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AEROELASTICITY IN TURBOMACHINES: Preface. Nomencleture 3
i. Preface

At the 1980 "Symposium on Aeroelasticity in Turbomachines [1-3], held in
Lausanne, Switzeriand!, it became clear that it was virtually impossibie to
compare different analytical models for predicting flutter and forced
vibration and establish their validity.

The Scientific CommitteeZ of this meeting decided to initiate a workshop on
“Standard Configurations for Aercelasticity in Turbomachine-Cascades™. The
aim of this project is to establish a data base with some well documented
experimental data, and to initiate and coordinate future experimental
invaestigations in existing test facilities. The standard configurations to be
compiled should also serve as test cases for present and future models for
predicting aeroelastic phenomena in turbomachine-cascades. It was decided by
the Scientific Committee that this study should be coordinated by the
“Laboratoire de thermigue appliquée et de turbomachines® at the EPF-
Lausanne, and that Mr. T. Fransson shouid undertake the task under an United
States Air Force Contract.

A first report with a set of standard configurations was distributed to all the
participants at the end of 1983 [4]3. Calculations were subsequently

L Three symposia have been held in this serie (Paris, France 1976;
Lausanne, Switzerland 1980, Cambridge, UK 1984) and a fourth is scheduled
for 1987 (Aachen, West Germany).

2 Scientific Committee:

Germany H. Farsching

Switzeriand : A. Bolcs (P. Suter 1980, G. Gyarmathy 1976, 1980)

France : E. Szechenyi (R. Legendre, M. Roy 1976, 1980)

UK : D.S. Whitehead (+ J.E. Ffowcs Williams, D.G.M. Davis,
R.J. HINl 1984)

Japan : Y. Tanida

UsA : M. F. Platzer (« M.E. Goidstein 1984, A A. Mikolajczak

1960)

3 Please note that, at the request of some participants, a few symbols
and standard configurations in the present report do not correspond to those
in Ref. 4. Refer to the section entitled “Updating of Nomenclature™ for these
changes.
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performed and comparisons between experimental data and theoretical results
were presented at the Third Symposium (1984) [7). The conclusion drawn from
the work was premising and it was decided to continue the comparative
efforts, while encouraging new experimental and theoretical investigations,
until the Fourth Symposium (1987).

Special emphasis should now be put on defining a small set of aeroelastic
test cases for detailed comparison between experiments and theories, to
coordinate new investigations and to discuss the physical phenomena of
aeroelasticity.

The objective of the present report is to conclude the workshop initiated in
1980, and look ahead to the Aachen Symposium, by which time the methods so
validated may be used for detailed and systematic calculations, in order to
obtain a better understanding of the aeroelastic phenomena.

This exercise should serve as a guideline for the improving the numerical
modeling that will be required to achieve the goal of providing an efficient
and reliable unsteady aerodynamic analyses, which can be used in
turbomachinery aeroelastic design investigations [5].

The Scientific Committee hopes that this report will constitute a bench-
mark for the validation of both experimental and theoretical aeroelastic
investigations in turbomachines.

The present report will be updated at the Aachen Symposium, so that any new
experimental and/or theorstical investigations can be included.

The members of the Scientific Committee express their thanks to tir. T.
Fransson, who coordinated, compiled and evaluated all the results, and to all
research colleagues who participated in the study.

For the Scientific Committee

A Bolcs
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It. Abstract

The aeroelastician needs reliable, efficient methods for calculating unsteady
blade forces in turbomachines. The validity of such theoretical or empirical
prediction models can be established only 1f researchers apply their flutter
and forced vibration predictions to a number of well documented experimental
test cases.

in the present report, the geometrical and time-averaged flow conditions of
nine two-dimensional and quasi-three-dimensional experimental (mainly)
standard configurations for aeroelasticity in turbomachine-cascades are
given. Some aeroelastic test cases are defined for each configuration,
comprising different incidence angies, Mach numbers, interblade phase angle,
reduced frequencies, etc.

Furthermore, a proposal for uniform nomenclature and reporting formats is
included, in order to facilitate the comparison of different experimental data
and theoretical results.

In total, results from 15 theoretical prediction methods have been compared
with each other, and with experimenta) data.

The comparative investigation has shown that present theoretical models can
predict accurately the aeroelastic behavior of certain cascade configurations
in two-dimensional flow. Other configurations, on the other hand, cannot be
predicted as well.

It is concluded that, although present methods can predict stability limits in
some cases, the physical reasons for flutter in cascades are not yet fully
understood. Further investigations, both experimental and theoretical, are
thus urgently required.
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IV. Nomenclature
Note:

a) At the request of some participants, the nomenclature of the first
report [4] has been slightly modified. A complete list of the changes is given
in section V.

b)  Throughout this report, “standard configuration® will designate a
cascade geometry and "aeroelastic case” or "aeroelastic test case” will
indicate the different time-dependent (and, in some cases time-averaged)
conditions within a standard configuration.

c) The tables and figures will be numbered as the sections For example,
Figure 3.7-2 denotes the second figure ‘n section 3.7

d) In order to be consistent with Appendix AS in which all results

obtained in the project are presented (in format Ad), an identification 1s

given in each figure as a plotnumber.

These plots are numbered according o the sections, with separation for the

type of result presented such as plot K.L-MN where

° K indicates  the section (for example 7)

° L ) " standard configuration number (for example, 7 4
indicates results on the fourth standard configura-
tion, given in section 7)

) M indicates the type of result:

M=1 : time-averaged pressure coefficient (=cp)
and/or Mach number (M)

M=2 : time-dependent pressure coefficient (=Cp)

M=3 - - " difference coefficient (=AEp)

M=4 :1ift, force coefficient (= &, &, &

M=5 - moment coefficient (=Cpp)

M=6 - aerodynamic damping coefficient . (=3)

[ 3 N . indicates the plot number of type K.L-M

(for example, Plot 7.1-6.2 indicates the second plot of type 6 of the
1st standard configuration in section 7)

%)

nY




EPF-Lausanne. LABORATOIRE DE THERMIQUE APPLIQUEE ET DE TURBOMACHINES 10

@) The terms “controlled excitation®, “forced excitation™ and “flutter tests
will be extensively used throughout the report. In the present context, they
are defined as follows:
] Controlled excitation test:
when the blades are vibrated with a force (mechanical electro magne-
tic,...) external to the flow.
] Forced excitation test:
The blades are excited by the flow, but in a known way (for example
blade passing frequency from upstream blades).
) Flutter test:
Self excited vibrations, i.e. the blades vibrate even though there is no
controlled or forced excitation in the experiment.

i
o
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Symbol Explanation
Latin Alphabet

A amplitude (A=h for pure sinusoidal bending)
(A=a for pure sinusoidal pitching)

Fourier coefficient

chord length

unsteady perturbation force coefficient vector

per unit amplitude, positive in positive coordi-

nate directions (Eq. 5):

gzn)
—
-’

Ef(l) = ¢ ei{wt"”f} éf

Ce real amplitude of the unsteady perturbation force

coefficient per unit amplitude (Eq. 5)
éi(t) unsteady perturbation 1ift coefficient per unit

amplitude, positive in positive y-direction (Eq. 4):
EiL) = § eilwtsd)} ég

Note: in the present study, the lift coefficient
is defined as the force component perpen-
dicular to the chord!

& real amplitude of the unsteady perturbation lift

coefficient per unit amplitude (Eq. 4)
Em(t) unsteady perturbation moment coefficient per-

unit amplitude, positive in clockwise direction (Eq. 6):
em(t) = Em ei{wt*’m} az

Cm real amplitude of the unsteady perturbation

moment coefficient per unit amplitude (Eq. 6)
t':,,(x,t) unsteady perturbation blade surface pressure

coefficient per unit amplitude (Eq. 3):

Cp(x,) = Eplx) eilwted ()}

11
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Cp(x)

Cp

- -’-':O"?O

h (x,y,t)

" - -

M
p(xyt)

real amplitude of the unsteady perturbation -
pressure coefficient per unit amplitude (Eq. 3)

time-averaged pressure coefficient = [p-p_eo)/[Py-oo=P- o) -
coefficient of aerodynamic work done on -
the airfoil during the oscillation cycle (Eq. 12, 13)

maximum blade thickness (dimensioniess with chord) -
unit vector in force direction

unit vector in bending direction -
unit vector normal to blade surface, positive inwards) -
unit vector tangent to blade surface, positive -
in positive coordinate directions

unit vector in x-direction -
unit vector in y-direction -
vibration frequency Hz
function -
dimensionless (with chord) bending vibration, -
positive in positive coordinate directions

dimensionless (with chord) bending amplitude -
complex notation = (-1)0.5 -
incidence angle, from mean camberline at leading edge deg
reduced frequency -

k=lc'@)/[2+vyef]

Mach number -

pressure N/m2
(with superscript ~ :time-dependent perturbation)
{with superscript ~ :time averaged)

dimensionless vector from mean pivot axis -
to an arbitrary point on the mean blade surface

real part of complex value -
Reynolds number = (vp¢r C)/¥ . -
dimensionless time: T = t/T, -
period of a cycle

time s
velocity m/s
reference velocity for reduced frequency m/s

Yref = ¥y fOr compresor cascade
vref = v2 for turbine cascade

T R

. O{m, .
T v R
AR I A
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X dimensionless (with chord) chordwise coordinate
Xt dimensionless (with chord) chordwise position
of torsion axis
] dimensionless (with chord) normal-to-chord coordinate
Yo dimensionless (with chord) normal-to-chord position
of torsion axis
2 dimensionless (with chord) spanwise coordinate

6reek Alphabet

&t) pitching vibration, positive nose-up {Eq. 2)

o pitching amplitude

] flow angle, from axial direction, positive in direction
of rotation (Fig. 4.1-1)

H chordal stagger angle, from axial direction, (Fig. 4.1-1)

$ bending vibration direction = tan-1(hy/hy)

Agy(x,0) unsteady perturbation pressure difference coefficient (Eq. 8): -

AEP(X,I) = AEP(X) e'{wt’éspu)} = Epls(x,t) - ep“(x,t)

Ay(x) real amplitude of unsteady blade surface perturbation
pressure difference coefficient (Eq. 8)
84(m phase lead of pitching motion towards heaving

motion of biade (m)

v kinematic viscosily

] aergelastic damping coefficient, positive for
stable motion

s interblade phase angie between blade “m-1" and

blade "'m”. eM=§ for constant interblade phase angle
s is positive when blade "m" precedes blade "m-1-
For idealized conditions (constant interblade

phase angle between adjacent blades, ¢, and
identical blade vibration amplitude for all blades)
the motion of the (m)th blade, for flexion,

is given by:

fim(x,y,t) = ho(x,y) eiwtemo} g,
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(%)

QAp(X)

dimensionless (with chord) blade pitch (= gap-to-chord ratio) -
phase lead of perturbation force coefficient deg
towards motion

phase lead of perturbation lift coefficient towards motion  deg

phase lead of perturbation moment coefficient towards deg
motion

phase lead of perturbation pressure coefficient towards deg
motion

phase lead of perturbation pressure difference deg
coefficient towards motion

phase angle in Fourier series deg

circular frequency = 21 rad/s

Subscripts:

A
aero
exp

giobal

LE
mech

ref

TE
theory

A= h  for bending

o« for pitching
aeroelastic damping
stagnation value in the absolute frame of reference
experimental result (used only in ambiguous contexts)
center of gravity
global (= time-dependent + time-averaged) (see £q. 7)
imaginary part
“isentropic” values, defined with total head pressure
in measuring station “1° upstream of the cascade. This vaiue is
thus not the true isentropic value as it includes lasses in the
static pressure.
k~th harmonic in Fourier series
leading edge
mechanical (damping)
n-th harmonic in Fourier series
real part
reference velocity for reduced frequency

Yref = ¥y fOr compressor cascade

Vrer = V2 for turbine cascade
trailing edge
theoretical results (used only in ambiguous contexts)
stagnation value in the relative frame of reference
o T

4
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component in x-direction

component in y-direction

component in 2-direction

position of pitch axis (see Fig. 4.1-1)
measuring station upstream of cascade
measuring station downstream of cascade

~00 values at “infinity" upstream

400 values at “infinity” downstream

Superscripts:

1{:)) (B) designates lower or upper surface of profile
(B) = (1s) for lower surface of profile

(us) “upper - -

c complex value (used only in ambiguous contexts)

(s) lower surface of profile

{m) blade number m =... -2, -1, 0, 1, 2, ... If the ampli-
tude, interbiade phase angle, etc. are constant for
the blades under consideration, this superscript will
not be used

{us) upper surface of profile

time-averaged (= steady) values. This superscript will
be used only in ambiguous contexts

time-dependent perturbation values. This superscript
will be used only in ambiguous contexts

P SN
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V. Updsting of Nomenclature

Upon the request of some participants, the nomenclature from the first report
(4] has been slightly modified. The modifications are:

Symbol Explanation Dimension
\
Greek Alphabet
p flow angle, from axial, positive in direction of rotation deg
(Fig. 4.1-1) (in [4], from circumferential)
¥ chordal stagger angle, from axial, positive \n direction deg

of rotation (Fig. 4.1-1) ({4], from circumferential)
Subscripts

c stagnation value in the absolute frame of reference (in [4],
“t" was used)

w  stagnation value in the relative frame of reference (in [4],
"t" was used).

2uperscripts

time averaged values (was time-dependent in [4])
time dependent values (was time-averaged in [4])

Gt

poe
Tox
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1. introduction

Considerable dynamic blade loads may occur in axial-flow turbomachines as a
result of the unsteadiness of the flow. The trend towards ever greater mass
flows, or smaller diameters, in the turbomachines leads to higher flow
velocities and to more slender blades. It ig therefore likely that aeroeiastic
phenomena, which concern the motion of a deformable structure in a fluid
stream, will continue to increase in future turboreactors {fan stage) and
industrial turbines (last stage) [6].

The considerable complications, and the high cost, involved in taking unsteady
flow measurements in turbomachines make it necessary for the aeroelastician
to rely on cascade experiment and theoretical prediction methods, to
minimize blade failures due to aeroelastic phenomena. It is therefore of great
importance to validate the accuracy of flutter and forced vibration predic-
tions as well as experimental cascade data, and to compare theoretical
results with cascade tests and trends of results obtained in turbomachines.
Various well-documented unsteady experimental cascade data exist through-
out the world, as well as many separate promising calculation methods for
solving the problem of unsteady flow in two-dimensional and quasi-three-
dimensional cascades. However, because of the different basic assumptions
used in these prediction methods, and the many individual ways of
representing the results obtained , no real effort has been made to compare
the different theoretical methods with each other. Furthermore, since hardly
any exact solutions are known, the validity of these theorstical prediction
analyses can be verified only by comparison with experiments. This is very
seldom done, partly because of the reasons mentioned above, and partly
because well-documented experimental data are normally of a proprietary
nature.

2. Objectives

At the Lausanne Symposium on Aeroelasticity in 1980 [2] it was proposed
that this situation could be partly remedied by selecting a number of standard
configurations for aeroelastic investigations in turbomachine-cascades, and
defining uniform reporting format. This would facilitate the comparison of
different theoretical results with the experimental standard configurations.

17
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It was also expected that, by defining the state-of-the-art of flutter
prediction models, new experiments and theories would be initialized as a
logical continuation of the workshop.

The final objective of a comparative work of the present kind is, of course, to
validate theoretical prediction models with experiments performed under
operating conditions in the turbomachine, i.e. considering unsteady rotor-
stator interaction, flow separation, viscosity, shock-boundary layer
interaction, three-dimensionality, etc. However such a far-reaching objective
does not correspond to the present state-of-the-art of aeroelastic knowledge,
either for prediction models or as regards well-documented experimental data
to be used for validation of the theoretical methods.

The scope of the present report will thus be limited to fully aercelastic
phenomena under idealized flow conditions in two-dimensional or quasi-
three-dimensional cascades. Such interesting phenomena as rotor-stator
interactions, stalled flutter and fully three-dimensional effects will thus be
excluded, unless as they are an extension of the idealized two-dimensional
cascade flow.

In the first report on the project (4], nine standard configurations were
selected, ranging from flat plates to highly cambered turbine bladings, and
from incompressible to supersonic flow conditions, and a certain number of
aeroelastic test cases, mostly based on existing experimental data, were
defined for analysis by existing prediction methods for flutter and forced
vibrations.

A number of “blind test™ calculations were performed by different prediction
models before the 1984 Aeroelasticity Symposium, and subsequently compared
with the experimental data. A preliminary discussion on these results was
presented at the Cambridge Symposium (7], where also several of the methods
used for prediction were examined in detail [3].

The first objective of the present report is to sum up the work of the
project, as initiated in 1980 by reporting on the comparison between the
different theoretical results and the experimental data. Secondly, as it was
tonciuded at the Cambridge Symposium that not all of the aeroelastic cases
presented in the first report [4] are of interest in modern turbomachines
(there were also too many for them to serve as good test cases), and as the
participants decided to continue the workshop until the 1987 Symposium,
some of the standard configurations and aeroelastic test cases have been
updated. This is also true for the nomenclature which has been slightly
changed to accommodate observations and remarks by the participants (see
section V above).
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The third objective is to stimulate critical discussions between experimental
and theoretical research groups through the report (for example 3s regards
the accuracy of experiments, assumptions in theories) in the hope that from
these discussions new ideas will emerge.

3. Hethed of Attack

The project for establishing the mutual state-of-the-art of flutter prediction
models and experimental investigations was dealt with in three parts.

First a proposa! for a uniform nomenclature and representing format was
defined, as presented in section 4. Secondly, a set of standard configurations
was selected (see section S) upon which, thirdly, the theoretical prediction
models, as presented in section 6, are validated (see section 7).

e p— g A -
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4. Recommendations for Uniform Presentation of the Results

The physical reasons for self-excited blade vibrations in turbomachines are
not presently understood in detail. Various representations of experimental
and theoretical results are thus used by different researchers. The number of
separate reporting formats employed may be very large, as a different
importance is attached to the various results, depending upon the scope of the
aeroelastic investigation.

However, as the main objective for both experimental and theoretical
aeroelastic studies is to provide a tool for the designer of turbomachines to
minimize blade failures, the important results from the different
investigations should be standardized so they can be easily interpreted by
non-specialists in aeroelasticity.

in order to facilitate comparisons and establish the mutual validity of both
theoretical and experimental results, a certain amount of information must be
unified. This is also desirable in order to avoid misinterpretation of some
results.

In the present project, a minimum number of requirements have been defined.
Both the nomenclature and the presentation formats are based upon references
{8 - 14], especially the publication by Carta [8] ({12]). Furthermore,they have
been chosen, as similar as possible to the presentation previousiy .sed for
the experiments serving as standard configurations, *his to avoid excessive
retreatment of the data.
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4.1 Steady Twe-Dimensional Cascade Nomenclature

The profiles under investigation are arranged in a two-dimensional section of
the cascade as in Fig. 4.1-1. In this figure, ail the physical lengths are scaled
with the chordlength “c”.

it is important to note here that the chord is defined as the straight line
between the intersections of the camber line and the profile surface, and that
the x-coordinate is aligned with the chord.

The incidence angle, i, is defined in the way mostly used in theoretical
investigations, i.e. between the inlet flow direction and the camber line. It is
positive for increased static load.

Throughout this report, extensive use will be made of the time averaged blade
surface pressure coefficient, which will be defined as

Cx) = (PPl [Py-00-P-o] (1

- ——
- ——

lower surface

Fig. 4.1-1. Steady two-dimensional cascade geometry
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4.2 Unsteady Two-Dimensional Cascade Nomenclature
I: Blade Motion

Fig. 42-1 is a schematic representation of cascaded two-dimensional
airfoils; the form of the profiles is considered to remain rigidly fixed during
bending and/or pitching osciliations, hix,y,t) and a(t) resp., in which the
components hy, hy and « of the motion vectors h and « are noted in real form
and B,{M) accounts for phase differences between translation and rotation.
We will therefore define

Ap(xyt) = hm(x yeitw(mitig, {for bending motion)
(2)
() = am(x,y)eifwimit} {for pitching motion)

where h{m), a{m) are the dimensionless amplitudes, and w(m) the circular
frequency, of the vibration of the blade (m).

It is also assumed that the torsional motion, for the (m)th blade, preceeds the
bending motion by a phase angle @,({M. Furthermore, if the amplitude, circular
frequency or phase lead is identical for all blades, the superspript {m) will be
omitled on the corresponding symbol.

lower surface

Fig. 4.2-1. Unsteady two-dimensional cascade nomenciature
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11: Two-Dimensional Aerodynamic Coefficients

The unsteady (complex) blade surface pressure coefficient Ey(x, ), as well as
the lift y(t), force &(t) (Ep(t), E4(t)) and moment C,(t) coefficients (per unit
span), are scaled with the amplitude of the corresponding motion (amplitude
="A", where Azh(m) or a{m)). According to the conventional definitions of
these parameters, we thus have:

EpaBlxt) = (FBOLUN/ {ADy_ 0P oo}
(3)
&l = {fp(x, )18y 8y)08) / (A {Py-oe-P-col} z
= [ietelEpala(x,)-Epats(x, 1)) -dx “
Ealt) = B, 018yl ds) 7 (ABy-goP-col) (s)
Emalt) = {JlRy x [B(x,)ds:8yl} / (ATDy-c0-P-coll 82 (6)
where

- fi(x,t) is the unsteady perturbation pressure

- the force &) is defined in the direction of bending vibration &, (see Fig. 4.2-
N

- "lift" coefficient is defined normal to chord

- force components are positive when acting in positive coordinate direc-
tions

- moment coefficient (Ey) is positive when acting in the clockwise direction
- superscript (B) denctes the lower blade surface (1s) or upper blade surface
(us).

Furthermore, the overall (=time-averaged + time-dependent) blade surface
pressure coefficient is defined as

Coglobal = Cp + Ay = ((DeF)-D ool / [By.oo-Poool m

A further important quantity, for slender blades, is the normalized unsteady
pressure difference along the blade chord, AEp(x, t).

This is defined as the difference of the time dependent pressures on the
jower and upper blade surfaces:

..E;;;k B

o
s
L

K O
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Aglxt) = Eplsln,t) -€pus(x,1) G

Obviously, this definition is justified only for very thin blades.
All of the above mentioned variables can be expressed either in complex
exponential form or in component form as, if a harmonic response is assumed:

Epx,0 B (xeiftedy(x) = (E,(x)eH,(0) . ghot

= Eplixiet = {Epplix) - €y Cix)} - Mt (9)

Here, the subscripts "R™ and "I” denote the real and imaginary parts of the
complex pressure coefficient Cp¢(x). Physically, these two parts can be
interpreted as the components of the pressure coefficient which are in-phase
{real part) and out-of-phase (imaginary part) with the blade motion.
Furthermore, the phase angles ®y(x), ®,,(x), #), &, @, are all defined as
positive when the pressure (pressure difference, 1ift, force or moment, resp.)
leads the motion.

The amplitude and phase relationships in Eq. (9) are defined in the usual way,
ie.

cplx) = {EpRrER)2Ep Cx)2)0 S
#,(x) = tan-1{€pC(x)/Cpptlx)}
(10)
ErC(x) = Eplx)cos{dp(x)}
EpiCix) = Eplx)siniey(x))

it should be noted here that, in computing the blade surface pressure
distribution, only components, and not amplitudes or phase angles may be
differentiated (8]. Therefore

BERE) = EpetUx)-E,p0lNx)
AEyL(x) = EpiCUISI(x)-Ep Clus)(x)
(11
Aty(x) 2 EplIx)-E,lus)(x)
() z  apliskx)-eplus)x)




———
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1H1: Two-Dimensional Aerodynamic Wurk

The two-dimensional differential work, per unic span, done on 3 rigid system
by the aerodynamic forces and moments is conventionally expressed by the
product of the real parts (in phase with motion components) of force and
differential translation, as well as moment and differential torsion. Thus, the
total aerodynamic work coefficient, per period of oscillation, done on the
system is obtained by computing

-~

Cv = Cun*CvarEvhatCyan (12)

Expressed in this way, the aerodynamic work coefficients Cy, Cyp, Cwe,Cwah.
Cyhy are all in nondimensionalized form, with the product of the pressure
difference (py_go- P_oo) and chord3 as a normalizing factor.

From the definition (Eq. 12 and 13) it is seen that these coefficients become
negative for a stable motion.

As the force and moment coefficients each have time-dependent parts from
both the bending and pitching oscillations, cy, is defined as the work done on
the profile during a pure bending cycle (no torsion). Similarly, cyy is the
work done on the blade during a pure pitching cycle (no bending);, Cyqn and
Cyhe 1S the work done by the pitching force due to bending and by the bending
moment due to pitching, respectively.

Thus, the work coefficients can be expressed in conventional form as

Ewh [Reth-€x()} Re{dh(x,y,t)}

Eya = |Re{aBme(t)) Refdalt)} (13)
Ehet [RethEmp(t)} Re{dal(t)

Ewah [Re{a-Epq(t)}Re{dn(x,y,1)}

n

]

n

H

in the case of pure sinusoidal normal-to-chord hending, or pure sinusoidal
torsional vibration, as well as sinusoidal lift and moment responses, respec-
tively, the expressions (13) can be integrated to give the following simple
formulas4® (Appendix A1):

4 More generally, for pure bending vibration in the &, direction, the aero-
dynamic work coefficient becomes: c p="hZ&p=¥h2E,sind),

S Som

‘-"‘n}u}‘“#f.




EPF-Lausanne. LABORATOIRE DE THERMIQUE APPLIQUEE ET DE TURBOMACHINES 26
Een = whiiami€y) = whiEysin{éy)
tea = waZim{Ey) = wa gy sinidn) (14)
Cvha = 0.
Cooh = 0.

It can thus be seen that the aerodynamic work depends only on the value of
the out-of-phase component of the lift and moment coefficients, and that the
airfoil damps the motion when the imaginary part of the lift or moment
coefficient, resp. is negative.

The aerodynamic work can be expressed in normalized form as the aerody-
namic damping parameter = [B]. With the same assumptions as in £q. (14), this
parameter is defined as

-Im{Cy} (15)
-Im{€)

= -Ewn/¥h?
By = -Eyo/ N

The normalized parameter = is thus positive for a stable motion.
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4.3 Precise Reporting Formats

One of the main problems which arose in comparing experimental and
theoretical aeroelastic investigations at the 1980 “Symposium on
Aeroelasticity in Turbomachines™ was the lack of coherency in the reporting
formats; the researchers participating in the present project were therefore
invited to follow certain guidelines for a standardized reporting format, given
in this section.
Two main groups of representation are employed:
i The first is for the detailed comparison of measured and

calculated blade pressure distributions.
Il.  The second is directed towards the physical mechanism

of the flutter phenomena and its important parameters and towards

the establishment of flutter boundaries for the different cascades.
It is evident that all participants are encouraged to use any further repor-
ting formats to establish other comparisons, or to emphasize any special
point of interest in their investigations.

I: Detailed comparison of experimental results and theoretical
approaches

The validity of theoretical results can be established only by mutual
agreement between the measured and calculated unsteady pressure
distributions on both blade surfaces. This detailed comparison is made on the
basis of Figure 4.3-1 which is presented for different combinations of

o interblade phase angle

o reduced frequency

) inlet conditions

[ cascade geometry

depending upon the existing experimental data for the configuration being
investigated.

Quite a few prediction models for flutter or forced vibrations are based upon
small perturbation theories, where the steady pressure distribution on the
blade is an input data. The experimentally determined time-averaged blade
surface pressure distributions are therefore specified for such studies, either
as a pressure coefficient (Fig. 4.3-2a) or an isentropic Mach number (Fig. 4.3-
2b).
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The comparison between the experimental and caiculated time-averaged
resulls also gives the first indications of eventual discrepancies in the
boundary conditions between the experimental and theoretical set-up.
Moreover the comparison between the steady (Fig 4.3-2) and unsteady (Fig
4.3-1) blade pressure distributions may in some cases give 3 quantitative
notion of the aeroelastic phenomena under investigation (instabilities due to
stall, choke, shockwaves, coupling effects between the steady and unsteady
flow fields..).

The distribution of the blade surface pressure difference coefficient along the
blade, Af)(x), indicates the presence of stable and unstable zones. This
information is thus also of interest for slender blades, and is represented as
in Figure 4.3-3.
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Ii. Flutter boundaries

The second form of representation concerns the values of the resultant
aerodynamic blade forces and moments, as well as the aerodynamic work and
damping coefficients.

Two different presentations (see Figures 4.3-4 and 4.3-5) are used to
elaborate the influence of several important parameters on the flutter
boundaries

reduced frequency

interblade phase angle

inlet flow velocity

inlet flow angle

outlet flow velocity

cascade geometry

Firstly, the unsteady blade pressure coefficients should be integrated to yield
the aerodynamic force, or lift, and moment coefficients as in Figure 4.3-4.
The phase angles & and &y resp., in this representation give immediate
information about the aeroelastic stability of the system (see section 4.2).
Secondly, the aerodynamic work and damping coefficients per cycle of
oscillation may be caiculated if the mode-shape of the motion is well-
defined. Most of the problems dealt with in the present work will concern
motion of nondeformed profiles (at least for the theorstical predictions), so
the aerodynamic damping coefficient can easily be computed and piotted.
This information is useful to the turbomachine designer for judging the
asroelastic behavior of a specific cascade (Figure 4.3-5).

P
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4.4 Guidelines for Validation of Experimental and Theoretical
Results

it is often found that experimentalists and theoreticians do not always
recognize each other's major difficulties in obtaining aeroelastic results.
Under some circumstances this may tead te wrong conclusions, for example if
an attempt is made to approximate a theoretical result to experimental data
by artificial means, without first carefully investigate the experimental
accuracy.

This section aims to give a few indications about some of the important
aspects of experiments and theories, and thus to eleiminate some
inaccuracies in the evaluation and comparison of results.

I: Experiments

In the case of

sinusoidal blade vibrations

sinusoidal pressure response (i.e. no flow turbulence)

identical vibration frequencies for all blades

constant interblade phase angles

in bending mode, normal-to-chord vibration

the experimental data are expected to have small inaccuracies from
measurements and data reduction. The formulas for lift, moment, etc.
coefficients, as given in section 4.2 can then be integrated to produce
equations which can be evaluated in a straightforward manner.

However, these assumptions cannot be fulfilled in all experiments, especially
in the transonic flow region at realistic reduced frequencies.

The large energy input needed to drive a cascade with prescribed frequencies,
amplitudes and phase angles makes it difficult (or virtually impossible,
depending on how the excitation mechanism is constructed) to keep these
constant for all blades, apart from tests with low frequencies and/or small
amplitudes. Even in this case, the pressure response on the profiles in general
will not be sinusoidal, due to unsteadiness in the flow from sources other
than the vibrating blades (upstream, downstream, uirbulence, boundary layer,
shock interactions, separations, perturbations, etc.). Furthermore, the smaller
the amplitude, the lower the signal/noise ratio, which reduces the accuracy
of the results.

_— e A
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For a detailed comparison between the experimental data and the prediction
model, 1t is therefore important to know to what extent the theoretical

assumptions approxirnate the experiment.

Blade Vibration Difficulties

The amplitude of the blade vibrations during experiments with controlled
excitation cannot always (depending whether mechanical or electromagnetic
excitation is performed) be kept constant, either in time or between the
different blades. The interblade phase angle is even more difficuit to control
accurately.

During flutter, indications exist that the mean biade vibration frequency, both
in rotating machines and in cascades [18, 28], is fairly constant in time and
between the separate blades. However, the blade vibrations do show a certain
amplitude and phase modulation, which indicates the simultaneous presence of
different cascade eigenmodes.

During experiments with controlled excitation in the bending mode, the
experimental set-up is usually performed so as to simulate the bending
direction of a turbomachine blade. This direction is mostly not normal-to-
chord or in the circumferential direction, as often assumed in the
calculations.

Although most experiments should simulate single-degree-of -freedom
vibrations, the modes of the cascade may sometimes be coupled. The biades in
experiments can usually be considered as rigid bodies but, if the blades are
suspended on springs and vibrated with electromagnetic excitation, the
instrumented blades may have eigenfrequencies slightly separate from the
others. The mode shapes of the cascade are thus somewhat modified due to
the mistuning introduced by the instrumented blades [28].

Instrumentation and Data Reduction

For a fiutter prediction model to be used as part of a design method for a
turbomachine it should accurately predict the stability margins of the
machine. Furthermore, some models also predict locai flow phenomena, and so
a validation of the pressure fluctuation amplitudes and phase angles is of
interest. If possible, this evaluation should be the final test, as in some
cases the stability limits (if zero mechanical is assumed) can be predicted
accurately, despite disagreement in the local pressure values.
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For experimental determination of the detailed unsteady blade surface
pressure distributions, and the aerodynamic coefficients, high frequency
response pressure transducers are usually mounted on one blade (or two
adjacent ones). As it is not always possible to mount these transducers in the
high pressure gradient regions, care should be taken to report how the time-
dependent aeroelastic forces and moments are integrated from the finite
number of transducersS .

This is all the more important for cascade tests in the transonic flow region
as two other problems usually arise here. First of all, the blades are often
thin and can thus accommodate only a fairly limited number of transducers.
Secondly, shock waves departing from or impinging upon the blade surfaces
may significantly influence the accuracy of the local pressure response on the
blade, for example as a lower signal/noise ratio.

If these shock waves are correlated with the blade motion they are part of
the aeroelastic flow phenomenon and should be taken into account in the data
reduction procedure. If they are not correlated, they are independent of the
blade vibration and contribute marginally to the aerodynamic work (Appendix
A1). They should thus be eliminated during the data reduction procedure (28].
Several data reduction methods exist for aercelastic cascade tests. Among
these the three most widely used are:

a:  Averaging over a certain number of vibration cycles (e.g. [36])

b:  Fourier analyses (e.g. (8])

c:  Spectral analyses (e.g. [27])

The fundamental consideration of these methods is that, although the pressure
response on the vibrating blades may be highly non-harmonic, it is only the
frequency (or frequencies in the case of higher harmonics) of the pressure
response spectra corresponding to the blade vibration that contributes to the
aeradynamic work (see Appendix A1)

a: If the blade vibration frequency is known (controlled excitation) the
first method mentioned above is often used.

Here the signals are sampled at a multiple of the blade vibration frequency.
The data for each period are averaged, thus eliminating random fluctuations
for a sufficiently large number of periods averaged. The number of samples

5 In contrast to this indirect method, it is also possibie to measure the
forces directly on the suspension {34, 35]. (f both the indirect and direct
methods are used simultaneously, information about the data accuracy can be
obtained [35].
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per vibration cycle determines the number of harmonics that can be resolved.
The main advantage of the procedure is the short computing time needed.

This method therefore gives directly, and in most cases on-line, information
about the amplitude and phase lead of the unsteady blade pressure response.
Details about this testing procedure can be found for example in [26].

b: If it is also of interest to retain some information about eventual
higher harmonics in the pressure spectra, a Fourier analysis is often used.
This has the advantage of giving detailed information about the accuracy of
the independent pressure signals. Thus can be helpful in analyzing the data
since, for example under some operating conditions, the amplitudes of a
higher harmonic may approach the fundamental. it can aiso give valuable
information about how far disturbances propagate away from one specific
blade.

C: If the blade vibration frequency is not controlled, and thus net known a
prion (as for example during flutter experiments), it is not possible to use
the averaging procedure as above. In such a case, either a "auto-or cross-
correlation approach™or a Fourier analyses is often used.

If the correlation model is used the amplitude of the physical quantities can
be defined as the root-mean-square value (RMS) times a factor 205 (for
example: h = {2 . [oTh2(+)dt/T}0.S = {2}0.5 - RMS

This RMS-value may take the form e.g. of the output of a narrow-band filter
applied to the unsteady pressure signal, centered at the blade oscillation
frequency; the factor 205 is introduced to equalize the RMS-amplitude with
the full amplitude for a purely sinusoidal fluctuation, to compare the data
with theoretical results.

Information about the quality of the signal (i.e. signal/noise ratio) should be
given if possible. This can be achieved for example by indicating a confidence
interval for the signals.

This confidence interval should not be given only for the amplitudes of the
time-dependent data, but aiso for the phase angles. This is especially
important as the value of the phase angle determines the stobility limits of
the bladings, and sirce it has been found in the present study that some
disagreement between the analyses and the experiments can be found in the
absolute value of the phase angles.

J S G
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Error Analyses

Aeroelastic experiments mainly include two kinds of error sources [28]:

- Measuring equioment, reliabitity of calibration

- Nature of the signals: The data reduction procedure cannot entirely
eliminate the effects of noise, and there is an a priori uncertainty
independent of the data acquisition system. This uncertainty may be different
for separate transducers, depending on the local signal/noise ratio.

In this context it is also important to mention that such phenomena as wind
tunnel disturbances may introduce higher harmonics in the local unsteady
pressures [15].

As already mentioned, indications about the accuracy of the results should be
given if possible.

in: Prediction Models

in the theoretical computations, several assumptions have to be made. These
normally include, among others, harmonic blade vibrations and constant
interblade phase angles (traveling wave formulation). For comparing different
theoretical resuits, and for the mutual validation of the theories and
experiments, these assumptions should be clearly stated. For the evaluation
of numerical results, it is also of great interest to have information about
the treatment of the far field boundaries (reflective or radiative boundary
conditions) and grid generation, especially in the leading edge and shock
regions.

IH: Conclusions

From the above it is evident that the data reduction procedure used should be
clearly stated, and that a detailed error analyses should, if possible,
accompany the experimental data. This is especially important when the
prediction models, as is presently the case for certain configurations (see
section 7), can accurately predict the aeroelastic response of a cascade, as
eventual discrepancies between experimental and theoretical results may then
be explained.

A detailed description of major assumptions should accompany theoretical
results.
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It 1s also important to perform experimental and theoretical investigations
simultaneously. This may help to put into evidence, in the early stages of a
project, eventual inaccuracies in the experimental or theoretical procedure.
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5. Standard Configurations

On the basis of existing test facilities in the participating laboratories, and
with relation to the state-of-the-art of theoretical methods, nine standard
configurations® for establishing the mutual validity of two-dimensional and
quasi three-dimensional aeroelastic cascade experiments and prediction
models have been selected. The configurations should approximate idealized
flows, therefore stall effects have been excluded, except as extensions of
unstalled experiments.

In order to guarantee a correct validation of the theoretical models, the
quality of the experimental results must also be verified. If possible, two
similar experimental cascade geometries have therefore been identified as
standard configurations for each of the following flow regimes:

° low subsonic (= incompressible)

® subsonic

o transonic

° supersonic

0f the nine standard configurations, which are summarized in Table S-1,
seven are based on experimental cascade results; the eighth is directed
towards the establishment of validity for prediction models in the limiting
case of flat plates and for comparison of the large number of existing fiat
plate theories. The final configuration (ninth) is defined so as to investigate
blade thickness effects on the aeroelastic behaviour of the cascade, and on
the theoretical results, especially at high subsonic flow velocities.

Each of the standard configurations selected allows for a systematic varia-
tion of one or several aerodynamic and/or aeroelastic parameters. However,
too large a number of aeroelastic cases in each standard configuration would
limit the usefulness in this report in providing comparisens for
experimentalists and analysts working independently of each other.

For this reason, a restricted number of aeroelastic configurations for each
test case, based upon available experimental data, has been chosen

6 Throughout this report, “standard configuration® will designate a
cascade geometry and “seroelastic case™ or “seroelastic test case” will
indicate the different time dependent (and, in some cases, time averaged)
conditions within a standard configuration.
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< and Insti- Lin-Ann/  Compr./ Mach/ Excitation/ Resuits Instru- Parameters
Tantig tution Thickness/ Turbine  Stall Motion/ mentation varied
N Camber Config. Mode
United o L (Air) oC ® [pcomp. o Controlled LIRE " @20 transducers @1+ &+
Technol °6X © None ® Harmonic Al o Cpy o ®Strain gauges [ R
Research = 100 © Torsion
Center
2 University oL (Water) e CeT ® Incomp. ® Controlled oCpe by © Strain gauges sivqge
of 5% » NONG+ ® Harmonic Cm Yok
Tokyo ° 160 partiale o Torsion
Fully
M Tokyo o A(Freon) T o Sub+ © Controiled o+ Gy e 10 transducers M, ¢
National ®12% Sub-Super e Harmonic [ ® 5train gauges gk
Aerospace ® 600 ® None+ ® Torsion
Lab. partial
4 Ecole o A (AIr) o7 o Sub+ s Controlted oy by o {2transducers o By My
Polytech. o |7% Sub-Super e Harmonic . o Strain gauges [
Fédérale * 450 ® None+ « Bending *
Lausanne partial Torston
S ONERA oL (AIrY oC ® Subsonic o Controiled o, ¢+ By e 26 transducers @i+ M, ¢
° 3%/ * None + ® Harmonic aCy+ tm e o Strain gauges Xg * K
e 00 partial + o Torsion s
Fully
2 Ecole SA(AIR) oT o Sub+ o Controlled LR e 0 transducers S By + My ¢
Polytech. 5% Sub-Super e Harmonic . ® Strain gauges o
Fédérale [RF ® None + o Bending
Lausanne partiat Torsion
7 NASA o L (Air) oC ® Supersonics o Controlled oS e e 12transducers ®My+ 0
Lewis ° 3% SUIr-Sub @ Harmonic Afp ¢ty * Strain gauges
Research  ®-1.3° ® None+ ® Torsion
Center patial
3 - *2-D .- ® Incomp. + o Controlled oy Alpe o .-
* 0% Suw. * ¢ Harmonic [
° Q0 super. ¢ o Torsion
Super.-Sub
® None
9 - *2-p oC e Incomp. «  © Controlled ol ALy o .-
© varied Sub. * ® Harmonic v
® varied Super. ¢ ¢ Torsion
Super. -5ub
© None
Table S5.0-1. Brief Summary of nine standard configurations
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for priority analyses, giving a total of 131 test cases (a larger number was
defined in the first report {4, 7)). This number still seems to be rather large,
but it concerns configurations over the whole velocity domain from
incompressible to supersonic flow velocities. It is therefore not likely that
any participant will calculate more than a limited number of these cases.
Furthermore, some of the standard configurations, especially those with
fairly thick blades and large deviations, probably do not corvespond with the
present state-of-the-art of aeroelasticity. If this is so, they may instead
serve as a base for future developments.

Configurations 1 and 2 (see Table 5-1) treat thin cascaded airfoils of rather
low camber in the low subsonic velocity domain. The blades oscillate in the
torsion mode with a relatively low frequency.

Standard configurations 3 and 4 concern modern high turning turbine rotor hub
sections; they have therefore relatively thick blades, with subsonic inlet and
subsonic or supersonic outlet conditions. in both configurations, the blade
vibration frequencies correspond to the ones found in the actual
turbomachine-blade.

Configuration 6 concerns low turning transonic turbine rotor tip sections with
relatively thin biades with high stagger angle. The inlet condition is subsenic,
with subsonic, transonic or supersonic outlet conditions.

Configurations 5 and 7 treat tip sections of fan stages in modern jet-engines
and thus have rather thin profiles. The inlet flow conditions in configuration
S are subsonic, with incidence ranging from attached to stalled flow
conditions on the blades. In configuration 7, the inlet conditions are
supersonic fallowed, in most cases, by strong in-passage shock waves.

The profiles in configurations 3-7 correspond to sections of actual turbo-
machine-bladings. Both linear (configurations 1, 2, 5 and 7) and annular
(configurations 3, 4 and 6) cascade test facilities are used.

The last two standard configurations (B8 and 9) are of theoretical nature
mainly. They are included to validate numerical methods against each other,
especially in the high subsonic velocity domain, and te look ints some
physical aspects of the flutter phenomena. However, experimental results for
symmetric Double Circular Arc cascades have recently Lecome available and
shauld, in the future, included herein as a base for discussion.
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6. introduction to the Prediction Models

Several prediction models were applied to the standard configurations. In the
beginning of the project, 19 methods were offered as a Dasis for comparison.
Finally, 1S methodologies have been employed up till now.

Table 6.1 identifies the separate models in relationship with the predictions
performed on the different standard configurations.

Method Name/Affiliation Standard Configu-
Ne rations Computed
! D. S. Whitehead/ 1,2,5, 8

Cambridge University,
Cambridge, UK

2 D. S. Whitehead/ 5,89
Cambridge University,
Cambridge, UK

3 J. M. Verdan/ 1,9,9,9
United Technologies
Research Center,
tast Hartford, USA

4 M. Atassi/ 1
University of Notre Dame,
USA

5 P Salain/ Office National 1,7,8

d'Etudes et de 1a Recherche
Aéraspatiale, Paris, France

f S Zhou/ Bet)ing .1, 2,5
Institute of Aeronautics
and Astronautics, China .
7 S. G. Newton, R. D. Cedar/ 1,4,7,8 |
Rolls Royce Ltd, Derby, UK !
Table 6.1 Continued on next page
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V Carstens/ DFVLR-AVA,
Gottingen, Germany

F. Molls/ NASA Lewis
Research Center, Cleveland,
Usa

S. Kaji/ University of Tokyo,
Japan

0. 0. Bendiksen/ Princeton
University, USA

T. Araki/ Toshiba Corporation,
Japan

K. Vogeler/ Techmsche Hochschule
Aachen, Germany

J. M. R. Graham/ Imperial College,
London, UK

S. Stecco/ University of Florence,
Italy

D. Nixon/ Nielsen Engineering and
Research, Inc., Californa, USA

P. Niskode/ General Electric,
Cincinatti, USA

H. Joubert/ SNECMA,

Moisy Cramayel, France

M. Namba/ Kushuy University,
Japan

Aeroelastic Prediction Models

4,6

6 (Presently, steady
state)

6,8
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Method 1: LINSUB (Courtesy of D S. Whitehead)

The program calculates the unsteady itwo-dimensional linearized subsonic
flow in cascades in travelling wave formulation, using the theory published in
[S0]. The blades are assumed to be flat plates operating at zero incidence.
Both the pressure jump and lift and moment coefficients are computed for
different options:

® Translational vibration of the blades normal to their chord.

) Torsional vibration of the biades about the origin at the leading edge.

) Sinusoidal wakes shed from some obstructions upstream, which maove
relative to the cascade in question.

L incoming acoustic waves, coming from downstream.

) incoming acoustic waves, coming from upstream.

Furthermore, the condition of acoustic resonance is calculated.

Method 2: Finite Element Method (FINSUP) (Courtesy of D. S. Whitehead)

As an example of a numerical field method, a computer program called FINSUP
will be briefly described. The program has three sections: mesh generation,
analysis of steady flow, and analysis of unsteady flow. The mesh generation
and analysis of steady flow have been described by Whitehead and Newton
(1989) [43]. The analysis of unsteady flow has been described by Whitehead
(1982) (44].

A typical mesh is composed of triangular finite elements covering a strip, one
blade spacing high, with the blade in the middle. The fluid is assumed to be 23
perfect gas with no viscosity or thermal conductivity, and the flow is
assumed 1o be adiabatic, reversible and irrotational, so the equations are
those for a velocity potential. The potential is continuous, except for a jump
across the wake. In order to calculate in regions of supersonic flow it is
necessary to use “upwind" densities; that means that instead of taking the
density at the element under consideration, the density is taken from the
neighbouring element in the most nearly upwind direction. This device
ctabilizes the compution in supersonic flow, but is un'necessarg in subsonic
flow. Weak shock waves are well simulated, but are “potential” since there is
no entropy increase across the shock, and they are smeared over a few
elements. The flow is matched to a linearized solution at the inlet and outlet
faces of the computational domain, and is arranged to repeal between
corresponding points on the top and bottom faces. The conditions specified to

w2y
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the program are etfectively the inlet cwrcumierential velacity and the jump in
potential between the bottom left and the bottom rmght corners of the domain.
This choice of input conditions uniquely specifies the location of a shock in a
cascade of flat plates at zero incidence, which no specification of flow
conditions at either inlet or outlet can achieve. The non-linear equations are
then solved by the Newton-Raphson technique. Convergence is usually achieved
in three or four iterations, although up to about twelve may be necessary in
difficult cases with supersonic inlet velocities. The nodes are numbered in
such a way as to minimize the bandwidth of the dividing matnx at each
iteration, so the method is fast. Good agreement with other methods of
calculating steady transonic cascade flow in cascades has been demonstrated.
The program then goes on to the third stage in which smali unsteady
perturbations of the steady flow due to vibration of the blades is analysed.
Solid body motion of the blades is assumed, either in bending or torsion. The
unsteady calculation is therefore similar to one more iteration of the steady
calculation, except that the potential perturbation is complex, and the
boundary conditions are different. Again the flow at the inlet and exit faces
is matched to 3 linearized solution, which includes propagating or decaying
acoustic waves and in the downstream flgw the effect af the unsteady wake
shed from the trailing edge. The repeat condition between corresponding
points on the top and bottom surfaces is arranged to give the required phase
difference between neighbouring blades. It is again necesary to use upwind
densities in regions of supersonic flow in order to stabilize the calculation. A
difficulty arises due to the term

(F-AV)D M2.1)

for the boundary condition at the blade surface. A modified perturbation
potential is defined by

8" = 8+ v (M2.2)
where r is given by

= heaxR M2.3)
and this equation is now extended over the whole domain of calculation, and

not just at the blade surface. This device gets rid of the awkward term in the
boundary condition at the blade surface, and also eliminates a similar

- e b - -
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awkward term in the calculation of the pressure perturbation atl the surface.
The unsteady pressure perturbations at the surface are then integrated to give
the axial and circumferential blade forces and the moment.

Method 3: Linearized Unsteady Aerodynamic_Analydes (Courtesy of J. M.

Yerdon)

The isentropic and irrotational flow of a perfect gas through a two-
dimensional cascade of vibrating airfoils is considered. The blades are
undergoing identical harmonic motions at frequency w, but with a constant
phase angie & between the motions of adjacent blades. It is assumed that the
flow remains attached to the blade surfaces and that the blade motion is the
only source of unsteady excitation.

The flow through the cascade is thus governed by the field equations, written
in form of the time-dependent velocity potential [S]. In addition to the field
equations, the flow must be tangential to the moving blade surfaces and
acoustic waves must either attenuate or propagate away from or parallel to
the blade row in the far field. Finally, we also require that the mass and
tangential momentum be conserved acress shocks and that pressure and the
normal component of the fluid velocity be continuous across the vortex-sheet
unsteady wakes which eminate from the blade trailing edges and extend
downstream.

In order to limit the computing resources required to solve the equation
system, a small-unsteady-disturbance assumption is involved. Thus, the
blades are assumed to undergo small-amplitude unsteady motions around an
otherwise steady flow. The resuiting first-order or linearized unsteady flow
eguation is solved subject to both boundary conditions at the mean positions
of the blade, shock and wake surfaces and requirements on the behavior of the
unsteady disturbances far upstream and downstream from the blade row.
Moreover, because of the cascade geometry and the assumed form of the blade
motion, the steady and linearized unsteady flows must exhibit blade-to-blade
periodicity. Thus, the numerical resolution of the steady and the linearized
unsteady flow equations can be restricted to a single extended blade-passage
region of the cascade.

*
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Method 4: Aerodynamic Thegry for Two-Dimensional Unsteady Cascades of
Dscillating Airfoils in Incompressible Flows (Courtesy of H._Atassi)

A complete first order theory is deveioped for the analysis of oscilliating
airfoils in cascade in a uniform upstream flow. The flow is assumed to be
incompressible and irrotational. The geometry of the airfoil is arbitrary. The
angle of attack of the mean flow and the stagger and solidity of the cascade
can assume any prescribed set of values. The airfoils have a small harmonic
oscillation about their mean position with a constant interblade phase angle
Both transiational and rotationail oscillations are considered.

The boundary-value problem for the unsteady component of the velocity is
formulated in terms of sectionally analytic functions which must satisfy the
impermeability condition along the airfoils surfaces, the Kutta condition at
the trailing edges of the airfoils, and the jump condition along the airfoils
wakes. The expression for the velocity jump in the wakes is derived to 2
multiplicative constant from the condition of pressure continuity across the
wakes. The velocity field is split into two components: one satisfying the
oscillating motion along the airfoils surfaces and the other accounts for a
normalized jump conditions along the wakes. This leads to two singular
integral equations in the complex plane. The two equations are coupled by
Kelvin's theorem of conservation of the circulation around the airfoils and
their wakes. The integral equations are solved by a callocation technigque.

The results obtained from this theory show that the airfoil geometry and
loading and the cascade stagger and solidity strongly affect the aerodynamic
forces and moments acting upon oscillating cascades. As a result stability
and flutter boundaries are significantly modified for highly loaded cascades.

Method 5: (Courtesy of P. Salaun)

The two-dimensional cascade is an infinite array of thin blades.

The fluid is an inviscid perfect gas and the flow is assumed to be irrotational
and isentropic ’

The blades are performing harmonic motions of so small amplitude that the
theory can be linearized about the undisturbed, uniform flow.

The supersonic theory is restricted to the case of subsonic leading edge
locus.
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The pressurs differance between the two sides of the blades are taken into
account when they are replaced by sheets of pressure dipoles in both subsonic
and supersonic flow.

Then, the perturbation velocity potential is expressed and the boundary
conditions on the blades give an integral equation where the unknown is the
pressure difference an the reference blade, and the right hand side the angie
of attack.

This integral equation is solved numerically.

Method 6: _Zhou Sheng

A finite difference method is used to solve the unsteady velocity potential
equation. The velocity potential is split into one steady and one unsteady
part, and the unsteady small perturbation is solved with a relaxation
pracedure.

Method 7: Extended FINSUP (Courtesy of R. D. Cedar)

The flutter calculation used at Rolls Royce is an extension of the finite
element method developed by D. S. Whitehead {Method 2). Since the programs
intreduction to Rolls Royce in 1981 it has been continually developed and
evaluated (43]. The finite element mesh generator has been fully automated to
the extent that it now contains “rules” about hoy good a mesh is. Using these
"rules” the mesh construction parameters are automatically changed until a
satisfactory mesh is obtained.

The steady flow calculation has been extended from being purely two-
dimensional to include the quasi-three-dimensional effects of blade rotation
and variations of streamtube height and streamiine radius [51]. This has
allowed the program to be included in the quasi-three-dimensional design
system used at Rolls Royce 152]. improvements to the upwinding scheme has
been made that produce sharp shocks. A coupled boundary layer caiculation
(using both direct and semi-inverse coupling) has been developped [S3] as well
as a design or inverse calculation [S4]. This allows transonic blades to be
designed, including the removal of shocks, to give a controlled diffusions.

The unsteady flow calculation has been extended to include the quasi-three-
dimensional effects. It has been found that it is essential to inciude the
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effect nf vanation n streamtuhe heignt 1f test data 1s to be predicted

correctly.

Method §: Theoretical Flutter investigation on 2 Cacscade in Incompressible
Flow {Courtesy of V. Carstens)

1. Calculation of unsteady aerodynamic coefficients

The calculation of the unsteady aerodynamic coefficients due to harmonic
bending and torsion of the cascade’s blades is based on an integral egquation
technigue. The main idea of this technique is to replace each blade’s surface
and its wake by a distribution of vorticity. The kinematic boundary condition
and the law of vorticity transport allow the formulation of the flow problem
as an integral equation, the solution of which yields the correct value of the
unknown unsteady blade vorticity.

Two important items in the formulation of the problem should be mentioned:
N The prescribed harmonic motion of the entire cascade unit is a
fundamental mode, in which all blades perform oscillations with the same
amplitude but with a constant phase lag from blade to blade (interblade phase
angle).

2)  The influence of the steady flow on the unsteady quantities is obtained
by a special linearizing procedure.

The unsteady pressure distribution and the aerodynamic 1ift and moment
coefficients are calculated as a function of the blade vorticity by means of
Bernouili's equation.

2. Flutter analysis

The flutter analysis is done on the basis of a two-degree-of freedom mode:,
which allows for bending perpendicular to the chord and torsion around a
given elastic axis. The rearrangement of the two linearized equations of
motion for a blade section in nondimensional matrx form yields the
formuiation of the flutter problem as a nonlinear eigenvalue problem.
Stability boundaries are found by determining the real eigenvalues of tihe
matrix equation in an iterative procedure if a set of elastomechanical and
aerodynamic parameters is prescribed. The result of each flutter calculation
is a stability curve in a reduced frequency - interbiade phase angle diagram,
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the maximum of which yields the absolute stability boundary and hence the
nondimensional flutter speed for the given configuration.

Method 9: (Courtesy of F. Molls)

The model allows for two shock waves to occur in a tip blade passage in
which the inlet Mach number is supersonic. A weak oblique shock from the
leading edge lies off the pressure surface of the upper blade and 1ts angle is
great enough that the shock intersects the lower blade. Off the suction
surface of the lower blade there is a normal wave at the trailing edge which
intersects the upper biade. The obligue shock angle corresponds to the
pressure ratio but not to the metal angle at the leading. The model blade,
however, has a wedge angle in agreement with the pressure ratio and inlet
Mach number. Where the oblique shock strikes the adjacent biade, the flow
turns from the inlet direction through the wedge angle to become paralle} to
the pressure surface; thus, as observed in actual flow, there 1s no reflec-
tion.

There are two options in the model. Either the pressure and suction surfaces
continue uniformly to a blunt trailing edge, or the trailing surfaces are
tapered to a specified thickness at the trailing edge. In the former case the
differential equations for the unsteady component of the flow have constant
coefficients and may be solved analyticaily. In the latter option, the mean
flow in one portion of the blade passage is a slowly varying flow and
numerical nteqgration of the disturbance equations 1s required A more
detailied description with 3 diagram and references to experimentai examples
of the modelled flow is given in {37]

Method 10: Semi-Actuator Disk Method (Courtesy of S. Kajil

The semi-actuator disk model converts an actual blade row to a continuous
cascade by inserting many fictious blades in between and paraliel to the
original blades. Aerodynamic loading and inter-blade phase change are all
shared by inserted blades. Thus the change of physical quantity in the cascade
direction is given by crossing each biade stepwise, and we can treat the flow
inside 2 blade channel one-dimensionally.

The first part of the analyses is to solve the linearized governing equations
of mass, momentum and energy for the upstream, inside and downstream field




AEROELASTICITY IN TURBOMACHINES: Prediction Models 50

of the cascade separately. We have a pressure wave in the upstream field,
two pressure waves going back and forth (and an entropy wave if the total
pressure loss is present) inside the cascade and also we have a pressure
wave, (an entropy wave) and a vorticity wave due 1o blade oscillation in the
downstream field. The unknown amplitude of each wave is related to the
known amplitude of blade oscillation through boundary conditions at the
leading edge plane and the trailing edge plane of the cascade.

At the leading edge plane we use

L] mass flaow continuation,

® relative total enthalpy continuation, and

. the condition of total pressure loss change in accordance with flow
incidence.

At the trailing edge plane we can assume a smooth continuation of all
physical quantities, i.e., two components of velocity, pressure and density.
The aerodynamic forces acting on blades can be evaluated by use of the
momemtum principle applied to the contro! volume taken for a blade channel.
The merits and demerits of the method are:

) Aerodynamic loading

® Total-pressure-loss

. Arbitrary direction of oscillation

[ ] No large inter-blade phase angles

Method 11:
Method 12:

Method 13:

The code is based on the nonlinear transonic small perturbation equation. The
disturbances are assumed to be small. Hence the principle of superposition is
applied and the problem is split into a steady and an unsteady part. A method
of characteristics was developed for both the steady and the unsteady
solutions to handle the supersonic flow past a finite cascade of oscillating
parabolic - not necessarily symmetric - blades.

Considerable progress was achieved with the extended treatment of the
unsteady shocks including a shock equation for the unsteady perturbation
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potential. Furthermore the application of the method of charactenstics to
unsteady sliplines, shock intersections and the crossing of a shock with a
slipline was developed.

The resuits are steady and unsteady pressure distributions, the integrated
lift- and moment-coefficients and the shock geometry in the cascade. At the
moment the code is for research purposes only. It is planned to rewrite it for
industrial application.

Method 14: Discrete Vortex (Cloud-in-Cell) Method for Unsteady Cascade
Flows (Courtesy of J. M. R. Graham and J. Basuki)

This methed represents shed vortex wakes in two-dimensional incompressible
flow by large numbers of discrete point vortices which are convected by the
local velocity field. in the cloud-in-cell method the vorticity associated with
the moving point vorices is transfered to a fixed Eulerian mesh [32]. The
streamfunction and hence velocity distribution is calculated from the
vorticity on this mesh using a standard fast Poisson solver.

The present version of this method used to calculate unsteady flow through 2
cascade represents the individual aerofoils in the cascade by a boundary
integral method [33] which uses piecewise constant vorticity panels. The
appropriate streamfunction boundary condition is satisfied on the surface of
each aerofoil by summing the contributions of the surface vorticity panels
(including implied periodicity) and the mesh streamfunction. The boundary
condition on the mesh also assumes periodicity along the cascade with the
interblade phase angle limited to a small integral number of aerofoiis within
the mesh flow field. The computation follows the evolution of an unsteady
flow by forward time marching, tracking the positions of the vortices.

The program has been used to compute cases with superimposed unsteady
flow, upstream wakes, and blade vibration. In the latter case when the
interblade phase angle is non-zero, exact application of the boundary integral
method requires the influence functions to be recalculated at each time-step
to account for changes in the relative blade to blade ¢isplacement. This has
not been done in the present program for reasons of computational cost. The
present boundary condition includes the relative motion but is evaluated on
the mean surface of each blade and is therefore limited to smail dispiacement
amplitudes compared to the blade spacing.

The program evaluates time histories of surface pressures and forces induced
on the aerofoils by the unsteady flows. Since the method involves time
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marching from an impulsive start fairty long computations are required to
reach 3 final ctate free of 1mtial transients.

Method 15: (Courtesy of S. Stecco)

The inviscid planar compressible flow is governed by the continuity, Crocco’s
and energy egquation:

v(aC) = 0 (M15.1)
: Cx(VxC)+7H-TvS = 0 (M15.2)
ds/dT = 0 (M15.3)

In the case of praciical interest it can be assumed that the total enthalpy is
constant, and that the flow is homoentropic; this leads to the statement of
“irrotational flow™.

The assumption of homoentropic flow is not correct in transonic flow where
the shock waves can introduce entropy gradients, but such gradients can be
neglected, in first approximation, if the shocks are weak as it usually
happens in the passage of blades cascades.

In order to get a pseudo-unsteady formulation, after Viviand, it is possible to
write Crocco’s equation in the streamwise direction:

48/4at = -{av/ax - du/dy} (M15.4)
and the continuity equation:
3z2(e)/at = -{aleul/dx + dlev)/dy} (M15.5)

where Z is a suitable function of density as it will be seen later. The closure
equation comes from the conditions:

vs = VH = 0 (M15.6)

After Viviand the function Z has been choosen in order to achieve good
stability all over the working Mach number range:

) = -kg*M* M15.7)
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where k 15 an integer number and *refer to critical conditions.

In order to increase the cenvergence rate of equatioens (M15.4) and (M155)
two functions and have now been introduced to multiply the RHS and new
stability analysis has been performed. A

The choice of these functions is not straight forward because of the presence
of high non linear instability; any way 3 final expression have been found
yhich leads to good results.

The equations (M15.4) and (M15.5) can be written as:

af/70t+8F /3x+0G/dy = 0 (M15.8)
where now:

Z{p)/¢
f = ﬂ/q

au
F = v

lev |

{M15.9)

6 = f-u |
¢ = H2d2(s)/dg
LI L

The numerical solution of these equations will be carried out by an explicit
scheme, then the stability condition on the time step has been derived from
the CFL criterion that states that the physical dependence domain must be
included in the numerical one.

The boundary conditions are:

. upstream the total therrodynamic conditions and the flow angle (if the
axial flow is supersonic, also the only Mach number) are fixed.

o downstream the Mach number is fixed, i.e. the preassure ratio across
the cascade (if the axial flow is supersonic not any condition is fixed).

° the solid wall require the tangent condition of velocity that substitutes
the 2nd equation and impose conditions on the flux terms of first equation.

° the ideal periodic boundaries require the velocity vector to be equal in
correspondent point at one pitch distance. When choosing such lines the

— e -—-LM
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normal velocity component must be subsonic. Their treatment results easy in
the numerical scheme.

Finally the trailing edge condition is the really delicate one.

in fact there it has to be simulated the base region, from where the shock
waves system starts in turbine cascades.

We consider a truncated trailing edge and the velocity vector free on the two
points on each side of the trailing edge.

The choice of the truncation must be done carefully owing to its significant
influence on the results. It represents roughly the separation points at the
trailing edge.

Results are obtained with a coarse grid of 1057 and a fine mesh of 19x57
points, and by using a finer convergence limit.

Now we test the convergence on the inlet-outlet mass flow difference after
the local time variations of the unknowns are within a fixed limit.

Execution time on Honeywell DPS 8:

Mzis CPU time n.of iteration

12 348s 120
98 383s 130
95 5145 170

tethod 16: Computer Code "Cascade” (Courtesy of D_Nixon )

The code will compute the unsteady transonic flow through a nonstaggered
cascade. Thin airfoil boundary conditions are used and the code is an
extension of the XTRAN2L code for isolated airfoils. The algorithm is the
Rizzetta-Chin algorithm for arbitrary frequencies. The code is used for
research purposes and is not a production code.

Method 17:

Method 18: (Courtesy of H. Joubert)

A model has been developed at SNECMA for calculating the unsteady
aerodynamic flow through vibrating cascades in view of studying supersonic
flutter in axial flow compressors.
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The calculation deals with an ideal fluid, in unsteady transonic flow,
including shocks, through a quasi three-dimensional cascade.

The explicit Mac Cormack scheme was used to numerically solve the unsteady
Euler's equations on a blade to blade surface. An 80 x 15 grid points mesh
was used which was displaced to follow the blade motion. For further details,
see ref. [47].

This model has been applied to the seventh standard configuration of the
workshop on aeroelasticity in turbomachine-cascades. Two cases were
studied, the first one corresponding to an exit Mach number of 1.25 and the
second one to an exit Mach a number of 0.99. The unsteady aerodynamic
damping coefficients for both cases are represented (see section 7.7) and the
magnitude and phase lead of blade surface pressure coefficient for two
interblade angles are plotted.

Method 19: Method of Calculatin t ic F n_Two-
imensional . M N

The basic assumptions of the method are that the flow should be inviscid and
isentropic. The gas should be perfect and the blade oscillations small.
The blades are represented by pressure dipoles of fluctuating strength

Ap(xgleiot + ime (m=0,41,.) M19.1)

and the problem is reduced to an integral equation for ap(xg):

( c
| Ap(xg)K(x-X0)dxg = iwa(x) + Ua'(x) (M19.2)

Jo

The Kernel function K(x-xg) is resolved into:

) a singular part K(S)(x-xg) in a closed form

° a regular part K(R)x-Xo) in an infinite series form of umform
convergence (A sufficient convergence with truncation at the 30th term is
confirmed.) '

The dipole distribution function Ap(xy) is then expanded into a mode function
series.

The flow can be either sub- or supersonic:
) Subsonic Cascade:

. 's;':— ¥
R
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K-1
Ap(xg) = 2 PyYyle) (M19.3)
K=0
where
- Xg = 0.5c(1-cosy)
- Yo(y) = cot(0.5¢)
- Y () = sin(kg)  (k21)  (Glauert series)
° Supersonic Cascade:
g(Xg+Xr) : X@- € Xg S X@+
Ap(xg) = glxg) + S Fr | {119 .4)
r 0 : otherwise
where
- r=reflection number (this technique corresponds to the Nagashima &
Whitehead® technique)
K-1
- g(xg) = I PYily) , with x4 = 0.5c(1-cosey) (M19.5)
K=0
- Yk(y) = coske  ( equivalent to shifted Chebyshey polynomials)

The integral equation is converted into algebraic equations for Pk
(k=012,.K-1)

K-1
b1 PYK(x;) = i0alxj) + Ua'(xj) , j = 1,2, K (M19.6)
k=0
where
{C fc
- ¥K(®) = | V(@K x-xg)dxy ¢ | VilIKR}(x-x)dxq

Jo Jo
(M19.7)

with the first term calculated analytically and the second numerically
integrated with about 240 integration points from x, = 0 to ¢ ). In the present
cases, calculations were conducted with six control points (K=6).

o
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7.1 First Standard Configuration (Compresser Cascade in Low
Subsonic Flow)

Definition

This configuration is compiled from two-dimensional cascade experiments in
the low subsonic flow region. it is therefore mainly directed towards the
validation of incompressible predictions.

The experiments were performed in air, in the linear iow subsonic oscillating
cascade wind tunnel at the United Technologies Research Center and are
included 1n the present study by courtesy of F.0. Carta ({8, 15, 16}).

The cascade configuration consists of eleven vibrating NACA 65-series -
blades, each having a chord c=0.1524 m and a span of 0.254 m, with a 10°
circular arc camber and a thickness-to-chord ratio of 0.06. The pitch-to-
chord ratio is 0.750 and the stagger angle for the experiments presented here
is 55°.

The cascade geometry and profile coordinates are given in Figure and Table
7.1-1, resp.

The airfoils oscitlate, in pitching mode, around a pivot axis at (0.5, 0.0115).
Experiments have been performed with vibration frequencies between 6 and
26 Hz and with two pitching amplitudes (0.5° and 2°).

Both the time-averaged and time-dependent instrumentation on this cascade
is very complete, and a large number of well documented data have been
obtained during the tests. The time-dependent instrumentation consists of 10
high frequency response pressure transducers on each side of the center
blade, arranged in a Gaussian array, to obtain maximum accuracy in the
numerical integration of the moment and damping coefficients of the
resulting pressure distributions [15, 17].

Further to the center blade, S others and the tunnel sidewall were partially
instrumented to validate the time-dependent pericdicity of the flow through
several blade passages.

All the blades in the cascade are vibrated with a cambar system to produce a
highly accurate harmonic meotion.

. T TR
% Rt
Eo B .
“% : e :
R EEAR RN !
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T — ——  t————

suction sur face
{upper surface)

——-
M,

N - pressure surface
\ >
\\ B,
cascade leading '\
edge plane o e ———e S
- /6
c \
c "1
suction surface
+y
— - = - P —
-Y—‘ pressure surface

<
c
Maximum thickness at x = 05
vibration in pitch around (Xq,Yq) = (0.5,0.0115)
d = (thickness/chord) = 0.06
o = 0.5, 2.00 (= 0.0087, 0.0349 rad)
¢ = 0.1524m i = variable (290, 60)
T =075 camber = 100
k = variable % = 55
span= 0.254m

working fluid: Air

Fig. 7.1-1.First standard configuration: Cascade geometry
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¢ =15.24 em (6 in.)

PRESSURE SURFACE

SUCTION SURFACE
X Y X Y
0.0008 0.0020 0.0012 -0.0019
0.0046 0.0053 0.0054 -0.0042
0.007Q 0.0064 0.0080 -0.0050
0.0120 0.0083 0.0130 - -0.0061
0.0244 0.0116 0.0256 -0.0077
0.0494 0.0164 0.0507 -0.0098
0.0743 0.0204 0.0757 -0.0115
0.0993 0.0237 0.1007 -0.0129
0.1494 0.0290 0.1506 -0.0150
0.1994 0.0331 0.2006 -0.0165
0.2495 0.0364 0.2505 - =0.0177
0.2996 0.0387 0.3004 -0.0185
0.3998 0.0411 0.4002 -0.0188
0.5000 0.0406 0.5000 -0.0176
0. 6002 0.0370 0.5998 -0.0146
0.7003 0.0306 0.6997 -0.0104
0.8003 0.0223 0.7997 -0.0069
0,8503 0.0176 0.8497 -0.0053
0.9003 0.0127 0.8997 -0.0040
0.9502 0.0078 0.9497 -0.0032
0.9975 0.0030 0.9973 -0.0025

RADIUS CENTER COORDINATES

L.E. RADIUS/¢c = 0.0024

X = 0,0024, Y = 0.0002

T.E. RADIUS/c = 0.0028

X = 0,9972, Y = 0,0003

Table 7.1-1. First standard configuration: Dimensionless airfoil

coordinates.
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The time-dependent data were recorded in digit form at sampling rates of
1000 samples/sec. Data for each channel were then Fourier anlysed to provide
the first, second and third harmenic results.

Details of the experimental procedure and all the data acquired are given in
{15]. Furthermore, for convenience, the section on data acquisition and initial
reduction from (15] (pages 15-16) appears in Appendix A4.

Aeroelastic Test Cases

From the tests presented in {15], 1S aeroelastic cases have been retained as
recommendations for off-design calculations. These cases are given in Table
7.1-2. They correspond to two different mean settings of the cascade,
variable vibration amplitudes, reduced frequencies and interblade phase
angles.

Time averaged Time Dependent Parameters
. Aeroelastic M, i P1/owy  P2/owy B2 k o g f
Test CaseNo (=) () () ) ") ) *) * (H2)

1 0.18 2 09774 09818 620 0122 05 - 45* 155

2 - . . . . . . . a5 .

3 017 6 09790 09852 625 . . - a5° .

4 o . . . . 20 . &5 .

5 . . . . . . . a5 .

6 T : . . . -180° .

7 - - - . - - a3 -

8 . . . . . . - 90* .

g - . . . . . . - o .

10 . - . - . . 90° .

" T . T : . - +135° .

12 =t : . T 0072 y -90° 92

13 "o ’ ) *ooast -90° 192

14 -t . y © 031 -9 384

15 - : . 0.603 . -90*  76.8

{
Table 7.1-2 First standard configuration.
Experimental values for 15 recommended test cases 3
3
i .
_ 'Y = R
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All the test cases were extensively treated by several prediction models (see
Table 6.1), wherefore a detailed comparison between experimental data and
theoretical results is possibie.

Discussion of Time Averaged Results

The 15 proposed aeroelastic test cases comprise two separate stationary
flow conditions: 2° {cases 1-2) and 6° {cases 3-15) incidence respectively.
These time-averaged results are given in Fig. 7.1-2. It is concluded that the
data agree well with theoretical results from Method 3.
However, some ambiguity seems to exist in the determination of the incidence
angle. It should be noted here that both in the present work and in the study
by Carta [15], the incidence angle, i, is defined towards the mean camberline
angle at the leading edge (Fig. 4.1-1). The experimentally determined values
are iexp= 2° and 6°, respectively. It was found by several persons,
independent of each other, that the data for the local time-averaged blade
surface pressure distribution and the analyses agree better if the incidence
angle is slightly modified for the theoretical calculations.
Several possible explanations for this discrepancy can be put forward:
[ The experimental cascade consists of 11 blades while the analyses
consider infinite cascades [15].
L] The axial velocity density ratio was not measured in the experiment
[15].
° The possibility of separate definitions of the incidence angle between
different researchers must also be considered. In fact, it has been pointed out
by H. Atassi and £.0. Carta {38] that the incidence angle sometimes used by
analysts is the angle between the uniform upstream flow and the airfoil chord
(defined on this page as ichgrg). For the first standard configuration, the
relationship between the mean camber line (at the leading edge) incidence and
the chordal incidence angle is [38]

i = ichord -25°
However, as this last remark concerns only the defipition of the incidence
angle and as there is still disagreement about the values given for the intet
flow angle, it cannot be the sole reason for the differences.
The two most likely explanations for the need to correct the incidence angle
to make the theoretical and experimental resuits agree well are thus the first
ones, referenced by Carta in [15].
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It can be pointed out that, for the two methods with which a detailed
investigation of the steady-state incidence was performed (Methods 3 and 7),
both give best agreement for the same corrected incidence angle (iexp=2°,
itheary=-0-27°: igyp=6°. itheory=2.23°. see [5. 40).

Apart from the discrepancies in incidence angle, agreement with the data is
good (see Figures 7.1-2 for examples), which mutually validates both the
experimental and theoretical time-averaged resuits.
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Fig. 7.1-2. First Standard Configuration, Cases 1-2. Time Averaged
Blade Surface Pressure Coeffictent for g, = 2° and iy, = 6°
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Discussion of Time-Dependent Results

In total eight methods have presently been applied to the first standard
configuration (Table 6-1). All of these calculate the time-dependent blade
surface pressures, wherefore it is possible to evaluate Do.th these and the
stability limit of the cascade.

Full details of all the results obtained for the 1S aeroelastic cases are given
in section 1 in Appendix AS.

Integrated Parameters

Evaluation of the results shows that the stability limits (2=0) of the cascade
are well predicted by all analyses for a reduced frequency of k=0.122 (Fig.
7.1-3a,b). However, some scatter appears in the magnitude of the aerodynamic
damping coefficient argund its maximum and minimum values. It is
interesting to note that the dissimilarity in damping magnitude between the
data and the separate analyses at, +90° interblade phase angles, appears for
some methods mainly because of disagreement in the magnitude of the
moment coefficienl, and for some mainly because of disagreement in its
phase lead (Fig. 7.1-3¢).

This certainly also indicates some scatler in the unsteady surface pressures.

The analytically determined acoustic resonances ([15, 39), see also Appendix
A3), lie for this specific cascade close to a 0° interblade phase angle for the
flow conditions presented in Figures 7.1-3. 1t is concluded that the
theoretical and experimental results agree well, especially for the damping
coefficient, also in the surroundings of this interblade phase angle, although
the disagreement of Method 4 with the others around 2 0° interblade phase
angle is certainly due to the resonance conditions. (If slightly different
interblade phase angles had been used for the calculation in Method 4, the
curve would probably concur with the others.)

An information which does not influence the flutter behavior of a cascade in
the pitching mode, namely the aerodynamic 1ift coefficient, is given in Fig.
7 1-4. Here some larger disagreement than in the moment coefficient is
found, especially in the magnitude.
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An 1nteresting investigation was performed in [40), where the unsteady
behavior of the cascade was calculated with Method 7 to investigate the
effect of geometry and incidence on the aerodynamic damping for 1gxp=6° The
trends found in Fig. 7.1-3 were confirmed, and it was noted that, although the
best time-averaged agreement with the data was for ithgory=2.23°, the best
unsteady agreément was for ithgory=lexp=6° (Fig. 7.1-5).

No explanation for this apparent contradiction can presently be given.
It can also be seen (Fig. 7.1-3) that the two methods which give the best

approximation to the magnitude of the experimental data both use
itheory=lexp=6° (Methods 4 and 7).
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This indicates that the ambiguity in the steady-state incidence angle, as
discussed earlier, also remains for the unsteady results. From Figures 7.1-3
and 7.1-5 it is concluded that the flat plate calculations (Methods 1 and 5 in
Fig. 7.1-3 and Method 7 in Fig. 7.1-5) give a good qualitative approximation of
the damping coefficient shape. The magnitude is however exaggerated.

This disagreement in magnitude is not dangerous from the flutter point of
view as long as the blades are assumed to have zero mechanical damping.
However, if a certain mechanical damping is admitted in the flutter design

process, the results can be disastrous. Indeed, if a mechanical damping of
Smech=0.6 is assumed in Fig. 7.1-3, the experiments and prediction models 4,

S and 7 indicate a stable sustem (i.e. Saper + ZSmech>0) for all interblade
phase angles, while the other models still predict flutter between
40°¢¢<100°

The effect of and incidence
on
Carta DCA blade, k= 0.122
1.04 P BN I JE—
Asrodynamic R ~\ ’ i=22% ——-e
damping = i W\ Fatplate I
i o\\} Eporimers | ¥ =05 ©
0.51 /.‘/ -\-."'& =€ &=z o©
. ° N
- Stable A/a
Uneteble %
\ %
.“..\ .//.‘.I
-0 AN G,,/"/
‘\'. - l/".‘
\‘\......»'/’
I R e e T
interblade phase angle (degrees) v 20081

Fig. 7.1-5. Aerodynamic damping coefficient versus interblade phase
angle (from / 40/, Fig. 8)
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Blade Surface Pressure Differences

As the largest scatter in the aersdynamic damping coefficient was found at
approximatively ¢ (45°-90°) interblade phase angles, the largest disagreement
between the predicted and the experimental blade surface pressure
distributions could be expected to exist in this region.

in general, the agreement in blade surface pressure difference coefficient is
good (Fig. 7.1-6), with some exceptions. First of all, the good agreement in
aerodynamic damping coefficient between the data and, for example, Method 3
which was found at +180° intertlade phase angle (igxp=6°, Fig. 7.1-3) is
confirmed by the pressure difference coefficient (Fig. 7.1-6a). Here, both the
amplitude and phase lead are predicted very accurately. This is also the case
for a flat plate theory, Method 1, for the phase angie, but some small
disagreement is found in the amplitude. .

Al a -90° interblade phase angle, the agreement of Methods 1 (Flat Plate) and
3 with the data is still good as far as the amplitude is concerned (Fig.7.1-
6b) This indicates that the disagreement in aerodynamic damping at this
interblade phase angle (Fig. 7.1-3) probably comes from the differences in the
pressure difference phase angle. However, this is not the case for the +45°
interblade phase angle (Fig. 7.1-6¢), although here the phase angle differences
between the analyses and the data close to the trailing edge are very targe
{which does not influence the aerodynamic damping to a large extent as the
pressure difference amplitudes are small here)?. It seems instead that
disagreements in the amplitude of the pressure difference coefficient are
mainly responsible for differences in the magnitude of the damping. .

At 2 0° interblade phase angle (which is close to the analytically determined
acoustic resonance) discrepancies between the different analyses and the data
are fairly large in the phase angle, although the trend is correctly predicted
by most methods {Fig. 7.1-6d). The aerodynamic nevertheless damping has an
identical value for most methods and the data (Fig. 7.1-3), which is clearly
the case, as the amplitude of the pressure difference coefficent is smaller
than at other interblade phase angles (compare for example Fig. 7.1-6¢,d).
Furthermore, in the part of the blade where the amplitude is large, i.e. close
to the leading edge, the phase angle is almost zero for a 0° interblade phase
angle, wherefore this part of the blade makes only a small contribution to the
total aerodynamic damping.

7 This apperently large discrepancy is expisined in next section
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F1g. 7.1-6. Unsteady blade surface pressure difference coeffictent
versus chord at different interblade phase angles

However, methods 6 and 14 show some larger discrepencies in the phase angle
(Fig.7.1-6d,e,1).

Method 6 still predicts the correct trend, while method 14 shows 3 different
distribution. The authors [SS] give as a possible explanation for this
phenomenon the time-dependent aspect of their method. 1t is not certain that
the periodic solution has been obtained.

It is thus concluded that, in most cases, the theorgtical and experimenta!
results for the time-dependent blade surface pressure difference coefficient
agree weill, both in trend and magnitude.
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Blade Surface Pressures on Upper and Lower Surfaces

If instead the time-dependent blade surface pressures on the pressure (lower)
and suction {upper) surfaces are considered, some disagreement is noted.

In Figure 7.1-7 this information is plotted for the same aeroelastic test
cases as in Fig. 7.1-6 (interblade phase angles = -180°, -90°, 0°, +45°).

From all diagrams it is concluded that the amplitudes of the lower and upper
blade surface pressures are better predicted than the phase angles. It is
interesting to note that the largest disagreements in the phase angle seem to
be on the lower (= pressure) surface in the second half of the bladeS
Presently, no explanation for this phenomenon has been put forward, apart
from noting that on this part of the blade the pressure fluctuations are small
(and thus the signal/noise-ratio), which automatically gives a larger
inaccuracy in phase angle. Again, there are some discrepancies between
Method 14 and the experimental data (Fig. 7.1-7b,h).

As for the pressure difference coefficient, the surface pressures show large
disagreements, both between the different analyses and with the data, for a
0° interblade phase angle (Fig. 7.1-7f,g,h). Again, the good agreement for the
aerodynamic damping in this range of interblade phase angles (Fig. 7.1-3) can
be attributed only to the fact that the amplitudes are so smail that
discrepancies in phase angles are not noted.

The large disagreement (between the analyses and the experiment) in the
phase angle of the pressure difference coefficient close to the trailing edge,
for a +45° interblade phase angle (Fig. 7.1-6c) can now be explained on the
basis of the pressure difference coefficient caiculation. This can be seen by
investigating the upper and lower blade surface pressures. Indeed, by
comparing Figures 7.1-6c and 7.1-7d it is concluded that the disagreement 1s
larger in the pressure difference coefficient than in the upper and lower
pressures. The reason for this is probably to be found in the data reduction
method. The pressure difference coefficient is calculated by passing via the
real and imaginary parts of the compiex pressure coefficients (section 4) In
the specific case shown in Fig. 7 1-7d, the real parts of the complex pressure
coefficient on the upper and lower surfaces are aimost identical, which gives
a smail value of the real part of Aﬁp, while the imaginary part has a larger
value. Therefore the value of the phase anqle, as calculated by eq (1023),
becomes uncertain

8 This 1s confirmed al=o for other elastic test cases, see Appendix AS

.« .
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However, the same argument cannot be used to explain the differences in
phase angle in Fig. 7.1-6b (which in any case is much smalier than the ones in
Fig. 7.1-6d), as in this case the values of the real parts of the pressures on
the lower and upper surfaces are further apart. (The difference in the
imaginary part betweeen the lower and upper surfaces of the blade is of the
same order of magnitude as the difference in the real part)

in this context, the interesting investigation of different vibration amplitudes
performed by Carta in {15] can also be discussed. In Fig. 7.1-5 {copied from
ref. [40]), the experimentally determined aerodynamic damping coefficient is
represented for 0.5° and 2° vibration amplitudes. A slight difference is found
at a -45° interblade phase angle which, by investigating the surface pressures
(Fig. 7.1-8a,b), can be attributed mainly to differences in the first 10% of the
blade. Again some slight disagreement, this time between the two
experiments, is found in the lower surface phase angles in the second haif of
the blade, where the amplitudes are small. However, the trend for both
vibration amplitudes is identical.

For other cases, presented in [15], the pressure amplitudes in the leading edge
region show smaller differences between 0.5° and 2° vibration amplitude than
in Fig. 7.1-8. This is confirmed also in Fig. 7.1-5, as the experimental
aerodynamic damping coefficient has almost the same value for both vibration
amplitudes. But also for these interblade phase angles, differences appear in
the phase angle of the lower surface pressure in the second half of the blade
{see Appendix AS). A detailed investigation of the data in [15] indicates that
these differences are probably due to run-to-run variations in the unsteady
data, and not to nonlinear effects. This can be concluded from Fig. 7.1-9 and

7.1-10, where the values
‘cpchu=2_cpa=0.5

sqp:§p0t=2_§p¢x=ﬂ.5
are shown for two incidence angles, i=2° and 6° at 77% and 6% chordwise
position respectively, for both the upper and lower surfaces, as a function of
the interblade phase angle.
In these diagrams, it is seen that:
® The scatter in §@, is larger on the lower thai on the upper surface of
the blade in the 77% chordwise position (Fig. 7.1-9a. b). A possible
explanation for this 1§ that the pressure amplitudes are smaller on the lower
than on the upper surface of the blade. The accompaning smaller signal/noise
ratio may influence the accuracy of the phase angles.
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] The differences in §®, are much smaller in the leading edge region
(x=0.06, Fig. 7.1-10a,b) than in the trailing edge region (x=0.77, Fig. 7.1-
9a,b). Again this can be explained by difficulties in determining accurately
the phase angle by small pressure fluctuations. i

° The scatter in Sip, both at the 6 and 77% chordwise position, is
approximately the same for both incidence angles (i=2° and 6°), which
indicates that the unsteady flow and the experimental accuracy are similar in
both cases (Fig. 7.1-9a,b and 7.1-10a,b).

e The scatter in the absolute value of 8C, is approximately the same for
the lower and upper surfaces and for both incidence angles in the 77%
chordwise position although, as mentioned earlier, the pressure amplitudes
are in general smaller on the lower surface (Fig.7.1-9c,d).
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distributions for two vibration amplitudes (& = 0.009 and
0.035 rad.)
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Fig 7 1-9  Pressure coefficient and phase angle dif ferences between 2°
and 0 S°* vibration amplitude on the lower and upper blade
surfaces at 77 4 X chorawise location (1= 2° 6° . k=012)
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Fig. 7.1-10. Pressure coefficient and phase angle differences between 2°
and 0 S° vibration ampiitude on the lower and upper blade
surfaces at 6 X chordwise location (i = 2°, 6* ; k = 0.12).
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® In absolute values, the scatter in Sép 1s larger for the 6% than the 77%
chordwise position (Fig. 7.1-9c.d and 7 1-10c,d} However, in relative values
(82,/8,*=2") there is much less scatter close to the leading edge, as here the
pressure amplitudes are higher (Fig. 7.1-9¢, 7 1-10e)

. The differences in 8, seem to be independent of the steady incidence
angle.

From Figures 7.1-9 and 7.1-10 it can thus be concluded that a possible
explanation for the disagreement between the predicted and experimental
phase angles in the after part of the lower surface of the blade is run-to-run
variations in the data.
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Conclusions for the First Standerd Configuratisa

From the controlled excitation work in traveling wave mode " e constan!
nterblade phase sngie between atl biades) on a 6X 1hiCk COMPre<sor (ascade
with 10° camber in the Iow subsonic flow region 't can be concluded that

® It 1s today possibie to predict accurately the aeroelastic behavior of 3
thin, low cambered compressor cascade oscilisting in traveling wave mode in
low subsonic two-dimensional flow

L] The good agreement between the unsteady experimental deta and
predicted results mutually velidstes both approsches where disagreements
are found, 1t 18 not possible a priom to exclude either theoreticel or
experimental 1naccuracies

o For this specific cascade, the predicted time-aversged results agree
better with the data if the theoretical incidence 1s siightly modified (Fig
7 1-2) However, the agresment between the time-dependent predictions snd
data is better if the experimentally determined incidence angie s used for
the analyses No explanation for this apperent contradiction has yet been
found (Fig.7 1-5)

Conclusions for aerodynamic dameing.

L The theoretical madels accurately predict the stabihity himits for the
cascade, using the assumption of zero mechanical damping (Fig 7 1-3) The
shape of both the theoretical and experimental damping curves is identical,
but the magnitude shows disagreement This would be dangerous if a non-zero
mechanical damping 1s assumed in 8 design phase, as the different prediction
models would then give different stability limits

) The stability ltmits of the cascade (with zero mechamcal damping
assumed) is predicted just as well with fiat plate theories as with other
models (Fig. 7 1-3) Discrepancies are however present in the magnitude of
the aerodynamic damping coefficient. For conservative stability analyses
{zero mechanical damping), (1at plate theories thus seems to be sufficient for
cascades of the kind used here.

° Neglecting the blade geometry (i e. using a fiat piate model) apparently
has an effect of the same order of magnitude on the aerodynamic damping as
that of neglecting the incidence angie (using 0° incidence).

S —— i -
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e urateddy Llade surface pressure Jifference cogtlicient

® Hotnovhe *131 c1yte mngel: and the ones with the true geometry agree
Bl Th the epertesntdi 12ty ac tyr as the unsteady blade surface
arecsiyfe Nttaren e v aet iy rart 1 nns erned

® The &0, ampbiude *rend 1c cgrrectly predicted with all methods The

!
magnitude - Tghtiy e aggerated with some of them tespecially the flat

plate mode! s

o In most rases the phase angle @,, of the unsteady blade surface
pressyre qgitferance :oeff:cient 1< predicteq well Some disagreements can
probabliy; be explained by run-tn-run variations 1n the dsta and by the data
rodution procedure for 1alcuiating acy and @y,

L The small disagresments in asrodynamic damping between theores and
axperiment (F1g 7 ! 3 %, can sometimes be traced to dissimilanties in the
amplitude of 'he blade surface pressure difference coefficients, and
sometimes o the phase angles (Fig 7 1-6) beth for the experiments and the
anatyses

o A large part of the aarndynamic damping comes from the leading edge
region For an accurate experimental evaluation of this parameter 1t s
imgortan! to measure the unsteady response cluse to the leading edge (which
was done 1n the experimentsl work serving as base for (hs standard
configuration [15])

Conclusions for the unsteady Diade ourface pressures

® The local unsteady blade surface pressure coefficient on the upper and
lower surfaces 15 also predicted well The amplitude shows a particularly
good agreemen: h2lween the experiment and the separate analyses

® The local phase angle (#,(u3) @,(13)) trend 1s captured well in some
cases the magnitude. espectally for small pressure amplitudes (1e low
signal/noise ratio which might indicate data inaccuracies), shows some slight
disagreement between the experiment and the analyses (Fig 7 1-7)

o The largest disagreement between the experiment and the separate
analyses is found at a 0° interblade phase angle (Fig 7 1-71,gh) This
behavior can perhaps be explained by the small pressure amplitudes in the
experiments for this interblade phase angle. The analyticaily determined
acoustic resonances are also close to a2 0° interblade phase angle, which
might 1nfluence the theoretical resuits.




CPr-Lausanne, LADORATOIRE DE THERMIQUE APPLIQUEE ET DE TURBOMACHINES 81

7.2 Second Standard Configuration
Definition

This incompressible two-dimensional cascade configuration has been mea-
sured in a water cascade tunnel at the University of Tokyo. The results have
been submitted by kind permission of H. Tanaka [19-20].

The cascade consists of eleven vibrating and six stationary double circular
arc profiles. Each of the blades has a chord of ¢=0.050 m and a span of 0.100
m, with 38 camber angle of 16° and a gap-to-chord ratio of 1.00. The water
velocity during the tests was v;=2.4 m/s, with the Reynolds number at
Re=1.2* 105. The eleven vibrating blades oscillate in pitch, with an amplitude -
of 0.059 rad (3.4°) and a frequency between 1.3 and 13Hz. Thus, the reduced’
frequency lies in the range 0.1 to1.0. '

The cascade geometry is given in Figure 7.2-1 and the profile coordinates in
Table 7.2-1.

Experiments have been performed with incidence ranging from attached to
partly-~separated and fully-separated flow. Further, the stagger angle as well
as the interblade phase angle and pivot axis have been varied systematically.
The experimental data indicate the unsteady lift and moment coefficients
(amplitudes together with the corresponding phase lead angles). These
coefficients are computed from strain gauge measurements and no time-
dependent or time-averaged pressures are measured on the blade surfaces.

Aervelastic Test Cases

From the large amount of data obtained during the experiments, and from the
sample presented in [4, 20] 8 aeroelastic test cases have been proposed
(Table 7.2-2).

All 8 correspond to the same steady-state configuration (stagger angle = 30°,
inlet flow angle @y=-30°, My=0.), and the intertiade phase angle is varied.
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Yy

suction surface

pressure surface

o X
YL ¢
[
| Maximum thickness at x = 05
Vibration in pitch around (x.,y,) = (0.5,0.0362)
d = (thickness/chord) = 0.0524
a = J& (=0.06rad)
c = 0.050m By = -300
T = 1.00 camber = 16.8%
k = 04 1 = 300
span= 0.100 m )] = variable

Wworking fluid: Air

Fig. 7.2-1. Second standard configuration: Cascade geometry
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Double Circulsr Arc Blade
c=0.050 m (1.968 in.)
Suction surfsce P-ussure surface
(upper surface) (lower surface.
X (%) y W) y ‘%)
0 0 0
1.644 -0.404
10 2.637 -0.127
15 3.509 0.115
20 4,262 0.326
25 4.897 0.50%
30 5.416 0.650
35 5.818 0.764
40 6.105 0.845
45 6.272 0.893
50 6.334 0.910
55 6.272 0.893
60 6.105 0.845
65 5.818 0.764
70 5.416 0.650
75 4.897 0.50%
aa 4.262 0.326
85 3.509 0.115
90 2.637 -0.127
95 1.644 -0.404
100 0 0
L.E. and T.E. RADIUS RADIUS CENTER COORDINATES
L.E. RADIUS/c = 0.666 (%) x = 0.666 (%), y = 0 %)
T.E. RADIUS/c = 0.666 (%) x = 0.993 (%), y = 0 (%)

Table 7.2-1. Second standard configuration: Dimensioniess airfoil
coordinates.
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Slrleaziytul Torne-Oupendent Resyll;

For the moment only one metrod (Method 1) has been applied to this standard
configuration The reason 15 the resemblance to the first standard
configuration, in which the time-averaged and Lime-dependent pressures were
also measured on the blades

No detailed comparison between the experimentsl data and the theoretics!
results can therefore be made presently However, fig 72-2 gives an
indication nf the expected resuits

Here, the predicted blade surface pressure difference coefficient (ay) 1s
presented for two phase angles (¢=-135°, 0°. Fif 7 2-2a.b) together with the
aerodynamic moment (Zp) and damping coefficient (Z) versus the interblade
phase angle (Fig 7 2-2c.d)

it 1s concluded (F1g 7 2-2c @) that the same trend exists for the sxpsrimental
data and the results predicted with the flat plate analyses (Method 1)

Aerosiastic Time-Averaged Pa ameters  Time-Dependent Parameters

Test Case vy | B f k o g

NO (m/s) *) (*) (H2) () (rad) )

) 24 300 -30 6.1 04 0.059 - 135
2 i i - ) - " - 90
3 . - . - - - - 45
4 - ) - - N ° 0
5 - . - - ) ) - &H
6 ) ) - ) - ) + 90
7 - v y - - - + 135
8 . ) - ) } - + 180

Table 7.2-2 Second standard configuration.

8 recommended aerolastic test cases

et
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However, judging from the theory, some scatler seems to be presen! i the
experimentsily determined phase angle &, which can most ciesriy be seen 1n
the aerodynamic damping coefficient (Fig. 7 2-2d}) The trend for the
ampiitude of the moment coefficient shows 8 better agreement (Fig 7 2-2¢)
although the fliat plate theory predicts siightly higher values than the
measured ones This agrees with the resuits from the first standard
configuration (compare Fig 7 1-3b and Fig. 7 2-2¢)

T Y P —. A o
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Fig. 7.2-2. Second standard configuration. Blade surface pressure

difference, moment and damptng coefficients
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7.3 Third Standard Configuration
Definition

This quasi three-dimensional transonic turbine configuration is being tested,
in freon, in the annular test facility at the Tokyo National Aerospace
Laboratory The experiments are included here by kind permission of H
Kobayashi.
This configuration, standard configuration N°3, is used with outlet conditions
ranging from subsonic to supersonic flow velocities.
The cascade configuration consists of 16 vibrating cambered (60.8°)
prismatic turbine blades. Each profile has a chord of ¢c=0.072 m, with a span
of 0025 m and a maximum thickness-to-chord ratio of 0.124 The stagger
angle for the resuits presented here is 45.7° and the pitch-to-chord ratio is

0.763 (hub)

0.804 (mid-span)

0873 (up)
The hub-tip ratio in the test facility is 0.844
The profiles are oscillated in pitching mode, around the pivot axis at
(0 193, -01097)
The cascade geometry is given in Figure 7.3-1 and the profile coordinates in
Table 7.3-1.
The working fluid is freon gas, with the specific heat ratio = 1 137 (Freon-
11, CFCl3).
Experiments are performed with a variable expansion ratio (p2/pyy. M2),
osctllation frequency and interblade phase angle. All experiments are
performed with constant spanwise upstream flow angle and flow velocity.
The time-dependent instrumentation inciudes pressure tappings on 2 blade
(midspan) and strain gauges The unsteady moment coefficient is determined
with torsional cross spring bars.

kCe
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pressure surface

suction surface
(lower surface)

olo

Vibration in pitch around (xg,yq)

(0.195,-0.1097)

d = (thickness/chord) = 0.124
a = 0.0172 rad (nominal) k = variable
c = 0072m span = 0025 m
T = 0763 (hub) camber = 60.83¢
0.804 (midspan) ¥ = 5P
0.873 (tip) hub/tip = 0.844
M, = variable g = 67.5° (nominal)

Working fluid: Freon-11 (CFCl3) with specific heat ratio = 1.137

Fig. 7.3-1. Third standard configuration: Cascade geometry !

P TI
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C=0.072m
SUCTION SURFACE PRESSME SURFACE
(Lower surface) (Upper surface)

X Y’ X Y;

0.0 0.0 0.0 0.0
-0.073 «0.0096 0.0247 «0.0108
-0.0115 -0.0290 0.0439 0 . 0066
-0.0081 0.0487 0.0718 <0.00"3
0.0102 <0.069¢ 0.0932 <0.0i44
0.0296 £.0918 0.1213 -0.0265
0.0462 -0.1080 0.1478 <0.0356
0.0668 <0.1240 0.1742 «.)434
0.0887 «0.1384 0.2014 -0 .0502
0.1117 <0.1508 0.2289 -0.0538
0.1358 <0.1610 0.2563 -0.0601
0.1606 -0.1693 0.2840 0. 037
0.1064 0.1749 0.3119 <0.0660
o.axn -0.1781 0.339% «0.0674
0.2384 -0.1797 0.3676 <0.0676
0.2584 ~0.1800 0.3891 -0.0060%
0.2814 -0.1793 0.4113 -0.0062
0.3046 0.1 0.4329 -0.0687
0.3274 =0.1748 0.4547 -0.0648
0.3432 =0.1719 0.4765 -0.0039
0.3591 =0.1692 0.4982 -0.0023
0.5748 ~0.1657 0.5201 -0.0613
0.3904 =0.1621 0.5419 -0.059%¢
0.40%8 -0.1580 0.5633 -0.0879
0.4806 -0.1396 0.5450 -0.0582
0.5882 -0.1208 0.6069 -0.0540
0.6291 -0.1018 0.6288 -0.0828%
0.7038 ~0.0829 0.6502 ~0.0497
0.7780 -0.0640 Q.6721 .0.0470
0.8525 «0.0482 0.6939 -0.0446
g.9270 -0.026¢ 0.7182 -0.0419
1.0 -0.007$ 0.7368 -0.0388
0.7543 -Q.Q2359
¢.7986 -0.0298
v.8387 -0.0237
0.8792 -Q.0176
0.5495 =0.0118
0.9597 =0.0060

1.0 ) 0.0

Table 7.3-1. Third standard configuration: Dimensioniess airfoil
coordinates (spanwise identical).

———————— -




afwE LASTIOT W TURBUMALHINES  Stengerd ( onfigur atrons .

The  nileady prescures  are  megsured w~ith 3 high-response  pres-aure
transducer located outside the test-rig and a cahbration for lpsse. =+ e
! irequency and amplitude in the pneumatic tubes® s performed

Aergelastic Test Cases

brom the resyl'< oblained from these experiments O aeroelastic 'ec cases
nave been proposed by M kobayast for off-design calculation !46] These
were defined after the Cambridge Symposium and therefore go not correspond
with those presented 'n (4] The data were also received !ate :n the project
and for the present no attemp! has been made 1o calculate the aseroelastic
behavior of this standard configuration Therefore oniy the experimental data
are included here without theoretical results It has thus not been possible
to validate either the time-averaged, or the time-dependent data'l

The serocelastic test cases proposed by H Kobasyash! are given i1n Table 7 X-0
The corresponding time-averaged and time-dependent data are presented 'n
Figs 73-2 and 7 3-3 respectively, and n Fig 7 3-4 the measured
serodynamic damping coefficient 1s given n dependence of the reduced
frequency

9 Details about the cascade, instrumentation and deta reduction was
presented by H. Kobayashi at the 1984 Cambridge Symposium on Aeroelasticity
[45].

10 The comparison with theoretical results will be especially interesting as
the 1dea to use pneumatic tubes for the unsteady pressure responses
significantly reduces the experimental costs (see [45] for details).
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o 2 Time - Averaged Parameters
%
[ - -]
; ()
i
e M, B Pwa/Pw, Py/P, M B2
1= 3 0 303 -1.2 0 964 0.776 0.662 - 583
4- g 0334 -1 0.946 0.432 1.242 -56.1
7-9| o319 -12 | o864 0.345 1390 | -555
o Time-Dependent Parameters
o Z — =
Z = fy = 2 Interblage phase angle treasured
§ § Amplitude (Nominal -_Z) fl);?qm'adl g’ 1?;: § (Norminal = él?_so)‘
- - +
B & 2)EV g0 |&V [ENE | S g | 0] g0 | L0 e
8 -5y | IO (“ BE©) s lek d o o
4 - | =l0) rad e 3]
x| ¢ = |30 H2)f| K | | @] @ | ¢ |
1 0. 965| 0.952| 0.0172{0.996]1 028] 2510.057| 655| 736| 666 679 (702
2 1.008] 0973 001728 1.026(|1.032; 1000 229] 764{ 67.4| 676 646|705
3 1.087}1 1.024} 00171096611 075} 20010.457} 712} 687} 71.8 68570 1’_*
4 10.965] 0952/ 0017210996(1.028] 25 b.031 655| 736 666 679702
S 1.0081 0.973{ 0.0172] 1.026(1.032| 100 b.126 76 4| 674 676 646|705
6 1.087] 1.024[ 001711 0.966(1.075] 200{0 251 71.2| 687 71 @& 58 5| 7" ’j
7 0965|0952 0017240996(1.028| 2510028| 655| 7361 66 6 67 9 , O '
8 1.008) 0973 0‘0171 1.026)1.0321 10010 112] 764) 67 4] &7 & 6l
+
9 1.087] 1.024| 00171 0.966{1.075({ 200 0,223Jj1 21 687 71 A I [oYalls

Table 7.3-2. Third standard configuration: 9 recommended aeroelastiC
test cases (Fluid used is Freon-11; ali values are at midspan)




273
N

F/G 1377

-
=
-3
4
z
3

Laukid

=
e

24
£35:

1]
L

i

~AD-A181 763
UNCLASSIFIED




E R )
Wmm_m_m_. I_I—“
¥ EEFFIT u
2l =W s

B o

JO S

gl




R T P

AEPOELASTICITY IN TURBUMAL HINES: Standary Corfrinretipns: 9;
P9 <X
K3 ¢ . .0728 ¥ . e, .072
", - T : 0.804 b y*— T ;804
B & 7 +45.70 B , 7 145.70
N “ M %t . 195 '\ o . ~M 2t . 195
: ) Yai -, 110 ey B Yai ~.110
- M+ .303 . o Mo .33
X 15 0A1A B1-1.2 ; X alS B -1.1
REMOELASTICITY (4 TURBOWACNINE -CASCAOCS. | i - -Eumm::l": " :n—:::-c:scm:L i1 -
STANDARD CONF LGURRT |8 WUMBER © 3 "al o.ss STANORAD GURAT [ On . "z' |.212
. 8. -58.3 . . B -S6.1
umwum ! M - Bu}ﬂa I | .l' -
] . to%ee, .
a LIE B | m?fk i My
T ! ' o’ « 3 - | ‘f o « 3 =~
T o @ - T ! i o wr -
1 e ‘e R R s Pk BT
g ) . 3 - + x J ; ] 8. -
4+ x N . o - +- J BRI S R o -
1 x"’f‘xx" d .12y J K | d. 124
- - i
S S U e
4 1 N
L ; T L T' i, —‘*;“:r;—
L 4 ‘ ‘
L e 4%7—*)[»7)?7 [
+ + ; ! l
| s R
-15. +—— -15. —t—t—t—t ———t—
0. S 1. 0. S 1.
X X
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Fig. 7.3-2. Third standard configuration. Time averaged blade surface
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7.4 Fourth Standard Configuration (Cambered Turbine Cascade in
Transonic Flow)

Definition

Quasi three-dimensional cascade experiments on high load turbine rotor
sections are being performed in the annular cascade facility at the Lausanne
Institute of Technology [22]. The experimental data have been made available
by Brown Boveri & Co and are included in the present report by kind
permission of A. Bélcs [21-25].
The fourth standard configuration is of interest mainly because it represents
a typical section of modern free standing turbine blades. This type of airfoil
has relatively high blade thickness and camber and operates under high
subsonic flow conditions. It normally exhibits flutter instabilities in the
first bending mode.
The cascade configuration consists of 20 vibrating prismatic blades, each
with a chord of c=0.0744 m and a span of 0.040 m, with 45° turning and a
maximum thickness-to-chord ratio of 0.17.
The stagger angle is 56.6°, with the pitch-to-chord ratio of the cascade:

0.67 (hub)

0.76 (midspan)

0.84 (tip)
The hub-tip ratio in the test facility is 0.8.
The cascade geometry is given in Figure 7.4-1 and the profile coordinates are
tabulated in Table 7.4-1.
Experiments are performed with variabie inlet flow velocity and angle (M, i),
expansion ratio (p2/pyy, M2), vibration mode, oscillation frequency and
interblade phase angle. All the experiments presently being performed have
constant spanwise flow conditions upstream.
The time-averaged instrumentation consists of static pressure tappings on
the outer and inner tunnel watls, as well as blade surface pressure tappings
(14 on pressure surface, 15 on suction surface, Tabie 7.4-2) on two adjacent
blades The inlet flow conditions are determined by wedge probe traverses
0.09 chord
lengths upstream, in the axial direction, of the midspan leading edge plane
The outlet flow angle is determined using cone probe traverses and the outlet

- . i s . Ao ¢ -+

. —— e -
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"isentropic” Mach number, in the present test cases, was calculated from a
linear interpolation in the static pressures measured on the outer (tip) and
inner (hub) walls, together with upstream stagnation pressure.

The outlet conditions are measured 1.14 chordiengths downstream of the
trailing edge plane (in the axial direction, at midspan).

Boundary layer suction is performed at three different locations, both on the
inner and outer walls. The first is located just downstream of the inlet guide
vanes, the second 1.3 chordlengths upstream (in the axial direction) of the
blade leading edge plane, and the third 1.2 chordlengths downstream of the
blade trailing edge plane (in the axial direction). This 1ast suction is applied
only at the outer wall.

The experimental accuracy of the steady-state data presented herein are
estimated to be approximately #1° in the flow angles!! and approximately
+0.01 in the Mach numbers. it is also possible that the inlet flow angle may
not correspond exactly to the one at infinity upstream, as it is measured less
than 0.1 chordlengths upstream of the leading edge plane.

The stationary three-dimensional shock structure in the cascade has been
visualized with laser holography (24], and the same profiles have been tested
(in steady state conditions) in a linear test facility [25]. In the latter
investigation high-speed Schlieren visualization was performed.

The time-dependent instrumentation consists of 11 high frequency response
pressure transducers, 6 on the suction surface and S on the pressure surface
on two neighboring blades (Table 7.4-2). The blade vibrations are determined
with straingauges {on each blade).

All the blades in the cascade are vibrated with an electromagnetic excitation
mechanism {26], which allows for variation of the blade vibration amplituae,
frequency and interblade phase angle.

The time-dependent data are registered on an analog tape recorder and
processed

off-line, with acceleration correction of the pressure transducer response.
The data reduction follows with a cross-caorrelation technique (27, 28] (data
reduction method "c” in section 4.4) and the éxperimental accuracy for all
unsteady values is evaluated with a 95% confidence interval. This method is
briefly reported in Appendix A4

" The probe support ¢ <stems showed some dnft, and the tests are
scheduled to be repeated.
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Working fluld: Air
Fig. 7.4-1a. Fourth standard configuration: Cascade geometry
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A STEADY PRESSURE TAPPINGS

UPPER SURFACE

LOWER SURFACE

® UNSTEADY PRESSURE TRANSDUCERS

Fig. 7.4-1b. Fourth standard configuration: Location of pressure
measurements on blade surfaces.
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Ce 0744 M
UPPER SURFACE LOMER SURFACE
x \4 13 Y X Y X Y
0. 000 0.000 .S1e -.083 0.000 0.000 oA -
.00 .10 .S2e -.053 001 =011 .453 - ::2
.018 (1t} 1833 -. 093 .003 -.021 464 -.1%8
.g20 .02 .46 -, 053 . 008 -. 031 474 -. 158
.0 .02 .95 -.08% 010 -.041 L4838 -~ 154
.0e2 .022 %67 ~. 033 .14 ~-. 081 . 493 -
.0%2 021 .97 -.033 . 020 -. 060 .08 - ;3;
.063 .20 .588 -. 053 .023 =-.089 .S16 -. 146
074 .019 .599 -. 034 .03t -.078 .26 -, 164
. 084 018 A10 -.034 038 -. 087 .33 -.1a1
. .09 .016 620 -, 033 044 - .47 -, 139
.103 014 631 -.082 .032 -.102 557 -.136
116 .012 642 -.052 .09 -.110 .58 - -.134
128 010 .632 -.0988 .067 =117 578 .13
136 ocd .663 ~. 090 .07 -. 124 88 ~. 129
147 .006 R3] -, 049 . 084 -.130 598 - 126
. 1957 .04 -, 048 - .09 -. 138 0% -.123
168 .003 .69 ~. 047 102 - 142 (3% ] -.121
.178 -.001 703 -, S -, 147 - 118
.188 -.003 .76 -. . 120 -.153 640 - 115
.199 -, 00% 728 -, 043 .130 - 157 650 -.113
.209 -. 008 7 -. 042 .13% -.162 -.110
.20 -.011 .747 -.040 .149 - 166 31 .. 107
.230 -.013 .78 -.039 198 -.170 881 -.104
240 -, 019 768 -, 037 .169 -.173 691 -.101
2% -.018 ™ -. 09 5y, ] -17% 702 -.00
26t -.020 10 -0 .190 -.179 .12 -, 0%
.an -.022 .800 ~.032 .200 - 181 .2 -.093
.28 -.023 811 ~-.030 211 -.182 .732 -.090
292 -.027 .821 ~.029 .221 ~. 184 ] -.087
.303 -.029 832 -, 027 232 -.183 ] -.084
.3 =-.031 .ge2 -, 023 243 =-.183 .63 -.081
324 -.033 .52 -.023 -2 =.186 Nec) -.078 f
.2 -.03% .863 -.021 264 = 186 .783 -.073
] ~.03? .87 -.019 274 =186 794 -.072
.333 ~.039 884 -.017 .83 =~ 1% .804 ~-. 069
.363 -.041 .89 -.018 2% -.183 .14 -.086
.378 =.043 .903 -.013 -306 -.104 .g2¢ ~.063
387 =. 044 913 ~. 010 -n? =.183 834 -.060
397 -. 0486 .26 -, 008 .39 -.182 .B44 -.087
408 -, 047 .92% -, 008 .338 - 181 . 853 -, 054
.48 -.048 .946 «-. 004 . 349 -179 . 963 -. 09
.42 =-.049 .9%7 -, 001 .23% -.178 .873 -. 047
.439 -, 081" .9%7 008 370 -.176 .883 -. 044
430 =057 .97 003 -380 =473 .893 -. 041
461 -.032 .988 00§ 3N =173 908 -.037 5
.47 -.033 .40t -7 .926 -, 031
.482 ~.034 412 ~.169 .936 -, 028
.493 -. 034 422 ~. 16?7 . 946 -,02¢
.503 -.083 433 =163 . 936 -.02t
. 966 -.017
.976 -.01¢ i
. 986 -.011
.99% -.00?7

Table 7.4-1. Fourth standard configuration: Dimensionless airfoil
coordinates (spanwise identical).

B




Location  Type of pressure measurement
X Us/TA us/TD LS/TA LS/TD

0.01 - - kS -
n.04 X - b -
0.10 b 4 b R
0.17 X - X -
024 X - X X
0.30 X X X -
037 X - b -
0.44 X - X X
0.50 X X b -
057 X - X X
0.64 X X X -
0.71 X - X X
077 X - X -
0.84 % X X X
091 X - X -
1 00 % - %® -
US/TA: Upper surface, time-averaged

us/TD: Upper surface, time-dependent

LS/TA: Lower surface, time-averaged

LS/TD: Lower surface, time-dependent

Table 7.4-2 Location of blade surface pressure measurements
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Aeroelastic Test Cases

A large amount of data (approximately 250 aeroelastic cases) has been
obtained to date [22]. Of these, 8 have been selected as test cases for the
fourth standard configuration {21]. These cases treat all vibration in the first
bending mode, with a vibration frequency of f=150Hz and a vibration direction
of 60.4° (see Fig. 7.4-1).

The 8 aeroelastic test cases are presented in Table 7.4-3. The variation over
outlet Mach number for a -90° interblade phase angle was chosen as the
cascade here shows a slight instability for transonic flow conditions.

Time-Averaged Parameters Time-Dependent

Parameters

Aergelastic M, B+ M2is B2 (] k hU §
TestCase (-} () () () (9 (-) (-) (*)
1 013 -45 058 -71 -90 0.168  0.0038  60.
2 0.26 " 076 - - 0.128 . )
3 0.28 T 0990 ) ) 0.107 ) -
4 0.29 T 102 ) - 0095 0.0033 )
5 - T 119 - - 0082 0.0038 -
6 0.28 T 090 - +180 0107  0.0033 )
7 . . . . .90 . .
8 ) ) ) - 0 ) )

Table 7.4-3. Fourth Standard Configuration.
8 Recommended Aeroelastic Test Cases.
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Discussion of Time-Averaged Results

The 8 proposed aeroelastic test cases include S separate stationary flow
conditions at nominal flow angie, with outiet flow Mach number varying from
subsonic to supersonic conditions. These resuits are given in Figures 7.4-2,
together with predicted results from Method 7. Furthermore, results are
presented from a two-dimensional steady-state time-marching code by Denton
{[41, 42), indicated as Method 99 in the figures).

The good agreement in the results presented indicates that both the
calculations and the experiments are of high quality. The differences in the
forward 30% of the blade may probably be explained either by inaccuracy in
the experimentally determined inlet flow angle and/or by a stream tube
height variation in the experiments. it should be pointed out here that the
results of Method 7 have been obtained by adjusting the stream tube height so
as to adapt the computed outlet conditions to the measured ones, while
Method 99 is a two-dimensional model.

The mutual validation of both the experiments and the computations can aiso
be seen from Figure 7.4-3, where an example of experimental data from the
annular facility (with span/chord = 0.54) [23] are compared to data from a
linear test facility (span/chord = 1.06) {25], both at midspan, and to computed
results from the two-dimensional Denton-code [42].

However, there seems to be some ambiguity about the outlet flow conditions.
The outlet “isentropic™ Mach number is determined experimentally from the
local static pressure (linear interpolation between the inner and outer channel
wallg), which includes losses, and the upstream stagnation pressure. As the
static pressure contains losses, this value is not the true isentropic value
which might be found from an inviscid flew computation. However, the
computed flow angles seem to be within the experimental accuracy although
some stream tube height variation (up to 15% in some cases) is introduced in
Method 7.

The agreement between the different theoretical models and the experimental
data for the aft portion of the blade is best for the subsonic flow conditions.
In the transonic and supersonic ranges, refleclions of shock waves on the
blade suction surface are not predicted by the theories, although the sonic
transition is captured well. This is seen especiaily in Fig. 7.4-2e where the
sharp decrease in blade surface Mach number at 50% chord is due to such a
reflection. Furthermore, the second small decrease in Mach number
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(at %x=0.75) is due to the reflection of the first shock on the wake of the
neighboring blade (see Schlieren picture Fig. 7.4-6¢C), and can hardly be
predicted by present theoretical models.

Discussion of Time-Dependent Results

Before the comparison between the experimental data and the theoretical
results is given, the influence of the ambiguity in the iniet flow angie on the
time-dependent biade surface pressure responses should briefly be clarified.
It was concluded from Figures 7.4-2 and 7.4-3 that the theoretical models
and the experimental steady-state data showed some discrepancies in the
forward 30% of the blade, which probably appear because of an inaccuracy in
the experimentally determined steady-state inlet flow angle. Such a
difference may significanliy influence the aeroelastic response for some
cascades.

S
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calculations /42/ at an inlet flow angle of B,=(-20° to -239).
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It can, hawever, be concluded from Fiqures 7 .4-4 and 7 4-S that this 1s not
the case around the nominal incidence angle, for the att 90% of the turbine
blade presented here (the first pressure transducer s situated at x = 0.101}.
In Fig 7.4-4 the measured time-dependent pressure, normalized with the
upstream stagnation pressure, 15 represented along the chord for two inlet
flow angles (-39° and -45°) for a subsonic outlet Mach number {M=0.6) it is
seen here that the amplitude of the pressure fluctuation is, within the
accuracy of the experiments, independent of an eventual error in the
experimental nlet flow angle, both for the pressure and suction surface
(AB1=6°). This is aiso true for the phase angle on the blade lower (suction)
surface. The phase angle on the pressure side indicates instead a somewhat
higher value, up to about x=0.4, for the case with the higher (negative) flow
angle (inlet angle = -45°). However, the pressure amplitude 1s small in this
part of the blade and the inaccuracy in the determination of the phase angle
is thus fairly large!Z . The absolute difference in the phase angles can thus
vary somewhat.

in the case of a supersonic outlet velocity, the same representation (Fig. 7.4-
5) indicates that the pressure amplitude on the upper {(pressure} surface is
fairly independent of an experimental inaccuracy in the iniet flow angle.
Again, the higher (negative) flow angle (inlet flow angle = -45°) shows 2
higher phase value in the forward part of the blade.

On the blade suction (lower) surface, the pressure response is influenced by
shock waves in the blade passage. The steaoy-state shock position is, as
expected, the same for both inlet flow angles (Fig. 7.4-6, Xgppex = 0.45).
Upstream of this position, the unsteady pressure coefficient phase angles
(#pUs, #;'%) are close to the ones at the subsonic Mach number (Mp;, = 0.6, Fig.
7.4-4), but change suddenly as response to the shockwave impinging upon the
blade surface (Fig. 7.4-5, see also Schlieren picture in Fig. 7 4-6¢).

However, the phase angles for both incidence angles are close to each other
alsa in the vicinity and downstream of the shock, apart from the transducer
at x=0.71 for 180° interbiade phase. Bul here the pressure amplitudes are
small, which again gives greater inaccuracy in the phase angle.

It can thus be concluded that, although a certain ambiguity exists in the
absolute value of the iniet flow angle, a small variation areund the nominai
inlet angle (= -44°) does not seem to influence significantly the unsteady
experimental blade surface pressure response, from x=0.1 onwards. Qbviously,

12 This phenomenon is explained in more detail in the following sections,
see eg Fig 7 4-6.
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3) By=-450, Mp,=1.19 b) By=-37°, Mys=1.20

c) Schlieren picture from a linear test facility /25/. B=-209; My,=1.16

Fig. 7.4-6. Time-averaged flow for My,=1.2
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a change 1nncidence angle will influence the unsteady response closer to the
leading edge.

Care should still be taken when comparing the amplitude of the unsteady
pressure coefficient, AEp, This coefficient, as can be seen from eq. (3), is
normalized with the steady-state dynamic pressure (b4 - Py), which is
dependent on the inlet flow angle.

Integrated values

The number of pressure transducers on the blades (6 on the suction surface, 5
on the pressure surface) is not enough to determine the blade force and
aerodynamic damping coefficients accurately. However, as long as the
unsteady pressure response along the blade is smooth (see for example Fig.
7.4-4) the trend of the integrated values should be correct although the
magnitude will be inaccurate, depending especially on the pressure response
close to the leading edge.

in Fig. 7.4-7a the aerodynamic damping coefficient is presented as a function
of the interblade phase angle for two different inlet flow angles. For an inlet
flow angle of -10° the tests have been performed with a variation of 18°
interblade phase angle. The aercdynamic damping coefficient is represented
together with the experimentally determined 95% confidence interval (see
Appendix Ad). The sinusoidal shape, as also seen for the first and second
standard configurations, is recognized, although with some higher harmonics.
It is concluded that the cascade shows instability for some interblade phase
angles at an outlet Mach number of M;4=0.9.

In the same diagram the four interblade phase angies defined as aeroelastic
test cases (0°, 90°, 180°, 270°) for a -45° inlet flow angle are presented.
Also at this flow angle the cascade shows instability in the region of a 270°
interbiade phase angle.

The same sinusoidal form is also recognized for other outlet flow velocities
(Fig. 7.4-7b). Here it is also noted that, as already seen in Fig. 7.4-7a, the
cascade is unstable, in subsonic flow, for interblade phase angles around 270°
(=-90°). However, for a supersonic outlet Mach number of Mpjs=1.19 the
aerodynamic damping coefficient indicates instead a stable blade vibration at
this interblade phase angle. This phenomenon which is also present for other
flow angles, will be discussed at the same time as the local blade surface
pressures

Up till new, only two methads (N° 10, semi actuator disk theory, N° 7, finite
element, potential flow) have been applied to calcuiate the aerodynamic
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damping coefficient. These results are given in Fig. 7.4-8, together with the
experimental data (including 95% confidence interwals) for the 8 aeroelastic
test cases selected. It can be seen that, by comparing Fig. 7.4-8a and c, the
shape of the aerodynamic damping coefficient versus the interblade phase
angle is similar for both theory and experiment. The results of Method 7 and
the data agree well, apart from at =90°. However, the maximum damping
value is not reached at the same interblade phase angle for Method 10, and
the predicted results for this method are one order of magnitude larger than
the measured ones.

The experimentally determined aercdynamic damping coefficient versus the
outlet Mach number, for #=-90° agree well with the results predicted by
Method 7 (Fig. 7.4-8b). However, the shape for Method 10 does not agree with
the data (figs 7.4-8b,d).

Although the order of magnitude of the damping coefficient is the same for
both the Method 10 and the experiment, the thesry predicts a stable vibration
for subsonic Mach numbers, whereas the experiments (and Method 7) indicate
a stability for the supersonic Mach number instead. At present the reason for
this discrepancy is not clear, and the author of Method 10 believes that the
effect of blade camber in the semi-actuater disk theory should be validated
{S6]. Obviously, an inaccuracy in the experimental results cannot be excluded
a priori but the experimental data agree well with results from Method 7 , so
it is probable that the experiments are correct in trend and order of
magnitude of the aerodynamic damping coefficient.

The reason for the discrepancy between experiment and Method 7 at 90°
interblade phase angle is found by examining the local blade surface
pressures, and will be discussed in that section.
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lage Surface Prascures

Theoretical results from cne method (M° 7) have been obtained for thic
standard configuration. in general, data and the predicted results agree well
(Fig. 7.4-9}, both as regards the amplitude and the phase angle of the
pressure coefficient cp(x,t) along the blade chord.

The experimental accuracy, represented in Fig. 7.4-9 as a 95% confidence
interval {see Appendix Ad4), shows as expected that the uncertainty in the
measured phase angle is greater when the pressure amplitude is smatler
Considering this confidence interval, the data and the prediction agree
extremely well for the subsonic cases {Fig. 7. 4-9a.b,c; compare Fig. 7 4-2a,b,
¢ for steady-state biade surface distribution) at -90° interblade phase angie.
This is true for both the amplitude and the phase angle.

Especially interesting to note is that the trend is correct for all cases. On
the pressure (upper) surface of the blade the only notable exception is the
first pressure transducer (x=0.1) which indicates a low pressure amplitude,
whereas the theory predicts a higher value here.

Towards the trailing edge (last transducer at 84% chord) both theory and
experiment predict an increase in the unsteady pressure amplitude on the
pressure surface. The value here approaches the magnitude of the pressure
amplitude around the 20% chord on the blade suction surfac<. This can
possibly be expilained by the fact that the last transducer on the pressure
surface and the second on the suction surface are both situated in the vicinity
of the throat (see Fig. 7.4-1b), and that the aerodynamic coupling effects are
therefore high It can also be seen that the phase angles in these two
positions are fairly close together (e.g. ®,Us (x=084) = +170°, #,1%(x=024) =
+160° in Fig. 7 4-9a).

The same conclusions can also be drawn from other phase angles, as long as
the flow is subsonic (F1g. 7 4-9f,g,h for 180°, 90°, 0° respectively), apart
from the phase angles with in-phase blade motion (Fig. 7 4-9h}. In this last
case the experimental and theoretical results show instead a discrepancy of
the order of 90° or more, and the experimental data on the suction surface
show some fairly large irregularities. The phase shift of 180° between the
two pressure tranducers located at %=024 and x=0.44 is particularly
interesting. The same phenomenon i3 found also for all cther inlet fiow angles
and gutlet flow velacities investigated [23), but no expianation for this has
yet been put forward However it should be noted that the unsteady pressure
signais at #=0° are weak, and the confidence interval is large for almost all
pressure transducers

e 8 ey -
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The rezzor foc the difference in aeradynamic darmping coefficient between
experiment and Method 7 at 6=90°, as found n Fig 7 4-8a, can now he
explained on the basis of Figs.7.4-9. It is here seen {Fig. 7.4-9g) that the
tneary predicts a somewhat higher pressure value along the whole suction
surface than the experiment for thms interblade phase angle. The phase angles
are predicted just as well for §=80° as for other phase angles, wherefore the
difference 1n 2 can be attributed to differences in the pressure amplitude
However no explanation for why the difference in Ep(us) between experiment
and theory is larger for ¢=90° than for other interblade phase angles is
presently put forward.

As the back pressure is lowered towards transonic and supersonic outlet
velacities the unsteady pressure amplitude and phase angle on the pressure
surface do not significantly change from the result in the subsonic cases (Fig.
7.4-9d,2). On the other hand, larger differences are notable on the suction
surface.

First of all it is concluded from fig. 7.4-2d and 7.4-9d that the transition
from subsomic to supersonic flow on the blade suction surface (x=0.45)
introduces a phase shift in the unsteady pressures for a transonic outlet
condition (Mpis=1.02) at a -90° interblade phase angle. This shift is present
both in the experimental and theoreticai results, although to a larger extent
in the experiment. Aft of the sonic transition the theory indicates an increase
in the unsteady pressure amplitude, which is not seen in the experiment.
Towards the trailing edge both the theoretical and experimental pressure
amplitude increases probably due to the presence of a shock wave, although
not on the same scale. It should however again be noted that the last pressure
transducer is situated at 84% chord and the experiments indicate that the
shock at an isentropic outlet Mach number of Mpie=1.02 is situated somewhat
cioser to the trailing =dge (Fig. 7.4-10).

Again, as in the subsonic cases, the experimental increase in pressure
amplitude towards the pressure surface trailing edge is larger than the
thearetically determined one. The pressure surface phase angle (®,U%) is,
however, well predicted (Fig. 7.4-9d).
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indicate 95 X confidence interval)
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As the back pressure is lowered {(M3is=1.2, Fig. 7.4-9e), the experimental and
predicted results still agree well on the pressure surface. This is also true
for the suction surface, upstream of the shockposition (Xgneck=0.5, see Fig.
7.4-2e). However, for this outlet Mach number, contrary to test case 4
(M245=1.02), the experiment shows a larger influence of the shock on the
unsteady pressure amplitude than the theory. Furthermore, the suction surface
phase angle (Qp‘s) shows some discrepancies between theory and prediction
aft of the shock.

As seen in Fig. 7.4-8a the cascade configuration showed an instability at high
subsonic Mach numbers at #=-90°, whereas other interblade phase angles
showed stability. The reason for this change of sign in the aerodynamic
damping coefficient can be found by investigating the unsteady blade surface
pressures for ¢=-90° and §=+30° at an outlet Mach number of M3;3=0.90 (Fig.
7.4-9¢,9). 1t can be seen that the experimental blade surface pressure
amplitudes (€,) are similar in both cases. Case 7 (§=+90°) is stable mainly
because the forward 60% on the suction surface are stable. However, case 3
(6=-90°) is unstable as the whole suction surface is unstable.

No physical explanation for this change of stability can presently be given.

it is also interesting to note that the two last pressure transducers on the
suction surface indicate almost the same amplitudes and phase angles for §=-
90° as for §=+90°, and that the first four suction surface tranducers change
at an almost constant value with the variation in interblade phase angle.
(84,13=9,15(8=+90°)-#,!3(s=-90°) = 62°, 55°, 71° and 71°, resp., see Figs. 7.4~
9c.g and data sheets in Appendix AS, section 4). The same trend can be
recognized from the prediction model 7 for x<0.6. Aft of this position a larger
difference is found in 0,,'3 between theory and experiment. A possible
explanation for this phenomenon could be the hypothesis of a small separation
bubble on the last 30% of the suction surface at Mpi,=0.9 [28].

From Fig. 7.4-8b it was also concluded that the cascade configuration became
stable with an increasing Mach number. Once again, the reason can be found by
investigating the unsteady blade surface pressure distribution (Fig. 7.4-9c.e
for Mis=0.9, 1.2 resp.). :

It can be seen that the pressure surface data are identical for both Mach
numbers. However, the suction surface pressure amplitude and phase angle
are different at x=0.5. At M3;,=0.9 the phase angles indicate instability at
%=0.3, while at Mpijs=1.2 the same transducers instead show a high stability
(#,19=-90°) This change in stability can thus clearly be attributed to the
presence of the shock at 50% chord, and it can be concluded that the shock
nas a stabilizing effect, at least for low supersonic outlet flow velocities.
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Conclusions for the Fourth Standard Configuration

From the controlled excitation study in traveling wave mode (i.e. constant
interbiade phase angie between ail blades) on 3 17% thick, 45° cambered
steam turbine cascade, experimentally investigated in an annular test facility
in subsonic and supersonic flow, it can be concluded that:

° The fact that the unsteady experimental data and the (by Method 7)
predicted results agree well validates mutually both approaches, at least for
shock-free flows.

L Prediction model 7 gives a good overall view of the unsteady Dlade
surface pressures for subsonic ocutlet flow conditions. In the transonic and
supersonic cases some discrepancies between the experiments and theory can
be found in the vicinity of the shocks.

Conclusions for aerodynamic damping:

) The experimental data indicate a slight instability at subsonic outlet
Mach numbers (for 6=-90°), and stable vibrations for supersonic outlet flow
conditions. This behavior is predicted by Method 7 but not by Method 10
{semi-actuator disk theory) (see Figs. 7.4-7, 7.4-8).

Conclusions for unsteady blade surface pressures:

[ The local unsteady blade surface pressure coefficient on the upper and
lower surfaces is well predicted by Method 7 for subsonic flow conditions,
especially by considering the experimentally determined 95% confidence
interval (Fig. 7.4-9). The only noticeable exception is the first transducer on
the pressure surface, located at x=0.101.

® Also for supersonic outlet flow conditions, the experimentally
determined unsteady pressures on the upper (= pressure) surface are predicted
well, both as regards amplitude and phase angle (Fig. 7.4-9d,e).

o Some discrepancies between the unsteady pressure data and predicted
results exist on the suction surface for supersonic gutlet Mach numbers (Figs.
7.4-9d,e). Here, the unsteady shock impinging on the blade suction surface
does not appear in the same way in the theory and the experiment.

. The change in stability at approximately sonic outlet conditicns can be
attributed, both in the experiment and in Method 7, to a change in the local
unsteady blade suction surface pressures in the vicinity of the shock.
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7.5 Fifth Standard Configuration (Compressor Cascade in High
Subsonic Flow).

Definition

This two-dimensional subsonic/transonic cascade configuration has been
tested 1n a rectilinear cascade air tunnel at the Office National d'Etudes et de
Recherches Aérospatiales {(ONERA). The configuration and experimental results
are included by kind permission of E. Szechenyi ([29-311]}.

The cascade configuration consists of six fan stage tip sections, each blade
with a chord of ¢c=0.090 m and a span of 0.120 m. The maximum thickness-to-
chord ratio is 0.027, with no camber and 3 gap-to-chord ratio of 0.95. The
present configuration was measured with a stagger angle of 59.3°.

The cascade geometry is given in Figure 7.5-1 and the profile coordinates in
Table 7.5-1.

The two center blades can vibrate in pitch about several axes, and then the
aercelastic coefficients for different interblade phase angies can be computed
by Tinearized summation of the unsteady pressure responses on all six blades.
Experiments have been performed with oscillation frequencies between of 75
and 550 Hz, inlet Mach numbers of between 0.5 and 1.0 and with inCidence
angles between attached and fully separated flow (2° to 15°).

Both the time-averaged and time-depencent instrumentation on this cascade
is extensive and a large amount of well-documented data has been obtained
during the experiments. The large number of flush-mounted high response
pressure transducers on one blade (9 on lower blade surface and 10 on upper
blade surface) allows the determination of resultant time-dependent blade
forces.

The upsiream and downstream steady-state flow quantities are determined 2
chord lengths upstream of the leading edge plane and 0.5 chord length
downstream of the trailing edge plane, respectively.

The unsteady pressure measurements are all filtered, simultaneousiy sampied,
multiplexed, digitized, averaged over a certain number of periods and recorded
on disc after which the pressure, 1ift and moment coefficients are computed
{291.
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cascade leading
edge plane

upper surface
{suction surface)

t suction surface (upper surface)
= - E———— o

X ]
E::; c/c -]
leading trailing
edge edge

Maximum thickness at x = 0.67

vibration in pitch around (xg,Ys) = (0.5,0)

d = (thickness/chord) = 0027

o = 0.00524 rad r = variable (75-550 Hz)
c = 0090m § = variable (20-158)

T = 095 camber = 0o

k = variable | = 59.50

span= 0.120 m g :  Only one blade vibrated
M, = variable (0.5-1.0)

working fluid: Air

Fig. 7.5-1.Fifth standard configuration: Cascade geometry
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c=0090m

Upper surface

Lower surface

¢ - c

(Suction surface) (Pressure surface)
x y y

0. 0. 0.

0.0124 0.0016 -0.0016
0.0250 0.0018 -0.0018
0.0500 0.0026 -0.0026
0.0750 0.0033 ~0.0033
0.1000 0.0041 -0.0041
0.1500 0.0053 -0.0053
0.2000 0.0062 -0.0062
0.2500 0.0079 -0.0079
0.3000 0.0101 -0.0101
0.3500 0.0103 -0.0103
0.4000 0.0111 -0.0111
0.4500 0.0119 -0.0119
0.5000 0.0124 -0.0124
0.5500 0.0128 -0.0128
0.6000 0.0133 -0.0133
0.6500 0.0135 -3.0135
0.7000 0.0135 -0.0135
0.7500 0.0128 -0.0128
0.8000 0.0116 -0.0116
0.8500 0.0098 -0.0098
0.9000 0.0076 -0.0076
0.9500 0.0048 -0.0048
1.0000 0. 0.

LE radius _ TE radius 0.002

Table 7.5-1 Fifth standard configuration : Dimensionless Airfoil

Coordinates

12
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Aeroelastic Test Cases

A large amount of data has been obtained during the tests [Z1] Of this, 2
rases were recommended as test cases in (4]

0f special interest in this fifth standard configuration i1s the extensive
variation of time-averaged parameters, such as inlet flow velocity (My) and
incidence (1}.

The inlet Mach number 1s varied from M;=05 to My=1.0, 3nd the range of
incidence is from fully-attached ({inciderice less than 5°) up to fully-
separated (incidence greater than 10°) flow conditions.

At the Cambridge Symposium [3] it was concluded that the present state-of-
the-art of prediction models does nol allow for the calculation of stalled
flow [7]. Therefore, the 29 recommended cases from [4] were reduced to the
ones dealing with attached flow only. A total of 11 test cases were then
selected. These are contained in Table 7.5-2.

Time Averaged Time Dependent Parameters Flow
Aeroelastic My i p2/Pwy & o f k
Test Case No. (-) ") ) (rad) *) (Hz) )

1 0.5 2 0.84 0.00524 180 200 0.37 Attached
2 ; 4 0.86 - - ) - -

3 ) 6 0.87 - - - * Part. sep.
4 - 4 0.86 - - 75 0.14 Attached
5 ) ) - - ) 125 0.22 )

6 ) ) - - ) 300 0.54 )

7 ) ) - ) - 550 1.02 )

8 . 6 0.87 ) " 75 0.14 Part. sep.
9 ) ) ) - ) 125 0.22 ) :
10 - - ) - - 300 0.56 )

1 ) ) " - ) 550 1.02 )

.

Pitch axis at (x,, yq) = (0.5, 0.) for all the above aeroelastic test cases

Table 7.5-2. Fifth standard configuration.
11 recommended aeroelastic test cases (restricted set from /4/)
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Discussigr of Time-Averaged Results

The 11 proposed aeroelastic test cases comprise three separate stationary
flow conditions, all at the same inlet flow velocity (My=0.5), but at different
incidence angles (i=2°, 4° and 6°, respectively).

These data are presented in Fig. 7.5-2, together with the theoretical results
of Methods 2 and 3. The data and the theoretical results agree well, if the
theoretical incidence is slightly modified. The theoretical incidence angles
for Method 3 in Fig. 7.5-2b,c are itheory=2.5° and 4.0°, compared to the
experimented ones (and theoretical for Method 2} ig,=4.0° and 6.0°
respectively. This change in steady-state incidence angle corresponds fairly
well with the change introduced in the first standard configuration for
similar reasons (Aiz2.3° to 4° in standard configuration 1; Ai=1.5° to 2° in
standard configuration 5).

It should also be noted that the theoretical results obtained using Methods 2
and 3 agree extremly well for the same theoretical incidence angle (Figs. 7.5-
2a, b for itneory=2°; Figs. 7.5-2b,c for itneory=4°).

it is thus likely that an experimental effect, which is not taken into account
in the inviscid theoretical flow models, is responsible for the need to correct
the experimental incidence angle in order to achieve a good steady-state
agreement.

The largest discrepancy between the experimental and theoretical resuits is
found on the suction (zupper) surface in the leading edge region. This effect
becomes more pronounced with an increase in incidence angle. it is found that
the difference in the leading edge region between Method 3 and the
expernimental data is somewhat larger for the present cascade than for the
first standard configuration (Fig. 7.1-2). This can perhaps be attributed to the
higher flow velocity and the sharper leading edge in the present case.
However, calculations with other methods should be performed before any
detailed conclusions regarding the reasons for this discrepancy can be drawn.
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Fig. 7.5-2. Time-averaged blade
surface pressure distribution for
iexp= 29, 4 and 60 , respectively.
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Discussion of Time-Dependent Resuits

Up till now, four unsteady prediction models have been applied to the fifth

standard configuration (Table 6.1). From the results, both the time-dependent

blade surface pressures and the stability limits of the cascade can be

evaluated.

when comparing the unsteady results it should be considered that the

experiments were performed with only one blade vibrating (i.e. only the

influence of the blade on itself was considered), and that aeroelastic coupling

effects between neighboring blades has not been corrected for. This is

unfortunate, but the objective of the experiments was to investigate flutter
at high incidence angles, for which the aeroeiastic coupling effects have been
determined (31]. 1t was only because it was found that present prediction
models cannot treat such flow conditions that the low incidence angle

experiments were selected as test cases.

in order to estimate how large the aerodynamic coupling effects are, a
breakdown of the theoretical results obtained from Method 1 has been done.

This study shows that if only one blade is vibrated (in Method 1), the resuits

approach the experimental values. This fact will be discussed in the following
sections.

Integrated Parameters

The experimentaily determined aerodynamic damping coefficient {one blade
vibrated) and the predicted results (all blades vibrated) agree well for an
experimental incidence angle of iep=6° (Fig. 7.5-3a), over a wide range of
reduced frequency {0.22<k<1.02). However, the agreement is not so good for
lexp=4° (Figs. 7.5-3b,c), although the stability trend is again correct.

The same information is found by examining the moment coefficient (Figs.
7.5-3d,e,f).

it is presentiy not possible to explain the sudden change in the experimental
curves around iexp=4° (Figs. 7.5-3c,f).
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A certain discrepancy s found also Tor the different theories The flal plate
theory (Method 1. 1tpeory=0°) and Method 2 (iypeory=leyp, full blade geometry
taken into account) agree well, whereas Method 3 (full blade geometry,
Itheory=2 5° and 4° resp in Figs. 7.5-3a-f) is somewhat nearer 1o the
experiments. It is found that the difference is largest for the magnitude and
that all the predicted phase angles &, are close to the measured ones.

The reasan for the differences between the theoretical model predictions are

not apparent at the present time.

The aerodynamic coupling effects can be estimated by considering the
decomposition of the resuits of a calculation with all blades vibrated, into
the separate influence coefficients of each blade [28, 30, 59]. This
investigation, based on resuits obtained from Method 1 (f1at plate, itheery=0°),
is shown in Fig. 7.5-4 for a 180° interblade phase angle. It is concluded that,
for =180°, the amplitude and phase angle of £p(x,t) does not change if 2 or
more blades are vibrated. However, a certain change is found if only one blade
is oscillated. In the present case the amplitude and phase angle of a single-
blade vibration are €p,=1.24 and é,=-25°, resp., whereas the corresponding
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Fig. 7.5-3. Continued on next page.
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fifth standard configuration.
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values are =198 and &,3-23° for 64 blades wviorated (Fig. 7 5-4; The fact
that the phase angle does not vary with the number of vibrating blades 15
clearly the reason for the good agreement for the phase angle (®p) between

the experiment and the theory in Figs. 7.5-3d.ef. The study indicates also
that, if all blades were vibrated in the experiment, the experimental g value

would probably be somewhat larger than the ones presented, and thus
approach the theoretical curves in Figs 7.5-3d,e,f.

Blade Surface Pressure Differences

As the blades in the fifth standard configuration are thin (2.7%) it is of
interest to evaluate and discuss the blade surface pressure difference
coefficient Aﬁp(x,t-). This parameter is given in Fig. 7.5-5, for different
incidence angles (igyp=2°, 4° and 6°) at a reduced frequency of Keyxp=0.37.

It is concluded that, for igp=2° (Fig. 7.5-5a), the phase angles (#,p) of the
pressure difference coefficient in the experiment and in the different
theories agree well. A certain discrepancy exists, however, in the magnitude
(AED). Methods ! and 2 predict identical values, whereas the experiments
indicate lower pressure difference amplitudes along the whole chord. This
effect becomes more pronounced in the forward part of the blade for larger

lm(Cm}
0.6 7

MOMENT COEFFICIENT |
CONTRIBUTION OF EACH PAIR

OF BLADES -
REFERENCE BLADE :0
S NUMBER OF BLADES =6y

One blade Several blades

“0.8 e vibrated vibrated
® :SIGMA=160.
-1:2 — T
0.0 0.8 Reltw 1.5 2.4

Fig. 7.5-4. Aerodynamic coupling effects for 0=1800, with the number
of blades as parameter ( 64 blades used for the
decomposition)
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Incidence angles At igyp=4° (Fig. 7.5-5b) the first measured pressure
indicates a higher AC,-value, whereas the following ones show somewhat
smaller values. Aft of about S0% of the chord, the ACp-values are identical
for igxp=2° and 4°

At igxp=6° (Fig. 7.5-5c) the first two pressures measured indicate higher
values, whereas no significant change appears for the other transducer
locations.

From Fig. 7.5-5 it is also seen that no change appears in the pressure
difference phase angle (®,p) for the aft 70% of the blade as a result of
variation in incidence angle. However, some slight variation is found in the
forwad 30%. This difference of A, and &) in the leading edge region for
various incidence angles can probably be attributed to unsteady viscous flow
effects in the experiment (possibly local unsteady separation), which are not
considered in the inviscid thegries being investigated.

In Fig. 7.5-5 the full line corresponds to a flat plate calculation, with a 0°
incidence. It is seen that, as the incidence increases, the difference in AED
between Method 2 and the flat plate results increases as expected, and the
results obtained from Method 2 approach the experimental data. However, no
significant change is found in the phase angle (#,p).

As for the aerodynamic damping coefficient, on the basis of the caiculations
obtained from Method 1, it is possible te estimate how large the aerodynamic
coupling effects can be.

Considering a breakdown of the theoretical results from Fig. 7.5-5a into
separate individual influence coefficients, different results are found along
the blade chord. These are given in Fig. 7.5-6. it is found that the pressure
difference phase angle 5, (=tan-'{ImlE,)/RelE)]})) is not influenced at the
9.5% chordwise location (Fig. 7.5-6a) if one or several blades are considered
as oscillating. However, the magnitude decreases from Ag,=12.4 to ACp=95 if
only one blade oscillates.

At the 34% chordwise location (Fig. 7.5-6b) the change in phase angle is now
noticeable, but still small (increase from ®,,=+11° for all blades vibrated to
®,,=+18° for only one blade oscillated). Similarly, the magnitude decreases
from a€p=57 to Aty=48.

At 75% chordwise location (Fig. 7.5-6¢c) the phase angle changes somewhat
more (increase from $,,=29° for all blades vibrated to #,,=45° for one blade
vibrated). However, the variation in magnitude of AE, is now smaller
(decrease from A%p=3 5 to A&p=3.0).

The blade surface pressure difference coefficient thus obtained, with one
blade vibrated, can be compared to the results for all blades vibrated (Fig. It
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75-6d). it is found that, if only one blade is vibrated, the magnitude of AE,
decreases along the blade (mostly for x<0.03}). Simultaneously, the phase
angle (#s,) increases somewhat (mostly for x>0.03). A comparison between
these results and the experimental data (Fig. 7.5-6d) indicates that the
theoretical results with only one blade vibrated agree better with the data
than if all blades are oscillated. It is thus established that a 'arge part of
the differences between the data and the theoretical results comes from the
fact that only one blade was vibrated in the experiment. If the neighboring
blades had also been osciliated, the agreement would have been better

This result should be kept in mind while examining all results for the fifth
standard configuration.

In Fig. 7.5-7 results are shown for ie,=4°, at various reduced frequencies. It
is concluded that the experimental pressure difference coefficient changes
significantly in the leading edge region with increasing reduced frequency.
The differences between the thegretical results and the experimental data are
largest at the higher reduced frequency (Fig. 7.5-7d). The largest
discrepancies between the different models are aise found here, although a
certain difference exists also for the low reduced frequencies (Fig. 7 5-7a).
The same information as in Fig. 7.5-7 is given in Fig. 7.5-8, but here for the
lexp=0° incidence angle. The same conclusions are drawn. Furthermore, it is
noted that neither the experimental data, nor the theoretical results are
influenced by the variation in incidence angle, except in the leading edge
region (compare Figs. 7.5-7a, 7.5-8a; etc). It should again be noted that the
theoretical incidence angle for Method 3 was slightly modified to obtain a
better agreement with the experimental time-averaged blade surface pressure
distributions. It was found (in Fig. 7.5-2b,c) that the steady-state pressure
distributions for Methods 2 and 3 agree very well if the same theoretical
incidence angle is used (ipeory=4° fOr Method 2 in Fig. 7.5-2b; itheory=4° fOr
Method 3 in Fig. 7.5-2¢).

However, this is not the case for the time-dependent pressure difference
distribution (itheery=4® for Method 2 in Fig. 7.5-7; igpeory=4° for Method 3 in
Fig. 7.5-8). Here, the differences in the unsteady pressure distributions
persist.

The reasons for these differences between Method 1 and Methods 2, 3,
especially at high reduced frequencies, can probably be explained by
considering that Method 1 is a flat plate theory. However, the reason for the
differences between the predictions of the two geometry models (2 and 3) are
not apparent at the present time.

D,
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Blade Surface Pressures on Uoper and Lower Surfaces

As was also found for Aﬁp, the experimental data and biade surface pressure
distributions predicted using Method 2 (s, E,") agree well at a 2° incidence
angle (Fig. 7.5-9, Kexp=0.37). The agreement is also good for ixp=4° and 6°,
although the same discrepancies as found previously in AE, are present in the
leading edge region. Especially noteworthy is the excellent agreement in the
phase angles (#,u, #,1%). This good agreement is found also for Method 3 (Fig.
7.5-10a), although some discrepancies are found at the high reduced frequency
(kexp=1.02), and especially at igp=6°. But, as mentioned earlier, it is probable
that the inviscid theories cannot model the viscous flow for these operating
conditions.

The magnitudes of the pressure coefficients (g%, &y'%), however, do not
correspond, either to the data or between the different prediction models.

Conclusions for the Fifth Standard Configuration

From the controlled excitation study, with one blade vibrated in the
experiment, on a 2.7% thick, 0° cambered, compressor cascade, in subsonic
attached (and separated) flow (My=0 5), it can be concluded that:

° No attempt was made to predict the unsteady flow in the stalled
operating range.

° Two prediction models (plus one flat plate theory) predicted the
unsteady flow.

o Some of the differences between the experimental data and the
theoretical results may be explained by loca! unsteady flow separations and
the fact that only one blade was vibrated in the experiment. A study of the
resuits using a flat plate theory indicates that the data and the theories
would agree better if the aeroelastic coupling effects were to be considered
in the experiment (Fig. 7.5-6d).

° From the comparison between the experiments and the theories it can
be judged that the results obtained are encouraging for moderate subsonic
Mach numbers, around thin compressor profiles, in attached flow. No theories
seem to be available for stalled or partially-stalled flow.

° More investigations are necessary to determine the reasons for some
discrepancies between the theoretical models.
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Conclusions for aerodynamic damping

. The trend of stability versus reduced freguency and incidence is
correctly predicted. The predicted magnitude is, however, not correct.
Conclusions for unsteady blade surface pressure difference coefficient

] The experimental data and the theoretical resulls agree well for a 2°
incidence, at moderate reduced frequencies. At larger incidence angles, and
especially at higher reduced frequencies, some larger discrepancies are found,
both as regards the experiment and between the theories.

) The data and the theories agree better for the phase (Oap) than for the

magnitude (AC,).
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Conclusiens for unsteady blade surface pressures

[ The experimental and theoretical resuits agree extremely we!l as far as
the phase angles (#,43, 0,,'3) are concerned.
However, fairly large differences appear in the magnitude of E,,“S, Eph

although the trends are identical.
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7.6. Sixth Standard Configuration (Steam Turbine Tip Section in
Transonic Flow)

Definition

This configuration is directed towards investigations of steam turbine rator
blade tip sections in the transonic flow regime.
The experiments are performed, in air, in the annular cascade test facility at
the Swiss Federal Institute of Technology, Lausanne /22/. The data are
included in the present study by kind permission of A. Bdlcs and the
sponsoring company, Brown Boveri Co., Baden /18/.
The cascade configuration consists of twenty vibrating low camber prismatic
turbine blades. Each blade has a constant spanwise chord of ¢=0.0528 m and a
span of 0.040 m, with 140 camber and a maximum thickness-to-chord ratio of
0.0526. The stagger angle for the experiments presented here is 73.4%, and
the gap-to-chord ratio is:
L ¢ = 0.952 (hub)

1.071 (midspan)

1.190 (tip)
The hub-to-tip ratio of the facility is 0.80.
The cascade geometry is given in Fig. 7.6-1 and the profile coordinates in
Table 7.6-1.
Experiments are performed with variable inlet flow velocity, incidence angle,
expansion ratio, vibration mode shape, oscillation frequency and interblade
phase angle /18/. In the case of self-excited blade vibration tests the blades
oscillate without external excitation. Outside these flutter regions all 20
blades in the cascade are vibrated with an electromagnetic excitation system
/26/.
Presently, only a limited number of pressure transducers are mounted in the
blades, therefore it is not possible at this time to integrate the time-
dependent pressure signals to obtain overall unsteady forces. Instead, the
seif-excited flutter limits of the cascade have been established for several
parameters. Furthermore, after the experiments with the true seif-excited
btade vibrations /187, another test series with 10 pressure transducers on
the blades is scheduled /28/. This will allow for a first approximation of the
overall unsteady forces and a comparison with the previously determined
flutter boundaries.

v e o e
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cascade Jeading
edge plane

Y

upper surface

+
suction surface

g
3

0.1 T upper surface
(pressure surface)
¥ .0 s R
o1 |G U U R RS
0 0.2 0.4 x 0.6 0.8 1.0
Iransonic Steam Turbine Profiles.
Vibratton in first bending mode b = 43.20
d = (thickness/chord) = 0.0526
1 = 3.4 k = variabte
¢ = 0.0528m span = 0.040 m
T = 0.952 (hub) camber = 140
1.071 (midspan) hub/tip = 08
1.190 (tip) f = 226 Hz
M; = varied B = varied
d = varied
Nominal values: M;=0.40; B;=-62°; M,=1.34; Bp=-710
Working fluid: Air
Fig. 7.6-1. Sixth standard configuration: Cascade geometry
) - " 4 A—------llI--IlllIIIIIIIllIlllll
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C = 0.05277 N
R SuRFACE LOWER SURFACE
X \ X A X Y X Y

6. 0000 0.0000 .5033 . 0191 0.0000 0.0000 . 4930 -.0131
.0o078 .0063 .5135 .0189 .0008 -.0097 .5032 -.0148
L0176 . 0030 .5236 .0187 . 0085 -.0161 .5133 -. 0145
0275 .0109 .5338 . 0185 .0178 -.0202 .5234 -.0142
.0375 .n2? .5439 .0183 .0275 -.0232 .53 -.0138
. 0475 0143 .5540 . 0181 .0373 -.025 .5437 -.013%
. 0578 L0157 5642 L0179 .0473 -.0274 .5538 -.0132
. 0676 .07 .5743 L0177 .0573 -.0288 .5640 -.0130
0977 .0184 .5845 L0173 . 0674 -.0298 5741 -.0127?
. 0877 . 0195 .5346 .0173 L0775 ~-.030% .5843 ~.0124
.n978 . 0204 6047 L0171 .0877 -.0309 .394¢ -.0121
L1079 .0213 .6149 .0169 .0978 -.0311 .6043 -.0119
L1181 . 022t .6250 0167 .1080 -.0310 .6147 -.0116
.1282 . 0225 .6352 .016% .1181 -.0307 .6248 -.0113
.1383 .0230 . 6453 . 0162 .1282 ~.0303 6349 -.o0111
L1484 .023% .6554 .0160 . 1384 -.0298 .6451 -.0108
.1586 .0239 . 6656 .0158 . 1483 -.0294 .65%2 -.0106
L1687 . 0242 .h?57 .0156 . 1586 -.0289 .6634 -.0104
.1/89 . 0243 .6459 L0153 1688 -. 0284 6753 -.0101
. 1890 .0243 .6960 L0151 .1789 -.0278 . 6856 -.0099
. 1991 . 0243 L7061 .0149 .1890 -.0274 .6938 -. 0097
.Poa3 . 0242 7163 .0147 L1991 -.0269 . 7059 -.0095
.2134 . 0240 . 7264 L0144 .2093 -.0264 L7161 -.0093
.229% . 0239 . 7366 .0142 .2194 -.0259 7262 -.0091
2397 .0237 . 7467 .0140 .229% -.02%4 7363 -.0083
.2498 .02 .7568 L0137 2397 ~.0230 . 7463 -.0087
.2600 . 0233 L7670 .013% .2498 -. 0248 . 7366 -.008S
L2701 . 0235 ags! .0133 .2999 -. 0240 . 7668 -.0083
.2803 .0234 .7873 L0130 .2701 -.0236 L7769 -.0082
.2904 .0233 L7974 .0128 .2802 -.0232 .7870 -.0080
.3006 .0232 .8073 .012% .2903 -.0227 L7972 -.0078
3107 .0231 .8177 L0123 .300% -.0223 8073 -.0077
.3208 . 0229 .8278 .0120 .3106 -.0219 .8173 -.0073
.3310 0227 . 8380 L0118 .3207 -.0214 .8276 -.0074
L3411 . 0225 .8481 .0115 .3309 -.0210 8377 -.0072
.3513 . 0223 .8582 .0112 3418 ~.0206 .8479 -.00n
L3614 . 0220 .Be84 L0110 L3511 -.0202 8380 -.0070
L3215 .0218 .8785 . 0107 .3613 -.0198 .8682 -. 0068
3817 0213 .8886 .0104 3714 -.0194 .8783 ~. 0067
.3918 L0213 .8988 .0102 .3815 -.0190 . 6884 ~. 0066
.4m9 0211 .9089 . 0099 L3917 -.0186 .8986 -. 0065
.4121 L0210 L9191 .609%6 .4018 ~.0183 .9087 - . 0064
4222 .0208 .9292 . 0093 .4119 -.0179 .9189 ~.0063
4324 L0206 .9393 . 0090 4221 -.0175 9290 -. 0062
. 4425 . 0204 9498 . oogs .4322 -.0172 9392 -. 006!}
.4526 .0202 . 959 . 0083 L4423 -.0168 .9493 -.0060
. 4628 . 0200 9697 .oog2 .452% -.Clea 9394 -. 0060
.4729 .0198 .9799 .0079 .4626 ~.0161 . 9696 ~.0059
4811 L0195 9300 .0076 4727 -.0158 .9797 -.0058
.4932 . 0193 1.90002 .0073 .4829 -.0154 1.0000 ~.0057
Table 7.6-1. Sixth standard configuration: Dimensionless airfoil

coordinates (spanwise identical)
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Aeroelastic Test Cases.

From the tests, 12 have been selected as test cases. These correspond to five
separate time-averaged flow conditions where the outlet Mach number has
been varied from sub- to supersonic (see Table 7.6-2), and they represent
cases both inside and outside the experimentaliy-determined flutter limits of
the cascade /18/. As the cascade exhibited flutter in the first bending mode,
the cases reported here are in this mode, with a vibration direction of
§=43.20.

All the experiments presented here have been performed with constant

- spanwise upstream flow conditions.

Time Averaged Time Oependent Parameters

Aeroelastic ™My By p2/py Mpis MO f k o ]
Test CaseNo. (-) (0 (-) -) ) (Hz) ) @ (@)

1 053 70 027 163 0.0030 226 0.068 0] +43.2
2 " " " " : " " + 45 -
3 " - - - " " - +90

4 ) " " - - " " +135

S " - - y - " - -180

6 . " " g " " - +135

7 - - " - " - " - 90

8 " " " - " " " - 45

9 052 * 050 1.20 " " 0.092 -90

10 " " 0.54 1.14 " N 0.097 "

11 " © 062 102 " " 0.108 -

12 ) " 0.65 098 ) ) 0.113 )

Table 7.6-2. Sixth standard configuration: Recommended aeroelastic test

cases.
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Discussion of Time-Averaged Results.

147

Fig. 7.6-2 shows the experimental time-averaged blade surface pressure
distribution for the different backpressures. Due to the high expansion
present in the leading edge region, major difficulties may arise in the
numerical prediction of the steady-state flow conditions. Up to now, no
theoretical steady-state resiits for this standard configuration have been

obtained.
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Discussion of Time-Dependent Results.

At this time, as mentioned above, the aercelastic forces have not been
determined experimentally. However, the experiments indicate regions of
self-started blade vibrations, 1.e. domains where the aeroelastic forces are
large enough to overcome the mechanical damping of the system. These
flutter limits are shown in Fig. 7.6-3, for three different aerodynamic
excitations. In the first, a well-luned cascade (blade vibration frequency
f=230+0.5Hz) was used, with endplates at the tip of the blades to decrease
the aerodynamic excitation from tip-clearance flow. In the second, the same
cascade was tested, but without the endplates. Finally, in the third, the
cascade was randomly mistuned (f=223+¢5Hz). It can be concluded that the
mistuning, and the reduction of the secondary flow in the tip-clearance, damp
the blade vibrations.

1 Strong vibration in 1. bending mode :
4 34t . (D Well-tuned cascade with end-plates
@ Well-tuned cascade without end-piates
28 - 7 @ Mistuned cascade without end -plates
22 | ﬂ
16
04 0.7 1.0 13 16

M2|s —

Fig. 7.6-3. Experimentally determined regions of self-started blade

vibrations (copied from /18/, Fig. 11).

Biar A«
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Theoretical results obtained from Method 10 indicate the same trend as the
experiments. This can be concluded from Fig. 7.6-4. Here, the blade vibration
is stable for subsonic, and unstable for supersonic, outlet flow conditions at
a -90° interblade phase angle (Fig. 7.6-4a; compare Fig. 7.6-3). Al the
supersonic velocities the vibration is unstable for -180%4w<0%, whereas for
subsonic outlet flow conditions the vibration is stable for 2ll interblade
phase angles (Figs. 7.6-4b,c). The reasons for this instability are explained in
/18/ to come mainly from instability on the blade suction surface in the
throat region (Fig. 7.6-5).

Conclustons for the Sixth Standard Configuration

The results of both the experiments and one prediction model(semi-actuator
disk theory, Method 10) indicate that the blade vibration in the sixth
configuration is unstable for supersonic outlet flow velocities in the
interblade phase angle range -180%s<0°. The stability limits are accurately
determined by Method 1013 .

No comparisons between theoretical and experimental local blade surface
pressures could be made in the present study.

13 This is somewhat surprising as for the fourth standard configuration this
method showed large discrepancies between both the data and Method 7
{compare section 7.4). A possible explanation for this is the difference in
camber between the fourth (camber=45°) and sixth (camber=14°)
configurations.
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7.7 Seventh Standard Configuration (Compressor Cascade in
Supersonic Flow).

Definition

The seventh standard configuration has been tested in the detroit Diesel
Allison rectilinear air test facility, and the resuits are included here by
courtesy of the sponsoring agent, D.R. Boldman at NASA Lewis Research
Center [48, 49]. The configuration is representative for the tip sections of
turboreactor fan stages (multiple circular arc transonic profiles. The profiles
are taken from the 86.7% span section of the second stage of the five-stage
TF41-A100 LP-IP compressor rig). Each blade (S biades in the cascade) has a
chord of ¢=0.0762 m and a span of 0.0762 m, with a -1.30° net camber and a
maximum thickness-to-chord ratio of 0.034. The gap-to-chord ratio is 0.855
and the stagger angle 61.55°.

The cascade geometry is given in Figure 7.7-1 and the profile coordinates in
Table 7.7-1.

The airfoils oscillate in pitching mode round a pivot axis at (0.50, 0.00), with
a frequency between 710 Hz and 730 Hz. The pitching amplitude of the
reference blade lies between 0.06° and 0.2°, depending on the test conditions,
with some scatter in the motion amplitudes between neighboring blades (due
to the high realistic frequencies).

Both the time-averaged and time-dependent instrumentation on this cascade
is extensive, and data have been obtained of different interblade phase angles
and axial velocity ratios. 20 blade surface pressure tappings were used (10 on
each surface) to determine the steady-state blade surface pressure
distribution and 12 dynamic pressure transducers were mounted on one blade
{6 on each surface) to determinate the unsteady flow conditions.

Aeroelastic Test Cases

From the tests, a total of 12 aeroelastic test cases are presented here for
analyses.

These cases are included in Table 7.7-2, and they correspond to two different
time-averaged flow conditions. The inlet Mach number is the same in both
cases (My=1.315) and the outlet pressure ratio varies, corresponding to
M2=1.25 and M=0.99.

The blade vibration frequencies of the tests are very high (f=725 Hz),
corresponding to reduced frequencies (based on semi-chord and inlet flow

R
RS
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Supersonic Compressor Profiles.

cescade leading
edge plane

upper surface

\
\\ ;! 2
o-th airfoily

ale

+y AJ!(-suction surface
L_{_F__'-_:. _ 1 ="
Ij: leading pressure su;faceJ; trailing

y |edge edge

X ey

vibration in pitch around (x4,Yq) = (0.5,0.0)

d = (thickness/chord) = 0.034

o = 0.06-0.20 ) = variable

c = 00762m By = 64.00

T = 0855 camber = -1.300

k = variable % = 61.550
span= 0.0762 m f = 710-730 Hz

working fluid: Air

Fig. 7.7-1. Seventh standard configuration: Cascade geometry
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C = 0.0762 m (3.00 in)

Upper surface

Lower surface

(SUCTION SURFACE) (PRESSURE SURFACE)

X .Y X -Y

0 -0.0029 0 0.0029
0.0026 -0.0004 0.0027 0.0056
0.0278 0.0015 0.0279 0.0066
0.0655 0.0041 0.0657 0.0079
0.1032 0.0065 0.1035 0.0092
0.1410 0.0087 0.1412 0.0103
0.1738 0.0107 0.1790 0.0113
0.2165 0.0124 0.2168 0.0123
0.2543 0.0139 0.2546 0.0131
0.2921 0.0152 0.2923 0.0138
0.3299 0.0162 0.3301 0.0144
0.3551 0.0168 0.3552 0.0148
0.3929 0.017§ 0,3930 0.0152
0.4307 0.0179 0.4308 0.0155
0.4685 0.0181 0.4685 0.0158
0.5063 0.0181 0.5063 0.0159
0.5441 0.0179 0.5440 0.0159
0.5820 0.0174 0.5318 0.0158
0.6198 0.0167 0.6195 0.0156
0.6576 0.0158 0.6573 0.0153
0.6828 0.0150 0.6824 0.0151
0.7205 0.0137 0.7202 0.0146
0.7583 0.0122 0.7580 0.0140
0.7961 0.0105 0.7958 0.0133
0.8338 0.0087 0.8336 0.0124
0.8716 0.0067 0.6714 0.0112
0.9093 0.0047 0.9092 0.0098
0.9471 0.0026 0.9470 0.0082
0.9348 0.0003 u.9848 0.0063
0.9974 -0.0005 0.9974 0.0087
1.0000 -0.0029 1.0000 0.0029

L.E. RADIUS/C= 0.0027
T.E. RADIUS/C= 0.0027
AR

Table 7.7-1.
coordinates

Seventh

standard configuration: Dimensionless airfoil
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velocity) of approximately k=0.45. However, due to these high vibration
frequencies, a certain amount of difficulty was encountered in the nominal
amplitudes and interblade phase angles, and in keeping these constant over
the five blades in the cascade [48, 49]. Therefore, both the nominal and
measured amplitudes and interblade phase angles are given in Table 7.7-2. As
the prediction models used for calculating the aeroelastic behavior of the
cascade consider travelling wave modes over a large number of blades it is
expected that some discreapancies between the experimental data and the
theoreticatl results will be present. Therefore, good agreement is hardly to be
expected. However, it should be noted that due to the considerable
complications involved in measuring unsteady transonic flow in cascades, the
data presented are representative for the state-of-the-art of aeroelastic
investigations on compressors in the transonic flow region.

Discussion of Time-Averaged Results

The 12 aercelastic cases correspond, as mentioned above, to 2 steady-state
conditions (My=1.315; M>=1.25 and 0.99). The time-averaged data are given,
together with the results sbtained from Methods 7 and 18, in Fig. 7.7-2. It is
seen that the trend of the predicted time-averaged blade surface pressure
coefficient agrees with the experimental data. However, absolute values do
not agree well, either for the low (My=1.25) or the high (M»=0.99) pressure
ratio case.

For the lower pressure ratio, the Schlieren pictures indicate that the leading
edge shock is slightly detached and that it impinges on the blade suction
surface at about 90% chordwise position.

In the case of the higher pressure ralio, the Schlieren pictures indicate
instead a boundary layer separation downstream of the shock wave
intersection of the airfoil (at about 40% chord) [48]. This separation was
taken into account in Method 7 by performing a boundary layer analyses and
then correcting the blade geometry to consider the increase in the
displacement thickness of the boundary layer {40]. The correct shock position
and exit flow conditions were obtained in Method 7° by adding this extra
thickness onto the aercofoil. However, nc such attempt to match the
experimental data was made in Method 18, which to some extent may explain
the large differences between the two predicted results.
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Discussion of Time-Dependent Results

when discussing the time-dependent results the experimentally determined
steady-state boundary layer separation at about 40% chord for the high
pressure ratio should be kept in mind. Both prediction models 7 and 18 are
inviscid and cannot deal with unsteady response to shock/boundary layer
interactions.

The non-constant blade vibration amplitudes and interblade phase angles in
the experiments also influence to a certain extent the agreement between the
data and the traveling wave analyses. |t was shown in [40] that a flat plate
theory with variable blade vibration amplitudes agreed better with the data
than the same model assuming a constant blade vibration amplitude [40, 64].

) c . .076M i c . .076M
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——— 1 ¥y :61.55 — A —- 7 :161.55
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PLOT 7.7-1.1+ SEVENTH STANDRRD CONF IGURATION, CRSES 1-6.
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PLOT 7.7-1.4s SEVENTH STANDARD CONFIGUARTION. CASES F-i2.
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a)M, =125

b) M, = 0.99

Fig. 7.7-2. Steady-state blade surface pressure distribution at My=1.315,

ﬁl ="64.00.
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intergrated values

The aeroelastic 1ift, moment and damping coefficients were calculated in the
experiments from the measured blade amplitude and the unsteady pressure
coefficient and its phase angle relative to the blade motion. The leading edge
and trailing edge values were obtained by extrapolating the 15% and 85%
chord data.

For the low pressure ratio (M»=1.25, Fig. 7.7-3a) the trend of the aeroelastic
damping coefficient 2, versus the interblade phase angle, is correctly given by
the two models (7, 18) using the full blade geometry. This is also the case
for a flat plate analyses (Method S), using a zero mean incidence angle (ie.
P1=-61.55°). All the theories predict the most stable situation around ¢-=-
120°, and the most unstable around #=+45°. This is also seen to be the case
for the data. However, the magnitude is different according to the different
theories.

Also at the high pressure ratio (M»=0.99, Fig. 7.7-3b), the trend of the
thoeries agrees well with the data. In the least stable position (€=+90°) the
data and Method 18 indicate a slight instability, whereas Method 7 lies just
at the stability-line. It should be noted here that the stage was believed to
be deeply into flutter at M»=0.99 and out of flutter at Mp=1.25 {40}
Considering the theoretical and experimental difficulties involved 1n
determining the unsteady flow in the transonic flow regime, and the
experimental accuracy (especially while integrating with 12 transducers at
the high pressure ratig), the results are encouraging.

Also the calculation of the magnitude of the moment coefficient (€,) shows a
good agreement between the trend of the data and the theories, especially at
the low pressure ratio (Fig. 7.7-3c,d). However, a discrepancy can be found in
the phase angle. It is especially interesting to note that, although the
aerodynamic damping coefficient from Method 7 agrees well with the data at
the high pressure ratio (Mp=1.25, Fig. 7.7-3b), a fairty large difference is
found in the moment coefficient (Fig. 7.7-3d). In the phase angle g,
differences of up to A®np(=®m Theory - ¥m Exp)=180° are noted.

The aercelastic 1ift coefficient (€;(t)) does not influence the stability of a
pure harmonic pitching motion. This information is given in Fig. 7.7-4. [t is
concluded that the trend of the magnitude (€y) is correct, but that the phase
angle (#)) shows a general discrepancy of up to A®y=®) Theory-# £xp=180°.
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The trend of the magnitude of the time-dependent blade surface pressure
diference coefficient (AE,) is correctly predicted at the low pressure ratio
(M2=1.25, Fig. 7.7-5). However, the predicted phase angles disagree with the
measured ones, along the whole chord, while the theories agree well with
each other.

The flat plate analyses (Method S) predicts a discontinuity in AZ, at the
position where the trailing edge shock impinges on the blade pressure surface

(x’hock=o.55).
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Some slight indication of this can possibly alsc be found in the experimental
data, whereas Method 7 smears out the unsteady response of the shock
impingement on the blade. Away from this region, the flat plate analyses
(Method S) and the full geometry, potential flow solver (Method 7) give
similar resuits.

Also at the higher pressure ratio the trend of the magnitude (AZ,) as
predicted by the theories agrees well with the data, both for the flat plate
and full geometry solvers. Again, the phase angle (&,)) is not well predicted.
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Blade Surface Pressures

From the few predicted blade surface pressure results ebtained on this
cascade, a modest agreement is found in the magnitude (Cpus, €p'%) both for
M2=1.25 and M2=0.99. Again, discrepancies are found in the phase angles (Fig.
7.7-7), especially towards the trailing edge region where the experiments
indicate a boundary layer separation. However, these differences seem to be
smaller than the corresponding ones for the pressure difference (®,).

Conclusions for the Seventh Standard Configuration

From the study on a 3% thick, low cambered compressor profile in supersonic
flow at a high reduced frequency, oscillating in pitching mode, it can be
concluded that:

) The experimental steady-state blade surface pressure distribution
cannot be Tully reproduced by theoretica) methods. Indications of the boundary
layer separations on the suction surface on the aft part of the blade exist.
This phenomenon certainly influences both the steady-state and time-
dependent flow response.

° The experimental blade vibration amplitudes and interblade phase
angles were not constant between the S blades in the cascade (Table 7.7-2).
This fact influences the agreement with the traveling wave analyses. It is
expected that the agreement would be better if the prediction models also
considered non-constant blade vibration amplitudes and interblade phase
angles.

o Both the experiment and the available theories indicate the same trends
for the aeroelastic damping coefficient versus the interblade phase angle and
outiet flow velocity. The magnitude is however not fully predictable.

o The range of predicted instabilities, or near instabilities, agrees well
with the experimenta data.

) For low pressure ratios the stability margins are predicted just as well
with a fiat plate anlyses as with models considering the full blade geometry.
'Y The amplitudes of Cy(l), aCp(x,t) and E;us.1%(x,t) are modestly well
predicted. However, the corresponding phase angles do not agree with the
data. Again, for low pressure ratios, the flat plate analyses agree well with
the full geometry solvers.

° Further work, both experimental and theoretical, is necessary to
establish the origin of the differences found in this standard configuration.

——
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7.8 Eighth Standard Configuration (Flat Plate Cascade in Subsonic
and Supersonic Flow)

Definition

The eighth and ninth standard configurations are directed towards the
investigation of basic aeroelastic phenomena and the influence of thickness
effects on numerical calculations, especially in the transonic flow region.
Configuration number eight deals with a two-dimensional cascade of flat
plates. Theoretical analyses of such unsteady configurations have been
performed for many years now, but the problem is still of great interest,
mainly due to the following factors:

) In modern compressors, operating in the transonic and supersonic flow
regimes, the actual blades are rather thin and have a2 low camber. They can
thus mostiy be fairly well approximated as flat plates.

° Supersonic two-dimensional flat plate prediction models are often one
of the main aeroelastic tools used by the designer of large turboreactors.

® in the incompressible flow domain, analytical fiat plate solutions are
available.

° It is possible to establish, with different theories and for the purposes
of the present comparative work, the aeroelastic response of a flat plate
cascade over the whole Mach number range from incompressible to supersonic
flsw conditions. ‘

°® The strip theory assumption should be validated, in the transonic flow
domain, in 2 fairly simple case This requires validation not only of
theoretical results, but also of two-dimensional and quasi three-dimensional
sxperimental data on thin airfoils

The cascade being investigated as the eight standard configuration is shown
in Fig 7.8-1

Asreelastic Test Cases

In this eight standerd configuration, the main emphasis wiil be 121d on the
change in the asroelastic behavior of the cascade \n dependance of the inlet
flow velocity, pressure ratio through the cascade, stagger angle and solidity
The unstesdy dDisde surface pressure distributions will thus be compared in
detail only for s few servelsstic cases

It is assumed that the two-dimensional airfoils oscillate in pitch about mid-
chord (05, 0), with sn amplitude of 2° (0 0349 rad)
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As the main interest for this configuration lies in the variation of the time-
averaged parameters the calculations should be performed at zero mean
incidence, with a constant interblade phase angle of 90° and with a fairly
high reduced frequency, k=1.0.

During the project it was found that this high reduced frequency may
introduce inaccuracies in the calculated results. However, such problems are
of special interest in workshops of the present kind, so the results are
presented nonetheless.

35 aeroelastic test cases have been selected for analyses (Table 7.8-1). This
is the largest number of test cases for any single standard configuration,
which may seem strange for such a simple configuaration. However, as can be
seen from Table 6.1, a larger number of predictions were made using this
standard configuration than any other. This is clearly the case as more flat
plate prediction models exist than methods which take into account the full
geometry of the profiles.

Elat Plate Profiles.

cascade leading
edge plane

X
M, A,
™ "ﬂ, By
lower surface N
Vvibration in pitch around (xq.yor) = (05,0)
a = 200 (=0.0349 rad) )
c =0am L = 00
T = varisble (0.5-1.0) |camber = 00
kK = 10 ¥ = variable (09-600)
¢ = 900 M = variable (0.0-1.5)

Fig. 7.8-1. Eighth standard configurstion: Cascade geometry
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Time - Averaged
o 2 T
E % My 1 Normal Shock 1
™ U L] Ly, o
§ - -) (°) ? ) (-)
a2
1 |incompressible 0 60 0.75
2 45
3 l 30
4
5 0.5 60
6 06 /
7 0.7
8 08
9 09
10 0.95
11 0.8 45
12 30
HER / Y |4
15 1.0
16 1.1 075
17 i at LE.
8 at LE
19 1.2 -
20 l at LE.
21 at LE.
22 13 -
23 i at LE.
24 at LE.
25 1.4 -
26 ¢ at LE
27 at LE.
28 15 -
29 l at LE.
30 at LE \
31 1.3 - 0s
32 - 1.0
33 at LE 05
34 v 1.0
35 v 45 075

Table 7.8-1 Eighth Standard Configuration : 35 recommended

aeroelastic test cases

109



AEROELASTICITY IN TURBOMACHINED: 3tandard Configurations 170

Discussion of Time-Dependent Results

In total eight models were used to predict the unsteady flow around the flat
plate cascade. In general, the results of the different analyses agree well,
with a few notable exceptions.

int met

The first results presented are taken from the investigation regarding the
influence of the steady-state stagger angle on the aerodynamic damping
coefficient (Fig. 7.8-2).

It is found that the results obtained from the different prediction models
agree extremly well for a low subsonic flow velocity (Fig. 7.8-2a),
whereas some
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Fig. 7.8-2. Aerodynamic damping coefficient versus stagger angle for
M,=0. and M,=0.8, respectively.
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discrepancies appear at a high subsonic f{low velocity (My=0.8, Fig. 7.8-2b).

However, all the methods predict stability for subsonic Mach numbers at the

specified time-dependent flow conditions (k=1.0, $=90°).

The good agreement between the theories, for subsonic flow, is aiso seen in

the aerodynamic damping coefficient versus Mach number (Fig. 7.8-3a).

Here, the differences in S between M;=0.0 and M{=0.5 come about because of

the interpolation-routine in the plot program, and the sharp.peak at My=0.5
depends on the closeness to the acoustic resonance (M) ¢ res=0.53). However,

some small differences can be found between the different analyses at the

higher flow velocities (My>0.5). These differences become somewhat larger

for supersonic flow conditions.

If a strong shack is positioned at the leading or trailing edge (Figs. 7.8-3b,c,
respectively) the potential flow seolver 7 predicts only a slight change in

magnitude of the aerodynamic damping. However, a flat plate anlyses (Method

19), with special care taken in simulating the leading edge shock (Fig. 7.8-

3b), predicts instead an instability in the Mach number range 1.3<My<1.5. The

reasons for these differences are not apparent at the present time, but it is

found (Fig. 7.8-3d) that differences between Methods 7 and 19 exist in both

the magnitude and phase angle of the moment coefficient (£, and &y, resp.).

lade re gifferences

At low subsonic flow velocities the results obtained from the different
prediction models agree extremly well (Fig. 7.8-4a, where y=60°, ¥=0.75).
This is also seen to be the case at higher flow velocities (Fig. 7.8-4b,
My=0.8). Evaluating these results, it can be seen that the differences in
aerodynamic damping coefficient at My=0.8 (Fig.7.8-3a) probably come about
because of 2 slight discrepancy in the magnitude of the blade surface
pressure difference (A€p) in the different models.

However, the trend is the same for all models, both as regards the magnitude
(AZp) and phase angle (9,p).

For supersonic flow velocities a larger disagreement is found in the pressure
difference coefficient (Fig. 7.8-5). The trend of AC, is the same for two flat
plate analyses (Methods S and 19 in Fig. 7.8-53), whereas a finite element
potential flow solver (Method 7 ) does not indicate any specific
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change, either in ACp Or 1n #,p, in the neighborhood of the steady state (weak)
shock wave 1mpingement on the blade surfaces (see sketches in Figs. 7.8-5;
XShock=0 62 0n the lower surface, Xspock=0.95 on the upper surface). However,
the flat plate analyses also show some disagreement in the case of a detailed
companson

If a strong shock wave is positioned at the leading edge (Fig. 7.8-5b), the
fimte element solver (Method 7) indicates some change alang the whole chord,
both for the magnitude and phase angle (AC,, ®ap). Here, the differences
between the two methods are larger than in the case with weak shocks. The
discrepancy 1s fairly large for both the magnitude and the phase angle. From
this Figure, 1t 1s clear why the stability of the cascade was different in
Methods 7 and 19 (F1g 7.8-3b) In the forward part of the blade the phase
angle #,, Indicates instability for both methods. However, for Method 7 this
phase angle s close to
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0° wherees for Methed 19 1t 1s close 0 +90° Therefore the forward pert of
the blade does not contribute to sny large extent 10 the STodYNamMIC deMpINg
for Methed 7. wherees it dees for Method 19 For DOth metheds. the leeding
008 ShOCkwave 1S Cloariy s00n 35 3N INCIO8ss 1N MOPGRILUOR (X g0y -0 65, Fig
7 8-58), sithough to a smeller extent for the potentisl flow soiver then for
the aneiytical fist piste medel In the latier. the shock wave 13 dlso
noticesble s a jump 1n the phase angle. wheress (he former does not show
any signmiicant influence

in Fig 7 8-5c the seme caiculation is presented, but with 3 strong tratling
o0ge shock wave instesd of 8 leading edge one Hers, results sre svetisble for
the potential flow solver only The impingment of the sheckwave on the biede
Surfaces 18 Noted (Xgpeey =0 35), both 1n megnitude and phese [t 15 interesting
to note that, aithough the ssrodynamic demping coefficient did not chenge
significantly (sccording to Hethod 7) 1f the stesdy-state shock weve was
posttioned at the lesding or iratling edge (Fig 7 8-3b.c), the blage swisce
pressure difference coefficient changed along the whole chord in 3 non-

negligible menner, for both the magnitude and phese angle (Fig 7 8-5b ¢, note
however the difference in scale In al,)

Clade surface oressures

As for afy(x, t), the local surface pressures (E,*%(x.t), &,'%xt) agree
extremely well in two different potential fiow methods for subsonic Mach
numbers (Fig. 7 8-6), both as regards the magnitude and phase angle

For supersontc velocities, only two results (Methods 7 and 9) were submitted
(for all results, see Appendix AS)

The potential flow solver (Method 7) gives almost 1dentical results for the
case with wesk shocks (Fig 7 8-7a) and with a strong tratling edge shock
(F1g 7 8-7c), apart from the lower surface in the vicinity of the strong shock
wave (Xgpgcx=0.35).

However, for a leading edge shock wave (he response is quite different (Fig
78-7b) Here, 3s already found for AZp(x,1), there are some large differences
between the Methods 7 and 19 Presently, no explanation for this can be given




ACROELASTICITY 1 TURDOMACMINEY  Y1ERGNr ¢ L oRMGUr 811001 rre

Conclustens for the Eighth Standerd Configurstien

from the comparisons on a fist plate cescade n sub- and supersonic flow
(=10 @:0° 7 end ¥ varigdble) 1t con be concluded thet

] The differsnt prediction models presented agree extremely well for low
subsonic flow veiecities os regerds (he serodynamic demping, mement
pressure difference end pressure coefficients

o For mgh subsonic fiow velocities a discrepancy 's found bDetween the
S forent sneiyses

® In supersonic Tiow the resuits become smbiguous |f strong shock weves
ore considered Drfferent theories indicate different stabtiity marging of the
concade. and the loce! Disge surfece pressure smplitudes snd phese angles are
very different A possidle explenstion for the differences IS (he high vaiue of
the reduced frequency (k=1 0) However the differences are too large to be
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7.9 Ninth Stenderd Configuration (Deuble Circular Arc Prefiles in
Subsenic and Supersenic Flew).

Definition

The ninth standard configuration is seiecled to be a continuation of the fiat
plate investigation. The emphasis 1s now placed on blade thickness influence.
especiatly in the high subsonic flow region, on the numerical results from the
different prediction models

To this end, Double Circular Arc profiles, with thickness/chord ranging from
0.01 to 0.10, are defined (see Figure 7 9-1)

Apart from the profile thickness, the influence of the inlet Mach number on
the asroelastic response of the cascade will be investigated

For this configurtaion, the same vibration mode, reduced frequency and
interblade phase as in the eighth configuration (1 0 and 90° resp ) sre chosen
The stagger angle has been defined to be 45 and 60°, mainly to allow for
realistic conditions at high velocities, aithough In some computations they
may introduce influence of distorted calculation gnds

Asreelastic Test Cases

In the configuration, 21 aeroelastic cases are defined for comparison (see
Table 7.9-1).

For the subsonic cases the incidence should be close to 0°, and for tlhe
supersenic cases it should satisfy the unique incidence condition

Riscussion of Time-Averaged Resulls

Time-averaged resuits were received from one prediction model (Method 3),
for the flat-bottomed test cases in high subsonic flow These are gtven in
Fig. 7.9-2. It should be noted that Method 3 predicts a shock at 40X chord for
an inlet Mach number M=0.9 (Fig. 7.9-2d).

Di lon of Time-Degendent Result

Time-dependent results have been submitted from two prediction models
(Methods 2 and 3). Furthermore, for comparison with the flat-plate cascade in
the previous section results of a flat-plate analyses (Method 1) are given
when available.

S rLR
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Equation.

V.0 = oM M |M, /. | R, +{R,2-(x-0.5)2)05) If Hy=0.
= 0 If Hyn0.

R = (H0.52)/(2[H])

sg(H) = 1! for /<.

. = upper surface

- = lower surfece

Meximum thickness at x = 05

vibration in pitch around (xg.Yexr) = (0.5,camber-line)

d = (thickness/chord) = 001 -0.1

@ = 20° (=0.0349 red) lo = 900

cC =01m L = 00(for My<1.)

T =078 |camber = 00 (for symmetric profiles)
kK =10 1] =" 458, 608

M, = varisble (0.0-15)

Fig. 7.9-1. Ninth standard configuration: Cascade geometry
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ret

Asrosisstic Time-Averaged Parameters
) *) *) () (-) (-)
! 00 60 - 60 0.01 0.01 0.02
2 - - - 0.02 0.02 0.04
3 - - . 0.03 0.03 0.06
4 - ) 0.05 0.05 010
5 05 * - 0.0t 0.01 0.02
6 0.7 - : 0.005 {0.005 0.0}
7 - ) - 0.01 0.01 0.02
8 ) ) - 0.0015 | 0.0015 |0.03
9 - - ) 0.02 0.02 0.04
10 08 . - 0.01 0.01 0.02
A 1.3 - - ) - -
12 1.4 ) ) ) - )
13 15 - - $- ) -
14 0.0 5 -4 - - -
15 05 ) - - - -
16 0.7 - - - - )
17 08 - ) ) ) )
1. 05 - - 0.05 0.0 0.05
19 07 - - - ) -
20 08 ) - ) ) )
21 09 - - - - -
Table 7.9-1 Ninth standard configuration. 21 aeroelastic test cases

el
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inteqrated Parameters

The trend and magnitude of the aerodynamic damping coefficient of the
qifferent models versus inlet Mach number agree well for a 2X thick
symmetric  double circular arc profile (Fig 7 9-33)!4 In the high subsonic
flow region the flat plate analyses predicts a somewhat higher aerodynamic
damping than the potential flow modeis Or a flat-bottomed. 5% thick, profile
some larger differences are found (Fig 7 9-3b)

{ Pri 1

The unsteady blade surface pressure difference distribution was submitted
for several aercelastic test cases For moderate thicknesses, symmetric
blades. and low Mach numbers (M=0 0) the full geometry models predict the
same unsteady behavior as the flat-plste analyses (Fig 7 9-4a) For 10X
thickness, a slight difference 1s found (F1g 7 9-4b)

Al higher Mach numbers, differences are found at lower thicknesses (Fig 7 9-
5)

For the supersonmic nlel flow conditions, only one prediction model was
submitled (Fig 7 9-6) Tms mode! 1ndicates the same pressure response for
1 3<My<t'S, with a 2% thick airfoil This 1s clearly the case 8s, for Mach
numbers larger than My=1 3 the leading edge shock wave passes downstream
of the lraihing edge of the neighbaring blade (compare Fig 7 8-Sa) The
resulis obtained from a SX thick flat-bottomed DCA-cascade, at high subsonic
Inlet flow conditions, show larger differences between the flat-plate
analyses (Method 1) and a potential flow solver (Method 3) than on the
symmetric profiles These results are given in Fig 7 9-7

As the Mach number increases from M=05 (Fig. 7 9-7a) to My=09 (Fig.7 9-
7d), 1t is found that the differences between the fiat plate analyses and the
potentral flow theory increase, both in magnitude (A,) and phase angle (@4p).
For the highest Mach number the influence of the shock (at Xgpecx=0.4) is
clearty seen with the potential flow solver (method 3), whereas the flat plate
anlyses indicates different distributions for ACy and™ @, (Fig. 7.9-7d).
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Blade Surface Pressures

As for the blade surface pressure difference, the blade surface pressures
agree well for the Methods 2 and 3 for low Mach numbers and moderate
thickness (Fig. 7.9-8a2). However, although A, agreed well, some slight
discrepancy is found in the local pressure values at a moderate inlet Mach
number and blade thickness (My=0.5, d=0.02; Fig. 7.9-8b}. This discrepancy
can possibly be explained by the facl thal the theoretically determined
acoustic resonance is situated close to M=0.50 (M res=0.53). At higher Mach
numbers (My=0.7, 0.8) the discrepancy is also present, although now rather in
the phase angle than in the magnitude (Fig. 7.9-8c¢,d).

For the supersonic cases, only one model (Method 2) was applied (Fig. 7.9-9).
As for the pressure difference coefficient, only small differences are found in
the region 1.3<M<15. It is seen that both the upper and lower surface
values (Cp) decrease with increasing Mach number. Zhis simultaneous change
is the reason for the fact that A, is practically constant for these different
Mach numbers.

For the flat-bottomed DCA-cascade, the local blade surface pressure
coefficient is largely influenced by the inlet flow conditions (Fig. 7.9-10)15.
As the Mach number increases, the phase angle encounters phase shiffs. This
is especially clear at M;=0.9, where the suction (upper) surface phase angle
(#,4%) performs three shifts over the chord (Fig. 7.9-10d).

nt Experim Result

Recently, time-dependent experiments on cascades with Double Circular Arc
profiles in the high subsonic velocity domain have been started [46,60,62).
Some theoretical results on the experiments presented in [60] have also
recently become available [5,61,63]. Both the experimental and theoretical
difficulties in this velocity domain are considerable, and it is our hope that
some of these new investigations may be presented and discussed in detail at
the Aachen Symposium on Aeroelasticity in 1987.

15 The results at M,=0.5 may be influenced by the acoustic resonance at

Mg res=055.
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nclusions for the Ninth r figuration

The study on Double Circular Arc profiles in sub- and supersonic flow
indicates that only a few prediction models which consider the full blade
geometry outside of the incompressible flow domain presently exist. For the
study, two methods were used (Methods 2 and 3). The results from these two
methods agree well in most cases presented. However, discrepancies can be
found at high subsonic Mach numbers. These increase with increasing Mach
number and/or thickness ratio.

It would be of large interest to the aeroelasticity community if the present
experimental and theoretical efforts [5,60-63} could be coordinated as to
simultaneously perform both experiments and predictions.




8. Summary and Conclusions
Summary

An international study to define the state-of-the-art of theoretical and
experimental aeroelastic investigations in turbomachine-cascades has been
conducted.

The project, which was initiated during the second Symposium on
Aecroelasticity [2], has given the first general comparison of aeroelastic
information between a larger set of experimental data and the major
theoretical prediction models available presentiy.

Through the interest shown by both industrial and governemental institutions,
it has become clear that the study corresponds to an urgent need for
establishing the state-of-the-art of aercelastic investigations in
turbomachines, and to coordinate and initiate new experimental and
theoretical projects. This is especially important as the understanding of the
physical phenomena causing flutter, especiaily in the transonic flow domain,
can be achieved only by mutual experimental and theoretical approaches.

The configuratfons under investigation consist of different blade and cascade
geometries, various steady-state and time-averaged flow conditions, and
different blade vibration modes. However, as no prediction models for
separated flow were offered for snalyses, the study was confined to attached
flow conditions. Furthermore, alt experiments offered as test cases
considered rigid, uncoupled, body motions in either torsion or bending,
therefore the conclusions are not valid for coupled and/or non-rigid blade
vibrations.

The study indicates well in which flow domains, and on which sort of
profiles, present two-dimensional theoretical models can accurately predict
the aeroelastic behavior of a vibrating cascade and, in particular, its stability
margins.

State-of-the-Art of Aergelasticity in Turbomachine-Cascades

with present experimental methods it is possible to measure accurately the
time-dependent pressure fluctuations on vibrating turbomachine blades, as
well as in the blade-passage between the blades, in linear and annular wind
tunnels in the subsonic attached flow domain. However, the procedures are
costly, far from routine, and considerable efforts are necessary to guarantee
the accuracy of the results. Among the difficulties to consider can be
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mentioned, apart from the problems in establishing periodic steady-state
flow conditions in cascades:

¢ establishment of unsteady flow periodicity conditions

e realization of sufficiently high blade vibration amplitudes

e control of interblade phase angles

e determination of data accuracy

e determination of unsteady boundary layer separations, especially local
separation bubbles.

Also 1n the transonic and supersonic flow regimes it is today possible to
obtain highly accurate data. However, shock waves and shock/boundary layer
interactions can considerably complicate the measurement accuracy.
Furthermore, the manner of integrating the aeroelastic damping coefficient,
and the number of pressure transducers used, may influence the magnitude and
stability limits, especially in the transonic flow region where strong, mostly
unsteady, shocks are present.

As regards the theoretical methods, it is today possible to predict accurately
the local blade surface pressure distribution, aeroelastic 1ift and moment
coefficients, as well as the aeroelastic damping coefficients, for blades of
different shapes in two-dimensional subsonic, attached flow. This has clearly
been demonstrated in the first (6% thick, 10° camber; M=0.2; compressor
cascade) and fourth {17% thick; 45° camber; M{=0.2; turbine cascade) standard
configurations. Different theories {including flat plate methods) predict
similar results in the low subsonic flow regions on thin airfoils (first
standard configuration), whereas discrepancies are apparent for higher flow
velocities with thin (eighth standard configuration) or moderately thick (fifth
and ninth standard configurations) blades at high reduced frequencies.

At lower reduced frequencies it is possible to predict very accurately the
unsteady pressures on thick, cambered turtine blades in bending vibration
(fourth standard configuration)

Local pressure differences (on the blade surface) between experimental data
and predicted results on a compressor cascade in moderate subsonic flow
(fifth standard configuration) may possibly be explained by local unsteady
separation bubbles, as well as by the fact that only one blade was considered
to vibrate in the experiment.

Also in the supersonic. flow domain the prediction methods (including flat
plate anlyses) seem abie to predict fairly accurately the aeroelastic damping
coefficient (seventh standard configuration). This is clearly the case as
compressor blades in this flow region are thin and moderately cambered.

angiy
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However, in this flow regime major discrepancies are found between the
predicted and the experimental pressure and moment coefficients, especially
in the phase angles (seventh standard configuration). It is not clear a priori
whether these discrepancies should be attributed to the theoretical models or
if scatter in the data, as well as shock/boundary tayer interactions and
boundary layer separations, plays a significant role.

Indications that a strong leading edge shock wave may significantly alter the
aeroelastic behavior of a flat plate cascade in supersonic flow at high
reduced frequencies were given (eighth standard configuration). However, a
more detailed study should be performed before any conclusions about these
results are drawn.

The trends of the aeroelastic behavior of thick, cambered turbine blades in
the transonic flow domain are predicted (fourth standard configuration). The
agreement between the data and the predicted results ranges from extremly
good (subsonic flow) to moderate (transonic flow).

in general it can be concluded that although the fundamental physical reasons
for the flutter are not fully understood, present two-dimensional prediction
models give good approximations for test cases in attached two-dimensional
and quasi three-dimensional flow. However, no fully three-dimensional models
{with biade thickness taken into account) exist, and no attempts were made
to predict the aeroelastic behavior of stalled flow.

Further Work

The resuits of the study are encouraging, but a lack of understanding of
flutter phenomena exists in several domains. The project has shown that it is
presently possible to predict flutter in some cases, at least in two-
dimensional attached flows. However, the detailed pressure distribution on
the blades cannot be predicted as well, especially in transonic flows.
Furthermore, three-dimensional effects and their influence on the stability of
turbomachine-blades are not well known.

Hence, to model the physical aspects of flutter better, projects in the
following domains are solicited: .

® transonic two-dimensional attached flow in turbines and COMPressors

® quasi three-dimensional and three-dimensional investigations in attached
fiow, throughout all velocity domains

® stalled two-dimensional flow

& rotating machines
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® accuracy analyses of time-dependent pressures and their phase angles
towards the blade motion

e experimental technigues to evaluate the unsteady pressures in rotating
machines

e experimental determination of unsteady wave propagations up- and
doynstream of blade rows in linear and annular cascade facilities

® experiments with coupled blade vibration modes

o unsteady boundary layer investigations

During the project, several interesting experimental and theoretical
investigations were started. One of these concerns experiments on transonic
turbine profiles, and the results are included here as the fourth standard
configuration. Among the others can be mentioned:

® In the experimental domain:

- two-dimensionat and quasi three-dimensional studies on Double Circula
Arc profiles in high subsonic and transonic flow domains (46, 49, 60, 62]

- two-dimensional and quasi three-dimensional studies on a fan section
in the high subsonic, transenic and supersonic flow domains [65].

- flat plate investigations (turbine) in the transonic flow region [69].

@ ' In the theoretical domain:

- two-dimensional unsteady perturbation solvers, based on the Euler
equations.

- two-dimensional fully unsteady Euler solvers [47, 67, 68].

Simultaneously, considerable improvements have been made on experimental
and theoretical projects already started.
It is hoped that new results will continue to be introduced in the workshop so
as to continue the international collaboration which has now been established.
Such a collaboration will certainly make aercelastic knowledge progress
faster than if only individual and independent projects are considered.

Applicability to Flutter in Rotating Hachines

The final objective of the aeroelastician is obviously to give the designer the
necessary tools for preventing flutter in rotating machines. However, such a
far-reaching objective does not correspond to the state-of-the-art of
aeroelastic knowledge, either for prediction models or as regards well-
documented experimental data to be used for the validation of theoretical
modeis. The best approach today to blade flutter prevention in turbomachines
is to use existing two-dimensional prediction models, coupie them
extensively with in-house empirical data and then perform comprehensive
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tests on the machine. However, this procedure is extremly costly, and will
give an answer only for the aeroelastic response of the machine being tested.
This has especially been seen in the present study, as prediction models gave
correct stability limits in some cases, while being far out .in the prediction
of the unsteady pressure forces acting on the blades. Furthermore, most
flutter failures seem to appear in the transonic and/or stalled flow regions,
for which only a few prediction models (mostly empirical) and experimental
set-ups exist today.

it thus seems to the editors of the present study that several basic
experimental and theoretical research projects still have to be carried out to
clarify the flutter phenomena in cascades (see the previous section). Only
with such an approach will it be possible to find out exactly why a certain
stage fluttered although it was perhaps predicted to be stable.
Simultaneously, detailed flow surveys in the machine under flutterconditions,
which are very difficult, and especially the feedback of this information into
cascade tests and prediction models, are necessary. Obviously, this last piece
information will mostly be of a proprietary nature.

It is the editors belief that although cascade experiments and two-
dimensional prediction models can replace full-scale machine tests oniy to a
small extent, a continued, long-term joint scientific collboration of the
present kind will, be of benefit to the designer of turbomachines, especially
as long as a large data-bank of detailed three-dimensional unsteady blade
surface pressure data is not available.

T - G RISy
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Appendix Al: Pressure Response Spectra Contributing to the
Aerodynamic Work in Two-dimensional flow With Rigid Body
Motions.

The fundamental consideration of the data reduction processes most often
used for evaluation of aeroelastic experiments is that, although the pressure
response on the vibrating blades may be highly non-harmonic, it is only the
frequency (or frequencies in the case of higher harmonics), of the pressure
response spectra corresponding to the blade vibration that contributes to the
aerodynamic work. This follows from the orthogonality, over a period, of the
components of the Fourier series expansions, and can be demonstrated as
follows /15,28/.

Assume a blade vibration, in pitching mode, &(t) and an unsteady perturbation
moment signal €y(t), which can both be expressed as Fourier series with @ as
the fundamentat frequency:

00
2 ageiinwtend |

aft)
n=1

(>
2 g ek ek @ ]
k=1

Em(t)

with dat) = [da/d(ot)]-dlat)

the aerodynamic work ¢, becomes, according to (Eq. 13)

2% = 00
¢y = JRe{2 oy cpy ek w tek & 11 Refi-2 napeiln @ ten @ 1) d(wt) =
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(> ]
{2naysinlnot«ndyll  dlot) =
n=1
) 0 2%
== 2 2 naCmkhy | costkotskdg) sininotsndy) dot)
k=1 n=1 0
o] o
With the abbreviation f(Z) = - 2 2 N @Cmkdy
k=1 n=1

¥re obtain:

oy =f(3) | {cos(ket)-cos(kepy)-sin(kot)sin(kénm)}-
{sin(not)-cos(ndyy+cos(nat)-sin(nég)} ‘dot)
={(I): J {cos(kat)'sin{nwt) cos(kly) cos(ndy) +
cos{kwt)-cos(nwt)-cos(kdy)sin{nde) -
sin(kot) sin(nwt)-sin(kém)-cos(ndy) -
sin(kwt)-cos{nwt)sin{key) sinindy)} dlwt)
=0.51(3) | {Isin(wtlk+n])-sin(tlk-n)]-cos(kdp)-cos(ndy) +
[cos(wtlk+n]+cos(otik-nD]-sin(k® ) cos(ndy) -
[sin{@tik+n])+sin{(wtlk-n))]-sin(kéy)-sin(ndy)} d(wt)

11}

"

u

o«
=-052 k 0 2cmi 2% [cos(k®py)-sin(kdy)-sinlken)-cos(kéy)]
k=1

00
=0 2 K aZeqisin{ki®pn-9g)
k=1
as only the integrals
J ..... (k-n) = 0 if and only if k=n.
Thus, in computation of the aerodynamic work and damping coefficients, only

the frequencies of the pressure response spectra corresponding to the blade
vibration frequencies contribute to the resulats.
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Appendix A2. Delinition of Pesitive and Negative Aerodynamic Work.
Stability Limits.

Depending on the geometry of the blades and the stagger angle, as well as on
the time-averaged and time-dependent flow conditions, the aerodynamic work
done by the flow on the blade can be either positive or negative. |f the work
is positive, the flow gives energy to the blade every vibration cycle, which
implies that the blade vibration amplitude will increase every cycle. If, on
the other hand, the wark is negative the blade gives energy to the flow which
implies that the flow damps the blade vibration.

The sign of the aerodynamic work depends on the phase angle between the
blade vibration and the time-dependent force acting on it. This is clearly seen
in the case of harmonic blade vibration and force response &:

n(t)
c(t)

h « gt (Translation mode)
cp - euted)

where &, is the phase angle between the blade motion and the force response
{positive when the force leads the motion).

By considering the aerodynamic wark over a cycle of vibration as the integral
of the product of blade velocity and force, we obtain:

Cwh § Re(dn(t)) - Refhey(t)) = -h2cyo2sin(wt) costwtedy) =

17-h2-cy-sind,

Therefore, the blade vibration is
unstable if 0° ¢ &, < 180°

stable it 180% ¢ @, ¢ 360°
The stability limits (c,,,=0) are thus found to be @, = 0% and 180°.

The same result 1s found also if a non-harmonic force response {s assumed
(compare Appendix A1),

N M
R

g




—- o~ e~

EPF-Laysanne, LABORATOIRE DE THERMIQUE APPLIQUEE ET DE TURBOMACHINES

216



—— e

- v

EPF-Lausanne. LABORATOIRE DE THERMIQUE APPLIQUEE ET DE TURBOMACHINES 217

Appendix A3: Acoustic Resonance.

The acoustic resonance is a phenamenon which theoretically puls an infinite
cascade of flat plates into rescnhance. It appears (for linearized theories)
when the interblade phase angle corresponds to the time a perturbation takes
to travel from one point on blade "0" to a corresponding point on blade "+1°
(Fig. A3.1).

Two different methods of approach for explaining this phenomenon are given
in the fellowing. The first is a purely geometrical interpretation, whereas the
second introduces a small perturbation theory.

Geometrical interpretation.

If the blade movements are assumed to be simple harmonics with constant
interblade phase angles (s), then

hy
hy

hesin{ot) (A3.1)
hsin{wt+s)

vhere the indexes o and , denote the blades 0" and "+17, respectively.
A perturbation propagates from blade 0" toward blade "+1~ along the pitch
with the velocity (Fig. A3.1):

gpt = qi-cos(90-Y) * a-cosa (A3.2)

where

a = velocity of sound.
cosa ={1-M12'sin2(90-¢)}0.5

Thus, the time for a perturbation from blade “0" to reach blade "+1" is

At = 1/qps = v/{a(M1-cos(90-y) ¢ (1-M12-5in2(30-))0 5}}
(A3.3)

. T . 7. i

S b § -
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+0 atac res. — =~~~ Blade “+1"

Fig. A3.1. Illustration of acoustic resonance.

lade “+1*
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A perturbation leaving blade "0" at time t=tO will thus reach blade "+1" at
time t=11=10+41.

if the interblade phase angle is such that blade "+1” is in the same position at
time t1 as blade "0" was at time t0, then (Fig. A3.1)

§+wAt = n'wTy , where n is an integer. (A3 4)
Thus, sacres = -w'At (as Tq4 is the period of a cycle) (A3.5)
wherefore

sac.rest = -@t/{a(M1cos(90-5) + (1-M12-sin2(30-))0 S5}
(A3.6)

The acoustic resonance can thus be predicted analytically.

In linearized theories (see below), the infinity number of blades leads to an
infinite series expression for the unsteady pressure field. This serie has a
singular term as the interblade phase angle approaches gac.rest and resonance
is observed /72/.

From eq. {A3.6) it is concluded that for every blade vibration frequency, two
phase angles exist when the cascade comes into resonance condition
{wac.res). If, for a certain interblade phase angle in subsonic flow the
vibration frequency is less than this value, i.e. w«wac.res, Verden /72/ and
Samoilovich /S8/ have classified the blade vibration as subresonant.
Similarly, if w>wacres the vibration is said to be superresonant. (This
classification is only valid in the subsanic flow domain /72/)

According to linearized theory in subsonic flow, unsteady disturbances
attenuate for subresonant motions, but they persist in the far field when the
blade vibration is superresonant (/72,56/).

Interpretation based on small perturbation theory,

Departing from the full Euler equations describing- the two-dimensional
unsteady, inviscid, compressible flow through 2 cascade, written in
differential form as in eq. (4.1), and perferming a small perturbation on an
otherwise undisturbed flow as g = g + §, where g is any steady-state flow
variable, and § the unsteady perturbation part, the following perturbation
equation system can be obtained (w = velocity in x direction, v = velocity in y
direction):
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09/0t + QdW/Bx + WIR/ax + 93V/8y + VOR/BY = 0
dW/BL + WIW/Bx + V:OW/By + (BD/BX)/0 = 0 (A3.7)
BV/3t + W-V/dx + vaV/dy + (3p/dy)/g = 0

in this equation system only first order perturbation terms have been
retained.

Furthermore, assuming that the unsteady part of the flow variable g can be
written as § = §ei{wt + ex + Ay}, the equation system (A3.7) becomes,
together with the isentropic relationship a=f/§:

Plo+ew+AV) + a%gew + AaZg¥ = 0
pe/y +(QeewaAV)® 4+ 0 = 0 (A3 .8)
pA/e +0 + (Q+eWeAV)T = 0

This equation system has a non-trivial solution if, and only if, its
determinant is zero, wherefore:

(D+EW+AV)? - (22:€2 + 222D (+EW+AY) = 0 (A3.9)
In x direction this equation has 3 solutions:

€ =-(+AV)/w ;i.e. ¢ is real
€ ={-w(0+AV) ¢ a[(0+AV)2 + A2(w2-22)]0-5}/(W2-22}; ¢ rea) or complex
" (A3.10)

In the case that ¢ is complex (¢ = ¢, + i¢,), the unsteady perturbations will
attenuate in x direction as

g- g,ei{ot + X ¢ Ay} @,ei{ot + £.% + Ay} €% (A311)

If instead ¢ is real, the unsteady perturbations will propagate through the
flow field unattenuated .

If the perturbations attenuate, the unsteady flow phenomena is called
"subresonant™ (or “cut-off condition”). If however the perturbations do not
attenuate, the flow is calied “superresonant™ /72,56/.

From equations (A3.10) and (A3.11) it is seen that the sub- and super-
resonant regions depend on the factor f= [(w+Av)? + A2-(w2-22)]. If this value
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is f< 0, the flow is subresonant, whereas it is superresonant if the factor 1s
150,
Thus, for subresonant flow,

[{@+A¥)2 + A2(w2-22)] <0 » (a-w) > {(@+AV)2}/{(A%w+a)}

which indicates that the subresonant and superresonant regions are different
for sub- and supersonic flows.

At the separation between the two domains, the factor f=z [{w+Av)2 + AZ:{wi-
a?)] is zero. € is then real, and the unsteady perturbations can propagate in 2
direction. In this case, a special phenomena, the acoustic resonance, can
appear in y direction {=pitch direction, see Fig. A3.1). If

w o= gy°cos §
v = qy°sin §
A = (s-2wn)/t, with n = integer,

then f = [(@+aV)? + A2(w2-a2) = 0 -
Ar = {l-v £ (a2-w?)9-3)/[v2+w2-22]) »
6 = 2%n - {@t}/{alM;siny2(1-M,2c0s2%)%-5)}

which is the expression for the acoustic resonance in equation (A3.6).




AEROELASTICITY IN TURBOMACHINES: Appendix

222



223

Appendix A4. Time-Dependent Data Acquisition and Reduction
Procedures Used in the Standard Configurations.

First Standard Configuration.

Far canvemience, NS section ar the present repor! Has heen copied rrom the
NASA Contractor Raport 3513 by F. 0. Carts [15/)

Ouring unsteady testing, data are collected by two systems, one which stores
and computes pertinent steady-state parameters and provides on-line
monitoring of external flow conditions, and one which collects and stores all .
unsteady, high response data for subsequent processing. The latter is here
described briefly.

Unsteady blade and sidevrall pressures and blade angular displacement are
obtained as time varying voltages which are conditioned and amplified in an
instrumentation package mounted close to the wind tunnel (to reduce
transmission noise of low level siganals). These high response transducer
outputs are acquired and recorded in digital form for subsequent off-line
processing by the Aeromechanics Transient Logging and Analysis System
(ATLAS) which accepts up to 26 channels of data. Each channel may be
amplified and filtered as required. The heart of the system is a 26 channel
transient recorder which digitizes and stores each channel simultaneously at
sampling rates up to 200 kHz as selected by the operator. System control is
provided by a Perkin Elmer 7/16 minicomputer system which interfaces with
the operator through graphics display terminal. The data system is capable of
self-calibration using a built in pregrammable voitage standard which is
under computer control. The system gffers several modes of operation ranging
frum fully manual, where each step in the sequence (calibration, acquisition,
and recording) is under operator control with the capability of aborting at any
time, to fully automatic where these tasks are computer controlled according
to preset parameters. Data acquisition may be initiated manuaily, by the
computer, or on receipt of an externmal trigger pulse. For this program, the
system was run in the manual-trigger made. Typicaily, the operator at the
ctomputer console instructs the system to acquire data, using the
preprogrammed software on the minicomputer program disk and several
specific instructions pertinent to the particular experiment in progress.
Acquired data, consisting of 1024 time-correlated samples for each active
channel, can be spot-checked by the operator by displaying the contents of the
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memory of each chanrel on a butlt in scope, or can be recorded directly on a
digital magnetic tape for subsequent off-line processing,-

The acquisition rate for all unsteady data was set at 1000 =amples/sec. Thus,
for the three nominal test frequencies, =92, 155, 192 Hz, there were 9.4,
159 and 19.7 cycles of data available for analysis, or conservatively, there
were 9, 15, and 19 full cycles available. Data for each channel were Fourier
analyzed, primarily to provide first, second, and third harmonic results for
ease in analyses, but also to provide a compact means of data storage for
subsequent use. These data have been completely tabulated in a companion
data report {15] in which each run/point combination is fully documented and
described, and the data are arranged in several convenient forms. In each case
a total of 10 harmonics are displayed for each unsteady channel. It is seen
that this is well within the bounds of the conventional sampling theorem
requiring 2 or more samples/cycle in the highest harmonic of interest.

Third Standard Configuration.

tFor convenience, this section of the present report hss been copied from the
publicstion Unstesgy Aeragynsmic Farcé Acting an Lontrelled-0scillsting
Transonic Anpulsr Coscade” by K. kobsyashi (457 )

The measurement of time-dependent data includes airfoil osciliatory
displacement, unsteady aerodynamic moment and unsteady pressure
distribution on the esciltating airfoil surface. All time-dependent data were
recorded on FM Magnetic tape recorder with frequency response 2.5 kHz and
analyzed with a Fast Fourier Transform (FFT) analyzer.

Instrumented airfoil motion was measured with the combination of a small
rod fixed on airfoil tip section and eddy-current type displacement sensors.
Unsteady aerodynamic forces are acquired with two measuring methods. One
is the net work of dual strain gauges on the cross spring bars machined on
the trunnion of instrumented airfoil, which gives the information of unsteady
aerodynamic moment caused by aerodynamic force acting on the entire blade
surface. This method has the advantage to understand synthetically the
unsteady phenomena of oscillating airfoil, but it connot offer the information
of local unsteady phenomena on oscillating blade surface. The measuring data
obtained by cross spring bars contains the inertia force of blade and so the
aerodynamic moment is calculated with the difference between the moment in
flow and the moment in vacuum condition.
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The other is the measurement of unsteady pressure distribution on an
oscillating blade surface, which can offer the unsieady aerodynamic moment
per unit span and the unsteady phenomena on the locai blade surface. As for
the measuring instrument of unsteady pressure, minute pressure transducers
are used in combination with probe tubes in blade, berause even this thinner
transducer cannot be enciosed in a thinner part of the blade section and also
transducers have to be used many times for other measurements. 22 probe
tube systems were prepared for the measurement of chordwise unsteady
pressure distribution.

Now, the measuring time-dependent pressure signals, amplitude A, and phase
lag #,, are necessary to be corrected with the frequency response
characteristic data of probe tube measuring system (As;, &), and that of
electronic data acquisition system including DC amplifier (Ap, #p), and Data
Recorder (A,, #.). Finally, unsteady aerodynamic amplitude A, and phase lag
¢, can be obtained according to:

Ap = Ag/{Ag*Ap*A,}

$ = {@y+@g+dp+d,}

Frequency-response characteristics (A,, ®,) of probe tube system were
measured with an apparatus for measurement of probe tube frequency-
response characteristics. In the apparatus, the fluctuating pressure is made
by the interaction between jet flow and a rotating disc with sinusoidal lobe
shape and is injected into flow from opposite side of two transducers to
make unsteady pressure in flow. Frequency of fluctuating pressure can easily
be controlled by rotational speed of disc.

The frequency response characteristics of electronic data acquisition system,
DC amplifier and Data Recorder are also measured with a function signal
generator and an FFT analyzer.

Using 32 time-averaged transfer function data of blade oscillation signal and
corrected time-dependent pressure signal, unsteady aerodynamic moment and
chordwise distributions of unsteady pressure amplitude and phase lag
referenced to blade oscillation, and element aerodynamic energy were
calculated.

Fourth Standard Configuration.

(Courtesy af 0. Schisrii (28()
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The unsteady data are low-pass filtered and then recorded on an analog tape
recorder By reproducing the data at a lower speed than recorded, this
procedure allows the limitations of the analog-to-digital conversion speed on
the computer to be overcome. The data reduction procedure is as follows. The
frequency of the forced vibration is know Thus the harmonic part of the
signals can be evaluated straightforwardly by computing the first term of the
corresponding Fourier series. In this case, the sampling frequency need not be
an integer multiple of the signal freguency as required by ensemble averaging
and FFT technigues.

The total recorded time of the digitized unsteady signals is split up in
sections, for which amplitudes and phase angles in relation to a reference
signal are computed. The result of each section is then considered as a single
piece of data. Thése results are averaged in their turn to yield the final
result (amplitude and phase angle). The variance of the section results is used
to estimate a 95% confidence interval Typical values are 2'560 samples per
section and 10 sections per total record length {ie. 25'600 samples per
channel and per test)

with these settiags, the 95% confidence limits are roughly twice the sample
mean standard deviation (based on the elementary estimation theory, using
Student’s T-distribution) from the mean vaiue.

The sampling freguency is selected at 10-15 times the fundamental of the
signal frequency, in order to avoid aliasing problems.
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Fifth Standard Configuration.

{For convenience, this section af lhe present report hes been copied 1rom the
ine pubiication A Streighii (8scsde Wing Tunnel Study OF Fsn Blsde Flutter
mSlarted sSupersonic Flaw by £ Stechényi, /. Calsrelll, C Motin, /. F. Girsult
7o)

Two distinct types of aeroelastic measurements are made: those giving
"direct” coefficients (the case of forces acting on a vibrating blade with all
other blades fixed) and those giving coupling coefficier - (the influence of
the vibration of neighboring blades).
Only one blade is instrumented to mesure aeroelastic coefficients but it can
be placed in any position in the cascade. One of the blades is made to vibrate
in either pitching or heaving. The pitching mode is usuaily about the mid-
chord axis.
The aeroelastic force coefficients are determined as the transfer functions
between the vibratory motion and the resulting lift or moment.
In this testing technique, the assumption is made that the direct and coupling
terms combine linearly so that a vectorial addition can be made. Thus the
total coefficient for a blade in an infinite cascade is:

+00

Ctotal = I cpeino

N=-00
vhere
° n is the blade index (n=0 is the vibrating blade, n<O are the "upstream”
blades, n>0 are the "downstream” blades)
* C, s the complex coefficient measured on blade n,
[ ] § is the blade-to-blade phase angle.
The imaginary part of the coefficient, Cyga), 15 3 measure of aeroelastic
damping. For ciq441<0, aeroelastic damping is negative and flutter conditicns
exist.
The experimental verification of this assumption is reported in detail in [71])
From the above equation it is obvious that the total coefficient is to a great
extent a function of ¢. For a compressor cascade this blade-to-blade phase
angle depends on the number of blades and on the normal mode of vibration. In
order to have a valid stability criterion one calculates the minimum possible
value that Cyyye) Can attain for 0<6<2w. The negative sign of this Cigtai(min)
then reveals possible flutter conditions.
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Sixth Standard Configuration.

£idem rourth S1engsrg cantliguration. )

Seventh Standard Configuration.

(Far convenience, this section of the present repart has been capred rfrom the
NASH Contractor Report 159831 by R £, Rifrel snd M. B Rothrock (48))

The fundamental time-unsteady data of interest is the complex airfoil surface
chordwise pressure distribution. This data, together with the airfoil motion
data, determines the aerodynamic stability. The unsteady force (lift) and
moment on the airfgil are calculated from this pressure and airfoil motion
data.

The instrumentation used to acquire unsteady data are included in the
following.

° Strain Gauges: Two per airfoil with one on either side of the tunnel.

o Kulite pressure transducers: Six flush-mounted per surface on center
airfoil of the cascade (a total of twelve transducers on blade 3).

° Heated film gauges: Five surface-mounted per surface (a total of 10) on
the center airfoil of the cascade.

The heated film gauges were used to qualitatively examine the transition and
flow separation phenomena on the airfoil surfaces for the conditions where
the measured unsteady work per cycle attains its maximum and minimum
values. The dynamic characteristic of each heated film gauge at a particular
operating point were determined from the taped oscilloscope traces of the
blade motion as defined by the signals from the strain gauge and the
particular heated film gauge. In addition, high speed Schlieren movies were
taken.

The strain gauge and pressure transducer data was acquired simultanecusly.
The on-line analysis was performed on the strain gauge signals concurrent
with the magnetic tape recording of the signals from the instrumented blade's
strain gauge and pressure transducers. The on-line analysis involved eight
channels of strain gauge data; two per airfoil. The twelve surface dynamic
pressure signals, six from the pressure surface and six from the suction
surface, along with the reference strain gauge signal from the instrumented
blade were taped for each data point.

In this investigation an analog-to-digital converter having a rate of 100°000
points per second was used. Data, either real time or taped, was digitized and
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stored on a magnetic disc fer evaluation. An "n" cycle data averaging
technique was adapted early in the test program to eliminate background
noise from the unsteady pressure signal. The data is sampled at preset time.
triggered by a square wave pulse supplied by the airfeil drive system
computer. The analog-to-digital converter is triggered by the positive voltage
at the leading edge of the pulse, initiating the acquisition of the unsteady
pressure data. The data can be sampled for "m” ensembles and "n” cycles and
an average data set obtained.
The data analysis comprised the following three techniques.
® Amplitude calculation
[ Frequency calculation
) Phase calculation
in the amplitude calculation, a second order least square fit of the data an
the positive and negative sides of the time axis was made for each half cycle
of motion. The signal amplitude becomes the average of the positive peaks
minus the average of the negative peaks.
The frequency of the time-dependent digital data was determined through the
autocorrelation function. This function describes the dependence on the values
of the data at one time, X;, on the values at another time, X;,,. The lag time,
AT, is inversely proportional to the rate at which the data are digitized. An
autocorrelogram of the digitized data exhibits the features of a sine wave
plus random noise. A second order least square fit function was fit to the
data depicting the second positive peak of the autocorrelogram. The inverse of
the time at which this least square function is a maximum is equal to the
frequency, f, of the time-dependent data. Additionally, the frequency is known
from the computer commanded input and an on-line, electronic counter.
The phase difference between the time-variant digitized signals was
calculated through the crass-correlation function. This function, for two sels
of data, X; and ¥;, describes the dependence of the values of one set of data on
the other. As in the frequency calculation, a second order least square curve
was fit to the data in the nearest to zero time positive peak of the cross-
correlogram. The time, tp, at which this least square function is 3 maximum
was analytically determined. The phase difference, in degrees, was calculated
as

® = ty1-360
where f is the frequency calculated for the airfoil motion from the strain
Jauge data.
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The reference signal for all the phase angle determinations was a strain
gauge signal from the instrumented airfoil. This signal was common in both
the on- and off-line data acquisition.
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