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Abstract
A tomographic laser absorption spectroscopy technique, utilizing mid-infrared light sources, is presented as a quantitative 
method to spatially resolve species and temperature profiles in small-diameter reacting flows relevant to combustion systems. 
Here, tunable quantum and interband cascade lasers are used to spectrally resolve select rovibrational transitions near 4.98 
and 4.19 μ m to measure CO and CO

2
 , respectively, as well as their vibrational temperatures, in piloted premixed jet flames. 

Signal processing methods are detailed for the reconstruction of axial and radial profiles of thermochemical structure in a 
canonical ethylene–air jet flame. The method is further demonstrated to quantitatively distinguish between different turbulent 
flow conditions.

1 Introduction

Most practical combustion devices involve turbulent react-
ing flows. Understanding interactions between chemistry 
and fluid dynamics in turbulent flames is of prime inter-
est to the combustion community, both for the development 
of more efficient engineering devices and the development 
and refinement of numerical models [1]. As computational 
power increases and higher fidelity simulations of turbulent 
flames with more detailed chemistry become possible, it is 
necessary to provide measurements to inform and anchor 
these models  [2]. Specifically, quantitative measurements 
of the thermochemical structure (i.e., spatially resolved spe-
cies and temperature) are needed to elucidate the coupled 
mechanisms.

Traditional intrusive measurement techniques such as 
thermocouples and gas chromatography (using sampling 

probes) disturb the local flow field, often precluding defini-
tive interpretation. As such, several non-intrusive spectro-
scopic measurement techniques have been utilized to study 
turbulent flames by exploiting emission, absorption, and 
scattering interactions. For turbulent jet flames, which are 
the focus of this work, Rayleigh scattering has been a com-
mon approach for thermometry [3–5], and can be quantita-
tive with an estimation of gas composition [6–8]. Raman 
scattering methods have also been used for time-resolved 
point measurements of species in such flames [9–11]; how-
ever, this approach does not readily lend towards character-
izing the structure of a flame unless many point measure-
ments are made [12, 13], which can be difficult to perform 
if the burner is immobile and the lasers are large and cum-
bersome, which is often the case with high-powered light 
sources required in scattering spectroscopies. Laser-induced 
fluorescence (LIF) [10, 14–16] and chemiluminescence [15, 
17, 18] have also been used extensively for temperature and 
species-specific imaging. However, these methods do not 
easily yield quantitative species measurements, even with 
calibrations [19].

Although typically weak in spatial resolution capability 
(due to line-of-sight integration), laser absorption spectros-
copy (LAS) provides a highly quantitative, calibration-free 
method of measuring major combustion species and tem-
perature in harsh environments using compact low-power 
semiconductor lasers [20]. Room-temperature interband 
cascade lasers (ICLs) and quantum cascade lasers (QCLs) 
enable convenient access to the strong mid-infrared (mid-IR) 
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absorption bands of CO and CO2 centered near 4.7 and 
4.3 μ m, respectively, as shown in Fig. 1. The fundamental 
vibrational bands at these mid-IR wavelengths are orders of 
magnitude stronger than those in the near-IR, and provide 
much greater species sensitivity at short optical path lengths, 
making them suitable for analyzing small-diameter flows 
in practical combustion applications. By carefully selecting 
the wavelength, it is possible to measure multiple absorp-
tion transitions of a single molecule with one laser, enabling 
simultaneous calibration-free thermometry and species con-
centration measurements [22].

The compactness and mobility of modern ICLs and QCLs 
readily enable spatially resolved measurements in flames, 
which can be combined with tomographic reconstruction tech-
niques [23, 24] to characterize non-uniform flows [25–31]. In 
this paper, we present a stage-mounted multi-laser absorption 
system for quantitative measurement of species concentrations 
and temperature distributions in turbulent premixed jet flames.

1.1  Theory of laser absorption spectroscopy

Laser absorption spectroscopy (LAS) exploits resonance 
with discrete energy modes of gas molecules to ascertain 
thermochemical properties of flow fields from light absorp-
tion [19]. We briefly review the fundamentals of LAS here 
in the context of the experiment to provide reader assistance 
with the measurements that follow.

The Beer–Lambert law in Eq. 1 gives the spectral absorb-
ance �� in a gas medium axially symmetric about radius r 

[cm] for a specific frequency � [cm−1 ] as a function the ratio 
of incident light, I0 , and the transmitted light, It [19]:

�� thus depends on total pressure P [atm], line strength Sj 
[cm−2/atm] for rovibrational transition j, mole fraction of 
absorbing species Xabs , line shape function �� [cm], and 
aggregate path length L(r) [cm]. For an integrated line-of-
sight (LOS) absorption measurement through a non-uniform 
medium (such as a flame) that is axially symmetric in r, 
the projected integrated absorbance area Aj,proj(r) [cm−1 ] is 
expressed in the following equation:

where P is assumed constant throughout the medium. In this 
work, we attained Aj,proj(r) by fitting a Voigt function to the 
measured �� for each line j, effectively negating the meas-
urement dependence on line shape �� [19]. To determine 
a radial profile of the integrated spectral absorption coef-
ficient, Kj(r) [cm−2 ], from radially resolved projected area 
measurements Aj,proj(r) , we use tomographic reconstruction 
methods discussed in greater detail in Sect. 3.3. For multiple 
transitions j scanned, multiple Kj(r) can be determined, and 
the ratio of two absorption coefficients reduces to a ratio of 
Sj(r) , which is a function of T(r) only, as shown in the fol-
lowing equation:

Since Sj(T(r)) is a line-specific spectroscopic property, it is 
possible to infer the gas temperature T(r) with the simul-
taneous measure of two lines at any location r [22]. After 
temperature has been determined, Sj(T(r)) can be evaluated, 
and the mole fraction of the absorbing species Xabs(r) can 
be obtained using Eq. 4 when the total pressure P is known. 
More detail on these calculations as well as their uncertain-
ties can be found in the Appendix.

2  Method

We employ a scanned-wavelength direct-absorption tech-
nique with a tunable quantum cascade laser and an inter-
band cascade laser to spectrally resolve transitions near the 
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Fig. 1  Absorption line strengths for CO2 (top) and CO (bottom) from 
1 to 5 μ m computed from the HITRAN database [21]; T = 1500 K. 
Fundamental vibrational bands �i as well as combinations of these 
bands are labeled for each species. Accessible regions in mid-infrared 
wavelengths due to the recent availability of mid-infrared ICLs and 
QCLs are marked with a gray dashed box. Wavelengths specifically 
used in this study are marked with darker lines
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fundamental bands of CO and CO2 near 4.9 and 4.2 μ m, 
respectively. Using mechanical translation stages and tomo-
graphic reconstruction techniques, we provide radial profiles 
of CO and CO2 mole fraction as well as gas temperature for 
two different turbulent flow conditions in a piloted premixed 
jet flame burner.

2.1  Wavelength selection

For this and other combustion studies, specific wavelengths 
within each vibrational band of both CO2 and CO were 
selected based on the isolation, strength, and temperature 
sensitivity of the rovibrational lines, in addition to laser 
availability. We probe the P(0,31) and P(1,26) lines of the 
fundamental band of CO, around 2008.53 and 2006.78 cm−1 , 
respectively, to infer CO vibrational temperature and CO 
mole fraction. For CO2 , we probe the R(0,58) line at 
2384.189 cm−1 , as well as the doublet line pair R(1,105) 
and R(1,106) at 2384.327 and 2384.331 cm−1 , respectively, 
to measure CO2 mole fraction and vibrational temperature. 
Relevant spectroscopic parameters of the selected lines are 
shown in Tables 1 and 2, where line strength and lower state 
energy values for CO and CO2 are taken from the HITEMP 
2010 database [21]. Further details on line selection within 
these domains are described in previous studies [22, 32].

2.2  Laser absorption tomography system

As noted, the medium in which we attain the measurements 
is non-uniform, though it is assumed to be axially symmetric 
over a short time interval [17]. In this section, we describe 
the system used to mechanically obtain spatial resolution for 
the LAS measurements. Figure 2 shows the optical configu-
ration around the piloted premixed jet flame burner at the 
University of Southern California, as well as the directions 
of radial and vertical translation.

A stage-mounted two-laser system was developed to 
measure species profiles of CO and CO2 , respectively, as 
well as temperature in the radial and vertical directions to 
characterize the time-averaged thermochemical structure of 

the flame. A distributed-feedback (DFB) quantum cascade 
laser (QCL) with ≈ 50 mW output power was utilized as the 
single-mode light source to resolve the selected CO lines 
and infer thermochemical properties of CO. An interband 
cascade laser (ICL) with ≈ 5 mW output power is similarly 
used for probing the CO2 lines. The laser beams were aligned 
concentrically using flat mirrors and beam splitters as shown 
in Fig. 2. Focusing mirrors (f = 200 mm) 400 mm apart 
were deployed on optical rails attached to the stage to focus 
the concentric beams to approximately 0.5 mm in diame-
ter across the central jet. After reflection back towards the 
detectors, we used another beam splitter in conjunction with 
bandpass spectral filters (4210 nm for CO2 , 5000 nm for CO) 

Table 1  Spectroscopic 
parameters for targeted CO

2
 

transitions

Line ( v′′ , J′′) Wavelength (nm) Freq. (cm−1) E
′′ (cm−1) S (296 K) (cm−2/atm)

R(0,58) 4194.30 2384.189 1333 7.78× 10−1

R(1,105) 4194.06 2384.327 4998 2.51× 10−8

R(1,106) 4194.05 2384.331 5087 1.65× 10−8

Table 2  Spectroscopic 
parameters for targeted CO 
transitions

Line ( v′′ , J′′) Wavelength (nm) Freq. (cm−1) E
′′ (cm−1) S (296 K) (cm−2/atm)

P(1,26) 4983 2006.78 3,478 5.20× 10−6

P(0,31) 4979 2008.53 1,901 6.62× 10−3

Fig. 2  Top-down schematic of the PPJB with optomechanical trans-
lation stage system. The central jet is surrounded by a co-flow H2/
air flame. The lasers, optics, and detectors are mounted to the same 
translational stages and move together while the burner remains sta-
tionary
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and focusing lenses to separate the different wavelengths 
onto independent detectors. The lasers, mirrors, lenses, and 
detectors were all mounted on a ∼16 cm × 16 cm optical 
breadboard on an automatic radial (horizontal) translation 
stage, which itself was mounted on a manual vertical transla-
tion stage. The horizontal translation stage was controlled by 
a stepper motor with a controllable linear translation resolu-
tion of 1.6 � m per motor step in the r direction, as indicated 
in Fig. 2. The hand-cranked vertical translation stage had a 
linear translation resolution of 1.27 mm in the x-direction 
per lead screw revolution. Signals from the stepper motor 
encoder were recorded alongside the signals from the photo-
voltaic detectors. Additionally, the stepper motor was oper-
ated with a stepping frequency that was a sub-multiple (500 
Hz) of the laser scan rate so that the r location of the laser 
beams could be easily tracked.

2.3  Piloted premixed jet flame burner

A discussion of the operating characteristics of the Univer-
sity of Southern California burner is presented here for ease 
of reader understanding in the sections that follow. The cur-
rent work utilized a modified Piloted Premixed Jet flame 
Burner (PPJB) design [4] as described in greater detail in 
previous studies [17, 18]. The burner consists of a central 
jet tube of inner diameter D = 5.84 mm surrounded by a 
pilot and outer co-flow ( Dco-flow = 400 mm) to stabilize the 
high-velocity central jet. A schematic of the configuration 
with the laser absorption system is shown in Fig. 2. The 
pilot flame anchors the central jet to the burner exit to pre-
vent blowoff from the high shear present. The pilot flame is 
a premixed C2H4/air flame stabilized beneath the jet flame 
with an equivalence ratio of � = 0.8 and an unburnt exit 
velocity of 0.75 m/s.

The co-flow surrounds the pilot and jet flow, using hot 
products to thermally insulate the jet. A pure H2/air flame 
at � = 0.51 was used to provide a surrounding temperature 
of Tco-flow = 1500 K. This co-flow flame composition was 
chosen to provide hot products without carbon atoms pre-
sent so as to provide zero concentration boundary conditions 
for the CO and CO2 mole fraction reconstruction efforts. 
Experiments were performed at two jet Reynolds numbers, 
Rejet ≡ UjetD∕�visc = 25,000 and 50,000, where Ujet is the 
bulk flow velocity and �visc is the kinematic viscosity at the 
burner exit. The co-flow velocity does not change across 
the Reynolds number conditions. The mixture composition 
of the central jet is C2H4/air at � = 0.55 and an unburned 
mixture temperature of 298 K. As mentioned, over a modest 
time interval ( ∼102 ms), the turbulent jet can generally be 
approximated as axially symmetric and steady [17].

2.4  Experimental procedure

To determine the center of the jet (r = 0) for initial align-
ment, the laser beams were adjusted in the r direction across 
the central jet tube using the automatic horizontal stage. 
Locations where the detected light intensity decreased to 
∼20% of the unblocked intensity due to the obstruction of 
the jet tube were noted, and the location of the jet center 
was then determined by radial symmetry. Both the CO and 
CO2 lasers were scanned at a frequency of 1 kHz, and were 
recorded at a sample rate of 2 MHz, as shown in Fig. 3. For 
the QCL, the targeted CO transitions could not be accessed 
with a single laser sweep at a given laser operating tempera-
ture; therefore, the CO lines were measured by sequential 
horizontal scans at different laser operating temperatures, 
at each height x above the jet exit. The CO laser operating 
conditions were changed and stabilized in ∼30-s intervals 
between the two horizontal scans. Since the experiment 
under investigation is quasi-steady [17], this was considered 
an acceptable method to capture both CO transitions. The 
stepper motor encoder signals from the automatic horizontal 
translation stage were also recorded at the same frequency. 
The horizontal translation speed was 0.8 mm/s, resulting in 
two laser scans per 1.6 μ m step. To measure the baseline 
signal I0 , background measurements were taken with the 
lasers during an automatic horizontal translation while the 
H2/air co-flow of the burner was on, but without any hydro-
carbon fuels flowing, for every r position at the minimum 
and maximum x locations for the flame. These background 
measurements with the hot co-flow gases account for inci-
dent effects from environmental thermal emission and water 
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absorption, as well as CO2 in the ambient air. No significant 
differences in absorption were observed using either x loca-
tion background measurement. As the burner was operating, 
finely resolved horizontal scans in the r-direction were made 
every 20 mm in height above the burner exit. The system 
was translated as far as r = 32 mm to ensure zero concentra-
tion boundary conditions for later reconstruction efforts, as 
detailed in Sect. 3.3. Once a translation was completed for 
a given r-x combination, the horizontal stage was returned 
to the r = 0 location and the vertical translation stage was 
adjusted in the x-direction to a new height above the jet exit. 
This process was repeated for several axial locations x along 
the flame. For the case in which Re = 25,000, fewer x loca-
tions were scanned since the flame was shorter. This simulta-
neous translation and data acquisition method was chosen to 
maximize spatial data collection of the mean flow properties 
during the available test time.

3  Data analysis

This section presents the methods we employed to interpret 
the measurements obtained in the experiment into axial and 
radial profiles of temperature and species measurements. For 
the results shown here, 105 direct-absorption scans (Fig. 3) 
associated with a horizontal translation interval were aver-
aged prior to the calculation of projected absorbance area 
Aj,proj(r) via Eqs. 1 and 2. This procedure is done for each 
spatial interval throughout the horizontal scan and allows for 
statistical analysis of the signals in the interval. We deter-
mine the 95% confidence interval of all of these signals, and 
use this information to process the uncertainty in the rest of 
our results. The uncertainty analysis is presented in greater 
detail in  the Appendix.

3.1  Spectral line fitting

The measured absorbance spectra �� are least-squares fit for 
the target spectral lines in Tables 1 and 2 using the Voigt 
line shape function [19] to obtain projected absorbance areas 
Aj,proj(r) , as shown in Figs. 4 and 5 for CO2 and CO, respec-
tively. Aj,proj(r) and collisional width �c were free parameters 
for the fitting process, and Doppler width �D was assumed 
corresponding to the co-flow temperature of 1500 K. It was 
noted that when arbitrarily assuming the temperature (from 
500 to 1500 K) for the Doppler width, there was no discern-
ible difference for the integrated area results, which are used 
for tomographic reconstruction.

Due to the large difference in line strength between the 
targeted CO2 spectral lines, the regular two-line fitting proce-
dure is not robust enough for reliably simultaneously fitting 
the R(0,58) line and the R(1,105) + R(1,106) doublet line 
without significantly biasing the fitting of the R(1,105) + 
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R(1,106) doublet line. For this reason, we adopted a sequen-
tial fitting routine in which the R(0,58) line was fit first for a 
specified data range (top of Fig. 4) after confirming that this 
range did not bias the Aj,proj(r) results compared to success-
ful simultaneous fits with the R(1,105) + R(1,106) doublet 
line. This Voigt fit for the R(0,58) line was then subtracted 
from the original measured spectral absorbance �� to gener-
ate a residual measurement of only the R(1,105) + R(1,106) 
doublet line (middle of Fig. 4). This residual spectral absorb-
ance was then fit to extract Aj,proj(r) from the R(1,105) + 
R(1,106) doublet line. The final fractional residual (residual 
/maximum absorbance) resulting from the Voigt fits of each 
line was typically less than 2% for CO2 lines (bottom of 
Fig. 4) and less than 5% for CO lines (Fig. 5), confirming 
the general appropriateness of the Voigt line shape model 
for this application.

3.2  Filtering

Subsequent to fitting the absorbance measurements, radial 
profiles of projected absorbance area, Aj,proj(r) , are obtained 
for each height x above the jet exit. Figure 6 shows example 
plots of Aj,proj(r) as a function of distance from the flame 
center r at x = 120 mm. Since both the fitting residuals 
(bottom of Figs. 4, 5) and the absorbance uncertainties 
(Appendix) are much less than the observed spatial varia-
tions in Aj,proj(r) , the oscillations in measured Aj,proj(r) are 
interpreted as primarily flow field variations due to the tur-
bulence rather than measurement noise. Here, we applied a 
Savitzky–Golay filter [33] which smooths Aj,proj(r) with a 
1st degree polynomial inside a smoothing window size of 15 
points. These smoothing parameters correspond to an effec-
tive spatial resolution of 0.55 mm, similar to the diameter 

of the laser beam. The smoothed Aj,proj(r) profiles, intended 
to represent mean values, are then used as inputs for tomo-
graphic reconstruction, detailed in the following section.

3.3  Tomographic reconstruction

Here, we briefly describe our approach to obtaining radial 
profiles of species and temperature from our path-integrated 
measurements. Assuming the flame is axisymmetric and 
steady, one-dimensional tomographic reconstruction can 
be applied. The projected absorbance area measurement is 
described by the well-known Abel transform as a line-of-sight 
integration over the flame with radius R at a given distance 
from the flame center y:

where P(y) is the measured projected absorbance area 
Aj,proj(r) and f(r) is the radial distribution of the integrated 
spectral absorption coefficient Kj(r).

In practice, Abel inversion is implemented numeri-
cally [24]. The flame region is divided into equally spaced 
annular rings and the radial absorption coefficient distribution 
f(r) is approximated by a quadratic function near radius r using 
the Abel 3-point (ATP) method [23]. Writing Eq. 2 at each 
radius r gives rise to a system of linear equations represented 
by

where � = [f0, f1,… fN−1]
T and � = [P0,P1,…PN−1]

T con-
tain the radial absorption coefficient values and projected 
absorbance area values, respectively.

In this work, the measured projected absorbance areas are 
deconvoluted using Tikhonov regularized Abel inversion [24] 
to address the inherent ill-conditioned nature of the projection 
matrix �

���
 . In this method, an additional set of equations are 

imposed on the solution:

where � is the regularization parameter that controls the 
level of regularization and �

�
 is a discrete gradient operator 

that characterizes the smoothness of the solution:

The regularization parameter � characterizes the relative 
importance of the accuracy and smoothness of the solution. 
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A suitable regularization parameter is determined from the 
L-curve method [34] to be � ≈ 1 based on the work of Daun 
et al. [24] and is used for all reconstructions. Combining 
Eqs. 6 and  7, the radial distribution f(r) can be found from 
a least-squares solution:

Using the procedure discussed above, projected absorbance 
areas Aj,proj(r) for measured spectral lines are Abel-inverted 
using Tikhonov regularization to reconstruct radially 
resolved integrated spectral absorption coefficients Kj(r) . 
Examples of these reconstructions are shown in Fig. 7. From 
these reconstructed absorption coefficients, temperature is 
calculated from the ratio of two lines at each radial position, 
and mole fraction is then calculated from one absorption 
coefficient of each species [19].

4  Results

Some example results from the jet flame experiments are 
plotted in the figures that follow. We first present radially 
resolved mole fraction measurements at two different heights 
(x) above the jet exit for both turbulent flow conditions. 
Then, we present the temperature measurements for the 
same planes and flow conditions. Finally, we present some 
composite two-dimensional images comprising the mole 
fraction and temperature measurements for sections of both 
flames. For the results shown, we use the convention of plot-
ting distances in terms of jet diameter D; radial distance is 
plotted as r / D and axial distance is plotted as x / D.

(9)�
�
= arg min

|||||
|||||
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�

���

��
�

]
� −

[
�

0

]|||||
|||||
.

4.1  Mole fraction results

The radial profiles of mole fractions for CO2 and CO are 
shown for two different heights above the jet exit for the two 
different turbulent flow conditions in Fig. 8. For the lower 
plane of 40 mm (x / D = 6.85) in the Re = 50,000 case, 
the absorbance in the R(1,105) + R(1,106) doublet line—
which is typically only observed above ∼1000 K due to the 
high lower state energy—was too weak to independently 
determine the temperature of the local CO2 molecules. In 
this case, the CO temperature (and associated uncertainty 
in temperature) was assumed to calculate mole fraction for 
both species.

At the lower height of 40 mm (x / D = 6.85), CO and 
CO2 are concentrated at a radial distance corresponding to 
the diameter of the jet D for both turbulent flow conditions. 
At the higher plane of 120 mm (x / D = 20.5), both the CO 
and the CO2 diffuse in both the positive and negative radial 
directions. However, while the overall mole fractions of CO 
are similar at the chosen heights, the CO2 mole fractions are 
much higher for the case in which the Reynolds number is 
25,000 than for the case in which it is 50,000. This could 
either indicate greater entrainment of the outer co-flow, or 
more likely less complete oxidation of the fuel associated 
with the higher jet velocity (at higher Re) and finite rate 
kinetics. The temperature results that follow—along with 
the two-dimensional images—support the latter. For both 
species, typical mole fraction uncertainty is ±6%.
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4.2  Temperature results

The radial profiles of temperatures for CO2 and CO are 
shown for the same distinct heights above the jet exit for 
the two different turbulent flow conditions in Figs. 9 and 
10. As previously mentioned, for the lower plane of 40 mm 
(x / D = 6.85) in the Re = 50,000 case, the absorbance in 
the R(1,105) + R(1,106) doublet line was too weak to inde-
pendently determine the temperature of the local CO2 mol-
ecules and so this is not shown. Additionally, the regions in 
which the concentrations of CO2 and/or CO were too low 
to reliably determine temperature are also not plotted. The 
temperature results from regions in which both CO2 and CO 
are present in the flow show good agreement within experi-
mental uncertainty. At the higher plane of x = 120 mm (x / D 
= 20.5) shown in Fig. 9, the species in the core flow have 
a high enough temperature and concentration for reliable 

temperature measurements. The radial temperatures appear 
generally lower for the Re = 50,000 case than they are for the 
Re = 25,000 case. For the lower plane of x = 40 mm (x / D = 
6.85) shown in Fig. 10, the difference is less clear due to the 
absence of high-temperature CO2 in the Re = 50,000 case. 
However, this is consistent with a lesser degree of oxida-
tion for this plane in the Re = 50,000 case. In all cases, the 
temperature of the molecules approaches that of the H2/air 
co-flow (1500 K) as r / D increases. For the profiles shown 
here, typical CO temperature uncertainty is approximately 
±80 K, while the uncertainty for CO2 temperature is higher 
around ±130 K. The Appendix provides greater detail on 
uncertainty analysis. 

4.3  Two‑dimensional thermochemistry

In this section, we assemble the results for all planes into 
two-dimensional images of mole fraction and temperature 
for CO and CO2 in Figs. 11, 12, 13 and 14 to reveal more 
about the thermochemical structure of these flames than is 
possible with one-dimensional radial profiles.

In Figs. 11 and 12, the mole fractions of CO2 and CO 
are shown back-to-back. Both figures are plotted with the 
same mole fraction color scale and so are directly compa-
rable with one another. Similarly, in Figs. 13 and 14, the 
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temperatures of CO2 and CO are plotted with the same tem-
perature color scale. In all cases, the bounds of the plots are 
such as to maximize the view of thermochemical CO2 and 
CO gradients. We again note that for the lowest three x / D 
planes shown in the temperature reconstruction in Fig. 12, 
the mole fraction of CO2 is not measurable in the core flow 
due to weak absorbance in the R(1,105) + R(1,106) doublet 
pair in these regions. We also note again that we do not plot 
temperature in regions where the absorbance of one or more 
of the targeted spectral lines of a species is too weak (app. 
SNR < 5) to reliably determine temperature. Additionally, 
we only plot a subset of the x / D planes for the Re = 25,000 
case, and so these plots have fewer vertical planes.

For the mole fraction images in Figs. 11 and 12, a hollow 
region in the core of the flame is apparent in both cases in 
the lower planes (particularly for CO), suggesting that fuel/
air mixture in this region has yet to oxidize to either CO and 
CO2 . In the Re = 50,000 case, CO concentrations are higher 
in the upper planes of the flame in the core region, indicating 
poorer oxidation of the fuel at the tip of the flame than in the 
Re = 25,000 case. Both CO2 and CO increase near the center 
of the jet as x / D increases, though only in the Re = 50,000 
case does the CO substantially increase away from the center 
of the flame, as shown in Fig. 11. The overall mole fractions 
of CO are larger in the Re = 50,000 case in Fig. 11 than in 
the Re = 25,000 case in Fig. 12, while the opposite is true 
for the mole fractions of CO2 . In the Re = 50,000 case, there 
is higher shear present than in the Re = 25,000 case due to 
a higher velocity and momentum ratio, resulting in greater 
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entrainment rates with the co-flow. This could increase the 
size of the mixing layer causing a larger turbulent mass dif-
fusivity as the jet velocity increases and transporting the CO 
away from the central axis of the flame.

In the temperature images in Figs. 13 and 14, the temper-
ature is seen to generally be lower near the core of the flame 
as expected, though exact core temperatures cannot be reli-
ably determined at the lower x / D planes. The temperatures 
in the Re = 25,000 case are generally higher for given r / D 
near the core of the flow than they are in the Re = 50,000 
case. Along with the CO and CO2 mole fraction results, this 
corresponds to more complete oxidation in these regions for 
the Re = 25,000 case and possibly less entrainment as well.

5  Conclusions

Our results demonstrate that mid-infrared laser absorption 
tomography, probing the fundamental vibrational bands 
of CO and CO2 , can obtain quantitative, spatially resolved 
thermochemical data in small-diameter (sub-cm) turbulent 
flames. These measurements can be made calibration free 
and without knowledge of balance gas composition. Spe-
cies profiles are fully resolved radially and, with CO and 
CO2 in combination, spatially quantify in two dimensions an 
important terminal reaction in hydrocarbon fuel combustion. 
Although temperature measurements are only reported for 
certain regions of the flame (i.e., partially resolved), future 
analysis may provide expanded measurements since addi-
tional lines besides the R(0,58) and R(1,105) + R(1,106) 
doublet were accessible with the same laser, as shown in 
Fig. 3.

Both the measurements of mole fraction and tempera-
ture as presented in Figs. 11,12, 13 and 14 show sensitivity 
to chemical kinetic progress and turbulent flow conditions 
(Reynolds number). Accordingly, the sensing strategy pre-
sented in this paper may be used to help develop and/or 
constrain turbulent combustion fluid dynamic models with 
detailed chemical mechanisms. To the authors’ knowledge, 
these are the first quantitative 2D species measurements of 
CO and CO2 in the canonical piloted premixed jet burner.
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Appendix: uncertainty analysis

In this paper, we report values of species concentration and 
temperature, but it is important to note the uncertainty in 
these values due to various factors. For Eqs. 1–4 as well as 
those in this section (unless otherwise noted), we follow the 
Taylor series method (TSM) of uncertainty propagation [35], 
in which the uncertainty of a variable r, Δr , is given by:

where xi are dependent variables and Δxi are their respec-
tive uncertainties. As indicated by Eq. 4, mole fraction of an 
absorbing species Xabs(r) depends on line strength Sj(T(r)) 
and reconstructed absorption coefficient Kj(r) . In turn, 
Sj(T(r)) depends on temperature T(r), which itself depends 
on R(r), which is also dependent on Kj(r) . We present a dis-
cussion which propagates uncertainty from initial intensity 
measurements It and I0 through these equations to obtain 
uncertainty in T(r) and Xabs(r).

The systematic error in It and I0 is assumed to be the 
same because the same system is used to measure both sig-
nals; thus, the only uncertainty considered for each of these 
signals is the random uncertainty among all the scans aver-
aged within a spatial segment dr (in this case, the distance 
associated with 105 direct-absorption scans). For each spa-
tial segment, the standard deviations of both the incident 
background I0 and the absorbance signals It are calculated, 
which are both used to determine the 95% confidence inter-
val of the signals, represented by ΔI0 and ΔIt . To obtain the 
variation specifically in absorbance, Δ�� , we subtract ΔI0 
from ΔIt and use the resulting value as a bound on absorb-
ance signal, It ± (ΔIt − ΔI0) . We then calculate the resulting 
variation in �� , Δ�� , by propagating the uncertainty in Eq. 1. 
This is shown in Figs. 4 and 5 as gray-shaded regions. In 
turn, ΔAj,proj is calculated by propagating the uncertainty Δ�� 
in Eq. 2, generating an upper and lower bound on Aj,proj . This 
process occurs for each spatial interval dr across the radius 
of the burner r. The resulting upper and lower bounds of 
Aj,proj(r) are smoothed with a Savitzky–Golay filter [33] and 
plotted alongside the averaged Aj,proj(r) as shown in Fig. 6.

The uncertainty in Kj(r) , ΔKj(r) , is determined numeri-
cally via tomographic reconstruction of the upper and lower 
bounds of Aj,proj(r) . Applying Eq. 10 to Eq. 3, we can calcu-
late the uncertainty in R(r), ΔR(r):

The ratio R(r) is used to determine temperature T(r) via the 
following equation:

(10)(Δr)2 =

(
�r

�x1
Δx1

)2

+

(
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�x2
Δx2

)2
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Here, h [J⋅ s] is the Planck constant, c [cm/s] is the speed of 
light, kB [J/K] is the Boltzmann constant, and E′′

j
 [cm−1 ] is 

the lower state energy for the two lines A and B. Since T(r) 
is a function of R(r), there is an associated uncertainty in 
temperature, ΔT(r) . Using Eq. 10 in Eq. 12, ΔT(r) is given 
by:

As mentioned, Sj(T(r)) is function of T(r) [19]:

where it is understood that T is T(r). Q is the partition 
function for the internal energy modes of the molecule. 
Therefore, ΔT(r) (from the uncertainty in ΔR(r) ) affects 
Sj(T(r)) which is used to calculate mole fraction. The fol-
lowing expression can be obtained for the uncertainty in line 
strength due to uncertainty in observed temperature, ΔT(r):

 This expression is consistent with the analysis presented by 
Ouyang and Varghese [36]. For our experimental results, the 
line strength uncertainty is proportional to the line strength 
itself. Additionally, the HITRAN database reports inherent 
uncertainty in Sj(T0) (2% for all spectral lines in this work), 
which we refer to here as ΔSj(T0) . Thus, the total uncertainty 
in line strength can be calculated:

Now, mole fraction is given by:

For our CO2 measurements, ambient CO2 in the atmosphere 
(approximately 400 ppm at the time of the experiment) 

(12)
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(16)ΔS2
j
(T) = ΔS2
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(17)Xabs(r) =
Kj(r)

Sj(T(r))P
.

influences the background measurement of I0 slightly, since 
there is ambient CO2 in the H2/air co-flow flame. Thus, the 
maximum expected uncertainty due to ambient concentra-
tions of the species, ΔXabs, amb , is 400 ppm for CO2 , or ΔXCO2

 
= 0.0004, which is less significant than the other sources of 
uncertainty. Utilizing Eq. 10, the uncertainty in mole frac-
tion, excluding uncertainty in total pressure P, is:

Thus, the uncertainties in ΔKj(r) and ΔSj(T(r)) accounted 
for. Eqs. 13 and 18 are used to calculate the error bounds in 
Figs. 8, 9, and 10.
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