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Abstract

Beam stiffness properties of rotor blades differ from the design values due to uncertainties in the

manufacturing process and varying material properties but also because the structural model of

current predesign methods often has an inaccurate level of detail. This thesis contributes to the

improvement of this problem by first developing the structural finite element preprocessor for slen-

der composite structures SONATA to reduce the epistemic uncertainty of the predesign problem,

with an increasing representation of the physics.

The second contribution investigates the effects and propagation of irreducible aleatory uncer-

tainties, in the form of material and manufacturing uncertainties, on the dynamic behavior of the

helicopter rotor in hover and forward flight.

The third contribution of this thesis is the application and refinement of a strain-based measure-

ment method to experimentally determine beam stiffness properties of the MERIT rotor blade.





Kurzfassung

Balkensteifigkeitseigenschaften von Rotorblättern weichen aufgrund von Unsicherheiten im Her-

stellungsprozess und unterschiedlichen Materialeigenschaften von den Entwurfswerten ab, allerd-

ings auch deshalb, weil das Strukturmodell gegenwärtiger Vorentwurfsmethoden mitunter einen

ungenauen Detaillierungsgrad aufweist. Diese Arbeit trägt zur Verbesserung dieses Problems bei,

indem sie zunächst den strukturellen Finite-Elemente-Preprozessor für schlanke Faserverbund-

strukturen SONATA entwickelt, um die epistemische Unsicherheit des Vorentwurfsproblems mit

einer verbesserten Beschreibung der Struktur zu reduzieren.

Der zweite Beitrag untersucht die Auswirkungen und die Ausbreitung nichtreduzierbarer

aleatorischer Unsicherheiten, in Form von Material- und Fertigungsunsicherheiten, auf das dy-

namische Verhalten des Hubschrauberrotors im Schwebeflug und Vorwärtsflug.

Der dritte Beitrag dieser Arbeit ist die Anwendung und Verfeinerung einer dehnungsbasierten

Messmethode zur experimentellen Bestimmung der Balkensteifigkeitseigenschaften des MERIT-

Rotorblatts.
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1 Introduction

1.1 Motivation

Since the early 1960s, the use of fiber composites has been responsible for the continuous improve-

ment and thus the success of modern helicopter rotor systems [88].

Rotor blades were originally manufactured in wood for many years. They were designed in a similar

way to aircraft wings at the time and were often a mixture of different types of wood, each with

properties that the other materials lacked. The service life was enhanced with metallic erosion

protection and low fatigue effects were exhibited [82]. The drawback was that they deformed under

external environmental influences, causing considerable difficulties. They absorbed water, result-

ing in lateral unbalances and vibrations. In addition to that, manufacturing required outstanding

carpentry abilities [88].

As an intermediate step towards full fiber composite rotor blades followed a time in which metal

rotor blades were primarily used. However, they showed low shape flexibility in the manufacturing

process and most importantly a low design life due to a high fatigue susceptibility. To counteract

the sensitivity of the metals for crack propagation, in the example of the Sikorsky S-61N helicopter,

the cavity of the hollow spar was filled with pressurized nitrogen, which escaped in the event of a

crack occurring. Pressure gauges on each blade near the hub showed an indication during preflight

checkup [172].

In contrast to that, the dynamic strength of fiber composites is very high and the stress-life (S-N)

curves are correspondingly flat. Furthermore, nicks result in only slight reductions in the strength

and therefore these materials are ideal for the use in dynamically loaded single load path structures

such as helicopter rotor blades reducing the risk of a catastrophic failure mode [9].

Their high specific strength and stiffness combined with the possibility to manufacture complex

geometric shapes make it the most favorable choice of material [5], [80]. The high elasticity and

high fatigue strength made it possible to realize hingeless and bearingless rotor systems with elastic

substitute hinges in the blade root reducing the total mass, the number of parts, and maintenance

costs of the rotor system.
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The previously not available possibility with isotropic metal constructions, to tailor certain struc-

tural couplings into the structure gained attention in recent years, as studies showed the significant

impact on the aeroelastic behavior to improve performance, aeromechanical stability, and mini-

mize vibration [21], [41].

A large number of constraints and design drivers from various disciplines make the helicopter rotor

blade development process difficult, time-consuming, and costly.

Historically, the design and development of improved or entirely new rotor blades is conducted by

departments in a company that maintain different simulation codes for the purpose of fulfilling

their particular tasks. The aerodynamics department is responsible for performance calculations,

aero-acoustics, rotor-wake interaction, unsteady airload prediction, and computational fluid dy-

namics while the dynamics department focuses on rotor vibratory loads, stability, and aeroelastic

models [167]. The structural department determines the elastic properties as well as strength and

fatigue characteristics. A Blade and Rotor Design Department often bundle the different aspects

while considering materials, manufacturability, and maintainability. [167]

This modular approach narrows the scope of solutions because each department focuses on in-

dividual objectives satisfied by individual design parameters. Mutual interactions can only be

covered by numerous iterations.

In contrast to that, a multidisciplinary approach offers a more systematic development process

that is able to design an improved helicopter rotor [2]. Because of the impact the rotor behavior has

on the overall performance of the helicopter and on customer noticeable vibratory characteristics,

rotor aeroelastic effects should be considered in the earliest stages of the design process [140].

The entire design process represents a classical aeroelastic problem, where the aerodynamic behav-

ior, structural elasticity, and vibrational dynamics have to be studied simultaneously. The behavior

can therefore not be examined with separate analysis of the different disciplines [167]. Integrating

all significant disciplines into the design process not only implies that they constrain the design,

but also that interactions are defined and accounted for so that those disciplines influence design

decisions simultaneously rather than sequentially [2].

Adelman and Mantay [2] describe in 1989 a plan for the development of an integrated multidisci-

plinary optimization tool that is not only considering limitations from the involved disciplines but

accounting for the interactions between them and present a logical path, requirement specifica-

tions, validation, and verification procedures.

In 1991, Friedmann [49] presented a survey of multidisciplinary structural design optimization

methods applied to rotor blades in order to reduce vibrations of helicopters in forward flight. Fried-

mann summarizes the research conducted at universities, industry, and government research in-

stitutions in the United States. He concludes that an integrated multidisciplinary optimization pro-

vides the potential for significant enhancements in vibration reduction that can be accomplished

through careful preliminary design and analysis, eliminating the need for additional hardware such
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as rotor vibration absorbers or isolation systems [49].

In 1998, Tarzanin [167] reviews 12 years of experience with rotor design optimizations conducted at

BOEING. In his survey, he presents multiple approaches, objective functions, and design variables

used to develop a rotor design framework. Besides reviewing the optimization-based rotor design

process, he states future plans for development at BOEING. The primary objectives are not only

to design a rotor with improved characteristics (lower weight, lower loads, less vibration, better

aerodynamic performance, and longer life) but also to reduce design cycles and labor hours.

In summary, it can be said that in the last 25 years the endeavor has grown among the industry,

academia, and research laboratories to improve discipline integration and mathematically-based

optimization [2]. Researchers have repeatedly stated the need for a design methodology and opti-

mization framework that combines the computational efficiency of a beam description in aerome-

chanic analysis with a rotor blade structural model that is capable of describing realistic composite

rotor blade cross-sections with respect to the structural properties, applied load, stress and strain

distributions, as well as design constraints [49], [80], [97], [173].

The current state of the art involves three main components which are handled by an optimiza-

tion framework. The first of the three comprises an aeromechanical rotor analysis which includes

flexible multibody dynamics, nonlinear finite elements and several distinguished rotorcraft aero-

dynamic models. They are often referred to as Comprehensive Analysis. Examples are the widely

used Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics II (CAMRAD II)

[76] and the software Dymore [12] beyond several others. Both of these codes are presently in use

in the rotorcraft industry, academic institutions and government laboratories. The quality of the

predictions has been documented in numerous publications.

In this context, the slender characteristic of rotor blades allows the simplification to treat it as a

one-dimensional (1D) body due to the much simpler mathematical formulation and reduced com-

putational effort compared to a full three-dimensional (3D) finite element model of the composite

rotor blade [42], [175]. While the three-dimensional finite element method is the most accurate ap-

proach for realistic rotor blade simulations, it is still not suitable for the preliminary development

of rotor blades [42], [94].

In 2010, Yeo [175] assessed the different modeling methods for rotor blade structural dynamics.

More precisely, he compared 1D beam analysis using RCAS rotorcraft comprehensive analysis with

VABS calculated 2D cross-sectional mass and stiffness properties with a 3D finite element analysis

that was performed using MSC/Marc to show the differences of the two methods. He concludes that

if the beam length is greater than ten times chord, the agreement in natural frequencies at various

rotor speed between 1D beam analysis and 3D FEA is very good. As the aspect ratio decreases,

especially the torsional modes start to differentiate.
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The goal of beam theories is to describe the inherently three-dimensional structure as a one-

dimensional model which contains only sectional quantities that depend exclusively on the span-

wise variable (x1). When modeling a rotor blade as a one-dimensional beam, it is important to

ensure that the strain energy in the idealized beam is approximately the same as in an inherently

three-dimensional blade. The three-dimensional state of deformations includes not only the axial,

torsion, bending and shear deformations of the reference axis of the beam but also the warping

deformations of the cross-section. Warping refers to the in- and out-of plane deformations of

the cross-section which are much smaller than the deflections of the elastic axis. This allows the

separation of the three-dimensional problem into two parts: a two-dimensional local deformation

field of the cross section used to calculate the sectional properties, and a one-dimensional global

deformation field to calculate the blade response. Hodges et al. [71] note that Berdichevski [18]

appears to be the first in the literature to state that the geometrically nonlinear problem of three-

dimensional elasticity theory for a beam can be divided into a nonlinear one-dimensional problem

and a linear two-dimensional problem. The solution of the one-dimensional equations provides

information about the global deflections, which, together with the local deformation field, allow

the estimation of the three-dimensional stress state. [80]

In search of a beam theory that unifies all aspects of the deformation into a single system of equa-

tions and separates the three-dimensional de Saint-Venant’s problem into a two-dimensional anal-

ysis over the beams cross-section and a nonlinear one-dimensional beam analysis, the develop-

ments by Berdichevski [18] known as the Variational Asymptotic Method (VAM) were refined by

Atilgan [6], [7], Hodges [70], Yu [180], [182] and Cesnik [33] which lead to the development of the

software VABS (Variational Asymptotic Beam Sectional Analysis) for the analysis of initially curved

and twisted anisotropic beams.

The second category of methods to solve the de Saint-Venant’s problem, i.e. the elasticity solution

of a three dimensional beam loaded only at its extremities [183], follows the generalized numerical

procedure first introduced by Giavotto et al. [56]. This approach is based on the superposition of

the displacement field from two principal contributions, the motion of a reference section of the

beam and a three-dimensional in-plane and out-of-plane warping field.

The approach results in a second-order ordinary differential equation along the beam, and accord-

ing to the de Saint-Venant principle, its solution is composed of two parts: a polynomial part, which

is called the "central solution", and a self-balanced exponential part, which is called the "extremal

solution". Far away from load application points or support reactions of the beam, the extremity

solutions decay exponentially and the central solution defines the behavior of the beam [115]. This

approach led to a Fortran code HANBA (Hollow Anisotropic Beam Analysis) and was adopted by

many research groups who developed derivatives. Among them, NABSA [177] and BECAS [22], [23]

4



1.1 Motivation

are worth mentioning.

In 2010, Morandini et al. [115] proposed to remove the a priori assumption of a superimposed rigid

section motion and warping displacement to get rid of the unknown and redundant cross-section

movement to use the displacement as the only unknown of the problem. Their development led

to the Python-based open-source code for ANisotropic Beam Analysis: ANBA version 4.0 (ANBA4)

[48]. The same approach was later adopted and refined by different authors, including the work

from Han and Bauchau [14], [63] which was implemented in their software SectionBuilder, an

integral part of Dymore.

In the last 20 years, VABS, ANBA and their variations have become popular tools in rotor blade

predesign and represent the second component in multidisciplinary rotor design optimizations

[34], [140]. Their accuracy and efficiency has been validated in numerous publications [33], [48],

[182]. While a geometric definition of a rotor blade with CAD tools is supposedly technically simple,

the transfer to a finite element representation of the cross-section can prohibit automated design

optimization. Consequently, most researches have developed individual parametric mesh genera-

tors for the cross-sectional analysis, that reduces their structural model to few design variables in

the process. This constitutes the third and last component of the design problem.

Hu [73] also stated, that a significant impediment for using VABS in the industry is that the ply

angle is not readily available from the mesh generator of commercial Finite Element Analysis (FEA)

codes [24].

According to Li et. al. [94], the industry is not yet comfortable to use multidisciplinary optimiza-

tion methods because the analysis and optimization methods struggled with the performance

of predicting the behavior accurately to allow a safe and robust final design. Additionally, the

current structural rotor blade models are simplified to that extend, that a result of such a design

optimization is not precise enough and still has to be refined by manual iterations. Subsequently,

the transition to a full three-dimensional description of the result becomes a long and iterative task

once again.

The problem resides in the fact that the rotor system behavior can be very sensitive to modifica-

tions in some parameters and real problems are rarely described by a set of fixed parameters. For

example, it has been reported that the coefficients of variation of the elastic moduli of a composite

lamina can be 5 – 15% due to uncertainties associated with fiber and matrix material properties,

fiber volume fractions, fiber orientation and undulation, intralaminar voids, etc. [121]. Murugan

et al. [118] showed the effect, such aleatory uncertainties (irreducible uncertainty as it cannot be

reduced through modeling techniques) can have to the aeroelastic response of the helicopter rotor

and vibratory hub loads. A Monte-Carlo analysis revealed considerable deviations from baseline-

predictions, with its extreme value of 600% increase of vibratory hub loads because of resonance
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conditions. During the extensive studies of the HART I Rotor (Higher Harmonic Control Aeroa-

coustic Rotor Test), the importance of accurate beam properties became evident as Jung and his

coworkers [79] noticed poor agreement between predicted and measured structural loads in both

magnitudes and phases. During later laboratory testing [78], they showed a discrepancy of up to

30% for the flap bending stiffness close to the inboard blade root section compared to the pre-

designed values.

It can be concluded, that the actual blade differs from the designed blade due to uncertainties

in the manufacturing process and material properties but also because the structural model of

the current methods have to some extent an inaccurate level of detail and miss important struc-

tural components (e.g. balance and tuning masses are hardly ever captured). This is referred to

as epistemic uncertainty (can be reduced by the increased knowledge or representation of the

physics).

Considering these difficulties, the experimental measurement of the cross-sectional stiffness prop-

erties is required so that the uncertainties can be quantified experimentally, resulting in a more

confident application of analysis and optimization methods in the future. However, this also turns

out to be a substantial challenge, since no traditional experimental method is able to determine

the generalized Timoshenko 6×6 stiffness properties along an anisotropic nonuniform beam such

as a rotor blade [159]. In addition, many of the most common methods make assumptions about

partial uniformity and are able to determine only a subset of the sectional stiffness coefficients.

An overview of the most common and important experimental methods is given in section 1.3. In

spite of the importance for comprehensive analysis, the publicly available stiffness properties for

actual helicopter blades is limited and only a subset of the full sectional stiffness characteristics are

publicly available for a few existing helicopters such as the Sikorsky UH-60 [43] and CH-34 [136] or

of the HART I and II test campaign which resembles the BO-105 rotor [77], [78].

To this day, the recently presented strain based experimental methodology by Sinotte and Bauchau

[159]–[161] is the most promising technique that has the potential to meet the requirements for a

complete determination of the beam stiffness properties.

This hybrid method relies on the measurement of the surface strain field under six independent

measured load cases and combines it with a numerically determined warping displacement field.

The strain field is measured using Digital Image Correlation (DIC)- a contact-free, optical 3D defor-

mation measurement method in order to analyze and calculate deformations.

In the demonstration and study of their novel technique, they have used prismatic aluminum

and asymmetric composite beams with rectangular cross-section as well as composite beams that

resemble simplified rotor blades.
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1.2 Objectives

Although there is much untapped potential in the field of multidisciplinary rotor blade design and

optimization, I decided for this work to dedicate myself to the improvement of the necessary build-

ing blocks of such a design task. The important and fundamental problems of beam structural

analysis must be further developed and improved before meaningful numerical design methods

can be used for reliable results.

This leads to my research objectives, to improve the current situation of numerical and experi-

mental structural beam analysis for the development of helicopter rotor blades with a holistic

perspective. The technical approach to accomplish this can therefore be divided into the following

three tasks.

• Develop a generic structural finite element preprocessor for composite beam cross-sections

(SONATA) that is able to incorporate all structurally relevant components and allows a rapid

translation to a commercial CAD system, while at the same time incorporates a composite

manufacturing process to avoid complex constraints and keep the solution within feasible

bounds and thus makes it suitable for parametric analysis and multidisciplinary optimiza-

tions. The parametric approach, implementation of the finite element discretization as well

as the solver integration is to be verified using testcases from literature.

• Study the propagation of material and manufacturing uncertainties of a rotor blade on the

beam-properties, the rotating-natural frequencies, the aeroelastic response and vibratory

loads in hover and forward flight. As instruments, the previously developed structural rotor

blade model of SONATA and a comprehensive helicopter model are used to demonstrate that

improvements in numerical and experimental structural beam analysis methods are neces-

sary for the development of helicopter rotor blades and to answer the question whether

optimization potentials are eaten up by structural uncertainties.

Should the modeled material and manufacturing uncertainties have no effect on the rotor

dynamics and vibration loads, more accurate numerical and experimental methods to deter-

mine the beam properties would be obsolete.

• To evolve and expand on the hybrid experimental strain-based method by Sinotte and Bauchau

[160], [161] to experimentally determine the sectional stiffness properties of a modern fiber

composite rotor blade. The specimen is the first rotor blade specifically developed for the

Munich Experimental Rotor Investigation Testbed (MERIT) with a structure, including a thick

carbon fiber C-spar and a trim mass, that is representative of modern fiber composite rotor

blades. Furthermore, the manufacturing process resembles the current state of the art. To
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increase the significance of the results the constitutive behavior of the selected composite

materials is to be identified.

A secondary objective is derived from Sinottes [159] future suggestions to reduced the exper-

imental and postprocessing effort and required time.

These three topics define the structure of the work, in the same order, with a dedicated chapter for

each of them.
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1.3 State of Science and Technology

In line with the subdivision of the main objectives of this thesis, this section highlights the most

important research results on each specific topic, highlighting its scientific relevance.

1.3.1 Parametric Finite Element Preprocessor

In the following, an overview of the three most relevant parametric two-dimensional finite element

preprocessors PreVABS, SectionBuilder and IXGEN is given.

All of them share the common principle mentioned before, that the three-dimensional problem is

divided into a 2D cross-sectional and a 1D beam analysis as well as the common goal to develop

a model for the immediate evaluation of the aeromechanical aspects of rotorcraft configurations

with realistic composite rotor blade characteristics in the course of the preliminary design stage

[141].

PreVABS Two different parametric finite element preprocessors exist under the name PreVABS.

The older of the two [39] is a matlab code, copyrighted and commercialized by Utah State Univer-

sity, to explicitly create a finite-element discretization of rotor blade and airfoil sections for VABS.

It was used in 2010 by Chen [40] to compare different programs for the calculation of inertia and

stiffness properties of wind turbine blades. Another notable application was the development of

the rotor blades for the AREA Synchropter UAV with 3.3 m rotor diameter developed in 2015 by the

author [127], [128].

In the latter, the section curves of the outer geometry are used at various selected radial locations

to build up a structural design layer by layer. The resulting structural cross-sectional model was

subsequently analyzed with VABS for its beam characteristics (mass, center of gravity and shear

center, longitudinal, bending and torsional stiffnesses). With the recovery of the three-dimensional

stress states initial failure criteria were evaluated.

Figure 1.1b shows the structure of the AREA rotor blade at radial station R250. Certain limitations

were encountered in the modeling of the typically thick C-spar, resulting in a gap between the top

and bottom in the area of the leading edge, which has a negative effect in particular on the deter-

mination of the torsional stiffness and the shear center [128]. PreVabs uses as input parameters

airfoil coordinates, web positions and angles as well as chord-wise varying composite laminate

buildup schemes to generate a mixed quadrilateral mesh. The finite element modeling process is

accurate down to each individual composite layer, starting from the outer airfoil coordinates and

translating nodes in normal direction according to each layer thickness inward. The information
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of ply orientation, fiber orientation and ply thickness are calculated and recorded for each element

[39], [169]. The limitations come from the fact that the layers are parallel curves that contain singu-

larities when the total layer thickness is equal to the radius of curvature of a curve point, i.e. when

the parallel curve touches the involute of the given curve (close to the leading edge). Thereby, the

modeling process is separating the structure into a upper and lower side skins with no physical

connection. Another disadvantage is that the inner structure of filling foam cores, honeycomb

structures or trim masses are not regarded.

(a) UAV rotor blade. Adapted from [127] (b) AREA rotor blade cross-section at R250. Adapted from
[127]

Figure 1.1: Examples of rotor blade cross-sections modeled with PreVABS

The complete new developed preprocessor with the name PreVABS (hereinafter referred to as

PreVABS-II) is a more general and generic two-dimensional preprocessor specifically designed to

work with VABS that overcomes some of the deficiencies of the earlier PreVABS, yet is fundamentally

different as it separates the topology definition and generation from the subsequent meshing.

The toplogy generation, mesh and visualization capabilities use Gmsh [55], an open source finite

element mesh generator that leverages the openCASCADE CAD kernel.

An early approach and implementation to this idea was mentioned in the literature under the name

of VABS-GUI [73].

A cross section is composed of different components, which are either laminates or fillers. Each

laminate component is composed of one or more segments assigned to a baseline and a preferred

direction to either side of it. Layups can be assigned to a portion of the baseline by specifying a

start and an end point.

x3

line1

line2 line3
x2

wall

web1 web2

fill

Figure 1.2: Modeling methodology of PreVABS-II. Adapted from Tian et. al. [168].

The geometric definition of these baselines and points make up the wireframe skeleton of the cross

section (see figure 1.2). In this very generic approach, its cross sections can be modeled in a similar

way to a parametric CAD model. Therefore, there are many different possibilities for modeling

and decomposing models to generate the desired topology. The advantages are the large design

freedom and the robustness of the proven mesh generator Gmsh. PreVABS-II is developed by Tian

et. al. [168] in Wenbin Yu’s research group which is in the process of extending the tool chain
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through DAKOTA (Design Analysis Kit for Optimization and Terascale Applications) for design and

optimization tasks under the name iVABS (integrated VABS environment).

It is also noteworthy that Yu [182] and his coworkers have developed VABS interfaces for the com-

mercial FEA packages ANSYS and ABAQUS.

SectionBuilder In order to overcome the conflicting demands of modeling freedom and low

modeling effort with optimization suitability, Chakravarty [35], [36] decided to solve this conflict

by using two contrasting modeling approaches when developing the SectionBuilder. In the first ap-

proach "Shape Builder Approach" the cross sections are generated on predefined templates while

in the "Component Builder Approach" the cross sections are assembled from several different sim-

plified subcomponents.

The latter approach was used to represent the manufacturing process of rotor blades, where the

structural fiber composite components are manufactured in independent curing cycles and sub-

sequently joined by a bonding process. The special feature is that the individual components are

defined and meshed independently. The meshes are then connected with a mortar algorithm to

create an overall model of the cross-section. This software is fully integrated with a finite element

solver within the flexible multibody code Dymore. [11]

Figure 1.3: Methodology of SectionBuilder using an assembly of subcomponents (Component Builder).
Adapted from [11].

IXGEN So far, the methods presented have been based strictly on two-dimensional cross sections

without the propagation in the spanwise direction being taken into account. Rohl et al. [140] pre-

sented in 2012 the cross section mesh generator IXGEN (Intelligent Cross Section Generator) that

creates not only a three-dimensional surface of the rotor-blade by distributing airfoil cross-sections

in spanwise direction but also creates a three-dimensional solid body for each material layer.

It was developed with the support of the US ARMY Resarch, Development and Engineering Com-

mand (AMRDEC) by Advatech Pacific and uses OpenCascade, the open source CAD geometry

kernel to generate the 3D rotor blade geometry and the 2D cross-sectional meshes. Each cross-

section uses a predefined topology subcomponents such as spar webs, spar caps, wrap layers, etc.

that can be used as design variables during an optimization.

The design environment was applied at the University of Michigan in support of active rotor blade

research. Kumar and Cesnik [85], [86] applied the described optimization framework for the aeroe-

lastic analysis and design of an active twist rotor and showed that by using their multidisciplinary
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design optimization method, the active twist 4/rev actuator authority can be maximized.

Silva [158] stated in 2018 the plan to integrate IXGEN into an OpenMDAO Rotorcraft Optimization

Framework called RCOTOOLS which currently contains a Python interface for the NASA Design

and Analysis of Rotorcraft (NDARC) vehicle sizing tool and CAMRAD II [113].

1.3.2 Uncertainty Quantification

Over the years, there has been active research to quantify the influence of uncertainties on the

dynamic behavior of aerospace structures [38]. Pettit [126] and Beran et. al. [17] provide a thorough

overview of the quantification of uncertainties in aeroelastic analysis, design, and testing of fixed-

wing aircraft. At this time, however, there is only a moderate selection of studies directly related to

helicopter rotors. An overview of the most important references related to this work is described

below:

One of the most important and related references is the work by Li [94]. Compared to the traditional

multidisciplinary rotor blade optimization proposals, she introduces manufacturing constraints

and proposes durability and fatigue analysis in a probabilistic design method to control the impacts

of material, shape and load uncertainties on the rotor blade structural performance. By conduc-

tion Monte-Carlo simulations she showed the impacts of geometric perturbation (ply waviness on

the inner surface) and material property uncertainties for the aeroelastic behavior and the stress

distributions. She combined the Monte-Carlo simulation, generating manufacturing and service

load uncertainties, and the classical structural design method to find a robust design solution [93],

[95], [96].

The studies by Murugan et. al. [116]–[118] are the most comprehensive in recent years to inves-

tigate the effects of uncertainties in the material behavior of fiber composites on the aeroelastic

behavior of helicopter rotors.

The focus of the studies was on the investigation of material uncertainties on helicopter aeroelastic

behavior, natural frequencies, blade tip deflections, vibratory hub loads and stability. The stud-

ies contained both simplified composite box beam structural models with balanced symmetric

laminates without off-diagonal coupling relation in the beam sectional properties and the consid-

eration of finite element methods by means of the variational asymptotic beam sectional analysis

(VABS) to make more valid statements about a realistic anisotropic and inhomogeneous rotor

blade structure and thereby reducing the epistemic uncertainty [118]. A rotor, equivalent of the

BO105 [118], with a four bladed soft-inplane hingeless design is considered during the studies. The
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stochastic analysis is carried out by the means of Monte Carlo simulations.

The calculations revealed considerable deviations from baseline-predictions, with significant in-

crease of 4/rev vibratory loads in resonance conditions.

You et. al. [176] presented a similar study to assess and quantify the influence of normal dis-

tributed material properties and manufacturing uncertainties on the aerolastic response and vi-

bratory loads. The manufacturing uncertainties are accounted for by variations in ply thickness,

fiber orientation and shear-center position. In contrast to other studies, this study considered the

rotor blades to be dissimilar, which contributed to additional non-Nb/rev vibrations in the system.

Blade-to-blade dissimilarity and the possible suppression with active rotor control, such as trailing-

edge-flaps and active-twist, were studied by Roget and Chopra [139] as well as Pawar and Jung [125].

A recent study by Chatterjee et. al. [38] investigates the problem of manufacturing variability in

composite helicopter rotor blades, but instead of a Monte Carlo Simulation, using a variety of ma-

chine learning approaches.

To paraphrase Pettit’s [126] conclusion for research demands, the ultimate goal of stochastic com-

putational aeroelasticity is an efficient and accurate computation of uncertainty-based factors for

realistic structures and flight states.

For helicopters, the rotor-blade structural components have improvement potential to reduce the

epistemic uncertainty as they have been insufficiently considered in detail in the few research

contributions to date. In particular, with the exception of [117], a finite element sectional analysis

method has rarely been used to represent realistic composite cross sections and thus fully popu-

lated sectional stiffness matrices of a modern helicopter rotor blade in these studies.

A dynamically balanced design of the initial baseline configuration is equally important as the stud-

ies by Murugan et. al. [118] have already shown that otherwise small variations from the baseline

design can have a large impact on the dynamic response of the rotor. This would massively distort

the results and validity of the study. Sufficient distance of the higher harmonic eigenfrequencies to

the rotor harmonics must be ensured in the baseline design. If necessary, means must be found to

specifically influence these natural frequencies and distance them from the intersections with rotor

harmonics. Usually, this is done by the targeted introduction of additional lumped tuning masses

into the structure in such a way that the natural frequencies are a safe distance away from the

rotor harmonics. The experienced based engineering rule states that distance to be approximately

0.2/rev to obtain a robust design [171]. In addition, the uncertainty studies and their statements are

also only as valid as the original model on which they are based. A validated basis of the baseline

comprehensive models and flight states are therefore essential for the significance of the results.

This has also not been adequately addressed in previous studies.
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1.3.3 Experimental Measurements Methods of Beam Stiffness Properties

In this section, a summary of experimental procedures for the determination of the beam sectional

stiffness properties of helicopter rotor blades is given.

As mentioned before, helicopter rotor blades typically comply very well with the beam assumptions

of a long and slender structure with one dimension much larger than the other two and smoothly

varying cross-sections along its length [175]. In the following, the axis x1 of the beam is defined

along the longer dimension, and x2 and x3 define the plane of the cross-section perpendicular to

this axis.

The stiffness properties along a beam are generally expressed by a linear relationship (equation

(1.1)) between the sectional stress resultant vector F T = (F1,F2,F3, M1, M2, M3) with the axial force

F1, transverse shear forces, F2 and F3, twisting moment M1 and the two bending moments M2 and

M3 and the sectional strains ϵT
c = (ϵ1,ϵ2,ϵ3,κ1,κ2,κ3) with the sectional axial strain ϵ1, transverse

shearing strains, ϵ2 and ϵ3, twist rate κ1 and two bending curvatures, κ2 and κ3. The three forces

are the resultants of the stress distributions across the cross section of the beam, while the three

moments are evaluated with respect to the reference axis of the beam [14].



F1(x1)

F2(x1)

F3(x1)

M1(x1)

M2(x1)

M3(x1)


=



K11 K12 K13 K14 K15 K16

K12 K22 K23 K24 K25 K26

K13 K23 K33 K34 K35 K36

K14 K24 K34 K44 K45 K46

K15 K25 K35 k45 K55 K56

K16 K26 K36 K46 K56 K66





ϵ̄1(x1)

ϵ̄2(x1)

ϵ̄3(x1)

κ1(x1)

κ2(x1)

κ3(x1)


; F = K ϵc (1.1)

The symmetric 6×6 sectional stiffness matrix K on the right hand of the equation (1.1) describe

the constitutive law for the cross-section of the beam containing the desired unknown coefficients.

In general, these equations can be fully coupled so that all of the sectional strains affect the values

of each of the sectional stress resultants.

The existing measurement techniques to experimentally obtain at least partially the coefficients

of the sectional stiffness matrix can be divided into deflection, rotation and strain based measure-

ments.
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Deflection-based Methods

As the name suggests, these methods use the measured displacement of the beam subjected to

loads in order to determine the stiffness coefficients. To simplify equation (1.1), Euler-Bernoulli

assumptions are often used, which provide for beams with a high aspect ratio a sufficient accurate

result [13]. According to these assumptions, the cross section of the beam is infinitely stiff in its

own plane and thus does not deform under load. The second and third assumptions are that the

beam cross-section remains plane and normal to the deformed beam axis. Note, that the third

simplification leads to the negligence of the sectional shear deformation terms (ϵ2 = ϵ3 = 0).

With the additional exclusion of the torsional terms, the governing equations for the beam dis-

placement can be formulated as differential equations in terms of three sectional displacements,

when the sectional strain tensor is expressed in terms of the beam displacements (e.g.: κ3(x1) =
d 2ū2(x1)/d x2

1). Characteristic solutions of the second order differential equations can be obtained

for specific load cases with the knowledge of the boundary conditions.

A typical test case for helicopter rotor blades is a cantilevered fixed-free setup with a clamped blade

root that restricts both displacement and rotation (see figure 1.4a).

(a) Cantilevered bending test of the
IRI T22/T23 rotor blade with photogram-
metry. Adapted from [19].

(b) 3-point bending test of the HART-1 rotor blade. Adapted from [78].

Figure 1.4

For the cantilevered case, the following basic linear solution is obtained that relates the single force

to the displacement.

K55 =
F3,tipL3

3ū3,tip
(1.2)

The biggest drawback of the method is that the solution is heavily dependent on the boundary

conditions and that the equations are derived under the assumption that the slope at the attach-

ment is zero. The integral solution of the equation lead to the fact that slight angle variations at
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the attachment result in large deflections of the tip, leading to an underestimation of the actual

stiffness.

The second common technique is a 3-point bending test (see figure 1.4b). The blade is supported

by two rollers that restricts displacement but allows rotations, while the load is applied at the cen-

ter. Compared to the cantilevered setup, the assumption of the boundary conditions are usually

in better agreement in this case. The drawback is, that only an average stiffness between the ends

can be obtained which equals to the assumption, that the beam sectional properties are uniform

between measurement locations.

Loads are often applied by weights and deflections are measured with dials or with electromechan-

ical LVDT (Linear Variable Differential Transformer) transducers that convert the linear motion

into a corresponding electrical signal or as in the case of Bernardini et. al. [19] and Enei et. al. [46]

with photogrammetry.

Application examples of these methods can be found in the HART I [78], [79] and HART II [77] rotor

blade experiments. They obtained the flap (K55) and lead-lag bending stiffness (K66) of the blade

uniform section using the 3-point bending technique as shown in figure 1.4b. The flap bending

stiffness for the root portion of the HART I blade is determined using the mirror-method, a rotation

based technique described in the next section.

A different but also a deflection based measurement technique is used by Bernardini and Enei

et. al. [19], [46], measuring the beam displacements using photogrammetry by identifying 3D

coordinates of labeled point markers on the rotor blade surface in a series of 2D digital images. By

measuring the displacements and rotations of the rotorblade at multiple distributed locations in

a cantilevered setup (see figure 1.4a) compared to the undeformed reference case, the sectional

curvatures κ2(x1) and κ3(x1) are obtained by differentiating the displacement distribution along

the beam axis x1 two times. A polynomial interpolation was used to smooth the recovered data to

before differentiation.

The peculiarity of this method is, that it is not bound to the previous limitations and assumptions

of boundary condition and uniformity. The unknown quantities (K55,K66 and K56) evaluated with

the Euler-Bernoulli assumptions under at least two different load condition using a least square

approach.

The twist angle under torsional moment M1 is obtained through multiple measurement locations

in chordwise direction. Similarly, a polynomial fit of the torsion angle is used to obtain the twist-

rate κ1(x1) by differentiation that is directly associated to the torsional stiffness properties. Since

the twist angle is calculated from the multiple distributed point marks in chord direction, this could

also be classified under the next category of rotation-based techniques.

A very similar approach was selected for the evaluation of the inboard root section of the HART II
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rotor blades. Jung et. al [77] used Digital Image Correlation (DIC) to measure the deflection in that

region under load, used a cubic spline interpolation to differentiating the deflection curves and

associating them to the desired flap beding stiffness.

Rotation-based Methods

Instead of determining the stiffness coefficients from experimentally measured displacements,

rotation-based techniques directly measure the slope or first derivative of the displacement field

to determine the coefficients.

The most popular method is the so called "mirror method" which was first introduced by Chandra

and Chopra [37]. They determined the bending slope and elastic twist of a composite I-beam at

different spanwise stations by measuring the rotations of surface-mounted mirrors in two orthog-

onal plane. The reflection of a laser was used in this setup to detect the inclination angle.

In the setup of the experimental tests of the HART I rotor blades conducted by Jung et. al. [78] a pair

of mirrors was used in combination lasers to determine the flap bending and torsional stiffness of

the root section. In order to determine the rotor blade torsional stiffness of the CoAX 2D helicopter,

Jaksch [75] used a digital inclinometer.

(a) HART I flap bending experiment using the
mirror method. Adapted from Jung et. al.
[78]

(b) Digital inclinometer measurements to determine the torsional twist
angle. Adapted from Jaksch [75].

Figure 1.5
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Strain-based Methods

In strain-based methods, model assumptions provide the relationship between the measured

strains, a local measure of differential deformation in the structure, and the applied sectional

forces to determine the desired coefficients.

In 2018 Süße und Hajek [166] presented a method that uses axial rotor blade surface strain mea-

surements of distributed fiber Bragg grating (FBG) sensors of four glass fibers to identify not only

elastic blade deformation but also to recover the sectional bending stiffness coefficients of the

AREA [128] rotor blade at 15 instrumented radial locations.

Compared to conventional strain gauges that measure the change of resistance, FBG sensors are

optical interference filters inscribed in optical fibers that measure the strain based on the changing

reflected wavelength. They are known to have an better signal-to-noise ratio, are more fatigue

resistant and are insensitive to corrosion and electro-magnetic interference [166]. Another advan-

tage over conventional strain gauges is that a single fiber can contain multiple FBGs, reducing

instrumentation complexity and additional weight.

The instrumented AREA rotor blade has a length of 1550mm, a linear twist of 10°, asymmetrical

NACA 23012 airfoil a chordlength of 100 mm up to 0.6%R that is tapered to 60mm at the blade tip.

Four optical fibers were glued in the spanwise direction to the surface of the blade each in one of

the four quadrants of the cross-section. The orientation of all sensors was parallel to the x1 axis.

Figure 1.6a shows the instrumented AREA rotor blade in its cantilevered setup.

Süße and Hajek [166] used the kinematic assumption of Euler-Bernoulli to describe the axial strain

field ϵ11(x1, x2, x3) as a function of sectional strains and cross-sectional coordinates x2 and x3,

neglecting torsion and shear deformations. By introducing the sectional constitutive law with the

sectional compliance matrix S into equation 1.3 the relationship between axial strains ϵ11 and the

sectional forces is obtained.

ϵ11 =
[

1 x3 −x2

]
ϵ̄1

κ2

κ3

=
[

1 x3 −x2

]
S11 S15 S16

S51 S55 S56

S61 S65 S66




F1

M2

M3

 (1.3)
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By neglecting axial properties, they have simplified the equation to

ϵ11 =
[

x3 −x2

][
S55 S56

S65 S66

][
M2

M3

]
. (1.4)

The resulting system of linear equations is solved at each radial station for the unknown sectional

compliance matrix with at least two linearly independent load cases ( j ) with at least three sensor

positions (i ) by using the half-vectorization S of the symmetric compliance matrix .

ϵ
( j )
11,(i ) = A(i )SF ( j ) (1.5)

ϵ
( j )
11,(i ) = A(i )G

( j )S (1.6)

The sectional bending stiffness properties K55, K56 and K66 are finally obtained from the inverse of

the compliance matrix K = S−1.

Because the system of equations was overdetermined with the input of four FBG sensors, Süße

and Hajek [166] compared the result of different sensor configurations and a least squares solution

to each other and to the predesigned stiffness properties of the AREA rotorblade determined with

VABS [127].

Their experimental results of the lead-lag bending stiffness K66 and the coupling relation K56 are

in good agreement with the predicted VABS results along the span of the nonuniform blade. The

experimentally determined flap bending stiffness K55 is on average 15-20% lower that its predicted

values. It is assumed, that epistemic uncertainties of the preVABS description of the AREA rotor

blade and aleatory uncertainties such as manufacturing and material uncertainties are responsible

for this offset.

It can be concluded, that this strain based method is capable of determining the bending stiffness

properties of an asymmetrical and anisotropic rotor blade without assuming partial uniformity.

The advantage of the method is that in addition to the sensor signal, only the position and orien-

tation of the sensors are required, and no further input or correction by a finite element model is

necessary. On top of that, the sensor network allows the usage for structural health and load moni-

toring purposes as well as the identification of the elastic blade movements during rotor operation

[166].

Expensive sensors and high instrumentation and bonding efforts prohibit the application for serial

production monitoring of each manufactured rotor blade. However, the biggest missing element

in this method is the disregard of torsional and shear expressions. For a long slender rotor blade,

the shear terms contribute only to a small and often negligible part to the dynamic rotor behavior,

whereas the torsional behavior is essential.

19



1 Introduction

FBG sensors R360

(a) FBG strain measurements of the AREA rotor blade.
Adapted from Süße and Hajek [166]

(b) Experimental DIC setup of Sinotte with a vertically
mounted beam. Adapted from Sinotte [159].

Figure 1.6

In 2019, Sinotte and Bauchau [161] introduced an experimental approach that recognizes the in-

consistency of the Euler-Bernoulli formulation, as it cannot account for an accurate estimate of

the strain energy [14]. For instance, it is well known that the torsional behavior of beams with

non-circular cross-sections involves warping of their cross-sections [14].

Following the perspective that the nodal displacement over the beams cross-section can be de-

scribed as the superposition of a rigid section motion and the warping introduced by sectional

stress resultants, the following relationship between the strain tensor

εT = {ε11,2ε12,2ε13,ε22,ε33,2ε23} and the applied sectional forces F T = {
Fx ,Fy ,Fz , Mx , My , Mz

}
can

be expressed by the following equation, assuming that the strain components remain small.

ε̂=
[

A
(

Z S +W K̃ T
)
+BW

]
F (1.7)

The derivation of this equation can be found in the publications of Han and Bauchau and is ex-

plained in more detail in chapter 4. In [14] it is presented for an initially straight beam and is

extended for initially curved and twisted beams in [64].
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Equation (1.7) provides the governing description the problem in which the inverse of the 6×6

sectional compliance matrix S is the desired property. In figure 1.6b the experimental setup of

Sinotte [159] with a vertically mounted beam is shown, in which the sectional stress resultants F

are measured with a 6-axis load cell at the blade attachment and transformed to the desired radial

stations. During the experiments six independent load cases were applied at the tip with a set of

winches, pulleys and hanging weights [159]. The other measured quantities are the plane surface

strains ϵ11,e , ϵ12,e and ϵ22,e , the surface coordinates, which are stored in Z , and the displacements

using Digital Image Correlation. The depicted experimental setup shows the two 5 MP cameras

on an adjustable tripod. Sinotte decided to capture the specimens surface with multiple spanwise

images and to reassembled them later with the use of alphabetic markings along the span. That

way, a high spatial resolution of the surface was obtained.

The only remaining unknown component of the equation is the warping displacement under unit

loads W . What makes this methodology so unique is, that the warping displacement is evaluated

with the help of a sectional finite element model using SectionBuilder.

Equation (1.7) is transformed to give a linear system of equations of the form AS = b for each

strain location (i ) and load case ( j ) which are subsequently vertically stacked. Since the number

of required strain measurement locations is multiple times larger than the minimum required set

to solve the system of equations, the heavily overdetermined system is solved using Singular Value

Decomposition (SVD).

To demonstrate the proposed methodology, different sets of test articles were studies. A prismatic

isotropic aluminum and asymmetric anisotropic composite beams with rectangular cross-section

as well as composite beams that resemble simplified rotor blades are examined. The latter have

80 mm chord, an asymmetric VR-7 airfoil, consisting of a foam core wrapped with a single ±45◦

plain-weave ply of carbon fiber prepreg with one specimen having an additional characteristic

D-spar ±45◦ web. [159]

To capture and quantify the effects of experimental measurement inaccuracies on stiffness prop-

erties, a uncertainty quantification study was also conducted using the Taylor Series methodology.

The systematic and random errors of the load cell were obtained from calibration. The strain

measurements over reference configurations showed an error of two times standard deviation of

∼ 25 µϵ.

For the first study of the isotropic aluminum beam, a close agreement between the calculated

expected strains and the DIC measurements was demonstrated. With the exception of the lag

shearing stiffness (K22), showed all stiffness coefficients a variations below approximately < 10%

in comparsion to the analytical values. The lag shearing stiffness was significantly higher than the

analytical value and showed significant variations along the span due to a low signal to noise ratio,
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as the measured shear strain ϵ12 was only 2−4 times larger than the estimated strain measurement

noise. For the flap shear stiffness, an almost perfect agreement was visible due to the fact, that it

was almost entirely predicted by the numerical warping field.

For the composite blade with and without spar, the results showed generally good agreement

between the measured and the predicted value, although the lag shear stiffness showed again diffi-

culties with a large uncertainty term and a maximum underprediction of factor three for the blade

without the spar, while the flap shear stiffness showed good agreement presumably from the large

influence of the warping correction terms. It is also apparent from agreement of these results that

the addition of the spar is not well captured by the numerical prediction, presumably indicating a

potential discrepancy that exists between the designed and manufactured blades [160].

In conclusion of the general formulation by Sinotte and Bauchau it can be stated, that their method

allows the determination of all the stiffness matrix coefficients without assuming partial uniformity

along the span. A large signal to noise ratio of both the strain and load measurement proved

however crucial to obtain an accurate stiffness measurement. The results showed generally good

agreement between the measured and the predicted values, although the lag shear stiffness showed

the largest deviations and fluctuations from the prediction. Yet, it is noted that the shear stiffness

coefficients have insignificant effect on the dynamic response of blades and are therefore often

neglected in most comprehensive rotor analysis.

In addition to being able to determine the full cross-sectional stiffness properties, this methodology

is suitable to be integrated into a production process due to its low instrumentation overhead,

because for preparation only a stochastic pattern has to be painted on the rotor blade.

What is still missing is the study of rotor blades with a complete representative internal structure

in an experimental setup with low execution and postprocessing efforts.

These promising results motivated me to follow up and expand on this methodology in this thesis

and to investigate it for a more complex application of a realistic rotor blade structure.

Other Notable Methods

Dynamic measurements can also be used to estimate the stiffness properties. Based on the known

or assumed mass and inertia properties of the rotor blade the stiffness can be calculated from

measured non-rotating natural frequencies. These natural frequencies can be determined under

different excitations and boundary conditions with laser vibrometers or accelerometers and a

subsequent Fourier transormation [159], [166]. The disadvantages of these methods are that they

strongly depend on the boundary conditions and the assumptions of the mass distribution and
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that the determination of nonuniform properties is difficult.

In another noteworthy methodology, Jung et. al. [77], Schulz et. al. [148] and Hwang et. al. [74]

used computer tomography (CT) data of the rotor blade to reconstruct the finite element models to

determine the structural beam properties of the blade. The main disadvantage of this methodology

is that it is not a direct measurement technique and thus relies on accurate material models in both

density and constitutive behavior. Uncertainties in this context are therefore not taken into account

and the large amount of post-processing work of this technique should also not go unmentioned.
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Composite Rotor Blade Cross-Sections

Geometric and composite definitions of rotor blades can be constructed using Computer-Aided

Design (CAD) software, but converting these definitions to a cross-sectional finite element repre-

sentation can prevent design optimizations due to the associated manual modeling effort. This

is one reason why the structural rotor blade models of current predesign methods have often an

inaccurate level of detail and miss important structural elements and components of the rotor

blade.

This chapter describes the Structural Optimization and Aeroelastic Analysis (SONATA) framework,

its methodology and its fundamental principles. At its core is a parametric finite element prepro-

cessor for slender fiber composite beam structure (SONATA-CBM) that is extended to meet the

interfaces requirements of a multidisciplinary rotor-blade design optimization framework such

as an automated and parametric setup. It incorporates the structurally relevant components and

supports a rapid transition to a commercial CAD system by providing an interface, so that the

conversion to a full three-dimensional CAD description of the resulting rotor blade design does

not become a long and iterative task once again.

It essentially closes the gap between the one-dimensional beam description and the

three-dimensionality of the structure following the approach to separate the problem into a two-

dimensional analysis over the beam cross-sections (see figure 2.1). Parts of this chapter have been

published by the author in the following references: ERF2018, ERF2019A, COMPSTRUC2020.

Pursuing a common goal as the NASA’s Revolutionary Vertical Lift Technology Project (RVLT) to

provide validated tools for multidisciplinary design, analysis and optimization (MDAO) of rotor-

craft, bringing the components together to the same programming language addresses the need for

a low implementation effort at user level so they are flexible and easy to use with OpenMDAO [113].

OpenMDAO is an open-source computing module for system analysis and multidisciplinary opti-

mization, written in Python to allow the user to break down the structure of complex optimization

tasks into a hierarchic manner while managing the numerical methods [59]. SONATA has therefore
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been written in Python as well, leveraging the powerful functionalities of the Python wrapper for

the open-source CAD-Kernel Opencascade – pythonOCC[124]

The decision to develop Python modules and interfaces was additionally inspired by the idea of a

robust multi-fidelity preliminary rotorcraft design method by Wirth [174] and by NASA’s effort to

develop a Python module for existing rotorcraft design and analysis tools for the use of OpenM-

DAO referred to as RotorCraft Optimization Tools (RCOTOOLS). RCOTOOLS currently incorporates

interfaces to the NASA Design and Analysis of RotorCraft (NDARC) vehicle sizing tool and the

Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics II (CAMRAD II) [113].

Recently, Silva and Johnson [158] began integrating IXGEN into the RCOTOOLS module with the in-

tention to develop a system to evaluate aeromechanical problems for rotorcraft configurations with

representative rotor and wing structural properties in the conceptual design stage more quickly

[140].

The developments and source code of this chapter is available via the GIT repositories for SONATA1

and the open-source structural code ANAB42.

Figure 2.1 provides an overview of the components and the procedure of SONATA. Creating the ro-

tor blade model essentially starts with the initialization and global parameterization of the problem.

A common and accessible definition of the rotorblade uses a wireframe created by the distribu-

tion of airfoils along the span. The wireframe describes a linear multi-section three-dimensional

surface of the blade. The surface can also be created by means of an alternative definition or by

importing an existing 3D CAD model [145]. The next step of SONATA is the composite topology

generation of the internal structure at specified radial stations which is then discretized into a

two-dimensional finite element definition before the one-dimensional beam sectional properties,

three-dimensional strain, stress and displacement distributions are recovered.

This chapter is subsequently structured according to the steps described above and illustrated in

figure 2.1. Three different validation studies conclude the chapter. Structural beam properties are

successfully verified for both VABS and ANBA4 using isotropic circular cross-sections showing mesh

convergence and composite box beam examples from literature, thereby verifying the parametric

approach and implementation of SONATA as well as the solver integration. Last but not least, the

framework is used to evaluate a fully resolved highly flexible wind turbine blade with initial twist

and curvature.

1http://gitlab.lrz.de/HTMWTUM/SONATA
2https://bitbucket.org/anba_code/anba_v4
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2D cross-sectional discretization (x3.5)

Wireframe

3D Blade Surface

2D cross-sectional topology (x3.5)

1D beam
sectional properties

Figure 2.1: General Methodology of the parametric finite element preprocessor for composite rotor blade
cross-sections (SONATA). The depicted example is a 15 MW wind turbine rotorblade which
dataset was provided by NREL [48]. The 2D cross-sectional topologies and discretizations are
magnified by a factor of 3.5 for better visualization.

27



2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

2.1 Initialization and Parameterization

The global right-handed coordinate system is called the blade reference frame with the unit vectors

denoted xr , yr and zr in figure 2.2. xr is pointing in the beam direction. zr is pointing upwards so

that in the case of a counter-clockwise rotating rotor blade, the resulting yr axis is pointing towards

the leading edge.

xr

yr

zr

chordline

blade ref. curve

beam ref. curve

yL

xL

zL

twist-axis location

Θt w

Figure 2.2: SONATA blade and beam definition

The local coordinate systems (CBM frames) denoted with subscript L, are defined for each struc-

tural two-dimensional cross-section that is modeled. The stiffness and inertia properties of the

beam are evaluated with respect to the local CBM-frame. The unit vector of the local CBM frame

xL is tangent to the arbitrarily initially curved and twisted beam reference curve. The unit vectors

yL and zL are in the plane normal to the beam reference curve. The user can decide if he wants to

rotate the local coordinate system about xL so that yL is pointing towards the leading edge parallel

to the chordline.

The global one-dimensional beam and two-dimensional cross-sectional analyses are inherently

connected. It is therefore important to ensure that coordinates from the two separate analyses

are consistent [68]. Yu [179] showed that the effects of an oblique cross-sectional plane may be

accounted for, but it has only proven to work with the classical Euler-Bernoulli theory and not

with the generalized Timoshenko theory. Therefore, the cross-sectional analysis in this work is

performed in a plane normal to the beam reference line. Figure 2.2 depicts the situation of the

curvilinear coordinates assuming that the cross-sectional plane is normal to the beam reference

line. Yet, the user is free to choose to rotate the curvilinear coordinates along xL (e.g., so that the

coordinates follow a initial twist κ1 of the rotor blade).
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2.1 Initialization and Parameterization

The outer shape of the structure is either predefined by a 3D surface component and imported

from a CAD file as STEP file format or defined as wireframe through a collection of airfoils or any

other arbitrary closed curve. In the latter, the curves are projected along the xR -axis, translated to

the non-dimensional twist-axis location, rotated by the twist angle,Θt w , around xR and scaled to

the desired size. The grid points of the wireframe are created by a minimal set from the information

of the input parameters along the radial x coordinates. SONATA input files are defines using the

YAML syntax. For the definition of the outer shape it provides twist, chord, twist-axis location,

airfoil definitions and the beam and blade reference curve along the radial non-dimensional grid.

When generating the wireframe based on the minimal set of input parameters and not all radial

sections are specified with an airfoil, intermediate airfoils are generated by translating coordinate

points p1(s) of airfoil 1 in the direction of vector v(s) = p2(s)−p1(s) towards airfoil 2. The magnitude

of the translation is the vector’s magnitude multiplied by factor k, leaving the following relation:

p3(s) = p1(s)+k
[
p2(s)−p1(s))

]
. (2.1)

The resulting wireframe describes a surfaces or loft that is generated by linearly connecting the set

of sections as illustrated in figure 2.3c and 2.3d.

(a) MERIT rotor blade surface [130] (b) AREA rotor blade surface [128]

(c) UH-60A rotor blade surface. Adapted from [132] (d) Generic windturbine blade surface. Adapted from [48]

Figure 2.3
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2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

The internal structure can be defined at specific cross-sections of interest. At those locations the

two-dimensional finite element model is generated in the yL-zL plane normal to the beam’s ref-

erence curve. Figure 2.2 illustrates, that in the case of an curved beam reference curve, the local

cross-section and corresponding coordinate-system doesn’t coincide with the global reference

frame and thus the surface is intersected with the yL-zL plane to obtain a closed curve.

The two-dimensional finite element preprocessor SONATA-CBM originates from such an arbitrary

closed curve. Besides obtaining it from the description above, it can also be obtained in the form

of a coordinate table or a 2D parametric curve from a STEP file input.

2.2 Cross-Section Composite Topology

The method for generating the internal cross-sectional topology was inspired from composite man-

ufacturing processes, where layers are placed on top of each other in negative molds consecutively

from the outside to the inside of the blade. The motivation behind it is to avoid complex boundary

conditions and constraints in an optimization and to keep the resulting solution in the viable solu-

tion space. At the same time, enabling a detailed and realistic representation of the cross-sectional

layup with many design freedoms not restricted to predefined topologies.

Each layer is described by its thickness, start and end location, a fiber orientation and an assigned

material. After the layup on top of the outer boundary closed curve is completed, webs are intro-

duced and subsequently new closed curved geometries are generate where the layup procedure is

repeated. The first segment (labeled Nb. 0) includes the layup attached to the original boundary

curve. Following segments are based on the newly generated closed geometries and are ordered

subsequently from the leading edge to the trailing edge, separated by webs attached to the inner-

most layer of the first segment. Remaining cavities can be filled with a core material and additional

trim or tuning masses can be inserted afterwards.

At first, the outer boundary curve, represented as counterclockwise set of consecutive B-Splines, is

defined in curve coordinates s between zero and one. Multiple connected B-Splines (BSplineLst)

are used to account for discontinuous features such as corners and edges. The origin is typically

located at the trailing-edge (TE). If no origin is specified, it is the point of intersection of the y-

axis rotated by Θt w with the origin curve located farthest to the left (−yL). The curve coordinate

system propagates through the layers with an interval tree structure. It allows to efficiently find the

intervals/layers that overlap and locate the corresponding coordinate for each layer.
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2.2 Cross-Section Composite Topology

Figure 2.4 illustrates the idea of the interval-tree structure by showing a minimal example for the

layup of table 2.1. There are four layers in total. The first (#1) spans the entire range of coordinates

from 0 to 1. Note that the last layer (#4) partially overlaps the second (#2) and third (#3).

Layer # sstart send

1 0 1
2 0.1 0.9
3 0.2 0.6
4 0.3 0.8

Table 2.1: Minimal layup definition of figure 2.4.

The first plot of figure 2.4 shows the layup as it was defined with assigned colors. The initial closed

curve segment boundary is displayed as black bar ranging from zero to one.

The middle plot shows the relevant part of the cumulated boundaries by trimming them into their

relevant part. In other words, the colors of the layers whose information and BSplineLst are needed

to create this layer are shown. For example: to create layer #4 from sstart=0.3 to send=0.8, the B-

splines of layer #3 from s=0.3 to s=0.6 and from s=0.6 to s=0.8 of layer #2 are needed. The final

segment boundary represents the resulting final interval from 0 to 1 that is created after the last

layer. This is particularly important when new internal segments are generated based on the first

segment. That is always the case when, after completion of the first segment, webs are introduced

into the structure.

The bottom plot shows the same procedure with the inverse direction. This is needed for the later

meshing procedure as this propagates in a reversed manner through the layup. Starting at the

top layer and propagating to the bottom. The grey bar represent regions on the layer where no

predefined nodes are translated from the layer above. Analog to this, the colors correspond to the

layer from which mesh information is passed down. More about this in section 2.3. It is important

to note that the end coordinate does not have to be larger than the start coordinate so that the

layers can be placed in the rear part of the section.

Each layer is generated by the following consecutive steps.

1. Determine the relevant underlying BSplineLst between start and end coordinate of the layer

using the interval tree data structure.

2. Discretize the BSplineLst and perform an parallel offset to return an approximate represen-

tation of all points with a given thickness of each layer.

3. Generate a new BSplineLst by interpolation and add smooth layer cutoffs to connect the

lower and upper BSplineLst if necessary.

31



2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

Segment Boundary
Layer 1
Layer 2
Layer 3
Layer 4

Layup

Layer 1
Layer 2
Layer 3
Layer 4

Final Segment Boundary

Relevant Cumulated Boundaries

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Layer 1
Layer 2
Layer 3
Layer 4

s coordinate [-]

Inverse Relevant Cumulated Boundaries

Figure 2.4: Illustration of the resulting cumulated boundaries of the intervaltree structure.

s = 0

s = 1
s = 0.6 s = 0.8

chordline
xL

3xL
2

xL
1

offset B-spline set
ply cutoff

Figure 2.5: Definition of the local reference coordinate system (L) and the s-coordinates along the arc of an
outer shape for a beam or blade cross section.

If the newly generated layer is closed and therefore defined from s=0 to s=1, the origin is detected

by searching for an orthogonal projection of the origin of the previous layer. If no projection is

found it takes the closest neighbor of the discrete offset points. The resulting BSplineLst of the layer

is subsequently reordered accordingly. The other case is that the layer ends at an arbitrary location,

so a connection must be established between the new offset BSplineLst and the original BSplineLst.

Different layer cutoffs were investigated and implemented to connect the lower and upper BSplineLst

including a stepped, linear, round and a S-shaped termination. The round cutoff was selected as
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2.2 Cross-Section Composite Topology

default for all further studies because it best represents the manufacturing process and smoothing

characteristic when multiple plies are stacked on top of each other in a scarfed region. In most

manufacturing processes, the edges of composite plies will be rounded under the influence of

pressure and temperature, which is why a shafted laminate made of several plies will not have a

sharp step structure, but a smoothed transition (see figure 2.5).

In this case, a quadratic Bézier-Spline describes the cutoff with three control points. The first and

last control points are the endpoints with one at the lower spline and one at the trimmed upper

spline. The cutoff depth is a function of layer thickness. The intermediate control point responsible

for the curvature is extended in the tangential direction of the upper spline by 50% of the layer

thickness (0.5t v̂ , with the thickness t and the normalized tagential vector v̂).

The following methodology is shown with the example of a generic UH-60A composite rotor blade

with twist, planform, airfoil and chordline information from Davis [43] as described in recent

publications ERF2018, ERF2019 and shown in figure 2.3c.

Figure 2.6 represents a generic example of a composite blade cross section. It demonstrate the

topology capabilities of SONATA and accounts for the most common topology requirements for

rotorcraft blades, including skin layers, erosion protection, a C-spar with filled cavities and an

added circular trim mass, a box beam, honeycomb core and trailing edge reinforcements. The

input parameters are summarized in table 2.2 and 2.3.

sstart send trim mass
web 1 s [-] 0.5018
0.43 0.57 t [m] 7.5×10−3

web 2 ∅ [m] 9.5×10−3

0.32 0.68 mat. ID 14

Table 2.2: Web and trim mass definition of figure 2.6 and 2.7

2 3

curve coordinate s

web2 pos1: 0.30web1 pos1: 0.43

web1 pos2: 0.57 web2 pos2: 0.70

origin

TE filler start: 0.96

trim mass

layup direction

1

0

s = 0

s = 1

Figure 2.6: Topology definition of a generic composite UH-60A rotor blade cross section.

The first set of layers are grouped into Segment 0. The first layer generated is a steel erosion pro-

tection strip that ranges from coordinate 0.44 to 0.56 with a thickness of 0.82mm. Because of the

isotropic material used, the orientation can be neglected for this layer. The material ID represents

a reference index of an associated material database. The next 4 layers define the skin of the rotor

blade placed in both 0◦ and ±45◦ orientation on top of each other. The layers Spar 1 to Spar 7
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2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

sstart send thickness [m] orientationΘ3 [◦] mat. ID name
Segment 0
0.44 0.56 0.82×10−3 0 7 Erosion Strip
0.00 1.00 0.25×10−3 0 8 Overwrap Ply 1
0.00 1.00 0.25×10−3 ±45 8 Overwrap Ply 2
0.00 1.00 0.25×10−3 ±45 8 Overwrap Ply 3
0.00 1.00 0.25×10−3 0 8 Overwrap Ply 4
0.45 0.55 1.00×10−3 0 2 Spar 1

...
...

...
...

...
...

0.48 0.52 1.00×10−3 0 2 Spar 7

Segment 1 (filler material: 3)
0.00 1.00 0.80×10−3 45 2 Spar 8
0.00 1.00 0.80×10−3 -45 2 Spar 9

Segment 2
0.00 1.00 1.35×10−3 0 9 Spar Cap Ply 1
0.00 1.00 1.35×10−3 45 9 Spar Cap Ply 2
0.00 1.00 1.45×10−3 -45 9 Spar Cap Ply 3
0.00 1.00 0.50×10−3 90 9 Spar Cap Ply 4

Segment 3 (filler material: 11)
0.96 0.04 0.8×10−3 45 8 TE Filler

Table 2.3: Layup definition of figure 2.6 and 2.7

are unidirectional carbon fiber composite layers that generate a C-spar with a ply drop-off in the

leading edge region of the cross-section.

Once the first set of layers (Segment 0) has been created, webs are introduced to the structure.

They are defined in this example as a straight line between two positions. The first web ranges from

coordinate 0.43 to 0.57 while the second is placed behind from 0.30 to 0.70.

The three newly generated closed curved geometries are used to repeat the layup procedure. Dur-

ing the manufacturing process this translates to a process of wrapping plies around a core. A core

material is assigned to Segment 1 and 3 that fills up the remaining cavity. Segment 2 consists of

four carbon fiber layers of different orientation from 0 to 1 to generate a hollow box spar.

After the layup is defined a trim mass can be placed on top of the existing layers and will be inte-

grated into the structure during the discretization. Table 2.2 shows the current parameterization

of the trim mass. In this case, the curve coordinate s on the outer boundary curve is used together

with a normal distance to define the position of the center of the circle with the specified diam-

eter ∅. Some rotor blades have triangular or semicircular trim masses to move the weight even

closer to the leading edge to influence the center of gravity even more efficiently. Although it is not

yet implemented in the parameterization, the shape of the trim mass, which will be mapped into

the structure later during meshing, can be chosen arbitrarily.
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2.3 Discretization

Research at the National Renewable Energy Laboratory (NREL) by Mendoza et al. [110] extended

the functionality to include a parametric curvature variable of the shear web by defining it as a

quadratic Bézier spline. While the first and the last control point remain fixed on the layup of

segment 0, the control point in the middle is changed by the input value curves the web. They

implemented the addition in order to study innovative inflatable blade concepts for wind turbine

blades.

2.3 Discretization

Once the cross-sectional topology has been generated, while respecting the layup definitions, the

finite element discretization of the mesh follows in a reversed order – from the inside to the outside.

Each layer is meshed by orthogonal projections with corner style differentiation. Figure 2.8 shows

the first six cornerstyles that are currently implemented while figure 2.7 shows the final result of

the described procedure.

lead balance mass

steel erosion protection

IM7 carbon box spar


0◦

45◦
−45◦
90◦



ROHACELL 51 foam core

plascore honeycomb
e-glass trailing edge filler [±45◦]

CG: Mass Center
GC: Geometric Center
TC: Tension Center
SC: Shear Centere-glass skin


0◦

45◦
−45◦

0◦



IM7 carbon LE spar [0◦]

Figure 2.7: SONATA-CBM discretization of a generic composite UH-60A rotor blade cross-section in refer-
ence to [140] to illustrate the modeling capabilities.

As figure 2.5 illustrates, each layer is described by two BSplineLst, the inner aBSplineLst and outer

bBSplineLst . The nodes placed on them are called accordingly anodes and bnodes. The following

procedure is applied to each layer, starting at the innermost, and moving outwards.

1. Based on the inverse relevant cumulated boundaries of the intervaltree structure of the layup

(see figure 2.4) the existing anodes are determined. If sections on the absplines are found with

no preexisting nodes (grey), new nodes are generated and distributed equidistantly on each

B-Spline of the BSplineLst, thus respecting the corners of it. The equidistant spacing of

the nodes is defined by a global length measure (l). The user can control the width and

resolution quality of the elements by this length measure with the resolution parameter (res).

The resolution parameter describes approximately the number of points on the original
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2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

curve of segment zero (L0). This results in the following inverse proportional relationship:

l = L0/res.

2. Orthogonal projections of each anode onto the bBSplineLst are created. If two or more projec-

tions are found within the default tolerance of 1.01 times the layer thickness, angle of the

potential cornerα is determined and the number of potential bbsplines corners between them

is identified.

3. Based on a critical angle αcrit and the number of exterior corners the corner-style and as a

consequence the meshing procedure is determined. In figure 2.8 the first 6 different corner

styles are shown.

4. After all nodes are placed on both sets of B-splines, they are connected to form cells with

associated material and ply angles, producing quadrilateral cells as the common structural

grid. The ply cutoff generates triangular cells.

5. In subsequent steps sharp cells, large aspect-ratio cells and cell angles are modified to im-

prove mesh quality.

Cornerstyle 0 represents the case when two or more orthogonal projections are found but no

exterior corner is present. The corresponding bnode is defined by the intersection of the bisecting

vector between the first and last orthogonal projection point.

Cornersytle 1 is self-explanatory. The exterior corner on bBSplineLst represents the corresponding

bnode to the identified corner node.

Cornerstyle 2, determines the desired bnode by using the mid point between the two orthogonal

projected points to create a straight line. The intersection with the bBSplineLst defines the remaining

bnode.

Analog to Cornerstyle 1, Cornerstyle 3 is defined by using the exterior corner as the missing bnode

to form a quadrilateral cell.

Cornerstyle 4 and 5 use the multiple exterior corners to form quadrilateral cells. Cornerstyle 4

creates the missing node analog to Cornerstyle 2 by using the mid-point projection.

If the angle α of one corner is below αcr i t (default 50◦) the sharp corner is improved by placing

equidistant nodes (middle nodes) on the connecting line between the two corner nodes (see figure

2.9). Similar orthogonal projections create front and back nodes to define new cells.

Since the mesh propagates from the inside to the outside, there is an inevitable elongation of the

elements in areas of strong curvature, which increases from layer to layer. If the aspect ratio reaches
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2.3 Discretization

α>αcr i t

(a) Cornerstyle 0:
α>αcr i t and no exterior corner
on bBSplineLst

α>αcr i t

(b) Cornerstyle 1:
α > αcr i t and one exterior cor-
ner on bBSplineLst

α<αcr i t

(c) Cornerstyle 2:
α<αcr i t and no exterior corner
on bBSplineLst

α<αcr i t

(d) Cornerstyle 3:
α < αcr i t and one exterior cor-
ner on bBSplineLst

α<αcr i t

anodes

bnodes

(e) Cornerstyle 4:
α < αcr i t and two exterior cor-
ners on bBSplineLst

identified corner

additional nodes

(f ) Cornerstyle 5:
α< αcr i t and three exterior cor-
ners on bBSplineLst

Figure 2.8: Cornerstyles 0 to 5 between two sets of B-Splines, the inner aBSplineLst with the anodes and the
outer bBSplineLst with the bnodes.

the default limit of 1.8, the cell is broken up into three triangular cells.

The same effect happens in concave region but with the opposite effect to decrease the aspect ratio

and causes the cell size to decrease. Therefore, when the node distant reaches a certain threshold,

the nodes of close vicinity are merged.

As soon as every layer of the segment is meshed, the remaining cavities are triangulated with an

area constraint. It uses the Triangle module, which is a python wrapper around Jonathan Richard

Shewchuks [156] two-dimensional mesh generator and delaunay triangulator library. The starting
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2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

α<αcr i t

middle nodes
front and back nodes

Figure 2.9: Sharp corner modification

point and boundary for the triangulation are all nodes that are on the innermost boundary of the

generated topology.

After the mesh has been generated for every segment, the cells are consolidated on web inter-

faces to make sure that no hanging nodes remain in the mesh. A node matching matrix N M is

created, based and sorted on the individual node to node distances of the layers left and right of

the web. Remaining cells with hanging nodes are split. Identified quad cells, that are intersected

by the hanging nodes, are split into a triangle and a quad and an identified triangle cell into two

triangles.

An optional and final step integrates geometrical shapes in the existing mesh. As described,

SONATA currently supports the use of circular trim masses which can be modified to other ar-

bitrary geometries. The corresponding algorithm to map existing nodes onto the contour line of a

specified shape is schematically illustrated in Figure 2.10a.

In preparation, all cells that are intersected by the contour, or are positioned completely inside, are

identified and marked according to the number of nodes located inside the contour. During step 1,

the inner nodes of each cell marked with 1 (i.e., one node of that cell is inside the shape) is moved

along the cell edge with the shortest distance to the intersecting curve. The second step moves

the remaining inner nodes of cells marked 2 along the shortest edge direction onto the intersect-

ing curve. Finally, step 3 moves the outer nodes of cells marked with 3 along the edge direction

onto the intersecting curve. Once the process in completed, inner cells marked with 3 and 4 are

deleted. A new unstructured mesh is created by using the boundary nodes as starting point for the

triangulation inside the shape and allocated them the defined material properties.

Following the VABS layup convention [178], three coordinate systems are present within the defini-

tion of each element. The local beam coordinate system (xl , yl , zl ) as defined in figure 2.2 at which

the beam properties are evaluated.

The intermediate ply coordinate system (xp , yp , zp ) as illustrated in figure 2.11 is formed by rotating
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(a) Schematic representation of the algorithm

lead trim mass

steel erosion protection

e-glass skin


0◦

±45◦
±45◦

0◦


IM7 carbon LE spar [0◦]

ROHACELL 51 foam core

(b) Leading edge region of figure 2.7 showing the scarfed
ply drops of the C-Spar and the integration of a circular
trim mass into the existing mesh.

Figure 2.10: Schematic representation and application of the mapping algorithm to embed arbitrary curves
into an existing mesh.

the cbm coordinate system (xl , yl , zl ) about xl by the amount of θ11 so that yp is parallel to the

underlying layer. The ply angle for triangulated unstructured components remain zero.

The material coordinate system (xm , ym , zm) is defined by rotating the ply coordinate system by

the amount of θ3 about zp . The material or fiber orientation angle θ3 is defined by the layup table

(see table 2.3) between -90° and 90°.

xp

zp

Θ3
xl

zlzm
xm ylym

Θ11
yp

Figure 2.11: Local coordinate system definition adapted from [178]

Each cell that is created in the discretization process is associated with a material, which elastic

constants are always expressed in material coordinates. It can either be isotropic with as few as two
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2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

elastic constants, orthotropic with 9 independent elastic constants or general anisotropic with as

many as 21 elastic constants. The mass density ρ, coefficients of thermal expansion and strength

characteristics complete the material description. Strength characteristics are of particular rele-

vance when failure criteria are applied to subsequent analysis.

SONATA is further capable of splitting quadrilateral cells into two triangular cells. This is especially

useful for the ANBA4 solver that consistently requires either quadrilateral or triangular elements

but does not support the combination of those.

2.4 Applications

With its generic architecture, the application of SONATA, although specifically designed for this

purpose, is not limited to helicopter rotor blades. Rather, it allows a much wider range of appli-

cations for fiber composite beams. As long as the cross-section is closed, an almost unlimited

variety of composite structures can be realized. By small changes in the software architecture, the

methodology can be extended to open cross sections in the future.

In figure 2.12 a few application examples are shown. It starts with a rectangular box beam, the sim-

plest cross sections used for validation and mesh convergence studies. The second cross-section

in figure 2.12b shows a truly generic example, which illustrates the possible curvature of a web.

Furthermore, the round contour was placed in the triangulated area. In this example it is also clear

that the cell height always corresponds to the layer thickness. If very thick layers are used to create

the topology, it often results in very stretched cells. In the area of the greatest curvature of these

layers, the cells are divided based on the aspect ratio of the cell edges, to prevent further growth

or shrinkage as the discretization algorithm propagates through the layup. Figure 2.12c shows a

symmetric helicopter rotor blade that uses a very distinctly pronounced C shaped spar in combina-

tion with a reversed D shear web. The skin and the shear web are composed of 3 layers ±45◦ twill

weave carbon fiber reinforced plastic. The spar of unidirectional material in axial direction shows

the propagation and smoothing of the ply cutoff. In this example, the quadrilateral elements of the

layup were split into triangular elements to ensure a common element type across the mesh.

The last example, shows the full potential of the methodology, by incorporating the most common

topology requirements from rotorcraft or wind turbine blades. It essentially combines the topology

features of the generic composite UH-60A rotor blade cross-section of figure 2.7 in the front with

shear webs and spar-caps similar to the ones found in wind-turbine blade architectures. In this

example, the rear shear webs contain a triangulated area that is created by two webs front and aft

of the yellow triangulated cavity.
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plemented by Feil [48])xL
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(c) Generic C-spar rotor blade cross-section with shear web and trim mass
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(d) Generic windturbine rotor blade cross-section with multiple shear webs, spar caps, trailing edge filler, etc. Adapted
from [48]

Figure 2.12: Application examples of SONATA

Because every parameter of the described procedure can serve as design variable in later optimiza-

tions or numerical studies, it is often helpful to develop a surrogate model of the selected topology

architecture. Bortolotti and Feil at the National Renewable Energy Laboratory (NREL) in Boulder,

Colorado therefore developed a surrogate format that groups and handles the complex architec-

ture and reduces a wind-turbine specific architecture to fewer design variables that can be defined

globally along the radius.

2.4.1 Beam Sectional Properties

SONATA has been implemented to either use the commercial solver VABS or the open-source solver

ANBA4 [48], [115] to solve the two-dimensional local deformation field in a cross-sectional analysis

to reduce the three-dimensional problem to a nonlinear one-dimensional beam analysis.

VABS and ANBA4 use the finite element mesh of each cross-section, with all details of its geome-
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2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

try and materials, as inputs to calculate the cross-sectional properties of the beam, that includes

the sectional stiffness properties and the inertia properties. These properties are required for per-

forming a one-dimensional beam analysis to predict the global behavior of the slender structural

component. From sectional loads or on the basis of the global behavior of the beam the three-

dimensional displacement, strain and stress distribution within the structure can be recovered in

both the local cross-sectional frame and the material frame [178]. Details about the recovered beam

properties, postprocessing functionalities and the result evaluation within the SONATA framework

are given in this section. Studies in this work were conducted with VABS version 3.4 [178] and

ANBA4 (i.e, ANBA version 4.0).

The sectional properties of the beam are defined in the local CBM coordinate system denoted with

subscript L, which is attached to the beam reference curve, as illustrated in figure 2.2. Axis xL is

tangent to the curve, and yL and zL defined the cross-sectional plane. The geometry of the beam is

defined by the beam reference curve.

The symmetric 6×6 sectional stiffness matrix, K , relates the sectional strains ϵT
c = (ϵ1,ϵ2,ϵ3,κ1,κ2,κ3)

with the sectional axial strain ϵ1, transverse shearing strains, ϵ2 and ϵ3, twisting rate κ1 and two

bending curvatures, κ2 and κ3 to the stress resultant vector F T = (F1,F2,F3, M1, M2, M3) with the

axial force F1, transverse shear forces, F2 and F3, twisting moment M1 and the two bending mo-

ments M2 and M3. The three forces are the resultants of the stress distributions across the cross

section of the beam, while the three moments are evaluated with respect to the reference axis of

the beam. The inverse of the sectional stiffness matrix, i.e. S = K −1, is the symmetric sectional

compliance matrix. [11]

F1

F2

F3

M1

M2

M3


=



K11 K12 K13 K14 K15 K16

K12 K22 K23 K24 k25 K26

K13 K23 K33 k34 K35 K36

K14 K24 K34 K44 K45 K46

K15 K25 K35 k45 K55 K56

K16 K26 K36 K46 K56 K66





ϵ1

ϵ2

ϵ3

κ1

κ2

κ3


; F = K ϵc (2.2)

If the cross-sectional properties are to evaluated at a different location and coordinate systems (p)

other than the beam reference frame from figure 2.2. It can be transformed with a translation and

rotation of the second order tensors by applying the motion tensor Cp . [159].

Kp =C T
p K Cp ; with Cp =

[
Rα r̃p Rα

0 Rα

]
(2.3)
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The motion tensor is composed of the rotation matrix Rα and the skew-symmetric representation

of the two-dimensional position vector r̃p .

Rα =


1 0 0

0 cos(α) −sin(α)

0 sin(α) cos(α)

, r̃p =


0 −zp yp

zp 0 0

−yp 0 0

 (2.4)

It is of frequent interest to the engineer that in addition to the stiffness matrix of the cross section,

beam characteristics such as the tension center, the principal axes of bending, the shear center

location and the principal axes of shear are recovered.

The symmetric 6×6 sectional stiffness matrix contains this additional information. The so-called

tension center or centroid of the cross section is the location where an applied axial load in the

direction xl induces no bending moment (K15 = K16 = 0) [159]. It’s location with respect to the

beam reference coordinate system is determined from the following components of the sectional

stiffness matrix K :

xt2 =−K16

K11
, xt3 = K15

K11
(2.5)

By definition, the principal axes of bending are such that the bending coupling relation K56 = 0 [13].

This results in equation (2.6) for the alignment of the principal bending axes.

αpb = 1

2
tan−1

( −2K56

K66 −K55

)
(2.6)

If the stiffness matrix is now evaluated in a coordinate system at the location of the tension center

and with its orientation with respect to the bending principal axes, the terms K16, K15 and K56

all become zero and the corresponding principal stiffnesses in the transformed frame reach a

maximum and a minimum, respectively.

The torsional deformation generated by the transverse shear forces F2 and F3 vanishes, when the

transverse loads are applied at the shear center. Or in other terms, if the sectional stiffness matrix

is evaluated at the shear center, the coupling relations between transverse shear and torsion must

become zero (K24 = K34 = 0). It’s location is defined as:

xs2 =−K22K34 −K23K24

K22K33 −K 2
23

, xs3 = K23K34 −K33K24

K22K33 −K 2
23

. (2.7)

Analog to the principal axes of bending, the principal axes of shear are defined such that the

coupling relation K23 vanishes under the following rotation of the coordinate system

αps = 1

2
tan−1

( −2K23

K22 −K33

)
. (2.8)

43



2 Parametric Finite Element Preprocessor for Composite Rotor Blade Cross-Sections

At a coordinate system, located at the shear center with its orientation with respect to the principal

axes of shear, the terms K23, K24 and K34 all become zero and the corresponding principal shear

stiffnesses reach again a maximum and a minimum.[159]

For a complete characterization of a beam cross-section, the mass and inertia properties are re-

quired in conjunction with the stiffness properties. The relationship between the sectional linear

velocities (v1, v2, v3) and angular velocities (w1, w2, w3) to the sectional linear and angular momen-

tum vector P T = {
p1, p2, p3,h1,h2,h3

}
is described with respect to the beam reference coordinate

system by the symmetric 6×6 sectional mass matrix M with the following form: [11]



p1

p2

p3

h1

h2

h3


=



m00 0 0 0 m00x3m −m00x2m

0 m00 0 −m00x3m 0 0

0 0 m00 m00x2m 0 0

0 −m00x3m m00x2m m11 0 0

m00x3m 0 0 0 m22 −m23

−m00x2m 0 0 0 −m23 m33





v1

v2

v3

w1

w2

w3


; P = MV

(2.9)

The entries are described by the surface integral over the cross-section with the distinctive material

density ρ. m00 is the sectional mass per unit span. x2m and x3m describe the location of the

sectional center of mass. m22 and m33 are the sectional mass moments of inertia per unit span

about the yl and zl unit vectors. m23 is the cross-product of inertia and m11 = m22 +m33 the polar

moment of inertia per unit span.

m00 =
∫
A
ρdA,

m00x2m =
∫
A
ρx2dA,

m00x3m =
∫
A
ρx3dA

m22 =
∫
A
ρx2

2dA,

m33 =
∫
A
ρx2

3dA,

m23 =
∫
A
ρx2x3dA

(2.10)

2.4.2 3D Strain, Stress and Displacement Analysis

The classical application in a multidisciplinary rotor blade design, analysis, or optimization is to

perform a modal analysis or aeroelastic analysis in the time domain after determining the beam

properties of the rotor blade. In the latter, for example, load cases and flight conditions are calcu-

lated and, for this purpose, the vibration behavior, elastic blade deformation and internal forces are

determined. The one-dimensional sectional forces along the beam F (xl ) are the input values for
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the evaluation of the three-dimensional strain, stress and deformation states in the cross section.

Figure 2.13 shows the recovered axial strain field ϵ11,L of the generic UH-60A rotor blade under a

pure flap bending moment of M2 = 1000 Nm. Under the same load case, the in-plane warping

displacement of the cross-section is shown. To illustrate the effects for this example, a magnifica-

tion factor of 100 is used. Besides recovering the warping displacements of the cross-section, the

warping derivatives are recovered as well when using ANBA4.

-200 -100 0 100 200 300
ϵ11,L [µm/m]

Figure 2.13: Axial strain field (ϵ11,L) of the generic UH-60A rotor blade under pure flap bending moment
M2 = 1000 Nm.

Defining the strength of a material in conjunction with its elastic properties makes it possible for

failure criteria to predict its safety factor (SF) as well as possible failure modes. For this purpose,

already existing composite modules by João Paulo Bernhard [20] were adapted and implemented.

The safety factor and the failure mode can currently be calculated according to the layer-wise

two-dimensional maximum-stress, maximum-strain, Tsai-Wu and Hashin criterion for composite

materials and according to the von Mises yield criterion for isotropic metallic components at which

failure of the component occurs when the strain energy exceeds a limit value.

Figure 2.14: In-plane warping displacement of the generic UH-60A Rotor Blade under pure flap bending
moment M2 = 1000 Nm. The warping displacement is magnified by a factor of 100 for better
illustration.
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2.5 Validation

Parts of this section were developed as part of a collaboration between the National Renewable En-

ergy Laboratory (NREL), the Politecnico di Milano, Italy and the Institute of Helicopter Technology

at TUM with the goal to verify and validated both SONATA and ANBA4. Partial results have been

published in 2020 in the Journal of Composite Structures COMPSTRUC2020. A secondary objec-

tive of this section is to study the mesh convergence of SONATA, even though it was performed by

Morandini [115] separately for ANBA4.

In the following, results from SONATA, using both VABS and ANBA4, are compared to other well-

investigated approaches from literature based on VABS and NABSA data for the very same test

cases. NABSA stands for Nonhomogeneous Anisotropic Beam Section Analysis, which is a two-

dimensional finite element program developed by Bauchau and is based on the work Giavotto et al.

[56]. Current validation objectives are to demonstrate the accuracy of the parametric processing,

topology, and meshing features within SONATA, and its interfaces to VABS and ANBA4. While

VABS is a commercial off-the-shelf solution, the following comparisons of ANBA4 results with

both current VABS results and previous studies from literature serve to gain confidence in using

the current version of ANBA4 as a valuable open-source option. All examples make use of linear

triangular elements.

2.5.1 Isotropic Circular Cross Section

In the first study, a simple circular tube made of aluminum which has an outer radius of R = 0.3m,

an inner radius of Ri = 0.1 m, with the Young’s modulus of E=73 GPa, Poison’s ratio of ν = 0.33

and the density of ρ = 2800kg/m3 is used. This benchmark example was also used by Chen [40]

and Hu [73] during the validation and assessment of PreVABS, VABS-IDE and VABS-GUI, which are

all structural two-dimensional finite element preprocessors specifically designed for the use with

VABS. This specific study was supported by Cole Saunders [144] during his term project.

A mesh convergence study is performed by refining the mesh with SONATA by increasing the

number of layers and the mesh resolution parameter, which is globally responsible for the width

of the cells. Attention is paid, that the aspect ratio of the cells are well-balanced. Starting with

only one layer to model the complete thickness of the circular tube with as little as 34 elements,

the study refined the resolution up to 40 layers and 8040 elements. Figure 2.15 shows the case of

4 and 8 layers that resulted in 136 and 536 linear quadrilateral elements with 4 nodes respectively.

Depending on the resolution, the outer circle curve becomes a more or less good approximation

of the perfect circle. This leads to the fact that in each case the effective circle area and thus also
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the stiffnesses are lower compared to the analytical solution.

xL
2

xL
3

xL
1

(a) 4 layers and 136 linear quadrilateral elements with 4
nodes each

R = 0.3 m

Ri = 0.1 m

(b) 8 layers and 536 linear quadrilateral elements with 4
nodes each

Figure 2.15: Isotropic circular cross-sectional dimensions and discretization

The results are shown in table 2.4 and the corresponding figure 2.16 showing the relative error com-

pared to the analytical solution Ka and to the other two-dimensional finite element preprocessors

VABS-IDE, VABS-GUI and PreVABS [39]. While SONATA and PreVABS follow a similar approach to

create a structured mesh using layer information and the projection of nodes orthogonal to the

layers, the VABS-IDE and VABS-GUI discretization resulted in a unstructured triangulated repre-

sentation of the cross-section. Note, that in the example the PreVabs mesh uses 8 node second

order quadrilateral elements, which is a possible explanation of a lower relative error at the same

number of elements compared to the SONATA/VABS results.

Preprocessor Nb. of Stiffness Coefficients
Elements K11 [N] K22 [N] K33 [N] K44 [Nm2] K55 [Nm2] K66 [Nm2]

Analytical Results 1.835E+10 - - 3.449E+08 4.587E+08 4.587E+08
VABS-IDE [73] 159 1.835E+10 4.835E+09 4.832E+09 3.414E+08 4.585E+08 4.585E+08

553 1.835E+10 4.726E+09 4.727E+09 3.439E+08 4.581E+08 4.581E+08
2179 1.834E+10 4.716E+09 4.727E+09 3.496E+08 4.568E+08 4.586E+08

VABS-GUI [73] 161 1.834E+10 4.682E+09 4.682E+09 3.515E+08 4.586E+08 4.586E+08
577 1.834E+10 4.695E+09 4.695E+08 3.515E+08 4.586E+08 4.586E+08
2177 1.834E+10 4.683E+09 4.683E+09 3.515E+08 4.586E+08 4.586E+08

PreVABS [40] 1216 1.834E+10 4.682E+09 4.682E+09 3.515E+08 4.586E+08 4.586E+08
SONATA/VABS 34 1.824e+10 4.772e+09 4.772e+09 3.410e+08 4.592e+08 4.592e+08

68 1.824e+10 4.721e+09 4.721e+09 3.410e+08 4.552e+08 4.552e+08
136 1.824e+10 4.680e+09 4.680e+09 3.410e+08 4.541e+08 4.541e+08
536 1.832e+10 4.682e+09 4.682e+09 3.439e+08 4.575e+08 4.575e+08
840 1.833e+10 4.682e+09 4.682e+09 3.442e+08 4.579e+08 4.579e+08
2340 1.834e+10 4.681e+09 4.681e+09 3.445e+08 4.583e+08 4.583e+08
8040 1.834e+10 4.681e+09 4.681e+09 3.448e+08 4.585e+08 4.585e+08

Table 2.4: Stiffness of an isotropic cylindrical aluminum cross-section discretized with different two dimen-
sional finite element preprocessors and calculated with VABS

Figure 2.16 shows that all solutions are well with a 1.5% range of the analytical values. As expected,
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the relative error of SONATA/VABS is reduced with increasing mesh resolution showing a satisfac-

tory converging behavior. This cannot be claimed about the results of VABS-IDE. However, no

specific reasons for this behavior are known.
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Figure 2.16: Mesh convergence of SONATA/VABS in comparison to VABS-IDE [73] and VABS-GUI [73] and
PreVABS [40]

It can be concluded, that for the first test case of the hollow cylinder with an isotropic material,

the calculated results are very good compared to the published and analytical data and reached

convergence with increasing resolution. The user of SONATA should weigh the accuracy and run-

time requirements for modeling and, if necessary, do a specific mesh convergence study for the

use cases.

2.5.2 Composite Box Beam

In this study, a composite box beam with three different circumferentially uniform stiffness (CUS)

layup configurations, [0◦]6, [−15◦]6, and [−30◦,0◦]3 is considered. This is another well examined

benchmark testcase with many references in literature. The fiber-orientation angles denoted in

this work are in accordance with the coordinate system shown in figure 2.11. Box beam geometry

properties are shown in table 2.5 and material properties in table 2.6. According to the reference

case from literature [135], layup [−15◦]6 has a different Poisson’s ratio of ν12 = 0.42. The box beams

(see Fig. 2.17) were analyzed using approximately 200 equidistant points along the outer shape,

resulting in a total of 1,481 nodes and 2,536 three node triangular elements.

Table 2.7 shows the results with a [0◦]6 layup. Off-diagonal terms are negligible for this symmetric

case. The first two columns show literature [135] results using NABSA and VABS, while the latter
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Figure 2.17: Box beam cross-sectional geometry,
topology and discretized mesh

Description Value [mm]
Width, a 24.2
Height, b 13.6
Length, L 764
Ply thickness, tpl y 0.127
Wall thickness (6 plies), t 0.762

Table 2.5: Box beam geometrical properties

Young’s modulus [GPa] Shear modulus [GPa] Poisson’s ratio
E1 142.0 G12 =G13 6.0 ν12 = ν13 0.3
E2 = E3 9.79 G23 4.8 ν23 0.34

Table 2.6: AS4/3501-6 Graphite/Epoxy Composite Material Properties adapted from [135] [15]

two columns show the results from SONATA, using either VABS or ANBA4 as a structural solver.

Table 2.7 shows that the stiffness values derived through SONATA between VABS and ANBA4 are

identical, and the comparison of those to NABSA and VABS from previous work successfully verifies

the accuracy of the SONATA framework. Minor differences were insignificant and can at least in

part be attributed to inaccuracies in input parameters and to a minor extend to the parametric

topology and mesh generation in SONATA.

Stiffness NABSA [135] VABS [135] SONATA/VABS SONATA/ANBA4
K11, N 7.8765 E+06 7.8765 E+06 7.8603 E+06 7.8603 E+06
K22, N 1.9758 E+05 1.9803 E+05 1.9764 E+05 1.9764 E+05
K33, N 8.4550 E+04 8.4995 E+04 8.4745 E+04 8.4745 E+04
K44, Nm2 2.3400 E+01 2.3500 E+01 2.3471 E+01 2.3471 E+01
K55, Nm2 2.4900 E+02 2.4900 E+02 2.4951 E+08 2.4951 E+02
K66, Nm2 6.1700 E+02 6.1700 E+02 6.1619 E+08 6.1619 E+02

Table 2.7: Stiffness of a prismatic box beam with a [0◦]6 layup

Table 2.8 shows results with all plies being identically oriented in a [−15◦]6 layup and Table 2.9 in

a [−30◦,0◦]3 layup. Both examples result in additional extension-torsion, K14, and shear-bending,

K25 and K36, coupling terms. The SONATA/VABS and SONATA/ANBA4 results were again identical

and both showed excellent agreement with the literature. Even though VABS results from litera-

ture for the [−30◦,0◦]3 layup are available [135], they were excluded for this work because they

were computed using an older version of VABS. Since VABS version 3.2, the energy transformation

equations into the generalized Timoshenko stiffness matrix were redefined, thereby solving two
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previous inconsistencies that impacted the predicted generalized Timoshenko stiffness matrix.

Those changes can measurably impact stiffness results, such as in a box beam layup with nonzero

material orientation angles. This was explained in detail by Ho et al. [68].

Stiffness NABSA [177], [180] VABS [177] SONATA/VABS SONATA/ANBA4
K11, N 6.3947 E+06 6.3947 E+06 6.3636 E+06 6.3636 E+06
K14, Nm 1.2139 E+04 1.2139 E+04 1.2030 E+04 1.2030 E+04
K22, N 4.0157 E+05 4.0170 E+05 3.9458 E+05 3.9458 E+05
K25, Nm -5.8787 E+03 -5.8787 E+03 -5.8417 E+03 -5.8417 E+03
K33, N 1.7533 E+05 1.7546 E+05 1.7543 E+05 1.7543 E+05
K36, Nm -6.3692 E+03 -6.3692 E+03 -6.3106 E+03 -6.3106 E+03
K44, Nm2 4.8200 E+01 4.8200 E+01 4.8412 E+01 4.8412 E+01
K55, Nm2 1.9000 E+02 1.9000 E+02 1.9426 E+02 1.9426 E+02
K66, Nm2 4.9500 E+02 4.9500 E+02 4.9453 E+02 4.9453 E+02

Table 2.8: Stiffness of a prismatic box beam with a [−15◦]6 layup

Stiffness NABSA [135] SONATA/VABS SONATA/ANBA4
K11, N 5.5625 E+06 5.5400 E+06 5.5400 E+06
K14, Nm 5.8889 E+03 5.8832 E+03 5.8832 E+03
K22, N 4.3655 E+05 4.3695 E+05 4.3695 E+05
K25, Nm -2.9840 E+03 -2.9803 E+03 -2.9803 E+03
K33, N 1.8868 E+05 1.8898 E+05 1.8898 E+05
K36, Nm -3.1422 E+03 -3.1432 E+03 -3.1432 E+03
K44, Nm2 5.0800 E+01 5.0867 E+01 5.0867 E+01
K55, Nm2 1.7600 E+02 1.7622 E+02 1.7622 E+02
K66, Nm2 4.3600 E+02 4.3584 E+02 4.3584 E+02

Table 2.9: Stiffness of a prismatic box beam with a [−30◦,0◦]3 layup

2.5.3 Wind Turbine Numerical Analysis

This section analyzes the recently published 15-MW reference wind turbine blade [51]. The publicly

available datasets were provided by Feil and Bortolotti of NREL [48]. The example demonstrates

the capabilities of SONATA and was assessed in an appropriate context to further validate the use

of ANBA4 in comparison to VABS with and without the consideration of initial twist and curvature

in the solution procedure.

The blade has a total length of 117 m, a circular blade root with a diameter of 5.2 m and a maximum

blade chord of 5.77 m at the radial station r /R = 0.272 [48]. The total mass integrates to approxi-

mately 68 tons.
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The blade 3D geometry and nine exemplary cross sections were previously illustrated in figure 2.1.

Its internal structure consists of unidirectional and triaxial glass-composite materials, carbon-

composite spar caps, and additional layers of foam and gelcoat [48]. At 28 radial sections the

topology and finite element mesh was created in the process. In this context a surrogate descrip-

tion of the topology by Feil and Bortolotti is used to reduce the wind-turbine specific architecture

to fewer design variables globally along the span.

This abstraction level contains, instead of a layer-by-layer definition, the description of more com-

prehensive structural components such as the skin, spar-caps, leading and trailing edge reinforce-

ments, webs and multiple filler and sandwich definitions. However, note that all components trans-

late in the end to the same topology definition and meshing procedure as previously described and

shown in figure 2.12d.

Figure 2.20 shows the fully resolved sectional stiffness properties of the blade along the span in the

form of the symmetrical stiffness matrix K .

Figure 2.19 furthermore presents the inertia properties, including the section mass, m00, the mass

moment of inertia, m22, about the x2 axis, the mass moment of inertia, m33, about the x3 axis, and

the product of inertia, m23, as well as the mass center, xm2, the tension center, xt2, and the shear

center, xs2, locations as described in this section.

The identical discretization was used for three different sectional analysis. While the first study was

performed with VABS taking into account the correct curvatures and twists of the beam reference

curve, these are neglected in the second study VABSR. The third and final analysis with ANBA4 does

not consider these effects at this time, and is therefore well suited for a code-to-code comparison

to VABSR.

Figure 2.18a shows the beam reference curve of the 15-MW reference wind turbine in flap-wise

direction. Note that in this case, no chordwise initial pre-bend is present. Similar to the composite

topology the beam reference curve is internally represented as BSplineLst which is created from

the users discrete input of beam reference curve coordinate points. A curve is then constructed

whose shape closely follows this sequence of control points or knots. The current implementation

describes a so called interpolating curve that passes through each control point. Discontinuities in

the data set are separated by an angular deflection tolerance dividing the piecewise polynomial or

rational B-spline curves in a multiple contiguous set (BSplineLst). [143]

This discrete description leads in this example to the fact that the beam reference curve’s curvature

in flap direction κ2 shown in figure 2.18b fluctuates more than probably intended by the user. The

figure also illustrates the initial twist κ1 and the initial curvature in chord-wise direction κ3. Within

the assumption of neglecting the described initial twist and curvature, results in figure 2.20 and 2.19

show that – besides being verified through box beam examples (see Section 2.5.2) – the verification
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Figure 2.18

of ANBA4 was once more successfully established when applied to a fully resolved wind turbine

blade.
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Figure 2.19: Verification of inertia properties, tension-center (xt2, xt3) and shear-center (xs2, xs3) location
between VABS, VABSR (excludes effects from initial twist and curvature) and ANBA4 along the
nondimensional blade spam, r/R, for the 15-MW reference wind-turbine blade

The wind turbine blade incorporates axial-bend, K15 and K16, and bend-bend, K56, coupling terms.

Because the fiber orientation of all components is 0° (oriented in an axial direction), bend-twist

coupling (K45 and K46) originates solely from initial twist and curvature; see VABS results in fig-

ure 2.20. Small discontinuities in the VABS results (e.g., K24 or xs3) result from the aforementioned

fluctuating curvature κ2. The shear-center location is determined from the described equations,

therefore the same effect fluctuating characteristics are visible. ANBA4 can be seen as an applicable

and open-source solver within SONATA for the analysis of slender composite structures such as

rotor blades. However, special attention is necessary when the problem consists of a beam with

initial twist and curvature.
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Figure 2.20: Stiffness matrix verification between VABS, VABSR (excludes effects from initial twist and cur-
vature) and ANBA4 along the nondimensional blade spam, r/R, for the 15-MW reference wind-
turbine blade
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3 Propagation of Material and Manufacturing

Uncertainties

The objective of this chapter is to reaffirm the research hypothesis that improvements of numer-

ical and experimental structural beam analysis methods are necessary for the development of

helicopter rotor blades to be used in multidisciplinary optimizations under consideration of un-

certainties. The hypothesis was formulated and inspired on the basis of previous studies from Li

[94], Murugan [118] and Sinotte [159], in particular. Li [94] stated, that the under-representation

of uncertainties is a significant reason why the industry in not yet comfortable to use multidisci-

plinary design optimization methods. By studying the propagation of material and manufacturing

uncertainties of a rotor blade on the beam-properties, the rotating-natural frequencies, the aeroe-

lastic response and vibratory loads in hover and forward flight it gives answers to the question

if optimization potentials eaten up by the structural uncertainties. At the same time, should the

modeled material and manufacturing uncertainties have no effect on the rotor dynamics and vibra-

tion loads, more accurate numerical and experimental methods to determine the beam properties

would be obsolete.

To answer these questions in this chapter, Monte Carlo Simulations (MCS) are used as a technical

numerical tool. In this context, the MCS consists of three main components. In the first step, a

set of ns random data points are extracted based on assumed randomness distributions. If the

underlying deterministic computational model is computationally inexpensive a plentiful number

of random samples can be drawn and evaluated for the subsequent analysis. However, due to

its stratification properties, a Latin hypercube sampling (LHS) method can be used to recover

uncertainty information with relatively small sample sizes. Due to the increased computational

requirements of each individual function evaluation of the following investigations LHS is used.

In this method, the domain of each individual random variable is divided into discrete subdomains,

from which a random value is then selected and subsequently randomly paired to form ns input

data points. [165]

The second step is to execute the deterministic simulation model to get the corresponding system
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3 Propagation of Material and Manufacturing Uncertainties

output response that is evaluated in the last step.

Figure 3.1 depicts the flowchart of the Monte Carlo Simulations and its underlying model evalua-

tion process. The objective of this study is to evaluate the effect of aleatory material and manufac-

turing uncertainties using a high fidelity composite helicopter rotor blade structural model, and

how they affect the overall helicopter rotor behavior. This study is divided into two independent

analysis to study the material and manufacturing uncertainties separately. This allows to gain in-

sight into the mechanisms and the propagation of uncertainties to the rotor’s dynamic behavior.

Latin-Hypercube Sampling of:

1 Material Properties (E∥,E⊥,G∥⊥,ρ)

2 Fiber Orientation

3D Rotor Blade Definition

Cross-Sectional Composite
Topology

Discretization

VABS

Stiffness and Inertia Properties

Dynamic Analysis
(Hover)

Modal Analysis

Dynamic Analysis
(Forward Flight, c8513)

SONATA CBM

DYMORE

Evaluate Effects of Uncertainty:

- Beam Properties
- Blade Frequencies

- Vibratory Hubloads
- Blade Tip Deflections

Figure 3.1: Monte-Carlo Simulation flowchart

In the first analysis the material uncertainties are studied. Studies have shown that the mechanical

properties of composites show a considerable variance due to uncertainties associated with fiber

and matrix material properties, fiber volume fractions, fiber orientation and undulation, intralami-

nar voids, etc. [121].

The second analysis of this study, the uncertainties in fiber orientation is studied. Until now, the
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rotor-blade manufacturing process is still hand layup and a distortion of ply angles is possible, but

also because placing composite textile into a three-dimensional mold will inevitably result in a

fiber angle distortion. While the latter can be extracted and accounted for in a drape analysis, this

is typically not performed before deriving all individual plies in a composite CAD tool later in the

design process.

The deterministic simulation model which is executed for each sample consists of all the compo-

nents in figure 3.1 with rounded corners. It starts with the general methodology of SONATA also

shown in figure 2.1 that begins with the procedure to create a three-dimensional description of the

rotor-blade surface before the composite topology generation of the internal structure is created

at specific radial stations which is then discretized into a two-dimensional finite element mesh

before the one-dimensional beam sectional properties in the form of the 6x6 stiffness and mass

matrix are passed to a flexible multibody representation of the UH-60A helicopter rotor which is

modeled using Dymore. The results of a analysis in hover and forward flight conditions as well as a

modal analysis are examined in the subsequent stochastic evaluation.

This chapter briefly describes the UH-60A flexible multibody system analysis setup and the choosen

rotor blade description before dividing the results according to the separate analysis. Note that

parts of this chapter were published in ERF2019A and ERF2019B at the European Rotorcraft Forum

2019, Warsaw.

3.1 UH-60A Flexible Multibody System Analysis

The helicopter rotor model is simulated using Dymore [12], a software for simulation of flexible

multibody systems which features one and two dimensional finite element representations and

helicopter specific aerodynamic models developed by Professor Olivier Bauchau and colleagues at

the Georgia Institute of Technology. The finite element based flexible multibody dynamics formula-

tion has become the norm for the complex, nonlinear problem of rotorcraft dynamics analysis. [10].

In the past Dymore was used in the context of wind turbine simulation [90], [104], [164], structural

analysis of tilt-rotors and active flaps [123], [155], [157] as well as helicopter structural optimization,

morphing and adaptive structures [8], [32], [34], [60], [84], [94], [114], [138].

To refer to a validated model, a rotor model from Rex [137] similar to the UH-60A main rotor was

used in the present analysis. In this context, non-linear partial differential equations describe the

governing equations for the beam structures of the rotor blades and the rotor shaft though the

Geometrically Exact Beam Theory (GEBT) [10] that accounts for arbitrarily large displacements and
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3 Propagation of Material and Manufacturing Uncertainties

rotations yet small strain components. The approximate numerical solution of the beam equations

is obtained by dividing the rotor blade into 14 finite elements of order one using linear shape func-

tions with two corresponding nodes [10].

Except for the pitch links and the servos that include lengthwise stiffnesses, the control linkage

and the rotor hub are represented by rigid bodies. The nonlinear characteristic of the lag-damper

is included as well. Aerodynamic collocation points are distributed along the radial span and 2D

steady airfoil polars [72] depending on Mach number are used to represent the rotor blade aero-

dynamic forces and section pitch moment. The Peters-He model (12 modes), is used to account

for the rotor inflow dynamics. The rotor model is described in detail in ref. [137]. In this work, the

rotor is operated in a wind tunnel setup. Which means that the fuselage, empennage and tail rotor

are not included into the simulation framework. However, the rotor can be trimmed towards free

flight conditions using the inverse Jacobian matrix of inputs and trim targets for the estimate of the

control settings [137].

The considered flight states are a low speed horizontal forward flight corresponding to the airloads

flight test counter C8513 [28] and a symmetric hover case at the altitude and blade loading of the

airloads counter C8513 shown in table 3.1. In order to validate the structural dynamics of the base-

line rotor and thus implicitly the structural properties, the eigenvalues and natural frequencies

were compared by Rex [137] with experimental results from reference [62]. In the first validation

study, the static, non-rotating experimental setup of a shaker-excited suspended rotor blade [62]

was simulated using Dymore. For this independent study, the number of finite elements of the

rotor blade were increased from 14 to 40. The results show that the natural frequencies and the

natural modes match reasonably well, which is an indication of the dynamic similarities of the

reference blade [62].

Evaluating the rotor natural frequencies formed the second part in the validation chain by com-

paring the fan-plot calculations against reference simulations performed by RCAS, CAMRAD II

and DYMORE [69], [162]. Again, the general agreement of the eigenfrequencies over rotational

speed suggesting the correct rotor kinematics and blade properties. The influence of the different

stiffness of the pitch link was also emphasized by Rex [137]

As the subsequent logical validation step, the aerodynamics were added to the setup by comparing

the rotor in hover out of ground conditions and trimmed forward flight conditions to the full scale

test campaign in the 80 x 120 ft wind tunnel at NASA Ames [119] and flight test data. In summary,

it can be concluded that the validity of the UH-60A simulation model used in this study has been

demonstrated against available experimental data [137]

The communication between the beam stuctural model of SONATA and the multibody dynamics

simulation model with Dymore is realized by using OpenMDAO [59]. Dymore[12] is included into

the framework as an Explicit Component. This is realized by wrapping the C written code Dymore

to Python using SWIG making specific functions, properties and parameters of the model accessi-
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flight states: hover low speed flight (C8513)
advance ratio, µ 0.0 0.149
CW /σ 0.0792 0.0792
rotor speed, Nr , [RPM] 258 258
density, ρ, [kg/m3] 1.13 1.13

Table 3.1: Considered flight states

ble from an outside python controller. More details on the connection between OpenMDAO and

Dymore are described in [132], [137]. In general, all model properties which are represented by

a table in Dymore, like the rotor angular velocity, actuator displacement, etc can be modified. In

particular, beam properties, the flight velocity and auto pilot characteristics can be updated in the

model during execution because the calculation in time domain as well as in frequency domain is

controlled from the python module. Likewise, sensor states can be observed and evaluated during

execution and the values are returned to OpenMDAO. This allows for example to select the model

properties and time step width for each step individually.

In order to run multiple hover and forward flight simulations in this study with different rotor blade

structural properties a fast convergence of the rotor behavior is desired. The initial start solution

of the simulation contains the steady-state rotor condition with reference beam properties. Based

on this, the beam properties of each sample are inserted step by step using linear interpolation

over the period of one second to accelerate the convergence towards a periodic steady state of the

rotor and reduce computational expenses. The periodic response is extracted by simulating ap-

proximately 13 rotor revolutions until the differences between two rotor revolutions are sufficiently

small.

3.2 Generic UH-60A Composite Blade

This section describes the test article of this study. Since the results of this Monte Carlo study are

only meaningful if the baseline rotor blade of the simulation has a realistic internal fiber composite

structure, which would be present in a modern rotor blade. It is equally important that the rotor

dynamic properties of this generic rotor correspond to a reasonable design. This requires that

the natural frequencies of the baseline design are carefully placed so that they have a sufficient

distance to the rotor harmonics at nominal rotor speed.

Therefore, it was decided to develop a new generic fiber composite design of the classic UH-60A

rotor blade. The original outer geometry of the rotor blade remained untouched, generated from

the dataset of Davis [43] as illustrated in figure 3.2.
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3 Propagation of Material and Manufacturing Uncertainties

As described in the previous chapter, the wireframe that defines the outer shape of the rotor blade

is defined by a collection of airfoils that are projected along xr , after translating them to the non-

dimensional pitch-axis location, rotating them about the twist angle around xr , scaling them to

the desired chord length and moving them onto the blade reference curve.

Because both the rotor blade reference curve and the beam reference curve can be arbitrarily

curved and twisted, secondary local coordinate systems are defined for each structural

two-dimensional composite cross-section that is modeled. In this particular case, curvilinear

coordinates are chosen in accordance with the reference data. While the unit vector of the local

xl remains tangent to the beam reference curve. The unit vector yl is chosen to point toward the

leading edge of each section. Thus, following the initial twist of the rotor blade. Note, that in this

particular case the beam reference curve is parallel to xr of the reference frame.

Figure 3.2 also shows the five discrete radial locations, at which the inner composite structure is

modeled and discretized with SONATA. Subsequently, the beam sectional properties are calculated

with VABS at each cross-section and are passed to the beam definition of Dymore. The blade attach-

ment and root are not specified in the context of this study. Yet to provide a complete description

of the blade, the structural mass and stiffness properties of the original UH-60A [43] are used up to

the first cross-section at 0.25R.
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y1

z1

x2
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x4
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0.40R

0.82R

0.93R

1R

Figure 3.2: Surface of the UH-60A rotor blade, generated from the dataset of Davis [43]. Specific cross-
sections are distributed at 0.25R, 0.4R, 0.82R, 0.93R and R

In figure 3.3 the structural cross-section of 0.4R is shown. The architecture of this cross-section

is representative for the remaining four sections. The rotor-blade has a 1 mm thick skin of four

60



3.2 Generic UH-60A Composite Blade

layers e-glass with both 0◦ and ±45◦ fiber orientation. A nickel erosion protection strip of 0.82 mm

thickness protects the leading edge of the blade against rain and sand. While the blade skin its

±45◦ layers serves mechanically mainly for the transfer of torsional forces, the spar inside the

cross-section is responsible for the transfer of the centrifugal loads and allowing a defined flapping

and lagging movement. For this study a design was chosen that combines a distinctive C-spar of

unidirectional high-tensile strength (HT) carbon in the leading edge region with a box spar. The

c-spar was chosen to provide the possibility to embed an additional trim mass into the structure

and move the mass center closer the pitch-axis. The box-spar was chosen to provide a great flexi-

bility for the mechanical properties of the design. The material was chosen to be an intermediate

modulus carbon fiber epoxy composite with a fiber volume content (FVC) of 60%. The layup was

therefore set to provide 4 layers of different fiber orientations in all major directions [0◦, 45◦, −45◦,

90◦] with baseline thicknesses of [1.35 mm, 1.35 mm, 1.35 mm, 0.5 mm]. The cavity in the rear

part of the cross-section is filled with a HexWeb 5.2-1/4-25 aluminum honeycomb material [150]

and the front part is filled with a Rohacell IG-F 51 foam. The structurally integrated front cavity is

used to place tuning masses into the structure by replacing the foam core with a tungsten-epoxy

granulate at radial station 0.25R and 0.93R to make sure that the eigenfrequencies of the rotor

do not cross multiples of the rotor-harmonic at nominal rotational speed and that the rearward

mass of the swept tip is balanced. The only other difference of the other sections compared to

the illustration of figure 3.3 (SC-1095), besides small changes in chord-length, is the airfoil-shape

SC-1094R8 between 0.5R and 0.82R.

In figure 3.4 and figure 3.5 the stiffness and inertial properties of the described rotor blades are

shown. They are baseline values for the MCS and are compared against the original UH-60A

properties from Davis [43].

tungsten trimm mass
nickel erosion protection

unidirectional IM-carbon box spar


0◦

45◦
−45◦
90◦



Rohacell 51 foam core

HexWeb alu honeycomb

CG: Mass Center
GC: Geometric Center
TC: Tension Center
SC: Shear Center

e-glass skin


0◦

45◦
−45◦

0◦



unidirectional HT-carbon LE spar [0◦]

y2

z2

UD HT-carbon core wrap [±45◦]
0.40R

Figure 3.3: Composite rotor-blade cross-section at 0.4R

The peaks in the mass per unit length m00 indicate the location of the tuning masses at 0.25R and

0.93R. The same applies to the center of mass location in chordwise direction xm2, moving the

center of mass towards the leading edge. The large gradient at the end of the mass-properties can
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3 Propagation of Material and Manufacturing Uncertainties

be explained by the swept blade tip, which moves the cross-section backward relative to the beam

reference coordinate system. While, mass distribution and center of gravity location are relatively

similar to the reference UH-60A properties, the new composite design drastically reduces the mass

moment of inertia about the y-axis.
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Figure 3.4: Baseline beam inertial properties

In figure 3.5 the diagonals of the stiffness matrix are illustrated. The axial stiffness K11 The torsional

stiffness K44, flap-stiffness K55 and lag-stiffness K66 are all increased compared to the UH-60A

reference blade. The peak stiffnesses of K44 and K66 at the tip are a result of the offset from the

reference axis.

The fan diagram of figure 3.6 shows the corresponding eigenfrequencies of the rotor versus rota-

tional speed. For the modal analysis no aerodynamic forces were considered, the pitchlinks and

the rotor-controls were also assumed to be rigid. The fundamental lag (1st mode), the first three

flap (2nd, 3rd, 6th) and the torsional (4th mode) frequency are relatively similar to the original

UH-60A. Particularly the fourth flap frequency (7th mode) is increased due to the higher stiffnesses

of the current design.

A dynamically balanced design of the initial baseline configuration is important. Previous studies

by Murugan et. al. [118] have already shown that otherwise small variations from the baseline

design can have a large impact on the dynamic response of the rotor. This would massively distort

the results and validity of this study.

The fan diagram of figure 3.6 shows the similarity of the eigenfrequencies compared to the original

UH-60A reference design. The first two modes are mainly rigid-body modes, which are primarily

defined by the flapping and lead-lag hinge offset of the articulated rotor. In the range of the fifth

rotor harmonic 5Ω the usually distinctive modes (3rd flapping, 2nd lead-lag and 1st torsion) couple
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Figure 3.5: Baseline beam stiffness properties
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Figure 3.6: Baseline rotor fan diagram, reference UH-60A data obtained from ref. [29]

with each other. Nevertheless, care was taken in the design to ensure that the distance to the nearest

rotor harmonic of each mode is at least equal to or greater than the original reference rotor blade.

3.3 Monte-Carlo Simulation

The objective of this study is to evaluate the effect of aleatory material and manufacturing un-

certainties, and how they affect the overall helicopter rotor behavior. A Monte-Carlo approach is
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3 Propagation of Material and Manufacturing Uncertainties

chosen for this study (highlighted in figure 3.1). In the first analysis the material uncertainties are

studied. Studies have shown that the mechanical properties of composites show a considerable

variance due to uncertainties associated with fiber and matrix material properties, fiber volume

fractions, fiber orientation and undulation, intralaminar voids, etc. [121].

The baseline elastic properties of the fiber composite materials of the rotor-blade are derived

from a semi-empiric Puck approach [149] using basic reference values for HT- and IM-carbon

fiber and epoxy matrix material with a fiber volume content (FVC) of 60%. The unidirectional

HT-carbon composite is used for the C-spar (in the following referred as "material 1"). The uni-

directional IM-carbon composite is used for the box-spar (in the following referred as "material

3"). Latin-Hypercube sampling (LHS) is used to generate a near-random normal distribution of

material-properties E∥,E⊥,G∥⊥ and ρ. The mean (µ) and the coefficient of variation (COV) of the

material properties are listed in table 3.2. The COV is the normalized measure of dispersion of a

probability distribution. It is defined as the ratio of the standard deviation (SD, σ) to the mean of

the distribution.

Material properties Mean COV
E1∥ 139.36 GPa 7 %
E1⊥ 12.62 GPa 4 %
G1∥⊥ 5.89 GPa 12 %
ρ1 1.536 g/cm3 5 %
E3∥ 177.76 GPa 7 %
E3⊥ 12.62 GPa 4 %
G3∥⊥ 5.89 GPa 12 %
ρ3 1.572 g/cm3 5 %

Table 3.2: Uncertainties in material properties
taken from [121] based on a COV of 5%
in microlevel composite properties.

Fiber orientation Mean SD
θ3,bs1 0 ◦ 5 ◦
θ3,bs2 45 ◦ 5 ◦
θ3,bs3 -45 ◦ 5 ◦
θ3,bs4 90 ◦ 5 ◦

Table 3.3: Assumed fiber orientation
uncertainties

Similar to ref. [118], the COVs assumed in this study are taken from reference [121]. Onkar et. al.

describe the effect of a COV of 5% in microlevel composite properties such as elastic properties

of the fiber E f , ν f and matrix phase Em , νm and FVC, changing the macrolevel effective material

properties for different composite systems. The COV in E∥ was found to be approximately 7% for

all types of composite systems, whereas the shear-modulus G∥⊥ showed a larger variation of 12%.

The material density is herein assumed to be normally distributed with a COV of 5% for this study.

Drawing 1000 random samples from the distribution, figure 3.7 shows the statistical distribution

of the material 3 properties. The maximum likelihood estimation shows standard deviations close

to the prescribed COVs for both materials.

In the second analysis of this study the uncertainties in fiber orientation θ3 of the four box spar

layers is studied. Until now, the rotor-blade manufacturing process is still hand layup and a distor-
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Figure 3.7: Probability distribution of properties of the IM-carbon composite (material 3)

tion of ply layup angles is possible during the manufacturing process but also due to the inevitable

distortion during placing textiles in a general three-dimensional mold. For this separate analysis a

SD of 5 degree is assumed. Table 3.3 shows the design variables. Equal to the first study, 1000 LHS

samples are generated for the Monte-Carlo Simulation.

After a sample is drawn from the distribution, the rotor blade structural analysis is performed in-

cluding the cross-section topology generation (described in figure 3.2), followed by the discretiza-

tion and calculation of stiffness and inertia properties with VABS. The resulting beam-properties

are evaluated together with the results from the modal, hover and forward flight analysis.

3.3.1 Propagation of Material Uncertainties

The resulting cross-sectional beam property distribution of the material uncertainty Monte-Carlo

Simulation are discussed first. To demonstrate the sufficiency of the number of samples the con-

vergence of SD of torsional- (K44) and flap (K55) stiffness at radial station 0.4R are shown in figure

3.8. In figure 3.9 and figure 3.10 the mean inertial properties and diagonals of the stiffness matrix

are shown together with a ±2σ confidence interval showing the variance of the different entries.

The largest influence of uncertainty exists for the center of gravity in chordwise direction Xm2 with

a COV of 10.2% at 0.25R, while the mass per unit span m00 is only affected with a COV of 1.4%. The
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Figure 3.8: Convergence of the SD of torsional- K44 and flap stiffness K55 for the material uncertainty analysis
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Figure 3.9: Beam inertial properties and ±2σ confidence interval for the material uncertainty analysis

mass moment of inertia m22 (COV of 2.1%) and m33 (COV of 0.3%) are also just slightly influenced.

The axial, torsional, and flap stiffness show COVs of 3.0, 3.2 and 3.9% at 0.4R, respectively. The

lag stiffness K66 shows the lowest impact by the introduced uncertainties with a COV of 1.6%.

Figure 3.11 shows the histogram of the classical 4x4 stiffness matrix for radial station 0.4R. Note

that for the Gaussian distributed input, most of the results are also represented by a Gaussian

normal distribution. It is shown that in particular the torsional coupling relations K14, K45, K45 of

this cross-section are barely influenced by the added uncertainty. At the same time the flap-lag

coupling relation K56 shows the largest sensitivity with a COV of 8.2%.

All five cross-sections of this blade have the same layout, therefore not only the properties along the

span stay relatively constant, but also the influence of uncertainties. However, when comparing the

histograms of 0.4R (figure 3.11) and 1R (figure 3.12), it is noticed that the torsional coupling terms

become much more sensitive at the swept blade tip, increasing the COV from < 1% to ≈ 5%.
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Figure 3.10: Beam stiffness properties and ±2σ confidence interval for the material uncertainty analysis

As the next logical analysis, the effect of material uncertainties on the rotating natural frequencies

of the rotor are evaluated. The placement of natural frequencies of the rotor is an important design

aspect to reduce the dynamic loads at the rotor hub and propagation of vibration into the fuselage.

A well tuned rotor will also help to reduce fatigue of components in the rotating frame. Usually,

this is done by the targeted introduction of additional tuning masses into the structure (as it was

done for this rotor blade) in such a way that the natural frequencies are a safe distance away from

the rotor harmonics. A rule of thumb states that distance to be approximately 0.2/rev [171]. A rotor

particularly transfers the frequencies that are integer multiples of the number of blades and their

neighbors from the rotating to the fixed frame. In this case, for a four bladed rotor the frequencies

at 3Ω, 4Ω and 5Ω as well as 7Ω, 8Ω and 9Ω are important to keep a save distance from.

In figure 3.13 the mean rotating natural frequencies are shown from 20% to 120% rotor rotational

speed together with a ±2σ confidence interval. Because the UH-60A rotor has a distinctive flap and

lag elastomeric hinge, the first two frequencies represent the rigid body lag and flap modes. The

impact of uncertainty varies with each mode. Higher modes are affected to a larger extend because

the structural elasticity becomes dominant compared to the effect of centrifugal stiffening at the

lower modes. This is also the reason why the 7th mode (4th flap mode) shows a larger influence at

lower rotational speeds.

In the next sections, it is discussed how the dispersion in eigenfrequencies affect the dynamic

response and the 4/rev vibratory hubloads of the rotor.

The uncertainty of the elastic tip deflections in hover can give an indication for the probability

and the magnitude of miss-alignment that would need to be counteracted by a blade tracking

procedure. Note however, that the 4 blades of the rotor are identical for this study and no blade
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Figure 3.11: Histogram of the classical stiffness matrix at 0.4R (material uncertainty analysis)

dissimilarity is considered.

In figure 3.14 the histograms of the elastic flap, lag and torsion response in hover are shown. The

response is the relative measure of the tip to the blade attachment and is not superimposed with

the flap, lag and torsion response of the elastomeric bearing. The flap, lag and torsion response
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Figure 3.12: Histogram of the classical stiffness matrix at 1R (material uncertainty analysis)

distributions have a COV of 6.2%, 5.6% and 3.9% respectively.

In this section the elastic blade tip response (flap, lag and torsion) is evaluated over azimuth posi-

tion for the forward flight state. Additionally, the 4/rev vibratory hub forces and hub moments are

69



3 Propagation of Material and Manufacturing Uncertainties

0 0.2 0.4 0.6 0.8 1 1.2
0

10

20

30

40

1Ω

2Ω

3Ω

4Ω

5Ω

6Ω

7Ω

8Ω

Rotor Rotational Speed,Ω/Ωr e f

E
ig

en
fr

eq
u

en
ci

es
,ω

[H
z]

Figure 3.13: Mean eigenfrequencies with ±2σ confidence interval versus rotational speed for the material
uncertainty analysis
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Figure 3.14: Histograms of the elastic flap, lag and torsion response in hover for the material uncertainty
analysis

studied.

The flight state considered for this study is a low speed horizontal forward flight corresponding to

the airloads flight test counter 8513 listed in table 3.1 with a advance ration of µ≈ 0.15 and a blade

loading of Cw /σ= 0.0792 [28].

Similar to the elastic blade tip response in hover, its behavior is studied during the forward flight

state, shown in figure 3.15. However in this case, the blade tip response varies along the azimuth

position of the blade. The mean values and the ±2σ confidence interval are shown. The ampli-

tudes of the torsion response shows a deviation of approximately 0.5 degree. The uncertainty of

amplitude in the 5/rev periodic response of the torsional response, will potentially have also an

impact on the hub vibration levels. The flap response is less than the observed torsional response.

As mentioned before, the rotor particularly transfers the frequencies that are integer multiples of

the number of blades and their neighbors from the rotating to the fixed frame, so that frequencies
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Figure 3.15: Elastic flap, lag and torsion response in forward flight with ±2σ confidence interval for the
material uncertainty analysis

of 3Ω, 4Ω and 5Ω will transform to 4/rev frequencies in the fixed frame. In figure 3.16 the effect

onto the 4/rev vibratory hubloads is evaluated. The six components are the longitudinal shear (Fx ),

lateral shear (Fy ) and vertical force (Fz ) as well as rolling moment (Mx ), pitching moment (My ) and

torque (Mz ). These components are obtained by performing a fast Fourier transform (FFT) of the

time signal. The 4/rev forces are normalized by the rotor steady thrust (T). The 4/rev moments are

normalized by the rotor steady torque (Q). The first interesting observation is that the histogram

does not show a Gaussian normal distributions. The second observation is that the Fx , Fy and My

show the larges deviation with a COV of 24, 18.7 and 19.6% respectively. The vertical components

show a COV of 10% while the rolling moment Mx has the smallest COV of 7.1%.
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Figure 3.16: Histogram of 4/rev vibratory hubforces and moments in forward flight for the material uncer-
tainty analysis
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3.3.2 Propagation of Manufacturing Uncertainties

Following the first analysis of material uncertainties, this section evaluates the effects of fiber orien-

tation uncertainties based on the LHS Monte-Carlo Simulation with 1000 random samples. Unlike

the first analysis, the parameters of this MCS do not affect the mass or inertial properties of the

blade in any way. The diagonals of the beam stiffness properties show the effect of fiber orientation

is in the same magnitude as the effect of material uncertainty with a COV of 2.8, 4.1, 4.1 and 0.4%

for the K11,K44,K55 and K66 respectively. The coupling relations of the cross-section at 0.4R in

figure 3.17 and 1R in figure 3.18 demonstrate the substantial effect to the twist-axial K14, twist-flap

K45, twist-lag K46 coupling relations. Compared to the material uncertainty study, those terms are

increased from a COV <1% to a COV of approximately 30% at 0.4R. At the same time, the effect to

lag-stiffness K66, and flap-lag coupling relation K56 is relatively small.

The uncertainty in fiber orientation will disturb the symmetric layup of the box-spar that enhances

those coupling relations. This effect is amplified at radial station 1R because of the coordinate-

system’s location. In figure 3.19 the mean rotating natural frequencies are illustrated together

with a ±2σ confidence interval. The mean torsional frequency (4th mode) is lower compared to

the baseline case and the analysis of material uncertainties. The beam properties anticipated that

the ±2σ confidence interval of the torsional mode will also be larger. Note that the −2σ boundary

of this mode is very close to the 4/rev rotor harmonic. This shift of torsional frequencies towards

the 4/rev is expected to affect the dynamic behavior and the resulting vibratory hubforces and

moments adversely.

This behavior can be explained by the fact that the baseline configuration represents the mechani-

cally stiffest solution. The 0° layers contribute to the highest longitudinal and bending stiffness and

the 45° layers have the highest shear stiffness. Any change from the ideal configuration inevitably

leads to a decrease in stiffness. It is therefore to be expected that the natural frequency spectrum of

the MCS is below the reference configuration, as the inertial terms don’t vary in this study. Similar

to the first analysis, the impact of uncertainty varies with each mode. Generally, higher modes

are affected to a larger extend because the ratio of structural elasticity to centrifugal stiffening

increases.

For the symmetric hover flight state, the fiber orientation uncertainty has the consequence that

both the flap and torsion response are affected substantially. Figure 3.20 shows for this purpose the

histogram of the elastic flap, lag and torsion response. The response is the relative tip displacement

measure to the blade attachment. The flap response has a COV of 61.6%, the torsion response has

a COV of 63.5% while the lag response stays relatively uninfluenced.

The elastic tip response during forward flight is also shown for fiber orientation uncertainty in
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figure 3.21. Compared to the tip response of the study of material uncertainty, the torsional re-

sponse of this analysis shows larger mean amplitudes. The most significant impact is the large ±2σ

confidence interval that has a magnitude of around 5 degree for the torsional response. Note that

for all responses, the higher harmonic fraction of the signal becomes much more visible.

Figure 3.22 shows the 4/rev vibratory hubforces and moments in forward-flight. The increased

vibratory loads were anticipated from the previous evaluations. Again, non Gaussian distributions

result from the introduced uncertainty. All fractions of the vibratory hubloads show an increased

distribution. The largest variation is registered at the vertical force and torque components with a

COV of 80% and peak values up to 400%.

3.4 Discussion

The variations resulting from the manufacturing tolerances and deviations in the material proper-

ties are of such magnitude that they cause the rotor system performance to change significantly

and that despite uncertainties in the operational loads or flight states are not even considered yet.

Also note, that the assumption of this study is that one random sample from the material or fiber

orientation distribution is applied to the all five cross-sections with the same value. Hence the

material properties and fiber orientation are constant over the span of the rotor blade. In reality

however, some parameters presumably vary along the span of the blade and therefore the effects

might counteract each other to some extend and change the effect on the rotor blade properties

and dynamic behavior.

Similarly, all four rotor-blades are assumed to be equal for each sampled case. No blade dissim-

ilarity is assumed for this study. In reality, blade dissimilarity is counteracted to some extend by

a tracking and balancing the blades of a rotor. In the future, blade dissimilarity could be investi-

gated with its effect to rotor behavior and tracking and balancing efforts. To conclude, it is clearly

essential to take uncertainties into account from the beginning of the multidisciplinary rotor blade

system design, especially when an optimal solution is desired [165]. As it was previously stated for

the rotating natural frequencies of the rotor, traditional design processes account for uncertainties

by imposing constraints such as empirical and predefined safety factors. This is however primarily

based on past experiences, which may not be available, be inappropriate or outdated for new rotor

designs [165].

The results of this study emphasize and motivate the need for a uncertainty-based design processes

that introduce uncertainties systematically to improve the robustness (decrease the sensitivity of

the system performance to variations), increase reliability and reduce the likelihood of functional

failure under potentially critical conditions and exploit the full potential of fiber composite rotor

blades in a multidisciplinary design optimization. [165]

74
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This study also stresses the importance of knowledge of the structural rotor blade beam character-

istics.

The engineer needs to have tools at hand that can predict the beam properties with sufficient accu-

racy and, if desired, can be used for such uncertainty-based design processes. It is important that

all the structurally relevant components can be represented in the structural model. We are talk-

ing about structural models that are suitable for an uncertainty-based preliminary design process,

which usually calls for adequate computational resources and automated structural preprocessing.

In the near and mid-term future, a 1D nonlinear beam model and a 2D cross-sectional analysis will

most likely still be used in this context due to the modeling effort and computational resources.

The second tool engineers need is an experimental procedure to determine the beam stiffness

properties, including the off-diagonal coupling relations, of the actual manufactured rotor blades

at an accuracy at least sufficient to ensure that the remaining uncertainties no longer have a sig-

nificant effect on the dynamic rotor behavior. This problem describes the next major objective

of this work, examined in the following chapter, as current methods often use simplified beam

models and measure average stiffness’s over large regions of the blade while neglecting essential

coupling-relations.
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Figure 3.17: Histogram of the classical stiffness matrix at 0.4R (fiber orientation uncertainty analysis)
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Figure 3.18: Histogram of the classical stiffness matrix at 1R (fiber orientation uncertainty analysis)
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Figure 3.19: Mean natural frequencies with ±2σ confidence interval versus rotational speed (fiber orienta-
tion uncertainty analysis)
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Figure 3.20: Histograms of the elastic flap, lag and torsion response in hover (fiber orientation uncertainty
analysis)
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3.4 Discussion
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Figure 3.21: Elastic flap, lag and torsion response in forward flight with ±2σ confidence interval (fiber ori-
entation uncertainty analysis)
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Figure 3.22: Histogram of 4/rev vibratory hubforces and moments in forward flight (fiber orientation uncer-
tainty analysis)
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4 Hybrid Experimental Measurement of

Sectional Stiffness Properties

The objective of this chapter is to refine a method to experimentally determine the sectional stiff-

ness properties of modern fiber composite rotor blades, which is a prerequisite for the prediction

of the dynamic behavior.

The herein presented specimen of the methodology is the first rotor blade specifically developed

for the Munich Experimental Rotor Investigation Testbed (MERIT) [66], [67], a rotor test bench

designed for universal rotor and propeller aerodynamic and structural dynamic investigations,

whose robust design allows for highly dynamic load applications such as Mach-scaled dynamic

stall experiments.

Parts of this chapter were previously published in ERF2021A. In addition, two student theses

contributed to this chapter, see GAUGELH.2020 (experimental design, setup and execution) and

ROTH2020 (concept and design of a balancing device for rotor blades).

The beam behavior is characterized by the symmetric 6×6 sectional stiffness matrix K along the

span leaving 21 desired properties for each radial station. This study hereby follows the novel ap-

proach first introduced by Sinotte and Bauchau [159]–[161].

While most classical experimental techniques rely on measuring the beam displacements or rota-

tions using simplified beam models, neglecting coupling effects and averaging regions of interest,

this hybrid method relies on the measurement of the strain field and combines it with a numeri-

cally determined warping field. The strain field is measured using Digital Image Correlation (DIC)-

a contact-free, optical 3D deformation measurement method in order to analyze and calculate

deformations. The surface structure of the specimen is recognized in digital camera images, and

coordinates are assigned to image pixels. During the deformation of the specimen, images are

taken and compared to the undeformed state in order to calculate the displacement and deforma-

tion of the object. In this case, the homogeneous surface of the rotor blade has few characteristic

features, so the surface was pretreated with a stochastic color pattern.
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4 Hybrid Experimental Measurement of Sectional Stiffness Properties

4.1 Governing Equations

Based on the central solution of the nonlinear three-dimensional beam theory by Han and Bauchau

[14], [63], the nodal displacement û is described as the superposition of a rigid-section motion and

the nodal warping introduced by sectional stress resultants F T = {
Fx ,Fy ,Fz , Mx , My , Mz

}
.

û(ᾱ1) = ZU (α1)+W F (α1) (4.1)

with

Z =
[

z

0

]
; z =


1 0 0 0 ᾱ3 −ᾱ2

0 1 0 −ᾱ3 0 0

0 0 1 ᾱ2 0 0

 (4.2)

The first term of equation (4.1) describes the rigid-section motion at a specific point of the cross-

section by multiplying the nodal location matrix Z with the average sectional displacement U . The

second term multiplies the nodal warping displacement under unit loads W with the sectional

stress resultant. The notation (̂.) indicates nodal quantities of the discretized model.

Based on the general theory of three-dimensional elasticity, their approach makes the assump-

tions that the cross-sectional strains associated with the rigid-section motion and the warping

displacements always remain small [63]. With these assumptions, the solutions provided are the

exact representation of the three-dimensional elasticity problem for beams subjected to arbitrarily

large motions [63]. Given that, the strain tensor εT = {ε11,2ε12,2ε13,ε22,ε33,2ε23} is described by

the following strain-displacement relation in matrix notation with the differential operators A and

B . (.)′ denotes the spatial derivative with respect to the spanwise variable α1.

ε11 = ∂u1

∂α1
, ε22 = ∂u2

∂α2
, ε33 = ∂u3

∂α3
, (4.3)

2ε12 = ∂u1

∂α2
+ ∂u2

∂α1
, 2ε13 = ∂u1

∂α3
+ ∂u3

∂α1
, 2ε23 = ∂u2

∂α3
+ ∂u3

∂α2
,

︸ ︷︷ ︸
ε= Au′+Bu (4.4)

By spatially differentiating the nodal displacement with respect to the spanwise coordinate (ᾱ1),
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4.1 Governing Equations

the following equation is derived.

û′(ᾱ1) = ∂û

α1
= ZU ′(ᾱ1)+W F ′(ᾱ1) (4.5)

Together with the description of the sectional constitutive law εc = U ′(ᾱ1)+U (ᾱ1) = SF and the

stress resultant equilibrium equation F ′ = K̃T F it can be introduced into equation (4.4) along with

(4.1) giving the description of the three-dimensional strain tensor. Because rigid-body displace-

ments create no strains, the last term vanishes to zero.

ε̂= Au′+Bu (4.6)

= A
[

Z
(
SF − K̃U

)
+W K̃T F

]
+B

[
ZU (ᾱ1)+W̄ F (ᾱ1)

]
=

[
A

(
Z S +W K̃T

)
+BW

]
F +

[
B Z − K̃

]
U︸ ︷︷ ︸

=0; rigid-body disp.

ε̂=
[

A
(

Z S +W K̃ T
)
+BW

]
F (4.7)

As described in chapter 2, the orientation of the cross-section will change along the span for initially

curved and twisted beams. K̃ depicts the 6×6 nondimensional curvature tensor for an initially

curved or twisted beam with the twist rate κ1, and the curvature κ2,κ3 about the yl and zl axis

respectively.

K̃∗ =



0 −κ3 κ2 0 0 0

κ3 0 −κ1 0 0 −1

−κ2 κ1 0 0 1 0

0 0 0 0 −κ3 κ2

0 0 0 κ3 0 −κ1

0 0 0 −κ2 κ1 0


(4.8)

Equation (4.7) provides the governing description of our problem. The inverse of the sectional

compliance matrix K = S−1 is the desired property. In our experimental setup, we can measure

the sectional stress resultants F with a 6-axis load cell at the root-attachment of the blade and

transform the loads to the desired spanwise location by using the free-body diagram. The second

measured quantity are the plane surface strains ε11,e ,ε12,e and ε22,e . The strains are always cal-

culated in material, i.e. in local coordinates moving with the specimen while the e3-axis is in the
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4 Hybrid Experimental Measurement of Sectional Stiffness Properties

thickness direction. To ensure a common orientation of the strains, the strain rotation matrix Re is

introduced to the equation. The full strain tensor can be derived with the knowledge of the material

constitutive behavior but it is not needed, since the last three terms of the equation reduce to zero.

The strain ε13 is obtained through Re for values of θ ̸= 0.

Re ε̂e =
[

A
(

Z S +W K̃T
)
+BW

]
F (4.9)

ε̂e = R−1
e

[
A

(
Z S +W K̃T

)
+BLW

]
F

with the strain-rotation matrix defined as

Re =



1 0 0 0 0 0

0 cosθ −sinθ 0 0 0

0 sinθ cosθ 0 0 0

0 0 0 cos2θ sin2θ −sin2θ

0 0 0 sin2θ cos2θ sin2θ

0 0 0 1
2 sin2θ −1

2 sin2θ cos2θ


(4.10)

The hybrid approach is based on the fact that the warping displacement under unit loads W is

evaluated with the help of a sectional finite element model SONATA and ANBA4.

After mapping and interpolating the experimental strain data to the closest nodal location de-

noting (.)i , at which the warping displacement is evaluated, the governing equation describes an

overdetermined system of equations with independent load-cases denoted (.) j .

ε
( j )
e,i = R−1

e,i Ai Zi︸ ︷︷ ︸
Ui

SF ( j ) +R−1
e,i

(
AW K̃ T +BW

)
︸ ︷︷ ︸

Vi

F ( j ) (4.11)

ε
( j )
e,i =Ui SF ( j ) +Vi F ( j )

The system is solved by using the half-vectorization of the symmetric compliance matrix leaving

the 21 unknowns. The 6×21 matrix G is defined with the duplication matrix Dn vech(S) = vec(S)

as:

SF ( j ) =G ( j ) ·vech(S) =G ( j )S (4.12)

G ( j ) =
(
I ⊗F ( j )

)
Dn (4.13)
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4.1 Governing Equations

Ui G ( j )S = ε( j )
ϵ,i −Vi F ( j ) (4.14)

AS = b

The heavily over-determined system of linear equations is solved by minimizing the Euclidean

2-norm of ∥b −AS∥2.

The Singular Value Decomposition (SVD) is a suitable method to solve this problem. An exact

rank 21 truncated SVD is substituted for A = Ũ Σ̃Ṽ T , in order to obtain the left Moore-Penrose

pseudo-inverse A†. Determining the pseudo-inverse A† from the unitary matrices Ũ and Ṽ and

the diagonal matrix Σ̃ is computationally efficient.[30]

A† = Ṽ Σ̃−1Ũ T ⇒ A†A= I21×21 (4.15)

The Eckart-Young-Mirsky theorem [45] proofs thatA† is the best approximation ofA by a rank 21

matrix, minimizing ∥b −AS∥2. It follows, that S becomes:

A†AS̃ =A†b ⇒ S = Ṽ Σ̃−1Ũ T b. (4.16)

Finally, the sectional stiffness matrix K is obtained from the inverse of the sectional compliance

matrix S.

K = S−1 =



K11 K12 K13 K14 K15 K16

K12 K22 K23 K24 K25 K26

K13 K23 K33 K34 K35 K36

K14 K24 K34 K44 K45 K46

K15 K25 K35 K45 K55 K56

K16 K26 K36 K46 K56 K66


(4.17)
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4 Hybrid Experimental Measurement of Sectional Stiffness Properties

4.2 Digital Image Correlation

The strain field is measured using Digital Image Correlation (DIC) - a contact-free, optical 3D

deformation measurement method in order to analyze and calculate deformations. The surface

structure of the specimen is recognized in digital camera images, and coordinates are assigned

to image pixels. During the deformation of the specimen, images are taken and compared to the

undeformed state in order to calculate the displacement and deformation of the object. In the case

of a 3D measurement set-up, two cameras (stereo set-up) are used, which are calibrated prior to

the measurement. The specimen is located in the calibrated 3D volume. The experimental setup

with GOM ARAMIS cameras and the subsequent postprocessing with the software GOM Correlate

2020 is described in detail in section 4.5 und 4.6. [57]

In the case, that the test specimen has only few characteristic features, e.g. in the case of homoge-

neous surfaces, it is pretreated with a stochastic color pattern.

4.2.1 Principle

The principle of Digital Image Correlation is to clearly identify areas of a image with sufficient

information. This allows the software to identify the same zones in further images if they do not

differ too much from their original shape. From this unique, homologous identification of image

points, 3D coordinates can be derived through triangulation. Subsequently, quantities such as

displacements, velocities, accelerations or strains can be calculated from the 3D coordinates.

For the collection of image information, reference point markers as shown in figure 4.1a can be

used. For identification, the contrast gradient from white to black and the location of the markers

with respect to each other is used. The software can identify the location of the high gray value

gradient from black to white and then fits an ellipse into this unique gray value transition. The

center of the ellipse determines the measuring point.[57]

The second possibility to uniquely identify individual image areas as shown if figure 4.1b, is to use

stochastic image information. There are several approaches to identify deforming image regions.

However, the basic assumption is that there is a causal relationship between the initial state and

the deformed state. The correlation function provides a measure of the similarity between two

signals f and g , f (x, y)
!←→ g (x, y). The identification of facets (a subset of pixels) in several images

is called facet matching.

c
(
∆x,∆y

)= 〈 f
(
x, y

)
, g

(
x +∆x, y +∆y

)〉
| f (

x, y
)| · |g (

x, y
)| (4.18)

By distributing random image information through a stochastic color pattern, it is ensured that a

facet can be identified as uniquely as possible in its immediate surroundings. The probability of
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4.2 Digital Image Correlation

a random pattern occurring more than once in such an environment is low. For example, with a

facet size of 19 by 19 pixels and 256 gray values, the number of variations is 256(19×19). The ideal

facet has a pattern that is as pronounced and as evenly distributed as possible and has a texture

with about three to four contrast points. A pattern quality measure is implemented within the

software and gives a numerical value of the stochastic pattern within the facet. A value of > 4 is

considered sufficient. A variation in facet-size can increase or reduce the stochastic information

and can be adjusted accordingly. Each of these facets represents its center point, which is used as

an identification point equivalent to the ellipse center point in the reference point marks. [57]

(a) Reference point maker on a homogeneous aluminum
surface with the fitted ellipse and its center

facet-size: 21×21 pixel
pattern quality: 6.44

Facet-Point

(b) Facet point component on a stochastic color pattern
with a size of 21×21 pixels

Figure 4.1

The calculated image point coordinates are used to calculate 3D points on a surface by the princi-

ple of triangulation. When the cameras identify two signals emanating from one point, based on

the camera calibration, angle measurements can be used to uniquely determine its location. To

obtain correct measurement data, the cameras must be calibrated. The software uses captured

camera images of a precisely measured calibration object to determine geometric parameters, e.g.

position and orientation of each camera as well as the imaging properties of the camera lenses and

chips. The intersection deviation is the value of validity of the sensor calibration [57].

The software takes an image point from the left camera picture (primary camera) xL and searches

for the same image point in the right camera picture xR . If the points xL and xR are known, their

projection lines from the camera image plane are also defined. If the two image points corre-

spond to the same 3D point, the projection lines must intersect precisely at x. The differences

between the calculated 3D-coordinate point and the theoretical intersection of projection lines is

the intersection deviation. A value below < 0.03 pixel is considered to be adequate. [57]
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4 Hybrid Experimental Measurement of Sectional Stiffness Properties

4.2.2 Strain Calculation

Strain is a normalized measure of deformation which characterizes the change of distance and

angles between particles. The motion of a particle or image point is described by the evolution of

its spatial coordinates or its position vectors over time. The primary measure of deformation is

specified by the material deformation gradient tensor F that contains the information of relative

motion in the differential neighborhood [120]. The fundamental equation of deformation is

d x = ∂x(X , t )

∂X
·d X = F (X , t ) ·d X . (4.19)

The measuring system provides image points on a surface. This means that initially only strains on

the surface, or more precisely in the current, surface-tangential reference plane can be determined.

To compute a 2D deformation gradient tensor F from a set of image points the following procedure

is used by GOM Correlate [57]: The topology of the point distribution in the measurement image

is triangulated. The points used for the strain calculation are projected onto a local compensation

plane. The plane is determined by averaging the surface normals of the local triangles involved.

The motion and deformation of an element consisting of i points pi is described as a function of

rigid body translation u and F as follows.

p ′
i = u +F pi (4.20)

Theoretically, a triangle is sufficient for calculating the six unknowns of this equation. However,

in order to obtain a better support of the individual punctual measured values, the software takes

into account further neighboring points leaving an overdetermined system of equations which is

solved by iterative minimization [57].

Because the resulting deformation gradient tensor F is not a suitable measure of deformation for

engineering purposes, the right polar decomposition of F splits the second order tensor into the

material stretch tensor U , a unique positive-definite symmetrical second order tensor, and an

unique orthogonal second order rotation tensor Q such that:

U =
√

F T F (4.21)

Q = FU−1

By definition the symmetric stretch tensor contains the surface strain measurements:

U =
[
ε11 +1 ε12

ε21 ε22 +1

]
(4.22)
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4.3 Design and Manufacturing of MERIT Rotor Blades

4.3 Design and Manufacturing of MERIT Rotor Blades

In general, the helicopters operational limitations such as vibrations, aeroelastic stability, maxi-

mum control loads and fatigue limitations are all affected by the onset of transient flow separation

such as dynamic stall [91]. Therefore, the accurate prediction of unsteady airloads can be beneficial

in the successful design of an advanced rotorcraft.

Within a helicopter rotor flowfield, the rotor blades encounter numerous unsteady aerodynamic

effects from various sources. The first and most obvious source of unsteadiness is encountered

through a continuous change in angle of attack over time. It is a combination of the pilots con-

trolled collective and cyclic blade pitch, the dynamic motion and elastic bending of the rotor blades

and the local variation in inflow velocity. On top of that, gusts and a complex three dimensional

vortex wake system complicate the unsteady environment even more. Understanding and model-

ing the resulting aerodynamic response of the rotor blades is still one of the major challenges in

helicopter design [91], [92].

The problem of dynamic stall is found to occur on the rotor at high speed forward flight where the

advancing rotor blade operates close to its shock induced separation boundary or during maneu-

vers with high load factors where the retreating blade operates at much lower speeds but at very

large angles of attack [27], [92].

Many 2D experimental tests have shown very distinctive features of dynamic stall that are signifi-

cantly different from the static stall mechanisms - see, for example, McCroskey [106]–[108]. One

characteristic feature of dynamic stall is a distinctive vortex disturbance that is created near the

leading edge region and is swept over the airfoil chord. Along with the vortex moves a pressure

change on the upper surface of the airfoil that increases lift and nose-down pitching moment well

in excess of the static values [91]. Consequential is a considerable hysteresis in the force and pitch-

ing moment behavior. The characteristic airloads induced by the vortex may not only lead to large

torsional loads on the blade sections but also to reduced or negative pitch damping. This can be

responsible for dynamic instabilities, known as stall flutter [92]. While the increase of maximum

lift is advantageous for helicopter performance and the operational flight envelope, the large nose-

down pitching moments and instabilities generally define the performance limits of a helicopter

rotor [92]. To define the rotor operating envelope, it is necessary to be able to confidently predict

the large unsteady and vibratory loads generated by this dynamic stall phenomenon in order to

foresee the consequences on the dynamic response of the rotor system.

As a baseline rotor for dynamic-stall experiments, the blades have no twist, a rectangular planform,

naca0012 airfoil, 130mm chord and a radius of 900mm. This simplicity allows an easier repro-

ducibility and comparability with other experiments and numerical investigations. Many of these
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4 Hybrid Experimental Measurement of Sectional Stiffness Properties

requirements have been defined by MERIT and it’s intended purpose. These and other require-

ments are briefly described below. The hub of the MERIT test bench is illustrated in figure 4.2

276

32
1

Telemetry
pitch axis at c/4

13
0

194

GLENAIR Micro-D MWDM 100

900

5
4

Figure 4.2: MERIT rotor hub and blade dimensions

which is a hingeless design: The blade clamps (1) have a preset pitch of 10° and are supported by

two needle bearings each (4) to allow for pitch changes on each blade, while the flap and lead-lag

motion is mainly accommodated by the blade’s elastic behavior. The pitch-links are attached at

(2) to the blade-clamps. Torsionally soft sheet metal tension-torsion straps (3) transfer the high

centrifugal loads to the centerpiece (5). The relatively stiff hub design gives the test-bench a pow-

erful response to control inputs and reduced blade movements. A telemetry unit by MANNER

Sensortelemetrie GmbH is mounted onto to top of the centerpiece that can currently process 32

analog signals.

4.3.1 Blade Attachment

The blade attachment is designed as a bearing laminate. In this case, no loops are wrapped around

a bolt, but a simple ply pack is stacked on top of each other, into which bushings are subsequently

drilled. This technique is preferred when thicker laminates are involved, which are highly loaded

and where large ply areas are available [149]. In this case, the laminate and the bolt connection

must be designed for bearing laminate failure. This type of failure can be described as good-

natured, since the hole merely deforms and does not fail abruptly as separation. It occurs slowly,

since the fiber composite redistributes stress peaks through inter-fiber fractures and delamination.

The failure announces itself in time [88], [105], [149], [170].

Important parameters for the strength of the blade attachment are the distances of the holes to
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4.3 Design and Manufacturing of MERIT Rotor Blades

the sides of the laminate. The dimensions shown in figure 4.3 are decisive for the subsequent

strength of the connection. The attachment is designed around two high strength steel bolts with a

6
R

6
R

z

y

15
°

A-A

A

A

1013

65 28

24 26

24

homogeneousattachment transition

Figure 4.3: MERIT blade attachment and layup cross-section at R194

diameter of ∅10 mm, while ∅13 mm glued-in bushings guide the bolts. This is to prevent damage

to the holes in the laminate due to frequent assembly. A glued-in bushing also smoothes out the

surface pressure. In addition, the adhesive heals the microscopic interfiber fractures produced

during drilling, while sealing it against moisture penetration and insulating it to prevent contact

corrosion between the metallic connecting elements and the fiber composite.

The bushings are made of aerospace grade Böhler N352 stainless steel, a martensitic chromium

steel with nickel addition, resistant to the effects of seawater and acids [25].

The blade attachment has a thickness of 24 mm. A lateral inclination of 15° ensures better demold-

ability, while the radii of the cross-section provide better drapability during the manufacturing

process.

In general, the following layer thickness ratios are well suited for such a bearing laminate: 50%

fraction of 0° layers, 45% fraction of±45◦-layers and 5% fraction of 90° layers [149]. The ply structure

is symmetrical to prevent undesirable normal force, bending or torsional couplings. In addition,

the differences in fiber angle between adjacent plies is designed as small as possible, as this reduces

the interlaminar shear stresses in the laminate. It should also be noted that only a maximum of

three plies are adjacent to each other in the same fiber direction. This reduces crack growth in

the matrix of the fiber composite and thus increases the damage tolerance of the laminate. Other

requirements for the laminate include that the adjacent plies should differ by less than 60°, as this

reduces interlaminar stresses and residual stresses during the curing process.

Since the blade attachment has the thickest laminate, and the ply structure in the rotor blade
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changes over the radius, the plies in the transition area must be scarfed. This also results in further

important requirements for the blade and laminate design that must be taken into account.

Two different composite materials are used for the blade. The first composite material SGL Carbon -

SIGRAPREG® C U600-0/SD-E501/33% (CUD) is an Unidirectional (UD) epoxy/carbon fiber prepreg

with a fiber areal weight of 600 g/m2. This material combines a High tenacity (HT) carbon fiber

with a epoxy resin (E501) with 33% weight fraction, designed for low curing temperatures of 80°C -

160°C with relatively short curing times. This makes this prepreg system particularly suitable for

applications where only low temperatures are possible for curing [151]. For our application a low

curing temperature is crucial to reduce thermal stresses and to protect the metrology that can be

integrated into the blade structure before curing.

The second material (CTW) combines the same epoxy resin (fractional weight of 45%) with a 200

g/m2 2x2 twill weave HT carbon fiber [152]. The twill weave is chosen for its improved drapability

and reduced fiber ondulation compared to a plain weave.

After consultation with the material supplier, both materials are considered to be the exact same as

it was used for the design and manufacturing of the AREA rotorblades [128], [166]. Although there

are materials with superior strength characteristics, this material was selected for use in MERIT

rotor blades based on existing experience with handling and curing cycles.

One half of the resulting symmetric layup is listed in table 4.1 and also illustrated in figure 4.3. It

should be noted here that the sequence number in the left column indicates the insertion sequence

in the production process.

The first three layers compose the blade skin (sk) that stretch over the entire blade and which is

mainly responsible for the torsional stiffness, which is why the twill-fabric CTW is used here at

±45° to the longitudinal axis of the blade. This allows the fibers to be aligned along the principal

stresses under torsion [88]. As the exterior part of the structure, the thinner woven fabric has a high

impact resistance to be robust enough to withstand minor accidental impacts during handling and

ensures a high surface quality.

To increase the electromagnetic compatibility (EMC) of integrated metrology, Aaronia-Shield® [1],

a high performance silver/polyamide blend (20%/80%) net with a very low areal weight, can be

placed optionally in between sk1 and sk2.

The unidirectional layers for the spar (sp) range from the attachment to the tip of the blade. The

spar plies are evenly distributed in the blade attachment area and have several layers of CTW fab-

ric separating them as transition (tr) plies. The transition plies are scarfed and disappear in the

homogeneous section of the blade.

92



4.3 Design and Manufacturing of MERIT Rotor Blades

seq. name material orientation thickness

1 sk1 CTW ± 45° 0.24
2 emc Aaronia-Shield 0° 0.10
3 sk2 CTW ± 45° 0.24
4 sk3 CTW ± 45° 0.24
5 sp1 CUD 0° 0.56
6 tr1 CTW ± 45° 0.24
7 tr2 CTW 0°/90° 0.24
8 tr3 CTW ± 45° 0.24
9 sp2 CUD 0° 0.56
10 tr4 CTW ± 45° 0.24
11 tr5 CTW 0°/90° 0.24
12 tr6 CTW ± 45° 0.24
13 sp3 CUD 0° 0.56
14 tr7 CTW ± 45° 0.24
15 tr8 CTW 0°/90° 0.24
16 tr9 CTW ± 45° 0.24
17 sp4 CUD 0° 0.56
18 tr10 CTW ± 45° 0.24
19 tr11 CTW ± 45° 0.24
20 tr12 CTW ± 45° 0.24

seq. name material orientation thickness

21 sp5 CUD 0° 0.56
22 tr13 CTW ± 45° 0.24
23 tr14 CTW ± 45° 0.24
24 sp6 CUD 0° 0.56
25 tr15 CTW ± 45° 0.24
26 tr16 CTW ± 45° 0.24
27 tr17 CTW ± 45° 0.24
28 sp7 CUD 0° 0.56
29 tr18 CTW ± 45° 0.24
30 tr19 CTW 0°/90° 0.24
31 tr20 CTW ± 45° 0.24
32 sp8 CUD 0° 0.56
33 tr21 CTW ± 45° 0.24
34 tr22 CTW 0°/90° 0.24
35 tr23 CTW ± 45° 0.24
36 sp9 CUD 0° 0.56
37 tr24 CTW ± 45° 0.24
38 tr25 CTW 0°/90° 0.24
39 tr26 CTW ± 45° 0.24

- - - - - - - - - - - - symmetry plane - - - - - - - - - - - -

Table 4.1: Blade attachment layup table: sk: skin, tr: transition, sp: spar

For this work, static test results are available from a study for bearing laminates [102], [170]. In this

study, the same materials are used with the same proportions of plies, a similar ply structure and

edge distances. The resulting equivalent strengths are used to determine the strength margins for

the blade attachment under operational loads.

93



4 Hybrid Experimental Measurement of Sectional Stiffness Properties

4.3.2 Homogeneous Section

The homogeneous blade area is the aerodynamically effective area that provides the necessary lift

and thrust and transmits it to the hub. It ranges from R276 to the tip at R900. The airfoil of the rotor

blade is a NACA-0012, a symmetrical airfoil with a maximum thickness of 12% at 30% chord. The

airfoil was selected because it is a frequent test case in computational fluid dynamics. In figure

4.4 the airfoil and the cross-sections of the homogeneous section is illustrated. In the figure it

can be seen that the coordinate system of the rotor blade is at 25% chord. The cross-section is

characteristic for fiber composite rotor blades with small chord. It consists essentially of the skin,

spar, core, trim weight, and a trailing edge tab. One of the most important requirements for the

cross-section is that the center of gravity be at or slightly ahead of 25% chord [88]. This helps to

keep control and torsional forces low and avoid aeroelastic instabilities.

upper core

lower core

∅5 mm lead mass

trailing edge roving0° UD C-spar

±45◦ twill-weave skin
with integrated emc protection

B Detail B

1.
442

Rz

y

NACA 001232.5
130

chord-line

Figure 4.4: Homogeneous section composite layup with a NACA-0012 airfoil with modified tab

Due to a two-part manufacturing process, a trailing edge tab not only increases the shear stiffness of

the between the two halves of the skin, but also considerably simplifies the manufacturing process

creating a secure bond of the blade. Note that, the tab has an influence on the aerodynamic profile

drag and the pitch moment. An enlarged section of the trailing edge is shown in figure 4.4 in detail

B. The thickness of the tab of 1.44 mm corresponds to six times the thickness of the CTW fabric. The

tab is intersected with the original NACA 0012 airfoil and rounded with a radius of 2 mm.

The cross-section shown in figure 4.4 has a C-shaped spar construction. The spar carries primarily

the flapping and lead-lag bending moments as well as the centrifugal forces and is made of unidi-

rectional fibers in the direction of the blade’s axis. The advantage of the C-shaped spar is that the

center of gravity as well as the shear center are located at the front of the cross section [88] while

the manufacturing remains simple. The layup is summarized in table 4.2.

As already mentioned, the center of gravity of the airfoil cross sections must be at or slightly ahead

of 25% chord. The center of gravity of a cross section shown in figure 4.4, without the trim mass, is

well behind it. To move the center of gravity of the cross-section forward, a balance weight is used
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seq. name material orientation thickness

1 sk1 CTW ± 45° 0.24
2 emc Aaronia-Shield 0° 0.10
3 sk2 CTW ± 45° 0.24
4 sk3 CTW ± 45° 0.24
5 sp1 CUD 0° 0.56
9 sp2 CUD 0° 0.56
13 sp3 CUD 0° 0.56
17 sp4 CUD 0° 0.56
21 sp5 CUD 0° 0.56
24 sp6 CUD 0° 0.56
28 sp7 CUD 0° 0.56
32 sp8 CUD 0° 0.56
36 sp9 CUD 0° 0.56

- - - - - - - - - - - - symmetry plane - - - - - - - - - - - -

Table 4.2: Layup of the homogeneous section: skin (sk), spar (sp)

near the leading edge. For this purpose a ∅ 5 mm Pb97Sb3 trim is integrated after the first two

spar layers, to give more space for pressure sensors and other metrology to be integrated near the

leading edge of the blade. The leas alloy has 3% antimony to increase the mechanical properties

compared to pure lead. The material’s low modulus of elasticity and sufficient elongation at break

makes it insensitive to the blade movements and deformations that occur during operation.

The largest component of the homogeneous section is the Rohacell® 51 RIMA low density filler ma-

terial, a closed-cell polymethacrylimide (PMI) rigid foam specially designed to ensure a minimum

uptake of resin that is dimensional stable up to temperatures of 200 °C [47].

During the manufacturing process, this core has the task of positioning the still uncured compo-

nents of the rotor blade [88]. During the curing process, the core is responsible for applying the

necessary pressure to the laminate. Therefore, a certain pressing oversize is taken into account in

the design of the core [105]. In the cured state, the core ensures on the one hand the stability of

the sheet skin to prevent buckling, and on the other hand it protects the sheet skin against further

damage caused by punctual pressure loads [88]. In order for the cross-section to remain stable

under torsion, the core is compression resistant.

The core is machined into two parts in order to create the possibility to integrate the cables for

measurement equipment and to route them between the cores near the neutral axis of the cross-

section.

At the trailing edge, a good bond between the two halves is provided by the tab. Nevertheless, an

additional trailing edge roving is inserted between the core and the tab to prevent the skin from

collapsing during curing.
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The section exposed to the highest loads and strains which defines and ensures the dynamic and

flight mechanical properties of the rotor is the transition region. When designing the outer geome-

try of the transition area, special care is taken to create a smooth and fluid transition. Edges and

corners are avoided in order to obtain a shape that is suitable for a force-flow-compatible design

including a careful scarfing of the laminate. Thickness changes are gradual in order to avoid stress

concentrations in the laminate while attention is paid to the symmetry of the residual laminate

[44]. Figure 4.3 and 4.5 show the transition area of the rotor blade.

The aerodynamic design was a minor objective. Nevertheless, an aerodynamically favorable shape

is created by large radii at the leading edge and a trailing edge that is pronounced towards the end.

The trailing edge tab is extrapolated from the homogeneous area to the transition area.

A significant aspect is the integration of a Glenair® Micro-D connector that can be specified with

either 100 electrical pins or up to 8 fiber optical termini. Stainless steel blind rivet nuts with thread-

size M3 are riveted into the holes of the connector. An attached thin aluminum retainer sheet

thereby provides an additional form-fit of the connector assembly with the cured laminate.

lead trimm mass

Glenair Micro-D MWDM 100 connector

M3 blind rivet with retainer sheet

monolithic bearing laminate

two-part core

steel bushings

Figure 4.5: 3D section view of the composite layup
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4.3.3 Balance Chamber

Each rotor blade and the rotor head itself are subject to certain manufacturing tolerances. These

lead to differences in blade weight and center of gravity position and mass distribution of each

blade, so that the overall center of gravity of the rotor also has a small radial distance from the axis

of rotation. With a rotor diameter of ∅ 1.80 m, the MERIT test rig has small dimensions, but is to

be operated at blade tip speeds of up to 220 m/s. The resulting high rotational speeds imply very

low unbalance tolerances.

To keep the eccentricity of the rotating rotor as low as possible, all rotor blades are to be balanced.

For this purpose, additional masses are introduced into the rotor blade in order to generate the

same static moment on all rotor blades. A balancing chamber for these additional masses is there-

fore designed in the blade tip.

The degree of permissible residual unbalance is described in the standard ISO 21940-11 (proce-

dures and tolerances for rotors with rigid behaviour) [109] for various machines [87]. This standard

specifies the allowed residual unbalance as a function of rotational frequency. For helicopter ro-

tors, a quality level of Q2.5 is selected, which translates in this case into an permissible residual

unbalance of 20 g·mm for a single blade [87].

To compensate for the unbalance, a balancing chamber is installed on the pitch axis, at the blade

tip of each rotor blade, as shown in figure 4.6. It can be filled with balancing weights made of

brass and tungsten, which are pressed against a tapped grub screw by a compression spring. The

chamber itself is machined out of titanium and is glued with the help of adhesive grooves into the

quasi-isotropic monolithic structure of the blade tip using Scotch-Weld® 9323 B/A adhesive. The

grooves have the task of ensuring the correct thickness of the adhesive and centering it within the

drilled hole. The monolithic structure of the blade tip consists of CTW fabric plies in alternating

orientation which are scarfed towards the core of the homogeneous section.

To prevent loosening of the screw due to vibration a stainless steel HELICOIL® Plus Screwlock

thread insert is used in combination with a threadlocking adhesive. The balance cell is sealed with

a movement detection paint to enable a visual inspection of a possible loosening. This simple

design solution features a flat rotor blade end, thereby reducing the adverse aerodynamic effects.

The volume is large enough to reduce the static moment of the blade by about 2% [142], [87]. The

available weights are listed in table 4.3. The smallest weight causes with a 900 mm lever arms a

material length [mm] mass [g]

tungsten 8 1.6
brass 0.5; 1; 2; 4 0.047 - 0.37

Table 4.3: Balance weights ∅ 3.7 mm

change of about 42 g·mm. Thus, to ensure a finer adjustment of the center of gravity, it is possible
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titanium balancecell insert with adhesive grooves

screwlock M5 threaded insert

compression spring
tungsten and brass weights

M5x12 ISO 4028

Figure 4.6: Exploded view of the balance chamber

to move the balancing weights by turning the grub screw for fine tuning without disassembly. Since

in this case the balancing weights can only be placed on the pitch axis locations, this means that in

a two-blade arrangement, balancing in chordwise direction cannot be realized. It is assumed that

the deviations in this respect are smaller and less relevant and can be balanced by adding washers

at the front or aft blade attachment bolt.

4.3.4 Manufacturing

Manufacturing the rotor blades is a two stage process that allows the integration of metrology onto

cured lower and upper shells and can be reduced to a single stage press molding process. The first

stages cures the skin and two spar layers (up to sequence 9 of table 4.1) in an autoclave curing

process leaving shells to be instrumented. During the second stage the remaining layup with all

components is cured by compressing the warmed up molds and laminate.

The mold was designed to meet the requirements of both an autoclave vacuum process and press

molding. Its functional design is illustrated in figure 4.8 and is briefly described below:

(a) Cure Cycle 1: vacuum autoclave (b) Cure Cycle 2: press moulding

Figure 4.7
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cover

noseledge

integrated drill bushings

connector placer

lower mold

upper mold

endplate

endplate
pin plugs

centering elements

Figure 4.8: MERIT blade mold assembly

Mold Design

The mold consists of a mold top and a bottom machined out of an EN AW 7021 precision cast

aluminum plate with high dimensional stability and low residual stresses. A rip structure creates

a stiff but lightweight design that offers good heat transfer during oven heating while at the same

time enables easy handling.

Because vacuum bags are regularly applied for the first cure cycle in the autoclave and vacuum

compacting the thick layup, round edges are all around to prevent ruptures of the bagging as a

lid is covering the rip structure. A noseledge is attached during the first curing cycle to create an

overlap of the lower and upper shell at the leading edge.

The manufacturing edge of part is extended at the leading and trailing edge, at the tip and at the

blade attachment allowing a homogeneous laminate. The excess material at the trailing edge allows

to integrate two centering holes into the cured shells for further positioning by placing removable

pin plugs into the mold. Scribelines indicate the final edge of part. At the blade attachment similar

centering spike plugs are used leaving a centering bore in the blade that assists the precise position

of the hole during drilling. Note that the molds also function as drilling jig after the blade is cured

using integrated drill bushings that lay beneath the removable spike plugs.

Twelve high strength M10 screws compress the two halves, while a conical and a half-cylindrical

centering element ensures precise positioning. The connector placer helps to position the con-
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nector during the process. HELICOIL® steel thread inserts improve the durability during repeated

press cycles. End plates close the mold at both ends of the mold while a channel traps excess resin.

Thermocouples can be placed just underneath the surface of the part to monitor the temperature

during curing in the middle, at the blade attachment and at the tip.

To obtain a high surface quality, the mold was sanded and polished before sealing it and applying

release agent. All parts of the mold that possibly come in contact with resin are pretreated with the

release agent LOCTITE ® FREKOTE 770-NC.

Cure Cycle 1

In preparation, the plies were cut and labeled according to table 4.1 using a digital cutting system.

The final contours are derived by draping simulation with CATIA V5 Composite Design.

The serial number S/N: MERIT-A-001-2020-07 (A: revision, 001: sequential number, 2020-07: man-

ufacturing year and month) is laser-printed on a regular piece of paper and placed into the upper

mold.

The skin layers and the optional emc-protection are the first plies to be placed into the molds,

wrapping them around pin plugs at the trailing edge. Note that the third skin layer (sk3) is split into

a front and aft part, while the latter being applied during the second cycle to ensure a solid bond

of the trailing edge tab. The layup for the first cycle is completed with the first two spar layers (sp1,

sp2) and the transition plies up to sequence 9. This shell thickness was selected to ensure enough

space for the integration of pressure sensors. As a result, the trim mass was placed slightly to the

rear. An overlap region at the leading-edge is created by extending the lower plies and trimming

the upper plies as shown in figure 4.7a.

When laminating the plies, attention is paid, that all layers are placed without distortion and are

well compacted by massaging or rolling out. The stack-up is completed by covering it with peel

ply, perforated release film and breather fabric before sealing it into a vacuum bag. The shells are

cured under vacuum condition (minimum of -0.7 bar) at 90°C (with a 1°C/min heat-up rate) at

4 bar autoclave pressure for 6 hours. The prepared lower mold and the cured shell are shown in

figure 4.9a and 4.9b.
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(a) lower mold (b) cured shells

Figure 4.9

Cure Cycle 2

In preparation of the second cycle, excess material, particularly at the leading edge overlap, is re-

moved and both shells are matched to each other. At this point metrology can be installed onto the

shells, which is not described as part of this work. A stainless steel blind rivet nut together with a

slim 0.5mm aluminum retainer sheet is riveted onto the connector. A dummy replaces either the

electrical Glenair® MWDM 2L-100p-6e5-18 Micro-D or the fiber optical Micro-D connector if the

blades are not instrumented. The connector is placed into the connector-placer and sealed against

an unwanted resin entry.

The trimm mass is cut to 600 mm length and ground to an exact weight of 128 g which has the

additional effect of enlarging the surface area improving the later cohesion.

The thoroughly cleaned shells are placed into the molds and the remaining plies are stacked accord-

ing to table 4.1. Note that besides the blade root, the tip consists of a quasi-isotropic monolithic

section with alternating ±45◦, 0/90◦ CTW plies and is not specifically listed in table 4.1.

Especially for the spar layers and the tip plies, it can be helpful to measure the layers from the

trailing edge and compare them with the drawing. Every 10 layers, the thick stack-up is compacted

for at least 10 minutes in a vacuum bag with a perforated release film and breather fabric to avoid

air voids. Once all layers are laid, the trim mass is carefully placed in the groove of the spar layers

and the space to the leading edge is filled by a CUD roving.

As seen in figure 4.10, the final step before closing the halves is the placement of the foam core
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halves, which were previously covered with SGL CARBBON - SIGRAPREG® F 147-E322/100% epoxy

film-adhesive. The aforementioned trailing edge roving is subsequently placed and the connector

is placed between the core halves in the recess.

(a) monolithic blade attachment (b) scarfed transition with connector
dummy

(c) foam core placed in the lower
mold

Figure 4.10

When the two mold halves are centered on top of each other, the screws are hand-tightened with-

out compressing the core. Finally, the end plates are attached and the molds are placed in an oven

while thermocouples monitor the temperature of the mold at the center, tip and blade attachment.

The cure cycles has an initial heating ramp-rate of 1°C/min from room temperature to 80°C that is

maintained for 4h. The mold halves are compressed once the monitored thermocouple temper-

ature reaches 77°C. After the first ramp the temperature is increased to 100°C at 1°C/min with a

dwell of 8h.

Postprocessing

The excess material is removed using a diamond circular saw (figure 4.11a) and brought to the

exact specified dimensions using a belt grinding machine with the help of scribelines and airfoil

stencils.

The holes for the blade bushings are drilled using the mold as drill jig with integrated bushings by

removing the centering plugs and replacing two of them with flat aluminum plugs to ensure that

no delamination of the lowest layers occurs when the drill passes through. Because of the high

abrasive behavior of carbon fibers, a carbide reamer is used to create a ∅ 13 mm H7 fit. No cooling

fluids are used, so care must be taken to prevent overheating of the laminate as this could lead to a
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loss of strength of the laminate [149].

As shown in figure 4.11b the hole for the balancecell is inserted by vertically mounting the rotor-

blade in a specifically designed drilling, machining and postprocessing jig, which can be used to

precisely machine holes and grooves into the blade or blade shells for the integration of sensors.

(a) cut excess material (b) monolithic blade attachment

Figure 4.11

The blade bushings feature three circumferential position noses that have a ∅ 13 mm h7 fit to

match the hole diameter to ensure an exact position and even bond line thickness of 0.15 mm.

In prior to the application of the adhesive the bushings are sandblasted and all surfaces are thor-

oughly cleaned (see figure 4.12a). The two component epoxy adhesive Scotch-Weld® 9323 B/A is

used for all structural bonding applications of the blade. Besides providing high shear and peel

strengths it has a high resistance to oils, fuels and damp heat.

To guarantee an exact fit of the blade bushings with respect to the blade clamps, the blade is

mounted in such during gluing. To cure the adhesive, the blades are heated for 2 hours at 65 ± 2 °C.

A bonding protocol with adhesive sample provides a minimum required process control.

Balancing

The blades are statically balanced on a 3-axis force/torque sensor (K3R70 20N/0,2Nm by ME-

Messsysteme) which is mounted between a base plate and an adapter plate to attached the rotor

blades (illustrated in figure 4.13. This work was assisted by ROTH2020 during his bachelor’s thesis,

in which he designed the scale and verified its performance and achievable measurement accuracy
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(a) sandblasted blade bushings (b) Bonding protocol with adhesive
sample

(c) finished blade attachment

Figure 4.12

of 20 gmm in various test series.

The measurement crosstalk between the axis Mx,0(Fz ), My,0(Fz ) was calibrated with the use of

machined discs of different weight. Both Mx,0(Fz ) and My,0(Fz ) were found to be linear functions

passing through the origin with which the zero-point offset is compensated.

Figure 4.13: 3-axis force/torque balancescale

4.3.5 Destructive and Non-Destructive Testing

Before the rotor blades could be put into operation for the first tests at the MERIT rotor test stand,

destructive and non-destructive tests (NDT) were performed on the first two prototypes. The

first investigations were performed with the help of Testia GmbH using a high-resolution three-

dimensional computer-tomograph (Diondo, D2, 160kV) with a detector resolution of 3008×3008 px.

The resulting voxel size for the rotor blade was accordingly 0.0497×0.0497×0.05 mm. The aim

of the investigations with the first two prototypes was to determine the positioning of the foam
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Figure 4.14: Finished set of rotorblades S/N: MERIT-A-006-2021-03, S/N: MERIT-A-007-2021-03, S/N: MERIT-
A-008-2021-04

core, since these were manufactured using two slightly different foam cores with different outer

dimensions. Furthermore, the manufacturing process was to be investigated for large voids or

resin pockets. The region of interest was the transition region with the embedded connector.

In the institute’s research project iRoB it is planned to integrate fiber optical sensors with Fiber-

Bragg Gratings (FBG) into the rotor blade structure. A sub-objective of the NDT investigations was

therefore to evaluate the possibility to use CT-Scans as a quality assurance and verification method

of sensor position and orientation.

As can be seen in the pictures in figure 4.15b and 4.15c, the connector dummy is nicely embedded

in the fiber laminate. Also visible are the two blind rivet nuts with the small retainer sheets, which

provide a form-fit interlocking connection.

In figure 4.15c, the two steel bushings of the blade connection can also be seen. Unfortunately,

the large differences in density of the materials used (lead trim mass, steel bushings, titanium

balancing chamber, aluminum plug, and steel blind rivets) led to some radiation artifacts around

areas of high density. This was particularly noticeable in the homogeneous area with the lead trim

mass, which meant that these areas were insufficiently evaluable. In conclusion, it can be said that

the production quality of both test specimens is satisfactory.

In addition to the non-destructive tests to verify the general component and process quality, two

critical tensile strength tests were conducted to verify the operational safety. Because the high

operating rotational speed of the rotor MERIT testrig generates considerable axial loads on the
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(a)

(b) (c)

(d)

Figure 4.15: CT-Scan of the transition area of S/N: MERIT-A-001-2020-07

glued-in balancing chamber and the blade connection, the failure load and mode were evaluated

in experimental tests. The results are partially published in ERF2021B.

For the blade attachment tensile test, the homogeneous section of the blade was reinforced with

an addition CTW and CTW plies in 0°,90° and ±45° orientation to create a bearing laminate which

was bonded and bolted to the steel load interface (see figure 4.16a). The region of interest, the

transition and attachment area were pretreated and painted with a stochastic black and white

color pattern as well as optical reference markers. A GOM Aramis 5M DIC system with its two

stereo-cameras and additional illumination were set up to capture the deformation and strains in

the area of interest during the experiments.

Interlaminar shear failure between the skin and the UD C-Spar at the start of the shafted rein-

forcement occurred at an axial load of 185.8kN, which by far exceeds the defined Ultimate Load of

80.7kN [67].

Figure 4.17a and figure 4.17b shows the load vs. the virtual extensometer strain ε11,L and the corre-

sponding axial strain field ε11 at the maximum load of 185.8kN. The principal strain directions are

represented by the vector field. Most notably in this figure is the axial strain gradient in chordwise

direction at the homogeneous part of the blade and the low strain at the monolithic attachment.
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(a) Experimental setup blade attachment tensile test (b) Color pattern and failure mode

Figure 4.16: Experimental setup of tensile strength test of MERIT blade attachment
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(b) axial load F1 vs. extensometer strain ε11,L

Figure 4.17: Tensile strength test strain distribution and axial load

The titanium balance chamber insert is glued into the monolithic blade tip and closed off by a

screw in combination with a stainless steel screwlocking thread insert and threadlocking adhesive.

To provide operational safety, all limit and ultimate load requirements were exceed in a second

tensile test in which a threaded pin adapter connected the balance cell to the clamp of the tensile

testing machine [67].
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4.4 Material Constitutive Behavior

In this section the experimental setup and the identification of the constitutive behavior of the

selected composite materials is described. The characterization of strength properties were sec-

ondary objectives of this investigation. The results are analyzed and used in the following struc-

tural analysis. Parts of this collaborative work was published by Henschel [65] and was assisted by

PIET2018 in his semester thesis.

The stress-strain relationship for an orthotropic material with two mutually orthogonal planes of

symmetry with 9 independent coefficients is defined as

ε= S ·σ (4.23)
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In the particular case of transversely isotropic material such as the unidirectional CUD, rotational

symmetry with respect to the 1-axis exists, which is perpendicular to the isotropic 2-3 plane. There-

fore the number of independent coefficients reduces to 5.

4.4.1 Coupon specimen

The plane stress engineering constants E1, E2, G12 and ν12 can be measured experimentally in ten-

sile tests with specimen of different fiber orientation. The experiments were conducted according

to the European Standards Aerospace Series. They specify the method of determination of the

ultimate tensile strength, tensile modulus, the Poisson’s and the elongation at failure of carbon

fiber reinforced plastics. DIN EN 2561 : 1995-11 [3] is applicable to unidirectional specimens where

the load-axis is parallel to the direction of the fibers. For the CTW specimen, the general EN ISO

527 [134] was applied. DIN EN 2597 : 1998-08 [4] applies when the load direction is perpendicular
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to the fibers. EN 6031:2015 [31] defines the determination of the shear modulus and the shear

strength of laminates with fiber orientations of ±45◦ to the specimen axis.

Table 4.4 lists the specification of the specimen including the number of plies (Lay), number of sam-

ples (No) and free length (L). The width (w) and the thickness (t) are measured using a micrometer

at three representative locations and therefore the arithmetic mean and standard deviation (SD)

are given. It is important to note that the small batch size of 6 samples can contribute to outliers

and therefore the results cannot be considered statistically significant. Furthermore the specimens

were manufacture from the same material batch and the same composite plate.

L w t
Standard Lay. No. [mm] [mm] [mm]

CUD 0◦ DIN EN 2561[3] 2 6 Mean 120 15.00 1.14
SD - 0.03 0.05

90◦ DIN EN 2597 [4] 4 6 Mean 130 25.01 2.12
SD - 0.03 0.04

±45◦ EN 6031:2015 [31] 8 6 Mean 150 25.01 4.26
SD - 0.02 0.05

CTW 0◦/90◦ EN ISO 527 [134] 8 6 Mean 150 25.00 1.64
SD - 0.02 0.02

±45◦ EN 6031:2015 [31] 8 6 Mean 150 24.99 1.65
SD - 0.02 0.01

Table 4.4: Coupon specimen specifications: fiber orientation, test standard, Number of Plies (Lay.), Number
of Samples (No.), length (L), width (w) and thickness (t) in terms of arithmetic mean and Standard
Deviation (SD).

The specimen were manufactured by stacking the cut plies together with a peel ply onto 300 mm

x 300 mm cleaned and with release agent coated plates while paying attention to the correct fiber

orientation (see figure 4.18). To ensure a symmetric and balanced layup, eight plies are stacked

according to the following lay-up: [+45◦,−45◦,+45◦,−45◦]S for the ±45◦ specimen. The stack-up is

completed by covering it with peel ply, perforated release film and breather fabric before sealing

it into a vacuum bag. The specimen are cured under vacuum condition (minimum of -0.7 bar) at

90°C (with a 1°C/min heat-up rate) at 3.5 bar autoclave pressure for 6 hours.

Figure 4.18: Layup: Steel plate, release agent, peel ply, composite pre-preg layup, peel ply, perforated release
film, breather fabric, sealed vacuum bag
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Using a diamond circular saw, the specimens were cut into the specified dimensions respecting

the fiber orientation. Damaged fibers were removed by scrubbing the edges with sandpaper. 1 mm

thick end tabs of ±45◦ glass-epoxy laminate are bonded with epoxy adhesive onto the sand-blasted

and cleaned surface (see figure 4.19a) of the specimens.

(a) ±45◦ reinforced GFRP end tabs (b) Spray-painted stochastic speckle pat-
tern

Figure 4.19

4.4.2 Experimental Setup

An stochastic color pattern was spray-painted onto the specimens homogeneous surface by using

a compressed-air spray gun. Initially, three layers of matte white color were applied before matte

black dots were distributed by adjusting pressure and distance of the stray gun aiming for an

equal amount of black and white parts. Pattern templates helped to adjust the dots to the correct

size according to the spatial camera resolution. Figures 4.19b shows the pattern of the CUD,0◦

specimens.

The experimental setup is shown in figure 4.20, where the GOM ARAMIS 5M sensor with stereo-

cameras and an adjustable base is positioned horizontally on a tripod in front of the Instron®

universal testing machine, which is equipped with a calibrated 100 kN load cell to measure the

loads during the experiment. Digital Image Correlation was used to measure the surface strains of

specimen. Figure 4.21 shows the virtual extensometers used to measure the strains ε11,L , ε22,L . The

stochastic pattern quality has an average value of 7.2.

4.4.3 Results

According to the referred standards, the elastic properties were derived by the secant modulus of

the resulting stress-strain relations. To reduce errors from measurement noise a 1D Gaussian filter

of size 3 was applied to all signals. The obtained stress-strain graphs are shown in figure 4.22 and

4.23 respectively. Those experimental results allowed to determine the plane elastic quantities
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right camera

left camera

LED light source

sample

wedge clamping grips

Figure 4.20: Tensile test experimental setup

ε11,L

ε22,L

PatQavg = 7.2
w

xz

y
L

Figure 4.21: Digital evaluation of virtual extensometers

E1, E2, G12 and ν12, which are sufficient to determine the constitutive behavior for the plane stress

state, which is present in thin-walled components. However, for thick-walled structural compo-

nents, it is necessary to extend the stress and deformation analysis to spatial stress states. Although
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Figure 4.22: Measured stress-strain relation of CUD

the out-of-plane material properties were not derived from the tensile experiments, they are de-

rived from a micro- and mesomechanic approach where the elastic quantities of the UD material

are determined from the respective fiber and matrix values [149].

Table 4.5 and 4.6 summarize the material properties in terms of arithmetic mean, standard devia-

tion and coefficient of variation. Values denoted with (∗) are derived from the micro- and mesome-

chanic approach. Values denoted with (+) are taken from the suppliers technical data-sheet (TDS)

[153], [154].

The remaining elastic properties of CUD are derived with SwiftComp Micromechanics™, a general-

purpose micromechanics code for homogenization and dehomogenization of heterogeneous ma-

terials [181]. The desired properties for the CTW 2x2-twill fabric are derived by generating a 3D solid

finite-element model for the textile composite with TexGen [98], [101], an open-source geometric

textile modelling software package for textile composites. Parameters such as yarn width and spac-

ing were adjusted to match the average measurements and values of fiber volume content of the

specimens. Periodic boundary conditions were selected for the elastic analysis with an assigned

voxel seed of 30, 30 and 15 with respect to x, y, z coordinates. The dimensions and layout of the

fabric is illustrated in figure 4.24. Subsequently, Swiftcomp was used again to approximate the

orthotropic material behavior.
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Figure 4.23: Measured stress-strain relation of CTW
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Figure 4.24: Dimensions of mesomechanic 2x2-twill fabric modeled with TexGen[98], [101] and analyzed
with SwiftComp by Analyswift [181]. Yarn-spacing = 1.72, yarn-width=1.36, yarn-height=0.255,
fiber-volume-fraction=0.549
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Parameter Unit Mean SD COV [%]
Elastic Properties
E1 [GPa] 134.6 5.2 3.9
E2 = E3 [GPa] 9.02 0.41 4.6
ν12 = ν13 [-] 0.336 0.051 15.3
ν∗23 [-] 0.388
G12 =G13 [GPa] 4.75 0.1 2.2
G∗

23 [GPa] 3.02
Strength
σ1 [MPa] 1784 97.6 5.5
σ2 = σ3 [MPa] 32.9 2.89 8.8
τ12 = τ13 [MPa] 60.9 0.99 1.6
τ+23 [MPa] 75

Table 4.5: Material properties of SIGRAPREG® C U600-0/SD-E501/33% in terms of arithmetic mean, Stan-
dard Deviation (SD) and coefficient of variation (COV).

Parameter Unit Mean SD COV [%]
Elastic Properties
E1 = E2 [GPa] 65.3 1.16 1.8
E∗

3 [GPa] 11.7
ν12 [-] 0.077 0.037 48.4
ν∗23 = ν∗13 [-] 0.34
G12 [GPa] 4.58 0.12 2.6
G∗

13 =G∗
23 [GPa] 4.34

Strength
σ1 = σ2 [MPa] 762 22.6 3.0
τ12 [MPa] 99.7 4.18 4.2

Table 4.6: Material properties of SIGRAPREG® C W200 TW2/2 E503/45% in terms of arithmetic mean, Stan-
dard Deviation (SD) and coefficient of variation (COV)
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4.5 Experimental Setup

As described through the governing equations in section 4.1, the plane surface strains

(ε11,e ,ε12,e ,ε22,e ) and their corresponding cross-sectional coordinates need to be determined un-

der at least six precisely known linearly independent load cases (Fx ,Fy ,Fz , Mx , My , Mz ) at three or

more points of the cross-section. To determine the sectional stiffness properties along the span,

this measurement needs to be repeated at multiple cross-sections. By measuring the forces and

moments at the blade root as the loads are applied at the tip, it is possible to calculate the forces

and moments acting in every blade sections using a free-body diagram. To account for geometric

non-linearities the deformation of the blade needs to be measured and accounted for as well.

The test stand shown in figure 4.25 was specially built for this purpose. It uses the sturdy steel

frame, previously used for rotor blade investigations by Hajek et. al. [61] and Suesse [166].

The blade is mounted with two ∅10 mm bolts vertically onto a 6-axis load cell with an adapter that

has the same geometry and material as the original MERIT blade clamps. The load cell itself is in

turn attached to an base plate that is screwed to aluminum flat sections on the floor.

All loads are applied at the tip of the blade via steel cables and a system of pulleys. Aluminum pro-

files are used to equip the steel-frame with modular components that allow to vary the mounting

position of cable pulleys. The force is introduced via a hydraulic cylinder in combination with a

hand actuated hydraulic pump. The advantages are large forces, simple equipment, great damping

characteristics and precise load repeatability.

4.5.1 Load Application

It is important to highlight that the experiments are nondestructive, which means that neither the

applied loads exceed the strength capacity of the blade structure nor that the load-interface at the

tip of the blade prevents further usage.

The blades are manufactured with the quasi-isotropic monolithic tip layup extending 34 mm over

the finished engineering edge of part that is used for a tough load-interface by inserting a cylindrical

steel pin at the pitch axis at 25% chord and two steel bushings. Again the two-component 3M 9323

A/B adhesive is used.

In figure 4.26 the experimental setup of the load cases are shown. Considering the coordinate

system of the blade, Fx is the axial force along the longitudinal axis, Fy is the transverse force in

lead-lag direction and Fz in flap direction. Analog, the torsional moment about the longitudinal
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Figure 4.25: Experimental Setup: Testbench for load application and DIC system measurement setup

pitch axis is denoted Mx , the bending moment in flap direction My and Mz in lead-lag direction.

All loads are applied in positive and negative direction, except for the negative axial force due to

the potential risk of buckling, leaving 11 load-cases shown in figure 4.26 and 4.27

For the axial load case, the two integrated bushings are used to connect a steel cable via a adapter

as shown in figure 4.26. This allows coupling relations of the stiffness-matrix to become more

visible during the experiment as the movement in the other directions is less counteracted. Due to

the load capacity of the pulleys the axial load was limited to 10 kN. To reduce undesired forces and

moments, the transverse forces Fy (4, 5) and Fz (2, 3) are applied precisely at the pitch axis with the

help of the glued-in cylindrical pin via a spherical rod end. A ring nut transfers the applied forces

of the hydraulic cylinder from the steel cable to the rod end. Note that, depending on the spanwise

position, the transverse forces at the tip induce a sectional bending moment.

A force couple of equal and opposite magnitude is introduced to a frame that transfers the torsional

moment Mx (6, 7) via blade clamps onto the blade. The clamps are secured with two cylindrical
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Figure 4.26: Independent load cases in positive (solid) and negative (dashed) direction, the index indicates
the corresponding test case.

pins through the blade bushings to prevent undesired movement. To ensure equal force magni-

tudes the steel cable is routed back through pulleys at the hydraulic cylinder.

The bending moments My (8, 9) and Mz (10, 11) are applied with the same load frame. However,

four forces instead of two are now applied with the same magnitude and opposite direction at the

outer corners to provide a free image area in front of the blade surface. Again, to ensure equal

force magnitudes the steel cable is routed back through pulleys at the hydraulic cylinder which are

attached at a hinged bar.

4.5.2 Metrology

Load Cell

Accurate measurements of the applied loads are the basis of the described method. The 6-axis

multi-component sensor (K6D130 5kN/500Nm MP11 by ME-Meßsysteme GmbH [112]) for forces

and moments F T = {
Fx ,Fy ,Fz , Mx , My , Mz

}
was specifically selected for the desired operating
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(a) Axial, Fx (b) Lag Shear, Fy (c) Flap Shear, Fz

(d) Torsion, Mx (e) Flap Bending, My (f ) Lag Bending, My

Figure 4.27

range to obtain the best compromise between maximum load capacity and measuring accuracy.

To obtain a high signal to noise ratio of the strain measurements, the target loads are calculated

with the structural model of SONATA for a corresponding target strain estimate of ∼ 0.3%. The

nominal forces and moments (full scale (FS)) of the load cell are provided in table 4.7.

Sinotte [160] stated that the hardest part of getting good measurements with their test setup was

obtaining accurate measurements of the applied loads, which is why they performed an elaborate

calibration and uncertainty study to reduce the errors in the load measurements.

In this case, the calibration was carried out under consideration of the requirements of DIN EN

ISO/IEC 17025 with measuring equipment according to national standards DIN EN ISO 9001 and

DIN EN ISO 10012 by the manufacturer ME-Meßsysteme GmbH. The calibration matrix describes

the relationship between the displayed voltages of the measuring amplifier and the components

of the load vector F . To determine the calibration matrix, 11 load vectors were applied three times

using a reference force or reference weight with or without a reference lever. The direction of the
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reference forces and reference moments on the sensor was ensured by different mounting posi-

tions of the sensor in the calibration device. Before each load application, a zero adjustment is

performed [111]. With a probability of 95%, the measurement results have the uncertainties listed

in table 4.7.

Technical Data K6D130 5kN/500Nm MP11
Channel Rated Forces/Torque (FS) 95% Confidence Interval Operating Limit
Fx [N] 15000 ±31.5 45000
Fy [N] 5000 ±4 15000
Fz [N] 5000 ±12 15000
Mx [Nm] 500 ±0.5 1500
My [Nm] 500 ±0.6 1000
Mz [Nm] 500 ±0.65 1000

Table 4.7: Technical data K6D130 5kN/500Nm MP11 [112], [111], note that the coordinates are given in the
blade reference frame as opposed to the manufacturers coordinates)

The signals of the load-cell were processed by the amplifier GSV-8DS SubD44HD also by ME-

Meßsysteme GmbH which tranformed the signals according to the calibration matrix, scaled each

load individually and transmitted it to the GOM ARAMIS DIC system via coaxial 50Ω BNC cables.

After start-up, a signal drift was be detected, that disappeared after the instruments have reached

operating temperature. More measures of precision and crosstalk are given by the manufacturer

and are summarized in table 4.8.

Precision and Crosstalk
Accuracy class 0.2 %
Relative linearity error 0.1 %FS
Relative zero signal hysteresis 0.1 %FS
Temperature effect on zero signal 0.1 %FS/K
Temperature effect on characteristic value 0.01 %RD/K
Relative creep 0.1 %FS
Relative repeatability error 0.5 %FS
Crosstalk 1 %FS

,

Table 4.8: Precision and crosstalk specifications of the K6D130 5kN/500NM MP11 load cell. Full Scale (FS)
refers to the rated load of table 4.7

DIC Setup

To fill the remaining components of the governing equation (4.7), the plane surface strains

(ε11,e ,ε12,e ,ε22,e ) and their corresponding cross-sectional coordinates (Zi ) and orientation Re are

determined using Digital Image Correlation (DIC).
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Sinotte and Bauchau [160], [161] generated a high local resolution by subdividing their specimens

into multiple spanwise images and later reassembled them, yet used a high filter size to smoothen

the data afterwards. In contrast to that, it was decided to use a camera setup and measurement

volume that can capture the full surface of the blade, the blade clamp, load-cell and a load-free

reference frame for a rigid-body motion correction.

An ARAMIS SRX 600 MV1200 sensor by GOM was used to capture images for full-field and point-

based measurements with a resulting calibrated field of view of 920 mm × 1140 mm × 920 mm with

an image size of 4096 × 3068 pixels leaving enough in depth space for large deflections under flap

bending loads. The two stereo-cameras with a focal length of 24 mm are oriented 25.533° inwards

to obtain 3D measurements. The sensor needed to reach its operating temperature in order to

achieve thermal equilibrium. Otherwise thermal expansion of the beam, camera sensor or lenses

can cause a drift in the intersection deviation. Additional LED arrays provided a homogeneous

illumination of the test articles.

4.5.3 Sample Preparation

Before distributing the stochastic color information to the rotor blade and blade clamp, the sur-

faces of both were sanded and cleaned. Three to four layers of matte white 2-component epoxy

resin-based primer (Spay Max®- 2K Epoxy Primer) were applied to generate a smooth white pri-

mary coat before applying the matte black stochastic pattern (liquid acrylic paint of Bob Ross) with

a brushlike sponge. (see figure 4.28a)

The ideal pattern size and distribution was determined prior to the experiments by evaluating

various pattern samples on paper by the DIC Software in the test configuration.

The ideal pattern is as pronounced and as evenly distributed as possible and has a texture with

about three to four contrast points per facet and optimum color ratio of 50% black and 50% white

parts. The facet size can be adjusted to some extent during the post-processing of the images.

Figure 4.28b shows the prepared test articles in the test configuration. Figure 4.28c shows the

50 mm×50 mm cutout of the pattern illustrating a resolution of approximately ∼3px/mm on the

test article.

∅5 mm retro reflective reference point markers are distributed on the load-free reference frame,

the cylindrical surface of the blade clamp, and the surface of the load cell. Additionally, a touch

probe with reference point markers permitted to make point measurements of hidden areas such

as the full cylindrical surfaces or flat plane of blade clamp. The capture of these distinct geometric

objects allows the reference of a coordinate system.
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(a) Speckle patter application with a
soft plastic sponge

(b) Prepared test articles

50 x 50 mm ( 3px/mm, scale 1:1)

(c) True to scale cutout of the speckle
pattern

Figure 4.28

4.5.4 Quality

A pattern quality measure is implemented within the GOM Correlate 2020 software and gives a

numerical value of the stochastic pattern within the facet. A value of > 4 is considered sufficient.

A variation in facet-size can increase or reduce the stochastic information and can be adjusted

accordingly. [57]. Table 4.9 lists the arithmetic mean, standard deviation (SD) as well as the min

max values of the pattern quality for a facet size of 23x23px and the intersection deviation over the

surface of the test article. As described above, the intersection deviation is a quality measure of the

sensor calibration.

pattern quality [-] intersection deviation [px]
mean min max SD mean min max SD

Top 8.999 5.217 11.214 1.268 0.018 0.001 0.057 0.012
Bottom 8.135 4.271 10.764 1.101 0.037 0.000 0.109 0.023

Table 4.9: Quality measures of the DIC setup

4.5.5 Test Envelope

The tests was conducted by applying the previously described 11 load cases. The load amplitudes

were selected based on preliminary structural calculations to achieve a targeted maximum strain

of about 0.3% to ensure a high signal to noise ratio, but at the same time leaving safety margins. For

most load cases, the load was applied in three amplitude steps. The test envelope of the highest

loads levels is summarized in table 4.10. Again, a negative axial load −Fx was not applied due to

concerns about buckling.
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Measured Maximum Loads
Load Case Test # Fx [N] Fy [N] Fz [N] Mx [Nm] My [Nm] Mz [Nm]

Axial, Fx
L1.2 10045 -198 -4 0.7 -3.2 -104.9
U1.2 10040 -83 -78 0.3 22.8 -24.5

Lag Shear, Fy

L2.2 79 659 -50 -0.3 -1.5 597.2
U2.2 159 659 -44 0.0 0.1 604.4
L3.2 66 -734 -20 0.7 -2.7 -673.2
U3.2 139 -735 -44 1.3 -0.6 -672.9

Flap Shear, Fz

L4.3 40 -13 -502 -1.1 458.2 -7.3
U4.3 49 -11 -501 -0.4 440.1 -2.0
L5.3 63 6 504 0.9 -461.5 0.7
U5.3 55 16 503 0.5 -455.3 7.8

Torsion, Mx

L6.3 -74 11 -51 179.8 33.4 2.8
U6.3 -66 22 -17 179.5 -2.4 15.1
L7.3 -67 -5 -16 -123.8 4.7 -2.2
U7.3 -68 4 -14 -123.6 -2.8 5.4

Flap Bending, My

L8.3 -43 -29 30 -4.6 300.3 -28.9
U8.3 -123 -12 -38 0.3 300.3 -2.6
L9.3 -22 -27 -68 1.7 -301.0 -27.9
U9.3 -186 -9 -42 2.1 -301.5 -5.0

Lag Bending, Mz

L10.3 -63 -42 -53 1.7 8.5 469.8
U10.3 -143 -79 -34 0.9 -1.7 470.7
L11.3 -88 0 -24 2.1 -4.3 -604.8
U11.3 -165 -39 -28 2.5 -9.6 -606.3

Table 4.10: Test envelope of the measure load at the load cell, Test # refers to the (L:lower, U:upper) surface.
20 images per load lase

All experiments were conducted for the upper and the lower surface of the rotor blade by rotating

the base plate together with the load cell and the blade by 180°. The test number listed here refers

to the surface, load-case and load level (e.g L6.3; L:lower surface, 6: +torsion, 3:3rd load application

step).

Independent load cases were targeted by reducing the off-diagonal terms of the test envelope table.

Additionally, it was targeted to match the load cases of both sides.

For each test, 20 images were taken with a frequency of 2 Hz to offer the possibility to average the

data over time.
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4.6 Postprocessing

The momentary capture of the combined set of stereo images and analog signals from the load

cell is hereinafter referred to as stage. All stages are further processed with the DIC software GOM

Correlate Professional 2020.

For the initial alignment of the measurement data with respect to a coordinate system, the cylin-

drical and the plane surfaces of the blade clamp are used that were previously captured with the

3D touch probe.

When generating the surface component, the software finds square facets in the captured images.

The software identifies facets in all captured images using the stochastic pattern structure and

identifies all facets of the left camera image in the stochastic pattern of the right camera image.

The software merges all calculated measuring points from valid facets into one surface component.

The surface-component with a facet size of 23 px and a facet spacing of 11 px covers almost the

entire visible surface of the blade from R241 to R878 with exceptions at the very front of the lead-

ing and the trailing edge. The suface-component of the top surface under flap bending loads are

illustrated in figure 4.29.

The CAD description of the blade is superimposed on the undeformed reference state within the

software to align the coordinate system to the original target data using a best-fit. Figure 4.30 and

table 4.11 show the top and bottom deviation of the surface-component versus the CAD data after

the best fit was performed.

The very low surface deviation to the CAD design of the rotor blade indicates a precise machining

and sanding of the molds, no distortion of the blade during curing, good airfoil compliance along

the span and a uniform paint and stochastic pattern application.

In order to obtain a better support of the individual punctual measured values for the strain tensor

calculation, the software takes into account further neighboring points of radius 3 surrounding the

point under consideration for the calculation.

Note that the strains are recovered in material, i.e. in local coordinates moving with the specimen.

Therefore, each point has its own coordinate system. That is, the software calculates the strains

of the sections in the moving coordinate systems E instead of in the stationary global coordinate

system. The e3-axis points in thickness direction. To ensure a common orientation, the software

uses the normal of a local equalization plane around the point under consideration as the Z direc-

tion. The local e1-axis results from the cross product of the normal vector nLP of the plane and the

global X-axis. The local e2-axis then results from the cross product of the local e3-axis and the local

e1-axis. [57]
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Figure 4.29: Postprocessing setup under load case L8.3 - Flap Bending, each radial section set combines a
facet-point-component that is connected to a coordinate system at the beam axis.

The measured strain field is split into multiple radial sections every 30 mm. To recover the de-

formed local coordinate system C of each section a facet-point-component with 5 facets of size

23 px is introduced as shown in figure 4.31. They are placed around 25% chord of the airfoil and sit

right above the pitch and beam axis of the blade. The facet-point-component links the coordinate

system at the beam axis with a rigid body motion. Note that this local sectional coordinate system

coincides with the local coordinate system of the deformed beam.

To obtain the sectional loads at each radial station the measured load and moment vectors of the
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−0.3 −0.2 −0.1 0 0.1 0.2 0.3
suface deviation [mm]

top
bottom

Figure 4.30: Reference surface deviation histogram
of the best-fit surface-component ver-
sus CAD

surface deviation [mm]
mean min max SD

top 0.016 -0.49 0.16 0.06
bottom 0.01 -0.19 0.20 0.05

Table 4.11: Reference suface-component devia-
tion

R329

R299

facet-point-component 23 px

Figure 4.31: Facet-point-component definition on the bottom surface of the blade at R299 and R329 with a
facet size of 23 x 23 px.

load-cell are transformed according to the following relationship from the global coordinate system

G to the local sectional coordinate system C. p(G) is the position vector of the coordinate system

and ACG is the transformation matrix containing the unit vectors of C.

F (C) = ACGF (G) (4.24)

M (C) = ACG(−p(G) ×F (G) +M (G))

4.6.1 Finite Element Model

The hybrid approach of this method requires the experimental results to be mapped onto the finite

element discretization by SONATA. The structural analysis of the rotor blade uses the previously

described framework SONATA in conjunction with VABS and ANBA4. The outer surface of the

blade of the SONATA model is described by the closed surface geometry extracted from the CAD in

the form of a .stp file (see figure 4.32).
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subject of this study

z

y

x

Figure 4.32: SONATA topology of MERIT rotor blade

Figure 4.32 shows different cross sections of the fiber composite topology in addition to the ex-

tracted surface. As it was not possible to carry out an entire series of tests with several rotor blades,

the primary subject of this study is to focus on the homogeneous blade area, which has identical

cross-sections with exactly the same composite structure over the entire length. Deviations along

the length are therefore either indicators of fluctuations in the manufacturing process or can pro-

vide information about the influences of the test setup, since the deflection as well as the sectional

loads change steadily toward the blade tip . Note that the governing equations are evaluated inde-

pendently of each other every 30 mm along the span with the recovered sectional data.

Figure 4.33b shows the finite element model of the homogeneous cross-section developed during

the preliminary design with SONATA in comparison to the sectional view of the second prototype

blade S/N: MERIT-A-005-2020-08 (figure 4.33a). It is well recognized that the model represents the

resulting structure of the manufactured rotor blade very accurately. Especially in the context of

the fact that the position of the trim mass is not fixed in advance in the manufacturing process,

it agrees satisfactorily with the position from the preliminary design model. The position of the

spar layers and the shape of the C spar also correspond well to the model and the finished rotor

blade. Only the steps of the individual layers are modeled too discretely. An adjustment of the layer

cut-off definition in the SONATA model (see section 2.2) could smooth this even further.

In addition, the parting plane of the two foam core halves, which is filled with an extra thin layer of

film adhesive, is not represented in the SONATA model. However, this should only have a negligible

effect on the resulting stiffness properties.

Note that the even tough the surface deviation compared to the CAD data is very low (see figure

4.30), small discrepancies are still noticeable when the experimental sections are transformed in

local coordinates under deformation. This is especially noticeable under torsion and is increasing

towards the tip. Figure 4.33b shows both the datapoints of the DIC measurements with the de-

scribed offset. The surface-strains are therefore mapped onto the nearest nodal locations by linear
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(a) Homogeneous cross-section of S/N: MERIT-A-005-2020-08

θ =−169◦

c3
c2

DIC Datapoints

Associated Surface Nodes
e3

e2

Mass Center

Tension Center

Generalized Shear Center

E

C

(b) Finite element discretization of the homogeneous cross-section created by SONATA showing the maximum deviation
of the measured nodal values at the R869 during torsion (L7.3)

Figure 4.33: SONATA Finite Element model vs. reality of the homogeneous section of the MERIT rotor blade

interpolation. The partial derivatives of the calculated warping field are also recovered by linear

interpolated derivatives over the mesh. Figure 4.33b also shows the calculated location of the mass,

tension and shear center. Together with the calculated stiffness-properties they will be compared

to the results in the next section.
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4.7 Results

This section examines the sectional stiffness matrix of the MERIT-A-001-2020-07 composite blade

over the homogeneous region. First, the axial strain distributions are examined under selected

load conditions before the numerically determined strains are compared to the measured strains

under the six major load cases at section R329. Following this pre-examination, the results of the

governing equations are shown and compared and evaluated to the numerically predicted results.

4.7.1 Strain Distributions

The axial surface strains (ε11,e ) are illustrated in figure 4.34 for the flap shear load case (U4-3).

Under this load, the inevitable flap bending moment creates an axial strain distribution that has its

sectional maximum at the maximum thickness location at 30% chord and decreases linearly along

the span.
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Figure 4.34: DIC axial top surface strain distribution (ε11,e ) under positive flap shear (U4.3, +Flap Shear)

The axial surface strains (ε11,e ) are illustrated in figure 4.35 for pure flap bending (U9-3). Under

this load, the flap bending moment creates a similar strain distribution with a sectional maximum

at 30% chord but varies little over homogeneous region along the span. Note, that the outermost

radial section R869 already has additional plies within the layup to embed the balance chamber

into the structure, which leads to a decreased axial strain amplitude towards the tip. Similarly, the

strain decreases towards the blade attachment as the sections becomes thicker and embed more

material. Figure 4.36 shows the top surface strain distribution (ε11,e ) under negative lag bending
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Figure 4.35: DIC axial top surface strain distribution (ε11,e ) under positive flap bending (U9.3, +Flap Bend-
ing)

(U10.3, -Lag Bending). Comparable to the previous load case the sectional strain distribution varies

little along the span with the exception of the outermost section and towards the blade attachment.

The axial strain decreases in chordwise direction towards the trailing edge.
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Figure 4.36: DIC axial top surface strain distribution (ε11,e ) under negative lag bending (U10.3, -Lag Bending)

Figure 4.37 not only presents the measured surface strains (ε11,e ,ε12,e ,ε22,e ) in six different load

cases, but compares them with the numerically determined strains of the finite element model

described in section 4.6.1. ANBA4 was used for this purpose. This figure takes the data extracted

from the experiments which measured the surface on the upper side of the blade (see figure 4.37a

in the local surface coordinate system denoted with subscript (.)e .
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In the experiment, as described, only low axial loads could be applied, resulting in a mean axial

strain of only 420 µε at the surface (see Figure 4.37b). At the same time, there was a decrease

in axial strain ε11,e along the blade chordline towards the leading edge. This is explained by the

position of the tension center of the cross section which doesn’t align with the applied load vector.

This coupling relation is is expressed by the coefficient K16 of the stiffness matrix. While the finite

element model calculates an ideal linear distribution, the experiment shows a slight deviation from

this. As expected, the transverse strains ε22,e have an opposite sign as the axial strains and to a

certain extent mirrors this behavior.

Noteworthy is the shear strain distribution ε12,e that has a significant characteristic with a change

in signs near the location of maximum thickness as opposed to the near zero predicted values.

Note that for better visualization the scale of the y-axis of this plot is not the same as the other

ones.
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Figure 4.37: Numerically determined strains versus measured strains at section R329.
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The numerically predicted strain distributions are very similar when comparing flap shear and flap

bending. It is no suprise that the bending moment induced by the concentrated load at the blade

tip generates the same axial and transverse strain distribution as in the case under pure bending

moment. The difference becomes apparent in the shear strain field. While under additional shear

force a shear strain distribution with sign change at the point of maximum thickness is predicted

by the numerical model, under pure bending moment the shear strain distribution is close to zero.

The experimentally recorded axial strain data reproduce the predicted strains well in both cases,

whereas the measured data have a shape will less gradient which leads to a deviation especially

at the trailing edge and the leading edge of the rotorblade. The transverse strains are consistent

with this observation. The recorded shear strains show in both cases a very similar non-zero

distribution, which corresponds to the previously mentioned distribution of the flap-shear load

case. An analogous behavior can be observed for the lag-shear and the pure lag-bending load

cases. The axial strains of the induced bending moment dominates the stress state, so that both

with and without lag shear forces, the strain distribution on the surface of the cross-section is

very similar. The experimentally determined axial strains follow the linear behavior numerically

predicted strains, although not quite as ideal linear. The shear-strain distribution was predicted

to be close to zero for the pure bending lead-lag and non-zero for the case with additional lag

shear loads. Yet, the experimental data shows a very similar distribution for both cases in which

the order of magnitude ranges from -400 µε to 260 µε. The torsional load case is predicted to

produces primarily shear strains, which is confirmed by the experimental data. The experimentally

determined shear strain matches the distribution of the numerical prediction especially in the front

part of the cross-section where the thick C-spar is present. The correlation reduces in the direction

of the trailing edge. There, the measured strains were higher than predicted by the model.

4.7.2 Sectional Stiffness Matrix

The following section provides the results derived from the governing equations and compares

them to the numerically predicted results. This is also accompanied by the analysis of the effects

of the presented measurement uncertainties on the results which are calculated by the means of

Monte Carlo Simulations.

The dimensionless form of the stiffness matrix is used to determine the significance of the mea-

sured off-diagonal coefficients. According to equation (4.25), the coefficients along the diagonal

will take the value 1. If the normalized coefficients on the off-diagonal are much smaller than 1,

they are insignificant for the overall behavior of the beam, i.e. for the static and dynamic behavior
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[159].

Kn,i j =

√√√√ K 2
i j

Ki i K j j
(4.25)
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0.00 0.00 1.00 0.22 0.00 0.00
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0.00 0.00 0.00 0.00 1.00 0.00

0.21 0.00 0.00 0.00 0.00 1.00

Figure 4.38: Numerically predicted normalized stiff-
ness matrix Kn

K11 3.54e+07 N
K16 -1.83e+05 Nm
K22 5.77e+06 N
K33 2.44e+05 N-m2

K44 7.28e+02 N-m2

K34 2.96e+03 N-m
K55 8.04e+02 N-m2

K66 2.06e+04 N-m2

Table 4.12: Significant coefficients of the nu-
merically predicted sectional stiff-
ness matrix

The MERIT rotor blade has a symmetric NACA0012 airfoil, a symmetric layup and no twist. There-

fore the numerical simulation predicted many off-diagonal coupling relation coefficients to be

very small (see figure 4.38). One of the remaining significant off-diagonal coupling relations is K16

(= K61) which describes the lead-lag bending moment in response to an axial sectional strain ϵ1

and vice versa. It is also characterizes the xt2 location of the tension center. From figure 4.38 it

can be concluded that the tension-center has a significant offset from the coordinate origin of the

reference coordinate system which coincides with the pitch axis and the quarter-chord line of the

airfoil.

The off-diagonal coupling relation K34 (= K43) describes the relationship between the torsional

moment and the chordwise transverse sectional shear strain ϵ2 and therefore contributes to an

xs2-offset of the shear center.

Figure 4.39 shows the relative variation of the experimentally determined stiffness properties along

the span of the rotor blade compared to the numerically predicted values. The axial stiffness (K11),

torsional stiffness (K44), flap bending stiffness (K55) and lead-lag bending stiffness (K66) are all

within a 10 to 15% range to the numerically predicted values. The increase of lead-lag and flap

bending stiffness towards the tip of the blade is explained by the additional plies that begin to scarf

towards a monolithic tip structure. The measured torsional stiffness K44 is on average 9% and the

flap bending stiffness K55 8% higher than the predicted value of the numerical simulation. The

axial stiffness K11 is 1.3% and the lead-lag bending stiffness K66 is 1.6% lower than the predicted
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Figure 4.39: Spanwise distribution of sectional stiffness coefficients Kexp/Knum

value of the numerical simulation.

Table 4.13 summarizes the results illustrated in figure 4.39 as spanwise mean of the significant

stiffness properties along the homogeneous region. The right hand side of the table shows the

spanwise mean of the coefficient of variation (COV) of both Load-Cell (LC) and the DIC uncertainty

studies described later in this section.

The axial stiffness coefficient K11 is on average just 1.3% lower than the predicted value of the

numerical simulation but varies along the span with a coefficient of variation of 22.9% with a trend

to an increased stiffness towards the blade root and a decreased stiffness towards the blade tip. A

similar trend and shape is evaluated for the off-diagonal coupling relations K16. The chordwise
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tension center is described by the ratio K16/K11 and is illustrated in figure 4.40. It matches well the

predicted location along the span with a location of (xt2 = 7.66, xt3 =−0.85) mm with a standard

deviation of (xt2 = 1.05, xt3 = 1.04) mm compared to the predicted location (xt2 = 5.165, xt3 =
0.00) mm. This increased chordwise tension center offset of 2.49 mm contributes to an increased

coupling coefficient K16 compared to the numerical predicted value.

The transverse shear coefficients show a more than significant offset from the predicted values.

By looking at both the spanwise mean of the normalized stiffness matrix in figure 4.41 and the

strain distributions under lag and flap shear in figure 4.37c and 4.37d it is noticed that a shear

strain distribution with sign change at maximum thickness is registered under transverse shear

forces in chordwise direction. Which was expected to be especially apparent for the transverse

flap shear loadcase. This is one explanation for the large transverse coupling relation K23 of figure

4.41. The large differences of all transverse shear coefficients especially K22 and K33 challenges the

inherently inverse hybrid method itself and point out the biggest weakness of this method. With

the fundamental assumption that the warping corrections are determined from a numerical model

the model itself has to be an adequate representation of the real problem. In other words, the

warping function was solved from a cross-section which assumed to have a different compliance

matrix to be obtained from the governing equations. In fact, if the compliance matrix is different,

then the warping function will also be different.

The torsional stiffness K44 is on average 9% higher than the predicted values and has a low variation

along the span of only 2.7% with a slight increase towards the tip. The flap-shear torsion coupling

relation K34 mirrors the shape of the transverse flap-shear stiffness K33 and is for the most part

responsible for the chordwise shear-center position. The negative relative value of figure 4.39

indicate an opposite location compared to the numerical prediction. The shear-center location,

illustrated in figure 4.40, shows a average location of (xs2 = −21.4, xs3 = −0.6) mm compared to

the predicted location of (xs2 =−12.1, xs3 = 0.00) mm and thus a pitch up instead of a pitch down

deformation as a result of lifting transverserse shear forces +F3. This difference gives reason to

become critical and once again question the results and the inverse method. To anticipate the

outlook, in the future alternative studies should verify this behavior.

The flap bending stiffness K55 is 8% higher than the predicted values with a coefficient of variation

of 16.4%. The slight overshoot of the mean and the variation are primarily explained by the more

than 50 percent increase in stiffness at the blade tip. The same but not so pronounced increase

at the tip is also observed for the lead-lag bending stiffness K66, which also matches the predicted

values up until that point very well with an average difference of 1.6% and variation of 7.8%. The

increase of lead-lag and flap bending stiffness towards the tip of the blade is explained by the

additional plies that begin to scarf towards a monolithic tip structure.
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Figure 4.40: Spanwise location of the shear center (SC) xx2 and tension center (TC) xt2
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Figure 4.41: Spanwise mean of the normalized stiffness matrix Kexp

If the transverse lag shear coefficients of row and column 2 are excluded from the figure 4.41, the

reduced 4×4 normalized classical Bernoulli stiffness matrix is obtained. It can be seen that the

remaining coupling coefficients have only a very small influence, which matches the predicted

behavior.

4.7.3 Uncertainty Evaluation

An integrated uncertainty analysis of the results of the different measurement systems is an impor-

tant goal of this study. This is one way to assess the validity of this novel measurement methodology

and to draw conclusions for improvements. For this purpose, the associated uncertainties of the

DIC sensor system and the load cell were investigated independently of each other. Monte Carlo

Simulations are once again used as a technical numerical tool to study the effect of these two un-

certainties independently and obtain an value of accuracy of the performed experiments and this

method.
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In this case the complete set of experiments are evaluated 500 times in which the added random

uncertainties were extracted from probability distributions.

The systematic error of the strain measurements is estimated based on 30 undeformed reference

images of the top surface and 30 images of the bottom surface. The residual sum of squares esti-

mates was used to recover a best fit theoretical distribution for the empirical distributions out of

89 possible. Figure 4.42 shows both the empirical distribution, the best fit theoretical distribution

and the upper and lower indication of the 95% confidence interval. The recovered distributions
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Figure 4.42: Probability of occurrence of strains over 60 undeformed reference images.

of ε11, ε12 and ε12 show all a minor asymmetry towards positive values. The 95% confidence in-

terval is represented by the black dash-dotted lines with the axial strains ε11 in the range between

[-18;30] µε, the transverse strains in the range between [-26;50] µε and the shear strains in the

range between [-23;14] µε.

The uncertainty associated with the load measurements of the load cell was determined in advance

by the manufacturer during calibration (see table 4.7) and are assumed to follow a Gaussian distri-

bution.

Figure 4.43 shows the spanwise distribution of the same coefficients of the stiffness matrix as the

previous graph. Now, the mean value and the standard deviation of the Monte-Carlo simulation are

presented for the separate analysis. At first glance, the large difference in the variation bandwidth

between the two studies is noticeable. The uncertainty of the load-cell measurements exceeds the

uncertainties of the strain measurement considerably. The reason why the uncertainties caused

by the DIC strain measurements result in only very small effects is assumed to be not so much

because of the absolute measurement accuracy but in how the uncertainties were added to the

equations. Since for each measuring point i a sample is taken from the probability distribution, the

errors average out over the cross-section with multiple data points and loadcases. As a summary,
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the mean coefficients of variation of the two studies are shown on the right side of table 4.13. Since

the basis for the load-cell study are symmetric Gaussian probability distributions, the mean of

the study is equivalent to the solutions from Figure 4.41. The DIC study involves asymmetrical

distributions that explain the recovered mean offset of both studies. With a mean value of 3.3%,

the coefficient of variation is lowest for the lead-lag bending stiffness K66. The pure bending load

case, which is the main contributor to the determination of this parameter, has a relatively high

signal to noise ratio, which can be seen in the relationship of the applied load to the rated value

of the load cell. However, the value of 3.3% exceeds the accuracy class of the load cell, because in

order to determine the resulting moment at the radial section, a sum of moments is represented,

to which the transverse shear forces multiplied by the lever arm are also added.

This effect is particularly evident in the increasing standard deviation of the flap bending stiffness

K55 towards the blade tip. This results in a spanwise mean coefficient of variation of 6.25%. For

the axial stiffness K11 and the torsional stiffness K44 a mean LC COV of 14.2% and 10.6% results.

The largest uncertainty concerns the transverse shear terms K22, K33, and K44 in which the rated

load of the load-cell is much higher than the actual applied load. In summary, it can be said that

similar to the discoveries from Sinotte [160], the load cell proves to be crucial for a good accuracy.

Especially the transverse shear load measurements (Fy , and Fz ) proved to be mainly responsible

for the large standard deviation of the results.

Kexp
Kexp

Knum
[%] COV [%] COV LC [%] COV DIC [%]

K11 3.50e+07 N 98.7 22.9 14.2 1.11
K16 -2.73e+05 Nm 150 33 19.5 1.73
K22 2.55e+03 N 0.044 91.1 153 1.97
K33 1.51e+05 N-m2 62.0 30.8 97.4 0.522
K44 7.93e+02 N-m2 109 2.73 10.6 0.0451
K34 -3.26e+03 Nm -110 28.7 96.7 0.512
K55 8.65e+02 N-m2 108 16.4 6.25 0.159
K66 2.03e+04 N-m2 98.4 7.78 3.27 0.351

Table 4.13: Spanwise mean of the significant stiffness properties along the homogeneous region. The right
hand side of the table shows the spanwise mean of the coefficient of variation (COV) of both
Load-Cell (LC) and the DIC uncertainty studies.
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Figure 4.43: Spanwise distribution of mean and SD of sectional stiffness coefficients Kexp/Knum for Load-
Cell and DIC MCS

4.7.4 Discussion

To conclude the discussion of the presented methodology, first of all, the good agreement of the two

bending and torsional stiffnesses along the radius between experiment and prediction by the nu-

merical model can be pointed out. Also the good agreement of the axial stiffnesses and the position

of the tension center is worth mentioning. For the helicopter engineer, these characteristics are

the most important properties when determining the dynamic behavior of the rotor. Differences

in the shear stiffness properties of even an order of magnitude have an insignificant effect to the

dynamic response of rotor blades and are often neglected and set to infinity in rotor analyses [161].
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The relevant dynamic responses can be characterized as low-frequency / long-wavelength effects.

When higher frequency effects are investigated, the bending modes have a shorter wavelength and

thus the transverse shear deformations have an increasing importance [70], [71]. Nevertheless,

it should be explicitly mentioned here that the transverse shear results are considered critically

and with great skepticism as they show a large deviation from the numerical predicted values. I

do not consider these properties to be set in stone, but rather see them as an incentive for further

research.

In the associated uncertainty study it became evident that the accuracy of the load cell is decisive

for the quality of the results, which supports the discoveries and results from Sinotte [159]. Es-

pecially the transverse shear load measurements (Fy , and Fz ) proved to be mainly responsible

for the large standard deviation of the results. A suggestion for future applications is to adapt the

6-axis load cell even better to the designed load case to balance the signal to noise ratio between

transverse forces and bending moments. Also, further investigation with a more in-depth study of

the uncertainties of the DIC system in particular is desirable for further research projects.

Although, the material constitutive behavior, foundation of the numerical model, was determined

experimentally and great attention was paid to an accurate representation of the numerical model,

small and large discrepancies were observed between the measured and numerical values. The

large discrepancies were particularly evident in the transverse lag shear properties. Those differ-

ences reveal the weakness of this inherently inverse methodology. With the fundamental assump-

tion that the warping corrections are determined from a numerical model, the model itself has

to be an adequate representation of the real problem. As it was stated above, if the results are

different to the prediction, then the warping function will also be different. Following discussions

with Wenbin Yu, highlighted that the key issue is to identify what is measured by experiments while

not captured in the cross-sectional analysis, thus created the difference between the measured

and predicted results. He suggested to treat these factors as unknowns, using machine learning

to figure out these unknowns so that the measured and predicted differences can be minimized.

Some of the fundamental ideas can be found in the following two publications [99], [100].

A second apparent weakness of the hybrid experimental approach is that to determine the nonuni-

form beam properties, one needs a 2D finite element model of each cross section of interest. In the

future, a fully experimental method is desirable.

One approach for this strain-based method could be to investigate how to extract the warping

displacement field from the experimental DIC data as well. The governing-equation chosen here

describes the displacement as a superposition of the average sectional displacement of the rigid-

section motion and the nodal warping. The experimental data of the DIC system consists of relative

displacements in the differential neigborhood of the point of interest and provides both the strain
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information in the form of the material deformation gradient tensor as well as the general warping

displacement. Problems and issues that can be addressed in future research include the separation

of the nodal displacements to extract the warping field. In particular, an appropriate choice of

defining facet-point-components can play a decisive role to extract the average sectional displace-

ment. Compared to the post-processing presented here, more facet-points could be distributed

along the chord.

The second problem is that the warping displacement is a very small displacement in the range

up to µm, which is partially lost in the measurement noise. It is therefore suggested to perform

fundamental experiments with smaller measurement volumes on simple isotropic rectangular and

open thin-walled beam cross-sections.
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Beam stiffness properties of rotor blades differ from the design values due to uncertainties in the

manufacturing process and varying material properties but also because the structural model of

current predesign methods often have an inaccurate level of detail.

In the first substantive chapter of this thesis, the parametric finite element preprocessor for slender

fiber composite beam structure SONATA is described. The two-dimensional approach is based on

the principle that the slender but inherently 3D problem can be separated into a linear 2D analysis

and a nonlinear 1D beam analysis.

Leveraging the power of the seamlessly integrated CAD Kernel opencascade, the presented method

is able to provide a rapid transition from and to commercial CAD systems. The generation of the

internal cross-sectional topology was inspired by composite manufacturing processes, where lay-

ers are consecutively placed on top of each other to avoid complex boundary conditions and

constraints and meet the interface requirements of a multidisciplinary rotor-blade design opti-

mization framework while at the same time, enabling a detailed and realistic representation of the

cross-sectional layup with many design freedoms not restricted to predefined topologies.

The discretization follows the same principle, using the layer structure of the generated topology

to create a finite element representation through orthogonal projections and corner-style differen-

tiation. Additional secondary structural elements such as trim masses can be sewn into this basic

discretization by a layer preserving mapping algorithm. Applications of SONATA range from beams

with simple geometries to sophisticated helicopter rotor blade cross-sections with multiple webs,

trim masses, and an elaborate shafted spar structure to wind turbine rotor blade cross-sections

with multiple shear webs, spar caps trailing edge filler, etc. At the same time, the computing time

on a currently standard computer is only a few seconds for most applications. The use of SONATA

in the development and design of the MERIT rotor blade has shown that the resulting structure

of the manufactured rotor blade is very well reproduced (compare chapter 4) and most structural

important properties are confidently predicted. To complete this development, mesh convergence

as well as validation studies are performed for prismatic composite box beams and a generic wind

turbine blade with both VABS and ANBA4.
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The second main part of this work reaffirms the research hypothesis that improvements in nu-

merical and experimental structural beam analysis methods are necessary for the development

of helicopter rotor blades to be used in multidisciplinary optimizations. Studies of the effect of

material and manufacturing uncertainties of a generic UH-60A composite rotor blade on beam

properties, rotational natural frequencies, aeroelastic response, and vibration loads in hover and

forward flight, provide the answers to this question.

Monte Carlo Simulations are used as a technical tool to perform two independent analyses on

material and manufacturing uncertainties. The deterministic simulation model is executed in

both cases with 1000 Latin Hypercube samples from normal distributions. It is based on a flexible

multibody system analysis with DYMORE with a rotor model similar to the UH-60A main rotor.

The baseline generic UH-60A composite rotor blade of the simulation model has a realistic inter-

nal fiber composite structure and the dynamic properties of this generic rotor correspond to a

reasonable design with carefully placed natural frequencies with sufficient distance to the rotor

harmonics at nominal rotor speed.

The results of the investigations showed that the variation resulting from the manufacturing tol-

erances and deviations in the material properties are of such magnitude that they cause the rotor

system performance and vibratory hub loads to change significantly. This emphasizes the im-

portance of accurate knowledge of the rotor blade beam characteristics, both by predicting the

beam properties in predesign with sufficient accuracy and reasonable computational expenses

and by measuring them with an experimental procedure that includes not only off-diagonal cou-

pling relations but also non-uniformity along the span. The goal is reached when the remaining

uncertainties no longer have a significant effect on the dynamic rotor behavior.

The third and last element of this work addresses the objective to apply, refine, and evaluated the

strain-based measurement method by Sinotte and Bauchau to experimentally determine beam

stiffness properties of the first rotor blade specifically developed for the Munich Experimental

Rotor Investigation Testbed (MERIT). This hybrid method relies on the measurement of the strain

field and combines it with a numerically determined warping field.

The details of the design and manufacturing of the rotor-blade specimen are described in the same

way as the tests carried out to determine the material properties used. The test setup and the

post-processing of the measurement data are also described in depth.

The strain field and deformations are measured using Digital Image Correlation (DIC), while a

6-axis load-cell monitored the linearly independent load cases. The data is combined during the

evaluation of the governing equations with the warping field that was derived from a numerical

analysis with ANBA4 with the previously generated SONATA model.

The results can be expressed in the following way: When comparing the experimental results and

the prediction by the numerical model, the two bending and torsional stiffnesses have a deviation

of under 10% and there is also a good agreement of the axial-stiffness and the position of the
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tension center. For the helicopter engineer, these characteristics are among the most important

properties when determining the dynamic behavior of the rotor. However, the transverse lag shear

coefficients of the stiffness matrix deviate significantly from the predictions, so no final verdict can

be made in this respect. For instance, the shear center determined by the model lies in front of the

pitch axis, whereas the experiment determined it behind it. I consider this an incentive for further

research.

To better evaluate the significance of the results, Monte Carlo simulations were performed on the

effects of the uncertainties of the load cell and the DIC strain measurement. It became evident, that

the accuracy of the load cell is decisive for the quality of the results with the lowest coefficients of

variation for the lead-lag bending stiffness K66 and the highest for transverse shear coefficients.

Despite the fact that the material constitutive behavior, which is the basis for the numerical model,

was determined experimentally and great care was taken to represent the numerical model ac-

curately, some small and large differences were observed between the measured and numerical

values. Large discrepancies were particularly evident in the transverse lag shear properties. These

differences reveal a weakness in this inherently inverse hybrid methodology. Since the warping

corrections are determined from a numerical model, the model itself must accurately represent

the problem. If the results are different from the prediction, then the warping function will also

be different. Following discussions with Wenbin Yu, highlighted that the key issue is to identify

what is measured by experiments while not captured in the cross-sectional analysis, thus creating

the difference between the measured and predicted results. It is suggested for future research to

treat these factors as unknowns, using machine learning to determine these unknowns so that the

measured and predicted differences can be minimized. Some of the fundamental ideas can be

found in the following two publications [99], [100]. Further potential research in this area could

also include and combine the information of both strain and global deformation of the rotor blade

to produce a seamless as well as accurate stiffness property estimate.

Similarly, a second apparent weakness of the hybrid experimental approach is that in order to

calculate nonuniform beam properties, a finite element model of each cross-section of interest is

necessary. A fully experimental method should be developed in the future.

Using this strain-based approach, one could study how to extract the warping displacement field

from the experimental DIC data as well. The governing equation chosen here describes the dis-

placement as a superposition of the average sectional displacement of the rigid-section motion

and the nodal warping. The experimental data of the DIC system consists of relative displacements

in the differential neighborhood of the point of interest and provides both the strain information in

the form of the material deformation gradient tensor as well as the general warping displacement.

Problems and issues that can be addressed in future research include the separation of the nodal
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displacements to extract the warping field. In particular, an appropriate choice of defining facet-

point components can play a decisive role to extract the average sectional displacement. Because

the warping displacement is very small, it is suggested to perform fundamental verification experi-

ments with smaller measurement volumes on simple isotropic rectangular and open thin-walled

cross-sections.
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