
Forschungsbericht 2023-23

Investigations into Rapid
Aeroelastic Stability Estimation in
Turbomachines for Preliminary
Design

Michael Blocher

Deutsches Zentrum für Luft- und Raumfahrt
Institut für Aeroelastik
Göttingen



Forschungsbericht 2023-23

Investigations into Rapid Aeroelastic Stability

Estimation in Turbomachines for Preliminary
Design

Michael Blocher

Deutsches Zentrum für Luft- und Raumfahrt
Institut für Aeroelastik
Göttingen

165 Seiten
78 Bilder
7 Tabellen

199 Literaturstellen



Herausgeber:

Deutsches Zentrum
für Luft- und Raumfahrt e. V.
Wissenschaftliche Information
Linder Höhe
D-51147 Köln

ISSN 1434-8454
ISRN DLR-FB-2023-23
Erscheinungsjahr 2023

DOI:10.57676/6j5p-7112

Erklärung des Herausgebers
Dieses Werk ist unter den Bedinungen der Creative Commons Lizenz vom Typ Namensnennung 4.0
International, abrufbar über https://creativecommons.org/licenses/by/4.0/legalcode, zur Nutzung
überlassen.

Lizenz

Creative Commons Attribution 4.0 International

https://dx.doi.org/10.57676/6j5p-7112
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode


Schlagworte: Aeroelastik, Turbomaschine, Vorauslegung,Flattern, aeroelastische Stabilität
(Veröffentlicht auf Englisch)

Michael BLOCHER
DLR, Institut für Aeroelastik, Göttingen

Untersuchungen zur schnellen Abschätzung der aeroelastis chen Stabilität von Turboma-
schinen in der Vorauslegung
Technische Universität Berlin

Zusammenfassung:
Turbomaschinen sind ein unerlässlicher Teil der heutigen Energieversorgung und des Transport-

wesens. Ihre Zuverlässigkeit trägt dazu bei Gewinn zu maximieren und Kosten zu minimieren. Au-
ßerdem müssen Treibstoffverbrauchs- und Abgasanforderungen berücksichtigt werden um ökolo-
gischen Gesichtspunkten Rechnung zu tragen. Um alle diese Kriterien erfüllen zu können, wird die
Geometrie moderner Turbomaschinenrotoren und -statoren zunehmend mit automatisierten Op-
timierungswerkzeugen festgelegt. Zum aktuellen Zeitpunkt beinhalten diese Vorauslegungswerk-
zeuge Kriterien zur Beurteilung der aerodynamischen Ef�zienz und der strukturellen Festigkeit der
Bauteile. Im Gegensatz dazu wird die aeroelastische Stabilität von Turbomaschinenstufen traditio-
nellerweise sehr spät im Auslegungsprozess, also nach dem Ende des automatisierten Entwurfspro-
zesses, berücksichtigt. Diese Vorgehensweise verursachtsehr hohe Kosten wenn Neuauslegungen
aufgrund aeroelastischer Probleme nötig werden.

Um die Berechnung der aeroelastischen Stabilität in einen automatischen Vorauslegungsprozess
zu integrieren, müssen Methoden verfügbar sein um die Flatterneigung einer gegebenen Geome-
trie zu beurteilen. Es existieren verschiedene aeroelastische Verfahren mit variierendem numerischen
Aufwand und unterschiedlicher Genauigkeit mit deren Hilfedie aeroelastische Stabilität einer gege-
benen Geometrie beurteilt werden kann. Um eine Methode zu �nden die aeroelastische Stabilität
mit nach Industriemaßstäben vertretbarem numerischen Aufwand abzuschätzen, wurde die Ent-
wicklung der Rechnerleistung und der numerischen aeroelastischen Methoden untersucht. Es wird
die Möglichkeit betrachtet, wissenschaftliche Methoden welche vor� 20 - 25 Jahren genutzt wur-
den um die aeroelastische Stabilität abzuschätzen, heute als Vorauslegungswerkzeuge zu nutzen.

Um die Machbarkeit und Genauigkeit dieser Hypothese zu veri�zieren, wurden drei traditionelle
Methoden der aeroelastischen Stabilitätsbeurteilung untersucht, welche die bezahlbare Bandbreite
des numerischen Aufwands abdecken:

� Als Vergleichsmethode, welche dem Vorgehen am DLR vor� 7 Jahren entspricht, wurde die
Möglichkeit untersucht, die Energiemethode in Verbindungmit einem 3D zeitlinearisierten
RANS-Löser zu nutzen. Verschiedene Möglichkeiten, den numerischen Aufwand dieser Me-
thode zu reduzieren, wurden beurteilt.

� Um das absolute Minimum an möglichem numerischem Aufwand auszuloten, welcher nö-
tig ist um eine aeroelastische Aussage treffen zu können, wurde die Belastbarkeit einer
Ein-Gleichungs-Auslegungsregel (reduzierte Kreisfrequenz im aerodynamischen Auslegungs-
punkt) untersucht, welche Mitte des 20. Jahrhunderts genutzt wurde.

� Abschließend wurde die Möglichkeit untersucht, eine einfachere instationäre aerodynami-
sche Methode (instationäre Potentialströmung) in Verbindung mit der Energiemethode zu
nutzen. Dazu wurde ein Vortex Lattice Verfahren um diverse Turbomaschinenfunktionen er-
weitert, um in der Lage zu sein das Potential eines solchen Lösers für schnelle und zuverläs-
sige oder korrigierbare aerodynamische Ergebnisse bei harmonisch schwingenden Schaufeln
abzuschätzen.

Aus den Ergebnissen folgt, dass der vielversprechendste Ansatz für eine schnelle aeroelastische
Stabilitätsbeurteilung im Vorauslegungsprozess die Nutzung eines 3D zeitlinearisierten RANS-Lösers
in Kombination mit geeigneten Methoden zur Reduktion des numerischen Aufwands ist. Wenn eine
geeignete Methode zur Auswahl der zu berechnenden Fälle genutzt wird, könnte dieser Ansatz ab
sofort im Vorauslegungsprozess von Turbomaschinenstufengenutzt werden.
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Abstract:
Turbomachines are a vital part of today's energy and transportation industry. They need to per-

form reliably in order to maximize pro�t and minimize costs.Fuel ef�ciency and exhaust gas prop-
erty demands need to be considered in order to meet ecological concerns. To meet all these criteria,
rotor and stator row geometries of modern turbomachines aremore and more often designed with
automated optimization tools. To date, these preliminary design tools include aerodynamic ef�-
ciency and structural durability considerations. However, the aeroelastic stability of turbomachinery
stages is traditionally treated very late in the design process after the end of the automated prelim-
inary design cycle. This practice causes very large costs ifa redesign is necessary due to aeroelastic
problems.

To include aeroelastic stability considerations into an automated preliminary design tool chain,
methods need to be available to assess the �utter susceptibility of a given geometry con�guration.
There exists a wide range of possible aeroelastic procedures with varying numerical effort and dif-
ferent degrees of accuracy to judge the aeroelastic stability of a given geometry. In order to �nd a
method to estimate the aeroelastic stability with affordable numerical effort for industrial purposes
yet with suf�cient accuracy, the development of computational performance and numerical aero-
elastic methods over the past years is reviewed. It is proposed that scienti�c methods for aeroelastic
stability estimation from � 20 - 25 years ago might be suitable to be used as preliminary design
tools, today.

To investigate the feasibility and accuracy of this proposed approach, three traditional methods
for aeroelastic stability assessment covering the affordable range of numerical complexity were
considered:

� As a baseline approach which resembles the used approach at DLR� 7 years ago, the possi-
bility of automating and using the energy method in combination with a 3D time-linear RANS
solver was investigated. Various approaches of reducing the numerical cost of this approach
were evaluated.

� To gauge the absolute minimum of numerical effort possible to generate an aeroelastic as-
sessment, the validity of a one-equation design rule (reduced angular frequency at aerody-
namic design point) used in the middle of the 20th century was investigated.

� Finally, the possibility of using a simpler unsteady aerodynamic method (unsteady potential
�ow) in combination with the energy method was investigated. To do so, a vortex lattice
method was equipped with turbomachinery features to judge its potential to deliver fast and
reliable or correctable unsteady aerodynamic results withharmonically deforming blades.

It was concluded that the most promising approach to rapid aeroelastic stability analysis in pre-
liminary design was the use of a 3D time-linear RANS solver incombination with suitable reduction
techniques. If the computed cases are selected with a suitable algorithm, this approach might be
used in preliminary design of turbomachinery stages, starting today.
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1. Introduction

Turbomachines are a core component of today's transportati on and energy generation.
Even though the change to renewable energy is taking place, t here will be a need for e�cient
and reliable gas turbines in the near and even more distant fu ture. When designing new
turbomachines, there are many factors which require attent ion. The required power output,
the desired weight, reliability and cost of operation are ju st a few of the many topics which
need to be addressed. The aeroelastic stability of all compon ents in all operating points is
a key factor for the reliable operation of a gas turbine.

Traditionally, the aeroelastic stability of a newly design ed part is assured at the very end
of the design cycle. This leads to undesirable redesign loops and additional development
costs if aeroelastic instabilities are discovered. The late treatment of aeroelastic stability in
the design process is due to the considerable computational e�ort necessary for its evalu-
ation. This prohibits an inclusion of aeroelastic considera tions into earlier design phases
which might include automated design loops where many possi ble shapes are considered.

This thesis explores possible approaches which can be used to include preliminary aero-
elastic tests for �utter stability into early design phases . It contains a summary of fast
aerodynamic methods for aeroelastic stability estimation and their potential use in a pre-
liminary design phase.

The structure of the thesis is summarized here brie�y:

� This chapter introduces the challenges faced by turbomachin e engineers, the term
aeroelasticity and its implications in general and for the s pecial case of turbomachines
and will point out the necessity for fast aeroelastic method s.

� Chapter 2 will give a short introduction to structural mechanics of tu rbomachine
parts, aerodynamics in turbomachines and then combine thes e two to treat aeroelas-
ticity in turbomachines.

� Then, an overview over possible rapid methods to treat �utter in earlier design phases
is given in chapter 3. The considerations and deductions leading to the investiga tion
of three possible approaches to assess the aeroelastic stability are given. The theory for
these faster and less numerically expensive methods and the extensions implemented
for the investigation of preliminary turbomachinery desig ns are presented.

� In chapter 4, the results of the numerical tests and validations are pres ented together
with the test cases used.

� In the last chapter 5, a summary and conclusion is drawn as to the usefulness of the
di�erent solution strategies to address the problem introd uced in chapter 1.5.

This chapter will give a short motivation for the increasing i mportance of aeroelastic
problems in turbomachines (chapter 1.1). Then a short introduction to aeroelasticity in
general is given in chapter 1.2. The importance of aeroelasticity in turbomachines is re-
inforced in chapter 1.3, and the nature of aeroelastic problems in turbomachines is di�er-
entiated into three main categories. Then, a general overvie w of published approaches to
aeroelasticity in turbomachinery design in general is give n in chapter 1.4. In the last sec-
tion of this chapter ( 1.5), the main problem of this thesis will be introduced and a sol ution
hypothesis will be stated.
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1.1. Motivation

The global economy depends heavily on air tra�c. On the one ha nd, there are people
that need to travel long distances for business or pleasure. On the other hand, some goods
need to be transported over long distances fast. As a consequ ence, global air tra�c is at
an all-time high and experts even expect an increase in air tr avel and air transport in the
future [ 88].

At the same time, the limitation of earths fossil fuels is wel l established [118] and long
term consequences like climate change due to carbon dioxide emissions receive increasing
attention in the public opinion.

This con�ict of objectives of people wanting to travel far an d fast together with the desire
for fast air cargo and being faced with growing ecological im pacts, led to the formulation
of ACARE's Flightpath 2050. ACARE is the �Advisory Council f or Aviation Research and
Innovation in Europe� and was founded to support the �Direct orate-General for Research
and Innovation� and the �Directorate-General for Mobility and Transport� of the European
Union (EU) and especially their �High Level Group on Aviatio n Research�.

ACARE's Flightpath 2050 [ 82] formulates goals for the research in the EU in order to
maintain and extend a technological advantage of European s takeholders while reducing
the impact of air tra�c on the environment. To quote the most a mbitious goal: �In 2050,
technologies and procedures available allow a 75% reductio n in CO 2 emissions per passenger
kilometer to support the Air Transport Action Group (ATAG) t arget, and a 90% reduction
in nitrogen oxide (NOx) emissions. The perceived noise emis sion of �ying aircraft is reduced
by 65%. This is relative to the capabilities of typical new ai rcraft in 2000.�

Additionally to this, it is in the airline companies' best in terest to demand more eco-
nomical engines from the manufacturers, since fuel costs am ount to a substantial portion of
the overall operational costs (between 16% and 35% accordin g to Sainarayan & Combes
[149]).

To reach these goals and to meet the demands of airline compan ies, the fuel e�ciency
of aeroengines needs to be improved constantly. There are tw o main strategies which are
being pursued to achieve this: (i) the bypass mass �ow is incr eased (more air is accelerated
by the fan, but not ingested by the core gas turbine) and (ii) t he mass of the core engine is
reduced without diminishing the power output.

A higher bypass ratio often leads to larger fan diameters wit h longer blades. Mass re-
duction often means reduction of compressor stages and usag e of lighter materials. Less
stages while maintaining the global properties of the gas tu rbine results in a higher com-
pression ratio for each stage. To summarize, the trend in aer oengine development is towards
longer, lighter blades which are subjected to a higher aerod ynamic load. This in turn, can
lead to dynamic aeroelasticity problems which may cause lon g term durability issues or
catastrophic short term blade loss events.

The investigation of the aeroelastic properties of each com ponent is therefore a vital part
of the design process of every new aeroengine.

1.2. Introduction to Aeroelasticity

Aeroelasticity is the science of the interaction of elastic bodies and aerodynamic loads. In
1946, Collar [38] published a paper containing an elegant sketch to explain t he problem
of aeroelasticity. Collar 's triangle of forces visualizes the three physical e�ects t hat give
rise to �dynamic aeroelasticity� if they are present at the s ame time.

In �gure 1.1, the �eld of dynamic aeroelasticity is de�ned via the aerody namic forces A,
the inertia forces I and the elastic forces E. Elastic ( E ) and inertia forces I occurring at the
same time give rise to structural vibrations. Classical �ig ht mechanics is concerned with just
aerodynamic ( A ) and inertia forces I . Static aeroelastic e�ects (steady state deformation
of structures due to aerodynamic loads) is an interaction of aerodynamic ( A ) and elastic
forces E. Once a structure is subject to all three forces, dynamic aer oelastic e�ects occur.
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Figure 1.1.: Collar's triangle of forces (adapted from Collar [38]).

It has been observed that the interaction of these three forc es can lead to severe structural
failures. The most prominent and widely known example is the destruction of the Tacoma
Narrows Bridge in 1940. Also airplane wing failure due to dyn amic aeroelasticity was
observed and investigated by German and allied scientists d uring World War II. In the
post-WW II era, aeroelastic problems were observed in highl y loaded military jet engines
and known vibration cases of steam turbines that occurred al ready prior to the war were
attributed to aeroelastic causes ( Sisto [160]).

For a general introduction to the topic of aeroelasticity th e books by Försching [51],
Fung [60], Bisplinghoff et al. [ 18] or Dowell et al. [ 48] have proven useful.

1.3. Aeroelasticity in Turbomachines

Since the invention of turbomachines, the development goal of turbomachine engineers has
been to increase the energy turnover in the machine while red ucing the overall mass of the
engine at the same time. An increase of energy turnover can be realized by increasing the
size of the machine (more stages, bigger diameter) or by incr easing the blade loading. The
mass of the engine can be reduced by increasing the blade load ing and thereby reducing
the number of stages, by lighter design or the use of new (ligh ter) materials. Consequently,
ever lighter and more �exible blades are subject to ever incr easing aerodynamic loads.

As stated by many researchers ( Försching [52] and Grieb [67] among others), this
increase in aerodynamic loading and reduction of structura l stability leads to �ow states in
a turbomachine which have all the attributes of dynamic aero elasticity. Similar to all other
aeroelastic problems in civil or aircraft engineering, the occurring vibration leads either to a
deformation amplitude beyond the material's strain resist ance (resulting in instant failure)
or to a recurring vibration with a de�ned amplitude (limit cy cle oscillation, LCO) which in
turn leads to failure due to high cycle fatigue (HCF).

Engineers generally divide the topic of aeroelasticity in t urbomachines into two di�erent
phenomena with an optional third classi�cation:

1.3.1. Aeroelastic Instability / Flutter

The self-induced vibration of a coupled structural and aero dynamic system is the aeroelastic
stability problem. It is also known as �utter. The driving me chanism is an interaction
between the blade's vibration and the unsteady pressure loa d on the blade's surface due to
this vibration. An oscillating blade induces periodic pres sure �uctuations with the same
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base frequency on the vibrating blade's surface and its neig hbors' surfaces. Due to these
motion induced pressure �uctuations, the blade is experien cing an alternating force on its
surface. Depending on the local distribution and the phase r elation between vibration and
pressure �uctuation, the original vibration is being dampe d or excited. The former case
results in an exponentially decreasing vibration amplitud e. In the latter case, the unsteady
blade loads lead to a higher vibration amplitude. This in tur n leads to higher unsteady
pressure loads. The result is an exponentially increasing v ibration amplitude leading to
instant material failure. This is called �utter or aeroelas tic instability. For less severe
cases, nonlinear e�ects lead to an equilibrium of cause and e �ect for the unsteady �ow
response and the resulting blade vibration giving rise to an LCO.

1.3.2. Forced Response

Forced response is caused by alternating aerodynamic loads that do not originate from the
vibration of the investigated blade row itself. These alter nating aerodynamic loads may be
wakes or potential �elds from neighboring blade rows. Also s truts and obstructions in the
in�ow channel, a non-axial in�ow or boundary layer ingestio n are possible excitation mech-
anisms. The resulting vibration of the turbomachinery stru cture due to these alternating
aerodynamic loads is called forced response.

Generally, forced response often cannot be avoided, but doe s not lead to instant catas-
trophic failure, in most cases. Instead, it results in vibra tions with a limited amplitude
which in turn can lead to HCF.

Fan �utter

Compressor �utter

Low pressure turbine �utter

and forced response

High pressure turbine

forced response

Figure 1.2.: Schematic of a jet engine with highlighted areas in which aer oelastic phenom-
ena mainly occur (original schematic of the jet engine from t he web page of
Pratt & Whitney [143]).

1.3.3. Flow Instability Induced Vibrations / Acoustic Reso nance

Some researchers identify a third phenomenon of aerodynami c excitation of structures in
turbomachines, e.g. Clark et al. [ 37] call this �non-synchronous vibrations�, Marshall
& Imregun [114] refer to this as �acoustic resonance�. Since the publicati on of Marshall
& Imregun , the use of the term �acoustic resonance� has changed. Nowad ays, �acoustic
resonance� is only used for phenomena where acoustic (pressure wave propagation) e�ects
have an impact on the aeroelastic stability (�utter).

The identi�ed third phenomenon is somewhat di�erent: In hig hly loaded turbomachine
stages additional �ow instabilities occur which are not ext ernally induced (no forced re-
sponse) and independent of a structural deformation (no �ut ter). These �ow instabilities
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can lead to structural deformations and machine damage like �utter and forced response.
Mostly, the distinction between �ow instabilities in (part ly) attached �ow (vortex shed-
ding, unsteady �ow separation and reattachment ! non-synchronous vibrations) and �ow
instabilities in fully separated �ow (separated �ow vibrat ions) is made.

1.3.4. Aeroelastically Affected Turbomachinery Parts and Operating
Conditions

It has been observed that not all blade rows of turbomachines are equally susceptible to
aeroelastic e�ects. Figure 1.2 indicates components of gas turbines which have experience d
aeroelastic problems in the past. Slender fan and compresso r blades are mainly subject to
�utter problems. Turbine blades are mainly excited by the wa kes of neighboring blade rows
(forced response). But �utter may also occur in the low press ure turbine and additional
aeroelastic phenomena like non-synchronous vibrations an d separated �ow vibrations may
occur seemingly at random.
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Figure 1.3.: Aeroelastic stability boundaries in a compressor map (acco rding to Fottner
[54]).

Additionally to the observation that long and slender blade s are endangered to experience
aeroelastic phenomena more often than shorter more sturdy o nes, it was observed that
aeroelastic problems mostly do not arise on the operating li ne of a turbomachine but rather
when the machine is used at an o� design operating point (e.g. Fottner [54]). Figure 1.3
highlights operating conditions at which aeroelastic inst abilities were observed in the past
and indicates that �utter problems mainly occur at the upper limit of the operating speed
and near surge and choke boundaries during part load operati on.

1.4. State of the Art

Figure 1.2 shows the schematic of a two-spool turbofan engine. The desi gn of such a complex
machine requires countless considerations and calculatio ns and is commonly performed by
separating the engine into components which are designed by di�erent engineering teams
and sometimes even di�erent companies. A general introduct ion to aeroengine design is
given in Bräunling [27].

The topic of this thesis is located in the area of aeroelastic design of compressors and
turbines with a focus on fans and compressors. There are unst eady e�ects of pressure and
structural interaction in the combustion chamber, as well, which receive attention in the
literature, but they are omitted, here.
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Traditionally, aerodynamic and structural design of compr essor or turbine stages was
done separately with a clear focus on aerodynamic e�ciency a nd potential adjustments to
consider structural integrity (see. e.g. Bräunling [26] or Grieb [68]). One key aspect
of this process was the so-called �stacking� method ( Bräunling [26], Crouse [45]). This
means that blade pro�les for a speci�c channel section were e ither chosen from a database
or designed speci�cally for their properties at certain des ign �ow conditions (current radius,
expected �ow angle, desired pressure build-up or release, e tc.). The chosen blade pro�les
were then stacked above one another and blended into a single blade. In recent years,
with more and more computational power available and more an d more reliable structural
and aerodynamic numerical codes, the design approach chang es towards an integrated opti-
mization approach considering aerodynamic e�ciency and st ructural integrity at the same
time. Jones Jr. [89] presented a multidisciplinary design algorithm as early a s 2002 and
used it to theoretically improve the e�ciency of NASA Rotor 6 7 (Strazisar et al. [ 167]).
Since then, this approach has been widely used and is becomin g the industrial standard
for designing new turbomachine rotors and stators ( Turner et al. [ 175], Aulich & Siller
[7], Goerke et al. [ 64]). Lately, even manufacturing variations are being consid ered in this
process (Kamenik et al. [ 91]). Also, the scope of the optimizations broadens more and mo re
to include more geometric features. E.g. Hergt et al. [ 80] optimized a tandem compressor
design or Obaida et al. [ 131] included the hub contour. Also, the used methods in opti-
mization algorithms include more and more features to predi ct for example the in�uence of
friction dampers ( Hüls et al. [ 86]) or make use of large eddy simulations for cooling design
in turbines ( Zhang & He [198]).

Even with all these advancements in numerical �uid dynamics and structural mechanics
methods, the aeroelastic proof of new compressor or turbine designs is still mostly done
separately from the multi-objective design algorithms.

A very well respected overview of aeroelastic methods is giv en in Bartels & Sayma
[9]. It covers airframes as well as turbomachines and is hence n ot as committed to turbo-
machines as the article published by Marshall & Imregun [114]. This widely accepted
review of aeroelastic methods in turbomachines is still app licable today. Marshall & Im-
regun divided the methods of aeroelastic stability prediction in turbomachines into three
approaches:

� Classical methods
Fluid and structure are treated completely separated from e ach other.

� Partially integrated methods
Fluid-structure-interaction is implemented on a data exch ange base (�uid and struc-
ture are treated separately, but data like surface pressure or surface deformation is
exchanged at certain points so the processes can in�uence ea ch other).

� Fully integrated methods
Fluid and structure are treated by the same solution method i n the same equation
system.

This separation of aeroelastic methods still holds today wi th the majority of research
e�orts being dedicated to partially integrated methods and classical methods being used
extensively in the industry.

1.4.1. Classical Methods

Marshall & Imregun [114] list a number of �classical approaches� all of which have in
common that the aerodynamic response to a surface deformati on is employed to determine
the aeroelastic stability of the structure. In the last 25 ye ars, these methods have been used
extensively with a clear focus on improving the aerodynamic methods used to predict the
aerodynamic response to a blade deformation in turbomachin ery.
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� Arnone et al. [ 4] present the research into blade �utter with a 3D time-linea rized
Navier-Stokes solver and the energy method compared to a sim pler stability estimation
method.

� Srivastava et al. [ 165] recount a stator row failure due to aeroelastic instabilit y which
was subsequently investigated with the energy method and Du ke University's in-house
solver.

� The 3D time-linearized Navier-Stokes solver of Volvo Aero a t KTH is used in May-
orca et al. [ 117] to compute the aerodynamic response to given surface defor mations.

� Vedeneev et al. [ 181] published an account of 3D unsteady RANS energy method
computations with a commercial solver and the comparison to experimental results.

� Peeren & Vogeler [134] give an example for the use of DLR's in-house solver
TRACE being used for �utter redesign with the energy method. Further examples
of DLR TRACE being used for aeroelastic stability assessmen t are published in Le-
ichtfuss et al. [ 106], Kersken et al. [ 96] Heners et al. [ 77], Ashcroft et al. [ 6] or
Frey et al. [ 58].

� Rendu et al. [ 146] present one of the newest investigations with a nonlinear u nsteady
3D RANS solver from Imperial College London. They substanti ate the insight that
aeroelastic phenomena in turbomachines are highly three di mensional and cannot be
treated with 2D approximations. Vahdati et al. [ 178] give an overview of the research
conducted at Imperial College concerning fan aeroelastici ty not limited to classical
methods.

This recount is by far not complete but highlights contribut ions from major research
players in the �eld (University of Florence, Duke Universit y, gas turbine research in Russia,
DLR and Imperial College, respectively).

1.4.2. Partially Integrated Methods

As already stated, there are substantial research e�orts de dicated to understand the in�u-
ence of �ow and structure on each other. Just a few are listed h ere.

� Gnesin et al. [ 63] published unsteady 3D Euler simulations coupled to a modal struc-
tural model of an aeroelastic standard con�guration as earl y as 2000.

� Corral & Gallardo [40] present an approach which they call fully coupled but
which is partially integrated by the de�nition of Marshall & Imregun [114]. They
present a 2D case of an unsteady RANS �nite volume solver conn ected to a two degree
of freedom structural model.

� Im et al. [ 87] present a 3D unsteady RANS solution coupled with a 5 degree o f freedom
modal structural approach to investigate the aeroelastic b ehavior of NASA rotor 67.

� Placzek & Dugeai [137] couple a 3D unsteady RANS solver to a modal model
containing all inter-blade phase angles of one eigenmode sh ape to determine the aero-
dynamic damping for all IBPAs in one computational run.

� Antona et al. [ 3] derive the time-linearized 3D RANS solution for a range of e igen-
mode shapes and couple aerodynamics and structural mechani cs in generalized coor-
dinates in the frequency domain.

� Dhopade et al. [ 47] present a partially integrated method implemented in a com -
mercial code for unsteady RANS and Finite Element represent ation of the structure.
Only IBPA 0� is computed and presented.
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� In more recent years, Miller & McNamara [125] presented a 2D unsteady RANS
investigation of di�erent coupling approaches for panel �u tter.

� Also, Berthold et al. [ 17] investigated a 3D harmonic balance RANS solver coupled
with a modal model of a turbine's deformation with friction c ontacts.

� Schuff & Chenaux [154] presented a 2D unsteady RANS solution for a compressor
cascade coupled to a two degree of freedom model for the blade s.

� Suzuki et al. [ 169] showed a 3D unsteady RANS investigation coupled to a modal
model of the structures deformation.

� Finally, Schuff & Chenaux [155] presented an adaption of the p-k method for turbo-
machines which combines the results of multiple frequency d omain 3D time-linearized
and harmonic balance RANS solutions with prescribed mesh de formation with the
results of numerical modal analysis to determine the rotor s tability in the frequency
domain.

As already noted by Marshall & Imregun [114], the directly coupled methods are
mostly in two dimensions. Since then, computational power h as increased signi�cantly and
nowadays it is possible to use modal methods to treat fully th ree dimensional cases. It was
observed that the literature makes a di�erence between �ful ly coupled� methods which mean
�partially integrated� in the terminology of Marshall & Imregun [114] and a multitude
of terms for the �fully integrated methods� which are so scar ce that there seems to be no
clear term for them, as of yet (sometimes, the term �monolith ic� is used, but even this term
is sometimes used for only �partially integrated� methods) .

1.4.3. Fully Integrated Methods

Marshall & Imregun [114] already noted that the simultaneous solution of �uid and
structural equations in one equation system is not trivial s ince most structural problems
are formulated as �nite element methods and most �uid dynami c problems are treated with
the �nite volume method. The solution approach to these two i s fundamentally di�erent and
prohibits their implementation into the same equation syst em. There exist �nite element
methods for �uid dynamic problems and �nite volume methods f or structural problems but
they are not widely used and consequently there are not many s cientists with access and
knowledge for a successful implementation. Marshall & Imregun [114] only cite three
sources, only one of which has a turbomachinery relation ( Bendiksen [16]).

This impression has not changed in the past 25 years. The exte nsion of fully integrated
methods to turbomachinery applications seems to be no prima ry concern and only cases
far o� topic (e.g. Wu & Cai [196] with an application to blood �ow) are discussed in the
literature.

1.4.4. Increased Scope of Aeroelastic Considerations

While the aeroelastic considerations for turbomachines in the past were mainly treated
as single stage phenomena, the perspective of aeroelasticity in turbomachines widens con-
stantly.

The trend for aeroelastic computations is towards more and m ore realistic boundary
conditions and to include more and more �ow phenomena. E.g. Rz¡dkowski et al. [ 148]
presented a 3D Euler computation of a 7.5 stage compressor wi th a modal coupling ap-
proach. Rahmati et al. [ 145] and [144] investigated the in�uence of adjacent blade rows on
aeroelastic stability. Naung et al. [ 129] report on the �uid-structure coupled computation
of a complete wind turbine with generator housing and tower f or aeroelastic e�ects. The
e�ect of channel length and nozzles on fan stability is inves tigated by Zhang et al. [ 199].



1. Introduction 9

1.4.5. Experimental Efforts

Between 2008 and 2013 e�orts were undertaken by a large numbe r of partners to establish
a data base of �utter test cases to validate numerical tools i n the EU project FUTURE.
The summary report by Fransson [55] contains a detailed report of the test cases designed
and investigated as well as a list of publications detailing the di�erent �ndings further.
Already during the project it became clear that the experime ntal data generated was vital to
validating the numerical models used by the di�erent projec t partners, since the numerical
results of the di�erent participants (all major players in t he �eld of turbomachinery design
using their respective trusted codes) di�ered greatly ( Vogt & Fransson [185]).

Since then, there have been numerous additional experiment al e�orts to investigate aero-
elastic phenomena in turbomachines. Holzinger et al. [ 85] and [84] document the con-
tinued use of one of the compressors of the FUTURE project for aeroelastic experiments.
In Seeley et al. [ 158] the setup of a turbine �utter experiment in a linear turbine cas-
cade is recounted. This experiment delivered global aerody namic damping values, but did
not result in unsteady pressure measurements on the blades' surface. Malzacher et al.
[112] conducted experiments in a low-speed cascade on the e�ect o f aerodynamic mistun-
ing (angle-of-attack variations) on the aeroelastic stabi lity. The interaction of blade rows
(forced response) and its in�uence on the stability of compr essor blades was investigated
experimentally by Terstegen et al. [ 173]. Watanabe et al. [ 189] present a study in which
they use high speed pressure sensitive paint to measure the u nsteady pressure on the com-
plete surface of an oscillating blade in a linear cascade. Phan & He [136] investigated the
in�uence of tip clearance on the aeroelastic stability with an in�uence coe�cient method
in a low-speed cascade. Meinzer & Seume [121] published results on the measurement of
aerodynamic damping in a turbine blisk.

Still, it can be deduced from the published experimental res ults that comprehensive
measurements of real world examples are exceedingly expensive and very scarce. On the
other hand, linear cascades which provide less expensive re sults su�er from limitations which
are acknowledged by all authors. Nonetheless, all experime nts provide valuable validation
data for the available numerical tools for aeroelasticity.

1.5. The Knowledge Gap of Rapid Aeroelastic Stability Metho ds
for Turbomachines

As can be seen from the examples given in chapter 1.4, even the minimum necessary proof
for aeroelastic stability is numerically expensive. There fore, the aeroelastic analysis of a
turbomachine stage is traditionally performed very late in the design process. If redesign
becomes necessary due to aeroelastic considerations, this increases the global cost of the
design e�ort substantially. One of the main goals of researc hers in the �eld of aeroelasticity
in turbomachines has therefore always been to �nd methods to judge the aeroelastic risks
of a certain design as early in the design process as possible.

As introduced in chapter 1.3, aeroelasticity in turbomachines is generally divided int o
aeroelastic stability problems (�utter), aerodynamic for cing problems (forced response) and
�ow instability problems.

� Flow instability induced vibrations are very di�cult to pre dict even with the most
sophisticated numerical models available today (e�orts to do so have been made by
Lu et al. [ 109], [110] or Espinal et al. [ 49], both of them using nonlinear unsteady 3D
RANS full annulus computations). Also, they do not occur fre quently. This prohibits
their treatment in preliminary design for turbomachines.

� Flow conditions vulnerable to forced response can be identi �ed via a Campbell di-
agram (�rst introduced by Campbell [28], nicely explained by Schmitt [153] and
mentioned as standard approach in Marshall & Imregun [114]). Campbell in-
vestigated the failure of steam turbine rotors and struggle d with stability problems
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and excessive rotor vibration. Still, his approach of depic ting eigenfrequencies over
rotation speed to identify critical operating regions with mechanical or aerodynamic
excitation is still widely used 100 years after it was �rst pr esented. Since a structural
model is generated already in very early design stages for st ructural integrity calcula-
tions, the Campbell diagram can be obtained with insigni�ca nt additional cost. Using
this diagram, rotation rates and �ow states vulnerable to fo rced response can already
be identi�ed in early design stages and appropriate measure s can be taken.

Consequently, forced response is already being treated suc cessfully in preliminary design
of turbomachines. Flow instability problems on the other ha nd are not understood well
enough and do not occur frequently enough to be considered in preliminary design at the
present time. These two aeroelastic phenomena will consequ ently be ignored for the rest of
this thesis.

However, aeroelastic stability (�utter) is reasonably wel l understood and numerical meth-
ods exist which allow its treatment in the �nal design stages . To avoid redesign due to
aeroelastic instability, methods need to be found to estima te and predict �utter already in
early design stages.

When Marshall & Imregun [114] wrote their review of aeroelastic methods for turbo-
machines in 1996, they presented several �standard� method s to predict �utter in turbines
or compressors. Since then computational power has increas ed signi�cantly. Moore's Law
(formulated in 1975 by Moore [127]) states that a doubling of microprocessor complexity is
to be expected every two years. Surprisingly, this forecast stayed accurate until now ( Roser
& Ritchie [147]) and even though the limit of scaling down microprocessors seems almost
reached, chip manufacturers are working on strategies to fu rther increase computer perfor-
mance (Waldrop [188]). With recent advancements in quantum computer technolog y [56],
further exponential numerical performance increases seem possible.

To exemplify the computational advances made during the las t 25 years, a simple cal-
culation can help: 212 = 4096 . This basically means that a computation which would
have needed the time and money of 1 CPU hour in 1996 will requir e the time and money
equivalent of 1 CPU second in 2021 (today).

This tremendous increase in computing power and reduction o f cost has led to research
into rapid aeroelastic methods for preliminary design use. E.g. Goulos & Pachidis [66]
present a method to compute the aeroelastic properties of he licopter rotors for multidisci-
plinary design use. They use three di�erent simpli�ed aerod ynamics models to approximate
the unsteady aerodynamics and concentrate on the real-time deformation of the helicopter
blade. Mallik et al. [ 111] use indicial functions derived from 2D steady Navier-Stok es
computations to determine the aeroelastic stability of lar ge-aspect aircraft wings.

No similar work in the recent past for turbomachinery blades has been identi�ed. So
there is a necessity to research rapid aeroelastic methods f or preliminary design in tur-
bomachines. Pope [138] makes an estimation on the development of the application o f
computational methods over time. He states, based on works b y previous authors, that the
factor of computational cost between `repetitive' (standa rd computations in a design pro-
cess), `application' (research computations) and `large s cale research' is roughly 1:103 :106 .
Together with the implications of Moore's Law ( 103 � 1024 = 210 , doubling every two
years ) computational power increases by a factor of 1000 every 20 ye ars), Pope then
concluded that a transition from `large scale research' to ` application' or from `application'
to `repetitive' occurs every 20 years. The methods for turbo machinery aeroelastic stability
assessment presented in Marshall & Imregun [114] undoubtedly had solid theoretical
foundations and led to su�ciently stable designs. However, the focus of research has since
shifted towards more elaborate and accurate representatio ns of the structure and �ow in
turbomachines. The purpose of this thesis is therefore:

� Review and revisit methods for turbomachinery aeroelastic stability estimation used
25 or more years ago and identify promising methods which mig ht be used with
acceptable numerical e�ort and cost in preliminary design t oday or in the future.
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� Test one or more of the identi�ed promising methods for their validity in present
day fan or compressor design and compare them to trusted pres ent day aeroelastic
stability estimation methods.

� Evaluate the potential of the proposed approach(es) to deli ver su�ciently accurate
results for preliminary design purposes and establish a roa d map on how to best apply
this knowledge for future design of turbomachinery fans, co mpressors or turbines.



2. Aeroelasticity in Turbomachines

In chapter 1, a short introduction to the topic of aeroelasticity in turb omachines and the
motivation for �nding fast methods to estimate �utter susce ptibility of a certain blade
design was given. In this chapter, the theoretical backgrou nd for the prediction of �utter
in turbomachines will be given. The following chapters will i ntroduce reduced methods for
the aerodynamics part of �utter prediction and their explor ation.

This chapter is divided into three sections. Chapter 2.1 introduces aerodynamics with a
special focus on aerodynamic phenomena important for turbo machines and aeroelasticity
in turbomachines. Then, the treatment of structural dynamic s in turbomachines is elabo-
rated in chapter 2.2. Chapter 2.3 will then combine these two and give a foundation for
aeroelastic stability analysis in fans, compressors or tur bines.

2.1. Aerodynamics of Turbomachines

The basic equations of �uid dynamics for general Newtonian � uid �ow are the Navier-Stokes
equations. They consist of the continuity equation, the mom entum conservation equation
and the energy conservation equation. Depending on the degr ee of approximation used to
solve these equations, di�erent approaches to �uid dynamic s can be identi�ed. Common to
all these methods is the possibility to use them in two or thre e dimensions.

There exist three Navier-Stokes equations for four unknown s (density, velocity, pressure
and internal energy). This closure problem can be remedied b y introducing �equations of
state� relating pressure, density & temperature and intern al energy, density & temperature.
Then, there exist �ve equations for �ve unknowns which make a solution theoretically
possible. However, until now, no analytical solution has be en found to the full set of
Navier-Stokes equations.

Even though, the focus of this thesis are turbomachines, the basic �uid dynamic equations
are the same for external aircraft �ow or the �ow through an en gine. Computational �uid
dynamics codes for turbomachines most often contain module s which allow for the reduction
of the computational domain via cyclic symmetry and the trea tment of centrifugal forces on
the �uid. Hence, the theory is the same and there will be no spe cial focus on turbomachinery
�uid dynamic solvers.

2.1.1. Direct Numerical Simulation (DNS)

The British meteorologist Richardson hypothesized that en ergy is dissipated in a �uid �ow
by vortices which break up into smaller vortices until the en ergy of their �uid motion is dis-
sipated by the viscosity of the �uid. Based on this hypothesi s, the Russian mathematician
Kolmogorov derived relationships for the smallest scales i n turbulent �ow (smallest existing
vortices in a �ow) depending on the kinematic viscosity of th e �uid and the dissipation of
turbulent kinetic energy ( Pope [141]). There exist �smallest scales� for length and time
which de�ne the resolution necessary in space and time to res olve the smallest turbulence
scales. If a �uid �ow is discretized in space and time in a mann er that can resolve these
smallest scales (su�ciently �ne grid, su�ciently small tim e stepping procedure), it is possi-
ble to numerically �nd �uid �ow properties which satisfy the Navier-Stokes equations to the
desired accuracy. This is called direct numerical simulati on. An introduction to DNS for
incompressible �ows can be found in Pope [139]. He also states that turbulence is by nature
three-dimensional and chaotic, which is the reason that he s tates that a two-dimensional
DNS is possible but not sensible.
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Until very recently, the direct numerical solution of the Na vier-Stokes equations was so
expensive that only very limited problems for academic purp oses could be solved. Since
� 2010, researchers of the University of Southampton have sta rted to publish data on the
implementation and successful use of a direct numerical sol ver for turbomachinery appli-
cation ( Sandberg et al. [ 150], [151], Michelassi et al. [ 124], [123] and Wheeler et al.
[191]).

2.1.2. Large Eddy Simulation (LES)

Trapped between the need for time accurate turbulence data f or large scale �ows and the
unavailability of su�cient computing resources, it was aga in a meteorologist who proposed
the foundations of the so-called large eddy simulation (LES ) ( Smagorinsky [162]).

Pope [140] explains LES in the following way: The Navier-Stokes equat ions are sub-
jected to a �lter operation which suppresses the smallest sc ale motions (where the energy is
dissipated, and which require the highest numerical e�ort) . The remaining �ow equations,
together with an appropriate sub-grid scale model (to dissi pate the energy) represent the
�ow motion containing the larger vortices contained in the � uid motion. Pope states that
a high quality LES is supposed to resolve 80% of the contained energy of the turbulence.

LES are by design always unsteady and three dimensional if re alistic solutions are re-
quired. Due to the applied small scale �ltering, the discret ization in space and time does
not need to be as �ne as for DNS, resulting in lower computatio nal requirements for speed
and memory. Still, at the moment (2021) the use of LES for turb omachinery applications
requires access to substantial resources, putting it in the region of research applications, but
not everyday design use. As with DNS, the use of two-dimensio nal approaches is possible
but not advisable due to the nature of turbulence.

Tyacke & Tucker [176] propose that the number of LES investigations performed in
turbomachinery scales with the available computing power. Their hypothesis is that there
are many phenomena in turbomachines which cannot be resolve d by �ow averaged methods
(see the following section) and that there is a need for turbu lence resolution to understand
these phenomena and increase the e�ciency of gas turbines fu rther. And indeed, the number
of published uses for LES in turbomachines has steadily incr eased over the past years. E.g.
Medic et al. [ 119] ran comparison simulations to transition experiments con ducted in the
1950s by NASA and concluded that transition in turbines can b e predicted better with
LES than with less computationally expensive methods. The s ame conclusion was drawn
by Memory et al. [ 122] in the same year, who also compared LES computations to turb ine
airfoil experiments. Scillitoe et al. [ 157] reported purely numerical experiments with
an LES approach to quantify the in�uence of the freestream tu rbulence on a 3D corner
separation. Still, the computational load of LES is so high t hat Fiore & Biolchini [50]
investigated methods to reduce the needed computational do main and store the results
more e�ectively.

2.1.3. Reynolds-averaged Navier-Stokes Simulations (RAN S)

Most often, the Navier-Stokes equations are separated into mean �ow properties and �uctu-
ating �ow properties. Since �uctuating �ow properties are i rrelevant for many applications,
they are reduced from the equations leading to the Reynolds- Averaged Navier-Stokes equa-
tions.

Together with the equations of state and a suitable turbulen ce model to model the dis-
sipation of kinetic energy, it is possible to numerically so lve the RANS equations for a
�ow volume which is discretized much more coarsely in space a nd time than for LES or
DNS because it is not necessary to resolve turbulence. This t reatment of the Navier-Stokes
equations for steady state or unsteady �uid �ow is elaborate d extensively in the literature
on computational �uid dynamics (e.g Versteeg & Malalasekera [183] for general CFD
and e.g. Pope [142] for turbulence modeling).
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Since the requirements for space and time resolution of the � uid �ow of interest are a
lot less demanding than for LES or DNS, the solution of the RAN S equations in steady or
unsteady form is the most often used strategy to investigate turbomachinery �ows at the
moment.

For �ows with a large dimension normal to the main �ow directi on (e.g. large wing spans
for aircraft applications), two-dimensional reductions o ften produce comparable results at
a fraction of the cost.

The big advantage of the RANS equations is also one of their ma jor drawbacks. Since
unsteady turbulence phenomena which do not contribute to a c hange of the mean �ow
properties are not resolved, their e�ect cannot be quanti�e d. E.g. Hergt et al. [ 81]
investigated the �ow in a transonic compressor cascade expe rimentally and numerically
and concluded that unsteady RANS computations sometimes ar e unable to resolve �ow
�uctuations accurately enough for reliable investigation s of turbomachinery �ow (see also
Tyacke & Tucker [176]).

The need for better resolution of numerical solutions for �u id �ow in time and space
together with the prohibitively high price of LES or DNS led t o the development of hy-
brid forms of CFD which try to combine RANS with LES to resolve at least large scale
turbulence.

Detached Eddy Simulation (DES)

Detached eddy simulation was �rst proposed by Spalart et al. [ 163] for airplane wings. Its
key feature is a treatment of the �ow according to LES or RANS d epending on discretization
size and wall distance. Like this, the advantages of RANS are exploited close to the walls,
where LES resolution grids would cause a very high computati onal load. LES on the other
hand, is used in regions far from the walls to capture vortex m otion.

An especially interesting case of a DES application was repo rted by Yamada et al. [ 197],
who performed a full annulus multi-stage DES computation of the �rst half of an industrial
gas turbine compressor to investigate the onset of stall. Sun et al. [ 168] reported DES
investigations on the �utter stability of a last stage turbi ne blade.

2.1.4. Euler / Inviscid Navier Stokes Simulation

Another important simpli�cation besides the Reynolds-ave raging is the assumption of in-
viscid �ow. Additionally assuming an adiabatic �uid leads t o the Euler equations, basically
a subset of the Navier-Stokes equations with zero viscosity and zero thermal conductivity.

Like the Navier-Stokes equations, the Euler equations can b e discretized and solved nu-
merically. Due to the smaller number of terms which need to be computed, Euler solvers are
less numerically demanding than full Navier-Stokes (RANS, LES, DNS) solvers. This also
led to their earlier implementation and use. Especially for steady state airplane external
�ows, �uid viscosity often does not impact the �ow very much a nd very realistic results can
be obtained.

See e.g. Lowe & Zingg [108] for an application of Euler equations to aircraft design fo r
�utter. There are a number of additional sources which could be cited, but mostly their
focus is on the aerodynamic or aeroelastic e�ects and the Eul er solver is merely used as a
tried and trusted tool (see Cao [29], van Rooij et al. [ 180], Voÿ [186] or Marques et al.
[113]). It needs to be noted that all these publications are aircr aft applications. Sometimes
even two-dimensional Euler computations are accurate enou gh and are still published in
the literature. For turbomachines, �uid viscosity and heat transfer are important e�ects so
that Euler solvers introduce errors which in most cases cann ot be neglected.

2.1.5. Potential Flow Methods

For an inviscid and irrotational �ow a physical quantity exi sts whose derivative in the
coordinate directions is the velocity ~v of the �ow. This quantity is called the velocity
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potential � of the �ow (see e.g. Katz & Plotkin [93]).

r � = ~v (2.1)

If the additional assumption of incompressibility is made, the continuity equation reduces
to:
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The continuity equation is then the only governing equation for the �ow properties. This
reduces the numerical e�ort substantially since this probl em can be reduced to a boundary
value problem where only the properties on the control volum e boundaries need to be found
and all other properties in the control volume itself only de pend on these.

Real �uid �ow, especially in turbomachines, is never irrota tional, inviscid and incom-
pressible but for aircraft aerodynamics, these assumption s still often lead to surprisingly
accurate results for design purposes. This is one of the reas ons, potential �ow aerodynam-
ics are still applied in aircraft design, even today (see Voÿ [186]). That said, potential
�ow solutions were used for turbomachinery applications wi th reasonable success while no
methods were available to predict the �ow more accurately. Marshall & Imregun [114]
list a number of them in their review on turbomachinery aeroe lasticity, which implies that
they were still in use at the end of the last century.

There exist various correction methods to treat viscosity o r even to reintroduce com-
pressibility into the solution to correct the results for mo re realistic �ow conditions (see
chapter 15 in Katz & Plotkin [93]). As with Euler and RANS methods, two-dimensional
formulations are used with success for problems of a mainly t wo-dimensional nature.

2.1.6. Treatment of Time-Dependent Flow

A large number of real-world aerodynamic problems are not cl assical �aircraft wing in
level �ight�-problems. For airplanes, wind gusts introduc e time-variable �ow conditions.
Helicopter blades experience di�erent �ow due to the angle- of-attack change over the cir-
cumference, tilt of the rotor and the �ight direction in gene ral. Wind turbines experience
the potential �eld of the tower and turbomachinery blades ex perience neighboring blade
row in�uence or non-uniform in�ow e�ects.

Often, these unsteady aerodynamic e�ects have direct conse quences for the structural in-
tegrity of the objects su�ering from them. The quanti�catio n of unsteady e�ects is therefore
vital for many engineering purposes.

For aerodynamic methods there exist di�erent approaches to treat the time-dependency
of �ow properties. To describe the problem in mathematical t erms, steady state problems
assume that all terms of the type @

@t in an equation are nonexistent ( @
@t = 0 ). The solution

of an unsteady problem acknowledges that the term(s) @
@t are not zero, especially (but

not only) if there are time-dependent boundary conditions i n�uencing the �ow equations.
Three methods to model the in�uence of the time-dependent te rms in the aerodynamic
equations will be presented with no claim for completeness.

One attribute that all these methods share is their dependen cy on an initial solution.
This means that the time dependent solution �develops� from (assumed) starting values
which have to be supplied at the start of the computation.
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2.1.6.1. Non-linear Unsteady Methods

Non-linear unsteady methods compute the value of the term(s ) @
@t from the values of the

�ow variables. Explicit methods use the values of the �ow var iables at the old time step.
Implicit methods compute them from the resulting values of t he �ow variables at the new
time step, resulting in a more complicated solution. The bes t results are mostly achieved
by using a combination of the values of the �ow variables at th e old time step and the new
time step.

With a suitable discretization in time and the knowledge of t he time-derivative of the
�ow properties, the values at a later point in time can be comp uted based on the values at
the present time step. As already mentioned, the result will always depend on the initial
values of the solution.

For unsteady RANS approaches, most often a steady state solu tion is taken as starting
solution and the unsteady values develop as a result of the bo undary conditions. Theoret-
ically, robust and accurate solvers could iterate to an accu rate solution given enough time
steps no matter what initial values are supplied. In reality , virtually all known nonlinear
unsteady Euler or RANS solvers are dependent on reasonable i nitial values to be able to
perform at all or to obtain accurate results.

2.1.6.2. Harmonic Balance Methods

Hall et al. [ 74] presented the �harmonic balance method� for turbomachine s as it is cur-
rently used by many aerodynamic solvers. They propose that m any aerodynamic phenom-
ena in turbomachines are periodic in time and consequently c an be Fourier-transformed
into the frequency domain, resulting in very distinct Fouri er coe�cient peaks at integer
multiples of the periodicity frequency.

Hall et al. then assume, that resolving a comparatively low numbe r of harmonics of
the periodic frequency is often su�cient to represent the un steady �ow to an engineering
degree of accuracy. Together with a pseudo-time stepping al gorithm, it is possible to obtain
the unsteady �uid �ow solution in the frequency domain and ca pture even higher harmonic
e�ects. Since periodicity in time is assumed implicitly and only a few harmonics are re-
tained, these methods can result in substantially faster co mputational times than nonlinear
unsteady methods.

This method cannot resolve transient e�ects, but as Hall et al. state, most engineering
problems in turbomachines are concerned with time-periodi c and not transient e�ects which
can be represented su�ciently well by very few low order term s of a Fourier decomposition.
Therefore, this method is often considered a very good trade -o� between computational
expense and accurate results.

Like the nonlinear unsteady methods, the harmonic balance r esults should theoretically
be independent of the initial values supplied, but in realit y most often a reasonable steady
state initialization ensures numerical stability and conv ergence to reliable unsteady results.

2.1.6.3. Time-Linearized Methods

Time-linearized methods take the assumption of time-perio dic �ow presented in the pre-
vious section one step further. For time-linearized method s, the unsteadiness of the �ow
is assumed to be sinusoidal with the perturbation frequency . Sticking with the Fourier
analogy, only the �rst harmonic of the time-periodic freque ncy is retained.

Based on this, the unsteady terms @
@t are approximated to be of the form � �ej!t where � is

a synonym for any variable in the �ow. Then, the unsteady �ow e quations are decomposed
into a steady state and an unsteady harmonic part. The unstea dy part has the additional
advantage to be a linear equation system albeit with complex terms which can be solved
very e�ciently numerically. The steady state part is solved independently with steady state
methods and its results are used to solve the unsteady part wi th the harmonic disturbance
boundary conditions.
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This approach has been used extensively for Euler and Navier -Stokes solvers in 2D and
3D. Kersken et al. [ 96] present the implementation of this approach into a the 3D RA NS
solver used for turbomachinery applications at DLR.

2.1.7. Flow Phenomena in Turbomachinery Aerodynamics Affe cting
Aeroelasticity

The �ow inside a turbomachine spinning at very high revoluti on speeds is by nature highly
unsteady and volatile. This chapter aims at giving a short in troduction to �ow phenom-
ena which have been observed to be important for aeroelastic e�ects and which are being
researched in order to improve e�ciency and safe operation o f turbomachines. Often, the
introduced aerodynamic e�ects are ambiguous and may lead to �utter, forced response
or non-synchronous vibrations depending on the structure o r �ow case where they occur.
Additionally, the boundaries between these e�ects are not a lways easy to draw.

None of the subsequent e�ects is the focus of this thesis; the y are merely mentioned for
completeness' sake.

Potential Fields and Wakes of Struts and Neighboring Blade R ows
The most prominent reason for forced response are potential �elds and wakes of neighboring
blade rows or struts in turbomachines. They lead to a time-pe riodic �ow with the blade
passing frequency. See for example Blocher & Gómez Fernández [20] and Gómez
Fernández & Blocher [65].

Non-uniform In- or Out�ow
Some jet engines are �tted with an S-shaped inlet duct leadin g to nonuniform �ow over the
circumference of the compressor stages. The same phenomenon occurs if an engine with a
straight circular inlet or outlet duct experiences non-axi al in- or out�ow due to cross winds
or maneuvers. In both cases, a time-periodic �ow with the rev olution frequency occurs. For
research on this topic see e.g. Lee et al. [ 104] or Zhang et al. [ 199].

Combustion Instabilities
Fuel combustion is a highly volatile and unsteady process le ading to pressure surges a�ecting
the high pressure turbine and its guide vanes. This phenomen on is observed during oper-
ation. However, numerical models of combustion instabilit ies resulting in pressure surges
a�ecting the high pressure turbine are to the author's knowl edge not operational, yet.

Shock Motion in Transonic Flow
One of the most widely acknowledged phenomena leading to aer odynamic excitation is
the motion of a transonic shock due to minute geometry or �ow c hanges. For a �ctitious
example of a 2D blade with torsional degree of freedom it is im mediately obvious that the
back and forth traveling of a shock can lead to an excitation o f the blade's motion. In-depth
investigations can be found in the literature, e.g. in Srivastava & Keith [164].

Vortex Shedding
Bodies in moderately fast �ow shed a von Kármán vortex street . If the �ow velocity
increases, the body starts to shed turbulent vortices. Depe nding on the Reynolds number
of the �ow, this also happens in blade rows of turbomachines, leading to a periodic excitation
of the blades (Kielb et al. [ 100], Clark & Gorrell [36], Daku & Vad [46]). These vortices
oscillate either with a natural frequency like von Kármán vo rtex streets (NSV) or with a
frequency induced by upstream or downstream blade rows (for ced response).
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Corner Effects
In the corners between hub and blade or shroud and blade of a tu rbomachinery blade
row, vortices or separation bubbles form due to the �ow direc tion changes induced by the
blades. Like the aforementioned shed vortices they are not s tationary but oscillate and may
introduce periodic loading on the blade's surface (see e.g. Yamada et al. [ 197]).

Tip Leakage Flow
The shed vortices and corner vortices described in the two pr evious sections can be in�u-
enced considerably by the �ow through the gap between rotor b lades and casing / casing
treatment. The e�ects of tip clearance �ow on aeroelastic st ability can therefore not be
neglected. Investigations into this topic can be found e.g. in Krug et al. [ 102], Möller
et al. [ 126] and Brandstetter et al. [ 24].

Cavity Flow
Even though leakage �ows are undesired and costly, there are gaps and cavities in turbo-
machines which cannot be avoided. The �ow through these cavi ties and its in�uence on
aeroelastic stability has been acknowledged for a long time . Due to the increased numerical
load and the often tedious mesh generation process, this phe nomenon stays an area with a
need of research e�orts (see e.g. Corral et al. [ 41]).

Rotating Instabilities
Close to the upper operating boundaries of a compressor in th e compressor map (see �g-
ure 1.3), the pressure buildup over the blade row is so high that the � ow begins to stall
(no �uid transport through the passage any more). This happe ns typically in very few de-
�ned passages �rst and evolves into a rotating pattern over t he circumference of the rotor
(rotating stall). With even further increase in pressure ra tio, this may even lead to �uid
blowback through the passage, called surge.

These phenomena may lead to an aerodynamic excitation, as we ll, and are investigated
in the community. E.g. Ulbricht [177] investigated rotating instabilities in an annular
cascade,Chenaux [35] / Chenaux et al. [ 34] investigated the stability of blades at reversed
�ow conditions occurring during surge.

Acoustic Effects
Turbomachines contain many smooth metallic surfaces which are ideal sound wave re�ec-
tors. Unfavorable conditions may lead to standing waves for ming inside of a turbomachin-
ery stage leading to a periodic excitation of the structure. If this occurs close to a natural
eigenfrequency of the blades or vanes, �utter might occur. S ee e.g. Owczarek [132] for an
overview of historic and recent work on this subject.
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2.2. Structural Mechanics of Turbomachines

The classical equation of motion describes the motion behav ior of an arbitrary body with
mass m, damping d and sti�ness k which is subjected to an external force ~f (t).

m •~x (t) + d _~x (t) + k~x (t) = ~f (t ) (2.3)

The motion is then the resulting displacement vector ~x and its derivatives in time giving
velocity and acceleration. The principle of superposition states that the solution of the
equation of motion is the sum of the homogeneous part and the p articular part of the
solution:

~x (t) = ~xhomogeneous (t ) + ~xparticular (t ) (2.4)

The homogeneous part of the solution is the solution of the eq uation of motion without
external forces:

m •~x (t) + d _~x (t) + k~x (t) = 0 (2.5)

2.2.1. Theoretical Solution to the Homogeneous Equation of Motion

Mathematical textbooks give the solution to a second order h omogeneous di�erential equa-
tion with constant coe�cients like equation ( 2.3).

x (t) =
�
C1ej!t + C2e� j!t �

e� �t where f C1 ; C2 2 Cg (2.6)

In this solution the damping constant � is de�ned as

� =
d

2m

The natural frequency ! 0 of the undamped system is de�ned as

! 0 =

r
k

m

! 0 then is used to derive the natural frequency ! of the damped system:

! =
q

! 2
0 � � 2

Depending on the magnitude of � , the resulting motion of the body due to an initial
displacement is either strongly damped (slowly returning t o its zero state), a decaying
harmonic oscillation around its zero state, a constant harm onic oscillation around its zero
state or a harmonic oscillation around its zero state with in creasing amplitude.

This last case, where the damping constant is negative and le ads to a harmonic oscillation
with increasing amplitude is called instability. The solut ion to the homogeneous equation
of motion is therefore also called a stability problem.

The same derivation could be done for the particular problem depending on the nature of
the forcing function (see May [116] for harmonic forcing). This is called a forcing problem.
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2.2.2. Solution of the Discretized Homogeneous Equation of Motion

Based on equation ( 2.3) and relying on the formulations of Crawley [44], Kemme [95]
or any �nite element software theory manual (e.g. MSC Software [128]) the discretized
equation of motion for a structure can be given as:

�
m

� •~w (t) +
�
d

� _~w (t) +
�
k

�
~w (t) = ~f (t ) (2.7)

In equation ( 2.7),
�
m

�
is the discrete mass matrix of the structure,

�
d

�
is the discrete

damping matrix and
�
k

�
is the discrete sti�ness matrix. The vectors ~f (t ) and ~w (t) are

the discrete external force and discrete displacement vect ors, respectively. Equation ( 2.7)
represents the general relation between externally acting forces and the deformation of a
structure in discretized form.

Like the solution of the general equation of motion, the disc retized equation of motion
has a homogeneous and a particular part. As introduced in cha pter 2.2.1, the homogeneous
(RHS = 0 ! no external forces) discretized equation of motion of a stru cture is:

�
m

� •~w (t) +
�
d

� _~w (t) +
�
k

�
~w (t) = 0 (2.8)

Likewise, according to the approach of chapter 2.2.1, the �rst step is the derivation of
the eigenfrequencies of the undamped system:

�
m

� •~w (t) +
�
k

�
~w (t) = 0 (2.9)

To solve equation ( 2.9), harmonic vibration is assumed:

~w (t) = ~̂w � ej!t (2.10)

Equation ( 2.10) gives the deformation for each point of the discretized mod el over time.
~̂w is the maximum amplitude of the harmonic oscillation of the s tructure and ! is the
angular frequency. Since the second derivative of an expone ntial function is the squared
factor of the exponent times the original function, the acce leration of each point of the
discretized model can be expressed as:

•~w (t) = � ! 2 ~̂w � ej!t (2.11)

If equation ( 2.10) and its second derivative in time are inserted into equatio n (2.9), the
structural eigenvalue problem is de�ned.

��
k

�
� ! 2 �

m
��

~̂w = 0 (2.12)

The solutions of this eigenvalue problem are the angular eig enfrequencies ! r and the
eigenmode shape vectors ~� r . The subscript r denotes a counter for the eigenmodes running
from 1 to the number of degrees of freedom of the system P . Now, the displacement vector
of the structure can be written as a superposition of these ei genmode shapes in generalized
coordinates ~q( r ) (t ):

~w (t) =
�
�

�
( r ) ~q( r ) (t ) where f r = 1 ; 2; :::; P g (2.13)

In equation ( 2.13), the modal matrix
�
�

�
( r ) denotes a matrix consisting of all the eigen-

mode shapes and ~q( r ) (t ) denotes the vector of the generalized coordinates. The �gen eral-
ized� coordinate is a scalar contribution factor for each ei genmode shape, describing how
large the contribution of one mode shape is to the overall def ormation. This terminology
is used extensively and is based on the assumption of linear s tructural systems which says
that a system is linear if its deformations due to two separat e load cases can be combined
to yield the deformation due to those two loads combined.
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�
�

�
( r ) =

h
~� 1 ; ~� 2 ; :::; ~� P

i
and ~q( r ) (t ) =

0

B
B
B
@

q1 (t )
q2 (t )

...
qP (t )

1

C
C
C
A

In this system, all eigenmode shape vectors comply with the o rthogonality relation:

�
�

� T
( r )

�
m

��
�

�
( r ) = dM c( r ) =

2

6
6
6
6
6
6

M 1
M 2

. . .
M P

7
7
7
7
7
7
5

(2.14)

�
�

� T
( r )

�
k

��
�

�
( r ) =

��
M! 2 ��

( r ) = dK c( r ) =

2

6
6
6
6
6
6

K 1
K 2

. . .
K P

7
7
7
7
7
7
5

(2.15)

The elements of dM c( r ) represent the generalized masses and the elements of dK c( r )
represent the generalized sti�nesses for all eigenmodes r .

The scale of the solution of the undamped discretized equati on of motion ( 2.9) is am-
biguous:

��
k

�
� ! 2

r
�
m

��
� ~̂� r � ej! r t = 0

)
��

k
�

� ! 2
r

�
m

��
� x � ~̂� r � ej! r t = x � 0 where f x 2 Cg

(2.16)

Equation ( 2.16) shows that eigenmodes can be scaled with any number still re turning
a solution to the homogeneous equation of motion. To still be able to compare di�erent
eigensolutions, it is customary to scale the eigenmode shap es so that either the general-
ized mass of the eigenmode shape is 1, or the generalized sti�ness. This results in either
dM c( r ) = d1c or dK c( r ) = d1c.

2.2.3. Crucial Aspects of Structural Dynamics of Turbomach ines

Structural damping, the solution of the particular part of t he equation of motion, the con-
cept of generalized external forces and the change of the sti �ness properties due to external
in�uences for real turbomachinery rotors are important asp ects of structural dynamics.
Therefore, they are introduced in a brief manner, here.

2.2.3.1. Structural Damping

When simplifying equation ( 2.8) to equation ( 2.9) by omitting the damping part for real
structures, an error is introduced into the solution. Howev er, if the material damping and
other structural damping (friction) is explicitly known, i t can be modeled with modern
�nite element solvers. Depending on the formulation of the m aterial or friction damping
model, this will in�uence the eigenfrequencies and eigenmo de shapes of the eigensolution.

The introduction of material damping into a �nite element eq uation system is a �eld
of ongoing research. Depending on the type of material (meta l, carbon / glass �ber, plas-
tic, wood) and the di�erent material connections (bolting, welding, gluing, form �tting),
di�erent damping models might be employed.

For the research carried out for this thesis, material dampi ng was always considered to
be zero. This introduces errors into the results, but is just i�able for three reasons: For
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one, the material damping of metallic materials is very smal l and the material damping
of carbon �ber (while considerably larger than that of metal ) was observed to be small
compared to other in�uencing factors (blade shape). The sec ond reason is the ongoing
trend in turbomachines towards integral parts (blisks) wit hout friction contacts and explicit
dampers, which is expected to continue in the future. This is mainly due to the fact that
friction dampers and snubbers increase the weight of the gas turbine, so they are omitted
whenever possible. Thirdly, small amounts of material damp ing will not in�uence the overall
eigenmode shapes and eigenfrequencies much.

For preliminary design methods where many other uncertaint ies exist, a minute frequency
and shape uncertainty will not invalidate the overall resul t, and consequently the omission
of structural damping is permissible.

2.2.3.2. Particular Solution and Generalized Forces

The reason behind the solution of the homogeneous part of the discretized equation of
motion is almost exclusively to determine the solution of th e particular part of the equation
of motion with a certain forcing function. Again, using the o rthogonality relation, it is
possible to determine the in�uence of a given forcing on the d i�erent eigensolutions.

If equation ( 2.7) (without structural damping) is pre-multiplied with the t ranspose of the
modal matrix, it can then be rewritten as:

�
�

� T
( r )

�
m

� •~w (t) +
�
�

� T
( r )

�
k

�
~w (t) =

�
�

� T
( r )

~f (t)

)
�
�

� T
( r )

�
m

��
�

�
( r )

•~q( r ) (t ) +
�
�

� T
( r )

�
k

��
�

�
( r ) ~q( r ) (t ) =

�
�

� T
( r )

~f (t) (2.17)

) dM c( r )
•~q ( r ) (t ) + dK c( r ) ~q( r ) (t ) =

�
�

� T
( r )

~f (t) where f r = 1 ; 2; :::; P g

Since both dM c( r ) and dK c( r ) are matrices with their only entries on the diagonal
(orthogonality relation), the result is a set of P (number of degrees of freedom of the
system) independent equations.

The right hand side of equation ( 2.17) alone is called the generalized external force vector:

~F ( r ) (t ) =
�
�

� T
( r )

~f (t) where f r = 1 ; 2; :::; P g (2.18)

Since ~F ( r ) (t ) in equation ( 2.18) is a vector of single values, one for each separate eigen-

mode shape ~� r and eigenfrequency ! r , this generalized force vector can easily be used to
determine the damping or excitation impact of a given extern al force ~f (t) on the respective
eigenmode shape ~� r .

2.2.3.3. In�uences on the Stiffness of the Structure

The discretized homogeneous equation of motion ( 2.8) can be solved with any �nite element
program capable of numerical modal analysis. It is importan t to note that the sti�ness

�
k

�

is dependent on the inertial load (rotation of a rotor) and th e blade surface aerodynamic
loading (or any other external load). Both inertia and aerod ynamics lead to a deformation
which might bend, twist or untwist the blade. The sti�ness ha s to be treated therefore as
(see Kemme [95]):

�
k

�
=

�
k

�
linear +

�
k

�
inertial +

�
k

�
geometric (2.19)

For most numerical modal analyses it is therefore imperativ e to perform a loads analysis
�rst and retain its impact on the sti�ness before starting th e eigenmode analysis.
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2.2.4. Symmetry Considerations

Turbomachinery blade rows are in general cyclically symmet rical (see �gure 2.1). Real
structures are never perfectly symmetrical due to manufact uring tolerances, wear or mate-
rial imperfections. This phenomenon is called mistuning in turbomachinery and a separa-
tion between structural and aerodynamic mistuning is made. Structural mistuning is due to
the impact of the geometric and material di�erences between sectors on the eigenbehavior of
the turbomachinery stage. Aerodynamic mistuning is concer ned with the �ow di�erences
between di�erent passages due to di�erences of the blades' g eometries. See for example
Malzacher et al. [ 112] for an experimental investigation into aerodynamic mistu ning.

Figure 2.1.: Full turbine bladed disk with 146 blades and one cyclically s ymmetrical sector
of it.

There are two main con�icting research results concerning m istuning in general acknowl-
edged in the community. On the one hand, it is agreed upon that mistuning has a stabilizing
e�ect on cases with �utter problems (�rst published by Kaza & Kielb [94], more recently
by Corral et al. [ 39] or Gross & Krack [70]). On the other hand, mistuning has been
observed to increase the LCO amplitudes of individual blade s of forced response cases con-
siderably which is undesirable. Even though it has been prov en that this can be avoided
and even be used to decrease the maximum forced response amplitude (see e.g. Hohl &
Wallaschek [83] and Willeke et al. [ 194]), this is not used by engine manufacturers,
yet. This is due to the increase in complexity this would intr oduce into the blade selec-
tion process which is already tedious due to balancing consi derations or the manufacturing
tolerances required for machining an intentionally mistun ed blisk.

Consequently, for preliminary design almost exclusively p erfectly tuned systems or al-
ternating mistuning patterns are assumed. This leads to sim pli�cations in the numerical
analysis and introduces the theoretical background for the observed traveling waves.

2.2.4.1. From a Complete Rotor to a Sector

If one assumes the �nite element model of each rotor sector to be identical, the mass and
sti�ness matrices will be block-diagonally similar:
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with N = number of symmetrical sectors
(2.20)

In equation 2.20, the submatrices
�
m

�
x and

�
k

�
x with one subscript denote the in�uence

of the sector on itself and the submatrices
�
m

�
x ;y and

�
k

�
x ;y denote the in�uence of the

adjacent sectors on each sector. For identical sector model s, all submatrices
�
m

�
x are

identical. The same applies for
�
k

�
x ,

�
m

�
x ;y and

�
k

�
x ;y , respectively.

Together with the knowledge that the deformation at the cycl ic boundary needs to be
equal or have a certain cyclic relation dependent on the numb er of sectors, the problem
can be reduced to one treating only one sector of the rotor. Si nce the size of the matrices�
m

�
and

�
k

�
scales squarely with the number of contained elements, the s olution e�ort

drops by a factor of 1
N 2 . For the example turbine rotor in �gure 2.1 with 146 blades, this

would result in a problem 1
146 2 = 0 :000046913 = 5 � 10� 5 times smaller than the full rotor.

Although an FE solution is comparatively cheap with current computational resources, this
is substantial. Even for fans with comparatively low blade n umbers (e.g. N = 10 , !

1
102 = 0 :01 = 1 � 10� 2 ) the savings are obvious with mesh generation only slightly more
expensive since the symmetry surface needs to be meshed identically.

To determine all eigensolutions, all possible boundary con ditions at the symmetry surfaces
need to be considered. The phase shift of the node's deformat ions at the sector symmetry
boundaries can be determined to be:

� n = n �
2�

N
with

�
n j �

N

2
< n �

N

2

�

N
(2.21)

This phase shift of the harmonic oscillation between neighb oring blades is called the
inter-blade phase angle � n (IBPA). For all ( � n 6= 0 :0) ^ (� n 6= � ) the solutions of positive
and negative � n are combined into one complex linear equation system and res ult in the
simultaneous solution of ~� � n and ~� � � n . These complex equation systems in turn have not
only P solutions, but 2 � P , with each eigenvalue returning two eigenmode shapes (one f or
n and one for � n). Consequently, N +1

2 (for odd N ) or N +2
2 (for even N ) �nite element

solutions need to be computed to determine the behavior of th e complete turbomachinery
stage.

In �gures 2.2a and 2.2b, the �rst eigenmode shapes resulting from a computation wit h
�nite element cyclic symmetry boundary condition � 1 = 2�

10 and � � 1 = � 2�
10 are visualized.

The straight line with zero deformation in the eigenmode sha pe plot shows immediately
why the number n is called the �nodal diameter�.
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Depending on necessity and use case, the modal equation of mo tion (equation ( 2.17)) can
be re-expanded from single sector to full annulus form.

2.2.4.2. Traveling Wave Formulation

(a) Nodal diameter 1 (b) Nodal diameter -1

(c) Traveling wave 1 (d) Traveling wave -1

Figure 2.2.: Nodal diameter � 1 and traveling wave � 1 eigenmode shapes of the �rst blade
bending eigenmode shape family of a 10 blade blisk.

In chapter 2.2.4.1, the concept of cyclic symmetry and its impact on the eigenso lution
was introduced. One consequence of the cyclic symmetry was t he occurrence of double
eigenvalues with two eigenmode shapes ~� � n and ~� � � n with the same eigenfrequency ! n .
For these eigenmode shapes, it is possible to show:

��
k

�
� ! 2

n
�
m

��
� ~̂� � n

� ej! n t = 0
��

k
�

� ! 2
n

�
m

��
� ~̂� � � n

� ej! n t = 0

)
��

k
�

� ! 2
n

�
m

�� �
x � ~̂� � n

+ y � ~̂� � � n

�
� ej! n t = 0 where f x; y 2 Cg

(2.22)

This means that any combination of eigenmode shapes with the same eigenfrequency !
is also a solution to the eigenvalue problem. To exactly repr oduce the boundary conditions
� n imposed during the cyclic symmetry eigenvalue analysis, on e can postulate:

~̂ � n
=

1
p

2

�
~̂� � n

+ j ~̂� � � n

�

~̂ � � n
=

1
p

2

�
~̂� � n

� j ~̂� � � n

� (2.23)
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The result will be eigenmode shapes which do not oscillate ab out their nodal diameter,
but where the maximum oscillation seemingly travels about t he symmetry axis of the rotor.
The traveling wave eigenmode shape ~ � n will look identical to the eye, but travel around
the rotor in the opposite direction as ~ � � n . This is why the numbers designating the

eigenmode shapesn; � n for both ~� and ~ are the same number (namely the number of
visible nodal diameters).

Figure 2.2 illustrates the relation between nodal diameter mode shape s and traveling
wave mode shapes for n = 1 for an example blisk rotor with 10 blades. The two top
�gures 2.2a and 2.2b show the purely real eigenmode shapes with nodal diameters. The
nodal diameters are indicated by dashed brown lines. The arr ows above the blades indicate
the maximum deformation of each blade. The related travelin g wave mode shapes are
illustrated in the two bottom �gures 2.2c and 2.2d. For them, the sine wave above the
blades indicates a deformation pattern traveling around th e circumference of the rotor in
the direction indicated by the arrows. For the de�nition of p ositive and negative IBPA � n
and traveling wave number see chapter A.1 in the appendix. This is handled di�erently in
the community and the conventions at DLR are presented. Also in the appendix, �gure A.3
illustrates the rest of the possible nodal diameters and tra veling waves of the �rst blade
bending eigenmode shape family for a 10 blade example rotor.

If it is postulated that the eigenmode shapes for traveling w aves with nodal diameter
n = 0 and (for cases with even blade number) n = N

2 remain unchanged: ~ 0 = ~� 0 and
~ N

2
= ~� N

2
, the matrices for generalized mass and sti�ness for the trav eling wave modes

can be created:

�
	

� H
( r )

�
m

��
	

�
( r ) = dM 	 c( r ) =

2

6
6
6
6
6
6

M  1
M  2

. . .
M  P

7
7
7
7
7
7
5

i

(2.24)
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� H
( r )

�
k

��
	

�
( r ) =

l �
M 	 ! 2 �

( r )

k
= dK 	 c( r ) =

2

6
6
6
6
6
6

K  1
K  2

. . .
K  P

7
7
7
7
7
7
5

i

(2.25)

The superscript H denotes the conjugate transpose (transpose with negative i maginary
part) of a complex vector or matrix.

Based on this, the generalized equation of motion without st ructural damping (equation
(2.17)) can be rewritten in traveling wave coordinates:

dM 	 c( r )
•~q 	 ( r ) (t ) + dK 	 c( r ) ~q	 ( r ) (t ) =

�
	

� H
( r )

~f (t)

with f r = 1 ; 2; :::; P g
(2.26)

In equation ( 2.26), ~q	 are the generalized coordinates in traveling wave form.
The following assumptions are implicitly made:

� The eigenmode shapes ~� r are all normalized in the same way.

� The mass and sti�ness matrices are symmetrical.

� The traveling wave eigenmode shapes are created according t o equation ( 2.23).
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Based on these assumptions it is possible to show (insert equ ation ( 2.23) into one line of
equation ( 2.24)):

M  � n = ~ H
� n

�
�
m

�
� ~ � n

=
1

p
2

�
~� � n + j ~� � � n

� H
�
�
m

�
�

1
p

2

�
~� � n + j ~� � � n

�

= 0 :5 �
�

M � � n
+ M � � � n

�

= M � � n

(2.27)

The same proof holds for all M  � � n and all generalized sti�nesses and leads to the
very convenient result that the generalized mass and genera lized sti�ness matrices for nodal
diameter mode shapes and traveling wave mode shapes are essentially the same (if the three
assumptions above are followed and the places of the general ized masses and sti�nesses of
given � n and � � n in the matrices dM c and dK c do not change during the conversion from
nodal diameters to traveling waves).

dM 	 c( r ) = dM c( r ) and dK 	 c( r ) = dK c( r ) (2.28)



2. Aeroelasticity in Turbomachines 29

2.3. Interaction of Fluid and Structure in Turbomachines

In chapter 2.2, the equation of motion was introduced and subsequently sim pli�ed and
discretized to analyze the structure of a turbomachinery pa rt without external in�uences
or connection to a �uid. If one considers the �uid �ow and the s tructural parts of a
turbomachinery stage not separately from each other but com bined, the equation of motion
can be rewritten to contain the properties of structure and �uid.

This leads to the �aeroelastic� equation of motion:

�
mst + m f l

� •~x (t) +
�
dst + df l

� _~x (t) +
�
kst + kf l

�
~x (t) = ~f st (t ) + ~f f l (t ) (2.29)

The di�erent terms in equation ( 2.29) are:
mst = mass of the structure
m f l = mass of the �uid interacting with the structure
dst = material and friction damping of the structure
df l = �uid damping
kst = sti�ness of the structure
kf l = sti�ness of the �uid interacting with the structure

~f st (t ) = external structural forces (inertia, vibrations. . . )
~f f l (t ) = external aerodynamic forces (wakes, potential �elds, gus ts. . . )

2.3.1. Simpli�cations for Turbomachinery Aeroelasticity

Starting from the left, there are terms in the aeroelastic eq uation of motion ( 2.29), which
can be omitted for special cases. Doing so leads to a form whic h can be solved numerically
with the introduction of a minimal error.

For traditional turbomachinery components the structural mass is much higher than the
mass of the �uid interacting with it. Schuff & Chenaux [155] have shown that this
assumption reaches its limits for modern fan blades, but for a fast stability estimation in a
preliminary design process it is still deemed applicable.

m f l � 0

In chapter 2.2.3.1, the reasons for assuming negligible structural damping fo r turboma-
chinery parts were introduced. These reasons apply to the ae roelastic equation of motion,
as well.

dst � 0

The sti�ness of a �uid is considered very small in comparison to the structural sti�ness.

kst � kf l � 0

For airplane wings, research is being carried out concernin g the intentional introduction
of external structural forces (control surface de�ection) to mitigate aeroelastic problems.
This kind of in�uence would be very di�cult to accomplish for turbomachinery blades.
Additionally, external vibrations introduced unintentio nally into turbomachines are to be
avoided at all cost to preserve bearing life. Therefore, no e xternal structural forces are
assumed.

~f st (t ) � 0

This reduces equation ( 2.29) to the following form:

mst •~x (t) + df l
_~x (t) + kst ~x (t) = ~f f l (t ) (2.30)

This is the general reduced aeroelastic equation of motion. It is used to determine the
aeroelastic stability of a turbomachinery part.
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Comparison to the Purely Structural Equation of Motion

In chapter 2.2.1, a distinction was made between the homogeneous solution of a di�erential
equation ( RHS = 0 ) and the particular solution. The solution of the homogeneo us part of
the di�erential equation was termed a �stability� problem. The solution of the particular
problem is a �forcing� problem.

From equation ( 2.30), one can now easily see why there is a distinction made betwe en
��utter� and �forced response� (see chapter 1.3) in aeroelastic analysis.

Flutter is the problem arising if the solution of the homogeneous par t of the aeroelastic
equation of motion without external forces predicts a self- excited exponentially grow-
ing vibration (stability problem with df luid < 0, a.k.a. aerodynamic excitation).

Forced Response is the problem arising if there are periodically occurring e xternal aerody-
namic forces which necessitate the solution of the particul ar part of the aeroelastic
equation of motion (forcing problem with ~f f l (t ) 6= 0 ).

In principle, this is the distinction Crawley [44] makes between disturbance forces
(forced response) and motion dependent aerodynamic forces (�utter).

In chapter 1.3, a third category of aeroelastic phenomena (�ow instabilit y induced vi-
brations) was mentioned. The two possible approaches to the solution of the aeroelastic
equation of motion ( 2.30) leave no third option which explains, why there is no clear p o-
sition in the community about �ow induced vibrations. Some a rgue, these phenomena
belong to the aeroelastic stability problem, some are of the opinion that these phenomena
are separate and merit their own term.

2.3.2. The Aeroelastic Stability Equation

In chapter 1.5, it was stated that aerodynamic forcing is already being tre ated successfully
in preliminary design via Campbell diagram analysis. The ma in focus of this thesis is
therefore the homogeneous part of the aeroelastic equation of motion ( 2.30):

mst •~x (t) + df l
_~x (t) + kst ~x (t) = 0 (2.31)

This immediately leads to the conclusion that the problem ca n be rewritten as:

mst •~x (t) + kst ~x (t) = � df l
_~x (t) (2.32)

Shifting the focus, the integral problem of �uid and structu re can be re-separated. The
�uid is only able to dampen the structure by acting via pressu re on the surface. Hence,
the aeroelastic stability problem can be rewritten as a stru ctural forcing problem with the
forcing on the blade surface being dependent on the blade mot ion itself:

mst •~x (t) + kst ~x (t) = ~f f l

�
_~x; t

�
(2.33)

This di�erential equation is considered the most general de scription of the �utter problem
in turbomachinery. To solve it, it needs to be discretized fo r the appropriate geometry and
additional simpli�cations might be introduced in the proce ss.

2.3.3. Advantage of the Traveling Wave Formulation for
Turbomachinery Aeroelasticity

In chapter 2.2.4.2, the traveling wave formulation for cyclically symmetrica l structures was
introduced. The main reason for this was the theoretical bac kground on cyclic symmetry
boundary conditions.

In 1956, Lane [103] published his discovery that �utter in turbomachines occu rs in �trav-
eling� wave patterns, as well. He observed that neighboring blades oscillated with a certain
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phase shift and as a result the deformation looked like a wave racing around the rotor.
Since then, this discovery has been corroborated.

The consequence of this discovery for turbomachinery aeroe lasticity is obvious:

� The discretized equation of motion in traveling wave form (e quation 2.26) has to be
used when trying to solve the reduced aeroelastic equation o f motion 2.33.

� The IBPA � n has to be introduced into the aerodynamic equations, as well .

Consequently, cyclic symmetry boundary conditions might b e introduced into the aero-

dynamic equations used to determine the aerodynamic force o n the blade surface ~f f l

�
_~x; t

�
.

This can be used to reduce the numerical e�ort of the aerodyna mic computations.

2.3.4. Determination of the Generalized Aerodynamic Force s

In chapter 2.2.4.2, the discretized equation of motion of a structure in travel ing wave coor-
dinates was introduced as:

dM 	 c( r )
•~q 	 ( r ) (t ) + dK 	 c( r ) ~q	 ( r ) (t ) =

�
	

� H
( r )

~f (t)

with f r = 1 ; 2; :::; P g
(2.26)

On the right hand side of equation ( 2.26), the generalized external forces in traveling
wave form are given. To compute the generalized aerodynamic forces, the eigenmode shapes
are multiplied with the forces acting on the blade surface. A ssuming that the aerodynamic
forces are harmonic with a given angular frequency ! , the generalized external aerodynamic
forces are oscillating with that frequency, as well:

�
	

� H
( r )

~f (t) = ~F 	 (t ) = ~̂F 	 � ej!t =

2

6
6
6
6
6
6
6
6
6

F̂ 1
q̂1

F̂ 2
q̂2

. . .
F̂ P
q̂P

7
7
7
7
7
7
7
7
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� ~̂q 	 ( r ) � ej!t =
�
C 	 ( r )

�
� ~̂q 	 ( r ) � ej!t

(2.34)
The generalized aerodynamic force can also be represented by generalized aerodynamic

coe�cients multiplied by the generalized coordinates ~̂q 	 ( r ) . In equation ( 2.34), the aero-
dynamic in�uence coe�cient matrix

�
C 	 ( r )

�
contains the generalized aerodynamic forces

F̂r for each eigenmode shape normalized by the size of the eigenmode shape at which they
were calculated q̂r . Note that

�
C 	 ( r )

�
is not non-dimensionalized by the blade area and

the dynamic pressure. This would be the standard approach (s ee Kemme [95] and May
[116]), but bloats the following equations unnecessarily. Both Kemme and May compute
the generalized aerodynamic force diagonal elements of

�
C 	 ( r )

�
as:

F̂r = �
I

A

~̂ 
H

r

�
p̂ ~ r

� ~n + p � ~̂n ~ r

�
dA (2.35)

Here, the generalized aerodynamic force is dependent on the traveling wave mode shape
~ r . Therefore, it is calculated as integral value over the surf ace area of the blade of the
traveling mode shape multiplied with the normal pressure on the surface. Since both the
pressure on the surface and the normal vector are dependent o n the blade deformation
vector ~ r , both the alternating normal pressure due to the pressure �u ctuation p̂ ~ r

� ~n and
the additional part of the alternating normal pressure due t o the change in normal direction
p � ~̂n ~ r

need to be accounted for.
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2.3.5. Generalized Flutter Stability Equation and Energy M ethod

In preliminary design, no detailed investigation of the aer oelastic properties of a design
is desired. The only information required is generally if th e eigenfrequencies and their
respective eigenmode shapes are stable in the design operating range of the turbomachine,
or not. Hence, the global aeroelastic stability equation wi ll be introduced and immediately
simpli�ed to determine the aeroelastic stability for the mo st common critical cases.

If equation ( 2.35) is introduced into equation ( 2.26), the �utter stability equations in
generalized traveling wave coordinates are found:

�
M 	 ( r )

� •~q 	 ( r ) (t ) +
�
K 	 ( r )

�
~q	 ( r ) (t ) =

�
C 	 ( r )

�
~̂q 	 ( r ) � ej!t

with f r = 1 ; 2; :::; P g
(2.36)

With the assumption of harmonic vibration, the time depende ncy in equation ( 2.36) can
be eliminated:

~q	 ( r ) (t ) = ~̂q 	 ( r ) � ej!t (2.37)

)
�
� ! 2 �

M 	 ( r )
�

+
�
K 	 ( r )

�
�

�
C 	 ( r )

��
� ~̂q 	 ( r ) = 0

with f r = 1 ; 2; :::; P g
(2.38)

In chapter 2.2.1, the theoretical solution to such an equation system was giv en in equation
(2.6). This approach has to be used if the damping introduced by

�
C 	 ( r )

�
is signi�cant

and leads to eigenfrequencies and eigenmode shapes which are di�erent from the original
undamped eigenfrequencies and eigenmode shapes. Schuff & Chenaux [155] have shown
that this is becoming more and more necessary for modern roto r designs.

However, for a �rst �utter susceptibility evaluation in a pr eliminary design study, one
might still consider the system lightly damped, with no impa ct on the original eigendeforma-
tion and eigenfrequencies. Then, �utter is a vibration in ex actly one undamped structural
eigenmode shape and the �energy method� can be used. Carta [32] �rst used the energy
transferred between blade and �uid as a measure for the aeroe lastic stability of a �ow case.
He concluded that the work done by the �uid on the blade over on e oscillation cycle is a
good indicator whether a �ow case is aeroelastically stable or not.

The energy transferred between blade and �uid over one cycle can be calculated as:

Wcycle =

!Z

0

_~x (t) � ~f (t ) dt (2.39)

Here, _~x is the blade surface velocity and ~f is the force on the blade. The product of
those two is integrated over time and over the blade surface.

If the motion of the blade is considered to be in exactly one ei genmode shape ~ with
factor q̂, the velocity of the blade can be written as:

_~x (t) = ~ q̂ j! ej!t (2.40)

Assuming the �uid responds with a harmonic pressure �uctuat ion in the same frequency,
the pressure on the blade surface can be written as:

~f (t ) � Re

0

@�
I

A

�
p̂~n + p~̂n

�
ej!t dA

1

A (2.41)
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In equation ( 2.41), p̂ denotes the complex Fourier coe�cient of the �uctuating pre ssure
and p denotes the steady state surface pressure. Likewise, ~̂n is the complex Fourier coe�-
cient of the surface normal vector and ~n is the steady state surface normal vector.

If a linear dependency between blade deformation and unstea dy pressure �uctuation on
the blade surface is assumed, the aerodynamic work per cycle can be given as:

Ŵc = j� kq̂k2
I

A

~̂ 
H �

p̂~n + p~̂n
�

dA (2.42)

Note the close relationship of equations ( 2.42) and ( 2.35). Equation ( 2.42) represents
the aerodynamic work done by the �uid on the structure in comp lex form. The real part
of the aerodynamic work represents the energy transfer from the �uid to the structure.
If this energy transfer is positive, the magnitude of the vib ration will rise (aerodynamic
excitation), if the energy transfer is negative the magnitu de of the vibration will decrease
(aerodynamic damping). The imaginary part of the aerodynam ic work per cycle is the
amount of work done by the �uid in one part of the oscillation c ycle and received again
in another part of the oscillation cycle without any net e�ec t. This can be regarded as an
indicator for the aerodynamic sti�ness of the �uid.

2.3.6. Summary of the Aeroelastic Stability Approach for Pr eliminary
Design and Solution Algorithm

In the past chapters, the theoretical background of the ener gy method for �utter stabil-
ity estimation in turbomachines was presented. First, the g eneral aeroelastic equation of
motion 2.29 was simpli�ed from

�
mst + m f l

� •~x (t) +
�
dst + df l

� _~x (t) +
�
kst + kf l

�
~x (t) = ~f st (t ) + ~f f l (t ) (2.29)

to

mst •~x (t) + df l
_~x (t) + kst ~x (t) = 0 (2.31)

by omitting small or irrelevant terms.
Then, the problem was reduced to a purely structural problem with aerodynamic forces

on the structure's surfaces, and an analogy to the undamped d iscretized structural equation
of motion in traveling wave coordinates ( 2.26) was drawn.

dM 	 c( r )
•~q 	 ( r ) (t ) + dK 	 c( r ) ~q	 ( r ) (t ) =

�
	

� H
( r )

~f (t)

with f r = 1 ; 2; :::; P g
(2.26)

Equation ( 2.26) was then expanded and reformulated into another stability problem
by transforming the aerodynamic forces on the blade surface into deformation dependent
aerodynamic in�uence coe�cients (equation ( 2.38)).

Then, the energy method was introduced, postulating that th e most likely �utter case
is a single eigendeformation vibration with virtually no ae rodynamic damping. This leaves
the aerodynamic work over one oscillation cycle integrated over the structure's surface as
a measure for the aeroelastic stability:

Ŵc = j� kq̂k2
I

A

~̂ 
H �

p̂~n + p~̂n
�

dA (2.42)

To determine the aerodynamic or ��utter� stability of a turb omachine part, the aero-
dynamic work of relevant eigenmode shapes at relevant opera ting conditions needs to be
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found. The determination of �relevant� will be reviewed in c hapter 4. The possible aero-
dynamic approaches to determine the unsteady aerodynamic p ressure on the structure's
surface will be investigated in chapter 3.

Still, having reduced the fully coupled aerodynamic and str uctural equations of a turbo-
machinery stage by introducing simplifying assumptions, a solution strategy for the aero-
elastic stability of a turbomachinery part can now be applie d:

1. Create a structural model of the turbomachinery part.

a) Determine if symmetry considerations reduce the problem .

2. Determine the operating point at which the stability anal ysis is to be performed.

a) Expand the structural model with inertial and aerodynami c blade surface load.

3. Perform a modal analysis solving equation ( 2.9).

a) Transform the eigenmode shapes to traveling wave coordin ates.

b) Determine the eigenmode shapes and eigenfrequencies of interest (reduce the

population of
l

M ( r )
	

k
and

l
K ( r )

	

k
in equation ( 2.26).

4. Determine the aerodynamic response to a forced motion wit h each remaining eigen-
mode shape at each eigenfrequency.

5. Determine the likelihood of mode shape coupling or freque ncy impact of the aerody-
namic response.

6. Determine the aerodynamic damping / excitation either vi a the energy method or via
the solution of equation ( 2.38) (see Schuff & Chenaux [155] for an approach).

When applying the energy method, the two main concerns are nu merical modal analysis
and aerodynamic response to a deformation of a surface. The n umerical modal analysis will
not be covered here, since it is a well understood problem wit h ample solution software (at
the Institute of Aeroelasticity the commercial Software MS C Nastran is used). However,
the determination of an aerodynamic response to a blade defo rmation is the main problem
and will be covered in the following chapters.



3. Fast Aerodynamic Methods for Rapid
Assessment of Aeroelasticity in Preliminary
Design

In chapter 1.5, the necessity for aeroelastic stability analyses already during early design
stages was stated. It was proposed that methods used successfully 25 years in the past to
ascertain aeroelastic stability of turbomachinery stages are tools usable for aeroelastic es-
timations in preliminary design, today. In chapter 2, aerodynamic and structural methods
used in turbomachines were introduced and combined to treat aeroelasticity. The energy
method was proposed as possible solution strategy for aeroe lastic stability problems (�utter).
Even though the energy method may no longer be su�cient for th e �nal proof of aeroelastic
stability of a turbomachinery stage, it is still deemed a via ble tool for preliminary design
estimations.

In this chapter, the described aeroelastic methods by Marshall & Imregun [114] are
highlighted (chapter 3.1). Then, the available aerodynamic methods to estimate the ae ro-
dynamic response to a surface deformation are reviewed and a selection of possible aero-
dynamic approaches is made (chapter 3.2). Important aspects of the selected approaches
are presented in chapter 3.3-3.5.

In the following chapter 4, the selected methods for rapid aerodynamics for aeroelast ic
stability methods are tested and explored for use cases from DLR projects. Then, in chap-
ter 5, the results are summarized and conclusions regarding the s uitability of the proposed
methods for rapid aeroelastic analysis in preliminary desi gn are drawn.

3.1. Available Aeroelastic Approaches for Rapid Assessmen t of
Aeroelasticity in Preliminary Design

In chapter 1.5, the proposition of Pope [138] was cited that methods from `research' ap-
plications are �cycled down� to `repetitive' applications every 20 years. The much cited
article by Marshall & Imregun [114] gives an overview of the state of the art in turbo-
machinery aeroelasticity 25 years ago. Based on this articl e, the state of the art back then
is being reviewed. The di�erent aeroelastic methods are lis ted and their basic approach
is highlighted. Still, the used method for this thesis is the energy method due to its ease
of use and experienced reliability in the past. It will be sho wn that almost all methods
rely on unsteady aerodynamic computations which are then ev aluated to determine the
stability of a turbomachinery stage. Consequently, the aer odynamic methods mentioned
by Marshall & Imregun and more recent ones are evaluated for promising avenues whi ch
might be pursued as basis for aeroelastic computations.

The scienti�c development of aerodynamic methods for turbo machines has made a large
progress in the past 25 years. When Marshall & Imregun wrote their article, 2D methods
were predominantly used. Also, mostly potential �ow and Eul er solutions were the norm.
By now, the use of 3D RANS solvers has replaced these solvers i n almost all areas of
research and development. The reason for this always increa sing complexity is that the
use of these more complex (and therefore realistic) methods leads to new discoveries and
often improves the current understanding of the �ow. Additi onally, the results most often
represent experimental results better with less assumptio ns and manual �tuning�. E.g.
Grüber & Carstens [71] showed that viscosity is very important when computing the
aerodynamic damping. Also, it has become common knowledge t hat 3D e�ects have a large
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impact on aerodynamics and aeroelasticity in turbomachine s where the �ow is dominated
by 3D e�ects and not largely two-dimensional like for airpla ne wings (see e.g. Rendu et al.
[146], Weaver et al. [ 190] or Vogt [184]).

In the following chapters, the aeroelastic methods by Marshall & Imregun plus two
newer ones are listed (chapters 3.1.2-3.1.8) and their possible �tness for preliminary design
is discussed. Then, available unsteady aerodynamic method s to support these aeroelastic
methods are categorized to identify promising areas (chapt er 3.2.1) of research and subse-
quently a selection is made.

3.1.1. Methods Dismissed by M ARSHALL and I MREGUN as Inaccurate

Over time, as new �ndings are made and boundaries of current m ethods are tested, unsuit-
able methods are identi�ed and their use is discontinued. At the time of writing, Marshall
& Imregun [114] dismissed various aeroelastic methods as �of little use fo r the prediction
of �utter and other aeroelastic e�ects, especially for tran sonic �ow speeds where the e�ects
are highly nonlinear, and the �ow is no more incompressible� . These methods are listed
here shortly but no attempt for theoretical explanation is m ade.

Linearized cascade theories: The basis for the linearized cascade theories is the pressur e
wave equation in two dimensions ( Whitehead [192]). Since the �ow e�ects in turbo-
machine stages are three-dimensional and transonic e�ects interact with the waves,
there are unquanti�able uncertainties for this method.

Singularity methods: Marshall & Imregun only cite the article by Brase & Eversman
[25] as an example for the use of this method, which is mainly conc erned by the deriva-
tion of this method and has an aircraft wing example use case. The aerodynamics are
computed with the doublet lattice method which is unsuitabl e for turbomachines (see
chapter 3.5). There are examples for turbomachinery applications (e.g . Carstens
[30]), but it is stated clearly that the examples are for subsoni c �ow only.

Vortex techniques: The vortex technique describes the unsteadiness of the �ow a s vortices
moving with the �ow. Although dismissed by Marshall & Imregun , research in this
area is continued ( Lee & Feng [105]) and the results are used for forced response
estimations.

Frequency-domain panel methods: The basis for frequency domain panel methods is the
Fourier expansion in time of the potential �ow as for the harm onic balance techniques
for Euler or RANS solvers. In chapter 2.1.5, the basis for the potential �ow theory
was given as inviscid and irrotational �ow. Often, the addit ional assumption of in-
compressibility is made. Together with further assumption s made (e.g. �at plate for
the doublet lattice method), methods are found which may per form su�ciently for
airplane wings but were considered unsuitable for turbomac hines by Marshall &
Imregun .

3.1.2. Actuator Disk Theory

Adamczyk [1] derives a formula for the �normalized damping parameter� o f a turbomachin-
ery stage solely depending on the steady state inlet propert ies, the geometry of the blades
and the frequency of oscillation. His derivations are based on two dimensional potential
theory and use a blade passage section at 85% channel height as a reference. Even viscosity
and blade stall can be included via quasi-steady loss coe�ci ents. However, these coe�-
cients are based on experiments and would have to be recalibr ated for each new geometry.
Since this is much too expensive, some values from the litera ture are often reused without
adaptation.

While being very e�cient and straight forward, there are a fe w concerns. The mentioned
loss coe�cients are one. Also, Adamczyk assumes a pure rigid body motion as a �utter
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mode shape, only small inter-blade phase angles are permitt ed and blade rotation is not
considered. Therefore, this theory can only be used for the � rst �exural mode and not for
torsional modes.

Nevertheless, there have been very many successful attempt s at using actuator disk theory
for aeroelastic stability prediction and as a consequence n ew actuator disk theory approaches
are developed, even today (Bontempo & Manna [23]). Also, it is the only listed aeroelastic
approach which does not need unsteady aerodynamic computat ions.

Being independent of an unsteady aerodynamic model is a clea r advantage for a method
for preliminary design. When researching possible approac hes for preliminary design in
turbomachines, the actuator disk theory was considered a po ssibility. However, since there
was no obvious extension of the theory to three dimensions an d large parameter spaces for
blade shape and blade deformations are expected in prelimin ary design (for which updated
loss coe�cients would be necessary), the actuator disk theo ry was dismissed as an option
for this research e�ort.

3.1.3. Indicial Method

According to Marshall & Imregun [114], the indicial method is a method based on
transonic small disturbance theory or linearized potentia l equations. The response of a �ow
to a step-change is computed �rst, and then the response of th e �uid �ow to other motions
(namely the deformation of the blade in its eigenmode shape) is computed via a convolution
integral. While the aerodynamic part of this approach was ba sed on simple aerodynamic
methods when Marshall & Imregun wrote their review, this approach is still used today
(Mallik et al. [ 111]) with the support of 2D RANS aerodynamics.

Marshall & Imregun only cite airplane wing applications and a preliminary inve sti-
gation only produced airplane wing applications still toda y. Most researches reference a
paper by Leishman [107] as basis, but indicial functions were presented as a means f or
aeroelasticity as early as 1938 ( Garrick [61]).

The indicial method was not considered as an option for rapid aeroelasticity in preliminary
turbomachinery design due to the unknown and unpredictable in�uence of the cyclic nature
of a turbomachinery stage. The de�nition of a step-change fo r a turbomachinery stage with
multiple blades is by no means obvious and depending on the na ture of the step-change
de�nition, the result might be in�uenced.

3.1.4. Aeroelastic Eigensolution Method

The aeroelastic eigensolution method used in the 1990's was basically the direct solution of
equation ( 2.31) in discretized form. To do so, the structural system was oft en approximated
via a system of very few degrees of freedom (mostly pitch, plu nge and torsion in 2D) and
the aerodynamic damping due to the motion in the various degr ees of freedom was derived
by aerodynamic formulae based on various degrees of approxi mation (mostly 2D potential
�ow or 2D Euler). Then, an approximation of a full rotor with a ll its blades (approximated
in 2D) could be computed even considering mistuning ( Kaza & Kielb [94]) by superposing
the solutions.

One more recent application of this method is by Korte & Peitsch [101], who compare a
coupled or uncoupled aeroelastic eigensolution approach i n 3D with a state-space approach
and the energy method for a turbine stage with intentional mi stuning.

In chapter 2.3, the derivation of the aeroelastic eigensolution method wa s highlighted.
Korte & Peitsch investigated the impact of the mode shape interaction in the ir article
and Schuff & Chenaux [155] stress that mode coupling might occur in modern fan blade
designs. However, due to the availability of the simpli�ed v ersion of the eigensolution
method (energy method) and since Schuff & Chenaux had not yet published their �ndings
at the time, it was decided that there was no need for a full aer oelastic eigensolution in
an early design phase. However, if reasonably fast unsteady aerodynamic solutions become
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available, the extension of the energy method to the full aer oelastic eigensolution method
is straight forward.

3.1.5. State-Space Representation

The state-space representation is a method originally used in control theory. It was orig-
inally adapted to aircraft aeroelasticity by Karpel [92] who intended to model the aero-
elastic behavior of an aircraft over the complete �ight enve lope.

Since then, his method of de�ning the aeroelastic behavior i n the complete design space
via state-space representation based on a representative n umber of computations has been
used abundantly and also adapted to turbomachines by Korte & Peitsch [101]. While
Karpel used Theodorsen's theory and tabulated values by other rese archers (all in 2D) as
a basis for his state-space approach, the computation of aer odynamic in�uence coe�cients
has evolved since then, leading to the use of time-linearize d 3D RANS solutions by Korte
& Peitsch .

The state-space representation o�ers particular advantag es when nonlinear e�ects are
to be modeled (Korte & Peitsch [101]). If there are no prominent nonlinearities in the
system, the aeroelastic eigensolution method and the state -space representation produce
similar results. Based on these �ndings, it was concluded th at the state-space method
may be used bene�cially in preliminary design to reduce the n umber of necessary unsteady
aerodynamic computations to predict the aeroelastic stabi lity in the complete compressor
map. This will have to be explored in the future.

3.1.6. Energy Method

The energy method has been derived in chapter 2.3.5. Its basic assumption is that the
aerodynamic damping, mass and sti�ness are so small that the re is virtually no change in
eigenmode shape and eigenfrequency from the eigenmode shapes and eigenfrequencies of
the turbomachinery stage alone. Then, the energy transfer f rom �uid to structure over one
vibration cycle is an indication whether the vibration is da mped or excited.

The energy method does not make any assumptions about �ow sta te or inter-blade phase
angle. This means that for each �ow state of interest and each eigenmode shape of interest
a separate unsteady aerodynamic solution is necessary. Dep ending on the used �uid �ow
model, this can result in a substantial need for computation al resources.

Nevertheless, the energy method was considered an ideal too l to estimate aeroelastic
stability in preliminary design, since there are no additio nal computations necessary except
the structural modal analysis and the unsteady forced motio n aerodynamics computations.

3.1.7. Panovsky-Kielb Method / Tie Dye Method

Panovsky & Kielb [133] investigated the aeroelastic properties of turbine blade s with the
energy method. During their research and from previous expe rience (see Hanamura et al.
[75], in�uence coe�cient theory) they concluded that the in�ue nce of the blade on itself
and the in�uence of the vibration of the two neighboring blad es is su�cient to determine
the main unsteady aerodynamic properties of a blade vibrati on with a given inter-blade
phase angle � n .

They concluded from this that it is su�cient to compute the un steady aeroelastic prop-
erties of only three inter-blade phase angles � n or a case with three blade passages and only
the middle one vibrating to determine the minimum aerodynam ic damping of the complete
stage.

Panovsky & Kielb then deduced that if the contributions of di�erent blade pas sages can
be superposed, so can the contributions from di�erent eigen mode shapes. They therefore
computed the aerodynamic damping for three two dimensional eigenmode shapes in one
representative section of a blade passage at di�erent reduc ed frequencies. Once the blade
mode shapes were superposed, the critical reduced frequency for the respective eigenmode



3. Fast Aerodynamic Methods for Rapid Assessment of Aeroela sticity in Preliminary Design 39

shape could be interpolated. With this approach, it is possi ble to compile a �map� of
eigenmode shapes and their respective critical reduced fre quencies below which they are
expected to become unstable.

The results of Panovsky & Kielb were obtained using a 2D time-linearized Euler code.
Since then, this method has been successfully used for the de sign of mostly turbine blades
(Kielb et al. [ 98], Kielb et al. [ 99], Meingast et al. [ 120]).

The Panovsky-Kielb method was developed speci�cally for lo w pressure turbine blades
which (according to them) operate almost exclusively at the ir design conditions. However,
e.g. compressor stages operate sometimes at substantial o� -design conditions and still need
to perform maintaining aeroelastic stability. Another dis advantage of the method is the
reduction of the blade deformation to rigid body motion in tw o dimensions. Modern fan or
compressor blade row designs may exhibit three dimensional mode shapes which cannot be
approximated in 2D. There is also the potential for eigenmod es where the blade is no longer
moving in a rigid body motion, but where the pro�le itself def orms. Both the change in
operating condition as well as potential 3D or pro�le deform ation eigenmode shapes cannot
be captured by the stability diagram proposed by Panovsky & Kielb . Since the current
research focuses on compressors, this method was not considered a possibility for rapid
aeroelastic stability estimation.

3.1.8. Reduced Order Modeling via Proper Orthogonal Decomp osition

While not being an aeroelastic method itself, reduced order modeling has to be mentioned
here to give a complete account of aeroelastic methods. Clark et al. [ 37] have presented a
method to predict the unsteady aerodynamics of a cascade of t wo dimensional compressor
airfoils via proper orthogonal decomposition.

To create a reduced order model, Clark et al. computed a number of unsteady har-
monic balance RANS solutions for a compressor blade with a fo rced torsion motion. These
computations all had the same structural motion frequency b ut di�erent �steady state�
parameters (inlet and outlet conditions). A proper orthogo nal decomposition method was
used on a number of these harmonic balance unsteady results, identifying a number of ��uid
�ow eigenmode shapes� which could then be used to identify do minant �ow features and
even made the identi�cation of non-synchronous vibrations possible.

This kind of �uid �ow eigenvalue analysis has received incre asing attention in the past
years and is thought to have a number of bene�cial uses in aero dynamics and aeroelasticity
(see the overview articles of Taira et al. [ 170] and [171]).

Modeling the aeroelastic behavior of a turbomachinery stag e based on a reduced order
model would increase the speed of a design process signi�can tly. The method of proper
orthogonal decomposition might consequently seem to be a va luable method for aeroelastic
stability estimation in preliminary design. However, ther e are two conditions which make it
unsuitable for preliminary design. The �rst are the large pa rameter spaces explored during
early design phases. The ROM based on a certain design might n ot correctly predict the
conditions for another design which deviates substantiall y from it. This immediately leads
to the second problem: The creation of a reduced order model v ia POD is based on a
substantial number of unsteady computations to identify th e �uid eigenmode shapes. The
necessity to create new POD ROMs for di�erent designs due to t he uncertainty if the old
ones still apply, leads the complete approach ad absurdum fo r preliminary design.
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3.2. Selection of Promising Rapid Unsteady Aerodynamic
Methods

In the previous chapter, di�erent aeroelastic methods for t urbomachinery aeroelastic sta-
bility estimation were listed. The most promising method fo r turbomachinery aeroelastic
stability estimation in preliminary design was deemed to be the energy method. This is on
the one hand due to its simplicity of implementation and on th e other hand due to previ-
ous experiences showing the method to predict instability r eliably. Most of the aeroelastic
methods given in the previous chapter heavily depend on unst eady aerodynamic methods
which compute unsteady pressure forces acting on deforming bodies.

To increase the speed of aeroelastic stability estimates, f ast yet reliable unsteady aero-
dynamic methods need to be found which predict the �ow around an oscillating blade in
a turbomachinery stage. Therefore, a short overview of avai lable unsteady aerodynamic
methods is given in chapter 3.2.1. Then, criteria for the selection of a promising unsteady
aerodynamic method are identi�ed in chapter 3.2.2 and a selection is made in chapter 3.2.3.

3.2.1. Investigation of Available Unsteady Aerodynamic Me thods

Marshall & Imregun [114] give a comprehensive overview of the available aerodynami c
methods for turbomachinery in 1996. Since then, additional methods have become avail-
able. Therefore, an attempt is made to list the available uns teady aerodynamic methods in
descending order of complexity.

Direct Numerical Simulation (DNS): Chapter 2.1.1 introduced DNS and explained its basic
approach. This method is the most accurate and reliable meth od to simulate �uid
�ow, to date. Additionally, it is three dimensional and unst eady nonlinear by design
and the implementation is straight forward. The main proble m are its prohibitive
numerical requirements for time and mesh resolution (only o ne research group seems
to publish results in this area for turbomachines).

Large Eddy Simulation (LES): Chapter 2.1.2 presented LES and introduced the concept of
�lter functions for the purely dissipating scales which do n ot in�uence the larger scale
turbulence. LES shares the advantages of DNS for being able t o simulate �uid �ow
very accurately with the additional advantage of using a coa rser mesh and being
less hardware demanding. Like DNS, it is three dimensional a nd nonlinear unsteady
by design. While being numerically less demanding than DNS, LES still requires a
mesh resolution which is so �ne that it is currently restrict ed to research applications.
Additionally, the required sub-scale modeling and the �lte r functions are an ongoing
topic of research.

Detached Eddy Simulation (DES): DES is a hybrid method combining LES in the far �eld
with RANS (see the following point) in the boundary layer and was mentioned brie�y
in chapter 2.1.3. The main concern of DES is to resolve turbulence and its eddi es/
vortices where they are important for the physical or engine ering aspects of the prob-
lem while modeling them in areas where a resolution is undesi rable and would only
use numerical resources without contributing to the soluti on of the problem. As with
the above two approaches, DES is nonlinear unsteady and its s ensible use is in three
dimensional space (at least for turbomachines). While prov iding a better insight
into the mechanics of the unsteady �uid �ow than simpler meth ods, the numerical
requirements are above the currently used methods for desig n proof purposes. Fur-
ther drawbacks include its need for intelligent algorithm s witching and the expert
knowledge required to successfully obtain accurate result s.

Reynolds Averaged Navier Stokes (RANS): In chapter 2.1.3, the basic assumptions leading
to RANS solvers were introduced. For the unsteady computati ons required for tur-
bomachine design proof, these methods are the current state of the art and multiple
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academical and commercial codes are available. Unsteady RA NS solvers can be used
in two or three dimensions, depending on the main �ow directi on. There exist three
approaches to model the unsteadiness of the �ow in RANS solve rs: Nonlinear un-
steady methods use a time-marching algorithm to compute sna pshots of the evolving
unsteady �ow at set time step intervals. Harmonic balance me thods postulate that
periodically occurring events (blade vibration, gusts fro m neighboring blade rows etc.)
can be Fourier transformed into the frequency domain, resul ting in the assumption
that only the Fourier coe�cients of the periodic frequency a nd a limited number of
harmonics are su�cient to describe the periodic unsteadine ss of the �ow. This lim-
ited number of Fourier coe�cients of the �ow is then computed . The time-linearized
method postulates that a harmonic excitation results in a ha rmonic response of the
�ow and consequently only computes the �rst harmonic respon se due to a harmonic
excitation.

Euler: The Euler equations are the Navier Stokes equations with zer o viscosity. Then, there
is no need for turbulence modeling and the numerical solutio n is simpler. Therefore,
Euler solvers were the predecessors of RANS solvers in compu tational �uid dynamics.
Euler solvers require less computational resources (coars er mesh, less variables to be
computed) than RANS or other more accurate descriptions of � uid dynamics. Still,
they provide solutions with engineering accuracy for cases where viscosity can be
neglected. However, for �ows with viscosity dependent e�ec ts like e.g. shocks or
shock boundary interaction, their results become less reli able [114]. Like the RANS
equations, cases with mainly two dimensional �ow can be solv ed in 2D. The unsteady
Euler equations can be solved with nonlinear, harmonic bala nce and time-linearized
methods like the RANS equations. At the time of Marshall & Imregun [114],
2D and 3D time-linearized Euler computations were the emerg ing state of the art in
turbomachinery aeroelasticity.

Potential: While assuming zero viscosity led from the Navier Stokes equ ations to the Euler
equations, additionally assuming zero vorticity leads to t he potential equations, where
the velocity of the �uid is the second derivative in space of a �velocity potential�. With
the additional assumption of incompressibility, the poten tial equations can be trans-
formed into a boundary value problem where the values at the p roblem boundaries
fully describe the �ow. The potential �ow equations can be so lved in two or three
dimensions and nonlinear and time-linearized methods exis t for unsteady problems
[114]. The solution of the potential equations as a boundary valu e problem with suf-
�cient discretization is possible in a fast and e�cient way w ith today's computational
resources. However, already at the time when Marshall & Imregun wrote their
article it was well known that potential �ow solutions do not represent the �ow in
turbomachines very well.

3.2.2. Selection Criteria

When evaluating unsteady aerodynamic methods for prelimin ary design, there are boundary
constraints which need to be ful�lled in order to be able to su ccessfully determine the
aerodynamic response to a harmonic surface perturbation in a speci�ed eigenmode shape.

Comparatively fast results: The �rst and foremost criterion is naturally speed. In order to
assess the aeroelastic stability of many potential blade sh apes, the unsteady aerody-
namic method needs to be able to return unsteady aerodynamic pressures resulting
from a surface deformation in a comparatively short time.

Three dimensional: Another criterion de�ned in this research e�ort was the abil ity of the
method to treat three dimensional �ow. Rendu et al. [ 146], Weaver et al. [ 190]
and Vogt [184] stress that there are �ow phenomena important for aeroelas ticity in
turbomachines which cannot be captured with two dimensiona l methods.
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Accurate: Naturally, the obtained numerical results of an unsteady ae rodynamic code need
to ful�ll the minimum reliability requirements for prelimi nary design.

Well documented and available: Many research codes are either company property and
therefore unavailable to other researchers or the result of short term research activities.
While performing their respective tasks, obtaining them or �nd documentation for
them often proofs challenging.

Needs to be manageable in the given time frame: Some research codes are available and
documented but are so professional that implementing chang es is very challenging for
scientists without a degree in information technology.

Simple to automate: While the goal of virtually any computer program is the simpl i�cation
of repetitive tasks, interfaces for interaction with other programs are not implemented
into every program available. Since preliminary design is m ostly performed with
automated optimizers, interfaces for automated interacti on with other programs are
an indispensable condition.

Represent a wide range of possible approaches: The goal of this research was an investi-
gation of the current options for aeroelasticity in prelimi nary design and the probable
development in the foreseeable future. Therefore, methods needed to be evaluated
which are available now without further e�ort, and methods w hich are possible to
implement in the near future.

3.2.3. Selection

The available unsteady aerodynamic methods together with t heir respective ful�llment of
the desired selection criteria can best be evaluated in matr ix form:

Criterion Potential Euler RANS DES LES DNS
Speed :-)) :-) :-| :-| :-(( :-((
3D :-) :-) :-) :-) :-) :-)
Accuracy :-| :-| :-) :-) :-)) :-))
Available and Documented :-| :-| :-) :-( :-| :-(
Manageability :-) :-) :-) :-( :-( :-(
Automatability :-) :-) :-) :-( ? ?

Table 3.1.: Applicability matrix of di�erent unsteady aerodynamics ap proaches for prelim-
inary design estimates [:-)) = very good, :-) = good, :-| = med iocre, :-( = poor,
:-(( = very poor].

Since LES and DNS solutions are only reported for large scale research applications, at
the moment, these two approaches for unsteady aerodynamics can be disregarded immedi-
ately. DES requires still a lot of time to compute and the use r equires expert knowledge.
Consequently it is not considered further on.

This leaves unsteady Potential, Euler and RANS �ow solvers w ith their three potential
methods of solution: time-linearized, harmonic balance an d nonlinear unsteady, respec-
tively.

In table 3.2, the subjective applicability of the di�erent unsteady met hods is displayed.
Marshall & Imregun [114] listed a number of time-linearized 3D potential codes

(LTRAN2, Guruswamy & Goorjian [72]; CAP/TSD, Batina [10] and an AIRBUS in-
house code published by Henke et al. [ 78]). All these codes solve the transonic small
disturbance equations to determine the response of a �ow to a vibratory motion. While
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Potential Euler RANS
Time-linearized :-| :-| :-)
Harmonic balance � :-| :-|
Nonlinear :-) :-) :-)

Table 3.2.: Subjective applicability of unsteady Potential, Euler and RANS solvers for
preliminary design estimates [:-) = good, :-| = mediocre, :- ( = poor, � = not
found].

this seems to be a fast and moderately accurate way of determi ning the unsteady response,
these codes do not seem to be in use any more or are not easily available.

Time-linearized Euler solvers are available and produce fa st and reasonably reliable re-
sults. The examples mentioned by Marshall & Imregun are by Hall & Lorence [73]
and Giles [62], but there are also proprietary codes (Lin3D by MTU AeroEng ines). While
these codes are being used, and are theoretically obtainabl e, they were not considered, since
they o�er less theoretical accuracy than time-linearized R ANS solvers and are slower than
time-linearized potential solvers.

Time-linearized RANS solvers have become available over th e past decades. Examples
include Chassaing & Gerolymos [33], Ning et al. [ 130] or Petrie-Repar [135]. There
exist varying approaches to treat the unsteady viscosity. S ome solvers consider the in�uence
of the unsteadiness of the �ow on the viscosity negligible (c onstant-eddy-viscosity or frozen-
� approach, DLR TRACE, Kersken et al. [ 96]), others linearize the turbulence model as
well (DLR TAU, Thormann & Widhalm [174]). The time-linearized RANS method was
considered a bene�cial trade-o� between prediction accura cy and computation speed. While
the method is currently being used for design validation pur poses, it may well be used for
preliminary aeroelastic design studies in a few years time.

While being theoretically possible, the author is not aware of any unsteady potential
solver incorporating higher harmonics of the base frequenc y.

The code by Hall et al. [ 74] was the �rst harmonic balance Euler solver explicitly deve l-
oped for turbomachines. Since most academic or commercial R ANS solvers o�er the option
of switching o� viscosity, most solvers mentioned for harmo nic balance RANS should also
have harmonic balance Euler capabilities. However, harmon ic balance introduces additional
computational steps and since time-linearized Euler was no t considered an option, neither
was harmonic balance Euler.

Harmonic balance RANS is becoming more and more a standard to ol to treat periodic
unsteadiness in �uid �ows. Examples include Bakhle & Reddy [8], Sicot et al. [ 159],
Frey et al. [ 58] but also commercial solvers feature unsteady harmonic bal ance RANS (an
example using STAR CCM+ was published by Grigoriev et al. [ 69], ANSYS �ow solvers
also include this feature according to their website). Comp uting additional harmonics
requires numerical resources. This includes increased mem ory consumption and longer
computing times compared to time-linearized solvers. Cons equently, harmonic balance was
not considered in this study.

A number of nonlinear unsteady potential solvers have been d eveloped over the years.
Marshall & Imregun only mention an article by Tatum & Giles [172], but the mentioned
code (SIMP by Rockwell International Science Center) does n ot seem to be available any
longer. Additionally, Tatum & Giles are concerned with preliminary design of supersonic
aircraft, which is not related to transonic turbomachinery applications. However, NASA
developed a full potential code (PMARC, Ashby et al. [ 5]) around the same time which
is still being used. An adapted commercial version of this co de was obtained by DLR a
few years back, and therefore code base and documentation ar e available. Considering the
matrix in table 3.2, a nonlinear unsteady potential solver is diagonally oppos ite of time-
linearized RANS solutions and was therefore considered for investigation.
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There exist a number of nonlinear unsteady Euler codes for tu rbomachinery applications.
Most of them are nowadays in combination with nonlinear unst eady RANS solvers. While
Marshall & Imregun dismissed time-linearized potential codes as inaccurate, the diago-
nally opposite (in table 3.2) nonlinear methods su�er from a di�erent problem. Especial ly
the nonlinear unsteady RANS equations need a relatively sma ll time step resolution to de-
liver reliable results. Additionally, (see chapter 2.1.6) nonlinear unsteady RANS solutions
depend on their steady state initialization. These two reas ons may lead to the necessity to
compute multiple oscillation cycles until an unsteady �con verged� solution for an oscillation
cycle is reached. This led to the disregard of nonlinear unst eady Euler as well as nonlinear
unsteady RANS solutions as options for rapid aerodynamics i n preliminary design.

The remaining options from table 3.2 are consequently the diagonally opposite approaches
� time-linearized RANS � as most most physically accurate description with the assu mp-
tion of purely harmonic �ow response and � nonlinear potential �ow � as physically most
reduced description of the �ow without assumptions about th e nature of the �ow response.
It was stated numerous times here, that many researchers reg ard the potential �ow equa-
tions as unsuitable for turbomachinery �ow, still they are b eing used with success for aircraft
design and preliminary aerodynamic turbomachinery design . Additionally considering that
the actuator disk theory (which is based on 2D potential �ow) is being used with success in
predicting stability in turbomachines, another investiga tion into the viability of unsteady
nonlinear potential methods for turbomachines seemed just i�able.

The Reduced Frequency

Having established two aerodynamic methods which are worth investigating, there remains
the question of the reduced frequency. Panovsky & Kielb [133] designed their method for
aeroelastic investigation of a low pressure turbine blade t o result in boundary values for the
reduced frequency to indicate stability depending on the ei genmode shapes. Since its �rst
publication, multiple articles were written with the basis of the Tie Dye method and its
critical reduced frequency map ( Kielb et al. [ 98], Kielb et al. [ 99], Meingast et al. [ 120]).
Preliminary design rules stated that the reduced frequency needed to be above certain
boundary values ( Sisto [161]). Belz & Hennings [14] speci�cally designed an experiment
to investigate the in�uence of the reduced frequency on the a eroelastic stability. Later,
May [115] investigated the impact of the reduced frequency on the aer oelastic stability of
a compressor blade row. Corral & Vega [42] investigated the in�uence of the reduced
frequency on the stability of a low pressure turbine. Many mo re examples can be found in
the literature.

Since the importance of the reduced frequency as a parameter in aeroelastic analysis of
turbomachinery stages has been well proven, it was conclude d that the investigation of
the reduced frequency as a possible design criterion for aer oelastic stability in preliminary
design needed to be included in this research, as well.

3.3. Time-Linearized, Forced Motion, RANS CFD

In the previous chapter, various aeroelastic methods were p resented and the energy method
was selected as most simple approach for aeroelasticity in p reliminary design. Then, the
available unsteady aerodynamic methods were compared agai nst desirable characteristics
for preliminary design and two unsteady aerodynamic method s were selected. Additionally,
it was concluded that the parameter of reduced frequency nee ds special attention when
investigating methods for rapid aeroelasticity in prelimi nary design.

The theory regarding the time-linearized module of the �ow s olver TRACE of DLR (linear
TRACE) is given in Kersken et al. [ 96]. More information on the DLR �ow solver TRACE
can be found in the appendix B. As already mentioned, only the constant-eddy-viscosity
approach (frozen- � ) is implemented into linear TRACE. According to Kersken et al., this
is justi�able for attached �ow, but not for complex �ows with separation. This has been
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veri�ed for the DLR TAU code by Thormann & Widhalm [174], who concluded that for
accurate predictions of the unsteady �ow a time-linearizat ion of the turbulence model is
necessary. Still, the implemented constant-eddy-viscosi ty approach in linear TRACE was
considered justi�able since only preliminary design compu tations were intended. Neverthe-
less, this needs to be kept in mind when considering solution s at the stall boundary of the
compressor map, since the �ow there is in�uenced by separati on phenomena.

Another e�ect not included in a time-linearized solution ar e the in�uences of higher har-
monics or neighboring blade row frequency e�ects. To calcul ate these e�ects simultaneously,
a nonlinear unsteady computation is necessary, since blade vibration frequency and neigh-
boring blade row e�ects generally do not occur at frequencie s which can be introduced as
base frequency and higher harmonics into a harmonic balance solver. However, since only
the e�ects of a vibrating turbomachinery stage on itself are considered in this study, these
e�ects can be neglected and the time-linearized module of TR ACE was used as benchmark.

Numerical Setup

The required steps to obtain an assessment of the aeroelasti c stability with the energy
method and linear TRACE ( Kersken et al. [ 96], 2.1.6.3 and B) are as follows:

Geometry de�nition: For the cases considered in this study, the geometries were a lready
prede�ned. For a preliminary design study, suitable blade a nd casing geometries need
to be de�ned in order to evaluate their �tness for the de�ned u se case. This will most
often be performed by an automated optimization algorithm. This includes the �uid
�ow volume as well as the structural properties of the stage ( bladed disk, blisk. . . ).
Depending on the scope of the preliminary design, the proper ties of the disk may be
subject to change or considered �xed.

Mesh generation: Once the geometry is de�ned, a suitable �uid �ow mesh as well a s a
suitable structural mesh need to be created. In preliminary design, this is generally
done via automated programs which receive the geometry de�n ition and return a
suitable mesh representation in the required format for CFD and FE solver. In the
examples used for this study, these were an in-house tool at t he Institute of Propulsion
Technology for the �uid domain and a suite of Python programs for the structural
domain.

Steady state �uid �ow computation: Based on the de�ned use case, a steady state CFD
computation for the aerodynamic design point (ADP) is perfo rmed with the appro-
priate boundary conditions (RPM, steady state inlet and out let values).

Hot-to-cold transformation: Modern turbomachine stages' blades deform during operatio n.
This needs to be considered when designing an aerodynamical ly optimized blade. To
determine the geometry which is manufactured, based on the o ptimal aerodynamic
geometry, a so-called �hot-to-cold� transformation is com puted. To do so, the steady
state aerodynamic pressures on the blade surface at the ADP i n the �uid �ow domain
are interpolated onto the blade surface of the FE mesh. Stead y state structural
load computations including surface pressure and rotation are then performed and
the blade's geometry is adjusted until the result of a steady state load computation
with the surface pressure at the ADP result in the optimal aer odynamic geometry.
For this study, the necessary computations were performed w ith the commercial FE
solver MSC NASTRAN in combination with a suite of Python prog rams.

Numerical modal analysis of the structure: To determine the eigenmode shapes of the tur-
bomachinery stage, a numerical modal analysis is performed . To include the in�uence
of blade surface pressure and rotation on the blades' sti�ne ss (chapter 2.2.3.3), the
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modal analysis' sti�ness matrix is always based on a previou s steady state load com-
putation with inertia and blade surface pressure load. As fo r the previous step, the
necessary computations for this study were performed with M SC NASTRAN.

Eigenmode shape mapping and deformation: To determine the aerodynamic response to a
surface deformation in an eigenmode shape, the eigenmode shape needs to be mapped
onto the CFD mesh's surface(s) and the deformations need to b e propagated into the
volume mesh. For the purpose of this study, these tasks were p erformed with tools
belonging to the DLR TRACE suite.

Unsteady time-linear RANS computation: Based on the blade surface deformation in the
eigenmode shape with the respective eigenfrequency and desired inter-blade phase
angle � n , the time-linearized unsteady �ow solution is computed.

Post-processing: The result of the time-linearized unsteady �uid �ow computa tions are
the unsteady pressures on the blade surface in relation to th e blade deformation.
These can be extracted and the aerodynamic work can be comput ed according to
equation ( 2.42). For the cases of this study, this was again performed with a suite of
Python programs.

Two important notes need to be made on the �steady state �uid � ow computation�
part and the �numerical modal analysis of the structure� par t of the aeroelastic stability
assessment with the time-linearized RANS model:

The �rst is that steady state computations need to be perform ed for each operating point
at which unsteady computations are desired. Depending on th e structural properties of the
blades, it might become necessary to include the deformatio n of the blade at the speci�ed
operating point into the steady state computation (static a eroelasticity, see Schuff et al.
[156]).

The second is that the steady state aerodynamics in�uence th e sti�ness of the blades at
each operating point and that the Campbell diagram conseque ntly is not a two-dimensional
diagram of eigenfrequencies over RPM any more, but that it ga ins a third dimension repre-
senting the pressure ratio at a given RPM. As a result, since t he steady state computation
needs to be performed anyway and FE solutions are comparativ ely cheap, it is advisable to
perform a numerical modal analysis for every investigated o perating point.

3.4. Reduced Frequency

The Strouhal number is used as a dimensionless number charac terizing the relation between
periodic events and the �ow velocity and it is de�ned as:

Sr =
f � L c

j~v j
(3.1)

In equation ( 3.1), L c de�nes a characteristic length and f and ~v are the already known
frequency and �uid �ow velocity. The characteristic length is often the diameter of the
body, for airfoils the airfoil thickness, the frequency is m ost often the frequency of the
vortex shedding of the body, but di�erently de�ned Strouhal numbers exist for various use
cases. Measured values for the Strouhal number relating �ui d �ow and vortex shedding
range from 0.12 to 0.3 depending on the Reynolds number (and t herefore on the viscosity
of the �uid) for a long cylinder.

The reduced frequency on the other hand, is de�ned as:

! red =
! � L c

j~v j
(3.2)
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The de�nitions of the Strouhal number (equation ( 3.1)) and the reduced frequency (equa-
tion ( 3.2)), are remarkably similar and the reduced frequency can be s een as one of the
adapted Strouhal numbers. The main di�erence is that the Str ouhal number uses the fre-
quency and the reduced frequency uses the angular frequency . For the reduced frequency in
turbomachines, the used properties are generally taken at 8 0% blade / channel height. The
velocity is the relative velocity experienced by the blade ( not only the axial component, but
also the rotational component). The de�nition of the charac teristic length is not unique
in the community. Some researchers use the blade semi-chord , some use the chord length
of the blade. In this research, the complete chord length was used in the de�nition of the
reduced frequency due to historical reasons.

The important aspect of the reduced frequency is, that it is a �similarity parameter� that
makes it possible to compare di�erent blade designs. This is one of the main reasons why it
became so popular in aeroelastic research. Khalak [97] investigated the comparability of
di�erent engine designs and in�uences on �utter stability. He concluded that one similarity
parameter is by no means representative for the aeroelastic stability of a design. Khalak
proposed a framework of four similarity parameters consist ing of corrected mass �ow _mc ,
corrected speed N c , compressible reduced frequency K � and reduced (structural) damping
g=� � . However, he does not provide a relation between these param eters indicating aeroelas-
tic stability. Khalak states that the �rst two �alone account for the corrected per formance
and the latter two alone account for the �ight condition�. Th e �rst half of this sentence
implies that each point in the performance map needs to be tre ated separately. The sec-
ond half of the sentence implies that the reduced frequency m ay be subject to the �ight
altitude, as well. The reduced structural damping introduc ed by Khalak does not seem
to be relevant for preliminary design purposes, where the st ructural damping is assumed
to be negligible, anyway. As a consequence, Khalak 's �ndings help to compare di�erent
designs, but they do not contribute to �nding better design p arameters.

Another similarity parameter used in aeroelastic design is the mass ratio between vibrat-
ing blade and �uid mass. That the combination of �reduced fre quency and mass ratio are
not su�cient measures of aeroelastic similarity� was concl uded by Stapelfeldt & Vahdati
[166].

Corral & Vega [43] and Vega & Corral [182] investigated the in�uence of the reduced
frequency on the aeroelastic stability at length and derive d the implications of changes in
reduced frequency on the stability. They are again mainly co ncerned with turbine appli-
cations and cannot provide a boundary value independent of t he �ow case which indicates
aeroelastic stability.

Even though Sisto [160] dismisses methods that determine the �utter susceptibili ty of
rotors purely via the reduced frequency as �empirical� and t herefore not capable of capturing
the complex relations responsible for aeroelasticity in hi s introduction to the AGARD Man-
ual on Aeroelasticity in Axial-Flow Turbomachines , a relation between aeroelastic stability
and reduced frequency is postulated by many researchers.

Therefore, it was decided to investigate the impact of the re duced frequency on the
aerodynamic damping based on the boundary values for the red uced frequency for bending
and torsional eigenmode shapes presented by Sisto [161].

Eigenmode shape Design rule
First bending ! red > 0:4
(relaxed form) ! red > 1

3
First torsion ! red > 1:6

Table 3.3.: Reduced frequency design rules to prevent aerodynamic exci tation of turbo-
machinery parts used during the middle of the 20 th century ( Sisto [161]).

It is worth noting that these correlations were applied at th e aerodynamic design point
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(ADP) and were supposed to indicate the �utter susceptibili ty of a rotor design in the
complete operating range ( Sisto [161]).

The reduced frequencies for a range of aerodynamic designs of a research fan demonstrator
were computed with a suite of Python programs and compared to the minimal aerodynamic
damping computed for the respective design. Results and dis cussion of this analysis are
presented in chapter 4.2.

3.5. Nonlinear Potential Aerodynamics

Before the large scale use of RANS or even Euler CFD methods, p otential �ow solvers
were used to determine the �ow around objects. At the DLR Inst itute of Aeroelasticity,
potential methods are frequently used to determine the aero elastic stability of airplane
con�gurations ( Voÿ et al. [ 187], Hebler & Thormann [76], Friedewald et al. [ 59]). The
method used in these articles is a frequency domain doublet l attice method (DLM). This
has the advantage that aerodynamic responses to harmonic de formations of the structure
can be solved directly. However, the used doublet lattice me thods are only valid for thin
planar wings.

Since potential �ow methods are being used successfully to a ccelerate the aeroelastic
stability assessment of aircraft wings in the design phase, this might be an option for
turbomachinery as well. Potential �ow methods result in a li near equation system which
can be solved very e�ciently, ergo fast. Their main disadvan tage is that they become
incorrect for higher Mach numbers when compressibility and shocks cannot be neglected
any longer. Since Hebler & Thormann [76] and Friedewald et al. [ 59] showed that DLM
methods can be corrected with a very limited number of unstea dy RANS calculations, this
problem might be solved for turbomachines as well.

When choosing a suitable potential �ow method, there are cer tain aspects that need to
be considered:

Vortex Lattice Method

� Inviscid

� Irrotational

� Incompressible with extensions for
compressibility correction

� 3D method based on surface panels

� Steady state with extensions for
unsteady time stepping

� Panels are independent of each other.
Triangular panels are permissible.

Doublet Lattice Method

� Inviscid

� Irrotational

� Incompressible with extensions for
compressibility correction

� Only planar wings

� Steady state with extensions for time-
linearized unsteady harmonic defor-
mations

� The panels need to be rectangular and
in direction of the main �ow

Since turbomachinery parts often possess a non-negligible curvature and hub and shroud
in�uence often cannot be neglected, DLM was not considered a n option. Therefore it
was decided to examine the possibility to incorporate metho ds for fast turbomachinery
aeroelasticity (cyclic symmetry, rotating wakes etc.) int o the vortex lattice code CMARC.

3.5.1. CMARC

In the 1980s, NASA had need of a �well-documented code, suita ble for powered-lift aerody-
namic predictions, with an open architecture which would fa cilitate making modi�cations
or new features� ( PMARC Manual [5]). It was based largely on a version of VSAERO,
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written in FORTRAN and became very popular in the scienti�c c ommunity due to its open
architecture which allowed for modi�cations of the program . Still, it is not open-source and
therefore not publicly available.

There exists however a fork of PMARC-12 called �CMARC� which was converted to C
and can be purchased with sources. The theory of the potentia l �ow solver CMARC is given
in appendix C. DLR Institute of Aeroelasticity obtained this code and its applicability to
turbomachinery problems, especially unsteady forced moti on calculations, were explored.

To accomplish this, a few obstacles needed to be overcome:

� The code was capable of treating vertical (in�uence of secon d half of the airplane) and
horizontal (ground e�ects) symmetry. Cyclic symmetry was n ot available, and since
the size of the linear equation systems of potential methods increases quadratically
with the number of panels and blade numbers can be quite subst antial, this needed
to be incorporated.

� In the original design, body surface velocities could be des cribed to simulate the
motion of a part of the model, but no harmonic oscillation of t he surface velocities was
implemented. Consequently, a surface deformation algorit hm needed to be written.

� Even though designed as an �open architecture� code, the con version to C and the age
of the program introduced some dependencies which needed to be addressed before
changes in the code could be implemented.

3.5.1.1. Cyclic Symmetry Implemented into CMARC

CMARC computes the dependency of the aerodynamics at one spe ci�c surface panel on
the body's surface depending on the properties of all other s urface panels via aerodynamic
in�uence coe�cients according to an equation presented in a ppendix C (equation ( C.13)).
The algorithm implemented to compute these for symmetry cas es, is straight forward:
Simply mirror each panel on the speci�ed symmetry plane and c alculate the additional
in�uence. Then, the in�uence of the complete geometry on the panel is considered.

Likewise, for wake panels, the in�uence of wake panels for ea ch time step is computed
by mirroring the wake panels on the symmetry planes and calcu late the in�uence of the
additional wake.

This approach has been kept and has been extended to cyclic sy mmetry about the global
x-axis of the model (which is supposed to be the main �ow direc tion) for the computations
of this thesis.

1. The implemented algorithm is only called if a cyclic symme try is demanded by the
input.

2. Depending on the number of cyclic sectors N , the sector angle is computed ( 2�
N ).

3. When computing the in�uence coe�cient matrices for surfa ces and wakes, the re-
garded panel is rotated additional N � 1 times and the in�uences on the regarded
panel are summed up.

The consequence of this approach is an increased in�uence co e�cient matrix creation
time (also in each virtual time step to consider the wakes), w hile the in�uence coe�cient
matrix is only as large as the number of panels squared of the s peci�ed rotor section. Still,
due to a fast implementation in C, the overall matrix generat ion time is small compared to
the linear equation solution time.
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Figure 3.1.: Implemented cyclic symmetry approach. For each panel (exam ple panel
green, at the tip of the arrows), the in�uence of all other pan els and itself is
calculated and results in one row of the in�uence coe�cient m atrix. Since it
is assumed that the velocity potential at each cyclic symmet ric panel (red, at
the base of the arrows) has the same magnitude, the in�uence o f these panels
is summed up and results in the in�uence coe�cient of the resp ective panel.

3.5.1.2. Harmonic Surface Oscillation Implemented into CM ARC

Surface deformations can be prescribed via surface normal v elocities in CMARC. In equa-
tion ( C.13), the source term is normally zero since the surfaces are con sidered impermeable.
To prescribe a surface motion, the surface normal velocity a t the panel is explicitly given
and the panel source term is set to the appropriate value.

Since there was no routine which implemented a harmonically oscillating surface normal
velocity, the possibility to prescribe a surface deformati on at the corner points of the panels
was created for this work.

~x (t) = a � sin (!t )

_~x (t) = ! � a � cos (!t ) with ! = 2 � � � f
(3.3)

Now, it is possible to give a maximum surface deformation vec tor at each panel corner
point (see �gure 3.2 for the surface deformation of the NACA3506 pro�le used in th e
RPG experiments). This maximum surface deformation vector at the corner points is then
averaged over the panel to result in the maximum surface defo rmation vector at the panel
control point. Together with an oscillation frequency whic h has to be prescribed as well,
equation 3.3 can be used to compute the panel control point velocity at eac h point in time
for an unsteady time stepping simulation. Computing the sca lar product of this panel
control point velocity and the panel normal vector results i n the panel control point normal
velocity at the respective point in time.

This then results in a source term which is harmonically osci llating. For every time step,
this source term is calculated again and represents the righ t hand side of the equation, since
the source is known. Only IBPA 0� has been implemented, yet. For time-resolved potential
�ow simulations with IBPAs di�erent from 0� , the source in�uence coe�cient matrix would
have to be updated at runtime. The results given in chapter 4.3 show, that the neglected
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Figure 3.2.: Implemented surface deformation of a NACA3506 prismatic pr o�le (exam-
ple).

compressibility and viscosity lead to very large di�erence s between theoretical solution and
experiment. Consequently, the research was stopped at this stage for this thesis.



4. Explored Approaches for Rapid Flutter
Estimation for Turbomachinery in Preliminary
Design

In chapter 2, the theoretical background of turbomachinery aeroelasti city has been estab-
lished. Chapter 3 then introduced the di�erent available unsteady aerodynam ic methods
which might be used to rapidly assess the aeroelastic stabil ity in an early design phase.
Important aspects of the selected methods were introduced, as well.

In this chapter, the results obtained during the exploratio n of the three selected concepts
(chapter 3.2.3) which can be used to obtain a single value describing the �ut ter susceptibility
of a given rotor setup are presented. Also, the selected exam ple use cases for each concept
taken from DLR projects are introduced.

The �rst method presented (chapter 4.1) is the base line approach which resembles the
�nal aeroelastic stability proof of a turbomachinery stage as it is performed traditionally,
at the Institute of Aeroelasticity. The �utter proof for a com plete demonstrator rotor with
the energy method and unsteady time-linearized RANS CFD is pr esented. Subsequently,
methods are introduced which reduce the numerical e�ort whi le trying to maintain a sim-
ilar �utter assurance as a complete computation. The numeric al e�ort is evaluated and
estimations are made, when a �utter assessment in prelimina ry design with a time-linear
RANS method becomes feasible.

The second investigation presented (chapter 4.2) is an investigation into the relation
between reduced frequency and �utter susceptibility to det ermine if the reduced frequency
might be used as a design criterion in preliminary turbomach inery design.

The third part of this chapter (chapter 4.3) presents the research conducted to assess the
viability of unsteady potential �uid �ow methods for use in t he standard approach instead
of 3D RANS methods.

Finally, in chapter 4.4 the obtained results are summarized for each investigated a p-
proach.

4.1. Perspective Application of Time-Linearized RANS
Aerodynamics in Preliminary Design

It has been demonstrated that time-linearized unsteady CFD methods are capable of pre-
dicting the unsteady aerodynamic response to a harmonic exc itation correctly (see e.g.
Widhalm & Thormann [193]). At DLR, the time-linearized module of the TRACE CFD
solver is used to determine the �utter susceptibility of tur bomachinery rotors. In this chap-
ter, the full numerical �utter susceptibility computation s for one evolution step of a counter
rotating demonstrator rotor are presented, followed by inv estigated approaches to reduce
the numerical cost for a �utter susceptibility estimation v ia time-linearized methods.

4.1.1. DLR CRISPmulti Counter Rotating CFRP Fan Demonstrat or as Test
Object

Already in 1996 - 1999, DLR and MTU investigated the possible uses and advantages of
a counter rotating fan manufactured from carbon �ber materi al in a joint project called
CRISP ( Schimming et al. [ 152]). At that time, a demonstrator (called CRISP-1m) was



4. Rapid Approaches for Flutter Estimation 54

(a) CRISP-1m rotor. (b) CRISPmulti (evolution stage 1633).

Figure 4.1.: DLR CRISP rotors.

manufactured and tested in the M2VP wind tunnel of the DLR Ins titute of Propulsion
Technology (see �gure 4.1a).

By 2010, substantial progress had been made in the developme nt of automated optimiza-
tion design procedures for turbomachinery bladings. Since counter rotating fans promise
e�ciency advantages and therefore fuel savings, a new proje ct called CRISP2 (later re-
named CRISPmulti) was launched to exploit the advancements made in turbomachinery
design and demonstrate the uses of a counter rotating fan arr angement. To demonstrate
the advanced design abilities, the geometry of the CRISP-1m demonstrator was to be im-
proved with automated optimization design methods (see app endix D for information on
the automated design process Auto-Opti of the DLR Institute of Propulsion Technology).
The main goals were a 2% increase in e�ciency compared to a sin gle rotating fan and
30% weight savings due to modern carbon �ber blades as well as the demonstration of a
novel manufacturing technique for carbon �ber fan blades. T he intended �nal result of
the project was a demonstrator to be tested in the modernized M2VP wind tunnel using
the existing shaft and bearing systems of the CRISP-1m test r otor. Reusing the shaft and
bearing system �xed the number of blades for rotor 1 to 10 and r otor 2 to 12. Similarly, the
axial distance between the two rotors and the diameter of the test rotor were to be equal
to the CRISP-1m rotor ( ? = 1 m).

The novel manufacturing technique for carbon �ber fan blade s consists in an approach
that permits a higher degree of automation of the manufactur ing process. Flat plates with
the desired carbon �ber layup and a thermoplastic resin are p re-manufactured (or ordered).
These plates are then deformed in a hot press, liquefying the resin and molding the plate
into the shape of the desired fan blades. As a �nal manufactur ing step, the blade geometry
is milled from the re-solidi�ed deformed plate (see Forsthofer & Reiber [53]). With
this approach, the main advantage of CFC materials (�ber ori entation along the main
load direction in 3D) is preserved while trading o� a small re duction in material strength
(thermoplastic resin instead of thermosetting resin) for a higher degree of automation.

Once the aerodynamic and structural design phase was conclu ded, a full aeroelastic sta-
bility proof was conducted with the energy method and the tim e-linear RANS method
integrated in TRACE.

The CRISPmulti demonstrator will also be used as a test case f or the investigation of the
reduced frequency. However, the focus between the two inves tigations is di�erent. While
the focus of chapter 4.1 is on the in-depth investigation of one design step and methods to
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decrease the amount of computational resources necessary, chapter 4.2 is concerned with
the aeroelastic similarity of many di�erent design steps and the conclusions which might
be drawn concerning the aeroelastic stability from the redu ced frequency. Still, the di�erent
design geometries will be used in in chapter 4.1 as well to demonstrate possible similarities.

4.1.1.1. Finite Element Model of CRISPmulti

(a) CRISPmulti rotor 1 blade FE model. (b) CRISPmulti rotor 2 blade FE model.

Figure 4.2.: CRISPmulti FE models for rotor 1 and rotor 2, one blade each, b lade thick-
ness in mm , cyan bullets indicate cyclic symmetry nodes.

To determine the eigenmode shapes and eigenfrequencies of the manufactured blades,
an FE model of the two rotors of the CRISPmulti demonstrator w as created based on the
optimal aerodynamic geometry found during the design phase (see �gure 4.2). The models
consisted of 16560 quadrilateral shell elements and 19310 v olume elements for rotor 1 and
14640 quadrilateral shell elements and 19298 volume elemen ts for rotor 2. The reason for the
hybrid �at shell / volume element approach was the considera ble steady state deformation
of the blades under inertial and surface pressure loads. Thi s is elaborated in appendix E.1,
where the FE model is presented in detail.

The bases of the two models were created once with �tradition al� FE meshing tools.
The shell element meshes of the blades were created automati cally with Python programs
speci�cally written for this purpose based on the aerodynam ic geometries. Consequently, it
was proven that the automated FE computation in the prelimin ary design process performs
reliably. Additionally, accurate FE models (and therefore also numerical modal analyses)
were available for each investigated geometry.

Then a �hot-to-cold� (or �unrunning�) computation was perf ormed (see appendix E.2 for
details), resulting in the �nal discretized representatio n of the two demonstrator rotors for
�nite element computations.

4.1.1.2. CFD Setup of CRISPmulti

For the �nal aeroelastic stability design proof of the CRISP multi demonstrator, a CFD
mesh with an intermediate mesh resolution was used. It was fo und in the project (see
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Figure 4.3.: CFD mesh of the CRISPmulti rotors used for the CFD computatio ns with
TRACE. Inlet (green, 1 ), outlet of the rotor 1 passage (green, 2 ), inlet
of the rotor 2 passage (green, 3 ), outlet (green, 4 ), hub (blue, 5 ), shroud
(orange, 6 ), blade rotor 1 (red, 7 ), blade rotor 2 (red, 8 ), bold black lines -
cyclic symmetry boundaries.
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Figure 4.4.: Compressor Map of CRISPmulti evolution step 0284 (member = e volution
step). OP0 - OP4 denote the operating points calculated duri ng the auto-
mated optimization process.
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appendix E.4) that the global unsteady aerodynamic properties are predi cted by linear
TRACE almost independently of mesh resolution. The used mes h had 803680 cells for the
rotor 1 passage and 821600 cells for the rotor 2 passage. For di�erent evolution steps of
the CRISPmulti rotor, compressor maps were calculated in or der to assess the aeroelastic
stability for the whole operating range of the fan based on th ese steady state results.

The compressor map in �gure 4.4 compares two evolution stages (called �Member� in
Auto-Opti) investigated towards the end of the optimizatio n process of CRISPmulti. The
�rst one (0284) was computed with the coarser optimization m esh (see appendix E.4),
the second one (1633) was computed with the �nal mesh present ed in �gure 4.3. It is
obvious that the steady state aerodynamic changes between d i�erent evolution steps and for
di�erent mesh resolutions are minute. This is often the case in late stages of an automated
optimization process since a very good value for most target functions has been found and
the margins for improvement decrease. The additionally ind icated operating points (OP0 -
OP4) in �gure 4.4 are the steady state aerodynamic solutions which were calcu lated in
the automated optimization to determine the suitability of this particular geometry for the
given aerodynamic requirements. Not all �ve indicated oper ating points were calculated
in each optimization. For these two particular evolution st eps, OP4 (70% RPM, close to
the surge boundary) was not calculated, therefore there is n o dot indicating a steady state
solution in �gure 4.4.

Comparison of Unsteady Aerodynamic Computations on Coarse and Fine Mesh

For all evolutionary steps of the CRISPmulti rotors, the CFD mesh from the automated
optimization was used for the subsequent aerodynamic and ae roelastic analyses. This is in
many ways not optimal, since the mesh resolution is coarse an d the mesh quality is often not
very good (element warp etc.), but the sheer number of di�ere nt geometries did not permit
a time-consuming individual mesh generation process for th e aeroelastic computations.
Additionally, for a fast �utter estimation process to be usa ble in an preliminary design, it
needs to work on the meshes generated by the optimization too ls.

Therefore, a mesh comparison study was conducted for the tim e-linearized unsteady
computations with a very �ne mesh created by hand speci�call y for the respective geometry
and the optimization mesh. It was found that the unsteady tim e-linear RANS computations
of linear TRACE result in very similar unsteady �ow, indepen dently of the mesh resolution.
See appendix E.4 for details. Since the main goal of the investigations were q ualitative
results in a preliminary design cycle, these minute di�eren ces were deemed acceptable.

4.1.1.3. Preliminary Design Geometries of CRISPmulti

Besides the already mentioned aspects, another goal of the C RISPmulti project was the
integration of as many design aspects as possible into an aut omated optimization tool chain
to obtain the most suitable blade geometry for a given task wi th as little human work as
possible. Since aeroelastic investigations are only possi ble late in the design phase, one ma-
jor goal was to integrate aeroelastic design parameters alr eady into the automated design
algorithms. As a result, already in the early design stages, �utter estimations were per-
formed parallel to the optimization procedure in order to id entify such an aeroelastic design
parameter. As a consequence, a large database of di�erent co n�gurations and aerodynamic
damping values at various operating points has been generat ed.

Table 4.1 presents a short overview of the design geometries obtained over the di�erent
preliminary demonstrator design cycles. The di�erent blad e and eigenmode shapes of the
investigated geometries are presented in �gures E.8 - E.37 in the appendix. Figure E.8 and
�gure E.11 highlight the fact presented by Schuff & Chenaux [155] that the CRISPmulti
demonstrator is prone to mode coupling, since the aerodynam ic load on the blade surface
(OP0 and OP1 have the same RPM) leads to a substantial change i n eigenmode shape for
the earlier design evolution steps.
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Design Designations Operating Points
Design cycle 8: 0944, 1175, 1221, 1240, 1428, OP0, OP1, OP3, OP4

1663, 1682, 1685, 1710, 1822,
1898, 1981, 2001, 2016, 2033,
2036, 2077, 2088, 2221, 2248

Design cycle 11: 4455, 5290, 5616, 5642 OP0, OP1, (OP3, OP4)
Design cycle 12: 5380, 5471, 5489 OP0, OP1, OP2, OP3
Design cycle 14: 2549, 2559, 2661 OP0, OP1, OP2, OP3
Design cycle 15: 5696, 5696_A1, 5696_A2, OP0, OP1, OP2, OP3

5696_A4, 5696_nurCFK
Design cycle 16: 0284, 1176 OP0, OP1, OP2, OP3
Design cycle 17: 1633 OP0 (Compressor map derived)

Table 4.1.: Available design evolution stages of the CRISPmulti demons trator fan.

4.1.2. Full Aerodynamic Stability Analysis of a given Evolu tion Step of
an Automated Optimization
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Figure 4.5.: Compressor map of the CRISPmulti rotors with estimated oper ating bound-
aries.

The operating conditions of turbomachines and especially a eroengines are variable. There-
fore, turbomachines have a certain operating range in which they need to perform accept-
ably. For a fan or compressor this operating range is visuali zed in a compressor map
depicting the total pressure ratio over the air mass �ow thro ugh the stage. To be able
to also describe a compressor's performance at di�erent ope rating conditions, generally the
corrected mass �ow is used as x-axis of the compressor map. Th ere are two ways of comput-
ing the corrected mass �ow (see Bräunling [26]), one correcting the mass �ow only with
the total pressure and total temperature, and one correctin g the mass �ow to a reference
total pressure and reference total temperature. For all com pressor maps of CRISPmulti,
the total inlet pressures and temperatures were the referen ce pressure and temperature at
sea level, therefore the mass �ow axis is implicitly the �cor rected� mass �ow axis according
to the second mentioned correction formula.

In �gure 4.5, the operating conditions of the CRISPmulti fan are limited by the maxi-
mum RPM, the surge boundary, the choke boundary and the press ure ratio boundary. To
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determine the �utter susceptibility of a given rotor, the ei genmode shapes with the lowest
frequencies need to be tested for aeroelastic instability. As already found by Fottner [54]
(see �gure 1.3), it is undetermined, where �utter will occur in the compres sor map. It is
therefore customary to cover the full operating range of the rotor with a su�cient number
of steady state calculations and then perform unsteady forc ed motion (not to be confused
with forced response) for each IBPA of each eigenmode shape.

(a) Blade deformation
which is mapped
on the blade sur-
faces of the CFD
mesh.

(b) Resulting complex unsteady pressure on the
blade surface (real part on the left, imagi-
nary part on the right, the indicated values
are in [P a ]).

(c) Local aerodynamic
damping result-
ing from blade
deformation and
unsteady surface

pressure (
h

1
m 2

i
).

Figure 4.6.: Illustration of the results on the blade surface of a forced m otion CFD sim-
ulation of eigenmode shape 1 computed with modal mass 1 at 0 � IBPA and
scaled with 0.0001 at the aerodynamic design point.

Generally, the operating range is covered in steps of 10% RPM starting at 50% RPM,
reducing the RPM steps towards 100% RPM and beyond. The press ure ratio range is also
covered by about 8 to 10 operating points per RPM line. This co vers the operating range
su�ciently to identify areas with aeroelastic stability pr oblems.

In general, this amounts to the following tasks necessary to assess the aeroelastic stability
of a rotor in it's operating range:

� Generate a compressor map of the turbomachinery stage at han d.

� Perform steady state CFD calculations for 6 - 8 RPM lines with 8 - 10 pressure
ratios each (dots on the RPM lines in �gure 4.5) in order to resolve the compressor
map to an engineering degree of accuracy.

� Depending on the amount of blade distortion due to inertia an d blade surface
pressure, the steady state deformation needs to be consider ed (Schuff et al.
[156]).

� Calculate the eigenmode shapes and eigenfrequencies at each operating point depend-
ing on inertia load and blade surface pressure load (see �gur e E.4 in the appendix for
a summary of the numerical modal analyses carried out for the design proof geometry
of CRISPmulti).

� Perform an aeroelastic stability analysis for each operati ng point.
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� Run an unsteady forced motion CFD simulation for each IBPA of the �rst three
eigenmode families. The results on the blade surfaces for th e aerodynamic de-
sign point with a blade deformation in the �rst bending eigen mode shape with
IBPA 0 � as shown in �gure 4.6.

� Determine the aeroelastic stability based on blade deforma tion and unsteady
pressure on the blade surface. Based on equation ( 2.42), the local aerodynamic
work is calculated from blade deformation (�gure 4.6a) and complex unsteady
pressure on the blade surface (�gure 4.6b). The negative real part of the lo-
cal aerodynamic work is the local aerodynamic damping (�gur e 4.6c, see chap-
ter 2.3.5).

� The overall result for each operating point is the global aer odynamic damping �
(local aerodynamic damping summed up for the blade) in an �ae rodynamic damp-
ing diagram� (�gure 4.7a). In this thesis, it depicts the logarithmic decrement of
the global aerodynamic damping � for each IBPA � n for the eigenmode shape
families taken into account.

� To assess the �utter susceptibility of a turbomachinery sta ge over the whole operating
range, the minimum values for each mode shape family of each a erodynamic damping
diagram are extracted. Then, a compressor map depicting the minimum aerodynamic
damping � for each eigenmode shape family (�gures 4.7b - 4.7d) and for all mode shape
families combined (�gure 4.7e) can be compiled.

If such an aeroelastic stability analysis was to be implemen ted into an automated opti-
mization design program, the cost would be immense: Steady s tate CFD calculations would
increase from 3 - 5 to 30 - 50. Additionally, numerous unstead y aerodynamic forced motion
simulations would have to be performed. If three eigenmode s hape families are consid-
ered (which is an engineering standard for aeroelastic stab ility computations for the design
proof), and 10 blades are assumed for the rotor (which is a ver y low estimate originating
from the CRISPmulti fan, any number below might be considere d a propeller), 30 unsteady
CFD simulations are necessary per operating point.

Even if time-linearized methods are used, where one unstead y solution uses the same
order of magnitude of computational resources as a steady st ate solution, the numerical
cost to check one evolution step would increase by about thre e orders of magnitude. If one
assumes that preliminary design is performed using an autom ated optimization method and
a normal automated optimization to take a few days, this woul d increase the time necessary
to a few years.

Consequently, the remainder of chapter 4.1 is devoted to the investigation of methods
which promise a reduction of computational e�ort without co mpromising the validity of the
results.

4.1.3. Reduction of Operating Points

To reduce the amount of necessary calculations, a close look at Fottner [54] (�gure 1.3)
readily results in a rough estimate where �utter might occur in the operating range. Keep in
mind that the goal of these investigations is a fundamental i ndicator in preliminary design
if any given rotor structure will be susceptible to �utter, n ot a full �utter analysis. This
full �utter analysis has to be performed in detail for the �na l design proof later on in the
design process.

If only operating points at the compressor map boundaries ar e tested for aeroelastic
stability, the amount of calculations necessary can be redu ced substantially (�gure 4.8).
One approach would be to perform time-linearized CFD simula tions for each RPM step
just at the surge and choke boundary. The maximum RPM line wou ld still have to be
calculated completely. If these operating points show stab le behavior, this is an indicator
for aeroelastically stable behavior in the whole operating range.
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(a) Aerodynamic damping diagram for one operating
point depicting the overall damping values of the blade
for each IBPA.

(e) Minimum damping values of all 3 eigenmode families
in the compressor map.

(b) Minimum damping values of
eigenmode family 1 in the com-
pressor map.

(c) Minimum damping values of
eigenmode family 2 in the com-
pressor map.

(d) Minimum damping values of
eigenmode family 3 in the com-
pressor map.

Figure 4.7.: Illustration of the results of multiple forced motion CFD si mulations in the
compressor map. Shades of green indicate positive minimum d amping values,
shades of red indicate negative minimum damping values.
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Figure 4.8.: Compressor map with highlighted operating points at the ope rating bound-
aries.

Another estimation of the number of necessary computations would then result in the
reduced numbers of 15 - 20 steady state CFD calculations (ope rating points) per design.
The number of unsteady forced motion computations per opera ting point would not be
a�ected by this reduction.

A simple comparison shows that the implementation of this ap proach still would increase
the computational resources necessary for an optimization step by two orders of magnitude
(present approach 3 - 5 steady state computations vs. 15 - 20 s teady state computations plus
at least 450 unsteady forced motion CFD simulations).

4.1.4. Sine Approximation of the IBPA with the Lowest Aerody namic
Damping

From the last two chapters, it became apparent that the main i ncrease in numerical e�ort
to determine the aeroelastic stability at an operating poin t originates from the number of
unsteady forced motion CFD simulations necessary to obtain the aerodynamic damping
diagram (�gure 4.7a).

Panovsky & Kielb [133] investigated the stability of a low pressure turbine with a quasi
3D Euler code. They surmised that it is su�cient to compute as little as three in�uence
coe�cients to determine the minimum aerodynamic damping at a certain aerodynamic
design point. Based on three fundamental rigid body mode sha pes, Panovsky & Kielb
then deduce the aeroelastic stability of all other possible rigid body mode shapes.

It has been established in chapter 3.1.7, that the superposition of 2D mode shapes is not
readily feasible for modern compressor blade shapes with ei genmode shapes not adhering
to classical rigid body motion.

However, experience at the Institute of Aeroelasticity con curs with the observation of
Panovsky & Kielb that the aerodynamic damping diagram exhibits a roughly sin usoidal
shape (�gure 4.9). This can be explained via the theory of in�uence coe�cient s (seeHana-
mura et al. [ 75] or May [116]) which states that the result of a blade's in�uence on itsel f is
almost always positive damping and independent of the IBPA ( might be interpreted as the
horizontal mean in �gure 4.9). The in�uence of the neighboring blades results in additio nal
damping or excitation depending on the phase shift (IBPA) of the oscillation of the blades,
resulting in a nice sinusoidal shape of the aerodynamic damp ing diagram. The blades fur-
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Figure 4.9.: Comparison of an aerodynamic damping diagram to a �tted sine curve.

ther away introduce higher harmonics into the aerodynamic d amping diagram, but their
contribution is negligible in most cases.

There are cases where the aerodynamic damping diagram does n ot exhibit a sinusoidal
behavior (this is often observed for turbine blades with shr ouds or at operating points close
to the surge line) or where there are individual IBPAs substa ntially deviating from the
sine curve in positive or negative damping direction (this i s often attributed to acoustic
resonance). However, for an automated optimization algori thm where predominantly a
trend for the development of the aerodynamic damping � is desired, approximating the
`aerodynamic damping' vs. `IBPA' curve with a sine wave migh t lead to acceptable results
(Blocher & Aulich [19]).

If a sine wave with wavelength 2� , arbitrary phase shift and y-axis shift x is assumed for
the global aerodynamic damping � , one can write:

� ( � ) = x + x1 � sin ( � ) + x2 � cos (� ) (4.1)

In equation ( 4.1), x, x1 and x2 are the unknown factors describing the sine wave. If three
global aerodynamic damping values � for three IBPA values of the sine curve are known, a
linear equation system arises which can be solved for the unk nowns x, x1 and x2 .
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In equation ( 4.2), the subscripts 1 , 2 and 3 of the IBPA � do not refer to nodal diameters
but only refer to three distinct IBPAs. Pre-multiplying wit h the inverse of the coe�cient
matrix solves this linear equation system.
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Consequently, the least aerodynamic damping over the IBPA r ange can be derived from
the sine curve computed with equation ( 4.3) based on three computed IBPAs. Solving
such a linear equation system is largely done with pre-imple mented numerical solution
algorithms, but investigating the de�nition of the inverse of a matrix shows that there are
IBPA combinations resulting in more reliable sine wave appr oximations than others.
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The optimal distribution of these three sample IBPAs in orde r to obtain a reliable sine
curve estimation were determined to be 0� and the two IBPAs closest to � 120� (see ap-
pendix F). Based on these �ndings a substantial number of computed ae rodynamic damping
diagrams were evaluated.

4.1.4.1. Test of the Sine Curve Hypothesis on CRISPmulti Evo lution Steps

To test the validity of a sine curve approximation for the glo bal aerodynamic damping �
over IBPA, all the calculated full aeroelastic stability an alyses from the CRISPmulti project
were subjected to a sine curve evaluation. For rotor 1, the in itial IBPAs evaluated were
0� , 108� and � 108� , for rotor 2 0� , 120� and � 120� . Then, the IBPA with the predicted
smallest global aerodynamic damping � and its two neighbors were checked. If one of the
two neighbor's aerodynamic damping was smaller than the pre dicted IBPA's aerodynamic
damping, the IBPA curve was evaluated further in the directi on of smaller aerodynamic
damping.
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Figure 4.10.: Aerodynamic damping diagrams of cases tested during the CRI SPmulti op-
timization where a sine approximation failed to predict the correct IBPA
with the smallest global aerodynamic damping � (circles = global minimum,
x = predicted minimum, normal lines and dashed lines as well a s di�erent
colors only serve to di�erentiate the design geometries). T he line colors only
serve to di�erentiate between the failed cases.

Overall, this approach yielded a very high success rate ( � 96%) whilst predicting a
reduction of computational resources by about 50% for these rotors with a very small
number of blades. The failed cases are depicted in �gure 4.10 and show a relation between
the shape of the aerodynamic damping diagram and the operati ng point for which they
were calculated. The operating points on the working line of the fan (OP0 and OP3) show
a roughly sinusoidal behavior even though the global minimu m was not found. The cases
where the minimum aerodynamic damping could not be predicte d at OP1 (100% RPM, close
to the surge boundary, see �gure 4.4) do not show a sinusoidal behavior. Even though the
correct IBPA with the smallest global aerodynamic damping � was not identi�ed correctly,
the magnitude of the smallest global aerodynamic damping wa s predicted with a very small
error. However, while this is true for the tested cases, this cannot be assumed for di�erent
turbomachinery designs.

4.1.4.2. Results of the Tests for a Sine Curve Approximation

The tests performed on the already simulated cases of the CRI SPmulti optimization showed
that a sine curve approximation with testing for success res ults in a correct prediction in
the majority of cases. However, a pure sine approximation wi th only three points and



4. Rapid Approaches for Flutter Estimation 65

prediction of the minimum global aerodynamic damping will r esult in unreliable results
(Blocher & Aulich [19]). Therefore, the sine curve approximation might be used in an
automated optimization algorithm, but at least 5 - 6 IBPAs wi ll still need to be calculated
for each case.

Following the reasoning already used for the previous numer ical load estimations, the
number of necessary steady state computations at the select ed operating points would be
in the range of 15 - 20 (if only the operating boundaries are ta ken into consideration based
on chapter 4.1.3). The number of unsteady forced motion computations per ope rating point
would reduce to � 6.

A simple comparison shows that the implementation of this st ill would increase the com-
putational resources necessary for the overall optimizati on by almost two orders of magni-
tude (present approach 3 - 5 steady state computations vs. 15 - 20 steady state computations
plus at least 270 unsteady forced motion CFD simulations [3 e igenmode shape families, 6
IBPAs each, per steady state operating point]).

4.1.5. Similarity Methods

During the optimization of the CRISPmulti rotors, it became apparent that some evolution
steps showed a very similar aeroelastic behavior to others. Especially, the aerodynamic
damping diagrams of some cases were almost identical. It was also observed that the
changes in blade geometry tested by the automated optimizat ion algorithm to achieve an
improvement in aerodynamic e�ciency often were minute in la ter stages of the optimization.

Since the blade material was not part of the optimization, it was concluded that very
small changes in geometry lead to very small changes in eigen behavior and aerodynamics.
Very small changes in eigenbehavior and aerodynamics in tur n lead to similar aeroelastic
stability.
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Figure 4.11.: Aerodynamic damping diagrams for cases with similar MAC val ues. The
curves were computed at the same aerodynamic operating poin t for 10 dif-
ferent blade geometries and their respective eigenmode sha pes.

Figure 4.11 illustrates this correlation. The di�erent red, green and b lue lines are aerody-
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namic damping � values at the same operating point for di�erent design stage s of CRISP-
multi with very similar geometries and very similar eigenbe havior. Even though the aero-
dynamic damping vs. IBPA curves vary (especially for mode sh ape family 1), the general
shape is similar and the location of the general minimum is si milar, as well.

Mayorca et al. [ 117] used the MAC (modal assurance criterion) to successfully d etermine
the similarity of eigenmode shapes in aeroelastic investig ations. Based on this, an even
more radical reduction approach was investigated (see Blocher & Aulich [19]): If the
MAC values of di�erent optimization evolution steps are su� ciently similar, it might be
permissible to predict the IBPA with the smallest aerodynam ic damping from previous
aeroelastic stability analyses.

The MAC value is de�ned as:

MAC =

�
�
� ~� T

1 � ~� 2

�
�
�
2
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�
� ~� T

1 � ~� 1

�
�
� �

�
�
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2 � ~� 2

�
�
�

(4.4)

The ten very similar `global aerodynamic damping' vs. `IBPA ' curves for eigenmode shape
family 1 in �gure 4.11 have the following MAC values when compared to the eigenmode
shape with the smallest evolution step number:

Con�g. 1 vs. MAC value Con�g. 1 vs. MAC value
Con�g. 1 1.000000 Con�g. 6 0.999995
Con�g. 2 0.996718 Con�g. 7 0.995618
Con�g. 3 0.994406 Con�g. 8 0.999968
Con�g. 4 0.994207 Con�g. 9 0.998231
Con�g. 5 0.992253 Con�g. 10 0.998605

Table 4.2.: MAC values of the ten con�gurations of eigenmode shape famil y 1 shown in
�gure 4.11.

To test the hypothesis that a su�ciently similar eigenmode s hape will result in a similar
least global aerodynamic damping value for a new evolution s tep's geometry and aerody-
namics, the cases which were calculated for the CRISPmulti p roject were revisited and
compared.

The di�erent available geometries were checked in the order in which they were created
during the optimization runs. For the �rst case, a �full� aer oelastic stability analysis was
performed and the results of the already performed stabilit y analysis were stored in a
database, together with the number of unsteady CFD computat ions necessary. For all
subsequent cases, a �full� aeroelastic stability analysis was performed if the MAC value was
below a certain threshold value, otherwise the result of jus t one unsteady CFD simulation
(at the appropriate IBPA) was stored. After this analysis, i t was possible to determine how
many unsteady forced motion CFD simulations could have been omitted and also how well
this algorithm predicted the smallest global aerodynamic d amping. Only two outcomes were
permitted: �success� (the IBPA with the smallest global aer odynamic damping was identical
to the one of the similar MAC eigenvalue) and �failure� (the s mallest global aerodynamic
damping occurred at another IBPA). Di�erent operating poin ts were treated separately.

The results of the two most meaningful tests are presented in table 4.3. Di�erent conclu-
sions can be drawn:

� The similarity of the aerodynamic damping does not only depe nd on the eigenmode
shape, but also on the �ow. The two columns indicating the �su ccess rate� clearly
di�er between the operating points. At 100% RPM on the operat ing line and closer
to the surge line (OP0, OP1) the success rate is smaller than a t 70% RPM at the
operating line and closer to the surge line (OP3, OP4). At 100 % RPM with a smaller
pressure ratio (OP2) however, the success rate is 100% if a MA C similarity is found.
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MAC Threshold MAC Threshold
Operating Number Value = 0.995 Value = 0.999
Point of Cases Success Computational Success Computational

Rate Time Saved Rate Time Saved
OP0 120 74.16% 70.35% 81.66% 61.39%
OP1 120 78.44% 64.96% 86.66% 57.42%
OP2 30 100% 66.05% - -
OP3 102 94.11% 72.53% 96.07% 61.41%
OP4 66 87.87% 74.77% 94.54% 61.37%

Table 4.3.: Comparison of the possible time gains when basing the aeroel astic stability
analysis on an eigenmode shape MAC comparison (operating po ints as indi-
cated in �gure 4.4).

� Constraining the MAC threshold to a higher value will increa se the rate of success at
the expense of more computational time.

� Ideally, the success rate would approach 100% for all cases a t some threshold value
with computational resource savings still being substanti al, but there seems to be no
clear boundary, especially considering the �ow dependency .

The conclusion from these results is that there seems to be no single simple MAC bound-
ary value at which the aeroelastic stability for one case is s imilar to another. Also, the steady
state �ow which is the basis for the unsteady CFD simulation w ill have to be accounted for
as well.

In addition to the issues identi�able from table 4.3, it is immediately obvious that this
approach would generate a very high computational load in th e beginning of a preliminary
design process where the changes in geometry and the gains in aerodynamic e�ciency are
still large. This means, the computational load appears whe re it is most undesirable.

Summary for Similarity Methods

If the same assumptions are made as for the previous simpli�c ation methods, one could
approximate the number of necessary computations as follow s:

MAC Similarity Method Only: For the present automated optimization approach, 3 - 5 stea-
dy state RANS CFD computations plus some FEM computations wh ich do not require
much time are performed. If only the boundaries of the compre ssor map would be
tested, the computational load would increase with the MAC s imilarity method to
about 15 - 20 steady state computations plus about 60% of the o riginal 450 unsteady
forced motion CFD simulations (which is a similar number as t he sine approximation
approach).

MAC Similarity Method Combined with a Sine Approximation Ap proach: If one assumes a
most favorable combination of these two methods, the total n umber of necessary un-
steady forced motion CFD simulations would drop to (60%)2 of the original assumed
450 () 162) unsteady CFD simulations per evolution step. This is a l arge reduction
from the originally assumed >1000 necessary simulations. H owever, this reduction
comes at the price of reduced reliability of the aeroelastic stability prediction.

4.1.6. Reduction of Numerical Effort by Calculating only a 2 D slice of
the Flow Channel

Since 3D RANS methods and their respective reduced methods d id not result in a large
enough time saving to satisfy the needs of the presently used automated optimization
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algorithm for preliminary design at DLR, less computationa lly time-consuming methods
needed to be found. As already mentioned (section 1.5, Bräunling [26] and Crouse [45]),
turbomachinery blades were/are created from pro�les exhib iting desirable properties.

Therefore, it might be possible to approximate the aeroelas tic stability of a turboma-
chinery part by its aeroelastic stability properties at one speci�c span section (as it is done
by Panovsky & Kielb [133] and many other researchers using their method, mainly for
LPT design). To test this hypothesis, one of CRISPmulti's ev olution step's geometries was
investigated with a quasi-2D unsteady time-linearized RAN S method.

Since a full compressor map had already been calculated and t he Campbell diagram was
also available, slices of 1 volume cell were extracted from t he 3D steady state CFD solution.
Then, the blade deformation was mapped onto the left over par t of the blade surface and
the new �hub� and �shroud� surfaces were declared as invisci d walls. This was followed by
the previously introduced time-linearized forced motion s olution.

While performing these tests, it turned out that the time-li nearized solution of one quasi-
2D slice of a turbomachinery rotor indeed performs very fast . The solution times were at
about 2 CPUmins per eigenmode shape and IBPA. However, it was discovered that the
method did not perform reliably. It seems that setting the in viscid walls together with a
previous 3D �ow solution (with non-negligible radial �ow pr operties) will in some cases
result in an unsolvable equation system. This is another pro of for the already mentioned
phenomenon that the �ow in turbomachines cannot be approxim ated to be purely two-
dimensional.

It was additionally concluded that 3D steady state CFD simul ations would be necessary
in order to obtain the appropriate surface pressure distrib utions for the necessary numer-
ical modal analysis with surface pressure and inertia loadi ng. This would result in the
10 - 15 steady state CFD solutions based on the simpli�cation proposed in chapter 4.1.3.
Then, either a method would have to be found to make the �ow acc eptable for a quasi 2D
time-linearized solution or steady state quasi-2D simulat ions with inviscid walls at �hub�
and �shroud� would have to be performed to precondition the s olution for quasi-2D time-
linearized solutions with blade deformation. Overall, thi s would still increase the time
necessary for an analysis of an evolution step in an automate d optimization process by a
factor of about 6 - 10. Since it was shown that the �ow in turbom achinery rotors is often
dominated by 3D phenomena which cannot be captured in a 2D �ow , the validity of these
investigations would be debatable. Therefore, this invest igation was aborted.
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4.2. Reduced Frequency to Determine the Flutter Susceptibi lity

In chapters 3.2.3 and 3.4, the reduced frequency ! red was introduced and its signi�cance
for aeroelastic stability estimations in the past and prese nt was stated. It was also stressed
that Sisto [160] outright dismissed the concept of using the reduced freque ncy as a design
rule already in 1987. Despite that, it is well proven (e.g. Belz & Hennings [14]) that
reducing the reduced frequency of an eigenmode shape at a cer tain �ow condition will in
e�ect increase its �utter susceptibility.

Therefore, it was investigated if an adaptation of the reduc ed frequency criterion might
be a �rst indicator of the �utter susceptibility of a certain rotor structure. An additional
advantage of using the reduced frequency ! red is that it can be calculated with values which
are generated in a preliminary design cycle anyway.

Already in chapter 4.1.1, the counter rotating fan demonstrator CRISPmulti of DLR
was introduced. In chapter 4.1, the focus was on an in-depth investigation of one design
step's blade geometry. Now, the same demonstrator rotor wil l be used again, but the focus
shifts towards the many di�erent design steps' geometries a nd their inter-dependencies (see
chapter 4.1.1.3 for the di�erent design geometries).

Based on the design evolution stages given in table 4.1, the relation between the minimal
aerodynamic damping � and the reduced frequency ! red was investigated.

4.2.1. Comparison of Reduced Frequency and Least Aerodynam ic
Damping for an Example Use Case

As a �rst investigation step, the correlation between reduc ed frequency and minimal aero-
dynamic damping for each eigenmode shape found at each opera ting point was plotted.
The eigenmode shapes were sorted by their eigenfrequencies. These results can be found in
�gures E.38 - E.42 in the appendix. The additional subscript for global aerody namic damp-
ing � and reduced frequency ! red denotes the operating point at which the values were
computed. OP0 denotes the aerodynamic design point, OP1 a po int at 100% RPM close to
the surge margin, OP2 a point at 100% RPM close to the choke mar gin and OP3 and OP4
represent a point on the operating line and one close to the su rge margin at 70% RPM,
respectively. No apparent trend for a correlation between m inimum aerodynamic damp-
ing � min and reduced frequency ! red is discernible in any of the �gures E.38 - E.42 in the
appendix.

Still, the main goal of the investigation was a single coe�ci ent for each preliminary design
denoting the �utter susceptibility over the complete opera ting range of the stage. Therefore,
it was concluded that the prescribed approach from chapter 3.4 using the reduced frequency
at the ADP as a measure might represent the in�uence of the red uced frequency ! red better.
Figure 4.12 consequently shows the minimal aerodynamic damping � min for each design
over the reduced frequency ! red; OP 0 for each eigenmode shape family (grouped purely by
their frequencies) and each rotor. While �gure 4.12a, does not seem to show any trend,
�gures 4.12b and 4.12c seem to indicate a weak correlation between smallest comput ed
aerodynamic damping � min; global and reduced frequency ! red; OP 0 at the ADP.

One important lesson from the �gures E.8 - E.37 in the appendix is that the eigenmode
shapes between the di�erent operating points and between th e di�erent design evolution
steps di�er. The design rules introduced in chapter 3.4 were speci�cally for certain eigen-
mode shapes. Therefore, the eigenmode shapes and their respective smallest aerodynamic
dampings � min and reduced frequencies ! red were grouped according to the identi�ed four
major mode shapes (�rst bending, corner �ap, torsion, secon d bending).

In �gure E.43 in the appendix, the computed smallest aerodynamic damping values
� min are visualized over the reduced frequency ! red and grouped by the eigenmode shapes
identi�ed from �gures E.8 - E.37.

Since �gure E.43 in the appendix compares the values at each operating point o nly,
�gure 4.13 establishes a relation between the reduced frequency at the aerodynamic design
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point ! red; OP 0 and the smallest global aerodynamic damping value � min; global found
for the respective design evolution step based on the eigenm ode shape (analogously to
�gure 4.12). In �gure 4.13, the second bending eigenmode shape only appears for rotor 1
and only positive global aerodynamic damping values were fo und. Likewise, the corner
�ap eigenmode shape (see e.g. �rst row of �gure E.9) appears only in earlier design stages
for rotor 1 and consequently has no ��nal design� representa tion. From this �gure, a
clear trend is discernible: The reduced frequency design cr iterion given in Sisto [161]
and table 3.3, would de�nitely have led to stable geometries for the CRISP multi project.
However, especially the torsional eigenmode shapes violat ed the design criterion while still
exhibiting stable behavior. Also, some eigenmode shapes ap pearing are not �rst bending
or torsion but a corner �ap eigenmode shape, and this is the mo st critical eigenmode shape
for the CRISPmulti evolution steps.

An interesting observation is the higher stability of the ro tor 2 torsion eigenmode shape
compared to the rotor 1 torsion eigenmode shape while having lower reduced frequencies.
This is attributed to the swept form of the rotor 2 blades whic h introduces additional
aeroelastic stability in analogy to swept aircraft wings.

The reduced frequency and smallest global aerodynamic damp ing for the �nal design in
the optimization cycle are highlighted in �gure 4.13. The �traditional� sequence of �rst
bending eigenmode shape, then �rst torsion, then some other mode shape (which was the
base for the design criterion of chapter 3.4) is observed for rotor 2. For rotor 1 on the other
hand, the second bending appears before the �rst torsion, wh ich is not unusual but is not
captured by the design rule. It is noteworthy that this desig n did not indicate aeroelastic
stability problems for the computed operating points durin g the preliminary design cycle.
Still, potential aeroelastic stability issues were detect ed at part speed approaching the surge
boundary when the complete compressor map was investigated (compare to �gure 4.7).

One can therefore conclude from the observations that:

� The mode shape is indeed a crucial factor for the aeroelastic stability.

� The reduced frequency criterion of 0.333 for the �rst bendin g eigenmode shape from
table 3.3 would have permitted the designs created in the preliminary design of
CRISPmulti. Still, the aeroelastic stability especially a t part speed close to the surge
boundary might not have been guaranteed (see �gure 4.7 and Schuff & Chenaux
[155]).

� In the case of the CRISPmulti rotor, the design criterion for the �rst torsional eigen-
mode shape could have been relaxed to a substantially lower v alue than the 1.6 given
in table 3.3. Still, no globally valid argument can be made for this, sinc e the observed
sweep of the blade might stabilize the torsion. This may not b e the case for other
designs.

� Corner �ap eigenmode shapes seem to be very aeroelastically unstable. They were
the only eigenmode shapes which exhibited a clear boundary f or stable or unstable
behavior in the CRISPmulti preliminary design evolution (v ertical lines in �gure 4.13).
Still, the stability boundary would have been di�erent for r otor 1 ( � 0.9) and rotor 2
(� 1.15). This is most probably due to the di�erent corner that � aps (rotor 1 !
trailing edge corner, rotor 2 ! leading edge corner).

One important thing to be stressed here is: These conclusion s can be drawn now that
the preliminary design of the CRISPmulti rotor is �nished fr om a relatively large number
of computed cases. These results were not available at the be ginning of the design cycle of
the CRISPmulti case. Similarly, these results can only be us ed for the design of a future
compressor operating in the same conditions as the CRISPmul ti fan (relatively similar
compressor map). For a di�erent compressor, these values wo uld need to be re-derived.
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4.3. Vortex Lattice Forced Motion

In chapter 3.2.3, a nonlinear unsteady potential �ow solution was proposed a s an alternative
to time-linearized RANS solutions in preliminary design, s ince it uses a simpler model for
the aerodynamics part but makes no harmonic assumptions for the unsteady response of
a �ow to a vibratory deformation of a surface. Then, the selec tion of vortex lattice over
doublet lattice as well as the used vortex lattice method (CM ARC) were presented in
chapter 3.5. This chapter now presents the selected use case from an experiment previously
carried out, the results of the implemented changes to the vo rtex lattice method and the
results of the computations.

The example use case is an annular cascade experiment for whi ch steady and unsteady
pressure coe�cient values were available for two �ow cases. These cascade �ow cases were
chosen because they resulted in very detailed and accurate e xperimental results for the
steady and unsteady pressures on the blade pro�les which can be used to validate nu-
merical �ow solvers. The cascade and its blade geometry are p resented in chapter 4.3.1.
Chapter 4.3.2 presents the two investigated �ow cases and chapters 4.3.3 and 4.3.4 present
the computations with the vortex lattice code CMARC for the s teady and unsteady case,
respectively.

4.3.1. NACA3506 Cascade Experiment as Example Use Case
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2

2

1

(a) Flow through an annular wind tunnel
with preswirl vanes.

(b) Schematic cross section of the RPG wind tun-
nel ( Bölcs [22]).

Figure 4.14.: Schematic �ow and cross section of the RPG wind tunnel.

One of the main challenges investigating compressor or turb ine blades for aeroelastic
e�ects experimentally is the rotation of the blades themsel ves. Once the blades are �tted
with unsteady pressure transducers and position measureme nt, the resulting signals need
to be transmitted to a data acquisition unit. Due to the frequ ency of the blades' vibrations
and the desire for reliable data, the amount of data transmit ted from the rotating system
to the data acquisition unit is quite substantial. Similarl y, the blade deformation needs
to be excited. This consumes considerable energy, which nee ds to be transported into the
rotating system. The bandwidth of data which can be sampled v ia slip rings is limited
as well as the energy that can be conducted by slip rings. One a pproach to remedy the
limited bandwidth are telemetries that send the sampled dat a via radio frequencies from
the rotating system to a data acquisition unit. Still, these telemetries need to be mounted
very close to the axis of revolution of the rotor lest the cent rifugal forces destroy the delicate
electronics. Telemetries however, cannot solve the proble m of transmitting large amounts
of energy into a rotating system. Therefore, di�erent excit ation systems (oscillating guide
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vanes, air jets, acoustic excitation, magnetic excitation , . . . ) have been developed which all
considerably increase the complexity of the experimental s etup.

To overcome these challenges, Bölcs [22] invented an annular cascade wind tunnel. This
wind tunnel (originally located at the Laboratoire de Therm ique Appliquée et de Turbo-
machines of the École Polytéchnique Fédérale de Lausanne, n ow Institute of Aeroelasticity,
German Aerospace Center, Göttingen) uses a set of guide vane s to rotate the inlet �ow (see
�gure 4.14a). The stationary blades of the cascade thus experience a �ow almost identical
to the one through a rotating rotor.

Figure 4.14b shows a cross section of the RPG wind tunnel. Air is compresse d by an
industrial compressor and enters the annular wind tunnel vi a valves (1, 2). After passing
the settling chambers (3, 4) the �ow passes the preswirl vane s (5, 6) and then the test
cascade (7). At the positions numbered (8), there are window s for probes to measure the
on�ow and the �ow leaving the cascade. Then, the �ow enters an other settling chamber (10)
and leaves the wind tunnel via another valve (11).
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(a) Annular cascade assembly with the pris-
matic NACA3506 blades (cyan, 1 ), the

blade mounting (blue, 2 ), the torsional

spring (red, 3 ), the magnet arrangement

(green, 4 ) and the base ring (gray, 5 ).
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(b) Blade deformation due to electromagnetic
excitation with the cross denoting the cen-
ter of rotation.
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(c) Distribution of steady pressure probes at
20%, 50% and 80% channel height for three
channels respectively (pressure side and
suction side on adjacent blades).
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(d) Distribution of unsteady pressure trans-
ducers at 50% channel height for two chan-
nels on 4 adjacent blades (blades in clock-
wise order as depicted in �gure 4.15a, pres-
sure transducer colors for blades in ascend-
ing order: green, blue, orange, purple).

Figure 4.15.: The NACA3506 cascade assembly as well as blade deformation a nd location
of pressure transducers.

Belz and Hennings ([79], [13], [14], [15]) conducted a number of experimental campaigns
in this wind tunnel. One of the test cascades investigated co nsisted of 20 NACA3506 pro�les
mounted on a spring system (see �gure 4.15a item 3 ) favoring an excitation in the �rst
torsional rigid body mode of the blade (see �gure 4.15b). To excite a blade motion in
this �rst torsional mode, permanent magnets were mounted to the blade base (�gure 4.15a
item 4 ) which were attracted or repulsed via electromagnets facin g them once the ring was
mounted in the wind tunnel. Supplying a suitable electrical current (frequency and energy),
resulted in an excitation of the �rst torsional eigenmode of the blades (the experiment setup
and results are described in Belz [11] and [12]). One of the goals of the experiments was
the determination of the in�uence of the reduced frequency o n the aeroelastic stability of
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the blades (see chapters 3.2.3, 3.4 and 4.2).
For several operating points, steady state and unsteady pre ssure measurements were

performed. For the steady state pressure measurements, 3 bl ade channels were �tted with
steady state pressure probes at 20%, 50% and 80% channel height. The steady state
pressure probes were distributed on 6 blades, with the press ure and suction side probes
for one channel height on adjacent blades of one blade passage (empty and �lled bullets in
�gure 4.15c). The unsteady pressure transducers were distributed at 50 % channel height
over 4 blades (see �gure 4.15d). The unsteady pressure distribution around one blade
resulting from a speci�c excitation pattern was then extrac ted via superposition and phase
shift during post-processing.
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(a) CFD mesh of the annular cascade used
for the CFD computations with TRACE.
Inlet (green, 1 ), outlet (green, 2 ), hub

(blue, 3 ), shroud (orange, 4 ), cavity

(gray and purple, 5 ), labyrinth connec-
tion between main �ow and cavity re-
gion (cyan, 6 ), blade (red, 7 ), bold
black lines - cyclic symmetry boundaries
and interface areas between non-matching
meshes.

(b) Potential �ow mesh based on the CFD
mesh for the computations with CMARC.
Computations for the �ow of case s043
from table 4.4; wake convection with free
stream velocity only (top) and local veloc-
ity (bottom).

Figure 4.16.: 3D �nite volume CFD mesh and surface potential �ow mesh for th e
NACA3506 annular cascade.

To double-check the blade deformation, a 3D volume FE model w as created which con-
�rmed the �rst eigenmode shape to be exactly as intended and s hown in �gure 4.15b.

For the CFD calculations a pre-existing mesh (�gure 4.16a) was used. This mesh resolved
not only the main �ow channel of the cascade but also the cavit y below the blade, since it
had been shown earlier that the leakage �ow through the cavit y in�uenced the steady state
results ( Kahl & Hennings [90]). In �gure 4.16a, only the surfaces of the volume mesh are
depicted with even the cyclic symmetry surfaces omitted to v isualize only the inlet, outlet
and wall areas. The labyrinth connection was connected to th e main �ow area and the
cavity area via non-matching interfaces. Since it was known from previous investigations
that a leakage mass �ow entering through the cavity was prese nt in the experiments, a
leak inlet was placed in the cavity, improving the agreement between experimental and
numerical results greatly. The comparison and discussion o f the unsteady 3D linear RANS
results with the experimental data and their dependence on t he accuracy of the steady state
RANS solution has been discussed in Blocher et al. [ 21].
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In �gure 4.16b, the used mesh for the potential �ow computations with CMARC is
presented. To implement a solution which might be used in a pr eliminary design method,
the potential �ow surface mesh was based on the �nite volume m esh of the 3D RANS
computations. The surfaces of the volume meshes were extrac ted and every second mesh
line was deleted in both surface coordinate directions. Due to the reported speed of 3D
potential �ow solvers, this was deemed su�cient.

In order to represent the in�uence of the full annulus on the p assage mesh, cyclic sym-
metry expansion was implemented into the potential code CMA RC (see chapter 3.5.1.1).
The implemented wake convection method in CMARC was relying on the wake emanating
from an airplane wing trailing edge and the airplane body fro m mesh lines reaching to the
center symmetry line (for symmetric cases) or merging at the trailing edge of the airplane
body with the wing from the symmetric other half. Only a very r udimentary wake sur-
face intersection checking routine was implemented. For tu rbomachinery applications with
known vortex development, this was not su�cient. Therefore , a wake surface intersection
check routine was implemented which shifted intersecting p oints of the wakes to a small
margin �outside� the hub and tip surfaces. No velocity adjus tment was implemented. This
resulted in the somewhat ragged wake rollup depicted in �gur e 4.16b (bottom half). This
might be remedied by smaller wake time stepping or a more soph isticated wake smoothing
routine. However a smooth wake rollup was not the goal of the i nvestigations.

4.3.2. Investigated Flow Cases

Two test cases (one subsonic, one transonic) with the NACA35 06 geometry of the RPG
experiments introduced in chapter 4.3.1 were performed with the implemented changes to
the CMARC program. The two cases are summarized in table 4.4.

Subsonic Case Transonic Case
s043 / z043 s014 / z014

Average on�ow Mach number 0.76 0.86
Average on�ow angle of attack 48.7� 49.6�

Sound velocity 333.4 m
s 326.1 m

s
Reduced frequency 0.411 0.359

Table 4.4.: Two �ow cases for which steady state and unsteady blade oscil lation exper-
iments were performed in the RPG. The `s' in the description i ndicates the
steady state �ow case, the `z' indicates an unsteady blade vi bration experiment
with the same steady state base �ow.

The reduced frequencies of the blade eigenfrequencies excited with the magnet system
were in the range of the reduced frequencies investigated fo r the CRISPmulti test cases.
For global comparability, the global aerodynamic damping � over the blade surface would
have to be computed, since it is the measure for the aeroelast ic stability of the blade.

In light of the main goal of this investigation which was only the determination if the
results of unsteady potential �ow solutions are a lot faster than unsteady 3D time-linear
RANS solutions while maintaining a similar accuracy, this h as been omitted. Instead, the
unsteady pressure prediction results of the two methods wer e compared directly to each
other and to the results of the experiment.

4.3.3. Steady State Results with CMARC for the RPG NACA3506
Geometry

Once the adjustments to the potential �ow panel code CMARC fo r steady state turboma-
chinery applications were implemented, a series of tests we re performed. The �rst compar-
ison was the reproduction of the steady state experimental r esults.
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Figure 4.17.: In�uence of wake convection scheme on the steady state solut ion with
CMARC.

As a �rst numerical test, the in�uence of the wake on the stead y state potential solution
was investigated. Figure 4.17 shows the in�uence of the wake convection scheme (see
�gure 4.16b) on the steady state solution. In �gure 4.17a, the in�uence of the wake rollup on
the subsonic case is highlighted. Figure 4.17b shows the analogous results for the transonic
case. In both graphs, the ragged wake rollup has two e�ects. T he �rst is a change of the
global shape of the surface pressure over the pro�le. This is desired and can be important
for the accuracy of the �ow solution. However, potential �ow solutions are often dependent
on manual tuning, therefore most potential �ow solvers o�er the possibility to (a) convect
the wake with the local velocity, (b) convect the wake with th e free stream velocity or
(c) use a previously computed wake without readjustment (CM ARC manual [ 2]).

The second e�ect is a ragged form of the pressure distributio n on the blade surface. This is
due to the ragged form of the wake and the in�uence of the cycli c symmetry which accounts
for the in�uence of the neighboring wakes as well. Consequen tly, the unsteadiness of all
circumferential wakes ampli�es the in�uence of the wakes. T his might be remedied with
a computation with very small time steps and a very rigorous w ake smoothing algorithm.
This in turn would in�uence the steady state solution. The ma in goal of the investigation
into this potential method was not an accurate steady state s olution, but the determination
of the e�ect of an unsteady blade vibration on the �ow. In ligh t of this, it was decided that
a simple wake convection with the free stream velocity would be su�cient as a preliminary
solution to this particular problem.

The second steady state applicability test was the comparis on of the steady state surface
pressures predicted by the potential �ow solver CMARC with t he experimental results and
the steady state 3D RANS results from TRACE. Figure 4.18 shows the obtained steady
state results for the comparison calculations to the experi ments. In �gures 4.18a and 4.18b,
the steady state simulations performed with TRACE are prese nted. These results were
not obtained in �one shot� but the leakage mass �ow in the cavi ty (see chapter 4.3.1) was
adjusted to obtain the most �tting results (see Blocher et al. [ 21]). The potential �ow
results from CMARC (�gures 4.18c and 4.18d) show large di�erences to the experimental
results in comparison to the 3D steady state RANS solutions w ith TRACE. There is the
possibility to do a Prandtl-Glauert compressibility corre ction in CMARC. The results of
this are presented in �gures 4.18e and 4.18f. It is obvious that a compressibility correction
routine improves the accuracy of the steady state results. H owever, they do not approach
the accuracy of the 3D RANS solution and do not show the in�uen ce of the shock on the
suction side of the airfoil. This shows once again that the us e of steady state potential �ow
solutions is quite limited for �ows with Ma > 0.7.

Yet again, the results of these computations were intended a s a fast alternative to obtain
results which might be corrected with steady state CFD data t o obtain a compressor map
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Figure 4.18.: Comparison of 3D RANS, vortex lattice, vortex lattice with c ompressibility
correction and experimental results for two �ow cases measu red in the RPG.
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with less numerical e�ort than steady state 3D RANS computat ions. However, the observed
increase in numerical e�ciency was not as large as hoped for. The observed computation
times were 30 min for a solution with free stream convected wa ke (independently of com-
pressibility correction) and 1 h for local velocity convect ed wake, for cases where a complete
wake development was desired. The steady state 3D RANS compu tations for this case on
the same computer using eight CPU cores instead of one took � 4-6 hours. This was on the
one hand due to the usage of the surface mesh from the 3D RANS so lution with decreased
mesh density. A coarser mesh with uniform panel sizes over th e complete cascade surfaces
might have provided similar results with less numerical e�o rt. However, implementing an
extra surface meshing step would increase the complexity of a preliminary design method.
The other factor limiting the numerical e�ciency was the imp lementation of CMARC as
a single-thread program. No parallelization was implement ed into the architecture of the
program and implementing it would have exceeded the scope of the work substantially. The
solution times range in the magnitude of about 2 - 5 min if only one steady state solution
is computed and the wake is considered stationary. To comput e a compressor map with
varying angles of attack and �ow velocities, a special routi ne would have to be designed
to create an appropriate wake with free stream convection fo r each case before each run.
This was not considered for this case, since the comparabili ty of the unsteady results to
unsteady time-linearized 3D RANS computations and unstead y experimental results were
the focus of the research.

4.3.4. Unsteady Results with CMARC for the RPG NACA3506 Geom etry

Like the steady state �ow cases of the RPG NACA3506 blade expe riment, there were
measured unsteady pressure coe�cient values for the oscill ating blades in their �rst torsional
eigenmode shape. These values provide an invaluable data ba se for validating numerical
tools and were used to compare the numerical accuracy of the u nsteady potential �ow data
and the unsteady time-linear 3D RANS solution from TRACE.

To estimate the accuracy of unsteady time stepping vortex la ttice methods, two unsteady
experimental cases were calculated with CMARC. One was base d on the subsonic steady
state case s043 and had a blade torsional vibration with 0.3 � amplitude at 210 Hz. The
other was based on the transonic case s014 and had the same vibration. Three main cases
were calculated for each setup:

� 32 physical time steps per oscillation with a wake convectio n only with the free stream
velocity.

� 128 physical time steps per oscillation with a wake convecti on only with the free
stream velocity.

� 32 physical time steps per oscillation with wake rollup and c onvection.

The results are depicted in �gures 4.19 and 4.20. The results of the unsteady computa-
tions with wake convection with local velocity showed a very big impact of the ragged wakes
on the unsteady solution. The results are presented in appen dix G, but do not contribute
to the desired �nding of fast methods for unsteady aerodynam ics.

The �rst lesson learned from the unsteady computations with CMARC is that the oscil-
lation resolution with 32 unsteady time steps is su�cient. T he results of CMARC with 32
time steps per harmonic period and 128 time steps are virtual ly identical. In �gure 4.19a,
the magnitude of the unsteady pressure is compared. The resu lts from TRACE and experi-
ment are very close on the suction side of the blade. The resul ts from CMARC on the other
hand show a signi�cant o�set or scaling compared to the other two results. In the adjacent
�gure 4.19b, the phase shift between blade deformation and unsteady pre ssure response is
visualized. Here, the unsteady time-linearized RANS solut ion only manages to capture the
suction side with a high degree of accuracy. The pressure sid e seems to develop a divergence
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Figure 4.19.: Comparison of numerical and experimental results for the su bsonic unsteady
case z043 (0.3� blade vibration at 210 Hz, 0 � IBPA).

along the blade length. This could potentially originate fr om the constant eddy viscosity
assumption. The potential solution from CMARC does not capt ure the phase shift between
blade surface oscillation and unsteady pressure response at all. Following the assumption
that the constant viscosity already leads to errors for the t ime-linearized RANS solution, a
completely inviscid solution will naturally not capture th e phase shift very well.

The same observations with even more emphasis on the problem s of potential �ow so-
lutions for transonic �ows can be made for �gure 4.20. The magnitude of the unsteady
pressure coe�cient is captured with a reasonable degree of a ccuracy by the time-linear
RANS solution. The unsteady potential solution on the other hand does not show any
shock e�ects and looks very similar to the solution produced for the subsonic case in �g-
ure 4.19, both for the magnitude and the phase of the unsteady pressur e coe�cient. This
is reasonable insofar as the frequency and the amplitude of t he blade oscillation in the
experiments were the same and the �ow angle of the mean �ow was also very similar. The
only major di�erence was the on�ow velocity, which is not cap tured very well by a solution
without compressibility correction. Consequently, the ph ase shift between blade surface
oscillation and unsteady pressure is not captured well, eit her. Similar to the subsonic case,
the time-linear RANS solution was able to capture the phase s hift between surface motion
and unsteady pressure only to a limited degree. Discrepanci es can be observed on the suc-
tion side at the shock location and on the pressure side towar ds the trailing edge. Again,
this can be attributed to the missing in�uence of the variati on of the eddy viscosity.

The unsteady computational times for all computed CMARC com parison cases are lower
than for 3D time-linearized methods, but still amount to low single digit CPUhours. As for
the steady state solutions, faster computational times mig ht be possible for surface meshes
with more uniform and larger grid sizes and with increased pa rallelization.
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Figure 4.20.: Comparison of numerical and experimental results for the tr ansonic un-
steady case z014 (0.3� blade vibration at 210 Hz, 0 � IBPA).
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4.4. Condensation of Results

In chapters 4.1 - 4.3, methods were investigated in order to assess the global �ut ter suscep-
tibility / aeroelastic stability of a given turbomachinery stage design in a very early design
phase. In this context, the term `global' translates to �in t he complete operating range�
of the turbomachine. The main objective is a relatively simp le to calculate value which
indicates a �danger� that the optimization process will shi ft towards aeroelastic instability
or the potential risk of �utter.

In this chapter, the results of each investigated approach a re summarized and conclusions
concerning their usefulness are drawn.

4.4.1. Time-Linearized Unsteady RANS for Preliminary Flut ter Design

A �full� aeroelastic stability analysis for each new design proposed during a preliminary
design phase of a turbomachine stage would surpass the budge t of even the most ambitious
design e�ort. Still, unsteady time-linear or harmonic bala nce RANS computations when
performed for the correct �ow case might help to identify uns uitable designs even very early
on in the design process.

To reduce the numerical e�ort necessary for an aeroelastic s tability assessment, di�erent
reduction approaches were pursued.

CFD mesh coarsening: As a �rst step, the mesh resolution of the steady state and uns teady
RANS computations was reduced. This was done according to ae rodynamic consider-
ations for the used automated optimizer. Still, it was veri� ed that there was negligible
di�erence between the global damping values obtained from u nsteady time-linearized
computations based on a �ne or a coarse mesh.

Reduction of considered operating points: Based on the results from previous investiga-
tions (e.g. Fottner [54]), it was concluded that a test for aeroelastic stability at the
boundaries of the compressor map will be a su�cient criterio n for aeroelastic stability
in preliminary design.

Sine approximation of the `aerodynamic damping' vs. `IBPA' curve: Based on previous ex-
perience both at the Institute of Aeroelasticity and beyond , it was proposed and
tested that the smallest global aerodynamic damping � of an eigenmode shape family
can be approximated by a sine curve over the IBPA � n and the number of necessary
computations can be reduced.

Similarity assumptions based on mode shape similarity: It was observed that (especially
in later design stages) similar designs exhibited similar e igenmode shapes and similar
`aerodynamic damping' vs. `IBPA' curves. The similarity of eigenmode shapes can
be computed with the MAC value. Based on the MAC value, the IBP A position of
the smallest aerodynamic damping was predicted in order to r educe the number of
necessary unsteady time-linear computation to one per mode shape family.

Approximation of the �ow channel in 2D: Based on the approaches used several years ago,
which assumed the �ow in turbomachines to be largely two-dim ensional, a reduction
of the unsteady time-linear RANS computation with forced me sh motion was inves-
tigated. It was discovered that the three-dimensionality o f the �ow in turbomachines
leads to (a) problems setting up two-dimensional cases and ( b) leads to results neglect-
ing the acknowledged importance of the three-dimensionali ty of the �ow, potentially
invalidating the results completely.

As already stated in chapter 3.2.2, it is well known that 3D e�ects have a large impact on
the aeroelastic stability of turbomachinery stages. This w as con�rmed by the investigations
into 2D channel approximations.
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It was con�rmed that similar mode shapes in similar �ow with s imilar eigenfrequencies
result in similar aerodynamic damping diagrams. This might be useful especially in later
design stages, where geometric changes leading to aerodynamic improvements are small and
do not in�uence the eigenbehavior on a large scale. However, in preliminary design large
geometric changes are expected so that this e�ect cannot be e xploited. Also, additional
investigations into methods for �ow similarity comparison and similarity boundaries for
�ow and eigenmode shapes are necessary.

The methods of mesh coarsening, operating point reduction a nd sine approximation of
the `aerodynamic damping' vs. `IBPA' curve, however result in a signi�cant reduction of
the necessary time for the aeroelastic stability assessmen t.

To exemplify this, a small example visualizes the potential for preliminary design:
At the time of the main preliminary design ( � 2014) of the CRISPmulti demonstrator, a

cost of � 4 steady state RANS computations on a coarse mesh was conside red acceptable
to assess the aerodynamic properties of a design.

Making use of the found reduction approaches, the numerical cost for a highly reliable
aeroelastic stability assessment might be calculated to be :

� 15 steady state RANS computations at the operating points de noting the bound-
aries of the compressor map

+ � 270 unsteady time-linearized RANS computations ( � 15 operating points with 3
eigenmode shape families each and 6 unsteady time-linear co mputations each to �nd
the smallest aerodynamic damping).

= time equivalent of � 285 steady state RANS computations

Together with Moore's law (introduced in chapter 1.5) and Pope 's assumption that
methods are scienti�cally �cycled down� every twenty years , it is now possible to estimate
the time frame for the implementation of this method to be: 285 � 4 = 71 :25 � 64 = 2 6

) � 12 years; assuming that the same amount of computational res ources previously spent
on aerodynamic computations (equivalent of 4 steady state R ANS computations) will then
be spent on the aeroelastic computations. The proposed appr oach to aeroelastic stability
estimation might therefore be implemented into a prelimina ry design method by 2026 ( � 12
years after the beginning of this research in 2014).

Additionally, it was found that the �ow at part speed close to the surge line exhibited the
smallest aerodynamic damping and sometimes excitation for the CRISPmulti demonstrator
design. This behavior is not to be mistaken for the phenomeno n widely known as ��utter
bite� which is in part an acoustic phenomenon as well as a �ow i nstability phenomenon
(Vahdati et al. [ 179]). Referring to �gure 1.3, this is much rather stall �utter and often
the limiting factor for compressors.

If the criterion for a highly reliable aeroelastic stabilit y assessment is relaxed to a reason-
ably accurate prediction of the aeroelastic stability, onl y 3 - 5 operating points at the surge
line need to be investigated for aeroelastic stability. The example above then changes to:

� 5 steady state RANS computations at the operating points den oting the surge
boundaries of the compressor map

+ � 90 unsteady time-linearized RANS computations ( � 5 operating points with 3 eigen-
mode shape families each and 6 unsteady time-linear computa tions each to �nd the
smallest aerodynamic damping).

= time equivalent of � 95 steady state RANS computations

) 95 � 4 = 23 :75 � 22:627 = 2 4:5 ) � 9 years
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This means that within one or two years from now, a reasonably reliable aeroelastic
stability assessment based on the energy method and unstead y time-linear 3D RANS com-
putation could be implemented into a preliminary design pro cess.

If a safeguard would be implemented into the preliminary des ign process which only
investigates the aeroelastic stability for designs which s atisfy the aerodynamic and structural
criteria de�ned previously, this method might be used in pre liminary design, starting today.

However, since the turbulence model was never time-lineari zed for linear TRACE and a
harmonic balance module with harmonic balance turbulence m odel is implemented into the
TRACE suite by now, the time-linear solver of TRACE is being d iscontinued. The harmonic
balance solutions on the other hand have been observed to be m uch more mesh dependent
than the time-linear solutions (leading to no results for un suitable meshes, which is often
the case for automatically generated meshes). Also, their p erceived convergence towards
an unsteady �ow solution result is slower. If and when a reduc ed stability estimation based
on harmonic balance solutions might be implemented into a pr eliminary design process will
have to be investigated.

4.4.2. Reduced Frequency for Preliminary Flutter Design

In chapter 4.2, the investigations concerning the reduced frequency as a d esign criterion
for aeroelastic stability in the CRISPmulti project were re counted. The results of these
investigations lead to conclusions helpful in the future pr eliminary design of compressor
stages:

� The reduced frequency cannot be used as a single global design parameter concerning
aeroelastic stability, which is in accordance with Sisto [160].

� However, as observed before, (re-)derived by Khalak [97] and visualized in �gure 4.13,
the reduced frequency can serve as a similarity parameter to indicate similar aero-
elastic behavior of similar blades with similar eigenbehav ior in similar �ow.

� This might be exploited in preliminary design. For a certain application, the desired
�ow properties are de�ned very early in the design process. A lso, the overall properties
of the blades (number of blades, approximate blade chord, �o w channel height) will be
de�ned very early on. If one early design prototype is invest igated thoroughly along
the lines of a reduced aeroelastic stability analysis as it i s proposed in chapter 4.4.1,
and frequency variations of the real mode shapes are investi gated at critical operating
points, lower boundaries (with a safety margin) for the redu ced frequencies of di�erent
mode shapes for the speci�ed use case might be prescribed as design criteria for the
continued preliminary design process.

� Should the design undergo major alterations, or the overall form of the lowest eigen-
modes change (as it was the case for CRISPmulti), this invest igation would have to be
repeated. Here, the MAC value might be a useful parameter to g auge the eigenmode
shape similarity.

Summed up, the conclusion regarding the reduced frequency i n preliminary turbomachin-
ery design can be put as: A reduced frequency parameter canno t substitute an aeroelastic
stability analysis even in preliminary design. Still, it is a similarity parameter, which might
be used to gauge the aeroelastic stability of a design simila r to an already investigated
design.

4.4.3. Nonlinear Full Potential Aerodynamics for Prelimin ary Flutter
Design

A nonlinear full potential method was extended to incorpora te typical turbomachinery
features. Cyclic symmetry, harmonic surface velocity osci llation and a safeguard against
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wake-surface intersection were successfully implemented into an existing vortex lattice panel
code.

Then, comparison computations were performed for a previou sly conducted experiment
in an annular compressor cascade. The results of the nonline ar unsteady potential �ow
computations with simulated surface oscillation were comp ared to the results of the exper-
imental campaign as well as the results of time-linearized 3 D RANS computations.

There are several conclusions which can be drawn already fro m these preliminary tests:
The results show clearly that potential �ow methods do not re present �uid �ows with
Ma > 0:7 very well. But as Friedewald et al. [ 59] have shown this might be corrected
with RANS CFD solutions. Maybe even the steady state solutio ns available from the op-
timization runs can be used for this purpose. Furthermore an d as expected, potential �ow
methods do not predict the unsteady �ow behavior in turbomac hines su�ciently accurate
to base an uncorrected aeroelastic stability estimator on t hem. Again, together with ap-
propriate correction methods along the lines of Voÿ et al. [ 187] or Hebler & Thormann
[76] and more research, they might reach this goal in the future. This was intended when
the method was selected in chapter 3.2.3 and later explained in chapter 3.5.

The result of these comparisons clearly shows that time-lin ear RANS computations pre-
dict the measured values from the experiments better. This w as expected and is even
desirable if the unsteady time-linear methods are used to co rrect the unsteady potential re-
sults. However, the computational time needed for a nonline ar unsteady potential solution
was higher than expected and while it was lower than the time n eeded for a 3D time-linear
RANS solution, it was still in the magnitude range of an unste ady time-linear RANS run.

There are still areas of research which need to be addressed b efore a nonlinear unsteady
potential �ow solver can be used to determine the aeroelasti c stability of turbomachinery
stages in preliminary design. As mentioned in chapters 4.3.3 and 4.3.4, the presently imple-
mented wake development strategy in CMARC leads to nonphysi cal results and needs to
be improved. Furthermore, the presently implemented surfa ce deformation routine needs
to be expanded to incorporate IBPAs � n 6= 0 � . More research is needed in the areas of
parallelization and mesh representation of the computed su rfaces in order to decrease the
computational times. In this thesis, only unsteady potenti al results without compressibility
correction were presented. The positive or negative in�uen ce of the compressibility correc-
tion method implemented in CMARC on the unsteady surface pre ssure solutions needs to
be investigated.

One of the most important areas of research for the future use of unsteady potential
methods in turbomachinery is the area of frequency domain po tential methods which are
capable to treat truly three-dimensional geometries as opp osed to DLM which is only valid
for �at wings. This would increase the time savings by the pot ential �ow aerodynamics
into a range that would merit a continued interest even in the light of ever increasing
computational power. Then, unsteady potential correction methods along the lines of Voÿ
et al. [ 187] or Hebler & Thormann [76] could be implemented for turbomachines, as well.
One possible avenue investigated might be the theory presen ted by Williams et al. [ 195],
but his code does not seem to be easily available and implemen ting his �ndings will require
substantial e�orts.

In light of the ongoing development in computational resour ces and the conclusions drawn
in chapter 4.4.1, further investigation of nonlinear unsteady potential �o w methods for
turbomachines needs to be considered critically before ren ewed e�orts in these directions
are undertaken.



5. Conclusion

At the beginning of this thesis, the problem of aeroelastic i nstability (�utter) in turbo-
machines was introduced. It was stated that aeroelastic sta bility is currently investigated
late in the design process and that the numerical proof of aer oelastic stability is costly. Re-
design due to a discovered �utter problem is even more expens ive. Therefore, implementing
a preliminary aeroelastic stability investigation into th e early design process might reduce
the risk of necessary redesign due to aeroelastic stability issues. Furthermore, it was pro-
posed that methods used for aeroelastic stability proof com putations � 20 years ago might
be suitable to be used in present day preliminary design, due to the constant development
in computational resources.

Then, in chapter 2, some theoretical foundations for aerodynamics, structur al dynam-
ics and their combination to form aeroelasticity in turboma chines were introduced. The
energy method was proposed as a suitable method to determine the aeroelastic stability in
preliminary design.

In chapter 3, available aeroelastic and unsteady aerodynamic methods a vailable � 25
years ago were reviewed on the basis of an overview article fr om that time. The suitability of
the energy method for preliminary aeroelastic stability as sessment was substantiated. Then,
unsteady aerodynamic methods were reviewed to �nd suitable avenues of investigation. The
unsteady time-linear 3D RANS method and nonlinear unsteady potential �ow were chosen
as possibilities. Additionally, the in�uence of the reduce d frequency was to be investigated.

The chosen methods were applied to di�erent test cases from DL R projects and their
suitability for a rapid �utter analysis in preliminary desi gn were evaluated in chapter 4.
The results of these investigations were presented in chapte r 4.4.

This chapter will now recount the �ndings in a more condensed f orm (chapter 5.1). In
chapter 5.2, conclusions will be drawn from these results for aeroelast ic stability estima-
tion in turbomachines in preliminary design and the validit y of the hypothesis that older
and more simple methods for aeroelastic stability assessme nt may be used in preliminary
design is evaluated. In the end, further avenues of investig ation for the future are proposed
(chapter 5.3).

5.1. Summary of Results

One of the main basis assumptions for the research carried ou t in this thesis was that
the energy method is still applicable for investigating the aeroelastic stability (�utter) in
turbomachines at a very early design stage, even though it ha s been proven that eigenmode
coupling may occur for modern highly loaded slender blade de signs. Consequently, the
main computational load generated by aeroelastic stabilit y assessment in a very early design
stage stems from the unsteady aerodynamic computations nec essary to perform a stability
evaluation with the energy method.

The main goal of this thesis was the assessment if unsteady ae rodynamic or other methods
which were used several years ago for the �nal aeroelastic st ability proof for turbomachines
might be used nowadays as tools to gauge the aeroelastic stab ility of new turbomachinery
designs in preliminary design phases due to the constant dev elopment in computational
resources.

The investigation of three di�erent methods was pursued and the results thereof are
summarized here shortly:
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Time-Linearized 3D RANS Methods

Frequency domain methods promise much faster unsteady resu lts compared to time-resolved
methods. At DLR, the �ow solver TRACE incorporates a time-li nearized module which can
be used to determine the aerodynamic response to a forced mot ion of the blade surface. It
was shown in chapter 4.1.2, that even though time-linearized methods are much faster t han
time-stepping unsteady RANS solutions, a full aeroelastic stability analysis would require
about three magnitudes more computational resources than o ne optimization cycle only
concerned with steady state aerodynamic e�ciency and struc tural integrity.

By reducing the computational load of such a complete aeroel astic stability assessment
in a suitable way, the necessary computational resources ca n be minimized without a large
compromise on their global validity. The proposed reductio ns are:

� Use of a coarser �nite volume mesh representation of the �ow v olume. The mesh needs
to ful�ll minimum aerodynamic requirements and still be abl e to deliver reliable steady
state results. This is mostly done for preliminary design, a nyway. It was found (see
appendix E.4) that the mesh size reduction almost has a quadratical e�ect on the
reduction of the computational times.

� Reduction of the number of investigated operating points to points most likely to
exhibit aeroelastic instability. The operating points for ming the boundaries of the
compressor map were found to be most suitable (section 4.1.3).

� The number of IBPAs � n investigated per eigenmode shape at each operating point
can be reduced to about 6 by assuming a sinusoidal curve of the global aerodynamic
damping over the IBPAs (section 4.1.4).

� The similarity of �ow cases, blade forms and eigenmode shape s might be used to
reduce the number of necessary unsteady RANS calculations f urther (section 4.1.5).

� Based on the state of the art 30 years ago, the possibility of i nvestigating only one
representative radial slice of the �ow channel with unstead y time-linearized RANS
methods was investigated.

During the investigation of these reduction approaches the following results were ob-
tained:

Even though the solution of the quasi 2D time-linearized RAN S equations with forced
motion can be performed very fast, two problems arise: Two-d imensional steady state solu-
tions di�er substantially from full 3D steady state solutio ns of the �ow in turbomachinery
�ow channels. These three-dimensional e�ects have an impac t on the unsteady �ow and
consequently introduce an error into the solution. Additio nally, the question arises how
representative a 2D slice of the �ow will be for increasingly complex blades and their eigen-
mode shapes. Another problem encountered was the instabili ty of the numerical setup when
basing the unsteady 2D �ow solution on a steady state 3D �ow so lution.

The investigated approach for reducing the number of unstea dy �uid �ow computations
based on the similarity of the eigenmode shapes (MAC) was di� cult to evaluate. On the
one hand, it was obvious that similar eigenmode shapes with s imilar frequencies in similar
�ow show comparable aeroelastic stability properties. On t he other hand, the de�nition of a
globally meaningful eigenmode shape similarity threshold was not possible and might even
depend on the eigenmode shape resolution. Also, the similar ity of the �uid �ow was not
taken into account. More severely restricting is the fact th at large changes in eigenmode
shape and frequency behavior occur in the earliest stages of the design and consequently
would shift the main computational load there.

One minor reason for concern with the sine curve approximati on approach for global
aerodynamic damping � vs. IBPA � n is the potential occurrence of �ow states where high
pressure ratios or acoustic resonance lead to cases which cannot be approximated as sine
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curve, any more. Experience for the investigated rotor show ed that this risk was very small
for the rotor at hand. However, this risk needs to be re-inves tigated for each new blade
design task.

The mesh coarsening and boundary operating point reduction approaches were deemed
to be without negative impact on the validity of the aeroelas tic stability assessment of a
turbomachine stage.

Reduced Frequency as an Indicator for Aerodynamic Stabilit y

The reduced frequency ! red of turbomachinery blade vibrations was used in the mid 20th
century as a design criterion to prevent stall �utter in turb omachines. Since then, the
negative impact of reducing the reduced frequency ! red of an eigenmode shape on the
aeroelastic stability has been proven multiple times.

Therefore, the reduced frequencies ! red of multiple available geometries and �ow cases
with their respective eigenmode shapes were compared and po ssible relationships between
reduced frequencies and smallest global aerodynamic dampi ng � min were sought for.

One key result was the importance of the reduced frequency as a similarity parameter,
when it is evaluated in conjunction with the eigenmode shape and the respective �ow case.
Previous research (Khalak [97]) indicates that four parameters including the reduced fre -
quency in�uence the aeroelastic similarity of a given eigen mode shape. Since the other three
parameters (inlet Mach number, �reduced damping� and in�ow angle) are often prede�ned
in a preliminary design e�ort, the aeroelastic stability mi ght be approximated by using a
reduced frequency parameter in conjunction with the MAC val ue.

However, to do so, the aeroelastic properties of the most lik ely outcomes as well as the
sensitivity of the likely eigenmode shapes to frequency cha nges at critical operating points
would have to be investigated before starting a preliminary design e�ort.

Unsteady Potential Flow Methods

Potential �ow methods promise a compromise between one-equ ation methods and full
RANS unsteady solutions. They are based on �ow equations whi ch result in accurate
results for low speed aerodynamics, can be corrected to yiel d su�ciently reliable results
even for Mach numbers between 0.5 and 0.8 and promise very e�c ient computational so-
lution techniques. DLM is used for airplane preliminary aer oelastic stability estimation at
the DLR Institute of Aeroelasticity. Due to the simpli�cati ons used to derive the DLM
equations, they are not suitable for turbomachinery applic ations.

Therefore, a vortex lattice potential method was investiga ted for its suitability for turbo-
machinery unsteady aerodynamic applications. Necessary f eatures (cyclic symmetry, blade
surface deformation via normal velocities and harmonic osc illation, as well as wake surface
intersection checking routines) were implemented into a no nlinear semi-commercial vortex
lattice potential code.

Preliminary tests show that the steady state pressure distr ibutions do not indicate pres-
sure peaks but rather smooth pressure distributions over th e investigated NACA3506 an-
nular cascade pro�le. Similarly, the unsteady pressure res ults do not represent the experi-
mental results accurately. This was expected and might be tr eated by correction methods
already used at the Institute of Aeroelasticity ( Friedewald et al. [ 59], Voÿ et al. [ 187],
Hebler & Thormann [76]).

The main problem was the time consumption of the time accurat e harmonic blade oscil-
lation simulations. Even though e�cient linear equation so lution techniques were used, the
required solution time for one harmonic oscillation of the b lade surface was in the range of
1 - 2 CPUhours. Performing steady state wake development com putations for the compres-
sor map boundaries plus at least 6 IBPA unsteady blade surfac e motion computations per
eigenmode shape will not result in a signi�cant reduction of numerical resource consumption
compared to unsteady time-linear RANS methods.
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5.2. Conclusions Drawn from the Results

The results highlighted in the previous chapter have conseq uences for the future considering
preliminary design of turbomachinery stages. The di�erent conclusions will be grouped
again by the investigation they were derived from, followed by a section containing the
subjective obstacles which need to be addressed in order to c ontinue successful development
of turbomachines.

Time-Linearized 3D RANS Methods

In chapter 4.4.1, the implementation of the successfully tested reduction a pproaches into
a preliminary design routine were compared to the numerical resources spent on a purely
aerodynamic and structural preliminary design about 7 year s ago. Then the numerical
capabilities were extrapolated by Moore's law. It was concl uded that a �full� reduced
aeroelastic stability analysis for every tested geometry w ith coarse RANS mesh, checking
only the compressor map boundaries for aeroelastic stabili ty and approximating the global
aerodynamic damping diagram for each eigenmode shape famil y by a sine wave might be
implemented into a preliminary turbomachinery design meth od within 5 years.

Relaxing the condition of almost perfect capture of all aero elastic instabilities and only
investigating the operating points at the surge boundary fo r aeroelastic stability with the
proposed reductions and the time-linear 3D RANS method puts the availability of an aero-
elastic stability estimation in a preliminary design routi ne to within about 2 years.

If the numerical cost of the aeroelastic computations is kep t at a minimum, only checking
designs which ful�ll the aerodynamic and structural requir ements, or only checking every
second or third design geometry, the proposed method for usi ng 3D time-linear RANS
methods together with the energy method could be implemente d into a preliminary design
method, starting today.

Reduced Frequency as an Indicator for Aerodynamic Stabilit y

The conclusions which can be drawn from the investigations i nto the reduced frequency ! red
as an indicator for aeroelastic stability are twofold:

On the one hand, it was established that the reduced frequenc y ! red as a stability indi-
cating similarity parameter is highly dependent on the �ow c ase and the eigenmode shape
of the investigated blade design.

On the other hand, it is apparent from the results of the inves tigation that the reduced
frequency ! red is indeed a similarity parameter if the �ow case and the eigen mode shape
are su�ciently similar.

This can be exploited immediately in preliminary design. Ho wever, to do so an aeroelastic
stability investigation of the initial design for the compl ete desired operating range needs to
be performed. In this analysis, not only the expected stabil ity of the most likely appearing
eigenmode shapes and their frequencies need to be investigated. The frequencies of the base
eigenmode shapes need to be varied in order to determine the r educed frequencies where
instability will occur. Then, reduced frequency boundarie s (including a su�cient safety
margin, maybe even at the aerodynamic design point) could be prescribed as boundary
values for the preliminary design method.

Unsteady Potential Flow Methods

When choosing non-linear potential �ow methods as a test cas e, this was done deliberately
to maintain temporal nonlinearity while sacri�cing �ow sol ution accuracy. The diagonally
opposite time-linearized RANS methods (see table 3.2) use a more complex �ow solution
model while proposing a completely harmonic temporal model .

The reduced accuracy of the �ow solutions was therefore expe cted and might be taken
into account by suitable correction methods. The unexpecte d result was the necessary



5. Conclusion 89

time for the nonlinear time development of the unsteady �ow. The time gains of the
investigated unsteady nonlinear potential method compare d to the investigated time-linear
RANS method was about one order of magnitude. In terms of Moor e's law, this is about
six years.

Considering that time-linear 3D RANS methods might be imple mented into a preliminary
design method right now, if certain limitations are accepte d, the additional e�ort neces-
sary to fully implement (IBPAs � n 6= 0 , parallelization, re-meshing) a nonlinear unsteady
potential �ow solver with turbomachinery capabilities see ms very high.

One possible area of research might be frequency domain pote ntial methods, but most of
these solutions are highly restricted in their applicabili ty which does not include turboma-
chinery �ows.

Global Assessment of the Potential of Traditional Methods f or Preliminary Design

Summarizing the three previous chapters and evaluating the thesis' hypothesis one can
conclude that it is possible and desirable to use true and tri ed traditional methods for
turbomachinery aeroelastic stability from � 20 years ago to improve the preliminary design
of present day turbomachines. The most promising method to d o so found in this thesis
would be the use of time-linear unsteady 3D RANS methods whic h were used in scienti�c
applications � 10 - 15 years ago in combination with the energy method.

There are a few things which need to be considered when doing s o. The �rst is a general
adherence to the scienti�c progress of the time which has sin ce passed. One main example
for this is, that the �ow in fans and compressors cannot be app roximated to be purely
two-dimensional. Ergo, only three-dimensional tradition al methods can be used.

Another, and much more concerning development is the availa bility of traditional meth-
ods from the computational past. 20 or 30 years ago, it might h ave still been possible to
implement a published aeroelastic approach from a paper and base the current research on
it. But with the appearance of Euler and later RANS codes, the possibility to do so is very
limited. By now, most current research is based on numerical codes which were developed
over years by teams of scientist. This means, that new develo pments are mostly based on
(and only possible with) the numerical work done by others.

However, as scienti�c progress is made, older and more limit ed tools are discontinued and
the scientists developing or maintaining them change to di� erent areas of research or make a
career change altogether. As a consequence, older codes arevery hard to obtain in order to
base rapid methods for preliminary design on them. This was d iscovered when researching
panel methods capable of treating three-dimensional geome tries. There are some which
are being maintained and have commercial application. Thei r code base is naturally not
available. Then, there are freely obtainable research code s which are often very limited in
their applicability, or have disappeared once the scienti� c progress continued.

The same is true for methods implemented into research 3D RAN S codes. 19 years ago,
Carstens et al. [ 31] implemented an explicit time-marching aeroelastic metho d (partially
integrated method) into the RANS CFD code used in this resear ch. This particular devel-
opment was not maintained once the authors of the aforementi oned paper had left DLR
and was inaccessible 6 years after that publication. A simil ar development is taking place
right now with the time-linear 3D RANS method in TRACE. The tu rbulence model was
never time-linearized and therefore the results never matc hed nonlinear unsteady RANS
computations completely. The time-variable turbulence mo del was then derived and imple-
mented into the harmonic balance module of TRACE and consequ ently, linear TRACE is
discontinued. This means, that by the time it might be used pr oductively, the time-linear
module of the DLR 3D RANS turbomachinery solver will not be av ailable any longer.
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5.3. Proposed Future Investigations

Having determined that unsteady aerodynamic methods from t he scienti�c past still might
be used in preliminary design for aeroelastic stability est imation, it is important to maintain
and conserve these methods until they might be used again.

To do so, the scienti�c codes developed need to be archived an d made available to future
scientist in order to improve on them and bene�t from them.

In the area of aeroelastic stability assessment in prelimin ary design, there are two main
areas of research which need to be treated in the future:

1. For one, the applicability of a harmonic balance 3D RANS me thod instead of a time-
linear method in the recommended preliminary design approa ch needs to be investi-
gated. Special consideration should be given to stability i ssues related to optimization
meshes and the convergence speed of the solution.

2. An unsteady time-linear or harmonic balance potential �o w solver capable of treating
turbomachinery �ows needs to be investigated in order to det ermine the usefulness of
its corrected results in preliminary aeroelastic stabilit y assessment.
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A. Conventions

A.1. Blade numbering and IBPA de�nition at DLR

At DLR, the CFD code used for turbomachinery computations is TRACE. The convention
for blade numbering in TRACE is in a mathematically positive way around the axis of
rotation ( Frey [57]). See �gure A.1 for an illustration.

Figure A.1.: Blade numbering convention
for TRACE.

Figure A.2.: Positive inter-blade phase an-
gle convention for TRACE, il-
lustrated for a traveling wave
of order 2 on a 10 blade blisk.

Likewise, the convention in TRACE is that a positive IBPA is f or the blade with the
larger number to be further along in its oscillation cycle. I n �gure A.2 , the traveling wave
deformation of order 2 for a blisk rotor with 10 blades is show n. The bold brown dashed
lines indicate the rotating lines of zero deformation. The b lack line indicates the sine waves
of the deformation around the circumference of the rotor wit h the dashed line indicating
the position of the blades at rest. Blade number 1 is moving aw ay from the reader, while
blade number 2 is at its maximum deformation away from the rea der and blade number 3
is moving towards the reader. If a sinusoidal oscillation is presumed, blade number 1 is at
an angle of 0:1� , blade number 2 is at an angle of 0:5� and blade number 3 is at an angle
of 0:9� in their 2� oscillation cycle ( ! the IBPA is +0 :4� or +72 � ).

When this oscillation is animated, the deformation pattern travels in a mathematically
negative direction around the axis of cyclic symmetry. This is indicated by the arrow in
�gure A.2 .

A.2. Nodal Diameters and Traveling Waves

In chapter 2.2.4, the implications of cyclic symmetry on a turbomachinery st age was intro-
duced. Especially the nodal diameters and traveling waves d ue to superposition of nodal
diameters were introduced. In �gure A.3 , all nodal diameters and traveling waves of the
�rst blade bending eigenmode shape family are visualized fo r completeness.
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(a) Nodal diameter 0 (b) Nodal diameter 5 (c) Traveling wave 0 (d) Traveling wave 5

(e) Nodal diameter 1 (f ) Nodal diameter -1 (g) Traveling wave 1 (h) Traveling wave -1

(i) Nodal diameter 2 (j) Nodal diameter -2 (k) Traveling wave 2 (l) Traveling wave -2

(m) Nodal diameter 3 (n) Nodal diameter -3 (o) Traveling wave 3 (p) Traveling wave -3

(q) Nodal diameter 4 (r) Nodal diameter -4 (s) Traveling wave 4 (t) Traveling wave -4

Figure A.3.: Nodal diameter and traveling wave eigenmode shapes of the �r st blade bend-
ing eigenmode shape family of a 10 blade blisk.



B. DLR Flow Solver TRACE

At DLR the �ow solver TRACE is used for computational simulat ions of �uid �ows in
turbomachines. TRACE has �ve main �ow solution approaches:

1. A steady state module allows for the solution of the time-a verage mean �ow through
a turbomachine part.

2. An adjoint module allows for the determination of the grad ient of a speci�c �ow
variable or the sensitivity of a �ow variable to mesh deforma tions. This module
is used in automated optimization tool chains to not only obt ain result values for
the design variables but also a gradient, which improves the quality of interpolation
between di�erent data samples (already calculated design v ariations).

3. A time-linearized module allows for the simulation of the response of a �uid �ow
to a small-scale harmonic disturbance. If this disturbance is the deformation of a
surface, this time-linearized module of TRACE allows for th e solution of the unsteady
aerodynamic pressure arising due to that deformation and su bsequently to the energy
transferred between �uid and structure. The solution of the time-linearized module
is always based on a steady state solution of the �ow and retur ns only the harmonic
oscillations of the �ow variables about this mean steady sta te solution.

4. A harmonic balance module allows for the solution of the Fo urier coe�cients of the
�ow properties in time up to a certain number of harmonics. Ba sically, the �ow is not
only split into the steady state mean �ow and one harmonic osc illation but the steady
mean �ow and a user-speci�ed number of higher harmonics. Thi s equation system
is not solved in the frequency domain in TRACE, but by a time-m arching method.
Therefore, an advantage is that the solution is not dependen t on the initialization like
in the time-linear module, but a disadvantage is that it take s often considerably longer
to converge to a solution. Like in the time-linear module, bo undary perturbations for
the �rst harmonic can be prescribed.

5. A nonlinear unsteady time-marching module solves the tim e-dependent RANS equa-
tions. Like the harmonic balance method, the solution is the oretically independent of
the initialization but shows much better convergence for a r ealistic initialization with
a previously calculated steady state case. As for the other u nsteady modules, it is
possible to prescribe a surface deformation.

In theory, all three of the time-unsteady modules of TRACE ca n be used to determine
the unsteady pressure on a turbomachinery part due to a surfa ce deformation. All three of
them have advantages and disadvantages which can be listed a s follows:

Time-linearized module

Advantages Reasonably fast and fairly robust

Disadvantages The turbulence model has never been linearized even though Wid-
halm & Thormann [193] showed that this is vital for accurate results.

Harmonic balance module

Advantages Contains a harmonic decomposition of the turbulence model a nd returns
faster results than the nonlinear unsteady module.
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Disadvantages Considerably slower than the time-linearized module and at times
numerically unstable.

Nonlinear unsteady module

Advantages Most accurate RANS representation of the unsteady �ow in a tu rboma-
chine.

Disadvantages Very long computation times due to the fact that even the unst eady
solution needs to develop over time (several harmonic oscil lations need to be
calculated for a �nal result).

Due to the severe time limitations on the aeroelastic calcul ations for an automated opti-
mization tool chain, only the time-linearized module was co nsidered for the cases presented
in this thesis.



C. Potential Flow Aerodynamics

A thorough introduction to the theory of potential �ow dynam ics can be found in Katz &
Plotkin [93]. Here, only the main outline leading to the formulations us ed in the applied
panel code CMARC are given.

As already mentioned in chapter 2.1.5, the continuity equation for an inviscid, irrotational
and incompressible �uid can be derived to be the second deriv ative in space of a velocity
potential.

r � = ~v (2.1 (repeated))

�
�@�

@t
+

@�� ~v x

@x
+

@�� ~v y

@y
+

@�� ~v z

@z
= 0

)
@~v x

@x
+

@~v y

@y
+

@~v z

@z
= 0

) r 2 � = 0

(2.2 (repeated))

That said, the solution of equation ( 2.2) can only be accomplished if two assumptions
are made. The �rst assumption is that the body for which a �ow s olution is desired, is
impermeable. That means no �uid enters or leaves the body, wh ich immediately leads to
the conclusion that the �ow in normal direction of the body bo undary always needs to be
zero.

r � � ~n = 0 (C.1)

The second assumption is that the in�uence of the body on the � ow is negligible very far
away from the body.

lim
~̂r !1

(r � � ~v 1 ) = 0 (C.2)

In equation ( C.2), ~r is the vector from the body to an arbitrary point in the surrou nding
�ow and ~v 1 is the �uid �ow velocity in undisturbed �ow.

If the region of �uid �ow is divided into two regions (region o f interest with potential �
and region of no interest with potential � i , where the region of interest is the �uid �ow
and the region of no interest is inside the body and beyond the far �eld boundary). With
the help of Green's second identity the problem de�ned on a vo lume can be reduced to a
problem just de�ned by the volume surfaces. The velocity pot ential � P at any given point
can then be given as the sum of the in�uence of the volume bound aries on this point. It has
been proven useful to model a wake as additional surface leav ing the body in �ow direction
to capture aerodynamic e�ects correctly. The volume surfac es are then the surface at the
far �eld boundary S1 , the surface of the body itself SB and the surface around the wake
SW (see �gure C.1).
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Figure C.1.: Visualization of the potential �ow around a body (adapted fr om Katz &
Plotkin [93]).

In equation ( C.3), the term � � � i is the di�erence of the velocity potential of the �ow
interior and exterior of the surface at each point on the surf aces and called a doublet. The
term � ~n (r � � r � i ) is the di�erence in normal velocity interior and exterior of the surface
at each point on the surfaces and called a source. When the in� uence of each surface point's
source and doublet value is summed up, the velocity potentia l at any given point of interest
can be calculated.

Taking into consideration equation ( C.2), which states that the velocity potential at the
far �eld boundary is equal on both sides of the boundary, and p ostulating that there cannot
be a velocity source in a wake, equation ( C.3) reduces to:

� P =
1

4�

ZZ

SB

(� � � i ) ~n � r
�

1

~r

�
dS �

1

4�

ZZ

SB

�
1

~r

�
~n � (r � � r � i ) dS

+
1

4�

ZZ

SW

(� u � � l ) ~n � r
�

1

~r

�
dS + � 1 P

(C.4)

In equation ( C.4), the in�uence of the far �eld �ow on point P is the potential � 1 P ,
and the source term of the wake has been eliminated. The veloc ity potential di�erence is
calculated directly over the wake, where � u is the velocity potential above the wake and
� l is the velocity potential below the wake.

If the point P is located on the surface of the body SB , the �rst term in equation ( C.4)
will diverge to in�nity. Via a mathematical trick (let the su rface have a hemispherical
indentation so point P does not touch it, and then reduce the radius of that hemisphe rical
indentation to zero), it is possible to calculate the contri bution of the surface doublet at
point P on itself to be 1

2 (� � � i )P if point P is outside of the surface and � 1
2 (� � � i )P if

point P is interior to the surface.
If point P is an interior point, equation ( C.4) can be transformed to be:
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The integration range (SB � P ) translates to �the body's surface without the point P �.
Introducing a perturbation potential � as the di�erence between total potential at a point
� and the far �eld potential � 1

� = � 1 + �; (C.6)

equation ( C.5) can be written as:
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The doublet and source strengths are de�ned as:

4�� = � = (� � � 1 ) (C.8)

4�� = � ~n � (r � � r � 1 ) (C.9)

Since the gradient of the velocity potential is the velocity and the surface normal velocity
~n � ~v P is either zero or known and the far �eld velocity ~v 1 is known as well, the source
value can be calculated for every case directly (relaxing th e restrictions given in equation
(C.1) again).
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If equations ( C.8) and ( C.9) are introduced into equation ( C.7), an equation for the
doublet strengths � at each point on the inside of the body surface arises:
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Likewise, the velocity potential at any point P in the �uid region can be calculated if the
sources � and doublets � at the surfaces are known:
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Here, K is an operator taking di�erent values for di�erent cases of p oint P . For points
in the �uid �ow region (not on a surface) K = 0 , for points on the inner side of a plane
surface K = � 2� and for points on the outer side of a plane surface K = 2 � .
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To solve equation ( C.12) numerically, the surface is discretized into smaller surf ace panels.
It is assumed that the doublet � and source � strengths are constant over a panel. Then,
surface integrals can be calculated for each panel followin g equation ( C.12), where only the
geometry and position of the surface need to be considered si nce � and � are considered
constant.

To determine the doublet strengths � on each surface panel, control points are distributed
in the center of each panel on the interior side of the panel. T hen, the in�uence of all other
surface panels and the panel itself on the control points are summed up, leading to NB
interdependent linear equations for NB surface panels with NB control points.

N BX
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N WX
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The in�uence coe�cients of each panel on another are:

B JK =
ZZ

K

1

~r
dS (C.14)

and
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dS (C.15)

CJJ = � 2� (C.16)

Here, the terms arising from equation ( C.15) represent the in�uence of the body surface
on the control point (�rst term on the right hand side of equat ion ( C.7)) and equation
(C.16) represents the in�uence of the panel on itself (last term in equation ( C.7)).

Equation ( C.15) is naturally used for the wake as well. It is assumed that the strength of
the wake doublets is the di�erence between the doublet stren gths of the two panels between
which the wake starts. If a wake time stepping algorithm is us ed, the doublet strength of
the wake panels is convected downstream with the panels (see Ashby et al. [ 5]). Once the
system of linear equations with the in�uence coe�cients has been found, it can be solved
with any numerical linear equation solver for the doublet st rengths of each panel.

From the doublet strengths, the velocity potential � is known via equation ( C.8). Since
the normal velocity at the body surface is known, only the tan gential velocity needs to be
calculated. This is done via di�erentiation with the veloci ty potentials of the neighboring
panels. Once the velocity is known, the pressure coe�cient a t each surface point can be
calculated.
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The last term in equation ( C.17) represents the unsteady term d�
dt .



D. Automated Optimization in Turbomachinery
Design

As already mentioned in chapter 1.5, the design of turbomachinery parts is done more
and more by automated optimization tool chains. The automat ed optimizer used at DLR
Institute of Propulsion Technology is called Auto-Opti. It can serve as an example for the
general approach to optimization problems in engineering. A more in-depth introduction
to Auto-Opti can be found in Aulich & Siller [7].

Before starting a multi-parameter optimization, the scope of the optimization needs to
be expressed in a mathematical way:

1. Free design parameters need to be speci�ed. In turbomachi nery design, these free
parameters are a parametric description of the geometry of t he part. In Auto-Opti,
these parameters are variables describing the hub and shrou d contour of a stage
and variables describing the blade pro�les at di�erent �ow c hannel cross sections. To
ensure manufacturability, the admissible range of values f or some of these variables can
be speci�ed. The terminology in automated optimization is n ot consistent. Di�erent
terms are used for the same things by di�erent people. The fre e design parameters
are sometimes called �parameter space�, sometimes �design space�, sometimes �free
variables� depending on the background of the people descri bing an optimization.

2. One or more design variables need to be designated as targets of the optimization.
The goal of the optimization is a minimization or a maximizat ion of these values.
These variables mostly are scalar values which generally wo uld result from a �full�
analysis cycle of a given rotor geometry. E.g. the isentropi c e�ciency � is , the stall
margin, the surge margin or the maximum total pressure ratio � t for a given stage.
These results to be optimized are sometimes called ��tness f unctions�, at other times
�target functions� or �objective functions�.

3. Additionally, design penalties can be prescribed. E.g. i n turbomachinery design it
is often inadmissible for the �rst eigenfrequency to be lowe r than the revolutions per
second, the maximum blade deformation due to aerodynamic lo ading is not allowed
to surpass a certain value or the out�ow properties (swirl / a ngle) should have speci�c
properties. Also a maximum or minimum mass �ow might be a crit erion. These
design penalties are called �restrictions� or �constraint s�.

It is immediately obvious that it would most certainly be imp ossible for a design engineer
to understand the impact of changing any given design parame ter on the aerodynamic,
structural or aeroelastic properties of a turbomachine par t. Therefore, mathematical models
for multidimensional data are used in an automated optimiza tion process to interpolate
between or extrapolate from already tested design points an d to �nd even more optimal
design points.

Figure D.1 visualizes an exemplary approach for an automated optimiza tion of a tur-
bomachinery part with the DLR tool Auto-Opti. On the right ha nd side of �gure D.1,
the �full� design tool chain is started by a main process (Gru ) for a chosen rotor or stator
geometry in a child process (minion number k). This child process performs an automated
set of simulation instructions (called �tool chain�) which contain most design operations
which are necessary to determine the mechanical and aerodyn amic properties of a design
variation. As key parts of this tool chain, the solid parts of the geometry are discretized
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Figure D.1.: Flowchart of an automated optimization with Auto-Opti (fro m Goerke et
al. [64]).

with a �nite element mesh and the �uid �ow path is discretized with a CFD mesh. These
meshes are not necessarily as dense as they would have to be for a �nal design proof, but
they are accurate enough to capture the main characteristic s of a given design.

With these FE and CFD discretizations, critical operating p oints are simulated (mostly
between 3 and 5 steady state �ow cases and at least one structu ral load simulation taking
into account the rotation and the aerodynamic loading at the aerodynamic design point
plus at least a numerical modal analysis at the aerodynamic d esign point). Exemplary,
these operating points are visualized in �gure 4.4 as OP0 - OP4. In the visualized case,
OP0 is the aerodynamic design point (100% RPM, maximum isent ropic e�ciency), OP1 is
a point with a higher pressure ratio (closer to the surge boun dary) at 100% RPM, OP2 is a
point with a lower pressure ratio than OP0 (closer to the chok e boundary) at 100% RPM,
OP3 is at 70% RPM on the working line of the compressor and OP4 i s again a point closer
to the surge boundary at 70% RPM.

At any given point in this process, if a failed restriction is encountered, the design vari-
ation is returned to the main Gru process with an appropriate error designator (namely
�Geometry restrictions�, �CFD post-processing�, �FEM pos t-processing� and �Calculate ob-
jectives and physical values� are the points in �gure D.1 where this can happen). All
successful and failed design variations are then stored in a data base together with their
respective result values.

This data base of �fully� analyzed design variations is then used by a second design pro-
cess to intelligently determine design parameter combinat ions which might lead to similar
or even better target results ( only based on the parameter values and the target and re-
striction results). These meta models (�MM� in �gure D.1) are based on Kriging approaches
or neural networks. Once these meta models have determined p romising design parameter
combinations, these are returned to the main Gru process on t he right hand side for eval-
uation. This quickly leads to a large database of design para meter combinations and their
applicability for a given use case.

As already mentioned in chapter 1.5, it would be very convenient to be able to include a
design penalty for aeroelastic instability or even to formu late a design variable for aeroelastic
stability for an automated optimization process. This has b een one of the research e�orts
at DLR Institute of Aeroelasticity for the past years and som e of the solution strategies
explored were presented in this thesis.
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In chapter 4.1.1, the DLR CRISPmulti counter rotating fan demonstrator was i ntroduced.
This chapter of the appendix will present additional inform ation on the used models and
results.

E.1. CRISPmulti Finite Element Model

Structural analysis of the CRISPmulti rotors was performed with a hybrid �at element /
volume element mesh. The rotor disk and blade mounting are vo lume elements, the blade
itself is made up of shell elements. The reason for this is two fold: For one, the material
properties of CFC materials are highly anisotropic. Shell e lements posses a distinct element
coordinate system and it is very convenient to de�ne the main �ber direction parallel to
the shell surface. Since the �ber orientation is along the bl ade skeletal surface due to the
manufacturing technique, the �ber content and direction is known for each blade thickness
and can be speci�ed easily. Another reason for using shell el ements is the included capability
in MSC Nastran to update shell element sti�nesses in non-lin ear load simulations. The blade
deformation of CFC blades under inertial and surface pressu re load can be quite substantial.
Updated sti�ness matrices for volume elements with a de�ned material coordinate system
which does not follow the blade deformation will become nonp hysical. Since MSC Nastran
shell elements possess their own shell coordinate system wh ich rotates with a shell element
deformation (and in which the material properties of the com posite material are speci�ed),
this problem can be circumvented elegantly. Deformation co mparisons with other FE solvers
at di�erent Institutes of DLR showed very good agreement wit h sometimes substantially
reduced numerical e�ort.

To generate the shell FE mesh the skeletal surface of the blad es was interpolated from the
CFD blade surface meshes and re-discretized. Figure E.1 shows the CFD surface meshes
of both rotor blades of evolution stage 1633 of CRISPmulti an d the respective resulting
skeletal FE mesh together with the surface pressures projec ted onto the skeletal surfaces.

Figure E.2 visualizes the blade mounting of the CFC blades for rotor 1 of CRISPmulti
exemplary. Rotor 2 follows the same approach. In �gure E.2a, the hybrid CFC blade
is shown. The translational degrees of freedom between shel l and volume elements were
treated with a matching mesh approach. The rotational degre es of freedom between the shell
elements and the volume elements were connected via multi-p oint constraints. Figures E.2b
and E.2c show the titanium blade foot which is connected with glue and safety pins to the
lower end of the blade. CRISP-1m had adjustable blades, ther efore the blade mounting
contains a friction bearing depicted in �gures E.2d, E.2e and E.2f , even though no blade
adjustment was considered in the design process of CRISPmul ti. The fully mounted blade
in one section of the disk is shown in �gure E.2g.

The �nal FE models of one blade section for each rotor are depi cted in �gure 4.2. The
cyan bullets indicate the cyclic symmetry nodes. Since it wa s assumed that there would
be a lot of friction damping in the blade mounting itself, and therefore no blade coupling
around the rotor, the cyclic symmetry nodes were used as �xed boundary conditions for
all FE calculations performed. The �nal blade meshes had 165 60 (rotor 1) and 14640
(rotor 2) quadrilateral shell elements and 19310 / 19298 vol ume elements (bricks, prisms or
tetrahedrons).
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(a) Surface pressure on the pressure side of the
rotor 1 blade (left) and interpolated pres-
sure on the FE skeletal mesh (right).

(b) Surface pressure on the suction side of the
rotor 1 blade (left) and interpolated pres-
sure on the FE skeletal mesh (right).

(c) Surface pressure on the pressure side of the
rotor 2 blade (left) and interpolated pres-
sure on the FE skeletal mesh (right).

(d) Surface pressure on the suction side of the
rotor 2 blade (left) and interpolated pres-
sure on the FE skeletal mesh (right).

Figure E.1.: CRISPmulti shell FE mesh based on the automated optimizatio n CFD mesh
and surface pressure interpolation.

(a) CFC hybrid blade
(dark gray).

(b) Blade and safety
pins (blue).

(c) Blade secured in
titanium foot (or-
ange) with safety
pins.

(d) Blade foot in in-
ner half of friction
bearing (green).

(e) Inner half of fric-
tion bearing on
blade foot with
washer (purple).

(f ) Added outer half
of friction bearing
(red).

(g) Blade mounted in
disk (light gray).

Figure E.2.: CRISPmulti rotor 1 blade mounting.
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(a) CRISPmulti rotor
1 blade FE model.

(b) CRISPmulti rotor
2 blade FE model.

Figure 4.2 .: CRISPmulti FE models for ro-
tor 1 and rotor 2, one blade
each, blade thickness in mm ,
cyan bullets indicate cyclic
symmetry nodes (repeated).

(a) Blade on rotor 1. (b) Blade on rotor 2.

Figure E.3.: CRISPmulti original aerody-
namically optimal (hot, light
gray) geometry and manufac-
turing (cold, blue) geometry
of the blades of evolution step
1633.

E.2. Hot-to-Cold Transformation

The blade shapes of the di�erent CRISPmulti evolution stage s were found in an automated
optimization algorithm. This means that an optimal blade ge ometry at the optimization
design point was returned. The problem with this is that the i nertial load and the blade
surface pressure under operating conditions will lead to a d eformation of the blade. Should
the design geometry be manufactured directly and without ad justments, the blade shape
at operating conditions would not be the aerodynamically op timal blade geometry.

Consequently, the geometry to be manufactured needs to be de duced from the optimized
geometry at operating conditions. This is called a �hot-to- cold� transformation and is
described in Forsthofer & Reiber [53]. Basically, the inertial load and the surface
pressure loads are applied to the optimized geometry. The di �erence between the resulting
blade shape and the optimized geometry is subtracted from th e optimized geometry to form
the �rst �cold� geometry shape. This is continued until the � nal �cold� geometry's blade
shape under inertial and pressure load matches the optimize d geometry to a certain degree
of accuracy (see �gure E.3 for an impression of the �hot� and �cold� shapes of the blades on
the two CRISPmulti rotors).

Obtaining the pressure load acting on the FE model has alread y been visualized in
�gure E.1. Once the contributions from pressure and suction side of th e blades are known,
the suction side's pressure is subtracted from the pressure side's pressure to obtain the
resulting pressure acting on the shell element surface.

E.3. Standard FE Calculations

For each evolution step of CRISPmulti, a Campbell diagram wa s calculated in order to
determine the risk for forced response events. To determine the frequency ranges of the
di�erent blade eigenmode shapes at di�erent inertia and pre ssure load states, the sur-
face pressures from the di�erent operating points in the com pressor map (�gure 4.4 in
chapter 4.1.1.2) were interpolated as shown in chapter E.1, visualized in �gure E.1. The
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Figure E.4.: CRISPmulti Campbell diagrams of the blades of evolution ste p 1633.

resulting Campbell diagrams show that the in�uence of the st eady state surface pressure
has a signi�cant in�uence on the eigenfrequencies (�gure E.4).

A byproduct of the computation of the Campbell diagrams were the eigenmode shapes
and eigenfrequencies at all aerodynamic operating points. Since it is customary to check the
�rst three eigenmode shape families for aeroelastic stabil ity, �gure E.5 shows the eigenmode
shapes of the CRISPmulti rotor blades at 0 RPM. The blades on r otor 1 (�gure E.5a - E.5c)
show a classical eigenmode shape pattern (�rst bending, sec ond bending, �rst torsion), while
the blades of rotor 2 (�gure E.5d - E.5f) show a less obvious eigenmode shape distribution
(�rst bending, �apping of the upper end of the trailing edge, torsion of the upper half of the
blade). The eigenmode shapes with inertial and surface pres sure load on the other hand
show at times a substantially di�erent behavior. This will b e visualized in appendix E.5.

E.4. CFD Mesh Studies

The CRISPmulti demonstrator was aerodynamically and struc turally optimized with the
DLR in-house tool Auto-Opti. For the aerodynamic optimizat ion, a coarse CFD mesh
was used. This mesh was designed to capture the main characte ristics of the �ow while
permitting very rapid 3D RANS computations with TRACE. Expe rience from previous
optimizations had shown that using a very coarse mesh (espec ially in radial direction)
permitted much faster computation times while leading to a m inor error in aerodynamic
e�ciency. Since the main objective of an automated optimiza tion is the determination of
global trends in aerodynamic e�ciency and not the �nal compu tation of absolutely reliable
values, this was deemed an acceptable practice. The �nal des ign and some intermediate
designs were veri�ed with �ner CFD meshes.

This approach could not be taken for granted for the unsteady linearized RANS compu-
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(a) Eigenmode shape 1, Rotor 1 (b) Eigenmode shape 2, Rotor 1 (c) Eigenmode shape 3, Rotor 1

(d) Eigenmode shape 1, Rotor 2 (e) Eigenmode shape 2, Rotor 2 (f ) Eigenmode shape 3, Rotor 2

Figure E.5.: CRISPmulti eigenmode shapes of the blades of evolution step 1633 at 0 RPM.

(a) Optimization CFD mesh of evolution step
5696 with 34 cells in radial direction.

(b) Veri�cation CFD mesh of evolution step
5696 with 128 cells in radial direction.

Figure E.6.: Optimization and veri�cation CFD mesh of evolution step 569 6 of the
CRISPmulti demonstrator. Compare to �gure 4.3 for the description of the
di�erent surfaces.
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mization mesh and the veri�cation mesh of evolution step 569 6 of the CRISP-
multi demonstrator.

tations. Therefore, comparison computations were perform ed on a preliminary design stage
for the similarity of the unsteady aerodynamics on coarse an d �ne meshes. The overall
optimization mesh was compared to a mesh with the resolution s generally used for �nal
design proof computations. The optimization mesh had 34 cel ls in radial direction and in
total 340 184 cells for the rotor 1 passage and 347 800 cells in total for the rotor 2 passage.
The �ne mesh had 128 cells in radial direction and 2 890 308 / 2 8 72 388 cells for rotor 1 and
rotor 2 passage, respectively (�gure E.6).

The aerodynamic damping of the di�erent meshes for the same � ow case di�ered only
marginally (see �gure E.7). The computation times on the other hand di�ered substanti ally:
The �ne mesh used 24 CPUs for approx. 7.5 h while the coarse mes h used 8 CPUs for approx.
0.5 h. Therefore, it was decided that using a relatively coar se mesh still resulted in accurate
time-linearized unsteady results.

For the �nal design proof computations it was decided, that a n intermediate mesh would
result in the best trade-o� between computational e�ciency and aerodynamic accuracy.
The results of the computations presented in chapter 4.1 were therefore computed with a
computational mesh with 80 cells in radial direction result ing in 803 680 / 821 600 cells for
the rotor 1 and rotor 2 passage, respectively.

E.5. Blade Eigenmode Shapes of Different Evolution Steps of the
CRISPmulti Project

In chapter 4.1.4, 4.1.5 and 4.2, a database of preliminary designs and their eigenbehavior
under di�erent load cases as well as the resulting global aer odynamic damping � values is
referred to. Here, the di�erent geometries and their eigenm ode shapes at various operating
points are given for completeness. The location of the opera ting points in the compressor
map is given in �gure 4.4. The origin of the di�erent evolution steps numbered with fo ur
digits is given in table 4.1.

In the following �gures of this chapter, the gray shaded geom etry indicates the optimal
aerodynamic form of the blade tested in the preliminary desi gn routine. The shape with
the color contour represents the maximum deformation in the respective eigenmode shape.
Keep in mind that eigendeformations can be scaled arbitrari ly and still represent the same
eigendeformation. If mode shapes are deformed in the opposi te direction (scaled with -1.0),
then this is no mistake but the result of an automated printin g routine which was applied
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Figure E.8.: 1st eigenmode shapes of Rotor 1 at OP0 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2077, 2088, 2221, 2248, 4455, 5290,
5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_-
nurCFK, 5696).

to the FE results which do not have a preferred deformation di rection ( � 1.0, the scale itself
is de�ned via the generalized mass or sti�ness).
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Figure E.9.: 2nd eigenmode shapes of Rotor 1 at OP0 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2077, 2088, 2221, 2248, 4455, 5290,
5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_-
nurCFK, 5696).
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Figure E.10.: 3rd eigenmode shapes of Rotor 1 at OP0 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2077, 2088, 2221, 2248, 4455, 5290,
5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_-
nurCFK, 5696).
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Figure E.11.: 1st eigenmode shapes of Rotor 1 at OP1 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2077, 2088, 2221, 2248, 4455, 5290,
5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_-
nurCFK, 5696).
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Figure E.12.: 2nd eigenmode shapes of Rotor 1 at OP1 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2077, 2088, 2221, 2248, 4455, 5290,
5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_-
nurCFK, 5696).
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Figure E.13.: 3rd eigenmode shapes of Rotor 1 at OP1 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2077, 2088, 2221, 2248, 4455, 5290,
5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_-
nurCFK, 5696).



E. Additional Information on CRISPmulti 133

Figure E.14.: 1st eigenmode shapes of Rotor 1 at OP2 for various evolution step s of the
CRISPmulti project (5380, 5471, 5489, 2549, 2559, 2661, 569 6_A1, 5696_-
A2, 5696_nurCFK, 5696).
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Figure E.15.: 2nd eigenmode shapes of Rotor 1 at OP2 for various evolution step s of the
CRISPmulti project (5380, 5471, 5489, 2549, 2559, 2661, 569 6_A1, 5696_-
A2, 5696_nurCFK, 5696).
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Figure E.16.: 3rd eigenmode shapes of Rotor 1 at OP2 for various evolution step s of the
CRISPmulti project (5380, 5471, 5489, 2549, 2559, 2661, 569 6_A1, 5696_-
A2, 5696_nurCFK, 5696).
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Figure E.17.: 1st eigenmode shapes of Rotor 1 at OP3 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642,
5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_ nurCFK,
5696).
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Figure E.18.: 2nd eigenmode shapes of Rotor 1 at OP3 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642,
5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_ nurCFK,
5696).
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Figure E.19.: 3rd eigenmode shapes of Rotor 1 at OP3 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642,
5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_ nurCFK,
5696).
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Figure E.20.: 1st eigenmode shapes of Rotor 1 at OP4 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642).
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Figure E.21.: 2nd eigenmode shapes of Rotor 1 at OP4 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642).
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Figure E.22.: 3rd eigenmode shapes of Rotor 1 at OP4 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642).
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Figure E.23.: 1st eigenmode shapes of Rotor 2 at OP0 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1710, 1822,
1898, 1981, 2001, 2016, 2033, 2036, 2088, 2221, 2248, 4455, 5290, 5616, 5642,
5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_ nurCFK,
5696).
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Figure E.24.: 2nd eigenmode shapes of Rotor 2 at OP0 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1710, 1822,
1898, 1981, 2001, 2016, 2033, 2036, 2088, 2221, 2248, 4455, 5290, 5616, 5642,
5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_ nurCFK,
5696).
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Figure E.25.: 3rd eigenmode shapes of Rotor 2 at OP0 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1710, 1822,
1898, 1981, 2001, 2016, 2033, 2036, 2088, 2221, 2248, 4455, 5290, 5616, 5642,
5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2, 5696_ nurCFK,
5696).
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Figure E.26.: 1st eigenmode shapes of Rotor 2 at OP1 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 4455,
5290, 5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2,
5696_nurCFK, 5696).
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Figure E.27.: 2nd eigenmode shapes of Rotor 2 at OP1 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 4455,
5290, 5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2,
5696_nurCFK, 5696).
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Figure E.28.: 3rd eigenmode shapes of Rotor 2 at OP1 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 4455,
5290, 5616, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1, 5696_A2,
5696_nurCFK, 5696).
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Figure E.29.: 1st eigenmode shapes of Rotor 2 at OP2 for various evolution step s of the
CRISPmulti project (5380, 5471, 5489, 2549, 2559, 2661, 569 6_A1, 5696_-
A2, 5696_nurCFK, 5696).
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Figure E.30.: 2nd eigenmode shapes of Rotor 2 at OP2 for various evolution step s of the
CRISPmulti project (5380, 5471, 5489, 2549, 2559, 2661, 569 6_A1, 5696_-
A2, 5696_nurCFK, 5696).
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Figure E.31.: 3rd eigenmode shapes of Rotor 2 at OP2 for various evolution step s of the
CRISPmulti project (5380, 5471, 5489, 2549, 2559, 2661, 569 6_A1, 5696_-
A2, 5696_nurCFK, 5696).
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Figure E.32.: 1st eigenmode shapes of Rotor 2 at OP3 for various evolution step s of the
CRISPmulti project (1221, 1240, 1428, 1663, 1682, 1685, 189 8, 1981, 2001,
2016, 2036, 2077, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1,
5696_A2, 5696_nurCFK, 5696).
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Figure E.33.: 2nd eigenmode shapes of Rotor 2 at OP3 for various evolution step s of
the CRISPmulti project (1221, 1240, 1428, 1663, 1682, 1685, 1898, 1981,
2001, 2016, 2036, 2077, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1,
5696_A2, 5696_nurCFK, 5696).
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Figure E.34.: 3rd eigenmode shapes of Rotor 2 at OP3 for various evolution step s of the
CRISPmulti project (1221, 1240, 1428, 1663, 1682, 1685, 189 8, 1981, 2001,
2016, 2036, 2077, 5642, 5380, 5471, 5489, 2549, 2559, 2661, 5696_A1,
5696_A2, 5696_nurCFK, 5696).
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Figure E.35.: 1st eigenmode shapes of Rotor 2 at OP4 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642).
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Figure E.36.: 2nd eigenmode shapes of Rotor 2 at OP4 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642).
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Figure E.37.: 3rd eigenmode shapes of Rotor 2 at OP4 for various evolution step s of the
CRISPmulti project (0944, 1175, 1221, 1240, 1428, 1663, 168 2, 1685, 1710,
1822, 1898, 1981, 2001, 2016, 2033, 2036, 2077, 2088, 2221, 2248, 5642).
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E.6. Smallest Aerodynamic Damping over Reduced Frequency

In chapter 4.2.1, the combined least aerodynamic damping over reduced frequ ency diagrams
were given for di�erent evaluation approaches. As a supplem ent, the least aerodynamic
damping over the reduced frequency is given for each compute d operating point, here.
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Figure E.38.: Smallest aerodynamic damping � min; OP 0 over reduced frequency
! red; OP 0 found for di�erent rotor evolution steps (full diamonds den ote
rotor 1 of CRISPmulti, empty diamonds denote rotor 2 of CRISP multi).
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Figure E.39.: Smallest aerodynamic damping � min; OP 1 over reduced frequency
! red; OP 1 found for di�erent rotor evolution steps (full diamonds den ote
rotor 1 of CRISPmulti, empty diamonds denote rotor 2 of CRISP multi).
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Figure E.40.: Smallest aerodynamic damping � min; OP 2 over reduced frequency
! red; OP 2 found for di�erent rotor evolution steps (full diamonds den ote
rotor 1 of CRISPmulti, empty diamonds denote rotor 2 of CRISP multi).
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Figure E.41.: Smallest aerodynamic damping � min; OP 3 over reduced frequency
! red; OP 3 found for di�erent rotor evolution steps (full diamonds den ote
rotor 1 of CRISPmulti, empty diamonds denote rotor 2 of CRISP multi).
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Figure E.42.: Smallest aerodynamic damping � min; OP 4 over reduced frequency
! red; OP 4 found for di�erent rotor evolution steps (full diamonds den ote
rotor 1 of CRISPmulti, empty diamonds denote rotor 2 of CRISP multi).
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Figure E.43.: Smallest aerodynamic damping � min over reduced frequency ! red found
for di�erent rotor evolution steps at di�erent operating po ints (grouped
by eigenmode shape, full diamonds denote rotor 1 of CRISPmul ti, empty
diamonds denote rotor 2 of CRISPmulti, red denotes OP0, gree n denotes
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F. Optimal Distribution of Sample Points on a
360� Circle

In chapter 4.1.4, it was shown that three sample points on a 360 � wave length are necessary
to de�ne a sine wave. Then, it was shown in equation ( 4.3) that the inverse of a coe�cient
matrix needs to be computed to derive the de�ning parameters of the sine wave. The
inverse of a matrix can be obtained as:

�
A

� � 1 =
adj

�
A

�

det
�
A

� (F.1)

In Equation ( F.1), adj
�
A

�
is not the adjoint of

�
A

�
but the less well known adjugate. In

this chapter the the derivation of the optimal distribution of the three points on the wave
de�ning the sine curve is highlighted.

The Determinant

The determinant of a 3x3 matrix
�
A

�
is de�ned as:

det
�
A

�
= ( A 11 � A 22 � A 33 ) + ( A 12 � A 23 � A 31 ) + ( A 13 � A 21 � A 32 )

� (A 13 � A 22 � A 31 ) � (A 12 � A 21 � A 33 ) � (A 11 � A 23 � A 32 )
(F.2)

Since the determinant is in the denominator of equation ( F.1), it is important that
det

�
A

�
6= 0 .

Also, the relation between � 1 , � 2 and � 3 can be used when calculating the determinant:

� 2 = � 1 + '

� 3 = � 1 + �
(F.3)

The determinant of the coe�cient matrix can then be shown to b e:
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det

2

4
1 sin (� 1 ) cos (� 1 )
1 sin (� 1 + ' ) cos (� 1 + ' )
1 sin (� 1 + � ) cos (� 1 + � )

3

5

= sin ( � 1 + ' ) � cos (� 1 + � ) + sin ( � 1 ) � cos (� 1 + ' ) + cos ( � 1 ) � sin ( � 1 + � )

� cos (� 1 ) � sin ( � 1 + ' ) � sin ( � 1 ) � cos (� 1 + � ) � cos (� 1 + ' ) � sin ( � 1 + � )

= (sin ( � 1 ) � cos (' ) + cos ( � 1 ) � sin ( ' )) � (cos (� 1 ) � cos (� ) � sin ( � 1 ) � sin ( � ))

+ sin ( � 1 ) � (cos (� 1 ) � cos (' ) � sin ( � 1 ) � sin ( ' ))

+ cos ( � 1 ) � (sin ( � 1 ) � cos (� ) + cos ( � 1) � sin ( � ))

� cos (� 1 ) � (sin ( � 1 ) � cos (' ) + cos ( � 1 ) � sin ( ' ))

� sin ( � 1 ) � (cos (� 1 ) � cos (� ) � sin ( � 1 ) � sin ( � ))

� (cos (� 1 ) � cos (' ) � sin ( � 1 ) � sin ( ' )) � (sin ( � 1 ) � cos (� ) + cos ( � 1 ) � sin ( � ))

=
( ( ( ( ( ( ( ( ( ( ( ( (
sin ( � 1 ) � cos (� 1 ) � cos (' ) � cos (� ) + cos 2 (� 1 ) � sin ( ' ) � cos (� )

� sin2 (� 1 ) � cos (' ) � sin ( � ) �
( ( ( ( ( ( ( ( ( ( ( ((
sin ( � 1 ) � cos (� 1 ) � sin ( ' ) � sin ( � )

+
( ( ( ( ( ( ( ( ( (
sin ( � 1 ) � cos (� 1 ) � cos (' ) � sin2 ( � 1 ) � sin ( ' )

+
( ( ( ( ( ( ( ( ((
sin ( � 1 ) � cos (� 1 ) � cos (� ) + cos 2 ( � 1 ) � sin ( � )

�
( ( ( ( ( ( ( ( ( (
sin ( � 1 ) � cos (� 1 ) � cos (' ) � cos2 ( � 1 ) � sin ( ' )

�
( ( ( ( ( ( ( ( ((
sin ( � 1 ) � cos (� 1 ) � cos (� ) + sin 2 ( � 1 ) � sin ( � )

�
( ( ( ( ( ( ( ( ( ( ( ( (
sin ( � 1 ) � cos (� 1 ) � cos (' ) � cos (� ) + sin 2 ( � 1 ) � sin ( ' ) � cos (� )

� cos2 (� 1 ) � cos (' ) � sin ( � ) +
( ( ( ( ( ( ( ( ( ( ( ((
sin ( � 1 ) � cos (� 1 ) � sin ( ' ) � sin ( � )

=
�
sin2 ( � 1 ) + cos 2 ( � 1 )

�
� [sin ( ' ) � cos (� ) � cos (' ) � sin ( � ) + sin ( � ) � sin ( ' )]

= sin ( � ) + sin ( ' � � ) � sin ( ' )

(F.4)

In addition to being very simple to calculate, equation ( F.4) shows that the determinant
is not dependent of the �rst angle at all, but just of the di�er ence between the three angles.

The determinant of the coe�cient matrix is shown in �gure F.1. The lines where the
determinant is zero ( � = 0 , ' = 0 or � = ' ) need to be avoided at all cost, since a division
by zero is impossible. The extremal points of this function a re at (' = 120 � ; � = � 120� )
and (' = � 120� ; � = 120 � ) and indicate the angle combinations where the division in th e
matrix inversion is most robust.

The Adjugate

The adjugate of a 3x3 matrix
�
A

�
is de�ned as:

adj
�
A

�
=

2

6
6
6
6
6
4

det
�

A 22 A 23
A 32 A 33

�
� det

�
A 12 A 13
A 32 A 33

�
det

�
A 12 A 13
A 22 A 23

�

� det
�

A 21 A 23
A 31 A 33

�
det

�
A 11 A 13
A 31 A 33

�
� det

�
A 11 A 13
A 21 A 23

�

det
�

A 21 A 22
A 31 A 32

�
� det

�
A 11 A 12
A 31 A 32

�
det

�
A 11 A 12
A 21 A 22

�

3

7
7
7
7
7
5

(F.5)
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Figure F.1.: Determinant of the matrix dependent on ' and � .

This is the transpose of the cofactor matrix. Again using the de�nitions of equation ( F.3),
the adjugate of the coe�cient matrix is calculated as:

adj

2

4
1 sin (� 1 ) cos (� 1)
1 sin (� 1 + ' ) cos (� 1 + ' )
1 sin (� 1 + � ) cos (� 1 + � )

3

5

=

2

6
6
4

�
sin ( � 1 + ' ) � cos (� 1 + � )

� cos (� 1 + ' ) �sin ( � 1 + � )

� �
� sin ( � 1) �cos (� 1 + � )
+ cos ( � 1 ) �sin ( � 1 + � )

� �
sin ( � 1 ) � cos (� 1 + ' )

� cos (� 1 ) �sin ( � 1 + ' )

�

� cos (� 1 + � ) + cos ( � 1 + ' ) cos (� 1 + � ) � cos (� 1 ) � cos (� 1 + ' ) + cos ( � 1 )
sin ( � 1 + � ) � sin ( � 1 + ' ) � sin ( � 1 + � ) + sin ( � 1 ) sin ( � 1 + ' ) � sin ( � 1 )

3

7
7
5

(F.6)

One can see that the base angle � 1 cannot be extracted from the adjugate of the coe�cient
matrix. Therefore, one can write it again as:

adj
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4
1 sin (� 1 ) cos (� 1 )
1 sin (� 2 ) cos (� 2 )
1 sin (� 3 ) cos (� 3 )

3

5

=
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4

�
sin ( � 2 ) � cos (� 3 )

� sin ( � 3 ) � cos (� 2 )
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sin ( � 3 ) � cos (� 1 )

� sin ( � 1 ) � cos (� 3 )
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sin ( � 1 ) � cos (� 2 )

� sin ( � 2 ) � cos (� 1 )

�

cos (� 2 ) � cos (� 3 ) cos (� 3 ) � cos (� 1 ) cos (� 1) � cos (� 2 )
sin ( � 3 ) � sin ( � 2 ) sin ( � 1 ) � sin ( � 3 ) sin ( � 2) � sin ( � 1 )

3

7
7
5

(F.7)

There are two requirements for this coe�cient matrix to deli ver a robust solution:

� To not overemphasize the importance of one calculated dampi ng value, the three
numbers in each line of the adjugate should be as similar as po ssible to represent
their in�uence on the sine curve.

� The three columns of the coe�cient matrix need to be orthogon al, otherwise the
determinant will be zero and the matrix cannot be inverted.
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These two criteria contradict each other (the most similar v alues in two lines [equal
values], automatically lead to a non-orthogonal matrix. Th erefore it was decided to use
a case where the determinant of the matrix is as large as possi ble. This is the case for
' = 120 � and � = � 120� or vice versa.

Since the case of� 1 = 0 � is present in every con�guration and the most simple to simul ate
in time-linearized and time-accurate methods, it was decid ed to use a setup with � 1 = 0 �

and � 2 and � 3 as close to 120� and � 120� as possible for the con�guration at hand.



G. Vortex Lattice Unsteady Results with Local
Velocity Wake Convection

In chapter 4.3.4, the unsteady �uid �ow results of CMARC were compared to expe riments
and unsteady time-linearized 3D RANS computations. One add itional experiment was con-
ducted in order to determine the validity of the 3D panel code CMARC for turbomachinery
applications. In this experiment, the unsteady computatio n was performed with �natural�
wake development where the wake was stepped with the local ve locity.
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(b) Unsteady cp phase CMARC results with 32
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Figure G.1.: CMARC vs. experimental results for unsteady subsonic case z 043 (0.3� blade
vibration at 210 Hz, 0 � IBPA).
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(b) Unsteady cp phase CMARC results with 32
time steps per oscillation and wake convec-
tion with local velocity.

Figure G.2.: CMARC vs. experimental results for unsteady transonic case z014 (0.3�

blade vibration at 210 Hz, 0 � IBPA).

As one can see from �gures G.1 and G.2, the results were heavily in�uenced by the ragged
wake convection and consequently did not yield usable resul ts. This is in accordance with
the �ndings from chapter 4.3.3, where the steady state results were in�uenced heavily by
the ragged wake convection.


