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The quantitative comparison of experimental data and results from CFD simulations is still an ongoing
challenge in the investigation of high pressure combustion in rocket combustion chambers. This is due to
the extreme environment which develops in liquid propellant rocket engines, which represent a challenge
for experimental data collection. OH* radiation emitted from the flame has often been designated as an
indicator of the combustion zone, because of its relative ease of detection with appropriate cameras. A
Keywords: method was developed to compare OH* radiation originating from cryogenic oxygen-hydrogen flames
High-pressure combustion in an experimental combustor with the CFD simulation results. Pseudo-OH* images were obtained from
CFD' . . CFD results of two combustors. The method consists in obtaining the path of a ray of light by a reverse
Essfﬁ;‘;&gmenmg ray tracing algorithm and sampling the thermodynamic properties along the path of the ray, simulating
Flame emission the emission and absorption spectra in the wavelength range of interest, in this case of OH* emission

during combustion. The spectral radiance is then determined by solving the differential radiative transfer
equation. Finally, the total radiance is calculated integrating the spectral radiance. The results obtained
applying this method are then compared with former results of two test cases, a laminar and a turbulent
flame, and with the related experimental data. An improvement of the comparison with the experimental
data was achieved in terms of the prediction of self-absorption, which was underestimated in previous
works by a factor of 15, and in terms of radiance near the injection plane, where difference is estimated
to be about 40% when including refraction. The method allows for more direct comparison between 3D
CFD results and 2D experimental images collected by the optical setup and probes.

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

High-pressure combustion as it appears in liquid propellant
rocket engines is a challenge for the development of rocket com-
bustion chambers. Numerical simulations are a promising tool for
the development of new rocket engines. However, the extreme
conditions in rocket combustion chambers is also challenging for
combustion simulations. For that reason CFD simulations need to
be validated against well instrumented experiments. The exact
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measurement of the physical properties of the flames has its own
difficulties, especially for liquid propellant rocket engines (LPRE),
due to the extreme conditions at which they operate. In particu-
lar, during combustion, very high temperatures and pressures are
reached, and due to this unfriendly environment it is hard to ob-
tain experimental data of important combustion parameters, for
example mass fractions of the involved species or temperature.

A physical parameter which can be easily measured is the flame
radiation, in particular the radiation emitted by excited hydroxyl
radicals (OH*) when dealing with liquid oxygen/hydrogen flames.
OH* radiation has been used already several times to identify
flame emission zones in high temperature flames [1,2], being the
most distinct radiation in flames in the UV range and it is often
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Fig. 1. Sketch of the ray tracing algorithm. The ray path starts on a point on the
window, passes through the jets and reaches the chamber walls. On its path, emis-
sion and absorption spectra along the ray are calculated. When the ray reaches the
chamber walls, the integration of the coefficient to obtain the intensity starts, end-
ing at the window.

used as a marker of the flame because the central wavelength of
its spectrum (310 nm) is clearly distinguishable from other (black
body) sources. For example, at DLR Lampoldshausen OH* radiation
was used to investigate combustion instabilities in experimental
works by Hardi [3] and in a similar way at Purdue University [4].
At the Mascotte test bench, OH* radiation was recorded to provide
flame visualization [5]. An extensive review on OH* radiation in
flames is provided by Gaydon [6] and Mavrodineau [7]. Chemilu-
minescence originates from the relaxation of electronically excited
species produced by the combustion reaction in the flame. Study-
ing light emission taking place in the reaction zone provides infor-
mation about the energy release in the flame radiation zone.
Several studies describe methodologies for comparison, mainly
using chemiluminescence of excited radicals as a quantity for com-
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(a) Sketch of Fiala’s experiment
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parison relying on different chemical schemes to derive the radi-
cals of interest from numerical simulations to be compared with
experimental data. Early experimental studies used emissions of
radicals as an indicator of the heat release rate in real combustion
chambers and experimental combustors [8,9]. More recent studies
have investigated the effect of varying some properties of flames
on chemiluminescence [10-13]. Many fundamental research has
been made to understand whether OH* radiation (and also CH*
in hydrocarbon flames) could be an indicator of heat release [14-
23] in order to define if a quantitative correlation between OH* ra-
diation and heat release rate is possible. These studies assume that
chemiluminescence takes place where the heat release rate is de-
fined from chemical reactions. In these studies the degree of corre-
lation between radical concentration and heat release rate depends
strongly on physical variables including strain rate of the flame, de-
gree of turbulence, degree of premixing, pressure and equivalence
ratio.

However, most of the investigations involved hydrocarbon
flames at low pressure and temperatures, whereas hydrogen high
pressure and temperature flames have not been studied in detail.
The temperature threshold at which the thermal excitation over-
comes the chemical one was investigated and adjusted across the
years, ranging from 2000 to 3000 K [24-27]. For relatively low
temperature flames (below 2700 K at 50 bar pressure), chemical
excitation overcomes thermal. Above 2700 K, thermal excitation
becomes predominant and OH is assumed to be in thermal equi-
librium with OH*. This is the main assumption of the Equilibrium
Filtered Radiation Model (EFRM) developed by Fiala [28]. For high
temperaure flames, Gardiner et al. [29] proposed a thermal excita-
tion mechanism for OH* production, stating that collisions of OH
ground-state molecules with third-body molecules have sufficient
kinetic energy to exceed the energy threshold and form OH*. Ex-
perimentally, the relation between heat release and OH* radiation
has not been investigated in detail for non-premixed O,/H, flames.
The only work is the one of Burrows [30], which used OH* radia-
tion to determine the reaction zone.

A short discussion about the main challenges in measuring ra-
diation from flames can be helpful to better understand why the
topic is relevant. The measured total radiation consist of three
main components: the flame radiation, which results from high

(b) Sketch of the ray paths used in SMART.

Fig. 2. Sketch of the computational domain used for the simulations [28], and of the ray paths from the pinhole camera to the lens used in SMART. Figure 2b shows the path
of rays colored in red between the pinhole camera (green area) and the quartz lenses. This is the path of the rays generated with SMART. The integration of the radiative

equation is performed along these rays.



E. Tonti, J. PerovSek, J.Z. Usandivaras et al.

SMART LOS

0.0200 0.0200

0.0175 0.0175

0.0150 0.0150

0.0125 0.0125

én_umu U.llllmé
x x
0.0075 0.0075
0.0050 0.0050
0.0025 0.0025
0.0000 0.0000
0.010 0.005 0.000 0.005 )10
R[m] R [m]
(a) 1 bar
SMART LOS
0.0200 e 0.0200
0.0175 0.0175
0.0150 0.0150
0.0125 0.0125
En,lmm ()_()mné
x x

0.0075 0.0075

0.0050 0.0050

0.0025 0.0025

0.0000 0.0000

0.010 0.005 0.000 0.005 0.010
R [m] R[m]

(b) 30 bar

Fig. 3. Comparison of SMART spectral modelling against integrated line of sight vi-
sualization for the laminar flame at 1 bar (a) and 30 bar (b). X represents the axial
coordinate starting from the injection plane, R represents the radial coordinate of
the domain. The radiance values are normalized between 0 (blue) and 1 (red). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

temperature combustion products and optically active gases, the
radiation emitted from the walls of the chamber and the flame ra-
diation reflected by the walls of the chamber. The radiation emit-
ted and reflected from the walls is sometimes comparable or even
greater than the flame radiation itself, especially when the wall
temperature is high or the surface of the walls is highly reflective.
In the current work the focus is on OH* radiation, with the use of
filters to limit the collection of radiation to a narrow band in the
UV range, the influence of the primarily infrared radiation from the
chamber walls can be neglected.

Looking in detail to OH* measurement techniques, most of the
studies are focused on chemiluminescence and measurements can
provide only qualitative information. The chemiluminescent inten-
sities can be converted to some extents into quantitative measure-
ments using Raman and Rayleigh scattering techniques, but these
become difficult to apply in practical rocket combustors. An al-
ternative calibration technique for chemiluminescence of OH* was
proposed by Zhao et al. [31]. This technique used a light source
of known radiance to determine the local concentration of OH*
radicals in a hydrogen diffusion flame. A recent work of Liu et al.
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[32] use the integration of a spherical and uniform light source to
obtain the transformation of OH* and CH* from the light intensity
to the emitting rate of a jet diffusion flame. In addition to the chal-
lenge in obtaining a quantitative measurement of radiation inten-
sity, it is important to notice that the radiation itself is a physical
quantity which is not directly associated with a specific thermo-
dynamic property, therefore reducing the physical meaning of the
measurement and leaving space for a number of physical interpre-
tations.

CFD becomes then important in order to have insights in the
physics of the flame radiation, also because it is not limited to
line-of-sight measurements and giving quantitative estimates of
the concentration of OH* in the flame zone. The wall radiation can
be taken into account separately, clearly distinguishing it from the
flame radiation itself. All these aspects can help also in reducing
the costs associated to the experimental investigation.

A recent work of Sheikhani et al. [33] investigated the different
factors affecting measurement and modeling of the flame radiation,
focusing also on turbulence. In turbulent flames, the fluctuations of
the velocity field enhance fluctuations of the species concentration
and temperature field. These fluctuations influence in turn the ra-
diation field because the emission of the radiation and the heat
flux are non-linear functions of temperature and species concen-
tration. On the other hand, temperature fluctuations induce radia-
tive flux and velocity fluctuations, and therefore radiation modifies
turbulence [34]. This phenomenon is named Turbulence-Radiation
Interaction (TRI) [35]. In high turbulence combustion systems, tak-
ing into account the effects of radiation is crucial. There are several
approaches to model flame radiation and therefore solve the Radia-
tive Transfer Equation (RTE). When solving the equation directly,
and assuming a homogeneous temperature, RTE can be solved
without any other assumption on the thickness of the flame, and
it can be considered as an absorption and emission model. This
approach is known as optically thick flame model.

When the optical thickness tends to zero, the RTE can be sim-
plified, and thus the solution of the equation, leading to the op-
tically thin flame formulation, which can be considered as a limit
case of RTE. The optically thin flame assumption is valid only if
the intensity coming from the surroundings of the flame is very
low as compared to the intensity supplied by the flame, but be-
comes wrong for example if the flame is attached to a hot surface
or surrounded by an environment where the radiation from other
sources is not negligible, for example by other identical flames like
in a rocket combustion chamber. In particular, the optically thin
flame assumption states that the radiation coming from the sur-
roundings behind the flame and the inner of the flame is not at-
tenuated, since self-absorption phenomena are ignored in this for-
mulation. These approximations consider the flame as an emitting
volume. However, in most industrial applications, solving the RTE
in its original form is computationally expensive.

To save computational time, the flame can be considered as an
emitting solid surface. In this context, the grey medium approx-
imation is often used to model radiating systems. The term grey
indicates a medium which is in thermal equilibrium, has an emis-
sivity smaller than 1 and independent from the frequency. The
grey medium model gives a huge advantage in terms of computa-
tional time. Usually, the spectral content of the considered prob-
lems shows if the grey medium approximation is acceptable or
not. If a surface emits radiation at only one wavelength, then a
grey model does not correctly describe the problem, because the
grey surface emits radiation at all wavelengths. For cases where
the emission bands are very few and very narrow a grey model
will typically fail. On the other hand, if the radiation being consid-
ered is broadband then the grey medium approximation is useful.

Malalasekera et al. [36] show that methods based on ray-tracing
techniques can be easily applied to temperature fluctuations when
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Fig. 4. Comparison of normalised OH* radiation between SMART and SM for a chamber pressure of 1 bar. The radiance values are normalized between 0 (blue) and 1 (red).
Figure 4a shows the OH* radiation obtained with the application of the two models. Figure 4b shows the difference plot of the normalised OH* radiation obtained subtracting
the radiance calculated with SMART to the radiance calculated with Fiala SM, showed in Fig. 4a. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 5. Comparison of normalised OH* radiation between SMART and SM for a chamber pressure of 30 bar. The radiance values are normalized between O (blue) and 1
(red). Figure 5a shows the OH* radiation obtained with the application of the two models. Figure 5b shows the difference plot of the normalised OH* radiation obtained
subtracting the radiance calculated with SMART to the radiance calculated with Fiala SM showed in Fig. 5a. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

using Probability Density Function (PDF) based combustion mod-
els. In the simulation domain considered by Malalasekera et al.
[36], the grey-medium approximation gives larger errors than ap-
proximating the flame as optically thin. However, in the frame of
OH* radiation, the assumption of optically thin flames yields con-
siderable error, because self-absorption is not taken into account.
The term self-absorption indicates that the radiation emitted from
the molecules is subject to the absorption by the same molecules
which are present in the ground state. Taking self-absorption into
account is fundamental to model correctly the radiation of flames
where OH is present as a combustion product in high concentra-
tions. Previous studies underlined that self-absorption affects the
flame radiation considerably with increasing pressures [28,37,38].
The work presented in this paper aims to take into account the
fundamental phenomena which are involved in the radiative trans-
port of OH* emission to reproduce images of the thermally excited
OH radicals, in particular refraction and self-absorption which are

the most important in non-premixed O,/H, flames. Starting from
RANS simulation results, the goal is to have a tool for comparison
between experimental data and numerical simulations as a post-
processing step, producing images of the OH* radiation generated
by the excited OH radicals which are products of the combustion
of O, and H,. These images are pseudo-OH* images because OH*
production is not modeled in the chemical reaction mechanism in
order to reduce the computational effort of solving an additional
equations for the chemistry reaction mechanisms at run time. In
order to obtain the pseudo-OH* images, a radiation model of OH*
is implemented, and a reverse ray-tracing algorithm is used in or-
der to model the ray paths from the walls of an experimental com-
bustor to the detector, passing through the flame and refracting
where density gradients are encountered.

Section 2 describes the model used in this work together with
the ray tracing algorithm used for visualization of the OH* radi-
ation. In Section 3 the application of the method to an existing
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test case from Fiala [28] is presented, in order the compare the
results of the algorithm developed in the frame of this work with
results obtained with the pre-existing spectral model used by Fiala.
Section 4 introduces an experimental test case with optical access
from our group (Webster et al. [39]) considered for the application
of the algorithm. Section 4.1 describes the numerical modeling in
detail along with the results of the experimental test case, describ-
ing the data extracted from simulations and the comparison with
the experimental data and previous simulations. Section 4.3 give
space to discussion of the results. Section 5 introduces LES simu-
lation results of the optically accessible rocket combustor obtained
by Morii et al. [40]. The algorithm is then applied to the CFD sim-
ulation and results are discussed. Section 6 summarizes the results
and presents conclusions and outlook.

2. The SMART algorithm

An algorithm to take self- absorption and refraction phenom-
ena into account in the combustion chamber has been developed,
named SMART (Spectral Model and Ray-Tracing). The algorithm is
described in detail by Perovsek [41]. The calculations are spectrally
resolved in a range of wavelengths from 305 nm to 320 nm, which
accounts for self-absorption phenomena for OH, but the range of
wavelengths can easily be extended by changing the settings for
the radiation model. Diffraction, dispersion, scattering and black-
body radiation from walls and gases are neglected. In particular,
diffraction can be neglected because of the nature of the inves-
tigated flames. In the first test case, the investigated flame is a
laminar gas/gas flame, where no liquid particles are present and
so no relevant diffraction due to these can take place. The second
test case is an experimental combustor where LOXx is injected and
then heated up rapidly, so that both pressure and temperature are
above the corresponding critical values. Due to the negligible sur-
face tension no droplets of liquid oxygen are present and this phe-
nomenon has no relevance. However, when dealing with subcritical
injection conditions, the effect of diffraction should be considered.
Refraction is taken into account based on the work of Smith [42],
in which a ray-tracing technique applicable for both continuously
varying and discrete refractive index boundaries in inhomogeneous
media is developed. The input data of the algorithm is a solution
from the CFD simulations and is represented by the nodes in an
unstructured grid, with the physical properties evaluated at the
nodes. The algorithm treats the input data as a quasi-continuum
by using an inverse distance interpolation based on nearest neigh-
bours.

A necessary pre-processing step for the simulation of refraction
is the calculation of the refractive index n for each node in the in-
put data. The refractive index is estimated by using the Gladstone-
Dale relation [43]:

n(T,p)=1+p(T.p) -k (1)

where T denotes the temperature, p the pressure, p the den-
sity and k the Gladstone-Dale coefficient. For mixtures of fluids
with different atomic and molecular species the representative
Gladstone-Dale coefficient

k=>"k;-x; is used where k; is the Gladstone-Dale coefficient
of the species i and x; the molar fraction of the species (at the
evaluated point).

The first step in obtaining the pseudo-OH* images is the def-
inition of the points at which the rays are expected to enter a
detector by the position vector r = [ry, 1y, rz]T and the unit vec-
tor T= [T, Ty, Tz]T which correspond to the opposite direction of
the light that would enter a detector. Each ray is then obtained
by integrating the eikonal equation, which describes the electro-
magnetic wave propagation on a path s under the assumption of
geometrical optics in a scalar field n(r) of continuously changing
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refractive index n [44].
d dr
s [n(r)ds] = Vn(r) (2)

This equation is split into two first order differential equations
and solved with an explicit Runge-Kutta method of order 5 [45].

dr T 3)

ds ~ n(r)
% = Vn(r) (4)

Points r and vector T are parts of the vector of initial conditions
Yo which are required by the solver:

Txls—o
r)’||s:0
— Tz s=0 5
T/nls_o )
Ty/”'s:O
TZ/n|s=O

The solver stops as soon as the calculated position vector r(s)
is outside of defined geometry boundaries and then outputs a so-
lution set of vectors [r(s=0)...r(s=Se,q)]" that represent the
points on the ray.

Once the ray solution is available the thermodynamic proper-
ties (temperature T, pressure p and a set of mass fractions X =
[Wh,, Wh,0, Wo,, Woy]) at any point along the ray can be interpo-
lated with the help of the nearest neighbour interpolation routine.
The mass fractions of H and O species are neglected as they are
close to zero. The rest of the constituent mass fractions besides
the OH mass fraction are scaled equally in order to make the sum
of all considered mass fractions equal to 1." The aforementioned
properties are the inputs for a routine that determines the emis-
sion spectrum e, and absorption spectrum k.

OH* is not modeled as a separate species in the CFD calcula-
tions that provide the input dataset for the procedure explained in
this work. In SMART the spectral modelling program by Potter is
used [46] and adapted for the purposes of the OH* radiation mod-
elling. In the radiation modelling program it is assumed that the
OH* is in thermal equilibrium with the ground state OH, so the
needed inputs are the mass fraction of OH, wgy, temperature T
and pressure p. The mass fractions w; of other species i in the com-
bustion chamber are provided to accurately simulate the molecu-
lar kinetics. For the emission and absorption spectra simulation,
the assumption of local thermal equilibrium is made, which pre-
sumes equality between translational, rotational, vibrational and
electronic temperature.

T = TTrans~ = TRot. = Tvib. = TEI. (6)

The emission e, and absorption spectra k; are then obtained
for 5000 spectral points in the test cases presented in this work in
a pre-set range from 305 nm to 320 nm.

The program simulates only the transitions of the A2X+ — X2T1
system and is set up to return the emission e, and absorption
spectra for the given conditions in the wavelength range of 305-
320 nm. The transition band (v =0, Av = 0) was chosen follow-
ing the approach of Stiitzer and Oschwald [47]. Experimental data
were captured considering only this transition because transitions
of higher orders had a too low signal-to-noise ratio. For the wave-
length range, the 305-320 nm is chosen because at high pressures
considered in this work, this is the range in which OH* radiation

r|s=0

Yo T |
nls=0

1 Points for sampling the thermodynamic properties can differ from the points
that constitute a ray solution. A new set of points on the ray path can be arbitrarily
generated through interpolation from a solution set of points
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is more distinct and the central wavelength is 310 nm. The spectra
can be calculated for a set number of equidistant spectral points
[46]. The main transition is from the first electronically excited
state to the ground state but the model includes a number of fine
rotational vibrational transitions between the two electronic states.
It also includes the effects of collisional broadening and Doppler
broadening. The Einstein coefficients and spectroscopic constants
are based on references [48-51].

Fig. 1 shows a sketch of the procedure. As the emission e, and
absorption k; spectra are obtained for the chosen points along the
ray, the radiative transfer equation is solved for each wavelength
starting from the physical origin of the ray in the chamber and
towards the detector.

dr,

o =6 ) — () Li(s) (7)

In the above equation L, denotes the spectral radiance and s
is the path length along the ray. Spectral radiance is multiplied
with spectral transmittance T, g, Of the OH* pass filter in order
to make the results more comparable to the experimental mea-
surements.

Ly, fitered (8) = Ly (S) - Ty, fitter (8)

Total filtered radiance Lgyereq along the ray is obtained by in-
tegrating the spectral filtered radiance over the wavelength range
305-320 nm.

320nm

Lﬁltered (5) = f3 L)L,ﬁltered (S)d)L (9)

With the previous steps a filtered total radiance is obtained for
all the points along a single ray. For the creation of the pseudo-
OH* images, only the radiance at the end of the ray is relevant,
since this is the one detected by the sensor. It is assumed that the
outgoing rays are detected with the same sensitivity, quantum ef-
ficiency and area.

05nm

3. Test case a: Fiala burner

The method described in Section 2 is applied to the test case
described by Fiala [28], in which several flame visualization tech-
niques have been applied. In his work, Fiala investigated three ra-
diation models to compare OH* radiation observed in an experi-
mental burner and the OH* radiation extracted from CFD simula-
tions in order to determine if a quantitative correlation between
heat release rate and OH* radiation intensity could be established.
The three investigated models are the Detailed Chemistry model
(DC), a Spectral Model (SM) and the Equilibrium Filtered Radiation
Model (EFRM) developed by Fiala [28]. In the frame of this work,
we will focus on the comparison between the SMART algorithm
and the spectral model used by Fiala.

The main reason for this choice is the nature of both SMART
and SM. In the SM, the emission spectra of OH is simulated on
the basis of the HITRAN/HITEMP database, in which the list of
individual lines at reference conditions, their wavenumbers, pre-
calculated line intensities, and FWHM of the pressure broadening
are tabulated. Then, a Python tool reconstructs the spectra up to
the 3000 K. The SM takes into account self-absorption, which is
not included in EFRM. SMART calculates the spectra of OH* with
a radiation modelling program by Potter [46], and also takes into
account self-absorption. As self-absorption in OH* imaging cannot
be neglected as was concluded by Fiala when comparing to exper-
iments, this is for sure an important parameter of choice in the
models which can be directly compared. Fiala extended the EFRM
model into EFRM-A to approximate the self-absorption while keep-
ing the computational complexity low. Fiala states that SM needs
to be employed to describe self-absorption in a physically correct
way, but EFRM-A can be used to decide whether self-absorption is
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to be taken into account or is negligible, and compares the applica-
tion and results of the EFRM-A, EFRM, SM and Detailed Chemistry
model [52].

Both SM and SMART models take as input parameters OH
molecules concentration and temperature and are applied in a
post-processing step, unlike DC where OH* concentration is pro-
duced at run-time with an embedded chemical scheme. In or-
der to compare radiation models, the choice of SM for compari-
son resulted to be straightforward, as the current implementation
of SMART accounts for the molecule spectra when generating the
pseudo-radiation images.

The flame studied by Fiala is a laminar hydrogen-oxygen flame,
in which fuel and oxidizer are in gaseous state. Fig. 2 shows a
sketch of the experiment and the ray paths starting from the pin-
hole camera to the quartz lenses rendered for the application of
the ray tracing in SMART. Detailed information about the optical
setup and measurement tools can be found in Ref.[28].

In Fiala’s work [28], a CFD simulation with a detailed chem-
istry scheme was performed, considering the domain highlighted
in green in Fig. 2(a). In a second step, both the EFRM (Equilib-
rium Filtered Radiation Model) and the SM (Spectral Modelling)
were applied to the simulation results. A detailed explanation of
the two models can be found in Fiala [28]. A study was carried
out for all the chamber pressure conditions listed in Fiala [28], but
here only two cases are presented, one at low pressure (1 bar) and
one at higher pressure (30 bar), where the phenomenon of self-
absorption cannot be neglected.

3.1. Results and discussion

First, the influence of the spectral modelling without refraction
is investigated by comparing the results of the application of the
SMART with line-of-sight (LOS) integration method using CFD re-
sults provided by Fiala [28]. The term LOS integration refers to
the case where the refraction of the rays within the chamber vol-
ume is not considered. Thus, rays are taken as straight lines cross-
ing the combustion media and consequently the radiative trans-
fer Eq. (7) is integrated over a straight path. For SMART, the rays
are generated projecting the image in the focal plane of the cam-
era, which approximately coincides with the combustion cham-
ber plane, as an external observer would see them. The displayed
quantities correspond to the normalised OH* radiation between
the minimum and maximum intensity values as collected by the
camera. This comparison allows to estimate the influence of refrac-
tion. Fig. 3a and b show the results of LOS integration compared to
SMART for both pressures of 1 bar and 30 bar, respectively.

The comparison shows that, for both cases, no substantial dif-
ference can be detected. This is not unexpected in this case, due to
the combustion of propellants in a gaseous state, where the den-
sity gradients between oxygen and hydrogen streams are not large
enough to give an important difference in terms of refraction in-
dex. The result in this case is that the inclusion of refraction is not
a key point when dealing with gas-gas interfaces.

Subsequently, the SMART tool has been applied to Fiala’s sim-
ulation results as a post-processing step, in the same way he did
with the SM. Figs. 4 and 5 show the comparison between the SM
and SMART, including plots which show the difference in radia-
tion between the two methods at chamber pressure of 1 bar and
30 bar, respectively. Both methods account for self-absorption, but
only SMART includes ray-tracing, whereas SM treats the radiance
with LOS integration. SMART takes into account refraction with the
rays trajectories displayed in Fig. 2(b).

As can be seen in the Figures, the two flame images show sim-
ilar shapes. However, in the SM the volume of the flame is slightly
wider than the one produced by SMART. Focusing on the length of
the radiation zone, Fig. 4a shows a discrepancy of 5% at 1 bar and
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(a) Experiment (left) vs. Fiala SM
(right) [28].

(b) Experiment (left) vs. SMART
(right).

Fig. 6. Comparison of the experimental data with SM (a) and SMART (b) at the chamber pressure of 1 bar. The values of both plots are normalised with respect to the
experimental values between 0 (blue) and 1 (red) to make a meaningful comparison. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Fig. 5a discrepancy of 3% at 30 bar, which corresponds to 10 mm
and 1 mm respectively. Figs. 4b and 5b show that the biggest dif-
ference in OH* radiation occurs in the zone where refraction in-
dex gradients are higher. For both cases, SMART presents a more
compact flame with respect to SM, with a slight shift downstream
of the radiation in the central zone near the injection plane, al-
though the anchoring zone is slightly closer to the injection plane
in SMART for the 30 bar case. Quantitative differences in radiation
are shown in Figs. 4b and 5b. The highest difference can be seen in
the outer zone of the flame, where SM gives a wider flame. Since
it was shown in Fig. 3 that including refraction has negligible in-
fluence for a gas-gas laminar flame because the density gradients
are too low, the difference is probably lying in the model used to
generate OH* spectra and in the interpolation of the original CFD
results on a different mesh used to apply SMART. Another source
of discrepancy could be the source of generation of the rays: al-
though special care was taken to produce the rays in the same way
as described by Fiala [28], it was not possible to estimate how the
refraction of the rays at the side quartz-windows and quartz lance
was taken into account in the SM.

Lastly, a fundamental comparison for the validation of SMART
has to be made against the experimental data provided by Fiala
[28]. Figs. 6 and 7 show the experimental data compared with
the results of SM and SMART at a chamber pressure of 1 bar and
30 bar, respectively.

In the SM model as noted by Fiala, the radiation produced by
the application of the model has a peak which is shifted down-
stream with respect to the experimental image. Comparatively, in
SMART a smaller flame volume for both 1 bar and 30 bar chamber
pressure can be seen, and radiation peaks slightly upstream com-
pared to SM, thus yielding a flame shape which is more similar
to the experiment. The shifting in the length of the flame between
the experiment and the SM leads to an overestimation of the latter
of 11.8% at 1 bar and 47.6% at 30 bar, whereas the same quantity
between the experiment and SMART amounts to 5.4% at 1 bar and
38.8% at 30 bar. According to Fiala, the downstream peak of SM
results are a consequence of the CFD simulations. However, results
from SMART show that in spite of using the same underlying data,
the peak is observed slightly upstream, thus indicating that the
modeling of radiation may as well contribute to this phenomenon.
The Fiala test case showed that the application of SMART is suc-
cessful for a laminar gas-gas flame under different pressure con-

ditions. Because of the nature of the flame, there are no strong
density gradients which cause important changes of the refraction
index field. For gas-gas laminar flames a LOS integration is suffi-
cient, but as a first test case the results of SMART are in slightly
better agreement with experimental data than SM with respect to
the peak radiation. The next step was to apply the SMART algo-
rithm to a transcritical turbulent flame, which is presented in the
next section.

4. Test case B: Optically accessible rocket combustor BKH

To test the application of the SMART routine, an experimen-
tal combustor with large optical access windows providing a view
of five closely clustered flames was chosen. The combustor, des-
ignated BKH, is an experimental combustor developed by DLR In-
stitute of Space Propulsion and operated at P8 test bench in Lam-
poldshausen [3]. The combustor has a rectangular cross section. It
has a length of 305 mm, a width of 50 mm and height of 200 mm.
BKH has five primary shear coaxial injectors fed with LOx-H, in a
matrix pattern. Above and below are arrays of 50 secondary injec-
tors fed with hydrogen.

BKH is equipped with an optical system which allows the flame
to be investigated. Observation windows provide optical access to
the near injection region. The windows on each side have a length
of 100 mm and height of 50 mm. The quartz windows are cooled
by hydrogen cooling film at ambient temperature. Images are ac-
quired using a high-speed optical systems, including OH* imag-
ing of the flame radiation. For the OH* imaging system, radia-
tion passed through a filter with a peak of 305 nm and FWHM
of 10 nm. Fig. 8 shows a sketch of BKH.

For the present study, the OH* high-speed images have
228x114 pixels, where each pixel is stored as a monochromatic
value of 8 bits. The spatial resolution is 446 + 22 pwm/pixel.

4.1. Numerical modelling

The flame is investigated using a steady state simulation (RANS)
under the prescribed operating conditions by Beinke [53]. The final
step is the application of the SMART tool. The images obtained are
then compared with the experimental data.



E. Tonti, J. PerovSek, J.Z. Usandivaras et al.

(a) Experiment (left) vs. Fiala SM
(right) [28].
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SMART

(b) Experiment (left) vs.
(right).

Fig. 7. Comparison of the experimental data with SM (a) and SMART (b) at the chamber pressure of 30 bar. The values of both plots are normalised with respect to the
experimental values between 0 (blue) and 1 (red) to make a meaningful comparison. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 8. BKH.

4.1.1. CFD Solver

The simulations are run using the DLR in-house code TAU. The
DLR TAU code is a hybrid (structured/unstructured) grid Godunov-
type finite-volume flow solver for the compressible Euler and
Navier-Stokes equations. Spatial second order is reached by a
MUSCL reconstruction. DLR TAU code has been validated for a
range of steady and unsteady flow cases. Detailed information can
be found in references [54-56]. The one equation Spalart-Allmaras
turbulence model described in [57] was selected, a MAPS+ Rie-
mann solver by Rossow [58] is used to handle low Mach number
flows and high density gradients, which are challenging for a com-

pressible flow solver. An explicit 3rd order Runge-Kutta scheme is
used for time integration. A six-species and seven-step reaction
scheme for oxygen-hydrogen combustion published by Gaffney
et al [59] that includes the species H,, O,, H, O, OH and H,0 was
employed. A more specific description of the setup of the simula-
tion can be found in Beinke [53].

Cryogenic propellants at high pressures, as in rocket engines,
behave differently than ideal gases and this has to be taken into
account. These real-gas effects are included in the DLR TAU code
real gas release to model the transcritical injection and combus-
tion of cryogenic propellants. This real gas implementation has two
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Fig. 9. Computational domain [53]

main features: each species has a dedicated equation of state and
the properties of the mixture are determined by a multi-fluid mix-
ing model, see [60-62]. Here the ideal gas equation of state is
solved for H,, H, O, OH and H,0, and a real gas equation of state is
solved for O,. The real gas properties of oxygen are computed from
the high fidelity modified Benedict-Webb-Rubin (MBWR) equation
of state (EOS) of Younglove [63] and stored in a library during a
pre-processing step. Thermodynamic state variables, such as pres-
sure, enthalpy, heat capacities, speed of sound, etc. are all com-
puted consistently from the real gas EOS. Real gas corrections to
the transport coefficients are evaluated following Lemmon and Ja-
cobsen [64]. The implemented multi-fluid mixing model assumes
ideal mixing of species properties. This is only valid if all species
exist as a real-gas in only a pure-fluid state. However, this as-
sumption is physically justified in this work focused on supercriti-
cal oxygen-hydrogen combustion. Banuti et al. [60,65] explain that,
for oxygen-hydrogen combustion at supercritical pressures, the LOx
transitions from a liquid to a supercritical gas-like state under pure
fluid conditions, where essentially all real fluid effects are confined
to the LOx core. Thus, for the flames considered in the present
work, the multi-fluid ideal-mixing model is appropriate. The fluid
in the numerical domain is assumed to exist as either a pure-fluid
real-gas or a mixture that can be approximated using an ideal-
mixing model. The fluid is treated as a continuous Eulerian mix-
ture with no discrete phases or phase changes. This approach is
sometimes referred to as an Euler-Euler model.

4.2. Results

The simulation of BKH was performed by Beinke [53]. Fig. 9
shows the simulation domain. The domain features the rectangular
chamber volume and both the main and secondary nozzles. BKH
has a vertical symmetry and so the modeled domain consists in

half of the chamber to reduce the size of the computational do-
main and consequently the computational costs.

Fig. 10 shows the mesh used for the calculations. A fully un-
structured mesh is used to simplify mesh development and better
adapt to the complex geometry of the chamber and has approxi-
mately 2.6 M nodes.

A detailed description of the simulation results is out of the
scope of this work. More information can be found in Beinke [53].
Fig. 11 shows the distribution of the variables used in SMART to
derive the pseudo-OH* images. SMART is applied in this case to a
time averaged image and so the fluctuations of the variables used
as an input for the algorithm are not captured. However, the focus
of this work is on the SMART algorithm and not on the CFD model
of BKH. For that reason, a rather simple RANS solution was chosen.
Nevertheless, the SMART approach is generally applicable and can
also be applied to unsteady high-fidelity CFD result.

Fig. 12 provides insights on how and at which location rays are
refracted. It is important to note that only the rays that exit the
chamber perpendicular to the window surface are considered, as
depicted in Fig. 1. This is possible because of the large distance be-
tween the camera and the window. In fact, the solid angle of each
pixel is negligible and therefore the assumption of parallel rays is
acceptable. However, SMART also allows to take into account in-
coming rays from different directions. In other experiments it is
clear that also rays which are not parallel to the optical axis of the
windows can play a role.

The color of the rays corresponds to the integrated total radi-
ance, the thickness of the rays to the areas where larger emission
occurs. Rays are bent where the LOx cores present density gradi-
ents. The rays are attenuated when they pass through the OH-rich
reacting shear layer on the other side of the core. However, our
model does not account for any absorption, scattering or internal
refraction inside the LOX jet itself. It can be also seen that the total
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Fig. 10. Mesh with detail in near injection region [53].
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Fig. 11. Temperature (a), pressure (b) and OH mass fraction distribution (c) in BKH. The load point refers to 60 bar chamber pressure and ratio oxidizer to fuel (ROF) 6 [53].
These distributions are used as an input for the ray tracing algorithm which generates the pseudo-OH* images.

radiance of a ray changes significantly only if the ray is refracted
in such a way that it passes tangentially through the shear layer
where there is presence of OH*. Fig. 13 compare the experimen-
tal image with the 1D integrated image of OH* concentration from
Beinke [53], where the colormap has been adjusted to have better
comparison, and the fully ray-traced image obtained with SMART,
respectively.

Some important observations can be done comparing the two
simulation results with the experimental data shown in Fig. 13a.
As already stated by Beinke [53], the most important difference be-
tween experiments and simulation in the frame of this work is that
the OH distribution does not extend until x = 100 mm, which cor-
responds to the end of the window in the steady-state model. The
OH distribution ends slightly downstream of the oxygen jets and
this indicates that the oxygen is consumed too rapidly in the sim-
ulation. However, it could be also due to the fact that the transport
of OH* molecules is not taken into account. This still holds true
because OH* molecules are a subset of OH ground state molecules,
and a detailed description of OH* production is not modeled in
the chemistry scheme adopted for the simulations. The absence of
modeling the OH* transport could cause then the underestimation
of radiation close to the end of the window at x= 100 mm.

With respect to the EFRM model of Fiala [28] as it was applied
by Beinke in previous simulations [53], the self-absorption is now
correctly taken into account and the emission is spectrally resolved
and not assumed to originate from a single transition at a specific
wavelength. The integrated spectral radiance L, is also multiplied
for the spectral transmittance of the filter 7, fir, Which atten-
uates the spectral radiance values according to their wavelength.

10

Moreover, a fully three dimensional ray tracing allows the visual-
ization of high density regions of the LOX cores according to the
physical mechanisms of refraction. Nevertheless, the comparison of
the optical data and simulations is still not satisfactory.

4.3. Discussion

The spectral modelling script described in Section 2 simulates
the emission and absorption spectra from the thermal excitation
of OH molecules. Chemiluminescensce is neglected because ther-
mal excitation is the main source of excitation. Fig. 14 shows sev-
eral physical parameters along a chosen ray path which help to
have further insights about where emission occurs under rocket
combustion chambers operating conditions and refers to the al-
gorithm applied to the BKH CFD solution. The main reason of in-
creased flame emission are high temperatures and the presence of
OH molecules. The considered ray passes through two LOx jets,
which can be observed in the two sections where temperature
drops between 10 and 16 mm and 34 and 38.5 mm along the ray
path. In the second one, the ray passes through the center of the
jet where the temperature is cryogenic. Four zones of emission,
highlighted in red, can be observed. The total radiance along the
ray path shows a fluctuating behavior where thermal excitation oc-
curs, with a slight spatial delay.

It is difficult to state when the total radiance changes because
its values are obtained using the contributions of spectral radiance
at different wavelengths, where Eq. (7) is solved. The equations
shows that when absorption has a greater effect than emission,
then the spectral radiance must be high as well as the absorption
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Fig. 12. Ray paths visualization through refractive index gradients corresponding to
the increasing density of the LOx jet at different locations.

coefficients. Self-absorption has then an important effect at the
operating conditions of rocket combustion chambers and affects
the flame emission. The integrated radiance has to be obtained
first for each wavelength line-by-line, because self-absorption has a
larger effect at wavelengths where emissivity is high and relatively
small where emissivity is low. Fig. 15a shows the difference in
terms of radiance solving Eq. (7) with and without self-absorption.
Figure 15b shows the over prediction of radiance with respect to
the final result. Neglecting self-absorption would produce an over
estimation of radiance with a factor of 15 for rays passing through
multiple flames before reaching the observer.

It is crucial to consider also the inclusion of the refraction ef-
fects in the simulation algorithm. Fig. 16 shows the relative differ-
ence of the radiance on a pixel-by-pixel level between a fully ray
traced image and a 1D integrated image which does not include
refraction.

It is observed that the largest difference lies between x=0 and
x=20 mm, just downstream the injection plane, where hydrogen
and oxygen streams interact, and at the edge of the recirculation
zones which are generated from the secondary hydrogen injection,
where the density gradients between the two streams are higher.
This indicates that it is important to take refraction into account in
flames with liquid-gas interfaces in order to produce a pseudo-OH*

1
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Fig. 13. Comparison between the time averaged OH* radiation measurements (a),
the LOS integrated image [53] (b) and the image obtained with SMART (c).
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Fig. 14. Integrated radiance along the ray path. The regions where thermal excita-
tion occurs are marked with red boxes. They coincide with the zones of OH* pres-
ence. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

image which correctly captures its influence, which is experimen-
tally captured by the camera. It allows to have a more correct com-
parison between the CFD simulation results and the experimental
images.

The advantages of using SMART are not clearly visible in the ap-
plication to the Fiala test case due to the nature of the investigated
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Fig. 16. Relative difference in simulated total radiance between fully ray traced and
1D integrated image. The values are normalised to the pixel values of the 1D inte-
grated image.

flame itself. However, looking at the BKH case, it is crucial to in-
clude both ray-tracing and self-absorption because of the presence
of strong density gradients, and then of refraction.

5. LES simulation of test case B

In order to test the application of SMART on a simulation, a LES
simulation of test case B by Morii et al. [40] was employed. With
this simulation, the effects of a more accurate turbulence model
on the CFD simulation have been taken into account and it was
possible to verify if this has an impact on the extension of the OH
field and therefore on the OH* radiation itself, as it is considered
a subset of the OH molecules. This simulation has the same oper-
ating parameters of the RANS, and the considered fields are time
averaged in order to obtain a distribution comparable to the ex-
perimental data. A flamelet model is used for the turbulent com-
bustion model, and the detailed chemical reaction model with 8
species including OH were used to create the flamelet table. The
domain of the LES simulation is a full 3D geometry with five coax-
ial injectors, as shown in Fig. 17.

Fig. 18 shows a cut at the center plane of the OH mass fraction
and temperature field on which SMART is applied. The maximum
temperature value reached in the simulation is about 3500 K.
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Fig. 17. Domain and mesh of the LES simulation used for the test of SMART of
higher order simulation. The mesh is hybrid, with a structured part in the chamber
volume, injectors and divergent part of the nozzles and unstructured in the conver-
gent part of nozzles and at the base of them.

TemperatureDim: 200 3400

(a) Temperature field

OH mass frac.: 0.01 0.04 0.07 0.1

(b) OH mass fraction field

Fig. 18. Temperature and OH mass fraction distribution at the center plane of the
LES simulation. The distributions are time averaged.

As it can be seen from the temperature and OH fields, also in
the LES simulation the flame does not extend downstream until
the end of the window.

SMART was applied to the results of the LES simulation over an
area corresponding to the window edges. In order to test the rou-
tine, 5000 rays were generated, with a pixel size of 2x2 mm. The
required computational time on a single core was about 200 CPU
hours. The domain was reduced before the application of the algo-
rithm to an area corresponding to the camera view. Fig. 19 shows
the post-processed image after the application of SMART and the
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Fig. 19. Comparison of the OH mass fraction distribution in the window region of
the LES simulation and the application of SMART in the same area. In the regions
where the OH mass fraction has a higher value, the radiance is considerably higher.
The values are of the radiance are normalized between 0 (blue) and 1 (red). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

OH field zoomed in the window area obtained by the CFD simula-
tion.

From the comparison, it can be seen that in zones where the
OH mass fraction is more abundant, the normalized radiation is
more intense, reaching the maximum value. However, the regions
when the temperature is relatively low are not visible in the ra-
diance simulation. This is because chemiluminescence has to be
taken into account at run time, where the production of OH* is
modeled with a detailed chemistry scheme, whereas SMART acts
as a post-processing tool to give the intensity of the thermal ra-
diation of the flame. In regions where the temperature is lower,
chemiluminescence plays a role also for high pressure conditions
and this is outside the scope of SMART, gives an estimation of
the total thermal radiation coming from the high temperature
flame zone for thermally excited OH. Chemiluminescence should
be modelled in the CFD simulation, and then be taken into account
to provide an estimation of the total OH* radiance of the flame.

6. Conclusions and outlook

A method for comparing CFD results and optical measurement
of filtered radiation from high pressure oxygen hydrogen flames
was developed. Pseudo-OH* images are generated from the CFD
simulation solutions. The SMART post-processing routine which
produces the images first performs reverse ray-tracing from each
pixel of the image, sampling the thermodynamic properties along
the path and modelling the emission and absorption spectra for
wavelengths between 305 and 320 nm. Then the spectral radiance
along the ray is obtained by solving the radiative transfer equa-
tion line-by-line. Finally, the spectral radiance is integrated to ob-
tain the total radiance.

The comparison with the previous work of Fiala shows a slight
improvement in the match with experimental data with respect
to the SM model he adopted, pointing out that also the spectral
model used has an impact on the solution and not only the data
produced by the CFD simulation, also if they still remain the ba-
sis for this kind of approach which is applied in a post-processing
step. Nevertheless, in a laminar gas-gas flame there is no big differ-
ence between the results with and without refraction, as it could
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be expected due to the relatively small density gradients in the
combustion chamber.

Density gradients and therefore the impact of refraction become
important cryogenic flames such as those in the second experi-
mental test case addressed with the SMART routine in this work.
In previous works, neglecting self-absorption, the total radiance is
overpredicted by a factor of 15 in the multi-flame rocket combus-
tor test case considered here. The use of ray-tracing, which models
the refraction of the light as it passes through the chamber, has a
significant effect, especially for rays interacting with the LOX jet,
as refraction in these zones can be very high. Comparing the ex-
perimental images with the ones produced by the current method,
the difference is still significant but lies in the ability of the CFD
solver to predict the distribution of OH* partial density in the field
of view of the combustor. Concerning the turbulence model used,
no relevant difference is shown comparing the results of RANS and
LES flamelet simulation, showing that in this case the turbulence
model used does not impact significantly on the final results, al-
though the LES simulation gives more details about the turbulent
structures in the solution.

Comparing LOS integrated images with fully ray-traced ones,
the absolute difference in radiance reaches about 20% of the nor-
malized image radiance range. In regions where rays encounter
the LOX jets, rays gathering radiance by passing through multiple
flames are shown to be just as bright as those passing through only
one, due to self-absorption.

SMART takes into account two very important phenomena con-
tributing to the flame radiance, which are refraction and self-
absorption. This allows to reduce the overprediction of the flame
radiation for a more accurate relative intensity distribution in a
pseudo-OH* image. The comparison with experimental data is im-
proved, allowing better validation of CFD models using experimen-
tal data from flame visualization. However, the analysis also indi-
cated that for better validation of OH* flame visualization between
experiments and CFD, a chemiluminescence model should be con-
sidered in the CFD simulations in the future.
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