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Current understanding of turbulent reacting flows can be improved by novel quantitative comparisons
using highly scalable visualization methods based on volume rendering of time-dependent mid-infrared
intensities in the form of images with multiple view angles. In this work, the effects of radiation and
buoyancy in a turbulent nonpremixed flame and plume are studied by quantitatively comparing mea-
sured and computed images of the mid-infrared radiation intensity. To this end, a turbulent nonpremixed
jet flame (Reynolds number 15,200 and CH4/H2/N2 fuel composition) is considered, representing a bench-
mark flame configuration of the International Workshop on Measurement and Computation of Turbulent
Nonpremixed Flames (TNF Workshop). Quantitative images of the radiation intensity from the flame are
acquired using a calibrated high-speed mid-infrared camera and band-pass filters. The camera and filters
enable time-dependent measurements of radiation from water vapor and carbon dioxide over the entire
flame length and beyond. Results of the solution to the radiative transfer equation are rendered in the
form of images using scalar values from large eddy simulations (LES) and a narrowband radiation model.
Planar images obtained from experiments and simulations for the radiation intensity display qualita-
tively comparable features, including localized regions of high and low intensity that are characteristic
of turbulent flames. The quantitative comparison of the measured and computed temperature profiles
and radiation intensities, particularly in the plume region downstream of the stoichiometric flame length,
indicate that including radiation heat loss is important even for weakly radiating flames. The results dem-
onstrate that quantitative experimental and model-based imaging of mid-infrared radiation intensity is
useful for assessing the results of narrowband radiation and combustion models.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction turbulent reacting flows and combustion systems have been the
Significant progress has been made toward quantifying the
importance of radiation transfer in turbulent flames over the past
fifteen years. Experimental and computational studies of radiation
transfer in non-luminous turbulent nonpremixed and partially pre-
mixed jet flames have utilized an extensive range of techniques
such as radiation heat flux measurements [1], spectral radiation
intensity measurements [2,3], stochastic time and space series
analyses [2,3], conditional moment closure calculations [4],
composition probability density function calculations [5,6], Monte
Carlo simulations [7], and most recently large eddy simulations
(LES) [8–10]. Progress on radiation transfer computations for
focus of several review articles [11–16].
Significant opportunities exist for improving radiation and com-

bustion models for turbulent nonpremixed and partially premixed
flames, building on the progress discussed in the cited Refs. [1–16].
The opportunities are supported partially by emerging imaging
technologies (e.g. calibrated high-speed imaging of mid-infrared
radiation [17–20]) and advanced simulation capabilities (e.g. LES
and direct numerical simulations). Relatively recent advancements
in high speed, high resolution planar sensors with sensitivity in
relevant mid-infrared spectral wavelengths make it feasible to
acquire quantitative images of mid-infrared radiation measure-
ments from carbon dioxide (CO2), water vapor (H2O), carbon
monoxide (CO), and methane (CH4). This capability is utilized in
this work to contribute time-dependent imaging measurements
of the radiation intensity from a representative turbulent
nonpremixed flame with operating conditions defined by the TNF
Workshop [21].
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Nomenclature

Symbols
ap Planck mean absorption coefficient
C reaction progress variable
Cp specific heat capacity at constant pressure
c0 speed of light in a vacuum
C1 first radiation constant (2phc2

0)
C2 second radiation constant (hc0=k)
d distance between flame axis and camera
D nominal inner diameter of burner
Dt substantial derivative (@t þ u � r)
Fr Froude number (Uj=

ffiffiffiffiffiffiffi
gD

p
)

g acceleration due to gravity
h Planck’s constant
H enthalpy (Eq. (5))
I radiation intensity
Ibk blackbody spectral radiation intensity

½C1=ðk5ðeC2=kT � 1ÞÞ�
k Boltzmann’s constant
p partial pressure
_qr radiation heat loss (Eq. (6))
r flame (observed) radial coordinate
R camera (observer) transverse coordinate
Re Reynolds Number (qUjD=l)
s path length
T temperature

u velocity vector
Uj mean bulk jet exit velocity
x flame (observed) axial coordinate
X camera (observer) axial coordinate
Y mass fraction
Z mixture fraction
a molecular diffusivity
ak spectral optics coefficient
DH0

f heat of formation
h flame (observed) azimuthal coordinate
jk spectral absorption coefficient
k1; k2 filter bandwidth wavelength limits
l dynamic viscosity
q density
r Stefan–Boltzmann constant
sres subgrid turbulent fluxes
sk spectral optical thickness (Eq. (8))
v scalar dissipation rate
_x chemical reaction rate

Subscripts
i species i
1 surrounding environment
k wavelength
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The advancements in mid-infrared imaging technologies can be
complemented by the development of corresponding quantitative
visualization and volume rendering methods for displaying
three-dimensional time-dependent simulation results in the form
of images with consideration of time and length scale that vary
over orders of magnitude. Computational flow imaging allows
results from theoretical calculations to be displayed in a format
that mimics experimental observations [22]. Volume rendering is
one technique for creating two-dimensional images from three-
dimensional discretely sampled computations or measurements
[23–26].

The capability to visualize three-dimensional time-dependent
results of fire simulations has been advanced by the development
of the Fire Dynamics Simulator and Smokeview programs [27].
Smokeview has made the results from fire simulations more acces-
sible by displaying two and three-dimensional temperature and
gas species concentration distributions, velocity fields, and particle
paths in an effective manner that allows further insights [27]. The
rotation of two-dimensional scalar profiles about the flame axis
coupled with false coloring techniques has been used to compute
qualitative visible images of soot containing laminar diffusion
flames [28,29]. These studies demonstrated that the qualitative
comparison of measured and computed planar results is a useful
tool for assessing soot formation models in luminous regions of
laminar flames. The quantitative comparison of measured and
computed images of the radiation intensity from bluff-body stabi-
lized laminar diffusion flames revealed good agreement in the size
and shape of the flames and important differences in the flame sta-
bilization region, suggesting improvements in the modeling of soot
formation and heat losses [17].

The effects of scalar fluctuations on radiation transfer in turbu-
lent flames have been quantified in several computational studies.
For example, composition probability density function calculations
of partially premixed jet flames demonstrated that including radi-
ation decreased the peak temperature by 60–330 K with the larger
temperature decrease corresponding to flames with larger optical
thicknesses [5]. Including turbulence radiation interactions (TRI)
further decreased the peak temperature by 20–120 K [5]. There-
fore, TRI accounts for approximately one-third of the temperature
decrease caused by radiation.

The effects of TRI in LES and the relative importance of subgrid-
scale (SGS) and resolved-scale fluctuations have been receiving
increased attention over the last few years [9,10,30–32]. Some
studies have suggested that the SGS radiation emission should be
considered, and the SGS radiation absorption can be neglected
for homogeneous isotropic turbulence [30,31]. Evidently, the larg-
est contribution to the filtered radiation emission and absorption
terms could be accounted for using resolved scale scalars. LES of
nonluminous and luminous turbulent nonpremixed flames have
been investigated using filtered density function, photon Monte
Carlo, and line-by-line models [10]. The SGS fluctuations contrib-
uted more to emission TRI than the resolved scale fluctuations
for LES in which approximately 84% of the turbulence kinetic
energy is resolved [10]. Therefore, including a SGS model in LES
computations is important for flames in which emission TRI is sig-
nificant. The contribution of SGS fluctuations to absorption TRI is
negligible in comparison to the contribution of the resolved scale
fluctuations. Quantitative evaluation of the importance of includ-
ing a SGS model for emission TRI in laboratory-scale flames and
practical combustion systems is an active and important research
direction. This work is focused on developing a novel method for
quantitatively comparing measurements and simulations of mid-
infrared radiation intensities. The lessons learned from the com-
parisons are expected to support improvement and development
of SGS closure models for the description of turbulence radiation
interactions.

Turbulent flame experiments that consider several operating
conditions and utilize a range of radiation intensity measurements
with adequate spatial and temporal resolution are needed to assist
the computational studies previously described. The development
of corresponding novel quantitative image rendering approaches is
needed for comparing measurements and computations with con-
sideration of resolved and unresolved time and length scales. Moti-
vated by these considerations, the primary objectives of this work
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include the following. First, we measure, interpret, and discuss
quantitative images of the radiation intensity from a turbulent
nonpremixed jet flame to provide important benchmark data for
comparison with LES results. Second, we develop techniques for
rendering time-dependent and time-averaged quantitative images
of the radiation intensity from the turbulent flame using LES scalar
results, a narrowband radiation model, and the radiative transfer
equation. Third, we qualitatively and quantitatively compare the
measured and computed images and discuss the capabilities and
limitations of the LES results. Comparing results with and without
radiation and with and without buoyancy connects to the objective
of demonstrating that the image rendering technique is capable of
quantitatively evaluating LES results and serving as a validation
tool for radiation and combustion models. Application of the new
image rendering technique to a well-studied flame allows for a
quantitative evaluation of the method and demonstrates progress
toward application to more complex reacting flows (e.g. soot con-
taining flames) and advanced combustion systems.
2. Experimental method

A turbulent nonpremixed jet flame (DLR-A) [2,3,18–20,33–35]
from the TNF Workshop [21] is studied. The flame is stabilized
on a long tube tapered to a sharp edge with a nominal inner diam-
eter of 8 mm. The fuel is a mixture of methane (22.1%), hydrogen
(33.2%), and nitrogen (44.7%). The mean bulk jet exit velocity is
42.2 m/s, and the jet exit Reynolds number is 15,200. The burner
is surrounded by a co-flow of air at ambient conditions (supplied
through a 30 cm by 30 cm square cross section) with a mean veloc-
ity of 0.3 m/s. The total heat release rate of the flame is 23 kW, and
the radiant heat loss fraction is less than 10% [1].

Quantitative images of the radiation intensity emitted from the
turbulent nonpremixed flame are acquired using a calibrated high
speed mid-infrared camera with an indium antimonide (InSb) focal
Fig. 1. Schematic of the experimental arrangement and discrete domain for
rendering measured and computed results of the mid-infrared radiation intensity
emitted from the turbulent nonpremixed flame. Note: (x, r, h) are flame-based
(observed) cylindrical coordinates, (x, y, z) are flame-based (observed) Cartesian
coordinates, and (X, Y, R) are camera-based (observer) Cartesian coordinates.
plane array (320 by 256 pixels) [19,20]. The images of the radiation
intensity are acquired over the entire flame and beyond by travers-
ing the burner in the vertical direction. The experimental arrange-
ment and the definition of the coordinate system are illustrated
in Fig. 1. The flame (observed) coordinate system is defined with
an origin located at the center of the burner exit using cylindrical
(x, r, h) and Cartesian (x, y, z) coordinates. The mid-infrared camera
(observer) coordinate system (X, Y, R) is defined with an origin
located at (x, y, z) = (0, d, 0) using Cartesian coordinates where d
(50 cm) is the distance between the flame axis and camera lens.
The chord-like paths through the flame are parallel to within less
than 9� based on the camera optics (25 mm, f/2.3 lens) and distance
from the camera lens to the flame axis. The optical arrangement
results in a spatial resolution of 0.6 mm at the flame axis and a solid
angle of 0.4 milli-steradians (msr) associated with each pixel. Paral-
lel line-of-sight rays can approximate radiation intensity emitted
from the flame and incident on each pixel of the focal plane array.

Three band-pass filters (2.58 ± 0.03 lm, 2.77 ± 0.12 lm,
4.34 ± 0.12 lm) are used to measure the radiation emitted from
H2O and CO2. The exposure time (6–200 ls) is adjusted to optimize
the camera sensitivity depending on the filter used and region of
the flame imaged. The sampling frequency (325–345 Hz) varies
by approximately 5% depending on the exposure time. The mid-
infrared camera is calibrated using a high temperature cavity
blackbody source placed the same distance from the camera at
the flame centerline to account for atmospheric absorption of the
flame radiation. The experimental uncertainty is estimated by
measuring the radiation intensity from the blackbody source on
repeated occasions. The experimental uncertainty in the radiation
intensity measurements is less than 10% (95% confidence).

The radiation intensity measurements acquired with the cali-
brated high-speed mid-infrared camera are compared quantita-
tively with fast infrared array spectrometer measurements [2,3]
at selected axial locations where data are available (x/D = 20, 40,
and 60). The spectrometer measurements are integrated spectrally
over the filter bandwidth accounting for transmission losses
through the camera lens and filter as well as the detector response.
3. Computational methods

3.1. Large eddy simulation

The instantaneous reacting flow field of the turbulent nonpre-
mixed flame is computed using a low-Mach number variable-den-
sity LES code with an extended flamelet/progress variable (FPV)
combustion model [8,36], in which the enthalpy is introduced as
an additional state-space variable to account for radiation heat
losses. The LES code solves the instantaneous Favre-filtered conser-
vation equations of mass, momentum, mixture fraction, reaction
progress variable, and enthalpy. Transport equations for the Favre-
filtered quantities and mixture-fraction variance are written as:

�q~Dt
~Z ¼ r � ð�q~ar~ZÞ þ r � sres

Z ; ð1Þ

�q~Dt
~C ¼ r � ð�q~ar~CÞ þ r � sres

C þ �q ~_xC ; ð2Þ

�q~Dt
~H ¼ r � ð�q~ar~HÞ þ r � sres

H þ �_qr; ð3Þ

�q~Dt
gZ002 ¼ r � ð�q~argZ002Þ þ r � sresfZ002 � 2�q gu00Z00 � r~Z � �q~vres

Z : ð4Þ

The governing equations are discretized on a staggered grid
using second-order accurate finite differencing. A fractional-step
method is employed to advance the continuity and momentum
equations, and the scalar transport equations are solved semi-
implicitly.
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The subgrid turbulent fluxes are modeled using the dynamic
Smagorinsky procedure, the turbulent scalar flux is modeled by
invoking a gradient transport assumption, and the residual scalar
dissipation rate is modeled using spectral arguments [37]. The pro-
gress variable is represented by a linear combination of major
product mass fractions [38], and is defined here as
C ¼ YCO2 þ YCO þ YH2O þ YH2 . The enthalpy (sensible and chemical)
is defined as:

H ¼
Z

CpdT þ
XN

i¼1

DH0
f ;iYi; ð5Þ

where Cp is the temperature dependent heat capacity of the mixture
at constant pressure. The enthalpy transport equation (Eq. (3))
assumes unity Lewis number, constant pressure, and negligible vis-
cous dissipation. The enthalpy transport equation (Eq. (3)) reduces
to a conserved scalar transport equation in the absence of radiation
effects. In this work, the radiation heat loss rate is modeled in the
optically thin limit [39,40] following the recommendation of the
TNF workshop [21]:

_qr ¼ 4rðT4 � T4
1Þ
X4

i¼1

piap;i: ð6Þ

Radiation contributions from four species (CO2, CO, H2O, and
CH4) are considered in Eq. (6). The corresponding Planck mean
absorption coefficients are calculated using a narrowband radia-
tion model (RADCAL) [41], which are expressed as polynomial
curves as a function of temperature. This approach eliminates the
significant computational penalty associated with calculating inci-
dent radiation from multiple rays at the cost of relatively small
errors for the present weakly radiating flame [42].

In the present application, the Favre-filtered forms of the gov-
erning equations are solved, and all filtered thermochemical quan-
tities (i.e. temperature, species composition, density, chemical
source terms, and thermo-viscous-diffusive transport properties)
are related to the mixture fraction, reaction progress variable, and
enthalpy using the FPV combustion model. These thermochemical
Fig. 2. Measured and computed mean and root mean square temperature (left), CO2 mol
flame.
quantities are obtained from the solution of the unsteady flamelet
equations to account for the long time-scale effects of the heat
losses. The flamelet lifetime is tracked in terms of the departure
of enthalpy from its adiabatic value in the flamelet tabulation.
The reader is referred to Refs. [8,36,39] for more details on the
model formulation. The filtered thermochemical quantities are
modeled using a presumed PDF closure model. The PDF of the mix-
ture fraction and progress variable are modeled using beta and
Dirac distributions, respectively. The effects of buoyancy appear
in an exact manner in the Favre filtered momentum equation. To
assess effects of buoyancy on the subgrid scale results, additional
computations are performed corresponding to a Froude number
of 150.

The Favre-filtered transport equations are solved on a cylindri-
cal computational domain with boundary conditions prescribed
to match the experiments. Turbulent inflow conditions for the
fuel-stream are obtained from a periodic pipe-flow simulation,
and the velocity boundary conditions of the surrounding air co-
flow are prescribed from a hyperbolic tangent profile. A convec-
tive outflow boundary condition is used at the outlet boundary,
and a slip-free boundary condition is used at the radial boundary.
The cylindrical domain (x/D = 120 by r/D = 45 by h = 2p) is discret-
ized non-uniformly (480 by 180 by 64 differential control vol-
umes in the axial, radial, and azimuthal directions, respectively)
resulting in approximately 5.53 million grid points. The domain
size is comparable to that used in previous simulations [36]. To
resolve the plume region, a finer mesh-resolution in axial direc-
tion has been employed. The grid is concentrated near the central
fuel nozzle and the flame centerline, and the mesh is stretched
along the axial and radial directions. The minimum and maxi-
mum filter widths in the domain are Dmin/D = 2.5 � 10�2 (shear
layer region at the nozzle lip line) and Dmax/D = 2 (outermost con-
trol volume at the outflow plane). A grid refinement analysis on a
shorter computational domain (extending to x/D = 20) was per-
formed by doubling the resolution in the radial and axial direc-
tions. This refinement had no substantial effect on the statistical
flow-field quantities.
e fraction (middle), and H2O mole fraction (right) profiles along the centerline of the
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3.2. Model-based imaging of radiation intensity

Quantitative time-dependent and time-averaged images of the
radiation intensity emitted from the turbulent nonpremixed flame
are rendered using the LES scalar results, a narrowband radiation
model, and the solution to the radiative transfer equation. The
flame is discretized using cylindrical coordinates consistent with
the spatial resolution of the LES results as illustrated in Fig. 1.
The path lengths associated with the parallel lines-of-sight passing
through each differential control volume are calculated using geo-
metrical relationships. The radiation intensity emitted from the
lines-of-sight through the flame is calculated using a solution to
the radiative transfer equation for non-scattering media,

I ¼
Z k2

k1

Z sk

0
akIbkðs�kÞe�ðsk�s�kÞds�kdk: ð7Þ

The incident radiation on the flame from the surroundings is
negligible, and the corresponding term is omitted from Eq. (7).
The spectral optics coefficient (ak) is introduced to account for
the combined effects of transmission losses through the lens and
filter and for the response of the focal plane array. At the central
wavelength of each band-pass filter, the spectral optics coefficients
are approximately 0.6, 0.7, and 0.8 for the 2.58 ± 0.03 lm,
2.77 ± 0.12 lm, and 4.34 ± 0.12 lm bands, respectively [20]. The
Fig. 3. Measured and computed radial profiles at selected axial locations of mean and roo
(right).
spectral coefficient was measured using Fourier-transform infrared
(FTIR) spectroscopy and confirmed to be consistent with manufac-
turer specifications to within 3%. The spectral optical thickness for
the flame gases is defined as:

sk ¼
Z s

0
jkds: ð8Þ

The spectral absorption coefficient (jk) is calculated from the
instantaneous computational results of temperature and CO2 and
H2O mole fractions used in conjunction with a narrowband radia-
tion model (RADCAL) [41] that includes collision and Doppler
broadening effects. The spectral absorption coefficient depends in
a nonlinear manner on the instantaneous temperature of the
absorbing and emitting gases. Turbulence radiation interactions
originate in these nonlinearities and lead to the temperature sensi-
tivity as discussed later in the paper.

The radiation intensity is calculated by integrating along lines-
of-sight through the flame, applying the spectral response of the
optics and camera, and integrating over the spectral range of the
filter to allow for quantitative comparison with the measurements.
An instantaneous image of the radiation intensity is rendered by
performing the calculations along multiple lines-of-sight through
the flame consistent with the spatial and temporal resolution of
the LES results. The instantaneous model-based mid-infrared
t mean square temperature (left), CO2 mole fraction (middle), and H2O mole fraction
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images utilize the resolved LES solution for the species concentra-
tions and temperatures. The influence of the subgrid scale species
concentration and temperature fluctuations on the local and path
integrated radiation intensities can be estimated using the present
comparison between computed and measured instantaneous and
average images. A time-averaged image of the radiation intensity
is obtained by averaging 200 individual image realizations which
are sufficient to obtain statistically converged average image.
Fig. 4. Time-dependent and time-averaged images of the mid-infrared radiation int
measurements [(a)–(c)], adiabatic LES [(d)–(f)], LES including radiation [(g)–(i)], and LES i
of view associated with the measured images.
4. Results and discussion

4.1. Large eddy simulation results

Measured and computed temperature, CO2 concentration, and
H2O concentration profiles are reported and discussed to assist
with quantitatively interpreting the measured and computed radi-
ation intensities. Figure 2 depicts a comparison of the measured
ensity (2.77 ± 0.12 lm) from the turbulent nonpremixed flame (DLR-A) for the
ncluding radiation and buoyancy [(j)-(l)]. The horizontal white lines denote the field



Fig. 5. Measured and computed time-averaged mid-infrared radiation intensities
from diametric paths through the turbulent nonpremixed flame (DLR-A).
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[21] and computed mean and root mean square scalar profiles
along the flame centerline. The LES results are shown for three
cases which exclude radiation (i.e. adiabatic), include radiation
(i.e. radiation), and include both radiation and buoyancy (i.e. radi-
ation + buoyancy). The measurements and the three computations
are in very good agreement (i.e. to within 50 K) along the flame
centerline upstream of the stoichiometric flame length (64 diame-
ters). Near and downstream of the stoichiometric flame length, the
adiabatic computations over-estimate the mean temperature by as
much as 250 K with the difference increasing with distance down-
stream. Including the effects of radiation improves the agreement
by reducing the computed temperatures by approximately 100 K
along the flame centerline downstream of the stoichiometric flame
length. Including the effects of buoyancy improves agreement to a
lesser extent by reducing the computed temperature further by
approximately 50 K along the flame centerline downstream of
the stoichiometric flame length. The results demonstrate that
including buoyancy effects is important in the plume region, and
including radiation heat loss is important even for weakly radiating
flames (e.g. radiant heat loss fraction less than 10%).

Figure 3 compares measured [21] and computed mean and root
mean square radial scalar profiles at representative selected axial
locations (x/D = 20, 40, 60, and 80). The measured and computed
mean radial temperature profiles are in excellent agreement at x/
D = 20. At locations further downstream (x/D = 40, 60, and 80),
the computations over-estimate the mean temperature by up to
150–200 K at locations away from the flame axis even when
including the effects of radiation and buoyancy. It will be shown
subsequently that these differences away from the flame center-
line have a significant effect on the path-integrated radiation
intensities. The measured and computed mean CO2 and H2O con-
centration radial profiles are in good agreement to within 20% at
locations upstream of the stoichiometric flame length. Farther
downstream, the adiabatic computations over-predict mean CO2

and H2O concentrations by up to 30%. The inclusion of radiation
and buoyancy leads to an improved agreement to within 20%
between the measured and computed CO2 and H2O concentrations
for the locations downstream of the stoichiometric flame length.
The results comparing measured and computed mean and root
mean square scalar profiles demonstrate the consistency between
conclusions based on the past comparisons of scalar profiles and
those based on the present comparisons of path-integrated radia-
tion intensities.

4.2. Quantitative model-based imaging results

Figure 4 shows representative time-dependent and time-aver-
aged images of the radiation intensity from the turbulent nonpre-
mixed flame. Measured images are shown in panels (a)–(c),
computed images based on adiabatic LES results are shown in pan-
els (d)–(f), computed images based on LES results which include
radiation heat loss are shown in panels (g)–(i), and computed
images based on LES results which include both radiation heat loss
and buoyancy are shown in panels (j)-(l). The time between each of
the measured and computed instantaneous images is 3 ms and
2 ms, respectively. The horizontal white lines, shown in the
images, indicate the field of view associated with the measured
images. The images are acquired and rendered using a band-pass
filter (2.77 ± 0.12 lm) which transmits radiation from H2O and
CO2. Images acquired and rendered using band-pass filters which
transmit radiation only from H2O (2.58 ± 0.03 lm) or CO2

(4.34 ± 0.10 lm) are qualitatively similar to those reported here.
The computed time-dependent images of the radiation inten-

sity reveal qualitative features that are remarkably similar to those
observed in the measured images. A relatively low intensity region
is apparent near the burner exit where the line-of-sight paths
through the flame are shorter and the path-integrated tempera-
tures are lower. Localized regions of high and low intensity are evi-
dent with increasing distance downstream. This is characteristic
for the mixing between the fuel jet, entrained air, and combustion
products. A wrinkled lower intensity region is observed in the
shear layer. The shear layer region becomes increasingly wrinkled
with downstream distance as mixing between the exhaust prod-
ucts and the surrounding air becomes more intermittent. In the
plume region, the entrained air decreases the temperature and
species concentrations, resulting in a rapid decrease in the radia-
tion intensity. The qualitative similarities between the measured
and computed results demonstrate the potential of utilizing
model-based imaging of radiation intensity for the assessment of
radiation and combustion models. The comparisons of radiation
intensity measurements and computations complement compari-
sons of temperature and species measurements and computations
by providing two-dimensional multi-ray performance information
for model improvement.

To allow for a quantitative interpretation of the results, Fig. 5
shows the measured and computed mean radiation intensities
along the image centerline (i.e. diametric paths through the flame)
for each of the three spectral bands. Table 1 lists the peak mean
radiation intensities and the associated relative percent difference
between the measured and computed intensities. The measured
and computed mean radiation intensities are in good agreement
between the burner exit and 20 diameters downstream. Near and
downstream of the stoichiometric flame length, the model-based
imaging approach over-predicts the mean radiation. The peak
mean radiation intensities are over-predicted by approximately
45–60% (depending on the spectral band) when using adiabatic



Table 1
Measured and computed peak mean radiation intensities (W/m2-sr) for the three spectral bands and the relative difference (%) between the measured and computed values for
diametric paths near the X/D = 60 location (which has been selected only for illustration purposes).

2.58 ± 0.03 lm 2.77 ± 0.12 lm 4.34 ± 0.10 lm

Intensity (W/m2-sr) Difference (%) Intensity (W/m2-sr) Difference (%) Intensity (W/m2-sr) Difference (%)

Measured (Camera) 75 – 340 – 910 –
Adiabatic 110 45 540 60 1330 45
Radiation 100 35 490 45 1270 40
Radiation + Buoyancy 100 35 490 45 1270 40
Simulated (Corrected Scalars) 85 15 410 20 990 10
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LES results. Including the effects of radiation heat loss in the LES
improves agreement such that the measured and computed radia-
tion intensities agree to within approximately 35–45% (depending
on the spectral band). Including the effects of buoyancy improves
the agreement further but only at locations downstream of the
stoichiometric flame length. For comparison purposes, it is noted
that the differences between the measured and computed radia-
tion intensities for the turbulent diffusion flame (35–45%) consid-
ered in the present work are larger than those observed for bluff-
body stabilized laminar diffusion flames (15–30%) studied in past
work [17]. Both the present and past [17] studies utilized similar
experimental methods with identical calibration processes and
similar model-based mid-infrared imaging approaches with identi-
cal narrowband radiation models.

Figure 5 also shows that the mid-infrared camera and spec-
trometer measurements agree to within the experimental uncer-
tainty of the two instruments, demonstrating the quantitative
nature of the present imaging technique. Last, Fig. 5 includes mean
radiation intensities at four axial locations (X/D = 20, 40, 60, and
80) calculated with a further adjustment such that the computed
mean radial temperature profiles are matched to the experimental
data. This separate calculation is intended: (a) to assess the extent
to which differences between the measured and computed
radiation intensities result from models within the LES and the
Fig. 6. Computed images of the mid-infrared radiation intensity (2.77 ± 0.12 lm) from
multiple angles (0–180� in increments of 45�) orthogonal to the flame axis. The comput
narrowband radiation calculations, (b) to illustrate the pronounced
sensitivity of the radiation intensities to small differences in the
temperature, and (c) to demonstrate the capability of the model-
based imaging approach to detect these differences. Table 1 lists
measured and computed peak mean radiation intensities (which
occur near X/D = 60) for the three spectral bands and the relative
percent difference between the measured and the computed val-
ues. This location has been selected only for illustration purposes.
Comparisons based on values at X/D = 20 and X/D = 40 show smal-
ler difference while those at X/D = 80 show differences that are
comparable to the ones at X/D = 60 for all methods of scalar com-
putation. Results from the adjusted temperature profiles indicate
that the mean measured and computed radiation intensities agree
to within 10–20% (depending on the spectral band) if the mean
measured and computed temperature distributions agree. These
calculations indicate that models within the LES cause 20–30% of
the difference between the measured and computed radiation
intensities, and a combination of the narrowband radiation model
and experimental uncertainty cause 10–20% of the difference. The
quantitative similarities and differences between the measured
and computed radiation intensities demonstrate one of the signif-
icant benefits of the model-based mid-infrared imaging approach:
the ability to capture subtle differences in scalar values and to
highlight opportunities for model improvement by using the
the turbulent nonpremixed flame (DLR-A) as observed at one instant in time from
ed images are based on adiabatic LES results.
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non-linear relationships between radiation intensities and the spe-
cies concentrations and temperature distributions as an advantage.

The model-based mid-infrared imaging approach also provides
the unique capability to observe the flame from multiple observer
positions at the same instant in time. Instantaneous images are
computed of the radiation intensity as observed from multiple
angles orthogonal to the flame axis. The change in camera observer
angle is accomplished numerically by rotating the LES scalar
results about the flame axis in the azimuthal direction by an angu-
lar increment consistent with the angular spatial resolution of the
LES results. Figure 6 shows computed images of the mid-infrared
radiation intensity from the turbulent nonpremixed flame as
observed from multiple angles orthogonal to the flame axis at
one instant in time. The increment in the observer angle between
images shown here is 45� in the azimuthal direction. Significant
variation in the instantaneous radiation intensity is apparent in
the images when the flame is observed from different positions.
Significant spatial correlation in the instantaneous radiation
intensity is evident when the flame is observed from positions
separated by approximately 5.6� (figures not reported here in the
interest of brevity), consistent with the spatial resolution of LES
results. The images separated by 180� are approximately mirror
images of one another, and the radiation emitted by the flame is
qualitatively and quantitatively similar when observed from
opposite sides of the flame. Subtle differences in the images from
the two angles separated by 180� are indicative of the small
influence of radiation absorption effects for the spectral bands
considered in this work.

5. Conclusions

Quantitative model-based images of the radiation intensity
from a turbulent nonpremixed flame are rendered in this work.
These results offer benchmark data that are useful for assessing
LES combustion models and identifying model-sensitivities such
as the effects of radiation and buoyancy. Specific conclusions from
the qualitative and quantitative comparison of the measured and
computed images of the radiation intensity include the following:

(1) The measured and computed images of the radiation inten-
sity from the turbulent nonpremixed flame display similar
qualitative features including localized regions of high and
low intensity characteristic of turbulent mixing between
the fuel jet, entrained air, and combustion products. Qualita-
tive similarities between the measurements and computa-
tions demonstrate the potential of utilizing model-based
imaging of radiation intensity for evaluation of radiation
and combustion models.

(2) Including radiation heat loss is important even for weakly
radiating flames with low radiant heat loss fractions (e.g.
less than 10%), particularly in the region downstream of
the stoichiometric flame length.

(3) The consistency between conclusions based on path-inte-
grated radiation intensities and scalar distributions demon-
strates that the present model-based image rendering
approach is useful for improving understanding and evaluat-
ing radiation and combustion models. The present approach
of quantitatively comparing radiation intensities is a useful
complementary strategy to the conventional approach of
analyzing scalar flow-field results.
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