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ABSTRACT 

The combustion instability has been a common problem accompany with the low NOx emission technologies in 

industrial premixed burner. The effects of flue gas recirculation ratio (FR) on the characteristics of combustion instability 

and NOx emissions of an industrial scale premixed burner were investigated with experiments and numerical simulation. 

The acoustic mode of the whole chamber was computed with a Helmholtz solver combined with CFD simulation. The NOx 

emissions significantly decrease with the increasing of the FR. As FR increases from 0% to 20% the NOx emission reduces 

about 85%. Four modes of pressure oscillations in the combustion chamber with different FRs were found in the 

experiment. The pressure oscillation exhibits combustion noise mode at low FRs (<10%) in which conditions the pressure 

oscillation amplitude is low and there is no distinct frequency. Two dominant pressure oscillation frequency ranging from 

21Hz to 25Hz and ranging from 1Hz to 2Hz are observed under relatively high FRs. The first acoustic mode frequency is 

5.3Hz~5.7Hz and the second acoustic mode frequency is 23.1Hz~24.1Hz which are close to the pressure oscillation 

frequencies observed in the experiment. The ultra-low frequency and high amplitude pressure oscillations are attributed 

the periodic overall extinguish and ignition of the flame under high FRs. The difference between the pressure oscillation 

frequencies and the acoustic cavity mode frequencies may be attributed to the interaction of the response of the flame and 

the cavity acoustic mode which can lead to mode transition. 

INTRODUCTION 

As the emission standards for NOx in the industrial boiler have become increasingly stringent, many low NOx emission 

techniques are studied and applied, such as lean premixed combustion, flue gas recirculation (FGR), and deep staged 

combustion, etc. (Gamrat et al., 2016; Hinrichs et al., 2018). The metal fibber lean premixed combustion is widely applied 

in the industrial boiler as a low NOx emission technique (Specchia and Toniato, 2009). The porous structure of the metal 

fibber burner can effectively prevent flashback and maintain a lower flame temperature for enhancing radiant heat 

transferring(Bizzi et al., 2003). To achieve low NOx emission the excess air coefficient should be at a high level which 

may lead to low boiler thermal efficiency for high flue gas thermal loss (Shafiey Dehaj et al., 2017) . Combining metal 

fibber burner with the FGR technology at low excess air coefficient may achieve low NOx emission and high thermal 

efficiency of the boiler. Yu (Yu et al., 2013) tested a domestic natural gas boiler with a metal fibber burner combining with 

the FGR. The results indicate that the NOx emission decreases and boiler thermal efficiency increases under the same 

equivalence ratios when combining with FGR. In the case of a 15% FGR ratio the thermal efficiency was approximately 

4.7% higher than for the normal operating condition. 

The primary mechanism for reducing NOx emission of lean premixed combustion and FGR is to avoid the formation 

of stoichiometric combustion and decrease the flame temperature then decreasing the formation of thermal NOx which 

may lead to combustion instability. Wang-ping Shih (Shih et al., 1996) investigated the stability and emissions of premixed 

combustion in gas turbine and found that the flame behaviour and instability mechanism can vary significantly depending 

on the overall equivalence ratio. T. Lieuwen (Lieuwen et al., 1998; Lieuwen and Zinn, 1998) developed a well-stirred 

reactor model to determine the magnitude of the reaction rate and heat release and found that the equivalence ratio 

perturbations play a key role in the driving of combustion instabilities in low NOx gas turbines operating under lean 

conditions. The combustion instabilities occurred with a certain range of overall equivalence ratios. Omid Askari (Askari 

et al., 2016) investigated the effect of synthetic exhaust gas recirculation (SEGR) as the diluent on flame structure and 
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laminar burning speed. They found that the SEGR lowered the laminar burning speed and has significant effect on the 

flame stability, especially for the very lean and very rich mixture. 

Most of the researches focus on the NOx emission and thermal efficiency of the metal fibber burner in the domestic 

boiler. For the metal fibber burner, the characteristics of the combustion instability are seldom studied. Thus, a metal fibber 

burner in a small-scale 350kW industrial boiler utilizing FGR technology was studied in this paper. The objective of the 

present work is to investigate the effects of the flue gas recirculation rate on the premixed combustion instability. The 

present study focused on the mode of pressure oscillations in the combustion chamber. 

METHODOLOGY 

Experimental test rig 

The schematic of the experimental testing rig is shown in figure 1. The testing rig consists of four main components: 

natural gas suppling pipes and controlling valves, a premixed metal fiber burner, an industrial hot water boiler operating at 

atmospheric pressure, a gas-to-gas heat exchanger and flue gas pipes. The flow rate of the recirculating flue gas is controlled 

by a valve. The main components of the test rig and the structure of the burner is shown in figure 2. The burner includes 

an air supplying fan with variable frequency control, natural gas nozzles, mixing zone and surficial metal fiber combustion 

section. The natural gas is sprayed from 48 round nozzles with a diameter of 5mm. The spraying direction is opposite to 

the air flow to enhance mixing. The combustion chamber is 2170mm long and has an inner diameter of 400mm. A gas-to-

gas plate heat exchanger is connected to the boiler which is used to cool the flue gas. A flue gas recirculation pipe is 

arranged at the outlet of the heat exchanger which delivers a proportion of the flue gas to the inlet of the mixing box. 

 
Figure 1 Schematic of the experimental test rig 

   
(a)                                     (b) 

Figure 2 The main components of the test rig and the structure of the premixed metal fiber burner 

A high-speed camera (PCO 1200hs) was employed to capture the image of the flame. The high-speed camera was 

installed at the bottom of the boiler. Two pressure transducers were installed at the combustion chamber and the other two 

pressure transducers were installed at the premixing chamber and outlet of the heat exchanger respectively. A flue gas 

analyser TESTO-350 was used to measure the concentrations of O2, NO, NO2 in the flue gas at outlet of the heat exchanger. 

The O2 concentration at outlet of the mixing box was also measured when flue gas was drawn into the mixing box. The 

natural gas flow rate was measured by a turbine flowmeter. Through the O2 concentration in the exhaust flue gas and in the 
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mixing box an indirective method was employed to calculate the flue gas recirculation rate (FR). FR was defined as the 

ratio of mass flow rate between the recirculated flue gas and the overall flue gas as Equation 1: 

f

R

m
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m
=  (1) 

where, mf is the mass flow rate of the overall flue gas. mR is the mass flow rate of the recirculated flue gas. FR is the FGR 

ratio. 

In order to compare the NOx emissions at different conditions the unit of concentration of NOx was converted 

from ppm to mg/Nm3 at 3.5% O2 of flue gas by Equation (2). 

2

17.5
=2.05

21 100x xNO NO

O

C 
−

 （2） 

Where, CNOx is the equivalent NOx concentration with a volume fraction of 3.5% O2 in the flue gas (mg/Nm3). χNOx is the 

NOx volume concentration in the flue gas (ppm). χO2 is the volume concentration of O2 in flue gas. 

In the experiments, the natural gas flow rate and the FRs were taken into consideration. The experimental conditions 

are shown in table 1. Four natural gas thermal power ranging from 183.9kW to 328.6kW were set for different FRs. The 

FR ranging from 0% to 20.3% were set under the constant excess air coefficient of 1.18. 

Table 1 Experimental conditions 

Case 
Thermal power FGR ratios 

kW % 

Case 1 183.9 0~19.7 

Case 2 240.5 0~18.4 

Case 3 286.5 0~20.3 

Case 4 328.6 0~19.8 

Acoustic mode analysis methodology 

In order to understand acoustic modes, a FEM method was used to analysis the acoustic modes of the whole chamber. 

The whole chamber includes the premixing chamber of the burner, the combustion chamber, the heat exchanger and the 

connecting pipes. The customized software COMSOL was employed to solve the Helmholtz equations as shown in 

Equation (3). 
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In which c  and   stand for the sound speed and density fields respectively. The spatial density and acoustic speed 

distribution determine propagation of the acoustic wave in the chamber.  

The spatial distribution of the density and acoustic speed in the chamber were obtained with RANS CFD simulation. 

The flow field was neglected for the low Mach number as the maximum velocity was below 20m/s. The domain was 

discretized with a computational mesh able to detect acoustic modes up to 100Hz. The domain mesh for acoustic mode 

calculation is shown in figure 3.  

 
Figure 3 The 3D model and mesh of the whole chamber for acoustic mode simulation 

When conducting the RANS CFD simulation for the spatial distribution of density and sound speed, the standard k-ε 
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turbulent mode was used. The EDM combustion model were used to simulate the reaction. The conditions for CFD 

simulation were consistent with the experiments. Two experimental conditions were calculated. The results of temperature 

distribution in the combustion chamber for two conditions of FR=0.0% and FR=19.7% under thermal power of 183.9kW 

are shown in figure 4. The highest temperature difference between two condition is 260℃ and the spatial average 

temperature difference is 101℃. 

 

Figure 4 The temperature distribution in the combustion chamber at FR=0% and FR=19.7% with thermal power 

of 183.9kW 

RESULTS AND DISCUSSION 

The effects of FR and thermal power on the NOx emissions  

The results of NOx emissions under different FRs and thermal powers are shown in figure 5. The NOx emission 

significantly decreases with FGR ratios. The NOx emission decreases from 147.0mg/Nm3 to 20.8mg/Nm3 when the FR 

increases from 0% to 19.8% at thermal power of 328.6kW. The decreasing of combustion temperature and the O2 

concentration in premixed gas with the FR can reduce the formation of the thermal NOx. Compared to the effects of FR the 

thermal power has slight influence on the NOx emissions. 

 
Figure 5 NOx emissions with different FRs 

The Experimental results of pressure oscillations with different FRs and thermal powers 

The frequency spectrum of pressure oscillations in the combustion chamber with different FRs and thermal powers are 

shown in figure 6 to figure 9. The characteristics of the oscillation spectrum with the FRs is similar at different thermal 

powers. Four types of pressure oscillations mode with FRs are observed. Mode 1: the pressure oscillation amplitude is low 

and the main frequency distributes around 27Hz~29Hz at low FR. Mode 2: The dominant oscillation frequency transits to 

around 21Hz~26Hz with the increasing of the FR. The amplitude is much higher than in the Mode 1. The dominant 

frequency has a trend of decreasing with FRs. Mode 3: A second dominant oscillation frequency around 1.0~2.0Hz coexists 
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with the first dominant frequency of around 21Hz~23Hz when the FGR ratio ranges from 14%~17%. At these conditions 

the peak amplitude at frequency around 1.0Hz~2.0Hz increases with FRs. And the peak amplitude at frequency around 

21Hz~23Hz has a trend of decreasing with FRs. Mode 4: the dominant amplitude frequency transits to around 1.0Hz~2.0Hz 

at high FR (ranging from 18% to 20%). The dominant amplitude is much higher than in other modes. 

 

Figure 6 The frequency spectrum of pressure fluctuation in combustion chamber with different FRs at thermal 

power 183.9kW. In the figure, the red labels in brackets represent the distinct amplitude (Pa) and the 

corresponding frequency (Hz) 

 

Figure 7 The frequency spectrum of pressure fluctuation in combustion chamber with different FRs at thermal 

power of 240.5kW 
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Figure 8 The frequency spectrum of pressure fluctuation in combustion chamber with different FRs at thermal 

power of 286.5kW 

 

Figure 9 The frequency spectrum of pressure fluctuation in combustion chamber with different FRs at thermal 

power of 328.6kW 

The acoustic cavity modes of the whole chamber 

The acoustic cavity modes under the conditions of FR=0% and FR=19.8% are shown in table 2. The acoustics mode 

frequency decreases with FRs. The first and second mode frequency decrease 0.4Hz and 1Hz respectively with the FR=0% 

and 19.7%. The variation trend of the second mode frequency is consisted with the experiment, however the quantities 
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variation of the frequency is different with the experiment results. In the experiment, for Mode 2 the dominant frequency 

is ranging from 21Hz to 25Hz. The difference may be attributed to the interaction of the flame response and the acoustic 

cavity modes which can lead to the transition of dominant frequency. The acoustic pressure distributions of first three 

modes under FR=35.4% are shown in figure 10. The acoustic pressure distribution in different acoustic cavity mode 

indicates that for the second mode the acoustic antinode is at the connecting pipe between the combustion chamber and the 

heat exchanger. The phase difference between the combustion chamber and the heat exchanger is π. This result is consistent 

with the experimental resluts. The temporal acoustic oscillations in the premixing chamber, combustion chamber and outlet 

of the heat exchanger are shown in figure 11. In Mode 2 and Mode 3 the acoustic pressure phase lag between the 

combustion chamber and the outlet of the heat exchanger is π. 

Table 2 The acoustic cavity modes of the whole chamber with different FRs 

Case First mode frequency Second mode frequency Third mode frequency 

FR=0% 5.7Hz 24.1Hz 37.5Hz 

FR=19.8% 5.3Hz 23.1Hz 35.4Hz 

 

 

Figure 10 the acoustic pressure distribution of different acoustic modes under the conditions of FR=19.8%. 

 

 

Figure 11 The pressure oscillation in different position of the whole chamber with different FRs at thermal power 

of 183.9kW 

For the condition of thermal power of 328.6kW and FR=19.8% the periodic overall extinguish and ignition of the 

flame under high FRs are observed by the high-speed camera which is shown in figure 12. The frequency of overall 

extinguish and ignition is about 2Hz, which is consistent with the pressure oscillations frequency. The first cavity mode 

frequency is ranging from 5.3Hz to 5.7Hz which is higher than the measured frequency in Mode 4. In Mode 4 the acoustic 

pressure oscillation phase lag of the three measured points is zero which indicates that the 1.0Hz~2.0Hz ultra-low frequency 

oscillations may be attributed to the interaction of the flame response and first acoustic cavity mode.  
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Figure 12 the time series images of the flame under thermal power of 328.6kW and FR=19.8% 

CONCLUSIONS 

The effects of flue gas recirculation on the characteristics of combustion instability of an industrial scale premixed 

burner were investigated with experiments and numerical simulation. The conclusions can be drawn as fellow: 

The NOx emissions significantly decrease with the increasing of the FR. The effects of the natural gas flow rate on the 

NOx emission are relatively slight comparing to the FGR ratio. As FR increases from 0% to 20% the NOx emission reduces 

about 85%.  

However, the pressure oscillation amplitude has a trend of increasing with FRs. Four modes of pressure oscillation in 

the combustion chamber with different FRs are found in the experiment. The thermal power has slight effects on the mode 

transition. The pressure oscillation amplitude has a trend of increasing with FRs. The pressure oscillation exhibits 

combustion noise mode at low FRs (<10%) in which conditions the pressure oscillation amplitude is low and there is no 

distinct frequency. The pressure oscillation amplitude is relatively high with FR=10%~17% and the corresponding 

dominant frequency has a trend of decreasing with FRs. The dominant pressure oscillations frequency is ranging from 

21.0Hz~25.0Hz which is close to the second cavity acoustic mode of the whole chamber (23.1Hz~24.1Hz). The range of 

dominant pressure oscillation frequency decreasing is larger than the relatively second acoustic cavity mode. The pressure 

oscillation amplitude is much high with large FRs and the corresponding oscillation frequency is around 1.0Hz to 2.0Hz 

which is close to the first cavity acoustic mode (5.3Hz~5.7Hz). The ultra-low frequency and high amplitude pressure 

oscillations are attributed the periodic overall extinguish and ignition of the flame under high FRs. 
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