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A B S T R A C T   

The response of ultra-lean flames, stabilised in a porous burner, to the fluctuations imposed on the fuel flow rate 
is investigated experimentally. The study is motivated by the likelihood of small biogas generators to produce 
fuels with temporal variations in their flow rate and chemical composition. The employed porous burner includes 
layers of silicon carbide porous foam placed inside a quartz tube. The burner is equipped with a series of axially 
arranged thermocouples and is imaged by a digital camera. Methane and a blend of methane and carbon dioxide 
(mimicking biogas) are mixed with air and then fed to the burner at equivalence ratios below 0.3. The fuel flow 
rate is modulated with a programmable mass flow controller by imposing a sinusoidal wave with variable 
amplitude and frequency on the steady fuel flow. Through analysis of the flame images and collected temper
ature traces, it is shown that the imposed disturbances result in motion of the flame inside the burner. Such 
motion is found to qualitatively follow the temporal variation in the fuel flow for both methane and biogas. 
Nonetheless, the amplitude of the flame oscillations for methane is found to be higher than that for biogas. 
Further, it is observed that exposure of the burner to the fuel fluctuations for a long time (180 s) eventually 
results in flame destabilisation. However, stabilised combustion was achieved for methane mixtures at ampli
tudes between 0 and 30% of steady values over a period of 60 s. This study reveals the strong effects of unsteady 
heat transfer in porous media upon the fluctuations in flame position.   

1. Introduction 

Utilisation of low-calorific fuels can improve energy efficiency and 
reduce carbon emissions by combustion systems [1]. In particular, 
combustion of carbon neutral, low-calorific fuels is of high significance 
in lowering CO2 emissions [2–4]. Yet, combustion of low-calorific fuels 
often involves significant challenges regarding flame stability in most 
conventional burners [5–7]. Porous burners offer a practical techno
logical route to address this issue [8–10]. Strong heat recirculation in 
porous burners allows premixed combustion of fuel mixtures that might 
not otherwise be flammable [5,11]. Currently, many industrial appli
cations employ porous burners [12,13]. Examples include glass and 
chemical processing [14], gas turbines and propulsion [15,16] as well as 
heat exchangers [17]. In all these applications, combustion occurs under 
steady state conditions. However, switching from fossil fuels to biogas 

and biosyngas often includes utilisation of unsteady sources of fuels 
[18,19]. The unsteadiness could be in the fuel flow rate and/or chemical 
composition and is largely due to the temporal change in the feedstock 
that produce renewable fuels [19,20]. Unlike that under steady state, 
time-dependent combustion in porous media has, so far, received very 
little attention. 

The general area of combustion in inert and catalytic porous media 
has already received substantial attention, see for example [21–25]. 
However, existing investigations have predominately focussed on steady 
combustion [26,25,27,28] where most studies have analysed burner 
operation with the use of methane mixtures [29–32] and very few 
incorporate ultra-lean operation [33]. As a result, there appears to be a 
gap in understanding the dynamic response of porous burners operating 
under time-varying and ultra-lean conditions. An air and fuel mixture is 
considered to be lean when ϕ < 1. However, in ultra-lean combustion 
the fuel concentration is at or below the lean flammability limit for a free 
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flame, i.e. for methane ϕ ≤ 0.5 [1]. Hence, it is imperative to understand 
unsteady combustion in porous burners. Here, a concise review of 
literature on the experimental studies related to premixed combustion in 
porous media over the past decade is put forward in a chronological 
order. Reviews of earlier works can be found in Refs. [34–37]. 

Bubnovich et al. [38] carried out an experiment with the aim of 
achieving flame stabilisation of premixed air and methane mixture 
within a porous burner between alumina balls of different sizes. A 
packed bed of alumina balls was utilised throughout the burner with a 
shorter diameter upstream (2.5 mm) and larger diameter downstream 
(5.6 mm). The burner was covered with insulation material to minimise 
heat losses and inserted thermocouples were utilised to measure the 
temperature inside the porous medium. CO and NOx emissions were also 
measured at the exit of the burner using a gas analyser. Bubnovich et al. 
[38] found the flame to stabilise at the interface of the Alumina balls for 
the flow rates between 7.01 and 19.00 l/min where 0.6 < ϕ < 0.7. The 
authors [38] also found the pollutant emissions to be extremely low 
within this stability range where the maximum flame temperature was 
recorded to be 1675 K. Mujeebu et al. [39] investigated the combustion 
and emission characteristics of two novel porous burners with that of a 
conventional burner. The surface burner was made-up of two sheets of 
alumina foam; with the lower sheet consisting of a higher porosity and 
the upper sheet of a lower porosity. The authors [39] measured the 
temperature at four different locations by inserting thermocouples in the 
axial direction and the inlet fuel was a pre-vaporised liquid petroleum 
gas mixture. The flame stability, thermal efficiency, pollutant emissions 
and maximum flame temperature were compared with that of a con
ventional burner. A reduction of NOx emissions of up to 75% for both 
porous burners compared with a conventional burner was reported. 

A two-layer porous burner for low pollutant emissions was devel
oped by Keramiotis et al. [40] who monitored its thermal efficiency and 
operational limits. A silicon carbide ceramic foam was used as the solid 
matrix with a density of 10ppi and methane and liquefied petroleum gas 
were chosen as the input fuels. The authors [40] varied different input 
parameters including equivalence ratio for lean combustion 
(0.625–0.83), excess air and thermal load output (200–1000 kW/m2). 
The burner response was monitored by measuring the solid phase tem
perature and pollutant emissions. Keramiotis et al. [40] discovered 
excellent fuel interchangeability between liquefied petroleum gas and 
methane with respect to pollutant emissions and burner operation. It 
was concluded that for both fuels the burner is more sensitive to the 
changes in thermal load rather than equivalence ratio. 

Robayo et al. [41] studied the enhancement of combustion in porous 
media by introducing perovskite catalysts to the ceramic matrix. A large 
porosity silicon carbide ceramic foam was utilised as the burner matrix 
with a steady lean methane/air mixture as the inlet fuel. Temperature 

was measured via thermocouples across eight axial points. Robayo et al. 
[41] found that all perovskite catalysts enhance the burner performance. 
Dehaj et al. [42] conducted an experimental study of premixed com
bustion of methane in a porous burner with the addition of a heat 
exchanger for household heating application. They [42] found the 
pressure to decrease within the burner as there is an increase in power 
and the excess air ratio. 

A variable porosity porous burner was built by Song et al. [2] to 
operate on ultra-low calorific gas combustion. Silicon carbide was uti
lised as the ceramic foam whereby it gradually increases in pore density 
throughout, from the entrance to the exit of the burner. The purpose was 
to combust ultra-low calorific fuels lower than 6.28 MJ/m3. In order to 
accommodate this, the authors [2] preheated the burner by igniting 
liquefied petroleum gas then switched to a CH4 + N2/air (ultra-low 
calorific) mixture, burning the ultra-low calorific fuel within the porous 
burner. Song et al. [2] discovered their annular porous burner increased 
the flame stability limit with a further reduction in CO emissions. The 
authors [2] managed to successfully combust a mixture with a calorific 
value as low as 1.4 MJ/m3. 

In an experimental study, Ghorashi et al. [43] compared pollutant 
emissions of a conventional and a custom built porous burner. These 
authors [43] monitored the effects of pore density and porous material 
on the pollutant emissions when the burner was fed by a steady flow of 
natural gas/air mixture. Silicon carbide and alumina were chosen as the 
solid porous matrix with pore density ranging between 10 and 30ppi and 
the burner operation was betweenϕ = 0.65–0.83. Ghorashi et al. [43] 
found the CO emissions to reduce by the use of alumina instead of silicon 
carbide. They also reported a surge in CO emissions with the increase in 
pore density. Chaelek et al. [44] developed a novel pre-heating air 
porous medium burner to compare its performance with a conventional 
burner. They designed an annular burner filled with alumina spheres 
whereby pre-heated air recirculates towards the inlet of the burner. The 
authors [44] measured the temperature at 14 different points via ther
mocouples to monitor the thermal performance of the burner and the 
exhaust gases were fed into a gas analyser. Chaelek et al. [44] found the 
maximum thermal efficiency of the burner to reach 51% whereby a 
reduction in energy consumption by 28.6% was noted when compared 
to a conventional burner. 

In their experimental investigation, Devi et al. [45] ran a porous 
burner on a power range between 5 and 10 kW and a stable lean oper
ating range of 0.75 < ϕ < 0.97 with biogas as fuel. These authors [45] 
analysed the performance of a conventional burner using the identical 
input parameters for comparative analysis. Devi et al. [45] discovered 
that their porous radiant burner reduced CO and NOx emissions up to 
95% and 85% respectively when compared to a conventional burner. 
Uniform temperature distribution on the surface of the burner was 

Nomenclature 

List of symbols 
a amplitude 
f frequency (Hz) 
ṁ mass flow rate (kg s− 1) 
m mass (kg) 
P thermal power (kW) 
t period (s) 
T temperature (K) 
u flow velocity (m s− 1) 
um mixture velocity = air and fuel flow velocity (m s− 1) 
x,y Cartesian coordinates 

Greek symbols 
ε porosity 

ϕ equivalence ratio 

Subscripts 
F fluid 

Abbreviations 
CO carbon monoxide 
CO2 carbon dioxide 
CH4 methane 
LHV lower heating value 
MFC mass flow controller 
ppi pores per inch 
ppm parts per million 
NOx nitrogen oxides  
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considered as a sign of enhanced combustion performance. Hongsheng 
et al. [46] designed a porous burner operating on diesel fuel subject to 
pulse combustion. The core part of the burner consisted of alumina filled 
spheres filled within a quartz tube with a ceramic foam upstream to form 
the pre-heating zone. Hongsheng et al. [46] fed air and liquid diesel into 
the burner and once flame stability was achieved, the air flow was 
adjusted and the fuel was injected at intervals to create pulse combus
tion. It was shown that the propagation of the flame was similar to 
subsonic combustion under transient operation. 

Most recently, Habib et al. [47–49] conducted extensive pore-scale 
modelling and demonstrated that the response of heat transfer in 
porous media to fluctuations in the inlet flow could involve complex 
dynamics. As combustion in porous media is dominated by heat transfer, 
it is anticipated that combustion is also significantly affected by fluc
tuations in the inlet flow. However, as clearly reflected by the preceding 
review of literature there is currently almost no systematic study of such 
effects. The present work aims to fill in this gap through an experimental 
approach. 

2. Methodology 

2.1. Experimental setup and instrumentation 

Fig. 1 shows a schematic diagram of the employed experimental 
setup. The test rig and apparatus can be divided into four major parts; 
the fuel/air supply system, porous burner, water cooling supply and, 
data collection and measurement equipment. 

2.1.1. Fuel/Air supply system 
An air filter was used to extract moisture from compressed air. A 

quarter turn hand valve was installed upstream of air mass flow con
trollers (MFC) to manually operate the supply of air whereby an iden
tical arrangement was made for fuel transmission between respective 
gas cylinders and MFCs with the installation of manual valves. ALICAT 
Scientific programmable MFCs were used for both fuel and air with an 
error margin of ±0.6%. Flow Vision SC software from ALICAT was uti
lised to alternate the mass flow rate (standard litres per minute – SLPM) 
of each MFC via a computer. Different ranges of MFCs (Fig. 1a) were 
operated to supply the steady and time-varying flows of air and fuel. 
Fuel was transported within a 6.35 mm diameter stainless steel pipe 
linking to a 25.4 mm outer diameter thick rubber pipe. The premixing of 
fuel and air took place within the rubber pipe before being fed into the 
porous burner. 

2.1.2. Porous burner 
The porous burner is comprised of four primary components 

including inlet valve, outer casing, combustion chamber and quartz 
glass. Fig. 1b displays a 3-D model of the burner and provides the key 
dimensions. All components were manufactured from stainless steel. A 
quartz glass was fixed on top of the burner with high temperature 
resistant sealant to visually observe the combustion process in porous 
media. The combustion chamber sits within the outer casing of the 
porous burner, leaving a gap for water to flow in-between for the cooling 
process. The water cooling process occurs around the exterior of the 
combustion chamber and interior of the outer casing of the porous 
burner. The empty void paves way for a water tank with attached inlet 

Fig. 1. (a) Schematic of the experimental setup (b) 3-D model of the porous burner.  

Fig. 2. (a) Schematic of the working section illustrating the position of thermocouples with reference points A, B, C, D, and E, (b) Top view of the porous burner 
during operation. 
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and outlet. Cold water flows from the water supply into the lower side of 
the burner via the inlet; filling up completely before exiting to ensuring 
maximum efficiency of the cooling process. 

The combustion chamber was filled with layers of porous ceramic 
comprising of the preheating and combustion zones. Alumina foam 
(20ppi -ε ≈ 0.47) sits at the bottom of the combustion chamber followed 
by a cone shaped silicon carbide ceramic foam (20ppi) to form the 
preheating zone and to mitigate the risks of flashback. This is preceded 
by a packed bed of less dense silicon carbide foams (10ppi − ε ≈ 0.72). 
Further downstream, the quartz glass was filled with high density silicon 
carbide (20ppi ) foams with the exception of two low density silicon 
carbide foams (10ppi) for flame stabilisation as shown in Fig. 2. 

2.1.3. Data collection 
Temperature measurements were carried out at five different points 

at the centre of the ceramic foam as shown in Fig. 2a. Type-N thermo
couples were used with a 0.5 mm bead diameter because of their ability 
to withstand temperatures above 1553 K with an error margin 
of±2.5 K. The thermocouples were fed through the holes drilled in the 
quartz glass to the centre of the ceramic foam; fixed in place with high 
temperature resistant sealant. The voltage signals generated by each 
thermocouple were passed through an amplifier and plotted using Pico 
software. One hundred data points were recorded per second for each 

thermocouple to ensure high accuracy at a much higher frequency than 
that of the inlet fuel oscillations. An Anton Sprint Pro 5 multifunction 
flue gas analyser was positioned a few centimetres above the burner exit 
to measure CO, CO2 and NOx emissions for steady state cases. The gas 
analyser error margin was reported to be ±10ppm for CO range of 
0–200 ppm, ±20 ppm for CO range of 200–2000 ppm, ±0.3% for CO2 
and ±5 ppm for NOx. A high resolution (1920 × 1080) digital camera 
was used to record the flame behaviour and movement at a distance of 
approximately 1.5 m from the burner. 

2.2. Experimental procedure 

The fuel mixture equivalence ratio [50] was defined as 

ϕ =
(mf /mair)actual

(mf /mair)stoichiometric
(1)  

whereby the reactants form a lean mixture when the equivalence ratio is 
less than unity. The thermal load of the burner [50,51] is defined as 

P = ṁf × LHVf (2)  

where ṁf , is the fuel mass flow rate and LHVf , is the fuel lower heating 
value whereby the energy produced by the burner is calculated for each 

Table 1 
Steady experiments.   

a-CH4 b-Biogas (CH4 = 70%,CO2 = 30%)   

CO2 (standard L/min) CH4 (standard L/min) Air (standard L/min) Mixture (standard L/min) Equivalence Ratio (ϕ)  Thermal Power (kW) 

Case 1a  4.35 142.49 146.84 0.275 2.34 
Case 2a  5.03 150.88 155.91 0.3 2.7 
Case 3a  4.61 150.88 155.49 0.275 2.48 
Case 4a  5.59 167.64 173.23 0.3 3 
Case 5a  5.12 167.64 172.76 0.275 2.75 
Case 6a  5.63 184.4 190.03 0.275 3.02 
Case 7a  6.7 201.17 207.87 0.3 3.6 
Case 8a  6.14 201.17 207.31 0.275 3.3 
Case 9a  6.66 217.93 224.59 0.275 3.57 
Case 10a  6.92 226.31 233.22 0.275 3.71 
Case 1b 1.41 3.3 99.07 103.78 0.3 2.4 
Case 2b 1.29 3.03 99.07 103.39 0.275 2.2 
Case 3b 1.59 3.71 111.46 116.76 0.3 2.7 
Case 4b 1.45 3.4 111.46 116.31 0.275 2.48 
Case 5b 1.76 4.13 123.84 129.73 0.3 3 
Case 6b 1.62 3.78 123.84 129.24 0.275 2.75 
Case 7b 1.94 4.54 136.22 142.7 0.3 3.3 
Case 8b 1.94 4.54 148.61 155.09 0.275 3.3 
Case 9b 2.1 4.92 160.99 168.01 0.275 3.57  

Table 2 
Oscillatory Experiments.   

x-CH4 y-Biogas(CH4 = 70%,CO2 = 30%)    

CO2 (Standard 
L/m) 

CH4 (Standard 
L/m) 

Air (Standard 
L/m) 

Mixture (Standard 
L/m) 

Equivalence Ratio 
(ϕ)  

Thermal Power 
(kW) 

Oscillation period (s) 
of CH4 flow 

Amplitude (%) of 
steady CH4 flow 

Case 
1x  

6.22–7.6 226.3 232.52–233.9 0.2475–0.3024 3.34–4.08 60 s 10% 

Case 
2x  

4.84–8.98 226.3 231.14–235.28 0.1925–0.3572 2.6–4.82 60 s 30% 

Case 
3x  

6.22–7.6 226.3 232.52–233.9 0.2475–0.3024 3.34–4.08 180 s 10% 

Case 
4x  

4.84–8.98 226.3 231.14–235.28 0.1925–0.3572 2.6–4.82 180 s 30% 

Case 
1y 

2.1 4.43–5.41 161 167.52–168.5 0.2475–0.3024 3.41–3.74 60 s 10% 

Case 
2y 

2.1 3.44–6.4 161 166.53–169.49 0.1925–0.3572 3.07–4.06 60 s 30% 

Case 
3y 

2.1 4.43–5.41 161 167.52–168.5 0.2475–0.3024 3.41–3.74 180 s 10% 

Case 
4y 

2.1 3.44–6.4 161 166.53–169.49 0.1925–0.3572 3.07–4.06 180 s 30%  
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respective fuel. 
Table 1 provides details of the experimental conditions for steady 

cases and Table 2 shows details for the unsteady cases, for both methane 
and biogas mixtures. Flow Vision SC software was used to program the 
MFCs to set the fuel flow rate systematically. The burner was ignited 
under lean conditions and the subsequent decrease in the fuel flow rate 
resulted in ultra-lean combustion and stabilisation of the flame inside 
the porous foam. The gas analyser measured pollutant emissions after 
the steady state cases had completely stabilised and the final tempera
ture were recorded via the thermocouples. 

As shown in Table 2, after achieving flame stability, the methane 
flow rate was oscillated between 10 and 30% of its base value at 
different frequencies for both mixtures. This was done by programming 
the digital mass flow controller to change the flow rate of methane ac
cording to a sinusoid with variable frequency and amplitude. The axial 
temperature profile was recorded for the entirety of the flame 

oscillation. The flame position movement was monitored along the 
reference points shown in Fig. 2 with a post-processing code developed 
in MATLAB. 

2.3. Image processing 

Extensive image processing was conducted to monitor the flame 
movement/position. Video footage was extracted for each unsteady case 
for a complete sinusoidal cycle – either 60 s or 180 s. A compilation of 
burner snapshots were created using Adobe Premiere Pro at a time in
terval of 2 s for each study to visualise the flame behaviour. Further, a 
code was developed in MATLAB to process the snapshots. After cropping 
each image to strictly the ceramic foam (see Fig. 2a), the image reso
lution was converted to represent distance whereby 5.34 pixels of each 
image corresponds to 1 mm in physical distance. In order to monitor the 
vertical flame movement, five equally spaced reference points were 

Fig. 3. Steady CH4/Biogas mixtures (a) Equivalence Ratio vs Thermal Power (b) Equivalence Ratio vs CO emissions.  

Fig. 4. Unsteady case 1x, a=10%, t = 60 s (a) Axial temperature profile vs CH4 mixture velocity (b) Flame position movement at respective reference points, solid 
line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 
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created along the x-axis in the y-direction. Each image was converted 
from colour to black and white, whereby a luminance criterion was set 
to detect the flame. The luminance value for flame detection differed for 
each fuel and was validated by visual confirmation. Once the luminance 
criterion was satisfied, the y-location of these values was calculated 
(where flame was detected) at the designated reference points. The 
values were further refined and only the upper and lower y-location was 
used to identify the top and bottom part of the flame at each reference 
point. The process was repeated for all snapshots for each case. The 
upper and lower locations of luminance values were then plotted in 
time, representing the flame movement in the y-direction of the ceramic 
foams across the five reference points over a complete sinusoidal cycle. 

3. Results and discussion 

The right quantity of heat generation, heat recirculation and heat 
losses are keys to achieving combustion stabilisation within porous 
media [1]. In general, combustion stabilisation can be achieved when 
the mixture velocity (air and fuel flow velocity) and flame speed are 
proportionate. Fig. 3 displays the burner performance under ultra-lean, 
steady state cases in which combustion stabilisation for both methane 
and biogas mixtures (Table 1) was achieved. Fig. 3a illustrates the re
lations between burner thermal power and mixture equivalence ratio 
and velocity. Here, the mixture (air and fuel) velocity refers to that in
side the quartz tube. Expectedly, the thermal power increases mono
tonically as the mixture velocity is increased. It is also clear that 
methane mixtures feature relatively higher thermal power compared to 
those of biogas, which is simply due to the higher enthalpy of combus
tion of methane. 

Fig. 3b highlights the effects of mixture velocity and equivalence 
ratio on CO emissions. The common trend shows the CO emissions 
plummet for a higher mixture velocity and for a lower equivalence ratio. 
As the mixture velocity reduces, the temperature within the combustion 
zone decreases. This is due to reduction in heat release while the heat 
losses remained almost unchanged. Lower temperatures contribute to 
incomplete combustion and interrupt oxidation of CO to CO2. Lower 
equivalence ratio also reduces the heat generation and brings down the 
reaction temperature which then results in increase in CO emissions. 

Evidently, emission of CO is relatively high for biogas. This is because 
the existence of CO2 in the mixture decreases the temperature compared 
to that in methane mixtures and increases the likelihood of incomplete 
combustion. 

Case 10a (Table 1) was the starting point for all unsteady methane 
cases before introduction of the inlet sinusoidal disturbances. Fig. 4 il
lustrates the porous burner performance operating on methane mixture 
subject to inlet disturbance superimposed on the fuel flow rate with a 
period of 60 s and amplitude of 10%. The axial temperature was 
monitored throughout the entirety of the experiment whereby a flash
back criterion was set at T1 = 773 K by empirical observation. Modu
lation of fuel flow rate resulted in a visible motion of the reactive front 
inside the quartz tube. This motion was filmed (see Section 2) and the 
subsequent temperature variation were further recorded. In total, ten 
cycles of oscillation in fuel flow rate were completed with the burner 
operation remaining stable. 

Fig. 4a shows the temperature traces recorded by the thermocouples 
(see Fig. 2a) as well as the calculated fluctuations in the mixture flow 
velocity. Clearly, the temperature has been recorded by T3, between the 
interface of high density and low-density silicon carbide ceramic foam. 
The interface amid the two ceramic foams offers a supplementary means 
of stabilising the combustion flame whereby the upstream region be
haves as a flashback arrestor. This is primarily due to the sudden 
decrease in pore size upstream of the interface. While throughout the 
experiment all measured temperatures exhibit almost stationary be
haviours, T2 continues to rise as a direct response to the fluctuations in 
the inlet sinusoidal fuel. The independency of temperature traces upon 
the fluctuations in fuel flow implies that the flame motion has not been 
sensed by the thermocouples recording those traces. In the current case, 
this means that fluctuations in flame location is limited to the vicinity of 
thermocouple T2. To further investigate this, Fig. 4b visualises the flame 
position movement corresponding to the eighth sinusoidal cycle at its 
designated reference points. After a period of roughly 27 s, the lower 
part of the flame takes a significant dip (12 mm) which can be visually 
observed in Fig. 4c. This correlates to the temperature recoded by T2 as 
Fig. 4b shows that the movement of the flame is around 10 mm, which 
explains why other thermocouples did not sense the motion of the flame. 
A comparison between the flow velocity signal in Fig. 4a (the part inside 

Fig. 5. Unsteady case 2x, a=30%, t = 60 s (a) Axial temperature profile vs CH4 mixture velocity (b) Flame position movement at respective reference points, solid 
line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 
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the box) and flame location in Fig. 4b, reveals that the flame motion 
more and less follows the fluctuation in the mixture velocity. Indeed, 
there is a phase lag between the two fluctuations. Yet, this is very much 
to be expected as time lag between the flow and flame oscillations are 
well recorded by studies on flame dynamics, e.g. [52]. 

Fig. 5 shows a similar case to case 1x albeit with a 30% inlet fuel flow 
rate illustrated in red. In Fig. 5a, the temperature is initially observed at 
T3, but as the time elapses, the temperature traces recorded by T2 and 
T3 as T2 become more responsive to the inlet disturbance. Heat recir
culation is increased with the amplification of the inlet fuel flow rate. 
Downstream of the reaction zone, the combustion products are likely to 

have a higher temperature than the low density ceramic foam, thus 
convective heat transfer takes place between the hot gases and the solid 
matrix. The solid foam then radiates and conducts heat upstream of the 
combustion zone. Since the temperature of the solid is larger than that of 
the inlet mixture; convective heat transfer takes place between the solid 
and gas. As a result, the incoming cold reactants are preheated. How
ever, due to the lower pore size and high density ceramic foam up
stream, the rate of conductive heat transfer is increased as direct impact 
of large inlet fuel disturbance over a relatively short time. Consequently, 
the upstream thermocouple, T1 highlights the thermal response of the 
inlet disturbance over ten oscillatory cycles. Fig. 5c demonstrates the 

Fig. 6. Unsteady case 3x, a=10%, t = 180 s (a) Axial temperature profile vs CH4 mixture velocity (b) Flame position movement at respective reference points, solid 
line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 

Fig. 7. Unsteady case 4x, a=30%, t = 180 s (a) Axial temperature profile vs CH4 mixture velocity (b) Flame position movement at respective reference points, solid 
line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 
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flame movement of the eighth cycle of the inlet fuel fluctuations 
(marked by the box in Fig. 5a). A broken oscillatory pattern is visible as 
the flame position again directly correlates to the thermal response of 
the system. With the introduction of an increased amplitude the flame 
travels further upstream when compared to case 1x. As the core part of 
the flame has settled within the lower density silicon carbide, the flame 
thickness has also increased uniformly as can be seen in Fig. 5c. 

Next, the period of fuel flow oscillation was extended to 180 s to 
provide a longer time for the combustion system to respond. Fig. 6a 
(case 1c) shows the temperature transitions from T3 to T2 post 500 s of 
the experiment. At this point, the combustion zone transitions into the 

upstream high density ceramic foam. Although the inlet disturbance is at 
a minimal amplitude of 10%, the prolonged fluctuation period extends 
the internal heat recirculation of the hot combustion products to the 
incoming cold reactants and minimises heat losses even when the inlet 
velocity is brought to low values. The oscillatory temperature response 
at T1 can be seen to increase rapidly as the combustion zone moves to 
the lower porosity silicon carbide foam, improving heat conduction and 
thermal radiation with the increase in foam density. Fig. 6b provides a 
visual of the sixth cycle of the inlet velocity impact upon the flame 
movement. Although, the flame position oscillates according to the 
imposed sinusoidal disturbance, a non-uniform movement is detected. 

Fig. 8. Unsteady case 1y, a=10%, t = 60 s (a) Axial temperature profile vs Biogas mixture velocity (b) Flame position movement at respective reference points, solid 
line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 

Fig. 9. Unsteady case 2y, a=30%, t = 60 s (a) Axial temperature profile vs Biogas mixture velocity (b) Flame position movement at respective reference points, solid 
line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 
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This is further verified by Fig. 6c whereby the flame features a roughly 
30 degree tilt. This behaviour could be due to the existence of small 
imperfections in the ceramic foam orientation with the insertion of 
thermocouples allowing the preheating of incoming cold reactants to 
accelerate on one side of the burner foam. Nonetheless, such tilting was 
not observed in steady state cases and its inception is related to long- 
period forcing. 

Fig. 7 highlights (case 4x) the thermal response and flame oscilla
tions as a result of a modulation of fuel flow with the amplitude of 30% 
over a cycle period of 180 s. With the increase of amplitude in the 
methane fuel rate, the equivalence ratio surges to 0.3572 at the peak of 
the sinusoidal wave, far higher than the stable operating range for the 
burner for a methane mixture. At the trough of each sinusoidal wave, the 
equivalence ratio drops to 0.1925, quenching the local flame. Yet, with 
an increased period of fluctuations, in each cycle the porous burner 
stores the heat and with the increase of the fuel flow rate; accelerates the 
excess enthalpy combustion. As a result, in Fig. 7a, after five cycles the 
fuel flow is cut off as the burner reaches the flashback criterion within 
900 s, far quicker than when the amplitude was set at 10% (1300 s). 
Fig. 7b portrays the fourth sinusoidal cycle of the flame movement. It 
can be seen that the non-uniform movements of the flame augments 
amongst the reference points with an increase in amplitude. Fig. 7c 
displays this behaviour where the flame not only causes a further tilt but 
also visualises the further spread of the flame amongst the porous burner 
within the ceramic foam. 

Case 9b (see Table 1) is used as the foundation for all unsteady biogas 
mixture cases before the inlet sinusoidal disturbances are introduced. 
Fig. 8 represents biogas mixture subject to sinusoidal disturbance of 10% 
amplitude of methane flow over a period of 60 s (case 1y). The carbon 
dioxide composition of the mixture and air are kept constant amongst all 
biogas experiments. Upon initial observation, Fig. 8a shows the inlet fuel 
oscillations have little or no effect across all thermocouples except T2. 
For this case, the flame was subject to 10 forcing cycles while main
taining stable operation. A comparison between biogas and methane 
mixture displays a similar pattern with the rate of increase in temper
ature at T2, however from the eighth cycle onwards, a noticeably lesser 
temperature increase is observed in biogas mixture. This can be pri
marily attributed to the chemical composition of the mixture; as a 

smaller amount of fuel is being burned of the incoming reactants, less 
heat is generated. This led to smaller temperature rises and a longer time 
for heat to transfer. As a domino effect, this also increases the time to 
heat up the silicon carbide foam. Fig. 8b displays that the flame move
ment is minimal within the seventh cycle as the reaction rate of biogas 
mixture is slower. A 10% amplitude has minimal impact, albeit due to 
the extensive thermal properties of silicon carbide it manages to with
hold heat. Fig. 7c depicts the biogas flame showing no obvious flame 
movement over the relevant period. However, it is noted that the flame 
colour and luminance is less intense when compared with the methane 
mixture due to the dilution of the mixture. 

Fig. 9 displays (case 2y) the trend of biogas flame as the amplitude of 
fluctuations in fuel flow is increased to 30% of its base value over a 
period of 60 s. Fig. 9a highlights stable burner operation throughout the 
experiment, completing ten cycles of the superimposed disturbances on 
fuel flow. The flame realigns itself with T2 being the most responsive 
thermocouple to the inlet disturbance whereby a sporadic oscillatory 
pattern is observed post cycle six of the experiment. During this period, a 
gradual increase in temperature at T1 is observed. It should be noted 
that due to the increase of amplitude of the fuel flow rate a greater in
crease and decrease in temperature is detected whereby a larger tem
perature amplitude is visible in T2 when compared to case 1y. Further, 
as a result of the short period of fluctuations, the silicon carbide foam is 
able to retain heat. Extending the gradual reduction in reaction rate, the 
burner overcomes flame extinction as the fuel flow rate rebounds into a 
surplus value from the foundation model (case 9b). This borderline 
uncertainty is also visible in Fig. 9b and c where the flame thickness is 
minimal for the seventh cycle of the experiment as the burner responds 
to the reduction in the flow rate from the previous cycle. After recovery, 
the temperature increases, the flame thickness widens and the flame 
position moves upstream. 

Fig. 10 shows (case 3y) the effect of increasing the time period of the 
inlet fuel flow rate disturbance to 180 s with a 10% amplitude. Overall 
the system (Fig. 10a) is able to complete 8 cycles of oscillatory flow 
amidst experiencing gradual flashback and the flame travelling up
stream. Biogas mixture was able to prevent flashback for an additional 6 
min when compared to methane mixture for similar conditions. This is 
primarily due to a variety of factors such as lower inlet velocity, lower 

Fig. 10. Unsteady case 3y, a=10%, t = 180 s (a) Axial temperature profile vs Biogas mixture velocity (b) Flame position movement at respective reference points, 
solid line – upper part of flame, dash line – lower part of flame (c) Snapshots of porous burner subject to unsteady flow at different intervals. 
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flame speed and dilution of fuel composition; all lowering the flame 
temperature and speed. As a result, heat transfer within the ceramic 
foam also occurs at a slower pace due to the weaker temperature 
gradient between the flame and foam. Further, prolonging the flashback 
effects with the ceramic foam taking longer to achieve thermal equi
librium with the flame moving upstream. T1 directly responds to the 
induced disturbance almost taking the shape of an asymptotic curve if 
allowed to continue. The flame position of the sixth cycle of the exper
iment is shown in Fig. 10b. The flame movement appears to be minimal 
due to the low amplitude fluctuation albeit there is a significant increase 
in flame thickness, indicating a slower reaction rate. This is further 
confirmed by visual inspection by Fig. 10c at various time intervals 
whilst the burner is subject to modulation of the fuel flow. 

Fig. 11 represents case 4y whereby the amplitude is increased to 30% 
of the inlet fuel flow rate at a period of 180 s per cycle. Fig. 11a shows 
the burner response commences with T2 recording temperature gains of 
the first three cycles and then the system begins to experience more heat 
loss than heat addition. As a result, complete flame extinction via blow 
off occurs at the seventh cycle. As the fuel flow rate was adjusted for the 
methane mixture only, the equivalence ratio was altered but for biogas 
both the equivalence ratio and ratio of methane to carbon dioxide were 
affected. At the trough of the highest amplitude (30%) of fuel modula
tion, the equivalence ratio drops to 0.1925. With such a low ratio of fuel 
compared to the rest of the mixture over a longer time, the burner is not 
able to recover the lost heat when the inlet inputs a surplus flow of 
methane into the system. Furthermore, with each cycle the overall 
temperature continues to drop, with the combustion gas transferring 
little or less heat to the pre-heating zone. This process continues to 
repeat until the overall temperature drop is so significant that it can no 
longer ignite the incoming mixture within the conduits of the ceramic 
foam; resulting in flame extinction. Fig. 11b further clarifies this as no 
flame is detected at reference point A during the third cycle, where a 
gradual blow off is underway. Although, due to the higher amplitude a 
larger flame thickness is detected albeit very minimal flame movement 
[53]. A drastic heat loss during the imposed sinusoidal disturbance is 
visible at various time intervals as can be seen in Fig. 11c. 

4. Conclusions 

An experimental study was conducted on a porous burner under 
ultra-lean condition to investigate the effects of sinusoidal fluctuations 
in the inlet fuel flow upon the flame dynamics. Such burners can be used 
in heating applications where very high temperatures are not needed. 
Burner operation with biogas often involves unsteadiness in fuel flow 
rate because of the inherent fluctuations in the gas supply of small-scale 
anaerobic digesters. Methane and a mixture of methane and carbon 
dioxide, mimicking biogas, were used as fuel. The fluctuations were 
superimposed on the fuel flow via programmable mass flow controllers. 
The response of the porous burner was evaluated by measuring the 
temperature at different axial locations along the burner centreline and 
by capturing the flame movement through imaging. It was shown that, 
under steady conditions, the burner could be operated for equivalence 
ratios as low as 0.275 for both methane and biogas. Further, biogas 
ultra-lean flames generated more CO emissions than methane flames. 
Under unsteady conditions, the porous burner was able to stabilise 
combustion when the methane mixture was subjected to inlet sinusoidal 
disturbances with amplitudes between 0 and 30% of the steady values 
over a period of 60 s. It was found that the vertical motion of the flame 
roughly follows the dynamics of the imposed oscillations. This was the 
case for both methane and the biogas mixture. However, the extent of 
flame movement for methane was significantly greater than that for 
biogas, whereas the flame thickness increase/decrease for biogas was 
more responsive than for methane. Finally, for both fuels, long exposure 
of the burner (180 s) to fuel flow modulations led to flame destabilisa
tion, resulting in flashback or blow-off. 
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