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Abstract Optical diagnostic techniques, such as chemilu-
minescence imaging, are commonly used to study turbulent
flames. Inherent to turbulent flames is the spatio-temporal
variation of the volumetric distribution of temperature and
chemical composition. In consequence, the index of refrac-
tion varies accordingly and causes distortion of any optical
ray intersecting the turbulent flame. This distortion is well
known as beam steering. Beam steering may degrade imag-
ing quality by reducing the overall spatial resolution. Its im-
pact of course depends on the actual specifications of the
imaging system itself. In this study a methodology is pro-
posed to tackle this issue numerically and is exemplified
for chemiluminescence imaging in a well-known turbulent
hydrogen-fueled jet flame. Large-eddy simulation (LES) of
this unconfined non-premixed flame is used to simulate in-
stantaneous volumetric distributions of the flow and scalar
fields including the local index of refraction. This simulation
additionally predicts local concentrations of electronically
excited chemiluminescent active species. At locations with
significantly high concentrations of luminescent species, op-
tical rays are initiated in the direction of the array detector
used for recording single chemiluminescence images. As-
suming the validity of geometrical optics, these rays are
tracked along their pathways. Their direction of propagation
changes according to the local instantaneous distribution of
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the index of refraction. After leaving the computational do-
main of the ray tracing code which is fed by the LES, each
ray is processed by the commercial code ZEMAX® and im-
aged onto an array detector. Measured and numerically sim-
ulated ensemble-averaged chemiluminescence images are
compared to each other. Overall, a satisfying agreement is
observed. The primary aim of this paper is the exposition of
this method where numerical and experimental results are
not any more compared in the flame but where this com-
parison is shifted to the imaging plane. Future extensions
to higher pressures in enclosed combustors or internal com-
bustion engines where beam-steering effects are much more
pronounced than in atmospheric jet flames are addressed.

1 Introduction

Chemiluminescence measurements in turbulent flames are
common practice within the combustion community, see for
example [1–10]. Their passive nature compared to laser di-
agnostics makes chemiluminescence measurements much
easier in their practical implementation. This particularly in-
cludes fewer requirements for an appropriate optical access
and lower costs for instrumentation. The importance and
the usability of the chemiluminescent light emissions and
their possible relation to important measures such as heat
release rate were investigated in one-dimensional flames ex-
perimentally by Haber et al. [9] including a chemical mod-
eling approach. Moreover, the spatial intensity profiles of
the chemiluminescent active species were simulated for two-
dimensional laminar flames by Kojima et al. [10].

Floyd and Kempf [11] integrated chemiluminescence to
an iterative computed tomography (CT) algorithm to re-
trieve the intensity field from images taken by multiple cam-
eras positioned at varying positions around the flame. Using
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this instrumentation, they studied the time-resolved three-
dimensional information on various flame configurations in
a simple and cheap way.

The industrial applicability of chemiluminescence for
measurements of the fuel–air ratio also motivated researchers
to investigate this method for internal combustion (IC) en-
gines and gas turbine combustors [12–20]. Especially at
high pressures and highly turbulent conditions, significant
spatio-temporal variations of the index of refraction appear
because of variations in local gas compositions and temper-
atures. In consequence, any optical rays will be steered such
that chemiluminescence images recorded by array detectors
such as CCD or CMOS cameras will be optically distorted.
This distortion results in blurred images.

Quantification of such a blurring inherent to any opti-
cal diagnostic method applied to study turbulent combustion
generally is not an easy task. The use of advanced insta-
tionary numerical simulation methods, such as large-eddy
simulation (LES), allows deducing the spatial and temporal
variations of the refraction-index fields in turbulent flames.
Taking numerous instantaneous LES realizations, the corre-
sponding fields of the index of refraction can be used sub-
sequently for ray tracing purposes and for reconstructing
the blurring in a statistical sense. Thereby, the limitation
of imaging quality due to the transient nature of turbulent
flames and aside of properties of the imaging system (lens
and/or array detector) is quantified. However, such an eval-
uation does not allow any reconstruction of an unblurred
instantaneous experimentally obtained image. It is notice-
able that ray tracing is a post-processing step to individual
LES realizations because the time scales of light propagation
compared to typical time scales of turbulent flames are much
smaller. Because of this feature, the proposed methodology
can be easily adapted to any instationary flame simulation
because of the absence of any feedback of light propagation
to the flame simulation.

The scope of this paper is to present the newly developed
numerical approach of determining optically blurred images
caused by spatio-temporal variations of the index of refrac-
tion fields in turbulent flames. By this procedure, compar-
isons between numerically simulated and experimental re-
sults are moved to the imaging plane of the detection unit.
Effects of beam steering are thereby accounted for in a sta-
tistical sense and any impact from this possible source of
systematic errors when comparing experiments to simula-
tions is reduced. This approach is exemplified for chemilu-
minescence imaging being a popular optical diagnostic tech-
nique in combustion research. However, the methodology
can be extended to laser-based diagnostics where in addi-
tion to the optical distortion of the signal path, the laser
beam entering the turbulent flame will also be affected by
beam steering. Following a description of the procedure, the
method is applied to a well-documented unconfined turbu-
lent non-premixed hydrogen-fueled jet flame. Measured and

Fig. 1 Flowchart of the chemiluminescence imaging method

numerically simulated chemiluminescence images are com-
pared to each other, showing the potential of the method.

2 Chemiluminescence imaging method

The main tools used for the chemiluminescence imaging
are the program FLOWSI for the large-eddy simulation, an
extended model for combustion containing the chemilumi-
nescent species (here electronically excited OH∗ emitting
in the spectral range around 310 nm) [21, 22] included to
the LES approach, a ray tracing code (RTC) and the opti-
cal design software ZEMAX® for proper modeling of the
telephoto lens used for imaging the chemiluminescence. The
programs FLOWSI and RTC are in-house-developed codes
whereas ZEMAX® is a commercial program. The interfaces
between the different codes and the exchanged information
are shown schematically in Fig. 1. Instantaneous realizations
of the combustion LES provide information on local con-
centrations of the luminescent species (OH∗) and the cor-
responding volumetric distribution of the index of refrac-
tion n. Rays from those volume elements containing sub-
stantial OH∗ concentrations are initiated in the direction of
the intensified CCD camera and propagate through the tur-
bulent flame. In general, the individual beam directions will
be changed due to beam steering. After leaving the LES do-
main, each single beam is imaged onto the array detector
using ZEMAX®. More details are provided in the following
subsections.

2.1 Large-eddy simulation

For the large-eddy simulation (LES) of the unconfined non-
premixed flame, the in-house code FLOWSI in connection
with tabulated chemistry is used; for more comprehensive
details see Forkel and Janicka [23], Kempf et al. [24] and
Flemming et al. [25]. As only the mixture fraction is trans-
ported in this very common LES approach, the local OH∗
concentrations are deduced from look-up tables interlink-
ing the mixture fraction and the luminescent species con-
centrations [26, 27]. The laminar opposed jet calculations



Ray tracing of chemiluminescence in an unconfined non-premixed turbulent jet flame 605

for the look-up tables are performed prior to the LES using
Chem1D provided by Somers [28]. The underlying chemical
model includes electronically excited luminescent species
adding to the number of species in the original detailed re-
action mechanism (GRI-Mech 3.0). Generation and destruc-
tion of the electronically excited species are described in ap-
propriate elementary reactions and are taken from Kathrotia
et al. [21]. Because hydrogen was used as fuel, in this study
the only relevant electronically excited luminescent specie is
OH∗. However, inclusion of other luminescent species im-
portant for combustion of hydrocarbon-based fuels such as
CH∗ is equally possible.

Turbulence–chemistry interaction is modeled with a pre-
sumed PDF (probability density function) method taken
from Janicka and Kollmann [29]. The Smagorinsky model
and dynamic determination of model coefficients using the
Germano procedure [30] are applied. The simulated time-
dependent OH∗ concentrations and refraction-index fields n

from the combustion LES are used subsequently in post pro-
cessing as input data for the ray tracing code (RTC).

For instantaneous realizations of flow and scalar fields
obtained by LES, the local OH∗ concentrations are normal-
ized to the maximum concentration observed in the look-
up tables. For each volume element that exhibits normal-
ized OH∗ concentration exceeding a user-defined threshold,
a fixed number of optical rays are initiated. Restricting the
present analysis to domains of maximum heat release and to
minimize the computational costs, the threshold used here
is 0.1. Each ray is weighted by the normalized OH∗ concen-
tration of its origin. Directions of the rays are varied ran-
domly within the angle of observation.

Following their initiation, each single ray is tracked
through the instantaneous scalar field (see Sect. 2.2). The
spatial and time-dependent variations of the index of refrac-
tion n result from the local gradients within the turbulent
flame and cause varying deflections for all different LES re-
alizations. In other terms, the deflection of the chemilumi-
nescence signal is determined by changes of both temper-
ature and chemical composition throughout the flame. As
presented by Gardiner et al. [31], the index of refraction can
be calculated from the Lorentz–Lorenz equation

n =
(

RT/p + 2〈RL〉
RT/p − 〈RL〉

)1/2

, (1)

where R, T and p denote the ideal gas constant, tempera-
ture and pressure, respectively. The average molar refractiv-
ity 〈RL〉 may be computed for a gas containing S species
from

RL =
S∑

i=1

RLiXi, (2)

where Xi is the mole fraction and RLi the molar refrac-
tivity of the species i [31]. The local species concentration

Fig. 2 The temperature T and refraction index n shown as functions
of the mixture fraction for a diffusion flamelet. Temperature is shown
for atmospheric conditions

is deduced from the local mixture fraction using the afore-
mentioned look-up tables. In Fig. 2, the index of refraction
as a function of the mixture fraction is shown exemplarily
for a laminar flamelet calculation at a constant strain rate
of a = 30 s−1. The difference between the continuous line
representing the index of refraction for atmospheric condi-
tions and the dotted line representing the index of refrac-
tion at 10 bar shows the ascending importance of beam-
steering effects with increasing pressure. For this reason,
optical diagnostics applied to practical combustion geome-
tries operated at elevated pressures such as IC engines or
gas turbine combustors will be affected much more than at-
mospheric flames. However, this study introduces the new
methodology of treating beam-steering effects in compar-
isons of numerical and experimental results. The transfer to
high-pressure applications is beyond the scope of this paper.

2.2 Ray tracing

A key result from the combustion LES for ray tracing of
chemiluminescence as a post-processing step are the instan-
taneous discrete volumetric refraction index fields. For ray
tracing, however, continuous distributions of the refraction
index are required. For this purpose, one needs an accurate
volumetric reconstruction. Here we propose a tricubic inter-
polation that fulfills the requirement of being continuously
differentiable in all three spatial coordinates.

The wavelength λ of the chemiluminescence signal is
much smaller compared to the resolved characteristic scales
of the reactive flow. For this reason, the principles of ge-
ometrical optics are decisive for beam-steering effects and
wave characteristics of light, e.g. interference and diffrac-
tion, are neglected in the flame. Thus, one can use Fermat’s
law to describe mathematically the propagation of light rays
through the simulated refraction-index field by using the
concept of minimization.

In the inhomogeneous medium, the index of refraction
varies as a function of the position n(r). Therefore, the op-
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Fig. 3 Schematic illustration of the one-dimensional ray propagation,
where s denotes the ray path, (xi , si ) the originating point of the ray
and the hollow square a substep point of the Runge–Kutta scheme

tical length L or the eikonal, which is the traversed path in
least time, is written as

Lmin =
∫

T
n(r)ds (3)

and the contribution of an infinitesimal path ds along a tra-
jectory T to Lmin is

dLmin = nds = net · dr = ∇Lmin · dr (4)

with et = dr/ds being the tangential unit vector of the tra-
jectory and with the interrelation

n2 = (∇Lmin)
2 (5)

known as the eikonal equation. Following the procedure of
Meschede [32], in the next steps the equation is differenti-
ated and rewritten to obtain the following form:

d

ds

(
n

dxi

ds

)
= ∂n

∂xi

. (6)

In order to solve Eq. (6) numerically, it is still necessary
to rewrite the eikonal. This last step leads to three differ-
ential equations for the three spatial directions x, y and z.
Shown exemplarily for one dimension, the equation in the
x-axis direction reads

n
d2x

ds2
= ∂n

∂x
− dx

ds

(
∂n

∂x

dx

ds
+ ∂n

∂y

dy

ds
+ ∂n

∂z

dz

ds

)
. (7)

A Runge–Kutta fourth-order scheme has been used and
proven its suitability for numerical ray tracing in gradient-
index media in previous works by Puchalski [33]. To sim-
ulate the propagation of the chemiluminescence signal, the
eikonal equation (7) is numerically solved for the three spa-
tial directions separately. Figure 3 illustrates a schematic
sketch of a ray path solved in Eq. (7).

Since the distribution of the index of refraction is not
known as a continuous function of position but as a discrete
distribution resulting from the LES, interpolating the partial

derivative ∂n/∂xi where i = 1,2,3 is not appropriate. In-
stead, the tricubic engine is chosen which is a local tricubic
interpolation scheme (local third-order polynomial in three-
dimensional space) in three dimensions as detailed in [34].
The important advantage of this method is that the function
n(x, y, z) and its first derivatives in the x, y, z directions
are continuous. The outcome of this tricubic interpolation
scheme is the volumetric distribution of the refraction index
n(x, y, z) that is represented by the following function:

n(x, y, z) =
3∑

i=0

3∑
i=0

3∑
i=0

aijkx
iyj zk. (8)

The coefficients aijk are stacked in a vector a in such a
way that the conditions of continuous differentiability men-
tioned above are satisfied. The vector a is composed of
64 entries. They are computed with a linear relationship
a = B−1b, where b contains the constraints on n and its
derivatives. The 64 × 64 matrix B has only integer entries
and its inverse is provided by Lekien and Marsden [34].

The ray tracing code was checked to accurately repro-
duce important features such as refraction or the reversibil-
ity of light arising from Fermat’s law.

2.3 Design of the objective lens

For chemiluminescence imaging commercial objectives are
commonly used in connection with intensified CCD cam-
eras. Such objectives are advantageous compared to single
lenses because the aperture and thereby the depth-of-field
can be easily adjusted to the needs of the individual exper-
imental conditions. To more appropriately account for the
actual imaging properties of an objective than possible by
ray optics, its properties are simulated by the commercial
software ZEMAX®. However, the general difficulty is that
no ZEMAX® models of standard objectives are accessible to
the public. For this reason, the objective used in the present
experiments is redesigned.

In the present study a UV-transmissive AF DC-Nikkor
105 mm f/4.5 telephoto lens is used. As mentioned, the
objective is redesigned using the commercial software
ZEMAX® [35] and taking advantage of information on
Nikkor 105 mm objectives accessible to the public [36]. For
redesign purposes, the ‘sequential mode’ available within
ZEMAX® is used. In sequential mode, the rays intersect
each surface only once without being reflected or refracted.
The number of elements in the designed objective lens is
seven and the aperture is positioned in between elements 3
and 4 (see Fig. 4).

For the redesign of the objective lens, the focal length
(f = 105 mm), the aperture (f/4.5), the maximum angle
of field of view (12◦) and the modulation transfer function
(MTF) are benchmarks within the ZEMAX® model. Unfor-
tunately, it is not known for which specific wavelength the
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Fig. 4 Layout of designed
objective lens (left) and layout
provided by Nikon (right)

MTF provided by Nikon [36] is valid. For this reason, an op-
timization of the present design is done by varying the wave-
length using three common wavelengths of λ1 = 486 nm,
λ2 = 587 nm and λ3 = 656 nm.

In the final redesigned objective, the MTF provided by
Nikon is matched up to approximately 35 line pairs per mm.
In this context, this is judged as sufficiently good. Compared
to the real objective lens, the redesigned lens is shorter by
4 mm. This causes a relatively small change in aperture by
approximately 10 %. On the other hand, the focal length of
f = 105 mm and the maximum angle of field of view (12◦)
are matched very well.

Notice that for the actual simulation of the chemilumines-
cence images, ZEMAX® is operated in its ‘non-sequential
mode’ where reflection and refraction are taken into ac-
count. Thereby, blurring due to Fourier optics is considered
for the simulation of chemiluminescence imaging.

3 Experimental test case and numerical setup

The numerical chemiluminescence imaging method consist-
ing of LES using tabulated chemistry (FLOWSI), ray trac-
ing (RTC) and lens simulation (ZEMAX®) is applied to
the H3 flame, a turbulent non-premixed jet flame investi-
gated within the framework of the TNF Workshop [37, 38].
The H3 flame consists of a central fuel jet (inner diameter
D = 8 mm) of 50/50 vol% H2/N2 with a stoichiometric mix-
ture fraction of fst = 0.31. The bulk velocity of the fuel jet
is Ujet = 34.8 m/s resulting in a jet exit Reynolds number of
Re ≈ 10000 based on the fuel properties and the jet nozzle
diameter. A large coannular air nozzle surrounds the cen-
tral jet and supplies a laminar flow with an axial velocity
of 0.2 m/s. The gases at the inflow boundary are at ambient
temperature of 294 K.

Luminescence of the electronically excited OH∗ radi-
cals is imaged by the aforementioned DC-Nikkor 105 mm
objective onto an intensified CCD camera (Roper) oper-
ated in its linear regime. By means of an interference filter
placed in front of the objective, only OH∗ chemilumines-
cence around 310 nm is recorded. An aperture is used simi-
lar to the ZEMAX® model described in the previous section.
The working distance measured from the jet center line to

the entrance plane of the objective is 710 mm resulting in a
collection angle of 0.075 rad in both directions. Using short
exposure times, instantaneous realizations of the chemilu-
minescence are measured for a subsequent statistical com-
parison with simulation results. Comparisons are based on
relative but not absolute OH∗-chemiluminescence intensi-
ties. Thus, cumbersome calibration procedures are avoided.
To obtain relative OH∗-chemiluminescence intensities from
the experiments, the highest luminosity intensity observed
at an axial distance at x/D = 1 is used. This choice is jus-
tified because at this axial height only insignificant radial
fluctuations are apparent. Images are background corrected
and normalized prior to the calculation of the ensemble av-
erage. Measurements are restricted to an area spanning from
x/D = 0 to 40. Chemiluminescence is measured in eight
axial consecutive segments. For each segment, 250 single
camera exposures are recorded.

The LES has been performed on a staggered cylindrical
grid consisting of 512 × 32 × 67 ≈ 5 × 105 cells in axial,
circumferential and radial directions, respectively. The com-
plete domain has a physical size of 0.512 × 2π × 0.18 m3.
The nozzle is extended one diameter into the surrounding
coflowing air to allow for shear-generated velocity fluctu-
ations directly at the nozzle exit. Spatially and temporally
varying OH∗ concentrations are normalized to the maximum
OH∗ concentration in the look-up tables (compare Sect. 2.1).

The ray tracing code (RTC) is performing on a collocated
equidistant Cartesian grid consisting of 240 × 60 × 60 cells
in x, y and z directions, respectively, and a constant grid
spacing of xi = 0.001 m in all directions. The x coordinate
is aligned with the axis of the cylindrical grid and the origin
is located at (x0; r0) = (0.01;0.00) m. For saving compu-
tational time of the post processing, a reduced domain of
30D × 7.5D × 7.5D is used for the chemiluminescence sig-
nal post processing.

4 Results and discussion

For an evaluation of the simulation results and their compar-
ison to experimental findings, approximately 1500 statisti-
cally independent samples of the flow and scalar fields have
been extracted from the LES over a period of 0.15 s real
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Fig. 5 Radial distributions of mixture fraction (left) and axial velocity (right) statistics for the H3 flame. The dots show the experimental data and
the continuous line the LES data

time. The results are presented in a non-dimensional form
using the nozzle diameter D and normalization to the max-
imum chemiluminescence intensity as described in the pre-
vious sections.

Measured [37] and numerically simulated distributions of
the mixture fraction and the axial velocity component are
compared in Fig. 5 showing radial profiles at some selected
axial heights. It can be deduced that the spreading rate of the
flame is captured reasonably well. Additionally, the level of
fluctuations is in agreement with the experimental findings
at least for axial locations above x/D = 5. This confirms
that intermittent structures in the shear layers of the flame
are predicted in accordance with the experiment. This over-
all good agreement between LES and experimental results
is a prerequisite for using the instantaneous scalar fields for
a numerical simulation of the chemiluminescence by OH∗
radicals.

The right-hand side of Fig. 6 shows the normalized
ensemble-averaged chemiluminescence images recon-
structed from 250 individual images measured at each of
the eight consecutive segments along the axial extension of
the flame. Chemiluminescence from the electronically ex-
cited OH∗ radicals is restricted to the mean reaction and
heat release zone around the stoichiometric mixture fraction.
This is caused by its short upper-state lifetime (few ns at at-
mospheric conditions) due to intermolecular collisions and
the spatially narrow region of OH production. At low ax-
ial heights up to approximately x/D = 5, the reaction zone
shows only very little intermittency. Therefore, the chemi-
luminescence exhibits in the radial direction a pronounced

intensity maximum around r/D = 0.5. Because chemilumi-
nescence imaging is a line of sight method the inner part of
the jet flame shows as well some luminosity but obviously at
a much lower intensity level. For increasing axial heights the
flame spreads in the radial direction. The profiles of mixture
fraction and velocity distribution become wider. Accord-
ingly, the mean reaction zone becomes wrinkled and highly
intermittent. Chemiluminescence appears consequently at
various locations and ensemble-averaged images exhibit a
significantly extended chemiluminescence profile in the ra-
dial direction. The peak intensities drop to below 0.4 at an
axial height of x/D = 25.

Notice that flame spreading entails extended radial di-
mensions of the flame at progressively downstream lo-
cations. This feature increasingly causes additional blur-
ring because chemiluminescence originating from areas dis-
placed from the focal plane of the detection unit is more and
more out of focus. In a chemiluminescence imaging experi-
ment, this is unavoidable and depends on the choice of var-
ious experimental components and parameters. Within the
present simulation, these effects are accounted for but so far
no efforts were undertaken to separate these different causes
for blurring.

At the left-hand side of Fig. 6 ensemble-averaged radial
profiles of measured chemiluminescence are compared to
simulation results for axial heights spanning from x/D = 5
to 25 in increments of 5. The decrease of the relative peak
intensity with increasing height is captured very well. How-
ever, the radial location of the peak intensity is displaced
closer to the jet center line for the simulated profiles. This
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Fig. 6 Right-hand side: mean image of the chemiluminescence mea-
surement of H3 flame normalized to its maximum intensity. Left-hand
side: ensemble-averaged normalized chemiluminescence signal inten-
sity. The dotted line shows the experimental data and the continuous
line represents the simulated data

offset is observed already at x/D = 5 and increases slightly
for increasing axial heights. Different reasons might cause
this mismatch. At first, the spreading rate of the flame and
correspondingly the radial extension of the mean reaction
zones (stoichiometric contours) might be underpredicted.
Despite the remaining differences between measured and
simulated mixture fraction profiles obvious from Fig. 5, this
possibly is not the most obvious reason. Second, the radial
offset might be partly produced from an imperfect model
of the objective such that out-of-focus contributions in the
simulations contribute differently to the chemiluminescence
image than in reality. As a third possibility, it is specu-
lated that optical blurring is underpredicted because of in-
sufficient spatial variations of the index of refraction field.
As LES solves filtered conservation equations subgrid vari-
ances are modeled; because the lack of an appropriate model
the volumetric distribution of the index of refraction in the
present approach is reconstructed from the resolved part of
the scalar field only. In turn, variations of the refraction in-
dex at the subgrid level are not captured. However, with in-
creasing axial height, length scales of the flame increase and
LES grid resolution should become less of an issue. Further
downstream one would expect for this reason a reduced ra-

dial displacement between measured and simulated intensity
peaks. As this is not clearly evident from the profiles shown
in Fig. 6, this issue remains unresolved in the present study.
Sensitivity studies based on grid refinement are one option
to investigate the contributions to beam steering at a subgrid
level more thoroughly.

In contrast to the measurements, simulated chemilumi-
nescence profiles exhibit a sharp cut-off at their outer edges.
Similarly for axial heights above x/D = 15 a non-zero gra-
dient is observed at the center line. Reasons for this non-
physical behavior are not yet completely clear. In future re-
search, conceivable influences upon simulated radial pro-
files of chemiluminescence should be addressed, such as
flame intermittency, the initiation of optical rays and clip-
ping chemiluminescence below a user-defined threshold.

5 Conclusions

Beam steering is inherent to optical diagnostics when ap-
plied to study turbulent flames. Beam steering is caused by
spatio-temporal variations of the volumetric distribution of
the refraction index, which is dependent on local gas com-
position and temperature. If beam steering appears at signifi-
cant levels, the imaging quality can be limited due to optical
blurring and not any more by restrictions of the telephoto
lens and/or array detector. In general, beam-steering issues
increase in their significance for high turbulence levels and
high combustion pressures apparent in practical applications
such as IC engines or gas turbine combustors. There is no
obvious way to reconstruct individually blurred single-shot
images recorded by any optical diagnostic method. How-
ever, in a statistical manner a comparison between measured
and numerically simulated turbulent flames might be im-
proved when ray tracing is included to the numerical sim-
ulation. In this sense the plane where comparisons between
experiments and simulations are performed is shifted to the
array detector.

Following this idea, this paper discusses an approach
based on large-eddy simulation (LES) and tabulated chem-
istry. LES emerged in the last decade to become a reli-
able tool for simulating instationary turbulent flames. Us-
ing chemiluminescence imaging as a widely used optical
measuring technique, the detailed chemistry mechanism un-
derlying the tabulation is extended by inclusion of ele-
mentary reactions describing the generation and destruction
of chemiluminescent active species. As here a hydrogen-
fueled flame is considered, the only relevant chemilumines-
cent species is electronically excited OH∗ emitting around
310 nm. For instantaneous LES realizations the locations of
significant OH∗ concentrations are identified. From these lo-
cations, rays are initialized with directions randomly varied
within the solid angle of detection. The propagation through
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the turbulent flame towards the detector is modeled by tak-
ing into account the local distribution of the index of re-
fraction that is dependent on the local mixture fraction and
similarly tabulated as all other scalars. Following the LES
domain, the rays with differing angles are imaged onto the
plane of the array detector using the commercial program
package ZEMAX®. For this purpose, the telephoto lens used
in the experiments is modeled matching important features
that are accessible to the public.

The performance of this modeling approach is evalu-
ated by comparing measured and simulated chemilumines-
cence images. For this purpose, a well-documented turbu-
lent non-premixed hydrogen-fueled jet flame is used. For
this flame, significant experience in terms of LES exists
and reliable scalar as well as velocity field data are acces-
sible. The comparison is made using normalized chemilu-
minescence images in order to prevent a cumbersome cal-
ibration process. Overall, a reasonable agreement between
measured and simulated chemiluminescence images is ob-
tained. Whereas the drop of the maximum intensities with
increasing axial heights is reproduced, the peak location in
the radial direction is not so well captured. Although mi-
nor differences in the radial location of the mean reaction
zones are observed, other reasons most likely cause these
deviations. It is hypothesized that subgrid fluctuations of the
refraction index that are not yet captured in the present LES
approach may be one of the reasons for these deviations.
Further investigations are needed to more closely examine
this issue. A sensitivity study with respect to the grid reso-
lution might be one way to quantify the impact of the unre-
solved part. As a result, a subgrid model for the refraction
index might be needed. Furthermore, the proposed method-
ology might be extended for inclusion of radiation trapping
using local concentrations of OH radicals in their electronic
ground states. As this paper introduces a new methodology
comparing measured and simulated turbulent flames, how-
ever, these issues are beyond the scope of the study and re-
main open for further investigation.
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