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The global recession and the economic downturn in 2008 have led to a drop in energy
use. The evident decrease of energy consumption up to 2% was observed in the end of 2009.
Despite of last energy crisis the fossil fuels are still dominant source of world primary
energy. The fossil fuels are going to be ¾ of total energy consumption in next twenty years
[1]. This requirement provides increasing of energy production from coal, natural gas and
crude oil and the deployment of renewable energy technologies. A significant role between
other fuels can get an unconventional gas known as a liquefied natural gas. That situation
leads to take an interest in natural gas combustion technologies, especially low-emission
combustion. The natural gas is generally used in many branches of industry e.g. in high-
temperature combustion processes used in the heat furnaces for heat-treating processes. In
spite of many advantages of natural gas, it is also a source of nitrogen oxides generated
during combustion. Nitrogen oxides (NOx) are one of the most important substances
resulting from the combustion of fuels. Typical combustion gases contain two kinds of
oxides: NO and NO2. Other kinds of nitrogen oxides are N2O, N2O3 and N2O5, but they do
not play any essential role. In typical combustion gases from boiler, the volumetric share of
NO amounts to about 95% or even more, the rest being NO2 [2]. NO2 is a greenhouses gas
and one of the California type smog. In the presence of stream water and in the case of
atmospheric discharges NO2 forms nitric acid. NO is not to be so toxic as NO2. Further
more NO is the main source of NO2, because having been emitted into the atmosphere. The
nitrogen oxides are the most harmful substances for environmental, that is why researches
study how to reduce NOx emission. This requires the knowledge of the mechanisms of the
formation and reduction of NOx emissions basing on the kinetics of chemical reactions.
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There are four different mechanisms of the formation of NO: the thermal, prompt, fuel
mechanisms and by means of N2O. The thermal mechanism of NO was described by
Zeldowicz [3, 4]. These are the reactions of oxidizing the nitrogen taken from the air
at temperature exceeding 1400 °C. The prompt mechanism of Fenimore concerns the
combustion of rich mixture of hydrocarbons and air. Prompt NO are formed rapidly in the
course of the combustion, immediately before the front or just in the front of the flame. In
industry the role of prompt NO is insignificant. The fuel NO is formed from fuel nitrogen in
the front of the flame and its amount increases with the growing concentration of oxygen.
The concentration of fuel NO in the global emission of nitrogen oxides grows with the
decrease of the heat release of the combustion chamber [5].

The main source of NO in the natural gas combustion (with small amount of nitrogen
fuel) is the thermal NO mechanism.
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There are two ways of low emission combustion processes leading to reduce pollutants
reacting on environment. The so-called “primary methods” are used inside combustion
chamber. The ”secondary methods” of reducing of the emissions are realised outside the
combustion chamber along the cold duct of flue gases. The “primary methods” are used
especially in internal combustion engines, gas turbines, a small gas and oil boilers and other
kinds of burners. The most important factors, which can be modified during combustion
processes are temperature, air excess ratio, air and natural gas streams, combustion
aerodynamic or reduction quality of rich flame. The choice of these factors depend on
required reduction efficiency, level of NOx emission, fuel nitrogen, kind of fuel,
combustion temperature and type of furnace [4].

There are two ways of low emission combustion processes leading to reduce pollutants
reacting on environment. The so-called “primary methods” are used inside combustion
chamber. The ”secondary methods” of reducing of the emissions are realised outside the
combustion chamber along the cold duct of flue gases. The “primary methods” are used
especially in internal combustion engines, gas turbines, a small gas and oil boilers and other
kinds of burners. The most important factors, which can be modified during combustion
processes are temperature, air excess ratio, air and natural gas streams, combustion
aerodynamic or reduction quality of rich flame. The choice of these factors depend on
required reduction efficiency, level of NOx emission, fuel nitrogen, kind of fuel,
combustion temperature and type of furnace [4].
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The “secondary methods” are very effective, but they demand high financial costs e.g. new
investments or using. Therefore they are applied when the “primary methods” are not sufficient
enough to reduce NOx. The most applied method is the selective catalytic reduction method
(SCR). This is a dry method using ammonia as reduction gas at the presence of catalyst
leading to transformation of NOx to N2 and H2O. The condition takes place at temperature
between 150 and 400 ºC depending on activity of used catalyst [16]. The noble metals
(Pt, Pd, Rh) and transition metal oxides (V2O5, TiO2, MoO3) are used as the catalysts.

Fundamental problem of natural gas combustion is the presence in the flame of the
pollutants, especially NOx. One of the methods to reduce the NOx concentration is the
recirculation of flue gas. It is an effective and low cost primary method.

This paper is to investigate the natural gas combustion with recirculation of flue gas.
The emissions of nitrogen oxides were investigated in depending on volume flow of
recycled flue gas, applied nozzles and air excess ratio.

'� �����
�����(� ���	������

The experiments were performed with combustion reactor presented in Figure 1.
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The experimental apparatus was composed of the combustion chamber with a “special
designed” burner, gas and temperature analyser, recirculation of flue gas. The flow rates of
air, gas and recycled flue gas were measured by rotameters.

The combustion reactor was composed of a “special designed” burner and the
combustion chamber. The combustion chamber, made of heat-resisting steel, had a length of
1310 mm and a diameter of 160 mm. The thermal insulation of the combustion chamber was
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made of ceramic fibre whose thickness was 150 mm. The “special designed” burner was
“pipe-in-pipe” type. Internal diameter was 34 mm and external diameter was 47 mm
(Fig. 2). Fuel and air were mixed between two pipes. Next, fuel-air mixture flew by hole
system to internal part of the burner, where it was mixed with cooled, dried exhaust
gas. Three different nozzles were used in the experiments (diameters were D1 = 34 mm,
D2 = 27 mm and D3 = 17 mm).

���������������������	
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Thermocouples were fitted at two different places along the chamber wall. The flame
temperature was measured by a PtRh10-Pt coated thermocouple behind the burner. The
exhaust temperature profile was measured by NiCr – NiAl coated thermocouple fitted at the
exhaust sonde.

The investigated fuel was natural gas (GZ-50 with a high content of methane) taken
from the city gas system. The composition of natural gas was 96% CH4, 1,2% C2H6, 0,4%
C3–C6, 2% N2, 0,4% CO2. The exhaust gas was measured by TESTO analyser (O2, CO,
NO, NO2, SO2, CxHy) and by gas chromatography method Agilent Technologies GC (CO,
CO2, CXHY, O2, N2). The experimental parameters of studied process are given in Table 1.
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Figures 3–5 present the emission of nitrogen oxides depending on the recirculation
ratio and applied nozzles for different air excess ratio (λ = 1.16; λ = 1.25; λ = 1.34). The
investigated data of NOx concentration were calculated taking into account the obligatory
standards (O2 = 3%).

gasV�  exhaustV�  R Tflame Texhaust 

m3/h m3/h % oC oC 

6,5–7,5 0–0,5 0–7,04 ~1010 700–850 
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The external recirculation of flue gas on NOx emission was investigated in the flame of
natural gas in the combustion process conducted in the combustion chamber with a “special
designed” burner. The recirculation of flue gas to combustion chamber reduces the flame
temperature and local concentration of oxygen leading to NOx decrease.

For all applied nozzles a maximum of NOx concentration, for no recycled flue
gas process, was observed. Taking into account the air excess ratio a maximum of
NOx concentration was observed for λ = 1.16. Close to three times lower NOx concentra-
tion was observed comparing investigated results obtained for D1 = 34 mm and
D3 = 17 mm (from 162.5 mg/m3 up to 62.5 mg/m3 for λ = 1.16). Due to the increasing of
recycled flue gas, NOx concentration was decreasing. Although the general tenden-
cies decreasing of NOx emission with increasing of the recirculation ratio was observed
for all investigated applied nozzles, the best results were observed for the biggest applied
nozzle (D1 = 34 mm). Increasing of recirculation ratio was not significant for the smallest
applied nozzle (D3 = 17 mm). Comparing the NOx emission received for application
of recirculation of flue gas and without, only a little changes of NOx emission were
observed.

The most steady results were obtained for D1 diameter nozzle suggesting the steady
operating conditions of the burner. The smallest applied nozzle, influenced the internal
recirculation of flue gas to the flame, causing gasdynamics of the flame in the combustion
chamber.
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