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Open NASA Blade Models for Nonlinear Dynamics Simulations

Soléne Kojtych!, Alain Batailly!

Abstract

This contribution presents a catalogue of open turbomachinery blade models dedicated to nonlinear dynamics simulations.
Based on a specifically developed in-house computer code, 3D CAD models and finite element models of multiple-circular-
arc NASA airfoils are generated. Both the in-house code and the models are made freely accessible online. To cover a
wide range of geometries, 39 blades are considered from different stages and with different aspect ratios. It is expected
that this blade catalogue will provide an opportunity for the direct comparison of recently developed methodologies
relative to nonlinear vibration phenomena in turbomachines, including rubbing events and blade-tip/casing contacts. To
this end, the paper also contains original results for some of the most emblematic NASA blades, with an emphasis on
nonlinear interaction maps and a detailed presentation of redesign operations to mitigate high amplitude of vibrations
when blade-tip/casing contacts occur.
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Modeles ouverts d’aubes NASA pour simulations dynamiques non linéaires

Solene Kojtych!, Alain Batailly*

Résumé

Cet article présente un catalogue de modéles ouverts d’aubes de turbomachines dédiés a des simulations dynamiques non
linéaires. A partir d’un code laboratoire spécifiquement développé pour cet usage, des modeles CAO 3D et des maillages
éléments finis d’aubes NASA, définies par des profils de type arcs circulaires multiples, sont générés. Le code et les
modeles générés sont rendus disponibles en ligne en libre acces. Pour couvrir une large gamme de géométries, 39 aubes
d’allongements variés, issues de différents étages, sont considérées. Ce catalogue d’aubes devrait permettre de comparer
directement des méthodologies récentes relatives aux phénomenes vibratoires non linéaires dans les turbomachines, tels
que les frottements et les contacts aube/carter. A cette fin, ce travail contient également des résultats originaux pour
certaines des aubes NASA les plus emblématiques, en mettant 1’accent sur les cartes d’interactions non linéaires et sur
une présentation détaillée d’un processus de reconception visant a atténuer les vibrations de grande amplitude lorsque
des contacts aube/carter se produisent.

Mots-clés
modele d’aube ouvert, aubes NASA, catalogue d’aubes, interactions structurelles non linéaires, contacts aube/carter
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Bladed components are key elements of aircraft engines and gas turbines. From an industrial standpoint, their
design is essentially an optimization problem driven by aerodynamics considerations [1] while structural aspects are
often limited to a set of constraints [2, 3]. However, over the past decade, the increased pressure on manufacturers
to increase efficiency and lower emissions [/] is slowly changing the game. Indeed, major avenues considered for
efficiency improvements include lighter materials and a minimization of aerodynamic leakage flows [5]. When applied
to bladed components, the former yields a geometrically nonlinear behavior [6] while the latter favors nonlinear
structural interactions, such as blade-tip/casing contacts [7]. In the end, nonlinear structural interactions that were
often only considered in accidental configurations must now be accounted for in nominal conditions. This has very
significant ramifications on blade design procedures, notably due to the fact that there is no unified theoretical
framework for the nonlinear analysis of structural components [3, 9]. That is the reason why, over the past years,
engineers and researchers have developed several tools and methodologies dedicated to the numerical simulation, the
analysis and eventually the prediction [10, 11, 12, 13] of nonlinear structural interactions.

In addition to the theoretical [] and numerical [14] challenges inherent to the development of robust and efficient
methodologies, researchers are facing a major roadblock related to the confidentiality of industrial blade models’
mechanical properties. Indeed, when they are published, results are normalized and mechanical models are not
shared. This makes it almost impossible to reproduce results and to compare different methodologies. This is a
challenge that researchers in the field of computational fluid dynamics (CFD) faced about thirty years ago. At that
time, several competitive developments of CFD software packages called for the use of identical blade profiles in
order to compare numerical predictions. NASA rotor 37 [15], an open blade geometry for which a vast amount of
experimental data was also available [16], became—alongside other blade geometries designed by NASA—a typical
case study for CFD analysis.

Recently, a variety of numerical investigations in structural dynamics underlined the very rich and intricate
dynamics response of several NASA blades, including rotor 37 [13, 17] and rotor 67 [18], when they undergo structural
contacts at their tip. Based on these observations, a Python code [19] was published to allow anyone to build NASA
rotor 37’s computer-aided design (CAD) model from the multiple-circular-arc (MCA) profile parameters provided in

the original NASA report [15]. Within a couple of years, several researchers used this open mechanical model to
illustrate or test their methodologies [20, 21, 22, 23], thus highlighting the critical need for open structural blade
models.

Acknowledging the critical need for providing researchers with a large variety of open structural blade models,
this article puts forward three major elements. (1) An open source Python code is provided. This Python 3 code
builds on the Python 2 code [19] dedicated to NASA rotor 37: several issues have been corrected and it has been
expanded to a much more versatile tool making it possible to build the CAD models of 40+ NASA blades based on
their MCA profile parameters. (2) A catalogue of 39 open NASA blade models is also provided. For each blade, a
CAD model, a finite element (FE) mesh and a reduced order model are provided. (3) Finally, this paper presents a
sample of typical results obtained for certain NASA blades with respect to nonlinear dynamics time integration-based
simulations and blade design optimizations.

The second section of the paper is dedicated to the presentation of the blade model generation code, referred to as
OpenMCAD (open blade model generator from MCA parameterization to CAD model). In the third section, the focus
is put on the presentation of the catalogue of open blade models dedicated to nonlinear structural analyses. Then,
in the fourth section, a sample of original results obtained on three blade models with respect to their nonlinear
dynamics response are presented with the intent to underline the applicability of the proposed blade models to the
analysis of nonlinear structural interactions.

The blade model generation code [21] allows to automatically build a blade CAD model and FE mesh from the
MCA profile parameters provided in original NASA reports.
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(a) For rotor 35
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Figure 1. MCA profile parameters for rotor 35, from [20].

2.1 Key characteristics
The code OpenMCAD is open source and freely available online [24] under the GNU public license. It is provided with
examples of input parameters and output models.

OpenMCAD builds on a previously released Python 2 code [19] dedicated to the modeling of NASA rotor 37, based
on the original Fortran IV NASA code related to MCA blade generation [25]. Although the previous Python 2 code
and OpenMCAD share a similar structure, significant developments and modifications have been made in OpenMCAD to
go beyond the limitations of the initial Python 2 code to make it a versatile blade modeling tool, applicable to most
of the available NASA fan and compressor blade models.

Main modifications and improvements of OpenMCAD are: (1) a more robust and versatile CAD generation
procedure that has been validated on 40+ blade models, (2) the correction of an error that caused the inversion of
suction and pressure sides at intermediate computation steps, (3) the computation of CAD models and FE meshes in
ST units to promote their compatibility with simulation routines, and (4) the transcription of the code from Python
2 to Python 3 to ensure its sustainability and portability. A complete list of modifications may be found in the code
documentation.

2.2 Input blade parameters

Input blade parameters read by the code must rely on the blade parameterization described by Crouse et al. [25]
and used in original NASA reports: a blade is represented by N MCA profiles describing its intersections with NV
conical surfaces distributed along its height.

A MCA profile is defined in an unwrapped conical surface by three curves: the chordline, the pressure side and
the suction side. Each curve is composed of two circular arcs meeting at a transition point. Profile parameters are
defined at four reference points (leading edge, trailing edge, transition point and maximum thickness point) and
include radial and axial coordinates, blade thickness and blade angle, defining the orientation of the centerline at
the considered point. In total, 11 parameters are required to define one profile. For all blades considered in this
work, the MCA profile parameters may be found in corresponding NASA reports. For instance, the MCA profile
parameters of rotor 35 are given in Fig. 1.

The positioning of profiles on the conical surfaces is controlled by a stacking line. In the code, the stacking line
may be: (1) a straight line defined by global lean and sweep angles, as in the original formulation proposed by Crouse
et al. [25], or (2) a spline curve, controlled by specific sweep and lean angles for each profile. This latter option
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allows more flexibility in the stacking of profiles, which may be of great interest for design purposes. Nonetheless, for
all blades generated in this article, in order to ensure consistency with original NASA reports, profiles are stacked
along the radial direction.

2.3 Main steps

The execution of the code may be decomposed into four main steps: (1) smoothing of the input parameters, (2)

computation of 3D point clouds, (3) generation of the CAD model, and (4) generation of the FE mesh.

smoothing of input parameters: some profile parameters may be smoothed along the blade height to improve
the smoothness of the subsequent CAD model. More specifically, for each of these parameters, the N parameter
values—one per profile— are used to compute a cubic polynomial fitting with respect to the radial position.
Smoothed values are given by this fitting and a new parameters file is thus generated for each profile.

point clouds computation: from the smoothed MCA profile parameters, 3D Cartesian coordinates of points
describing each profile are computed. This results in N point clouds, that are split in two files describing,
respectively, the pressure side and the suction side of the profile.

CAD model generation: the N point clouds are read by the open-source software package Salome 9.6'. For each
profile, points of the suction and pressure sides are each interpolated. Based on the obtained profile curves, two
spline surfaces are computed to model the pressure and suction faces of the blade. Considering an adaptative
tolerance, coincident edges are detected and the two faces are sewed into a single side surface. The hub and
top faces are generated by filling the holes to obtain a shell, which is then transformed into a solid. As an
example, the CAD model computed for rotor 35 is shown in Fig. 2.

FE mesh generation: all blade edges are discretized in ne.; segments. The two side faces are consistently meshed
with quadrangles and the top and hub faces are meshed with triangles, whose area is limited by a value relative
to the blade chord. Thus, the blade is meshed with quadratic pentahedrons. The FE mesh related to rotor
35 is shown in Fig. 2; a value of ng, = 38 segments was found sufficient to ensure the convergence of the
mesh and leads to a mesh with 10236 pentahedrons. The same ngy value was considered for all blades of the
catalogue.

The computation time? of the four steps is about 15 s per blade.

(a) CAD model (b) FE mesh
Figure 2. Reference blade rotor 35.

Making use of the blade model generation code OpenMCAD, a catalogue of 39 open NASA blade models is made
available online [27]. Most of the blade geometries were initially defined in the context of research programs
conducted at NASA Lewis Research Center in the 70’s and 80’s. While these blades have been extensively used for a
variety of CFD simulations, their use for structural analyses remains very limited. Yet, preliminary results obtained
in the context of nonlinear vibration analyses also underlined their very rich and intricate dynamics as they undergo

Ihttps://www.salome-platform.org/
20n a PC with 8 Intel Core i7-7700T CPU (4.20GHz) processors.
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Table 1. Material properties.

material 18-Ni-200-maraging  Ti-6A1-4V
Young’s modulus [Pa] 1.8 x 101! 1.08 x 101!
density [kg:m™3] 8000 4400
Poisson’s ratio 0.3 0.34
structural contacts along their tip [13, 17, 18]. For that reason, these blades could serve as ideal benchmarks for

recently developed and future numerical strategies focusing on nonlinear structural interactions.

The provided blades are listed in Table 2. They relate to both compressor and fan stages and exhibit a wide
range of geometries and height, from around 5 cm to 15 cm. The catalogue notably includes the emblematic models
rotor 37 [15] and rotor 67 [28].

Blade CAD models and FE meshes obtained directly from the blade generation code OpenMCAD are referred to
as ref-blades (for reference blade models). In addition, the catalogue also features CAD models and FE meshes
for the same NASA blades that are related to a distinct in-house parameterization [29, chap. 4]. In order to avoid
any confusion, the latter blades are labeled ip-blades (for initial parameterized blades), where initial refers to the
starting point of design optimization procedures [1%] that may be carried out®. Finally, for each ip-blade, a reduced
order model (ROM) obtained with the Craig-Bampton component mode synthesis technique is provided. These
ROMs are used in the following for a variety of numerical simulations. Details on each blade model are given on a
dedicated wiki website”.

3.1 Reference blades

Based on the MCA profile parameters of each blade of the catalogue, OpenMCAD is used to generate the associated
reference CAD models and FE meshes. CAD models are provided as step files and meshes are given both in human
readable unv format and binary med format. The latter may be used in Salome or in the open-source FE code Code
Aster®.

Beside of these models, key pieces of information for each blade are provided on the Laboratory for Acoustics
and Vibration Analysis’s wiki website®. In particular, one may find the input parameter files used in OpenMCAD
for model generation as well as a link toward original NASA reports. When available, blades’ aerodynamic and
material extracted from original or subsequent reports are also provided: a maraging steel 18-Ni-200 and a titanium
alloy Ti-6A1-4V are mentioned in some NASA reports, identified in the third column of Table 2. When blade
material is not provided in reports, the same maraging steel is chosen for compressor blades and the titanium alloy is
considered for fan blades, as mentioned in Table 2. Detailed material properties are taken from previous studies [17,

] and summarized in Table 1. Finally, the first three eigenfrequencies of the ref-blades are computed from the FE
meshes and provided for the sake of completeness.

3.2 Initial parameterized blades

With the increased interest in nonlinear structural interactions within aircraft engines and the development of more
efficient numerical strategies dedicated to their prediction, there is a push toward accounting for these interactions
early in blade design stages to prevent costly redesign operations [31]. Recently, a few publications addressed
this topic [18, 22, 23] and parameterizations well suited for mechanical analyses have been proposed [23, 29]. In
particular, a redesign methodology has been developed and applied to compressor blades with the intent to increase
their robustness to blade-tip/casing contacts [|8], featuring promising results on NASA rotor 37.

The proposed blade catalogue could play an important role in assessing the versatility and the relevance of such
redesign operation. Indeed, the redesign of diverse blade models is required to get a better understanding of key

3In-depth comparisons between ref-blade models and ip-blade models have been carried out in a previous work, the almost perfectly
identical vibration behavior was notably underlined [29, chap. 4].

4nttps://lava-wiki.meca.polymtl.ca/public/accueil

Shttps://www.code-aster.org/
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quantities of interest for different nonlinear structural interactions. It will also play a key role in the definition of
relevant performance criteria. This is the reason why ip-blades—that are consistent with the parameterization used
for redesign operations [|3]—are provided in addition to the ref-blade models.

3.2.1 CAD model and FE mesh

From each ref-blade model, a reverse engineering method [29] is applied to acquire blade parameters consistent with
the in-house parameterization. The numerical tool previously introduced in the literature [29] is then used to build
the associated initial parameterized CAD model and FE mesh.

In a previous publication [29], particular attention has been paid to demonstrating the high fidelity of ip-blade
models with respect to the ref-blade models, with an emphasis on: (1) modal properties and (2) dynamic response
in both linear and nonlinear configurations. For comparison purposes, the first three eigenfrequencies of ip-blades
are also indicated on the wiki website. A relative error with the eigenfrequencies of the ref-blade of less than 1.7% is
observed for all blades.

3.2.2 Reduced order model

The computational cost associated to nonlinear dynamics simulations typically prevents the use of full FE models.
Component mode synthesis (CMS) techniques such as the Craig-Bampton technique [32] are thus classically used
in nonlinear dynamics. While a vast number of more recent model reduction techniques have been proposed [33,

, 35], the Craig-Bampton method remains very popular due to the fact that: (1) it allows, by design, to retain
physical degrees of freedom within the reduced space, which is advantageous for contact management, and (2) it is
less sensitive to conditioning issues that may arise with other CMS techniques.

To ease further structural dynamics analysis of catalogue blades, a Craig-Bampton ROM [32] of each ip-blade is
computed from the FE mesh. The model is provided as a mat file, readable with both Python and Matlab, and
contains the reduced mass and stiffness matrices.

To compute the ROM, the material properties identified for the ref-blade are considered and the blade hub is
assumed to be clamped. Eight boundary nodes evenly distributed along the intersection of the tip face and the
pressure side are considered. These nodes are identified in a distinct group in the mesh files. Three degrees of
freedom at each boundary node and 10 modal degrees of freedom are considered, leading to a reduced order model
featuring 34 degrees of freedom. Centrifugal effects are neglected, i.e. the stiffness matrix is independent from the
blade angular speed. Convergence of the ROM was checked by comparing its eigenfrequencies to those of the full FE
model. A relative error of less than 1% was observed on the first three eigenfrequencies reported on the wiki website.

Kojtych S., Batailly A.
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Table 2. Open blade catalogue.

rotor blade model NASA report material
1 [36] 18-Ni-200-maraging
3 18-Ni-200-maraging
4 18-Ni-200-maraging
5 18-Ni-200-maraging [39]
6 18-Ni-200-maraging
7 [11] 18-Ni-200-maraging
8 [12] Ti-6Al-4V
11 [43] Ti-6Al-4V
12 [14] 18-Ni-200-maraging
14 [15] 18-Ni-200-maraging
15 [26] Ti-6AL-4V [1(]
16 [47] Ti-6Al-4V
17 [18] Ti-6A1-4V
18 [49] Ti-6Al-4V
20 [50] Ti-6Al-4V
21 [51] Ti-6Al-4V
23B [52] Ti-6Al1-4V
24A [52] 18-Ni-200-maraging
25A 18-Ni-200-maraging
26B 18-Ni-200-maraging
27A 18-Ni-200-maraging
28B 18-Ni-200-maraging
35 18-Ni-200-maraging
36 18-Ni-200-maraging
37 [15] 18-Ni-200-maraging [20]
38 [55] 18-Ni-200-maraging [26]
51A [56] Ti-6Al-4V
51B [57] Ti-6Al-4V
52 [58] Ti-6Al-4V
53 [59] Ti-6Al1-4V
54 [60] Ti-6Al-4V
55 [61] Ti-6Al1-4V
65 [62] Ti-6Al-4V [62]
66 [63] Ti-6Al1-4V
67 [28] Ti-6Al-4V
68 [28] Ti-6Al1-4V
T4A1 [64] Ti-6Al-4V [64]
T4A2 Ti-6Al-4V
T4A3 Ti-6Al-4V

This section provides a series of original results obtained from the analysis of some of the NASA blades provided in
the catalogue. Typical analyses related to blade-tip/casing contacts—specifically rubbing interactions—are here
considered based on linear FE models consistent with the small perturbation framework. First, it is shown that
the provided mechanical models are well suited for nonlinear dynamics analyses. Then, it is underlined that the

Kojtych S., Batailly A.


https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor01&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor03&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor04&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor05&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor06&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor07&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor08&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor11&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor12&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor14&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor15&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor16&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor17&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor18&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor20&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor21&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor23b&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor24a&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor25a&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor26b&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor27a&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor28b&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor35&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor36&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor37&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor38&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor51a&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor51b&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor52&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor53&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor54&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor55&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor65&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor66&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor67&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor68&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor74a1&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor74a2&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
https://archive.softwareheritage.org/browse/origin/directory/?origin_url=https://gitlab.lava.polymtl.ca/depots_publics/modeles/catalogue_aubes&path=rotor74a3&snapshot=6d1d388afc61917fa91efdb52e5cc17c4ea3d0a5
mailto:solene.kojtych@polymtl.ca

dynamics of the selected blades is very complex and is, to the best of the author’s knowledge, representative of
the most sophisticated reported vibration behaviors in the literature. While only a sample of available results are
provided in the paper for the sake of conciseness, the authors intend to regularly publish additional benchmark
results on the Laboratory for acoustics and vibration analysis’s wiki website® so as to provide a full list of numerical
benchmark results for each blade of the catalogue.

The compressor blade rotor 35 [53], the fan blade rotor 68 [258] and the compressor blade rotor 74A2 [(4] are
selected as they feature very distinct geometries. The CAD models of ip-blades are depicted in Fig. 3. Approximated
blade heights are given in Tab. 3 along with aspect ratios and nominal speeds taken from NASA reports. The first
three free vibration modes are also identified by modal analysis; 1B denotes the first bending mode, 1T the first
torsion mode and 2B the second bending mode.

Table 3. Characteristics of selected ip-blades.

rotor 35 68 T4A2

blade height [cm)] 7.5 10.9 8.4

aspect ratio 1.19 1.89 1.17

nom. speedrad-s~!] 1800 1680 1680
modes order 1B, 1T, 2B 1B, 2B, 1T 1B, 1T, 2B

4.1 Dynamic analysis of initial parameterized blades

4.1.1 Simulation strategy

The amplitudes of vibration of each blade as it undergoes contact interactions are predicted with time integration
simulations using the reduced order model provided in the catalogue, see Section 3.2. Main simulation parameters
are summarized in Tab. 4, remaining parameters are consistent with those used in a previous publication [29].

For each blade, simulations are run for a large range of angular speeds right below their nominal speed, where
several interactions between free vibration modes and engine orders (usually 4 to 8) are linearly predicted. In
particular, the intersection between the first bending mode and the fourth engine order, which often yields high
vibration magnitudes when blade-tip/casing contacts are considered, belongs to the angular speed range. Simulations
are run at each integer value of w in the range. In order to reach the steady state, 200 tours are simulated at each
speed w and a time step of 1077 s is considered. Contact between the tip of the blade and the surrounding casing,
assumed to be perfectly rigid, is initiated through an ovalization of the casing, thus yielding two privileged symmetric
contact areas, referred to as lobes. As the blade-tip clearance at rest is mentioned in NASA reports only for rotor 68,
clearances for rotor 35 and rotor 74A2 are defined empirically. The height of the lobes is relative to the clearance.

Table 4. Main simulation parameters for rotor 35, rotor 68 and rotor 74A2.

rotor 35 68 T4A2
speed range [rad-s~!]  [850;1700]  [410;1235]  [820; 1645]
tip clearance [m] 5x 1074 6 x 1074 3x 1074
lobe height [m] 6.25 x 107 42x107* 3.75x 107*
4.1.2 Results
For each speed w, boundary nodes displacements over the 200 blade revolutions are computed with an in-house
simulation tool, based on a published numerical strategy [10]. It has been checked that steady states have been

reached for each simulation. For a given node, an interaction map may be drawn to represent the steady-state
frequency content of the displacement signal with respect to the speed w. In this work, for each speed w, a Fast

Shttps://lava-wiki.meca.polymtl.ca/public/accueil
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(a) rotor 35, suction side (b) rotor 35, pressure side
J \ L 1
(c) rotor 68, suction side (d) rotor 68, pressure side

. L

(e) rotor 74A2, suction side (f) rotor 74A2, pressure side
Figure 3. CAD models of selected ip-blades.

Fourier Transform of the leading edge radial displacement over the last 40 blade revolutions is computed. The
juxtaposition of the spectra computed for each w yields the interaction maps depicted in Fig. 4. The magnitude of
the spectra is represented with a logarithmic color map: neglectable magnitudes (j10~° m) are in black and maximal
amplitudes are in white. The frequencies of the first three vibration modes are depicted with white lines (=) and
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relevant engine orders are shown with dashed lines (==).

1073 >7x 107 [m]
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(a) rotor 35
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(b) rotor 68

1000 1200 1400 1600
w [rad-s™!]

(c) rotor 74A2

Figure 4. Interaction maps for selected ip-blades.

Overall, the interaction maps obtained for rotor 35, 68 and 74A2 ip-blades underline the intricacy of their
dynamics as blade-tip/casing contacts occur. In particular, as previously observed in the literature [17], the lack of
abradable coating promotes vibration behaviors involving higher frequency modes with potentially low amplitudes of
vibrations. This is the reason why so many complex vibration patterns are evidenced throughout the interaction maps.
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See, for instance, w € [1000; 1150] rad-s~! for rotor 35, w € [800;950] rad-s~* for rotor 68 and w € [900; 1150] rad-s~!
for rotor 74A2. Interestingly, for angular speeds slightly above that of the intersection between mode 1B and engine
order 4, very distinct vibration behaviors are evidenced for each blade. For rotor 35, a progressive increase in
vibration amplitudes along engine order 4 is predicted with no significant contribution of other modes. However,
for rotor 68, the time integrator seems to provide very different solutions from an angular speed to the next, thus
hinting at the possible coexistence of many different types of solution branches. Finally, for rotor 74A2, it seems
that the intersection between mode 1B and engine order 4 also corresponds to the intersection between mode 1T
and engine order 12, which leads to complex vibration patterns dominated by these two modes.

4.2 Blade shape optimization

A recently developed redesign methodology allows to update the blade shape with respect to a performance criterion
associated to structural dynamics. This blade shape update relies on an iterative optimization process. An example
of such optimization problem is here considered, where the chosen performance criterion is the clearance consumption,
presented in Section 4.2.1. The optimization problem is formulated in Section 4.2.2 and optimization results are
given in Section 4.2.3.

4.2.1 Performance criterion
The clearance consumption has been identified as a relevant indicator of the robustness of certain types of blades to

contact interactions [17, 18, 22, 23, 65]. The clearance consumption is defined for a node v and a free vibration mode
p and denoted ¢, ,; it quantifies the evolution of the tip clearance at this node when the blade vibrates along mode
p. In accordance to previous work [13, 23], the performance criterion considered is the clearance consumption at the

leading edge of the blade tip along the first bending mode, denoted cpg,15. Clearance consumption computations
are conducted with the open source mechanical software package Code Aster® and detailed computation steps may
be found in previous publications [23, 29, (5].

4.2.2 Problem formulation

For each of the selected NASA ip-blades, the considered optimization problem aims at minimizing the clearance
consumption at the leading edge on the first vibration mode. The main characteristics of this problem are presented
below and a complete description may be found in a previous publication [13]. Four optimization variables are
considered related to the axial sweep and the tangential lean at mid-span and at top of the blade, in agreement with
recent published work [17, 18]. This choice advantageously makes it possible to alter the global shape of the blade
while considering a limited number of optimization variables.

Bound constraints are considered: axial sweep is constrained between —2 mm and 4+2 mm and tangential lean
may vary between —1.5° and +1.5°. As these bounds are tight, only small geometrical variations are authorized and
the first free vibration mode is thus assumed to remain the first bending mode for all blades at each iteration of the
optimization process.

Because the gradient of the clearance consumption is not analytically known, the optimization problem is treated
as a blackbox optimization problem. It is solved with the open-source software package NOMAD (v. 3.9.1) [60]
which relies on the derivative-free optimization algorithm Mads [67]. This algorithm iteratively proposes sets of blade
parameters from which a CAD model and a FE mesh are generated to finally compute the clearance consumption.
Four hundred computations of the clearance consumption are allowed for each blade optimization.

4.2.3 Results

The CAD models are computed from optimized parameters returned at the end of the optimization and presented
in Fig. 5a, 6a and 7a, superimposed with the CAD models of the ip-blades. The clearance consumptions at all
boundary nodes for the three first free vibration modes for both ip-blades ( ) and optimized blades (——) are
shown in Fig. 5, 6 and 7. Boundary nodes v are indexed from the leading edge (1) to the trailing edge (8). Clearance
consumptions used as performance criteria are circled in black. For all blades, it is found that the optimized blades
feature a significantly lower value of c; 15 which confirms the carried out optimization was successful.

More specifically, the presented results provide interesting insight about each of the considered ip-blades:
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rotor 35: the optimization process yields an almost zero clearance consumption at the leading edge, see Fig. 5b.
Simultaneously, clearance consumptions computed for all other boundary nodes along the blade tip for the
first bending and torsion modes are globally significantly lowered. However, clearance consumptions of the
optimized blade for the second bending mode are more than doubled in the vicinity of the leading edge, see
Fig. 5d. These first results underline the usual trade-off one might have to deal with for such optimization.
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Figure 5. CAD model and clearance consumptions for initial ( ) and optimized (——) rotor 35 blade.

rotor 68: for this fan blade, the optimization process also yields an almost zero clearance consumption at the
leading edge, see Fig. 6b. In addition, clearance consumptions for other boundary nodes for modes 1B and 2B
are significantly lowered. It is also noticeable that the increases in clearance consumptions for mode 1T, that
are mostly located close to the leading edge (nodes 1 to 4), remain very small.

rotor 74A2: results obtained for this blade are noticeable since the clearance consumption of the ip-blade at the
leading edge was already very small. Nonetheless, a further lowered clearance consumption is obtained with the
optimization process, see Fig. 7b. Clearance consumptions for the first torsion mode are practically unchanged

while those of the second bending mode are overall significantly reduced, to the exception of the two boundary
nodes closest to the leading edge.

4.3 Dynamic analysis of the optimized blades

Interaction maps obtained for the optimized blades are computed using the same parameters as the ip-blades and
depicted in Fig. 8. The contact scenario also remains identical to the one used for the ip-blades so that the only
difference between interaction maps plotted in Figs. 4 and 8 are the blade models themselves. A detailed analysis of
the consequence of the carried out optimization process on the blades’ dynamics response goes beyond the scope
of this paper. Nonetheless, there are general trends that seem worth mentioning. With respect to rotor 35, an
across-the-board decrease of vibration amplitudes is obtained at the expense of more frequent sophisticated vibration
patterns that seem to involve higher frequency modes. For rotor 68, significant decreases of vibration amplitudes
related to mode 1B are counterbalanced with significantly increased vibration amplitudes related to mode 2B even
though clearance consumptions for that mode were also reduced. Finally, for rotor 74A2; only foe modifications are
predicted in the blade dynamics response, which is consistent with the fact that the blade shape was less impacted
by the optimization process due to the already very low clearance consumption of the ip-blade.
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Figure 8. Interactions maps for selected optimized blades.

This paper presents both the open blade model generation code OpenMCAD, and a catalogue of open blade models
dedicated to nonlinear dynamics simulations. The free and open diffusion of these two elements intends to promote
and to facilitate the comparison of published results obtained with numerical methods dedicated to nonlinear
structural interactions. As a starting point, this catalogue is focused on single blade models and samples of
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benchmark results related to their dynamics in the context of blade-tip/casing structural contacts are provided.
Presented results underline the intricacy of the open blade models’ dynamics thus indicating that these models may
also be relevant for in-depth structural and design analyses.

The authors would like to thank Antoine Lémery for his help with the catalogue preparation and the model
generation.
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