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Abstract

Visible and ultraviolet radiation is a readily measurable property of a flame. This
study investigates the radiation of non-premixed hydrogen-oxygen flames at ele-
vated pressure, which often power liquid rocket engines. Such flames mainly emit
UV radiation from excited OH* radicals and exhibit a broad-band radiation peak-
ing in the blue spectrum. Both types of radiation are examined experimentally
and numerically in a laminar jet flame at pressures ranging from 1 bar to 40 bar.
Emission and absorption are measured spectrally and spatially. Physical models
for numerically simulating either radiation are summarized and extended by new
methods. Their practical use and limitations are assessed by comparison with ex-
perimental data. Especially the difference between chemical an thermal excitation
of OH* as well as its self-absorption are scrutinized. Additionally, the radiation is
compared to the volumetric heat release rate, which is an important parameter
in studying combustion instabilities. Generally, both quantities are found to be
quantitatively uncorrelated for non-premixed flames. Studies of counterflow flame
ensembles reveal that in coarsely resolved turbulent flames with low optical density,
a qualitative relation between line-of-sight integrated radiation and heat release
rate exists. To quantitatively measure heat release rate, radiation measurements
must be corrected for the influence of flame straining. Due to this fact, alternate
methods are presented to assess combustion instabilities by radiation data.

Kurzfassung

Die sichtbare und ultraviolette Strahlung ist eine einfach messbare KenngréRe
von Flammen. Diese Studie behandelt die Strahlung von nicht vorgemischten
Wasserstoff-Sauerstoff-Flammen unter hohem Druck, welche héaufig Fliissigkeits-
raketen antreiben. Solche Flammen emittieren UV-Strahlung des angeregten
OH*-Radikals sowie eine breitbandige Strahlung im blauen Spektrum. Beide
Arten werden sowohl experimentell als auch numerisch anhand einer laminaren
Strahlflamme zwischen 1 bar und 40 bar untersucht. Die Emission und die Ab-
sorption der Strahlungen werden spektral und raumlich aufgeldst vermessen. Zur
numerischen Simulation der Strahlung werden physikalische Modelle aus der Lit-
eratur zusammengetragen und um neue Methoden erweitert. Durch Vergleich
mit Messwerten werden die Moglichkeiten und Grenzen der Modelle beurteilt.
Insbesondere wird auf den Unterschied der chemischen und thermischen Anre-
gung des OH*-Radikals und die Selbstabsorption der OH*-Strahlung eingegangen.
AuBBerdem wird die Strahlung mit der volumetrischen Warmefreisetzungsrate ver-
glichen, welche fiir die Untersuchung von Verbrennungsinstabilitdten wichtig ist.
Im Allgemeinen existiert keine quantitative Korrelation zwischen beiden Grof3en.
In grob aufgeltdsten turbulenten Flammen mit geringer optischer Dichte hdngt



die linienintegrierte Flammenstrahlung qualitativ mit der Warmefreisetzungsrate
zusammen. Um quantitativ die Warmefreisetzungsrate zu messen, ist zusétzlich zu
Strahlungsmessungen die Bestimmung der Flammenstreckungsratenverteilung
notwendig. Aus diesem Grund werden weitere Moglichkeiten vorgestellt, Flammen-
strahlung zur Beurteilung von Verbrennungsinstabilitdt zu verwenden.
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1. Introduction

The investigation of combustion processes is challenging. The extreme temper-
atures reached within flames form a hostile environment, which often prohibits
conventional mechanic measurement techniques. Therefore, non-invasive optical
techniques like Particle Image Velocimetry (PIV), Laser Induced Fluorescence (LIF),
or Schlieren are frequently applied in combustion diagnostics. However, also these
techniques require a certain instrumentational effort, which, in some situations, is
unfeasible.

Such a case is the combustion in liquid rocket engines: The temperatures reached
by typical fuel-oxidizer combinations are hazardous to every solid material. Besides
withstanding the thermal loads, the combustion chamber walls also have to resist
high pressures. Access to the flame for lasers or other illumination is hard to achieve.

A parameter by comparison readily obtainable from a flame is its own radiation.
Flames show a distinct spectrum which yields a variety of information. Furthermore,
radiation is a property naturally originating from flames, thus its measurement
truly is non-invasive. The use of small optical fibers can provide sufficient optical
access to poorly accessible flames.

However, the measurement of flame radiation has two disadvantages: First, itis a
line-of-sight integrated measurement. Local measurements are not directly possible
but require complicated post-processing. Self-absorption, i.e. the absorption of
flame radiation by the flame itself, further increases complexity. The rear end of the
line of sight, usually the wall of the combustion chamber, can glow and distort the
measurement. Second and more importantly, radiation is a quantity not directly
associated with a single thermodynamic property. This heavily reduces the physical
significance of its measurement and allows for a great possibility of interpretation.

A field of study where flame radiation is often measured is combustion instability.
Being the most important subset of general thermo-acoustic instability, combus-
tion instability describes the interaction between acoustics and heat release by
combustion. Oscillating combustion results in locally fluctuating density which
can be interpreted as an acoustic source. The acoustic field, physically expressed
by pressure and density fluctuations, can influence the combustion process itself.
This represents a closed feedback loop which can result in very high sound pressure
levels. This phenomenon can be employed to enhance heat transfer, but in most
cases it should be avoided. The resulting combustion noise typically is undesirable.
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The high sound pressure levels can induce unwanted vibrations of the device. How-
ever, the technically most dangerous effect is the enhanced heat transfer, which
can result in thermal loads exceeding the design specifications.

The latter is particularly important in liquid rocket combustion [61, 124]. In space-
craft engines, security margins are very small. Combustion instability can lead
to pressure oscillations up to several bar peak-to-peak amplitude, resulting in an
enormous stress of the combustion chamber. The extreme temperatures reached
in rocket propulsion cannot be sustained by any material. An effective cooling is
crucial. Even so, the wall temperatures of the combustion chamber are close to the
maximum technically achievable values. The increase in heat transfer produced by
combustion instability can lead to failure of the engine, and further to failure of the
entire mission and loss of both rocket and payload.

This problem has occurred ever since the development of liquid rockets, starting off
with the A-4 engine in the late 1930s [138]. During the space race, both American
and Russian rockets faced this problem. The development of the F-1 engine for the
Saturn V rocket required more than 2000 full-scale tests to reach flight qualifica-
tion [145]. The Aestus upper stage engine of the Ariane 5 rocket failed during flight
142 due to combustion instability, which caused the mission to miss the desired
orbit.

It is evident that combustion instability is a major threat for liquid rockets. To mini-
mize expensive and time-consuming full-scale testing, this phenomenon should
be included early in the design process, favorably using engineering approaches
or numerical simulations. However, the underlying physics are too complicated
and minor modifications have too large an impact on the acoustics such that crude
engineering methods are not suitable. Numerical tools available today for predict-
ing stability are neither accurate nor efficient enough for industrial applications.
Especially the interaction between the acoustic field and the combustion process is
not yet fully understood. This implies a major uncertainty in combustion instability
modeling. To resolve this problem, experimental studies are necessary.

The models describing the interaction between combustion and acoustics are
mostly based on the Rayleigh criterion. The Rayleigh criterion states that a fluctu-
ating heat release can drive the acoustic field if the heat release is in phase with the
acoustic pressure fluctuation. To investigate this interaction experimentally, both
the pressure field and the heat release fluctuations have to be measured [102].

In combustion, heat is added to the flow by exothermic combustion processes. The
local volumetric heat release rate g is a property defined theoretically and cannot
be measured directly. It is only possible to obtain it indirectly using the first law
of thermodynamics by measuring the exact flow velocities, temperature, pressure,
and species concentrations [81]. This task is not achievable in most situations.

Instead, the flame radiation, particularly OH* and CH* chemiluminescence, has of-



1.1 Scope of this Thesis and Overview

ten been used as a marker for the heat release rate. However, most studies investigat-
ing such a correlation have been applied to premixed combustion of hydrocarbons
at moderate pressures and temperatures. Non-premixed flames at high pressure
and temperature levels have not been scrutinized in this respect. Hydrogen-oxygen
flames, which often power rocket combustion due to the high efficiency of this fuel-
oxidizer combination, in addition burn at such high temperatures that radiating
radicals are thermally excited. The direct applicability of results from literature, in
which chemical excitation is the source of radiation, is, therefore, questionable.

1.1. Scope of this Thesis and Overview

The scope of this work is on the radiation of non-premixed hydrogen-oxygen flames
at elevated pressures. To assess combustion instability, its use in determining the
volumetric heat release rate is of particular interest. However, the focus of this thesis
is not restricted to just this correlation. In the course of study it was found that
the knowledge on radiation from high pressure hydrogen flames is sparse. This
thesis is, therefore, broadened to summarize and extend the general knowledge on
hydrogen flame radiation and its simulation.

Infrared emission is excluded from this study. While important for heat transfer,
it is unsuitable for flame measurement due to its interference with thermal back-
ground radiation from hot walls, the significant and complex self-absorption, and
measurement difficulties. Instead, this thesis focuses on radiation in the visible
and ultraviolet (UV) range. In hydrogen-oxygen flames, the two dominant sources
of radiation are the excited hydroxyl radical (OH*), which shows a typical band
spectrum in the UV, and a yet unexplored radiation, which leads to a continuous
spectrum peaking at 430 nm. The latter is commonly referred to as the continuous
or the blueradiation of hydrogen flames.

Radiation of flames has been studied over a long time and much knowledge is
already available in this field. Therefore, the objective is first approached by an
extensive literature review presented in Chapter 2. Compared to common flames,
combustion of hydrogen with oxygen in liquid rockets has specific features because
of the high temperature and pressure levels. The difference from common flames
is carved out and results from literature are assessed accordingly.

The physical flame radiation is studied in a lab-scale, laminar, hydrogen-oxygen
jet flame experiment. It is operated at pressures up to 40 bar to approximate the
conditions in practical rocket combustion. The design of the experiment as well as
the operating parameters and measurement devices are described in Chapter 3.
This chapter also features the accompanying numerical simulations. A laminar
setup is chosen for the experimental investigation, because it yields a better insight
into the radiation physics and additionally can be simulated reliably.
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In Chapters 4 and 5, the experimentally observed spectra, transmittances, and
radiances of the OH* radiation and the blue radiation are presented. To understand
the underlying physical processes, these data are compared to the results from the
numerical simulations. A specific focus of this thesis is placed on the modeling of
the radiation, which can be the basis for future work. For OH*, different models are
analyzed and their usability with respect to liquid rocket combustion is discussed.
Up to now, the origin of the blue radiation is not known. Chapter 5 attempts to
provide further evidence on this topic.

The relation between heat release and the types of radiation is discussed in Chap-
ter 6. As the heat release can hardly be accurately measured in experiments, the
analysis is purely based on numerical observations. The comparison is first made on
the laminar level already described in the previous chapters. However, combustion
in liquid rocket engines is always highly turbulent. Nevertheless, it is known to have
flamelet character, which implies that the turbulent flame consists of ensembles of
laminar counterflow flames. The findings on the laminar level, therefore, still hold
on the fundamental level. By evaluating stochastic counterflow flame ensembles,
the results from laminar flames are transferred to turbulent combustion.

The thesis will be concluded by a summary in Chapter 7, condensing the key find-
ings of this thesis.



2. Fundamentals of Flame Radiation

The most familiar type of visible flame radiation probably is that of paraffin candles
(see Figure 2.1). In the visible range, candles emit two dominant types of radiation:
The blue center-near emission is due to chemiluminescence of the excited methyli-
dyne radical CH*. The broader yellow radiation originates from hot soot, which
consists of unburnt carbon particles still present due to incomplete combustion. In
addition, all hydrocarbon flames emit a broad band variety of less intense continu-
ous spectra from the UV to the infra-red due to the vast number of species existing
in the flame zone.

Figure 2.1.: A paraffin candle flame.

Hydrogen-oxygen flames, in contrast, show a very different spectrum. Lacking any
carbon atoms, both CH* chemiluminescence and soot are not observable. The
number of different molecules within the flame is limited, as they may contain only
hydrogen and oxygen atoms. The spectrum of hydrogen flames is, therefore, much
less complex. It is dominated by the hydroxyl (OH) system in the UV, a broad-band
continuum in the visible, and radiation originating from vibrational excitation
of water vapor and OH in the near infra-red. Additionally, the Schumann-Runge
bands of O, are present in the deep UV. If present, nitrogen impurities can resultin a
yellow-green continuum. A comprehensive review on the radiation from hydrogen
flames can be found in the books by Gaydon [49] or Mavrodineanu and Boiteux
[92].

To clarify the physical terms and assumptions used later on in this thesis, the
fundamentals of radiation transfer and flame spectroscopy are briefly summarized
in this chapter. The two main sources of radiation in the visible and UV, the OH*
radiation and the blue continuum, are reviewed in detail. The literature available
on the relation between radiation and the heat release rate is analyzed at the end
of this chapter.



Fundamentals of Flame Radiation

2.1. Radiation Transfer

The transfer of mono-chromatic radiation is best described by the radiative transfer
equation [95, 96]:
1 9 L,(5)
c Jt

+71-VLy(8)=—(ki(S)+ 02(3)) L(3) + ex(S) (2.1)

This equation describes the radiation by its spectral radiance L,, which is the radiant
flux per solid angle, illuminated area, and wavelength. The equation shows a total
derivative (divided by the speed of light) on the left hand side. However, the spread-
ing of the radiation is at the speed of light. Typically, engineering timescales are
much larger than the time required for the radiation to spread. The phenomenon is,
therefore, assumed to be quasi-stationary and the unsteady term is commonly ne-
glected. The right hand side yields three phenomenological mechanisms by which
the radiance can be influenced: It can be attenuated with a spectral absorption
coefficient k;,. The spectral emissivity e, represents a source term for the radiance.
Finally, the radiance can be scattered by the spectral scattering cross-section o,
which can also be a source term along a certain direction if radiation is scattered
from other directions.

Typically, the radiation is approximated to follow the laws of geometrical optics.
Here, the radiation is assumed to propagate along straight rays, each of them show-
ing a quasi-one-dimensional character (see Figure 2.2).

scattering absorption emission
LY

Ly L(x)

> 8 o)

Figure 2.2.: Illustration of the processes relevant for radiation transfer.

If only transport along a quasi-one-dimensional ray is considered, scattering is
neglected (which is justified in molecular gases, see [96]), and the system is assumed
to be steady with respect to the radiative time scale, the above equation can be
reduced to [10]:
dLy(x)
dx

=—ky(x) Ly(x)+ep(x) (2.2)

If absorption is neglected, i.e. k,(x) approaches 0, Equation (2.2) can be solved by
integration:

LA(X)=f ex&)dE+L,, 2.3)



2.1 Radiation Transfer

Inversely, if only absorption would be considered in the above equation, i.e. e;(x) =
0, it becomes a homogeneous first-order differential equation. Its solution is:

Ly(x)=L,, exp (—f k(&) d§> (2.4)

0

which is a general form of the well-known Lambert-Beer law. By reshaping this
equation, the spectral transmittance 7, is defined:

= L*(x)=exp(—J kx(g)dg) 2.5

Lo

0

The transmittance represents the fraction of radiation which is transmitted through
a field. It is a dimensionless property and simple to measure quantitatively. The
transmittance is related to the absorption coefficient k just by geometry. Therefore,
if the geometry is known, quantitative measurements of the absorption coefficient
are possible.

By taking the natural logarithm of Equation (2.5) and multiplying it by —1, the
equation can be further transformed into:

—In(7,) =J k(&) dE (2.6)

This equation shows a very similar form to Equation (2.3). Their simple spatial
integrations on the right hand sides are the fundamental assumption for state-of-
the-art reconstruction techniques like standard Abel transformations, which will
be used in Chapters 4, 5, and 6.

If both emission and absorption are important, the general solution of Equa-
tion (2.2) is more complicated [10, 94]:

La(x)=f e (&) exp(—fy k(()dl) ag 2.7)

£

S

+ Lo exp (—J k() dC)

This general case applies for flame radiation with significant self-absorption, like
the OH* radiation in this study. The solution of Equation (2.7) will be addressed in
Section 3.5.

2.1.1. Total Quantities

Up to this point, all radiometric quantities have been discussed for monochromatic
radiation, i.e. radiation at a single wavelength. Practical measurement devices like
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digital cameras or photo diodes cannot detect these directly, but instead always
register the radiation over a certain wavelength band. These fotal quantities are
obtained by multiplying the spectral quantities with the quantum efficiency of the
detector Q(A), which is a function of the wavelength. Additionally, if an optical filter
or other components with a wavelength-dependent transmittance 7(A) (or, for a
mirror, a corresponding wavelength-dependent reflection factor) are used, their
effects are also contained. The mathematical representation of this operation is a
simple integration [96]:

L= f Tr(A) Q(A) Ly(A) dA (2.8)
0

This operation is always performed when converting the radiance into the measured
signal. Before this step, within the media the radiation is passing through, the
wavelength-dependent equations described previously still hold.

The above integration collapses the wavelength-dependent data onto a single value.
If both emissivities and absorption coefficients within the investigated volumes
are not functions of wavelength with respect to the filtered band, they do not carry
additional information. In this case, all the above formulas are applicable to the
total quantities by just removing the index ,. However, if either the emissivities or
the absorption coefficients depend on the wavelength, this detailed information
is lost and cannot be recovered afterwards. It is evident that a band-pass filtered
measurement of the flame radiation can only give the information if the flame is
radiating somewhere within the pass band of the filter, but not what the spectrum
looks like.

At least, for measurements of just emission (without self-absorption), this problem
is often not severe, as the integrations can be interchanged. If no background
illumination is present (L, = 0), the recorded radiance is defined as

oo X

L(X)=J Tr(A) Q(A) f ex(A, &) dE dA

0 Xo

* o]

=J f Tr(A) Q(A) ex(A,€) dA dS
X9 JO

X

=| e ac 2.9)

Xo

where e now represents the emissivity integrated in the same way as the overall
radiance L in Equation (2.8).

For pure absorption measurements (without emission), the integration over wave-
length has to be done based on the radiances that are compared. This yields a new
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definition of the transmittance 7:

L Jo Lao)-exp(— [ 7A) Q) ka(£) dE) dA .10
T=—= = .
Ly [, TeA) Q) Ljo(2) dA

0

It is important to notice that the transmittance 7 now does not just depend on
the optical filter curve and the quantum efficiency of the detector, but also on the
spectrum of the background radiance L, . Thus, the interpretation of the transmit-
tance 7 obtained from measurements using an arbitrary or complex background
spectrum is difficult. However, two special cases are of particular interest:

e The illumination light source exhibits a single narrow peak: This is the funda-
mental assumption in Tunable Dye Laser Absorption Spectroscopy (TDLAS),
where the background light source is a narrow-band tunable dye laser. If the
width of the peak is smaller than the variations in the absorption spectrum,
then the transmittance is 7 = 7 A ger-

e The spectrum of the illumination light source is non-zero over the wavelength
within the measured wavelength band, and no total absorption is observed:
This implies that the investigated medium does not absorb radiation in the
measured wavelength band at any wavelength.

If both emission and absorption are wavelength-dependent and non-zero within
the recorded wavelength band, no unambiguous information can be extracted from
measurements. Instead, all deductions rely on assumptions. A distinct evidence of
wavelength-varying emission or absorption is only possible with measurements
that fully resolve the spectrum.

2.2. Flame Spectra

Flames can be well characterized by their emission or absorption spectra. These
are defined by the distributions of the emitted or absorbed radiance as a function
of wavelength A.!

To understand the origin or the absorption of radiation within flames, it is advanta-
geous to not consider the radiation as a wave phenomenon but rather as a particle
phenomenon. From this point of view, each single wavelength can be attributed to
a stream of photons, each having the energy?*:

hc
Ephoton = hv= T

!In literature, also the spectroscopic wavenumber ¥=1/A in cm™! or the frequency v= c¢/A in Hz
is sometimes used.
2Note that the wavelength A varies with the speed of light ¢ for a given energy Eppoon-

(2.11)
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The approach to treat the radiation as a particle phenomenon is especially helpful
when describing the interaction between radiation and matter.

In gaseous flames, the substance that interacts with radiation typically consists of
single separated molecules (an exception being soot, which is not considered in
this work). Radiation from flames is thus a sub-division of molecular spectroscopy.

A photon can be produced by the state change of a molecule from a higher energy
(or ionized or dissociated) state j to a lower energy state i. The energy difference
AE;_; between the higher and lower states j and i corresponds exactly to the energy
Epnoton Of the photon. Inversely, a photon can be absorbed by a molecule by raising
its energy level by the energy of the photon.

From quantum theory, a regular (un-ionized and non-dissociated) molecule or
atom can only occupy discrete energy states. Each state is characterized by its
electronic, vibrational, rotational, and spin quantum numbers. A molecule can
transition from a higher energy state i to a lower energy state j spontaneously, if
itis not forbidden by the selection rules of quantum mechanics. The probability
of such a transition is known as the Einstein coefficient A;_,; [96]. The Einstein
coefficient is a constant for each transition and not a function of temperature or
pressure [4].

The pure emission spectrum (without self-absorption) is defined by these Einstein
coefficients and the number densities of the excited states. In thermal equilibrium,
the number density of the molecular states is defined by the equilibrium temper-
ature. Thermal equilibrium is reached by collisions of the molecules. It typically
takes 10! collisions to reach translational equilibrium (i.e. the velocities of the
molecules are distributed according to Maxwell’s distribution), 10® collisions to
reach equilibrium between the rotational states, 10° collisions for the vibrational,
and 107 collisions for the electronic states [92]. Thermal equilibrium is reached
faster the shorter the mean free time is, which is proportional to 1/(p +/T). At high
temperatures and pressures, thermal equilibrium often is a good assumption.

If a system is thermalized, the temperature is known, and the Einstein coefficients
are tabulated, then the emission spectrum of a molecule can be calculated. There
exist several computer softwares for this purpose, such as HITRAN/HITEMP [121],
LIFBASE [90], SpectralCalc [43], or LASKIN [14].

2.2.1. Line Shapes

Even though the radiation of a line is attributed to a specific transition between
states with an exact energy difference, it is not exactly mono-frequent. Instead, each
spectral line is broadened by two effects: Doppler and lifetime broadening [4]. The
first is due to the translational motion of the molecules and, therefore, a function
of the (translational) temperature. Depending on the velocity between the observer

10
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and the emitting molecule, the frequency of the radiation is Doppler shifted. As the
Brownian motion of the molecules is isotropic, this effect cancels out on average,
resulting in the exact mean wavelength. However, the radiation now shows a dis-
tribution over the wavelength. In wavenumber space?, the distribution follows a
Gaulian profile [4].

Lifetime broadening originates from the uncertainty principle, which relates the
energy uncertainty 0 Eppon to the lifetime 7 ir.ime Of the excited state:

h/(2
0 Ephoton ™~ hiem) 2.12)

Lifetime

The effective lifetime is determined by two effects: The natural lifetime and the
collisional lifetime. The natural lifetime is constant over temperature and pressure
and typically of the order of 1078 s for an electronic excited state [4]*. This is much
longer than the ordinary lifetime reduction induced by collisions. As the number of
collision increases with pressure, the mean time between collisions is reduced and
the linewidth is increased. This type of broadening is, therefore, often also referred
to as pressure broadening. The distribution in wavenumber space is a Lorentz or
Breit-Wiegner profile [4].

In flames above 3000 K and at elevated pressures, both Doppler and pressure broad-
ening are significant. The effects can be combined into a Voigt profile in wavenum-
ber space [4, 120]. When simulating spectra, numerical routines for computing this
distribution can be applied (see Section 4.1.3)

2.2.2. Absorption Spectrum

Flames do not only emit radiation, but also absorb it. An example is a candle in
direct sunlight, which throws a shade. Photons can be absorbed by molecules by
the reverse process to emission. For molecules with discrete energy states, only
photons matching the energy of the allowed transitions can be absorbed. If the
flame is illuminated by a broad-band light source, the characteristic absorption
spectrum can be observed.

The wavelength-dependent absorption coefficient k, again depends on a corre-
sponding transition probability, known as the Einstein coefficient B;_,;, as well as
the number density of molecules in the corresponding ground state. The absorption
spectrum is, therefore, qualitatively similar to the emission spectrum for a single
molecule. The computer softwares mentioned before are capable of computing
them as well.

3This is the reason why spectral modeling typically is performed in wavenumber space.
4This would result in a natural linewidth in wavenumber of 5.3 x 10~* cm™!, which corresponds to
4.8fm in wavelength (for radiation at 300 nm). This is usually not resolvable.
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2.2.3. Overall Spectrum

The overall observable spectrum of a flame generally is a function of both emission
and absorption®: The radiation emitted from excited molecules is subject to ab-
sorption by the same molecules present in the ground state. This process is known
as self-absorption [12].

As described in the previous section, the absorption coefficient is a function of
the constant Einstein coefficient B;_,; and the concentration of the correspond-
ing molecule [M]. The concentration is proportional to the pressure and the mole
fraction of the molecule. For the radiation resulting from radicals with very small
concentrations like CH or C,, self-absorption typically is not significant. The oppo-
site is the case for the radiation resulting from molecules substantially present in
flames, like the infrared radiation from H, O or CO,. Self-absorption becomes more
important with increasing pressure.

Hydroxyl (OH) is a special case: In the combustion of hydrocarbons, its mole frac-
tion is generally low. Therefore, its absorption is often insignificant, especially for
low-pressure and atmospheric flames. However, in the combustion of hydrogen
with oxygen, OH can reach mole fractions up to 15% in the reaction zone. For ele-
vated pressures, self-absorption has a significant impact on to the spectrum, see
Figure 2.4.

2.2.4. Typical Flame Spectra

Each flame has its own spectrum. A comprehensive overview can be found in the
book by Gaydon [49]. To illustrate the typical possible types of spectra, the UV to
visible spectrum of a flame burning methane with decomposed hydrogen peroxide
recorded ad Purdue University is shown in Figure 2.3.

Several peaks can be identified in the spectrum: The two single lines at 328 nm and
338 nm originate from thermally excited silver atoms [62, 141], which are present as
impurities introduced by the hydrogen peroxide catalyst bed. The single lines are
typical for the spectrum of single atoms: As they can only be excited electronically
(neglecting the electron spin), the distinct energy levels correspond to the sharp
lines.

The systems around 310 nm and 431 nm are attributed to the diatomic electroni-
cally excited molecules OH* and CH*, respectively. In addition to the electronically
excited states, diatomic molecules show a rotational and a vibrational degree of
freedom. Each electronically excited state hosts several vibrational states, each

SIn theory, there also exists the phenomenon of induced emission which describes the de-excitation
of a molecule by the interaction with a photon. However, in flames this effect generally is negligi-
ble [9].

12
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Figure 2.3.: Spectrum of methane burning in decomposed hydrogen peroxide (a mixture
of hot oxygen and water vapor) at approximately 15 bar. Record at the Purdue
University CVRC combustion chamber [7].

again exhibiting rotational states®. The great number of different states offers many
possible state transitions, resulting in a complex spectrum. At low pressures and
temperatures and when using a high-resolution spectrograph, the individual spec-
tral lines can mostly be resolved because they do not overlap.

All the above spectra showing up in Figure 2.3 are superimposed on a broad-band
background. In non-sooting flames, this is due to molecules consisting of three or
more atoms. Their great number of degrees of freedom and therefore different states
yield a spectrum in which the single transition lines overlap even at low pressures
and temperatures and cannot be separated from each other. The overlap leads
to an almost continuous spectrum, still exhibiting a fine wavelength-dependent
structure. In flames which burn molecules containing carbon, the continuous
background is most often attributed to CO,* [27]. However, doubts about the origin
exist in literature [79]. HCO* or CH,O* are also sometimes suggested as the source
of this continuous background.

In sooting flames, soot radiates as a continuous spectrum following a Planckian en-
ergy distribution. It is often so strong that it masks the radiation of excited molecules
completely. This is one of the reasons why non-premixed flames, which tend to
soot, are less often studied with respect to their molecular radiation than premixed
flames.

SVibrational and rotational states are sometimes summarized by the term ro-vibrational states.
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2.2.5. Filtered Flame Spectra

In most practical situations, it is not possible to measure a fully resolved flame
spectrum. Instead, band-pass filters are often used: An optical filter which transmits
only a certain (typically narrow) wavelength band is mounted in front of the detector
and only radiation originating from this band is recorded. The filter is typically
chosen to have a narrow pass band centered around the dominant wavelength
of the emission of a molecule. For example, a band-pass filter centered around
308.501 nm with a FWHM? of 10.646 nm is used in this work to represent the OH*
radiation.

The advantage of band-pass filtered measurements is that the measurement effort
is drastically reduced: A spectrograph to resolve the wavelength is not necessary
and the camera does not have to sacrifice a spatial dimension for the wavelength.
Additionally, the intensity of the radiation filtered over a certain band is larger by
several orders of magnitude compared to the radiation of individual lines. This is
essential for time-resolved measurements. Besides, an optical filter has a much
lower cost compared to a spectrograph.

However, this simplification has two major drawbacks: First, all measurements
are sensitive to the spectral transmittance of the optical filter and the overall
wavelength-dependent quantum efficiency of the measurement setup. There are
not two filters that have exactly the same transmittance due to manufacturing.
Therefore, results vary depending on which filter is used. In literature, even the
two key properties of the filter, the center wavelength and FWHM, are sometimes
not given. This is a significant source of uncertainty when comparing different
measurements.

Additionally, the lumped filtered signal does not ensure that the recorded radiation
originates from a single kind of excited molecules. For example, if a band-pass
filter centered around 431 nm with a FWHM of 10 nm is used to measure the CH*
radiation of a flame with the spectrum shown in Figure 2.3, mostly the continuous
background would contribute to the recorded signal. The radiation originating from
the CH* molecule would only have a minor impact on the overall intensity. The
interpretation that the filtered radiance directly corresponds to the CH* radiation
would hence be false. This problem can be addressed by a correction technique
described by Lauer and Sattelmayer [81]. However, the typical spectrum of the
flame under investigation has to be known beforehand to apply this technique.

“Full Width at Half Maximum.
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2.3. Excitation Mechanisms, Chemiluminescence, and
Quenching

The previous section revealed that radiation from flames originates from the ex-
istence of excited molecules M* (see Section 2.2). The emissivity e of a volume
element is proportional to the number of excited molecules present within the
volume, thus its concentration:

en- ~ [M*] (2.13)

To investigate the origin of the radiation, it is therefore sufficient to clarify how
the excited molecule M* is being produced and how the chemical steady-state
concentration is reached. As M* is a sub-species of the ground species M, such an
investigation is called detailed balancing [39, 99]. This is the focus of the following
section.

Generally, the excited species can be produced by three reactions:

1. Thermal collision with another molecule Q, thereby transferring translational
energy into excitation energy:

k
M+Q—=—=M*"+Q (2.14)
kq
2. Absorption of a photon:
By
M+ hye—— M* (2.15)
AM**»M

3. Chemical reaction of substances A and B forming the species M in the excited
state:
ke
A+B—==M"* (2.16)

kdiss

This reaction can also take place in presence of a third reactant:

ke
A+B+Q==—M*+Q 2.17)

kdiss

All of the above reactions can also progress in the reverse direction, which de-
excite the excited state. The reverse reaction of the thermal excitation (2.14) is
often referred to as quenching. The de-excitation process corresponding to the
absorption reaction (2.15) is essentially the spontaneous emission. The reverse
of the chemical formation of the excited species M* (2.16,2.17) is a dissociation
reaction.
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By setting up a detailed balance for M* and evaluating it at infinite time, the steady-
state concentration of the exited molecule M* can be derived®®:

(M= ken IM][Q]+ By [M] [, @3 d2A+ ke [A] [B] o8
(kQ+ kdiss) [Q]+AM*—»M '

Typically, the excitation due to absorption is much smaller than chemical or ther-
mal excitation (By;_: [M] f A @1 K kg [IM][Q] + ke [A] [B]). Also, dissociation is
commonly neglected (ky;ss < kq) [80].

Starting off from this general equation, two extreme cases are discussed in the
following.

2.3.1. Thermal Excitation

If thermal excitation is much larger than chemical excitation and quenching is
much larger than spontaneous emission, thermal excitation and quenching are the
only remaining contributors to the population of M*. Therefore, Equation (2.18)
can be simplified using the equilibrium constant K:

ki IMI[Q] _ Ky

M=~ &g

_ _ (_AM*—M [ )
[M]=K -[M]=exp| ———=2 |.[M] (2.19)
R, T

In this case, M* is in thermal equilibrium with M, and its concentration (and, there-
fore, its emission) is a function of the temperature and the ground state concentra-
tion [M] only. The difference in the standard state enthalpies Ay._y g, between M*
and M can be computed from the wavelength of the radiation corresponding to
the transition. If the molecule is in thermal equilibrium, the populations in both
ground and excited states are thermalized. The emission and absorption spectrum
exist according to the description in Section 2.2. In flames, this is typically the case
for temperatures above 2700K [47, 77, 63, 72].

2.3.2. Chemical Excitation and Chemiluminescence

In comparably cold flames (below 2500 K), radiation from excited molecules is
observed which is much larger than the equilibrium radiation at that temperature.
This is due to chemical excitation (2.16), and the resulting radiation is, therefore,
called chemiluminescence. When modeling chemiluminescence, both thermal

8For simplicity, only a single quenching species Q and a single chemical excitation A+ B == M’ is
considered.
9The term f Az @2 d A represents the wavelength-integrated radiant energy density.
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excitation and absorption is often ignored [100]:

ke [A] [B]

M= kq [Q]+Ayom

(2.20)

The chemiluminescent radiation is mainly influenced by the rate constant of the
chemical excitation kg, and the concentration of the reactants. If quenching is
negligible, then the denominator in Equation (2.20) becomes the constant Einstein
coefficient Ay, and the emission is directly proportional to the rate of progress
of reaction (2.16). However, quenching is often significant and has to be taken into
account following the above relation. The equation shows the characteristic form
of a Stern-Volmer equation [4, 103]. The rate constant of the quenching reaction
kq is commonly split into the product of the quenching cross section, which is
weakly depending on the temperature, and the average thermal collision velocity,
which varies with the square root of temperature [6, 105, 133]. Under dominant
chemical excitation, the excited state M* is not electronically thermalized with
respect to the ground state M. The spectrum is thus not necessarily the equilibrium
spectrum. However, as pointed out in Section 2.2, rotational and vibrational states
are thermalized much faster than electronic states. The rotational distribution is
commonly thermalized in flames, while vibrational non-equilibrium is sometimes
observable in the spectrum [44, 46, 49].

All of the above modeling of the thermal and chemical excitation can be made on a
state-to-state basis with M and M* being two distinctive quantum states. In this
case, quenching and thermal excitation can be subdivided into rotational and vibra-
tional transfer rates. However, this approach also describes the wavelength-filtered
total emission of “an” electronically excited molecule M*. For the OH molecule,
this will be discussed in detail in Section 4.2. Additionally, intermediate balances
are theoretically possible, e.g. considering the transitions between electronic and
vibrational states but not rotational states [89].

2.4. OH* Radiation

The radiation from the excited hydroxyl radical OH* is the most distinct radiation
of flames in the UV. It is often used as a flame marker because its spectrum around
310 nm is so far in the UV that thermal background radiation does not influence
the measured signal. OH is a key species and present in the combustion of all fuels
containing hydrogen. Hydroxyl also is an important radical for many other chemical
processes. Its spectral properties are very well known. A comprehensive summary
on the OH* radiation from flames is given by Gaydon [49] or Mavrodineanu and
Boiteux [92].
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2.4.1. The OH Spectrum

Besides a ro-vibrational spectrum in the infrared, which is not discussed in this
thesis, the dominant part is the UV system with a band head at 306.4 nm. It orig-
inates from a transition between the first electronically excited state (A*X~*) and
the ground state (X?I1,)!°. A typical emission spectrum is shown in Figure 2.4. The
simulated data is blurred with two Gaussian kernels of different FWHM to illustrate
measurement data obtained from a coarse and a fine grated spectrograph.

The strongest features of the OH band are the bands from transitions with equal vi-
brational quantum number v: v’ =0 — v” =0 transitions with a head at 306.36 nm,
v’ =1 — v” =1 transitions with a head at 312.16 nm, and v’ =2 — v” = 2 transi-
tions with a head at 318.47 nm. They overlap mostly in the range between 306 nm
and 330 nm. Transitions with a vibrational state difference of Av = —1 peak be-
tween 281 nm and 300 nm, transitions with a vibrational state difference of Av =1
between 343 nm and 360 nm [49].

The determination of the exact spectral properties of OH has been the subject of
numerous publications. The first comprehensive line list was published by Dieke
and Crosswhite [28]. The Einstein coefficients of the ro-vibrational transitions are
summarized by Dimpfl and Kinsey [29]. A coarser subset of vibrational transition
probabilities only is given by Luque and Crosley [89]. The thermodynamic param-
eters of the single excited state A*Y" is tabulated as a function of temperature in
the database of Burcat and Ruscic [15] based on the values summarized by Huber
and Herzberg [66]. Non-equilibrium effects relevant for Laser-Induced Fluores-
cence like vibrational and rotational energy transfer can be found in the work by
Kohse-Hoinghaus [76] and Lee et al. [85].

These values have been incorporated into standard spectroscopic software. The
most sophisticated data for OH from Luque and Crosley [89] is tabulated in the
Lifbase program [90]. This data is also the basis for the tables stored in the extensive
HITRAN/HITEMP data base [50, 121]. While Lifbase is able to compute emission
and absorption spectra separately, HITRAN/HITEMP can also compute emission
spectra which account for self-absorption in homogeneous media (see also Sec-
tion 2.2.3). This is also possible with the Specair software, which again relies on
the HITRAN/HITEMP data base [128]. Another software package to simulate the
spectrum of OH is LASKIN [14, 12]. This package can also account for rotational
and vibrational energy transfer important for LIE

10425+ and X?I1; describe the orbital shape of the states [4].
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Figure 2.4.:
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Spectrum of pure OH at 3000 K and 1 bar in a 10 mm thick cell, calculated using
an own implementation of the HITRAN/HITEMP software (see Section 4.1.3).
The fundamental data is based on the HITRAN/HITEMP data base [50, 121].
The pure emission spectrum (e) is compared to the radiance spectrum L which

takes into account self-absorption.
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Reference Alcm’mol3s] n[-] E,[k] mol™]
Kaskan [71] (1959) 1° 3.63-10'3 0 0

Hidaka et al. [63] (1982) 1.2-10% 0 29.0

Koike and Morinaga [77] (1982) 1-1013-92%0.17 0 34.73+5
Dandy and Vosen [24] (1992) ! 0 0 0

Petersen et al. [110] (2003) 3.10" 0 29.0

Smith et al. [127] (2005) 12 545+23-102 0 0

Hall and Petersen [57] (2006) 3.1-10" 0 41.84
Kathrotia et al. [72] (2010) 1.5-10'3 0 25

Table 2.1.: Overview of reaction rate constants k = AT" exp(—E, /(R,, T)) for reaction (2.21)
from various references.

2.4.2. OH* Chemiluminescence

While OH is reported to be in thermal equilibrium above approximately 2700 K [42,
47,63, 72, 77, 86], the radiation from colder flames is mostly due to chemilumines-
cence. The chemical reactions probable to form OH* in the excited state have been
investigated in many studies [71, 49, 127, 24, 63, 77,72,57,111, 21, 8, 55, 42, 86]. For
hydrogen flames, most authors came to the conclusion that the dominant reaction
is [63, 77, 72, 57, 111, 86]:

O+H+Q—OH"+Q (2.21)

Gaydon and co-workers spectrally investigated OH* chemiluminescence and found
an abnormality in low-pressure hydrogen-air flames [44, 46, 49]. However, most
literature deals with the band-pass filtered radiation as described in Section 2.2.5.
In order to model this radiation, the reaction rate of Equation (2.21) has to be
known by its Arrhenius parameters. An overview of this data in literature is stated
in Table 2.1. In most cases, the rate coefficients were determined for low-pressure
flames in shock tubes. A great scatter in the reaction rates is evident. This is possibly
due to the problems arising from filtering of radiation as discussed in Section 2.2.5,
differences in the underlying detailed reaction mechanisms, and neglecting of
self-absorption. Still, even recently published reaction rates vary within one order
of magnitude. The accuracy of these values is, therefore, questionable.

To correctly model chemiluminescence, also the reaction rates of the quenching
reactions have to be known. The most recent data is available from Tamura et al.
[133], who re-evaluated studies by Paul [106] and tuned the low-temperature range.
All recent chemiluminescence publications are based on this work.

13In combination with Davis et al. [26]; reanalyzed in Smith et al. [126] and Panoutsos et al. [104],
recommended by Leo et al. [86].

“Does not consider reaction (2.21), but instead O, + H — OH*+ 0, O + H,0 — 20H*, and
H,0+Q — OH*+H+Q.

15Considers also reaction OH +OH +H — OH* + H,O0.
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2.5 The Blue (Continuous) Radiation

As will be shown later, OH* is mainly thermally excited in high-pressure hydrogen-
oxygen flames (see Section 4.2). Therefore, the problem of the attested uncertainty
is not significant for this study.

2.4.3. Pressure Effects on the OH* Radiation

The behavior of the overall OH* radiation at high pressures is ambiguously de-
scribed in literature. One would expect the intensity to grow with pressure, because
the adiabatic flame temperature is higher. This trend has early been confirmed
by Liveing and Dewar [88]. They found out that the radiation intensity of a non-
premixed oxygen-in-hydrogen flame increased with approximately p?, and that
of a hydrogen-in-oxygen flame with a slightly smaller exponent. Experiments by
Diederichsen and Wolfhard [27] showed that a hydrogen-oxygen diffusion flame at
40 bar has an OH* emission about 400 times higher than the flame at 1 bar. Recently,
Petersen et al. [111] published that in a premixed methane flame at about 2200 K,
OH* radiation increased by a factor of 1.7 at a pressure of 14 atm compared to
10.3 atm. In LOX-H, rocket motors, Burrows and Povinelli [18] observed an expo-
nential increase in OH* radiation with pressure, with the exponent ranging from 3.2
to 2.0. Mayer and Tamura [93] confirmed this observation in the DLR combustion
chamber C.

Surprisingly, Klimenko et al. [75] measured a different trend in the very same com-
bustion chamber: At two different locations, OH* radiation remained constant
or even decreased for an increase in pressure. They estimated that this effect is
due to recirculated products around the flame absorbing radiation. Higgins et al.
[64] reported the intensity of OH* radiation in a premixed methane flame to be
proportional to p~°8, thus decreasing.

This summary shows that the pressure influence on the OH* radiation cannot be
trivially described, but varies strongly depending on the test and measurement
conditions. An explanation for this apparently inconsistent data will be given in
Section 4.4.4.

2.5. The Blue (Continuous) Radiation

In addition to the well-known OH system in the UV, hydrogen flames emit a broad-
band radiation spectrum which peaks at approximately 440 nm. Therefore, itis often
labeled blue or continuous hydrogen flame radiation [27, 49, 103]. This radiation is
weak in comparably cold and low-pressure flames. At elevated pressures and high
temperatures, it can contribute significantly to the overall emission. The spectrum
shows a continuous shape with a superimposed fine structure. It extends from 220
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nm to about 600 nm, showing a flat maximum at 440 nm. The blue radiation is the
most distinct radiation of hydrogen flames visible to the human eye. A well-known
example is the bluish plume of the Space Shuttle Main Engine or the Vulcain Engine.

Even though it was observed earlier than the OH* radiation [49], very little literature
covers the blue radiation. It is first mentioned as “well known” by Frankland in
1867 [40]. The strong increase of the blue radiation with pressure is reported by
Liveing and Dewar in 1890 [88]. An overview spectrum is shown by Diederichsen
and Wolfhard [27] as well as by Mayer and Tamura [93]. Schefer et al. [123] recently
showed the fine-structure of the radiation between 400 nm and 500 nm.

The origin of the blue radiation is still unclear. Gaydon [48] summarized three
possible sources: It could be 1) an unresolved structure of the OH bands, 2) radiation
from ionisable impurities (which was formerly also proposed by Finkelnburg [38]),
or 3) a chemiluminescent reaction. Diederichsen and Wolfhard [27] were able to
rule out the first two options, and Schefer at al. [123] again showed that the blue
continuum radiation indeed originates from the hydrogen-oxygen system and is not
due to impurities. This leaves a chemiluminescent reaction as the only possibility.
Gaydon [48] proposed the following reaction forming water vapor:

OH+H—H,0*— H,0+hy (2.22)

In addition, Diederichsen and Wolfhard [27] suggested a reaction forming hydrogen
peroxide, which was in slightly better agreement with their observed pressure
dependency:

OH+OH — H,0," — H,0,+hv (2.23)

Both reactions were studied by Padley [103] and Vanpee and Mainiero [137]. Padley
recorded the total emission of a non-premixed hydrogen-oxygen flame diluted with
nitrogen. By varying the nitrogen content, he was able to control the flame tem-
perature. His comparison of equilibrium radical concentrations with the recorded
intensity yielded a better description by Equation (2.22). In contrast, Vanpee and
Mainiero came to the opposite conclusion: They studied the radiation from argon-
diluted non-premixed hydrogen-oxygen flames, premixed hydrogen-oxygen flames,
and premixed hydrogen-nitric oxide flames, each at varying equivalence ratios.
Their comparison with equilibrium radical concentrations shows a better agree-
ment with Equation (2.23).

The small number of investigations and their partially contradicting results illustrate
that the origin of the blue radiation is not yet fully clarified. Further research on
this topic clearly is necessary to thoroughly understand the blue radiation to derive
conclusions from its measurement. This is attempted in Chapter 5.
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2.6 Radiation and Heat Release

2.6. Radiation and Heat Release

As pointed out in Chapter 1, the key parameter to study the interaction between
combustion and acoustics is the local volumetric heat release rate g. However, this
quantity is hard to measure experimentally and practically unfeasible in many situ-
ations. Instead, numerous authors used the chemiluminescent radiation of excited
radicals, mostly OH* and CH*, as amarker forit[7, 31, 41, 56, 58, 60, 84, 140, 142, 143].
This approach is based on the crude assumption that chemiluminescence occurs
in zones where chemical reactions take place, and heat release is also defined by
chemical reactions. However, there is no physical model behind such a correlation.

Many studies have been performed in the past to investigate this convenient rela-
tion. The focus commonly is on premixed combustion of hydrocarbon fuels with
air, because thermo-acoustic instability is a potential hazard in lean premixed gas
turbine combustors, which are favored due to their low nitric oxides emission. A
detailed review on the correlation between heat release and flame emission for
premixed hydrocarbon flames is given by Lauer [80]. It is generally agreed that
both OH* and CH* chemiluminescence are poor quantitative markers in turbulent
flames for the local volumetric heat release rate [97, 5], but that the overall flame
emission is linked to the overall heat release [22, 58]. Much effort has been made
to the development of heat release imaging, which claims to yield the spatial heat
release rate from the measurement of several chemically excited species [59].

The key problem is the influence of turbulence and curvature which results in flame
strain. This has a significant non-linear effect on the relation between heat release
and OH* and CH* radiation in premixed flames. Lauer et al. [82] proposed a method
to correlate OH* chemiluminescence and the heat release rate which relies on
the knowledge of the strain rate distribution within the flame. When studying the
entire flame zone, the strain rate effects tend to neutralize, and the above observed
proportionality is described.

On non-premixed combustion, as it is always used in liquid rocket engines, only
sparse literature is available with respect to the relation between heat release rate
and radiation. Panoutsos et al. [104] numerically investigated a counterflow non-
premixed methane-air flame and came to the conclusion that OH* radiation can be
used as a topological marker for heat release rate because the distance between the
peak in heat release and chemiluminescence peak is small for this combination of
fuel and oxidizer. They did not propose any quantitative relationship. Yoo et al. [147]
performed a similar study on spherical low-pressure nitrogen-diluted hydrogen-air
flames. In their study, the heat release rate and OH* peak at different locations.
Recently, Hossain and Nakamura [65] compared the numerically simulated profiles
of the heat release rate and the CH* concentration in atmospheric counterflow
diffusion flames of methane and propane burning with air. Within the laminar
flame, both CH* and the heat release rate peak at close spatial locations, but the
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general shapes are very different from each other. They applied the procedure
by Lauer et al. [82] to compare the flamelet-integrated heat release rate with the
flamelet-integrated CH* radiation at varying strain rates. For low strain rates, a linear
relationship (but not direct proportionality) is observed. It becomes highly non-
linear near the extinction strain rate. The authors numerically studied the influences
of fuel types, the chemical mechanisms used for the ground state and the excited
species, the diluents, and the diffusion properties of CH* by parameter variation.
They concluded that the computation of the precursors for the chemiluminescent
reaction (C,H and C,H,) have the most significant impact on the modeled CH*
radiation. Although Hossain and Nakamura [65] included OH* in their simulation,
they did not elaborate on its radiation.

Experimentally, the relationship between OH* radiation and heat release rate has
not been discussed thoroughly in literature for non-premixed flames. The only
work touching this context is by Burrows and co-workers [19, 18, 17], who, however,
only used the OH* radiation within a rocket combustion chamber to mark the reac-
tion zone. Bedard et al. [7] recently published their first approach on this subject.
Besides presenting the measured, time-resolved spectrum of a single injector burn-
ing methane with decomposed hydrogen peroxide (a mixture of hot oxygen and
water vapor), they compared the heat release rate with the OH* and CH* radiation
obtained from a numerical simulation. As the simulation was performed with a sig-
nificantly reduced mechanism, the radiation was modeled in a post-processing step.
The radiation was approximated by just taking into account chemical excitation
rates, thus ignoring any thermal influence. While the comparison of the numerical
data yields some spatial correlation between the heat release rate and radiation,
the simulated radiation does not match the experimentally observed values. This
questions their radiation modeling and thereby their interpretation. Nevertheless,
they concluded that both CH* and OH* are insufficient to provide both the spatial
and temporal detail to resolve the heat release rate in their combustor.

The blue continuous radiation from hydrogen flames has never been investigated
as a potential marker for the local volumetric heat release rate.

There is a clear lack of knowledge concerning the relation between heat release rate
and both OH* and blue radiation with respect to non-premixed flames, particularly
ones burning hydrogen. Chapter 6 will provide experimental and numerical data
to fill this gap.
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3. Laminar Hydrogen-Oxygen Jet
Flame Experiment and Simulations

To investigate flame radiation, a lab-scale combustor is designed. The flame is opti-
cally accessible. This allows for spectrally resolved measurements of flame radiation.
To explore the origin of radiation, this data should be compared to the molecular
structure of the flame. However, the determination of the molecular structure is not
possible from the experiment alone with reasonable measurement effort. This sim-
ilarly applies for the local volumetric heat release rate. To interpret the experiment,
it is complemented by a numerical simulation which provides the additional infor-
mation. To ensure that the numerical data is reliable, the flame is chosen to burn
in the laminar regime. This avoids the great uncertainty of turbulence-chemistry
interaction.

Typical liquid rocket combustion chambers run at 80 bar combustion chamber
pressure and higher. Ideally, the same operating pressure should be reached in the
experiment for best comparability. Nevertheless, to define manageable safety mar-
gins and to ensure reasonable cost, a pressure of 40 bar was decided to be reached
at maximum. This permits the use of standardized components with nominal
pressure (PN) of 46 bar. By studying flame radiation at various pressures between
atmospheric conditions and 40 bar, all trends relevant for the investigation of rocket
combustion should be captured.

The combustion in practical rockets is highly turbulent. However, the turbulent
flames in rockets can be described by ensembles of laminar flamelets. To transfer
the findings from laminar onto turbulent flames, counterflow flame simulations
are conducted. Their setup is explained at the end of this chapter.

3.1. Design Approach of the Experimental Combustor

The design of a stationary laminar non-premixed combustion experiment at el-
evated pressures is more difficult than it might appear at first glance [2, 37, 70].
The main problem is the stability of the fragile equilibria between viscous, mo-
mentum, and volumetric forces maintaining its shape. Additionally, the increase in
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Laminar Hydrogen-Oxygen Jet Flame Experiment and Simulations

the adiabatic temperature with pressure in combination with the reduction of the
quenching distance is hazardous to any material near the flame zone.

For the latter reason, jet flames are the most common types for high pressure
experiments in literature [20, 25, 37, 70, 134, 69]. Such a setup typically consists
of a tubular vertical fuel lance housed inside an annular oxidizer co-flow (see
Figure 3.1). The flame is stabilized at the tip of the fuel lance and shielded by a
glass tube. It is usually under-ventilated (i.e. the medium in the co-flow is in excess
of stoichiometric conditions [136]), preventing the flame from touching the outer
shield. The pressure can be modified by placing the burner inside a pressurized
housing.

stoichiometric
tubular surface
quartz
shield
lance

central
flow

annular flow

Figure 3.1.: Schematic setup of a typical under-ventilated jet flame with annular co-flow.

This general approach is also pursued in the design of this burner. To study the
flame at pressures between 1 and 40 bar, several operating parameters are possible
to be adjusted. However, there exist certain design constraints which should be
fulfilled at all pressures:

1. Geometry. To ensure accurate and cost-efficient machining of the test rig, the
components should have reasonable dimensions. Additionally, for simplicity
and reproducibility, the geometry (characterized by the inner diameter d,_ of
the lance) should be fixed, which implies that the diameter of the fuel lance
does not change during test runs.
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3.1 Design Approach of the Experimental Combustor

2. Flame size. To resolve the flame radiation optically with standard equipment,
the radiating size of the flame / should be between 10 mm and 100 mm. The
size should be as constant as possible for different pressure levels.

3. Optical access. The flame should be accessible through quartz windows or
components to study the entire visible and UV radiation spectrum.

4. Heatrelease. At all operating conditions, the heat release by the flame should
be endurable. Additionally, as the heat released is generally proportional to
the mass flow rates of the reactants, it should be kept at the lowest reasonable
level to limit the cost of operation.

5. Flow stability. The flame should burn at stationary conditions and should
not flicker. Instability due to both flow turbulence and buoyancy should be
avoided.

The Roper correlation states that the size of a laminar jet flame (as defined by its
luminous length /) normalized by the inner diameter d,. of the lance is proportional
to the Reynolds number of the pipe flow [16, 118, 132, 136, 70, 131]:

1/d.~Re 3.1)

Therefore, if requirements 1. and 2. are fulfilled and d, and [ are fixed, the Reynolds
number is constant as well. The flame is thus inherently protected from laminar-
turbulent transition, if the Reynolds number is sufficiently small under initial oper-
ating conditions. Furthermore, the Reynolds number is proportional to the mass
flow rate ri1., of the fluid in the lance:

:ucdcz 1, Pe _ 4,
Ve  imdZp. Me Tdc

Re 3.2)
The dynamic viscosity u, of the flow through the lance is in good approximation
insensitive to the pressure. In order to ensure approximately constant flame length
at constant inner lance diameter, the mass flow rate 71 thus has to be constant.
Additionally, if the mass flow rate remains constant, also the total heat release rate
is unchanged. Therefore, the described set of parameters already satisfies most of
the requirements stated above.

The only remaining problem is instability due to buoyancy. This instability is known
as varicose mode instability [11]. It arises from the radial density gradient in the
plume of the flame. Typically, the gas in the plume has a low density because
of the high temperature. Additionally, for a hydrogen flame, the plume consists
of mostly water vapor which has a lower density compared to oxygen. If a fluid
volume on the edge of the plume is considered as in Figure 3.2, gravity acting on
the density gradient results in a torque. This tends to accelerate the flow on the
centerline. Following mass conservation, the plume becomes narrower and the
density gradient is increased. At some point, the viscous forces cannot resist the
imposed shear stress and instabilities arise.
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Figure 3.2.: llustration of the varicose mode instability due to buoyancy following [11].

Every laminar plume becomes eventually unstable by the varicose mode instability.
For this study, it is only important that the flow in the luminous zone is stationary
and free of this instability. To compare the onset of the instability between flames,
the dimensionless Froude number is used in literature [2, 11, 131]":

u? 167717
Fr= = g din (3.3)

The Froude number compares the momentum forces to the gravitational force. For
high Froude numbers, the flame shape is controlled by momentum, whereas for
low Froude numbers the flame is controlled by buoyancy.

Equation (3.3) shows that the buoyant forces become more significant compared
to the momentum forces by the square of the center inflow density p.. Applying
the equation of state for ideal gases and assuming constant inflow temperature,
the center inflow density p. is proportional to the chamber pressure p. A setup as
described above, in which the geometry and the mass flow rate are kept constant to
fulfill the constraints of turbulence, flame size, and heat release, therefore cannot
be similar with respect to buoyancy effects at changing pressure.

To establish a stable laminar flame at a broad range of pressure, the problem of
varicose mode instability has to be addressed by initial design: Instead of hydrogen
burning in an oxygen co-flow, the two media are interchanged. The flame is estab-
lished by a limited amount of oxygen which burns completely in a hydrogen co-flow.
This alteration has two advantages: First, hydrogen has a significantly lower molec-
ular weight than water vapor. The radial density gradient between the burnt gases
and the ambient fluid is therefore reduced. Second, hydrogen is considerably more
diffusive than oxygen and has a much higher heat conductivity. The temperature

1Sometimes, also the Richardson number is used, which is the inverse of the Froude number
slightly modified by a temperature term [37].
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3.2 Combustor Setup and Parameters

and species gradients in the plume are thus able to be dissolved before the buoyant
instability arises.

3.2. Combustor Setup and Parameters

A sketch of the experimental combustor is shown in Figure 3.3. The laminar flame
is established by oxygen burning in a hydrogen co-flow. A mass flow rate of 40 mg/s
oxygen is fed through a quartz fuel lance with an outer diameter of 10 mm and a
wall thickness of 1 mm. This corresponds to a Reynolds number of 332 with respect
to the lance inner diameter. At the tip of the lance, a steady anchored diffusion
flame is stabilized. The hydrogen is supplied through an annular duct at a mass
flow rate of 20 mg/s and a Reynolds number of 303 with respect to the hydraulic
diameter of the duct. The great excess of hydrogen (equivalence ratio 4) leads to a
manageable exhaust gas temperature.

The flame is shielded by a 1 mm thick quartz tube with an internal diameter of
20 mm. It is housed inside a partially water-cooled pressure vessel. Nitrogen flows
between the flame shield and the vessel walls to prevent the test rig from overheating
and to further reduce the exhaust temperature. The pressure inside the vessel is
adjusted by the exhaust valve and the nitrogen flow rate. The test rig is designed to
withstand pressures of up to 40 bar.

The pressure is built up and regulated by an electrically assisted needle valve
(Swagelok MS-ETC38720 with Gulex N802/P7/4) in the exhaust. The pressure is
monitored by a pressure transducer (Wagner P-05) mounted at the nitrogen in-
let. Hydrogen, oxygen, and nitrogen are supplied by standard gas cylinders. Their
mass flow rates are controlled by Bronkhorst mass flow controllers (Bronkhorst
F-232M-RGD-33-V). The oxygen is fed into the burner through the lance which is
long enough to establish a fully-developed Hagen-Poiseuille flow. The hydrogen
flows through six radial jets into a plenum, from which it enters the annular duct
through an open porous metal foam to ensure a homogeneous flow. The nitrogen
enters the pressurized chamber directly through six radial jets.

To suppress back-flow at the end of the flame shield, the combustion products
impinge onto a top quartz window. Here, the flow is reversed and mixed with
nitrogen. Six peripheral holes vent the exhaust into an eccentric duct, which unites
the gases into the exhaust pipe (see Figure A.3). Before entering the exhaust valve,
the flow is cooled by an air-cooled heat exchanger.

The flame is ignited by a conventional spark plug located above the exhaust.

Optical access to the flame is provided through quartz windows on the top and on
the sides of the burner. The top window is cooled by pressurized air impinging onto
the sides and the outer front of the quartz window. The side windows are part of a
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Figure 3.3.: Schematic drawing of the experimental high-pressure burner.

bought-in sight glass component. The tip of the burner lance and approximately
70 mm above it are visible looking perpendicular through these windows. One of
the four windows of the sight glass component is replaced by a rupture disc.

A summary of the key parameters is provided in Table 3.1. Figure 3.4 shows a three-
quarter section of the construction model as well as a photograph of the actual
setup. Additional assembly drawings are found in Appendix A.

The design of the pressurized chamber and the regulating components was sup-
ported by Markus Lieflaender. Details on the selection of the regulating components
and the structural analysis of the parts can be found in his Diploma thesis [87].
The security measures and procedures defined to ensure safe operation are also
explained in his work.

In operation, a steady flame is observed up to approximately 33 bar for the de-
scribed configuration and mass flow rates. For higher pressures, the flame becomes
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Parameter Value
Inner diameter of the lance 8 mm
Outer diameter of the lance 10 mm
Overall length of the lance 780 mm
Inner diameter of the shield 20 mm
Outer diameter of the shield 22mm
Overall length of the shield 465 mm
Length of the shield above the lance tip 281 mm
Inner diameter of the pressure vessel 65 mm
Total inner height of the pressure vessel 533 mm
Oxygen inflow temperature 296K
Hydrogen inflow temperature 295K
Nitrogen inflow temperature 296K
Nominal oxygen mass flow rate 40 mg/s
Nominal hydrogen mass flow rate 20mg/s
Nominal nitrogen mass flow rate 200 mg/s
Nominal oxygen Reynolds number 332
Nominal hydrogen Reynolds number 303
Nominal nitrogen Reynolds number 162
Nominal pseudo equivalence ratio 4
Nominal heat release inside the burner 600 W
Maximum design pressure 40 bar

Table 3.1.: Overview of the key parameters of the combustor. Reynolds numbers are based
on the hydraulic diameters of the ducts.

unstable.

3.3. Optical Measurement Techniques and their Setup

To investigate the radiation of the flame, several measurement techniques are
applied in this study. They all rely on conventional measurement devices, which
are described in this section along with their setup.

3.3.1. Digital Camera
The simplest way to record flame radiation quantitatively is a digital camera. An
image-intensified Photron Ultima APX I? CMOS camera is mainly used in this study.

The camera is able to capture 2048 frames resolving 1024x1024 pixels at 10 bit in
a series at a minimum frame rate of 50 frames/s. The maximum frame rate at full
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(b)

Figure 3.4.: Construction sketch and photograph of the experimental setup.

resolution is 2000 frames/s. To record images of the stationary flame, the lowest
frame rate and image intensifier gain are used to minimize random noise.

Two configurations are used: Either, the camera is mounted on top of the burner to
record the total flame radiation. Additionally, the camera can view the flame from
the side through the windows in the sight glass. As the entire luminous zone of the
flame is visible, the overall radiation can also be recorded from this position.

To focus the flame on the camera sensor, a Nikkor 105 mm F/4.5 UVlens is used. The
camera is placed 500 mm away from the flame center, which results in a resolution
of 30 px/mm. The aperture of the lens is set to F/22 so that the detection system can
be approximated as a pinhole camera. This is important to ensure that each pixel
can be attributed to a single ray through the flame and that a (modified) inverse
Abel transform can be applied (see Section 3.5).

Two optical filters can be mounted in front of the UV lens to record radiation at
specific wavelength ranges: To record only the radiation of the OH spectrum, an
Andover Corporation 307FS10-50 band-pass optical filter with a central wavelength
0f 308.501 nm and a FWHM of 10.501 nm is used. To distinguish the broad-band
blue radiation from possible side effects, it is filtered by an Andover Corporation
020FC34-50/4560 band-pass optical filter with a central wavelength of 456.270 nm
and a FWHM of 2.370 nm. The spectral transmittances of the filters used are at-
tached in Appendix B.
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3.3.2. Spectrograph

To record the spectrum of the flame, an Acton Research Cooperation SpectraPro
275 Czerny-Turner type diffraction spectrograph with a focal length of 275 mm is
used. It is placed between the camera and the UV lens (without the above filter).
The spectrograph is mounted such that the 10 um wide entrance slit is horizontal.
The lens focuses an approximately 0.5 mm thick horizontal slice of the flame 5 mm
above the fuel lance onto the entrance slit of the spectrograph, thus containing the
information along the horizontal direction.

Three diffraction gratings are installed in the spectrographs, with 2400, 600, and
150 groves/mm. In this study, the 150 grooves/mm grating with a blaze wavelength
of 500 nm is used to record the overall spectrum of the flame. The optical setup
for this spectrum provides a resolution of approximately 3 nm. The holographic
2400 grooves/mm grating is applied to record detailed spectra with a resolution of
approximately 0.2 nm.

The wavelength range is determined from the positions of the spectral lines of a
low-pressure mercury vapor lamp. To obtain quantitative results, the overall setup
is calibrated against the known spectrum of a tungsten lamp [80].

3.3.3. Background lllumination

To study the absorption of the flame, the transmittance of radiation through the
flame is investigated. Due to its high output in the UV, a LOT Quantum Design type
LSB740 500 W mercury-xenon arc lamp with a broad-band spectrum is chosen
as the source of radiation. The lamp is focused on to a quartz diffusor attached
to the burner to provide a homogeneous diffuse background for the flame. The
radiation is observed from the opposite side of the flame. The setup is illustrated in
Figure 3.5.

The light source is shuttered periodically by an optical chopper to produce a har-
monically fluctuating signal. By recording a time-resolved picture series and per-
forming a pixel-wise fast Fourier transform (FFT), the signal from exclusively the
background illumination can be extracted. This procedure removes any steady in-
formation as well as random noise at other frequencies than the shutter frequency;,
thus increasing the signal-to-noise ratio.

3.3.4. Tunable Dye Laser Absorption Spectroscopy Setup

To investigate the absorption of the OH radical with a high resolution in wavelength,
Tunable Dye Laser Absorption Spectroscopy (TDLAS) in the UV is applied. The
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Figure 3.5.: Setup of the background illumination and camera.

system aims to measure the attenuation of radiation through the flame along a
laser beam at a variable wavelength. The setup is illustrated in Figure 3.6.

The dye laser is pumped by a dual cavity Edgewave IS8II frequency-doubled
Nd:YVO4 laser emitting radiation at 532 nm. For this study, only one cavity of the
laser is used. It produces laser pulses with a design pulse energy of 2 m]J at 20 kHz
repetition rate. The Sirah Credo tunable dye laser uses Rhodamine 6G dye to pro-
duce an output beam with a central wavelength between 279.5 nm and 288.5 nm
and a FWHM of 1.8 pm. The manufacturer states an absolute wavelength accuracy
of 30 pm. The wavelength is varied by turning the cavity end mirror inside the laser.

The beam with a diameter of approximately 0.5 mm passes through the center of
the flame 5 mm above the lance. It is trapped into a sglux SG01S UV-sensitive photo
diode equipped with a collimating lens and diffuser. The recorded output current
is amplified using a transimpedance amplifier and recorded as a voltage signal
at 50 kSamples. The averaged signal correlates well with the incoming radiance.
The measurement is calibrated against a set of refractive UV filters with known
transmittances for each wavelength studied.

The transmittance along the laser beam is computed by dividing the radiance
measured at the flame established at a certain operating pressure by the radiance
measured with the flame turned off. As the output of the laser varies with time, a
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Figure 3.6.: Setup for Tunable Dye Laser Absorption Spectroscopy.

reference photo diode is installed (see Figure 3.6). The radiance measured by the
reference diode is used to correct for the variation of the laser power.

A National Instruments LabView program controls the setting of the laser wave-
length and the recording of the voltages of the photo diodes automatically [30].

3.4. Numerical Simulation of the Flame

To provide detailed insight into the flame structure, the experimentally studied
flame is computed using a computational fluid dynamics (CFD) simulation. The
commercial program Ansys Fluent 14.0 [3] is found to be the best choice to simulate
this setup because it is able to handle multi-component diffusion natively.

As the experimental setup shows rotational symmetry, it is sufficient to simulate
the radial profile of the flame in 2D. The entire flow field inside the 463 mm long
quartz tube is modeled (see Figure 3.3 on page 30). The quartz tube itself as well as
the quartz fuel lance are included in the simulation as solid regions and coupled to
the flow using the conjugate heat flux model. The boundary condition for the outer
glass tube is set as a convection cooling boundary condition.

For the oxygen inlet, a fully developed Hagen-Poiseuille velocity profile is assumed.
The 182 mm long hydrogen duct is too short to show a fully developed laminar
velocity profile. Therefore, the entire annular duct is included in the simulation. A
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block velocity profile is assumed at the exit plane of the metal foam. The tempera-
tures of both hydrogen and oxygen are set to values measured in the experiment
(see Table 3.1). The top end of the domain is modeled as a pressure outlet.

The domain is meshed with 17792 nodes, corresponding to a grid size of approxi-
mately 0.5 mm per rectangular cell. The grid is the result of refining an originally 4x
coarser grid. Further refinements by factors of 4x and 16x do not lead to significant
deviations from the coarsest solution (see Figure 3.7).
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Figure 3.7.: Grid study: Numerically simulated OH mass fraction on the reference grid (a),
the 4x refined grid (b), and the 16x refined grid (c).

Due to the stationary behavior of the flame and the low flow velocities, the steady
state pressure-based incompressible solver is used. No turbulence model is applied
since laminar flow is considered. As pointed out in Section 3.1, gravity has a sig-
nificant impact on the flow pattern. It is included as a volumetric force. Since very
high temperature levels are present in hydrogen-oxygen combustion, the thermal
infrared radiation cannot be neglected. Fluent’s Discrete Transfer Radiation Model
(DTRM) is used to take radiative heat losses into account. This model is applicable
to the range of optical densities in the infrared varying with pressure. It assumes gray
radiation. The infrared absorption coefficients are computed by Fluent’s Weighted
Sum of Gray Gases Model (WSGGM). With growing pressure, the radiation heat
loss increases from 4 % at 1 bar up to 15 % at 40 bar of the overall heat release. This
is in agreement with rough engineering estimations [1]. Nevertheless, most of the
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radiation heat loss originates from the hot plume because of the presence of water
vapor. At the stoichiometric surface of the flame, temperatures between 3100 K and
3500 K are reached (see Figures C.1 et seqq.). As the blue and OH* radiation only
account for a small percentage of the overall radiative heat flux, their effect on the
overall flow field is ignored [23].

The chemical reactions are modeled using the detailed mechanism of O Conaire
et al. [101]. The original mechanism contains ten species (H, H,, O, 0,, OH, H,0,
H,0,, HO,, N,, and Ar) and 19 reactions. It is extended to include CO, as a non-
reacting species, which is required for Fluent’s Weighted Sum of Gray Gases Model
to work. Additionally, the summed-up electronically excited AX" state of OH is
included as a separate species OH*, thus inherently providing the thermalized OH*
radiation. The reaction rates accounting for chemical excitation and quenching
are taken from Kathrotia et al. [72]. The thermodynamic data for OH* is taken from
Burcat and Ruscic [15], which is recommended by Kathrotia et al. The transport
data for OH* is assumed to be identical as for ground state OH?. Further details
on the OH* radiation modeling will be given in Section 4.1. Since OH* is present
in only very small amounts and CO, does not occur at all, the underlying reaction
mechanism is found not to be influenced by these modifications.

The local volumetric heat release rate is computed natively by Fluent.

3.5. Modified Abel Transform

A direct spatial comparison between numerical and experimental data is not possi-
ble, because the numerical simulation is performed in 2D whereas the experimental
quantities are measured along 3D lines of sight. However, using mathematical trans-
formations, equivalent spatial profiles can be generated from each set of data. The
conversion from the radial to the line-of-sight integrated quantities is commonly
achieved by a so-called (forward) Abel transform. The reverse process, by which
the radial quantities are reconstructed from the line-of-sight integrated ones, is
known as an inverse Abel transform.

Mathematically, the analytical forward transformation of a radial quantity a(r) into
the line-of-sight integrated quantity A(y) as a function of the distance y from the

2The latter assumption was recently justified numerically by Hossain and Nakamura [65].
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center line is given by: [13] 3
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Its inverse is defined as:
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The key requirement for the application of the Abel transform and its inverse is that
the lines of sight are single, non-interfering lines, forming a parallel projection of
the object under investigation. Experimentally, this can be achieved by an unfo-
cused Schlieren-type setup. Alternatively, the requirement can be approximated by
placing a pinhole detector far away from the object. In this case, it is important to
select a small aperture to preserve the association between lines and sensor pixels.

Additionally, standard Abel transforms are only directly applicable to emission mea-
surements in which self-absorption is negligible, i.e. the medium is optically thin.
Under this condition, Equation (2.3) holds along each line of sight. The parameter
a corresponds to the local emissivity e; and the parameter A to the line-of-sight
integrated radiance L;.

The Abel transforms can also be used for measurements of pure absorption: As
shown in Section 2.1, the solution of the radiative transfer equation yields a similar
result as for pure emission (Equation (2.6)). In this case, the parameter a corre-
sponds to the local absorptivity k, and the parameter A to the negative logarithm
of the transmittance —In(7,).

In the present study, both requirements of parallel rays as well as the optical thinness
are not always given. To overcome these problems, modified Abel-type transfor-
mations are derived in the following. The procedure consists of three steps: First,

3If the forward and inverse Abel transforms are to be integrated numerically, it is beneficial to
avoid the singularity at y = r. Equations (3.6) and (3.7) then become:

[ee]

_ 2 a(r)r
Aly)=2la(y){(y+6y) —y2+ J Wi (3.4)
y+oy
and
_1|dA V(r+orP2—r2+r+0or dA 1
a(r)——ﬂ dy(r)ln( . )—i—f dy(y)mdy] (3.5)
r+or
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the ray through the flame associated with each camera pixel is reconstructed. Sec-
ond, the radiative transport equation is set up along a generic line to compute
the line-of-sight integrated radiance from the local emissivities and absorptivities.
Third, a reconstruction procedure is described by which the local parameters can
be computed from the line-of-sight integrated measurements. This procedure was
developed with the help of Michael Nettinger [36, 98].

Definition of the rays associated with each camera pixel. To simplify the problem,
a horizontal slice of the flame is considered and variations along the z-axis are
ignored. Two cases are investigated and illustrated in Figure 3.8: In case (a), the
camera is treated as a pinhole detector at a finite distance away from the flame. Case
(b) represents an unfocused Schlieren-type camera setup or a camera infinitely
far away from the flame, thus recording a bundle of parallel rays. Each pixel of
the camera is associated with a single ray. By interaction with the glass parts of
the burner (the quartz window (not shown) and the quartz tube), the rays are
refracted. The path is computed for each ray according to Snellius’ law. The bundle
of rays is handed over to the next step at the innermost refracting surface, later
denoted as interface. Within the interface, refraction due to the density gradients
is neglected and the rays are assumed to be straight. The bundle of rays at the
interface associated with each pixel is described by the starting positions of the
rays and their angle to the horizontal axis.

Application of the radiative transfer equation. The axis-symmetric flame is dis-
cretized by homogeneous circular shells. The number of shells N is equal to the
number of rays associated with the camera pixels. To apply the radiative transfer
Equation (2.7), the intersecting length 6 ;... of each ray j with each shell k at the first
(+) and second (—) intersection have to be known (see Figure 3.8(b)). Shells with
J < k are not intersected. To match the general procedure, the shell with j = k is
split into two at the foot of a dropped perpendicular on the ray. It can be shown that
the intersecting length of the first and second intersection are of equal length [98],
thus just denoted by 6,;. These lengths can be computed from geometrical optics
if the bundle of rays is defined at the interface.

The discretized application of Equation (2.7) along the j-th ray yields:

N
1
L?L,j = €k {k_ (1 —exp [_kl,k 5]]6]) (3.8)
k=j Ak
k—1 N
1+exp _22 kni0j1—kyk 0| |-exp l— 2 ki 5j,]
I=j I=k+1
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Figure 3.8.: Typical radiation paths through the flame. In case (a), the camera is assumed
as a pinhole detector at a finite distance. In case (b), the camera is assumed to
collect the radiation along parallel rays.

If self-absorption is neglected, the equation can be greatly simplified:
N
LAJZZ'Z@AJC 5]k (39)
k=j

which essentially represents a discretized formulation of the forward Abel transform
Equation (3.6). Similarly, if only absorption is considered, a formula for the negative
logarithm of the transmittance can be derived:

N
—In(75,)=2-> ki 6 (3.10)
k=)

Reconstruction of the radial emission and absorption coefficients from line-of-
sight integrated measurements. The procedure described by Boltendahl [10] is
used for this task. It consists of the following steps:

1. Determination of the geometrical parameters matrix 6 ;; according to the
experimental setup as described above.

40



3.6 Counterflow Flame Simulations

2. Measurement of the line-of-sight integrated transmittance 7, ;. The trans-
mittance can typically be measured in presence of the flame’s own radiation,
like using the setup described in Section 3.3.3.

3. Computation of the radial absorption coefficients k;, ; by matrix inversion of
Equation (3.10).

4. Measurement of the line-of-sight integrated radiance L, ; without back-
ground.

5. Computation of the radial emissivity e, ; by solving Equation (3.8). Although
the formula appears to be complicated, the term within the curly braces
actually represents a matrix of constants. If the absorptivities k, ; and the
geometrical parameters 6 ;. are known, this matrix can be pre-computed and
the equation can be solved again by matrix inversion.

This procedure is only applicable if the measured radiation is monochromatic, or if
the emissivities and absorptivities are constant over the investigated wavelength
band.

3.6. Counterflow Flame Simulations

Counterflow flame simulations will be used to study flame radiation and heat
release at varying pressure and strain rate. A schematic view of the considered
counterflow flame configuration is shown in Figure 3.9. Two axis-symmetric jets of
fuel and oxidizer impinge onto each other from opposed nozzles, thus creating an
axis-symmetric flow field. It is described by the axial coordinate z and the radial
coordinate r. Only the axial coordinate z has to be resolved to specify the flame [74].

The well-known governing partial differential equations are described by Kee et al.
[74]. The problem can be solved numerically by evaluating the continuity equation,
the radial momentum equation, a species conservation equation for each species
considered, and the energy equation. Species source terms are calculated from
detailed chemistry reaction mechanisms. Pressure, density, and temperature are
linked by the equation of state for ideal gases. Real gas effects were shown to have
little influence on the structure of counterflow flames [113, 139].

The flow field is fully characterized by the axial coordinate z, the axial velocity

u, the radial velocity divided by the radial coordinate V = 7, the radial pressure
curvature A = %g—’f (which is an eigenvalue and constant throughout the flame), the

temperature T, and the species mass fractions Y, for all considered species.

So-called plug-flow boundary conditions are applied both on the oxidizer and
the fuel inlet [74, 83]: The mass fluxes (flow rate area densities) n; = u; pr and
M, = U, P, the inlet temperatures T; and T;, and the inlet compositions Y;; and
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Figure 3.9.: Schematic view of the counterflow flame configuration.

Y; , are specified on the fuel and oxidizer boundaries. The distance between fuel
and oxidizer inlets is defined as the domain size d.

The counterflow flame is defined by setting boundary conditions, grid size, operat-
ing pressure, and a chemical reaction mechanism. Unless specified otherwise, all
counterflow simulations presented in this thesis rely on the same reaction mech-
anism as used for the jet flame simulation (O Conaire et al. [101] extended by
Kathrotia et al. [72]).

Counterflow flames are commonly characterized by their strain rate a, which typi-
cally results from the boundary conditions. However, different definitions of the
strain rate are used in the literature: a can be determined from the mean axial
velocity gradient [83], the maximum axial velocity gradient [136], the axial velocity
gradient at the stoichiometric point [114], or the axial velocity gradient “before
the flame” [83, 107, 116]. The latter corresponds to the boundary conditions in
the potential flow setup where fuel and oxidizer are assumed to be infinitely far
away’. Sometimes, radial velocity gradients are used instead [74]. If oxidizer and
fuel do not have equal density, the strain rates on either side of the flame are dif-

“In the plug flow configuration, the potential flow boundary conditions can be approximated by

A
Pt/o

(3.11)

Aagjo =

for the fuel and for the oxidizer sides, respectively. This result can be obtained by reshaping
Equation (3.35) from [108] or Equation (6.32) from [74].
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ferent [83]. All of these definitions are approximately directly proportional to each
other, see Figure 3.10. Only at high strain rates close to extinction, they deviate
slightly from proportionality. In this study, the influence of strain is discussed qual-
itatively. Therefore, the maximum axial velocity gradient is chosen arbitrarily to
characterize the strain rate. Nevertheless, attention has to be paid when comparing
absolute results. Figure 3.10 also shows the inverse square of the flame thickness
0, arbitrarily normalized by the factor 0.008. This quantity similarly scales as the
strain rate (see also Equation (6.1)). The flame thickness thus is a similarly unique
parameter as the strain rate.
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Figure 3.10.: Comparison of different (axial) strain rate definitions in a hydrogen-oxygen
counterflow flame at different pressures and strain rates. @, corresponds to
the mean axial velocity gradient, a,,,x to the maximum axial velocity gradient,
ay,,00 and ap, oo to the corresponding potential flow boundary condition
strain rates on the fuel and oxidizer side, and ag,;c, to the axial velocity gradi-
ent at the stoichiometric surface. The flame thickness 6 computed from the
FWHM of the H, O profile is scaled appropriately and added to the diagram,
indicating that it is a similarly unique parameter as the strain rate.

With all parameters defined, counterflow flames can be computed with standard
software like OPPDIFF [91], Cosilab [119], FlameMaster [112], or Cantera [51]. These
programs solve the underlying partial differential equations of the one-dimensional
problem.
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For this work, Cantera [51] is chosen to simulate the counterflow flames. This pro-
gram is open source, providing access to all functions and fundamental equations.
It is documented and well maintained by an active user group.

To compute counterflow flames at varying pressures and strain rates for the results
presented in Section 6.2, separate simulations for each set of operating conditions
have to be performed. Originally, this consumed a large amount of time and pa-
tience because the solution of the stiff set of equations is prone to diverge. In the
course of this work, an optimized procedure was developed, published, and imple-
mented into the Cantera source code [34, 32, 51]. This optimization provides a fast
and reliable method to compute a batch of simulations. Additionally, a model was
developed with the help of Andreas Riicker to include heat loss due to radiation
and due to an arbitrary source in the counterflow simulation [122].

The volumetric heat release rate g of the counterflow flame is not accessible through
Cantera by default. Instead, it is calculated manually from the steady-state solution
following the approach by Ribert et al. [116]:

G=> hi M; @y, (3.12)

with i representing all species present in the reaction mechanism and ®,, ; their
molar volumetric production rates. As combustion consists of mostly exothermic re-
actions, the transformation of chemical energy to heat is associated with a negative
valuein g.
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Resting upon the literature review given in Section 2.4, this chapter presents the
numerical and experimental investigation of OH* radiation. Three radiation mod-
els are employed to compute the OH* radiation. They are described first. Among
them is the newly developed Equilibrium Filtered Radiation Model. To verify their
applicabilities, the relevance of chemical and thermal excitation of OH* in non-
premixed hydrogen-oxygen flames is investigated. The influence of pressure on
both the emission and absorption is studied experimentally from a spectral and
a wavelength-integrated perspective. This data is compared to the radiation cal-
culated from the numerical simulation. The prediction quality of the simulation
models is discussed.

4.1. OH* Radiation Modeling

Three different approaches to model the OH* radiation are used in this study: The
Detailed Chemistry reaction mechanism approach using the chemiluminescence
reaction rates from literature, the Spectral Modeling approach, and a self-derived
Equilibrium Filtered Radiation Model (EFRM) [33]. All of these methods are de-
scribed in the following. Their fundamental assumptions, abilities and restrictions
are compared in Section 4.1.4.

4.1.1. Detailed Chemistry Radiation Model (DC)

This approach is essentially already described in Section 2.3.2. The basic assump-
tion is that the radiation is directly proportional to the concentration of the excited
species OH* (see Equation (2.13)). This naturally implies the assumption of optically
thin gases and disregards any form of self-absorption. Additionally, no information
on the spectrum is provided, but rather only the intensity of the bandpass-filtered
radiation around 308.5 nm is calculated.

This method is only applicable to CFD simulations featuring a detailed reaction
mechanism. The extension of the reaction mechanism to include OH* as a separate
species has to be done before the start of the simulation. An additional equation
for the species OH* has to be solved during the simulation run, thus increasing the
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computational effort. As a benefit, the post-processing of the data is very simple:
The radiation is assumed to be directly proportional to the OH* concentration,
which can be extracted directly from the simulation.

The model depends on two sets of parameters: The reactions implemented for
the radiation model including their corresponding Arrhenius parameters, and the
thermodynamic data of OH*. Apart from the heat capacities, the latter data set
provides the standard-state Gibbs free energy g° (T') of OH* [73]. Its difference to
the standard-state Gibbs free energy of ground state OH, denoted as Agy+_ou g, is
used to compute the equilibrium constant K, of the chemical equilibrium between
OH* and OH [74, 4] (see Equation (2.19)).

The inclusion of thermodynamic data for OH* thus inherently provides the model-
ing of thermal excitation of OH*. Especially at high temperatures, the computed
OH* concentration is determined by the specification of the thermodynamic data.
In this thesis, the data provided by Burcat and Ruscic [15] is used, which is based on
the molecular data by Huber and Herzberg [66]. This is recommended by Kathrotia
et al. [72]in combination with their reaction rates.

The advantage of including OH* as a separate species in the detailed chemical
reaction mechanism is that chemical excitation mechanisms can be included. By
evaluating the reaction rates at runtime, non-equilibrium of OH* can be evaluated.
As reviewed in Section 2.4.2, Reaction (2.21) is the dominant path of OH* formation
in hydrogen-oxygen combustion. It is added to the detailed chemical reaction
mechanism. Except for Section 4.2, in which the different chemical excitation rate
specifications will be compared, the reaction rate specified by Kathrotia et al. [72] is
used in this thesis. This includes the quenching rates by Tamura et al. [133], which
not only provided the rates for thermal quenching but also the thermal excitation
rates (see Section 2.3).

4.1.2. The Equilibrium Filtered Radiation Model (EFRM)

In the present study, the Equilibrium Filtered Radiation Model (EFRM) is pro-
posed [33]. The idea behind this method is simple: If OH* is in equilibrium with its
ground state OH, then the chemical excitation can be ignored. Consequently, no
reaction rates are necessary and OH* does not have to be included in the detailed
mechanism of the simulation. Instead, the concentration of OH* can be calculated
directly from Equation (2.19), which in this case becomes:

[OH*] _AOH*—Ong
ST R, T

4.1)

If the gas is assumed to be optically thin and self-absorption is therefore ignored,
then the OH* concentration is again directly proportional to the OH* radiation.

46



4.1 OH* Radiation Modeling

This procedure can be even more simplified: The equilibrium between OH* and
OH is not just a general chemical equilibrium between reactants and products, but
in principle a thermal equilibrium between the first electronically excited state and
the ground state. The relation between the concentrations of OH* and OH is then
given by statistical thermodynamics [74]:

[OH™]  Now: _ Gow ( AE )
= ==—exp|— (4.2)
[OH] Nou 8ou kg T

with g5, and g,y being the degeneracies of OH* and OH, respectively, which are
constants and correspond to the number of sub-states in each state [4]. The energy
difference AE varies depending on which actual transition occurs. However, if the
excited state is simplified as a single state above the ground state, then the energy
difference AE can be computed from Equation (2.11). Combining this assumption
with the above equation, a qualitative relation for the OH* radiation can be derived:

eorr. ~ [OH"]~ [OH]- exp[——-C 4.3)
P\lTla A T

The wavelength A corresponds to the dominant wavelength of the radiation to be
computed. For the comparison with measurements, the central wavelength of the
optical filter employed (for OH*, 308.5 nm) should be used.

Equation (4.3) greatly simplifies the radiation modeling compared to the detailed
chemistry model: The relation just relies on the temperature field, the ground
state OH concentration field, physical constants, and the studied wavelength. The
computation of the OH* concentration does not have to take place at runtime of
the simulation, but instead can be applied as a post-processing step. Additionally,
the simulation is even not required to account for all minor species. Reduced
chemical mechanisms featuring OH are equally suitable, if temperature and OH
are computed correctly.

4.1.3. Spectral Model (SM)

To obtain the wavelength-dependent radiation from the numerical simulation data,
the spectrum of OH is modeled (see also Section 2.4.1). It relies on the fundamen-
tal assumption of thermal equilibrium. Qualitatively, spectral modeling is already
applicable to equilibrium in rotational and vibrational states. This is a good ap-
proximation for all natural (particularly not laser-induced) radiation of OH, even in
situations in which chemiluminescence dominates, with an exception being low-
pressure hydrogen-air flames [21, 44-46, 49). If additionally thermal equilibrium in
the vibrational states is present, as it is the case for dominating thermal excitation,
then the absolute values of the radiative quantities can be modeled.
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In this study, the computation relies on the HITRAN/HITEMP database [121], which
inherits the spectroscopic quantities summarized by Luque and Crosley [89, 90].
The database essentially provides the list of individual lines at reference conditions,
their wavenumbers, pre-calculated line intensities, and FWHM of the pressure
broadening. Additionally, the partition function of OH is supplied [4].

To couple the data base with the data from the numerical simulations, an object-
oriented computer program is self-developed in Python. This is necessary for two
reasons: First, the computation in HITRAN is bounded below 3000 K, and second,
the available software is not object-oriented. The new tool is able to compute the
absorption coefficient, emission coefficient, transmittance, absorptivity, emissiv-
ity, and radiance of a homogeneous cell. Input parameters for the computation
of the absorption and emission coefficients are temperature, pressure, and OH
mole fraction. For the calculation of line-of-sight integrated quantities like radiance
or transmittance, the thickness of the cell is additionally required. The program
follows the computational models described in the manuals of HITRAN on the
Web [120] and SpectralCalc [43]. The lumped vibrational excitation temperature
4643.6 K and the lumped rotational excitation temperature 3.434 K of the partition
function are obtained from fitting the partition function to the data provided by
HITRAN [52]. The Voigt profile of the combined temperature and pressure broaden-
ing is implemented efficiently using the real part of a Faddeeva or Kramp function
(see Section 2.2.1). The tool is able to blur the fine-resolution spectrum with a
triangular or Gaulfian kernel of arbitrary half-width to create spectra comparable
to experiments with limited spectral resolution (For example, the laser used for
the TDLAS measurements has a FWHM of 2 pm, which is larger than the typical
simulation resolution). The implementation of the tool is verified by comparing
the results for a broad range of test cases with the results from HITRAN on the Web
(see Figure 4.1).

A wrapper class is implemented to compute the radiance, emissivity, and transmit-
tance of a stack of homogeneous cells following the equations stated in Section 2.1.
The cells are specified by their temperature, pressure, OH mole fraction, and thick-
ness. They are assumed to be on a single ray with constant cross-section. This
procedure is used to compute the overall radiance with self-absorption in the
counterflow flame simulations. For the use with the two-dimensional jet flame
simulations, only the absorption and emission coefficients computed from the
base class are used.

To obtain the total radiation quantities, the wavelength-integration as described
in Section 2.1.1 can be applied in combination with the transmittance of the filter
used in the corresponding experiment.
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Figure 4.1.: Verification of the spectral modeling implementation: Absorption coefficient
0of 100% OH at 3000 K and 1 bar, computed from the Python implementation
and “HITRAN on the Web” [120]. Both data rely on the HITRAN database [121].

4.1.4. Comparison of the Modeling Approaches

The different assumptions, output, and computational effort of the three radiation
models used in this thesis are compared in Table 4.1. Thermal excitation of OH*
is captured by all three models. The Detailed Chemistry model is the only one
which can take chemical excitation into account, but has to be included early in the
simulation process. The two other models can be applied as a post-processing step
and only require the distributions of the temperature, pressure, and ground state OH
concentration in the flame. The Spectral Model relying on the HITRAN database
gives the most detail of the spectrum and is the only one which can accurately
account for self-absorption (see Section 2.4.1), nevertheless with considerable
computational effort. The Equilibrium Filtered Radiation Model has its advantage
in its simplicity and ease of application.

All of these radiation models are well applicable to laminar flames which fully
resolve the structure within the flame. In simulations of turbulent flames, in which
the temperature and the OH concentration are usually averaged values, caution
is necessary: The equations described in this section are highly non-linear. For
example, Equation (4.2) depends exponentially on temperature. Its evaluation on
ensemble-averaged quantities is not equal to the true ensemble average:

[OH]-eXp(— ar )#W-exp(—]f";) (4.4)

ky T
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DC EFRM SM
Spectral Resolution no no yes
Absorption Modeling no no yes
Chemical Excitation Modeling yes no no
Applicable as Post-Processing no yes yes
Simulation Data Requirement Detailed Chemistry OH,T OH,T
Computational Effort high low high
Prediction Quality high high  high
at Low Optical Density
Prediction Quality low low high
at High Optical Density

Table 4.1.: Comparison of the OH* radiation models.

To apply these models on simulations of turbulent flames, a method to account for
the sub-grid distribution of OH concentration and temperature is necessary.

The next section will show that the assumption of thermal equilibrium between
OH* and OH is indeed justified in hydrogen-oxygen flames. Therefore, all three
radiation models are applicable. Their performance on modeling the emission and
absorption will be evaluated in the subsequent sections.

4.2. Chemical vs. Thermal Excitation

As already mentioned in Section 2.4.2, OH* is known to be in thermal equilibrium
above approximately 2700K [42, 47, 63, 72, 77, 86, 144]. Nevertheless, this fact is
widely unknown in the context of measuring combustion instability. To prove it,
thermal and chemical excitation are quantitatively compared in this section.

The analysis is performed numerically based on counterflow flame simulations as
described in Section 3.6. Since the turbulent combustion in liquid rocket engines is
known to show flamelet character, the findings from these simulations are assumed
to represent the real situation reasonably well.

Counterflow, non-premixed hydrogen-oxygen flames are simulated at various con-
stant pressure levels. At each pressure, the influence of temperature on the for-
mation of OH* is investigated. As most OH* radiation originates from the zone of
highest temperature (see Section 6.2), the peak temperature of the counterflow
flame is used for characterization. As in actual turbulent combustion, the peak
temperature is controlled by varying the strain rate of the counterflow flame: At
low strain rates, the peak temperature is close to the adiabatic flame tempera-
ture (and even exceeds it due to diffusion effects). With increasing strain, the peak
temperature drops until the flame is extinct.
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At each pressure, a batch of counterflow flame simulations with increasing strain
rates is computed. This is implemented following the procedure described by Fiala
and Sattelmayer [34], which provides an efficient and stable procedure for this task.

As only the formation of OH* is of interest for this analysis, self-absorption is not
taken into account. The wavelength-integrated OH* emission of the flame is thus
assumed to be directly proportional to the concentration of OH* molecules included
in the extension of the detailed reaction mechanism (see Section 3.4 and 4.1.1).

The origin of the radiation is studied by considering the rates of formation of OH*.
In the detailed chemistry mechanism, OH* can either be formed by a chemical
reaction like H+ O+ Q — OH*+Q (Reaction (2.20)), or by the collision of ground-
state OH with other molecules, OH+ Q — OH* + Q (Reaction (2.14)).

Both types of reaction rates are included in the extension of the detailed reac-
tion mechanism. While for the chemical excitation reaction a single set of (modi-
fied) Arrhenius parameters exists, the thermal excitation is given for each colliding
molecule individually, taking into account the collisional cross-sections. The ther-
mal excitation reactions are implemented as quenching reactions, i.e. of the form
OH*+Q — OH+Q. These reactions are reversible. The sum of all the reverse rates
of these reactions is used to quantify the thermal production rate.

In Cantera, the production rates of each reaction are accessible at each point within
the flame. To compare the overall contribution of both mechanisms, the flamelet-
integrated quantities are calculated by integrating the local quantities over the grid
(see also Section 6.2). This results in molar production rates per unit flame area
(kmol s™! m™2).

Figure 4.2 shows the thermal and the chemical production rates as a function of
pressure and peak temperature. At low temperatures, chemical excitation clearly
dominates and the thermal excitation is hardly noticeable. At about 2725K, the
chemical and the thermal production rates are of equal strength. Above this temper-
ature, the thermal excitation further increases exponentially. This can be expected
according to Equation (2.19). Thermal excitation governs the formation of OH* at
higher temperatures. In this temperature range, the contribution of the chemical
excitation becomes negligible.

The crossover temperature is insensitive to pressure. Close to the adiabatic flame
temperature, both the chemical and the thermal excitation rates increase asymp-
totically. This is because a decrease of the strain rate in this region does not lead
to an increase in peak temperature, but only to an increase in flame thickness. As
the production of OH* is approximately proportional to the flame thickness (see
Section 6.2), the steep increase in the production rates is explained. The relation
between the thermal and the chemical production rates does not change in this
part of the graph for single counterflow flame simulations.

The results obviously depend on the reaction mechanism. For the results in Fig-
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Figure 4.2.: Thermal vs. chemical excitation of OH* in counterflow hydrogen-oxygen flames.
Base reaction mechanism by O Conaire et al. [101] and OH* extension by Kathro-
tia et al. [72].

ure 4.2, the OH* extension by Kathrotia et al. [72] is used on top of the O Conaire et al.
[101] base reaction mechanism. This study was also performed for other OH* and
base reaction mechanisms found in literature (including their additional chemical
excitation mechanisms as noted in Table 2.1). Qualitatively, the graphs obtained
show the identical behavior as plotted in Figure 4.2, an exception being the OH*
extension by Dandy and Vosen [24], in which thermal excitation always dominates.
The crossover temperatures for these combinations are given in Table 4.2. Generally,
the crossover temperature is in the same range as shown in Figure 4.2. The base
mechanism does not appear to have a great impact. This is reasonable as the flames
are dominated by the diffusion effects, which are modeled in the same way for all
cases. The crossover temperatures predicted by the different OH* extensions vary
slightly. The highest crossover temperature is obtained when applying the Hall and
Petersen [57] mechanism. However, the authors themselves state in a follow-up
publication that their mechanism tends to over-predict chemiluminescence [111].

In agreement with the available literature, it can be concluded that OH* is mostly
due to thermal excitation above 2700 K. With increasing temperature, the amount
of thermal excitation grows exponentially, and the relative contribution of chemical
excitation to the total excitation decreases. As rocket combustion typically occurs
at temperatures well above 2700K, it is reasonable to neglect chemical excitation
and to assume only thermal excitation of OH*.
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Base mechanism OH* mechanism Crossover
temperature

O Conaire et al. [101] Kathrotia et al. [72] 2725K

O Conaire et al. [101] Kaskan [71] 2850K

O Conaire et al. [101] Hidaka et al. [63] 2600K

O Conaire et al. [101] Koike and Morinaga [77] 2475K

O Conaire et al. [101] Dandy and Vosen [24] thermal always
dominates

O Conaire et al. [101] Smith et al. [127] 2650K

O Conaire et al. [101] Hall and Petersen [57] 2900 K

Jachimowski [67] Kathrotia et al. [72] 2725K

GRI-Mech 3.0 (subset) [125] Kathrotia et al. [72] 2725K

Konnov [78] Kathrotia et al. [72] 2725K

Table 4.2.: Crossover temperatures above which thermal excitation exceeds chemical ex-
citation of OH* for various combinations of base and OH* detailed chemical
reaction mechanisms.

4.3. Absorption

Although the focus of this thesis is on the emission, the absorption of hydroxyl in the
UVis described first. This is due to the fact that absorption can be measured directly,
whereas the interpretation of the emission data always relies on the knowledge of
(self-)absorption (see Section 2.4.1).

This section generally describes the amount and importance of absorption and
additionally assesses the predictive power of its modeling. Only the Spectral Model
(Section 4.1.3) is considered as it is the single one which provides absorption data.

The absorption of the jet flame experiment is measured in two ways: First, the
absorption of a small band is measured spectrally at a high resolution using TDLAS.
These measurements are performed along a single line of sight. Second, the band-
pass filtered absorption is measured, which does not provide spectral, but a spatial
resolution.

4.3.1. Spectral Absorption

The spectral absorption is measured using Tunable Dye Laser Absorption Spec-
troscopy (TDLAS). The setup is described in Section 3.3.4. All measurements are
conducted along a single laser beam passing through the center of the flame 5 mm
above the burner (see Figure 4.3). Due to the three-dimensional flame structure,
the spatial structure cannot be resolved. Instead, the transmittance along the line
of sight is measured.
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Spatial resolution is not possible because of the three-dimensional flame structure,
but only the transmittance integrated along the line of sight is measured.

Figure 4.3.: Illustration of the TDLAS laser beam path through the flame. The contour image
represents a radial slice of the ground state OH mass fraction at 5 bar.

Experimentally, the transmittances are obtained by dividing the wavelength-
dependent radiance measured by the measurement diode with the flame burning
by the radiance measured with the flame turned off. The wavelength is adjusted by
the dye laser through an internal control'.

Beam steering caused by the inhomogeneous refractive index within the hot flame
is small due to the small dimensions of the flame, but, nevertheless, has a significant
impact on the measured transmittance: The slight aberration of the beam by few
micrometers already causes a reduction (or even slight increase) of the radiance
recorded by the measurement diode. This problem is addressed by studying the
transmittance at 282.76 nm. OH has no absorption line close to this wavelength.
Therefore, no absorption should take place and ideally the transmittance should
be unity. In reality, beam steering results in a deviation. To segregate this effect, the

IThe laser measures the wavelength with respect to the speed of light in air. To obtain the wave-
length in vacuum as it it specified in the HITRAN database, the wavelength output of the laser
has to be modified by the refractive index of air (derived from Equation (2.11)):

C
Avac: = Lalcﬂ'air = Najr Aair (4.5)
air

The refractive index of air n,;, can be computed from the modified Edlén or Ciddor formulae [129,
90]. In this work, the refractive index n,;, = 1.0002943 is used, which causes a wavelength shift of
approximately 83.3 pm in the investigated wavelength range.
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4.3 Absorption

calculated transmittances are scaled to reach unity averaged over a wavelength
band of 0.1 nm around 282.76 nm. The refractive index distribution is assumed to
be constant over the small wavelength band studied. By applying the scaling on
the entire wavelength band, the effect of beam steering is removed.

The measurements of the radiance transmitted through the flame are conducted
at atmospheric conditions as well as a set of elevated pressures up to 31.5bar.
At each pressure level, up to ten measurements are recorded and averaged. The
transmittances are computed by dividing these values by the measured radiance
at the measurement diode with the flame turned off. The results are shown in
Figure 4.4(a).

Seven absorption lines of the v =1 — v =0 system of OH can easily be identified in
the experimental data: The R,14 line at 282.900 nm, the Q,2 line at 282.921 nm, the
Q,6 line at 282.949 nm, the Q,3 line at 282.958 nm, the R,15 line at 283.011 nm, the
P;3 line at 283.033 nm, and the Q,4 line at 283.057 nm (all wavelength as measured
in air). The position of the line centers remains constant over pressure. The Q,6 and
the Q,3 lines are only separable at low pressure levels. With increasing pressure, the
lines overlap more and more. Generally, the absolute absorption as well as the line
width become stronger and wider with pressure. This is reasonable, as more OH
molecules are within the optical path at higher pressures, and the optical thickness
therefore increases. Pressure broadening increases naturally with pressure, leading
to thicker lines (see Section 2.2.1). Additionally, the flame temperature increases
with pressure, causing higher Doppler broadening.

The data is compared to the transmittances obtained from the spectral simulation
shown in Figure 4.4(b). The data is based on the CFD simulation of the jet flame
described in Section 3.4. The mole fractions of OH, the temperature, and the pres-
sure along the path of the laser beam are extracted. For this step, the effect of the
azimuthal flame curvature is neglected, because the laser beam is thin compared
to the flame radius. The CFD data is fed into the spectral simulation tool described
in Section 4.1.3, which yields the transmittance of the flame as a function of the
wavelength in vacuum. To produce results with a resolution comparable to the
experiment, the simulated data is blurred with a Gaullian kernel with a FWHM of
2 pm, representing the spectral half width of the laser beam given by the manufac-
turer. This procedure is applied to simulations closest to the pressure levels studied
in the experiment.

The simulation results agree well with the experimental data: The same lines can be
identified in the simulated spectra. The trend of increasing absorption and broader
lines with pressure is captured as well. However, the absolute wavelengths of the
lines do not coincide. Instead, there appears to be a constant shift of approximately
23 pm compared to the experimental data. This is due to the wavelength accuracy
of the laser, which is stated to be within 30 pm by the manufacturer, and combined
with the uncertainty of the refractive index of air needed to convert the vacuum
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Figure 4.4.: Transmittance of the jet flame between 282.75 nm and 283.15 nm 5 mm above
the lance. Experimental results from the TDLAS measurements, simulation
results from the spectral modeling (Section 4.1.3).
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wavelength to the wavelength in air. If the experimental spectrum is shifted by
23 pm, as shown in Figure 4.5 for 10 bar, the transmittance spectra overlap almost
perfectly. Quantitatively, the absorption is slightly over-predicted, which, however,
is also due to the systematic contribution of experimental noise at low signal in-
tensities. The measurement around 31.5 bar does not fit into the overall picture:
The peak absorption is lower than at lower pressures, and the absorption is much
wider than predicted in the simulation. The reasons for this behavior cannot be
explained by this study.

1.4
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Figure 4.5.: Transmittance of the jet flame between 282.75 nm and 283.15 nm 5 mm above
the lance at 10 bar. Comparison between data from the TDLAS experiment
and from spectral simulation. The “shifted” experimental results are arbitrarily
shifted by 23 pm.

A notable difference in the simulated spectrum compared to the experimental
data is the R, 15 line at 283.011 nm: This single line does not appear significantly
in the simulated spectrum. However, this appears to be an error in the underlying
HITRAN database, in which a very low line strength is associated with this line.
Both the data collected by Dieke and Crosswhite [28] as well as the LIFBASE [90]
program present values matching the experimental observations in this study.

4.3.2. Filtered Absorption

Additionally, the spatial absorption of the flame is measured. This is achieved by
the setup described in Section 3.3.3. Due to the use of the band-pass filter around
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308.5 nm (Figure B.1), the wavelength-dependent information is lost. Instead, only
wavelength-averaged transmittances are measured according to Equation (2.10).

The combination of the detection setup featuring an optical chopper and appropri-
ate filtering in the post-processing routines removes the influence of the flame’s
self-radiation and provides the transmitted radiance only. However, during the mea-
surements, the intensified camera records the superposition of the background
radiation and the radiance of the flame. To avoid the signal loss due to over-exposure,
the gating time and gain of the image-intensifier has to be adjusted such that the
maximum overall intensity does not exceed saturation. In the present case around
308.5 nm, the flame radiation is much more intense than the background, even
though a 500 W Hg(Xe) lamp with a strong radiation in the UV is used. The back-
ground contributes to the recorded signal only up to 10%, in many regions even
below 1%. Although 2048 sample images are taken for each pressure, this level is
prone to random noise as well as to the uncertain linearity of the camera in this
region. Especially at elevated pressures, the intense infrared radiation of the flame
further increases the camera noise.

Asin the previous section, the transmittances are obtained by dividing the measured
radiance transmitted through the flame by the radiance with the flame turned off.
The result is shown for four pressure levels in the Figures 4.6 and 4.7.

Unfortunately, due to the mounting of the quartz diffuser, the base of the flame
is not illuminated by the background. Instead, the diffuser starts 3 mm above the
lance, and additionally shows an impurity 6 mm above the lance, visible as a slightly
diagonal line in the results. The effect of beam steering is visible at the edges of the
quartz tube and diffuser.

While almost fully transparent at atmospheric conditions, the flame zone becomes
more and more opaque with increasing pressure. At 30 bar, only 25% of the back-
ground radiation is transmitted through the center of the flame.

The experimental data is compared to the transmittance computed from the nu-
merical simulation. Similar to the procedure described in the previous section, the
spectral absorption coefficient of the flame is computed from the simulated radial
profiles of temperature, pressure, and OH mole fraction using the self-developed
spectral modeling software described in Section 4.1.3. Along the line of sight associ-
ated with each camera pixel, the wavelength-dependent transmittance is computed
according to Section 3.5. Finally, the wavelength-integrated transmittance corre-
sponding to the experiment is obtained by multiplication with the spectral radiance
of the lamp provided by the manufacturer and the filter curve, see Equation (2.10).

Qualitatively, the simulation agrees well with the experimental data. Quantitatively,
significantly higher transmittances are predicted from the simulation. This de-
viation can be due to two effects: First, the data for the spectral radiance of the
lamp provided by the manufacturer is very sparse and states only four data points
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Figure 4.6.: OH* transmittance of the Hg(Xe) lamp radiation through the flame, filtered by
the 308.5 nm band-pass filter (see Figure B.1). Data at 1 and 10 bar.
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Figure 4.7.: OH* transmittance of the Hg(Xe) lamp radiation through the flame, filtered by
the 308.5 nm band-pass filter (see Figure B.1). Data at 20 and 30 bar.
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within the investigated wavelength range. In reality, the lamp has a pronounced
fine-structure. Depending on the overlap of the spikes in the lamp spectrum with
the absorption lines, the value of the wavelength-integrated transmittance is con-
siderably influenced. Second, there is the undefined measurement deviation due
to beam steering and the unknown camera sensitivity in this range described in
the above paragraphs. Even in regions far away from the flame where there should
be little to no absorption, transmittances of 60% or less are obtained. This is in
agreement with the generally lower transmittances within the flame compared to
the simulation. Therefore, the quantitative values have to be treated with care.

It is important to note that the absorption investigated in this section is not the
absorption of the flame’s own radiation, but the absorption of the background
light source filtered around 308.5 nm. Due to the wavelength-unspecific nature, the
quantitative values of the transmittance are irrelevant for the further analysis. This
is the reason why no further effort has been made to improve the presented results.
Nevertheless, the trend to substantial absorption is visible and the general shape of
the transmittance computed by the Spectral Modeling is confirmed.

4.3.3. Relevance of Absorption for OH* Radiation

The TDLAS results shown are in good agreement with the Spectral Modeling per-
formed on the numerical data. The filtered absorption measurement qualitatively
confirms the spatial distribution. Quantitatively, absorption of OH is proven to
have a significant impact on hydrogen-oxygen flames at elevated pressure and
temperature.

Absorption is a phenomenon which strongly depends on the wavelength: The
TDLAS measurements show 97% attenuation of the v =1 — v = 0 Q,(6) line at
10 bar, whereas radiation at other wavelengths is almost fully transmitted even
at higher pressures. The TDLAS measurements are performed in the relatively
low-absorption Av = 1 band around 283 nm. The stronger Av = 0 band around
308.5nm is predicted to have even higher absorption. This is also evident in the
filtered absorption measurement: Even though the radiation passing through the
flame shows a broad-band spectrum and a large part not associated with OH
absorption lines is greatly transmitted, the filtered transmittance is significantly
reduced because of the severe absorption of the single spectral lines.

Most relevant for the interpretation of the flame’s own radiation is not the absorp-
tion of radiation at arbitrary wavelength, but the absorption at the wavelength at
which the flame radiates itself. The emission and absorption spectrum of a radical
show the same distribution. Therefore, most radiation of an excited molecule is
emitted at wavelengths at which there is also high absorption. The impact of self-
absorption is, therefore, considerably more severe than absorption of a broad-band
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radiation as investigated in the previous section.

The amount of self-absorption varies significantly within the spectrum. To illustrate
this, the radiances of the strong v =0 — v =0 Q,(7) line at 309.06 nm and the weak
v =3 — v =2 P,(15) line at 305.13 nm are compared in a theoretical numerical
experiment: A homogeneous flame is considered, in which temperature and species
composition are computed from adiabatic stoichiometric combustion of hydrogen
with oxygen using Cantera. The radiances computed from Spectral Modeling, which
account for self-absorption, are plotted as a function of flame thickness in Figure 4.8
for four pressures and for both wavelength. Additionally, the bandpass-filtered
radiance around 308.5 nm is computed.

If self-absorption was negligible, then the radiance would increase linearly with
flame thickness. This is approximately the case for the weak v =3 — v =2 P,(15)
line at 1 bar. At higher pressures, an increasing deviation from proportionality is
observed: The thicker the flame is, the more radiation is attenuated within the
flame and the less is effectively emitted. For the filtered radiation and even more
for the single strong line, the effect is already visible at atmospheric pressure. At
100 bar, a 10 mm long flame emits more than 80% of the radiation a 100 mm thick
flame. For the strong v = 0 — v = 0 Q,(7) line, the emitted radiance does not
increase significantly after just 0.25 mm at 100 bar. Therefore, at elevated pressures,
self-absorption determines the region from which OH* radiation is recorded.

To quantitatively transfer the experimental findings of this section to arbitrary
flames, three parameters have to be compared: The length of the optical path
through the flame, the mole fraction of ground state OH, and the pressure. All
of these enhance absorption. The parameters result from the Lambert-Beer law
combined with the definition of the absorption coefficient (see Sections 2.1 and
2.2.2). The experimental results show a significant influence of the absorption at a
laboratory scale flame with a half width of the OH concentration of approximately
10 mm. In practical flames with typically thicker luminous zones, the effect is even
more important.

4.4. Emission

With the absorption spectrum of OH clarified, its emission in the jet flame ex-
periment can be studied thoroughly. In this section, measurements of the flame
spectrum, the spatial profiles, and the influence of pressure are presented. The
data is compared with the results obtained from the different radiation models and
their performance is assessed.
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Figure 4.8.: Simulated radiance L of a theoretical flame as a function of flame thickness z
for two individual lines and the radiance filtered by the 308.5 nm band-pass

filter.
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4.4.1. OH* Radiance Spectrum

The spectrum of the flame is recorded using the setup described in Section 3.3.2.
A horizontal slice 5 mm above the burner is resolved radially and spectrally. Two
gratings with 150 grooves/mm and 2400 grooves/mm are used to record a coarse
and a fine spectrum, respectively. The coarse spectrum is mainly of interest for
the discussion of the blue radiation and is, therefore, presented in Figure 5.2 on
page 76.

The OH* spectrum shows the typical shape as known from literature ([49], Sec-
tion 2.4.1) with the Av =1 bands around 285 nm, the Av =0 bands around 310 nm,
and the Av =—1 bands around 330 nm. The intensity of the entire OH* spectrum
increases strongly with pressure, see also Section 4.4.3.

To gain further insight and to discuss the modeling results, the fine spectrum of
the flame at 12 bar around 310 nm is shown in Figure 4.9 between 305 nm and
318 nm. The experimentally observed line-of-sight integrated radiance is plotted in
a false-color image as a function of the horizontal coordinate y and the wavelength.

The image is compared to the radiance L computed from Spectral Modeling, which
naturally is the only method to resolve the radiation spectrally. From temperature,
pressure, and ground state OH mole fraction of the CFD simulation, the wavelength-
dependent absorption and emission coefficients are computed at each radial and
axial position. The line-of-sight integrated radiance as a function of the horizontal
coordinate y is then calculated as described in Section 3.5.

To better illustrate the performance of the radiation model, the radiances are inte-
grated along the horizontal coordinate y. The resulting radiances are a function of
only the wavelength and shown in Figure 4.9(b). As the measured quantities are not
absolute values, the spectra are normalized by their maximum values. Generally,
very good agreement between the experimental data and the simulated radiance
can be observed.

Additionally, a third curve is plotted in Figure 4.9(b): It represents the emission co-
efficient e obtained from Spectral Modeling (see also Section 2.1). It is computed in
the same way as the radiance L, but does not take into account self-absorption. The
spectrum of the emission coefficient e is again normalized by its maximum value.
Comparing the data with the experiment, good correlation is observed for wave-
length below 312 nm. Above, the emission coefficient significantly under-predicts
the recorded radiance. In this region, the radiance is dominated by transitions
between the vibrational states v =1 — v = 1, whereas below 312 nm the transitions
are between the vibrational states v =0 — v = 0. OH molecules with the vibrational
state v = 0 have a much higher number density than with the vibrational state
v = 1. Therefore, the v =0 — v = 0 transitions are substantially more attenuated by
self-absorption than the v =1 — v =1 transitions. In Figure 4.9(b), the values are
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(a) Experimental spectrum (left half) vs. Spectral Modeling radiance,
blurred with a 65 pm FWHM Gaulian kernel (right half).
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(b) Radially integrated spectra.

Figure 4.9.: OH* radiance spectrum of the jet flame experiment. The recording shows a
radial slice 5 mm above the lance. Data at 12 bar.
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normalized, which is why the values of the dominating v =0 — v =0 transitions are
well represented. In reality, the less self-absorbed v =1 — v =1 transitions there-
fore appear to be relatively stronger in the experiment compared to the emission
coefficient.

4.4.2. Spatial Filtered OH* Radiance

The line-of-sight integrated radiances of the flame recorded from the side give
insight into the spatial structure. To provide two-dimensional data, the camera is
equipped with the 308.5 nm band-pass optical filter instead of a spectrograph. The
wavelength thus cannot be resolved.

The radiances of the flame at different pressures is shown in Figure 4.10. Originally
being an elongated flame, it becomes shorter with increasing pressure. Along with
the increase in pressure, the outflow velocities decrease inversely because of the
constant mass flow rate. The gravitational effect which relatively increases with
pressure pushes the flame towards a narrow zone above the lance. This trend is also
visible in the numerical data. Above approximately 33 bar, the velocities are so low
that slight disturbances cause the flame to become unstable and start to flicker.

(a) 1bar (b) 5bar (c) 12 bar (d) 19 bar (e) 31 bar (f) 39 bar

Figure 4.10.: Filtered, line-of-sight integrated OH* radiation at different pressure levels.

As shown in Section 4.3, the OH* radiation suffers from severe self-absorption
at elevated pressures, which strongly depends on the individual spectral lines.
An Abel-type inverse transform to obtain the radial profiles is only possible in
the presence of self-absorption if the absorption coefficient is constant over the
measured wavelength. The optical band-pass filter used has a FWHM of 10 nm,
thus containing the information of many spectral lines. The absorption among
these lines is very different. Therefore, an accurate Abel-type inverse transform is
not possible. Accordingly, only line-of-sight integrated data of the OH* radiation
are presented in this sub-chapter.

All three radiation modeling approaches presented in Section 4.1 aim to com-
pute the filtered flame radiation. Therefore, all of them can be compared to the
experimental data. The values computed by the Spectral Modeling approach are cal-

66



4.4 Emission

culated in the same way as in the previous section, but for each height of the flame.
The band-pass filtered radiation is finally computed by integrating the wavelength-
dependent data with the filter curve. Like in the previous section, both the radiance
L and the integrated emission coefficient e are presented to indicate the impor-
tance of the self-absorption.

Both the Detailed Chemistry approach and the Equilibrium Filtered Radiation
Model naturally cannot account for self-absorption. The radiances predicted by
these models are, therefore, obtained by performing the geometrically modified
forward Abel transform based on the radially computed data without taking into
account any absorption.

The results of the three models are presented in Figure 4.11 for 12 bar. All data are
normalized by their peak values, as the radiation models always produce qualitative
emissivities (see Section 4.1). Further pressure levels are shown in Appendix C. All
three radiation models predict the general shape very well. However, the simulated
radiation peaks a little too far downstream compared to the experiment. This be-
havior is observed for all radiation models. As they all rely on the same fundamental
numerical simulation, this appears to be due to the underlying data.

Comparing the Detailed Chemistry, EFRM, and Spectral Modeling e results, almost
identical shapes are produced. All three models have the same fundamental as-
sumption of no self-absorption. The equality of the Detailed Chemistry and the
EFRM data again confirms the result of Section 4.2 that the chemical excitation
included in the Detailed Chemistry model is negligible compared to the thermal
excitation.

The Spectral Modeling of the radiance L, however, produces a little different result.
This is due to the inclusion of self-absorption. Spatially, the absorption results
in a reduction of radiation in the peak regions of the flame. Normalized by the
maximum value, radiation in regions of lower attenuation appear amplified. This
can clearly be seen in the inner region of the flame near the flame foot. The effect
is visible both in the experimental data and the Spectral Modeling L. While almost
negligible at atmospheric conditions, it becomes stronger with increasing pressure.

4.4.3. Overall Filtered OH* Radiance

In the previous sub-sections, the radiances were always presented referenced to
their maximum value in each case. While absolute radiance measurements are
not achievable with the equipment in use, the relative radiances between various
pressure levels can, nevertheless, be compared.

To present a meaningful parameter, the overall wavelength-, radially-, and axially-
integrated radiance is measured at each pressure level. This quantity is shown in
Figure 4.12. The values are normalized by the radiance at 5 bar. At each pressure
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Figure 4.11.: Filtered, line-of-sight integrated OH* radiances. Experimental, normalized
data is shown on the left sides of the four images. The right sides show the
radiance modeling data. Pressure in the experiment: 12.2 bar, pressure in the
simulation: 12 bar.
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level, 204 pictures of the flame are recorded. The presented values represent the
average overall radiances of each measured pressure. The standard deviation in
both the overall radiance and the pressure is plotted as error bars in Figure 4.12.
The significant error bars at approximately 35 bar and 40 bar indicate the flickering
and the unstable behavior of the flame at these pressure levels. Therefore, their
values have to be treated with care.
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Figure 4.12.: Total OH* radiance filtered by the 308.5 nm filter. Comparison with the data
from the numerical simulation: Radiance L from Spectral Modeling (including
self-absorption, “SM L”), emittance e from Spectral Modeling (excluding self-
absorption, “SM e”), result from the Detailed Chemistry model (“DC”), result
from the Equilibrium Filtered Radiation Model (“EFRM”).

Figure 4.12 shows an approximately linear increase of the overall OH* radiation up
to 17 bar. At this point, the growth stagnates, and the overall radiance remains at
a constant level up to 30 bar. The two (unstable) data points at 35 bar and 40 bar
suggest a decrease of radiation.

Analogously to the experimental radiances, the overall radiances from the simula-
tion results presented in the previous sub-section are collapsed into single values
for each pressure. Their data is added to Figure 4.12. Again, each model is normal-
ized by its value at 5 bar to produce comparable results. This naturally results in
perfect agreement at 5 bar, but the responses of the three models to pressure are
captured.
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All radiation models yield very good results up to 10 bar. Above this value, the
radiance L resulting from the Spectral Modeling approach shows almost perfect
agreement with the experimental data. The other three models, however, overshoot
significantly. This deviation is clearly again due to the fact that these models neglect
self-absorption.

4.4.4. Discussion of OH* Emission and its Modeling

The OH* radiation of the presented laminar jet flame experiment can well be mod-
eled using the approaches presented in Section 4.1. Spectrally, the data available
through the HITRAN database mostly matches the results measured. Regarding
the band-pass filtered radiation of the flame under investigation, all three models
perform very well below 10 bar. Above the optical thickness corresponding to this
pressure, self-absorption becomes important, and the Detailed Chemistry and the
Equilibrium Filtered Radiation Models overshoot both globally and locally.

As can be assumed from literature and from Section 4.2, OH* is in thermal equi-
librium with OH. Therefore, the additional information of chemical excitation
included in the Detailed Chemistry modeling does not result in better simulation
data. The much simpler newly presented Equilibrium Filtered Radiation Model
describes the flame radiation in this temperature regime equally well. Its ease of
application makes it favorable for modeling the OH* radiation at high temperatures
and moderate self-absorption.

At elevated optical densities, these simple models fail due to the wavelength-
dependent self-absorption. To accurately simulate the OH* radiation in this regime,
the Spectral Modeling approach has to be followed.

With the simulation representing the experiment well, the experimental observa-
tions of the flame shape and the pressure dependency can be explained: Conferring
to Equation (4.3), the OH* radiation originates from the zones in which the presence
of ground-state OH coincides with a high temperature. In a laminar jet diffusion
flame, this is the region close to the stoichiometric surface. For varying pressures,
the radiation profile follows the shape of this surface. The decrease in Froude num-
ber with pressure, which leads to the shortening of the flame, is thus visible in the
radiation.

The total amount of OH* radiance observed is influenced by three parameters: The
peak temperature, the general amount of OH molecules, and their distribution in
space. In the presented experiment, the peak temperature is close to the adiabatic
flame temperature and increases from approximately 3190 K to 3500 K between
1 bar and 10 bar (see also Figures C.1 et seqq.). At higher pressures, the flame is
strained and the peak temperature effectively stagnates at a constant value of
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approximately 3570 K. Above 10 bar, the increase in temperature does not have a
significant influence on the OH* radiation (see Figure C.1 et seqq.).

More important is the amount of OH molecules and their distribution: At almost
constant temperature, the radiation is directly proportional to the summed-up
ground state OH concentration. This is effectively the flame thickness multiplied
by the number density of OH, which is directly proportional to the pressure. In
the experiment, the flame shape decreases only slightly up to 17 bar. In this range,
the decrease appears to compensate the increase due to the rise in temperature,
and the dominant influence is the pressure. This explains the approximately linear
behavior of the summed-up radiation at low pressures.

At higher pressures, the reduction in flame thickness caused by the gravitational
strain and the combined stagnation of peak temperature become more important
than the OH number density increase with pressure. This leads to the stagnation of
the overall radiation in this regime. Additionally, the broad spatial distribution of
OH causes severe self-absorption: A large amount of radiation produced at the rear
end of the flame does not reach the detector due to attenuation within the flame.
This further reduces the amount of radiation received and leads to the experienced
reduction at very high pressures.

From this perspective, the inconsistent observations on the dependency of the
OH* radiation on pressure reported in the literature mentioned in Section 2.4.3 can
be explained: There is no simple correlation between OH* radiation and pressure,
but the radiation is greatly influenced by the flame area and number density, and
additionally suffers from self-absorption. For the pressure variations presented in
the literature, no comments were made on the dependency of flame volume on
pressure. Typically, with a change in operating conditions, all of the parameters
which influence the amount of OH intermediately present, like strain distribution,
flame length, et cetera, are considerably altered. Depending on the setup, the overall
OH* radiation can increase exponentially by an arbitrary factor, remain constant,
or even decrease.

71






5. Blue Radiation

Asintroduced in Section 2.5, the blue or continuous radiation is a sparsely discussed
feature of hydrogen flames. Even though it has been known for a long time [40] and
certainly everyone is familiar of its presence from e.g. the radiation of the Space
Shuttle Main Engine or the Vulcain engine, many researchers know little about its
existence [123].

The blue radiation is a prominent feature of the jet flame experiment introduced in
Section 3. In the following chapter, both its absorption and its spectral and spatial
emission are discussed. The origin of the blue radiation is still not fully proven. For
this reason, the last section in this chapter will give an evaluation of the suspected
sources mechanisms.

5.1. Absorption

Up to this point, no research is known which studies the (self-)absorption of the
blue radiation. As it is important for the interpretation of the radiance, it is again
discussed first.

The investigation of the absorption is essentially analogous to the procedure de-
scribed in Section 4.3.2. The experimental setup explained in Section 3.3.3 consist-
ing of the background illumination, experiment, and camera is employed. Instead
of the OH* filter, the band-pass filter centered around 456.270 nm with a FWHM of
2.370 nm (see Appendix B) is mounted in front of the camera lens to ensure that
only blue radiation is recorded.

The spatial transmittance is measured at six pressure levels up to 40 bar. At each
operating condition, 2048 frames with a sampling frequency of 50 Hz are recorded.
Around 456.270 nm, the radiation of the 500 W Hg(Xe) lamp is orders of magnitude
larger than at 308.5 nm which allows shorter gating times of the image intensifier
and, therefore, the higher frame rate. Additionally, the background radiance is
considerably stronger compared to the flame radiation in this wavelength band.
The camera and image intensifier can, therefore, be set to record the background
intensity distributed over the entire sensitivity range. This provides a much better
signal-to-noise ratio compared to the experiments described in Section 4.3.2.
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Figure 5.1.: Blue transmittance of the Hg(Xe) lamp radiation through the flame, filtered by
the 456.270 nm band-pass filter (see Figure B.2).

The results of the spatial transmittance measurements are shown in Figure 5.1 at
approximately 1, 10, 20, and 30 bar. In contrast to the transmittance in the OH band,
where severe absorption was observed, no significant deviation from unity can be
seen for the blue radiation. This is the case for all pressure levels studied. Only the
influence of beam steering causes shadows along the edges and the impurity of the
diffuser.

From these measurements, it can be concluded that no significant absorption
is present in hydrogen-oxygen flames around 456.270 nm up to 30 bar pressure.
As the emission spectrum is continuous, it can be assumed that a corresponding
absorption spectrum would also be continuous, and that the absorption coefficient
is only weakly depending on the wavelength. Therefore, the absorption of the
broad-band background at the band-pass filtered wavelength should be similar
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to the absorption of the flame’s own radiation. As no absorption is observed, self-
absorption of the entire blue radiation is concluded to be insignificant.

5.2. Emission

The absence of self-absorption in the entire pressure range makes the blue radiance
much easier to interpret than the OH* radiance. The flame is optically thin with
respect to the blue radiation, and radial profiles can be extracted from line-of-sight
integrated measurements via the modified inverse Abel transform (see Section 3.5).

The following section presents the spectrum of the experimental flame and the
spatial distribution of the radiation. Subsequently, the influence of pressure on the
overall blue radiation is shown.

5.2.1. Blue Radiance Spectrum

The coarse spectrum of the flame at various pressures is shown in Figure 5.2. It
is recorded by the setup described in Section 3.3.2 using the 150 grooves/mm
grating. The Av =1 band around 285 nm, the Av =0 band around 310 nm, and the
Av =—1 band around 340 nm of the OH radical are dominating the UV range. The
continuous blue radiation is much weaker, but clearly visible for higher pressure
levels. It is partially masked by the high wavelength region of the OH bands around
340 nm and extends beyond the end of the spectrum displayed in Figure 5.2. The
flat maximum lies at approximately 440 nm. The radiation intensity increases with
pressure for both OH* and blue emission. For OH*, the pressure influence appears
to be less significant at elevated levels, which is in agreement with the results shown
in Fig. 4.12. For the blue radiation, the pressure influence is considerably stronger.
While significant at 31 bar, it is not detectable compared to the OH* radiation below
5 bar. A human eye is able to see it very brightly already at atmospheric pressure.

The continuous radiation shows a reproducible fine-structure as reported by
Schefer et al. [123]. The peak appears to become sharper with rising pressure and
temperature. Apart from the OH bands, no superimposed radiation is observed.
Therefore, it can be concluded that the band-pass filtered signal recorded around
456.270 nm is attributed purely to the blue continuous radiation. The subsequently
presented results rely on this assumption.

5.2.2. Spatial Blue Radiance

Spatially, the line-of-sight integrated blue radiation shows a shape very similar to
the OH* radiation. A comparison between the two radiances at 20 bar is given in
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Figure 5.2.: Coarse spectrum of the flame 5 mm above the fuel lance at different pressures.

Figure 5.3(a). Additionally, the radial profiles obtained from applying the modified
inverse Abel transform neglecting absorption described in Section 5.3 is shown in
Figure 5.3(b).

Generally, the blue radiation shows a very similar shape to the OH* radiation at
all pressures. The peaks are approximately at the same axial position. However,
the blue radiation has a sharper edge than the more diffuse OH* radiation. The
influence of self-absorption of OH* is clearly visible: In the line-of-sight integrated
data, the intensity close to the center at the foot of the flame is low for the blue
radiation, whereas it is relatively more pronounced for the OH* radiation due to the
attenuation of OH* radiation at the maximum value. Similarly, the modified inverse
Abel transform of the blue radiation produces a reasonable radial field, which is
not the case for the OH* radiation due to self-absorption.

With increasing pressure, the shape of the blue radiation follows a trend similar to
the one of the OH* radiation. An overview is shown in Figure 5.5, with more data
available in Appendix C.

5.2.3. Overall Blue Radiance

To quantify the influence of pressure on the blue radiation, the overall radiance of
the entire flame is plotted as a function of pressure in Figure 5.4. The quantities are

76



5.3 Investigation of the Origin of the Blue Radiation

(a) Line-of-sight integrated radia- (b) Results of the inverse Abel
tion, 20 bar transforms, 1 bar

Figure 5.3.: Comparison between blue (left halves) and OH* (right halves) radiation of the
jet flame.

obtained by computing the mean value of the 204 pictures taken at each pressure.
The standard deviation of this value is illustrated by error bars in Figure 5.4 and
is only significant above 33 bar, indicating the flame flicker like described in Sec-
tion 4.4.3. As an absolute measurement of the radiance was not feasible, the values
are normalized by the radiance at 5 bar.

At atmospheric pressure, the blue radiation only amounts to 2% of the radiance at
5 bar. Up to approximately 10 bar, the overall blue radiation increases exponentially
with pressure. The rate of change slows down gradually between 10 bar and 25 bar,
in which the increase is approximately linear. Between 25 bar and 33 bar, the blue
radiation stagnates at a level 17 times larger than the radiance at 5 bar. Above 33 bar,
the radiance increases again, although caution is necessary as the flame is unstable
at these operating conditions. Between 1 bar and 40 bar, the overall blue radiation
increases by a factor larger than 1000. This value is in perfect agreement with the
number stated by Diederichsen and Wolfhard [27].

5.3. Investigation of the Origin of the Blue Radiation

The real source of the blue radiation is still not identified beyond doubt. As sum-
marized in Section 2.5, the mechanisms suggested in literature are the formation
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Figure 5.4.: Comparison of the measured total flame radiation at 456.270 nm to the numeri-
cal H,0,* and H,O* chemiluminescence models (reactions (5.1) and (5.2)). The
parameters n, E,, and k, are set to 0 for the standard case. The fitted curves are
plotted for the parameters optimized to fit the experimental data (see Table 5.1).
All curves are normalized by their intensities at 5 bar.

of chemiluminescent H,0* and chemiluminescent H,O,*:
OH+H — H,0* —H,0+hv (5.1)
OH+OH — H,0," — H,0,+hv (5.2)

The first reaction (5.1) is favored by Padley [103], whereas the second reaction (5.2)
is found more suitable by Vanpee and Mainiero [137]. However, both studies suffer
from the fact that they do not spatially resolve their flames and are, therefore, not
able to compare molecular data to the recorded radiation data directly.

The present study provides a spatially resolved numerical simulation accompanying
the experimental data. This combination can be used to gain further insight into
the origin of the blue radiation by evaluating the two above models.

Before the experimental data is compared to the simulation, two conclusions that
can be drawn from the absorption and spectral measurements should be men-
tioned: As presented in Section 5.2.1 and the work by Schefer et al. [123], the con-
tinuous spectrum exhibits a detailed fine-structure. From the discussion of various
flame spectra made in Section 2.2.4, such a spectrum can be typically attributed
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to the radiation of molecules consisting of three or more atoms, which allow the
great number of transitions required. Both suggested models appear to be suitable
from this perspective. The absence of any observed absorption in the wavelength
band attributed to the blue radiation can have two sources: Either, the transition
probability is very low, or the number density of the ground state species is very
low.

The low absorption allows to assume direct proportionality between radiation
and concentration of the excited species. Following the derivation in Section 2.3.2,
the concentration of the chemically excited species can be calculated from Equa-
tion (2.20). Applied to the two chemiluminescence models proposed, the equations

become:
e 1,0+ [OH] [H]

[H,O0*]= (5.3)
2 kq, 1,0+ [Ql+ An,0t—n,0
for reaction (5.1) forming H,O* and
ken, 1,0, [OH] [OH]
[H,0,°]= : (5.4)

kq, 1,0, [Ql+An,0, 1,0,
for reaction (5.2) forming H,O,*.

Equations (5.3) and (5.4) show several unknown parameters: Most important are
the rate constant of the chemical excitation reaction, ke, 1,0+ and Kep, 1,0, + Typically,
these parameters follow a modified Arrhenius equation:

Ea H,O0*
k, =Ay o T exp| ——— 5.5
ch, H,0 H,0 2 p( R T ) (5.5)
E .
kCh, H,0,* :AHZOZ* TnHZOZ* eXp (—;LZ;Z) (5.6)
m

Additionally, quenching can influence the concentration of the excited species.
Being known as an effective quencher for other chemiluminescence models [133]
and being the by far most dominating product species present in the flame, H,O is
assumed to be the only quenching species Q'. Following a Stern-Volmer approach,
the quenching rate parameters kq 1,0+ and kq p,0,+ are treated as constants (see
Section 2.3.2).

Theoretically, the Einstein coefficients Ay o«u,0 and Ay o +u,0, are also unknown
parameters. However, as all comparisons are normalized, they become irrelevant.
Similarly, the pre-exponential factors Ay, o, and Ay, o, only lead to a constant am-
plification of the concentrations and can, therefore, not be studied.

! Additionally, the sum of all species concentrations (which is equal to the molar density) is tried as
the quenching concentration. However, this results in approximately the same parameters and
an almost identical output. This option is, therefore, not further discussed.
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H,O* H,0,*
n 0.0031 0.0013
E, 8.7]J/kmol —7.3J/kmol

kq 0.0056 m*/kmol 0.0021 m*/kmol

Table 5.1.: Optimized parameters of the chemiluminescence models for total blue radiation
as a function of pressure.

To evaluate the two chemiluminescence models, Equations (5.3) and (5.4) are ap-
plied on the computed numerical data set on a cell-by-cell basis. The resulting
concentration fields [H,0*] and [H,0,*] are compared with the experimental data.

The first comparison is made based on the total radiation of the flame. To compute
this value numerically, the concentration at each cell is multiplied by the cell volume.
The summation over all cells results in the total radiation, which can be computed
for each pressure level. The data is normalized by the value at 5 bar and added to
Figure 5.4.

In a first approach, all unknown Arrhenius and quenching parameters are assumed
to be zero. The radiation density originating from each cell is, therefore, calculated
by simply multiplying the concentration of OH and H for the H,O* chemilumines-
cence and of OH by itself for the H,O,* chemiluminescence. In the succeeding step,
the parameters n, E,, and kq of both chemiluminescence models are optimized to
match the experimental data best using a Nelder-Mead algorithm available through
Python/SciPy [68]. The parameters obtained are listed in Table 5.1.

Figure 5.4 shows clearly that even without taking into account the Arrhenius and
quenching parameters, the measured total intensities are already well described by
the chemiluminescent reaction forming H,O,*. The chemiluminescent reaction
forming H,O* on the other hand significantly under-predicts the radiation for
higher pressures without tuning.

The optimization of the Arrhenius and quenching parameters yields close cor-
respondence between the simulation and the experiment for both models, even
though all optimum parameters differ only slightly from zero. The small values
of the optimum Arrhenius parameters suggest that the chemiluminescence reac-
tions are not sensitive to temperature. However, this fact has to be considered with
care, as the temperature within the luminous zone varies only between 3100 K and
3500 K.

Above 30 bar, the experimental values that do not follow the general trend are not
reproduced by both models. This could be due to the fact that the flame becomes
unstable in the experiment for very high pressures which leads to differences from
the simulation result. Based on this data, no chemiluminescence model can be
qualified as a better match to the experimental data.
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Figure 5.5.: Radial distributions of the blue radiation at different pressures. The left half
of the images shows the inverse Abel transformed measured intensities. The
right half of the images shows the result of the numerical computed reaction
rates forming H,O,* (reaction (5.2), left) and H,O* (reaction (5.1), center). The
images on the right hand side compare the line-of-sight integrated radiances
over the flame height.
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Additionally, the experimental images from the side of the flame showing the line-
of-sight integrated emission are considered. As described in Section 5.2.2, the radial
profiles are obtained via the modified inverse Abel transform. This data can directly
be compared to the H,0* and H, O, * radiation models applied to the axis-symmetric
simulation domain, as shown in Figure 5.5 for three selected pressures?. As the
pressure in the experiment cannot be set directly but has to be measured, the
experimental data closest to the simulation pressure levels is displayed. Figure 5.5
additionally shows the integrated emission over the height of the flame from the
measurements and the models.

Within the luminous zone of the flame at a single specific pressure, both the tem-
perature and the water vapor concentration do not vary significantly (see Figure C.1
et seqq.). Therefore, the impact of the Arrhenius and quenching parameters on the
radial emission simulations is negligible.

Like for the overall blue radiance as a function of pressure, the chemiluminescent
reaction model forming H,O,* describes the spatial radiation field very well for
all pressure levels. The peak is constantly predicted slightly downstream of the
experimental measurements. As pointed out in Section 4.4.2, this behavior is also
visible in the comparison of the OH* radiation, which also mainly depends on the
concentration field of OH.

On the other hand, the chemiluminescent reaction forming H,O* constantly results
in a luminous zone longer than observed in the experiment. The peak is further
downstream, and the flame is computed to be thicker than measured. This is due
to the fact that this reaction relies on the concentration of atomic hydrogen, which
is higher on the hydrogen (outer) side of the flame.

From this comparison, it can be seen that reaction Equation (5.2) better predicts the
experimentally observed blue radiation than reaction Equation (5.1). This supports
the observations from Vanpee and Mainiero [137] and Diederichsen and Wolfhard
[27]. The temperature exponent ny o - = 0.0013 and the Arrhenius activation energy
E, n,0,-=—7.3]/kmol derived from the curve fitting have to be treated with care as
the temperature range under investigation is small. The quenching rate of the rela-
tion has a negligible value. This can have two reasons: First, the excited state H,O,*
is so unstable that it immediately relaxes to the ground state H,O, after formation.
Alternatively, the opposite assumption is also possible: The lifetime of H,0,* is so
large that it is always de-excited by collision. In Equation (5.4), the Einstein coeffi-
cient Ay, 0, 1,0, is then negligible. If the reaction forming H,0O,* is not a bimolecu-
lar reaction but instead a trimolecular reaction OH + OH +Q — H,0,*+ Q, then
the concentration of the collision partner [Q] appears as an additional factor in
the numerator of Equation (5.4). If again H, O is assumed to be the main collision
partner Q, then its concentrations appear in both numerator and denominator of

2Further data is presented in Figure C.9.
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Equation (5.4) and, therefore, cancels out. The concentration of H,0,* and thus
the blue radiation is again proportional to the square of the concentration of OH.

The little differences between the two radiation models, and the fact that only two
previously assumed possibilities are investigated, are clearly not sufficient to prove
beyond doubt that reaction Equation (5.2) is the real physical source of the blue
radiation. In fact, the real origin of the blue radiation might not even be one of the
two chemiluminescence reactions proposed. The close spatial correlation between
OH* and blue radiation leads to the new idea that the blue radiation is a fluorescent
response of some molecule excited by the strong OH* radiation.

However, from a practical point of view, the physical source might not be relevant: In
the current study it is shown that the square of the OH concentration is proportional
to the recorded radiation. If this relation is shown to be true for other flames, the
method could present a very simple way to validate numerical simulations.
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6. Flame Radiation and Heat Release

To investigate the mechanisms driving combustion instability in liquid rocket en-
gines, the measurement of the volumetric heat release rate is beneficial. As all
measurements are difficult in such a hostile environment, a correlation between
flame radiation and the heat release rate would be desirable. In this chapter, the
relation between these two quantities is examined for flames and conditions typical
for rocket combustion.

Even for laboratory scale flames, it is hard to measure the volumetric heat release
rate accurately. Therefore, this is not even attempted in this study. Instead, the
heat release rate is investigated based on the numerical computations described in
Sections 3.4 and 3.6.

In the previous chapters it was shown that the OH* radiation in flames at elevated
temperature and pressure can be modeled accurately. Similarly, the blue radiation
can be described by the chemiluminescence reaction (5.2). Therefore, by numer-
ically simulating heat release rate and radiation of counterflow flames, further
deductions can be derived without performing experiments.

To understand the physical link between heat release rate and flame radiation, and
to make use of the data already discussed, the two properties are first compared
within laminar flames. To extend this information to the turbulent combustion in
practical rocket engines, the findings are discussed in terms of laminar flamelet
ensembles forming a turbulent flame. Based on these results, the use of radia-
tion measurements for the investigation of combustion instability in liquid rocket
engines is evaluated.

6.1. Flame Radiation and Heat Release in Laminar
Flames

The laminar flame structure is the most basic description of a non-premixed flame
featuring all essential physical effects. Diffusion, chemical reactions, and flow phe-
nomena are present. The laminar nature avoids the complexity of turbulence-flame-
interaction and thus provides an environment which can accurately be modeled
numerically. On this basis, the physical mechanisms leading to both heat release
and radiation are elaborated and compared.
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6.1.1. Laminar Jet Flame Experiment

To synthesize the results already discussed in the previous sections, the radiation
and heat release of the jet flame are discussed first. Figure 6.1 repeats the radially
deconvoluted experimental and numerical profile of the OH* radiation at 1 bar. In
addition, the numerically computed heat release rate is shown. The contour plots
can be compared directly.

(a) Measured OH* (b) [OH*] from (c) [OH*] from (d) Volumetric
radiance, DC simulation SM simulation heat release
inverse Abel rate
transformed

Figure 6.1.: Comparison between the local (filtered) OH* emissivity of the jet flame with
the local heat release rate at 1 bar.

It is seen that radiation and heat release rate have significantly different spatial
distributions. The OH* radiation shows the familiar crescent shape, with little
intensity at the flame base and mostly radiating at the tip of the flame. Figure 5.3
shows that the blue radiation follows a similar shape. The heat release rate, on the
other hand, peaks directly at the anchoring point at the lance rim. Here, the heat
of reaction is mostly transferred to the lance. From there on, two regions of heat
release emerge: One at the inner (oxygen) side, and one at the outer (hydrogen) side.
On a volumetric basis, the oxygen branch appears to be more intense. However, the
hydrogen branch shows a larger radius and in total accounts for approximately the
same amount. In between the two branches, the heat release drops almost to zero.
This shape is very reasonable, as will be discussed in the next section. It is also in
agreement with observations from other diffusion jet flames in literature [53, 130].

Spatially, there obviously is not even a qualitative correlation between the local
volumetric heat release rate and either the local OH* or blue radiation for the
laminar jet flame.
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(a) 1 bar (b) 5bar (c) 12bar (d) 20 bar (e) 30 bar (f) 40 bar

Figure 6.2.: Local heat release rate of the laminar jet flame at various pressures.

With increasing pressure, the volumetric heat release rate adjusts its shape to the
lower velocities at constant buoyancy forces (see Figure 6.2). At all operating con-
ditions, the two heat release branches exist and enclose the luminous zone. As
the flame becomes smaller in shape, the fraction of heat release taking place close
to the flame foot is increased. Nevertheless, the overall heat release rate remains
constant at approximately 600 W because of the constant mass flow rates.

From Figures 4.12 and 5.4 it is known that both the overall OH* radiation and the
overall blue radiation increase significantly with pressure by a factor of 80 and more
than 1000, respectively, while the mass flow rate is constant. An assumed direct
proportionality between the total OH* or blue radiation and the total heat release
rate, therefore, would not hold for varying pressure.

6.1.2. Counterflow Flames

A better understanding of the spatial distributions of heat release and radiation
observed above can be gained from counterflow flame simulations. Their one-
dimensional nature allows for more detailed and quantitative analysis of the pro-
cesses happening within a non-premixed flame. This section relies on the results
obtained from the Cantera simulations described in Section 3.6.

Figure 6.3 shows the key structural aspects of a typical hydrogen-oxygen diffusion
flame. As pure hydrogen is used for the fuel and pure oxygen for the oxidizer, their
mole fractions Xy, and X,, are unity at their corresponding boundaries. Within the
flame, their mole fractions overlap due to diffusion. The products of combustion,
mostly H,O and OH, are present in the center of the flame.
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Figure 6.3.: Structure of a counterflow flame at p = 1bar and @, = 5.8 x 102 1/s.

The heat release rate resulting from the chemical reactions is also shown in
Figure 6.3. It is computed from Equation (3.12) and exhibits a complex struc-
ture with two dominating peaks. To understand the origin of this structure, it is
split into the most important reactions in Figure 6.4, similar to the analysis pre-
sented by Law [83]. The peak on the hydrogen side is mostly due to the reaction
H+OH+M — H,0 + Q, whereas the peak on the oxygen side is caused by the
combination of the same reaction, the reaction H+ O, (+Q) — HO,(+Q), and the
reaction HO, + OH — H,0+ O,. These reactions reasonably dominate the heat
release rate, because they are the chain terminating reactions (indirectly) forming
water vapor. In between the two peaks, there is less formation of H,O. Instead, the
endothermic reaction H+ O, — O + OH forming OH actually removes heat from
the flow.

The double-peak structure can also be explained in an intuitive way: The effect
of heat release is the increase in temperature. In non-premixed flames, the two
streams of oxidizer and fuel are each heated up before they reach the stagnation
plane. It is natural that heat release coincides with the gradients in temperature.
The endothermic reactions sustaining the flame are most effective in the regions of
the highest temperature, thus reducing the amount of heat release in this zone.
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le8

v Total
— H+0,— O0+O0OH
— OH+H,— H+H,0

— H+H+Q—H,+Q
— H+OH+Q —H,0+Q
«E — H+0,(+Q) — HO,(+Q)
= HO,+0 — OH+O0,
- — HO,+OH—H,0+0,

Figure 6.4.: Contribution of the most important reactions to the total heat release within a
counterflow flame. Data at p = 1 bar and a,,x = 5.8 x 10%1/s.

This behavior is visible so well because of the high diffusivity of atomic and molec-
ular hydrogen and the absence of dilution like nitrogen. It is insensitive to pressure,
but influenced by strain (see Figure 6.5): With increasing strain rate, the flame thick-
ness is reduced and the diffusion velocities cannot keep up with the free stream
velocities. The two zones of heat release move closer together and partially overlap.

The spatial emissivities of the OH* and blue radiation are also shown in Figure 6.3.
Their normalized (filtered) emissivities are modeled by the Detailed Chemistry
approach for OH* and the square of the OH concentration for the blue radiation®.
Both profiles show a single, sharp peak in the center of the flame at approximately
equal locations.

The emissivity profile of OH* can be best explained by Equation (4.3): If thermal
excitation is assumed, then the OH* concentration is directly proportional to the
concentration of OH and exponentially depending on temperature. As shown in
Figure 6.4, OH is formed from an endothermic reaction which is most prominent
in the hottest region of the flame. Its profile is centered around this zone. The expo-
nential temperature influence leads to an even narrower peak of OH* compared to
OH, with a maximum at the highest temperature.

Similarly, taking the square of the OH concentration to model the blue radiation
results in a profile which is based on the shape of the ground state OH distribution,

IThe EFRM or filtered SM OH* emissivities yield an identical normalized profile compared with
the DC result.
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Figure 6.5.: Profiles within counterflow flames at various pressures and maximum strain

rates.
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but sharper. This is in agreement with the experimental observations presented in
Section 5.2.2.

Comparing the profiles of OH* and blue radiation to the heat release rate profile, the
same discrepancy is observed as in the semi-experimental results in the previous
section. It can be concluded that within non-premixed hydrogen-oxygen flames,
heat release rate and radiation peak at spatially separate locations. As explained
above, the reasons for the profiles can be physically derived. A spatial correlation
between heat release rate and OH* or blue radiation does not exist.

6.2. Flame Radiation and Heat Release in Turbulent
Flames

As shown in the previous section, the flame radiation is not a good marker for the
heat release within laminar non-premixed flames. However, almost all problems
with combustion instability arise in turbulent flames. Practically, a correlation
between the line-of-sight integrated radiation and the corresponding heat release
rate is of greater interest than a spatial correlation within the laminar structure.

This section attempts to transfer the findings from the investigation of laminar
flames onto turbulent flames. The approach is reasonable, as the turbulent flame
is often imagined as an ensemble of laminar counterflow flames, then referred to
as flamelets[107]. Therefore, the underlying physical processes leading to radiation
and heat release learned from laminar flames still apply. However, if a turbulent
flame is considered, the relation between heat release rate and radiation has to be
evaluated for stochastic distributions of flamelet ensembles. The effects of turbu-
lence are modeled by the straining of the individual flamelets forming the flamelet
ensembles.

In practical turbulent flames in rocket engines, the pressure is high and flamelets
experience high strain. The thickness of flamelets scales inversely with the square
root of pressure and strain [34, 83, 114, 109]:

1
JP a

(6.1)

Effectively, the thicknesses of the flamelets are, therefore, well below 1 mm. Typical
measurement equipment for large-scale rocket engines provides a resolution of
this order. The detailed structure of the underlying flamelets cannot be resolved.

Additionally, radiation measurements are typically line-of-sight integrated mea-
surements. Therefore, the exact spatial flame structure is not of interest. Instead,
the radiation measured along the ray entering the detector is compared to the heat
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Figure 6.6.: Illustration of the assumed flamelet ensemble.

release rate of the measurement volume (see Figure 6.6). From this integral point
of view, three general cases are possible from basic consideration:

1. The measurement volume contains only unburnt reactants: In this case, there
is no OH present and neither OH* nor blue radiation can take place. Similarly,
as no reaction can take place, the heat release rate is zero.

2. Several flamelets are within the measurement volume: Both luminous and
heat release zones are contained and their integral absolute values are posi-
tive.

3. The measurement volume consists of fully burnt products: The reaction
is completed and no heat release takes place. However, radiation can still
occur, if OH is present and the temperature is high enough (see also Burrows
and Razner [19]). Nevertheless, if the equivalence ratio is not stoichiometric,
the mixing of the combustion products with the species in excess results in
lower temperature and substantially less OH compared to the flame zone.
Therefore, the emissivity of OH* and blue radiation would be significantly
lower compared to case 2.

Qualitatively, both OH* and blue radiation are markers for the line-of-sight inte-
grated heat release rate, if the combustor is operated at globally non-stoichiometric
conditions.

The question remains whether a quantitative relation exists. The experience from
premixed hydrocarbon flames indicates that there might exist a correlation: As
reviewed in Section 2.6, turbulent ensembles of flamelets can have equal property
distributions, such that the integral flame radiation is proportional to the integral
heat release rate. Additionally, Lauer et al. [82] introduced an approach for premixed
flames, which provides a correction parameter to account for unequal strain rate
distributions. To investigate non-premixed flames, the application of this technique
is analyzed in the following.

Nevertheless, one limitation of the quantitative relation is evident: If self-absorption
is significant, this affects only the line-of-sight integrated radiation. A direct propor-
tionality between absolute radiation and absolute heat release rate is thus impos-
sible. This constraint will be further discussed in Section 6.3. Within this section,
self-absorption is ignored to derive quantitative results.
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6.2.1. Flamelet-Integrated Correlation of Single Flamelets

If the line of sight is broken down into separate flamelets, and each flamelet is
assumed to be cut normal to the flame surface, then the quantities of interest are
the flamelet-integrated values. They are obtained by an integration along the axial

flame coordinate z:
oo

Ny = J N(z)dz (6.2)

—0Q
In the following, this operation is denoted by the subscript . This operation is ap-
plicable to any volumetric quantity N. For a single flamelet, the flamelet-integrated
value N; thus represents a quantity with respect to the flame surface area.

For combustion of constant reactant composition at constant initial temperatures,
the only two parameters influencing the structure of flamelets are pressure p and
strain rate a. To investigate both influences, batches of counterflow flame simula-
tions at varying pressures and strain rates are computed following the procedure
described in Section 3.6. The flamelet-integrated heat release rate ¢, the flamelet-
integrated OH* emissivity [OH*] I and the flamelet-integrated blue emissivity [OH ]?
are plotted as a function of pressure and strain rate in Figure 6.7.

These quantities are already appropriately scaled. It is found out empirically that
the flamelet-integrated quantities scale as follows:

qf ~ al/z pl/z (6.3)
[OH"], ~ a '? p! (6.4)
[OH]j, ~a % p3? (6.5)

The relations especially hold for flamelets far from extinction. With increasing
pressure, the extinction strain rate greatly increases, and the relations are valid for
a larger strain rate range.

Pressure and strain rate thus have a signifiant impact on the flamelet-integrated
heat release rate and both types of radiation. More importantly, the impact is not
identical: While the flamelet-integrated heat release rate increases with the square
root of strain rate, both flamelet-integrated types of radiation decrease with the
square root of strain rate. This contradicts the hypothesis of direct proportional-
ity between flamelet-integrated heat release rate and radiation: If two arbitrary
flamelets with not-equal strain rates are considered, the flamelet with the higher
strain rate will have a higher heat release rate but a lower radiation compared to the
flamelet with the lower strain rate. A general direct proportionality between heat
release rate and radiation of single flamelets is, therefore, not possible. This holds
already at constant pressure. If the flamelets to be compared show unequal pressure
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Figure 6.7.: Flamelet-integrated heat release rate (a), OH* radiation (b), and blue radia-
tion (represented by [OH]?) (c) as a function of maximum strain rate a,,, and
pressure p.
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levels, the discrepancy for the relation between heat release rate and radiation is
even larger following the above equations.

Justification of Equations (6.3) through (6.5)

Equation (6.3) through Equation (6.5) show a very simple form. Indeed, they can
also be derived analytically: If all fuel is assumed to be consumed by the flame,
then the heat release rate per flame surface area should be proportional to the fuel
mass flux. The fuel mass flux is proportional to the inflow velocity multiplied by
the density at the beginning of the flame. The difference in the velocities between
the inlet, divided by the flame thickness, defines the mean axial strain rate. As the
velocity ratio between fuel and oxidizer is constant, the velocity at the beginning of
the flame is directly proportional to the strain rate multiplied by the flame thickness.
Using Equation (6.1), and substituting these relations into each other, Equation (6.3)
can be derived [32, 34]:

~LJap (6.6)

F My =Py Uy Jap
This relation is in agreement with previous results from counterflow flame simula-
tions in literature [116, 115].

The scaling of the flamelet-integrated emissivities can be explained by evaluat-
ing the integration (6.2) itself. This is first presented for the blue radiation. As can
be seen from Figure 6.5, the shape of the blue radiation is similar at all pressures
and strain rates. The area under the curve, which corresponds to the integral, is
under this condition proportional to the product of the peak squared OH con-
centration [OH]Z%lk and the width of the profile, which is in turn proportional to
the flame thickness 0. Applying the equation of state for ideal gases, the peak OH
concentration can be substituted by an expression consisting of the pressure p, the
mixture-averaged gas constant R, the temperature T, and the peak mole fraction of
OH X0y peax- Among these, only the pressure changes significantly, while the others
are approximately constant. If all of these relations are substituted into each other
and only the similarity is considered, Equation (6.5) can be derived:

[OHT; = f (OH](2)" dz~[OH[ -6

peak )
_(_P_ )2 sz L ap ap
- (R TXOH,peak o p m p a (6.7)

Similarly, the flamelet-integrated OH* emissivity can be derived. In addition to the
above steps, Equation (4.3) is employed to compute the OH* concentration from
the OH concentration and the temperature. Due to the exponential dependency on
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the temperature, the change in temperature can no longer be neglected. While the
strain rate does not influence the peak temperature far from extinction, an increase
in pressure leads to a significant rise. The overall impact of the exponential term can
be studied from a zero-dimensional analysis in Cantera: Using Cantera’s equilibrate
method, the adiabatic temperature 7,4 of stoichiometric hydrogen-oxygen mixtures
can be computed as a function of pressure. If the maximum temperature 7,,,, is
assumed to be about the adiabatic flame temperature 7,4, the exponential term in
Equation (4.3) can be evaluated. It is found that it scales approximately with:

O] e ( he ) e ( he ) 0 (6.8)
~ ex —_—— |~ eX —_— |~ . .
OH] ~ Py A T )~ TPk A Ty )

Using this information, Equation (6.4) is obtained:

[OH*lfzf [OH*)(2) dz ~[OH"] 5 = "~ Xour peak 6

_ peak =T pT
p hc 05 1 1 _—1/2
= —X . —_— 5 ~ . . ~ 6.9
R T XOH.peak eXP( kBATmax) p-p Jap p a (6.9)

6.2.2. Flamelet-Integrated Correlation of Flamelet Ensembles

After describing the influence of strain rate and pressure on individual flamelets,
the subsequent question is whether the integral heat release rate and radiation are
correlated for an ensemble of flamelets forming a turbulent flame. Typically, the
absolute pressure is approximately constant throughout the ensemble. However,
the strain rate of each flamelet along the line of sight varies significantly. From the
results presented above for individual flamelets, it is evident that a general direct
proportionality between heat release rate and radiation is not given for arbitrary
turbulent flames.

As mentioned in Section 2.6, Lauer et al. [82] faced a comparable influence of
straining on heat release rate and OH* radiation in premixed counterflow flamelets.
Similarly, a general direct proportionality was attested to be false. However, they
were able to develop a model-based correction technique to still be able to obtain
the heat release rate experimentally from OH* measurements. In this study, the
strategy is followed accordingly.

Moreover, the simple dependencies of heat release rate and radiation from strain
rate and pressure derived in Section 6.2.1 greatly simplify the procedure. A single
line of sight is considered (see Figure 6.6), along which the integrated radiance
L; s is measured. The task is to obtain the heat release rate ¢; 5 corresponding to
the interrogation volume. Within this volume, an ensemble of several flamelets
form the turbulent flame. According to Yeung et al. [146], the strain rate in flames is
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approximately normally distributed around a mean value a for a sufficiently large
number of flamelets. If the number of flamelets within the volume is assumed to be
N, the overall heat release rate ¢ .5 is the sum of the flamelet-integrated heat release
rates ¢y, of all flamelets contained. Using Equation (6.3), g, ; can be expressed to be
proportional to ail/ 2 pl.l/ ?. Normally, the pressure p can be assumed to be constant
throughout the turbulent flame. By applying the law of large numbers, the sum
can be replaced by the number of flamelets multiplied by the expected value of the

summands:
N N
Gos=D dri~ D a pP N a2 p'” (6.10)
i=1 i=1

Correspondingly, this derivation can be performed for the radiances of OH* and
the blue radiation, which are again assumed to be proportional to the OH* concen-
tration and the square of the OH concentration, respectively:

N N
L[OH*],LOS ~ [OH*]LOS = Z [OH*]f,l ~ Z al'_l/z pil ~N - a——l/Z : Pl (6.11)
i=1 i=1
N N
Lionp,Los ~ [OH]ios = Z [OH]?Z- ~ Z ai_l/z pl.?’/2 ~N-a 2. p3/2 (6.12)
i=1 i=1

Generally, the number of flamelets N is not known. However, by solving Equa-
tions (6.11) and (6.12) for N and substituting the results in Equation (6.10), two
expressions for the line-of-sight heat release rate can be derived:

. = —1/2
Gros~ap Lionjres = €f1on Lion)Los (6.13)

. S
Gros~a P LionpLos = Cfonp Lionp,Los (6.14)

These equations represent a formulation to determine the heat release rate from
OH* and blue radiation measurements. The correlation factor ¢ jop+ and ¢y opp
correspond to the non-linear correlation factor introduced by Lauer et al. [82]. They
are also shown as a function of strain rate and pressure in Figure 6.8.

If the strain rate is viewed as an inverse flame thickness (see Figure 3.10), Equa-
tions (6.13) and (6.14) can also be explained intuitively: Flames with high strain
rate are very thin. If radiation is proportional to the flame thickness, there will be
little radiation originating from such a flame, even though there is a certain heat
release. Inversely, lowly strained flames are very thick and thus radiate considerably
even though they are associated with little heat release. Asymptotically, the latter
describes the case of the final products of a globally stoichiometric combustion,
which are hot and radiate, but do not release further heat.

Thus, the determination of the heat release rate from radiation measurements
in turbulent non-premixed flames is possible in principle. However, there is no
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Figure 6.8.: Correlation factors between the flamelet-integrated heat release rate and (a)
the OH* radiation or (b) the blue radiation, as a function of the maximum strain
rate an,x and the pressure p (scaled appropriately).

general proportionality. Instead, the radiances have to be weighted accordingly
with the mean strain rate a of the flamelet ensemble and the pressure p.

Practically, the scaling with pressure is achievable in experiments with reasonable
effort: Either it is assumed to be constant, or, in the case of large pressure amplitude
combustion instability, it can be obtained from pressure field reconstruction [54, 35].
Nevertheless, the measurement of the mean strain rate is more demanding: For
example, the steady mean strain rate can be determined from PIV experiments
by measuring the Kolmogorov time scale [82]. However, the application of this
technique is hardly feasible in confined rocket combustion chambers, especially
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if time-resolved measurements are of interest. This imposes a major drawback of
using flame radiation as a quantitative marker for the heat release rate.

Additionally, it should be mentioned again that the derivations above are only valid
for low optical densities, i.e. negligible self-absorption.

Within the framework of this thesis, no direct experimental proof of this method
for turbulent flames was possible. Nevertheless, the results from Lauer et al. [82]
generally support the viability of this method. Furthermore, the radiation data of
the laminar burner studied in Sections 4.4.3 and 5.2.3 indirectly validate the theory:
As the total heat release rate is kept constant throughout all experiments, the strain
rate should decrease inversely with pressure (Equation (6.10)). Substituted into
Equations (6.13) and (6.14), the total OH* and blue radiation should increase with
p®? and p?, respectively. Although key effects like the flame straining due to gravity
and the self-absorption of OH* radiation is neglected in this simple estimation, the
results agree by trend with the data presented in Figures 4.12 and 5.4.

6.3. Application to Rocket Combustion Instability

Asintroduced in Chapter 1, the flame is the dominant driving mechanism of thermo-
acoustic instability. To thoroughly assess the stability of combustion chambers, the
understanding of the interaction between combustion and acoustics is essential.

Common approaches to investigate combustion instability are based on the de-
scription of the linear acoustic field. By quantifying the growth or decay rate of
acoustic perturbations, the stability is characterized. Within the significantly simpli-
fied framework of linear acoustics, the impact of combustion can be broken down
to its heat release rate. If this theoretically defined quantity could be measured,
combustion instability could be studied by evaluating the Rayleigh criterion.

In liquid rocket combustion, flames are always highly turbulent. The previous
section showed that for turbulent non-premixed hydrogen-oxygen flames there
indeed exists a qualitative correlation between heat release rate and flame radiation,
if the medium is optically thin and the combustion is globally non-stoichiometric.
Thus, the zones of heat release can be visualized by the zones of radiation.

However, it is also described that there exists no general quantitative relation be-
tween heat release rate and flame radiation because of flame straining and pressure
influences. Therefore, the simple assumption of direct proportionality between
heat release rate and radiation is false in general.

The direct use of radiation measurements for the evaluation of the Rayleigh integral
thus would probably generate misleading results. Instead, as derived in the previous
section, the radiation measurements must be accompanied by measurements of the
mean strain rate along the investigated line of sight as well as the pressure to yield
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the quantitative heat release rate. Strictly from theory, for dynamic measurements
of fluctuations, even time-resolved strain rate measurements are necessary.

Such a time-resolved measurement of the strain rate distribution is hardly feasible
with reasonable measurement effort in rocket combustion chambers, even in model
burners far from practical devices. Therefore, it must be concluded that the use of
isolated radiation data is insufficient to generally derive the heat release rate and
to evaluate the Rayleigh criterion.

This is especially true when different regions of the flame are compared: Numerical
simulations show that the strain rate decreases significantly along the flame [113].
Luminous zones close to the injector have a considerably higher associated heat
release rate compared to zones at the end of the flames, at which the flame is
less strained and, therefore, thicker. However, if only a single spatial region of the
flame is studied and only the fluctuation of the heat release rate is of interest,
the situation is different: It can be argued that the error that would arise from
neglecting of the strain rate correction is of minor importance in this case. If the
flame is stationary with respect to the acoustic time scales studied, the strain rate
distribution at a certain location is possibly approximately constant. Thus, radiation
and heat release would indeed be directly proportional. Following Equations (6.10)
through (6.12), both heat release and radiation are dominated by the number
N of flamelets contained in the region of interest. Only if the absolute pressure
fluctuation is significant, this effect has to be accounted for. Such an assumption
obviously is a crude simplification of the flow phenomena. Its validity should be
studied experimentally or numerically.

It should not be concluded that radiation measurements are useless. In fact, the
opposite is the case: Sometimes, qualitative results are already sufficient, like the
characterization of the flame zone for the description of the stratified acoustic field
in the combustor. Also, if radiation measurements are not compulsively used to
represent the heat release rate, its pure interpretation can be useful. An example
is the investigation of the hydrodynamic eigenfrequencies due to flame-injector
coupling. These frequencies not only determine the eigenfrequencies of the heat
release rate, but also of the flame radiation. Measurements of the fluctuating flame
radiation directly provide these eigenfrequencies.

Flame radiation is not only convenient for purely experimental investigations of
combustion instability. As of today, model combustors always also serve for the
validation of numerical simulations of combustion instability. There is a constant
lack of sufficient experimental data, especially information describing the flame.
The numerical modeling of the flame is essential to compute reliable Flame Transfer
Functions. In the past, radiation data has already been used for validation. However,
itis often compared to arbitrary values like the heat release rate or the ground state
OH mass fraction [135, 113]. Sections 4.1 and 5.3 show that both OH* and blue
radiation can be modeled very accurately in numerical simulations. To perform a
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dependable assessment, it is reasonable to compare the measured radiation data
with the simulated radiation data.

The methods to simulate OH* and blue radiation presented in Sections 4.1 and 5.3
account for all physically relevant effects in laminar flames, including various
excitation modes and self absorption, depending on the specific conditions. How-
ever, turbulence-radiation interaction has not been addressed in this study. For
example, for OH*, the dominant thermal excitation shows a numerical formula-
tion similar to the equations of Arrhenius-type chemical reactions (Equation (4.3)).
The averaging in turbulent flow fields already addressed in Section 4.1.4 affects
the applicability in turbulent flames. Nevertheless, since the problem is similar
to turbulence-chemistry interaction, standard techniques describing turbulence-
chemistry interaction can be adopted. A flamelet-based Large Eddy Simulation can
transport emissivities similar to minor species. By performing an appropriate line-
of-sight integration in the post-processing, the simulated radiation of turbulent
flames can be compared to experimental data for validation.

Additionally, the prominent self-absorption of the OH* radiation described in Sec-
tion 4.3 can be used effectively to study combustion instability: The discussion on
the correlation between heat release rate and radiation in the above paragraphs
relies on the results of Section 6.2, for which the postulation of low optical density
is essential. In non-premixed hydrogen-oxygen flames, this is the true for the blue
radiation and OH* radiation at low pressures. At elevated pressures, the attenuation
of OH* within the flame naturally leads the concept of comparing line-of-sight
integrated values ad absurdum. Instead, the absorption weights the zones along
the line of sight of a detector. As shown in Section 4.3.3, the region closest to the
detector dominates the recorded radiance. More important than the emission of
this closest region is its absorption, because this determines how much of the back-
ground radiation is transmitted. The measurement of OH* radiation at elevated
pressure thus gives information about the processes in the near field region of the
detector.

Experimentally, the measurement of OH* radiation and blue radiation can be
obtained simultaneously. This can be achieved using a spectrograph or, for one-
dimensional measurements, by a beam splitter and optical filters. Such a combina-
tion yields the maximum of information for the validation of numerical simulations
and the investigation of combustion instability.
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7.

Conclusions

In this study, the OH* and the blue radiation of non-premixed hydrogen-oxygen
flames are investigated. Results are obtained experimentally from a confined lami-
nar jet flame pressurized up to 40 bar. This data is accompanied by a corresponding
CFD simulation and counterflow flame simulations.

For the OH* radiation, the following key findings are obtained:

The presence of excited OH* molecules in flames typical for liquid rocket
combustion is mostly due to thermal excitation. Chemical excitation, which
is the origin of chemiluminescence in colder flames, is generally negligible.

The intensity of OH* radiation emitted by a flame is linearly proportional
to the flame volume (area times thickness) and pressure and exponentially
dependent on temperature. Self-absorption reduces the emitted radiation.

In hydrogen-oxygen flames, OH occupies such high mole fractions that it
significantly attenuates OH* radiation. This effect becomes more important
with increasing pressure.

The newly developed Equilibrium Filtered Radiation Model (EFRM) provides
an efficient post-processing routine to numerically simulate the band-pass
filtered OH* radiation. CFD simulations are only required to compute the
sufficiently resolved OH and temperature fields. The method yields accurate
results at high temperatures and low optical densities.

To account for the wavelength-dependent self-absorption, OH* radiation
must be simulated spectrally. An object-oriented implementation of the HI-
TRAN database [121] is provided for this purpose.

The study of the blue radiation yields the following results:

Hydrogen-oxygen flames emit a continuous broad-band radiation with a flat
maximum in the blue spectrum as reported in literature.

The blue radiation does not appear to suffer from self-absorption.

The radiance of the blue radiation increases linearly with flame volume (area
times thickness) and with the square of pressure.

From comparison of the two competing models from literature describing
the origin of the blue radiation, it is found that the chemiluminescence reac-
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Conclusions

tion OH+OH — H,0,* — H, 0, describes the experimental observations
most accurately. However, it is not proven beyond doubt that this reaction is
in fact the source of the blue radiation.

For the investigated jet flame, the emissivity of the blue radiation can be
modeled by the square of the simulated OH concentration.

The comparison between the two types of radiation and the heat release rate is
summarized as follows:

Generally, there exists little connection between the heat release rate and
both types of radiation in non-premixed flames.

Within the laminar flame structure, heat release rate and radiation occur at
spatially different locations.

The reason for the dissimilarity is the different physical origin of both quanti-
ties: Radiation originates from the center of the reactive zone, in which both
temperature and OH concentration peak. The total amount of flame radia-
tion increases with pressure and is linearly dependent on the flame thickness,
which is heavily influenced by flame straining. The heat release rate, on the
other hand, leads to the spatial increase in temperature and is present in a
much broader region.

In turbulent flames, in which the spatially resolved laminar flame structure
is not important, there still is no quantitative proportionality between the
line-of-sight integrated radiation and the heat release rate because of flame
straining.

Self-absorption only affects the line-of-sight integrated radiance but not the
line-of-sight integrated heat release rate. Therefore, a direct correlation fails
naturally in optically thick media.

In turbulent flames featuring optically thin media, the line-of-sight inte-
grated heat release rate can be obtained from radiation measurements if it is
weighted with the mean strain rate of the flamelets within the probe.

For the investigation of liquid rocket combustion instability with non-
stoichiometric mixture ratios, both types of radiation can be used as a qualitative
marker for the reaction zone. The difference in the optical densities for the OH*
and blue radiation present a possibility to simultaneously study flame surface and
the truly line-of-sight integrated radiation. Instead of compulsively correlating it
with the heat release rate, combustion instability should be assessed by directly
interpreting radiation data. Likewise, numerical simulations can be best validated
by comparing the simulated radiation with experimental data.
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Appendix A.

Assembly Drawings of the Burner
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Assembly Drawings of the Burner
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Figure A.1.: Cut through the assembly drawing of the high-pressure burner.
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Figure A.2.: Cut through the base part of the high-pressure burner. Figure from [87].
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Assembly Drawings of the Burner
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Figure A.3.: Cut-away isometric view of the top of the high-pressure burner. Figure
from [87].
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Appendix B.

Data Sheets of the Optical Filters
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Data Sheets of the Optical Filters
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Figure B.1.: Spectral transmittance of the 307 nm filter.

110



(wu) abuejus|iapn

0 00€e ; : : ! ! : : ' .
0°09% G'65¥ 4 3 i { i i i i ¥
umesadwesqauieg ) m“ 0 m_ S w_mv 0 m_mv ) m_mv 0 n_mv S mwmv 0 &mv g m_mv 0 m.mw g v_mv 0 v_mv g m_mv 0 m_mv g N.mv 0 N_mvo
00'0 W | , A
o |
[Squims|jejuly - i - g
wu 6y ISk W |
wu 620'55% R 1 | I i i w2l
apjund-gMH | | 5
% 6289 / , i
:('xew) ] uoa o - -0z
wu 006't %l \
. — —_— -t -5z
wu oge’e ‘%01
wu 08 %08 . ) \ 02
'19q uajBIgpURy _ =g
wu0/z'9sy / \ |
IMZ e / \ -|=0%
UauoIey1}12odsia}|i4 b - \ =S
= N = T 0¢
sz8se | \ ﬁ
:s07-sBunbipiag 5
¢0-652d /
BENTILITEITEL - - 09
095+/05-7£04020 = — — SR S —c9
JwwnuRYIMY
8600L-WY R ‘ T ‘ mE
IN-sBunBipag
= 1 — -sL
8007 ‘91 deg ‘any
wnjleql ———— = - —|—08
~ | neason 't I o o i ‘M L ) e
:UOA uassawah |
(€g91) 005 A1eD — L = S - S A - SRR (SIS R el —06
‘JuswNISusa)
—1 e - — - et 1-56
UsjepIalg |
: L —00L

(

N

-ccwnw&=—nw=—0c

)

é)

jpesw2g "HaW9 [8LO~"L'0"1

Figure B.2.: Spectral transmittance of the 456 nm filter.
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Appendix C.

Additional Data

3.19e+03 1.00e+00 1.00e+00 8.65e-01 1.63e-01
2.90e+03 9.00e-01 9.00e-01 7.79e-01 1.47e-01
2.61e+03 8.00e-01 8.00e-01 6.92e-01 1.31e-01
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2.03e+03 6.00e-01 6.00e-01 5.19e-01 9.81e-02
1.74e+03 5.00e-01 5.00e-01 4.33e-01 8.17e-02
1.45e+03 4.00e-01 4.00e-01 3.46e-01 6.54e-02
1.16e+03 3.00e-01 3.00e-01 2.60e-01 4.90e-02
8.72e+02 2.00e-01 2.00e-01 1.73e-01 3.27e-02
5.83e+02 1.00e-01 1.00e-01 8.65e-02 1.63e-02
[Kf.94e+02 0.00e+00 0.00e+00 0.00e+00 0.00e+00

) £

(a) Tempera- (b) ¥y, (c) Yo, (d) Y10 (e) You
ture

Figure C.1.: Additional jet flame simulation data at 1 bar
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3.186+03 9.00e-01 9.006-01 7.966-01 1.43¢-01
2.866+03 8.00e-01 8.006-01 7.076-01 1.276-01
2546403 7.00e-01 7.006-01 6.196-01 1.116-01
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Figure C.2.: Additional jet flame simulation data at 10 bar
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1.28e+03 3.00e-01 3.00e-01 2.68e-01 4.48e-02
9.50e+02 2.00e-01 2.00e-01 1.79e-01 2.99e-02
6.22e+02 1.00e-01 1.00e-01 8.95e-02 1.49e-02

[Kf.95e+02 0.00e+00 0.00e+00 0.00e+00 0.00e+00

(a) Tempera- (b) Yy, (c) Yo, (d) Y0 (e) You
ture

Figure C.3.: Additional jet flame simulation data at 20 bar
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3.54e+03 1.00e+00 1.00e+00 9.09e-01 1.31e-01
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Figure C.4.: Additional jet flame simulation data at 30 bar
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2.84e+03 8.00e-01 8.00e-01 7.42e-01 8.87e-02
2.52e+03 7.00e-01 7.00e-01 6.49e-01 7.76e-02
2.21e+03 6.00e-01 6.00e-01 5.56e-01 6.65e-02
1.89e+03 5.00e-01 5.00e-01 4.64e-01 5.54e-02
1.57e+03 4.00e-01 4.00e-01 3.71e-01 4.43e-02
1.25e+03 3.00e-01 3.00e-01 2.78e-01 3.33e-02
9.32e+02 2.00e-01 2.00e-01 1.85e-01 2.22e-02
6.13e+02 1.00e-01 1.00e-01 9.27e-02 1.11e-02
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ture

Figure C.5.: Additional jet flame simulation data at 40 bar
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Additional Data

(a) Detailed Chemistry (b) EFRM
(c) Spectral Modeling L (d) Spectral Modeling e

Experiment
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(e) Radially integrated radiances over flame height z

Figure C.6.: Filtered, line-of-sight integrated OH* radiances. Experimental, normalized data
is shown on the left sides of the four images. The right sides show the radiance
modeling data. Pressure in the experiment: 1 bar, pressure in the simulation:
1bar.
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Figure C.7.: Filtered, line-of-sight integrated OH* radiances. Experimental, normalized
data is shown on the left sides of the four images. The right sides show the
radiance modeling data. Pressure in the experiment: 19.1 bar, pressure in the
simulation: 20 bar.
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Figure C.8.: Filtered, line-of-sight integrated OH* radiances. Experimental, normalized
data is shown on the left sides of the four images. The right sides show the
radiance modeling data. Pressure in the experiment: 30.6 bar, pressure in the
simulation: 30 bar.
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Figure C.9.: Radial distributions of the blue radiation at different pressures. Additional data
to Figure 5.5.

119






Supervised Theses

Associated with this thesis are a number of student theses (Diplomarbeiten,
Bachelors’ theses) as well as works performed by student researchers (HiWis,
WiHis, internships) that were supervised by the author of the present work. These
theses were prepared at the Lehrstuhl fiir Thermodynamik, Technische Universitét
Miinchen in the years 2011 through 2014 under the close supervision of the present
author. Various issues were investigated concerning the radiation of hydrogen
flames. Some parts of these supervised works may have been incorporated into the
present thesis. The author would like to express his sincere gratitude to all formerly
supervised students for their commitment supporting this research project.

Student Thesis/Work packages

Druck, Pascal Messung der Flammenabsorption mittels TDLAS, Bache-
lors’ thesis, filed 2014 [30]

Hollstein, Kai Lab work, ray tracing, radiation modeling, HiWi, 09/2013—
08/2014

Kumar, Abhijeet Lab work, spectrum modeling, IAESTE intern, 10/2013—
03/2014

Lieflaender, Markus Auslegung und Konstruktion eines Verbrennungsversuchs-
stands fiir Hochdruckexperimente, Diplomarbeit, filed
May 28, 2013 [87]

Nettinger, Michael  Berechnung der Strahlungsabsorption in einer
eingeschlossenen H,-O,-Flamme, Bachelors’ thesis,
filed October 21, 2013 [98]

Rieger, Franz Experimentelle Bestimmung der Strahlungsabsorption in
einer H,-0,-Flamme, Bachelors’ thesis, filed October 31,
2013 [117]

Riicker, Andreas Implementation of a Radiation Model in an one dimen-

sional Flame Simulation in Cantera, Bachelors’ thesis,
filed September 25, 2013 [122]
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