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Abstract:

One-dimensional (1-D) line Rayleigh thermometry is used to investigate the effects of
spatial resolution and noise on thermal dissipation in turbulent non-premixed CH4/H2/N,
jet flames. The high signal-to-noise ratio (SNR) and spatial resolution of the measured
temperature field enables determination of the cutoff wavenumber in the 1-D temperature
dissipation spectrum obtained at each flame location. The local scale inferred from this
cutoff is analogous to the Batchelor scale in nonreacting flows, and at downstream
locations in the flames studied here it is consistent with estimates of the Batchelor scale
based on the scaling laws using local Reynolds numbers. The spectral cutoff information is
used to design data analysis schemes for determining mean thermal dissipation. Laminar
flame measurements are used to characterize experimental noise and correct for the noise-
induced apparent dissipation in the turbulent flame results. These experimentally
determined resolution and noise correction techniques are combined to give measurements
of the mean thermal dissipation that are essentially fully resolved and noise-free. The
prospects of using spectral results from high-resolution 1-D Rayleigh imaging
measurements to design filtering schemes for Raman-based measurements of mixture

fraction dissipation are also discussed.



1 Introduction

The scalar dissipation rate — defined as y = 2D|V§|2, where & is the mixture fraction and D is

the molecular diffusivity — is a critical parameter in turbulent nonpremixed combustion [1,2].
Owing to its importance in combustion modeling, a great deal of recent work has been directed
at the measurement of y by using line or planar imaging of single or multiple scalars [3-9].
Scalar dissipation occurs at the finest scales of turbulence. This makes such measurements in
flames particularly challenging because they require high precision and good spatial resolution.
Furthermore, it is not clear how best to estimate the required resolution for a given flame
condition. This is because the scaling laws that are used to estimate the dissipation length scales
in non-reacting turbulent flows are not necessarily applicable in flames, where significant spatial

variations in fluid properties are present and local Reynolds numbers may be quite low.
The thermal dissipation, y; :2a|VT|2, where T is temperature and « is thermal

diffusivity, does not play as fundamental a role in turbulent combustion theory. Nevertheless, it
has been measured using a range of techniques [10-13]. The current study pursues the belief that
the thermal dissipation measurements can help to improve the quality of scalar dissipation
measurements. This is because temperature measurements from Rayleigh scattering, exhibit
higher signal-to-noise ratios (SNR) than mixture fraction measurements. Therefore, thermal
dissipation can be measured with higher SNR and potentially higher spatial resolution than scalar
dissipation. Since the length scales of thermal and scalar dissipation structures are expected to
be similar in flows with Lewis number near unity, information regarding the thermal dissipation
should be directly applicable to the mixture fraction dissipation field. Furthermore, since noise

and resolution effects are inherently coupled, it is anticipated that the high SNR and high



resolution of the temperature measurements will enable the decoupling of these correlated
processes.

Generally, spatial averaging and noise have opposite effects, as limited resolution acts to
reduce scalar gradients, whereas noise increases the measured dissipation. These opposing
effects make it difficult to assess the accuracy of dissipation measurements, and most reported
mixture fraction and thermal dissipation measurements have not fully quantified these effects,
especially in reacting flows. The effects of spatial resolution on scalar dissipation measurements
have been more thoroughly investigated in nonreacting flows [14-15], and it has been suggested
[16] that it is necessary to resolve approximately one or two times the Batchelor scale, the finest
scale over which turbulent fluctuations in a scalar gradient can be sustained, in order to
accurately determine the mean dissipation rate.

Dissipation is proportional to the square of the gradient, so noise always acts to increase
the measured dissipation. The false dissipation rate induced by noise has been termed the
apparent dissipation [3]. Mi and Antonia [17] showed that this apparent dissipation increases
without bound as the probe resolution becomes infinitely small since the noise remains finite.
Similar results were found in 1-D line measurements of scalar dissipation in a non-reacting CO,-
air jet [18]. Different techniques have been used to quantify the effect of apparent dissipation in
turbulent flame measurements [19]. In one approach, the magnitude of the apparent dissipation
as a function of mixture fraction was quantified in a steady laminar flame [3, 20-21]. In another
approach, the effect of noise on the measured scalar dissipation was studied by adding noise to
large-eddy simulation data [6].

In the present study, high-resolution 1-D line Rayleigh thermometry was used to measure

the energy and dissipation spectra of turbulent fluctuations in temperature in a simple



nonpremixed CH4/H2/N, jet flame at Reynolds numbers of 15,200 (DLR-A) and 22,800
(DLR-B). These flames have been previously studied [12, 19, 22-25] and have been used as a
benchmark for the TNF Workshop [26]. The 1-D dissipation spectra are used to determine the
high-wavenumber cutoff of the thermal dissipation spectrum.

This paper focuses on measurements made at downstream locations from x/d =10, 20

and 40, where the measurement resolution is demonstrated to be smaller than the cutoff in the
dissipation spectrum, and noise is the primary contributor to the thermal dissipation error. It is
shown that mean dissipation can be substantially in error, when determined without proper
corrections or filtering to remove the effects of noise. This is similar to the conclusions drawn
from the time-series measurements performed in the same flame [19] but with lower resolution
and SNR than in the current study. With knowledge of the dissipation cutoff at each
measurement location, digital filters combining pixel binning and differentiation are designed to
suppress the noise without attenuating the true dissipation spectrum. These filtering schemes are
then used to generate radial profiles of mean thermal dissipation that are essentially fully
resolved and noise free.

A technique to correct for the apparent thermal dissipation induced by noise in the 1-D
line measurements is also described. This involves characterizing the noise contribution in a
steady laminar CH4/H2/N, jet flame where there are no turbulent fluctuations. Here the
measured dissipation (after subtracting mean gradient) is the noise-induced apparent dissipation
only, which may be represented as a function of temperature. A similar technique has been
applied in mixture fraction dissipation measurements [3, 20-21], but without quantifying
resolution effects. In this present work the residual noise correction is shown to be very small

when proper filtering is applied to these high SNR data.



2 Experimental setup and data reduction

The experimental setup has been described previously [4-5], and only a brief overview is
presented here. Four frequency-doubled Nd:YAG laser beams were combined for the
Raman/Rayleigh measurements. (Raman measurements were obtained simultaneously but are

not discussed in this paper.) Total energy was about 1.6 J/pulse, and the combined beam had a
waist diameter of about 0.220-mm (]/e2 ). Rayleigh scattered light was collected at right angles

to the incident beam by two matched achromats (/3.8) and focused onto a back-illuminated CCD
detector through a 532-nm band-pass filter. The pixel-size of 0.020 mm for 1:1 imaging gives a
projected pixel resolution of 0.04 mm (after on-chip binning of two pixels) along the laser beam
direction. The signal was integrated across the diameter of the imaged laser beam. The resulting
SNR for temperature above a premixed flat flame at ~ 2000 K was about 170.

The optical performance of the Rayleigh imaging system was analyzed using ZMAX.
The measurement volume, determined by the collection optics blur effect [27] and the laser beam
diameter, was 0.04 mm in length by 0.22 mm in diameter. The total imaging length along the
laser beam direction was 6 mm. The probe was positioned at representative locations in the jet
flames, and typically 6,000 samples were collected at each measurement location. The measured
mean and rms temperature profiles agree well with previous Sandia point measurements [26],
demonstrating repeatability of flame conditions.

The present CH4/H2/N, fuel mixture yields a Rayleigh cross section that is nearly

independent of mixture fraction [22]. Thus temperature is determined as T = I,T,/l , where

Iz, is the reference Rayleigh scattering signal from air at room temperature (T,). The radial

component of thermal dissipation is y; :Za(T)(TYr)Z, where comma-r signifies the radial



derivative. The thermal diffusivity a(T) representative of local conditions was calculated from

a(T)=a,(T/T, )", where a, =2.6x10°(m*/s) and the exponent 1.723 was determined by a

curve fit to the calculated thermal diffusivity [28] with temperature and mean species
concentrations from [26].

The energy and dissipation spectra for turbulent fluctuations in temperature are defined as
E(x)=| S[T™I[", (1)

D(x)=2ax’E(x), (2)
where T'(r) is the measured fluctuation temperature, 3 is the Fourier transform operator and «

is the wavenumber. In reacting flows, thermal diffusivity is not a constant. However, if the

diffusivity is replaced by its mean value at a given location in the flame, Eq. (2) can be

approximated as D(x)~ 2(a)x’E(x). Therefore, 2x°E(x) is used as a surrogate of the thermal

dissipation spectra in the current study of spatial resolution requirements for dissipation

measurements.

3 Resolution estimation from scaling laws

It is well known that in fully turbulent flows the finest spatial scales in the scalar field are of

order the Batchelor scale, defined as A, =7 Sc™'?, where 77:(1/3/(5))”4 is the Kolmogorov

scale, v the kinematic viscosity, <g> the mean rate of kinetic energy dissipation, and Sc =v/D

the Schmidt number. However, it is not clear that laws for estimation of the smallest turbulent
scales are applicable in the near field region of a jet flame because there is significant variation
in local properties, local Reynolds numbers are typically low (<7000 in the present flames), and

the near field is a region of developing turbulence. Nevertheless, the estimated Batchelor scale



will be a useful reference scale for comparison purposes at selected locations. Using

measurements of (&) in nonreacting round jets in [29], the Batchelor scale can be shown to be

Ay =230 Re;** Sc™?, (3)
where Re; =U_.6/v is the local Reynolds number, with U. the jet centerline velocity taken
from [24], and 6 the full width at half maximum of the velocity profile [24]. In nonreacting
round jets, Re, (jet exit Reynolds number) is approximately equal to Re;, but this is not true in

jet flames [30]. The kinematic viscosity was calculated using [28] with mean centerline
temperature and species concentrations from [26]. The estimated Batchelor scales are shown in
Table 1 for the DLR-A flame at x/d =20 and 40. It can be seen that the local Reynolds number
at x/d =40is about a factor of five smaller than the jet exit Reynolds number (15,200). The
current 1-D line system can resolve the estimated Batchelor scale at downstream locations of
x/d >40. At x/d =20 in DLR-A the laser beam diameter is about 34,. However, because this

averaging across the laser beam diameter is not along the radial gradient direction, it will result
in a small error as discussed in [15]. The most important feature of the current measurement is
that the temperature profiles were measured with high resolution along the laser beam (gradient)

direction.

4 Results and discussions

4.1 One dimensional power spectra
Energy and dissipation spectra are shown in Fig. 1 for centerline locations (-3 mm <r <3 mm)
at x/d =10, 20 and 40 in both flames. The energy spectrum of the temperature gradient is equal

to the thermal dissipation spectrum without the diffusivity, and we refer to it here as the



dissipation spectrum for brevity. The energy spectra in Fig. 1a roll off with increasing
wavenumber and then go flat in the high wavenumber range. This flat part of each energy
spectrum is the noise floor, and it demonstrates that the noise from different pixels along the 1-D
line is uncorrelated. For the nearly constant Rayleigh scattering cross-section of the current fuel,
temperature is inversely proportional to the Rayleigh signal. Therefore, the level of the noise
floor follows the trend of the mean temperature, i.e. higher noise for higher temperature. We
note that none of the spectra exhibit a plateau at low wavenumber because the overall length of
flow imaged (6 mm) was not large enough to span a sufficient number of integral scales.

The flat noise floor in each energy spectrum gives a slope of two in the corresponding
dissipation spectrum, as shown in the high wavenumber part of Fig. 1b. The valley in each
dissipation spectrum is determined by competition between the true dissipation rate and noise in
the measurement. It is clear that the highest wavenumber portion of these measured spectra is
dominated by noise. Figure 1 shows that dissipation spectra from DLR-B are shifted to higher
wavenumber (smaller length scales) relative to the corresponding spectra from DLR-A, as
expected due to the increase in Reynolds number between the two cases. Figure 2 shows spectra

from DLR-A at x/d =20 obtained with the 6-mm probe on the centerline and at radial locations

corresponding to maxima in the rms mixture fraction, mean temperature, and rms temperature.
The different noise levels and spectral positions reflect the fact that properties are not uniform

across the flame.

4.2 Scale estimation from spectra

Identifying the spatial scale that corresponds to the high-wavenumber cutoff in turbulent
fluctuations is important in dissipation measurements, especially for laser diagnostic techniques

where higher resolution will generally result in lower signal levels and SNR. It is well known in



nonreacting turbulence theory [31] that the cutoff in the kinetic-energy dissipation spectrum is at

about x77 = 1, where x is the wavenumber with units rad/m. Note that the physical wavelength
corresponding to this cutoff is 277 ~67, which indicates that scales smaller than 67 contribute

little to the total mean dissipation [31]. For Schmidt and Lewis numbers near unity we have
Ag =1, and we expect the cutoff to be nearly the same for the scalar and velocity spectra at a
given flow condition. The key issue for the present work is to determine the cutoff wavenumber
in each measured dissipation spectrum. This was done by considering the 3-D model spectrum
given by Pope [31], which shows that the cutoff (k77 = 1) corresponds to a power level of about
2% of the peak in the 1-D dissipation spectrum. The peak is not presented in most of the current
measured 1-D spectra. Therefore, we have taken the highest value in the measured dissipation
spectrum as the reference and used 1% of this value to identify the experimental cutoff x.. This
will give a conservative estimate because the dissipation at higher wavenumbers is expected to
contribute less than 1% to the total mean dissipation, based on the model spectrum. We then

obtain a local scale Ac from x- A =1 that is analogous to the Batchelor scale Ag. Using this
procedure, the estimated wavenumber for the dissipation cutoff measured on the centerline at
x/d =40 in DLR-A is roughly xc =5 rad/mm, as illustrated in Fig. 3. The corresponding scale
Ac = 0.2 mm is comparable to the value Ag = 0.25 mm estimated from scaling laws. Noted that
Ac 1s expected to be smaller by roughly 20-30% than the local Ag because of the conservative
procedure applied here. Also, as noted above, the physical wavelength corresponding to the
cutoff is 27z4¢ or about 1.2 mm at this local flame condition.

For most of the measurement locations in the present study, the 1% level is reached

before noise becomes important. Furthermore, because a constant noise floor (NF) is measured
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in each energy spectrum, a noise-corrected dissipation spectrum may be obtained [19] from
2 ®[E,, (x)— NF] as illustrated in Fig. 3, so that the 1% level may be determined at all locations.

Table 2 lists values of Ac for all of the measurement locations considered. At a given spatial

location A is smaller in DLR-B (Req = 22,800) than in DLR-A (Req = 15,200), as expected.
However, the ratio, (A¢ )p.r_s /(Ac Joir_s » iS @bout 0.82 on average, while Eq. (3) would predict a

ratio of 0.74 for nonreacting jets. The reasons for this are not clear at present. The
experimentally determined cutoff scale generally increases with downstream distance in each

flame — also expected. At streamwise locations x/d =10 and 20, A. is smallest on the

centerline, due to the lower temperature, and increases with radial distance. At x/d = 40 the scale
is nearly constant across each flame. This behavior is qualitatively consistent with observations
in [5] regarding the length scale associated with turbulent fluctuations of the mixture fraction in
piloted jet flames.

Comparison of corresponding values of A-and A (Table 1) suggests that the scaling

law from nonreacting flow (Eq. 3) can provide a reasonable estimate of the smallest turbulent
scales in the downstream portion of a simple jet flame (x/d > 20). However, caution should be
used in applying such scaling laws closer to the nozzle, where there can be significant radial
variation in fluid properties and local turbulence scales. Furthermore, direct measurement of the
scalar spectrum, as applied here, will be the most effective approach to determining resolution
requirements and local turbulence scales in complex flames, such as bluff-body or swirl-
stabilized flames. We also note that scale information, as in Table 2, may be useful for design or

evaluation of grids for large-eddy simulation (LES).
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4.3 Noise reduction by digital filtering
With knowledge of the experimentally determined cutoff x for the dissipation spectrum at each

measurement location, the next step is to identify appropriate digital filtering schemes to

suppress noise without attenuating the dissipation spectrum at wavenumbers lower than x .

This is possible only when the dissipation spectrum is measured without significant noise effects
and the experiment is over-resolved. Both are true in the current study.
The calculated gradient can be more generally expressed as the result of a filtering

process, T, =h, =T, where h, is a digital filter for gradient calculation and * is the convolution
operator. If a smoothing (e.g. pixel-binning) filter h, is applied, the measured gradient is then
calculated as,

(T,) =h,*h, *T+h *h *n (4)
where n is the noise. The design objective is to keep the filtered gradient h, T close to the
true T, , while minimizing the filtered noise gradient h, *n (n =h, *n). Inthe current study,

pixel-binning and two common difference stencils are utilized as examples of the large family of
possible filters.

Figure 3 illustrates the dissipation spectra calculated using ideal differentiation in Eq. (2)
(without diffusivity), first order one-side difference (H12B), and second order central difference
(H22C). As mentioned above, the flat noise floor in the energy spectrum gives a slope of two in
the dissipation spectrum from Eq. (2). The H12B filter behaves similarly until close to the half
sampling wavenumber. If left unfiltered, the integrated area under this noise portion of the
spectrum (in linear coordinates) would be a major contributor to the measured dissipation. When

the measurement is over-resolved, the H22C stencil can reduce the noise significantly as

12



compared to H12B. Figure 3 also shows the effect of pixel-binning in combination with the
central difference scheme. The digital filter shape is determined by the specific stencil, but this
shape is shifted to lower wavenumbers after pixel-binning. Therefore, the difference stencil and
binned-pixel resolution combine together to determine their net effect on the true dissipation and

noise spectra. Using the central difference scheme, the x/d =40 data can be binned by 2 or 4
without affecting the true dissipation spectra. Figure 3 shows that the noise is significantly
attenuated when the central differencing scheme is applied with 4-pixel binning. For both flames
full resolution can be maintained with binning the pixels by 4 at x/d =40, 2 at x/d =20, and
no-binning at x/d =10. However, for under-resolved experiments, the true dissipation spectra

will be attenuated by the central difference stencil, and the resolution effect on the measured

dissipation rate will have to be considered.

4.4 Noise correction to mean dissipation

The noise-induced apparent dissipation and techniques to correct for it have been
discussed in the context of scalar dissipation measurements in nonreacting [17] and reacting [19-

20] flows. Apparent dissipation is defined as

2 ={(r D)~ (e (5)
where the subscript m indicates the noise affected measurement and < X7 > is the true mean value.
For a uniform flow or laminar flame it may be shown [19] that the apparent dissipation due to

noise can be expressed as y, = 2<am(nyr)2 > For the current measurements the noise induced

variance of thermal diffusivity is very small, and the apparent thermal dissipation comes

primarily from the noise contribution to the measured temperature gradient.
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The apparent dissipation may be determined from measurements in a steady laminar jet
flame of the same fuel mixture by subtracting the true laminar dissipation (based on mean
profiles) from the total and expressing the result as a function of temperature. The true mean

thermal dissipation rate in the turbulent flames may then be determined on a conditional basis as,

(1T = 1T e = (e 1 Ty (6)

The apparent dissipation depends on the processing scheme (pixel binning and differencing), so
this correction procedure requires that the same scheme be applied to both laminar and turbulent
data.

Figure 4 compares the apparent dissipation from the laminar flame calculated using two
differencing schemes and two levels of pixel binning. The apparent dissipation is much higher
for the H12B than for the H22C, which is consistent with results shown in Fig. 3, where the
H22C scheme attenuates the noise contribution significantly compared to H12B. This
demonstrates that the measured dissipation depends on the difference stencil, as well as noise
and resolution effects, and all these must be considered when comparing different experimental

results or comparing experiments with numerical simulations. Note also that the apparent

dissipation scales approximately as T°, which is a result that was predicted in the shot-noise
limited analysis developed in [19].

To obtain radial profiles of the corrected mean thermal dissipation in the turbulent flame
the procedure is to first calculate the corrected conditional average of the thermal dissipation rate

at each location from Eq. (6) and then calculate the corrected mean thermal dissipation as
(X1 = [ (22 IT),_ P(T)AT . (7)

where P(T) is the PDF of the temperature at the measurement location.
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4.5 Mean thermal dissipation profiles

Figure 5 compares radial profiles of uncorrected and corrected mean thermal dissipation
rate for the four radial positions at x/d =40 in flame DLR-A. Results for two different digital

filtering schemes are included in order to illustrate the potential importance of noise in
dissipation measurements as well as the effectiveness of the present filtering and correction
schemes for reducing noise-induced errors. The two sets of results both use the H22C
differencing but with different levels of pixel binning. As expected from the dissipation spectra
in Fig. 3, the central differencing stencil combined with the proper level of pixel binning works
as a digital filter to reduce noise induced apparent dissipation significantly, such that there is
very little difference between the uncorrected and corrected profiles. Therefore, the properly
filtered and corrected thermal dissipation results from the current experimental system are fully
resolved at these flame locations and essentially free of noise effects. The result for Ngj, = 1
demonstrates that the noise contribution to the mean thermal dissipation rate can be significant
when the measurements are over resolved. Even though the measured mean dissipation with
Ngin =1 includes a significant contribution from noise, the correction procedure still yields
nearly the same corrected profiles as for Ngi, = 4, the binning scheme selected to minimize noise
without attenuating the true dissipation spectrum. This implies that the correction based on the
laminar flame technique is reasonably robust when applied to the present turbulent flame. In
order to reduce the uncertainty of the corrected mean radial dissipation profiles, the subtracted or
apparent dissipation should be kept as small as possible by proper filter design.

Radial profiles of the filtered and corrected thermal dissipation from all measurement
locations in both flames are shown in Fig. 6. At each streamwise location the profile shapes in

DLR-A and DLR-B are very similar. Thermal dissipation levels are consistently higher in DLR-
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B, but by a smaller ratio than one might expect, based of the 1.5 ratio of jet Reynolds numbers.
This is due, at least in part, to the fact that the contribution to the total dissipation from the mean
temperature gradient is not trivial in these flames, especially at x/d =10, and this mean
contribution does not increase with Reynolds number.

As discussed in the section 4.3, the combination of pixel binning and the H22C scheme
represents only a convenient example of many possible digital filters that might be used to
reduce noise in dissipation measurements. Special digital filters can reduce noise even more
effectively, and further work is being done to test such filters on the present data sets.
Furthermore, if the mixture fraction dissipation follows the same roll-off behavior at the high
wavenumber end of the spectrum (as may be expected for Le~1), these designed digital filters
based on the fully resolved thermal dissipation spectra can be applied to the corresponding
mixture fraction dissipation measurements, which generally exhibit higher noise levels and
reduced spatial resolution. In this context it is important to emphasize that the effective
resolution of any gradient and dissipation measurements depends on both the physical (optical)

resolution and the processing schemes that are applied.

5 Conclusions

High-resolution 1-D line Rayleigh thermometry was used to measure spectra of temperature
fluctuations and the thermal dissipation rate in turbulent non-premixed CH4/H2/N, jet flames.
The spatial resolution and signal-to-noise ratio of the current experiment enabled the study of the
correlated effects of resolution and noise. The 1-D power spectra of the temperature fluctuations
were used to determine the cutoff of the dissipation spectrum and the corresponding spatial scale.
The local scale inferred from this cutoff is analogous to the Batchelor scale in nonreacting flows,

and at downstream locations in the flames studied here it is consistent with estimates of the
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Batchelor scale based on the scaling laws using local Reynolds numbers. Knowledge of the
cutoff wavenumber allowed the design of digital filtering schemes for calculating thermal
gradients that significantly reduced noise without attenuating the true dissipation spectrum. A
procedure to correct for the apparent dissipation due to noise was applied based on
measurements of the apparent dissipation in a laminar CH4/H2/N, jet flame.  These
experimentally determined spectral cutoff and noise correction techniques combined together
give measurements of the mean thermal dissipation that are essentially fully resolved and noise-
free. The procedure described will be useful in line Raman/Rayleigh/LIF experiments where
both temperature and mixture fraction are measured, as it will enable a more accurate in situ

determination of the local resolution requirements for mean scalar dissipation.
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Tables

Table 1
Estimates of resolution requirements from Eq. (3).

x/d T[ze] Ve [28] Uc [24] Sd [24] Res As
K cmis mis um

20 905 1.07 33.9 260 6580 70
40 1576 2.66 18.3 5.19 2850 250

Table 2
Experimentally determined scale Ac [um]. Radial positions in mm are shown in parentheses.

Case x/d r=0 I I3 Iy

A 10 53  83(8) 106 (12)
20 94 120(11) 123(16) 145 (21)
40 195 179(13) 188(29) 191 (35)

B 10 41  67(8) 84(12)
20 73 94(11) 105(16) 125 (21)
40 163 157(13) 159(29) 165 (35)

20



Figure captions

Fig. 1. Energy and dissipation spectra of fluctuating temperature T' in DLR-A (bold lines) and
DLR-B (thin lines).

Fig. 2. Energy and dissipation spectra of fluctuating temperature T"'at four radial locations in
DLR-Aat x/d =20.

Fig. 3. Dissipation spectra of fluctuating temperature T" at x/d =40 in DLR-A calculated by
using different stencils and by applying noise floor correction.

Fig. 4. Apparent dissipation from the laminar flame measurement using different combinations
binning and differencing filters.

Fig. 5. Measured and corrected profiles of mean thermal dissipation at x/d =40 in DLR-A.

Fig. 6. Corrected profiles of mean thermal dissipation in DLR-A (bold lines) and DLR-B (thin
lines).
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Fig. 1. Energy and dissipation spectra of fluctuating temperature T' in DLR-A (bold lines) and
DLR-B (thin lines).

[color figure in electronic versions only]

k (rad/m)

Fig.2. Energy and dissipation spectra of fluctuating temperature T’ at four radial locations in
DLR-A at x/d = 20.
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Fig. 3. Dissipation spectra of fluctuating temperature T’ at x/d =40 in DLR-A calculated by
using different stencils and by applying noise floor correction.

[color figure in electronic versions only]
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Fig. 4. Apparent dissipation from the laminar flame measurement using different combinations
binning and differencing filters.
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Fig. 5. Measured and corrected profiles of mean thermal dissipation at x/d =40 in DLR-A.

[color figure in electronic versions only]
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Fig. 6. Corrected profiles of mean thermal dissipation in DLR-A (bold lines) and DLR-B (thin
lines).

[color figure in electronic versions only]
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