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Abstract. Biomass gasification can be an interesting solution for the energy production to fight 

global warming and the environment pollution. The flare apparatus is an essential component 

of gasification systems, but considering small scale ones, it is often quite simple and not very 

optimized. A way to minimize the NOx production during the combustion is recirculating the 

flue gas into the flames, making the combustion zone cold and inhibiting the nitrogen oxides 

formation. In this work different flare designs were numerically evaluated through 

OpenFOAM software to find the best flare shape that can guarantee the flue gas recirculation. 

Simulations results were verified building and testing a flare with an optimized geometry for a 

small-scale gasification system. Numerical simulation and experimental tests shown that it can 

be possible to design a simple flare for syngas combustion that guarantee low combustion 

temperature through flue gas recirculation. 

1.  Introduction 

 

Gasification is a very promising way to produce energy through renewable sources like wood 

wastes and agricultural residues [1]. Through this process, a gaseous fuel known as syngas is produced 

[2]. Syngas is composed of a mixture of H2, CO, CO2, CH4, H2O and N2 [3] and it can be used in 

Internal Combustion (IC) engines for energy production [3]. However, syngas can also be burnt in a 

flare to produce heat with emissions lower than to biomass combustion.   

The design of small-scale gasification systems flares is often quite simple and not really optimized for 

a clean combustion, in fact they are used only during the start-up of the gasifier. Considering that 

nitrogen oxides formation increases exponentially with temperature [3], flue gas recirculation can 

lower the emission of syngas combustion [4]. In special condition, where the flame front is avoided 

mixing together fuel and air with entrained recirculated combustion products, flameless combustion 

can be achieved [5]. This kind of combustion is very efficient and ensure very low NOx emissions [5]. 

The aim of this work is to find a very simple flare design that can allow flue gas recirculation that can 

be applied in small scale gasification systems. 

First, various CFD simulations were carried out with OpenFOAM, using as a starting point the 

tutorial smallPoolFire2D to identify possible combustion chamber geometries to test. Once a couple of 

promising geometries were identified, a combustion chamber test – bench was designed and built. The 

syngas generated by an All Power Labs PP30 gasifier [6] was used to provide the gas. Nine K – type 
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thermocouples were used to measure the temperature trends inside the chamber to understand the 

behavior of the flame.  

2.  Material and methods 

2.1 CFD analysis  

First, a batch of CFD analyses were performed through the open source CFD toolbox OpenFOAM. 

The smallPoolFire2D tutorial was modified and used for the simulations. It is a 2D domain where 

methane is supplied through a small opening at the bottom face [7]. The boundary conditions of the 

top, bottom and lateral faces were patch type while front and back were empty type being a 2D 

simulation. The solver used was fireFOAM, it is a code developed to solve Large Eddy Simulation 

(LES) of fire plumes [8] through the kEqn model (one equation Eddy-Viscosity model [9]). The fuel 

of the combustion simulation was methane, that is just one of the various components of syngas. 

However, it was chosen to not vary the gas composition in this first study.  

 

2.1.1 First geometry  

The first combustion chamber geometry tested was the tutorial domain as it is, varying only the 

CH4 inlet velocity, inlet dimension, the dimension of the domain and the number of cells of the mesh. 

Considering that the volume flow of the flue gas produced with methane combustion is about 6.1 

times higher compared to the syngas one, it was assumed that the methane volume flow should be 6.1 

lower compared to the syngas one. It is important to underline that the interest is on the behavior of the 

flames rather than the energy comparison between the two fuels. A possible syngas flow during the 

start-up phase can be 3.8 m3/h, and considering an inlet dimension with a 5 cm diameter, the syngas 

velocity would be 0.53 m/s, therefore the methane velocity was set to 0.087 m/s. As said before, the 

inlet dimension was set to 5 cm to represent the 1 ½ inches pipe used in the experimental test. The 

dimensions of the domain were set to 30 cm base and 30 cm height, in order to have something 

compact and easy to build for the experimental tests. This first simulation was carried out to compare 

this domain, with only minor modifications, to other geometries that aim to recirculation. Three 

different mesh subdivisions with 2500, 10000 and 40000 cells (Figure 1) were tested to investigate the 

mesh sensitivity. 

 

 

 

 

 

 

 

 

 

 

Figure1. 1st geometry 

tested with three different 

mesh generations 

 

The temperature trend was evaluated considering 9 cells of the mesh and the maximum temperature of 

the domain. The position of these cells was the same for all the simulations performed in this work. In 

Figure 2 it is possible to see their position and how they were labelled. 
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Figure 2. Cells 

position and 

labelling for 

temperature trend 

 

The time of the simulation was set for 5 seconds and the residues were logged. In particular, the 

residues of the velocity in the x and y direction (Ux and Uy) and the heat transfer coefficient one (h). 

 

2.1.2 Second and third geometry 

The aim of second and third geometry simulated was to promote the flue gas recirculation. The 

modification for the second geometry was the addition of wall type faces in the upper part of the 

domain and in the two sides (Figure 3). Even for this geometry three mesh subdivisions were tested, 

with 1584, 6336 and 25344 cells respectively.  

Unlike the second one, for the third geometry the upper wall added in the domain was not flat but 

curved, and there were two outlets instead of one (Figure 3). Three mesh subdivision were tested with 

1680, 6720 and 26880 cells. 

 The temperatures were evaluated in the same position of the first geometry as well as the 

maximum temperature of the domain. Even in these case the same residues were logged. 

 

 

 

 

 

 

 

 

Figure 3. 2nd (left) and 3rd 

(right) geometries 

 

2.2 Combustion chamber design  

Once obtained the first promising results from the CFD analysis, a combustion chamber was design 

and built. The aim was to design something that can be easily changed in order to test different 

geometries. A box-shaped chamber was built in mild steel sheet, except for the front that was made in 

ceramic glass to visually inspect the flame behaviour during the tests. The housing for 16 

thermocouples was prepared and 9 K – type ones were positioned in the same position of the cells 

considered in the simulations, half a way between the front and the rear of the chamber. The 

dimensions of the combustion chamber were the same of the domain considered in the CFD 

simulation concerning base and height, while the depth was 23 cm (Figure 4).  
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Figure 4. Design and construction of the chamber 

 

With other 2 metal sheets, a flat and a curved one, that can be properly connected to the chamber 

through 2 threaded rods, it was possible to obtain a combustion chamber very similar to the second or 

to the third geometry.  

 

2.3 Experimental test  

The experimental tests were carried out burning the syngas produced with the Power Pallet 30 

gasifier. The gas was produced through the gasification of vine pruning pellets. A 1 ½ inches pipe was 

placed just below the combustion chamber to propagate the flame inside it. 9 thermocouples and 2 

Pico Log Recorders were used to measure the temperature in the 9 points of the combustion chamber 

considered in the numerical simulations, with the highest frequency possible for the instrument, about 

64 Hz. All three geometries were tested for more than ten minutes (Figure 5). After the tests the data 

have been processed and analysed 

 

 

 

 

 

 

 

Figure 5. Syngas 

combustion tests in 

the three geometries 

 

3.  Results 

 

3.1 CFD results - First geometry 

In Figure 6 an image of the temperature distribution in the first geometry at time 5.0 s for each 

mesh subdivision is shown.  

 

 
Figure 6. Temperature across the domain for 2500, 10000 and 40000 cells meshes – 1st geometry 
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Table 1 shows the average temperatures over time of the 9 cells considered in the meshes, the 

average maximum temperature over time in the domain, and the global mean temperature of the 

domain at time 5.0 s.  

 

Table 1. Average temperatures in the 2500, 10000 and 40000 cells meshes – 1st geometry 

Mesh 

[cells] 

1 

T [K] 

2  

T [K] 

3 

T [K] 

4 

T [K] 

5 

T [K] 

6 

T [K] 

7 

T [K] 

8 

T [K] 

9 

T [K] 

Max 

T [K] 

Global 

mean T 

5.0 s [K] 

2500  303 954  303  304  1177  304  1283  307  309  1684  448  

10000  303  760 303  304  994  304  1153  305 306 1820 447 

40000 303 659 303 303 925 303 1207 305 382 1910 447 

 

It is possible to see that the maximum temperature inside the domain was higher for the domains 

with more cells while the global mean temperature was quite constant. In all 3 cases the temperatures 

in the cells 2, 5 and 7, that are the central ones (Figure 2), are much higher compared to the others.  

Figure 7 shows the temperature trend over time inside the 40000 cells domain. 

 

 

 

 

 

 

 

 

 

Figure 7. 

Temperature 

trend of the 

40000 cells 

mesh – 1st 

geometry 

 

The residues for all the meshes subdivisions had a decreasing trend that became stable, and they 

were smaller in the simulation with the highest number of cells. 

 

3.2 CFD results – Second geometry  

In Figure 8 an image of the temperature distribution in the second geometry at time 5.0 s for each 

mesh subdivision is shown. 

 

 
Figure 8. Temperature across the domain for 1584, 6336 and 25344 cells meshes – 2nd geometry 
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Table 2 shows the average temperatures over time of the 9 cells considered in the meshes, the 

average maximum temperature over time in the domain and the global mean temperature of the 

domain at time 5.0 s.  

 

Table 2. Average temperatures in the 1584, 6336 and 25344 cells meshes – 2nd geometry 

Mesh 

[cells] 

1 

T [K] 

2 

T [K] 

3 

T [K] 

4 

T [K] 

5 

T [K] 

6 

T [K] 

7 

T [K] 

8 

T [K] 

9 

T [K] 

Max 

T [K] 

Global 

mean T 

5.0 s [K] 

1584 981 911 1028 1004 955 1087 1118 960 962 1870 895 

6336 887 931 1056 980 969 1061 1060 867 915 1866 830 

25344 886 932 1057 998 953 960 964 860 900 1883 800 

 

This time the temperatures in all the 9 cells considered were quite similar to one another, and this 

can also be seen in Figure 9 where their trends over time is plotted for the configuration with the 

highest number of cells (25344). The maximum temperature was higher comparing this second 

geometry to the first one concerning the two meshes with less cells while in the ones with more cells it 

was slightly lower for this second geometry. The global mean temperature was always higher in the 

second geometry compared to the first one. 

 

 

 

 

 

 

 

 

 

 

Figure 9. 

Temperature 

trend of the 

25344 cells 

mesh – 2nd 

geometry 

 

From Figure 9 it is possible to see that the temperatures in the middle of the domain decreased 

with time indicating that the flame front moved away from the initial position. Considering the domain 

with the highest number of cells, a higher global mean temperature and a lower peak temperature can 

indicate a more uniform combustion, that is useful to lower the emissions [5].  

Even in this case, the residues for all the three mesh subdivisions had decreasing trends that 

became stable after a certain number of steps, furthermore for the domain with the highest number of 

cells the residues became considerably smaller compared to the other two cases.  

 

3.3 CFD results – Third geometry  

In Figure 10 an image of the temperature distribution in the third geometry at time 5.0 s for each 

mesh subdivision is shown. 
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Figure 10. Temperature across the domain for 1680, 6720 and 26880 cells meshes – 3rd geometry  

 

Table 3 shows the average temperatures over time of the 9 cells considered in the meshes, the 

average maximum temperature over time in the domain, and the global mean temperature of the 

domain at time 5.0 s.  

 

Table 3. Average temperatures in the 1680, 6720 and 26880 cells meshes – 3rd geometry 

Mesh 

[cells] 

1 

T [K] 

2 

T [K] 

3 

T [K] 

4 

T [K] 

5 

T [K] 

6 

T [K] 

7 

T [K] 

8 

T [K] 

9 

T [K] 

Max 

T [K] 

Global 

mean T 

5.0 s [K] 

1680 1037 983 1017 1039 1030 1047 1022 962 1037 1640 810 

6720 964 884 958 993 1070 991 1048 1104 970 1786 824 

26880 1112 1143 1102 1054 1137 1070 1153 1187 1028 1943 930 

 

The cases with 1680 and 6720 cells were similar to the second geometry concerning the 

temperature trends, and from Figure 10 it is possible to see that the flame front was near to the two 

outlets. For the mesh with 26880 cells the situation was more unstable, like the flame front position. 

Both maximum and global mean temperature increased increasing the number of cells. Figure 11 

shows the temperature trend over time inside the 26880 cells domain. 

 

 

 

 

 

 

 

 

 

Figure 11. 

Temperature 

trend of the 

26880 cells 

mesh – 3rd 

geometry 

 

The residues for the mesh with 1680 and 6720 cells had decreasing trends especially after a certain 

number of steps while for the last one they increased again stabilizing on higher values, making the 

results obtained for this third geometry less reliable compared to the ones obtained for the first and the 

second one. 
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3.4 Experimental results – First geometry 

Figure 12 shows the 9 temperature trends logged through the thermocouples (TC) positioned in the 

combustion chamber during the test of the first geometry configuration. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Temperature trends logged through 

the 9 thermocouples – 1st geometry  

 

It is possible to see that the temperatures measured in the central part of the combustion chamber 

(TC 2, 6 and 7) were much higher than the others. In Table 4 the average of the measured 

temperatures are summarized. Unlike numerical simulation, it was not possible to know neither the 

highest temperature reached in the domain (in this case in the combustion chamber) nor the global 

mean temperature. However, the average temperature logged through the 9 thermocouple can be 

useful to compare the various configurations. 

 

Table 4. Average temperatures measured by the 9 thermocouples – 1st geometry 

TC n° 1 2 3 4 5 6 7 8 9 Average 

T [K] 381 923 392 383 891 444 783 342 691 581 

 

3.5 Experimental results – Second geometry  

Figure 13 shows the 9 temperatures logged through the thermocouples positioned in the 

combustion chamber during the test of the second geometry configuration. Even this time the three 

highest temperatures were the central ones but, unlike before, the difference between the highest and 

the lowest has been reduced both by the drop the highest temperatures and by the increasing of the 

lowest ones. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Temperature trend logged through the 

9 thermocouples – 2nd geometry 

 

In Table 5 the average of the measured temperatures are summarized. 

 

  Table 5. Average temperatures measured by the 9 thermocouples – 2nd geometry 

TC n° 1 2 3 4 5 6 7 8 9 Average 

T [K] 523 846 467 489 738 451 844 492 416 585 
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Even if the temperatures measured though the thermocouples were on average higher compared to 

the first geometry (585 K compared to 581 K), the highest temperatures measured in the first 

configuration (TC n° 2 and 5 in Table 4) were higher than the highest ones measured in the second 

geometry (TC n° 2 and 4 in Table 5). This can be a further indication of a more uniform combustion 

obtained in this second geometry. 

From Table 5 it is also possible to see that the temperatures were higher on the right side (TC n° 4, 

1 and 8) of the combustion chamber even if the outlet is on the left side (TC n° 9, 6 and 3).  

This could indicate that the flame tended to rotate to the right as shown in Figure 14, then went 

downward to the thermocouples 4 and 8, and finally went out passing near the TC 3 and 6.  

 

 

 

 

 

 

 

Figure 14. Combustion test in the 2nd geometry 

configuration 

 

3.6 Experimental results – Third geometry 

Figure 15 shows the 9 temperatures logged through the thermocouples positioned in the 

combustion chamber during the test of the third geometry configuration. Once again, the three highest 

temperatures were the central ones and, this time, the difference between the highest and the lowest 

temperatures is higher compared to the second geometry. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Temperature trends logged through 

the 9 thermocouples – 3rd geometry 

 

As is possible to see from Table 6 the average temperatures are highly symmetric considering the 

left and the right side of the combustion chamber (in Figure 2 it is possible to see that the position of 

TC number 6 and 3 were in the opposite side of TC number 4 and 1).  

 

Table 6. Average temperatures measured by the 9 thermocouples – 3rd geometry 

TC n° 1 2 3 4 5 6 7 8 9 Average 

T [K] 400 880 402 388 833 388 733 370 359 528 

 

Considering that the central part is the hottest but after that the thermocouples that measured the 

higher temperatures were the 3, 1, 6 and 4, and they were further away to the centre compared to the 9 

and 8 (Figure 2), an hypothesis is that the hot flue gas made a rotation that went around this last two 

thermocouples as shown in Figure 16.  
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Figure 16. Combustion test in the 3rd geometry 

configuration 

 

4.  Conclusions 

 

In conclusion, both CFD simulations and experimental tests has provided many clues about the 

possibility to make the flue gas recirculate through very simple changes in a combustion chamber like 

positioning a flat or a curved baffle. Especially the second geometry with the flat baffle has shown 

promising results in terms of temperature homogenisation, flame curvature and stability of the CFD 

simulation. The difference in absolute value between the measured temperatures and the calculated 

one was probably due to the different fuels considered (with different HHV) and the heat losses in the 

experimental tests. However the temperature trends of the numerical analysis and experimental tests 

were quite similar. A direct emission analysis of the combustion, together with the measurement of the 

thermal efficiency of the system can improve the understanding of flue gas recirculation phenomenon 

and its effectiveness, while the modelling of the combustion of syngas with the addition of heat losses 

can improve the numerical analysis. 
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