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“Efficient stochastic modelling of an axial compressor rotor blades
geometrical variability due to manufacturing uncertainties.”

» Subject of study:

o Axial HP compressor blisks and
vanes (Rig250 — DLR KoIn)

e Structure:

o Analysis of geometric deviations
from the nominal design

Complex CFD and FEM modelling

o Aeroelastic analyses considering
geometry based mistuning

o Mistuning studied as blades
geometrical offset from nominal
design (e.qg. tolerances,
manufacturing variability)

Chair of Structural Mechanics and Vehicle Vibrational Technology | Gambitta | Kihhorn 4



l t Brandenburgische
g Technische Universitat
I n t ro d U Ctl O n U Cottbus - Senftenberg

“Efficient stochastic modelling of an axial compressor rotor blades
geometrical variability due to manufacturing uncertainties.”

* Objectives:

o creation of a stochastic model
representative of the measured
manufacturing variability;

o automation of a geometry based
model adaptation (FEM, CFD);

o uncertainty quantification on
geometry-dependent aeroelastic
analysis.
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Brandenburgis;he st
Geometrical Mistuning — Rig250 R2 b-tu Cottos -Satanters

Creation of a stochastic model which can represent through a set of variables the
mistuned blades. Model based on [1] parameterization method.

» Analysis of geometric deviations for real
geometries surfaces.

« Parametrization of rotor blades geometries.

» Description of surface deviations with an
optimal amount of variables.

 Geometry reproduction for CFD and FEM
models.

[1] LangeA., Vogeler K., Gimmer V., Schrapp H. and Clemen C. (2009). “Introduction of a
Parameter Based Compressor Blade Model for Considering Measured Geometry Uncertainties
in Numerical Simulation.” Proceedings of ASME Turbo Expo. GT2009-59937.
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Brandenburgis.che N
Parametrization Method b'tU Cotthus - Senftenbera.
Methodology applied for the parametrization divided in the following main steps:

* radial sections definition;

 camber and thickness
distributions over chord:

« distributions description with
NACA-like parameters.
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Brandenburgis;he N
Parametrization Method b'tU Cotthus - Senftenbera.
Methodology applied for the parametrization divided in the following main steps:

* radial sections definition;

- camber and thickness Measured -5 Parameters ..

distributions over chord: Blades (A= Py — Py)
« distributions description with y i
NACA-like parameters. Geometrical [_.______ :

Variability Model [~

» Geometrical variability modelling.

Y

Noise
Variables [
Nominal geometry - parameters Py
Measured geometry —> parameters Py,

4
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Geometrical Variability Model b-tu Cottbue - Senftonberg

Measured [/ 2 : :
Blades /‘;;\ 3 Acoum Spllne fit

Variables reduction:

Nnaca : Nsec — Nnaca : (Sd + 1)

PCA

X =PAQT Y =PA=XQ

Reconstruction :
Eigenvalues of XTX : A?

Mean Model: Agpm

Reduced Eigenvectors: Qf

Acoy Parameters Bl = = Variables reduction:
Npgca - (g +1) - r

Nnaca number of naca parameters
Noise Variables N number of span sections

Sq spline degree

r number of eigenvectors used
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Generic Mistuning Model b-tU =i

Generation of a geometrical variability model over a set of blades scans for the
uncertainties representation:

153 total blade scans utilized:
« geometrical variability model data: = spline degree: 2
= noise variables: 18

» model defined as offset from a
nominal design; Rank Correlation Matrix
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Brand_enburgis_che st
Model Reconstruction Error b‘tU e e
Evaluation of the reconstruction error model-to-measure for one of the blades in
the dataset:

[mm]
B 0.05

-0.05

Pressure Side Suction Side

« consistent error for different blades;
« optimal compromise between number of variables and accuracy.
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Brandenburgis_che st
Nominal Geometry — Steady State b-tu Cottos -Satanters

Steady state CFD computations validated using g SLAEI T
experimental measurement data: e o ]
« Strut to Stator-4 geometry modelled SR S l
. % 35 R L 90% ooy
« ~7.7 Min cells (single passage) o ‘
* turbulent flow with wall functions g a5l B,“.i . |
» turbulence model: Spallart-Almaras it
- _ 15 o W]
 boundary conditions extracted from experiments. e T R
0 10 20 30 40 50
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Experimental Results Comparison
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FEM analysis of blades vibrational modes:
Natural Frequency

» disk structure integrated;

Mode 01 742.33 Hz
Mode 11 6894.6 Hz

* engine working conditions;
* vibrational modes of interest selected.

£ X »

CAD Model Mode 01 Mode 11
(Nominal)
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Mesh Study - Modal Forcing Convergence b-tu Erdh

Dependence upon the mesh of the steady-state modal forcing acting on the rotor
blade:

1
q =
B.0e+05 B.1e+05 8.2e+05 B.4e+05 8.6e+05 8.7e+05 B.8e+05 9.0e+0E

Medal Forcing [%s]

Mesh Points [-]

« Selected mesh nodes number: ~8,730,000 points
* Relative numerical error:

Vibrational Mode

Mode 01 < 0.03%
Mode 11 < 0.5%

Chair of Structural Mechanics and Vehicle Vibrational Technology | Gambitta | Kihhorn 18



o T EUROPAISCHE UNION Brandenburgische
University Technology Centre (UTC) R fo) I I S- R ovce ol ) Technische Universitét
Multidisciplinary Process Integration I - y o2l Eondlscheyhondsituy Cottbus - Senftenberg

ROYC - Regionale Entwicklung

Efficient manufacturing variability stochastic modelling

Mistuned Fluid Solution

Chair of Structural Mechanics and Vehicle Vibrational Technology
Prof. Dr.-Ing. Arnold Kihhorn | Marco Gambitta



Brandenburgis;he st
Forced Response Analysis b-tu Cottbue - Senftonberg

Calculation of the forcing generated on the rotor-2 mode shapes from the
unsteady flow pressure field:

« Pressure field from unsteady CFD solution projected onto the modes shape
calculated to extract the forcing in the modal domain

« Vibrational modes of interest: o Mode 01 (first flap mode)
o Mode 11 (torsional mode)

Full Annulus - FA Single Passage Multi Row - SPMR
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Modal Forcing on Rotor 2 — Nominal Geometry b-tu i et

Mode 01

Mode 11

Time Step [-]

Modal Forcing Amplitude

Projection of unsteady pressure on
blade surface over vibrational mode

shapes:

» time periodic function;

* mode specific.

(— T T
VSV Mode01 SPMR
~ Modei11 SPMR n
(O]
i)
S
= 2*VSV1
= L _
e
<
Vsv2 .
L PVSV2 _
V8V2-V&V1 4"VSV1
3"VsWH 3*vsvz
o ! L ! L]
12 24 36 48 72 96 108 144 180 192

Engine Order

Forced Response Engine Orders

Amplitude of the harmonics
corresponding to the main engine
orders.

Engine Orders (EO): frequencies arising
from the engine working condition as higher
harmonics of the shaft speed.
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Uncertainty Quantification Methodology b-tu Erdh

Eigenvalues of X7X : A%

PCA
X=PAQT Y=PA=XQ

Reduced Eigenvectors: @y

j Geometries N Geometrical
* Nominal Variability
. Measures Model

Noise
Variables

Sampling

+ Delta nominal-to-mistuned formulation.
Sampled + Application to hot nominal geometry.
el=o =iz ° Possible extension to different nominal models.

Uncertainty = Worst Case

Geometry

CFD Model Update

Scenario
(WA)

Quantification

(SPMR) Uncertainty
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Uncertainty Quantification (Mistuned R2) b-tu ot Setonens

Quantification of the variability of the modal forcing acting on the R2 vibrational
mode-shapes:

VSV1 R2 VSV2

« SPMR configuration;

« geometrical variability applied on
R2 geometry;

« sampling technique: Latin
Hypercube Sampling;

« variables probabilistic distribution
replicated from measurement data
cumulative distribution function;

&

* Nno correlations present; s

B

e
REERRTEER,

« 180 total samples created.

e R
PR S

RN R
PRI

BSER IR
BRI A
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UQ Results (Mistuned R2)
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Mistuned modal forcing scatter for the main engine orders:

Phase [rad]

Amplitude [%]

L. ,{L4[ i

X Mode0l
4 Modell
1 ® B H
3 ¥ b ¥
1 x Modeo1
4 Modell
T T T T T T T
12 36 43 72 96 108 144

EO

Modal Forcing Harmonics Scatter

Delta formulation:

M M

A, = Fgo,i—Fgo,n
=

max(F,%,N)

EQO72 EO48 EO36 EO12

EO144 EO108 EO96

ModeO1l Modell

i A

=5 0 5 -5 0 5
Amplitude [%)] Amplitude [%)]

Amplitudes Probability Distribution

with: F: modal forcing amplitude

EO: engine order

M: vibrational mode

N: nominal model

L€[1, Nsgmples]: Mistuned blade index
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Mistuned R2 — FA Analysis D=Ly =t

Full annulus analysis (VSV1-R2) for the estimation of the mistuning
effect in the assembly:

Amplitude Mode01

Amplitude Modell

8
T Y
L 0+ ﬁ
2
S -4
g: X ModeOl
—81 ¢ Modell
101 x Modeol i
— 4 Modell H
=
T 0.5
@
1%}
g )
£ 001 % » [
N —0.5 T T T T
Time Step [-] 36 72 108 144
EO
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 Study of manufacturing geometrical variability on turbofan engine HPC:

o deviations of blades geometry from the nominal design modelled for the representation
in the computational models;

o principal component analysis of geometrical variables provides an optimal subset of
geometrical modes;

o stochastic representation of the variability.

« Aeroelastic analyses considering geometry based mistuning is carried on a test-rig case:
o focus on geometrical variability effect on blades modal forcing;
o mode shapes extracted form blisk FEM and mapped over the CFD model nodes;

o validated CFD model used for the computation of the unsteady pressure on the rotor
blades surfaces;

o uncertainty quantification of the geometrical variability effect on the modal forcing:

= reduced model employed for the CFD solution (SPMR, time-space periodicity solving
the governing equations in the frequency domain);

= unsteady modal forcing is studied as amplitude and phase shift for the different
engine orders;

= results are compared to a larger computational model to assess the influence of
multiple variable blades in the assembly.
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