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ABSTRACT

With the present drive in turbomachine engine development towards thinner and lighter
bladings, closer spaced blade rows and higher aerodynamic loads per blade row and
blade, advanced design criteria and accurate prediction methods for vibrational problems
such as forced response become increasingly important in order to be able to address and
avoid fatigue failures of the machine early in the design process. The present work
supports both the search for applicable design criteria and the development of advanced
prediction methods for forced response in transonic turbine stages. It is aimed at a better
understanding of the unsteady aerodynamic mechanisms that govern forced response in
transonic turbine stages and further development of numerical methods for rotor stator
interaction predictions.

The investigation of the unsteady aerodynamic excitation mechanisms is based on
numerical predictions of the three-dimensional unsteady flow field in representative test
turbine stages. It is conducted in three successive steps. The first step is a documentation
of the pressure perturbations on the blade surface and the distortion sources in the blade
passage. This is performed in a phenomenological manner so that the observed pressure
perturbations are related to the distortion phenomena that are present in the blade
passage. The second step is the definition of applicable measures to quantify the pressure
perturbation strength on the blade surface. In the third step, the pressure perturbations are
integrated along the blade arc to obtain the dynamic blade force. The study comprises an
investigation of operation variations and addresses radial forcing variations. With the help
of this bottom-up approach the basic forcing mechanisms of transonic turbine stages are
established and potential routes to control the aerodynamic forcing are presented.

For the computation of rotor stator interaction aerodynamics for stages with arbitrary pitch
ratios a new numerical method has been developed, validated and demonstrated on a
transonic turbine test stage. The method, which solves the unsteady three-dimensional
Euler equations, is formulated in the four-dimensional time-space domain and the
derivation of the method is general such that both phase lagged boundary conditions and
moving grids are considered. Time-inclination is utilised to account for unequal pitchwise
periodicity by distributing time co-ordinates at grid nodes such that the phase lagged
boundary conditions can be employed. The method is demonstrated in a comparative
study on a transonic turbine stage with a nominal non integer blade count ratio and an
adjusted blade count ratio with a scaled rotor geometry. The predictions show significant
differences in the blade pressure perturbation signal of the second vane passing
frequency, which would motivate the application of the new method for rotor stator
predictions with non-integer blade count ratios.
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NOMENCLATURE

c speed of sound [m/s]
e total energy per unit volume [J/m3]
F, G, H Fluxes
l computational time
L length [m]
m number of time steps in a vane passing period
M Mach number
p static pressure or local static pressure perturbation [Pa]
pn-amp pressure amplitude of the nth vane passing frequency [Pa]
P static pressure or blade pitch [Pa] or [Rad]
P0 total pressure [Pa]
R Gas constant [J/(kgK)]
Re Reynolds number
Q conserved variables vector
s arc length [m]
S source term
Sx, Sy, Sz, St metric terms
t physical time [s]
T static temperature [K]
T0 total temperature [K]
u, v, w Velocity components [m/s]
Vol Hyper volume

Abbreviations

2D two-dimensional
3D three-dimensional
4D four-dimensional
arc blade arc
CFD Computational Fluid Dynamics
CFL Courant, Friedrichs and Lewy Condition
CSD Computational Structure Dynamics
DERA Defence Evaluation and Research Agency
E-SS Expansion perturbation – on suction side
FEM Finite Element Method
HCF High Cycle Fatigue
HP High Pressure
LE Leading Edge
P-PS Vane potential field perturbation – on pressure side
PR-PS Potential field reflection perturbation – on pressure side
PR-SS Potential field reflection perturbation – on suction side
P-SS Vane potential field perturbation – on suction side
PS Pressure Side
PVM Parallel Virtual Machine
RANS Reynolds Averaged Navier Stokes equations
RMS Root Mean Square
S-PS Vane trailing edge shock perturbation – on pressure side
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SR-PS Shock reflection perturbation – on pressure side
SR-SS Shock reflection perturbation – on suction side
S-SS Vane trailing edge shock perturbation – on suction side
SS Suction Side
STE Stator Trailing Edge
TE Trailing Edge
TVD Total Variation Diminishing
VKI von Karman Institute for Fluid Dynamics

Subscripts

a blade arc
des design
i time step index
is isentropic
n multiple of vane passing frequency
r Rotor
s Stator
1 stator (vane) inlet and stage inlet
2 stator (vane) exit and rotor (blade) inlet
3 rotor (blade) exit and stage exit

Greek symbols

γ Ratio of specific heats
ϑ tangential direction
ρ Density [kg/m3]
τ Viscous stress tensor
Ω Rotational speed [Rad/s]
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1 INTRODUCTION

In modern aircraft engine design, where great effort is put on lowering weight and raising
performance, the challenge is to optimise for conflicting aerodynamic and structural
demands. Thinner and lighter bladings, closer spaced blade rows and higher aerodynamic
loads per blade row and blade promote flow induced vibrational problems such as flutter
and forced response that can lead to high cycle fatigue (HCF) failure and breakdown of the
machine. With strong demands on highest possible flight safety, a large effort is put into
HCF analysis in the engine development in order to be able to guarantee an engine life
free of failure. The economic relevance of flow induced vibrational problems for the
turbomachine engine business has been pointed out by Wisler (1998). He stated that HCF
problems account for 10% to 40% of the total engine development problems and that the
average development program has to resolve 2.5 serious HCF problems. Of the total
engine maintenance cost, approximately 5% can directly be related to HCF failures. An
example taken from Srinivasan (1997) illustrates the expenditures that engine
manufacturers have to face. In the testing phase of the F119 engine development a severe
high cycle fatigue failure related to forced response of the high pressure turbine blades
was detected. The diagnosis of the problem took 11 months and the redesigned engine
was tested for about 32 hours at 40 different speeds corresponding to 40 specific resonant
frequencies in order to achieve HCF clearance.

Consequently, there is a strong demand for increased knowledge of the underlying
mechanisms that govern HCF failures, the development of methods to predict flow induced
vibrations and the formulation of guidelines to avoid HCF problems early in the design
process. The objective of the present work is to support the search for applicable design
criteria and the development of advanced prediction methods for forced response in high
pressure, transonic turbine stages. It is aimed at a better understanding of the unsteady
aerodynamic mechanisms that govern forced response in transonic turbine stages and
further development of numerical methods for rotor stator interaction predictions.
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2 BACKGROUND

2.1 Forced Response

Structures that encounter time periodic loads with frequencies that correspond to the
structure’s natural frequencies can enter a resonance vibration mode with a continuous
energy transfer to the motion. This process is referred to as forced response. The growing
periodic deformation of a structure in resonance can initiate material fatigue (HCF) and
eventually lead to the failure of the structure.

Bladed disk assemblies in turbomachines are continuously exposed to time periodic loads
for example via the unsteady flow interaction of successive stator and rotor blade rows.
The frequency of the periodic load is proportional to the engine’s revolution frequency and
often referred to as multiple of the revolution frequency or “engine order”. The disk
assemblies enter a resonant mode which is featured by distinct nodal diameter and ring
patterns.

The ZZENF diagram comprises the information of mode natural frequency, nodal diameter
and engine order excitation to indicate the eigenmodes of the bladed disk assemblies that
encounter forced response and the corresponding engine conditions (Wildheim (1979)). As
an example, a ZZENF diagram of a turbine rotor blisk is shown in Fig. 2.1 together with
predicted blade resonance stresses of two disk modes. The diagram is a frequency–nodal
diameter space where all structural eigenmodes of the bladed disk are mapped - in this
example as blue bars. As shown for example by Wildheim (1979) and illustrated by Jay et
al. (1984), an engine order excitation can only cause resonant vibrations of a well defined
set of nodal diameters. A disk with K blades can respond to an excitation with a sinusoidal
circumferential partition N with a nodal diameter equal to a multiple of the sum and
differences of K and N. In Fig. 2.1 the excitations corresponding to the first, second and
third harmonic of the vane passing frequency are depicted for the engine operation range
and they appear as vertical lines at the corresponding nodal diameter. Crossings of the
excitation line and the eigenmodes indicate resonance conditions.

The Campbell diagram is another widely-used tool to indicate potential resonance
conditions. A typical Campbell diagram for a first stage, high-pressure turbine rotor is
depicted in Fig. 2.2. The horizontal lines represent the variation of the blade’s
eigenfrequencies with respect to the engine speed and the straight lines radiating from the
origin represent multiples of the engine order excitations. Crossings of the eigenfrequency
line and the engine order line in the operation range of the engine denote forced response
situations. Potential excitations sources are burner distortions and burner patterns from
discrete burner cans as well as flow distortions due to adjacent vane rows.

Though the ZZENF and Campbell diagram indicate the modes that encounter forced
response and the engine’s resonant speeds, they provide no information about the
resonant strength and structure life length. In order to judge whether the resonance
conditions are acceptable, the resonant amplitudes and stresses and the structure fatigue
have to be addressed.

The assessment of forced response vibration amplitudes and stresses of bladed disk
assemblies and blisks is a multidisciplinary field that requires insight in the dynamic
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behaviour of the structure as well as its surrounding flow. On the structural side the
analysis concerns the natural frequencies and mode shapes as well as the structural
damping. On the aerodynamic side the magnitude of the driving aerodynamic forces and
the aerodynamic damping has to be addressed. Together these characteristics serve as
problem specifications in the determination of dynamic stress levels and the estimation of
the structure’s life length. A short survey of the issues related to forced response that
presently receive attention in the research community is given below. General and more
comprehensive overviews on the analysis of forced response in turbomachines have for
example been presented by Kielb and Chiang (1992), Marshall and Imregun (1996) and
Srinivasan (1997).
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Fig. 2.1: ZZENF diagram and predicted dynamic stresses for two resonant modes of
a turbine rotor blisk, by courtesy of Volvo Aero Corporation
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Fig. 2.2: Campbell diagram for a first stage turbine rotor with stiff wheel. Taken from
Jay and Fleeter (1987)

The mode shape of the bladed disk assembly not only comprises the information of the
location of the structure’s vibratory deformation but the motion of the blades related to the
aerodynamic excitation also define the receptiveness of the structure to absorb the
aerodynamic work. An area that has received much attention in the structural analysis of
bladed disk assemblies is the influence of non-uniformities in the cyclic symmetry, the so-
called mistuning. Mistuning leads to a frequency splitting of the two orthogonal vibratory
modes associated with a certain nodal diameter pattern as well as a contamination with
mode components of other nodal diameters, resulting in a larger number of modes that are
receptive of the present excitation source (Ewins (1973)). Furthermore, mistuning leads to
localisation or concentration of vibratory amplitudes and stresses, that can result in shorter
average life lengths of individual blades. Finally, mistuning affects the aerodynamic
damping, which can either be increased or decreased. The detrimental effect of mistuning
connected with forced response has early been investigated by a number of researchers
(Whitehead (1966), Ewins (1969), Dye and Henry (1969)) who have reported local
amplitude and stress amplifications of 20 – 200%. Today, the research effort in forced
response of mistuned bladed disks is concentrated on broadening the understanding of
the underlying mechanisms that influence the mistuning sensitivity and the development of
efficient and accurate numerical prediction techniques as well as statistical models of the
response (Myhre (2002)). Comprehensive information on the effect of mistuning of bladed
disk assemblies can be found in the recently presented reviews by Ewins (1991), Slater et
al. (1999) and Myhre (2002).
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Provided the magnitude of the forcing is known, the damping of the system determines the
vibration amplitude. The vibration of bladed disks in turbomachines is governed by two
damping sources, the first being the structural damping which can be subdivided into
material damping and friction damping. The second is the aerodynamic damping arising
from the work that the surrounding fluid performs on the vibrating blade. The viscous
damping of metal blading is generally rather small compared to other damping sources
and therefore often neglected (Srinivasan (1997)). Friction damping is provided at the
interface of two rubbing surfaces such as the blade/ disk attachment or shroud contacts
and is often artificially enhanced by the application of friction damping devices such as
lacing wires or platform dampers. Friction damping devices can provide additional
damping of 3% in critical damping ratio (Kielb and Chiang (1992)). Their impact on mode
shape and natural frequency of the structure is substantial and frequency shifts of 25%
have been reported (Breard et al. (2000)). Much of the research effort on friction damping
today is devoted to accurately model the friction forces at the interfaces for structural
dynamic analyses (see for example Csaba (1998)). Aerodynamic damping is a synonym
for the unsteady aerodynamic load on the blade that arises from the displacement of the
blade under vibration. As reported by Kielb and Chiang (1992) and Kielb and Abhari
(2001), the aerodynamic damping can be in the same order of magnitude as friction
damping and has to be taken into account in the amplitude and stress predictions. In the
analysis of forced response the aerodynamic damping is often treated as uncoupled from
the aerodynamic forcing and their contributions are simply superimposed. The
computationally efficient linear Euler and Navier-Stokes solvers have evolved as standard
methods for the prediction of the aerodynamic damping (see for example Hall (1987),
Montgomery and Verdon (1998) and Holmes (1998)). Solutions are obtained as small
perturbations on a stationary mean field of the blade passage flow. Recently, time
marching, non-linear methods as presented by Fransson and Pandolfi (1986) and Höhn
(2000) have received growing attention as it is recognized that linear methods encounter
difficulties in providing accurate predictions in flow regions with strong non-linear
phenomena as for example blade passage shocks.

As forced response not always can be avoided in the design of modern turbomachine
stages (see for example Manwaring et al. (1997)), the development of accurate prediction
methods for forced vibration amplitudes and stresses receives increasing attention, so that
critical modes can be identified and addressed early in the design process. A common
approach is to treat the analysis of the unsteady aerodynamics and structure dynamics
separately and uncoupled. The aerodynamic forcing and damping are predicted with the
help of unsteady flow solvers. The aerodynamic damping is applied as a damping force or
translated into a critical damping ratio and added to the modal damping of the structure
and the predicted blade forcing serves as a boundary condition in the structural model of
the bladed disk assembly. Interfacing methods for the transfer of boundary conditions
between flow and structural solvers have been studied in detail by Moyroud (1998). The
modelling level of each individual solver differs from one approach to the other. For
example, Green (1999) and Green and Marshall (1999) applied a single passage 3D linear
flow solver to predict the aerodynamic forcing and damping. Upstream and downstream
distortions were simulated with the help of unsteady gust boundary conditions. A reduced
Finite Element model including a macroslip friction model to simulated the effect of
platform dampers was applied to predict vibration amplitudes Other examples of
decoupled aerodynamic and structural modelling for forced response have been presented
by Chiang and Kielb (1993), Berthillier et al. (1997), Kruse et al. (1997) and Kato et al.
(1999). A performance analysis of different aerodynamic models towards the prediction of
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the aerodynamic forcing and damping has been presented by Marshall et al. (2000).
Recently, Breard et al. (2000 a, 2000 b) presented the application of an integrated
aeroelastic method towards the prediction of fan and turbine forced response where
coupling effects between the aerodynamic forcing, damping and structure dynamics are
taken into account. This approach utilises a time marching method and the dynamic
boundary information is transferred between a 3D unsteady flow solver and the FEM
structural solver in every time step of the computation. The method has the advantage that
the resonance frequency and mode shape do not have to be specified a priory but can be
tracked in the solution process so that for example frequency shifts due to different
damping effects can be accounted for.

2.1.1 Aerodynamic Blade Excitation Mechanisms in Turbines – State of the Art

The present work concerns the aerodynamic stimuli, i.e. the prediction, understanding and
control of the aerodynamic forces, here referred to as the aerodynamic excitation
mechanisms, that drive the structural response in turbine stages. Generally speaking, the
study of the aerodynamic forcing includes three key elements. Firstly, the interpretation of
the pressure fluctuations with respect to the surrounding unsteady distortions. Secondly,
the quantification of the pressure fluctuations in the relevant resonance frequencies by
Fourier transformation of the surface pressure. Thirdly, the quantification of the integrated
pressure signal, the actual dynamic blade force.

Many experimental and numerical studies on unsteady aerodynamics in turbine stages
address different aspects related to the first element, i.e. the blade surface pressure
fluctuations (see for example Rao and Delaney (1990), Dunn et al. (1992), Rangwalla et
al. (1992), Dietz and Ainsworth (1992), Saxer and Giles (1994), Moss et al. (1997), Hilditch
et al. (1998), Denos et al. (1999), Kost et al. (2000) and Clark et al. (2000)). Two of the
most prominent studies regarding the interpretation of the unsteady flow field and linking of
the distortion source to the pressure perturbations on the blade surface in turbine stages
have been presented by von Hoyningen-Huene et al. (2000 a, 2000 b) and Busby (1999).
These studies have in common that the flow-field interpretation is based on CFD
predictions, which enable a visualization of the unsteady flow field that can not be
achieved by measurements. The investigation of the two high subsonic turbine stages by
von Hoyningen-Huene et al. was based on 3D unsteady viscous stage computations of the
flow-field. Unfortunately, no measurements were available to validate the predictions. Von
Hoyningen-Huene et al. presented the blade pressure perturbations in space-time maps at
different span positions and were able to connect many pressure peaks with the vane
wake and potential field distortions observed in velocity and pressure perturbation contour
plots of the blade passage. In their 2D investigation of a transonic turbine stage, Busby et
al. (1999) tracked the complex vane trailing edge shock motion in pressure contour plots of
the stage blade passages over a vane passing period. Furthermore, the wake motion was
depicted in entropy contour plots. They were thereby able to address the peaks in
measured and computed blade pressure traces at different locations along the blade
surface.

Although many studies concern the unsteady blade pressure, there are only few reports
available in the open literature where the actual unsteady blade forces have been studied
in closer detail. A pioneer in the field is Korakianitis (1992 a, 1992 b, 1993 a), who used a
2D non-linear computational method to evaluate the influence of varying stator-rotor pitch
ratios and axial gap on the blade force. The upstream disturbances of the stator were
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modelled with gust boundary conditions and he was thereby able to separately address
the influence of potential disturbances and wake disturbances on the blade forces. Jöcker
et al. (2000), Freudenreich et al. (2001) and Jöcker et al. (2001) also used comprehensive
numerical parameter studies of varying axial gap, stator rotor pitch, stator exit Mach
number and operating points to investigate the influence of design parameters on the
forcing in high subsonic and transonic turbine stages. They also utilised 2D non-linear
computational methods, but additionally to the gust calculations they performed rotor /
stator calculations with a sliding grid approach.

The strength of these studies is the systematic investigation of the influence that selected
design parameters have on the unsteady blade forces at mid span. However, these
studies also have limitations. A clear link between the aerodynamic distortion source, the
observed blade pressure fluctuations, amplitudes and resulting force has not been
established in detail and therefore the underlying mechanisms of observed forcing
variations could not always be identified. Furthermore, the utilised gust boundary
conditions do not account for reflections between the stator and the rotor blade row which
in the case of transonic turbine stages with the presence of shocks can have significant
influence on the blade pressures fluctuations. As these studies have been performed in
two dimensions only, spanwise variations governed by three-dimensional blade
geometries have not been addressed.

2.2 Unsteady Aerodynamics in Turbine Stages

The real flow in turbine and compressor stages is inherently unsteady due to the relative
motion of adjacent blade rows. The rotor blades experience the circumferential non-
uniformity behind the stator blade row as a periodical disturbance and vice versa. The
resulting unsteady effects have in recent years received growing attention as they are
recognised as an important parameter in the turbomachine design process. Not only they
can cause strong blade vibrations with eventual blade failure, but they also have a
significant impact on blade heat transfer and performance as well as the noise generation
of the machine. General overviews of the unsteady aerodynamics in turbomachines and
an assessment of its impact on heat transfer, boundary layer response and loss
mechanisms, wake re-enforcement, aeroacoustics, and blade vibrations have been
presented by Sharma et al. (1992), Sharma et al. (1994) as well as Greitzer et al. (1994)
and Wisler and Shin (1998).

In turbine stages the deterministic unsteadiness experienced by the stator and rotor blade
row originates mainly from three different sources (see for example Doorly and Oldfield
(1985) and Hodson (1998)): Firstly, fluctuations arising from the interaction between the
potential fields of the adjacent blade rows. These propagate both upstream and
downstream. Secondly, the upstream stator wake is continuously “chopped” and distorted
by the rotor blades and convected downstream through the rotor blade passage. Thirdly, if
the turbine is transonic, the rotor interferes with stator trailing edge shocks is giving rise to
complex unsteady shock patterns in the inter blade row region.

The presence of an obstacle like a turbomachine blade in a gas flow creates a potential
field with pressure variations that propagate throughout space (Verdon (1987), Whitehead
(1987)). By definition the potential field has no rotational components, that means no
vorticity is connected to it. When the potential field of one blade row extends into an
adjacent blade row, potential interactions arise and can be noted as pressure fluctuations
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on the blade surfaces. In subsonic flow the potential field propagates both upstream and
downstream of a blade row but decays exponentially with the distance to the source.
Different aspects of potential field interactions in blade rows have been studied since the
early 1950’s, such as reported by Kemp and Sears (1953), Parker and Watson (1972),
Gallus et al. (1982), Dunn (1985), Koriakianitis (1993 b), Jöcker et al. (2001) and many
more. In a majority of these studies effect and magnitude of the potential field disturbances
are compared with the disturbances caused by upstream generated wakes. The studies
show that for low local Mach numbers the potential field fluctuations decay rapidly with
increased axial gap and that they can be neglected for gaps larger than 30 percent of the
blade pitch. In these cases the wake generated unsteadiness dominates. For higher Mach
numbers - approaching sonic conditions - the decay becomes much less prominent and
the potential field of a blade row can cause significant pressure fluctuations along the
entire surface of the neighbouring row’s blades. In such a case the pressure fluctuations
due to the potential interactions can be an order of magnitude stronger than the wake
generated fluctuations.

Wakes are low momentum boundary layer fluid shed from the trailing edges of an airfoil.
The resulting impulse deficit of the wake is in principle a measure of the airfoil surface
friction loss. Wakes that are shed from an upstream blade row in a turbomachine stage are
convected through the following blade row giving rise to temperature and pressure
fluctuations on the blade surfaces. Wake - blade interaction has received much attention
concerning the performance and heat transfer of blade rows as it has a significant impact
on the boundary layer development along the blade surface (see for example Halstead et
al. (1995), Howell and Hodson (2000) and Howell et al. (2001)). But the interaction of
wakes and blades plays also an important role in turbine engine noise generation (Verdon
(1993, 2000)) and blade forcing (Koriakianitis 1992a, 1992b). Very early Meyer (1958) and
Lefcort (1965) conducted analytical studies on the convection of wakes through airfoil rows
and made predictions on the interaction with the airfoil surface. They stated that the wake
is “chopped” into segments by the downstream blade row and that the segments can be
viewed as “negative jets” which in case of a turbine stage transport fluid from the pressure
surface to the suction surface of the blades. This mechanisms is illustrated in Fig. 2.3. As
a result of the blade circulation the wake segments are sheared and stretched when they
pass the blade row (Smith (1966)). Later, Hodson (1985a) broadened the understanding of
wake motion and wake generated unsteadiness in turbine rotor passages with flow field
and blade pressure measurements in a large-scale low-speed test turbine stage. He also
conducted computations with unsteady wake gust boundary conditions (1985b). His
results as well as the results of others (Binder et al. (1985), Giles (1988), Chernobrovkin
and Lakshminarayana (2000), Lakshminarayana et al. (2000)) confirmed that the early
developed kinematic theory could be utilised to explain the wake movement through blade
rows.

In transonic (and supersonic) turbine stages an additional source of unsteadiness adds to
the classical potential field and wake interaction described above: The shape of the stator
vane passage of a transonic turbine stage is comparable with a Laval nozzle. The
pressure drop over the vane allows partially supersonic flow conditions in the aft blade
passage and the vane exit flow is adjusted to the back pressure and flow angles imposed
by the following blade rows by the formation of a shock wave towards the vane trailing
edge. The shock wave reaches into the downstream blade row, forms a complex reflection
pattern and causes strong perturbations along the blade surfaces. Doorly and Oldfield
(1985), Ashworth et al. (1985) and Johnson et al. (1989) investigated the impact of both
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wakes and shocks on downstream transonic rotor blades in a linear cascade facility, where
the flow distortions were generated with upstream moving bars. With the help of Schlieren
photographs they were able to capture and document the complex shock reflection pattern
in the blade passage (see Fig. 2.4). On the numerical side Giles (1990) and Saxer and
Giles (1994) documented the presence of a similar shock reflection pattern with the help of
a series of pressure contour plots in their studies of high-pressure transonic turbine
stages.

Fig. 2.3: Wake velocity deficit and representation of the wake as negative jet taken
from Mayer (1958) and Hodson (1998) (Hodson’s interpretation of Mayer’s model)

Fig. 2.4: Propagation of Shock Wave through a turbine rotor passage. Taken from
Doorly et al. (1985) and Johnson et al. (1989)

A number of research groups have investigated different aspects of rotor stator interaction
with measurements in rotating test facilities simulating the conditions in high pressure,
transonic turbine stages that are typically applied as a first stage in an aeroengine turbine.
Dietz and Ainsworth (1992) performed unsteady pressure measurements on the rotor
blade surface of a transonic turbine stage in the Oxford isentropic light piston facility with
the aim to measure the characteristic distortion velocities along the blade surface. They
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found that the disturbances move with acoustic speed and they were unable to detect
convected distortion phenomena. Furthermore, they mention pressure wave reflection
across the blade passage as an additional source of distortion. Three-dimensional aspects
were investigated by Moss et. al (1997) on the same test facility. They observed large
pressure fluctuations at the rotor suction side near the root, which they associated with the
impact of a stator wake loss core. Dunn et al. (1992) and Rao et al. (1994 a) quantified the
unsteady loading on the vane and the rotor blade of a transonic turbine stage in a short-
duration shock tunnel facility. They concluded that the large pressure fluctuations on the
front rotor blade suction surface were caused by the direct impact of the vane trailing edge
shock. On the same facility Venable et al. (1999) and Busby et al. (1999) conducted
studies on the impact of different axial gaps on the unsteady aerodynamics and turbine
performance. The experimental investigations were supported with extensive numerical
studies, which made it possible to connect shock impact and reflections to experimentally
observed pressure perturbations on the blade surfaces. Hilditch et al. (1998) conducted
dynamic pressure and heat transfer measurements on the rotor blade of a transonic
turbine stage in the isentropic light piston facility at DERA, Peystock. As in the
investigations of Dietz and Ainsworth (1992) the wake convection through the blade
passage was not detected in the pressure perturbations on the blade surface, but traces of
the wake movement were found in the measurements of the surface heat transfer
perturbations. Furthermore it was noted that the large pressure fluctuations observed on
the rotor blade pressure side were caused by the direct impact of the vane potential field.
Recently, Denos et al. (2001) and Valenti et al. (2002) presented unsteady measurements
performed on the VKI high pressure transonic turbine stage test facility. They investigated
the effects of variations in rotor speed, pressure ratio, axial spacing and cooling flow
injection on the rotor blade pressure perturbations. These measurements were
accompanied with inviscid, time dependent computations of the unsteady flow field.

More information on unsteady aerodynamics of turbine stages can be found in a recently
presented review by Freudenreich (2000).

2.3 Numerical Methods for Rotor Stator Interaction Predictions

Since the late 1970’s, the development of numerical methods for the computation of rotor
stator interaction has received growing attention, driven by the reciprocal stimulation of
improving computing resources and growing attention on unsteady effects. In 1977 Erdos
et al. were the first to present a comprehensive 2D Euler method for the solution of time
dependent periodic flow through a fan stage. From today’s perspective this paper might
appear as a documentation of the limited computational resources available at that time,
still it demonstrates the feasibility and potential of the approach. Moreover, Erdos et al.
provided an innovative method for the treatment of sector periodic boundaries, which is
still widely used today. The development of computational methods for rotor stator
interaction proceeded with further advances in 2D and 3D Euler methods (Koya and
Katake (1985), Fourmaux (1986), Giles (1986), Fourmaux and LeMeur (1987), Lewis
(1989) and Ni (1989)) and the first 2D and 3D viscous solvers introduced by Rai (1987,
1989 a, 1989 b), Jorgenson and Chima (1989) and Rao and Delaney (1990). Since then,
various solver advances have been presented by different development groups. A recent
overview of the open literature that address numerical methods for rotor stator interaction
in turbine stages has been presented by Dunn (2001).
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After the initial concentration on the establishment and refinement of the numerical
methodology, the flow solvers were increasingly applied to aid the investigations of rotor
stator interaction flow physics and related technical problem formulations. The presented
work embraces for example numerical studies on unsteady heat transfer (Rao et al. (1994
b), Hilditch et al. (1998) and Michelassi et al. (1999)), unsteady transition (Halstead (1997)
and Eulitz (2000)), hot streak migration (Takahashi and Ni (1990), Dorney et al. (1990,
1997) and Saxer and Felici (1996)), clocking effects (Griffin et al. (1996), Dorney and
Sharma (1996) and Arnone et al. (2001)) and blade forcing (Marshall et al. (2000), Jöcker
et al. (2001) and Li and He (2002)).

The accuracy and performance of numerical methods for fluid flow calculations is directly
related to the level of problem-oriented modeling and choice of basic numerical concepts
such as turbulence model for RANS calculations, mesh structure and discretisation
scheme. A brief presentation and discussion of the basic modeling concepts and solver
components for rotor stator interaction methods is provided in the following.

Many flow solvers for rotor stator interaction predictions utilise multi-block structured
meshes. For geometrically simple flow domains such as blade passages the utilisation of
structured meshes provides some significant advantages compared with the more flexible
unstructured approach: The clear and explicit definition of the node structure aids writing,
maintenance and parallelisation of the code (Dawes 1998 a) and is less memory
demanding. The implementation of upwinding discretisation schemes is straight forward
and numerical mesh dissipation can be controlled. Finally, structured meshes allow
substantial stretching of cells allowing for high resolution of two spatial directions and low
resolution in the third, which is necessary for example at the leading and trailing edges of
turbomachinery bladings (Laumert 1998). More complex flow domains on the other hand,
including for example secondary gas channels or ejection slots can motivate the utilisation
of unstructured grids (Adami 2001). Furthermore, the utilisation of an unstructured
approach enables grid adaptation for improved resolution in both space and time of
confined flow regions (Dawes 1994).

All practicable viscous methods for rotor stator interaction predictions are realised by the
application of the Reynolds or Favre averaged Navier-Stokes equations to avoid an exact
time resolution of turbulent fluctuations. The averaging results in an additional unknown
term, the Reynolds stress tensor. For the present applications, closure of the averaged
equations is provided with the help of a linear relation between the Reynolds stresses and
the velocity strain and the introduction of a virtual “eddy” viscosity, analogously to the
viscous stress/ strain relation (Boussinesque (1877)). The magnitude of the eddy viscosity
is assessed with models of the velocity and length scales of the turbulence. Algebraic
models as for example proposed by Baldwin and Lomax (1978) derive the turbulence
scales based on local averaged flow properties. One and two equation models as the for
example the Spalart-Allmaras (1992) and the k-ε and k-ω models (Wilcox (1993)) take
history effects into account with the help of additional transport equations for turbulence
properties. All mentioned models have been applied in turbomachine flow solvers and from
the available information in the open literature it can be concluded that all of them perform
satisfactory regarding predictions of unsteady pressure perturbations in turbine stages. A
detailed discussion of advantages and disadvantages of the different turbulence models
with respect to other aspects of rotor stator interaction predictions has been presented by
Eulitz (2000).
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A discretisation scheme for unsteady flow predictions should provide some elementary
qualities: it should be conservative and dispersion and dissipation should be minimised to
provide accuracy in phase and amplitude of propagating distortions. The finite volume
formulation has evolved as a standard scheme for flow solvers, providing a priori a
conservative formulation in the physical flow domain. The equations are usually cast in
semi-discrete form and spatial and time discretisation are addressed separately. In
modern unsteady flow solvers small dispersion and moderate dissipation are achieved by
the application of second or third order accurate schemes for the spatial discretisation of
the convective terms with controlled artificial dissipation obtained with fourth order
difference smoothing, blended with second order smoothing terms in regions of strong
pressure gradients for shock handling (Dawes (1998 a)). The dissipation terms are often
implicitly introduced as for example in upwind differencing and TVD schemes (see for
example Eriksson (1990) and Engel et al. (1994)). Time integration is handled both with
explicit and implicit formulations. While easy and straight forward to implement, all explicit
formulation such as the popular Runge-Kutta procedure suffer from severe time step
restrictions which can make time accurate calculation unfeasible in certain situations as for
example calculations with resolved boundary layers. Traditional implicit schemes on the
other hand provide more generous stability limits but demand higher CPU times per node
and time step than explicit schemes and they are rather difficult to implement. A method,
which has become popular for rotor stator interaction computations is the implicit dual time
stepping approach introduced by Jameson (1991). The scheme offers the possibility to
apply acceleration techniques such as multigrid methods, residual smoothing and local
time stepping by the introduction of a fictitious time, which is marched explicitly (see for
example Arnone and Pacciani (1996) and von Hoyninge-Huene and Jung (1999)).

Comprehensive introductions to numerical methods for rotor stator interaction predictions
and their application have been presented by Dawes (1998a, 1998b) and Arnone et al.
(2000).

2.3.1 Sector Periodic Boundaries – State of the Art

Full annular, unsteady, three-dimensional stage computations are often not feasible due to
limiting computational resources and therefore different approaches have been suggested
to reduce the computational domain in order to limit computational costs. One technique is
to calculate sectors that contain one or several blade passages, such that the rotor and
stator sectors have the same angular periodicity (as shown for example by Rao and
Delaney (1990)). As modern compressor and turbine stages are designed to avoid
undesired aero-acoustic mode propagation, wake re-enforcement and interaction forces
with the help of non-reducable fractions between the number of vane and rotor blades, a
common practice is to utilize approximate blade count ratios in order to obtain periodic
sectors. The airfoils of the altered blade row are often scaled as to retain the solidity. Rai
(1987) and Rai and Madavan (1990) have demonstrated this technique and Clark et al.
(2000) addressed the effect of airfoil scaling on the time resolved blade pressure in a 1½
transonic turbine stage. They found significant discrepancies in blade pressure amplitudes
compared to measurements, which were not observed for the unaltered geometry. Arnone
and Pacciani (1996) investigated the influence of approximate blade count ratios on the
predicted unsteady rotor lift evolution in a transonic turbine stage without scaling the airfoil
geometry. They observed significant discrepancies for blade pitch adjustments greater
than 1%.
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Other approaches do not require geometry adjustments: Erdos et al. (1977) developed a
storing method for the phase lagged pitchwise boundaries of single blade passage stages
with arbitrary pitch ratio. The flow solution is stored at the pitchwise boundaries during a
blade passing period and applied as boundary conditions for the following period. A related
approach is the Generalized Shape Correction method developed by He (1992), which
also has been utilized by Burgos and Corral (2001) and Billonnet et al. (2001). They store
the temporal Fourier coefficients of the flow variables at the periodic boundaries to
decrease the memory requirements of the solver. As discussed by Giles (1990), these
methods are based on the assumption that the flow is periodic in time and are therefore
unable to reproduce viscous mechanisms like vortex shedding that are driven by other
than multiples of the blade passing frequencies.

Avoiding any assumption about temporal periodicity, Giles (1990) suggested an alternative
approach for a 2D Euler solver, where the computational time is inclined in order to fulfill
the phase lagged boundary conditions. Jung et al. (1996) demonstrated this approach for
three dimensions, solving the time-tilted equations in a cylindrical co-ordinate system. The
time inclination is achieved by a transformation of the governing equations. This approach
has two drawbacks. The method is difficult to apply if time is inclined in more than one
spatial direction or local variations in the inclination level are desired. Furthermore, the
equation system is marched in a transformed, non-physical variable vector rather than the
conservation state variables, implying the need for transformation whenever the conserved
variable vector is wanted.
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3 PRESENT WORK

3.1 Objectives and Approaches

State-of–the-art CFD tools have reached a degree of maturity, where they can be applied
to predict blade row interaction in gas turbines with a quality that allows qualitative and
quantitative interpretation of the present flow phenomena. Still, further development is
desired, not only to improve prediction quality and speed, but also to enable
interdisciplinary computations as for example coupled CFD and CSD analyses. The
present work comprises both the application and further development of the flow solver
VolSol in the field of unsteady aerodynamical forcing in transonic turbine stages.

The first objective of this study is to describe, analyse and quantify the unsteady
aerodynamical blade excitation mechanisms caused by rotor-stator interactions in typical
high pressure turbine stages. The overall aim is to assess the influence of relevant design
parameters on the flow distortions and the resulting aerodynamical forcing. As the flow in
turbine stages inherently is three-dimensional the analysis of radial variations is
emphasised. The latter also elucidates the utilisation of 2D blade passage based studies,
which still are widely spread in industry.

The unsteady flow field information is obtained by applying an existing 3D, time-marching,
non-linear Navier Stokes solver with standard k-ε turbulence model. The solver (VolSol)
has been developed prior the present study at Volvo Aero Corporation. As the numerical
methods have not been applied to unsteady rotor-stator interaction calculations before, the
validation of the code against experimental data is the first step of the present work. The
validation is performed on the VKI transonic HP test turbine stage with a large amount of
unsteady and time-averaged experimental data available (Denos et al. (1999 and 2000),
Paniagua et al. (2001)). As reported in Paper A (Laumert et al. (2000)) and Paper G
(BRITE/EURAM (1999)) the computational results show good agreement with the
experimental data and the code performs well compared to others. This allows the
conclusion that the important unsteady phenomena are captured and the first objective is
feasible with the available tool.

In order to understand and foresee how certain flow and design parameters influence the
complex unsteady blade excitation mechanisms the following aspects have to be
addressed in the choice of an investigation strategy:

• In transonic turbines stages wake, potential field and shock disturbances will change
the blade surface pressure periodically. In order to influence the unsteady blade
pressure characteristics (the unsteady loading), it is necessary to identify the dominant
distortion sources and to understand their movement in the blade passage. Linking the
observed blade surface pressure fluctuations to their corresponding excitation source is
desired.

• An approach to describe radial variations has to be established.
• Relevant quantitative measures have to be defined.
• It should be possible to identify relevant design parameters
• The findings should as far as possible be comprehensive and generally applicable.

The approach to meet the first objective, considering the aspects above, is as follows.
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The analysis of the flow field is performed at different spanwise positions in order to
monitor radial variations. The blade surface pressure events are captured with constant
span blade surface space-time maps. Blade pressure perturbations are linked in a
phenomenological manner with the flow distortions by comparing instantaneous pressure
perturbation contour plots of the blade passages with contour plots that enable to track the
movement of a specific distortion through the stage. For example, the shock motion is
captured with contours of the pressure gradient modulus |∇ P|. Information about the
relative position of wakes and shocks is gathered in contour plots of the density gradient
modulus |∇ρ |. A novelty with the study is the utilisation of operation point variations to
enhance shock, potential and wake effects to aid and reassure the understanding of the
observed surface pressure perturbations. A comprehensive flow-field investigation of the
VKI test stage including a phenomenological identification of the dominant distortion
sources and linking to the vane and rotor blade surface pressure fluctuations is reported in
Paper B (Laumert et al. (2002 a)).

Paper C (Laumert et al. (2002 b)) deals with the quantification and analysis of the blade
excitation source, i.e. the quantification of the blade pressure fluctuations and the resulting
unsteady blade force. As a priori no information is available about the real mode shapes of
the blades, the force is assumed to act on three different selected model mode shapes. As
a global measure for the energy content in the blade pressure perturbations at a defined
spanwise position, the pressure RMS, integrated along the blade surface, is utilised. The
force realisation degree is then defined as the quota of the blade force amplitude and the
RMS. Of special concern in this study are the questions of how and why the force
realisation degree varies with the operation point and the radial position. It is seen that the
earlier obtained knowledge about the pressure perturbation sources (Paper B) is essential
for answering these questions. The investigation is performed for multiples of the vane
passing frequency with emphasis on the first and second.

In Paper D (Laumert et al. (2002 c)) the aerodynamic rotor forcing in three different
transonic turbine stage designs is studied. The investigation is aided by the findings of the
in-depth study of the blade excitation mechanisms of the VKI stage that have been
established in the earlier work. The attention is directed towards the question whether the
strength of the unsteady forcing directly can be correlated to stage layout characteristics
such as flow angles, flow coefficient, loading coefficient or degree of reaction. Relevant
design parameters are highlighted. This investigation is based on a comparison of two
forcing parameters, namely the measure of the global pressure perturbation strength
effectuated on the blade surface - the pressure RMS - and the degree of force realization
of the perturbation pressure in two blade modes.

The second objective emphasis the numerical method: it is the development and validation
of a new conservative finite volume method that allows time tilting for unsteady stage
computations with unequal blade count (Giles (1991)) in combination with moving grids for
simulated blade vibrations. The aim is to develop an accurate CFD methodology for future
coupled fluid-structure forced response analyses. The method is an extension of the 4D
volume approach for moving grids by Groth et al. (1996), introducing time coordinates at
every computational grid node, which are allowed to vary dependent on the spatial co-
ordinates. Time marching is handled with an explicit quasi Runge-Kutta algorithm. The
numerical method is presented in detail in section 4.4 and the validation is reported in
Paper E (Laumert et al. (2002 d)).
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4 SIMULATION OF UNSTEADY ROTOR STATOR AERODYNAMICS

4.1 Governing Equations

The real flow in turbomachine bladings is unsteady, three-dimensional, viscous and
compressible. The governing flow equation are the instantaneous Navier-Stokes equations
for compressible flow, comprising equations for the conservation of mass, impulse and
energy in differential form.
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(4.1.2)

The equation system is closed under the assumption of thermally perfect gas
thermodynamics with the gas law

RTp ρ= (4.1.3)

4.2 The 3D Finite Volume Flow Solver

For the investigation of the blade excitation mechanisms in papers A – D the flow solver
VolSol was utilised. This highly modular solver has its origin in the G2Dflow and G3Dflow
family of codes written by Eriksson (1995) and comprises today a wide variety of solution
algorithms for different application areas. For the prediction of the turbine stage
aerodynamics, the 3D viscous, non-linear solver module was applied in the blade
passages. A mixing plane and a sliding grid interface was utilised to pass information
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between the stator and rotor frame of reference for steady and unsteady computations,
respectively. The equations used to model the viscous flow are the Favre−averaged
Navier Stokes equations for compressible flow expressed in the cartesian co-ordinate
system. The equations are extended to model turbulent flow using the standard k−ε
turbulence model formulation with standard wall functions (Wilcox, 1993). The numerical
method to solve the governing equations is based on an explicit, time−marching,
cell−centred finite-volume procedure.

4.2.1 Spatial Discretization

The redistribution of the cell-centred conserved variables to the cell faces and computation
of the convective fluxes is handled with a third order upwinding scheme due to Eriksson
(1990). Briefly described, the scheme involves the reconstruction of the conserved
variables based on the upwind biased characteristic variables at the cell faces. Pressure
controlled artificial dissipation is added for shock handling. The scheme may be viewed as
a central scheme with an anisotropic fourth order difference smoothing. Eriksson (1990)
has demonstrated that the scheme has very little dispersion, which makes it suitable for
unsteady flow simulations. The stability of the solution method is enhanced with the
application of a TVD limiter to the turbulence transport equations, resulting in second order
accuracy for the predicted convection of the turbulent quantities. The viscous fluxes are
computed with a compact second order accurate centred flux scheme.

4.2.2 Temporal Discretization

The integration in time is handled with an explicit three−stage Runge−Kutta procedure,
providing second order accuracy in time. Local time step acceleration was used for steady
state solutions. Eriksson (1990) has shown that this scheme is stable for CFL numbers
smaller than 1.5.

4.2.3 Stator−−−−Rotor Interface

For steady stage computations a mixing plane method was employed. The conservative
variables are averaged in tangential direction for all constant radius cell face rows at the
interface in the stator and rotor frame of reference and associated characteristic variables
are computed. These are used as absorbing boundary conditions. Initial fluxes are
calculated from both sides of the interface. Final fluxes are calculated by tangentially
integrating these initial fluxes on both sides and distributing appropriate flux corrections in
order to obtain exact conservation of mass, momentum and energy.

For the unsteady computations a sliding grid method was employed (Mårtensson (1994)).
A detailed description of the technique is given in section 4.3.

4.2.4 Gas Injection Model

An integral film cooling injection model simulates gas injection by adding the influence of
the penetrating jets as source terms in the governing equation. The injection region, mass
flow, Mach number and temperature of the injected gas are specified as user input based
on empirical basis or experience. Details of the method have been presented by
Dahlander et al. (1998, 2001).
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4.2.5 Grids and Parallelization

The flow solver uses structured multi-block grids generated with a specific Volvo Aero in-
house code named G3DMESH. The grid generation is based on transfinite interpolation
and the grids are non-orthogonal body-fitted. Eriksson (1985) provided a detailed
description of the method. For blade meshing applications the code can utilise module-
script files where grid density and distribution are parameter-controlled.

The PVM software package is used for code parallelization. The smallest entity for a
process is one mesh block. Flow information is exchanged at the block boundaries at
every stage of the stepping procedure.

4.3 Validation and Assessment of the Computations

4.3.1 Test Cases

The turbine stages under investigation were designed to simulate the flow conditions in a
typical modern, high-pressure aero-engine stage operating at transonic conditions. The
reason for choosing the two following test stages is that there are unsteady rotor blade
surface pressure measurements available for both cases and that they are well
documented in the open literature. This was recognised as an important prerequisite for
the assessment of the prediction quality.

4.3.1.1 VKI Test Turbine

The first test stage is the VKI BRITE EURAM test turbine. A solid model of the stage
geometry is shown in Fig. 4.1. The stator row consists of 43 untwisted cylindrical vanes,
while the rotor row consists of 64 twisted blades, which results in a blade count ratio close
to 2:3 (0.6718 compared to 0.6667). The nominal operating conditions of the test stage are
listed in Table 4.1. This turbine stage has been under investigation in several experimental
campaigns addressing for example the effects of rotor speed variations, cooling flow
ejection and axial gap variations on the unsteady aerodynamics in the rotor blade row.
Reports on the test facility, experimental data and discussion of the results have been
provided by Denos (1996) and Denos et al. (1999, 2000). This turbine stage has also
served as test case in a number of numerical model evaluation studies and as reference
data for CFD investigations as reported by Michelassi and Martelli (1998), Michelassi et al.
(1999), Jöcker et al. (2000) and Adami et al. (2001) as well as presented in the
BRITE/EURAM technical report (1999). In the following text this stage is referred to as the
VKI stage.

4.3.1.2 DERA Test Turbine

The second test case is the BRITE EURAM transonic high pressure turbine stage MT1. In
Fig. 4.2 a solid model of the stage geometry is presented. Both stator vanes and rotor
blades are twisted in this stage which has a blade count ratio close to 1:2 (0.533 compared
to 5). Nominal operating conditions for this stage are listed in Table 4.1. Please note that
the open information is limited due to research agreements. This turbine stage has been
under investigation in an extensive measurement campaign in the Isentropic Light Piston
Facility at DERA, Pyestock. Hilditch et al. (1994) and Hilditch et al. (1998) have reported
facility operating conditions and measurement results. The investigation included time-
averaged vane and rotor blade pressure measurements as well as unsteady rotor blade
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pressure measurements at 50% span. They also presented and discussed the results from
numerical computations. In the following text this stage is referred to as the DERA stage.

In paper D in the Appendix computed mass averaged stage characteristics such as flow
angles, flow coefficient, loading coefficient and degree of reaction are listed for the VKI
and the DERA stage for three different operating conditions in Tables 1 and 2. Apart from
a slightly lower rotor flow turning and loading coefficient, the DERA stage shows similar
stage characteristics as the VKI stage at design operation. Also the spanwise trends are
similar.

Fig. 4.1: Solid model of the VKI turbine stage

P01 T01 P3 Tw M2des Re2 Rotor speed
162 kPa 440 K 53.1 kPa 293 K 1.03 106 6500 RPM

Table 4.1: Nominal operating conditions of the VKI stage
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Fig. 4.2: Solid model of the DERA turbine stage

P01 T01 M2is (hub) Re2 Rotor speed
460 kPa 444.4 K 1.03 2.6*106 9500 rpm

Table 4.2: Nominal operating conditions of the DERA stage

4.3.2 Approach

Prior the present work the VolSol solver had not fully been evaluated for turbine stage
predictions and therefore the evaluation of the method’s performance towards steady and
unsteady computations had to be established. This was primarily conducted on the VKI
test case including studies of numerical parameters such as mesh dependency, boundary
layer model, time-step variation and numerical damping variations. A summary of the
studied parameters is listed in Table 4.3. The quality of the predictions were assessed in
comparison with the unsteady data available and this included not only measurements but
also predictions independently performed with other codes. Results of the validation
studies on the VKI test case have been reported in papers A, F and J. The experience and
knowledge obtained in these studies were applied in the computations of the DERA
turbine stage. As the results were very satisfactory in comparison with measurements and
other predictions no more extensive numerical parameter studies were performed on this
test case.
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Config. Steady/
Unsteady

Mesh
resolution

Damping
P / ρ

Boundary layer
model

STE
geometry

Viscous/
Inviscid

1 Steady Coarse-
Smoothed

0.5/ 1.2 Wall functions Round Viscous

2 Steady Fine-
smoothed/
not smoothed

0.5/ 1.2 Wall functions Round Viscous

3 Steady Fine-
Not smoothed

0.5/ 1.2 Wall functions Ej. slot 0% Viscous

4 Steady Fine-
Not smoothed

0.5/ 1.2 Wall functions Ej. slot 3% Viscous

5 Steady Fine-
Not smoothed

0.5/ 1.2 Low Reynolds Round Viscous

6 Steady Fine-
Smoothed

0.2/ 0.5 Wall functions Round Viscous

7 Steady Euler-
Smoothed

0.2/ 0.5 - Round Inviscid

8 Unsteady Coarse-
Smoothed

0.5/ 1.2 Wall functions Round Viscous

9 Unsteady Fine-
smoothed/
not smoothed

0.5/ 1.2 Wall functions Round Viscous

10 Unsteady Fine-
Not smoothed

0.5/ 1.2 Wall functions Ej. slot 3% Viscous

11 Unsteady/
Small
time step

Fine-
Smoothed

0.2/ 0.5 Wall functions Round Viscous

12 Unsteady Euler-
Smoothed

0.2/ 0.5 - Round Inviscid

Table 4.3: VKI turbine stage validation test cases

4.3.3 Boundary Conditions and Computational Meshes

For both test cases the operating conditions were used as boundary conditions for the
computations. Pressure-based boundaries were specified at stage inlet and outlet. Inlet
conditions were given as radial profiles of total pressure and temperature. At the stage
outlet a radial pressure equilibrium condition was imposed. For the viscous computations
temperature walls were employed with a non-slip boundary condition.

All computations were performed on three dimensional meshes. A typical mesh is shown
in Fig. 4.3 for the DERA turbine stage. The topology is built of several blocks in order to
provide a cell structure aligned with the flow path and thereby control and minimise the
mesh diffusion. The rotor tip clearance was included in the mesh. An O-grid was used
around the blades with controlled stretching in the direction normal to the wall so that an
appropriate resolution was achieved for the application of the different wall boundary
conditions. For standard wall function computations, the first cell was placed in the
boundary logaruthmic layer with y+ values between 20 and 200 and for low Reynolds
computations the boundary layer was resolved down to the viscous layer with a y+ value of
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2. For inviscid computations, the boundary-layer was not resolved. As the computational
effort is rather large for unsteady time-accurate simulations the choice of mesh size is a
delicate compromise between modelling level and prediction accuracy with respect to the
phenomena of interest. This issue is addressed in greater detail in sections 4.3.4 and
4.3.5. In Table 4.4 the mesh sizes for the present test cases are listed for one stator and
rotor blade passage. The fine and coarse mesh resolution in the VKI rotor blade passage
is visualised in Fig. 4.4.

Fig. 4.3: Computational mesh for the DERA stage

Test case Wall boundary model Number of nodes, one
stator/rotor passage

Nodes in
radial direction

VKI / coarse mesh Standard wall fun. 113614 32
VKI / fine mesh Standard wall fun. 303124 36
VKI / fine mesh Low Reynolds 870520 70
VKI / Euler mesh - 179644 26
DERA Standards wall fun. 188240 30
DERA / Euler
mesh

- 134420 26

Table 4.4: Mesh sizes for the computed test cases
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Fig. 4.4: Mesh resolution in the rotor blade passage: fine left, coarse right.

In the experimental investigations of the VKI turbine a stator vane geometry with a trailing
edge ejection slot cutout was utilised. As this geometry adds significantly to the complexity
in the mesh generation a study was conducted to address the utilisation of a simplified
geometry. Therefore, two different stator trailing edge geometries were used for the
computations. In addition to the stator trailing edge geometry with the ejection slot cutout,
a simplified stator blade with a rounded trailing edge was employed. The mesh
configurations are shown in Fig. 4.5. A cooling flow injection of 0% and 3% of the stage
mass flow was simulated with the ejection slot configuration.

X

Y

Z X

Y

Z

Fig. 4.5: Mesh at stator trailing edge with rounded edge and ejection slot geometry.
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4.3.4 Steady Viscous Computations

4.3.4.1 VKI Test Turbine

The investigation was concentrated on the prediction of the static pressure distribution
around the rotor blade at midspan where time averaged measurements are available. As
reported in paper J, the utilisation of the different mesh sizes, mesh smoothness, damping
parameters and wall boundary models (configurations 1, 2, 5 and 6) had only very little
influence on the predicted rotor blade pressure distribution therefore the following section
concerns the cooling ejection configurations (2, 3 and 4) versus the measured data.

In Fig. 4.6 the predicted static pressure distribution around the rotor blade at midspan is
presented for computations with the round stator trailing edge and the ejection slot
geometry with 0% and 3% cooling together with time averaged measurements with 0%
and 3% cooling flow ejection. It is observed, that the static pressure level is generally over-
predicted for all configurations compared with the measurements. This is especially
prominent on the front suction side of the blade where the strong flow acceleration is
under-predicted. Computations and measurements merge together again at the crown of
the blade. The predicted location of a weak shock at the rear suction side, indicated by the
bump in the static pressure, is in good agreement with the measurements. The observed
differences between measurements and computations have been confirmed in
independently performed predictions by Denos et al.(1999), Jöcker et al. (2000) and
Adami et al. (2001). A comparison between Denos’ computations and the present can be
found in Fig. 6 in Paper A. Some possible explanations have been suggested for the
disagreement between the measurements and the computations, as for example the
appearance of a shock induced separation bubble on the blade front suction side that is
not caught in the predictions or an over-prediction of the boundary layer thickness and
secondary flow effects leading to a stronger blade passage blockage. Unfortunately no
measurement data is available to confirm these effects. Even though the underlying
physical mechanisms are still not fully understood, the symptoms are evident. The rotor
passage blockage is over-predicted resulting in higher static pressure levels downstream
the stator vane and the rotor incidence is under-predicted with approximately 5 degrees.
The latter has been shown with the help of computations at a rotor speed of 6000 rpm,
which match the measured pressure distribution on the suction side of the blade rotating
with the nominal speed of 6500 rpm (Denos et al. (1999), Laumert et al. (2000)).

It can be seen in Fig. 4.6, that compared to the results with the rounded stator trailing edge
configuration the ejection slot configuration gives a higher static pressure distribution on
both suction and pressure side of the blade. The computations show the same tendency
as the measurements when coolant gas is ejected, that is the pressure rises slightly on the
suction side of the blade. These observations can be explained by the effect of the stator
trailing edge cutout on the flow field. The ejection slot cut moves the stator throat upstream
and increases the throat width with 2% compared to the rounded edge configuration. As
the stator is choked, the mass flow is also increased. The computed mass flow is 10.53
kg/s for the ejection slot configuration, which is 1.9% higher than for the rounded
geometry. Coolant injection increases the mass flow by 1%, additionally. The mass flow,
trailing edge geometry and coolant ejection has impact on the appearance of the stator
trailing edge shock, as illustrated in Fig. 4.7. All together this leads to a static pressure rise
of 2.6% behind the stator trailing edge for the ejection slot geometry compared to the
rounded edge geometry (see also Table 1 in Paper A).
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Fig. 4.6: Static pressure distribution around the VKI rotor blade at midspan
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4.3.4.2 DERA Test Turbine

In the case of the DERA stage, the predicted static pressure distribution is in good
agreement with the measurements on the pressure side of the rotor blade but shows a
higher level on the suction side of the blade (see Fig. Fig. 4.8). Similar differences were
observed in the quasi 3D predictions performed by Hilditch et al. (1998). However, they
predicted too high pressure levels both on the pressure and the suction side of the blade.
They argued that the lack of three dimensional effects in their predictions would be the
major reason for the disagreement, but the present results indicate that this only partially
can explain the mismatch between their predictions and the measurements. Additionally
as in the VKI turbine case, the under-predicted blade loading is most likely caused by an
under-prediction of the flow turning, which in turn can be explained with a lower rotor
incidence in the predictions than in the measurements.
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Fig. 4.8: Static pressure distribution around the DERA rotor blade at midspan

4.3.5 Unsteady Viscous Computations

The unsteady computations were started from the steady solutions. The size of the
maximum deviation in static pressure on the rotor blade at midspan between two vane
passing periods served as convergence criteria. Convergence was typically reached after
eight periods, when the deviation was less then 0.2%. Due to the nonlinear processes
convergence to exactly zero in this sense cannot be expected, as sub harmonics and/or
portions of uncoherent flow may be present.
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4.3.5.1 VKI Test Turbine

For the unsteady computations the number of vanes and rotor blades was reduced from
43 and 64 to 42 and 63 so that direct periodic boundary conditions could be applied on a
sector with two vane and three rotor passages. In paper A it is shown that this modification
had only little influence on the mass flow, rotor incidence and blade pressure distribution in
the steady predictions and therefore the blading was not scaled to retain the solidity. For
the fine mesh resolution the minimum time scale based on the spectral radius was 5.3*10-8

in the tip clearance region of the blade. In order to keep the computational costs in
reasonable limits it was decided to chose a global time step of 1.0*10-7 in the
computational domain and thereby to allow for a small number of cells being out of phase
locally in the tip clearance region as well as at the trailing edge of the blade. An unsteady
computation with a global time step of 5.0*10-8 was performed (configuration 11 in Table
4.3) to prove that this had no significant influence on the accuracy of the predicted rotor
blade pressures fluctuations at 15%, 50% and 85% span.

Unsteady pressure measurements were performed with 24 Kulite gauges around the rotor
blade. The measured pressure data was ensemble averaged over three full rotor
revolutions which corresponds to 129 vane passing periods. Method details have been
explained by Denos et al. (1999). In Fig. 4.9 measured and predicted pressure traces over
two vane passing periods are presented for some selected Kulite positions to give an
impression of the unsteady pressure signal around the rotor blade at midspan. The
pressure traces are presented as perturbations from the time mean level (P-Ptime-mean)/P01.
Please note that the scaling differs from figure to figure. In paper A pressure traces are
presented for all positions where measurement data is available (see Figs. 10 and 11).
Generally, the computations show good agreement in amplitude, phase and waveform
with the measurements along most parts of the rotor blade surface. The steep periodic
pressure rise on the front suction side of the rotor blade visible in pressure gauges 2, 4
and 14 in Fig. 11 originates from a weak vane trailing edge shock that impinges on the
crown of the rotor blade surface and sweeps the suction side to the leading edge. The
appearance of a second peak during a vane passing period observed towards the aft of
the blade and for example seen in gauges 19, 22 and 8 stems from shock and pressure
wave reflections in the blade passage. A detailed discussion of the unsteady flow features
is provided in paper B. A better indication of the prediction quality is provided in the
comparison of the measured and computed pressure amplitudes of the first and second
vane passing frequency along the blade surface depicted in Fig. 4.10 which have been
obtained by Fourier decomposition of the unsteady pressure traces. The negative part of
the arc length is the suction side of the blade while the positive is the pressure side.
Similar to the steady computations only the configurations with different vane trailing edge
geometry (9 and 10 in Table 4.3) are discussed in detail, as the variation of mesh size and
smoothness, as well as the damping parameters only had little influence on the predicted
pressure perturbations. It is observed in Fig. 4.10 that the agreement between the
measured amplitudes and the predictions generally is very good in both first and second
vane passing frequencies for the ejection slot configuration apart from the front suction
side region where the amplitude is lower, thus indicating that the stator trailing edge shock
strength is under-predicted. The shape of the amplitude distribution is very similar for the
configuration with the round vane trailing edge, but there is a slight deviation, most
prominent on the pressure side in the second vane passing frequency. The reason for the
under-prediction of the vane trailing edge shock strength is most likely caused by a
combination of over-predicted losses in the vane passage and over-predicted blockage in
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the rotor passage leading to a lower pressure ratio and under-predicted expansion over
the vane. This argumentation is endorsed with an inviscid computation resulting in much
better agreement between measurements and predictions (see also below in section
4.3.6). Even though there is a significant portion of higher harmonics present in the
pressure perturbations, they are not presented here, as higher harmonic forcing
mechanisms are not discussed in the present work. A comparison of the third and fourth
harmonic is presented in paper J where it is concluded that they are well predicted by the
VolSol solver.
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Fig. 4.9: Predicted and measured unsteady pressure traces on the VKI blade surface
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Fig. 4.10: Pressure amplitude of the 1st and 2nd vane passing frequency for the VKI
case

4.3.5.2 DERA Turbine

For the unsteady computations the nominal pitch ratio of 0.533 was reduced to a pitch
ratio of 0.5 so that direct periodic boundary conditions could be applied on a sector with
one vane and two rotor passages. The rotor blade was scaled by 6.67% in the S2 plane in
order to retain the solidity. A discussion about the impact of the geometry adjustment is
provided in section 4.4.7, where unsteady predictions for the nominal geometry, obtained
with the help of the new time inclination method, are presented.

In Fig. 4.11 the first and second harmonic pressure perturbation amplitude is shown along
the DERA rotor blade surface at midspan. As in the VKI stage the front suction side of the
rotor blade is affected by the direct impact of a weak shock that emanates from the late
vane suction side and reaches into the rotor blade passage causing a strong amplitude
peak in the first vane passing frequency. The pressure side disturbance is mainly caused
by the direct influence of the vane potential field, but both pressure side and in particular
the late suction side are also influenced by the shock reflection pattern in the blade
passage (Hilditch et al. (1998) and Laumert et al. (2002 a)). Compared to the VKI stage,
the pressure amplitude is in better agreement with the measurements on the front suction
side, indicating that the predicted shock strength is in better agreement with the real test
conditions. However, less good agreement is observed on the pressure side in the second
vane passing frequency, were the predictions show an amplitude dip at an arc length of
0.23 that is not seen in the measurement data. An explanation for the latter could not be
found.

4.3.6 Viscous Versus Inviscid

Beside the viscous computations, inviscid Euler computations were performed on both test
cases. The influence of neglecting the viscous effects is illustrated in the amplitude
distribution of the first vane passing frequency along the VKI and the DERA rotor blade,
shown in Fig. 4.12. Apparently, the inviscid solutions show higher pressure amplitudes in
the regions of the direct impact of the vane trailing edge shock on the front rotor suction
side in both cases and higher amplitudes on the pressure side of the DERA rotor blade,
the region, which is directly influenced by the vane potential field. These observations are

SS PS SS PS
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expected as the lack of boundary layers and secondary flow effects in the inviscid
calculations lead to higher total pressure levels over the vane and lower blockage in the
rotor blade row and thus a higher pressure ratio and expansion over the vane with higher
vane exit Mach numbers as the result. An interesting observation is that the shape of the
amplitude distribution in the first vane passing frequency is well predicted for both test
cases with the inviscid computations (even better than the viscous in the VKI test case).
This indicates that the perturbations for transonic vane exit Mach numbers are mainly
pressure based, having their origin in the vane potential field distortions and the vane
trailing edge shock. Viscous effects only govern the strength of these potential distortion
sources but viscous distortions as for example the vane wake do not directly contribute to
a high extent to the blade pressure fluctuations. In turbine stages with subsonic vane exit
Mach numbers the wake distortion is a more important source for blade pressure
perturbations as for example reported by Chernobrovkin and Lakshminarayana (2000),
Koriakianitis (1993) and Laumert et al. (2002 a).
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Fig. 4.11: Pressure amplitude of the 1st and 2nd vane passing frequency for the
DERA case
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4.3.7 Summary and Concluding Remarks

The VolSol flow solver performance has been validated for steady and unsteady turbine
stage computations, concentrating on the prediction of the rotor blade surface pressure
fluctuations in the VKI and DERA transonic turbine stages. Generally, the comparison
between the predictions and measurement data as well as other codes shows that the
code performs well and that the important flow phenomena are captured. It is concluded
that this allows an interpretation of the flow field and associated studies of integrated
properties such as blade forces in a comparative manner, based on the predictions of the
solver.

Furthermore, it has been shown that the disagreements between predictions and
measurements of the rotor blade pressure fluctuations in the VKI test case can be
explained with an over-predictions of losses in the stator passage and / or an over-
prediction of the rotor passage blockage as these strongly influence the strength of the
main distortion source, namely the vane potential field and vane trailing edge shock
strength.

Generally speaking two different reasons might be considered: a first uncertainty lies in the
application of a turbulence model implying possible errors for example in the prediction of
the boundary layer behaviour and consequently in the secondary flow effects. For both test
cases the same turbulence model has been employed, which would imply that the
boundary layers are correctly predicted in one case but not in the other. The Reynolds
numbers differ a factor of two between DERA stage and the VKI stage which indeed could
lead to fully turbulent boundary layers in the former but partly laminar in latter. In the
computations fully turbulent boundary layers are assumed. A second uncertainty lies in the
boundary conditions. Apparently, there could be disagreements in the running conditions
such as temperature level, pressure ratio and rotor speed between the measurements and
predictions. Less obvious but more likely, there could exist differences in the real and the
modelled geometry and possible leakage flows for example in the gap between the rotor
and the stator platform that are not modelled in the computations. However, with the
limited amount of measurement data available it has been difficult to address these
uncertainties in greater detail.
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4.4 The New 4D Finite Volume Procedure

This section describes the development and validation of a new numerical method for the
computation of single stage rotor-stator interaction for stages with unequal blade count
ratios. The proposed method is related to Giles’ time-tilting approach, but rather than
transforming the governing equations in order to fulfil the phase lagged boundary
conditions, the equations are solved in conservative form on a general four-dimensional
computational space with time and spatial co-ordinates individually defined at every mesh
node. The numerical scheme is based on previous work by Groth et al. (1996) who
developed a 4D finite volume scheme for the computation of blade flutter with deforming
grids. Thus, the present method represents a comprehensive approach for computations
with time inclination and deforming grids.

The basic feature of the 4D finite volume scheme is the space-time domain formulation,
which means that the physical time is considered as an extra dimension rather than a
stepping parameter. The derivation is general in the sense that both time inclination and
deforming grids are considered, though only the time inclination feature is part of the
present work. The deforming grid application has been demonstrated earlier by Groth et al.
(1996).

4.4.1 Governing Equations

The present work considers only the inviscid three-dimensional Euler equations in
conservative form including Coriolis-forces due to rotation around the x-axis,
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4.4.2 Fully Discrete Finite Volume Formulation

In order to illustrate the scheme in the space-time domain, the derivation starts with the
time-dependent Euler equations for one-dimensional flow:

S
x

F

t

Q =
∂
∂+

∂
∂ (4.4.4)

The equation is integrated over the control-volume of a computational grid in the two-
dimensional time-space domain illustrated in Fig. 4.13. The dots represent the cell centres
at computational time l and l+1, respectively.

Fig. 4.13: Control volume in the time-space domain.

In this domain the vector of the conserved variables Q represents a flux in the time-
direction analogously to the flux vector F in x-direction. The integrated equation yields:
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where m is the number of control-volume faces and xS , tS are the projections of the faces

in x- and t-directions, respectively. The additional terms lxl SF and 11 ++ lxl SF at the time faces

are a result of the time inclination and the terms 2/12/1 −− iti SQ and 2/12/1 ++ iti SQ are caused by
the grid motion.

As shown by Groth et al. this scheme fulfills the consistency requirement that a field, which
is constant in both time and space, is an exact solution to the discretized equation, Eq.
(4.4.5). For deforming grids the scheme has the advantage that only node locations but no
grid velocities have to be calculated. One advantage for time inclined computations is, that
the inclination level is a matter of distributing time co-ordinates at the grid nodes rather
than transforming the governing equations. This procedure is per se flexible if time is
inclined in more than one spatial direction or local variations in the inclination level are
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desired. Furthermore, the scheme comprehensively combines time inclination with
deforming grids.

Eq. (4.4.5) can directly be extended to the four-dimensional time-space domain
formulation for three-dimensional unsteady flow:

( )∑ =−+++
m

ijklijklmtzyx VolSQSHSGSFS 0 (4.4.6)

A brief review of that derivation is given here. A detailed derivation of the surface metric
has been presented by Mårtensson (1995) and Laumert (2001b).

If we introduce index notation and the following:

),,,( QHGFi =Φ and ),,,( tzyxxi = (4.4.7)

and integrate Eq. (4.4.1) over a 4D control volume these may be written in the more
compact form
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Mapping the control volume onto a 4D unit cube
iix ξa in the computational domain this

equation may be rewritten as
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Where ijJ is the Jacobian matrix, i.e.
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The use of Gauss’ theorem and averaging iΦ and S yields
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Comparing Eq. (4.4.6) with Eq. (4.4.11) we can see that
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and

∫Ω Ω= ξdJVolijkl (4.4.16)

These expressions can be calculated analytically, assuming a quadrilinear mapping

iix ξa of the control volume onto the 4D unit cube.

4.4.3 Flux Reconstruction

The conservative variables are known at face (i, j, k, l) and sought at face (i, j, k, l+1). The
distribution of the cell-centered conserved variables to the other cell faces and
computation of the convective flux terms F, G and H is handled with a third order
upwinding scheme due to Eriksson (1990), the same that is utilised in the VolSol flow
solver, which has been described above.

4.4.4 Stepping Scheme

The fully discrete finite volume formulation Eq. (4.4.5) is marched explicitly in l-direction,
i.e. forward in physical time with the help of a three-step procedure, which is equivalent to
a three-stage Runge-Kutta scheme in a semi-discrete formulation.
Equation (4.4.5) can be written:
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1. Step:
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were the start value 0
lQ is the conserved variables vector from the previous time step. 1

1+lQ

is solved from the non-linear equation system below with the help of a Newton-Raphson
method described in Numerical Recipes (1992).
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2. Step:

1
2/1

1
1

2
1 )(5.0 +++ +∆= lll FLUXQFLUXFLUX (4.4.21)

2
1+lQ is computed analougously as in step 1.

3. Step:

1
2/1

2
1

3
1 )(5.0 +++ +∆= lll FLUXQFLUXFLUX (4.4.22)

3
1+lQ is computed analougously as in step 1.

4.4.5 Arbitrary Pitch Ratios

Time inclination is utilized to provide periodic boundary conditions for stage sectors with
non-integer blade count ratios. The theory has been described in detail by Giles (1991)
and is illustrated with the help of the space-time map in Fig. 4.14. In this figure a schematic
view of the stator pitchwise boundaries and the angular movement of the rotor pitchwise
boundaries are shown in the interface region in the stator frame of reference.

Fig. 4.14: Space–time map at the rotor-stator interface with stator and rotor
boundaries in the stator frame of reference

In this figure the rotor pitch is smaller than the stator pitch. The left boundaries coincide at
time t whereas the right boundaries coincide at time Tt ∆+ , with rrs PPT Ω−=∆ /)( . A
periodicity requirement at the interface for the sector can therefore be formulated as:
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With the present numerical method time inclination is handled by distributing time
coordinates as a function of ϑ at the grid nodes such that

( ) TPtTPtt rrss ∆−+=∆−+= )()( ϑϑϑ (4.4.24)

and thus
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For the present application time is chosen to be a linear function of ϑ.
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It should be noted that time can be an arbitrary function of ϑ provided that Eq. (4.4.23) is
valid and the inclination level locally fulfills the following inequality (Giles (1991), Jung et al.
(1996)).

ϑϑ vcP

T

rvc +
≤∆≤

−
− 111 (4.4.27)

where c is the speed of sound, ϑv and r are the local tangential flow velocity and radius,
respectively. This inequality represents a fundamental physical constraint to the level of
inclination. It prevents a pressure wave from propagating backward in computational time,
which is propagating forward in physical time. As mentioned by Giles (1991), this would be
inconsistent with the numerical procedure that marches forward in time.

In practice, for single blade passage configurations with blade count ratios far from unity,
the inclination level might exceed the physical limit. In this case the number of computed
blade passages is extended so that the pitch ratio of the rotor stator sectors allows an
inclination level within the stability limit.

4.4.6 Rotor Stator Interface

For the data transfer between the rotor and the stator passage a sliding grid interface with
overlapping ghost cell layers is employed. At every stage of the stepping procedure, the
primitive variables are copied from the upstream passage cell layer into the downstream
passage ghost cell layer and vice versa. With the use of one ghost cell layer the numerical
scheme becomes second order accurate at the interface.
To exchange data over the interface a zero order search is performed in order to find the
cell from which the flow information is to be copied. This procedure is shortly described
below.

Step 1:
The ϑ co-ordinates of the present upstream-side ghost cell-centers are moved periodically,
taking into account the relative motion of the upstream- and downstream-side, so that the
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cell-centers of the upstream-side virtually are located within the downstream-side period
(see Fig. 4.15).

Fig. 4.15: Coordinate movement of upstream-side cells

The virtual position of the ghost cells, including the movement for the rotor side, is defined
for each cell on the upstream- and downstream-side:

crsteprc tt Ω+Ω+=ϑϑ (4.4.28)

where subscript c indicates mesh cell coordinates. The last term accounts for the virtual
cell displacement due to the individual inclination time co-ordinates and stretches or
shrinks the rotor domain to the size of the stator pitch.

Step 2:
A zero order search on the closest cell centers is performed. The primitive variables are
copied from the downstream-side cells into the upstream-side ghost cells. This is
illustrated in Fig. 4.16.

Fig. 4.16: Copying of downstream-side cell information into upstream-side ghost
cells

This procedure does not ensure strict conservation, but has proven to be sufficient
accurate for test cases with shocks across the interface as shown by Laumert (2001 b and
2001 d).

4.4.7 Validation

The accuracy of the method has been proven with a back to back validation on a simple
test case with the VolSol solver as reference. This has been reported in detail in paper E
and H and will for the sake of brevity not be repeated here.

The method has also been applied to a real test case, namely the DERA transonic turbine
stage. This stage has a nominal rotor/stator pitch ratio of 0.533, which makes it suitable for
time inclined calculations utilizing one stator and two rotor passages in the computational
domain. The predictions were compared with the results of the inviscid computations with

upstream-side
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ϑ-axis

upstream-side ghost cells

downstream-side cells
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the VolSol solver described in section 4.3, using an approximate pitch ratio of 2.0 with a
6.67% scaled rotor geometry.

Predicted pressure perturbation amplitude levels along the rotor blade surface at midspan
are shown in Fig. 4.17 for the first and second vane passing frequency together with
measurement data. The predictions with exact and approximate pitch ratios differ slightly
in the first vane passing frequency on the aft suction side and the pressure side. Stronger
differences are observed in the second vane passing frequency in the region of the shock
impact on the front suction side, where the calculation with the approximate pitch ratio
predicts larger perturbation amplitudes. Both calculation methods reproduce the trends
well, but the predicted perturbation amplitude is generally stronger than the measured due
to the over-prediction of the stator disturbances for the inviscid computations, which has
been discussed in detail in section 4.3.6.

Conclusively it can be said, that the predictions for the nominal and the scaled test case
show significant differences, which would motivate the application of the new method for
rotor stator predictions with non-integer blade count ratios. As the lack of viscous effects in
the computations accounts for some of the major discrepancies between the predictions
and the measurements, future work will focus on the introduction of viscous terms and
turbulence model into the new method.
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Fig. 4.17: Pressure amplitude of the 1st and 2nd vane passing frequency
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5 INVESTIGATION STRATEGY

The investigation of the blade excitation mechanisms is conducted in three successive
steps. The first step is a documentation of the pressure perturbations on the blade surface
and the distortion sources in the blade passage. This is performed in a phenomenological
manner so that the observed pressure perturbations are related to wake, potential and
shock distortion phenomena. The second step is the definition of applicable measures to
quantify the pressure perturbation strength on the blade surface. In the third step, the
pressure perturbations are integrated along the blade arc to obtain the dynamic blade
force. The intention with this rigorous bottom-up approach is to facilitate the interpretation
and understanding of the predicted dynamic blade forces with respect to the underlying
physical mechanism. The radial variations of the excitation is assessed by choosing three
spanwise positions and addressing these one at a time in a 2D manner. In the present
work 15%, 50% and 85% span are considered. There are several reasons for choosing
this route. The whole approach is based on the visualisation of distortion sources and
pressure perturbations in the S2 plane and it enables the desired utilisation of space time
maps to document the pressure events in space and time. Furthermore, the approach
enables comparison with 2D studies and earlier performed investigations on the same test
stages. Lastly, choosing three distinct radial positions is a reduction and limitation of the
problem to promote focus and clarity in the conclusions. The comprehensive investigation
of the blade excitation mechanisms is mainly performed on the VKI turbine stage and is
based on results from 3D, viscous, time-dependent computations with the VolSol solver.

5.1 Identification and Classification of Surface Pressure Perturbations

5.1.1 Distortion Tracking

The phenomenological linking of the blade pressure perturbations with flow distortions is
accomplished by comparing instantaneous pressure perturbation contour plots (P-Ptime-

mean) of the blade passages with contour plots that enable to track the movement of a
specific distortion through the stage. The shock motion is captured with contours of the
pressure gradient modulus |∇ P|. Information about the relative position of wakes and
shocks is gathered in contour plots of the density gradient modulus |∇ρ |. Additionally the
wake distortion appears as a negative jet with counter-rotating vortices in the perturbation
velocity flow vector field. In Fig. 5.1 the tracking procedure is illustrated for one time
instant and one distortion. The figure shows a contour plot of the predicted density
gradient modulus at midspan of the VKI blade passages together with the corresponding
pressure perturbation contour plot. The pressure peak (read) located at the front rotor
suction side of the rotor blade is linked to the direct impact of the vane trailing shock.
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Fig. 5.1: Blade passage contour plot of the density gradient together with the
corresponding pressure perturbation contour plot at one time instant

Pressure peak related to the
vane trailing edge shock

Vane trailing edge shock

Vane wake
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5.1.2 Space Time Maps

A documentation of the blade surface pressure perturbations in time and along the blade
surface at a defined radial position is accomplished with the help of time-space maps. The
contour levels in the time-space maps represent the perturbation from the time averaged
static pressure normalized with the stage inlet total pressure (P-Ptime-mean)/P01.

The abscissa of the space-time map is the time co-ordinate. In Fig. 5.2 the time dependent
pressure fluctuation at a defined arc length is illustrated in the space-time map of the VKI
rotor blade at midspan, showing the pressure information of the fourth and nineteenth
Kulite position. Time is normalized by the stator blade passing period. At time = 0, the
stator and rotor leading edge are axially aligned at midspan.

The ordinate represents the blade wetted surface (arc length) from the leading edge (zero)
along suction (negative half) and pressure (positive half) side to the trailing edge at one
instant in time. The arc length is normalized by the total blade arc length. As illustrated in
Fig. 5.2, the pressure perturbations observed in the blade passage at one instant in time
can be related to the blade surface perturbations in the space-time map. Finally, with the
information obtained in the distortion tracking process, a link is established between the
distortion source and the perturbation patterns in the space-time map.

The shape of the pressure events in the space time map provides valuable information
about characteristic velocities associated with the perturbations. An elliptic peak P (see
Fig. 5.2) with concentric isobars has no velocity connected to it relative to the blade
surface. A stretched pressure ridge on the other hand (marked with an arrow in Fig. 5.2)
indicates a movement of the perturbation relative to the blade surface.
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Fig. 5.2: Illustration of the surface pressure perturbation space-time map for the VKI
rotor blade at midspan
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5.2 Quantification of the Surface Pressure Perturbations

5.2.1 Pressure Perturbation RMS

A global measure for the total pressure perturbation strength on the blade surface at a
defined blade span position is defined by the RMS of the local blade pressure perturbation
integrated in time and along the blade arc.
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A global measure for the pressure perturbation strength in a specific vane passing
frequency at a defined blade span position is defined as follows:
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(5.2.2)

where pn-amp is the arc-wise local pressure amplitude of the nth blade passing frequency
obtained by a Fourier decomposition of the unsteady pressure field.

5.2.2 Fourier Decomposition

To obtain information about the relative strength of pressure perturbation events related to
the blade passing frequency and higher harmonics, the pressure field was Fourier
decomposed in time at 15%, 50% and 85% span along the blade arc-length. The Fourier
figures show the amplitude of one harmonic at different spanwise positions along the
pressure and suction surface of the blade. The amplitude peaks are compared with the
pressure perturbations in the space time maps in order to relate them to the distortion
sources. This is illustrated in Fig. 5.3: The large pressure perturbation on the front suction
side of the blade can be related to the shock induced perturbation S observed in the space
time map. The relative strong amplitude peak in the second vane passing period on the
rotor blade pressure side is related to the two pressure events P1 and P2 per vane
passing period observed in the space-time map.
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Fig. 5.3: Illustration of the linking between pressure perturbations in the space-time
map and amplitude peaks of the first and second vane passing frequency

5.3 Unsteady Blade Forces

The pressure was integrated around the rotor blade profile at defined blade span positions
to give the unsteady force and torque components that promote three orthogonal model
vibratory blade modes, namely a flex mode, an edgewise bending mode and a torsion
mode. The flex mode promoting force part acts perpendicular to the blade chord, the
edgewise bending mode promoting force part acts chordwise (see Fig. 5.4). The chord line
center was chosen as torsion axis. It is important to note, that these selected rigid body
motions do not represent the real vibratory modes of the particular blades. The underlying
reasoning is that the application of the same generic mode shapes for the different turbine
test cases would promote comparative studies and general conclusions by focusing on the
forcing mechanisms and the underlying physical excitations, rather than loosing sight on a
study of the forcing receptiveness of individual mode shapes.
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The forces were computed for multiples of the vane passing frequency. In order to provide
a relative measure of the degree of unsteady pressure energy realization on the blade
surface in a defined frequency, the force amplitude of the nth vane passing frequency was
normalized with the RMSn level and the blade chord length. Similarly the torque amplitude
was normalized with the RMSn level and the square of the half chord length.

Fig. 5.4: Illustration of the generic mode shapes for the forcing studies
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6 RESULTS

The investigation was started with an in-depth case study of the blade excitation
mechanisms in the VKI transonic turbine stage with the intention to establish a basis for
further studies on other test cases and a generalisation of the results. This work has been
reported in papers A, B and C and the findings are presented in sections 6.1 and 6.2. The
work proceeded with a comparison of the blade forcing in three different transonic turbine
stages, namely the VKI, DERA and a Volvo Aero in-house turbine stage, where the
knowledge from the VKI case study has been applied to address the observed similarities
and differences. The observations and conclusions of the comparative evaluation of the
blade excitation mechanisms have been reported in paper D and are presented in section
6.3.

6.1 Classification and Quantification of the Dynamic Blade Pressures in
the VKI Turbine Stage

A first attempt to perform the distortion tracking process described in section 5.1 to
establish an non-ambiguous link between distortion source and blade pressure fluctuation
proved to be rather difficult at the design operation conditions of the VKI turbine stage. The
reason is that the main distortion source, i.e. the vane trailing edge shock, is very weak at
design operation and hardly traceable in pressure gradient modulus contour plots of the
blade passage. A novel approach was introduced to resolve these difficulties. In order to
be able to describe separately the influence of wake, potential and shock distortions on the
blade surface pressure at design operation conditions, the stator exit Mach number is
increased as to enhance the shock distortions and lowered as to enhance potential and
wake distortions. In a comprehensive approach the observations from the off-design
conditions are utilized to classify every major perturbation observed in the perturbation
space-time maps at design operation conditions. To obtain an increased vane exit Mach
number it was necessary to increase the stator exit to throat area ratio and increase the
rotor through-flow area as the vane is choked and the rotor is close to choking at design
operation. This was accomplished by increasing the casing-to-hub distance by 4% at the
stator exit and 13% at the rotor exit for the high Mach number case. The boundary
conditions for the off design test cases were chosen such as to preserve the blade loading
characteristics by maintaining the relative flow angles. They were obtained by the
application of a Q2D through-flow analysis. The resulting operation conditions for all test
cases are listed in Table 1 in paper B.

6.1.1 Shock Motion in the Blade Passage

As the vane trailing edge shock and its reflections in the rotor blade passage is the most
vital flow feature with respect to the blade surface pressure fluctuations, the description of
the motion and introduction of the shock related nomenclature is presented here. As the
stator trailing edge shock is weak and rather difficult to capture at design operation
conditions, the shock motion is presented for the high M2 test case, featuring a stronger
shock. Though the shock angles as well as characteristic speeds differ slightly for the two
operation conditions, conclusions about the shock influence at design operation conditions
can still be drawn in the comparative discussion of the surface pressure perturbations.
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The shock motion is visualized with contour plots of the pressure gradient modulus at
midspan and the study was supported with pressure perturbation contour plots. Fig. 6.1
shows the blade passage at 10 successive time steps during one vane passing period in
the rotor frame of reference. The time t is related to the position of the marked rotor blade
relative to the marked stator blade. The stator trailing edge shock position and reflections
are marked with solid and dotted lines, respectively. The arrows indicate the shock wave
movement. The discussion starts with the picture of the blade passage in the upper left
corner at t = -0.06. At this instant in time the vane trailing edge shock (S) is in contact with
the front suction side of the rotor blade close to the leading edge and a shock reflection
formation (S-R1) is evident. The open end of the reflection bows around the rotor blade
suction side towards the lower rotor blade pressure side, while the wave front travels
upstream towards the vane lower suction surface (see t = 0.06 – 0.24). The downstream
part of the wave hits the lower rotor blade pressure surface, is partly reflected (S-RR1) and
distorted (see t = 0.24). The wave bulk hits the vane suction surface at approximately t =
0.30 and is reflected (S-RR2) towards the rotor blade passage (see t = 0.34). This last
reflected wave is rather weak and hardly notable in the perturbation pressure.

When the trailing edge shock passes the rotor leading edge, the high pressure behind
induces a Mach wave (M) to travel along the rotor blade pressure surface (see t = 0.44).
The shock front itself stretches into the rotor blade passage until it hits the adjacent rotor
blade suction surface, where it is partly reflected (see t = 0.54 – 0.64). The reflected wave
(S-R2) travels towards the lower rotor blade’s aft pressure surface where it again is
reflected (see t = 0.74). It should be noted that the present shock motion is very similar to
the one observed by Johnson et al. (1989) in a linear cascade facility.
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t= -0.06 t = 0.84

t = 0.04 t = 0.74

t = 0.14 t = 0.64

t = 0.24 t = 0.54

t = 0.34 t = 0.44

Fig. 6.1: Contour plots of the pressure gradient modulus showing the stage passage
at midspan. High Mach number OP.

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

M

M

S-R1

S-RR2

S-RR1

S-R1

S-R1

S-R1

S

S

S

S-RR2

S

S

S-R2

S

S-R2

S

S
S

SP

SP

SP



Page 70 Doctoral Thesis/ Björn Laumert

6.1.2 Blade Pressure Perturbations at 50% Span

The pressure perturbation events in the space time maps have been addressed in detail in
paper B. Therefore only a short summary of the findings are presented here. To aid the
reader, the pressure signal abbreviations are explained in Table 6.1.

Abbreviation Explanation
P-PS Vane potential field impact – on pressure side
PR-PS Potential field reflection – on pressure side
S-PS Vane trailing edge shock impact – on pressure side
SR-PS Shock reflection impact – on pressure side
P-SS Vane potential field impact – on suction side
PR-SS Potential field reflection – on suction side
E-SS Expansion – on suction side
S-SS Vane trailing edge shock impact – on suction side
SR-SS Shock reflection impact – on suction side

Table 6.1: Pressure signal abbreviations and explanations

At subsonic operation conditions, there is no vane trailing edge shock and the rotor blade
pressure excitations are entirely related to the impact of the vane potential field and the
wake travelling through the rotor blade passage. The two pressure peaks P-PS, PR-PS on
the blade pressure side appear once in a vane passing period and are related to the
alternating impact of the vane potential field. Typically, they are not associated with any
characteristic velocity relative to the blade surface. The pressure perturbation P-SS at the
front suction side of the rotor blade is also strongly influenced by the direct impact of the
vane potential field. But the pressure peak is also governed by the wake passing, causing
the perturbation to travel with the wake downstream along the suction side. The wake-
induced movement is indicated with an arrow in Fig. 6.2.

From the study of the space-time map in Fig. 6.3 it can be concluded that in principle all
pressure peaks can be associated with the shock motion in blade passage depicted in Fig.
6.1 at high Mach number conditions. Potential field and wake excitations are certainly
present but their influence appears to be negligible. While the rotor blade pressure side
mainly is affected by two successive shock wave reflections (SR1-PS and SR2-PS), the
dominating pressure event on the suction side is the vane trailing edge shock sweeping
from the crown to the blade leading edge (S-SS in Fig. 6.3).

The pressure perturbation excitation mechanisms at design test conditions have been
interpreted in the light of the observations and knowledge from the subsonic and the high
Mach number test case. Relations between the observed pressure perturbations in the
design case and the other cases have been established by the study of three
characteristics of the pressure fluctuations: location in time and space, shape (or
movement along the blade surface) and perturbation strength. It is concluded that the
blade pressure perturbation pattern observed in Fig. 6.4 is a blend of shock, potential and
wake excitations. A detailed argumentation pressure peak by pressure peak is provided in
paper B.

Compared with the subsonic case, the space-time maps of the design operation and
higher vane exit Mach number conditions show often two or more perturbation events at a
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defined position along the blade surface during a vane passing period. This is directly
related to the increasing appearance of wave reflections across the blade passage.
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Fig. 6.2: Space-time map of the VKI rotor surface pressure perturbations for the
subsonic test case at 50% span
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Fig. 6.3: Space-time map of the VKI rotor surface pressure perturbations for the high
M2 test case at 50% span
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Fig. 6.4: Space-time map of the VKI rotor surface pressure perturbations for the
design test case at 50% span
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Fig. 6.5: Pressure amplitude of the 1st and 2nd vane passing frequency along the VKI
rotor surface at 50% span
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Fig. 6.6: RMS/Q vs. M2 for the VKI rotor at midspan

The appearance of the vane trailing edge shock at transonic flow conditions has a major
impact on the pressure amplitude level and distribution around the rotor blade: at subsonic
conditions the peaks due to the three potential distortions P-PS, PR-PS and P-SS are all
of the same order of magnitude in the first vane passing frequency (see Fig. 6.5). At
transonic conditions on the other hand, the direct impact of the vane trailing edge shock
gives rise to a three to four times stronger perturbation amplitude at the rotor front suction
side. However, the pressure peaks on the late suction and pressure side of the blade are
in the same order of magnitude as the peaks at subsonic conditions.

The increasing number of reflection events at higher Mach numbers (see Fig. 6.3 and Fig.
6.4) has two important effects on the perturbation amplitudes. Firstly, the reflections
distribute the perturbation energy over the whole blade surface, resulting in higher
perturbation amplitudes towards the rotor blade trailing edge on both the pressure and the
suction side of the blade. Secondly, the reflections promote the appearance of several
events per vane passing period, which leads to a distribution of perturbation energy to
higher frequencies. As observed in Fig. 6.5, the second harmonic peak amplitude levels of
the design and high Mach number case are actually of the same order of magnitude as the
potential field and shock reflection excitation levels on the pressure and the late suction
side in the first vane passing frequency. At subsonic operation on the other hand, the
second harmonic perturbations are generally an order of magnitude smaller than the first
harmonic perturbations. While at design conditions the events generally are of different
physical origins (wake travelling and shock reflection on the suction side, potential field
impact and shock reflection on the pressure side), at high Mach number conditions the
events are related to the direct or reflected shock impact.

To give an impression of the global variation of the energy content in the pressure
perturbations with respect to the operating conditions, the pressure perturbation RMS
scaled with the vane exit dynamic pressure is plotted against the vane exit Mach number
in Fig. 6.6. The normalized RMS levels for multiples of the vane passing frequency are
also shown. It is observed that the normalized total RMS rises with increasing Mach
number. In this operation area the level almost doubles. The observed trend is far from
obvious. It would rather have been expected that the normalized pressure RMS is constant
with respect to the vane exit Mach number variations, as this is the case for lower
subsonic operation conditions. The explanation for the rise at higher subsonic and
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transonic operation conditions is probably connected with the presence of shocks. Another
observation is the increasing RMS levels of second, third and fourth harmonic
perturbations, which confirms the energy distribution effect for increasing Mach numbers
as shocks and shock reflections start to appear.

6.1.3 Spanwise Variations at Nominal Operation Conditions

In principle all pressure perturbation events observed at midspan are also present at 15%
span, though their location in the time space-map is slightly changed: compare Fig. 6.7
and Fig. 6.4. Two additional perturbations seen at 15% are briefly addressed in the
following. Due to the increased shock strength and the change in rotor geometry towards
the root, a first shock reflection emanates shortly after the vane trailing edge shock impact
on the rotor suction side. The shock reflection travels across the blade passage and hits
the aft pressure side of the neighbouring blade, causing the pressure peak SR2-PS in Fig.
6.7. The periodical appearance and movement of a weak suction side trailing edge shock
causes the pressure peak S2-SS near the trailing edge on the blade suction side.

At 85% span it is observed, that the potential field perturbations are less pronounced
compared to the lower span positions. The different location of the pressure peaks in the
space-time map between the 50% span and the 85% position are mainly attributed to the
three dimensional shape of the rotor blade. Blade twist and blade curvature variations are
most prominent between 50% span and the blade tip (see Fig. 4.1), which leads to
considerable variations of the wave reflection angles in the outer blade sections. This can
for example have the result that a perturbation due to a wave reflection such as PR-PS
observed at 15% and 50% span (Fig. 6.7 and Fig. 6.4) is missing on the blade pressure
side at 85% span (see Fig. 6.8).
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Fig. 6.7: Space-time map of the VKI rotor surface pressure perturbations for the
design test case at 15% span
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Fig. 6.8: Space-time map of the VKI rotor surface pressure perturbations for the
design test case at 85% span
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Fig. 6.9: RMS/Q vs. span for the VKI rotor at midspan for design operation
conditions
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Fig. 6.10: Pressure amplitude of the 1st and 2nd vane passing frequency along the
VKI rotor surface for design operation conditions

At design operation, the vane exit Mach number decreases slightly from the hub to the
casing (see Table 1 in paper C), thus the strength of potential field and vane trailing edge
shock decreases . As a result, the normalized pressure perturbation RMS levels visualized
in Fig. 6.9 slightly decrease from hub to shroud along the rotor blade. The most prominent
decrease is observed in the second vane passing frequency.

As already indicated by the almost constant level of pressure distortions in Fig. 6.9, the
local variation of the pressure amplitude in the first vane passing frequency along the
blade surface shown in Fig. 6.10 is similar at all studied span positions. However, the local
differences on the blade pressure side, governed by the 3D shape of the blade, proved to
be rather important for the blade forcing (see section 6.2). They are therefore addressed in
closer detail below in connection with the corresponding space-time maps in Fig. 6.4, Fig.
6.7 and Fig. 6.8. On the pressure side the amplitude trend is similar for the 15% and 50%
position, but the perturbation amplitude is larger at 15% span. The reason is twofold:
Firstly, as the stator exit Mach number is higher towards the hub, the potential field
perturbations are stronger and secondly, the additional shock reflection peak depicted
SR2-PS in Fig. 6.7 promotes the amplitude level of the first vane passing frequency
towards the aft. The single shock reflection depicted SR-PS in Fig. 6.8 gives the additional
peak on the pressure side at 85% span at La = 0.22 in Fig. 6.10. At 15% and 50% two

SS PSSS PS
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events per period affect this location thus promoting the amplitude level in the second
harmonic rather than the first.

In the second vane passing frequency the pressure perturbation amplitude distribution
along the blade surface is very similar for the 15% and 50% span positions (see Fig. 6.10).
For the 85% span position on the other hand considerable differences are observed.
Governed by the 3D rotor blade shape and the decreasing strength of the rotor trailing
edge shock, there are fewer potential field and shock reflection events present at 85%
span. Two events per vane passing period of comparable strength are therefore rarely
seen at the same location at 85% span (compare Fig. 6.8 with Fig. 6.7 and Fig. 6.4). This
in turn leads to lower second harmonic perturbation amplitudes on both mid to aft suction
side and the pressure side of the blade. It is consistent with the pronounced decrease in
the second harmonic RMS level at 85% span seen in Fig. 6.9.

6.1.4 Concluding Remarks

Utilising operating condition variations, it has been possible to address every major
surface pressure perturbation appearing on the VKI rotor blade surface at design operation
and to link the surface perturbations to their excitation source in a comprehensive
approach.

At subsonic operating conditions, the pressure side is affected by the stator potential field
and the suction surface by both potential and wake distortions. More than one pressure
event per vane passing period is rarely seen along the blade surface. At high Mach
number operation, the dominating excitation source is the stator trailing edge shock motion
in the blade passage on both pressure and suction surface. Wave reflections across the
blade passage increase the number of pressure events per vane passing period
considerably. At design operation conditions it is shown that the combination of shock,
potential and wake excitation is responsible for the blade pressure perturbation pattern.
The investigation of spanwise variations revealed that the radial variation in vane trailing
edge shock strength and the three-dimensional rotor shape has considerable influence on
wave reflection angles. Therefore, the appearance of the pressure perturbations on the
rotor blade surface shows significant radial variations, especially between 50% and 85%
span.

In the analysis of the pressure perturbation levels on the rotor blade surface, it is
concluded that the RMS levels increase considerably faster than the dynamic pressure
with increasing stator exit Mach number due to the appearance of shocks in the transonic
flow regime. Furthermore the presence of shocks and shock reflections increase the
portion of higher frequencies in the unsteady pressure signal. The spanwise variation of
the RMS levels at design operation conditions is rather small. The slight decrease towards
the shroud is explained with the decreasing strength of the vane trailing edge shock.

In the study of the Fourier decomposed blade pressure signals it is concluded that the first
harmonic pressure amplitude peaks along the rotor blade surface at 50% span are in the
same order of magnitude on the pressure and the suction side. At design and higher Mach
number operation conditions the pressure amplitude due to the direct shock impact on the
rotor front suction side is more than twice as large as the other amplitude peaks along the
blade surface in the first vane passing frequency. The presence of shock reflections at
transonic conditions governs second harmonic perturbation amplitudes that are in the
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same order of magnitude as first harmonic amplitudes along the pressure and the aft
suction side of the rotor blade. At subsonic operation conditions second harmonic
perturbations are generally an order of magnitude smaller than first harmonic
perturbations.

6.2 VKI Rotor Blade Dynamic Forces

In this section the results from the investigation of the unsteady forces and torque that
promote the selected model mode shapes are discussed. The presentation starts with the
design operation conditions, concentrating on spanwise variations. Thereafter the
influence of the operation condition variations on the unsteady blade force are addressed.

The investigation focused on the study of the relative contribution of the different pressure
events and the related distortion sources to the forcing of each of the three generic mode
shapes introduced in section 5.3. This should help to understand the role of different
perturbation sources and design parameters. To aid to the understanding of the relative
influence of the different pressure events along the blade surface, the pressure was
separately integrated over three regions along the blade arc. When examining Fig. 6.10,
the subdivision of the arc appears naturally, as the vane trailing edge shock induced
pressure perturbation for all span positions dominates a defined region at the front suction
side of the rotor. The three areas were defined as follows: firstly, the aft suction side,
stretching from the blade trailing edge to La = -0.155, secondly, the front suction side
stretching from La = -0.155 to the leading edge and thirdly, the blade pressure side.

−0.6 −0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Arc length

A
m

p
lit

u
d

e

15% span
50% span
85% span

Fig. 6.11: Illustration of the three forcing regions on the VKI blade surface

6.2.1 Design operating conditions

6.2.1.1 Flex mode: 1st vane passing frequency

The forces acting on the individual blade regions and the summed flex mode promoting
forces are visualized in Fig. 6.12 for 15%, 50% and 85% span. The forces are depicted in
polar coordinates, where the length of the arrow represents the amplitude of the force and
the angular position represents the relative phase. The local arrows’ vector sum form the
red arrow, which represents the total force acting over the blade arc at a defined spanwise
position.

Aft suction side

Front suction side

Pressure side
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It is observed that the force amplitude due to the influence of the shock on the front rotor
suction side (blue arrow) almost doubles from 15% span to 85% span although the
pressure amplitude in this area decreases (see Fig. 6.11). The force increases as the
projection of the front suction side arc length onto the chord increases from hub to shroud
(the curvature decreases). As the rotor blade leans in the direction of the blade rotation,
the arrow turns counterclockwise, indicating that the impact of the shock occurs earlier
towards the shroud. Comprising the observations, the direct shock influence on the force
normal to the chord is defined by four parameters: firstly, the vane exit Mach number,
defining the shock strength and pressure amplitude. Secondly, the blade stagger-angle
and thirdly, the curvature of the blade, which together quantify the degree of force
realization of the pressure distortion for the present mode shape. Fourthly, the blade
leaning, influencing the phase.

The contribution of the pressure side perturbations (black arrow in Fig. 6.12) to the force
perpendicular to the chord varies strongly in both phase and amplitude in spanwise
direction. At 15% and 85% span, the force amplitude is more than twice the amplitude of
the front suction side (shock) and the aft suction side. At 50% it is in the same order of
magnitude. The phase shift is about 90 degrees in clockwise direction from hub to shroud,
thus indicating that the pressure events that contribute to the force appear a quarter of a
vane passing period earlier at 15% span than at 85% span. As discussed in section 6.1.3,
the radial Mach number variation and the 3D blade shape lead to a radial variation in wave
reflection angles which governs the varying appearance and importance of different
pressure perturbation events on the pressure side of the rotor blade. At 50% span, the
dominating perturbation events are P-PS and PR-PS in Fig. 6.4 and as they are in
opposing phase during a vane passing period the resulting force amplitude is comparably
low.

The examination of the green arrow reveals that the contribution of the pressure
perturbations on aft suction side to the force is in the same order of magnitude as the
shock perturbation on the front suction side. The force amplitude variation with respect to
the spanwise position appears to be small. The phase shift is almost 180 degrees from
hub to shroud, rotating clockwise, thus indicating that the pressure events that contribute
to the force appear half a period earlier at 15% span compared to the 85% span position.
As for the blade pressure side, the change in phase is a result of the earlier mentioned
appearance of different perturbation events along the aft suction side in spanwise direction
and their relative phase along the blade surface.

When looking at the resulting total force in Fig. 6.12 (the red arrow), it is observed that the
unsteady force acting on the pressure side is the dominant contributor at 15% and 85%
span. The phase movement of the local forces is from the left half to the right half from hub
to shroud, where the aft suction side and the pressure side force move clockwise and the
front suction side counterclockwise. This leads to a 150 degrees phase shift from hub to
shroud in the total force. At 50% span the front suction side and the aft suction side and
pressure side forces are in opposing phase and counteracting. Together with the relative
small amplitude of the pressure side force, this results in a forcing minimum at 50% span.
The force minimum is also evident in Fig. 6.13 where the degree of force realisation for
multiples of the vane passing frequency is plotted versus span. The degree of force
realisation of the first harmonic is less than a third at 50% span compared with 15% and
85% span.
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Fig. 6.12: Flex mode: 1st harm. amplitude and phase of the force acting on the front
suction side, the aft suction side and the pressure side at 15%, 50% and 85% span.

The summed total force acting on the whole blade arc is also shown
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Fig. 6.13: Amplitude of the normalized force perpendicular to the rotor blade chord
vs. span for design operation conditions

6.2.1.2 Edgewise bending and torsion mode: 1st vane passing frequency

As for the flex mode, the investigation of the total force in chordwise direction and the
unsteady torque acting on the chord center axis at a specific spanwise position is viewed
in the perspective of the local force variation at the front suction side (shock influence), aft
suction side and the pressure side. When examining Fig. 6.14, it is observed that the force
due to pressure perturbations on the front suction surface (the direct impact of the stator
trailing edge shock, blue arrow) is the dominating contribution to the total chordwise acting
force at 50% span. This is true for all spanwise positions. In fact in this particular case it
would be conservative to assume that the total force amplitude equals the force
contribution by the shock distortion on the front suction side. The force amplitude due to
the shock perturbation decreases slightly from hub to tip and exhibits a counterclockwise
phase shift of 60 degrees, indicating that the perturbation appears earlier at the hub than
at the shroud. As the shock strength decreases from hub to shroud the amplitude of the
pressure perturbation on the front suction side decreases from hub to shroud. Furthermore
the projection of the front suction side arc length perpendicular to the chord decreases
from hub to shroud (the curvature decreases). This explains the decrease in the force
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amplitude. The phase shift is connected to the blade leaning as earlier explained for the
flex mode.

The investigation of the unsteady torque acting on the chord center axis shows very similar
trends as the investigation of the chordwise force. The examination of the local torque
contributions in Fig. 6.14 reveals that the shock induced perturbation on the front suction
side (blue arrow) is the by far the largest contributor to the total torque as it is a strong
perturbation acting at a large distance to the center of rotation.

Both the chordwise acting force and the torque are primarily determined by the single
pressure perturbation event that is linked to the direct shock impact on the blade suction
side. The forcing mechanism is the same along the whole blade span. Consequently, the
spanwise variation of the degree of force realisation depicted in Fig. 6.15 is not as strong
as observed for the perpendicular acting force seen in Fig. 6.13.
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Fig. 6.14: 1st harm. amplitude and phase of the chordwise acting force (left) and the
torque (right) at 50% span
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Fig. 6.15: Amplitude of the chordwise acting normalized force (left) and torque
(right) vs. span for design operation conditions



Page 82 Doctoral Thesis/ Björn Laumert

6.2.1.3 2nd vane passing frequency

In the second vane passing frequency the pressure perturbation amplitude peaks along
the blade arc are in the same order of magnitude. A dominant feature as the direct shock
impact perturbation in the first vane passing frequency is not observed (see Fig. 6.10).
Consequently, the second harmonic forcing is much less determined by the direct vane
trailing edge shock impact: For the flex mode the forcing contribution from the front suction
side is negligible. For the edgewise bending and torsion mode it is now in the same order
of magnitude as the contribution of the other blade region. A common observation for all
mode shapes is that the degree of force realization generally is a factor of 1.5 to 2 smaller
for the second vane passing frequency than for the first, apart from the flex mode
promoting force at 50% span (see Fig. 6.13 and Fig. 6.15). The spanwise variation of the
second harmonic forcing is also modest. The reason is that the increased number of
pressure amplitude peaks in the second harmonic even out the beneficial and detrimental
phasing at all spanwise positions, resulting in a generally lower but more balanced forcing.

6.2.2 Varying operating conditions

6.2.2.1 Flex mode

The amplitude of the unsteady force acting perpendicular to the rotor blade chord for the
subsonic, the design and high Mach number operation conditions is shown in Fig. 6.16. In
contrast to the edgewise bending and torsion mode (Fig. 6.17), the flex mode promoting
force of the first vane passing frequency does not increase with increasing Mach number
at 50% span. In fact, the force amplitude shows a minimum at design conditions. The
explanation is the earlier shown low degree of force realization at 50% span at design
operation as the effect of the force promoting pressure perturbation events cancel out to a
high extent as they appear with opposing phase during a vane passing period. This is also
the case for the high Mach number conditions. At subsonic operation conditions on the
other hand, where complex shock and potential field reflections are not present, the
spanwise variation in the degree of force realization is smaller and therefore, the flex mode
promoting force is relatively strong at 50% span.

The growing appearance of two perturbation events per vane passing period for increasing
vane exit Mach numbers is primarily observed on the aft suction and pressure side of the
rotor blade (see section 6.1.2). These regions contribute to a high extent to the flex mode
forcing and therefore the second harmonic flex mode promoting force amplitude is about
five times stronger at transonic conditions compared to subsonic conditions. As the
physical origin of the two events per period merely is shock related with strong pressure
gradients at high Mach number conditions, multiples of the second vane passing
frequency are governed, resulting in the strong fourth harmonic force amplitude seen in
Fig. 6.16.
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Fig. 6.16: Amplitude of the force perpendicular to the rotor blade chord vs. M2 at
midspan

6.2.2.2 Edgewise bending and torsion mode

At all operation conditions, the pressure perturbation located at the front suction side
provide the major contribution to the chordwise acting force and torque variations in the
first vane passing frequency. The influence of perturbations at other blade regions is rather
weak. As the pressure perturbation on the front rotor suction side is governed by the direct
vane potential field impact at subsonic conditions which turns into a direct shock impact at
transonic conditions, the force and torque strength is directly related to the vane exit Mach
number. This is visualised in Fig. 6.17.
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Fig. 6.17: Amplitude of the chordwise acting force and torque vs. M2 at midspan

6.2.3 Concluding Remarks

In the analysis of the first vane passing frequency force and torque amplitudes at design
operation conditions, it is concluded that the flex mode promoting force is influenced by the
pressure perturbations at all separately investigated blade regions, namely the front and
aft suction side and the pressure side. The spanwise force variation is strong at transonic
conditions with a force minimum at midspan as a result of the inherent phase shifts of the
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pressure peak signals relative to each other. At subsonic conditions the spanwise
variations are small, which in fact results in a stronger flex mode promoting force at
midspan compared to the transonic conditions.

The strong shock induced pressure perturbation on the front rotor suction side gives the
dominating contribution to the edgewise bending and torsion mode promoting force and
torque at design conditions and the spanwise amplitude variations are relatively small. The
force and torque amplitude increases with increasing stator exit Mach number. It is
concluded that the force contribution due to the direct shock impact is defined by four
design parameters: the stator exit Mach number, the blade lean, the blade stagger angle
and the blade suction side curvature.

A general conclusion is that the earlier mentioned radial variation in the appearance of
pressure events on the pressure and aft suction surface of the blade governed by the
three dimensional blade shape can have a significant impact on the forcing of certain
modes. This means that there is a potential for reduced excitation forces by means of
blade shape control and variation of the blade stagger angle. However, for blade modes
which are mainly governed by the direct shock impact, the most practicable approach for
reduced blade forces would be to change the operation conditions in order to lower the
vane exit Mach number.

For all investigated blade modes it is observed that higher harmonic force and torque
amplitudes increase with increasing Mach number.

6.3 Comparative study of forcing in three transonic turbine stages

Aided by the results of the VKI case study a comparative investigation of the rotor blade
forcing was performed on three different transonic turbine stage designs. A question that
received special attention was whether the strength of the unsteady forcing directly can be
correlated to stage layout characteristics such as flow angles, flow coefficient, loading
coefficient or degree of reaction. The investigation was concentrated on a comparison of
two parameters, namely the measure of the global pressure perturbation strength
performed on the blade surface - the pressure RMS - and the degree of force realization of
the perturbation pressure in two blade modes. In order to be able to keep track of
significant parameters, the study is limited by concentrating on perturbations of the
fundamental distortion frequency, i.e. the first vane passing frequency.

6.3.1 Test cases

The three transonic turbine stages under investigation are the VKI and the DERA stage,
which have been described in detail in section 4.3.1, and in addition a VAC in-house
design. Unfortunately, there are no detailed dynamic pressure measurements available for
the VAC stage, so that the prediction quality could not be validated against measurements
in this particular case. But it is believed that the important unsteady phenomena were
captured in the predictions as the VAC stage was computed at comparable vane exit Mach
number conditions as the other test cases and no extraordinary phenomena such as
passage blockage due to extensive loss cores or regions with flow separation were
observed.
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In Table 1, 2 and 3 in paper D in the appendix computed mass averaged stage
characteristics are presented for all test cases. As the vane exit Mach number is
recognized to have a central influence on the perturbation level, the study was conducted
at three comparable operation conditions. Apart from the transonic or design operating
conditions with an averaged vane exit Mach number just below 1, a high and a low stator
exit Mach number test case were computed. The boundary conditions for the off design
test cases were chosen such as to preserve the blade loading characteristics by
maintaining the relative flow angles. The VKI and the DERA turbine stage show similar
stage characteristics apart from a slightly lower flow turning and loading coefficient for the
DERA stage at design operation conditions. Also the spanwise trends are similar. At
transonic operating conditions with similar vane exit Mach numbers as the design
operating conditions of the former stages, the VAC stage is characterised by a comparable
high loading and flow coefficient but a low degree of reaction.

6.3.2 Design / transonic operating conditions

In Fig. 6.10 and Fig. 6.18 the predicted pressure perturbation amplitude of the first vane
passing frequency is depicted at three spanwise positions along the VKI, the DERA and
the VAC rotor blade surface, respectively. First, I would like to draw the attention to the
spanwise variation in the amplitude levels. Both the DERA and the VAC case show
decreasing perturbation amplitudes in the first vane passing frequency with increasing
span, whereas the VKI case shows similar levels for all span positions. The amplitude
variations are most significant in the region of the direct vane trailing edge shock impact on
the front suction side of the DERA and the VAC rotor blade and are most likely associated
with a decreasing shock strength from hub to casing.

This observation is also reflected in the spanwise variation of the predicted pressure RMS
for the three test cases shown in Fig. 6.19. The total RMS levels have been scaled with
the vane exit dynamic pressure based on the Mach number of the corresponding span
position. It is seen that the normalised RMS is almost constant for the VKI blade but
decreases for the DERA and the VAC blade with increasing span. As the spanwise
variation of the vane exit Mach number is similar in all stages (see Tables 1,2 and 3 in
Paper D in the appendix), this indicates that additional to the vane exit Mach number
another parameter is of importance to define the strength of the perturbations on the blade
surface. As we believe that the vane trailing edge shock strength is the crucial factor, an
important parameter is the spanwise variation of the degree of expansion in the nozzle,
which is a matter of spanwise variations in the vane throat to exit area ratio. Both the
DERA and the VAC vanes are twisted with spanwise varying throat to exit area ratios,
whereas the VKI stage is prismatic.

An interrogation of the predicted stage characteristics on the other hand does not indicate
any correlation. In fact the spanwise variation of flow angles, flow and loading coefficients
and reaction rates of the VKI and the DERA stage in Table 1 and 2 are rather similar and
do not directly correlate to the observed differences in the spanwise variation of the
pressure perturbation strength.
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Fig. 6.18: Pressure amplitude of the 1st vane passing frequency along the DERA
(left) and VAC (right) rotor surface. Design OP
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Fig. 6.19: Total RMS/Q vs. span for the VKI, DERA and VAC rotor blade at design
conditions

In the next section the degree of force realization of the pressure perturbations is analysed
in terms of normalized force acting parallel and perpendicular to the chord. Fig. 6.20 (left)
shows the amplitude of the first harmonic normalized unsteady force acting perpendicular
to the blade for the three turbine stage configurations. It is observed that the spanwise
variation is very similar for the VKI and the VAC blade with a relatively strong normalized
force at 15% and 85% span and a comparably small normalized force at 50% span. The
DERA configuration on the other hand shows a high degree of force realization at all
spanwise positions.

In the case study of the VKI stage it has been shown in section 6.2.1.1 that the pressure
perturbations on the pressure side of the rotor blade provide a substantial contribution to
the unsteady force acting perpendicular to the chord. This is also valid for the DERA and
the VAC stages. Both the VKI and the VAC rotor show several perturbation events during
a vane passing period on the blade pressure side. The perturbation events originate from
the direct impact of the vane potential field, but also from several wave reflection events as

SS PSSS PS
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discussed in section 6.1.2. The degree of force realization is strongly dependent on the
relative appearance of the perturbation events in time. At 50% span the perturbations are
in opposing phase during a vane passing period and therefore the degree of force
realization perpendicular to the chord is comparably low for the VKI and VAC rotor.

In their study of the unsteady pressure field in the rotor passage of the DERA turbine
stage, Hilditch et al. (1998) conclude that the pressure side of the rotor blade at 50% span
is mainly affected by the direct influence of the vane potential field. Compared to the two
other configurations the DERA rotor blade has a slightly larger stagger angle, so that a
larger part of the pressure side “sees” the potential field disturbance during a vane passing
period. This single event causes a strong first harmonic pressure perturbation amplitude
along the whole DERA rotor pressure side at all spanwise positions, as depicted in Fig.
6.18. Therefore the degree of force realization is constantly high along the span for this
stage configuration. Summarizing, these observations highlight the prominent role of
pressure perturbation cancelling effects due to opposing phases, which are governing the
strong influence of the rotor blade stagger and twist on the normalized force acting
perpendicular to the chord at transonic operating conditions.

Fig. 6.20 (right) reveals that the spanwise variation of the chordwise acting normalized
force is not as strong as observed for the perpendicular acting force. The reason is that the
forcing mechanism is basically the same in spanwise direction for all three turbine stage
configurations. The force due to pressure perturbations on the front suction surface (the
direct impact of the stator trailing edge shock) is the dominating contributor to the
chordwise acting force as described in section 6.2.1.2. The spanwise variations of the
chordwise acting normalized force are mainly governed by the blade lean, the blade
stagger angle and the blade suction side curvature. It should be mentioned though, that
due to the blade twist and the comparably large stagger angle, the pressure side
contribution becomes more important towards the tip for the DERA rotor blade.
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Fig. 6.20: Amplitude of the normalized force perpendicular to the rotor blade chord
and the chordwise acting normalized force vs. span. Design OP
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6.3.3 High vane exit Mach number conditions

As observed section 6.1.2 for the VKI stage, the normalized pressure perturbation RMS
levels increase for all turbine stages with increasing vane exit Mach number conditions.
The spanwise trends in the pressure RMS are similar to those at design/ transonic
conditions: the perturbation strength on the DERA and the VAC rotor blade surfaces
decreases from hub to tip whereas it is constant for the VKI blade (see Fig. 6.21).

Furthermore, the spanwise trends in the degree of force realization depicted in Fig. 6.22
are similar to those at design/ transonic operating conditions with one significant
exception. The normalized force acting perpendicular to the chord, decreases for the VAC
rotor continuously from hub to shroud, which indicates opposing phases of the pressure
side perturbations not only at 50% but also at 85% span. The explanation is that a
comparably large change in shock strength not only affects the pressure perturbation
amplitudes but also significantly the reflection angles in the rotor passage and with it the
relative phase of different pressure events.
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Fig. 6.21: Total RMS/Q vs. at high M2 conditions
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Fig. 6.22: Amplitude of the normalized force perpendicular to the rotor blade chord
(right) and the chordwise acting normalized force (left) vs. span. High M2 OP
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6.3.4 Subsonic operating conditions

At subsonic operation conditions, the spanwise variation of the pressure perturbation
amplitude along the rotor blade surface is small in terms of both distribution pattern and
strength for all turbine stages. As an example the predicted pressure perturbation
amplitude of the first vane passing frequency is shown in Fig. 6.23 at three spanwise
positions along the VAC rotor blade surface for subsonic operating conditions.
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Fig. 6.23: Pressure amplitude of the 1st vane passing frequency along the VAC rotor
surface. Subsonic OP

As in previous sections, the degree of spanwise pressure perturbation strength variations
are addressed in more detail with the help of predicted perturbation RMS levels at three
spanwise positions. In Fig. 6.24 it is observed that the total RMS levels are nearly constant
for all three test turbine stages. This observation strengthens the assumption that the
spanwise varying shock strength is responsible for the varying perturbation levels at
transonic conditions. The absolute RMS levels though differ between the three
configurations at subsonic conditions. As shown by Koriakinitis (1992 a, 1992 b) and also
Jöcker et al (2001) the strength of the perturbations is a function of the distortion source
level – at high subsonic predominantly the vane potential field strength but also the wake
distortion - and the axial gap between the vane and the rotor. With the limited data
available it has been difficult to identify and correlate all design parameters that define the
potential field strength in the present study and therefore the differences in the pressure
RMS levels are not addressed any further. Also the spanwise variations of the normalized
force are difficult to address in detail. A comparison of the spanwise normalized force
variations in Fig. 6.25 and the variation of stage characteristics in Table 1, 2 and 3 in paper
E in the appendix do not reveal a direct correlation. An interesting observation though is
that the spanwise variation of the force acting chordwise and normal to the chord appear
to be strongly coupled. A decrease/increase of the force in one direction results in an
increase/decrease of the perpendicular acting force, indicating that the total degree of
force realization is rather constant along the span as the effect of pressure contribution
cancelling due to opposing phases is low. This is not the case for the transonic and higher
Mach number operating conditions where the increased number of wave reflection events
promotes lower force realisation levels due to opposing phases.
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Fig. 6.24: Total RMS/Q vs. at subsonic M2 conditions
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Fig. 6.25: Amplitude of the normal (black) and chordwise (red) acting normalized
force vs. span. Subsonic M2 OP

6.3.5 Concluding Remarks

Based on 3D unsteady computations, the pressure perturbation signal and the resulting
blade force has been studied with respect to operating point and spanwise variations for
three different high-pressure transonic turbine stages.

In the study of the rotor blade pressure perturbations it is observed, that the spanwise
variation of the perturbation strength differs between subsonic and transonic operating
conditions. At subsonic conditions the perturbation level appears constant with respect to
the spanwise position while at transonic operation the perturbation level is constant for one
stage configuration but decreasing with increasing span for the other stage configurations.
It is concluded, that the vane trailing edge shock strength is the crucial parameter to define
the blade pressure perturbation strength at transonic operating conditions. In this context it
was noted that the vane exit Mach number is not sufficient to define the perturbation
strength, but that the vane throat to exit ratio should be considered as an additional
parameter at transonic operating conditions.
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In the investigation of the normalized forces the strong influence of the rotor blade shape
on the degree of force realization at transonic operating conditions is highlighted. It has
been demonstrated that a small difference in the blade stagger angle significantly can
change the spanwise variation of the normalized force acting perpendicular to the blade
chord. The chordwise acting normalized force on the other hand is rather well determined
by the pressure perturbation of the shock impact on the front rotor suction side and
therefore spanwise variations are rather small.

Generally, it can be concluded, that the forcing in the transonic stages is largely
determined by the vane trailing edge shock strength and the force realisation of the
pressure perturbations that are caused by its direct impact and reflections in the rotor
blade passage. There were no direct relations evident between computed stage
characteristics and the pressure perturbation level and resulting blade force other than the
vane exit Mach number, the vane throat to exit area ratio and the rotor blade design.
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7 CONCLUSIONS AND FUTURE WORK

7.1 Summary of the Work

The present work can be summarized in the following items:

• The VolSol flow solver has been validated towards steady and unsteady rotor stator
computations for the prediction of the steady and unsteady blade load in transonic
turbine stages. The validation was performed on two test stages and the solver
performance was assessed by comparing the predictions with available steady and
dynamic pressure measurements and independent predictions with other flow
solvers. An evaluation of friction modelling was performed in a comparison of
viscous and inviscid computations. Furthermore, the validation included a study of
vane trailing edge cooling flow ejection effects.

• A new method for unsteady rotor stator computations with time-lagged sector
periodic boundaries has been developed, validated and demonstrated. It is based
on a finite volume approach where the equations are solved in conservative form on
a general four-dimensional computational space with time and spatial co-ordinates
individually defined at every mesh node. The method represents a comprehensive
approach for computations with time inclination and deforming grids.

• With the help of extensive unsteady rotor stator computations, an in-depth study of
the blade excitation mechanisms in the VKI turbine stage has been undertaken to
provide a basis for the understanding of blade forcing in transonic turbines. The
computations were performed in 3D and radial variations have been addressed. In
order to make forcing variations traceable, the study was performed in three
successive steps: firstly, the blade pressure perturbations were correlated to the
distortion phenomena in the blade passage in a phenomenological manner.
Secondly the pressure perturbations were quantified in the relevant resonance
frequencies by Fourier transformation of the surface pressure. Thirdly, the actual
dynamic blade force was computed for three model blade modes by integrating the
unsteady pressure along the blade surface. In a novel approach, operation
variations were utilised to facilitate the interpretation of the blade excitation
mechanisms.

• Aided by the results from the VKI case study, the blade forcing in three transonic
turbine stages was investigated in a comparative approach. A question that
received special attention was whether the strength of the unsteady forcing directly
can be correlated to stage layout characteristics such as flow angles, flow
coefficient, loading coefficient or degree of reaction.
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7.2 Concluding Remarks

Flow solver validation

• The comparison between the predictions and measurement data as well as other
codes shows that the code performs well for steady and unsteady transonic turbine
stage predictions and that the important flow phenomena are captured.

• The utilisation of a rounded vane trailing edge instead of the nominal ejection slot
geometry has only minor impact on the predicted rotor blade pressure perturbation
amplitude and distribution. The steady loading deviation between the ejection slot
and the rounded trailing edge configuration are related to the difference in the vane
throat area size.

• The inviscid computations show higher pressure perturbation levels on the rotor
blade surface compared to the viscous computations as the lack of boundary layers
and secondary flows and a lower passage blockage enhance the vane potential
field and trailing edge shock strength.

• It has been shown that the disagreements between predictions and measurements
of the rotor blade pressure fluctuations are related to a disagreement between
predicted and actual passage blockage and losses.

4D finite volume method

• The accuracy of the method has been proven with a back to back validation on a
simple test case with the VolSol solver as reference.

• The method was demonstrated in a comparative study on a transonic turbine stage
with a nominal non integer blade count ratio and an adjusted blade count ratio with
a scaled rotor geometry. The predictions show significant differences in the blade
pressure perturbation signal of the second vane passing frequency which would
motivate the application of the new method for rotor stator predictions with non-
integer blade count ratios.

Blade excitation mechanisms in transonic turbine stages

• The blade excitation mechanisms are dependent on the operating conditions of the
stage in terms of vane exit Mach number. At subsonic vane exit Mach numbers the
blade pressure perturbations are caused by potential field and wake disturbances.
At vane exit Mach numbers just below unity, the formation of a vane trailing edge
shock causes additional disturbances and at higher Mach numbers this shock is the
dominating distortion source.

• With increasing Mach numbers wave reflections in the rotor blade passage become
more prominent leading to more than one perturbation event per vane passing
period along the blade surface. Furthermore, the strong spatial pressure gradient
introduced by the shock formation is effectuated as a temporal pressure gradient on
the blade surface. Both contribute to significant increasing perturbation energy in
multiples of the vane passing frequency.

• The radial variation of the pressure perturbation pattern on the rotor blade surface
at transonic operating conditions is essentially governed by the radial variation of
the vane trailing edge shock strength and the 3D design of the rotor blade. The
vane trailing edge shock strength is defined by the vane exit Mach number and the
vane twist or variation in the throat to exit area ratio.
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• The pressure perturbation amplitude along the rotor blade surface shows a similar
pattern for transonic turbine stages in the first vane passing frequency: The front
suction side is affected by the direct impact of the vane trailing edge shock impact
and the resulting amplitude peak is three to four times stronger than the pressure
amplitude on the pressure and aft suction side of the blade.

• The nature of the excitation mechanism in transonic turbines opens the door for a
potentially reduced dynamic forcing by means of blade shape control and variation
of the blade stagger angle for modes which are mainly governed by pressure
perturbations of the pressure and aft suction side of the blade (typically flex modes)
by the utlilisation of pressure perturbation cancelling due to opposing phases.

• For blade modes that are mainly governed by the strong pressure perturbation on
the front suction side due to the direct impact of the vane trailing edge shock
(typically edgewise bending modes), the most practicable approach for reduced
blade forces would be to change the operating conditions in order to lower the vane
exit Mach number.

• At transonic conditions, perturbation amplitudes of the second vane passing
frequency are in the same order of magnitude as the first harmonic amplitudes on
the pressure side and aft suction side of the blade. However, the degree of force
realisation is generally lower for the second harmonic, as pressure perturbation
cancelling due to opposing phases is more prominent.

• In the investigation of the three different turbine stages, no direct relation was
evident between stage layout characteristics such as flow angles, flow coefficient,
loading coefficient or degree of reaction and the strength of the blade forcing. The
crucial parameter is the vane exit Mach number.

7.3 Recommendations for Future Work

Flow solver development

• An open question is whether the available turbulence models are sufficient accurate
for the prediction of the boundary layers, secondary effects and loss mechanisms in
typical transonic turbine stages to provide a truthful degree of expansion in the
stage, so that the strength of the perturbation sources are accurately predicted.

• To enhance the computational efficiency and enable unsteady computations with
resolved boundary layers, it is recommended to extend the time integration method
with an implicit dual time step approach and acceleration techniques as presented
by Arnone and Pacciani (1996) and von Hoyninge-Huene and Jung (1999).

4D finite volume method

• The 4D finite volume method should be extended to model viscous effects as it has
been shown that these account for the major discrepancies between the predicted
and measured pressure perturbations in the present test configuration.

• As the 4D method for time inclination offers the possibility to incline time in more
than one space direction, its applicability for multi stage computations with different
inter stage blade count ratios and axially varying degree of inclination should be
studied.
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Blade excitation mechanisms in transonic turbine stages

• The present work has established the basic forcing mechanisms of transonic
turbine stages and presented potential routes to control the aerodynamic forcing.
The investigations should proceed with a detailed study of the influence of selected
design features on the blade forcing in terms of parameter studies. Questions that
should be answered are for example: how can the rotor blade design be optimised
to reduce the dynamic forcing for a certain mode but at the same time retain the
aerodynamic performance?

• An investigation of the forcing mechanisms of higher harmonics (typically second
and third) of the vane passing frequency should be emphasised as forced response
situations are difficult to avoid for these frequencies.

• Further investigations should concern the forcing of more complex mode shapes
such as local corner modes, which are typical for transonic turbine bladings.

• An important issue is also the off design forcing characteristic in terms of rotor
incidence changes, which has not been studied in the present work.
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