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Soot temperature measurements in laminar flames
are often performed through two-color broadband
emission pyrometry (BEMI) or modulated-absorption-
emission (BMAE) techniques, using models to relate
the ratio between flame intensities at two different
wavelengths with soot temperature. To benefit from
wider spectral range and increase the accuracy of exper-
imental estimation of soot temperature, this work pro-
poses a new approach that uses three-color broadband
images captured with a basic color camera. The method-
ology is first validated through simulations using nu-
merically generated flames from the CoFlame code, and
then used to retrieve soot temperature in an experi-
mental campaign. The experimental results show that
using three-color and BEMI provides smoother recon-
struction of soot temperature than two-color and BMAE
when small disturbances exist in the measured signals
due to a reduced experimental noise effect. A sen-
sitivity analysis shows that the retrieved temperature
from three-color BEMI is more resilient to variations
on the ratio of measured signals than BMAE, which is
confirmed by an error propagation analysis based on a
Monte Carlo approach. © 2021 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Pyrometry for estimating soot temperature (Ts) can be imple-
mented either by alternating narrowband monochromatic fil-
ters [1] or using a standard color camera to simultaneously
capture broad spectral bands at the Red, Green, and Blue
(RGB) channels [2—4]. Flame emission pyrometry techniques
(EMI) [2, 4, 5] normally neglect the self-absorbed thermal radia-
tion along the optical detection path [6]. This assumption simpli-
fies the inversion procedure required to determine T, but it may
generate uncertainties in the estimated values (< 50 K) [3]. More-

over, EMI techniques require prior knowledge of the soot absorp-
tion function (E,;) spectral behavior, which is not yet well un-
derstood [7]. In contrast, light modulated absorption/emission
(MAE) techniques are used to measure the soot volume fraction
(fv) and Ts by carrying out simultaneous measurements of light
extinction and flame emission at two narrow spectral bands
(< 10 nm) [8, 9]. The narrow band MAE technique has also
been extended to broadband images (BMAE) using a tri-CCD
camera as a pyrometer in a non-buoyant flame [10]. However,
capturing the emitted signal in a broad spectral band compli-
cates the deconvolution procedure required to retrieve the local
soot emission (and thus, Ts) since a spectral integration must
be performed. The combination of different wavelength pairs is
commonly used in soot pyrometry; however, this procedure may
lead to different temperature estimates. Indeed, using emission
measurements at three wavelengths could yield three differ-
ent temperatures, according to the color ratio used (G/R, B/R
or B/G), two of which are independent [11, 12]. In such case,
discrepancies are often circumvented by reporting the mean
temperature obtained for different color ratios [3]. Thus, it may
seem not entirely correct to use the information of only two
wavelengths. Although improvements can be expected from
combining the three wavelengths from the color channels to gen-
erate a single temperature, such a model has not been reported.

This letter presents a novel methodology to retrieve Ts em-
ploying a single model using three visible broad spectral bands.
The methodology is applied to a canonical laminar axisymmet-
ric diffusion flame and tested at three different levels. First, the
method is validated using synthetic images obtained from a
flame simulated with the CoFlame code [13]. Then, the broad-
band emission (BEMI) and the BMAE techniques at two and
three color ratios (2-BEMI, 2-BMAE, 3-BEMI and 3-BMAE) are
used to experimentally retrieve T; and their results are com-
pared. Finally, an error propagation and sensitivity analysis are
performed to assess the uncertainties of each three-color method.

2. THREE COLOR SOOT PYROMETRY MODEL

The convoluted flame radiative intensity emitted and self-
absorbed by soot particles (I) for a given wavelength (A), rep-
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resents the integrated local soot emission (neglecting scattering
effects) along the photodetector line-of-sight (I), and can be ex-
pressed as [6, 9]:

L(,T) = /IKA(I)IKb(Ts)exp {— /I (1) dl’} d, @

where « is the soot absorption coefficient derived from x, =
fo 61T Eyy/ A (Rayleigh regime). The exponential term represents
the self-absorption along the remaining flame path to the pho-
todetector (I') and I Kb is the blackbody radiative intensity that
depends on T, which is assumed to be in thermal equilibrium
with the gas-phase. When using an RGB camera, I is weighted
by the sensitivity of detection system (77,) and spectrally inte-
grated in a broadband i € {R, G, B}. Thus,

Si= [ mi( T, @

represents the projected flame radiative intensity captured by
the sensor of the RGB camera at each broadband.

In the BMAE technique, simultaneous emission and extinc-
tion measurements must be carried out, which are typically
performed by modulating an external back-light source [10].
During the modulation, the flame radiative intensity (emission)
is captured with and without the source, denoted by Sf and S;,
respectively, and then used in the following expression:

/ 3

(s,- - s;> _ Juoamexp [ fyxa (D) di] dA
I Sy, ¢amada

1

where J; and I/ are images of the back-light source and back-
ground intensity, respectively, and ¢, is the spectral back-
light radiance. The f, can be obtained by replacing the k) =
fo 67 E;y/ A definition in the right-hand-side (RHS) of Equa-
tion 3. The soot absorption function at different wavelengths is

represented as Ej, (1) = 0.284 + 0.272(In(A))? + 0.057% [14].
For this purpose, an iterative process is performed to retrieve the
fo that matches the RHS model to the left-hand-side (LHS) that
represents the experimentally measured transmissivity. Due to
the self-absorption term in Eq. 3, the iterative process starts from
the outer flame moving towards its central axis [10].

In the BMAE approach, T; is estimated from flame radiative
broadband intensity measurements S/ (see Fig 1a). Here, the
convoluted intensities captured by the RGB camera may be

defined as a ratio @35 = S/GS%/ [SH 2, yielding:

e DTN [ (1, Ts)dA

_ ! ‘
[ (1, 7)dA]

Once f is experimentally determined, the only unknown prop-
erty in the RHS of Eq. 4 is Ts, which appears in [ Kb through the
integrated flame radiative intensity I, (see Eq. 1). Using a simi-
lar approach to the one used to determine f;, the RHS model of
Eq. 4 is computed for different values of Ts until matching the
LHS ratio. This procedure is performed for each flame height to
obtain a spatial distribution of Ts denoted as Ts 3-BMAE.

The same methodology can be applied for obtaining a T field
by a common two-color ratio (Ts; 2-BMAE) by modifying Eq. 4
accordingly [10], employing a two-color ratio @,s = S /Sg.
In general, the BMAE technique suffers two drawbacks: (1)
the spectral dependence of the self-absorption term may lead
to different retrieved values for T; [10], and (2) the recovered

O35 @

T; is highly susceptible to the convoluted intensity noise af-
fecting the reconstruction of f, during the deconvolution pro-
cess [15]. In contrast, for the BEMI technique [2], the require-
ment of prior knowledge of x, is avoided by neglecting the
exponential term in Eq. 1. By ignoring the self-absorption in
Eq. 2 [16], it is possible to derive a novel color soot pyrometry
ratio @3y = Hg () Hp (1) /[Hr(1)]* based on the combination of
three deconvoluted broadband image intensities according to:

i I (1) dA [ 51 (1) dA
a Ey 1bb 2
[f)m Iy (Ts) d/\]

where H;(I) represents the local soot emission at the symmetry
plane obtained by deconvoluting the integrated broadband cam-
era images from S/ = [, H;(I) dI (see Fig 1a). An onion-peeling
discretization coupled with a Tikhonov regularization is used to
perform the deconvolution in order to obtain H;(I) for the R, G
and B camera channels. The Tikhonov regularization introduces
a regularization parameter that helps to stabilize the solution
of the original ill-posed deconvolution problem [17]. The BEMI
model provides a unique solution for Ts, denoted as Ts 3-BEMI.
Indeed, T; is obtained employing an a priori constructed look-
up table that relates the experimentally determined ratio @3
with the RHS of Eq. 5 evaluated at different Ts. Note that this
approach is unfeasible for the BMAE technique since the spectral
integration of the self-aborption term precludes the deconvolu-
tion of Eq. 4. In an analogous way, two wavelengths (Ts 2-BEMI)
can be employed by using a modified version of Eq. 5 with
®,y = Hg/Hg [2]. Furthermore, both methodologies can be
applied in sooting flames under different combustion regimes,
as long as they have an axisymmetric geometry.

In this work, the robustness of the T; 3-BEMI and T; 3-BMAE
is tested through a Monte Carlo (MC) approach by perturbing
the experimental data [18]. Additionally, a sensitivity analy-
sis is performed for the 3-BEMI and 3-BMAE techniques (see
Supplemental Document for details).

O3y (5)

3. INPUT DATA AND VALIDATION

Fig. 1a shows a cross section of the flame with the variables
involved in the model developed in Section 2. The spectral
sensitivities (17, ) of the detection system at each broadband chan-
nel are shown in Fig. 1b. Note that to construct #,, the filter
transmissivities were measured and the camera manufacturer’s
response curve was used. Also, the radiometric back-light emis-
sion ¢, measured with a calibrated spectrometer. Experimental
projected broadband flame emission images are obtained from
an axisymmetric canonical laminar diffusion flame established
on a Giilder type burner. Constant volumetric flow rates of pure
ethylene (0.194 slpm) and coflow air (284 slpm) are imposed.
The experimental setup (described in details in the supplemen-
tal document) is composed by broadband light sources and a
Basler RGB CMOS. To improve the signal-to-noise ratio (SNR)
in channel B (usually the channel with the weakest intensity),
a combination of visible and IR cut filter were used to reduce
the camera sensitivity in the red channel. A SNR above 20 was
obtained within the flame according to channel B, and this value
was sufficient for the convergence of the algorithm. Radical
chemiluminescence detection can be neglected in this work be-
cause it occurs in narrow bands of a few nanometers, compared
to the strong and continuous spectral emission of soot.

The measured two-color (®,5) and three-color (B3g) ratios of
projected flame radiative intensities used for obtaining T;-BMAE
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Fig. 1. (a) Schematic of a cross-section of the flame, (b) detec-

tion system sensitivities for R, G or B (left axis) and back-light
radiance (right axis), (c) measured projected and (d) local de-

convoluted radiative intensity ratios for two (left panels) and

three (right panels) spectral broadbands.

are shown side by side in Fig. 1c, and the corresponding decon-
voluted local emission ratios (@, ®3p) for obtaining Ts-BEMI
are shown in Fig. 1d. These fields were obtained by averaging
and filtering 50 raw flame intensity images, and are used as
input to apply the developed methodology.

Before applying the experimental ratios to obtain T, the
methodology is validated through numerical simulations. For
this purpose, the flame was simulated with the CoFlame
code [13], which provides reference f, and T; fields. These fields
together with the actual camera spectral sensitivity (17, ) are used
to generate synthetic broadband spectrally-integrated projected
signals Sf [5]. Figure 2a shows the CoFlame T; at the left panels,
compared with the reconstructed Ts from 3-BEMI and 3-BMAE
techniques at right panels. The BEMI approach exhibits slight
discrepancies with the CoFlame solution (mean relative error,
MRE = 0.5%) due to neglecting the self-absorption contribution,
whereas BMAE recovers almost perfectly (MRE = 0.04%) the
original Ty field. This behavior is also observed in Fig. 2b, which
shows the maximum (left) and centerline (right) temperature
values obtained for the CoFlame solution and numerically re-
trieved by both three-color techniques as a function of the flame
height, thus validating the proposed methodology.

4. EXPERIMENTAL SOOT TEMPERATURE

A comparison of temperature fields obtained using the BEMI
and BMAE approaches is shown in Fig. 3a. These T; fields
are obtained from the ratios ©,5, @35, @,y and O3y presented
in Fig. 1. The local f; field (see Fig. S1 in the Supplemental
Document) required for the BMAE technique is obtained from

+  T,-3BMAE
—— CoFlame

4 1750 2000 1750 2000
Ts, max (K) Ts, center (K)

0 4 4 0
r (mm) r (mm)

Fig. 2. (a) Numerical T; fields from CoFlame (left-panels) and
determined using 3-BEMI and 3-BMAE approaches (right-
panels), and (b) maximum (left) and centerline (right) tempera-
tures for each flame height.

broadband extinction measurements (see Eq. 3). Qualitatively,
the four retrieved fields of T present a high temperature zone
(~ 1830 K) near the visible flame edge close to the burner exit.
Also, a decrease of Ts is observed toward the flame centerline,
independent of the technique employed. The BEMI approach
provides a smoother T field than the BMAE model because the
self-absorption term is neglected. Indeed, this term provides
an additional source of noise coming from the deconvolution of
fo. Moreover, the experimental noise of emission measurements
(~ 5%) deteriorates the T; reconstruction procedure. This is
particularly relevant in the lower region of the flame, where the
self-absorption effect is not negligible, leading to a maximum
temperature difference of 55 K between BMAE and BEMI when
using three broadbands. This effect also leads to slightly higher
temperatures for BMAE than BEMI along the inner flame region.
Fig. 3b presents the maximum (left) and centerline (right) values
of Ts (radial profiles are shown in the supplemental document).
Comparing these profiles for T; 3-BEMI and T 3-BMAE, it can
be observed that maximum T; behaves similarly, regardless of
the technique employed. Nevertheless, scattered results are
observed for the 3-BMAE approach, specially toward the flame
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Ts (K)
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50
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=40
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Fig. 3. (a) Temperature fields retrieved with BEMI and BMAE
approaches for two and three wavelengths, and (b) maximum
(left) and centerline (right) temperature for each flame height.
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Fig. 4. (a) Fields of relative sensitivity (left) and error estima-
tion by a MC approach (right) for the determination of Ts with
three-color based methodologies, and (b) maximum (left) and
centerline (right) values of relative sensitivity (filled, bottom
axis) and MC errors (unfilled, top axis).

centerline. Indeed, the smoothness (s, defined here as the mean
absolute value of dT/9z X (T/z)et with (T/z),ef a reference
value) are 0.57 and 0.95 for 3-BEMI and 3-BMAE, respectively,
where lower values represent a smoother curve. Similar trends
are also obtained for Ts 2-BEMI and Ts 2-BMAE methodologies
(s = 0.64 and 1.0, respectively). Finally, the 3-BEMI approach
is able to retrieve a wider high-temperature zone for T; than 2-
BEML. In addition, Ts 3-BEMI presents slightly smoother profiles
than T;2-BEMI (s = 0.57 and 0.64, respectively). These behaviors
are attributed to the increased spectral information captured by
the RGB camera as compared with common 2-color techniques.

The sensitivity of Ts for both three-color methods is quanti-
fied in terms of dIn Ts /9 In @5 y (see Supplemental Document).
For the error analysis based on a Monte Carlo (MC) approach,
the propagation of uncertainties is estimated by considering a
Gaussian dispersion of each measured signal (R, G and B) with a
0.5% standard deviation of the projected emission signals. Such
value corresponds to 10% of the mean ratio between the stan-
dard deviation and the average of the fifty flame images (S’) at
the blue band. This band was chosen because of its smallest
signal-to-noise ratio that is associated to the most challenging
detection in flames. The relative MC error is then quantified
as the standard deviation divided by the mean T; (c/ Ts) of 50
perturbed measured signals (S/) fields. These uncertainties are
reported in Fig. 4a. The sensitivity of Ts is nearly constant for
the 3-BEMI technique (~ 0.27), being lower than the sensitivity
of the 3-BMAE model on the whole flame, and specially toward
the centerline. A similar behavior for relative errors based on
the MC approach can also be observed in Fig. 4a. Consistently,
errors are accumulated toward the centerline. These results can
also be noted in the profiles of maximum and centerline values
of sensitivities (bottom axis) and MC errors (top axis) plotted in
Fig. 4b. Based on these results, the 3-BEMI technique proved to
be a robust technique for retrieving T; from measurements with
an RGB camera without the need of intricate optical diagnostics.

5. CONCLUSION

This letter reported a three-color pyrometry method for soot tem-
perature measurements in axisymmetric flames. The proposed
methods (3-BEMI and 3-BMAE) specify a single expression to ob-
tain the temperature using the total spectral captured emission

of the three-color broadbands (R, G and B) by a CMOS CCD cam-
era. The performance of the three-color procedure is validated
numerically using simulated flames provided by the CoFlame
code, where we observe that T is recovered perfectly from the
synthetic broadband images for the 3-BMAE technique, whereas
slight discrepancies are observed for the 3-BEMI model because
it neglects the self-absorption term. Experiments using a canoni-
cal axisymmetric flame show that the different approaches lead
to similar qualitative and quantitative behavior on the retrieved
T; field, being smoother for three-color and BEMI than for two-
color and BMAE methodologies. The 3-BMAE method requires
a complex optical setup, a tedious iterative process for retrieving
T, and the error accumulation in the deconvolution negatively
affects the temperature reconstruction around the flame center-
line. In contrast, 3-BEMI requires a simpler setup than 3-BMAE,
delivering similar temperature values with smoother temper-
ature field toward the center of the flame, thus demonstrating
the reliability of the optical technique proposed. Finally, the
uncertainty analysis shows that T; 3-BMAE is more sensible to
changes on the ratio of measured signals, which is confirmed by
a Monte Carlo approach for the propagation of uncertainties.
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