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ABSTRACT 

Laser Interferometric Vibrometry (LIV) is well suited to detect fluctuations in heat release rate globally and locally. 

Modern combustion concepts in turbomachinery focus on lean and premixed, swirl stabilized flames, prone to 

thermo-acoustic instabilities. This type of flame is characterized by the Flame Transfer Function (FTF), which relates 

flow oscillations at the burner exit to global fluctuations of the heat release rate. FTFs are plotted as function of 

frequency, to identify critical operation points with respect to thermo-acoustic instabilities. To speed up such a 

recording of a FTF, we present a full-field or camera-based LIV (CLIV), recording the local heat release fluctuation 

rate for each frequency within seconds. Instantaneous recordings and the sound emission from such a flame are also 

discussed. The data are compared to global chemiluminescence recordings performed with a photomultiplier. 

 

 

1. Introduction 

 

Combustion noise caused by fluctuations in heat release is not only considered as a pollutant, but 

can also cause combustion instabilities, which in the worst case can lead to malfunction or damage 

of turbomachinery. Modern combustion concepts with lean and premixed, swirl stabilized flames, 

targeting towards lower temperature and therefore low NOx, are more vulnerable to instabilities 

due to reduced core mass flow and damping capabilities (Dowling and Mahmoudi 2015). The 

determination of those fluctuations is usually done with CH* or OH* radical chemiluminescence 

or Planar Laser Induced Fluorescence (PLIF). Balachandran et al. (2005) confirms that 

chemiluminescence is a trusted tool for determining the global heat release fluctuations (volume 

integral of fluctuations). Lauer (2011) recommended to carefully interpret chemiluminescence 

data, especially local resolved data should be taken with care, since mixture gradients and strain 

rate influence the local emission of radicals.  

Since variations of heat release leads to variations in density, Laser Interferometric 

Vibrometry (LIV) came into play. LIV is a line-of-sight technique, directly recording density 
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fluctuations along the laser beam axis in unconfined, as well as in confined flames (Giuliani et al 

2006, Leitgeb et al. 2013, Peterleithner et al. 2016a). Local data can be obtained from the integral 

ones by methods of tomography or Abel inversion. Recently it was shown, that LIV is capable to 

predict density fluctuations quantitatively (Greiffenhagen et al. 2017). A not yet published work 

from the authors of this paper also showed a good match of the global data when LIV and 

chemiluminescence recordings are compared (Greiffenhagen et al. 2018). Up to now, commercially 

available LIV-systems were used, originally designed to measure surface vibrations without 

mechanical contact. Those LIVs are only capable to measure in a single position, time consuming 

traversing of the flame is necessary to obtain full field data. Such a scan can take several hours, a 

fact that may lead to problems if the combustion system is not stable for such a long measurement 

period. To overcome this, the target of the Austrian-German joint research project “Full-field laser 

vibrometry for combustion diagnostics” funded by the Austrian FWF and the German DFG is to 

develop a planar, camera based full-field LIV system. This system is capable to record the whole 

combustion field within a single measurement, by forming an interference pattern between an 

object- and a reference beam on a high speed camera. Also the recording of unsteady data is 

possible with this system. 

In this work, the Camera based LIV (CLIV) is used to record an Flame Transfer Function 

(FTF) of a swirl-stabilized flame as used in turbomachinery combustion, but at lower power and 

under atmospheric conditions. A FTF is used to classify the flame in terms of its frequency 

response and relates the global heat release fluctuations to the incoming velocity fluctuations in 

amplitude and phase, both at a given frequency (Candel et al. 2014). Such a frequency scan is time-

consuming when a LIV has to scan the flame field for each frequency (Peterleithner et al. 2016b). 

Here the process speeds up significantly when a full-field LIV is used. 

 

2. Theoretical background – recording heat release fluctuations by detecting density 

fluctuations 

 

LIV technique records density fluctuations. For combustion diagnostics density fluctuations have 

to be linked to heat release fluctuations. In this section we will briefly discuss the assumptions that 

lead to such a direct relationship. Starting with the energy equation, considering a reactive gas, 

consisting of N species (Williams 1994), and neglecting body forces (Lieuwen 2012, Crighton et al. 

1992), the energy equation can be written in terms of density fluctuations: 
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With ρ the density, κ the ratio of heat capacities, c the speed of sound and pressure p. The first 

term on the right side indicates the influence of pressure on density. It has already been shown, 

that pressure changes caused by sound waves or turbulence can be visualized in an isothermal 

flow by interferometric measurements (Martarelli et al. 2013, Gren et al 2006, Zipser et al 2002, 

Mayrhofer and Woisetschläger 2001).  The term 𝜌
𝑑𝑌𝑛

𝑑𝑡
= 𝜔𝑛 − ∇𝑱𝒏 is equal to the production of the 

nth species and its flux 𝑱𝒏 by diffusion. When diffusion is neglected, the first summation in the 

second term on the right side describes the rate of heat release per unit volume due to chemical 

reaction, with 𝑌𝑚 ≠ 𝑛 meaning, that there is no contribution from other molecules in each 

summation loop. The second summation term describes the change of density due to changes of 

species concentration at constant temperature and pressure. When burning hydrocarbons with air, 

this term is small compared to the heat release and therefore can be neglected, since the average 

molar mass is nearly constant (Crighton et al. 1996 ), due to the dilution of the reactive species 

with inert nitrogen (Lieuwen 2012). In oxy-combustion this term has to be considered. ∇q 

represents the heat flux due to conduction, convection and radiation. The last part    
𝜕𝑢𝑖

𝜕𝑥𝑗
𝜏𝑖𝑗, with  

𝜏𝑖𝑗, the viscous stress tensor and the flow velocities 𝑢𝑖 defines the heat addition from friction. While 

the contribution from friction is small, heat flux by radiation and conduction to the walls might be 

significant. The swirl-stabilized flame used in this work, showed losses by radiation of 5% of the 

total thermal power (recorded by a thermopile). Since the flame was unconfined, there is no 

conduction of heat to solid walls.  

In the flame volume, the pressure fluctuations in the combustion region are two orders of 

magnitude smaller than the amplitudes of heat release fluctuations. Therefore the following 

equation relates heat release fluctuations and density fluctuations in the flame: 
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with 𝑞𝑣
′ , the volumetric heat release fluctuations and  

𝑑𝑞𝑓𝑙𝑎𝑚𝑒,𝑣
′

𝑑𝑡
 the density fluctuations detect by 

LIV in the flame. Downstream of the flame, no chemical reactions take place but heat is convected 

by the flow. Thus, pressure waves will contribute to the fluctuations too. In this region, the density 

fluctuations can be described as: 
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Beside the flame, where no reaction and no convection of heat occurs, density changes are caused 

by sound waves:  
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With fluctuations (′) and steady state (̅) variables we obtain the following relation from eq. 2: 
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From eq. 5 we learn that not only the density fluctuations ′ must be recorded by LIV, but also the 

local density distribution ̅ must be measured. So, it is necessary to use another optical technique 

such as shearography, digital holography or background-oriented Schlieren to detect absolute 

density quantitatively. We used shearography (Pretzler et al 1993). While pressure fluctuations 

p′are small in all parts of the flame compared to the ambient pressure or the pressure in a 

combustion chamber p̅, the local behavior of 𝜅̅ +  ´ is more complex to estimate and has to be done 

from experimental data. Using the ideal gas equation, fluctuations in temperature can be linked 

to fluctuations in density: dT = -T dρ/ρ. Knowing these density data from interferometric 

measurements we find that the swirl-stabilized unconfined Methane flame discussed in this 

publication has a maximum temperature fluctuation amplitude of 22K, with average temperature 

fluctuations of 5.7K. The change of heat capacities over time is therefore small, what leads to eq. 5 

as basic equation for our measurements. 

When passing through any fluid flow, light interacts with the molecules present, resulting 

in a delayed wave front. This relationship finds its expression in the refractive index n, linked to 

the density by the Gladstone-Dale constant 𝐺 (Merzkirch 1987, Gardiner et al. 1981): 
 

 𝑛(𝑥, 𝑦, 𝑧, 𝑡) − 1 = 𝜌(𝑥, 𝑦, 𝑧, 𝑡) 𝐺 (6) 
   

LIV is a line-of-sight measurement, meaning the quantity n is integrated along the laser beam axis: 
 

 
𝐿(𝑡) = ∫ 𝑛(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑧

𝑙

 
    

(7)                     

with L the optical path. By interfering the object beam and an internal reference beam, LIVs detect 

changes of the optical path 𝐿. The intensity pattern seen on the detector is a function of the phase 

difference 𝛥𝜑 between object and reference beam, which can be related to the variation of the 

optical path, caused by the density fluctuations. The LIV principle uses a Mach-Zehnder type 

interferometer and a frequency modulation 𝑓𝐵 by acousto-optical modulators (Bragg-cells) in the 

reference beam (e.g. Lewin et al. 1998). So, without any changes in optical path the interference 

pattern is modulated by this carrier frequency: 
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𝐼(𝑓𝐵, 𝑡) =
𝐼0

2
(1 + cos(2𝜋(𝑓𝐵)𝑡) (8) 

 

When the optical path changes, these fluctuations in optical path modulate the carrier frequency. 

This modulation frequency can be expressed as ±𝑓𝐷 =
2𝑢

𝜆
  (Doppler-effect) where u is the 

“velocity” of the object (or dL⁄dt). Now eq. 8 changes to 
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Thus, the modulation frequency ±𝑓𝐷 provides the information on the fluctuations in optical path 

and therefore in density: 
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The sign of the Doppler shift is determined by the direction of the density fluctuations, related to 

the heat release fluctuations by eq. 5. In this configuration it is possible to detect refractive index 

(density) changes with respect to their sign or direction of motion with sub-nanometer resolution 

(Lewin 1998).  

When relating the refractive index to density with the Gladstone-Dale constant in a reactive 

medium, one has to take care about the influence of the species concentrations on G. The 

Gladstone-Dale constant in general is only weakly dispersive and not dependent on temperature 

or pressure but on the type of species and its individual mass fraction. This means, that especially 

in non-premixed combustion, where equivalence ratio waves can occur, the local and time 

resolved equivalence ratio Φ in the reaction zone has to be known to calculate a local Gladstone-

Dale constant.  To obtain local density information, tomographic algorithms must be applied to 

the line-of-sight data. In case of an axisymmetric flame, a single projection can be used to 

reconstruct the local field by Abel transform (Pretzler et al. 1992). 

 

3. Camera-based full-field laser interferometric vibrometry (CLIV) 

 

With commercial LIV systems, time consuming traversing through the entire volume is required, 

assuming steady state flame behavior. To reduce the measurement time and detect transient 

behavior of the flame, an instantaneous planar measurement of the heat release rate was realized 

by constructing a camera-based laser vibrometer (CLIV, Gürtler et al. 2016, Fig. 1). Here, a spatial 

resolution of 1mm is to be achieved, and resulting from the size of the combustion zone, a 

minimum image resolution of the camera of 50x50 px is needed, wherein each pixel enables 

integral detection of the heat release. 
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 In addition to the requirement for the local resolution, there are demands on the measuring 

rate of the system. According to eqs. 10 and 5, the fluctuation of heat release rate results in a 

fluctuation of the Doppler frequency. This frequency fluctuation can be obtained from the time 

signal of the intensity measured by a camera pixel. In this case, the maximum possible measuring 

rate is limited by the frame rate fK of the camera, since the intensity signal must be sampled in 

accordance with the Nyquist theorem and  
 

𝑓𝐾 > 2(𝑓𝐵 + 𝑓𝐷) (11) 

in addition, the choice of the carrier frequency fB must be taken into account. It determines the 

measuring range for the Doppler frequency (Selbach et al., 1992). Based on earlier measurements 

on the flame under investigation, fD varies between a few kHz and up to 15 kHz (Peterleithner and 

Woisetschläger 2015). However, a carrier frequency fB = 60 kHz was chosen for the present design 

in order to achieve an extended measuring range for further investigations. The setup of the 

camera-based LIV is sketched in Fig. 1. The carrier frequency is realized by a cascade of two 

parallel-arranged acousto-optical modulators (AOM), wherein the dependence of the frequency 

shift on the direction of incidence of the laser beam is utilized. AOM 1 is operated at the center 

frequency fc = 200MHz and AOM 2 with the frequency (fc - fB), so that after passing through both 

AOMs the carrier frequency fB modulates the laser frequency. For the scanning of the intensity 

signal, a high-speed camera ”Phantom v1610” from Vision Research is used. The camera offers a 

maximum frame rate of 1MHz with a resolution of 128x16px and a pixel size of 28μm. To safely 

meet the imposed local resolution requirement, a camera resolution of 110x110px is used, similar 

to an array of 12100 individual LIVs. Resulting in a reduced frame rate of 200kHz, with eq. 11 

satisfied for the entire measurement area. In addition, the measurement signal must be separated 

from the emitted flame light. For this purpose, a narrowband laser (Cobolt Samba 532) with a 

wavelength of  = 532nm and a bandpass filter in front of the camera is used. The intensity profile 

detected by the camera is then evaluated for each pixel and the Doppler frequency is determined 

by means of Quadrature Demodulation Technique (QDT). Due to the high data rate, the total 

measurement time of 27s was divided into three measurements with nine seconds each, the 

maximum the high speed camera is able to record at once. To ease alignment and reduce losses 

and cross-talk between the pixels due to refraction by the density gradients in the flame, the system 

was set up in transmission with the laser beam passing the measurement volume only once. Thus, 

with a collimated lens system as shown in Fig. 1, a change of angle in the beam path caused by 

refraction, led to a change of angle on the image sensor, but not to a change of position on the 

sensor, avoiding cross-talk between the pixels. A benchmarking of the system using a loud speaker 

and the swirl-stabilized flame is provided by Gürtler et al. (2016) and (2017).  
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Fig. 1: CLIV in a transmissive setup: the laser beam is split up into an object beam and a reference beam (BS beam 

splitter). The object beam was expanded with lens 1 (L1) - lens 4 (L4) to a diameter of 71mm and bundled again (L5-

L8) after the measure volume, while the reference beam is guided around the flame and modulated with Acousto-

Optical Modulators (AOM 1,2). Both beams interfere at the image sensor of a high-speed camera.  
 

 

Fig. 2: a) Interferogram recorded by the high-speed camera (200kHz frame rate). b) Time signals for two pixels (55/55 

and 55/40) with the signal at 60kHz carrier frequency fB modulated by the Doppler frequency fD. c) Temporal change 

of the Doppler frequency fD. c) is obtained from b) by demodulation and carrier frequency subtraction. The dotted 

line presents the 225Hz siren signal. Higher harmonics are clearly visible. 
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4. Experimental setup and data reduction 

 

The CLIV is used to record the Flame Transfer Function (FTF) from a swirl-stabilized flame shown 

in Fig. 3. Fig. 3a plots a cross-sectional cut of the swirl-stabilized Methane-fired burner operated 

under atmospheric conditions at a thermal power of 3.44 kW with an equivalence ratio 𝜙 (Fuel to 

air ratio) of 0.7. Methane was injected into the air feed line far upstream the burner to ensure 

perfectly premixed conditions. A siren modulated the air/Methane flow at given frequencies to 

improve the signal-to-noise ratio when detecting heat release fluctuations. The tangential air/fuel 

mixture entered the axial flow through 32 cylindrical bores aligned tangentially. According to the 

definition given by Candel et al. 2014, the tangential flow generated a swirl number of 0.52.  

   

 

a)         b)  
 

Fig. 3: experimental setup. a) burner geometry and dimensions. The swirl-stabilized Methane-fired flame was 

operated under atmospheric conditions with 0.424g/s axial air flow, 0.397g/s tangential air flow, 0.969g/s cooling air 

and 0.068g/s Methane mass flow, with the Methane perfectly premixed to the axial and tangential air. (thermal power 

of 3.44 kW). The axial air was modulated by a siren. b) experimental setup without the CLIV. B burner, LIV commercial 

single-beam LIV as reference, MIC microphone, PM photomultiplier with band-pass filter for OH* 

chemiluminescence, TP thermopile, LAS He-Ne laser, M mirrors, BC Bragg-cell (AOM), D detector, BS beam splitter, 

CL camera lens, HS high-speed camera, SM spherical mirrors (for shearography). 
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For reference purposes, a commercially available single-beam LIV was used. 

(interferometer head OFV-503, velocity decoder VD-06, controller OFV-5000, Polytec, the signal 

bandwidth chosen was 0 to 100kHz, minimum velocity detected was 0.01m/s, measurement range 

was 2mm/s/V). The laser beam from the interferometer head was collimated to a diameter of 2mm 

by a lens with -40mm focal length and reflected by a surface mirror with a size of 300x200mm, 

glued on a steel block (see Fig. 3b). 

As reference for the heat release fluctuations recorded by the full-field LIV, OH* 

chemiluminescence data were recorded by a photomultiplier (photomultiplier PMM01, Thorlabs 

Inc.) with a 310nm band-pass filter (310±3nm CWL, FWHM 10±2nm Bandwidth, 18% 

Transmission, Edmund Optics). A microphone signal was also permanently detected by a 

miniature electret condenser microphone (KECG2738PBJ-A, Kingstate Electronics Corp.). Both 

microphone and photomultiplier were traversed with the flame to keep them in the same position 

relative to the flame. All signals were referenced by the siren. 

 The shearography used to record the density (temperature) distribution in the flame used 

a 20mW He-Ne laser (NEC) two spherical mirrors (2034mm focal length) and a small Mach-

Zehnder interferometer instead of the Schlieren stop. This interferometer shears the wave front 

against itself and provides adjustable sensitivity and carrier fringe patterns. Details of the system 

are given by Pretzler et al. (1993). 

 To estimate the heat flux by radiation needed to estimate the loss term in eq. 1, a freshly 

calibrated thermopile was used (CA2, 0.2-50µm, 19.1µV/W/m², Kipp&Zonen). 

  Since the determination of a FTF needs the relative oscillations of the burner exit velocity 

in addition to the relative variations in the heat release rate as functions of frequency, a Constant 

Temperature Anemometer (CTA) was needed. Here, we used a StreamLine Pro system with a 

triple fiber probe and scanned closely above the burner exit. (StreamLine Pro triple fiber probe 

and controller, and StreamLine Pro Automatic Calibrator, DANTEC). 

 After demodulation of the Doppler frequency from the CLIV pixel signals by means of a 

QDT, the 27s long time signal was subjected to a digital Fast Fourier Transform (FFT). To do so, we 

used the pwelch algorithm of MatLab with rectangular (standard) window function and a sample 

length (SL) of 200000 samples together with a sample rate (SR) of 200000 S/s resulting in a 

frequency resolution of 1Hz. The averaged power spectra 𝑃(𝑓)̅̅ ̅̅ ̅̅  are then plotted: 
 

 𝑃(𝑓)̅̅ ̅̅ ̅̅ =  |𝐹𝐹𝑇(𝑓)|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (12) 

After calculating the amplitude of the oscillations for each frequency from eq. 12, the phase of the 

signal for each position and frequency was obtained from a correlation 𝐶12(𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅ of two signals (cpsd 

function in MatLab). As a second reference signal, the siren signal was used, although the signals 
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from photomultiplier, microphone or another pixel could also serve as reference. With the asterix 

denoting the complex conjugate such a correlation is given by  
 

 𝐶12(𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅ =  𝐹𝐹𝑇1
∗(𝑓).  𝐹𝐹𝑇2(𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (13) 

The FTF is defined by (Candel et al. 2014):  
 

 

𝐹𝑇𝐹(𝑓) =  

(
𝑄̃̇(𝑓)

𝑄̅̇
) 

(
𝑣̃(𝑓)

𝑣̅
)

⁄  

 
 

(14) 

In this equation, 𝑄̅̇ is the global heat release resulting from the Methane mass flow and assuming 

complete combustion.  𝑄̃̇(𝑓) is the amplitude of the alternating component of heat release rate at 

a given frequency resulting from eqs. 5 and 10. 𝑣̅ and 𝑣̃(𝑓) are the mean velocities and alternating 

component of velocity at given frequency f at the burner exit recorded by CTA. In the same way 

we define the alternating components of the line-of-sight heat release fluctuation rate as 

𝑞̃̇𝑓,𝑥,𝑦 using the definition of a phase-averaged heat release rate  〈𝑞̇〉𝑓,𝑥,𝑦 =  𝑞̅̇𝑓,𝑥,𝑦 + 𝑞̃̇𝑓,𝑥,𝑦 cos (𝜑𝑥,𝑦), 

with f the frequency selected by the siren, x, y the position in the image plane. The value 𝑞̃̇𝑓,𝑥,𝑦  is 

the resulting alternating amplitude from the FFT spectra at frequency f in scanning position x, y 

and comes together with the local phase 𝜑𝑥,𝑦 (relative to the siren trigger) from the complex FFT 

spectra. 

 

5 Results and Discussion 

 

5.1 Comparison between LIV and CLIV data 
 

To verify the proper function of the CLIV, first results were compared to the signal from a single 

beam LIV for the same sampling rate and data evaluation. In Fig. 4 the amplitude spectra of the 

Doppler frequency of the CLIV and the commercially available single-beam LIV are compared. 

Due to the different sampling areas (0.47x0.47mm2 for the CLIV and 2mm beam diameter for the 

LIV) the signal height is slightly different indicating small scale oscillations below the 2mm 

resolution, which integrate out when the complex sum of all pixel values is calculated to obtain 

the global 𝑄̃̇(𝑓) for each frequency. Both systems also provide similar noise levels in the frequency 

range up to 1kHz (see also Gürtler et al. 2017).  

Fig. 5 compares the recordings by LIV and CLIV. While the single-beam commercial LIV 

scans the half-plane for 10 hours with a 2x2mm2 resolution the CLIV recording lasts for 27s with a 

0.47x0.47mm2 resolution. Finally, Fig. 6 plots the real part of the complex fluctuations of heat 

release rate, 𝑞̃̇𝑓,𝑥,𝑦 cos(𝜑𝑥,𝑦 + ∆𝜑) for four (global) phase steps ∆φ and siren excitation at f=225Hz.  
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Fig. 4: Comparison of the Doppler frequency (amplitude spectrum) recorded by the CLIV (blue) and the single-beam 

commercial LIV (red) in the relevant frequency range between 0 and 500Hz for a position slightly underneath the 

flame center (see insert) and a siren excitation at 212Hz. The insert is a long-time exposure, photographic image of the 

swirl stabilized flame without siren excitation. The different signal height is due to the different sampling areas 

(0.47x0.47mm2 for the CLIV and 2mm beam diameter for the LIV) and small scale oscillations. 

 

 

 

Fig. 5: Comparison between a) single-beam commercial LIV and b) CLIV recordings. The field in a) was plotted for 

the 212Hz excitation frequency and with 2x2mm2 spatial resolution. The scan lasted for 10 hours. The field in b) has a 

0.47x0.47mm2 resolution with a recording time of 27s. The excitation frequency was 225Hz. All data are Line-Of-Sight 

(LOS) data. The lower resolution in a) acts as low-pass filter to the result.  
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Fig. 6: Plots of four phase steps of the real part of the complex fluctuations of heat release rate, 𝑞̃̇𝑓 cos (𝜑) at f=225Hz. 

This figure shows how the disturbance propagates through the flame at this frequency. 

 

From the modulo 2π phase maps of (𝜑𝑥,𝑦 + ∆𝜑) one can derive the LOS averaged velocity of the 

heat release fluctuation propagating through the flame. Two of these maps are given in Fig. 7, 

together with the LOS averaged velocity. This velocity field is mean from 16 single phase steps and 

was obtained by an adaptive correlation in forward direction, low-pass Gaussian filtering and a 

moving average filter on the 16 LOS velocity fields (DynamicStudio, DANTEC). The mean 

velocities and their fluctuations at this frequency match well with the CTA and previous LDA 

recordings. Therefore, an average   𝑣̃(𝑓)  𝑣̅⁄   at the burner exit can be directly obtained from these 

phase maps.  
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Fig. 7:  Plots of two phase maps 90° apart for f=225Hz. From these two phase plots a LOS averaged velocity of the heat 

release fluctuation propagating through the flame can be calculated. We used an adaptive correlation in forward 

direction. The velocities and fluctuations at this frequency match well with the CTA and previous LDA recordings. 

 

5.2 The Flame Transfer Function 
 

The time signal for the CLIV results in Fig.6 and Fig.7 was sampled for 27s and evaluated for a 

siren frequency of 225cycles/s, meaning that the LOS alternating amplitudes 𝑞̃̇225𝐻𝑧,𝑥,𝑦  are a phase 

average on 6075 cycles. But, the CLIV can also provide instantaneous data. To present these data 

also, we plotted a time series of raw data in Fig. 8. (fC+fD; with fC = 60kHz). Fig. 8 shows 20 

instantaneous time frames for one cycle at 225Hz (with siren excitation at this frequency). 

Assuming a 95% confidence interval and a 40% turbulence level we end up with an error estimate 

of ±2% for 6000samples in the phase averaged data.  

In order to plot the FTF, first the heat release fluctuations were calculated using eqs. 5 and 

10, with the mean density distribution field from shearography 𝜌̅(𝑥, 𝑦) (or a mean density value  𝜌̅ 

= 0.4 kg/m3) and the corresponding average values for kappa 𝜅̅ = 1.3605, 𝐺̅ = 2.5.10-4 m3/kg (for hot 

combustion products and reactants at 𝛷 = 0.7) and 𝑝̅ in the combustion zone. The wavelength  of 

the CLIV laser is 532nm, the LIV laser and the He-Ne laser sued for shearography had 632.9 nm. 

The complex LOS fluctuations in the field where then summed up for each frequency, to calculate 

the global amplitude 𝑄̃̇(𝑓)  at this frequency as the magnitude from the complex vector. 𝑄̅̇ for eq. 

14 resulted from the Methane mass flow. The mean velocities and its fluctuations at the single 

frequencies were recorded by the CTA system.  

To obtain a measure of the trustworthiness of the CLIV data, integral brightness 

fluctuations at the frequencies of the OH * emissions were recorded using a photomultiplier (PM), 

as in earlier measurements (Peterleithner et al. 2016b). The fluctuations were referenced to the 

mean brightness value. For perfectly premixed flames the results of PM and CLIV should match. 
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Fig. 8: 20 instantaneous time frames or one cycle at 225Hz (siren excitation). Plotted are the raw signals before carrier 

frequency subtraction (fC=60kHz) and filtering.  

 

Fig. 9 plots the FTF for frequencies up to 600Hz. For 6 frequencies the local fluctuations are 

also plotted. On the one side, the flame acts as low-pass filter to incoming fluctuations of pressure 

or velocity. This can be nicely seen at frequencies above 400Hz, where the correlation between 

siren excitation and fluctuation in heat release fluctuation is lost. On the other hand, the flame can 

be viewed as oscillating acoustic dipole in the far field. This becomes evident when discussing the 

low frequency oscillations. At these frequencies a clear correlation between the local oscillations 

in heat release rate is given, but since the flow velocity (5-6m/s) is small compared to the speed of 

sound the flame can be viewed as monopole source to the sound emission. A good example are 

the oscillations at 300 or 325Hz, where the oscillation amplitudes are strong within the single 

nodes and antinodes, but overall, cancel out.  
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Fig. 9: Figures a) to f) show the LOS heat release fluctuation rate of the swirl stabilized flame under atmospheric 

conditions (swirl number 0.52). The flame was operated at a power of 3.44kW and fired with Methane. The equivalence 

ratio was 0.7, the reactants perfectly premixed. Figure g) gives the Flame Transfer Function (FTF). The CLIV global 

data are compared to the global intensity fluctuations recorded by the photomultiplier (PM). The photomultiplier 

recorded the global chemiluminescence emission from OH*. The flame acts as a low-pass filter for the incoming flow 

oscillations superimposed by the siren. Starting at about 400Hz, the correlation between oscillations from the siren 

and oscillations in the heat release rate is more or less lost.  
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Fig. 10:  Sound field emitted from the flame oscillating at 212Hz. The combustion zone, the convection zone and the 

sound field are clearly visible. Pressure waves are emitted from the flame acting as acoustic monopole. These acoustic 

waves are partially reflected by the base plate of the burner underneath the flame and are slightly refracted in the 

temperature field around the flame. 

 

Finally, the sound emission of the swirl stabilized flame is discussed in Fig. 10, with the 

flame excited by the siren at 212Hz. Fig. 10 also discusses the different contributions to density. 

The strongest density fluctuations are observed in the combustion zone, caused by the fluctuations 

in heat release. The overall oscillations (monopole assumption) are strong enough to be origin for 

a sound wave at this frequency.   

On the one hand there is a strong emission in horizontal direction, but a significant pressure 

wave is emitted downwards to the base plate of the burner underneath the flame (see also Fig. 3a). 

This part is then reflected upwards and refracted towards the flame. These wave reflections 

contribute to a peak in sound power in the upwards direction and is often found in pressure 

measurements. It is inclined about 60° towards the base plate and strongly oscillating in angle 

(Greiffenhagen et al. 2017). Fig. 10 also show the complex influence of pressure and heat 

fluctuations in the convection zone. These two contributions to density can only be separated by 

the different wavelength of the distortions. 

 

6. Conclusion and outlook 

The application of CLIV to flame diagnostics was discussed in this paper. It is a fast way to 

detect global and local fluctuations in heat release rate in order to identify critical combustion 

regions. Similar to OH* chemiluminescence it is a line-of-sight method, meaning that for local data 
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tomographic reconstruction or Abel transform (axial symmetry) are needed. While only global 

data is needed to record a FTF, the local LOS data can provide valuable clues to the behavior of 

the flame at certain frequencies. Data are sampled within seconds for each frequency, with the 

possibility to observe instantaneous flow processes. LIV and CLIV also enable a detailed analysis 

of the sound emission from the flame at certain frequencies a possibility not provided by 

chemiluminescence. These abilities of CLIV open new ground in the high speed and real-time 

observation of feedback control of combustion instabilities with closed-loop systems. 
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