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Abstract 

 

High-speed filtered Rayleigh scattering at 10 kHz repetition rate for time-resolved temperature 

measurements in premixed flames propagating in mm-high channels is demonstrated for the first time. 

The instrument relies on a pulse burst laser with a 200 ns temporal width, and a CCD camera operated 

in subframe burst gate mode to achieve high signal to noise ratio despite the limited optical access. A 

10-inch-long iodine cell acts as a molecular filter and the laser, which is seeded using an external 

cavity diode laser and operated in a temporally stretched mode, is wavelength-tuned to the peak of a 

strong iodine absorption line. A CCD camera, operated in the sub-frame burst gating mode with the 

help of an external slit configuration, is used as the detector to achieve improved camera noise 

performance. Filtered Rayleigh scattering temperature measurements in premixed flat flames 

stabilized over a McKenna burner indicate an instrument precision of 3%. Temperature measurements 

in the products region are within 3% of measurements obtained with conventional Rayleigh scattering. 

The system’s capabilities are demonstrated through time-resolved temperature measurements in a 

premixed methane-air flame propagating in a 1.5 mm-high rectangular channel designed to study 

flame quenching in flame arrestors. Surface scattering from the optical windows and the channel 

surfaces is successfully suppressed and time-resolved temperature profiles are obtained for both 

quenching and no-quenching events.  
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1. Introduction 

Rayleigh scattering is a widely used technique for temperature measurements in premixed flames [1, 

2], but it is generally limited to open flames. In the proximity of a solid surface, laser light scattered 

from the surface would interfere with the elastically scattered Rayleigh signal from molecules, leading 

to large errors in the temperature measurements. Filtered Rayleigh scattering (FRS) overcomes this 

limitation by employing a spectrally narrow molecular filter, and a laser tuned to match a strong 

absorption line of the filter [1, 3]. Light at exactly the laser frequency is absorbed, while a portion of 

the Doppler broadened Rayleigh-Brillouin signal from the gas phase is transmitted. This transmitted 

signal, which consists only of the Rayleigh-Brillouin scattering component, can be used to estimate 

quantities such as temperature, mole fraction or/and velocity [3-9]. 

Filtered Rayleigh scattering has been extensively used for measurements in enclosed facilities [10-

12], and in flames and flows seeded with particles [5, 13]. One underexplored area of application is 

the study of premixed flame propagation and quenching in small channels, order of millimeters high, 

employed in catalytic micro-combustors [14, 15], or flame arrestors [16, 17]. In particular, a detailed 

understanding of transient quenching phenomena in channels would greatly benefit from quantitative 

time-resolved temperature measurements. Proximity to the wall, small collection angle, and the need 

to propagate the laser beams through the small channel pose severe challenges to the diagnostics. 

Moreover, temporally resolving transient quenching phenomena requires repetition rates of several 

kHz. A few diagnostic techniques such as one-dimensional coherent anti-Stokes Raman spectroscopy 

and planar laser-induced fluorescence have been explored for this purpose but were limited to a few 

Hz, or employed in geometries with larger optical access [18-21]. FRS is a good candidate for 

temperature measurements in premixed combustion in small channels. The signal is still orders of 

magnitude higher than Raman scattering, which is important given the small collection angle, and the 

scattering caused by wall proximity is suppressed by the molecular filter. 

Although it has never been demonstrated to our knowledge, FRS can be extended to kHz repetition 

rates by using a pulse burst laser [22], similar to what has been done for conventional Rayleigh 

scattering [23, 24] and interferometric Rayleigh scattering [25]. Here, we introduce the first 10 kHz 
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one-dimensional FRS system for temperature measurements in premixed flames. The instrument was 

first characterized in a series of laminar diffusion flames stabilized over a McKenna burner and then 

employed for measuring temporal temperature profiles in a premixed methane-air flame propagating 

in a narrow channel under both quenching and no-quenching conditions. This, to our knowledge, is 

also the first open-literature application of FRS for the study of flames propagating in small channels. 

 

2. Theory 

Filtered Rayleigh scattering relies on a molecular filter to suppress surface/Mie scattering while letting 

through a significant portion of the Rayleigh-Brillouin signal from the gas phase. The excitation 

source must be narrow-band and tuned to an absorption line of the molecular filter. Rayleigh scattering 

from the gas-phase is broadened by the Doppler effect caused by the random motion of molecules and 

by the Brillouin component caused by coupling between light and acoustic fluctuations in the medium 

[1, 26]. Iodine, which has strong absorption features near 532 nm [27], is used as the molecular filter 

in this work. 

The filtered Rayleigh signal scattered from a single species i in a gas mixture can be expressed by [5]: 

     , , , , ,   , ,  ,i c L R i i L I cell cellFRS t I N P T v P T v dv


     u
  (1) 

where IL is the laser intensity, N is the number density, 𝜎R,i is the differential Rayleigh scattering cross-

section, 𝜈 is the frequency which varies over the range of integration of the FRS signal, tc is a 

conversion factor that depends on the collection system. 𝚿I  is the transmission spectrum of the iodine 

cell and a function of its length, pressure 𝑃𝑐𝑒𝑙𝑙, and temperature 𝑇cell. 𝕽i is the lineshape function of 

the Rayleigh-Brillouin scattering (RBS) and it depends on the pressure 𝑃, temperature 𝑇, velocity u, 

observation angle 𝜃, laser frequency L, and gas properties such as its molecular mass and transport 

coefficients. In this work, we simulated the RBS profile for a given temperature, pressure, and species 

with the Tenti S6 model [26], for a laser linewidth  of 100 MHz. The model proposed by Forkey et al.  

[27] is used to simulate the iodine transmission spectrum. A small broad baseline, corresponding to a 

spectral purity of 0.9995,  was added to the laser profile to match the peak of the simulated absorption 
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spectrum to that of the experimentally obtained absorption spectrum [28]. The RBS signal from a gas 

mixture can be approximated to the mole-fraction-weighted sum of the FRS signals from each 

constituent if the ratio of scattering wavelength to the mean free path in the gas mixture is of order 1 

(kinetic regime) or <<1 (Knudsen regime) [26]. The total FRS signal for near-atmospheric-pressure 

flames can be approximated as:  

𝐹𝑅𝑆𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝑡𝑐𝐼𝐿
𝑃

𝑅𝑇
∑ [𝑋𝑖𝜎𝑅,𝑖 ∫ ℜ𝑖(𝑃, 𝑇, 𝑢, 𝜃, 𝜈𝐿 , 𝜈)Ψ𝐼(𝑃𝑐𝑒𝑙𝑙, 𝑇𝑐𝑒𝑙𝑙, 𝜈)𝑑𝜈]𝑖   (2) 

where P is the pressure and R is the universal gas constant. The ratio of the measured FRS signal to 

the instantaneous laser energy provides the energy-normalized FRS signal here indicated as FRS’. 

The ratio of FRS’ to the average energy-normalized FRS signal collected with laser frequency 𝜈𝐿,𝑟𝑒𝑓 

in a mixture with known composition, pressure, and temperature removes the collection factor 

dependence 𝑡𝑐.   

𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝐹𝑅𝑆′

𝐹𝑅𝑆𝑟𝑒𝑓
′

=
𝑃

𝑇

𝑇𝑟𝑒𝑓

𝑃𝑟𝑒𝑓

∑ [𝑋𝑖𝜎𝑅,𝑖 ∫ ℜ𝑖(𝑃, 𝑇, 𝑢, 𝜃, 𝜈𝐿 , 𝜈)Ψ𝐼(𝑃𝑐𝑒𝑙𝑙, 𝑇𝑐𝑒𝑙𝑙, 𝜈)𝑑𝜈]𝑖

∑ [𝑋𝑖𝜎𝑅,𝑖,𝑟𝑒𝑓 ∫ ℜ𝑖(𝑃𝑟𝑒𝑓 , 𝑇𝑟𝑒𝑓, 𝑢𝑟𝑒𝑓, 𝜃, 𝜈𝐿,𝑟𝑒𝑓, 𝜈)Ψ𝐼(𝑃𝑐𝑒𝑙𝑙, 𝑇𝑐𝑒𝑙𝑙, 𝜈)𝑑𝜈]𝑖

 

= 𝑓(𝑇, 𝑋𝑖, 𝑃, 𝑇, 𝑢, 𝜃, 𝜈𝐿)        (3) 

For measurements in flames the pressure P, the observation angle 𝜃 and the laser frequency 𝜈𝐿 are 

generally known, or are measured. If the velocity u is also known, 𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 can be reduced to a 

function of temperature and composition. On the other hand, the composition is unknown, and 

additional measurements or assumptions are needed to extract temperature from the FRS signal. The 

issue is particularly severe for non-premixed flames where the terms in square brackets can change 

by more than a factor of two across the flame. Several strategies have been developed to mitigate this 

issue. Müller et al. [13]  combined FRS and Raman scattering for simultaneous measurements of 

temperature and all major species. Kearney et al. [7] combined Raman scattering of methane to FRS 

in a non-premixed laminar flame and used opposed flow calculations to obtain the full composition 

from the methane Raman measurements. McManus et al. [8] removed the composition dependence of 

the normalized FRS signal in non-premixed diffusion flames by choosing as fuel a “tailored” mixture. 
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The dependence of the FRS signal on composition is weaker and often neglected [4, 29, 30] in 

premixed methane-air flames like the ones investigated in this work. In a more accurate approach, 

numerical models representative of the flame of interest provide the composition as a function of 

temperature 𝑋𝑖(𝑇),  leading to 𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝑓(𝑇, 𝑋𝑖(𝑇)). The measurements presented in this 

paper are conducted in a flame propagating through a small channel designed to study flame 

quenching, a scenario different from all the above-mentioned works. We use a combination of 

constant composition assumption, and a series of strained laminar flames with heat loss, to model the 

composition in different portions of the probed region as described in detail in Section 5.  

 

3. Experimental configuration 

The schematic of the experimental set up is shown in Fig. . The test facility, a flame arrester model, 

consists of a constant volume combustion chamber comprising two volumes separated by a quenching 

section. The quenching section is a rectangular channel that is 100 mm long, 70 mm wide, and with 

an adjustable height. The chamber is filled with a premixed methane-air mixture at an equivalence 

ratio of 0.8. The mixture is ignited inside one of the volumes using a spark ignition system, by applying 

a high-voltage pulse of 8 kV between two pin electrodes separated by ~1.5 mm. The flame then 

propagates to the other volume of the chamber, through the quenching section. If flame quenching 

does not happen, the flame reaches the second volume and ignites the mixture in it. Pressure trace 

from a piezoelectric pressure transducer located in the chamber allows us to distinguish between 

quenching and no-quenching test runs and provides the instantaneous pressure in the chamber. Further 

details about the test rig can be found in [17]. In Section 4, we also present measurements in the 

product region of a series of flat premixed flames stabilized over a Mckenna burner. The experimental 

set-up is unaltered, except for the Mckenna burner flame in place of the quenching test chamber. 
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Fig. 1. Schematic diagram of the experimental setup. 

  

An Nd:YAG-based pulse burst laser  ̶  Spectral Energies QuasiModo 1200  ̶  seeded by an external 

cavity diode laser and operated at 10 kHz repetition rate is used as the light source. The laser pulse 

can be temporally stretched, avoiding the need for complex pulse stretchers as those employed in [31]. 

Temporal stretching allows the deposition of higher energy at the measurement volume before 

incurring an optical breakdown, and it is critical to boosting the signal of energy-based techniques 

such as Raman and Rayleigh scattering. A pulse width of 200 ns (FWHM) is used in this experiment. 

A 10 kHz sampling rate is deemed sufficient to temporally resolve the flame propagation in the 

channel. To avoid damage to the optical windows and unwanted ignition of the mixture, the pulse 

energy is limited to 160 mJ/pulse. A half-wave plate is used to optimize the laser beam polarization 

to maximize the scattered signal. The beam is focused into the narrow rectangular channel using a 

1000 mm focal length converging lens. The beam diameter is always smaller than the channel height 
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and it is ~300 µm in the 40 mm probe volume region. The laser beam travels parallel to the channel 

walls and equidistant from the top and bottom surfaces to minimize scattering. In the transversal 

direction, the laser line is set at a location 15 mm offset from the centerline and towards the collection 

optics, so that a higher collection angle is achieved, but is sufficiently far from the windows such that 

sidewall effects can be neglected.  

The collection optics system is designed for data acquisition in subframe burst gate mode [32-34], 

combining high repetition rate with the slow low-noise readout of a CCD camera. Subframe burst 

gating requires that only the bottom N pixel rows of the camera are exposed, and this is implemented 

using an external slit as in [33]. After each laser pulse, the signal is shifted to the masked region, using 

the camera chip as temporary storage. Once the chip is filled, the signal is read out through the serial 

register at a much lower speed resulting in a low readout noise. This approach only allows recording 

a limited number of pulses making it an ideal match for pulse-burst diagnostics, where the number of 

pulses is similarly constrained. A 50-mm Nikkor lens of f-number 1.2, placed 36 cm away from the 

probe volume collects the signal at 90o and relays it to an image plane where a rectangular slit of 

height ~180 µm is placed. The slit helps to reduce the stray light contribution from off-focal plane 

locations and allows masking of the camera to enable subframe burst gating with no permanent 

hardware modification. Light passing through this slit is first recollimated using an 85-mm Nikkor 

lens, and then spectrally filtered by a 532 nm bandpass filter of 10 nm bandwidth and by a 10-inch 

long permanently sealed iodine cell with a clear aperture of 72 mm (ISSI I2S-10). The cell has an 

iodine partial pressure of 1.5 torr, corresponding to a cold-finger operating temperature of 45 ℃. The 

cell is maintained at a constant temperature of 65 ℃ using an active temperature controller to avoid 

condensation on the walls and to ensure strong and stable absorption.  The bandpass filter, which has 

an optical density of 4, removes the contribution of luminosity outside its bandwidth. The signal 

transmitted through the iodine cell is collected using a 105-mm f-1.4 Nikkor lens and focused on the 

lowermost 25 pixels of the camera. This window height allows us to capture up to 82 subframes during 

a laser burst. The total magnification of the collection system is ~0.17. The effective spatial resolution 

based on a resolution-test target is ~200 µm. The entire collection optics is carefully covered with 
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blackout materials to avoid stray light leaking to the camera and the experiments were conducted with 

room lights off. A back-illuminated, electron-multiplied CCD (EMCCD) camera (Princeton 

instruments PROEM-HS) operated in low-noise CCD mode is used as the detector. The images are 

hardware binned in the vertical direction during acquisition, except for a few test runs conducted to 

obtain 2D images. 

The laser beam is tuned to a strong absorption line (P 83 v0 – 33) of the iodine cell to achieve effective 

suppression of stray light. At the beginning of the experiment, a wavelength meter (Bristol 821) is 

used to tune the seed laser output  at 1064 nm (9393.901 cm-1) to match the frequency of the doubled 

output  to the targeted absorption line at 18787.802 cm-1. Further fine-tuning is done using a reference 

iodine cell leg, consisting of a 5-inch-long permanently sealed iodine cell (ISSI I2S-5) and two 

photodiodes [31]. The iodine cell has a vapor pressure of 0.7 torr, corresponding to a cold-finger 

temperature of 35 ℃, and is maintained to a constant temperature of 65 ℃ by an active temperature 

controller. A beam sampler redirects a small portion of the laser to a beam splitter providing a sample 

beam and a reference beam. The sample beam passes through the 5-inch iodine cell and is collected 

using the sample photodiode PD1 and the reference beam is collected using a reference photodiode 

PD2. The signal from PD2 is used for energy correction of the signal. The ratio of PD1 signal to that 

of PD2 is maintained at its minimum to make sure that the laser frequency stays near the absorption 

peak. By scanning the laser frequency, we calibrated the photodiode ratio so that it provides 

instantaneous monitoring of the laser frequency fluctuations. All the laser frequency measurements 

reported in this work were obtained using the photodiode ratio, and the wavelength meter was used 

only to tune the laser in proximity of the desired iodine absorption line. A suppression of ~3000 times 

is achieved using the 10-inch iodine cell, limited only by the spectral purity of the laser.  Improved 

suppression of the surface scattering can be achieved by increasing the spectral purity of the laser by 

using a Fabry Perot etalon in the beam path [35], but the current suppression level was satisfactory 

for measurements in the flame-arrestor rig, as discussed in Section 5. 

Since the experiment lasts only a few milliseconds, a careful synchronization between the ignition and 

data acquisition is critical. A He-Ne laser is passed through a location just upstream of the quenching 
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channel’s entrance and directed to a photodiode PD3 mounted behind a pinhole. The beam is focused 

through the pinhole using a convex lens of 150 mm to maximize the photodiode signal. After ignition, 

when the flame reaches the He-Ne laser path, the beam is slightly deflected due to the density change, 

causing a drop in the photodiode signal and triggering the pulse burst laser. 

 

4. Measurements in flames stabilized over a McKenna burner 

Measurements in a series of laminar flat flames stabilized over a McKenna burner are indicative of 

the instrument precision and accuracy. Four different premixed methane-air flames were used (Table 

1): flames 1 and 2 have the same equivalence ratio (0.8) but differ for the flow-rate, and consequent 

heat losses and product temperature; flames 3 and 4 have equivalence ratio 0.9 and 1, respectively. 

The last row of the table provides the precision of the system for non-reacting conditions and ambient 

temperature. Measurements in the non-reactive premixed methane-air mixture at 295 K provide 

𝐹𝑅𝑆𝑟𝑒𝑓
′ , the filtered Rayleigh scattering signal at the reference condition.  Ten bursts of 82 pulses each 

were taken in the reference mixture and for each flame condition. Background images were taken with 

the flame on, but no laser, to account for flame luminosity. The laser energy was reduced so that the 

measured FRS signal in air is within 10% of what measured in the flame arrestor, making the measured 

standard deviations representative of the instrument single-shot precision when applied to 

measurements in small channels. All the measurements were conducted at a height of 15 mm from 

the surface. Measurements were then repeated without the iodine cell (conventional laser Rayleigh 

scattering), to estimate inaccuracies introduced by the more complex model and data analysis in FRS.  

Data processing of the raw FRS images consists of two steps: first, we obtain the reference-normalized 

FRS signal (𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑜𝑓 𝐸𝑞. 3)  from the raw data, and then we extract the temperature based 

on Eq.3 and appropriate assumptions on the gas composition. The raw signal is background subtracted 

and denoised using the wavelet adaptive thresholding and reconstruction algorithm (WATR) [36]. 

Threshold levels in the algorithm are based on the local signal level, the gain, and RMS of the camera 

readout noise, with no user tunable parameters. The algorithm has been extensively validated for 1D 



 11 

Raman and Rayleigh measurements, and it has been demonstrated that it increases the signal-to-noise 

ratio without introducing artificial smoothness, making it a suitable approach for measurements of 

spatial gradients. Thanks to the use of CCD cameras as detectors, the algorithm can be extended 

directly to the kHz measurements without any modifications [37].  The denoised 1D FRS profiles are 

then software binned in the horizontal direction resulting in a resolution of ~150 µm per bin. Data 

have also been processed without the WATR algorithm for comparison. 

 

Table 1. Flame conditions and the temperature measurement results for the laminar flame experiment. 

Flame 

No. Φ 

Flow 

rate 

(slpm) 

Temperature (K) 

Temperature COV (%) 

before denoising 

Temperature 

COV (%) 

after denoising 

LRS FRS % Error 

Within a 

burst 

Between 

bursts Overall 

Withi

n a 

burst Overall 

1 0.8 16.91 1791 1746 -2.5 2.4 1.8 3.0 1.2 2.2 

2 0.8 32.85 2009 2000 -0.5 2.5 2.3 3.6 1.2 3.2 

3 0.9 29.55 2040 2067 1.3 2.5 2.0 3.5 1.2 2.9 

4 1 26.69 2071 2121 2.4 2.5 2.8 3.9 1.5 2.8 

NR 0.8 32.85 295 295 N/A 4.7 9.1 9.8 3.7 9.4 

 

The signal from the reference photodiode PD2 provides the laser energy correction on a shot-to-shot 

basis. Fig. 2 shows the energy normalized 1D FRS profiles measured in ambient air at 295 K for five 

different shots within a burst. The plot shows that large variations in the energy-normalized FRS 

profile occur during a burst. By removing the iodine cell, we verified that the same effect is present 

also in conventional Rayleigh scattering, and therefore cannot be attributed to fluctuations in the laser 

frequency. Inspection of FRS images collected without hardware binning in the vertical direction 

shows that the beam focusing slightly changes within a burst, likely because of thermal lensing effects 

within the laser cavity. Such changes in the beam focusing affect the scattered light collected by the 

photodiodes used for energy normalization, and hence, the energy-normalized FRS signal. The error 

bars on the t = 1.1 ms profile represent the standard deviation over 20 bursts, which is ~2 % of the 

signal, showing that the effect is repeatable from burst to burst. Given its repeatability, the fluctuations 
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within a burst are corrected by dividing the FRS signal for each pulse within a burst by the mean over 

20 bursts, of the FRS of the reference mixture at the corresponding pulse within the burst.  The 

procedure described above provides the reference-normalized FRS signal, which is a function of the 

mixture composition, temperature, velocity, pressure, observation angle, and laser frequency.  

 

 

Fig. 2. Variation in the energy-normalized 1D FRS profile due to beam de-focusing within a burst. 

 

For measurements in the McKenna burner, we probed the product region, 15 mm from the burner 

surface. The gas composition at this location is taken from Weigand et al [38]. The flow velocity, 

being orthogonal to both the laser and the collection optics, does not contribute to the Rayleigh 

scattering signal. The pressure in the lab is measured, and the observation angle is approximated to 

90 degrees. 

  

Table 2. Coefficient of variation (COV) in the filtered Rayleigh scattering (FRS) and conventional 

laser Rayleigh scattering (LRS) signals in air and laminar flame. 

COV in LRS and FRS signal 

 LRS non-reactive FRS non-reactive Flame LRS Flame FRS 

Within a burst 

no denoising  
0.8 1.6 1.4 1.8 

Within a burst 

after denoising  
0.6 1.2 0.9 0.9 

Between bursts 

after denoising 
2.1 3.1 1.9 1.9 

 



 13 

Table 2 reports the coefficient of variation (COV) of the reference-normalized signal from Rayleigh 

scattering and filtered Rayleigh scattering within a laser burst. The COV for the LRS signal in the 

non-reactive mixture of air and methane is 0.8 % and increases to 1.4 % at flame temperature. The 

results are consistent with that previously reported in [33] and highlight the advantages of using a 

low-noise back-illuminated CCD camera for high-speed acquisition. The WATR algorithm only 

slightly improves the COV in air but has a stronger effect at flame temperature reducing it to 0.9 %. 

This is expected because at the flame temperature the signal drops and the camera noise becomes 

more important. The FRS signal is weaker compared to the LRS signal, and the denoising algorithm 

provides a significant improvement, from 1.6% to 1.2 %, at ambient temperature. In the flame, the 

COV for the FRS signal is 1.8 %, and it is strongly reduced by the WATR algorithm, down to 0.9%, 

the same value obtained for the LRS. The spatial variation of the COV across the 40 mm probe volume 

is within 10% of the values reported in the table. The COV between the bursts, a measure of the 

repeatability between the 10 consecutive bursts, is ~ 2 % for the reference LRS signal, flame LRS 

signal, and the flame FRS signal, but it reaches 3% for the reference FRS signal. Instantaneous laser 

frequency measurements from the photodiode monitoring scheme, show that fluctuations within a 

burst are negligible, but fluctuations of ±.001 cm-1 are measured over a sequence of 10 bursts. The 

narrower Rayleigh-Brillouin profile at ambient temperature compared to high-temperature is 

responsible for increased sensitivity to laser frequency fluctuations resulting in a higher COV between 

bursts.  

Conversion from the FRS signal to temperature requires modeling of the right-hand side of Eq.3. 

Figure 3 shows the theoretical dependence of the temperature on the normalized FRS signal, with the 

laser tuned to the peak absorption, and the equilibrium composition obtained for Φ = 0.8. Similar 

curves were obtained for the Φ = 0.9 and Φ = 1.0  cases. The T vs FRS curve is monotonic and the 

temperature is obtained by simply inverting the relation, as shown graphically in Fig. 3 (black solid 

line). The T vs FRS curve is a function of 𝜈𝐿,𝑟𝑒𝑓 and 𝜈𝐿, which are the laser frequencies employed for 

the reference signal and for measurements in the flame. The dashed lines in Fig.3 show the T vs FRS 
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curves obtained by setting 𝜈𝐿,𝑟𝑒𝑓 to the peak absorption value, and adding a shift of the laser frequency 

𝜈𝐿 of ±.001 cm-1, representative of fluctuations observed within 10 consecutive bursts. Fluctuations 

in measured temperature due to burst-to-burst laser frequency variations are within ± 0.2 % at a 

temperature above 1500 K but they approach 15 % in the low-temperature region. In this work, we 

set 𝜈𝐿 to the average frequency measured over 10 bursts, neglecting burst-to-burst frequency 

fluctuations, as for the flame-propagating in the channel we were mainly interested in the high-

temperature region. The measurement of the average laser frequency is essential because we observed 

frequency drifts as large as ±0.005 𝑐𝑚−1 during a typical day of operation.  This is particularly 

problematic when the reference FRS signal is taken several hours apart from the measurements in the 

flame.  Errors > 10% will occur in the estimated flame temperature if the frequency drift is neglected 

and the peak absorption frequency is used in place of the measured value. To mitigate errors caused 

by the laser frequency drift in measurements in the flame arrestor, we acquired the reference FRS 

signal in non-reacting conditions immediately before the measurements in the flame. 

 

Fig. 3. T vs FRSnormalized curves obtained for the McKenna burner. Similar curves assuming laser 

frequency shifts of ±.001 cm-1 during flame measurement are also plotted to show the effect of 

frequency fluctuations. 

 

Table 1 includes a comparison between conventional laser Rayleigh scattering (LRS) and Filtered 

Rayleigh scattering average temperature measurements. The reported error, defined as the percentage 

difference between the filtered and conventional Rayleigh scattering, is within 2.5% for all flames 
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tested. The discrepancy is indicative of the instrument accuracy when the composition is known and 

we attribute it to small errors in estimating the laser frequency, the laser spectral profile, and the iodine 

absorption profile.  

The COV in measured temperature indicates the instrument precision. The COV within each burst is 

~2.5 %, slightly higher than the 1.9 % reported for the normalized FRS signal because of the non-

linearity of the T vs FRS relation. The COV between bursts, obtained from the average temperature 

measurement in 10 consecutive bursts, ranges from 1.8% to 2.8%. These fluctuations cannot be 

attributed to frequency variations but are due to imprecision in the energy normalization, as the LRS 

data show similar fluctuations. Improved energy monitoring strategies, or inclusion in the 

measurements of a region with known temperature, pressure and composition, can reduce the COV to 

the values measured within a burst. By pooling together all temperature measurements over 10 bursts, 

we obtained a temperature COV between 3% and 3.8%.  The WATR algorithm is effective at reducing 

the noise within a burst down to <1.5 %, but the overall COV in temperature is dominated by the 

burst-to-burst wavelength and energy fluctuations, and after denoising ranges from 2.2% to 3.3%. The 

precision of the temperature measurements is significantly poorer at a lower temperature, with a COV 

of 3.7% within a burst, and up to 9.4% for 10 consecutive bursts, because of the higher sensitivity of 

temperature measurements to changes in the laser frequency at low temperatures.  The instrument 

precision is of particular importance when analyzing single-shot data, as for measurements in the 

flame-arrester model that displays elevated “cycle to cycle” variations, especially when close to 

quenching conditions. As a result of the instrument precision, a 95% confidence interval will include 

up to ±8%  uncertainty at flame temperature, reduced to ±6%  if the WATR algorithm is used.  

 

5. Temperature measurements in the flame-arrester model 

To demonstrate the applicability of high-speed FRS for temperature measurements in premixed flames 

traveling in mm-high channels, we conducted a series of measurements in the flame arrester model 

introduced in Section 2. An equivalence ratio of 0.8 was used for the methane-air mixture and the 

channel height was 1.5 mm. At these conditions, small variations in the boundary conditions can 
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trigger quenching of the flame, and we have obtained temperature profiles for both quenching and 

non-quenching cases.  

Figure 4 shows two frames of the FRS signal in air obtained in the channel without vertical binning. 

The upper frame was taken by detuning the laser frequency away from the absorption peak; the bottom 

figure shows a picture taken at the same conditions, except for the laser frequency tuned to the iodine 

absorption line. The comparison clearly shows that conventional Rayleigh scattering is not suitable 

due to the presence of windows and due to the proximity to the wall. On the other hand, the iodine 

filter effectively removes surface scattering when the laser frequency is tuned to the absorption peak. 

Measurements taken with a 1.3 mm spacing between the plates and after vacuuming the chamber 

show that the surface scattering is below the camera noise level as long as the frequency of the laser 

is within ± .01 cm-1 of the absorption peak. By monitoring the laser frequency using the reference leg, 

we made sure that the laser frequency is always within ± .005 cm-1 of the absorption peak during all 

measurements. 

 

 

Fig. 4. 2D images of the probed region when the laser frequency is away from the absorption peak 

(top) and when it is tuned to the absorption peak (bottom). 

 

Figure 5 shows 2D images of the FRS signal within the channel at various instants of flame 

propagation. The darker region that propagates from left to right indicates the flame front. The bright 

spots observed in the third frame in Fig. 5 are due to strong Mie scattering either from dust particles 

or from water droplets formed from the burned gases. These bright spots spanning about 1 mm 

distance appeared only occasionally (< 5% of the frames) for measurements in the 1.5 mm channel, 

and the probability of their appearance increases for smaller channels. Except for these 2D images, 
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hardware binning in the vertical direction was performed during the acquisition to improve the signal 

to noise ratio. 

 

Fig. 5. Two-dimensional FRS images captured in the channel at four consecutive instants of flame 

propagation. Flame propagates from left to right. 

Processing of the data to obtain the normalized FRS signal (left-hand side of Eq.3) is almost identical 

to that employed for the McKenna burner data, except for the background subtraction. Measurements 

in the channel, before ignition, provide the reference FRS signal (𝐹𝑅𝑆𝑟𝑒𝑓
′  𝑖𝑛 𝐸𝑞. 3). For this non-

reacting condition, the pressure was atmospheric, and the temperature was measured with a 

thermocouple and close to 295 K; methane and air were well mixed, with an equivalence ratio 𝜙 =

0.8. Due to the transient nature of the flame propagation, background images were collected without 

flame. Test runs conducted without laser show that the contribution of flame luminosity causes a small 

bias, which introduces a temperature underestimation of up to 0.8 % where the maximum luminosity 

occurs, and then reduces to zero within a couple of millimeters. For this work, we accept the bias 

because it is smaller than other sources of uncertainties and because it is limited to a small portion of 

the region investigated. In the current configuration, the effective camera exposure time is 100 µs, 

since no shutter is present, and the chip is exposed between laser pulses.  Operating the camera at a 
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higher frequency than that of the laser can reduce the exposure time up to ~ 30 µs mitigating this issue 

and extending this approach to more luminous flames.  

Modeling of the right-hand side of Eq. 2, requires additional measurements compared to the 

measurements in the McKenna burner. As the laser beam travels in a direction opposite to the flame 

propagation direction, the Rayleigh-Brillouin scattering is Doppler shifted towards a higher 

frequency.  The Doppler shift ΔνD is given by [6, 9]: 

 𝛥𝜈𝐷 =
𝜈𝑜

𝑐
(𝐨 − 𝐥). 𝐮      (4) 

where 𝐨 is the unit vector pointing from the measurement volume towards the observer (detector),  𝐥 

is the unit vector in the direction of the laser beam and 𝐮 is the velocity vector. The evolution of the 

time-resolved FRS signal provides an estimate of the flow velocity. The location where the 

temperature near the flame front crosses 1000 K has been tracked for consecutive frames, showing 

that it travels with a speed ranging from ~12 m/s to 14 m/s for the condition of this work. The speed 

includes contributions from both the flow velocity and the flame speed, but the latter is two orders of 

magnitude smaller and can be neglected. For a speed of 13 m/s, the frequency shifts only <0.001 cm-

1. This effect is accounted for in the simulation, as it comes at no extra cost, but the corresponding 

change in the flame temperature is only <3 Kelvin. A pressure transducer provides the instantaneous 

pressure profile, varying from 1.07 to 1.11 bar during the first 5 ms after the flame enters the channel.  

Since the effect of this pressure change on the lineshape 𝕽I is very small, we neglect it, reducing Eq.3 

to a linear relation in pressure.  As for the McKenna burner, frequency fluctuations for each test run 

were monitored with the photodiodes in the frequency monitoring unit, and average values for a 

sequence of 10 bursts in non-reacting conditions were used in Eq.3.   
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Fig. 6. Different regions of the propagating flame. Flow is from left to right. 

 

For a flame propagating through a channel, the local gas composition is not known. Simultaneous 

mole fraction measurements using Raman spectroscopy were not feasible due to the limited optical 

access and low signal level. Therefore, some assumptions based on the physics of the process are 

needed to improve the accuracy of the measurement. Figure 6 shows a sample temperature profile 

during the flame propagation for an unquenched case, divided into four regions. Following ignition in 

the main chamber, the flame enters the quenching section and propagates at a speed of ~13 m/s. As 

the flame propagates through the channel, combustion in the main chamber continues, providing 

combustion products at roughly the adiabatic temperature at the entrance of the channel, where the 

temperature appears almost constant. The temperature first falls because of heat loss to the aluminum 

plates reaching a minimum value Tmin in region 1 and then rises again to the peak flame temperature 

Tmax in region 2. Region 3 covers the flame preheat zone and the reaction zone, and region 4 

corresponds to the fresh reactants.  

Region 4 provides a way to reduce the uncertainty caused by laser energy fluctuations. The pressure 

transducer provides the instantaneous pressure, and the frequency monitoring unit provides the 

average laser frequency within the burst, the composition and temperature in region 4 are known, 

therefore leaving the measured FRS signal as a direct measurement of the laser energy. For 

measurements in the flow, the instantaneous signal averaged over a region of fresh reactants provides 

the shot-to-shot energy correction in place of the photodiode signal. In regions 1 and 2, the 

1 2 3 4
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composition can be well approximated by the adiabatic product composition, as diffusion and 

recombination contributions do not affect the Rayleigh Brillouin spectrum significantly.  

 

Critical information for studying the quenching, such as flame propagation speed, heat loss, the 

minimum and maximum temperatures in the product-side are obtained from regions 1 and 2 using the 

adiabatic product composition. Accurate temperature measurements in region 3 require a model for 

the gas composition as a function of temperature. To evaluate the error on temperature introduced by 

commonly employed assumptions used in estimating the composition, we have conducted a series of 

numerical experiments. First, we generated profiles of temperature and mole fractions from opposed 

flame calculations in Chemkin [39]. One of the streams consisted of the reactants, methane-air at 

equivalence ratio Φ = 0.8, and inlet temperature of 295 K; the other stream had the product 

compositions based on chemical equilibrium calculations for a methane-air flame at Φ = 0.8. The 

velocity of the two jets was set to 80 cm/s, the temperature at the products side entrance was set to 

1500 K, and the distance between the nozzles to 1 cm, resulting in a strain rate of 160 s-1. The model 

includes a heat loss coefficient estimated based on the rate of decline of temperature in region 1. Based 

on the flame speed (~13 m/s) obtained from the measurements and the slope of the temperature profile 

in region 1, the rate of change in temperature was approximately 700 K per millisecond and the heat 

loss coefficient was estimated to be 87 W.m-2.K-1 [40]. The Chemkin simulations provide the 𝑋𝑖(𝑇), 

and combining with Eq.3, we computed the normalized FRS signal as a function of temperature. The 

continuous curve in Fig. 7(a) shows the inverse of this relation and provides the temperature as a 

function of the normalized FRS signal. Similar to what is obtained with a fixed composition (as in 

Fig.3) the curve is monotonic and provides a direct mapping from the FRS signal to the temperature. 

In the following analysis, we compare the  T vs FRSnormalized curve obtained from the Chemkin 

calculations to similar curves computed for a) a fixed composition assumption; b) 𝑋𝑖(𝑇) obtained for 

incorrect strain rate used in the Chemkin simulation; c) 𝑋𝑖(𝑇) obtained for incorrect product side 
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temperature ; d) 𝑋𝑖(𝑇) obtained for an incorrect heat loss value.  The right y-axis provides the % error 

in temperature if these incorrect models were used to evaluate 𝑋𝑖(𝑇) and the T vs FRSnormalized curve. 

 

Fig. 7. (a): Temperature as a function of reference-normalized FRS signal computed for temperature-

dependent, reactants, and product composition. The error in estimated temperature due to the constant-

composition assumptions is also shown in the right-side y-axis. (b), (c) and (d): Temperature as a 

function of reference-normalized FRS signal for three strain rates (b), three product-side temperatures 

(c), and three heat loss coefficients (d). 

 

Figure 7(a) shows the 𝑇 vs 𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 curve (continuous line) obtained for the correct 𝑋𝑖(𝑇) and 

two additional curves obtained assuming either the reactants composition (dash-dot) or the adiabatic 

flame product composition (dashed).  The right-side y-axis shows the error in temperature when 

assuming temperature-independent composition. When using the reactant composition as in [4], the 

temperature from the numerical experiment would be within 127 K of the ‘correct’ value. When using 

the product composition the maximum error in temperature for the region above 1000 K is ~74 K and 
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the error in the reactant side can be as large as 100 K. Note that the Rayleigh cross-section of the gas 

mixture varies only by less than 5.5 % in the entire composition space. The large deviation for the 

case of the product-composition assumption is due to changes in the RBS spectral profile. The main 

contribution comes from the difference in the spectral line shapes of CO2 and CH4.  Figure 7(b) shows 

the 𝑇 vs 𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 curve for different values of the strain rates in the counterflow.  The figure 

indicates that when a laminar flame of intermediate strain rate is selected as in [7], the maximum 

inaccuracies due to the erroneous selection of strain rate is ~ ± 30 K and mostly limited to the region 

with temperature >1650 K. Figure 7(c) shows similar curves for three values of product side 

temperature. The maximum error in estimated temperature is < 5 K when the product-side temperature 

varies from 1900 to 1000 K, and this error is limited to the high-temperature region. A similar 

comparison between 𝑇 vs 𝐹𝑅𝑆𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 obtained for three different heat losses applied to the 

counterflow simulation is plotted in Fig. 7(d). Removing or doubling the heat loss has a modest effect 

on the temperature prediction, with errors that are within 20 K, and limited to the high-temperature 

region. In summary, the results in Fig. 7 show: 1) a fixed composition assumption leads to 

unacceptable large errors; 2) for counter-flow flames, large variations in strain rates, product side 

temperature and heat losses cause errors in the temperature that are within 30 K. In this work, when 

processing data in region 3, we used 𝑋𝑖(𝑇) computed from the opposed flame simulation described 

earlier, with product side temperature set to the average 𝑇𝑚𝑖𝑛, heat loss coefficient obtained from 

region 1, and strain rate to match 𝑇𝑚𝑎𝑥. 
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Fig. 8. 2-D contour plot showing the temperature profiles in the channel at various instants of time 

during flame propagation. 

 

Figure 8 summarizes the results obtained within a burst for a test case where quenching happens. The 

y-axis represents the time from the arrival of flame at the entrance of the channel and the x-axis 

represents the distance from the entrance of the channel. The flame front is marked in the figure and 

it shows that the flame decelerates in the channel for this flow condition. Figure 9 shows four curves 

representing instantaneous snapshots of the 1D temperature profiles in the flame propagating across 

the narrow channel. The data de-noised using the WATR algorithm is also overlapped (dashed lines).  

The novel diagnostic is successful in capturing key aspects of this fast combustion event within a 

single burst. Regions 1 and 2, where uncertainty on the composition is lower, are of particular interest 

for quenching studies because they provide the time evolution of 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥, and of important derived 

quantities including the heat loss, the temperature gradient, and the flame velocity.  

 

Fig. 9. Time-resolved 1D temperature profiles for a no-quenching case. Time 0 indicates when the 

flame enters the channel. The dashed lines represent the data after WATR denoising applied. 

(a) 
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(b) 

 

(c) 

 

Fig. 10. (a): Pressure traces used to distinguish between quenching and no-quenching cases. 

(Time=0 corresponds to the ignition time) (b): Corresponding 1D temperature profiles when the 

flame front reaches 27 mm downstream of the channel’s entrance. (c) Comparison of 1D 

temperature profiles of a quenching and a no-quenching case, at regular time intervals, after the 

flame enters the channel.  
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Measurements in the 1.5 mm high channel show high “cycle-to-cycle” variations, with quenching 

occurring in the last 5 of the 9 tests. This was not observed for other channel heights, for which we 

consistently observed either a quenching or a no-quenching behavior. Figure 10(a) shows the pressure 

traces used to distinguish between the quenching and no quenching cases for nine tests with the same 

nominal conditions. The temperature in the chamber increases up to 3.5 bar in 200 ms for quenching 

cases, while it approaches 6 bar in less than 150 ms for no-quenching cases. Figure 10(b) shows the 

temperature profiles in the corresponding test runs, when the flame front reaches a location ~27 mm 

downstream of the channel entrance. The five quenching cases are shown as black lines. A clear 

distinction between the quenching and no-quenching cases can be observed, with the no-quenching 

cases having a lower 𝑇𝑚𝑖𝑛, therefore higher integrated heat losses by the time the flame reaches the 

27 mm location. An increased slope between 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥 for the quenching case is indicative of 

stronger heat losses to the channel compared to the heat produced by the combustion. Figure 10(c) 

shows the 1D temperature profiles for a quenching and a no-quenching case obtained at three instants 

separated by 1.3 ms after the flame enters the channel. 

The case for which we observed no quenching, propagates faster than the case for which quenching 

occurs. The flame propagation speed ranges from 12.5 to 15 m/s for the cases with no quenching, and 

from 10.7 m/s to 12 m/s for the 5 cases with quenching.  The heat loss coefficient is approximately 

the same for all cases and the lower 𝑇𝑚𝑖𝑛 at the 27 mm location is simply due to the longer residence 

time. The figure highlights the advantages of using a high sampling rate, especially in the study of 

events with large cycle-to-cycle variations. By studying the trends in the temperature gradient in the 

product side of the flame, velocity profiles and peak temperature at various locations for various 

channel heights, more detailed interpretations can be formulated about flame quenching in this 

geometry. Such a detailed discussion on flame quenching is beyond the scope of the current paper and 

will be presented elsewhere. 

 

6.  Conclusions 
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A high-speed filtered Rayleigh scattering (FRS) system has been developed for temperature 

measurements of premixed flames in small channels and demonstrated in a quenching experiment. To 

the best of our knowledge, this is the first time the technique has been implemented at a sampling rate 

of 10 kHz and applied to measurements in mm-high channels. Direct comparison to Rayleigh 

scattering measurements in a premixed flat flame burner showed that the instrument precision is ~3 % 

at temperatures above 1500 K, and the discrepancy in estimated temperature is < 3%, providing some 

indication on the errors introduced by the model used to interpret the FRS signal. Key factors to the 

success of the measurements were the long pulse duration (200 ns FWHM) and the use of low-noise 

CCD cameras operated in the subframe burst gating mode, which allowed to boost the signal to noise 

ratio and achieve a coefficient of variation of ~3% at flame temperature. The study of flame quenching 

in small channels is particularly challenging given the transient nature of the flow and proximity to 

the surfaces. The surface scattering was successfully suppressed by maintaining the laser frequency 

near the absorption line peak of the iodine molecular filter using a reference iodine cell. Different 

approaches were implemented to the regions upstream and downstream of the flame front to account 

for the distinct relation between the local gas composition and temperature in these regions. Time-

resolved measurements from various pulses within a laser burst helped to understand the heat loss 

process to the walls and the resultant temperature profiles. The temperature on the product's side for 

the test runs with no-quenching were up to 100-200 K higher compared to those in quenching cases 

when the flame front reached approximately 27 mm downstream of the channel entrance. The transient 

temperature profiles show that in the quenching cases the flame propagates more slowly through the 

channel, and that longer residence time is the main responsible for the lower temperature 𝑇𝑚𝑖𝑛 as the 

flame advances through the channel.  The work demonstrates that high-speed, pulse-burst filtered  

Rayleigh scattering is an effective tool for further exploring devices involving transient flame 

propagation in a small channel, including flame arrestors, pre-chambers used in IC engines, and micro-

combustors. 
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