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Abstract / Kurzfassung: Modern turbocharging systems significantly contribute to the market success of marine propulsion and stationary engine
applications. Therefore turbocharger components must operate safe with
high efficiency, high reliability and low operating costs and have to be designed by considering strict product cost requirements. In consequence the
rotating components have to operate on their mechanical and aerodynamic
limits. Pushing these limits over the last years was mainly caused by the
intensive use of advanced numerical methods as well as detailed experimental data analysis. To meet the requirements, engineers of different disciplines assess and optimize the components of turbochargers and its parts
within all design stages.
This paper will present newest numerical and experimental methods to assess HCF which are nowadays used by the involved disciplines from the
preliminary till the final design phase. The application of these methods and
its validation based on component tests will be shown exemplarily for the
development process of a new radial turbocharger series for 2-stroke and
4-stroke engines. Since engineers are faced with several multidisciplinary
topics also the interrelation between the different disciplines, especially fluid
structure interaction (FSI) and its impact on high cycle fatigue (HCF) are in
focus of this work. The paper illustrates that a tight collaboration between
the design department and the disciplines aerodynamics, thermodynamic
performance calculation and structural mechanics is essential for further
improvements of the performance defining turbocharger components.
As it will be shown in the first part of the paper, the dimensioning process
of the turbo components starts with the design of blades and flow path. The
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presented HCF simulations, incorporating aerodynamic and structure mechanics to gain insight into damping, excitation and modal behavior, are
based on state-of-the-art fully 3D solvers with moving meshes. One important aspect of this paper is the required level of detail of aerodynamic
simulation models in order to obtain valid results. It will be shown which
kind of effects and features have to be considered to achieve valid load
predictions for aerodynamics and mechanic aspects.
Modern turbocharger series cover a wide application range with a bunch of
different matching parts in combination with extended compressor and turbine maps. To take care on all of these operating points for HCF evaluations
a huge need for HPC resources arises. The final part of the paper will show
how the turbocharger series benefits from the massive usage of these resources and improved methods with regard to robust operation to the physical limit.
Moderne Aufladesysteme tragen wesentlich zur erfolgreichen Marktdurchdringung von Motoren in stationären Anlagen oder Schiffsanwendungen bei.
Der Turbolader und insbesondere seine rotierenden Komponenten müssen
einen ausfallsicheren Betrieb gewährleisten und höchsten Performance-Ansprüchen genügen. Gleichzeitig sind geringe Invest- und Betriebskosten von
großer Bedeutung. Um dem gerecht zu werden, müssen die rotierenden
Komponenten nahe an den mechanischen und aerodynamischen Grenzen
ausgelegt werden. Durch die intensive Nutzung von multidisziplinären numerischen Methoden in Kombination umfangreichen Versuchen können die
Grenzen des technologisch Machbaren weiter verschoben werden.
Diese Veröffentlichung gibt einen Einblick in neueste numerische und experimentelle Methoden zur Bewertung von Schaufelschwingungen (highcycle-fatigue, HCF). Die Anwendung und Verifizierung der Methoden wird
am Beispiel der Entwicklung einer neuen radialen Turboladerserie für Zweitakt- und Viertakt-Motoren gezeigt. Der Fokus dieser Arbeit liegt in der Bewertung von HCF an Rotoren mit Hilfe von Fluid-Struktur-Interaktions(FSI) Verfahren. Einblicke in die Berechnung sowie die Verifizierung der Anregung und aerodynamischen Dämpfung von Systemen mit beschaufelten
Statoren werden vermittelt. Die harmonischen Anregungsdruckfelder werden mit nichtlinearen harmonischen Strömungslösern berechnet, wohingegen die Dämpfung CFD Simulationen mit bewegten Netzen erfordert.
Die Turbolader für Großmotoren decken mit Hilfe einer Vielzahl an Matchingteilen einen großen Anwendungsbereich ab. Neben den geometrischen
Varianten erzeugt die Auslegung der Betriebslinie im Kennfeld weitere thermodynamische Variationen, welche die Schaufelschwingungen beeinflussen. Beides führt zu einer immensen Zahl an Konfigurationen, die einer HCF
Bewertung unterzogen werden müssen, um dem Anspruch nach einem robusten Design gerecht zu werden. Für die Herausforderung, alle benötigten
numerischen Ressourcen bereit zu stellen, werden zum Abschluss Lösungsansätze aufgezeigt.
Key Words: HCF; blade vibrations; off design; fatigue; compressor

1 Introduction
Modern turbocharging systems significantly contribute to the efficiency and
power of marine and stationary engines. A bigger technology step is needed
on the components to move the boarders of the layout parameters far beyond typical applications of the past. The market demands higher pressure
ratios and increased flow capacities while ensuring highest efficiencies. The
combination of these features are the key to be competitive for the turbocharger itself but also for the engine builder that highly benefits of this new
generation turbochargers.
As a consequence components like compressors or turbines have to withstand higher loads. Beside a safe static layout and taking account for lowcycle fatigue or thermo-mechanical fatigue especially high-cycle-fatigue
(HCF) requires increasing attention during development and validation.
With higher pressures also the dynamic amplitudes increase whereas the
increased volume flow and therefore higher Mach numbers result in more
complex aerodynamic flow conditions which also lead to higher excitations.
With the thermodynamic demands for efficiency and pressure only bladed
diffusors with a small distance to the rotating parts can be used. These
dedicated excitation orders (EOs) are in the focus for a HCF safe design.
Also the variety of matching parts that usually is used for the bigger turbochargers to fit best to specific engine needs brings up additional challenges.
As there is not only one wheel with one diffusor/nozzle ring combined as it
is typical for automotive turbochargers the full variety has to be investigated. As an example for a modern turbocharger the TCT and its variant
concept is shown in Figure 1. In principle a free combination of compressor
wheels and diffusors is possible which results in this case in 56 geometric
variants to be evaluated for HCF safety.

Figure 1: Variant concept at turbine and compressor side for the TCT
Turbocharger for marine engines.

The first part of the paper focuses on the introduction of state of the art
methods to evaluate an HCF safe design, presenting a fully established process that combines multiple numerical methods which are by thoroughly
conceived component tests. This will be followed by a comparison of the
numerical models with measurement results. The last part will focus on how
operational safety is ensured for a turbocharger with all its configurations
under various operating points.

2 Basics for the layout of modern compressors.
Based on increasingly demanding requirements with respect to both performance and cost-effectiveness, the latest state-of-the-art turbocharger compressors are significantly more compact, while retaining the efficiency of
the current best-in-class designs. To understand the challenges for developing such a compressor a brief introduction to flow and pressure coefficient
is given. These specific numbers help to explain the technology step.

2.1

Aerodynamic layout of state of the art compressors

Enhanced power density provided by compact machines imply compressor
blading with high specific flow rates expressed in terms of the compressor
flow coefficient ϕC relating an equivalent velocity cC to a reference peripheral tip wheel speed u2 as follows:

ϕC =

cC
4V
= 2 t 3
u2 π n D2

Eq. 1

where Vt denotes the total volumetric flow rate, while n represents the rotational speed and D2 corresponds to the exit diameter of the rotor.
To achieve a target total pressure ratio Π t , work is done on the fluid by the
impeller which is usually measured by an isentropic change of gasdynamic
state, yielding:

 γ γ−1 
γ
YC =
RTt − In  Π t − 1


γ −1



Eq. 2

wherein γ denotes the ratio of specific heats, R stands for the gas constant,

Tt − In corresponds to the inlet total temperature.

A range of machine types suitable with respect to both thermodynamic efficiency as well as cost-effectiveness is conveniently identified by virtue of
the Cordier chart, cf. [1], which requires relating the isentropic compression
work YC to a reference mass-specific kinetic energy of the rotor based on
its peripheral tip speed u2 and thereby defining a pressure coefficient ψ YC
which reads:

ψ YC =

YC
2Y
= 2 2C 2
2
u2 π n D2
2

Eq. 3

As outlined in [2], a single stage compressor is realized inside a turbocharger by a centrifugal design which is, however, subject to specific limitations with respect to its wheel speed and diffusion inside its blading.
With respect to aero-thermodynamic efficiency as well as operational stability, a distinct optimum layout regarding inlet blade tip angles in conjunction with an impeller eye to exit diameter ratio D1t D2 according to [3] discloses the latter as the principal layout parameter to specify the flow coefficient ϕC . Any attempt to enhance the flow coefficient ϕC therefore implies
an increase in the impeller eye to exit diameter ratio D1t D2 which is accompanied by a raising inlet tip relative velocity w1t at an unchanged level of
impeller relative exit velocity w2 and thus increased diffusion, expressed as

w2 w1t .

In turbochargers, in particular regarding marine applications, the destabilizing nature of diffusion is exacerbated by the imperative of peripheral
wheel speeds required to achieve the target pressure ratio, which in turn is
related to the work input w by the impeller according to the Euler turbine
equation. Under the assumption of no inlet swirl, the equation is given as

w = ∆ht = u2cu 2

Eq. 4

where ∆ht represents the total enthalpy rise and cu 2 corresponds to the circumferential component of the absolute impeller exit flow velocity pointing
into the direction of rotation.
Introducing the work input coefficient µ , which is defined as

µ :=

cu 2
u2

Eq. 5

as well as the isentropic total efficiency

ηts :=

YC
∆ht

Eq. 6

eq. (2) can be combined with eq. (4) and rearranged yielding:

[

Π t = 1 + η ts µ (γ − 1)M u22

]

γ
γ −1

Eq. 7

In equation (7), M u 2 denotes the machine Mach number which is defined
as:
M u 2 :=

u2
,
a t1

Eq. 8

where the inlet total speed of sound assumes – for an ideal gas – the form

at1 = γ RTt1 .

Eq. 9

As indicated in [4], for total pressure ratios realized in single stage high
pressure ratio turbochargers, values of M u 2 up to 1.7 are encountered.
Based on an optimum blade inlet tip angle β 1t measured against the circumferential direction and subject to the assumption of a uniform inflow, the
impeller inlet relative tip Mach number M w1t can be expressed as function of
the peripheral wheel speed u2 , the impeller eye to exit diameter ratio D1t D2
as well as the inlet speed of sound a1 as

M w1t =

w1t u2 D1t 1
=
,
a1 a1 D2 cos β1t

Eq. 10

where the inlet speed of sound is related to the inlet static temperature as
a1 = γ RT1 . Since a1 ≤ at1 and against the background of M u 2 ranging up to 1.7,
equation (10) reflects that increasing the flow coefficient ϕ M and thus the

impeller eye to exit diameter ratio D1t D2 inherently raises the level of inlet
relative tip Mach numbers M w1t well above unity. The corresponding supersonic relative tip inflow results in a strong compression shock wave inside
the blading which interacts with the blade suction surface boundary layer
and thus not only degrades efficiency but also affects the operational stability limit of the compressor.

As outlined hitherto, a striking trade-off between flow coefficient ϕ M and

total pressure ratio Π t is identified. Both efficiency as well as the performance map width are affected by violating physical limits regarding diffusion and pre-shock Mach numbers. However, to unlock technical and commercial benefits of compactness, competition is focused on pushing the Cordier line representing the trade-off curve yielding best performance towards
increased flow and pressure coefficients according to Figure 2.
To achieve optimized performance and map width, an increased space of
layout parameters has to be taken into account among which, e.g., the
degree of stage reaction is optimized by virtue of the work input coefficient
µ , cf. eq. (5).
At this stage, mechanical integrity comes into consideration as material
properties, such as the yield stress, define a lower limit to the work input
coefficient µ according to eqs. (5, 7, 8).

Figure 2: Technology steps and trade-off curves for the flow and pressure coefficient. Relative visualization based on a series wheel
Corresponding novel high-flow and pressure centrifugal compressor blading
are exploiting physical limits all on edge and therefore require measures to
ensure operational stability over the entire speed range. Passive map width
enhancements are mandatory and standard, e.g. by provision of an internal
recirculation cavity enclosing the intake casing as well as a portion of the
inducer of the impeller with slots enabling flow communication between the
intake and the inducer of the compressor stage, cf. [5].

2.2

HCF layout of modern compressors

For the HCF layout of rotating parts under previously described challenging
flow conditions a complex fluid-structure-interaction workflow (FSI) is
needed to cover the relevant influences. The following section gives a brief
overview on the process itself followed by a lock at excitation and damping
calculation as well as a brief introduction of the measurement setup.
2.2.1

Process overview

The for the precise evaluation of HCF on rotors all influence factors need to
be considered on a very detailed level. This is due to the nonlinear behavior
of the aerodynamics and the sensitive interaction of modeshapes with local
distributed amplitudes and phases.
In the Figure 3 the standard process with all linked methods is shown. In
this case an example of an compressor is visible however except some details this will stay the same also for turbines. The blue arrows show the data
transfer path.
This process starts with a general aerodynamic evaluation (6), with that the
performance data and operating maps are derived. The HCF analysis starts
at (1) as it is important to have a valid temperature field for the full evaluation range. This is done with state of the art conjugate-heat-transfer (CHT)
calculations. It is a combined simulation of fluid and structural parts to cover
all heat flows including cavity and cooling features. This not only influences
the elasticity modulus and therefore the resonance speed, also the
modeshape itself can change and for sure the materials endurance limit.

Figure 3: Fluid structure interaction workflow for evaluation of HCF
loading on rotor parts.
With the temperature input for a wide range of operating points a multistep modal analysis (2) at different operating speeds is started which results

in knowing the frequency and modeshape behavior of all relevant
eigenmodes. In combination with operating maps (6) the full set of resonance points for the FSI calculation is available.
Afterwards the calculation of each of this points starts with respect to aerodynamic excitation (3) and damping (7), which are the key elements for
accuracy of results and is described in more detail in chapter 2.2.2 and
2.2.3.
With the forced response calculation (4) numerical excitation and damping
are combined with the structural behavior in the well-known equation of
motion. This ends up in the dynamic stress values for each eigenmode at
multiple thermodynamic operating points. In the standard process this is a
weak coupling as excitation and damping are calculated in separate simulations. The resulting blade deflection amplitude is then assessed via adjusting it to the correct value for the amplitude dependent functions of kinetic energy and aerodynamic damping work to maintain energetic equilibrium. This approach gives significant advantage with regard to calculation
time.
The final block HCF-measurement (9) gives the chance to validate the calculated results. This can be done with early prototypes and final release
tests. Because the 3D non-linear excitation field (3) and distributed aerodynamic work (7) cannot be measured directly, they need to be verified by
integral quantities like stresses and damping ratio that can be evaluated
from measurements. Worth mentioning that measuring some local samples
of the dynamic excitation/damping force is possible with special measurement devices.
2.2.2

Excitation in detail, focus on calculation

Beside time consuming full transient unsteady simulation of compressor
stages the non-linear-frequency domain solver an unsteady frequency domain method is available that can accurately calculate blade-row interactions. Speed up in calculation time versus time domain methods can be
more than a factor of 100. As the accuracy of the frequency domain approach for harmonic excitations without additional effects is proven it is
used as standard in this FSI process [6].
The main idea is that the perturbations, leading to unsteady flow, are written about a time-averaged flow field solution and are Fourier decomposed
in time. Transferring the unsteady Navier-Stokes system into the frequency
domain, transport equations are obtained for each Fourier harmonic frequency. The user controls the accuracy of the unsteady solution through
the order of the Fourier series. Alongside the solving of the time-averaged
flow steady-state equations, each frequency requires the solving of two additional sets of conservation equations (for the real and imaginary parts of
each harmonic). The method is made nonlinear by the injection of the socalled deterministic stresses, resulting from all the solved frequencies, into

the time-averaged flow solver. Because of the transposition to the frequency domain, only one blade channel is required like in a steady flow
simulation [6].
The short information to the theory is now linked with an example of a high
flow development compressor. In Figure 4 a set of two eigenfrequencies
with corresponding 1st harmonic pressure fields from impeller / diffusor interaction for two different resonance crossings (mode 3, mode 6) are
shown. Where a) to c) show part load operation at 55% of maximum speed,
belonging to a splitter blade bending mode with nodal diameter 2. Two corresponding unsteady pressure field amplitudes are illustrated, one for a
near-choke off-design operating point (b), another close to surge (c). When
looking at the displacement of eigenmode 3 it can be assumed that the
operation closer to the choke point will lead to higher stress amplitudes as
the pressure field in b) acts at locations were the eigenmode has already
some movement.
The opposite behavior shows modeshape 6 in Figure 4 d) which is a higher
order main blade vibration. Here also two operating point towards choke e)
and surge f) are visible. This time the operating speed is at 88% maximum
speed. Here, the eigenmode 6 will be stimulated with maximum amplitudes
towards the surge point as the pressure amplitudes in f) have a more prominent extend in the leading edge region were we find the dominant
modeshape deflections as well.

Figure 4: Two modeshapes with harmonic pressure amplitudes at different operating points. a) is the corresponding modeshape related to b)
and c). Modeshape in d) is linked to e) and f).

These two example show that for a given resonance crossing rotor speed
corresponding to one single modeshape, different levels of amplitude excitation exist between choke and surge, translating in different stress levels.
And there are even more influences than only pressure amplitudes. All
eigenmodes are of a complex kind and therefore the interaction between
suction and pressure side and its phase angle at each point are also relevant
for the results.
With regard to model accuracy several mesh und simulation setup studies
were investigated to find a performing and accurate setup.
2.2.3

Numerical damping evaluation of rotors

After assessing the excitation level, the amount of damping needs to be
predicted. An application of damping factors, which are purely based on
experience, bear the risk of under- or overestimation of amplitudes and
incorrectly discarding a well performing aerodynamic design. In most applications, the contribution of structural damping is rather small compared to
the aerodynamic damping. Therefore, a reliable prediction of the aerodynamic damping is essential for accurate stress amplitudes.
For predicting the aerodynamic damping, two methods of damping calculations are considered. The first one is a simplified but very fast approach
based on acoustic wave propagation (Sect. 2.2.3.1), the second approach
relies on CFD calculations with moving meshes to evaluate the aerodynamic
work (Sect. 2.2.3.2).
2.2.3.1 Simplified aerodynamic damping
This procedure for aerodynamic damping prediction is based on the work
by [7] and [8]. In general, this approach can be applied to all types of blade
geometries or modeshapes. Since the acoustic impedance is evaluated locally, this method accounts for non-uniform distributions of static flow parameters. As a result, this method provides an averaged aerodynamic
damping based on a steady state flow simulation, various modeshapes derived from a standard modal analysis and further assumptions given below
[8]:
1. The mode shall not suffer from any risk of flutter
2. The unsteady pressure field is dominated by radiated pressure waves
of the vibrating blades
3. Nearby located blades and their influence due to reflections on the
vibrating blades is negligible
The first assumption is satisfied in nearly all cases for radial impellers. For
axial rotors, there is an increased risk of flutter e.g. for the first torsional
eigenmode. The second assumption has to be discussed as the unsteady
pressure field is also influenced by the excitation of a bladed diffusor or a

nozzle ring. The latter prerequisite is critical for eigenmodes with low frequencies but becomes less relevant as frequencies increase. For indication
of a sufficiently high frequency Eq. 12 provides a criterion.
The simplified aerodynamic damping can be calculated with the equation:
𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

1
2
2
𝑇𝑇
𝑇𝑇
𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔𝑚𝑚 = � 𝜌𝜌0,𝑙𝑙 𝑐𝑐0,𝑙𝑙 𝐴𝐴𝑙𝑙 [�Ψ1,𝑙𝑙
𝒏𝒏𝑙𝑙 � + �Ψ2,𝑙𝑙
𝒏𝒏𝑙𝑙 � ]
2

Eq. 11

𝑙𝑙=1

This Eq. 11 is adapted for use in finite elements models and is evaluated for
each element on the impeller surface. In Eq. 11 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the damping factor
of interest and 𝜔𝜔𝑚𝑚 is the eigenmode frequency. The acoustic impedance is
calculated with the local density 𝜌𝜌0 and acoustic velocity 𝑐𝑐0 that is available
from a steady state fluid simulation. 𝐴𝐴𝑙𝑙 represents the surface of the element. The real part Ψ1 and imaginary part Ψ2 of the complex displacement
of the modeshape in combination with the surface normal vector 𝒏𝒏 complete
the parameters. In the presented FSI process, this evaluation is fully integrated as all required data is available after performing the excitation calculation and modal analysis.
The influence of the third prerequisite is evaluated by an adapted reduced
′
frequency 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
(Eq. 12).
′
𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
=

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
𝜔𝜔 𝑙𝑙𝑐𝑐
=
1 − 𝑀𝑀𝑎𝑎2 𝑣𝑣∞ (1 − 𝑀𝑀𝑎𝑎2 )

Eq. 12

′
This parameter 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
is based on the basic reduced frequency 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 taken
from [9] and indicates how important the circular part of the unsteady pressure field is. With 𝑙𝑙𝑐𝑐 depicting the cord length, the Mach number being 𝑀𝑀𝑀𝑀
and 𝑣𝑣∞ as an averaged inlet flow velocity. As the circular part is neglected
in the simplified damping approach, it is important that its portion is small.
′
With respect to the parameter 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
, this means, that this parameter should
be above a certain threshold. In [8] for a radial impeller this threshold is
′
given as 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
> 8 for 𝑀𝑀𝑀𝑀 > 0.3 to limit the damping value error below 10%.

2.2.3.2 Aerodynamic damping with moving meshes

For a more accurate aerodynamic damping prediction, CFD calculations with
moving meshes are performed with the software ANSYS CFX. For this approach, the simulation model comprises of at least a two impeller blade
passage. On this wheel segment, the wall displacement is mapped in form
of complex modeshape on the moving blade and hub surfaces. The maximum deflection is normalized and scaled to match a representative amplitude. The resulting simulation problem is solved either in the time domain,
the frequency domain or in a combination of both. The so called transient
blade row simulation is conducted in the frequency domain for several full

vibration cycles until convergence limits are reached. The resulting aerodynamic damping from this process is derived by the theory [10], leading to
the following equation:
𝜁𝜁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

−𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4 𝜋𝜋𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚

Eq. 13

Based on Eq. 13, the aerodynamic damping depends on the aerodynamic
work 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and the kinetic vibration energy of the moving wheel. The aerodynamic work 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the energy, which is exchanged between the vibrating wheel surface and the surrounding fluid over one cycle. In case of flutter, this value is negative. In the denominator, 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚 depicts the maximum
kinetic energy of the vibrating wheel solid. Both influence factors correlate
with the maximum deflection amplitude. When this dependency is known,
an indirect coupling of energy conservation equations gives the damping at
a certain resonance.
This full 3D numerical damping calculation accounts for most flow phenomena, which are relevant for aerodynamic damping calculation but is more
time consuming when compared to the simplified acoustic impedance approach.
2.2.4

Measurement process

For high quality results the measurement setup and the process to its verification is of big importance. This chapter gives a rough overview of the
standard measurement setup used.
For radial compressors a setup up with strain gauges was found to be the
most accurate system. Tip timing most often comes into account when the
mistuning of a systems becomes of interest which is the case for axial and
casted radial turbines.
The following points briefly explain the steps towards a valid measurement:
1. 3D Scan of the impeller with reverse fitting of the 3D CAD model for
a digital twin as basis for calculation models
2. Experimental and numerical modal analysis to verify the digital twin
3. Definition of strain gauge positions and amplification factors (these
factors being required, when strain gauge positions differ from location of maximum blade strain)
4. Impeller strain gauge instrumentation
5. Preparation of turbocharger with telemetric system
6. Run of the measurement program for the thermodynamic application
range of interest
7. Evaluation of stress and damping results with the use of quality criteria

Some key elements of the process are shown in at Figure 5. Starting in a)
with the experimental modal analysis to verify the digital twin. The measurement setup with telemetric system and strain gauges is visible in b). The
standard stress level illustration is given in c), featuring different resonances for one selected nodal diameter in form of a Campbell diagram. The
Figure 5 d) gives an example for a specific resonance crossing with the
corresponding frequency domain transfer function fit to evaluate damping
parameters.

Figure 5: Overview of HCF measurement process steps with application,
verification and final result evaluation steps
It is clear that at high frequencies with a real setup data quality suffers from
some scatter, as can be seen in the damping fit in d) for a more complex
modeshape. In the case of sufficient separated resonance frequencies a
single-DOF fit is sufficient, whereas mistuned systems like casted turbines
need a multiple-DOF fit for analyzing the damping parameters explained
e.g. in [7].
An overview of the key characteristics of such a measurement lists Table 1.
Table 1: Key numbers of HCF measurement setup
Paramter

Value

Purpose

Frequency range
measurement device

0 - 50 000 Hz

Cover the demands from eigenmodes
at least with twice the the measurement frequency

Frequency range for
meaurable eigenmodes

0 – 25 000 Hz

Cover resonances of the 1st and 2nd
of the bladed
diffusor / nozzle

Circumferential speed

> 600 m/s

Cover full application range

Number of telemetric
channels / strain gauges

Up to 16

Dependent on wheel size and telemetric system

Number of resonances

>30 each nodal
diameter

overall evaluation of hundreds of
resonance crossings needed

When it comes to the verification of numerical models we have to account
for the fact that not all parameters are subject to a direct measurement. It
is not possible to measure the local aerodynamic work all over the surface.
Therefore the measured total system damping is compared to an surface
and time integrated numerical value plus the also present structural damping.
A similar problem arises for the excitation forces. Even when installing high
frequency transient pressure sensors, these can only give some rough indication of excitation mechanisms for a few local points, while needing extensive application efforts. Besides, such sensor applications may also influence and disturb the flow, leading to additional blade vibrational excitation
themselves.
Finally, a sufficient result verification is assumed to be reached, when computed blade stress amplitudes and corresponding numerical damping values
match the measured level.

2.3

HCF process to robust design

Singular evaluations of specific modes or operating points are widely spread
at different publications which is good for an overview on methods and how
valid they are. MAN Energy Solutions SE focuses on developing a robust
designs for different turbocharger series. Therefore the implementation of
the HCF evaluation into an overall process for robust series product design,
is even more important than the HCF process itself and its accuracy.
Basically, the following aspects need to be covered:
1.
2.
3.
4.

Verify numerical models for a wheel type on early prototypes
Use of full physical method: Excitation and aerodynamic damping
Covering the full amount of variants of modern turbochargers
Knowing the operation-limits in the compressor map for correctly assessing behavior between surge and choke point
5. Evaluate the sensitivity of the amplitudes to the resonance speed
6. Detailed knowledge on the material used under certain temperatures
7. Evaluation of the vibrational eigenmode amplitudes with taking mean
stresses into account

Some of the upper points are already covered in the theoretical background.
Looking at the amount of variants there is an example in the chapter 1. For
the basic TCT Turbocharger there are more than 50 geometric variants on
the compressor side. This is caused by the combination of different wheel
trims with a variety of bladed diffusor types to cover the full application
range of one frame size. Both together define the area ratio between diffusor cross-section and compressor throat area and highly influence the HCF
amplitudes. As the HCF phenomena is of nonlinear behavior evaluation of
only some extreme configurations is not sufficient.

This becomes more challenging as additional complexity is added by the
behavior of the resonances dependent on operating point position within
the compressor map. Figure 6 shows an example eigenmode and its behavior along a line of constant speed, sweeping from choke to surge.
A visualization of such a line for an idealized compressor map is depicted
on the left with the corresponding stress amplitudes on the right side. It is
obvious that for this single modeshape an increased stress level is present
towards the choke point marked with “1” and also towards the surge point
marked with “7”. By covering multiple thermodynamic operating points
within this range, this behaviour is analyzed during the HCF evaluation process which is needed for a robust design but also expensive with regard to
resources and computation time.

Figure 6: Influence of the operating point in the compressor map on the
amplitude of the resonance. Definition of confidence regions.
A key element is then to ensure a safe operation in the core area of the
compressor map and to cover also transient operation or near-off-design
layouts.
Furthermore, the complex eigenmodes are sensitive to exact resonance
crossing speed, influenced by shape tolerance effects as well as local material properties distributions.
Numerical evaluation accounts for this via calculations covering slight positive and negative speed offsets to the nominal resonance speed and thereby
contributes to an even more robust design.
Finally, the material data and its transfer into a safety margin is worth
mentioning. Ultra high cycle fatigue data need to be present for different
temperature ranges and mean stresses. Each resonance point with its mean
stress and corresponding amplitude is transferred to a Haigh diagram for
evaluating the safety level against the material limit. Conjugated heat
transfer (CHT) calculations and impeller temperature measurements also
contribute to increasing the accuracy and reliability of whole design process.

3 Experimental and numerical results for HCF
evaluation of high loaded compressors.
After the introduction of the HCF process with numerical evaluation and
experiments description, the following chapter gives insights in verification
results for excitation and damping at two different wheel types. A comparison of the simplified damping approach with full aerodynamic damping calculation and also the behavior between surge and choke will be discussed.

3.1

Verification of numerical models for damping and
stress at a high flow compressor

This HCF process was applied to a prototype wheel suited for high flow capacity, as introduced in chapter 2.1 and represents the top right corner.
When discussing this topic, the relevant eigenmodes in focus are number 3
and 6 as they are the ones of significant stress levels. Corresponding
modeshapes and also examples of excitation blade surface pressure distributions are already presented in chapter 2.2.2 and visible in Figure 4.
A comparison of results for both damping evaluation approaches against
the measurements are shown in Figure 7 a) for two eigenmodes. Indirect
verification of excitation calculation is discussed with Figure 7 b) with evaluations of the dynamic stress levels. Whereas damping values are shown in
absolute numbers the stress results are represented by relative values normalized by the design limit.
For the damping values the simplified approach 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and the full 3D CFD
aerodynamic damping calculation 𝜁𝜁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are compared to the measured
damping values 𝜁𝜁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 , all introduced in chapter 2.2.3.
For both eigenmodes 𝜁𝜁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is close to 𝜁𝜁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 with a deviation less than 15%.
This gives the confirmation that the full physical approach is able to predict
damping values for various modeshapes. A different result shows the evaluation of the simplified approach. For eigenmode 3 the relative error of
𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 reaches 186% whereas mode 6 is predicted accurately with an error
of 8% compared to 𝜁𝜁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 .

Figure 7: Verification of numerical evaluation with measured results.
a) shows comparison of damping values and b) the rel. stress results
For the discussing of vibrational excitation Figure 7 b) is relevant which
shows stress amplitude results 𝜎𝜎𝑎𝑎 . The first and second bar for each mode
are based on the same excitation blade surface pressure distribution calculation but taking into account the different damping evaluation approaches.
The third bar is the measured dynamic stress for reference. Starting with
eigenmode 6, both approaches give accurate results with a deviation less
than 10%. In this case also the damping prediction for both methods lead
to good results, so the conclusion is valid that also the excitation is predicted
accurately. When looking at eigenmode 3 the damping value differences
transfers directly to the stress amplitudes with the effect that the amplitude
𝜎𝜎𝑎𝑎 for the case with 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is underestimated by more than a factor of 2.
On the other hand the result based 𝜁𝜁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 predict stresses close to the measured ones with deviation ~15% to the conservative side.
Overall, the excitation calculation verified by stresses turn out to be accurate for both modeshapes. When the damping prediction is accurate also
the stresses will be on an accurate level.
The question arises for which modeshapes and operating points the 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
approach gives accurate results, especially when taking into account that
its calculation is done on the fly with only minor resources. A quality crite′
rion for the accuracy is given with 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
in [8] and see Eq. 13. The higher
this value the more precise are the 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 calculations also stated in [8].
′
Table 2 lists the relation between 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
and the relative error. Increased val′
ues for 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 indicates that the simplifications made for this approach becomes less important and therefore the expected error to the full physical
damping is reduced.
′
Table 2: Adapted reduced frequency 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
and relative damping error

Relative Error

Mode 3

𝜔𝜔′𝑟𝑟𝑒𝑒𝑒𝑒

2.33

186 %

Mode 6

6.54

8%

For the validity of 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 the quality criteria as well as early prototype testing
with damping evaluation is used to ensure high accuracy during the development phase. In general the prototype testing is the enabler to adapt degree of model detailing in the HCF process to keep accuracy high while being
efficient with regard to the used resources.

3.2

Investigation on surge to choke behavior and geometry influence at a high pressure compressor

Previous discussion focused on comparison between different damping approaches and the validity of excitation calculation. This chapter concentrates on the dependency of amplitudes and damping on the geometric variant and the operating point position with respect to choke and surge. Geometry is varied by using two different bladed diffusors defined by the ratio
of the diffusor cross-section to the impeller inlet cross-section 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅 . One
is investigated with a small 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅 ratio for a full load optimized layout with
higher pressures and the other with a large 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅 ratio for a more part load
optimized layout with higher volume flow but lower peak pressure. In focus
of the result discussion for both variants is eigenmode 11 at 92% of maximum compressor speed, being most relevant for the given impeller design.
Figure 8 shows the results for the small 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅 ratio. In this investigation the
behavior between surge and choke is evaluated. is the relevance of this
evaluation for a robust design is discussed in chapter 2.3. The diagram
shows in a) the dynamic stress amplitude over the pressure ratio of the
compressor which is chosen as variable to show the position on the resonance speed line. X-axis left side is close to choke, right side close to surge.
The line represents the numerical results calculated with the simplified
damping approach and the dots in different colors are the measurement
results. On the right side in b) same data is evaluated for the total system
damping.

Figure 8: Stress and damping results for eigenmode 11 at small 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅

Figure 9: Stress and damping results for eigenmode 11 at large 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅

For the stress results the calculated curve follows accurately the measured
peak stress values. Especially the slope of the curve is in good accordance.
Starting from the lower pressure ratios stress remains constant until it
starts to drop approximately at the middle. This drop continues up to the
near surge points were the amplitude increases fast.
Looking at the system damping the 𝜁𝜁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 damping curve matches the calculated values on a wide range very well. When approaching the surge point
the measured damping varies about a factor of 2. This variation in measurement is a clear indication for the start of instabilities in the flow close to
the surge point. However even in this case the calculated damping matches
approximately the mean value of the measured damping.
The results of the second diffusor with large 𝐴𝐴𝐷𝐷 /𝐴𝐴𝑅𝑅 ratio can be seen in
Figure 9. The stress amplitudes calculated are on a higher level than the
measured ones whereas the slope of the curve again fit well to the measurement. Towards choke point this effect is higher. When looking to the
damping characteristics approximately half of this deviation can be explained by the difference there. On the damping part the more advanced
𝜁𝜁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 approach is supposed to give more accurate results which was not
further investigate at this variant, as soundness of this design was already
proved by the test data.
Overall also in this case the calculated results are on the conservative side
which contributes to a robust layout.

4 Variants and release strategy - covering the
high numerical effort for a robust product
Taking a look at the sum of variants e.g. introduced in chapter 1 the serial
release of a new type of impeller becomes a challenge. During the past
years with increasing numerical resources and methods there was a shift
from test driven releases to a tests assisted numerical release strategy.
Thereby the testing is more focused on verifying selected numerical models
rather than validation and releasing certain variants.

In Figure 10 an example is given. Beside the geometry variations of matching parts each eigenmode at each resonance sensitivity with each operation
point in map defines a HCF relevant operating condition. By multiplying
these factors for a specific compressor the number of variants of interest
for calculation reaches several 1000. Each of them contains several calculations in different programs and disciplines also listed in Figure 10. Evaluating at each of these points significantly helps for a safe operation of the
product as there are no more unknown or extrapolated variants or operation
points.

Figure 10: Overview on HCF relevant variations on a modern compressor
wheel for medium speed engine.
When all variants are known the screening or DOE is defined that will be
send to an HPC environment. To efficiently cover that amount of calculations a high degree of automation is needed flexible enough to be adapted
to the different wheel types, boundary conditions and also for various computation environments.
The amount of variants implies a need for HPC resources which are typically
not available on the local infrastructure. Figure 11 shows the challenge of
resources compared to the scalability of local hardware and the cloud computing approach.

Figure 11: HPC resources against project demands

Most often it is difficult and expensive to extend a local HPC-cluster to bigger capacity. By mixing new and older hardware also the efficiency drops.
There are several cloud vendors on the marked that offer full scalable hardware capable to deal with the specific CFD and FEM tools as well as automation tools like Python. As these vendors make use of virtualizations the
scalability is only limited by the vendors resources.
Transferring this to the current need for compressor developments only additional cloud resources can cover the needs. Under phases of intensive
development already the year averaged demand for CPU hours exceeds the
capacity of local hardware. While this could also be covered by an extension
of the local infrastructure this is no longer economical when looking at the
peak computing demands. A reasonable estimation for the peak needs is at
the moment 900% of available local HPC capacity. Thinking from a project
point of view this is directly linked with the lead time to qualify a new product or going through a development loop. When a new release candidate is
available the results are typically needed as fast as possible.
The proposed HCF process with its approach to verify and discover the full
matching and application range contributes to a robust and safe design in
field. The key enabler for introducing this process are a highly automated
workflow based on verified numerical method in combination with scalable
and reliable HPC resources that are on demand available. This is a major
step towards robust and safe operation.

5 Summary and Outlook
In the first parts of the paper the challenges for developing highly loaded
compressor wheel are highlighted. Increasing flow capacity and highest
pressure ratios lead to higher loading on the blades and the rotor itself. The
following parts present an HCF evaluation workflow that is feasible to capture the major physics and additional the key methods for excitation and
damping are described briefly. Non-linear frequency domain solvers for excitation in combination with simplified or full physics methods to calculate
the damping coefficient are introduced.
These methods are combined to a full HCF process with the target of developing robust products. The key to reach that target is to look in every corner
of the operation range of all variants with full physical methods. To proof
the validity of the numerical methods the third part of the paper gives a
detailed look in the verification of these methods with comparing them
against measurement result. This is presented for a high flow compressor
wheel to focus on damping approaches followed by an evaluation of a high
pressure compressor with the focus on the behaviour between choke and
surge. The evidence is given that these methods are feasible to calculate
the HCF amplitudes. Increased safety for compressor operation can be

reached with a wisely chosen variety of tests to verify numerical models
also on the off design points.
The last part deals with the challenge of the intense need for high performance calculation (HPC) resources to enable this process. With increased
availability of HPC recourses on side and especially flexible and scalable in
cloud environments this HCF evaluation process has become a standard and
contributes significantly to a HCF-safe product for the customers of MAN
Energy Solutions SE.
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