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Zusammenfassung

Die Energieerzeugung und der Verkehrssektor sind zwei der Emittenten, die in den letzten
zehn Jahren einen erheblichen Anteil am globalen Wachstum der Treibhausgasemissionen
hatten. Die Zahl der Flugpassagiere sowie stromabhängiger Technologien wächst kontinuierlich.
Diese Wachstumsrate ist schneller als die Entwicklung erneuerbarer Energien mit den damit
verbundenen Emissionen umgehen kann, daher sind Abhilfemaßnahmen erforderlich, um die
Emissionen der aktuellen Technologien zu ändern. Dennoch sind die Gasturbinenkomponenten
so ausgereift, dass der Triebwerkswirkungsgrad bei Leistungssteigerungen nicht um mehr als ein
halbes Prozent ansteigt. Daher kann eine sprunghafte Änderung des Gasturbinenwirkungsgrads
einen Paradigmenwechsel erfordern. Unter den Abhilfemaßnahmen hat sich herausgestellt,
dass die Druckverstärkungsverbrennung (PGC) den herkömmlichen Verbrennungstyp mit
konstantem Druck ersetzt, was den Gasturbinenwirkungsgrad signifikant erhöht. Für eine
zuverlässige Implementierung von PGCs in Gasturbinenkreisläufen müssen jedoch noch viele
Herausforderungen gelöst werden.

Abgesehen von den verbrennungsbezogenen offenen Fragen ist die effiziente Energiegewin-
nung aus PGCs noch ein Engpass beim Einsatz dieser Verbrennungstechnik in Gasturbinen.
Eine Turbine in einer konventionellen Gasturbine ist üblicherweise so ausgelegt, dass sie das
Abgas einer eher stationären Verbrennungsarbeit mit einem Wirkungsgrad von über 90%
entspannt. Diese Turbine verliert jedoch ihre Leistung, wenn sie PGC-Geräten ausgesetzt wird.
Der pulsierende Charakter und das stark instabile Abgas von PGCs sind für solche Turbinen so
schädlich und werden den gesamten Effizienzgewinn, der von einer PGC-betriebenen Gasturbine
erwartet wird, zunichte machen. Daher ist die Entwicklung einer Turbine, die in der Lage ist,
Energie aus PGCs effizient zu extrahieren, notwendig, um die Gasturbinenemission deutlich zu
reduzieren.

Die vorliegende Dissertation trägt durch zwei Hauptteile zur Integration von Turbinen
mit PGC-Geräten bei. Zunächst wird die Wechselwirkung einer stationären Leitschaufelreihe
als erste Reihe einer typischen Turbine mit einem rotierenden Detonationsbrenner (RDC)
untersucht. Der RDC-Abgasstrom, der durch die stationären Leitschaufeln strömt, wird
durch numerische Simulationen charakterisiert, die einen tieferen Einblick in die Details des
Strömungsfelds bieten, die in experimentellen Arbeiten unerreichbar sind. Schaufelgeome-
trieparameter und Schaufeleinstellwinkel werden geändert, um die Rolle der Leitschaufel bei
solchen instationären periodischen Strömungen weiter zu untersuchen. Gesamtdruckverlust,
Schwankungsdämpfungsfunktion und Leistung der Schaufeln werden analysiert und mit den
stationären Betriebsbedingungen verglichen. Die Ergebnisse zeigen, dass der Gesamtdruck-
verlust der Schaufeln nicht notwendigerweise den herkömmlichen Verlustkorrelationen folgt,
die für eine stationäre Strömung entwickelt wurden. Außerdem hat sich herausgestellt, dass



die Leitschaufelreihe mehr als 57% der Schwankung dämpfen kann, während ein höheres
Dämpfungsniveau durch Verkürzen der Strömungswegfläche erreicht werden kann, indem
entweder die Festigkeit oder die Dicke der Schaufeln erhöht wird. Diese Rolle der Leitschaufeln
macht die Strömung günstiger für alle stromabwärtigen Laufschaufeln, die so empfindlich
auf die Variation des Einfallswinkels reagieren. Die generische Form der Leitschaufeln, die in
dieser Arbeit betrachtet wird, bietet eine Vielzahl von Anreizen für Folgeuntersuchungen zur
Gestaltung einer möglichst effektiven Leitschaufel für RDC-Abgasströmung.

Die Wechselwirkung einer mehrstufigen Turbine mit einem gepulsten Detonationsbrenner
(PDC) wird im zweiten Teil untersucht, wobei der Schwerpunkt auf der Einführung einer
Simulationsmethodik für instationäre Turbinen liegt. Es wird ein eindimensionales Verfahren
zur Simulation einer mehrstufigen Axialturbine entwickelt, die mit einer Anordnung von
PDC-Rohren verbunden ist. Die Methodik umfasst einen 1D-Euler-Gleichungslöser auf einer
axial diskretisierten Turbinendomäne. Ein intern entwickeltes Meanline-Programm unterstützt
den 1D-Euler-Löser, indem es die Turbomaschinen-Quellkraft und Arbeitsquellterme für
die Euler-Gleichungen bereitstellt. Die Genauigkeit der entwickelten Methodik wird anhand
der dreidimensionalen URANS-Simulationen verifiziert. Verschiedene PDC-Konfigurationen,
einschließlich einer unterschiedlichen Anzahl von PDC-Röhren, werden verwendet, um die
Stärke der Methodik unter verschiedenen Bedingungen zu bewerten. Der Vergleich der
Ergebnisse mit denen von 3D-CFD bestätigt die Zuverlässigkeit der 1D-Euler-Methodik
für die Turbinensimulation in PDC-Anwendungen, mit dem Vorteil, robust und schnell genug
zu sein, um in die frühen Design- und Optimierungsphasen integriert zu werden.

Darüber hinaus wird als praktische Umsetzung der entwickelten Methodik eine Turbinen-
optimierung unter Verwendung der 1D-Euler-Methode als Zielfunktionsauswerter durchgeführt.
Als am stärksten von der instationären Anströmung betroffene Schaufelreihe wird die erste
Stufe der Turbine einer Optimierung unterzogen. Die optimierte zweistufige Turbine zeigt eine
bessere Leistung (16% geringere Entropieerzeugung und 14% höhere Ausgangsleistung) im
Vergleich zu ihrem ursprünglichen Design, während sie unter PDC-Abgasströmung arbeitet.
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Abstract

Power production and transport sectors are two of the emitters which have had a considerable
share in the global growth of greenhouse gas emissions for the last decade. The number of air
passengers as well as electricity-dependent technologies is continuously growing. This growth
rate is faster than renewable energy developments can deal with their related emissions, hence
remedies are required to decrease the emission from the current technologies through some
modifications. Nevertheless, the gas turbine components are mature enough that any effort to
achieve higher performance will not raise the engine efficiency by more than half a percent.
Therefore, a step-change in the gas turbine efficiency may require a change of paradigm. Among
the remedies, substituting pressure gain combustion (PGC) for the conventional constant
pressure combustion type has proven that will raise the gas turbine efficiency significantly.
However, plenty of challenges needs to be solved for a reliable and efficient implementation of
PGCs in gas turbine cycles.

Apart from the combustion-related open questions, an efficient way of extracting energy
from PGCs is still a bottleneck in using this combustion technique in gas turbines. A turbine
is usually designed in such a way to expand the exhaust gas from a rather steady isobaric
combustion with an efficiency of more than 90%. But, this turbine loses its performance while
being exposed to PGC devices. The pulsating character and highly unsteady exhaust of PGCs
are so deteriorative for such a turbine and will spoil the whole efficiency gain expected from a
PGC-driven gas turbine. Therefore, developing a turbine able to extract energy from PGCs
efficiently is necessary toward cutting the gas turbine emission significantly.

The present dissertation contributes to the integration of turbines with PGC devices by
two main parts. First, the interaction of a stationary vane row, as the first row of a typical
turbine, with a rotating detonation combustor (RDC) is studied. The RDC exhaust flow
passing through the stationary vanes is characterized by numerical simulations which provide
a deeper insight into the detail of the flow field where is unreachable in experimental works.
Blade geometrical parameters and blade setting angle are altered to further study the role of
the guide vane in such unsteady periodic flows. Total pressure loss, fluctuation damping role,
and performance of the vanes are analyzed and compared to the steady operating conditions.
Results show that total pressure loss of the vanes does not necessarily follow the conventional
loss correlations developed for steady flows. Besides, it is found that the vane row can damp
more than 57% of the fluctuation, while a higher damping level can be achieved by shortening
the flow path area by raising either solidity or thickness of the blades. This role of the guide
vanes makes the flow more favorable for any downstream rotor blades which are so sensitive to
the incidence angle variation. The generic shape of the vanes considered in this thesis provides



a wide range of incentives for follow-up investigations on designing a most effective guide vane
for RDC exhaust flow.

The interaction of a multistage turbine with a pulsed detonation combustor (PDC) is
explored in the second part of the thesis, focusing on introducing a turbine unsteady simulation
methodology. A one-dimensional method is developed for simulating a multistage axial flow
turbine connected to an array of PDC tubes. The methodology comprises a 1D-Euler equations
solver on an axially discretized turbine domain. An in-house developed meanline program
supports the 1D-Euler solver by providing the turbomachinery force and work source terms
to the Euler equations. The accuracy of the developed methodology is verified using the
three-dimensional URANS simulations. Different PDC configurations, including different
numbers of PDC tubes are employed to assess the methodology strength in various conditions.
The comparison of the results with those of 3D-CFD confirms the reliability of the 1D-Euler
methodology for turbine simulation in PDC applications, with the advantage of being robust
and fast enough to be integrated into the early design and optimization phases.

Furthermore, as a practical implementation of the developed methodology, turbine
optimization is performed using the 1D-Euler method as the objective function evaluator. As
the most affected blade rows of the unsteady incoming flow, the first stage of the turbine
is subjected to optimization. The optimized two-stage turbine shows better performance
(16% lower entropy generation and 14% higher output power) against its original design while
working under PDC exhaust flow.
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1
Introduction

“I’m looking for a lot of men who have an infinite capacity to not know what can’t be done."
Henry Ford

1.1 Energy Related Concerns

The Industrial Revolution changed very basic forms of energy our ancestor relied on such as
animal muscle, human muscle and burning biomass, to fossil fuels. Since then, fossil energy has
become a fundamental driver of developments in technology, economy and even politic. Fossil
fuel consumption has changed significantly over the past years – in terms of what and how
much we burn. In the beginning, coal was the only fossil fuel type people could use. From late
19th, oil and gas were added to the consumption cycle. Despite the world is in debt to the fossil
fuels for being developed, it suffers from several negative impacts resulting from burning these
fuels. Carbon dioxide (CO2) is the largest driver of global climate change. This excess harmful
gas produced by burning fossil fuels is also a major contributor to local air pollution, which is
estimated to linked to millions of premature deaths each year. According to the September
2019 World Meteorological Organization (WMO) report, we are at least one degree Celsius
above pre-industrial levels and close to what scientists warn would be “an unacceptable risk.”
If we don’t slow global emissions, the temperature could rise to above three degrees Celsius by
2100, causing further irreversible damage to our ecosystems. Climate change would threaten
the peace and security between nations resulted by a competition for resources such as water
and land leading to mass displacement [1]. According to the World Bank report [2], if no
measures are taken, more than 140 million people in Sub-Saharan Africa, Latin America, and
South Asia will be forced to migrate within their regions by 2050. Therefore, a rapid transition
from fossil fuels to efficient, renewable and sustainable energy is crucial. The Paris agreement
is the first legally binding international treaty on climate change made in 2015. Its goal is
to limit global warming to well below 2 degrees, preferably to 1.5 degrees Celsius, compared
to pre-industrial levels. The main contributors of emission is shown graphically in Fig.1.1.
Energy sector, including electricity, heat and transport, is responsible for more than 73% of
the global greenhouse gas emissions. Having a rise from 7 to 9 billion in the world population

1



1. Introduction

by 2050, the demand for energy consumption is forecasted to increase by approximately 56%
[3]. Hence the energy related emissions become even bolder.

Figure 1.1: Emission production by sector, taken from [4].

The use of renewable sources such as wind, solar, hydro, biomass, tidal and geothermal
energy are increasingly growing. Among all, wind, solar and biomass are the three renewable
energy sources that have the greatest growth rate between 2009-2019 across the EU. Wind
energy provides a domestic source of energy and can be built on existing farms or ranches
without occupying a huge area. Nevertheless, wind power has to still compete with low price
conventional energy sources, even though the cost of wind energy has lowered in the past
decades. Besides, some regions do not have enough wind during the calendar year that building
a wind farm can make sense. Often suitable wind farms are located far from consumption
centers like big cities, so that creating long transmission lines is required. Solar energy as
the other renewable source has a great potential if it is coupled with battery storage. The
main challenge for solar power and also wind energy is their dependency on the weather. Solar
power generation curve in a sunny day and power consumption trend are mismatched. Rising
energy demand in the morning and the evening is not aligned with the level of energy captured
from the sunlight during these hours. Consuming biofuels for energy production is still a
controversial topic. Having a lower energy density compared to fossil fuels make biofuels less
commercially attractive. However, biofuel production can be combined with nitrogen-rich,
municipal wastewater, and carbon dioxide flue gas treatment to become more sustainable and
cost-effective [5].

Since 1939 when the first gas turbine was installed in in the municipal power station in
Neuchâtel, Switzerland, this technology has played a big role in power generation. Today gas

2



1.2 Pressure Gain Combustion

turbines are a major technology in both electricity generation and aviation. The advantages of
this technology are not only limited to its quick response time but also the ability to burn
different types of fuel ranging from fossil to biomass and hydrogen. Considering the already
installed gas turbines in the power and aviation sectors, decarbonization of gas turbines can be
one of the cost-effective solutions toward carbon-free energy production and air transportation.
Gas turbines consist of three main parts namely compressor, combustor and turbine to shape
a thermodynamic process of Brayton cycle. Having the compressor and turbine conceptually
fixed, the combustor where the fuel is burnt can be modified with respect to environmental
concerns. The conventional combustion type is the process of constant pressure heat addition.
Beside the use of clean fuel, the total pressure loss occurring in the conventional combustion
process can be replaced with the constant volume combustion process in which total pressure
increases. The periodic operation, in which a reactive mixture is burnt in a constrained
combustion volume, results in a rise in total pressure and allows work extraction by expansion
to the initial pressure. This rise in total pressure through the combustion process introduces
the concept of Pressure Gain Combustion (PGC) engines. Therefore, using pressure gain
combustion burning hydrogen in the gas turbine technology can be one of the promising and
low cost solutions for rapid transition toward sustainable energy generation.

The current research is focused on the use of PGC and the related challenges to extract
energy from it in a form of gas turbine cycle. Within this chapter, the scope of the dissertation
will be elaborated after a short introduction to the pressure gain combustion concept.

1.2 Pressure Gain Combustion

The concept of pressure gain combustion has been almost as long as the gas turbine. The
attributes of PGC have been studied for over a century and have resulted in proposals to
develop practical engines. Due to its potential advantages, the past few decades have seen
a pickup interest spreading rapidly worldwide in pressure gain combustion. Research and
development have been put to solve the challenges related to the use of PGC for a safe operation.
These efforts have led to sufficient understanding for the first flight of a Pulsed Detonation
Combustion (PDC) engine in 2008 by Air Force Research Laboratory and Rotating Detonation
Combustion (RDC) engine in 2021 by Japan Aerospace Exploration Agency. The idea of
pressure gain combustion cycle has been derived by switching from heat addition at constant
pressure process in the form of Brayton cycle to heat addition at constant volume process in
the form of Humphrey cycle. Within the Humphrey cycle, less entropy is generated and hence
the ideal thermal efficiency is increased. The Humphrey cycle is best described in the form
of shockless explosion combustion [6] and pulsed resonant combustion [7]. The ideal thermal
efficiency of Humphrey cycle can be even enhanced through the use of detonative combustion
process. The detonative combustion process can be described by the Zeldovich-von Neumann-
Döring (ZND) model [8]. Based on the ZND model which is a one-dimensional model for the
process of detonation of an explosive, a leading shock wave is coupled to a self-propagating
reaction zone that comprises a detonation wave. The leading shock wave increases pressure
and temperature to auto-ignition condition. The coupled chemical reaction zone releases a
significant amount of heat in a frictionless, non-adiabatic flow and constant-area region known
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as Rayleigh flow and drives the leading shock wave. Figure 1.2 shows a comparison between
the three cycles in temperature-entropy and thermal efficiency diagrams. According to the
temperature-entropy diagram, it is clearly seen that the work extraction is much increased by
rising the peak temperature as a result of heat addition while lowering the entropy. This is
achieved in the ZND model compared to Humphrey and Brayton cycles. The thermal efficiency,
plotted against the combustor inlet temperature for a constant amount of heat addition,
highlights that ZND and Humphrey offers a remarkable efficiency superiority over Brayton
cycle. The difference is higher in lower combustor inlet temperature. Stathopoulos et al. [9]
showed a 20% higher efficiency at low turbine inlet temperature can be achieved. Another
notable point in the diagram is that even if no compression exists in the cycle (T2/T1 = 1),
both Humphrey and ZND have a positive efficiency while it is zero for Brayton cycle. However,
the component efficiencies on which the mentioned thermodynamic analysis is based are ideal
as in the conventional Brayton cycle. If the realistic component efficiencies are taken into
account, the efficiency gain could be lower by implementing PGC into gas turbine engines
[10]. This introduces one of the main challenges related to the use of PGCs. Compressor
and turbine in a gas turbine ideally work with constant steady flow. When PGCs substitute
for constant pressure combustion, the turbines have to work under unsteady flow conditions
caused by PGCs that cause a significant amount of losses in these components. This challenge
is addressed in the scope of this research. In overall, the significant higher efficiency of PGC
driven cycle than the constant pressure combustion brings lower specific fuel consumption and
subsequently thrust enhancement for aero engines or power output increase for land-based
power generation.
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Figure 1.2: Thermodynamic comparison between ideal cycles of Brayton, Humphrey and
detonation cycle (ZND), reproduced from [10]

PDC and RDC are the two well-known realizations of PGC. In PDC, the detonation
wave propagates downstream a tube in a cyclic manner, shown graphically in Fig.1.3. First,
a flammable mixture fills the tube. Then an ignition is occurred by an external ignition
source, and subsequently, the flame front flows into a relatively long section of deflagration to
detonation transition duct. The exhausting flame is accelerated to detonation wave burning
the flammable mixture instantly with a high propagating speed. The propagation speed is
high enough that no expansion is happened so that the combustion process is considered
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as constant volume. After blowing down the combustion product, air is injected into the
tube to expel the remaining products from the tube. This cycle is repeated which forms
the periodic pulse detonation combustion. Because of these phases in each period and the
tube’s length, PDC operating frequencies are limited on the order of 10 Hz to 100 Hz [11]. In
contrary to PDCs, in which for every cycle an ignition is required, in RDCs only one ignition
is needed to initiate the RDC continuous operation. Figure 1.4 depicts an RDC flow field and
its unwrapped representation. Within an RDC operation, firstly, fuel and oxidizer are injected
into the annulus and an initial ignition by an external source starts the combustion phenomena
and the respective detonation wave. The moving detonation wave burns the fuel-oxidizer
mixture. As long as the reactants are supplied at the combustor inlet, the detonation wave is
maintained. The higher pressure of the products behind the detonation front than the injector
pressure prevents the combustible mixture to blow in. Once the pressure gets lower, and the
detonation front gets far enough, the injectors open automatically. Therefore, there is no need
for any mechanical system. Depending on the annulus back pressure, the exhaust flow could
be subsonic or supersonic while one or several detonation waves can rotate around the annulus.
Thanks to the speedy detonation wave, compact and simpler geometry with no mechanical
valve, RDCs operate at frequencies of 1 kHz to 10 kHz, which is much higher than the PDC
operating frequency range.

(a) (b)

(c) (d)

Figure 1.3: An illustration of a typical PDC periodic operation in a tube, adapted from Publication
III.

1.3 Scope and Structure of the Thesis

One of the obstacles toward practical implementation of PGCs in gas turbine cycles is the
challenge related to the component matching. Due to the nature of PGC operation which is
defined by a periodic combustion cycle, a level of unsteadiness is imposed to the turbomachinery
components, whether compressor upstream or turbine downstream the combustor. To this end,
conventional turbomachinery are designed to work under steady flow with a peak efficiency
at their design point and with a relatively lower at off-design conditions. In conventional gas
turbines, turbines work with their top rated efficiencies of above 90%. However, when they
are exposed to the unsteady flow, they have to operate under far off-design conditions, that

5



1. Introduction

(a) (b)

Figure 1.4: An sketch of an RDC flow field features using temperature contour, (a) three-
dimensional domain, (b) unwrapped RDC domain neglecting the annulus height, adapted from [12]

spoils their favorable performance. The question that arises here is how a turbine should be
designed, so that it can efficiently harvest the high level of energy by PGCs in gas turbine
configurations. This question cannot be answered without characterizing the PGC flow field
at the turbine inlet.

Toward addressing the challenge, the present thesis focuses on the interaction of PGC and
turbine. Firstly, the exhaust flow of RDC is characterized when passing through a nozzle
guide vane row numerically. Further investigation of unsteady turbine operation requires a fast
simulation tools, because three- or two-dimensional CFD methods are too expensive to be used
for any design optimization work. Therefore, a one-dimensional transient simulation tool is
developed for a fast and reliable turbine simulation that works with PGCs. The methodology
comprises a meanline turbomachinery performance analysis, a PGC model, and a 1D-Euler
equation solver. These tools are developed and tested for PDC applications in the course of
this thesis. Finally, an optimization methodology is developed using the transient 1D-Euler
solver as the objective function evaluator. The optimization algorithm is explained and applied
for a two-stage turbine driven by a PDC configuration.

This thesis is divided into six chapters. The first chapter presents a brief introduction to
the topic with regard to the environmental concerns and the role of PGC concept in addressing
how to cut the CO2 emission from energy production sector. Chapter two will provide state
of the art information on the PGC-turbine interaction. The literature review is separated
into PDC-turbine and RDC-turbine studies, and their findings are discussed. In the third
chapter, the methodologies applied for the goal of the research work are explained. This
includes meanline method, 1D-Euler solver, CFD method, optimization algorithm, and PGC
models and the turbine test case. This is followed by presenting four publications as a part of
the results in chapter four. After a discussion on the findings, in chapter five, the thesis is
concluded in chapter 6, providing a summary of the research as well as an outlook for future
works is elaborated to close the dissertation.
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State of the Art

Regardless of past and ongoing research in the field of pure PGC operation, including detonation
phenomena [13, 14], combustion instabilities, and controllability of the periodic combustion
cycles [15, 16], that do not lie in the scope of this research, several researchers have considered
integrating PGC devices into gas turbine engines. Most of the early studies focused only on
the applicability of the concept that showed PGCs could replace conventional burners. After
proving the concept, the investigations were headed toward evaluating the performance of
PGC-driven gas turbine and component matching. This chapter provides an overview of the
studies on PGC and turbine interaction. The emphasis is placed on recent literature related
to the interaction of turbines with PDC and RDC.

2.1 PDC-Turbine interaction

One of the early efforts on the integration of PDC into a gas turbine was made by Petters et al.
[17] in 2002. Using a 1D performance evaluation code, they compared a conventional turbofan
with a PDC-driven turbofan. They showed that the engine with an embedded PDC had an
11% lower thrust specific fuel consumption (fuel mass flow rate per thrust). According to
their results, a three-hour flight of a medium-sized passenger aircraft with two PDC integrated
turbofan engines would save around 440 gallons of fuel (JP-8/Jet-A class). As a rule of thumb,
for a round flight from Berlin to Moscow with a two-engine aircraft, 17160 kg less CO2 would
be produced and released into the atmosphere. This is equal to the CO2 emission produced by
a passenger car in around four years. Assuming a daily flight for the same route in a year, the
saving would be as much as greenhouse gas emissions avoided by a wind turbine running for
one and a half years. In another work using the same numerical model, Jones and Paxson [18]
studied the integration of PDC into small, medium, and large aircraft engines to analyze the
potential fuel burn benefits of pressure gain combustion technology in the aerial transportation
sector. They replaced the constant pressure combustion with a PDC combustion model. The
results showed a thrust-specific fuel consumption decrease of 3.9%, 5.6% and 3.4% for small,
medium and large aircraft, respectively.
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Among the experimental studies in the field of PDC-turbine interaction, Schauer et al. [19,
20, 21, 22] integrated a centrifugal turbine taken from an automotive turbocharger (Garrett
T3) to a PDC tube. A centrifugal compressor with regulated outlet pressure and measured
inlet flow was connected to the system to determine the achieved operating conditions. The
turbine was successfully run and reached a rotational speed of 130k rpm. Compared to the
theoretical calculations, a considerable amount of losses were observed through the expansion
process in the turbine. Also, a significant amount of attenuation in pressure fluctuations was
seen throughout the turbine. Although the turbine was not designed for such a detonative flow
and its performance was very poor, fully developed detonations flowing into the turbine inlet,
and the turbine survival were confirmed. Comparing just a PDC tube with a PDC-turbine
configuration, they showed that the PDC tube produced about four times greater thrust than
the work output from the PDC driven turbine.

Rasheed et al. [23, 24] at General Electric Global Research Center performed some
experimental tests on a PDC-turbine hybrid system. The system consists of eight PDC tubes
positioned in a can-annular configuration of 800.1 mm long. The turbine was a single-stage
axial type taken from a locomotive scale turbocharger designed for nominal flows of 3.62 kg s−1,
25 000 rpm, and 1000 hp. Different firing patterns were examined, and the test rig was operated
up to 30 Hz for each tube. The turbocharger compressor was connected to the turbine shaft
and was used as a dynamometer. Having the compressor inlet and outlet thermodynamic
parameters measured, the work extraction from the turbine was calculated. A separate air
line providing a secondary air flow was used to cool down the primary flow to the average
temperature within the turbine material temperature limits. Because of the high amount of
bypass air, the analysis of their experimental results showed that the turbine efficiency is
almost indistinguishable from the related steady-state performance within 8% measurement
uncertainty. Around 4% higher efficiency was measured in PDC-driven turbines than steady-
state turbines. This increase can be explained by PDC’s fuel benefits to the turbine working
fluid.

Glaser et al. [25] at the University of Cincinnati suggested a hybrid system in which the
high-pressure core of a gas turbine, including a high-pressure compressor, constant pressure
combustion, and high-pressure turbine, is replaced by a PDC array containing multiple PDC
tubes. The low-pressure compressor is maintained to deliver the airflow required to fill and
purge the PDC tubes. A low-pressure turbine is also needed to power the compressor. They
built up a PDC-Turbine system to investigate the effectiveness of driving an axial flow turbine,
taken from a model JFS-100-13A gas turbine engine, with a PDC, shown in Fig.2.1(a). The
PDC system comprised six tubes that operated sequentially with a frequency of 20 Hz for
each tube. More than 80% bypass air flow was used to supply the required mass flow through
the turbine section. The turbine performance was evaluated from low load level up to 67%
of its rated pressure ratio. The comparison of the results for PDC-driven turbine and steady
flow turbine showed comparable performance data as depicted in Fig.2.1(b). They indicated
that the efficiency of the PDC-driven turbine is decreased by increasing the combustion tube
fill-fraction. Although most of the turbine working flow was supplied by the bypass air that
reduced the unsteadiness into the turbine, the performance results were found encouraging for
the applicability of PDC in a gas turbine cycle.
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Figure 2.1: PDC-Turbine experiments at the University of Cincinnati using 80% bypass air, (a)
cross-sectional view and a picture of the PDC-Turbine configuration, (b) turbine performance
results for different rotational speeds showing steady (open symbols) and PDC-fired data (closed
symbols), adapted from [25]

In another investigation at the University of Cincinnati, Anand et al. [26] positioned a
PDC array comprising six tubes upstream of an axial turbine as applied by Glaser et al. [25].
To maintain the maximum level of fluctuation entering to the turbine from the PDCs, the
tubes were fully partitioned in identical-length tubes from the engine end wall up to upstream
of the turbine stator vanes. PDCs were run under two frequencies of 5 Hz and 10 Hz and fired
sequentially. This firing pattern allowed no interaction between combustor tubes when there
was no downstream element. Their analysis showed that the duty cycle is increased by reducing
the cycle time through increasing the firing frequency but does not significantly extend the
blow-down duration. Also, a substantial decrease in the turbine efficiency compared to its
design efficiency was observed, which was four times lower. A "purge braking" phenomenon
was detected as a result of adjacent admission sectors working under different phases of the
PDC cycle. This phenomenon occurs when the tube purging gases are extracting power from
the turbine while at the same time a neighboring tube is imparting power to the turbine.

Unlike the investigations discussed above that used bypass air for cooling the hot gas and
attenuating the fluctuations, Panicker et al. [27] directly connected a 1 m long PDC tube
to a turbocharger used in Volkswagen Passat 1.8T and Audi A4/A6 1.8T model cars. Since
the aim was to assess power generation using PDC, a small AC generator is mounted on the
turbine-compressor shaft. Speed reduction wheels were utilized to connect the generator to the
turbine shaft because the turbine spun up to 127,000 rpm, while generators are typically run
at low thousands of rpm. Therefore, speed-reducing gear assemblies will have to be employed
to match the rotational speeds and torques of the two devices. The PDC frequency was 15 Hz,
and it could run for a period of about 20 s, so that the generator produced electric power at
27 W. Having concluded that PDCs can be made to self aspirate if combined with a turbine
and compressor, they suggested using multistage axial turbine for electrical power generation
from PDCs because they captured significant losses and hot spots from turning the flow around
90°.
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Qiu et al. [28, 29, 30] at Northwestern Polytechnical University presented a prototype of
two PDC tubes directly connected to a turbocharger turbine. The turbine outlet is connected
to a convergent nozzle to enhance the propulsive performance. The compressed air from the
compressor is supplied to the PDC tubes so that the hybrid system operates in the air-breathing
mode. The ignition frequency of the tubes was raised up to 20 Hz, with equivalence ratios of
around unity. Running the system for about 6 minutes, the propulsive performance of the
system reached a 27% higher maximum specific thrust compared to that of the traditional
engine based on the ideal Brayton cycle. They also concluded that the difference in pressure
peak between turbine inlet and outlet has little effect on the turbine speed. However, the
turbine speed was affected indirectly by two factors of the equivalence ratio of fuel and air
mixture and the transition structure between PDC and turbine. The equivalence ratio mainly
affects the detonation wave’s velocity, intensity, and stability, while the transition structure
changes the pressure curve of the detonation wave. The momentum difference per unit
area between the turbine inlet and outlet can be enlarged through designing an appropriate
transition structure. Therefore mastering the engine’s optimum operating point and developing
an optimal transition structure are essential for the PDC–turbine hybrid engine.

Besides investigating turbines driven by PDC exhaust, some researchers have focused on
pulsed cold air to imitate the PDC flow upstream of turbines. Among recent research works,
George et al. [31] used a Chevrolet Vortec 4200 six-cylinder automotive engine to generate
high-pressure air pulsations to a single-stage axial turbine used later by Anand et al. [26]. The
operating map of the turbine was covered for four frequencies ranging from 5 Hz to 20 Hz. They
found that the turbine efficiency under pulsating flow is a strong function of corrected mass
flow rate and mass-averaged rotor incidence angle, but pulse frequency has no significant effect.
They also tried different averaging methods and concluded that mass-averaged, work-averaged,
and integrated instantaneous methods yield meaningful values and comparable trends for all
frequencies. However, time-averaged methods poorly represented the physics, implying much
higher efficiencies under pulsed flow than under steady conditions.

Fernelius et al. [32] used compressed air and a rotating ball valve with a motor to create
pressure pulses in place of PDC exhaust flow. They utilized a JetCat P-200 gas turbine engine
as the testbed, having a single-stage axial turbine. The turbine operating map under pulsating
flow was found very similar in shape to the steady turbine map. But a decrease in the turbine
performance was captured, which was a function of the pulsing frequency. They showed that
for high pulse frequencies, the turbine pressure ratio increased with pulsed flow less than for
low pulse frequencies. Lower peak efficiency and specific power were observed for pulsating
flow turbine than the steady flow, stating that the difference between peak efficiencies was less
severe at high pulsating frequencies. Later, they [33, 34] used the same setup and generated
pulses with sinusoidal shape providing different frequencies and amplitudes to assess their
effects on the turbine performance. Their experimental measurement together with CFD
results illustrated that the driving factor in lowering turbine efficiency and pressure ratio in
pulsating flow is pulse amplitude, not frequency. A correlation was proposed which expresses
the relation between amplitude and efficiency. And they concluded that the main reason
for the deficiency of the turbine was rotor incidence angle variation caused by pulsed flow.
Applying the sinusoidal pulsating flow in place of PDC exhaust flow, they optimized a turbine
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stage with respect to entropy generation as the objective function to be minimized [35]. A
surrogate model was utilized while the objective function was evaluated by two-dimensional
steady RANS simulations, one at the maximum and one at the minimum of the pressure pulse
in each objective function call. The rotor profile shape in terms of blade inlet and outlet angles
and tangential location of the blade trailing edge was subjected to optimization. The optimized
stage achieved a 35% lower entropy generation than the baseline case while exposed to the
pulsating flow. According to the results, it was recommended to weigh the turbine design for
pulsating flow toward the peak of the pressure pulse. In this way, the camber angle near the
leading edge and the blade turning angle were reduced. Although using pulsed cold flow to
imitate the presence of PDC flow for turbine investigation can solve the problems related to
the hot measurement and visualization, there are some key differences between the pulsed air
and PDC exhaust flow. The pulse shape is usually assumed sinusoidal [36, 35] in the pulsed
flow, and the flow temperature effects are ignored. In the case of pulsed detonative flow, there
is a maximum volumetric flow rate for a specific pulse frequency, which is the product of the
PDC tube volume and the firing frequency. Going beyond this maximum volumetric flow
rate causes the detonation wave to propagate through the turbine. Moreover, the length of
deflagration to detonation (DDT) part limits the minimum partial fill of the PDC tube. These
restrictions draw a connection between pulse frequency and the fired PDC flow rate, which is
not the case in pulsed combustion-free flows.

Within the scope of numerical studies, Van Zante et al. [37] used a three-dimensional
numerical simulation for an axial turbine stage exposed to a PDC exhaust flow. They observed
a low turbine efficiency of 26.7%, while the pressure fluctuations were decayed completely
through the turbine. Additionally, they detected a reverse flow during the early phases of
blowdown. Suresh et al. [38] carried out a two-dimensional numerical study for a rotor under
a boundary condition provided by a PDC tube, out of a one-dimensional detonation analysis
program [39]. They evaluated two averaging techniques for turbines working under pulsating
flow. The difficulty of efficiency calculation is mainly related to calculating the isentropic
work of an ideal turbine operating under the same conditions as the actual turbine. The
time-averaged technique assumes the ideal turbine operates under the same work-averaged
total pressures as the real turbine. The second technique, called the time-resolved method,
takes the ideal turbine operating under the same total pressure time-traces as the actual
turbine. This definition is based on the assumption that an instantaneous expansion occurred
through the ideal turbine. According to their simulations, the two definitions of efficiency can
result in different values with around 10 points (10%) discrepancy.

Xisto et al. [40] performed a two-dimensional numerical study for a coupled axial turbine-
PDC configuration, including detailed chemistry to replicate the detonation phenomena of
combusting hydrogen-air mixture. Their simulations indicated that the turbine losses were
mainly affected by the incidence angle variation. The mismatch between the time-varying
rotor inlet condition and the constant rotor speed caused severe periodic variations of rotor
incidence angle, which was identified as the cause for the very low or negative turbine torque.
Besides, the turbine operated more efficiently when the PDCs were in purge and fill conditions
for the studied turbine case. Figure 2.2 explains the reason for changes in turbine efficiency in
different PDC phases. The rotor incidence angle is almost constant in the purge phase while
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both rotor incidence angle and stator exit angle are strongly fluctuating during the detonation
phase which cause flow separation and generating losses. The rotor incidence angle decreases
slightly during the fill process showing that the colder purge air is hitting the rotor, lowering
the speed of sound locally. It was concluded that increasing pressure and temperature of fill
and purge flow could result in higher stage efficiency since they observed an increase in stage
efficiency when operating at higher input power settings.

Figure 2.2: Mass-averaged rotor incidence angle, normalized total temperature at the inlet and
exit planes of the turbine stage, and stator exit angle, adapted from [40].

2.2 RDC-Turbine interaction

Pressure gain combustion through rotating detonation phenomena produces different high
energy exhaust flow than pulsed detonation. The main difference is related to the nature of
detonation wave propagation which is axially in PDC and rotating through an annulus in
RDC. The continuous detonation wave is provided without the need for repetitive ignition,
purge, and fill phases and subsequent mechanical valve systems that make the RDCs run with
frequencies in the order of thousands of Hz. One of the benefits of RDC compared to PDC,
from a turbomachinery point of view, is the closer flow field to the steady version thanks to
the high-frequency fluctuations [41]. Higher power density [42] is another advantage of RDC
that justifies the shift from PDC towards RDC. Despite considerable investigations on the
use of RDCs in gas turbine configurations, substantial research is still required to understand
the physics and to apply the RDCs for real-world applications. To date, investigations have
claimed that RDCs provide a remarkable total impulse over PDCs [41], a total pressure
increase of up to 15% through the combustion process resulting from detonation phenomena
[43], a 5% increase in thermal efficiency in the form of a gas turbine taking advantage of RDC
[44] and 4.6% increase with just having the combustor without turbomachinery parts [45], a
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9% reduction in fuel consumption over conventional gas turbine cycles [18], and up to 14%
improvement in power plant efficiency compared to the traditional Jule-Brayton plants [46].

The rotating detonation combustion generates a very high varying velocity vector flow [47]
hitting the turbine blades. This variation in flow velocity presents a significant challenge for
integrating RDCs with turbine expanders because turbine loss is a strong function of incidence
angle [48]. Additionally, the RDC exhaust flow regime can range from supersonic to subsonic
flow [49], making the integration challenge even more severe. Among other studies, Wolański
[50] and Kalina et al. [51] at the Institute of Aviation in Warsaw performed experimental
and numerical studies on integrating an RDC into the GTD-350 helicopter engine. The setup
includes an RDC connected to a single-stage turbine driving the engine compressor. The
exhaust flow from the first turbine drives the second two-stage turbine that generates the
necessary power. A gearbox delivers the torque to the helicopter rotor. The tests ran for
around 20 s. Measuring the fuel consumption and turbine power showed that the unoptimized
integration of an RDC into a gas turbine can bring up to 5% lower specific fuel consumption
than the original engine. Rhee et al. [52] replaced the combustor of a commercial jet engine
with an RDC. In this configuration, the air is compressed through a centrifugal compressor and
subsequently separated into two streams. One enters the combustor, and the other goes for
cooling the combustor and the turbine. The combusted gas and the bypass air are expanded
by the axial turbine. They could measure the turbine rotational speed, and inlet and outlet
temperature in both rich and stoichiometric conditions and also confirmed the feasibility of
driving a turbine by rotating detonative combustors, which was also addressed by Zhou et al.
[53]. Naples et al. [54] deployed an RDC in an open-loop Allison T63 gas turbine engine at the
Air Force Research Laboratory (AFRL) facility in Dayton, Ohio. The original combustor was
replaced by an RDC operated by Hydrogen fuel. The compressor of the original engine was
decoupled from the facility through a controllable valve. Therefore, the compressor connected
to the first turbine played a measurable load role for the first turbine to which it was connected.
The power turbine drove a dynamometer on a separate shaft. A cooling system was designed
to provide the dilution air inside and outside the RDC annulus. This system cooled down the
high-temperature exhaust flow of the RDC to the turbine design temperature of 1300 K, which
enabled the test stand to run for up to 20 minutes without any damage. The dilution air
reduced pressure wave magnitude by 60-70% and maintained the temporal characteristics of the
pressure waves. In that setting, the turbine blades experienced an unsteady pressure fluctuation
of 25% of the mean pressure. Compared to the conventional deflagration combustion, they
claimed an increase in turbine factor, i.e., the comparison of the total fuel energy input to the
system to the energy extracted by the turbines, also confirmed by Kindracki et al. [55]. In
another work using the same experimental setup, Paxson and Naples [56] illustrated that the
integrated RDC operated with the subsonic flow throughout the exhaust plane. Although their
setup had a considerable overall pressure loss due to the length of the device and the substantial
flow restriction at the inlet, they concluded the possibility of an across-the-board pressure rise
through an RDC using some minor alterations to their design. Later they [57] modified the
instruments to measure flow enthalpy and pressure in high frequency flows. The amount of
dilution air for cooling and lowering unsteadiness was up to 5.3 times the RDC exhaust mass
flow rate. For the specific RDC operations, the high-pressure turbine experienced up to 700%
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higher unsteadiness than in the case operated by a conventional combustor. However, this
unsteadiness dropped down to around 70% through the high-pressure turbine, which is at the
level of traditional combustors for the low-pressure turbine. In terms of turbine efficiency, they
measured around 2 points discrepancy between the turbine operated with the RDC and the
conventional combustor. Nevertheless, this comparison cannot be very promising since it was
done on two different operating lines. Their results demonstrated that the unsteadiness of the
RDC having high-frequency fluctuations is rapidly dissipated in the turbine. Athmanathan
et al. [58, 59] at Purdue University designed an RDC equipped with a guide vane. The
RDC exhaust flow is conditioned through a smooth divergent nozzle to increase Mach number
and reduce flow angle variation entering the supersonic stationary blades. Their 3D-URANS
simulations showed a total pressure penalty of around 10% in the unsteady case compared to
the steady operation. The exhaust flow conditions obtained were utilized by the members of
the same group [60] as the inlet conditions of a supersonic turbine stage. The turbine stage
was designed to operate at Mach 2. Their numerical simulations indicated that more than
80% of the angular fluctuations were attenuated throughout the supersonic nozzle vanes. In
terms of total pressure loss, the stator and rotor rows were responsible for almost an identical
amount of pressure loss, 23.1% through the stator and 26.5% through the rotor, while the
leading shock wave was captured as the primary loss source.

A multi-annular RDC was conceptually designed and integrated into a turbofan engine by
Ji et al. [61]. They presented a new architecture of a turbofan engine comprising of multiple
RDCs positioned in the annular channel of the bypass duct depicted in Fig.2.3(a). Since
the bypass flow pressure is lower than the main combustor inlet and it has enough oxygen
compared to the engine exhaust flow where an afterburner is usually employed, the RDC can be
arranged there as an alternative to the mixed-exhaust turbofan engines having an afterburner.
As a result of the performance analysis, the proposed architecture was superior in terms of
specific fuel consumption and efficiency to the baseline engine; however, the improvements
were diminished as the fan pressure ratio increased. Additionally, compared to the baseline
engine, the operating line of the developed concept moved away from the surge line on the
high corrected shaft speed, proclaiming an improvement in the fan stability margin. This
trend is inverted in conventional turbofan engines as shown in Fig.2.3(b).

The disk-radial RDC concept was initially introduced by Bykovskii et al. [62, 63, 64]. In
a disk shape RDC, the reactants are provided radially either inward or outward. Between
the straight-walled confines of the disk-shaped combustor, one or more rotating detonation
waves are created, and the exhaust flow is expanded through the central axis. Because of the
radial shape, the flow inside experiences continuously changing cross-sectional area from the
inlet to the outlet when the two chamber walls are parallel to each other [65]. Huff et al. [66,
67] coupled a turbocharger turbine to a radial RDC that is based on a disk-shaped type in
which reactants come inward radially, detonate and then exit horizontally, similar to a radial
turbine flow path. Their results suggested that the setup has a potential thermal efficiency of
up to 40%. At the same time, it suffered from numerous losses, which was mainly due to the
interaction of the nozzle guide vane and the combustor. They also observed that the addition
of the compressor upstream and the turbine downstream of the radial RDC did not affect the
operating mode of the detonative combustor. In similar ongoing attempts in Japan presented
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Figure 2.3: (a) An architecture of a turbofan engine embedded with a rotating detonation duct
burner showing two possible shapes of circular and track-shaped chambers, (b) comparison of
running lines for baseline, rotating detonation duct burner engine (RDDB), and isobaric duct
burner turbofan engines (ICDB), taken from [61]

overally by Higashi et a. [68], some experimental studies were done by Ishiyama et al. [69],
and Higashi et al. [68] using a coupled compressor, a radial RDC, and a turbine. Since their
component designs were not properly matched, the measured performance was considerably
away from the design value, mainly because of huge losses that occurred in the turbine.

As a part of RDC-turbine integration studies, RDC exhaust flow passing through the
stationary vanes has been characterized by many authors as well. DeBarmore et al. [70] and
Welsh et al. [71] focused on the features of an RDC exhaust flow flowing through a turbine nozzle
guide vane as part of the T63 helicopter engine. Their experimental pressure measurements
showed that the stationary vanes decrease almost 60% of the incoming unsteadiness. The vane
outlet flow angle was in a range of 40° to 55°. Considering an exit metal angle of 62°, the large
deviation angle affirms that the vanes produced considerable losses due to the flow separation
from the blade surfaces. Total pressure drop by the vanes was measured 4.2%. They deduced
that this total pressure loss is not correlated to equivalence ratio, mass flow, or detonation
velocity of the RDC [72].

Bach et al. [73, 74] at TU Berlin Energy Lab instrumented a simple guide vane row,
having NACA0006 profile, downstream of the RDC experimental rig developed by Blümner
et al. [75]. The primary goal of their investigations was to characterize the RDC operation
considering different outlet restrictions, where a turbine expander can be mounted. By varying
the number of blades and blade setting angle, they showed that the presence of guide vanes
does not negatively affect the pressure gain of the RDC. The pressure measurement through the
vanes captured a substantial attenuation in unsteadiness across the blades, independent of the
detonation wave configuration. The interaction of guide vanes with the operating mode of the
RDC indicated that the downstream geometry could be a useful tool to dampen the pressure
fluctuations, condition the exhaust flow, and imprint a desired detonation wave direction.
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Zhou et al. [76] used a guide vane row to study the propagation characteristics of the RDC
wave. They showed a significant reduction in pressure oscillation of 64% by the vanes. They
reported an unstable RDC operation due to the reflected shock wave to the combustor. This
claims that the propagation mode of the reflected wave is related to the propagation direction
of the rotating detonation wave.

Wei et al. [77] and Wu et al. [78] installed a turbine guide vane downstream an RDC
to investigate its operational performance. They observed that when the detonation wave
propagates in the clockwise direction, a higher static pressure of about 15% is achieved than
the case with counterclockwise wave direction. The wave propagation direction also affects the
RDC operating frequency, which is higher in the counterclockwise wave case. Additionally, they
beheld that the direction of wave propagation influences the pressure oscillation attenuation
by the stationary vane. Their work showed that if the wave propagation direction and the flow
path direction of the guide vane are opposite to each other, the pressure oscillation attenuation
increases, which is consistent with the findings of Bach et al. [73].
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3
Methods

The present chapter outlines the methodologies developed and applied in the scope of this
thesis. Figure 3.1 depicts an overview of the methods developed and utilized in this research.
To begin with, the meanline analysis method is presented in sec. 3.1, which is coded as a part of
in this work for steady-state turbine performance analysis. The method is based on a pressure
distribution guess along the turbine mean radius and uses several correlations for calculating
performance parameters. Meanline analysis is a powerful tool for quick performance evaluation
of turbomachinery in steady-state operations. Section 3.2 describes a one-dimensional Euler
equations solver which has been developed in the scope of SFB-1029 and adapted in this thesis
for unsteady turbine simulation. The solver is modified and tuned to accept PDC exhaust
flows as the inlet boundary conditions. RDC and PDC models are explained in sec. 3.3. The
RDC model is based on the geometry of an existing test rig at the TU Berlin Energy lab.
The PDC model comprises a one-dimensional Euler solver with a zero-dimensional plenum
model. Thereupon, the three-dimensional CFD simulation method, used as a high fidelity
turbine simulation tool employed for obtaining more details of the flow field and verifying
other methods, is described in sec. 3.4. The CFD tool, as a Reynolds-averaged Navier–Stokes
equations solver, and the associated settings are explained both for steady and unsteady
simulations. This is followed by sec. 3.5 where an optimization methodology is elaborated.
The optimization method is exploited for optimizing the turbine blade shapes. At last, the
turbine case used as the baseline in part of the investigations is sketched out in sec. 3.6.

3.1 Meanline turbomachinery analysis

Turbomachinery design is often associated with several optimization iterations that involve
performance evaluation for each design. Several turbomachinery modeling methods have
been developed since the mid 19th century [79, 80, 81]. The primary differentiation of the
methods lies in the levels of complexity and capability. Generally, raising the spatial dimensions
employed in each technique makes them more accurate while getting more complex. In this
regard, three-dimensional modeling approaches provide the most faultless representation of
the fluid flow inside a turbomachinery, enabling detailed investigation of mass, momentum,
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Figure 3.1: Overview of the methods used in the thesis.

and energy transfer throughout the geometry. Two and one-dimensional methods also use the
same governing equations but with lower computational costs caused by reducing dimensions.
Among the methods for turbomachinery simulation, the meanline method, usually referred to
as zero-dimensional modeling, is extensively utilized in the early design stages of conventional
turbomachinery. Although it is not a new approach [79, 82], it still remains popular as a
powerful, handy and quick tool [83, 84, 85]. In general, meanline models rely mainly on
empirical correlations developed and updated continuously based on several real experiments.
Having time-independent flow phenomena and neglecting all dimensions are the two main
assumptions in the meanline method. The flow conditions at the mean radius are taken as a
reasonable average representing the flow over the full blade span. In this section, the meanline
turbine analysis method used for the steady-state performance evaluation of the turbine is
explained.

3.1.1 Flow velocity calculation

Figure 3.2 shows a typical turbine stage with a representation of flow velocity vectors at the
inlet and outlet of the blades, called velocity triangles. In general, meanline analysis at design
point requires three non-dimensional parameters of flow coefficient (φ), loading coefficient (ψ)
and reaction ratio (Λ), expressed in Eq.3.1 to Eq.3.4. These three non-dimensional parameters
form the non-dimensional velocity triangles, so that an additional dimensional parameter is
required to define all the velocity magnitudes. Based on the definition of flow coefficient and
the shape of velocity triangle in Fig.3.2, if the blade speed is kept constant, any increase in flow
coefficient raises axial velocity, which increases both absolute and relative velocities, but swirl
velocities (Cw) is not affected; hence the power output does not change. However, this increase
in axial velocity or mass flow rate can cause higher losses in the turbine passage. The loading
coefficient shows the amount of flow turning caused by the rotor blades. If blade speed and
mass flow rate are assumed unchanged, the stage power will increase by increasing the work
coefficient. The third non-dimensional parameter, reaction ratio, indicates the share of nozzle
and rotor blade rows in the stage pressure drop. Based on Eq.3.4, zero reaction means all the
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3.1 Meanline turbomachinery analysis

pressure drop is done through the nozzle blade row while increasing reaction ratio implies
more pressure drop occurs in the rotor blade row. The stage exit flow angle can replace this
parameter. If one is supplied, the other is uncontrolled and can be calculated by solving the
velocity triangles. There are many different naming strategies for defining velocity triangles
and the related calculations. Therefore, to avoid any confusion about plus-minus signs in the
relations between the parameters, readers are referred to the available reference textbooks
[48, 86, 87]. Having the flow coefficient and loading coefficient prescribed, the Smith chart
[80] specifies the approximate turbine stage efficiency. Besides, there are some other charts
developed for estimating the efficiency. Fielding [88] provides a turbine stage efficiency diagram
which was developed based on Ainley-Mathieson [79] performance calculation. He considers
the last stages with zero exit swirl, interior stages with 50% reaction ratio, and single-stage
turbines with no swirl at their inlet and exit. Kacker and Okapuu [89] presents a predicted
efficiency chart, with which experimental performance data are in good agreement, reported
by Aungier [86]. In a meanline design procedure, one can use the approximate efficiency and
through few iterations can obtain the correct efficiency and scale the turbine stage.

Figure 3.2: A meridional reference of a turbine stage and the flow velocity vectors.

φ =
Ca

U
(3.1)

ψ =
Δht

U2 (3.2)

If axial velocity is assumed to be constant along the turbine stage, the loading coefficient can
be computed based on the change in the swirl velocity, as in Eq.3.3.

ψ =
Cw2 − Cw3

U
(3.3)

Λ =
Δhs,rotor

Δht
(3.4)
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A turbomachine does not always work at its design point. Any deviation from the design
operating values, e.g., a change in the design incidence angle, causes the machine to run at
off-design conditions. Once a turbomachine runs at off-design conditions, velocity triangles
and subsequently performance parameters such as pressure ratio, power, and efficiency will
deviate from the design values.

3.1.2 Thermodynamic parameters calculation

A turbomachine can be represented thermodynamically using four primary properties of
pressure (P ), temperature (T ), enthalpy (h), and entropy (S). The simplest version of the
equation of state for a thermally perfect gas relates the pressure and temperature with density
(ρ), as in Eq.3.5, where R is the ideal gas constant.

P = ρRT (3.5)

Enthalpy is defined as the sum of the system’s internal energy and the product of its pressure
and volume. Specific enthalpy is defined as the enthalpy per unit mass in Eq.3.6.

h = E + Pvsp (3.6)

Enthalpy itself is a relative parameter and a direct function of temperature. Assuming a
reference state point, Eq.3.7 defines the enthalpy, where cp is the heat capacity of the flow at
constant pressure.

h = href + cp(T − Tref ) (3.7)

The first law of thermodynamics prescribes that the total energy of an ideal Brayton cycle is
conserved. Therefore, the work extracted by a turbine assuming an ideal expansion process is
equal to the enthalpy change, defined in Eq.3.8 as work per unit mass.

W = Δh = cpΔT (3.8)

In any thermodynamic process, e.g., an expansion in a turbine stage, entropy is generated.
Entropy is also a relative parameter and defined as the change in heat over the temperature of
the flow that represents the amount of loss in the system.

δS =
δq

ΔT
(3.9)

By setting an arbitrary reference state point, the entropy of the system can be formulated as
Eq.3.10.

S = Sref + cp ln (T/Tref ) − R ln (P/Pref ) (3.10)

In turbomachinery, absolute and relative flow velocities are defined because of the rotor
rotational speed, as shown in velocity triangles of Fig.3.2. Therefore, total quantities are
expressed in both relative and absolute frames of reference.
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ht = hs +
1
2

C2 & ht,rel = hs +
1
2

V 2 (3.11)

Pt = Ps +
1
2

ρC2 & Pt,rel = Ps +
1
2

ρV 2 (3.12)

Tt = Ts +
1

2cp
C2 & Tt,rel = Ts +

1
2cp

V 2 (3.13)

Isentropic expansion relations are also used in the meanline calculation, as follows.

Tt = Ts(1 +
γ − 1

2
M2) (3.14)

Pt = Ps(Tt/Ts)(γ−1)/γ (3.15)

Based on the stated equations, if two state properties are known, the third can be calculated
within the meanline program. If only one state variable is known at a blade outlet station,
guessing a value for entropy and calculating the third parameter in an iterative process is done.
Actually, the entropy guess at the blade outlet means assuming a loss magnitude through the
respective blade row, and then, the loss correlations will tune the entropy to reach the correct
value.

3.1.3 Loss correlations

If it is assumed that the flow is isentropic in any flow channel, the total pressure will be
conserved. However, there is always a source of total pressure loss in a flow passage, which
makes the process irreversible. In a turbine stage, including a stator vane row and a rotor
blade row, the total pressure is decreased primarily due to the turbine work output. Part
of the total pressure drop in the turbine is related to the losses in stator and also in rotor
blade passages. The sources of losses and their magnitude have been identified following
several experimental tests, and the related correlations for calculating their amounts have been
developed. According to the notation in Fig.3.2, the loss coefficients for a nozzle vane row and
a rotor blade row are defined as Eq.3.16 and Eq.3.17, respectively.

ξN =
Pt1 − Pt2
Pt2 − Ps2

(3.16)

ξR =
Pt2,rel − Pt3,rel

Pt3,rel − Ps3
(3.17)

The pressure loss occurring through the blade rows can be used to compute the entropy
generation. Using Eq.3.10 and the loss coefficient definitions, entropy change through nozzle
vane row and rotor blade row of a turbine are formulated as in Eq.3.18 and Eq.3.19.

S2 − S1 = −R ln(1 − ξN
Pt2 − Ps2

Pt1
) (3.18)
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S3 − S2 = −R ln(1 − ξR
Pt3,rel − Ps3

Pt2,rel
) (3.19)

The total pressure loss coefficient comprises different loss coefficients from various sources,
including profile loss, secondary flow loss, tip clearance, trailing edge loss, supersonic expansion
loss, and shock loss, represented in Eq.3.20 which is applicable for stator vane and rotor blade
rows.

ξ = ξp + ξse + ξcl + ξte + ξex + ξsh (3.20)

Profile loss

The loss system definition in this work is based on the work of Aungier [86], Ainley-Mathieson
[79] and Kacker and Okapuu [89]. The profile loss coefficient is defined as in Eq.3.21, which
is developed by Ainley-Mathieson and corrected later by Kacker and Okapuu to modify the
model to account for modern designs by a factor of KKac. This factor can lower the profile loss
coefficient of old designs by a factor of up to 0.67 for modern designs. The Ainley-Mathieson
model includes the trailing edge loss coefficient assuming a trailing edge blade thickness over
blade pitch (t2/s) of 0.02. Since the trailing edge loss coefficient is separately computed in the
overall loss model, Δξte is subtracting the trailing edge loss for t2/s = 0.02.

ξp = KKacKIncKMachKCompKRe

(
[ξp1 + (α

′
1/β2)2(ξp2 − ξp1)](5tmax/c)α

′
1/β2 − Δξte

)
(3.21)

The off-design incidence correction factor (KInc) is a function of the incidence angle (i) and
the stall incidence angle (is) based on Ainley-Mathieson data and the empirical model that
Aungier has fitted to them, shown in Fig.3.3. The stall incidence angle itself is a function of
the blade inlet angle and the relative outlet flow angle. Note that the stall incidence angle
correlation by Ainley-Mathieson plotted here is for a pitch on chord ratio (s/c) of 0.75. Aungier
model extrapolates the values for two ranges of s/c, namely higher and lower than s/c = 0.8.
For the sake of brevity, the readers are referred to the original reference text [86].

Mach number correction factor (KMach) can be calculated as a function of outlet relative
Mach number (M2,rel) and the ratio of pitch to the radius of the curvature of the blade suction
surface (s/Rc) as in Eq.3.22. This equation supports the Mach number correction factor for
0.6 < M2,rel ≤ 1. For M2,rel ≤ 0.6, the Mach number correction factor is unity. The associated
loss for M2,rel > 1 is calculated in the form of supersonic expansion loss.

KMach = 1 +
(
1.65(M2,rel − 0.6) + 240(M2,rel − 0.06)2

)
(s/Rc)3M2,rel−0.6 (3.22)

Turbomachinery loss data are usually derived from low-speed cascade tests, as the Ainley-
Mathieson profile loss model. At high Mach numbers, the compressibility effect shortens the
boundary layer thickness and suppresses the flow separation. To account for these positive
effects of the compressibility, KComp was introduced by Kacker and Okapuu, which is a function
of relative inlet and outlet Mach numbers, as formulated in Eq.3.23. For relative outlet Mach
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Figure 3.3: (a) Model for off-design incidence correction factor, and (b) stall incidence angle
model.

numbers below 0.2, KComp will be unity since the flow speed is close to the cascade tests.

KComp = 1 − 0.625 (M2,rel − 0.2+ | M2,rel − 0.2 |) (M1,rel/M2,rel)2 (3.23)

To account for the effect of different working Reynolds numbers than those in the cascade tests
upon which the loss model developed, KRe is introduced based on boundary layer skin friction
models, which have been developed according to the total drag force on a flat plate. The
Reynolds correction factor for turbine blade rows is based the blade chord Reynolds number
at outlet flow conditions (Rec = ρ2V2c/μ2). In this regard, KRe is defined in three bounds
of Rec, as in Eq.3.24 based on laminar skin friction model, Eq.3.25 in the transition region
similar to the cascade test conditions, and Eq.3.26 based on the turbulent skin friction model.

Rec < 105 → KRe =
√

105/Rec (3.24)

1 × 105 ≤ Rec ≤ 5 × 105 → KRe = 1 (3.25)

Rec > 5 × 105 → KRe =
(
log(5 × 105)/ log Rec

)2.58
(3.26)

In turbulent flow, the Reynolds correction factor is further tuned by Aungier to include the
blade surface roughness based on the corresponding Reynolds number (Ree = ρ2V2e/μ2),
where e is the roughness height defined as peak-to-trough. Since blade roughness has no effect
in laminar flows, only Eq.3.26 is modified to include the roughness effect in turbulent flows.

KRe = 1 +
((

log(5 × 105)/ log(100c/e)
)2.25 − 1

) (
1 − 5 × 105/Rec

)
(3.27)

The nozzle blade profile loss coefficient (ξp1) for zero blade inlet angle developed by Ainley-
Mathieson is depicted in Fig.3.4(a). The impulse blade profile loss coefficient (ξp2) for a blade
having β2 = α

′
1 is also depicted in Fig.3.4(b). Both losses are strong functions of the pitch
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to chord ratio and the outlet flow angle. Aungier has fitted two models to extrapolate them
beyond the limits [86].
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Figure 3.4: (a) Nozzle blade profile loss for α
′
1 = 0, and (b) impulse rotor blade profile loss for

β2 = α
′
1.

Secondary loss

The secondary loss coefficient was developed by Dunham and Came [90], later revised by
Kacker, and Okapuu [89] and corrected by Aungier [86]. The blade lift coefficient is calculated
based on the force balance over the blade profile, which is finally converged to a relation
between the flow inlet and outlet angles and blade solidity, as in Eq.3.28.

CL = 2(s/c)(tan β1 + tan β2) (3.28)

Ainley [79] defined the loading parameter (LA) based on the mean flow angle definition
tan αm = (tan α1 + tan α2)/2.

LA = CL(c/s) cos2 β2/ cos3 αm (3.29)

To account for different blade aspect ratios than those of the cascade tests, FAR is introduced
in Eq.3.30 according to the blade height and chord length.

FAR =

⎧⎨
⎩

c
hb

; hb/c ≥ 2
1
2

(
2c
hb

)0.7
; hb/c < 2

(3.30)

The original secondary loss coefficient by Kacker and Okappu is a function of Ainley
loading parameter, aspect ratio coefficient, and flow acceleration which is simply defined
as (cos β2/ cos α

′
1).

ξ∗
se = 0.0334FARLA cos β2/ cos α

′
1 (3.31)

Aungier[86] suggests an upper asymptotic limit of 0.365 to avoid excessive unrealistic values of
the secondary loss coefficient, which may be resulted in far off-design conditions. He also used
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3.1 Meanline turbomachinery analysis

a compressibility correction factor for secondary loss shown in Eq.3.32 similar to that of profile
loss but with a modification to include blade height effect and at the same time to prevent
unrealistic values for very low blade heights. Therefore, the final secondary loss coefficient is
formulated in Eq.3.33.

KComp,se = 1 − (1 − KComp)c2
ax

h2
b (1 + (cax/hb)2)

(3.32)

ξse = KReKComp,se

√
ξ∗2

se /(1 + 7.5ξ∗2
se ) (3.33)

Tip clearance loss

A rotor blade has a tip clearance that imposes total pressure loss to the system. Dunham
and Came [90] developed a correlation for the tip clearance loss that includes Ainley loading
parameter, blade height to chord ratio, and the clearance between the blade tip and the turbine
casing (δ), illustrated in Eq.3.34.

ξcl = 0.47LA(c/hb)(δ/c)0.78 (3.34)

Trailing edge loss

Once a fluid flow in a passage experiences an abrupt enlargement, e.g., from a small circular
duct to a sudden large one, the wakes and separations occur and create a source of the total
pressure loss to the flow [91]. This enlargement in the flow passage exists at the turbine blade
trailing edge but at a very moderate level. To account for the blade trailing edge associated
loss, a classical expansion total loss formulation for flow area change is utilized, assuming
a constant density immediately before and after the trailing edge, see Eq.3.35. As shown
in the equation, the effective blade passage change is reflected in the passage area before
mixing (s sin βg), which is reduced by the blade trailing edge thickness (t2). Then, the trailing
edge loss coefficient is calculated by dividing the total pressure loss by the dynamic discharge
pressure, Eq.3.36.

ΔPt = 0.5ρV 2
2 (s sin βg/(s sin βg − t2) − 1)2 (3.35)

ξte = ΔPt/
(
0.5ρV 2

2
)

(3.36)

Supersonic expansion loss

The flow exiting a blade passage might become over-expanded to supersonic exit Mach numbers.
Although this condition rarely happens, the resulting shock waves in supersonic flows will
cause total pressure loss. The supersonic expansion loss is defined based on the relative blade
outlet Mach number, as in Eq.3.37. Obviously, if the outlet Mach number is less than or equal
to unity, the supersonic expansion loss will be zero.

ξex =
(

1 − 1
M2,rel

)2

(3.37)
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Shock loss

Shock waves can be present at the blade leading edge even in relatively low inlet Mach numbers
because of the highly curved blade leading edges and the associated flow acceleration in
this region. The radial equilibrium in a turbine flow results in the radial distribution of gas
condition, which corresponds to the highest Mach numbers at the blade hub region, compared
to midspan and tip radius. Kacker and Okapuu [89] suggest a relation for obtaining the total
pressure loss from a leading-edge shock on the inner end wall and the blade passage, as in
Eq.3.38. With the aim of generalizing the loss at the hub region to the whole radius in the
meanline loss system, the total pressure loss at the hub is multiplied by the hub-tip radius
ratio (Eq.3.39). To calculate the shock loss coefficient, the related total pressure loss should
be rewritten according to the dynamic outlet pressure, as formulated in Eq.3.40.

( ΔPt

0.5ρV 2
1

)
hub

= 0.75(M1,hub − 0.4)1.75 (3.38)

( ΔPt

0.5ρV 2
1

)
sh

=
rhub

rtip

( ΔPt

0.5ρV 2
1

)
hub

(3.39)

ξsh =
( ΔPt

0.5ρV 2
1

)
sh

(
Ps,1
Ps,2

) ⎛
⎜⎝ 1 −

(
1 + (γ−1

2 M2
1 )

)γ/(γ−1)

1 −
(
(1 + (γ−1

2 M2
2 )

)γ/(γ−1)

⎞
⎟⎠ (3.40)

3.1.4 Program logic

There are different strategies for meanline turbine analysis, each of which takes a set of input
data and try to solve flow equations at meanline to compute performance parameters. In this
research, the meanline solver has a main loop based on the mass flow convergence along the
turbine. The flow chart depicted in Fig.3.5 shows the whole procedure at a glance. A rather
similar approach for meanline analysis was used by Sjödin [92] as well. Initially, the program
takes the geometrical parameters, temperature, and pressure at the turbine inlet to calculate
the rest of the parameters there. Then, based on a predefined turbine outlet static pressure, a
first trial pressure distribution along the turbine is assumed. Denton’s target pressure method
[81] relates the pressure change at any turbine blade trailing edge to the mass flow change
at one trailing edge upstream. An entropy loop is engaged to calculate each row kinematic
and thermodynamic parameters. This entropy loop starts with a guess of entropy change
throughout the blade row. Using the velocity triangle relations, the outlet flow angle model
by Mamaev [93], and the loss correlations discussed earlier, the new entropy change will be
computed and the loop continues to reach convergence. Sequentially, these calculations are
done from the first row to the last turbine row. The turbine mass flow is continuously checked,
and if no consistency is observed, Denton’s method is applied and the new pressure distribution
based on the mass flow adjustment is set for the new iteration. This method consecutively
adjusts the pressure based on the mass flow change to reach a satisfactory converged solution.
Newton Raphson’s method is used inside the inner loops for loss calculations, outlet flow angle
calculations, and entropy calculations to increase the computational efficiency of the program.
The detail of the meanline program is shown in Fig.3.6 using a block diagram.
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Figure 3.5: Overall flow chart of the turbine meanline performance analysis.

3.2 One-dimensional Euler solver

In a gas turbine engine, all components, including compressor, combustor, and turbine, are
ideally designed to operate in steady-state conditions, on which the whole engine has the
highest performance. Nevertheless, this steady-state condition can be easily switched to a
transient operation by some changes, including, but not limited to, startup and shutdown, fuel
flow change, inlet flow distortion, and any change in airflow. The transient operation of each
engine component can lead to adverse operations such as loss of power or thrust, efficiency and
even may cause engine damage due to high thermal or mechanical loads if not carefully behaved.
Due to the nature of the unsteady operating condition of PGC devices, it must be expected
that the turbomachine connected to such a device works under transient conditions. Since
the unsteadiness in PGC devices ranges in a frequency of 10 Hz to 10 kHz, three-dimensional
CFD simulations, e.g., time-dependent Reynolds Averaged Navier-Stokes equations solvers,
are too computationally expensive to be utilized, specifically when several simulations are
required. Any reduced order method should account for the temporal variations in flow and be
robust enough to handle the complex three-dimensional flow inside a turbomachine accurately.
One-dimensional methods has been used so far in turbomachinery flows [94]. Garrard [95]
developed a one-dimensional modelling approach based on Euler equations to simulate the
performance of a single spool gas turbine engine. The one-dimensional model by Garrard
was calibrated using the data from Lycoming T55-L-712 turboshaft engine, which has the
advantage of simulating the engine in post-stall compressor operations. Chiong et al. [96] used
a one-dimensional solver and integrate it with a meanline analysis program for simulating a
mixed flow turbocharger turbine. They used the meanline method for every discrete point on
the inflow pulse to calculate the tangential velocities to the rotor blades. In this research, a
model based on Euler equations are developed for unsteady turbine simulation working with
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Figure 3.6: Meanline program block diagram including inner loops.

PGC devices. The model was initially developed for shockless explosion combustion [97, 98].
Euler equations are derived from continuity equations of mass, momentum and energy, in
which the flow is assumed to be inviscid, while in the Navier-Stokes equations the viscosity
parameter is included. In the following subsections, the governing equations and how the
model takes advantage of the meanline program will be elucidated.

3.2.1 Governing equations

The governing equations comprise of three equations namely mass, momentum, and energy
balance that are solved simultaneously using a finite volume numerical technique. The mass
flow continuity equation in conservation form is written as in Eq.3.41, which shows no mass
can be created or destroyed in a control volume.

∂

∂t
(ρ) + ∇.(ρC) = 0 (3.41)

The momentum conservation equation is formulated as in Eq.3.42, in which ⊗ is outer
product. The left side of the equation deputes the acceleration and mass, and the right side
represents forces, including hydrostatic effects of the pressure gradient (∇Ps), the internal
stress forces, or viscous effect (τ) and body forces, like gravity (ρg).
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3.2 One-dimensional Euler solver

∂

∂t
(ρC) + ∇.(ρC ⊗ C) = −∇Ps + ∇.τ + ρg (3.42)

For energy conservation, the corresponding formula is represented by Eq.3.43, if heat
transfer is excluded from the right side of the equation.

∂

∂t
(ρE) + ∇.(C(ρE + Ps)) = ∇.(τC) (3.43)

If viscous effects are neglected from the above equations, known as Navier-stokes equations,
the Euler equations will be derived. Preserving the axial direction, the one-dimensional Euler
equations can be formulated as Eq.3.44, if no mass, momentum, and energy source terms are
considered.

Mass :
∂

∂t
(ρ) +

∂

∂x
(ρCa) = 0

Momentum :
∂

∂t
(ρCa) +

∂

∂x
(ρC2

a + P ) = 0

Energy :
∂

∂t
(ρE) +

∂

∂x
(Ca(ρE + P )) = 0

(3.44)

The above Euler equations model the fluid flow in a symmetrical cylinder. In case the domain
area is changed along the axial direction, e.g., a cone shape, the flow can still be modeled as a
one-dimensional system. In such a model, the shape is symmetrical with respect to the axial
direction, and the volume change is a function of the axial location, see Eq.3.45, where A(x) is
the cross-sectional area and v is the volume.

dv = A(x)dx (3.45)

Using the expansion in Eq.3.45 in the integral three-dimensional form of the mass conservation
equation will lead to the involvement of area as derived in Eq.3.46. Only in this formulation, r

and dw are surface normal and surface element, respectively.

0 =
∂

∂t

∫
v

ρdv +
∫

∂v
ρC.rdw

=
∂

∂t

∫
v

ρAdx +
∫

∂v
ρC.rdw

=
∫

v

[
∂

∂t
(ρA) +

∂

∂x
(ρCA)

]
dx ⇒ ∂

∂t
(ρA) +

∂

∂x
(ρCA) = 0

(3.46)

In the same token, the conservation equations of momentum and energy can be reformulated,
so that the quasi-one-dimensional Euler equations are derived as in Eq.3.47 and Eq.3.48, which
relates the parameter variations in time and space to the source terms variation in space (O is
the matrix of source terms).

∂M

∂t
+

∂N

∂x
=

∂O

∂x
(3.47)
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M =

⎡
⎢⎢⎣

ρA

ρCaA

ρEA

⎤
⎥⎥⎦ , N =

⎡
⎢⎢⎣

ρCaA

ρC2
aA + PsA

CaA(ρE + Ps)

⎤
⎥⎥⎦ (3.48)

For a pure flow field, e.g., a duct with no heat transfer and loss of energy, the source term
matrix (O) in Eq.3.49 is zero except the term PsA standing for the pressure source term left
from the derivation of the momentum equation [97]. Any mass flow extraction or injection
must be specified as a mass flow source term. In a similar fashion, the external forces, heat and
work changes must be included in O. For the turbine case, usually, a fraction of cold mass flow
is injected to cool down the turbine blades and avoid high thermal loads and damages. The
cooling mass flow comes from an external source like the compressor or ambient air, closing
the mass continuity equation. The role of the turbine blades is to extract the energy from
the working fluid. The turbine rotors extract the flow energy and convert it to the turbine
shaft work. So that the shaft work is a source term in the energy balance equation. The other
energy source term is related to the cooling mass flow injected into the turbine section. This
mass flow brings its energy to the working flow; hence the related energy must be considered
in the energy source term. If any heat extraction from or addition into the turbine section
occurs, the corresponding amount of energy (Q) must take part in the energy equation. The
fluid flow passing through the turbine inserts a force on the blades. This force is called blade
force and has axial, radial, and tangential components. Since the modeling is one-dimensional
in the axial direction, only the axial component is included in the source term matrix. To
calculate the blade force, the force balance acting on a control volume, including a turbine
blade, should be considered, shown in Fig.3.7. Assuming the fluid flows from left to the right,
four types of forces act on the control volume. Pressure force at the inlet of the control volume
and the same force but in the reverse direction at the outlet boundary is equal to the pressure
times the related area. The blade force is the other force that comes from the presence of
the blade inside the control volume. Due to the area change from the inlet to the outlet of
the control volume, the endwall forces are acting at the top and bottom boundaries of the
control volume. This endwall force is equal to the pressure times the projected area in the
radial direction. According to Newton’s second law, the sum of all forces acting on a control
volume equals the momentum difference between its inlet and outlet. Therefore, the blade
force is calculated and the source term matrix including mass, momentum, and energy source
terms is formed as in Eq.3.49 to close the quasi one-dimensional Euler equations.

O =

⎡
⎢⎢⎣

ṁb

Fx + PsA

Q + W + ṁbht,b

⎤
⎥⎥⎦ (3.49)

A second-order finite volume scheme is used to solve the governing equations together with the
equation of state. The domain is discretized in the axial direction for solving the equations.

3.2.2 Integration of meanline and 1D-Euler methods

There are some possibilities to supply the momentum and energy source terms to the time-
dependent Euler equations. One is to assume fixed source terms based on the turbine design
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Figure 3.7: Force balance on a control volume around a turbine blade, taken form Publication
IV.

operating point. Although this is very easy to implement since the design point of a turbine is
usually known, the transient simulation cannot be very promising because the turbine may
work at far off-design conditions. Specifically, in PGC applications that the amplitude of the
turbine inlet fluctuations are usually more than 50%, a fixed force and energy source terms do
not represent the blades correctly. Another possibility is to use the overall turbomachine map
to compute the source terms as utilized in a compressor one-dimensional simulation by Dittmar
and Stathopoulos [99]. Since the overall map does not provide the required specifications for
each blade row separately, one has to presume a distribution of the overall force and work
over the entire machine, e.g., Dittmar and Stathopoulos [99] distributed the source terms
evenly throughout a multistage compressor. In this method, based on the pressure ratio of
the machine, the mass flow and efficiency are read from the map. The total work can be
computed using efficiency, pressure ratio, mass flow rate and inlet temperature. Additionally,
the summation of force acting on all blade rows is calculated by knowing the mass flow rate,
the temperature at the inlet, and the work extraction. However, this approach is controversial
due to the fact that each blade row in a turbomachine experiences different loading depending
on the blade design and the operating conditions. The other option that is used in this thesis
takes advantage of the steady-state simulation of a turbomachine to provide the exact amount
of source terms for each blade row for each off-design operating point. The simulation can be
done using either high fidelity methods, e.g., steady 3D-CFD simulation, or the low fidelity
method of meanline analysis. Since the meanline analysis has been proven accurate and fast
enough, the emphasis is on using the meanline to calculate the Euler equation source terms.

The meanline analysis assesses off-design performance characteristics of the turbine, as
described in sec.3.1. The method uses row-by-row analysis and calculates kinematic and
thermodynamic parameters at each blade row leading and trailing edges. The parameters
required for calculating the momentum and energy source terms in Eq.3.49 for every blade
row are supplied in the form of a lookup table. The table includes thermodynamic parameters
at each interstage location throughout the turbine as well as the force and work source terms
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for each blade row. The values in the table cover the turbine’s entire operating map at
some discrete off-design points. Once the turbine geometry, including stator and rotor axial
locations, is defined in the 1D-Euler solver, the solver takes the source terms where a blade
is present. In a transient turbine simulation in which the turbine works under a pulsating
boundary condition, the turbine is working under a different off-design condition at each
instant. Additionally, the time-dependent flow in the turbine leads to a phase difference for
each blade row. Suppose that the first blade row works with a condition similar to a steady
off-design operating point of "A." At the same time instant, the adjacent blade row is working
under a disparate condition named "B," while "A" and "B" do not correspond to the same point
on the steady-state off-design operating map. Therefore, the source terms cannot be taken
from the table based on instantaneous overall turbine pressure ratio, or only inlet or outlet
condition, but should be read based on the local flow conditions. To find the most accurate
source terms from the table, the program takes the pressure at the blade leading and trailing
edge cells and reads the corresponding source terms. The program makes a simple average of
the two values and implements it in the 1D-Euler solver at the corresponding time instant.
In order to avoid the effect of any numerical disturbance at the computational cell, based on
which the source terms are read from the table, the average pressure values of more than one
cell are used as the pressure at the leading or trailing edges of the blade row.

The meanline program provides the source terms as unique values for each blade row,
while the 1D-Euler method computes the flow field using more condensed computational cells.
Therefore, the source term values for every blade row must be distributed from the blade
inlet to the outlet. Considering the numerical solver stability issues, a parabolic distribution
is utilized for this aim. The parabola distribution of the blade force is expressed in Eq.3.50
which is the same for work source term distribution over rotor blades. It is noted that a1, a2,
and a3 are the parabola constants.

Y = a1x2 + a2x + a3

Fx =
∫ xte

xle

Y dx
(3.50)

3.3 Pressure gain combustion devices

Rotating detonation and pulsed detonation combustors are the two PGC devices considered in
this research for investigating turbomachinery interactions. The RDC configuration used in
Publication I and Publication II, are based on the experimental RDC setup at the Energy
Lab at TU Berlin. The exhaust annulus, together with the stationary blades, is modeled to
give a deep insight into the domain, where experimental measurement is almost impossible. In
Publication III and Publication IV, the PDC device is modeled using a numerical scheme. In
this section, these two devices are described.

3.3.1 Rotating detonation combustor model

The RDC test rig at TU Berlin is a radially-inward design built up by Blümner et al. [100, 101]
based on a design introduced by Shank et al. [102]. A cross-sectional view of the experimental
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setup is depicted in Fig.3.8(a). In this configuration, hydrogen as the fuel (red vectors) is
injected through equally-spaced hundred holes of 0.5 mm diameter. These holes are distributed
tangentially on the outer surface of the combustion annulus. The airflow (blue vectors) as the
oxidizer is injected radially inward. This injection configuration provides a jet in a crossflow
scheme as shown in a zoomed view. The mixing pattern using two different air injection gap
heights was investigated by Blümner et al. [103]. The combustor annulus comprises an outer
wall, a center body on the sides, and a fuel plate at the bottom. The outer diameter is 90 mm
and the annulus width is 7.6 mm providing an annulus area of 1967.39 mm2. The combustor
annulus length is 112 mm, from the injector surface to the exit. These annulus dimensions can
provide the operation with stable detonation waves. Nevertheless, different outer and center
body lengths and different types of outlet restrictions were used to investigate the combustor
length, and back pressure on RDC operation by Blümner [101]. Since currently, the setup has
no cooling system, the run time is limited to around 500 ms to avoid any damage. To start the
RDC, air is supplied with a pressure of around 13 bar and hydrogen is flowed at a pressure of
around 35 bar to enable the RDC to operate at an equivalence ratio of 2. Before the ignition,
hydrogen is run into the annulus for around 2 s to fill the domain. Using a spark plug, the
required energy for initiating the combustion is supplied and the flame front enters the RDC.
After each run, the control system allows the airflow to enter the system for some seconds to
purge the remaining exhaust and cool down the test rig.
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Figure 3.8: (a) A cross sectional view of the RDC setup, adapted from Blümner [101], and (b)
the RDC annulus equipped with a row of stationary guide vanes, adapted from Bach et al. [74]

Bach et al. [73, 104] equipped the RDC annulus with a simple stationary guide vane row to
study the effects of back pressurization on the performance of the RDC, depicted in Fig.3.8(b).
The guide vane has a profile shape of NACA0006, a symmetrical airfoil with a maximum
thickness-to-chord ratio of 6%. The maximum profile thickness (located at 30% chord length)
and the chord length are 4.8 mm and 80 mm, respectively. Therefore, the RDC annulus length
is extended to 192 mm. In the experimental setup, a total number of 18 vanes can be mounted
on the annulus geometry providing a blockage ratio of 33.3%. The vanes are mounted on the
center body using a pin located at 50% chord length so that the vanes can be re-staggered
from -8.6° to 8.6°. Temperature and pressure can be measured upstream and downstream of
the RDC nozzle. Assuming the choking flow condition at the vane throat, the mass flow rate
can be calculated. A vane profile is instrumented with a Kiel probe at the leading edge, while
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others are equipped with static pressure ports on both sides. A high-speed camera is used
to look down into the exhaust channel to capture the operating detonation mode. Different
instrumentation techniques were examined by Bach [104], and Blümner [101], whose theses
provide more detail of the RDC experimental setup.

In the present thesis, the exact geometry of the RDC annulus described above is modeled to
characterize the RDC exhaust flow passing through the stationary guide vanes. In Publication I
the three-dimensional domain is modeled, and in Publication II the two-dimensional unwrapped
model is used for URANS simulations. More detail about the geometrical specifications used
for CFD analysis are explained in each publication, so not repeated here.

3.3.2 Pulsed detonation combustor model

A one-dimensional Euler method is applied to model PDC tubes to deliver the boundary
conditions for the turbine. Each PDC tube is considered a one-dimensional domain in which
all the phenomena are approximated to be time and axial location dependents. This means
that pulsed detonation combustion of hydrogen is realized in a very small diameter tube, and
the flow field is assumed cylindrically symmetric. Considering the high ratio of a PDC length
to its diameter and the fact that the primary changes occurring in the flow field are in the
axial direction, the one-dimensional assumption makes sense to be implemented instead of
three-dimensional methods. The same Euler equations illustrated in Eq.3.47 and Eq.3.48 are
used but with an additional conservation equation. The new equation models the chemical
composition, which changes continuously in time and space. Therefore, the modified Euler
equations for PDC modelling is as in Eq.3.51 and Eq.3.52. These equations, called reactive
one-dimensional Euler equations, describe how chemical reactions transform one species into
another. The equation of state Eq.3.5 closes the equation system to be defined for the 1D
solver.

∂M∗

∂t
+

∂N∗

∂x
= O∗ (3.51)

M∗ =

⎡
⎢⎢⎢⎢⎢⎣

ρ

ρCa

ρE

ρYsp

⎤
⎥⎥⎥⎥⎥⎦ , N∗ =

⎡
⎢⎢⎢⎢⎢⎣

ρCa

ρC2
a + Ps

Ca(ρE + Ps)
ρCaYsp

⎤
⎥⎥⎥⎥⎥⎦ , O∗ =

⎡
⎢⎢⎢⎢⎢⎣

0
0
0

ρẎ sp,chem

⎤
⎥⎥⎥⎥⎥⎦ (3.52)

Ysp stands for the vector of mass fraction of the species. The kinetical source term (Ẏ sp,chem),
which stands for chemical composition changes, is the only source term because there is no
exchange in work, heat, force, or mass flow with outside the tube. A detailed introduction
to chemical kinetics of the combustion of hydrogen-oxygen is given in ref. [105]. Ẏ sp,chem is
derived by the multi-step hydrogen combustion mechanism and associated reaction rates. A
global reaction for hydrogen-oxygen combustion to compute the chemical composition source
term is formulated as follows [106].

2H2 + O2 → 2H2O (3.53)
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r = 1.8.1013.exp

(
−17614

T

)
[H2][O2]0.5 (3.54)

Ẏ sp,chem = r.

⎡
⎢⎢⎣

−2MH2

−1MO2

2MH2O

⎤
⎥⎥⎦ (3.55)

r in the above equation is Arrhenius rate which combines the concepts of activation energy
and the Maxwell-Boltzmann distribution law, expressed as in a modified version in Eq.3.56
[107]. In this model, the Arrhenius reaction rate depends on the temperature (T ) and the
activation energy (Ea). The factors of Aarr. and n are determined empirically to fit the available
experimental data, tabulated by Westley [108] for several reactions. The one-dimensional Euler
solver is coupled to a chemical kinetic solver via strong splitting described in ref. [109]. The
details of the reaction mechanism used in the chemical kinetic solver are provided by Brucke
et al. [110].

r = Aarr.T
nexp (−Ea/RT ) (3.56)

A PDC cycle comprises different phases explained in sec.1.2 using a graphical demonstration
in Fig.1.3. In this thesis, a PDC configuration is composed of several PDC tubes which are
connected to a zero-dimensional plenum, schematically depicted in Fig.3.9. The approach
is a first approximation of the phenomena taking place within such a plenum that connects
a PDC array and a turbine. However, it can still capture the basic unsteadiness expected
from such a setup. The filling stage is triggered by adding a defined mass flow rate of H2 to
a domain cell close to the plenum-tube connecting interface. The model assumes all PDC
tubes to be fed by a common compressor plenum upstream that has constant static pressure
Pcp and static temperature Tcp and zero flow velocity. The pressure and temperature in the
compressor plenum (equal to their total quantities because of the zero velocity assumption)
are the average values in the compressor plenum of a preliminary simulation by Neumann et al.
[111]. Air inflow from the compressor plenum to each PDC tube is implemented as a one-way
valve. As long as the tube pressure is higher than the compressor plenum pressure, the valve
remains close. Otherwise, the air expands isentropically to downstream conditions in the tube.
The fuel is added essentially as a mass source with the same specific kinetic energy, i.e. the
same velocity as the air inside the cell. Fuel mass flow is prescribed in such a way as to result
in a stoichiometric mixture of H2 and air. This fuel is subsequently advected downstream
by the flow velocity until the tube is completely filled with the combustible mixture. The
detonation phase is then started by an ignition event triggered at fixed time intervals, thus
defining the desired operating frequency for each PDC tube. Ignition is implemented by
placing a pre-calculated ZND detonation front profile at the upstream end of the tube. During
the detonation phase, the detonation front propagates downstream with the characteristic
detonation velocity until the fuel is consumed. Since this velocity reaches up to 2000 m/s, the
detonation propagation only takes about 0.5 ms in a 1 m long PDC tube. As a consequence of
the rapid combustion, tube pressure is abruptly raised above Pcp, resulting in the air mass flow
from the compressor plenum being temporarily blocked until an ensuing sequence of expansion
waves decreases pressure sufficiently to allow for the airflow to re-establish, thus initiating
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the purge phase. The purpose is to remove the combustion products from the tube while
maintaining an air buffer of 5 ms to separate them from fresh fuel. As soon as this is achieved,
fuel is once again added to the tube and the cycle is restarted [111]. Boundary conditions
at all tubes provide isentropic expansion of momentary tube pressure to momentary plenum
pressure, while the specific axial kinetic energy is maintained. The resulting mass flow from
the tubes into the plenum is taken as a mass and energy source term in the plenum’s balancing
equations. Since it is zero-dimensional, only mass, energy, and species fractions are considered
here, while velocity is assumed to be always negligible. In Publication III and Publication IV,
the model is illustrated quantitatively for PDC configurations, including three, five, and seven
tubes. It should be noted that the modeling of the PDC tubes connected to a compressor via
a plenum was done in another journal paper of the author and his colleagues [111], which is
not included in this thesis.
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Figure 3.9: The model of a PDC configuration comprising three tubes.

3.4 Three-dimensional CFD

As a high fidelity numerical tool, Reynolds Averaged Navier-Stokes (RANS) simulation is
utilized in each publication in this thesis. RANS calculations require a small fraction of the
computational resources needed for direct numerical simulation and large eddy simulation and
thus, remain the choice for most industrial CFD users [112]. Basically, RANS equations are a
reduced form of the Navier-Stokes equations, discussed in sec.3.2.1, since these equations are
of the most complex ones to use and solve. The Reynolds decomposition technique is utilized
to split the flow variables (e.g. flow velocity) into the time-independent mean part (C̄) and
the fluctuating component (C ′), as in Eq.3.57 and Eq.3.58 where λ = (x, y, z) is the Cartesian
vector of position.

C(λ, t) = C̄(λ) + C
′
(λ, t) (3.57)

C̄(λ) = lim
T →∞

1
T

∫ t+τ

t
C(λ, t) dt (3.58)

Applying this decomposition technique in Navier-Stokes equations, the same equations
for the mean variables are formed but with introducing an additional term. The Reynolds
stress tensor is appeared to account for turbulent fluctuations in fluid momentum. This
nonlinear term speaks for the transport of mean momentum due to turbulent fluctuations,
defined in Eq.3.59. In this equation, C

′
i and C

′
j denote the density-weighted fluctuating parts
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of the velocity components in x and y directions, respectively, and the over-symbol˜stands for
density-weighted averaged value [113].

τRe
ij = −ρ̄˜C

′
iC

′
j (3.59)

This modification to the Navier-Stokes equations leads to a closure problem to close the RANS
equations. In this regard, many turbulence models are developed to close the RANS equations.
Second-order closure models are the most complex, but also the most flexible models, such
as the Reynolds-Stress Transport (RST) [114] and Algebraic Reynolds-Stress (ARS) [115]
models. These two models are not numerically efficient because of the stiffness in the RST
model and the non-linearity in the ARS equations. First-order turbulence models provide
more easy-to-solve equations; therefore, they are more widely used in engineering problems. In
these models, the Reynolds stresses are represented using the turbulent eddy viscosity, which
is a single scalar value based on the assumption that there is a linear relationship between the
turbulent shear stress and the mean strain rate, similar to laminar flow [113]. Depending on
the number of transport equations in a first-order model, they are categorized, ranging from
zero to multiple-equation models. Zero-equation models, e.g., Baldwin and Lomax [116], are
denoted as algebraic models, in which the turbulent eddy viscosity is computed from empirical
correlations employing only local mean flow variables. This local flow variable feature prevents
the model from simulating history effects; therefore, a reliable prediction of separated flow is
not possible by zero equation models. In contrast, one- and two-equation models account for
the history effects like convection and diffusion of turbulent energy. Among the one-equation
turbulence models, Spalart and Allmaras [117] has been widely used, which is based on
an eddy-viscosity-like variable. This model is numerically stable and easy to implement to
different grid types. Among the two-equation models, the K − ω model by Wilcox [118] and
the K − ε model by Launder and Spalding [119] are of the most well-known turbulence models,
specifically in engineering applications. A comparison of the Spalart and Allmaras model
with two-equation turbulence models was done by Bardina et al. [120]. Another two-equation
turbulence model is the Menter’s Shear Stress Transport model (SST) developed by Menter
[121], which combines K − ω and K − ε in a way such that the former is applied inside the
boundary layer, while the latter is used in the free shear flow. The SST model is very robust
in predicting the flow separation in adverse pressure gradients. The two equations of SST
models represent the specific turbulent kinetic energy, κ(m2s−2), in Eq.3.60 and the specific
turbulent dissipation rate, ω(s−1), in Eq.3.61 [122]. It should be noted that the notation used
in Eq.3.60 to Eq.3.66 represent only the parameters defined in this subsection.

∂(ρκ)
∂t

+
∂(ρCiκ)

∂λi
=

∂

∂λi

(
μκ

∂

∂λi
κ

)
+ P̂ κ − ν∗ρωκ (3.60)

∂(ρω)
∂t

+
∂(Ciρω)

∂λi
=

∂

∂λi

(
μω

∂

∂λi
ω

)
+ P̂ ω − νρω2 + 2ρ(1 − F1)

1
ω

1
σω,2

∂κ

∂λi

∂ω

∂λi
(3.61)
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The effective viscosities (kg.m−1.s−1)are defined as follows, where μt is the modified eddy
viscosity and σ is the diffusion constant for each model.

μω = μ +
μt

σω
(3.62)

μκ = μ +
μt

σκ
(3.63)

Pω is the rate of production of ω(kg.m−3.a−2) is defined in Eq.3.64, in which Sij(s−1) is the
mean rate of deformation component and δij is the Kronecker delta function. γ is a model
constant in the equation.

Pω = γ

(
2ρSij .Sij − 2

3
ρω

∂Ci

∂λj
δij

)
(3.64)

Pκ represents the production rate of κ, defined in Eq.3.65. To avoid the build-up of turbulence
in stagnation regions, the effective rate of production P̂ κ is introduced as in Eq.3.66.

Pκ = 2μtSij .Sij − 2
3

ρκ

(
∂Ci

∂λj

)
δij (3.65)

P̂ κ = min (Pκ, 10ν∗ρκω) (3.66)

In Eq.3.61, F1 is the blending function defined by Menter [123], which varies from unity at the
wall to zero outside the wall boundary layers. Each constant in the Mentor’s SST model is
obtained using the blending function as formulated in Eq.3.67, where ϕ can be replaced by σκ,
σω, ν or γ. The subscript 1 and 2 are related to the adjusted K − ω model and the standard
K − ε model, respectively. The coefficient values are provided by Menter [124], not repeated
here.

ϕ = ϕ1F1 + ϕ2(1 − F1) (3.67)

The Menter’s SST model is utilized in the RANS simulations in this thesis. The boundary
conditions for the computational domain, the computational grid generation, the mesh
sensitivity analysis, and the time-step independency of transient simulations have been
performed and explained in each publication separately. The numerical simulations were
done using a computer cluster at the Chair of Experimental Fluid Dynamics and also on a
cluster at the North German Supercomputing Alliance (HLRN).

3.5 Surrogate-based optimization

Finding the optimum is an indispensable part of almost all problems in engineering and
industry, whether to maximize a performance parameter like system efficiency or minimize
a costly parameter like energy consumption and time. Most engineering problems are too
complex to be represented by a simple function in such a way that the optimization can be done
as a simple mathematical extremum finding problem. In some cases, performing experimental
work instead of mathematical modeling is too expensive or even impossible. In this regard, the
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3.5 Surrogate-based optimization

mathematical model of the problem must be correctly prepared to be linked with an objective
function evaluator in an optimization framework. Hence an optimization methodology can
provide the process of finding the optimum by linking the mathematical model, and the
objective function evaluator [125]. An important feature of an optimization algorithm is to
effectively search for or generate new solutions from a set of known solutions. The faster this
searching algorithm converges to the global optimum solution, the more powerful the algorithm
is. The objective function in engineering applications can come from a system’s measurement
or computer simulation. In many cases, measurements or computer simulations cannot be
embedded in optimization algorithms, in which several objective function evaluations for new
samples are required. In some cases, the experimental measurement cannot be repeated, e.g.,
constructing and testing hundreds of different turbomachine geometries are not feasible. At
the same time, numerical simulations for hundreds of samples in an optimization problem can
be too time-consuming by some techniques, e.g., unsteady three-dimensional CFD simulation
of a multistage turbomachine. In such cases, surrogate-based optimization (SBO) provides
an effective technique for calling the expensive objective function evaluator as few times as
possible in an optimization problem [126, 127]. SBO uses an auxiliary model associated with
the high-fidelity model to be integrated into the heart of an iterative optimization problem.
Once an approximation of the optimum solution is found, it has to be verified by the high-
fidelity model. Based on the result of this verification, the optimization procedure may be
stopped. Assuming the verification fails, the newly available sample data from the high-fidelity
evaluation is added to the pool of sample points the SBO is constructed on, and hence the
SBO is updated. In general, an SOB process can encompass the following steps [125].

1. Generating the initial surrogate model based on high-fidelity sample data.

2. Obtaining an approximate optimal solution by optimizing the surrogate model.

3. Evaluating the optimum solution using the high-fidelity model.

4. Closing the optimization loop if the termination criteria are satisfied; otherwise, go
forward.

5. Updating the surrogate model using the new high-fidelity sample data of step 3 and go
to step 2.

To generate an initial surrogate model, the samples must be allocated to maximize the
amount of information acquired over the entire design space. This strategy is called Design
of Experiments (DoE) [128]. Apparently, a higher number of samples can ensure more
information about the design space. However, a trade-off between the number of samples
and the amount of information these points can provide should be done. There are several
sampling techniques, including the classical factorial designs [129], simple random sampling
[130], Latin Hypercube method [131], Orthogonal Array method [131], Quasi-Monte Carlo
sampling [132] or Hammersley sampling [133]. Each sampling technique has specific pros
and cons depending on the prior knowledge about the problem, the design space, and the
objective function. Among all, Latin Hypercube Sampling (LHS), which is a near-random
method introduced by Michael McKay [131], is of the most popular techniques in engineering
application [134]. To single out p samples using LHS, each variable range is divided into p
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bins. So, for a design space with n number of variables, the design space is divided into pn

bins. Random sampling is done to ensure two criteria. The samples must place randomly
in bins, and each bin can take only one sample, remembering which samples were taken so
far. Once the design space samples are defined, a surrogate modeling technique is required
to fit a function to the data from high-fidelity function values of the sample points. To date,
several approximation methodologies have been introduced, such as Polynomial Regression
[135], Radial Basis Functions [136] and Kriging [137].

In this thesis, the optimization problem is to find an optimum turbine blade shape that
produces the lowest entropy while working in unsteady conditions prescribed by a pressure
gain combustor configuration. This optimization problem is the subject of Publication IV.
The variable selection and the objective function are described in this paper. The surrogate-
based optimization process is done based on Complex Shape Method (CSM), which is a
direct searching algorithm (also known as Nelder-Mead Simplex Method) [138, 139]. The
searching algorithm works with four main operations of reflection, expansion, contraction,
and compression, shown in Fig.3.10 assuming f(Xb) < f(Xo) < f(Xw) where f(Xi) is the
objective function value of sample Xi. The algorithm flow chart showing the sequence of
using these operations is illustrated in Fig.3.11. The method formulations are described in
the method section of Publication IV. LHS method is utilized as the sampling technique that
provides the samples having a suitable spatial uniformity and consequently can reflect the
information of the design problem sufficiently [140]. The objective function evaluation is done
using the developed one-dimensional Euler solver.

Figure 3.10: A representation of CSM operations in a two-dimensional design space, which is
consistent with the notations in Publication IV.

3.6 Turbine test case

To evaluate the effectiveness of the one-dimensional turbine simulation method developed in
the course of this thesis, a turbine test case has to be considered for unsteady simulation.
Since there is no available experimental data on the unsteady performance of a turbine in
open literature, specifically for PGC-driven ones, a turbine test case with the available steady
performance characteristics was selected. Ideally, the turbine should have more than one
blade row that the one-dimensional solver ability in simulation large multistage turbines
can be better evaluated. In this regard, NASA E3 high-pressure turbine has been selected
as a bench-marking test case. This turbine was developed for the General Electric Energy
Efficient Engine. The design comprises two stages with a low thru-flow of moderate loading.
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Figure 3.11: Complex shape algorithm flow chart.

The available geometrical specifications make this test case ideal for any three-dimensional
simulation to reproduce the performance map and further investigate the unsteady behavior
with different tools. The turbine has a total pressure ratio of 5.01, isentropic efficiency of
92.5%, and a reduced rotational speed of 316.9 (rpm/

√
K) at its design operating point. The

turbine key parameters are explained in Publication III, and the detailed data is available in
the NASA report [141].
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Publications

This chapter contains four peer-reviewed publications out of the research work in this thesis
toward addressing the pressure gain combustion and turbine interaction challenge. Two of the
publications focus on the interaction of RDC and turbine vane, while the others mainly discuss
the interaction of PDC and turbine. Within the scope RDC-turbine, Publication I studies the
flow field downstream an existing RDC. This publication tries to support the experimental
measurements at the TU Berlin Energy lab by providing more detail on the flow features
around the stationary blades mounted on the RDC exhaust annulus. Publication II characterize
the RDC exhaust flow passing through stationary vanes using URANS simulations. Different
guide vane configurations are simulated in a two-dimensional unwrapped RDC exhaust domain,
and pressure loss and fluctuation damping are assessed. In the context of PDC-turbine, a
1D-Euler method is presented in Publication III, and its applicability in simulating turbines
driven by PDCs is evaluated. Once the 1D-Euler method as a fast approach for unsteady
turbine simulation shows its usefulness, the technique is exploited for a turbine optimization
problem working under PDC exhaust flow in Publication IV. For more clarity, upfront of each
publication outlined in this chapter, a brief summary is provided aiming the main objective
and outcomes to contextualize their positions within the dissertation. The publications are as
follows:

I. Majid Asli, Cleopatra Cuciumita, Panagiotis Stathopoulos, and Christian Oliver
Paschereit. “Numerical investigation of a turbine guide vane exposed to a rotating
detonation exhaust flow”. In: Proceedings of the ASME Turbo Expo 2019, Volume 2B,
V02BT40A018. DOI: https://doi.org/10.1115/GT2019-91263. (Publisher’s version)

II. Majid Asli, Panagiotis Stathopoulos, and Christian Oliver Paschereit. “Aerodynamic
investigation of guide vane configurations downstream a rotating detonation combustor”.
In: Journal of Engineering for Gas Turbines and Power 143. 6 (2021). DOI:

https://doi.org/10.1115/1.4049188. (Publisher’s version)

III. Majid Asli, Niclas Garan, Nicolai Neumann, and Panagiotis Stathopoulos “A robust
one-dimensional approach for the performance evaluation of turbines driven by pulsed
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4. Publications

detonation combustion”. In: Journal of Energy Conversion and Management 248 (2021),
p. 114784. DOI: https://doi.org/10.1016/j.enconman.2021.114784. (Publisher’s version)

IV. Majid Asli, and Panagiotis Stathopoulos “An optimization methodology for turbines
driven by pulsed detonation combustors”. In: Journal of Engineering for Gas Turbines
and Power (Accepted manuscript).
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4.1 Publication I

4.1 Publication I

Numerical investigation of a turbine guide vane exposed to rotating detonation
exhaust flow

This paper was submitted to the ASME Turbo Expo 2019 in Phoenix, USA. After a peer-review
process with three reviewers and being accepted, it was presented in the Axial Flow Turbine
Aerodynamics session. The final manuscript was published in the Proceedings of the ASME
Turbo Expo 2019, volume 2B, V02BT40A018.

Contribution

The paper takes an in-depth look at the unsteady flow field downstream an RDC with the
presence of a stationary guide vane. The main objective is to simulate the flow field around the
turbine guide vanes as in the RDC experimental setup at the TU Berlin Energy lab and explore
the entropy generation sources in such an unsteady flow field. It tries to compensate for the
shortages of measurement and visualization techniques in the RDC experimental campaign.

Methods

A Three-dimensional URANS solver is utilized for the unsteady flow field simulations in this
paper. The boundary conditions for the simulations are obtained by two approaches. First,
the inlet boundary condition is altered to reach the experimentally measured pressure around
the vanes for an specific RDC operating point. In the second way, the mean values of total
and static pressures are kept and a total pressure distribution is generated using an trend
function based on literature.

Results

The results show an entirely subsonic flow field upstream of the vane row in the RDC exhaust
annulus, which can ignore the possibility of shock waves effects on the experimental pressure
measurements at the blade leading edge. The total pressure fluctuation amplitude was reduced
48% from upstream to downstream of the vanes, while the cycle average total pressure reduced
by 7.9%. The critical time regarding the total pressure loss was observed to be at 70% to 90%
of the cycle time period which has the greatest instantaneous value. This moment in the cycle
is associated with the approximately constant inlet total pressure distribution in time. Shock
waves and also boundary layer-shock wave interactions were detected within the blade passage
that produces a considerable amount of entropy.
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ABSTRACT
Detonative Pressure Gain Combustion has the potential to

increase the propulsion efficiency of aero-engines and the ther-
mal efficiency of stationary gas turbines. Important advances
were made in this field, especially in the case of Rotating Deto-
nation Combustion (RDC). Although experimental and numeri-
cal studies reported in the literature have significantly increased
in number, the major open problem is a lack of efficient turbo-
machinery to transform the fluctuating potential energy from an
RDC into power output. For this problem to be properly ad-
dressed, time resolved data at the outlet of an RDC needs to be
collected. As a first step, numerical data can be used to generate
a geometry for the turbine which must be validated experimen-
tally. To determine the performance of a turbine vane row, total
pressure losses need to be measured. There are several chal-
lenges in measuring the total pressure between the outlet of an
RDC and the inlet of a turbine vane row. The high tempera-
ture limits the distance at which the pressure transducer can be
mounted and leads to measuring a mean value of the pressure.
The confined space is also an issue, allowing for very few op-

∗Address all correspondence to this author.

tions in measuring the total pressure. Another major problem is
the shock wave that may form as a detached shock wave with re-
spect to the body of the pressure probe at certain moments in the
flow cycle which leads to measuring a different value rather than
the actual value of the flow field. To address these issues, this
study presents numerical investigation of a guide vane row that
was experimentally tested at the outlet of an RDC working on hy-
drogen and air under stoichiometric conditions. One of the vane
rows was 3D printed with a geometry allowing the measurement
of total pressure. Static pressure at the outlet of the RDC was
also measured. It was observed that the measured pressures are
average values in time. Based on these averages, the total in-
let pressure and velocity variations in time were reconstructed
in an exponential trend, according to the ones reported in the
literature and the aforementioned experiments. These variations
were set as inlet conditions for transient numerical simulations.
Results show that the total pressure amplitude decreases signif-
icantly when the flow passes the annulus and the vanes as well.
By looking in to the flow field detail, the presence of shock wave
in front of the blade is investigated. Additionally, it is calculated
that the average total pressure decreases 7.9% by the vane row.
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NOMENCLATURE
M Mach Number.

Pt Total Pressure.

Ps Static Pressure.

T Total Temperature.

TS Time Step.

TP Time Period.

e Relative Error.

s Second.

t Time.

INTRODUCTION
The growing number of passengers who choose air trans-

portation mode encourages aircraft manufacturers and the

relevant market to have more contribution in the field. In

this regard, the Organization for Economic Cooperation and

Development forecasts that air transport CO2 emissions will

grow by 23% by 2050, if no measures are taken [1]. Considering

this growth rate, stringent environmental regulations are already

in place with the ultimate goal to cut net emissions to half of

the 2005 level by 2050. This forces engine manufacturers to

increase gas turbine efficiency. At the same time, stationary gas

turbines are the only thermal power plant technology capable of

delivering both secondary and tertiary reserve from idle. The

rapid expansion of renewable generation in Europe is expected

to double the demand for both reserves in the coming decade.

Hence, an increase of gas turbine efficiency can prove very

valuable for further reducing the cumulative CO2 emissions of

the power sector.

Among all possible solutions for increasing gas turbine effi-

ciency, Detonative Pressure Gain Combustion (PGC) has the

potential to increase the propulsion efficiency of aero-engines

and the thermal efficiency of stationary gas turbines. Theo-

retically, implementing PGC in a gas turbine will increase the

cycle performance, due to the lower entropy generation in the

combustion process. However, pressure gain combustion results

at higher turbine inlet temperatures, while at the same time the

exhaust flow of detonative PGC chambers is characterized by

strong pressure, temperature and velocity fluctuations. One of

the main challenges in the practical implementation of PGC into

gas turbines is the lack of designs for turbomachines that can

cope efficiently with the PGC exhaust gas. Although still a topic

of active research, it is generally accepted that conventional

turbine expanders interacting with the exhaust of pressure gain

combustors will have lower isentropic efficiency, compared to

their design operation [2]. Fig. 1 shows the efficiency that a

turbine should achieve in the Humphrey cycle in order to obtain

the same cycle efficiency with a Brayton cycle at the same TIT

and with a 90% isentropic turbine efficiency [3]. If the turbine

efficiency drops below these values, the benefits of applying

pressure gain combustion would be entirely lost, due to the

FIGURE 1: Turbine efficiency in a Humphrey cycle for the same

cycle efficiency with a Brayton cycle with 90% turbine isentropic

efficiency, taken from [3].

inability of the turbine to harvest the additional exergy present

in the combustor exhaust gas.

During recent years, several research and development ef-

forts have analyzed the interaction of turbines with pressure gain

combustors [4–8]. Irrespective of whether pressure gain com-

bustion was realized through Rotating Detonation Combustion

or Pulsed Detonation Combustion, no turbine exhibited accept-

able performance. The inherent highly unsteady exhaust flow

of PGC combustors was found to be responsible for large tur-

bine aerodynamic losses. Tellefsen [9] performed the first RDC

axial turbine tests. Additionally, he placed convergent outlet sec-

tions on the RDC to simulate the back-pressurization that would

occur when placing the turbine behind the it. The RDC oper-

ated similarly for both nozzle and turbine testing, demonstrating

that a nozzle can properly simulate the presence of a turbine be-

hind a RDC. Naples et al. [10] implemented RDC into a T63

gas turbine and successfully run the turbine about 20 minutes

of accumulating time. While they designed an air dilution sys-

tem for the engine, they showed the applicability of operation of

RDC with the existing turbine as a unit. In another attempt to

use turbine in RDC, Rhee et al. [11] replaced the combustor of

a commercial jet engine by a newly designed rotating detonation

combustor. They tested the engine and measured the temperature

at turbine inlet and exit plane and also turbine rotational speed.

Liu et al. [12] considered two axial turbine designs exposed to

subsonic inlet Mach number at different inlet pressure fluctua-

tion frequencies. They studied the effect of pulsating flow on the

turbine efficiency numerically. The results revealed that stage ef-

ficiency drops for increasing inlet Mach number. Additionally,

they showed that the angular inlet flow fluctuation has an effect
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on turbine efficiency only when it is in the opposite direction to

that of the rotor motion. Fernelius [8] showed that pulse am-

plitude of PDCs is the driving factor for decreased conventional

turbine efficiency but not the pulsing frequency. The turbine he

considered was a conventional subsonic turbine. He managed to

suggest a correlation between fluctuation amplitude and turbine

efficiency by using a corrected form for the amplitude. Paniagua

et al. [3] developed a supersonic turbine design using Method

of Characteristics and then Liu et at. [13] tried to characterize

this supersonic turbine downstream of a RDC numerically. They

conclude that the leading edge shock waves are the primary un-

steady loss source in this flow condition.

A nozzle blade row exposed to RDC exhaust flow at TU Berlin

RDC Lab has been already investigated experimentally [14]. It

shows the applicability of the static and stagnation pressure mea-

surement. Due to the presence of probes in the leading edge

of blades, the measuring data could be affected by the waves in

front of the probes before the flow reaches the blade. Due to

some difficulties regarding the harsh flow field with extremely

high temperature flow exhausted from the RDC, looking in to

the details of flow field around the vanes is not provided by the

experiments. Therefore, in this paper the nozzle blade row and

the RDC annulus are modeled and simulated numerically using a

three dimensional Unsteady Reynolds-Averaged Navier–Stokes

solver. The objective here is to study the flow behavior within

the annulus and the vane row in such an inlet fluctuating flow

in detailed and evaluate the pressure loss. Additionally, the re-

sults of simulation will be compared with the experimental data

acquired by the presence of measuring devices in the annulus.

Blade Row Model
The TU Berlin RDC annulus with outer diameter of 90 mm

and the length of 114 mm from the injector to the exit plane is

modeled. The combustor specifications were described in detail

in [15]. The annulus width is 7.6 mm and a symmetrical blade

row of NACA0006 type is mounted at the exit plane in order to

evaluate flow behavior and impose back pressure boundary con-

dition to the RDC operation. Considering the annulus dimension,

33.4% area reduction at the throat is caused by 18 blades. The

annulus and the blade row model are shown in Fig. 2.

Numerical Approach
Governing Equations The computational solver ap-

plied for the present case is ANSYS 18.2 CFX which has been

widely used for turbomachinery flow simulations [16–19]. Un-

steady Reynolds-Averaged Navier-Stocks equations were solved

using k-ω shear stress transport turbulent model proposed by

Menter [20]. This turbulence model, which has been validated in

a similar case [18], was chosen as it performs well in both near to

and far from the wall and also in separated flow as in the present

case it is expected to occur. The dimensionless wall distance y+

FIGURE 2: Schematics of the modeled RDC annulus with nozzle

blade row.

is kept bellow 1 to ensure solving near wall regions well. The

second order implicit time stepping scheme is applied for spatial

discretizing of the governing equations. However, the transient

scheme for turbulence equations remains first order. Turbulent

intensity at the inlet boundary is considered 5%. Hydrogen-air

mixture is assigned as the working fluid and it is assumed to be

a perfect gas either thermally or calorically. Root-mean-square

values for all the residuals and the maximum residual are set

at 10−6 and 10−4 respectively as the numerical solution conver-

gence criteria.

Computational Domain and Boundary Conditions
Based on the experiments [15], operating conditions will affect

the combustion mode of operation. Increasing the reactant inflow

results in changing the operating regime from two counter ro-

tating waves at equal speeds to two counter rotating waves with

a stronger wave and finally into a single rotating wave. Here,

the RDC operating condition is set to achieve a single rotating

wave across the combustor so that, hydrogen-air stoichiometric

reaction is considered for the RDC operation. The computational

domain and the generated mesh is depicted in Fig. 3. Inlet and

outlet boundaries are placed far enough from the blade in order

to let the flow complete mixing process within the computational

domain. Inlet boundary is created at the distance of 1 blade

chord length in front of the leading edge. In the experimental set

up, the distance from the injector face to the blade leading edge

is 1.25 of the chord length. Therefore, there is enough space for

the reaction to be completed in the experimental set up before

reaching the 1 blade chord length in front of the blade row,

where the domain inlet located for the numerical simulation.

The outlet boundary is placed 4 chord length far from the trail-

ing edge according to the recommendation by Greitzer et al. [21].
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FIGURE 3: Computational domain and the grid around the

blades.

FIGURE 4: Mesh resolution effect on the total pressure loss per-

centage along the blade.

A three dimensional structured grid is generated for the

flow passage. O grid type was generated around the blade and H

grid type for the rest of the region. A grid dependency analysis

has been performed by applying three configurations, coarse,

intermediate and fine grids. Each of the grids has 200k, 300k and

400 cells. The total pressure loss percentages along the blade at

a specific time step are compared after the solution is converged.

According to the Fig. 4 the intermediate and fine mesh sizes can

be considered to have the same results with the average error

of relative error of 0.4%. So that, further refinement in mesh

cell size would not change the flow field simulation results and

hence, the intermediate mesh generation is adequate for the rest

of the simulations.

The global time step must be chosen to capture the flow phe-

TABLE 1: Averaged Mach number for solutions with different

time steps.

Time Step Averaged Mach Number Relative Error

TP/125 (Large TS) 0.132005 1.7%

TP/200 (Medium TS) 0.129751 0.2%

TP/333 (Small TS) 0.129438 –

nomena during the transient operation. It is considered to be 125,

200 and 333 time smaller than the period of inlet flow fluctu-

ations to evaluate the effect of time steps on the flow transient

physics. It is observed that the Mach number contour at 0.2c

upstream of the blades does not change for the two latter time

steps as depicted in Fig. 5. These contours are plotted at a cer-

tain time for all the solutions which is 3.6ms. Mass averaged

value of Mach number at the surface is tabulated in the Tab. 1.

It shows that the relative error for the grater time step respected

to the smaller one is much higher than the relative error for the

two smaller time steps which are 1.7% and 0.2% respectively.

Thereafter, for the following simulations the time step related to

the 200 times smaller than the period of fluctuations is selected

as the optimum. The relative error defines as the normalized dif-

ference between parameter values as Eq. 1.

e =
|MLargerT S −MSmallerT S|

MSmallerT S
(1)

In order to apply the exhaust flow coming from the RDC as

the inlet flow boundary condition, time dependent total pressure

and temperature distribution should be specified for the numeri-

cal simulation. Experimental total and static pressure distribution

trend which has been done by the authors [14] is considered. This

trend has been also reported by [22]. The trend line is approx-

imated as an exponential function of time with the mean value

of 4.6 and 2.9 bar for total and static pressure respectively. By

keeping the mean value, total pressure distribution is generated

as depicted in Fig. 6 to be imposed as the inlet boundary condi-

tion. The trend function is shown in Eq. 2, while a1 : a4 are the

constants which can be calculated based on the known values.

P(t) = a1 ln(a2t +a3)+a4 (2)

Additionally, the temperature distribution at the inlet bound-

ary is imposed as the same for the pressure trend with the peak

value of 2500K and lowest value of 1000K. The RDC exhaust
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(a) small TS

(b) medium TS

(c) large TS

FIGURE 5: Mach number contour at 0.2c upstream of the blade

frequency is 10kHz which was measured by the experiment. The

inlet and outlet boundary conditions are selected to be opening

boundary type because it is expected to have back flow regarding

the flow fluctuations.

Results and discussion
In order to study the flow behavior at the upstream and

downstream flow field entering the blade row, total and static

pressure variations are calculated at each time step to find the

critical region which has the most variation. These regions are of

interest because a high total pressure loss is expected there. The

detected locations named 1, 2 and 3 are located at 0.2c, 0.01c up-

stream and 1c downstream far from the blade respectively. The

values for pressure are mass flow averaged which is more ap-

plicable and recommended in turbomachinery [23]. To consider

the effect of blade presence at the RDC exhaust, the flow field

around the blade must be characterized. Total pressure variation

along the blade, which includes upstream and downstream blade

related phenomena is presented in Fig. 7.

(a)

(b)

FIGURE 6: (a) The trend obtained by the experiments [14]

and (b) total pressure distribution applied as the inlet boundary

condition

It is seen that the cycles converged after the 6th time period

for these three locations. So, the two consecutive cycles from

10 to 12 are zoomed in. Based on this figure, the total pressure

peak to peak amplitude for the inlet flow which is 14bar reduces

to 5.72bar at location 1. It means that while the fluctuating flow

goes through the annulus, fluctuation amplitude reduces signif-

icantly. Additionally, the trend becomes smoother specifically

at end of the cycle which can bee seen on the inlet curve. On

the other hand, the total pressure amplitude decreases to 2.97bar

at location 3 which is downstream of the blade. This represents

around 48% damping in total pressure fluctuation amplitude be-

tween the location 1 and the location 2. These values are tabu-

lated in Tab. 2. The average total pressure for a cycle decreases

5.65bar at inlet location to 5.29bar at location 1 which represent

6.3% total pressure loss with respect to the inlet. This value be-

tween the two locations of 1 and 3 is 7.9%. Therefore, it is seen

that the blade row cause a bit more total pressure loss than what

occurs between inlet and location 1 in the annulus. This will be

further investigated afterward. Due to the distance between the
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(a)

(b)

FIGURE 7: Total pressure at the three locations upstream and

downstream of the blade row

specified locations, there is time phase difference while main-

taining the frequency of 10kHz.

Fig. 8 shows instantaneous entropy contours around the

blade which explains how separation bubbles cause entropy gen-

eration and hence the related losses. As the blade profile is a

symmetrical type and the blade sitting angle is zero, the flow

phenomena is symmetrical around the blade. Baubles are gen-

erated at 0.1TP as indicated in Fig. 8a with a dashed circle. As

the time passes to the 0.4TP, the bubble goes to the trailing edge

and then it is merged with the bubble from the other blade side.

The Mach number lines at 0.2TP instance depicted in Fig. 8d,

shows that the zone of high Mach number which decreases by

shock wave is the high entropy zone. Therefore, the shock wave

TABLE 2: Total pressure at different locations.

Location Total Pressure Amplitude Time Averaged in a Cycle

Inlet 14bar 5.65bar

Location 1 5.72bar 5.29bar

Location 3 2.97bar 4.87bar

boundary layer interaction generate separation of the flow from

the blade hence and entropy raise in addition to the shock waves.

This explains the reason that the total pressure decreases more

along blade row than the along the annulus which is from inlet to

location 1.

Fig. 9 shows the instantaneous total pressure reduction along

the blade row which is between location 1 and 3. The highest in-

stantaneous total pressure difference between these two locations

is associated with 0.8TP and the lowest occurs at 0.2TP. The total

pressure contour at these two moments are depicted as well. The

flow field shows that when the total pressure pulse passing the

location 1 (entering the blade), there is lower pressure region at

the location 3 (exit plane) which means the highest total pressure

difference between the two locations of 1 and 3 occurs. Consid-

ering the inlet total pressure curve depicted in Fig. 7b, 0.7TP to

0.9TP is the time in which the inlet total pressure curve variation

is much lower than the rest of the cycle. In this time period there

would be some back flow in the inlet boundary.

In order to investigate the blade leading edge stagnation flow

field and its effect on the experimental pressure measurement,

total and static pressure distributions are plotted in Fig. 10 at the

two points of the location 1 and the location 2. According to the

figure, there is only a slight difference of total pressure around

0.8% of the total pressure at location 2 which is due to the loss

associated with the passage between these two locations. The

static pressure at leading edge is also lower than the location 1

while it is closer to the total pressure values, because the flow

tries to adapt itself before reaching the blade and the flow speed

decreases. The Mach number lines at leading edge are shown in

Fig. 8e representing different zones at this region.

Conclusion
The present study was focused on the numerical simulation

of RDC exhaust flow with the presence of a simple nozzle guide

vanes row. The case has been experimentally tested [14] and the

pressure data acquired. However, there were some uncertainties

in the experimental results which this paper tried to address by

numerical simulations. Therefore, the blade rows and the com-

bustor annulus was modeled and URANS equations were solved

numerically. The inlet boundary condition imposed were close

to what obtained experimentally and also reported in the litera-

tures [22]. The unsteady numerical solution results showed that

6 Copyright c© 2019 by ASME
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(a) t=10%TP

(b) t=20%TP

(c) t=30%TP

(d) t=40%TP

(e) Mach number contour at t= 20% TP

FIGURE 8: Instantaneous entropy and Mach number contours

FIGURE 9: Instantaneous total pressure reduction along the

blade row.

FIGURE 10: Instantaneous pressure values at two locations.

total pressure fluctuation amplitude was reduced 48% from up-

stream to downstream of the blade, while the cycle average total

pressure reduced by 7.9%. The critical time regarding the total

pressure loss was observed to be at 70% to 90% of the time pe-

riod which has the greatest instantaneous value. This moment

in the cycle is associated with the approximately constant inlet

total pressure distribution of time. Shock waves and also bound-

ary layer-shock wave interactions were detected within the blade

passage. These phenomena play a great role in decreasing the

total pressure while the flow go through the blade row. No shock

wave in front of the blade were observed for the present mode of

operation. Therefore, the presence of measuring devices and the

7 Copyright c© 2019 by ASME
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blade has negligible effects on measuring procedure. To sum up,

the present study revealed that the measured data acquired by the

Kiel probes was not affected by any shock wave in front of the

blade leading edge. Further numerical study for other operational

modes of the RDC is suggested as the future work.
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Contribution

Toward characterizing the flow field downstream an RDC with a coupled turbine guide vane
row, this paper gives emphasis on the connection between total pressure loss and the blade
geometrical parameters in such an unconventional unsteady flow field. The aerodynamic
performance of different blade types is investigated downstream of the RDC model, similar to
the RDC test rig at the TU Berlin, and the damping role of the vanes is analyzed in detail.

Methods

The numerical analysis in this paper is performed using a URANS equations solver for the
two-dimensional unfolded RDC exhaust flow channel at midspan radius. The RDC and the
baseline vanes are modeled identical to the RDC experimental setup. Different blade geometries
having different solidities and thickness to chord ratios are examined as well. The boundary
conditions are taken from literature, which provides flow details at the RDC outlet.

Results

According to the numerical simulation results, it is observed that the vanes damp more than
57% of the upstream velocity angle fluctuation amplitude. The total pressure loss coefficient
decreases by increasing each of the two geometrical parameters of solidity and thickness-to-
chord ratio. This loss coefficient accounts for the profile loss caused by the vanes since no
shock wave was captured inside the domain. Furthermore, the area reduction was found to be
the significant driving factor for damping the velocity angle fluctuations, whether in the form
of solidity or thickness-to-chord ratio increment. Besides, solidity has the highest impact on
loss generation and total quantities distribution downstream.
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Aerodynamic Investigation
of Guide Vane Configurations
Downstream a Rotating
Detonation Combustor
Any outlet restriction downstream of pressure gain combustion (PGC), such as turbine
blades, affects its flow field and may cause additional thermodynamic losses. The
unsteadiness in the form of pressure, temperature, and velocity vector fluctuations has a
negative impact on the operation of conventional turbines. Additionally, experimental
measurements and data acquisition present researchers with challenges that have to do
mostly with the high temperature exhaust of PGC and the high frequency of its operation.
Nevertheless, numerical simulations can provide important insights into PGC exhaust
flow and its interaction with turbine blades. In this paper, a rotating detonation combus-
tor (RDC) and a row of nozzle guide vanes have been modeled based on the data from lit-
erature and an available experimental setup. Unsteady Reynolds-averaged
Navier–Stokes (URANS) simulations were done for five guide vane configurations with
different geometrical parameters to investigate the effect of solidity and blade type repre-
senting different outlet restrictions on the RDC exhaust flow. The results analyzed the
connection between total pressure loss and the vanes solidity and thickness to chord
ratio. It is observed that more than 57% of the upstream velocity angle fluctuation ampli-
tude was damped by the vanes. Furthermore, the area reduction was found to be the sig-
nificant driving factor for damping the velocity angle fluctuations, whether in the form of
solidity or thickness on chord ratio increment. This RDC exhaust flow investigation is an
important primary step from a turbomachinery standpoint, which provided details of
blade behavior in such an unsteady flow field. [DOI: 10.1115/1.4049188]

Introduction

One of the fastest growing sources of greenhouse gas emissions
is aviation. Direct emissions from aviation account for about 3%
of the EU’s total greenhouse gas emissions and more than 2% of
global emissions. If global aviation were a country, it would rank
in the top ten emitters, reported by European commission. Global
international aviation emissions by 2050 could increase up to
700% compared to 2005, if no measures are taken [1]. On the
other hand, the growing number of air passengers reported by
International Civil Aviation Organization (ICAO) [1] and the
related tourism market encourage aircraft manufacturers to have
greater impact in the field. This is not only the case for aviation,
but also for land-based applications of gas turbines for energy pro-
duction. Although harvesting renewable energy is expanding, the
capability of gas turbines for delivering energy and power reserve,
keep them relevant in global energy markets. Therefore, gas tur-
bine manufacturers are continuously seeking to increase efficiency
and lower emissions.

To date, many efforts have been done to increase the existing
gas turbine efficiency by improving component performance. In
this regard, these components are so technologically mature that
any effort to achieve higher efficiency will not increase the whole
gas turbine efficiency above half percent [2–4]. Therefore, recon-
figuring gas turbines by introducing innovative cycles is one of
the most crucial options left to make a step-change in efficiency.
Such a new configuration can be achieved through the Humphrey
or the Zeldovich–von Neumann–D€oring cycle. In these cycles,
constant pressure combustion is replaced with pressure gain com-
bustion (PGC), which leads to a lower entropy generation. The
Humphrey cycle models gas turbines with ideal constant volume

combustion. The Zeldovich–von Neumann–D€oring cycle models
the application of detonative combustion in gas turbines [5]. Pulsed
and Rotating Detonation Combustion are the two well-known types
of detonative PGC. The higher frequency and self-sustained detona-
tion waves of the latter make it the most suitable for future integra-
tion in continuously operating turbomachines [6].

One of the early efforts in turbine and PGC integration was
done by Schauer et al. [7], who experimentally showed the feasi-
bility of pulsed detonation combustion (PDC) and its operation
with turbomachinery. They could sustain 25min continuous run
of a PDC driving a radial turbine. Rasheed et al. [8,9] tested a
multitube PDC together with a single stage axial turbine, and a
by-pass flow of air that mixed with the PDC exhaust before its
entrance in the turbine. They showed that for their specific case,
the turbine isentropic efficiency was effectively the same with the
one under steady operation. The feasibility of rotating detonation
combustor (RDC) and gas turbine integration has been also
recently demonstrated. Wola�nski [10] investigated the integration
of an RDC into a GTD-350 helicopter engine. He found that the
engine can be operated with lean mixtures and that the specific
fuel consumption was 5% to 7% lower than for the conventional
system. In a similar work, Naples et al. [11] developed an RDC
and successfully deployed it into a T63 gas turbine. They achieved
20min of damage-free operation. In spite of observing substan-
tially higher unsteadiness generated by the RDC, they concluded
that this did not affect turbine efficiency significantly [12]. Rhee
et al. [13] replaced the combustor of a commercial jet engine by a
newly designed RDC. They tested the engine and measured the
temperature at turbine inlet and exit plane and also turbine rota-
tional speed.

Despite the lower entropy generation of pressure gain combus-
tion, there are some major challenges for getting this type of com-
bustor integrated in a gas turbine. The inherent strong unsteady
exhaust flow of PGC make it unfitting for conventional turbine
expanders. Tellefsen [14] performed RDC-nozzle and axial
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turbine testing. He concluded that using a nozzle at the RDC out-
let can experimentally simulate the effect of the turbine presence
on the RDC operation. Rankin et al. [15] studied the behavior of a
convergent divergent nozzle at RDC downstream. They demon-
strated that the combination of a conical center body and
converging-diverging nozzle could be a possible solution to alle-
viate RDC unsteadiness. Turbine integration with RDC has been
studied at Purdue University as well. Braun et al. [16] studied dif-
ferent nozzle geometries at RDC outlet to assess nozzle perform-
ance with respect to the inlet flow fluctuations. A smooth
divergent profile has delivered the highest flow momentum
increase and the strongest damping of the Mach number distribu-
tion. These high Mach number fluctuations and the respective
incidence angle variation are still an challenge for the operation
axial turbines. The operation of a supersonic turbine exposed to
RDC was studied numerically by Liu et al. [17]. Total pressure
loss was computed and it was concluded that the leading edge
shock wave is the dominant loss source. Braun et al. [18] investi-
gated the influence of an integrated nozzle and supersonic axial
turbine with an RDC. They observed that flow angle fluctuations
could not be reduced through the nozzle. The flow turning, pres-
sure loss, and the damping effect of the supersonic stator vanes
were also evaluated by them numerically.

Recently, an instrumented guide vane has been setup to charac-
terize RDC flow by Bach et al. [19] at TU Berlin. The aim was to
address the effect of RDC outlet restriction on combustion
through the combined effects of elevated initial reactant pressure
and reflected shocks interacting with the detonation wave. They
also performed pressure measurements upstream and downstream
of the vanes to measure the average pressure loss through the
vanes. The compact geometry, rapid, and high temperature flow
limit the measurement and visualization capabilities. Furthermore,
the presence of measuring probes mounted on the blades can
cause uncertainties in the acquired experimental data. Therefore,
numerical analysis can be a promising tool to understand the flow
field around the vanes. Asli et al. [20] studied the same geometry
numerically to look into the details of the vanes behavior and
compared the measured data with the experiments. Following this
research, the RDC configuration with different blade types has
been modeled numerically in this work. Here, the objective is to
evaluate how different vane types and different blade solidities
affect the flow in the turbine blade row. Pressure loss has been
computed and the damping role of the vanes has been investigated
in detail.

Model Description

Rotating Detonation Combustor Configuration. The RDC
setup is a radially inward configuration for oxidizer injection. In
this configuration, hydrogen is injected trough 100 equally spaced
holes, while the oxidizer is injected trough a circumferential slot.
The annulus has an outlet diameter of 90mm, a passage width of
7.6mm, and its axial length is 114mm. According to the scope of
research, RDC exhaust flow at the outlet of the RDC annulus is
considered as the nonreactive working fluid. Additionally, the
annulus width is much shorter than axial length and circumference
of the domain. The dominant flow phenomena and related fluctua-
tions within the RDC occur in circumferential and axial directions
rather than radial direction. Therefore, in this study the annulus
radial height is neglected and the three-dimensional physics of the
RDC exhaust channel is unwrapped and reduced in a two-
dimensional domain to significantly reduce computational cost.
The experimental model and the vanes mounted on the RDC
annulus is shown in Fig. 1. The symmetrical blade profile of
NACA0006 is selected to be modeled at the RDC outlet to study
effect of presence of a general simple guide vane on RDC exhaust
flow. This profile type is a simplification of real geometry to
obtain a better understanding of the flow physics and investigate

effect of geometrical parameters on the RDC flow field. The same
configuration has been tested experimentally at TU Berlin [19].

Numerical Setting. Unsteady Reynolds-averaged Navier–Stokes
(URANS) simulations were carried out using ANSYS FLUENT

density-based solver, which has been widely used for similar
problems in turbomachinery [17,21,22]. Second-order discretiza-
tion and the SIMPLE scheme for pressure–velocity coupling were
applied. The transition-shear stress transport model, based on Wil-
cox k–x turbulence model proposed by Menter [23] was utilized.
This two-equations eddy-viscosity model combines advantages of
both k–x in the inner region of boundary layer and k–e in the free-
stream flow. Therefore, it performs well in both near and far walls
domains, as well as in separated flow regions, which are probable
in this study because RDC exhaust flow angle is highly fluctuating
and can cause flow separation on the blades. The flow specifica-
tions as the domain inlet boundary conditions will be discussed
later in detail. The working fluid is considered to be a mixture of
nitrogen (N2) and water vapor (H2O) with mass fractions of 0.745
and 0.255, respectively, that are products of hydrogen–air com-
bustion. The mixture is assumed to be a perfect gas thermally and
calorically. Convergence criteria of the numerical solutions for
each time-step is set at 10�6 for all the residuals.

The computational domain, which is the same for all the simu-
lations, is formed to simulate the two-dimensional unwrapped
RDC exhaust annulus at midspan radius. This creates a rectangu-
lar domain that extends one blade chord length upstream of the
blade leading edge and ten blade chords downstream the blade
trailing edge to let the flow developed within the computational
domain [24]. The domain containing the mesh is depicted in
Fig. 2. The mesh is dense enough in areas of high curvature
around the blades using a curvature and proximity algorithm in

Fig. 1 Schematics of the modeled RDC annulus with a nozzle
blade row [19]

Fig. 2 Computational domain and grid around the blades
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order to capture the geometry and boundary layer. The dimension-
less wall distance (yþ) is kept bellow 1 to ensure a good resolution
of the near wall regions. This is done by refining the mesh during
simulation. Additionally, as the flow property gradients are high
at the inlet boundary, the mesh was refined up to the four chord
downstream of the blades during the simulations to achieve the
optimum convergence time.

Four mesh configurations with different densities have been
generated to evaluate effect of grid size on the results. Simulations
were done for the case with 15 blades of NACA0006 profile hav-
ing 150k, 170k, 190k, and 250k nodes. The total pressure loss
coefficient defined as x ¼ 1� Pt=Pt;inlet has been calculated
between 0.2c upstream and 2c downstream of the vanes. Accord-
ing to Fig. 3, the simulation results for the latter two grids exhibit
only 0.42% difference in total pressure loss coefficient along the
vanes. Therefore, the grid density with 190k nodes was selected
for the simulations of the present research.

In order to capture all the flow features in an unsteady simula-
tion, the global time-step must be chosen small enough. An appro-
priate time-step value depends very much on the flow fluctuations.
A time-step sensitivity analysis was performed previously for sim-
ilar flows [20,25]. However, for the current research four different
time steps ranging from 720 to 900 are considered to find the opti-
mum value. Mass averaged values of Mach number at 0.2c
upstream of the vanes are calculated for the case with 15 blades of
NACA0006. According to Fig. 3, the mass averaged Mach num-
ber is increasing by increasing time-step up to 840 and then
decreases slightly for the time-step of 900. The difference

between the two higher time steps is 0.001, which is much lower
than that of the other time steps. Therefore, the suitable time-step
for the simulations in this study is chosen to be 840 times smaller
than the RDC time period.

In the present numerical simulations, the inlet flow boundary
condition must be supplied by the RDC exhaust flow conditions.
Pressure measurements in the RDC setup of the TU Berlin
reported time averaged values that indicated a peak total pressure
of 2.9 bar at the blade upstream [19]. This value shows that the
experimental diagnostics have difficulties to acquire time-
resolved measurements, since the peak pressure values are
expected to be in the order of 10 bar [26]. However, the average
measured values were quite promising as reported. The RDC
annulus equipped with NACA0006 profile vanes mounted at the
outlet has been numerically simulated [20]. This vane configura-
tion will be introduced as profile C.1 later in the paper. The
numerical results are compared with the experimental ones to ver-
ify the numerical method accuracy. In Fig. 4, total pressure distri-
butions at upstream and downstream of the blade row are plotted.
The numerically obtained pressure data reported here is measured
exactly at the same locations as in the experimental setup. Based
on the two curves of experiments and numerical simulation, an
acceptable matching for total pressure results around the vanes is
observed. This shows that the total pressure loss caused by the
blade row in the experimental setup was accurately simulated.
The consistency between the two set of results confirmed the
validity of numerical simulation for the RDC exhaust flow.

Boundary Conditions. This work uses the simulated RDC
flow characteristics provided by Schwer et al. [27] as the inlet
boundary condition of the domain. The inlet boundary represents
two rotating waves traveling around the annulus. This wave mode
provides a pressure distribution with �7 bar peak and a static tem-
perature ranging from 1500K to 2000K as shown in Fig. 5. The
frequency of the fluctuation is 7 kHz and the flow angle variation
in blade to blade surface is approximately 640 deg with the mean
value of �10.5 deg. The outlet boundary for the computational
domain is considered as the pressure far field type and the two
sides are unified as a periodic boundary to ensure periodicity and
shape the unrolled presentation of the cylindrical annulus (see
Fig. 2).

The aforementioned settings are the same for the five cases
listed in Table 1. Different solidities have been achieved by
changing blade numbers from 10 to 15 and 20 for case C.1 to case
C.3, respectively. The solidity values are selected within the con-
ventional range offered by Ainley–Mathieson correlation [28].
The two other cases with different blade types have been consid-
ered to evaluate effect of blade thickness while having the same
solidity values and blade numbers. The numerical calculations

Fig. 3 Effect of grid size and time-step on total pressure loss
coefficient and mass averaged Mach number at 0.2c upstream
of the vanes

Fig. 4 Total pressure distribution at upstream and downstream of the blade row: (a) blade row
upstream and (b) blade row downstream
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have been done using eight Intel(R) CPUs at 4.00GHz with 4
cores and 32 GB of memory in parallel. The mean CPU time for
each case was 25 h to achieve convergence.

Results and Discussion

Pressure Loss. The simulation of the RDC exhaust flow pass-
ing through the guide vanes entails a transient phase before reach-
ing periodically steady operation in the entire computational
domain. The main difference of the two modes is the presence of
specific shock waves in transient operation, which are not present
in the steady periodical operation. The flow features of both
operational phases are discussed in this section.

To evaluate the impact of different blade configurations on the
blade total pressure loss, the mass averaged total pressure has
been computed at 0.2c and 2c downstream of the vanes. The total
pressure loss coefficient has been calculated for each case.
Figure 6 shows its values averaged in one combustor period with
pattern filled bars. In the transient operational phase, an increase
of the blades number from 10 to 15 and then to 20 leads to higher
total pressure loss coefficients from 0.176 to 0.201 and then to
0.224, respectively. Additionally, the loss coefficients for different
thickness on chord ratio corresponding to the cases C.1, C.4, and
C.5 are 0.176, 0.190, and 0.212, respectively. Figures 7(a) and
7(b) indicate the instantaneous contours of Mach number and

density for C.4, as a sample, in two different time instances.
According to the RDC exhaust flow, there are two rotating waves
that cause two symmetric patterns traveling circumferentially. In
this regard, half of the time period is considered in Fig. 7 and the
two equal time intervals of the flow field are depicted. The con-
tours pattern reveals that the fluctuating flow is subsonic up to the
vane row. Flow Mach number at the passage inlet location ranges
0.69–0.97, 0.33–0.86, 0.62–0.96, and 0.46–0.98 for each of the
four cases C.1, C.3, C.4, and C.5, respectively. In this subsonic
flow regime, the presence of vanes may affect the combustion pro-
cess, which is not in the scope of this study. The flow Mach num-
ber subsequently increases when the flow enters the vane passages
and it continues to accelerate up to the vanes trailing edge. There
is a sharp deceleration to supersonic Mach numbers at around one
chord length downstream of the vanes, where a rather great
increase in density exists. This confirms the presence of shock
waves downstream of the vanes, which is an important source of
total pressure loss indicated in Fig. 6 for the transient operational
phase in addition to the vanes profile loss. The compression waves
are present in the flow field of all the other configurations not
depicted here. These shock waves are transferred downstream
toward the outlet of the computational domain. Velocity vectors
are zoomed-in around two sample blades and shown inside the
contours of Mach number as well. It shows that velocity vectors
are quite fluctuating at upstream of the vanes and where hitting
the vanes leading edge. Thereafter, the velocity vectors are getting
straighter while passing through the vane passages.

Table 1 Blade configuration specifications at RDC
downstream

Case Nr. Profile type r s N Area reduction

C.1 NACA0006 1.76 6% 10 10.55%
C.2 NACA0006 2.64 6% 15 15.83%
C.3 NACA0006 3.52 6% 20 21.10%
C.4 NACA0009 1.76 9% 10 15.83%
C.5 NACA0012 1.76 12% 10 21.10%

Fig. 6 Total pressure loss coefficient

Fig. 7 Instantaneous contours of Mach number (left) and den-
sity (right) for C.4. (a) transient operation at t5Tp, (b) transient
operation at t5Tp1 1/4Tp, (c) periodically steady operation at
t5Tp, and (d) periodically steady operation at t5Tp1 1/4Tp.

Fig. 5 RDC exhaust flow properties considered as the inlet
condition
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The flow field reaches periodically steady condition when the
shock waves move out from the domain outlet. The periodically
steady operating flow field is shown in Figs. 7(c) and 7(d) in two
different time instants. Total pressure loss has been calculated at
0.2c downstream of the vanes for all the cases and the related
coefficients are indicated in Fig. 6 with filled bars. The loss coeffi-
cient in steady operation, which represents profile loss, is decreas-
ing from 0.06 to 0.029 and then to 0.019 when the solidity is
increased from 1.76 to 2.64 and then to 3.52, respectively. Addi-
tionally, the loss coefficients of C.1, C.4, and C.5 are 0.06, 0.053,
and 0.022 each. These trends are not consistent with the conven-
tional profile loss correlation of Ainley–Mathieson and the empiri-
cal model by Aungier [28]. Based on the conventional loss
correlation, higher solidity should result in higher loss coeffi-
cients. The inconsistency arises due to the flow unsteadiness with
high amplitude of flow angle fluctuation in RDC exhaust flow.
Furthermore, comparing loss coefficient of the periodically steady
operation with the transient one shows that the share of shock loss
in total amount of loss in transient operation is very high with
respect to the profile loss. Higher solidity and higher area reduc-
tion cause higher Mach number downstream of the vanes and
hence stronger shock waves and higher shock loss coefficients
marked in Fig. 6.

Passage Chocking. Chocking is likely to happen in turbine
blades and fixes the reduced mass flow. To evaluate the flow
inside the vanes, the Mach number on the centrally located line
between two adjacent blades is measured during a whole RDC
period. The locations where sonic Mach number is observed on
this line are captured and plotted for the five cases within one
period as displayed in Fig. 8. The axial location numbers are
described graphically in Fig. 8(a) which are equally (12.5%c) dis-
tributed on the centerline of the vane passage from leading edge
to trailing edge. The vane throat is located at 30% chord for the
cases C.1, C.2, C.3, and C5 and at 33% chord for case C.4. If the
flow field would have been steady, the maximum Mach number or
sonic condition would have been expected at the throat location in
each case (marked with dashed line in Fig. 8). However, the sonic
Mach number location changes within an RDC period. The
respective locations along the centerline are different for each
case. A comparison of Fig. 8(a) with Fig. 8(b) and Fig. 8(c) shows

that the higher solidity moves the point in which the sonic Mach
number is reached downstream with shorter range of sonic Mach
number locations. Additionally, although the two cases of C.3 and
C.5 have the same area reduction, C.3 exhibits shorter range of
sonic Mach number locations, mostly due to its higher solidity.
By drawing a vertical line in the plots, it can be seen that each

Fig. 8 Sonic condition inside the blade passages ((a)–(e)) and Mach number distribution for C.5 (f):
(a) C.1, (b) C.2, (c) C.3, (d) C.4, (e) C.5, and (f) C.5

Fig. 9 Velocity angle in one time period at 20%c downstream
of the vanes: (a) instantaneous distribution of corrected veloc-
ity angle and (b) box and whisker diagram of measured velocity
angle
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location experiences sonic condition four times within one time
period. This means that the fluctuating exhaust flow of the RDC
creates supersonic flow conditions when passing through the
vanes over the entire RDC period. The Mach number distribution
inside the vane passage of C.5 is shown in Fig. 8(f). It indicates
that the flow reaches the supersonic regime while exiting the vane
passage. The Mach number at the vane passage outlet is in the
range of 1.28–1.64, 1.29–1.82, 1.31–1.91, 1.45–1.76, and
1.41–1.88 for the cases C.1 to C.5, respectively.

Flow Unsteadiness Damping. One of the most important
parameters affecting the flow within turbomachinery blade rows is
the flow incidence angle. Theoretically, blades are designed to
work in a defined (design) incidence angle to reduce aerodynamic
losses. Any deviation from the design value causes considerable
aerodynamic losses. For the present case study, the inherent flow
velocity angle fluctuations make the study of their effect on the
flow within the rows necessary. The time trace corrected velocity
angle, defined as a ¼ a=aaverage@upstream at 20%c downstream of
the vanes, is plotted for all cases in one RDC period in Fig. 9(a).
The corrected flow angle at 20%c upstream of the vanes is marked
by a dashed line, which is almost the same for all the cases. The
corrected velocity angle amplitude, defined as Aa ¼ amax � amin ,
is 2.52, 1.19, 0.83, 2.24, and 1.03 for C.1 to C.5, respectively, as
tabulated in Table 2. By considering its value at the upstream
location 5.85, it can be stated that the amplitude of the velocity
angle fluctuation is reduced by more than 57%. By increasing
solidity from 1.76 to 3.52 (in C.1 and C.3), the velocity angle
amplitude is reduced even more (by 86%). At the same time, an
increase of the thickness to chord ratio from 6 to 12, while main-
taining the same solidity, results in a higher damping of the veloc-
ity angle amplitude. Although the cases C.3 and C.5 have the
same area reduction, the velocity angle damping in C.5 is 4%
lower than C.3 that has a higher solidity. This higher damping
caused by C.3 is achieved at the expense of 0.01 higher loss coef-
ficient (see Fig. 6). It can be concluded that area reduction by
either an increase of the solidity or the thickness to chord ratio
plays a great role in velocity angle fluctuation damping.

To look into the details of the velocity angle downstream of the
vanes in one RDC period, a box-and-whisker diagram of the
measured data is plotted in Fig. 9(b). In this plot, the first segment
is the first quartile of the data. The second and third segments rep-
resent the difference between the median and the first quartile and
the difference between the third quartile and the median, respec-
tively. The difference between the upper and lower limits of the
whiskers shows the data range known as the velocity angle ampli-
tude here, which has been already discussed in nondimensional
form. According to the diagram, the median value is much closer
to the whisker upper limit in C.3 and C.5 rather than the other
cases. These two cases have the highest area reduction with differ-
ent solidity and thickness to chord ratio. Although the thickness to
chord ratio of case C.5 is two times greater than C.3, the higher
solidity of C.3 compared to C.5 causes not only shorter range but
also much steadier velocity angle downstream of the vanes. This
can be also observed from the closer median value to the upper
whisker limit. The median value is located at approximately mid
of the box and whisker plots in other cases (C.1, C2, and C.4),
which shows rather equally distributed values of the velocity
angle in one RDC period.

To evaluate how the vanes affect total quantities downstream
where rotor blades could be installed, time trace corrected total

pressure (Pt ¼ Pt=Pt;average@upstream) and total temperature
(Tt ¼ Tt=Tt;average@upstream) are calculated at 20%c downstream of
the vanes in one RDC time period. According to Fig. 10, increas-
ing solidity corresponding to C.1, C.2, and C.3 exhibits smoother
total pressure and total temperature distributions. The two local
peaks observable on both curves of C.1 are moderated in C.2 and
almost become smoothed in C.3. The same behavior can be seen
by comparing C.1, C.4, and C.5. It indicates that a blade row with
higher thickness to chord ratio has more damping effect on local
unsteadiness of total pressure and total temperature. On the other
hand, the curves of Fig. 10 show a rather slight difference in
amplitude of the two total quantities distribution. The corrected
amplitudes are listed in Table 3. Although local peaks get
smoother by increasing area reduction, the fluctuation amplitudes
of both total pressure and total temperature are increased. Addi-
tionally, the comparison of the total pressure amplitude at the inlet
with the downstream reveals that C.1 configuration damps total
pressure fluctuation by 1.6% while the amplitudes at downstream
of the other cases are higher than the inlet. The total temperature
amplitude is alleviated from inlet to downstream for all the cases
except C.3 which has the highest solidity. Despite the same area
reduction of C.3 and C.5, total temperature damping role of these
two configurations is different that confirms dominant impact of
solidity.

Conclusion

This work focused on the aerodynamic behavior of different
outlet guide vane configurations located downstream of an rotat-
ing detonation combustor. Numerical analysis was utilized as the
method of investigation because it eliminates the difficulties and
uncertainties of experiments within the high temperature RDC
exhaust flow. Two dimensional URANS simulations have been
performed to evaluate the effect of blade geometrical parameters
on total pressure loss and velocity angle fluctuation damping. Five

Table 2 Corrected velocity angle amplitude at 20%c
downstream

C.1 C.2 C.3 C.4 C.5

Aa 2.52 1.19 0.83 2.24 1.03
Reduction (%) 57 79 86 62 82

Fig. 10 Instantaneous distribution of total quantities at inlet
and 20%c downstream of the vanes

Table 3 Corrected total pressure and total temperature ampli-
tude at inlet and 20%c downstream of the vanes

C.1 C.2 C.3 C.4 C.5 Inlet

APt
1.2017 1.2771 1.5482 1.4075 1.6302 1.2210

ATt 0.2138 0.2415 0.3028 0.2236 0.2791 0.2866
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configurations with different solidity and thickness to chord ratio
in the unwrapped combustor annulus have been modeled and
simulated while one of them (C.1) has also been tested experimen-
tally [19] and compared to the numerical simulation. Time and
location dependent boundary conditions were imposed as the inlet
boundary of the domain, which reproduces the two rotating waves
operating mode of an RDC.

The results revealed that the total pressure loss coefficient in
periodically steady flow field decreases by increasing each of the
two geometrical parameters of solidity and thickness to chord
ratio. This loss coefficient accounts profile loss caused by the
vanes. However, in transient operation where moving strong
shock waves are present downstream of the flow field, loss coeffi-
cient including shock loss and profile loss, increases by increasing
solidity and thickness to chord ratio. It was shown that shock
wave can add more than two times of blade profile loss to the flow
field in transient operation. Choked flow condition was observed
within the blades passages. Velocity angle measurements
upstream and downstream of the vanes showed that more than
57% velocity angle fluctuation damping can be achieved by pass-
ing RDC exhaust flow through these vane configurations. Higher
velocity angle damping was resulted by either increasing thick-
ness to chord ratio or solidity, which means higher area reduction.
However, in the configurations having the same area reduction
and thickness to chord ratio, velocity angle damping was affected
by solidity. Higher solidity configurations exhibit steadier velocity
angle distribution in one RDC period. According to the studied
configurations, it can be concluded that solidity had the highest
impact on loss generation and total quantities distribution at
downstream while area reduction was the most driving factor for
velocity angle fluctuation damping. Future work will focus on
other vane configurations.

Nomenclature

A ¼ corrected amplitude
c ¼ chord length
M ¼ Mach number
N ¼ number of blade
Pt ¼ total pressure
s ¼ second
t ¼ time

Tp ¼ time period
Tt ¼ total temperature
a ¼ velocity angle
r ¼ solidity (chord/space)
s ¼ thickness to chord ratio (thickness/chord)
x ¼ total pressure loss coefficient
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A robust one-dimensional approach for the performance evaluation of turbines
driven by pulsed detonation combustion

The first manuscript was submitted to the journal of Energy Conversion and Management
on 2 July 2021. The final version was accepted on 18 September 2021 and published on 15
November in volume 248, 114784.

Contribution

A fast approach based on a one-dimensional Euler equations solver for unsteady turbine
simulation is presented in the paper. It is examined for a two-stage turbine model connected
to different PDC tube configurations. A back-to-back comparison with 3D-CFD analysis is
made for assessing the method’s capabilities.

Methods

The Euler equations are used along the turbine rotational axis in a one-dimensional form. A
meanline turbomachinery analysis method is exploited for providing the source terms in the
Euler equations. An analogous one-dimensional Euler solver, but with different source terms, is
utilized to model the PDC tubes to provide the boundary conditions for the turbine simulations.
A three-dimensional URANS equations solver is employed to simulate the two-stage turbine
for verifying the results.

Results

The methodology shows its robustness in simulating the unsteady behavior of a multistage
turbine. Therefore, based on the accuracy level comparable to high-fidelity CFD methods and
very low computational cost, the approach is recommended for being used in early design and
optimization stages. In addition, it is indicated that around 45% of the total unsteadiness is
damped throughout the first blade row, which is almost irrespective of the inlet fluctuation
amplitude.
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⎣ ṁb

Fx + PA
W + ṁbht,b
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4.4 Publication IV

An optimization methodology for turbines driven by pulsed detonation combustors

The fourth paper has been submitted to the Turbo Expo 2022 in Rotterdam, the Netherlands,
in December 2021. At the time of writing the thesis, it is accepted to be presented at the
conference and published in the ASME Journal of Engineering for Gas Turbine and Power.

Contribution

In the course of this paper, the developed one-dimensional Euler solver is integrated into a
turbine optimization process. The primary goal is to propose a methodology for optimizing a
turbine working with the unsteady flow of a pulsed detonation combustor array. The novelty
of this work is utilizing an unsteady solver for objective function evaluation in an iterative
optimization procedure, which could be too expensive if CFD simulations are used instead.

Methods

A one-dimensional Euler equation solver is utilized in this paper for two purposes, turbine
simulation and PDC tube modeling. The former is fed with turbomachinery source terms by
an in-house developed meanline analysis program. An adaptive surrogate-based optimization
algorithm using the complex shape method is brought into play, and a three-dimensional
URANS equation solver is employed to evaluate the optimization results.

Results

The outcomes confirm a successful integration of the unsteady one-dimensional solver into
an iterative optimization algorithm. Compared to the baseline geometry, the optimization
results show that the optimized turbine produces 16% lower entropy and 14% higher output
power in a five PDC tube configuration. The optimized design has a lower solidity in the first
stationary vanes but higher in the rotor blades than in the base case. The blade outlet angles
are recommended to open slightly so that the blade turnings were reduced while the maximum
thickness-to-chord ratio of the first rotor blades is almost unchanged.
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ABSTRACT
A step-change in efficiency of gas turbine technology and,

subsequently, an emissions reduction from this technology re-
quires conceptual changes. Substituting conventional combus-
tion chambers with pressure gain combustion in the form of
pulsed detonation combustion (PDC) is one of the promising
methods that can reduce gas turbine emissions significantly.
Nevertheless, the component matching for the respective systems
and specifically that of turbine expanders working with the ex-
haust flow of PDC tubes is still not solved. The unsteady nature
of PDC exhaust flow makes 3D-CFD simulations too expensive
to be applied in optimization loops in early design stages. To
address this question, the present paper introduces a new cost-
effective but reliable methodology for turbine analysis and op-
timization, based on the unsteady exhaust flow of pulsed deto-
nation combustors. The methodology unitizes a robust unsteady
one-dimensional solver, a meanline performance analysis, and
an adaptive surrogate optimization algorithm. A two-stage axial
turbine is optimized considering all unsteady flow features of a
hydrogen-air PDC configuration with five PDC tubes. A three-
dimensional URANS simulation is performed for the optimized
geometry and the baseline to evaluate the methodology. The
results showed that the optimized turbine produces 16% lower
entropy than the original one. Additionally, the turbine output
power is increased by 14% by the optimized design. Based on
the results, it is concluded that the approach is fast and reliable

∗Address all correspondence to this author at asli@campus.tu-berlin.de.

enough to be applied in optimizing any turbine working with un-
steady flows, more specifically in PDC applications.

NOMENCLATURE
A Cross sectional area.

E Internal energy.

F Force.

Fe Endwall force.

f Frequency.

H Total enthalpy.

h Specific enthalpy.

ṁ Mass flow rate.

NB Number of blade.

n Number of sample points.

P Pressure, static pressure.

Pr Pressure ratio.

rpm Round per minute.

S Non-dimensional entropy.

S Time averaged non-dimensional entropy.

T Temperature.

t Time.

tr,max/c Thickness to chord ratio for the first rotor blade.

V Flow velocity.

W Work.

X Sample point in a design space.

Y Mass fraction.
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y+ Dimensionless wall distance.

β Blade outlet angle.

ρ Density.

γ Heat capacity ratio.

ω Total pressure loss coefficient.

Abbreviations
CSM Complex Shape Method.

E3 Energy Efficient Engine.

GCI Grid Convergence Index.

LHD Latin Hypercube Design.

PDC Pulsed Detonation Combustion.

PGC Pressure Gain Combustion.

RDC Rotating Detonation Combustion.

SBO Surrogate Based Optimization.

URANS Unsteady Reynolds-Averaged Navier Stocks.

Subscript
b Best sample point.

bl Bleed flow.

Cont Contraction.

Exp Expansion.

o Sample point that is neither the best nor the worst.

R Rotor number 1.

Re f Reflection.

re f Reference value.

s Geometric center of the complex shape.

sp Species.

t Total quantity.

V Nozzle number 1.

w Worst sample point.

x Axial direction.

Superscript
( j) Complex shape jth.

INTRODUCTION
The power generation and transport sectors have been re-

sponsible for most of the global growth of greenhouse gas emis-

sions for the last decade. They also accounted for over two-thirds

of emissions in 2019 [1]. This is only a piece of statistics in-

dicating that achieving net-zero economies by 2050 very much

depends on measures in areas other than the energy sector. Gas

turbines can be considered the heart of energy and aviation sec-

tors that need to be modified for this purpose.

Among the solutions for significantly cutting gas turbine

emissions, using pressure gain combustion (PGC) instead of con-

stant pressure combustion has shown its potential [2]. Despite

the higher thermal efficiency of PGC-driven gas turbine cycles,

which have been proven theoretically [3, 4], almost all practical

PGC processes include unsteady physical phenomena. The asso-

ciated unsteady exhausting flow results in an operation of turbo-

machinery components under fluctuating off-design conditions.

In turn, this causes a reduction in their performance and can

counteract all benefits from the introduction of PGC. In order to

make the PGC-gas turbine concept practical, efficient turboma-

chinery components capable of working in a wide range of oper-

ating conditions are required. Several researchers have focused

on integrating turbines into the PGC concepts of pulsed deto-

nation combustion (PDC) and rotating detonation combustion

(RDC). In most experimental studies, existing turbines are placed

downstream of PGCs to evaluate their performance. Glaser et

al. [5] quantified a turbine’s performance connected to a circular

array of six PDC tubes by measuring the turbine power. They

showed a comparable turbine efficiency between PDC-driven

and steady operating turbines across the tested pressure ratios.

They also concluded that an increase in fill fraction leads to a

reduction in turbine efficiency. Rasheed et al. [6] connected six

PDC tubes to a single-stage axial turbine and measured the work

extraction and peak pressure attenuation through the blade rows.

They also concluded the necessity of design optimization for a

turbine working with PDCs [7]. Anand et al. [8] measured a

higher thermal efficiency for the PDC cycle than the theoreti-

cal Brayton cycle, despite a substantial reduction in turbine ef-

ficiency. Fernelius and Gorrell [9] utilized a rotating ball valve

to generate a sinusoidal pressure pulse to mitigate PDC exhaust

flow for a combustion-free turbine test rig. They observed a de-

crease in turbine efficiency and pressure ratio and concluded that

the cause is the pressure pulse amplitude, not the frequency.

While the highly unsteady exhaust flow of PDC and the

compact geometry bring measurement challenges, numerical

methods can provide more details, specifically where it is not

possible to observe experimentally. A three-dimensional simula-

tion of a PDC tube connected to an aircraft engine axial turbine

stage was done by Van Zante et al. [10] to evaluate the pres-

sure attenuation through the turbine stage. They measured a very

low turbine efficiency of 26.7% since it operated for a signif-

icant part of the PDC cycle at off-design conditions. Xisto et

al. [11] performed a two-dimensional URANS simulation of a

coupled PDC-turbine system to study the different loss sources

in turbines. They observed that the mismatch between the ro-

tor speed and time-varying exhaust flow of PDC tubes is re-

sponsible for large incidence angle variation and, consequently,

flow separation and significant losses. Their numerical simula-

tion has shown that the turbine operates more efficiently under

purge conditions for the particular turbine design. Cuciumita

and Paschereit [12] compared the performance of a supersonic

turbine stage under steady inlet and unsteady flow of PDC tubes

using a two-dimensional RANS solver. They computed a pres-

sure loss that was 50% smaller in the case of PDC operated tur-

bine, which was mainly due to the turbine being exposed to the

shock waves for less time.

Despite the accuracy of unsteady two and three-dimensional

CFD methods in capturing detailed flow physics, their computa-

tional price does not allow these methods to be utilized in opti-

mization loops, where many simulations have to be performed.
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Instead, low fidelity methods are required to carry out design

and optimization simulations fast and reliably. Within the scope

of turbine and PDC optimization, Fernelius and Gorrell [13] uti-

lized a two-dimensional steady RANS solver to calculate the ob-

jective function and optimize the rotor blades of a turbine stage.

To simplify the optimization problem, they assumed a sinusoidal

pressure pulse as the turbine inlet boundary condition. They per-

formed steady simulations, one at a maximum and one at a min-

imum of the pressure pulse in each objective function call. How-

ever, the unsteady features of the PDC exhaust flow field were

ignored for the sake of reducing computational time. While the

mean line methods in turbomachinery are steady solvers, one-

dimensional methods can be used in unsteady cases [14–16].

Chiong et al. [17] proposed integration of a 1D-Euler solver with

a meanline analysis for a mixed-flow turbocharger turbine. They

used the meanline method for every discrete point on the inflow

pulse to calculate the tangential velocity to the rotor. Recently,

the authors have developed a 1D-Euler methodology for simu-

lating turbines working under PDC exhaust flows [18]. We have

shown the approach’s applicability with an acceptable level of

accuracy.

According to the literature, no systematic procedure has

been introduced providing a turbine optimization method that

considers the PDC unsteady flow features inside the optimization

loops. The present paper aims to fill this gap by presenting an

optimization procedure based on a surrogate model using a time-

dependent one-dimensional Euler solver to evaluate the objective

function. The solver uses mean line performance analysis to pro-

vide source terms in the governing equations. A PDC model

provides the unsteady turbine simulations with the inlet bound-

ary conditions. The test case is a two-stage high-pressure turbine

connected to a five-tube PDC array and a plenum in between.

To evaluate the methodology, three-dimensional URANS simu-

lations will be utilized to compare the optimum design against

the baseline.

METHODS

The paper focuses on introducing of an optimization proce-

dure in the initial design procedure of a turbine for PDC. This in-

cludes methodologies to calculate the objective function and its

prerequisites, optimization algorithm, and verification method.

In this section, firstly, the test case is described. This is followed

by the discussion of a coupled combustion model for calculating

PDC exhaust flow condition, a 1D-Euler solver for evaluating the

objective function, and the optimization algorithm. Finally, the

unsteady 3D-CFD simulation will be explained and applied for

the optimized and baseline geometries under the same boundary

conditions.

Turbine Model
The baseline design for the current work is the high-pressure

turbine of the Energy Efficient Engine project reported by NASA

[19]. The turbine has two stages of moderate loading, which

have been tested in a full-scale test rig. The turbine’s perfor-

mance was mapped over a wide range of operating conditions to

prove its off-design capabilities, which cover the range of oper-

ating conditions of the current research. This model is selected

because the details of its geometry and performance parameters

are available in the open literature, and it can be used as a bench-

marking test case. In short, the turbine at its design point has a

pressure ratio of 5.01, an efficiency of 92.5%, a reduced speed of

316.9 rpm/
√

K and a reduced mass flow of 0.892 kg
√

K/s/kPa.

1D-Euler Turbine simulation tool
To evaluate the transient behavior of the turbine, a tool has

been developed to solve the equations of mass, momentum, and

energy conservation as the one dimensional compressible Euler

equations described in Eqn. 1. The code has been initially devel-

oped for shockless explosion combustion [20] and further devel-

oped by the authors [18] for unsteady turbine simulations. The

presence of turbine blades and their effect on the flow are in-

cluded in the governing equations by source terms on the right

side of the equations. The bleed mass flow rate that can be

inserted into the turbine for cooling purposes closes the mass

continuity equation. The momentum conservation equation is

equipped with the blade force acting on a control volume around

the blade. A schematic of a turbine rotor blade, the related con-

trol volume, and the force balance equations are shown in Fig.1.

According to the second law of motion, the sum of the forces

acting on the control volume can be computed as the momentum

difference between the inlet and the outlet. Therefore, the blade

force representing the turbine blade’s presence in the momentum

continuity equation is calculated (see the equations in Fig.1). The

computed blade force is distributed in a concave down parabola

shape from the blade inlet station to the outlet to have a more

realistic representation of the blade into the equation. If it is as-

sumed that the blade row is adiabatic, the shaft work to close the

energy continuity equation is computed by the enthalpy balance

around the blade based on the first law of thermodynamics, i.e.,

W = (ṁht)out − (ṁht)in. If a bleed mass flow is injected into the

turbine, the related energy terms represented by its enthalpy are

added to the right side of the energy equation too.

Mass :
∂ (ρA)

∂ t
+

∂ (ρVxA)
∂x

=
∂ ṁbl

∂x

Momentum :
∂ (ρVxA)

∂ t
+

∂ (ρV 2
x A+PA)
∂x

=
∂ (Fx +PA)

∂x

Energy :
∂ (ρEA)

∂ t
+

∂ (VxA(ρE +P))
∂x

=
∂ (W + ṁblht,bl)

∂x

(1)
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FIGURE 1. A MERIDIONAL VIEW OF A TYPICAL TURBINE

ROTOR BLADE AND THE FORCE BALANCE ON A CONTROL

VOLUME AROUND THE BLADE.

The mentioned force and work source terms are computed by

a meanline analysis method. An in-house developed code has

been prepared and validated against the experimental results of

E3 high-pressure turbine previously [18]. The meanline program

receives the turbine geometry, including the number of blades,

blade inlet and outlet angles, and overall dimensions to calculate

aerothermodynamic parameters between the blade rows. Since

the accuracy of meanline methods depends basically on the used

correlations, all the loss correlations have been fine-tuned for the

test case in question based on the recommendations in open lit-

erature [21]. The source terms, which are calculated for a range

of the turbine operating conditions, are provided to the 1D-Euler

solver in the form of lookup tables. The solver reads the source

terms from the tables based on the blade upstream and down-

stream pressure magnitudes. On account of stability issues, aver-

age pressure values of five to seven neighboring cells are taken.

Based on a grid size dependency analysis, each cell has a length

of 0.5 mm in a domain of 470 mm length. The inlet bound-

ary condition is computed by the PDC model that is described

in the following section. Based on the experimental data, the

outlet boundary condition is supplied to the solver as a constant

static pressure of 3.63 bar. The constant pressure is applied since

the turbine showed that it is capable of damping all the pressure

fluctuations coming from the PDC configuration of this research

throughout its four blade rows [18]. The details of the boundary

conditions will be discussed in the course of the paper.

Pulsed Detonation Combustor Model
The 1D-Euler solver used for simulating the turbine men-

tioned above has been also modified to model the phenomena

and the exhaust flow conditions on each PDC tube. Since the

PDC tubes are assumed as straight ducts, the area term is omit-

ted from the governing equations of Eqn.1. Also, all the mass and

force source terms are set equal to zero. Considering the combus-

tion process occurring inside the tubes, the chemical composition

continuously changes in time and space. Therefore, a conser-

vation equation for each species mass fraction is required to be

solved together with the Euler equations, presented in Eqn.2. The

right side of the equation represents the changes in composition

resulting from chemical reactions (Ẏsp,chem) with the underlying

reaction equations provided by the multi-step H2–air mechanism

described by Burke et al. [22].

∂ (ρYsp)

∂ t
+

∂ (ρVxYsp)

∂x
= ρẎsp,chem (2)

Typical pulsed detonation combustion of H2–air mixture takes

place in each PDC tube, which has been explained in detail in

our previous work [18]. In the current research, five tubes com-

prise the PDC-array configuration. Each PDC tube has a length

of 1 m, and they are fired sequentially. The firing frequency of

each tube is set equal to 20 Hz, resulting in a frequency for the

PDC-array of 100 Hz. Following our compressor-PDC model-

ing [23], the PDC tubes are connected to an upstream plenum fed

by NASA-E3 compressor. The flow inside the upstream plenum

is assumed to have a zero velocity, a pressure of 21.75 bar, and

a temperature of 691.15 K. Once the pressure inside the tubes

drops below that of the upstream plenum, air flows into the tubes.

A similar plenum as at the inlet is considered at the outlet of the

PDC tubes. Having the specific axial kinetic energy preserved,

tube pressure is expanded to the downstream plenum pressure

through an instant isentropic process. With the assumption of a

zero-dimensional plenum, only mass, energy, and species frac-

tions are considered in the conservation equations, while veloc-

ity is assumed to be always zero. The mass flow from the tubes

going into the plenum is considered as mass and energy source

terms within the plenum’s balancing equations.

3D-CFD Method
As an expensive computational tool, the unsteady 3D-CFD

analysis is utilized twice in this paper for the base turbine ge-

ometry, which is the original E3 high-pressure turbine, and the

optimized geometry for the aforementioned PDC-array. The AN-

SYS CFX solver is employed to solve the unsteady Reynolds Av-

eraged Navier-Stocks (RANS) equations in a three-dimensional

computational domain. The domain consists of four blade rows,

and the inlet and outlet planes placed one chord length upstream

of the first blade row and four chord lengths downstream of the

last blade row, respectively. A blade-to-bade view of the domain

at midspan surface is shown in Fig.2. Since the PDC exhaust

flow as the turbine inlet boundary is circumferentially symmet-

rical, one blade passage of each blade row has been modeled.

A periodic boundary condition is assigned to the adjacent blade

passages. In addition, the stage mixing plane is considered as

the interface between the blade rows because fluctuations in the
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FIGURE 2. AN ILLUSTRATION OF THE COMPUTATIONAL

DOMAIN AT MIDSPAN SURFACE.
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FIGURE 3. TURBINE PRESSURE RATIO VARIATION WITH

MESH SIZE.

PDC exhaust flow are mainly in the axial direction. Therefore,

the averaging in circumferential direction done in the stage mix-

ing plane approach is applicable here. The Shear Stress Transport

model developed by Menter [24] is utilized for turbulence mod-

eling, which has been used in similar flow problems [25,26]. The

approach combines the benefits of k−ε and k−ω models, which

can model the turbulence well in near and far wall regions. The

mesh discretizing the computational domain is a combination of

O-H grids, depicted in Fig.2. To keep y+ close to unity and con-

sequently not lose the boundary layer effects, the mesh refine-

ment is performed several times. Additionally, a mesh sensitiv-

ity study has been done with grids ranging from 122 k to 3000

k nodes. The CFD simulations have been done with these grids,

and the resulting pressure ratios are compared in Fig.3. Accord-

ing to the results, the pressure ratio approaches the design value

of 5.01 by increasing the number of grid nodes. However, more

refinement from 1132 k nodes does not change the pressure ratio

significantly as the relative error ((Pri+1−Pri)/Prmean) becomes

less than 0.1%. The Grid Convergence Index (GCI) as a metric

for the mesh quality is also calculated based on the formulation

by Celik et al. [27]. The GCI values corresponding to the com-

putational domain having 1132 k grids are 0.15% and 0.2% for

pressure ratio and mass flow rate, respectively, which show that

further grid refinement would not have any considerable effect

on the results. In the current work, a domain with 1132 k nodes

is thus selected for the CFD analysis. The time step for the time-
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PARAMETERS.

dependent simulations is a key parameter that should be specified

carefully. Again, a time step dependency analysis is done for dif-

ferent time step sizes ranging from 20 μs to 1 μs. Having an in-

let boundary condition time period of 0.01 s, the mentioned time

step range corresponds to 1/500 to 1/2000 of the inlet fluctuation

period. Fig.4 indicates the results of three unsteady simulations

with different time step sizes in terms of pressure ratio and effi-

ciency. The comparison of the results shows that the appropriate

time step is 10 μs and any further reduction leads to a negligible

change in the results of the transient simulation at a substantial

computational cost. Each unsteady 3D-CFD simulation in this

research takes around 36 computational hours to converge using

a computer cluster with 64 Intel® Xeon® CPUs at 3.8 GHz.

Adaptive Surrogate Model-Based Optimization
Surrogate model-based optimization (SBO) methods effec-

tively solve implicit, complex, and time-consuming optimiza-

tion problems that need several calls to the objective function.

These methods are widely used in engineering-related problems,

specifically in aerospace engineering [28]. In general, an SBO

includes a process of sampling, evaluating high fidelity objec-

tive functions, creating a surrogate model, and finding the opti-

mum design. The computational cost of an optimization prob-

lem depends mainly on the number of objective function calls.

Therefore, creating a surrogate model will reduce this number

by quickly and intelligently selecting the optimum design points.

An adaptive sampling-based surrogate model can provide a high

accuracy by employing infilling strategies to use auxiliary points

for modifying the surrogate model. A proper searching approach

to find the sampling infill criteria would guide the solution and

increase the effectiveness of the optimization procedure. An

adaptive surrogate model-based optimization framework is ap-

plied in this paper, which is shown in Fig.5. The process starts

by selecting initial samples from the whole design space, which

includes the optimization variables. The accuracy of the surro-

gate model itself is a function of sample numbers, and their spa-

tial distribution [29]. In this paper, the initial samples from the

design space, which will be elaborated later, are selected by a
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Latin Hypercube Design (LHD). An LHD provides the samples

having a suitable spatial uniformity and consequently can reflect

the information of the design problem sufficiently [30]. High fi-

delity objective values are found for all of these sample points.

According to the type of optimization problems, the initial sam-

ple set is divided into two or more sample subsets. In this paper,

there are five variables in the optimization problem in question,

and the total number of initial samples is 50, which have been

selected by the LHD method. The variable selection procedure

will be discussed later. The subsets are selected randomly again

by LHD, and five sets of 10 samples are created. Each of the

subsets is used to generate a complex shape problem. For each

complex shape, a surrogate model is constructed. Then the Com-

plex Shape Method (CSM), which is a direct search algorithm, is

utilized to find a proper new infill point by doing some operations

of reflection, expansion, contraction, and compression expressed

in Eqn.3.

Sample points : Xi, i = 1,2, ...,n

Ob jective f unction value : f (Xi)

f (Xw) = maximum( f (Xi)) , i = 1,2, ...,n

f (Xb) = minimum( f (Xi)) , i = 1,2, ...,n

Xs =
1

n−1

n

∑
i=1

Xi, i �= w

Re f lection : XRe f = Xs +ζ (Xs −Xw), ζ > 1

Expansion : XExp = XRe f +κ(XRe f −Xs), κ > 0

Contraction : XCont = Xs +ϑ(Xs −Xw), ϑ < 0

Compression : Xi,new = Xb −0.5(Xb −Xi), i = 1,2, ...,n & i �= b

(3)

Xw is the worst sample point among the current sample point sub-

set, which corresponds to the maximum objective function value.

By creating the complex shape and doing the reflection operation

(with a recommended reflection factor of ζ = 1.3), the new sam-

ple point is generated. If the objective function value of the new

sample point is lower than the lowest function value in the current

complex shape, the expansion operation is done. The expansion

factor is initially selected greater than 1. Provided that the ex-

pansion operation fails to generate a better sample point, the ex-

pansion factor is reduced by a factor of 0.5 until κ = 10−5. If the

objective function value of the reflected sample point is greater

than the worst sample point, the contraction operation is run to

move away from the worst point. Presuming that none of the

mentioned operations leads to an objective function value better

than the worst one, n− 1 new sample points will be generated

using the compression operation. This operation compresses the

sample points toward Xb as the best sample among the sample

point subset to form a new complex shape together with it. Then

the calculation starts anew. The existing criteria must be checked

within all of the operations, and the sample points must be in-

side the range. Using these operations, the new sample point

by which the worst point is replaced is constantly approaching
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FIGURE 5. THE ADAPTIVE OPTIMIZATION FRAMEWORK.

the optimum solution while continuously improving the surro-

gate model’s local precision.

A sample process of complex shape creation in a two-

dimensional design space with three initial sample points is

shown in Fig.6. In this example, the searching process uses re-

flection or expansion operation in each iteration to create a new

complex shape and finally reaches point 8, which is the opti-

mum solution (minimum objective function value). Dashed lines

represent the operations to find the new sample points passing

through the geometric center of the complex shape, excluding the

worst point. For design spaces with higher dimensions and more

initial sample point numbers, the complex shape is no longer pre-

sented by a triangle and becomes more intricate. The basics of

CSM have been elaborated and applied for some engineering ap-

plications by Xu et al. [31]. Once the new infill point is get-

ting close enough to the previous one and the convergence cri-

teria, i.e., ΔXi,i+1/(Xmax −Xmin) < 10−4, is satisfied, the opera-

tion ends, and the optimum design out of the complex shape is

found. Otherwise, the infill sample point is substituted for the

worst sample point in the initial sample subset, and the surro-

gate model is updated. The Kriging method, a popular spatial

interpolation model based on the Gaussian process, is utilized to

construct the surrogate model. Since the Kriging method pro-

vides nonlinear functions with satisfactory approximation abili-

ties by using a unique error estimation function, it is widely used

in similar applications [32–34]. The final optimum design, which

is the best optimum one out of all the complex shapes, will be

simulated using a 3D-CFD analysis and compared to the original
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design. If the optimum design does not satisfy the expectations,

the whole procedure will be restarted by a new initial sample set.

Since the construction process of the surrogate model is closely

merged with the optimization process, the mentioned optimiza-

tion method has the advantages of having a simple modeling

process, a small sample size, and high optimization efficiency.

CSM combines the process of finding the infill points and the

optimization process into one loop. In this method, the surro-

gate model is continuously updated and directed to the optimal

solution. Therefore, unlike the other optimization approaches,

the accuracy of the surrogate model does not need to be veri-

fied in the iterative process outside the searching process. Al-

though the efficiency of the optimization algorithm depends on

the nature of the problem, CSM proves its superior efficiency

over the other approaches in benchmark function problems hav-

ing multiple local minimums, e.g., the well-known test func-

tions of Sasena, Goldstein price, three-dimensional Hartman, and

six-dimensional Hartman [31]. As a direct searching algorithm,

CSM uses fewer sample points, and hence fewer objective func-

tion calls than the expected improvement algorithm [35], can-

didate point approaches [36] and maximized response surface

method [37], in solving each of the mentioned test functions. In

general, if multiple extremums exist in the objective function, in-

creasing the number of complex shapes can prevent the algorithm

from getting stuck in a local optimum solution. Nevertheless,

because different complex shapes may search in the same direc-

tion, too much increasing the number of complex shapes brings

unnecessary sample points to the calculation and subsequently

increases the computational cost and reduces the algorithm effi-

ciency. Therefore, a fair number of complex shapes can help the

search efficiency of the optimization algorithm. Depending on

the optimization problem, an initial number of complex shapes

should be selected. Then, based on the searching directions and

the optimums found out of the complex shapes, one can decide

whether more complex shapes are required. If a majority of the

complex shapes are converged to an optimum which is the best,

it can be ensured that the algorithm has reached the global opti-

mum.

RESULTS AND DISCUSSION
In this section, firstly, the variable selection and the objective

function for the optimization purpose are explained. After that,

the boundary conditions for the objective function calculations

are defined. Consequently, the optimization results will be elab-

orated, including the convergence trend and the optimum values.

Finally, the unsteady 3D-CFD simulation results for the optimum

design will be compared against the original one to evaluate the

process. The comparisons are made mainly in the scope of tur-

bine performance parameters of entropy generation, total pres-

sure loss, and turbine power.
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FIGURE 6. A SAMPLE CSM ITERATION PROCESS IN A TWO

DIMENSIONAL DESIGN SPACE.

Objective Function and Variables
The goal of the optimization process in this paper is to find

an optimum turbine design having the highest efficiency while

working under PDC exhaust flow. The efficiency term includes

both pressure ratio and work output. In this regard, entropy gen-

eration quantifies the losses and directly affects efficiency. For

this reason, it is used to visualize and identify losses in the cur-

rent work [13]. The non-dimensional entropy, defined in Eqn.4,

is used as the objective to be minimized. The temperature and

pressure reference values are set to 1 K and 1 pa, respectively.

Non-dimensional entropy generation is computed by subtracting

the non-dimensional entropy at the turbine outlet from the inlet.

It should be noted that, in the course of this paper, the entropy

term refers to as non-dimensional entropy, defined in Eqn.4.

S = (T/Tre f )
γ

γ−1 (P/Pre f )
−1 (4)

There are many parameters that can be involved in a turbine op-

timization process which include geometrical parameters, ther-

modynamic parameters, or basic turbine design parameters [21].

According to the scope of this paper and the available test case

geometry, the optimization focuses on the geometrical parame-

ters to evaluate the optimization methodology. To have the high-

est possible involvement of the 1D-Euler methodology as the ob-

jective function evaluation method, the focus is set on the turbine

geometrical variables that affect loss. Therefore, it is assumed

that the overall annulus geometry of the original turbine is fixed.

Besides, previous studies [18, 25, 38] showed that almost half of

the unsteadiness is damped through the first blade row, meaning
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TABLE 1. OPTIMIZATION VARIABLES AND THEIR BOUNDS.

Variable NBV NBR βV βR tr,max/c

Base value 46 76 16 24 0.258

Bounds 29-116 54-198 20-50 20-50 0.15-0.30

that the first turbine stage experiences most of the PDC exhaust

flow unsteadiness. Hence, the emphasis is put on the first stage

geometrical variables. According to the loss correlations for tur-

bine blades used in the meanline method, blade inlet and outlet

metal angles, blade thickness, and solidity play significant roles

in loss generation. Solidity is defined as the ratio of chord length

to blade spacing. If the chord length is assumed to be fixed, the

solidity will be a function of the blade number. Since the turbine

inlet is connected to a plenum with the assumption of axially

fluctuating flow entering the turbine, the first blade inlet metal

angle could be fixed since it already has a zero incidence an-

gle. Consequently, based on the profile loss correlation [21], the

effect of the maximum thickness of the first blade row on loss

generation is canceled. To decouple the relatedness of the up-

stream blade outlet angle from the downstream blade inlet angle,

only the blade outlet angle is considered as a variable. As a re-

sult, the design space includes five optimization variables of two

solidities, two blade outlet angles, and a maximum thickness to

chord ratio.

According to the available loss correlations reported by

Aungier [21], the blade solidity can vary from 0.8 to 5. If the

chord lengths are assumed to be fixed, the number of blades for

each blade row can vary in a space not exceeding the solidity

range. According to the blade thickness, some high values of

solidity can not be chosen due to the space limitation between

the adjacent blades, which is a design space constraint. Blade

outlet angle ranges are also provided in the loss correlation be-

tween 20 and 50 degrees. It is generally recommended that a

maximum thickness to chord ratio of 0.2 is a proper choice for

the turbine blades. Nevertheless, a range is assigned to the thick-

ness to chord ratio of the rotor blade, which is from 0.15 to 0.30.

The optimization variables, the original values, and the ranges

are tabulated in Tab.1.

Boundary Conditions
The optimization process is done using the unsteady 1D-

Euler simulation of the turbine as the objective function evalu-

ation tool. The unsteadiness comes from the upstream bound-

ary condition, where a five PDC tube configuration is operating.

The PDC model, presented in the methods section, computes

the total pressure and the total temperature at the turbine inlet.

Figure 7 indicates the computed turbine inlet boundary condi-

tion. The pressure and temperature fluctuations has an relative
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FIGURE 8. CONVERGENCE TREND OF THE OPTIMIZATION

PROCESS.

amplitude of 9.7% and 7.2%, respectively, which is defined as

((φmax − φmin)/2φmean). The simulation has been repeated sev-

eral times by trying different distances from the last blade row

to the outlet plane, and the intermediate results were checked

downstream of the turbine. It was observed that the turbine could

dampen all the levels of fluctuations existing in the inlet bound-

ary condition. For this reason, the turbine outlet boundary con-

dition is set to have a fixed static pressure of 3.63 bar. The same

boundary condition is applied for the 3D-CFD simulations in this

research.

Optimization Results
Following the optimization procedure described in the

method section, the optimization is run, and five designs were

generated out of the created complex shapes. Each of the com-

plex shapes was iterated less than 20 times to reach its optimum

objective function value satisfying the convergence criteria. Fig-

ure 8 depict the convergence trend for each design, starting from

their randomly selected initial sample points. It is observed that

three out of five designs based on complex shapes converge to the

same minimum objective function of ΔS = 8034, which shows

global optimum design. The optimum design parameters are

listed in Tab.2 with an illustration of the related blade shape mod-

ifications in Fig.9.
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TABLE 2. OPTIMIZATION RESULTS.

ΔS NBV NBR βV βR tr,max/c

Base 9595 46 76 16.0 24 0.258

Optimized 8034 40 84 24.1 31.5 0.259

10 30 50 70

Base
Optimized

R1

V1

Rotation axis

FIGURE 9. BLADE ANGLE MODIFICATIONS AT MID-SPAN

SURFACE.

The optimization procedure suggests a decrease in the num-

ber of blades from 46 to 40 which corresponds to a reduction in

solidity from 1.30 to 1.13 and an 8 degree increase in blade outlet

angle for nozzle blades. For rotor blades, the number of blades

is increased from 76 to 84, meaning an increase in solidity from

1.26 to 1.40. As is suggested for nozzle blades, the rotor out-

let angle is increased by 5.5 degrees. Rotor thickness to chord

ratio almost remains unchanged for the optimum design. Based

on these changes in the first turbine stage blade rows, the overall

entropy generation, averaged over a pulse of the PDC, is reduced

by 16%.

Entropy Generation To evaluate the optimized geom-

etry and compare the consequence of the modifications to the

blades more precisely, transient 3D-CFD simulations have been

performed for both base and optimized cases. Mass-averaged

entropy values at inlet and outlet turbine planes have been com-

puted once the periodic convergence has been achieved. Figure

10 illustrates the instantaneous entropy over a pulse period for

the base and optimum designs. The overall trend in entropy in

the outlet plane is the same as in the inlet plane with a right shift

in time which is related to the flow passing time through the do-

main. In general, a downshift in the outlet entropy can be seen

for the optimized case compared to the base design.

To better visualize how the blades reduce the entropy gen-

eration in the optimized design, the entropy contour around the

first stage rows is plotted in Fig.11 at the instant of peak entropy
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at the outlet. Red circles show the start of increment in entropy

on the suction surfaces of the blades. According to the circles’

locations moving toward the trailing edges, both blade rows per-

form better in terms of entropy generation, while the share of

rotor blades is more pronounced. In the optimized geometry,

the divergent section of the blade passages becomes smoother

so that the flow tends to be more attached and produce less en-

tropy. A lower entropy region downstream of the rotor blades can

be seen in the optimum design contour as well. The higher en-

tropy regions on the suction surface of the blades in the base case

can be explained by their greater uncovered turning angles. The

lower uncovered turning downstream of the blade throat in the

optimized design, which results from the blade outlet angle in-

crement, make the flow follow the trailing edge and preserve the

pressure gradient so that the boundary layer remains attached. In

some cases where the uncovered turning is too large, the flow de-

viates from the trailing edge, affecting flow turning and the work

output adversely [13, 39].

Each of the blade rows has a different contribution to the

overall entropy generation. Figure 12 shows the time-averaged

entropy calculated at upstream and downstream planes of the
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blade rows for both cases. The blade rows in the meridional

view are schematically depicted inside the figure just as an axial

location reference and do not represent the actual view. Com-

paring the entropy generation by the first stationary row in the

optimum design against the base design shows a reduction from

17% to 12% of the whole amount of entropy generated in the

turbine. The same comparison for the first rotor row indicates

that the optimum design has 5% lower entropy generation than

the base case. It can be seen that the share of entropy genera-

tion by the first stage is reduced from 50% in baseline to 40% in

the optimum design. This shows the second stage has a higher

entropy generation contribution than the first stage in the opti-

mum design. Having a qualitative look at the interstage entropy

results in Fig.12, the entropy difference between the two designs

is increasing from the inlet up to the upstream of the last blade

row. In contrast, the difference from there to the outlet plane

does not follow the same trend. This discrepancy, together with

the fact that in the optimized design, the share of the first stage

in the overall turbine entropy generation is lower than that of the

second stage (40% versus 60%), indicates that the optimization

process was successful in modifying the first stage toward lower-

ing entropy generation even to a level even lower than the second

stage which is less affected by the unsteadiness.

Total Pressure Loss Total pressure loss is a second ref-

erence parameter measuring the performance of a blade, specif-

ically in cascade flow analysis from which loss correlations are

developed. Table 3 lists the total pressure loss coefficients of the

first stage rows, defined here as ω = ΔPt/Pt,inlet . According to

the table, it is apparent that the first stator could perform better

in the optimized version and generate 28.2% lower total pressure

loss. The associated total pressure loss for the first rotor blades

is also reduced by 11.6%. Since the modifications to the blades

affect the profile shape and the blade’s solidity and the fact that

no shock wave was captured during the turbine operation, the re-

TABLE 3. TOTAL PRESSURE LOSS COEFFICIENT.

Stator 1 Rotor 1 Overall

Base 0.0336 0.0292 0.0870

Optimized 0.0241 0.0258 0.0801

Change (%) -28.2 -11.6 -7.9

duction of pressure loss is, to a large extent, due to the profile

loss reduction. According to the general profile loss formulation

by Ainley-Mathieson [40], both changes are toward lowering the

pressure loss coefficient within the stator row. In contrast, the

solidity increment is against lowering the profile loss within the

rotor row, although the optimized rotor blade achieves an over-

all lower total pressure loss. The overall turbine pressure loss is

reduced by 7.9% as an optimization achievement.

Turbine Power Since the turbine blade geometries are

modified in the optimized design, the new turbine performance

metrics change. Although the optimization process has achieved

the goal of minimizing entropy generation through the turbine,

the turbine output work as an important performance parameter

must be checked in parallel. Ideally, it is desired to increase or

maintain the turbine work as is in the base design. The total en-

thalpy change, namely work per unit mass, together with the av-

eraged entropy change for each rotor row is plotted in Fig.13 for

both base and optimized designs. The values are time-averaged

over a pulse which are mass-averaged on the planes upstream

and downstream the rows. It is seen that the optimization pro-

cess reduces the first rotor work 15.7% respecting the base de-

sign while the entropy is decreased favorably by 27.5%. This en-

thalpy reduction can be explained by the Euler turbine equation,

i.e. ΔH = UΔVθ , where U is rotational velocity at a reference

radius and Vθ represents tangential flow velocity. The outlet an-

gle of the first rotor blades is increased in the optimized version

from the base design. While the inlet angle is kept constant, the

blade curvature is decreased so that the blade role in turning the

incoming flow is reduced (see Fig.9). The averaged flow turn-

ing by the first rotor blade is calculated over a pulse, and the

corresponding values are 92 degree and 78 degree for the base

and optimized cases, respectively. Thus, less enthalpy change

is anticipated in the optimized case. Contrary to the first rotor

row, the second rotor row exhibits a reverse change in work ex-

traction and entropy generation. It has 20.5% higher work per

unit mass than the base design in the optimized turbine config-

uration. The second rotor generates higher entropy in the opti-

mized configuration than the baseline. Since the blade geometry

of the second rotor row is identical in both cases, the reason can

be found in axial velocity magnitude and the first stationary vane

modifications made in the optimized design. The outlet blade an-
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ROTORS.

gle of the first vane is increased similar to the first rotor blades,

and also the number of blades is decreased. While the rotational

speed is fixed, these changes, together with the resulting increase

in the inlet flow area of the first stationary vanes, lead to an in-

crease in the overall mass flow rate. Since the number of the rotor

blades is increased in the optimized case, a higher axial velocity

inside the rotor blade passages has resulted than the base case.

The time-averaged mass flow rates are 53.1 kg/s and 61.4 kg/s

for base and optimized designs respectively. Therefore, accord-

ing to the velocity triangle, higher work output is expected from

the second rotor row. In the case of the first rotor row, the ef-

fect of change in blade turning angle on the output work is more

dominant than that of the related change in axial velocity mag-

nitude. The overall work per unit mass for the whole turbine is

also calculated, showing a 1% reduction in the optimized design

compared to the base case. As reported before, the overall en-

tropy is reduced in the optimum design by 16%. To compare

the output turbine power, the time-dependent power over a pulse

is depicted in Fig.14. While the overall trends of the instanta-

neous power are identical for both designs, the optimized case

produces more power over the entire pulse. The highest power

is achieved at around 0.6 of time period where the entropy is the

lowest (see Fig.10). The higher power is mainly due to the higher

mass flow rate in the optimized design than its counterpart. The

time-averaged power is 24.7 MW and 28.2 MW for the base and

optimized cases, respectively. This difference indicates a 14.2%

higher power that obtained by the optimization process.

Steady-State operation To evaluate how the optimized

geometry performs in steady-state conditions, the inlet pulse is

divided into three discrete points of trough, mean and peak of

the pulse (see Fig.7). Steady 3D-CFD simulations are performed
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by applying each of these conditions as the inlet boundary. The

mass-averaged entropy generation for the first stage is calculated

and depicted in Fig.15. The results show that the optimized stage,

which is optimized based on the unsteady operation over the en-

tire inlet pulse, has a lower entropy generation in steady opera-

tions as well. The differences between the entropy generation by

the two geometries, displayed with a dash-dot curve in Fig.15,

are 20.2%, 21.3%, and 22% at trough, mean, and peak points,

respectively. Although the optimized stage has a little better per-

formance at the peak point than at the other points, it is concluded

that the optimization process brings a geometry that can work

almost the same under different steady-state conditions over a

pulse. In contrast, an optimization based on the steady operations

at trough and peak points by Fernelius et al. [13] for an unsteady

turbine, working under a sinusoidal boundary condition, showed

that the entropy generation improvement by the geometries opti-

mized at these points can be very different (a difference around

50%).

CONCLUSION
In this paper, a fast approach for a PDC-operated turbine

performance optimization is presented and evaluated. A method

has been introduced to evaluate the objective function as the main
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part of the optimization, which integrates an unsteady 1D-Euler

turbine simulation, a meanline steady-state analysis, and a PDC

numerical model. The latter two provide the 1D-Euler simulation

with the turbomachinery source terms and the time-dependent

PDC boundary conditions, respectively. The optimization was

performed using an adaptive surrogate model-based framework

that utilizes the complex shape method as a searching algorithm.

The approach was run for a two-stage turbine to minimize the en-

tropy generation by modifying some geometrical parameters in

the first stage, which experiences the highest unsteadiness from

PDC exhaust flow. The optimized design was compared to the

base design using the unsteady 3D-CFD simulations to evaluate

the accuracy of the optimization approach and validate the new

design.

The optimization results showed that the new design has a

lower solidity in the first stationary vanes but higher in rotor

blades than the base case. The blade outlet angles were rec-

ommended to open slightly so that the blade turnings were re-

duced while the maximum thickness to chord ratio of the first ro-

tor blades was almost unchanged. The optimum design showed

a 16% reduction in entropy generation and a 14.2% gain in the

overall turbine power. The unsteady 3D-CFD results indicated

that the lower entropy generation is due to the shortening of the

flow wake region on the suction surface of the blades in the opti-

mized geometries, and the higher output power is mainly because

of the higher mass flow rate in the new design. Additionally, the

rotor blades showed a more noticeable role in lowering the en-

tropy generation than the stationary vanes.

All in all, the optimization methodology, coupled with a fast

unsteady turbine simulation tool, was proven to be effective in

unsteady turbine optimization problems. The main advantage of

the proposed algorithm lies in the objective function evaluation

procedure that considers unsteadiness within the optimization

loops. Although the unsteady effects in turbomachinery make

any 3D-CFD method highly expensive and almost impossible

to be integrated into the related optimization problems, the pro-

posed approach showed its robustness and applicability. There-

fore, the methodology enables the designers to perform optimiza-

tions over a wide range of variables within a reasonable time. It

should be noted that since it is the meanline analysis that pro-

vides the source terms to the unsteady 1D-Euler simulation tool,

considering the nature of this method, there might be a limitation

in selecting the optimization variables. Suppose the desired op-

timization variables cannot be included directly in the meanline

analysis, e.g., specific modifications to the blade profile or any

hub or shroud contouring, for which there is no correlation avail-

able. In that case, one can replace the meanline method with

the steady-state CFD simulation, which does not impose much

computational cost.
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Norddeutscher Verbund für Hoch- und Höchstleistungsrechnen
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5
Discussion

In this chapter, the main findings of the publications presented in the previous chapter are
reviewed and placed into an overall context. Since the main objectives of the thesis are twofold,
the discussion of the results is divided into two categories. Firstly in sec.5.1, the findings on
the interaction of turbine guide vanes with RDC exhaust flows are discussed, which mainly
covers the Publication I and Publication II with some supports from other publications of
the author. The nominal operation of the RDC with a coupled turbine guide vanes, effects of
some blade geometrical parameters on the performance of the vanes, the role of guide vanes in
different RDC operating regimes, and the vane setting angle effect on the performance of the
guide vanes are examined as well.

Secondly, in sec.5.2, the interaction of PDC tubes configurations with a two-stage turbine
is reviewed, which was addressed within the context of Publication III and Publication IV.
Although the main focus in these two publications is introducing a fast and reliable simulation
methodology and its applicability to be integrated into an unsteady turbine optimization
problem, the results of the simulations provide a deeper insight into the PDC-turbine interaction.
Three different PDC configurations are considered upstream of a conventional turbine, and
the turbine performance results are compared. Furthermore, an optimized turbine geometry
for one of the PDC configurations is assessed with respect to the performance of the baseline
turbine geometry.

5.1 RDC-turbine

As discussed earlier in this thesis, the presence of any outlet restriction in an RDC exhaust
channel may have an impact on the RDC operating conditions, addressed recently by Bach et.
al [73]. The turbine blades for extracting the energy from the RDC exhaust is a restriction that
changes the flow field upstream. Experimental measurements are not fully capable of shedding
light into the entire flow field and describing what is happening inside. As an example, the
compact geometry and hot exhaust gases do not allow placing probes inside the RDC exhaust
domain. Apart from that, assessing the performance of the turbine blades requires a much
closer look at the flow around the blades. The first blade row of a turbine, usually nozzle guide
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vanes, is exposed to the most energetic and unsteady version of the RDC exhaust flow. In
this regard, analyzing the RDC exhaust flow passing through stationary vanes numerically,
supported by the experimental work, addresses the question of integrating RDC and turbine
by clarifying how the vanes act in such a flow field.

Within the scope of Publication I, the numerical analysis of the stationary vanes downstream
an RDC is presented. The geometrical model is similar to the experimental setup [104].
The RDC operating point for which the numerical simulation is done produce a single
rotating detonation wave with a frequency of 5 kHz. In the first campaign of simulations, the
experimental pressure data upstream and downstream of the vanes are kept as the references
in a way such the boundary conditions get tuned. The velocity angle at the turbine inlet
is assumed to be constant. This approach and the simplification related to the velocity
angle were considered because the only available experimental data, at that point in time,
were at the blade’s upstream and downstream. Nevertheless, it provides a primary step
toward characterizing the RDC-like fluctuating exhaust flow passing through a vane row. The
simulated domain shows that the upstream flow field is entirely subsonic, and no shock wave
is captured upstream of the vanes. However, near the blade trailing edge, where the flow
leaves the vanes and expands, the highest Mach number in the supersonic regime is observed.
This supersonic Mach number through a shock wave comes to the subsonic regime while the
static pressure increases. This can address the doubt that having subsonic or supersonic flow
upstream of the vanes may affect the experimental measurements.

Using the same model and numerical method, four different blade setting angles, ranging
from 0° to 15°, are examined [142]. Having the boundary conditions fixed, in all cases, the
maximum Mach number, which occurs just before the trailing edge shock wave, is identical.
This implies that the shock wave strength and the related pressure loss are almost independent
of the blade setting angle in these simulations. Figure 5.1 shows the instantaneous total
pressure at one chord length downstream of the vanes during a time period. It is seen that
as the blade setting angle increases, the overall total pressure decreases, hinting that the
total pressure loss increases (see Tab.5.1). Having said the total pressure loss due to the
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Figure 5.1: Total pressure trace at the blade downstream over a detonation time period.

94



5.1 RDC-turbine

Table 5.1: Total pressure loss along the stationary vane downstream the RDC for different setting
angles.

Blade setting angle 0° 5° 10° 15°
Total pressure loss (kPa) 27.37 27.97 28.33 29.34
Total pressure loss (%) 10.5 10.74 10.87 11.24

trailing edge shock wave is identical, the discrepancies in total pressure loss are mostly related
to the profile loss differences. That itself is related to the flow separation over the blade
surfaces resulting from the increased incidence angle. Another salient point is that as the
blade setting angle increases, total pressure distribution at the blade downstream gets more
unstable, indicated by three peaks surrounded by a red ellipse in Fig.5.1. These local peaks
are magnified by increasing the blade setting angle, covering almost 50% of the time period,
while the fluctuation amplitude does not change. This add-on instability can adversely affect
the rotor performance downstream in a turbine configuration.

A comparison between the experimental findings for the staggered vanes [73] and the total
pressure loss for different setting angles is shown in Fig.5.2. To allow a comparison, total
pressure loss is made non-dimensional by the total pressure loss for zero-staggered vanes. The
experimental results are only available for setting angle of ±8.6, which are categorized as
aligned and misaligned based on the detonation wave and the vane setting angle directions.
Although the operating point of the RDC in experimental setup and the numerical simulation
is not identical, the total pressure results are in range. The discrepancy may also arise
because of the stated assumptions made in the numerical simulation. In the simulations,
the blade incidence angle is almost constant for each blade inclination. This causes a rather
constant separation and profile loss. In the experimental work, the exhausting flow direction
and hence the incidence angle is changing in an RDC cycle, so depending on the overall
(averaged) incidence angle, it can provide less separation and losses. Further interpretations
requires the experimental velocity angle variation data which is not available due to the related
measurement difficulties [73].
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Figure 5.2: Comparison of total pressure loss for staggered vanes downstream of the RDC.

Applying a different boundary condition having a frequency of 10 kHz from the literature
creates a different flow field with a presence of shock waves inside the vane passages. In this
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case, the total pressure fluctuations are traced from the domain inlet to the outlet of the
vanes. The total pressure amplitude damping from the vanes’ inlet to the vanes’ outlet is
48%. Using the instantaneous entropy contours superimposed by Mach number contour lines,
a moving shock wave is detected inside the vane passage, generating flow separations while
interacting with the boundary layer on both sides of the vane. Shock waves and the resulting
boundary layer separation can be counted as the primary sources of losses for this specific
operating condition. Comparing the averaged total pressure loss over a detonation cycle
between the non-blade region from the inlet domain to the blade leading edge and around the
vanes indicates that the vanes generate a more significant total pressure loss than what occurs
within the non-blade region, although a shock wave is captured in the latter region. Tracking
the instantaneous total pressure loss reveals that the critical time during which the vanes’
highest instantaneous total pressure loss is between 70-90% of the inlet pressure pulse. This
can be of interest in proposing a remedy for mitigating the overall blade loss, like an active
flow control method possibly. However, this time duration is a case-dependent parameter
which is a function of the RDC operating condition, the domain geometrical parameters, and
the blade profile.

Publication II further investigates the RDC and the vane interactions with a focus on
the blade geometrical parameters. From a methodological standpoint, the difference between
Publication I and Publication II is that the former uses a 3D domain while ignoring any
circumferential variation, whereas the latter employs a 2D-unwrapped domain and fully
considers the RDC exhaust flow features. Blade space-to-chord ratio and thickness-to-chord
ratio are altered, and five vane configurations are simulated using the same boundary conditions.
The simulation results are analyzed for two operating regimes of transient operation before
reaching a periodically steady flow encompassing a moving shock wave and when the flow
field becomes developed once the shock wave moves out from the domain. The total pressure
loss results for the cases with different solidities (chord-to-pitch ratio) are unlike trends of
conventional loss correlations. The solidity bound for which the simulations are carried out is
from 1.76 to 3.53, which corresponds to s/c = [0.28 0.57]. Considering the conventional loss
coefficient correlations (see Fig.3.4), the traditional coefficient of loss has an increasing trend
within the mentioned solidity range, whereas the unsteady simulation results exhibited a reverse
trend. This contradiction suggests that the existing loss correlations derived from steady-state
turbomachinery operations should be updated for unsteady cases, specifically for turbines
working under RDC exhaust flow. Another notable finding is the location of flow choking
inside the vane passages. As the solidity increases, the location of the sonic Mach number
moves toward the vanes’ trailing edge. Additionally, the sonic Mach number location range is
shortened within the RDC cycle period by increasing the solidity. The fluctuating flow having
time and circumferential-dependent velocity vector causes the choking flow condition not to
stay at the vanes’ geometrical throat. The mentioned trend for the location of sonic Mach
number and its position range implies that the velocity vectors fluctuation gets more dampened
in higher solidities. This trend is observed in increasing the maximum thickness-to-chord ratio.
These two observations can conclude that the flow area reduction plays a role in damping
the velocity angle fluctuation. This is also confirmed by studying the outlet velocity angle
fluctuation, shown in Publication II, Fig.9. The vanes attenuate more than 57% of the velocity
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angle amplitude, which is enhanced up to 86% by shortening the flow path area, either in
the form of increasing solidity or the maximum thickness-to-chord ratio. Tracking the time
trace of total temperature and total pressure reveals that increasing solidity makes these two
parameter variations smoother, meaning that the local peaks are diminished. A similar trend
is also observed by increasing the maximum thickness-to-chord ratio, denoting the effect of
area ratio reduction in smoothing the total pressure and temperature trends. Although this
consequence is beneficial for potential rotor blades downstream the guide vanes, the fluctuation
amplitude of both quantities is adversely affected. The effect of solidity is dominant over the
thickness-to-chord ratio in damping total temperature amplitude since the two cases have the
same area reduction, but different solidities exhibit dissimilar damping effects. In the transient
operation of the RDC-stationary vane, in which a moving shock wave is observed, the amount
of loss caused by the shock wave is around two times greater than the generated profile loss.
Besides, the total pressure loss trend in unsteady operation contrasts the trend in periodically
steady operation. For example, the total pressure loss increases by increasing solidity, which
is more related to the strength of the shock wave and the related amount of loss. Higher
solidity accelerates the flow more, and hence the shock wave will be stronger. This proves
the necessity of avoiding a shock wave inside the domain, particularly in periodically steady
operation, either by changing the RDC operating point or designing a customized vane.

To put it in a nutshell, the numerical RDC-vane studies through Publication I and
Publication II assert that the blade profile loss in such an unsteady flow field does not follow
the conventional loss correlations trends. Having a guide vane can damp the flow velocity
fluctuation amplitude so that it provides a steadier flow to any downstream rotor blades. This
will be advantageous for rotor blades, which performance is more sensitive to the incidence angle
than the stationary vanes. It was shown that solidity has a significant effect on loss generation
and total quantities distribution downstream, whereas area reduction can be considered as the
most driving factor for velocity angle fluctuation damping.

5.2 PDC-turbine

The unsteady flow simulations through the articles mentioned above showed that the 3D or 2D
CFD methods could not provide a handy and quick tool for performance analysis of multistage
turbines. Although they are accurate, the required time for each transient simulation makes
them difficult to be implemented in early design steps. Usually, several simulations are needed
within the process of a turbomachinery design. Additionally, any optimization process requires
many simulations, which are not feasible using time-consuming methods. Hence, a 1D-Euler
simulation tool has been introduced in Publication III. The methodology is based on solving
the Euler equations in the turbine axis direction. The presence of the turbine blade rows in
the computational domain is introduced using the related force and work source terms in the
equations. The methodology suggests that these source terms can be effectively calculated
using a meanline turbine analysis. The in-house developed meanline tool is fast enough
to compute the source terms over the turbine operating range. Hence the 1D-Euler solver
takes the related source terms for each cell where a blade is located based on the blade’s
upstream and downstream conditions. To shape a PDC-turbine configuration, a model was
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developed in which the PDC tubes blowdown to a plenum that is connected to the turbine
inlet. The same 1D-Euler solver is utilized to simulate each PDC tube operation. To evaluate
the method’s capability, a two-stage turbine was selected comprising four blade rows that
makes the simulation problem complicated enough. Three PDC tube configurations having
three, five, and seven tubes are considered, and the resulted boundary conditions are applied
to the turbine simulation. Simultaneously, 3D-CFD simulations were performed to verify
the 1D-Euler simulations. The 1D-Euler method showed very close results with the CFD
simulations at the rotor outlets. Temperature and pressure distributions downstream of the
rotor well match the CFD results. However, the low order method slightly underestimates
the pressure at the stators’ downstream. This discrepancy comes from the nature of the 1D
method. Within a turbine, the stator deflects the incoming flow within a turbine to increase
the tangential flow momentum. The generated momentum is transferred to mechanical work
by the succeeding rotor blades. By the same token, the flow velocity vector is divided into two
components of tangential and axial parts, assuming zero radial velocity. At the same time, the
1D method only considers the axial velocity in the governing equations. Therefore, it takes a
lower velocity magnitude and consequently lower kinetic energy than in reality. This difference
is compensated when the flow passes through the rotor blades. The source terms prescribe that
the actual amount of work must be extracted from the rotor blades, and hence the tangential
velocity must be reduced. The 1D-Euler solver reduces the axial velocity through the process of
work extraction so that the flow field downstream of the rotor row is well simulated. Since the
main objective of the reduced-order methodology is to predict the overall turbine performance
in transient operations, this level of discrepancy just downstream of the stators is acceptable.
Besides, instantaneous static pressure distributions at each interstage location (see Fig.10 in
Publication III) show that the deviations between the CFD and 1D-Euler simulations are not
that high. As a metric in the unsteady operation of a turbine, pressure fluctuation amplitude,
mass-averaged over an inlet pulse, is plotted in Fig.5.3 for three PDC-tube configurations. The
3D-CFD and 1D-Euler simulations almost identically capture the averaged pressure amplitude
along the turbine. A very small deviation exists at the stator outlet, which is less than 0.5% of
static pressure amplitude for the three tubes configuration, as the worst case. The results of
the two methods are matched better by increasing the number of PDC tubes and consequently
decreasing the fluctuation amplitude at the turbine inlet. A remarkable point in Fig.5.3 is
that the first row of the turbine plays a significant role in damping the overall unsteadiness,
observed in each PDC configuration. This is aligned with the findings of Bakhtiari and Schiffer
[36] who reported 47% damping through the first row of the same turbine but with a sinusoidal
shape boundary condition. Having captured almost identical damping levels by the first blade
row for different inlet fluctuation amplitude and frequency, one can draw a conclusion that the
damping role of the vane row is more a function of geometry than inlet fluctuation features of
amplitude and frequency. In addition, it is concluded that the first blade row or the first stage
of a turbine exposed to the high level of unsteadiness plays a considerable role in damping the
incoming fluctuations and should be carefully designed or modified.

The robustness of the 1D methodology can be reflected in its capability to simulate the
transient turbine map accurately. The turbine map is conventionally illustrated by the turbine
total pressure ratio over its reduced mass flow rate, or vice versa. The turbine characteristic is
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Figure 5.3: Static pressure damping throughout the turbine connected to different PDC tube
arrangements.

a close loop encapsulating the steady-state performance curve in a transient periodic boundary
condition. Depending on the fluctuation features of the boundary conditions, the characteristic
loop will widen or shrink around the steady-state curve. In general, the sharper change in the
boundary condition, the broader closed loop. The 1D-Euler method could correctly calculate
the unsteady performance characteristic of the turbine compared to the 3D-CFD results,
shown by Fig.13 in Publication III. This means that the developed methodology precisely
models both instantaneous mass flow rate and pressure ratio. Having a deeper look at the
instantaneous mass flow rate showed that the majority of the instantaneous reduced mass flow
rate in a pulse cycle lies within ± 5% deviation from the CFD-computed values.

Regarding the plenum modeling, it was assumed that no shock wave exists inside the
plenum space, which was not the case as observed in the experimental investigations by Rezay
Haghdoost [143]. However, the proposed 1D methodology can easily consider shock wave effects
inside the plenum by taking the related loss source terms in the governing equations. Since
the strength of shock wave and the related amount of losses depend on the plenum geometry
and the connection between PDC tubes and the plenum, these losses must be calibrated for
each plenum, which is out of this dissertation scope. It is good to mention that the 1D-Euler
approach has been modified and tested for multistage compressor applications in another
publication of the author and his colleagues [111] which is not included in this thesis. The
results were promising for a multistage compressor connected to a PDC-tube configuration.

An important need for a fast and reliable simulation tool is to use it in a design and
optimization process. Once the capabilities of the 1D-Euler methodology in simulating a
multistage turbine’s unsteady operation is verified through a back-to-back comparison with
the high fidelity but time-consuming method of 3D-CFD, an optimization problem is defined
to assess the practical implementation of the developed tool. This has been done within the
scope of Publication IV. The test case for the optimization was selected to be a conventional
turbine designed for steady operations, as used in the previous publication. Minimizing the
entropy generation is the objective of the optimization process using geometrical variables of
blade solidity, thickness-to-chord ratio, and outlet blade angle. These parameters have been
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selected because they play a considerable role in entropy generation in axial turbines according
to the conventional loss correlations. Additionally, the available geometrical information of the
baseline geometry allows for such a variable selection. According to the previous findings, the
first stage is the most vulnerable part in a turbine connected to a pressure gain combustor. So,
the mentioned variables are changed only for the first stator and rotor blades in the optimization
problem. In this regard, a five-dimensional design space is created. The bounds for each
variable are specified based on the recommendations and available data in the open literature,
mostly related to the ranges for which the loss correlations were developed. For example,
solidity (c/s) can vary in a range based on the bound in Fig.3.4. The boundary condition for
the turbine is computed based on the presence of five PDC tubes upstream of the turbine
blowing down to a plenum. A surrogate-based optimization algorithm based on the complex
shape method is utilized as the optimization tool. Several calls to the objective function
evaluator within the optimization procedure are made. The objective function evaluator is
the developed 1D-Euler methodology which takes just a few minutes to deliver the amount of
generated entropy as the objective function value.

The optimization results showed that if the two-stage turbine is working under the PDC
exhaust flow, the first stage can be optimized to reduce the whole turbine entropy generation
by 16%. This amount of reduction in entropy generation is caused by shrinking the wake
region on the blade suction surfaces. Since both blades’ outlet angles are increased in the
optimized geometry, the uncovered turnings of the blades are reduced. The lower uncovered
turning makes the flow remains more attached after the blade’s throat section. If the uncovered
turning is too high, it will increase the flow deviation angle, which unfavorably affects the
overall flow turning by the blades and consequently work output from the rotor row. Since
the blade inlet angles are kept fixed, it is expected that the change in the stator outlet angle
is made in a way that the rotor incidence angle is as small as possible during the transient
operation.

Comparing the share of the first stage entropy generation in the whole turbine between
the baseline and optimum geometry indicated that the first stage produces 40% of the whole
turbine entropy in the optimum design. At the same time, this percentage is 50% in the
baseline design. This comparison implies that the optimization process was successful to
reduce the entropy generation by modifying the first stage geometry, but the second stage is
responsible for 60% of the overall entropy generation now. Ideally, this amount can be lowered
to 50%. That means the second stage in the unsteady operation may not work at its best
condition; hence it could also be subjected to an optimization procedure. This opens the
question of how much the entropy generation can be lowered if all blade rows are optimized
simultaneously.

Assessing the total pressure loss in the optimized blade rows shows 28.2% and 11.6%
reductions in the total pressure loss coefficient of stator and rotor, respectively. Considering
the fact that no shock wave has been captured during the unsteady operation of the turbine,
the profile loss type can be responsible for the majority of the losses. According to the
traditional profile loss correlation explained in sec.3.1.3, the lower solidity of the stator is
in a range that the optimized geometry should have a lower total pressure loss coefficient,
which is confirmed by the optimization results. In the case of rotor blades, the optimized
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geometry has a higher solidity than the baseline. Looking up the related trend in the profile
loss correlation depicted in Fig.3.4 and formulated in Eq.3.21, ascertains that this change
in solidity increases the total pressure loss coefficient. Nevertheless, the rotor total pressure
loss coefficient decreases in the optimized version. This conflict, which has been observed in
Publication II for RDC-vane interaction as well, confirms that turbines working under unsteady
flow of pressure gain combustion do not necessarily follow the conventional loss correlations
developed for steady turbomachineries. This brings up another open question that how the
loss correlations can be modified to cover unsteady operations of turbomachineries.

The optimized turbine also showed an increase in the output power. The time-averaged
turbine output power increases by 14.2% by modifying the first stage. Although the
optimization objective is to minimize the entropy generation, a higher output power is
achieved. Since the overall total enthalpy decreases by 1% (shown in Publication IV,Fig. 13)
as a result of optimization, the mass flow rate increment is responsible for the positive change
in the turbine power. The number of blades in the first stator row is decreased, leading to an
increase in the incoming flow area. Additionally, the number of rotor blades is increased in the
optimized case. Hence, a higher axial velocity inside the rotor blade passages has resulted in
the optimized case than the baseline geometry. These two consequences of the blade geometry
changes raise the turbine mass flow rate so that the turbine output power increases accordingly.

This optimization work presented a practical use of the 1D-Euler methodology in a turbine
design and optimization process. The heart of the proposed method is the 1D-Euler solver,
which is supported by a meanline turbomachinery analysis. The meanline analysis module can
be replaced by any other steady-state turbomachinery analysis such as streamline curvature
method or two- or three-dimensional CFD analysis. It mainly depends on the user preference by
which methodology the source terms are computed. Also, the meanline analysis or streamline
curvature method has some limitations. For instance, the effect of minor changes in blade
profile or endwall shape cannot be easily implemented in these steady-state analysis tools
unless the related correlations are available. So, if one needs to consider such variables in an
optimization problem using the presented 1D-Euler method, the CFD steady-state tool would
be the best to supply the source terms.
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The present work investigated the turbine integration with two pressure gain combustion
devices of rotating detonation and pulsed detonation combustors. Following a comprehensive
literature review and presenting the involved methods, the results were illustrated in terms of
four peer-reviewed papers.

The first two papers focused on the interaction of RDC exhaust flow and a stationary guide
vane row to explore the flow field and the unsteady phenomena thereof numerically. URANS
simulations were performed using different inlet boundary conditions representing different
RDC exhaust flows to visualize the flow field and evaluate the blade performance in such
unsteady domains. The studies successfully budget total pressure losses and the fluctuation
damping achieved through the vanes and shed some light on what happens around the vanes,
where it is unreachable in experimental works. Additionally, some important blade geometrical
parameters were varied to assess the associated losses and performance. The results analyzed
the connection between total pressure loss and the vanes solidity and thickness-to-chord ratio.
Any turbine expander downstream an RDC should be able to work with the unsteady flow. In
this regard, the role of stationary vanes in damping the fluctuation is crucial for the adjacent
rotor blades since the rotor blades are susceptible to the incidence angle variations and lose
their nominal performance while being exposed to such large fluctuations. The results showed
that more than 57% of the upstream velocity angle fluctuation was damped through a simple
symmetrical guide vane row. Area reduction by the vanes’ presence was found to be a key
parameter in alleviating the velocity angle fluctuation amplitude. Based on the studied cases,
it is concluded that solidity had the highest impact on loss generation in stationary vanes and
total quantities distribution downstream. Area reduction, through increasing whether solidity
or thickness-to-chord ratio, was the most driving factor for velocity angle fluctuation damping.
These geometrical parameters have a high impact on loss generation by the turbomachinery
blades, and as this study has confirmed, they play a significant role in damping the fluctuation
coming from the RDC exhaust flow and must be carefully selected in design procedures.

The third and fourth papers focused on presenting a fast and reliable methodology for
multistage turbine transient simulation. As an essential part of any design and optimization
procedure, simulating an unsteady multistage turbine using 3D- or 2D-CFD methods can be
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computationally too expensive. As seen in the related literature, designers and researchers
shift to using steady-state simulation methods in optimization processes as an alternative to
reduce the associated costs. Nevertheless, the real unsteady effects do not reflect in the design
optimization procedures if steady simulations are employed. Hence, a 1D-Euler simulation
methodology was introduced in the third publication, and its pros and cons were scrutinized
using back-to-back URANS simulations. The configurations with which the methodology was
examined comprised multiple PDC tubes connected to a two-stage turbine using a plenum.
The PDC tubes were fired sequentially to generate pulsating flow for the turbine. The 1D-Euler
methodology was used to simulate the PDC operations with the source terms computed from
the chemical reaction calculations. For turbine simulation, the same 1D methodology as
for PDC simulations was utilized but with taking advantage of a coupled meanline turbine
analysis tool to provide the turbomachinery source terms. The detailed analysis of the results
in terms of time-dependent thermodynamic quantities and performance parameters proclaimed
a perfect matching between the results from the developed 1D methodology and 3D-URANS
simulations for different PDC configurations. A practical implementation of the method was
presented in the fourth paper. The developed 1D-Euler method was employed as the objective
function evaluator in an optimization procedure. The objective was to minimize the entropy
generation of the two-stage turbine by finding the optimum geometrical parameters of the first
turbine stage. The blade outlet angles, solidity and the thickness-to-chord ratio shaped the
design space for the optimization problem. These geometrical variables were selected based on
their profound effects on the turbine loss, reported in the literature. The optimum parameters
were found through a surrogate-based optimization technique, leading to decreased turbine
entropy generation by 16% and increased turbine power by 14% while working under PDC
tubes exhaust flow. The optimization results suggest that both stator and rotor outlet angles
should open up slightly, and the first stator vanes should have lower solidity. In contrast, the
rotor row solidity needs to be increased to perform optimally. A 3D-URANS simulation was
utilized to verify the results with which the 1D method findings agreed. Besides the detailed
discussion of the optimization results, in general, this work proposes a promising way to the
pressure gain combustion and turbomachinery community toward developing or modifying
turbine expanders for efficient energy extraction from the unsteady and high-temperature
exhaust flow of the PGC devices.

Future works

In summary, this thesis addressed some fundamental questions in pressure gain combustion
applications by looking into the details of the flow field around a row of vane downstream an
RDC and developing a reliable methodology for simulating unsteady turbine working with
PDC tubes. Within the scope of turbine integration with pressure gain combustors, there
are still different open questions that could not be covered in the current work but can be
suggested as future works. Toward addressing the efficient ways of energy extraction from
PGC devices, the developed methodology in this dissertation can be an easy-to-use tool for
trying different concepts, ranging from evaluating the existing turbines working with PGCs to
examining the new concepts such as shock divider concepts [144], bladeless turbine [145] and
even unprecedented approaches.
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The accuracy of the 1D-Euler methodology was assessed in PDC-turbine simulation.
Considering the inherent differences between RDC and PDC flows, further modifications are
required to extend the methodology for RDC-turbine applications. The exhaust flow of RDC
is characterized by time-dependent circumferential variations. Therefore, more adjustments
are needed for the 1D-Euler method to capture most of the flow phenomena in RDC-turbine
applications.

As stated in the scope of the last two publications, the PDC-turbine configuration comprises
a plenum between the two devices. This plenum was modeled as a zero-dimensional volume
neglecting any entropy generation inside it despite the fact that shock waves can be present as
observed by Rezay Haghdoost [143]. Flow expansion inside the plenum and the related pressure
gradient can also cause entropy generation. For a more realistic PDC-turbine modeling, these
loss sources and the related amount should be estimated and inserted as a source term in
the developed approach. This can be done using a numerical simulation of the plenum via
conventional CFD tools for specific applications. It would also be possible to go one step
further and develop a rather generalized loss model for a typical plenum geometry using a
series of numerical simulations.

The numerical simulations in this dissertation, as well as another published article by the
author and his colleagues [111] prove the applicability of the 1D-Euler method for simulating
PDC-turbine and compressor-PDC configurations separately. A unified 1D-Euler methodology
that considers compressor, PGC, and turbine all together can provide a beneficial performance
evaluation tool at the engine level with low computational cost. This tool will have the
advantage of considering the interaction between these three devices instead of modeling them
individually.

As part of the results presented in this thesis, the turbines working under the boundary
conditions caused by pressure gain combustion do not necessarily follow the existing loss
correlations. Basically, the conventional loss correlations have been developed for steady-state
turbomachinery. Therefore, these correlations should be updated for such out-of-the-ordinary
applications. This loss correlation development can be done numerically with the support of
experimental work to ease the process and reduce the related costs.
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