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Abstract

Scale-Resolving Simulations (SRSs) of turbulent flows in turbomachinery are becoming
increasingly common at the industry level for reduced computational domains and mod-
erate Reynolds numbers. The full annular domains are reduced to a single passage com-
putational domain, and the solution is assumed to be spatially periodic in each passage.
However, the unsteady character of turbomachinery stages and non-integer pitch ratios

prevent the imposition of spatial periodicity in the passages.

Several methodologies have been developed to account for arbitrary blade counts in re-
duced computational domains for Unsteady Reynolds-Averaged Navier-Stokes (URANS)
simulations. Nevertheless, the stochastic nature of turbulent flows impedes the direct im-
position of temporal periodicity to the flow, on which most time-marching methodologies
rely. Thus, the blade count is commonly approximated to the nearest integer in SRSs, so

that spatial periodicity can be imposed in a single passage.

The Time-Inclined (TI) method is a domain-reducing approach successfully used for UR-
ANS in the past. It is easily implemented in time-marching solvers but, more importantly,
it does not directly impose any temporal periodicity to the flow. Additionally, it has been
shown not to degrade the convergence rate to a quasi-periodic state, contrary to other
approaches. Nevertheless, it still has not been explored as an alternative to the single-

passage approximation for SRSs.

Thus, the goal of this thesis is to evaluate the suitability of the TI method for retaining
the exact blade count in SRSs. To that end, several objectives of incremental complexity,

which form the structure of the present work, have been formulated.

The usual TI formulation for the Navier-Stokes (NS) equations excludes some of the
diffusive terms. Providing insight into such a potential source of errors is one of the main
objectives of the present thesis, since it has never been thoroughly analysed and might
be relevant for SRSs. Hence, Chapter 3 includes a novel analysis on the truncation of the

inclined NS equations.

Chapter 4 verifies the implementation of the TT method into the high-order baseline solver

via simulations of two-dimensional linear cascades of flat plates and of T106 Low-Pressure

vii



Turbine (LPT) airfoils. The cascades are subjected to upstream perturbations that are

only spatially periodic in a multi-passage domain, motivating the use of the TT method.

Figures of merit from multi-passage and TT inviscid simulations are nearly identical, prov-
ing the correct implementation of the method. Meanwhile, viscous simulations allow ful-
filling the second objective of this work: to validate the theoretical analysis of the viscous
TI approximation. As predicted, the truncated terms become relevant for regions of high
Strouhal numbers. Due to their viscous origin, their impact is most noticeable for low

Reynolds number flows.

In Chapter 5, the results from 3D simulations of the T106 LPT linear cascade with in-
coming wakes are reported. The pitch ratio between the wakes and the cascade is not an
integer, and the TI method is used to reduce the problem to a single-passage computa-
tional domain. Three-way comparisons have been generated between the solutions of the
multi-passage domain, the single-passage time-inclined solution and the single-passage

solution approximating the pitch ratio of the problem to the nearest integer.

Thus, Chapter 5 is concerned with the third main objective of the present thesis: to assess
the accuracy and performance of the TI method in a 3D problem of industrial interest.
The results indicate that the TI method, retaining the exact blade count, produces very
accurate predictions for turbulence-resolving simulations. Moreover, it outperforms the
standard single-passage methodology in most of the variables of interest and is equivalent

in the rest.

The results of the turbulent flows in Chapter 5 are complemented by virtual experiments
of canonical turbulence problems in Chapter 6, which features the numerical solution of a
transitional problem and the simulation of turbulent boundary layers in periodic channels.
Although some differences are found for the mixing process at the smallest scales, Chapter
6 shows how the TI method can be used for accurate simulations of turbulent flows, the

fourth and last objective of this work.

Keywords: Turbomachinery, Time-Inclined Method, Numerical Modeling, Rotor /Stator
Simulations, Turbine, Scale-Resolving Simulations, Turbulent Flows, Computational Fluid

Dynamics, Large Eddy Simulations, Direct Numerical Simulations.

Viil



Resumen

El uso de simulaciones de resolucion de escalas (SRSs) esta cada vez mas extendido en
entornos industriales. Las geometrias anulares suelen ser reducidas a un solo pasaje en el
que se asume que la solucion es periddica en direcciéon acimutal. Sin embargo, el carécter
no-estacionario del problema y el hecho de que los ntimeros de dlabes de rotor y estéator

no suelen ser divisibles impiden imponer dicha periodicidad en un solo pasaje.

Varias metodologias han sido desarrolladas para simular configuraciones arbitrarias de una
etapa en dominios reducidos mediante la resolucién de las ecuaciones no-estacionarias de
Navier-Stokes promediadas por Reynolds, o URANS. No obstante, la naturaleza estocésti-
ca de los flujos turbulentos resueltos en SRSs impide establecer una periodicidad temporal
en los pasajes, esencial para la formulaciéon de la mayoria de dichas metodologias. Por ese
motivo, en SRSs es comun aproximar los nimeros de dlabes de las filas de modo que sean

divisibles, permitiendo imponer condiciones de periodicidad en muy pocos pasajes.

El método “Time-Inclined” (TI) es una técnica de reduccién de dominio computacional
que ha sido usada con éxito para URANS. Una de sus caracteristicas mas relevantes es
que no impone de forma directa la periodicidad temporal del flujo. Ademas, al contrario
que otros métodos, no muestra una degradaciéon de la convergencia a soluciones cuasi-
periodicas. Sin embargo, su uso no esta extendido para SRSs. Por tanto, el propoésito de
esta tesis es evaluar la idoneidad del método TT para retener el nimero exacto de alabes

en simulaciones SRS.

La formulacion usual del método TI para las ecuaciones de Navier-Stokes (NS) excluye
algunos de los términos difusivos. Un primer objetivo de este trabajo es cuantificar el
impacto de dicho truncamiento en la precision del método, y evaluar si puede suponer
una fuente de error relevante en SRSs de turbomaquinaria. El analisis tedrico de los
términos truncados se encuentra en el Capitulo 3, en el que se introduce el método TI y

se describen otras posibles limitaciones del mismo.

En el Capitulo 4 se verifica la implementacion del TI en el codigo del resolvedor base.
El proceso se ha llevado a cabo mediante simulaciones 2D de cascadas lineales de placas
planas y de perfiles T106 de turbina de baja presion (LPT). Las cascadas estan some-
tidas a perturbaciones aguas arriba que solo son peridédicas en un dominio multi-pasaje,

motivando el uso del TI para reducirlo a un tnico pasaje.
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Los resultados del analisis multi-pasaje y del TI para simulaciones no viscosas son prac-
ticamente idénticos, lo que indica la correcta implementacion del método. Los resultados
de las simulaciones viscosas permiten completar el segundo objetivo de esta tesis: validar
el analisis tedrico sobre la aproximacion de las ecuaciones de NS “inclinadas”. Tal y como
predice la teorfa, los términos truncados son relevantes en regiones de altos niimeros de
Strouhal y, dada su proveniencia viscosa, su impacto es apreciable a bajos ntimeros de

Reynolds.

En el Capitulo 5 se presentan los resultados de simulaciones 3D de una cascada lineal
de perfiles T106 aguas abajo de estelas provenientes de una fila anterior. El niimero de
estelas no es divisible por el de alabes, por lo que el método TI se utiliza para reducir
a uno el nimero de pasajes que se deben incluir en el dominio computacional. Se han
generado comparaciones triples entre las soluciones multi-pasaje, TI, y una solucion al
problema aproximado que modifica el nimero de estelas para obtener periodicidad en un

solo pasaje sin recurrir al TI.

Por lo tanto, el Capitulo 5 se centra en el tercer objetivo de la tesis: estudiar la precision y el
desempeno del método TT en simulaciones 3D de interés industrial. Los resultados indican
que el TI, reteniendo la geometria original del problema, es capaz de alcanzar soluciones
muy precisas en estas simulaciones con flujos turbulentos. De hecho, se obtienen mejores
resultados que con la metodologia aproximada de un solo pasaje en la mayoria de las

variables de interés, y resultados de calidad semejante en el resto.

El Capitulo 6 incluye la resolucion numérica de problemas canénicos de flujos turbu-
lentos como la soluciéon numérica de un problema de flujo en transicion (el vortice de
Taylor-Green) y la de capas limite turbulentas en canales periodicos. A pesar de que se
encuentran diferencias apreciables en el proceso de mezclado para las escalas méas peque-
nas, los resultados indican que el TI puede reproducir fielmente flujos turbulentos, lo que

conforma el cuarto y ultimo objetivo de esta tesis.

Palabras clave: Turbomaquinaria, Time-Inclined, Métodos Numéricos, Simulaciones Ro-
tor/Estator, Turbina, Flujos Turbulentos, Dindmica de Fluidos Computacional, Simula-

ci6on Numérica Directa.
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As the title suggests, the premise of the present thesis is the necessity to carry out very
accurate numerical simulations of turbomachinery stages. For such virtual experiments,
the computational cost of simulating the whole annular domain is enormous and, therefore,
the simulations are carried out in smaller annular sections or single passages of linear
cascades. Dissimilar blade counts in the rotor and stator rows prevent the application
of periodicity conditions in the boundaries of the sector or passage. Then, the common
practice is to alter the geometry to fit into the reduced domain. However, such a strategy
to circumvent the problem of retaining the exact blade counts with low computational

costs defeats the holistic and model-free nature of very high-fidelity simulations.

The physical phenomena that take place in turbomachinery flow is very complex, it may
justify the use of very accurate numerical experiments. Such phenomena are briefly de-

scribed after a providing some background on the topic.

The numerical schemes and modelling approaches for Scale-Resolving Simulations (SRS)
are broadly discussed next, since Chapter 2 provides a detailed description of the numerical
solver used to carry out this work. In short, High-Order (HO) numerical schemes are
typically used for SRS, which aim to resolve most—if not all-of the scales of the turbulent

flows in turbomachinery.

Afterwards, a literature review of relevant high-fidelity simulations featuring the afore-
mentioned numerical schemes and physical phenomena is presented. The objective is
to provide a background for the state-of-the-art Low-Pressure Turbine (LPT) aerody-
namic performance prediction and a brief assessment of scale-resolving simulations for

aeroacoustics.

To complete the background and state-of-the-art exposition, the most common methodo-

logies used to deal with dissimilar blade counts in less physically accurate simulations are
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described, which puts into context the rationale behind the choice of the method used in
this thesis.

Lastly, a list of original contributions follows the description of the objectives and the

outline of this thesis, concluding the chapter.

1.1 Background and Motivation

In the aerospace industry, one of the main figures of merit in most —if not all- of engineering
designs is weight. This, of course, is also the case for aero-engines, where a great effort is
put into lowering the weight of the components while increasing their performance. The
increase in efficiency of engine components is translated into higher sustainability, which
is a fundamental goal of the industry and a commitment to protecting the environment.
Such targets are reflected in the policies and goals set by international organisations such
as the European Commission’s Flightpath 2050 [1] or the United States Aviation Climate
Plan [2].

The growing urgency for more sustainable aviation has become increasingly present in
society in recent years. However, the effort to improve the efficiency of aero-engines has
been linked to the development of air transport since its early days. Moreover, most of
the components of aircraft engines have efficiencies above ninety percent, which makes

improvements harder and harder to achieve.

The international policies towards reducing fuel consumption have driven the industry to
adapt to increasing engine bypass ratios. For the Low-Pressure Turbine (LPT) in direct-
drive engines, this is translated into a higher power demand to drive larger fans. Turbines
can contribute up to a third of the total weight of the engine. To alleviate this, modern
LPTs are designed with fewer blade counts which result in the high-lift and ultra-high-lift

approaches to turbine blade design.

The increase in lift is achieved through high deceleration zones on the suction side, which,
in turn, elevates the risk of encountering large separation bubbles and complex transition
mechanisms. Such boundary layer interactions can increase the losses and decrease the
overall efficiency of the engine cycle, as well as elevate the risk of unexpected behaviour
at off-design conditions. Moreover, the efficiency of the LPT is of great importance due
to its impact on the efficiency of the overall engine: a 1% increase in polytropic efficiency

may improve fuel consumption close to 1% |[3].

To make things worse, the impact on the turbine performance of engineering decisions such
as reducing the number of stages, blade counts and axial gap size between rows is challen-

ging to predict. The presence of very complex phenomena characterises turbomachinery
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flow. Engineers cannot solely rely on extensive experimental campaigns to assess the vi-
ability or aptness of new designs at multiple operating points and conditions, especially in
the earliest phases of design. Therefore, the interest in computational tools to obtain in-
sight into the physical phenomena in such complex machines may not come as a surprise.
The ever-growing power and affordability of computing hardware have popularised simu-
lations of increasing levels of fidelity to overcome the constraints of experimentation. The
accuracy and physical fidelity of the simulations are of paramount importance since they
translate into increased reliability in their predictive capabilities at off-design conditions,

which can complement the data gathered in experimental campaigns.

Thus, high-fidelity virtual experiments are becoming progressively popular at the industry
level [4-11], and have been shown to be able to compete with low Technology Readiness
Level (TRL) experiments [4,5]. Albeit there are some limitations, such as the size of
the computational domain, numerical simulations of complex three-dimensional flow are
nowadays relatively affordable for moderate Reynolds numbers, which are characteristic
of LPTs. For steady circumferentially uniform inflow simulations of a single row of blades,
a sector containing one blade may suffice as an adequate computational domain since the

geometry allows the imposition of periodicity conditions in the boundaries of the sector.

However, turbine stages are inherently unsteady due to the relative movement of rotors
and stators. Moreover, each stage typically consists of different numbers of blades per row,
and the rotor/stator pitch ratio is, in most cases, a non-reducible fraction by design. The
issue, therefore, is that the periodicity conditions cannot be imposed in a small sector or
a single passage in linear cascades. This aggravates the matter of the minimum periodic

computational domain size in the virtual experiment containing the rotor and stator.

The common practice for scale-resolving simulations is to simulate an approximation of
the actual geometry. This strategy—which typically reduces the computational domain in
each row to a single passage—can enable very accurate simulations that would be otherwise
unfeasible at the industrial level. However, it is problematic if we bear in mind that the
goal of the simulations is to maintain high fidelity and representativeness of the physical
phenomena down to the smallest resolved scales, because the largest scales are grossly
captured due to the direct alteration of the geometry. Additionally, the rougher the
approximation to the actual geometry, the larger the misprediction. Thus, the common
practice in current SRS cannot be relied upon for the intended use of such high-fidelity

virtual experiments, especially for turbine or compressor stages of arbitrary pitch ratio.

Even though there are methods that deal with this precise challenge, only some of them
are suitable for high-fidelity simulations, as will be discussed later. This thesis focuses on
one of such methods: the Time-Inclined (TI) method.

The TT method is the principal topic of this thesis (it is presented in detail in Chapter
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3) and can allow for accurate simulations of arbitrary blade counts in computational
domains of reduced size. However, it is not free of flaws. In fact, the errors intrinsic
to the TI methodology for viscous flows had not been investigated in the context of
high-fidelity simulations before this work. Hence, no information was available in the
literature regarding its suitability. However, the absence of alternative methods that may
be conceptually applicable to high-fidelity simulations makes very interesting to answer
the question of how accurate the TT method is in comparison with a direct simulation of
the sector-periodic domain. Furthermore, there is an apparent lack of data and literature
comparing the time-inclined method to the procedure of approximating the pitch ratio to
the nearest integer (while also altering the geometry). This thesis intends to answer such

questions.

1.1.1 Challenges of LPT Aerodynamic Simulations

The simulation of turbomachinery flows entails numerous difficulties. There are physical
phenomena that play important roles in the loss generation of LPTs that need to be cap-
tured. Accurate simulations of complex unsteady three-dimensional flows enable greater
predictive capabilities and provide insight into the impact of current design trends in LPT

performance.

Current trends in turbomachinery show a reduction on the blade counts, which results
in the high- and ultra-high-lift blade designs. To counter potential efficiency losses due
to high blade loadings, the rotational speeds are increased as well, resulting in stronger

blade-to-blade and row-to-row interactions.

Deterministic unsteadiness caused by the relative motion between the rotor and stator
rows coexists with the stochastic phenomena of turbulent low. Reynolds-Averaged Navier-
Stokes (RANS) and Unsteady RANS (URANS) methods assume a separation between the
slow deterministic scales and the fast turbulent scales (also known as spectral gap). How-
ever, the typical turbomachinery rotational speeds result in the overlap of the two spectra,

which harms the predictive capabilities of RANS simulations [12].

The large aspect ratios of LPT blades cause the profile losses to be the largest contributor
to LPT efficiency loss (even above 60%) [13], since secondary flows occupy a small fraction
of the span. Moreover, throughout the operation of LPTs, the Reynolds number may vary
from the low hundred thousands or below at high-altitude cruise up to a few hundred
thousands at take-off [14]. LPT performance is very sensitive to the so-called Reynolds
lapse and can be especially concerning at the lowest Reynolds numbers. Boundary Layer
(BL) development, separation, transition and reattachment have an enormous impact on

the overall efficiency of the turbine but are sensitive to the Reynolds number and the
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unsteady disturbances environment into which the BLs are immersed. Unfortunately,
RANS/URANS methodologies are unable to accurately predict such processes due to the
challenges in the derivation of a model that can account for all the complexities in this

kind of flow, though they can be calibrated for this type of problems [15].

Until recently, engineers relied solely on steady-state simulations for turbomachinery
design. Almost every LPT in operation has been design through steady-state simula-
tions [16]. However, such systems are unsteady—most evidently due to the relative motion
between the rotor and the stator rows—and that unsteadiness affects integral flow para-
meters. Hodson et al. [17] described such influence using turbines and compressors as
examples, where a time-varying static pressure was found to induce changes in the stag-

nation enthalpy and stagnation pressure.

Deterministic unsteadiness comes from three sources in LPTs. First, the potential inter-
action between rotor and stator rows generates unsteady fluctuations due to the rotor
and stator rows moving relatively to each other and experiencing the non-uniform fields
of the adjacent row in their respective frame of reference. This potential influence is
purely inviscid—that is why it is called “potential’— and decays exponentially only for low
Mach number low-frequency cut-off interactions. However, the pressure fluctuations due
to potential effects become relevant in transonic conditions. Secondly, preceding wakes are
convected downstream to interact with the adjacent row. The relative movement between
stators and rotors causes the wakes to be “chopped” and can be modelled as negative jets
that impinge on the blade surfaces [18]. These negative jets cause fluctuations that distort
surface velocity and pressure, affecting the boundary layers and the transition mechanisms
at the suction and pressure sides while they are transported through the blade passage.
Thirdly, for transonic and supersonic turbines, Shock Boundary Layer Interaction (SBLI)

gives rise to complex BL dynamics that alter transition paths and can lead to separation.

Coull and Hodson [19] summarise the fundamental paths by which transition occurs in

turbomachinery boundary layers:

e Natural or Tollmien-Schlichting (TS) transition can occur in low free-stream dis-
turbance environments. Two-dimensional linear oscillations (T'S waves) in laminar
boundary layers take place if the critical momentum Reynolds number is exceeded.
The amplitude of the oscillation slowly increases up to a point when span-wise
non-linear interactions occur, develop, and grow in size. Eventually, they burst
into turbulent spots evolving and merging to form a continuous turbulent bound-
ary layer. However, natural transition is not likely in the high-level disturbance

environment found in turbines.

e Bypass transition takes its name from the circumvention of the formation of TS wave

processes to generate turbulent spots. In this transition mode, long wavelengths of
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free-stream turbulence, filtered by the so-called “shear sheltering” [20], can act as
the disturbances that give rise to stream-wise perturbations that further intensify
until they break down, forming turbulent spots. The characteristic length at which
this phenomenon takes place is also shorter, which promotes an earlier transition of

the boundary layer than natural transition.

e Laminar boundary layers that separate may experience rapid transition to turbu-
lence within the separated region. Kelvin-Helmholtz (KH) instabilities contribute
to the roll-up of the separated shear layer into coherent vortices. Free-stream turbu-
lence and /or passing wakes can act as secondary instabilities that distort the vortices
and initiate a break-down process [6,19,21]. The KH instability can also add up to
intrinsic instabilities of the boundary layer and produce transition, although both
paths can lead to turbulence by themselves. The resulting separated-flow transition
mode can originate a separation bubble, since the separated layer can reattach after

the transition.

The unsteady environment of LPT flow strongly influences the transition mechanisms
in the BL. For example, Coull and Hodson [19] noted how incoming wakes generate
structures called “Klebanoff streaks” close to the leading edges that promote an early

(bypass) transition onset.

In 1997, a comprehensive study consisting of experimental [22,23| and numerical [24]
analyses were published by Halstead et al. to study unsteady boundary layer development
in turbines and compressors. The authors conducted multiple experiments for compressors
and turbines at several operation points along steady state and unsteady simulations
to describe the boundary layers and assess the capabilities of the state-of-the-art codes

available at that time.

The turbulent spots that originate in the BL then propagate and form different regions
in the flow field. These turbulent spots intercept laminar regions as they propagate
downstream. The laminar-like calmed regions that form after the spot feature elevated
shear stress, which makes the boundary layers more resistant to separation. The boundary
layers in this region are more stable, which helps to suppress the development of further

instabilities.

In LPTs, incoming wakes from preceding rows are convected through the passage, and two
different laminar to turbulent boundary layer transition paths arise. The wake-induced
path is related to the areas directly influenced as the wake passes, characterised by high
disturbance levels contributing to bypass transition processes. The path between wakes is
influenced by the lower levels of disturbances, and any of the three previously described
mechanisms could be present, although Halstad et al. [23] only documented the presence

of bypass and separated-flow transition. Moreover, the calmed region that forms after
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turbulent strips in the wake-induced path substantially impacts delaying transition and
suppressing instabilities, as previously mentioned. It is also important to note that the
paths differ in the position at which the transition to turbulence is achieved. As described
in [23], when the Reynolds number decreases, the disturbance environment becomes less
able to destabilise the laminar boundary layers, and consequently, the transition onset
in the wake-induced path moves further downstream. The calmed regions may prevent
separation in the path between wakes, which in turn might generate a transitional bound-
ary layer instead of a fully turbulent one. In any case, as the wakes travel through the
passage, the aforementioned mechanisms take place in the different regions of the suction
side, generating an intermittent behaviour that needs to be captured by the numerical

tools to predict the overall performance of the turbine accurately.

Experimental campaigns can yield crucial information to increase the knowledge about
the complex phenomena described so far. However, the demanding environment in a real
engine at operating conditions (temperature, pressure, rotational speeds, turbulence level,
etc.) makes the experiments very troublesome and expensive, and the quality or amount
of information that can be obtained is not always enough to derive conclusions that may
result in improvements in engine performance. Such experiments require manufacturing
large parts of the engine, if not the whole engine, contributing to their elevated monetary

cost and the time it takes to set up and carry out the testing campaigns.

It is clear that RANS analyses fall short when it comes to accurately account for most
of the aforementioned phenomena and their intricate interactions [6]. Reynolds numbers
in LPTs may allow for high-fidelity simulations, but the cost of SRS is still very high.
Nevertheless, such numerical experiments enable researchers and designers to gain un-
derstanding of the physics involved in these flows. In addition, high-fidelity simulations
produce vast amounts of data that may be used to calibrate in-house turbulence models,
which are fed to RANS/URANS and other numerical tools of low turnaround times which

are commonly used in the design cycles.

1.1.2 Numerical Methods for High