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René Plüss geprägt. Und nicht nur im Arbeitsbereich fand ich in der
Werkstatt Antworten auf viele Fragen. Herzlichen Dank.

Dr. Beat Ineichen danke ich für seine Hilfe bei Aufbau, Durchführung
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sterwald, Andreas Schmid und Christian Hutter bedanken. Der Reaktor
und schlussendlich auch die jetzige Anlage wurde in einer Zusamme-
narbeit mit der HTA Luzern entwickelt. Im Rahmen von Projekt- und
Diplomarbeiten haben Christopher Bowles, Roman Bürgler und Fabian
Bründler unter der Betreuung von Prof. Armin von Rotz und Prof.
Fritz Rothenbühler hervorragende Arbeit geleistet. Der Reaktor/Anlage
wurde auf ”Betsy” getauft.
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immer bereit waren zu helfen und das nicht nur während der Arbeits-
zeit. Ich habe viele interessante Menschen getroffen, konnte verschiedene
Kulturen und Denkweisen kennenlernen und hoffe, abgesehen von dieser
Arbeit, auch selber etwas hinterlassen zu haben. Ich danke insbeson-
dere Kollegen aus der LTR-Gruppe: Isabelle, Andrea, Donata, Andrea,
Beat, Kai, Cordin, Becki, Severin, Nils, Adi, Michi, Ädu, Franz, Axel,
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Summary

Flames in supercritical water, also known as hydrothermal flames, in
the process of supercritical water oxidation (SCWO) were reported by
several authors in the literature. The work of the Institute of Process
Engineering at the ETH Zurich, focused on the possibility of the use of
these flames to improve the SCWO process, as the flames would provide
needed reaction temperatures in a defined zone of the reactor and allow
the reactants enter the reactor in ”cold”, subcritical state. The presented
work can be divided into four main parts, which are: (a) performance
investigations of an existing transpiring-wall reactor (TWR) with a hy-
drothermal flame for the degradation of salt-containing artificial waste
water streams (b) design and construction of a novel reactor with optical
access to the entire combustion chamber (c) investigation of hydrother-
mal flames in the novel reactor at various operating conditions and (d)
providing data for numerical simulations of hydrothermal flames.

The characteristic feature of the used TWR is the prevention of any
wall contact with the reaction mixture by fluid dynamic means. A film
formed by subcritical water on the inner walls of the transpiring wall ele-
ments inhibits any contact of the corrosive reaction mixture and precipi-
tated salt particles with the reactor walls. The hydrothermal flame allows
that the reactants reach reaction temperatures without any wall contact
and enables low inlet temperatures. Various kinds of experiments with
salt containing artificial wastewater (water-methanol-sodium sulfate or
water-methanol-sodium chloride) were performed at operating pressures
of 25 MPa, where oxygen was used as oxidizer. The concept using the
hydrothermal flame with 16 and 22wt.% methanol in the fuel stream
and the transpiring-wall worked satisfactory, even with sodium sulfate
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contents of 3 wt.% in the artificial wastewater stream. No plugging of
the reactor was observed during the experiments. Elements of different
porosity (17 and 21%), different transpiration intensities (1-6 %) and
transpiring water temperatures (75-200 ◦C) did not significantly affect
the salt accumulation in the reactor.

The novel WCHB-3 reactor was designed and constructed to with-
stand operating temperatures up to 600 ◦C and pressures up to 29 MPa.
The main feature of the reactor is the optical access to the whole length
of the combustion chamber from four directions, satisfying the needs of
different optical diagnostics.

Flame stability investigations in the WCHB-3 reactor were performed
at various conditions. Ignition was achieved by heating-up the reactants
to auto-ignition temperature (410–470 ◦C). Subcritical extinction tem-
peratures were achieved with methanol mass fractions of 20wt.%. Tem-
perature profiles were measured by means of a thermocouple in the axis
of the combustion chamber and allowed rough estimation of tempera-
tures and positions of the flame along the reactor axis. Influence of the
thermocouple on the flame behavior was observed. Chemiluminescence
imaging was performed using an intensified CCD camera equipped with
two types of bandpass filters (313 and 431nm). The bandpass filters were
used to visualize OH and CH radicals in the flame and to gain informa-
tion on the flame front position and shape. The line-of-sight nature of this
technique allowed only rough estimates on the flame characteristics. In
general, higher inlet temperatures and higher methanol contents lead to
higher flame intensities. With lower inlet temperatures, the flame moved
further away from the burner and became longer and broader. Variation
of pressure (25–27.5 MPa) and of the oxygen excess (1.2–1.6) did not
show any significant influence on the flame behavior. A setup for future
laser-induced fluorescence (LIF) measurements was constructed.

The simulation part of the work was performed by the LAV at ETH
Zurich. A rather good agreement between the simulated and measured
data on the flame temperature profiles was achieved.

The present work will help in better understanding of combustion
processes in the supercritical water environment. Besides SCWO, hy-
drothermal flames could be of interest also for other applications, such
as spallation drilling.
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Zusammenfassung

Über Flammen im überkritischen Wasser, auch bekannt als hydrother-
male Flammen, im Prozess der überkritischen Nassoxidation (supercrit-
ical water oxidation, SCWO) haben einige Autoren in der Literatur
berichtet. Die Forschung am Institut für Verfahrenstechnik der ETH
Zürich hat versucht den SCWO Prozess gezielt durch den Einsatz solcher
Flammen zu verbessern. Die Flammen liefern die gewünschte Reaktion-
stemperatur und ermöglichen einen kalten, unterkritischen Einlass der
Reaktanden in den Reaktor. Die vorgelegte Arbeit kann in vier Haupt-
abschnitte unterteilt werden (a) Untersuchung der Leistungsfähigkeit
des bestehenden Schwitzwandreaktors (transpiring-wall reactor, TWR)
für den Abbau von salzhaltigen Modellabwässern (b) Auslegung und
Konstruktion eines neuen Reaktors mit optischen Zugang zur gesamten
Brennkammer (c) Untersuchung von hydrothermalen Flammen unter
verschiedenen Betriebsbedingungen und (d) Unterstützung numerischer
Simulation der hydrothermalen Flamme.

Das Hauptmerkmal des TWR ist die Verhinderung jeglichen Wand-
kontaktes mit dem Reaktionsgemisch. Unterkritisches Wasser strömt
durch poröse Schwitzwandelemente und bildet einen Film an der in-
neren Rohrwand, was jeden Kontakt der Reaktorwand mit dem korro-
siven Reaktionsgemisch sowie mit ausgefallenen Salzpartikeln verhindert.
Die hydrothermale Flamme ermöglicht den Reaktanden die gewünschten
Reaktionstemperaturen ohne jeglichen Wandkontakt zu erreichen. Ver-
schiedene Experimente mit salzhaltigen Modellabwässern wurden bei
einem Betriebsdruck von 25 MPa durchgeführt. Als Oxidator wurde
Sauerstoff verwendet. Das Konzept mit der hydrothermalen Flamme (16
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und 22Massen-% Methanol) und der Schwitzwand hat auch bei Salzge-
halten von 3 Massen-% im Abwasser gut funktioniert. Während der Ex-
perimente kam es zu keiner Verstopfung des Reaktors. Elemente ver-
schiedener Porosität (17 und 21 %), Transpirationsintensität (1-6 %) und
Schwitzwassertemperatur (75-200 ◦C) haben keinen signifikanten Ein-
fluss auf die Salzakkumulation im Reaktor gezeigt.

Der WCHB-3 Reaktor ist in der Lage, Betriebstemperaturen bis zu
600 ◦C und Drücken bis zu 29MPa standzuhalten. Das Hauptmerkmal
des Reaktors ist der optische Zugang zur Brennkammer, was den Einsatz
von verschiedenen optischen Untersuchungsmethoden ermöglicht.
Die Flammenstabilität im WCHB-3 Reaktor wurde unter verschiede-
nen Betriebsbedingungen untersucht. Die Zündung der Flamme erfolgte
durch Aufheizen der Reaktanden bis zur Selbstzündtemperatur (410–
470 ◦C). Unterkritische Löschtemperaturen wurden bei Methanolgehal-
ten von mindestens 20 Massen-% im Brennstoffstrom erreicht. Temper-
aturprofile in der Brennkammerachse wurden mittels eines Thermoele-
ments gemessen. Dies ermöglichte eine ungefähre Abschätzung von Tem-
peratur und Position der Flamme entlang der Reaktorachse. Ein Ein-
fluss des Thermoelements auf das Flammenverhalten wurde beobachtet.
Für Chemilumineszenz-Aufnahmen wurde eine lichtverstärkte CCD-
Kamera, ausgestattet mit zwei Bandpassfiltern (313 and 431 nm), be-
nutzt. Die Filter wurden bei Aufnahmen von OH- und CH-Radikalen in
der Flamme und so zur Bestimmung von Position und Form der Flamme
verwendet. Der ”line-of-sight” Charakter dieser Abbildung ermöglicht
nur eine ungefähre Bestimmung der Flammeneigenschaften. Im All-
gemeinen führten höhere Einlasstemperaturen und höhere Methanol-
gehalte zu höheren Flammenintensitäten. Bei tieferen Einlasstempera-
turen hat sich die Flamme weiter vom Brenner weg bewegt und wurde
länger und breiter. Änderung des Druckes (25–27.5 MPa) und des Sauer-
stoffüberschusses (1.2–1.6) haben keinen wesentlichen Einfluss auf das
Flammenverhalten gezeigt. Ein Aufbau für die Messmethode mittels
Laser-Induzierter Fluoreszenz (LIF) wurde aufgestellt.

Simulationen wurden von der LAV-Gruppe der ETH Zürich
durchgeführt. Der Vergleich simulierter und gemessener Temperaturpro-
file zeigte eine gute Übereinstimmung.

Die vorgelegte Arbeit soll zu einem besseren Verständnis von Ver-
brennungsprozessen im überkritischen Wasser verhelfen. Neben SCWO,
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könnten hydrothermale Flammen auch für andere Applikationen, wie
”spallation drilling”, von Interesse sein.



VIII



IX

Table of Contents

Vorwort I

Summary III

Zusammenfassung V

Nomenclature XIII

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . 2

2 State of the Art 4
2.1 Supercritical water oxidation (SCWO) . . . . . . . . . . . 4
2.2 Flame theory . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Laminar premixed flames . . . . . . . . . . . . . . 11
2.2.2 Laminar diffusion flames . . . . . . . . . . . . . . . 14
2.2.3 Turbulent premixed flames . . . . . . . . . . . . . 18
2.2.4 Turbulent diffusion flames . . . . . . . . . . . . . . 20

2.3 Optical diagnostics . . . . . . . . . . . . . . . . . . . . . . 27
2.3.1 Chemiluminescence and Laser-Induced Fluores-

cence (LIF) . . . . . . . . . . . . . . . . . . . . . . 28
2.4 Studies of hydrothermal flames . . . . . . . . . . . . . . . 31

2.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.2 Hydrothermal flames at ETH . . . . . . . . . . . . 37

2.4.2.1 First and second generation WCHB . . . 38



X Table of Contents

2.4.2.2 Transpiring-wall reactor . . . . . . . . . . 42
2.4.3 Possible applications of hydrothermal flames . . . 49

2.4.3.1 Thermal spallation drilling . . . . . . . . 49
2.4.3.2 Hydrothermal synthesis in supercritical

water (HTS-SCW) . . . . . . . . . . . . . 50
2.5 Salt studies and the use of transpiring-wall reactors for

SCWO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3 Experimental Setup 55
3.1 Transpiring-wall reactor (TWR) and setup . . . . . . . . . 56
3.2 Wall-cooled hydrothermal burner (WCHB-3) and setup . 58

3.2.1 Realized reactor . . . . . . . . . . . . . . . . . . . 61
3.2.2 Experimental setup . . . . . . . . . . . . . . . . . . 64
3.2.3 High-pressure components . . . . . . . . . . . . . . 67
3.2.4 Conveyor and piping system . . . . . . . . . . . . . 67
3.2.5 Cooling water system . . . . . . . . . . . . . . . . 68

3.3 Measurement and control . . . . . . . . . . . . . . . . . . 68
3.3.1 System pressure and mass flow rates . . . . . . . . 68
3.3.2 Temperature measurement and control . . . . . . . 69
3.3.3 Data acquisition . . . . . . . . . . . . . . . . . . . 69
3.3.4 Chemiluminescence and Laser-Induced Fluores-

cence (LIF) setup . . . . . . . . . . . . . . . . . . . 70
3.4 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4 Transpiring-Wall Reactor Experiments 73
4.1 Experimental procedure and operating conditions . . . . . 73
4.2 Concentration measurements and sample analysis . . . . . 76
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . 80
4.4 Advanced burner setup . . . . . . . . . . . . . . . . . . . . 84
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5 Wall-Cooled Hydrothermal Burner (WCHB-3) Experi-
ments 93
5.1 Initial operation of the pilot plant . . . . . . . . . . . . . 93

5.1.1 Assembly of the reactor and pressure test . . . . . 93
5.2 Hydrothermal flames in WCHB-3 . . . . . . . . . . . . . . 94

5.2.1 First ignition and performance tests . . . . . . . . 94



Table of Contents XI

5.2.2 Definition of operating conditions and procedure . 96
5.2.3 Ignition and extinction experiments . . . . . . . . 101
5.2.4 Axial flame temperature profile measurements . . 108
5.2.5 Temperatures inside the reactor . . . . . . . . . . . 113
5.2.6 Image acquisition and flame visualization . . . . . 115
5.2.7 Results and discussion . . . . . . . . . . . . . . . . 118

5.2.7.1 Variation of fuel inlet temperatures and
initial methanol concentrations . . . . . . 119

5.2.7.2 Variation of oxygen excess . . . . . . . . 126
5.2.7.3 Variation of pressure . . . . . . . . . . . . 128
5.2.7.4 Variation of the inlet velocity . . . . . . . 129

5.2.8 Methanol conversion and gas analysis . . . . . . . 130
5.2.9 Simulations results . . . . . . . . . . . . . . . . . . 132

5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6 Outlook 140
6.1 Outlook for SCWO . . . . . . . . . . . . . . . . . . . . . . 140
6.2 Outlook for hydrothermal flames . . . . . . . . . . . . . . 141

A Setup 144

B Experimental results 162

References 169

Curriculum Vitae 194



XII



XIII

Nomenclature

Abbreviations

ACL Aerothermochemistry and Combustion systems Laboratory
CCD charge-coupled device
CFD computational fluid dynamics
CW cooling water flow
ETH Swiss Federal Institute of Technology
GC-FID gas chromatograph with flame ionization detector
HCW hot compressed water
HTA Lucerne School of Engineering and Architecture
HTS hydrothermal synthesis
ICP inductively coupled plasma
IPE Institute of Process Engineering
LAV Laboratorium für Aerothermochemie und Verbrennungssysteme
LIF laser-induced fluorescence
NIR near infrared
PVTx pressure-volume-temperature-composition
SC supercritical
SCW supercritical water
SCWO supercritical water oxidation
TOC total organic carbon
TW transpiring wall/transpiring water
TWR transpiring-wall reactor
WCHB wall-cooled hydrothermal burner



XIV Nomenclature

Greek letters

α W/(m2K) heat convection coefficient
χsalt - salt deposit fraction
ε - emissivity coefficient
η, µ kg/m s dynamic viscosity
δph mm flame reaction zone
δr mm flame reaction zone
κ - transpiration intensity
λ W/mK heat conductivity
λ - oxygen excess
ν m2/s kinematic viscosity
νi - stoichiometric coefficient for species i
φ - equivalence ratio
ρ kg/m3 density
τmix s mixing time
τchem s reaction time

Latin letters

A m2 surface
C mS/cm conductivity
cp J/kgK heat capacity at constant pressure
D m2/s diffusion coefficient
d m diameter
Ea kJ/mol activation energy
Fi g/s mass flow rate of stream i
h kJ/kg specific enthalpy
l m length
Lf m flame length
L∗ - dimensionless flame length
Mi kg/mol molar mass of species i
p bar, Pa pressure
r m radius
R J/Kmol universal gas constant
sL m/s laminar flame speed



Nomenclature XV

sT m/s turbulent flame speed
t s time
T ◦C, K temperature
Ti

◦C, K temperature of the stream i
u, v m/s speed
w wt.% mass fraction
wf wt.% initial methanol content in the fuel stream
X - conversion, destruction efficiency
Yi - mass fraction
zf m flame height
Z - mixture fraction

Sub- and superscripts

∞ surrounding/ambient
all all
an1-an3 annular channel 1-3
b bulk
bn burner nozzle
c critical
corr correction
cwi cooling water stream i
D diffusion
e fluid/stream
f fuel stream/flame
fuel fuel stream
ign ignition
in at the inlet
j jet
L laminar
m/meas measured
MeOH methanol
out at the outlet
oxi oxygen stream i
r reactive
radi radial position i



XVI Nomenclature

st stoichiometric conditions
salt salt
TC thermocouple
twi transpiring water stream i
ww wastewater stream

Dimensionless numbers

Da Damköhler number
Fr Froude number
Le Lewis number
Pr Prandtl number
Re Reynolds number
Sc Schmid number



1

Chapter 1

Introduction

1.1 Motivation

The Institute of Process Engineering (IPE) at the ETH Zurich has con-
ducted studies in the field of the Supercritical Water Oxidation (SCWO)
for over 10 years. After the discovery of the process in the seventies, it
gained great attention as a new emerging process for the disposal of haz-
ardous wastes. Enthusiasm was high, as the properties of water, above its
critical state, promise favorable reaction conditions. However, problems
with corrosion and plugging of reactors and plant equipment were soon
discovered and the interest diminished slowly. Various reactor designs
and materials were tested to overcome the challenges of the process, but
none of these delivered a final satisfying solution. Unlike other research
groups, the research at the ETH focused on the possibility of pursuing
the SCWO process in the regime of a so called ”hydrothermal flame”.
The use of continuous hydrothermal flames was proven experimentally
and further focus was set on the investigation of an industrially reli-
able reactor design using the hydrothermal flame as internal heat source
and transpiring-wall cooling, which would overcome the challenges of
the process. Based on the achieved results the focus shifted towards the
investigation of hydrothermal flame combustion. Here the goal was to
understand the complex phenomena of the flame combustion process.

Interest lies in gaining sufficient information to support future SCWO
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reactor designs using a hydrothermal flame and to find other applica-
tions, where hydrothermal flames could be used. Furthermore, the results
will be used for validation of CFD simulations of the combustion process.
The complex and strong interdisciplinary character of the work was ap-
proached in collaboration with the Aerothermochemistry and Combus-
tion systems Laboratory (ACL) at ETH Zurich and with the Institute
of Product Development at HTA Lucerne (The Lucerne School of En-
gineering and Architecture, University of Applied Sciences of Central
Switzerland (www.hta.fhz.ch)).

1.2 Outline of the thesis

The main objective of the work shall be the experimental characteriza-
tion and theoretical description of continuously operated turbulent hy-
drothermal diffusion flames in geometrically simple wall-cooled coaxial
burners. Relevant phenomena in this high-pressure combustion process
should be determined, dividing the tasks into four main groups:

1. Hydrothermal flames in an existing transpiring-wall reactor
(TWR) system. This task consists of investigations and experi-
ments on an existing TWR setup. Experiments shall be carried
out under various flow conditions, varying parameters such as sys-
tem pressure, flow rates, inlet temperatures, stoichiometric oxygen
excess (oxygen or air as oxidizer), fuel and salt concentrations and
the burner geometry.

2. Novel flame reactor. Based on preliminary experiments and results
a new flame reactor shall be constructed. The design of the reactor
shall include the possibility of optical access to the whole length of
the flame and provide the possibility of using various spectroscopic
methods.

3. Characterization of the flame using optical diagnostics. Chemilu-
minescence shall be applied due to its capability of performing
spatially and temporally resolved measurements for investigation
of the position, shape and size of the flame. As tracer, OH and CH
radicals should be chosen because of their natural occurrence in
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the envisaged hydrothermal flame and their ability to mark specific
regions. Ignition, extinction, flame performance, temperature and
influence of salts shall be examined over a broad range of operat-
ing conditions. Three operating states, depending on the reactants
inlet temperatures have to be considered: a) injection at super-
critical conditions (one-phase combustion process), b) transition
from to two phase combustion, when lowering inlet temperatures,
c) two phase combustion . Of special interest here shall be the
phase transition from liquid to supercritical.

4. Computational Fluid Dynamics (CFD). In cooperation with the
Aerothermochemistry and Combustion Systems Laboratory, a
CFD tool shall be developed using a commercially available soft-
ware CFX. Deeper understanding of the interdependency between
fluid dynamics, heat and mass transfer, thermophysical properties
and chemical reactions shall be acquired.
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Chapter 2

State of the Art

2.1 Supercritical water oxidation (SCWO)

The thermophysical properties of water near and above its critical point
change significantly compared to ambient conditions. Water, which is
polar in its liquid state (small dielectric and ionic dissociation constant
[1, 2]), is much less polar in its critical state and becomes a good solvent
for non-polar compounds and gases such as oxygen, nitrogen or carbon
dioxide [3–5]. The lack of interfacial mass transfer resistances in such
a single-phase mixture (under salt-free conditions) combined with high
reaction temperatures, leads to short residence times and small reactor
volumes, (i.e. high space-time yields). Gas-liquid phase transitions do
not occur and density and intermolecular distances can be varied over a
wide range.

Fig. 2.1 shows isobars of pure water density as a function of temper-
ature. At 0.1 MPa and 100 ◦C water evaporates and its density drops to
values approximately thousand times lower than in its liquid state. With
increasing pressure the temperature of evaporation also increases. The
densities of liquid and gas become equal at the critical point (Tc=374 ◦C
and pc=22.1 MPa) and the fluid becomes supercritical, i.e. there is no
distinction between the phases. At pressures higher than supercritical,
continuous transition from liquid-like to gas-like densities occurs. The
density of supercritical water is approximately ten times smaller than
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Figure 2.1: Density of water as function of temperature for various
pressures (CP denotes the critical point).

that of water at ambient conditions and thus lies between the values of
typical liquids and gases.

Fig. 2.2 shows further relevant properties of water as a function of
temperature at various pressures. The specific enthalpy h has an infinite
gradient in the subcritical range and the vertical isobars correspond to
the heat of evaporation. In the supercritical state the values rise con-
tinuously with a linear increase at higher pressures. The specific heat
capacity cp as the partial derivative of the specific enthalpy, exhibits an
infinite maximum in the subcritical range and with higher pressures the
maximum cp values decrease. The dynamic viscosity η, as one of the most
important transport properties of the fluid, behaves similarly to the den-
sity. The viscosity increases with increasing temperatures at low density
values and vice versa in the liquid state. The heat conductivity λ exhibits
gas-like values in the supercritical state. All above presented properties
were calculated using the IAPWS-IF97 formulation [6] implemented in
a IGOR Pro routine [7].
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Figure 2.2: Specific enthalpy h, specific heat capacity cp, dynamic
viscosity η and heat conductivity λ of pure water as a function of
temperature at various pressures.

One of the processes, which takes advantage of these favorable prop-
erties is the Supercritical Water Oxidation (SCWO). SCWO is a high-
pressure high-temperature process for a safe and clean destruction of
toxic, hazardous or non-biodegradable aqueous organic waste streams
with organic concentrations generally below 20 wt% [8]. The waste
streams can be effluents from industrial, chemical, pharmaceutical, bio-
chemical plants or paper mills. SCWO is carried out at conditions above
the critical point of pure water. As a result of the complete miscibility
of organic compounds and gases in supercritical water (SCW), high re-
action rates and conversions close to unity can be achieved. A further
advantage are the harmless reaction products. However, corrosion of re-
action vessels and process equipment with SCW combined with reactive
ions such as Cl−, F−, H3O+ and oxygen is one of the major challenges
[9–15]. Moreover, the solubility of salts in SCW is extremely low [16–18]
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(see Fig. 2.3), which can lead to salt precipitation and reactor plugging.
Furthermore, when dealing with ternary mixtures, the presence of an
electrolyte strongly affects the miscibility of water and a volatile com-
ponent. Therefore, higher temperatures are required in order to reach
desired single-phase mixtures with increasing salt concentrations (Fig.
2.4).

30 2. Basics
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Figure 2.8: Solubility of several salts in sub- and supercritical water
at 250 bar (Na2SO4 [88], other data adapted from Ref. [89]).

C2H6). The two lines on the left and bottom of the graph (figure 2.10)
are the phase equilibrium curves for the binary subsystems H2O-C2H6

and H2O-NaCl. The addition of a small amount of NaCl (0.6w-%) shifts
the fluid-fluid two-phase region to considerably higher temperatures and
pressures. The isobaric and isothermal shifts in certain region can reach
more than 100K and 50 MPa with 8w-% salt [96].

Smits and coworkers found a similar behavior for other salt con-
taining ternary systems and explained this phenomenon [68, 100, 102].
The salting-out effect implicates that an increasing NaCl concentration
gives rise to a decreasing solubility of the volatile component. NaCl can
be regarded as an anti-solvent for the volatile reactants and reaction
products in SCWO. This fact is very important in the design of SCWO
processes, since higher temperatures are required in order to reach the
desired single-phase mixture with increasing salt concentrations. In ta-
ble 2.3, fluid phase equilibria data of several aqueous systems comprising
volatile organic compounds and salts are summarized.

Figure 2.3: Solubility of salts in sub- and supercritical water at
250 bar [7] (data adapted from Ref. [19, 20]).

These two challenges are responsible for the slow industrialization
of the SCWO process. The process is known for over 30 years, but the
number of SCWO plants in industrial scale is still low. Also the interest
of various research groups on SCWO became lower over the past years.
A review on the SCWO process was given by Bermejo [22] including
an overview of current SCWO research and commercial SCWO plants.
Recently, a Russian research group successfully tested a SCWO pilot
plant for the elimination of nitroglycerin and diethylene glycol dinitrate
[23]. The fact, that the oxidation process in SCW can be carried out in
the flame regime opened new possibilities in process control. An overview
of experimental and theoretical studies of flames in SCW is given in
section 2.4.
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Figure 2.10: Comparison of one isopleth of the ternary system
water-ethane-sodium chloride with two isopleths of the binary subsys-
tems H2O-C2H6 and H2O-NaCl [96]. Shaded area: two-phase region.

(e.g., H2O-NaCl [109]; H2O-NaCl, H2O-KCl [94]; H2O-NaCl [93] (be-
low 300◦C); H2O-KCl, H2O-NaCl-KCl [110]; H2O-NaCl [111]). Recently,
Kosinski and Anderko [112] developed an EoS for the representation
of the phase behavior of aqueous systems containing salts and systems
containing non-electrolytes like hydrocarbons.

The structure and properties of aqueous solutions under ambient con-
ditions are well understood (e.g., Ref. [46], and cited literature). Pure
ambient water is known to consist of a hydrogen-bonded network of
virtually all water molecules. Around a non-polar solute, ambient water
molecules tend to maintain their hydrogen-bonded structure. In contrast
to that, a polar solute (e.g., methanol) can participate in the hydrogen-
bonded network of water. A strong ionic solute (e.g., NaCl) disrupts the
hydrogen-bonded structure and create strongly oriented local structure

Figure 2.4: Comparison of one isopleth of the ternary water-
ethane-sodium chloride with two isopleths of the binary subsystems
water-ethane and water-sodium chloride [21]).

In the present work, water methanol mixtures were used as fuel
stream. The knowledge of the mixture properties at various conditions
would be of interest, however, studies of water-methanol mixture prop-
erties are relatively rare, especially for supercritical regions. The pres-
ence of methanol molecules affects the water structure and anomalies
in several physical properties were reported [24–27]. The most recent
work on this topic was presented by Bazaev et al. [28–30]. This re-
search group investigated the PVTx relationships for a water-methanol
mixture (0.36 mole fraction of methanol) in a range from 373 to 673K
and pressures between 0.042 an 90.9 MPa and compared the results to
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other research groups [31]. Values for critical pressure and temperature
resulted in pc=15.0±0.4MPa Tc=310.5 ◦C±0.6K, respectively, and the
critical density was approximately ρc=290.0±10 kg.m−3. The results are
consistent with other works [31–35]. However, properties for the present
study (12wt.% to 16 wt.% methanol, i.e. 0.071 to 0.123 mole fraction of
methanol), could not be retrieved from literature. Data were calculated
using Aspen Plus (ASPEN Plus 2004.1, Peng-Robinson EOS for mix-
tures). A similar approach was also performed by Ebukuro et al. [36].
The choice of the proper equation-of-state calculation method was vali-
dated with the density data of Bazaev for a 0.36 methanol mole fraction
(0.5wt.%) mixture. The comparison is shown in Fig. 2.5. The data show
good correlation in the subcritical region (p ≤15 MPa). With increasing
pressure, good correlation could only be found at higher temperatures.
However, the data from Aspen can be used to make qualitative state-
ments about the behavior of the mixture. The comparison of mixture
properties (16 wt.% of methanol) with the properties of pure water and
methanol are shown in Fig. 2.6. The critical temperature and density
can be retrieved from the work of Marshall and Jones [31] (see Fig. 2.7),
where liquid-vapor critical temperature curves have been determined for
two component systems, e.g. methanol-water. The critical temperature
for a 12wt.% and 20 wt.% methanol mixture has a value of approximately
360 ◦C and 351 ◦C, respectively.

2.2 Flame theory

Combustion can be defined as ”conversion of chemically bounded en-
ergy into heat” or ”oxidation with heat liberation” [38]. Typically, fuel
and oxidizer reacting in a fast exothermic reaction, while heat and mass
transfer are of importance in the combustion process. When fuel and
oxidizer enter the combustion chamber separately and mix and burn
during continuous interdiffusion, we speak of non-premixed combustion.
The other case is the premixed combustion, when fuel and oxidizer are
completely mixed before combustion takes place. In technical applica-
tions, combustion processes often lie between these two extremes [39]. In
this case, fuel and oxidizer enter separately, but are partially mixed by
turbulence.
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Figure 2.5: Comparison of literature data and Aspen calculations
for a 0.5 wt.% methanol mixture at various pressures.

In a premixed flame the flame propagation occurs due to heat trans-
port to the unburnt mixture. The ignition is induced at a specified place,
e.g. due to hot surface, laser light, spark. In a diffusion flame the reac-
tants need to be mixed before combustion can take place. Here, the
mixing time scale is much longer than the reaction time scale and thus
controls the process. Additionally, phase changes occurring in the reac-
tant flow can be of importance. Flames are further divided into laminar
and turbulent flames, depending on the flow characteristics of the un-
burnt mixture. The Reynolds number of the burnt mixture after the
flame front is approximately two to seven times smaller than in the un-
burnt mixture and turbulent to laminar transitions can occur due to the
temperature influence on viscosity. However, most of technical flames
are turbulent. Up to now, only few references on hydrothermal flames in
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Figure 2.6: Comparison of calculated mixture properties for a
methanol-water mixture (16wt.%) and properties of pure compo-
nents [6, 37].

literature can be found (see section 2.4). In the following sections, the
theory of different flame types is discussed.

2.2.1 Laminar premixed flames

The character of laminar premixed flames is shown in Fig. 2.8. In an
open-ended long tube filled with a homogeneous gas mixture of fuel
and oxidizer, a combustion wave will propagate through the tube if the
mixture is ignited at one end. The wave would propagate with almost
constant velocity and a flat front.

The fresh gases (fuel and oxidizer mixed at molecular level) and burnt
gases (combustion products) are separated by a thin reaction zone. Be-
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cause of the strong temperature gradients (typical ratios between burnt
and fresh gases are about 5-7) and corresponding thermal fluxes, fresh
gases are preheated and start to burn. The local imbalance between the
diffusion of heat and chemical consumption leads to the propagation of
the flame with the laminar flame speed sL. An example of a laminar pre-
mixed flame is the bunsen burner Fig. 2.9. Depending on stoichiometry,
the bright luminous zone of the flame can be of different color and angle
β.

Mixtures of fuel and oxygen are often characterized by the equivalence
ratio φ or air/oxygen ratio λ, which are linked as follows:

φ =
1
λ

=
F/O

(F/O)st
(2.1)

where F/O is the mass of fuel to the mass of oxidant ratio and the
index ”st” denotes stoichiometric conditions. Combustion conditions are
defined as shown in Tab. 2.1. The flame speed sL (normal to the flame
surface Af ) can be determined from the equation Af .sL = u.A, in the
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Figure 2.8: Structure of a laminar plane premixed flame [40].

O2 , N2

fuel

u

A

flame front (area Af)
(bright zone)

burnt

unburnt

β

Figure 2.9: Bunsen burner (adapted from [41] and [42]).
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fuel-lean conditions φ < 1 λ > 1
stoichiometric conditions φ = 1 λ > 1
fuel-rich conditions φ > 1 λ < 1

Table 2.1: Combustion conditions.

case that the exact value of the flame surface is known.
There are several theories on the description of laminar flames. The

main idea of simplified theories is the division of the flame in two zones.
The temperature variation across the flame can be plotted as shown
in Fig. 2.10. The broad zone denotes the preheat zone δph, in which
the gases are heated by conduction from the reaction zone and reach
ignition at the ignition boundary. The reaction-diffusion zone δr, is the
chemical zone of the flame, where primary reactions occur. Using an
energy balance, the following dependency of the laminar flame speed
can be established:

sL = 0.2
[

λ

ρcp

dε

dt

]1/2

(2.2)

where dε/dt v e−Ea/RT denotes the reaction rate. Influence of various
parameters, e.g. pressure, temperature, fuel, air ratio, inert gas fraction,
on laminar flame speeds was investigated and published [42, 43].

2.2.2 Laminar diffusion flames

In laminar diffusion flames the mixture of fuel and oxidizer occurs
through diffusion. If we assume a coaxial laminar jet flame, the fuel dif-
fuses outwards and the oxidizer inwards. The equivalence ratio φ covers
the whole range of values from 0 (oxidizer) to∞ (fuel) and characteristic
concentration profiles are generated (Fig. 2.11).

Since the reaction is faster than the mixture of the reactants, a thin
flame zone is generated and stabilized. This zone lies in the vicinity of the
stoichiometric line. The structure of a steady diffusion flame depends on
ratios between characteristic times representative of molecular diffusion
and chemistry. Thicknesses of the mixing and reaction zones vary with
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Figure 2.10: Schematic diagram of the temperature variation
across a typical laminar flame [43].

these characteristic times. The product concentrations show a maximum
at the flame front and diffuse to both sides due to high gradients. In
contrast to premixed flames [40]:

• diffusion flames do not benefit from a self-induced propagation
mechanism, but are mainly mixing controlled

• the thickness of a diffusion flame is not constant, but depends on
the local flow properties

A classical example of a laminar diffusion flame is the so-called Burke-
Schuhmann flame [44]. The burner consists of two coaxial tubes, where
two streams of fuel and oxygen are introduced through the inner and
outer tube, respectively. The exit velocities of both streams are kept
equal, to assure that the mixture of both stream is only based on diffusion
(Fig. 2.12).

The theory of Burke and Schuhmann is of interest, since it is impor-
tant for:

• mathematical formulation of the most important transport pro-
cesses

• introduction of conserved scalars and of typical approximations



16 2. State of the Art

Figure 2.11: Concentration profiles of a hydrogen jet in pure oxy-
gen, left: non-reacting, right: reacting.

Using cylinder coordinates, conservation equations can be posted and
simplified by using dimensionless numbers:
Lewis number:

Le =
mass diffusivity

thermal diffusivity
=

ρ.cp

λ
.D (2.3)

Prandtl number:

Pr =
momentum diffusivity

thermal diffusivity
=

ν

α
=

ρ.cp

λ
.
µ

ρ
=

cp.µ

λ
(2.4)

Schmidt number:

Sc =
momentum diffusivity

mass diffusivity
=

ν

D
=

µ

ρ.D
(2.5)
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Figure 2.12: Scheme of the Burke-Schumann burner.

Based on the approximation Le=1 (also Shvab-Zeldovitch approxi-
mation) a species and heat balance equation can be combined. With the
Burke-Schuhmann theory, relatively exact predictions of flame heights
can be made. For a laminar diffusion jet flame, a qualitative considera-
tion delivers the flame height prediction. The end of the flame is reached,
when air/oxygen reaches the axis of the flame through diffusive trans-
port, i.e. the diffusion length is the same as the radius of the jet, lD = r.
The diffusion theory delivers lD = (D.tD)0.5 = r and thus tD = r2/D.
The flame height/length can be determined then as zf ≈ tD.v = r2.v/D.

Fig. 2.13 shows the flame heights of free jet flame as function of the
fuel inlet jet velocity. In the laminar region the height is proportional
to the jet velocity. In the turbulent region a constant flame will be
established. The determination of flame lengths will be discussed later
in this chapter. At atmospheric pressures, transport processes (diffusion)
are significantly slower than chemical reactions. Following relations can
be established:

• reaction: ω ∼ 1/τchem ∼ p2

• diffusion: D ∼ 1/τmix ∼ sf ∼ 1/p (sf = free path length)
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Thus, the relation ω/D = τmix/τchem ∼ p3 can be established. For
atmospheric pressures, τchem ∼ 10−6− 10−5 and τmix ∼ 10−2− 10−1, so
the relation lies in the range from 103 to 105. A pressure change of an
order of magnitude would bring the ratio τmix/τchem into the range of
1. In this range, the diffusion flame is not controlled only by the mixing
process. An example can be given on a acetylene-air diffusion flame.
At a pressure of 19 kPa a thin reaction zone can be observed, while at
a pressure of 4 kPa the reaction zone expanded, since the mixing and
reaction time are of the same order of magnitude.

Figure 2.13: Variation of flame height and character as a function
of jet velocity [45].

2.2.3 Turbulent premixed flames

Turbulent flames, unlike the laminar flames, are often accompanied by
noise and rapid fluctuations of the flame envelope. As shown previously,
laminar flame velocity depends only on the fuel-air ratio and some trans-
port properties such as λ, µ and D and is independent of the experimen-
tal apparatus. However, for turbulent flames it is difficult to establish
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a similar theory, since the transport properties are rather functions of
the flow than the fluid. All transport processes (momentum-, heat- and
mass transfer) are significantly increased by turbulence. Due to the en-
hancement, the turbulent flame speed sT becomes significantly greater
than the laminar flame speed sL. On the other hand, the flame height
becomes smaller at the same flow rate, fuel-air ratio and burner size. At
a given velocity, the flame height decreases as the intensity of turbulence
increases (Fig. 2.13). For turbulent flows, the eddy cascade hypothesis
was established for a closure of turbulence models. Large eddies break
up into smaller eddies, which again break up into smaller ones, until the
smallest eddies disappear due to viscous forces [39].

Figure 2.14: Effect of the scale of turbulence on the flame front
structure [43].

Larger eddies of low frequency influence flames so, that the rota-
tional motion of the eddies folds the flame front locally (Fig. 2.14),
which increases the flame front surface and thus the turbulent flame
speed sT = sL.AT /AL. However, it is difficult to determine the term
AT /AL. The theory includes several equations, where the surface ratio
is in relation with the parameters of turbulence. Here the equation by
Schelkin is presented, which can be illustrated using Fig. 2.15:

sT = sL

[
1 + (

u′

sL

2

)

]0.5

(2.6)

where u′ denotes the turbulent intensity and lI the average eddy diam-
eter. Due to the eddy motion a conus-like folded element forms, where
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h = u′.lI/sL. The relation between the cone and cone base area leads
to the equation 2.6. Small eddies of high frequency, influence mainly the

Figure 2.15: Folding of the flame front by Schelkin.

inner structure of the folded flame front (Fig. 2.14). The mass and ther-
mal diffusion processes due to the small eddies correspond to the ratio of
turbulent to molecular viscosity (νT /νM ; where νT ≈ u′.lI). Analogical
to equation 2.6 the following equation can be established:

sT = sL[1 + B

(
νT

νM

0.5
)

] (2.7)

or
sT = sL[1 + B(RelI )

0.5)] (2.8)

where RelI = u′.lI/νM . Depending on the Lewis number (equation 2.3,
use the diffusion coefficient D of the lacking reactant, e.g. fuel for lean
flames) of the unburnt mixture, the local stretching and bending of the
flame front due to turbulence influences the temperature and concentra-
tions gradients inside the flame front and thus the turbulent flame speed
can vary. In general, high turbulence causes mainly an increase of the
flame front surface. However, if the turbulence is too intensive, the local
(laminar) flame velocity and the flame structure, can be influenced in a
negative way, e.g. local flame quenching occurs and the flame velocity
drops.

2.2.4 Turbulent diffusion flames

In contrast to premixed turbulent combustion, diffusion flames do not
propagate and therefore have no characteristic flame speed. Moreover, it
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is difficult to identify a fixed reference length scale for diffusion flames
and therefore various characteristic scales can be found in literature [40].
A sketch of a non-premixed turbulent flame is shown in Fig. 2.16.
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Figure 2.16: A sketch of a non-premixed turbulent flame. Z is
the mixture fraction. ld the diffusive length, lr the reaction zone
thickness, lt the turbulence integral scale [40].

The question of the detailed flame structure is a complex problem
involving the interaction between multistep kinetics, turbulent fluid me-
chanics, scalar diffusion and heat release. Under fast-chemistry condi-
tions (the time scale of the chemical reaction τchem is much smaller
than the time scale for molecular mixing τmix resulting in a Damköhler
number Da ≡ τmix/τchem >> 1 (ratio of Kolmogorov, i.e. the smallest
flow time scale to chemical time)) the structure of the flame is related
to that of the mixing field. If the reaction is one-step and irreversible
and the Damköhler number is large, the reaction is confined to a flame
sheet at the isopleth surface corresponding to Z = Zst. Zst denotes the
stoichiometric mixture fraction (see also Fig. 2.17) with

Zst ≡
YO

rYF + YO
(2.9)
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where r ≡ νOWO/(νF WF ) and r + 1 = νP WP /(νF WF ) for a one-step
irreversible reaction between fuel F and oxidant O:

νF F + νOO → νP P, (2.10)

where νi is the stoichiometric coefficient for species i and P denotes the
product.

Zst

Z

Figure 2.17: Mass fraction of species as a function of mixture frac-
tion Z (adapted from [43]).

At high Damköhler numbers the flame sheet is thin. At low
Damköhler numbers, high Reynolds numbers, and/or low Schmidt num-
bers the reaction-zone thickness becomes larger than the Kolmogoroff
scale and the reaction zone begins to grow diffuse. For low Damköhler
numbers the peak concentration of products falls. If there is a significant
heat release, as in combustion, and the reaction has a high activation en-
ergy, τchem will drop as the amount of product (and temperature) falls
and the flame will subsequently extinguish. Heat release in turbulent
diffusion flames leads to strong effects due to correlations with density
fluctuations and to increases in the kinematic viscosity decreasing the
Reynolds number of the turbulence. Molecular transport processes are
then not negligible compared to the turbulent transport, and differential
diffusion between species and between enthalpy and species due to wide
variations in the Lewis number can result [46].
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Hydrocarbon flames at high exit velocities and small nozzle diameters
exhibit localized extinction and non-equilibrium effects. Local extinction
can result from large strain imposed on the reaction zone by the flow field,
which inhibits the fuel burning rate, thereby causing the Damköhler
number to drop below a critical extinction value. These extinguished
regions are significant because they can contribute to partial premixing
of fuel and oxidizer in non-premixed systems [39]. Additionally, high
scalar dissipation rates may generate small extinction regions (holes)
in the reaction zones of the flame sheets and thereby modifying the
pollutant formation, when of interest. Due to limited residence time of
the injected fuel at some operating conditions, a region of partial mixing
can occur which can lead to significant changes in the flame structure.
The effects of partial premixing in a variable inner co-flow jet geometry
on the global structure and behavior of turbulent flames was investigated
by [47].

Stabilization mechanisms were investigated by various research
groups, e.g. [48–51], where the blowout mechanisms were of interest.
At low flowrates, the base of the jet flame lies close to the burner tube
outlet and is said to be attached. As the fuel flowrate is increased, holes
begin to form in the flame sheet at the base of the flame and with fur-
ther increase in the flowrate, more and more holes (regions of unburnt
mixture) form until liftoff is achieved. At sufficiently large flowrates the
flame blows out [52].

The influence of a geometric nozzle profile on the global properties
of a turbulent lifted flame were also investigated. A recent paper [53],
reports on performance characteristics of flames issuing from a long pipe
and smooth contraction nozzle. Also, studies of microjet-assisted non-
premixed flames to control flame shape, luminosity and heat transfer
were reported [54].

The structure of turbulent non-premixed flames (axisymmetric co-
flowing jet) of methanol over a range of mixing rates was investigated
by Masri et al. [55]. The structure of the flame near to and far from
extinction and the mechanism of blow-off are discussed. The authors,
state that localized extinction remains uniformly low until the flame jet
velocity is about 80 % of the blow-off velocity. With higher flame jet
velocities, localized extinction increases sharply until global blow-off is
reached. The reaction region of methanol flame is broadly divided into
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two zones: a fuel decomposition zone where methanol is ”pyrolized” to
CO and H2 and a burnout zone where CO and H2 are consumed to
give CO2 and H2O. In a further work [56], methane-air and hydrogen-
carbon dioxide flames were investigated. It was stated, that the flame
reaction zones broaden as velocity is increased and their width scales
grow with jet Reynolds number for a given axial location, suggesting
that the broadening is primarily a fluid dynamic effect rather than one
of combustion chemistry. The structure of the OH within the reaction
zone was taken as evidence that turbulence within the reaction zone was
affecting the reaction rates and the reaction zone can not be assumed a
flamelet like.

An overview of various turbulent diffusion flame experiments and a
thorough discussion on the structure of turbulent non-premixed is given
in [57]. Donbar et al. [58] state that, the reaction zone that is associ-
ated with fuel decomposition (i.e., the CH layer) does not broaden by
turbulence, and that flamelet concepts are justified in modeling the re-
action zone associated with fuel decomposition. The review of Bilger
[59] outlines the issues of current interest in turbulent flame structure
and computational predictions. A further review of Lyons [60], summa-
rizes and discusses the recent progress in understanding turbulent, lifted
hydrocarbon jet flames and the conditions under which they stabilize.
The paper discusses, whether intact triple-flame structures (also called
tribrachial-flames) are also to be found in turbulent flowfields, as is the
case in lifted laminar jet flames (Fig. 2.18). Different theories of flame
stabilization have been classified into five categories (premixed flame the-
ory, critical scalar dissipation concept, turbulent intensity theory, large
eddy concept, edge flame concept) and discussed. The different mech-
anisms were the main arguing points of the different research groups
[61, 62]. However, how the relative importance of large scale structures
and partially premixed combustion changes with increasing Reynolds
numbers has yet to be confirmed.

Turns [52] described several general observations on turbulent non-
premixed jet flames. The flames have visually brushy or fuzzy edges, sim-
ilar to premixed flames. However, the non-premixed hydrocarbon flames
are more luminous, since soot is usually present on the fuel-rich part of
the flame.

Another observation can be made on the influence of the initial jet
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be advised to consult his work and those which he
references. Lockett et al. [55] have performed
studies of reaction zones in laminar counterflow
flames and construct stability maps for such flames.
They have found triple flames existing at low stretch
rates, merging into a double flame at higher stretch
levels. This is a pioneering study that raises the
question of whether intact triple flames can exist,
generally, in highly turbulent flowfields, except in
locally low strain regions.

With the studies described here, it is established
that triple- and edge-flame paradigms have been

established to describe the stabilization of laminar
lifted flames. Elements of these findings for the
laminar case will be utilized judiciously in our
subsequent discussions, though the empirical find-
ings from turbulent lifted flame studies have not
been synthesized into as coherent and complete
theories as those for the laminar issue. This paper
continues to address our primary topic, recent
empirical studies that have revealed information
on the physics of lifted turbulent jet flame stabiliza-
tion. Some of the obvious major questions, given
the preceding discussions, are implied pictorially in
Fig. 5: how can the elements established about triple
flames in lifted laminar jet flames and laminar
stratified systems be used to great effect in under-
standing turbulent lifted jet flames? Do experimen-
talists witness explicit, intact triple flames in
turbulent flowfields? If not, what are the morphol-
ogies of these reaction zones? These and other
questions are developed and discussed in the next
section.

3. Turbulent lifted flames

3.1. Categories of theories

During the course of studying the lifted turbulent
jet flame stability issue, different but sometimes
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Figure 2.18: Schematic representing a major question regarding
the correspondence of the triple flame structures (a lean premixed
branch (LP), a rich premixed branch (RP), and a trailing diffusion
flame (DF)) found in laminar lifted jet flames with the structures
witnessed in turbulent jets [60].

diameter and fuel flow rate on the size of the flame. Various definitions
and approaches to the determination of flame lengths can be found. The
techniques include visual determinations, averaging a number of instan-
taneous visible flame lengths from photographic methods, measuring the
axial location of the average peak centerline temperature using thermo-
couples or measuring the axial location where the mean mixture fraction
on the flame axis has stoichiometric value by gas sampling. In general,
visible flame length determination gives larger values than temperature
or concentration measurements. The earliest studies were published in
late 1940s and early 1950s [45, 63, 64] and also later by further authors
[65]. Factors influencing the flame length Lf can be summarized as fol-
lows:

• relative importance of the initial jet momentum flux and buoyant
forces acting on the flame, Frf

• stoichiometry, fs

• ratio of nozzle fluid to ambient gas density, ρe/ρ∞

• initial jet diameter, dj
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Considering the geometry used in this work (WCHB 3-rector) and the
hydrothermal combustion process, additional factors can be considered:

• confined flame - due to recirculation zones, higher flame lengths
are expected

• downstream flame - buoyancy forces decrease the flame length

• coaxial oxygen stream - the momentum influences the core stream
resulting in an increased flame length

• transition from super- to subcritical (lowering fuel inlet tempera-
tures) - lower inlet temperatures are expected to increase the flame
length

These factors were not involved in the theory described further on. For
turbulent flames, the flame Froude number Frf among others can be
characterized as follows [66]:

Frf =
vef

3/2
s

( ρe

ρ∞
)1/4[∆Tf

T∞
gdj ]1/2

(2.11)

where ∆Tf is the characteristic temperature rise resulting from combus-
tion. For very small of Frf , buoyancy dominates the flame, while for
large values the initial jet momentum controls the mixing. The flame
length can be then calculated using the dimensionless flame length:

L∗ =
Lffs

dj( ρe

ρ∞
)1/2

=
Lffs

d∗j
(2.12)

Here, two regimes are defined by the following equations:

L∗ =
13.5Fr

2/5
f

(1 + 0.07Fr2
f )1/5

, F rf < 5 (buoyancy − dominated) (2.13)

L∗ = 23, F rf ≥ 5 (momentum− dominated) (2.14)

At low flowrates the flame is a laminar diffusion flame and the flame
height depends only on the flowrate and is independent on the initial jet
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diameter. With increasing flowrate additionally the turbulence begins to
influence the flame length and a transitional regime can be observed.
A further increase in the flowrate causes a formation of fully turbulent
flames, which are shorter compared to the laminar situation. The flame
lengths can remain constant or increase. A significant dependence of
the flame length on the jet diameter can be observed. In general, flame
heights can be correlated as a function of the flame Froude number Frf ,
using the form Lf/dj = γ(Frf )n. A summary of these values reported
by various researchers was recently published by Newman [67].

Turbulent non-premixed flames can be highly radiating. There are
two sources of radiation in flames: molecular radiation, primarily from
CO2 and H2O (broadened bands of the infrared spectrum) and black-
body radiation from in-flame soot.

2.3 Optical diagnostics

The use of optical methods in combustion research is attractive. The
measurement is non-intrusive and fast response times can be achieved.
Diagnostics of flames should consider several requirements [38]:

• Probes or sensors influence the measurement. Non-intrusive (opti-
cal) methods with high spatial resolution should be used.

• Fluctuations of turbulent flames are fast. Short exposure times
(<ms or better < µs) are required.

• Turbulent flame is 3-dimensional. Decision, whether to use 2- or
3-dimensional measurement techniques has to be clarified.

• Interaction turbulence-flame. Flow, species and temperature
should be measured simultaneously when possible.

An overview of spectroscopy of flames can be found in [68, 69]. Fur-
thermore, in the publication of Docquier [70] a contemporary review
on combustion control techniques and sensors is given. The interplay of
laser diagnostics with computations to understand turbulent combustion
is outlined by Barlow [71].
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The easiest method to observe flames is by eye or camera. However,
the glow appearance or light emission in a combustion process can not be
easily coupled with the reaction zone position and does not necessarily
define the reaction zone. Imaged light emitted during combustion using a
camera is dependent on the exposure time. Additionally, also ”flameless
combustion” processes, where the flame is not visible do exist. In the
past different methods were explored and enhanced. In the following,
two methods are presented, which were chosen for this work.

2.3.1 Chemiluminescence and Laser-Induced Fluo-
rescence (LIF)

Chemiluminescence is light emitted from electronically excited
molecules, when returning to a lower energy state. The wavelength of the
emitted light is given by the particular molecule and the transition the
molecule is performing, while the complexity of the light spectra grows
with the complexity of molecules. Diatomic molecules exhibit usually a
major peak and few secondary peaks with lower intensity (see Fig. 2.19).
When increasing pressure in the system, pressure spectrum broadening
has to be considered (Fig. 2.20). The light emitted by flames ranges
from UV to IR wavelengths. The emission spectra of interest for chemi-
luminescence occurs in the UV and visible range, which corresponds to
chemical reactions producing electronically excited radicals in the flame
front [73]. For hydrocarbon flames the emission spectra in this range
mostly originates from excited OH, CH or C2 radicals [72]. For the light
emission in the near-IR and IR range, combustion products in thermal
equilibrium (H2O, CO2, CO) are responsible. Moreover, in combustion
processes, where soot is produced soot radiation (black body emission)
must also be considered. The amount of energy contained in an excited
molecule is not always removed by light emission alone. The molecule
can react with other molecules or lose energy due to non-reactive col-
liding with other molecules. During the collision no light is emitted and
the process is called quenching collision. Quenching is often dependant
on the temperature and the quenching efficiency varies from molecule to
molecule [75, 76]. The energy loss due to reaction is not significant and
hydroxyl radical chemiluminescence intensity determined experimentally
and numerically for atmospheric, premixed methane-air flames is highly
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Figure 2.19: Premixed methane/air flame, φ=1.1 and p=1 bar.
Emission spectra: OH∗ (transition A2Σ+ → X2Π(0−0). From left to
right, R1, R2 and Q2 bandheads), CH∗ (transition A2Σ+ → X2Π).
From left to right, Q(0-0), and Q(2-2) bandheads and C∗

2 (Swan band
A3Πg → X3Πu, ∆ν=0. From left to right, (1-1), and (0-0) band-
heads) excited radicals. Spectra recorded with a CHROMEX grating
spectrograph (1800 lines/mm, 0.027 nm resolution) (from [70, 72]).

dependent on the equivalence ratio φ [76].
The advantage of chemiluminescence is the fact, that it can be quali-

tatively related to various flame parameters, e.g. equivalence ratio, heat
release fluctuations or flame front motion [77]. Under lean stoichiomet-
ric conditions the light emitted by OH is the most intense, while under
stoichiometric and rich conditions the CH and C2 signals are stronger.
However, the hydroxyl radical exists in both, the flame front and in the
hot post-combustion region of the flame. The imaging of chemilumines-
cence is in general a line of sight technique, however spatially resolved
measurements have also been performed in the past using Cassegrain
optics, CCD cameras and tomographic methods [70].

The laser-induced fluorescence (LIF) or the planar laser-induced fluo-
rescence (PLIF) is used to visualize specific regions in flames. The spatial
and temporal resolution is better than with chemiluminescence visual-
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Figure 2.20: OH emission spectrum of a methane oxygen flame at
100 and 1000 bar (adapted from [74]).

ization systems. Flame species are excited in a laser sheet on a defined
vertical plane. A spontaneous emission of light from the unstable higher
energy state occurs at a characteristic wavelength and is imaged using
an intensified CCD camera. The molecular tracer can naturally occur in
the flame (e.g. OH, CH) or can be injected to the flow. Fluorescence is
a two step process (see Fig. 2.21), where an absorption process (upward
arrows) is followed by spontaneous emission (downward arrows). There
are two basic types of spectra. In a fluorescence spectrum (Fig. 2.21,
left), the laser is tuned to a specific absorption and the spectrometer
records the various emission transitions. In an excitation spectrum (Fig.
2.21, right), the laser is tuned across the various absorption transitions
and the total fluorescence is monitored with a broad spectral detection.
There are several criteria which must be satisfied to perform fluorescence
measurements on a given molecule [69]:

• the molecule must have a known emission spectrum

• the molecule must have an absorption wavelength accessible to a
tunable laser source (see Fig. 2.19)

• radiative decay of the excited state must be known

• excited state losses due to collisional deactivation, photoionization
and/or predissociation have to be accounted for
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Figure 2.21: Schematic potential curves for lower and upper elec-
tronic states with vibrational and rotational energy levels [69].

Since LIF is a technique, which can interrogate individual vibrational ro-
tational states, temperature measurements are also possible in principle
by measuring the distribution of population over two or more states. If
molecular radicals are employed, thermometry is restricted to high tem-
peratures, which are necessary for the species to be present in sufficient
amounts to produce a measurable signal. LIF thermometry from OH
generally requires temperatures in excess of 1500K. Several approaches
for fluorescence thermometry were also thoroughly discussed [69]. A pos-
sible LIF experimental setup is discussed further on in section 3.3.4.

2.4 Studies of hydrothermal flames

2.4.1 Overview

This section gives a chronological overview on the hydrothermal flame
studies conducted by different research groups.

The first group was the one at the University of Karlsruhe. In 1985,
Franck [78] stated in his work, that as a result of complete miscibility of
methane and oxygen in SCW, generation of flames in such phases can
be considered.
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A picture of a hydrothermal flame was published a short time later
[79–81] by the same research group. The flame was produced at 1000 bar
by injecting oxygen into a supercritical homogeneous fluid (30 mol % of
methane) at 450 ◦C. In their further work [74], a high pressure reac-
tion cell was used to produce and investigate hydrothermal flames up
to 2000 bar in a semi-batch procedure. The optical access was provided
by sapphire windows. Through a nozzle of 0.5mm diameter, pure oxy-
gen was injected into the reaction cell, which contained homogeneous
methane-water mixtures (typically 30 mol.% of methane) at 300-2000 bar
and 400-500 ◦C. A spontaneous ignition was observed, without using a
spark or other means. Following ignition conditions were observed in
the experiments: 400 ◦C at 1000 bar, 405 ◦C at 500bar and 420 ◦C at
200 bar. These temperatures are low compared to the spontaneous ig-
nition temperature at ambient pressure (550 ◦C for CH4-O2 mixtures).
Below 400 ◦C flameless oxidation was observed. The typical height of the
flames was about 3 mm. Furthermore, emission spectra of the high pres-
sure flames have been recorded using a Jarrell Ash spectrometer with
a diode array. The spectra array in the near UV-region between 300-
330 nm was used for rotational temperature determination. The temper-
atures are close to 3200 K. Flames were also observed using pressurized
argon instead of water. Oxidation, pyrolysis and hydrolysis of various
hydrocarbons (methane, ethane, methanol, heptane, toluene) was inves-
tigated in the work of Hirth and Franck [82] in supercritical water or
nitrogen, at temperatures up to 600 ◦C and pressures up to 1000 bar.
Air or oxygen were used as oxidant and the process was carried out with
a diffusion flame or flameless. Spontaneous flame ignition temperatures
for supercritical water-methane mixtures and supercritical water-ethane
mixtures in dependence of pressure and composition and ranged from
663-773 K. The main products in the oxidation of methane experiments
were CO, CO2, H2 and CH3OH. In the oxidation of ethane, same prod-
ucts were found, only instead of CH3OH methane was produced. Also
the influence of catalysts (cobalt chloride, cobalt acetate and platinum)
on methanol formation was studied, but no significant influence was ob-
served. The authors stated, that it may be possible that supercritical
water obstructs active centers of the heterogenous catalyst. Also soot
formation with hydrothermal diffusion flames was studied using several
hydrocarbons and CO conversion with supercritical water was evalu-
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ated. Further work [83] included the calculation of high pressure (up to
3000 bar) methane and hydrogen counterflow diffusion flames burning
in mixtures with argon or supercritical water and using oxygen as oxi-
dant. A realistic equation of state with repulsion and attraction terms
was used. Transport phenomena were modelled using a modified Enskog
equation. With increasing pressure the oxygen consumption is confined
to smaller regions, mainly due to the low diffusion coefficients. The reac-
tion zone width is narrowed to less than 5 % when pressure is increased
from 1 to 1000 bar. Furthermore, the absolute volume concentration of
H- and O-radicals grows to much higher values than at normal pressures
and the concentration peak shifts towards the position of the tempera-
ture maximum. The values of maximal temperatures are of about 3500K
for CH4/Ar-O2 flames and of about 3000 K for a H2/Ar-O2 flame at
1000 bar. Similar investigations were performed by Pohsner and Franck
[84]. In this research diffusion flames have been produced by injection of
oxygen into homogeneous mixtures of methane or hydrogen with super-
critical water or argon. Cylindric and slit nozzles were used as burner.
The pressures ranged from 50 to 1000 bar and mixture temperatures
were about 500 ◦C. Flame photographs as well as flame emission spectra
from 275 to 600 nm were recorded and analyzed. The flame temperature
was determined by the rotational emission of OH-radicals in the near
UV, produced by vibrational 0-0 (near 306 nm) and 1-0 transitions of
the electronic transition A2Σ-X2Π. In the calculations the influence of
pressure broadening was considered. Flame temperatures for CH4 and
H2 flames in supercritical water increased with pressure and ranged from
4000 to 4500 K at 1000 bar. For flames in the argon environment lower
temperatures (3000-3200 K) were obtained. Discrepancies between mea-
sured and calculated temperatures are discussed and are explained by
possible different reaction extent in the parallel and counter flow situ-
ation in the experiments and calculations, respectively. In further work
conducted by the research group, Steinle and Franck [85] measured igni-
tion temperatures of gaseous mixtures of methane with oxygen or air at
initial pressures between 50 and 1000 bar using two cylindrical reaction
vessels of 4 and 10 cm3. Ignition temperatures were found to decrease
with increasing pressure. For stoichiometric methane-air mixtures the
ignition temperatures are around 600 ◦C at atmospheric pressure and
decrease to 390 ◦C at 1100 bar pressure. The influence of supercritical
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water addition to the process was stated to be small.
With growing interest, the Combustion Research Facility at the San-

dia National Laboratories (Livermore CA) also started a project to ex-
amine hydrothermal diffusion flames in supercritical water [86, 87]. A hy-
drothermal flame reactor with optical access through sapphire windows
was built for this purpose. Pure oxygen was injected into water-methane
and water-methanol mixtures at 275 bar and the fuel concentrations and
temperatures were varied from 1 to 50mol % and from 380 ◦C to 510 ◦C,
respectively. Ignition was observed at temperatures above 450 ◦C for
supercritical mixtures as low as 6 mol % methane or methanol in wa-
ter. The ignition data showed that methanol is more difficult to ignite
than methane. Visual observation of the flame showed an insensitivity
of the flame height to diminishing fuel concentrations. Additionally, Ra-
man spectroscopy measurements were performed to gain information on
combustion products and remaining reactants.

In 1992, the Institute of process Engineering (IPE) at the ETH Zurich
started a project for the investigated continuous turbulent methane and
methanol hydrothermal diffusion flames in SCWO in radial and coaxial
wall-cooled burners (see [7, 88–93]). The aim of the work was to show
the feasibility of continuous hydrothermal flames in SCWO processes.
The work of this group is described in detail in section 2.4.2.

Michelfelder [94] investigated flame reactions in stationary conditions
and developed a high pressure combustion cell (up to 1000 bar) by com-
bining a numerical code for reacting flow field simulation and modelling
of infrared radiation emitted by a hot reaction zone. The reaction cham-
ber has been equipped with six sapphire windows to allow the detection
of different signals. In contrast to previous works [84], where OH radicals
in the UV were used to determine rotational temperatures, the possibil-
ity of using NIR/IR spectroscopy was discussed, since hydrocarbons and
their combustion product CO2 have only bands in the infrared.

In more recent publications, studies of continuous flames during
SCWO [95, 96] were presented. A vertical reactor equipped with a mix-
ing nozzle and sapphire windows was built for this purpose. Isopropyl
alcohol (IPA) was used as fuel in concentrations of 2-6 vol-%. Continu-
ous flame oxidation could only be sustained at IPA concentrations over
5 vol-%. Blue and red colored flames were observed depending on the
air-fuel ratio. TOC removal rates of 99.98 % were obtained. Flame tem-



2.4 Studies of hydrothermal flames 35

peratures up to 1100 ◦C were measured at the nozzle exit by means of
a thermocouple and the temperature was strongly influenced by the air
ratio. Dioxin decomposition was investigated and decomposition rates
over 99.9 % obtained. A drawback of the presented reactor system was
shown, where the heating-up of the system takes almost 12 hours to
avoid abrupt temperature changes in the sapphire windows.

More recent studies were published by Sobhy et al. [97]. Here a semi-
batch cell was used to visualize methanol-air flames in supercritical wa-
ter. The flames were produced by injecting hot dry air into a pressurized
and pre-heated methanol-water mixture. The flame was visualized using
CCD and Near Infrared (NIR) cameras. The optimal flammability range
of 20-35 vol-% of methanol was determined for the experimental system.
The flames lasted between 5 and 10 s in this range. The strongest flame
luminosity was detected at 23 vol-% methanol. For this methanol amount
high system temperatures and the highest NOx production due to longest
flame durations were measured. Flames extinguished due to depletion of
fuel in the reaction cell. No ignition was observed for methanol fractions
below 20 vol-%. For methanol fractions above 35 vol-% unstable highly
luminous short flame pulses were observed and system temperatures
close to 1300 ◦C. Depending on the air-flow rate the flame could be stabi-
lized and took a nearly conical shape typical for diffusion flames. Further,
investigations on the environmental performance were conducted, where
the flue gas was analyzed. The highest O2 consumption and CO2 pro-
duction was detected at 23 vol-% of methanol. Temperature was found
to be the controlling factor for the combustion process efficiency. The
production of CO was proportional to CO2 production for all exper-
iments, i.e. different conditions (temperature, air-flow rates, methanol
fractions), which was explained by the batch nature of the reactor. The
relatively high CO production levels were caused by the low temperature
of the air-flow and the ignition mechanism (low temperature oxidation).
Similar conclusions were also drawn by Serikawa [96]. The NOx produc-
tion was also detected under flameless oxidation conditions and showed
the same trends as the temperature. As explanation the prompt NOx

formation was given. The prompt NOx production occurs at relatively
low temperatures in the presence of C-H functional groups as intermedi-
ates for oxidation of nitrogen into nitrous oxide. The batch experimental
system and lean oxygen conditions could have caused the presence of
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fuel-rich zones at the tip of the air nozzle, where the reaction occurs.
However, the amount of studies of NOx formation in flames in super-
critical water is extremely limited. Serikawa [96] stated no NO2 and NO
formation even in experiments, where flames sustained several minutes.

Theoretical studies of supercritical diffusion and premixed flames
were also conducted [98–100]. The work of Bechtold and Margolis [100]
studies a counterflow diffusion flame corresponding with the geome-
try used in the work of Liñán [101]. Combustion dissolved in a high-
density fluid such as supercritical water is often characterized by highly
temperature-sensitive mass diffusivity. This Arrhenius-like character re-
flects the transition from a liquid- to gas-like character of the fluid as
the temperature varies from ambient conditions to elevated values char-
acteristic of flames. The authors state that reaction and mass diffusion
must be ordered in a certain way for a flame to exist. The flame struc-
ture is comprised in three identifiable regions (see Fig. 2.22), opposing
to two regions for the case of an ordinary gas flame with non-Arrhenius
reactant diffusion. Since mass diffusivity is exponentially small for near-
ambient temperatures, there is an outer preheat zone on both the fuel
and oxidizer side, where species transport occurs only by convection. As
the temperature increases towards the flame, mass diffusion becomes sig-
nificant and a relatively thin diffusion zone separating the two preheat
zones is established. Here, the reaction is still negligible and convective
diffusive balance is maintained for both species and temperature. As
the temperature increases toward the flame center a very thin reaction
zone embedded in the thicker diffusion zone is identified. Here a reactive-
diffusive balance is achieved. In contrast, ordinary gas flames are char-
acterized by only two distinguishable regions, since reactant diffusion is
not a strong function of temperature. The thin reactive-diffusive in this
case is embedded in a single outer convective diffusive (preheat) zone.
Further a characteristic S-shaped response curve for the stagnation tem-
perature versus the Damköhler number was constructed, representing
ignition and extinction limits for various system parameters. The dif-
ferences between ordinary diffusion flames and supercritical flames were
discussed.
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Figure 2.22: Counterflow geometry for supercritical flames illus-
trating the existence of a thin mixing region about the stagnation
plane z=0, and yet a thinner zone embedded within it [100].

2.4.2 Hydrothermal flames at ETH

The goal of the work at the ETH was to find a reactor design, which
would ensure high reaction rates and efficiencies in the SCWO process,
while at the same time overcoming the corrosion and plugging of the
process equipment. At the time, many research groups focused on dif-
ferent basic aspects of the SCWO process, e.g. conversion studies of
different organic compounds, salt precipitation studies or the corrosion
behavior of materials. However, a cross-linkage between these studies
was still missing. The work at the ETH Zurich started with the inten-
sion to pursue the process in a thermal regime of a flame. The flame
allows the reactants to reach desired temperatures in a geometrically
defined reaction zone, while the inlet temperatures can be kept at low
temperatures. Moreover, if the turbulent diffusion flame is confined by a
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film of subcritical water, which keeps the reactor walls cool, any contact
of the hot corrosive mixture with the load-bearing walls is prevented.
Also, precipitated salts are dissolved in the water film or flushed away,
which avoids plugging of the reactor. In a first step, a pilot plant and
two different high-pressure reactors were designed and constructed. The
main feature of these upstream reactors was a Wall-Cooled Hydrother-
mal Burner (WCHB) and the optical access to the flame. A further step
was the downstream transpiring-wall reactor (TWR), including the hy-
drothermal flame and a transpiring wall.

2.4.2.1 First and second generation WCHB

The aim of experiments with the WCHB-1 reactor (Fig. 2.23) was to
prove the possibility of operating SCWO in a regime of a continuous
hydrothermal flame [88, 90]. Flame stability limits (extinction temper-
atures), conversion rates, corrosion behavior and plugging were investi-
gated using various burner designs, e.g. radial and coaxial burners, jet
dump burners and dump combustors. A drawing of the cross-section of
the reactor is shown in Fig. 2.23. The artificial wastewater flows through
the burner nozzle in the center of the reactor and mixes with oxygen
supplied through the inner annular channel. The reaction mixture is
cooled down by desalinated water introduced through the outer annular
channel. The sapphire windows (free sight diameter of 18mm) allow in-
sight only to the cooled-tip of the flame, where the cooling water stream
quenches the reaction mixture. Further details on the design and the
construction as well as the operation can be found in [88, 90].

The experiments were carried out at operating pressure of 250 bar
and pure oxygen was used as oxidant. The ignition of the flame was
achieved by auto-ignition, after inlet temperatures reached sufficient val-
ues. Methane- and methanol-water mixtures (10-30 wt.%) as artificial
wastewater were used. Depending on the organic concentrations, burner
geometry and operating conditions the reactor inlet temperatures could
be lowered to approximately 250 ◦C for CH4/H2O-O2 flames and be-
low 100 ◦C for the CH3OH/H2O-O2 flames. Methane experiments were
carried out in a coaxial burner with and without a swirl generator. Micro-
explosions and noise at certain operating conditions were reported, simi-
lar to acoustic instabilities in rocket motors called ”screaming” or ”chug-
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Figure 2.23: Three dimensional drawing and longitudinal section
of the first-generation Wall-Cooled Hydrothermal Burner (WCHB-
1). The artificial wastewater is flowing through the core tube/burner
tube (1), pure pressurized oxygen flows through the inner annular
channel formed by the coaxial tube (2) and the cooling water is fed
through the outer annular channel formed by the cylindrical glass
tube (3). Two sapphire windows (4) allow the insight to the flame.

ging”. Extinction of the flames is suggested to be a result of demixing
of the phases. In experiments with methanol as fuel (25-30wt.%) using
radial burners (6 and 12 boreholes of 4 mm diameter) the preheating tem-



40 2. State of the Art

peratures could be lowered to temperatures of 30-40 ◦C. Destruction effi-
ciencies varied between 80 and 96%. Further, first systematic extinction
experiments were conducted using methanol-water mixtures (5-25 wt.%)
in WCHB-1 equipped with radial burners (Fig. 2.24, left). Operating
conditions were adjusted as follows: operating pressure 250 bar; mass
flow rates of: wastewater (MeOH-H2O) 2.1 g/s, oxygen 1.1 g/s (stoichio-
metric oxygen excess between 1.4 and 7.0), cooling water approx. 20 g/s;
oxygen stream temperature (preheater outlet) 590 ◦C. The results are
shown in Fig. 2.26. Injection temperatures (Tbn, measured in the burner
nozzle tip) of approx. 520 ◦C usually lead to ignition of mixtures with
16,5wt.% methanol. Further information and pictures can be found else-
where [89, 90, 102, 103].

oxygen subcritical
water

water + methanol

oxygen subcritical
water

water + methanol

Figure 2.24: Radial burner in the WCHB-1 experiments (left) and
coaxial burner used in experiments in the WCHB-2 (right).
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The design of the WCHB-2 reactor was based on the WCHB-1 setup.
This reactor allowed optical access to the whole flame length including
the stabilization zone in the vicinity of the core tube tip [102–104]. Re-
actor drawings are shown in Fig. 2.25 and burner detail are given in Fig.
2.24 (right). The core burner tube is made of Alloy 625. The combus-
tion chamber is formed by a quartz-glass tube (∅ 8.5/10mm) and the
high-pressure windows are made of tempered glass (thickness 17mm, free
sight width 200 mm). The constant circular cross section for the cooling
water stream was achieved by an additional quartz-glass tube insert (∅
20/22 mm). The water protects and cools down the reactor walls. In the
first experiments, radial burners (24 bore holes/150 µm) were used. Dur-
ing the experiments the glass combustion chamber was destroyed by the
fast and hot jets from the radial burner, which avoided the determination
of extinction temperatures. Furthermore, the core tube tip reached high
temperatures, i.e. glow of the metal was observed, which in combination
with corrosion would lead to fast and severe damage. Even if the radial
burner setup was successfully used in preceding experiments using salt
containing artificial wastewater (Na2SO4 as salt compound), the use of
such burners when dealing with real waste streams containing solid par-
ticles was questionable. Further experiments focused on the performance
of a coaxial burner setup. However, experiments showed that the flame
stability of this setup is worse (higher extinction temperatures - see Fig.
2.26) the setup brought advantages, e.g. flame lift-off lowers the heat
transport towards the burner core tube.

Following operating conditions were investigated: pressure 250 bar;
25-30 wt.% methanol; mass flow rates: wastewater 3.2 g/s, oxygen 1.5 g/s,
cooling water approx. 28 g/s; oxygen temperature at the preheater out-
let 550 ◦C. In comparison to results from WCHB-1 with a radial burner
setup, higher methanol mass fractions were necessary to achieve low ex-
tinction temperatures (Fig. 2.26). Small pressure instabilities were found
to be the cause of the extinction of the flame. Improved results were
achieved using a modified burner nozzle [103]. Further experiments with
sodium chloride-containing wastewater were performed. No plugging oc-
curred during the experiments, but several non-load bearing parts were
damaged with the time and distinct corrosion traces were found on the
burner nozzle.
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Figure 2.25: Three dimensional design drawing and cross section
drawing of the second generation SCWO reactor containing a wall-
cooled hydrothermal burner (WCHB-2). Legend: 1. core tube of the
burner, 2. coaxial quartz glass tube, 3. cylindrical glass tube, 4. high
pressure windows (adapted from [7].)

2.4.2.2 Transpiring-wall reactor

The concept of the transpiring-wall reactor with a hydrothermal flame
as internal heat source is shown in Fig. 2.27. The downstream hydrother-
mal flame provides desired reaction temperatures operating at low inlet
temperatures, which reduces corrosion and avoids plugging (when in-
troducing salt-containing waste streams) of the reactor inlet lines. The
permanent radial water flow through the transpiring wall prevents any
wall contact of the hot, corrosive and/or particle containing reaction
mixture by fluid dynamical means. Precipitated salt is either redissolved
or flushed away by the water film formed on the inner surface of the
transpiring wall.
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Figure 2.26: Extinction temperatures of methanol flames as a func-
tion of the methanol mass fraction wf in experiments using radial
(in WCHB-1) and coaxial burners (in WCHB-2) [7]. Burner config-
uration and operating conditions: see Weber [90] and Weber et al.
[103].

The reactor design (Fig. 3.3) and the facility setup are described in
section 3.1 and in [7, 92]. Various experiments using a coaxial burner
setup (see Fig. 3.4) were performed. The fuel stream was formed by
water-methanol mixtures (6-28 wt.% methanol; mass flow rates 1.5-
2.0 g/s) and oxygen was used as oxidizer (equivalence ratio 1.2). Injection
temperatures between 460 and 490 ◦C usually led to ignition for mixtures
with 15-22wt.% methanol. The goal of the flame experiments was to de-
termine the range of stable hydrothermal combustion, which is defined
by ignition and extinction curves. The results of experiments are shown
in Fig. 2.28. It was shown that fuel inlet temperatures can reach sub-
critical values with at least 12 wt.% methanol in the fuel mixture. When
comparing the results with the extinction curves of the WCHB reactors
using radial and coaxial burners, the coaxial burner in the TWR setup
showed a higher flame stability (lower extinction temperatures) for lower
methanol contents. In experiments with higher methanol contents, radial
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Figure 2.27: Concept of the transpiring-wall reactor ([7, 92]): (a)
hydrothermal flame used as internal heat source to reach reaction
temperature; (b) mixing zone of waste water and oxygen; (c) reac-
tion zone in which the waste water is oxidized; (d) protecting ”film”
formed by the cold and dense transpiring water; (e) quenched reacted
mixture.

burners in the WCHB setup performed better. This higher stability was
explained by the improved ”atomization” characteristics of the radial
burner. However, for a direct comparison of the results, the differences
in the setups and operating conditions have to be considered, e.g. differ-
ent reactor configurations and burner setup and different flow rates of
the cooling water streams.

Results of the methanol degradation experiments showed conversion
rates above 99.8 % with residence times of 50-100 ms and subcritical inlet
temperatures.

Furthermore, axial flame temperatures were measured. The measure-
ments were performed using S-type thermocouples at two positions in
the combustion chamber. The drawing of the configuration and the re-
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Figure 2.28: Range of the stable hydrothermal combustion in the
TWR flame experiments. 12 wt.% methanol is required in order to
achieve subcritical injection temperatures (adapted from [7]).

sults are shown in Fig. 2.29. The temperature T1 in the middle of the
combustion chamber showed interesting behavior. Immediately after the
inlet temperatures became subcritical, a sharp drop in the temperature
could be observed.

Wellig [7] states three kinds of operating conditions: (1) In the case of
supercritical injection temperature, a one-phase mixture exists and the
combustion is expected to be similar to a high-pressure gaseous com-
bustion process. (2) If the inlet temperature is lowered below the criti-
cal temperature, the combustion changes to two-phase combustion. The
transition temperature must not necessarily be the critical temperature
of the mixture, since other effects have to be considered, e.g. upstream
heat transfer, recirculation mixing, interdiffusion of species. (3) As soon
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as the injection temperatures are well into the subcritical region, a two-
phase combustion process occurs. Of special interest here is the phase
transition liquid-supercritical. Fig. 2.30 shows the basic phenomena of
the fluid jet disintegration under these special conditions. Bellan [105],
states in his review on disintegration of fluid jets under sub- and su-
percritical conditions, that the disintegration process under supercrit-
ical conditions significantly differs from the subcritical liquid atomiza-
tion. Ligaments and droplets are only observed in the subcritical regime,
while in the supercritical regime they are replaced by ”wispy threads of
fluid emanating from the jet boundary and dissolving in the surrounding
fluid”. Classical atomization studies are not applicable to supercritical
conditions since there is no surface tension. Solubility effects, convective
and diffusional mixing, and heat and mass transfer become important.

The ignition of the hydrothermal flame usually occurred after the
pre-heating temperatures of the fuel and oxygen stream reached 450 ◦C.
At these conditions the two streams are completely miscible and the ig-
nition and combustion is a one-phase process. Due to the fast mixing
of the ”gaseous” streams the flame front is established in the vicinity
of the burner nozzle. When the fuel inlet temperatures are lowered to
subcritical values the combustion changes to a two-phase process. When
the inlet temperatures reach values well in the subcritical region, a re-
active multiphase flow is established. The liquid fuel mixture is injected
into the combustion chamber, which is in the supercritical state. The
experiment showed that more than the half of the combustion chamber
is required to heat up and disintegrate the liquid fuel mixture before the
combustion begins.

Further experiments focused on the performance of the transpiring-
wall concept. The experiments included the destruction of salt-free arti-
ficial wastewater streams (6wt.% methanol, mass flow rate 1 g/s). The
influence of the intensity and temperature of the transpiration was in-
vestigated. At typical operating conditions, the ratio between the total
transpiring water mass flow and the bulk mass flow was about 65 %. Con-
versions of 99 % and higher have been achieved even at low transpiring
water temperatures of 125-250 ◦C. In experiments without reactions in
the transpiration zone, measured temperature profiles indicated a natu-
ral convection eddy below the supercritical region. As soon as reactions
occurred, the flow seemed to be stabilized and no eddy formation was de-
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inlet temperature Tf (adapted from [7]).
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Figure 2.30: Basic phenomena occurring in the mixing and reac-
tion zone of the TWR [7].

tected. In all experiments, the temperatures near the inner reactor and
the transpiring walls remained subcritical at all measurement planes.
This fact was a quantitative measure for the wall protection from salt
adherence.

In a parallel project [91, 106], the TWR reactor was modelled using
CFD calculations. The data source for the validation of the calculations
was extracted from temperature field and residence time distribution
(RTD) measurements. Reactive CFD simulations based on simplified
chemistry were included considering the complex geometry of the reac-
tor. Measured operating conditions were used for boundary conditions.
Several qualitative and quantitative agreements were obtained. However,
radial temperature profiles were not reproduced in good fashion.
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2.4.3 Possible applications of hydrothermal flames

Supercritical fluids, e.g. supercritical water or hot compressed water
(HCW), exhibit attractive properties and are used in many applications
to improve conventional methods. In recent article series [107, 108], prop-
erties and the wide range of possibilities of HCW are discussed. Water
can act as a solvent and/or a reaction medium in a process [109]. The use
of hydrothermal flames for SCWO is a special feature, but these flames
could also be of interest for other applications. In the following chapters
two possible applications are outlined.

2.4.3.1 Thermal spallation drilling

The first publication about thermal spallation drilling was presented
in 1986 [110]. Advantages and challenges of this new technique were
discussed therein. The motivation for a new drilling method in search
for oil, gas or water is the high abrasion of the drilling utilities and
the slow approach in hard rock formations. Furthermore, in the future
geothermal energy will gain in importance as an alternative energy source
[111–113]. The idea behind the drilling method is that the fast heating
of a rock surface using a flame results in heat stresses in the rock. When
the stresses become high enough, an existing flaw in the rock is extended
and the surface layer breaks away from the cooler rock behind it and falls
off as a thin flake also called spall (Fig. 2.31).

Numerical simulation and field testing of flame-jet spallation drilling
were presented by Rauenzahn et al. [115–117] and Wilkinson et al. [118,
119].

The hydrothermal flame could be a possible energy source for this
process in greater depths below 2500 meters (see Fig. 2.32). Water in
the drill hole provides the desired pressure and could be used also for
forming fuel (H2) and oxidation (O2) compounds on the basis of elec-
trolysis to provide the hydrothermal flame. To predict the behavior of
the hydrothermal flames at such conditions with undefined geometry of
the bore whole, more data is needed. Several conclusions for this task
are summarized in section 6.2.
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Figure 2.31: Spall formation on a surface of a semi-infinite solid
[114].

2.4.3.2 Hydrothermal synthesis in supercritical water (HTS-
SCW)

In a review, Reverchon and Adami [120] discuss the methods to pro-
duce nanomaterials using supercritical fluids. Conventional methods, i.e.
spray-drying, solvent evaporation and hot melt method often result in
low yield, high residual solvent content or thermal degradation of the
active substance. With the use of supercritical fluids it is possible to
reduce the particle size and residual solvent content in one step. One of
the methods is the hydrothermal synthesis (HTS). Supercritical water
allows the reaction rate and equilibria to vary by shifting the dielectric
constant and solvent density with pressure and temperature. The re-
sults are higher reaction rates and smaller particles than in conventional
methods. The reaction products have to be insoluble in SCW. A scheme
of the HTS-SCW process is shown in Fig. 2.33.

A prepared metal salt aqueous solution is pressurized and heated. In
the mixing point the pressurized metal salt solution and supercritical
water stream are combined, which leads to a reaction. After the solution
leaves the reactor, it is rapidly quenched and larger particles are removed
using in-line filters. The HTS-SCW was successfully conducted in batch
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(a)

Figure 2.32: Concept of spallation drilling [115, 119].

Figure 2.33: Scheme of the HTS-SCW process.
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reactors (long reaction times) and in continuous operated reactors [121–
141].An overview of the experiments can be found in [120]. Very small
nanoscale particles (3-1000 nm) were obtained. Furthermore nanowires,
nanotubes, nanofilms and composite nanoparticles (using two SCW reac-
tors operated in series) were reported to be produced by the HTS-SCW
method [142–146]. Due to the challenging operating conditions (above
221 bar and 374 ◦C) and due to the fact that SCW is a strong oxidiz-
ing agent, special materials have to be used for manufacturing the plant
equipment. Moreover, the process can only be used for compounds that
are stable at high temperatures. Problems with the plugging of the equip-
ment during operation were not reported. At this state of research it is
difficult to predict the advantage of the hydrothermal flame in improv-
ing the process or the characteristics of the produced particles. Higher
temperatures in the flame could lead to higher reaction rates and thus to
better yields. Additionally, the flame could be used as an internal heat
source and avoid corrosion of the inlet lines and improve the control of
mixing of the metal salt solution with SCW. Experiments are needed to
show whether such process is technically and economically reasonable.
A recent review on particle synthesis in flames is given by Roth [147].

2.5 Salt studies and the use of transpiring-
wall reactors for SCWO

Equipment corrosion, fouling and plugging due to precipitation of salt
particles in SCW is the most severe problem that SCWO processes face
nowadays [11]. The solubility of inorganic salts in SCW decreases sharply
when exceeding the critical point of water [16–18]. Agglomerates of pre-
cipitated salts formed during operation adhere to reactor walls and thus
change the flow field and the heat transfer conditions across the reactor
walls. Generally, industrial liquid waste contains inorganic matter in sig-
nificant amounts, e.g. salt concentrations up to 3 wt.% can be found in
paper mill sludge or pharmaceutical wastewater [148].

Examples of solubility and deposition studies of various mixtures
can readily be found in the literature. Armellini et al. [149, 150] used
sodium chloride and sodium sulfate for investigations of the rapid or so-
called ”shock like” precipitation in binary salt-water systems. Rogak and
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Teshima [20] performed solubility and deposition studies of sodium sul-
fate in a fully turbulent tube flow and developed a heat-transfer model,
similar to the one described in the work of Chan [151] at Sandia National
Laboratories. Furthermore, the solubility of sodium sulfate, sodium car-
bonate and their mixtures in SCW was investigated by Khan and Rogak
[152]. Hodes et al. [153] provided solubility and deposition experiments
on a hot finger using sodium sulfate and potassium sulfate water mix-
tures at pressures and temperatures typical for SCWO conditions and
compared the results to a deposition rate model [154, 155]. A compre-
hensive review of fundamental aspects and research of the precipitation
of salts in SCWO is given in Ref. [156]. In addition, Marrone et al. [157]
described commercial technologies and approaches aimed to control salt
precipitation and formation of solids in SCWO systems.

Different reactor concepts to handle the salt accumulation and cor-
rosion during SCWO have been proposed in literature, e.g. double-tube
reactors [158–161]. Further overview on different reactor concepts can
be found in [7, 162]. In our study we used the promising concept of the
transpiring-wall reactor (TWR) [163–185].

Foster Wheeler Corp., Sandia National Labs. and Aerojet Gen-
Corp Inc. reported experiments with transpiring-wall reactors using the
platelet liner technology. Experiments with salts (sodium sulfate) in the
waste stream were performed. The transpiring wall nearly eliminated all
of the salt deposition on the reactor surface. The salt deposition was
restricted to the heating section of the top of the reactor [172]. Conduc-
tivity measurements detected that about 70% of salt came through the
system [173]. Recently, results from an U.S. Army program for the de-
struction of chemical weapons were presented [175]. Two reactor designs
equipped with a solid wall system (design by General Atomics) and a
transpiring-wall system (design by Foster Wheeler Development Corp.)
were investigated. No salt plugs occurred during operation with different
feeds.

Abeln et al. [176] at Forschungszentrum in Karlsruhe performed ex-
periments with salt containing wastewater using a TWR. Electric con-
ductivity and inductively coupled plasma (ICP) measurements indicated
that about 50 wt.% of the salt remained in the reactor.

Fauvel et al. [180] recently reported results using a TWR equipped
with porous ceramic α-alumina tube. No corrosion damage was observed
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even when aggressive compounds were treated. However, oxidation of
aqueous mixtures containing sodium sulfate (up to 5wt.%) and ethanol
led to reactor plugging.

The effect of the transpiring-wall designs on the SCWO process was
presented by Bermejo et al. [162, 181]. Three transpiring-wall designs
were tested using fully and partially porous transpiring walls. Pore sizes
greater than 24µm were found to be recommendable to avoid pore block-
ing in the transpiring wall. In experiments using sodium sulfate concen-
trations up to 4.74wt.%, no plugging of the reactor was observed. The
recovery of salts varied between 55% and 5 %. Influence of the introduced
salt on the temperature profile and the TOC removal was reported. The
TOC removal values were considerably lower than that obtained with
feeds not containing salts. This behavior was explained by changes in
the phase equilibria, when salt is introduced to the reaction mixture. An
overview of transpiring wall reactors tested by various research groups
was presented.

At the ETH Zurich a TWR [7, 91, 92, 104, 106, 186] containing a
hydrothermal flame was investigated using various analyzing methods.
The investigation of the influence of salt is one of the goals of the present
work and will be discussed in chapter 4.
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Chapter 3

Experimental Setup

The experimental setup of this work is based on the setup of Wellig
et al. [7, 92]. For the first part of the experiments, only minor changes
of the setup were provided. Here the transpiring-wall reactor with hy-
drothermal flame as internal heat source was used for experiments with
salt-containing artificial waste streams (see chapter 2.5). The description
of this part is rather brief and further details on the reactor and the pilot
plant can be found in the work of Wellig et al. [7, 92].

The second part of the experiments focused on the investigation of
the hydrothermal flame and the combustion process. A novel reactor
with optical access to the combustion chamber was developed and man-
ufactured. The reactor setup is based on the design of previous SCWO
reactors, mainly on the wall-cooled hydrothermal reactor of the second
generation (WCHB-2, see section 2.4.2.1). Significant setup changes on
the existing plant were necessary for the implementation of the new re-
actor. The duration of this interesting and instructive phase, beginning
with the first reactor design sketch and ending with the first ignition,
took approximately two years.
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3.1 Transpiring-wall reactor (TWR) and
setup

Figure 3.3 shows the sectional drawing of the transpiring-wall reactor.
The vertical reactor vessel made of nickel-based Alloy 625 has an inner
diameter of 34mm and a transpiration zone length of 375mm. The vessel
was designed to sustain burst pressures up to 600 bar and temperatures
up to 600 ◦C. The coaxial burner setup in the upper zone of the reactor
consists of a burner tube, combustion chamber and an outer insert made
of Alloy 625 and separates the fuel, oxygen and wastewater inlet streams
(see Fig. 3.4). The burner tube is an air-gap-insulated double-tube sys-
tem, where the inner tube and the burner nozzle were made of Alloy
230.

High-porous cylindrical elements (sintered Alloy 625 GKN Sinter
Metals Filters, Radervormwald, Germany) with an inner diameter of
22 mm and a thickness of 3.75 mm form the transpiring wall. The tran-
spiration zone has an active length of 313 mm and is divided into four
separate sections. In the first three sections (TW1, TW2, TW3) the
transpiring water was introduced, while in the last section (CW) cool-
ing water was supplied. The advantage of this setup is the possibility to
control the mass flow rates of the transpiring water flows and tempera-
tures for each section separately. The elements are easy to replace and
different tube porosities can be employed. We used sinter tube elements
with a porosity of 17 % (equivalent laminar diameter of 3 µm) and 21 %
(equivalent laminar diameter of 5 µm) in our experiments. Furthermore,
three intermediate rings made of Alloy 625 allowed a lead-through of
thermocouples into the transpiration zone. Radial temperature profiles
at three different heights (planes P2, P3, P4; plane P1 was not used in
this study) were measured. At each plane, temperatures at four radial
positions, i.e. r=0 (centerline), 3, 6 and 9 mm were measured. Further
measuring points are shown in Fig. 3.3.

Four conveyor units are used for pressurizing the reactor. The system
pressure is measured with a pressure transducer and controlled using a PI
controller. Mass flow rates of the fuel (Ff ), oxygen (Fox1, Fox2), wastew-
ater (Fww), transpiring (Ftw1, Ftw2, Ftw3) and cooling water (Fcw) flows
are measured by means of Coriolis-type mass flow meters and adjusted
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Figure 3.2: Legend for the PI scheme in Fig. 3.1

manually. Fluid temperatures up to 600 ◦C are achieved using electric
resistance high-pressure preheaters [7] and controlled using PID con-
trollers. In comparison to the setup presented in Ref. [7, 92] minor mod-
ifications in the cooling water (CW) section were provided, i.e. the by-
pass from the CW inlet to the reactor effluent was removed, to allow the
determination of the exact water mass flow at the conductivity sensor.
Further detailed information about the setup can be found elsewhere
[7, 92].

3.2 Wall-cooled hydrothermal burner
(WCHB-3) and setup

The advantages of the hydrothermal flame in the SCWO process, as
well as in other processes, were discussed in section 2.2 and 2.4.3. A
main part of this work focused on the characterization of continuous
diffusion flames in supercritical water. To gain insight into the complex
phenomena, the flame has to be visually observable and access for optical
measurement techniques must be provided. Thus a new reactor system
had to be built. The specifications for a new reactor system were set as
follows:

• reactor operating pressures: 250-400 bar

• reactor operating temperatures: 600◦C
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• short inlet lengths of the reactants to minimize heat losses after
the preheater section

• sufficient cooling of the glass combustion chamber and of the reac-
tor walls and windows (setup with two cooling water streams)

• maximal permissible reactor outlet temperature of approximately
80◦C (maximal operating temperature of the system pressure
valve)

• the reactor features at least three planar windows made of tem-
pered glass, which allow insight to the whole length of the flame

• the inner diameter of the combustion chamber is max. 10mm

• the reactor is mounted vertically and the reactor support allows to
investigate flames generated by down- and upstream flows

• simple replacement of the burner equipment (method of replace-
ment has to be evaluated)
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• use of high performance alloys, for parts which are in contact with
the reaction mixture

• possibility of measuring radial and axial temperatures inside the
reactor

• proven spring-energized metal C-rings as main seals

• possibility of the adaptation of the inner volume of the reactor

Inspired by the WCHB-2 reactor used in preliminary works, the de-
sign was carried out in a close collaboration with the Institute of Prod-
uct Development at HTA Lucerne (The Lucerne School of Engineering
and Architecture, University of Applied Sciences of Central Switzerland
(www.hta.fhz.ch)). The new reactor includes four instead of two win-
dows. The choice of the proper window material turned out to be a dif-
ficult task. Not only did the windows have to withstand the challenging
operating conditions, they also had to fulfil the needs of optical diag-
nostic methods, e.g. laser-induced fluorescence. Thus, desired spectral
transmissions (UV and visible spectra) of the windows had to be pro-
vided at preferably small window thicknesses with AR-coatings on both
sides and with satisfying parallelism and flatness values. The windows
also should withstand damage of a pulsed laser (few J/cm2 in 10 ns).
Detailed data on the used windows can be found in appendix A. Similar
optical requirements were also set for the burner setup, which includes
two quartz glass tubes. The burner tube is based on the WCHB-2 burner
setup. The design of the metal supports for the glass tubes in the reactor
had to provide a tight connection between the metal and the glass to as-
sure defined mass flow rates of the inlet streams. On the other hand the
inner parts of the reactor had to be easy to replace, with the possibility
of adapting the inner volume of the reactor. An extensive stress anal-
ysis was provided by means of classical calculation methods and Finite
Element Analysis (FEA) (project and diploma work [187–189]). Several
reactor designs were evaluated until a final reactor design was chosen.

3.2.1 Realized reactor

Figures 3.7, 3.5 and 3.8 show the sectional drawing of the novel wall-
cooled hydrothermal burner reactor of the 3rd generation (WCHB-3)
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including various information. Constructional drawings of the different
reactor parts can be found in appendix A. Based on the drawings, the re-
actor body was manufactured by Premex Reactor AG (Lengnau, Switzer-
land).

The vertical reactor vessel is made of a iron-nickel-chromium Alloy
A-286 (1.4980; Bibus Metals AG, Wallisellen, Switzerland) and can op-
erate pressures up to 290 bar (burst pressure 420 bar) and tempera-
tures up to 600 ◦C. The reactor design includes 4 sapphire windows
(Gooch&Housego PLC, Somerset, UK; 2 window pairs - first window
pair: 135 x 50 x 16, flatness lambda/2 over aperture 108 x 40 mm, AR-
coated both sides R < 1 % 250-450 nm; second window pair: 135 x 25 x
12, flatness lambda/5 over aperture 108 x 20 mm, AR-coated both sides
R < 0.6% 250-350 nm.) which allow optical access in the full length of
combustion chamber (visible length approx. 85 mm). The flatness of the
windows was additionally investigated using a Michelson setup to prove
the values of the producer company.

The sealing between the reactor flanges and the windows, as well
as between the reactor head and the reactor body were provided by
spring-energized metal C-rings (Angst+Pfister AG, Zurich, Switzerland).
Tension screws and nuts were fabricated using Alloy A-286 (Hans Kohler
AG, Zurich, Switzerland).

The combustion chamber is formed by a quartz glass cylinder with
an inner and outer diameter of 8.5 mm and 10 mm (QSIL Quarzschmelze
Illmenau GmbH, Langenwiesen, Germany; Vogelsberger Quarzglastech-
nik, Sonnen, Germany), respectively. As for the sapphire windows, the
material of the glass tubes also had to satisfy the requirements of the op-
tical methods. Transmission data can be found in the appendix A (Fig.
A.15 and A.16). In the inner glass tube, a methanol-water mixture is
mixing with an oxygen stream providing the hydrothermal flame com-
bustion. The burner tube is an air-gap-insulated double-tube system,
where the inner and the outer tube were made of Alloy 230 and Alloy
625, respectively (Fig. A.2). The inner diameter of the burner tube is kept
constant at 1.6 mm in the whole length of the tube. The idea in this work
was to start the investigations with the simplest possible burner design.
Afterwards, different modifications on the burner setup will be investi-
gated, similar to the TWR and WCHB-2 burner setup modifications,
where different burner nozzle diameters were used [92] and also modifi-
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cations in the oxygen inlet were provided (pressure drop before mixing
with the fuel stream) [103] to achieve better stability of the flame. The
combustion chamber is covered by the inner cooling water stream. A
further quartz glass cylinder with an inner and outer diameter of 22mm
and 24mm (QSIL Quarzschmelze Illmenau GmbH, Langenwiesen, Ger-
many; Vogelsberger Quarzglastechnik, Sonnen, Germany), respectively,
separates the inner cooling water stream (CW1) from the outer cooling
water stream (CW2). This setup allows the amount of the cooling water
and the temperature in each cooling section to be controlled separately.
Two metal supports keep the two non-load bearing glass tubes in place
and the tightness of the metal-glass connection is provided using metal
springs (Kubo Tech AG, Effretikon, Switzerland; material: Nimonic 90).
Radial temperatures can be measured at five positions along the reactor
axis.

reactor head
fitting

window  fitting

sapphire
window

reactor body

outer glass
cylinder

inner glass
cylinder

(combustion chamber)

burner tube

Figure 3.5: Sectional drawing of the reactor: design information.
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3.2.2 Experimental setup

The pilot plant, allocated on four floors (base area of each floor: 2.5 m x
2.5m) as shown in the Fig. 3.6, had to be adapted for the implementation
of the WCHB-3 reactor.

The first floor includes the conveyor units for the fuel, oxygen and
cooling water stream, the measurement and control units, data acquisi-
tion and the liquid effluent sampling site. The WCHB-3 reactor and the
high pressure preheaters are positioned on the second floor. Here also a
special setup of linear tables for optical components with the possibil-
ity of vertical displacement (independent of each other) was constructed
(Phoenix Mecano Komponenten AG, Stein am Rhein, Switzerland). A
laser setup is placed on the third floor consisting of an Nd:YAG and a
dye laser, with the possibility to guide the laser beam down to the second
floor. The laser setup was mounted for laser-induced fluorescence (LIF)
studies of the hydrothermal flame. On the fourth floor, reactants (fuel
mixtures and oxygen) are stored. The containers for the fuel mixtures
are made of plastic. The volume of a container is sufficient to provide
an experiment with a fuel mixture for about two hours at the specific
conditions. The setup offers the possibility to switch between the three
containers during an experiment and thus use mixtures with different
fuel contents.

Desalinated water was used for cooling and for the start-up of the
plant. Fuel mixtures are introduced after constant pressure and temper-
atures are achieved and reach the reactor about three minutes after the
switch-over from desalinated water. For the oxygen supply gas bottles
are used (50 lt, 200 bar). Additionally, a nitrogen bottle is installed for
various maintenance activities, as leak checking or charging of pulsation
damper bladders.
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3.2.3 High-pressure components

Most of the components, such as the conveyor units, pulsation dampers,
high pressure tubes, hoses, fittings, valves and check valves were adapted
from the preliminary setup with the TWR. Besides the conveyor units
and pulsation dampers, most components were delivered by SITEC
(Sitec-Sieber Engineering AG, Maur, Switzerland) and by Nova Swiss
(Nova Werke AG, Effretikon, Switzerland). Valves and check valves were
sent for revision before installation in the new setup.

3.2.4 Conveyor and piping system

The conveyor and piping system, used in the TWR setup and thor-
oughly described by Wellig [7], was modified as explained in the follow-
ing. The displacement plunger metering pump for the fuel stream and
the diaphragm-type oxygen compressor were sent for revision and have
been overhauled before they were installed into the setup. A new radial
piston pump for the cooling water stream was purchased, with the same
specifications as the one in the work of Wellig [7]. The list of pumps and
their specifications is given in Tab. A.1. The unneeded artificial wastew-
ater pump used in the setup including the TWR reactor was removed
from the current system.

Since the position of the reactor on the second floor had to be changed
in comparison with the TWR reactor setup due to needs of optical di-
agnostics, the piping between the conveyor units and the reactor had
been adapted. The number of the high-pressure preheaters was reduced
to four; two preheaters for the fuel stream and one for each, the oxygen
and the inner cooling water stream (CW1). The electric power of each
preheater equipped with six cartridge heaters is 5400 W. The possibil-
ity of pre-heating the inner cooling water stream was chosen to support
the flame stability (greater heat losses due to relatively long connection
between reactor and preheaters compared to the TWR setup) and to pro-
tect the inner glass cylinder from cracking (minimizing the temperature
gradients in the glass). The relatively long piping between preheaters
and the reactor was the result of the requirements for the axial temper-
ature measurements and the optical setup. However, the setup allows
relatively simple modifications of this length. Thermal insulation (Insul-
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tech AG, Wangen bei Olten, Switzerland) was used on the piping for all
preheated lines between preheater and reactor.

3.2.5 Cooling water system

The cooling water stream is separated into two streams after the pulsa-
tion damper. The first cooling water stream (CW1) can be pre-heated
and flows through the reactor between the inner and outer quartz glass
tube. This stream quenches the reaction mixture before leaving the reac-
tor. The second cooling water stream (CW2) is separated before entering
the reactor. One part of the stream enters the reactor and flows between
the outer glass tube and the reactors inner walls and mixes with the re-
actor effluent afterwards. This stream is not pre-heated and avoids high
temperatures at the reactor walls and sapphire windows. The second
part mixes directly with the reactor effluent and quenches the effluent
to keep reactor effluent temperatures under 80 ◦C (maximal operating
temperature of the pressure transducer).

3.3 Measurement and control

Minor changes on the existing measurement and control system used in
the setup with the TWR were conducted [7, 92, 93]. Since the WCHB
reactor operates with less process streams and preheaters, unneeded con-
trollers were simply removed or switched-off in the setup. Here only a
brief overview is presented, more details can be found in [7, 92, 93].

3.3.1 System pressure and mass flow rates

The system pressure is measured with a pressure transducer (Keller AG,
Winterthur, Switzerland) and adjusted by a control valve (Flowserve
SA, La Chaux-de-Fonds, Switzerland) in the piping after the reactor and
controlled using a PID controller operating in the PI mode (Allcontrol
AG, Oberbüren, Switzerland). Mass flow rates of the fuel (Ff ), oxygen
(Fox) and cooling water (Fcw1 and Fcw2) flows are measured by means
of Coriolis-type mass flow meters (Rhemag Mess- und Regeltechnik AG,
Bern, Switzerland) and adjusted manually using micro metering valves
(Sitec-Sieber Engineering AG, Maur, Switzerland).
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3.3.2 Temperature measurement and control

Fluid temperatures (Tf , Tox, Tcw1) up to 600 ◦C are achieved using elec-
tric resistance high-pressure preheaters [7] and controlled using PID con-
trollers (Allcontrol AG, Oberbüren, Switzerland). Radial reactor temper-
atures, temperatures after preheater blocks and temperatures of the re-
actor effluent were measured with K-type thermocouples (Thermocontrol
GmbH, Dietlikon, Switzerland; ∅ 1.5 x 100mm). Axial flame tempera-
ture was measured by means of a S-type thermocouple (Thermocontrol
GmbH, Dietlikon, Switzerland; ∅ 1.0 x 800 mm). In preliminary experi-
ments [7], flame temperatures were measured at two heights of the flame
and thermocouples of two different lengths were needed. The two ther-
mocouples could only be changed, when the operation of the plant was
stopped. For this reason a new solution had to be found for the present
work. Inspired by the working mechanism of a valve, a device (see Fig.
A.19) for the axial positioning of a thermocouple in the axis of the reac-
tor was developed. The design was further refined and manufactured by
SITEC (Sitec-Sieber Engineering AG, Maur, Switzerland). The device
allows the displacement of the thermocouple in the axis of the reactor
”online” during an experiment and thus allows the temperature measure-
ment at different flame heights over the whole length of the combustion
chamber. Only one thermocouple was needed for the axial temperature
measurement and axial profiles of the flame could be extracted during an
experiment continuously without a time and cost consuming switch-off
of the facility.

3.3.3 Data acquisition

In contrast to the data acquisition in the TWR setup, where the IGOR
Pro data acquisition software (WaveMetrics Inc., Lake Oswego, USA,
www.wavemetrics.com) was used, for the new setup LabVIEW (National
Instruments Corporation, www.ni.com) was installed. The goal was to
simplify the existing data acquisition and make it more transparent for
future users of the pilot plant [190]. A data acquisition card (National
Instruments) transfers measured data to the computer. The signals reach
the computer in the form of electric voltage (V) or current (mA) and
are transformed to corresponding pressure, temperature and mass flow
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rate values by the LabVIEW software. The data progress is displayed on
the monitor and recorded on the computer storage media. For analysis
of the measured data, self-written routines in IGOR Pro software were
used.

3.3.4 Chemiluminescence and Laser-Induced Fluo-
rescence (LIF) setup

Flame luminosity and chemiluminescence was imaged using DICAM Pro
intensified CCD camera (PCO AG, Kelheim, Germany) equipped with
a high resolution MCP-image intensifier and CCD (1280x1024 pixel).
The spectral sensitivity of the camera ranges from UV to near-IR and
exposure times can be set from 3 ns to 1000 s. The dynamic range is
12 bit. The camera was further equipped with a lens (Sill Optics, Wen-
delstein, Germany) for the UV range. The support of the camera al-
lowed the forward-backward motion and the adjustment of the camera
lens axis height. The original camera software Camware 2.13 (PCO AG,
Kelheim, Germany) was used to operate the camera. The shutter was
activated manually and exposure times ranged from 0.02 ms to 200ms
depending on the used bandpass filter. For the imaging of the OH- and
CH-chemiluminescence three different bandpass filters were used. The
imaging of the OH was performed using filters with a transmission peak
maximum at 306 and 313 nm. For the CH species the filter has a peak
transmission maximum at 431 nm. All filters have a spectral width of ap-
prox. 40 nm. The camera, lens and filter characteristics can be found in
the appendix (Fig. A.15, A.16, A.17 and A.18). The images were stored
in a special 12 bit bitmap format with the extension *.b16 and further
processed using IGOR Pro.

Lasers and optical setup were installed for experiments including the
LIF measurement technique. The lasers are situated on the third floor.
The first one is a solid-state laser (Nd:YAG YG981E-20 Q-switched
laser, 20 Hz; Quantel, France) with a wavelength of 532 nm (fundamental
wavelength 1064 nm), which provides a frequency doubled pump beam
for the second laser, which is a dye laser (TDL70; Quantel, France).
Neodymium-doped YAG lasers are solid-state laser, where the amplify-
ing media consists of ions. In this case, Nd3+ are the active ions and as
the carrier material a crystal of yttrium aluminium garnet (Y3Al5O12 or
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YAG) is used. It is the most widely used active laser medium in solid-
state lasers. The dye laser is used to adjust the desired wavelength for
the excitation of OH radicals in the flame.
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Figure 3.9: Scheme of a possible LIF setup.

Figure 3.9 shows the possible LIF setup. The laser beam is guided
and aligned to/in the reactor plane using mirrors. A setup of lenses
forms a laser-sheet which excites the OH radicals in the combustion
chamber. The light is imaged using the DICAM intensified CCD camera.
A further imaging system including a SensiCAM CCD camera (PCO AG,
Kelheim, Germany) records the laser-sheet intensity distribution before
and after the reactor. This additional information can be used for image
corrections, due to laser-sheet distortion in the reactor. Adequate safety
precautions have to be provided during the work with lasers (class 4
lasers), e.g. wearing protective goggles.
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3.4 Materials

Desalinated water-methanol mixtures are used as fuel flow for the hy-
drothermal flame. Methanol (Synopharm, Schweizerhalle, Basel, Switzer-
land, purity > 99.8%) is chosen as model organic compound, since it
is widely used in model systems when performing SCWO studies and
some information on reaction kinetics is available [191–198]. The elec-
tric conductivity of the desalinated water at ambient conditions is 0.6–
0.9µS. Technical grade oxygen (PanGas, Dagmersellen, Switzerland, pu-
rity > 99.5%) is used as oxidizer. The artificial wastewater consisted of
methanol and sodium sulfate (Sigma-Aldrich Laborchemikalien GmbH,
Seelze, Germany, anhydrous, purity ≥ 99 %). Sodium sulfate was chosen
as a model compound. At 250 bar, sodium sulfate exhibits a rapid de-
crease in solubility just above the pseudocritical temperature [20] (Fig.
2.3). Moreover, the presence of methanol reduces the solubility of the
salt drastically with respect to the methanol mass ratio even at ambient
conditions [199, 200].
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Chapter 4

Transpiring-Wall Reactor
Experiments

The reactor concept and preceding experiments with salt-free artificial
wastewater were discussed in section 2.4.2.2. Experiments showed that
the use of the concept including the hydrothermal flame and the tran-
spiring wall was able to keep the inner reactor walls ”cool” (subcritical
temperature values) and thus would prevent corrosion and sticking of
precipitated salt particles on reactor walls. In this chapter the feasibility
of the reactor in order to prevent salt deposition and corrosion of the
reactor and/or its components during SCWO is discussed.

4.1 Experimental procedure and operating
conditions

All experiments were carried out at a constant pressure of 250 bar. The
methanol mass fraction in the fuel flow wf was 16 wt.% and 22 wt.%.
The artificial wastewater stream contained www= 6 wt.% methanol. The
mass fraction of sodium sulfate wsalt,in was set to 1wt.% and 3 wt.%
within the artificial wastewater mixture. For the transpiring and cooling
water flow, desalinated water was used.
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The first step in each experiment was the ignition of the hydrother-
mal flame under salt-free conditions. The plant was pressurized to 250 bar
and the fuel and oxygen 1 stream were heated-up until the auto-ignition
temperature was reached and ignition occurred. Fuel injection temper-
atures above 460◦C typically led to ignition for 15 wt.% methanol and
more. After ignition, the fuel and oxygen 1 inlet temperatures were set
to desired subcritical values. The mass flow rates (Ff , Fox1, Fww, Fox2,
Ftw1, Ftw2, Ftw3) and temperatures of the transpiring water flow (Ttw1,
Ttw2, Ttw3) were adjusted and kept constant to achieve desired steady
state conditions and a switch-over to a wastewater mixture of a defined
salt and methanol content was performed. Cooling water Fcw was intro-
duced in the last section of the reactor to quench the temperatures of
the reaction mixture and to redissolve salts. The conductivity signal of
the on-line sensor [106] placed in the reactor outlet (see Fig. 3.3) was
monitored and provided information about the salt deposition in the
reactor. More information about the flows and temperatures is shown
in Tab. 4.1, 4.2 and 4.3. The transpiration intensity κ was a suitable
criterion for adjusting the mass flow rates of the transpiring water flows
and was defined as the ratio between the mass flux of each transpiring
flow and the bulk mass flux at the entrance of the transpiring-wall tube
(combustion products + wastewater + oxygen 2):

κi =
Ftwi/Atwi

(Ff + Fox1 + Fww + Fox2) /Ab
=

Ftwi/Atwi

Fb/Ab
(4.1)

Ab and Atwi are the inner circular area and the inner shell surface of the
sinter tube, respectively (see Fig. 3.3). The detailed geometric data can
be found elsewhere [7, 92]. The transpiration intensity was varied from
1 % to 6 % and the duration of stationary conditions in the experiments
lasted from 20 minutes up to 3 hours. The liquid reactor effluent was
collected in samples. After completion of an experiment, the wastewater
flow was switched to desalinated water. Fuel and oxygen temperatures
were lowered to extinction and the fuel stream was switched to desali-
nated water. The plant had to be cooled down for 15 to 30 minutes
before the pressure was reduced stepwise. To avoid any influence of the
deposited salt on the next experiment, the reactor was rinsed with water
until the conductivity value of the on-line sensor reached steady values,
equal to those obtained prior conducting the experiment. The whole sys-
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tem was left filled with desalinated water until the next run. After the
experiment, liquid samples were analyzed by gas- and ionic chromato-
graphy.

4.2 Concentration measurements and sam-
ple analysis

To determine the salt deposition in the reactor, the conductivity in the
reactor effluent was measured on-line and off-line (HI 8733 conductivity
meter, Hanna Instruments, Germany). Additionally, an ionic chromatog-
raphy device (Dionex DX-120 equipped with Ionpac CS12A cation ex-
change column and cation suppressor, Dionex Corporation, USA) was
used to determine the concentration of sodium ions in the samples.
Analysis of methanol degradation was provided by a gas chromatograph
equipped with a flame ionization detector (GC-FID, Hewlett Packard,
5890 Series II).

The on-line conductivity sensor was placed in the reactor effluent
(Fig. 3.3) and allowed simultaneous in-situ electric conductivity and tem-
perature measurements at high pressures and temperatures [106]. The
conductivity of a solution is a function of the amount of ions within the
solution and shows a linear behavior for low ion concentrations. Tem-
perature and pressure can further affect the conductivity of a solution.
The influence of pressure was not investigated, since all experiments
were performed at a constant pressure of 250 bar. The conductivity sen-
sor was calibrated without hydrothermal flame, but with respect to salt
concentrations and temperatures expected in the reactor effluent during
experiments using salt-containing artificial wastewater. The results of
the calibration are presented in Fig. 4.1.

Fig. 4.2 shows the characteristic behavior of the conductivity signal
during an experiment. After ignition (salt-free conditions) an increase in
the conductivity value Cign was observed. This reproducible value (for
experiments with the same methanol amount in the fuel flow) was caused
by the increased production of ions due to chemical reactions (e.g. CO2

with water) and was not covered by the sensor calibration. Additional
to the salt amount wsalt,in, the methanol amount in the wastewater
stream www caused a further increase in the production of ions after the
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Figure 4.1: Results from the calibration experiments. The influ-
ence of the salt concentration on the measured conductivity at three
temperature values was investigated. In the experiments using salt-
containing artificial wastewater, conductivity values up to 5mS/cm
were obtained [93, 201].

changeover to salt and methanol containing wastewater. The conductiv-
ity increase caused by methanol in wastewater could not be determined
experimentally and was calculated using Cign under the assumption of a
linear behavior of the measured conductivity with methanol mass flow.
The overall correction term Ccorr,all was determined as follows:

Ccorr,all = Cign(1 +
Fwwwww

Ffwf
) (4.2)

where Cign is the experimentally determined and (Fwwwww/Ffwf )Cign

the calculated conductivity increase, caused by the methanol amount in
the fuel and wastewater flow, respectively. An accurate correction could
only be achieved, when the value of each reactor inlet mass flow rate
was equal in the phase before and during introduction wastewater and
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Figure 4.2: Characteristic behavior of the temperature (plane P2,
r=0mm, centerline) and the conductivity signal during an experi-
ment. The start of the data acquisition was provided later then the
startup of the reactor facility.

during the steady state conditions. The reactor effluent temperature had
to be kept constant and the conductivity in the reactor effluent was only
influenced by salt and CO2. The correction term Ccorr,all was subtracted
from the value of the measured conductivity Cm and the results of con-
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ductivity and ionic chromatography measurements wsalt,out (salt mass
fraction in the reactor outlet) were used to calculate the salt deposit
fraction χsalt. The salt deposit fraction indicates what percentage of the
introduced salt is deposited in the reactor and is defined by the following
equation:

χsalt =
Fsalt,in − Fsalt,out

Fsalt,in
(4.3)

where
Fsalt,in = (wsalt,inFww) (4.4)

Fsalt,out = wsalt,out(Ff (1− wf + wfϕH2O)
+ Fww(1− www − wsalt,in + wwwϕH2O)
+ Ftw1 + Ftw2 + Ftw3 + Fcw) (4.5)

where Fsalt,in and Fsalt,out are the mass flow rates of
sodium sulfate entering and leaving the reactor, ϕH2O =
(νH2OMH2O)/(νCH3OHMCH3OH) ≈ 1.125 and νi and Mi are the
stoichiometric coefficient and the molar mass of compound i, respec-
tively (see Fig. 3.3). When a complete conversion of methanol to CO2

and H2O is assumed, FfwfϕH2O +FwwwwwϕH2O is the amount of water
generated by the oxidation reaction:

CH3OH +
3
2
O2 → CO2 + 2H2O (4.6)

The error made by this simplification is negligible compared to the un-
certainties of mass flow, conductivity measurements and of the chemical
analysis of the effluent.

A similar method was used to determine the methanol conversion in
the reactor during the combustion process. At steady state conditions,
probes of the effluent were collected and analyzed by a GC-FID. The
conversion of methanol was defined by the following equation:

XCH3OH =
FCH3OH,in − FCH3OH,out

FCH3OH,in
(4.7)

where
FCH3OH,in = Ffwf + Fwwwww (4.8)
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FCH3OH,out = wCH3OH,out(Ff (1− wf + wfϕH2O) +
+ Fww(1− www − wsalt,in + wwwϕH2O +
+ Ftw1 + Ftw2 + Ftw3 + Fcw)) (4.9)

4.3 Results and discussion

Two sets of experiment series have been carried out using different
transpiring-wall elements with porosities of 17 % and 21% (equivalent
laminar diameter of 3 µm and 5 µm, respectively). The influence of the
transpiration intensity κi and the inlet temperatures Ttwi of the tran-
spiring water flows (TW1, TW2, TW3) on the salt deposition in the
reactor was investigated using artificial wastewater with sodium sulfate
mass fractions up to 3 wt.% and a constant methanol mass fraction of
6 wt.%. The overview of experiments carried out is shown in Tables 4.2
and 4.3.

The results of experiments using elements with the porosity of 17 %
are presented in Fig. 4.3. Each set of experiments (A, B, C) lasted up
to 2 hours and no plugging of the reactor or a pressure drop increase
across the transpiring wall could be detected even with sodium sulfate
mass fractions of 3 wt.% in wastewater (experiments A1-A4). The inlet
transpiring water temperatures Ttwi were varied between 125 ◦C and
200 ◦C and the methanol conversion yielded over 99,99 %. Conductivity
sensors were employed to determine salt concentrations in the reactor
effluent. The comparison of the results showed similar trends considering
the error bars of the results. The value shift between the on-line and off-
line method is caused by the use of a correction term for the on-line
method. It was not possible to evaluate and to apply a correction term
for the off-line conductivity value, because samples from the effluent were
only taken during the steady state phase. The variation of the salt deposit
fraction results down to negative values was caused by salt residues left in
the reactor from a preceding experiment due to insufficient rinsing time
of the reactor after an experiment. In further experiments the rinsing
time was increased.

For experiments with transpiring-wall elements with the porosity of
21 % (experiments D1-N1) a secondary method for the determination of
salt deposition was explored to validate the conductivity results. Samples
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Figure 4.3: Results of conductivity measurements obtained in ex-
periments using elements with the porosity of 17% (Experiments A1
- C2). Operating conditions are listed in Table 4.2.

obtained from the experiments were additionally analyzed by ionic chro-
matography. Fig. 4.4 shows the results attained from conductivity mea-
surements and ionic chromatography for experiments using transpiring-
wall elements with porosity of 21 %. The duration of stationary condi-
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tions in these experiments lasted up to 3 hours. The sodium mass fraction
was set to 1 wt.% in the wastewater. The temperatures of the transpiring
water flow (Ttw1, Ttw2, Ttw3) were kept at 125 ◦C, except for the experi-
ment K1, where the temperature was adjusted to 75 ◦C (see Table 4.3).
The results of the conductivity sensors and of ionic chromatography were
in good agreement, which demonstrated the use of the correction term
Ccorr,all for the on-line conductivity results. The determined methanol
conversion efficiency in these experiments ranged from 86.62 % to 100 %,
i.e. to non-detectable values in the reactor effluent.
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Figure 4.4: Comparison of the results of conductivity and ionic
chromatography measurements obtained in experiments using ele-
ments with the porosity of 21% (Experiments D1 - N1). Operating
conditions are listed in Table 4.3.

In general, salt deposit fractions χsalt up to 35 % were detected. The
investigated parameters κi and Ttwi and the use of different transpiring-
wall elements and various salt and methanol contents in fuel and wastew-
ater flows did not show any significant influence on the salt deposit frac-
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tion considering the error bars of the results. The conductivity signal
of the on-line sensor fluctuated strongly during experiments and mainly
contributed to the uncertainty of the results. Further sources of error
were the mass flow rate and temperature fluctuations and the influence
of reaction products on the measured conductivity not included in the
sensor calibration.
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Figure 4.5: Characteristic radial temperature profiles at measure-
ment planes P2, P3, P4 obtained in experiments A1 - A4 (rotational
symmetry assumed).

Radial temperature profiles (rotational symmetry is assumed) ob-
tained during experiments in the measurement planes P2, P3 and P4
(Fig. 3.3) are shown in Fig. 4.5 and Fig. 4.6. Temperatures near the tran-
spiring wall remained at subcritical values, which proves the transpiring-
wall concept. Compared to experiments using salt-free artificial wastew-
ater [7, 92] lower temperatures in the measurement plane P2 were
measured at comparable conditions. Similar behavior was reported by
Bermejo et al. [162] and explained by phase equilibria changes of the
reaction mixture, when introducing salt. Moreover, during operation,
thermocouples formed hot spots due to the high temperatures, where
salt adhered and affected temperature measurements. After the disman-
tling of the reactor, salt residues were found on thermocouple tips.

Since the influence of the parameters κi and Ttwi on the salt de-
posit fraction was negligible, even at high transpiration rates of 6 %,
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Figure 4.6: Characteristic radial temperature profiles at measure-
ment planes P2, P3, P4 obtained in experiments J1 - J3 (rotational
symmetry assumed).

salt deposition in the upper flame/hot zone of the reactor above the
wall-protecting transpiration zone was supposed. The gap between the
burner chamber and the outer insert was the region where salt residues
were found after the dismantling of the reactor (Fig. 4.7). It was not
possible to measure the temperatures in this region directly during an
experiment, but we assume supercritical temperatures in this region with
respect to the results obtained from the thermocouples Tan2 and Tan3

(see Fig. 3.3 and Tab. 4.2 and 4.3) and with respect to preceding exper-
iments on this system [7]. Furthermore, during experiments with steady
state durations over 40 minutes an abatement in the mass flow rate of the
oxygen 2 stream Fox2 was observed several times. Thus, salt deposition
in the gap between the outer insert, the reactor vessel and the transpir-
ing wall was also supposed. The mentioned areas of deposition sites in
the burner setup are shown in Fig. 4.7. Further information about the
above described results can be also found elsewhere [93, 201, 202].

4.4 Advanced burner setup

A new burner setup was examined in further experiments. The idea
of the new setup, described in the thesis of Wellig [7], is to use the
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Figure 4.7: Salt deposition at the burner setup of the transpiring-
wall reactor. Severe corrosion traces were found along the outer di-
ameter of the combustion chamber.

wastewater itself for the hydrothermal flame as the internal heat source
and to achieve this way a ”self cleaning effect” of the wastewater. The
burner concept is shown in Fig. 4.8. The wastewater is supplied centrally
and the combustion chamber is cooled down with pure water to keep
the load-bearing wall temperatures in subcritical range. Depending on
the supplied wastewater composition, the overall heating value can be
increased with supplementary fuel added to the wastewater if needed.
The goal is to sustain a hydrothermal combustion, with ”cold” injection
(temperatures of the inlet are well below the critical temperature).

Minor modifications had been performed on the reactor for this setup.
A burner chamber with an air-gap insulation was installed in the reactor
(see Fig. A.1) and the outer insert of the former setup was removed.
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Figure 4.8: New burner setup with wastewater supply through com-
bustion chamber (adapted from [7]). The burner chamber is an air-
gap insulated double-tube system (see Fig. A.1).

Initially, ignition and extinction were performed with the new setup.
Three methanol mixtures (12, 16, 22wt.% methanol) were used to in-
vestigate the performance of the flame in this setup. After pressurizing
the system to 250 bar the temperature of the fuel and oxygen inlet was
increased stepwise until ignition was achieved. The temperatures in the
burner nozzle Tbn (Fig. 4.9) immediately before ignition had a value
of 410 ◦C, which is approx. 50 ◦C below the ignition temperatures pre-
sented by Wellig [7] using the same methanol mass fractions in the fuel
mixture. The extinction temperatures were also shifted to lower values,
except for the experiment with 16wt.% methanol, where the values are
equal. In the advanced burner setup, the insulation gap in the chamber
wall enables better stability of the flame at lower inlet temperatures due
to lower radial heat losses.
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Figure 4.9: Comparison of ignition and extinction experiments
with the TWR equipped with general and advanced burner setup.
Operating conditions in experiments with the general setup are pre-
sented in the work of Wellig [7].

Additionally, salt experiments using different salt compounds
(sodium sulfate and sodium chloride) were performed. The procedure is
similar to the one described in the former experiments. After the ignition
of the flame using a water-methanol mixture, the inlet fuel temperatures
were lowered to subcritical values and the fuel supply was switched to a
vessel with the same methanol concentration as used for ignition, con-
taining an additional, defined amount of salt (wsalt,in = 1wt.%). The
methanol inlet concentrations were varied between 16 and 22 wt.% at a
fuel mass flow of 1.5 g/s. The transpiring water intensity was set to 5 %
and the temperature of the transpiring flow to 125 ◦C. The temperature
of the oxygen stream Tox after the preheater was kept constant at 425 ◦C.
The secondary oxygen inlet flow was off in these experiments and the
former wastewater flow was used for cooling down the burner chamber
(Fig. A.1).

First experiments were performed with sodium sulfate as salt com-
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pound in the artificial wastewater mixtures. Two mixtures were pre-
pared (16 wt.% methanol with 1wt.% Na2SO4 and 22 wt.% methanol
with 1 wt.% Na2SO4) for the experiments. After ignition the switch-over
to the salt containing fuel mixture followed at a inlet fuel temperature
of 370, 350 and 320 ◦C. In all three cases an extinction of the flame was
observed, after the ternary fuel mixture reached the reactor. The flame
extinction was followed by an increase of the pressure in the fuel inlet
line after the fuel pump. Plugging due to precipitated salt particles in
the reactor inlet lines in or after the fuel preheater could be a possi-
ble explanation for the pressure rise. The fuel pump was immediately
stopped and the supply was switched to desalinated water. After ap-
proximately 1 minute, the fuel pump was switched on again, to remove
salt residues from the lines. During this time, peaks in conductivity mea-
sured by the conductivity sensor in the reactor effluent were observed.
It also has to be stated that between different experiments, problems
with the flame ignition occurred and the flame did not always ignite. At
fuel temperatures near and below the critical temperature of water it
was not possible to sustain the flame combustion with methanol-water
streams containing sodium sulfate. The phase behavior of the ternary
mixture is most probably responsible for this effect. To prove this con-
clusion a second set of experiments was provided with sodium chloride as
the model salt compound. Sodium chloride is known to be better soluble
in water than sodium sulfate even over the critical point of water. At
fuel inlet temperatures of 350 ◦C it was possible to sustain a hydrother-
mal flame combustion process. The fuel inlet temperatures were then
lowered in 10 ◦C steps to the extinction of the flame produced using
a salt containing methanol water mixture. The extinction occurred at
fuel inlet temperatures of approx. 185 ◦C, which is in the same temper-
ature range as for experiments without salt in the artificial wastewater
mixture. Steady state experiments with a duration of about 30min were
performed at the fuel temperature of 320 ◦C. During the experiments the
pressure measured after the fuel pump increased several times, but at no
time plugging was observed. Also, peaks in conductivity measured in the
reactor effluent due to the salt flushed out of the reactor were again ob-
served. The methanol conversion in the experiments reached 98 %. The
salt deposit fraction was not determined for this experiment.

The different results gained in experiments can be explained by the
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different phase behavior of the mixtures. The solubility of sodium chlo-
ride (26 wt.%) at 250 bar and 550 ◦C in pure water is approximately three
orders of magnitude smaller than at ambient conditions (see Fig. 2.3).
At similar conditions, the solubility of sodium sulfate is more than two
orders of magnitude smaller than that of sodium chloride.

4.5 Conclusions

The above described studies, investigated the feasibility of the
transpiring-wall reactor with a hydrothermal flame as internal heat
source to prevent plugging and corrosion of the reactor and its com-
ponents during SCWO.

The concept using the hydrothermal flame with 16 wt.% and 22wt.%
methanol in the fuel stream and the transpiring-wall has worked well,
even with sodium sulfate contents of 3 wt.% in the artificial wastewater
stream. No plugging of the reactor was observed during the experiments.
Elements of different porosity (17 % and 21 %), different transpiration in-
tensities (1-6%) and transpiring water temperatures (75-200 ◦C) did not
significantly affect the salt accumulation in the reactor and salt deposit
fractions χsalt up to 35 % were detected. The salt deposits were found in
the upper hot zone of the reactor (above the protecting transpiring-wall
section) and on thermocouple tips in the measurement plane P2. Similar
results were also stated by other authors [172]. A sophisticated burner
setup could overcome these problems. Here a thorough understanding
of the phenomena occurring during the hydrothermal flame combustion
is needed and will be studied in further experiments. Most of the re-
cent publications focus on a specified waste stream [203, 204] and do
not conduct studies to gain a general solution for the SCWO problem,
e.g. a solution, where the SCWO system would work satisfactorily inde-
pendent of the kind of waste stream. Abeln et al. presents a rough cost
estimation for a TWR and pipe reactor for SCWO of painting effluents.
A proposal for a new reactor setup is shown in chapter 6.

The results of the conductivity sensors and of ionic chromatography
were in good agreement. When using conductivity sensors, the influence
of various parameters (e.g. production of ions due to chemical reactions)
on conductivity has to be considered.
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Ignition and extinction experiments in the advanced TWR burner
setup using an air-gap-insulated burner chamber and burner showed
an enhancement in the flame stability. As model compounds methanol,
sodium sulfate and sodium chloride were used again. In experiments
with Na2SO4 it was not possible to sustain a stable hydrothermal flame
after ignition. Results from experiments with NaCl showed a good per-
formance of the burner.

The transpiring-wall reactor was in use for more than 500 hours pro-
viding SCWO experiments. No significant corrosion traces were found in-
side the reactor equipment after this period, except for the combustion
chamber. This additionally demonstrates the suitability of the reactor
concept, since the non-load-bearing combustion chamber is a easy-to-
replace part.
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Element porosity 17%

Exp. Ff Tf Fox1 Tox1 λ Fww Fox2 Fb Tan1 Tan2 Tan3 Fcw

g/s ◦C g/s ◦C g/s g/s g/s ◦C ◦C ◦C g/s

A1 1.55 349 0.45 431 1.21 1.07 0.24 3.31 255 215 232 68.5
A2 1.66 351 0.42 403 1.07 1.07 0.20 3.35 255 256 240 68.2
A3 1.51 351 0.42 400 1.16 1.07 0.21 3.21 265 258 255 69.6
A4 1.58 346 0.41 403 1.10 1.08 0.19 3.26 273 273 277 67.0
B1 1.52 345 0.58 416 1.59 1.02 0.21 3.33 296 277 275 69.2
B2 1.54 346 0.46 395 1.23 0.99 0.21 3.20 280 312 275 69.9
B3 1.73 356 0.45 405 1.09 1.08 0.21 3.47 282 317 292 70.0
C1 1.55 371 0.42 395 1.12 0.95 0.19 3.11 289 338 304 70.3
C2 1.61 373 0.42 409 1.09 0.92 0.20 3.15 289 335 305 70.6

δ 0.03 3 0.013 3 0.04 0.03 0.005 0.05 10 3 4 0.9

Exp. Ftw1 κ1 Ttw1 Ftw2 κ2 Ttw2 Ftw3 κ3 Ttw3 Cm Tcout χsalt

g/s % ◦C g/s % ◦C g/s % ◦C mS/cm ◦C %

A1 2.11 4.6 122 1.28 4.2 127 1.28 4.3 123 5.72 66.4 31.08
A2 2.26 4.8 200 1.25 4.1 197 1.40 4.6 195 6.89 72.3 14.92
A3 0.85 1.9 125 0.58 2.0 143 0.55 1.9 125 5.82 62.4 23.34
A4 0.84 1.8 200 0.55 1.9 172 0.53 1.8 200 5.63 63.3 30.80
B1 2.12 4.6 123 1.34 4.4 152 1.39 4.6 124 3.37 67.6 -21.43
B2 0.85 1.9 126 0.54 1.9 124 0.51 1.8 125 2.54 63.6 12.97
B3 0.60 1.2 125 0.31 1.0 99 0.25 0.8 125 2.30 65.9 33.63
C1 0.86 2.0 200 0.57 2.0 199 0.55 2.0 200 2.44 64.1 14.78
C2 0.61 1.4 201 0.32 1.1 186 0.35 1.2 201 2.72 63.9 -3.17

δ 0.03 - 3 0.02 - 3 0.01 - 3 1.5 4 -

Table 4.2: Operating conditions and results of experiments using
TW elements with 17 % porosity. In the last row, typical uncertain-
ties δ of measured parameters are given. The methanol amount in
the fuel flow wf was set to 16 wt.% for experiments A1-C2. The
wastewater stream contained 3 wt.% of sodium sulfate in experi-
ments A1-A4 and 1 wt.% of Na2SO4 in experiments B1-C2. In all
experiments, the methanol amount in wastewater was set to 6 wt.%.
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Element porosity 21%

Exp. Ff Tf Fox1 Tox1 λ Fww Fox2 Fb Tan1 Tan2 Tan3 Fcw

g/s ◦C g/s ◦C g/s g/s g/s ◦C ◦C ◦C g/s

D1 1.64 352 0.52 423 1.33 1.00 0.22 3.38 258 342 323 70.9
E1 1.57 350 0.53 399 1.40 1.00 0.20 3.30 257 236 240 64.6
F1 1.55 351 0.52 425 1.39 1.05 0.22 3.34 266 346 327 66.2
G1 1.53 351 0.53 425 1.43 1.02 0.22 3.30 278 361 335 63.8
H1 1.53 350 0.51 399 1.40 1.01 0.20 3.25 252 232 247 63.9
I1 1.58 350 0.51 398 1.33 1.07 0.20 3.36 267 255 261 63.2
J1 1.55 353 0.51 424 1.36 1.00 0.22 3.28 288 365 338 56.7
J2 1.57 351 0.52 424 1.38 1.02 0.22 3.33 274 354 332 54.3
J3 1.53 354 0.50 425 1.37 0.98 0.22 3.23 293 368 335 66.0
K1 1.58 345 0.61 400 1.60 0.99 0.23 3.41 278 346 322 64.6
L1 1.54 352 0.55 425 1.10 1.02 0.22 3.33 284 365 336 64.5
M1 1.54 352 0.56 424 1.11 1.04 0.22 3.36 260 263 244 63.7
N1 1.58 355 0.64 425 1.24 1.00 0.17 3.39 280 269 259 63.6

δ 0.03 3 0.013 3 0.04 0.03 0.005 0.05 10 3 4 0.9

Exp. Ftw1 κ1 Ttw1 Ftw2 κ2 Ttw2 Ftw3 κ3 Ttw3 Cm Tcout χsalt

g/s % ◦C g/s % ◦C g/s % ◦C mS/cm ◦C %

D1 2.72 5.8 125 1.65 5.4 123 1.73 5.6 125 2.75 68.2 29.64
E1 2.18 4.7 126 1.46 4.9 122 1.50 5.0 126 2.96 71.5 23.79
F1 2.12 4.6 125 1.50 5.0 122 1.50 5.0 125 2.85 69.5 34.27
G1 0.90 1.9 125 0.64 2.1 122 0.60 2.0 125 3.15 70.5 30.57
H1 0.87 1.9 126 0.59 2.0 123 0.60 2.0 124 3.08 66.4 22.31
I1 0.90 1.9 125 0.65 2.1 124 0.60 2.0 125 3.37 68.5 18.08
J1 0.95 2.1 125 0.63 2.1 123 0.63 2.1 125 3.60 77.3 26.45
J2 0.53 1.2 125 0.34 1.1 123 0.31 1.0 125 3.81 77.9 25.97
J3 2.10 4.6 125 1.50 5.1 123 1.51 5.1 125 3.13 73.4 25.45
K1 2.10 4.3 76 1.51 4.9 74 1.51 4.9 75 2.81 62.1 30.72
L1 2.15 4.6 125 1.48 4.9 124 1.49 4.9 125 3.24 79.1 30.88
M1 2.11 4.5 126 1.46 4.8 124 1.54 5.0 125 3.31 79.8 29.97
N1 2.10 4.4 125 1.48 4.8 123 1.52 4.9 125 3.34 78.3 25.77

δ 0.03 - 3 0.02 - 3 0.01 - 3 1.5 4 -

Table 4.3: Operating conditions and results of experiments using
TW elements with 21% porosity. In the last row, typical uncer-
tainties δ of measured parameters are given. The methanol amount
in the fuel flow wf was set to 16 wt.% for experiments D1-K1 and
22 wt.% for experiments L1-N1. The wastewater stream contained
1 wt.% of Na2SO4 in experiments D1-N1. In all experiments, the
methanol amount in wastewater was set to 6 wt.%.
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Chapter 5

Wall-Cooled
Hydrothermal Burner
(WCHB-3) Experiments

5.1 Initial operation of the pilot plant

This section describes the initial operation of the pilot plant with the
WCHB-3 reactor and presents problems and their solutions, which oc-
curred during this phase.

5.1.1 Assembly of the reactor and pressure test

The assembling process was not provided directly at the pilot plant site,
as the mounting of the sapphire windows into the reactor required access
to the reactor body from all sides. Before this step, the reactors inner
walls were painted with black, temperature and water resistant color, to
minimize light scattering during experiments. The procedure of assem-
bling of windows and the reactor head to the reactor was thoroughly
described in the diploma work of Bowles and Bürgler [187, 188]. Only a
list of the most important steps is presented here (Tab. A.2).

A pressure test with water was conducted to check the reactor body
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p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s

i1 250.0 16.0 1.90 450.0 0.62 405.0 1.36 26.00 41.5 57.00

Table 5.1: Operating conditions for the first ignition.

for leak tightness and the reactor was installed in the ready-for-operation
pilot plant. A pressure test of the pilot plant was performed using de-
salinated water and nitrogen. The second step of the initial operation
of the pilot plant included various performance tests for the check-up of
the measurement and control engineering equipment. The goal was to
provide stable and safe operating conditions during future experiments.
The equipment for the measurement and control was in large part taken
and adapted from the TWR pilot plant. Problems and their solutions
during this phase are listed in Tab. A.3. In most cases, the mentioned
problems and solutions describe a specific problem, e.g. problem in the
fuel line or with the preheaters. However, for some problems the solu-
tions are applicable also to other lines or to other equipment in the pilot
plant.

5.2 Hydrothermal flames in WCHB-3

5.2.1 First ignition and performance tests

In January 2006, two years after the beginning of the project, the first
ignition of the hydrothermal flame succeeded with the WCHB-3 reactor.
The ignition was observed by a web camera and first pictures and movies
of the flame were taken. Due to problems with the data acquisition card,
the operating conditions were recorded only during ignition (Table 5.1).
The mass flow rates were set similar to experiments with the TWR.

Even if the images and movies were of poor quality, a faint red lu-
minosity of the downstream flame could be observed as shown in Fig.
5.1. The flame had a near conical shape, typical for diffusion flames.
At the bottom of the inner glass tube a recurring glowing of the spring
(bottom support of the inner glass tube) became visible. Moreover, the
flame flickered and the flame length changed permanently. The assumed
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reason for this behavior was the pulsation of the inlet streams coming
from the piston pumps. The pulsation dampers were checked and refilled
with nitrogen before the next experiment. The pilot plant remained leak
proof and the temperatures of the inner reactor walls did not exceed
50 ◦C. The goal of further experiments was to evaluate the stability of

lower support of the inner
glas tube and spring

outer glas tube

upper support of the
inner glas tube

inner glas tube

fla
m

e

Figure 5.1: Images of the first ignited hydrothermal flame in the
WCHB-3 reactor.

the hydrothermal combustion process for the given geometry and differ-
ent operating conditions, e.g. inlet temperatures (Tf , Tbn and Tox), inlet
fuel concentrations wf , operating pressure p.
The overall tasks and goals can be listed as follows:

• Ignition and extinction experiments to evaluate operating condi-
tions for a stable burning hydrothermal flame.

• Temperature measurements (radial and axial) to investigate the
temperature profiles along the flame.

• Flame characterization using optical methods (luminescence and
chemiluminescence) to investigate the flame behavior, e.g. flame
shape and position at various conditions.
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Flow Index Mass flow rate Inlet temperature

Fuel (water-MeOH) f Ff = 1.9–2.5 g/s Tf = 350–500 ◦C
Ox : Oxygen ox Fox ≈ 1.5 λ Ff wf Tox = 400–450 ◦C
CW1: Cooling Water 1 cw1 Fcw1 = 3.5–25 g/s Tcw1 =60–150 ◦C
CW2: Cooling Water 2 cw2 Fcw2 = 35–55 g/s not preheated

Table 5.2: Summary of all flows entering the WCHB-3 reactor
(see Fig. 5.4) and their mass flow rates Fi and inlet tempera-
tures Ti. Nomenclature: λ = stoichiometric oxygen excess for hy-
drothermal flame = Fox1/(ϕO2Ffwf ) ≈ Fox1/(1.5Ffwf ), ϕO2 =
(νO2 MO2)/(νCH3OH MCH3OH) ≈ 1.5. νi and Mi are the stoichio-
metric coefficient and the molar mass of compound i, wf = 12–
20 wt.% = methanol mass fraction in the fuel flow.

• Gathering data for the validation of the CFD model developed in
parallel with the experiments.

• Chemical analysis of the combustion products.

Only simple coaxial burners were used in this work. The idea was to
start with the simplest possible setup and investigate it thoroughly using
experiments and simulations. This base case setup can later be used for
the comparison with experiments, where improvements on the setup were
conducted, e.g. modification of the burner geometry.

5.2.2 Definition of operating conditions and proce-
dure

Flame experiments were carried out at various operating conditions, e.g.
various inlet mass flow rates and temperatures, initial methanol contents
and pressures. Since the burner setup of the WCHB-3 reactor is similar
to the one of the TWR, also similar conditions were favored. Tab. 5.2
gives an overview of chosen conditions.

The following startup and shutdown procedure was established based
on the results from preliminary test, e.g. pressure and heating tests and
the study of procedures from preliminary works.
Before the startup:
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• Prepare fuel mixtures (water-methanol mixtures).

• Check oxygen amount in the gas bottles.

• Activate all control devices for pressure, temperature and mass
flow.

• Startup computers for data acquisition and image acquisition and
startup cameras.

• Check all initial valve positions.

• Open oxygen bottles valves (4th floor), fuel mixture containers (4th
floor), compressed air valve (2th floor) and desalinated water valve
(1st floor).

• Activate oxygen pressure reducing valve heating.

Startup of the pilot plant:

1. Set desired operating pressure at the pressure regulator/controller
(250–280 bar).

2. Activate the cooling water pump, changeover to high-pressure
mode and manually adjust the pressure to 150 bar using the valve
at the cooling water pump.

3. Activate the oxygen compressor and further careful increase the
pressure of the cooling water pump manually to the set desired
value and afterwards adjust the desired cooling water flow rates.

4. Activate the fuel pump and adjust the desired flow rates of all flows
using the micro metering valves and by changing the stroke length
of the fuel pump.

5. Activate the preheater blocks and set desired temperatures. To
avoid thermal stresses in the pipings/fittings after the preheater
blocks and the reactor, temperature increasing steps should be rel-
atively small, e.g. 25–40 ◦C. Control the pressure and readjust mass
flows during this phase.
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6. After reaching the desired temperatures (fuel stream approx.
400 ◦C; oxygen stream 380–410 ◦C; cooling water stream CW1 80–
150 ◦C) changeover of the desalinated water fuel inlet to methanol-
containing fuel stream.

7. Step-by-step (10 ◦C steps) increase of the inlet fuel and oxygen
streams. Preheater outlet temperatures between 450–500 ◦usually
lead to ignition of 12–20wt.% methanol-water mixtures.

8. After ignition, adjust the inlet temperatures to desired values. As
soon as steady state conditions are achieved, measurements can be
carried out (measurement of the axial temperature profiles, sam-
pling of the reactor effluent, image acquisition).

Shutting down of the pilot plant:

1. After the experiment or after the flame extinction switch the fuel
stream supply to desalinated water.

2. Careful lower the inlet temperatures (ambient temperature).

3. Switch-off the oxygen compressor approx. 5 min after the switch-
over the fuel stream feed to desalinated water (no methanol in the
lines).

4. Wait until the fuel stream temperatures cool down to 150–200 ◦C.
Switch-off the fuel pump.

5. Reduce the system pressure using the pressure controller and the
valve at the cooling water pump carefully.

6. As soon as approx. 5–10 bar are achieved, changeover from high-
pressure mode to circulation mode and switch-off the cooling water
pump.

Before and during operation of the pilot plant following safety pre-
cautions have to be made and strictly followed:

• During the whole operation protective goggles have to be worn.



5.2 Hydrothermal flames in WCHB-3 99

• Entering the second reactor floor is strictly forbidden after pres-
surizing the system unless the necessary safety precautions were
taken.

• General safety laboratory precautions have to be respected at all
times.

Figure 5.2 shows measured data signals during an experiment. Here
an experiment with variation of the fuel mass flow at a constant oxygen
excess λ and including axial flame temperature measurements is shown.
The first step in each experiment was the ignition of the hydrothermal
flame. The plant was pressurized and the fuel and oxygen stream were
heated up. The inner cooling water stream was also pre-heated, to pro-
tect the inner glass tube against high temperature gradients in the glass
and to support ignition due to the relative long inlet lines of the fuel
and oxygen stream (temperature losses). Ignition occurs as soon as the
auto-ignition temperature is reached (Tf > 450 ◦C and Tox > 430 ◦C
for mixtures with wf=16wt.% methanol). Besides the visual observa-
tion, the temperature measured with the thermocouple Tout1 was used
as indicator for flame ignition. It was observed that due to the manipu-
lation of the axial thermocouple the ignition could be forced in several
experiments. After ignition, mass flows (Ff , Fox, Fcw1, Fcw1) and tem-
peratures of the inlet streams (Tf , Tox, Fcw1) were set to desired values.
During steady state conditions various flame investigations, e.g. flame
temperature measurements or flame chemiluminescence imaging, were
conducted and liquid and gas samples were collected for further analy-
sis. For the measurement of the axial flame temperature a special device
was used, allowing the positioning of the S-type thermocouple along the
combustion chamber axis (see also section 3.2). Note that this kind of
measurement is intrusive and influences the combustion process. The
presence of the thermocouple in the burner nozzle reduces the cross sec-
tion of the burner nozzle (about 60 % of the original cross section) and
the exit velocity of the fuel stream becomes faster (Fig. 5.3). Further
influence of the thermocouple in the burner nozzle is described in the
next chapters.
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Figure 5.2: Data recorded during an experiment. (* During data
acquisition with LabView problems occurred in gathering data for
the inner cooling water stream mass flow rate Fcw1 and the pressure
in the experiments. The values had to be recorded manually. This
problems did not affect the operating conditions.)
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Tbn Tf
◦C ◦C
425 ∼ 495
400 ∼ 445
380 ∼ 410
350 ∼ 370

Table 5.3: Values of temperatures of the fuel stream (Tf ) after
the preheater for operation without the axial thermocouple. Tem-
peratures of the oxygen stream Tox were kept at approx. 430 ◦C in
the experiments.

After all desired measurements are accomplished, the extinction of
the flame was initiated. There are several possibilities for the initiation
of the flame extinction, e.g. reducing the inlet temperatures Tf and Tox

or a switch-over of the fuel stream feed-in to desalinated water. Again,
the temperature measured with the thermocouple Tout1 was used as the
indicator for extinction. Before shutdown, the plant was cooled down and
the pressure was reduced stepwise (see procedure description above).

The thermocouple for axial temperature measurements was not used
in all experiments, since the presence of the thermocouple influenced
the flame. Thus, a table of corresponding temperatures after the fuel
preheater Tf and in the burner nozzle Tbn was established, to allow
the setting of equal conditions for experiments with and without the
axial thermocouple (Tab. 5.3). Note that this table is only valid for
the current operating conditions during stationary conditions and pilot
plant assembly. Any changes of conditions or the pilot plant can affect
the listed temperatures.

5.2.3 Ignition and extinction experiments

After the first ignition, different operating conditions were investigated
and ignition and extinction temperatures were determined. The ignition
temperature is the temperature Tbn of the fuel stream measured in the
burner nozzle immediately before ignition of the flame. The indicator
for the ignition of the flame was, beside the optical information, the
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Figure 5.3: Comparison of calculated fuel inlet velocity variation in
experiments with and without the axial thermocouple (data of pure
water was used for the calculation).

temperature in the reactor outlet Tout1. After ignition a temperature rise
of the Tout1 is of about 15–20 ◦C. The temperature in the burner nozzle,
Tbn, was measured using a S-type thermocouple. A special device (see
section 3.2) allowed the displacement of the thermocouple tip along the
combustion chamber axis and the Tbn temperature was measured, when
the displacement device was in the starting position. At this position,
the thermocouple tip is in the burner nozzle, approx. 8 mm millimeters
above the burner nozzle tip (Fig. 5.4).

After ignition the temperature was lowered in 10 ◦C steps until the
extinction of the flame was achieved. The extinction temperature was
defined as the temperature Tbn measured immediately before extinction.
The experiments were performed at different operating conditions, e.g.
temperatures and mass flows. Fig. 5.5 shows the ignition and extinction
temperatures Tbn as a function of the methanol content wf in the fuel
stream. Temperatures of the fuel stream after the preheater are also
presented.

The ignition temperatures are not significantly affected by the initial
methanol content in the fuel stream. The curve fit is affected by the
fact, that only one experiment using a 12 wt.% fuel mixture could be
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Figure 5.4: Detailed drawing of the burner configuration used for
axial temperature measurements.

conducted. Efforts were made to provide more data in this region, but
even after several experiments it was not possible to ignite the flame
in similar conditions. It has to be stated that ignition is a transient
process and it was difficult to create identical operating conditions for
each experiment. Temperatures in the range Tbn=410–430 ◦C led to the
ignition of the flame at methanol mass fractions of 16 wt.%.

In comparison to the TWR (Fig. 5.6) equipped with a similar burner
setup, where the ignition temperatures Tbn ranged from 470–490 ◦C for
a 16 wt.% methanol mass fraction [7], lower ignition temperatures could
be achieved with the new reactor. One has to consider the fact, that
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Figure 5.5: Ignition and extinction temperatures in function of the
initial methanol content wf .

despite the similar burner setup, the reactor and facility designs have
significant differences. The inlet piping of the TWR between preheater
blocks and reactor were shorter in comparison to the present study, mini-
mizing heat loss through the piping. On the other hand, the reactor head
and the distances from the reactor inlet to the combustion chamber of
the WCHB-3 are smaller than in the TWR. Furthermore, the temper-
ature and mass flow rate of the inner cooling water stream (Tcw1 and
Fcw1) in the WCHB-3 reactor influenced the ignition process as is shown
later in this section.

Extinction temperatures decreased with higher methanol contents.
Comparing the data with the data of the TWR or WCHB-2 (Fig. 5.6)
equipped with an axial burner setup, subcritical inlet temperatures were
difficult to reach (see section 2.4.2). Methanol contents of 20 wt.% were
required to achieve subcritical injection temperatures. At these condi-
tions the pulsation of the flame was distinctive and was accompanied by
increased noise and vibration of the whole facility. Similar acoustic phe-
nomena, called screaming and chugging, were also reported by La Roche
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Figure 5.6: Comparison of ignition and extinction temperatures of
the present work with the results of Weber [103] and Wellig [7].

[88]. For further experiments with subcritical injection values it is neces-
sary to provide changes to the burner setup, e.g. to the inner and outer
diameter (pressure drop prior mixing with the fuel stream) of the burner
exit should be adapted to influence fuel and oxidizer injection velocities
(e.g. mixing) and flame stability. This would allow the investigation of
the liquid to supercritical jet disintegration process.

First experiments were conducted at relatively high mass flow rates
Fcw1=26 g/s and low inlet temperatures Tcw1 =40–90 ◦C. These values
were chosen to protect the reactor inner walls and inner parts against
high temperatures (glass tubes, springs) and to keep the reactors effluent
temperatures under 80 ◦C (maximum permissible operating temperature
of the pressure transducer). However, in these conditions it was difficult
to achieve ignition by raising the inlet fuel and oxygen temperatures
alone. Hutter [190] investigated the cooling capacity of the inner cooling
stream CW1. A simple model for the heat transfer calculation was chosen
[205]. The calculation considered the heat transfer from the combustion
chamber to the inner wall of the inner glass tube, the heat transfer
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through the glass tube wall and the heat transfer from the outer diameter
of the inner glass tube to the inner cooling water stream CW1. Radiation
was not considered. As supposed, high mass flow rates Fcw1 and a low
temperatures Tcw1 resulted in a high cooling capacity of the inner cooling
water stream (Fig. 5.7), which was most likely responsible for the ignition
problems.
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Figure 5.7: Calculated cooling capacity Q̇ (W) as a function of mass
flow rate Fcw1 (g/s) and temperature Tcw1 (◦C) of the inner cooling
water stream.

An experiment was conducted to validate the data. Only pure water
(no flame conditions) was used in the experiment. The temperature was
measured at the inlet and outlet of the reactor. The conditions are listed
in Tab. 5.4 and the following equation was used to calculate the effective
cooling capacity:

Q̇ = Ff (h(Tin)− h(Tout)) (5.1)

The difference between measured and calculated cooling capacity, can
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Parameter Measured data Calculated data
Ff (g/s) 2.11 2
Fcw1 (g/s) 9.52 10
Fox (g/s) 0 0
Tcw1 (◦C) 80 80
Tin (◦C) 412 410
Tout (◦C) 391 -
h(Tin) (kJ/kg) 1881 -
h(Tout) (kJ/kg) 1768 -
cooling capacity Q̇ (W ) 238 324

Table 5.4: Comparison of the measured and calculated cooling
capacity.

be explained by the following. In the model, the outer glass cylinder is
isolated unlike the reactor. Moreover, fuel injection, the oxygen stream
and recirculation are not considered in the calculation. Based on the
calculations and experiments, mass flow rates of Fcw1 > 6 g/s and tem-
peratures Tcw1 > 130 ◦C of the inner cooling water stream were found
to be appropriate to assure ignition and to protect the inner parts of the
reactor from rapid damage. However, at these conditions the tempera-
ture in the reactor effluent after ignition reached temperatures of 80 ◦C.
Thus, the pressure transducer was displaced, i.e., the distance between
the reactor and the transducer was increased.

It was observed, that during ignition the difference between the tem-
peratures Tbn and Tf were approximately 30–50 ◦higher than during ex-
tinction, where the temperatures were almost in the same range. During
several experiments even higher values of Tbn compared to Tf were de-
tected. One reason could be the non-stationary conditions in the reactor
during ignition. The other reason is the heat transport in the upstream
direction caused by the recirculation zones of the flame. Such behavior
was also observed in the experiments of Weber [90] and Wellig [7] and
the dependence of the behavior on the initial methanol concentration
was determined. The ignition and extinction experiments showed con-
ditions for a stable burning hydrothermal flame. The presence of the
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thermocouple in the burner nozzle had no detectable influence on the
ignition or extinction temperatures. However, in some experiments the
forward/backward movement of the thermocouple in the vicinity of the
burner tip was conducted in order to start ignition. Further experiments
focused mainly on the investigation of a hydrothermal flame with super-
critical injection temperatures into the combustion chamber.

5.2.4 Axial flame temperature profile measurements

The knowledge of flame temperatures is of importance for several reasons
depending on the application. The temperature,

• is an important parameter for reaction rates

• can be used as a validation parameter for numerical simulations

• has influence on pollutant formation, e.g. NOx, soot

Temperatures can be measured, e.g., by using thermocouples. The
disadvantage of this method is the fact, that the measurement is intrusive
and can influence the combustion process. Moreover, the thermocouple
measures the temperature of the metal-metal junction in the thermo-
couple, which is then related to the surrounding fluid temperature. The
measured temperature can significantly vary from the temperature of
the fluid and various factors should be considered, e.g., radiation from
the wire, conduction through the wire, conduction and convection from
the fluid to the wire, catalytic effects. A possible solution is the use of
thermocouple shields, which are able to minimize radiation heat losses
from the wire. However, due to space limitations, thermocouple shields
could not be used in the present setup. Thus, a correction of the mea-
sured temperature was provided, considering convection and radiation
terms [42, 206, 207]. First axial flame temperature measurements were
started early after first ignition and extinction experiments to show the
performance of the measurement system and to gain first results for the
validation of the CFD model. Flame temperature profiles for the com-
bustion of 12 wt.%, 16 wt.% and 20 wt.% water-methanol mixtures were
measured. The operating conditions are listed in 5.5.
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p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s

p1 250.0 12.0 1.80 425.0 0.64 403.0 1.98 8.48 143 39.34
p2 250.0 16.0 2.00 402.0 0.62 425.0 1.29 7.93 137 39.34
p3 250.0 20.0 1.90 413.0 0.69 424.0 1.21 8.13 146 39.69

Table 5.5: Operating conditions for axial flame temperature mea-
surements.

The starting point for measurements using an S-type thermocouple
was the temperature in the burner nozzle Tbn. Afterwards, the thermo-
couple tip was moved downstream in 2 or 4mm steps and measurements
at each position along the combustion chamber axis lasted 15 s. The
measured temperatures were time averaged for each position and the
uncertainty was estimated. The results are shown in Fig. 5.8. The dif-
ferent operating conditions in the experiments did not allow a direct
comparison of the results. However, several conclusions could be drawn
from these experiments:

• higher methanol content in the fuel stream leads to higher flame
temperatures,

• the temperature rise in the profiles short after the combustion
chamber tip, seems not to be affected by the methanol content
in the fuel stream comparing the 16 wt.% and 20 wt.% methanol
profiles - the shift of the 12wt.% methanol profile is most likely
caused by the high oxygen excess in the experiment,

• the error of the measurement is the results of visually observed
flame fluctuations and of radial oscillations of the thermocouple
tip (the used thermocouple was not stiff).

The experiment with 20 wt.% methanol caused severe damage to the
inner glass tube (cracks and milky surface of the glass) due to high tem-
peratures. Also a crack on the thermocouple sheathing was detected. It
is possible, that locally higher temperatures were achieved, than the al-
lowed maximum working temperature of the thermocouple (1875K). A
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Figure 5.8: Measured non-corrected temperature profiles for differ-
ent methanol-water mixtures. Operating conditions are listed in Tab.
5.5 (dashed vertical line marks the begin of the combustion cham-
ber).

test of the thermocouple using water baths with known temperatures as-
sured the application of the thermocouple for further experiments. It was
decided to focus on the investigation of lower methanol concentrations in
further experiments to protect the reactor equipment. The experiments
focused on 16wt.% methanol fuel mixtures and covered various operat-
ing conditions, i.e., variation of fuel inlet temperatures and mass flow
rates.

Fig. 5.9 shows the axial profile behavior, when the fuel stream is
introduced into the combustion chamber at two various temperatures.
With higher inlet temperatures higher maximum flame temperatures
are achieved. The temperature rise position seems also to be affected by
the inlet temperature. In the investigated temperature region significant
mixture properties changes occur, e.g. the density drops from approx.
365 kg/m3 at 380 ◦C to 132 kg/m3 at 425 ◦C using a 16wt.% methanol
water mixture (calculated with ASPEN Plus 2004.1, Peng-Robinson EOS
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for mixtures). Thus, at higher temperatures the density of the inlet fuel
mixture is decreased and diffusion processes are favored. This leads to
faster mixing of the methanol-water mixture with the oxygen stream and
the combustion process starts sooner for higher inlet temperatures. On
the other hand, the increased momentum of the inlet fuel stream brings
the flame to move further downstream.

Since temperature measurements were performed with an unshielded
thermocouple a correction of the measured temperature had to be pro-
vided. The following equation was used to estimate the real temperature:

αATC(Tcorr − Tmeas)− εTCσ(T 4
meas − T 4

∞) = 0 (5.2)

Tcorr =
εTCσ(T 4

meas − T 4
∞)

α
+ Tmeas (5.3)

where ATC is the surface area of the thermocouple tip, εTC is the temper-
ature dependent emissivity of the thermocouple [208], σ = 5.6704 · 10−8

(W/(m2K4)) is the Stefan-Boltzmann constant, Tmeas is the tempera-
ture measured by the thermocouple, T∞ is the temperature of the sur-
rounding (T∞=700K, temperature of the inner cylinder wall) and α is
the heat convection coefficient (W/(m2K)) (from correlations [205] - sec-
tions Ge1 and Gb7).

The calculations were performed under following assumptions:

• heat conduction to and in the thermocouple is neglected - the mea-
sured temperature corresponds to the surface temperature of the
thermocouple

• only fluid properties of water were considered

A rough estimate of the real temperatures in the combustion cham-
ber was obtained. The differences between the corrected and measured
temperature results at corresponding conditions were max. 70 ◦C. The
profiles in Fig. 5.10 showing the behavior of the temperature profile at
different fuel inlet mass flows include a corrected temperature profile.
Due to the higher momentum, higher mass flow rates shift the temper-
ature profile downstream, further away from the burner tube.

Visual observations of the flame during the axial temperature mea-
surement showed an influence of the thermocouple on the flame. The
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Figure 5.9: Measured non-corrected axial temperature profiles for
different fuel inlet temperatures using a 16wt.% methanol-water
mixture (operating conditions listed in Tab. B.3, dashed vertical lines
mark the begin and the end of the combustion chamber).

flame shape changed and the flame seemed to be attached to the ther-
mocouple wire and also moving along with the thermocouple. A bright
glow of the thermocouple was observed. The problem is further discussed
later.

Flame temperature measurements were also provided in the TWR
setup. During the experiments, axial flame temperatures at two heights
(27 mm and 50 mm, measured from the burner nozzle tip) of the combus-
tion chamber were measured by means of S-type thermocouples, while
the temperatures of the fuel stream were varied (see section 2.4.2). Fig.
5.11 shows good agreement between the temperatures measured in the
TWR and in the actual study. For the calculation of adiabatic flame
temperatures, routines of Wellig [92] were used .
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5.2.5 Temperatures inside the reactor

Besides the axial flame temperature, radial temperatures (Trad1, Trad2,
Trad3, Trad5) inside the reactor were measured (see Fig. 3.8). The reac-
tor allows the measurement of five radial temperatures along the reactor
axis. The design was intended to allow the possibility to draw conclu-
sions on flame temperatures. However, direct radial temperature mea-
surements were not possible as the flame is covered by two glass tubes
in the current setup.

Thermocouples Trad1 and Trad5 measured temperatures 30mm inside
the reactor in the first and fifth radial bore hole. The second and third
thermocouple were inserted in the corresponding radial holes (Trad3 is
in the middle of the combustion chamber length) leaving a small gap
between the outer glass tube and the thermocouple tip. Figure 5.2 shows
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Figure 5.11: Comparison of measured axial flame temperatures in
the WCHB-3 and the TWR ([7, 209]). Operating conditions in the
TWR: Ff=1.5 g/s, Fox1=0.43 g/s (λ= 1.2). Operating conditions in
the WCHB-3 reactor: Ff=1.96 g/s, Fox1=0.55 g/s (λ= 1.2) (dashed
vertical lines mark the begin and the end of the combustion cham-
ber).

the behavior of the radial flame temperatures. In all experiments it was
observed, that neither ignition, extinction nor increased mass flow rates
had an influence on the radial temperatures. The temperatures Trad1

and Trad5 show a small steady increase during all experiments. This can
be explained by the fact, that the measurements are taken in a bore hole
filled with water with hardly any circulation. During the experiment, the
reactor body slowly heats up, which affects the measured temperatures.
Also radial temperature Trad1 is higher than Trad5 since in the upper
part of the reactor body temperature is higher due to the flame and
due to the pre-heating of the inlet flows. The temperature Trad3 remains
constant at a constant mass flow rate of the second cooling water stream
Fcw2. Thermocouple Trad2 was not used in all experiments. However, the
temperature measurement exhibited values almost equal to temperatures
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measured with Trad3. The temperatures are a good indicator for the
sufficient cooling-down and protection of the reactor walls and windows
against high temperatures.

5.2.6 Image acquisition and flame visualization

In this section, image acquisition and processing steps used in this work
are presented. During experiments, the flame was visualized using an
intensified CCD camera. OH and CH radicals are suitable markers for
the detection and visualization of the burnt zone and provide information
on positions and shapes of flames. Tab. 5.6 shows typical camera settings
using different bandpass filters in the experiments. The lens aperture was
constant in all experiments. A box was used to cover the space between
reactor and camera to avoid influence of external light. The rest of the
reactor windows was also covered. During the experiments an effort was
made to use the whole intensity spectrum of the camera (0-4096) to gain
a wide spectrum on intensity values. Thus, the exposure time was set to
relatively high values in experiments using a bandpass filter.

Filter no filter (luminosity) 313 nm (OH) 431 nm (CH)

Exposure (ms) 0.02 200 50

Delay 100 100 100

Phosphor Gain (%) 90 90 90

Table 5.6: Camera settings using different bandpass filters.

Raw single-shot images were processed using IGOR Pro’s standard
and self-written routines. For validation, the proven PCO Picture Viewer
(Schnitzesoft/Bruno Schneider (LAV), Switzerland) was used. To gain
accurate information using digital imaging, image correction is a nec-
essary step. There are always possible error sources, which need to be
considered. In a first step, overexposed images (intensity values over
4096) were removed from the image set. The account of images in an
image set was derived from preliminary experiments, where 10, 25, 50
and 100 images were made on the same phenomena, and averaged after-
wards. As indicator for the selection of the appropriate image account in
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an image set the maximal standard deviation value from each averaged
imaged was used. Since the change of this value between a set of 50 and
100 images was no longer significant, the use of 100 image sets seemed
to be appropriate, also considering other parameters, e.g., required disk
storage space and reasonable processing and computational times. The
influence of the phosphor gain camera settings and of the exposure time
on the overall imaged intensity was also investigated (Fig. 5.12). The
intensity showed a non-linear behavior with higher phosphor gain values
and a linear behavior with increasing exposure times. Thus, the phos-
phor gain value was set constant in all experiments and only the exposure
times were changed using same shutter adjustments for all experiments
(see also Tab. 5.6). Furthermore, since the luminescence and chemilumi-
nescence imaging was operated with different camera settings (exposure
times) and bandpass filters (filter transmission characteristics) scaling of
the image intensities was necessary to allow a direct comparison of the
gained images. A background image subtraction was not provided, since
the background images exhibited almost uniform intensity distribution
over the whole image, even for different filters. The subtraction of a uni-
form value from the raw images would not have any influence on the
results presented below.

In a semester project [210], the light distortion on the glass cylinders
was investigated. Here a reticle of lines (Gravo Optic GmbH, Balzers,
Liechtenstein) with the length of 80 mm was imaged in a simple exper-
imental setup and the effect of the presence of glass cylinders was in-
vestigated. The images with and without distortion were compared and
an algorithm was established to correct distorted images. Distortion was
only found in a narrow range on the sides of the reticle. Since the exper-
imental setup and the reticle of lines itself did not allow an investigation
during flame combustion, the algorithm did not include the influence
of different refractive indices in the reactor during experiments. This
correction step was thus not used for the current chemiluminescence in-
vestigations and is rather of interest for experiments with better spatial
and temporal resolution, e.g. laser-induced fluorescence.

In a first step, an averaged image and an image including standard
deviation values was formed from raw single-shot images in each image
set. The second step was the normalization of images. Depending on the
normalization process (1;intensity normalized with the maximum of each
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Figure 5.12: Influence of camera settings (phosphor gain and ex-
posure time) on the overall image intensity.

individual image or 2;normalization of each image was performed with
the maximum intensity obtained from all images in the set) two kinds
of information were obtained - fluctuation of the flame intensity at a
specific location and the fluctuation of the overall flame intensity. An-
other type of flame visualization was achieved by extracting a line profile
along the flame axis (centerline intensity profile) from each image and
averaging these profiles. This step allowed a rough estimate of the be-
ginning and end of luminescence and chemiluminescence zones and thus
the flame position and shape. When dealing with LIF images a usual
step to gain information on flame lift-off heights and flame lengths is to
use the histogram of the images for the segmentation step to gain binary
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images. However, in the present images no distinct threshold, between
dark and bright values in the image histogram could be estimated. This
fact did not permit us to derive the threshold value using usual segmen-
tation and thresholding methods presented in literature [211–213]. Note
that each raw OH and CH chemiluminescence image is already time av-
eraged, because of the relatively long exposure times, 200ms and 50ms,
respectively. Moreover, each luminescence and chemiluminescence image
resulted from an integration of the emitted light along the optical path
over the whole burner chamber volume (line-of-sight technique). Thus,
higher uncertainties of the binarization/segmentation process in com-
parison to LIF, where significantly lower exposure times are allowed and
the images are projections of a vertical plane of the flame, have to be
considered. This fact did not allow us to use a robust method for image
segmentation. Therefore, several methods for image segmentation were
used and compared. The threshold value was derived using a standard
iterative method implemented in the IGOR subroutines. The segmen-
tation process of the chemiluminescence image divides the image into a
burnt and an unburnt zone, i.e. light and dark zone. The mean of the
binary images is the image showing the probability of reaction at a given
location. Deriving a contour of the burnt zone from a binary image and
averaging the contour images over the whole set/ensemble provides the
probability of the flame front position (Fig. 5.13). The most probable
flame front was extracted and the beginning and the end of the flame
front zone at the centerline of the flame was determined. The iterative
threshold method was compared to a simpler method, where the thresh-
old value was determined as a percentage of the maximum centerline
profile intensities. Although the absolute values of the determined flame
front length were different in the two approaches, the trends remained
unchanged. Due to the nature of the images, it was not possible to apply
the same percentage value for all images and the threshold values varied
between 25-60 % of maximum image intensities.

5.2.7 Results and discussion

The experiments included the investigation of various parameters on the
behavior of the hydrothermal flame. In the following, the results for each
parameter are presented and discussed. In all experiments a lean mixture
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Figure 5.13: Image processing steps for the determination of the
most probable flame front position and the beginning and the end of
the front.

combustion was set and oxygen excess was set to approx. λ=1.2 for all
experiments, excluding the experiments where the oxygen excess was the
varied parameter. All presented results should be treated with respect to
the fact, that the used visualization method is a line-of-sight technique
and delivers only a rough estimate of the flame shape and position. The
used bandpass filters cover a certain bandwidth (approx. 40 nm), which
can affect the gained intensity information, e.g. influence of other species
than OH or CH.

5.2.7.1 Variation of fuel inlet temperatures and initial
methanol concentrations

Fuel inlet temperatures and initial methanol concentrations were the
first investigated parameters and showed the most significant influence
on the hydrothermal flame behavior. For these experiments the axial
thermocouple was removed from the system and the investigated inlet
temperatures were in the supercritical temperature range. Only during
experiments with higher initial methanol contents of 20 wt.% it was pos-
sible to lower the temperatures to subcritical values. Luminescence and
chemiluminescence (OH and CH) were imaged during the experiments
and the averaged images are shown in Fig. 5.14 using false colors. Op-
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erating conditions for the experiments are shown in appendix B. With
increasing temperature, the maximum intensity was increased and the
flame shape changed. Since non-corrected images are shown, the com-
parison can only be made between images in the same row, i.e. between
images made using the same filter and exposure time.

Axial intensity profiles were extracted from averaged raw images and
corrected due to different exposure time settings, quantum efficiencies of
the camera at different wavelengths, filter and window transmissions to
allow direct comparison.

Fig. 5.15 shows the overall flame axial intensity profile and the chemi-
luminescence profiles for OH and CH species. The intensity of the lumi-
nescence images is significantly higher than the intensity of images where
filters were used (see also Fig. 5.14) and should correspond to H2O and
CO2 concentrations, weighted by temperature. Due to the low exposure
time settings during luminescence visualization, OH and CH can not be
observed in the luminescence profile.

Considering the OH and CH axial intensity profile, the formation of
OH species seem to start earlier than the formation of the CH radicals
along the combustion chamber axis and the amount of photons from
OH species, related to image intensities, is lower than the amount of
CH. However, from the sight of chemical kinetics, the production of CH
should start earlier than the production of OH. An explanation for the
discrepancy, is the fact, that the emission of light from OH species takes
place in a broader bandwidth compared to CH, which is related to a
relatively distinct peak at 431 nm. Measurements using filters of differ-
ent transmission peak maxima should be used to clarify this point. OH
was also observed in the burnt zone of the flame for the 313 nm wave-
length, while the CH species is only found in the flame front/reaction
zone, which results in a distinct peak of the CH species. The lumines-
cence profile can be related to the axial temperature profile of the flame.
However, a direct comparison between the measured temperature pro-
files and the luminescence intensities is difficult since the presence of the
thermocouple used in the measurement had a significant influence on the
flame shape and position as shown later in this chapter.

Centerline profiles of OH species for different fuel inlet temperatures
are shown in Fig. 5.16. The maximum intensities of the peaks decrease
with decreasing temperatures and the position of the peak maxima shifts



5.2 Hydrothermal flames in WCHB-3 121

403020100

500

400

300

200

100

50

40

30

20

10

0
403020100

700

600

500

400

300

200

100

80
60

40
20

0
403020100

350

300

250

200

150

100

80
60

40
20

0

240

220

200

180

160

140

120

100

50

40

30

20

10

0

500

400

300

200

100

400

350

300

250

200

150

100

6040200

80
60

40
20

0

300

250

200

150

100

50

40

30

20

10

0

6040200

700

600

500

400

300

200

100

6040200

600

500

400

300

200

100

 y/dbn

Tbn = 380°C

y (mm)

Tbn = 425°CTbn = 400°C

Lum.

OH

CH

 x/d
bn

 x
 (

m
m

)

Figure 5.14: Matrix of non-corrected averaged single-shot images
from experiments t1-t3 (operating conditions in appendix B, Tab.
B.5): variation of fuel inlet temperatures for 16wt.% methanol mix-
tures; dbn = burner tube exit diameter = 1.6mm.
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cence and chemiluminescence flame visualization in experiment t1
(wf=16wt.%, Tbn=425 ◦C, further operating conditions shown in
appendix B, Tab. B.5, dashed vertical lines mark the begin and the
end of the combustion chamber).

further away in the streamwise direction, which can be related to the
increase of the flame length. The same behavior was also observed in
luminescence and CH profile images.

The radial and axial flame front positions (maximum flame front
probabilities) of OH and CH species for different fuel inlet temperatures
are shown in Fig. 5.17. As described above, the flame fronts are shifted
further downstream with lower inlet temperatures and the reaction zone
projection becomes longer and broader. The width of the flame is limited
to the confining inner glass tube. Statements on the effect of turbulence
on the flame front curvature were difficult to make.

The behavior of the flame at higher methanol amount of 20wt.%
showed the same behavior of the flame. With higher fuel inlet tempera-
tures the maximum image intensity was increased and the flame position
moved toward the burner tube exit. The matrix in Fig. 5.18 shows the
average flame images for the current methanol content. It was possible
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Figure 5.16: Comparison of averaged centerline OH profiles gained
from experiments t1-t3 (wf=16wt.%, Tbn=425 ◦C, further operating
conditions shown in appendix B, Tab. B.5, dashed vertical lines mark
the begin and the end of the combustion chamber).

to lower the inlet temperatures to subcritical values, i.e. Tbn=350 ◦C.
At these values the fuel mixture inlet density rises to values of approx.
500 kg/m3. Moreover, the specific enthalpy change in the temperature
range between 425 and 350 ◦C is approx. 1200 kJ/kg. At a mass flow
rate of the fuel stream of 2 g/s this value corresponds to a heat input
of 2.4 kW, which has to be provided by the flame to sustain a stable
combustion process at subcritical temperatures. Thus the flame moves
further away from the burner nozzle and gains in length and width.

The comparison of centerline profiles using 16 wt.% and 20 wt.% mix-
tures shown in Fig. 5.19 revealed (see also Tab. B.1 and B.2), that the
combustion process begins earlier with higher methanol amounts and
also the length of the reaction zone is significantly longer. The centerline
profiles for 20 wt.% mixtures exhibit a second intensity peak, which most
likely results from strong fluctuations of the hydrothermal flame during
the experiments with 20 wt.% mixtures.
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Figure 5.17: Flame fronts of OH and CH species for different fuel
inlet temperatures using 16wt.% mixtures (experiments t1-t3, oper-
ating conditions shown in appendix B, Tab. B.5).

The beginning and the end of the flame front was extracted from flame
front probability images at the centerline of the combustion chamber and
plotted versus investigated parameters (Fig. 5.20). The position of the
flame front, and thus the flame, moves further away from the burner
tube exit and the flame front becomes longer, when decreasing the inlet
fuel temperatures. With increasing methanol amounts the flame is closer
to the combustion chamber.

The influence of the threshold value in the segmentation process was
also investigated since it can influence results. A sensitivity study was
performed where the threshold value for the maximal flame front prob-
ability was taken and the whole procedure was provided with 80 % of
this intensity value and with 20% higher value. Although, the absolute
values at the beginning and the end positions of the flame fronts were
different, the trend of the behavior remained unchanged.
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Figure 5.19: Comparison of OH profiles from experiments t1 (ap-
pendix B, Tab. B.5 and B.6) using different initial methanol contents
(dashed vertical lines mark the begin and the end of the combustion
chamber).

5.2.7.2 Variation of oxygen excess

The influence of the oxygen excess on the position of the flame was in-
vestigated adjusting different oxygen mass flow rates, while the fuel inlet
mass flow rate was kept constant. The excess values were varied from 1.2
to 1.6, resulting in a gradually leaner combustion mixture. As shown in
Fig. 5.21 and 5.22 no influence on the determined flame position could be
observed. Only the image intensity changed with different excess values.
The flame stabilized always at the same position along the combustion
chamber and the reaction zone had the same length. However, one would
expect that with higher oxygen mass flows the shear forces on the fuel
core stream are higher and oxygen would penetrate faster into the core
stream, which would cause the combustion process to start earlier. On
the other hand, a higher oxygen flow would also ”lift” the flame away
from the burner tube and have a cooling effect, which would counteract
with the preceding suggestion.
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tents and species (experiments in appendix B, Tab. B.5 and B.6,
dashed vertical lines mark the begin and the end of the combustion
chamber).

It has to be noted, that during the experiments the thermocouple
for axial measurements was present in the burner tube measuring the
temperature Tbn. The comparison (Fig. 5.23) with one of the above de-
scribed experiments at comparable operating conditions (Tbn=400 ◦C,
wf=16wt.%, λ=1.2) shows that the length of the flame front shortened
significantly. The comparison in Fig. 5.23 of averaged images of both
flames confirms this fact. The flame produced, while the thermocouple
was present was shorter and the axis of the flame departed from the com-
bustion chamber axis when using the thermocouple. The existence of OH
radicals beyond the flame front was no longer observed. Also, the image
maximum intensity was higher with a present thermocouple. Thus, it
can be stated, that even if the thermocouple has no direct contact with
the flame, it influences the combustion process significantly.
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Figure 5.21: Comparison of the centerline CH profiles gained from
experiments l1-l3 (wf=16wt.%, λ=1.2–1.6, operating conditions in
appendix B, Tab. B.7, dashed vertical lines mark the begin and the
end of the combustion chamber).

5.2.7.3 Variation of pressure

The variation of pressure also had no significant influence on the flame
position as can be seen in Fig. 5.24 and 5.25. At higher pressure the
centerline intensity peak had lower maximum intensity and was shifted
towards the burner tube. The observation of averaged images for both
pressures did not reveal any significant difference. A similar behavior was
observed by Allen et al. [214]. They investigated OH and hydrocarbon
intermediate distribution in heptane, methanol and ethanol-spray flames
using PLIF over a range of pressure from 1 to 10 bar. The results indi-
cated that increased pressure results in a rapid rise of volume fraction of
hydrocarbon fragments and a decrease in the OH volume fraction. How-
ever, as in the experiment with oxygen excess variation, the presence
of the thermocouple in the burner tube influenced the flame shape and
position.
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Figure 5.22: Flame front begin and end; oxygen excess variation
experiments l1-l3 (wf=16wt.%, λ=1.2–1.6, operating conditions in
appendix B, Tab. B.7, dashed vertical lines mark the begin and the
end of the combustion chamber).

5.2.7.4 Variation of the inlet velocity

The variation of the inlet velocity was conducted by increasing the mass
flow rate of the fuel and oxygen stream, while keeping the oxygen excess
constant at approx. 1.2. In contrast to the axial temperature measure-
ment (see Fig. 5.10), in this experiment no significant influence of the
inlet stream velocities on the hydrothermal flame could be observed in
the velocity range of the fuel stream 6.30–8.30 m/s. The described dif-
ference between the axial temperature measurement results (Fig. 5.10),
where the position of the flame was clearly influenced, and the flame vi-
sualization results are most likely caused by the attachment of the flame
to the thermocouple. The decreased cross-section of the fuel stream inlet
due to the thermocouple increases the velocity of the fuel stream and
causes the flame to move further downstream. On the other hand, the
position of the chemiluminescence zone corresponds to the temperature
increase in the latter profiles.



130 5. Wall-Cooled Hydrothermal Burner (WCHB-3) Experiments

50

40

30

20

10

0

6040200

403020100

800

700

600

500

400

300

200

100

6040200

80
60

40
20

0

403020100

400

350

300

250

200

150

100

with TCwithout TC
y/dbn

y (mm)

x/d
bn

x 
(m

m
)

Figure 5.23: Comparison of averaged OH images, left: experiment
without thermocouple in the burner tube, right: experiment with ther-
mocouple in the burner tube.

The length of the reaction zone remained unaffected by the velocity
increase, which corresponds to the theory for flame lengths described in
section 2.2. The calculated flame length for all three mass flow rates was
approx. 92 mm. For turbulent flames above a certain jet exit velocity,
no significant influence of the velocity increase on the flame length is
stated. Additionally, during experiments it was observed that increased
inlet velocities had a positive effect on the flame stability, e.g. less flame
fluctuations.

5.2.8 Methanol conversion and gas analysis

For some experiments, the effluent and exhaust gases after the reactor
were collected and analyzed. Methanol conversion ratios between 97.85–
99.99% for the above mentioned experiments were calculated using the
results of the liquid effluent analysis using following equations:

XCH3OH =
FCH3OH,in − FCH3OH,out

FCH3OH,in
(5.4)
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Figure 5.24: Comparison of the centerline OH profiles gained from
experiments p1 and p2 (wf=16wt.%, p=250–275 bar, operating con-
ditions in appendix B, Tab. B.8).

where
FCH3OH,in = Ffwf (5.5)

FCH3OH,out = wCH3OH,out(Ff (1−wf + wfϕH2O) + Fcw1 + Fcw2) (5.6)

where ϕH2O = (νH2OMH2O)/(νCH3OHMCH3OH) ≈ 1.125 and νi and
Mi are the stoichiometric coefficient and the molar mass of compound
i, respectively. When a complete conversion of methanol to CO2 and
H2O is assumed, FfwfϕH2O is the amount of water generated by the
oxidation reaction:

CH3OH +
3
2
O2 → CO2 + 2H2O (5.7)

The influence of investigated parameters on the conversion ratios was
not significant. One of the above mentioned experiments included the
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collection of reactor exhaust gas probes. The probes were analyzed using
a gas chromatograph (GC, Hewlett Packard HP5890, column 20’x1/8”
100/120 HAYESEP D). Only oxygen and carbon dioxide peaks were
detected.

5.2.9 Simulations results

Simulation of the hydrothermal flame was performed in a parallel study.
The fluid and transport property variations were implemented into CFX
(commercial CFD software) using user subroutines including: density,
viscosity, thermal conductivity, heat capacity, mass diffusion coefficient,
enthalpy for all the species. The model chosen includes density variations
using a Peng-Robinson Equation of State, and various correlations for
the transport properties [106]. A simple single-step combustion model of
methanol oxidation with Arrhenius reaction closure rate was adopted,
along with conjugate heat transfer including the reactor solid walls, and
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Figure 5.26: Flame front begin and end; fuel inlet stream velocity
variation experiments f1-f3 (wf=16wt.%, Ff=1.9-2.5 g/s, operating
conditions in appendix B, Tab. B.8, dashed vertical lines mark the
begin and the end of the combustion chamber).

k-ε turbulence modelling. The geometry of the modelled reactor is based
on the geometry of the WCHB-3 reactor. It is a simple coaxial burner
with fuel injected from a central orifice 1.6 mm in diameter. The oxy-
gen stream is injected through an outer annulus with inner and outer
diameters of 6 mm and 8.5 mm, respectively. The length of the simulated
reactor is 75 mm from the inlet. An extra development length of 10 mm
preceding the reactor inlet was used in the simulation. The fuel stream
with 16wt.% mass fraction of methanol was injected with a velocity of
10 m/s and pure oxygen was injected at 0.2 m/s resulting in a lean mix-
ture. The inlet temperature of both streams was set to 700 K (427 ◦C).
The outer wall of the reactor was also set to a fixed temperature of 700K.
Converged solutions were obtained for both, cold and reacting flow cases
for an axisymmetric mesh with axial cell size of 1 mm and radial size of
0.16mm. Also a fine grid simulation with double number of grids was
performed for the 16 wt.% (axial - 170, radial - 48).

Fig. 5.27 shows the comparison of the simulated and measured ax-



134 5. Wall-Cooled Hydrothermal Burner (WCHB-3) Experiments

 12 wt.%,  Ff=1.80 g/s, Fox=0.62 g/s, (λ=1.98) 
   measured 
   simulated, thermocouple not present      
          in the system 
 

1400

1200

1000

800

600

400

te
m

pe
ra

tu
re

 (
°C

)

6040200

thermocouple position x (mm)

1600

1400

1200

1000

800

tem
perature (K

)
403020100

thermocouple position x/dbn

    simulated, thermocouple in the 
           burner chamber (thermocouple tip at 
           x=10 and 25mm from the burner tube)

16 wt.%, Ff=2.00 g/s, Fox=0.62 g/s, (λ=1.29) 
    measured 
    simulated, thermocouple not present 
           in the system 

Axial temperature profiles: Tbn=Tox=425°C, Tw=425°C:

Figure 5.27: Simulated and measured temperature profiles for dif-
ferent methanol-water mixtures.

ial temperature profiles. Besides the inlet temperatures, the operating
conditions in simulation and experiment were equal. Simulations with
lower inlet temperatures resulted in poor convergence due to the sharp
changes of the properties close to the critical point of water. The shape
of the simulated profiles is in relatively good agreement with the mea-
surements. However, maximum temperatures in the simulation were sig-
nificantly higher (approx. 300K) compared to measurements. The main
reason for this difference can be attributed to the rapid increase in the
adiabatic flame temperature near the critical point. Flame fluctuations
can also be responsible, since position oscillations can not be captured
by the Reynolds averaged modelling. An unsteady simulation technique,
e.g. Large Eddy Simulation (LES) should be used. It also was difficult to
perform simulations with lower (near critical) inlet temperatures because
of the rapid changes in properties around the critical point.
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The influence of the presence of the axial thermocouple was investi-
gated for two distances (x=10 and 25 mm) from the burner nozzle repre-
sented by two points in Fig. 5.27. The thermocouple was implemented as
a solid cylinder of 1 mm diameter and a defined length covering the inlet
length of 10 mm and the correspondent distance of the thermocouple in
the combustion chamber (x=10 and 25 mm). The presence of the ther-
mocouple shifts the temperature rise slope toward the burner tube tip,
and so closer to the measured temperature profile. The influence of the
thermocouple presence is further shown in Fig. 5.28, where temperature
contours are presented. It can be seen, that the thermocouple shortens
the fuel stream core. As explained before, the presence of the thermo-
couple decreases the cross-section of the burner tube and thus increases
the velocity of the fuel stream. This favors faster mixing of the fuel and
oxygen stream and the combustion process starts earlier.
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Figure 5.28: Simulation results: Influence of the thermocouple
presence on the temperature distribution in the combustion cham-
ber.

The cooling of the inner glass cylinder wall temperature did not sig-
nificantly influence the temperature profiles, as can be seen in Fig. 5.29.
The temperature difference between simulations with the temperature
wall of 410 K and 700 K is approx. 100 K.

Images of the flow field are presented in Fig. 5.30 for cold and reacting
flow (O2 mass fraction contours). One can observe recirculation induced
by the difference of the oxygen and fuel stream inlet velocities. Oxygen is
forced towards the fuel inlet stream by the recirculation, where it diffuses
into the fuel.
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Figure 5.29: Simulation results: Influence of wall temperature vari-
ation on the axial temperature profiles.

Figure 5.30: Simulation results: O2 mass fraction contours, cold
flow (top) and reacting flow (bottom)

The methanol mass fraction and temperature contours show (Fig.
5.31), that the reaction begins in the shear zone of the fuel jet periphery
until it reaches the axis of symmetry. The reaction seems to be controlled
by the rate of mixing between the oxygen and the fuel stream, which is
expected for a diffusion flame. The flame is stabilized further away from
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the inlet and complete combustion of methanol is achieved well inside
the reactor (see Fig. 5.32).

Figure 5.31: Simulation results: Methanol mass fraction (top) and
temperature contours (bottom).

5.3 Conclusions

In this chapter, results of hydrothermal flame experiments in the novel
WCHB-3 reactor were presented. The reactor worked well under the
extreme conditions of the hydrothermal flame combustion process. The
independent cooling water streams kept reactor walls and windows at low
temperatures. A simple burner setup was chosen for the experiments and
optimal conditions for a stable burning hydrothermal flame were inves-
tigated. Furthermore, the reactor setup was able to satisfy the needs of
different optical diagnostic methods. The ignition and extinction pro-
cess control was handled and for the first time continuous downstream
hydrothermal turbulent flames were visualized.

Compared to the TWR setup, lower ignition temperatures were
achieved. Extinction temperatures could be lowered to subcritical values
only with higher initial methanol contents (20wt.%).

Different methods were used for the characterization of the flame, e.g.
flame temperature measurements using a thermocouple and chemilumi-
nescence of the flame. The flame was produced by mixing of a methanol-
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Figure 5.32: Simulation results: Variation of species mass frac-
tions along the reactor axis. (the dotted line marks the begin of the
combustion chamber).

water stream (12–20 wt.% methanol) with a stream of pure oxygen. Op-
erating conditions included the variation of different parameters, i.e.
inlet mass flow rates, temperatures, oxygen excess and pressure. The
most significant influence on the flame had the variation of inlet tem-
peratures and mass flow rates. The experiments focused mainly on the
investigation of the hydrothermal flame combustion with supercritical
injection temperatures (Tbn=380–425 ◦C). This approach was caused by
two circumstances, i.e. with the current setup and operating conditions it
was difficult to sustain a stable combustion process with subcritical inlet
temperatures and at the current state, the simulation algorithm process
was able to focus solely on combustion processes with supercritical inlet
temperatures.

Axial temperature profiles were measured by means of a thermocou-
ple. The measurement provided a rough estimation of flame temperatures
along the axis of the combustion chamber. The presence of the thermo-
couple was found to have significant influence on the shape and positions
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of the flame. Initial statements on the flame behavior were made. These
results were validated by luminescence and chemiluminescence imaging
of the flame. Exposure times during the experiments were set to relatively
high values, to get useful intensity information. Due to the line-of-sight
character of this method it was difficult to make conclusions on the exact
position of the flame and turbulent flame front structures. No significant
differences in the flame behavior to subcritical gaseous diffusion flames
reported in literature were observed.

In the simulation part, a minimum model for supercritical water
oxidation process has been developed for single-phase combustion. A
relatively good correlation between simulated and measured data was
achieved. The simulations are valuable in understanding of the hy-
drothermal combustion process. Further refinements to the model are
required to capture the phenomena accurately.
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Chapter 6

Outlook

Based on the presented results and conclusions, this chapter outlines
ideas and suggestions for further work. The chapter is divided into
two parts. In the first part an outlook for the SCWO process is pre-
sented, while the second part deals with the investigation of hydrother-
mal flames, further experiments and applications.

6.1 Outlook for SCWO

The concept with the TWR with a hydrothermal flame as internal heat
source has worked well. However, salt deposits were found in the upper
hot zone of the reactor (above the protecting transpiring-wall section) in
experiments with salt-containing artificial wastewater. Suggestions for a
new reactor system can be drawn from the experiments. Fig. 6.1 shows
two proposals for a new setup. The transpiring-wall should cover the
reactor walls in the whole length of the reactor or at least in locations,
where supercritical temperatures are expected. A larger reactor diameter
would also be advantageous in this region. As in this study, the wastew-
ater should be introduced into the reactor cold, but avoiding heat ex-
change surfaces or long introduction section lengths in the reactor, where
the wastewater could reach high temperatures leading to salt precipita-
tion and corrosion before the reaction zone (proposal 1). To protect the
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burner setup from corrosion and salt deposition, a direct injection of the
wastewater into the flame or the reaction zone can be forced (proposal
2).

The use of air-gap insulated burner chambers and burners provided
a higher stability of the hydrothermal flame and should be considered in
future applications for SCWO reactors and plants.

Figure 6.1: Proposals for a new transpiring-wall reactor.

6.2 Outlook for hydrothermal flames

In the current work, the hydrothermal combustion process was investi-
gated. In the experiments, the inlet fuel and oxygen stream temperatures
were in the supercritical range. To investigate the combustion process at
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subcritical temperatures it will be necessary to provide changes on the
experimental setup, e.g.:

• The distance between the reactor and the preheaters should be
shortened, to minimize heat losses through the piping. In the cur-
rent setup the distance was defined longer, since the axial tem-
perature measurement required space in the area over the reactor.
Since this intrusive temperature measurement also influenced the
combustion process (temperature was measured downstream at the
centerline of the combustion chamber), the future setup should be
adapted to allow temperature measurements in the counterflow
(bottom-up) direction using shielded thermocouples, when possi-
ble.

• As in the work of Weber [103] and Wellig [92], the inner and outer
diameter of the burner exit should be adapted to influence fuel
and oxidizer injection velocities (e.g. mixing) and flame stability.
Air-gap insulated burners and material with low heat conductivity
should be used. Improvement of flame stability is expected, e.g.
lower extinction temperatures.

• A high-speed camera setup should be installed to image the jet
disintegration process during the transition from sub- to supercrit-
ical.

The laser-induced fluorescence (LIF) technique should be involved,
due to its capability of performing spatially and temporally resolved
measurements for investigation of the position, shape and size of the
flame. A setup was established within this work and an initial experi-
ment was started. In advance, this technique could also be used for the
determination of flame temperatures [215] and thus would be advanta-
geous to the intrusive thermocouple measurements.

Further experiments should focus on flame stability studies, including
blowout and blow-off experiments. The use of ”self” stabilized lifted tur-
bulent flames is of interest (no direct contact with reaction mixture with
the burner equipment), however further elements can be considered and
studied to improve the flame stability, e.g. coaxial oxidizer stream with
swirl [49] or spark ignition [216]. Different burner setup investigations
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were conducted [88, 90]. Also higher fuel concentrations for ignition can
be used and switched to lower concentrations afterwards. If the use of air
instead of oxygen as oxidizer is considered in the experiments, different
flow conditions and the possibility of formation of NOx in supercritical
water has to be taken into account [217].

One of the possible applications of the hydrothermal flame is the
spallation drilling process. The current reactor setup allows the adap-
tation of the inner equipment. Heat transfer from to flame to various
objects, e.g. spheres or plates, could be investigated [218, 219]. These
objects would be mounted on a stiff thermocouple, which would allow a
direct temperature measurement. Only minor adaptation of the setup is
necessary for this task. The experiments would deliver valuable informa-
tion on heat transfer and define optimum (maximum heat transfer) and
critical (extinction of the flame) distances of an object to the flame. Un-
til now only a confined flame was investigated. For further experiments,
the inner glass tube (combustion chamber) could be removed, allowing
the flame to spread out radially. The influence on the flame stability
should be investigated. Moreover, the possibility of performing H2-O2

flame combustion in supercritical water could be of interest. In the spal-
lation drilling process the two reactants could be produced directly in
the bore hole by electrolysis of water.

As for the simulation part, a detailed reaction kinetics should be
involved in future to allow a more exact comparison between simulated
and experimental data. A sensitivity study of different parameters would
provide predictions of the code on flame behavior.

This work covers a broad range of experiments and presents a fur-
ther step in understanding of hydrothermal flames. Only a part of the
proposed experiments could be performed, mainly due to unforseen prob-
lems with the laser equipment. Therefore only chemiluminescence and
temperature measurements were used for the characterization of the hy-
drothermal flame. However, the WCHB-3 reactor allows various studies
of the flame and is ready for further use.
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Appendix A

Setup



145

Cooling water pump Flowplant Group, Flowplant Manufactur-
ing Ltd., Wiltshire, England, U.K. (in
Switzerland: Müller Industrietechnik, Lin-
dau) Type: 1804S, Serial number: 19410,
Piston Code 318, max. 420 bar, nominal
capacity 480 lt/h

Oxygen compressor Nova Werke AG, Effretikon, Switzerland.
Type: 554.2122-34, No. 93242, double head
model in parallel-line, max. 1000 bar

Fuel pump Bono Exacta S.p.A., Peschiera Borromeo,
Italy. Type E3 20 ESP 204/7.5, 95611,
max. 600 bar, nominal capacity 50 lt/h

Table A.1: Pumps and specifications.

Connections
closure head

Connections
broad window

Connections
narrow window

Prearrangement Oil the screw thread and nut
Pretensioning
screw nut

50’000Nmm 50’000Nmm 50’000Nmm

Loosening
screw nut

- - -

Pretensioning
screw nut

10’000Nmm 10’000Nmm 10’000Nmm

Tightening
screw nut
(torsion-free,
swiveling
angle)

23 ◦ 32 ◦ 24 ◦

Check After 2 weeks

Table A.2: Window and reactor head assembly.



146 A. Setup

Problem Solution

response of the bursting disk or
safety relief valve after the cooling
water pump

before switching the pump to high
pressure mode, the valve for pres-
sure build up had to be opened

the control unit rack for the fuel
stream preheater won’t switch on

fuse on the rack had to be checked
and replaced

fuel pump leaks new copper sealing was used or the
old one was annealed

Leakage at valves, fittings, screw
nuts etc.

screws and nuts were re-tightened

one of the inspection windows is
leaky

new sealing was installed

difficulties with the data acquisition
in LabView

the data acquisition card (PCI-
6031E) was defect and was ex-
changed for a new one by National
Instruments (www.ni.com)

signal fluctuations during data ac-
quisition

electric fields of the control racks
influenced the data acquisition sig-
nals - PC was positioned in suffi-
cient distance to the racks

short circuit at the rack for the high
pressure preheaters

damaged the isolation of the cur-
rent supply cables to the preheaters
- cables were isolated

the preheater does not work prop-
erly

preheater block was changed, since
heat cartridges did not work

after changing the sealing between
the reactor body and reactor head
several times the reactor still leaks

the sealing seat was burnished and
a new sealing was installed

the fuel stream mass flows is diffi-
cult to adjust

the micro metering valve in the fuel
line was replaced

a pressure after the fuel pump in-
creases and is not adjustable using
the pump stroke or the micro me-
tering valve

the check valve in the fuel line was
replaced

Table A.3: WCHB-3 initial operation: Problems and solutions.
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Figure A.1: Air-gap insulated burner chamber for the advanced
burner setup used in TWR experiments.
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Figure A.2: Drawing of the WCHB-3 reactor burner tube assembly
(air-gap-insulated double-tube system, top), the burner tube jacket
(Alloy 625, middle) and core tube (Alloy 230, bottom).
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Figure A.3: Upper support of the inner glass tube (combustion
chamber).

Figure A.4: Lower support of the inner glass tube (combustion
chamber).



150 A. Setup

Figure A.5: Drawings of the WCHB-3 reactor main body.
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Figure A.6: Sectional drawings of the WCHB-3 reactor main body.
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Figure A.7: Sectional drawings of the WCHB-3 reactor main body.



153

Figure A.8: Top WCHB-3 reactor flange.
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Figure A.9: WCHB-3 reactor window flange for broad windows.

Figure A.10: Broad sapphire window.
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Figure A.11: WCHB-3 reactor window flange for small windows.

Figure A.12: Small sapphire window.
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Figure A.13: Three dimensional drawing of the WCHB-3 reactor.

Figure A.14: Front view of the WCHB-3 reactor.
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Figure A.15: Transmittance of broad sapphire window for relevant
wavelength spectra (data provided by Gooch&Housego Optics).
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Figure A.16: Transmittance of small sapphire windows for relevant
wavelength spectra (data provided by Gooch&Housego Optics).
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Figure A.17: Image intensifier characteristics of the DiCAM-Pro
camera.
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Figure A.18: Transmission characteristics of the 313 nm (top) and
431 nm (bottom) bandpass filters.
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Figure A.19: Thermocouple axial displacement device for axial
temperature measurements (drawing by SITEC).
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Appendix B

Experimental results
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p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

i1 250 16 1.90 450 0.62 405 1.36 26.00 42 57.0 -
i2 251 16 1.60 392 0.63 373 1.64 26.00 42 57.3 -
i3 251 16 1.81 482 0.60 434 1.38 26.00 67 57.0 410
i4 251 20 1.81 458 0.65 479 1.19 23.00 76 54.4 421
i5 250 16 1.69 474 0.60 420 1.48 17.50 95 54.6 -
i6 251 16 1.73 464 0.59 436 1.42 14.50 89 57.2 422
i7 250 16 2.15 450 0.62 429 1.20 14.39 84 54.6 418
i8 250 16 1.84 465 0.64 432 1.43 15.00 86 53.5 418
i9 251 16 2.11 443 0.63 412 1.24 11.50 139 44.8 410
i10 250 12 1.87 442 0.63 411 1.87 8.48 142 39.1 408
i11 249 20 2.03 474 0.68 447 1.12 8.13 145 40.6 427
i12 250 16 1.95 464 0.64 432 1.36 3.94 137 50.2 425
i13 250 16 1.94 482 0.61 459 1.31 7.93 133 48.3 431

Table B.1: Ignition experiments: operating conditions immediately
before ignition of the hydrothermal flame.

p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

e1 250 16 1.90 376 0.62 381 1.35 26.00 71 59.2 -
e2 251 20 1.58 346 0.65 412 1.37 23.00 77 54.8 324
e3 250 16 1.61 395 0.56 402 1.44 17.50 86 54.9 -
e4 250 16 1.92 386 0.58 383 1.27 14.39 76 55.4 382
e5 249 16 1.84 395 0.61 398 1.38 15.00 108 53.5 387
e6 248 16 1.92 380 0.63 377 1.36 11.50 142 44.9 373
e7 249 12 1.96 384 0.62 390 1.79 8.48 146 39.0 383
e8 247 20 1.87 373 0.70 410 1.26 8.13 130 40.7 366
e9 249 16 2.14 385 0.66 407 1.28 3.94 139 47.9 -

Table B.2: Extinction experiments: operating conditions immedi-
ately before extinction of the hydrothermal flame.
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p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

a1 250 16 1.97 499 0.55 444 7.74 144 45.3 ∗

a2 250 16 1.98 414 0.56 419 7.51 149 44.4 ∗

δ 3 16 0.03 3 0.02 4 0.13 3 0.6 ∗

Table B.3: Axial flame temperature measurements: Variation of
fuel inlet temperatures Tf for 16 wt.% methanol mixtures. (∗ denotes
the measured parameter)

p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

a1 250 16 1.96 490 0.55 424 6.46 146 50.1 ∗

a2 250 16 2.33 490 0.66 430 6.47 148 49.9 ∗

δ 3 16 0.03 4 0.01 3 0.11 3 0.6 ∗

Table B.4: Axial flame temperature measurements: Variation of
fuel inlet mass flow rates Ff for 16wt.% methanol mixtures. (∗ de-
notes the measured parameter)

p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

t1 250 16 1.98 484 0.57 421 1.19 7.69 145 49.7 -
t2 250 16 1.98 438 0.56 423 1.18 7.59 146 49.4 -
t3 250 16 1.98 403 0.56 425 1.18 7.59 148 49.2 -

δ 1 16 0.02 4 0.01 3 - 0.14 3 0.7 -

Table B.5: Operating conditions during flame visualization experi-
ments: Variation of fuel inlet temperatures Tf for 16wt.% methanol
mixtures.
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p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

t1 250 20 1.99 487 0.72 433 1.20 7.60 149 49.3 -
t2 250 20 1.99 439 0.71 434 1.19 7.60 149 49.2 -
t3 250 20 2.00 401 0.71 433 1.19 7.60 149 49.2 -
t4 250 20 1.99 362 0.72 433 1.20 7.60 150 49.3 -

δ 1 20 0.02 4 0.03 3 - 0.12 3 0.8 -

Table B.6: Operating conditions during flame visualization experi-
ments: Variation of fuel inlet temperatures Tf for 20wt.% methanol
mixtures.

p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

l1 250 16 1.99 439 0.57 428 1.19 7.75 146 50.3 401
l2 250 16 1.98 440 0.65 433 1.37 7.75 147 49.9 402
l3 250 16 1.99 442 0.75 438 1.56 7.75 148 49.7 403

δ 1 16 0.02 3 0.01 3 - 0.17 3 0.7 4

Table B.7: Operating conditions during flame visualization experi-
ments: Variation of oxygen excess λ for 16 wt.% methanol mixtures.

p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

p1 250 16 1.99 439 0.57 428 1.19 7.75 146 50.3 401
p2 275 16 1.99 443 0.55 427 1.15 6.45 151 42.3 407

δ 1 16 0.02 3 0.01 3 - 0.12 3 0.7 4

Table B.8: Operating conditions during flame visualization exper-
iments: Variation of pressure p for 16 wt.% methanol mixtures.
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Figure B.1: Axial profiles of non-corrected luminescence and
chemiluminescence images in experiments t1-t3 (Tab. B.5). Dotted
lines mark the begin and the end of the combustion chamber.
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p wf Ff Tf Fox Tox λ Fcw1 Tcw1 Fcw2 Tbn

bar wt.% g/s ◦C g/s ◦C - g/s ◦C g/s ◦C

f1 250 16 1.98 438 0.56 423 1.18 7.59 146 49.4 -
f2 250 16 2.31 440 0.66 431 1.19 7.59 147 49.3 -
f3 250 16 2.51 436 0.72 432 1.19 7.59 147 49.6 -

δ 1 16 0.03 3 0.01 3 - 0.14 3 0.7 -

Table B.9: Operating conditions during flame visualization ex-
periments: Variation of fuel inlet mass flow rates Ff for 16 wt.%
methanol mixtures.
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Figure B.2: Axial profiles of non-corrected luminescence and
chemiluminescence images in experiments t1-t4 (Tab. B.6). Dotted
lines mark the begin and the end of the combustion chamber.
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[93] K. Pŕıkopský, B. Wellig, and Ph.Rudolf von Rohr. SCWO of salt
containing artificial wastewater using a transpiring-wall reactor:
Experimental results. The Journal of Supercritical Fluids, 40(2):
246–257, 2007.

[94] B. Michelfelder, B. Noll, M. Weindel, W. Eckl, N. Eisenreich, and
M.M. Herrmann. A high pressure combustion cell based on nu-
merical flow simulation and reaction zone radiation modelling. In
Philipp Rudolf von Rohr and Christian Trepp, editors, 3rd Interna-
tional Symposium on High Pressure Chemical Engineering, pages
559–564, Zurich, Switzerland, 1996. Elsevier, Amsterdam.

[95] H. Sato, S. Hamada, R. M. Serikawa, T. Nishimura, T. Usui, and
H. Sekino. Continuous flame oxidation in supercritical water. High
Pressure Research, 20(1-6):403–+, 2001.

[96] R. M. Serikawa, T. Usui, T. Nishimura, H. Sato, S. Hamada, and
H. Sekino. Hydrothermal flames in supercritical water oxidation:
Investigation in a pilot scale continuous reactor. Fuel, 81(9):1147–
1159, 2002.

[97] A. Sobhy, I.S. Butler, and J.A. Kozinski. Selected profiles of high-
pressure methanol-air flames in supercritical water. Proceedings of
the Combustion Institute, 31(2):3369–3376, 2007.

[98] S. B. Margolis and S. C. Johnston. Multiplicity and stability of
supercritical combustion in a nonadiabatic tubular reactor. Com-
bustion Science and Technology, 65(1-3):103–136, 1989.

[99] S. B. Margolis and F. A. Williams. Flame propagation in solids and
high-density fluids with arrhenius reactant diffusion. Combustion
and Flame, 83(3-4):390–398, 1991.



180 References

[100] J. K. Bechtold and S. B. Margolis. The structure of supercriti-
cal diffusion flames with arrhenius mass diffusivities. Combustion
Science and Technology, 83(4-6):257–290, 1992.
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