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The treatment of protein waste in the leather industry also includes transfor-
mation into biogas through anaerobic digestion. A pilot plant producing biogas 
with a 45-60% CH4 concentration was designed for this purpose. Starting from 
primary experimental tests in a Bunsen burner, the paper presents the theoretical 
aspects of choosing the best combustion technique for this peculiar gaseous fuel 
in order to calculate the combustion velocity and checking the conditions for the 
flame stability. The applicability of the kinetic combustion (with pre-mix) will be 
attempted, because low combustion rates for this fuel also involve low air veloci-
ties. Diffusive combustion seems to not be affected by this impediment, as there is 
always an equality condition of flame velocity with burning speed, so a theoreti-
cal spot of a stable flame. After selecting the best combustion technique, a pilot 
burner will be designed and tested. 
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Introduction 

The researches performed in the frame of a project [1] in order to neutralize the 

waste from tannery industry were focused on two main directions: 

– combustion of animal fat in mixture with liquid fossil fuels, and 

– anaerobic digestion of the protein with biogas generation. 

The initial condition was the design and operation of a pilot digester with a discon-

tinuous biogas generation rate. The biogas with a low calorific value (LCV) of  

16300-21500 kJ/mN
3
 was captured and stored, in order to be successfully burned in a Bunsen 

burner.  

This paper purpose is to analyse the theoretical conditions and to present the results 

of biogas combustion. Due to the fact that the biogas resulted was in very small amount, 

without pressurized storage, the adopted solution was to use some similar gas compositions 

prepared by a specialised company. In papers [2-5] are presented biogas compositions with a 

CH4 weight of about 55% and a CO2 weight of 45%, similar to those obtained by anaerobic 
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digestion of the animal proteins from tannery industry. Even at vegetal biomass anaerobic di-

gestion the CH4 was in the range of 30-65%, the N2 in the range of 2-17%, while the CO2 was 

the rest. 

Characteristics of biogas combustion 

The massive CO2 fuel content leads to a decrease of the average temperature level of 

the flame. This fact contributes to the decrease of about 30% of the activation energy that will 

allow a more important role of the active reaction centres represented by the dissociation ele-

ments. 

The first step of combustion is represented by following set of equations [6-8]: 

 CH4 + OH   CH3 + H2O 

 CH4 +H   CH3 + H2 

 CH4 + O   CH3 + OH 

 H + O2   OH + O 

 H2 + O   OH +H (1) 

Final step generates last combustion products [9]: 

 CH3 + O2   CO + H2O 

 H2CO + OH   HCO + H2O 

 CO + OH   CO2 + H (2) 

Before the first set of reaction, due to the high CO2 concentration of the biogas, 

there is a presence of a conductivity heating zone, a chemically inactive area highlighted by 

the lack of specific luminosity of combustion. The size of this area depends directly on the 

concentration of the neutral CO2 component. This chemically inactive area prefigures the ini-

tiation of ignition, and its excessive size disrupts both the ignition process and the flame prop-

agation velocity. 

The combustion dynamics changes spatially the fuel/air ratio so that the theoretical 

combustion rate in the stoichiometric concentration range remains only as a reference. For 

fuels rich in neutral gas (CO2, N2), where the flame initiation is disturbed, and the combustion 

rate will also suffer sensible decreases. 

Biogas obtained through anaerobic digestions of animal proteins is fundamentally 

different from other low calorific gaseous fuels. The mentioned composition shows the ab-

sence of CO, which is dominant together to N2 in the syngas obtained through solid fuels gas-

ification [10-12].  

The composition of the biogas was the following [13, 14]: CH4 = 40-65%,  

CO2 = 28-56%, N2 = 3-6%, H2 = 1-2%. This composition is defined by the ratio CH4/CO2, 

that, in this case, was in the range 0.7-2.32, while LCV was around 14400-21550 kJ/mN
3
.  

Before starting the theoretical and experimental analysis of biogas combustion, we 

compared the quality of this gas with a syngas obtained several years ago [13] by coal gasifi-

cation. Its compositions is: CO2 = 7.8-10.3%, CmHn = 0.1-0.3%, CH4 = 2.5-3%,  

CO = 22-24%, H2 = 13-18.3%, N2 = 46.7-51.6%, while the LCV was in the range  

5340-6038 kJ/mN
3
. The purpose of this comparison is to emphasize the presence of H2 and 
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CO previously mentioned, referring to its higher combustion rate. For this operation, the gasi-

fier was of Lurgi type, and the burner was conceived for diffusive combustion, with axial 

slots for gas and swirled nozzles for air. 

The real combustion rate, 
*
LS  [ms

–1
], is corrected [14, 15] in relation to those result-

ed according to combustible elements SL, because of diffusion of N2 and CO2: 

  *
2 21 0.01N 0.012COL LS S    (3) 

It is possible to admit that the massive presence of CO2 in generated biogas repre-

sents a particular case. In fig. 1 is shown the links between the ratio CH4/CO2 and the relative 

combustion rate 
* /LS S  and the LCV. 

 

Figure 1. Biogas energy characteristics vs. CH4/CO2 ratio 

In order to achieve the kinetic combustion, a stability condition is imposed by the 

low of combustion cone development [14]: 

 *

2 2
L

R
S u

R h



 (4) 

where u [ms
–1

] is the flowing velocity, R [m] – the radius of flow section, and h [m] – the 

flame height. 

When the combustion rate 
*
LS  decreases, it should decrease also the flow velocity or 

the channel section. While the air-flow rate, Va [m
3
s

–1
], is imposed by the combustion stoichi-

ometry, the problem can be solved dividing the flow through many channels: 

 2
a πV R u  (5) 

The parabolic profile of the flow velocity is given by: 

 
*dd

d d

L

r R r R

Su

r r 

  
   

   
 (6) 

Non-swirled diffusive combustion imposes a stability condition much easier to 

achieve [14]: 
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 um ≤ ST (7) 

where um [ms
–1

] is the velocity in the middle of the jet, while ST [ms
–1

] represents the combus-

tion rate in turbulent flows: 

 
* –2 0.26 0.24

00.18 ( 10 ) ReT LS S d   (8) 

According to the distance x [m] from the flow section of diameter, d0, for a jet with 

initial exit velocity, u0, and the structure coefficient, a, the central velocity will be: 

 0
m

0

0.96

2
0.29

u
u

ax

d





 (9) 

Combining eqs. (8) and (9), the maximal distance for the flame stability has been re-

vealed: 

 
0.75 –0.24
0

0

Re
4.07 – 0.29

d
x d

a
  (10) 

Experimental tests 

Methodology 

Due to the fact that the quantity of biogas generated by the mentioned digester was 

too small (an average value of 0.03 mN
3
/h with large temporal fluctuations) it was impossible 

to use this gas for complex combustion experiments. In previous researches [15, 16] the col-

lective who built the anaerobic digester has determined by mean of a chromatograph analyser 

the gas composition previously mentioned.  

Taking into account that the average flow of the test burners used by us for gas 

combustion is about 0.7-2.0 mN
3
/h, we could not use the biogas generated by the digester and 

we ordered to Linde Gas, Romania to prepare three compositions of combustible gas, similar 

to the dispersion of biogas generated by the pilot anaerobic digester. The three qualities of gas 

were bottled in three cylindrical tanks, tab. 1. 

Table 1. Composition of the three test gas 

Quality/composition CH4 [%] CO2 [%] H2 [%] N2 [%] 
LCV 

[kJm–3N–1] 

Gas I * 52 45 1 2 18700 

Gas II 60 32 1 7 21550 

Gas III 40 56 1 3 14400 

* Gas I represent the average quality 

The tests were performed on an experimental stand for the determination of combus-

tion characteristics of gaseous fuels, located in the Department of Technical Thermodynamics, 

Engines, Thermal and Refrigeration Equipments of University “Politehnica” of Bucharest. 

The stand shown in fig. 2 comprises a non-cooled enclosure delimited by an optical 

viewing system. The tested burners are mounted at the bottom of the enclosure, the vertical 
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flame being ascending. Both gas-air pre-mixed 

trough self-aspiration and diffusive burners 

with pressurized air supply can be used. In the 

left side of the picture it can be seen the air-

flow control device.  

In order to observe the combustion dy-

namics, an infrared video camera FLUKE 560 

has been used, while the pollutant emissions 

were assessed by a gas analyser of type 

MULTILYZER.  

The first set of tests was focused on self-
aspiration burner equipped with a flame stabi-

lizer (3 different types). In fig. 3 are presented 

the stabilizer with holes and stabilizer with 

slots: 

(a)   (b)   

Figure 3. Flame stabilizers mounted over the self-aspiration burner;  

(a) stabilizer with holes (b) stabilizer with slots 

The gas-flow rate was set to 1 m
3

N/h. The burner's thermal output for this gas-flow 

and quality is about Pt = 5.4 kW. The gas-flow was imposed by the combustion rate because 

the increase of the flow over this value led to 

the flame extinguishment. 

For the stabilizer with holes (having 160 

holes with a hole diameter of 3.4 mm) the flow 

velocity for an air excess coefficient measured 

at the base of the flame λ = 1.07 was  

u = 1.68 m/s. The flame stability requires that 

the condition 
*
Tu S  must be assured.  

The diffusive flame burner is shown in fig. 

4. Fuel gas was admitted through a central hole 

of 5 mm in diameter and through four radial 

holes with a diameter of 0.5 mm. Air is blown 

through a peripheral crown that fits the fuel 

lance. The air had a velocity of 20-25 m/s. Tests 

were carried out with and without air swirling. 

For the gas-flow rate of 1 mN
3
/h, the outlet speed was 17 m/s, lower than that used for natural 

gas having a minimum value of 25 m/s. 

 

Figure 2. Experimental stand equipped with a 

self-aspiration burner 

 

Figure 4. The diffusive combustion burner 
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Results of the experiments 

For the self-aspiration burner operating with gas I, while combustion rate is 2.02 m/s 

the flame, shown in fig. 5, is stable, with a slight flame return trend. In fig. 6 is presented the 

flame of the burner equipped with a slots stabilizer.  

 

Figure 5. Flame of the stabilizer with holes 

 

Figure 6. Flame of the stabilizer with slots burner 
 

An attempt to slowly increase the gas-flow 

rate (implicitly the thermal load) led to a flame 

detaching from the burner outlet section, with the 

occurrence of flame breakage. This tendency is 

shown in fig. 7, where is presented the depend-

ence of the distance y from the burner outlet to 

the flame base vs. fuel-flow rate. 

The temperature of the flame (measured 

with thermocouples) ranged between 1100-

1200 °C depending on excess air coefficient. A 

qualitative image of the processes in the flame 

was obtained from the thermovision camera, as 

shown in fig. 8. The maximal temperature is rec-

orded in the flame’s core, based on dissociation processes revealed by eqs. (1) and (2). 

Pollutant emissions recorded by the gas analyser were: NOx = 8-20 ppm; CO varied 

between 3000 ppm in the stabilizer output section and 30 ppm at the end of the flame. 

For the upper and lower limit fuels, namely gas II and gas III, see tab. 1, the burner's 

thermal power was maintained. Thus, the gas fuel flows were adjusted: 

– for fuel gas II, BII = 0.87 mN
3
/h; 

– for fuel gas III, BIII = 1.3 mN
3
/h. 

Experiments have shown a stable flame for both gas qualities. For fuel II (having a 

higher LCV) an increase in the base flame height to 50-60 mm (from about 30 mm for the 

fuel I) resulted. The increase in the temperature of the flame contour was about 30-50 °C. 

For fuel III (with the lowest CH4 content) there was a decrease in base flame height 

of about 7-14 mm, and a contour temperature of not more than 1065 °C. This fuel has led to 

an adequate combustion when the ceramic tunnel stabilizer was used, fig. 9. 

 

Figure 7. Dependence of the distance of flame 

formation vs. fuel-flow rate 
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Figure 8 A qualitative image of the kinetic flame; (a) flame aspect, (b) temperatures in the flame core 
(for color image see journal web site) 

The diffusive flame in three distinct cases 

(gas I, with non-swirled peripheral air and 

swirled peripheral air) are presented in figs. 10 

and 11. 

Thus, the flame has a considerable length 

and a high transparency rate, fig. 10. The use of 

swirled air contributes to a shorter and more 

stable flame, fig. 11. 

The images revealed by the thermovision 

camera shows a peripheral cooling of the flame 

contour. 

For atmospheric combustion, the excess 

air coefficient, λ [–], was in the range  

1.2-1.23, while CO emission was registered at 

590 ppm. The introduction of non-swirled pe-

ripheral air has led to an increase of the air excess coefficient λ from 1.2 to 1.32 at the base of 

the flame, with CO2 emissions remaining at the same limit. 

 

Figure 10. Diffusive flame with non-swirled air  

 

Figure 11. Diffusive flame with swirled air 

The peripheral air swirling reduced the flame length to about 1/3 of the non-turbu-

lent flame height and increased combustion intensity at the base of the flame so that the ex-

cess air coefficient, λ, could be lowered to 1.03-1.07, while the CO emission was in the range  

 

Figure 9. Flame aspect when using the ceramic 
stabilizer 
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Figure 12. A qualitative image of the processes in the diffusive flame; (a) flame aspect, (b) temperatures 

in the flame (for color image see journal web site) 

of 100-150 ppm. For all cases, there was a significant reduction in CO emission at the end of 

the flame, at average values of 40-45 ppm for combustion with atmospheric air, up to  

5-15 ppm at swirled peripheral air combustion. The NOx emission was below 20 ppm. The 

diffusive flames obtained were very transparent, with the average peripheral temperature be-

low 450 °C. The results obtained with fuel III have shown that this gas quality burns properly, 

but the energy effect is far too low. 

Conclusions 

The use of prepared gaseous fuels in order to define the quality limits of biogas gen-

erated in the tannery industry allowed the following conclusions to be drawn. 

 Both combustion technologies, kinetic and diffusive, can be used. 

 Energetic gaseous fuel characteristics and performances are reduced when the CH4 con-

tent drops below 50%. 

 The low quality of the fuel gases with high CO2 content and lack of CO imposed to quit 

the classic criterion (CH4/CO) and adopting a new one, respectively (CH4/CO2), empha-

sizing the inhibitor role of carbon dioxide upon the flame development. 

 The pollutant emissions (CO and NOx) are below the limits required by the legislation. 

 The fuel gas III with high CO2 content has delayed the flame initialization and is charac-

terized by the poorest energy effect. 

The research concluded that is possible to use the similar gas like biogas generated 

by anaerobic digestion of waste-proteins from tanneries in the real range of composition and 

LCV, without modifications of industrial burners designed for natural gas combustion.  
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Nomenclature 

a – structure coefficient, [–] 
d0 – hole diameter, [m] 
h – flame height, [m] 
Pt – thermal power, [kW] 
R – radius of flow section, [m]  

*
LS  – real combustion rate, [ms–1] 

SL – theoretical combustion rate, [ms–1] 
ST – combustion rate in turbulent flows, [ms–1] 
u – flowing velocity, [ms–1] 
u0 – initial exit velocity, [ms–1] 
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um – velocity in the middle of the jet, [ms–1] 
Va – air-flow rate, [ms–1] 
x – maximal distance for the flame stability, [m] 
y – distance from the burner outlet to the flame 

base [mm] 

Greek symbol 

λ – air excess coefficient [–] 

Acronym 

LCV – low calorific value, [kJkg–1]
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