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ABSTRACT 
The utilisation of low-grade biomass requires an appropriate technology that meets the 
increased demands regarding emission reduction (e.g. NOx). Within this work a new burner 
for low calorific value (LCV) gas applying flameless oxidation (FLOX®) will be presented 
that replaces the conventional flame burner of a dual-chamber furnace. The integration of an 
adapted FLOX®-burner has shown several benefits. Different bio-residues were tested and a 
more stable combustion with enhanced burnout was achieved for all tested fuels. Furthermore, 
the burner can be operated in broader range of operation and closer to stoichiometric 
conditions. Due to the high power density of a FLOX®-burner the complete facility could be 
downsized in the future. Still, the tests have shown that the NOx reduction potential of a 
FLOX®-burner is limited for LCV gas combustion since the most NO emissions are related to 
fuel-bond nitrogen.  
In the LCV gases generated from wheat pellets and rape cake pellets high concentrations of 
NO-precursors (NH3 and HCN) are measured that are subsequently be oxidized to NO in the 
FLOX®-burner. Therefore, an air-staged burner for N-rich LCV gases based on flameless 
combustion is proposed where NO-precursors can be reduced to N2 in a first 
substoichiometric region. CFD simulations were applied to investigate an appropriate design 
of an air-staged FLOX®-burner. Special emphasis is placed on the creation of a sufficient 
internal recirculation of flue gases required for flameless combustion. First results of CFD 
simulations are presented.  
 
1 INTRODUCTION 
The utilisation of biomass to produce bio-fuels and other bio-based materials in biorefineries 
is considered to grow steadily within the next years. These processes suffer oftentimes from 
the fact that the generated bio-residues can not furthermore be used internally due to their 
poor quality. The European project BIO-PRO [1] is aiming on overcoming this drawback by 
developing easy and robust technologies to convert the residues of the biorefinery processes 
to energy, thus allowing them to self-supply the required energy. The core activity of the 
project is to transfer new burner technologies, originally developed for natural gas, to burn 
LCV gas generated from biomass. One of these innovative burner technologies is the 
flameless oxidation. 
At the Institute of Process Engineering and Power Plant technology a new combustion system 
for solid residues is under development. In a first step solid bio-residues are gasified in a 



commercial fixed-bed gasifier and subsequent the hot LCV gases are directly burned in an 
adopted FLOX®-burner developed within the project.  
The presentation will give an overview of the test results with the new combustion system 
using four different bio-residues. The emission behaviour depending on different fuel 
qualities will be shown with special emphasis on the NOx formation process. In order to get a 
better understanding of the NOx conversion within the combined gasifier-FLOX®-burner-
system a detailed analysis of the produced LCV gas was carried out and will show the 
potential for NOx reduction. The applicability of an air-staged FLOX®-burner for nitrogen 
rich fuels was investigated by applying numerical simulations using a three-dimensional 
Computational Fluid Dynamics (CFD) program “AIOLOS”. First simulation results of the air-
staged burner will be presented.    
 
2 EXPERIMENTAL 
In the following section the test facility that was built-up for the experimental investigations is 
described. Different bio-residues are tested for the utilisation in the new combustion system.   
 
2.1 Test facility 
For the experimental investigations a 116 kW commercial dual-chamber furnace for wood 
chips was applied. For the utilisation of low-grade bio-residues the first chamber will be 
operated as a fixed-bed pre-gasifier and the subsequent combustion of the LCV gases shall be 
improved by the integration of a FLOX®-burner adapted to LCV gases. A detailed description 
of the originally test facility can be found in a previous publication [2]. According to the 
boundary conditions determined in preliminary tests a FLOX®-burner suitable for integration 
to the fixed-bed pre-gasifier was designed and the original burner was replaced (Figure 1). 
The FLOX®-burner was integrated in the flame pipe - the connection of pre-gasifier and 
boiler.  
 

    
Figure 1. Fixed-bed pre-gasifier with subsequent FLOX®-burner 

 
The developed FLOX®-burner is a multi-nozzle burner that consists of eight gas nozzles each 
with its own air supply. Due to limited accessibility the combustion air is supplied from the 
backside of the boiler. The air passes the double jacket of the burner and is thus pre-heated. 
The complete burn out of the LCV gas takes place in the cylindrical combustion chamber of 
the burner. The exhaust gases pass then both of the original combustion chambers before 
entering the water boiler system. 
 
 
2.2 Fuels 
Tests with the new developed FLOX®-burner were carried out with wood chips, rape cake 
pellets, wheat husks and wheat pellets (with 2 % limestone added). The characteristics of all 

FLOX®-burner 



tested fuels are given in Table 1. The four fuels differ mostly by their moisture, ash and 
nitrogen content. Rape cake pellets have the highest ash and nitrogen content, but also the 
highest heating value. Wheat husks and pellets have also a considerable amount of fuel-bond 
nitrogen, but only half of the amount that rape cake pellets have. The addition of limestone to 
wheat pellets is increasing the ash content, but prevents the ash slagging problems observed in 
the tests with wheat husks.    
 

Fuel  Wood  
chips 

Rape cake 
pellets 

Wheat  
husks 

Wheat pellets 
(+2 % limestone) 

Moisture wt-% (ar) 21.1 8.7 12.4 14.4 
Ash wt-% (ar)  0.2 5.4 2.6 3.7 
C wt-% (ar) 38.3 45.8 38.1 38.0 
H wt-% (ar)   5.1 7.5 8.6 6.2 
N wt-% (ar) < 0.3 4.7 2.0 2.1 
S wt-% (ar) < 0.3 0.5 < 0.3 < 0.3 
HU (LCV) MJ/kg (ar) 13.6 18.8 15.6 16.2 

Table 1. Composition of tested bio-residues 
 
2.3 Analyses 
During the tests exhaust gas was continuously sampled and analysed at the exit of the boiler 
with respect to O2, CO2, CO, NO, NO2 and NOx.  
For determination of LCV gas quality the produced gas from the pre-gasifier was sampled at 
the end of the pre-gasifier; directly in front of the FLOX®-burner by a gas probe. The gas was 
then cooled and the condensed water and tars removed. The LCV gas was analysed with 
respect to CO, CO2, CH4, H2 and O2. 
Furthermore the content of NH3, HCN and NO in the produced gas was determined to 
evaluate the conversion of fuel-nitrogen to NO-precursors (mainly NH3 and HCN) and to NO 
that is formed already in the pre-gasifier. For NO determination the gas was sampled via gas 
probe at the end of the pre-gasifier. The gas was then cooled and the condensed water and tars 
removed before entering the NO analyser. For NH3 and HCN determination the gas was again 
sampled via gas probe at the end of the pre-gasifier. The gas sampling pipe was as short as 
possible and insulated to prevent condensing of ammonia already in the sampling pipe. The 
gas was then lead to an ice bath with impinger bottles, where NH3 and HCN are solved in the 
corresponding solvent. A 0.01 M H2SO4 solution was used for NH3 determination and a 2.0 M 
NaOH solution for HCN determination. The gas flow was measured and controlled by a gas 
pump. The content of NH3 and HCN in the solutions was afterwards analysed in laboratory 
according to VDI 2461/2 and DIN 38406 E5. For each setting two (wheat pellets) or three 
(rape cake pellets) gas samples were collected. The content of NH3 and HCN is given as 
average value of the analysed samples. 
 
3 OPERATION EXPERIENCE WITH DIFFERENT BIO-RESIDUES 
 
3.1 State-of-art furnace 
Preliminary tests with the conventional dual-chamber furnace were carried out to assess the 
fuel flexibility of the state-of-art technology. The tested fuels are wood chips (reference fuel), 
residues of flour mills (wheat husks) and residues of oil mills (rape cake). For the combustion 
of wood chips under conventional operation conditions CO emission between 100 and 
150 mg/m3 (@ 13 % O2) and NOx emissions between 150 and 200 mg/m3 were observed 
(Figure 2). As soon as lambda in the pre-gasifier was reduced below 0.4 high CO emissions 
were observed. Changes of the primary air in the pre-gasifier were counterbalanced with 
adjustments of the secondary air to keep a constant overall lambda. With increase of 



secondary air the flame is extended and then quenched at the backside of the combustion 
chamber that results in high CO emissions.  
The tests with wheat husks have shown similar trends regarding CO emissions as in the 
previous tests with wood chips. At low lambda in the pre-gasifier the secondary air flow is 
increased and thus the flame is stretched and finally quenched. In Figure 2 CO and NOx 
emissions are shown for a lambda in the pre-gasifier of 0.7. Very low CO emissions (below 
30 mg/m3) can only be obtained at lambda higher than 1.0 in the pre-gasifier. Then the fuel is 
mostly oxidised in the pre-gasifier and the benefit of air-staging, NOx reduction, is lost. At 
all, the NOx emissions are higher due to higher N-content in the fuel than for the tested 
woody fuel. The NOx emissions varied between 320 and 510 mg/m3 depending on the CO 
level.  
The rape cake was used as received from the oil mills. However due to the small particle size 
the fuel bed on the grate of the pre-gasifier was very dense and the air did not homogeneously 
pass the fuel bed. Thus, the emissions of CO and hydrocarbons were very high and even soot 
were observed. A complete burnout was not established. It can be concluded that the rape 
cake in this shape can not be used in a fixed-bed gasifier. Further tests will be implemented 
with rape cake pressed as pellets. 
 
3.2 Combined system of pre-gasifier and FLOX®-burner 
A FLOX®-burner suitable for integration to the fixed-bed pre-gasifier was designed based on 
gas quality measurements that will be presented in the next section. The integrated multi-
nozzle is shown in Figure 1. 
Tests with the integrated FLOX®-burner were carried out with woods chips, wheat husks, 
wheat pellets and rape cake pellets. In Figure 2 the relation between CO and NOx emissions 
and excess oxygen content in the flue gas for wood chips is presented at a lambda in the pre-
gasifier of 0.4. The FLOX®-burner can be operated over a broad range of excess oxygen and 
down to 3 % excess oxygen (λ = 1.16) with very low CO emission before CO emissions 
increase significantly. This is a considerable improvement compared to the test results with 
the conventional dual-chamber furnace that is normally operated between 7 to 9 % excess 
oxygen and CO emissions in the range of 100 to 400 mg/m3 (Figure 2).  
 

wood chips

0
100
200
300
400
500
600
700
800
900

1000

1 3 5 7 9 11 13
Excess oxygen in %

C
O

, N
O

x 
in

 m
g/

m
3  (@

 1
3 

%
 O

2)

CO-Flame: ~ 200 mg/m3 NOx-Flame: ~ 200 mg/m3
CO-FLOX: ~ 30 mg/m3 NOx-FLOX: ~ 150 mg/m3

 
Figure 2. Comparison of CO and NOx emissions for conventional dual-chamber furnace 

and new system with integrated FLOX®-burner using wood chips 
The influence of excess oxygen on NOx emissions is marginal. NOx emissions for the tests 
with the new system are slightly lower than the ones observed during the tests with the 
conventional dual-chamber furnace.   
During the tests with wheat husks also a very good burnout was achieved and CO emissions 
were again at a low level (below 20 mg/m3). NOx emissions depend on the lambda in the pre-



gasifier. At lambda higher than 0.5 NOx emissions were at a low level, between 480 and 
550 mg/m3 (at 13 % O2), considering the N-content of 2.0 % in the fuel. Higher NOx 
emissions (between 880 and 1000 mg/m3) were measured when the pre-gasifier is operated at 
lower lambda. In Figure 3 CO and NOx emissions for wheat husks combustion applying the 
conventional dual-chamber furnace and the new system with integrated FLOX®-burner are 
compared. Similar to the results with wood chips the new system can be operated over a broad 
range of excess oxygen and down to 4 vol.-% excess oxygen without a significant increase of 
CO emissions. CO emissions using the state-of-art technology are at a higher level over the 
entire operation range and increase at excess oxygen contents lower than 7 vol-%. 
Furthermore, it has to be mentioned that even at constant operation conditions the excess 
oxygen varied in a broad range (2.5 to 12 vol.-%). Still, the burner can handle the changing 
gas composition and the burn-out of the LCV gas can still be complete. The changing LCV 
gas composition is probably caused by fluctuations in the pre-gasification step. Reasons for 
that are both the small fuel particle sizes and generated ash slagging on the grate that creates a 
very dense fuel bed influencing the air penetration through the fuel. Further tests were 
conducted with wheat pellets that contain 2 wt.-% limestone to prevent ash slagging on the 
grate. While on one hand a broad operation range, a better burnout of the gases and thus lower 
CO emissions are achieved applying the new system the NOx emissions are on the other hand 
raised by about 50 %.  
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Figure 3. Comparison of CO and NOx emissions for conventional dual-chamber furnace 

and new system with integrated FLOX®-burner using wheat husks 
 
Similar results are obtained for the tests with wheat pellets, but the ash slagging on the grate 
was prevented and thus a more stable operation was achieved. NOx emissions were at a 
slightly higher level (600 to 800 mg/m3) obviously due to the higher nitrogen content in fuel. 
The fourth tested fuel is rape cake, but now pressed to pellets. Remarkable again is the broad 
range of operation of the new system from 1.17 to 1.7 (3 to 9 % O2) at very low CO emissions 
down to less than 10 mg/m3 (at 13 % O2). Higher NOx emissions were measured once more 
when the pre-gasifier is operated at lower lamda. Obviously, the lower the lambda in the pre-
gasifier is the higher the NOx emission. Or in other words, the more the oxidation reactions 
are shifted to the FLOX®-burner the better the N-conversion to NOx due to the good mixing 
and oxidation conditions in the burner.  
Table 2 summarises the emission levels and operation limits that can be achieved with the 
state-of-art technology and the new system with integrated FLOX®-burner for the tested bio-
residues. 
 



Flame FLOX Flame FLOX Flame FLOX

wood chips ~ 200 < 30 ~ 200 100 - 150 7 3

rape cake 
pellets n.o. < 30 n.o. 800 - 950 n.o. 3 - 4

wheat husks * 100 - 200 < 30 350 500 - 600 7 3 - 4

wheat pellets
(2 % limestone) n.t. < 30 n.t. 600 - 800 n.t. 4

CO in mg/m3 Excess oxygen 
(lower limit) in vol-%NOx in mg/m3

Fuel

 
*     – slagging problems 
n.o. – operation not possible 
n.t.  – not tested 

Table 2. Overview of CO and NOx emissions for conventional dual-chamber furnace 
and new system with integrated FLOX®-burner 

 
4 CHARACTERISATION OF LCV GAS 
The experimental investigations with the new combustion system for low grade bio-residues 
have shown that due to the perfect mixing in the FLOX®-burner, CO emissions can be 
decreased significantly. Moreover, this can be achieved with very low oxygen concentrations 
in the flue gas. Still, higher emissions of NOx were measured while burning nitrogen rich 
fuels in FLOX®-burners when compared to classical flame burners.  
A detailed characterisation of the LCV gas was carried out to determine the quality of the 
generated gas and to evaluate the influence of the FLOX®-burner on the emission results. In a 
first step the LCV gases generated from wood chips, rape cake pellets and wheat pellets were 
analysed regarding to H2, CH4, O2, CO2 and CO at different lambda in the pre-gasifier. 
Table 3 gives an overview of the measured gas composition and the thus calculated heating 
values of the LCV gases.    
 

Fuel wood chips rape cake pellets wheat pellets 
λpre-gasifier 0.5 0.7 0.9 0.7 0.9 1.2 0.8 0.9 1.1 
          

H2 vol-% 2.4 2.3 1.4 3.4 1.2 2.8 3.2 2.1 1.7 
CH4 vol-% 0.5 0.6 0.4 1.5 0.6 1.5 1.2 0.9 0.5 
O2 vol-% 3.1 3.2 2.0 1.9 1.1 0.9 2.1 0.5 2.5 

CO2  vol-% 14.8 15.1 17.0 13.3 15.6 14.5 15.4 17.2 15.5 
CO  vol-% 5.2 5.0 3.3 6.7 3.3 6.2 5.5 4.5 4.0 

           
HU (LCV) MJ/m3 1.2 1.1 0.8 1.9 0.8 1.7 1.6 1.2 0.9 

Table 3. Gas concentrations and heating values of LCV gases generated  
from the test fuels 

 
For all tested fuels the generated LCV gas is of poor quality and the heating value is below 
2 MJ/m3. With decreasing lambda in the pre-gasifier the gas quality is slightly improved 
except for the tests with rape cake pellets. Lowest heating values are measured for wood chips 
(0.8-1.2 MJ/m3) and the highest ones for rape cake pellets (0.8-1.9 MJ/m3). Oxygen 
concentrations are always on a high level even at substoichiometric conditions. On the other 
hand incomplete combustion was observed even in excess of stoichiometry and unburned 
compounds were measured even under superstoichiometric conditions (λ>1). This indicates 
that the local conditions differ a lot from the global lambda due to insufficient mixing of air 



and fuel in the pre-gasifier. A better mixing of air and fuel will enhance the gas quality 
enormously.  
Furthermore, it has to be mentioned that the gas composition is measured only at a single 
point in the pre-gasifier and it can be assumed that the gas composition also vary both in 
vertical as in horizontal profile. Still, the FLOX®-burner was able to burn the LCV gases 
despite its changing composition and low heating value during all tests. 
Due to the high oxygen concentrations in the generated LCV gas it is likely that NO-
precursors (mainly NH3, HCN) formed during the gasification are already converted to NO in 
the pre-gasifier before entering the FLOX®-burner. Therefore, further analyses were carried 
out to assess the influence of the FLOX®-burner on the NO formation process for nitrogen 
rich bio-residues. Additional tests with wheat pellets and rape cake pellets were conducted in 
order to evaluate the degree of NO formation in the pre-gasifier. In Figure 4 the 
concentrations of NH3, HCN and NO measured in the LCV gases generated in the pre-gasifier 
at different equivalence ratios are presented.   
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Figure 4. N-compounds in LCV gas generated in pre-gasifier using wheat husks and 

rape cake pellets 
 

In the tests with wheat pellets concentrations of NH3 and HCN up to 1280 and 970 mg/m3 
were measured, respectively. Due to the higher nitrogen content in rape cake pellets the 
concentrations of NO-precursors were higher and up to 6500 mg/m3 (NH3) and 4590 mg/m3 
(HCN). NO is already formed to some extend in the pre-gasifier and concentrations between 
110 and 420 mg/m3 were measured. It is obviously that the amount of NO-precursors is 
correlated to the amount of NO present in the gas. In gases with a high content of NO the 
concentration of NH3 and HCN is low. Here, a higher rate of NO-precursors is already 
converted to NO. Normally higher NH3 and HCN concentrations shall be found in gases 
generated in the pre-gasifier at low lambda. Even though the highest NO-precursor 
concentrations were detected in the LCV gas generated at λ = 1.0 (wheat pellets) and λ = 1.2 
(rape cake pellets). Here, it is proven again, that lambda represents only the global conditions 
in the pre-gasifier, but local conditions in the pre-gasifier are of particular importance for the 
quality of the gas including the nitrogen conversion.  
 
5 CFD-MODELING OF THE AIR - STAGED FLOX-FLOX BURNER  
Detailed investigation of the product gas from the gasifier showed very high concentrations of 
NOx precursors such as NH3 and HCN as well as high concentrations of NOx already created 



in the gasifier. These compounds can be reduced to N2 in substoichiometric regions created in 
the burner. Such regions can be generated through air staging. Therefore, the further 
development of FLOX®-burners for LCV gases is focused on staged burners. There are three 
types of staged burners which are feasible [3]. In the case of Flame-FLOX-type burners, a 
mixing chamber is installed before the FLOX-combustion chamber which shall ensure more 
defined reducing conditions. The second feasible type is FLOX-Flame burner. The FLOX part 
of the burner will be operated substechiometric, thus providing perfect mixing and good 
reduction conditions. In the downstream part of the burner additional secondary air will be 
added to ensure a complete burnout. However, the FLOX-FLOX burner should result in the 
best operating conditions. This combination should not only ensure the best reducing 
conditions in the first substoichiometric zone but also excellent mixing and complete 
combustion in the second oxidation zone of the burner [3]. Therefore only the FLOX-FLOX 
combination has been investigated and will be presented in the following. To support the 
development process of such two-stage burners, CFD modelling was carried out. All 
presented numerical simulations were performed using the program ‘AIOLOS’ [4]. 
 
5.1 Code description 
The code is based on a conservative finite-volume formulation, using a standard k-ε model for 
turbulence. The interaction of turbulence and chemistry is modelled using Eddy Dissipation 
Concept (EDC). The chemistry used in AIOLOS is based on a set of global reaction 
mechanisms. The radiative heat transfer is calculated by the discrete-ordinates method. More 
detailed information about the program code is available in [4, 5]. 
It has to be noted that in the case of flameless combustion, usage of such simplified chemistry 
models lead to the local overestimation of temperature. The prediction of CO concentration is 
also not sufficient [6]. However, such numerical modelling can be use as a tool to solve the 
main technical problems concerning the flow and combustion-related stability problems. 
 
5.2 Burner design and boundary conditions  
As mentioned above, in the case of FLOX-FLOX air-staged burner, there are two zones 
working with internal flue gas recirculation. Nevertheless, such construction requires that 
enough air can be injected to generate sufficient mixing and flue gas recirculation in both 
zones. It has to be taken into account that this burner is designed for LCV gases combustion. 
It means that the required amount of air might exceed the amount needed to complete 
combustion. The better the quality of gas, the more air can be use to force the recirculation, 
and the better reduction and oxidation in the burner. Therefore, geometry of such burner has 
to be optimized to ensure good conditions in both mixing zones with a limited amount of air. 
Moreover, these zones have to be separated from each other in order to avoid sucking of the 
oxygen rich gaseous mixture from the oxidation zone to the reduction zone.  
In the first modelling step, a simple air-staged burner design was modelled. The 3-D cross 
section of this burner in presented in Figure 5. This design is based on the original, multi-
nozzle single staged construction.  
 



Figure 5. Air-staged FLOX-FLOX burner Figure 6. Air-staged FLOX-FLOX burner 
with orifice 

The hot product gas generated in the gasifier is fed through the large circular nozzles. Air is 
injected in two stages: via eight nozzles in the front and via four in the middle of the burner. 
The secondary air nozzles are placed 30 cm downstream from the gas nozzle plate. The 
boundary conditions are presented in the Table 4. 
 
 Flow rate 

(kg/h) 
Temperature 

(°C) 
Composition 

(wt. %) 

Product gas 86.3 900 

CH4 – 3.7 
H2  – 0.2 
CO – 5.2 
CO2 – 24 
H2O – 9.2 
O2 – 1.5 

N2 – 56.2 

Total air 106.5 Primary Air – 600 
Secondary Air – 300 Dry Air 

Table 4. Boundary conditions 

The total flows of air and product gas as well as temperatures were assumed to be constant. 
The influence of lambda in the reduction zone on internal recirculation was investigated (λ 

red=0.6, λ red=0.8, λ red=1).It has to be noted, that lambda in the burner is related to the product 
gas coming from the gasifier. 
In the second step of modelling, different geometry variations were modelled. All cases were 
calculated assuming λred=0.8 in the reduction zone. At first, the angle of secondary air 
injection was changed. After that, the design with the orifice between the first and second 
zone was modelled. The orifice is placed directly before the secondary air nozzles (Figure 6).  
Finally, modelling of the burner without secondary air was carried out with thus the total 
lambda is equal to the lambda in the first stage of the burner (λ red= λ tot=0.8). The last 
modelling result provides information about flue gas recirculation in the first zone without 
disturbance caused through the secondary air injection.  
 
5.3 Modelling results and discussion 
Influence of equivalence ratio on recirculation. Three different cases with λ = 0.6, 0.8 and 
1 in the reduction zone were modelled. The total amount of air has been assumed to be 
constant. This results in an oxygen level of about 5 vol-% in dry flue gas.  
It means, the more air injected in the first section of the burner, the less amount of air is 
injected in the second section. In order to better describe the recirculation the parameter Local 
Recirculation rate (LR) has been introduced. This rate is calculated as a ratio between the 
mass flowing through the specified cross-section in the opposite direction to the main stream 
( recm& ) and the total mass flow of fuel ( fuelm& ) and primary air ( PAm& ) introduced into the 
burner.  
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Figure 7 shows the local recirculation rate in the substoichiometric zone for the first four 
modelled cases. The results show that the recirculation strongly depends on air distribution 
between primary and secondary stage. Decreasing the lambda in the first part of the burner to 
ensure good reducing conditions forces the recirculation zone to move to the vicinity of the 
secondary air injection. This causes sucking of the secondary air into the region where 



substoichiometric conditions should be achieved. On the other hand, increasing lambda in the 
first zone forces the recirculation zone in the direction of the gas nozzles, decreasing the 
amount of the secondary air transferred to the reduction zone. However, the effect of 
reduction decreases also because of the larger amount of injected primary air. In the Figure 9 
and Figure 11 the velocity field has been presented with the help of two perpendicular 
surfaces. To better show the recirculation isosurface with an isovalue of -8 m/s has been used. 
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Figure 7. Local recirculation rate along the 

burner – lambda variation 

 
It has to be noted, that using the proposed design, problems with mixing and cold areas 
(Figure 8 and Figure 10) in the secondary part of the burner can occur. With this geometry, 
sufficient recirculation in the second zone cannot be achieved.  
 

Figure 8. Temperature field; λred=0.8 Figure 9. Velocity field; λred=0.8;       
Isosurface -8 m/s  

Figure 10. Temperature field; λred=1 

 
Figure 11. Velocity field; λred=1;  

Isosurface -8 m/s 

 
Geometry variation. In order to obtain better separation of first and second zone as well as to 
minimize mixing problems, two other geometry settings have been modelled. Lambda in the 



first stage of the burner has been assumed to be 0.8. In the first case, the angle of secondary 
air injection has been changed from 90º to 45º. This results in good separation between the 
two stages. In Figure 12, local recirculation rate as a function of distance has been presented. 
It shows that for air injection with 45º, there is no recirculation in the vicinity of secondary air 
injection. Figure 9 shows that the recirculation zone has been moved in the direction of the 
gas nozzles. Unfortunately, the change of the angle has not minimized problems with the 
mixing in the second stage of the burner. To achieve stronger recirculation in the second 
stage, the geometry with an orifice has been designed (Figure 6). The results of numerical 
modelling show that in this case the recirculation generated in the first stage is a little bit 
weaker then in the other modelled cases. However, it is possible to achieve much better 
mixing conditions in the second stage. This geometry seems to be the best of those that have 
been tested. 
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Figure 12. Local recirculation rate along the 

burner – geometry variation 

Figure 13. Temperature field; Geometry 
with the secondary air injection of 45°; 

λred=0.8 

 

 
Figure 14. Velocity field; Geometry with the 

secondary air injection of 45°; λred=0.8; 
Isosurface -8 m/s 

 

 
Figure 15. Temperature field; Geometry 

with orifice;λred=0.8 

 

Figure 16. Velocity field; Geometry with 
orifice;λred=0.8; Isosurface -8 m/s 

 

 



6 CONCLUSIONS 
 
The integration of the FLOX®-burner brings several advantages compared to the 
configuration without the burner: 

- A better burnout of the LCV gases is reached by a better mixing of the gases within 
the combustion zone.    

- The burner can be operated at a low excess oxygen content that results in a higher 
efficiency compared to the original set-up. 

- The combustion chamber of the FLOX®-burner is much smaller due to the better 
mixing and burn-out of the LCV gases that reduce investment costs. 

 
Still one objective, the reduction of NOx emissions, is not achieved yet. Although there is less 
experience with the combustion of residues of flour and oil mills NOx emissions are still on 
an unacceptable high level. The tests have shown that an unstaged FLOX-burner indeed 
reduces thermal NOx emissions but the conversion of fuel nitrogen is even enhanced by the 
conditions within the FLOX-burner. For that a further NOx reduction technology has to be 
applied when fuel-N rich fuels are burned. The analysis of the LCV gas showed very high 
concentrations of NO-precursors such as NH3 and HCN as well as high concentrations of NO 
already created in the gasifier. These compounds can be reduced to N2 in substoichiometric 
regions created in the burner. Such regions can be generated by air staging. Therefore, the 
further development of FLOX®-burners for LCV gases is focused on staged burners. An air-
staged FLOX-FLOX burner is proposed and numerical simulations using the code “AIOLOS” 
were carried out to investigate the design of such a staged burner. A staged FLOX®-burner 
should not only ensure the best reducing conditions in the first substoichiometric zone, but 
also excellent mixing and complete combustion in the second oxidation zone of the burner. 
The influence of equivalence ratio on recirculation within the burner was investigated. To 
optimize the recirculation, modelling of two other geometry variations was conducted. The 
results show that recirculation strongly depends on air distribution between the two stages in 
the burner. Sucking of secondary air into the primary zone can occur when decreasing lambda 
in the first stage of the burner, Moreover, using the design without an orifice between the 
stages, mixing in the second stage is not sufficient. To minimize these problems other 
geometry designs were proposed. The geometry with the orifice between the two stages 
provides the best stability, mixing conditions as well as good recirculation in both stages.  
 
ACKNOWLEDGMENTS 
 
The research activities were funded by the European Commission within the 6th 
framework programme under contract number SES6-CT-2003-502812. Sincere 
thanks are given. 
 
REFERENCES 
 
[1] www.eu-projects.de 
 
[2] Schuster A., Berger R., Scheffknecht G., Utilisation of Solid Bio-Residues in a New 
Combustion System Applying Flameless Oxidation, 14th European Biomass Conference & 
Exhibition, Paris (France), 2005  
 
[3] Berger R., Golec T., Schuster A., New Burner Systems for Low Calorific Value Gases 
Integrated with Pre-Gasifiers, 10th International Conference on Boiler Technology, Prace 
IMiUE Politechniki Slaskiej, 2006  
 
[4] Schnell U., Progress in computational fluid dynamics, 1(4):208-218, 2001  
 



[5] Foertsch D., A Kinetic Model of Pulverised Coal Combustion for Computational Fluid 
Dynamics, Ph.D. thesis, IVD, Universität Stuttgart, 2002 
 
[6] Kim, J.P.; Schnell, U.; Scheffknecht, G.: Numerical Modelling of Flameless Combustion 
for Natural Gas. 7th European Conference on Industrial Furnaces Boilers (INFUB), Oporto 
(Portugal), 2006, paper #79 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


