cost prohibitive given that landfill
properties change over time. The amount of intruding air can approximately be
calculated based on mass conservation across the surface, but was not done here,
since this project does not aim to provide quantitative predictions.

Based on the results provided in section 3.1, it is expected that increasing the
number of perforations (modification (a) in figure 2.6) will lead to a higher surface
flux. This is also valid for a uniform change in perforation size (modification (d)
in figure 2.6). For perforation shifting (modification (b) in figure 2.6) there might
be an impact on surface flux when extreme shifting is applied. A linear increase
in perforation size (modification (e) in figure 2.6) results in a higher air intrusion.
Furthermore, combining these modifications might increase the chance to have more
control over surface flux.

3.4 Changing number of perforations

The first modification ((a) in figure 2.6) is investigated in this section. This
modification reduces the local resistance at the ingress into the well by increasing
the collection area on the surface of the well. It is expected that this effect will
be felt at the surface as an increased influx of air or diminished escape of landfill
gas, depending on the scenario seen with the base configuration under the same
conditions. Throughout this section modification (a) is investigated and several
sensitivity analyses are conducted when perforation numbers in each production
segment equal 2, 4 or 6.

Below the immediate conclusions following from the numerical solutions are
discussed. For a comprehensive explanation on the physics of flow in the coupled
system and the interplay of head losses over different trajectories within the open
system see section 3.3. Figures 3.8, 3.9, and 3.10 demonstrate the effect of cover
permeability (KC), waste permeability (KW) and pump pressure (Ppump) on surface
mass flux. Figure 3.8 shows the impact of cover permeability on well pressure,
vertical pressure from top to bottom at x=15 m, and surface flux for a pump pressure
of −1.25 kPa for base configuration when number of apertures in each perforated
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production segment is two (n=2). In this figure each line style corresponds to a
value of cover permeability. In panel (a), changing permeability of cover leads to
a significant impact on well pressure. Maximum well pressure drop with respect to
pump pressure occurs at the blocked end.

In panel (b) the slope of the line in the S-BCW region shows the intensity of
cover permeability effect on pressure in the landfill. The progression of lines shows
that the pressure profile slope becomes steeper as the permeability decreases. For
lower cover permeabilities most of the pressure drop happens in the landfill cover,
so the well pressure drop should reduce to keep the total pressure drop constant.
Therefore decreasing cover permeability reduces pressure within the well.

Surface flux decreases with a diminishing permeability, as shown by the pro-
gression of curves in the inset of panel (c) - the inset demonstrates the actual surface
flux profiles to visualize them in a single window. The reason is that for the open
system upstream pressure equals atmospheric and downstream pressure equals the
pressure at the common boundaries between the well and gravel layer, which is not
fixed. In such a case the pressure drop in the porous media fuse compensate for
the negative impact of the cover permeability reduction on fluid flow, leading to
a decrease in the surface flux. In light of the explanation above, for lower cover
permeabilities the effect on the pressure drop and surface flux is higher than that of
the production well; the well has a lower impact on the surface flux and location of
maximum surface flux moves away from well outlet.

A similar set of results for a progression of waste permeability values is given
in figure 3.9. It is seen that there is no tangible difference in well pressure, except
for the tightest waste permeability, as represented by dotted-dashed black line in
panel (a). Nonetheless no variation can be seen in the surface flux (inset of panel
(c)). In the case of lowest waste permeability, pressure drop within the well is more
dominant than that in waste layer. Based on figure 3.10 a higher suction strength
leads to a higher well pressure drop, as represented by a progression of curves from
bottom to top in panel (a). Furthermore, for an increased pump pressure there is
a higher pressure drop within the well in comparison to porous media, as shown by
a progression of curves from top to bottom in panel (b). Changing pump pressure
directly affects surface mass flux: by a progression of curves from top to bottom
in the inset of panel (c), a higher suction strength leads to a higher surface flux.
Moreover, based on panel (c) the maximum surface flux locus shifts toward the well
end.

The above analysis was subsequently conducted for the modifications with
n = 4 and n = 6 and resulted in similar findings. For the highest cover permeability,
comparing the three modifications reveals that an increased number of perforations
augments the impact on well pressure. The reason is that for the highest permeabil-
ity, the well plays a more dominant role in fluid flow throughout landfill. However for
the lower cover permeabilities, the opposite is correct. Changing waste permeability
for modifications with a higher number of perforations provides the same result as
for the base configuration. The same pressure and surface flux trends are observed
in the landfill: as the number of perforations increases, surface mass flux increases
since more fluid is drawn in as expected and the locus of the maximum flux shifts
toward the well outlet.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2 −7.5875e−5 −7.5825e−5
KC=1e−12 m2 −3.2161e−5 −3.2158e−5
KC=1e−13 m2 −4.2819e−6 −4.2817e−6
KC=1e−14 m2 −4.3953e−7 −4.3951e−7
KC=1e−15 m2 −4.4065e−8 −4.4063e−8

Figure 3.8: Effect of cover permeability on pressure and surface flux for base configuration
with n=2. Panel (a) shows the well pressure profile at the centerline. Panel (b) represents
the pressure profile along a vertical line from top to bottom of landfill at x=15 m; inset
represents the pressure values in the well and its slits. Panel (c) shows the normalized
surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling values for each
plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KW=1e−6 m2 −7.6144e−5 −7.6116e−5
KW=1e−7 m2 −7.6147e−5 −7.6100e−5
KW=1e−8 m2 −7.6124e−5 −7.6073e−5
KW=1e−9 m2 −7.5874e−5 −7.5824e−5
KW=1e−10 m2 −7.3444e−5 −7.3404e−5

Figure 3.9: Effect of waste permeability on pressure and surface flux for n=2. Panel
(a) shows the well pressure profile at the centerline. Panel (b) represents the pressure
profile along a vertical line from top to bottom of landfill at x=15 m; inset represents
the pressure values in the well and its slits. Panel (c) shows the normalized surface flux,
(ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values for each plot. The inset
demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1=−1.25 kPa −7.5875e−5 −7.5825e−5
Ppump,2=−6.25 kPa −2.3236e−4 −2.3227e−4
Ppump,3=−12.5 kPa −3.5489e−4 −3.5476e−4

Figure 3.10: Effect of suction strength on pressure and surface flux for n=2. Panel
(a) shows the well pressure profile at the centerline. Panel (b) represents the pressure
profile along a vertical line from top to bottom of landfill at x=15 m; inset represents
the pressure values in the well and its slits. Panel (c) shows the normalized surface flux,
(ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values for each plot. The inset
demonstrates the actual surface flux profiles.
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In addition to the previous investigation, double-parameter sensitivity analyses
are done forKC-KW, KC-Ppump, andKW-Ppump combinations, summarized in figures
3.11, 3.12, and 3.13, respectively. As mentioned in the beginning of section 3.3, there
are two key concepts in a landfill interacting with the atmosphere: the total pressure
drop in the entire open system is constant for a given suction strength; by Darcy’s
law there is a direct relationship between permeability and surface flux.

Panels (a) and (c) in figure 3.11 imply that the impact of the cover permeability
in comparison to the waste permeability on pressure drop within the well and surface
flux is stronger. Comparing lines corresponding to different combinations (solid
black / dashed green and solid green / dashed black sets of lines), it is the cover
permeability variation that makes a significant difference in well pressure profile
and surface mass flux, not the waste permeability. The reason is that a higher
permeability leads to less resistance to fluid flow. Furthermore, at the lowest level
of cover permeability, varying waste permeability almost does not affect well pressure
drop, as well as surface flux. From solid green and dashed black lines in panel (b)
it follows that having a tighter cover reduces the pressure drop portion of the waste
layer. For a given pump pressure the tightest cover results in a minimum surface flux
and the waste permeability is not of importance. Maximum surface flux location
shifts toward the well outlet for combinations with lower cover permeabilities.

Panel (a) in figure 3.12 demonstrates that increasing pump pressure leads
to a higher pressure drop within the well (solid green line), but this phenomenon
diminishes dramatically for a lower permeability (dashed black line). In the case
of the tightest cover (green and black dashed lines) in panel (b), as the landfill is
almost sealed, changing the suction strength leads to a minor variation in the well
pressure drop, since most of the head is lost in the cover. It means that the incoming
surface flux approaches zero, and as a result of the constant gas generation rate in
the waste layer, the pressure drop within the well is roughly kept fixed (green and
black dashed lines in panel (a)). As for surface flux, for a higher cover permeability
upon increasing pump pressure the air intrusion is more pronounced, as shown by
solid black and solid green lines in the inset of panel (c). However in the case of
a tighter cover, changing suction strength does not majorly affect the surface flux
(dashed black and dashed green lines). In terms of locus of maximum surface flux,
by increasing suction strength for a tighter cover, it moves away from the well outlet
(solid black and solid green lines in panel (c)); this happens since farther perforations
with respect to well outlet can increase their involvement in the suction process. For
a looser cover despite changing the pump pressure, there is no shifting in the surface
flux profile (dashed black and dashed green lines).

Figure 3.13 shows that the pump pressure is critical in controlling surface
flux. The sets of solid green-dashed black and solid black-dashed green lines in
panels (a) and (b) it indicates that a significant variation in well pressure drop and
landfill pressure occurs as a result of a change in the suction strength. The waste
permeability has a minor impact on the pressure drop within the well and throughout
the landfill. Therefore surface flux can not be controlled by waste permeability, as
shown by solid black-dashed green and solid green-dashed black sets of lines in
the inset of panel (c). Despite the fact that in practice the landfill designers and
operators have very little control over the waste permeability. Increasing pump
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pressure leads to a shifting of the maximum surface flux locus toward the blocked
end (solid black-dashed green and solid green-dashed black sets of lines panel (c)).
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2, KW=1e−6 m2 −7.6144e−5 −7.6116e−5
KC=1e−11 m2, KW=1e−10 m2 −7.3444e−5 −7.3404e−5
KC=1e−15 m2, KW=1e−6 m2 −4.4075e−8 −4.4074e−8
KC=1e−15 m2, KW=1e−10 m2 −4.3968e−8 −4.3966e−8

Figure 3.11: Effect of waste-cover permeability combinations on pressure and surface flux
for n=2. Panel (a) shows the well pressure profile at the centerline. Panel (b) represents
the pressure profile along a vertical line from top to bottom of landfill at x=15 m; inset
represents the pressure values in the well and its slits. Panel (c) shows the normalized
surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling values for each
plot. The inset demonstrates the actual surface flux profiles.

Based on the obtained results for double-parameter sensitivity analyses by
utilizing n=4 or n=6 it can be concluded that a higher number of perforations leads
to a higher well pressure drop for the highest cover permeability. The impact of waste
permeability on pressure drop is more obvious for a higher number of perforations.
Surface flux maxima loci are shifted toward the well outlet for a higher number of
perforations. As expected, the most obvious means of controlling the surface flux is
the permeability of the cover layer.

It was observed that increasing the number of perforations led to a higher air
intrusion. The reason is that a well with a higher number of perforations collects
more mass, increasing overall flow throughout the system. Therefore this modifica-
tion provides a means to control surface flux in cases where landfill gas escapes, but
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increasing the pump suction is not an option. Reducing the local resistance at the
ingress into the well will then create the requisite reversal of flow direction at the
surface.

well outlet well end

163

27

826

Well length

P
w
el
l
−
P
p
u
m
p
(P

a)

(a) long. pressure in the well (n=2)

S BCW BWG

Cwell

BGW B

Ppump,1

Ppump,2

Patm

Depth
P
re
ss
u
re

(P
a)

Cwell

Ppump,1

Ppump,2

(b) vertical pressure profile (n=2)

well outlet well end
0

1

Well length

N
or
m
a
li
ze
d
su
rf
ac
e
m
as
s
fl
u
x

well outlet well end

-35

0

ṁ
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KC=1e−11 m2 −7.5875e−5 −7.5825e−5
Ppump,1 = −1.25 kPa, KC=1e−15 m2 −4.4065e−8 −4.4063e−8
Ppump,2 = −12.5 kPa, KC=1e−11 m2 −3.5489e−4 −3.5476e−4
Ppump,2 = −12.5 kPa, KC=1e−15 m2 −4.3642e−7 −4.3642e−7

Figure 3.12: Effect of cover permeability-pump pressure combinations on pressure and
surface flux for n=2. Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=15 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KW=1e−6 m2 −7.6144e−5 −7.6116e−5
Ppump,1 = −1.25 kPa, KW=1e−10 m2 −7.3444e−5 −7.3404e−5
Ppump,2 = −12.5 kPa, KW=1e−6 m2 −3.5534e−4 −3.5527e−4
Ppump,2 = −12.5 kPa, KW=1e−10 m2 −3.5082e−4 −3.5072e−4

Figure 3.13: Effect of waste permeability-pump pressure combinations on pressure and
surface flux for n=2. Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=15 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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3.5 Changing perforation size uniformly

This section discusses the impact of various aperture sizes (modification (d)
in figure 2.6) on the landfill-well coupled open system. By increasing the collection
area on the well’s surface, this modification lowers the local resistance at the ingress
into the well. According to the equivalent width formula, Wep = (nπR2

h)/(2Wew),
for a fixed aperture width, the radius of the holes is proportional to the square root
of the number of perforations; perforation number variation from 2 to 6 corresponds
to perforation radius change from Rh,base to 2.45Rh,base. Based on this argument
in terms of modeling, changing perforation radius provides the same result as the
variation of perforation number. According to obtained results from section 3.4, a
bigger perforation radius leads to a higher well pressure drop for the highest cover
permeability. But for the lower cover permeabilities, it is the other way around.
For both large and small perforations, changing waste permeability does not show
tangible impact on pressure and surface flux. Furthermore, pressure and surface
flux trends in the landfill are the same for different waste permeabilities. As the
perforation radius increases, so does the surface mass flux and the location of the
highest surface flux moves away from the well end. Despite the fact that in 3D
the local effect would be different but the surface is far away from the well so that
this local effect on surface flux is intangible and it can be neglected. As expected,
a higher perforation size improves the well effective collection ability, leading to a
higher air intrusion.

3.6 Changing perforation size non-uniformly

Linear perforation size change (modification (e) in figure 2.6) is investigated
in this section. This modification affects pressure drop distribution non-uniformly
along the well length. If the linear increase in perforation size is applied, the local
ingress resistance reduces at the end of the well, since this is the location of the
larger perforations. By comparison to the base configuration, a higher air intrusion
or lower gas escaping at the surface is expected near the blocked end.

Detailed explanations of the physics of flow in a coupled system and the inter-
play of head losses within an open system can be found in section 3.3. In the case
of a linear decrease in perforation size, based on panels (a) and (b) in figure 3.14
reducing cover permeability–from top to bottom–leads to a higher pressure drop in
landfill and consequently lower pressure drop in well for a landfill in contact with
the atmosphere. The reason is that the total pressure drop in the system is constant
and it is equal to pressure difference between the atmosphere and pump. According
to the inset of panel (c) from bottom to top, surface flux becomes lower and ap-
proaches zero for smaller cover permeabilities. Maxima loci of the surface flux are
fairly above well outlet where the maximum suction is applied due to the largest
perforations near the outlet, leading to a reverse S-shaped curves incline toward the
well outlet (panel (c)).

Panels (a) and (b) in figure 3.15 represent that increasing waste permeability
causes tiny variation in well and landfill pressure except for the tightest waste layer
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(dotted-dashed black line), which provides a lower pressure drop throughout the
waste layer and within the well. It is deemed that reducing waste permeability has
a subtractive impact on surface flux, as shown from bottom to top in the inset of
panel (c). There is not a noticeable shift in the reverse S-shaped surface flux profiles
(panel (c)). According to panels (a) and (b) in figure 3.16, changing suction strength
leads to a significant effect on the pressure within the well and throughout landfill;
from top to bottom profiles correspond to lower pump pressures. Increased pump
pressure provides a higher pressure drop within the well and throughout the landfill.
From top to bottom in the inset of panel (c), there is an incremental variation in
surface flux; no shifting for surface flux maxima loci as well. Reverse S-shaped
curves of surface flux incline toward the well outlet with a maximum above the
larger perforations, as represented in panel (c).
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ṁ
×
10

5

(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2 −2.3329e−4 −2.3095e−4
KC=1e−12 m2 −4.3922e−5 −4.3855e−5
KC=1e−13 m2 −4.5949e−6 −4.5927e−6
KC=1e−14 m2 −4.6104e−7 −4.6088e−7
KC=1e−15 m2 −4.6119e−8 −4.6103e−8

Figure 3.14: Effect of cover permeability on pressure and surface flux for linear perforation
size decrease (n=2). Panel (a) shows the well pressure profile at the centerline. Panel (b)
represents the pressure profile along a vertical line from top to bottom of landfill at x=15
m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KW=1e−6 m2 −2.3535e−4 −2.3400e−4
KW=1e−7 m2 −2.3571e−4 −2.3347e−4
KW=1e−8 m2 −2.3555e−4 −2.3316e−4
KW=1e−9 m2 −2.3328e−4 −2.3095e−4
KW=1e−10 m2 −2.1236e−4 −2.1061e−4

Figure 3.15: Effect of waste permeability on pressure and surface flux for linear perforation
size decrease (n=2). Panel (a) shows the well pressure profile at the centerline. Panel (b)
represents the pressure profile along a vertical line from top to bottom of landfill at x=15
m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1=−1.25 kPa −2.3329e−4 −2.3095e−4
Ppump,2=−6.25 kPa −7.1774e−4 −7.1160e−4
Ppump,3=−12.5 kPa −1.0798e−3 −1.0709e−3

Figure 3.16: Effect of suction strength on pressure and surface flux for linear perforation
size decrease (n=2). Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=15 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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Moreover two-parameter sensitivity analyses are conducted for the linear de-
creasing perforation size modification. Through the KC-KW combination (figure
3.17) it is understood that for the tightest cover most of the pressure drop in the
system occurs in the cover layer, and neither waste permeability nor well pressure
has a tangible effect on pressure drop and consequently surface flux (solid green and
dashed black lines in panels (a), (b), and (c)). However according to solid black
and dashed green lines in panels (a) and (b) for the looser cover, decreasing waste
permeability leads to a higher and a lower pressure drop throughout the waste layer
and within the well, respectively; there is a lower surface mass flux for the open
system, as shown by the inset of panel (c). Reverse S-shaped curves in panel (c)
demonstrate that Location of maximum surface flux is above the outlet where the
largest perforation is the nearest.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2, KW=1e−6 m2 −2.3535e−4 −2.3400e−4
KC=1e−11 m2, KW=1e−10 m2 −2.1236e−4 −2.1061e−4
KC=1e−15 m2, KW=1e−6 m2 −4.6129e−8 −4.6120e−8
KC=1e−15 m2, KW=1e−10 m2 −4.6022e−8 −4.6006e−8

Figure 3.17: Effect of waste-cover permeability combinations on pressure and surface
flux for linear perforation size decrease (n=2). Panel (a) shows the well pressure profile
at the centerline. Panel (b) represents the pressure profile along a vertical line from top
to bottom of landfill at x=15 m; inset represents the pressure values in the well and its
slits. Panel (c) shows the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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In the case of the KC-Ppump combination–figure 3.18–when the lowest cover
permeability is applied pressure drop in the cover layer is dominant and pump
pressure is not critical. Therefore at the very low level of cover permeability changing
suction strength does not cause any effect on surface flux and it reaches zero (dashed
green and dashed black lines in panel (b) and inset of panel (c)). On the other hand,
for the loosest cover layer pump pressure plays a crucial role in the system; for a
given pump pressure, pressure drop within the well and surface flux increase (solid
green and solid black lines in panel (b) and inset of panel (c)). The reason for
previous arguments is that the total pressure drop in the system is constant. Based
on the figure 3.19 for a given waste permeability, increasing suction strength leads
to a significant increase in pressure drop throughout the landfill-well system and a
higher surface flux (sets of solid and dashed lines). According to the sets of solid
black-dashed green and solid green-dashed black lines in panels (a), (b), and inset
of panel (c), waste permeability changing leads to a tiny impact on pressure and
surface mass flux. Well pressure drop possess the dominant portion of total pressure
drop in the open system. In figures 3.18 and 3.19 reverse S-shaped curves of surface
flux (panel (c)) incline toward the well outlet with a maximum above the larger
perforations.

By ending the investigation of the linear decrease of perforation size, for the
linear increase of perforation size figures 3.20, 3.21, and 3.22 show the sensitivity
of pressure and surface flux to cover permeability, waste permeability and suction
strength, respectively. In figure 3.20 panels (a) and (b) represents that reduced cover
permeability results in higher pressure drop in cover layer and lower pressure drop
in well. In terms of surface flux as the perforation size increases along the well, more
mass can be drawn into the larger holes located at the blocked end (solid black and
dashed green lines). In this case the surface flux profiles differ from the previous
trends for the aforementioned modifications. Therefore surface flux maxima loci
are above well end, as shown by S-shaped curves in panel (c). Reducing the cover
permeability, it is shifted toward the well outlet (dashed black, solid green, and
dotted-dashed black lines).

Regarding panel (a) in figure 3.21 changing waste permeability has a tiny
influence on the well pressure. Panel (b) demonstrates that by applying reduced
permeability, pressure drop in the waste layer was not tangible unless for the tightest
case (dotted-dashed black line). Moreover in this case well pressure drop is more
noticeable, as shown by the dotted-dashed black line in panel (a). According to
the surface flux profiles in panel (c) S-shaped trends are roughly the same and
differ from a typical profile, since well production capacity diminishes by moving
toward the outlet; minimum surface flux values are obtained for the lowest waste
permeability, as represented by dotted-dashed black line in the inset of panel (c).
Based on figure 3.22 it is concluded that increasing suction strength leads to a higher
pressure drop within the well and subsequently a higher total pressure drop in the
landfill-well coupled system, as represented from bottom to top in panels (a) and
(b). Due to the increased total pressure drop in the open system the surface mass
flux significantly increases, which is shown from top to bottom in the inset of panel
(c). Notwithstanding the surface mass flux S-shaped trends are fairly the same in
panel (c): the surface flux maxima and minima loci correspond to the maximum

41



CHAPTER 3. RESULTS AND DISCUSSION

and minimum perforation sizes at the blocked end and outlet, respectively.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump = −1.25 kPa, KC=1e−11 m2 −2.3329e−4 −2.3095e−4
Ppump = −1.25 kPa, KC=1e−15 m2 −4.6119e−8 −4.6103e−8
Ppump = −12.5 kPa, KC=1e−11 m2 −1.0798e−3 −1.0709e−3
Ppump = −12.5 kPa, KC=1e−15 m2 −4.3842e−7 −4.3840e−7

Figure 3.18: Effect of cover permeability-suction strength combinations on pressure and
surface flux for linear perforation size decrease (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=15 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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ṁ
×
10

5

(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump = −1.25 kPa, KW=1e−6 m2 −2.3535e−4 −2.3400e−4
Ppump = −1.25 kPa, KW=1e−10 m2 −2.1236e−4 −2.1061e−4
Ppump = −12.5 kPa, KW=1e−6 m2 −1.0822e−3 −1.0771e−3
Ppump = −12.5 kPa, KW=1e−10 m2 −1.0418e−3 −1.0348e−3

Figure 3.19: Effect of waste permeability-suction strength combinations on pressure and
surface flux for linear perforation size decrease (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=15 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2 −2.0140e−4 −2.0005e−4
KC=1e−12 m2 −4.1908e−5 −4.1882e−5
KC=1e−13 m2 −4.5172e−6 −4.5171e−6
KC=1e−14 m2 −4.5474e−7 −4.5472e−7
KC=1e−15 m2 −4.5504e−8 −4.5501e−8

Figure 3.20: Effect of cover permeability on pressure and surface flux for linear perforation
size increase (n=2). Panel (a) shows the well pressure profile at the centerline. Panel (b)
represents the pressure profile along a vertical line from top to bottom of landfill at x=15
m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KW=1e−6 m2 −2.0316e−4 −2.0238e−4
KW=1e−7 m2 −2.0334e−4 −2.0205e−4
KW=1e−8 m2 −2.0320e−4 −2.0182e−4
KW=1e−9 m2 −2.0139e−4 −2.0005e−4
KW=1e−10 m2 −1.8468e−4 −1.8368e−4

Figure 3.21: Effect of waste permeability on pressure and surface flux for linear perforation
size increase (n=2). Panel (a) shows the well pressure profile at the centerline. Panel (b)
represents the pressure profile along a vertical line from top to bottom of landfill at x=15
m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump=−1.25 kPa −2.0140e−4 −2.0005e−4
Ppump=−6.25 kPa −6.6169e−4 −6.5709e−4
Ppump=−12.5 kPa −1.0140e−3 −1.0068e−3

Figure 3.22: Effect of suction strength on pressure and surface flux for linear perforation
size increase (n=2). Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=15 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.

Two-parameters sensitivity analyses are conducted on KC-KW, KC-Ppump and
KW-Ppump combinations. Panels (a) and (b) in figure 3.23 show that cover perme-
ability has a significant impact on pressure and surface flux. Applying a tighter
cover layer leads to a higher pressure drop throughout the layer and a lower pres-
sure drop within the well, which is shown by solid green and dashed black lines. In
the case of utilizing a higher cover permeability, as represented by solid black and
dashed green lines, the effect of waste permeability is more tangible: the lower waste
permeability causes a higher pressure drop within the waste layer, as represented
by dashed green line in panel (b). According to the solid black-dashed green and
solid green-dashed black sets of lines in the inset of panel (c), surface flux is highly
influenced by cover permeability: a higher surface flux as a result of higher cover
permeability. Whilst the perforation size increases along the well from the outlet
toward the blocked end, a higher surface flux is expected at the blocked end for the
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highest cover permeability, as well as an S-shaped curve (solid black and dashed
green lines). Although the solid green and dashed black lines in panel (c) represent
that for a lower cover permeability the maximum surface flux happens somewhere
in the middle.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2, KW=1e−6 m2 −2.0316e−4 −2.0238e−4
KC=1e−11 m2, KW=1e−10 m2 −1.8468e−4 −1.8368e−4
KC=1e−15 m2, KW=1e−6 m2 −4.5514e−8 −4.5513e−8
KC=1e−15 m2, KW=1e−10 m2 −4.5407e−8 −4.5404e−8

Figure 3.23: Effect of waste-cover permeability combinations on pressure and surface
flux for linear perforation size increase (n=2). Panel (a) shows the well pressure profile
at the centerline. Panel (b) represents the pressure profile along a vertical line from top
to bottom of landfill at x=15 m; inset represents the pressure values in the well and its
slits. Panel (c) shows the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.

According to panel (c) in figure 3.24 it can be deduced that surface flux trends
and values are governed by cover permeability and suction strength. Based on the
dashed black and green lines in panel (a), there is a lower well pressure drop for
a tighter cover layer. As represented in panel (b) pressure drop in the landfill-
well coupled system highly depends upon cover permeability values. Once the cover
permeability decreases most of the pressure drop occurs throughout the layer (dashed
black and green lines in panel (b)) and the pressure drop within the well is at
its minimum level. A higher surface mass flux is obtained using increased suction
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strength for a lower cover permeabilitiy, as represented by solid green line in the inset
of panel (c). Since there are larger perforations along the well from the outlet to
blocked end, a higher surface flux is provided moving toward the blocked end, which
are shown by the S-shaped curves in panel (c). By decreasing cover permeability, the
surface flux maxima loci are shifted toward the well outlet (dashed black and green
lines). Based on figure 3.25 the well pressure influence is dominant in comparison
to the waste permeability. According to the solid green and dashed black lines in
panels (a) and (b) increasing suction strength leads to a higher pressure drop within
the well and pressure drop throughout the system. Moreover as shown in the inset
of panel (c) the surface flux are increased. Based on panel (c) notwithstanding, due
to the tiny impact of waste permeability on the total pressure drop the S-shaped
trends of the surface flux are fairly the same: a higher surface flux value corresponds
to a larger perforation size along the well.

A linear increase in perforation size leads to a higher well collection capability
due to a more uniform pressure distribution in the well. It means that less gas
escapes at the surface. If changing pump suction is not an option, this modification
offers a way to control surface flux in situations where landfill gas escape at the
blocked end is significant.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KC=1e−11 m2 −2.0140e−4 −2.0005e−4
Ppump,1 = −1.25 kPa, KC=1e−15 m2 −4.5504e−8 −4.5501e−8
Ppump,2 = −12.5 kPa, KC=1e−11 m2 −1.0140e−3 −1.0069e−3
Ppump,2 = −12.5 kPa, KC=1e−15 m2 −4.3779e−7 −4.3779e−7

Figure 3.24: Effect of cover permeability-suction strength combinations on pressure and
surface flux for linear perforation size increase (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=15 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KW=1e−6 m2 −2.0316e−4 −2.0238e−4
Ppump,1 = −1.25 kPa, KW=1e−10 m2 −1.8468e−4 −1.8368e−4
Ppump,2 = −12.5 kPa, KW=1e−6 m2 −1.0165e−3 −1.0124e−3
Ppump,2 = −12.5 kPa, KW=1e−10 m2 −9.7910e−4 −9.7352e−4

Figure 3.25: Effect of waste permeability-suction strength combinations on pressure and
surface flux for linear perforation size increase (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=15 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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3.7 Perforation shifting

In this section the influence of well perforation shifting–modification (b) in
figure 2.6–on the landfill-well system is assessed. This modification reduces the col-
lection area on the surface of the well by shifting perforations and thus removing
some perforations, leading to a lower well suction capability. It is expected that
this effect weaken collection ability near the outlet but maintain it near the blocked
end due to the proximity of the perforations thereto. Based on section 3.1 shifting
perforation up to 10 meters has led to a small or zero impact on pressure and sur-
face mass flux. Therefore to show whether more shifting of perforations can have
any effect on the system, perforations are moved farther away from the outlet. In
this case since the interval between each consecutive set of perforation is 15 meters,
due to more shifting some perforation are removed from the well geometry. This
continuous shifting is done every 15 meters until only one perforation is left 15 me-
ters away from the blocked end. It is noticed that at one step due to reducing well
production capability, there are both gas efflux and air influx at the surface, simul-
taneously. This is considered as a threshold stage for the same given fluid dynamic
conditions and here to demonstrate the pressure and flux variation in the entire
system, only three modifications are taken into account: pre-threshold, threshold,
and post-threshold.

Figures 3.26 to 3.31 are shown for the pre-threshold stage where surface mass
flux at the surface is still resulted from air influx. In this case only three perforations
have been left at the 370 m, 395 m, and 405 m away from the blocked end. In
panels (a) and (b) of figure 3.26 from bottom to top, as the cover permeability
increases the well pressure drop increases and the pressure drop throughout the
cover layer decreases. This behavior is similar to the findings obtained from previous
modifications. One of the crucial differences between the following pressure drop
profiles and the previous ones is that as a result of removing perforations along the
well once shifting is in progress, pressure profile trends become linear. This linear
head loss is due to hydrodynamic friction. Furthermore due to the low number of
perforations and consequently a highly reduced well production capability, pressure
drop within the well is not changed dramatically like the profiles represented for the
previous modifications. Surface flux profiles are fairly close together, as shown by
the S-shaped curves in panel (c); nonetheless lower surface flux levels are expected
due to a tighter cover layers, as presented in the inset. Maximum surface flux locates
at the blocked end where the perforations exist.

Figure 3.27 shows the impact of waste permeability on the pressure and surface
flux. In panels (a) and (b) pressure drop in the landfill and well do not experience
a tangible variation. According to panel (c) The surface flux levels do not show a
dramatic change as a result of waste permeability variation and maxima loci are at
blocked end, as represented by the S-shaped curves. On the other hand panels (a)
and (b) in figure 3.28 demonstrate that suction strength significantly impact pressure
drop and surface flux in the landfill-well system. By increasing pump pressure which
is denoted from bottom to top in panels (a) and (b), head loss within the well and
throughout landfill increase significantly. Subsequently surface flux values increase,
as represented in the inset of panel (c). Despite the S-shaped curves in panel (c)
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indicate that the location of the maximum surface flux is almost fixed above the
blocked end.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2 −3.7404e−6 −3.4577e−6
KC=1e−12 m2 −3.0431e−6 −3.0154e−6
KC=1e−13 m2 −1.1852e−6 −1.1829e−6
KC=1e−14 m2 −1.6501e−7 −1.6480e−7
KC=1e−15 m2 −1.7161e−8 −1.7140e−8

Figure 3.26: Effect of cover permeability on pressure and surface flux for perforation
shifting of 375 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=375 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.

52



CHAPTER 3. RESULTS AND DISCUSSION

well outlet well end

65

Well length

P
w
el
l
−
P
p
u
m
p
(P

a)

(a) long. pressure in the well (n=2)

S BCW BWG

Cwell

BGW B

Ppump

Patm

Depth

P
re
ss
u
re

(P
a)

Cwell

Ppump

(b) vertical pressure profile (n=2)

well outlet well end
0

1

Well length

N
or
m
al
iz
ed

su
rf
ac
e
m
as
s
fl
u
x

well outlet well end

-0.38

-0.34

ṁ
×
10

5

(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KW=1e−6 m2 −3.6707e−6 −3.5088e−6
KW=1e−7 m2 −3.7364e−6 −3.4672e−6
KW=1e−8 m2 −3.7472e−6 −3.4597e−6
KW=1e−9 m2 −3.7406e−6 −3.4579e−6
KW=1e−10 m2 −3.6711e−6 −3.4423e−6

Figure 3.27: Effect of waste permeability on pressure and surface flux for perforation
shifting of 375 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=375 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1=−1.25 kPa −3.7404e−6 −3.4577e−6
Ppump,2=−6.25 kPa −3.2788e−5 −3.1788e−5
Ppump,3=−12.5 kPa −6.1091e−5 −5.9382e−5

Figure 3.28: Effect of suction strength on pressure and surface flux for perforation shifting
of 375 meters (n=2). Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=375 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.

Double-parameter investigations are done and three different combinations are
studied: cover-waste permeabilities, cover permeability-pump pressure and waste
permeability-pump pressure. Based on figure 3.29 pressure drop and surface flux are
mainly governed by the cover permeability. According to solid black-dashed green
and solid green-dashed black sets of lines in panels (a), (b) and inset of panel (c),
changing waste permeability has an intangible effect on the system. Comparing solid
black-solid green and dashed green-dashed black sets of lines, as the cover layer gets
tighter, pressure drop increases throughout the landfill cover and decreases within
the well. As the total pressure drop in the entire system is constant the surface
flux reduces due to a lower cover permeability, as shown by solid green and dashed
black lines in the inset of panel (c). Nevertheless due to the decreased capability
of well production, S-shaped surface flux profiles are the same and the maxima loci
incline toward the blocked end (panel(c)). Based on the inset of panel (c) in figure
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3.30 it can be deduced that both pump pressure and cover permeability variation
significantly affect surface mass flux. Pressure drop in the landfill is governed by
these two parameters, so that when the tightest cover permeability is applied most
of the pressure drop occurs throughout the cover layer (dashed lines in panel (b))
and for the suction strength a higher pump pressure causes a higher pressure drop
within the well (solid lines in panel (a)). In such case that only three perforations
are utilized at the very end of the well, surface flux maxima loci are above the
blocked end, as represented by S-shaped curves in panel (c); the trends of surface
flux profiles are relatively the same as a result of the low number of perforations.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2, KW=1e−6 m2 −3.6707e−6 −3.5088e−6
KC=1e−11 m2, KW=1e−10 m2 −3.6711e−6 −3.4423e−6
KC=1e−15 m2, KW=1e−6 m2 −1.7177e−8 −1.7166e−8
KC=1e−15 m2, KW=1e−10 m2 −1.7065e−8 −1.7044e−8

Figure 3.29: Effect of waste-cover permeability combinations on pressure and surface flux
for perforation shifting of 375 meters (n=2). Panel (a) shows the well pressure profile
at the centerline. Panel (b) represents the pressure profile along a vertical line from top
to bottom of landfill at x=375 m; inset represents the pressure values in the well and its
slits. Panel (c) shows the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KC=1e−11 m2 −3.7405e−6 −3.4577e−6
Ppump,1 = −1.25 kPa, KC=1e−15 m2 −1.7160e−8 −1.7140e−8
Ppump,2 = −12.5 kPa, KC=1e−11 m2 −6.1091e−5 −5.9382e−5
Ppump,2 = −12.5 kPa, KC=1e−15 m2 −4.0776e−7 −4.0774e−7

Figure 3.30: Effect of cover permeability-suction strength combinations on pressure and
surface flux for perforation shifting of 375 meters (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=375 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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Based on figure 3.31 solid black-dashed green and solid green-dashed black sets
of lines in panel (a) represent that waste permeability changes have an intangible
effect on pressure drop within the well. However solid black-solid green and dashed
green-dashed black sets of lines in panels (a) and (b) and the inset of panel (c) depict
that suction strength governs pressure drop and surface mass flux. An increased
pump pressure leads to a higher pressure drop within the well and surface flux, as
represented by solid green and dashed black lines in panel (a) and inset of panel (c).
Panel (a) demonstrates that the low number of perforations along the well–three at
the very end–causes a linear pressure profile for the non-perforated well segment.
Due to the low number of perforations and influence of waste permeability there is
no difference in the S-shaped trends of surface flux profiles, as shown in panel (c).
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KW=1e−6 m2 −3.6707e−6 −3.5088e−6
Ppump,1 = −1.25 kPa, KW=1e−10 m2 −3.6711e−6 −3.4423e−6
Ppump,2 = −12.5 kPa, KW=1e−6 m2 −6.0658e−5 −5.9680e−5
Ppump,2 = −12.5 kPa, KW=1e−10 m2 −6.0695e−5 −5.9311e−5

Figure 3.31: Effect of waste permeability-suction strength combinations on pressure and
surface flux for perforation shifting of 375 meters (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=375 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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In the threshold case there are two perforations at the end of the well. Figure
3.32 represents the effects of different cover permeabilities on the pressure drop and
surface flux. According to panel (a) despite changing cover permeability, there is
no variation in pressure drop within the well. This is due to the fact that there are
only two holes in the well wall, which results in a low capability of the well for gas
extraction. Based on the vertical pressure profiles in panel (b) most of the head loss
occurs within the well. Panel (c) indicates that there are two conditions for surface
flux: one, when both gas efflux and air influx happen simultaneously and two, when
only gas efflux occurs across the landfill. Due to the lack of well production capacity
there is a small radius of influence for the well. Based on solid black line in panel
(c) when the highest cover permeability is applied both air and landfill gas have a
chance to flow into or out of the landfill. In such case surface flux is divided into
two parts. The first part includes gas efflux far from the perforations (positive flux)
and the second part comprises air influx near the extraction zone (negative flux),
so that a V-shaped profile is expected for the surface flux. For a tighter cover layer
landfill gas can only escape from the landfill (positive flux). This is because during
gas generation pressure in landfill is higher than atmospheric and the pump does not
have a strong suction capability to draw more mass into well; a pressure build-up
leads to the gas escaping.

Figure 3.33 demonstrates that changing waste permeability can not signifi-
cantly affect pressure drop and surface flux. Pressure drop within the well is roughly
equal for all waste permeability values, as shown in panel (a). Moreover according
to panel (b) most of the pressure drop in the system occurs within the well. Since
landfill is not sealed enough on top, gas efflux and air influx occur at the surface
(panel (c)). In this case V-shaped profiles are expected for all modifications: gas
escapes from the surface horizontally far from the perforations and air is drawn
into the landfill above the perforations where there is a stronger suction. In figure
3.34 significant pressure drop and surface flux variation are obtained as a result of
applying different suction strengths. Based on panels (a) and (b) from bottom to
top as the pump pressure increases, pressure drop within the well becomes higher
and the portion of well pressure drop is more than that in porous media. For the
lowest pump pressure surface efflux and influx co-occur, so that there is a V-shaped
profile (solid black line in panel (c)). As the suction strength gets higher more
mass is drawn into the well and therefore only air influx happens (negative flux, as
represented in the inset of panel (c).

Dual sensitivity analyses are conducted to investigate the effect of three com-
binations of cover permeability, waste permeability, and pump pressure. According
to panels (a) and (b) in figure 3.35, changing cover and waste permeabilities have
roughly no impact on the pressure drop. Although based on solid black-dashed green
and solid green-dashed black sets of lines in panels (c) it is deduced that surface
flux is influenced by the cover permeability, not the waste permeability. Due to a
higher cover permeability–solid green and dashed black lines–there are two types
of surface mass flux: air influx (negative flux) and gas efflux (positive flux). The
reason is that the cover layer is permeable enough to allow gas to move inward or
outward of landfill and the well suction is insufficient to collect all generated gas. In
this case at the surface one part where is far from the well perforations experiences
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gas efflux and the other part near the perforations undergoes air influx. Therefore
surface flux profile is V-shaped. As presented by solid green and dashed black lines
the cover seals landfill and prevents air inflow for the tightest cover permeability.
However gas escaping is expected due to a higher pressure below the surface as a
result of gas generation, as shown in the inset of panel (c).
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2 −9.3415e−8 1.0926e−7
KC=1e−12 m2 1.7388e−8 3.8247e−8
KC=1e−13 m2 1.2917e−8 1.5014e−8
KC=1e−14 m2 2.1018e−9 2.3118e−9
KC=1e−15 m2 2.2389e−10 2.4490e−10

Figure 3.32: Effect of cover permeability on pressure and surface flux for perforation
shifting of 390 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=390 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KW=1e−6 m2 −4.1044e−8 7.5000e−8
KW=1e−7 m2 −8.8933e−8 1.0394e−7
KW=1e−8 m2 −9.7003e−8 1.0905e−7
KW=1e−9 m2 −9.3475e−8 1.0920e−7
KW=1e−10 m2 −5.5538e−8 1.0877e−7

Figure 3.33: Effect of waste permeability on pressure and surface flux for perforation
shifting of 390 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=390 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1=−1.25 kPa −9.3415e−8 1.0926e−7
Ppump,2=−6.25 kPa −2.3009e−5 −2.2223e−5
Ppump,3=−12.5 kPa −4.6826e−5 −4.5431e−5

Figure 3.34: Effect of suction strength on pressure and surface flux for perforation shifting
of 390 meters (n=2). Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=390 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2, KW=1e−6 m2 −4.1044e−8 7.5000e−8
KC=1e−11 m2, KW=1e−10 m2 −5.5538e−8 1.0877e−7
KC=1e−15 m2, KW=1e−6 m2 2.1348e−10 2.2517e−10
KC=1e−15 m2, KW=1e−10 m2 3.1924e−10 3.4026e−10

Figure 3.35: Effect of waste-cover permeability combinations on pressure and surface flux
for perforation shifting of 390 meters (n=2). Panel (a) shows the well pressure profile
at the centerline. Panel (b) represents the pressure profile along a vertical line from top
to bottom of landfill at x=390 m; inset represents the pressure values in the well and its
slits. Panel (c) shows the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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Results obtained for the combination of cover permeability and pump pres-
sure are shown in figure 3.36. Based on panel (a) pressure drop within the well is
affected by suction strength and cover permeability. Solid green and dashed black
lines represents that for a stronger pump pressure there is a higher well pressure
drop. This increase in pressure drop is lesser for a tighter cover permeability, as
shown by dashed black line in panel (a). Hence the impact of cover permeabil-
ity variation on well pressure drop is significant. Cover permeability can strongly
control pressure drop throughout the landfill, so that for the tightest permeability
most of the pressure drop in the entire system happens in the cover layer, which is
indicated by dashed lines in panel (b). Based on panel (c) when cover permeability
is high and pump pressure is low, since the cover can not properly isolate landfill
and well is not strong enough to collect all the generated gas, one part of the surface
where is away from the production perforations experiences gas efflux and the other
part above the perforations is exposed to air influx. Thence a V-shaped profile for
surface mass flux is expected, which is shown by solid black line in panel (c). As
both pump pressure and cover permeability are low there is only gas escaping at the
surface (dashed green line in panel (c)). The reason is that landfill is sealed enough
to prevent incoming air but not sufficiently isolated to cease high-pressure landfill
gas escaping. Furthermore due to the low suction strength production well is not
capable of collecting all generated gas. Another condition is when pump pressure is
high: in this case the amount of cover permeability is not of importance (solid green
and dashed black lines). In such condition as a result of high suction strength all
generated gas and some air are drawn into the well. When the cover permeability is
more permeable, the amount of surface mass flux is higher, as represented by solid
green line in the inset of panel (c).

In figure 3.37 results show that waste permeability does not affect well pressure
drop, as presented by solid black-dashed green and solid green-dashed black sets of
lines in panel (a). However pump pressure significantly governs pressure drop within
the well. Vertical pressure profiles in panel (b) confirm this statement since once
a higher pump pressure is applied the major portion of the head loss in the open
landfill-well system belongs to the well. When suction strength is low there are
both gas escaping and air intrusion at the surface from the well outlet toward the
end, respectively. Consequently a V-shaped surface flux profile is obtained which is
indicated by solid black and dashed green lines in panel (c). On the other hand when
the highest pump pressure is applied all generated gas is extracted along with some
air from the surface, as shown by solid green and dashed black lines. Comparing
solid black-dashed green and solid green-dashed black sets of lines in the inset of
panel (c), waste permeability has not any tangible impact on surface mass flux.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KC=1e−11 m2 −9.3415e−8 1.0926e−7
Ppump,1 = −1.25 kPa, KC=1e−15 m2 2.2389−10 2.4490e−10
Ppump,2 = −12.5 kPa, KC=1e−11 m2 −4.6823e−5 −4.5429e−5
Ppump,2 = −12.5 kPa, KC=1e−15 m2 −3.8946e−7 −3.8944e−7

Figure 3.36: Effect of cover permeability-suction strength combinations on pressure and
surface flux for perforation shifting of 390 meters (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=390 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KW=1e−6 m2 −4.1044e−8 7.5000e−8
Ppump,1 = −1.25 kPa, KW=1e−10 m2 −5.5538e−8 1.0877e−7
Ppump,2 = −12.5 kPa, KW=1e−6 m2 −4.6462e−5 −4.5664e−5
Ppump,2 = −12.5 kPa, KW=1e−10 m2 −4.6528e−5 −4.5398e−5

Figure 3.37: Effect of waste permeability-suction strength combinations on pressure and
surface flux for perforation shifting of 390 meters (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=390 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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The last well modification contains only one set of perforations at the last pro-
ducing section. Figures 3.38 to 3.43 represent the effect of this modification along
with permeabilities and suction strength variation on the pressure drop and surface
flux. In figure 3.38 different well pressure drop profiles correspond to the variation
of cover permeability. As the cover permeability decreases from bottom to top in
panel (a), the head loss increases within the well. This trend is contrary to the typ-
ical instances and the reason is that in this case well suction is not capable enough
to outweigh the build-up pressure resulting from gas generation in the landfill. Re-
moving perforation sets and friction result in linear profiles. According to panel (b)
vertical pressure profiles indicate pressure above atmospheric throughout the cover
and waste layers which refers to the conditions that the amount of gas generated is
higher than that of extracted gas. Surface flux maxima are above the well outlet,
as represented in panel (c). From top to bottom the inset represents that there are
different levels of gas efflux corresponding to the cover layer permeabilities: a lower
cover permeability leads to a lower gas efflux.

Based on panels (a) and (b) in figure 3.39 waste permeability changes does not
have any impact on pressure drop within the well and throughout landfill. Pressure
above atmospheric in vertical pressure profiles in panel (b) refers to the pressure
build-up due to the gas generation when the well production capacity is insufficient
to collect all generated gas. In such conditions surface mass flux comprises gas
escaping from landfill, as shown in the inset of panel (c). Since the single perforation
set locates at the very end of the well, minimum suction is on the the outlet side,
leading to a maximum surface efflux at this part (panel (c)). In figure 3.40 it
is evident that changing suction strength leads to a significant pressure drop and
surface flux variation. Increasing pump pressure results in a higher pressure drop
within the well, as shown from bottom to top in panel (a). Based on the dashed
lines in panels (b) and (c) when sufficient suction strength is applied pressure in the
landfill is sub-atmospheric, which means that only air influx occurs at the surface,
as represented in the inset of panel (c). For a condition in which pump pressure is
insufficient since pressure in waste layer is built up, pressure below the surface is
higher than atmospheric, so that gas escaping is expected (solid black line in panel
(b) and the inset of panel (c)). If air influx or gas escaping happen at the surface,
maxima loci are above the blocked end or outlet, respectively.

Results obtained for dual sensitivity analyses containing KC-KW, KC-Ppump,
and KW-Ppump combinations are presented in figures 3.41 to 3.43. Based on figure
3.41 cover permeability governs pressure drop and surface flux in the landfill-well
open system, as represented by solid black-solid green and dashed green-dashed
black sets of lines; conversely, waste permeability causes no change. Decreasing cover
permeability leads to a higher pressure build-up in the landfill and higher pressure
drop within the well (solid black-solid green and dashed green-dashed black sets of
lines in panels (a) and (b); for more details refer to section 3.3). The reason is that
well suction capability is not sufficient due to the low number of perforations and the
cover is tight. Since the pressure throughout the landfill goes above atmospheric, at
the surface there is some gas escaping but not air influx (inset of panel (c)); maxima
loci are above the outlet (panel (c)).
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2 4.1162e−6 4.2170e−6
KC=1e−12 m2 3.9836e−6 3.9945e−6
KC=1e−13 m2 2.8277e−6 2.8292e−6
KC=1e−14 m2 8.0699e−7 8.0719e−7
KC=1e−15 m2 1.0242e−7 1.0244e−7

Figure 3.38: Effect of cover permeability on pressure and surface flux for perforation
shifting of 405 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=405 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KW=1e−6 m2 4.1442e−6 4.2019e−6
KW=1e−7 m2 4.1195e−6 4.2154e−6
KW=1e−8 m2 4.1153e−6 4.2177e−6
KW=1e−9 m2 4.1163e−6 4.2171e−6
KW=1e−10 m2 4.1283e−6 4.2101e−6

Figure 3.39: Effect of waste permeability on pressure and surface flux for perforation
shifting of 405 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=405 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1=−1.25 kPa 4.1162e−6 4.2170e−6
Ppump,2=−6.25 kPa −2.2438e−6 −1.9780e−6
Ppump,3=−12.5 kPa −6.7441e−6 −6.3615e−6

Figure 3.40: Effect of suction strength on pressure and surface flux for perforation shifting
of 405 meters (n=2). Panel (a) shows the well pressure profile at the centerline. Panel
(b) represents the pressure profile along a vertical line from top to bottom of landfill at
x=405 m; inset represents the pressure values in the well and its slits. Panel (c) shows the
normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values
for each plot. The inset demonstrates the actual surface flux profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

KC=1e−11 m2, KW=1e−6 m2 4.1442e−6 4.2019e−6
KC=1e−11 m2, KW=1e−10 m2 4.1283e−6 4.2102e−6
KC=1e−15 m2, KW=1e−6 m2 1.0215e−7 1.0216e−7
KC=1e−15 m2, KW=1e−10 m2 1.0233e−7 1.0235e−7

Figure 3.41: Effect of waste-cover permeability combinations on pressure and surface flux
for perforation shifting of 405 meters (n=2). Panel (a) shows the well pressure profile
at the centerline. Panel (b) represents the pressure profile along a vertical line from top
to bottom of landfill at x=405 m; inset represents the pressure values in the well and its
slits. Panel (c) shows the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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According to figure 3.42 cover permeability and pump pressure significantly
affect pressure drop and surface flux. As the lowest suction strength and highest
cover permeability are applied minimum pressure drop within the well occurs (solid
black line in panel (a)). On the other hand when maximum pump pressure and cover
permeability are utilized, highest pressure drop within the well is obtained (solid
green line in panel (a)). For other modifications well pressure drop lies between
these two limits (dashed lines in panel (a)). Pressure in the landfill highly depends
on pump pressure, so that in the case of lowest pump pressure and lowest or highest
cover permeability, pressure in landfill is above atmospheric and at the surface there
is gas escaping (solid black and dashed green lines in panel (b) and inset of panel
(c)). The reason is that the well is not capable of collecting all generated gas. Once
the highest suction strength is applied only air influx occurs at the surface, as shown
by solid green and dashed black lines in the inset of panel (c). Locus of maximum
surface flux relies on the fluid flow direction (inward or outward): for gas efflux it
locates away from perforations and for air influx it lies above perforations (panel
(c)).

Figure 3.43 demonstrates that suction strength significantly influences pressure
drop and surface flux, as shown by solid black-dashed green and solid green-dashed
black sets of lines in panels (a), (b) and inset of panel (c). Nevertheless waste
permeability has an intangible impact on those parameters. Decreasing suction
strength leads to a lower pressure drop within the well and vice versa (from top to
bottom in panel (a)). In landfill a higher pump pressure results in collecting more
generated gas (from top to bottom in the inset of panel (c)); gas escaping at surface
reduces. In this case air influx is expected (solid green and dashed black lines in the
inset of panel (c)). Locus of the maximum surface flux is above the single set of the
well perforations (solid green and dashed black lines in panel (c)). Inversely once a
lower pump pressure is applied well capability of collecting gas is reduced and due
to pressure build-up as a result of gas generation, gas escaping increases, as shown
by solid black and dashed green lines in panel (c). In such case maximum surface
flux occurs above the well outlet.

The above analysis shows that extreme cases of perforation shifting can provide
a substantial impact on surface flux. When the amount of shifting is adjusted with
respect to the landfill properties, the well can effectively control the surface efflux
and influx. This modification could be considered for controlling surface flux when
changing pump pressure is not an option. The immediate impact of such a shift are
a higher air intrusion near the outlet and gas escaping near the well end.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KC=1e−11 m2 4.1162e−6 4.2170e−6
Ppump,1 = −1.25 kPa, KC=1e−15 m2 1.0231e−7 1.0233e−7
Ppump,2 = −12.5 kPa, KC=1e−11 m2 −6.7331e−6 −6.3508e−6
Ppump,2 = −12.5 kPa, KC=1e−15 m2 −2.7742e−7 −2.7740e−7

Figure 3.42: Effect of cover permeability-suction strength combinations on pressure and
surface flux for perforation shifting of 405 meters (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=405 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Ppump,1 = −1.25 kPa, KW=1e−6 m2 4.1442e−6 4.2019e−6
Ppump,1 = −1.25 kPa, KW=1e−10 m2 4.1283e−6 4.2102e−6
Ppump,2 = −12.5 kPa, KW=1e−6 m2 −6.6301e−6 −6.4112e−6
Ppump,2 = −12.5 kPa, KW=1e−10 m2 −6.6833e−6 −6.3728e−6

Figure 3.43: Effect of waste permeability-suction strength combinations on pressure and
surface flux for perforation shifting of 405 meters (n=2). Panel (a) shows the well pressure
profile at the centerline. Panel (b) represents the pressure profile along a vertical line from
top to bottom of landfill at x=405 m; inset represents the pressure values in the well and
its slits. Panel (c) shows the normalized surface flux, (ṁ− ṁmin)/(ṁmax− ṁmin), and the
table contains scaling values for each plot. The inset demonstrates the actual surface flux
profiles.
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3.8 Combination

This section assesses the influence of modification combinations on pressure
drop and surface mass flux. According to the previous results it is comprehended
that changing waste permeability does not affect pressure and surface flux. Moreover
very tight cover permeabilities are hard to achieve in practice. Therefore in this
evaluation only the feasible cover permeability in the order of 10−13 and medium
waste permeability in the order of 10−9 are utilized. Suction strength is reduced
as there is a tiny gas generation rate in the waste layer. The reason is that once
the pump pressure is sufficient with respect to the gas generation rate, there might
be both surface efflux and influx. This reduction makes the visualization possible
for the comparison of different combinations in terms of shifting the point at which
the surface flux sign changes. The base perforation size in this section is 1.5Rbase.
As for the linear decrease and increase in perforation size variation are −0.3% and
+0.3%, respectively.

Figure 3.44 represents the effect of single modifications and their combinations
on pressure drop and surface flux in a landfill-well open system. In panel (a) there
are two groups of lines: the lower group corresponds to the linear decrease and linear
increase in perforation size and the upper group is related to shifting perforations
225 m toward the blocked end and two combinations of mentioned modifications.
Pressure drop relating to linear decrease and increase are visually indistinguishable.
Although once perforation shifting modification is applied there is a significant vari-
ation in well pressure drop. Panel (b) shows the vertical pressure drop throughout
the landfill at 225 m from the well end. Most of the pressure drop occurs in the land-
fill cover for linear perforation size changes. Nonetheless for the perforation shifting
modification and two combinations the portion of pressure drop within the well is
much higher than that of the cover layer. Surface flux profiles in panel (c) reveal
the impact of modification combinations. Reverse S-shaped surface flux profiles for
linear decrease and increase in perforation size fairly match. There is a V-shaped
profile for simple perforation shifting 225 m toward the blocked end, which means
that both surface efflux and influx happen. One part near the outlet undergoes gas
escaping due to the absence of perforations and consequently lower suction strength.
The other part away from the well outlet experiences air intrusion due to proximity
to the perforations. When a linear decrease of perforation size in combination with
the perforation shifting is used the point at which surface flux sign changes moves
away from the well outlet since the portion of gas escaping increases. On the other
hand once a linear increase of perforation size and perforation shifting are in use,
the point is closer to the outlet as there is a higher air intrusion.

Combining the studied modifications adds more flexibility to landfill well de-
sign, leading to a more refined surface flux control.
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Linear decrease −1.4789e−7 −1.4704e−7
Linear increase −1.4807e−7 −1.4722e−7
Shifting 225 m −5.0729e−10 5.0134e−10
Shifting 225 m and linear decrease −6.3436e−11 9.4334e−10
Shifting 225 m and linear increase −9.3641e−10 7.3955e−11

Figure 3.44: Effect of geometry combinations on pressure and surface flux for perforation
shifting of 225 meters (n=2). Panel (a) shows the well pressure profile at the centerline.
Panel (b) represents the pressure profile along a vertical line from top to bottom of landfill
at x=225 m; inset represents the pressure values in the well and its slits. Panel (c) shows
the normalized surface flux, (ṁ − ṁmin)/(ṁmax − ṁmin), and the table contains scaling
values for each plot. The inset demonstrates the actual surface flux profiles.
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3.9 Gravity inclusion

In all previous sections gravity has been excluded from the simulations. In this
section a comparison is made to assess the impact of gravity on the fluid flow through
porous media and in the well. This investigation utilizes basic configuration and
parameters (refer to figure 2.5 and table 2.3). In Figure 3.45 solid black and dashed
green lines correspond to the simulations without and with gravity, respectively. In
panel (a) there is a significant variation in well pressure drop values due to adding
gravity, notwithstanding the profile trends are roughly the same. A higher well
pressure drop in the case of gravity inclusion is due to the impact of gas weight.
According to panel (b) for the waste layer when gravity is included there is a steep
slope in the pressure profile which indicates that pressure at the bottom of the layer
is higher than that of the top. This effect is evident in surface flux profiles (panel
(c)). In the inset of panel (c) with gravity the amount of air intrusion from the
surface (negative surface flux) is higher than that of without gravity case; despite
the trend of the surface flux profile is fairly the same. From this argument it can be
concluded that adding gravity to the landfill model strengthen fluid flow toward the
suction source and might increase air intrusion. Therefore the influence of gravity
on gas migration in a landfill should be considered in all scenarios and modifications.

Figure 3.46 shows the hydrostatic pressure created in the landfill as a result of
adding gravity. Based on the figure the pressure gradient for the landfill is roughly
12 Pa/m. Adding gravity interferes with Darcy’s law; the normal velocity is zero due
to no flux boundary condition and based on equation (2.1b) pressure gradient equals
gravity force: dP/dy = ρg. Consequently pressure at the bottom of the landfill is
not constant, as represented by the dashed green line in figure 3.7. The maximum
value of hydrostatic pressure In figure 3.46 corresponds to the bottom and equals
approximately 249 Pa which matches the difference between pressure values at the
bottom with and without gravity in figure 3.7. Furthermore to clarify the impact
of gravity in terms of hydrostatic pressure from the upper and lower part of the
landfill, pressure drops with and with out gravity are calculated and provided in
table 3.3. Based on the table it is evident that for each part the difference between
pressure drops with and without gravity equal corresponding hydrostatic pressure.

76



CHAPTER 3. RESULTS AND DISCUSSION

well outlet well end
0

140

163

303

Well length

P
w
el
l
−
P
p
u
m
p
(P

a)

(a) long. pressure in the well (n=2)

S BCW BWG

Cwell

BGW B

Ppump

Patm

Depth

P
re
ss
u
re

(P
a)

Cwell

Ppump

(b) vertical pressure profile (n=2)

well outlet well end
0

1

Well length

N
or
m
al
iz
ed

su
rf
ac
e
m
as
s
fl
u
x

well outlet well end

-7.6

-7.585

ṁ
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(c) surface mass flux (n=2)

Surface mass flux (kg/m2 · s)
min max

Base without gravity −7.5875e−5 −7.5825e−5
Base with gravity −7.6014e−5 −7.5964e−5

Figure 3.45: Effect of gravity on pressure and surface flux for basic configuration (n=2).
Panel (a) shows the well pressure profile at the centerline. Panel (b) represents the pressure
profile along a vertical line from top to bottom of landfill at x=15 m; inset represents the
pressure values in the well and its slits. Panel (c) shows the normalized surface flux,
(ṁ− ṁmin)/(ṁmax− ṁmin), and the table contains scaling values for each plot. The inset
demonstrates the actual surface flux profiles.
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Figure 3.46: Hydrostatic pressure.

Table 3.3: Impact of gravity on the system.

Domain
Model type Upper

Model with gravity
PS = 101325 Pa

∆PU,1 = 67.27 Pa
PU,ingress = 101257.72 Pa

Model without gravity
PS = 101325 Pa

∆PU,2 = 208.65 Pa
PU,ingress = 101116.34 Pa

Hydrostatic model
PS = 101325 Pa

∆PU,3 = 141.98 Pa
PU,ingress = 101466.98 Pa

Domain
Model type Lower

Model with gravity
PB = 100484.17 Pa

∆PL,1 = 105.76 Pa
PL,ingress = 100378.41 Pa

Model without gravity
PB = 100238.17 Pa

∆PL,2 = 0.28 Pa
PL,ingress = 100237.88 Pa

Hydrostatic model
PB = 101573.84 Pa

∆PL,3 = 106.61 Pa
PL,ingress = 101467.22 Pa
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Conclusion

In this project the effect of well geometry on the pressure, velocity, and surface
flux profiles in a coupled landfill-well open system are assessed qualitatively. It is
observed that changing geometry can have tangible impact on pressure drop and
surface flux. Five different well modifications were studied: (a) different number
of perforations, (b) uniform perforation shifting to left or right, (c) non-uniform
perforation distribution: linear increase or decrease in perforation intervals, (d) uni-
form changing of perforation radius with uniform distribution, and (e) non-uniform
changing of perforation radius with uniform distribution. Studied modifications are
prioritized based on their impact on surface flux, whereupon case (c) is excluded
as its effect on the surface flux is insignificant, implying that it can be used inter-
changeably with the basic well geometry.

Conducting several sensitivity analyses, it is seen that for all simulations: there
is no direct relationship between well and surface flux, and different landfill-well
components can affect surface flux. Cover permeability and pump pressure, in con-
trast to waste permeability, have a substantial impact on the pressure and surface
flux. As the permeability of any given porous layer decreases, the pressure drop
over that layer increases. Furthermore it is observed that when cover permeability
decreases, surface flux predictably decreases. It is shown that when the pressure
drop in porous media increases, the well pressure drop decreases to keep the total
pressure drop virtually constant. Therefore it can be concluded that reducing the
cover permeability decreases the well pressure drop. These relationships between
permeability, pressure drop and surface flux were observed in all simulations. A
change in pump pressure significantly affects surface mass flux: in most cases, a
higher suction strength leads to a greater surface flux. An interesting observation is
that the well suction capability increases, the maximum surface flux locus is shifted
toward the outlet.

By comparing the results of different well modifications, the landfill-well inter-
actions and responses to different flow conditions are assessed. For a lower number
of perforations, an incremental impact on well pressure drop is observed for a typi-
cal value of cover permeability, leading to lower pressure drop in porous media and
mass flux at the surface. The same results ensue for the uniform perforation size
changing along the well, since in terms of modeling it is equivalent to the variation
of the number of perforations. When the perforation size is linearly increased, there

79



CHAPTER 4. CONCLUSION

is a higher pressure drop in the well as the perforation size increases along the well
toward the blocked end; this is due to the presence of larger perforations upstream.
Comparing linear decrease and increase of perforation size, since the well pressure
drop is higher for the latter modification, there is a lower flux at the surface.

An interesting result was obtained for the extreme cases of perforation shift-
ing modification. There are three possibilities: pre-threshold, threshold, and post-
threshold. Going from pre-threshold to post-threshold modifications, the surface
flux will change from air intrusion to gas escaping. The reason is that by remov-
ing perforations along the well, well production capability reduces, leading to a
reduction in well pressure drop. In the pre-threshold modification there is only air
intrusion due to the sufficient well suction strength. In the threshold case there are
two possibilities for surface flux: (1) when both gas efflux and air influx happen
simultaneously and (2) when only gas efflux occurs across the landfill. The former
case occurs for sufficiently high cover permeabilities. The surface is then divided into
two parts: the first part near the outlet, but far from the perforations landfill gas
flow into the atmosphere, whereas immediately above the perforations air is drawn
into the landfill. A sufficiently tight cover layer can block air intrusion entirely and
landfill gas will escape throughout due to a pressure build up within the porous
media. A relatively low pump pressure is another scenario where surface efflux and
influx co-occur. As the suction strength becomes higher, more mass is drawn into
the well and therefore only air influx happens. For the post-threshold case well
suction cannot counteract the pressure build up resulting from gas generation in the
landfill, leading to gas escape.

When a linear decrease of perforation size is combined with the perforation
shifting, the point at which the surface flux changes from efflux to influx moves
away from the well outlet, since the portion of gas escaping increases. On the
other hand, when a linear increase in perforation size and perforation shifting are
combined, the point is closer to the outlet as there is a higher air intrusion. Therefore
these combined modifications suggest surface flux control strategies: by carefully
manipulating perforation size and longitudinal distribution the point of efflux/influx
reversal can be shifted along the well.

Accounting for gravity leads to a significant variation in well pressure values.
Comparing obtained surface flux values for models with gravity and without gravity,
it is concluded that gravity force strengthens the downward gas flow, leading to
more air intrusion. It is observed that the hydrostatic profile is fairly linear as in
the landfill-well system the depth is not large and therefore the difference between
the maximum hydrostatic pressure and reference pressure is small; in other words,
a small part of the exponential plot seems like a linear graph.

In summary, finding a balance between surface efflux and influx depends on
different factors such as layers permeability and pump pressure. Geometry change
can be considered as a complementary approach to achieve a more refined surface
flux control. Gravity should not be neglected when simulating surface flow, as it
affects the fluid’s absolute pressure as well as gradients.
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A COMSOL code

The following Java code was used in Application Builder module of COMSOL soft-
ware to change well perforation size and position automatically.

1 //START ---> Removing existing nodes in the Geometry

2 int counter = 1;

3 String[] tags = model.geom("geom1").feature().tags(); // Tags of the

existing nodes in the Geometry↪→

4 while (contains(tags, "part"+counter)) {

5 model.geom("geom1").feature().remove("part"+counter);

6 model.geom().remove("part"+counter);

7 counter++;

8 }

9 if (contains(tags, "uni1")) // check

10 {

11 model.geom("geom1").feature().remove("uni1");

12 }

13 //STOP ---> Removing existing nodes in the Geometry

14

15 //START ---> Creating parts

16 double[] hpp = {0.00016016, 0.00016007, 0.00015998, 0.00015989,

0.0001598, 0.00015971, 0.00015962, 0.00015953, 0.00015945,

0.00015936, 0.00015927, 0.00015918, 0.00015909};

↪→

↪→

17 double tww = 0.001;

18 double Heew = 0.009121;

19 int numslits = 13; // number of slits

20 double holeradius[] = hpp;

21 for (int i = 0; i < numslits; i++) {

22 String tag = "part"+(i+1);

23 //model.geom().remove(tag);

24 model.geom().create(tag, "Part", 2);

25 model.geom(tag).create("r1", "Rectangle");

26 model.geom(tag).feature("r1").set("size", new double[]{holeradius[i],

tww});↪→
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27 model.geom(tag).feature("r1").set("pos", new double[]{0-(hpp[i]/2),

-Heew-tww});↪→

28 model.geom(tag).create("r2", "Rectangle");

29 model.geom(tag).feature("r2").set("size", new double[]{holeradius[i],

tww});↪→

30 model.geom(tag).feature("r2").set("pos", new double[]{0-(hpp[i]/2),

Heew});↪→

31 model.geom(tag).run("r1");

32 model.geom(tag).run("r2");

33 }

34

35 //END ---> creating parts

36

37 //START ---> Defining new nodes in the Geometry

38

39 //----------Defining slits----------

40 double slitPositions[] = {225, 240, 255, 270, 285, 300, 315, 330,

345, 360, 375, 390, 405}; // slits positions↪→

41 for (int i = 0; i < numslits; i++) {

42 String tag = "part"+(i+1); // Create a unique tag for each part

43 model.geom("geom1").create(tag, "PartInstance");

44 with(model.geom("geom1").feature(tag));

45 set("part", tag);

46 setIndex("displ", slitPositions[i], 0); // Place the part instance

at the correct position↪→

47 endwith();

48 }

49 //-------------------------------

50 //double extraPositions[] = {15, 30, 45, 60, 75, 90, 105, 120, 135,

150, 165, 180, 195, 210, 225, 240, 255, 270, 285, 300, 315,

330, 345, 360, 375, 390}; // slits positions

↪→

↪→

51 //model.component("comp1").geom("geom1").feature("copy3").set("displx",

extraPositions);↪→

52 //model.component("comp1").geom("geom1").feature("copy4").set("displx",

extraPositions);↪→

53

54 //----------Unifying slits and well----------method1();

55

56 String item = null;

57 String[] allslits = new String[numslits];

58 for (int i = 0; i < numslits; i++) {

59 item = "part"+(i+1);

60 allslits[i] = item;

61 }

62 String[] wellandslits = new String[allslits.length+1];

63 for (int i = 0; i < allslits.length; i++) {
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64 wellandslits[i] = allslits[i];

65 }

66 wellandslits[wellandslits.length-1] = "r1";

67 model.geom("geom1").create("uni1", "Union");

68 model.geom("geom1").feature("uni1").selection("input").set(wellandslits);

69 model.geom("geom1").feature("uni1").set("intbnd", true);

70 model.geom("geom1").run("fin");

71 //-------------------------------

72 //STOP ---> Defining new nodes in the Geometry

B Octave code

The following Octave code implements the window sliding method in order to smooth
raw COMSOL data.

1 clear all

2 clc

3 format long e

4 pkg load signal

5 %----------------------------------%

6 z=5;

7 x=(0:0.04:z)';

8 y=100*cos(pi/10*x)+15*sawtooth(100*cos(100*x));

9 %y=sawtooth(10*x)+0.01*(x.^2);

10 %y = awgn(y,10,'measured');

11 xb=x(2:end-1);

12 yb=y(2:end-1);

13 [m,n]=size(yb);

14 wl=13;%length of the window%

15 ws=7; %window sliding%

16 if rem(m,ws)==0

17 t=floor((m)/ws);

18 else

19 t=floor((m)/ws)+1;

20 endif

21 for i=1:t

22 if m>=wl

23 xavg(i)=mean(xb(1:wl));

24 xb(1:ws)=[];

25 yavg(i)=mean(yb(1:wl));

26 yb(1:ws)=[];

27 else

28 xavg(i)=mean(xb(1:end));

29 xb(1:end)=[];

30 yavg(i)=mean(yb(1:end));
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31 yb(1:end)=[];

32 endif

33 [m,n]=size(yb);

34 if m==0

35 break

36 endif

37 end

38 xs=[x(1),xavg,x(end)];

39 ys=[y(1),yavg,y(end)];

40 plot(x,y,'k',xs,ys,'r')

41 %hold on

42 %plot(xs,ys,'r')

43 %legend('noisy curve','W_L=3 and W_S=1','W_L=7 and W_S=1')
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