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Abstract 

Swirling flows have been widely used for many years in engineering applications such as; 
chemical and mechanical mixing devices, separation units, spray drying technologies, turbo 
machinery and combustion systems. In practical combustion applications, swirl motion has 
been adopted to the incoming reactant flows in order to enhance the mixing of fuel and 
oxidizer and to improve flame stabilization and establishment, especially in regions of 
relatively low velocities, by recirculating hot product gas to the incoming reactants. At critical 
operating conditions the recirculation zone exhibit high sensitivity to flow disturbances 
leading to hydrodynamic instabilities. During combustion, these instabilities can interact with 
flame structures by modulating the rate of heat release, equivalence ratio, flame surface etc. 
As a result of these interactions, combustion instabilities can form in the systems. At initial 
state, combustion instabilities can stay unnoticed due to their relatively small amplitudes, but 
the amplitudes of the instabilities can increase when they couple with acoustical 
characteristics of any particular system elements. As a result, combustion systems can suffer 
from high amplitude noise, vibrations, flame flashback, local flame quenching, and even 
severe damages in system structures.  

This thesis provides insights into the interaction of acoustic waves with a swirl stabilized 
wood powder flame and its effects on flame structures. A high speed photography technique 
has been applied to wood powder flame under external forcing of the secondary air flow 
pattern to record spontaneous emission of radiant energy from the flame. Simultaneously, 
dynamic pressure signals were acquired with a data acquisition board in order to relate 
pressure data with radiant energy which has been assumed to be representative of heat release. 
In order to investigate the influence of the interactions on combustion, the resulting data were 
complemented with gas sampling measurements. From digital still images taken without 
external forcing, the wood powder flame was observed to expand to occupy the entire 
combustion chamber. In addition, the flame shape and size appears to be unchanged under a 
wide range of forcing frequencies, with one exception at a particular low frequency for which 
a resonant behaviour was observed. The critical frequency was 17 Hz independent of 
amplitude of the forcing frequency and at this forcing frequency dramatic changes in flame 
size and shape was observed. Instantaneous and phase averaged images have revealed the 
presence of large scale vortical structures that closely interacted with the flame surface. A fast 
Fourier transform of the point wise optical signal also shows that the flame is susceptible to 
instabilities at the acoustical forcing of 17 Hz.  The existence of thermo-acoustically induced 
combustion instability has been investigated by a Rayleigh criterion which states that the 
amplitude of a sound wave will be amplified when heat is added less than 90 degrees out of 
phase with its pressure. In this study, the heat release extracted from high speed images 
recorded at 17 Hz is approximately 40 degrees out of phase with the pressure data which 
confirms the thermo-acoustic nature of the instability.  Finally, from gas sampling 
measurements it was concluded that the acoustic oscillations at 17 Hz have increased the NOx 
emission level to around twice the level without forcing.  
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 Introduction 

The effect of acoustic waves on the flame behaviour goes back to 1802 [1]. An Irish scientist, 
Higgins found that several tones of sound waves could be generated by burning hydrogen in 
glass tubes of various diameters, lengths and thicknesses. After 5 decades, this phenomenon 
was also observed by John Le Conte [2]. At a private musical assembly, he noticed that the 
flame projected on the brick wall near the piano showed synchronized pulsations in the height 
with the notes of the grand trios.  In 1878, Lord Rayleigh [3] stated that the effects are mutual 
and pulsating heat sources impose an influence on acoustics as well. After that, in the 
successive years, numerous researches investigating the interaction of heat and sound have 
been reported in the research field of ‘thermo-acoustics’. Thermo-acoustic oscillations refer to 
transfer of the thermal energy provided by a heat source into an acoustic field set up in the 
system. A Rijke tube is a classic tool to explain the onset of thermo-acoustic oscillations. A 
metal tube is vertically held over a burner and a disc of wire gauze is placed inside the tube 
one quarter the way from the bottom. The gauze is heated up over a flame from a burner until 
it glows to red. When the tube is held away from the flame for some time until the hot wire 
gauze cools down, the sound is radiated out the tube. This phenomenon is explained in Ref [4] 
as follows. The gauze heats the air around and this hot air rises upwards due to the natural 
convection. The air flow inside the tube is a combination of two motions, natural convection 
and the particle displacement due to the sound waves set up in the tube for two open ends. 
When the particle displacement is positive upwards, more fresh colder air flows in and passes 
through the gauze to be heated. Thus, more heat transfer between the gauze and the air flow 
takes place. When the particle displacement is negative downwards, relatively less heat 
transfer takes place. The particle displacement is in phase with pressure at lower half of the 
pipe. That means the air flows upwards past the gauze just before pressure maximum. As the 
gauze is located at this position, heat is added into the acoustic field when the pressure is at 
maximum. This further increases the amplitude of maximum pressure. When the gauze is 
positioned in the upper half of the tube, particle displacement is out of phase with the pressure. 
Thus, less heat transfer will add into the acoustic field when the pressure reaches to a 
minimum value. This leads to a reduction in the amplitude of pressure. Therefore, no sound 
will be heard. A necessary condition for thermo-acoustic instabilities to occur is represented 
by the Rayleigh Criterion which is expressed in terms of the Rayleigh index evaluated over a 
period of instabilities. 

Criterion for Thermo-acoustic Instabilities  

Rayleigh’s observations and explanations are formalized in a mathematical form and shown 
in eq.1 [5].  

∫=
T

dttQtp
T

R )()(
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      (1) 

Q’, p’, T and R represent the heat release oscillations, pressure oscillations, a period of 
instability and the Rayleigh index respectively. The formulation states that the Rayleigh index 
is positive when the heat release oscillations are added into acoustic field less than 90 degrees 
out of phase with the pressure oscillations. On the other hand, the Rayleigh index takes the 
negative value when the heat release is out of phase with the pressure oscillations. Moreover, 
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the Rayleigh criterion doesn’t account for the acoustic losses on the boundaries of the acoustic 
domain. The thermal energy transfer from the unsteady combustion process into the acoustic 
field doesn’t necessarily imply that the thermo-acoustic oscillations are excited in the system. 
The rate of energy transfer from the unsteady combustion process into the acoustic field must 
be larger than the rate at which acoustic energy is dissipated within the system due to the 
damping mechanisms or lost throughout the system boundaries.  

Feedback Mechanism 

The thermo-acoustic oscillations occur in the system when the following fundamental 
conditions are prevailed [6]:  

a)   A thermal energy representing the amount of heat released by combustion.  

b) An acoustically closed system, which means no sound leakage throughout the system 
boundaries. 

When the conditions above are established, thermo-acoustic instabilities manifest themselves 
in the process with a build up of pressure, velocity and heat release fluctuations in time 
resulting from a feedback mechanism. In confined systems, fluctuating heat release generates 
acoustic oscillations due to the coupling with one of the acoustic modes of the system. 
Acoustic oscillations reflected from the boundaries can affect the flame itself or inlet 
conditions of the flame when they propagate towards the inlet nozzles. This can lead to 
oscillations in velocity, pressure and equivalence ratio etc. which can in turn amplify the heat 
release oscillations. This is a closed loop and schematically illustrated in Fig.1. 

  
   

Fig. 1 A closed feedback loop inducing self-excited thermo-acoustic oscillations.

Some of the physical mechanisms that induce the disturbances in heat release have been so far 
identified and reported in many academic researches [7-15]. The most significant mechanisms 
are equivalence ratio oscillations [7], entropy fluctuations [8], periodic variations in a flame 
surface area [9], and large scale vortex structures [10-12], system resonances [13] and 
combination of multiple mechanisms [14,15]. 

Unsteady heat release 

Flow &  Mixture 
oscillations 

Acoustic oscillations 
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This thesis focuses on the thermo-acoustic oscillations due to the large scale coherent vortex 
structures. These structures can be attributed to heat release fluctuations by interaction with 
the flame front leading to oscillatory flame surface area [16]. Large coherent structures have 
been present in the swirl flows in a form of vortex breakdown and are extensively reviewed in 
[17]. The vortex breakdown is defined as an abrupt change in the core of the slender vortex. 
Strong swirling flows can undergo the vortex breakdown at critical swirl level (S > 0.6). Swirl 
level refers to the ratio of axial flux of tangential momentum to the product of axial flux of 
axial momentum with the equivalent exit radius [18]. Strong swirl flow exhibits bubble, 
helical or double helical breakdown modes depending on the boundary conditions and flow 
field characteristics [19]. In the appended paper C, these modes of vortex breakdown have 
been also visualized in a reactive swirl flow and shown in Fig.2.  

t+465∆t

       
                                               t+466∆t                                               t+467∆t

t+509∆t

Fig. 2 Frames taken at specific time intervals represent the spatially time varying flame motions at excess air of  
2.26 and a forcing frequency of 17 Hz.. ∆t represents time interval between two frames and corresponds to 1.667 
ms whereas t corresponds to first recording time instance. The frames are sampled at 600 Hz.  Temporally 
resolved images show the bubble, transition mode from the bubble to the spiral, the spiral and the double helix 
modes of vortex breakdown.

In reactive and non-reactive swirling flows, the vortex core becomes unstable and starts to 
rotate and precess about the axis of symmetry resulting in formation of three dimensional, 
time dependent vortex structures. In the literature, it is referred to the precessing vortex core 
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(PVC) and located the boundary of the reverse flow zone between zero velocity and zero 
streamline [20]. The PVC attains a helical shape and it is extensively reviewed in [21].   

Diagnostics Techniques for Thermo-acoustic Oscillations 

Thermo-acoustic oscillations are manifested in the processes by fluctuations in the velocity, 
pressure, heat release and other flow parameters. Many times, simultaneous measurements are 
needed to elucidate the physical mechanisms driving the thermo-acoustic oscillations. Since 
thermo-acoustic oscillations are coupled to the acoustic properties of the system, dynamic 
pressure measurements have been performed by either microphone or piezo-electric pressure 
transducers. For the combustion of hydrocarbon fuels, the heat release rate measurements 
have been carried out by detection of spontaneous flame radiation. The spontaneous flame 
radiation consists of emissions due to the char, ash, soot and gas molecules at high 
temperatures and excited species, denoted as radicals (OH*, CH*, C2, CO*) generated by the 
chemical reactions [22]. These radicals have been originated in thin reaction zone [23] and 
their applicability for prediction of heat releases have been reported in a variety of scientific 
studies [24-26]. As these radicals emit radiation at discrete frequencies, they can be detected 
by a high speed camera or a photomultiplier unit fitted with specific band pass filters designed 
at specific wavelength bands. In both practical and laboratory systems, oscillating velocity 
measurements have been performed by either intrusive (hot-wire anemometers) or non-
intrusive techniques (particle image velocimetry, laser Doppler anemometry). The extensive 
information about the diagnostic techniques for thermo-acoustic oscillations can be found in 
[27, 28].  

In this thesis, the fluctuating pressure measurements were sensed by a couple of piezo electric 
pressure transducers; one flush-mounted at the inner wall of the combustion chamber and the 
other mounted on the loudspeaker box (see Fig.3). Broadband flame imaging technique has 
been used to predict the oscillations in the heat release rate. This technique is based on 
monitoring the flame motions over a period of time by a high speed camera without filtering. 
The air flow was forced over a range of frequencies by a 10 inch loudspeaker which was 
attached to the secondary burner inlet. The influence of acoustic oscillations on pollutant 
emission was investigated by a flue gas analyser (Testo 350 XL). The measuring equipments 
are depicted in the Fig.3.  
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Fig. 3 A schematic view of the combustion facility given in dimensions and measuring equipments
  

Method of Analysis 

Global and Local Fourier Transformation 

Periodic variations in the intensity of the spontaneous flame radiation have been analyzed 
using a fast Fourier transformation. The intensity of the overall scattered light has been 
evaluated for every high speed images by integrating their pixel values over their image 
domains. This value has been subtracted from a mean intensity value in order to build up time 
series of variations in the intensity of the scattered light.  Time instants that correspond to a 
sequence of images are constructed from a time interval between two images. A mean 
intensity value is defined as the intensity of overall scattered light from time averaged image. 
A fast Fourier transformation of time series of the scattered light intensities gives the 
frequency components of harmonic variations present in the signal. This is a qualitative data 
and its amplitude is assumed to be proportional to the global heat release rate. The local heat 
release rate has been evaluated by the local fluctuation of light intensity. The global and local 
heat release rate measurements are illustrated in Fig.4 and 5.  
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Fig. 4 A power spectral density of pressure (blue solid line, P2 denoted as the signal from the wall flush-
mounted pressure transducer) and emitted light intensity (dotted red line, I) at an excess air of 1.84 and a forcing 
frequency of 17 Hz.  

            (a)                     (b) 
Fig. 5 A fast Fourier transformation of the local pixel values at an excess air of 2.26 and a forcing frequency of 
17 Hz. Symbol ‘+’ represents the location of the local fluctuations at 17 Hz and symbol ‘x’ represents the point 
where no fluctuations at 17 Hz exist (a). To provide clarity for graphical representation of a fast Fourier 
transformation, three points were chosen (b). The pixel locations 1, 2 and 3 are arranged in the graph from low to 
high pixel values respectively.  

Transfer Function 

Transfer function is a statistical tool which establishes a correlation between input and output 
terms with given phase and magnitude information [29].  From a thermo-acoustic point of a 
view, it shows the degree of coupling between the unsteady heat release rate and pressure 
oscillations [30] or unsteady heat release rate and velocity oscillations [31]. It is defined as 
follows:  

)(

)(
)(

fG

fG
fTF

xx

yx
xy =      (2) 

where Gyx(f) and Gxx(f) are the cross spectrum density between quantities x ( pressure signal 
from the inner wall of combustion chamber) and y (light intensity) and their power spectrum 
density respectively. The transfer function is evaluated for an acoustically forced wood 
powder flame at a forcing frequency of 17 Hz and given in Fig.6.  
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  (a)   (b) 
Fig. 6 (a) Gain of a transfer function between pressure signal sensed from a flush mounted pressure transducer 
and an integrated intensity of spontaneous flame radiation at an excess air of 1.84 and a forcing frequency of 17 
Hz.  (b)The phase information is only shown between phase angles around 16.3 and 17.1 Hz for clarity of 
presentation. 

Phase-Locked Averaged Analysis

To extract the large coherent structures from highly turbulent flow fields, a diagnostic tool 
needs to be employed in post processing. This method builds on the idea that the flow field 
consists of three parts, one time average static part, one deterministic periodic part and a 
stochastic fluctuating part [32]. A flame is strongly modulated by a high level of turbulence 
which renders the visualization of harmonic motions in the images difficult. Compared to 
conventional averaging method, in phase locked averaged analysis; the images are locked to 
specific phase intervals of harmonic motions within the frequency band of interest and are 
averaged over these intervals. The resulting images show flame motions over a cycle of a 
dominant signal. The phase-locked averaged analysis is used in processes where time-spatial 
correlation between two parameters needs to be established, such as heat release-acoustic field 
in thermo-acoustic experiments. Guthe and Schuermans [33] developed a new approach to 
study thermo-acoustically driven heat release fluctuations by performing a phase-locked 
averaging analysis in post processing. The method doesn’t require online trigger schemes, 
delay lines and any band pass filters which are used in the conventional phase-locked 
averaging analysis. Moreover, this technique allows analyzing the correlations at several 
frequencies from the same data. Fig.7 evidences the applicability and efficiency of the phase-
resolved visualization technique with respect to the time averaging technique.  

                        
                    (a)   (b) 

Fig. 7 (a) Phase resolved image that corresponds to the phase angle of -720 and (b) time averaged image at the 
excess air of 2.26 and a forcing frequency of 17 Hz.  
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Conclusion

A high speed visualization technique has been employed to acoustically excited flame at a 
forcing frequency where dramatic changes in shape and movement of the flame have been 
observed. The secondary air flow pattern has been excited by a loudspeaker over a range of 
frequencies however flame strongly responds to the acoustically forced air flow at 17 Hz. The 
sequence of high speed images reveals the presence of large coherent vortical structures inside 
the reactive flow.  

To extend the territories of investigation, dynamic pressure measurements and flue gas 
analysis have been integrated to the high speed imaging technique. The experiments have 
been performed at three different air excess numbers, 1.84, 2.04 and 2.40. These excess air 
numbers have been obtained by changing the fuel flow rate while keeping the air flow rates 
constant. The flame has been excited at a frequency of 17 Hz as the wood powder flame only 
responds to air flow oscillations at this forcing frequency. Power spectral densities of 
integrated scattered light intensities also approve this qualitative observation and the 
amplitude of the scattered light intensity increases with higher fuel flow rates. Pressure 
measurements and high speed imaging have been synchronized in order to correlate the 
pressure and the intensity of spontaneous flame radiation which is assumed to be 
representative of heat release rate. The flame transfer function gives evidence that the 
unsteady heat release rate is around 40 degrees out of phase with the oscillating pressure 
signal. This indicates that heat release oscillations have been coupled with the pressure 
oscillations. Emission analysis shows that imposed oscillations at the forcing frequency of 17 
Hz increases the NOx emission level to around twice the level without imposed oscillations. 

In order to elucidate the presence of the dominant flow field structures of wood powder flame, 
a new method of analysis have been performed on the sequence of images belonging to the 
previous experiment. Spatially and temporally evolving images together with the phase-
resolved images have been obtained on the basis of the triple flow field decomposition. The 
efficiency of phase-locked averaging images has been compared with the conventional 
averaging method. Spatially and temporally evolving pictures show that the excited flow field 
supports three major vortex breakdown modes; bubble, helical and double helix modes. 
Moreover, maximum signal of spontaneous flame radiation which represents the reaction 
zone track the pattern of the vortex structures. Phase-resolved images successfully make the 
large coherent structures apparent in the images filtering out the high levels of turbulence 
whereas the conventional averaging method makes the images blurred. Triple flow field 
decomposition and the phase-locked averaging technique employed in the post-processing 
appear to work well. 
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ABSTRACT 
Swirl stabilized burners are widely used in industrial 

combustion processes due to their benefits in terms of wider 
flame stability limits, improved mixing and high turbulence 
level [1]. However, swirl flows are prone to hydrodynamic 
instabilities at critical operating conditions, which can lead to 
local velocity and pressure oscillations. These oscillations can 
modulate the heat release, giving rise to a space-temporal 
coupling between heat release and pressure, (Rayleigh 
criterion), leading therefore to thermoacoustic oscillation. 
Industrial experience has shown that swirl stabilized wood 
powder burners can sometimes cause pressure fluctuations that 
results in high amplitude structural vibrations in the boiler and 
increased emissions. The qualitative experiments with a 150 
kW wood powder burner that was perturbed with a loudspeaker 
in the secondary air register showed that a strong effect on the 
flame characteristic occurred when the perturbation frequency 
was about 17 Hz. Flame visualisations indicated that one or 
more precessing vortices were present during stable combustion 
and that these vortices became unstable when the excitation 
frequency and amplitude had a critical value.  

INTRODUCTION 
Swirl generators have a wide variety of industrial 

applications, such as aeronautics, heat exchange, spray drying, 
separation, combustion, etc [2].  The role of swirling flow in 
combustion systems, (in gas turbine engines, diesel engines, 
industrial burners and boilers etc.) was to stabilize flame and 
improve mixing rate between fuel and oxidant streams via 
presence of toroidal recirculation zone which recirculates heat 
and active chemical species to the root of flame [3]. Intensity of 
swirling flow is characterized by non-dimensionless swirl 
number, S which is ratio of axial flux of angular momentum to 
the product of axial momentum flux and a characteristic radius 
but the expression of swirler number implicitly depends on the 
swirler geometry and flow profile [4].   

Even swirling flow brings many advantages into industrial 
applications; it can lead to fluid dynamic instabilities via 
establishment of certain flow pattern which allows vortices to 
shed periodically. In combustion, flow pattern interacted with 
one or more acoustic modes of combustion system and flame 
dynamics can result in amplified heat release rate and 
pressure/velocity fluctuations. This coupling can lead to 
undesirable effects in the swirl stabilized combustion systems; 
flame flashback, loud noise, high amplitude vibrations and even 
failure of the mechanical systems. The potential sources of 
instabilities in swirl stabilized systems have been extensively 
investigated by Syred who pointed out the precessing vortex 
core (PVC) in swirl systems as three dimensional, time 
dependent spiral structures which are considered to be a main 
source of noise in swirl burners [3,5,6]. He has also reviewed 
large number of experimental and numerical works about the 
occurrence of the precessing structures by consideration of 
several cases; free, confined isothermal, reactive flows with 
different mode of fuel entry, equivalence ratios and level of 
confinement [3]. In work of O´Doherty et al, precessing vortex 
core have been visualized in a 100 kW swirl/burner system as a 
form of curved and twisted structure changing its shape and 
appearance many times within a single cycle [7]. Flow 
visualization experiments in works of E.C Fernandes et al have 
clearly showed that the PVC is formed at a boundary of a 
recirculation zone which is located off centred and precessing 
within helical pattern [8, 9, and 10].  Extensive numeric efforts 
have been applied to characterize the instabilities induced by 
precessing vortex core via visualization techniques and 
frequency analysis. Martin Freitag and Markus Klein have 
performed DNS simulation of the swirling flow in non-
premixed bluff body burner and validated their results by 
experimental data. They have observed that close to the bluff 
body, the PVC exhibits single, relatively thick helical structure 
rotating with 21 Hz and further downstream of the burner, 



   

breaks into several branches or keeps its initial shape [11].  In 
the work of Garcia and Fröhlich [12], LES simulation was 
applied to analyze the precessing vortex structures in a free 
annular swirling flow surrounded with and without a weak co-
annular pilot jet. In annular swirl jet which is devoid of coaxial 
pilot jet, two structures have been observed; outer spiralling 
structure located in the outer shear layer and the inner structure 
so called the PVC, located inner shear layer between the 
recirculation zone and annular swirl jet.  Their LES simulations 
show that the structures within absence of coaxial pilot jet are 
more coherent, precessing at more quasi regular rate and persist 
over longer time. Another important conclusion from their 
numeric work is that in the addition of swirler into the coaxial 
pilot jet leads to the loss of coherence and more random 
appearance of structures.  

In this context, this paper addresses the presence of large 
scale precessing vortices in a 150 kW swirl stabilized 
burner/furnace system during wood powder combustion. High 
speed photography technique was applied to visualize the large 
scale helical structures induced by an acoustically forced 
secondary air registers at a frequency of 17 Hz.  

2 EXPERIMENTAL METHOD 

2.1 EXPERIMENTAL SET UP 
The wood powder was mixed and burnt with air in a 3300 

mm long furnace which has rectangular cross sections 
(550x550 mm2). The burner was mounted to a 1300 mm long, 
adaptable window box which gives an optical access to 
visualize flame motions. Soot deposition on both side of 
windows during the combustion are blocked by slit air system 
stretching along the inside of the window frames. Flame 
visualization experiments were performed by the high-speed 
camera Imager Pro HS by LaVision with maximum rate of 636 
per second at full pixel resolution (1280x1024).  Frames were 
acquired and registered in a computer via frame grabber. Flow 
pattern through secondary air intake was perturbed by a 10 inch 
loudspeaker with 180 W rated input powers which was 
equipped into a cylindrical box. A stereo amplifier (Pioneer 
stereo amplifier model no SA 520) and a function generator 
(Wavetek) were used to drive the loudspeaker at certain 
amplitudes and frequencies. The amplitude and frequencies of 
signals, from the signal generator and the stereo amplifier were 
simultaneously logged into the oscilloscope (Agilent 
technologies model 6000). The view of test section and 
equipments were presented in figure 1.  

Figure 1 View of experimental setup 

2.2 BURNER GEOMETRY 
The burner is dimensioned for a maximum power of 150 

kW and used as a combined oil/powder burner shown in figures 
2 and 3. Air is charged into the furnace by a screw compressor 
via three air inlets; primary, secondary and tertiary. All the 
inlets are given rotational movement by guide vanes which 
improve the mixing between fuel and air streams. Each of 
combustion air registers are controlled by mass flow 
controllers. The burner is embedded into a refractory line cone 
which helps ignition of wood particles. The powder is 
transported into the furnace from a powder screw feeder with 
help of air flow via a 19 mm tube located in the centre of the 
burner. At the end of the tube, a conical plug is used to 
distribute the powder more efficiently into the mixing zone of 
the burner.   

Figure 2 A powder burner with combustion air registries 

Figure 3 Front view of powder burner 

2.3 OPERATING CONDITIONS  
Mass flow controllers for primary, secondary and tertiary 

air registries were set to 401 l/min, 703 l/min and 302 l/min 
respectively. The furnace was run at 20 Pa below atmospheric 
pressure with 11 % of excess oxygen level. Average gas 
temperature in the near field of mixing zone was about 8000C.  

3 RESULTS AND DISCUSSION 
Aim of the visualization experiments is to observe the 

behaviour of  (un)steady wood powder flame and investigate 
the presence of large scale precessing structure(s) identified in 
the previous works within swirling flows [3,9,13]. Due to better 
understanding of unsteady powder flame behaviour, the flame 
was initially visualized under the operating conditions where no 
sinusoidal excitation was applied to any of air registries. Figure 
4 (a) shows a stable powder flame which expands and stretches 
further along in the window box. The unburned carbon escaped 
from powder flame sticks and deposits on the base of the 
window box which renders visibility of main powder flame 
further downstream the burner exit inefficient by developing a 
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secondary flame. The next step is to perturb the stable flame by 
imposing a sinusoidal modulation to the secondary air registry 
at wide ranges of frequency and amplitudes without changing 
any flow rate and thus oxygen excess level. In figure 4 (b), (c) 
and (d); the flame exhibits dramatic changes in its shape and 
size when a sinusoidal wave at 17 Hz and 34 Vp-p (peak to peak 
voltage) is applied to the secondary air registry. 

(a) 

(b) 

    (c) 

    (d) 
Figure 4 Snapshots of wood powder flame, (a) without 
acoustical excitation of any of combustion air registries (b), (c), 
(d) subjected to acoustical excitation of secondary air flow at 
17 Hz and 34 Vp-p .   

Unsteadiness in flame motion, shape and size manifest itself in 
various forms of flame front.  In figure 4 (b), the flame diffuses 
into the combustion chamber within a helical pattern which 
falls in with previous visualizations and interpretations of large 
scale helical or spiral vortices in the literature[2,3,8,9,10]. 
However, the secondary flame generated further downstream 
makes it difficult to interpret the boundaries and tip of the 
powder flame. In figure 4 (c), the main powder flame exhibits a 
compact shape close to the powder burner and is relatively 
smaller in length than in figure 4 (b). Figure 4 (d) reveals the 
existence of a large scale helical structure embedded into large 
rotating powder flame.  

 The motion of the flame perturbed at a frequency of 17 Hz 
and 34 V p-p was captured by a high speed camera with a frame 
rate of about 600 Hz.  The specified frame rate enables to 
resolve the large scale coherent structure(s) within the turbulent 
powder flame. The time step between two frames are set to 
0.001667 s.  

After image enhancement and segmentation process, grey 
level flame images show that flame are interacted with large 
scale coherent structure which is reformed in the flame 
boundaries quasi periodically and subjected to continuous 
variations in its shape and size. Boundary of flame front is 
dependent on the presence of the PVC and its form of 
breakdown. In the work of T.O’ Doherty et al, PVC has been 
visualized as a curved and twisted structure. The evolution of 
the twisted flame is shown in Figure 5.  The image sequences 
reveal the presence of PVC structure in the wood powder 
burner. The vortex is convoluted from its core and extends to 
couple of diameters the downstream of the burner exit. 

(a)

(b)

(c)

(d) 

(e) 



   

(f) 

(g) 

(h) 

(i) 

(j) 

(k) 

Figure 5 Evolution of precessing vortex core in a wood powder 
burner; via sequence of images, starting at time of (a) 0.288391 
s, and stopping at time of (k) 0.308385 s 

Observations on the basis of Figure 6 indicate that the 
motion of vortical structure is shifted away from the burner axis 
and it rotates around the burner exit. The PVC pattern is 
generally described as a remarkable helical form wrapping 
itself around the reverse flow zone [3].  The result from figure 

6(b) validates the helical nature of the precessing vortex core 
described in the previous works [2, 3, 4, 9, 13, 14]. 

(a) 

(b) 

(c) 

    (d) 
Figure 6 Visualization of helical nature of the PVC generated 
in wood powder flame; at time of (a) 0.315063 s, (b) 0.3167s, 
(c) 0.318397 s, (d) 0.320064 s 

Large coherent structures have quasi-periodic recurrences 
unless they are excited by a natural feedback mechanism or 
acoustic equipment [14]. The reoccurrence of the PVC structure 
are captured on frames 31, 68, 104, 135, 173, 212, 253, 280, 
314, 351, 381, 404, 443, 479, 516, 540, 561, 598, 619 and 656.  
From the registered frame numbers, the structures are mostly 
reformed every 36 or 37 images which is corresponding to 
about 17 Hz. 

The precessing vortex core structures are often changing 
their shapes and appearances within a single cycle [13]. Figure 
7 shows the appearance of the precessing vortex core within a 
single cycle. Appearances are obtained at 0.173368 s, 0.178369 
s and 0.18337 s. The vortex core is present in the flame front as 
a curved and twisted structure and within 10 ms, it firstly 
transforms into the bubble mode of vortex structure with a 
longer and thinner core size and later is turned into a spiral 
shape whose appearance is totally different than the initial 
appearance.   



   

(a) 

(b) 

(c) 
     
Figure 7 Visualization of continuous variation of the PVC 
shape and appearance within a single cycle; at time (a) 
0.173368 s, (b) 0.178369 s (c) 0.18337 s  

CONCLUSION 
Visualization results indicate that the disturbances in the 

secondary air register can create large scale coherent structures 
in a 150 kW swirl stabilized wood powder burner. The PVC 
structure manifests its existence changing the boundaries of 
powder flame continuously. Powder flame gives response to 
acoustic disturbances at a frequency of 17 Hz with drastic 
changes in its shape, size and motion. The aim of the 
visualization experiments is to investigate the occurrence of the 
precessing vortex core which is referred to as a main source of 
noise in swirl burners [5].  This result will enable further 
investigation of flow pattern of the precessing vortex structures 
and their effects on noise generation.  

ACKNOWLEDGEMENT 
Authors gratefully acknowledge the support of the 

European Commission within 6th Framework Programme, 
through the Marie Curie RTN Project "AETHER", Contract 
No: MRTN-CT–2006–035713. 

REFERENCES 

[1] AK. Gupta, DJ. Lilley and N. Syred, Swirl flows, Tunbridge Wells, 
UK:Abacus Press, 1984.
[2] Lucca-Negro O., O’ Doherty T., Vortex breakdown: a review, 
International Review Journal of Progress in Energy and Combustion 
Science, Vol. 27, 2001, pp. 431-481  
[3] Syred Nicholas, A review of oscillation mechanism and the role of 
the precessing vortex core (PVC) in swirl combustion systems, 
International Review Journal of Progress in Energy and Combustion 
Science, Vol. 32, 2006, pp. 93-161 
[4] Huang Ying, Yang Vigor, Dynamics and stability of lean- pre-
mixed swirl-stabilized combustion,  International Review Journal of
Progress in Energy and Combustion Science, 2009, pp. 1-72 
[5] Gupta A. K., Syred N., and Beer J. M., Noise sources in swirl 
burners, Applied Acoustic, Vol.9, 1976, pp. 151-163
[6] Valera-Medina A., Syred N., and Griffiths A.J., Large coherent 
structures visualization in a swirl burner, 14th International Symposium 
on Applications of Laser Techniques to Fluid Mechanics, Lisbon, 
Portugal, July, 2008. 
[7] Yazdabadi, P.A., Griffiths A.J., Syred Nicholas., Characterization 
of the PVC phenomena in the exhaust of a cyclone dust, Experiment in 
Fluids, Vol.17, 1994, pp 84-95 
[8] Anacleto P.M., Fernandes E.C., Heitor M.V., and Shtork S.I., 
Characterization of a strong swirling flow with precessing vortex core 
based on measurements of velocity and local pressure fluctuations, 
Proc. 11th Int. Symposium on Applications of Laser Techniques to 
Fluid Mechanics, Lisbon, July, 2002. 
[9] Shtork S.I., Vieira N.F., and Fernandes E.C., On the identification 
of helical instabilities in a reacting swirling flow, Fuel, Vol. 87, 2008, 
pp. 2314-2321 
[10] Fernandes E.C., Heitor M.V., Shtork S.I., An analysis of unsteady 
highly turbulent swirling flow ain a model vortex combustor, 
Experiments in Fluids, Vol. 40, 2006, pp. 177-187  
[11] Freitag Martin, Klein Marcus, Direct Numerical Simulation of a 
recirculating, swirling flow, Flow, Turbulence and Combustion, Vol. 
75, 2005, pp. 51-66 
[12] Garcia-Villalba M., and Fröhlich J., On the sensitivity of a 
free annular swirling jet to the level of swirl and a pilot jet, 
Engineering Turbulence Modelling and Experiments, Vol. 6, 
2005, pp. 845-854. 
[13] Fick W., Griffiths A.J. and O’Doherty T., Visualisation of the 
precessing vortex In an unconfined swirling flow, Optical Diagnostics 
in Engineering, Vol.2 (1), 1997, 19-31.  
[14] Fiedler H.E., Coherent Structures in turbulent 
flows,Prog.Aerospace Sci.,Vol.(27),1988,pp.231-269 



 



Paper B 



 



Simultaneous pressure and heat release measurements in a 150kW wood 
powder burner 

Göktepe B. a*, Gebart R.a,b, Leitão N.c, Leitão I. V.c, Merícia J. G.c, Fernandes E. C. c 
a Luleå University of Technology 
Dpt. of Applied Physics and Mechanical Engineering 
Division of Energy Engineering 
SE-971 87 Luleå - Sweden 
b ETC - Research Center 
Box 726 , SE 941 28 Piteå - Sweden 
c Instituto Superior Técnico 
Dpt. of Mechanical Engineering/Center IN+ 
Av. Rovisco Pais, 1049-001 Lisbon - Portugal 
* burak.goktepe@ltu.se 

Abstract  In this paper, results are presented from experiments performed in a semi industrial 
scale biomass furnace equipped with a 150 kW powder burner which was operated around 
atmospheric pressure. Pure sinusoidal sound waves were imposed on the wood powder flame 
at different operating conditions in order to better understand the interactions between wood 
powder flame and acoustic oscillations. NOx emission measurements were made in both 
presence and absence of imposed acoustic oscillations for each operating condition in order to 
analyze the influence of thermo-acoustic oscillations on formation of NOx emissions. The 
wood powder burner has three air inlets; primary, secondary and tertiary. During the 
experiments, only the secondary air flow was perturbed by a loudspeaker.  Excitation of wood 
powder flame over a wide frequency interval showed that the wood powder flame gave a 
significant response at 17 Hz by being unstable and showing irregular wobbling. Flame 
motion was recorded with a high speed camera in order to measure fluctuating light 
intensities. The emitted light intensity was integrated over the whole image region for every 
image in order to extract time series of fluctuating intensity and was acquired simultaneously 
with dynamic pressure data. Fluctuating pressure was collected by two piezo electric pressure 
transducers, one in the vicinity of the loudspeaker before the burner and one inside the 
combustion chamber. Power spectral density (PSD) was applied to both fluctuating pressure 
and light intensity to extract frequency information. PSD of image intensity showed a strong 
peak at 17 Hz and a weaker peak at 51 Hz at higher thermal load. Pressure transducers sensed 
excitation frequency and its first five harmonics very clearly. Fluctuating intensity were 
strongly correlated with pressure data at 17 Hz with a coherence value of 0.93. Phase of 
transfer function showed that they are in phase at 17 Hz. NOx emission concentration was 
collected independently from image recordings and pressure acquisitions. Due to low time 
response of gas analyzer unit, NOx emission measurements must be 
interpreted carefully. However, the results are consistent and show that NOx emission 
increases in presence of acoustic oscillations.

Keywords  Wood powder flame, thermo-acoustic oscillations, a high speed flame imaging, 
heat release rate, transfer function 
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1 Introduction  

     Swirling flow has been applied to a wide range of industrial processes, such as aeronautics, 
heat exchange, spray drying, separation, combustion, etc [1]. In combustion systems, it 
enhances flame stability and mixing between incoming reactants through toroidal 
recirculation zone which recirculates heat and active chemical species to the root of the flame 
[2].  Swirl generators are used in especially non-premixed combustion systems, where sudden 
expansion itself may not be sufficient to create recirculation zone for high speed inlet flows 
[3].  Besides benefits, swirl flow also carries some risks along with itself. In a range of certain 
operating conditions, it can lead to fluid dynamic instabilities induced by fluctuation of 
recirculation zone. The resulting coherent structures can lead periodic heat release oscillations 
and prompts combustion instabilities through the system via Rayleigh criterion [4] which 
states that if the fluctuating pressure and unsteady heat release rate are in phase, the amplitude 
of instability is increased by the coupling between pressure/velocity disturbances and heat 
release rate [5]. This coupling can lead to undesirable effects in the swirl stabilized 
combustion systems; flame flashback, loud noise, high amplitude vibrations and even failure 
of the mechanical systems. Extensive works have been devoted to investigate coupling 
between pressure/velocity fluctuations and unsteady heat release rate. In the literature, 
chemiluminescence’s emission measurements are widely used as a diagnostic technique in 
analysis of unsteady heat release rate in hydrocarbon fuels over certain range of equivalence 
ratios [6-8]. In addition to measurement of chemiluminescence’s emission, M. de la Cruz 
Garcia et al. [9] also used Mie scattering technique to record kerosene spray fluctuations in 
reacting conditions with a high speed camera. They investigated the coupling between 
pressure and Mie scattered light intensity via coherence and transfer function.   
      In this study, broadband flame imaging technique was used to measure unsteady heat 
release from wood powder flame in 150 kW burner/furnace system. A pure sinusoidal 
acoustic oscillation at different frequencies was imposed on the powder flame under three 
different operating conditions and the resulting pressure and heat release fluctuations were 
simultaneously acquired with pressure transducer and high speed camera, respectively. The 
correlation and transfer function between pressure and image intensity signals were 
established to understand the coupling in the powder flame. Finally, concentrations of NOx 
emissions were measured for each operating conditions both with and without acoustic 
oscillations.      

2 Experimental Methods 

     Experiments were performed in a scaled biomass combustor equipped with a swirl 
stabilized powder burner. Data were collected at a mean pressure of 1 bar with an excess 
oxygen level in the flue gas ranging between 9-12 volume percent. Combustion system 
consists of four main parts; a powder burner, a rectangular steel box, main combustor and 
boiler/exhaust section (see Fig.1). A rectangular steel box fitted with glass windows provides 
optical access to visualize flame motions. Soot deposition on windows during the powder 
combustion is prevented by a slit air system that sweeps the window frames.   

SPEIC10 Towards sustainable combustion Tenerife 16-18 June 2010

SPEIC10 Conference Proceedings



Tertiary air 

Secondary  
air 

Primary  
air 

Guide vanes 

Powder+air 
flow 

Fig.1. Schematic diagram of experimental set-up 

     The powder burner is dimensioned for a maximum power of 150 kW and can be run as 
combined oil/powder burner (see Fig.2).  

Fig.2. Details of  a 150 kW powder burner. 
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     Air flow is introduced into the steel box through three air inlets; primary, secondary and 
tertiary. The flow rate for each inlet is controlled with separate mass flow controllers. Swirl is 
imposed by guide vanes which improve the mixing between fuel and air streams. A powder 
burner is surrounded with a refractory line cone. Wood powder is transported with air flow 
from a powder screw feeder into the steel box via a 19 mm tube located in the centre of the 
burner. At the end of the tube, a conical plug is inserted to distribute powder particles more 
efficiently into the mixing zone of the burner. Flue gases released during combustion are 
discharged to the atmosphere sequentially through the boiler and exhaust pipe. Composition 
of flue gases are analyzed by the portable gas analyzer instrument equipped with a sampling 
probe. This probe is installed at a point in exhaust pipe, 25 cm away from the boiler exit.   

A flame response to imposed acoustic oscillations was investigated by perturbing a 
secondary air flow with a 10 inch loudspeaker which is dimensioned for 180 W rated input 
powers. A stereo amplifier (Model SA 520 Pioneer) was used to drive the loudspeaker at 
certain amplitudes and frequencies. The amplitude and frequencies of signal from amplifier 
was logged in an oscilloscope.    
     Pressure oscillations were measured with two Model 106B PCB piezoelectric pressure 
transducers with a maximum step pressure of 1379 kPa. One of the pressure transducer was 
located closer to the loudspeaker and its signal was chosen as a reference signal (see Fig.1). 
The other pressure transducer was mounted flush with the wall of the steel box. This pressure 
transducer was protected from overheating by water cooling jacket.  
     Light emission from the acoustically excited flame was recorded by a high speed CCD 
camera (Model HS MotionPro X3 RedLake) fitted with the  Nikon AF Nikkor 85 mm f/1.8D  
lens  which is capable of capturing 2000 fps at full 1280 x 1024 pixel resolution. The 
refractory quarl surrounding the burner imposes certain limitations on monitor whole burner 
exit, therefore the camera was placed rear of the steel box at angle with respect to the centre 
of burner axis. 
     Images were acquired at a rate of 340 frames per second with an exposure time of 2941 s 
per image. A total of 1050 frames per film corresponding to about 3s were analyzed to 
measure heat release. 
     Pressure data were collected with a real-time USB data acquisition module (Model DT 
9841-VIB) controlled by Measure Foundry software at a sampling rate of 8192 Hz. A total of 
139264 data points were collected for each test. A trigger signal detected by the camera was 
generated by the module which in turn, led to sample the pressure and image data 
simultaneously.    

NOx emission measurements were performed with a portable measuring instrument (Testo 
350 XL) which mainly consists of gas analyzer box and sampling probe equipped with 
integrated thermocouples which are used to measure the flue gas temperature. Fundamental 
principle of analyzer operation is that the flue gas is drawn over the probe, cooled down to 4-8 
0C, pumped at regular intervals into condensation tank and later is transferred to the gas 
sensors through filter which allows a very small portion of measuring gas  to pass and  
produce a signal. The surplus measuring gas is sent away through an exhaust pipe.  

3 Results and Discussion 

     In the experiment, simultaneous measurement of fluctuating heat release and pressure were 
made for wood powder flame under different operating conditions. Elemental composition of 
wood powder particles used in the experiment is given in Table 1. 
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Table 1 Elemental composition of wood powder particles. 

Elemental Composition (weight %) 
C 50.8
H 6.2
O 38.4
N 0.05

Moisture 4.2
Ash 0.35

     Three different operating conditions were achieved by only varying the fuel flow rate and 
keeping air flow rates constant in the experiments. The operating conditions corresponding to 
the fuel flow rate is summarised in Table 2.  

Table 2 Operating conditions at which data was collected. 

Mair [ln/min] 
Condition transport primary secondary Tertiary Mfuel

[kg/h] 
Air Factor*

[-] 
Load** 
[kW] 

A 161 300 604 700 21 1.84 105 
B 161 300 604 700 18 2.08 90 
C 161 300 604 700 15 2.40 75 
* Air factor was estimated from combustion gas analysis. 
** Heating value of wood powder particles are 18 MJ/kg. 

     The high speed camera was triggered by 5 volt signal in form of square wave and the 
signal was acquired simultaneously with pressure data. Collected image series and pressure 
data were brought to the same reference level by clipping data points just before a computed 
reference time. The reference time was the time corresponding to the first zero crossing point 
after first trigger time (see Fig.3).    

Fig.3. A Square wave signal used to trigger the camera. ‘ ’ and ‘ ’ markers represent trigger 
time and first zero crossing point after trigger time, respectively. 
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     Fig.4 (a) and (b) show the time history of both raw and filtered pressure signals at 
condition A and they were measured from pressure transducers mounted close to loudspeaker 
and inside the steel box which was denoted as P1 and P2, respectively. In the rest of the paper, 
P1 and P2 are denoted as pressure signals. Pressure signals had a high level of noise during the 
experiment so averaging and low pass filters were used in sequence to reduce the effect of 
noise (see Fig.4). Low pass filter was applied to both pressure and light intensity data in order 
to improve the correlation information among the signals by filtering out their high frequency 
contents.  

             (a)           (b) 

   (c) 

Fig.4 Time series of raw and filtered pressure signal acquired at point, (a) close to 
loudspeaker, (b) inside the rectangular steel box, (c) emitted light intensity, for condition A.   

Intensity information in Fig.4 (c) was extracted on basis of spatial integration of each pixel 
values in every instantaneous image after being subtracted from a mean image. This matrix 
operation provides information on time history of fluctuation of powder flame around its 
mean value over whole observation domain captured by the high speed camera. The extracted 
signal represents qualitative information and its amplitude is directly proportional to intensity 
level of light emitted from a flame [9]. In this paper, fluctuation component of flame intensity 
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was denoted by I’. Moreover, power spectrum density (PSD) were used to extract frequency 
information on fluctuations of flame at each operating conditions In Fig. 5, power spectrum of 
fluctuating intensity was estimated with two different non-parametric methods; periodogram 
and Welch’s method. The periodogram method estimates the power spectrum of a random 
process by the Fourier transform of autocorrelation sequence [10]. 

Fig.5. Power spectral estimation of fluctuating intensity emitted from powder flame at 
condition A by two non-parametric methods; standard periodogram and Welch’s method with 
Kaiser Window. For clarity, power spectrum density of periodogram is shifted by +60 dB. 

     On the other hand, Welch’s method divides data length into number of segments by (non)-
rectangular windows. Each segment is overlapped between each other. Power spectral density 
for every segment is computed and averaged over whole number of segments [11]. Power 
spectral density computed by the standard periodogram was shifted + 60 dB for the clarity of 
comparison. Welch’ method using Kaiser Window with beta value of 15 improved resolutions 
of the frequency components of spectrum.  Fundamental and third harmonic modes of 
excitation frequency compared with standard periodogram method were clearly discernable 
over background noise. Therefore, Welch’s method was applied to the rest of data to estimate 
power spectral density of both pressure and light intensity data at each operating conditions.  
     Power spectral densities of pressure signal (P2) and emitted light intensity signal were 
shown in Fig.6 for the operating condition A. Pressure signal has peaks at excitation 
frequency with relatively lower amplitude distribution of other harmonics. The peak power at 
17 Hz is 116 dB. However, fluctuating light intensity shows a main peak at the excitation 
frequency which is followed by a small peak at 51 Hz, third harmonic mode of excitation 
frequency. In comparison to the power spectral density of pressure, there is no significant 
peak at 34 Hz in that of fluctuating intensity signal. This may result from spectral leakage of 
background noise or peaks overlap around 34 Hz.  Power of the fluctuating intensity signal 
was decreased sharply with higher frequencies.  
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Fig.6 Power spectral density of pressure and emitted light intensity at operating condition A.  

     Accurate estimation of the transfer function requires high level of coherence between the 
signals at a driving frequency [8]. The coherence takes values ranging from zero to unit and is 
described by Eq. 1 [12]: 

( )
)()(

)(
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xxyy

xy
xy =       (1) 

where Gxy, Gyy and Gxx denote the cross spectrum density between quantities x and y and their 
power spectrum density respectively. The coherence and transfer functions were only 
obtained for operating condition A. Coherence function between pressure signal, P2 and 
emitted light intensity signal was plotted versus frequency in Fig.7. The signals exhibit a 
strong correlation at the excitation frequency with a value of 0.93.   

Fig.7. Coherence function computed between pressure signal, P2 and the emitted light 
intensity, I´ at operating condition A.  
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     The transfer function between the pressure signal P2 and emitted light intensity I´ was 
determined from Eq.2: 
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fTF
xx

yx
xy =      (2) 

(a)                (b) 

Fig.8. Transfer function estimation between signals P2 and I´ at operating condition A. For 
clarity, the phase information is only shown for frequencies close to 17 Hz. 

Fig.8 illustrates the transfer function in terms of magnitude and phase. Magnitude 
representation of transfer function in Fig 8(a) shows that powder flame responds strongly to 
the excitation frequency. In Fig.8 (b), phase information was extracted for the frequency 
range of interest, 16.3-17.01.  This frequency range was chosen as in this range, the pressure 
and intensity signals were strongly correlated with each other with a high coherence value. 
The phase difference between P2 and I´ is 0.6864 radian at the excitation frequency. This can 
be interpreted that pressure waves are in phase with heat release rate. 
      Influence of thermal load on emission of fluctuating light intensity was investigated by 
recoding flame images at three different operating conditions. Both time series and power 
spectral densities of fluctuating intensity signal from Fig.9 (a) and (b) show that the strength 
of light emission is increasing with thermal load or fuel flow rate. At operating condition A, 
powder flame responds to excitation signal at two frequency components, 17 and 51 Hz. 
When operating condition was shifted from A to B, power spectral density of flame intensity 
showed two peaks at 17 and 34 Hz.  At more lean condition, C, flame responded to excitation 
signal at 17.71 Hz. The frequency response was slightly shifted in comparison to operating 
conditions A and B.         
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                                           (a)                                (b) 

Fig.9. (a) Time series of fluctuating intensity signal and (b) power spectral density of 
fluctuating intensity signal estimated for conditions A, B and C and for clarity, power 
spectrum densities of conditions A and C are shifted by +20 dB and -20 dB, respectively.  

     NOx emission measurements were acquired independently from pressure and image data 
at excitation frequency. Due to certain limitations on the response and memory of the gas 
analyzer unit, few numbers of data points were collected for each operating conditions. 
However, the results can already give a clue on the interaction of sound waves with NOx 
emissions.  According to Fig. 10 (a), NOx emission concentration is increased at operating 
condition A when powder flame is subjected to acoustic oscillations at 17 Hz. Fig 10(b) 
shows time series of measured NOx emission concentration at two different operating 
conditions A and B, in presence of acoustic oscillations at 17Hz. The condition A which has 
relatively higher fuel flow rate produces more NOx concentration with respect to condition B.   
The resulting increase in NOx emission concentration at higher fuel flow rates in presence of 
acoustic oscillations may be supported with results obtained from Fig.8 and Fig.9.  

     (a) 
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 (b) 

Fig.10 NOx emission results (a) with and without acoustic oscillations at operating condition 
A, (b) at different operating conditions with acoustic oscillations. 

As the powder flame is in phase with acoustic waves at 17 Hz, it strongly responds to acoustic 
oscillation and emits more intense light at this frequency rather than other frequencies. This 
may result in more intense combustion at 17 Hz and, in turn a sudden rise in temperature 
through whole combustion system. A rise in temperature will prompt increase in formation of 
NOx emission.   

 Instantaneous flame images were given in Fig.11. These images were recorded at 
operating condition A and in presence of acoustic oscillations at 17 Hz. From image, flame 
rotates counter clockwise around the centre of burner axis and is shifted again to centre. In 
addition, it draws spiral trajectory when subjected to acoustic oscillation at 17 Hz. This may 
reveal the presence of precessing vortex core which is commonly encountered in swirling 
flows.        

 t=0.279412 s      t=0.308824 s       t=0.317647 s 
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 t=0.323530 s  t=0.338235 s  t=0.350000 s 

Fig.11. Instantaneous images of excited wood powder flame at 17 Hz under 
operating condition A.   

4 Conclusions 

     Fluctuating heat release rate is conventionally detected by chemiluminescence’s imaging 
method which is based on use of narrow bandpass filters to measure concentration of radicals 
on flame front. In this study, broadband flame imaging is successfully adapted to forced wood 
powder flames at low frequency to measure fluctuating heat release. Low amplitude pressure 
fluctuations in the system can interact with powder flame and if this interaction is in-phase, it 
can lead to sharp peaks in heat release. The amplitude of peaks is directly proportional to 
thermal load of burner. Increase in heat release causes more dense combustion and increases 
temperature in the system and hence formation of NOx emission. Due to low time response of 
gas analyzer unit, NOx emission measurements must be interpreted carefully. However, the 
results are consistent and show that NOx emission increases in presence of acoustic 
oscillations.
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