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. 
Abstract 

i 

One of the problems in small district heating systems is the large load variation that must be 
handled by the system. If the boiler is designed to cover the needs during the coldest day in 
winter time in northern Europe it would have to run at loads as low as 10% of full load during 
summer time, when heat is needed only for tap water production. Load variations in small 
networks are quite fast and earlier investigations have shown that existing biomass boilers 
give rise to large amounts of harmful emissions at fast load variations and at low loads. 

The problem has been addressed in different ways: 
- Three new boiler concepts have been realized and tested 
A prototype of a 500 kW boiler with partitioned primary combustion chamber and supplied 
with a water heat store 
A 10 kW bench scale combustor and a 500 kW prototype boiler based on pulsating 
combustion 
Bench scale boilers to test the influence from applied sound on emissions and a 150 kW 
prototype boiler with a two-stage secondary vortex combustion chamber. 
- Development of control and regulating equipment 
Glow Guard, a control system using infra-red sensors to detect glowing char on the grate, has 
been constructed and tested. 
A fast prediction model that can be used in control systems has been developed. 
- Simulation of the combustion process 
Code to simulate pyrolysis/gasification of fuel on the grate has been developed. Combustion 
of the gas phase inside the combustion chamber has been simulated. The two models have 
been combined to describe the combustion process inside the primary chamber of a prototype 
boiler. 
A fast simulation code based on statistical methods that can predict the environmental 
perfarmance of boilers has been developed. 

One of the boiler concepts matches the desired load span from 10 to 100% of full load with 
emissions far below the set limits for CO and THC and close to the set limits for NOx. The 
other boilers had a bit more narrow load range, one with very low emissions except for NOx 
and the other with emissions close to the set limits. 

The Glow Guard worked as desired and will be a useful tool for control of combustion on the 
grate. 

The simulation of the processes inside the combustion chamber matches the experimental 
results well in terms of velocity and temperature. Species concentration were reasonable well 
described at the exit from the combustion chamber but were poorly described above the fuel 
bed. 

The dynamic model based on statistics is capable of reproducing the over-all dynamic 
behaviour of biofuel-fired boilers. 
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1. Main objectives of the project 

i 

The overall objective of the project has been to provide a theoretical and experimental basis 
for the design of biomass fired boilers suitable for small central heating networks. Boilers that 
fulfil the most rigorous restrictions on emissions of carbon monoxide, total hydrocarbons, 
nitrogen oxides and particles, over a load range from 10 up to 100% of nominal power output. 

Most boilers in operation in the actual power output range from 100 kW up to a few MW 
produces too much harmful emissions at low and at varying loads, conditions that frequently 
occur in small networks. 

The problem has been addressed in different ways: 
0 Design, construction and testing of boilers based on three new boiler concepts. 
0 Use of heat storage to reduce emissions during load variations. 
0 Developing new means for control and regulation of the boilers. 
0 Developing methods for simulation of combustion processes. 

2. Overview of project activities 

The project work has included theoretical and experimental studies to obtain the objectives 
listed above. The focus of the work has been along the following lines. 

New boiler concepts 
0 

0 

A partitioned combustion chamber has been designed, constructed and tested 
Two boilers based on pulsating combustion has been constructed and tested: 

- a bench scale combustor for test of acoustic pulsating combustion 
- a 500 kW pilot combustor for the final evaluation. 

0 Boilers for testing of vortex combustion and thermo-acoustic effects were tested: 
- a Bunsen type burner and a 10 kW wood pellets burner to test the influence from 

- a 150 kW prototype biomass burner with a two-stage secondary vortex combustion 
applied sound on emissions. 

chamber. 

Monitoring, development of control and regulating equipment 
0 Extensive measurements inside the combustion chambers have been performed with 
High Temperature Anemometer and gas analyzing instruments in the three boiler 
prototypes. Particle measurements with advanced equipment was performed in the 
three boilers. 

0 A set of Glow Guards, designed to detect glowing char on the grate, has been 
constructed and tested. 

0 A fast predicting model that can be used in control systems has been developed. 
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Simulation of the combustion process 
0 Code to simulate pyrolysis/gasification of fuel on the grate has been developed. 
0 Combustion of the gas phase inside the combustion chamber is simulated. 
0 The two models above have been combined to describe the combustion process inside 

the boiler. 
A fast simulation code based of statistical methods that can predict the environmental 
performance of boilers has been developed. 

A test facility built as a small district heating central including a heat store has been 
constructed and connected to a district-heating network for the test of the partitioned 
combustion chamber. 

To enable comparisons the three prototype boilers have been tested with the same type of fuel 
and over their whole load range according to a predefined cycle of load variations. 

i 

Use of the partitioned combustion chamber has been compared to the use of only one 
combustion chamber in combination with the heat store to match heat load variations. 

3. Partners and partner functions 

The project was conducted in co-operation between six partners, three universities, two 
independent research centers and one small enterprise. 

LuleA University of Technology (LUT), Sweden. (Coordinator). 
Design of a 500 kW partitioned combustion chamber for raw wood chips together with 
Swebo. Design and building of a test facility including a heat store and connected to an 
existing district-heating network. Responsible for measurements and evaluation of the 
partitioned combustion chamber system. 
Simulation with Computerised Fluid Dynamics of the gas phase combustion inside the 
combustion chamber. Use of CFD to improve the secondary air supply. 

AB Swebo Flis och Energi, Sweden. (Associated Contractor to LUT) 
Design of the partitioned combustion chamber together with LUT. Construction of the 
prototype combustor and responsible for necessary reconstructions during the test period. 
Exploitation of the combustion system. 

V" Energy (W), Finland. (Contractor). 
Experimental and theoretical studies of pulsating combustion. Both in a lab scale 
combustor and in a designed and constructed 500 kW pilot combustor. 

Technische Universitiit Graz, Institute for Chemical Apparatus Design, Particle Technology 
and Combustion (AMFT), Austria. (Contractor). 

Measurement of temperature, concentration and velocity of gases in the three prototype 
boilers of LUT, VTI' and FATSE. Introduction of Glow Guard to monitor combustion. 
Simulation of temperature, velocity and composition of gases leaving a reacting bed of 
solid bio fuel as well as the consumption of fuel. 
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VajS University, Bio Energy Centre(ITN), Sweden. (Contractor) 
Fast process simulation for control systems. Statistical modelling of the combustion 
process in small scale boilers 

Foundation of Appropriate Technology and Social Ecology (FATSE), Switzerland. 
(Associated contractor to ITN) 
Investigation of thermo-acoustic effects on combustion. Design, construction and 
experiments on lab-scale and 150 kW prototype combustor. 

4. Main results 

Some of the results from the experiments with the three different boiler prototypes are listed 
below. 

4.1 Partitioned combustion chamber supplied with heat store (LUT and Swebo) 

A 500 kW partitioned combustion chamber was constructed and installed in a small district 
heating central that was supplied with a 35 m3 water heat store. The boiler has been run for 
several hundred hours and delivered 135 MWh of heat to the district-heating network. Tests 
were performed at constant load and under load variations determined by the expected 
demand in a network. A predefined load cycle was used to be able to compare the different 
boiler concepts. 

The boiler works very well with the main fuel, which are raw wood chips with moisture 
content in the range 40-60%. Emissions of CO, THC and particles were well below the set 
targets (see Figures 1 and 3). The goal for NOx emissions was however not reached but the 
emissions are comparable to existing boilers (Figure 2). 

Some specific results are described below for different operating conditions (the emissions 
have been normalised to 10% 02). 

Constant load level 
The larger combustion chamber that was aimed for load range 150-350 kW burns very 
well with CO-emissions well below 20 mg/nm3 from 100 up to 400 kW. 

0 The smaller chamber aimed for 50-150 kW bums with CO-emissions below 110 mg/nm3 
in the whole load range 

Varying load 
Without supply from the heat store the system runs with very low emissions as long as the 
larger combustion chamber is in operation. When the smaller chamber is started and runs 
alone the emissions are substantially increased. Anyway fast load variations are possible 
and the average CO-emission during one cycle of load variations between minimum and 
maximum load is well below the set target; 
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0 When the larger combustion chamber is run together with the heat store the control of load 
is easier and even faster load variations are possible. CO-emissions do not exceed 15 
mg/nm3 during the whole cycle with an average of 6 mg/nm3. 

4.2 Pulsating combustion 

A laboratory-scale and a pilot combustor were constructed in order to study the effect of 
acoustic pulsations on combustion intensity and flue gas emissions with biomass and waste 
fuels. On the basis of the tests, the following main features in the pulse combustion can be 
listed 

Combustion stability seems to depend strongly on fuel quality and moisture; for example 
wood pellets that are usually of uniform quality and with low moisture content, can be 
easily used in the combustor, whereas wood chips, especially with high moisture content, 
caused more combustion instability problems; 
Control of the output was very easy and effective; varying heat outputs could be easily 
achieved and repeated; 
Control of the main process values should be still improved; for example 0 2  and CO 
finally quite stable, however occasional high CO peaks and fluctuation in 0 2  occur; 
Tests showed that RDF (Refuse-derived fuel) can be burned in the pulse combustor, but 
there are minor problems in RDF combustion due to ash behaviour; 
The problems in combustion of RDF and other fuels are evidently due to the fact that 
oscillations could not be maintained strong enough all the time; self-induced oscillations 
disappeared occasionally without any confirmed reason, assumed reason is the bed height 
fluctuation; 
By using loudspeaker for externally induced oscillations, a minimum oscillation 
amplitude level could always be maintained and combustion stability could be improved 
to some extent. Externally induced oscillations also meant that the self-induced 
oscillations could be restarted more easily; 
It was also shown that a tube with rectangular cross-section can generate oscillations; this 
may have practical importance because of the industrial applications of pulsating 
combustion. 

Theoretical analysis and modelling were carried out in order to understand pulse combustion 
phenomenon and its effects more deeply and to give background information for experimental 
work. According to modelling results, oscillations have much less effect on a single particle 
than assumed. 

Devolatilization rate of large particles is not much affected by the oscillations; 
0 Char combustion rate of large particles is increased due to pulsations in the gas flow, but 

the effect is about 10 % or less. 

However, the devolatilization and combustion rates in pulsating conditions have been 
observed to increase much more than 10 %. The reasons for this are: 

Cool particles are well-mixed with the hot gas and particles due to the increased particle 
motion induced by gas oscillations; 
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0 The temperatures in pulsating conditions are higher due to the increase in the 
homogeneous and heterogeneous combustion rates, increasing further drying and 
devolatilization rate compared to non-pulsating conditions; 
Fragmentation of particles due to mixing increases both the devolatilization and char 
combustion rates due to smaller particle size, the effect of pulsations is greater for these 
smaller particles formed; 

0 There is no significant ash layer formation on the particles due to the oscillations and 
consequent particle motion; 

0 Gas oscillations improves heat conduction and ignition in the vertical direction since hot 
gas is brought underneath the ignition level during every cycle if the velocity amplitude of 
the oscillations is high enough. 

0 

4.3 Vortex combustion and thermo-acoustic effects (FATSE) 

Another possible way to improve combustion which was studied within the project was the 
use of thermo-acoustic effects, a measure known to reduce emissions when burning fossil 
fuel. Flame behaviour and emissions when sound was applied, were comprehensively 
investigated on a Bunsen burner and on a 10 kW pellet burner. The sound was shown to 
reduce emissions during phases with products of incomplete combustion (PICs). If there were 
already few PICs in the combustion process, the sound applied to the flame had only minor 
effects on emissions. 

A pilot scale burner for forest residues preferably as wood chips was designed and tested with 
a bum rate up to 150 kW. Since the results achieved with the 10 kW pellet burner did not 
show distinguished effects on emissions such as nanoparticles under superimposed sound 
conditions the decision was to design the final prototype without applied sound. The process 
design is based on multistage secondary combustion chamber applying fluid dynamic patterns 
to improve mixing of reactants. 

0 The span of the originally planned power range of 1:lO has been reduced to 19. Since the 
industrial partner focused the emphasis of the design to low particulate emissions, the 
typical range of the final prototype burner was at turn down ratios of 25%; 

0 The final test runs showed a smooth run of the prototype over the entire power range up to 
150 kW. The CO-emissions were far below the set targets. The hydro carbons (HC) and 
total suspended particles (TSP) emission met the requirements. Only the NOx emission 
couldn't fulfil the set standard; 

0 As originally planned the industrial partner will build a prototype wood chip boiler in the 
heat output range up to 500 kW based on the design of the burner developed in the 
project. 

4.4 Comparison between the three boiler concepts. 

The three combustors were compared during load variations according to a predefined cycle 
with variations between minimum and maximum load. Load variations for the respective 
boilers were: 
LUT boiler (partitioned combustion chamber): 
VTT boiler (pulsating combustor): 
FATSE boiler (vortex combustion): 

50 - 500 kW 
92 - 343 kW 

37 - 150 kW 
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The fuels used were raw wood chips as obtained at site. Moisture content was 42%, 2548% 
and 31% for the boilers at LUT, VTT and FATSE respectively. Results from the experiments 
are shown in Figures 1-3 below for emissions of CO, NOx and particles, respectively. For the 
LUT boiler the CO and NOx emissions are shown with partitioned combustion chamber only 
and with the larger primary combustion chamber used together with the heat store. 
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Figure 1. Result from experiments with the three pilot boilers. LUT is used for result 
when the heat store is utilized and LUT* without heat store. 
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Figure 2. Result from experiments with the three pilot boilers. The notation LUT is 
used for results when the heat store is utilized and LUT* without heat store. 
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For comparison, emissions of nanoparticles c600 nm from the three boilers were measured by 
FATSE and the result is presented in their report. This work was not foreseen in the original 
work plan but has given valuable knowledge about the combustion systems. Some results are 
shown in Figure 3. When particle measurements at the LUT boiler were performed the heat 
store was not utilised. 

3.E+14 
[3 LUT DVTT TNC 

Icounts/mn3; FATSE 1 -  10%02] I 

2.E+14 

l.E+14 

O.E+OO 
P min P mean P max 

‘igure 3: Total number concentration of nanoparticles smaller than 600 nm in 
experiments of all three burners (P: power output). 

4.5 In-situ measurements. Control based on “Glow Guard” (AMFT) 

0 AMFI’ has carried out measurements of temperature, concentration and velocity of the gas 
in the biomass boilers of LUT, VTT and FATSE with their suction pyrometer and the 
High Temperature Anemometer (HTA). Results are presented in separate reports for the 
three boilers; 
AMFI’ has manufactured “Glow Guard” detectors, performed test runs with Glow Guards 
at biomass-fired boilers in Austria and tested the Neural Network (NN) software “Data 
Engine”. Two Glow Guard detectors were mounted at the boiler of LUT in 
BodedSweden. Data obtained from the Glow Guards from two different operating periods 
were processed and it was tried to develop a control algorithm from these data using 
Neural Network software. The two Glow Guard detectors has been working very well 
during the test period but for training of the Neural Net the set of data collected was not 
suitable. More data would have been needed with the boiler under automatic control. 

4.6 Improved time-resolution for on-line measurements (ITN) 

An algorithm based on the use of Fourier transforms has been derived and tested off-line. 
Provided the gas analysis sampling system has a time constant z for its low-pass 
characteristic, even noisy signals may be reconstructed into time constant zZ2 if a clever filter 
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is used to improve the signaVnoise ratio. Further improvement is theoretically possible - but 
seems not realistic in practical cases. 

4.7 Modeling of Solid Beds of Biofuel (AMFT) 

One-dimensional Model for Packed Fuel Beds (ReaPar) 
Modelling of bio fuel furnaces is intensively investigated by AMFT [l] and the following 
approach for the given task has been chosen. Under the assumption, that gradients in the 
direction of the grate are small compared to gradients right angled in it, a one-dimensional 
model sufficiently describes the entire situation of the bed. As shown in Figure 5 ,  a one- 
dimensional fuel element is considered. This element migrates through the furnace with a 
given migration velocity that is related to the wanted energy output of the furnace. AMFT 
models the fuel element with a one-dimensional and transient model. Because the furnace is 
operated in a steady state, the time dimension can be transferred (for a given migration 
velocity) into a second spatial coordinate in the direction of the bed migration. A steady-state 
two-dimensional model is generated. 

One-dimensional Model for Single Porous Particles 
Many investigations of AMFT show that during pyrolysis up to 80% of the initial dry fuel 
mass is converted, and detailed modelling of this effect is crucial for the description of 
biomass combustion. Pyrolysis is a process that does not only occur at the fuel particle's 
surface but also inside their porous structure. If large particles (like the chips and pellets used 
within this project), are considered the intra-particle pyrolysis is strongly influenced by the 
heat transfer within the particle. The composition of the pyrolysis product gases is influenced 
by the intra-particle mass transfer since longer residence times influence tar crack reactions. 
Intra-particle transport effects are related to intra-particle temperature, pressure and 
concentration gradients and can only be sufficiently described by comprehensive single 
particle models. The single particle model that has been developed by AMFT is transient and 
one-dimensional in spherical coordinates. 

In order to validate the fuel bed simulations AMFT performed experiments on large single 
particles The comparison of experimental and calculated results shows excellent accordance 
for the mass loss and the temperature of a quickly heated large particle (see Figure 4). As 
shown in the figure, the behaviour of single particles is described correctly by ReaPar. Since a 
fuel bed can be understood as a collection of single particles, this validation gives some 
credibility to the entire ReaPar-model. 
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0 100 150 200 250 
tlmc [SI 

Figure 4: Calculated (lines) and measured (symbols) mass loss and temperature of a wet 
beech wood cube quickly exposed to hot atmosphere (size = 20 mm, moisture = 25 %dry u, 
jicrnace temperature = 825 "C, atmosphere = 100 % N2) 

Combined Packed Bed and Single Particle Model 
In order to describe all effects mentioned above, AMFT combines a one-dimensional packed 
bed model with a one-dimensional single particle model. As shown in Figure 5 for each finite 
volume of the discretisation in the direction z of the bed, one representative particle is chosen 
and also discretised along its radius r. To sum it up, a so-called ld+ld-model is created. 

Fuel-Element Padele-Layer 

Gas-Phase (Pores) 

' A  A .  A- 

Figure 5: Combined packed bed and single particle model. The one-dimensional fuel element 
is discretised into several finite volumes. In each volume one representative particle is chosen 
and also discretised over its radius in spherical coordinates. 

4.8 Gas phase simdation (LUT) 

Secondary combustion chamber, air inlet design 
CFD was used as a mean to improve the design of the air supply before the combustion unit 
was constructed. Best possible mixing of secondary air with combustible gases from the 
primary combustion chamber was the goal. A number of designs were simulated by 
optimising the mixing of a hot air stream from the primary combustion chamber with a 
preheated but colder secondary air stream. 
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The best result was obtained for a rectangular inlet to the secondary chamber with a number 
of cylindrical tubes for the air supply. 

Simulations were also used to get the best secondary air distribution along the rectangular 
cross section of the inlet to compensate for the uneven flow of combustible gases from the 
primary chamber. Optimisation was performed to obtain a constant stoichiometry along the 
neck for 50% secondary air. The resulting distribution of the air supplied could easily be 
transferred to the final design. 

Simulation of the primary zone 
The calculations have been carried out on the large primary combustion chamber, left part of 
Figure 6. 

Figure 6: Drawing of the partitioned primary combustion chamber, piston and ash box. The 
primary chambers can be operated separately or together depending on the output required. 

The chamber (fuel bed excluded) was divided into 120 000 computational volumes. The 
model starts at the interface between the fuel bed and free board with a velocity inlet. The 
separate bed model developed by AMFI' (already described) delivered boundary conditions 
for the inlet. 

The outlet in the top of the chamber was set to be a pressure outlet. The pressure distribution 
along the outlet is dependant on the downstream conditions and has been calculated a priori. 
The inlets at the sidewalls were set to be mass flow boundaries and the walls ma& of 
ceramics with 50 mm insulation on the outside. 

The gaseous combustion was described by two-step global reactions for methane and a tar 
molecule, five equations, employing seven species and five reactions. The Eddy-Dissipation 
Concept was used to calculate the turbulent reaction rate and the kinetic reaction rate was 
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calculated using Arrhenius type expressions. In each computational volume the slower of the 
two rates controls the reactions. 

The standard k-e model of Fluent has been employed for turbulence modelling and discrete 
ordinates (DO) model to account for radiation. 

Bed and gas phare models combined (NIT and LUT) 
The simulations of the fuel bed and the gas phase in the primary combustion chamber are 
strongly coupled. Therefore an iterative process of results exchange between the models was 
needed. Radiative heat flux from the fieeboard to the fuel bed was delivered from the gas 
phase calculations and quality and quantity of the gases leaving the bed delivered from the 
bed model. 

The iterative exchange of results between the bed model and the freeboard model proceeded 
until the radiative heat transfer to the bed surface did not change significantly. After four 
iterations the two models had converged towards a stationary solution, Figure 7. 

The iterative error was small, all residuals decreased by at least six orders of magnitude from 
the second iteration. Simulations have been carried out on three different grid sizes. The 
results showed no significant change from grid to grid, thus the grid convergence error can be 
considered small. 

Radiative flux to bed surface 

0 1 2 3 4 5 

Iter at ion 

Figure 7: Radiative heat transfer delivered to the bed surface from the freeboard model 
versus iteration number. 

The results from the calculations were compared with experimental results obtained in the 
measurements performed by AMFT and from a later measurement in the combustion chamber 
in Boden. During the measurement campaigns the boiler output was 175 kW. Figure 8 shows 
some results for species at the exit from the primary chamber 
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Figure 8: Fraction of CO and C02 in dry flue gas, calculated and measured, along the exit of 
the primary combustion chamber 

The agreement between calculated and experimental results for velocities and temperatures in 
the whole combustion chamber and for species at the exit is acceptable. However, comparison 
of results above the low,er horizontal plane shows significant differences. Calculated results 
show no oxygen and a surplus of combustibles while measured results show a surplus of 
oxygen and no combustibles. Possible reasons for this are: 

1. The values used as input to the simulations are not correct since the conditions during 
the experiments were not stable. 

2. The experimental results are not correct since measurements did last for a couple of 
hours while the experimental conditions were not constant. 

3. The iterative procedure might give wrong results; the initial guess could have too 
much impact on the final result. 

4. The calculated heat transfer to the bed could be wrong due to poor description of the 
combustion process in the code, which affects temperatures and radiation heat transfer. 
The used reactions were perhaps not representative for the real process or the used 
reaction constants were not correct. 

5. The bed model could give wrong output since it is not fully 3-dimensional and 
originally not designed for air supply from above the bed. 

4.9 Model to simulate dynamic mixing behaviour of boilers (ITN) 

A computer code has been produced in MATLAB, a code that reproduces the dynamic mixing 
behaviour of realistic boilers. The most fundamental assumptions for the code have not been 
thoroughly verified but a number of comparisons have been made to different boilers and 
seem to indicate that the predictions are qualitatively correct. The code is based on a constant 

EU Nr.JOR3-08-0278 Page 15/19 



t 

flow of fuel components added on by a randomised flow of air. The mean value for the air 
flow is kept to conserve the prescribed operational data. A fundamental frequency is derived 
from the size of the fuel particles and the mean air velocity through the fuel bed and the 
momentary flow of air is represented by a time series with this frequency. The mixing in the 
consecutive chambers is then simulated by aid of frequency response curves taken as the 
residence time distributions in the individual chambers. 

Chemical reactions are modelled only by stoichiometry and limited only by the rich and lean 
explosion limits. 

b 

. 
A simple correlation for the formation of fuel-No is also included in the code. The factors 
taken into consideration in this correlation are primary zone over-all stoichiometry, fuel 
nitrogen content and temperature. 

A suggestion for a correlation between CO-concentration and the concentration of 
hydrocarbon compounds is presented but has not been included in the code. A correlation may 
rather be implemented by the end-user since the co-variation between total hydrocarbon 
emissions (THC) and co are too complicated to readily lend itself to generalisations for 
different boiler geometries. 

5. Overall conclusions 

Based on the results of the work in the project, the following conclusions can be drawn: 

1. The combustor with partitioned combustion chamber works very well over the whole 
load range from 50 to 500 kW and allows fast load changes without causing any major 
increase of harmful emissions. The average emissions of CO and THC are far below the 
set targets but the emissions of NOx are slightly above target. Best results are obtained 
with the larger combustion chamber combined with heat store, when emissions and ease 
of control of the system are regarded. The industrial partner will exploit combustion 
systems based on both principles. 

2. Combusting stability in the pulsating combustor depends strongly on the fuel quality and 
moisture content; it works well with wood pellets but wet wood chips causes instability 
problems. 

# 

3. RDF can be burned but there are minor problems due to ash behavior. Control of power 
output is easy but the set target for power output span and emissions are not yet obtained 
at all loads. The technique is promising but further development is needed and 
cooperation with industrial partner is sought. Sound applied to the combustion has minor 
effect if the combustion is already optimised with low emissions. In phases of incomplete 
combustion positive effects of applying sound were detected. 

4. The final prototype combustor of FATSE, which did not utilise applied sound showed 
very low emissions of CO and THC but NOx emission were above the set target. The 
power output span for the burner did not meet the target of 1:lO; it was reduced to 1:4 
after discussion with the manufacturer. 
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5. The three boiler concepts showed comparable and acceptable values for the particle 
emissions . 

6. The Glow Guard detector should be useful in future control systems to control fuel and 
air supply but the available sets of measured values were not adequate to train the Neural 
Network. 

7. Simulation results of single particles were in very good accordance with the experimental 
data. 

8. The simulation of the gas phase matches the experimental results well in terms of 
velocity and temperatures, which means that simulation can be used to optimise air 
supply and mixing in the combustion chamber. Species concentration were reasonable 
well described at the exit from the combustion chamber but were far from correct above 
the fuel bed. The reason seems to be that volatiles are released from the fuel bed at an 
earlier stage in practice than was the result of the simulations in the iterative exchange of 
results between LUT and AMFI'. This might be due to wrong predictions in the bed 
model, in radiation exchange or in the iterative procedure. 

9. The dynamic model developed in the project is capable of reproducing the over-all 
dynamic behavior of biofuel-fired boilers. The NO-correlation used does not in itself 
have any predictive power but can be adopted to reproduce data from real boilers. Thus it 
may serve its purpose in a process control system predictor: To predict the changes in 
NO-emissions as function of changes in operating conditions. 
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List of abbreviations and acronyms 

AMFr 

BEAB 

CFD 

co 

c o 2  

DH 

dlog(dp) 

dN 

DO 

dP 

Fatse 

f 

GMD 

HTA 

ITN 

LUT 

MD 

NC 

NOx 

PAH 

PIC 

Institut fur Apparatebau, Mechanische Verfarenstechnik und 
Feuerungstechnik, Technische Universiat, Graz, Austria. Formerly AMVT 
(Abteilung Fur Apparatebau und Mechanische Verfarenstechnik) 

Boden Energi AB, utility responsible for the district heating network at the 
LUT test site, and providing fuel. 

computerised fluid dynamics 

carbon monoxide 

carbon dioxide 

district heating 

logarithm of channel width 

number of particles 

discrete ordinates 

particle diameter 

Foundation of Appropriate Technology and Social Ecology, Langenbruck, 
Switzerland 

frequency 

geometric mean diameter 

high temperature anemometer 

Institutionen f6r Naturvetenskap och Teknik, University of VzlxjCr, Sweden 

Lulel University of Technology, Sweden 

mode diameter 

number concentration 

nitrogen oxides 

polycyclic aromatic hydrocarbons 

Products of incomplete combustion 
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T 

PM 

FtDF 

SPL 

Swebo 

TNC 

VTT 

particulate matter 

Refuse-derived fuel 

sound pressure level 

AB Swebo Flis och Energi, boiler manufacturer in Boden, Sweden, 
Associated contractor to LUT 

total number concentration 

VTT Energy (Valtion teknillinen tutkimuskeskus, Technical Research 
Centre of Finland) 

i 
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