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Abstract

It is beyond all doubt that the automotive industry is living a deep transformation
that, during the last years, has progressed at an ever accelerating rate. Due to the
increasingly stringent pollutant emission regulations and the necessity to fulfil an ever
growing demand for sustainable mobility, the modern internal combustion engines are
required to strongly reduce the fuel consumption and emissions, while keeping the en-
gine performance. In order to confront this challenge, engine research and development
engineers have redoubled their efforts in designing and improving one-dimensional codes,
to the point that the development of 1D models and simulation campaigns play a major
role in the early steps of designing new engines or technologies. At the same time as the
turbocharging technology has arisen as one of the most effective and extended solutions
for building high efficient engines, the importance of understanding and modelling cor-
rectly the turbocharger effects has become evident. In particular, the phenomena that
occurs in the turbine under highly pulsating conditions have proven to be challenging to
model and yet decisive, as simulation codes are especially useful when they are designed
to work under realistic conditions.

This work focusses on the improvement of current one-dimensional models as well as
in the development of new solutions with the aim of contributing to a better prediction of
the turbine performance under pulsating conditions. Both experimental and modelling
efforts have been made in order to provide methods that are easily adaptable to different
turbocharger configurations used in the industry, so they can be applied for example in
single turbines and also in the increasingly used two-scroll turbine technology.

Regarding the modelling work of the single entry turbine part, the work has been
focused in presenting an improved version of a quasi-2D code. The validation of the
model is based on the experimental data available from previous works of the literature,
providing a complete comparison between the quasi-2D and a classic 1D model. By
means of a pressure decomposition, the pressure at the turbine inlet and outlet has
been split into forward and backward travelling waves, employing the reflected and
transmitted components to verify the goodness of the model.

The experimental work of the thesis is centred in developing a new method in order to
test any two-scroll turbine under highly pulsating flow conditions. The gas stand setup
has been designed to be flexible enough to perform pulses in both inlet branches separa-
tely as well as to use hot or ambient conditions with minimal changes in the installation.
The experimental campaign is used to fully validate an integrated 1D twin-scroll turbine
model with special focus in the reflected and transmitted components for analysing the
performance of the model and its non-linear acoustics prediction capabilities.

Finally, after the experiment and modelling work is developed, a procedure to cha-
racterise the turbine sound and noise by means of acoustic transfer matrices is presented
and tested against the fully one-dimensional code. In this sense, this method provides a
useful and easily-implementable tool for fast and real time simulations that applies in a
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practical way the modelling work exposed along this thesis.

Keywords: Turbochargers; Acoustics; 1D simulation; OpenWAM; Experimental va-
lidation
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Resumen

Está fuera de toda duda que la industria del automóvil está viviendo una profunda
transformación que, durante los últimos años, ha progresado a un ritmo acelerado. Debi-
do a la crecientemente estricta regulación sobre emisiones contaminantes y la necesidad
de satisfacer la siempre creciente demanda de movilidad sostenible, es necesario que los
motores de combustión modernos reduzcan su consumo y emisiones manteniendo el ren-
dimiento del motor. Para enfrentarse a este desafío, los ingenieros de investigación y
desarrollo han redoblado sus esfuerzos a la hora de diseñar y mejorar los modelos unidi-
mensionales, hasta el punto en el que el desarrollo de modelos 1D así como la simulación,
juegan un papel fundamental en los primeras etapas del diseño de nuevos motores y tec-
nologías. Al mismo tiempo, la tecnología de turbosobrealimentación se ha consolidado
como una de las más efectivas a la hora de construir motores de alta eficiencia, lo que ha
hecho evidente la importancia de comprender y modelar correctamente los efectos aso-
ciados a los turbogrupos. Particularmente, los fenómenos que ocurren en la turbina en
condiciones de flujo fuertemente pulsante han demostrado ser complicadas de modelar y
sin embargo decisivas, ya que los códigos de simulación son especialmente útiles cuando
son diseñados para trabajar en condiciones realistas.

Este trabajo se centra en mejorar los modelos unidimensionales actuales así como
en desarrollar nuevas soluciones con el objetivo de contribuir a una mejor predicción
del comportamiento de la turbina sometida a condiciones de flujo pulsante. Tanto los
esfuerzos realizados en los trabajos experimentales como en los de modelado se han
producido para poder proporcionar métodos que sean fáciles de adaptar a las diferentes
configuraciones de turbogrupo usadas en la industria, por ello, pueden ser aplicados por
ejemplo en turbinas de entrada simple y también en las cada vez más usadas turbinas
de entrada doble.

En cuanto al trabajo de modelado en la parte de turbina de entrada simple, el foco
se ha puesto en presentar una versión mejorada de un código quasi-2D. La validación del
modelo se basa en los datos experimentales que están disponibles de trabajos anteriores
de la literatura, proporcionando una comparación completa entre los modelos quasi-2D y
el clásico modelo 1D. La presión a la entrada y salida de la turbina se ha descompuesto
en ondas que viajan hacia delante y hacia atrás por medio de la descomposición de
presiones, empleando la componente reflejada y transmitida para verificar la bondad del
modelo.

El trabajo experimental de esta tesis se centra en desarrollar un nuevo método para
ensayar cualquier turbina de doble entrada sometida a condiciones de flujo fuertemente
pulsante. La configuración del banco de gas se ha diseñado para ser suficientemente
flexible como para realizar pulsos en las dos ramas de entrada por separado, así como
para usar condiciones de flujo caliente o condiciones ambiente con mínimos cambios
en la instalación. La campaña experimental se usa para validar un modelo integrado
unidimensional de turbina tipo twin-scroll con especial foco en las componentes reflejada
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y transmitida para analizar el desempeño del modelo y su capacidad de predicción de la
acústica no lineal.

Finalmente, después de desarrollar el trabajo experimental y de modelado, se presenta
un procedimiento para caracterizar el sonido y ruido de la turbina por medio de matrices
de transferencia acústica que es comparado con el código unidimensional completo. En
este sentido, el método proporciona una herramienta útil y fácil de implementar para
simulaciones en tiempo real que aplica de una manera práctica el trabajo de modelado
expuesto a lo largo de esta tesis.
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Resum

Està fora de tot dubte que la indústria de l’automòbil està vivint una profunda trans-
formació que, durant els últims anys, ha progressat a un ritme accelerat. A causa de la
creixentment estricta regulació sobre emissions contaminants i la necessitat de satisfer
la sempre creixent demanda de mobilitat sostenible, és necessari que els motors de com-
bustió moderns reduïsquen el seu consum i emissions mantenint el rendiment del motor.
Per a enfrontar-se a aquest desafiament, els enginyers de recerca i desenvolupament han
redoblat els seus esforços a l’hora de dissenyar i millorar els models unidimensionals,
fins al punt en el qual el desenvolupament de models 1D així com la simulació juguen
un paper fonamental en les primeres etapes de disseny de nous motors i tecnologies. Al
mateix temps, la tecnologia de turbosobrealimentación s’ha consolidat com una de les
més efectives a l’hora de construir motors d’alta eficiència, la qual cosa ha fet evident
la importància de comprendre i modelar correctament els efectes associats als turbo-
grupos. Particularment, els fenòmens que ocorren en la turbina en condicions de flux
fortament polsant han demostrat ser complicades de modelar i no obstant això decisives,
ja que els codis de simulació són especialment útils quan són dissenyats per a treballar
en condicions realistes.

Aquest treball se centra en millorar els models unidimensionals actuals així com a
desenvolupar noves solucions amb l’objectiu de contribuir a una millor predicció del
comportament de la turbina sotmesa a condicions de flux polsant. Tant els esforços
realitzats en els treballs experimentals com en els de modelatge s’han produït per a
poder proporcionar mètodes que siguen fàcils d’adaptar a les diferents configuracions de
turbogrupo usades en l’indústria, per això, poden ser aplicats per exemple en turbines
d’entrada simple i també en les cada vegada més usades turbines d’entrada doble.

Pel que fa al treball de modelatge en la part de turbina d’entrada simple, el focus s’ha
posat a presentar una versió millorada d’un codi quasi-2D. La validació del model es basa
en les dades experimentals que estan disponibles de treballs anteriors de la literatura,
proporcionant una comparació completa entre els models quasi-2D i el clàssic model 1D.
La pressió a l’entrada i eixida de la turbina s’ha descompost en ones que viatgen cap
avant i cap enrere per mitjà de la descomposició de pressions, emprant la component
reflectida i transmesa per a verificar la bondat del model.

El treball experimental d’aquesta tesi se centra en desenvolupar un nou mètode per
a assajar qualsevol turbina de doble entrada sotmesa a condicions de flux fortament
pulsante. La configuració del banc de gas s’ha dissenyat per a ser prou flexible com
per a realitzar polsos en les dues branques d’entrada per separat, així com per a usar
condicions de flux calent o condicions ambient amb mínims canvis en la instal·lació.
La campanya experimental s’usa per a validar un model integrat unidimensional de
turbina tipus twin-scroll amb especial focus en les components reflectida i transmesa per
a analitzar l’acompliment del model la seua capacitat de predicció de l’acústica no lineal.

Finalment, després de desenvolupar el treball experimental i de modelatge, es presen-
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ta un procediment per a caracteritzar el so i soroll de la turbina per mitjà de matrius de
transferència acústica que és comparat amb el codi unidimensional complet. En aquest
sentit, el mètode proporciona una eina útil i fàcil d’implementar per a simulacions en
temps real que aplica d’una manera pràctica el treball de modelatge exposat al llarg
d’aquesta tesi.
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1.1 Motivation

The invention of the automobile in Europe in the end of the 19th century, and its subse-
quent mass production in the early decades of the 20th century caused one of the greatest
disruptions in the history of mankind. The newborn technology opened up a world of
possibilities, providing not only greater individual freedom and autonomy, but also im-
plied a new universe of opportunities in the industry, economic growth and in both
domestic and foreign trade. From then onwards, thousands of millions of combustion
engine-powered automobiles have been made around the world leading to a production
of almost 100 million of automobiles only in the year 2017, resulting in a total of more
than one billion of vehicles in circulation.

The emergence of forced-induction systems to the engines has become one of the
most significant advancement in the automotive history. These systems allow to fill
the cylinders with air at a higher pressure and density than using atmospheric pressure
admission systems. This higher air density enables the introduction of larger amounts
of fuel for generating the combustion and, in consequence, higher specific power and
efficiency is achieved. Among the different types of forced-induction systems that have
been developed along the history, the turbocharger system , composed by a radial turbine
connected through a shaft with a centrifugal compressor, is by far the most extended one.
In this system, the energy coming from the exhaust gases is recovered by the turbine
and used to power the compressor that feeds the intake of the engine.

The invention of turbocompressors dates from the year 1905 and is attributed to
the Swiss engineer Alfred Büchi, who worked in the research of diesel engines in an
engine manufacturer company. A few years later, in the 1920s, engines equipped with
turbochargers start appearing, mainly in the aeronautical field but also in the production
of locomotives and ships. Due to the reduction of the effects of low atmospheric density,
turbochargers constituted a huge step ahead in the engine performance of the aircraft
of that time.

It is not until decades later, in the 1950s and 1960s, that the turbocharger is intro-
duced in the automotive industry with the popularization of turbocharged large diesel
engines in heavy duty applications such as trucks. However, at that time, turbocharger
systems were not yet extended to the commercial passenger car mainly due to the low
reliability with the highly variable loads typical of cars. Because of that, turbochargers
start being widespread used in the 1980s in Compression Ignited engines (CI) and then,
also extended to the Spark Ignited (SI) engines especially in the last decade.

In the last years, turbochargers have become a key factor for achieving better ef-
ficiency of the vehicle through a higher specific power, principally because it allowed
a reduction of the cylinder displacement or even the necessary number of cylinders, a
technique called “downsizing”, a trend that has been massively extended during the last
years.
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In the last decades the immense economic growth of some Asian giants such as China
or India has accelerated the demand in automobile production, reaching the current ratio
of one automobile for every six world citizens. Needless to say that this figure will soon
be updated, as analysts estimate that it is likely to end up doubling in 30 years. The
emerging self-driving car technology might revert this trend in the long term, as it is
supposed to reduce the total number of necessary vehicles by reducing the amount of
time that each vehicle is stopped or in the garage. However, due to the actual immaturity
of said technology, this is unlikely to take place in the following years.

In the near past, this never-ending rise in energy and transportation demands has
materialised in a strong pressure in the environment and biosphere and even in an
acceleration of the climate change [5]. Furthermore, several health issues derived from
pollutant emission have appeared especially in the cities, leading to a growing concern on
the part of the authorities and the society in general, and precipitating the increasingly
stringent environmental regulations, as it will be shortly explained. In addition, although
electrical engines are increasing its market share, internal combustion engines (ICE) have
still a long way to go [6]. According to the data available [7] less than 0.5% of the global
market of vehicles in circulation are electric. Thus, in the following decades it is likely
that further development for making the ICE more efficient should be carried out while
the transition to the electrical vehicle is completed.

Several measures and regulations against emission of pollutant gases have emerged in
the recent years around the world. In 1993, the United Nations Framework Convection on
Climate Change formulated a request for the nations to implement regional programmes
containing measures to mitigate climate change. In that moment, the objective pursed
by the European Union was a 30% reduction in greenhouse gas emissions by the year
2020, for the developed countries (compared to the 1990 levels). In 1998, the European
Automobile Manufacturers Association adopted a commitment to reduce the average
emissions from the new sold cars to the level of 140 g CO2/km by 2009. In 1999, the
Japanese and Korean Automobile Manufacturers Associations adopted a similar goal.
Later on, in 2007, the European Comission admitted that, although significant progress
had been made towards the maximum value of 140 g CO2/km, the Community objective
of averaged emissions of 120 g CO2/km of new made cars would not be reached in the
year of 2012. Since 2009, the European Commission sets mandatory emission reduction
targets for new cars, with the initial objective of reaching the target of 130 g CO2/km
by 2015 and 95 g CO2/km by 2020 [8]. This 2015 target was in fact reached in 2013, two
years before the deadline. More recently, in 2018, the CO2 levels for new cars registered
in EU were 120.4 g CO2/km [9], with an average emission reduction of 20 g CO2/km
(14.2%) since 2010. Finally, in a series of phases starting in 2020, the target from 2021
ahead will be an average emission of 95 g CO2/km for new cars. In other big markets
such as Japan or U.S.A and also China, similar regulations have been carried out during
the recent years. But engine manufacturers are not only focused in CO2 emissions,
strict mandatory regulations also exists regarding the NOx and soot emissions with
regulations such as [10] and [11]. Apart from the pollutant emissions, noise emissions
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are an increasing concern for both regulators and consumers, being the second factor
after pollution regarding the impact it has on health.

In this context of increasing concerns on the impact of pollutant emissions and highly
stringent regulations, manufacturers and researchers have developed numerous techno-
logies that have enabled the commercialization of more efficient engines in terms of fuel
consumptions, and also cleaner in terms of pollutant emissions.

In particular, one of the main concerns is the emission of carbon dioxide (CO2)
that is liberated in the combustion of hydrocarbon fuels. The most immediate way of
action to reduce CO2 is to increase the global efficiency and specific power, i.e., reducing
the fuel consumption while keeping or even increasing the engine performance. In this
sense, as it has been explained in previous paragraphs, the most extended strategy is
the aforementioned downsizing. Understanding the engine design from a downsizing
perspective implies the reduction of engine size, namely, a reduction of the cylinder
displacement and even the number of cylinders while incrementing the inlet pressure
in the engine admission. In order to reach the necessary inlet pressure to obtain high
engine performance with a smaller engine, a turbocharger is usually used, which allows to
recover the energy from the exhaust gases to power the compressor placed in the intake
line. Manufacturers are nowadays starting to slightly increase the engine displacement
in a trend known as rightsizing, which nevertheless does not seem to be impacting a
lot in the popularity of turbochargers. The turbocharger is a complex machine whose
efficiency directly affects the whole engine efficiency. Because of that, a lot of efforts
have been placed in improving the turbocharger technology:

• Two-stage boosting systems, which can allow a higher inlet pressure with a more
optimised turbo range of operation as well as a reduction of the turbo lag and an
improvement in the use of exhaust gas recirculation (EGR).

• Two-scroll turbines, which avoid interferences between exhaust processes of conse-
cutive firing order cylinders and enable an optimization of scavenging effects and,
in consequence, a higher volumetric efficiency. Also the transient response of the
engine is improved due to a more effective use of dynamic pressure of the exhaust
pressure pulses.

• Broad turbine and compressor optimisations, that include lowering the heat trans-
fer and mechanical losses, improved stator blades and rotor geometry designs and
better actuator and control systems among others.

On the other hand, not less important is the necessity to reduce the other main
chemical subcomponents liberated in the different combustion of both, diesel or com-
pression ignition (CI) engines and gasoline or spark ignition (SI) engines. In CI engines,
the main contaminant agents are soot and NOx. Soot emissions are mainly captured in
particulate filters (DPF) and burnt later when the conditions in terms of accumulation
and temperature are correct [12]. As for the NOx emissions, which can damage the lung
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tissue and contribute to the formation of acid rain, are usually confronted by both active
measures (avoiding their generation during the combustion) and passive measures (with
aftertreatment technologies). In order to prevent the formation of NOx it is crucial to
reduce the maximum temperature reached in the cylinder during the combustion. To
address this goal, the widely extended strategy is mixing part of the exhaust gas with
the fresh air that is entering the admission, a technique called Exhaust Gas Recircula-
tion (EGR). The main passive measure in this issue is the Selective Catalytic Reduction
system (SCR), in which ammonia is injected into the exhaust gases stream reacting
with the NOx and resulting in N2 and CO2. For its part, in SI engines, the carbon
monoxide (CO), the unburned hydrocarbons (HC) and nitrogen oxides (NOx) are the
main threatening pollutants which, fortunately, are drastically diminished by catalytic
converters [13].

There are additional promising techniques for improving the efficiency of vehicles,
that are currently being developed and that might be relevant in the following years,
such as the rising usage of hybrid powertrain or the introduction of dual-fuel strategies.
Turbochargers might be compatible with some of the future technologies that will arise in
the following decades, nonetheless, what it is certain is that turbocharging improvements
will be present in the immediate years to come, as it is expected that 50% of the cars
sold will have turbochargers.

The turbocharger is a complex machine with multiple difficulties and challenges. Fir-
stly, coupling the engine with a continuous flow turbocharger is traditionally a technical
issue, especially due to the so called turbo-lag effect [14], understood as the delay bet-
ween the moment in which the driver of the vehicle demands an increase of power, and
the subsequent response of the turbocharger in order to reach the requested power. Se-
condly, the operating range in which modern downsized engines operate has forced the
turbocharger to frequently work closer to surge line [15], i.e., combining high boosting
pressure and low mass flow rates. Finally, with the completely extended downsizing
trend and the new dynamic urban cycle regulations [16], the study of the pulsating flow
has become crucial as they introduce several complex phenomena that impact engine
performance. In particular, understanding the pulses in the turbine can lead to a more
optimised design of the silencer and aftertreatment, as well as to a better prediction of
the scavenging effects.

With the dramatical reduction in the computational cost, simulations and modelling
and, in particular, one-dimensional codes have grown in importance in the last few years
to the point that they constitute one of the main tools during engine design stage or
during the development of an existing engine or technology. This scenario, along with
the popularization of turbocharged and highly pulsating engines, drives us to a context
in which accurate predictions of turbocharger performance under conditions of pulses of
high amplitude and frequency will rise in relevance.

This thesis tries to contribute to the understanding of the aforementioned pulsating
phenomena in turbochargers and to the modelling capacity in this topic. Firstly by
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exposing an experimental procedure for testing in highly pulsating conditions, then by
presenting a model procedure, and finally with the explanation of a speed up process
aimed to optimise the computational cost of the process of turbine acoustics simulation.

1.2 Background

During the last decades, engine modelling has been gaining prominence as a main proce-
dure in the research and development field. As opposed to other traditional strategies as
experiments, modelling and simulation campaigns are responsible for a massive reduction
in time and costs associated with the design or improvement of engines and technologies.
Manufacturers and researchers will continue to need experimental campaigns and trial-
and-error-based procedures that complement the modelling and simulations and validate
them, nevertheless, the majority of tests that traditionally were performed during the
early design stages are nowadays replaced by numerical computations. When model-
ling, it will always exist a trade off between computational cost and model accuracy.
Fortunately, the transistor density in dense integrated circuits doubles about every two
years, incurring in proportional gains in the computational power. As a consequence,
more detailed and complex model strategies have been feasible without increasing the
computational cost. Keeping this in mind, it is always determinant to study the appli-
cation and select the modelling approach in consequence, as computational cost is still
important, especially when applied to fast simulation tools with real time capabilities.

There are different computational methods according to the level of complexity and
similarity to the real physics. Most of them can be classified as:

• Look-up table-based methods. These methods require a large database in order to
generate the outputs of the problem, and they usually need the experience of the
engineers in order to interpret and configure them. This is probably the fastest
way to obtain a first model due to its simplicity, but it has low accuracy and low
time-resolution. Thus, they are mainly used in the early stages of engine design or
for specific application.

• Mean value engine models. They do not produce instantaneous results, instead,
they are mainly used for obtaining cycle averaged results. Mean value procedu-
res are not as fast as a look-up tables but they can still be used for real time
applications such as hardware in the loop (HIL).

• Filling and emptying models. In this approach, the momentum conservation bet-
ween elements is modelled. They have time resolutions of the order of the crank
angle so it is not always possible to use them in real time applications due to the
higher computational cost. With this procedure, the capacity to predict non-linear
behaviour is limited to the low-frequency range.
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• One dimensional models. In this modelling approach, the momentum conservation
equation is simulated and a better time resolution is feasible. Thus, these methods
are used for modelling more complex systems, in which the non-linear acoustics
performance is determinant as they are able to predict the wave dynamic behaviour.

• Quasi-2D methods. The philosophy of these methods is to introduce some impro-
vements when comparing to pure one-dimensional models for solving a particular
problem but without implying a much higher computational cost. The simplifica-
tion adopted will depend on the specific problem that need to be solved, but the
objective is to improve the performance of a classic one-dimensional model without
the computational cost that of more detailed approaches.

• Three-dimensional methods, also known as computational fluid dynamic methods
(CFD). Different mathematical Navier-Stokes based approaches are used to model
as much phenomena as possible as possible, including Reynolds-averaged Navier-
Stokes equations (RANS) solvers and turbulence-resolved simulation such as Large
Eddy Simulations (LES) and Detached-Eddy Simulations (DES). The large incre-
ase of computational power of the last years has enable to simulate even the largest
turbulent structures for some applications. Nevertheless, the computational power
available is currently not enough to use these methods in the early and middle
stages of engine design and thus, they are strictly used only where a high grade of
detail is necessary.

Deepening into the turbocharger modelling, it can be observed how a wide variety of
methods have been used with different level of complexity, with the most simple approach
being a simple look-up table based in the manufacturer’s maps. Look-up table models
essentially use several tuning parameters to correct the turbocharger variables (efficiency,
mass flow, etc) in order to take into consideration the effect that the mechanical losses,
heat transfer or unsteady behaviour generate in conditions different from the ones found
during the measurements of the maps. In the past, finding these corrections in order to
correctly predict the turbocharger behaviour under this variety of conditions was feasible.
However, modern turbochargers are smaller and they work in conditions in which these
effects are gaining a lot of importance, specially in specific exigent engine situations
such as an engine warm up or a real urban driving cycle, increasingly present in actual
and future regulations. In this context, notable efforts have been made to develop one-
dimensional codes more accurate and reliable while keeping the computational cost still
very low. Furthermore, one-dimensional codes are crucial as the non-linear acoustics are
becoming more and more important and acoustic pollution regulations more strict.

The work presented in this thesis can be considered a contribution for the process
of continuous evolution of the complete one-dimensional wave action modelling soft-
ware developed in CMT-Motores Térmicos in Universitat Politècnica de València [17].
This software was first initiated by Corberán [18] based on the postulates exposed by
Benson [19] and making use of the method of characteristics as the procedure to solve
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hyperbolic partial differential equations systems. Years later, the method of characte-
ristics was substituted by a faster and more conservative finite difference method by
means of a second order two-step Lax-Wendroff scheme. Nowadays, the evolution of
the flow inside the ducts is computed by means of a Finite Volume Method with a se-
cond order Monotone Upstream-centered Scheme for Conservation (MUSCL [20]) and
the Harten-Lax-van Leer-Contact approximation for Riemann problem solving [21].

Several sub-models have been added to the OpenWAM software for different engine
components such as filling and emptying models for the cylinders and plenums [18, 22]
or the turbine boundary conditions [23], although here the focus is placed in the turbo-
charger sub-models. In this sense, numerous improvements have been tested and imple-
mented in the OpenWAM in-house built software in a dynamic of constant evolution for
the past years. With the fundamentals extracted from [24], the basis of one-dimensional
turbocharger model implemented in the code is developed in [25] and further develo-
ped in [26]. The modularity of the code allows to easily incorporate new sub-models
that solve complex problems such as the heat transfer in the turbocharger [27, 28,
29] the turbine map extrapolation [30] and compressor map extrapolation [31], or the
mechanical losses [32]. Considering the work developed in this thesis as a framework,
new contributions to the OpenWAM software have been implemented, as the quasi-2D
turbine model [1, 33] exposed in chapter 2 or the two-scroll turbine model [3, 34] in
chapter 4. Also the fast acoustic turbine model first presented in [4] and detailed in
chapter 5 is currently under implementation.

This work is particularly focused on modelling and simulations of single and two-
scroll turbines in non-steady pulsating conditions, where some other research teams
have made meaningful contributions, such is the case of the Imperial College team in
London. Costall et al. documented some findings related to the unsteady behaviour
of twin entry turbines under full and unequal admissions [35, 36] and Romagnolli et
al. for steady conditions [37]. The university of Malaysia also with collaboration of
Imperial College made important investigations in this regard. In [38] Chiong et al.
focus in the prediction of the twin-entry turbine performance in an application orientated
approach, while in [39] incorporates the consideration of unequal and partial admission
conditions. Finally, in [40] Chiong et al. exposed a one-dimensional method to predict
the twin-scroll turbine performance under pulses that is furthermore validated against
experimental data. In addition, in [41], an interesting comparison between single-scroll
and twin-scroll turbines performance is presented for the Worldwide harmonized Light
vehicles Test Cycle (WLTC). Collaborating with the same research group, Rajoo et al.
made some interesting contributions, as the experimental study presented in [42] for
characterising the turbine behaviour under a given pulse, analysing different vane angles
as it was previously exposed in [43]. Other studies were performed for analysing the twin
and double entry turbines under pulses, as the investigations carried out by Copeland
et al. [44, 45].

The research institute CMT-Motores Térmicos of Universitat Politècnica de Valèn-
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cia has a long and prolific background in the field of turbocharger research and one-
dimensional ICE code development. In this sense, several dissertations have preceded
the contributions carried out by the respondent and have been essential for the materia-
lization of this document. Using the first studies by Payri [46] and later Serrano [47] as
starting point, numerous dissertations have been developed during the last two decades.
Cervelló [48] developed a testing methodology for turbochargers and also made contri-
butions to the variable geometry turbine modelling. Soon after that, in 2008, Tiseira
Izaguirre [49] faced the compressor surge problem from both modelling and experimen-
tal points of view. The PhD thesis by Fajardo [50] presented an exhaustive research
of pulsating flow characterisation on radial turbines by means of computational fluid
dynamics (CFD). Navarro [51] contributed with a method for predicting flow-induced
acoustics, whereas Reyes-Belmonte [52] presented a very complete dissertation in which,
apart from one-dimensional modelling, he developed a procedure to account for the heat
transfer losses in turbochargers. In the work by García-Cuevas [53] an innovative model
for turbine simulation with a quasi-2D approach is presented, along with a new procedure
for modelling the mechanical losses of the whole turbocharger. More recently, Artem
Dombrovsky [54] described an improved model able to extrapolate the radial turbine
performance in terms of VGT position, rotational speed and blade speed ratio. La-
ter, Inhestern [55] added the study of the turbine performance under extreme off-design
conditions . Regarding the compressor, Daniel Tarí [56] focused on the condensation
problem and the influence of compressor geometry by means of both experiments and
3D-CFD simulations. In his PhD thesis, Manuel Hernández [57] exposed an innovative
quasi-3D model for simulating non-linear conditions in air management elements such as
a exhaust systems. Also recently, García Tíscar [58] presented a methodology for noise
and acoustics measurements in compressors along with CFD simulations. The institute
is now expanding its research in the area of two-scroll turbocharger systems as with PhD
dissertation by Vishnu Samala [59] which will be defended this year.

1.3 Objectives

The general objective of the present work is to contribute to the understanding and the
prediction capabilities of radial turbines by developing new models and methods as well
as improving existing models from the literature. These models are aimed to predict
the turbocharger performance not only under standard characterisation conditions but
also under highly pulsating and close to similar real driving conditions. Furthermore,
to ensure model reliability and accuracy, models and methods developed should be fully
validated by experimental campaigns. Thus, the challenges that the present work seeks
to solve fall into two main categories, i.e., development of experimental procedures, and
modelling work contributions.

As it has been summarised in section 1.2, several methods for testing single entry
turbines under both steady and pulsating conditions can be found in the literature.

9
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Also fewer but instead relevant works have been developed in the particular field of
experimental testing of two-scroll turbines. In this regard, the present work tries to
contribute to the state of the art with the following objectives:

• Develop an experimental procedure to test two-scroll turbines under simulated real
driving conditions that is flexible enough to be used in a wide variety of pulsating
flow conditions with minimal changes in the installation. This includes hot and
cold flow and high or low pulse amplitude and mass flow.

• Provide a testing methodology that is easily adaptable to any type of two-scroll
turbocharger.

• The design of the test rig ensures that the amplitude of the pulses fed to the turbine
are high enough to enter the non-linear domain.

Regarding the modelling category, the major milestones to be achieved are the fol-
lowing:

• On the basis of the quasi-bidimensional turbine model first presented in [53], the
new features added that will be described in (chapter 2) are intended to improve
the accuracy of the model without adding significant computational cost, with the
aim of providing an useful tool to the industry for specific applications.

• Develop an integrated two-scroll turbine model able to be used under unsteady
conditions and aimed to predict the non-linear phenomena of highly pulsating flow
even in the higher than 1000 Hz range.

• Provide the two-scroll turbine model with the necessary features of compatibility
so it can be utilized along with the rest of submodels from the literature such as
heat transfer models or map extrapolation models.

• Build a fast-running method that translates the modelling work developed in this
thesis into a fast applicable tool for real time simulations.

• Additionally, the modelling work of the present research aims to deliver full compa-
tibility with the de-facto industry standard modelling software GT-POWER and
Ricardo WAVE.

1.4 Employed method

Turbochargers in general, and radial turbines in particular, are complex machines in
which several phenomena take place at the same time such as complex fluid dynamics,
heat transfer or mechanical losses. This work focuses in the study of the non-linear
pulsating effects in the turbine with the following procedure as a guide:

10
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• Study of the performance under pulsating flow conditions in a turbocharger gas
stand. The methodology used needs to be well defined and reliable in terms of
both procedures and instrumentation selected. In this regard, the wide in-house
experience has been crucial for extracting high quality data and establishing well
documented experimental procedures [2].

• For the modelling and validation work, a from-the-simple-to-the-complex approach
has been firmly adopted. New features and modifications to the models were first
implemented in a virtual gas stand and, once validated in the gas stand, then added
to the complete engine model software. In the same way, unsteady conditions
introduce a lot of unpredicted results and potential code errors, because of that,
steady conditions were used as a first test to find potential problems prior to fully
validate the model in pulsating conditions.

• The one dimensional code in which the models are implemented is OpenWAM [17],
the 1D simulation integrated tool developed in CMT-Motores Térmicos. Later, the
piece of software correspondent to the turbocharger models of this work have been
extracted and coupled as a plug-in to the well known one-dimensional commercial
software Ricardo WAVE and GT-POWER.

• Once the models are validated, the effort is then relocated into minimizing the
computational cost by exploring new solutions that enable to apply the developed
models in fast or real time applications while keeping as much as possible of the
model accuracy.

1.5 Thesis outline

After the introduction of the present chapter, the subsequent chapters are organised in
the following manner:

Chapter 2 includes the last update of the quasi-bidimensional radial turbine model
first presented in [53] and the corresponding experimental validation. The main contri-
butions to the topic developed in this work are exposed along with the latest results.
The experiments used for the validation of the model are also summarised, with the aim
of being helpful to understand the methodology of the novel experimental method later
explained in chapter 3.

The description of the experimental work carried out for successfully elaborate this
thesis is concentrated in chapter 3. There, an innovative technique for testing two-scroll
turbines under non-linear pulsating conditions is presented. First, the experimental
facility and the procedure are described in detail. Then, an analysis of the results
is performed in order to demonstrate the potential of the method for evaluating the
performance of two-scroll turbines under simulated realistic conditions.

11
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A complete integrated 1D twin-scroll turbine model able to be used in reciprocating
internal combustion engine unsteady simulations is presented in chapter 4. The big
amount of data collected in the experiments described in chapter 3 are here used to
perform the experimental validation. Thus, it is shown how the model is able to correctly
predict the two-scroll turbine performance under a wide variety of non-linear pulsating
conditions.

After having presented the experiments in chapter 3 and the modelling work in chap-
ters 2 and 4, a method for estimating the turbine acoustics with low computational cost
is introduced in chapter 5. The turbine models developed along the previous chapters
are used to feed the look-up tables that enable to predict the sound and noise in real-time
simulations by means of acoustic transfer matrices.

Finally, chapter 6 summarises the concluding remarks of the thesis, including the
main contributions presented in this work related to different topics, the conclusions
obtained from the results of each of the main work sections, and also some recommen-
dations for future studies on these regards.
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2.1 Introduction

Roughly one third of the energy released during the combustion phase in an reciprocating
internal combustion engine (ICE) escapes the cylinder and is available in the exhaust
manifold to be recovered [60]. This high pressure and temperature gas can be expanded
in a turbine to drive a compressor, leading to higher engine power densities and lower
fuel consumption and emissions. However, the application of this technology requires the
study of coupling strategies between the engine and the turbocharger, being the variable
geometry turbine (VGT) the most extended solution in diesel applications. Although it
is difficult to use a VGT with a petrol engine due to the high exhaust temperatures, it
is currently being evaluated as a very attractive way of driving down emissions and fuel
consumption also in these engines, as described in [61].

Most of the fluid-dynamic processes that take place in the engine can be reproduced
by means of zero-dimensional and simple one-dimensional models, providing reasonable
precision with very low computational cost. In this context, using mainly the charac-
teristic curves could be the most efficient solution. Nevertheless, that implies using
information of previous measurements to characterise the curves in an operating range
that is usually wider that the one provided by manufacturers. In addition, it makes
mandatory to interpolate and makes impossible to extrapolate or to consider mass accu-
mulation during unsteady operation.

For that reason, the correct physical modelling of the variable geometry turbine,
with an evolved one-dimensional model, provides a powerful tool for the analysis and
development of reciprocating engines, and in particular, valuable information for the
design of the necessary matching between engine and turbocharger plus the required
control strategies. Active control systems such as the one described by Pesidiris [62] can
also be implemented more easily with more accurate pulsating flow simulations. Furt-
hermore, better predictions in the turbine outlet line can lead to a better design of the
aftertreatment and silencer, and, consequently, to an improvement in the consumption
and pollutant emissions.

A lot of improvements have been seen in this area during the last decade, as shown
in the works by Romagnoli et al. [63] or Payri et al. [64]. Furthermore, some advances
developed in the classic unidimensional approach can be found in the works of Chen et
al. [24], Costall et al. [35] or De Bellis et al. [65]. Other aspects of the turbocharger
behaviour can be taken into account in these simulations. Such is the case of the heat
transfer effects, that can be determined experimentally with a simple lumped model as
in [66] or [67] later in [27] or [68], and more recently in [69] . The simplifications that are
used in simple turbocharger heat transfer models that are coupled with one-dimensional
gas dynamics codes have been validated both experimentally and with computational
fluid dynamics (CFD) simulations, as in [70] or in [71], where a Conjugate Heat Transfer
(CHT) simulation is used to characterise the heat transfer in the turbine. The results of
including a heat transfer model to determine internal heat flows has been investigated
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by several authors, such as in the works by Olmeda et al. [72] or Serrano et al. [73],
and with more focus in the compressor performance in [74]. A review of the effect of
heat transfer in turbochargers can be found in [75]. These models can even be used to
obtain information that is difficult to measure in an experiment, such as the difference
heat flow paths, as in the work by Aghaali et al. [76]. Friction losses models as the one
developed by Serrano et al. [32] or Marelli et al. [77] have been also coupled with one-
dimensional gas dynamics codes so the mechanical efficiency can be computed in time
marching simulations, as shown in [78]. Several works about radial turbine modelling
can be found in the literature, where the properties of the internal flow of the turbine
under different boundary conditions are presented and discussed, as can be seen in the
works by Galindo et al. [79, 80] and Hakeem et al. [81].

Especially focused in the unsteady performance at high frequencies are the works by
Hu [82] and King [83]. In addition, the one-dimensional unsteady flow model presented
by Feneley et al [84] takes into consideration the circumferential feeding of the rotor
channels that are also treated as one-dimensional and unsteady and solved by means of
the method of characteristics. Also, the experimental characterisation of turbochargers
is increasing in complexity in parallel to the models that use this information. This
can be seen in the works by Rajoo et al. [85] or Hohenberg et al. [86] for pulsating flow
in turbines, Serrano et al. [87] for off-design performance of turbines or Torregrosa et
al. [88], Leufvén and Eriksson [89] and Galindo et al. [90] for the performance, including
noise emissions and off-design working conditions, of radial compressors.

In the current chapter of the thesis, a quasi-bidimensional approximation is propo-
sed with the intention of improving the current performance at high frequencies of the
equivalent one-dimensional duct approach with the minimal penalty in computational
costs.

The objectives of this chapter are to present a method to get pressure data in a
radial turbine and to fit and validate a simple quasi-two-dimensional turbine model,
derived from [91], with that experimental data. This model is able to take into account
the circumferential non-uniformity of the flow at the volute outlet section, which is an
important feature to capture the high-frequency performance of the turbine, as shown
by Ding et al. [92] [93].

2.2 Model description and method of calculation

In this section, the main aspects of the model will be described and the specific method
of calculation will be presented. It is important to mention that the model presented
here is an evolution of a pure 1D model, described in [24] and sketched in Figure 2.1.
Section 0 represents the domain inlet section, section 1 is turbine inlet, section 2 is the
equivalent stator nozzle, section 3 is the rotor inlet, section 4 is the rotor outlet, section
5 is the turbine outlet and section 6 is the domain outlet.
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Figure 2.1: Previous 1D Model. The main sections are labelled with numbers.

The model is divided in several parts: one-dimensional flow ducts (turbine inlet and
outlet) and a quasi-bidimensional duct (volute). The stator and the rotor are modelled
as equivalent nozzles and are computed using variable equivalent areas and a virtual
plenum between them. This plenum has a volume equal to that of the physical stator
and rotor combined, to take into account the mass and energy accumulation effects.
The model schematic is shown in Figure 2.2, where the same numbering for the different
sections is used as in the case of the pure 1D model.

The simulation results that are presented in this study were obtained using Open-
WAM [17], the 1D simulation integrated tool developed in CMT–Motores Térmicos.
Euler classical governing equations for fluid dynamics are discretised across the set of
0D and 1D elements of the computational domain. The set of equations that are discre-
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tised and solved are shown in Equation 2.1 and Equation 2.2.

w =

 ρ
ρ · u
ρ · et

 =

 ρ
ρ · u

ρ · cv · T + ρ · u2/2

 (2.1)

∂w
∂t

= ∂

∂x

 ρ · u
ρ · u2 + p

ρ · u ·
(
cp · T + u2/2

)
 (2.2)

where w is the state vector, ρ is the density, u is the flow speed, et is the specific total
internal energy, cv is the isochoric specific heat capacity, T is the fluid temperature, t is
the time, p is the gas pressure and cp is the isobaric specific heat capacity. An ideal gas
equation of state is also used, as in Equation 2.3:

p = ρ ·R · T (2.3)

where R is the gas constant. The older two-step Lax-Wendroff scheme in finite differences
[94] was replaced by a Finite Volume Method, leading to a better result in terms of mass,
momentum and energy conservation. After discretising the equations by a Finite Volume
Method approach, Equation 2.4 is obtained:

dw̄i

dt =
(Ai−1,i · Fi−1,i −Ai,i+1 · Fi,i+1 + Ci)

Vi
(2.4)

where w̄i is the mean value of the state vector in the cell i, Ai−i,i is the boundary surface
between cells i − 1 and i, Fi−1,i is the flux vector between cells i − 1 and i and Ci is
the source terms vector affecting cell i. Finally, Vi is the volume of the cell. The source
term is computed as in Equation 2.5 when no mass or heat sources are present:

Ci =

 0
pi · (Ai−1,i −Ai,i+1)

0

 (2.5)

A Godunov-derived scheme reconstruction ([95]) was implemented, using a second
order Monotone Upstream-centered Scheme for Conservation Laws (MUSCL) [96] for
improving the spatial accuracy during the integration. The linear extrapolation of the
state vector to the cell boundaries is limited using a monotonised central slope limi-
ter by van Leer, and the fluxes are computed using the Harten-Lax-van Leer-Contact
approximate Riemann solver [21].
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The time-step is obtained at each iteration following the Courant-Friedrichs-Lewy
(CFL) condition [97], as in Equation 2.6:

∆t = ν ·
∆x
λ

∣∣∣∣∣
min

= ν ·
∆x

|u|+ |a|

∣∣∣∣∣
min

(2.6)

where ν is the Courant number, ∆x is the cell size, λ is an eigenvalue of the system, a is
the speed of sound and the subscript min represents the minimum value. The Courant
number used during the simulations was 1.0. After computing all the terms, Equation 2.4
is solved each time-step by means of Heun’s method.

In the case of the volute, the same methodology has been applied but taking into
account that, although the volute is simulated as a one dimensional tapered duct, source
terms will be considered in the 1D conservation equations due to the flow leaving through
the lateral window. The addition of these source terms, computed using the stator
results, allows the model to capture the non-uniformity of the flow in the volute during
the pulse transmission. A more realistic volute geometry is used in this case: instead of
a simple straight duct with half of the actual turbine length, the real section distribution
and length are used.

The source term ṁcell for the mass conservation equation for a volute cell is shown
in Equation 2.7:

ṁcell = ṁst (2.7)

where ṁst is the mass flow that passes through one of the stator channels, using as total
inlet conditions the total pressure and temperature of the volute cell, and is computed as
described in the following paragraphs. The source term Ḣcell for the energy conservation
equation for a volute cell is shown in Equation 2.8:

Ḣcell = ṁst · cp · Tcell,t (2.8)

where cp is the isobaric specific heat capacity and Tcell,t is the total temperature of the
cell. Finally, the source term q̇cell for the momentum conservation equation is computed
as in Equation 2.9:

q̇cell = ṁst · vcell (2.9)

where vcell is the axial flow velocity in the cell.

Regarding the prediction of the flow variation around the volute, the work by Chiong
et al. [39] proposes a different solution based on a non-adiabatic pressure loss boundary
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condition. Also in [91], a description of the quasi-bidimensional model of the volute can
be found, however, the stator and rotor are not modelled as in this thesis, as it will be
next explained.

The stator is solved as several nozzles connected to the volute, each to a volute cell,
and to the stator outlet discharge zone using several equivalent effective areas. This
way, the non-uniformity of the flow properties in the volute outlet section can be taken
into account. On the other hand, the rotor is modelled using one equivalent nozzle
with a determined equivalent effective area. Once the effective areas are known, the
computation of the real flow through the stator and through the rotor is easily obtained
by considering adiabatic behaviour in the nozzles. The procedure to obtain these effective
areas is described in the calibration section.

2
3

4

0
1

5

6

Figure 2.2: Q2D Model schematic. The main sections are numbered.

In order to simplify the validation process, the flow evolution is supposed to be
adiabatic, so quasi-adiabatic experimental data is needed. Some basic geometrical data
will also be necessary. The following geometrical data is used by the proposed model:

• Ducts and volute lengths and section distribution.

• Stator blades sizes and positions.
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• Stator inlet and outlet radii and height.

• Rotor outlet tip and nut radii.

• Rotor outlet metal angle.

The volute itself has been used as a mould in which silicone has been injected in order
to get its geometry. After the silicone had cured, it was extracted and measured. The
mould can be seen in Figure 2.3. Not long time after, a 3D scanner was used to gather
more accurate information of the geometry. Then, the data obtained was later used for
CFD studies and applied to develop a new turbine efficiency extrapolation model [98].
However, the work carried out in this thesis uses the more mature extrapolation model
instead [30].

After that, several photographs were taken and a vernier calliper used to measure
the rotor diameters and the rotor outlet angle, as portrayed in Figure 2.4. The inlet
and outlet wheel diameter are 41 mm and 38 mm respectively.

Finally, more photographs where taken to measure the position of the stator vanes,
their lengths and angles for different VGT displacements. The angle of each vane was
individually measured and their mean value was used for each VGT displacement.

Figure 2.3: A silicone mould of the volute.
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Figure 2.4: The turbine rotor wheel.

2.3 Calibration method

In this subsection, the model fitting will be described in detail along with the equations
that are needed. To succeed in the fitting process, turbine mass flow rate, inlet total
conditions and stator static pressure during steady tests must be measured.

Firstly, to capture the unsteady phenomena in any engine working condition, the
model needs information of the reduced mass flow and the adiabatic efficiency in the
complete turbine operation range, so the model map needs to be first adiabatized and
then extrapolated. For the adiabatization process, the residual heat losses need to be
computed and extracted [27, 28, 29]. On the other hand, the extrapolation procedure
described in detail in [30] is based on modelling the turbine as a single equivalent nozzle.
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This method, as it will be next synthesised, is able to extrapolate the radial turbine
performance in terms of VGT position, rotational speed and blade speed ratio, using
thirteen calibration coefficients; seven for the reduced mass flow and six for the efficiency.

In the case of the reduced mass flow extrapolation procedure, the starting point is the
use of continuity applied to stator, rotor and equivalent nozzle as shown in Equation 2.10.
Regarding the equivalent nozzle area, using the velocity definition and solving the mass
flow Equation 2.11 is obtained, and, assuming certain hypothesis (as shown in the work
by Serrano et al. [30]), a new equation of the throat area of the equivalent nozzle is
deduced 2.12:

ṁ = A2′ρ2′v2′ = A4ρ4w4 = ANeqρ4vNeq (2.10)

ANeq = A4

√√√√√√1 +
(

u4
vNeq

)2
−
(

u3
vNeq

)2
+
(
w3
vNeq

)2

(
A4
A2′

)2 ( ρ4
ρ2′

)2
+ 1

(2.11)

ANeq =
a ·A4 ·

√√√√
1 +

σ2·
[(

D4
D3

)2
−1
]

+b

ηt,s√√√√√√√1 +
(
c · A4

A2′

)2
·

(
1

π2′,4

)2

{
1−ηt,s·

[
1−
(

1
π2′,4

) γ−1
γ

]}2

(2.12)

The ANeq is computed minimizing the difference with the equivalent effective area
from the turbine map with the method of least squares of Levenberg-Marquart. The
coefficients a, b and c are fitted according to the following:

• a = cte

• b = b0 + b1 · V GT

• c = c0 + c1 · V GT

where a is a constant value subjected to constrains and not dependent on the VGT.

It is important to point out that Equation 2.12 depends only on easy measurable
geometry parameters of the turbine and on the information available in a standard map.
Once the equivalent nozzle area ANeq is known, the reduced mass flow can be calculated
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considering flow through an orifice with isentropic expansion:

ṁred =ANeq

√
γ

R

(
1

π1t,4s

) 1
γ

·

√√√√√ 2
γ − 1

1−
(

1
π1t,4s

) γ−1
γ

 (2.13)

The model takes into consideration if critical conditions are reached by means of
limiting the expansion ratio (as in Equation 2.13), detecting independently the possible
choking flow in stator or rotor. On the other hand, to calculate the adiabatic efficiency
in Equation 2.14, the Euler equation and the turbine enthalpy drop are used. Through
this procedure, Equation 2.15 is reached. However, as proved in Serrano et al. [30],
Equation 2.16 can be deduced, which is built with the fitting parameters. The efficiency
of the model is, thus, obtained with a similar procedure as the one needed for the effective
area.

ηt,s = T1t − T4s
T1t − T4s,isentropic

(2.14)

ηt,s =− 2
(
D4
D3

)2
σ2 + 2ANeq

A1

(
tanα3 + D4

D3
tan β4

)

·
[

1
π1t,4s

] 1
γ

σ

(2.15)

ηt,s = −dσ2 + e

(
1− f

σ2

) 1
γ−1
· σ (2.16)

As a result, Equation 2.12 and Equation 2.16 can be used for the non-linear fitting
process of the coefficients and they should be solved iteratively as a system, since the
reduced mass flow appears in the efficiency equation and the efficiency equation appears
in the reduced mass flow equation. To succeed in the fitting procedure, some boundary
conditions for the coefficients must be considered, that way, the definition of each coef-
ficient has a physical explanation. With the fulfilment of this procedure, demonstrated
in [30], the radial turbine performance has been extrapolated and an effective area of
the equivalent nozzle has been characterised for a wide range of operating points.

Once the extrapolated map is obtained as an output of the model, the equivalent
effective area and efficiency are chosen in each time-step computation following two
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possibilities. If the VGT position falls inside the map, the effective area and efficiency
are selected by means of a linear interpolation between the immediately superior and
inferior values provided by the model. On the contrary, if the VGT position is outside
the map, a weighted averaged method is used between the closest value of the map and
the model fitted to the complete map.

It is commonplace to consider a value for the reaction degree of R = 0.5 to model the
behaviour of radial turbines designed without guide blades. Nevertheless, that hypothe-
sis cannot be generally accepted when modelling variable geometry radial turbines. For
that reason, an additional procedure, detailed in [25], is applied in order to calculate
the pressure drop across the turbine stator and rotor and thus, evolve the model up to
two nozzles with an intermediate volume between them. In summary, the intermediate
pressure can be expressed as:

p3
p1

=
(

1 + T1t
T1

(R− 1)ηt,s

[
1−

(
p4
p1t

) γ−1
γ

]) γ−1
γ

(2.17)

where
R = 0.5 if α1 > αlimit (2.18)

and

R = 1− 2 ·R
π2D3

(
D2

4 −D2
4,nut

) · ṁred · tanα3
Nred

·
(
p4
p1t

)−1
{(

T1t
T1

)−1
− ηt,s

[
1−

(
p4
p1t

) γ−1
γ

]} (2.19)

otherwise.

Note that in the previous equations the only inputs are geometrical parameters,
along with the typical variables provided by turbochargers manufacturers. Furthermore,
instead of a variable polytropic coefficient, isentropic evolution has been considered in
order to simplify the calculations. Once the pressure drop across the stator is calculated,
the effective areas of the nozzles equivalent to the stator and the rotor can be obtained
from Equation 2.20 and Equation 2.21, where p1t,rel is the relative condition at the rotor
inlet. In addition, to obtain the term p3t,rel/p4, Equation 2.22 must be computed.

Aeff,st = ṁ ·
√
RγT1t
p1t

· 1
γ
·
(
p1t
p3

)1/γ

·


√√√√ 2
γ − 1

[
1−

(
p3
p1t

) γ−1
γ

]
−1 (2.20)
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Aeff,rot = ṁ ·
√
RγT3t
p3t

· 1
γ
·
(
p3t,rel
p4

)1/γ

·


√√√√√ 2
γ − 1

1−
(

p4
p3t,rel

) γ−1
γ




−1 (2.21)

p3t,rel
p4

= p3
p1
· p1t
p4
·
(
T1
T1t

) γ
γ−1
·
[
(1 +

(
T1t
T1
− 1

)
· T1
T3

] γ
γ−1

(2.22)

Finally, with the rotor and stator equivalent areas, the mass flow can be obtained
taking into account that the total temperature is conserved when considering isentropic
nozzle flow. The expansion ratio of each volute cell is used for the computation in
each time step. Therefore, each lateral nozzle has its own expansion ratio and effective
area to reproduce the volute mass flow in the rotor entry. In addition, each volute cell
contributes to the rotor total effective area, that will be obtained by averaging the ones
obtained in all the volute cells. Regarding the turbine extracted power, it is computed as
a sum of the power of each of the volute cells. Again, the explanation of the hypotheses
and the demonstrations of the previous equations can be found in [25].

2.4 Experimental setup

The experiments have been done in a turbocharger gas stand with the following arran-
gement:

• A screw compressor with a maximum flow rate of 0.2 kg s−1 and a maximum dis-
charging absolute pressure of 0.4 MPa provides the mass flow to the turbine. This
mass flow rate is controlled by the screw compressor speed and an electronic dis-
charge valve placed after the screw compressor. The discharge valve is used when
a very small mass flow rate and turbine inlet pressure is required.

• The temperature of the flow that goes to the turbine can be:

– Cooled by a water-air heat exchanger.
– Heated by five electrical heaters with an installed power of 40 kW, rising the

turbine inlet temperature up to 720 K at maximum flow rate.

• The flow that enters the turbocharger compressor passes through a filter and a
water-air heat exchanger in order to regulate the compressor inlet temperature.

• The turbocharger compressor flow is controlled by means of a backpressure valve.
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Figure 2.5: Gas stand schematic.

• The compressor side of the gas stand can be operated in closed-loop, so the flow can
be pressurised. This leads to wider operating ranges when using the turbocharger
compressor as a braking system while measuring turbine maps.

• A rotary valve can be placed upstream of the turbine or downstream of the com-
pressor to generate pulses similar to that found in a reciprocating engine.

• An independent lubrication system is used for the turbocharger. The oil pressure
and temperature can be adjusted for each experimental test.

• A hot film flow meter is placed at the turbine side gas stand outlet, after a water-air
heat exchanger. This mass flow meter has an expanded uncertainty of 2 % of the
measured value in the worst case for the measured values during the experimental
campaign.

• Type K thermocouples, with an expanded uncertainty of 1.5 K per thermocouple,
are used to measure air temperatures at the turbine inlet and outlet in all the
experimental tests.

• Piezoresistive transmitters are used to measure the static air pressure at the turbine
inlet and outlet.

• Three piezoresistive transducers are used to measure instantaneous static pressure
at the turbine inlet and outlet.

• An induced currents transducer is placed at the compressor side to monitor the
turbocharger speed.
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• A displacement transducer is used to measure the VGT position. The maximum
opening corresponds to a VGT position of 100 % and the minimum to 0 %. Using
the straight-line method all the intermediate positions are known.

• All the sensors are installed according to Society of Automotive Engineers (SAE)
J1723 and J1826 standards [99, 100].

In Figure 5.1 the gas stand schematic used during the tests is presented. The internal
cooling system (ICS) and the internal lubrication system (ILS) are also provided with
pressure and temperature sensors, along with mass flow sensors, but they have been
omitted for clarity’s sake. In Table 2.1 the main gas stand measurement equipment is
summarised with the corresponding uncertainty and the operating range.

Variable Sensor type Range Typical expanded
uncertainty

Gas mass
flow

Thermal
flowmeter

45 kg h−1 to
1230 kg h−1

< 1 % of reading
output

Turbocharger
speed

Inductive
sensors

0 krpm to
300 krpm < 500 rpm

Gas
temperature

Type K
thermocouple 273 K to 1500 K 1.5 K

Average gas
pressure

Piezoresistive
transmitter

0 MPa to
0.5 MPa, absolute 12.5 hPa

Turbine
vanes

position

Inductive
displacement

sensor
0 % to 100 % < 1 %

Oil
temperature Platinum RTD 173 K to 723 K < 0.5 K

Oil pressure Piezoresistive
transmitter 0 MPa to 0.5 MPa 12.5 hPa

Oil mass
flow

Coriolis flow
meter 0 g s−1 to 50 g s−1 2 % of reading

output

Table 2.1: Gas stand measurement equipment.

The heat flow has been maintained as low as possible during the experimental cam-
paign, in what is commonly called quasi-adiabatic conditions. To ensure it, the turbine
and lubrication inlet temperatures have been set to be close to the compressor outlet
temperature, with a maximum allowed discrepancy of ±6 K and a mean value of ±2.5 K.
Also, as the compressor outlet temperature is relatively low and the ducts were thermally
insulated, the heat flow to the environment is bounded to a small amount of around 2 %
of the measured turbine power output, as can be seen in Figure 2.6. This heat flow to the
environment has been estimated using the environment temperature Tenv, the maximum
surface temperature of the turbine Tsurf and the exposed surface of the ducts and turbine
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Asurf , and assuming a convective heat transfer coefficient hconv of 10 W m−2 K−1:

Q̇env = Asurf · hconv · (Tsurf − Tenv) (2.23)

The turbine power output is estimated using the total enthalpy flow as follows:

Ẇ = ṁ · cp · (T6t − T0t)− Q̇int (2.24)

where the term Q̇int corresponds to the internal heat losses from the gas to the
turbine shroud, and is calculated as described in [67].

In the next figure is shown the expected error in percentage in the calculation of the
turbine power output due to the external heat losses.

0 2 4 6 8 10 12

0

0.5

1

1.5

2

Figure 2.6: Expected error in turbine power output due to external heat flow effects.

2.4.1 Experimental campaign details

The experimental campaign consisted of two clearly differentiated parts, the quasi-
adiabatic test and the pulsating test. In the quasi-adiabatic test the objective was
to obtain a complete turbine map and all the necessary reliable data for characterising
the turbine and perform the validation of the model under pulsating conditions. As
it was commented before, the pulsating flow is generated by a rotary valve placed up-
stream of the turbine. A disc with several windows is placed at the turbine line in a
way that it opens and closes the air flow path as it rotates. In order to adjust the pulse
amplitude, a bypass valve was used in parallel with the rotating valve. On the other
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hand, the frequency of the pulse was controlled varying the frequency of the electrical
engine power supply from 0 Hz to 50 Hz. The law of aperture of the disc was designed to
approximate the behaviour of that found in the exhaust manifold of a four cylinder, four
strokes reciprocating engine. Taking into account that the disc had three windows, it
was possible to simulate a up to 4500 rpm. Several engine configurations were simulated
in the gas stand:

• 2000 rpm, 25 % of maximum BMEP

• 2000 rpm, 100 % of maximum BMEP

• 3000 rpm, 50 % of maximum BMEP

• 3000 rpm, 75 % of maximum BMEP

• 3000 rpm, 100 % of maximum BMEP

• 3500 rpm, 100 % of maximum BMEP

When designing the experimental campaign, the aim was to obtain a representative
set of data for a complete range of operating conditions. In Table 2.2, the test matrix
used during the experiments is shown:

Engine speed
[rpm]

Load
[%]

Pulse
frequency

[Hz]

VGT
position

[%]

Turbo speed
[krpm]

2000 25 66.67 56 58
2000 100 66.67 47 110
3000 50 100 80 99
3000 75 100 60 122
3000 100 100 50 123
3500 100 116.67 55 124

Table 2.2: Pulsating flow test matrix for single entry turbine experiments.

2.4.2 Pressure decomposition

In order to obtain the instantaneous pressure results, a matrix of three pressure trans-
ducers was fixed in both inlet and outlet branch, denoted by p in Figure 2.7.
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Figure 2.7: Pulsating test schematic. Incident and 2nd reflection waves are imposed.

Along with the instantaneous pressure measurements, piezoresistive sensors have
been used for measuring the static mean pressure in the inlet and outlet branch, taking
into account that piezoelectric transducers don’t measure the very low frequency com-
ponents of the pressure. On the other hand, because of the accuracy and time-resolution
requirements, piezoelectric sensors have been used for the instantaneous pressure mea-
surements.

In order to study the pressure waves and obtain the incident and reflected compo-
nents, a beamforming technique has been used [101]. This method uses spatial filtering
techniques to a set of instantaneous pressure measurements in order to estimate the velo-
city fluctuations through the decomposition of the flow into its forward and backwards
components, assuming that the flow speed is equal to the linear superposition of the
forward and backward flow velocities. To perform correctly this technique, as well as
to avoid possible aliasing phenomena, the flow needs to be fully developed. To achieve
that, it is necessary to fix a minimum distance of approximately 10 pipe diameters of
unobstructed straight length in both directions, upstream and downstream of the sensor
matrix array. Furthermore, the three pressure sensors that compose a beamforming ar-
ray for each of the three turbine branches require a particular physical separation for a
correct decomposition calculation. As it can be observed in the sketch from Figure 2.8,
this distance between sensors was set to 5 cm, which has proven to be a good compromise
between the measurement precision and the linear propagation of the waves between the
sensors.

To capture and process the signal generated by the sensors, charge amplifiers were
used with a calibrated data acquisition unit operating at a sampling frequency of 100
kHz. Every sensor was previously calibrated for adjusting the sensitivity.
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50 mm
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Figure 2.8: Piezoelectric instantaneous pressure sensors sketch.

According to the method used, the level of entropy AA, that can be defined as :

AA =

√√√√ T

Tref
·
(
pref
p

) γ−1
2·γ

(2.25)

(where Tref is a reference temperature and pref is a reference pressure) is considered
constant during each pulsating test, which implies an isentropic relationship between the
instantaneous temperature and pressure at the turbine inlet and outlet.

On the other hand, the flow speed associated to the forward and backwards waves,
i.e., pright and pleft are defined as:

uright = 2 · aref
γ − 1 ·

(pright
pref

) γ−1
2·γ

− 1

 ·AA (2.26)

uleft = −2 · aref
γ − 1 ·

(pleft
pref

) γ−1
2·γ

− 1

 ·AA (2.27)

being aref the speed of sound at the reference temperature Tref . In these conditions,
the instantaneous mass flow rate can be approximated with the next expression:

ṁ =ρ ·A · u = ρ ·A · (uright + uleft)

= p

R · T
·A · 2 · aref

γ − 1 ·

(pright
pref

) γ−1
2·γ

−
(
pleft
pref

) γ−1
2·γ
 ·AA (2.28)
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The pressure and temperature sensors were placed at the same radial position but
different azimuths, with differences in the range of a few kPa and less than 1 K respecti-
vely. As the measurement uncertainty was of the same order, their mean value was used
for the calibration and validation phase.

2.5 Results

The results for the turbine map can be seen in Figure 2.9 and Figure 2.10. In Figure 2.9,
the turbine reduced mass flow rate ṁ∗ is plotted against the turbine total to static
expansion ratio π0t,6, the markers represent the experimental points, whereas the lines
represent the model results. It is worth noting that only five points per speed line were
used to calibrate the model. The model has been fitted using the procedure described in
section ‘Calibration method’ using a random subset of one half of the measured points.
The map efficiency from experiments and model are confronted in Figure 2.10. The
turbine reduced mass flow rate is defined as:

ṁ∗ = ṁ ·
√
T0t

p0t
(2.29)

π0t6 [-]
1 1.5 2 2.5 3

ṁ
∗
[k
g/
s
√

K
/P

a]

0.5

1

1.5
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Model

Figure 2.9: Turbine map - measured vs. model.
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Figure 2.10: Turbine efficiency - measured vs. model.

The instantaneous simulations were carried out imposing the incident wave in the
turbine domain inlet (station 0) and the 2nd reflection wave in the turbine domain outlet
(station 6) i.e., the locations where the sensors are placed. In order to obtain the inci-
dent, reflected, transmitted and 2nd reflection from the composed pressure, beamforming
techniques have been used [101].

An example of the results can be seen from Figure 2.11 to Figure 2.14, where the
power spectral density of the static pressure is plotted at two different points; the turbine
domain inlet (inlet pipe, position 0), and the turbine domain outlet (outlet pipe, position
6) for four different working conditions. The experimental results are plotted against the
values provided by the 1D classic volute model and the quasi-bidimensional model. The
power spectral density is computed using Welch’s average periodogram method [102]
using a Hanning window [103] with a 50 % overlap. The two models present similar
behaviour in the time domain so, in order to study the differences in the performance
between them, the attention has been focused in the frequency domain results. Results
are presented for excitations of 66 Hz and 100 Hz, corresponding to 1500 and 3000 rpm.
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Figure 2.11: VGT at 56 %, 58 krpm, 66.7 Hz. Reflected and transmitted components.
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Figure 2.12: VGT at 80 %, 99 krpm, 100 Hz. Reflected and transmitted components.
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Figure 2.13: First turbocharger, VGT at 60 %, 122 krpm, 100 Hz. Reflected and transmitted
components.
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Figure 2.14: First turbocharger, VGT at 50 %, 123 krpm, 100 Hz. Reflected and transmitted
components.

Although both models present some discrepancies with the experimental data, the
quasi-bidimensional volute shows better fidelity with the experimental results in the
range from 1000 Hz to 2000 Hz mainly due to the “averaging” effect as the flow exits
through its lateral window. In particular, it can be observed that the 1D volute model
tends to overestimate the values in the high frequency range.

From the results it can be inferred that the improvement of the Q2D model is slightly
more evident where the pulses have a higher fundamental frequency. This can be explai-
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ned by the fact that in the higher engine speed cases (higher fundamental frequencies)
the wave length reaches the volute length order of magnitude at lower order and higher
amplitude harmonics than in the low engine speed cases. Nevertheless, no significant
trends were found in terms of VGT position.

On the other hand, for the instantaneous mass flow results, the performance of both
1D and quasi-2D models is similar in time domain as it can be observed in Figure 2.15.
This is coherent with the pressure results, as pressure evolution in time domain is simi-
lar for both models (see Figure 2.16), and differences only appear in middle and high
frequencies as it has been previously indicated.
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Figure 2.15: First turbocharger, VGT at 50 %, 123 krpm, 100 Hz. Inlet and outlet mass flow
rate.
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Figure 2.16: First turbocharger, VGT at 50 %, 123 krpm, 100 Hz. Reflected and transmitted in
time domain.

Regarding the turbine efficiency comparison, experimental instantaneous efficiency
is not available and thus, only the simulation results for both modelling approaches are
presented for both instantaneous (Figure 2.17), and pulse-averaged (Figure 2.18).
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Figure 2.17: Instantaneous Efficiency.

From the results of instantaneous efficiency it can be observed that there are some
noticeable difference between the models, especially in the case of 2.17(a), where the mi-
nimum value reached by the 1D simulation is around 0.6 whereas the minimum reached
by the Q2D is near 0.5. Nonetheless, if the averaged efficiency is compared, as in Fi-
gure 2.18, the discrepancies between models diminish. Indeed, the expanded uncertainty
of this measurement (with a coverage factor of 3 and in red in Figure 2.18) is approxima-
tely in the order of magnitude of the difference presented between the different models.
Thus, with the available data and results, it is not possible to affirm that the quasi-2D
model better captures the instantaneous efficiency and it would be risky to obtain any
trend or conclusion. For future experimental campaigns, it will be crucial to obtain the
instantaneous efficiency and determine the difference between models in terms of instan-
taneous efficiency prediction. Finally, it is worth noticing that the difference between
the maximum and minimum instantaneous efficiency pulse is somewhere around 5-10
% depending on the case, which is high enough to affect the global performance of the
engine and gives a good indication of the relevance of being able to predict the pulsating
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Figure 2.18: Turbine pulse-average efficiency.

flow conditions.

2.6 Conclusions

In this chapter, a method to measure the pressure of a radial turbine under continuous
and pulsating flow conditions is presented. The experimental results obtained are used
to fit and validate a quasi-two-dimensional model and to compare it with the classic
one-dimensional model.

The pulsating flow conditions are generated by means of a rotating valve placed
upstream of the turbine, designed in a way that would approximate the behaviour of
that found in the exhaust manifold of a four cylinder, four strokes reciprocating engine.
Furthermore, piezoelectric transducers are placed in the turbine inlet and outlet lines for
beamforming purposes. That way, relevant experimental information about pulsating
conditions in a wide range of turbocharged engine operating points has been obtained, in
particular, incident and reflected waves for the turbine inlet and transmitted and second
reflection waves for the turbine outlet can be analysed.

The quasi-two-dimensional model has proven to be an appropriate method to improve
the previous one-dimensional duct approaches, especially at high frequencies. The classic
volute model produces good predictions at up to 1000 Hz, while the new model improves
these results and obtained better predictions at up to 2000 Hz. Contrary to what occurs
in the fully one-dimensional model, in the quasi-two-dimensional volute different stator
channels are exposed to different inlet condition. In this manner, the volute produces
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an averaging effect in the pressure pulse at high frequencies that reduces the amplitude
of the signal and can’t be reproduced using a one-dimensional duct. Higher frequencies
remain out of the scope of this study, as they are affected by flow phenomena that is
neither simulated nor modelled, so it could only be properly reproduced with further
development of the model. This improvement in the accuracy of the results comes with
a slight increment of the computational cost, in particular, the additional source term
must be computed for each volute cell and around twice the number of volute cells are
used so, as a result, for the same cell size, the quasi-2D approach doubles the time while
computing the volute element.

It is worth mentioning that a better prediction of the conditions in the turbine line
can be crucial for obtaining a more optimised design of the silencer and aftertreatment
systems. This affects the pumping losses so the total fuel consumption and the pollutant
emissions will be affected as well. Furthermore, a different design implies different back
pressure and, in consequence, different turbocharger matching.

Nowadays, one-dimensional and zero-dimensional models of full engines are fast
enough to be implemented in real-time simulations such as hardware-in-the-loop (HIL)
with an acceptable but also improvable precision. Thus, in the following years, main-
taining low computational costs in the turbocharger code will be crucial, specially con-
sidering that the development and the application of these systems are becoming more
and more essential in the engine research field. Furthermore, the quasi-two-dimensional
model should be also trivially adapted to twin-entry and waste-gate turbines, such as
the ones used in petrol engines.
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An experimental method to test
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3.1 Introduction

For the past few years, the automotive industry has been living a deep and accelerated
evolution. Gasoline engines are gradually gaining importance and market share against
diesel engines, even in Europe, where the industry is facing the constant challenge of
improving the engine efficiency and decreasing the pollutants emissions, following the
path drawn by the EURO 6 and the future EURO 7 regulations [104]. Furthermore,
electrical engines are increasing its market share but, however, as it is exposed in [6],
internal combustion engines have still a long way to go. In this context, the widespread
use of the turbocharging technology allows more efficient and downsized engines with
considerable higher specific power. Thus, reducing engine weight and mechanical losses,
which leads to a drastic reduction of CO2 among other pollutants [105].

Vehicle emissions and fuel consumption reduction are not, however, the only con-
cern of automotive manufacturers. The customer’s requirements concerning the driving
experience is forcing the industry to develop more and more evolved techniques in the
field of turbocharging and, hence, increasing the complexity of the system. As an exam-
ple, dual-turbocharger technology is nowadays considerably present in some applications
[106], while twin-entry and double-entry turbines are being selected more frequently in
the last high efficiency engines.

Twin and double entry turbines are characterised by the particular design of their
housing, in which the flow is divided into two separated flow channels fed by separate
exhaust banks, decoupling the energy pulses of sequentially igniting cylinders. Due to the
avoidance of backflows generated by interferences of exhaust process between consecutive
firing order cylinders, a better engine volumetric efficiency is obtained. Furthermore,
a more effective use of the dynamic pressure of the gas pulses improves significantly
the transient response compared to a single entry turbine, particularly evident when
comparing via engine Worldwide harmonized Light vehicles Test Cycle (WLTC) [41].

Two-scroll turbines can be classified in two main groups, the twin-scroll turbines and
the double-scroll turbines, depending on how the volute is designed; twin-scroll if the
housing of the volute is meridionally divided, double-scroll if the division of the volute
housing is circumferential. Many studies have been carried out with the intention of
analysing the differences in performance of twin- and double-volute designs, especially
in terms of efficiency, like the investigation developed by Pischinger andWunsche in [107]
or by Romagnoli et al. in [37]. However, the objective of this chapter is to perform a
comparison or analysis of a particular two-scroll turbine design, since the experimental
method that is explained is flexible enough to be used for any turbine design.

The experimental data provided by the turbocharger manufacturers is usually obtai-
ned in normal-steady conditions. Nevertheless, during the actual driving conditions, the
turbine is continually hit by highly pulsating flow due to the opening and closing of the
cylinder valves, as explained in [79]. Thus, a good comprehension of the behaviour of
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the turbine under pulsating conditions has become very useful for the automotive manu-
facturers during the design stage. To satisfy this demand, several experiments have been
developed for single-entry turbines, as the works carried out by Hohenberg et al. [86]
for pulsating flow in turbines or Serrano et al. [87] and Torregrosa et al. [88] for the
performance and off-design conditions among many other studies. Especially focused
on the turbocompressor performance under pulsating conditions for diesel engines is the
experimental investigation carried out by Torregrosa et al [108]. A gas stand with a
modular design philosophy is exposed in [109] that provides a lot of flexibility when the
aim is to analyse the response of very different pulses. Finally, a similar methodology as
the one described here can be consulted in [1], being, in this case, applicable only for
single-entry turbine configurations.

Regarding the unsteady behaviour in the twin-entry and double-entry turbines, more
recent investigations have been carried out. First, Arcoumanis et al. [110] and later Rajoo
et al. [85] investigated the influence of the pulsation on a mixed-flow turbine and the
response of different configurations. On the other hand, a comparison of the performance
of a double-entry turbine under pulsating and steady conditions can be found in [111].
More recent is the study carried out by Mingyang et al. [112], where, apart from an
analytical model of the unsteadiness of the mixed-flow turbine, a 1-D unsteady model
is validated against experimental results. Due to the challenge that obtaining reliable
pulsating experimental measurements implies, many studies have been developed using
CFD simulations, as the works in [42, 113, 114] and more recently in [115]. Finally,
in [116] a deep CFD numerical analysis for twin turbine is presented along with an
experimental validation with a wide range of operating conditions.

Particularly interesting is the work developed by Kabral et al in [117], where a first
acoustic characterisation is performed by means of pressure decomposition, obtaining
the small amplitude (linear) dynamic response of the twin-scroll turbine. The present
investigation adds, however, the capability to test any two-scroll turbine under higher
amplitudes with the aim of obtaining a more realistic acoustic characterization of the
turbine. This provides enough flexibility to check the dependency of the response to
different excitations in hot and cold conditions, different amplitudes and different engine
points of operation. It is also possible to separate the effects of each branch indepen-
dently. This experimental data provide very valuable information of the nature of the
pulse reflected to the exhaust manifold and transmitted to the exhaust line, allowing
more accurate decisions during the design and matching stages and optimising the sca-
venging effects and the high efficiency turbine range. High quality experimental data
is also essential for developing and validating reliable 1D models, in fact, by means of
the procedure described in this chapter, it has been possible to obtain the experimental
data used to perform the model validation presented in the next chapter.
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3.2 Experimental method description

The experimental work that will be here detailed has been carried out in the CMT-
Motores Térmicos gas stand laboratory for turbocharging research, an especially built
facility for testing any type of turbocharger in any condition. In this installation the
turbocharger is isolated from the IC engine and measured under controlled conditions. In
this way, the gas stand configuration provides the greater range of possibilities, including
steady and pulsating flow conditions, hot and cold flow conditions, as well as amplitude
and frequency control and heat fluxes characterisation, all with complete flexibility and
minimum changes in the installation.

Firstly, the test bench setup is described in detail and sketched, then, the turbine
characteristics are commented. Finally, the procedure for performing the pulsating flow
measurements is described along with the necessary instrumentation and the test plan.

3.2.1 Test bench setup

Figure 3.1 represents the basis layout of the experimental gas stand, which can be divided
into 4 main systems; the compressor line, the turbine line, the coolant circuit and the
lubrication circuit.
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Figure 3.1: Testbench layout.

In the next table, a summary of the main sensors and the different elements of
measure are presented.
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Variable Sensor type Range Symbol in
the sketch

Gas pressure
(mean) Piezoresistive 0 to 5 bar p

Gas pressure
(instantane-

ous)
Piezoelectric 0 to 250 bar B/F

Gas/metal
temperature

K-type
thermocouple

273 K to
1500 K T

Gas mass
flow

V-cone,
thermal,
vortex

45 to 1230
kg/h ṁ

Oil pressure Piezoresistive 0 to 5 bar LS
Oil

temperature RTD 173 K to
723 K LS

Oil mass flow Coriolis Few tens
gr/s LS

Turbocharger
speed

Inductive
sensor < 300 krpm rpm

Table 3.1: List of measurement equipment with corresponding symbols in the layout sketch.

3.2.1.1 Compressor line

In open loop, the compressor sucks air directly from the atmosphere of the test-bench and
passes it first through a filter. Then, the mass flow rate is measured using a thermal mass
flow meter. Downstream of the compressor, piezoresistive sensors and thermocouples
are used for the measurement of the pressure and temperature respectively, along with
a vortex-type mass flow meter for the compressor outlet mass flow. After taking the
measurements, there is an electronically driven back pressure valve allowing to control
the full working range for the compressor, from surge to choke. Finally, another filter is
used to clean the air from oil before discharging it to the atmosphere.

The compressor can also be tested in a closed-loop configuration, where the outlet
of the loop can be attached to its inlet. Thus, the compressor can be tested with low-
pressure or high pressure at its inlet, lowering or raising the power drawn for a given
compression ratio and a given corrected speed.

3.2.1.2 Turbine line

The air used to feed the turbine proceeds from a two-stage radial compressor located
in an adjoining room. This compressor has a maximum pressure handling capacity of
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5 bar, a maximum power of 500 kW, an intermediate cooling system, and an operative
point control system. When the required pressure or mass flow rate is lower than the
minimum supplied by the compressor, electronic discharge valves are used. These valves
are placed upstream and downstream of two high-volume plenums. The discarded flow
is directly discharged to the atmosphere. The two-stage radial compressor has its own
filters, so the air that enters the turbine is oil and dust-free. The high-volume plenums
are used to stabilise the flow.

After the stabilisation plenums, a combustion chamber heats the air to the desired
turbine inlet temperature, with a maximum reachable temperature of 1200 K for the
maximum flow rate. This element is not used for all the tests, as some of the operating
points are obtained in cold conditions.

Downstream of the combustion chamber, the flow is divided into the two turbine
branches, where new measurements of mass flow are obtained by means of V-cone-
type mass flow meters. Due to their reliability and accuracy even in dirt or pulsating
conditions, these elements are particularly interesting for this application.

For generating the pulses, a rotating valve activated by an electric engine is situated
in one of the inlet branches. This rotating valve was designed to withstand high pressures
and temperatures, so it can be used to generate engine-like pulses. During the tests,
measurements had to be obtained pulsating in both inlet branches, so it was necessary to
find an easily installable solution compatible with the rest of the elements of the turbine
line. With this purpose, two flexible pipes were installed after the control pipes, allowing
a fast change of the pulsating branch by simply switching their connections, as shown
in Figure 3.2.

Finally, a beamforming array of three piezoelectric sensors for the pressure decom-
position is placed before the inlet maintaining a specific distance among each other, as
it will be detailed in the pulsating measurements section. The average flow pressure and
temperature is also measured, using piezoresistive sensors and K-type thermocouples.

In the outlet of the turbine, another beamforming array is used for the pressure
decomposition, along with new measurements of mean pressure, temperature and mass
flow, all following the same methodology as in the turbine inlets.

3.2.1.3 Coolant circuit

The piezoelectric sensors used for the measurements of the instantaneous pressure are
especially sensitive to temperature changes. Thus, the pressure sensors require a cooling
system that maintains the temperature constant so that the pressure measurements
are not affected. For this purpose, the general cooling system of the building is used,
maintaining a coolant bath at a constant temperature of 20 ◦C.
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Figure 3.2: Flexible pipes for switching the pulsating branch.

3.2.1.4 Oil circuit

A controlled lubrication system is used for both the turbocharger and the rotating valve.
A Coriolis-type flow meter is used to measure the oil mass flow. The oil pressure and
temperature at both the inlet and outlet of the turbine, as well as the pressure at the
inlet of the rotating valve, are measured. The oil flow is kept controlled by means of a
recirculation circuit and a piloted valve. To control the oil temperature, the system uses
an electrical heater.

Lubrication inlet and outlet temperatures are measured by means of low uncertainty
platinum resistance temperature detectors. Periodic samples of oil can be taken from the
independent lubrication system in order to characterise its properties (viscosity, density
and specific heat capacity variations with temperature). This way, any change in oil
properties due to oxidation can be monitored.

3.2.2 Turbine characteristics

The turbocharger used for the tests presented consists of a radial compressor and a twin
entry turbine, with asymmetrical entry and wastegate, for applications in an automotive
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commercial gasoline engine. Regarding the nomenclature, the two different entries of the
turbine will be denominated as shroud and hub due to its location inside the housing.

3.2.3 Pulsating flow measurements

It is quite challenging to obtain reliable experimental data when dealing with realistic
pulsating conditions. The instantaneous pressure sensors and their corresponding am-
plifier are very sensitive to the electrical noise present in the test-bench, and the output
signal generated should be treated and filtered properly. The know-how and experience
obtained in [1] has been determinant for the quality of the results. The addition of a
second turbine entry requires a fine operation of the control systems and valves. In the
following sections, the necessary control systems and valves for performing the pulsating
flow measurements are described, as well as the data acquisition equipment and the test
plan followed.

3.2.3.1 Pulse generation and frequency control

For generating a highly pulsating flow, an especially designed rotating valve is set up
at one of the inlet branches of the turbine, using the flexible pipe (see Figure 3.2) for
switching the pulsating branch. The valve was built from a truck turbocompressor, and
it is powered by an asynchronous motor. The frequency of the electrical motor can
be controlled from 0 to 50 Hz, in order to reach the desired engine equivalent speed
(Figure 3.3).

Rotating

valve
Synchronous

motor

Figure 3.3: Rotating valve and synchronous motor.
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In the turbine side, a plate with three equispaced orifices is placed in order to allow
or limit the passing flow and impart the pulses into one of the inlet branches. In each
complete rotation of the motor shaft (360◦) three pulses are transmitted, producing a
maximum frequency of 150 Hz. The different shapes of the plate holes can imitate the
opening and closing duration of the actual cylinder valves (Figure 3.4).

Figure 3.4: Rotating plates for pulse generation.

The frequency of the rotating valve can be easily adjusted by following a simple
relationship between the electric motor frequency and the equivalent engine speed. For
example, for performing tests for an equivalent engine speed of 2000 rpm:

2000 · revmin ·
1min
60s ·

4cylinders
2branches ·

1
3holes = 11 Hz (3.1)

In this example, the frequency of the imposed pulse is 33 Hz, which requires a setpoint
frequency for the electrical motor of 11 Hz, taking into account that each plate has three
holes. The maximum equivalent engine speed available is, consequently, 9000 Hz.

3.2.3.2 Amplitude control

The amplitude of the generated pulse of each operating point is adjusted using the am-
plitude control valve operated by a PID controller. The valve operates by controlling
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the amount of mixing of the steady and pulsating flow, so that if the amount of steady
mass flow is less in the mixing, the pulsating amplitude is higher and vice versa. This
methodology allows to recreate the higher engine load operating points by simply in-
creasing the pulsating amplitude. With this configuration, the rotating valve is fixed in
one inlet, but, as it was mentioned before, the pulsating branch can be easily changed
by switching the flexible pipe (Figure 3.2).

3.2.3.3 Admission control

The admission conditions were controlled by controlling the mass flow rate at each inlet.
For setting the desired mass flow rate, the valve position was fixed before the experiment.
Two different positions were used, half and full, in a strategy where the pulsating branch
was always kept at full admission and the other branch at 50%. By changing the positions
of the flexible pipe, partial admission conditions were either imposed at the shroud side
entry or hub side entry of the turbine.

3.2.3.4 Pressure decomposition

For the instantaneous pressure, three pressure transducers were fixed in each inlet branch
as well as in the outlet branch (Figure 3.5). For performing the pressure decomposition
in each of the inlet branches and the outlet branch, the procedure followed [101] is
analogous as the one already detailed in subsection 2.4.2. The only difference with the
pressure decomposition description from chapter 2 is that there is an additional turbine
inlet branch where a third piezoelectric sensor matrix should be placed.

To process the signal generated by the sensors, charge amplifiers were used. Every
sensor was previously calibrated for adjusting the sensitivity. It is worth mentioning
that piezoelectric sensors are highly sensitive to the electrical noise generated by all the
equipment present in the test-bench. With the objective of lowering this noise as much
as possible, all the sensors were connected to an equipotential earth by means of a low
impedance metal mesh. On the other hand, piezoresistive sensors have been used for
measuring the static mean pressure in the branches.

In addition, averaged temperature measures were also taken in the turbine inlet
and outlet pipes using thermocouples. To compensate the natural uncertainty of this
instruments as much as possible, four measures were taken in each section using four
equispaced radial positions. The thermocouples are placed at different depths to get a
more representative section average, as seen in Figure 3.6.
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Figure 3.5: Instantaneous pressure sensors setup.

3.2.3.5 Control system and data acquisition

In this facility, the PID regulators are aimed to control the main regulation systems of the
installation such as the two-stage radial compressor or the multiple valves. The digital
PID that controls the compressor fixes its outlet pressure by modifying the rotational
speed and the position of the variable geometry blades. All the valves in the installation
are controlled by digital PIDs.

In Table 3.2, the valves that have been used in this experiment are enumerated. The
last column contains the correspondent symbol of each valve correspondent with the
sketch of Figure 3.1.

In an experimental campaign of this characteristics, not only a safe and reliable con-
trol is necessary, but a correct data acquisition system is also vital. This is particularly
important if the purpose lies in obtaining high resolution unsteady flow measurements.

Therefore, two different compatible mechanisms were used, namely, the power re-
gulator of each main element, and the specifically designed automatic system full_rio,
which is an in-house manufactured equipment. This system is based on PXI and RIO
modules of National Instruments, and it is operated by a software designed in LabVIEW
environment.
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Figure 3.6: Thermocouples setup.

3.2.3.6 Test plan

Table 3.3 presents a summary of the working points selected for the experiments. The
goal was to cover a full range of operative conditions, including different equivalent
engine speed, flow conditions and compressor map operative range. The mass flow ratio
(MFR) establishes a relation between the different mass flow quantities through each of
the inlets, shroud and hub, and it is defined as in Equation 3.2:

MFR = ṁshroud
ṁshroud + ṁhub

(3.2)

3.3 Results and discussion

In the following section, first the results of the pressure decompositions measurements are
exposed. Later, a complete analysis of the turbine behaviour under pulsating conditions
is presented to provide a sample of the potential of these experiments when the goal is
to study the turbine non-linear response.
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Actuator Action Range Symbol in
the sketch

Vent valve Open valve 0-100% VBs
General valve

(big)
Control experiment
pressure and flow 0-100% VG1

General valve
(small)

Control experiment
pressure and flow 0-100% VG2

Combustion
chamber
valve

Control cold air 0-100% VinCC

Cold air
valve Control cold air 0-100% VCS

Compressor
entry valve

Control compressor inlet
mass flow 0-100% VIC

Bypass valve Control outlet combustion
chamber 0-100% Vbypass

Turbine
entry A valve

Control valve through
turbine inlet A 0-100% VinT_A

Turbine
entry B valve

Control valve through
turbine inlet B 0-100% VinT_B

Pulse
amplitude

valve
Control amplitude pulse 0-100% VamplPS

Backpressure
valve (big)

Control compressor
backpressure 0-100% VbpC_1

Backpressure
valve (small)

Control compressor
backpressure 0-100% VbpC_2

Pulse
Frequency

valve

Control rotating valve
frequency 0-100% VfrecPS

Table 3.2: List of the control valves with corresponding symbols in the layout sketch.

3.3.1 Pressure decomposition measurements

The pressure decomposition results of the two operating points #4 and #46 (Table 3.3)
in both time and frequency domain are presented from Figure 3.7 to Figure 3.9 and from
Figure 3.10 to Figure 3.12 for both cases respectively. For the nomenclature, incident
and reflected has been used in the pulsating branch for the forward and backward tra-
velling waves, i.e., towards turbine and away from turbine respectively. Similar criterion
has been used for the not pulsating inlet branch, where indirect reflected and indirect
transmitted have been used for the waves travelling towards the turbine and away from
the turbine respectively. On the other hand, the transmitted wave travels downstream
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Case label Pulsating
branch

Mass flow
ratio approx.

Flow
conditions

#1 - #4 Shroud 0.5 Cold
#5 - #12 Shroud 0.7 Cold
#13 - #18 Hub 0.5 Cold
#19 - #26 Hub 0.3 Cold
#27 - #32 Hub 0.5 Cold
#33 - #40 Shroud 0.7 Hot
#41 - #48 Hub 0.3 Hot

Table 3.3: Summary of the pulsating flow test matrix for two-scroll turbine experiments.

of the turbine in the direction of the flow and the 2nd reflection wave travels from the
outlet of the turbine in the opposite direction of the flow.

In the bottom graph of each plot the pressure decomposition results in the frequency
domain are presented. The time domain original pressure measured is treated with a low-
pass, linear phase filter and a Fourier transformation using Welch’s periodogram method
with a Hamming window. In this way, it is possible to directly observe the amplitude in
dB of each harmonic of the equivalent engine. As it is expected, the amplitude decreases
when the frequency is higher, going from 120-140 dB of the first harmonics to less than
100 dB for a frequency of 1000 Hz. The amplitude of the pulse in the high spectra is
however, significant enough to not be neglected.
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(a) Incident pressure, PSD

(b) Reflected pressure, PSD

Figure 3.7: (a), (b), Incident and reflected waves for case #4.
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(a) Indirect reflected pressure, PSD

(b) Indirect transmitted pressure, PSD

Figure 3.8: (a), (b), Indirect reflected and indirect transmitted waves for case #4.
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(a) Transmitted pressure, PSD

(b) 2nd reflection pressure, PSD

Figure 3.9: (a), (b), Transmitted and 2nd reflection for case #4.
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(a) Incident pressure, PSD

(b) Reflected pressure, PSD

Figure 3.10: (a), (b), Incident and reflected waves for case #46.
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(a) Indirect reflected pressure, PSD

(b) Indirect transmitted pressure, PSD

Figure 3.11: (a), (b), Indirect reflected and indirect transmitted waves for case #46.
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(a) Transmitted pressure, PSD

(b) 2nd reflection pressure, PSD

Figure 3.12: (a), (b), Transmitted and 2nd reflection for case #46.
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The time domain graph provides relevant information of the shape and amplitude
of the pulse and how it evolves when interacting with the turbine rotor. The reflected
component (Figures 3.7(b) and 3.10(b)) is roughly conserving the shape of the incident,
while its amplitude and mean level are clearly decreasing, a good indication that results
are coherent.

Focusing in the transmitted wave of the hot flow operating point (Figure 3.12(a)), it
can be observed how the mean level of the pressure pulse decreases from approximately
1.75 bar in the incident to 1.24 bar (transmitted) while the amplitude goes from more
than 100 mbar to 20 mbar. In the #46 case, the pulses are performed in the hub branch,
so in the indirect transmitted result (Figure 3.11(b)) what it can be observed is the
effect in the shroud branch of the pulse that is produced in the hub. In this sense, it is
interesting to analyse how the pulse evolves when it hits the rotor and travels backwards
through the other inlet branch. It is important to mention that, although the amplitude
of the indirect transmitted wave is considerably lower than the incident, it will have an
impact in the performance and therefore, it should not be neglected.

3.3.2 Non-linearity assessment

In the linear-acoustics limit, with the turbine behaving as a linear passive element,
Equation 3.3 should apply:

R1 T2,1 T3,1
T1,2 R2 T3,2
T1,3 T2,3 R3

 ·
p

i
1,+ pj1,+ pk1,+
pi2,+ pj2,+ pk2,+
pi3,- pj3,- pk3,-

 =

 p
i
1,- pj1,- pk1,-
pi2,- pj2,- pk2,-
pi3,+ pj3,+ pk3,+

 (3.3)

where Ra is the reflection coefficient for branch a, Ta,b is the transmission coefficient
for a pulse going to the turbine from branch a and being transmitted to branch b, pia,+ is
the pressure wave travelling downstream in branch a and experiment number i and pia,-
is the pressure wave travelling upstream in branch a and experiment number i. The sy-
stem could be solved and the matrix of reflection and transmission coefficients obtained
if a system of linearly-independent experiments were performed. Linearly-independent
experiments can be performed as shown in [117], producing pulses with different exci-
tations at both turbine inlets and the turbine outlet. When a single excitation source
is used to generate active pulses in one of the branches, for example generating a pulse
pi1,+, the values of pi2,+ and pi3,- are also proportional to the amplitude of pi1,+ if the
system is working in the linear acoustics limit. Thus, when operating the system at a
constant average working point (i.e., constant average pressure ratio and reduced speed)
and producing different pulses in the same turbine inlet, it is not possible to generate
linearly-independent, linear acoustics experiments. Using data measured at a constant
working point but different pulse shapes on the same inlet branch, the second matrix
in Equation 3.3 was computed and its determinant was found to be different enough
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than 0 to indicate linear independence. Thus, the pulses were strong enough to induce
non-linear acoustic behaviour in the turbine.

3.3.3 Turbine behaviour analysis

The goal of the following results is to exemplify firstly the potential of this kind of
experimental study in terms of analysing the non-linear behaviour of the engine pulses
in both turbine inlets and the turbine outlet. Furthermore, presenting a summary of all
the operating points in the same graph allows to obtain different conclusions that can
be very valuable.

In Figure 3.13, Figure 3.14 and Figure 3.15, the reflected, indirect transmitted and
transmitted coefficients are presented for all the cases tested versus the mass flow ratio.
These coefficients are simply obtained as a quotient between the maximum amplitude
of the reflected, indirect transmitted or transmitted components and the maximum am-
plitude of the incident component.

Figure 3.13: Reflected coefficient for all the operating points.
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Figure 3.14: Indirect transmitted coefficient for all the operating points.

Figure 3.15: Transmitted coefficient for all the operating points.
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In this study, three main conclusions can be inferred:

• The hot flow operating points are of course higher in amplitude than the cold cases.
Nevertheless, when normalising with the incident component, it is clear that the
coefficients of hot and cold points are moving in the same range, and, thus, it can
be concluded that the reflection and transmission capabilities of the turbine are
not being affected by the temperature conditions of the flow.

• It is also relevant the significant difference of performance when operating in diffe-
rent MFR. In this sense, it is quite evident that the turbine is more permeable for
transmitting the incident pressure waves to the outlet when operating at MFR 0.5,
while the reflection is higher in general when the flow is not equally distributed in
the inlets (MFR 0.3 and 0.65 approx.).

• Regarding the transmission coefficient result, there is an important difference be-
tween the performance of the shroud and hub turbine inlets (blue and red). A
more concentration of points in the lower part of the graph can be observed for the
shroud entry results (pulsating in shroud), while higher transmission coefficients
are present when pulsating in hub.

Even though the MFR is a good variable to analyse the turbine performance, it
might not be the most illustrative when looking for trends in the transmission and
reflection losses and, thus, some other variables can be analysed. In Figure 3.16 the
transmitted and reflected coefficients are correlated with the turbocharger speed, whereas
in Figure 3.17 the same coefficients are confronted to the mass flow.

From Figure 3.16 it can be inferred that it appears to be an inversely proportional
relationship between the reflection and transmission losses that correlates with the tur-
bocharger speed. From the initial 90 krpm until approximately 130 krpm, the trend
indicates a reduction in the transmitted coefficient and an increase in the reflected coef-
ficient when the turbocharger speed increases. This trend apparently vanishes when the
speed starts to get over the 130 krpm level, which might be an indication that some
critical flow speeds are reached. In virtue of this observations, it can be stated that
there is a trade-off between reflection and transmission losses that has to be dealt with
when selecting the range of operation of the turbocharger in the calibration stage.

Results shown in Figure 3.17 can complement the previously observations about
the turbocharger speed and the trade-off between reflection and transmission losses.
Indeed, taking for example the pulsating-in-hub cases, the trend shows again a inversely
proportional relation between the reflected and transmitted coefficients. This way, when
the mass flow increases, the reflected coefficient also increases, whereas, on the contrary,
the transmitted coefficient decreases.
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(a) Reflected coefficient vs turbocharger speed

(b) Transmitted coefficient vs turbocharger speed

Figure 3.16: Summary of all cases compared to turbocharger speed: reflected coefficient (a),
transmitted coefficient (b).
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(a) Reflected coefficient vs mass flow

(b) Transmitted coefficient vs mass flow

Figure 3.17: Summary of hub cases compared to mass flow rate: reflected coefficient (a),
transmitted coefficient (b).
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After a general view of all the operating points, it might be interesting to analyse the
differences that appear when comparing the same operating point but with the pulses
performed in different branches. To this manner, in each of the following graphs, the
result of a same operating pulsating point but with the pulses performed in shroud or
hub entries is presented , again, blue and red respectively. The fact that the same pulse
is imposed but in a different branch will allow to analyse differences in the response
that are originated mainly due to the geometry of the entries and volutes of the turbine.
In Figure 3.18, Figure 3.19 and Figure 3.20, the reflected, transmitted and indirect
transmitted pressure components are shown using time as the independent variable.
The time domain is used in order to look for particularities and differences in the pulse
in terms of shape, amplitude, pulse-averaged range, etc.

(a) MFR0.5-1400rpm-cold (b) MFR0.5-3100rpm-cold

(c) MFR0.5-3900rpm-cold (d) MFR0.5-4600rpm-cold

Figure 3.18: Reflected component in time domain for cases #1 and #17 (a), cases #4 and #21
(b), cases #7 and #25 (c), and cases #10 and #29 (d).

According to the results of the comparison between branches in the time domain, it
can be stated that the oscillations are very similar in both shape and amplitude for inci-
dent and transmitted (Figure 3.18 and Figure 3.19). However, the indirect transmitted
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component (Figure 3.20) seems to present bigger differences depending on whether the
pulse is generated in the shroud or hub branch. The conclusions are the same for all the
four pair of cases analysed. As it can be observed, although the amplitude and the shape
are fairly similar, the pulse-averaged pressure value that is transmitted to the shroud
when pulsating in the hub is 20-40 mbar higher than the component that is indirectly
transmitted to the hub when the pulses are performed in the shroud. This indicates that,
with the geometry of this specific turbine, assuming that the same pulse is imposed as
input in the entry, the indirect transmitted pressure that will travel back through the
passive branch all the way back to the engine, will be higher in amplitude when pulsa-
ting in the hub branch. This kind of information might help taking better decisions in
order to calibrate turbine operating range in terms of the mass flow distribution for the
unequal admission operating points during the engine design stage.

(a) MFR0.5-1400rpm-cold (b) MFR0.5-3100rpm-cold

(c) MFR0.5-3900rpm-cold (d) MFR0.5-4600rpm-cold

Figure 3.19: Transmitted component in time domain for cases #1 and #17 (a), cases #4 and
#21 (b), cases #7 and #25 (c), and cases #10 and #29 (d).
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(a) MFR0.5-1400rpm-cold (b) MFR0.5-3100rpm-cold

(c) MFR0.5-3900rpm-cold (d) MFR0.5-4600rpm-cold

Figure 3.20: Indirect transmitted component in time domain for cases #1 and #17 (a), cases
#4 and #21 (b), cases #7 and #25 (c), and cases #10 and #29 (d).

Continuing with the comparison between shroud and hub branches for the same
pairs of operating points, it is also interesting to study an example of how evident is this
difference of behaviour between branches along the frequency domain. in Figure 3.21
the evolution of the transmission loss in the frequency domain is presented for the full
admission operating points. The transmission loss is defined as the difference between
the incident and the transmitted amplitudes in dB.
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(a) MFR0.5-1400rpm-cold (b) MFR0.5-3100rpm-cold

(c) MFR0.5-3900rpm-cold (d) MFR0.5-4600rpm-cold

Figure 3.21: Transmission Loss in frequency domain for cases #1 and #17 (a), cases #4 and
#21 (b), cases #7 and #25 (c), and cases #10 and #29 (d).

From the results of Figure 3.21, it might be stated that, in the majority of the
cases, the transmission loss through the shroud branch is higher than in the hub branch
with maybe the exception of the case in 3.21(a), where the low equivalent engine speed
(1400 rpm) and the low amplitude might have affected the experimental accuracy. This
tendency appears to be coherent with Figure 3.14, where it can be observed how the
points corresponding to pulse-generation in shroud are in the lower range of transmission
coefficient than the points where the pulse-generation is in hub for all the mass flow
ratios.

3.4 Conclusions

The specifically built test-rig and a methodology of contrasted robustness [1], result
in an innovate technique for testing two-scroll turbines. In spite of the challenge that
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unsteady flow always implies, the quality and accuracy of the results is very satisfactory,
adding the novelty of an acoustic analysis for highly pulsating hot conditions with non-
linear response. Furthermore, the flexibility of the gas stand allows to change the flow
operating conditions with a controlled and precise procedure as well as to switch the
pulsating branch easily.

The beamforming technique has been used to obtain the pressure wave decomposition
through both turbine inlet branches and turbine outlet. Especially significant is the effect
that the pulsating inlet branch produces in the other turbine inlet. The transmitted and
“indirectly” transmitted components mainly affect the pumping losses as well as the
total fuel consumption and the silencer and aftertreatment designs. The acquisition
of realistic high quality data is nowadays crucial for the fitting and validation of the
increasingly important numerical models.

From the point of view of the results of the turbine tested during the experimental
campaign, the mass flow ratio seems to be a correct independent variable for analysing
the evolution of the transmission and reflection parameters. The pressure signals seem
to be transmitted to a higher degree when the MFR approaches 0.5. Although more
research should be performed in order to fully explain this phenomenon, it might be
related to a lower pressure loss between the volute and the rotor in the full admission
case as the flow is more adapted at the rotor inlet. It is also worth noting the high values
of the indirect transmission coefficient: in some cases, the indirect transmission pressure
pulse has an amplitude that is almost 0.3 times that of the incident pressure pulse.
Although the twin volute configuration helps to isolate different cylinders during their
exhaust processes, it is clear that the interference effects might not be totally negligible.

The comparison between the non-linear acoustic responses of each branch can also
add valuable information. The different location of each volute in the housing as well as
the path and orientation followed by the flow when it hits the rotor causes differences in
the performance. This information could be useful when configuring the turbocharger
matching, as the low frequency oscillations travelling upstream of the turbine through the
engine will affect the engine volumetric efficiency and even the turbocharger operating
point. In addition, a better prediction of the high frequency oscillations in the exhaust
line could result in a more efficient design of the muffler. Finally, experimental results
under unsteady conditions will help calibrating and validating the models.
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One dimensional twin-entry radial
turbine model for non-linear
pulse simulations
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4.1 Introduction

The increasing stringent pollutant emissions legislations and the demand of low con-
sumption and low emission vehicles has lead the automotive industry towards highly
efficient engines. During the past few years, the turbocharging technology together with
the downsized and rightsizing approach has been proved to be hugely effective, reducing
dramatically the CO2 emissions among other pollutants [105]. The high percentage of
recoverable energy available in the exhaust manifold [104] can be used in the turbine for
driving the compressor and boosting the intake air for a more efficient combustion.

In spite of all the advantages of the use of turbochargers, the exhaust flow energy
can be insufficient in some low engine speed operating conditions, leading to a lack
of engine performance during transients. With its particular design of the housing, in
which the flow is divided into two separated flow channels fed by separate exhaust banks,
the two-scroll turbine decouples the energy pulses of alternative firing order cylinders,
using the dynamic pressure effectively for optimising the scavenging effects. In this
manner, multiple scroll turbines allow a better recovery of the dynamic pressure of
the gas pulses [118] as they can avoid part of the backflows generated by interferences
of exhaust processes between consecutive firing order cylinders and, thus, improve the
engine volumetric efficiency. Due to their big valves overlap, important interferences can
take place even in 4 cylinder engines. But not only gasoline engines, big diesel engines
for truck and long haul engines with more than 4 cylinders, typically 6 cylinders, suffer
from significant overlapping effects and improve significantly their transient response
when being turbocharged using two-scroll turbines. Fast one-dimensional, time-resolved
simulations of two-scroll turbines under pulsating flow conditions become a valuable
tool to analyse their behaviour during engine design and optimisation. In this chapter,
a model thought for this kind of application is described and experimentally validated
with the tests obtained in chapter 3.

4.1.1 Literature review

Due to the opening and closing of the cylinder valves during real driving conditions,
the turbine is constantly operating under unsteady conditions [79]. And, thus, it is
fundamental to correctly comprehend its behaviour not only in steady state but also in
pulsating conditions. With this purpose, Winterbone et al. [119] and Winterbone and
Pearson [120] performed a rigorous review on the topic. Investigators have also performed
different experiments for pulsating flow in single entry turbines, such as Torregrosa et
al. [88] or Serrano et al. [87] for unsteady and off-design performance, Torregrosa et al.
[108] for diesel engines or Hohenberg et al. [86]. Piscaglia et al.[121] show an interesting
approach, measuring the instantaneous pressure, temperature and mass flow in different
points in the turbine inlet duct and the turbine outlet duct. Galindo et al. [1] present a
similar experimental methodology as the one here presented, being applied for a variable
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geometry turbine. Finally, Cappelaere et al. [122] present a new test methodology for
testing turbochargers under highly pulsating conditions.

Pulsating flow creates, however, unique operating characteristics in a two-scroll tur-
bine compared to a single entry turbine that, furthermore, are highly sensitive to the
flow distribution through the turbine entries. Baines et al. [123] studied the perfor-
mance of a mixed flow vaneless radial turbine under pulsating conditions, performing
pulses of different frequencies (20 – 60 Hz), and turbine speeds (300 – 500 rps). A more
recent improved version of the experiments presented by Baines et al. [123] can be found
in the work by Rajoo et al. [42], in which they were able to characterise the turbine
behaviour under a given pulse flow, analysing also different vane angle settings as it was
also exposed in previous works [43]. Some other contributions to the analysis of the
twin and double entry performance under pulses are the ones carried out by Copeland
et al. [124, 45], where, in addition to the unsteady performance, a comparison with the
turbine steady state performance is also presented. Costall et al. [36] documented some
similar findings including the unsteady behaviour of a twin entry turbine for heavy duty
non-road applications in full and unequal admission conditions.

As it has been noticed by many researchers, it is considerably challenging to obtain
reliable experimental results when measuring real pulse engine conditions. Because of
that, some interesting studies have been performed using CFD that have contributed
to the understanding of the turbine unsteady phenomena. M. Yang et al. [114, 125]
presented the investigation of the influence of volute cross-sectional shape on the per-
formance of a radial turbocharger turbine under pulsating conditions supported with
experimental results. Copeland et al. [126] presented an investigation on the effect of
the unequal admission on the performance of a double-entry turbine by means of a full
3D computational fluid dynamics (CFD) model. Most recently, M. Cerdoun and A.
Ghenaiet [115] performed a study that characterises the flow behaviour of a twin-entry
turbine under engine-like inlet flow conditions with a focus on the development of Dean
vortices and the hysteresis phenomena.

CFD modelling application is, however, limited by its huge computational cost. In
contrast, 1D and quasi-1D models provide considerable accuracy with a much more
manageable time required, reaching even real time capabilities for some applications.
One-dimensional gas dynamic modelling includes a vast range of variety and complex-
ity among the different approaches when analysing the pulse performance. A first and
computationally very affordable possibility is the “filling-emptying” model, as the ones
presented by Baines et al. [123] and Payri et al. [23] In these cases, the volume of the
twin-scroll housing is considered, what enables to predict the mass and energy accumu-
lation effects. Nevertheless, in the work presented in this chapter, the focus is set in the
turbine acoustic characterisation with non-linear capabilities and, thus, a wave action
pulse flow model has been used. With this approach, and being furthermore application
oriented, the works by Costall et al. [36] and Chiong et al. [38] can be found. In 2015,
a more complex model was presented [127], using a loss parameters tuning criteria for
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twin-scroll modelling based on an approximation of the real physics. Following previous
works developed in Imperial College, M. Chiong et al. [39] explore the potential impro-
vement in the twin-entry pulse flow modelling by considering the unequal and partial
admission conditions. Finally, Chiong et al. [128] shows a revised 1D pulse flow mo-
delling method to predict the twin-scroll turbine performance that is validated against
experimental data, providing the technique to generate the full range of admission curves
from the full admission experimental data.

Especially interesting is the contribution made by Kabral et al. [117], where an
experimental methodology for performing an acoustic characterisation of the turbine
with a pressure decomposition method is described, and the linear amplitude dynamic
response of the twin-scroll turbine is obtained.

The technology described in detail in chapter 3 provides the experimental method to
analyse the non-linear response under different conditions (hot and cold), with different
amplitudes and equivalent engine points of operation separating the effects of each branch
independently. In this chapter, a one-dimensional quasi-steady model is validated against
the pulsating experimental data obtained in chapter 3, providing a very good degree of
correlation, that allows to predict accurately the characteristics of the pulse transmitted
to the exhaust line and also reflected to the exhaust manifold, which implies more efficient
decisions during the design and matching stages between turbocharger and engine.

The pressure waves prediction in the frequency domain keeps good accuracy for up
to 1000 Hz or even more, while keeping the low computational cost. In single threaded
simulations, the model needs 60 seconds for each single second of simulated time in an
x86 CPU running at 3.2 GHz. It can easily be used coupled with other submodels of the
turbocharger, taking into account the compressor quasi-steady map extrapolation [31],
the heat transfer [27, 28, 29] or the mechanical losses in the bearings [32].

The model exposed in this chapter has been developed in coordination with other
works about modelling two-scroll turbines carried out in CMT-Motores Térmicos. More
specifically, the steady-state experiments presented in [129] and the turbine map extra-
polation and interpolation model documented in [34] have been used as a base in order
to develop the work that is shown in this chapter.

4.1.2 Experimental campaign

The experimental facility is aimed to perform turbine acoustic characterizations under
non-linear pulse conditions by means of a rotating valve for generating the pulses and an
array of instantaneous pressure sensors (piezoelectric) for the pressure decomposition.
The method that has been followed in order to obtain the data used to validate this
model was described in detail in chapter 3. Nevertheless, a basic sketch of the gas
stand is again presented in Figure 4.1 for clarity’s sake. Summarizing the experimental
procedure, a two-stage radial compressor is used to provide the air mass flow to the
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Figure 4.1: Turbocharger gas stand facility layout at CMT–Motores Térmicos.

turbine, and the high volume plenums are aimed to stabilise the flow. When operating
in hot conditions, a combustion chamber can easily be activated to heat the air to the
desired turbine inlet temperature. For generating pulses of high non-linear amplitudes,
an especially designed rotating valve is situated in one of the inlet branches and a plate
with orifices is used for obtaining the desired pulse frequency. Although the rotating
valve is fixed in one of the turbine inlet branches, the flexible pipes installed before the
rotating valve allow to easily switch between inlet pulsating branches.

As previously mention in subsection 3.2.2, the turbine used in this study is a twin-
entry radial inflow turbine, with wastegate and asymmetrical entry that is designed to be
used in a D-segment passenger car, 2.0 L gasoline engine. Regarding the nomenclature
adopted, shroud and hub will differentiate each entry referring to its location inside
the housing. All the measurements of diameters and lengths were taken for analysis
and modelling purposes. For the volume of the volutes, a silicone mould was used
(Figure 4.2). The moulds and also the rotor have been scanned by means of a 3D
scanner and are currently being used for CFD studies that will be part of a future
dissertation.

As it was previously indicated, the mass flow ratio, MFR, is defined as in Equa-
tion 4.1. In Table 4.1 the operating conditions used during the experimental campaign
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Case label Pulsating branch Approximate MFR Equivalent engine speed Conditions

#1–#3 Shroud 0.5–0.7 1400 rpm Cold
#4–#6 Shroud 0.5–0.7 3100 rpm Cold
#7–#9 Shroud 0.5–0.7 3900 rpm Cold
#10–#12 Shroud 0.5–0.7 4600 rpm Cold
#13–#16 Hub 0.5 1400 rpm to 4600 rpm Cold
#17–#20 Hub 0.5 1400 rpm Cold
#21–#24 Hub 0.3–0.5 3100 rpm Cold
#25–#28 Hub 0.3–0.5 3900 rpm Cold
#29–#32 Hub 0.3–0.5 4600 rpm Cold
#33–#40 Shroud 0.7 1900 rpm to 5600 rpm Hot
#41–#48 Hub 0.3 1900 rpm to 5600 rpm Hot

Table 4.1: Detailed list of the experimental points for two-scroll turbine experiments.

Figure 4.2: Turbocharger specimen and silicone mould.

are summarised.

MFR = ṁshroud
ṁshroud + ṁhub

(4.1)
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4.1.3 Quasi-adiabatic and non-linearity assessment

The experiments were performed in quasi-adiabatic conditions, minimising the external
and internal heat transfer in the turbocharger and in the inlet and outlet ducts. Also,
several thermocouples were used to get the average temperatures, thus minimising the
typical inaccuracies found when measuring the turbine outlet temperature[130, 131].
The overall energy balance was used to check the quality of the results, as explained by
Serrano et al. [129].

In Figure 4.3 the relation between the power of the external heat and the turbine
power is shown, providing, directly, the expected error in the calculation of the turbine
power output due to the external heat flow losses. The heat flow to the ambient is
situated below 0.5 % of the measured turbine power output, which indicates an effective
thermally insulation of the ducts in the controlled laboratory conditions. Thus, the heat
flow to the ambient is low enough to consider quasi-adiabatic experimental conditions
for all the operating points.

To estimate the heat flow to the ambient, Equation 4.2 is used:

Q̇env = Asurf · hconv · (Tsurf − Tenv) (4.2)

where Tenv is the environment temperature, Tsurf is the maximum surface temperature
of the insulation, Asurf is the exposed surface of the insulation, and the convective heat
transfer coefficient hconv is 10 W m−2 K−1. Note that the temperature difference between
the insulation and the surroundings was low enough that the radiation was much smaller
than the external convection.

On the other hand, the turbine power is estimated using the total enthalpy flow as
in Equation 4.3:

Ẇ = ṁ · cp · (T6t − T0t)− Q̇int (4.3)

where Q̇int expresses the internal heat losses from the gas to the turbine, calculated as
explained by Serrano et al. [67].

It is worth noting that the experimental data used to validate this model has been
obtained in a gas stand using pressure pulses that have been generated by means of a
rotating valve. It is then necessary to assess the amplitude and non-linearity of the pulses
generated. For this purpose, chapter 3 gives a mathematical proof of the non-linearity
of the excitations in the non-linearity assessment (subsection 3.3.2), indicating that the
pulses were strong enough to induce realistic non-linear conditions in the turbine. The
experimental data obtained is then reliable enough to evaluate the capability of the
model presented in this work to predict the turbine behaviour under high-amplitude
pulsating flow typical of engine operation.
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Figure 4.3: Relative external heat flow.

4.2 Model description and quasi-steady adaptation

The model section of this chapter is organised as follows. Firstly, the model domain
utilised and the method of calculation is summarised. Then, the twin-turbine 1D model
developed in CMT is presented. Finally, the modelling adaptations that have been ne-
cessary to provide the model with unsteady capabilities are detailed. The work presented
in this thesis is focused in the turbine performance under pulsating conditions, because
of that, the modelling and validation work exposed in this chapter is mainly centred in
pulsating flow.

4.2.1 Model domain

In order to build the turbine model domain, the previous experience in the 1D approach
for single entry turbine modelling described by Serrano et al. [25] has been used. Also
it has been used the previous experience in single entry turbine efficiency and mass
flow parameters extrapolation [30, 132]. The contrasted robustness and accuracy of the
previous single entry version of the model reinforced the idea of a simple two-volutes
adaptation of the existing model. The main source of obstacles during the modelling
process will emanate from the flow effects that the interaction between the two scrolls
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will produce.

In Figure 4.4 a basic sketch of the model domain is presented. Straight ducts have
been used for the inlets and outlet pipes. The volutes are also one-dimensional, with an
equivalent length of half of the developed volute, as first described originally by Chen
and Winterbone [24, 133]. The stator is modelled as a zero-dimensional element with a
volume equal to that of the physical stator and rotor combined, to take into account their
mass and energy accumulation effects. For simulations where waste-gated turbines are
used, this volume will consider the vaneless space between the wheel and the volute. The
model shown in Figure 4.4 covers the computational flow domain from the measurement
plane in the inlet (station 0), till the open end in the gas stand outlet pipe (station
7). Station 1 indicates the beginning of the turbine with the inlet duct, while station 2
references the volute inlet. Station 3 is the volute outlet and station 4 is the equivalent
zero-dimensional element outlet. Station 5 represents the conditions after the rotor.
Stations 6 and 7 are the turbine outlet and the domain outlet, respectively.

Using straight ducts to simulate the volute flow with an equivalent length equal to
half of the developed volute keeps the complexity of the model low while reproducing
with high accuracy one of the main sources of linear and non-linear acoustics effects of
the turbine. Also, although using three equivalent nozzles and an intermediate volume
instead of just two equivalent nozzles seems to introduce some complexity, it has several
important advantages:

• It is closer to the real geometry of the turbine.

• It allows to model some mass and energy accumulation, wave and thermal transient
effects.

• The effect that the addition of an intermediate volume produces has been previ-
ously discussed in chapter 2, producing significant improvements in the prediction
for the middle and high frequency spectra.

• It reduces the stabilisation and initialisation issues that may arise during the cal-
culations due to its damping effects.

• In the case of the need to speed up the calculation evolving this model to a 0D
approach, this model gives quite a straight-forward solution.

In the following sections the model will be further detailed. The focus of this section
is, however, the adaptation and modification of the baseline steady-state model in order
to provide it with unsteady capabilities.
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Figure 4.4: Twin turbine model computational domain. The main sections are labelled with
numbers and referred to as stations in text.

4.2.2 Method of calculation

Following the procedure of the rest of the thesis, for this study the simulation results
are obtained using OpenWAM [17], developed in CMT–Motores Térmicos. Again, the
one-dimensional elements, such as the turbine inlets and outlet ducts, are discretised
by means of a finite-volume approach and computed using a Godunov scheme. Please
refer to section 2.2, where the Euler equations for fluid dynamics are exposed and the
computational methods and solvers used are detailed.

4.2.3 Baseline model

The objective of this section is to provide an understandable reference framework for
exposing the necessary modelling steps described in the next section, that have been
followed in order to evolve the model to a quasi-steady integrated model with non-linear
unsteady capabilities.

In this model approach, which is based on hypothesis presented by Serrano et al.
[30], the turbine can be modelled as an equivalent nozzle with an equivalent area. This
area varies on the operative conditions in a way that, assuming an adiabatic expansion,
it is possible to obtain a full range of equivalent areas for each vane position in variable
geometry turbines. This effective area model mainly depends on some main geometrical
parameters that are easily measurable, the limited range of measured points that the
manufacturer provides, and the corresponding fitting coefficients. With a similar pro-
cedure, the efficiency model [132] is based on the Euler equation of turbomachinery for
radial gas turbines assuming some simplifications. Again, it uses the limited map provi-
ded by the manufacturer and some geometrical information, to provide a complete set of
efficiency maps for each VGT configuration that are related also by fitting coefficients.

With a new and innovative approach, the previous turbine extrapolation model [132]
[30] can be adapted for two-scroll turbine. Using an approach of considering the two
entries as individual turbines, it is possible to obtain a set of maps of effective area
(and, thus, reduced mass flow) for each of the entries that will depend on the mass
flow ratio instead of on the VGT position [129]. Once the equivalent nozzle area is
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obtained, the reduced mass flow in both entries, shroud and hub, can be calculated
assuming an isentropic expansion through a nozzle. On the other hand, the efficiencies
are obtained considering the enthalpy drop generated by each individual turbine as a
difference between each inlet and the common outlet. Thus, two different set of efficiency
maps are obtained for each inlet, that are related to the effective area maps. This steady-
state interpolation and extrapolation model is described in detail by Serrano et al. [34].

4.2.4 Pulsating flow model capabilities

In this section, the different stations depicted in Figure 4.4 will be referred when needed
but without explicit reference to Figure 4.4 for improving section readability. During
unsteady simulations, the different one-dimensional elements are computed solving Euler
equations of one-dimensional fluid dynamics, and the intermediate volume is computed
solving its mass and energy conservation equations. The flow in stations 3, 4 and 5 is
computed using a technique [25] to split the pressure ratio in the turbine between stator
and rotor representing nozzles (stations 3 and 5 respectively). Heat transfer effects are
taken into account as an energy source term changing the flow temperature when passing
between stations 3 and 5, and an extra energy sink term is introduced in the intermediate
volume 4 equal to the power output of the turbine each time step. The extrapolated
turbine map [34] is used to compute the stator (3) and rotor (5) nozzles using techniques
[25]. The efficiency is quasi-steadly obtained [34].

The first obstacle to solve when building this model was the mass flow time-marching
calculation. To obtain the areas of the nozzles at any time step, the mass flow ratio,
the pressure ratio between the inlet of station 3 and the outlet of station 5 for each
branch, the reduced rotational speed of each branch and the isentropic efficiency of each
branch are needed [34]. When simulating only steady state conditions, this approach is
accurate enough for generating correct mass flow results. In unsteady flow simulations
this may not be the case, as the conditions at the beginning of each time step are used
to compute this effective section in an explicit time integration scheme. Unsteady flow
simulations may generate zero or reverse flow in station 3 for one of the volute branches
instantaneously and, as a consequence, a mass flow ratio equal to 0 or 1. The next time
step, the effective section of that nozzle is computed with this mass flow ratio, which
leads to an effective section equal to 0. This way, the mass flow ratio is again 0 or 1,
and the process is repeated until the simulation finishes. For confronting this difficulty,
instead of computing the mass flow ratio with the conditions in stations 3 and 5, the mass
flow per branch is obtained using station 1. This way, whenever the effective section of
one of the nozzles is equal to 0, it can change to a bigger value in the following time
steps when a pressure gradient produces again any amount of mass flow in station 1.

Using the mass flow ratio from station 1 to compute the effective section downstream
can introduce some instabilities on its own. In reality, any change in the conditions in
station 1 should take some time to reach stations 3 and 5, of the order of 1 ms for the
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geometry tested for this research. In fact, filtering the mass flow ratio with a first order
delay of 1 ms produced optimal results for the studied turbine. The sensitivity of the
results to this delay is small, so only the order of magnitude is actually needed.

The single entry turbine effective section model computes a single-nozzle equivalent
section [25] and, after that, shares this between two equivalent nozzles with an inter-
mediate volume [25]. The steady-state pressure of this volume is computed from the
turbine efficiency, the rotor geometry and the degree of reaction to get the equivalent
section of the two nozzles. In the case of a twin-entry turbine, the steady-state pressure
of the intermediate volume is computed as a mass flow ratio-weighted average of the
steady-state pressure obtained for each turbine branch as a single entry turbine. This
way, the effective section of each stator nozzle is computed, as well as two effective secti-
ons for the rotor nozzle, one for each branch. The final rotor nozzle effective section is
the sum of the result of each branch. When the pressure difference between branches is
high enough, backflow between them can appear naturally before the rotor nozzle.

The efficiency of each branch is computed as a function of its blade speed ratio,
reduced speed, mass flow ratio and effective section [34]. As the effective section is a
function of the efficiency and the efficiency is a function of the effective section, the
results are obtained in an iterative process.

With the efficiency and the effective sections, the mass flow of the three nozzles is
computed and used as boundary conditions for the different one-dimensional and zero-
dimensional elements connected to them. With the mass flow of each stator nozzle and
its efficiency, the power output of each branch is computed and used as an energy sink
term in the intermediate volume. The final turbine outlet temperature, after mixing the
gas flows of each individual branch, might be higher than that produced for one of the
branches and lower than that produced by the other one if they were acting as separate
turbines. The process for computing one single time-step is summarised in Figure 4.5:

4.3 Validation of the model

The objective of this section is to present the performance and potential of the quasi-
steady two-scroll turbine model coupled with zero- and one-dimensional elements in
terms of non-linear pulses prediction capabilities. To do so, the experimental campaign
from chapter 3 first presented by Serrano et al. [2] is used to obtain the validation results
that are next presented. Firstly, a “stationary” validation is presented as a previous step
using averaged values of the pulsating tests as an early verification of the implementation.
Next, the performance of the model is demonstrated using a turbine characterisation by
means of a pressure decomposition under non-linear pulsating excitations. Finally, the
instantaneous variation of two important parameters, i.e., the efficiency and the mass
flow ratio, is exposed with the intention of making evident how determinant the correct
turbine unsteady prediction might be, when it comes to engine-like operating conditions.
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Figure 4.5: Summary of the steps needed to solve one time-step of the turbine model.
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4.3.1 Steady-state validation

In addition to the experimental uncertainty and model accuracy, the fully-coupled model
might introduce computation instabilities. Because of that, it was decided to start with
an initial validation against averaged data from the pulsating flow campaign to assess
the general accuracy and stability of the model.

Using the steady-state turbine map obtained as described by Serrano et al. [129],
where quasi-adiabatic measurement are obtained at different mas flow ratios, the mo-
del was tested against averaged data. For performing this preliminary validation, the
following inputs and outputs where established:

• Input: Averaged mass and total enthalpy flows are imposed at both turbine inlets.

• Input: Turbocharger speed is imposed.

• Input: Averaged static pressure at the turbine outlet is imposed.

• Output: Expansion ratio in both branches are compared against experimental
data.

• Output: Turbine outlet temperature is compared against experimental data.

• Output: Turbine outlet mass flow rate is compared against experimental data.

For this particular validation only the cold conditions operating points have been
used, as the aim was only to seek for procedure or implementation errors of the model
with as simple as possible operating conditions. Hot operating cases will be properly
validated and discussed in the following section.
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Figure 4.6: Correlation between experiment and model. Expansion ratio in shroud branch.

Figure 4.7: Correlation between experiment and model. Expansion ratio in hub branch.
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Figure 4.8: Correlation between experiment and model. Turbine outlet temperature.

To assure that the expansion in the turbine is well predicted in terms of pressure drop,
the expansion ratio is evaluated separately in shroud and hub branches. In this sense,
Figure 4.6 and Figure 4.7 show a good agreement between experiments and simulations,
with a discrepancy below the 5 % level in the majority of tested conditions. As it can
be observed in Figure 4.8, the turbine outlet temperature is also well predicted, with
an error less than 3 K. Finally, Figure 4.9 also gives an error lower than 5 % for the
outlet mass flow in this preliminary “stationary” results, with the majority of the points
around the 2.5 % level of error.

The model did not present numerical instabilities. Some of the differences between
the experimental data and the simulated results come from the averaging of the boundary
conditions: the non-linear relationship between the expansion ratio and the mass flow
of the turbine introduces discrepancies when comparing steady-state simulations with
pulsating experimental data.

104



Chapter 4 Section 4.3

Figure 4.9: Correlation between experiment and model. Turbine outlet mass flow rate.

4.3.2 Pulsating validation

In the next paragraphs, two operating points obtained from the experimental campaign
are presented as examples. These cases represent the performance of the model, and
have been selected in a way that the operating conditions were diverse enough. This
way, the case 9, from Figure 4.10 to Figure 4.12, has been generated in cold conditions
and pulsating in shroud branch with MFR = 0.7. On the other hand, the case 43, from
Figure 4.13 to Figure 4.15 has been generated pulsating in the hub branch withMFR =
0.3 and hot conditions. The equivalent engine speed of the excitation is 3900 rpm for
the first case and 3700 rpm for the second case. Turbocharger speed is 97 krpm for both
cases. The sound pressure level (SPL) from the pressure decomposition results for each
turbine branch are presented in different graphs, confronting the experiments with the
results provided by the model in both time and frequency domain. The label in the
centre of each graph indicates the branch where the pulses are performed, the mass flow
ratio and the conditions, following Table 5.1.

Regarding the nomenclature, incident and reflected are used for the pulsating branch
reference the forward and backward travelling waves, i.e., towards and away from the
turbine respectively. The same procedure has been used for the nomenclature of the
other inlet branch, where indirect reflected and indirect transmitted have been used for
the waves moving towards the turbine and away from the turbine respectively. In the
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outlet branch, the transmitted indicates the wave travelling downstream of the turbine
in the direction of the flow, whereas the 2nd reflection wave travels from the outlet of the
turbine in the opposite direction of the flow. This naming convention is also presented
in Figure 4.4.

For performing the simulations, the incident component of the pressure is imposed in
the pulsating inlet branch as a boundary condition along with the entropy level. In the
same way, the indirect reflected wave is also imposed in the not pulsating inlet branch,
whereas the 2nd reflection component is imposed in the outlet branch. In this way,
for performing the validation, the capability of the model to predict the reflected and
indirect reflected in the inlets, and the transmitted wave in the outlet is evaluated.

In each graph, the time domain result is aimed to check that the geometry of the
turbine is correctly modelled and, in consequence, the shape and amplitude of the exci-
tation is well predicted in terms of how it is evolving when it interacts with the different
components of the turbine. Nevertheless, results in the time domain do not give ea-
sily identifiable information about how the pulse evolves in the turbine in the medium
and high frequency spectra. Because of that, the equivalent frequency domain result
has been obtained using Fourier’s transformation applying a Hann [103] window to a
Welch’s average periodogram [102]. The frequency domain results are shown in terms of
sound pressure level, computed with a reference pressure equal to 0.02 mPa. This way,
what the bottom part of the graph is presenting is the amplitude in dB of each harmonic
of the equivalent engine.

106



Chapter 4 Section 4.3

(a) Incident pressure, PSD

(b) Reflected pressure, PSD

Figure 4.10: Case 9 results: Incident is imposed (a), Reflected is computed (b).
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(a) Indirect reflected, PSD

(b) Indirect transmitted, PSD

Figure 4.11: Case 9 results: Ind. Reflected is imposed (a), Ind. Transmitted is computed (b).
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(a) Second reflection, PSD

(b) transmitted, PSD

Figure 4.12: Case 9 results: 2nd reflection is imposed (a), Transmitted is computed (b).
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(a) Incident pressure, PSD

(b) Reflected pressure, PSD

Figure 4.13: Case 43 results: Incident is imposed (a), Reflected is computed (b).
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(a) Indirect reflected, PSD

(b) Indirect transmitted, PSD

Figure 4.14: Case 43 results: Ind. Reflected is imposed (a), Ind. Transmitted is computed (b).
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(a) Second reflection, PSD

(b) transmitted, PSD

Figure 4.15: Case 43 results: 2nd reflection is imposed (a), Transmitted is computed (b).
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Figures: 4.10(a), 4.11(a), 4.12(a), 4.13(a), 4.14(a) and 4.15(a) show the pressure
waves that are directly imposed as boundary conditions, whereas in 4.10(b), 4.11(b),
4.12(b), 4.13(b), 4.14(b) and 4.15(b) the pressure decomposition components are com-
puted. Focusing in the pulsating branch results presented in 4.10(b) and 4.13(b), it can
be observed how the reflected component is approximately conserving the shape of the
incident, although the amplitude decreases, which is expected due to the attenuation
produced once the excitation hits the turbine. The difference in amplitude between
both cases is similar to what is found in single-entry turbines [1], being the amplitude
of the reflected wave around half of that of the incident pressure wave. Continuing in
4.10(b) and 4.13(b), it is noteworthy the capability of the model to replicate the reflected
component even in the high frequency domain, maintaining the error lower than 6 dB
until almost 1000 Hz for both cases.

Regarding the other inlet branch, in which the rotating valve is not actuating, some
relevant facts can be pointed out from the results obtained. It is interesting to analyse
how the wave is transformed when it hits the rotor and travels backwards through the
other inlet branch and how this is predicted by the model. To illustrate this with an
example, in 4.10(b) pulses are performed in the shroud branch, so what the indirect
transmitted graph represents in 4.11(b) is the effect that this excitation has produced
in the hub branch. From the amplitude of the indirect transmission component it can
be inferred that the amplitude has been considerably attenuated when compared to
the original incident signal, going from the original amplitude of around 10 kPa in the
incident wave of the hot case (4.13(a)), to approximately 2 kPa of the indirect transmitted
component (4.14(b)). Nevertheless, the results indicate that, although attenuated, when
operating in real engine conditions, the effect of the pulses that will travel to the not
pulsating inlet branch are not negligible and might certainly affect the global performance
of the engine. Model prediction for the indirect transmitted is not as extremely accurate
as in the reflected component, but error is still maintained under the 6 dB level for the
first half of the studied frequency range.

Finally, analysing the effect of the wave that travels through the turbine all the way
to the outlet branch, the conclusions are similar than the ones exposed when analysing
the indirect transmitted component. The amplitude is also considerably attenuated
until the 2 kPa level ( 4.12(b) and 4.15(b)), but again is not negligible. This implies
that when operating in normal conditions, non-linear pulses will cross the turbine at
an still important fraction of their level at the inlet and find their way reaching the
aftertreatment line. As it can be observed from the above mentioned figures, the model
is still predicting reasonably accurately until medium and high frequencies. The errors in
the prediction of the transmitted are however slightly higher, between the 6 dB and the
12 dB level. Some of the differences are expected due to the geometrical simplifications
used in the model. Also, the experimental uncertainty is higher at the turbine outlet, as
the amplitude of the pulses are smaller and it is more complicated to isolate the actual
pressure signal from the electromagnetic and thermal noise of the transducers.
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These two operating points are representative enough of the general performance of
the model, nevertheless, a summary of the results obtained for the complete experimental
campaign is showed in Figure 4.16. In this figure, the Root Mean Square Error (RMSE)
of the first 8 harmonics is calculated for the 48 operating points, and plotted against the
amplitude. From this result it can be inferred that the discrepancy between the model
and the experiments is lower when the amplitude increases, what is consistent with a
reduction of the experimental uncertainty with higher amplitude signals.

Figure 4.16: Root mean square error of the model for the harmonics in all the experimental
points.

A pressure decomposition study is nevertheless, only one of several applications for
an integrated turbine model with non-linear prediction capabilities. It is worth studying
also some other variables, such as the turbine outlet temperature. In Figure 4.17 the
turbine outlet temperature drop of each operating point of the experiment is presented,
i.e., the difference between the maximum and the minimum instantaneous temperature
during the pulse for the 48 operating points.
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Figure 4.17: Temperature drop in turbine outlet during a pressure pulse.

From Figure 4.17 it can be stated that high amplitude pulses are generating high
oscillations in the outlet temperature with almost 6 K for the higher amplitude points
which, when dealing with higher real engine pulses will probably get over 10 K. Fluctu-
ations in the outlet temperature might affect the exhaust line and the aftertreatment.

4.3.3 Apparent efficiency study

Due to the difficulties in measuring the individual outlet temperature for each turbine
branch, it becomes necessary to define an efficiency based on the mixed outlet tem-
peratures of both turbine entries. For such purposes, the apparent efficiency can be
analytically expressed as in Equation 4.4 and Equation 4.5, which are obtained applying
the diagram from Figure 4.18, explained in detail in previous works[129].

ηshroud = T3t,shroud − T5t,shroud
T3t,shroud − T5s,shroud

(4.4)

ηhub = T3t,hub − T5t,hub
T3t,hub − T5s,hub

(4.5)
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Figure 4.18: Enthalpy-entropy chart for the expansion process.

The objective of this model is not only to predict the non-linear acoustics, but to
help taking better decisions during the design stage and calibration process of the tur-
bocharger and its correspondent engine. In this sense, it is interesting to analyse the
instantaneous variation of the efficiency, along with the mass flow ratio and the blade
speed ratio. This can be used to give information about the interference effects between
branches in terms of actual mass flow and power output of the turbine.

In Figure 4.19 and Figure 4.20, the instantaneous result of the apparent efficiency
of the previous example cases after 1 s of simulation is presented as the independent
variable, using the mass flow ratio and the blade speed ratio as dependent variables.
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(a) Pulsating branch

(b) Not pulsating branch

Figure 4.19: Instantaneous apparent efficiency simulation results. Case 9 (a, b).
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(a) Not pulsating branch

(b) Pulsating branch

Figure 4.20: Instantaneous apparent efficiency simulation results. Case 43 (a, b).
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From this efficiency study, different points can be noted. Firstly, the range of the
efficiency is wider in the not pulsating branch results (Figure 4.19(b) and Figure 4.20(a)),
reaching a range of more than 0.12 points in shroud for case 43. In contrast, the blade
speed ratio present its highest variation in the pulsating branch (Figure 4.19(a) and
Figure 4.20(b)), from approximately 0.72 until almost 0.8. Finally, from the graphs
can be inferred that the mass flow ratio presents a modest but not negligible variation,
varying from 0.6 to 0.64 for case 9 and from 0.35 to 0.37 for case 43.

Interested findings can be inferred from the apparent efficiency simulations results
above commented:

• Both turbine branches can not be studied as isolated entities to get their mass flow
and power output, as there are interference effects between them.

• The apparent efficiency changes in the non-pulsating branch can be large due to
the pulses produced in the other branch. In an engine, the branch connected to
an exhaust valve that is closed will present these large efficiency changes while its
mass flow drops.

• The mass flow ratio can present extra oscillations of moderate amplitude due to
the interference of the pressure pulses between turbine inlet branches.

4.3.4 Instantaneous mass flow analysis

A model able to reproduce correctly the non-linear effects of the engine pulses in the
turbine can also give valuable information in terms of mass flow. In particular, one of
the most interesting analysis that can be carried out is to evaluate the effect that a pulse
of the active branch produces in the not pulsating turbine branch. Not in vain, these
oscillations travelling upstream of the turbine through the engine might very likely affect
the volumetric efficiency.

In Figure 4.21, the mass flow amplitude is presented. This variable is obtained
using the absolute difference between the maximum and the minimum value of the
instantaneous mass flow during a pulse for each operating point. In the x axis, the mass
flow amplitude reached in the branch where the pulses are performed is presented. On
the other hand, the dependent variable is obtained with the quotient between the mass
flow amplitude in the not pulsating branch and the mass flow amplitude in the pulsating
branch. Thus, this quotient indicates which percentage of the pulse in terms of mass
flow is reaching the not pulsating or “passive” branch due to the pulses generated in the
active branch.
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Figure 4.21: Amplitude of the instantaneous mass flow.

In view of these results, some considerations can be done:

• The effects that the pulses produce in the passive branch in terms of mass flow are
probably sufficiently large to affect the performance, specially when the turbine
faces real engine pulses generated during transients. In fact, for most of the points,
between the 20 % and 30 % of the oscillation manage to travel from the turbine
pulsating branch until the outlet and all the way back through the other inlet
branch.

• The hot conditions produce bigger amplitude pulses, reaching the level of around
150 g s−1 or more. These pulses will lead to bigger transmitted components to the
not pulsating branch. The relative effect in the passive branch is not, however,
significantly different from the effect produced in the cold cases, as it can be inferred
from the values of the quotient between amplitudes.

• For some points in the lower amplitude range (lower than 100 g s−1), the pulses
produced in the hub entry are better transmitted to the other branch that the
ones produced in the shroud branch. This could be one of the effects generated
by the asymmetry of the turbine entries. Conclusions can vary when analysing
other turbochargers, however, the main objective of this section was to illustrate
the potential of the model.
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After presenting a global view of the mass flow, it is worth analysing the capability of
the model to reproduce the behaviour of the instantaneous mass flow in the time domain.
Following the philosophy of chapter 3 for the selection of the cases, in Figure 4.22 the
instantaneous mass flow evolution is shown for similar pulsating conditions but pulsating
in shroud branch (4.22(a) and 4.22(c)) and pulsating in hub branch (4.22(b) and 4.22(d)).
From the results it can be observed how the imposed pulses are very similar in amplitude
and shape regardless of the branch in which the pulses are performed, reaching values
in the approximate range of 20 g/s and 120 g/s for the pulsating branch and between
60 g/s and 80 g/s for the passive branch (reaching 85 g/s for case #29).

(a) # 10, shroud branch. Pulsating in shroud. (b) # 29, hub branch. Pulsating in hub.

(c) #10, hub branch. Pulsating in shroud. (d) #29, shroud branch. Pulsating in hub.

Figure 4.22: Instantaneous mass flow for pulsating branch for case #10 (a) and case #29 (b)
and passive branch for case #10 (c) and case #29 (d). Both cases are the same conditions:

MFR 0.5, 4600 rpm and cold flow.

Furthermore, the model is able to capture the instantaneous mass flow evolution fairly
accurately in the majority of the cases, which is coherent with the ability to reproduce
the first pressure harmonic, as it can be observed from Figure 4.10 to Figure 4.15.
However, there were some exceptions in cases in which the model presented higher
discrepancies with the experiments. In particular, when focusing in some cases with
low engine equivalent speed, the model seemed to correctly capture the shape of the
mass flow traces, but with a reduced amplitude, as it can be observed in the hub result
(4.23(b)) of Figure 4.23. The fact that this rare behaviour appears only for the lower
engine equivalent speed, suggests the idea that in those conditions a resonance might
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occur due to the simplification of the outlet geometry. Not in vain, the outlet of the
rotor is modelled as a simple straight pipe, but the real geometry includes asymmetries
also due to the waste-gate, that might induce to gradient velocities near the walls, which
might be particularly relevant at lower velocities. Despite this tricky phenomenon, the
model is able to correctly reproduce the shape and amplitude of the instantaneous mass
flow for the majority of the cases.

(a) # 1, shroud branch. Pulsating in shroud. (b) # 17, hub branch. Pulsating in hub.

(c) #1, hub branch. Pulsating in shroud. (d) #17, shroud branch. Pulsating in hub.

Figure 4.23: Instantaneous mass flow for pulsating branch for case #1 (a) and case #17 (b)
and passive branch for case #1 (c) and case #17 (d). Both cases are the same conditions:

MFR 0.5, 1400 rpm and cold flow.

4.4 Conclusions

In this chapter, a 1D modelling method to predict the two-scroll turbine performance
under non-linear pulsating conditions is presented. The model has been validated against
experimental data for several simulated engine conditions, i.e., full and partial admis-
sion conditions, different equivalent engine speeds, and pulsating in both inlet branches
separately for cold and hot flow conditions.

From the pressure decomposition study, it can be inferred that the model is able to
capture the non-linear effects until the medium and sometimes high frequency spectra.
The model is less effective when the amplitude is lower, probably due to the higher effect
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that the experimental uncertainty is producing for these cases. A good level of accuracy
is expected when trying to predict real engine conditions.

Although instantaneous experimental results were not obtained for the efficiency due
to the difficulties that it implies, the study based on simulation presented indicates that
instantaneous variation in the efficiency is significant enough in all the turbine branches
to have an impact in the turbine performance. The mass flow ratio range of operation
in the contrary is narrower, which opens the possibility of studying different averaged or
filtered versions of this parameter without affecting the prediction performance of the
model.

From these results it is clear that during the engine exhaust process, interferences are
still transmitted between the different turbine branches that will affect the performance
of the turbine. The correct modelling of the increasingly used two-scroll turbine under
realistic conditions could be very useful when analysing the turbocharger matching, as
the low frequency oscillations travelling upstream of the turbine will affect the engine
volumetric efficiency and even the turbocharger operating point. Furthermore, a better
prediction of the medium and high frequency pulses that are travelling through the
exhaust line could lead to a more efficient design of the exhaust line and the muffler. A
good prediction of the turbine outlet temperature oscillations due to the pressure pulses
should also enable to better compute the aftertreatment behaviour.
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5.1 Introduction

The acoustic performance of radial turbochargers can be divided into passive and active
categories [134]. In the compressor, active noise, including whoosh noise, is generated
at a broad range of frequencies[90, 135]. Also, the geometry of the elements directly
upstream or at the inlet of the compressor affects its active noise characteristics, as
shown by Broatch et al. [136] or Sharma et al. [137] In the turbine, sound and noise are
actively generated at high frequencies and are associated with the rotation of the rotor
blades, including rotating shock waves at high turbine expansion ratios. Passive acoustic
properties influence the low frequency engine pulsations and are affected by the geome-
try of the turbine and its operating conditions. Experimental measurements to obtain
these passive properties can be conducted as described in Peat et al.[138], i.e., producing
pressure pulses at the turbine inlet by means of an electrovalve and measuring the oscil-
lations in predefined points in the turbine inlet and outlet ducts, while maintaining an
almost-constant rotational speed and mass flow. With some adaptations, higher ampli-
tude pulses may be used [139], obtaining the backward- and forward-travelling pressure
waves with beamforming arrays at both the turbine inlet and outlet ducts. This method
has been also used and validated with radial compressors [88], demonstrating that a
three-sensor-phased array beamforming technique is a very reliable method in the plane
wave frequency range. Also twin-scroll turbines have been characterised experimentally
under linear acoustic excitations[140], or even non-linear acoustic excitations[2]. Those
experimental characterisations may be prohibitive in a very broad range of operating
conditions. However, the acoustic performance measurement provides very valuable in-
formation in order to develop and validate fast numerical models that may be used
during engine development phases. High fidelity computational fluid dynamics (CFD)
characterisations can provide valuable information, too. In the last five years, several
studies about CFD characterisation of active noise generation in radial compressors can
be found[135, 141, 142]. The literature about CFD acoustic and noise characterisation
of radial turbines has been scarce, nevertheless, some notable exceptions can be found
such as the work by Marsan and Moreu[143].

The models for predicting the performance of radial turbines, including their behavi-
our in pulsating flow conditions, have evolved during the last decades as the computati-
onal resources have improved. From the early models proposed by Wallace et al [144]or
Winterbone and Pearson[120] to the newest additions proposed by Hohenberg et al. [86],
Zhanming et al. [93] or Piscaglia et al. [121], they tend to focus on performance parame-
ters such as the instantaneous flow rate or torque. Even high-fidelity three-dimensional
simulations are routinely carried out in the present day, as in the work by Galindo et
al.[79], where a radial turbine is simulated under pulsating flow conditions. Reasonably
fast simulations are usually carried out with one-dimensional discretisations of the ge-
ometry of the turbine, using equivalent tapered ducts for the turbine inlet, volute and
outlet, as described by Costall et al. [35]. Some improvements can be achieved against
this simplification without a big impact in computational costs by improving the com-
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putation of the volute. The volute can be discretised as a one-dimensional tapered duct
with a lateral connection to the vanes of the stator or the vaneless space before the rotor,
depending on the turbine stator characteristics [91, 93, 145]. It is also worth mentioning
the difficulties in correlating turbine power with experiments as found by Avola et al.
[146]

To the knowledge of the author, the work focused in acoustic predictions has been
limited, although there are some notable exceptions. Veloso et al. [147] propose an
interesting approach for the modelling problem of the passive acoustic properties of radial
turbines and compressors. In their work, they model the turbomachine as several one-
dimensional tapered pipes connected together, with the rotor being a constricting pipe.
The pressure and temperature drop in the turbine was set by means of PID controllers to
match experimental data, and the transmission loss was computed and compared with
experimental data at ten different operating conditions. The results were promising, but
further developments were needed to use the method to predict the acoustic performance
of turbines in operating points not already measured in experiments or in the turbine
map. Galindo et al. [33] use a model proposed previously[91], which is similar to the one
presented by Veloso et al.[147], for the main geometrical aspects of the turbine, while
using simplified nozzles for the stator passages, conservation of rothalpy and mass flow
for the rotor and a series of loss models. The results of the model are compared against
a small set of experimental acoustic data, showing good agreement of the sound pressure
level of the forward- and backward-travelling pressure waves in the frequency domain.
The work presented in this chapter is based on the models documented by Galindo et
al.[1], where their previous model[91] is adapted to use the work by Serrano et al. [30]
to interpolate and extrapolate the turbine map in terms of adiabatic efficiency and mass
flow. The frequency domain results showed good agreement against experimental data,
with good capabilities to extrapolate to extreme off-design conditions.

In summary, a method to exploit the prediction capabilities of a one-dimensional
variable geometry turbine model in order to produce acoustic transfer matrices for ar-
bitrary operating conditions will be presented. These matrices can be computed during
a preprocessing phase prior to further extensive computation campaigns. Coupled with
quasi-steady calculations of the cycle-averaged turbine mass flow and efficiency, this
method can be used to predict the turbine behaviour with an almost negligible compu-
tational cost. Other quasi-steady effects of the turbocharger can be easily taken into
account, such as the compressor map extrapolation [31, 148], the heat transfer [27, 28,
29] or the mechanical losses in the bearings [32].

5.2 Method description and acoustic matrices generation

In this section, the method to generate and use a lookup table of acoustic transfer
matrices is presented. Firstly, the experimental campaign to obtain steady-state and
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Figure 5.1: Gas stand schematic.

pulsating flow turbine results is described. Secondly, the basis of the one-dimensional
simulations used during the generation of the lookup tables is shown, and the procedure
for generating them from these simulations is presented. Finally, a simple process to
compute an interpolated acoustic transfer matrix (IATM) is proposed.

5.2.1 Experimental campaign

The experimental campaign has been carried out in the CMT-Motores Térmicos gas
stand for turbocharging research. This facility is specifically built for testing and me-
asuring any type of automotive turbocharger under different conditions that has been
presented in the previous chapters. The experimental method followed and the instru-
mentation used in order to obtain the experimental data for the validation here presented
was described in detail in chapter 2. However, a basic sketch of the gas stand is again
showed in Figure 5.1 and a summary of the procedure is here exposed for clarity’s sake.

The gas stand uses a screw compressor to feed the turbine and its flow rate is control-
led by means of its rotational speed and a discharge valve. The air passes through a set
of electrical heaters to reach the desired temperature. When pulsating flow is required,
a rotating valve is placed after the electrical heaters, generating the desired pulses.

The mass flow of the compressor and turbine were measured by means of hot film
flow meters and temperature was measured by four type K thermocouples at the turbine
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inlet, turbine outlet, compressor inlet and compressor outlet. The average air pressure
was measured by means of piezoresistive transmitters in the same stations as the flow
temperature. The rotational speed of the turbocharger was measured by means of an
induced currents transducer placed inside the compressor casing. Finally, an array of
three piezoelectric transducers was placed at the turbine inlet and outlet during the
pulsating flow characterisation campaign to get, via beamforming [101], the pressure
pulses travelling downstream and upstream.

The experiments used in this work were done in quasi-adiabatic conditions, minimi-
sing the internal and external heat flows. The turbine was characterised first in steady-
state conditions, obtaining its characteristic maps. Then, it was measured activating
the rotating valve at its inlet, imposing pulsating flow. The fundamental frequency of
the pulses generated were 50 Hz, 66 Hz and 100 Hz, corresponding to 1500 rpm, 2000 rpm
and 3000 rpm in a four cylinders four stroke engine. Different turbocharger speeds and
turbine stator vanes positions were evaluated, corresponding to different points in an
equivalent engine. The experimental points are shown in Table 5.1.

Case label Equivalent engine
speed [rpm]

Approx. vanes
position [%]

Fraction of
maximum engine

torque [%]
#1 2000 49 25 %
#2 2000 47 100 %
#3 3000 80 50 %
#4 3000 58 75 %
#5 3000 50 100 %
#6 3500 55 100 %

Table 5.1: List of cases of the single entry turbine pulsating flow experiments.

For the rest of the chapter, the pressure wave travelling from the rotary valve do-
wnstream towards the turbine inlet will be called incident pressure, whereas the wave
travelling away from the turbine will be called reflected pressure. At the turbine outlet,
the pressure wave travelling downstream will be called transmitted pressure. As the
turbine outlet was not connected to an anechoic end, a second reflection pressure wave
was also present, travelling towards the turbine at its outlet.

5.2.2 One-dimensional simulation

The simulation results that are presented in this study were obtained using OpenWAM
[17], the 1D simulation integrated tool developed in CMT–Motores Térmicos, modified
from its finite-differences formulation [94] to a finite-volume formulation. The method
is described in detail in [1] and summarised in chapter 2.

The turbine is modelled as a combination of one-dimensional and zero-dimensional
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elements as seen in Figure 5.2. Station 0 is the domain inlet, upstream of the turbine.
Station 1 is the turbine inlet. Station 2 is the volute lateral window. Station 2’ is the
stator nozzles throat section. Station 3 is the rotor inlet. Station 4 is the rotor outlet.
Station 5 is the turbine outlet. Finally, station 6 is the domain outlet.

2
3

4

0
1

5

6

Figure 5.2: Turbine model schematic. The main sections are numbered.

The turbine mass flow capacity and its power output are taken into account by
means of two variable-size nozzles, one for the stator and one for the rotor, and an
energy sink in the volume between them. The amount of energy taken each iteration
is equal to the turbine power output times the time step, which is computed from the
turbine efficiency at these conditions. Meanwhile, the area of the stator and the rotor
nozzles are computed from the reduced mass flow as described by Serrano et al. [25].
The turbine reduced mass flow and adiabatic efficiency as a function of its expansion
ratio, reduced speed and vanes position can be obtained by means of the turbine map
provided by the manufacturer. Although in some simple cases these maps can be used
directly as interpolation lookup tables, normally an extrapolation model is needed. In
this work, the model described by Serrano et al. [30] is used to extrapolate the map.
The extrapolation performance of this model was validated against extreme off-design
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conditions [87]. The reduced mass flow ṁred is computed as in Equation 5.1:

ṁred =ANeq

√
γ

R

(
1

π1t,4s

) 1
γ

·

√√√√√ 2
γ − 1

1−
(

1
π1t,4s

) γ−1
γ

 (5.1)

where ANeq is the effective section of a nozzle that has the same reduced mass flow as
the turbine with the same expansion ratio and working fluid, and π1t,4s is the turbine
total to static expansion ratio. The effective section is computed as in Equation 5.2:

ANeq =
a ·A4 ·

√√√√
1 +
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(5.2)

where a, b and c are the fitting coefficients described by Serrano et al. [30]. η is the
total-to-static turbine efficiency, η is the average turbine efficiency, D3 is the rotor inlet
diameter, D4 is the rotor outlet diameter, A2′ is the area at the stator nozzles outlet,
A4 is the rotor outlet area and π2′,4 is the expansion ratio of the rotor, computed as in
Equation 5.3:

π2′,4 = 1 + d · (1− πturb) (5.3)

where, again, d is a fitting coefficient. The turbine efficiency η can be computed as in
Equation 5.4:

η = − 2 ·
(
D4

D3

)2

· σ2

+
(

2 ·
ANeq

A1
· z · tanα3 +

D4

D3
· tan β4

)
· π

− 1
γ

turb · σ
(5.4)

where D4 is the average rotor outlet diameter, σ is the blade speed ratio, α3 is the flow
angle at the rotor inlet, β4 is the flow angle at the rotor outlet, and γ is the specific heat
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capacities ratio. z is a correction term that can be computed with the expression shown
in Equation 5.5:

z = (e ·Nred + f) · σ +
(
g ·Nred + h · r2 + i · r + j

)
(5.5)

where e, f , g, h, i, and j are fitting parameters, Nred is the turbine reduced speed, and
r is the turbine stator vanes position.

Each time step, Equation 5.2 and Equation 5.4 are solved iteratively until conver-
gence. Then, the effective area is used to compute the effective section of the stator noz-
zles and the rotor and set as the area of the boundary conditions of the one-dimensional
and zero-dimensional elements in contact with stations 2 and 4. The efficiency is used
as described previously.

In the next section, the set of simulations carried out using this model needed to
obtain the acoustic matrices will be described.

5.2.3 Acoustic transfer matrix generation

Two transient simulations are performed for each turbine map point where the acoustic
transfer matrix is generated. In these simulations, the turbine inlet and outlet are
connected to incident pressure boundary conditions, where the pressure waves travelling
towards the turbine are imposed as a time-varying signal. Also, the rotational speed of
the rotor is kept constant and equal to the one corresponding at that turbine map point.
During the first simulation, the pressure wave at the turbine outlet has a constant value
whereas the pressure wave at the turbine inlet introduces low amplitude white noise
with an average pressure value corresponding to the turbine map point. In the second
simulation, the turbine inlet pressure wave is kept constant while low amplitude white
noise is imposed at the turbine outlet.

During the first simulation, the turbine outlet acts as an anechoic end, so the pressure
waves travelling upstream at the turbine inlet and downstream at the turbine outlet are
produced only due to the turbine inlet imposed pressure wave. During the second simu-
lation, the roles are inverted and the backward-travelling pressure pulse at the turbine
inlet and the forward-travelling pressure pulse at the turbine outlet are a consequence of
the imposed pulse at the turbine outlet boundary condition. The results of the simula-
tion are processed, discarding the first 0.25 s to ensure convergence, approximating the
power spectral density of the pressure waves by means of Welch’s method [102] with a
Hanning window. Then, an expression in the form of Equation 5.6 can be computed.

(
Rin Tout,in
Tin,out Rout

)
·
(
P+
in

P−
out

)
=
(
P−
in

P+
out

)
(5.6)
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In the left term of Equation 5.6, the matrix corresponds to the acoustic transfer
matrix (ATM). In the same equation, the subscript in represents the turbine inlet and
the subscript out the turbine outlet. The pressures P are computed in the frequency
domain. The superscript + refers to a pressure wave travelling downstream, whereas −

refers to a pressure wave that travels upstream. The reflection coefficients Rin and Rout
can be computed as in Equation 5.7.

Rin =
P−
in
P+
in

∣∣∣∣∣
first sim.

, Rout =
P+
out
P−
out

∣∣∣∣∣
second sim.

(5.7)

The transmission coefficients Tout,in and Tin,out are computed as in Equation 5.8:

Tout,in =
P−
in

P−
out

∣∣∣∣∣
second sim.

, Tin,out =
P+
out
P+
in

∣∣∣∣∣
first sim.

(5.8)

This procedure is shown schematically in Figure 5.3. Once the acoustic transfer
matrices are assembled, they supplant the whole turbine model represented in Figure 5.2
in terms of fluid acoustics computation.
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Figure 5.3: Flowchart of the acoustric transfer matrix generation.
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5.2.4 Acoustic transfer matrix interpolation from lookup table

After generating the lookup table, a standard interpolation method can be used to
obtain the acoustic transfer matrix function needed for any turbine operating point. For
a point of reduced speed Nred, expansion ratio πturb and vanes position r, six values of
the acoustic transfer matrix lookup table are searched for: the immediately lower and
higher reduced speeds, N lower

red and Nupper
red ; the immediately lower and higher expansion

ratios, πlowerturb and πupperturb ; the immediately lower and higher vanes positions, rlower and
rupper. Then, a simple trilinear interpolation can be performed, using the values of
Tin,out, Tout,in, Rin and Rout stored in the lookup table for the eight combinations of
lower and higher values of reduced speed, expansion ratio and vanes position.

The mass flow and efficiency of the turbine can be computed directly from Equa-
tion 5.1 and Equation 5.4, and the flow speed and temperature can be easily obtained
and used to get the behaviour of the elements downstream of the turbine.

5.3 Model validation and sensitivity study

The objective of this section is to evaluate the performance of the IATM method in
terms of turbine acoustic prediction when compared to conventional one-dimensional si-
mulations as well as to demonstrate its potential and simple implementation. With this
purpose, an experimental validation using the data described in chapter 2 and documen-
ted in [1] is first presented. Secondly, a sensitivity study in terms of interpolation mesh
resolution is performed to explore the strengths and limitation of the method. Finally,
a complete analysis of the turbine acoustics with the main operation variables of the
turbine is exposed.

5.3.1 Experimental validation

The experimental turbine map shown in Figure 5.4 is fed to the model and, during the
preprocessing step, a complete extrapolated map based on equivalent effective areas and
efficiencies[30] is generated.
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Figure 5.4: Turbine map obtained from steady state measurements.

The 1D model used as a base for the interpolation method has been previously vali-
dated (chapter 2). However, the next results include the simulations obtained using the
IATM method, with the aim of performing a comparison with the fully 1D results. The
IATM results are obtained after the interpolation of the acoustic matrices calculated
from the 1D model following the method described in the section called Method descrip-
tion and acoustic matrices generation. Thus, when comparing with the experiments, any
improvement of the IATM in the accuracy should be interpreted as a matter of chance.
As explained in chapter 2, for carrying out the validation, the incident and second re-
flection components are imposed in the inlet and outlet of the turbine respectively. The
reflected and transmitted waves are predicted and compared with the experiments to
evaluate the capability of the model to recreate the turbine acoustics. Considering that
the simulation cost of the IATM method would be significantly lower when only a pre-
processing is needed, the usefulness of the tool will be evident as long as the results are
reasonably similar to the ones provided by the 1D model.

From Figure 5.5 to Figure 5.10 the results obtained with the 1D model and with the
IATM are presented, along with the experimental results. A summary of the conditions
of the main experimental points is presented in Table 5.1, covering different operation
conditions in terms of engine speed, engine load, and variable geometry turbine (VGT)
position. The plots are divided into two subplots. In the first subplot, the power spectral
density (PSD) is showed from 0 Hz to 650 Hz. On the other hand, the subplot on the
bottom indicates the error against experiments of the harmonics, calculated for both the
1D and the IATM method.
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(a) Reflected pressure, PSD

(b) Transmitted pressure, PSD

Figure 5.5: PSD results validation. Reflected and transmitted for case 1(a, b).
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(a) Reflected pressure, PSD

(b) Transmitted pressure, PSD

Figure 5.6: PSD results validation. Reflected and transmitted for case 2(a, b).
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(a) Reflected pressure, PSD

(b) Transmitted pressure, PSD

Figure 5.7: PSD results validation. Reflected and transmitted for case 3(a, b).
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(a) Reflected pressure, PSD

(b) Transmitted pressure, PSD

Figure 5.8: PSD results validation. Reflected and transmitted for case 4(a, b).

144



Chapter 5 Section 5.3

(a) Reflected pressure, PSD

(b) Transmitted pressure, PSD

Figure 5.9: PSD results validation. Reflected and transmitted for case 5(a, b).
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(a) Reflected pressure, PSD

(b) Transmitted pressure, PSD

Figure 5.10: PSD results validation. Reflected and transmitted for case 6(a, b).
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Observing the results from Figure 5.5 to Figure 5.10 it can be stated that the IATM
method effectively reproduced the 1D performance. Not in vain, both the PSD graph
and the error are almost identical using both models, for all the cases, in both reflected
and transmitted waves. The biggest difference between IATM and 1D is seen probably
in the reflection of case 6 at 600 Hz. When comparing with experiments, the error is
maintained lower than 6 dB for frequencies below 500 Hz in almost all the cases,with the
exception of case 2-transmitted (5.6(b)), case 3-reflected (5.7(a)) and case 6-transmitted
(5.10(b)), where an error of around 12 dB appears near 500 Hz.

As it has been previously stated, the aim of this validation is not to evaluate the
discrepancies with the experiments but to prove that the IATM method provides simi-
lar results as the considerably more expensive 1D model. In this sense, in the light of
the results presented, the IATM method arises as a reliable and computationally effi-
cient alternative to the 1D method for turbine acoustics prediction in low and medium
frequencies.

5.3.2 Lookup table resolution sensitivity study

The procedure that has been followed in order to build the acoustic transfer matrices have
been previously exposed in section 5.2, along with the description of the interpolation
method from lookup tables. In the following paragraphs, a study of the resolution of the
interpolation mesh, in addition to some indications of the criteria for selecting the mesh
points, are presented. This information could be relevant, considering that different
mesh resolutions will lead to different computational time during the computation of
the interpolation matrices. Furthermore, the specific selection of the points chosen for
building the mesh might be a good indicator of the robustness of the procedure, as the
benefit of the method relies on the ability to predict operating points even when they
are reasonably far from the ones that constitute the interpolation mesh.

Configuration Mesh re-
solution

Nred
[Hz K−0.5] r [%] πturb

Exp - 50, 95, 85,
104, 106, 107

49, 47, 80,
58, 50, 55

1.35, 2.34 1.66,
2.28, 2.58, 2.4

Base mesh 108 43, 86, 129 10, 40, 90 1.35, 2.34 1.66,
2.28, 2.58, 2.4

Coarse Mesh 54 43, 86, 129 10, 40, 90 1.1, 1.6, 2.6

Thin mesh 216 43, 86, 129 10, 30, 60, 90
1.1, 1.2, 1.4,

1.6, 1.8, 2, 2.2,
2.4, 2.6

Table 5.2: Configuration details of the mesh sensitivity study.

In Table 5.2 there is a summary of the relevant information used to perform this
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study. The first row includes the data of the main turbine parameters for the six ex-
perimental points used in the previously discussed experimental validation. The second
row, referenced as base mesh, includes the data of the main turbine parameters used for
the mesh configuration selected for the experimental validation. Two additional rows
are included, one for a thin mesh configuration and another for a coarse mesh. These
two additional computational meshes have been tested for performing a mesh sensitivity
analysis. For each additional mesh configuration, Table 5.2 indicates the turbine opera-
tion parameters used for computing the interpolation mesh. As the reader can notice,
the operating parameters selected for building the mesh are different from the ones in
the experiments in all three configurations, otherwise it would no be possible to test the
reliability of the interpolation.

The IATM method has been applied using the additional two mesh configurations,
coarse mesh and thin mesh, and then compared with experiments and the 1D model.
For clarity’s sake, only a summary of the mesh sensitivity study results will be shown,
as the conclusion obtained is sufficiently evident to be presented in a single chart. In
Figure 5.11, the root-mean-square error obtained for the reflected and transmitted com-
ponent, is presented for all the mesh configurations in the six cases studied. The RMSE
is computed using the error of the first six harmonics when comparing the experiment
and the simulations of each of the IATM mesh configurations.
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Figure 5.11: RMSE of the IATM with different mesh resolutions.

As it can be observed in Figure 5.11, results of RMSE are extremely similar for all the
mesh configurations in both the reflected and the transmitted components. Furthermore,
the error is in general less than 5 dB, except for case 6.

From these results it can be concluded that the interpolation method is robust, stable
and accurate, as it provides very similar results to the 1D model, even with the coarse
mesh where only 27 points are used for the mesh computation.

5.3.3 Computational cost

In order to obtain the acoustic transfer matrix of one single operating point, two simu-
lations of 1.25 s are performed and their results are processed. Running sequentially, the
total time in an Intel R©Xeon R©E5-2640 v4 CPU at 3 GHz is 90 s.

The computational cost for computing the matrices increases linearly with the density
of the mesh as expected. In particular, the coarse mesh takes half of the time as the base
mesh, and the thin mesh takes double time of the base mesh, as it has the double quantity
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of points. However, the interpolation matrices are computed during preprocessing and
thus, the computational cost might not be determinant when configuring the method.
The relevant fact is that using this method, the turbine acoustics are already obtained
before the simulation and thus, only lookup table computations are required during
further uses. Also, the procedure of filling the lookup table is extremely parallel, so it
can be naturally run in multiple computational cores. In fact, once the calculation of
the acoustic matrices is amortised in the preprocessing, faster than real time conditions
can be easily reached. In contrast, the Intel machine above mentioned needs around 15
seconds to compute each second of the same simulation case when running the complete
1D model represented in Figure 5.2.

A faster than real time turbine model with acoustic capabilities such as the one
presented in this work can be easily coupled with other real time or faster than real time
simulation elements, including some of the newest models for catalytic converters [149]
or gas exchange models [150].

5.3.4 Turbine acoustic performance analysis

At this stage, it has been demonstrated that the IATM method provides very similar
results as a 1D model in terms of accuracy, but implying a much lower computational
cost. The results of the interpolation mesh is, furthermore, considerably robust even
when using a low quantity of mesh points (coarse mesh). But it is not less important to
prove the usefulness of the method with an example of a turbine acoustic performance
analysis. The next results use the same turbine as the one previously presented. From
the steady state experimental test, the turbine map of Figure 5.4 is obtained. With this
turbine map, the interpolation mesh is generated and then, a complete analysis of the
turbine acoustics can be performed using the IATM method.

For the following analysis, the base mesh configuration is used. The equivalent
effective area of the 54 turbine operating points of the interpolation mesh is shown in
Figure 5.12. The effective area will have a crucial role in the acoustics performance as
it will be shown in the following paragraphs.
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Figure 5.12: Equivalent turbine effective area of the operating points used for the generation of
the interpolation mesh (being r the vane position).

Once the preprocessing is finished and the acoustic matrices are obtained, there are
several possibilities in terms of ways of studying the acoustic performance of the turbine.
However, the study presented is focused in the behaviour of the transmission loss (TL)
when confronted to the main parameters of the turbine operation, i.e., the expansion
ratio, the vanes position and the turbocharger speed, as well as the equivalent effective
area shown in Figure 5.12. The transmission loss is defined as the ratio between the
transmitted pressure wave and the incident pressure wave, P+

out/P
+
in , and is expressed

in dB. Thus, it quantifies the attenuation that the incident wave faces when travelling
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through the turbine towards the outlet pipe (inlet of the aftertreatment system). The
main objective of the following results is to illustrate the potential of the method when
analysing the acoustic performance rather than to fully understand the specific behaviour
of this turbine specimen.

In Figure 5.13, Figure 5.14 and Figure 5.15, the evolution of the transmission loss
against frequency is shown for a set of turbine operating points at different stator vanes
positions and reduced speeds. Result from Figure 5.13 corresponds to a turbine point
with a vanes position 10 % and a reduced speed of 129 Hz K−0.5, Figure 5.14 corresponds
to a point of 40 % and a reduced speed of 86 Hz K−0.5 and the result from Figure 5.15
corresponds to a vanes position of 90 % and a reduced speed of 129 Hz K−0.5.
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Figure 5.13: Vanes position at 10 %, reduced speed equal to 129 Hz K−0.5
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Figure 5.14: Vanes position at 40 %, reduced speed equal to 86 Hz K−0.5
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Figure 5.15: Vanes position at 90 %, reduced speed equal to 129 Hz K−0.5

153



Section 5.3 Chapter 5

In relation to the above results regarding the evolution of the transmission loss with
the frequency, some interesting observations can be made. Firstly, the transmission loss
decreases as the stator vanes open. The flow restriction produced by the stator is lower
when the vanes are more open, which could explain this effect. Secondly, in general, and
for a given frequency, the transmission loss increases first as the pressure ratio increases,
reaches a maximum value and then decreases again. This value where the losses are
maximum probably coincides with critical or close to critical conditions in the flow,
which would also indirectly affect the efficiency. Finally, the pressure ratio at which the
maximum value is presented is close to the point where the slope of the effective section
curve of Figure 5.12 starts to be constant. The specific pressure ratio at which this effect
happens is also a function of the frequency.

In Figure 5.16 the transmission loss averaged at different frequency bands is con-
fronted to the different expansion ratios , where the trends shown from Figure 5.13 to
Figure 5.15 are more easily identifiable. Figure 5.17 shows the same results, but plotted
against the turbine effective area.
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(d) f = 450 Hz to 600 Hz

Figure 5.16: Transmission loss against the expansion ratio of the turbine, averaged at different
frequency bands.
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(c) f = 300 Hz to 450 Hz
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(d) f = 450 Hz to 600 Hz

Figure 5.17: Transmission loss against the effective area of the turbine, averaged at different
frequency bands.

From Figure 5.16 it can be observed how, again, the transmission losses reach a
maximum value at quite low expansion ratios. The main dependency is with the ope-
ning of the stator vanes, whereas the reduced speed effects are more noticeable at low
expansion ratios. After the maximum transmission loss is reached, there is a small drop
in transmission losses with growing frequencies. Furthermore, from Figure 5.17 it can
be stated that the transmission losses grow as the effective area drops. However, the
relationship between the effective area and the transmission losses is not bijective: other
effects seems to be affecting the results. For a given effective area, the turbine efficiency
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might be different depending on the position of its vanes and its reduced speed. These
changes in turbine adiabatic efficiency explain the rest of the changes in the turbine
acoustic behaviour.

Figure 5.18 shows the evolution of the turbine adiabatic efficiency with the expansion
ratio and the effective area. The transmission losses deviate more from a single bijective
function of the effective area in points where the adiabatic efficiency is very far from
design conditions, at very high blade speed ratios or low expansion ratios. In fact, the
efficiency reaches lower-than-zero values in the extreme off-design conditions, although
the model limits this value to -1. From this, it is clear that it is necessary a model able to
extrapolate accurately not only the mass flow but also the turbine adiabatic efficiency at
far off-design conditions where the turbine consumes power as a brake. These conditions
are taken into account in the model used in this work[30] or, more recently, the losses
model by Serrano et al.[98]. Also, specific experiments are needed to validate the results
at these conditions.
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(a) Efficiency versus expansion ratio
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(b) Efficiency versus effective area

Figure 5.18: Turbine efficiency against expansion ratio (a) and effective section(b).
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As a conclusion, the position of the stator vanes, mainly affecting the effective area,
is the parameter that most affects the TL. The expansion ratio and reduced speed also
change the effective area, although to a lesser extent. Also, the behaviour of the turbine
is not exactly that of a simple connection between two one-dimensional elements of
different section, as the effect of its efficiency is also visible in the results.

5.4 Model adaptation for twin-entry turbine

In the previous sections of this chapter, a fast method to predict the acoustics of a
single entry turbines has been explained in detail and a complete validation has been
exposed. In the present section, a first procedure to adapt the IATM method to twin-
entry turbines is proposed and some results are exposed. Nevertheless, the goal of this
section is not to perform an exhaustive validation, instead, the intention is to assess the
problem and obtain some preliminary results in order to identify the limitations of the
method that will have to be confronted in further studies.

5.4.1 Method description

In order to apply the IATM method to the twin-entry turbine, there are two main
problems to confront. Firstly, it is necessary to have a reliable twin-entry turbine one-
dimensional model in order to perform the simulations from which the interpolation
lookup tables are generated. Secondly, the method to compute the acoustic transfer
matrix needs to be adapted in order to take into consideration the additional turbine
branch.

The set of simulations have been obtained again using OpenWAM as in the previously
described single entry turbine application of the method. As it has been exposed in the
validation campaigns of the model (section 4.3), it is possible to correctly reproduce the
pulsating performance of a twin-entry turbine in a wide range of the frequency spectra.
In order to firstly evaluate the goodness of the acoustic transfer interpolation procedure,
it will be adequate to compare the output provided by the classic one-dimensional model,
with the output provided using the interpolation. As the one-dimensional model has been
described in detail in previous chapters of this dissertation, the following paragraphs are
focused in the generation of the acoustic transfer matrices.

As commented before, the twin-entry turbine introduces an additional focus of os-
cillations that corresponds to the additional inlet branch. Both turbine inlets and the
turbine outlet are connected to incident pressure boundary conditions. Three simulati-
ons must be carried out for each of the turbine map points in which the transfer matrix
is to be generated. With a similar philosophy as in the single entry turbine transfer ma-
trix generation, in each simulation, a specific pulse is imposed in one of the boundaries,
while the other two are kept constant. Thus, for each simulation, the two not pulsating
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extremes are actuating as anechoic ends. Again, results of the simulations are processed
approximating the power spectral density of the pressure waves using Welch’s method
with a Hanning window. Now, as seen in Equation 5.9 the expression of the acoustic
transfer matrix has an additional dimension:

 R31 T32,31 T4,31
T31,32 R32 T4,32
T31,4 T32,4 R4

 ·
P

+
31
P+
32
P−
4

 =

P
−
31
P−
32
P+
4

 (5.9)

In the left term of Equation 5.9, the matrix corresponds to the acoustic transfer
matrix (ATM). In this case, instead of in and out, new subscripts are used to differentiate
between turbine branches for clarity’s sake. This way, 31 and 32 subscripts indicate the
turbine inlets for branch 1 and 2 respectively, whereas the subscript 4 references the
turbine outlet. The pressures P are computed in the frequency domain. The superscript
+ refers to a pressure wave travelling downstream, whereas − refers to a pressure wave
that travels upstream.

The reflection and transmission coefficients are obtained with the following proce-
dure:

R31 =
P−
31
P+
31
, T31,32 =

P−
32
P+
31
, and T31,4 =

P+
4

P+
31

(5.10)

are obtained maintaining the turbine inlet 2 and the turbine outlet as anechoic ends;

R32 =
P−
32
P+
32
, T32,31 =

P+
31
P+
32
, and T32,4 =

P+
4

P+
32

(5.11)

are obtained maintaining the turbine inlet 1 and the turbine outlet as anechoic ends,
and

R4 =
P+
4
P−
4
, T4,31 =

P−
31
P−
4
, and T4,32 =

P−
32
P−
4

(5.12)

are obtained simulating both turbine inlets as anechoic ends and imposing the pulse
in the turbine outlet boundary.

5.4.2 Preliminary results

Before validating the performance of the IATMmethod when predicting the twin-turbine
acoustics, it is important to analyse the turbine maps in order to anticipate the limi-
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tations and non-linearities that could appear in the turbine behaviour. The equivalent
turbine effective area for shroud and hub was obtained compared to the expansion ratio
for different MFR and turbocharger speeds. The equivalent effective area versus expan-
sion ratio for different MFR and 150 krpm is shown for the shroud branch Figure 5.19
and hub branch Figure 5.20. The evolution of the effective area presents clear similarities
when comparing it with the equivalent effective area of a VGT. In the same way that
higher openings in the vane position lead to higher values of effective area, higher values
of MFR will translate into higher values of effective area in the case of the shroud and
lower values of effective area for the hub. Focusing the attention in a given MFR and
branch, the trend followed by the effective area is also similar to the previously presented
for the single entry turbine. The trend is clearly linear for the medium to higher range
of expansion ratio, whereas for the lower range it appears to be more exponential, which
will introduce limitations when trying to linearly characterise the turbine.

Figure 5.19: Equivalent turbine effective area versus expansion ratio in shroud branch.
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Figure 5.20: Equivalent turbine effective area versus expansion ratio in hub branch.

Following the procedure described in subsection 5.4.1, it is possible to compute the
acoustic transfer matrices and characterise the turbine acoustics for any set of operating
conditions. The following analysis and set of results are obtained making use of the
experimental campaign from chapter 3. The fact that there are two inlet turbine branches
introduces some difficulties and limitations in the interpolation procedure due to the fact
that during the computation it is necessary to go over a set of mass flow ratios in addition
to a set of expansion ratios. Because of that, it is convenient to analyse first the acoustic
transfer matrices without interpolating, i.e., using the precise averaged conditions of the
experimental points. For this purpose, the mean pressure and temperature from the
experiments are imposed in each of the boundaries, and, imposing turbocharger speed
as well. A random pressure pulse with an amplitude between 0 and 10 kPa is imposed
sequentially in one branch while maintaining the other two branches as anechoic. With
this approach, it is possible to discern whether the acoustic response of the turbine is
diverse when imposing similar conditions but in different inlet branches, even with a low
amplitude pulse that pertains to the linear domain.

To assess this matter, Figure 5.21 and Figure 5.22 show the components of the
acoustic transfer matrix corresponding to similar operating conditions but pulsating in
shroud and hub branches respectively. In particular, the conditions are an MFR of 0.5,
a turbocharger speed of 97 krpm and an equivalent engine speed of 4600 rpm. From
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these figures, observing the behaviour of the components, it is clear that the geometry
of the entries and volutes of the turbine introduce difference in the response even for
small amplitudes, which is coherent with the results exposed in subsection 3.3.3. The
1D model used as a base for generating the acoustic matrices had already proved to be
able to reproduce these asymmetries between branches (see section 4.3) for non-linear
pulsating conditions. However, from these results, it can be inferred that the model
appears to also capture the different acoustic response even when very low amplitude
pulses are imposed.

After obtaining the acoustic matrices for each of the experimental points, the natural
next step is to perform a first comparison between the pressure decomposition results
from the experiments, and the equivalent results approximated by the acoustic trans-
fer matrix computed in each of these points. For the following pressure decomposition
results in the frequency domain, the nomenclature introduced in subsection 5.4.1 is par-
ticularized for the specific twin-turbine of the experiments. This way, considering shroud
and hub branches referenced as 31 and 32 respectively, if the graph shows the pulsating
in shroud branch results, then the subscript 31− indicates the reflected component, whe-
reas the subscript 32− indicates the indirect transmitted. On the contrary, if pulses are
performed in the hub, 32− indicates reflected and 31− indicates indirect transmitted.

Figure 5.21: Components of the turbine acoustic transfer matrix, pulsating in shroud branch.

163



Section 5.4 Chapter 5

Figure 5.22: Components of the turbine acoustic transfer matrix, pulsating in hub branch.

In Figure 5.23 and Figure 5.24 the reflected, indirect reflected and transmitted pres-
sure components are plotted for both experiments as well as the acoustic transfer matrix
approximation for pulsating in shroud and hub respectively. For clarity’s sake, the ex-
perimental case presented as an example is precisely the one selected in Figure 5.21
and Figure 5.22 for analysing the acoustic transfer matrix components. This way, it is
straightforward to understand how the evolution of the acoustic transfer matrix compo-
nents translates into the corresponding evolution of the reflected, indirect transmitted
and transmitted pressure components. In general, it can be stated that the method
is able to reproduce the acoustics in the lower range of frequencies, whereas, for hig-
her than 500 Hz, the discrepancies between model and experiments start to increase
significantly. Furthermore, although in general the results where similar for all the ex-
perimental points, a slightly increase of the error takes place for MFR’s more separated
of the symmetric MFR 0.5. This might indicate than the mass flow unbalance between
the turbine inlet branches introduces some non-linearities that makes more inaccurate
the acoustic transfer matrix approximation.

164



Chapter 5 Section 5.4

Figure 5.23: Experiments versus model for pulsating in shroud.

Figure 5.24: Experiments versus model for pulsating in hub.
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Finally, for the next study, a synthetic pulse with higher amplitude, MFR 0.5 and
100 krpm, is used to explore the limitations of the application. First, the results that the
method provide while computing the acoustic transfer matrix in MFR 0.5 are compared
to the ones provided by the pure 1D model. Secondly, a comparison is made against the
pure 1D model, but, in this case, interpolating a weighted averaged computation of the
acoustic transfer matrices in MFR 0, MFR 0.5 and MFR 1, as it will be detailed in the
following paragraphs.

In Figure 5.25, the synthetic pulse designed for the next studies is presented. As it can
be observed, the pulse amplitude is approximately 1 bar and the pulses are originated in
each of the inlet branches alternatively, which will certainly introduce strong oscillations
around the MFR 0.5 level.

Figure 5.25: Synthetic pulse.

Following the procedure exposed in the previous results, i.e., in Figure 5.23 and
Figure 5.24, the pressure decomposition results have been obtained using the acoustic
transfer matrices computed for MFR 0.5, which coincides with the mean MFR of the
synthetic pulse. The comparison against the pressure decompositions results provided
by the pure 1D model are shown in Figure 5.26. At this point, it can be defended that,
as it has been proved through the different validation campaigns along this thesis, the
pure 1D model is able to reproduce the pulsating conditions in the turbine even for high
amplitudes. Thus, if the acoustic transfer method presents a similar behaviour along the
frequency domain, it would be a good indicator of the reliability of the approximation.
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Indeed, taking into account that only the MFR 0.5 set of matrices has been used, results
for the inlet branches are quite near the pure 1D ones until the 1000 Hz level. However,
the pressure evolution in the outlet branch is not well reproduced even in the lower
frequency range, which might imply that the method is particularly sensible to this high
amplitude oscillation when trying to predict the turbine outlet conditions.

Figure 5.26: Comparison between pure 1D model and IATM computed in MFR 0.5.

Finally, for the next study, also the acoustic transfer matrices of MFR 0 and MFR 1
are computed in order to obtain a weighted averaged acoustic transfer matrix (ATMavg).
As it can be observed in Equation 5.13, it has been decided to overweight the ATM
calculated in the MFR 0.5 due to the fact that this value is more frequently reached for
the specific synthetic pulse used.

ATMavg = 0.25 ·ATMMFR=0 + 0.25 ·ATMMFR=1 + 0.5 ·ATMMFR=0.5 (5.13)

In Figure 5.27, the comparison between the pure 1D model and the results using
the ATMavg are presented. From the graph it can be concluded that using an averaged
acoustic transfer matrix is not an improvement, as results are very similar to the ones
obtained using only the MFR 0.5.
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Figure 5.27: Comparison between pure 1D model and IATM computed for a weighted averaged
of MFR 0, MFR 0.5 and MFR 1.

5.5 Conclusions

There is a clear time-scale separation between the very low frequency changes in the
operating conditions of a radial turbine coupled to an engine (i.e., changes in engine
load and rotational speed) and the instantaneous evolution of the pressure and tempera-
ture pulses due to the opening and closing of the exhaust valves. This way, the turbine
behaviour can be approximated by that of an acoustic two-ports element superimposed
to its average performance at each engine cycle. The acoustic two-ports element charac-
teristics can be obtained from one-dimensional simulations and saved in a lookup table.
These characteristics, in the form of an acoustic transfer matrix, can be interpolated
each engine cycle in engine meanline models, with a very reduced computational cost.
The generation of the lookup table, which is trivially parallelizable, can be performed in
a preprocessing phase, and can be saved for later usage.

The accuracy of an acoustic matrix lookup table obtained with this procedure is
directly related to the accuracy of the one-dimensional simulation it is based on. Good
turbine map extrapolation capabilities are needed, as well as good acoustics-resolving
one-dimensional computations. From the results obtained in this chapter, the number
of points needed to get precise interpolations with the lookup table is fairly small, and
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should not be a big concern when applying this method.

The acoustic performance of a radial variable nozzle turbine seems to be mainly
affected by its effective section. As the main parameter affecting the effective section is
the position of its vanes, most of the changes in the acoustic performance are explained
by it. The turbine expansion ratio is the second most important term affecting the
effective section, whereas the reduced speed mainly affects the effective section at high
blade speed ratios. In that off-design conditions, with little mass flow, the very low
adiabatic efficiency of the turbine impacts the acoustic behaviour, producing a drift
from that of a simple restriction between two ducts. This way, a reliable extrapolation
of the adiabatic efficiency becomes mandatory when the sound and noise emissions of a
radial turbine are to be computed at low engine loads and, thus, low expansion ratios.

It is worth mentioning that these kind of modelling only takes into account the
passive acoustics of radial turbines. More work is needed if the active noise generation is
needed, or if results are needed for frequencies outside of the plane wave range. Finally,
specific experiments are needed to evaluate the sound and noise emissions and validate
the model at extreme off-design conditions.

Finally, preliminary results of the method for the twin-entry case indicate that,
although promising, additional difficulties appear and, thus, further studies should be
made. More specifically, the turbine effective areas are strongly modified with the MFR,
introducing non-linearities intrinsic to the interaction between the flow coming from the
different inlet branches. Therefore, utilising a single MFR acoustic matrix is not enough
and additional set of acoustic matrix should be computed. Also a method to interpolate
in this additional dimension of MFR is to be designed and tested.
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6.1 Introduction

In the present work, a twin-entry turbine model for non-linear pulsating simulations is
presented, along with an experimental validation of the quasi-2D turbine model first
presented in [53], both able to be integrated in the existing one-dimensional engine
simulation codes. Furthermore, the method also here developed for fast 1D turbine
sound characterisation allows the models to be deployed even for some applications
where very low computational cost is needed. In order to validate the models it has
been necessary to develop a new experimental procedure in which it is feasible to reach
a wide range of turbine operating conditions regardless of the specific two-scroll turbine
type.

The current chapter reviews the outcome of this dissertation. The main findings and
contributions are presented in section 6.2 for both experiments and modelling. Then,
section 6.3 enumerates the limitations of the model approach and experimental proce-
dures that have been followed. Finally, section 6.4 includes the potential improvements
suggested and possible lines of work that may be explored for further research.

6.2 Main contributions

This thesis has contributed to the understanding and performance prediction capabilities
of the radial turbine machine for automotive applications, mainly by studying the always
challenging non-linear pulsating flow. The new modelling tools developed are specifically
designed to account for the non-linear effects and complex phenomena that are inesca-
pable when analysing realistic operating conditions, without neglecting that keeping low
the computational cost is still crucial for some applications. Also, a new procedure to
experimentally test any two scroll turbine under any realistic operating conditions is
presented, with the intention of not only validating the models here developed, but also
contributing to the effort of many other researches that confront the challenge of finding
flexible and easily implementable methods to test this complex machines under a wide
variety of conditions.

But not only this thesis implied the creation of new tools, but also several interesting
findings have emerged from the validation campaign of the models. These findings that
come from the results of the studies carried out using the model give a full illustra-
tion of how the tools here developed might modestly contribute to the design of more
efficient turbocharger or aftertreatment systems as well as even lead to a better tur-
bocharger operating range selection and matching. The tools, methods and procedures
that compose this thesis have been elaborated taking into fully consideration the practi-
cal applicability of them, and, thus, the feasibility to integrate them in real industrial
projects. On the one hand, the implementation of the model in the code OpenWAM is
compatible to be used in co-simulation with some of the software used in the industry as
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de-facto standards, such as GT-POWER and Ricardo WAVE. Furthermore, the acoustic
transfer matrix interpolation method (IATM) is specifically thought to be used in the
increasingly demanded real-time industry applications. The highlighted contributions
of the current document are presented next, being divided into three main categories:
experiments, modelling work and industrial applications.

6.2.1 Experimental procedure

The experimental work of this thesis has been carried out using the CMT-Motores Térmi-
cos gas stand laboratory, a versatile facility for testing any type of turbocharger isolated
from the IC engine in a wide range of operating conditions. Using previous experience [1]
and applying contrasted techniques [101], the gas stand has been successfully configured
to be able to be utilised in experimental campaigns concerning any type of two-scroll
turbocharger under both hot and cold flow conditions and steady and pulsating flow
conditions. In addition, when designing the installation proposed in this work, the fo-
cus was placed in the capability of obtaining big amplitude engine-like pulses. In this
regard, the amplitude reached the 150-200 mbar range in the experiments presented in
chapter 3, which, although not as high as the amplitude reached in a pulse generated
in a real engine, it is high enough to enter in the non-linearity domain, as it has been
analytically demonstrated in chapter 3.

Obtaining reliable and accurate experimental measurements when dealing with un-
steady flow in a very high speed rotating machine is a huge challenge, but the acquisition
of realistic turbocharger high quality data is increasingly important in the actual context
of ICE research and development, where, apart from being necessary for validating the
models, it is also crucial for a better understanding of a complex machine that plays
a very important role in the ever-rising importance of the final global efficiency of the
engine. When deepening into the data from the experiments, some interesting findings
related to the behaviour of the flow near the turbine under non-linear pulses have emer-
ged. As an illustrative example, experiments reveal that, although two-scroll turbines
enable a superior control of the engine pulses, significant or higher than expected oscilla-
tions are still transmitted from the pulsating (active) inlet branch to the other (passive)
inlet branch which, in addition to the energy travelling due to the reflection component,
might significantly affect the pumping losses and total fuel consumption.

6.2.2 Modelling

The modelling contributions exposed in this dissertation fall into three lines of work.
Firstly, a quasi-2D turbine model continuing the work from [53] has been experimentally
validated as seen in chapter 2. Secondly, a new twin-entry radial turbine model able
to be used in non-linear pulsating simulations is developed in chapter 4 that comple-
ments the two-scroll turbine extrapolation model presented in [34]. Finally, the fast
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one-dimensional model based on acoustic matrices from chapter 5 provides a method
that is mainly conceived to provide the reliability and accuracy of a one-dimensional
turbine model like the ones presented in this thesis, but adding real time capabilities.

• Quasi-2D radial turbine model. This model was first presented in [53], where
it proved to be a robust method to improve the performance of the equivalent
actual one-dimensional duct approaches particularly at high frequencies, without
a significant penalty in the computational cost. The contributions of this the-
sis cover the integration and validation of the model in the one-dimensional code
OpenWAM [17]. Thus, providing it with the necessary features that allow a compa-
tibility with the other submodels that where previously implemented in the code,
such as turbocharger heat transfer or mechanical losses models as well as with the
flow boundary conditions based on Godunov’s method [95]. In addition, in this
work the quasi-2D model is first time validated with the new turbine extrapola-
tion model [30]. With the validation from chapter 2 against instantaneous pressure
data, it becomes clear how the classic volute model produces good results at up to
800-1000 Hz, while the quasi-2D model improved these predictions in the higher
range above 1000 Hz and even close to the level of 2000 Hz.

• Twin-entry radial turbine model. When developing this model, the major
effort was placed in solving the difficulty that accounting for non-linear effects
implies when trying to predict the turbine performance under highly pulsating
conditions. The designed structure composed of three equivalent nozzles and an
intermediate volume is able to reproduce with high accuracy the main sources of
linear and non-linear acoustics effects of the turbine. Using a small delay for the
computation of the MFR turned out to be an effective solution to the instabilities
of the model when shifting from steady to unsteady simulations while keeping its
computation explicit. Regarding the results of the validation, it can be stated
that the model successfully captures the non-linear phenomena for the medium
and medium-high frequency spectra. Thus, this method could provide a useful
tool when trying to predict the effect of the interferences transmitted during the
exhaust process that, according to the experiments performed in chapter 3, might
be higher enough to affect the global engine performance. In addition, it is worth
noting that the model is implemented with the necessary modularity and flexibility
to enable co-simulation campaigns. In this regard, the software was implemented as
a plugin for both GT-POWER and Ricardo WAVE, leading to results comparable
to that exposed in chapter 3.

• Acoustic transfer matrices method. Estimating correctly the turbine acou-
stics can be valuable during the engine design stage, in fact, it can lead to a more
optimised design of the silencer and aftertreatment, as well as to a better prediction
of the scavenging effects. Results developed throughout this thesis have demon-
strated that the one-dimensional approaches provides good prediction capabilities
without the computational cost that a more detailed model , such as CFD models,
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implies. To obtain the sound and noise emissions of radial turbocharger turbines
with even lower computational costs is a challenge. However, the increasing inte-
rest in applications requiring real time capabilities indicates that it might be worth
exploring solutions to asses this demand. In chapter 5, a method is proposed in
which the acoustic response of single entry radial turbines can be characterised by
means of acoustic transfer matrices that change with the operating conditions. The
first applications of this model show that a simple interpolation of lookup tables
of acoustic transfer matrices combines one-dimensional prediction with real time
capabilities when being used in mean-value simulations campaigns. In the case
of twin-scroll turbines, the investigations here exposed also indicate that adapting
the method for such applications is not straight-forward and additional data might
be fed into the model due to the complex interactions that the mixed flow implies.

6.2.3 Applications and validation process

After the design and implementation phases of the model and the set up of the boundary
conditions, the full potential of the tools is still unknown. The development process of
the model would only be complete once an extensive validation is carried out, whether
to show its performance and accuracy or to provide examples where it can be applied.
To this end, the matrices of experimental points for both single entry and twin-entry
experiments have been selected covering a wide range of turbine operating conditions,
testing several turbocharger rotational speeds and VGT positions or mass flow ratios
(MFR). Concerning the frequency and amplitude of the pulses applied, the former are
selected considering various engine equivalent speeds, whereas the latter are lower enough
to maintain controlled conditions during testing, but higher enough to assure realistic
non-linearity conditions. On the other hand, once the models have been previously vali-
dated, in chapter 5, the focus is placed on demonstrating the viability of characterising
the turbine acoustics by interpolating transfer matrices, and the computational cost that
this procedure would imply if intended to be used for real time applications.

The results of the validations of the models indicate that it is possible to capture
the non-linear effects until the medium and even part of the high frequency domain,
reproducing the acoustic response sometimes even in the range of 1500-2000 Hz. From
the analysis of the instantaneous tests, it is clear that during the exhaust process, perfor-
mance variables such as mass flow, efficiency, MFR, etc. are highly modified due to the
oscillations transmitted. Predicting and simulating this instantaneous variations might
enable wiser decisions in terms of design of exhaust line components or turbocharger
range of operation selection.

Nevertheless, the objective of the work carried out in this thesis is not only to con-
tribute to the understanding of the unsteady performance of radial turbines by means of
developing new models, but also to ensure the applicability of them. For this purpose,
the models have been implemented with the appropriate flexibility and modularity, with
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the aim of providing a easy applicable piece of software able to be used as an embedded
tool in commercial software. For its part, the fast simulation method from chapter 5 is
intended to satisfy the demand for simulation tools with real time capabilities, although
limitations have been found when utilising this method in two-scroll turbine applications.

6.3 Limitations

Even though the main objectives stated in chapter 1 have been accomplished, the models
developed present some limitations that will be next discussed. Also the pulsating expe-
riments procedure for two-scroll turbines has its own restrictions that might be overcome
in future revisions of the method.

First, although the quasi-2D introduces more detail in the representation of the
volute geometry, the improvement in the prediction capabilities seems to be restricted
to a specific range of the middle-high frequency domain. With the validation carried
out, it is not prudent to affirm that the quasi-2D model improves the prediction of the
instantaneous response of turbine operating parameters such as efficiency and, thus,
further studies should be made. As a consequence, for most applications it might not be
worthwhile the extra computational cost that the model implies. However, this hassle
can be mitigated if the model is complemented with the acoustic transfer interpolation
method presented in chapter 5 so the computational cost would fall into the preprocessing
step. On the other hand, although it can be stated that the solutions adopted for
simulating the twin-scroll turbine, such as the intermediate volume have a physical
explanation, when applied to other two-scroll geometries, some instabilities might appear
and so, modifications and additional calibrations might be necessary.

Regarding the experiments, it is important to mention the limitations in relation to
the amplitude and specific shape of the pulses that can be performed using the facility
and methodology presented in this thesis. The system of orifice plate and rotating valve
provides a stable and secure solution for performing pulses and it allows to reproduce
the frequency of an equivalent engine of any configuration of cylinders. However, the
specific pulsating gas dynamic oscillation entering the engine air system is limited to an
specific wave shape whose nature is generated by its pass through the orifice. A more
modular design philosophy as the Transient Air System Rig [109] would provide more
flexibility in terms of analysing the response to different wave shapes. Due to limitations
in the facility and the instrumentation used, the maximum amplitude of the pulse was
also limited and, although it was higher enough to introduce non-linearity, it introduces
some limitations in order to fully recreate the transient and pulsating gas dynamics from
a real internal combustion engine.

Finally, the acoustic transfer matrices method has proven to be a very smart tool to
perform real time mean value simulations but with the advantage of fully one-dimensional
accuracy. In fact, the results using the interpolation method for the single entry turbine
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are extremely close to the ones provided by the 1D model used to create the interpolation
matrices, in addition, the computational cost has successfully declined to be much lower
than the level required for real time applications. However, the method presents some
evident restrictions when applied to two-scroll turbines. The MFR strongly modifies the
equivalent effective area by introducing non-linearities generated by the interaction of the
flow coming from the different entries that are added to the non-linearities intrinsic to the
pulses. In sum, this phenomena difficulties the interpolation procedure and introduces
the necessity of feeding the model with extra data, as well as to probably evolve the
interpolation method to a slightly more complex procedure.

6.4 Suggestions for future studies

Each of the scientific contributions and lines of work in which the respondent has parti-
cipated during the elaboration of this thesis offers the possibility of further studies and
improvements.

The experimental procedure exposed in chapter 3 has been devised from the begin-
ning as a flexible method able to be used with any specific type of two-scroll turbocharger.
In the moment of the publication of this thesis, the respondent’s research team has per-
formed experimental tests in steady state conditions for a double-entry turbine in the
same gas stand facility as the one described in this work and also pulsating tests will be
performed in the near future. These tests will allow to validate the experimental pro-
cedures that are described in this work with a different turbine configuration, and also
offers the opportunity to improve some of the technical limitations that appeared during
the twin turbine tests. More specifically, it will probably be feasible to increase the
amplitude of the pulse by using shorter turbine pipes in a more optimised installation,
as well as a with a better selection of the by-pass valve in order to avoid the leaks.

The quasi-bidimensional turbine volute model could be adapted to a compressor
model. Each element, compressor volute and diffuser can be discretised into a row of
cells which probably will enable more accurate simulations of the flow dynamics and a
better prediction of the pulsating performance in the high frequencies. Furthermore,
the flow reversal phenomena present during surge episodes might affect only part of
the diffuser and, thus, would probably be easy to compute with this method. Future
studies in this topic could also include a quasi-bidimensional version of the twin-entry
and double-entry turbines, which is especially straight-forward in the twin-entry case,
where each volute can be modelled as a row of cells connected to the stator nozzles.

From the experiments and simulations of the twin-entry turbine, there are several
interesting trends and relations that have been observed. Among other variables, the
geometry of the entry and the MFR seems to affect the transmitted and reflected losses,
however, due to non-linearities introduced by the interaction of the flow coming from
the different entries, it is difficult to identify the global tendencies. In order to better
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comprehend how these variables affect the turbine acoustics, Computational Fluid Dy-
namics (CFD) simulations should be performed, using different geometries of turbine
entries and a set of unequal turbine conditions.

The procedure to adapt the acoustic transfer matrices method to the more complex
two-scroll turbine has been already formulated in chapter 5. The equivalent equations
for the transfer matrices have been proposed and also some results have been obtained.
From these preliminary results a big part of the difficulties intrinsic to the application
of the method have already arisen coming from the interaction of the two flow streams
when dealing with the unequal or partial admissions. To confront this issue, one possible
approach is to generate extra data of acoustic transfer matrices for different Mass Flow
Ratios (MFR) as using only the MFR 0.5 matrix will give inaccurate results. After the
generation of the data matrix, a weighted averaged interpolation procedure could be a
good approach for approximating the acoustic transfer matrix of the MFR intermediate
positions.
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