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Abstract 

One of the difficulties in experimenting with biomass is the large amount 
of different parameters which influence the combustion. Examples are the 
particle size and shape, porosity of the bed, moistness of the material and 
velocity of the airflow. To eliminate the major variations in the fuel it was 
chosen to use cigarettes as model for a batch of biomass. The main advan
tage in using cigarettes is the constant batch of fuel. Porosity, weight and 
moistness are the same for every cigarette. A disadvantage of the cigarette is 
the large variation in particle size. The tobacco particles are also very thin, 
which makes their surface-to-volume ratio very large. It is therefor question
able if it is reasonable to compare the tobacco to other biomass fuels. 

It is shown that the simple and flexible setup of the Small Scale Fixed Bed 
Reactor produces usable results. The temperature measurements using ther
mocouples are sufficient to measure the combustion front speeds, the length 
of the combustion zone and the maximum temperature. The combustion 
chamber has influence on the combustion, which is seen in both the maxi
mum temperature as well as in the front speed. It is shown that cigarettes 
yield similar results for the propagation rate of combustion as 10 mm wood 
cubes. The reaction front velocity increases with the supplied air velocity, 
but it does not decrease again after reaching a maximum. Something which 
is shown in most other comparable fixed bed biomass experiments. 

A one-dimensional model has been implemented in Femlab and, using 
cigarette values, a propagating front can be seen. The mass profiles do pro
vide a problem in the new model. Using realistic parameter values, the solid 
mass does not burn out completely. The order of magnitude of the front 
speed values calculated by the model is the same as those of the experiment 
results. They seem to increase linearly with the air velocity and at a much 
higher rate than the measured values, however. Since the mass conversion in 
the Femlab model is correlated to the front velocity, it can be expected that 
when the solid mass is completely converted, the accompanied front velocity 
will also be lower. It is therefor recommended that that further development 
focusses on the conversion of mass. 



Samenvatting 

Een van de moeilijkheden van het experimenteren met biomassa is het grote 
aantal verschillende parameters die invloed hebben op de verbranding. Voor
beelden zijn de deeltjes grootte en vorm, de porositeit van het bed, vochtig
heid van het materiaal en de snelheid van de luchtstroom. Om de grootste 
variaties in de brandstof te elimineren is er voor gekozen om sigaretten als 
model voor een partij biomassa. Het grootste voordeel van het gebruik van 
sigaretten is de constante partij brandstof. Porositeit, gewicht en vochtig
heid zijn hetzelfde voor elke sigaret . Een nadeel van de sigaret is de grote 
variatie in deeltjesgrootte. Tabak partikels zijn ook erg dun, waardoor hun 
oppervlakte-volume ratio erg groot wordt. Het is daarom ook te betwisten 
of het redelijk is tabak met andere biomassa brandstof te vergelijken. 

Het is aangetoond dat de simpele en flexibele Small Scale Fixed Bed Re
actor opstelling bruikbare resultaten produceert. De temperatuur metingen 
met behulp van thermokoppels zijn afdoende om de snelheid van het verbran
dingsfront, de lengte van de verbrandingszone en de maximum temperatuur 
te meten. De verbrandingskamer heeft een invloed op de verbranding, wel
ke gezien kan worden in zowel de maximum temperatuur als in de snelheid 
van het front . Het is aangetoond dat sigaretten vergelijkbare resultaten ver
tonen voor de mate van propagatie van verbranding als 10 mm kubussen 
hout . De reactie front snelheid neemt toe met de toegevoerde luchtsnelheid, 
maar neemt niet meer af nadat een maximum is bereikt. lets wat wel is aan
getoond in de meeste andere vergelijkbare vaste bed biomassa experimenten. 

Een een-dimensionaal model is gelmplementeerd in Femlab en er kan, ge
bruik makend van sigaret waarden, een propagerend front gezien worden. De 
massaprofielen zorgen wel voor een probleem in het nieuwe model. Met het 
gebruik van realistische parameter waarden brandt de vaste massa niet vol
ledig uit. De orde van grootte van de waarde voor de front snelheid berekend 
door het model is gelijk als die van de experiment resultaten. Ze lijken lineair 
toe te nemen met de lucht snelheid alleen wel veel sneller dan de gemeten 
waarden. Aangezien de massa conversie in het Femlab model een correlatie 
vertoond met de front snelheid, kan het verwacht worden dat wanneer de 
vaste massa volledig converteert, de bijbehorende front snelheid ook lager is. 
Het is daarom aangeraden dat verdere ontwikkeling zich richt op de conversie 
van de massa. 
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Nomenclature 

Parameters and constants 

a Conduction term [m2 /s] 

• Ill 
mi Source term of the chemical reactions [kg/m3s] 

f Emissivity coefficient [-] 

µ Dynamic viscocity [Pa/s] 

¢ Porosity [-] 

p Density [kg/ m3] 

(T Stefan Boltzmann constant [W/ m2K4
] 

A Area [m2] 

a Pre-exponential factor [1 /s] 

Aeff Effective area [m2 / m3] 

Cp Heat capacity at constant pressure [J / kgK] 

d Diameter [m] 

DAB Binary diffusion coefficient [m2 /s] 

E Activation energy [J] 

G Gas fraction [-] 

g Gravitational acceleration [m/s2] 

H Height [m] 

h Heat transfer coefficient [W/ m2K] 

k Thermal conductivity coefficient [W/ mK] 

Length [m] 

III 



Nomenclature IV 

m Mass [kg] 

n stoichiometry term [-] 

Nu Nusselt number [-] 

p Pressure [Pa] 

Pr Prandtl number [-] 

Q Combustion energy [J / kg] 

q Volumetric energy [W/ m3] 

R Universal gas constant [J / molK] 

Ra Rayleigh number [-] 

s Solid fuel fraction [-] 

Sr Radiation coefficient [0,1] 

T Temperature [K] 

t Time [s] 

u Velocity [m/ s] 

v Volume [m3] 

w Water fraction [-] 

x Distance [m] 

y Concentration of each species [-] 

Subscripts 

f furnace 

g gas phase 

s solid phase 

w water 



Chapter 1 

Introduction 

1.1 Biomass as an energy source in the Netherlands 

Biomass is produced by the collection of solar energy by the leaves of plants. 
It consists of organic material, like wood, leaves, straw or the remains of 
agriculture crops. For energy purposes the worldwide use of biomass is about 
153 of present world energy supply (1]. Most biomass is used inefficiently, 
mainly for cooking and heating in rural areas. However, biomass can also be 
converted into modern energy carriers such as gaseous fuels, liquid fuels, and 
electricity that can be widely used in more affluent societies. 

The Netherlands have set the goal for the use of total renewable energy to 
103 of the total energy use in 2020 (53 in 2010) . In 2000 the share of Dutch 
renewable energy was 1,23, in which the largest contributor was biomass 
(553)[2]. Biomass is seen as one of the most promising renewable energy 
sources for the future, because of it's large availability, the ease of gaining 
it's energy and the large experience available in combusting biomass. Disad
vantages using biomass are caused by the large diversity of the fuel, which 
makes processing more difficult. The moisture content may vary from 10wt3 
in pellets to 55wt3 or even larger in sawdust. The shape and size of the par
ticles can also vary a lot, depending on the pretreatment. Through the use of 
pretreatment the quality and homogeneity of the fuel can be improved, but 
this is often expensive. There are various combustion technologies available 
able to deal with variations in the fuel. In general the lesser the homogeneity 
and quality of the fuel, the more sophisticated the combustion system will 
have to be. 

Because of the promising future for biomass in today's society and be
cause efficiency will always have to rise and emissions lowered, there is a 
constant need for research in this area. A lot of the research in the EU 
is done in cooperation between different countries. This thesis is part of a 

1 
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research project between partners in Austria, Belgium, Spain, Sweden and 
the Netherlands, called the OPTICOMB project. The main objective of the 
project is to increase the flexibility of biomass combustion plants, with re
spect to fuel input, and to reduce the emissions, with a special interest in 
the reduction of NOx and CO emissions. The project aims to achieve this 
partially through improved computational modeling of biomass fuel layer 
processes and partially through measurements. The measurements are done 
to support modeling and provide a better insight into the physical processes 
involved when combusting biomass. 

Grate Furnace 

The travelling ', 
Pot Furnace 

~~-~~~-
n1 ', m lll 

' '· 
:; ~ 

Small Scale Fixed 
Bed Reactor 

l 

Figure 1.1: Scheme of the relation between a grate furnace, a traveling pot furnace 
and the Small Scale Fixed Bed Reactor. 

1.2 Focus of the present work 

The present work focusses on the design of an experimental test setup, the 
Small Scale Fixed Bed Reactor, and the development of a one-dimensional 
numerical model associated with the test setup. As part of previous work 
[3] experiments on a Fixed Bed Biomass Combustor, also known as a pot 
furnace, were conducted. The pot furnace is located at the Technical Uni
versity of Graz, Austria, and property of the Institute of Resource Efficient 
and Sustainable Systems [4]. A slice of the fuel of a moving grate furnace can 
be regarded as a traveling pot furnace, as visualized in figure 1.1. This only 
holds under the assumptions the fuel does not mix when traveling across the 
grate and the horizontal traveling velocity is small compared to the vertically 
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downwards velocity of the combustion zone. The dimensions of the grate in
side an 8 MW moving grate furnace plant are 2 x 5.5 m [5], with a fuel bed 
on top that has an initial height of around 0.3 m. The pot furnace in Graz 
has a cylindrical shape with a diameter of 0.1 m and a height of 0.1 m. The 
shape and size of the fuel used in the pot furnace experiments are the same 
as those of the fuel used in a grate furnace. The Small Scale Fixed Bed Re
actor is much smaller than the pot furnace, only 0.08 m long and 0.008 min 
diameter. The purpose of the Small Scale Fixed Bed Reactor is to visualize 
the biomass combustion behavior in more detail. The combustion chamber is 
made of glass for maximum visualization, to help understand the processes 
going on inside the reactor, especially inside the combustion zone. The small 
reactor can also be used to look closer at the heat exchange perpendicular 
to the direction of movement of the combustion front. The reactor design is 
intentionally kept very simple and can be easily converted to be used with 
different kinds of biomass, different shapes and materials for the combustion 
chamber and in a co- or counterflow configuration. 

Previous work [3], shows the evaluation of various numerical models from 
the RNS institute in Graz, TNO and the Technical University of Eindhoven 
dealing with biomass combustion. It was concluded that the various models 
did not simulate the outcome of the pot-furnace experiments very accurately. 
The models from TNO and the RNS institute in Graz both use empirical 
relations to evaluate the processes inside the combustion zone in the solid 
fuel layer, which are optimised for large grate furnace combustion plants. It 
appeared the models were not suitable for downsizing to fit the pot furnace 
experiments. This can partially be contributed to the empirical relations, 
which make the models less flexible, and partially to the inaccuracy in the 
assumption of comparing pot furnace experiments with a slice of fuel in a 
grate furnace. The model developed by the Technical University of Eindhoven 
was created to model gas phase combustion and not solid fuel combustion, 
which made it more difficult to compare to the other models and the pot fur
nace experiments. The conclusion was that it can be used to model solid fuel 
combustion, but a lot of research is needed to program the solid phase into 
the code. Alongside the additional complications involved with solid phase 
combustion, such as evaporation and shrinking particles, will have to be re
garded. The developed one-dimensional model [3] proved useful in comparing 
with the pot furnace experiments. The convection-diffusion type of differen
tial equations were suitable to create the model. It was also concluded that 
further research and development was needed to gain realistic results. The 
present work will continue the development of the model using differential 
equations. 
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1.3 Structure of this thesis 

The design of the Small Scale Fixed Bed Reactor will be described in Chap
ter 2. It is explained why cigarettes have been chosen as a starting point 
for building the reactor. Some first hand results will be presented and dis
cussed and the heat losses involved in the Small Scale Fixed Bed Reactor 
are estimated. Chapter 3 deals with the model building. The theory involved 
with biomass combustion is presented. A one-dimensional model developed 
in Graz is presented and the development of a new one-dimensional model is 
discussed. This new model is analyzed and its results are presented. In Chap
ter 4 various parameters involved with biomass combustion are investigated 
through the use of the Reactor. The dependency on the airflow is investi
gated. The model will be used to try and gain similar results as an indication 
of the correctness of the model. After this conclusions and recommendations 
are given in Chapter 5. 



Chapter 2 

The Small Scale Fixed Bed 
Reactor 

In this chapter the experimental setup used for investigating the combustion 
zone is discussed. In the first section information about the fuel used in the 
experiments is given. The second section will elaborate about the design of 
the reactor and some test results are presented and discussed. In the third 
section, the heat losses associated with the setup are estimated. 

2.1 The fuel 

One of the difficulties in experimenting with biomass is the large amount 
of different parameters which influence the combustion. The particle size 
and shape can vary substantially, especially when wast wood is used as fuel 
source. The particle size and shape determines the particle surface area. Since 
the reactions take place at the surface, the particle size has a direct influence 
on the combustion behavior. The particle size also determines the volume to 
be heated up, larger particles will heat up slower and thus burn slower. The 
porosity of the bed, defined as the volume fraction of gas phase in a con
trol volume, is a parameter which is not easy to control. It determines how 
much of the particle surface has contact with the air flowing through, i.e. 
how much oxygen reaches the particle surface, and how much of the surface 
has contact with other particles. This has a direct influence on the rate of 
combustion and heat exchange between the gas and particles and between 
mutual particles. The moistness of the material determines a great deal of 
the energy loss during combustion. Almost all of the water in the particles 
has to be evaporated, before actual combustion starts. The more moistness, 
the more energy needed for evaporation which cannot be put to other use. 
The velocity of the airflow determines directly how much oxygen is supplied 
to the combustion zone and if complete or incomplete combustion takes place. 

5 
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To get useful results from the experiments, it is desirable to be able to 
vary one of the parameters while keeping the others constant. A lot of pa
rameters just mentioned involve the fuel itself, not the reactor. To eliminate 
the major variations in the fuel it was chosen to use cigarettes as model for 
a batch of biomass. The main advantage in using cigarettes is the constant 
batch of fuel. Porosity, weight and moistness are the same for every cigarette. 
Beside the porosity and moistness being constant, the porosity is high at 0. 75 
and the moistness very low at 7.5wt%, dry based. These are values at which 
a batch of biomass burns very well. This is off course because cigarettes are 
designed to burn very well. Other advantages are the cigarette filter, which 
acts as a flow distributer for the airflow, and the long and thin shape of the 
cigarette which makes it approximately one-dimensional. A disadvantage of 
the cigarette is the particle size and shape, which has an important influence 
on the combustion zone. This will be shown in the next section using the 
experiment results. The tobacco particles are very thin strings, which makes 
their surface-to-volume ratio very large compared to the particle sizes used 
in other biomass fixed bed reactor experiments. It is therefor questionable if 
it is reasonable to compare the tobacco to other biomass fuels. The advan
tages should result in a minimum influence of the fuel on the reproducibility 
of the experiments. It is assumed that every cigarette is equal to one an
other, which provides a constant batch of fuel. A picture of the cigarettes 
and tobacco used in the experiments can be seen in figure 2.1. The material 
properties of a cigarette have been investigated and are summarized in table 
2.1, more detailed information can be found in appendix A. 

Figure 2.1: Picture of tobacco and a cigarette used in the experiments. 
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Table 2.1: Cigarette details. 
parameter value unit 
mass total 0.901 [g] 

mass tobacco 0.6689 [g] 
mass filter 0.1823 [g] 
mass paper 0.050 [g] 

volume tobacco 2.936e-6 [m3] 
density tobacco 895.9 [kg/ m3] 

density bed 227.86 [kg/ m3] 
porosity bed 0.7457 [-] 

moistness 7.5 [wt%,db] 

2.2 Reactor design 

The reactor is of the fixed bed type and it's purpose is for investigating the 
combustion zone during biomass combustion and use the results for validat
ing the predictions of a 1-D biomass combustion model. The basic design of 
a fixed bed reactor with the necessary components can be seen in figure 2.2. 

Airflow 

Figure 2.2: Basic reactor design. 

The principle is very simple. An amount of biomass is placed inside the 
combustion chamber. Air enters the combustion chamber from the bottom. 
The biomass is ignited at the top, after which it burns downwards. This 
configuration is called opposed flow, referring to the directions of the airflow 
and the ignition front . Alternatively, air could also be introduced from the 
top, creating a co-flow configuration. The opposed and co-flow setup are rep
resentative for a particular combustion situation which is found in practice, 
for example in a grate furnace as seen in the introduction. The setup gives 
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us the opportunity to view the processes which take place visually and test 
what kind of influence various parameters have on the combustion. 

2.2.1 The Small Scale Fixed Bed Reactor details 

The use of cigarettes as fuel for the experiments dictates the reactor design. 
The batch of biomass has a defined volume and the combustion chamber is 
adjusted to this volume. The combustion chamber has to fit exactly around 
the fuel for the amount of air delivered to the combustion zone to be well 
defined. The one-dimensional model, which is described in the following chap
ter, is a thermodynamical model with no detailed kinetics, only temperature 
and concentration of fuel and oxygen are considered. It is therefor desirable 
to measure the temperature profile and mass change during the experiments. 
Temperature measurement is done using small thermocouples. Measuring the 
mass poses a greater difficulty. Since the amount of fuel is less than 1 gram, 
accurate dynamic mass measurement is almost impossible. The weight of the 
setup is much larger and the airflow exerts force on the biomass, which would 
both influence the measurement. It was therefor chosen not to measure the 
mass. If needed, the mass can be derived from the temperature measure
ments. The location of the combustion front can be determined, which in 
turn can be used to derive the mass decrease of the fuel when all the fuel 
burns out. 

Figure 2.3: The experimental setup. 
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The reactor can be seen on the left in figure 2.3. A glass tube is made, 
which fits exactly around a cigarette. The inner diameter of the tube is 8 
mm, the wall thickness is 1.5 mm and the length is 100 mm. Glass, Bohr 
Silicate, was chosen for a good visualisation of the experiments. On the side 
of the glass tube holes are made with a diameter of 0.5 mm at a distance 
of 10 mm apart. These holes are used for the temperature measurements. 
J-type thermocouples (Iron-Constantaan) with a diameter of 0.2 mm are in
serted into the holes. The diameter is chosen to be this small in order to keep 
the influence on the experiments at a minimum. The thermocouple signal is 
gathered by a TBX-68 thermocouple block and sent to the data acquisition 
system from National Instruments (NI-4350). Using Labview the signals are 
translated to temperature values and logged over time on the computer. The 
air flow is controlled by an Eriks flowmeter and is calibrated for air at at
mospheric pressure in the range of 0-60 nl/h. The unit nl/h is normliter per 
hour, and is the amount of air that passes in an hour at the normalized 
conditions of 293K and atmospheric pressure. 

2.2.2 Preliminary results 

From the time-dependent temperature profile various information can be 
deduced. The maximum temperature of combustion can be viewed immedi
ately. The rate of combustion, or velocity of the combustion front, can be 
calculated from the space and time data. The rate of combustion in turn 
gives information on the mass decrease, when complete combustion is the 
case, as discussed in the previous section. The temperature curves also give 
information on the spatial distribution of the combustion front, i.e. how long 
it is in axial direction. An output plot for the temperature profiles of three 
consecutive tests can be seen in figure 2.4. 

For every test run the profiles of five thermocouples are plotted. It can 
be seen that the reactor functions properly and provides useful information 
from the thermocouple measurements. Where the reaction front, or more 
accurately the combustion zone, first makes contact with a thermocouple a 
very sharp rise in temperature can be seen. This rise defines the bottom of 
the combustion zone accurately and gives information about the velocity of 
the combustion zone. After the zone has traveled past the thermocouple a 
drop in temperature is visible. The temperature drop is not as steep as the 
rise at the start of the zone, which is cause by two effects. The flue gasses 
emitting from the combustion zone are very hot, which is measured by the 
thermocouples, and there is thermal interaction between the cigarette and 
the glass tube surrounding the cigarette. The combustion zone heats up the 
glass tube while passing it. After the zone has past, the glass tube remains 
hot for some time and returns part of the heat to the interior of the tube, 
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Figure 2.4: Temperature profiles for three consecutive tests, at an air speed of 11,1 
cm/ s. 

where the thermocouple is situated. It can be seen that the combustion zone 
embodies a substantial part of the total cigarette. This is mostly due to the 
large variation in particle size, mentioned in the previous paragraph. The 
particles variate from small squares, to long strings, which causes the front 
to be distributed over a relatively long zone. The combustion zone would be 
better defined, in a smaller zone, if the particle size were distributed more 
homogeneously. 

Comparing the three tests a large similarity can be seen. Every run burns 
out in approximately the same time, the maximum temperature is also ap
proximately the same and the profiles of each thermocouple show a large 
similarity. This supports the fact that the variation in material properties 
and the variations cause by the experimental setup are small enough to en
sure reproducibility of the experiments. 

2.3 Estimating heat losses to the environment 

The fuel batch inside the Small Scale Fixed Bed Reactor is encapsulated 
in a glass cylinder. The downwards propagating front exchanges heat with 
the cylinder wall. The cylinder wall in turn exchanges heat with the envi
ronment on the outside and the burnt fuel behind the propagating front on 
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the inside. Not all of the heat released during combustion is thus used for 
the propagation of the combustion zone, the heat release is partially used to 
heat up the glass cylinder and part of the heat is lost to the air surround
ing the cylinder. The batch of fuel will therefor probably burn out slower 
due to the reactor than it would when the batch would be insulated or when 
the batch would be surrounded by open air or by a constant hot temperature. 

Using simple heat exchange relations, the amount of heat which is pro
vided to the glass cylinder and the amount of heat lost to the environment 
will be estimated. In the experimental setup, the temperature on the in- and 
outside of the reactor wall is measured for a representative test. The results 
from this test can be seen in figure 2.5. 

Temperature profiles of the reactor wall in- and outside 
600....-~~~~~~~~~~~--. 

g 400 
a. 

~ 200 

~ o~~;;;;;;;;~~~:::::~~:E:::~ 
0 100 200 300 400 500 600 

100 200 300 400 500 600 
time [s] 

Figure 2.5: The temperature of the reactor wall on the in- and outside. 

2.3.1 Heat loss to the reactor wall. 

The heating up of the reactor wall, or glass cylinder, by the moving combus
tion zone is mainly caused by the combination of conduction and radiation. 
The energy to heat up the glass cylinder can be estimated by the following 
formula: 

Q = meptlT, (2.1) 

where tlT [K] is the temperature difference between the reactor wall at 
room temperature and the reactor wall when heated, m [kg] is the mass of 
the cylinder to be heated and Cp [J / kgK] is the heat capacity of the cylinder 
material. The temperature difference between the combustion zone and the 
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reactor wall varies in time, since the tube heats up. In order to estimate a 
mean temperature a simple thermodynamic model of the reactor wall, using 
the heat equation, is made in Femlab. Assuming the material parameters are 
constant over the temperature, the heat equation yields: 

ar a2r 
Ft= a ox2 ' 

(2.2) 

where the conduction term, a, is given by: 

k 
a=-. 

pep 

In this equation, k [W / mK] is the thermal conductivity coefficient of glass, 
p [kg/ m3] is the density of glass and Cp [J / kgK] is the heat capacity of 
glass. The heat equation is solved in Femlab for the domain of 0 < x < 
1.5 · 10-3 , which is the thickness of the reactor wall in the experimental 
setup. On the left side of the domain a boundary condition of 700 °C has 
been set and on the right side a radiation and convection heat loss term to 
the ambient air. These are settings which do not need programming, but 
can be chosen in Femlab. It uses the standard equations for radiation and 
convection, which are discussed in the next section. In figure 2.6 the results 
of the heat equation for a few subsequent times can be seen. It can be seen 
that the temperature distribution inside the wall follows a reasonably flat 
parabolic profile. Using this result, an initial estimate of the temperature 
difference needed to estimate the energy that is used to heat up the reactor 
wall is set to the difference between the mean reactor wall temperature and 
the reactor wall at ambient temperature. 

At the start of this section figure 2.5 shows the temperatures at the in
and outside of the reactor for a representative test run. It can be seen that 
the inside wall temperature is around 400 °C and the outside wall temper
ature is approximately 200 °C, at the position where the front passes. The 
mass of the cylinder, which is to be heated up, consists of the ring that has 
surface contact with the combustion zone. A schematic representation of the 
combustion zone that has interaction with the cylinder can be seen in figure 
2.7. Since the model equations are one-dimensional, the energy loss term has 
to be calculated per unit volume. Therefor the heat loss is divided by the 
volume in which the heat is produced, i.e. the combustion zone. The volume 
of the combustion zone is: 

(2.3) 

where the same notation as in figure 2.7 is used. From the Femlab model, 
it becomes clear that it takes approximately 6 seconds to heat the wall to 
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Figure 2.6: The reactor wall temperature at subsequent times, as calculated by 
Femlab. 
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Figure 2. 7: Schematic representation of the area of interaction between the com
bustion zone and the reactor wall. 

this temperature. But this is in an ideal situation, the experiment data re
veals that the wall temperature does not rise this quickly. Figure 2.8 zooms 
in on the temperature profiles of figure 2.5, to show the rise of the inner 
and outer wall temperature more accurate. The outer wall temperature rises 
from toom temperature to it's maximum of around 200 °C in approximately 
30 to 40 seconds. The inner wall temperature takes about 10 to 20 seconds 
to reach it's maximum value. If we take 30 seconds to be a representative 
heat-up-time value, theat-up, and use p x V as the notation for the mass of 
the cylinder, the total formula to calculate the heat loss due to heating up 
the cylinder becomes: 
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Pglass 'Tr (d2 d2 )l r__ f:j.T, 
theat-up 4 out - in front - p,glass wall 

qwall = 2 
~dinlfront 

(2.4) 

Using the mean temperature of the cylinder wall from the experiments 
(300K) and the values for the Bohr Silicate glass, which are p= 2230 kg/ m3, 

ep=710 J/kgK, din = 8mm, dout=llmm, the energy needed to heat up the 
reactor wall becomes qwau=l3.16 MW /m3 . 

Temperature profiles of the reactor wall in- and outside 
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Figure 2.8: The temperature of the reactor wall on the in- and outside. 

2.3.2 Heat loss to the ambient air 

The heat exchange between the cylinder and the ambient air surrounding it 
takes place through the processes of convection and radiation. In comparison 
to an open air situation, this amount of heat loss is lower due to the glass 
tube. The tube insulates the biomass, causing the temperature difference 
between the outside wall and the environment to be lower. The temperature 
difference is what drives the heat loss. The heat exchange through convection 
can be estimated by: 

hAl::iT 
(2.5) qconv = V, ' 

comb.zone 

where l::iT [K] is the heat difference between the outer wall tempera
ture and the ambient air, A [m2

] is the outer area of the cylinder ring that 
has contact with the combustion zone and h [W / m2K] is the heat transfer 
coefficient. An estimation of the area averaged heat transfer coefficient, h 
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[W / m2K], is given by the Nusselt-relation for a thin vertical cylinder with 
natural convection from LeFevre and Ede [6]: 

and 

Nu _ ~ [ 7RaHPr ] 4(272 + 315Pr)H 
H - 3 5(20+21Pr) + 35(64+63Pr)d 

-- hH 
NuH=k' 

(2.6) 

(2.7) 

where RaH [-] is the Rayleigh number, associated with the height of the 
cylinder. Pr [-] is the Prandtl number for air, in this case Pr= 0.72. H [m] 
is the height of the cylinder and d [m] the diameter. When filling in all values 
related to the Small Scale Fixed Bed Reactor, a Nusselt value of around 6 
emerges. This leads to a heat transfer coefficient of 1.5, which is very low 
and subsequently yields a small heat loss of around qconvection= 185.6 kW / m3 

The heat exchange through radiation can be estimated by the well known 
radiation formula: 

EAO'(T~all - r:mb) 
qrad = V, ' 

comb. zone 
(2.8) 

where E [-] is the emission coefficient for the cylinder wall surface. The emis
sivity coefficient for glass is about 0.8, but the glass tube turns black very 
quickly due to sedimentation of the flue gasses and ashes on the inside. A 
better estimate would thus be around 0.9. A [m2] is the same area as in the 
convection term and O' [W / m2K4] is the Stefan-Boltzman constant, which 
has the value 5.67 10-8 . With an outside wall temperature of approximately 
200 °C, the heat loss factor due to heat exchange with the ambient air be
comes approximately qrad= l.5 MW /m3 . 



Chapter 3 

A model for 1-D biomass 
combustion. 

This chapter deals with the development of a one-dimensional model for 
biomass combustion. In the first section the conservation equations will be 
presented. These are the basic equations with which a physical system can 
be described. In the second section the model which was already developed 
in Graz in a previous work [3] will be presented. In the third section the mod
eling approach and details of the new one-dimensional model is presented. 
These two models are compared in the fourth section. The fifth section then 
presents improved parameter values and a parameter sensitivity analysis. 
The final model results are discussed in the last section. 

3.1 Elementary theory for biomass combustion. 

A combustion system can be described by the four conservation equations 
for mass, momentum, energy and species. For clarity, the following equations 
are presented in one-dimensional form. The first conservation equation is the 
continuity equation, or the conservation of mass: 

op a(pu) _ 
0 at + ax - , (3.1) 

Parameter where p [kg/ m3] is the density and u [m/s] is the velocity. The 
conservation of momentum is given by: 

au au au ( au ) op p-+pu-=- µ- --+pg, 
at ax ax ax ax 

(3.2) 

whereµ [Pa/ s] is the dynamic viscosity, p [Pa] is the pressure and g [m/ s2
] is 

the gravitational acceleration. The conservation of energy can be written in 

16 
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various forms, in temperature notation or in enthalpy notation. As we deal 
with temperature profiles, the temperature notation is given by: 

(3.3) 

where T [K] is the temperature, Cp [J / kgK] is the heat capacity, k [W / mK] 
is the thermal conductivity coefficient, Qrad [W / m3] is a radiation term, H 
[J /kg] is the heating value and mt [kg/m3s] is the source term related to 
the chemical reactions. The last conservation equation describes the concen
tration of each species in the considered combustion system, i : 

(3.4) 

where Y [-] is the concentration of each species and DAB is the diffusion 
coefficient related to the diffusion of species A into B. 

These equations can be solved by various methods, depending on the level 
of detail and information required. Basically, models are identified as being 
a zero order model, a first order model or an nth_order model. Examples of a 
zero order model are a Black Box model and a Continuously Stirred Reactor, 
they give no information as a function of a spatial coordinate. An example of 
a first order model is a plug flow reactor, which gives information about the 
course of the reactions in one dimension. The CFD packages are nth_order 
models, they are able to solve problems in three dimensions. In dealing with 
solid biomass combustion the combustion zone is a very complicated region 
where a lot is happening simultaneously. The solid fuel breaks down ther
mally into a larger number of species, which in their turn break down further 
by cracking of long hydrocarbons to an even greater number of species. This 
is very difficult to model, as the formation and release of a great number 
of species has to be described together with the heating of the particle, the 
structural change within the particle, as well as the gas flow and the reactions 
of the pyrolysis gases within the particle. To model all processes would be 
very time consuming, both in development and in gaining solutions. In fact, 
it is nearly impossible to incorporate everything that happens into one model. 

To illustrate the complexity of the problem, a few models, evaluated in 
the previous report, shall be discussed briefly. One model is designed by 
the Institute for Resource Efficient and Sustainable systems in Graz, one by 
TNO, the Dutch institute for applied scientific research, and two at the Tech
nical University of Eindhoven. All models dealing with solid fuel combustion 
use simplifications of the processes described above. They use different ap
proaches and are designed for different purposes. The model from the RNS 
institute is for quick evaluation of the fuel bed in a biomass combustion 
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furnace, to be used in further CFD calculations. The attention is focussed 
on the CFD calculations of the flue gasses fl.owing through the combustion 
furnace, therefor the fuel layer is not modeled in great detail. The model 
uses a black box approach, with empirically obtained conversion rates for 
the conversion of biomass into flue gasses. TNO's Fuel layer model is a dy
namic model of the fuel layer in a Municipal Solid Waste Combustion plant 
for optimization of MSWC process control. It uses first order kinetics de
duced from particle models to model the chemistry. The fuel layer model is 
only a part of the total dynamic model. The use of empirical formulas for 
the propagation of the combustion zone inside a MSWC plant reduces the 
flexibility to use this model with other types of combustion. CHEMlD, devel
oped by the Technical University Eindhoven, can be used to model any kind 
of gas phase reactions. It cannot however deal with the aspects involved in 
solid fuel combustion. The last evaluated model, using convection-diffusion 
type of differential equations, is designed to model thermodynamics inside 
a pot furnace. This model will be called the Graz model from now on. It is 
assumed that pot furnace experiments are one-dimensional and since there 
is no detailed chemistry in the model, it focusses on the thermodynamical 
aspects of the combustion process. It uses a single step reaction mechanism 
to describe the conversion of biomass into gas. This model will be used as a 
basis for further development , because using the convection-diffusion type of 
differential equations proved to function as a simple and flexible system for 
describing the thermodynamics inside a pot furnace setup. The same basic 
setup which will be used in the experiments in this thesis. 

3.2 Applied theory, the Graz model 

Two species are identified in the Graz model: the solid phase, or biomass, and 
the gas phase, or air. There are two energy balans equations, one for the solid 
phase (3 .5) and one for the gas phase (3.7). The change in energy over time is 
represented by the time dependent term, seen on the left side of the equation. 
The first term on the right hand side of the equations is a convection term, 
which shows the influence of the gas phase velocity. The term is omitted 
in the solid phase equation since the solid phase velocity is zero. The next 
term on the right hand side is a diffusion term, describing the diffusion of 
energy through the material. The last two terms are source terms. The first 
one is a radiation term, describing the energy input through radiation from 
the furnace top section. The second one describes the energy loss due to 
evaporation in the solid phase and the energy gained from combustion in the 
gas phase equation. There are also two mass balans equations describing the 
change in mass over time. The solid phase mass equation (3 .6) contains an 
Arrhenius source term, which describes a single step conversion of the solid 
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phase. The gas phase mass equation (3.8) also contains an Arrhenius source 
term and depends on the amount of solid phase that has been converted. 
The model was programmed in Matlab and the four equations that make up 
the system are: 

where: 

is the reaction term, describing the chemical reactions using a simple Ar
rhenius relation. Together with the boundary equations for the left hand side: 

Ts= 293, ms= 643, Tg = 293, mg= 1, 

and for the right hand side: 

omg 
Ts = 1000, ms = 0, Tg = 1000, ox = 0, 

(3.9) 

(3.10) 

the system is solved for the domain 0 < x < 0.1, with 100 elements. In the 
equations subscript s denotes the solid phase and subscript g denotes the 
gas phase. In the mass equations, m has the unit of mass density [kg/ m3]. It 
was chosen not to write this asp however, because Ps and Pg already appear 
in the energy equations as the initial density values. Qvap [J / kg] is the evap
oration heat of water and Q g [J / kg] the combustion heat associated with the 
combustion of biomass. The two models are coupled assuming the solid phase 
mass turns to gas phase. The temperature TJ represents the temperature of 
the furnace surrounding the biomass. Using the radiation coefficient Sr [O or 
1 J, the radiative heat source is only available at the right hand side, where 
the temperature of the biomass has reached a certain value. In this radiation 
term, Es [-] is the emissivity coefficient for biomass and a [W / m2K4

] is the 
Stefan-Boltzmann constant. This heat source is present in the pot furnace 
experimental situation in Graz , the setup which the model was designed to 
estimate. The fuel batch inside the pot furnace is heated from above via 
radiation elements. For further reference to the pot furnace setup, the reader 
is directed to [3]. 
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The results of the temperature profiles of this model can be seen in figure 
3.1. The profiles are the result of a test case which tries to approach an 
experiment in the pot furnace in Graz. The input variables used to gain these 
results are given in appendix B. Figure 3.l(a) shows the initial temperature 
profiles for the solid and the gas phase, which are equal, at the far right of the 
domain, ( 'V). At t=600 seconds the temperature profiles have propagated to 
the left; the solid phase is seen in green, (D) and the profile of the gas phase 
in red, (x) . Figure 3.l(b) shows the initial mass profiles of biomass, (.6), and 
gas, ( 'V), and the mass profiles of biomass, (D), and gas, ( x), as calculated 
after 600 seconds. 
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Figure 3.1: Conversion profiles for the Graz model. 

The conclusions of this preliminary model were that the quantitative re
sults did not comply with the measured data, but the shape of the predicted 
profiles did resemble those of the measured data. The temperature profiles of 
biomass and gas phase both propagated to the left, indicating a propagating 
front with the temperature of the gas phase that lags behind, or above, the 
front. The mass profiles show the biomass completely burns out and the gas 
phase somewhat increasing, because the biomass turns to gas phase. The 
increase of gas is much smaller than what would be physically correct. The 
density of the biomass in this model is around six hundred times higher than 
the density of gas. It would therefor be expected that if all of the biomass 
turns to gas, there is an increase of this order, which there is clearly not. 
The reason for this can be found in the conversion terms, which are separate 
for both gas and solid phase and have completely different values. The pre
exponential value for solid biomass conversion is set at 3.12· 105 , while the 
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pre-exponential value for gas phase conversion is set at 2.10-3 . This results 
in the biomass profile diminishing to zero very quickly and the gas phase 
profile rising very slowly. It was also concluded that the propagation of the 
front was mainly due to the radiative heat source and it was doubtful if this 
was realistic. The influence of the radiative source can be seen by the glitch 
in the solid phase temperature profile around 600 K. Other remarks on the 
model are the lack of a bed porosity parameter, the lack of heat exchange 
between solid and gas phase and the manner in which the vaporization term 
is programmed. The vaporization is modeled to occur when there is mass 
decrease. But in actuality it only occurs when there is water present. To 
give an example for the biomass used in the pot furnace experiments, the 
evaporation approximately takes place in the initial 103 mass decrease and 
is no longer present for the remainder of mass decrease. Programming the 
evaporation to occur for the complete range of mass decrease results in to 
much energy used for the evaporation. 

3.3 Applied theory, the Femlab model 

After literature research a new model was formulated, similar to the model 
in equations 3.5 to 3.8. The basis of this new model can be found in the 
model developed by by Lozinski and Buckmaster [7]. Lozinski and Buckmas
ters model is developed to predict reverse smoldering in a porous medium. 
They assume the gas and solid phase to be in thermal equilibrium. An as
sumption which is justified by the large porosity, of around 983, and the 
small pore size of the porous medium. This results in a large residence time 
of the gas, compared to the time required for a particle to heat up. In the 
present situation it is assumed this large residence time is not necessarily 
true, because of a much smaller porosity of 703. Another reason to reject 
the equilibrium assumption is to gain a more flexible model, with a separate 
equation for both the solid phase and the gas phase. 

The new model has been implemented in Femlab, which is capable of 
solving a large variety of systems of differential equations in a finite domain. 
The model will therefor be called the Femlab model from now on. Calculat
ing with Femlab has some numerical advantages over the Graz model, which 
was programmed in Matlab. The grid and the timestep are both important 
factors in gaining a numerical solution. Especially in the region of the front, 
very steep gradients demand a high grid density and a small timestep. The 
grid is uniformly spaced in both models, so this factor is equal for both mod
els. The timestep is not however. It can be very small at the start of the 
calculations. This depends on the initial profiles. If, for example, the tem
perature is set to be very high at a spatial coordinate where there is also 
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a lot of biomass and oxygen present, the source term becomes very high. 
This could lead to numerical instability, if the timestep is to large. If the 
timestep is very small, it is possible to gain a propagating front . Once the 
front is propagating, the solution is in fact a steady state solution traveling 
from the right boundary to the left. This does not need a small timestep 
and this is where the advantage in using Femlab lies. It is possible, using 
a general solution method, to have Femlab use an adaptive timestep which 
greatly speeds up the calculation time. 

3.3.1 Reaction modeling 

The reactions are modeled using a first-order Ahrrenius type of equation: 

(3.11) 

where n 8 is the stoichiometry term, as is the pre-exponential factor, Es the 
activation energy, S and G are the local concentrations of solid and gas
phase present and Ps and Pg are the densities of the solid and gas phase. 
Note that the source term A is somewhat different from the source term Ai, 
used in the Graz model. Because of the dependency on both the availability 
of solid and gas phase, or fuel and oxygen, the pre-exponential factor as has 
unit [m3 / kgs] and is therefor not the same as the pre-exponential factor ai 

in equations 3.6 and 3.8. 

The stoichiometry term in the reaction term is needed in order to correct 
for the mass decrease of oxygen and that of tobacco, according to the reaction 
scheme which is assumed. Tobacco is made of plant material, which consists 
of the main components C, Hand 0. Using ultimate analysis information of 
tobacco from literature [8] the composition of tobacco can be estimated by 
C6H90 4 . With this composition the single step reaction of complete com
bustion of tobacco is: 

(3.12) 

This reaction gives a stoichiometric relation to the amount of oxygen needed 
for complete combustion. In molar units, the stoichiometric relation is 21. 
With the molar weight of the tobacco (145 g/ mol) and oxygen (32 g/mol), it 
takes 1.38 kg of oxygen to completely combust 1 kilogram of tobacco, accord
ing to the reaction scheme in 3.12. The kinetic parameters of the Ahrrenius 
reaction term, the pre-exponential term and the activation energy, have been 
estimated using a TGA measurement and literature values of the pyrolysis 
of tobacco . More details about this deduction are given in appendix A. 
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3.3.2 Heat loss 

In the previous chapter, the heat losses associated with the energy needed 
to heat up the reactor wall and the heat loss to the surrounding air due 
to convection and radiation have been estimated. Adding these three heat 
loss terms estimated in the previous chapter, the total comes to about 15.3 
MW / m3 . This heat loss depends on the temperature of the combustion zone. 
The heat loss term in the model should accordingly depend on the temper
ature of the solid phase. As a first estimate, the heat loss term that will be 
added to the solid temperature equation in the one-dimensional model will 
be: 

Q ( ) (Ts - Tambient) 
loss = qwall + qconv + qrad 500 ' (3.13) 

assuming the maximum temperature of the front at the cylinder wall is 
around 500 °C, which is reasonable when looking at figure 2. 7. 

3.3.3 Evaporation 

The evaporation of water can be modeled in different ways. The simplest 
way being a correction of the combustion value of the fuel for the evapo
ration. The combustion value is usually given as the higher heating value 
(HHV), which is the maximum amount of energy the fuel is able to deliver 
when combusted. The lower heating value (LHV) is the amount of energy 
the fuel could maximally deliver, subtracted with the energy needed for the 
evaporation of water and the energy that remains after incomplete combus
tion. There are numerous methods available for estimating the higher and 
lower heating value. For example the model from the RNS institute and the 
model from TNO, referred to in first paragraph of this chapter, both use dif
ferent methods to calculate the HHV and LHV of the fuel. When using the 
composition of tobacco, C5H904, with both methods the HHV differs some
what. The method RNS uses yields a value of 20 .3 MJ / kg and the TNO 
method yields a value of 18.9 MJ / kg. The LHV however, corrected for the 
evaporation of water, has the same value for both methods of 17.3 MJ / kg. In 
literature the HHV of different wood types is mainly in between 18 MJ / kg 
and 21 MJ / kg, [9]. 

A more detailed method to account for evaporation involves using a first 
order reaction equation similar to the Ahrrenius equation used to simulate 
the single step conversion of fuel. The assumption is that the solid phase con
sists of fuel and water and that both the fuel and the water thermally degrade 
according to a first order reaction . The degradation can be programmed to 
occur simultaneously, or successive. When the evaporation is modeled to oc
cur simultaneously, a third concentration has to be programmed. Next to 
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the concentration of oxygen and fuel, there will be an equation that models 
the concentration of water: 

8W 
(1 - </l)Pw at =-Aw, 

with Pw [kg/ m3] the density of water. When the evaporation is modeled 
successively, the two Ahrrenius reaction terms can be applied to the con
centration of fuel. The Ahrrenius term associated with evaporation is then 
modeled to apply to the concentration of fuel until a certain concentration 
is reached, depending on the amount of water present . After this concen
tration has been reached, the Ahhrenius reaction term associated with the 
combustion of fuel applies: 

where: 
-Ew (S - Sdry) 

Aw = awe RTs PwPs s for s > Sdry , 
1 - dry 

=.§..... s 
As = ase RTs PgPsG-- for s < Sdry , 

Sdry 

where Sdry is the concentration of dry mass in relation to the total mass. 
Both methods, together with the method using the LHV will be investigated 
using a base case. This will be discussed in the model results paragraph. 

3.3.4 The Femlab model 

The equations of the new model resemble the equations from the Graz model. 
There are two energy balans equations, consisting of a time dependent term, 
a convective term, a diffusion term and a source term. There are also two 
mass balans equations, one for the solid phase or biomass and one for the 
gas phase or oxygen. The solid phase mass balans describes the decrease of 
mass over time due to combustion, modeled as a first order Arrhenius type 
of reaction source term. Next to the Arrhenius source term the gas phase 
mass balans also contains a convective term, due to the gas velocity and a 
diffusive term describing the diffusion of oxygen in air. The model does not 
feature an external heat source, like the Graz model. The external heat term 
was omitted, because it is not present in the experimental test setup of the 
Small Scale Fixed Bed Reactor and because the propagating front should 
be able to sustain itself with the energy from the reactions. Present in the 
new model is a porosity term, ¢ [-], defined as the volume fraction of gas 
phase in a control volume, and a term for the heat exchange between the 
solid and the gas phase. The energy produced by the combustion reaction is 
added to the temperature equation of the solid phase, as opposed to the gas 
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phase in which it was present in the Graz model. This is done to gain greater 
numerical stability. The mass equations are solved for the mass fractions, S 
[-] and Y [-], instead of the full dimension of [kg/ m3]. For clarity the new 
model is given in the same notation as the old model: 

where: 

and 

are the reaction terms for respectively the solid degradation and the evap
oration, W [-] is the concentration of water. The stoichiometry term, n 8 [-] 

and n9 [-], are written separately for the solid and gas phase mass balance. 
This is done because the reaction term associated with the solid degrada
tion also applies to the gas phase, except that the stoichiometry term differs. 
Aeff [m2 / m3]is the effective area of heat exchange between the solid and 
gas phase and h9 [W / m2K] is the heat transfer coefficient for a gas flowing 
through the bed. Together with the Dirichlet boundary equations for the left 
hand side: 

aTs aF aTg aa 
ax = o, ax = o, ax = o, ax = o, (3.18) 

and for the right hand side: 

aTs = O aF aT9 = O, aG = O, ax ' ax = o, ax ax (3.19) 

the system is solved for the domain 0 < x < 0.1. 

3.4 Comparing the Femlab model to the Graz model 

Using the same values as those which were used in the Graz model to gain 
the results in figure 3.1, the solution was calculated with the new model. The 
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input variables for the new model are given in appendix B. It is expected that 
there will be major differences in the Femlab model, using the same values 
as the Graz model, because of the absence of the external heat source. It 
was already concluded that this heat source was in fact what drives the 
propagating front in the Graz model. Without this term it is doubtful if a 
propagating front even exists. The vaporization term was also omitted, which 
in turn would favor the existence of a propagating front. In the Graz model 
this is a heat loss term, omitting it would therefor result in more energy 
available for the propagation of the front. The results from the calculated 
solution are given in figure 3.2. 
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Figure 3.2: Conversion profiles for the Femlab model, using the input values from 
the Graz model. 

The initial temperature profile for the solid and gas phase are equal and 
shown at the far right of the domain, (V), and the temperature profiles for 
the solid and gas phase separately at some time later, in this case only 50 
seconds, in figure 3.2(a). The absence of the external heat source results, as 
expected, in the front not propagating. Instead the diffusion term causes a 
gradual decrease of temperature. The solid phase temperature is somewhat 
higher than the gas phase temperature. This is because the solid phase en
ergy equation contains the combustion source term, while the source term 
in the gas phase energy equation is the heat exchange it has with the solid 
phase. The gas phase energy equation has a diffusion term and a convection 
term. The diffusion term causes the profile to flatten out, while the convec
tion term causes the profile to shift to right in this case, because the velocity 
in the convection term is directed to the right. Figure 3.2(b) shows the ini
tial mass fraction profiles of biomass ( 6) and gas ( V), together with their 
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profiles at 50 seconds later, (D) respectively ( x) . These mass profiles reveal 
that there is some influence in the gas phase. The gas phase profile is not 
shown for the intermediate values between t= O and t= 50. At t = l the gas 
phase profile immediately followed the same profile as the solid phase. This 
is probably because the high temperature values and the solid phase present, 
even if it is a very low concentration, cause the source term in the gas phase 
mass equation to lower the gas phase concentration locally. However, the 
temperature of the gas phase is going down, which diminishes the effect of 
the source term and for t = 2 to t=50 the gas phase concentration is slowly 
rising to the profile of t= 50 seen in figure 3.2(b), (x) . 

Overall it can be concluded that the reaction source term is not high 
enough to keep the reactions going, which can be seen by the temperature 
values dropping and the lack of change in the solid phase equation. The value 
for the combustion energy is taken from measurements done by the RNS in
stitute (4] on biomass fuels which were used in the pot furnace experiments. 
The values in the Ahrrenius source term were fitted to give the curves shown 
in figure 3.1. In comparing the Femlab model to the Small Scale Fixed Bed 
Reactor, realistic values for the combustion of tobacco will be used in an 
initial attempt to improve the results of the model. 

3.5 Improved parameter values and parameter sen
sitivity 

The previous section showed that it is very important to use the right pa
rameter values in the partial differential equations in order to obtain a useful 
solution. It became clear that the radiation term in the Graz model is the 
most important term for the propagation of the front. Without this term, 
the combustion source term is not large enough to keep a front propagating. 

3.5.1 Parameter values 

The material parameters in the model, such as the density, the heat capacity, 
the thermal conductivity and the diffusion coefficient are assumed to be 
constant in the model. In actuality they depend on other quantities, such as 
the temperature and the pressure. Pressure has been assumed constant over 
the modeling domain, but temperature is clearly not. In order to estimate 
the sensitivity of the model to these material parameters a small sensitivity 
analysis with respect to the material constants in the Femlab model is done. 
For this analysis a base case is first constructed. The base case will use 
material parameters resembling the cigarette. Table 3.1 gives the material 
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parameter values for the base case. The base case will consider evaporation 
by using the lower heating value of tobacco, as calculated in §3.3.3. The 
material parameters for this base case are from measurement data, which is 
explained in more detail in appendix A, and literature values. For the heat 
capacity, the thermal conductivity and the combustion energy, values for 
tobacco were not found in literature. Instead, values for oak wood have been 
used, a biomass with a comparable density to tobacco of between 600 and 
800 kg/m3. The heat capacity and thermal conductivity values for different 
types of biomass have been found to be between 1800 and 2700 J /kgK, [6][10], 
which makes the value of oak wood a reasonable assumption. The diffusion 
coefficient, D[m2 / s], is taken to be the unrestraint value for the diffusion of 
oxygen in nitrogen, which is 2-10-5 [11]. 

Table 3.1: The material parameters values for the base case, to simulate the fixed 
bed opposed flow combustion of a cigarette. 

Param. Value Description Unit Reference 

<P 0.7 porosity factor [-] App. A 

Pg 1.293 air density [kg/m3] Bejan [6] 
Ps 900 tobacco density [kg/m3] App. A 

Cp,g 1006 heat capacity gas [J / kgK] Bejan [6] 
Cp,s 2400 heat capacity biomass [J / kgK] Bejan [6] 
kg 0.025 heat conductivity gas [W/ mK] Bejan [6] 
ks 0.2 heat conductivity biomass [W/ mK] Bejan [6] 
as 5.5·1010 pre-exp. factor solid [m3 / kgs] App. A 
Es 150· 103 activation energy solid [J / mol] App.A 
Ils 1 solid stoichiometric factor [-] §3.3.l 
Ilg 1.38 gas stoichiometric factor [-] §3.3.1 
D 2-10-5 diffusion coefficient [m2 / s] [11] 
Qs 17.3-106 combustion energy (LHV) [J / kg] §3.3.3 

Q1oss 15.3· 106 heat loss term [W/ m3] §3.3.2 
hg 100 forced convection coeff. [W/ m2K] Bejan [6] 

Aeff 10·103 effective surface contact area [m2 / m3] App.A 

Since the values, associated with the combustion source term are all much 
higher than the values used in the Graz-model, it is expected that a propa
gating front will be achieved. The conversion profiles for this base case are 
given in figure 3.3 and show that there is indeed a propagating front. The 
initial temperature step, to start the combustion, was set at 900K. It can 
be seen from the temperature profiles in 3.3(a) that the combustion temper
ature for the base case stabilizes at 740K. Another main difference in the 
temperature profiles is that it drops to room temperature behind the front. 
The profiles of the Graz model still indicate the combustion temperature 
behind the front. The reason for this drop is the heat loss factor added to 
the Femlab model. 
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When looking at the concentration profile for the solid phase, (D) in 
3.3(b), it can be seen that the solid phase is only converted for a small part, 
approximately 10%. This incomplete combustion can have several causes. It 
is possible that there is not enough oxygen supplied to the combustion zone, 
resulting in only a fraction of the biomass being converted. It is also possible 
that the front propagates too fast. The front propagates leaving a part of the 
biomass unburnt and unable to be reached by fresh oxygen, since the oxygen 
is completely used at the combustion front. 
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Figure 3.3: Conversion profiles for the first base case, calculated by the Femlab 
model. 

3.5.2 Parameter sensitivity 

For the sensitivity analysis, the influence of the parameters As, Es, Cp , ks, Qs 
and Qzoss on the maximum temperature, the fuel conversion and the front 
velocity is examined. The values for each parameter have been changed indi
vidually between their minimum and their maximum. Their minimum being 
the smallest value at which a front was still propagating and their maximum 
being the largest value at which a front was still propagating. 

The kind of influence that the parameters will have can be estimated 
up front. The pre-exponential factor As controls the amount of fuel that 
converts per time. Lowering it will probably result in less fuel converting 
over time and less energy being released, when the front velocity remains 
constant. Because there is less energy released, the maximum temperature 
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is also expected to be lower at a lower value of As. The activation energy 
Es controls how soon fuel converts as function of the temperature. A lower 
activation energy will therefor result in fuel conversion at a lower tempera
ture and the maximum temperature will probably stabilize at a lower value. 
This does not automatically mean that there is less fuel converted. The heat 
capacity Cp is defined by the amount of heat it takes to heat up a kilogram 
of mass one degree Kelvin in temperature. A lower heat capacity results in 
less energy needed to heat up the fuel to the combustion temperature, there
for the fuel conversion will go at a faster rate. If the front velocity remains 
constant, a lower heat capacity will result in a higher fuel conversion. The 
thermal conductivity ks controls how easily the fuel is heated. It is expected 
that a higher thermal conductivity will result in a higher temperature of the 
fresh fuel in front of the combustion zone. The maximum temperature will be 
lower, but the amount of fuel that is converted may be higher, because it is 
more pre-heated before reached by the combustion zone. The combustion en
ergy Q s controls the amount of energy released by the combustion. A higher 
combustion energy is expected to result in a higher maximum temperature, 
because there is more energy released. A higher maximum temperature auto
matically results in more fuel being converted, if the front velocity remains 
constant . The energy loss Q1oss will result in less energy available for the 
combustion. Therefor a higher loss term is expected to have a negative effect 
on the maximum temperature and the amount of fuel converted. 

Table 3.2: The parameter value intervals used in the sensitivity analysis and the 
values for the maximum temperature, the fuel concentration and the 
front velocity at the upper and lower limit of the interval. 

Param. Interval Tmax[K] Fconc[-] Vfront[mm/s] 
As 5.5·10!,J 789 0.75 0.067 

[m3 / kgs] 5.5·1012 663 0.92 0.222 

Es 100·10:1 527 0.96 0.434 
[J/ kg) 160·103 770 0.80 0.083 

Cp,s 2000 742 0.88 0.144 
[J / kgK] 10·103 733 0.4 0.029 

ks 0.1 762 0.95 0.38 
[W/ mK] 4 665 0.95 0.45 

Qs 15·10° 719 0.77 0.157 
[J / kg) 30·106 798 0.95 0.078 

Q1oss l ·lOti 760 0.92 0.189 
[J/ kg) 23·106 710 0.73 0.055 

The variation interval for each parameter is given in table 3.2, together 
with their influence on the maximum temperature, the fuel concentration 
that was still present after the combustion front has past and the front ve-
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Figure 3.4: The sensitivity of the maximum temperature and fuel concentration of 
the Femlab model to variations in the pre-exponential value (A. ), the 
activation energy (E.), the heat capacity (cp), the thermal conductivity 
(k 8 ), the combustion energy (Q) and the heat loss term (Q1088 )shown 
graphically. All values have been normalized to the base case. 

locity. The influences on the maximum temperature and the fuel concentra
tion are also presented graphically in figure 3.4, where all values have been 
normalized to the base case. Note that a lower fuel concentration means 
there is more fuel converted. The front velocity is not plotted, because its 
normalized value varies too much and the effects on the temperature and 
fuel concentration could not be seen very well. 

The normalized plots reveal that the expectations of the influences on 
the model are incorrect and the influences are more complex than assumed. 
The material values Cp, Q8 and Qzoss have a small effect on the maximum 
temperature. The maximum temperature is mainly determined by the values 
of the kinetic parameters A 8 and Es. The influence of Es is as expected, but 
the influence of A s is opposite. The thermal conductivity ks also plays an 
important role on the maximum temperature and is as expected. It can be 
seen that the Cp value has the largest influence on the fuel conversion and is 
opposite to what was expected. The fuel concentration and the front velocity 
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seem to be correlated. In general it can be said that a lower front velocity 
is accompanied by a lower fuel concentration. A correlation plot of the front 
velocity and the fuel concentration from the sensitivity analysis is given in 
figure 3.5. For completeness the same plot is given for the correlation between 
the fuel concentration and the maximum temperature and the correlation 
between the front velocity and the maximum temperature in appendix B. It 
can be seen that there are no real correlations for the latter two. 
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Figure 3.5: The correlation between the front velocity and the fuel concentration. 

3.6 Final model results 

Since the main problem in the Femlab model is the solid mass conversion, 
attempts have been made to get the solid mass to completely convert. Firstly 
the evaporation is considered in more detail, according to §3.3.3. And sec
ondly the results from the parameter sensitivity are used to adjust some 
parameter values. 

Using a lower heating value results in a greater mass conversion, as shown 
by the sensitivity analysis. To realize complete mass conversion, however the 
combustion value would have to be about ten times as low as the initial 
value of 20-106 . Such a large difference cannot be contributed to a lower 
combustion value due to evaporation. Using the successive or simultaneous 
method to model the evaporation has a positive effect on the total mass 
conversion. The first Ahrrenius term describing the mass decrease of water 
leads to an initial mass decrease equal to the water content prescribed. The 
kinetic parameters used for the evaporation of water have been estimated, 
no literature values for this problem were found. It is assumed the evapora
tion is a slower process than the combustion, which takes place at a much 
lower temperature. Both aw and Ew are therefor lower than as and Es. The 
second Ahrrenius term deals with the remaining percentage of dry biomass 



3. A model for 1-D biomass combustion. 33 

and leads to a small mass decrease, similar to the mass decrease in the base 
case. The total mass decrease is somewhat higher now. 

The results of the three different methods to account for the evaporation 
are shown in appendix B and it shows that the total mass concentration is 
lower for the successive and simultaneous method. Because the successive 
method does not require an extra differential equation this method is pre
ferred over the other two. Combining the effects of a lower combustion value, 
Q8 =l5 MJ / kg, and a higher Cp value of 3000 J /kgK with the successive evap
oration method the mass decrease has been lowered so that more than half 
of the solid fuel is converted. A higher mass decrease has not been obtained 
so far. The results from this case can be seen in figure 3.6. The maximum 
temperature does not seem to be greatly influenced by the method of evap
oration used. The combustion velocity is somewhat lower because the mass 
decrease is greater. 
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Figure 3.6: Conversion profiles of a case using the successive evaporation method, 
Q8 =l5 MJ/ kg and Cp=3000 J/ kgK. 

It can be seen that the Femlab model is a better description of a general 
case of combusting a batch of solid fuel than the Graz model and a bet
ter description for the Small Scale Fixed Bed Reactor. The heat is provided 
solely by the combustion itself and the amount of combustion depends on the 
availability of both fuel and oxygen. The glitch in the temperature profile, 
present in the Graz model, is accordingly gone in the Femlab model. It can 
be argued if it is physically more correct to put the heat source provided by 
the chemical reactions in the solid or the gas phase. Both options can be de-
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fended by either considering surface reactions, or the combustion of gaseous 
volatiles. The choice for putting the heat source in the solid phase equation 
is based on numerical considerations. The energy source has an exponential 
factor and can therefor result in numerical instability if it becomes to large. 
Considering both the solid and the gas phase equations, the factor PCps is 
much larger in the case of the solid phase equation. The energy source will 
therefor have less impact in this equation, resulting in a more stable numer
ical scheme. 

The mass profiles do provide a problem in the new model. Using realistic 
parameter values, the biomass does not burn out completely. The profile of 
the biomass concentration is also the profile that has the greatest numer
ical instability and the largest spread. The model uses constant values for 
material parameters that depend on other quantities, such as pressure and 
temperature. Using a sensitivity analysis, the influence of the parameter val
ues on the conversion of the model is investigated. It was found that there is 
a correlation between the combustion front velocity and the fuel conversion. 
A lower velocity means greater fuel conversion. The front appears to move 
too quickly, which results in the front propagating when there is still solid 
mass present . Behind the front there is no oxygen present, which makes it 
impossible for more fuel to be converted. It is also clear that by only varying 
the parameters it is not possible to get the biomass to completely convert. 
This problem is something that definitely needs more research in order to 
gain better results with the model. The focus of further research should lie 
in a better description of the mass conversion. 

Using a physical interpretation of the Graz model, heat is provided to 
both the solid and gas phase via radiation from the top of the furnace. 
The second source of heat is the combustion inside the gas phase. The total 
energy provided by both heat sources is used for heating up the solid and gas 
phase and also for the evaporation of the water out of the solid phase. The 
reactions which take place depend on the temperature of the gas phase and 
the amount of solid phase, or fuel, present. Using the same interpretation on 
the new model , heat is solely provide by the combustion, which is assumed 
to take place inside the solid phase, and is used for heating up the solid and 
gas phase. The reactions depend on the temperature of the solid phase and 
the amount of solid and gas phase present. This is a better description of 
the combustion of a batch of biomass and a better description for the Small 
Scale Fixed Bed Reactor, where there are no external heat sources. 



Chapter 4 

Experiment results 

The one-dimensional model, explained in the previous chapter, predicts the 
propagation of the combustion in the biomass material. With the Small Scale 
Fixed Bed Reactor it is possible to measure the propagation of the combus
tion as well as the temperatures involved. As explained in the chapter about 
the experimental setup, it is desirable to keep most parameters of influence 
on the combustion process constant. It is mentioned that the particle size, 
the bed porosity and the moistness of the material are parameters which 
have an influence on the combustion behavior. It is desirable to investigate 
all of these parameters individually, to obtain the greatest insight into the 
combustion of biomass. Since it would be too time-consuming to do all these 
experiments in the scope of this investigation, the experiments are solely fo
cussed on the influence of the supplied air. 

4.1 The influence of the primary air 

The amount of oxygen delivered to the combustion zone determines how 
close to stoichiometry the conditions inside the combustion zone are. Over 
stoichiometric conditions cause incomplete combustion, because of an oxygen 
shortage, resulting in a more complex flue gas composition, with for example 
unwanted CO. Under stoichiometric conditions cause complete combustion, 
but also cool the combustion front , because of a surplus of cold air, so not all 
of the energy from the combustion is put to use. The experiments were done 
to see what the influence of the supplied primary air is on the velocity of the 
reaction front and the maximum temperature. Another goal is to determine 
wether the reactor yields realistic results in use with cigarettes as compared 
to values found in literature. These experiments were done with cigarettes 
inside the glass tube and with cigarettes in open air. 

35 
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4.1.1 The front speed 

The front speed, or rate of combustion, has a direct relation to the air speed, 
or amount of supplied air . A minimum of oxygen is needed to start the re
action front and keep it propagating. When increasing the air speed, more 
air is supplied to the combustion zone and more reactions can occur which 
increases the front speed. The front speed will increase until a maximum is 
reached at the point where the maximum amount of reactions are occurring 
for the given situation. This also depends on other factors of influence, al
ready mentioned in the first chapter, such as the particle size and shape, the 
porosity and the moisture content of the fuel. After this point, an increase in 
air speed will lead to a decrease in front speed. The extra amount of fresh air 
does not partake in the reactions, but does cause a thermodynamic effect. It 
cools the combustion zone, because the fresh air enters the combustion zone 
at room temperature. There is an upper limit to the front speed, caused 
by cooling. The airflow removes too much energy from the combustion zone 
to keep a reaction front propagating. This parabolic profile for the reaction 
front speed is also widely viewed in experimental research [12],[13],[14]. 

Experiments were conducted with the Small Scale Fixed Bed Reactor and 
in open air. The airflow was varied over a range of 10 to 90 nlf h, which is 
equal to an average superficial velocity of 5.5 to 50 emf s. From the tempera
ture profiles the reaction front speeds were calculated. The results from these 
experiments can be seen in figure 4.1, along with their respective quadratic 
fit curve. It can be seen that the reaction front velocity does not follow a 
parabolic profile as seen in other biomass combustion experiments. Maybe 
the maximum front velocity is reached, but a higher air speed results in the 
extinction of the propagating front. With a better insulation of the combus
tion zone it may be possible to gain results at higher airflows for the reactor 
experiments. The open air experiments can not be conducted at higher air 
speeds than approximately 55 emfs. At higher air speeds the particle size 
and shape of the tobacco becomes the limiting factor for combustion propa
gation. The particles consist of thin strings of varying sizes. The width and 
thickness are both sub-mm, while the length varies from sub-mm to 1 cm. 
Therefor the particles have a very large surface-to-volume ratio and can eas
ily be cooled compared to the particle sizes used in other biomass fixed bed 
reactor experiments. 

It would be expected that the velocity of the reaction front is larger for 
the open air experiments, because there is no heat loss to the reactor wall. 
The results do not comply with this expectation. In the chapter dealing with 
the heat losses to the environment, 2.3, it is mentioned that the heat loss to 
the environment is lower for the reactor experiments than for the open air 
experiments . The reason is the lower temperature difference, which drives 
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Figure 4.1: The reaction front speeds of the experiments in the Small Scale Fixed 
Bed Reactor and the open air experiments, together with their respec
tive quadratic fit curve. 

the heat loss. The results imply that this heat loss has a larger impact than 
the heat which is needed to heat up the reactor wall. When filling in equation 
2.8 using 600 °C as the wall temperature, assuming this is the outside tem
perature of a cigarette, a radiation heat loss term of 121.5 MW / m3 arises. 
The convection heat loss term reaches a value of 0.6 MW / m3 . Compared to 
the heat loss values associated with the reactor, which total to around 15.3 
MW / m3 , this supports the fact that the heat loss terms due to radiation 
and convection are larger for the open air experiments than the heat losses 
in the reactor experiments. This may be the reason that the front speed is 
lower in the open air experiments. 

Open air experiments are generally less well defined than the reactor 
experiments. Because of the permeability of the cigarette paper and the 
holes made for the thermocouples, the supplied air is not well known. In the 
reactor experiments the holes are also an exit point for air. This becomes 
very clear after the front has passed a thermocouple location and smoke 
starts escaping through the hole. Experiments were done to determine the 
influence of this by plugging up the holes with vaseline. But the results from 
these experiments did not reveal any correlation. Another problem with the 
open air experiments is the ash that remains. Since the thermocouples are 
suspended in air, they apply stress on the ash and the cylinder of ashes 
eventually breaks up, which influences the temperature measurements. 

Results, found in literature [12], from experiments done on 10 and 30 mm 
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Figure 4.2: Experiment data from Gort. 30mm wood cubes, 103 moisture (6), 
lOmm wood cubes, 103 moisture (+), and lOmm wood cubes, 303 
moisture (D). Experimental data from forest waste SP, 56.63 moisture 
( •), and VTT, 40,33 moisture ( o). Experimental data from cigarette 
tobacco, 73 moisture (l> ). The ignition rate is based on dry substance. 

wood cubes and wood waste can be seen in figure 4.2. In this figure the prop
agation rate of the reaction front [kg/ m2s] is used instead of the velocity of 
the reaction front [mm/ s]. The propagation rate is defined as the front veloc
ity multiplied with the apparent density, p8 (l-E), of the packed fuel bed. The 
use of the propagation rate makes it possible to compare various types of fuel 
to one another. The figure shows that the data from cigarette tobacco, as 
measured by the Small Scale Fixed Bed Reactor ( l>), is in the same range as 
the results from experiments with 10 mm wood cubes done by Gort ( + ),(0). 
The rise in propagation rate to an increase in air velocity is even fairly con
sistent with that of the 10 mm cubes with a moisture content of 10%. The 
propagation rate of the tobacco shows a larger rise to an increase in air ve
locity and the maximum propagation rate is also larger. This is probably 
due to the combined effect of a higher bed porosity, smaller particles and 
a lower moisture content, of 73. It is remarkable that the propagation rate 
of cigarette tobacco can be compared so well to the propagation rate of the 
lOmm wood cubes. Especially since the difference of the 10, (+)and (D), and 
30mm ( .6) wood cubes is so large. It would appear the rate of propagation 
is less determined by particle size in the range of sub-mm to 10 mm, than it 
is in the range of 10 mm to 30 mm. 
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4.1.2 The maximum temperature 

The profile of the maximum temperature should follow the same trend as the 
parabolic profile of the reaction front mentioned at the start of the previous 
section. It increases with the amount of supplied air, reaches a maximum at 
around stoichiometric conditions and then decreases again. Where this trend 
is not seen in the reaction front speed, it can be seen for temperature. The 
results from the reactor and open air experiments are given in figure 4.3, 
together with their quadratic fit curve. 
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Figure 4.3: The maximum temperature of the reactor and open air experiments. 

There is a trend visible that could indicate the appearance of a maxi
mum. It should be made clear here, that the maximum temperature values 
are in a relatively small range and the scatter is quite large. The mentioned 
trend is therefor an assumption, which can only be justified by more experi
ment data. Furthermore the open air experiments all have a higher maximum 
temperature. This result, alongside with the parabolic trend, indicates that 
the relation between the front speed and the maximum temperature is not 
a linear positive relation. The higher temperature values are the maximum 
peak values and do not imply that there are less heat losses in the open 
air experiments. It does imply that the influence of the reactor wall reaches 
the center of the cigarettes, where the thermocouples are located, and the 
radiation and convection heat losses do not for the open air experiments. 
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4.2 Comparing the experiment results to the model 
results 

As a first comparison between the experiment results to the model results the 
temperature profile is considered. The temperature profile of a representa
tive experiment is compared with the temperature profile the Femlab model 
calculates when the parameters that comply with this respective experiment 
are used. The results can be seen below in figure 4.4 and it is clear that there 
are major differences. The x-axis shift is done intentionally and should not 
be paid attention to. 

Temperature profile of the model and the experiment 
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Figure 4.4: The temperature profile calculated by Femlab and the profile measured 
during a representative experiment. 

Firstly the maximum temperature calculated by the model (V) is approx
imately 200 °C lower than the temperature measured in the experiment. It 
can also be seen that the reactor experiment profile (D) shows the presence 
of a combustion zone. This is where the temperature remains high for circa 
0.01 m. In the model profile, this combustion zone is reduced to a point. This 
is inherent to the way the model is set up, the reactions all take place in a 
very short domain because of the steep gradients in the model. The steep 
gradients and the low temperature could both be changed positively if the 
pre-exponential factor in the model is lowered. The presence of a combustion 
zone, however is something that may need a detailed particle description. 
Something that easily leads to a two or three-dimensional approach. The 
third main difference is the manner in which the profile returns to ambi
ent temperature behind the front. The experiment profile remains hot for 
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a considerable longer time than the model profile. This can be changed by 
lowering the heat loss term, which also has a positive effect on the maximum 
temperature. 

In figure 4.5(a) the reaction front speeds of the Small Scale Fixed Bed 
Reactor experiments, (!>),are plotted together with the reaction front speeds 
calculated by the one-dimensional model, ( 'V) . It can be seen that the order 
of magnitude of the front speed values calculated by the model is the same 
as those of the experiment results. The correlation between the air speed and 
the front speed is completely different however. The front speed calculated 
by the Femlab model seems to increase linearly with the air velocity and at 
a much higher rate than the measured values. Since the mass conversion in 
the Femlab model is correlated to the front velocity, it can be expected that 
when the solid mass is completely converted, the accompanied front velocity 
will also be lower than the values calculated here. 
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(a) The front speeds of the 
experiments and the one
dimensional model. 
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Figure 4.5: The front speeds and the maximum temperatures of the experiments 
compared to the values calculated by the one-dimensional model. 

In figure 4.5(b) the maximum temperatures of the experiments,(!>), and 
the model,(V), are plotted together. The temperature values calculated by 
the model are all significantly lower than the experiment values. The sensi
tivity analysis showed that the maximum temperature can be raised some
what, but not to the value of approximately lOOOK (727°C). This indicates 
the reaction may not be accurate enough, or the fact that there is still a 
lot of mass remaining also has a large influence on the maximum temper
ature. Another reason may be that the temperature measurements do not 
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give the exact temperature. The actual temperature of combustion may be 
higher than what the thermocouples indicate. A difference of 100-200 Kelvin 
between model values and experiment data, however cannot be contributed 
solely to the thermocouples. 

The model tries to approach the experimental situation by making as
sumptions to simplify the complex problem. The main assumptions of the 
model are the assumption that the experiments are one-dimensional and all 
material parameters are constants. Besides this, there is no real chemical 
detail in the model and the evaporation has been approached by considering 
a first order reaction in which the kinetic parameters are assumptions. It is 
also questionable if the front speed data can be compared in this manner. 
The front speed is plotted against the air velocity. In the experiments, the air 
velocity is taken to be the superficial air velocity. It is derived from the flow 
of air which is provided to the combustion chamber. The actual air velocity 
inside the combustion chamber is unknown. The air velocity in the model 
can be set to an exact value, which is the same as the superficial air velocity 
for the comparison that is made. But it is probably lower than the actual air 
velocity inside the combustion chamber. 

4.3 Phenomenology 

In this section, some of the phenomenons that have been observed during 
the experiments and deserve some extra attention will be discussed. 

4.3.1 The returning front 

The combustion zone exists and propagates because of the supply of oxygen. 
If not all fuel is consumed in the combustion zone, because not enough oxy
gen is available, some unburnt or partially burnt fuel will remain when the 
reaction front has reached the bottom. A secondary reaction front , propa
gating up towards the surface of the bed, will burn the remaining fuel. 

The returning front is seen in all experiments with the lowest air speed of 
5.5 cm/ s, this can be seen in figure 4.6. It can be seen from the thermocouple 
profiles, who show two peaks. The first peak is when the front moves down
wards, the second when the front returns to the top. The returning front 
is only seen once in the experiments with 11 .1 cm/ s. The temperature of 
the returning front is usually a fraction higher than the temperature of the 
downwards front . This could have the following reasons. Firstly the porosity 
of the bed is much higher for the case of the returning front and the amount 
of remaining fuel is much lower. These two factors both result a higher tem
perature. A second reason can be that the partially burnt fuel has a high 



4. Experiment results 43 

700 

: l 
600 

Time[s] 

Figure 4.6: The temperature profiles of the experiments showing the returning 
front. 

char content, which also results in a higher temperature. The downwards 
and upwards propagating front can also be seen in figure 4.7. 

4.3.2 The particle size 

When looking closely to the front, one of the effects of the particle size, or 
the particle shape, of the tobacco becomes visible. As mentioned before the 
particle size of the tobacco varies substantially and is distributed randomly. 
This results in the combustion zone stretching out over a large region and the 
front not being one-dimensional. Figure 4.8 shows a close up of the combus
tion zone inside the Small Scale Fixed Bed Reactor. It can be seen that the 
combustion zone almost spans the entire region between two thermocouples. 
It can also be seen that the bottom of the front is not straight, indicating 
that the front does not move downwards one-dimensionally. This has an in
fluence on the reproducibility and scatter of the front speed. 
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(a) The 
combustion 
zone moving 
downwards. 

(b) The 
combustion 
zone moving 
upwards. 

Figure 4. 7: The combustion zone in a cigarette, inside the SSFBR. 

Figure 4.8: Close up of the combustion zone. 
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Chapter 5 

Conclusions and 
recommendations 

5.1 Conclusions 

The aim of the present work was the design of an experimental test setup, and 
the development of a one-dimensional numerical model associated with the 
test setup. An experimental test setup, the Small Scale Fixed Bed Reactor, 
has been built. Cigarettes have been chosen for use as fuel for biomass com
bustion experiments and experiments with a varying air supply have been 
conducted. A one-dimensional model has also been formulated and compared 
to the Small Scale Fixed Bed Reactor. 

5.1.1 Experiment results 

It is shown that the simple and flexible setup of the Small Scale Fixed Bed Re
actor works. The glass makes the experiments visually accessible, which helps 
understand the processes inside the reactor. The temperature measurements 
using thermocouples are sufficient to measure the front speeds, the length 
of the combustion zone and the maximum temperature. The combustion 
chamber has influence on the combustion, which is seen in both the maxi
mum temperature as well as in the front speed. The maximum temperature 
is lower for the reactor experiments, but the front speed is higher. The lower 
maximum temperature shows that the influence of the reactor wall reaches 
the center of the cigarette, where the thermocouples are located. The higher 
front speed indicates that the total heat losses for the reactor experiments 
are lower than the heat losses for the open air experiments. 

It is shown that the reaction front velocity does not follow a parabolic 
profile as seen in other biomass combustion experiments. Maybe the maxi-
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mum front velocity is reached, but a higher air speed results in the extinction 
of the propagating front. This is probably because of the particle size and 
shape of the tobacco. The particles have a very large surface-to-volume ratio 
and can easily be cooled when air speeds become too high. In the maxi
mum temperature profiles there is a trend visible that could indicate the 
appearance of a maximum. But the maximum temperature values are in a 
relatively small range and the scatter is quite large so this cannot be said 
with certainty. In comparing the propagation rate with data found in liter
ature, it can be compared to the propagation rate of 10 mm wood cubes 
and forest waste. The data from 30 mm wood cubes varies substantially. 
It would appear the rate of propagation is less determined by particle size 
in the range of sub-mm to 10 mm, than it is in the range of 10 mm to 30 mm. 

There is also a returning front observed in all experiments with the low
est air speed of 5.5 em fs. The temperature of the returning front is usually 
a fraction higher than the temperature of the downwards front. Reasons for 
this can be that the porosity of the bed is much higher for the case of the 
returning front and the amount of remaining fuel is much lower. Another 
factor could be that the partially burnt fuel has a high char content, which 
also results in a higher temperature. 

5.1.2 Model results 

A one-dimensional model has been formulated using convection diffusion 
type of differential equations. Cigarette values have been used to create a 
propagating front. It can be seen that the Femlab model is a better descrip
tion of a general case of combusting a batch of solid fuel than the Graz 
model. The heat is provided solely by the combustion itself and the amount 
of combustion depends on the availability of both fuel and oxygen. The mass 
profiles do provide a problem in the new model. Using realistic parameter 
values, the biomass does not burn out completely. The profile of the biomass 
concentration is also the profile that had the greatest numerical instability 
and the largest spread. Providing more air, by raising the air speed, does not 
result in more biomass conversion. Using a sensitivity analysis, the influence 
of the parameter values on the conversion of the model is investigated. It 
was found that there would be more fuel conversion if the combustion front 
velocity is lower. The front moves too quickly, which results in the front 
propagating when there is still mass present. Behind the front there is no 
oxygen present, which makes it impossible for more fuel to be converted. It 
is also clear that by only varying the parameters it is not possible to get the 
biomass to completely convert. 

The temperature profiles calculated by the model are compared to the 
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experiment temperature profiles. It is shown that there are three major differ
ences. Firstly the maximum temperature calculated by the model is between 
100 and 200K lower than the temperature measured in the experiment. Sec
ondly the combustion zone is a point, whereas the combustion zone in the 
experiments is about 0.01 rn large. This is inherent to the way the model 
is set up, the reactions all take place in a very short domain because of the 
steep gradients in the model. The steep gradients and the low temperature 
could both be changed positively if the pre-exponential factor in the model is 
lowered. The presence of a combustion zone, however is something that may 
need a detailed particle description. Thirdly the experiment profile returns 
to ambient temperature behind the front much quicker than the experiment 
curve. This can be changed by lowering the heat loss term, which also has 
a positive effect on the maximum temperature. Another reason for the large 
temperature difference may be that the temperature measurements do not 
give the exact temperature. The actual temperature of combustion may be 
higher than what the thermocouples indicate. A difference of 100-200 Kelvin 
between model values and experiment data, however cannot be contributed 
solely to the thermocouples. 

It is shown that the order of magnitude of the front speed values cal
culated by the model is the same as those of the experiment results. The 
correlation between the air speed and the front speed is completely different 
however. The front speed calculated by the Fernlab model seems to increase 
linearly with the air velocity and at a much higher rate than the measured 
values. Since the mass conversion in the Fernlab model is correlated to the 
front velocity, it can be expected that when the solid mass is completely con
verted, the accompanied front velocity will also be lower than the calculated 
values. 

5.2 Recommendations 

When more fixed bed type of reactor experiments are to be conducted, it is 
recommended that a new reactor be build. The visibility of the glass tube is 
very practical in helping to understand the effects certain parameters have 
on combustion more easily. But it is recommended that a new reactor be 
well insulated, since heat losses may cause problems and are better avoided. 

It is also recommended that another fuel be used. The surface-to-volume 
ratio of the tobacco proved a problem in gaining results at high air speeds. 
This is also something that could partially be avoided by a better insula
tion of the reactor. It is also recommended that if the combustion zone is to 
be well defined, a better defined and uniform particle size should be used. 
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For a flexible reactor, to use with various types and sizes of fuel, it is proba
bly necessary to use a larger reactor than the Small Scale Fixed Bed Reactor. 

For the temperature measurements, the thermocouples proved to be suf
ficient . Accuracy of the reaction front speed calculation can also be improved 
if the positioning of thermocouples is done more accurately. It would be even 
more desirable to do optical temperature measurements, but the drawback 
are the costs involved. Other possible expansions of the experimental setup 
could involve leading the flue gasses through a gas analyzer. To be able to es
timate the stoichiometric condition it is also possible to implement a lambda 
sensor above the combustion chamber. 

The one-dimensional model needs more development if it is to be com
pared to experimental data. Since variation of the material parameters is 
not enough to get the biomass to completely convert, it is recommended 
that further development focusses on the conversion of mass. A more de
tailed description of the reaction kinetics could provide positive results. 
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Appendix A 

Cigarette details and material 
values 

The cigarettes used in the experiments have been investigated in order to find 
some material values to be used in the model. The mass of the tobacco and 
the volume of the cigarette have been measured, which yield the cigarette 
bulk density. The density of the tobacco has been measured using Mercury 
Porosimetry. The combined densities yield the porosity of the cigarette. The 
moisture content of the tobacco has been measured using TGA. The results 
from the TGA analysis are also used, together with literature data, to esti
mate the kinetic parameters of the pyrolysis reactions. 

A.1 Mass, volume and density of the cigarette 

The mass of the tobacco, the filter and the paper of the cigarettes has been 
weighed using a balance, with an accuracy of 10-3 grams. The five samples 
are measured three times, in order to minimize measurement failures or de
viations. The data from these measurements can be seen in table A.l. The 
length and diameter of the cigarette and the filter have been measured using 
a sliding gauge. The data from these measurements is given in table A.2. 
The measurements point out that the mean mass of the filter = 0.1823 g, 
the mean mass of the tobacco = 0.6689 g, the mean volume of the filter = 
1254. 7 mm3 and the mean volume of the tobacco = 2935.5 mm3 . The ap
parent bulk density of the cigarettes amounts to a value of 227.9 kg/ m3 . 

A.2 Tobacco density 

The density of the tobacco has been measured using Mercury Porosimetry 
with the Autopore IV 9500 and the moisture content has been measured us-
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Table A.l: Weight measurements of cigarettes. 
Sample Complete Cigarette Filter Tobacco and paper paper 

A 0.853 0.18 0.72 0.051 
0.853 0.18 0.72 0.051 
0.854 0.179 0.72 0.051 

B 0.906 0.175 0.67 0.049 
0.906 0.176 0.67 0.049 
0.906 0.176 0.67 0.049 

c 0.935 0.18 0.729 0.049 
0.935 0.181 0.729 0.049 
0.935 0.181 0.729 0.049 

D 0.919 0.191 0.754 0.050 
0.919 0.191 0.754 0.050 
0.919 0.191 0.754 0.050 

E 0.908 0.184 0.722 0.052 
0.908 0.184 0.722 0.052 
0.908 0.184 0.722 0.052 

Tabl A 2 G e . . f . eometry measurement o cigarettes. All "UT ers. va ues m m1 i it 
Sample Length Filter Diameter Filter Total Length 

A 25.25 7.9 83.9 
B 24.9 8.0 84.4 
c 25.2 7.9 83.7 
D 25.3 8.1 83.95 
E 25.1 7.95 84.0 

ing Thermogravimetric analysis. Both measurements were done at the faculty 
of Chemical Engineering at the Technical University of Eindhoven. 

The results from the Mercury Porosimetry measurement can be seen in 
the Summary Report below. It points out that the bulk density of tobacco = 
0.8959 g/ mL. This is around 900 kg/ m3 , the density value which is used in 
the model. The apparent bulk density of the cigarette is calculated using the 
mean mass and mean volume values and amounts to a value of 227.9 kg/ m3 . 

Using the two density value, a porosity of 0.7457 is found for the cigarette. 

Summary Report 
Micromeritics Instrument Corporation 
AutoPore IV 9500 V1 .05 Serial: 105 Port: 1/1 Page 1 
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Sample: Tabak 
Operator: 
File: 

MG 
D:\PROGRA-1\MICROM-1\9500\DATA\000-256.SMP$ 

LP Analysis Time: 
HP Analysis Time: 
Report Time: 

4/1/2004 3:48:52PM Sample Weight: 
4/1/2004 4:36:56PM Correction Type: 
4/2/2004 12:48 :46PM Show Neg. Int: 

Penetrometer parameters 
Penetrometer: 0079 - (14) 
Pen. Constant: 11 .007 
Stem Volume: 0.4120 
Pen . Volume: 3 .1905 

Hg Parameters 

3 Bulb, 0.412 Stem, Powder 
~L/pF Pen. Weight: 
mL Max. Head Pressure: 
mL Assembly Weight : 

Adv. Contact Angle: 130.000 degrees Rec. Contact Angle: 
Hg Surface Tension: 485.000 dynes/cm Hg Density: 

Low Pressure: 
Evacuation Pressure: 40 ~mHg (10~-6mHg) 

Evacuation Time: 
Mercury Filling Pressure: 
Equilibration Time: 
Maximum Intrusion Volume: 

High Pressure: 
Equilibration Time: 

5 mins 
0.0122 MPa 
20 secs 
100.000 mL/g 

20 secs 
Maximum Intrusion Volume: 00.000 mL/g 

Blank Correction by Formula 
(From Pressure 0.0007 to 227.5270 MPa) 

Intrusion Data Summary 
Total Intrusion Volume = 
Total Pore Area = 
Median Pore Diameter (Volume) = 
Median Pore Diameter (Area) = 
Average Pore Diameter (4V/A) = 
Bulk Density (at 0.1000 MPa) = 
Apparent (skeletal) Density = 
Porosity = 
Stem Volume Used = 

0.7030 
3.068 
10103.4 
98.1 
916.6 
0.8959 
1.3596 
48.8687 
28 

mL/g 
m~2/g 

nm 
nm 
nm 
g/mL 
g/mL 
'l. 
'l. 
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0.1603 g 
Formula 
No 

55.8655 
0.032267 
96.0838 

130.000 
13.5335 

g 
MP a 
g 

degrees 
g/mL 



A. Cigarette details and material values 54 

A.3 Moisture content 

The temperature profile used in the TGA measurement is given in figure 
A.l(a) and the tobacco weight loss from three experiments are shown in fig
ure A.l(b) . Figure A.l(a) also shows the mass of an empty crucible. This 
was an extra measurement, done because there were some problems with 
the TGA equipment. It can be seen that the mass of the empty crucible in
creases with increasing temperature, especially at isothermal conditions and 
high temperature. This should not occur. The TGA measurements were not 
corrected, but it should be mentioned there are inaccuracies in the measure
ment , especially at high temperatures the mass loss rate is probably lower 
than in reality, because the machine measures a higher mass than present. 
The TGA measurement points out that the initial temperature step, of 100 
°C , causes a mass decrease of 7%. This is the wet based moisture content of 
the cigarette tobacco. The dry based moisture content is 7.5%: 

0
·
01

=0.075 
0.93 

A.4 Kinetic parameters of tobacco pyrolysis 

The so-called T max method can be used to determine the kinetic parameters 
A [1 / s] and Ea [J / molK], of the Ahhrenius type of reaction equation, seen 
in equation A.l. 

:=..§.. 
a= Ae RT (A.l) 

T max is the temperature at which the yield rate of a species is maximum. 
This value can be determined by constructing a plot of dm/ dt versus the 
temperature. This plot is given for tobacco sample A from the TGA mea
surements in figure A.2. The first peak in this plot is associated with the 
release of moisture from the tobacco and the second peak is associated with 
the major component releases. It can be seen that this peak temperature 
is around 300K. Using equation A.2 the kinetic parameters A and Ea can 
be determined from the slope and intercept of a linear plot of ln(H /T;,,ax 
and 1/Tmax at various heating rates. For a more detailed derivation of this 
equation, the reader is directed to [15]. 

H Ea -Ea 
ln(~) + ln(AR) = RT 

max 
(A.2) 

Since the TG A experiments were not done at different heating ranges, val
ues from literature were used instead. In [8], W6jtowicz investigated the evo
lution of volatile species during tobacco pyrolysis. These experiments yield 
a large number of species and their associated kinetic parameters. Two dif
ferent tobacco samples were used and the values for the activation energy lie 
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in the range of 150·103 - 290·103 [J/mol]. The values for the pre-exponential 
factor are in the range of 1·1011 - 1·1018 [1/s]. When using the range of the 
values for the activation energy with the maximum temperature found in the 
TGA experiment, equation A.2 yields a range of 5·1013 - 8·1026 [1/s] for the 
overal conversion of tobacco. Given the values found in the literature, the 
lowest value of 5· 1013 is used as an initial estimate in the model. This value 
has unit [1 / s]. Since the unit of the pre-exponential factor in the model is 
[m3 / kgs], see § 3.3.1, the value has to be corrected with the density value 
of the tobacco in this case. This ultimately yield a pre-exponential factor 
of AF5.5·1010 [m3/kgs], accompanied by a value of Ea=150·103 [J/mol] for 
the activation energy. 

A.5 Effective Surface contact area 

The effective surface contact area, Aeff [m2 /m3], is the area of contact the 
air has with the tobacco particles. This is an important factor in the amount 
of heat exchange between the gas phase and the solid phase. It is also an 
important factor in the combustion proces, because it says something about 
the amount of oxygen that reaches the particles. We do not take this param
eter into consideration in the reaction equation however. 

If we consider a tobacco particle to be a small rectangle, with the pa
rameters b, l, and h for the breadth, length and height of the rectangle. A 
schematic representation of this can be seen in figure A.3. The Surface-to
Volume ratio of a particle is: 

Ap 2bl + 2bh + 2lh 

Vp hbl 
(A.3) 

The effective surface contact area also depends on the volume fraction 
of solid phase present, in other words the porosity. This yields the following 
equation: 

(A.4) 

Using l=l·l0-3 , b= l·l0-3 , h=l·l0-4 and ¢=0.7, an effective area of around 
Aeff=13·103 is given, while a cube of lxlxl mm yields an effective area 
of Aeff= l.8 ·103. Since most tobacco particles are believed to have a ratio 
somewhere in between these values, an effective area of Aeff=l0· 103 will be 
used in the Femlab model. 
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Figure A.1: Thermogravimetric Analysis results 
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Figure A.2: The conversion rate -dm/ dt versus the temperature, constructed from 
the TG A measurements. 
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Figure A.3: Rectangle model of a tobacco particle. 



Appendix B 

Model details and results 

B.1 Settings in the Graz model 

Parameter Value Description Unit 
To 1000 temperature step at initial conditions [K] 
Ts 293 solid temperature [K] 
Tg 293 gas inflow temperature [K] 
T1 1000 furnace temperature [K] 
Us 0 biomass velocity [m/ s] 
ks 0.1 thermal conductivity biomass [W/ mK] 
Ps 643 biomass density [kg/ m3] 

Cp,s 2 103 heat capacity biomass [J/ kgK] 
as 3.12e5 pre-exp. factor , biomass conversion [1 / s] 
Es 74 103 biomass activation energy [J / mol] 
Hs 2.5 106 evaporation enthaply for water [J/ kg] 
Es 0.3 emissivity coefficient biomass [-] 
Ug 0.1 gas velocity [m/ s] 
kg 0.02 thermal conductivity gas [W/ mK] 
Pg 1 gas density [kg/ m3

] 

Cp,G 1000 heat capacity gas [J/ kgK] 
ag 0.002 pre-exp. factor, volatile combustion [1 / s] 
Eg 79 103 gas activation energy [J/ mol] 
Hg 30 103 combustion value for volatiles [J / kg] 
fg 0.1 emissivity coefficient gas [-] 
nx 100 number of elements [-] 
L 0.1 length of the grid [m] 
m 0 m=0/ 1/ 2 resp. slab/ cylinder/ sphere [-] 
dt 1 time step [s] 

Nsteps 600 number of time steps [-] 
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B.2 Settings in the one-dimensional Femlab model 

Table B 1 · The values used in the Femlab model to simulate the Graz model. .. 
Parameter Value Description 

<P 0.7 porosity factor 

Pg 1 air density 

Ps 643 tobacco density 
Cp,g 1000 heat capacity gas 
Cp,s 2000 heat capacity biomass 
kg 0.02 heat conductivity gas 
ks 0.1 heat conductivity biomass 
Vg 0.1 velocity gas 

Aj,S 346.7 pre-exponential factor solid 
AJ,9 0.02 pre-exponential factor gas 
Ea , S 74 103 activation energy solid 
Ea,9 79 103 activation energy gas 

D 110-6 diffusion coefficient 
R 8.31 universal gas constant 
Q 30 103 combustion energy 
hg 100 convection coefficient 

Aeff 100 effective surface contact area 

B.3 Femlab model results 
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Figure B.l : The correlation between the front velocity and the fuel concentration. 
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Figure B.2: Correlation profiles for the correlation of the maximum temperature to 
the front velocity and the fuel concentration. 
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Figure B.3: Conversion profiles for the first base case, using a lower heating value 
to model for evaporation. 



B. Model details and results 

Temperature profiles at tz250 sec. 
soor;:::;::::::::::::::::::o::::::::=;,::==::::::z-~71 

Initial temperature profile 
-e- Temperature biomass at 250&. 

800 ~ Tern rature as at 250s. 

700 

400 

200~~~~~~~~-~~~~ 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0. t 
DistanceJm] 

(a) Temperature profiles of 
biomass and gas, initial and 
at t=250 sec. 

Mass fraction profiles at 1::250 sec. 

0.8 

~ 08 
Initial biomass profile 

-B- Biomass profile at 250s. 
'""*'"" Initial gas profile " ii -'t'- Gas rofile at 2508. 

2 0.4 

0.2 --· · · ·------·-·~---__,._--+< 

0 -~~~ ... .. 
0 0.010.02 0.03 0.04 0.05 0.06 O.o7 0.08 0.09 0.1 

Distance (m) 

(b) Mass profiles of biomass 
and gas, initial and at t=250 
sec. 

61 

Figure B.4: Conversion profiles for the second base case, using successive evapora
tion modeling. 
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Figure B.5: Conversion profiles for the third base case, using simultaneous evapo
ration modeling. 


