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Abstract

Abstract

One method to significantly improve the performance of gas turbine engines is to use the
thermodynamically more efficient unsteady, pressure-rise combustion. In this work it is pro-
posed to exploit the interaction of shock waves with a pre-mixed flame to achieve a time-
averaged, combustion-induced pressure rise. The physical phenomena occurring in the
course of shock-flame interaction are very complex and yet not understood in detail. In order
to shed additional light onto the underlying mechanism and to gain understanding of the
changes in gas state achievable due to a single interaction event, passage of shock waves
through a pre-mixed flame was studied both experimentally and analytically.

Pre-mixed combustion of a nearly-stoichiometric methane-oxygen-argon mixture was used in
the experiments performed on a shock tube test rig. It was shown that both the heat release
rate of the flame and the pressure are temporally amplified due to passage of a shock wave
through the flame. Both the increase in pressure and the heat release of the flame were
demonstrated to grow parabolically with the Mach number of the incident shock. Considera-
bly higher increases in pressure and heat release were observed when the shock ap-
proached the flame from the burned gas side (called fast-slow mode of interaction) for the
same incident shock strength. Further, the existence of regions with positive coupling be-
tween unsteady pressure and heat release oscillations was demonstrated after each transi-
tion of a shock wave through the flame front.

Subsequently, an analytical quasi-one-dimensional model of the interaction between a shock
wave and a sinusoidal flame was developed. Given known initial flow field and flame geome-
tries as well as the incident shock Mach number, the model allows the calculation of a fully
defined one-dimensional flow field that is formed at the end of a single shock-flame interac-
tion event. The analytical model was successfully verified using experimental data. It was
found that a single shock-flame interaction event generates a dramatic increase in pressure
compared to isobaric combustion with the same unburned gas conditions. In contrast, the
according increase in temperature remains at a relatively moderate level. Further, the com-
bustion entropy is significantly reduced through a single shock-flame interaction event com-
pared to the reference isobaric combustion process. The resulting changes in pressure, tem-
perature and entropy rise with increasing incident shock strength and growing curvature of

the flame front. They are significantly stronger in the fast-slow mode of interaction. This is a
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Abstract

consequence of higher rates of gas compression and flame surface growth in this interaction
type.

Finally, a theoretical configuration of a shock-combustor enhanced high-pressure engine
core was proposed and applied to two types of baseline engines: a twin-spool industrial gas
turbine and a twin-spool high-bypass turbofan engine. The performance of the topped en-
gines was evaluated using two variables: the combustor pressure ratio Il and the fraction of
the core mass flow used to generate shock waves . Generally, the performance of the
topped engines rises for growing M and deteriorates with increasing &. Already for relatively
moderate combustor pressure ratios (1< 1.4) and relatively high ¢ (¢ < 0.1) the specific fuel
consumption and the thermal efficiency of the topped engines are forecast to improve by up

to 13 % and 5 percentage points compared to the baseline engines, respectively.
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Zusammenfassung

Zusammenfassung

Der Einsatz instationarer Verbrennung mit Druckaufbau stellt eine Methode zur mal3gebli-
chen Steigerung der Leistungsfahigkeit von Gasturbinen dar. In der vorliegenden Arbeit wird
der Vorschlag untersucht, die Verdichtungssto3-Flammen-Interaktion dazu zu nutzen, einen
mittleren, verbrennungsinduzierten Druckanstieg zu erzeugen. Die bei der Verdichtungsstol3-
Flammen-Interaktion auftretenden physikalischen Phdnomene sind sehr komplex und noch
nicht hinreichend genau verstanden. Um die zugrundeliegenden Mechanismen naher zu be-
leuchten sowie neue Erkenntnisse Uber die thermodynamischen Zustandsanderungen infol-
ge eines einzelnen Interaktionsvorgangs zu erlangen, wurde der Durchgang von Verdich-
tungsstoen durch eine vorgemischte Flamme experimentell und analytisch untersucht.

Bei den Experimenten, die an einem StoRrohr-Prifstand durchgeflihrt wurden, wurde die
vorgemischte Verbrennung einer nahezu stéchiometrischen Methan-Sauerstoff-Argon-
Mischung verwendet. Es konnte gezeigt werden, dass sowohl der Druck als auch die War-
mefreisetzungsrate der Flamme infolge des StoR3durchganges durch die Flammenfront ver-
starkt werden. Die Anstiege des Druckes und der Warmefreisetzungsrate der Flamme wach-
sen parabolisch mit der Mach-Zahl des einfallenden VerdichtungsstoRRes. In den Fallen, in
denen der einfallende Verdichtungsstol3 von der Seite der verbrannten Gase auf die Flamme
traf (,schnell-langsam“-Interaktionsrichtung), wurde ein deutlich starkerer Anstieg der War-
mefreisetzung der Flamme beobachtet. Dariiber hinaus konnten Gebiete positiver Uberlage-
rung zwischen den Druck- und Warmefreisetzungsschwankungen unmittelbar nach jedem
Durchgang eines Verdichtungsstolies durch eine Flamme nachgewiesen werden. In diesen
Gebieten findet eine Anfachung der Druckschwankungen statt, was zu einer Verstarkung der
sich fortpflanzenden Druckwellen fiihren kann.

Zusatzlich wurde ein quasi-eindimensionales, analytisches Berechnungsmodell der Verdich-
tungsstof-Flammen-Interaktion entwickelt. Das Berechnungsmodell erlaubt die Ermittlung
eines vollstandig definierten, eindimensionalen Strémungsfeldes, das sich ausgehend von
gegebenen Ausgangsstromungsfeld und Flammengeometrie sowie der Mach-Zahl des ein-
fallenden Stoles nach einem Interaktionsvorgang einstellt. Das Berechnungsmodell wurde
anhand von Versuchsdaten verifiziert. Mit Hilfe der Berechnungsergebnisse konnte gezeigt
werden, dass eine einzelne Verdichtungssto3-Flammen-Interaktion im Vergleich zur isoba-

ren Verbrennung bei gleichen Ausgangsstromungsbedingungen zu einem hohen Druckan-
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Zusammenfassung

stieg fihrt. Der Temperaturanstieg des verbrannten Gases fallt hingegen relativ moderat aus.
Des Weiteren sinkt die Verbrennungsentropie infolge eines Interaktionsvorgangs im Ver-
gleich zum isobaren Vergleichsverbrennungsprozess deutlich ab. Die resultierenden Ande-
rungen des Druckes, der Temperatur und der Entropie steigen mit der Starke des einfallen-
den VerdichtungsstoRes und der Wdélbung der Flammenfront. Diese Effekte sind deutlich
starker im Fall von ,schnell-langsam®“-Interaktionen. Dies ist auf starkere Kompressionseffek-
te sowie auf schnelleres Anwachsen der Flammenoberflache bei dieser Interaktionsart zu-
ruck zu fuhren.

AnschlieRend wurde eine mdgliche Konfiguration flr einen mit einer Verdichtungsstol3-
Brennkammer modifizierten Gasgenerator fir Gasturbinen vorgestellt und untersucht. Der
modifizierte Gasgenerator wurde in einem Leistungsrechnungsprogramm analytisch umge-
setzt und in zwei Typen von Gasturbinen implementiert — eine stationare Gasturbine und ein
Zweiwellen-Zweistrom-Turboluftstrahltriebwerk. Die Leistung der beiden modifizierten Gas-
turbinen wurde in Abhangigkeit von zwei Variablen beurteilt — das Brennkammerdruckver-
haltnis 'l und der Anteil des Kernmassenstroms, der zur Sto3erzeugung verwendet wird &.
Die Leistungsparameter der modifizierten Gasturbinen verbesserten sich mit wachsendem TI1
und verschlechterten sich mit steigendem &. Es wurde ermittelt, dass bereits fur relativ mode-
rate Brennkammerdruckverhaltnisse (1< 1.4) und relative hohe Werte von ¢ (¢ <0.1) eine
Verbesserung des spezifischen Brennstoffverbrauchs um bis zu 13 % und des thermischen
Wirkungsgrades von bis zu 5 Prozentpunkte im Vergleich zum jeweiligen Ausgleichstrieb-

werk erreicht werden kann.
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Chapter 1: Introduction

1 Introduction

1.1 General Introduction and Motivation

The unprecedented success story of civil aviation began with the commissioning of the De
Havilland Comet, the first gas turbine powered commercial aircraft, back in 1952. Driven by
the continued technological progress in airframe and particularly in gas turbine technology
the air traffic, measured in revenue passenger kilometres (RPK), has been growing at a rate
of around 5 % over the last 50 years [15]. Today, consistent economic growth, a more global
business environment and growth in tourism contribute to maintaining this trend. According
to long-term forecasts by industry leaders the expected annual average growth rate of air
traffic is between 3.1 % and 5.4 %, thus resulting in more than a doubling of the worldwide
air traffic and the aircraft fleet in service during the next 20 years [4], [18], [61]. Another busi-
ness sector increasingly influenced by gas turbines is the electric power generation. Pro-
gressively growing world population has an ever rising hunger for energy. In 2010 the global
energy consumption grew by 5.6 %, the largest rate of increase since 1973 [25]. Future pro-
jections forecast this trend to continue at a similar rate over the next 20 years [24]. Continued
technological improvement and particularly the exploitation of gas turbine exhaust heat for
steam turbine operation have made the combined cycle power plants with efficiencies of
above 60 % increasingly attractive for energy production applications [93], [148]. Today,
more than 50 % of the worldwide new power plants are gas turbine and combined cycle
power facilities. This number is expected to further rise due to the need to replace out-dated
facilities over the next years [144].

These numbers illustrate the demand of the market for gas turbine power in the future. How-
ever, commercial operation of gas turbines still relies heavily on the availability of low-cost
hydro-carbon fuels such as kerosene and natural gas that is usually burned in industrial gas
turbines. The reserves of fossil fuels have been forecast for decades but are still not confi-
dently predictable. Under the assumption of constant consumption rate current proven re-
serves of oil and natural gas are estimated to last for 46 or 58 years respectively [25]. In
Figure 1.1 the price history of crude oil and natural gas for the last 20 years is presented.
Provided that there is a finite amount of fossil fuel in the crust of the earth, which is con-

sumed at an increasing rate, it is obvious that the price will further rise.
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Figure 1.1: Price history of crude oil and natural gas 1990 — 2010 [25], 1 Btu = 1.055 kJ

Another important factor that has moved into the forefront during the last 40 years is the envi-
ronmental impact of gas turbine operation. The emissions of ideal combustion of hydro-
carbon fuels with air comprise water vapour (H,O) and carbon dioxide (CO,), which are the
two most important contributors to the greenhouse effect [83], as well as further compounds
of atmospheric air that do not participate in chemical reactions [95], [163]. In technical com-
bustion systems the combustion process never occurs ideally. Hence, in real combustion
additional pollutants are produced such as nitrogen oxides (NOy), highly toxic carbon monox-
ide (CO), and unburned hydrocarbons (UHC). Nitrogen oxides are harmful to human health
in its own right, they also contribute to the formation of ozone-smog and are jointly responsi-
ble to cause acid rain in the atmosphere [95], [163], [144].

Further more, aircraft represent the only source of pollution that is emitted directly into the
tropopause at 10-12 km altitude [163]. Although the overall aircraft engine emissions are cur-
rently relatively small, aviation’s contribution to climate change is estimated to amount about
3.5 % of all anthropogenic sources, they will inevitably grow as air traffic increases [61].
These concerns have manifested themselves in form of international and local combustion
emission regulations, which can be expected to become more stringent over the next years.
So, the Strategic Research Agenda Targets of the Advisory Council for Aeronautics Re-
search in Europe (ACARE) require an overall reduction of 50 % in the CO, emissions per
passenger kilometre and a NO, reduction of 80 % from aviation by 2020 relative to 2000 [3].
Thus, despite an increasing market demand, the gas turbine manufacturers and operators
are facing a set of socio-economic challenges in the future. Without reducing the use of gas
2
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turbines such challenges can only be overcome by a further substantial increase in the fuel
efficiency of gas turbines.
Gas turbine specific fuel consumption (SFC) is inversely proportional to the cycle thermal
efficiency and, in the case of aircraft engines, additionally to the engine propulsive efficiency
[149]. Following this definition there are two ways of reducing the engine SFC, first by im-
proving the propulsive efficiency and secondly by increasing the thermal efficiency of the gas
generator. An improvement in propulsive efficiency can be achieved by increasing the by-
pass ratio of the engine and reducing the velocity of the core exit flow [15], [102], [145]. This
is presently the goal of a number of academic and industrial research and development
(R&D) projects, e. g. DREAM, LeapX or the Open Rotor Concept by General Electric. The
gas turbine thermal efficiency is largely determined by the overall pressure ratio (OPR), tur-
bine entry temperature (TET) and the efficiencies of the turbo-components in the gas path
(i. e. compressor and turbine) [15], [50], [59], [87]. Over the last five decades substantial ef-
fort has been spent by industry to increase gas turbine cycle efficiency by reducing the ther-
modynamic loss in turbo-components. This has led to compressor and turbine polytropic effi-
ciencies in excess of 90 % giving very limited future potential for improvement of around 2 %
increase in thermal efficiency over the next 10 years [15]. Continuous improvement in aero-
dynamics and cooling of turbo-machinery, mechanical design and materials have resulted in
more than doubling of the thermal efficiency compared to the first gas turbine engines more
than half a century ago [87], [102]. Today, further improvement in OPR and TET is possible,
but only a modest improvement potential of 1-2 % in thermal efficiency seems to be techno-
logically achievable [15], [50], [88], [102]. OPR is limited by compressor size and weight as
well as temperature and maintenance issues. An increase in TET requires further progress in
turbine materials and cooling technology, whereas an increased combustion temperature
adversely affects the NO, production during combustion [95], [163].
These arguments imply that over the next 10-15 years a reduction of SFC of merely 3-4 %
relative to current gas turbine technology is attainable through improvements in thermal effi-
ciency by conventional methods [15]. Although in aircraft engines the SFC improvement po-
tential is augmented by the potential gains in propulsive efficiency, this number is still low
and will not satisfy the demand of the market. Consequently, new and revolutionary ways to
significantly increase the thermal cycle efficiency of gas turbines have to be addressed.
A look at the thermodynamic cycle used in a gas turbine reveals that it has not changed
since its development by Sir Frank Whittle and Hans von Ohain in the 1930s. In all gas tur-
bines fuel is combusted at nominally constant pressure conditions in a steady-flow combus-
tion chamber in which burning occurs between compressor and turbine. Despite its mechani-
cal simplicity this quasi-isobaric, steady-flow combustion has been identified to have major
thermodynamic disadvantages. Francoise H. Reynst, a pioneer in the field of unsteady com-
3
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bustion, described it as follows: “...it can be considered that combustion at constant pressure
is a waste of energy, this transformation of chemical energy into heat being characterized by
the greatest possible increase in entropy* [156]. Exergy' analyses of aircraft jet engines and
simple cycle stationary gas turbines have revealed that the biggest share of the overall ther-
modynamic loss in the system, amounting up to 22-30 % respectively, is caused in the com-
bustion chamber [58], [180]. The highly irreversible conversion of chemical energy into heat
in conjunction with inevitable total pressure loss represents an obvious penalty to engine
performance and limits the thermodynamic cycle efficiency of the engine. Consequently, it is
the combustion chamber or rather the mechanism of combusting the fuel that offers the larg-
est improvement potential in terms of gas turbine efficiency.

One method of improving this intrinsic drawback and achieving a step improvement in gas
turbine performance is to replace the conventional isobaric combustor with a device achiev-
ing a pressure gain during the combustion process. Sir William Hawthorne, a British gas tur-
bine combustion engineer and academic who worked on the development of the first gas
turbine engines, made the following conclusion in his 1994 IGTI lecture: “...So far there has
been no change in the thermodynamic cycle. The largest loss of thermodynamic availability
occurs in the combustion chamber. What we need is a work producing combustion cham-
ber.” [53]. A rise in stagnation pressure across the combustion process results in a reduced
combustion entropy rise and thus increased exergy of the combustor exit flow compared to
conventional combustors. Consequently, increased turbine inlet availability translates into an
increase in gas turbine thermal efficiency. In the last two decades, the PGC ideas have re-
gained attention, mainly due to their theoretical high efficiency potential, and have been in-

creasingly moving on the agenda of the engineering research community.

1.2 Objectives of This Work

The idea of pressure-gain combustion (PGC) is not new and can be traced back to the be-
ginning of the last century and production of the Holzwarth engine (1906), the Marconnet
engine (1908) and the Karavodine experimental gas turbine (1908) [10], [46], [165]. Both for
power generation and for aerospace applications, specific hardware based on sophisticated
cycles such as pulse detonation combustors (PDC), pulse combustors (PC) or wave rotors
(WR) have been developed [10], [74]. Nevertheless, today there are still no viable pressure-
rise combustion gas turbines. All such PGC concepts inherently contain a degree of un-

steadiness resulting in a highly challenging technical realization of PGC in steady-flow ma-

! Exergy (also Availability) is the maximum useful work that can be extracted from a thermodynamic system on

bringing it into equilibrium with its surroundings using an ideal process [11]

4
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chines such as gas turbines [46], [54]. The main objective of this work is to investigate a new
technique of achieving a combustion induced pressure rise. This concept is based on shock
wave-flame interaction (SFI) — the interaction of moving shock waves with a flame front.

The passage of a shock wave trough a flame zone causes a temporal increase in the heat
release rate of the flame. Consequently, the rate of expansion of the burned gas is altered
accordingly, thus, leading to pressure waves being emitted by the disturbed flame. Produc-
tion of pressure waves and shock waves at the flame front following shock-flame interaction
has been confirmed by a number of numerical and experimental studies [64], [67], [66], [82],
[98], [132], [136], [140], [147], [153], [155]. The idea introduced in this work is to exploit this
effect of pressure wave generation by shock-flame interaction for achieving a time-average
total pressure rise across the combustion process in gas turbines

The physical phenomena occurring during shock-flame interaction are very complex and still
not yet understood in detail. The primary motivation of this work is to improve understanding
of the shock-flame interaction process. A series of shock-flame interaction experiments shall
be conducted on a shock-tube facility. Further, an analytical, quasi-one-dimensional model of
the shock-flame interaction process is to be developed comprising propagation of shock
waves in gaseous media, chemical kinetics of combustion, refraction of shock waves at
flame fronts, time-dependant evolution of flame surface area due to shock transition, and
generation of pressure waves at the disturbed flame front. The validity of the analytical model
shall be demonstrated on the basis of experimental data. This work will provide understand-
ing of the main governing parameters of the interaction process, its behaviour with time, the
achievable pressure-rise and resulting reduction in entropy generation. Such fundamental
data is required for further concept development.

Other topics to be addressed in this work are the on-engine integration and the assessment
of the performance improvement potential of a shock-augmented pressure-gain combustion
system. This can be accomplished on the basis of a gas turbine engine performance model
that is modified to account for such a pressure-gain combustor. A system for shock genera-
tion, and combustor and turbine cooling are performance relevant issues to be considered in
this context. Governing input variables for performance analysis shall be identified based on
these engine integration considerations. Finally, a parametric study is to be carried out in
order to determine the theoretical performance improvement potential as well as the limita-

tions of this concept.
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2 Pressure-Gain Combustion — A Technical Review

2.1 Modes of Combustion

Zones of combustion are often referred to as “flame zones”, “flame fronts” or “combustion
waves”. Within the flame front reactants are transformed into products through rapid chemi-
cal reactions, usually accompanied by emission of heat and light. In general, flames can be
subdivided into two groups — premixed and diffusion flames [51], [90]. In premixed flames
reactants and the oxidiser are gaseous and perfectly mixed before the chemical reaction oc-
curs. Premixed flames will be the main focus of this work. Diffusion flames are controlled by
mixing phenomena, where reactants diffuse into each other during the process of chemical
reaction. This type of flames, which liquid fuel combustion also belongs to, will be addressed
in a more detailed manner in Chapter 3.2.5.

In thermal engines three modes of combustion are usually used: constant pressure (CP),
constant volume (CV) and detonative combustion. CP or isobaric combustion is widely used
in gas turbines and diesel engines. CV combustion, also called isochoric, is also well known
through the application in gasoline engines based on the Otto cycle. Both, the CP and CV
combustion modes belong to the category of deflagrations, i.e. subsonic combustion waves
sustained by chemical reactions as well as molecular and turbulent transport processes be-
tween the hot products and the fresh gas [63]. While in CP combustion the products are al-
lowed to expand at nominally constant pressure, the products in CV combustion are spatially
constrained, which leads to a pressure increase and an extremely fast heat release due to
the compression [51], [90]. Contrary to deflagration, a detonation is a steady-state combus-
tion wave propagating into combustible mixture at supersonic speed. According to the classi-
cal Zel'dovich, von Neumann, and Doéring (ZND) detonation wave theory, assuming one-
dimensional and steady flow, it can be described as a shock wave coupled to and sustained
by a chemical reaction zone [51], [90]. The precursory shock wave sharply elevates the
pressure and temperature of the fresh combustible mixture. Shock waves usually have a
thickness in the order of a few mean free paths of the gas molecules (e.g. 68 nminairat T =
25°C, p = 1 bar). After a short ignition delay time, called induction period, the fresh mixture
ignites and reacts at a rate high enough for the deflagration to propagate at the velocity of

the leading shock wave. The zone between the shock wave and the start of the chemical
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reaction is called the induction zone. The chemical reaction is completed at the end of the
reaction zone, when the thermodynamic equilibrium is reached. Gas expansion due to the
energy released by the chemical reaction drives the preceding shock wave to form a self-
sustained, steady detonation wave. In Figure 2.1 the variation of physical gas properties

through a one-dimensional ZND detonation wave is qualitatively presented.

zone

| i zone

Figure 2.1: Variation of physical properties through a ZND detonation wave [90]

Besides the velocity of propagation there are further distinct differences between deflagrative
and detonative combustion. The general characteristics of various combustion modes are
best discussed using Hugoniot curve analysis. In Figure 2.2 a one-dimensional, stationary
combustion wave is schematically presented in a frame of reference fixed to the wave. A
transformation between the stationary and the propagating wave is achieved by means of
changing the frame of reference to the absolute one. Subscripts 1 and 2 correspond to reac-
tants upstream and products downstream of the flame front respectively. In the following
analysis the combustion wave is assumed to be a planar, hydrodynamic discontinuity, with

energy release occurring across it.

Combustion
wave

Unburned Burned

Figure 2.2: Schematics of a stationary, one-dimensional combustion wave
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The conservation equations for steady, one-dimensional flow, with no body forces, no exter-
nal heat addition or heat loss, and negligible diffusion effects applied to the combustion wave

in a constant area duct as per Figure 2.2, are as follows [51]:

psU; = pPyU, (2.1)

p, +pUul =p, + p,u’ (2.2)

ho+lu?eq=h,+Llu? (2.3)
1 2 1 q_ 2 2 2 .

Further, perfect gas behaviour is assumed, implying that k, C,, C, = const. The equation of
state is then written
p=pRT. (2.4)
From these equations, the (Rankine-)Hugoniot relation can be obtained by combining the
conservation of mass (2.1) and energy (2.3) equations [90], [122], [169]
hy—hy = 5P )+q. @5)
The Hugoniot determines all possible solutions for state 2 from a given set of properties of
state 1 and a given energy release q. Typically, the Hugoniot curve is plotted on a pressure-
specific volume p-1/p diagram [35]. In Figure 2.3 a Hugoniot curve with heat release g and a
shock Hugoniot (no heat release) are schematically shown. The point 1 in the diagram repre-
sents the initial state in the unburned gas. The straight lines, connecting points 1-CJy and 1-
CJ., are called Rayleigh or Michelson lines. They are obtained by combining the equations

(2.1) and (2.2) leading to the following relationship [51]

1} or u2=i M . (2.6)

1
— — 2 -
P, — P, = (P,u;) ( ), 1 3 L_i

P P:

The slope of the Rayleigh line is proportional to the square of the magnitude of the flow ve-
locity in the unburned gas, or alternatively, in case of a wave propagating into stagnant gas,
to the combustion front propagation velocity. From imaginary values of u; in eq. (2.6) it can
be followed that solutions in the region between points CV and CP are physically impossible
and can be omitted from further consideration. This region divides the Hugoniot curve into
two regions. The region above point CV represents supersonic wave solutions and is called
the detonation branch. The region below the CP point corresponds to subsonic waves and is
referred to as the deflagration branch. Point CV denotes the final state for an adiabatic con-
stant volume process. The Rayleigh line that connects the points 1 and CV has an infinite
slope. This represents a limit of a combustion wave process with the wave speed approach-
8
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ing infinity. In other words, an ideal CV combustion process is an instantaneous, explosive
transformation of reactants into products. The point CP represents the final state for a con-
stant pressure combustion process. This point does not represent a physically possible proc-
ess either, because of the zero slope of the corresponding Rayleigh line. Hence it is a limiting

case of an infinitely slow combustion wave.

pt)

) S

Shock Hugoniot

1/p, 1/p

Figure 2.3: Schematics of Hugoniot curve with heat release and shock Hugoniot

The point where the Rayleigh line is tangent to the Hugoniot curve is called the Chapman-
Jouguet (CJ) point in recognition of the fundamental work of Chapman (1905) and Jouguet
(1899) in the field of detonation waves. The upper CJy point is located on the detonation
branch of the Hugoniot and corresponds to the state of minimum possible detonation velocity
and minimum entropy increase across a combustion wave [90], [174]. Further, at this point,
the flow velocity at the end of the reaction zone equals the local speed of sound of the com-
bustion products. The region of the Hugoniot curve between CJy-CV corresponds to weak or
under-driven detonations (supersonic flow to supersonic). In general, weak detonations can
be ruled out due to the requirement of special gas mixtures with extremely high reaction
rates [90]. Points above the CJy represent the strong or over-driven detonation solutions (su-
personic flow to subsonic). Strong detonations are observed only under special experimental
conditions, e.g. if there is some type of piston moving behind the detonation wave [35], [90],
[174]. The lower CJ_ point, which lies on the Hugoniot deflagration branch, denotes the state
of the fully developed deflagration with choked flow at the end of the reaction zone. This
point corresponds to the maximum possible deflagration wave velocity and, contrary to the
CJy point, to the maximum possible entropy increase across a combustion wave. Hugoniot

region below point CJ_ represents strong deflagration solutions (subsonic flow to supersonic).
9
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In constant area ducts it is, however, not possible to accelerate a subsonic flow beyond the
sonic condition by heat addition [63], [146]. Therefore, this region can be considered as not
physically attainable. The solutions between points CP-CJ, establish the region of weak de-
flagrations (subsonic flow to subsonic), which encompasses very slow laminar and faster
moving turbulent flame fronts [35], [90], [174].

There exist two detonation initiation modes [51]. The fast mode initiation is brought about by
an ignition blast or a strong shock wave and requires very high ignition energies for most
fuels. The second, commonly used mode is based on deflagration to detonation transition
(DDT). DDT involves flame acceleration to generate upstream conditions pertinent to the
onset of detonation. An ignition in a combustible mixture at the closed end of a smooth tube
usually generates a deflagration front, which propagates at subsonic speed into the fresh
gas. Expanding combustion products generate pressure waves that propagate in the direc-
tion of flame movement, thus compressing and accelerating the fresh gas ahead of the
flame. Increased pressure and temperature as well as (turbulent) movement of the unburned
mixture increase the reaction rate of the flame. This leads to an enhanced expansion rate of
the products. Hence, a feedback loop responsible for flame acceleration is established. For
an accelerating flame, the preceding pressure waves finally coalesce to form a shock wave
that propagates at a velocity higher than the velocity of the flame. This setup represents an
unsteady double-discontinuity that cannot be treated by using the standard Hugoniot analysis
[2], [116]. Further acceleration of the flame to catch up with the leading shock was described
by Troshin [159] on the basis of the “generalized” Hugoniot curve. This curve represents the
locus of flame speeds increasing from subsonic to the detonation velocity, and is discussed
in detail in [35] and [159]. Such high burning velocities are possible due to the increase in
flame surface area. The mechanisms responsible for the increase in flame surface area are
turbulence, shock-flame interaction or intrinsic laminar flame instabilities [35]. When leading
shock wave propagation velocity approaches the detonation velocity, a localised “explosion
in explosion” [116] occurs between the shock and the following flame front to form a steady-
state detonation wave [35].

Based on the considerations above, the only physically acceptable steady combustion waves
are weak deflagrations and strong detonations including the CJy point. However, from the
practical point of view, there is only one solution for supersonic combustion waves, the CJy,
that turns out to be suitable for technical applications. In Table 2.1 typical values of thermo-
dynamic property changes across deflagrations and detonations are presented in order to
point out the qualitative differences between the two types of combustion waves. From the
values in Table 2.1 and the discussion above, it can be concluded that weak deflagrations,
commonly referred to as CP combustion, are always associated with a slight loss in pres-
sure. On the contrary, during CV and detonative combustion there is always a significant
10
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pressure rise. Therefore, only the CJ-detonation and the CV combustion modes can be con-

sidered expedient for PGC applications.

Detonation Deflagration
us/as = My 5-10 0.0001-0.03
u+/u 0.4-0.7 4-6
p1/p2 13-55 0.98-0.976
T4/T, 8-21 4-16
P4/ P2 1.7-2.6 0.06-0.25

Table 2.1: Qualitative differences between detonations and deflagrations in gases [51]

2.2 Entropy Rise and Thermal Cycle Efficiency

In order to analyse the performance of steady-flow systems such as gas turbines, it is in-
structive to draw the various processes occurring inside the engine on a thermodynamic
state diagram, e.g. T-s-diagram. The common sequence of processes encountered in air-
breathing engines is compression, combustion, and expansion followed by a constant-
pressure process to close the cycle. During the last process the exhaust gas is converted
into inlet fluid by heat exchange with surroundings. In Figure 2.4 idealised Brayton (2-3-4-5-
2), Humphrey (2-3-4°-5°-2) and Pulse Detonation Engine (PDE) (2-3-3a-4""-5""-2) cycles are
qualitatively compared. For all cycles the inlet gas is compressed in an idealised, isentropic
process from the compressor inlet temperature (state 2) to the combustor inlet temperature
(state 3). In the Brayton cycle combustion occurs in a CP process 3-4, and in the Humphrey
cycle heat is added in a CV process 3-4". In the PDE cycle the process 3-4"" corresponds to
the widely accepted model of a normal detonation (ZND) wave [41], [55], [79], [178]. Therein,
the process 3-3a represents the thermodynamic change of state due to the leading shock
wave, followed by a heat addition process in a constant area duct 3a-4"". Thermodynamic
state at point 4°" corresponds to the conditions at CJy (see Figure 2.3), i. e. choked flow. The
heat addition process is followed by a complex region of unsteady rarefaction waves, which
isentropically expand the detonation products to a state between 4 °-5"". Finally, the combus-
tion products in all cycles are assumed to expand in an idealised, isentropic process to the

initial pressure level.

11
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Figure 2.4: Temperature-entropy-diagram of idealised Brayton, Humphrey and PDE cycles

The thermal efficiency of any thermodynamic cycle can be defined as the ratio of the useful
work of the cycle and the heat of combustion added to the cycle [47]
W
Ny = g (2.7)
The useful work done by the cycle can be obtained as the difference between heat added

and heat rejected during the isobaric process 5-2 [47], with g, = FAR-q,/(1+ FAR),
W=0;, =Qout =9c —Gout =934 — G52 - (28)

Assuming the process 5-2 to be ideal, i.e. reversible, the heat removed can be expressed as

q,, = [Tds. (2.9)

N ey O

Combining equations (2.7), (2.8), (2.9) and assuming perfect gas behaviour, the thermal cy-

cle efficiency is written as [47], [174]

n g Gou g CelTs=T2) 4 Cely exp| 352 | _1]. 2.10
th (2.10)
qc qc qc Cr

According to eq. (2.10), thermal efficiency decreases with increasing qou, or in other words, it
is maximised when the overall cycle entropy rise (between points 2-5 in Figure 2.5) is mini-
mised. The overall entropy rise is a sum of entropy increments associated with every process
the flow is subject to through the cycle. Neglecting the entropy generation due to thermal
losses of the exhaust gas, the entropy rise associated with combustion is the dominant
12
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source of thermodynamic loss in gas turbine systems [58], [174], [181]. Thus, the depend-
ence of the thermal efficiency on the cycle total entropy rise renders the selection of the
combustion mode a critical task with regard to engine performance.

The fact that detonation is associated with a minimum total entropy rise across a combustion
wave has motivated a series of investigations into the application of detonation for steady-
flow propulsion [39], [173], [174], [179]. In order to achieve a stationary detonation wave in-
side the combustor of such engines, the flow has to be accelerated to the supersonic CJ-
detonation velocity at the entry to the combustion chamber. However, these studies demon-
strated the performance of steady-detonation based engines to be substantially lower than
those based on deflagrative combustion (turbojet and ramjet engines). The reason for such
behaviour lies in the irreversible share of entropy generation in the combustor [174], [175].
The entropy rise of premixed combustion in a flowing gas can be subdivided in a minimum
component Asni, due to reversible addition of heat and an irreversible component As;,, which
is due to shock waves, friction, heat transfer, mixing processes, or heat addition at subsonic

velocities (Rayleigh flow) [46]. It is written as

s,—-s;=4s,,-A4s,, = Cpln[%j - Rln[&j = Cpln[1 + (;I—CJ - R(&] : (2.11)

t1 P Pl t1
Equation (2.11) is given for an ideal stagnation or total state [174], the subscripts refer to
those given in Figure 2.2. From eq. (2.11) it follows that a loss in stagnation pressure across
a combustion wave directly refers to the irreversible entropy rise. Due to the leading shock
wave of a detonation wave, the total pressure loss across a detonation is orders of magni-
tude larger than that across a deflagration. This directly translates into a much higher portion
of irreversible entropy rise in detonations (more than 50 %) than in deflagrations (less than
5 %) [174]. Substituting eq. (2.11) into eq. (2.10), and using the notation of Figure 2.4, the

thermal efficiency can be shown to be a function of the irreversible entropy rise.

C.T. q As,
n, =1-—-2 [1+ ¢ Jexp[ ’”J—1 2.12
! qc ( Cplis Cp (212

Equation (2.12) explains the poorer performance of steady-detonation compared to steady-

deflagration engines. Zeldovich [179] and Wintenberger [174] conclude that the systemati-
cally lower performance in conjunction with practical problems such as stabilization of deto-
nation, risk of pre-ignition and excessive temperatures, make detonation not practical for
steady-flow combustion applications. Finally, Wintenberger suggests that unsteady detona-
tion waves remain the only useful way of detonation application to propulsion (e.g. PDE).
This findings agree well with the conclusions of Foa, who states that CP combustion always

represents the optimum solution for steady-flow systems [45], and that the most efficient gas
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turbine engine is characterised by a steady inflow, an unsteady combustion mode, and a
steady or square wave type exhaust flow [46].

A framework for analysing unsteady detonations in a purely thermodynamic manner is pro-
vided by the Fickett-Jacobs (FJ) cycle [43]. The FJ cycle is a notional cycle that enables the
treatment of unsteady detonations in a closed system avoiding the complexity of realistic
unsteady gas dynamics (e.g. PDE). It is based on an idealised piston and cylinder arrange-
ment, such as shown in Figure 2.5a. In Figure 2.5b the FJ cycle is qualitatively presented on
the pressure-specific volume plane. The sequence of the cycle involves instantaneous initia-
tion of detonation and acceleration of the pistons to the detonation wave velocity (see Figure
2.5b, path 1-2), extraction of mechanical work by bringing the detonation products to rest (2-
3), adiabatic expansion (3-4) and isobaric cooling of the products (4-5), and, finally, conver-
sion of products into reactants at constant pressure and temperature (5-6). A detailed de-

scription and analysis of the FJ cycle is provided by [174], [175] and [176].
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Figure 2.5: a) Theoretical piston and cylinder arrangement of the FJ cycle, b) Pressure-

specific volume diagram of the FJ cycle [174]

Using the FJ cycle the upper limit of mechanical work extractable from detonating a given
portion of a fuel can be determined. Calculations of Wintenberger [174] and Reynolds [130]
for various fuels have shown that entropy rise of unsteady detonative combustion is by 14-
24 % lower than that of CP combustion, but only 2-3 % below that generated by CV combus-
tion. These results are reflected analogously in the results of thermal efficiencies of the re-
spective thermodynamic cycles. Thus, for a given compression ratio, the FJ cycle has the
highest thermal efficiency, followed by Humphrey cycle slightly below, and Brayton cycle with
a considerably lower thermal efficiency [175], [178]. Similar values of entropy rise and ther-
mal efficiency exhibited by the FJ and Humphrey cycles have motivated various researchers

to use CV combustion as an alternative model to the CJ-theory in dealing with unsteady
14



Chapter 2: Pressure-Gain Combustion — A Technical Review

detonation waves [42], [60], [79], [80]. The similarity between detonation and CV combustion
was confirmed by Wintenberger [174] by considering the kinetic energy in a propagating
detonation in contrast to CV combustion with no fluid motion. He demonstrated that the ki-
netic energy content of a propagating detonation wave constitutes less than 10 % of the
chemical energy release of the fuel. This results in the two combustion processes under con-
sideration to have essentially the same specific impulse if compared on the basis of a tube
blow down model.

Based on the arguments presented above, in conjunction with technological difficulties asso-
ciated with detonation wave combustion [179], it appears that detonative combustion is less
attractive for PGC applications than CV combustion. Consequently, the main objective of
pressure-gain combustion work is, to modify the CP mode of combustion in gas turbines so,
that its performance moves closer to that of CV combustion [58]. It is also obvious that such

a combustion mode will inevitable contain a degree of unsteadiness.

2.3 Thermodynamic Benefit of Pressure-Gain Combustion in Gas Turbines

In Figure 2.6 the real Brayton and Humphrey cycles, i.e. with lossy compression (2-3) and
expansion (4-5) processes, are qualitatively presented in a T-s diagram. The third cycle
schematically shown in the diagram, called the PGC cycle, is a real gas turbine cycle fitted

with a pressure-gain combustion process.
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Figure 2.6: Temperature-entropy diagram of real Brayton, Humphrey and PGC cycles
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The maximum cycle temperature Tna, Which is consistent with TET, is assumed to be
equivalent for the three cycles. TET and pressure at the end of the combustion process
(states 4" and 4°") are assumed to be quasi-steady, time-averaged values when unsteady
CV and PG combustion processes are considered.

Firstly, corresponding idealised, loss-free Brayton and Humphrey cycles are considered.

Their thermal efficiencies are given by equations (2.13) and (2.14) respectively [89].

T. 1
N =1—f=7—w (2.13)
T T 1/K (1 K/K) 1
Ny, =1- (( (/ /;_ " e 1/K)) ) (2.14)

The ideal Brayton cycle thermal efficiency depends only on the compressor pressure ratio.
For the ideal Humphrey cycle, there is an additional dependence on the maximum cycle tem-
perature T, or TET. A plot of the thermal efficiency of ideal Brayton and Humphrey cycles as
a function of compressor pressure ratio is presented in Figure 2.7. The initial cycle tempera-

ture used in the calculations was T, = 300 K.
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Figure 2.7: Thermal efficiency of ideal Brayton and Humphrey cycles for various TET versus

compressor pressure ratio

The ideal Humphrey cycle is superior to the ideal Brayton cycle in terms of thermal efficiency

due to a lower entropy rise during CV combustion. This is particularly true at low compres-
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sion ratios and for high turbine entry temperatures [55], [89], [175], [178]. With increasing
compressor pressure ratios the thermal efficiency of the Humphrey cycle approaches that of
the Brayton cycle. The two values are equal at the point where the temperature T; at the end
of the compression process reaches the value of the fixed TET, rendering any further heat
addition in the combustor impossible.

Now, thermal efficiency of real cycles is compared. The time-averaged pressure rise of the
unsteady PGC process (3-4’ in Figure 2.6) is assumed to be somewhere between those of
CP and CV combustion. Under such arrangement, less entropy is generated during the PGC
process than during CP combustion of the Brayton cycle, resulting in a higher possible tem-
perature drop across the expansion process. If the compressor power demand is assumed to
remain unchanged, this leads to an additional work output (Ah) in the turbine. Further, due to
compression during the combustion process, less fuel is required to heat the fluid from a
fixed temperature T3 to Tnax. Thus, the thermal efficiency of the real PGC cycle can be given

as a function of the averaged pressure rise in the combustor I = p4/p3 as follows [89], [126]

Tl =l =m0, )-1
o = (T4 /T, - (1 + (Tr((:KiﬂK) - 1)/’70 » -

The equation for the thermal efficiency of the real Humphrey cycle is [89]

M =1-K T, /7, G+ bre ™ 1)) |

In eq. (2.15) and (2.16), the inefficiencies of the compression and expansion processes are

(2.15)

reflected by introducing the compressor n¢ and turbine nr isentropic efficiencies. For 1 = 0.97
eq. (2.16) represents thermal efficiency of a conventional Brayton cycle.

In Figure 2.8 the thermal efficiencies of the real Brayton and the PGC cycle for various val-
ues of N are plotted versus compressor pressure ratio. The thermal efficiency of the real
Humphrey cycle is also shown for comparison. Following assumptions were used in this cal-
culation T,=300K, T4, =1700 K, Kk = 1.4, nc = 0.86, nr = 0.9. The PGC cycles show a better
efficiency than the Brayton cycle for the whole range of pressure ratios studied. The benefit
is the highest for small engines with a low compressor pressure ratio, and decreases for in-
creasing compression and cycle temperature ratios. These findings agree well with other
studies [5], [74], [91], [96], [166]. The real Humphrey cycle exhibits better performance than
the PGC cycle at very low compressor pressure ratios (11 less than 6) only. Its thermal effi-

ciency quickly deteriorates with growing 1 and falls below that of the Brayton cycle at 1 = 14.
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Figure 2.8: Thermal efficiency versus compressor pressure ratio for real Brayton, Humphrey

and PGC cycles

In order to point out the theoretical potential of PGC, the effect of a 20 % combustor pres-
sure-gain (1 = 1.2) is evaluated for three representative types of engines. Thus, for a micro-
jet engine operating at a compressor pressure ratio of 4 and TET of 1000 K, the expected
theoretical rise in cycle efficiency is 30 %. A turboshaft-type engine with ¢ = 20 and TET =
1500 K is expected to achieve 11.4 % increase in cycle efficiency. And a turbojet with 1¢ of
38 and TET of 1800 K exhibits an improvement potential of 8.4 %. A resulting increase in
specific power and specific fuel consumption is expected to be in the same order of magni-
tude [5], [77], [73]. The calculations shown above are performed irrespective of the detalil
how PGC is achieved. Hence, the results represent the upper bound of possible improve-
ments.

An alternative implementation of PGC to a gas turbine cycle is schematically shown in Figure
2.9, where the turbine work output is the same as in the reference Brayton cycle. Besides the
improvements in thermal efficiency and SFC described above, this cycle offers the advan-
tage of a reduced TET. The pressure rise in the combustor can also be exploited by lowering
the cycle pre-compression, i.e. reducing the number of compressor stages. Both modifica-

tions lead to a lighter, more reliable, more efficient and cheaper engine.
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Figure 2.9: Temperature-entropy diagram of conventional Brayton and PGC gas turbine cy-

cles for equal turbine work output

Despite the yet unsolved problems that would arise with the introduction of PGC, such as
stability and dynamics of the unsteady combustion mode, combustor and turbine cooling,
compressor and turbine interaction with unsteady combustor flow, mechanical and thermal
stresses, this concept offers an immense, thermodynamically proven improvement potential
for gas turbine efficiency.

The increased interest in PGC technology as well as its significance is best exemplified by
the Vulcan project of the US government’s Defense Advanced Research Projects Agency
(DARPA). Vulcan is a multi-phase technology development programme to design, build and
demonstrate a full-scale PGC turbine engine by the year 2014. Currently, Vulcan phase I
with a total budget of $62 million is underway, aiming at successful demonstration of a PGC

gas turbine combustor [37].

2.4 Review of the Existing PGC Concepts for Gas Turbine Applications

Over the last century a plethora of various PGC concepts for application in gas turbines has
been proposed, e.g. [12], [74], [105], [113], [134], [137], [167]. All of these concepts involve
unsteady processes during combustion in order to generate a total pressure gain from inlet to
outlet. Among all, detonation wave combustors, wave rotors, and valveless pulse combustors

have been identified to be most promising and viable PGC concepts [74], [120]. They are
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currently the subject of various industrial and academic research efforts; see [6], [54], [115],
[131].

In this chapter, the proposed ideas are classified into five main categories depending on the
mechanism how combustion pressure-gain is achieved, and a brief review of each is pre-

sented.

2.4.1 Elementary Constant Volume Combustors

The most famous example of idealised CV combustion application is the internal combustion
engine operating on the Otto thermodynamic cycle. The first gas turbine engine utilising the
explosive CV combustion was developed by the German engineer H. Holzwarth (1905) [10].
Its thermodynamic cycle was mainly derived from the Otto cycle, with the work being ex-
tracted by means of a rotating turbine instead of a piston. The operation of the engine is de-
scribed by the Humphrey cycle (with or without pre-compression); see Figure 2.6. The sepa-
rate cycle steps are — intake of air and fuel, (pre-compression), CV combustion of the charge
accompanied by an increase in pressure, and exhaust of the combustion gases through noz-
zles directed against turbine blades. The first experimental version of the Holzwarth engine
operated without pre-compression and raised the pressure during combustion by a factor of
4-5 above the ambient. The schematics of this engine are presented in Figure 2.10, including
spring loaded inlet and outlet valves, ten CV combustors arranged in a circle around the tur-

bine shaft, and water cooled combustor casing.
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Figure 2.10: Schematics of the Holzwarth gas turbine engine [160]
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This engine employed a scavenger fan to ensure subsequent induction of the fresh charge of
air and exhibited a very low thermal efficiency (not further specified) [10], [8], [9]. Later mod-
els of the Holzwarth gas turbine, developed and built by the Swiss company Brown, Boveri &
Cie. (BBC), incorporated a compressor for charge pre-compression with ¢ = 3-4, and deliv-
ered a power of 5000 kW [8]. The development work on the Holzwarth gas turbine continued
until around 1930. The Holzwarth type engines increasingly suffered from problems associ-
ated with high combustion gas temperatures of about 1950 K and mechanical valves control
issues [9]. Finally, it became uncompetitive with the CP combustion based gas turbines with
their relative mechanical simplicity and unprecedented power density. The improvements in

the turbo-compressor technology contributed to this trend.

2.4.2 Combustors Based on Reciprocating Internal Combustion Engines

Internal combustion engines achieve higher thermal efficiency than turbine engines, whereas
the gas turbines are lighter and smaller than the IC engines for a given power output [167].
The compound cycle engines (CCE) represent a mechanism that combines the thermal effi-
ciency of a rotary IC engine with the compact size and light weight of a gas turbine. In this
concept a conventional gas turbine combustor is replaced by a highly supercharged, high-
speed, two-stroke, direct-injected diesel engine [17], [28], [74], [170]. In Figure 2.11 schemat-

ics of a CCE are shown.
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Figure 2.11: Schematics of a CCE [17]

The rotary compressor delivers highly pressurized air to the Diesel cylinders. Within the cyl-
inders, the air is further compressed, mixed with fuel and combusted at high temperatures

and pressures. Power is extracted from the combustion products during the expansion stroke
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and the exhaust gases are directed to the rotary turbine module, where further work extrac-
tion takes place. The coupling between the IC engine and the turbo-machinery necessitates
the use of a gear box. An alternative set up is presented in [167], where the conventional
combustor is replaced by a series of rotary Wankel type IC engines.

During the 1940’s and early 1950’s, increased interest in compound cycle engines led to the
development of the Nomad Napier engine by the Napier & Son Itd in the UK. The engine was
a turboprop topped with a turbocharged turbo-compound, two-stroke, twelve piston Diesel
[53]. It demonstrated a SFC of less than 210 g/kWh and has since remained the most fuel
efficient IC engine ever flown [17]. In the 1980’s NASA conducted CCE research for military
helicopter and turbofan engines [170]. For military helicopter engines a theoretical reduction
in fuel consumption of 30-40 % was envisaged [17]. However, despite their high efficiency
potential the CCE engines have always played a secondary role in aerospace propulsion.
They are heavier and more complex than simple turbojet engines of the same power class
due to mechanical interconnection of the IC engine with the turbo-machinery [17], [167]. De-
spite major advances achieved in diesel engine technology, the CCE engines remain inferior
to gas turbines due to mechanical integration constraints, lower power density and reliability
concerns. Today, the concept of turbo-charged IC engines is widely used in the automotive

industry.

2.4.3 Detonation Wave Combustors

The details of detonation wave combustion have been discussed previously in Chapters 2.1
and 2.2. A combustor based on unsteady detonation waves can have two potential applica-
tions — as a pulse detonation engine (PDE) that uses detonation waves for thrust generation
[99], or as a pulse detonation combustor (PDC) that is to replace a conventional combustion
system in gas turbines [121], [161]. Both systems are very similar, they typically consist of an
inlet with one or several inlet valves, a fuel injection system, one or multiple detonation tubes,
and an exit nozzle [131], [174]. The cycle of a single PDE/PDC tube is graphically described
in Figure 2.12. The air-fuel mixture is ignited and detonation is initiated at the closed end of
the tube a). The propagating detonation b) reaches the open end and diffracts as a decaying
shock, which generates an expansion wave propagating towards the closed end c). At the
end of the exhaust process the tube contains quiescent combustion products d). The purging
and filling process starts by opening the valve. The purging air, followed by the reactants,
flows in and pushes the reactants out of the tube e)-g). Thereby, the purging air is used for
controlling the mean exhaust temperature and avoiding pre-ignition of the fresh mixture.

When the tube is entirely filled with reactants, the valve closes and the cycle is restarted h).

22



Chapter 2: Pressure-Gain Combustion — A Technical Review

Multi-cycle experimental studies on a single detonation tube have been performed at fre-
quencies between 5 Hz and 100 Hz [178]. The operational frequency of the PDE has a direct
impact on the amount of time-averaged thrust that can be produced. Previous studies [141]
have shown that there is a linear increase in thrust as the frequency of the PDE is enhanced.
PDE/PDC work is motivated by the potential benefits in thermodynamic cycle efficiency
through the use of detonation wave combustion, which represents a close approximation of
the CV combustion process. Further advantages are relative simplicity and reliability of the
hardware [74], [178]. The operating frequency of a PDE/PDC does not depend on the acous-
tics of the system because of supersonic wave propagation velocities. Therefore, it can be
directly controlled by changing the detonation cycle [174]. This fact makes the system scal-

able and improves its adaptability to various types of application.
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Figure 2.12: Qualitative cycle description of a single PDE tube [177]

First ideas of using detonative combustion in power generation, and air-breathing and rocket
propulsion evolved in the 1940’s and 50’s. They were a result of considerable progress in
understanding of detonation physics achieved during this period. After a pause, the PDE

research was resumed in the 1980’s involving extensive numerical and modelling efforts,
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which are comprehensively reviewed in [65], [131] and [178]. These efforts led to the first
sustained flight of a PDE-powered manned aircraft in 2008 [112].

Despite several thermodynamic cycle models that have been developed for PDEs, e.g. [55],
[80], [121], [177], [178], there is still much uncertainty about the realistic system performance
level [65], [174]. Further difficulties associated with application of PDC to gas turbines are
prevention of inlet back flow, intrinsic system irreversibilities (see Chapter 2.2), and structural
fatigue, due to highly unsteady exhaust flow as well as excessive pressures and tempera-
tures of the combustion products [74]. Thus, the issues of PDC integration into a gas turbine
and unsteady exhaust flow interaction with turbo-machinery have moved to the top of re-
search agenda over the last years [27], [142], [152], [161]. The main question thereby, lies in
the capability of a conventional design turbine to efficiently utilise the highly unsteady flow

from the combustor.

2.4.4 Pulse Combustors

Pulse combustors (PC) are self-excited, unsteady flow devices that are driven by intermittent
combustion in a resonant mode. Hence, the operation of pulse combustors strongly depends
on the geometrical parameters of the device. The PC generates a pulsating exhaust flow of
elevated temperature and total pressure, resulting in a net pressure-gain from inlet to outlet
[62], [78]. Pulse combustors can be subdivided into mechanically valved and valveless or
aero-valved devices. Mechanically valved PCs use flapper or reed valves at the inlet to the
combustion chamber that are subject to high temperature and pressure fluctuation, which
represents a major drawback. Conversely, the aero-valved type of PCs incorporates no mov-
ing parts at all. Therein, unsteady wave motion is used to confine the periodic combustion.
This PC type is preferred, because it combines the advantages of pressure-gain capability
with relative mechanical simplicity [73]. The schematics of a generalised aero-valved PC are

presented in Figure 2.13.
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Figure 2.13: Schematics of an aero-valved pulse combustor [126]
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The operation of a PC is often described by using a two-stroke engine analogy, with the
common cycle steps — combustion, expansion of combustion products, scavenging, and
compression of fresh charge [62], [108], [126]. The fresh air-fuel mixture is externally ignited,
which initiates a rapid chemical reaction. The transient pressure rise and expansion of the
hot gases cause an outflow of combustion products through both, the short inlet and the
longer tail pipe. Inertia of the gas column in the tail pipe eventually causes a depression in
the combustion chamber, which leads to flow reversal and fresh air inflow through the inlet
pipe. Fresh charge of air is mixed with fuel and the remaining hot combustion products in the
combustion chamber. The inertia of the reversed flow in the tailpipe compresses the gas mix-
ture in the combustion zone. After some delay the fresh charge ignites due to the high-
temperature of the residual combustion products. According to the Rayleigh criterion (see
Chapter 3.1), this process is to be tuned so that ignition occurs exactly at the point of highest
compression, thus resulting in the best pressure-gain performance.

The application of aero-valved PCs as a replacement for conventional gas turbine combus-
tors was first proposed by Reynst in the 1930’s [73], [156]. Subsequently, Kentfield et. al.
have made a significant contribution to the development of the valve-less PC. They experi-
mentally demonstrated a PC total pressure gain of 5-6 %, operating at a frequency of ap-
proximately 190 Hz under ambient laboratory conditions [72], [73]. A successful application
of a PC to a small Cussons P.9000 gas turbine was demonstrated, which yielded a total
pressure gain of 1.1-1.6 % over the full operating range of the gas turbine [77], [75]. In Figure

2.14 the mechanical arrangement of this prototype PC is shown.

COMPRESSOR-OUTLET DIFFUSER COMPRESSOR
RETURN BEND 7 DELIVERY
{ ARECTANGULAR
CROSS SLCTION )

ESTRICTOR
PLATE P

TO

TURRINF.

-

\ COMBINING CONE A
\ FJECTOR \ \

AXISYMMETRIC
AXISYMMETRIC IGNITER SECONDARY
A ICNITER PLUG
IR INLET cc FLOW DUCT
PLENUM A

Figure 2.14: Diagrammatic representation of the PC configuration for use with a small gas
turbine [76], [77]

The large plenum serves as a settling tank to protect the compressor from receiving cyclic

pressure pulses from the combustor. The curved structure in Figure 2.14 is the thrust aug-
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menter and flow rectifier that catches the outflow from the inlet pipe and redirects it towards
the common exit nozzle. This flow is used to cool the combustor structure and contributes to
the pressure-gain performance when tuned correctly [76]. Projections for larger gas turbines,
e.g. higher mass flow rates, and optimised PC geometry predict a total pressure gain of up to
6-7 % [76]. Recently, it was experimentally shown that a significant improvement in fuel con-
sumption of up to 65 % for a given pressure amplitude of a PC, is achieved by using a tuned
unsteady fuel injection [115]. Pulse combustors have been demonstrated to operate on a
variety of gaseous, liquid and solid (e.g. pulverised coal) fuels [78]. They exhibit the potential
to reduce NO, and CO emissions due to short residence time and lower average combustion
temperature [71], [70]. The major drawback of PC lies, however, in their resonant mode of

operation and resulting extreme sensitivity to geometrical and operational parameters [62].

2.4.5 External and Internal Combustion Wave Rotors

The operation of dynamic pressure exchangers or wave rotors is based on the physical fact
that equalisation of pressure between two fluids occurs faster than mixing [91]. A wave rotor
is @ machine that utilises unsteady wave motion (compression and expansion waves) to ex-
change energy between two fluids by direct action of mechanical work [6], [107], [172]. Typi-
cally, such devices consist of a number of parallel channels annularly arranged around an
axis. While rotating at constant speed, the channels are periodically connected to ports of
different pressure levels, which generates propagating pressure waves inside the channels.
Various designs of wave rotors have been proposed. There are WR incorporating 2 to 5 con-
nection ports to up- and downstream turbo-machinery, externally driven by a motor, or self-
rotating through aerodynamically shaped channel walls [106], [166]. Generally, WR can be
subdivided into two categories in terms of combustion. The first are WR where combustion
occurs in an external combustor. The second are internal combustion wave rotors (ICWR).
Schematics of these two configurations applied to a gas turbine are shown in Figure 2.15.

In Figure 2.15a, combustion is performed in a conventional CP burner, i.e. the WR is used as
a topping cycle rather than a true pressure-gain combustor. Therein, the “cold” gases deliv-
ered by the compressor are further compressed through pressure exchange with the hot
combustion gases exiting the combustor. The advantage of this cycle lies in the increase of
the engine OPR and higher possible combustion temperatures leading to an improvement in
engine thermal cycle efficiency and SFC [5], [172]. Experimental studies by General Electric
and Rolls Royce have demonstrated achievable WR compression ratios of myr = 1.12-1.27
depending on the wave rotor temperature ratio [74], [166], [171]. WR were developed in the
1940’s as dynamic pressure exchangers for various applications [6], [10]. So far, their com-

mercially most successful application was the Comprex® supercharger for diesel car engines
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developed and built by BBC. Despite significant progress achieved, unsolved technological
challenges have prevented an application of WRs to gas turbines. Such problems are engine
integration, additional ducting and sealing with associated pressure losses, reliability and

structural issues [166].

Combustor

Wave rotor
with
internal combustion

_g_

Compressor @ Turbine Compressor @ Turbine

Figure 2.15: Scheme of wave rotor with a) external, and b) internal combustion

A further development of WR technology, the ICWR, incorporates “on-board” combustion, i.e.
internal to the wave rotor passages. To the benefits of a simple WR, this configuration adds
the advantage of reduced mechanical complexity by eliminating the need of an external
combustor [107]. Schematics of such a device are shown in Figure 2.15b. In this system fuel
is added to the inlet stream delivered by the compressor. Propagating pressure waves are
generated in the channels by sequentially opening and closing inlet and outlet ports. After
shock wave pre-compression, the mixture is ignited in the channels that are closed at both
ends and combustion occurs at CV conditions. Finally, the combustion products are ex-
hausted to the turbine and the channels are refilled. A sketch of an ICWR is presented in
Figure 2.16 showing unsteady wave motion of hot and cold gases inside the channels.

Inlet Manifold (not shown)

connects to partial-annular
Inlet Port

Expansion Wave

Reaction Front
Inlet,

air & fuel Shock wave generated by closure of

outflow compresses incoming charge

Figure 2.16: Schematics of an ICWR [106]
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However, besides the thermodynamic benefits of idealised CV combustion, this setup intro-
duces additional technological difficulties such as reliable ignition, dynamics of the CV com-
bustion process, interaction between flame and pressure waves, sealing and thermal protec-

tion issues. A comprehensive review of this novel PGC technology is given in [6] and [106].
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3 Pressure-Gain Combustion Based on Shock Wave-

Flame Interaction

3.1 The Rayleigh Criterion

The ideas of using unsteady combustion in gas turbines have preceded the development of
steady-flow combustion as is used in most of today’s gas turbines [10], [46], [143]. The ad-
vantages of intermittent combustion are related to the unsteady-flow phenomena such as
inertia effects for emptying and filling of the combustion chamber, pre-compression of reac-
tants through pressure exchange, and approximated CV combustion. In order to elucidate
this point the stagnation enthalpy h; of a fluid is defined as follows
h,=h+e, =e+pv+e,. (3.1)

Therein, h is the specific static enthalpy, e is the specific internal energy, and ey, is the spe-
cific kinetic energy. If the flow domain is thought to be subdivided into a number of cells, the
term pv is interpreted as the energy exchange process between adjacent cells as the fluid
moves from cell to cell. It is referred to as flow work. Differentiating equation (3.1) and substi-
tuting the specific volume v by 1/p yields

Dh, De Dv 1Dp De,,

ot ot Pot oot Dt

Using the second law expression Tds = de + pdv = dq and performing some manipulations

(3.2)

one obtains the energy conservation equation for an adiabatic (no external heat transfer),

reactive system, without transport and body forces
Dh, 1 0p _Ds_1dp dq

Dt —p o +TE_EW+W+VVCI- (3.3)

In the case of steady-flow, constant-pressure combustion equation (3.3) reduces to

\7Vht =V T Vs, where the irreversible heat release is the only type of energy output. If

combustion is unsteady, and the heat release is not variable in space, i.e. \7Vq= 0, a portion
of the heat release is directly converted into mechanical energy, e.g. in the form of propagat-
ing pressure waves that arise due to the inertia of the surrounding fluid. This is represented

by the dp/ ot term in eq. (3.3), which results from the flow work term in unsteady flow. Such

pressure waves represent a mode of exergy and can be fully transformed into useful work,
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e.g. through an idealised turbine [11]. This makes the unsteady heat addition process less
irreversible and thus, more efficient, than the steady-flow one. For an ideal constant-volume
combustion process the share of energy transformed into pressure fluctuations is found to be
(k-1)/x [10]. Using the value of air k = 1.4, this results in 29 % of the fuel chemical energy

going into generation of pressure waves.
The heat release being accompanied by fluctuations of pressure in eq. (3.3), for \7Vq= 0,

suggests a coupling mechanism between the two processes. This coupling between heat
release and pressure was first described by Lord Rayleigh (1878). He formulated the
Rayleigh criterion, which states that if a periodic heat release is in phase with a pressure
oscillation, the amplitude of the pressure oscillation will be amplified [129]. A phenomenol-

ogical formulation of the Rayleigh criterion is given by the inequality (3.4) [129].

v
[ wix.t)avat (3.4)

0

T

I T p'(xt)q'(x,t)dV dt >

0

O C——

Therein, V is the control (combustor) volume, T is the period of oscillation, p’ and g’ are the
fluctuating pressure and heat release respectively, and y is the sum of damping (wave en-
ergy dissipation) terms. Energy can be dissipated from flow fluctuations by friction, heat and
mass transfer, or acoustic radiation [10]. Thus, in order for the unsteady combustion process
to be self-sustaining, the damping must be overcome by the total mechanical energy added
to the oscillation per cycle. The energy added to the oscillating acoustic field is described by
the left hand side of inequality (3.4) and represents the ‘driving’ for the oscillation. If the driv-
ing is stronger than the energy dissipation, the Rayleigh criterion is satisfied. This causes
growing of the pressure oscillation amplitude in every cycle of oscillation and promotes insta-
bility of the system [117], [144]. The ultimate source of driving energy for such oscillations is
the heat released by the combustion process [36].

An extended formulation of the Rayleigh criterion for linear, acoustic oscillations is given in
[36], [127], [150] as follows

AE(x,t)= KK__B1 j dv T p'(x,t) q'(x.t)dt, (3.5)
t

where AE is the incremental energy added to the acoustic field over a period 1. Driving of the
oscillation occurs when AE in eq. (3.5) is a positive value. This can be true only if p’ and ¢’
are exactly in phase or have a phase shift less than £ 180° [101]. A negative AE will tend to
damp out the oscillations.
Strictly speaking, the Rayleigh criterion as presented above is only valid for acoustic pertur-
bations, i.e. isentropic flows. For the treatment of reacting, non-isentropic flows Chu [34] sug-

gested to use a different stability criterion:
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t+r

AE(x,t)=Ti fav [T(xt)q(xt)dt. (3.6)

In equation (3.6), which is given for the case where viscous and thermal dissipation as well
as boundary fluxes are neglected, AE is the incremental energy added to the perturbation
over a period T1. It states that temperature T’ and heat release q’ fluctuations must be in
phase for the instability to be excited. Chu derived this criterion explicitly accounting for en-
tropy fluctuations in the perturbation. Nicoud and Poinsot [110] further extended this formula-
tion to the case where the entropy field is not constant over the flow domain and state that
only this criterion should be used in analysing unstable flames. However, evaluation of this
criterion represents a difficult task in experiments and necessitates detailed knowledge about
various unsteady quantities that can only be provided by large eddy simulation (LES).

The coupling of heat release and pressure field has been identified to be a major cause of
thermo-acoustic instabilities occurring in gas turbine and rocket combustors, ramjets and
after-burners of jet engines, as well as in industrial furnaces [16], [94], [144]. Such instabili-
ties produce pressure pulsations with quickly growing amplitudes, which can lead to struc-
tural damage or failure of the combustor [36], [38]. Methods of avoiding or controlling such
instabilities, particularly in the new generation of gas turbine combustors operating in a lean
premixed mode, have become an important field of research [38], [101], [117], [144]. In this
sense, the “classic” Rayleigh criterion (eq. (3.5)) has become a common tool in identifying
the operating conditions in which thermo-acoustic instabilities are promoted; see e.g. [16],
[68], [127], [150].

3.2 Shock-Flame Interaction — Literature Review

3.2.1 Introduction

Interaction of pressure waves, both acoustic and shock waves, with a flame creates a system
of transmitted and reflected waves as well as secondary pressure waves [98], [132]. These
waves may reflect at the geometrical boundaries of the flow device and repeatedly interact
with the flame. Under favourable conditions a feedback mechanism is established leading to
the formation of a sustained pressure oscillation in the combustor. In steady, constant-flow
combustion systems such oscillations must be eliminated as they may grow and detrimen-
tally affect system performance or even cause mechanical damage [38]. On the contrary, the
operation of unsteady-flow combustion systems, such as pulsejets, directly relies on the ex-
ploitation of this feedback mechanism [10].
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Shock-flame interaction (SFI) has been given lots of attention with regard to its important role
in the process of deflagration to detonation transition over the last decades. Numerical and
experimental studies have demonstrated that multiple shock-flame interactions accelerate an
initially laminar flame and create conditions under which DDT is promoted [82], [155], [154].
A comprehensive review of this topic is given in [118].

Recent developments in ICWR technology have also contributed to the increased interest in
shock-flame interaction phenomena. As has been highlighted in Chapter 2.4.5, operation of
these devices involves interaction between shock waves or strong pressure waves and com-
bustion. Hence, a detailed understanding of the SFI physics is required for an optimum de-
sign of such devices [84].

Historically, Markstein [98] was the first to perform detailed experimental investigations into
the phenomena of shock-flame interactions in the 1950’s. Since, various analytical [30], [32],
[132], numerical [64], [81], [82], [147], and experimental [66], [67], [98], [136], [140], [153],
[155] studies have produced a significant contribution to the understanding of physical phe-
nomena involved in SFI in both premixed, and two-phase, liquid-gas [29], [19], [20], [21], [22],
[48] combustion systems.

The passage of a shock wave through a corrugated flame front causes a rise in gas tempera-
ture and pressure. Further, it temporarily increases the turbulence intensity, flame stretch,
and flame surface area. The flame can be assumed to remain within the laminar flamelet
regime throughout the whole SFI process [64], [81], [84], which allows for the turbulence ef-
fects to be neglected. Thus, shock-flame interaction has two main effects. It changes the
thermodynamic mixture properties and modifies the flame surface area. The former is
brought about by shock refraction at the flame front, which occurs instantaneously and gen-
erates a transmitted and a reflected wave. The latter is related to multidimensional, time-
dependant effects of flame-vortex interaction and occurs with a certain time lag. The two ef-
fects, although interrelated and highly unsteady at various time and length scales, can be
treated separately from each other [85], [132]. The combined result of the described phe-
nomena is a temporal increase in the amount of energy released by a flame per unit time
[32], [81], [84], [98], [132]. This, in turn, is responsible for a third SFI effect — the generation

of secondary pressure waves at the distorted flame front [31], [32], [132].

3.2.2 Shock Refractions at Reactive and Inert Gas Interfaces

A flame front represents a reactive, hydrodynamic discontinuity that separates two gas vol-
umes of different density, temperature and pressure. If an incident shock wave (index i)
propagating in a compressible medium encounters such an interface, it will refract at this

interface and produce a transmitted (index tr) and a reflected wave (index r) [56], [132].
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Shock refraction can be considered one-dimensional in nature and to occur instantaneously

[85], [132]. Such a physical problem is schematically shown in Figure 3.1.

Density
Shock interface

Figure 3.1: Schematics of a planar density interface at angle a to the incident shock

Therein, the incident shock propagates through the incident gas with the state 1. The incident
shock can be characterised by the Mach-number M; or the propagation velocity U;. When the
shock traverses the gas interface, a transmitted wave will propagate further at the velocity Uy,
in the transmitted gas with the state 2. Additionally, a reflected wave will evolve and propa-
gate at the velocity U, in the opposite direction into the shocked incident gas with the state 3.
For simplicity, the interface, between the incident and the reflected gases is assumed to be
planar and parallel to the incident shock, i.e. the incidence angle a = 0°. Such head-on inter-
actions do not cause any deformation of the gas interface.

Based on these assumptions Henderson [56] developed a rigorous definition of wave imped-
ance, which determines the nature and intensity of shock refractions, as well as the fraction
of shock energy and power that are reflected and transmitted. Generally there are two
classes of shock refractions: “slow-fast” (s/f) and “fast-slow” (f/s). The terms “slow” and “fast”
refer to the velocity of sound in the respective gas. The refraction is s/f if the incident shock
wave travels in the low sound velocity medium, e.g. the cold, unburned gas. In such interac-
tions the incident shock is transmitted as a shock, whereas the reflected wave is always an
expansion fan. Conversely, in f/s refractions the incident shock propagates in the high sound
velocity fluid, and both the reflected and transmitted waves are shocks. For shock refractions
at non-reactive interfaces, an iterative calculation procedure of the post refraction flow field is
presented in [14].

For reactive interfaces, the change in the thermodynamic state is governed by the chemical
reactions occurring in the flame. Hence, when calculating such refractions, the dependence
of the chemical kinetics (laminar flame speed) on mixture temperature and pressure must be
taken into consideration [51]. Refraction systems consisting of incident, transmitted and re-
flected waves, which evolve following s/f and f/s shock-flame interaction, are schematically

presented on a time-space plane in Figure 3.2.
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Figure 3.2: Wave-diagrams of a) slow-fast, and b) fast-slow shock-flame refraction [132]

The contact surface evolves at the instant of the interaction and separates the regions 5 and
6 in which the gas undergoes a different entropy rise. This is because the gas particles in
region 5 are first subject to pressure wave action and then burn, whereas those in region 6
are burned before being affected by pressure waves. Following continuity conditions are
valid across the contact surface:

5 : _ 5 : (3.7)
The continuity conditions of eq. (3.7) are applicable across all non-reactive media inter-
faces [56]. An iterative calculation procedure for determining the thermodynamic conditions
in all six regions of the wave diagrams of Figure 3.2 is given by Rudinger in [132].
If the incident shock and the interface are not parallel to each other, then the calculations
discussed above must be modified in order to account for the incidence angle a [56]. For a
smaller than a critical angle a., all waves are locally plane and meet at a single point on the
interface. Such refractions are called regular and obey the theory discussed above. For
a = a, the interface continuity conditions (3.7) do not hold any longer and refraction is irregu-
lar. This type of refractions involves Mach-reflections in the incident medium, and when the
refraction is s/f, precursor shocks in the transmitted medium. The domain of irregular reflec-
tions is very complex and a detailed discussion is beyond the scope of this work. A more
detailed description of this topic including the transition from regular to irregular refractions is
given in [1] and [56]. For the a. it can be said that, for a given stratification (p1/pg) and a
growing strength of the incident shock, it increases for s/f refractions, and decreases for f/s
refractions [138], [139].
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3.2.3 Flame Front Deformation Induced by Shock-Flame Interaction

Any perturbation on the interface between two fluids of different properties is amplified follow-
ing interaction with a shock wave [26], [133]. Early shock-flame interaction experiments car-
ried out by Markstein [98] showed that, besides the shock refraction, the passage of a shock
wave through an initially curved laminar flame causes the flame area to increase and to be-
come turbulent in some cases. Richtmyer (1960) was the first to theoretically describe the
deformation of medium interfaces subject to shock induced, impulsive acceleration. His the-
ory was then qualitatively confirmed by Meshkov’s shock-tube experiments in 1969. Hence,
this class of problems is since known as the Richtmyer-Meshkov instability (RMI) [26]. It is
related to the Rayleigh-Taylor instability (RTI), however, differs notably from it through the
impulsive interface acceleration induced by the shock passage.

The underlying mechanism for the amplification of interface perturbations is baroclinic vortic-
ity generation resulting from the misalignment of the shock pressure gradient and the local
density gradients across the interface [26], [125]. In Figure 3.3 schematics of a basic, non-
reactive, two-dimensional configuration for the RMI are shown in the frame of reference fixed
to the interface. The incident shock is flat and travelling in the direction normal to the inter-
face. The interface separating two regions of different density is a discontinuity. For the sake
of simplicity, the interface is assumed to be non-reactive and to have a simple single-mode
sine function shape with known wavelength A and initial amplitude ¢, (Figure 3.3a).

Following the refraction of the incident shock, a shock wave is transmitted, and a shock or an
expansion wave, depending on the fluid properties, is reflected. As a result thereof, the inter-
face is impulsively accelerated and travels at a constant velocity in the direction of the trans-
mitted shock. An unstable vortex sheet of varying strength is created at the interface due to
generation of baroclinic vorticity resulting from the local misalignment of pressure and density
gradients; see Figure 3.3b. The overall result is that the initial perturbation amplitude grows
continuously after the passage of the shock. During this early period the perturbation growth
is linear in time. At later times, the perturbation amplitude evolution becomes non-linear. Dur-
ing this non-linear growth phase spikes or “funnels” of heavy fluid penetrate into the light
fluid, and bubbles of light fluid spread into the heavy one (Figure 3.3c). Eventually the Kelvin-
Helmholtz instability causes the roll-up of the funnels (Figure 3.3d) and a turbulent mixing

zone develops between the fluids (Figure 3.3e) [26].
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Figure 3.3: Evolution of RMI at a single-mode interface perturbation [26]

The growth rate of perturbation amplitude ¢ for the RMI (in the literature often designated by
the symbol n) was obtained by Richtmyer [26] as:
de(t)

" £ =kAuAte, . (3.8)

Therein, k = 211/A is the wave number of the perturbation, At = (p2 - p1)/ (p2 + p4) is the post-
shock Atwood number, Au is the interface velocity change due to shock refraction, and ¢ is
the initial perturbation amplitude. This equation describes the development of the interface
while the amplitude is still small enough to remain in the linear regime. Nonlinear interface
growth theories were developed by Sadot et. al. [135] or Li & Zhang [26], which are valid for
all, the linear, early non-linear, and late asymptotic, growth regimes.

Kilchyk [84] performed numerical investigations into the interaction of shock and expansion
waves with two-dimensional, single mode, sine-shape gas interfaces. He used both, inert
and reactive interfaces, which were representative of stoichiometric propane combustion. In
his work he demonstrated that the rate of perturbation amplitude change €, acquired using
linear and non-linear theories, as well as assessed directly from numerical simulation, signifi-
cantly differs from the rate of interface length change vi... Furthermore, he concluded that the
interface length increase remains near-linear with time for a considerably longer period than
the perturbation amplitude growth. In the case of the reactive interface, the interface length
reaches its maximum when the rate of interface increase is equal to the rate of interface
“burn out” due to enhanced chemical kinetics of the flame. Kilchyk concludes that the inter-
face perturbation amplitude growth rate is an inappropriate representative of the interface
length growth in two dimensions or the interface surface growth in three dimensions respec-
tively. Based on these results, he suggests a proportionality relationship between the inter-
face length growth rate vy, the deposited vorticity or circulation I', and the geometrical pa-

rameters of the initial interface A, ¢€:
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e,
Vint ~ A2

The relation (3.9) is valid for both, the s/f and f/s, classes of interactions [84]. However, the

(3.9)

full expression may involve different sets of constants in the s/f and f/s interaction cases.
The evolution of vorticity wy in an inviscid, two-dimensional flow can be expressed in terms of
pressure and density gradients as follows [84], [139]:

D(wy/p) _VpxVp
Dt JoX

(3.10)

Generation of vorticity is negligibly affected by the presence of chemical reactions at the in-
terface [84], [158]. This allows the treatment of the fluid dynamic effects separately from the
combustion processes. Oblique shock-interface interaction produces a shear layer at the
interface. This leads to a difference in the tangential component of fluid velocity across the
interface, which is responsible for circulation . The circulation I is defined as a line integral
around the density interface, and can be expressed in terms of the difference in tangential
velocity uw, across the interface with the total length I, [84]:

r :_I”wv dxdy =l (Upans —Utanz ) (3.11)
The strength of the generated vortex sheet y is given by eq. (3.12) as the circulation per
length of the interface, or as the jump of tangential velocity across the interface [84], [139].

r
V:_:(Utam _Utan2) (312)

ot
If the circulation generated at the interface is known, it is possible to determine the two-
dimensional rate of interface length growth using relationship (3.9). Consequently, the total
increase in the three-dimensional flame surface area resulting from a shock-flame interaction

can be estimated for a given channel and initial flame geometries.

3.2.4 Generation of Pressure Waves at Disturbed Flame Fronts

Pressure waves are known to be generated by a flame in response to various kinds of per-
turbations such as changes in combustible mixture composition or variations in thermody-
namic properties of the mixture. Well known examples of such phenomena are ignition proc-
esses, flame acceleration in ducts, or pressure wave and flame interactions [30], [31], [132].

The physical mechanism involved in the generation of pressure waves at flame fronts can be
described as follows. The increased flame surface area, gas temperature and pressure result
in a change in the rate of heat release (HRR) of the flame. The HRR is the amount of energy

released by a flame per unit time. It is a function of the combustible mixture composition,
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thermodynamic properties of the unburned gas, and flame surface area [32], [84]. The total
rate of heat release is given by the equation (3.13) [132].

Q=qp,;s, Ae (3.13)
In this equation q is the energy release per unit mass of the mixture; p is the density of the
unburned gas; s, is the laminar flame speed; and A is the flame surface area.
As a consequence of the elevated heat release rate, the rate of expansion of the burned gas
is altered accordingly. This can be visualised by an idealised volume of unburned gas trav-

ersing a flame front; see Figure 3.4.
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Figure 3.4: Expansion of a volume of combustible mixture due to combustion. Frame of ref-

erence is fixed to the flame front

In the case of the shocked flame the amount of heat added to the gas volume per unit time is
higher compared to the undisturbed flame. This results in the gas expanding at a higher rate.
Relative to the gas particles outside of the fictitious volume the boundaries of the expanding
gas volume can be considered as solid walls. Thus, pressure waves are generated as a re-
sult of a change in the expansion rate of the burned gas [32].

The perturbation analysis theory proposed by Chu [30], [31], [32] provides the best basis for
analytical treatment of such problems [132]. Chu considers a one-dimensional, compressible
flow across a planar flame front; as shown in Figure 2.2. His analysis is valid for finite
changes in thermodynamic variables and does not involve linear approximations. The rate of

heat release per unit flame surface area w is defined as shown in eq. (3.14).
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A
W=qp;S¢ :qp1SLA_F (3.14)
L

This equation suggests that there will be a change in w whenever there are changes in the
laminar flame speed s|, unburned gas density p4, or flame surface area As. A_ is the surface
area of a planar, laminar flame that corresponds to the cross-sectional area of the combus-
tion system. g is assumed to remain constant as long as the combustible mixture composi-
tion is not changed. Using the assumption of low Mach-number of the initial flame front
(M4<<1, i.e. p1 = p2 = p), and constant k across the flame front (k; = k2 = k), the following rela-

tion can be derived [32]:
1 p(1+4p/p)(a; +a,)(4p/p)

K —1 k+1(2p) (3.15)
2k \ p

This equation allows the calculation of the finite pressure rise Ap generated in response to

finite changes in the heat release rate of the flame Aw, regardless of how such changes are
produced. The generated pressure waves are assumed to be of equal strength in both the
burned and unburned gas Apq = Ap, = Ap [32]. The relationship (3.15) was successfully ap-
plied by Scarinci et. al. to estimate the changes in flame heat release rate, resulting from
experimental shock-flame interaction pressure records for different fuels [140].
For moderate changes in w, i.e. dw/w<<1, weak pressure waves with the pressure rise dp,
where dp/p<<1, are generated at the flame. Following analytical relationship was derived by
Chu for estimating such pressure waves under the assumption k4 = K, [32]:
o _ k-1 ow
P - a,+a, p

The one-dimensional model discussed above allows the calculation of the pressure waves

(3.16)

that are generated at the flame front as a result of changes in the heat release rate of the
flame.

As per eq. (3.14), there exist two potential mechanisms that can lead to an increase in the
rate of heat release of a flame: changes in the fuel burning rate per unit flame surface area
pss. due to compression effects; and increase of the flame surface area due to RMI. Results
of numerical and experimental investigations have demonstrated that the latter effect, i.e. the
deformation of the flame surface, is the dominant mechanism in shock-flame interactions.
This is particularly true for weak incident shocks, and low reactivity, i.e. low laminar flame
speed, fuels [85], [140].

Khokhlov et. al. [81] performed numerical interaction studies of a shock wave and a sinusoi-
dally perturbed, stoichiometric acetylene-air flame. He found that the combined effect of

flame surface area growth and increase in the fuel consumption rate result in the heat re-
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lease rate of the flame to rise by the factor 20-30 due to a single shock-flame interaction. His
results also indicate that this increase is almost halved in two dimensions relative to three
dimensional computations. The increase in heat release rate achieved in one dimensional
computations is up to 20 times lower than in two dimensions because it is related to the com-
pression effects only [82]. Considerably higher augmentation rates of flame energy release
rate are achievable through multiple SFI [81], [82]. Scarinci et. al. [140] demonstrated in-
crease factors of higher than 1000 in their multiple shock-flame interaction experiments using
acetylene flames. In their numerical and experimental investigations Khokhlov, Thomas et.
al. [82], [155] showed that multiple SFI create conditions under which DDT may occur. Shock
velocities achieved prior to the onset of detonation in their studies were approximately half of
the characteristic fuel CJy-detonation velocity. The pressure behind these waves corre-
sponded to the CV combustion pressure of the initial mixture. Vorticity generated in these

studies was shown to be insufficient to locally extinguish the flame [81].

3.2.5 Shock-Flame Interaction in Two-Phase Combustion Systems

The combustion of sprays of liquid fuels is of fundamental practical importance. A large por-
tion of the world energy requirement, particularly in the transportation sector, is currently
covered by burning of liquid fuels. Liquid fuel combustion is significantly different from gase-
ous fuel burning. It belongs to the group of diffusion flames, and involves droplets of liquid
fuel reacting with the surrounding oxidising atmosphere, usually air. The fuel droplets evapo-
rate and produce flammable vapour. The oxidant and the fuel vapour mix and burn in a diffu-
sion flame surrounding the droplets [168]. Hence, the energy release is not instantaneous
but occurs after some minimum time 1. The total ignition delay time T, is a simple sum of
three characteristic times 15, T, T, [69]. Ts is the characteristic time required for fuel-oxygen
mixing including evaporation; T, is the characteristic time required to mix hot products with
the reactants, heating them up to the ignition temperature; and 1, is the chemical reaction
induction time. The total ignition delay time can be reduced by shortening 1. through in-
creased temperature and pressure of the reactants. Alternatively, 15 can be reduced by im-
proving the quality of the spray, i.e. by generating smaller fuel droplets in order to accelerate
evaporation and mixing.

Interaction of a propagating shock wave with a liquid droplet causes the droplet to break up,
forming smaller droplets, and to partially evaporate. This is brought about by the shear
stresses on the droplet surface in the high velocity flow associated with the shock. Various
atomisation regimes have been identified in terms of the Weber number We = pud/c [20],
[22]; see Figure 3.5. In this equation p is the post shock gas density, u is the post shock flow

velocity relative to the droplet, d is the droplet diameter, and ¢ is the droplet surface tension.
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For weak shock waves resulting in We < 10, no droplet breakup occurs. Values of We = Re'"?

result in an intensive droplet breakup (stripping mode and higher), leading to the formation of
a cloud of very small, fast evaporating droplets with a diameter of d = 50 ym [22]. Therein,

Re = du/v is the Reynolds number, where v is the kinematic viscosity of the post shock gas.
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Figure 3.5: Breakup regimes of water droplets [49]

Consequently, the presence of a dispersed liquid phase has a substantial effect on the be-
haviour of the shock propagating through it. A portion of the energy and momentum of the
post-shock fluid is consumed by the processes of droplet acceleration, breakup and evapora-
tion. As a consequence, shock waves are attenuated when propagating through inert, two-
phase liquid-gas flow systems. Higher attenuation rates are observed with smaller droplet
size at constant mass loading of the liquid phase [22], [29].

In reactive two-phase mixtures, the energy of the chemical reaction overcomes the breakup
losses and leads to the amplification of the incident shock. The condition for this to occur is
that the energy is released as shortly as possible after the shock passage [29]. This is
achieved either through the use of small droplets or by stronger incident shock waves. It
leads to more intense droplet breakup and thus, shorter mixing times 15, which in conse-
quence accelerates the heat release process.

In their experimental studies Borisov et. al. successfully described the ampilification of shock
waves in burning two-phase mixtures on the basis of the Rayleigh criterion [19], [20], [21].
The explicit definition of the Rayleigh criterion is given in Chapter 3.1. Borisov et. al. demon-
strated that the incident shock wave is amplified only if the total ignition delay time 1 is
shorter than the post shock constant pressure interval At (see Figure 3.6), i.e. the combus-

tion energy is released within the high pressure region behind the shock. In this case the
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secondary pressure waves generated in response to the increased heat release contribute to
the reinforcement of the incident shock wave. Their experimental results clearly show that
droplet breakup is the main process responsible for the feedback mechanism between shock
waves and combustion in two-phase mixtures. For strong shock waves and small droplets
this feedback mechanism leads to the formation of a sustained detonation even within short
axial distances [21], [29].

3.3 Pressure-Gain Combustion Based on Shock-Flame Interaction — Concept

Development

The Rayleigh criterion states that the mechanical energy in a pressure oscillation will grow in
time when the fluctuating heat release rate is in phase with the underlying pressure field [33].
Hence, it provides a direct route to achieve an unsteady mode of pressure-gain combustion.
However, although appearing obvious, the Rayleigh criterion has been barely used to identify
and exploit the regimes of pressure-gain combustion rather than avoiding them [62].

Chu [33], [32] was the first to discuss the Rayleigh criterion on the basis of a piston engine
analogy. Janus et. al. [62] developed that idea further into the “frequency matching” concept
and applied it to analyse the operation of a pulse combustor; see Chapter 2.4.4 for detailed
description. The “frequency matching” concept states that the frequency of the resonant
acoustic pressure field and the frequency of combustion must be matched, i.e. be in phase,
in order to achieve best pressure-gain performance. Janus et. al. confirmed the validity of
this concept by demonstrating the best pressure-gain performance under frequency match-
ing conditions in a numerical model of a pulse combustor. Hence, the Rayleigh criterion pro-
vides crucial guidance in the design and optimisation of unsteady PGC systems [115].

A major drawback of combustion concepts using interaction of a flame with resonant acoustic
pressure waves, such as the PC, is their susceptibility to system geometry. The fact that the
operating frequency of such devices is governed by resonance strongly limits the means of
controlling them. This drawback can be overcome by using another type of flow field distur-
bance — the shock waves. Shock waves are characterised by supersonic propagation veloci-
ties and an abrupt, nearly discontinuous change in thermodynamic fluid properties [7]. A
strongly idealised static pressure profile of a propagating shock wave is shown in Figure 3.6.
It is characterised by a steep increase in pressure with the finite amplitude Ap, and a con-
stant pressure interval At, which is followed by expansion wave induced pressure reduction.
In previous chapters it was shown that SFI, in both premixed and two-phase combustion sys-
tems, is responsible for an increase in the flame energy release and generation of secondary

pressure waves as implication thereof. Under certain conditions a feedback loop between the
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flame and the shock induced pressure field may be established leading to a further, substan-
tial increase in pressure. Detailed understanding of the underlying feedback mechanism en-
ables controlled feedback and allows the exploitation of its thermodynamic pressure-gain
potential. To the authors knowledge there exist no PGC concepts that exploit this feature of
shock-flame interaction. The concept introduced in this work is based on the interaction of
propagating shock waves with a fully developed flame. If the thermal energy of the shock
disturbed flame front is released within the high pressure region behind the shock and is
higher than the energy dissipated from the flow, the Rayleigh criterion will be satisfied. This
leads to an increase in the pressure amplitude according to inequality (3.4); as schematically
indicated in Figure 3.6. The essential condition for this to occur is that the constant high
pressure time interval At behind the shock is sufficiently long to accommodate for the time
dependent increase in flame heat release rate. Finally, a time-averaged pressure rise can be
achieved by sequentially repeating at a certain frequency the phenomena described above

and depicted in Figure 3.6.
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Figure 3.6: Schematic diagram of the pressure profile behind a shock wave and further in-

crease in pressure following heat addition

Consequently, the PGC concept suggested and studied in this work is based on a controlled
feedback loop between finite amplitude pressure waves and unsteady heat release. The
feedback mechanism is reset with every successive shock wave hitting the flame. Use of
shock waves eliminates the dependence of the operating frequency on the acoustics of the
combustion system. Nevertheless, geometrical boundary conditions still play an important
role. Shock waves reflect at walls and obstacles, which can cause multiple shock-flame in-

teractions and affect the time-averaged pressure-gain performance. The theoretical concept
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presented above possesses three degrees of freedom, which can be varied independently of
each other. They are: the strength of the shock wave, expressed by the pressure amplitude
Ap or the shock propagation velocity; the “length” of the shock wave At; and the frequency at
which shock-flame interaction is repeated. These independent control variables increase the
flexibility of the concept and make it theoretically adaptable to various fuels, operational con-
ditions, and system geometries.

The envisaged application of this concept to gas turbines aims at a steady inflow, unsteady
outflow combustor that generates a time averaged rise in total pressure from inlet to outlet
using shock-flame interaction. Theoretical considerations regarding mechanical realisation
and integration of a potential shock-flame interaction combustor into a gas turbine cycle are
presented and discussed in Chapter 6.2.

Despite significant achievements in theoretical and experimental modelling of shock-flame
interaction in the last decades, there are still many uncertainties about this highly complex
process [84]. A detailed understanding of shock-flame interaction physics, its pressure-rise
potential, as well as the characteristic times, is required to enable further concept develop-
ment. The main objective of this work is therefore, to provide a contribution to the under-
standing of shock-flame interactions, as well as to highlight the theoretical potential of the

PGC concept based on shock-flame interaction.
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4 Experimental Investigation of Shock Wave-Flame Inter-

action

For the experimental part of this work it was decided to conduct a series of shock-flame in-
teraction experiments using a premixed flame. These studies should provide detailed infor-
mation on pressure evolution and dynamic behaviour of the interaction process. Further, the
experimental results will be used for verification and comparison with the analytical shock-

flame interaction model developed in the course of this work, see Chapter 5.

4.1 The Experimental Facility

A shock tube is an ideal experimental tool for studying transient, high-temperature and high-
pressure, gas-phase phenomena such as shock-flame interactions [98], [140], [153], [155]. It
allows the creation of well-defined and uniform thermodynamic states in a controlled and
highly-repeatable manner. Shock tubes are typically applied for super- and hypersonic flow
studies, chemical kinetics investigations, studies on liquid-spray breakup and vaporisation,
as well as combustion studies in both gaseous and heterogeneous mixtures [151].

A stainless steel, double-diaphragm shock tube located at the Shock Tube Laboratory of the
German Aerospace Centre (DLR) Stuttgart was used for the experimental studies. In Figure
4.1 the schematics of the shock tube test facility are shown. Driver and driven section of the
shock tube have a length of 2.015 m and 4.885 m, respectively. The internal tube diameter is
46 mm. The last downstream part of the driven section is equipped with eight piezoelectric
pressure transducers mounted flush to the internal surface of the shock tube that can be
used for the measurement of the incident shock velocity. For the experiments a special test

section was designed, manufactured and mounted on the existing shock tube facility.

2,015 m 1 4,885 m K
Driver tube Driven tube Test
section

Figure 4.1: Total dimensions of the shock tube test facility
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The schematic of the fully assembled experimental shock tube facility is presented in Figure
4.2. In all experiments helium (He) and argon (Ar) were used as driving and driven gas, re-
spectively. The combustible mixture used was a nearly stoichiometric (® = 0.989) mixture of
methane (CH,), oxygen (O,) and argon. In this mixture air nitrogen was proportionally substi-
tuted by argon in order to adjust the mixture impedance to that of the driven gas as closely
as possible, hence reducing the shock refraction at the interface between the two gases. The
specific heat of argon is lower than nitrogen, which results in higher reactivity, i.e. higher
flame temperatures and burning velocities for argon mixtures [128]. A ball valve mounted
between the driven tube and the test section was used to separate the driven gas from the

combustible mixture at the beginning of each experiment.
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Figure 4.2: Schematics of the shock tube test facility and instrumentation

The detailed design of the purpose-built test section including the ball valve is illustrated in
Figure 4.3. The test section has a rectangular external shape and an inner diameter of
46 mm. It was designed to provide a source of ignition and to enable a detailed measure-
ment of the shock-flame interaction process. The main component of the test section is the
measurement section — a tube eroded from a block of stainless steel to provide high-
precision surface. It is equipped with a total number of 32 axially and circumferentially dis-
tributed ports, which can accommodate different types of measurement instrumentation with
a maximum diameter of 10 mm. The ignition module can be installed either in front of the
measurement section or behind it. It includes four circumferentially distributed and simulta-
neously firing BERU ZSE 012 pencil type ignition coils. A YUASA 12 V, 38 Ah battery was
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used to power the ignition module. The test section is closed by the end flange, which also
provides three ports for measurement instrumentation. The physical variables measured in
the experiments were — static pressure, total pressure as well as flame chemiluminescence

emissions. Detailed description of the measurement instrumentation is given in the next

chapter.
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Figure 4.3: Detailed design of the test section

With regard to Figure 4.3 it is also mentioned that, in the experiments, an additional tube
section with a length of 300 mm was installed between the ignition module and the end
flange. The additional tube length allowed the extension of the available measurement time.
It is the time interval between the interaction of the incident shock wave with the flame front
and the arrival of the end wall reflected shock.

The instants of ignition and shock generation must be selected very carefully in order to
make the shock and the flame interact within the confined measurement section. A trigger
and delay generator with four independently programmable channels was used to precisely
define the sequence of events in the experiments.

Operation of the shock tube facility requires further auxiliary equipment. Before each run,
prior to the filling in of the test gases, the shock tube facility was evacuated to pressures be-
low 107 bar. A Pfeiffer DUO 004A vacuum pump was used to pump down the driver section.
The driven section and the test section were evacuated with the Pfeiffer DUO 012A vacuum

pump and subsequently by the Balzers TPU-170 turbo molecular high vacuum pump.
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4.1.1 Measurement Instrumentation

In Figure 4.4 the schematic of the “unfolded” test section is shown in order to illustrate the
exact positioning of the measurement instrumentation. There is a row of seven ports on each
side of the test section, which are successively axially displaced by 8 mm relative to each
other. The ports within each row have a distance of 32 mm from each other. Four additional
ports are provided in the so called “monitoring plane”. Pressure and optical instrumentation,
ten of each, was installed on opposing sides of the tube, providing an axial resolution of
16 mm respectively. Hence, the total highly resolved axial distance for the shock-flame inter-

action to occur in, referred to as the effective measurement section, was 152 mm in length.

Effective measurement section
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Figure 4.4: Schematics of the “unfolded” test section and positioning of measurement in-

strumentation

Transient static pressure traces were monitored using dynamic piezoelectric OMEGA
DPX101-1K pressure transducers with a total pressure range 0-70 bar, a resonant frequency
of 500 kHz, and a high frequency range of 170 kHz. The measurement uncertainty of these
pressure transducers is given by the manufacturer at 0.965-10 bar. Ten pressure transduc-
ers of this type were mounted in the ports of the test section (see Figure 4.4) with the dia-
phragm flush to the internal surface of the test section. An additional absolute pressure
transducer was installed in the monitoring plane to control the test section filling process.
Further, two piezoelectric PCB 113A24 pressure transducers were used for measuring of the
total pressure in flows with flow direction towards the end flange, i.e. in the direction of the
incident shock wave. Therefore, the transducers were fitted into stainless steel tubes with the
diaphragm flush with the end of the tubes and at 90° to the shock tube axis. The diaphragms
of the transducers were shielded against undue heat transfer through a thin layer of rubber
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silicone. The instrumented tubes were installed in the ports of the end flange (see Figure
4.3), so that they could be moved axially, allowing to take measurements in any plane of the
test section.

Chemiluminescence is the electromagnetic radiation emitted during the de-excitation process
of electronically excited species, such as CH*, OH*, C,*, CO,*, that are formed via chemical
reactions in the combustion zone [111]. Imaging of chemiluminescence is widely applied for
flame position, shape, and structure detection, as well as a measure of flame heat release
fluctuations [16], [52], [86], [94], [97], [150]. In the present study, CH* radiation at wavelength
A =431 nm was employed as a qualitative measure of the heat released by the flame. The
CH* radicals emit light in a narrow spectral band, which is superimposed by the broadband
emissions from CO.* [92], as shown in Figure 4.5. For an exact measurement the broadband
CO.* emissions must be subtracted from the signal. However, for a qualitative and purely
comparative heat release measurements performed in this study, it was deemed to be ap-
propriate to use the uncorrected signal. CeramOptec UV 600/660 fiber-optic light guides with
a numerical aperture 0.22 £0.02 and a stainless steel ferrule were mounted in the ports of
the test section. They conducted the emission signal to the A = 431+1 nm interference filters.
Hamamatsu R928 photomultipliers operating at the voltage of 400 V were applied to amplify
the filtered signal.

All pressure and optical experimental data was simultaneously recorded at the frequency of

1 MHz and the resolution of 16 Bit on a LDS Nicolet multi-channel transient recorder.
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Figure 4.5: Chemiluminescence spectrum of a stoichiometric premixed CHy-air flame [92]

4.1.2 Experimental Configuration and Procedure

In order to study both classes of shock-flame interactions, the s/f and f/s, two different ex-
perimental configurations were used. The first configuration is the one shown in Figure 4.2

and will be referred to as “conf1” or “rear ignition configuration”. In this configuration the igni-
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tion module is installed behind the measurement section. Following ignition a flame front
propagates through the combustible mixture towards the incident shock. The interaction of
this flame front and the incident shock wave, which is to occur within the instrumented sec-
tion, is s/f. In this configuration, the interaction of the flame with incident shocks of different
strength between M; = 1.2 and 1.55 was studied.

In the second experimental configuration the ignition module was mounted immediately be-
hind the ball valve, i.e. in front of the measurement section. It will be referred to as “conf2” or
“front ignition configuration”. Upon ignition, a flame front propagates towards the end flange,
in the direction of the incident shock wave. The incident shock comes from the side of the hot
burned gases and crosses the flame. This type of interaction is therefore f/s. In this configu-
ration only shock waves with the mach number of M; = 1.1 were examined.

In all experiments aluminium foil diaphragms with thicknesses of 0.2-0.5 mm were used.
Laboratory room temperature was between 21 and 24 °C. The initial filling pressure in the
driven tube and the test section was kept at the same value, which varied between 2.15 and
2.25 bar. Upon filling of the shock tube facility to the desired pressures, the gases were al-
lowed to rest for a short while in order for the temperatures to return back to the room tem-
perature level. The experimental sequence was started by opening the ball valve. Exactly
two seconds thereafter the diaphragms were burst and the shock wave was generated. The
two seconds time interval between the events was chosen long enough to ensure full open-
ing of the valve, but short enough to prevent excessive mixing of the driven and the test
gases. The ignition and data acquisition were started simultaneously by the propagating inci-
dent shock wave, when it swept across the first pressure transducer located in the wall of the

driven tube.

4.2 Preliminary Studies

Upon assembly and commissioning of the experimental facility a series of preliminary ex-
periments was conducted. It included testing of the measurement instrumentation, shock
only and combustion only experiments. For the subsequent analysis the direction towards

the end flange, i.e. that of the incident shock wave, is defined as the positive x-direction.

4.2.1 Shock Experiments without Combustion

In the course of the preliminary studies an undue vibration was detected in the pressure re-
cords of the ten wall-mounted pressure transducers P1-P10. The pressure record of one
representative pressure transducer, showing the incident and the reflected shock waves, is

presented in Figure 4.6. The high frequency vibration occurs every time a shock wave
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sweeps across the diaphragm of the transducer, and is damped out after a short period of
time. A Fast Fourier Transform (FFT) of the transducer data exhibited a high intensity signal
that occurred in the spectrum between 62 kHz and 150 kHz across different transducers. It
was assumed that this systematic vibration was a result of the transducer diaphragm “ring-
ing” when excited by a shock wave transition, rather than a physical phenomenon. This as-
sumption was confirmed in an additional transducer test performed on a different shock tube.
In this test, the response to shock excitation of two sample transducers was compared to
equivalent transducers by other manufacturers under equal experimental conditions. Among
all sensors tested, the OMEGA transducers were the only that exhibited that spurious, high-
amplitude and high-frequency vibration response when being struck by a shock wave.

In order to remove the transducer inherent vibration from the pressure record an order seven
low pass digital elliptic filter with a cut-off frequency of 60 kHz was applied to the transducer
data. Additionally, the original data was conditioned using a digital moving-average smooth-
ing algorithm with an increment of 11 samples. The raw data as well as the conditioned sig-
nal are shown for comparison in Figure 4.6. Both signal conditioning methods eliminate the
undue, transducer inherent vibration from the pressure record without essentially changing
the residual, low frequency signal. Hence, the moving-average smoothing method is applied

to all pressure data presented in the course of this work.

| | [ ‘ |
e R ] M\f\i‘nl N S PR :
| ] ”‘ L ‘ i
L 1 PR AL |
5 | |
L T rLnnnT A Il |
o | _— W |
A I - .
1 _— w
5 5 - ] S A I I I .
e’ H Y : | \ ‘ |
=) | | | | | | |
6 4 ***** 1 - - === = - - t - — - - - - == == - - T - === - - - - == - - 4 - === - - - —
(%] | | | | | | |
s | | | | | | |
3H---- [ - R - R e 4o —— - —
‘_J | | ——Raw data
2r—-- [ o T Moving average smoothing, increment 11|
i i i — Low pass filter at 60 kHz
0.0105 0.011 0.0115 0.012 0.0125 0.013 0.0135 0.014

t[s]

Figure 4.6: Raw and conditioned pressure transducer data

An exemplary full pressure record, including all static pressure sensors P1-P10 as well as
both total pressure probes Pt1 and Pt2, is shown in Figure 4.7. Initial conditions in the test

section were as follows: quiescent gas, k;=1.54, C, =654.75J/kgK, p;=2.25 bar,
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T; = 295 K. At the time of around t= 0.0103 s the incident shock wave arrives at the instru-
mented section and traverses it in the direction towards the end flange. Its axial movement is
visualised by the sequential response of the pressure transducers P1-P10. In the experiment
presented in Figure 4.7, the total pressure probes Pt1 and Pt2 were located between the
effective measurement section and the end flange, at 430 mm and 230 mm from the end wall
respectively. After a short overshoot these pressure sensors show a pressure level above
that of the static transducers. This difference corresponds to the dynamic pressure head in
the flow behind the incident shock. The pressure behind the incident shock remains at a con-
stant level for some time and then begins to decline at t = 0.012 s. This indicates the arrival
of the expansion wave that is generated in the driver gas at the instant of diaphragm burst. It
propagates through the driver tube, reflects from its end wall, and finally arrives in the test

section causing the pressure to decrease gradually.
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Figure 4.7: Full pressure record of the incident and the reflected shock waves: conf1,
M; = 1.41

The incident shock wave arrives at the end wall of the test section and reflects from it. The
reflected shock wave is formed propagating in the opposite direction into the pre-compressed
gas. Hence, P12 (t = 0.0124 s) is the first, and P1 (t = 0.0137 s) is the last sensor to detect it.
It is noted the total pressure probes display the same pressure as the static ones behind the
reflected wave. This can have two reasons. Firstly, the flow velocity is directed away from the
end wall and the total pressure probes are not capable of measuring the dynamic pressure.
Secondly, the velocity behind the reflected shock wave is exactly zero under ideal, one-
dimensional flow conditions [114].

Shock velocities can be calculated from the recorded pressure profiles in conjunction with the

known spacing between the transducers. In the example discussed above the propagation
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velocity of the incident shock was v;=455.3 m/s, and that of the reflected shock was
v, = 356.3 m/s. Using the known incident gas properties the corresponding incident shock
Mach-number was derived to be M; = 1.41. Further, pressures behind the incident and the
reflected shock waves were analytically determined from the measured shock velocities and
known incident gas properties. Therefore, standard shock equations were applied [114],
[164]. For the sake of comparison the analytical values are highlighted by dotted lines in
Figure 4.7. The compliance between analytical values and experimental data was found to
be satisfactory.

A series of shock experiments with incident shock Mach-numbers ranging between M; = 1.1
— 1.6 was conducted for both experimental facility configurations confl and conf2. All re-

corded pressure profiles were equivalent to that presented in Figure 4.7.

4.2.2 Combustion Experiments without Shock Wave Generation

Investigation of the ignition and flame propagation processes was carried out during the pre-
liminary experimental phase. In these studies no shocks were generated. Thus, the shock
tube diaphragm was replaced by a firm, 2 mm thick aluminium plate. The driven and the test
section were filled with the driver gas and the test mixture respectively, to the equal initial
pressure of 2.15-2.25 bar. In both configurations, ignition was initiated two seconds after the
opening of the ball valve.

In Figure 4.8 representative records of static pressure and chemiluminescence emissions are
shown. All signals were recorded simultaneously. The time t = 0 corresponds to the instant of
ignition. In the upper diagram of Figure 4.8 the static pressure records (solid lines) at two
locations within the measurement section are presented. Ignition occurred in the vicinity of
the end wall of the test section. Heat of combustion leads to an expansion of the burned
gases. This expansion is constrained by the closed end of the tube, which results in a tempo-
ral increase in pressure from initial level of 2.2 bar to a peak pressure of around 3.1 bar. After
reaching a peak value the pressure expands into the driver tube. The static pressure trans-
ducers were not protected from combustion induced heat transfer during the experiments in
conf1. The steep drop in pressure records of the both pressure transducers at t =0.0105 s
and t=0.0136 s respectively is, therefore, not related to any physical phenomenon in the
fluid. It is an effect of the temperature gradient error occurring in piezoelectric transducers as
a result of rapid temperature changes in the working fluid [157].

In the lower diagram the emission profiles from the installed light guides are shown. The se-
quential rise in the signals of the light guides from L10 to L1 allows tracing of the flame
movement through the tube. The direction of flame propagation is in the negative x-direction.

The measured velocity of flame propagation varied between 69.9 m/s and 73.6 m/s for differ-
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ent experimental runs. The magenta line represents the total intensity of chemiluminescence,
which is a simple sum of the single emission profiles. In this context it is important to mention
that only a quarter of the total effective measurement section volume is captured by the light
guides. The emission signal does not return to zero when the flame front moves out of the
instrumented area. This remaining chemiluminescence signal for times larger than 0.013 s is

attributed to the CO, radiation in the hot combustion products.

®
(3}

w

N

absolute pressure [bar]
N
[$)]

QO -
[S2Ne) |

o
~

e
w

0.2

0.1

chemiliminescence © [-]

Figure 4.8: Static pressure and chemiluminescence emission profiles after ignition in conf1

The experimental facility did not provide visual access. However, information about the geo-
metrical shape of the flame was of essential interest to the modelling of the shock-flame in-
teraction process; see Chapter 5.1. In order to obtain such data, a basic numerical simulation
of the ignition and flame propagation within the test section was performed using ANSYS
CFX ; see [13], [67]. ANSYS CFX is a CFD solver that provides a fully defined and highly
resolved flow field solution based on URANS. A quasi two-dimensional numerical domain
was used for combustion simulation; see Figure 4.9. Its length and height corresponded to
the physical length and diameter of the shock tube facility, respectively. The spatial resolu-
tion in x and y directions was 0.5 mm for the test section part of the domain. The driver tube
part of the domain had a much coarser resolution in order to reduce computational time. The
thickness of the domain in z direction was one element. Rear and front walls of the domain,
i.e. the surfaces in Figure 4.9 rectangular to the z-axis, were modelled as periodicities. All

other domain boundaries were defined as solid walls with friction. The time step of the un-
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steady calculation was 5-10°s. k-epsilon
model was applied for turbulence. The
CFX implemented Burning Velocity and
Spark Ignition Models were used for com-
bustion and ignition computations respec-
tively. Detailed chemistry was provided by
the pre-defined combustible mixture Lami-
nar Flamelet Libraries. Axial locations of

the ignition spot and the pressure monitor

Figure 4.9: Schematics of the numerical

domain for combustion simulation

points were in accordance to the physical
positions of the respective instrumentation

in the test section of the experimental facil-

ity. Numerical combustion simulation was performed for both test facility configurations.

In Figure 4.10 numerically obtained flame propagation is shown for conf1. After ignition two

flame fronts are formed. The left flame front propagates towards the measurement section

and the driver tube, the right flame propagates towards the end wall of the test section.
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Figure 4.10: Numerical simulation of flame propagation after ignition in conf1

As has been mentioned previously, gas expansion causes a pressure rise in the region near

the end wall. This elevated pressure then forms a pressure wave that propagates to the left

towards the driver tube inducing a transient flow in the gas in the same direction. This flow

has an effect on both flame fronts. Thus, the left flame is accelerated, while the right flame

front is decelerated and transforms into the typical “tulip flame” [40] much quicker. The left

flame front reaches the instrumented section at the time around 0.0095 s, which is in good
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agreement with the experimental data; see Figure 4.8. The absolute flame velocity within the
measurement section was 72-77 m/s. Pressure histories from the numerical combustion
simulation are plotted as dotted lines into the upper diagram of Figure 4.8 for comparison
with experimental data. Both, the flame velocity and the pressure were higher than the ex-
perimental values. Maximum deviation lay within ten percent limit.

Equivalent analysis was performed for conf2. In the upper diagram of Figure 4.11 static pres-
sure records (solid lines) at two locations P1 and P8 in the test section are presented. Before
experiments of conf2 the diaphragms of all pressure sensors were protected from heat trans-
fer by a thin layer of rubber silicone. Hence, there is no evidence of spurious high tempera-
ture effects in the pressure profiles. As a result of gas expansion and its stagnation at the
closed end the pressure in the test suction elevates from initially 2.5 bar to the peak value of
3.4 bar. However, the pressure does not rise monotonically. After an initial rise, there is a
region of constant pressure between t=0.011s and t=0.015 s followed by an additional
increase. A similar behaviour is observed in the chemiluminescence emission records in the
lower diagram of Figure 4.11. Therein, after the first three light sensors the flame front seems
to stand still at t = 0.011 s and continues to propagate at t = 0.014 s. Such behaviour is best

explained using the results of the according numerical simulation given in Figure 4.12.
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Figure 4.11: Static pressure and chemiluminescence emission profiles after ignition in conf2
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In conf2 the ignition occurs upstream of the measurement section. After ignition, again, two
flame fronts are formed, with the right flame propagating towards the closed end of the test
section. Growing pressure between this flame front and the closed end produces a pressure
wave that propagates to the left entraining a flow in the gas in the same direction. This fluid
velocity decelerates the flame front at t = 0.01 s and even reverses its propagation for a short
period of time. Flame deceleration promotes the inversion of the flame shape and formation
of the “tulip” flame, which begins to evolve at t = 0.011 s. This effect is accompanied by a
temporal decrease in flame surface area and hence, a reduction in the rate of pressure rise
[40] (see Figure 4.11). In the following the flame burning velocity increases due to enhanced
turbulence, which is illustrated by the broadening of the flame front. Hence, the flame is ac-
celerated and restarts propagating in positive x-direction at t=0.014 s, as can be seen in
both Figure 4.11 and Figure 4.12.
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Figure 4.12: Numerical simulation of flame propagation after ignition in conf2

Pressure profiles obtained in the numerical simulation are compared with the experimental
pressure records in the upper diagram of Figure 4.11 (dotted lines). Absolute flame propaga-
tion velocities were around 26 m/s for the early phase, and around 34 m/s for the later
propagation phase. Deviation between numerical and experimental values was less than
10 % for flame velocities and below 15 % for pressures. Agreement between numerical and
experimental results was deemed to be acceptable for both configurations.

Preliminary shock and combustion experiments discussed above provided crucial information
for the following shock-flame interaction studies, particularly with regard to the timing of dif-

ferent events. Furthermore, detailed information on flow conditions and flame front geometry
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obtained from numerical combustion simulation is essential for the analytical modelling of the

shock-flame interaction, which is described in Chapter 5.1.

4.3 Shock-Flame Interaction — Experimental Results

4.3.1 Pressure and Chemiluminescence Profiles s/f-Interaction

Shock wave and flame interaction experiments were conducted for three different incident
shock Mach numbers: M; = 1.25, M; = 1.4, M; = 1.55 in the experimental set up conf1l. The
shock Mach number is defined in terms of the gas state into which the shock propagates
[164]. In the experiments, M; was determined from the absolute incident shock propagation
velocity measured immediately before the interaction event, i.e. in the unburned mixture for
conf1, or in the hot combustion products for conf2. Local gas properties required for Mach
number calculation were extracted from the numerical combustion simulations, which are
discussed in the previous chapter. In the analysis of the experimental data the recorded CH*
chemiluminescence is used as a qualitative measure of heat release of combustion.

In Figure 4.13 representative pressure and chemiluminescence profiles are shown for a s/f
interaction experiment with an incident shock Mach number M; = 1.38. Therein, each diagram
contains pressure data recorded at different axial locations P1-P9 in the measurement sec-
tion and chemiluminescence histories at the same locations. In the test rig the light guides
had an axial displacement of 8 mm relative to the pressure sensors. In order to obtain light
emissions at the locations of the pressure sensors, the recorded chemiluminescence data
was interpolated by sequentially averaging the profiles of a pair of adjacent light guides.

In the presented experiment the initial undisturbed flame, denoted by f,, enters the measure-
ment section at the time t = 0.0092 s at the rear end of the measurement section, i.e. light
guide L9 is the first to detect it. The undisturbed flame has a chemiluminescence intensity of
®y = 0.065, and propagates in the negative x-direction at a velocity of 73 m/s. Conversely,
the incident shock wave, denominated s;, enters the front end of the measurement section
and passes P1 at the time t = 0.0103 s. Initially, it propagates through unburned combustible
mixture at a velocity of 400 m/s in the positive x-direction, and has a pressure amplitude of
3.3 bar.

The interaction between the incident shock wave and the undisturbed flame occurs in the
vicinity of pressure sensor P4. This interaction is s/f in nature. As a result of this, a reflected
expansion wave and a transmitted shock wave are established. The propagation of the re-
flected expansion wave can be traced in space across the sensors P3-P1. It propagates at

the sonic velocity of the shocked incident gas in the opposite direction to that of the incident
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shock. A portion of the incident shock traverses the flame and continues to propagate in the
hot combustion products in the same direction. This transmitted wave s, is shown in P5-P9.
It is weaker in terms of pressure amplitude, which is around 1.4 bar, and moves faster than
the incident shock. Its absolute propagation velocity is around 1100 m/s, which corresponds
to My = 1.2 relative to the burned gas into which it propagates.
The effect of shock transition on the heat release of the flame is indicated by the chemilumi-
nescence emission profiles. Interaction of the incident shock with the initial flame causes an
increase in the heat release of the flame by 3-6 times relative to the undisturbed flame, which
follows immediately upon shock transition; see L4-L9. In Figure 4.10 it was shown that, at the
instant of incident shock arrival (t = 0.0104 s), the flame has a convex shape regarding the
incident shock with a substantial extent along the tube axis. Therefore, the event of shock-
flame interaction does not occur at a single axial plane, but rather has a spatial extent equal
to the axial length of the flame. Hence, the heat release histories shown in L4-L9 can be un-
derstood as a continued shock-flame interaction process when the incident shock traverses
the spheroidal flame front. A visual presentation of such processes can be found in [98]. After
reaching a peak value the chemiluminescence signal falls down to zero. This is not an indica-
tion of flame extinction. Fresh gas flow behind the incident shock wave entrains the flame
front and conveys it out of the instrumented area.
The zone around the interaction of the incident shock and the crest of the convex flame front
is characterised by relatively strong and highly unsteady pressure oscillations; see P3-P6.
This behaviour can be attributed to the formation of an irregular shock refraction, when the
local angle between the incident shock and the flame front exceeds a certain critical value.
Thereby, a complex and unsteady system of transmitted and reflected pressure waves is
locally established leading to temporal occurrence of relatively high amplitude pressure
peaks [56], [98].
An additional weak shock wave s; enters the rear end of the instrumented section (P9) at the
time t = 0.0114 s. This pressure wave originates from the interaction of the transmitted inci-
dent shock s; with the second flame front, which is located between the measurement sec-
tion and the end wall of the test section; see Figure 4.10. Because of the f/s nature of this
interaction both the reflected and transmitted waves are shocks. Thereby, the reflected shock
wave propagates back towards the measurement section. It interacts with the first distorted
flame front, again producing a reflected and transmitted waves, before arriving at the meas-
urement section at t = 0.0114 s. There, it propagates in negative x-direction at the absolute
velocity of 248.5 m/s. In terms of the shocked unburned gas into which it propagates it has a
strength of My = 1.24. The appearance of this secondary shock wave alters the gas state
after the initial interaction. Hence, it represents the limiting factor in terms of the available
observation time.
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Figure 4.14 shows pressure and chemiluminescence profiles of Figure 4.13 for an extended

period of time. Besides the waves s;, sy, and sy, that have already been discussed, there is

evidence of additional pressure waves. At the time t = 0.0123 s shock wave s, enters the
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Figure 4.13: Pressure and chemiluminescence profiles, incident shock only, s/f, M; = 1.38
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instrumented section at P9. This shock wave represents the transmitted portion of the inci-

dent shock s; that was reflected from the end wall of the test section. This shock wave traver-
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Figure 4.14: Pressure and chemiluminescence profiles of the incident and the reflected

shock waves, s/f, M; = 1.38
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ses both flame fronts before arriving at the measurement section. It propagates through the
instrumented section in the negative x-direction at the average absolute velocity of
482.8 m/s, and has a pressure amplitude of 7-8 bar. In experiments without combustion and
similar incident shock Mach numbers (M; = 1.4) corresponding values of 348 m/s and 4.2 bar
were measured. From this comparison it follows that the reflected shock wave experiences a
substantial amplification in the course of multiple interaction events. Interaction of the re-
flected shock wave s, with the first flame front, that was distorted and shifted by the incident
shock, is indicated by an increase in the heat release of the flame f; in L9. This increase is
stronger that that of the initial interaction by a factor 1.5-2.5. This increase initially occurs
simultaneously with the passage of s,. In the course of propagation the time lag between s,
and f; grows (L7-L1) indicating that the shock wave propagates at a higher velocity than the
flame. Intense gas-dynamic pressure perturbations are observed in the wake of the reflected
shock s, [82].

An additional phenomenon, denominated sw, is observed at the times between 0.013-
0.014 s in Figure 4.14. It is a pressure wave that propagates in the negative x-direction at a
velocity between 1000-1100 m/s in the absolute frame of reference. Interestingly, there is an
increase in the heat release of the flame of a substantial magnitude that occurs simultane-
ously with the passage of this pressure wave. This coupling between pressure and heat re-
lease, i.e. a combustion front, remains stable for the entire length of the instrumented sec-
tion. Further more, both pressure and heat release amplitudes of this phenomenon seem to
grow in the course of its propagation. This suggests a positive feedback mechanism between
the energy release at the combustion front and the pressure wave. Such behaviour agrees
well with the characteristics of “strange waves” experimentally observed and reported by
Thomas et. al. [155]. In their shock-flame interaction experiments they observed a sustained
coupling between the reflected shock wave and the distorted, turbulent flame front to propa-
gate at velocities of 800-900 m/s. They described this phenomenon as a form of propagating
explosion where the local energy release at the flame drives a blast wave ahead of it. In a
later numerical study on the same subject Oran and Gamezo demonstrated that the “strange
wave” is a result of reactive shock bifurcation in the boundary layer of the test rig walls [118].

The pressure and chemiluminescence histories for s/f interaction experiments with M; = 1.26
and M; = 1.55 are given in the Appendix A; see Figure A.1 and Figure A.2. They are analo-

gous to the case with M; = 1.38, and will not be discussed in detail here.

4.3.2 Pressure and Chemiluminescence Profiles f/s-Interaction

In conf2 only one Mach number range M; = 1.1 was studied. Pressure and chemilumines-

cence profiles of a representative f/s-interaction with incident shock wave Mach number
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M; = 1.11 are presented in Figure 4.15. Chemiluminescence intensity is used as a qualitative

measure for the heat release of combustion.
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In this configuration, ignition is initiated at an axial location upstream of the measurement
section, in terms of the incident shock direction of propagation. Following ignition, two flame
fronts are formed; see Figure 4.12 for reference. The first flame propagates in the negative x-
direction, i.e. towards the driver tube. The second one moves in the positive x-direction and
reaches the instrumented section at the time t = 0.01 s, as can be seen in L1 in Figure 4.15.
The velocity of propagation of this undisturbed flame f; in the laboratory frame of reference is
30.5 m/s. It has a chemiluminescence intensity of @ = 0.065.

The incident shock traverses the first flame upstream of the instrumented section. Transmit-
ted portion of this shock wave propagates through the hot combustion products and reaches
P1 at t=0.01 s. This incident shock wave s; propagates at the absolute velocity of 1082 m/s
and has a pressure amplitude of 1 bar. Its strength corresponds to M; = 1.1 with respect to
the gas into which it propagates. At the time when s; enters the instrumented area, the undis-
turbed flame has a concave shape with regard to s;, and an axial extent corresponding to
approximately one half of the measurement section length; see Figure 4.12. Hence, the inci-
dent shock is already in contact with the rear, wall adjacent part of the flame when it passes
P1. This continued shock-flame interaction is indicated by an increase in the heat release of
the flame (6-8 times compared to the undisturbed flame) that occurs simultaneously with the
passage of the incident shock in L1-L3. Because of the f/s nature of this shock-flame interac-
tion both reflected and transmitted waves are shocks. Evidence of the reflected shock wave
s can be found in the pressure traces P2 and P1. After the pressure rise resulting from the
incident shock there is another pressure rise of approximately 0.9 bar that propagates in the
opposite direction to that of the incident shock.

In the proximity of P3 the incident shock crosses the crest of the flame front. The propagation
path of this transmitted shock s is extracted from the records of pressure sensors located
downstream of P3. s has a higher pressure amplitude (around 2 bar) than the incident shock
s;. It moves at the absolute velocity of 430 m/s (M = 1.19) through unburned combustible
mixture towards the end wall of the test section. The disturbed flame front propagates in the
same direction as s, however, at a lower velocity (approx. 143 m/s), as can be seen from
growing time-lag between pressure and chemiluminescence increases in P4-P9 or L4-L9,
respectively.

Between t=0.012 s and t=0.013 s there is evidence of an additional pressure wave that
traverses the measurement section in the positive x-direction. This pressure wave sy is the
reflection of s, from the first upstream flame, which returns to the measurement section as a
sonic pressure wave characterised by a slow, gradual increase in pressure. A rise in the
chemiluminescence intensity associated with s;; indicates that the flame is still, at least par-
tially, within the measurement section and responds to this pressure disturbance by an in-
crease in heat release.
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The transmitted shock wave s, reaches the end wall of the test section and returns to the
measurement section at the time t=0.0135 s as the reflected shock s;. It traverses the in-
strumented section in the negative x-direction from P9 to P1 at an absolute velocity ranging
between 810-860 m/s for different runs. In the course of its propagation, s, simultaneously
induces a rise in flame heat release by further disrupting the distorted combustion zone that
extends across the whole length of the measurement section. Subsequently, weak secon-
dary pressure waves, which originate from repeated shock-flame interactions, continue to
traverse the highly distorted flame zone further augmenting its deformation. This repeated
disturbances lead to the formation of a turbulent flame [98], [155], which is indicated by a
further significant increase in flame heat release from L9 to L1. Finally, the turbulent flame

moves out of the instrumented area.

4.3.3 The Rayleigh Index

The Rayleigh criterion represents a major tool in pressure-gain combustion research. A de-
tailed description of the Rayleigh criterion and its mathematical formulation are given in
Chapter 3.1. In practice, an alternative formulation, the so called frequency Rayleigh index
R, is often used to identify regimes under which instability, or in other words reinforcement,
of an unsteady pressure field is promoted. The RI; is defined as follows [127]:

Rl = [ 2L qt (4.1)

pq

In eq. (4.1) p°, q" are pressure and heat release fluctuations, andp,q are the mean values

of pressure and heat release, respectively. Integration is performed over one cycle of oscilla-
tion to yield the frequency Rayleigh index, where T is the period of oscillation. A positive
value for Rl tends to amplify the unsteady pressure field, whereas a negative RlI; tends to
damp out the oscillations.
In the current analysis the pressure field is characterised by discontinuous pressure changes
due to shock wave action instead of periodic oscillations. For this reason eq. (4.1) is modified
to obtain the instantaneous, dimensionless Rayleigh index RI:
RI = '[ilc_f
pq

Equation (4.2) was applied to the experimentally recorded data in order to obtain a map of

(4.2)

temporally and spatially resolved instantaneous Rayleigh index. In this calculations the heat
release terms in eq. (4.2) were replaced by the measured CH* chemiluminescence signal

intensity. Mean pressure p was defined at 3.1 bar, which corresponds to the averaged pres-

sure value at the arrival of the incident shock wave. For the mean heat release q the value of
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O, = 0.065 was selected, which is the average chemiluminescence intensity of the undis-
turbed flame. Pressure p” and heat release q” fluctuations were defined as the local, instan-

taneous deviations from the respective mean valuesp andq.

In Figure 4.16 and Figure 4.17 a contour plot of RI for a representative s/f-interaction with
M; = 1.38 is given on a time-distance plane. Additionally, trajectories of various pressure
waves and flame fronts indicating their propagation through the measurement section are
plotted in the diagrams. The actual locations of the pressure and light sensors are indicated
along the x-axis. The interaction of the incident shock with the initial undisturbed flame is
shown in Figure 4.16. In Figure 4.17 both the incident and the reflected shocks are pre-

sented. These diagrams are best discussed in combination with Figure 4.14.
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Figure 4.16: Instantaneous Rayleigh index RI of the incident shock on the t-x plane, s/f,
M;=1.38

There exist two regions of enhanced positive RI. The first peak in Rl occurs when the inci-
dent shock interacts with the undisturbed flame front; see Figure 4.16. This interaction pro-
duces an increase in the HRR of the flame. This energy is released within the region of ele-
vated pressure behind the incident shock wave s;. Line fs. depicts the trajectory of the dis-
turbed initial flame being moved out of the measurement section. As a consequence there is
a region of positive Rl between the lines s; and fs. indicating a zone where combustion in-
duced pressure growth is promoted.

The second region of high positive Rl is found behind the reflected shock wave s;; see Figure
4.17. This shock wave further disturbs the already distorted flame front producing signifi-
cantly higher pressure and heat release fluctuations p” and q" than the first interaction; see
Figure 4.14. Consequently, the maximum values of Rl achieved in this region are much

higher than after the initial interaction — 180 compared to 4.5. These results confirm the find-
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ings of Khokhlov et. al. [81] who report significantly higher rates of heat release and shock
wave amplification to be produced by repeated shock-flame interactions compared to a sin-
gle event. Analogous representation of RI for s/f-interactions with M; = 1.25 and M; = 1.55 are
given in the Appendix A in Figure A.3 and Figure A.4 respectively. It is pointed out that in all
s/f-interaction experiments the maximum values of Rl were achieved immediately behind the
“strange wave” sw; see Chapter 4.3.1. This fact confirms the existence of a strong positive
feedback mechanism between the “strange wave” and the energy release at the combustion

front.
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Figure 4.17: Instantaneous Rayleigh index RI of the incident and the reflected shocks on the
t-x plane, s/f, M; = 1.38

Contour plot of instantaneous Rayleigh index for a f/s-interaction with M; = 1.11 is shown in
Figure 4.18. On the global map (upper diagram in Figure 4.18) the zone with the highest val-
ues of Rl is located in the region behind the reflected shock s;. This zone begins when s, en-
ters the instrumented section at P9, which induces a simultaneous increase in pressure and
heat release of combustion; see Figure 4.15. The intensity of Rl increases from around 30 up
to a maximum value above 70 at t = 0.015, as the flame front evolves into a turbulent flame
brush under the action of secondary pressure waves; see also Figure 4.15. The effect of the
interaction of the incident shock s; with the initial flame f; is illustrated in the lower diagram of

Figure 4.18. Therein an additional sharp increase in Rl from 4 to a value above 8 is observed
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att=0.012. This increase is related to the secondary reflection sy, which propagates through
the measurement section inducing a simultaneous increase in the heat release of the de-

formed flame. The trajectory of propagation of s;; is not shown in Figure 4.18.
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Figure 4.18: Instantaneous Rayleigh index RI on the t-x plane, f/s, M; = 1.11

These results clearly demonstrate the characteristics of shock-flame interaction to establish
conditions favourable for combustion induced amplification of pressure waves. Such condi-
tions are produced when a pressure wave traverses a combustion front, irrespective of the
mode of interaction. Passage of a pressure wave temporarily enhances the heat release of
the combustion front. This energy is released within the region of elevated pressure behind
the pressure wave, which further increases its velocity and pressure. In Table 4.1 maximum

RI values achieved as a result of the incident and the reflected interactions are tabulated for
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different interaction modes and different incident shock Mach numbers. These results sug-
gest that the “driving” capability of shock-flame interactions increases with the strength of the
incident shock wave for the same mode of interaction. The Rl intensity of the incident interac-
tion for s/f and M; = 1.55 appears not to follow this trend. Such a low value results from the
fact that in the corresponding experiments the incident interaction occurred at the very end of
the measurement section. Thus, the flame was moved out of reach of the light guides by the
wake of the incident shock before the heat release had enough time to evolve and reach its
maximum value. A comparison of Rl intensities of the two interaction modes s/f and f/s sug-
gests that the f/s-interaction is a rather energetic process and provides higher rates of pres-
sure wave amplification for the same M,. These results are in good agreement with the find-
ings reported by Kilchyk in [84] and [85].

max. Rl max. Rl
(incident interaction) (reflected interaction)
s/f, M; = 1.26 0.7 14
s/f, M; = 1.38 4.5 185
s/f, M; = 1.55 2.8 354
fls, M = 1.11 3.7 70

Table 4.1: Maximum intensities of RI for different interaction modes and different incident

shock Mach numbers

4.4 Discussion and Conclusions

Analysis of the chemiluminescence profiles provides clear evidence of the effect of shock-
flame interaction on the heat release of combustion. The heat released by the flame is ampli-
fied every time the chemical reaction zone is crossed by a pressure wave in both s/f and f/s
modes of interaction. The increase in energy release is due to two effects: compression of
the unburned gas and increase in flame surface area. The basic mechanism by which the
surface area of the flame is augmented is the Richtmyer-Meshkov instability [81], [140]. Re-
peated interactions between pressure waves and the distorted flame further increase its sur-
face area and enhance vorticity. Hence, the level of energy release is increase due to every
successive interaction. The magnitude of increase in the flame heat release is dependent on
the mode of interaction and the strength of the incident shock wave M. In Figure 4.19 the
maximum values O« of heat release measured by the different light guides after the inci-

dent interaction are normalised by the heat release intensity of the undisturbed flame ©, and
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plotted as a function of incident shock Mach number M; for both interaction modes. The in-
tensities of heat release rate after the reflected interaction are not shown here. The chemilu-
minescence intensities after the reflected interaction reached the saturation of the photomul-

tipliers in some cases, see Figure A.2 L6-L9, and are therefore not representative.
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Figure 4.19: Max. chemiluminescence intensities @« due to incident interaction normalised

by the intensity of the undisturbed flame ©,=0.065, for different interaction modes and M;

The increase in heat release rate due to the incident shock-flame interaction rises with M; for
s/f-interactions. Most of the heat release values for M; = 1.55 appear too low. As has been
already mention in the previous chapter, this is because the flame was blown out of the in-
strumented area by the wake of the incident shock before the heat release could reach its
maximum intensity. A straight line was selected to fit the values for M; = 1.25 and M, = 1.4.
This fit was extrapolated to M; = 1.55 in order to indicate the expected level of heat release
increase for such incident shock Mach numbers. The level of heat release increase meas-
ured after incident f/s-interactions for M; = 1.11 is also shown in the diagram. These values
correspond to those of M; = 1.4-1.6 for s/f-interactions. Such behaviour confirms the results
of Kilchyk [84], [85]. In his work he concludes that f/s-interactions produce up to four times
higher rates of fuel consumption than s/f-interaction for the same incident shock Mach num-
bers. This is because of the higher rates of flame surface growth and stronger compression
effects in this type of shock-flame interactions.

Computations of instantaneous Rayleigh index in the previous chapter demonstrate that the
increase in heat release occurs immediately after the passage of the shock wave. Further,

the rate of increase is high enough for the increased energy of combustion to be released
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within the region of elevated pressure behind the shock wave. Thereby, amplification of the

passing pressure waves is promoted. This effect is illustrated in Figure 4.20.
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Figure 4.20: Maximum measured pressure values pmax Normalised by the filling pressure

pa=2.25 bar, for different interaction modes and M,

In this figure the maximum pressure values, i.e. those behind the reflected shock wave,
measured in various experiments are presented as a function of the incident shock Mach
number M, All pressure values are normalised by the test rig filling pressure pg = 2.25 bar.
There are two sets of data points: those from interaction experiments, for both slow/fast and
fast/slow interaction modes, and those from corresponding shock only experiments (no com-
bustion) that were performed at the same M, It was not possible to conduct a shock only
experiment in the burned gas without the presence of combustion fronts. For this reason, the
pressure value for the shock experiment at M=1.11, shown in the diagram, was determined
analytically. Data series for the s/f interactions as well as for the pure shock experiments
were curve fitted. Best fit was achieved by using a second order polynomial in both cases.
Comparison between these two data sets clearly indicates that pressure waves are amplified
as a result of (multiple) shock-flame interactions. This amplification effect is a strong function
of the incident shock Mach number. It grows non-linearly in magnitude with increasing M..
Further, the normalised pressure values achieved in f/s M; = 1.11 are higher than those for s/f
M; = 1.25. Hence, the pressure amplification effect due to f/s-interaction appears to be
stronger than for s/f-interactions. This is in line with the results reported for the interaction
induced amplification in the heat release of combustion; see Figure 4.19. Fast/slow interac-

tions induce stronger amplification of the flame heat release than the slow/fast interactions
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for incident shocks of the same Mach number. This behaviour is responsible for higher pres-
sure wave amplification rates.

Analysis of the experimental results demonstrates that shock-flame interaction temporally
increases the heat released by combustion leading to a combustion induced amplification of
traversing pressure waves. Both, the increase in heat release and in pressure are dependent
on the strength of incident shock waves. They rise with increasing Mach numbers of the inci-
dent shock. Shock-flame interactions in the fast/slow mode seem to generate higher rates of
heat release and pressure increase than slow/fast interactions. Hence, it is followed that f/s is
the preferable type of shock-flame interactions with regard to PGC applications. In this con-
text it is, however, mentioned that more energy is required to produce shock waves of the
same strength in a hot gas than in a cold gas, if the pressure is the same in both fluids. A
shock wave, or a sequence of shocks, is generated by suddenly bringing in contact two
gases of different pressure, e.g. by opening and closing a valve between two volumes of
different pressure [164]. For a high temperature driven gas (e.g. combustion products) a
considerably higher pressure difference between the two volumes is necessary to generate a

shock of a certain Mach number than for a low temperature driven gas [114].
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5 Analytical Modelling of Shock Wave-Flame Interaction

The main objective of this work is to improve understanding of the process of shock wave
and flame interaction and to asses its potential with regard to PGC applications. For this pur-
pose a quasi-one-dimensional analytical model of the physical processes involved in the
shock-flame interaction was developed. Experimental data reported in Chapter 4 were used
for model verification. Results of the analytical calculation allow conclusion to be drawn re-
garding achievable pressure rise and reduction of combustion entropy rise due to a single

shock-flame interaction event.

5.1 Description of the Analytical Model

The overall structure of the analytical model for the calculation of the shock-flame interaction
phenomena is shown in Figure 5.1. The calculation procedure is broken down into four main
thematic modules. These are:

e Module 1: Steady propagation of a shock wave in homogeneous media

e Module 2: Change of state across a combustion front (Deflagration)

¢ Module 3: Shock wave-flame interaction

e Module 4: Formation of a new, fully defined flow field after the interaction event
Module 3 is further subdivided into sub-modules, which will be described in detail later. The
flow of information in the course of the calculation is indicated by arrows between the various
modules in Figure 5.1. The thermodynamic and aerodynamic output parameters of the for-
mer modules are the input parameters for the subsequent modules. A set of external input
parameters defining the initial gas state, the strength of the incident shock, the mode of in-
teraction, as well as the initial geometry of the flame, i.e. at the moment of interaction, is re-
quired at the start of each calculation. Based on this set of input parameters the model pro-
duces a fully defined flow field at the end of a single shock-flame interaction event.
All pressure waves dealt with in the model are one-dimensional in nature. Consequently, the
pressure and velocity fields produced at the end of the calculation are also 1-D. Such a situa-
tion would only be possible if the flame front was ideally plane and parallel to the shock wave
at the instant of interaction. In reality, flame fronts usually have complex, three-dimensional
geometries. Thus, transition of a plane, one-dimensional shock wave through such a convo-

73



Chapter 5: Analytical Modelling of Shock Wave-Flame Interaction

luted flame front in a narrow channel will produce a complex system of transmitted and re-

flected pressure waves that propagate both longitudinally and transversally. However, these

pressure waves coalesce and form a single one-dimensional wave already within a very

short distance after the interaction event [82], [140], [155]. For this reason the one-

dimensional approach in the modelling of pressure waves was deemed to be appropriate.

Further, the fluid flow is adiabatic, i.e. no heat exchange with surroundings, with internal heat

addition by combustion. Gravitation effects, as well as viscosity and thermal conductivity of

gases are neglected.
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Figure 5.1: Structure of the analytical model

correlation:

(from literature)

Module 4

The two-dimensional CFD-predicted shape of the flame at the moment of incident shock arri-

val is shown in the upper picture of Figure 5.2. This image was extracted from numerical
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combustion simulation discussed in Chapter 4.2.2. In the analytical model the geometrical

shape of the flame is modelled by a simple sine-wave with the analytical equation:

. [277 j
X=¢g,8in| —y
A (5.1)

with 0<y <D,
Therein, Dt is the inner diameter of the shock tube, €y and A = 2Dt are the initial amplitude
and the wave length of the sine wave, respectively. Schematics of the geometrical sine-
shape flame front model are presented in the lower part of Figure 5.2. The initial amplitude of

the flame ¢, extends to the middle of the numerically predicted flame front thickness.
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Figure 5.2: Flame geometry at the moment of interaction and corresponding two-

dimensional model

5.1.1 Incident Shock Wave

An iterative calculation procedure implemented in Module 1 allows determining the flow con-
ditions behind the incident shock wave. In order to perform this calculation the mode of inter-
action, i.e. s/f or f/s, the strength of the incident shock wave, and the flow conditions in the
incident gas must be known. The strength of the incident shock is expressed as a combina-
tion of the incident shock propagation velocity in the absolute frame of reference U; and the
flow conditions in the incident gas into which the shock propagates. This translates into a
single parameter — the incident shock Mach number M; that is defined with respect to the gas
state into which the shock propagates.

The type of interaction is an important input parameter to the model. If interaction is s/f, the
incident shock propagates through unburned gas mixture, which defines the incident gas flow
conditions. This situation is schematically shown in Figure 5.3 a). In the case of f/s-
interaction the incident gas is the burned gas. Consequently, the flow conditions of the un-

burned gas mixture are fed into the combustion module (Module 2) to obtain the flow pa-
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rameters in the burned gas. The resulting flow parameters in the combustion products are

then used as the incident gas into which the incident shock propagates; see Figure 5.3 b).
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Figure 5.3: Initial configuration for calculation of a) s/f-interaction, b) f/s-interaction

Once the incident gas flow conditions and the strength of the incident shock are available a
set of equations is applied to determine the flow parameters behind the incident shock.
Equations used in this calculation are the commonly used one-dimensional flow equations
that describe the change of state across a shock wave of certain strength (Rankine-Hugoniot
relations). They can be found in [7], [47], [146] or [164]. The fluid model used in the calcula-
tion is described in Chapter 5.1.2.

5.1.2 Combustion Modelling

For the simulation of combustion within Module 2 an idealised reaction model of the combus-
tible mixture is used:

CH,+ 2.02160; + 7.6894Ar ——> CO, + 2H,0 + 0.02160, + 7.6894Ar (5.2)
Because of the slightly lean mixture (® = 0.989) the reaction (5.2) is not complete and some
of the excess oxygen remains unconsumed. For this type of reaction the molar mass and
hence, the specific gas constant can be assumed to remain constant for both the unburned

and the burned gases. The respective values are M=0.03621kg/mol and
R=®R M =229.62 J/kgK.

In order to correctly represent the varying fluid characteristics within the shock-flame interac-
tion calculation a simplified fluid model was implemented. The fluid is modelled as ideal gas,

where specific heat capacity C, is assumed to be a function of the gas temperature only. An
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empirical NASA polynomial is used to calculate the specific heat capacity C; of each species
of the gas mixture [100], [124]:

C,=R;-(a,+a,T+a,T’+a,T° +a,T") (5.3)
The coefficients as-as for the equation (5.3), as well as the values of M, required for calcula-
tion of the specific gas constant R; are given in the Appendix A in Table A.1 for the unburned
mixture, and in Table A.2 for the burned gas. The integral heat capacity of the gas mixture

Comix, @nd this mixture’s adiabatic index kK are then determined using equations (5.4) and
(5.5) respectively [47], [162].

Cpmix = ZYI Cpi (54)
ke 1
(1_R/Cpmix) (55)

In eq. (5.4) Y; represents the mass fraction of each substance of a gas mixture. The values of
Y, for the reactants and products of the chemical reaction (5.2) are also tabulated in Table
A.1 and Table A.2 respectively.
The combustion process is characterised by two parameters. These are the amount of heat
added to the gas and the rate at which the fresh combustible mixture is consumed. The
amount of heat released per unit mass of the combustible mixture is q = 2276000 J/kg. This
value was determined from the equation (5.6) [32], where T4 =298 K and T, =2886.2 K,
which is the adiabatic flame temperature for the reaction (5.2) at the constant reference
pressure of 1 bar [13]. The value of q is taken as a constant property of the gas mixture.

q=C,,T,-C,T, (5.6)
The rate at which the unburned gas is consumed is expressed by the flame velocity relative
to the fresh gas sr. This effective flame velocity is related to the laminar burning velocity s, by
the following relation [123]:

s=s, (5.7)
A

The surface area A_ of the reference ideal laminar flame corresponds to the cross-sectional
area of the channel i.e. that of the shock tube with diameter Dt. The effective flame surface
area Ar is determined from the equation (5.1) by the use of the Guldinus theorem [103]. The
ratio of the flame surfaces Af/A, is an essential input parameter to the Module 2 of the ana-
lytical model.
An empirical correlation (5.8) valid for methane-oxygen-argon mixtures in the range of pres-
sures p = 1-40 bar, unburned gas temperatures T, = 298-650 K, and equivalence ratios

® = 0.8-1.2 is used for the laminar burning velocity s, of the flame [128]:
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a B
sL=sLO[1+a,(<D—1)+az(cD—1)2](77_-”j (ﬁj (5.8)

uo 0

In eq. (5.8) s\ is the reference laminar burning velocity at the reference pressure po = 1 bar,
temperature Ty, = 298 K, and fuel-oxidiser equivalence ration ®, = 1. The values of sy, as
well as of the empirical constants a4, a,, a, B are given in the Appendix A in Table A.3.

Besides the relations described above an iterative calculation procedure derived by Rudinger
[132] from the mass, momentum, and energy conservation equations is implemented in
Module 2. The full set of equations as well as their derivation can be found in [132]. The flow
conditions in the burned gas as well as the absolute propagation velocity of the flame front
are calculated using known gas properties and flow conditions in the unburned gas as well

as the values of g and Af/A,..

5.1.3 Shock Refraction at the Flame Front

In Chapter 3.2 it was described that the process of shock wave and flame interaction is sepa-
rable into two effects, which, to some degree, can be treated independently from each other.
Such a two-step approach was taken in the analytical model being described here; see Mod-
ule 3 in Figure 5.1. The first effect is the refraction of the incident shock at the reactive den-
sity interface, which occurs instantaneously and is locally one-dimensional. Modelling of this
physical phenomenon is the subject of this sub-chapter. The second effect is related to multi-
dimensional and time dependant flame-vortex interaction and thus resulting increase in flame
surface area. It is treaded in Chapter 5.1.4.

The refraction of the incident shock wave at the flame front is treated in purely one-
dimensional manner. The actual geometry of the flame is disregarded in this step and the
flame front is assumed to be planar and parallel to the incident shock wave. The systems of
one-dimensional reflected and transmitted pressure waves that arise from such idealised
“head on” refractions are illustrated in Figure 3.2 for slow-fast and fast-slow interactions.

An iterative calculation procedure proposed by Rudinger [132] is adopted to solve the refrac-
tion problem as per Figure 3.2. Thereby, the flow conditions in the unburned (state 1), burned
(state 2) gas as well as behind the incident shock (state 3) are known from Modules 1 and 2.
A variable, e.g. the static temperature, on the unburned side of the flame (state 4) is esti-
mated determining all flow variables in this region. The combustion module is embedded at
this point to calculate the burned gas conditions in region 5 accounting for the changes in
pressure and temperature of the unburned gas. Continuity conditions (3.7) are applied
across the contact surface to determine the pressure and flow velocity in region 6. One of

these variables is then used to compute the strength of the remaining unknown wave, i.e.
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transmitted shock if interaction is s/f, or reflected shock for an f/s-interaction. The other vari-
able is calculated with the aid of this wave and compared with the former result. If the results
are not compatible, the initial estimate is modified until agreement is reached. A successful
iteration yields the flow conditions in all six regions as well as the absolute propagation ve-
locities of all waves resulting from the refraction process.

All equations involved in the calculation procedure described above were adopted from [14]
and [164]. They comprise well known and commonly used Rankine-Hugoniot shock relations,
isentropic expansion wave equations, as well as the contact surface continuity conditions eq.
(3.7).

5.1.4 Deformation of the Flame Front due to Shock Wave Transition

In the analytical model the flame front is treated as a two-dimensional, reactive interface be-
tween the unburned and the burned methane-oxygen-argon gas mixtures; see Figure 5.3.
Geometrical change of such interfaces following shock transition, which is related to the
Richtmyer-Meshkov instability, is schematically illustrated in Figure 3.3. According to Kilchyk
[84], see equation (3.9), the rate of interface length growth v, is linearly dependant on the
geometry of the interface, characterised by ¢, and A, and the deposited circulation I". Vorticity
generation is little affected by the presence of a chemical reaction at the interface, which
allows dealing with this fluid dynamic effect separately from the combustion process [84].
As the incident shock traverses the interface, a misalignment of pressure and density gradi-
ents leads to a rapid vorticity deposition on the interface. The subsequent evolution of the
interface is mainly driven by the deposited vorticity [139]. Samtaney, Zabusky et. al. devel-
oped approximate analytical expressions for shock deposited circulation I" for both s/f and f/s
types of interaction [138], [139]. For simple sinusoidal interfaces defined by eq. (5.1) the total
first-order accurate circulation I is

[M=y-g,, (5.9)
where vy is the circulation per unit length of the undisturbed interface and ¢, is the interface
amplitude or in other words the total extent of the interface in the x-direction. The value of y
is a function of incident shock Mach number M;, the ratio of burned and unburned gas densi-

ties po/p1, and the ratios of specific heats in the burned and unburned gas Ky, K». It is given as

,_Ps1+u;ps/p, ,
K1=1/Kq 2
a, | K P Mj +Ps/P LY 1_(&) Py 1+, Ps/ P (5.10)
Ps Pi My +Ps/Py

V:
M; |k, -1 P2/P; Ky =1

for the s/f type of interaction [139], and as
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1 Ps T+ Ps /Py
_ - , )
V:a_Z K4 P, Hi +Ps/P, __Ke [1—(&14_”2 p5/p3jp_31+ﬂz ,03/,02] (5.11)
M |k, -1 P1/P; K, —1 Ps M;+Ps/s )P /—/22+p3/p2

for the f/s-interaction [138]. The notation in eq. (5.10) and (5.11) corresponds to that of
Figure 3.2 a) and b) respectively, and p? = (k-1)(ki+1). The flow variables in the different flow
regions required for determination of y are taken from the shock refraction calculation per-
formed previously.

Generally, equations (5.10) and (5.11) produce a total value of y irrespective of the fact
whether the interaction along the interface is locally regular or irregular. Comparison of ana-
Iytical first-order circulation values with corresponding numerical results (DNS) performed in
[138], [139] have demonstrated that approximate solutions (5.10) and (5.11) tend to overes-
timate the total circulation I'. The discrepancy increases with larger values of gy/A, i.e. large
values of g5 assuming a constant interface wave length A = 2Dt. This is because in such
cases the interaction contains large areas of irregular refraction. The refraction becomes
irregular if the characteristic angle a between the incident shock and the interface locally ex-
ceeds a certain critical value a.. In Figure 5.4 a., is given as a function of the incident shock
Mach number for both interaction modes and the stratification p./p1 = 0.114 corresponding to
the experimental methane-oxygen-argon flame. The values of a,, were calculated using the

regular to irregular transition criterion M; = 1 (transmitted shock Mach number) [138], [139].
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Figure 5.4: Critical angle a. as a function of M, for s/f and f/s interactions, p./p1 = 0.114
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Figure 5.4 allows the calculation of the exact area of regular and irregular refraction for a
given interface geometry, incident shock Mach number and interaction mode. An example is
given in Figure 5.5 for an f/s-interaction with €5 = 1.48\, A = 2D+. For such large values of gg
the main fraction of the refraction is irregular, hence leading to a major falsification of the
circulation result. In order to overcome this difficulty a correction factor Cr for the deposited
circulation I of the form

0.98

L (5.12)

C, =
1+0.277 im/

0

was graphically derived from data reported in [138], [139] and implemented in the calculation
procedure. This correction factor reduces the estimated circulation in terms of the proportion
of irregular refraction. In eq. (5.12) L; is the length section of the interface where refraction is

irregular, and L, is the total initial length of the interface.
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Figure 5.5: Areas of regular and irregular interaction for a f/s-interaction, p,/p1 = 0.114,
€ =1.48\ A =2Dy

In his numerical studies with stoichiometric propane-air combustion Kilchyk [84] derived a
linear approximation for the length growth rate vi,; of a two-dimensional, sinusoidal interface

in the form:

e,

AZ

Vint = A

+B A,B = const. (5.13)

This relation is valid for perturbation geometries with different initial aspect ratios €y/A. Gen-
erally, the slope of the straight line, i.e. the constant A in eq. (5.13), is higher for fast/slow
than for slow/fast interactions [84], [85]. The graphical data presented in [84] was digitised
and the constant A was determined to be Ags = 1.31 for the s/f-interactions, and Ay = 1.84 for
the f/s interactions. Because of the lack of according experimental data for the combustible

gas mixture used in the experimental studies these constants Ags and Ags, derived for pro-
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pane flames, were implemented in the relation (5.13) to give a first-order approximation of
vint. FoOr the sake of simplicity the constant B was set to zero for both interaction modes.
In order to determine the maximum increase in the length of the reactive interface AL due to

shock wave transition the maximum interface growth time t..x is necessary:

AL=v,,t (5.14)

int = max
tmax is the time between the incidence of the shock wave and the instant when the interface
length reaches its peak value. The flame length grows due shock induced deposition of vor-
ticity at the flame front. At the same time, flame length is diminished by accelerated flame
propagation. This “burning out” is related to the chemical kinetics of the flame, which is en-
hanced through the shock induced compression of the unburned gas mixture. The maximum
flame length is reached when the rate of flame length destruction caused by flame propaga-
tion becomes equal to the rate of flame length increase. In Figure 5.6 . is plotted as a func-
tion of M; for s/f and f/s interaction modes. It is based on data reported by Kilchyk in [84] and
[85] for stoichiometric propane-air combustion. In his work he demonstrates that t,. linearly
depends on the fuel consumption rate per unit surface area of the flame ps,, also called the
burning rate. The burning rate of the methane-oxygen-argon mixture at standard conditions
(Pret = 1 bar, Trer = 298 K) is (pSL)vethane = 1.045 kg/m?s. It is considerably higher than that of
the propane-air gas mixture (psi)propane = 0.558 kg/mzs. Because of the higher rate of flame
propagation, the maximum interface growth time is shorter in more reactive mixtures [84],
[140]. Therefore, the growth times t,.x reported by Kilchyk were multiplied by the correction
factor C; = (pSL)propane/(PSL)Methane, IN Order to account for the higher burning rate of the com-

bustible mixture used in the present study.
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An increase in the strength of the incident shock wave has two effects: it produces higher
interface growth rates vi,; and enhances the chemical kinetics of combustion. The latter effect
grows faster than v, for stronger incident shocks. Such behaviour leads to a decrease of t;x
with rising M; in both interaction modes. This decrease is best described by a power function
as shown in Figure 5.6. The former effect is stronger in f/s-interaction leading to higher val-
ues of thax at low shock Mach numbers for this type of interaction. The compression effects
and associated increases in the burning rate are stronger for f/s-interaction, which results in
a higher decrease rate of t,,.x for strong incident shocks than in the s/f mode [84].

With the use of data presented in Figure 5.6 it is possible to calculate the maximum length
increase of a two dimensional, sine-shape flame of a given initial geometry (g, A) resulting
from interaction with a shock wave of a given strength M;. The corresponding total increase in
the flame surface area of the deformed flame AAg, that is required for further treatment, is
obtained by the Guldinus theorem. Thereby, the flame is assumed to have a symmetric
shape as per Figure 3.3 d), and the centre of gravity of the curve halves is assumed to be at
1/4D+ or 3/4D+ respectively. Flame stretch effects have been shown to have a minor contri-

bution to the overall change in the geometry of the flame [85] and are therefore neglected.

5.1.5 Generation of Pressure Waves at the Distorted Flame Front

The following relation is used to calculate the increase in the heat release rate of the flame
Aw resulting from the known total increase in the flame surface area AAg [32]:
Aw:qpusL% (5.15)
A
In this equation q is the constant energy release per unit mass of the combustible mixture, A_
is the surface area of an ideal, planar laminar flame, and p, is the density of the unburned
gas. With regard to the notation of Figure 3.2 or Figure 5.7 the unburned gas corresponds to
the gas in the state 4. The laminar flame velocity s, is determined using equation (5.8).
The perturbation theory derived by Chu [30], [31], [32] (see Chapter 3.2.4) provides an ana-
lytical framework for calculating the finite pressure rise Ap that is generated in response to
finite changes in the heat release rate of the flame Aw. For the idealised situation where the
ratio of specific heat capacities is constant across the flame front, a simplified relation
Aw = f(Ap) is given in eq. (3.15). For the case k, # Ky, the pressure wave generated cannot
be entirely attributed to changes in the flame HRR. The relationship between Ap and Aw is
then more complex and involves a dependence on the changes in the burning velocity of the
flame sg, which is a function of mixture composition, and unburned gas temperature and

pressure [51]. This relation is then given as follows [32]:
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Ks Ks

Aw = 1Ap(u5—u4)+ (p+4p)(Aus - Au, )+

5 K5_1

(5.16)

( Ks K4 j(sFAp+pAsF+ApAsF)
Ks—1 k,—-1

The notation in this equation is that of Figure 3.2 or of Figure 5.7 alternatively. Aus and Auy
are the changes in the gas flow velocity in the burned and unburned gases, respectively.
They result from the action of the generated pressure waves.

An iterative calculation procedure based on eq. (5.16) is implemented to determine the
strength Ap of the generated pressure waves. In reality the process of shock wave genera-
tion is a continuous one, where every infinitesimal increase in flame surface area produces a
weak pressure wave on both sides of the flame. Every successive pressure wave propagates
at a higher velocity than the preceding one. These waves coalesce and form a finite ampli-
tude pressure wave or even a shock wave, provided that the total increase in the HRR of the
flame is high enough. In the present model the mechanism of pressure wave generation is
implemented as a discontinuous process. Thereby, two weak shock waves of equal strength
Ap are suddenly released at the flame front at the moment when the maximum interface
growth time t. is reached. This situation is schematically shown in Figure 5.7 for both inter-

action modes.
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Figure 5.7: Wave diagrams of shock refractions and additional, combustion induced pres-

sure waves generated at the flame front for a) s/f and b) f/s modes of interaction

The refraction part (regions 1-6) of the diagrams in Figure 5.7 is identical to the Figure 3.2.

The growth of the flame front surface starts at the instant when the incident shock hits the
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initial flame front. Both weak shock waves that are released at the flame at the moment of
maximum flame surface area propagate at different absolute velocities in the burned and the
unburned gas. An additional contact surface evolves when the pressure waves are released
at the flame front. It separates two burned gas regions in which the gas undergoes a different
entropy rise; see Chapter 3.2.4. Together with the generated pressure waves and the flame
front it establishes four additional regions with different flow conditions (regions 7-10). Finally,
a set of simple shock equations as well as the continuity conditions across the contact sur-

face (eq. (3.7)) are applied in order to determine the unknown flow variables in these regions.

5.2 Model Verification on the Basis of Experimental Results

Experimental shock-flame interaction data reported in Chapter 4 was used for the verification
of the analytical model. In Table 5.1 the sets of the model input parameters are presented for

the four experimental cases.

Case 1 Case 2 Case 3 Case 4
psi [bar] 2.15
Tan [K] 295.5
A [m] 2Dr =0.092
p1 [bar] 29 2.95 3.05 3.0
Interaction mode s/f s/f sif fls
Ui [m/s] 354 400.5 461.2 1080
uq [m/s] -73 -75 -75 30
M; [-] 1.24 1.39 1.56 1.12
€ [m] 0.7A 1.222A 1.574\ 1.48A
Ae/AL [] 2.36 3.78 4.77 4.5

Table 5.1: Model input parameters for the four experimental cases

In Figure 5.8 a comparison between the experimentally acquired data and the analytical solu-
tion is presented in the form of wave diagrams for the four experimental Cases 1-4. Experi-
mentally measured shock wave and flame front trajectories are given by blue circles and red
crosses respectively. Solid lines represent the results of the analytical calculation. The ana-
lytical model predicts the physical phenomena after a single shock-flame interaction event.
For this reason, the trajectories of all secondary reflected waves observed in the experi-

ments, see Figure 4.16 and Figure 4.18 for reference, are omitted from these diagrams. The
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times and lengths given on the axes of the diagrams do not correspond to the nominal ex-

perimental values. However, all time intervals and distances are reproduced correctly. Com-

parison is achieved by centering the predicted point of interaction (point 1) at the light sensor

at which the interaction occurred in the according experiment.
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Figure 5.8: Wave diagrams of the shock-flame interaction event including experimental and
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Point | in the diagrams marks the instant and location of interaction between the incident
shock wave s; and the undisturbed flame front f;. In the Cases 1-3 the mode of interaction is
slow-fast, which produces a transmitted shock s and a reflected expansion wave ref. In the
Case 4 both the reflected s;; and the transmitted s, waves are shocks because of the f/s na-
ture of interaction.
In the x-t diagrams the wave propagation velocity is represented by the slope of the wave
trajectories. In all Cases, the experimentally measured absolute propagation velocities of the
incident and the transmitted shocks as well as of the initial flame front are at very good
agreement with the analytical calculation. The discrepancy between the location of the ex-
perimental and the analytically predicted initial flame front (e.g. Case 2) is due to the ideal-
ised modelling of the interaction event. In the analytical model the interaction is assumed to
occur at a point in time and space, i.e. at an ideally plane flame front. Conversely, in the ex-
periment, the interaction extends over an axial distance because of the elliptical geometry of
the flame front. This difference renders an exact centring of the two events very difficult.
The analytical model seems to overestimate the propagation velocity of the distorted flame
front fs after the interaction in Cases 1-3. This may be due to the fact that the continued
growth of the flame surface area is disregarded in the modelling of the propagation velocity
of fs between points | and Il. As has been discussed previously, a flame is expected to con-
tinuously produce a series of weak pressure waves as its surface area grows. These pres-
sure waves modify the flow conditions in the unburned gas, which as a consequence alters
the absolute propagation velocity of the flame.
When the growing flame surface area reaches its maximum value two shock waves of equal
strength are predicted to be released by the distorted flame front at the point Il. These shock
waves have the same strength Ap, but they propagate at different velocities in the burned
and the unburned gases. Origination of pressure waves at points | and |l leads to the forma-
tion of a gas contact surfaces at these points. The trajectories of the various pressure waves,
flame fronts and the contact surfaces subdivide the fluid domain into ten regions containing
different flow conditions.
An additional verification of the analytical model data is performed by the comparison of the
analytically predicted static pressure levels in the different fluid regions with the experimental
pressure data. In Figure 5.9 a representative pressure record is shown for each of the Cases
1-4 (pressure sensor P1 in all cases). These pressure records are best understood by draw-
ing a vertical line through the first experimental shock point (first circle on the left hand side)
in each of the diagrams of Figure 5.8. The presented pressure profiles correspond to the
pressure records along this line. The different flow regions crossed by this line are marked
through italic numbers in the diagrams of Figure 5.9. The measurement time is limited by the
arrival of secondary reflections that appear on the right in each of the pressure diagrams.
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Figure 5.9: Comparison of experimentally measured and numerically predicted pressure

levels for the experimental Cases 1-4

It is evident from the diagrams in Figure 5.9 that the pressure behind the incident shock wave
(region 3) is correctly predicted by the analytical model (blue dashed line) for all experimental
Cases 1-4. For the s/f-interactions, i.e. Cases 1-3, the pressure behind the incident shock is
gradually reduced through the action of the reflected expansion wave ref. From the corre-
sponding x-t-diagrams it is expected that the pressure behind the expansion wave would be

that of region 4, which is represented by the green dashed line. However, the pressure in the
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fluid behind the expansion wave temporally remains at an elevated level corresponding to
that of the red dashed line. This line represents the pressure behind the additional shock
wave (region 7) that is predicted to be generated at the end of the flame surface growth pe-
riod. The difference between the dashed green and the red lines denotes the absolute
strength Ap of the generated shock wave. Such behaviour agrees well with the more realistic
assumption of the flame that produces pressure waves immediately when the process of
flame surface growth is initiated. This means that the pressure waves emitted by the dis-
torted flame arrive at the location of the pressure sensor before the expansion process is
completed and the state of region 4 is attained. When the maximum flame growth time tay is
reached the fine-scale structures of the deformed flame quickly burn out and the flame be-
comes wrinkled-laminar again [98], [140]. At the instant when the flame surface area ceases
to grow, the amount of energy added to the fluid through elevated gas expansion rate is sud-
denly reduced. This causes the static pressure to drop from that of level 7 back to some level
corresponding to the new flame shape. Since the flame does not regain the exact shape of
the initial undisturbed laminar flame, this pressure is expected to lie above the pressure of
region 4. It is noted that the unsteady, high-frequency pressure oscillations are disregarded
in this analysis. The best agreement between the analytical results and the experimental
data is achieved in the Case 2. For the Case 1 (weak incident shock) the strength of the
flame-generated shock wave is very small and no clear conclusion can be drawn. For strong
incident shocks (Case 3) the behaviour is analogous to that of Case 2. However, the strength
of the flame-generated shock wave seems to be underestimated by the analytical model.
In the Case 4 the interaction mode is f/s. Thus, the incident shock wave (region 3) is followed
by the reflected shock wave s.. The static pressure behind it (region 6) is slightly underesti-
mated by the analytical model; see the green dashed line in Figure 5.9. A very short period of
time later an additional increase in pressure is observed. This pressure rise is brought about
by the passage of the flame-generated shock wave. The static pressure behind this wave
corresponds to that of region 9 in Figure 5.8 Case 4. This pressure level is correctly pre-
dicted by the analytical model as shown by the dashed red line in the Case 4 of Figure 5.9.
It is concluded that the shock and flame propagation velocities following a refraction of an
incident shock at a variable geometry flame front are predicted correctly for both interaction
modes. The model also correctly reproduces the static pressure levels in the different flow
regions of the shock refraction system. Further, the model yields a good prediction for the
strength of the pressure waves that are generated due to a total increase in the surface area
of the flame. The agreement is very good for low incident shock Mach numbers. For stronger
incident shocks the strength of the generated pressure waves tends to be underestimated by
the model. The discrepancy in static pressure behind the flame-generated pressure wave is
around 15 % for M; = 1.56. A rectification can be achieved by accordingly modifying the con-
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stants used in the calculation of deposited circulation I and the interface growth rate vi,. This
would require detailed numerical or experimental studies of shock induced deformation of
methane-oxygen-argon flames. The Mach numbers of the shock waves generated at the
flame at the point Il are predicted to be Mg = 1.012/1.036/1.058 and 1.076 in the four experi-

mental Cases 1-4 respectively.

5.3 Results and Discussion

One of the most practical questions in the area of shock-flame interactions is the depend-
ence of the resulting effects on the strength of the incident shock wave. For this reason the
results of the analytical model are presented as a function of two parameters: the incident
shock Mach number M; and the initial flame geometry characterised by the aspect ration gg/A.
Additionally, the values belonging to the experimental Cases 1-4 (see Chapter 5.2) are

shown for reference in the respective diagrams.
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Figure 5.10: Total deposited circulation as a function of incident shock Mach number and

initial flame geometry

In Figure 5.10 the total circulation ' deposited on the flame front as a result of shock wave
transition is presented for both interaction modes. The total amount of deposited circulation

grows with the strength of the incident shock and with the curvature of the initial interface.
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For the same values of M; and €¢/A the circulation deposited in fast/slow interactions is higher
than that of slow/fast interactions. These findings agree well with the results reported by Kil-
chyk in [84].

As per equation (5.13) the length growth rate v,y of the two-dimensional, sinusoidal flame
front is a linear function of deposited circulation ' and the geometrical parameters of the
flame front €5, A. Consequently, v; exhibits an analogous behaviour to that shown in Figure
5.10 when plotted as a function of M; and €¢/A; see Figure 5.11. The difference between the
s/f and the f/s interaction modes is more pronounced in the interface growth velocities than it
is for the deposited circulation. This is because of the higher proportionality constant A used
for the fast/slow interaction mode in eq. (5.13). Such behaviour is based on the observations
made by Kilchyk in [84] for stoichiometric propane-air flames. He reports significantly higher
interface growth rates in fast/slow interactions for a given interface geometry and incident

shock strength.
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Figure 5.11: Length growth rate of the two-dimensional flame front as a function of incident

shock Mach number and initial flame geometry

In Figure 5.12 the maximum change in the heat release rate (HRR) of the three-dimensional
flame, normalised by the heat release rate of the initial undisturbed flame, is plotted as a
function of M; and the geometrical parameters of the flame front €5, A. The maximum value of
flame heat release rate shown in Figure 5.12 is achieved at the point of maximum flame sur-

face area. The total increase in the HRR of the flame rises with the curvature (aspect ratio
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€o/A) of the flame in both interaction modes. In terms of the incident shock Mach number a
different trend is observed. For low values of M; the flame HRR grows quickly with incident
shock strength until a certain maximum value is reached. At this point the trend is reversed,
and the maximum increase in the heat release rate diminishes with growing M;. These effects
are considerably stronger in the f/s type of interaction. Such behaviour is due to the linear
dependence of the heat release rate on two opposing effects — gas compression and flame
surface growth; see equation (5.15). For low shock Mach numbers the flame front distortion
effects due to RMI are predominant, which leads to a strong increase in HRR in this region.
The flame surface area grows at a significantly higher rate in f/s-interaction as can be seen
from Figure 5.11. Subsequently, higher rates of gas compression caused by stronger inci-
dent shocks diminish the maximum interface growth time; see Figure 5.6. For growing inci-
dent shock strength the reduction of interface growth time is considerably faster than the
increase in interface growth velocity. Hence, gas compression becomes dominant and the
relative contribution of the flame deformation effect is reduced [84], [85]. As a consequence,
the change in the heat release rate of the flame is reduced. This effect is significantly

stronger in fast/slow interactions.
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Figure 5.12: Maximum increase in the heat release rate of the flame relative to the undis-

turbed flame as a function of incident shock Mach number and initial flame geometry

The thermodynamic potential of a single shock-flame interaction is best assessed when
compared to a reference isobaric combustion process with the same initial gas state. Be-
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cause of the very low Mach number (M; << 1) of the initial undisturbed flame front the pres-
sure change across this flame is negligible [32], [47]. Hence, this burning process is a good
approximation of an ideally isobaric combustion. In the wave diagrams of Figure 5.8 this
process is represented by the change of state from region 1 to region 2.

The fluid regions 4-6 in Figure 5.8 describe the conditions in the burned and unburned gas
after the shock refraction process. The final fluid conditions after the interaction process are
represented by the regions 7-10. The shock-modified combustion process is described as
follows. An imaginary gas particle of initial fresh gas is subject to the action of pressure
waves along the path 122324=>7 in s/f, or 124=>7 in f/s interaction mode, respectively.
Finally, the pre-compressed, unburned gas of region 7 is burned in a quasi-isobaric combus-
tion process 7=»8 at the highest possible pressure in the domain. Consequently, the burned

gas in region 8 is that with the lowest entropy rise relative to the initial gas in state 1.

X Case 1 x Case 2 X Case 3 Case 4

—s/f interaction|]
— f/s interaction

lsolk

i J{solk
T

1 11 12 13 14 15 16 17 18 19 2
Incident shock Mach number [-]

Entropy change relative to isobaric combustion [%]

Figure 5.13: Change in entropy relative to isobaric combustion as a function of incident

shock Mach number and initial flame geometry

In Figure 5.13 the change in entropy of the shock-augmented combustion process is given
relative to the entropy gain across the reference isobaric combustion 1=2. The entropy for
the shock-modified combustion is taken along the process path 12322478 for s/f, and
12>4>7->8 for f/s-interaction, respectively. The change in entropy is plotted as a function of
incident shock Mach number M; and the flame front aspect ratio €o/A for both interaction

modes. The combustion entropy is significantly reduced through a single shock-flame inter-
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action compared to the reference isobaric combustion process. Interaction of strong incident
shocks with highly curved flames produces higher rates of entropy reduction. The entropy
reduction is more than twice as high in fast/slow than in slow/fast interactions. This is due to
stronger gas compression effects as well as higher circulation deposition and interface
growth rates in this type of interaction [84], [85]; see Figure 5.10 - Figure 5.12.

In Figure 5.14 the changes in static and total pressure at the end of the shock-flame interac-
tion process (region 8 in Figure 5.8) are shown relative to the pressures at the end of the
reference isobaric combustion. The achievable static pressure rise increases with growing
incident shock strength and flame aspect ratio. The difference between the f/s and the s/f
interaction modes is considerably larger than that in terms of the entropy in Figure 5.13. It
grows with the incident shock Mach number M. This is a direct implication of the different
nature of the refraction processes. The fact that in the f/s-refraction both resulting waves are
shocks leads to a significantly higher gas compression than in the slow/fast case. These ef-
fects are analogous but even stronger in the total pressure comparison presented in the dia-

gram on the right hand side of Figure 5.14.

Static pressure Total pressure e I

i e meeeme IRy L et I I
NS rea R 7/ e 1
600***3****3 ————————— -/ & 600

L AN P -- - 500

Change relative to isobaric combustion [%]

400 --r--7--- 400
300 7w
zooffrf* 20 4
‘ e ————————
100 - ”l”"’”’ 100 7 ==
— —
01 1.2 1.4 1.6 1.8 2 01 1.2 1.4 1.6 1.8 2
Incident shock Mach number [-] Incident shock Mach number [-]
‘X Case 1 x Case 2 x Case 3 Case4‘

Figure 5.14: Change in static and total pressure relative to isobaric combustion as a function

of incident shock Mach number and initial flame geometry

In Figure 5.15 the changes in static and total temperatures of the combustion products at the

end of the shock-flame interaction process are given relative to the temperatures at the end
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of the isobaric combustion. The static temperature at the end of the reference isobaric com-
bustion process is 2913.4 K. Hence, one percent change in temperature in Figure 5.15 cor-
responds to a temperature difference of 29.13 K. The dependence on incident shock strength
and flame geometry is analogous to that observed for the pressures in Figure 5.14. However,
the total values of temperature increase are considerably smaller than those of the corre-

sponding increase in pressure.
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Figure 5.15: Change in static and total temperature relative to isobaric combustion as a

function of incident shock Mach number and initial flame geometry

It is concluded that a single shock-flame interaction event temporally generates a significant
increase in pressure, whereas the according increase in temperature remains at a relatively
moderate level. Thus, weak incident shock waves with M; < 1.3 produce an increase in static
pressure of up to 230 % or 60 % relative to the reference isobaric combustion for f/s or s/f
interaction modes, respectively. The associated rise in static temperature is around 5.4 %
(157.3 K) or 1.9 % (55.4 K), respectively. However, it is important to recognise that the
reduction of entropy is not so temporary. Indeed if the subsequent expansion is isentropic,
then it is long lived. It is noted that the comparison in total pressure and total temperature is
made independently of the flow direction in the respective gas regions. In some cases the
direction of the flow was reversed from state 2 to state 8 due to the action of propagating

pressure waves.
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In the case of a perfectly plane flame front only the effects brought about by shock refraction
would be present. Such combustion process is represented by the combustion products in
region 5 in the diagrams of Figure 5.8. Changes in entropy, pressure and temperature
caused by this process relative to the reference isobaric combustion would be represented
by the line with g/A = 0, when plotted into the Figures 5.13 — 5.15. This line virtually coin-
cides with that for €¢/A = 0.1 in each of the diagrams. The values of the two lines differ mar-
ginally by 0.02 — 0.05 percentage points. For the sake of clarity, the /A = 0 line is omitted
from the diagrams. The g/A = 0.1 line in each of the diagrams in Figures 5.13 — 5.15 can
hence, be considered as a good approximation of the combustion effects resulting from the
shock interaction with a perfectly plane flame front. This line in each of the respective dia-
grams therefore represents the effects brought about by shock refraction only, since no flame
surface growth is possible in the case of a plane flame. The difference between the g4/A = 0.1
line and the lines depicting higher g¢/A-values represents the change in the thermodynamic
state brought about by flame surface growth effects. From such comparison it is followed that
for very weak incident shocks (M; < 1.1) changes in pressure, temperature and entropy rise
are dominated by flame surface growth effects. For stronger incident shocks the proportions
are reversed and the relative contribution of gas compression effects due to shock refraction
becomes predominant.

The steady gas conditions given in region 8 of Figure 5.8 merely exist in a small gas volume
for a very short period of time, as demonstrated by experimental data in Chapter 4.3. In order
to achieve a resultant quasi-steady pressure rise the shock-flame interaction process must
be repeated at a certain frequency. Volume and time averaging of the resulting unsteady
fluid flow will reduce the achievable pressure-gain below that of a single shock-flame interac-
tion process presented above in Figures 5.13 — 5.15. Conversely, repeated interaction be-
tween a shock wave and an already distorted flame will significantly enhance the thermody-
namic pressure-rise potential of a single SFI event [81], [82]. These considerations highlight
the importance and the need of further research into the topic of sequential shock-flame in-

teraction and of an accurate flow averaging technique.
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6 Engine Performance Studies

In this chapter the performance of a potential shock-wave-combustor enhanced gas turbine
engine is assessed under steady-state operating conditions. A zero-dimensional [109],
modular engine performance model is developed for two types of baseline engines: a small
twin-spool industrial gas turbine and a twin-spool high-bypass turbofan engine. Subse-
quently, the conventional combustor of both baseline engines is replaced by a pressure-
rising shock-wave-combustor including additional components for shock generation and tur-
bine cooling. Steady-state performance of the shock-combustor modified engines is com-
pared to their baseline engines’ performance. The reported results highlight the improvement
potential as well as the limitations of the shock-flame interaction based pressure-gain com-

bustion concept.

6.1 Simplified Engine Performance Model

A Simplified Engine Performance Model was developed to calculate on-design engine per-
formance. The simplifications particularly concern the modelling of engines’ turbo compo-
nents. Turbo-machinery maps are not used in the model. The different compressor and tur-
bine modules are respectively characterised by single average polytropic efficiency values.
Total pressure drops are implemented between the engine components to simulate the duct
losses. The fuel applied in the model is kerosene with the heating value H, = 43.124 MJ/kg.
The fluid is modelled as ideal gas, where specific heat capacity C, is assumed to be a func-
tion of gas temperature and gas composition. Required gas properties are interpolated from
tabulated thermo-chemical air-kerosene-mixture data with regard to local gas temperature
and fuel-air-ratio (FAR). Given a set of design ambient conditions and a power setting, ex-

pressed through a given fuel mass flow rate m,, the model calculates necessary gas path

values as well as global engine performance parameters.

6.1.1 Baseline Gas Turbine Engine Models

Two baseline gas turbine engines were selected for engine performance studies. In Figure

6.1 the schematics of the baseline engines are presented for reference.
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The first engine, denominated GT1, is a small twin-spool industrial gas turbine. In this gas
turbine the useful power is extracted from the fluid by a power turbine that is also driving the
low pressure compressor (LPC) of the engine. Exhaust gas is assumed to be expanded to
ambient pressure, i.e. static pressure at station 8 is equal to the ambient pressure.

The second engine, called GT2, is a twin-spool high-bypass turbofan engine. This engine
has a mixed exhaust flow and a convergent nozzle. At design conditions the nozzle is as-

sumed to be choked, i.e. Mg = 1.
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Figure 6.1: Configurations of the baseline engines, GT1: twin-spool industrial gas turbine,

GT2: twin-spool high-bypass turbofan engine

Baseline engines GT1 and GT2 are realised using the Simplified Engine Performance Model
described above. Design ambient conditions as well as selected performance characteristics
of the two baseline engines are summarised in Table 6.1. Both engine models were success-

fully verified using the commercial gas turbine performance simulation software GasTurb™.
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GT1 GT2
Altitude above sea level h [m] 0 10668
Ambient pressure pams, [Pa] 101325 23848.05
Ambient temperature Ty [K] 288.15 218.8
Flight Mach number Mg, [-] 0 0.8
Total air mass flow m, [kg/s] 4 143.6
Bypass ratio y [-] 0 4.7
Overall pressure ratio OPR [-] 20 33
Combustor pressure ratio I [-] 0.97 0.97
Turbine entry temperature Ty [K] 1500 1425
HPT cooling mass flows to NGV / rotor m_,,, [kg/s] 0.24/0.16 2.28/0.252
LPT cooling mass flows to NGV / rotor m_,, [kg/s] 0/0.08 2.771/0.63
Polytropic efficiency LPC / HPC N [-] 0.864 /0.873 0.878/0.899
Polytropic efficiency HPT / LPT npo [-] 0.860/ 0.855 0.881/0.904
Thermal efficiency ny [-] 0.332 0.432
Propulsive efficiency Norop [-] - 0.755
Shaft power Ps [kW] 1102.3 -
Power specific fuel consumption PSFC [kg/kWh] 0.2515 -
Net thrust Fy [KN] - 21.54
Thrust specific fuel consumption TSFC [kg/kNs] - 0.0177

Table 6.1: Design ambient conditions and performance parameters of the baseline engines

6.2 Integration of a Shock Combustor into a Gas Turbine Engine

In order to assess changes in engine performance brought about by a shock-combustor top-
ping a modification of the high-pressure cores of the baseline engines is required. In Figure
6.2 a shock-combustor engine integration variant proposed in this work is schematically pre-
sented. This scheme is analogously applied to the high-pressure cores of the two baseline
engines.

First of all, a means of generating and controlling shock waves in the combustor is neces-
sary. A shock wave, or a sequence of shocks, is generated by suddenly bringing in contact
two gases of different pressure, e.g. by opening and closing a valve between two volumes of

different pressure [114], [164]. If the pressure difference is high enough, the high-pressure
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gas will expand into the low-pressure gas at a rate higher than the rate of acceleration of the
low-pressure gas. This forms a propagating shock wave in the low-pressure medium. When
the supply of high-pressure fluid is ceased, an expansion wave will evolve to expand the fluid
behind the shock wave back to the initial pressure level. An idealised pressure profile of a
propagating shock wave was shown and discussed in Figure 3.6. In the proposed integration
scheme the high-pressure fluid for shock generation is provided by an additional shock com-
pressor (SC). This compressor, which is driven by the high-pressure turbine (HPT), feeds a
pressure vessel (PV). The pressure in the PV is assumed to be kept at a constant level that

is sufficient to generate shock waves of certain strength in the combustor. The fraction & of

the mass flow m,that is used for shock generation is extracted at the exit from the high

pressure compressor (HPC). The air delivered by the HPC is also to be used for combustor

cooling. Hence, the combustor is assumed to be appropriately cooled in the present model.

For the mass flows it is assumed that at all times m, =m, +m,.

rhf
m5(1-§)
gE /
HPC SC Lpt et HPT
' ' ‘ / ' ‘\f\ ,
m m m .
from LPC _21’ coolHPT L coolHPT m45
f f . toLPT
rhcooILPT I'-ncooILPT

Figure 6.2: Schematics of the shock-combustor enhanced high-pressure engine core

The PV is connected to the combustion chamber through one or a series of fast-acting
valves. Such configuration provides three independent variables for controlling or driving the
shock-flame interaction process. These variables are the frequency of shock generation, the
shock strength Ap, and the shock duration At; see Chapter 3.3 for reference. The pressure
amplitude of the shock waves Ap is defined by the pressure ratio between the PV and the
combustor. The open phase time of the valve determines the high pressure duration At be-
hind a propagating shock. At the moment of shock formation in the combustor a correspond-
ing expansion wave is formed in the PV. This expansion wave propagates at the local veloc-
ity of sound. It reaches the opposite wall of PV, reflects from it, and finally returns to the valve

[114]. The time interval between the opening of the valve and the arrival of the reflected ex-
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pansion wave determines the maximum open phase of the valve. Consequently, At is limited
by the length of the pressure vessel PV in the direction of rarefaction wave propagation. Fi-
nally, the shock frequency is directly governed by the operational frequency of the valve. The
characteristic actuation time of the valve puts thereby a limitation upon the maximum achiev-
able frequency. In practice, this restriction can be overcome by applying a series of valves
that operate at a certain sequence.
The unsteady pressure-rise behaviour of such a shock-combustor as per Figure 6.2 would
represent a major difficulty with regard to compressor air delivery. In practice, the operation
of the compressor against a strong unsteady pressure gradient in the combustor may result
in a temporal backflow of hot combustion gases into the compressor. In the present model it
is assumed that the combustor is steadily fed by the upstream compressor. This issue will
not be further addressed in the present work.
Another modification of the engine high-pressure core architecture is due to the need of tur-
bine cooling. Because of the pressure rise in the combustor conventional methods of turbine
cooling are not applicable. In the present study, this difficulty is overcome by compressing
the turbine cooling air using two additional cooling compressors (CC). Both cooling compres-
sors are modelled to be driven by the high pressure turbine. The location of cooling air ex-
traction from the HPC is assumed to remain unchanged with regard to the baseline engines.
Combustor modelling is modified in order to accommodate for the work-producing combus-
tion process of a pressure-gain combustion chamber. Energy balance across a conventional
steady-state gas turbine combustor is defined as follows using the notation of Figure 6.1
[109]:

mshy; + mH, =m,h,, (6.1)
Therein,m,,h,;and m,,h,,are the mass flow rates and the specific enthalpies at combustor

inlet and exit respectively, and m, =m, + m,. m,is the fuel mass flow rate, and H, repre-

sents the lower heating value of the fuel. The shock-combustor in Figure 6.2 is assumed to
generate an average, steady-state total pressure rise resulting from sequential shock-flame
interaction. This pressure rise is characterised by the combustor pressure ratio I = pu/ps.
Energy balance across the shock-combustor in Figure 6.2 yields the following equation:
myhsc & +msh s (1-¢)+mH, =m,h, (6.2)
The term hisc in eq. (6.2) represents the total enthalpy at the exit from the shock compressor.
It is attained by using the compression ratio Tsc and the polytropic efficiency nsc of the shock
compressor; see Chapter 6.3. Consequently, a portion of the mass flow is added to the com-
bustor at the enhanced enthalpy hisc. Given a pre-defined combustor entry temperature Ty
(his) @ combustion process with pressure-rise (eq. (6.2)) yields a higher combustion end tem-

perature Ty (hy) than the corresponding isobaric process (eq. (6.1)). Contrariwise, a pres-
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sure-gain combustion process allows a reduction of the fuel mass flow rate that is necessary
to reach a certain defined temperature Ty at combustor outlet. Rearranging equation (6.2)
one gets:

ht4 _ht3(1_(§)_htsc§
HL _ht4

m, =m, (6.3)
Equation (6.3) represents the corrected fuel mass flow rate for a given shock compressor
characterised by hisc as a function of pre-defined enthalpies (temperatures) at combustor

inlet and outlet.

6.3 Performance Results of Shock-Combustor Enhanced Engines

High-pressure cores of the two baseline engines are replaced by the shock-combustor
topped configuration as per Figure 6.2.

The “redesigned” shock-combustor topped engines have the same airflow into the engine as
well as the same cooling and bleed flows as their respective baseline engines at design am-
bient conditions (see Table 6.1). In addition, the compressor components of the baseline and

the modified engines are identical.
The corrected mass flow rates m,/RT, /ptA to the HPT and LPT of the shock-combustor

topped engines are reduced due to increased total pressure at combustor outlet. In the pre-
sent calculations, the areas A of the turbines, i.e. their diameters, are assumed to be accord-
ingly reduced to accommodate the lower corrected mass flow. Thereby, the polytropic effi-
ciencies of the turbine components remain equal to those of the baseline engines, unless
explicitly stated otherwise. In application, this change in corrected flow would require a com-
plete redesign of the LPT and HPT to match the compression system and to accommodate
the unsteady nature of the combustor flow. This issue is however not further addressed in
the present work.

The effective compression ratio of the HPT and LPT cooling compressors is pre-determined
by the ratio of the local pressure at the point of injection in the turbine to the local pressure at
the point of extraction in the HPC. It is automatically set to the value 1 when the pressure at
the extraction location is higher than the pressure at the injection location, which implies that
no compression of the coolant is necessary.

The pressure in the shock pressure vessel PV is set to be 3.5 times higher than the combus-
tor pressure pyu. Under consideration of the local temperatures this pressure ratio is sufficient
to generate shock waves with the strength Ms = 1.25 in the combustion chamber [114]. Thus,

the effective compression ratio of the shock compressor SC is 11sc = 3.5*T1.
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The value nyasc = 0.8 is assumed for the polytropic efficiencies of the shock compressor in
the shock-combustor enhanced engine models. The polytropic efficiencies of the two cooling
compressors are set to npoicc = 0.75, respectively.

At this stage there is no reliable data on the averaged, steady-state pressure-rise achievable
by sequential shock-flame interaction. For this reason, the performance studies are carried
out for a variable combustor pressure ratio that is altered in the range 1 <11 < 2. Further, at
this point it is not possible to exactly specify the mass flow fraction ¢ required for shock gen-
eration. Hence, ¢ is also varied within the range 0.01 <& < 0.2. Consequently, the perform-
ance results of the shock-wave-combustor enhanced engines are presented as a function of

the two variables ¢ and 1.

6.3.1 Performance of a Shock-Combustor Topped Industrial Gas Turbine

Performance study GT1.1

In this study the performance of a shock-combustor topped industrial gas turbine is com-
pared to the performance of the baseline engine GT1 at design ambient conditions. The tur-
bine inlet temperature Ty, of the topped engine is equal to that of the baseline engine. The
exhaust flow is expanded to ambient pressure so that pg = pamn. Nozzle pressure ratio is kept
at the constant value of the baseline engine pw/pamp = 1.03. In order to enable such behav-
iour the cross sectional area of the exhaust duct Ag is allowed to change accordingly.

In Figure 6.3 selected performance variables of the shock-combustor topped industrial gas
turbine are given as a function of the variables ¢ and . These performance parameters are
plotted in relation to the corresponding performance values of the baseline engine GT1. The
value zero on the y-axis of the diagrams represents the benchmark performance level of the
baseline engine. Such comparative presentation of the results highlights the potential of
shock-combustor topping as well as its limitations with regard to existing technology.

A pressure-rise in the combustor increases the amount of useful power that is extractable
from the fluid by the means of a power turbine. At the same time, the power required for the
operation of the shock compressor and the cooling compressors grows with I1, which conse-
quently reduces the extractable amount of useful power Ps. These contrary effects are high-
lighted in the shaft power results of the topped gas turbine; see Figure 6.3 a). The useful
shaft power of the topped engine enhances with growing combustor pressure ratio. Thereby,
the rate of increase is reduced for higher values of . The magnitude of ¢ directly influences
the power required for the driving of the shock combustor. In consequence, it is an essential
parameter for the performance of the shock-combustor topped engine. For ¢ < 0.04 the pre-
dicted shaft power of the topped engine is higher than that of the baseline engine for the

whole range of 1 under consideration. For higher values of & the point, at which the perform-
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ance of the topped engine becomes superior to the baseline engine, is moved towards

higher values of . The resulting improvement in Ps is also significantly reduced with growing

¢ for the same values of combustor pressure ratio. The shaft power of the topped engine is

predicted to be inferior to the baseline case for all studied values of 1 when & > 0.18.
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Figure 6.3: Performance parameters of the shock-combustor enhanced industrial gas tur-

bine GT1.1 relative to the baseline engine GT1 for the fixed turbine inlet temperature Ty

In Figure 6.3 d) the forecast behaviour of the fuel mass flow rate m, of the topped engine is

presented. As expected from eq. (6.3), m, decreases with growing &. It is also continuously

reduced with increasing combustor pressure ratio.
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The calculation results of thermal efficiency and specific fuel consumption are presented in
Figure 6.3 b) and c) respectively. Both performance parameters improve with growing I1; and
deteriorate for larger values of ¢. Each of the two performance parameters ny, and PSCF is

linearly governed by the variables Ps andm, . The behaviour of ny and PSCF with ¢ and I

represents a superposition of the two effects. Thus, an engine topping with ¢ = 0.07 and a
moderate combustor pressure rise of 1= 1.2 is predicted to improve the PSCF by approxi-
mately 8 %, and to increase the useful shaft power by 4 % relative to the baseline engine.
The thermal efficiency is predicted to be augmented by around 3.2 percentage points. It is
noted that the changes in thermal efficiency are presented in a different manner compared to
other performance parameters. It is given as a simple difference (A%) relative to the baseline
engine’s ny value.

So far, the compression ratio of the shock combustor rsc has been kept at the constant
value 3.5*T1. In order to assess the sensitivity of the model to changes in 1sc additional cal-
culations at 1sc = 3.0*1 and 4.0*T1 were performed. These changes correspond to a varia-
tion in 11sc of £14.3 % respectively. In Figure 6.4 the results of these calculations are pre-
sented on the basis of thermal efficiency. Therein the thermal efficiency results are exem-
plary plotted for ¢ = 0.04 and ¢ = 0.16.

15
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Figure 6.4: Influence of a variation in Trsc on the thermal efficiency of the shock-combustor

enhanced industrial gas turbine

Tisc directly influences the power consumed by the shock compressor. Hence, the influence
of 1Tsc on the engine performance is expected to become stronger with growing €. This as-
sumption is confirmed by the results presented in Figure 6.4. For low values of ¢ the effect of
the variations in 1Tsc is negligible. In contrast, for high ¢ the same variation in 1sc exhibits a

considerably stronger effect on the thermal engine efficiency. It constitutes up to +0.8 per-
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centage points in ny, for € = 0.16, compared to +0.2 percentage points for £ = 0.16. These
effects also exhibit a slight dependence on the combustor pressure ratio. They become
slightly stronger for higher N values. The influence of 1rsc on other engine performance pa-
rameters is analogous to that reported in Figure 6.4.

The magnitude of T1sc, in conjunction with the polytropic efficiency, defines the temperature
Tisc at the exit from the shock compressor. In Figure 6.5 this temperature is plotted as a

function of . The temperature Ty at the inlet to the shock compressor is also shown for ref-

erence.
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Figure 6.5: Total temperatures at the inlet and outlet of the shock compressor

Modern high-temperature blade materials are applicable at temperatures below about
1350 K [23], [104]. Hence, operation of the shock combustor at 1= 1.5 would inevitably re-
quire inter-cooling of the shock compressor mass flow; see Figure 6.5. Inter-cooling posi-
tively affects the cycle performance and must be taken into consideration for a more detailed
concept evaluation. It is not considered in the present study.

These results highlight the significance of the shock generation system with regard to the
performance of shock-combustor topped engines, particularly for topping configurations with
high values of ¢ and .

The flow at the exit from the shock-flame interaction based combustor envisaged in this
study is expected to be highly unsteady in time and spatially non-uniform to a much greater
degree compared to a conventional combustor. This flow may also contain strong shock
waves. A concern that arises in this context is: Can a conventional turbine, which is designed
for steady flow conditions, operate efficiently with the unsteady inlet flow? Experimental and
numerical studies have demonstrated the efficiency of conventional turbines to decrease
when coupled to the unsteady outflow from a pulse detonation combustor or a reciprocating

engine [119], [142], [161]. In this work, an additional study was carried out in order to asses
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the effects of potentially reduced turbine efficiency on the performance of the shock-
combustor topped industrial gas turbine. The polytropic efficiencies of both the HPT and the
LPT were simultaneously reduced. The reduction increment was three percentage points
respectively. The results of the study are presented in Figure 6.6 on the basis of thermal effi-
ciency for ¢ = 0.01 and ¢ = 0.16.
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Figure 6.6: Influence of a reduced polytropic turbine efficiency on the thermal efficiency of

the shock-combustor enhanced industrial gas turbine

For £ = 0.01 a moderate reduction in the efficiencies of the turbines causes a considerable
degradation in the ny, of the topped engine. The deterioration in nyg amounts to around 2.5-
3 percentage points per increment of reduction in turbine efficiency. This effect is marginally
amplified with every successive turbine degradation increment. It is also slightly reinforced
for growing values of . From the ¢ = 0.16 results it is evident that the detrimental effects
caused by turbine impairment become more severe for higher values of £. Hence, the im-
provement potential of the shock-combustor topping concept discussed in this work essen-
tially depends on the capability of the turbines to efficiently extract power from a non-uniform
flow. Other engine performance parameters are analogously affected by the reduced turbine

efficiency.

Performance study GT1.2

Shock-combustor industrial gas turbine topping configuration is now modified relative to
GT1.1. In this study the useful shaft power Ps is kept at the level of the baseline engine and
the turbine inlet temperature Ty of the topped engine is allowed to change accordingly. The

exhaust flow is expanded to ambient pressure, i.e. ps = pamp. NOzzle pressure ratio is kept at

107



Chapter 6: Engine Performance Studies

1.03. In order to enable such behaviour

the constant value of the baseline engine pis/Pamb

the cross sectional area of the exhaust duct Ag is enabled to vary.

The presentation of the performance results of this study (see Figure 6.7) is analogous to

that of Figure 6.3. Changes in performance parameters of the shock-combustor topped gas

turbine relative to the corresponding performance values of the baseline engine GT1 are

plotted as a function of the variables ¢ and 1.
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Figure 6.7: Performance parameters of the shock-combustor enhanced industrial gas tur-

bine GT1.2 relative to the baseline engine GT1 for the fixed shaft power Pg

The behaviour of the fuel mass flow rate m; with § and M is shown in Figure 6.7 d). The

maximum achievable reduction in m, is considerably higher compared to the study GT1.1.
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This result is due to the variable turbine inlet temperature Ty that is predicted to be reduced
relative to the baseline engine for certain combinations of variables ¢ and I1; see Figure 6.7
a). In Figure 6.7 c) the change in the power specific fuel consumption PSFC of the topped
engine is shown. Due to the fixed shaft power of the engine, the behaviour of the PSFC is

identical to that of rhf. The results of the thermal efficiency nu calculation, presented in

Figure 6.7 b), are similar to those reported for the study GT1.1 in Figure 6.3 b). The topping
configuration GT1.2 is more advantageous in terms of ny, and PSFC for { > 0.1 and M < 1.4
than the configuration GT1.1. A topped engine with { = 0.07 and a relatively low combustor
pressure rise of I1=1.2 is forecast to yield an improvement in the thermal efficiency of
around 2.9 percentage points, in the PSCF of approximately 7 %, and a reduction in the Ty
of 1.4 % (= 21 K) relative to the baseline engine GT1. Lower turbine inlet temperature has a
positive effect on the life of the turbine. It also means that less cooling air is required, which

is beneficial for cycle performance [104].

Turbine cooling

The temperature of the blade metal has a fundamental influence on the life of a turbine aero-
foil. Cooling effectiveness ¢ is used as a measure of the blade metal temperature. The cool-
ing effectiveness of a film cooled blade is defined as follows [104]:
B Tg -T..

qo_—
T,-T,

(6.4)

In this equation Ty is the temperature of the working fluid, Tr is the external wall temperature
of the blade, and T, is the cooling air temperature. Cooling effectiveness is closely related to
the amount of cooling flow that is required for a given aerofoil cooling scheme. In general, the
cooling effectiveness increases with growing coolant flow rate [104].

In a gas turbine engine, the high-pressure turbine is often subject to gas temperatures that lie
above the melting temperature of the blade material. For this reason, aerofoil cooling is vital
for the operation and the integrity of the HPT. In the topping configuration GT1.1 the turbine
inlet temperature Ty was kept at the constant level of the baseline engine. In the configura-
tion GT1.2 the Ty was allowed to vary; see Figure 6.7 a). Thus, there exist operation condi-
tions, depending on the combination of the two variables ¢ and I1, under which Ty, is higher or
lower than that of the baseline engine. Because of the need to compress the cooling air, the
coolant temperature is also elevated. In Figure 6.8 the temperature of the HPT cooling air is
normalised by the coolant temperature of the baseline engine (T0 = 749.3 K) and plotted as
a function of IN. It is independent of ¢ and identical for both topping studies GT1.1 and GT1.2.
An increase in working gas temperature or in coolant temperature causes a reduction in the

cooling effectiveness ¢. As a consequence, the blade wall temperature is increased, which
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reduces the life of the turbine. There are two ways to countervail this problem. The first is to
reduce the temperature of the coolant, which requires a complete redesign of the cooling
system. The second is to accordingly increase the amount of cooling air. However, such an
increase in the cooling air mass flow rate would adversely affect the overall engine perform-

ance.

1 1.2 1.4 1.6 1.8 2
Combustor pressure ratio IT [-]

Increase in HPT cooling air temperature [-]

Figure 6.8: HPT cooling air temperature normalised by the coolant temperature of the base-

line engine GT1

For the low pressure turbine the situation is less critical. Because of the need for the HPT to
drive additional compressors for shock generation and cooling it extracts more work from the
fluid. Consequently, the temperature Tys at the inlet to the LPT is reduced compared to the
baseline engine. The change in Tys relative to the baseline engine is presented in Figure 6.9
for both topping configurations GT1.1 and GT1.2. Because of the fixed turbine inlet tempera-
ture in GT1.1 the LPT inlet temperature is reduced for all studied combinations of ¢ and I1. In
GT1.2, the Tys is elevated relative to the baseline engine for certain combinations of 1 and §
(M<1.2and &> 0.07). In general, for GT1.2 the rate of reduction in Tys with I is higher than
for GT1.1. A reduction in the working gas temperature allows diminishing the required cool-
ing air mass flow to the LPT. This would contribute to improve the overall performance of the
topped engine.

In the engine performance studies presented above the cooling air mass flows are the same
as in the baseline engine. The turbine cooling considerations have however demonstrated
the need in changing the coolant mass flows in order to maintain the cooling effectiveness
and the blade wall temperature at an appropriate level. Hence, a redesign of the turbine cool-

ing system is necessary. Modification of the cooling air mass flows can considerably influ-
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ence the overall performance of the topped engines presented in Figure 6.3 and Figure 6.7.
Thus, further studies including cooling system adaptation are required to provide more realis-

tic performance evaluation of shock-combustor enhanced engines.
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Figure 6.9: LPT inlet temperature for the two topping configurations GT1.1 and GT1.2 rela-

tive to the baseline engine GT1

6.3.2 Performance of a Shock-Combustor Topped Turbofan Engine

In this study the performance of a shock-combustor topped high-bypass turbofan engine is
compared to the performance of the baseline engine GT2 at design ambient conditions. In
the calculations the turbine inlet temperature Ty of the topped engine is kept at the constant
value of the baseline engine. This setting makes this study comparable to the performance
study GT1.1 of the shock-combustor topped industrial gas turbine. The flow Mach number in
the section 6 (see Figure 6.1), immediately behind the flow mixer, is kept equal to that of the
baseline engine Mg = 0.557. The bypass flow and the core flow are assumed to be perfectly
mixed in this section. Further, the nozzle exhaust flow is assumed to be sonic, i.e. the flow
Mach number at the nozzle exit is fixed at the constant value Mg = 1. In order to enable such
behaviour the cross sectional areas of the mixer Ag and of the exhaust nozzle Ag are allowed
to vary accordingly in the model.

In Figure 6.10, selected performance variables of the shock-combustor topped turbofan en-
gine are presented as a function of the variables & and IN. These performance parameters
are plotted in relation to the corresponding performance values of the baseline engine GT2.

The value zero on the y-axis of the diagrams represents the benchmark performance level of

111



Chapter 6: Engine Performance Studies

the baseline engine. It is noted that both the changes in thermal efficiency ny, and propulsive

efficiency nprop are given as simple differences (A%) relative to the baseline engine’s values.
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Figure 6.10: Performance parameters of the shock

relative to the baseline engine GT2 for the fixed turbine inlet temperature Ty,

In Figure 6.10 a) predicted net thrust Fy of the topped turbofan engine is shown. Net thrust is

a function of the nozzle flow velocity ug and the nozzle pressure ratio pw/pam» [109]. The

variation of the nozzle pressure ratio with £ and I is shown in Figure 6.11. The pressure-gain

in the combustor is counteracted by the increased power extraction at the HPT due to addi-

tional shock and cooling compressors. Thus, for each value of ¢ there exists a range of I

values, for which the nozzle pressure ratio lies below that of the baseline engine. For higher
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values of I the combustor pressure-rise is partly maintained and the nozzle pressure ratio of
the topped engine increases compared to the datum engine. The nozzle flow velocity ug is
predicted to be reduced relative to the baseline engine for all studied combinations of 1 and
¢; see Figure 6.12. Variation of the net thrust with ¢ and N, shown in Figure 6.10 a), com-
bines the influences of the nozzle pressure ratio and the nozzle flow velocity. Fy increases
with growing combustor pressure ratio until it reaches a maximum at a certain value of 1.
Further increase in I causes a reduction of net thrust. Growing ¢ leads to a significant reduc-
tion of net thrust for the same values of I1. Further, the absolute achievable maximum value
of Fy is reduced and shifted towards higher values of I'1, when ¢ is increased.

Predictions of propulsive efficiency of the shock-combustor topped engine are presented in
Figure 6.10 d). The behaviour of Ny, With I and ¢ is also linked to the nozzle pressure ratio
of the topped engine. Because of the fixed nozzle flow Mach number (Mg = 1, convergent
nozzle) an increase in the nozzle pressure ratio (Figure 6.11) results in higher losses in the
kinetic energy of the jet. Thus, higher values of ¢ increase the propulsive efficiency of the
topped engine, whereas growing I reduces it. The maximum reduction of ng.,, compared to
the baseline engine is predicted to be -2.2 percentage points at ¢ = 0.1 and 1 = 1.5.

The calculation results of thermal efficiency ny, and thrust specific fuel consumption TSFC
are presented in Figure 6.10 b) and c) respectively. ny, is defined as increase in kinetic en-
ergy of the gas stream across the engine divided by the amount of heat employed. TSFC is

the ratio of fuel mass flow rate and net thrust [109]. Hence, both parameters are linearly de-

pendent on the fuel mass flow rate m, of the engine. In Figure 6.13 the forecast behaviour of
the fuel mass flow rate m, of the topped turbofan engine is presented. As expected from eq.

(6.3) m, decreases with growing combustor pressure ratio and . Both performance parame-

ters ny and TSFC behave analogously with 1 and &. Increasing I causes both parameters to
improve until a certain maximum or minimum value is reached, respectively. This maxi-
mum/minimum is increased in magnitude and shifted towards higher values of I with grow-
ing €.

An exemplary engine topping with ¢ =0.07 and a moderate combustor pressure rise of
M =1.2 is predicted to improve the thermal efficiency by 1.7 percentage points and to reduce
the TSCF by approximately 3 % relative to the baseline engine GT2. Propulsive efficiency is
expected to improve by around 0.4 percentage points merely and the net thrust is deterio-
rated by approximately 1.6 %. Combustor pressure ratio must be increased beyond the
value 1.23 in order to obtain an engine topping with an increased net thrust for the same €. In
doing so, thermal efficiency and TSFC of the topped engine are further improved by ap-
proximately 1-1.5 percentage points, whereas N, is slightly reduced by around 0.5 percent-

age points.
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Figure 6.11: Nozzle pressure ratio of the shock-combustor enhanced turbofan engine rela-

tive to the baseline engine GT2 for the fixed turbine inlet temperature Ty
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Figure 6.12: Nozzle exit flow velocity of the shock-combustor enhanced turbofan engine

relative to the baseline engine GT2 for the fixed turbine inlet temperature Ty,

Thermal efficiency and specific fuel consumption results of the shock-combustor topped tur-
bofan engine (Figure 6.10) are now compared to the performance of the enhanced industrial
gas turbine GT1.1 (Figure 6.3). Shock-combustor topping as per Figure 6.2 is more benefi-
cial when applied to the industrial gas turbine GT1. Predicted improvements in ng and SFC
are significantly higher in the case of the topped industrial gas turbine for the same combina-
tions of the parameters 1 and €. This is particularly true for large values of 1 and ¢ within the

range of this study. Degradation of achievable performance with growing ¢ is much more
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severe in the case of the topped turbofan engine. Furthermore, weight and safety constraints
make the industrial gas turbines appear as a more adequate basis for pressure-gain com-

bustor enhancement.
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Figure 6.13: Fuel mass flow rate of the shock-combustor enhanced turbofan engine relative

to the baseline engine GT2 for the fixed turbine inlet temperature Ty

Additional calculations at 1rsc = 3.0*T1 and 4.0*I'1 were performed in order to assess the per-
formance sensitivity of the topped turbofan engine to changes in 1rsc. These changes corre-
spond to a variation in 1rsc of £14.3 % respectively. In Figure 6.14 the results of these calcu-
lations are presented on the basis of thermal efficiency of the shock-combustor topped en-

gine. Therein the thermal efficiency results are exemplary plotted for ¢ = 0.04 and ¢ = 0.15.
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Figure 6.14: Influence of a variation in 1sc on the thermal efficiency of the shock-combustor

enhanced turbofan engine
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Tisc has a direct effect on the power that is consumed by the shock compressor. Hence, the
influence of 1sc on the engine performance is expected to become stronger with growing &.
For low values of ¢ and low 1 the variations in TTsc cause ny, to change by approximately
10.4 percentage points; for larger I1 this difference diminishes and becomes negligibly small
for N> 1.4. In contrast, for high ¢ the same variation in Trsc exhibits a significantly stronger
effect on the thermal engine efficiency. It is responsible for changes of up to £2-3 percentage
points in ng for £ = 0.15. The influence of T1sc on other engine performance parameters is
analogous to that reported in Figure 6.14.

An additional study was carried out in order to asses the effects of potentially reduced turbine
efficiency on the performance of the shock-combustor topped turbofan engine. The polytropic
efficiencies of both the HPT and the LPT were simultaneously reduced. The reduction incre-
ment was three percentage points respectively. The results of the study are presented in
Figure 6.15 on the basis of thermal efficiency for £ = 0.03. A moderate reduction in the effi-
ciencies of the turbines causes a significant degradation in the ny, of the topped engine. The
deterioration in thermal efficiency is the largest for low combustor pressure ratios. It reduces
quickly with growing IN. The point of maximum ny, is shifted towards higher combustor pres-
sure ratios with every turbine efficiency degradation step, whereas its magnitude remains
unaltered. These effects are amplified with every successive turbine degradation increment.
Other engine performance parameters are analogously affected by the reduced turbine effi-

ciency.
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Change in Ny, relative to GT2 [A%]
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Combustor pressure ratio IT [-]
Figure 6.15: Influence of a reduced polytropic turbine efficiency on the thermal efficiency of

the shock-combustor enhanced turbofan engine

Generally, it is concluded that the turbofan engine topping is more susceptible to variations in
shock compressor pressure ratio and turbine efficiencies than the corresponding industrial

gas turbine topping GT1.1. Changes in the performance caused by identical variations in Trsc
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and turbine efficiencies are predicted to be significantly higher in the case of the topped tur-

bofan engine, particularly at high ¢ and low IM.
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7 Conclusions and Future Work

7.1 Summary and Conclusions

Today, both the transportation and the energy business sectors vitally rely on the power pro-
vided by gas turbines. These branches, which are essential for a consistent economic growth
within an increasingly global business environment, are predicted to grow at an annual rate
between 3 % and 5.5 % over the next 20 years. Hence, the demand in gas turbine power is
expected to double over the next two decades. This market demand is opposed by ever
growing fossil fuels prices and increasingly stringent combustion emission regulations. These
challenges can only be managed by gas turbine manufacturers and operator through a fur-
ther substantial improvement in the fuel efficiency of gas turbines.

One method of achieving this is to use a pressure-rising combustion process. The conven-
tional quasi-isobaric, steady-flow gas turbine combustion is characterized by a highly irre-
versible conversion of chemical energy into heat. This represents a penalty to engine per-
formance and limits the thermodynamic efficiency of the engine. In a combustion process
that is accompanied by an increase in pressure a portion of heat release is reversibly con-
verted into mechanical energy, which reduces the entropy rise and makes the process of
heat addition more efficient. Hence, the central objective of pressure-gain combustion work
is to modify the constant pressure mode of combustion in gas turbines so, that its perform-
ance moves closer to that of constant volume combustion. It is also concluded that such a
pressure-rising combustion mode must inevitably be unsteady.

In this work it is proposed to use the interaction of shock waves with a pre-mixed flame to
achieve a time-averaged, combustion-induced pressure rise. The passage of a shock wave
through a pre-mixed flame is highly unsteady and non-uniform in time and space. It is known
to cause a temporal increase in the heat release rate of the flame due to gas compression
effects and increase in the flame surface area. Consequently, the rate of expansion of the
burned gas is altered accordingly, which leads to formation of pressure waves at the dis-
turbed flame. Under certain circumstances, these pressure waves coalesce and reinforce the
initial pressure wave. The physical phenomena occurring in the course of shock-flame inter-

action are very complex and as yet not understood in detail.
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An experimental investigation of shock-flame interaction phenomena was planned and con-
ducted using a shock tube test rig. The use of the shock tube test facility allowed the genera-
tion of shock waves of different strength in a controlled and highly-repeatable manner. Pre-
mixed combustion of a nearly-stoichiometric methane-oxygen-argon mixture was used in the
experiments. Spatially and temporally resolved measurement of static pressure and
chemiluminescence, as a qualitative measure of flame heat release, were applied. Both
modes (directions) of interaction, slow-fast and fast-slow, were tested. It was shown that the
heat release rate of the flame is temporally amplified after each passage of a shock wave
compared to the undisturbed flame. The maximum achieved pressure in the test rig has also
been demonstrated to increase due to shock-flame interaction compared to shock experi-
ments without combustion for the same incident shock strength. Both the increase in pres-
sure and in heat release of the flame were shown to grow with the Mach number of the inci-
dent shock. The fast-slow mode of interaction produced considerably higher increases in
pressure and heat release than the fast-slow mode for the same incident shock strength.
This is due to higher rates of gas compression and flame surface growth in this type of inter-
action. The temporal relationship between pressure and heat release fluctuations was ana-
lysed using the Rayleigh Index. It was demonstrated that there exist regions of positive
Rayleigh Index after each transition of a shock wave through a flame front. In these regions
the increase in heat release is in phase with the increase in pressure, which satisfies the
Rayleigh criterion and promotes the growth of pressure oscillations, i.e. the initial pressure
wave is reinforced. The intensity of the Rayleigh Index was shown to increase by up to two
orders of magnitude in the course of repeated shock-flame interactions.
Further, an analytical quasi-one-dimensional model of the shock wave and flame interaction
was developed. Thereby, shock-flame interaction was broken down into three interrelated
processes: shock refraction at a reactive density interface, deformation of the flame front,
and generation of pressure waves at the deformed flame. Given a known initial flow field,
initial two-dimensional flame geometry, and the Mach number of the incident shock wave the
model allows the calculation of a fully defined one-dimensional flow field that is formed at the
end of a singe shock-flame interaction event. The geometry of the initial flame front was de-
scribed by a simple single-mode half-sine wave. This shape is typical for laminar flames
propagating in narrow channels. The analytical model was successfully verified using ex-
perimental data. Results of the analytical calculation allow one to relate the change of state
across a shock-flame interaction event to that across an isobaric flame with the same initial
conditions. It was found that a single shock-flame interaction event generates a significant
increase in pressure, whereas the according increase in temperature remains at a relatively
moderate level. Further, the combustion entropy is significantly reduced through a single
shock-flame interaction event compared to the reference isobaric combustion process. The
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resulting changes in pressure, temperature and entropy rise with increasing incident shock
strength and growing curvature of the flame front. They are significantly stronger in the fast-
slow mode of interaction. This is a consequence of higher rates of gas compression and
flame surface growth in the fast-slow type of interaction. Thus, weak incident shock waves
with M; < 1.3 produce an increase in static pressure of up to 230 %, 60 %, but merely a static
temperature increase of around 5.4 %, 1.9 % relative to the reference isobaric combustion
for fast-slow, slow-fast interaction mode, respectively. The corresponding reduction of gener-
ated entropy constitutes up to -15 %, -6 %, respectively. For very weak incident shocks
(M; < 1.2) these changes are dominated by flame deformation effects. For stronger incident
shocks the relative contribution of gas compression effects due to shock refraction is pre-
dominant.

These results substantiate the assumptions that shock-flame interaction represents a real
route to achieve pressure-rise combustion. Additional insight is provided into the interaction
mechanism of shock waves and pre-mixed flames. First estimate of increases in pressure
and temperature as well as reduction in entropy achievable with a single interaction event is
presented. Means of controlling and driving the shock-flame interaction are identified and
highlighted.

In this work, it is envisaged to repeat the shock-flame interaction in a certain sequence in
order to obtain a time- and volume-averaged total pressure rise in the burned gas compared
to steady isobaric combustion. A simplified engine performance model was developed to
assess the performance improvement potential as well as the limitations of this concept. A
theoretical configuration of a shock-combustor enhanced high-pressure engine core was
proposed and applied to two types of baseline engines: a twin-spool industrial gas turbine
and a twin-spool high-bypass turbofan engine. The performance of the topped engines was
evaluated using two variables: the combustor pressure ratio 1 and the fraction of the core
mass flow used to generate shock waves in the combustor . Generally, the performance of
the topped engines rises for growing I and deteriorates with increasing ¢. It was found that
already for relatively moderate combustor pressure ratios (1< 1.4) and relatively high &
(€ < 0.1) the specific fuel consumption and the thermal efficiency of the topped engines are
forecast to improve by up to 13 % and 5 percentage points compared to the baseline en-
gines, respectively. In general, considerably higher improvements are predicted for the in-
dustrial gas turbine engine for the same combinations of variables I and &. Further, the im-
provement potential of the topped engines was demonstrated to be strongly dependent on
the turbine capability to efficiently extract power from the highly unsteady combustor exhaust
flow. Their performance was shown to drop dramatically in response to relatively small

changes in polytropic turbine efficiencies.

120



Chapter 7: Conclusions and Future Work

7.2 Future Work

The results of this study shed additional light on the physical phenomena involved in shock-
flame interaction. They also allow the drawing of conclusions about the gas state that is in-
duced at the end of a single interaction between a shock wave and a pre-mixed flame. How-
ever, these steady gas conditions merely exist in a small gas volume for a very short period
of time. In order to achieve a resultant quasi-steady pressure rise, which is necessary for
practical applications, the shock-flame interaction process must be repeated at a certain fre-
quency. Volume and time averaging of the resulting unsteady fluid flow will reduce the
achievable pressure-gain below that of a single shock-flame interaction process. Conversely,
repeated interaction between a shock wave and an already distorted flame will significantly
enhance the thermodynamic pressure-rise potential of a single interaction event. This high-
lights the importance and the need of further research into the topic of sequential shock-
flame interaction and of an accurate flow averaging technique. Currently, there is very little
understanding of sequential interaction, which is imperative for further concept development.

Another important area of future work is the shock-flame interaction in two-phase combustion
systems. In many gas turbines sprays of liquid fuels are burned in the combustion chamber.
The interaction of propagating shock waves with dispersed reactive media differs significantly
from the underlying interaction mechanism in pre-mixed combustion. Some historical work is
available in this area that supports the idea of using shock-flame interactions in liquid fuels
for pressure-gain combustion applications; see Chapter 3.2.5. Nevertheless, further research
in this field is absolutely essential.

The integration of an unsteady pressure-gain combustor into a gas turbine engine will pose a
plethora of technological challenges to engine designers and manufacturers. Among others
following topics will arise: integration of a shock generation system (additional weight and
complexity), prevention of backflow of hot combustion products to the compressor, combus-
tor and turbine cooling, rematch of turbine and compressor modules, increased fatigue due
to unsteady combustor operation. In fact, the introduction of a pressure-rising combustion
chamber would require a complete redesign of the whole engine.

The exhaust flow from a shock wave enhanced pressure-gain combustor envisaged in this
work is expected to be highly unsteady in time and spatially non-uniform. This flow may also
contain strong shock waves. The efficiency of conventional turbines designed for steady flow
conditions is significantly reduced under such flow conditions. Hence, a new turbine design
must be found that is capable of efficiently extracting power from highly unsteady non-
uniform flow including shock waves. This work has been tackled at the University of Stuttgart
using a turbine row with a variable annulus height aiming at prevention of throat blockage

and undue reflection of incident pressure waves [44].
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Appendix A
CH, (o2} Ar
Y [-] 0.04139 0.16675 0.79186
M; [kg/mol] 0.01605 0.03199 0.03994
ar[-] 0.77874148 3.2129364 25
az [] 0.01747668 0.00112749 0
as [] -2.7834E-05 | -5.75615E-07 0
as[] 3.0497E-08 1.31388E-09 0
as [] -1.2239E-11 -8.7686E-13 0

Table A.1: Mass fractions, molar masses, and coefficients for the unburned mixture,

eq. (5.3), 300 K < T <1000 K, from [100], [124]

CO; H>0 O, Ar
Yi[] 0.11347 0.09289 0.00178 0.79186
M; [kg/mol] 0.04401 0.01801 0.03199 0.03994
ar[-] 4.4536228 2.6721456 3.6975782 2.5
as [-] 0.00314017 0.00305629 0.00061352 0
as [-] -1.27841E-06 | -8.73026E-07 | -1.25884E-07 0
aqs [-] 2.394E-10 1.201E-10 -1.77528E-11 0
as [-] -1.669E-14 -6.3916E-15 -1.1364E-13 0

Table A.2: Mass fractions, molar masses, and coefficients for the combustion products,

eq. (5.3), 1000 K < T < 5000 K, from [100], [124]

Sto [m/s]

as[-]

az [-]

al]

B L]

0.7077

0.237

-3.411

1.39

-0.016

Table A.3: Empirical constants for the calculation of laminar burning velocity, eq. (5.8)
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Figure A.1: Pressure and chemiluminescence profiles of the incident and the reflected shock
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Figure A.2: Pressure and chemiluminescence profiles of the incident and the reflected shock
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