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a b s t r a c t 

An experimental and numerical investigation of the thermochemical structure of piloted premixed jet 

flames was conducted, encompassing laser absorption tomography measurements and large-eddy simu- 

lations (LES). The investigation was performed holding laminar flame speed, jet Reynolds number, and 

surrounding flow conditions constant while considering three different fuel types, namely an alkene, a 

normal alkane, and an aromatic fuel. Quantitative spatially-resolved thermochemical profiles of carbon 

monoxide (CO), carbon dioxide (CO 2 ), and temperature obtained from laser absorption tomography were 

compared against profiles predicted by the simulations for premixed ethylene-, toluene-, and n -heptane- 

air flames. Variations in flow structure are observed for the different fuels, highlighting fuel-specific 

chemical effects on the spatial evolution of the flames. Quantitative agreement of laser absorption to- 

mography and LES results is generally observed for all flames, with larger deviations observed in the 

nozzle-near region for the higher molecular-weight fuels, indicating potential deficiencies in the turbulent 

mixing models. To the authors’ knowledge, these measurements represent the largest molecular-weight 

fuels for which quantitative thermochemical data have been reported in a canonical piloted premixed 

jet-flame configuration. The spatially-resolved experimental measurements of CO, CO 2 , and gas temper- 

ature provide valuable data which can be used as validation targets for the development of turbulent 

combustion models. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Turbulent combustion has been the focus of extensive research

ffort s over the last several decades, with particular attention de-

oted to the investigation of hydrogen and light hydrocarbon fuels

uch as methane [1,2] . Although these studies provide valuable

nowledge about highly turbulent flames in the thin and broken

eaction zone regimes, relatively few investigations have assessed

he importance of finite-rate chemistry in the context of fuel spe-

ific effects, particularly those caused by the variety of functional

roups encountered in practical fuels. Considering that many

nergy conversion devices rely on turbulent combustion of liquid

uels comprising numerous high molecular weight components,

he investigation of fuel effects is of particular importance. 
∗ Corresponding author. 
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Unlike lighter fuels, heavy hydrocarbons are susceptible to

hermal decomposition in regions of the flame that precede oxida-

ion [3–6] . In particular, at high-turbulence intensities, small-scale

ddies penetrate these regions and modify its thermal and chem-

cal structure [1,7,8] . Therefore, for heavy liquid fuels, the local

ame structure could exhibit substantially different extinction and

ropagation behaviors compared to small-hydrocarbon fuels which

re resistant to decomposition [9] . These phenomena especially

epend on the mixture of smaller molecular fragments created

rom heavy fuel pyrolysis, which are eventually transported to

he reaction zone [10] . Additionally, the diffusivities of heavy

uels and the products of their decomposition are substantially

ifferent than those of lighter fuels. Experimental investigations

rovide evidence that preferential diffusion effects—which could

e enhanced for heavy-hydrocarbon fuels—affect the local flame

tructure and its overall response to hydrodynamics [9,11,12] . 

Recent developments in canonical burner designs, namely,

he Hi-Pilot configuration developed by Driscoll and cowork-

rs [13] and the Piloted Premixed Jet Burner (PPJB) developed by
. 

https://doi.org/10.1016/j.combustflame.2020.08.008
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Fig. 1. Cross-section of the piloted premixed jet burner (PPJB) used for this study 

along with a chemiluminesence image of a representative flame depicting the radial 

and axial axes. All measurements are in mm [18] . 
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Dunn et al. [14,15] have allowed the study of premixed jet flames

in high Reynolds ( Re ) and Karlovitz ( Ka ) regimes of turbulence.

Investigations with a similar PPJB at USC [16–18] , shown in Fig. 1 ,

have examined highly turbulent lean and near-stoichiometric pre-

mixed jet flames to explore fuel effects within the thin and broken

reaction zones. Carbone et al. [16] captured time-averaged and

instantaneous CH 

∗ chemiluminescence as well as the behavior of

the mean and fluctuating velocity components for a wide range of

C 1 –C 8 jet flames at Re of 12,50 0 and 25,0 0 0. The authors observed

qualitative and quantitative deviation between flames of methane

and other liquid fuels, and explored the potential of scaling pa-

rameters such as the laminar flame speed ( S L ) and the adiabatic

flame temperature ( T ad ) to scale the flame observables. Only S L 
showed reasonable success in scaling the flame heights derived

from CH 

∗ chemiluminescence. Paxton et al. [19] used the PPJB

with an ignited coflow to study the effects of heat loss on flames

in the broken reaction zones regime at Re up to 50,0 0 0. Although

the flame heights were shown to scale reasonably well with S L ,

the differences between various fuels were not entirely suppressed

in the broken reaction zones regime, where heat loss has been

found to significantly affect the jet reactivity. These differences

become more prominent at higher Re and less pronounced for

stronger burning flames. 

Evidently, accurate and sufficiently resolved experimental

measurements of thermochemical properties in reacting flows

help distinguish physical behaviors of different fuels allowing for

comparison with high-fidelity models, particularly for high Re and

Ka number flames in the thin and broken reaction zones regimes.

As such, several non-intrusive optically-based measurement tech-

niques have been utilized to study turbulent flames. These include

Rayleigh scattering [14,20–22] , Raman scattering [14,23,24] , laser-

induced fluorescence (LIF) [25,26] and chemiluminescence [16,18] .

With the exception of Raman scattering, these spectroscopic

methods are generally not well-suited for quantitative species

detection without extensive calibration [27] . Moreover, relatively

weak Raman interactions pose practical difficulties due to the size

and power of the required light sources. In contrast, laser absorp-

tion spectroscopy (LAS) provides for a calibration-free quantitative

method to discern gas properties using compact low-power light

sources [28] . Though traditionally limited in non-uniform flows

due to the line-of-sight nature of the technique, the integration of

tomographic methods has expanded applicability [29] . Recently,

laser absorption tomography (LAT) was demonstrated to provide

two-dimensional temperature and mole fraction measurements of
O and CO 2 in turbulent premixed jet flames using mid-infrared

emi-conductor lasers [30] . This method—employed in the present

ork—is suitable for small diameter ( ~ 1 cm) axially-symmetric

eacting flows and utilizes tomographic reconstruction tech-

iques [31,32] to extract time-averaged radial thermochemical

rofiles from spatially-resolved line-of-sight absorption measure-

ents. 

In this study, the thermochemical structure of turbulent jet

ames of ethylene, n -heptane, and toluene, was experimentally

nd computationally examined using a piloted premixed jet flame

urner. In this work, we define thermochemical structure as the

patially-resolved temperature and species concentration scalar

elds in the reacting flow. The canonical piloted premixed jet

ame burner configuration is widely used for turbulent com-

ustion model validation [18,24,25,33–35] ; this represents an

pportunity for comparing quantitative LAT measurements with

umerical models, specifically large-eddy simulations (LES). The

easurements in this study provide spatially-resolved profiles

f CO, CO 2 , and temperature, targeting regions of carbon oxida-

ion. These carbon oxides are chosen for their roles as critical

ombustion intermediates and products and their relevance in

etermining a boundary of heat release associated with the kinet-

cally slow oxidation of CO to CO 2 . The novel experimental dataset

s accompanied by a series of LES using finite-rate chemistry

odels to examine the predictive accuracy of current models in

apturing fuel effects in these flames, as well as to quantify the

nfluence of turbulent flow-field behavior on the measurements. 

The remainder of the manuscript has the following structure:

he burner configuration, operating conditions, experimental tech-

iques and simulations methods are presented in Section 2 . The

esults and comparisons between experiments and simulations are

iscussed in Section 3 , followed by a detailed uncertainty analysis

f the experimental measurements in Section 4 . The manuscript

oncludes with a summary of the major findings. 

. Experimental setup and methods 

.1. Piloted premixed jet burner (PPJB) 

For this study, a modified PPJB burner [14] was utilized; the de-

ign, dimensions, and fuel delivery system of the burner are de-

cribed in detail in previous studies [16,18,19] . The burner consists

f a central jet tube with a diameter of D = 5.84 mm and a pi-

ot and outer co-flow to stabilize the high-velocity central jet. A

chematic of the burner configuration is shown in Fig. 1 along with

 flame image depicting the axial ( x ) and radial ( r ) direction. Ex-

eriments were performed at a single jet Reynolds number, Re jet ≡
 jet D/ν = 50,0 0 0, where U jet is the bulk flow velocity and ν is the

inematic viscosity at the burner exit. The jet flames were ethy-

ene (C 2 H 4 )-air, n -heptane ( n -C 7 H 1 6 )-air, and toluene (C 6 H 5 CH 3 )-

ir mixtures at lean fuel-air molar equivalence ratios correspond-

ng to S L = 20 cm/s. S L is held constant to keep the burning rates

nd laminar flame properties (such as flame thickness) similar

mongst the flames investigated [16] . All flows had an unburned

ixture temperature of 298 K. 

The pilot flame is a premixed C 2 H 4 -air flame with a tempera-

ure of 1780 K. The coflow surrounds the pilot and jet flames and

s used to thermally insulate the jet. The coflow uses a premixed

ydrogen-air flame at a global equivalence ratio of φ = 0.51 to

rovide a temperature of T coflow 

= 1500 K. This co-flow mixture

s used to provide boundary conditions largely free of carbon

toms to minimize interference for the LAT technique probing

he central jet flame [30] . The coflow and pilot flows have an

nburnt velocity of 0.75 m/s, and these conditions are constant

cross all of the flames investigated in this study. The flame is

ssumed axisymmetric over the time interval (500 ms) in which
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Table 1 

Estimated key turbulence characteristics for the performed experiments. All values were calculated based on the 

kinematic viscosity of the unburned mixture, but the turbulent properties of the flow L int and u ′ were measured 

in the shear layer at x / D = 15. 

Fuel φ U jet Re jet S L 
u ′ 
S L 

L int 

δ f 
Ka Da = 

τt 

τ f 
Re t T ad H fl

(m/s) (cm/s) (K) (mm) 

C 2 H 4 0.55 133 50,000 20 80 9.41 624 0.12 5483 1706 196 

n -C 7 H 1 6 0.65 133 50,000 20 80 9.81 631 0.12 5483 1804 216 

C 6 H 5 CH 3 0.70 133 50,000 20 80 9.46 669 0.11 5483 1931 230 
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Fig. 2. Top-down schematic of PPJB facility with optomechanical translation stage 

system. The central jet is surrounded by a co-flow H 2 /air flame. The lasers, optics, 

and detectors are mounted and move together while the burner remains stationary. 
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AT measurements (described in Section 2.2 ) are taken, averaged,

nd reported in this study. 

Table 1 provides a summary of the conditions investigated. S L as

ell as the laminar flame thickness ( δf ), the flame time ( τ f ), and

diabatic flame temperature ( T ad ) were calculated in Premix [36] .

he flame height ( H fl) was calculated using time-averaged line-of-

ight CH 

∗ chemiluminescence data. H fl is defined as the position

long the centerline of the jet at which the CH 

∗ intensity drops

o 25% of its maximum value [16] . In this work, we determine the

urbulent Reynolds number as Re t ≡ u ′ L int /ν, where u ′ is the tur-

ulent intensity measured previously from PIV data in the shear

ayer at at x/D = 15 [19] and ν is the kinematic viscosity of the

nburned reactants. The integral length scale ( L int ) was calculated

n the shear layer at x/D = 15 using the two-point correlations

escribed by Carbone et al. [16] such that L int ≈ 5.6 mm [14] . It

hould be noted that u ′ does not depend on φ while L int shows a

inor dependence on φ and fuel type [16,18] . The Karlovitz num-

er ( Ka ) is defined as Ka ≡ τ f / τη , where τη is the Kolomogorov

ime scale determined as in previous studies [16,18] . As character-

zed by the high u ′ and Ka , these flames are expected to fall near

he boundaries of both the thin and broken reaction zone regimes.

.2. Laser absorption tomography 

Laser absorption tomography is a spatially-resolved diagnostic

echnique based on inversion of species-specific absorption pro-

ected along a multitude of optical lines-of-sight. LAT is thoroughly

etailed in the literature and prior work [29,30,37–45] , but we pro-

ide a brief overview here for context and nomenclature. For a

on-uniform gas medium axially-symmetric in r [cm], the Beer-

ambert law integrated over wavenumber ν [cm 

−1 ]—or the pro-

ected absorbance area A j ,proj ( r ) [cm 

−1 ]—can be expressed for each

ine-of-sight and related to thermodynamic gas properties as [41] :

 j, proj (r) = 

∫ ∞ 

−∞ 

− ln 

(
I t 

I 0 

)
ν

dν = 

∫ ∞ 

−∞ 

ανdν = 

∫ L (r) 

0 

K j (r) dl (1)

here αν is the spectral absorbance, I 0 is incident intensity, and

 t is transmitted intensity. L ( r ) [cm] is the aggregate path length

t radial position r . Integrating specific transitions in the spec-

ral domain eliminates dependence on line-shape and composi-

ion, enabling calibration-free measurement of species concentra-

ion and temperature [28] . The thermochemical properties of in-

erest are embedded in the radially-resolved absorption coefficient

 j ( r ) [cm 

−2 ] [30] , 

 j (r) = P S j (T (r)) X abs (r) (2)

here the total pressure P [atm] is assumed constant (1 atm),

 j ( T ( r )) [cm 

−2 /atm] is the linestrength of transition j at tem-

erature T ( r ) [K], and X abs ( r ) is the mole fraction of the ab-

orbing species. To obtain the radial distribution of K j ( r ) [cm 

−2 ],

 Tikhonov-regularized Abel inversion scheme [30–32] is imple-

ented on A j ,proj ( r ) measurements with regularization parame-

ers determined by the L-curve method [46] . In this technique,

ikhonov regularization transforms the ill-conditioned set of equa-

ions generated by Abel transform into a well-conditioned set
hat is less susceptible to measurement errors as well as tur-

ulent oscillations, promoting smooth reconstructed profiles that

eflect the average flow field [32] . As demonstrated in previous

ork [30,43,45] , this enables tomographic reconstruction of K j ( r )

n turbulent reacting flows which are approximately axisymmetric

ver the measurement time interval. 

For multiple spectral transitions j , multiple K j ( r ) can be deter-

ined, and the ratio of two absorption coefficients reduces to a

atio of S j ( r ), which is a function of T ( r ) only, as given by the fol-

owing expressions: 

 (r) = 

K A (r) 

K B (r) 
= 

S A (T (r)) 

S B (T (r)) 
= f (T (r)) , (3)

nd S j ( T ) can be calculated using information readily available in

pectral databases [47] (See Sec. 4 ). With this, the gas tempera-

ure T ( r ) can be determined with the simultaneous measure of two

ransitions at any location r [30,41] . Once temperature is known,

ole fraction X abs ( r ) can be directly calculated from measured K j ( r )

f either transition through Eq. (2) . In this study, we implement

his strategy at multiple measurement planes of a turbulent jet

ame to construct two-dimensional images of temperature and gas

omposition [30] . 

A scanned-wavelength direct-absorption method was employed

ith a tunable quantum cascade laser (QCL) and a tunable inter-

and cascade laser (ICL) to spectrally resolve select ro-vibrational

ransitions in the fundamental vibrational bands of CO and CO 2 

ear 4.9 and 4.2 μm, respectively. The compact lasers and detectors

ere mounted to a 150 × 150 mm 

2 optical breadboard fixed to a

ual horizontal and vertical translation stage as shown in Fig. 2 ,

o characterize the time-averaged thermochemical structure of the

ame. The concentric laser beams were focused to beam diame-

ers of ~ 0.5 mm. During the measurement, the optomechanical

ssembly translates horizontally via an automatic translation stage,

nd the encoder signals of its stepper motor are used to resolve

he spatial location of the measurements in time. A manual ver-

ical stage translates the entire assembly to repeat the measure-

ents at different heights downstream of the jet exit. The lasers

re current-modulated to scan in wavelength at 1 kHz, and the sig-
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nals are temporally and spatially averaged [30] to yield an overall

spatial resolution in the radial direction of 0.5 mm (the same as

the beam diameter), while the resolution in the vertical direction

was similar but sampled step-wise at 20 mm intervals. Notably,

Eqs. (1) –(3) are strictly valid for steady flows—the effects of rapid

turbulent flowfield fluctuations on Eq. (2) and subsequent thermo-

chemical interpretation are discussed in more detail in Section 2.4 .

Since the thermochemical gradients in the flames are much lower

in the vertical direction than the in the radial direction, a sparse

vertical sampling and effective resolution was deemed acceptable

for the purposes of this comparative study. 

It is important to note that two ro-vibrational transitions must

be sufficiently resolved for any given species to determine gas tem-

perature and subsequently mole fraction. For each species, two ro-

vibrational transitions B ( v ′′ , J ′′ ), are targeted, where B indicates the

branch (R, P, or Q), while v ′′ and J ′′ indicate the lower-state vi-

bration and rotation quantum numbers, respectively [48] . We tar-

get the P(0,31) and P(1,26) lines of CO and the R(0,58) line and

R(1,105+106) doublet line of CO 2 [30] . Although the reconstruc-

tions of K j ( r ) are valid within their uncertainties for all r , regions

of the flow with very low absorption coefficient (signal-to-noise

ratio < 5) are less reliable for quantitative interpretation and are

not plotted. For the targeted wavelengths in this study, this typi-

cally corresponds to regions of the flow that are either much be-

low ~ 10 0 0 K or with a mole fraction less than ∼ 5 × 10 −4 . Fur-

ther details regarding the measurement uncertainty are available

in Section 4 , while more information about the wavelength selec-

tion and temperature sensitivity is available in previous work [30] .

2.3. Large-Eddy simulations 

The measurements are complimented by large-eddy simula-

tions. For this, a finite-rate combustion model using reduced chem-

ical models is utilized for the simulation of all three fuels. The tur-

bulent reacting flow field is described as solution to Favre-filtered

conservation equations for mass, momentum, total energy, and

species, taking the following form: 

∂ t ρ + ∇ · ( ρ˜ u ) = 0 , (4a)

∂ t ( ρ˜ u ) + ∇ · ( ρ˜ u ̃

 u ) = −∇ P + ∇ · τv + t , (4b)

∂ t ( ρ˜ e ) + ∇ · ( ρ˜ u ̃

 e ) = −∇ · ( ̃  u P ) + ∇ · ( τv ·˜ u ) − ∇ · q v + t , (4c)

∂ t ( ρ˜ Y k ) + ∇ · ( ρ˜ u ̃

 Y k ) = −∇ · j k, v + t + ˙ ω k , (4d)

where ρ is the density, u is the velocity vector, P is the pressure, e

is the specific total energy, τ is the stress tensor, q is the heat flux,

and Y k , j k , and ˙ ω k are the mass fraction, diffusion flux, and chemi-

cal source term for species k , and the species equations are solved

for k = 1 , . . . , N S − 1 where N S is the number of species. Subscripts

v and t denote viscous and turbulent quantities, respectively. 

For the subgrid-scale turbulence-chemistry interaction, the dy-

namic thickened-flame model [49] is employed, and the Vreman

model [50] is used to represent the turbulent subgrid stresses. A

sensitivity study was performed and a maximal thickening factor

of 3 was found to be adequate for the current choice of mesh

resolution while balancing available computational resources. The

source term of CO is used as a sensor—the maximum net produc-

tion rate of CO in a free flame simulation corresponding to each

fuel is used as the activation threshold. A duplicate set of sim-

ulations for the (C 6 H 5 CH 3 )-air jet flame was performed with the

source term of OH used as a flame sensor, with no significant dif-

ferences found in the final profiles. Therefore, CO, which is mea-

sured in the experiments, is used for all simulations presented in

this study. 
The equations for mass, momentum, energy, and species are

iscretized using a finite-volume formulation with a sensor-based

ybrid scheme for the convective fluxes [51,52] . In this hybrid

ethod, a high-order central scheme is combined with a second-

rder essentially non-oscillatory scheme. A second-order Strang-

plitting scheme [53] is applied to separate the convection, diffu-

ion, and reaction operators. A strong stability preserving 3rd-order

unge-Kutta (SSP-RK3) scheme [54] is used for time integration of

on-stiff operators. The reaction chemistry is integrated using a

emi-implicit Rosenbrock–Krylov scheme [55] , which is 4th-order

ccurate in time and has linear cost with respect to the number of

pecies. 

All chemical kinetic mechanisms employed in these simulations

re DRG-reduced [56] and validated against calculations [57] of 1D

aminar flames with S L , temperature profiles, and major species

rofiles as reduction targets. For C 2 H 4 , a DRG reduced model based

n USC Mech II [58] was used. For both n -C 7 H 1 6 and C 6 H 5 CH 3 ,

educed-order models are based on JetSurF 2.0 [59] . Due to solu-

ion stiffness, the n -C 7 H 1 6 and C 6 H 5 CH 3 models were modified by

emoving several of the smallest timescale reactions. The perfor-

ance of these reduced mechanisms with respect to species pro-

les in laminar flames, laminar flame speed, and ignition delay is

escribed in further detail in Supplementary material A. 

The size of the three-dimensional computational domain is

.35 m × 0.26 m × 2 π in the axial, radial, and azimuthal di-

ections, respectively. The grid uses 401 non-uniformly distributed

oints in axial direction, concentrated in the vicinity of the injec-

ion plane to ensure sufficient resolution of the turbulent scales.

he axial resolution directly after the injection plane results to

rst-cell size of 93 μm, while a growth ratio of 0.65% is chosen

or the first 2 jet diameters downstream of the inlet. The radial

irection is discretized with 125 points, clustered in the shear lay-

rs between the different streams, whereas 160 points are used for

he circumferential resolution. At the inlet of the jet stream, a tur-

ulent velocity profile is applied, with turbulent fluctuations pre-

cribed to match the experimentally measured velocity field. For

he co-flow and pilot streams, the velocity corresponding to the

urnt products along with the adiabatic chemical equilibrium tem-

erature and composition is prescribed. 

The LES computations provide spatially-resolved instantaneous

hermochemical properties (temperature, mole fractions, reaction

ates) for the different flames under investigation. Representative

nstantaneous flow-fields for CO and CO 2 obtained from these

imulations for the three different fuels are shown in Fig. 3 . Al-

hough the CO and CO 2 concentrations near the pilot flame re-

ion are similar for all of the flames, fuel-specific effects are

mmediately notable from the instantaneous images; regions of

he flows downstream of the pilot flame exhibit local CO and

O 2 mole fraction levels which are highest for the (C 2 H 4 )-air

ame, next-highest for the ( n -C 7 H 1 6 )-air flame, and lowest for the

C 6 H 5 CH 3 )-air flame. For adequate comparison with the experi-

ental laser absorption tomography measurements—which repre-

ent time- and azimuthally-averaged thermochemistry—the simu-

ations are run for five convecti ve flow-through times and statis-

ical flow-field results are obtained by averaging both in time and

bout the azimuthal direction. For each flame, a subset of time-

esolved (subsampled at �t = 7 μs) instantaneous thermochemi-

al profiles along a single line of sight at various x / D were used for

uantifying the influence of correlated variable fluctuations on the

AT measurements, as described in the next subsection. 

.4. Comparison of time-averaged results 

In this study, we compare time-averaged measurements of

patially-resolved thermochemistry based on laser absorption

omography with time- and azimuthally-averaged predictions
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y large-eddy simulations. It is important to recognize that

urbulence-induced thermochemical fluctuations in both the exper-

ments and numerical simulations—resulting in correlated flowfield

calars [60] —can influence our ability to make direct comparisons

f these averaged values. To demonstrate these influences, we de-

ompose the instantaneous absorption coefficient K j in Eq. 2 into

ts mean and fluctuation, K j and K 

′ 
j 
, respectively: 

 j = K j + K 

′ 
j = P 

(
a T + aT ′ + b 

)(
X abs + X 

′ 
abs 

)
(5)

here temperature-dependent linestrength is expressed via a first-

rder Taylor expansion in linestrength S j (T ) = aT + b, and mole

raction X and temperature T are each decomposed into their mean

 X and T ) and fluctuation ( X 

′ and T ′ ) values. Although linestrength

 j ( T ) is usually nonlinear with respect to temperature [48] , this

implified expression illustrates the influence of correlated flow-

eld scalars on the time-averaged measurement. Taking the mean

f Eq. 5 , and assuming that the mean of each fluctuation is zero,

e obtain: 

 j = P S j 
(
T 
)
X abs + aP T ′ X 

′ 
abs 

(6)

ere, a is the slope of the linestrength with respect to tempera-

ure at the averaged temperature, ∂ S j (T ) /∂ T | 
T 
, which can be de-

ermined using information in spectral databases. In Eq. (6 ), T ′ X ′ 
abs 

epresents the time-averaged correlation between the turbulent

uctuations in temperature and mole fraction, which cannot a pri-

ri be assumed as zero. More generally, in turbulent flows for

hich T ′ X ′ 
abs 

is considered sufficiently large, 

 j (T , X abs ) 	 = K j 

(
T , X abs 

)
(7) 

n this work, we estimate the influence of correlated variables for

 variety of axial locations in the flames by using T ′ X ′ 
abs 

obtained

rom the LES simulations. Although our measurements of K j are

onvoluted by these phenomena, we show in our uncertainty anal-

sis presented in Sec. 4 that the anticipated measurement biases
y T ′ X ′ 
abs 

in the targeted flows are within the calculated experi-

ental uncertainties. Therefore, we simply quantify it as an inde-

endent uncertainty in K j with which to consider when comparing

he results of the experiments and simulations. 

. Results and discussion 

.1. Comparative two-dimensional thermochemistry 

Experimental and numerical results from all planes are assem-

led into two-dimensional images of mole fraction for CO and CO 2 

n Figs. 4 and 5 to distinguish and compare the thermochemical

tructure amongst the different fuels. Although the vertical resolu-

ion of the experimental measurements is much coarser (20 mm)

han that of the radial resolution or the corresponding vertical

esolution in the simulations, the data are presented as images

or easier comparison. For the CO mole fraction images shown in

ig. 4 , a hollow region in the core of the jet flame is apparent

or all fuels studied, and this region is longer for the ( n -C 7 H 1 6 )-

ir and (C 6 H 5 CH 3 )-air jet flames. This indicates that n -C 7 H 1 6 and

 6 H 5 CH 3 in their corresponding flames take longer to initiate car-

on oxidation. These hollow regions appear larger in the measure-

ents than in the LES predictions, especially in the ( n -C 7 H 1 6 )-air

ame. The measured and LES-predicted peak locations of CO are

n good agreement throughout the flames, although less CO is ob-

erved in the experiments than predicted for the (C 2 H 4 )-air and

 n -C 7 H 1 6 )-air flames. At the base of the jet flame near the pilot for

ll the fuels, there are high peak concentrations of CO in both the

xperimental observations and the LES predictions, followed by a

ecrease in peak concentration in the direction of flow and then

 subsequent increase. Despite a consistent pilot reactant mixture

or all flames, this peak CO concentration near the pilot is high-

st for the (C 2 H 4 )-air jet flame, followed by the ( n -C 7 H 1 6 )-air and

C 6 H 5 CH 3 )-air jet flames, reflecting fuel-specific effects early in the

xidation process. 
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More information is gleaned from looking at the CO 2 mole frac-

tion image in Fig. 5 . We note that for the lowest vertical planes,

the mole fraction of CO 2 is not experimentally resolvable in the

flow due to weak absorbance in the R(1,105+106) doublet pair in

these regions. CO 2 forms most appreciably near the core regions

of the flames at locations of x / D beyond which the mole fraction

of CO has begun to decrease in the axial direction, consistent with

continued carbon oxidation in the flame. The trends in experimen-

tal CO 2 mole fraction profiles amongst the fuels are well-captured

by the LES predictions, with both ( n -C 7 H 1 6)-air and (C 6 H 5 CH 3 )-

air flames forming CO 2 most appreciably at larger x / D than the

(C 2 H 4 )-air flame. For the ( n -C 7 H 1 6 )-air flame, experimentally mea-

sured CO 2 mole fraction is observed to increase in the core of the

flame suddenly in the highest x / D plane measured, resembling the

corresponding CO 2 image from the instantaneous LES predictions

shown in Fig. 3 , while the averaged LES predictions show a more

gradual increase. Conversely, in the (C 6 H 5 CH 3 )-air flame, the con-

centration of CO 2 in the core of the flame is generally underpre-

dicted. Although the experimentally measured CO 2 mole fraction

near the pilot is not available, the fuel ordering in peak CO 2 con-

centration predicted by LES follows the same trends as those of

CO—the concentrations are highest for the (C 2 H 4 )-air jet flame, fol-

lowed by the ( n -C 7 H 1 6 )-air and (C 6 H 5 CH 3 )-air jet flames. 

Although all tested fuels in their respective equivalence ratios

have the same S L , the thermochemical structures of the flames are

distinguished from one another readily, highlighting the effects of

fuel chemistry in turbulent jet flames. As with the instantaneous

LES predictions shown in Fig. 3 , the measurements and averaged

LES predictions of the (C 2 H 4 )-air flame show the highest concen-

trations of both CO and CO 2 , although the ordering is less im-

mediately apparent with regards to the ( n -C 7 H 1 6 )-air flame and

(C 6 H 5 CH 3 )-air flame. As the conversion of CO to CO 2 is the final

step of carbon oxidation, regions of the flow where CO vanishes

can be interpreted as “boundaries” of the flame, allowing for com-
arison with the flame height, H fl, measured by CH 

∗ chemilumi-

escence. Though not entirely captured in the domain considered

n this study, the fuel-ordering for flame height as interpreted by

he extent of the predicted and the measured CO concentration

ualitatively agrees with the ordering of H fl in Table 1 : The alkene

 2 H 4 provides a shorter flame than the normal alkane n -C 7 H 1 6 ,

hich is only slightly shorter than that provided by the aromatic

 6 H 5 CH 3 . These results are also in agreement with previous inves-

igations of fuel effects on H fl using the PPJB [18,19] . Notably, the

 n -C 7 H 1 6 )-air and (C 6 H 5 CH 3 )-air jet flames also have wider flame

rushes and a wider and taller core region without CO or CO 2 , in-

icating slower overall oxidation and increased diffusion of fuel or

uel fragments in the flame. 

.2. Single plane analysis 

To better characterize the agreements and disagreements be-

ween the LES predictions and experimental measurements while

onsidering experimental uncertainties, radial profiles obtained for

pecific x / D planes above the burner are examined in more de-

ail. Details regarding the calculation of measurement uncertainties

hown as error bars can be found in Section 4 . Although plots of

epresentative data are provided here (with some points omitted

or plot readability), the reader is referred to Supplementary ma-

erial B containing plots of experimental and numerical data in all

 / D planes to assist in comprehension of the analysis. 

.2.1. (C 2 H 4 )-air jet flame 

Representative radial profiles of mole fractions for CO and CO 2 

re shown for two different heights above the jet exit for the

thylene-air jet flame in Fig. 6 . For the lower plane shown of

00 mm ( x/D = 17 . 1 ), CO and CO 2 are concentrated at a radial

istance within two jet diameters, with CO concentrated closer to

 . Notably, there is a lower concentration of both CO and CO 2 in

he core of the flame. For the higher plane measured at 160 mm

 x/D = 27 . 4 ), CO and CO 2 are more concentrated at the core of the

ow, with peak CO mole fraction occurring at the centerline. CO 2 

s formed toward larger r / D . For both planes, there is much more

O 2 than CO, indicating relatively fast oxidation of CO to CO 2 as it

s formed. The averaged LES prediction captures the spatial extent

f both species, despite nominally over-predicting peak concentra-

ions in the lower plane. 

Figure 7 shows representative radial profiles of temperatures

etermined from both CO (orange) and CO 2 (blue) laser absorp-

ion tomography measurements for the same planes of the same

C H )-air jet flame. The LAT temperature results from regions in
2 4 
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s  

fl  
hich both CO and CO 2 are present in the flow generally show

ood agreement within experimental uncertainty, although regions

f the flow with low species concentration have greater uncer-

ainty due to lower spectral absorbance [30] . At the lower plane

f 100 mm ( x/D = 17 . 1 ), the temperature increases toward the co-

ow temperature of 1500 K. The core of the flow has a much

ower temperature, just above 10 0 0 K. At the higher plane of

60 mm ( x/D = 27 . 4 ), the measured temperature peaks near ap-

roximately the jet diameter ( r / D ≈ 1), although the average LES

redicted temperature is nominally higher. The core of the flow

as a higher temperature ( T ≈ 1300 K) than in the lower plane,

hich is still lower than the coflow temperature of 1500 K. The av-

raged LES model accurately predicts the radial temperature distri-

ution within experimental uncertainty for both planes, although

n the lower plane ( x/D = 17 . 1 ) the simulation over-predicts the

as temperature. The averaged simulation results are consistent

ith the mole fraction results shown in Fig. 6 , depicting an over-

rediction of oxidation rate closer to the jet exit. 

The underprediction of peak temperature and CO mole fraction

egins in the lowest measured planes (See Supplementary mate-

ial B), closest to the pilot—instead of a sharp region of high tem-

erature around r/D = 1 , the temperature gradient is more diffuse,

ith a higher than-predicted temperature in the core and a lower-

han predicted temperature on the edges of the flame zone. This

adially-smoothed evolution of the reaction zone—which persists

hrough higher planes in the axial direction—suggests a higher de-

ree of mixing of the flame zone with the hot coflow and the

ore jet than predicted, faster-than predicted oxidation in the pre-

ixed jet core and slower-than-predicted oxidation in the reaction

one, or both. Beyond x/D = 24 . 0 , the experimental and numeri-

al results are in much better agreement, as seen in the right of

igs. 6 and 7 . 

.2.2. ( n -C 7 H 1 6 )-air jet flame 

Representative radial profiles of CO and CO 2 mole fractions are

hown for the n-heptane-air jet flame in Fig. 8 . For the lower

lane of 100 mm ( x / D = 17.1), CO and CO 2 are concentrated largely

ithin two jet diameters, as with the (C 2 H 4 )-air jet flame. In con-

rast, the overall concentrations (measured and predicted) of both

pecies are much lower than in the (C 2 H 4 )-air jet flame for x / D =
7.1. The radial extent of both species is larger than predicted by

he LES modeling, and the peak values are over-predicted. For the

igher plane shown of 220 mm ( x / D = 37.7), the averaged LES pre-

ictions are in much better agreement with experimental observa-

ions; the peak concentrations of CO and CO agree within experi-
2 
ental uncertainty, though a slight underprediction of CO concen-

ration is noted at larger r / D . 

As with the (C 2 H 4 )-air jet flame, the overprediction of temper-

ture and CO mole fraction in the reaction zone begins in the low-

st x / D planes (Supplementary material B), in which both predicted

nd measured mole fractions are decreasing with x / D as the prod-

cts of the pilot flame mix with the hot co-flow. Although the

redicted and observed radial extents of CO mole fraction are in

ood agreement for x/D = 3 . 4 , the peak of CO concentration shifts

o larger than predicted r / D at x/D = 6 . 8 , wherein the temperature

f the reaction zone is also less than predicted. For x / D > 10, the

odel predictions of the radial temperature profiles are in excel-

ent agreement with the experimental measurements, although the

verprediction of CO mole fraction persists. The axial evolution of

he flame between the two x / D planes shown in Fig. 8 reveals in-

reasing model disagreement in the core of the jet flame; beyond

/D = 17 . 1 , both temperature and CO and CO 2 mole fraction are in-

reasingly overpredicted in the core flow until x/D = 37 . 7 . At larger

 / D for x / D ≥ 24.0, the diffusion of species into the hot co-flow is

ell-captured by the LES predictions, and the predicted mole frac-

ions of both CO and CO 2 are in excellent agreement with mea-

ured values. 

.2.3. (C 6 H 5 CH 3 )-air jet flame 

Representative radial profiles of CO and CO 2 mole fractions are

hown for the toluene-air jet flame in Fig. 9 . The toluene-air jet

ame is generally observed to have a wider flame brush than the
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other flames, indicated by the larger radial spread of both CO and

CO 2 . For the lower plane of 120 mm ( x / D = 20.5) shown, CO and

CO 2 mole fractions are lower in the core of the flame, and peak

near approximately the jet diameter ( r / D ≈ 1). Experimental un-

certainty for CO 2 mole fraction is larger in this core region, owing

to significant variation in both CO 2 absorption coefficients K R (0,58) 

and K R (1 , 105+106) in the core of the flow at the lower planes for

this jet flame. The averaged LES predictions for CO generally agree

within experimental uncertainty in both planes shown, while CO 2 

is underpredicted. For the higher plane of 160 mm ( x / D = 27.4),

the distribution of CO and CO 2 increases slightly to larger r / D , and

the experimental uncertainties are smaller relative to those in the

lower plane. Despite nominally underpredicting the CO 2 mole frac-

tion, the averaged LES predictions capture the shapes of the pro-

files well. 

As with both the (C 2 H 4 )- and ( n -C 7 H 1 6 )-air flames, the overpre-

diction of temperature and CO mole fraction in the reaction zone

of the (C 6 H 5 CH 3 )-air flame begins in the lowest x / D planes (Sup-

plementary material B), in which both predicted and measured

CO and CO 2 mole fractions are decreasing with x / D due to mix-

ing of the pilot flow with the hot co-flow. As x / D increases, the

temperature rises in the core of the flame and the agreement be-

tween measurement and prediction is good, though as with the

( n -C 7 H 1 6 )-air flame, the CO mole fraction in this same region is

overpredicted until x / D ≥ 17.1. Unlike the (C 2 H 4 )- and ( n -C 7 H 1 6 )-

air flames, peak CO 2 mole fraction in the reaction zone is consis-

tently underpredicted by the LES until x/D = 37 . 7 , although tem-

perature in the core of the flow is in agreement for these planes.

At x/D = 37 . 7 , however, the temperature of the core flow, which is

experimentally determined to be lower than the coflow tempera-

ture, is overpredicted by the LES. 

3.2.4. Comparative single-plane analysis 

Notable fuel-specific trends predicted by LES are observed in

the experimental measurements. The top of Fig. 10 shows experi-

mental and computational radial profiles of CO and CO 2 mole frac-

tion at a significantly downstream location ( x / D = 34.2). The aver-

aged LES predictions of peak CO mole fraction are all nominally in

agreement with the experimental measurements, with the excep-

tion of those of the ( n -C 7 H 1 6 )–air flame. With that exception, the

fuel ordering in peak CO and CO 2 concentration and behavior with

increasing radial direction amongst the fuels are in agreement. The

(C 2 H 4 )-air flame has the highest peak levels of CO of the fuels,

and the steeper gradients in concentration indicate a thinner re-
ction zone with more rapid oxidation than the other fuel-air mix-

ures in these conditions, which is observed in Figs. 4 and 5 . The

ottom of Fig. 10 shows a similar plot for CO 2 mole fraction. For

O 2 mole fraction, the averaged LES predictions and experimental

easurements are in good agreement for both the (C 2 H 4 )-air and

C 6 H 5 CH 3 )-air flames, both nominally and qualitatively. The results

how more disagreement for the flame fueled by the alkane n -

 7 H 1 6 , though—specifically, the reaction zone of the ( n -C 7 H 1 6 )-air

ame is concentrated near r/D = 2 rather than closer to the cen-

erline. Beyond r/D = 2 , in the higher-mixing regions nearer to the

ot co-flow, the fuel ordering in CO 2 concentration predicted by

he LES is in excellent agreement with experimental observations.

he disagreement in the flame core ends 20 mm downstream at

/D = 37 . 7 , as seen previously in the right of Fig. 8 and in the mid-

le of Fig. 5 , reflecting a rapid advance in combustion progress in

he core of the flame that is not captured by the LES predictions.

oth results suggest that the n -C 7 H 1 6 in the flame core is oxidizing

t a lower rate than predicted by the averaged simulations, provid-

ng for an overall taller flame. 

When considering all x / D planes (Supplementary material B),

ome common model disagreements are observed among the

ames, such as a shallower-than-predicted temperature gradient

nd lower-than-predicted peak CO mole fractions in the reaction

ones nearest the pilot ( x / D < 10), and a lower-than-predicted core

emperature in the highest plane measured ( x/D = 37 . 7 ) for all

uels, suggesting some deficiencies in the turbulent mixing mod-

ls. Additionally, the reaction zones (indicated by peak CO mole

raction) of the flames with heavier fuels ( n -C 7 H 1 6 and C 6 H 5 CH 3 )

re both experimentally observed at larger r / D than predicted for

 / D < 10, although the extent of the reaction zone for the flame

ueled by the lighter C 2 H 4 is well-predicted by the LES. The larger

uels n -C 7 H 1 6 and C 6 H 5 CH 3 are both subject to heavy fuel pyrol-

sis [6,10,11] , decomposing into fuel fragments whose diffusivities

ay not be as well-characterized as those produced by C 2 H 4 . As

ixing of the pilot flow and hot co-flow with the reaction layer

ill have downstream influences [61] , an underprediction of the

ixing in the pilot region of the flame would have magnified fuel-

pecific effects on the downstream oxidation of fuels with sensitive

ow-temperature chemistry, such as n -heptane. 

.3. Thermochemical state-space analysis 

An analysis of the thermochemical state-space representation

f the experimental and numerical results is conducted by exam-

ning correlations between X CO , X CO 2 
and temperature. Figure 11

ompares instantaneous and averaged scatter data from the LES

alculations of the three different flames with measurements.

hese scatter data are extracted along five axial planes for x/D =
 2 . 5 , 7 . 5 , 15 , 25 , 35 } . Where possible, T determined from the CO 2

AT measurements is used to map the experimental data for con-

istent comparison. The averaged scatter data shown are time-

veraged in physical coordinates (similar to the time-averaging of

he experimental data), which are subsequently mapped to the

 − T conditional space. We note that this is not necessarily equiv-

lent to averaging the instantaneous data, and so regions of the

ow with high variation will not necessarily produce averaged

catter data that lie within the instantaneous snapshots shown in

ig. 11 . The instantaneous points nonetheless illustrate the pre-

icted structure of the flame, while the averaged values are com-

arable to experimental data. 

In general, it can be seen that major differences are confined to

he upstream region of the flames that are represented by strong

urbulence/chemistry coupling. For all fuels, the x/D = 2 . 5 plane

s dominated by the CO 2 produced by the pilot flame as pre-

icted by the LES, and both the predicted and experimentally ob-

erved CO state-spaces show similar behavior amongst the differ-
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Fig. 11. Comparison of X CO − T and X CO 2 − T correlation data at different axial locations for flames fueled by C 2 H 4 (top row), n -C 7 H 1 6 (middle row), and C 6 H 5 CH 3 (bottom 

row). Light-colored points indicate instantaneous LES data, open markers indicate time- and azimuthally-averaged LES data, and filled markers with error bars indicate 

experimental data. Some data points have been omitted for reader clarity. 
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s  

t  
nt fuels, with an overprediction of CO concentration in all cases.

lightly higher peak temperatures are predicted in the ( n -C 7 H 1 6 )-

ir and (C 6 H 5 CH 3 )-air flames, although this is less conclusive in

he limited available experimental measurements in this plane.

uel-specific effects become more apparent in the x/D = 7 . 5 plane,

n which the (C 2 H 4 )-air flame shows higher predicted and mea-

ured temperatures and CO and CO 2 concentrations than the other

ames. The thermochemical state-spaces of the ( n -C 7 H 1 6 )-air and

C 6 H 5 CH 3 )-air flames show a more diffuse distribution of temper-

tures than the (C 2 H 4 )-air flame, reflecting the increased sizes of

he flame brushes in those flows. 

The agreement between simulations and experiments improves

ith increasing downstream distance as the flame approaches

hermochemical equilibrium. This is evident by the narrowing of

he temperature scattering and the consumption of CO. Generally,

 CO is overpredicted at lower values of T , and is in agreement

ithin uncertainty at higher values of T . While averaged CO-mole

raction profiles are overpredicted for (C 2 H 4 )-air and (C 6 H 5 CH 3 )-

ir flames, the opposite trend is observed for the normal alkane

uel. The CO 2 peak value increases for the large hydrocarbon fu-

ls, showing the highest CO 2 -emissions as a consequence of the

verall stoichiometry. While predictions of X CO − T scatter for the

C 2 H 4 )-air and (C 6 H 5 CH 3 )-air flames are in good agreement with

xperimental data throughout the flame, the CO formation is con-

istently overpredicted for the ( n -C 7 H 1 6 )-air flame on the fuel-rich

ide, which we primarily attribute to discrepancies in the turbu-
 L  
ent mixing. Further measurements of the hydrodynamic flow-field

re necessary to confirm this. The largest disagreements in ther-

ochemical state-space exhibited by the fuel ( n -C 7 H 1 6 ) may also

e partially attributed to a deficiency of the chemical model at

ow temperatures; since ignition delay was not a target parameter

or the mechanism reduction effort s, low-temperature critical phe-

omena such as Negative Temperature Coefficient effects and low-

emperature pyrolysis [6] are not captured by the models. The two-

tage ignition behavior of n -C 7 H 1 6 is appreciable below 800 K, sug-

esting that the oxidation in the cooler core of this premixed jet

ame is significantly influenced by local chemical kinetic behavior

elative to influence by mixing with the hot co-flow. Beyond the

odels in the current work, the overpredicted rates of oxidation in

he premixed core of the ( n -C 7 H 1 6 )-air flame observed in Figs. 4, 5,

0 , and Supplementary material B are consistent with quantitative

pecies time-histories (CH 2 O, OH, CO 2 , H 2 O) measured in previous

hock tube oxidation experiments [62] , which demonstrated that

he oxidation rates of n -C 7 H 1 6 during low-temperature staged ig-

ition are overpredicted by state-of-the-art chemical models. 

. Uncertainty analysis 

In this paper, we report experimentally measured values of

pecies concentration and temperature, but it is important to note

he uncertainty in these values due to factors associated with the

AT measurement technique in turbulent flows. We follow the un-
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certainty analysis presented in previous work [30] , with added

analysis in this work to account for uncertainty associated with

tomographic reconstruction [32] and correlated fluctuations in the

flowfield scalars associated with turbulent combustion [60] . 

4.1. Experimental measurement uncertainty 

For Eqs. (1) –(3) as well as those in this section (unless other-

wise noted), we follow the Taylor Series Method (TSM) of uncer-

tainty propagation [63] , in which the uncertainty of a variable r ,

�r , is given by: 

( �r ) 
2 = 

(
∂r 

∂x 1 
�x 1 

)2 

+ 

(
∂r 

∂x 2 
�x 2 

)2 

+ · · · (8)

where x i are dependent variables and �x i are their respective un-

certainties. As indicated by Eq. 2 , mole fraction of an absorbing

species X abs ( r ) depends on linestrength S j ( T ( r )) and reconstructed

absorption coefficient K j ( r ). In turn, S j ( T ( r )) depends on temper-

ature T ( r ), which—for the two-line thermometry techniques em-

ployed here—depends on R ( r ), which is also dependent on K j ( r ).

Here, we discuss the propagation of uncertainty from initial inten-

sity measurements I t and I 0 through these equations to obtain un-

certainty in T ( r ) and X abs ( r ). 

The systematic error in each I t and I 0 in Eq. (1) 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 averaged within

a spatial segment dr (in this case, the distance associated with

105 direct-absorption scans). For each spatial segment, the stan-

dard deviations of both the incident background I 0 and the ab-

sorbance signals I t are calculated, which are both used to deter-

mine the 95% confidence interval of the signals, represented by �I 0 
and �I t . To obtain the variation specifically in absorbance , �αν , we

subtract �I 0 from �I t and use the resulting value as a bounds on

absorbance signal, I t ± (�I t − �I 0 ) . We then calculate the result-

ing variation in αν , �αν , by propagating the uncertainty in the

Beer-Lambert law [48] . In turn, �A j ,proj ( r ) is calculated by prop-

agating the uncertainty �αν in Eq. (1) , generating an upper and

lower bound on A j, proj ( r ). This process occurs for each spatial inter-

val dr across the radius of the flow r . 

The experimental uncertainty of absorption coefficient, �K j ( r ),

comprises two primary sources and is calculated from: 

(�K j (r)) 2 = (�K j, �A j, proj 
(r)) 2 + (�K j, �(r=0) (r)) 2 (9)

�K j, �A j, proj 
(r) is determined numerically via tomographic recon-

struction of the upper and lower bounds of A j ,proj ( r ). �K j, �(r=0) (r)

is the uncertainty associated with the location of the centerline as-

sumed in the Abel inversion ( r = 0 . 0 ±0.5 mm), which more signif-

icantly affects the tomographic reconstruction in the core relative

to the edges of the flow [32] . 

Applying Eq. (8) to the ratio of the two absorption coefficients

K j ( r ), we can calculate the uncertainty in R ( r ), �R ( r ): (
�R (r) 

R (r) 

)2 

= 

(
�K A (r) 

K A (r) 

)2 

+ 

(
�K B (r) 

K B (r) 

)2 

(10)

In the results presented in this study, the ratio R ( r ) shown in

Eq. (3) is used to determine temperature T ( r ) by correlating R ( r )

to simulations of R (T ) = S A (T ) /S B (T ) created using Eq. (13) , which

is shown later. Neglecting the influence of stimulated emission, an

explicit expression revealing the uncertainty dependencies in tem-

perature can be derived via the following analytical expression for

temperature T ( r ) [48] : 

T (r) = 

hc 
k B 

(
E ′′ B − E ′′ A 

)
ln (R (r)) + ln 

(
S B (T 0 ) 
S (T ) 

)
+ 

hc 
k 

(E ′′ 
B 
−E ′′ 

A 
) 

T 

(11)
A 0 B 0 
ere, h [J �s] is the Planck constant, c [cm/s] is the speed of light,

 B [J/K] is the Boltzmann constant, and E ′′ 
j 

[cm 

−1 ] is the lower-

tate energy for the two lines A and B . Since T ( r ) is a function of

 ( r ), there is an associated uncertainty in temperature, �T ( r ). Using

q. (8) on Eq. (11) , �T ( r ) is given by: 

�T (r) 2 

T (r) 2 
= 

( �R (r) /R (r) ) 
2 (

ln (R (r)) + ln 

(
S B (T 0 ) 
S A (T 0 ) 

)
+ 

hc 
k B 

(E ′′ 
B 
−E ′′ 

A 
) 

T 0 

)2 
(12)

here T 0 is the linestrength reference temperature of 296 K [47] .

hen the mole fraction X abs ( r ) of the species approaches zero,

oth absorption coefficients K j ( r ) will also approach zero, and R ( r )

ill become highly sensitive to noise or error in either reconstruc-

ion of K j ( r ). This can lead to unreasonably high or low temper-

tures in regions where the signal-to-noise ratio of K j ( r ) is low

SNR < 5), and so we do not include those regions in the plots

hown or in the dataset in Supplementary material B. 

As mentioned, S j ( T ( r )) is function of T ( r ) [48] : 

 j (T ) = S j (T 0 ) 
Q(T 0 ) 

Q(T ) 

T 0 
T 

exp 

[
−

hcE ′′ 
j 

k B 

(
1 

T 
− 1 

T 0 

)]
×

[
1 − exp 

(
−hcν0 , j 

k B T 

)][
1 − exp 

(
−hcν0 , j 

k B T 0 

)]−1 

(13)

here it is understood that T is T ( r ). Q is the partition function for

he internal energy modes of the molecule. Therefore, �T ( r ) (from

he uncertainty in �R ( r )) affects S j ( T ( r )) that is used to calculate

ole fraction. The following expression can be obtained for the

ncertainty in linestrength due to uncertainty in observed temper-

ture, �T ( r ): 

S 2 j,T (T ) = S 2 j (T )�T 2 
(

−∂Q(T ) /∂T 

Q(T ) 
− 1 

T 
+ 

hcE ′′ 
j 

k B T 2 

+ 

hcν0 , j 

k B T 2 

( 

exp 

(
−hcν0 , j /k B T 

)
1 − exp 

(
−hcν0 , j /k B T 

)) ) 2 

(14)

n practice, �S j,T ( T ) is determined numerically from Eq. (13) via

iscrete differentiation with respect to T according to Eq. (8) . Ad-

itionally, the HITEMP database [47] reports uncertainty in the ref-

rence temperature linestrength S j ( T 0 ) (2% for all spectral lines in

his work), which we reference here as �S j ( T 0 ). Thus, the total un-

ertainty in linestrength can be calculated: 

S 2 j (T ) = �S 2 j,T (T ) + �S 2 j (T 0 ) (15)

ow, mole fraction is given by: 

 abs (r) = 

K j (r) 

S j (T (r)) P 
(16)

tilizing Eq. (8) , the uncertainty in mole fraction, excluding uncer-

ainty in total pressure P , is: 

�X abs (r) 

X abs (r) 

)2 

= 

(
�K j (r) 

K j (r) 

)2 

+ 

(
�S j (T (r)) 

S j (T (r)) 

)2 

(17)

hus, the uncertainties in �K j ( r ) and �S j ( T ( r )) are accounted for,

nd �T ( r ) and �X abs ( r ) may be determined for all measurements. 

.2. The effect of correlated variables on measurements 

Independent of the aforementioned uncertainties—which are

eadily quantifiable from the experimental data—we may also con-

ider �K j,T ′ X ′ , the effect of correlated fluctuations of temperature

nd mole fraction [60] in the turbulent flowfield, from Eq. (6) : 

K j,T ′ X ′ = aP T ′ X 

′ 
abs 

= 

∂S j (T ) 

∂T 

∣∣∣∣ · P T ′ X 

′ 
abs 

(18)

T 
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Fig. 12. Top: Instantaneous LES-predicted X CO and T fields of the (C 2 H 4 )-air jet 

flame at x/D = 15 . Correlation analysis line of sight marked by white dashed line. 

Bottom: Time-averaged K j (left), T CO (center), and X CO (right) from LES predictions. 

Values evaluated at T and X marked by thick lines, values determined from K j 
marked by thin lines, and values determined from K j + �K j,T ′ X ′ marked by dashed 

lines. 
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function of x / D , estimated using time-resolved LES predictions over a 0.5 ms inter- 

val. 

p  

r  

d  

m  

d  

v  

a  

t  

a  

f  

l  

L  

a  

t  

b  

h  

b

 

u  

m  

p  

t  

p  

a  

b  

f  

p  

f  

m  

r  

w  

c  

v  

fl  

m  

fl  

i  

t  

e  

t  

t

5

 

b  
s mentioned previously, this simplified expression is obtained

rom a first-order Taylor expansion of the temperature-dependent

inestrength S j (T ) = aT + b in Eq. (2) . In this expression, a is the

artial derivative of temperature-dependent linestrength with re-

pect to temperature, ∂S j (T ) /T | 
T 
, and is evaluated numerically us-

ng Eq. (13) at the temperature determined through Eq. (3) . 

The effect of the correlated variables T ′ X ′ 
abs 

on K j ( r ) is estimated

sing temporally and spatially-resolved LES predictions of the jet

ames for all fuels at the same x / D planes as shown in Fig. 11 .

t each x / D plane, the thermochemistry ( T, X CO , X CO 2 
) predicted

y LES at each radial location r is used in a forward projection

odel [44] along a single line-of-sight to generate time-resolved

rofiles of K j ( r ). A representative instantaneous snapshot of the X CO 

nd T fields for the (C 2 H 4 )-air jet flame at x/D = 15 is shown in

he top of Fig. 12 . Time-averaged values of K j ( r ) with and with-

ut considering �K j,T ′ X ′ are then used to calculate ‘uncorrected’

nd ‘first order corrected’ T ( r ) and X abs (r) , respectively, and can

e compared with the K j ( r ) values calculated from ‘true mean’ T ( r )

nd X abs (r) predicted by the LES. Representative estimates com-

ared with the corresponding LES-predicted values of T and X CO 

or the x/D = 15 plane of the (C 2 H 4 )-air jet flame over a 0.5 ms

nterval are shown in Fig. 12 . In general, the first-order approxima-

ions of K j (r) provided by �K j,T ′ X ′ are in agreement with the K j ( r )

alues calculated from ‘true mean’ LES thermochemistry, and some

ifferences are observed between these values of K j (r) and the

uncorrected’ values representing the measurement. The P(0,31) ro-

ibrational transition of CO is more affected than the P(1,26) tran-

ition, likely owing to its behavior with temperature over the range

f 30 0–150 0 K [30] . The largest discrepancies are observed to be in

he reaction zone and the core of the flame; these differences have

 modest influence on temperature (maximum deviation of 100 K)

nd mole fraction (maximum relative deviation of 5%). 

A representative summary of these influences as a function of

 / D for all fuels is provided in Fig. 13 , in which the differences for

redicted temperature and mole fraction at r/D = 1 (observed to

e typically associated with the reaction zone) are plotted. Tem-
erature variations have been plotted as (True Value) - (Uncor-

ected Value), which may be readily added to the measurement

ata available in Supplementary material B, and the influence on

ole fraction is plotted in terms of relative percentage for more

irect comparison amongst fuels. The influence of the correlated

ariables T ′ X ′ 
abs 

on temperature is predicted to be most significant

t x/D = 25 for the (C 2 H 4 )-air jet flame, though the impact on rela-

ive mole fraction is most significant at x/D = 15 for the ( n -C 7 H 1 6 )-

ir jet flame. Overall, mole fraction and temperature determined

rom our LAT measurements of CO are more influenced by corre-

ated fluctuations in flowfield scalars than those derived from our

AT measurements of CO 2 . The influence is generally in the neg-

tive direction—therefore, values of temperature determined from

ime-averaged LAT measurements of these flows are expected to

e nominally lower than the true mean more often than they are

igher, and values of mole fraction are almost always expected to

e lower. 

Since these predicted influences of correlated variables on sim-

lated T, X CO , and X CO 2 
measurements are not based on experi-

ental data, rather taken from LES results, and are within the re-

orted experimental uncertainties, we do not attempt to correct

he laser absorption tomography measurements shown in this pa-

er. However, we note that this analysis is nonetheless relevant

nd useful for comparing the experimental measurements with

oth the LES predictions and experimental measurements of dif-

erent flow conditions—in previous work [30] , we found that tem-

eratures determined from LAT measurements of CO at x/D = 20 . 5

or a (C 2 H 4 )-air jet flame were nominally lower than those deter-

ined from LAT measurements of CO 2 (This is also observed in the

ight of Fig. 7 ), and although the calculated temperatures agreed

ithin experimental uncertainty, this nominal disagreement in-

reased with increasing jet Reynolds number. Although more in-

estigation is required to confirm that this was caused by the in-

uence of correlated fluctuations on the time-averaged measure-

ents, the preceding analysis may provide an explanation. This in-

uence of correlated variables in turbulent flows may be mitigated

n future LAT measurements on PPJB-type flames through transi-

ion selection. We further note that point measurements providing

xperimental data on the scalar fluctuations may be complimen-

ary to the current LAT method and help refine flow-field charac-

erization. 

. Conclusions 

In this study, quantitative spatially-resolved profiles of car-

on monoxide, carbon dioxide, and temperature were obtained
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via mid-infrared laser absorption tomography in turbulent pre-

mixed jet flames of different fuels (ethylene, n-heptane, and

toluene). The chosen fuels encompass a diverse sample of molec-

ular structures encountered in practical energy conversion de-

vices: alkenes, normal alkanes, and aromatics. The novel dataset

of 2D thermochemical measurements—which defines a heat re-

lease boundary associated with the kinetically-slow CO to CO 2 

conversion—was directly compared with results of turbulent com-

bustion simulations using LES methods. Fuel-specific effects are

noted in both the multi-dimensional measurements and the mod-

eling results; specifically, wider and taller flame brushes for the

heavier molecular weight fuels are observed, indicating larger

overall reaction zones for these flames despite normalization by

flame speed. The LES predictions for all flames show gener-

ally good quantitative agreement with measurements, with larger

discrepancies observed in upstream regions of the flames for

the larger-molecular-weight fuels examined, namely n -heptane

and toluene. A thermochemical state-space analysis was con-

ducted, revealing potential discrepancies in the turbulent mixing

and residual deficiencies in the low-temperature chemical model,

representing opportunities for further investigation and model

refinement. 

The present study represents a distinct diagnostic advance-

ment beyond prior investigative efforts on the Piloted Premixed Jet

Burner, enabling direct quantitative comparison of absolute mole

fraction measurements in two dimensions with predictions by

state-of-the-art large eddy simulations and providing more gran-

ular and well-defined heat-release constraints for these models

than the qualitative scalar intensity measurements from chemilu-

minescence. Moreover, our use of the large eddy simulation re-

sults to predict the influence of turbulent combustion scalar cor-

relations on time-averaged experimental measurements highlights

the enhanced value of a coupled numerical and experimental ap-

proach. Opportunities for further investigations and enhancements

have been identified through combined measurement techniques.

More broadly, the coupled experimental and numerical investiga-

tion, united by quantitative thermochemical scalars, demonstrates

a uniquely powerful approach to advance turbulent combustion

models and diagnostics for a wide range of fuels, experimental

configurations, and operating conditions. 
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